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Abstract This chapter of the report of the “Flavor in the era
of the LHC” Workshop discusses the theoretical, phenom-
enological and experimental issues related to flavor phenom-
ena in the charged lepton sector and in flavor conserving CP-
violating processes. We review the current experimental lim-
its and the main theoretical models for the flavor structure
of fundamental particles. We analyze the phenomenologi-
cal consequences of the available data, setting constraints
on explicit models beyond the standard model, presenting
benchmarks for the discovery potential of forthcoming mea-
surements both at the LHC and at low energy, and exploring

options for possible future experiments.
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1 Charged leptons and fundamental dipole moments:
alternative probes of the origin of flavor and CP
violation

The understanding of the flavor structure and CP violation
(CPV) of fundamental interactions has so far been domi-
nated by the phenomenology of the quark sector of the stan-
dard model (SM). More recently, the observation of neutrino
masses and mixing has begun extending this phenomenol-
ogy to the lepton sector. While no experimental data avail-
able today link flavor and CP violation in the quark and
in the neutrino sectors, theoretical prejudice strongly sup-
ports the expectation that a complete understanding should
ultimately expose their common origin. Most attempts to
identify the common origin, whether through grand unified
(GUT) scenarios, supersymmetry (SUSY), or more exotic
electroweak symmetry breaking mechanisms predict in ad-
dition testable correlations between the flavor and CP vi-
olation observables in the quark and neutrino sector on the
one side, and new phenomena involving charged leptons and
flavor conserving CP-odd effects on the other. This chapter
of the “Flavor in the era of the LHC” report focuses pre-
cisely on the phenomenology arising from these ideas, dis-
cussing flavor phenomena in the charged lepton sector and
flavor conserving CP-violating processes.

Several theoretical arguments make the studies discussed
in this chapter particularly interesting.

— The charged lepton sector provides unique opportunities
to test scenarios tailored to explain flavor in the quark and
neutrino sectors, for example by testing correlations be-
tween neutrino mixing and the rate for © — ey decays, as
predicted by specific SUSY/GUT scenarios. Charged lep-
tons are therefore an indispensable element of the flavor
puzzle, without which its clarification could be impossi-
ble.

— The only observed source of CP violation is so far the
Cabibbo—Kobayashi-Maskawa (CKM) mixing matrix.
On the other hand, it is by now well established that this is
not enough to explain the observed baryon asymmetry of
the universe (BAU). The existence of other sources of CP
violation is therefore required. CP-odd phases in neutrino
mixing, directly generating the BAU through leptogene-
sis, are a possibility, directly affecting the charged lepton
sector via, e.g., the appearance of electric dipole moments
(EDMs). Likewise, EDMs could arise via CP violation in
flavor conserving couplings, like phases of the gaugino

fields or in extended Higgs sectors. In all cases, the ob-
servables discussed in this chapter provide essential ex-
perimental input for the understanding of the origin of CP
violation.

— The excellent agreement of all flavor observables in the
quark sector with the CKM picture of flavor and CP vio-
lation has recently led to the concept of minimal flavor vi-
olation (MFV). In scenarios beyond the SM (BSM) with
MFYV, the smallness of possible deviations from the SM
is naturally built into the theory. While these schemes
provide a natural setting for the observed lack of new
physics (NP) signals, their consequence is often a re-
duced sensitivity to the underlying flavor dynamics of
most observables accessible by the next generation of
flavor experiments. Lepton flavor violation (LFV) and
EDMs could therefore provide our only probe into this
dynamics.

— Last but not least, with the exception of the magnetic di-
pole moments, where the SM predicts non-zero values
and deviations due to new physics compete with the ef-
fect of higher order SM corrections, the observation of
a non-zero value for any of the observables discussed
in this chapter would be unequivocal indication of new
physics. In fact, while neutrino masses and mixing can
mediate lepton flavor violating transitions, as well as in-
duce CP-odd effects, their size is such that all these effects
are by many orders of magnitude smaller than anything
measurable in the foreseeable future. This implies that,
contrary to many of the observables considered in other
chapters of this report, and although the signal interpre-
tation may be plagued by theoretical ambiguities or sys-
tematics, there is nevertheless no theoretical systematic
uncertainty to claim a discovery once a positive signal is
detected.

The observables discussed here are also very interesting
from the experimental point of view. They call for a very
broad approach, based not only on the most visible tools of
high energy physics, namely the high energy colliders, but
also on a large set of smaller-scale experiments that draw
from a wide variety of techniques. The emphasis of these
experiments is by and large on high rates and high preci-
sion, a crucial role being played by the control of very large
backgrounds and subtle systematics. A new generation of
such experiments is ready to start or will start during the first
part of the LHC operations. More experiments have been on
the drawing board for some time, and could become reality
during the LHC era if the necessary resources were made
available. The synergy between the techniques and potential
results provided by both the large- and small-scale exper-
iments makes this field of research very rich and exciting
and gives it a strong potential to play a key role in exploring
the physics landscape in the era of the LHC.
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The purpose of this document is to provide a compre-
hensive overview of the field, from both the theoretical and
the experimental perspective. While we cover many model
building aspects of neutrino physics that are directly related
to the phenomenology of the quark and charged lepton sec-
tors, for the status of the determinations of the mixing pa-
rameters and for the review of the future prospects we refer
the reader to the vast existing literature, as documented for
example in [1-4].

Several of the results presented are already well known,
but they are nevertheless documented here to provide a self-
contained review, accessible to physicists whose expertise
covers only some of the many diverse aspects of this sub-
ject. Many results emerged during the workshop, including
ideas on possible new experiments, further enrich this re-
port. We present here a short outline and some highlights of
the contents.

Section 2 provides the general theoretical framework that
allows us to discuss flavor from a symmetry point of view.
It outlines the origin of the flavor puzzles and lists the math-
ematical settings that have been advocated to justify or pre-
dict the hierarchies of the mixing angles in both the quark
and neutrino sectors. Section 3 introduces the observables
that are sensitive to flavor in the charged lepton sector and
to flavor conserving CP violation, providing a unified de-
scription in terms of effective operators and effective scales
for the new physics that should be responsible for them. The
existing data already provide rather stringent limits on the
size of these operators, as shown in several tables. We col-
lect here in Table 1 some of the most significant benchmark
results (for details, we refer to the discussion in Sect. 3.1.2).
We constrain the dimensionless coefficients ¢; of effective
operators O; describing flavor or CP-violating interactions.
Examples of these effective operators include

eio_/l.lle ,Fem

7 v em
Lic"ysti F iFas

uv

(1.1)

which describe a CP-violating electric dipole moment
(EDM) of lepton £; or the flavor violating decay £; — £y,
or the four-fermion operators:
6T geTaqr, G Tyl (1.2)
where the I, represent the various possible Lorentz struc-
tures. The overall normalization of the operators is cho-
sen to reproduce the strength of transitions mediated by
weak gauge bosons, assuming flavor mixing angles and CP-
violating phases of order unity. The smallness of the con-
straints on € therefore reflects either the large mass scale of
flavor phenomena, or the weakness of the relative interac-
tions.

It is clear from this table that current data are already sen-
sitive to mass scales much larger than the electroweak scale,
or to very small couplings. On the other hand, many of these
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constraints leave room for interesting signals coupled to the
new physics at the TeV scale that can be directly discov-
ered at the LHC. For example, a mixing of order 1 between
the supersymmetric scalar partners of the charged leptons
and a mass splitting among them of the order of the lepton
masses is consistent with the current limits if the scalar lep-
ton masses are just above 100 GeV, and it could lead both to
their discovery at the LHC, and to observable signals at the
next generation of £ — £’y experiments.

Most of this report will be devoted to the discussion of
the phenomenological consequences of limits such as those
in Table 1, setting constraints on explicit BSM models, pre-
senting benchmarks for the discovery potential of forthcom-
ing measurements both at the LHC and at low energy, and
exploring options for future experiments aimed at increasing
the reach even further.

Section 3 also introduces the phenomenological parame-
terizations of the quark and lepton mixing matrices that are
found in the literature, emphasizing with concrete exam-
ples the correlations among the neutrino and charged lep-
ton sectors that arise in various proposed models of neutrino
masses. The section is completed by a discussion of the pos-
sible role played by leptogenesis and cosmological observ-
ables in constraining the neutrino sector.

Section 4 reviews the organizing principles for flavor
physics. With a favorite dynamical theory of flavor still
missing, the extended symmetries of BSM theories can pro-
vide some insight in the nature of the flavor structures of
quarks and leptons, and give phenomenologically relevant
constraints on low energy correlations between them. In
GUT theories, for example, leptons and quarks belong to
the same irreducible representations of the gauge group,
and their mass matrices and mixing angles are consequently
tightly related. Extra dimensional theories provide a possible
dynamical origin for flavor, linking flavor to the geometry of
the extra dimensions. This section also discusses the impli-
cations of models adopting for the lepton sector the same
concept of MFV already explored in the case of quarks.

Section 5 discusses at length the phenomenological con-
sequences of the many existing models, and represents the
main body of this document. We cover models based on

Table 1 Bounds on CP- or flavor violating effective operators, ex-
pressed as upper limits on their dimensionless coefficients €, scaled
to the strength of weak interactions. For more details, in particular
the overall normalization convention for the effective operators, see
Sect. 3.1.2

Observable Operator Limit on €

eEDM ero™yser Fyy <2.1x 10712
B(u — ey) woteFy, <3.4x 10712
B(t — uy) ToM Wy, <8.4x 1078
B(K? — pFeT) (my" Pre)(sy* Prd) <29x 1077
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SUSY, as well as on alternative descriptions of electroweak
symmetry breaking, such as little Higgs or extended Higgs
sectors. In this section we discuss the predictions and the de-
tection prospects of standard observables, such as £ — £’y
decays or EDMs, and connect the discovery potential for
these observables with the prospects for direct detection of
the new massive particles at the LHC or at a future Linear
Collider.

This section underlines, as is well known that the ex-
ploration of these processes has great discovery potential,
since most BSM models anticipate rates that are within the
reach of the forthcoming experiments. From the point of
view of the synergy with collider physics, the remarkable
outcome of these studies is that the sensitivities reached
in the searches for rare lepton decays and dipole moments
are often quite similar to those reached in direct searches
at high energy. We give here some explicit examples. In
SO(10) SUSY GUT models, where the charged lepton mix-
ing is induced via renormalization-group evolution of the
heavy neutrinos of different generations, the observation of
B(jw — ey) at the level of 1073, within the range of the
just-starting MEG experiment, is suggestive of the existence
of squarks and gluinos with a mass of about 1 TeV, well
within the discovery reach of the LHC. Squarks and gluinos
in the range of 2-2.5 TeV, at the limit of detectability for the
LHC, would push B(i — ey) down to the level of 1016,
While this is well beyond the MEG sensitivity, it would
well fit the ambitious goals of the next-generation u — e
conversion experiments, strongly endorsing their plans. The
decay u — ey induced by the mixing of the scalar part-
ners of muon and electron, and with a B(u — ey) at the
level of 10713, could give a xJ — xYu%e¥ signal at the
LHC, with up to 100 events after 300 fb~!. Higher statistics
and a cleaner signal would arise at a Linear Collider. Mod-
els where neutrino masses arise not from a see-saw mech-
anism at the GUT scale but from triplet Higgs fields at the
TeV scale can be tested at the LHC, where processes like
pp — HTTH™ can be detected for m g7++ up to 700 GeV,
using the remarkable signatures due to B(Ht+ — t1 ) ~
B(H™ - utuH)~BHT - utth)~1/3.

Should signals of new physics be observed, alternative
interpretations can be tested by exploiting different pat-
terns of correlations that they predict among the various ob-
servables. For example, while typical SUSY scenarios pre-
dict B(u — 3e) ~ 1072B(ju — ey), these branching ratios
are of the same order in the case of little Higgs models
with T parity. Important correlations also exist in see-saw
SUSY GUT models between B(u — ey) and B(t — uy)
or B(t — ey). Furthermore, SUSY models with CP vio-
lation in the Higgs or gaugino mass matrix, be they super-
gravity (SUGRA) inspired or of the split-SUSY type, predict
the ratio of electron and neutron EDM to be in the range of

1072-10~!. Furthermore, in SUSY GUT models with see-
saw mechanism correlations exist between the values of the
neutron and deuteron EDMs and the heavy neutrino masses.

Section 6 discusses studies of lepton universality. The
branching ratios I'(m — pv)/I'(m — ev) and I'(K —
uv)/I'(K — ev), for example, are very well known theo-
retically within the SM. Ongoing experiments (at PSI and
TRIUMEF for the pion, and at CERN and Frascati for the
kaon) test the existence of flavor-dependent charged Higgs
couplings, by improving the existing accuracies by factors
of order 10.

In Sect. 7 we consider CP-violating charged lepton de-
cays, which offer interesting prospects as alternative probes
of BSM phenomena. SM-allowed t decays, such as t —
vKm, can be sensitive to new CP-violating effects. The
decays being allowed by the SM, the CP-odd asymme-
tries are proportional to the interference of a SM amplitude
with the BSM, CP-violating one. As a result, the small CP-
violating amplitude contributes linearly to the rate, rather
than quadratically, enhancing the sensitivity. In the specific
case of T — vK, and for some models, a CP asymmetry at
the level of 10~ would correspond to B(t — puy) around
108, Another example is the CP-odd transverse polariza-
tion of the muon, Pr, in K — mwuv decays. The current
sensitivity of the KEK experiment E246, which resulted in
Pr <5x 1073 at 90% C.L., can be improved to the level of
10—, by TREK proposed at J-PARC, probing models such
as multi-Higgs or R-parity-violating SUSY.

Section 8 discusses experimental searches for charged
LFV processes. Transitions between e, u, and T might be
found in the decay of almost any weakly decaying parti-
cle and searches have been performed in u, 7, 7, K, B,
D, W and Z decay. Whereas the highest experimental sen-
sitivities were reached in dedicated © and K experiments,
T decay starts to become competitive as well. In Sect. 8 the
experimental limitations to the sensitivities for the various
decay modes are discussed in some detail, in particular for
and t decays, and some key experiments are presented. The
sensitivities reached in searches for u™ — ety are limited
by accidental e™y coincidences and muon beam intensities
have to be reduced now already. Searches for p—e conver-
sion, on the other hand, are limited by the available beam in-
tensities, and large improvements in sensitivity may still be
achieved. Similarly, in rare 7 decays some decay modes are
already background limited at the present B-factories and
future sensitivities may not scale with the accumulated lu-
minosities. Prospects of LFV decays at the LHC are limited
to final states with charged leptons, such as T — 3u and
Bg et uT, which are discussed in detail. This section
finishes with the preliminary results of a feasibility study
for in-flight © — 7 conversions using a wide beam of high
momentum muons. No working scheme emerged yet.
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Section 9 covers electric and magnetic dipole moments.
The muon magnetic moment has been much discussed re-
cently, so we limit ourselves to a short review of the theo-
retical background and of the current and foreseeable ex-
perimental developments. In the case of EDMs, we pro-
vide an extensive description of the various theoretical ap-
proaches and experimental techniques applied to test elec-
tron and quark moments, as well as other possible sources
of flavor diagonal CP-violating effects, such as the gluonic
OFF coupling, or CP-odd four-fermion interactions. While
the experimental technique may differ considerably, the var-
ious systems provide independent and complementary in-
formation. EDMs of paramagnetic atoms such as T1 are sen-
sitive to a combination of the fundamental electron EDM
and CP-odd four-fermion interactions between nucleons and
electrons. EDMs of diamagnetic atoms such as Hg are sen-
sitive, in addition, to the intrinsic EDM of quarks, as well
as to a non-zero QCD 6 coupling. The neutron EDM more
directly probes intrinsic quark EDMs, 6, and possible higher
dimension CP-odd quark couplings. EDMs of the electron,
without contamination from hadronic EDM contributions,
can be tested with heavy diatomic molecules with unpaired
electrons, such as YbF. In case of a positive signal the com-
bination of measurements would help to disentangle the var-
ious contributions.

The experimental situation looks particularly promising,
with several new experiments about to start or under con-
struction. For example, new ultracold-neutron setups at ILL,
PST and Oak Ridge will increase the sensitivity to a neutron
EDM by more than two orders of magnitude, to a level of
about 10728 ¢ cm in 5-10 years. This sensitivity probes e.g.
CP-violating SUSY phases of the order of 10~ or smaller.
Similar improvements are expected for the electron EDM.
One of the main new ideas developed in the course of the
workshop is the use of a storage ring to measure the deuteron
EDM. The technical issues related to the design and con-
struction of such an experiment, which could have a statis-
tical sensitivity of about 10729 e¢cm, are discussed here in
some detail.

All the results presented in this document prove the great
potential of this area of particle physics to shed light on one
of the main puzzles of the standard model, namely the origin
and properties of flavor. Low energy experiments are sensi-
tive to scales of new physics that in several cases extend be-
yond several TeV. The similarity with the scales directly ac-
cessible at the LHC supports the expectation of an important
synergy with the LHC collider programme, a synergy that
clearly extends to future studies of the neutrino and quark
sectors. The room for improvement, shown by the projec-
tions suggested by the proposed experiments, finally under-
scores the importance of keeping these lines of research at
the forefront of the experimental high energy physics pro-
gramme, providing the appropriate infrastructure, support
and funding.
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2 Theoretical framework and flavor symmetries

2.1 The flavor puzzle

The presence of three fermion families with identical gauge
quantum numbers is a puzzle. The very origin of this repli-
cation of families constitutes the first element of the SM fla-
vor puzzle. The second element has to do with the Yukawa
interactions of those three families of fermions. While the
gauge principle allows us to determine all SM gauge inter-
actions in terms of three gauge couplings only (once the SM
gauge group and the matter gauge quantum numbers have
been specified), we do not have clear evidence of a guiding
principle underlying the form of the 3 x 3 matrices describ-
ing the SM Yukawa interactions. Finally, a third element of
the puzzle is represented by the peculiar pattern of fermion
masses and mixing originating from those couplings.

The replication of SM fermion families can be rephrased
in terms of the symmetries of the gauge part of the SM La-
grangian. The latter is in fact symmetric under a U (3)° sym-
metry acting on the family indexes of each of the five in-
equivalent SM representations forming a single SM family
(q,uc,d, [, e in Weyl notation). In other words, the gauge
couplings and interactions do not depend on the (canonical)
basis we choose in the flavor space of each of the five sets of
fields g;, uf,d;,1,ef,i =1,2,3.

This U (3)> symmetry is explicitly broken in the Yukawa
sector by the fermion Yukawa matrices. It is because of
this breaking that the degeneracy of the three families is
broken and the fields corresponding to the physical mass
eigenstates, as well as their mixing, are defined. An addi-
tional source of breaking is provided by neutrino masses.
The smallness of neutrino masses is presumably due to the
breaking of the accidental lepton symmetry of the SM at a
scale much larger than the electroweak, in which case neu-
trino masses and mixing can be accounted for in the SM
effective Lagrangian in terms of a dimension five operator
breaking the U (3)° symmetry in the lepton doublet sector.

As mentioned, the special pattern of masses and mixing
originating from the U (3)° breaking is an important element
of the flavor puzzle. This pattern is quite peculiar. It suffices
to mention the smallness of neutrino masses; the hierarchy
of charged fermion masses relative to that of the two heavier
neutrinos; the smallness of Cabibbo—Kobayashi-Maskawa
mixing in the quark sector and the two large mixing angles
in Pontecorvo—Maki—Nakagawa—Sakata (PMNS) matrix in
the lepton sector; the mass hierarchy in the up quark sector,
more pronounced than in the down quark and charged lep-
ton sectors; the presence of a large CP-violating phase in the
quark sector and the need of additional CP violation to ac-
count for baryogenesis; the approximate equality of bottom
and tau masses at the scale at which the gauge couplings
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unify! and the approximate factor of 3 between the strange
and muon masses, both pointing at a grand unified picture at
high energy.

The origin of family replication and of the peculiar pat-
tern of fermion masses and mixing are among the most in-
teresting open questions in the SM, which a theory of flavor,
discussed in Sect. 2, should address. As seen in Sect. 3, ex-
periment is ahead of theory in this field. All the physical
parameters describing the SM flavor structure in the quark
sector have been measured with good accuracy. In the lep-
ton sector crucial information on lepton mixing and neutrino
masses is being gathered and a rich experimental program is
under way to complete the picture.

Several tools are used to attack the flavor problem. Grand
unified theories allow one to relate quark and lepton masses
at the GUT scale and provide an appealing framework to
study neutrino masses, leptogenesis, flavor models, etc. Note
that in a grand unified context the U(3) symmetry of the
gauge sector is reduced (to U(3) in the case in which all
fermions in a family are unified in a single representation,
as in SO(10)). Extra dimensions introduce new ways to ac-
count for the hierarchy of charged fermion masses (and in
some cases for the smallness of neutrino masses) through the
mechanism of localization in extra dimensions and by pro-
viding a new framework for the study of flavor symmetries.
The concept of minimal flavor violation may also provide a
framework for addressing flavor. The impact of those orga-
nizing principles on flavor physics is discussed in detail in
Sect. 4.

From experimental point of view, however, additional
handles are needed to gain more insight in the origin of fla-
vor. Essentially this requires a discovery of new physics be-
yond the SM. New physics at the TeV scale may in fact be
associated with an additional flavor structure, whose origin
might well be related to the origin of the Yukawa couplings.
Some of the present attempts to understand the pattern of
fermion masses and mixing do link the flavor structure of
the SM and that of the new physics sectors. In which case
the search for indirect effects at low energy and for direct
effects at colliders may play a primary role in clarifying our
understanding of flavor. And conversely, the attempts to un-
derstand the pattern of fermion masses and mixing might
lead to the prediction of new flavor physics effects. Those
issues are addressed in Sect. 5.

Finally, Iepton flavor physics is not just related to the lep-
ton flavor violation or CP violation in the lepton sector but
also to understanding the unitarity and universality in the
lepton sector. Possible deviations from those are discussed
in Sect. 5.6.

'Needless to say, precise unification requires an extension of the SM,
with supersymmetry doing best from this point of view.

2.2 Flavor symmetries

The SM Lagrangian is U (3)° invariant in the limit in which
the Yukawa couplings vanish. This might suggest that the
Yukawa couplings, or at least some of them, arise from
the spontaneous breaking of a subgroup of U(3)°. Need-
less to say, the use of (spontaneously broken) symmetries
as organizing principles to understand physical phenomena
has been largely demonstrated in the past (chiral symmetry
breaking, electroweak, etc.). In the following, we discuss the
possibility of using such an approach to address the origin
of the pattern of fermion masses and mixing, the constraints
on the flavor structure of new physics, and to put forward
expectations for flavor observables.

The spontaneously broken “flavour” or “family” sym-
metry can be local or global. Many (most) of the conse-
quences of flavor symmetries are independent of this. The
flavor breaking scale must be sufficiently high in such a way
to suppress potentially dangerous effects associated with the
new fields and interactions, in particular with the new gauge
interactions (in the local case) or the unavoidable pseudo-
Goldstone bosons (in the global case). In the context of an
analysis in terms of effective operators of higher dimen-
sions, a generic bound of about 10° TeV on the flavor scale
from flavor changing neutral currents (FCNC) processes
would be obtained. Nevertheless, a certain evidence for b—t
unification and the appeal of the see-saw mechanism for
neutrino masses seem to suggest that these Yukawa cou-
plings are already present near the GUT scale. This is indeed
what most flavor models assume, and we shall also assume
in the following.

The SM matter fields belong to specific representations of
the flavor group, such that in the unbroken limit the Yukawa
couplings have a particularly simple form. Typically some
or all Yukawa couplings (with the possible exception of
third generation ones) are not allowed. The spontaneous
symmetry breaking of the flavor symmetry is provided by
the vacuum expectation value (VEV) of fields often called
“flavons”. As the breaking presumably arises at a scale much
higher than the electroweak scale, such flavons are SM sin-
glets (or contain a SM singlet in the case of SM extensions)
and typically they are only charged under the flavor sym-
metry. Flavor breaking is communicated dynamically to the
SM fields by some interactions (possibly renormalizable,
often not specified) living at a scale Ay not smaller than
the scale of the flavor symmetry breaking. A typical exam-
ple for these interactions that communicate the breaking is
the exchange of heavy fermions whose mass terms respect
the flavor symmetry. In that case the scale Ay would cor-
respond to this fermion mass M ;. Many consequences of
the flavor symmetry are actually independent of the media-
tion mechanism. It is therefore useful to consider an effec-
tive field theory approach below the scale A ¢ in which the
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Table 2 Transformation of the matter superfields under the family symmetries. The ith generation SM fermion fields are grouped into the repre-

sentation 5; = (D¢, L);, 10; = (Q, U, E);, 1; = (N€);

Field 103 10, 10, 53 57 51 13 1y 1 0
U 0 2 3 0 0 1 n§ n§ n§ ~1
flavor messengers have been integrated out. Once the flavon Yi‘; = cl%,eq" +dj , etc. Hence, this mechanism explains the hi-

fields have acquired their VEVs, the structure of the Yukawa
matrices (and other flavor parameters) can be obtained from
an expansion in non-renormalizable operators involving the
flavon fields and respecting the different symmetries (flavor
and other symmetries) of the theory.

There are several possibilities for the flavor symmetry,
local, global, accidental, continuous or discrete, Abelian or
non-Abelian. Many examples are available in the literature
for each of those possibilities. Some of them will be dis-
cussed in next subsections in relation to the implications
considered in this study.

2.2.1 Continuous flavor symmetries

In order to provide an explicit example, we shortly discuss
here one of the simplest possibilities, which goes back to
the pioneering work of Froggatt—Nielsen [5]. In this model
we have a U (1) flavor symmetry under which the three gen-
eration of SM fields have different charges. In the simplest
version we assign positive integer charges to the SM fermi-
onic fields, the Higgs field is neutral, and we have a single
flavon field 6 of charge —1. The VEV of the flavon field
is somewhat smaller than the mass of the heavy mediator
fields M ¢, so that the ratio € = v/M ¢ < 1. In this way the
various entries in the Yukawa matrices are determined by ep-
silon to the power of the sum of the fermion charges with an
undetermined order 1 coefficient. This mechanism explains
nicely the hierarchy of fermion masses and mixing angles.

This idea is the basis for most flavor symmetries. It can
be implemented in a great variety of different models. For
the sake of definiteness, we show here how it works using
as a concrete example a supersymmetric GUT model. Its su-
perpotential is of the form

_d _gqi+dS ¢ u _qituS ¢
VVYukawa—Cij6 e QiDjHl +Cij6 i QinHZ

e . L H>H;
8T LESH) 4 ¢l it L L 2
/ ! Y M

2.1)

where the ¢’s are O (1) coefficients and M is the scale asso-
ciated to B — L breaking. The last term in this equation is
an effective operator, giving Majorana masses to neutrinos,
which can be generated, e.g., through a see-saw mechanism.
Notice that the power of € in each Yukawa coupling is pro-
u %‘+M§

portional to the sum of the fermion charges: Yi‘; =cj€ ,
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erarchy of fermion masses and mixing angles through a con-
venient choice of charges. The value of these charges and
the expansion parameter € are constrained by the observed
masses and angles. A convenient set of charges for example
is given in Table 2. It turns out that this set of charges is the
only one compatible with minimal SU(5) unification. By in-
troducing three right handed neutrinos with positive charges
it is also possible to successfully realize the see-saw mecha-
nism.

These charges give rise to the following Dirac Yukawa
couplings for charged fermions at the GUT scale

€ € € et e ¢
Yuo=|€& € 2, e 2 2], 2.2)
3 €2 1 e 1 1

where O (1) coefficients in each entry are understood here
and in the following. With € = O(A.) (the Cabibbo angle),
the observed features of charged fermion masses and mixing
are qualitatively well reproduced. It is known that the high
energy relation ¥ = Y, is not satisfactory for the lighter
families and should be relaxed by means of some mecha-
nism [6-8]. The Dirac neutrino Yukawa couplings and the
Majorana mass matrix of right handed neutrinos are

6nf+l En§+l eng—H
Y, = e"T 6"3 6"% ,
e € €
2 nitng  enitng 2.3)
Mg = nitny 2y st |y

6n§+n§ 6n§+n§ E2n§

Applying the see-saw mechanism to obtain the effective
light neutrino mass matrix M, in the basis of diagonal
charged lepton Yukawa couplings,” it is well known [9, 10]
that if all right handed neutrino masses are positive the de-
pendence on the right handed charges disappears:

di € U%
* iag y,7 _ _
Upyns™v ~ Upyng = Mty = —=. 2.4

2Notice that going to the basis of diagonal charged leptons will only
change the O (1) coefficients, but not the power in € of the different
entries.
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Experiments require M ~ 5 x 10'* GeV. The features
of neutrino masses and mixing are quite satisfactorily
reproduced—the weak point being the tuning in the 23-
determinant [9, 10] that has to be imposed. For later ap-
plication, it is useful to introduce the unitary matrices which
diagonalize Y, in the basis where both Y, and My are di-
agonal: V.Y, Vg = Y,Shag R diag(e”éli, €, e”g). Notice that,
as a consequence of the equal charges of the lepton doublets
L> and L3, the model predicts that V;, has a large mixing,
although not necessarily maximal, in the 2-3 sector as ob-
served in Upumns.-

The literature is very rich of models based on flavor
symmetries. Some references are [5, 9—40]; for more re-
cent attempts the interested reader is referred for instance
to [41-64].

2.2.2 Discrete flavor symmetries

2.2.2.1 Finite groups Discrete flavor symmetries have
gained popularity because they seem to be appropriate to
address the large mixing angles observed in neutrino oscil-
lations. To obtain a non-Abelian discrete symmetry, a simple
heuristic way is to choose two specific non-commuting ma-
trices and form all possible products. As a first example,
consider the two 2 x 2 matrices

0 1 © 0
=(1o) o= )

where o" = 1, i.e. w = exp(27i/n). Since A> =1 and
B™ =1, this group contains Z; and Z,. Forn = 1,2, we
obtain Z, and Z, x Z respectively, which are Abelian. For
n = 3, the group generated has six elements and is in fact the
smallest non-Abelian finite group S3, the permutation group
of three objects. This particular representation is not the one
found in text books, but it is related to it by a unitary trans-
formation [65], and was first used in 1990 for a model of
quark mass matrices [66, 67]. For n = 4, the group generated
has eight elements which are in fact £1, *ioj 23, where
01.2,3 are the usual Pauli spin matrices. This is the group of
quaternions Q, which has also been used [68] for quark and
lepton mass matrices. In general, the groups generated by
(2.5) have 2n elements and may be denoted as A(2n).
Consider next the two 3 x 3 matrices:

2.5)

010 wo 0 0
A=|0 0 1], B=|0 o 0 (2.6)
1 00 0 0 o3

Since A®> =1 and B" = 1, this group contains Z3 and Z,.
For n = 1, we obtain Z3. For n = 2, the group generated
has 12 elements and is A4, the even permutation group of 4

objects, which was first used in 2001 in a model of lepton
mass matrices [36, 41]. It is also the symmetry group of the
tetrahedron, one of five perfect geometric solids, identified
by Plato with the element “fire” [69]. In general, the groups
generated by (2.6) have 3n? elements and may be denoted
as A(3n?) [70]. They are in fact subgroups of SU(3). In par-
ticular, A(27) has also been used [57, 71]. Generalizing to
k x k matrices, we then have the series A(knk_l). How-
ever, since there are presumably only three families, k > 3
is probably not of much interest.

Going back to k = 2, but using instead the following two
matrices:

0 1 o 0
() ()
Now again A% = 1 and B" = 1, but the group generated will
have 2n? elements. Call it X (2n?). For n = 1, it is just Z».

For n =2, it is Dy, i.e. the symmetry group of the square,
which was first used in 2003 [47, 72]. For k = 3, consider

Q2.7)

01 0 w 0 0
A=10 0 1), B=|0 1 0], 2.8)

1 0 0 0 0 1
then the groups generated have 3n3 elements and may be
denoted as X (3n3). They are in fact subgroups of U (3). For
n=1,1itis just Z3. Forn =2, itis A4 x Z,. For n =3, the
group X' (81) has been used [73] to understand the Koide for-
mula [74] as well as lepton mass matrices [75]. In general,

we have the series X (kn).

2.2.2.2 Model recipe

1. Choose a group, e.g. S3 or A4, and write down its possi-
ble representations. For example S3 has 1, 1’,2; A4 has 1,
1/,1”, 3. Work out all product decompositions. For exam-
ple2x2=1+1'+2in S3,and3x 3= 1+1'+1"+3+3
in A4.

2. Assign (v,1)123 and lf’2’3 to the representations of
choice. To have only renormalizable interactions, it
is necessary to add Higgs doublets (and perhaps also
triplets and singlets) and, if so desired, neutrino singlets.

3. The Yukawa structure of the model is restricted by the
choice of particle content and their representations. As
the Higgs bosons acquire vacuum expectation values
(which may be related by some extra or residual symme-
try), the lepton mass matrices will have certain particular
forms, consistent with the known values of m,, m,, m,
etc. If the number of parameters involved is less than the
number of observables, there will be one or more predic-
tions.

4. In models with more than one Higgs doublet, flavor non-
conservation will appear at some level. Its phenomeno-
logical consequences need to be worked out, to ensure

@ Springer



22

Eur. Phys. J. C (2008) 57: 13-182

the consistency with present experimental constraints.
The implications for phenomena at the TeV scale can
then be explored.

5. Insisting on using only the single SM Higgs doublet re-
quires effective non-renormalizable interactions to sup-
port the discrete flavor symmetry. In such models, there
are no predictions beyond the forms of the mass matrices
themselves.

6. Quarks can be considered in the same way. The two
quark mass matrices m, and m,; must be nearly aligned
so that their mixing matrix involves only small angles.
In contrast, the mass matrices m, and m, should have
different structures so that large angles can be obtained.

Some explicit examples will now be outlined.

2.2.2.3 S3 Being the simplest, the non-Abelian discrete
symmetry S3 was used already [76] in the early days of
strong interactions. There are many recent applications
[55, 77-86], some of which are discussed in [87]. Typically,
such models often require extra symmetries beyond S3 to
reduce the number of parameters, or assumptions of how
S5 is spontaneously and softly broken. For illustration, con-
sider the model of Kubo et al. [77] which has recently been
updated by Felix et al. [88]. The symmetry used is actually
S3 x Zj, with the assignments

WD, 1N, (o1, 0%) ~1+2, (2.9)

and equal vacuum expectation values for the two Higgs dou-
blets transforming as 2 under S3. The Z, symmetry serves
to eliminate four Yukawa couplings, otherwise allowed by
S3, resulting in an inverted ordering of neutrino masses with
923 ~ 7T/4, 013 ~(0.0034,

mee 220.05eV, (2.10)

where m., is the effective Majorana neutrino mass measured
in neutrinoless double beta decay. This model relates 613 to
the ratio m,/m,, .

2.2.2.4 A4 To understand why quarks and leptons have
very different mixing matrices, A4 turns out to be very use-
ful. It allows the two different quark mass matrices to be
diagonalized by the same unitary transformations, implying
thus no mixing as a first approximation, but because of the
assumed Majorana nature of the neutrinos, a large mismatch
may occur in the lepton sector, thus offering the possibil-
ity of obtaining the so-called tri-bi-maximal mixing matrix
[89, 90], which is a good approximation to the present data.
One way of doing this is to consider the decomposition

V273130
—1/V/6 13 —1/v/2
—1/v/6 1/¥3  1/42

Upmns =

@ Springer

L1 1 0 1 0
=—11 o V2 0 —i/vV2 ],
V3l @ w 1/V2 0 i/V2

@2.11)

where Upmns is the observed neutrino mixing matrix and
 =exp(27mi/3) = —1/2 + i+/3/2. The matrix involving o
has equal moduli for all its entries and was conjectured al-
ready in 1978 [91, 92] to be a possible candidate for the 3 x 3
neutrino mixing matrix.

Since Upmns = VJ V,, where V,, V,, diagonalize the ma-
trices memLT mvmz respectively, (2.11) may be obtained if
we have

1 1 1
vie L1 o o (2.12)
‘ ﬁ 1 ! o
and
a+2b 0 0
my = 0 a—b d
0 d a—2>b
0 1 0
= 1/V2 0 —i/V2
1/V2 0 /2
a—-b+d 0 0
X 0 a—+2b 0
0 0 —a+b+d
0 1/v/2 142
x [ 1 0 (2.13)

0
0 —i/V2 i/V2

It was discovered in Ref. [36] that (2.12) is naturally ob-
tained with A4 if

v, D123~ 3, lf23'\‘l+l/+l//v

(Cag ¢0)1,2,3 ~3 e
for (¢>?) = (¢g) = (d)g). This assignment also allows m,,
m,, my to take on arbitrary values, because there are here
exactly three independent Yukawa couplings invariant un-
der A4. If we use this also for quarks [41], then VJ and VJ
are also given by (2.12), resulting in Uckm = 1, i.e. no mix-
ing. This should be considered as a good first approximation
because the observed mixing angles are all small. In the gen-
eral case without any symmetry, we would have expected V,,
and V; to be very different.

It was later discovered in Ref. [93] that (2.13) may also be
obtained with A4, using two further assumptions. Consider
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the most general 3 x 3 Majorana mass matrix in the form

a+b+c f e
m, = f a+bw + ca? d ,
e d a+bw? + co

(2.15)

where a comes from 1, b from 1/, ¢ from 17, and (d, e, f)
from 3 of As. To get (2.13), we need e = f =0, i.e.
the effective scalar A4 triplet responsible for neutrino
masses should have its vacuum expectation value along the
(1,0, 0) direction, whereas that responsible for charged lep-
ton masses should be (1, 1, 1) as remarked earlier. This mis-
alignment is a technical challenge to all such models [50,
94-104]. The other requirement is that b = c. Since they
come from different representations of Ay, this is rather ad
hoc. A very clever solution [50, 94] is to eliminate both,
i.e. b = ¢ =0. This results in a normal ordering of neutrino
masses with the prediction [96]

iy, 12 2 [mee|? + Am>,, /9. (2.16)
Other applications [60, 105-120] of A4 have also been con-
sidered. A natural (spinorial) extension of A4 is the binary
tetrahedral group [30, 34] which is under active current dis-
cussion [64, 121-123].

Other recent applications of non-Abelian discrete flavor
symmetries include those of D4 [47, 72, 124], Q4 [68], Ds
[125,126], Dg [127], Q¢ [128-130], D7 [131], S4 [61, 132~
135], AQ27) [57, 71], A(75) [15, 136], ¥ (81) [73, 75], and
B3 x Z; [137, 138] which has 384 elements.

2.2.3 Accidental flavor symmetries

While flavor symmetries certainly represent one of the lead-
ing approaches to understanding the pattern of fermion
masses and mixing, it was recently found that the hierarchi-
cal structure of charged fermion masses and many other pe-
culiar features of the fermion spectrum in the SM (neutrinos
included) do not require a flavor symmetry to be understood,
nor any other special “horizontal” dynamics involving the
family indices of the SM fermions [63, 139]. Surprisingly
enough, those features can in fact be recovered in a model
in which the couplings of the three SM families not only are
not governed by any symmetry, but are essentially anarchi-
cal (uncorrelated O(1) numbers) at a very high scale.

The idea is based on the hypothesis that the SM Yukawa
couplings all arise from the exchange of heavy degrees of
freedom (messengers) at a scale not far from the unifica-
tion scale. Examples of diagrams contributing to the up and
down quark Yukawa matrices are shown below, where ¢ is
a SM singlet field getting a VEV. As discussed in Sects. 2.2
and 2.2.1, the same exchange mechanism is often assumed

Q@ Q 9 @

Fig. 1 Contributions to the up- and down-type quark Yukawa mass
matrices, from the exchange of heavy messengers

to be at work in models with flavor symmetries. Here, how-
ever, the couplings of the heavy messengers to the SM fields
are not constrained by any symmetry.? An hierarchy among
Yukawa couplings still arises because a single set of left
handed messenger fields (heavy quark doublets Q + Q in
the quark sector and heavy lepton doublets L + L in the lep-
ton sector) dominates the exchange at the heavy scale. For
example, the diagrams below represents the dominant con-
tribution to the quark Yukawa matrices. As only one field
is exchanged, the Yukawa matrices have rank one. There-
fore, whatever are the O(1) couplings in the diagram, the
top and bottom Yukawa couplings are generated (at the O(1)
level, giving large tan ), but the first two families’ ones
are not, which is a good starting point to obtain a hierar-
chy of quark masses. This mechanism is similar to a the
single right handed neutrino dominance mechanism, used
in neutrino model building to obtain a hierarchical spectrum
of light neutrinos [140-143]. Note that the diagonalization
of the quark Yukawa matrices involves large rotations, as
all the couplings are supposed to be O(1). However, the
rotations of the up and down left handed quarks turn out
to be the same (because they have same couplings to the
left handed doublet messenger). Therefore, the two rotations
cancel when combined in the CKM matrix, which ends up
vanishing at this level.

The Yukawa couplings of the second family, and a non-
vanishing V., angle, are generated by the subdominant ex-
change of heavier right handed messengers D¢, U€, E°,
N°€. Altogether, the messengers form a heavy (vector-like)
replica of a SM family, with the left handed fields lighter
than the right handed ones. The (inter-family) hierarchy be-
tween the masses of the second and the third SM family
masses arises from the (intra-family) hierarchy between left
and right handed fields in the single family of messengers.
In turn, in a Pati-Salam or SO(10) unified model, the hi-
erarchy between right handed and left handed fields can be
easily obtained by giving mass to the messengers through a
breaking of the gauge group along the T3 direction. This
way, the hierarchy among different families is explained in
terms of the breaking of a gauge group acting on single fam-
ilies, with no need of flavor symmetries or other dynamics
acting on the family indexes of the SM fermions.

3A discrete Z, symmetry, under which all the three SM families (and
the field ¢) are odd, is used for the sole purpose of distinguishing the
light SM fields from the heavy messengers.
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It is also possible to describe the mechanism outlined
above in terms of accidental flavor symmetries. In the effec-
tive theory below the scale of the right handed messengers,
in fact, the Yukawa couplings of the two lighter families are
“protected” by an accidental U (2) symmetry. One can also
consider the effective theory below the cut-off of the model,
which is supposed to lie one or two orders of magnitude
above the mass of the right handed messengers. In the effec-
tive theory below the cut-off, the second family gets a non-
vanishing Yukawa coupling, but the Yukawa of the lightest
family is still “protected” by an accidental U (1) symmetry.

Surprisingly enough, a number of important features of
the fermion spectrum can be obtained in this simple and
economical model. The relation |V,p| ~ mg/my is a direct
consequence of the principles of this approach. The stronger
mass hierarchy observed in the up quark sector is accounted
for without introducing a new scale (besides the left handed
and right handed messenger ones) or making the up quark
sector somehow different. In spite of the absence of small
coefficients, the CKM mixing angles turn out to be small. At
the same time, a large atmospheric mixing can be generated
in a natural way in the neutrino sector, together with normal
hierarchical neutrino masses. In fact, a see-saw mechanism
dominated by the single right handed (messenger) neutrino
N€ is at work. The bottom and tau mass unify at the high
scale, while a B — L factor 3 enters the ratios of the muon
and strange masses. For a detailed illustration of the model,
we refer the reader to [63].

The study of FCNC and CPV effects in a supersymmet-
ric context is still under way. Such effects might represent
the distinctive signature of the model, due to the sizable ra-
diative effects one obtains in the (23) block of the “right
handed” sfermion mass matrices in both the squark and slep-
ton sector.

2.2.4 Flavor/CP symmetries and their violation from
supersymmetry breaking

While the vast literature on flavor symmetries covers a num-
ber of interesting aspects of the theory and phenomenology
of flavor, we are interested here in a (non-exhaustive) review
of only those aspects relevant to new physics. The relevance
of flavor symmetries to new physics follows from the fact
that SM extensions often contain new flavor dependent in-
teractions. In the following we shall consider the case of su-
persymmetry, in which new flavor violating gaugino or hig-
gsino interactions can be induced by possible new sources of
SU(5)° breaking in the soft supersymmetry breaking terms.

While in the SM the Yukawa matrices provide the only
source of flavor (U (3)°) breaking, the supersymmetric ex-
tensions of the SM are characterized by a potentially much
richer flavor structure associated to the soft supersymmetry
breaking Lagrangian. Unfortunately, a generic flavor struc-
ture leads to FCNC and CPV processes that can exceed the

@ Springer

experimental bounds by up to two orders of magnitude—
the so-called supersymmetric flavor and CP problem. The
solution of the latter problem can lie in the supersymmetry
breaking and mediation mechanism (this is the case for ex-
ample of gauge mediated supersymmetry breaking) or in the
constraints on the soft terms provided by flavor symmetries.

In turn, the implications of flavor symmetries on the
structure of the soft terms depends on the interplay between
flavor and supersymmetry breaking. Without entering the
details of specific models, we can distinguish two opposite
situations.

— The soft terms are flavor universal, or at least symmetric
under the flavor symmetry, at the tree level, and

— flavor symmetry breaking enters the soft terms (as for
the Yukawa interactions) already at the tree level, through
non-renormalizable couplings to the flavon fields.

Let us consider them in greater detail.

The first possibility is that the supersymmetry breaking
mechanism takes care of the FCNC and CPV problems. In
the simplest case, the new sfermion masses and A-terms do
not introduce new flavor structure at all. This is the case if

2 _ .2s. . I .
ml..j_moa,], A;j =Aodij,

where 7, j are family indexes and the universal values m%,
Ao can be different in the different sfermion sectors.* The
breaking of the flavor symmetry is felt at the tree level only
by the Yukawa matrices. Needless to say, the tree level uni-
versality of the soft terms will be spoiled by renormaliza-
tion effects associated to interactions sensitive to Yukawa
couplings [144, 145]. These effects can be enhanced by
large logarithms if the scale at which the soft terms and the
Yukawa interactions appear in the observable sector is suf-
ficiently high. The radiative contributions of Yukawa cou-
plings associated with neutrino masses (or Yukawa cou-
plings occurring in the context of grand unification) are par-
ticularly interesting in this context, because they offer new
possibilities to test flavor physics by opening a window for
physics at very large scales. For example, in the minimal
SUSY see-saw model only the off-diagonal elements for
left-slepton soft supersymmetry breaking mass terms are
generated, while in supersymmetric GUTs also the right
handed slepton masses get renormalization induced flavor
non-diagonal contributions. In any case, all the flavor effects
induced by the soft terms can be traced back to the Yukawa
couplings, which remain the only source of flavor breaking.

“This is the case for example of gauge mediation. In supergravity, su-
persymmetry breaking can be fully flavor blind in the case of dila-
ton domination. In this case, we expect the diagonal elements of the
soft mass matrices to be exactly universal. However, this is not always
the case. Moduli domination is often encountered, in which case fields
with different modular weights receive different soft masses.
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Such unavoidable effects of flavor breaking on the soft terms
will be discussed in Sects. 5.2 and 5.3.

As we have just seen, the radiative contributions to soft
masses represent an unavoidable but indirect effect of the
physics at the origin of fermion masses and mixing. On the
other hand, the mechanism generating the soft terms might
not be blind to flavor symmetry breaking, in which case we
might also expect flavor breaking to enter the soft terms in
a more direct way. If this is the case, the soft term provide
a new independent source of flavor violation. Such model-
dependent “tree level” effects of flavor breaking on the soft
terms add to the radiative effects and will be discussed in
Sect. 2.2.4.1. The actual presence in the soft terms of flavor
violating effects directly induced by the physics account-
ing for Yukawa couplings depends on the interplay of the
supersymmetry breaking and the flavor generation mecha-
nisms.

Theoretical and phenomenological [146—151] constraints
on supersymmetry breaking parameters essentially force su-
persymmetry breaking to take place in a hidden sector with
no renormalizable coupling to observable fields.> The soft
terms are therefore often characterized by the scale Asysy
at which supersymmetry breaking is communicated to the
observable sector by some mediation mechanism. The soft
terms arise in fact from non-renormalizable operators in the
effective theory below Agysy obtained by integrating out
the supersymmetry breaking messenger fields. Analogously,
in the context of a theory addressing the origin of flavor, we
can define a scale A at which the flavor structure arises.
Let us consider for definiteness the case of flavor symme-
tries. The analogy with supersymmetry breaking is in this
case even more pronounced. Above Ay, the theory is fla-
vor symmetric. By this we mean that we can at least define
conserved family numbers, perhaps part of a larger flavor
symmetry. The family numbers are then spontaneously bro-
ken by the VEV of flavons that couple to observable fields
through non-renormalizable interactions suppressed by the
scale Ay.

We are now in the position to discuss the presence
of “tree-level” flavor violating effects in the soft terms.
A first possibility is to have Ay < Asysy, as for in-
stance in the case of gravity mediation, in which we ex-
pect A S Mplanck = Asusy. The soft breaking terms are
already present below Mpjanck. However, the flavor sym-
metry is still exact at scales larger than A y. Therefore, the
soft terms must respect the family symmetries. At the lower
scale Ay the effective Yukawa couplings are generated as
functions of the flavon VEVs, (6)/A ¢, and analogously the
soft breaking terms will also be functions of (0)/Af. In
the Ay < Asysy case, we therefore expect new “tree-level”

SThe fields of the minimal supersymmetric standard model (MSSM)
or its relevant extension.

sources of flavor breaking in the soft terms on top of the
effects radiatively induced by the Yukawa couplings.

On the other hand, if Asysy < A ¢, the soft terms are not
present at the scale of flavor breaking. The prototypical ex-
ample in this case is gauge mediated supersymmetry break-
ing (GMSB) (see [152] and references therein). At Ay the
flavor interactions are integrated and supersymmetry is still
unbroken. The only renormalizable remnant of the flavor
physics below A are the Yukawa couplings. At the scale
Asusy soft breaking terms feel flavor breaking only through
the Yukawa couplings. Strictly speaking, there could also
be non-renormalizable operators involving flavon fields sup-
pressed by the heavier A ¢. The contributions of these terms
to soft masses would be proportional to Asysy/Ay and
therefore negligible [152]. We are then only left with the
radiatively induced effects of Yukawa couplings. The quali-
tative arguments above show that flavor physics can provide
relevant information on the interplay between the origin of
supersymmetry and flavor breaking in the observable sector.

As we just saw, the family symmetry that accounts for
the structure of the Yukawa couplings also constrains the
structure of sfermion masses. In the limit of exact flavor
symmetry, this implies family universal, or at least diago-
nal, sfermion mass matrices. After the breaking of the flavor
symmetry giving rise to the Yukawa couplings, we can have
two cases.

— The SUSY breaking mediation mechanism takes place at
a scale higher or equal to the flavor symmetry breaking
scale and is usually sensitive to flavor. The flavor symme-
try breaking accounts for both the structure of the Yukawa
couplings and the deviations of the soft breaking terms
from universality. This is the general expectation in grav-
ity mediation of the supersymmetry breaking from the
hidden sector.

— The supersymmetry breaking mediation mechanism takes
place at a scale much smaller than the flavor symmetry
breaking scale. In this case the flavor mediation mech-
anism, which is flavor-blind, guarantees the universality
of the soft breaking terms. The flavor symmetry breaking
generates the Yukawa couplings but flavor breaking cor-
rections in the soft mass matrices are suppressed by the
ratio of the two scales. This is the case of gauge-mediation
models of supersymmetry breaking [152].

We begin discussing the first case.

2.24.1 “Tree level” effects of flavor symmetries in super-
symmetry breaking terms After the breaking of the fla-
vor symmetry responsible for the structure of the Yukawa
couplings, we can expect to have non-universal contribu-
tions to the soft breaking terms at free level. Under cer-
tain conditions, mainly related to the SUSY-breaking me-
diation mechanism, these tree-level contributions can be
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sizable and have important phenomenological effects. The
main example among these models where the tree level non-
universality in the soft breaking terms is relevant is provided
by models of supergravity mediation [153—157] (for a nice
introduction see the appendix in [158]).

The structure of the scalar mass matrices when SUSY
breaking is mediated by supergravity interactions is deter-
mined by the Kéhler potential. We are not going to dis-
cuss here the supergravity Lagrangian; we refer the inter-
ested reader to Refs. [153-156, 158]. For our purposes,
we only need to know that the Kihler potential is a non-
renormalizable, real, and obviously gauge-invariant, func-
tion of the chiral superfields with dimensions of mass
squared. This non-renormalizable function includes cou-
plings with the hidden sector fields suppressed by different
powers of Mpjanck, ¢p¢*(1 + XX”‘/ME,lanck + --+) with ¢
visible sector fields and X hidden sector fields. This Kéhler
potential gives rise to SUSY breaking scalar masses once
a certain field of the hidden sector gets a non-vanishing F-
term. The important point here is that these couplings with
hidden sector fields that will eventually give rise to the soft
masses are present in the theory at any scale below Mpjanck-
Below this scale, we can basically consider the hidden sector
as frozen and renormalize these couplings only with visible
sector interactions.

Therefore, in the following, to simplify the discussion,
we concentrate only on the soft masses and treat them as
couplings present at all energies below Mpjnck. The struc-
ture of the soft mass matrices is easily understood in terms
of the present symmetries. At high energies, our flavor sym-
metry is still an exact symmetry of the Lagrangian and there-
fore the soft breaking terms have to respect this symme-
try [46]. At some stage, this symmetry is broken generat-
ing the Yukawa couplings in the superpotential. In the same
way, the scalar masses will also receive new contributions
after flavor symmetry breaking from the flavon field VEVs
suppressed by mediator masses.

First we must notice that a mass term ¢j_¢,' is clearly in-
variant under gauge, flavor and global symmetries and hence
gives rise to a flavor diagonal contribution to the soft masses
even before the family symmetry breaking.® Then, after fla-
vor symmetry breaking, any invariant combination of flavon
fields (VEVs) with a pair of sfermion fields, qSiT ¢, can also
contribute to the sfermion mass matrix and will break the
universality of the soft masses.

An explicit example with a continuous Abelian U (1) fla-
vor symmetry [5, 11, 13, 16, 19, 21, 44, 48, 54] was given
above in Sect. 2.2.1.

6As we shall discuss in the following, these allowed contributions may
be universal, the same for the different generations, as in the case of
non-Abelian flavor symmetries, or they can be different for the three
generations in some cases with Abelian flavor symmetries.
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We turn now to the structure of the scalar mass ma-
trices concentrating mainly on the slepton mass matrix
[13, 14, 16, 43]. In this case, even before the breaking of the
flavor symmetry, we have three different fields with differ-
ent charges corresponding to each of the three generations.
As we have seen, diagonal scalar masses are allowed by the
symmetry, but being different fields, there is no reason a pri-
ori for these diagonal masses to be the same, and in general
we have

symm
m?

=mi¢i1 +mididr +migies. (2.17)

Notice, however, that this situation is very dangerous, es-
pecially in the case of squarks, given that the rotation to the
basis of diagonal Yukawa couplings from (2.2) will generate
too large off-diagonal entries [43]. In some cases, like dila-
ton domination, these allowed masses can be equal avoid-

ing this problem. In the following we assume m% = m% =

m% = m%. However, even in this case, after the breaking of
the flavor symmetry we obtain new contributions propor-
tional to the flavon VEVs that break this universality. All
we have to do is to write all possible combinations of two
MSSM scalar fields ¢; and an arbitrary number of flavon

VEVs invariant under the symmetry:

5 . . . <9> q2—4q1 N
L, =m0(¢1¢1 + @302 + ¢33 + <Vﬂ) b142

<9) q3—41 . <9> q3—9q2 N
+ (Vﬂ) 13 + (m) $293 +h.c.>.

(2.18)

Therefore, the structure of the charged slepton mass matrix
we would have in this model at the scale of flavor symmetry
breaking would be (suppressing O (1) coefficients):

mi~|e 1 1|md (2.19)

€

o

This structure has serious problems with the phenomeno-
logical bounds coming from u — ey, etc. There are other
U (1) examples that manage to alleviate, in part, these prob-
lems [43]. However, large LFV effects are a generic prob-
lem of these models due to the required charge assignments
to reproduce the observed masses and mixing angles.

These FCNC problems in the sfermion mass matrices of
Abelian symmetries were one of the main reasons for the
introduction of non-Abelian flavor symmetries [18, 20]. The
mechanism used in non-Abelian flavor models to generate
the Yukawa couplings is again a variation of the Froggatt—
Nielsen mechanism, very similar to the mechanism we have
just seen for Abelian symmetries. The main difference is
that in this case the left handed fermions are grouped in
larger representations of the symmetry group. For instance,
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in a SU(3) symmetry all three generations are unified in a
triplet. In a SO(3) flavor symmetry we can assign the three
generations to a triplet or to three singlets. In a U (2) flavor
symmetry the third generation is a singlet and the two light
generations are grouped in a doublet. Then we do not have
to assign different charges to the various generations, but in
exchange, we need several stages of symmetry breaking by
different flavon fields with specially aligned VEVs.

We begin analyzing a non-Abelian U (2) flavor sym-
metry. As stressed above, if the sfermions mass matrices
are only constrained by a U(1) flavor symmetry there is
no reason why m% should be close to m% in (2.17). Un-
less an alignment mechanism between fermions and sfermi-
ons is available, the family symmetry should then suppress
(ﬁl% — }ﬁ%) /n~12. At the same time, in the fermion sector,
the family symmetry must suppress the Yukawa coupling
of the first two families, m, mp << m3. If the small break-
ing of a flavor symmetry is responsible for the smallness of
(nﬁ% - nﬁ%)/nﬁz on one hand and of m/m3,my/m3 on the
other, the symmetric limit should correspond to nﬁf = r?z%
and to m| = my = 0. Interestingly enough, the largest fam-
ily symmetry compatible with SO(10) unification that forces
m1 = my = 0 automatically also forces nﬁ% = rh% This is a
U (2) symmetry under which the first two families transform
as a doublet and the third one, as well as the Higgs, as a sin-
glet [16, 18, 20, 24, 26].

llle/fa@l//}

The same conclusion can be obtained by using discrete sub-
groups [30, 64]. In the limit of unbroken U (2), only the third
generation of fermions can acquire a mass, whereas the first
two generations of scalars are exactly degenerate. While the
first property is not a bad approximation of the fermion spec-
trum, the second one is what is needed to keep FCNC and
CP-violating effects under control. This observation can ac-
tually be considered as a hint that the flavor structure of the
mass matrices of the fermions and of the scalars are related
to each other by a symmetry principle. The same physics
responsible for the peculiar pattern of fermion masses also
accounts for the structure of sfermion masses.

The rank 2 of U (2) allows for a two step breaking pattern:
UR Su@ £ 0, (2.20)
controlled by two small parameters € and €’ < ¢, to be at the
origin of the generation mass hierarchies m3 >> my > m in
the fermion spectrum. Although it is natural to view U (2)
as a subgroup of U (3), the maximal flavor group in the case
of full intra-family gauge unification, U (3) will be anyhow
strongly broken to U (2) by the large top Yukawa coupling.

A nice aspect of the U(2) setting is that there is little
arbitrariness in the way the symmetry breaking fields cou-
ple to the SM fermions. This is unlike what happens e.g.

with the choice of fermion charges in the cases of U(1)
symmetries. The Yukawa interactions transform as (y3y3),
W3¥a), (Wabp) (a,b,c,...=1,2). Hence the only rele-
vant U (2) representations for the fermion mass matrices are
1, ¢¢, S and A?Y where S and A are symmetric and an-
tisymmetric tensors, and the upper indices denote a U(1)
charge opposite to that of y,. While ¢* and A%’ are both
necessary, models with [20, 26] or without [24] $9b are both
possible.

Let us first consider the case with $%°. At leading order,
the flavons couple to SM fermions through D = 5 opera-
tors suppressed by a flavor scale A. Normalizing the flavons
to A, it is convenient to choose a basis in which ¢>2 = O(¢)
and ¢! =0, while A'> = —A%l = O(¢’). If S is present, it
turns out to be automatically aligned with ¢ [27], in such a
way that in the limit ¢’ — 0 a U (1) subgroup is unbroken.
More precisely, 5§22 = O(e) and all other components es-
sentially vanish. We are then led to Yukawa matrices of the
form

0 € 0
—€ € € (2.21)
0 € 1

All non-vanishing entries have unknown coefficients of or-
der unity, while still keeping A12 = —A»21. In the context of
SU(5) or SO(10) unification, the mass relations m; ~ my,
my ~ 3mg, 3m, ~ my are accounted for by the choice of
the transformations of A%®, §*” under the unified group. The
stronger mass hierarchy in the up quark sector, a peculiar
feature of the fermion spectrum, is then predicted, due to
the interplay of the U (2) and the unified gauge symmetry.
The texture in (2.21) leads to the predictions

my
—. (2.22)

me

Vi
Vis

md ’ Vi
Vcb

b
mg

While the experimental determination of |V;4/ Vis| based on
one loop observables might be affected by new physics, the
tree-level determination of |V,;/ V| is less likely to be af-
fected and at present is significantly away from the predic-
tion in (2.22) [29, 39]. A better agreement can be obtained
by (i) relaxing the condition Ajp = —Ay1, (ii) allowing for
small contributions to the 11, 13, 31 entries in (2.21) or by
(iii) allowing for asymmetric textures [39]. The latter pos-
sibility is realized in models in which the $?? flavon is not
present [20].

While the model building degrees of freedom in the quark
and charged lepton sector are limited, a virtue of the U (2)
symmetry, the neutrino sector is less constrained. This is
due, in the see-saw context, to the several possible choices
involved in the modelization of the singlet neutrino mass
matrix. This is reflected for example in the possibility to get
both small and large mixing angles [25, 28, 31, 34, 35].

@ Springer



28

Eur. Phys. J. C (2008) 57: 13-182

In the case of an SU(3) flavor symmetry, all three gener-
ations are grouped in a single triplet representation, ;. In
addition we have several new scalar fields (flavons) which
are either triplets, 63, 8,3 and 05, or antitriplets, 63 and 653.
SU(3)q is broken in two steps: the first step occurs when
03 and 63 get a large VEV breaking SU(3) to SU(2), and
defining the direction of the third generation. Subsequently
a smaller VEV of 6,3 and 6,3 breaks the remaining sym-
metry and defines the second generation direction. To repro-
duce the Yukawa textures the large third generation Yukawa
couplings require a A3 (and 63) VEV of the order of the me-
diator scale, My, while 63/ Mp (and 023 /Mpyg) have small
VEVs’ of order e. After this breaking chain we obtain
the effective Yukawa couplings at low energies through
the Froggatt—Nielsen mechanism [5] integrating out heavy
fields. The resulting superpotential invariant under SU(3)
would be

Wy = Hyiy§ [9§9§ + 6530 + €183 183 104, (62363)
+ €503 1 (02303)% + €503 1 (02303 ) (023023)

4] (2.23)
In this equation we can see that each of the SU(3) indices
of the external MSSM particles (triplets) are either satu-
rated individually with an antitriplet flavon index (a “me-
son” in QCD notation) or in an antisymmetric couplings
with other two triplet indices (a “baryon”). The presence
of other singlets in the different term is due to the pres-
ence of additional global symmetries necessaries to en-
sure the correct hierarchy in the different Yukawa elements
[37, 45, 46]. This structure is quite general for the dif-
ferent SU(3) models we can build. Here we are not spe-
cially concerned with additional details and we refer to
[37, 45, 46] for more complete examples. The Yukawa
texture we obtain with this superpotential is the follow-

ing:

0 ag® Be
vi=|ad 5 y5 | (2.24)
2
Bed vy 1
with a = %, and «, B,y unknown coefficients of or-

der O(1).

Let us now analyze the structure of scalar soft masses. In
analogy with the Abelian case, in the unbroken limit diago-
nal soft masses are allowed. However, the three generations
belong to the same representation of the flavor symmetry
and now this implies the mass is the same for the whole

7In fact, in realistic models reproducing the CKM mixing matrix, there
are two different mediator scales and expansion parameters, ¢ in the up
quark and ¢ in the down quark sector [37, 45, 46].
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triplet. After the breaking of SU(3) symmetry the scalar soft
masses deviate from exact universality [46, 160-162]. Any
invariant combination of flavon fields can also contribute to
the sfermion masses, although flavor symmetry indices can
be contracted with fermion fields. Including these correc-
tions the leading contributions to the sfermion mass matrices
are given by

(02)” = (57 + 15 (0310} + o504
' f

1 . o
+W(61k193,k923,1)T(G‘lmn93,m923,n))~ (2.25)
f

Notice that each term inside the parentheses is trivially neu-
tral under the symmetry because it contains always a field
together with its own complex conjugate field. However, as
the flavor indices of the flavon fields are contracted with the
external matter fields this gives a non-trivial contribution to
the sfermion mass matrices. Therefore in this model, sup-
pressing factors of order 1 we have,

1 e2 0 0
m’ = 1 mi+| o 5 |aPmi, 26
1 &
5o

with a = (63) /Mg which is still O(1). In the model [37, 45,
46], the expansion parameter for right handed down quarks
and charged leptons is € = 0.15. Using (2.24) and (2.26) we
can obtain the slepton mass matrix in the basis of diagonal
charged lepton Yukawa couplings:

148 -8 -&
2 o =3 =2 =2 2
mz =~ —£ 1+¢ g mg, (2.27)
—&3 g2 1

where we have used az >~ O(Mjy). Therefore that gener-
ates the order &> entry in the (1,2) element. The modulo
of this entry is order 3 x 1073 at Mgyr. These estimates at
Mgur are slightly reduced through renormalization group
evolution to the electroweak scale and is order 1 x 1073 at
M. This value implies that supersymmetric contribution to
W — ey is very big and can even exceed the present bounds
for light slepton masses and large tan 8 if we are not in the
cancellation region[163—165]. This makes this process per-
haps the most promising one to find deviations from uni-
versality in flavor models. The presence of the SU(3) flavor
symmetry controls the structure of the sfermion mass ma-
trices and the supersymmetric flavor problem can be nicely
solved. However, interesting signals of the supersymmetric
flavor structure can be found in the near future LFV experi-
ments.
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3 Observables and their parameterization expansion in 1/myp as,
1 1 1
3.1 Effective operators and low scale observables E?}}d =L+ L1+ 5 Lo+ 3 L3+, 3.1
MNP MNp Myp

In spite of the clear success of the SM in reproducing all
the known phenomenology up to energies of the order of
the electroweak scale, nobody would doubt the need of a
more complete theory beyond it. There remain many funda-
mental problems such as the experimental evidence for dark
matter (DM) and neutrino masses, as well as the theoretical
puzzles posed by the origin of flavor, the three generations,
etc., that a complete theory should address. Therefore, we
can consider the SM as the low energy effective theory of
some more complete model that explains all these puzzles.
Furthermore, we have strong reasons (gauge hierarchy prob-
lem, unification of couplings, dark matter candidate, etc.)
to expect the appearance of new physics close to the elec-
troweak scale. Suppose that these new particles from the
more complete theory are to be found at the LHC. Exper-
iments at lower energies E < myp are also sensitive [166]
to this new physics (NP). Indeed the exchange of new parti-
cles can induce:

— corrections to the SM observables (such as S, T and U),
and

— the appearance of new observables or new (d > 4) opera-
tors, (e.g. the flavor violating dipole operators).

Note that both effects can be parameterized by SU(3) x
SU(2) x U(1)-invariant operators of mass dimension d > 4.
We refer to these non-renormalizable operators as effective
operators. Any NP proposed to explain new phenomena at
the LHC must satisfy the experimental constraints on the ef-
fective operators it generates.

3.1.1 Effective Lagrangian approach: Legt

Considering the SM as an effective theory below the scale
of NP, mnp, where the heavy fields have been integrated
out, we can describe the physics through an effective La-
grangian, Leg. This effective Lagrangian contains all pos-
sible terms invariant under the SM gauge group and built
with the SM fields. Besides the usual SM fields, we could
introduce new light singlet fermions with renormalizable
Yukawa couplings to the lepton doublets (and possibly small
Majorana masses) to accommodate the observed neutrino
masses. In this case we would have more operators allowed
in the effective Lagrangian of the SM + extra light sterile
states. On the assumption that the light sterile particles are
weakly interacting, if present, and therefore not relevant to
the LHC, we focus on the effective Lagrangian that can be
constructed only from the known SM fields. Then, the effec-
tive Lagrangian at energies E < mnp can be written as an

where Lo is the renormalizable SM Lagrangian contain-
ing the kinetic terms of the U(1), SU(2) and SU(3) gauge
bosons A, the gauge interactions and kinetic terms of the
SM fermions, { f}, and Higgs, and the Yukawa couplings of
the Higgs and SM fermions. In order to fix the notation, we
list the SM fermions as

_ (uei 0 — (Vi
ai dri )’ ' eri )’

URi, dRi, €Ri,

(3.2)

where i is a flavor/family/generation index. Note that in the
following we use always four-component Dirac spinors in
the different Lagrangians. Explicit expressions, for £y in
similar notation, can be found in [167].

The different £, are Lagrangians of dimensiond =4 +n
invariant under SU(3) x SU(2) x U (1) and can be schemat-
ically written

Ly=Y Ca-Ou(H.{f}.{As}) +hec. (3.3)

The local operators O, are gauge invariant combinations of
SM fields of dimension 4 + n. Their coefficient, which in
the full Lagrangian has mass dimension —n, is unknown in
bottom-up effective field theory, but calculable in NP mod-
els. We write this coefficient as a dimensionless C, divided
by the nth power of the mass scale of the NP mediator, myp,
which for new physics relevant at LHC energies would be
mnp ~ +/SLHc. We shall later normalize to Gr (see (3.21)).

We are mainly interested in dimension five and di-
mension six operators. We assume that any particles cre-
ated at the LHC could generate dimension six operators,
and then we can neglect higher dimension operators con-
tributing to the same physical processes. Operators of di-
mension 7 include the lepton number violating opera-
tor €,p€cqa H “Zﬁ-a’“’H ”2‘;] F,,», which gives neutrino transi-
tion moments (flavor-changing dipole moments) after elec-
troweak symmetry breaking (EWSB). At dimension 8 are
two-Higgs-four-fermion operators, which can give four-
fermion operators after EWSB, with a different flavor struc-
ture from the dimension six terms. We shall not analyze
these operators here, but they are studied in the context of
non-standard neutrino interactions [168]. Therefore, in the
following, we restrict our analysis to £ and L,.

The unique operator allowed with the standard model
fields and symmetries at dimension five is (’)75 =

€abEmn H“F?H’”ﬂzf (a,b,n,m are SU(2) indices). Thus we
have,

1 _
1= - €apénn HTe, H" (" + h.c., (3.4)
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where £€ is the charge conjugate of the lepton doublet. Af-
ter electroweak symmetry breaking, this gives rise to a Ma-
jorana mass matrix 1/(,%(H 02y v j + h.c. In the neutrino
mass eigenstate basis, the masses are K” H?2/2. The co-
efficient k), = 2Yi My 'Yy is generated for instance after
integrating out heavy right handed neutrinos of mass My in
a see-saw mechanism with Yukawa coupling Y.

L5 is constructed with dimension-six operators built out
of SM fields. An exhaustive list is given in [167], includ-
ing operators with Higgs, W* and Z° external legs. Here
we list operators which give interactions among leptons and
photons, and leptons and quarks. We can classify the possi-
ble operators according to the external legs as follows:

— operators with a pair of leptons and an (on-shell) photon:
(963 ={;o" erjHB,,

- (3.5)
OZeJW = Zia’“’rleRjHW/ﬁv,

— four-lepton operators, with Lorenz structure LLLL,
RRRR or LRRL, singlet or triplet SU(2) gauge contrac-
tions (described in the operator subscript), and all possible
inequivalent flavor index combinations (see Sect. 3.1.2).
The SU(2) x U (1) invariant operators, with flavor indices
in the superscript, are

Oélﬁlez = (€™ ;) Cryuls),
Ol = Gy ) (e yuta),
O™ = (e1y" Pre;) @y Prer),

OM = Tiej)@rt),

(3.6)

— two lepton two-quark operators, with Lorentz structure
LLLL, RRRR or LRRL, singlet or triplet SU(2) gauge
contractions (described in the operator subscript), and
all possible inequivalent flavor index combinations (see
Sect. 3.1.2). The S(3) x SU(2) x U (1) invariant opera-
tors, with color indices implicit and flavor indices in the
subscript, are

Oé’ﬁleq = (Ciy"€;) (@ yuan-
O?;lz ity ;) (@t vua),
O = (&y" Pre;) (dryy Prdy),

- (3.7
] — —
Ol = (€ry" Pre;j) (U yu Pruy),

O — Gupaey),  ON = @dydye)),
O = e @), Olg, = Cie))diqn.
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Therefore the Lagrangian £, for leptons only is

Lo = O;’B + C OeW

1 ik
+ 146 (C(l)ﬁﬁ

+ci ol 20 0% ) +he

ikl ijkl ikl
’ O(I)M + C(s)ze ) O(s)u
(3.8)

where we introduce the parameter § to cancel possible fac-
tors of 2 that can arise from the +h.c.: it is 1 for 0% =
[Of_/:"']T; otherwise it is 0. The sums over i, j, k, [ run over
inequivalent operators, taking an operator to be inequivalent
if neither it, nor its h.c., are already in the list. The factor of
2 in the definition of Oy, is included to compensate the 1/2
in the Fierz rearrangement below (second line of (3.13)).8
The effective operators whose coefficients we constrain in
the next section are related to those of (3.8) through an ex-
pansion in terms of the SU(2) components of the fields and
taking into account the electroweak symmetry breaking. For
example, for the lepton operators:

o' B ={;oM erjH By, = cosOy (H)ejo"" Pge; #T, (3.9)

e
OeW—Z o't eR,HWI
= —sinfw (H)e;o"" Pre; F},
ijkl
Ottyee = (Giv" ) Cuyuts)

= (Viy"PLvj +eiy" Pre;)

(3.10)

X (Vkyu PLvi +exyuPrer), (3.11)
Ofyee = (@' v ;) (Ger" vtr)
=2(viy" Pre;)(exyu PLvi)
+2(eiy" PLvj)(Wkyu Prer)
+ [(@iv" PLvj) Uiy PLv)
+ (eiy" Prej)(exyu Prer)
— (Viy" Prvj)@ryuPre)
— (€v" Prej)(Wryu PLvn)]. (3.12)
O™ = 2(Tej) @t)
=2[(V; Pre;) (@ PLv1) + (€i Prej)(ex Prer) |
= —[(viy" PrLvi)@kyu Prej)

+ (eiy" Prer) (@xyu Pre;)]. (3.13)

All these operators, together with Ow , induce dipole
moments and four-charged-lepton (4CL) vertices, as appear

8Note there will sometimes be other 2 s for identical fermions.
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to the right-hand side (RHS) in the above equations. Con-
straints on the coefficients of the 4CL operators

ijkl _
PP 1458

(eiy" Pej)@ryuPer),

(3.14)
ikl o, _
O, = 1+8(€iV Prej)(exyuPren,

where P = Pg or P, are listed in Tables 4,5,6 and 7.
After electroweak symmetry breaking, the operators (’)ZB
and Oijw become the chirality-flipping dipole moments as
written in (3.9), (3.10) (where we did not include the Z—
lepton—lepton operators [169]). These dipoles can be flavor
conserving or transition dipole moments. The flavor diag-
onal operators are specially interesting because they corre-
spond to the anomalous magnetic moments and the electric
dlpole moments of the different fermions. Taking C¢/ (qz) =
Cp (qz) cosbw — ng(‘l2) sin By as the Wilson coefficient
with momentum transfer equal to g2, we have for g% =0,

C” (g>=0)

2
myp

Re{C (¢>=0)}
—2 (H
mNP
+Im{C (61 =0)}

(H
2
myp

(HYe;o"’ Pre; Fﬁ? + h.c.
yeio" e Fp)

v em
yiejo" ysei F

de;
e;oVe; Fem +

- em
2del.eio’”y5e,F
Me,

v (3.15)
with a,, = (g¢; —2)/2 the anomalous magnetic moment and
d,, the electric dipole moment of the lepton e; that can be
found in [170].

In a given model, the coefficients of the effective op-
erators can be obtained by matching the effective theory
of (3.1) onto the model, at some matching scale (for in-
stance, the mass scale of new particles). However, in partic-
ular models there can appear various pitfalls in constraining
the generic coefficients CY%. This is illustrated, for example,
in the model of [171] which corresponds to adding a singlet
slepton E€ of flavor k, in R-parity violating (RPV) SUSY. In
this case, after integrating out the heavy slepton we obtain
the following effective operator:

k xk

%( (vo)¢ieri)((er)n(vr)y,)

)\'k )\‘*k
= WUl Gy Pre;) (Dmyu PLvi),

AP (3.16)

where A il is antisymmetric in i, j because the SU(2) con-
traction of ;£ is antisymmetric. This is an example of op-

erator Ogy(1), but since it is induced by singlet scalar ex-
change, there is no four-charged-lepton operator (compare
to (3.11)). This illustrates that the bounds obtained here, by
assuming that C’/k[ # 0 for one choice of ijkl at a time, are
not generic. Each process receives contributions from a sum
of operators, and that sum could contain cancellations in a
particular model.

Many models of new physics introduce new TeV-scale
particles carrying a conserved quantum number (e.g. R-
parity, T-parity...). Such particles appear in pairs at ver-
tices, so they contribute via boxes and penguins to the
four-fermion and dipole moment operators considered here.
Generic formulae for the one loop contribution to a dipole
moment can be found in [172], and for boxes in [173]. Extra
Higgses [174, 175] would contribute to the same operators
constructed from SM fields, so they are constrained by the
experimental limits on the coefficients of such operators.

3.1.2 Constraints on low scale observables

In this section we present the low energy constraints on
the different Wilson coefficients introduced before. Any NP
found at LHC will necessarily respect the bounds presented
here.

3.1.2.1 Dipole transitions After electroweak symmetry
breaking, the operators of (3.9), (3.10) generate magnetic
and electric dipole moments for the charged leptons. Flavor-
diagonal operators give rise to anomalous magnetic mo-
ments and electric dipole moments as shown in (3.15).
The anomalous magnetic moment of the electron a, =
(g — 2)¢/2 is used to determine oe. The current measure-
ment of the muon anomalous moment a,, = (g —2),,/2 de-
viates from the (uncertain) SM expectation by 3.2¢" using
eTe~-data [176], and can be taken as a constraint, or indica-
tion on the presence of new physics. Currently there is only
an upper bound on the magnetic moment of the t from the
analysis of ete™ — t+7~ [170, 177]. Electric dipole mo-
ments have not yet been observed, although we have very
constraining bounds specially on the electron dipole mo-
ment. In Table 3 we present the bounds of flavor diagonal di-
pole moments. The EDMs are discussed in detail in Sect. 5.

The bounds on off-diagonal dipole transitions are pre-
sented in Table 3. It is convenient to normalize these coef-
ficients, Cé]y = C;JB cosOy — CLJW sin Ay, to the Fermi in-
teractions given our ignorance on the scale of new physics
MmMNPp-

ij

Cey _ 4Gr i
=E

mip V2

In the literature, it is customary to use the left and right form
factors for lepton flavor violating transitions defined by

(3.17)
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Table 3 Bounds on the different dipole coefficients. Flavor diagonal
dipole coefficients are given in terms of the corresponding anomalous
magnetic moment, a,,, and the dipole moment, d,, . Bounds on transi-

tion moments are given in terms of the dimensionless coefficients |eé’7 |

(defined in (3.17)) from the bounds on the branching ratios g_iyen in
the last column. These bounds apply also both to |eé‘§,| and |eé;, |. See
Sect. 3.1.2 for details

(ij) a =422 edm; (ecm) Ref.

ze 0.0011596521859(38) d, <1.6 x 10777 PDG [170, 186]

i 11659208.0(5.4)(3.3) x 10710 d, <2.8x107" Muon g-2 Coll. [187, 188]
TT —0.052 < a; <0.013 (—22<d; <4.5) x 10717 LEP2 [189], Belle [190]
ij) Lo eR FEY expt. limit Ref.

eu <34 x 1071 <1.2x 1071 MEGA Coll. [180]

er <1.2x 1077 <1.1 x 1077 BaBar [182]

nt <8.4 x 1078 <4.5x 1078 Belle, BaBar [181, 191]

ALy =emy Ay S j[io" gy (AY P+ A PR)] fi +hec.
(3.18)

where f is a Dirac (4-component) fermion. The radiative
decg_y fi— f, + y proceeds at the rate I = m?ez/(16n) X
(IAY? 4+ 1A% %) [178]. QED corrections to those decays
are unusually large and may reach as much as 15% [179].
Bounds on the dimensionless coefficients ny and eéjy can

be obtained by translating from AiLj and A%:

ij A i
o my=emiai, e
m2 T TR m2

NP NP

mi ij
<H>=e7ALf. (3.19)

The experimental bounds on radiative lepton decays can
be used to set bounds on these off-diagonal Wilson coeffi-
cients. The current experimental bounds are B(u — ey) <
1.2 x 10~ [180], B(t — uy) < 4.5 x 1078 [181], and
B(t — ey) < 1.1 x 1077 [182].

For the off-shell photon, g2 # 0, there exist additional
form factors,

. - y y
AL =em Ae; [(g,w — %)m (B} PL+ BY PR):|€i

+h.c., (3.20)

which induce contributions to the four-fermion operators
to be discussed in the next subsections. These form fac-
tors may be enhanced by a large factor compared to the
on-shell photon form factors [184], In(mnp/m,;), depend-
ing on the nature of new physics. Therefore, those operators
become relevant for constraining new physics in R-parity vi-
olating SUSY [185] and in low-scale type-II see-saw mod-
els [184].

3.1.2.2 Four-charged-lepton operators As before, to pres-
ent the bounds on the dimensionless four-charged-fermion

@ Springer

coefficients in (3.14), we normalize them to the Fermi inter-
actions:

Ci

mee _ _4GF jw ijekl:_ﬁeijkl
mp V2O w2
(3.21)
Cie| _ 4Gr (i
mp V2

The current low energy constraints on the dimensionless
€’s are shown in Tables 4, 5, 6 and 7. The rows of the ta-
bles are labeled by the flavor combination, and the column
by the Lorentz structure. The numbers given in this tables
correspond to the best current experimental bound on the
coefficient of each operator, assuming it is the only non-
zero coefficient present. The last column in the table lists
the experiment setting the bound. The compositeness search
limits A@ LEP are at 95% C.L., the decay rate bounds at
90% C.L.

Regarding the definition of the different coefficients we
have to make some comments. First, note the flavor index
permutation between Cy, and €g,:

ikj ~ L ikt ~ _
C,,” (iep)(ertj) = —Ee;’e (Civ"e;) @ryuen.

(3.22)
There are relations between the flavor indices of the differ-
ent operators. For Op; = (ey* Pe)(ey, Pre) and Ogg =
(ey™ Pre)(ey, Pre) we have

Okl _ itk

ik oklij ik ilkj
Opp=Opp, pp=%pp > Opp=Opp,

(3.23)

by symmetry, Hermitian conjugation and Fierz rearrange-

ment, respectively. Therefore, the constraints on eeftt in the
eeut ntee

first two columns of Tables 4 to 7 apply to €, . €,
xeeT|L _xTjee _eT[le _[eeT _xTeel xepute .
(n)xx > “(n)xx > E(n)xx’ (m)xx’ = (n)xx ° and G(n)xx with (n)xx
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Table 4 Bounds on coefficients of flavor four-lepton operators, from
four-charged-lepton processes. The number is the upper bound on the
dimensionless operator coefficient €U (defined in (3.21)), arising from
the measurement in the last column. The bound applies also to e/

The second column is the bounds on eéék)l[ ¢» and eéjlk)/u [except in the

case of the bracketed limits, which are the upper bound on eéflk)l“ and

two columns apply also when the flavor indices are permuted to jilk
and ilkj. The fourth column is the bound on EZCZ (which does not apply
to the flavor permutation i/kj, so this is listed with a line of its own).
The constraints in [brackets] apply to the two charged lepton—two
neutrino operator of the same flavor structure, and arise from lepton
universality in T decays. See Sect. 3.1.2 for details

253](;“]. The third column is the bound on eéjlk)le .- The bounds in these

(ijkl) (ey" Pre)(ey, PLe) (ey" Pre)(ey, Pre) (ey, Pre)(ey" Pre) expt. limit Ref.

ceee (—1.8—+2.8) x 1073 (—1.8—+2.8) x 1073 (—2.4—+49)x 1073 A@LEP2 [194]
eemiL (=72 —+52) x 1073 (—7.8—+5.8) x 1073 (=9.0 — +9.6) x 1073 A@LEP2 [193, 195]
euite (=7.2—+45,2) x 1073 (—7.8—+5.8) x 1073 1.3 x 1072 A, RPV @LEP2 [193, 195]
2eTT (=7.3 —+13) x 1073 (—8.0 — +15) x 1073 (—=1.2—+1.8) x 102 A@LEP2 [193, 195]
Teet (=7.3 —+13) x 1073 (—8.0 — +15) x 1073 1.3x 1072 A, RPV @LEP2 [193, 195]
o ~1 ~1 ~1 B(Z — pup)

TUTT ~11[0.0014] ~1 ~11[0.01] B(Z — pj)

TTI ~11[0.0014] ~1 B(Z = pj)

TTTT ~1 ~1 ~1 B(Z — t7)

Table 5 Bounds on coefficients of four-lepton operators with AL, =
—ALg = 1. They apply also to flavor index permutations k/ij and ilkj,
except in the case of Tteu, where the bound on 7 et in the fourth col-

umn is from p decay and is listed separately. See the caption of Table 4
and Sect. 3.1.2 for further details

(ijkl) (ey" Pre)(ey, PLe) (ey" Pre)(ey, Pre) (ey, Pre)(ey" Pre) expt. limit

eeen 7.1 x 1077 7.1 x 1077 7.1 x 1077 B(u — eee) < 10712
eeet 7.8 x 1074 7.8 x 1074 7.8 x 1074 B(r — eee) <2 x 1077
eenT 1.1 x 1073 1.1x 1073 1.1 x 1073 B(t — eep) < 1.9 x 1077
e ~1 ~1 ~1 B(Z — eft) <1.7x107°
et 1.1x1073 1.1x1073 1.1x1073 B(t — Tep) < 2.0 x 1077
TUET 7.8x 1074 7.8 x 1074 7.8 x 1074 B(t = 3u) < 1.9 x 1077
Treu ~1 [0.05] ~1 ~1 [0.05] B(Z —et) < 1.7x107°
Tuer ~1 [0.05] ~1 [0.05] B(Z —eft) < 1.7x107°
Tret ~3 [0.05] ~3 ~3 [0.05] B(Z — ¢7) <9.8 x 1076
TITR ~3 [0.05] ~3 ~3 [0.05] B(Z—1th)<12x107

Table 6 Bounds on coefficients of four-lepton operators with ALy = ALg = 2. See the caption of Table 4 and Sect. 3.1.2 for details

(ijkD) (ey" Pre)(eyu Pre) (ey" Pre)(eyy Pre) (eypPLe)(ey! Pre) expt. limit
euen 3.0x 1073 3.0x 1073 2.0x 1073 (Le) < (ep)
erer [0.05] [0.05]

WTHT [0.05] [0.05]

Table 7 Bounds on coefficients of four-lepton operators with ALy = ALg = — % AL,. See the caption of Table 4 and Sect. 3.1.2 for details

(ijkD) (ey" Pre)(ey,PrLe) (ey" Pre)(eyu Pre) (ey" PLe)(ey" Pre) expt. limit

euer 23 %1074 23x 1074 23 %1074 B(t — iee) < 1.1 x 1077
TRt 2.6x 1074 2.6 %1074 2.6x 1074 B(t — eup) < 1.3 x 1077
TeTu [0.05] [0.05]

@ Springer



34

Eur. Phys. J. C (2008) 57: 13-182

equal to (3)¢¢, (1)£4, or (1)ee. Note, however that it is cal-
culated assuming only one of these € is non-zero. Similarly,
the operator OLR = (ejyuPrej)(exy" Prey), with coeffi-

cient 'Ezz , is related by Hermitian conjugation:

oM — ok, (3.24)

ijkl *jilk

so again the bounds on €, apply to €,, . We can usually

apply also these bounds to e le i/ pecause the chirality of the

fermion legs does not affect the matrix element squared, but
ilkj .

Ge is bounded separately in the tables.

The bounds from Z decays in Tables 4 and 5 are esti-
mated from the one loop penguin diagram obtained closing
two of the legs of the four-fermion operator and coupling
it with the Z [192]. These bounds would be more correctly
included by renormalization group mixing between the four-
fermion operators and the Z—fermion—fermion operators dis-
cussed in [169]. They are listed in the tables to indicate the

existence of a constraint. The bound can be applied to e”kl

and e”k but it does not apply to e’”".

Contact interaction bounds are usually quoted on the
scale A, where

Jk4GE 1 4w
a - 1+8 A%

and § = 1 for the operators O}%¢ and OF5° of (3.14), 0 oth-
erwise. Since our normalization does not have this factor
of 2, we have a Feynman rule e8Gg/+/2 for these oper-
ators, and correspondingly stricter bounds on the €’s. The
bounds are the same for e’kk’ and egik. However, contact
interaction bounds are not quoted on operators of the form
(eiy" Pre;j)(€yu Prei), corresponding to €, . Such oper-
ators are generated by sneutrino exchange in R-parity violat-
ing SUSY, so we estimate the bound A%/m?2 < 4/(9 TeV?)

1
IGr/

(3.25)

from the plotted constraints in [193], and impose 4|e;’]}:
V2 <A2/2m3).

Many of the 4CL operators involving two t’s are poorly
constrained. In some cases, see (3.11), (3.12), new physics
that generates 4CL operators also induces (¢;y*Pe i) %
(WkyaLvy). The coefficients of operators of the form
(zy* Pe)WrysLvy), (@y*Pt)(WryaLlv) or (ey*Pt) x
(WryaLvy), are constrained from lepton universality mea-
surements in p and t decays [196]. The decay rate 7 —
e;vi vy in the presence of the operators of (3.14), divided by
the SM prediction for T — ¢; v, V;, is

. dm:
(1= 2000 Re{eF5 + 2650 + i Rel s
i 2 : 2 . 2
+ eyl +4leiiie] + e ) (3.26)

Within the experimental accuracy, the weak 7 and u de-
cays verify lepton universality and agree with LEP precision

@ Springer

measurements of my . Rough bounds on the €’s can there-
fore be obtained by requiring the new physics contribution
to the decay rates to be less than the errors % (t — evy) =
0.05/17.84, 52 (v — pvv) =0.05/17.36. These are listed
in the tables 1n [brackets]. The bracketed limit in the sec-
ond column applies to e(lk)[l ;> the bound on 6(31{)15 ¢ 18 1/2 the
quoted number. The limit on €,; "
to U — evvg.

Finally, we would like to remind the reader the various
caveats to these four-fermion vertex bounds.

is from its contribution

— The constraints are calculated “one operator at a time”.
This is unrealistic; new physics is likely to induce many
non-renormalizable operators. In some cases, see (3.16),
a symmetry in the new physics can cause cancellations
such that it does not contribute to certain observables.

— The coefficients of the 4CL operators, and two v—two
charged lepton (2v2CL) operators may differ by a factor
of few, because they are induced by the exchange of dif-
ferent members of a multiplet, whose masses differ [197].

— The list of operators is incomplete. Perhaps some of
the neglected operators give relevant constraints on new
physics. For instance, bounds from lepton universality on
the (H *Z)y“&M(H £) operator [198] are relevant to extra
dimensional scenarios [199].

— Operators of dimension >6 are neglected. If the mass
scale of the new physics is ~TeV, then higher dimension
operators with Higgs VEVs [200] such as HH Yy
are not significantly suppressed.

3.1.2.3 Two lepton—two quark operators Once more, we
normalize the coefficients of the two lepton—two quark op-
erators in (3.6) to the Fermi interactions:

Cijkl ijkl

(n)lq 4GF l]kl CLd _ 4GF t]kl
mIZ\IP B ﬁ (”)&1 mIZ\IP - ﬁ €ed »
cly _ 4GF jju ch _ AGF ju
m12\11> - 76(&1 ’ m12\1p - _ﬁeeu ’
" » (3.27)
Cow _ _4GF i Cus __4Gr (i
mI2\IP ﬁ lu > m12\1P \/_ €5

ijkl
que _ 4GF ijkl

=—— ¢
2 de*
myp V2 1

The main bounds on the dimensionless €s are given in Ta-
bles 8 and 9. These numbers correspond to the best cur-
rent experimental bound on the coefficient of each opera-
tor, assuming it is the only non-zero coefficient present. The
bounds on €¢; in Table 8 apply both to €(1)¢; and €(3)¢q.
These bounds have been obtained from the corresponding
bounds on leptoquark couplings in Refs. [201, 202] that can
be checked for further details.
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Table 8 Bounds on coefficients of the left handed two quark—two lep-
ton operators. Bound is the upper bound on the dimensionless operator

termination of the observable in the next column. Bounds with a * are
also valid under the exchange of the lepton indices

coefficient ¥ (defined in (3.28)), arising from the experimental de-
(EVMPLE)(a)’/LPLQ) ) )
(ijkl) Bound on eg:l Observable (ijkl) Bound on eg:l Observable
1111 5.1x 1073 Ry 2211 5.1x 1073 Ry
1211 8.5 x 1077 u—e conversion on Ti 12 12* 2.9 %1077 B(K? — Tie)
.. — B(Kt—>ntv ..
ij 12 4.5%x107° e ij22 1.0 Ves
ij13 3.6 x 1073 Vb ij 23 4.2 x 1072 Vep
1123 6.6 x 107 B(Bt — ete KT 1113 9.3 x 1074 B(Bt — ete )
2223 54 %1073 B(Bt - utu K1) 2213 1.4% 1073 BBt = utu~zn™)
21 23* 45x%x1073 B(Bt — etu—K™*) 21 13* 3.9 %1073 BBt > etunh)
12 23* 1.2x 1072 B(BY — pte) 3312 6.6 x 1072 K-K
2 B(Df —putv,) ) B(DS —putv,)
2222 6.0 x 10 BOF 3322 6.0 x 10 BOTae
32 23* 1.2 x 1073 B(BT — putr—Xxh) 3323 9.3x 1073 B(BT > ttr—X1)

Table 9 Bounds on coefficients of the right handed vector and scalar 2
quark-2 lepton operators. Bound is the upper bound on the dimension-
less operator coefficient €U (defined in (3.28)), arising from the ex-

perimental determination of the observable in the next column. Bounds
with a * are also valid under the exchange of the lepton indices

(ey" Pre)(qvuPrq)
@ijkl) Bound on e(’,ﬁfl Observable (ijkl) Bound on eé’fl Observable

) B(Dt—snateter) -2 B(DT—>atpu=eh)
2212 9.0 x 1073 Bo s 3312 0.19 B(D" - D)
(€Pgre)(dPLq)
(ijkl) Bound on 6352 Observable (ijkl) Bound on egsle Observable
1111 1.5x 1077 Rx 2211 3.0x 1074 Rx
1211 5.1x 1073 Bt — utv,) 12 12* 2.1x1078 B(KY — pFe™)
1112 2.7 x 1078 B(K? — eTem) 2212 8.4 x 1077 B(K? — putp)

—uty

2221 1.3x 1072 B(Dt — putv,) 2222 1.2 x 1072 %
3322 02 % 3313 25% 1073 B(BT — ;)
1113 9.0 x 1073 B(BY — ete™) 12 13* 1.2x 1074 B(BY > ute™)
13 13* 2.5% 1073 B(B® — tte) 23 13* 3.3 %1073 B(B® > ttpu)
2213 7.5 %1073 B(B® — ptu™) 1123 6.0 x 1074 B(BY — ete)
12 23* 2.1x1074 B(BY — ute) 2223 1.2x 1074 B(BY — utu)

3.2 Phenomenological parameterizations of quark and
lepton Yukawa couplings

3.2.1 Quark sector

The quark Yukawa sector is described by the following La-
grangian:

Lauark =5, Y}, QH +dg, Y50, H +hee., (3.28)

where i, j = 1, 2, 3 are generation indices, Q; = (dr;, ur;)
are the left handed quark doublets, u% and dj are the right
handed up and down quark singlets respectively, and H is
the Higgs field. On the other hand, Y* and Y are complex
3 x 3 matrices, which can be cast by means of a singular
value decomposition as

Y' = ViDLV,

(3.29)
d dpydydt
Y4 =vaDiv'

@ Springer



36

Eur. Phys. J. C (2008) 57: 13-182

Here, Dy = diag(y{, 5, y3) is a diagonal matrix whose en-
tries can be chosen real and positive with y{' < y7 < y5, and
similarly for D%. Vlg’d and V' 4 are 3 x 3 unitary matri-
ces that depend on three real parameters and six phases. The
unitary matrices V;’d can be absorbed in the definition of
the right handed fields without any physical effect. In neu-
tral currents the left rotations cancel out via the Glashow—
lliopoulos—Maiani (GIM) mechanism [203]. On the other
hand, the redefinition of the left handed fields produces fla-
vor mixing in the charged currents. In the physical basis
where both the up and down Yukawa couplings are simul-
taneously diagonal, the charged current reads

Ml_
Jf-ﬁ=ucLy (I—ys)

(vitvi)dy. (3.30)
The matrix Vi” VLd can be generically written as VL’” V,fl =
@1 Uckm P2, where @1 7 are diagonal unitary matrices (thus,
containing only phases) that can be absorbed by appropri-
ate redefinitions of the left handed fields. Finally, Uckwm de-
pends on three angles and one phase that cannot be removed
by field redefinitions and accounts for the physical mixing
between quark generations and the CP violation [204, 205].
It is usually parameterized thus:

size

$23€13 ) s

€23C13

(3.31)

C13€12
Uckm = | —c23512 *52351361126”3

. e ib
$23812 — €23813C12€"

c13812
is
€23C12 — 5235135128

o N7
—523C12 — €23513512€"

where s;; = sin6;;, c¢;j = cos6;; and § is the CP-violating
phase. Experiments show a hierarchical structure in the off-
diagonal entries of the CKM matrix: |V,p| < Vep K Vi,
that can be well described by the following phenomeno-
logical parameterization of the CKM matrix, proposed by
Wolfenstein [206]. It reads

-2 A A (p—in)
Uckm = —A — % A)?
ANV (1 —p—in) —AN? 1
+0(:4), (3.32)

where A is determined with a very good precision in semi-
leptonic K decays, giving A >~ 0.23, and A is measured in
semileptonic B decays, giving A ~ 0.82. The parameters p
and 7 are more poorly measured, although a rough estimate
is p~0.1, n >~ 0.3 [207].

3.2.2 Leptonic sector with Dirac neutrinos
A Dirac mass term for the neutrinos requires the existence

of three right handed neutrinos, which are singlets under the
standard model gauge group. In consequence, the leptonic
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Lagrangian would contain in general a Majorana mass term
for the right handed neutrinos, which has to be forbidden by
imposing exact lepton number conservation. Then the lep-
tonic Lagrangian reads

Liep =g, YGLiH + Vg, Y LiH +hec.,

1

(3.33)

where L; = (vr;, er;) are the left handed lepton doublets
and e}, and v, are respectively the right handed charged lep-
ton and neutrino singlets. Analogously to the quark sector,
the Yukawa couplings can be decomposed as

Y¢ = VDS Vi, (3.34)

Y  =vpDLvyT, (3.35)
where V;’V do not have any physical effect, whereas the
V" have an effect in the charged current, that in the ba-
sis where the charged lepton and neutrino Yukawa couplings
are simultaneously diagonal reads

yH( —ys)
=

(Vv ). (3.36)
As in the case of the quark sector, the matrix V; TVL” de-
pends on three angles and six phases and can be expressed
as VETVL" = &1 Upmns D2. The matrices @1 and &, can
be absorbed by appropriate redefinitions of the left handed
fields, yielding a physical mixing matrix Upmns [208, 209]
that depends on three angles and one phase, and that can
be parameterized by the same structure as for the quark
sector, (3.31). However, the values for the angles differ
substantially from the quark sector. The experimental val-
ues that result from the global fit are sin? 012 = 0.26-0.36,
sin? 63 = 0.38-0.63 and sin?#;3 < 0.025 at 20 [210, 211].
On the other hand, the CP-violating phase § is completely
unconstrained by present experiments.

In the theory under discussion the total lepton number
L=L,+ L, + L is conserved, but the individual lep-
ton flavors L;, [ = e, u, T, are not, and LFV processes like
WU~ — e~y decay are allowed. For the neutrino masses my;,
Jj =1,2,3, satisfying the existing upper limits obtained in
3H B-decay experiments, m; < 2.3 eV, the u~ — e~y de-
cay branching ratio is given by [212]

2 2

Vi
v R

3a PMNS ;/PMNS+ "

B(,u—)@y)—%'ZUej U
J

where My is the W*-boson mass. Thus, the u~ — e~y
decay rate is suppressed by the factor (m J/Mw)* < 6.7 x
10~*3, which renders it unobservable. The same conclusion
is valid for all other LFV decays and reactions in the min-
imal extension of the standard theory with light neutrino
masses we are considering. The only observable manifes-
tation of the non-conservation of the lepton charges L; in
this theory is the oscillations of neutrinos.
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3.2.3 Leptonic sector with Majorana neutrinos

Neutrino masses can also be accommodated in the standard
model without extending the particle content, just by adding
a dimension five operator to the leptonic Lagrangian [213]:

— 1
Elepze%iY{‘}LJ‘H—FZK,’j(L,‘H)(LjH)-i—h.C. (3.38)

with ¥ a 3 x 3 complex symmetric matrix that breaks ex-
plicitly lepton number and that has dimensions of mass™!.
Then, after the electroweak symmetry breaking, a Majorana
mass term for neutrinos is generated:
1 02
m, = EK(H > . (3.39)
This term can be diagonalized as m, = V;*D,, V} T, so
that the charged current reads as in (3.36), with VL”VLU =
@ U ®,, where the matrix U has the form of the CKM ma-
trix, (3.31). The matrix @; containing three phases can be
removed by a redefinition of the left handed charged lepton
fields. However, due to the Majorana nature of the neutri-
nos, the matrix @, cannot be removed and is physical, yield-
ing a leptonic mixing matrix Uppns = U @ that is defined
by three angles and three phases [214, 215], one associated
to U, the “Dirac phase”, and two associated to @;, the “Ma-
jorana phases”.

In the leptonic Lagrangian given by (3.38) the origin of
the dimension five operator remains open. In the rest of this
section, we shall review the heavy Majorana singlet (right
handed) neutrino mass mechanism (type I see-saw) [216—
220] and the triplet Higgs mass mechanism (type II see-saw)
[215, 221-224] as the possible origins of this effective op-
erator. The third [225] tree level realization of the opera-
tor (3.38) via triplet fermion (type III see-saw) [226] is dis-
cussed in Sect. 4.1.

3.2.3.1 Type I see-saw In the presence of singlet right
handed neutrinos, the most general Lagrangian compatible
with the standard model gauge symmetry reads

_ 1
Liep = €, Y LiH + v, YL H — Evng,.jv;j +he.,
(3.40)

where lepton number is explicitly broken by the Majorana
mass term for the singlet right handed neutrinos.’ The see-
saw mechanism is implemented when eig(M) > (H°). If
this is the case, at low energies the right handed neutrinos
are decoupled and the theory can be well described by the

9Here we explicitly assume three generations of singlet neutrinos. For
the phenomenology of a large number of singlets as predicted by string
theories, see [227, 228].

effective Lagrangian for Majorana neutrinos, (3.38), with
[216-220]
k=2Y""TmM 1y (3.41)
Working in the basis where the charged lepton Yukawa ma-
trix and the right handed mass matrix are simultaneously
diagonal, it can be checked that the complete Lagrangian,
(3.40), contains fifteen independent real parameters and six
complex phases [229]. Of these, three correspond to the
charged lepton masses, three to the right handed masses,
and the remaining nine real parameters and six phases, to
the neutrino Yukawa coupling. The independent parameters
of the neutrino Yukawa coupling can be expressed in several
ways. The most straightforward parameterization uses the
singular value decomposition of the neutrino Yukawa ma-
trix:

Y, =VpDiv}T, (3.42)
where Dy = diag(y;, y5, y3“), with y;’ >0and y; <y} <
y; . On the other hand, V;’ and Vy are 3 x 3 unitary matri-
ces, that depend in general on three real parameters and six
phases. Both can be generically written as @1V @;, where V
has the form of the CKM matrix and @ 7 are diagonal uni-
tary matrices (thus, containing only phases). One can check
that for V the @, matrix can be absorbed into the definition
of V}, so that

eiaf
Vp = el
1
cfcf C§S3R sfe’iaR
X fcfesf - isschgee”R cfc§ fissfsfe"‘sk isc§
SlRS3R - cf?sfcfei‘sk fiscge - cfs§s§ei‘sk cfcf
(3.43)

Similarly, for V; the & matrix can be absorbed into the
definition of L and eg, while keeping Y, diagonal and real.
In consequence,

cé‘cé‘ cé‘sé‘ sé‘e‘i‘sL
VLV = —clLs3L — lesch3Lei5L cch3L — lesst3Lei‘3L lecé
les3L - cfschéeisL —lec3L — clLsst3Lei5L clLCZL
eialL
% pich (3.44)

Therefore, in this parameterization the independent para-
meters in the Yukawa coupling can be identified with the
three Yukawa eigenvalues, y;, the three angles and three
phases in Vi, and the three angles and three phases in
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Vg [229-231]. The requirement that the low energy phe-
nomenology is successfully reproduced imposes constraints
among these parameters. To be precise, the low energy lep-
tonic Lagrangian depends just on the three charged lepton
masses and the six real parameters and three complex phases
of the effective neutrino mass matrix. In consequence, there
are still six real parameters and three complex phases that
are not determined by low energy neutrino data; this infor-
mation about the high energy Lagrangian is “lost” in the de-
coupling of the three right handed neutrinos and cannot be
recovered just from neutrino experiments.

The ambiguity in the determination of the high energy
parameters can be encoded in the three right handed neu-
trino masses and an orthogonal complex matrix R defined
as [232]

R=DY,Upnns D

i st

(3.45)
so that the most general Yukawa coupling compatible with
the low energy data is given by:
Y' =D /5RD /mUbuns(HC). (3.46)
It is straightforward to check that this equation indeed sat-
isfies the seesaw formula, (3.41). In this expression, D S
and D _j;; are diagonal matrices whose entries are the square
roots of the light neutrino and the right handed neutrino
masses, respectively, and Uppmns is the leptonic mixing ma-
trix. It is customary to parameterize R in terms of three com-
plex angles, 6;:

€203 —C183 —§18203 85183 — C15203
(3.47)

C1C3 — 815283 —8163 — C15283 |

52 S162 €162

up to reflections, where ¢; = cos 0;, §; =sinb;.

Whereas the physical interpretation of the right handed
masses is very transparent, the meaning of R is more ob-
scure. R can be interpreted as a dominance matrix in the
sense that [233]

— R is an orthogonal transformation from the basis of the
left handed Ieptons mass eigenstates to the one of the right
handed neutrino mass eigenstates;

— if and only if an eigenvalue m; of m, is dominated—in the
sense already given before - by one right handed neutrino
eigenstate N, then |R ;| ~ 1;

— if a light pseudo-Dirac pair is dominated by a heavy
pseudo-Dirac pair, then the corresponding 2 x 2 sector
in R is a boost.

An interesting limit of this dominance behavior is the
seesaw model with two right handed neutrinos (2RHN)
[234,235]. In this limit, the parameterization (3.46) still
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holds, with the substitutions D I = diag(M 1_1 s My 1) and
[236-239]

cosf & sinf

R = 0 A (normal hierarchy), (3.48)
0 —sinf £cosf

= < CO_S GA 5 s1n9A 0) (inverted hierarchy), (3.49)
—sinf &cosf 0

with 6 a complex parameter and § = %1 a discrete parame-

ter that accounts for a discrete indeterminacy in R.

A third possible parameterization of the neutrino Yukawa
coupling uses the Gram—Schmidt decomposition, in order to
cast the Yukawa coupling as a product of a unitary matrix
and a lower triangular matrix [240]:

Y1t 0 0
YW=UpYA=Up|y21 y O |,
Y31 Y32 Y33

(3.50)

where the diagonal elements of Yo are real. Three of the
six phases in U can be absorbed into the definition of the
charged leptons. Therefore, the nine real parameters and the
six phases of the neutrino Yukawa coupling are identified
with the three angles and three phases in U and the six real
parameters and three phases in Ya.

In the SM extended with right handed neutrinos, the
charged lepton masses and the effective neutrino mass ma-
trix are the only source of information about the leptonic
sector. However, if supersymmetry is discovered, the struc-
ture of the low energy slepton mass matrices would provide
additional information about the leptonic sector, provided
the mechanism of supersymmetry breaking is specified. As-
suming that the slepton mass matrices are proportional to the
identity at the high energy scale, quantum effects induced by
the right handed neutrinos would yield at low energies a left
handed slepton mass matrix with a complicated structure,
whose measurement would provide additional information
about the seesaw parameters [144, 145]. To be more spe-
cific, in the minimal supersymmetric seesaw model the off-
diagonal elements of the low energy left handed and right
handed slepton mass matrices and A-terms read, in the lead-
ing log approximation [178]

1 M
2\ 2 2 X
(m})ij = —gz Gmi + A Yiglog 7= (35D
2 ~
(m3,);; =0, (3.52)
3 My
(Aedij = = g5 AoYeYi Y log 20, (3.53)

where mo and Ao are the universal soft supersymmetry
breaking parameters at high scale M. Note that the diag-
onal elements of those mass matrices include the tree level
soft mass matrix, the radiative corrections from gauge and
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charged lepton Yukawa interactions, and the mass contribu-
tions from F- and D-terms (which are different for charged
sleptons and sneutrinos). Therefore, the measurement at low
energies of rare lepton decays, electric dipole moments and
slepton mass splittings would provide information about the
combination

=3 £ = (riLn),

Yo g (3.54)

where L;; = log Mﬁféij.

Interestingly enough, C encodes precisely the additional
information needed to reconstruct the complete seesaw La-
grangian from low energy observations [241, 242] (note in
particular that C is a Hermitian matrix that depends on six
real parameters and three phases, which together with the
nine real parameters and three phases of the neutrino mass
matrix sum up to the independent fifteen real parameters and
six complex phases in Y, and M).

To determine Y, and M from the low energy observables
C and m,, it is convenient to define

_dlag \/log— \/log— \/ ,

Mk = M; log —
k

(3.55)

so that the effective neutrino mass matrix and C now read

m, = V" diag(M;", My ", vy )P (HOY,

o (3.56)
c=Y"yv,

where H,? is the neutral component of the up-type Higgs
doublet. Using the singular value decomposition YV =
VyDY VVJr one finds that V”Jf and D}, could be straight-
forwardly determined from C since

C=Y"Y" =V Div,. (3.57)
On the other hand, from m, = ¥ D3,' Y (H?)? and the sin-
gular value decomposition of ¥",

Dy WVim, v TDY = VD VT, (3.58)
where the left hand side of this equation is known (m,, is one
of our inputs, and V;" and Dy were obtained from (3.57)).

Therefore, \71‘5 and ﬁM can also be determined. This sim-
ple procedure shows that starting from the low energy ob-
servables m, and C it is possible to determine uniquely the
matrices Dy and YV = \71‘3’5; VLVT Finally, inverting (3.56),
the actual parameters of the Lagrangian My and YV can be
computed.

This procedure is particularly powerful in the case of the
two right handed neutrino model, as the number of inde-
pendent parameters involved (either at high energies or at
low energies) is drastically reduced. The matrix C defined
in (3.54) depends in general on six moduli and three phases.
However, since the Yukawa coupling depends in the 2RHN
model on only three unknown moduli and one phase, so does
C, and consequently it is possible to obtain predictions on
the moduli of three C-matrix elements and the phases of
two C-matrix elements. Namely, from (3.46) one obtains

ufcu =u'y"y'u = DWRTDMRD\/,;/(HBV, (3.59)

where we have written U = Upymns. Since m; = 0 in the
2RHN model,'” it follows that (UTCU); = 0, for i =
1,2, 3, leading to three relations among the elements in C.
For instance, one could derive the diagonal elements in C in
terms of the off-diagonal elements:

CiaUsi + €1 U5

Cii=-— ,
Uy,
CpUS + CLUS
Cpy = — 11 _ 23731 (3.60)
U3,
C13U11 + C23U21
=
31

The observation of these correlations would be non-trivial
tests of the 2RHN model.

The relations for the phases arise from the hermiticity
of C, since the diagonal elements in C have to be real. Tak-
ing as the independent phase the argument of Cj2, one can
derive from (3.60) the arguments of the remaining elements:

olargCis [—i Im(C12U21Uikl)

£\ |CPIUNPIUS P ~ [Im(CoUn Uf)T]

1
x [ICi3lUs1 U]
3.61)

olareC2s [i Im(C12U1 UY))

£\ |CoPIUM RIS 2 — [1m(CioUni Uf)T]
x [ICnslUn U3 ]~

where the & sign has to be chosen so that the eigenvalues
of C are positive. We conclude then that the C-matrix para-
meters C12, |C13| and |Co3| can be regarded as independent
and can be used as an alternative parameterization of the

10Here we are assuming a neutrino spectrum with normal hierarchy. In
the case with inverted hierarchy, the analysis is similar, using m3 = 0.
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2RHN model [243]. Together with the five moduli and the
two phases of the neutrino mass matrix, we sum up to the
eight moduli and the three phases necessary to reconstruct
the high energy Lagrangian of the 2RHN model.

3.2.3.2 Type II seesaw The type Il seesaw mechanism
[215, 221-224] consists on adding to the SM particle con-
tent a Higgs triplet

0 _ L7+
r=( ! v
L+  _r+t )
2

72

(3.62)

Then, the leptonic potential compatible with the SM gauge
symmetry reads

Liep = €f, YGLH+ Y LiTLj+h.c.

171

(3.63)

From this Lagrangian, it is apparent that the triplet T carries
lepton number —2. If the neutral component of the triplet
acquires a VEV and breaks lepton number spontaneously as
happens in the Gelmini—Roncadelli model [224], the associ-
ated massless majoron rules out the model. Therefore phe-
nomenology suggests to break lepton number explicitly via
the triplet coupling to the SM Higgs boson [244]. The most
general scalar potential involving one Higgs doublet and one
Higgs triplet reads

V=m}HH+ %AI(HTH)z +MTTT + %AZ(TTT)Z

+23(HTH)(T'T) + W H'TH', (3.64)
where the term proportional to w’ breaks lepton number
explicitly. The type II seesaw mechanism is implemented
when M7 > (H°). Then the minimization of the scalar po-
tential yields

_m%-l _ —,U,/(HO)Z

(O =~ )=

~— H . (3.65)
= ZM%//M%

which produce Majorana masses for the neutrinos given by

3.66
Mz (3.66)

m,=Yr

The Yukawa matrix Y7 has the same flavor structure as the
non-renormalizable operator « defined in (3.38) for the ef-
fective Lagrangian of Majorana neutrinos. Therefore, the pa-
rameterization of the type II seesaw model is completely
identical to that case.

Supersymmetric models with low scale triplet Higgses
have been extensively considered in studies of collider phe-
nomenology [245-247]. The model [244] was first super-
symmetrized in Ref. [248] as a possible scenario for lepto-
genesis. The requirement of a holomorphic superpotential
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implies introducing the triplets in a vector-like SUR2)w x
U (1)y representation, as T ~ (3, 1) and T ~ (3,—1). The
relevant superpotential terms are

T 1 1 -
— Y/ LiTLj + —\H\TH + —\HTH,

V2 V2 V2

+M7TT + nwH>Hi, (3.67)
where L; are the SU(2)w lepton doublets and H;(H3) is
the Higgs doublet with hypercharge ¥ = —1/2(1/2). De-
coupling the triplet at high scale at the electroweak scale the
Majorana neutrino mass matrix is given by (vo = (Ha))

2
mi =Y/ U]fl—’\: (3.68)
Note that in the supersymmetric case there is only one mass
parameter, M7, while the mass parameter u’ of the non-
supersymmetric version is absent.

The couplings Y7 also induce LFV in the slepton mass
matrix m?2 through renormalization group (RG) running
from My to the decoupling scale Mt [249]. In the leading-

logarithm approximation those are given by (i # j):

-1 My
(mzi)ij ~ 871_2(9’”% + 3A(2))(Y;YT)U log My
(m2,);; =0, (3.69)
-9 . MX
(Ae)ij ~ @AO(YeYTIYT)ij log iy

Phenomenological implications of those relations will be
presented in Sect. 5.

3.2.3.3 Renormalization of the neutrino mass matrix To
make a connection between high scale parameters and low
scale observables one needs to consider renormalization ef-
fects on neutrino masses and mixing. Below the scale where
the dimension five operator is generated, the running of the
neutrino mass matrix is governed by the renormalization
group (RG) equation of the coupling matrix «,, given by
[250-253]

(@) ——icy = (4m) 2 Ag iy + Co (YY) Ty + 10, Y 1),

dlnpu
(3.70)

where C, = —3/2 for the SM and C, = 1 for the MSSM.
The first term does not affect the running of the neutrino
mixing angles and CP violation phases; however, it affects
of course the running of the neutrino mass eigenvalues. The
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flavor universal factor Ay is given by

30y (4) + A+ 2t(3Y, Y, +3Y) Y + Y Y,)
Ag=1 SM,
—2a(47) — 6y (47) + (Y, Y,) MSSM,
(3.71)

where A denotes the Higgs self-coupling constant and «; =
giz/(47r), where g1 and g» are the U (1)y and SU(2) gauge
coupling constants, respectively.

Due to the smallness of the tau—Yukawa coupling in the
SM, the mixing angles are not affected significantly by the
renormalization group running below the generation scale

of the dimension five operator. However, if the neutrino

2
mass matrix m, = @KU is realized in the seesaw sce-

nario (type I), running effects above and between the see-
saw scales can also lead to relevant running effects in the
SM. Note that in the MSSM case the running of the mixing
angles and CP violation phases can be large even below the
seesaw scales due to the possible enhancement of the tau—
Yukawa coupling by the factor (1 4 tan g2)!/2.

In order to understand generic properties of the RG evo-
lution and to estimate the typical size of the RG effects, it
is useful to consider RGEs for the leptonic mixing angles,
CP phases and neutrino masses themselves, which can be
derived from the RGE in (3.70). For example, below the
seesaw scales, up to O(#;3) corrections, the evolution of
the mixing angles in the MSSM is given by [254] (see also
[255, 256])

do, —y2

iy 2
_ SMM%M, (3.72)
dlan 32772 N Am%l
do :
13 _ )z 5 sin 2612 sin29232L
dlnM 327.[ Am31(1+§)
x I(my,my, apm, Bu,9d), (3.73)
do —v2 sin26 i i
23 _ ) 2 iy [mae’PM -f-mSemM|2
ding ~ 327% Amd,
iBm 2
slzzw} (3.74)
14+¢

where I (my,my, oy, By, 8) =mycos(By —8) — (14+¢) x
mpcos(ay — By + 8) — {m3zcosd, Sij = sin@ij, Cij =
costj, and ¢ = Am%l/Amgl. Here y; denotes the tau-—
Yukawa coupling, and one can safely neglect the contri-
butions coming from the electron— and muon—Yukawa cou-
plings. For the matrix P containing the Majorana phases, we
use the convention P = diag(1, ¢!®/2, ¢!Pm/2) In addition
to the above formulae, formulae for the running of the CP
phases have been derived [254]. For example, the running

of the Dirac CP-violating phase §, observable in neutrino
oscillation experiments, is given by

ds__ Cy; 370 Cxigo

= O13).
dlnp 3272 0;3 812 +001)

(3.75)

The coefficients 81 and ) are omitted here and can be
found in [254], where also formulae for the running of the
Majorana CP phases and for the neutrino mass eigenvalues
(mass squared differences) can be found. From (3.75), it can
be seen that the Dirac CP phase generically becomes more
unstable under RG corrections for smaller 6;3.

In the seesaw scenario (type I), the SM or MSSM are
extended by heavy right handed neutrinos and their super-
partners, which are SM gauge singlets. Integrating them out
below their mass scales Mg yields the dimension five oper-
ator for neutrino masses in the SM or MSSM. Above Mg,
the neutrino Yukawa couplings are active, and the RGEs in
the MSSM above the scales My are

dx 6
(4n)2dln“M = {—§a1(4n) — 6an(4m) + 2t (Y, ¥,)
+6tr(Y) ¥,) }K,, + (YJYE)TKV +ieo (Y] Ye)
ty )7 i
+(W1) K+ k0 (Y1), (3.76)
dM 1 .
2 AMR , T
(47) din = W[(YVY‘))MR +MR(YVYJ) . 377
»d% O[3
(4m) =-Y,| —a1(4m) + 3ar(47)
dinp 5
—tr(3Y, Y, + Y,Y,)
—-3Y]Y, —Y*Y} (3.78)
p v ete | .

For non-degenerate seesaw scales, a method for dealing with
the effective theories, where the heavy singlets are partly
integrated out, can be found in [257]. Analytical formulae
for the running of the neutrino parameters above the seesaw
scales are derived in [258, 259]. The two loop beta functions
can be found in Ref. [260].

The running correction to the neutrino mass matrix and
its effects on the related issue have been widely analyzed
(see e.g. [250-279]). We shall summarize below some of the
features of RG running of the neutrino mixing parameters in
the MSSM (cf. (3.72)-(3.74)).

— The RG effects are enhanced for relatively large tan g,
because the tau—Yukawa coupling becomes large.

— The mixing angles are comparatively stable with respect
to the RG running in the case of normal hierarchical neu-
trino mass spectrum, mj < my < m3 even when tan 8
is large [261-267]. Nevertheless, the running effects can
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have important implications facing the high precision of
future neutrino oscillation experiments.

— For m; 2 0.05 eV and the case of tan8 = 10, the RG
running effects can be rather large and the leptonic mixing
angles can run significantly. Particularly, the RGE effects
can be very large for the solar neutrino mixing angle 61,
[261-267, 274, 275].

— The solar neutrino mixing angle 012 at Mg depends
strongly on the Majorana phase a s [254, 267, 268, 275],
which is the relative phase between m| and m,, and plays
very important role in the predictions of the effective
Majorana mass in (88)g,-decay. The effect of RG run-
ning for 01 is smallest for the CP-conserving odd case
ay = =+, while it is significant for the CP-conserving
even case ay = 0. For apy = 0 and tan 8 ~ 50, for in-
stance, we have tan? O12(Mp) < 0.5 x tan? 012(Myz) for
mp 2 0.02 eV.

— The RG running effect on 61, due to the t—Yukawa cou-
pling always makes 61> (Mz) larger than 01, (Mg) [267].
This constrains the models which predict the value of so-
lar neutrino mixing angle at Mg, 612(Mg) > 612(Mz).
For example, the bi-maximal models are strongly re-
stricted. However, the running effects due to the neutrino
Yukawa couplings are free from this feature [257]. Thus,
bi-maximal models can predict the correct value of neu-
trino mixing angles with the neutrino Yukawa contribu-
tions [269-272].

— The RG corrections to neutrino mixing angles depend
strongly on the deviation of the seesaw parameter matrix
R (3.45) from identity [274]. For hierarchical light neu-
trinos, m; < 0.01 eV, tanB < 30 and R non-trivial, the
correction to 6>3 and 013 can be beyond their likely future
experimental errors while 61, is quite stable against the
RG corrections [274].

— The correction to 63 can be large when m and/or tan 8
are/is relatively large, e.g., (i) when m; 2 0.2 eV if
tan 8 < 10, and (ii) for any m| and apy if tan 8 2 40 [274,
275].

— The RG corrections to sin 13 can be relatively small, even
for the large tan 8 if m; < 0.05 eV, and for any m; 2
0.30 eV, if 813(Mz) =0 and opy = 0 (with By =6 =0).
For oy = 7 and tan 8 ~ 50 one can have sin6;3(Mg) =
0.10 for m; 2 0.08 eV even if sin613(Mz) = 0 [274,
275].

— For tan 8 2 30, the value of Am% | (MR) depends strongly
on m in the interval m; = 0.05 eV, and on s, By, 8,
and s13 for m; 2 0.1 eV. The dependence of Am%1 (Mg)
on m; and the CP phases is rather weak, unless tan 8 >
40, my 2 0.10 eV, and 513 > 0.05 [275].

— Some products of the neutrino mixing parameters, such
as siacipc3(my/mo — el are practically stable with
respect to RG running if one neglects the first and sec-
ond generation charged lepton Yukawa couplings and s;3
[268, 273, 275].
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3.2.4 Quark—lepton complementarity

3.2.4.1 Golden complementarity Quark-lepton comple-
mentarity [280-282] is based on the observation that 612 +
Oc¢ is numerically close to 7 /4. Here 615 is the solar neutrino
mixing angle and 6¢ is the Cabibbo angle. For hierarchical
light neutrino masses this result is relatively stable against
the renormalization effects [274]. To illustrate the idea we
first review the model of exact golden complementarity.

Consider the following textures [283] for the light neu-
trino Majorana mass matrix m, and for the charged lepton
Yukawa couplings Y,:

0 m 0
my=|m m 0 s
O 0 Matm
(3.79)
e 0 0
Y. = 0 )"/t/ﬁ )“r/\/E

0 _)‘M/ﬁ )hr/\/i

It just assumes some texture zeroes and some strict equal-
ities among different entries. The mass eigenstates of the
neutrino mass matrix are given by m; = —m/¢@, my = mg,
m3 = Mmam, where ¢ = (1 ++/35)/2 =1+ 1/¢p ~ 1.62 is
known as the golden ratio [284]. Thanks to its peculiar math-
ematical properties this constant appears in various natural
phenomena, possibly including solar neutrinos. The three
neutrino mixing angles obtained from (3.79) are Oy, = 7 /4,
613 = 0 and, more importantly,
tan’0p = 1/9> =0.382, ie. sin®20p=4/5, (3.80)
in terms of the parameter sin” 261, directly measured by vac-
uum oscillation experiments, such as KamLAND. This pre-
diction for 03 is 1.40 below the experimental best fit value.
A positive measurement of 613 might imply that the predic-
tion for 61, suffers an uncertainty up to 6;3.

Those properties follow from the Z, ® Z), symmetry of

the neutrino mass matrix. Explicitly Rm,RT =m,, where
—1//5 2/v/5 0 1 0 0
R=| 2/V/5 1/V5 0], R=|0 1 0],
0 0 1 0 0 -1
(3.81)
and the rotations satisfy detR = —1, R - RT =1 and

R-R=1. The first Z;, is a reflection along the diagonal
of the golden rectangle in the (1,2) plane, see Fig. 2. The
second Z), is the L3 — —L3 symmetry. Those symmetries
allow contributions proportional to the identity matrix to be
added to m,. This property allows one to extend this type
symmetries to the quark sector.
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A seesaw model with singlet neutrinos satisfying the
Z, ® Z), symmetry and giving rise to the mass matrix (3.79)
is presented in [283].

Noticing that the golden prediction (3.80) satisfies with
high accuracy the quark—lepton complementarity motivates
one to give a golden geometric explanation also to the
Cabibbo angle. SU(5) unification relates the down-quark
Yukawa matrix Y; to Y, and suggests that the up-quark
Yukawa matrix Y, is symmetric, like m,. One can there-
fore assume that Y, is diagonal in the two first genera-
tions and that Y, is invariant under a Z, reflection described
by a matrix analogous to R in (3.81), but with the factors
1 < 2 exchanged. Figure 2 illustrates the geometrical mean-
ing of two reflection axis (dashed lines): the up-quark re-
flection is along the diagonal of the golden rectangle tilted
by 7 /4; note also the connection with the decomposition of
the golden rectangle as an infinite sum of squares (‘golden
spiral’). Similarly to the neutrino case, this symmetry al-
lows for two independent terms that can be tuned such that
my K me:

5 -2

+_

1 3.82
VAW (3.82)

1 00 1 0
Yy=2[0 1 0 20
0 0 1 0 ¢
The second term fixes cotf¢c = @3, as can be geometrically
seen from Fig. 2. We therefore have
sin?20c =1/5 ie. Op+6c=m/4 ie.

- (3.83)
Vus = sinfc = (1+¢%) /> =0.229.

This prediction is 1.90 above the present best-fit value,
sinf¢c = 0.2258 £ 0.0021. However, as the basic elements

Fig. 2 Geometrical illustration of the connection between the predic-
tions for 612 and 6¢ and the golden rectangle. The two dashed lines
are the reflection axis of the Z, symmetry for the neutrino mass matrix
and for the up quark mass matrix

of flavor presented here follow by construction from the
2 x 2 submatrices, one naturally expects that the golden
prediction for V¢ has an uncertainty at least comparable
to |Vup| ~ |Vial| ~ few x 1073. Thus the numerical accu-
racy is amazing. Should the 1.40 discrepancy between the
golden prediction (3.80) and the experimental measurement
hold after final SNO and KamLAND results, analogy with
the quark sector would allow one to predict the order of mag-
nitude of neutrino mixing angle 63.

Interestingly, similar predictions on the mixing angles
are obtained if some suitably chosen assumptions are made
on the properties of neutral currents of quarks and lep-
tons [285].

3.2.4.2 Correlation matrix from S3 flavor symmetry in GUT
On more general phenomenological ground the quark—
lepton complementarity [281, 282] can be described by the
correlation matrix V* between the CKM and the PMNS
mixing matrices,

where 2 = diag(e!®)) is a diagonal matrix. In the singlet
seesaw mechanism the correlation matrix V¥ diagonalizes
the symmetric matrix

¢ = mieyyi Ly, die (3.85)
M

where M is the heavy neutrino Majorana mass matrix and
Vp diagonalizes the neutrino Dirac matrix mp from the
right. In GUT models such as SO(10) or E¢ we have in-
triguing relations between the Yukawa coupling of the quark
sector and the one of the lepton sector. For instance, in min-
imal renormalizable SO(10) with Higgs in the 10, 126, and
120, we have Y, ~ YdT . In fact the flavor symmetry implies
the structure of the Yukawa matrices: the equivalent entries
of Y, and Y, are usually of the same order of magnitude. In
such a case one gets

[PMNS _ (UCKM)TVM_

As a consequence, a S3 flavor permutation symmetry, softly
broken into Sy, gives us the prediction of V{g’ =01[286] and
the correlations between CP-violating phases and the mixing
angle 61, [287].

The six generators of the S3 flavor symmetry are the el-
ements of the permutation group of three objects. The ac-
tion of S3 on the fields is to permute the family label of
the fields. In the following we shall introduce the S sym-
metry with respect the second and third generations. The
S> group is an Abelian one and swap the second fam-
ily {sr, WL, SL,cL, R, (V) R, SR, cr} With the third one
{t, W)L, br,tr, TR, (Vo)R, bR, IR}
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Let us assume that there is an S3 flavor symmetry at high
energy, which is softly broken into S, [84]. In this case, be-
fore the S3 breaking all the Yukawa matrices have the fol-
lowing structure:

Y= (3.86)

S S Q
SIS RN

b
a
b

where a and b independent. The S3 symmetry implies that
(1/4/3,1/+/3,1/+/3) is an eigenvector of our matrix in
(3.86). Moreover these kind of matrices have two equal
eigenvalues. This gives us an undetermined mixing angle in
the diagonalizing mixing matrices.

When S3 is softly broken into S;, one gets

a b b
Y=|b ¢ dJ, (3.87)
b d c

with ¢ &~ a and d = b. When S3 is broken the degener-
acy is removed. In general the S, symmetry implies that
©,1 /\/5, -1 /\/i) is an exact eigenvector of our matrix
(3.87). The fact that S3 is only softly broken into S al-
lows us to say that (1/+/3,1/+/3,1/+/3) is still in a good
approximation an eigenvector of Y in (3.87). Then the mix-
ing matrix that diagonalize from the right the Yukawa mix-
ing matrix in (3.87) is given in good approximation by the
tri-bi-maximal mixing matrix (2.11).

Let us now investigate the V¥ in this model. The mass
matrix mp will have the general structure in (3.87). To be
more defined, let us assumed that there is an extra softly
broken Z, symmetry under which the 1st and the 2nd fam-
ilies are even, while the 3rd family is odd. This extra softly
broken Z, symmetry gives us a hierarchy between the off-
diagonal and the diagonal elements of mp, i.e. b,d K a, c.
In factif Z; is exact both b and d are zero. For simplicity, we
assume also a quasi-degenerate spectrum for the eigenvalues
of the Dirac neutrino matrix as in [288].

The right handed neutrino Majorana mass matrix is of the
form

a b b
M=|b ¢ 4 (3.88)
b d e

Because S3 is only softly broken into S> we have that a &
¢~ e,and b~ b’ ~d. In this approximation the M matrix
is diagonalized by a U of the form in (2.11). In this case we
have that m, is near to be S3 and S, symmetric, then it is
diagonalized by a mixing matrix U, near the tri-bi-maximal
one given in (2.11). The C matrix is diagonalized by the mix-
ing matrix Vjy = U, U. We obtain that V), is a rotation in
the (1, 2) plane, i.e. it contains a zero in the (1, 3) entry. As
shown in [288], it is possible to fit the CKM and the PMNS
mixing matrix within this model.
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3.3 Leptogenesis and cosmological observables
3.3.1 Basic concepts and results

CP violation in the leptonic sector can have profound cos-
mological implications, playing a crucial role in the genera-
tion, via leptogenesis, of the observed baryon number asym-
metry of the universe [289]:

ng

= (6.1%03) x 10717,
l’ly :

(3.89)
In the original framework a CP asymmetry is generated
through out-of-equilibrium L-violating decays of heavy Ma-
jorana neutrinos [290] leading to a lepton asymmetry L # 0.
In the presence of sphaleron processes [291], which are
(B + L)-violating and (B — L)-conserving, the lepton asym-
metry is partially transformed to a baryon asymmetry.

The lepton number asymmetry resulting from the decay
of heavy Majorana neutrinos, ¢ Nj, Was computed by several
authors [292-294]. The evaluation of ¢ N involves the com-
putation of the interference between the tree level diagram
and one loop diagrams for the decay of the heavy Majorana
neutrino N into charged leptons lojf (¢ =e, i, 7). Summing
the asymmetries e;"vj over charged lepton flavor, one obtains

. Z[Im((mTD)ja(mD)ak(mTDmD)jk)
=)o

-
(mpmp);j

, (3.90)

where Mj denote the heavy neutrino masses, the variable
. M2
x; is defined as x; = M—ﬁz and I(xp) = /xc(1 + (1 +

Xi) log(lfr’;k )). From (3.90) it can be seen that, when one
sums over all charged leptons, the lepton number asymme-
try is only sensitive to the CP-violating phases appearing in
mTDmD in the basis where M is diagonal. Note that this
combination is insensitive to rotations of the left-hand neu-
trinos.

If the lepton flavors are distinguishable in the final state,
it is the flavored asymmetries that are relevant [295-298].
Below T ~ 10!2 GeV, the T Yukawa interactions are fast
compared to the Hubble rate, so at least one flavor may
be distinguishable. The asymmetry in family o, generated
from the decay of the kth heavy Majorana neutrino depends
on the combination [299] Im((m j,m p)gx (M%) ek (M D )ak’)

as well as on Im((m;)mD)k/k (m})ak(mp)r). Summing
over all leptonic flavors « the second term becomes real so
that its imaginary part vanishes and the first term gives rise
to the combination Im((mZm D) jk (m"lL)m D) jk) that appears
in (3.90). Clearly, when one works with separate flavors the
matrix Upymns does not cancel out and one is lead to the
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interesting possibility of having viable leptogenesis even in
the case of R being a real matrix [300-303].

The simplest leptogenesis scenario corresponds to the
case of heavy hierarchical neutrinos where M; is much
smaller than M, and M3. In this limit, the asymmetries gen-
erated by N; and N3 are frequently ignored, because the pro-
duction of N, and N3 can be suppressed by kinematics (for
instance, they are not produced thermally, if the re-heat tem-
perature after inflation is <Mj, M3), and the asymmetries
from their decays are partially washed out [295, 304, 305].
In this hierarchical limit, the 5%1 can be simplified into

3 M My
8(])[\/1 _—m(lﬁzﬁz +Ifl3ﬁ3), (391)
where

T T
1o = Im[(m p)1a(mp)ai (M pmp)iil . (3.92)

(mEmD)n
The flavor-summed CP asymmetry ey, can be written in
terms of the parameterization equation (3.46) as
3 My Y, m?*Im(R?%)
it T e Bl V£
8 v2 Zimi|Rli|2
In this case, obviously, leptogenesis demands non-zero

imaginary parts in the R matrix. It has an upper bound
len, | < sII\),ll where [306]

ey, ~ (3.93)

DI __ i("ﬁ —mp)M

= s 3.94
N 8 v2 (3:99)

which is proportional to M. So the requirement of generat-
ing a sufficient baryon asymmetry gives a lower bound on
M [306, 307]. Depending on the cosmological scenario,
the range for minimal M; varies from order 107 GeV to
10° GeV [308, 309]. This bound does not move much with
the inclusion of flavor effects [296, 310, 311]. In a super-
symmetric world there is an upper bound Try < 108 GeV
on the re-heating temperature of the universe from the pos-
sible overproduction of gravitinos, the so called gravitino
problem [312-315]. Together with the lower bound on M;
the gravitino problem puts severe constraints on supersym-
metric thermal leptogenesis scenarios.

However, the upper bound (3.94) is based on the (nat-
ural) assumption that higher order corrections suppressed by
Mi/M,, Mi/M3 in (3.90) are negligible. This may not be
true as explicitly demonstrated in [316] in which neutrino
mass model is presented realizing e, > 811311 . Insuch a case
low scale standard thermal leptogenesis consistent with the
gravitino bound is possible also for hierarchical heavy neu-
trinos.

Thermal leptogenesis is a rather involved thermodynami-
cal non-equilibrium process and depends on additional para-
meters and on the proper treatment of thermal effects [309].

In the simplest case, the N; are hierarchical, and Nj decays
into a combination of flavors which are indistinguishable.'!
In this case, the baryon asymmetry only depends on four pa-
rameters [306, 308, 318, 319]: the mass M; of the lightest
heavy neutrino, together with the corresponding CP asym-
metry ey, in its decay, as well as the rescaled Ny decay rate,
or effective neutrino mass 72, defined as

iy =Y (mp),, mp)at /M, (3.95)

o

in the weak basis where My is diagonal, real and positive.
Finally, the baryon asymmetry depends also on the sum of
all light neutrino masses squared, m> = m% —l—m% +m§, since
it has been shown that this sum controls an important class
of washout processes. If lepton flavors are distinguishable,
the final baryon asymmetry depends on partial decay rates
m{ and CP asymmetries €7

The N; decays in the early universe at temperatures
T ~ Mj, producing asymmetries in the distinguishable final
states. A particular asymmetry will survive once washout
by inverse decays go out of equilibrium. In the unfla-
vored calculation (where lepton flavors are indistinguish-
able), the fraction of the asymmetry that survives is of order
min{l, H/I'}, where the Hubble rate H and the N total de-
cay rate I are evaluated at T = M. This is usually written
H/I' =m*/m, where [320-322]

N 167‘[5/2g1/2 1)2
3«/3 * Mpianck

~1073 eV, (3.96)

nmx

and Mpianek is the Planck mass (Mpanck = 1.2 x 1019 GeV),
v = (¢Y)/v/2 >~ 174 GeV is the weak scale and g, is the
effective number of relativistic degrees of freedom in the
plasma and equals 106.75 in the SM case. In a flavored cal-
culation, the fraction of a flavor asymmetry that survives can
be estimated in the same way, replacing I" by the partial de-
cay rate.

3.3.2 Implications of flavor effects

For a long time the flavor effects in thermal leptogene-
sis were known [295] but their phenomenological implica-
tions were considered only in specific neutrino flavor mod-
els [235]. As discussed, in the single-flavor calculation, the
most important parameters for thermal leptogenesis from N
decays are M, m1, €y, and the light neutrino mass scale.
Including flavor effects gives this parameter space more di-
mensions (M1, €%, m{), but it can still be projected onto M1,
m space. For the readers convenience we summarize here

HThis can occur above ~10!2 GeV, before the T Yukawa interaction
becomes fast compared to the Hubble rate, or in the case where the N;
decay rate is faster than the charged lepton Yukawa interactions [317].
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some general results on the implications of flavored lepto-
genesis.

In the unflavored calculation, leptogenesis does not work
for degenerate light neutrinos with a mass scale above
~0.1 eV [323-326]. This bound does not survive in the fla-
vored calculation, where models with a neutrino mass scale
up to the cosmological bound, ) " m, < 0.68 eV [327], can
be tuned to work [296, 317].

Considering the scale of leptogenesis, flavored leptoge-
nesis works for M a factor of ~3 smaller in the “inter-
esting” region of m < myy. But the lower bound on My,
in the optimized m region, remains ~10° GeV [310, 311].
A smaller M; could be possible for very degenerate light
neutrinos [296].

An important, but disappointing, observation in single-
flavor leptogenesis was the lack of a model-independent
connection between CP violation for leptogenesis and
PMNS phases. It was shown [328, 329] that thermal lep-
togenesis can work with no CP violation in Upymns, and
conversely, that leptogenesis can fail in spite of phases in
Upmns. In the “flavoured” leptogenesis case, it is still true
that the baryon asymmetry is not sensitive to PMNS phases
[330, 331] (leptogenesis can work for any value of the
PMNS phases). However, interesting observations can be
made in classes of models [297, 300, 302, 331].

3.3.3 Other scenarios

We have presented a brief discussion of minimal thermal
leptogenesis in the context of type I seesaw with hierarchical
heavy neutrinos. This scenario is the most popular one be-
cause it is generic, supported by neutrino mass mechanism
and, most importantly, it has predictions for the allowed see-
saw parameter space, as described above. There are many
other scenarios in which leptogenesis may also be viable.

Resonant leptogenesis [293, 332] may occur when two
or more heavy neutrinos are nearly degenerate in mass and
in this scenario the scale of the heavy neutrino masses can
be lowered whilst still being compatible with thermal lepto-
genesis [332-335]. Heavy neutrinos of TeV scale or below
could in principle be detected at large colliders [336]. In the
seesaw context low scale heavy neutrinos may follow from
extra symmetry principles [334, 337-339]. Also, the SM ex-
tensions with heavy neutrinos at TeV scale or below include
Kaluza—Klein modes in models with extra dimensions or ex-
tra matter content of little Higgs models.

Leptogenesis from the out-of-equilibrium decays of a
Higgs triplet [244, 340, 341] is another viable scenario but
requires the presence of at least two triplets for non-zero
CP asymmetry. Despite the presence of gauge interactions
the washout effects in this scenario are not drastically larger
than those in the singlet leptogenesis scenario [341]. Hybrid
leptogenesis from type I and type II seesaw can for instance
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occur in SO(10) models [340, 342, 343]. In that case there
are twelve independent CP-violating phases.

“Soft leptogenesis” [344, 345] can work in a one genera-
tional SUSY seesaw model because CP violation in this sce-
nario comes from complex supersymmetry breaking terms.
If the soft SUSY-breaking terms are of suitable size, there is
enough CP violation in N-N* mixing to imply the observed
asymmetry. Unlike non-supersymmetric triplet Higgs lepto-
genesis, soft leptogenesis with a triplet scalar [341, 346] can
also work in the minimal supersymmetric model of type II
seesaw mechanism.

A very predictive supersymmetric leptogenesis scenario
is obtained if the sneutrino is playing the role of inflaton
[307, 347-350]. In this scenario the universe is dominated
by N. Relating N properties to neutrino masses via the see-
saw mechanism implies a lower bound Try > 10° GeV on
the re-heating temperature of the universe [349]. A connec-
tion of this scenario with LFV is discussed in Sect. 5.2.

Dirac leptogenesis is another possibility considered in the
literature. In this case neutrinos are of Dirac type rather than
Majorana. In the original paper [351] two Higgs doublets
were required and their decays create the leptonic asym-
metry. Recently some authors have studied the connection
between leptogenesis and low energy data with two Higgs
doublets [352].

Finally, let us mention that right handed neutrinos could
have been produced non-thermally in the early universe, by
direct couplings to the inflation field. If this is the case,
the constraints on neutrino parameters from leptogenesis de-
pend on the details of the inflationary model [353-355].

For a recent overview of the present knowledge of
neutrino masses and mixing and what can be learned
about physics beyond the standard model from the vari-
ous proposed neutrino experiments, see [4] and references
therein.

4 Organizing principles for flavor physics
4.1 Grand unified theories

Grand unification is an attempt to unify all known inter-
actions but gravity in a single simple gauge group. It is
motivated in part by the arbitrariness of electromagnetic
charge in the standard model. One has charge quantiza-
tion in a purely non-Abelian theory, without an U(1) fac-
tor, as in Schwinger’s original idea [356] of a SU(2) the-
ory of electroweak interactions. The minimal gauge group
which unifies weak and strong interactions, SU(5) [357],
automatically implies a quantized U (1) piece too. While
Dirac needed a monopole to achieve charge quantization
[358], grand unification in turn predicts the existence of
magnetic monopoles [359, 360]. Since it unifies quarks and
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leptons [361], it also predicts another remarkable phenom-
enon: the decay of the proton. Here we are mostly interested
in GUT implications on the flavor structure of Yukawa ma-
trices.

4.1.1 SU(5): the minimal theory

The 24 gauge bosons reduce to the 12 ones of the SM plus
a SU(2) doublet, color triplet pair (X, Y,) (vector lepto-
quarks), with ¥ = 5/6 (charges +4/3, +1/3) and their an-
tiparticles. The 15 fermions of a single family in the SM fit
in the 5g and 10r anomaly-free representations of SU(5),
and the new super-weak interactions of leptoquarks with
fermions are (¢, B and y are color indices):

LX.Y) = 5 x4/

V2t
x (ey™dg + dyyte — eaﬁyﬁﬂy“uy)

_ 85 y(=13

NG
x (vyHdS +igyte + ealgyfﬁy“dy)

+h.c, “4.n

where all fermions above are explicitly left handed and
wc = CI/_/T

The exchange of the heavy gauge bosons leads to the ef-
fective interactions suppressed by two powers of their mass
my (mx ~my due to SU(2); symmetry), which preserves
B — L, but breaks both B and L symmetries and leads to
(d = 6) proton decay [213, 362]. From tp > 6 x 1033 yr
[363], mx > 1013 GeV.

The Higgs sector consists of an adjoint 24y and a fun-
damental 5, the first breaks SU(5) — SM, the latter com-
pletes the symmetry breaking 4 la Weinberg—Salam. Now,
Sy = (T, D), where T is a color triplet and D the usual
Higgs SU(2); doublet of the SM and so the Yukawa inter-
actions in the matrix form

Ly =10y, 10855 + 5rya10r57; (4.2)
give the quark and lepton mass matrices
my=y(D),  ma=m] =ya(D). 43)

Note the correlation between down quarks and charged
leptons [364], valid at the GUT scale, and impossible to
be true for all three generations. Actually, in the SM it is
wrong for all of them. It can be corrected by an extra Higgs,
45y [6], or higher dimensional non-renormalizable interac-
tion [7].

From (4.2), one gets also the interactions of the triplet,
which lead to proton decay and thus the triplet 7 must be

superheavy, m7 > 10'2 GeV. The enormous split between
mr and mp >~ my can be achieved through the large scale
of the breaking of SU(5),

(24 ) = vy diag(2, 2,2, -3, -3), 4.4)

with m% = m%, = 24—5g§v§(. This fine-tuning is known as the

doublet—triplet problem. Whatever solution one may adopt,
the huge hierarchy can be preserved in perturbation theory
only by supersymmetry with low scale breaking of order
TeV.

The consistency of grand unification requires that the
gauge couplings of the SM unify at a single scale, in a
tiny window 10133 < Mgyt < 10'® GeV (lower limit from
proton decay, upper limit from perturbativity, i.e. to stay
below Mpy). Here the minimal ordinary SU(S) theory de-
scribed above fails badly, while the version with low en-
ergy supersymmetry does great [365-368]. Actually, one
needed a heavy top quark [368], with m; ~ 200 GeV in
order for the theory to work. The same is needed in order
to achieve a radiative symmetry breaking of the SM gauge
symmetry, where only the Higgs doublet becomes tachy-
onic [369, 370]. One can then define the minimal supersym-
metric SU(5) GUT with the three families of fermions 10f
and 5p, and with 24y and 55 and 5g supermultiplets. It
predicts my =m?! at Mgur, which works well for the third
generation; the first two can be corrected by higher dimen-
sional operators. Although this theory typically has a very
fast d =5 [150, 371-374] proton decay [375], the higher di-
mensional operators can easily make it in accord with exper-
iments [376-378]. The main problem are massless neutri-
nos, unless one breaks R-parity (whose approximate or ex-
act conservation must be assumed in supersymmetric SU(S5),
contrary to some supersymmetric SO(10)). Other ways out
include adding singlets, right handed neutrinos (type I see-
saw [216-220]), or a 155 multiplet (type II see-saw [215,
221-223]). In both cases their Yukawa are not connected to
the charged sector, so it is much more appealing to go to
SO(10) theory, which unifies all fermions (of a single fam-
ily) too, besides the interactions.

Before we move to SO(10), what about ordinary non-
supersymmetric SU(5)? In order to have m, # 0 and to
achieve the unification of gauge couplings one can add ei-
ther (a) 15y Higgs multiplet [379] or (b) 24f fermionic mul-
tiplet [380]. The latter one is particularly interesting, since it
leads to the mixing of the type I and type III see-saw [225,
226], with the remarkable prediction of a light SU(2) fermi-
onic triplet below TeV and Mgyt < 106 GeV, which of-
fers hope both for the observable see-saw at LHC and de-
tectable proton decay in a future generation of experiments
now planned [381].

These fermionic triplets 7T¢ would be produced in pairs
through a Drell-Yan process. The production cross section
for the sum of all three possible final states, TFJr T, TFJr TIQ
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and T TF0 , can be read from Fig. 42 of [382]: it is approxi-
mately 20 pb for 100 GeV triplet mass, and around 40 fb for
500 GeV triplets. The triplets then decay into W or Z and
a light lepton through the same Yukawa couplings that enter
into the seesaw.

The clearest signature would be the three charged lepton
decay of the charged triplet, but it has only a 3% branching
ratio. A more promising situation is the decay into two jets
with SM gauge boson invariant mass plus a charged lepton:
this happens in approximately 23% of all decays. The signa-
tures in this case is two same charge leptons plus two pairs
of jets having the W or Z mass and peaks in the lepton-dijet
mass. From the above estimates the cross section for such
events is around 1 pb (2fb) for 100 (500) GeV triplet mass.
Such signatures were suggested originally in L—R symmet-
ric theories [383] but are quite generic of the seesaw mech-
anism.

4.1.2 SO(10): the minimal theory of matter and gauge
coupling unification

There are a number of features that make SO(10) special:

— afamily of fermions is unified in a 16 dimensional spino-
rial representation; this in turn predicts the existence of
right handed neutrinos, making the implementation of the
see-saw mechanism almost automatic;

— L—R symmetry [361, 384-386] is a finite gauge transfor-
mation in the form of charge conjugation. This is a conse-
quence of both left handed fermions f; and its charged
conjugated counterparts (f€); = CT; residing in the
same representation 16f;

— in the supersymmetric version, the matter parity M =
(—1)3B=L) equivalent to the R-parity R = M (—1)%5, is
a gauge transformation [387-389], a part of the centre Z4
of SO(10). In the renormalizable version of the theory it
remains exact at all energies [390-392]. The lightest su-
persymmetric partner (LSP) is then stable and is a natural
candidate for the dark matter of the universe;

— its other maximal subgroup, besides SU(5) x U(1), is
Gps =SUQ2)L x SUR)gr x SU@4)c quark-lepton sym-
metry of Pati and Salam, which plays an important role in
relating quark and lepton masses and mixings;

— the unification of gauge couplings can be achieved even
without supersymmetry (for a recent and complete work
and references therein, see [393, 394]).

Fermions belong to the spinor representation 16g (for
useful reviews on spinors and SO(2N) group theory in gen-

eral see [395-399]). From
16 x 16 =10+ 120 + 126, 4.5)

the most general Yukawa sector in general contains 104y,
120y and 1264, respectively the fundamental vector repre-
sentation, the three-index antisymmetric representation and
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the five-index antisymmetric and anti-self-dual representa-
tion. 126 is necessarily complex, supersymmetric or not;
10y and 126y Yukawa matrices are symmetric in genera-
tion space, while the 120y one is antisymmetric.

The decomposition of the relevant representations under
Gps gives

16=(2,1,4) + (1,2, 4),

10=(2,2, 1)+ (1,1,6),

120=(2,2, )+ (3,1,6) +(1,3,6) + (2,2, 15)
+(1,1,10) + (1, 1,10),

126 =(3,1,10) + (1,3, 10) + (2,2, 15) + (1, 1, 6).

(4.6)

The see-saw mechanism, whether type I or II, requires
126: it contains both (1, 3, 10) whose VEV gives a mass to
vg (type 1), and (3,1, 1_0), which contains a color singlet,
B — L =2 field Ay, that can give directly a small mass to
vy, (type II). In SU(5) language this is seen from the decom-
position

126 =1+ 5+ 15+ 45 + 50. 4.7)

The 1 of SU(5) belongs to the (1, 3, 10) of Gps and gives a
mass for vg, while 15 corresponds to the (3, 1, 10) and gives
the direct mass to vy .

126 can be a fundamental field, or a composite of two
16y fields (for some realistic examples see for example
[400—402]), or can even be induced as a two-loop effective
representation built out of a 10y and two gauge 45 dimen-
sional representations [403—405].

Normally the light Higgs is chosen to be the smallest
one, 10g. Since (10g) = ((2,2,1)) is a SU(4)c singlet,
mg = m, follows immediately, independently of the num-
ber of 10y. Thus we must add either 120y or 126y or
both in order to correct the bad mass relations. Both of these
fields contain (2, 2, 15), which VEV alone gives the relation
me, = —3m5.

As 126y is needed anyway for the see-saw, it is natural
to take this first. The crucial point here is that in general
(2,2,1) and (2,2, 15) mix through ((1, 3, 10)) [222, 406]
and thus the light Higgs is a mixture of the two. In other
words, ((2,2,15)) in 126y is in general non-vanishing (in
supersymmetry this is not automatic, but depends on the
Higgs superfields needed to break SO(10) at Mgyt or on
the presence of higher dimensional operators).

If one considers all the operators allowed by SO(10) for
the Yukawa couplings, there are too many model parame-
ters, and so no prediction is really possible. One option
is to assume that the minimal number of parameters must
be employed. It has been shown that 4 (3 of them non-
renormalizable) operators are enough in models with 10 and
45 Higgs representations only [8]. Although this is an impor-
tant piece of information and it has been the starting point of
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a lot of model building, it is difficult to see a reason for some
operators (of different dimensions) to be present and other
not, without using some sort of flavor symmetry, so these
type of models will not be considered in this subsection. On
the other hand, a self consistent way of truncating the large
number of SO(10) allowed operators without relying on ex-
tra symmetries is to consider only the renormalizable ones.
This is exactly what we shall assume.

In this case there are just two ways of giving mass to vg:
by a nonzero VEV of the Higgs 126, or generate an effec-
tive non-renormalizable operator radiatively [403]. We shall
consider in turn both of them.

4.1.2.1 Elementary 1265 Tt is rather appealing that 104
and 126 may be sufficient for all the fermion masses, with
only two sets of symmetric Yukawa coupling matrices. The
mass matrices at Mgyr are

mg = v Y10 + v Y126, (4.8)
my = v Y10 + v]56 Y126, 4.9
me = v Y10 — 3vth6 Y126, (4.10)
my=—mpMpg'mp +m.,,, (4.11)
where

mp = U?OYIO — 3U?26Y126, 4.12)
Mg =vgrY126, (4.13)
my, =vr Y. 4.14)

These relations are valid at Mgyr, so it is there that their
validity must be tested. The analysis done so far used the
results of renormalization group running from Mz to Mgyt
from [407, 408].

The first attempts in fitting the mass matrices assumed the
domination of the type I seesaw. It was pioneered by treating
CP violation perturbatively in a non-supersymmetric frame-
work [406], and later improved with a more detailed treat-
ment of complex parameters and supersymmetric low en-
ergy effective theory [409—411]. Nevertheless, these fits had
problems to reproduce correctly the PMNS matrix parame-
ters.

A new impetus to the whole program was given by the
observation that in case type II seesaw dominates (a way
to enforce it is to use a 54 dimensional Higgs representation
[412]) the neutrino mass, an interesting relation in these type
of models between b—t unification and large atmospheric
mixing angle can be found [413—415]. The argument is very
simple and it can be traced to the relation [416]

(4.15)

m, Xmg — Mg,

which follows directly from (4.8), (4.10) and (4.14), if only
the second term (type II) in (4.11) is considered. Consid-
ering only the heaviest two generations as an example and
taking the usually good approximation of small second gen-
eration masses and small mixing angles, one finds all the
elements of the right-hand side small except the 22 element,
which is proportional to the difference of two big numbers,
mp — m. Thus, a large neutrino atmospheric mixing angle
is linked to the smallness of this 22 matrix element, and so to
b— unification. Note that in these types of models b—t uni-
fication is no more automatic due to the presence of the 126,
which breaks SU(4)¢. It is, however, quite a good prediction
of the RGE running in the case of low energy supersymme-
try.

The numerical fitting was able to reproduce also a large
solar mixing angle both in case of type II [417, 418] or
mixed seesaw [419], predicting also a quite large |U.3| ~
0.16 mixing element, close to the experimental upper bound.
The difficulty in fitting the CKM CP-violating phase in the
first quadrant was overcome by new solutions found in [420,
421], maintaining the prediction of large |U,3| > 0.1 matrix
element.

All these fittings were done assuming no constraints com-
ing from the Higgs sector. Regarding it, it was found that
the minimal supersymmetric model [422—424] has only 26
model parameters [425], on top of the usual supersymmetry
breaking soft terms, as in the MSSM. When one considers
this minimal model, the VEVs in the mass formulae (4.8)—
(4.14) are not completely arbitrary, but are connected by the
restrictions of the Higgs sector. This has been first noticed in
[426-428] showing a possible clash with the positive results
of the unconstrained Yukawa sector studied in [420, 421].
The issue has been pursued in [429], showing that in the re-
gion of parameter space where the fermion mass fitting is
successful, there are necessarily intermediate scale thresh-
olds which spoil perturbativity of the RGE evolution of the
gauge couplings.

To definitely settle the issue, two further checks should
be done. (a) The x? analysis used in the fitting procedure
should be implemented at Mz, not at Mgyr. The point is
in fact that while the errors at Mz are uncorrelated, they
become strongly correlated after running to Mgyr, due to
the large Yukawa coupling of top and possibly also of bot-
tom, tau and neutrino. (b) Another issue is to consider also
the effect of the possible increased gauge couplings on the
Yukawas. Only after these two checks will be done, this min-
imal model could be ruled out.

A further important point is that in the case of VEVs
constrained by the Higgs sector one finds from the charged
fermion masses that the model predicts large tan S =~ 40,
as confirmed by the last fits in [429]. In this regime there
may be sizable corrections to the “down” fermion mass ma-
trices from the soft SUSY breaking parameters [430]; this
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brings into the game also the soft SUSY breaking sector,
lowering somewhat the predictivity but relaxing the diffi-
culty in fitting the experimental data. In this scenario pre-
dictions on masses would become predictions on the soft
sector.

Some topics have to be still mentioned in connection with
the above: the important calculation of the mass spectrum
and Clebsch—Gordan coefficients in SO(10) [399, 431-439],
the doublet—triplet splitting problem [440, 441], the Higgs
doublet mass matrix [399, 433], the running of the gauge
couplings at two loops together with threshold corrections
[434], and the study of proton decay [435, 442, 443].

What if this model turns out to be wrong? There are other
models on the market. The easiest idea is to add a 120 di-
mensional Higgs, that may also appear as a natural choice,
being the last of the three allowed representations that cou-
ple with fermions. There are three different ways of doing
it considered in the literature: (a) take 120 as a small, non-
leading, contribution, i.e. a perturbation to the previous for-
mulae [444-446]; (b) consider 120 on an equal footing as
10 and 126, but assume some extra discrete symmetry or real
parameters in the superpotential, breaking CP spontaneously
[447—-450] (and suppressing in the first two references the
dangerous d = 5 proton decay modes); (c) assume small 126
contributions to the charged fermion masses [451-454].

Another limit is to forget the 10y altogether, as has been
proposed for non-supersymmetric theories [455]. The two
generation study predicts a too small ratio mj/m, ~ 0.3, in-
stead of the value 0.6 that one gets by straight running. The
idea is that this could get large corrections due to Dirac neu-
trino Yukawas [456] and the effect of finite second genera-
tion masses, as well as the inclusion of the first generation
and CP-violating phases. This is worth pursuing for it pro-
vides an alternative minimal version of SO(10), and after all,
supersymmetry may not be there.

4.1.2.2 Radiative 126 The original idea [403] is that
there is no 126 representation in the theory, but the same
operator is generated by loop corrections. The representa-
tion that breaks the rank of SO(10) is now 16, which VEV
we call M 4. Generically there is a contribution to the right-
handed neutrino mass at two loops:

2 ag2
o My Msusy
Mp~ <—> A Y10,
4w ) Mgur Mgur

(4.16)

which is too small in low energy supersymmetry (low break-
ing scale Msysy) as well as non-supersymmetric theories
(Msysy = Mgur, but low intermediate scale M 4 required
by gauge coupling unification). The only exception, pro-
posed in [404], could be split supersymmetry [457, 458].

In the absence of 126, the charged fermion masses must
be given by only 10y and 120y [404], together with radia-
tive corrections. The simplest analysis of the tree order two
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generation case gives three interesting predictions-relations
[405, 459]: (1) almost exact b—t unification; (2) large at-
mospheric mixing angle related to the small quark 65, mix-
ing angle; (3) somewhat degenerate neutrinos. For a serious
numerical analysis one needs to use the RGE for the case
of split supersymmetry, taking a very small tan 8 < 1 to get
an approximate b—t unification [458]. One needs also some
fine-tuning of the parameters to account for the small ra-
tio Msusy/Mgut < 10-6G-9 required in realistic models
to have gluinos decay fast enough [460].

4.2 Higher dimensional approaches

Recently, in the context of theories with extra spatial di-
mensions, some new approaches toward the question of
SM fermion mass hierarchy and flavor structure have arisen
[461-468]. For instance, the SM fermion mass spectrum
can be generated naturally by permitting the quark/lepton
masses to evolve with a power-law dependence on the mass
scale [465, 466]. The most studied and probably most at-
tractive idea for generating a non-trivial flavor structure is
the displacement of various SM fermions along extra dimen-
sion(s). This approach is totally different from the one dis-
cussed in Sect. 2, as it is purely geometrical and thus does
not rely on the existence of any novel symmetry in the short
distance theory. The displacement idea applies to the scenar-
ios with large flat [467] or small warped [468] extra dimen-
sion(s), as we develop in the following subsections.

4.2.1 Large extra dimensions

In order to address the gauge hierarchy problem, a sce-
nario with large flat extra dimensions has been proposed by
Arkani-Hamed, Dimopoulos and Dvali (ADD) [469—471],
based on a reduction of the fundamental gravity scale down
to the TeV scale. In this scenario, gravity propagates in the
bulk whereas SM fields live on a 3-brane. One could as-
sume that this 3-brane has a certain thickness L along an
extra dimension (as for example in [472]). Then SM fields
would feel an extra dimension of size L, exactly as in a
universal extra dimension (UED) model [473] (where SM
fields propagate in the bulk) with one extra dimension of
size L.12

In such a framework, the SM fermions can be localized
at different positions along this extra dimension L. Then
the relative displacements of quark/lepton wave function
peaks produce suppression factors in the effective four-
dimensional Yukawa couplings. These suppression factors

12The constraint from electroweak precision measurements is R~! >
2-5 TeV, the one from direct search at LEP collider is L~! > 5 TeV
and the expected LHC sensitivity is about L~! ~ 10 TeV.
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being determined by the overlaps of fermion wave func-
tions (getting smaller as the distance between wave func-
tion peaks increases), they can vary with the fermion flavors
and thus induce a mass hierarchy. This mechanism was first
suggested in [467] and its variations have been studied in
[474-484].

Let us describe this mechanism more precisely. The
fermion localization can be achieved through either non-
perturbative effects in string/M theory or field-theoretical
methods. One field-theoretical possibility is to couple the
SM fermion fields ¥;(x,,xs) [i =1,...,3 being the fam-
ily index and u =1, ..., 4 the usual coordinate indexes] to
five dimensional scalar fields with VEV @; (x5) depending
on the extra dimension (parameterized by xs).'? Indeed, chi-
ral fermions are confined in solitonic backgrounds [485]. If
the scalar field profile behaves as a linear function of the
form @;(x5) = 2u2x5 — m; around its zero-crossing point
x? = m,~/2,u2, the zero-mode of five dimensional fermion
acquires a Gaussian wave function of typical width !
and centered at x? along the x5 direction: lI/l.(O) (X, x5) =
Ao~ (s=x} )zwi (xu), ¥i(x,) being the four-dimensional
fermion field and A = (2u2/7)'/* a normalization factor.
Then the four-dimensional Yukawa couplings between the
five dimensional SM Higgs boson H and zero-mode fermi-
ons, obtained by integration on x5 over the wall width L4

7, (0 0
SYukawaZ/dsx VELkH (., x5) 8 (. x5) @ (10, x5)

_ / 4 Y h (e T ) (), @.17)

are modulated by the following effective coupling constants,
Yij = / dxs e A2 s =) =i (5= ])?

2
_ 1 0_ .02
= ke TE X)),

(4.18)
It can be considered as natural to have a five dimensional
Yukawa coupling constant equal to /Lk, where the dimen-
sionless parameter « is universal (in flavor and nature of
fermions) and of order unity, so that the flavor structure
is mainly generated by the field localization effect through
the exponential suppression factor in (4.18). The remarkable
feature is that, due to this exponential factor, large hierar-
chies can be created among the physical fermion masses,
even for all fundamental parameters m; of order of the same
energy scale u.

13 Although we concentrate here on the case with only one extra dimen-
sion, for simplicity, the mechanism can be directly extended to more
extra dimensions.

4Here, the factor /L compensates with the Higgs component
along x5, since the Higgs boson is not localized.

This mechanism can effectively accommodate all the
data on quark and charged lepton masses and mixings [486—
488]. In case that right handed neutrinos are added to the SM
so that neutrinos acquire Dirac masses (as those originating
from Yukawa couplings (4.17)), neutrino oscillation experi-
ment results can also be reproduced [472]. The fine-tuning,
arising there on relative x? parameters, turns out to be im-
proved when neutrinos get Majorana masses instead [489]
(see also [235, 490]).

4.2.2 Small extra dimensions

Another type of higher-dimensional scenario solving the
gauge hierarchy problem was suggested by Randall and
Sundrum (RS) [491, 492]. There, the unique extra dimen-
sion is warped and has a size of order M;ll (Mp) being the
reduced Planck mass: Mp; = 2.44 x 1018 GeV) leading to an
effective gravity scale around the TeV. In the initial version,
gravity propagates in the bulk and SM particles are all stuck
on the TeV-brane. An extension of the original RS model
was progressively proposed [493—497], motivated by its in-
teresting features with respect to the gauge coupling unifi-
cation [498-503] and dark matter problem [504, 505]. This
new set-up is characterized by the presence of SM fields,
except the Higgs boson (to ensure that the gauge hierarchy
problem does not re-emerge), in the bulk.

In this RS scenario with bulk matter, a displacement
of SM fermions along the extra dimension is also possi-
ble [468]: the effect is that the effective four-dimensional
Yukawa couplings are affected by exponential suppression
factors, originating from the wave function overlaps be-
tween bulk fermions and Higgs boson (confined on our TeV-
brane). If the fermion localization depends on the flavor and
nature of fermions, then the whole structure in flavor space
can be generated by these wave function overlaps. In partic-
ular, if the top quark is located closer to the TeV-brane than
the up quark, then its overlap with the Higgs boson, and thus
its mass after electroweak symmetry breaking, is larger rela-
tively to the up quark (for identical five dimensional Yukawa
coupling constants).

More precisely, the fermions can acquire different local-
izations if each field ¥;(x,, x5) is coupled to a distinct five
dimensional mass m;: [d*x [dxs~/G m;¥;¥;, G being
the determinant of the RS metric. To modify the location
of fermions, the masses m; must have a non-trivial depen-
dence on xs, like m; = sign(xs)c;k, where ¢; are dimen-
sionless parameters and 1/k is the curvature radius of anti-
de Sitter space. Then the fields decompose as, ¥; (x*, x5) =
ZE‘;O wi(") (x*) f,i (xs) [n labeling the tower of Kaluza—
Klein (KK) excitations], admitting the following solution
for the zero-mode wave function, fé (x5) = ecklxsl Né,
where N is a normalization factor.
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The Yukawa interactions with the Higgs boson H read
SYukawa = /dsx \/E(Yl-(js) HlI_/_;,_i lI’_j + h.C.)

- /d4x Mijird ) +he.+ - (4.19)

The Yi(js) are the five dimensional Yukawa coupling con-
stants and the dots stand for KK mass terms. The fermion

mass matrix is obtained after integrating:

Mij = / dxsGYS) Hf§(xs) f (xs). (4.20)

The Yi(js) can be chosen almost universal so that the quark/
lepton mass hierarchies are mainly governed by the over-
lap mechanism. Large fermion mass hierarchies can be pro-
duced for fundamental mass parameters m; all of order of
the unique scale of the theory k ~ Mp;.

With this mechanism, the quark masses and CKM mix-
ing angles can be effectively accommodated [506-508], as
well as the lepton masses and PMNS mixing angles in both
cases where neutrinos acquire Majorana masses (via either
dimension five operators [509] or the see-saw mechanism
[510]) and Dirac masses (see [511], and [512, 513] for order
unity Yukawa couplings leading to mass hierarchies essen-
tially generated by the geometrical mechanism).

4.2.3 Sources of FCNC in extra dimension scenarios

GIM-violating FCNC effects in extra dimension scenarios
may appear both from tree level and from loop effects.

At tree level FCNC processes can be induced by ex-
changes of KK excitations of neutral gauge bosons. The
neutral current action of the effective four-dimensional cou-
pling, between SM fermions wi(()) (x*) and KK excitations
of any neutral gauge boson Aff) (x*"), reads in the interac-
tion basis

Sne = /d4x Z 0y ey “”Aff) +{L < R).

4.21)

Therefore, FCNC interactions can be induced by the non-
universality of the effective coupling constants gSly[ x C, i(m)
between KK modes of the gauge fields and the three SM
fermion families (which have different locations along x5).

At the loop level, KK fermion excitations may invali-
date the GIM cancellation, as discussed e.g. in [511, 514]
for Ing — 6:;)/. Indeed, these excitations have KK masses
which are not negligible (and thus not quasi-degenerate in
family space) compared to my+. The GIM mechanism is
also invalidated by the loop contributions of the KK W+
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modes which couple (KK level by level), e.g. to leptons in
the four-dimensional theory, via an effective mixing matrix
of type Vf,[f{]s = U?Ci’”U | being non-unitary due to the
non-universality of

C = diag(CL™, C2", c3m). (4.22)
In this diagonal matrix, Cf,,(") quantifies the wave func-
tion overlap along the extra dimension between the W+
[n > 1] and exchanged (mth level KK) fermion f,ﬁ, (x5)
[i = {1,2,3} being the generation index] (see below for
more details).

The GIM mechanism for leptons can be clearly restored
if the three coefficients C,in(") as well as the three KK fermion
masses m%(g) are equal to each other, i.e. are universal with
respectto i = {1, 2, 3} (KK level by level) [515]. Within the
quark sector, on the other hand, the top quark mass cannot
be totally neglected relatively to the KK up-type quark ex-
citation scales, leading to a mass shift of the KK top quark
mode from the rest of the KK up-type quark modes and re-
moving the degeneracy among three family masses of the up
quark excitations at fixed KK level (with regard to my+) ).
Moreover, this means that the Yukawa interaction with the
Higgs boson induces a substantial mixing of the top quark
KK tower members among themselves [481, 516].

For example, the data on b — sy (receiving a contribu-
tion from the exchange of a W™ [n =0, 1, ...] gauge field
and an up quark, or its KK excitations, at one loop-level) can
be accommodated in the RS model with m(W*(D) ~ 1 TeV,
as shown in [515] using numerical methods for the diagonal-
ization of a large dimensional mass matrix and taking into
account the top quark mass effects described previously.

4.2.4 Mass bounds on Kaluza—Klein excitations

In this subsection we develop constraints on the KK gauge
boson masses derived from the tree level FCNC effect de-
scribed above. Our purpose is to determine whether these
constraints still allow the KK gauge bosons to be sufficiently
light to imply potentially visible signatures at LHC.

4.2.4.1 Large extra dimensions Let us consider the gener-
ic framework of a flat extra dimension, with a large size L,
along which gravity as well as gauge bosons propagate. The
SM fermions are located at different points of the fifth di-
mension, so that their mass hierarchy can be interpreted in
term of the geometrical mechanism described in details in
Sect. 4.2.1. In such a framework the exchange of the KK
excitations of the gluon can bring important contributions
to the KO-K© mixing (AF = 2) at tree level. Indeed, the
KK gluon can couple the d quark with the s quark, if these
light down-quarks are displaced along the extra dimension.
The obtained KK contribution to the mass splitting Amg in
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the kaon system depends on the KK gluon coupling between
the s and d quarks (which is fixed by quark locations) and
mainly on the mass of the first KK gluon MI(;I% Assuming
that the s, d quark locations are such that the my, mg mass
values are reproduced, the obtained Amg and also |k | are
smaller than the associated experimental values for, respec-
tively,

M2 Z25Tev, and MR =300 TeV, (4.23)

as found by the authors of [517]. The same bound coming
from the D meson system is weaker.

In the lepton sector the experimental upper limit on the
branching ratio B(iu — eee) imposes typically the con-
straint [517]
M) =30 TeV, (4.24)
since the exchange of the KK excitations of the electroweak
neutral gauge bosons contributes to the decay pu — eee.

To conclude, we stress that if the extra dimensions treat
families in a non-universal way (which could explain the
fermion mass hierarchy), the indirect bounds from FCNC
physics like the ones in (4.23)—(4.24) force the mass of the
KK gauge bosons to be far from the collider reach. As a
matter of fact, the LHC will be able to probe the KK excita-
tions of gauge bosons only up to 6-7 TeV [518-521] in the
present context.

4.2.4.2 Small extra dimensions In the context of the RS
model with SM fields in the bulk, described in Sect. 4.2.2,
the exchange of KK excitations of neutral gauge bosons (like
e.g. the first Z0 excitation: Z(V) also contributes to FCNC
processes at tree level [468, 507, 522-526] since these KK
states possess FC couplings if the different families of fermi-
ons are displaced along the warped extra dimension. There
exist some configurations of fermion locations, pointed out
in [513], which simultaneously reproduce all quark/lepton
masses and mixing angles via the wave function effects
and lead to amplitudes of FCNC reactions [l — lgl,[,,
7% — I,1g, P° — PO mixing of a generic meson P, ji—e con-
version, K0 — 1,1 g and K T — 7T vv] compatible with the
corresponding experimental constraints even for light neu-
tral KK gauge bosons:
M2 > 1 TeV. (4.25)
The explanation of this result is the following. If the SM
fermions with different locations are localized typically
close to the Planck-brane, they have quasi-universal cou-
plings C(’)(") [cf. (4.21)] with the KK gauge bosons which
have a wave function almost constant along the fifth dimen-
sion near the Planck-brane. Therefore, small FC couplings
are generated in the physical basis for these fermions lead-
ing to the weak bound (4.25). The fermions from the third

family, associated to heavy flavors, cannot be localized ex-
tremely close to the Planck-brane since their wave function
overlap with the Higgs boson [confined on the TeV-brane]
must be large in order to generate high effective Yukawa
couplings. Nevertheless, this is compensated by the fact that
phenomenological FCNC constraints are usually less severe
in the third generation sector.

As a result, the order of lower limits on MI(& com-
ing from the considerations on both fermion mass data and
FCNC processes can be as low as TeV. From the purely the-
oretical point of view, the favored order of magnitude for
MI(& is O(1) TeV which corresponds to a satisfactory solu-
tion for the gauge hierarchy problem. From the model build-
ing point of view one has to rely on an appropriate extension
of the RS model insuring that, for light KK masses, the devi-
ations of the electroweak precision observables do not con-
flict with the experimental results. The existing RS exten-
sions, like the scenarios with brane-localized kinetic terms
for fermions [527] and gauge bosons [528] (see [529, 530]
for the localized gauge boson kinetic terms and [531] for the
fermion ones), or the scenarios with an extended gauge sym-
metry (see [532-534] for different fermion charges under
this broken symmetry), allow Mlglé to be as low as ~3 TeV.
In such a case, one can expect a direct detection of the KK
excited gauge bosons at LHC.

4.3 Minimal flavor violation in the lepton sector
4.3.1 Motivations and basic idea

Within the SM the dynamics of flavor-changing transitions
is controlled by the structure of fermion mass matrices. In
the quark sector, up and down quarks have mass eigen-
values which are up to 10 times smaller than the elec-
troweak scale, and mass matrices which are approximately
aligned. This results in the effective CKM and GIM suppres-
sions of charged and neutral flavor violating interactions, re-
spectively. Forcing this connection between the low energy
fermion mass matrices and the flavor-changing couplings to
be valid also beyond the SM, leads to new-physics scenarios
with a high level of predictivity (in the flavor sector) and a
natural suppression of flavor-changing transitions. The latter
achievement is a key ingredient to maintain a good agree-
ment with experiments in models where flavored degrees of
freedom are expected around the TeV scale.

This is precisely the idea behind the minimal flavor vi-
olation principle [535-537]. It is a fairly general hypothe-
sis that can be implemented in strongly-interacting theories
[535], low energy supersymmetry [536, 537], multi-Higgs
[537, 538] and GUT [539] models. In a model indepen-
dent formulation, the MFV construction consists in iden-
tifying the flavor symmetry and symmetry breaking struc-
ture of the SM and enforce it in a more general effec-
tive theory (written in terms of SM fields and valid above
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the electroweak scale). In the quark sector this procedure
is unambiguous: the largest group of flavor changing field
transformations commuting with the gauge group is G, =
SU@B)g, x SUB)up x SUB)ag, and this group is broken
only by the Yukawa couplings. The invariance of the SM La-
grangian under G, can be formally recovered elevating the
Yukawa matrices to spurion fields with appropriate transfor-
mation properties under G,. The hypothesis of MFV states
that these are the only spurions breaking G, also beyond
the SM. Within the effective theory formulation, this im-
plies that all the higher dimensional operators constructed
from SM and Yukawa fields must be (formally) invariant
under G,. The consequences of this hypothesis in the quark
sector have been extensively analyzed in the literature (see
e.g. Refs. [540, 541]). Without entering into the details, we
can state that the MFV hypothesis provides a plausible ex-
planation of why no new-physics effects have been observed
so far in the quark sector.

Apart from arguments based on the analogy with quarks,
and despite the scarce experimental information, the defini-
tion of a minimal lepton flavor violation (MLFV) principle
[542] is demanded by a severe fine-tuning problem in LFV
decays of charged leptons. Within a generic effective theory
approach, the radiative decays I; — [;y proceed through the
following gauge-invariant operator

(SRL

A2 —L _He lRa PLI 1 Fop, (4.26)
LFV

where (SZRL are the generic flavor-changing couplings and

ArLrv denotes the cut-off of the effective theory. In the ab-
sence of a specific flavor structure, it is natural to expect
8R L' = O(1). In this case the experimental limit for ;1 — ey
1mp11es Arpy > 10° TeV, in clear tension with the expec-
tation of new degrees of freedom close to the TeV scale in
order to stabilize the Higgs sector of the SM.

The implementation of a MFV principle in the lepton
sector is not as simple as in the quark sector. The problem
is that the neutrino mass matrix itself cannot be accommo-
dated within the renormalizable part of the SM Lagrangian.
The most natural way to describe neutrino masses, explain-
ing their strong suppression, is to assume they are Majorana
mass terms suppressed by the heavy scale of lepton num-
ber violation (LNV). In other words, neutrino masses are
described by a non-renormalizable interaction of the type
equation (3.4) suppressed by the scale Apny > v = [(H)|.
This implies that we have to face a two scale problem (pre-
sumably with the hierarchy Apny > Appv) and that we
need some additional hypothesis to identify the irreducible
flavor-symmetry breaking structures. As we shall illustrate
in the following, we can choose whether to extend or not
the field content of the SM. The construction of the effec-
tive theory based on one of these realizations of the MLFV

@ Springer

hypothesis can be viewed as a general tool to exploit the ob-
servable consequences of a specific (minimalistic) hypothe-
sis about the irreducible sources of lepton-flavor symmetry
breaking.

4.3.2 MLFV with minimal field content

The lepton field content is the SM one: three left handed
doublets L} and three right handed charged lepton singlets
e’k. The flavor symmetry group is G; = SU3)r, x SU3)¢,
and we assume the following flavor symmetry breaking La-
grangian

£Sym‘Br. — Ylj Si (HTLJ)

— Kij(igsz)(HszLi) +hec.
2ALNV

2

v ij-ci J
2A1Ny

K,/ vy’ vy +he.

— oY/ ehe] — 4.27)
Here the two irreducible sources of LFV are the coefficient
of dimension five LNV operator (/cU ) and the charged lepton
Yukawa coupling (Y,), transforming respectively as (6, 1)
and (3, 3) under G;. An explicit realization of this scenario is
provided by the so-called triplet see-saw mechanism (or see-
saw of type II). This approach has the advantage of being
highly predictive, but it differs in an essential way from the
MFV hypothesis in the quark sector since one of the basic
spurion originates from a non-renormalizable coupling.

Having identified the irreducible sources of flavor sym-
metry breaking and their transformation properties, we can
classify the non-renormalizable operators suppressed by in-
verse powers of Appy which contribute to flavor violating
processes. These operators must be invariant combinations
of SM fields and the spurions Y, and k. The complete list of
the leading operators contributing to LFV decays of charged
leptons is given in Refs. [542, 543]. The case of the radia-
tive decays I; — [;y is particularly simple since there are
only two dimension six operators (operators with a structure
as in (3.4), with Fy, replaced by the stress tensors of the
U(1)y and SU(2)1 gauge groups, respectively). The MLFV
hypothesis forces the flavor-changing couplings of these op-
erators to be a spurion combination transforming as (3, 3)
under G;:

(Bmin)

where the dots denote terms with higher powers of Y, or «,,.
Up to the overall normalization, this combination can be
completely determined in terms of the neutrino mass eigen-
values and the PMNS matrix. In the basis where Y, is diag-
onal we can write,

o (Yerjy),, 4+ (4.28)

tj
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where Am2,. and Amgol denote the squared mass differ-
ences deduced from atmospheric- and solar-neutrino data,
and +/— correspond to normal/inverted hierarchy, respec-
tively. The overall factor AiNV /v? implies that the absolute
normalization of LFV rates suffers of a large uncertainty.
Nonetheless, a few interesting conclusions can still be drawn
[542].

— The LFV decay rates are proportional to AﬁNV //\4LFV and
could be detected only in presence of a large hierarchy
between these two scales. In particular, B(u — ey) >
10~ 13 only if Apny > 10° Apgy.

— Ratios of similar LFV decay rates, such as B(u —
ey)/B(t — wy), are free from the normalization am-
biguity and can be predicted in terms of neutrino masses
and PMNS angles: violations of these predictions would
unambiguously signal the presence of additional sources
of lepton-flavor symmetry breaking. One of these predic-
tion is the 1072—103 enhancement of B(t — Wwy) ver-
sus B(u — ey) shown in Fig. 3. Given the present and
near-future experimental prospects on these modes, this
modest enhancement implies that the u — ey search is
much more promising within this framework.

— Ratios of LFV transitions among the same two fami-
lies (such as u — ey versus w — 3e or T — Wy Vs
T — 3 and T — pee) are determined by known phase
space factors and ratios of various Wilson coefficients.
As data will become available on different lepton flavor
violating processes, if the flavor patter is consistent with
the MLFV hypothesis, from these ratios it will be pos-

10°® By
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10 12

10-14

0 0.05 0.1 0.15 0.2
513

Fig. 3 Bl 1y = rd; — ljy)/I'(; — ljviv;) for u — ey and
T — uy as a function of sin#;3 in the MLFV framework with minimal
field content [542]. The normalization of the vertical axis corresponds
to ALNV/ALFV = 10'0, The shading is due to different values of the
phase § and the normal/inverted spectrum

sible to disentangle the contributions of different opera-
tors.

— A definite prediction of the MLFV hypothesis is that
the rates for decays involving light hadrons (79 — pe,
K; — pe, v — ;uro, ...) are exceedingly small.

4.3.3 MLFV with extended field content

In this scenario we assume three heavy right handed Ma-
jorana neutrinos in addition to the SM fields. As a conse-
quence, the maximal flavor group becomes G; x SU(3) -
In order to minimize the number of free parameters (or to
maximize the predictivity of the model), we assume that the
Majorana mass term for the right handed neutrinos is pro-
portional to the identity matrix in flavor space: (Mg);; =
Mg x 8;;. This mass term breaks SU(3),, to O(3),, and is
assumed to be the only source of LNV (M <> ALNV).

Once the field content of model is extended, there are
in principle many alternative options to define the irre-
ducible sources of lepton flavor symmetry breaking (see e.g.
Ref. [544] for an extensive discussion). However, this spe-
cific choice has two important advantages: it is predictive
and closely resemble the MFV hypothesis in the quark sec-
tor. The vg are the counterpart of right handed up quarks
and, similarly to the quark sector, the symmetry breaking
sources are two Yukawa couplings of (3.40). An explicit
example of MLFV with extended field content is the min-
imal supersymmetric standard model with degenerate right
handed neutrinos.

The classification of the higher dimensional operators in
the effective theory proceeds as in the minimal field con-
tent case. The only difference is that the basic spurions are
now Y, and Y,, transforming as (3, 1,3) and (3, 3, 1) under
G1 x O(3),,, respectively. The determination of the spurion
structures in terms of observable quantities is more involved
than in the minimal field content case. In general, invert-
ing the see-saw relation allows us to express Y, in terms of
neutrino masses, PMNS angles and an arbitrary complex-
orthogonal matrix R of (3.45) [232]. Exploiting the O (3),,
symmetry of the MLFV Lagrangian, the real orthogonal part
of R can be rotated away. We are then left with a Hermitian-
orthogonal matrix H [545] which can be parameterized in
terms of three real parameters (¢;) which control the amount
of CP violation in the right handed sector:

172
Y, =R
v

H($i)m é{nggMNS. (4.30)

With this parameterization for Y, the flavor changing cou-
pling relevant to /; — [;y decays reads

St o< Ye(Y,Yy)
me (Mg 1/2 2 1/2 1%
7<?UPMNSmdiagH MyiaeUpyns |- (43D
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In the CP-conserving limit H — I and the phenomenolog-
ical predictions turns out to be quite similar to the minimal
field content scenario [542]. In particular, all the general ob-
servations listed in the previous section remain valid. In the
general case, i.e. for H # I, the predictivity of the model
is substantially weakened. However, in principle some in-
formation about the matrix H can be extracted by study-
ing baryogenesis through leptogenesis in the MLFV frame-
work [546].

4.3.4 Leptogenesis

On general grounds, we expect that the tree-level degener-
acy of heavy neutrinos is lifted by radiative corrections. This
allows the generation of a lepton asymmetry in the interfer-
ence between tree-level and one loop decays of right handed
neutrinos. Following the standard leptogenesis scenario, we
assume that this lepton asymmetry is later communicated
to the baryon sector through sphaleron effects and that sat-
urates the observed value of the baryon asymmetry of the
universe.

The most general form of the vg mass splittings allowed
within the MLFV framework has the following form:

AMg
Mg

e[n Y+ (Y]

+ DYy + (nyivyh)']

+c @[y (ny)) ]+ [(n ) vy
+eu[LY vy + (v oy T+

Even without specifying the value of the ¢;, this form allows
us to derive a few general conclusions [546].

— The term proportional to ¢, does not generate a CPV
asymmetry, but sets the scale for the mass splittings: these
are of the order of magnitude of the decay widths, realiz-
ing in a natural way the condition of resonant leptogene-
sis.

The right amount of leptogenesis can be generated even
with Y, = 0, if all the ¢; are non-vanishing. However,
since Y, ~ /Mg, for low values of Mg (< 10'> GeV) the
asymmetry generated by the c¢,; term dominates. In this
case np is typically too small to match the observed value
and has a flat dependence on Mg. At Mg 2 102 GeVv
the quadratic terms c domlnate determining an approx-
imate linear growth of np with Mg. These two regimes
are illustrated in Fig. 4.

As demonstrated in Ref. [546], baryogenesis through lep-
togenesis is viable in MLFV models. In particular, assum-
ing a loop hierarchy between the c; (as expected in a per-
turbative scenario) and neglecting flavor-dependent effects
in the Boltzmann equations (one-flavor approximation of
Ref. [547]), the right size of np is naturally reached for
Mg > 102 GeV. As discussed in Ref. [301] (see also [303]),
this lower bound can be weakened by the inclusion of flavor-
dependent effects in the Boltzmann equations and/or by the
tan B-enhancement of Y, occurring in two-Higgs doublet
models.

From the phenomenological point of view, an important
difference with respect to the CP-conserving case is the fact
that non-vanishing ¢; change the predictions of the LFV de-
cays, typically producing an enhancement of the B(u —
ey)/B(t — uy) ratio or the both decays separately [545].
For Mg > 10'2 GeV their effect is moderate and the CP-
conserving predictions are recovered. The other important
information following from the leptogenesis analysis is the

Fig'4 Baryonasymmetry(nB) 10.6k\\\\ TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT ‘ \H\A
as a function of the right handed Mg 7F i
neutrino mass scale (My) for 10 E >%~9§
v = 0 (dots) and ¢,y # 0 10%E %géx’ A
(crosses) in the MLFV E K X % 3
framework with extended field 10° C e X ox
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fact that the large Mg regime is favored. Assuming Ay py to
be close to the TeV scale, the Mg regime favored by lepto-
genesis favors a u — ey rate within the reach of the MEG
experiment [548].

4.3.5 GUT implementation

Once we accept the idea that flavor dynamics obeys a MFV
principle, both in the quark and in the lepton sector, it is in-
teresting to ask if and how this is compatible with a grand
unified theory (GUT), where quarks and leptons sit in the
same representations of a unified gauge group. This ques-
tion has recently been addressed in [539], considering the
exemplifying case of SU(5)gauge-

Within SU(5)gauge, the down-type singlet quarks (dfg)
and the lepton doublets (L;;) belong to the 5 representa-
tion; the quark doublet (Q;1 ), the up-type (uj,) and lepton
singlets (ef ) belong to the 10 representation, and finally the
right handed neutrinos (v;g) are singlet. In this framework
the largest group of flavor transformation commuting with
the gauge group is Gour = SUB)sz x SU3)10 x SUB3)1,
which is smaller than the direct product of the quark and
lepton groups discussed before (G, x G;). We should there-
fore expect some violations of the MFV+MLFV predictions
either in the quark or in the lepton sector or in both.

A phenomenologically acceptable description of the low
energy fermion mass matrices requires the introduction of
at least four irreducible sources of Ggyr breaking. From
this point of view the situation is apparently similar to the
non-unified case: the four GGyt spurions can be put in one-
to-one correspondence with the low energy spurions Y,,, Yy,
Y., and Y,. However, the smaller flavor group does not al-
low the diagonalization of Y; and Y, (which transform in the
same way under Ggyt) in the same basis. As a result, two
additional mixing matrices can appear in the expressions for
flavor changing rates: C = Vei Va, and G = VeTL Vg The
hierarchical texture of the new mixing matrices is known
since they reduce to the identity matrix in the limit Y, eT =Y.
Taking into account this fact, and analyzing the structure
of the allowed higher-dimensional operators, a number of
reasonably firm phenomenological consequences can be de-
duced [539]:

— There is a well defined limit in which the standard MFV
scenario for the quark sector is fully recovered: Mp <
10" GeV and small tan 8 (in a two-Higgs doublet case).
For Mg ~ 102 GeV and small tan B, deviations from
the standard MFV pattern can be expected in rare K de-
cays but not in B physics. Ignoring fine-tuned scenarios,
Mpg > 10'2 GeV is excluded by the present constraints
on quark FCNC transitions. Independently from the value
of Mg, deviations from the standard MFV pattern can ap-
pear both in K and in B physics for tan 8 2 m; /my.

— Contrary to the non-GUT MFV framework, the rate for
u — ey (and other LFV decays) cannot be arbitrarily
suppressed by lowering the average mass Mg of the
heavy vg. This fact can easily be understood by looking
at the flavor structure of the relevant effective couplings,
which now assume the following form:

SR =Y Y Yy + eV Y Yo + eV Y+
(4.32)

In addition to the terms involving Y, ~ /Mg already
present in the non-unified case, the GUT group al-
lows also Mpg-independent terms involving the quark
Yukawa couplings. The latter become competitive for
Mpg < 10'2 GeV and their contribution is such that for
Arpy S 10 TeV the p — ey rate is above 1071 (e.
within the reach of MEG [548]).

— Improved experimental information on T — py and T —
ey would be a powerful tool in discriminating the rel-
ative size of the standard MFV contributions versus the
characteristic GUT-MFV contributions due to the differ-
ent hierarchy pattern among 7 — u, 7 —> e, and u — ¢
transitions.

5 Phenomenology of theories beyond the standard
model

5.1 Flavor violation in non-SUSY models directly testable
at LHC

5.1.1 Multi-Higgs doublet models

The arbitrariness of quark masses, mixing and CP violation
in the standard model stems from the fact that gauge invari-
ance does not constrain the flavor structure of Yukawa inter-
actions. In the SM neutrinos are strictly massless. No neu-
trino Dirac mass term can be introduced, due to the absence
of right handed neutrinos and no Majorana mass terms can
be generated, due to exact B — L conservation. Since neu-
trinos are massless, there is no leptonic mixing in the SM,
which in turn leads to separate lepton flavor conservation.
Therefore, the recent observation of neutrino oscillations is
evidence for physics beyond the SM. Fermion masses, mix-
ing and CP violation are closely related to each other and
also to the Higgs sector of the theory.

It has been shown that gauge theories with fermions,
but without scalar fields, do not break CP symmetry [549].
A scalar (Higgs) doublet is used in the SM to break both
the gauge symmetry and generate gauge boson masses as
well as fermion masses through Yukawa interactions. This
is known as the Higgs mechanism, which was proposed by
several authors [550-553]. It predicts the existence of one
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neutral scalar Higgs particle—the Higgs boson. In the SM
where a single Higgs doublet is introduced, it is not possi-
ble to have spontaneous CP violation since any phase in the
vacuum expectation value can be eliminated by rephasing
the Higgs field. Furthermore, in the SM it is also not possi-
ble to violate CP explicitly in the Higgs sector since gauge
invariance together with renormalizability restrict the Higgs
potential to have only quadratic and quartic terms and her-
miticity constrains both of these to be real. Thus, CP viola-
tion in the SM requires the introduction of complex Yukawa
couplings.

The scenario of spontaneous CP and T violation has the
nice feature of putting the breakdown of discrete symmetries
on the same footing as the breaking of the gauge symmetry,
which is also spontaneous in order to preserve renormaliz-
ability. A simple extension of the Higgs sector that may give
rise to spontaneous CP violation requires the presence of at
least two Higgs doublets, and was introduced by Lee [554].

If one introduces two Higgs doublets, it is possible to
have either explicit or spontaneous CP breaking. Explicit CP
violation in the Higgs sector arises due to the fact that in this
case there are gauge invariant terms in the Lagrangian which
can have complex coefficients. Note however that the pres-
ence of complex coefficients does not always lead to explicit
CP breaking.

Extensions of the SM with extra Higgs doublets are very
natural since they keep the p parameter at tree level equal to
one [555]. In multi-Higgs systems there are in general, addi-
tional sources of CP violation in the Higgs sector [556]. The
most general renormalizable polynomial consistent with the
SU2) x U(1) x SU(3), model with n; Higgs doublets, ¢;,
may be written as

Ly =Yaprdidp + Zavea(Di05) (0 b)), (5.1)

where repeated indices are summed. Hermiticity of L4 im-
plies:

Yoo =Yoa:  Zapeq = Zbade- (5.2)
Furthermore, by construction it is obvious that:
Zabed = Zcdab- (5.3)

In models with more than one Higgs doublet, one has the
freedom to make Higgs-basis transformations (HBT) that do
not change the physical content of the model, but do change
both the quadratic and the quartic coefficients. Coefficients
that are complex in one Higgs basis may become real in an-
other basis. Furthermore, a given model may have complex
quartic coefficients in one Higgs basis, while they may all
become real in another basis, with only the quadratic coef-
ficients now complex, thus indicating that in that particular
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model CP is only softly broken. Such Higgs-basis transfor-
mations leave the Higgs kinetic energy term invariant and
are of the form:

HBT
G — ¢(/4 = V,idi,

85" @E= Vi@ 54
where V is an ng X ng4 unitary matrix acting in the space of
Higgs doublets. In [557] conditions for a given Higgs po-
tential to violate CP at the Lagrangian level, expressed in
terms of CP-odd Higgs-basis invariants, were derived. These
conditions are expressed in terms of couplings of the un-
broken Lagrangian, therefore they are relevant even at high
energies, where the SU(2) x U(1l) symmetry is restored.
This feature renders them potentially useful for the study of
baryogenesis. The derivation of these conditions follows the
general method proposed in [558] and already mentioned in
previous sections. The method consists of imposing invari-
ance of the Lagrangian under the most general CP transfor-
mation of the Higgs doublets, which is a combination of a
simple CP transformation for each Higgs field with a Higgs-
basis transformation:
bu > Waud? ¢l > Wil (5.5)
Here W is an ng x ng unitary matrix operating in Higgs
doublets space.

A set of necessary and sufficient conditions for CP in-
variance in the case of two Higgs doublets have been de-
rived [557]:

L=TiY Zy Z—Z Zy Y] =0,

- - (5.6)

L=TrlY Z,Z—-ZZ,Y]=0,

where all matrices inside the parenthesis are 2 x 2 matri-

ces. In the general case these are ny X ny matrices, and are

defined by:

Z‘{E Zijmms 57)
Zij = Zimmj

(Zy)ij = ZijmnYmn;

(ZZ)ij = ZipnmZmnpj;

CP-odd HBT invariants are also useful [557] to find out
whether, in a given model, there is hard or soft CP breaking.
One may also construct CP-odd weak basis invariants, in-
volving v; = (O|¢? |0}, i.e., after spontaneous gauge symme-
try breaking has occurred [559, 560]. Further discussions on
Higgs-basis independent methods for the two-Higgs-doublet
model can be found in [S61-564].

So far, we have considered CP violation at the La-
grangian level in models with multi-Higgs doublets, i.e., ex-
plicit CP violation. It is also possible to derive criteria [S65]
to verify whether CP and T in a given model are sponta-
neously broken. Under T the Higgs fields ¢; transform as

T¢; T~ =Ujrdr, (5.8)
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where U is a unitary matrix which may mix the scalar dou-
blets. If no extra symmetries beyond SU(2) x U(1) are
present in the Lagrangian, U reduces to a diagonal ma-
trix possibly with phases. Invariance of the vacuum under
T leads to the following condition:
(0910) = U7, (017 10)*. (5.9)
Therefore, a set of vacua lead to spontaneous T, CP viola-
tion if there is no unitary matrix U satisfying (5.8) and (5.9)
simultaneously.

Most of the previous discussion dealt with the general
case of n-Higgs doublets. We analyze now the case of two
Higgs doublets, where the most general gauge invariant
Higgs potential can be explicitly written as

Vi, = mig|¢1 + pe'’ el ¢y + pe ol 1 +magp
+a1(¢]¢1)" +a(9]02)” +b(d] 1) (¢]92)
+ 0 (0] ) (8361) + 16 (6] 1) (851)
+e1e (D] 1) (¢]02) + c2e” (p32) (da 1)
+c2 7% (p162) (91 9) + dei® (] 62)”

+de B (pie), (5.10)
where m;, p, a; , b, b, c;, and d are real and all phases are
explicitly displayed. It is clear that this potential contains an
excess of parameters. With the appropriate choice of Higgs
basis some of these may be eliminated, without loss of gen-
erality, leaving eleven independent parameters [569-571].
The Higgs sector contains five spinless particles: three neu-
tral and a pair of charged ones, usually denoted by #, H (CP
even), A (CP odd) (or if CP is violated /1 2 3) and H*.

In general, models with two Higgs doublets have tree
level Higgs-mediated flavor changing neutral currents
(FCNC). This is a problem in view of the present strin-
gent experimental limits on FCNC. In order to solve this
problem the concept of natural flavor conservation (NFC)
was introduced by imposing extra symmetries on the La-
grangian. These symmetries constrain the Yukawa couplings
of the neutral scalars in such a way that the resulting neu-
tral currents are diagonal. Glashow and Weinberg [566] and
Paschos [567] have shown that the only way to achieve NFC
is to ensure that only one Higgs doublet gives mass to quarks
of a given charge.

In the case of two Higgs doublets the simplest solution to
avoid FCNC is to require invariance of the Lagrangian under
the following transformation of the Z, type:

b1 — ¢1,

dr —> dg,

¢2 —> —¢2,
(5.11)

UR — —UR,

where dr (ug) denote the right handed down (up) quarks;
all other fields remain unchanged.

It is clear from (5.10) that this symmetry eliminates ex-
plicit CP violation in the Higgs sector, since the only term of
the Higgs potential with a phase that survives is the one with
coefficient d, moreover a HBT of the form ¢y —> eid/ 2¢1,
¢>» —> ¢», eliminates the phase from the Higgs potential.
Furthermore, it can be shown that this symmetry also elimi-
nates the possibility of having spontaneous CP violation.

In conclusion, models with two Higgs doublets and ex-
act NFC cannot give rise to spontaneous CP violation. Ex-
plicit CP violation in this case requires complex Yukawa
couplings leading to the Kobayashi—-Maskawa mechanism
with no additional source of CP violation through neutral
scalar Higgs boson exchange. An interesting alternative sce-
nario in the case of two Higgs doublets was considered in
[568] with no NFC. Here CP violating Higgs FCNC are nat-
urally suppressed through a permutation symmetry which is
softly broken, still allowing for spontaneous CP violation.

Three Higgs doublet models have been considered in an
attempt to introduce CP violation in an extension of the SM
with NFC [566] in the Higgs sector. It was shown that in-
deed, in such models it is possible to violate CP in the Higgs
sector either at the Lagrangian level [572] or spontaneously
[573-575].

It is also possible to generate spontaneous CP violation
with only one additional Higgs singlet [576], but in this case
at least one isosinglet vectorial quark is required in order to
generate a non-trivial phase at low energies in the Cabibbo—
Kobayashi—-Maskawa matrix. Such models may provide a
solution to the strong CP problem of the type proposed by
Nelson [577, 578] and Barr [579] as well as a common ori-
gin to all CP violations [580, 581] including the generation
of the observed baryon asymmetry of the Universe. The fact
that the SM cannot provide the observed baryon asymmetry
[582-587], provides yet another reason to study an enlarged
Higgs sector.

A lot of work has been done by many authors on possible
extensions of the Higgs sector and their implications both
for the hadronic and the leptonic sectors at the existing and
future colliders, see e.g. [588]. Among the simplest multi-
Higgs models are the two Higgs Doublet Models (2HDM)
which have been analyzed in detail in many different real-
izations. The need to avoid potentially dangerous tree level
Higgs FCNC has led to the consideration of different vari-
ants of this model with a certain discrete Z, symmetry im-
posed.

In the Type-I 2HDM the Z, discrete symmetry imposed
on the Lagrangian is such that only one of the Higgs dou-
blets couples to quarks and leptons. A very well known
fermiophobic Higgs boson may arise in such model [589—
591]. Another example is the Inert Doublet Model, with an
unbroken discrete Z,; symmetry which forbids one Higgs
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doublet to couple to fermions and to get a non-zero VEV
[592, 593]. Physical particles related to such doublets are
called “inert” particles, the lightest is stable and contributes
to the Dark Matter density. In [594], the naturalness problem
has been addressed in the framework of an Inert Doublet
Model with a heavy (SM-like) Higgs boson. In this con-
text Dark Matter may be composed of neutral inert Higgs
bosons. Predictions are given for multilepton events with
missing transverse energy at the LHC, and for the direct de-
tection of dark matter.

The Type-II 2HDM allows one of the Higgs doublet to
couple only to the right-handed up quarks while the other
Higgs doublet can only couple to right handed down-type
quarks and charged leptons. This is achieved by the intro-
duction of an appropriate Z, symmetry, analogous to the
one in (5.12). The Higgs sector of the MSSM model can be
viewed as a particular realization of Type-II models but with
additional constraints required by supersymmetry. Various
scenarios are possible for these models—with and without
decoupling of heavy Higgs particles [570, 571, 595].

Type-III 2HDM are models where, unlike in models of
Type-I and II, NFC is not imposed on the Yukawa interac-
tions. This class of models has in general scalar mediated
FCNC at tree level. Various schemes have been proposed
to suppress these currents, including the ad-hoc assumption
that FCNC couplings are approximately given by the geo-
metric mean of the Yukawa couplings of the two generations
[596]. A very interesting alternative [597] is to have an exact
symmetry of the Lagrangian which constrains FCNC cou-
plings to be related in an exact way to the elements of the
CKM matrix in such a way that FCNC are non-vanishing
but naturally suppressed by the smallness of CKM mixing.
Another example of Type III 2HDM is the Top Two Higgs
Doublet Model which was first proposed in [598], and re-
cently analyzed in detail in [599]. In this framework a dis-
crete symmetry is imposed allowing only the top quark to
have Yukawa couplings to one of the doublets while all other
quarks and leptons have Yukawa couplings to the other dou-
blet.

Lepton flavor violation is a feature common to many
possible extensions of the SM. It can occur both through
charged and neutral currents. The possibility of having lep-
ton flavor violation in extensions of the SM, has been con-
sidered long before the discovery of neutrino masses [600,
601]. For example, in the case of multi-Higgs doublet mod-
els, it has been pointed out that even for massless neutrinos
lepton flavor can be violated [602, 603]. In the context of
the minimal extension of the SM, necessary to accommo-
date neutrino masses, where only right handed neutrinos are
included LFV effects are extremely small. It is well known
that the effects of LFV can be large in supersymmetry.

CLEO submitted recently a paper [604] where the ratio of
the tauonic and muonic branching fractions is examined for
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the three 7 (1S, 2S5, 35) states. Agreement with expectations
from lepton universality is found. The conclusion is that lep-
ton universality is respected within the current experimental
accuracy which is roughly 10%. However there is tendency
for the tauonic branching fraction to turn out systematically
larger than the muonic at a few per cent level.

5.1.2 Low scale singlet neutrino scenarios

In the pre-LHC era neutrino oscillations have provided some
of the most robust evidence for physics beyond the SM.
There are many open questions in this field; why is the ab-
solute mass scale for the neutrinos so small with respect to
the other SM particles? what is this mass scale? why is the
pattern of mixing so different from the quark sector? If na-
ture has chosen the singlet seesaw scenario [216-220] as an
answer to those questions we face the prospect of never be-
ing able to produce the heavy neutrinos at a collider. Never-
theless, several extensions of this minimal see-saw scenario
contain heavy neutrinos at or around the TeV scale, these
include models based around the group E¢ [605, 606] and
also in SO(10) models [403].

Furthermore, even within the usual see-saw scenario, the
observed nearly maximal mixing pattern of the light neutri-
nos requires further explanation. Flavor symmetries are of-
ten invoked as possible reasons for the almost tri-bi-maximal
structure of the PMNS mixing matrix [607]. It is also possi-
ble that the small magnitude of the light neutrino masses is
due to an approximate symmetry, allowing the right handed
neutrinos to be as light as O(200 GeV) [337].

TeV scale right handed neutrinos can also arise in radia-
tive mechanisms of neutrino mass generation. Generically,
in these models a tree-level neutrino mass is forbidden or
suppressed by a symmetry but small neutrino masses may
arise through loops sensitive to symmetry breaking effects
[225, 608]. Indeed, several supersymmetric realizations of
radiative mechanisms contain TeV scale right handed neu-
trinos linked to the scale of supersymmetry breaking [609,
610].

5.1.2.1 Heavy neutrinos accessible to the LHC A low,
electroweak-scale mass is not sufficient to imply that heavy
neutrinos could be produced and detected at the LHC. They
must have a large enough coupling (mixing) with other SM
fields so that experiments will be able to distinguish their
production and decay from SM background processes. In
this review we concentrate on the case where heavy neu-
trino production and decay occurs through mixing with SM
fields only. Quantitatively, we can consider a generalization
of the Langacker—London parameters, §2;;/, defined as

3 B+ng)

QH/ = 8”/ — Z BliB;;i = Z B[iB;;i,
i=1 i=4

(5.12)
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where [,/ = e, u, T and By; is the full 3 x (3 + ng) neu-
trino mixing matrix taking into account all (3 light and ng
heavy) neutrinos. The 3 x 3 matrix B;; wherei =1,...,3is
a good approximation to the usual PMNS matrix and §2;; es-
sentially measures the deviation from unitarity of the PMNS
matrix.

The £2;; are constrained by precision electroweak data
[611] and the following upper limits have been set at 90%
C.L.

2.0 <0.012, 2, < 0.0096, 27 <0.016.

(5.13)

In addition, the off-diagonal elements of £2;; are con-
strained by limits on lepton flavor violating processes such
as t,u — ey and 1,4 — eee and u — e conversion in
nuclei [514, 612]. These limits are rather model dependent
but for Mg > My and mp < Myw (where mp is the Dirac
component of the neutrino mass matrix), the present upper
bounds are [182]
[$2.,] <0.0001,

[§2¢7] < 0.02, |‘QILT| <0.02.

(5.14)

It has been pointed out that a heavy Majorana neutrino
(N) may be produced via a DY type of mechanism at hadron
colliders [608, 613—-617], pp — W — £T N, where N —
¢t W™, leading to lepton number violation by 2. Most of the
previous studies were concentrated on the ee mode, which
would result in a too week signal to be appreciable due to the
recent very stringent bound |V3N|2/mN <5x1078GevV!,
from the absence of the neutrinoless double beta decay. It
has been recently proposed to search for the unique and
clean signal, u*u*+2 jets at the LHC [617]. It was con-
cluded that a search at the LHC with an integrated luminos-
ity of 100 fb—! can be sensitive to a mass range of my ~ 10—
400 GeV at a 20 level, and up to 250 GeV at a 5o level. If
this type of signal could be established, it would be even
feasible to consider the search for CP violation in the heavy
Majorana sector [618].

A recent analysis [619] studied more background proc-
esses including some fast detector simulations. In particu-
lar, the authors claimed a large background due to the faked
leptons bb — . The search sensitivity is thus reduced
to 175 GeV at a 50 level. However, the background esti-
mate for processes such as bb -+ n-jet has large uncertainties
due to QCD perturbative calculations and kinematical ac-
ceptance. More studies remain to be done for a definitive
conclusion.

5.1.2.2 Low scale model with successful baryogenesis As
a more detailed example satisfying the constraints of (5.14)
we consider a model potentially accessible to colliders,

where Mr ~ 250 GeV which has been shown to success-
fully explain the baryon asymmetry of the Universe [337].

Leptogenesis has been discussed in Sect. 3.3.1. Low scale
leptogenesis scenario would be possible with nearly degen-
erate heavy neutrinos, where self-energy effects on the lep-
tonic asymmetries become relevant [293, 294]. In this case
the CP asymmetry in the heavy neutrino decays can be
resonantly enhanced [332], to the extent that the observed
baryon asymmetry can be explained with heavy neutrinos as
light as the electroweak scale [335, 337].

We shall consider a model with right handed neutrinos
which transform under an SO(3) flavor symmetry. Ignoring
effects from the neutrino Yukawa couplings this symmetry
is assumed to be exact at some high scale, e.g. the GUT
scale Mgurt. This restricts the form of the heavy Majorana
neutrino mass matrix at Mgur
Mg =1my + Mg, (5.15)
where § Mg = 0 at Mgyr. This form has also been consid-
ered in a class of “minimal flavor violating” models of the
lepton sector [542] and naturally provides nearly degenerate
heavy neutrinos compatible with resonant leptogenesis.

All other fields are singlets under this SO(3) flavor sym-
metry and so the neutrino Yukawa couplings will break
SO(3) explicitly. We can still choose heavy neutrino Yukawa
couplings Y so that a subgroup of the SO(3) x U(1)r, X
UM, xUM)g, flavor symmetry present without the neu-
trino Yukawa couplings remains unbroken. In this case
a particular flavor direction can be singled out leaving
SO(2) ~ U(1) unbroken. This residual U (1) symmetry acts
to prevent the light Majorana neutrinos from acquiring a
mass. The form of the neutrino Yukawa couplings can be
written

0 ae—iﬂ/4 aeiﬂ/4
YWI=10 be/* pel™/* | +8Y". (5.16)
0 Cg—in/4 Cein/4

The residual U (1) symmetry is broken both by small SO(3)
breaking effects in the heavy Majorana mass matrix, § M,
and by small effects parameterized by §Y" in the Yukawa
couplings. Although we shall not consider the specific origin
of these effects, § Mg could arise through renormalization
group running for example.

In [337], a specific model was considered where my =
250 GeV and which successfully explained the baryon
asymmetry of the Universe. One of either a, b or ¢ was con-
strained to be small to allow a single lepton flavor asymme-
try (and subsequently a baryon asymmetry) to be generated
at T ~ 250 GeV. The other two parameters could be as large
as O(1072). This scenario has the features necessary for a
model to be visible at the LHC; heavy neutrinos with masses
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around O(1 TeV) and sufficient mixing between these neu-
trinos and the light neutrinos to allow them to be produced
from a vector boson. Specifically

|a|2v2 |b|2U2 |C|2U2
Q — — —
ee = 5 > nu = 5 > T = 5
mN mN mN
(5.17)

where v = 246 GeV is the vacuum expectation value of the
Higgs field.

It should be noted that in this model the heavy neutrinos
produced at the LHC would be linked indirectly with the
mechanism providing light neutrinos with small masses. The
light neutrinos acquire masses directly through the mecha-
nism responsible for breaking the flavor symmetries. How-
ever, studying the properties of the heavy neutrinos acces-
sible to the LHC would allow us to better understand the
underlying symmetry protecting light neutrinos from large
masses and may give us insight into the observed pattern of
large mixing. In addition, further knowledge of heavy neu-
trinos seen at the LHC, for example small couplings with
one or more lepton flavors or large, resonantly enhanced
CP violation, would provide us with further information on
possible explanations for the baryon asymmetry of the Uni-
verse.

5.1.3 Lepton flavor violation from the mirror leptons in
little Higgs models

Little Higgs models [620-624] offer an alternative route to
the solution of the little hierarchy problem. One of the most
attractive models of this class is the littlest Higgs model
[625] with T-parity (LHT) [626—628], where the discrete
symmetry forbids tree-level corrections to electroweak ob-
servables, thus weakening the electroweak precision con-
straints [629]. Under this new symmetry the particles have
distinct transformation properties, that is, they are either
T-even or T-odd. The model is based on a two-stage sponta-
neous symmetry breaking occurring at the scale f and the
electroweak scale v. Here the scale f is taken to be larger
than about 500 GeV, which allows to expand expressions in
the small parameter v/f. The additionally introduced gauge
bosons, fermions and scalars are sufficiently light to be dis-
covered at LHC and there is a dark matter candidate [630].
Moreover, the flavor structure of the LHT model is richer
than the one of the SM, mainly due to the presence of three
doublets of mirror quarks and three doublets of mirror lep-
tons and their weak interactions with the ordinary quarks
and leptons, as discussed in [631-633].

Now, it is well known that in the SM the FCNC processes
in the lepton sector, like £; — £;y and u — eee, are very
strongly suppressed due to tiny neutrino masses. In particu-
lar, the branching ratio for 4 — ey in the SM amounts to at

@ Springer

most 1074, to be compared with the present experimental
upper bound, 1.2 x 107! [180], and with the one that will
be available within the next two years, ~10713 [634, 635].
Results close to the SM predictions are expected within the
LH model without T-parity, where the lepton sector is iden-
tical to the one of the SM and the additional O(v?/f?) cor-
rections have only minor impact on this result. Similarly the
new effects on (g — 2),, turn out to be small [636, 637].

A very different situation is to be expected in the LHT
model, where the presence of new flavor violating interac-
tions and of mirror leptons with masses of order 1 TeV can
change the SM expectations by up to 45 orders of magni-
tude, bringing the relevant branching ratios for lepton fla-
vor violating (LFV) processes close to the bounds available
presently or in the near future.

5.1.3.1 The model A detailed description of the LHT
model can be found in [638], where also a complete set
of Feynman rules has been derived. Here we just want to
state briefly the ingredients needed for the analysis of LFV
decays.

The T-odd gauge boson sector consists of three heavy
“partners” of the SM gauge bosons

Wi, Zu, AmH, (5.18)
with masses given to lowest order in v/f by
g'f
Mw, =gf, Mz, =gf, My, =—+. (5.19)
w = 8f u=8f W=

The T-even fermion sector contains, in addition to the
SM fermions, the heavy top partner 7. On the other hand,
the T-odd fermion sector [631] consists of three generations
of mirror quarks and leptons with vectorial couplings under
SU2)r x U(1)y, that are denoted by

I/ti Vi
(f{ ) (f’ ) (i=1,2,3).
dH EH

To first order in v/ f the masses of up- and down-type mirror
fermions are equal. Naturally, their masses are of order f.
In the analysis of LFV decays, except for K; s — pue,
K s— no,ue, Bys— {itjand T — L, £, £n’, only mir-
ror leptons are relevant.

As discussed in detail in [632], one of the important
ingredients of the mirror sector is the existence of four
CKM-like unitary mixing matrices, two for mirror quarks
(VHu, Via) and two for mirror leptons (Vy,,, V), that are
related via

(5.20)

Vi Via=Verms Vi, Vie = Viyns- (5.21)

An explicit parameterization of Vgg; and Vg, in terms
of three mixing angles and three complex (non-Majorana)
phases can be found in [633].
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The mirror mixing matrices parameterize flavor violating
interactions between SM fermions and mirror fermions that
are mediated by the heavy gauge bosons Wﬁ, Zy and Ag.
The matrix notation indicates which of the light fermions of
a given electric charge participates in the interaction.

In the course of the analysis of charged LFV decays it
is useful to introduce the following quantities (i =1, 2, 3)
[639]:

Xi ) — V[?zze VIl-IljZ Xi(w) = V;f VI{ITE’
(5.22)
X (tp) — V*lu V[l_]‘[(ﬁ

that govern u© — e, T — ¢ and 7 — u transitions, re-
spectively. Analogous quantities in the mirror quark sector
(i=1,2,3) [638, 641],

K
S( ) _

*ISV El‘(d) — *leHd’

(5.23)

(s) ib
%- V*l Hda

are needed for the analysis of the decays K s — pue,
Kps— JTO/LE and By s — £;¢;.

As an example, the branching ratio for the u — ey decay
contains the Xi(ﬂ ®) factors introduced in (5.22) via the short
distance function [639]

pHe e 7
olsd 4 fz Z( " )<D0(y,) - BEO(yi)

)

where y; = (mY,;/Mw,)?, v/ = ay; with a = 5/tan® gy,
and explicit expressions for the functions Dy, E{, can be
found in [642].

The new parameters of the LHT model, relevant for the
study of LFV decays, are

(5.24)

¢ ¢ ¢ ¢ ¢ ¢
oo my Mps. mys, 0, 05,0 0,

' ‘ ' (5.25)
82 813 833

and the ones in the mirror quark sector that can be probed by
FCNC processes in K and B meson systems, as discussed in
detail in [638, 641]. Once the new heavy gauge bosons and
mirror fermions will be discovered and their masses mea-
sured at the LHC, the only free parameters of the LHT model
will be the mixing angles 95. and the complex phases (Sfj of
the matrix Vg, that can be determined with the help of LFV
processes. Analogous comments apply to the determination
of Vg4 parameters in the quark sector (see [638, 641] for
details on K and B physics in the LHT model).

5.1.3.2 Results LFV processes in the LHT model have for
the first time been discussed in [643], where the decays

£; — Ly have been considered. Further, the new contri-
butions to (g — 2),, in the LHT model have been calcu-
lated by these authors. In [639, 640] the analysis of LFV
in the LHT model has been considerably extended, and in-
cludes the decays ¢; — £y, u — eee, the six three body
leptonic decays = — Ei_ﬁjﬁk_, the semileptonic decays
T — £, €n, £y’ and the decays K1 s — pe, Kp s — no,ue
and By s — ¢;£; that are flavor violating both in the quark
and lepton sector. Moreover, pu—e conversion in nuclei and
the flavor conserving (g — 2),, have been studied. Further-
more, a detailed phenomenological analysis has been per-
formed in that paper, paying particular attention to various
ratios of LFV branching ratios that will be useful for a clear
distinction of the LHT model from the MSSM.

In contrast to K and B physics in the LHT model, where
the SM contributions constitute a sizable and often the dom-
inant part, the T-even contributions to LFV observables
are completely negligible due to the smallness of neutrino
masses and the LFV decays considered are entirely gov-
erned by mirror fermion contributions.

In order to see how large these contributions can pos-
sibly be, it is useful to consider first those decays for
which the strongest constraints exist. Therefore Fig. 5 shows
B(u — eee) as a function of B(iu — ey), obtained from a
general scan over the mirror lepton parameter space, with
f =1 TeV. It is found that in order to fulfill the present
bounds, either the mirror lepton spectrum has to be quasi-
degenerate or the Vy, matrix must be very hierarchical.
Moreover, as shown in Fig. 6, even after imposing the con-
straints on w — ey and u — eee, the yu—e conversion rate
in Ti is very likely to be found close to its current bound,
and for some regions of the mirror lepton parameter space
even violates this bound.

The existing constraints on LFV t decays are still rela-
tively weak, so that they presently do not provide a useful
constraint on the LHT parameter space. However, as seen
in Table 10, most branching ratios in the LHT model can

Br(u —»e e‘e’)

9

1.x10"
1.x10* .o’
)

1.x10° 1 ® .
. -

L]

L] "'
1.x107* '13 - . Br (u—ey)

1.x10%1.x10®1.x10" 1.x10"

Fig. 5 Correlation between B(iu — ey ) and B(u — eee) in the LHT
model (upper dots) [639]. The lower dots represent the dipole contri-
bution to u — eee separately, which, unlike in the LHT model, is the
dominant contribution in the MSSM. The grey region is allowed by the
present experimental bounds
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Fig. 6 R(uTi— eTi)asa R(uTi-eTi)

function of B(u — ey), after

imposing the existing

constraints on u — ey and

n — eee [639]. The grey region 1.x10

is allowed by the present

experimental bounds
1.x10"
1.x107"°

Br (u-ey)

1.x10%1.x10*1.x10 1. x10 1. x107**

Table 10 Upper bounds on LFV t decay branching ratios in the LHT
model, for two different values of the scale f, after imposing the con-
straints on u — ey and u — eee [639]. For f = 500 GeV, also the

bounds on T — um, e have been included. The current experimental
upper bounds are also given. The bounds in [183] have been obtained
by combining Belle [646, 647] and BaBar [182, 648] results

Decay f =1000 GeV f =500 GeV exp. upper bound
T ey 8 x 10710 1x10°8 9.4 x 1078 [183]
T uy 8 x 10710 2x 1078 1.6 x 1078 [183]
T > e ete 7 x 10710 2x 1078 2.0 x 1077 [644]
T pptpT 7% 10710 3x 1078 1.9 x 1077 [644]
T —eputu” 5x 10710 2x 1078 2.0 x 1077 [645]
T > pTete 5x 10710 2x 1078 1.9 x 1077 [645]
T > puetu” 5% 10714 2% 10714 1.3 x 1077 [644]
T > e pute 5% 10714 2x 1071 1.1 x 1077 [644]
T uw 2x107° 58x 1078 5.8 x 1078 [183]
T —>enm 2% 107° 44 %1078 4.4 %1078 [183]
T Uy 6 x 10710 2x 1078 5.1 x 1078 [183]
T—en 6 x 10710 2% 1078 4.5 x 1078 [183]
T uny 7% 10710 3x 1078 5.3 x 1078 [183]
T—en 7 x 10710 3x 1078 9.0 x 1078 [183]

reach the present experimental upper bounds, in particular
for low values of f, and are very interesting in view of new
experiments taking place in this and the coming decade.

The situation is different in the case of K; — ue, K; —
zro,ue and By s — £;{k, due to the double GIM suppression
in the quark and lepton sectors. E.g. B(Kj — pe) canreach
values of at most 3 x 10~!3 which is still one order of mag-
nitude below the current bound, and K; — 70 We is even by
two orders of magnitude smaller. Still, measuring the rates
for K; — pe and K; — noue would be desirable, as, due
to their sensitivity to Re(éi(K)) and Im(éi(K)) respectively,
these decays can shed light on the complex phases present
in the mirror quark sector.

While the possible huge enhancements of LFV branch-
ing ratios in the LHT model are clearly interesting, such ef-
fects are common to many other NP models, such as the
MSSM, and therefore cannot be used to distinguish these
models. However, correlations between various branching
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ratios should allow a clear distinction of the LHT model
from the MSSM. While in the MSSM [169, 175, 242, 649,
650] the dominant role in decays with three leptons in the fi-
nal state and in p—e conversion in nuclei is typically played
by the dipole operator, in [639] it is found that this operator
is basically irrelevant in the LHT model, where Z°-penguin
and box diagram contributions are much more important. As
can be seen in Table 11 and also in Fig. 5 this implies a strik-
ing difference between various ratios of branching ratios in
the MSSM and in the LHT model and should be very useful
in distinguishing these two models. Even if for some decays
this distinction is less clear when significant Higgs contri-
butions are present [169, 175, 650], it should be easier than
through high energy processes at LHC.

Another possibility to distinguish different NP models
through LFV processes is given by the measurement of
u — ey with polarized muons. Measuring the angular dis-
tribution of the outgoing electrons, one can determine the
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Table 11 Comparison of various ratios of branching ratios in the LHT model and in the MSSM without and with significant Higgs contributions

[639]

Ratio LHT MSSM (dipole) MSSM (Higgs)
B(u~ — e ete™)/B(u— ey) 0.4-2.5 ~6 x 1073 ~6 x 1073
B(t~ — e ete™)/B(t — ey) 04-2.3 ~1x 1072 ~1 x 1072
B(t~ — u putuT)/B(t — uy) 04-2.3 ~2x1073 0.06-0.1

Bt~ = e utu™)/B(t — ey) 0.3-1.6 ~2x 1073 0.02-0.04
B(t~ — pu~ete ) /Bt — py) 0.3-1.6 ~1x 1072 ~1 x 1072
Bt~ — e ete”)/B(r™ = e putu7) 1.3-1.7 ~5 0.3-0.5

Bt~ = pu putu7)/B(t™ = u"ete) 1.2-1.6 ~0.2 5-10

R(uTi — eTi)/B(u — ey) 0.01-100 ~5x1073 0.08-0.15

size of left and right handed contributions separately [651].
In addition, detecting also the electron spin would yield in-
formation on the relative phase between these two contribu-
tions [652]. We recall that the LHT model is peculiar in this
respect as it does not involve any right handed contribution.
On the other hand, the contribution of mirror leptons to
(g — 2),1, being a flavor conserving observable, is negli-
gible [639, 643], so that the possible discrepancy between
SM prediction and experimental data [653] cannot be cured.
This should also be contrasted with the MSSM with large
tan 8 and not too heavy scalars, where those corrections
could be significant, thus allowing to solve the possible dis-
crepancy between SM prediction and experimental data.

5.1.3.3 Conclusions We have seen that LFV decays open
up an exciting playground for testing the LHT model. In-
deed, they could offer a very clear distinction between this
model and supersymmetry. Of particular interest are the ra-
tios B(¢; — eee)/B({; — ey) that are O(1) in the LHT
model but strongly suppressed in supersymmetric models
even in the presence of significant Higgs contributions. Sim-
ilarly, finding the p—e conversion rate in nuclei at the same
level as B(w — ey) would point into the direction of LHT
physics rather than supersymmetry.

5.1.4 Low scale triplet Higgs neutrino mass scenarios in
little Higgs models

An important open issue to address in the context of lit-
tle Higgs models is the origin of non-zero neutrino masses
[654—658]. The neutrino mass mechanism which naturally
occurs in these models is the triplet Higgs mechanism [244]
which employs a scalar with the SU(2); x U(1)y quan-
tum numbers 7 ~ (3,2). The existence of such a multi-
plet in some versions of the little Higgs models is a direct
consequence of global symmetry breaking which makes the
SM Higgs light. For example, in the minimal littlest Higgs
model [625], the triplet Higgs with non-zero hypercharge
occurs from the breaking of global SU(5) down to SO(S)

symmetry as one of the Goldstone bosons. Its mass M7 ~
gs f, where gg < 4 is a model dependent coupling constant
in the weak coupling regime [659], is therefore predicted to
be below the cut-off scale A, and could be within the mass
reach of LHC. The present lower bound for the invariant
mass of T is set by Tevatron to M7 > 136 GeV [660, 661].

Although the triplet mass scale is of order O(1) TeV, the
observed neutrino masses can be obtained naturally. Due to
the specific quantum numbers the triplet Higgs boson cou-
ples only to the left-chiral lepton doublets L; ~ (2, —1),
i =e, 1, T, via the Yukawa interactions of (3.63) and to the
SM Higgs bosons via (3.64). Those interactions induce lep-
ton flavor violating decays of charged leptons which have
not been observed. The most stringent constraint on the
Yukawa couplings comes from the upper limit on the tree-
level decay u — eee andis' Y£Y7" <3 x 1075 (M /TeV)?
[662, 663]. Experimental bounds on the tau Yukawa cou-
plings are much less stringent. The hierarchical light neu-
trino masses imply Y., Y;M K Y7* consistently with the
direct experimental bounds.

Non-zero neutrino masses and mixing is presently the
only experimentally verified signal of new physics beyond
the SM. In the triplet neutrino mass mechanism [244] pre-
sented in Sect. 3.2.3.2 the neutrino masses are given by

(my) =vi vy, (5.26)
where vr is the induced triplet VEV of (3.65). It is nat-
ural that the smallness of neutrino masses is explained by
the smallness of vr. In the little Higgs models this can be
achieved by requiring the Higgs mixing parameter u << Mr,
which can be explained, for example, via shining of explicit
lepton number violation from extra dimensions as shown in
Refs. [664, 665], or if the triplet is related to the Dark Energy
of the Universe [666, 667]. Models with additional (approx-
imate) T-parity [626] make the smallness of v technically

5Tn little Higgs models with T-parity there exist additional sources of
flavor violation from the mirror fermion sector [639, 643] discussed in
the previous subsection.
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natural (if the T-parity is exact, vy must vanish). In that case
Yrvr ~ O(0.1) eV while the Yukawa couplings Y can be
of order charged lepton Yukawa couplings of the SM. As a
result, the branching ratio of the decay T — WW is negli-
gible. We also remind that v contributes to the SM oblique
corrections, and the precision data fit T <2x 1074 [668]
sets an upper bound vy < 1.2 GeV on that parameter.

Notice the particularly simple connection between the
flavor structure of light neutrinos and the Yukawa couplings
of the triplet via (5.26). Therefore, independently of the
overall size of the Yukawa couplings, one can predict the
leptonic branching ratios of the triplet from neutrino oscil-
lations. For the normally hierarchical light neutrino masses
neutrino data implies negligible 7' branching fractions to
electrons and B(TTt — putut) ~ B(TTt - tttH) =~
B(T*T — putt™) ~ 1/3. Those are the final state signa-
tures predicted by the triplet neutrino mass mechanism for
collider experiments.

At LHC T can be produced singly and in pairs. The
cross section of the single T+ production via the WW fu-
sion process [662] gg — q'q’T+™* scales as ~ v%. In the
context of the littlest Higgs model this process, followed
by the decays T+ — WHTW™, was studied in Refs. [669—
671]. The detailed ATLAS simulation of this channel shows
[671] that in order to observe an 1 TeV 71+, one must
have vr > 29 GeV. This is in conflict with the precision
physics bound vy < 1.2 GeV as well as with the neutrino
data. Therefore the WW fusion channel is not experimen-
tally promising for the discovery of doubly charged Higgs.

On the other hand, the Drell-Yan pair production process
[662, 672-678]

pp— TTHT—~

is not suppressed by any small coupling and its cross sec-
tion is known up to next to leading order [674] (possible
additional contributions from new physics such as Zy are
strongly suppressed and we neglect those effects here). Fol-
lowed by the lepton number violating decays T++ — ¢*¢+,
this process allows to reconstruct 7+ invariant mass from
the same charged leptons rendering the SM background
to be very small in the signal region. If one also assumes
that neutrino masses come from the triplet Higgs interac-
tions, one fixes the 7% leptonic branching ratios. This al-
lows to test the triplet neutrino mass model at LHC. The pure
Monte Carlo study of this scenario shows [677] that T++
up to the mass 300 GeV is reachable in the first year of LHC

. m3 (14 8LL)
(4 &)
(A —p*tan B)ymg + mpmpgs="'
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(A* — wtan BYymy +mpmpstR (h)
m%(l + 8RR

(L =11fb"") and T** up to the mass 800 GeV is reach-
able for the luminosity L = 30 fb~!. Including the Gaussian
measurement errors to the Monte Carlo the corresponding
mass reaches become [677] 250 GeV and 700 GeV, respec-
tively. The errors of those estimates of the required luminos-
ity for discovery depend strongly on the size of statistical
Monte Carlo sample of the background processes.

5.2 Flavor and CP violation in SUSY extensions of the SM

Supersymmetric models provide the richest spectrum of lep-
ton flavor and CP-violating observables among all mod-
els. They are also among the best studied scenarios of new
physics beyond the standard model. In this Section we re-
view phenomenologically most interesting aspects of some
of the supersymmetric scenarios.

5.2.1 Mass insertion approximation and phenomenology

In the low energy supersymmetric extensions of the SM
the flavor and CP-violating interactions would originate
from the misalignment between fermion and sfermion mass
eigenstates. Understanding why all these processes are
strongly suppressed is one of the major problems of low
energy supersymmetry, the supersymmetric flavor and CP
problem. The absence of deviations from the SM predic-
tions in LFV and CPV (and other flavor changing processes
in the quark sector) experiments suggests the presence of
a quite small amount of fermion-sfermion misalignment.
From the phenomenological point of view those effects
are most easily described by the mass insertion approxima-
tion.

The relevant one loop amplitudes can be exactly writ-
ten in terms of the general mass matrix of charginos and
neutralinos, resulting in quite involved expressions. To ob-
tain simple approximate expressions, it is convenient to use
the so-called mass insertion method [145, 679]. This is a
particularly convenient method since, in a model indepen-
dent way, the tolerated deviation from alignment is quan-
tified by the upper limits on the mass insertion §’s, de-
fined as the small off-diagonal elements in terms of which
sfermion propagators are expanded, normalized with an av-
erage sfermion mass, §;; = A;;/ m? They are of four types:

8“‘, SRR §RL gand §LR, according to the chiralities of the

corresponding partner fermions. We shall adopt here the
usual convention for the slepton mass matrix in the basis
where the lepton mass matrix m, is diagonal:

LR
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where m, mp, are respectively the average real masses of
the left handed and right handed sleptons and A contains
only the diagonal entries the trilinear matrices at the elec-
troweak scale. Notice that these flavor diagonal left-right
mixing are always present in any MSSM and play a very
important role in LFV processes. In this way, our §/% con-
tain only the off-diagonal elements of the trilinear matrices.
This definition is then slightly different from the original de-
finition in Refs. [145, 680]. The deviations from universality
are then all gathered in the different § matrices.

Each element in these 6 matrices can be tested by ex-
periment. Searches for the decay ¢; — £;y provide bounds
on the absolute values of the off-diagonal (flavor violat-
ing) |5ij|, |SRR |, |5iLjR| and |55.L|, while measurements of
the lepton EDM (MDM), parameters and their CP-violating
phases, also provide limits on the imaginary (real) part
of combinations of flavor violating §’s, SLLSIL,R, 8LR3ﬁR,
SLLSRR and §LR (SLZ.R. Many authors have addressed the is-
sue of the bounds on these misalignment parameters and

phases in the sleptonic sector [680]. Following [163] we
present the current limits on ;© — ey and we analyze the im-
pact of the planned experimental improvements on T — 1y .
In the basis where Y; is diagonal, and in the mass insertion
approximation, the branching ratio of the process reads

4

B(ti — £jy) =107 x B(t; — £;Vv))—y-
my

(5.27)

X tan2ﬂ|5,~LjL|2FSUSY,

where Fsysy = O(1) is a function of supersymmetric
masses including both chargino and neutralino exchange
(see e.g., [163], and references therein). We focus for def-
initeness on the mSUGRA scenario, also assuming gaug-
ino and scalar universality at the gauge coupling unification
scale and fixing u as required by the radiative electroweak
symmetry breaking.

As for LFV, Figs. 7 and 8 display the upper bounds on the
|8]’s in the (M1, mg) plane, where M| and mp are the bino
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Fig.7 Upper limits on §12’s in mSUGRA. Here M and mg are the bino and right-slepton masses, respectively
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Fig. 8 Upper limits on §,3’s in mSUGRA. Here M| and mg are the bino and right-slepton masses, respectively
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and right-slepton masses, respectively. Deviations from the
mSUGRA assumptions can be estimated by means of rela-
tively simple analytical expressions. In Figs. 7 and 8 we can
see that the bounds on SﬁR depend strongly and are prac-
tically absent for some values of M| and mpg. This fact is
due to a destructive interference between the bino and bino-
higgsino amplitudes [163]. On the contrary, the limits on
3JL,.L are robust because of a constructive interference be-
tween the chargino and bino amplitudes. A weaker bound
on § fezR on the cancellation regions can be obtained combin-
ing the experimental information from the decays u — ey,
i — eee and p—e conversion in nuclei [165, 681]. The
present limits on u — ey provide interesting constraints on
the related §’s. As will be discussed in the following, the
present sensitivity already allow to test these §’s at the level
of the radiative effects. Such a sensitivity could hopefully be
reached also in future experiments on 7 — Uy.

Another issue is the origin of the CP-violating phases
in the leptonic EDMs. Unless the sparticle masses are in-
creased above several TeVs, the phases in the flavor diag-
onal elements of the slepton left-right mass matrices (in
the lepton flavor basis), in the parameters p and A; of
supersymmetric models, have to be quite small, and this
constitutes the so-called supersymmetric CP problem. For
the bounds on the sources of CPV also associated to FV,
like e.g. Im(SiLjLSﬁ.R)ge and so on, we refer to the plots in
Ref. [163].

5.2.2 Lepton flavor violation from RGE effects in SUSY
seesaw model

5.2.2.1 Predictions from flavor models Consider first the
possibility that flavor and CP are exact symmetries of the
soft supersymmetry breaking sector defined at the appropri-
ate cutoff scale A (to be identified with the Planck scale for
supergravity, the messenger mass for gauge mediation, etc).
If below this scale there are flavor and CP-violating Yukawa
interactions, it is well-known that in the running down to
msysy they will induce a small amount of flavor and CP
violation in sparticle masses.

The Yukawa interactions associated to the fermion mass-
es and mixing of the SM clearly violate any flavor and CP
symmetries. However, with the exception of the third gener-
ation Yukawa couplings, all the entries in the Yukawa ma-
trices are very small and the radiatively induced misalign-
ment in the sfermion mass matrices turns out to be negligi-
ble. The Yukawa interactions of heavy states beyond the SM
coupling to the SM fermions induce misalignments propor-
tional to a proper combination of their Yukawa couplings
times Inmg/A, where mr represents the heavy state mass
scale. This is the case for the seesaw interactions of the right
handed neutrinos [144, 145] and/or the GUT interactions of
the heavy colored triplets [682, 683] (those eventually ex-
changed in diagrams inducing proton decay). Notice that
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the observation of large mixing in light neutrino masses,
may suggest the possibility that also the seesaw interactions
could significantly violate flavor- and potentially also CP,
in particular in view of the mechanism of leptogenesis. Re-
markably, for sparticle masses not exceeding the TeV, the
seesaw and colored-triplet induced radiative contributions to
the LFV decays and lepton EDM might be close to or even
exceed the present or planned experimental limits. Clearly,
these processes constitute an important constraint on seesaw
and/or GUT models.

For instance, in a type I seesaw model in the low energy
basis where charged leptons are diagonal, the ij element of
the left handed slepton mass matrix provides the dominant
contribution in the decay £; — £;y. Assuming, for the sake
of simplicity, an mSUGRA spectrum at A = Mpj, one ob-
tains at the leading log [178]:

L (5.28)

Mpy
Cij = ZYVZiYij In Vk’
k

where mo and Ag are respectively the universal scalar
masses and trilinear couplings at Mpy, mi is an average
left handed slepton mass and Mj the mass of the right
handed neutrino with k = 1,2,3. An experimental limit
on B({; — £;y) corresponds to an upper bound on |Cjj|
[38, 233]. For 4 — ey and t — py this bound is shown in
Fig. 9 as a function of the right handed selectron mass.

The seesaw model dependence resides in C;;. Notice that
in the fundamental theory at high energy, the size of C;; is
determined both by the Yukawa eigenvalues and the large-
ness of the mixing angles of Vg, Vi, the unitary matrices
which diagonalize Y, (in the basis where Mg and Y, are di-
agonal): VRY, V| = Y‘fdiag). The left handed misalignment
between neutrino and charged lepton Yukawa’s is given by
Vi and, due to the mild effect of the logarithm in C;;, in
first approximation Vp itself diagonalizes C;;. If we con-
sider hierarchical Y, eigenvalues, Y3 > Y, > Y7, the contri-
butions from k =1, 2 in (5.28) can in first approximation be
neglected with respect to the contribution from the heaviest
eigenvalue (k = 3):
|Cij| ~ V013 Vi j31 Y5 log(Mp1/ M3). (5.29)
Taking supersymmetric particle masses around the TeV
scale, it has been shown that many seesaw models predict
|Cyel and/or |Cy,| close to the experimentally accessible
range. Let us consider the predictions for the seesaw-RGE
induced contribution to T — uy and u — ey in the flavor
models discussed previously.
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Fig. 9 Upper limit on C3; and
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The present experimental bound on 7 — py is not
very strong but nevertheless promising. In models with
“lopsided” Y, one has Vp3;Vi3y ~ 1/2, hence |Cyy| =
0@ x Y32), for M3 ~ 4 x 10" GeV. This is precisely the
case for the U (1) flavor model discussed in Sect. 2.2, where
Y3~ €"5 with € ~ 0.22 (the Cabibbo angle). For this model,
planned v — py searches could thus be successful if the
heaviest right handed neutrino has null charge, n5 = 0. On
the contrary, in models with small V53 mixing, like in the
non-Abelian models discussed previously, the seesaw-RGE
induced effect is below the experimental sensitivity.

The present experimental bound on p — ey is already
very severe in constraining |Cy.|. For instance, if V; ~
Vcku, one obtains Cp, = 0(10’3 X Y32). As can be seen
from Fig. 9, Vi, could in future be tested at a CKM-level if
Y3 = O(1) [164]. The predictions for u — ey are however
very model dependent. For the simple U (1) flavor model
of Sect. 2.2, the mixings of V; are of the same order of
magnitude as those of Upmns and one expects |[Cpe| =
08 x 62”5“): if n§ = 0 the prediction exceeds the experi-
mental limit, which is respected only with n5 > 1 [684]. On
the contrary, the non-Abelian models discussed previously
have Y3 ~ 1, but the Vy-mixings are sufficiently small to
suppress the seesaw-RGE induced effect below the present
experimental level [164].

5.2.2.2 Parameter dependence for degenerate heavy neutri-
nos Equation (5.28) indicates that LFV in the minimal su-
persymmetric seesaw model depends on soft supersymmetry
breaking masses as well as on the seesaw parameters. The
latter can be parameterized via the heavy and light neutrino
masses, the light neutrino mixing matrix and the orthogonal
matrix R of (3.45). The three complex mixing angles para-
meterizing R can be written as éj =x;+iy;, j=12,3.
For the following numerical examples we use the nSUGRA
point SPS1a [685] for SUSY breaking masses.

In the case of degenerate heavy neutrino masses, M; =
Mg (i =1,2,3), and real R, the R dependence in (5.28)
and hence also in B(l; — [jy) drops out. However, if R is
complex, the LFV observables have more freedom since the
dependence on y; can be as significant as the Mp depen-
dence, as Fig. 10 shows. For small |y;|, the change in YJ Y,
is approximately

AR (Y, Yy) ~ Upnns diag(y/m; ) (R'R — 1)

x diag(v/m; ) Upins» (5.30)

while the renormalization effects on the soft supersymmetry
breaking masses can be estimated via [273]
m = 0.5m3M? ) (m3 +0.6M? ), (5.31)
where M5 is the universal gaugino mass at high scale. In
certain cases, the leading logarithmic approximation fails, as

pointed out in [238, 273, 275, 686].
Equation (5.30) implies three features seen in Fig. 10:

(i) Compared to the case of degenerate light neutrino
masses, the y dependence in the hierarchical case is
weaker.

(i) Observables like (5.27) are larger in the case of com-
plex R than in the case of real R. For a given Mg, even
small values of y can enhance a process by orders of
magnitude.

(iii) In contrast to the real R case, where B(l; — [;y) for
degenerate light neutrinos is always larger than for hi-
erarchical light neutrinos, the relative magnitude can be
reversed for complex R.

To examine the parameter dependence of rare decays at
large |y;| > 0.1, we extend the above analysis to the case
where the y; are independent of one another. For random
values of all parameters in their full ranges, the typical be-
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Fig. 10 (Color online) Degenerate heavy neutrinos: LFV branching ratio versus |y;| = y for fixed M; = Mg = 10'2 GeV in mSUGRA scenario
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Fig. 11 Degenerate heavy neutrinos: LFV branching ratios versus

Mg,/ y12 + y% + y32, for light neutrinos. The y; are scattered logarith-
mically in the range 10~ < |y;| < 1 (independently of one another)
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(J #Kk), (5.32)

is found, with C; = O(1), slightly dependent on j, k. This
behavior can be seen in Fig. 11 for degenerate light neutri-
nos. Thus for large |y;| all rare decays may be of a similar
order of magnitude. For hierarchical light neutrinos, a simi-
lar behavior is observed, but versus M 12e only.

5.2.2.3 Parameter dependence for hierarchical heavy neu-
trinos Hierarchical spectrum of heavy Majorana neutrinos,
M| <« My <« M3, is well motivated by the arguments of
light neutrino mass and mixing generation and leptogen-
esis. Requiring successful thermal leptogenesis puts addi-
tional constraints on the seesaw parameters and constrains
the LFV observables [329]. This is the approach we take
in this subsection. In particular, the relation (3.93) implies
a lower bound on M [306], e.g., if €] > 107°, then M; >
5 x 10° GeV. Furthermore, to allow for thermal production
of right handed neutrinos after inflation, one has to exclude
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and Mp is scattered logarithmically in the range 10'® < Mg < Mgur-.

The x; are scattered over 0 < x; < 27w

M > 101 GeV, at least in simple scenarios. Otherwise a too
high re-heating temperature would lead to an overabundance
of gravitinos, whose decays into energetic photons can spoil
big bang nucleosynthesis. Details of leptogenesis have been
described in Sect. 3.3.1.

Assuming hierarchical light neutrinos with Amzol <
2, the condition to reproduce the experimental
baryon asymmetry, nz = (6.3 £ 0.3) x 10719, puts con-
straints on M and the R matrix [687]. This is illustrated
in Fig. 12 in the M—x; plane. For M| < 10! GeV, x has
to approach the values 0, 7, 2. A similar behavior is ob-
served in the M—x3 plane.

Taking M| = 10'9 GeV and x, ~ X3 X n - mw, experi-
mental bounds on B(u — ey) can be used to constrain
the heavy neutrino scale, here represented by the heaviest
right handed neutrino mass M3, as shown in the right plot
of Fig. 12. Quantitatively, the present bound on B(u —
ey) already constrains M3 to be smaller than ~1013 GeV,
while the MEG experiment at PSI is sensitive to M3 <
0(10'?) GeV. If no signal is observed it will be difficult
to test the type I seesaw model considered here at future col-
liders.

m%<Am
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Fig. 13 The branching ratios of the LFV decays ©u — e+ y and t —
i+ y versus m in the cases of complex and real matrix R with o =
0; w/2; w. The three parameters describing the matrix R [275, 545]
are generated randomly. The SUSY parameters are tan 8 = 10, mo =
100 GeV, my ;2 =250 GeV, Ag = —100 GeV, and the neutrino mixing

5.2.2.4 Effects of renormalization of light neutrino masses
on LFV The RG running of the neutrino parameters
can have an important impact on lepton flavor violating
processes in MSSM extended by right handed neutrinos.
In this example we assume universal soft SUSY break-
ing terms at GUT scale and degenerate heavy neutrinos
with mass Mgr. The running effects below Mpg are rel-
atively small when tan8 is smaller than 10 and/or m;
is much smaller than 0.05 eV. Because the combination
s1ocipc3(my — mgei"‘M), where we use the notation of
Sect. 3.2.3.3, is practically stable against the RG running,
and this combination is the dominant term of (YJ Y))21 when
apy =0, 013 =0 and R* = R are satisfied, the running ef-
fect on LFV can be neglected in this case [275]. In gen-
eral, (YJYU)zl and B(it — e + y) can depend strongly on
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Xy & x3 ~ n - m. All other seesaw parameters are scattered in their
allowed ranges for hierarchical light and heavy neutrinos. The solid
(dashed) line indicates the present (expected future) experimental sen-
sitivity
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parameters are Amé =8.0x 107 eV?, Am2,, =22 x 1073 eV?,

tan? 0o = 0.4, tan? Oy = 1, and sin6;3 = 0.0. The neutrino mass
spectrum at Mz is assumed to be with normal hierarchy, m|(Mz) <
ma(Mz) < m3(Mz). The right handed neutrino mass spectrum is taken
to be degenerate as M| = My = M3 =2 x 10'3 GeV [275]

013 and RG running has to be taken into account [686,
688]. Note that due to RG running, the value of 63 at
My differs from 0, even if 6;3 = 0 is assumed at low en-
ergy [275].

In many cases, the running of the neutrino parameters
can significantly affect the prediction of the LFV branch-
ing ratios. In particular, for 0.05 < m; < 0.30 eV, 30 <
tan 8 < 50, the predicted 4 — e+ y and t — ¢ + y de-
cay branching ratios, B(u — e + y) and B(t — ¢ + y),
can be enhanced by the effects of the RG running of ¢;; and
mj by 1 to 3 orders of magnitude if 7/4 < ay S, while
B(t — u+y) can be enhanced by up to a factor of 10 [275].
The effects of the running of the neutrino mixing parame-
ters of B(u — e + y) and B(t — e + y) are illustrated in
Fig. 13.
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5.2.3 Correlations between LFV observables and collider
physics

5.2.3.1 Correlations of LFV rare decays Equations (5.27)
and (5.28) imply correlations between different LFV ob-
servables. In addition to the correlations between different
classes of LFV observables in the same flavor mixing chan-
nels, the assumed LFV mechanism induces also correlations
among the |(m L),-Zj |> and hence among observables of dif-
ferent flavor mixing channels. In this framework, the ratios
of the branching ratios are approximately independent of

SUSY parameters:

I(YSLY,)o3
I(YILY,)12[?

B(t — py)
B(u — ey)

(5.33)

Thus the measurement of the ratio between the decay rates
of the different LFV channels can provide unique informa-
tion on the flavor structure of the lepton sector. The ratios
of interest, such as (5.33), can exhibit, for instance, strong
dependence on CP-violating parameters in neutrino Yukawa
couplings [691] especially in the case of quasi-degenerate
heavy RH neutrinos. As a consequence such correlations
have been widely studied (see, e.g., [38, 178, 238, 242, 249,
329, 334, 649, 691, 693] and the references quoted therein).

Consequently, bounds on one LFV decay channel (process)
will limit the parameter space of the LFV mechanism and
thus lead to bounds on the other LFV decay channels
(processes). In Fig. 14, the correlation induced by the type I
seesaw mechanism between B(u — ey) and B(t — uy)
is shown, and the bounds induced by the former on the
latter can be easily read off. Interestingly, these bounds
do not depend on whether hierarchical or quasi-degenerate
heavy and light neutrinos are assumed. The present and fu-
ture prospective bounds are summarized in Table 12. Note
that the present upper bound on B(u — ey) implies a
stronger constraint on B(t — wy) than its expected future
bound.

The above results were derived in the simplifying case
of a real R matrix. For complex R with |y;| < I there is
no significant change with respect to the results in Table 12
in the case of hierarchical heavy and hierarchical light neu-
trinos due to the weak R dependence of B(u — ey) and
B(t — wny). However, for quasi-degenerate light neutrinos,
B(t — py) is lowered by roughly one order of magnitude,
somewhat spoiling the overlap of all scenarios observed in
Fig. 14.

In Fig. 15, we display the correlation between B(u —
ey) and B(t — uy) for complex R and some fixed values
of Mp in the case of quasi-degenerate RH neutrino masses
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Fig.14 B(tr — py) versus B(u — ey), in mSUGRA scenario SPS1a
with neutrino parameters scattered within their experimentally allowed
ranges [689]. For quasi-degenerate heavy neutrino masses, both hi-
erarchical (triangles) and quasi-degenerate (diamonds) light neutrino
masses are considered with real R and 10'! < Mz < 10'*5 GeV.

Br(u—ey)

In the case of hierarchical heavy and light neutrino masses (stars),
the x; are scattered over their full ranges 0 < x; < 27 and the y;
and M; are scattered within the bounds demanded by leptogenesis
and perturbativity. Also indicated are the present experimental bounds
B(u— ey) < 1.2 x 107" and B(r — py) < 6.8 x 1078 [191, 690]

Table 12 Present and expected future bounds on B(u — ey) from experiment, and bounds on B(t — py) from (i) experiment (ii) the bound on
B(n — ey) together with correlations from the SUSY type I seesaw mechanism

B(u — ey) (exp.) B(zr — py) (exp.) B(t — py)?
Present 1.2 x 10711 6.8 x 1078 107
Future 10~14 10~ 10712

afrom B(u — ey) (exp.) and SUSY seesaw
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Fig. 16 Correlation of LFV LC processes and rare decays in the ejt-channel (left) and the pt-channel (right). The seesaw parameters are scattered
as in Fig. 14. The mSUGRA scenarios used are (from left to right): SPS1a, G’ (ex) and C’, B, SPSla, I’ (1)

and a normal and inverted hierarchical light neutrino mass
spectrum. We note that, as Fig. 15 suggests, B(t — uy)
is almost independent of the CP violating parameters and
phases respectively in R and U, while the dependence of
B(u — ey) on the CP-violating quantities is much stronger.
This is reflected, in particular, in the fact that for a fixed Mg,
B(t — py) is practically constant while B(u — @y) can
change by 2-3 orders of magnitude.

If the w — ey and T — uy decays will be observed, the
ratio of interest can give unique information on the origin of
the lepton flavor violation.

5.2.3.2 LFV rare decays and linear collider processes In
high energy eTe™ colliders [692], feasible tests of LFV are
provided by the processes eTe™ — l~a_l~2' — li_l;r + 2)2?.
Analogously to (5.27), one can derive the approximate ex-
pression [695]

o(e+e_ — li_l}F + 2)210)

_Gmu)} P

+ - —+ ~0
mlgl"iz J(e e =17l +2X1),

(5.34)

for the production cross section in the limit of small slep-
ton mass corrections. By comparing (5.27) with (5.34), it is
immediately apparent that the linear collider (LC) processes
are flavor-correlated with the rare decays considered previ-
ously. These correlations are shown in Fig. 16 for the two
most important channels.

This observation implies that once the SUSY parameters
are known, a measurement of, e.g., B(u — ey) will lead to
a prediction for o (eTe™ — pe+2 f(?). Quite obviously, this
prediction will be independent of the specific LFV mecha-
nism (seesaw or other). Figure 16 also demonstrates that the
uncertainties in the neutrino parameters nicely drop out ex-
cept at large cross sections and branching ratios.
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In the previous results we have assumed a specific choice
of the as yet unknown mSUGRA parameters. The results of
a more systematic study of the model dependence are visual-
ized in Fig. 17 by contour plots for o (eTe™ — ute™ + 2)2?)
and B(u — ey) in the mo—mj 2 plane with the remaining
mSUGRA parameters fixed.

o(ete - ure +21)) / b, Vs=1500 GeV

1400

1200

1000

800

mip / GeV

600

400

200

800 1000 1200 1400
my / GeV

200 400 600

Fig. 17 Contours of the polarized cross section o(ete™ —
ure™ + 2)??) (solid) and B(u — ey) (dashed) in the mo—m > plane.
The remaining mSUGRA parameters are Ag = 0 GeV, tanf =5,
sign(u) = +. The energy and beam polarizations are /s,, = 1.5 TeV,
P, =409, P,+ = +0.7. The neutrino oscillation parameters are
fixed at their central values as given in [689], the lightest neutrino mass
m1 = 0 and all complex phases are set to zero, and the degenerate right
handed neutrino mass scale is Mg = 10'* GeV. The shaded (red) ar-
eas are already excluded by mass bounds from various experimental
sparticle searches
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events per year at the LHC and B(u — ey) in mSUGRA scenario
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5.2.3.3 LFV rare decays and LHC processes At the LHC,
a feasible test of LFV is provided by squark and gluino pro-
duction, followed by cascade decays of squarks and gluinos
via neutralinos and sleptons [696, 697]:

PP > qaqb> £4a> 88,

Ga(® — 7394(9),
o - (5.35)
Xy —> lalg,

lN(x - X‘?lﬁv

where a, b run over all squark mass eigenstates, includ-
ing antiparticles, and «, 8 are slepton (lepton) mass (flavor)
eigenstates, including antiparticles. LFV can occur in the
decay of the second lightest neutralino and/or the slepton,
resulting in different lepton flavors, o % . The total cross
section for the signature /; lg + X can then be written as

o(pp— Iyl +X)

_ [Za(pp > Gads) % B(da — 7342)
a,b

+Y 0 (pp = Gad) x (B(da — %94a)
a

+B(g— 73g)) +o(pp— §8) x B(g — X?g)}

x B(7 = Ig15 11),
where X can involve jets, leptons and LSPs produced by
lepton flavor conserving decays of squarks and gluinos, as
well as low energy proton remnants. The LFV branching ra-
tio B()Zg — l‘j‘l; )Z?) is for example calculated in [698] in
the framework of model-independent MSSM slepton mix-
ing. In general, it involves a coherent summation over all
intermediate slepton states.

Just as for the linear collider discussed in the previous
section, we can correlate the expected LFV event rates at
the LHC with LFV rare decays. This is shown in Fig. 18 for

(5.36)
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(red boxes) and deg. vg/1 (green triangles). The respective neutrino
parameter scattering ranges are as in Fig. 14. An integrated LHC lu-
minosity of 100 fb~! is assumed. The current limit on B(u — ey) is
displayed by the vertical line
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the event rates N (3 — ute 1) and N(3) — v~ 1),
respectively, originating from the cascade reactions (5.35).
Both are correlated with B(u — ey), yielding maximum
rates of around 10?73 per year for an integrated luminosity
of (100 fb_l) in the mSUGRA scenario C’, consistent with
the current limit on B(u — ey).

As in the linear collider case, the correlation is approxi-
mately independent of the neutrino parameters, but highly
dependent on the mSUGRA parameters. This is contem-
plated further in Fig. 19, comparing the sensitivity of the sig-
nature N()Zg — /ﬂ‘e_)Z?) at the LHC with B(u — ey) in
the mo—m1,2 plane. As for the linear collider, LHC searches
can be competitive with the rare decay experiments for
small mg =~ 200 GeV. Tests in the large-m region are again
severely limited by collider kinematics.

Up to now we have considered LFV in the class of type I
SUSY seesaw model described in Sect. 3.2.3.1, which is
representative of models of flavor mixing in the left handed
slepton sector only. However, it is instructive to analyze gen-
eral mixing in the left and right handed slepton sector, inde-
pendent of any underlying model for slepton flavor viola-
tion. The easiest way to achieve this is by assuming mixing
between two flavors only, which can be parameterized by a
mixing angle 6, /g and a mass difference (Am)z g between
the sleptons, in the case of left/right handed slepton mixing,
respectively.'® In particular, the left/right handed selectron

+,-~0

N()?(z)—’ﬂ e X]) @ IOOfb_l, deg, VR

fo 1
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800
>
()
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g o 1071t
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r 51071
200
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Fig. 19 Contours of the number of )Zg — ute” )Z? events at the LHC
with an integrated luminosity of 100 ! (solid) and of B(u — ey)
in the mo-m1 2 plane. The remaining mSUGRA and neutrino oscilla-
tion parameters are as in Fig. 17. The shaded (red) areas are already
excluded by mass bounds from various experimental sparticle searches

16Note that this is different to the approach in [698], where the slepton
mass matrix elements are scattered randomly.
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and smuon sector is then diagonalized by

[ e
({1> =U. ~L/R s with

173 AL/R

0 in6
u=|[ C7HR SRULIRY (5.37)
—smGL/R COSOL/R

and a mass difference mj, — mj = (Am)r/r between

the slepton mass eigenvalues.!” The LFV branching ratio
B( )Zg — ute )Z?) can then be written in terms of the mix-
ing parameters and the flavor conserving branching ratio
B(7) — ete 1) as

B(x3 — whe 1)

(Am)%/R

=2 SiI’l2 QL/R COS2 QL/R—
@+ 17

+ (5.38)

X B()Zg —>e e_)Z?),
where [7 is the average width of the two sleptons involved.
Maximal LFV is thus achieved by choosing 6 ,r = 7/4
and (Am)L/Rr > I5. For definiteness, we use (Am)p/gr =
0.5 GeV. The results of this calculation can be seen in
Fig. 20, which shows contour plots of N (f(g — ute” )Z?)
in the mo-my,> plane for maximal left and right handed
slepton mixing, respectively. Also displayed are the corre-
sponding contours of B(u — ey). We see that the present
bound B(u — ey) = 107! still permits sizable LFV sig-
nal rates at the LHC. However, B(u — ey) < 10714
would exclude the observation of such an LFV signal at
the LHC.

5.2.4 Impact of 013 on LFV in SUSY seesaw

In this subsection we present the results of the LFV tau
and muon decays within the SUSY singlet-seesaw con-
text. Specifically, we consider the constrained minimal su-
persymmetric standard model (CMSSM) extended by three
right handed neutrinos, vg, and their corresponding SUSY
partners, Vg, (i =1,2,3), and use the seesaw mechanism
for the neutrino mass generation. We include the predic-
tions for the branching ratios (BRs) of two types of LFV
channels, /; — [;y and [; — 3[;, and compare them with
the present bounds and future experimental sensitivities. We
first analyze the dependence of the BRs with the most rel-
evant SUSY-seesaw parameters, and we then focus on the
particular sensitivity to 613, which we find specially inter-
esting on the light of its potential future measurement. We

In case of left handed mixing, the mixing angle 6, and the mass
difference (Am)y are also used to describe the sneutrino sector.
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Fig. 20 Contours of the events per year N ()Zg — ute” )Z?) at the

LHC with an integrated luminosity of 100 fb~! in the mq-m 2
plane (solid lines). The remaining mSUGRA parameters are: Ag =
—100 GeV, tan B = 10, sign(u) = +. The left and right panels are

further study the constraints from the requirement of suc-
cessfully producing the Baryon Asymmetry of the Universe
via thermal leptogenesis, which is another appealing feature
of the SUSY-seesaw scenario. We conclude with the impact
that a potential measurement of the leptonic mixing angle
013 can have on LFV physics.

Regarding the technical aspects of the computation of the
branching ratios, the most relevant points are (for details, see
[649, 686]:

— It is a full one loop computation of BRs, i.e., we include
all contributing one loop diagrams with the SUSY par-
ticles flowing in the loops. For the case of [; — [;y the
analytical formulas can be found in [178, 649]. For the
case [j — 3l; the complete set of diagrams (including
photon-penguin, Z-penguin, Higgs-penguin and box di-
agrams) and formulae are given in [649].

— The computation is performed in the physical basis for all
SUSY particles entering in the loops. In other words, we
do not use the mass insertion approximation (MIA).

— The running of the CMSSM-seesaw parameters from the
universal scale Mx down to the electroweak scale is per-
formed by numerically solving the full one loop renor-
malization group equations (RGEs) (including the ex-
tended neutrino sector) and by means of the public For-
tran Code SPheno2.2.2. [699]. More concretely, we do not
use the Leading Log Approximation (LLog).

— The light neutrino sector parameters that are used in

mp = ,/m%agR mslagU&NS are those evaluated at the
seesaw scale m g. That is, we start with their low energy
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for maximal ey fi; and egfig mixing (0 = /4, Am =1 GeV), re-
spectively. For comparison, B(u — ey) is shown by dashed lines. The
shaded (red) areas are forbidden by mass bounds from various experi-
mental sparticle searches

values (taken from data) and then apply the RGEs to run
them up to mpg.

— We have added to the SPheno code extra subroutines that
compute the LFV rates for all the /; — [; and [; — 3I;
channels. We have also included additional subroutines
to: Implement the requirement of successful baryogene-
sis (which we define as having ng/n, € [10~10, 10’9])
via thermal leptogenesis in the presence of upper bounds
on the reheat temperature; Implement the requirement of
compatibility with present bounds on lepton electric di-
pole moments: EDM,,; < (6.9 x 10728, 3.7 x 10719,
4.5 % 10717y ecm.

In what follows we present the main results for the case
of hierarchical heavy neutrinos. We also include a compari-
son with present bounds on LFV rates [180, 182, 191, 644,
700] and their future sensitivities [694, 701-706]. For hi-
erarchical heavy neutrinos, the BRs are mostly sensitive to
the heaviest mass my,, tan 8, 01 and 6> (using the R para-
meterization of [232]). The other input seesaw parameters
my,, my, and 63 play a secondary role since the BRs do not
strongly depend on them. The dependence on my, and 63
appears only indirectly, once the requirement of a success-
ful generation of baryon asymmetry of the universe (BAU)
is imposed. We shall comment more on this later.

We display in Fig. 21 the predictions for B(u — ey) and
B(r — py) as a function of my,, for a specific choice of
the other input parameters. This figure clearly shows the
strong sensitivity of the BRs to my,. In fact, the BRs vary
by as much as six orders of magnitude in the explored range
of 5 x 10" <my, <5 x 10'* GeV. Notice also that for
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Fig. 21 On the left, B(u — ey) as a function of my, for SPS la,
with m,, = 1075 eV and my, = 1073 eV (times, dots, respectively),
and 013 = 0°, 5° (blue/darker, green/lighter lines). Baryogenesis is en-
abled by the choice 6, = 0.05¢%2 (0; = 63 = 0). On the upper horizon-
tal axis we display the associated value of (Y,)33. A dashed (dotted)
horizontal line denotes the present experimental bound (future sensi-

the largest values of my, considered, the predicted rates
for @ — ey enter into the present experimental reach and
only into the future experimental sensitivity for T — py.
It is also worth mentioning that by comparing our full re-
sults with the LLog predictions, we find that the LLog ap-
proximation dramatically fails in some cases. In particular,
for the SPS5 point, the LLog predictions overestimate the
BRs by about four orders of magnitude. For the other points
SPS4, SPS1a,b and SPS2 the LLog estimate is very sim-
ilar to the full result, whereas for SPS3 it underestimates
the full computation by a factor of three. In general, the di-
vergence of the LLog and the full computation occurs for
low My and large M/, [238, 273] and/or large Ag values
[686]. The failure of the LLog is more dramatic for SUSY
scenarios with large Ag. Figure 21 also shows that while
in some cases (as for instance SPS1a) the behavior of the
BR with m y, does follow the expected LLog approximation
(BR ~ (my, logm N3)2), there are other scenarios where this
is not the case. A good example is SPS5. It is also worth
commenting on the deep minima of B(u — ey) appearing
in Fig. 21 for the lines associated with 6;3 = 0°. These min-
ima are induced by the effect of the running of 613, shifting
it from zero to a negative value (or equivalently 613 > 0 and
6 = m). In the LLog approximation, they can be understood
as a cancellation occurring in the relevant quantity YJ LY,
with L;; =log(Mx/my;)é;;. Most explicitly, the cancella-
tion occurs between the terms proportional to m y, L33 and
mpy, L2> in the limit 813(mpg) — 0~ (with 8; =63 =0). The
depth of these minima is larger for smaller m,,, as is visible
in Fig. 21.

Regarding the tan 8 dependence of the BRs we obtain
that, similar to what was found for the degenerate case, the

10 ;
SPS5
myy = 10'° GeV, my, =10"" Gev

Leading Log

o

10" 107 10
mys (GeV)

tivity). On the right, B(t — py) as a function of my, for SPS5, with
my, = 1073 eV and 6, = 0.05¢*2 (4; = 63 = 0°). The predictions for
613 = 0°, 5° are superimposed one on the top of the other. The upper
curve is obtained using the LLog approximation and the lower one is
the full RGE prediction. The dashed (dotted) horizontal line denotes
the present experimental bound (future sensitivity)

BR grow as tan” 8. The hierarchy of the BR predictions
for the several SPS points is dictated by the corresponding
tan B value, with a secondary role being played by the given
SUSY spectra. We find again the following generic hierar-
chy: Bspsa > Bspsib 2, Bspsia > Bsps3 2 Bsps2 > Bspss.

In what concerns to the 0; dependence of the BRs, we
have found that they are mostly sensitive to 67 and 6. The
BRs are nearly constant with 83. As has been shown in [649],
the predictions for B(uw — ey), B(nw — 3e), B(t — py)
and B(t — ey) are above their corresponding experimen-
tal bound for specific values of 6;. Particularly, the LFV
muon decay rates are well above their present experimen-
tal bounds for most of the 6; explored values. Notice also
for SPS4 that the predicted B(t — puy) rates are very close
to the present experimental reach even at 6; = 0 (that is,
R = 1). We have also explored the dependence with 6, and
found similar results (not shown here), with the appearance
of pronounced dips at particular real values of 6, with the
B(u — ey), B(w — 3e) and B(t — uy) predictions being
above the experimental bounds for some 6, values.

We next address the sensitivity of the LFV BRs to 613. We
first present the results for the simplest R = 1 case and then
discuss how this sensitivity changes when moving from this
case towards the more general case of complex R, taking
into account additional constraints from the requirement of
a successful BAU.

For R = 1, the predictions of the BRs as functions of 63
in the experimentally allowed range of 613, 0° < 613 < 10°
are illustrated in Fig. 22. In this figure we also include the
present and future experimental sensitivities for all channels.
We clearly see that the BRs of © — ey, u — 3e, 7 — ey
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Fig. 22 B(u — ey) and B(u — 3e) as a function of 613 (in degrees), for SPS 1a (dots), 1b (crosses), 2 (asterisks), 3 (triangles), 4 (circles) and
5 (times). A dashed (dotted) horizontal line denotes the present experimental bound (future sensitivity)

and T — 3e are extremely sensitive to 013, with their pre-
dicted rates varying many orders of magnitude along the ex-
plored 613 interval. In the case of u — ey this strong sen-
sitivity was previously pointed out in Ref. [707]. The other
LFV channels, t — uy and T — 3u (not displayed here),
are nearly insensitive to this parameter. The most important
conclusion from Fig. 22 is that, for this choice of parameters,
the predicted BRs for both muon decay channels, . — ey
and u — 3e, are clearly within the present experimental
reach for several of the studied SPS points. The most strin-
gent channel is manifestly u — ey where the predicted BRs
for all the SPS points are clearly above the present experi-
mental bound for 63 = 5°. With the expected improvement
in the experimental sensitivity to this channel, this would
happen for 613 = 1°.

In addition to the small neutrino mass generation, the see-
saw mechanism offers the interesting possibility of baryo-
genesis via leptogenesis [290]. Thermal leptogenesis is an
attractive and minimal mechanism to produce a successful
BAU with rates which are compatible with present data,
ng/n, ~ (6.10 £ 0.21) x 1071° [327]. In the supersym-
metric version of the seesaw mechanism, it can be success-
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fully implemented if provided that the following conditions
can be satisfied. Firstly, Big Bang Nucleosynthesis grav-
itino problems have to be avoided, which is possible, for in-
stance, for sufficiently heavy gravitinos. Since we consider
the gravitino mass as a free parameter, this condition can
be easily achieved. In any case, further bounds on the re-
heat temperature Try still arise from decays of gravitinos
into lightest supersymmetric particles (LSPs). In the case of
heavy gravitinos and neutralino LSPs masses into the range
100-150 GeV (which is the case of the present work), one
obtains Tryy < 2 x 10'° GeV. In the presence of these con-
straints on Try, the favored region by thermal leptogenesis
corresponds to small (but non-vanishing) complex R-matrix
angles 6;. For vanishing Upns CP phases the constraints
on R are basically |0;], |63] < 1 rad(mod 7). Thermal lep-
togenesis also constrains my, to be roughly in the range
[10° GeV, 10 x Try] (see also [309, 311]). In the present
work we have explicitly calculated the produced BAU in the
presence of upper bounds on the reheat temperature Try.
We have furthermore set as “favored BAU values” those
that are within the interval [10~1°, 10~°], which contains
the WMAP value, and choose the value of my, = 1019 Gev
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in some of our plots. Similar studies of the constraints from
leptogenesis on LFV rates have been done in [239].

Concerning the EDMs, which are clearly non-vanishing
in the presence of complex 6;, we have checked that all the
predicted values for the electron, muon and tau EDMs are
well below the experimental bounds. In the following we
therefore focus on complex but small 6, values, leading to
favorable BAU, and study its effects on the sensitivity to 63.
Similar results are obtained for 03, but for shortness are not
shown here.

Figure 23 shows the dependence of the most sensitive BR
to 613, B(u — ey), on |6>|. We consider two particular val-
ues of 613, 813 = 0°, 5° and choose SPS 1a. Motivated from
the thermal leptogenesis favored 6,-regions [686], we take
0 <1602 < /4, with argb, = {7/8, /4,37 /8}. We dis-
play the numerical results, considering m,, = 1073 eV and
my, = 1073 eV, while for the heavy neutrino masses we take
my = (1010, 10!, 10'4) GeV. There are several important
conclusions to be drawn from Fig. 23. Let us first discuss the
case m,, = 107> eV. We note that one can obtain a baryon
asymmetry in the range 10719 to 10 for a considerable
region of the analyzed |6| range. Notice also that there is
a clear separation between the predictions of 813 = 0° and
013 = 5°, with the latter well above the present experimen-
tal bound. This would imply an experimental impact of 63,
in the sense that the BR predictions become potentially de-
tectable for this non-vanishing 613 value. With the planned
MEG sensitivity [701], both cases would be within exper-
imental reach. However, this statement is strongly depen-
dent on the assumed parameters, in particular m,, . For in-
stance, a larger value of m,, = 1073 eV, illustrated on the
right panel of Fig. 23, leads to a very distinct situation re-
garding the sensitivity to 613. While for smaller values of
|62 the branching ratio displays a clear sensitivity to hav-
ing 013 equal or different from zero (a separation larger than

107 . . . . . . . .
1010 SPS1a E
my=(10°,10"",10™) Gev
= gl my =10 ey
10" Sy ]
? %1=% 0.,=0° Qooooffffff
13 9999999%?: . . : .......
= se®® LAARERR
%10'12' argo,= w8 . E
EVSEEERN arg6,= m4 «x
B agf,=8mB8 o .
1077 F BAU disfavoured E
10714 L . . . . . . . .

16,1 (rad)

Fig. 23 B(u — ey) as a function of |0|, for argh, =
{r/8, /4,31 /8} (dots, times, diamonds, respectively) and 613 = 0°,
5° (blue/darker, green/lighter lines). We take m,, = 107> (107%) eV,

two orders of magnitude for 65| < 0.05), the effect of 613
is diluted for increasing values of |6;|. For |6;| 2 0.3 the
B(uu — ey) associated with 63 = 5° can be even smaller
than for 013 = 0°. This implies that in this case, a poten-
tial measurement of B(u — ey) would not be sensitive
to 013. Whether or not a SPS 1a scenario would be disfa-
vored by current experimental data on B(u — ey) requires
a careful weighting of several aspects. Even though Fig. 23
suggests that for this particular choice of parameters only
very small values of 6, and 613 would be in agreement with
current experimental data, a distinct choice of my, (e.g.
my, = 1013 GeV) would lead to a rescaling of the estimated
BRs by a factor of approximately 10~2. Although we do not
display the associated plots here, in the latter case nearly the
entire |6,| range would be in agreement with experimental
data (in fact the points which are below the present MEGA
bound on Fig. 23 would then lie below the projected MEG
sensitivity). Regarding the other SPS points, which are not
shown here, we find BRs for SPS 1b comparable to those of
SPS 1a. Smaller ratios are associated with SPS 2, 3 and 5,
while larger (more than one order of magnitude) BRs occur
for SPS 4.

Let us now address the question of whether a joint mea-
surement of the BRs and 603 can shed some light on exper-
imentally unreachable parameters, like m y,. The expected
improvement in the experimental sensitivity to the LFV ra-
tios supports the possibility that a BR could be measured
in the future, thus providing the first experimental evidence
for new physics, even before its discovery at the LHC. The
prospects are especially encouraging regarding u — ey,
where the experimental sensitivity will improve by at least
two orders of magnitude. Moreover, and given the impres-
sive effort on experimental neutrino physics, a measurement
of 613 will likely also occur in the future [708-717]. Given

108 = . . . . . . . .
SPS1a
my = (10'%,10",10'*) Gev
109k my; =107 eV 4
6,=03=0 0600097
Ciririiooiiioo 099‘39333???:: ----
= ol el 9??????“ """ ]
* 10 Soee¥Y?
= N
g 107 T E
53 arg6,= m8 -«
» 2 argB,= w4 x
107°F ° arg 6, =31/8 o E
013=0 BAU disfavoured -
10'13 AN NN L L I AN AN A i

1651 (rad)

on the left (right) panel. In all cases black dots represent points associ-
ated with a disfavored BAU scenario and a dashed (dotted) horizontal
line denotes the present experimental bound (future sensitivity)
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that, as previously emphasized, © — ey is very sensitive
to 613, whereas this is not the case for B(t — uy), and
that both BRs display the same approximate behavior with
my, and tanf, we now propose to study the correlation
between these two observables. This optimizes the impact
of a 013 measurement, since it allows us to minimize the
uncertainty introduced from not knowing tanf and my;,,
and at the same time offers a better illustration of the un-
certainty associated with the R-matrix angles. In this case,
the correlation of the BRs with respect to m y, means that,
for a fixed set of parameters, varying mpy, implies that the
predicted point (B(t — uy), B(u — ey)) moves along a
line with approximately constant slope in the B(t — uy)—
B(u — ey) plane. On the other hand, varying 613 leads to a
displacement of the point along the vertical axis.

In Fig. 24, we illustrate this correlation for SPS la,
choosing distinct values of the heaviest neutrino mass, and
we scan over the BAU-enabling R-matrix angles (setting 63
to zero) as

0101 S /4, —m/4Sargh S /4,
05162l Sm/4,  OSarghr S/4,

my, =10'2,10'3,10'* GeV.

(5.39)

We consider the following values, 013 = 1°, 3°, 5° and
10°, and only include in the plot the BR predictions which
allow for a favorable BAU. Other SPS points have also been
considered but they are not shown here for brevity (see
[686]). We clearly observe in Fig. 24 that for a fixed value
of my,, and for a given value of 613, the dispersion aris-
ing from a 0] and 6, variation produces a small area rather
than a point in the B(t — uy—B(u — ey) plane. The dis-
persion along the B(t — uy) axis is of approximately one
order of magnitude for all 8;3. In contrast, the dispersion
along the B(u — ey) axis increases with decreasing 63,

ranging from an order of magnitude for 613 = 10°, to over
three orders of magnitude for the case of small 013 (1°).
From Fig. 24 we can also infer that other choices of m y, (for
013 € [1°, 10°]) would lead to BR predictions which would
roughly lie within the diagonal lines depicted in the plot.
Comparing these predictions for the shaded areas along the
expected diagonal “corridor”, with the allowed experimental
region, allows us to conclude about the impact of a 613 mea-
surement on the allowed/excluded m y, values. The most im-
portant conclusion from Fig. 24 is that for SPS 1a, and for
the parameter space defined in (5.39), an hypothetical 63
measurement larger than 1°, together with the present ex-
perimental bound on the B(u — ey), will have the impact
of excluding values of my, 2 10'* GeV. Moreover, with the
planned MEG sensitivity, the same 613 measurement can
further constrain my, < 3 x 10'? GeV. The impact of any
other 013 measurement can be analogously extracted from
Fig. 24.

As a final comment let us add that, remarkably, within a
particular SUSY scenario and scanning over specific 81 and
6>, BAU-enabling ranges for various values of 013, the com-
parison of the theoretical predictions for B(u — ey) and
B(t — wpy) with the present experimental bounds allows us
to set 013-dependent upper bounds on m y,. Together with
the indirect lower bound arising from leptogenesis consider-
ations, this clearly provides interesting hints on the value of
the seesaw parameter m y,. With the planned future sensitiv-
ities, these bounds would further improve by approximately
one order of magnitude. Ultimately, a joint measurement of
the LFV branching ratios, 613 and the sparticle spectrum
would be a powerful tool for shedding some light on other-
wise unreachable SUSY seesaw parameters. It is clear from
all this study that the interplay between LFV processes and
future improvement in neutrino data is challenging for the
searches of new physics.

My = 10'% GeV, my, = 10" Gev
my, =107 eV
0< 10,1 < /4

0 <16, < /4

_________

Fig. 24 (Color online) 108 :
Correlation between SPS 1a
B(u — ey) and B(t — uy) as -9
a function of m y,, for SPS la. 107 F
The areas displayed represent
the scan over 6; as given in 10710 L
(5.39). From bottom to top, the .
colored regions correspond to ;‘ jott k- 63=0
613 =1°, 3°,5° and 10° (red, 0
green, blue and pink, -
respectively). Horizontal and E 10712
vertical dashed (dotted) lines m
denote the experimental bounds 1 0-13
(future sensitivities)
10
10"
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5.2.5 LFV in the CMSSM with constrained sequential
dominance

Sequential Dominance (SD) [140, 141, 143] represents
classes of neutrino models where large lepton mixing an-
gles and small hierarchical neutrino masses can be readily
explained within the seesaw mechanism. To understand how
Sequential Dominance works, we begin by writing the right
handed neutrino Majorana mass matrix Mgg in a diagonal
basis as Mg = diag(M 4, Mg, Mc). We furthermore write
the neutrino (Dirac) Yukawa matrix A, in terms of (1, 3) col-
umn vectors A;, B;, C; as Y, = (A, B, C) using left-right
convention. The term for the light neutrino masses in the ef-
fective Lagrangian (after electroweak symmetry breaking),
resulting from integrating out the massive right handed neu-
trinos, is

Ol AT O] BB v
My Mp

L vrenchu
Mc

L
‘C’eff -

, (5.40)

where v; (i =1, 2, 3) are the left handed neutrino fields. Se-
quential dominance then corresponds to the third term being
negligible, the second term subdominant and the first term
dominant:

AiA; B;Bj CiCj
> > .
My Mp Mc

(5.41)

In addition, we shall shortly see that small 613 and almost
maximal 63 require that
|A1] < [A2| % |A2]. (5.42)
Without loss of generality, then, we shall label the dom-
inant right handed neutrino and Yukawa couplings as A,
the subdominant ones as B, and the almost decoupled (sub-
subdominant) ones as C. Note that the mass ordering of right
handed neutrinos is not yet specified. Again without loss of
generality we shall order the right handed neutrino masses
as M| < My < M3, and subsequently identify M4, Mg, M¢c
with M1, M>, M3 in all possible ways. LFV in some of these
classes of SD models has been analyzed in [718]. Tri-bi-
maximal neutrino mixing corresponds to the choice for ex-
ample [719], sometimes referred to as constrained sequen-
tial dominance (CSD):

0 belfr ¢
Yo =| —ae'® be2 ¢, (5.43)
ae'P  pefr ¢4

When dealing with LFV it is convenient to work in the ba-
sis where the charged lepton mass matrix is diagonal. Let
us now discuss the consequences of charged lepton correc-
tions with a CKM-like structure, for the neutrino Yukawa
matrix with CSD. By CKM-like structure we mean that
Ve, 1s dominated by a 1-2 mixing 0, i.e. that its elements
(Ve)13, (Ve )23, (Ve )31 and (Ve )32 are very small com-
pared to (Ve )i; (i,j = 1,2). After re-diagonalizing the
charged lepton mass matrix, Y, in (5.43) becomes trans-
formed as Y, — V,, ¥,,. In the diagonal charged lepton mass
basis the neutrino Yukawa matrix therefore becomes

b(co — spe~*)eP2
b(co +spe™)etPr  (crspe’ + cacy)

ae'f3 be'P2 c3

a.xfgef”‘ez"ﬂ3 (c1co — czsee*”‘)

Y, =

—aneiﬁ3

(5.44)

After ordering M4, Mp, Mc according to their size,
there are six possible forms of Y, obtained from permut-
ing the columns, with the convention always being that the
dominant one is labeled by A, and so on. In particular the
third column of the neutrino Yukawa matrix could be A, B
or C depending on which of M4, Mp or Mc is the heavi-
est. If the heaviest right handed neutrino mass is M4 then
the third column of the neutrino Yukawa matrix will con-
sist of the (re-ordered) first column of (5.44) and assuming
Y33 ~ 1 we conclude that all LFV processes will be deter-
mined approximately by the first column of (5.44). Similarly
if the heaviest right handed neutrino mass is Mp then we
conclude that all LFV processes will be determined approx-
imately by the second column of (5.44). Note that in both
cases the ratios of branching ratios are independent of the
unknown Yukawa couplings which cancel, and only depend
on the charged lepton angle 6, which in the case of tri-bi-
maximal neutrino mixing is related to the physical reactor
angle by 013 = 9/\/5 [719, 720]. Also note that A =6 —
where § is the standard PDG CP-violating oscillation phase.
The results for these two cases are shown in Fig. 25 [721].
The third case M3 = M is less predictive.

5.2.6 Decoupling of one heavy neutrino and cosmological
implications

The supersymmetric seesaw model involves many free para-
meters. In order to correlate the model predictions for LFV
processes one has to resort to some supplementary hypothe-
ses. Here we discuss the consequences of the assumption
that one of the heavy singlet neutrinos (not necessarily the
heaviest one) decouples from the see-saw mechanism [238].

If the light neutrino masses are hierarchical, in which
case the effects of the renormalization group (RG) running
[722] of k are negligible, at least 3 arguments support this
assumption. The first one is the naturalness of the see-saw
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Fig. 25 Ratios of branching ratios of LFV processes ¢; — £;y in
CSD for M3 = My (left panel) and M3 = Mp (right panel) with
right handed neutrino masses M| = 108 GeV, My =5 x 108 GeV and
M3 = 10" GeV. The solid lines show the (naive) prediction, from
the MI and LLog approximation and with RG running effects ne-
glected, while the dots show the explicit numerical computation (using
SPheno2.2.2. [699] extended by software packages for LFV BRs and

mechanism. Large mixing angles are not generic for hierar-
chical light neutrino masses (for a review, see [723]). They
are natural only for special patterns of the matrix «. One is a
large hierarchy between one and the remaining two terms in
the sum in (3.41) [38, 140, 233, 724]. This is what we call
decoupling (one term hierarchically smaller) or dominance
(hierarchically larger). Seesaw with only two heavy singlet
neutrinos [234, 235] is the limiting case of the decoupling
of N3 with M3 — oo and Yv3A — 0. The immediate conse-
quence of decoupling is m,; <« m,, (k has rank 2 if there are
only 2 terms in the sum in (3.41)). Similarly, for dominance
one has m,, K m,,.

Secondly, decoupling of the lightest singlet neutrino al-
leviates the gravitino problem of leptogenesis which in
the see-saw models of neutrino masses appears to be the
most natural mechanism for producing the observed baryon
asymmetry of the Universe'® (BAU). As the Universe cools
down leptonic asymmetries (subsequently converted into
baryon asymmetry through sphaleron transitions) Y, =
(ng — ng)/s # 0 (where ny, and n, are the flavor o lep-
ton and antilepton number densities, respectively and s is
the entropy density) are produced in the decays of N;. The
final magnitudes of Y, are proportional to the decay asym-
metries €1, (Which in turn are proportional to the heavy
neutrino masses) and crucially depend on the processes
which wash out the asymmetries generated by the N de-
cays. The efficiency of these processes depends on the pa-

18See [290]; for a review of leptogenesis, see [324]; for a discussion of
flavor effects in leptogenesis see, e.g. [296]; for recent analyses of the
gravitino problem, see, e.g., [725].
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neutrino mass matrix running [649, 686]) with universal CMSSM pa-
rameters chosen as mo = 750 GeV, m1,; = 750 GeV, Ag = 0 GeV,
tan 8 = 10 and sign(n) = +1. While the ratios do not significantly
depend on the choice of the SUSY model, since the model-dependence
has canceled out, they show a pronounced dependence on 613 (and §)
in the case of M3 = M4 (and M3 = Mp)

rameters miy, = ZA |R1AU;:A|2va, where U = Upmns
and it is the smallest (i.e. leptogenesis is most efficient)
for my, in the meV range (assuming vanishing density of
Ny after re-heating and strongly hierarchical spectrum of
My). If it is N1 which is decoupled, there are essentially
no lower bounds on 11, and M|, hence also the re-heating
temperature Try, already of order 10° GeV are sufficient
[311, 726] (see, however, e.g., [316]) to reproduce the ob-
served BAU.!”

Finally, one heavy singlet neutrino N4 must be decou-
pled if its superpartner, N 4, plays the role of the inflaton field
[347]. In such a scenario the (s)neutrino mass M4 must be
[349] 2 x 10'3 GeV and the re-heating temperature follow-
ing inflaton decay is given by Try ~ /A Mp|(Ma/(H)).
Requiring Try < 10° GeV (the gravitino problem) then
implies m,, <Y, Mg < 1017 eV. In this scenario, the
leptonic asymmetries must be produced non-thermally in
the inflaton decay. Decoupling of N is favored because if
it is Ny or N3 which is the inflaton the produced asym-
metry may be subsequently washed out during the decays
of N 1.

The assumption that N4 effectively decouples from the
seesaw mechanism or that N4 effectively dominates the see-
saw mechanism translates into one of the following forms

19In contrast, for Ny or N3 decoupled, the washout is much stronger
and M has to be = 10'9 GeV. This requires Try leading to a much
larger dangerous gravitino production [727]. Lower Try is in this case
possible only if Ny and N, are sufficiently degenerate [728].
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of R:

1 0 0
Riee =M |0 2 p or

0 Fp =z

(5.45)

Fp +z O

Raom =~ a% Z p 0],
0 0 1

where z, p are complex numbers satisfying z> 4+ p> = 1 and
™ denotes permutation of the rows of R. Both conditions
can be simultaneously satisfied for R = IT (4) .1, known as
sequential dominance (for a review, see, e.g. [729]).

In the framework considered, violation of the leptonic fla-
vor is transmitted from the neutrino Yukawa couplings Y,
to the slepton mass matrices through the RG corrections.
Branching ratios of LFV decays are well described by a
single mass-insertion approximation via (5.27) and (5.28).
Since decoupling of N is best motivated we discuss the re-
sults for LFV only in this case.?’

The matrix R has then the first of the patterns displayed in
(5.45) with IT") = 1. The discussion simplifies if a technical
assumption that m,, M> < m,, M3 is made. (ﬁ’l%)y relevant
for t — wy then reads

~2 NKmv3M3U33U§k3 2 2 U3,
(mL)32N HE (Iz1° + Slpl )+p—U§§x
U, , 2U32 22
— ——==(S]z , (5.46
+Ppx ”UU§3("+"") (5.46)
where p = \/m,,/my, ~ 0.4, § = My(1 + Al /At) /M3 ~

M, /M3 and x = Sp*z — z* p. For (M%)Al relevant for £ 4 —
ey we get:

Ky, M3UA3U12

U,
~2
(7) 4y & (H)? [U12(|Z| +SIpl?) + px
+p2UA2 (Slz” +1pP? )} (5.47)

Analysis of the expressions (5.46) and (5.47) leads to a
number of conclusions [238]. Firstly, the branching ratios of
the LFV decays depend (apart from the scales of soft su-
persymmetry breaking and the value of tan 8) mostly on the

20Results for N, decoupled are the same as for decoupled N (includ-
ing sub-leading effects if M) takes the numerical value of M>). The
same is true also for N3 decoupled (including the case with only 2
heavy singlet neutrinos) if M, is numerically the same as M3 for de-
coupled N;. However, if N3 is the inflaton the LFV decays have the
rates too low to be observed. In addition, if N3 decouples due to its
very large mass its large Yukawa can, for m, /m,, > M>/M3, still
dominate the LFV effects which are then practically unconstrained by
the oscillation data; some constraints can then be obtained from the
limits on the electron EDM [730].

mass of the heaviest of the two un-decoupled singlet neu-
trinos (in this case N3). Secondly, for fixed M3, they de-
pend strongly on the magnitude and phase of R3,, mildly
on the undetermined element U13 of the light neutrino mix-
ing matrix and, in addition, on the Majorana phases of U
which cannot be measured in oscillation experiments [545].
The latter dependence is mild for B(t — py) but can lead
to strong destructive interference either in B(iu — ey) or
in B(t — ey) decreasing them by several orders of mag-
nitude. The interference effects are seen in Fig. 26(a), (b)
where the predicted ranges (resulting from varying the un-
known Majorana phases) of B(u — ey) are shown as a
function of |R3;| for M appropriate for the sneutrino in-
flation scenario, three different values of arg(R3;) and for
mo = 100 GeV, My, =500 GeV and tan 8 = 10, consis-
tent with the dark matter abundance [731]. Results for other
values of these parameters can be obtained by appropriate
rescalings using (5.27). For comparison, for selected val-
ues of Rp3, we also indicate the ranges of B(u — ey)
resulting from generic form of the matrix R (constrained
only by the conditions 0 < Ry», Rj3 < 1.5 and Re(YfB),
Im(YA8) < 10).

The bulk of the predicted values of B(u — ey) shown
in Fig. 26(a) and (b) exceed the current experimental limit.
Since M1,, = 500 GeV leads to masses of the third gen-
eration squarks above 1 TeV, suppressing B(iu — ey) by
increasing the SUSY breaking scale conflicts with the sta-
bility of the electroweak scale. Moreover, as discussed in
[238] in the scenario considered here generically B(t —
wy)/B(u — ey) ~ 0.1. Thus the observation T — uy with

Z 1072, accessible to future experiments would exclude
this scenario.

For completeness, in Fig. 26(c) we also show pre-
dictions for B(it — ey) in the case of N3 dominance.
(nﬁ%)z] is in this case controlled mainly by |U;3|. More-
over, B(t — uy)/B(u — ey) ~max(|U3|?, p*S?), while
B(t — ey)/B(u — ey) ~ 1 allowing for experimental test
of this scenario (cf. [732]). The limits R3> — 0 in panels a
and b and or Rp; — 0 in panel ¢ correspond to pure sequen-
tial dominance.

In conclusion, the well motivated assumption about the
decoupling/dominance of one heavy singlet neutrino sig-
nificantly constrains the predictions for the LFV processes
in supersymmetric model. The forthcoming experiments
should be able to verify this assumption and, in conse-
quence, to test an interesting class of neutrino mass models.

5.2.7 Triplet seesaw mechanism and lepton flavor violation
In this subsection we intend to discuss the aspect of low
scale LFV in rare decays arising in the context of the triplet

seesaw mechanism of Sect. 3.2.3.2. We consider both non-
SUSY and SUSY versions of it. The flavor structure of the
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Fig. 26 (Color online) Predicted ranges of B(u — ey) for
(My, M2, M3) = (2,3,50) x 103 GeV, mo = 100 GeV, My, =
500 GeV and tanp = 10, for the decoupling of Ny and U;3 =0
(panel a) or U3 = 0.1i (panel b). Yellow ranges show the possible

Fig. 27 Diagrams that
contribute to the decay

gl
£; — ¢;y through the exchange Yr U ; Ly, th
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abs(Rs)

abs(Rz)

variation for arbitrary form of R with arg(R3;) = 0. Lower (upper)
pairs of lines in the panel ¢ show similar ranges for N3 dominance for
U3 =0 (0.17). The current experimental bound of 1.2 x 10~ [180]
is also shown

of the triplet scalars /

o

j (7N T+ t;

~
- < -

(high energy) Yukawa matrix Y7 of (3.63) is the same as
that of the (low energy) neutrino mass matrix m,. There-
fore, in the triplet seesaw scenario the neutrino mass matrix
(containing nine real parameters), which can be tested in the
low energy experiments, is directly linked to the symmet-
ric matrix Y7 (containing also nine real parameters), mod-
ulo the ratio M% /1, see (3.66). This feature has interesting
implications for LFV [249]. Collider phenomenology of the
low scale triplet was discussed in Sect. 5.1.4 The triplet La-
grangian also induces LFV decays of the charged leptons
through the one loop exchange of the triplet states.

The diagrams relevant for the LFV radiative decays £; —
Liy (see e.g., [733, 734]) are depicted in Fig. 27. Denoting
Upmns = V - diag(1,e/?1, e/%2), where, ¢ 5 are the Majo-
rana phases, those imply the following flavor structure:

vive),, = (22 i
(T T)ij_ W02 (mvmV)ij

(5.48)

where i, j = e, u,t are family indices. Therefore, the
amount of LFV is directly and univocally expressed in terms
of the low energy neutrino parameters. In particular, LFV
decays depend only on 7 independent neutrino parameters
(there is no dependence on the Majorana phases ¢;). No-
tice that this simple flavor structure is peculiar of the triplet

@ Springer

seesaw case, which represents a concrete and explicit real-
ization of the ‘minimal flavor violation’ hypothesis [536] in
the lepton sector [542]. Indeed, according to the latter, the
low energy SM Yukawa couplings are the only source of
LFV. This is not generically the case for the seesaw mech-
anism realized through the exchange of the so-called ‘right
handed’ neutrinos, where the number of independent para-
meters of the high energy flavor structures is twice more that
of the mass matrix m,,.

Finally, the parametric dependence of the dipole ampli-
tude in Fig. 27 is

(5.49)

e (Y} ¥r)i) _(mim,)i <MT>2
ij - .

TlemmZ T len2vt \ W

From the present experimental bound on B(u — ey) <
1.2 x 10~ [180], one infers the bound p’ > 10~ 1M
[comparable limit is obtained from B(t — uy)]. We can
push further our discussion considering the relative size of
LFV in different family sectors:

Y YD)y VPV,
(Y;YT)ue [V(va)ZVT]/w’

(5.50)
(Y3¥)ee _ [V(mP)2VT],
(Y;YT)/,LE [v(va)sz]Me-
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These ratios depend only on the neutrino parameters, while
do not depend on details of the model, such as the mass
scales My, or i/. By taking the present best fit values of
the neutrino masses and mixing angles [211, 735] provided
by the analysis of the experimental data, those ratios can be
explicitly expressed as

(Y;Yr)fuN(Amg> sin2fs o
(Y;YT)W, Am% sin 201, cos 613 ’

(5.51)
(Y7 Y1)ze

T ~ —tanfy3 ~ —1,
(YTYT)Me

where Ami(Am%) is the squared-mass difference relevant
for the atmospheric (solar) neutrino oscillations. These re-
sults hold for 613 = 0 and for either hierarchical, quasi-
degenerate or inverted hierarchical neutrino spectrum (for
more details see [249, 736]). It is immediate to translate the
above relations into model-independent predictions for ra-
tios of LFV processes:

300,

B(t > py) _ ((Y}YT)W>2 B(t = pveiy)
Bu—ey) \(¥jYr)u) Bu— evuie)
(5.52)

B(t - ey) _ ((Y;YT)W )2 B(t —>evide) o,

Bu—ey) \(Yivr)/ B(w— evuve)

Now we focus upon the supersymmetric version of the
triplet seesaw mechanism. (Just recall just that in the su-
persymmetric case there is only one mass parameter, M7,
while the mass parameter u’ of the non-supersymmetric ver-
sion is absent from the superpotential and its role is taken by
AxMr7.) Regarding the aspect of LFV, in this case we have
to consider besides the diagrams of Fig. 27 also the related
ones with each particle in the loop replaced by its superpart-
ner (¢4 — &x, T — T). Such additional contributions would
cancel those in Fig. 27 in the limit of exact supersymme-
try. In the presence of soft supersymmetry breaking (SSB)
the cancellation is only partial and the overall result for the
coefficient of the dipole amplitude behaves like

(mimy)i; m?

o OV 2 mlmy)iy i
1672 (Av5)2 M2’

T VE ! -39
which is suppressed with respect to the non-supersymmetric
result (5.49) for M7 > i ~ O (102 GeV) (77 denotes an av-
erage soft breaking mass parameter). In the supersymmet-
ric version of the triplet seesaw mechanism flavor violation
can also be induced by renormalization effects via (3.69)
(the complete set of RGEs of the MSSM with the triplet
states have been computed in [249]). Thus in SUSY model
the LFV processes can occur also in the case of very heavy
triplet. In that case the relevant flavor structure responsible

for LFV is again Y; Y7 for which we have already noticed
its unambiguous dependence on the neutrino parameters in
(5.48). Clearly, we find that analogous ratios as in (5.50)
hold also for the LFV entries of the soft breaking parame-
ters, e.g.,

(m3)ep N [V(mP)2Vil,,
M VPRV

(5.54)
(mPre VPPVl
(M pe VDYV

Such SSB flavor violating mass parameters induce extra
contributions to the LFV processes. For example, the radia-
tive decays £; — {;y receive also one loop contributions
with the exchange of the charged-sleptons/neutralinos and
sneutrinos/charginos, where the slepton masses (mzi)i.,' are
the source of LFV. The relevant dipole terms have a para-
metric dependence of the form

2 (m2);
i/’*«g—#tanﬂ
T len? mt

S (mImv),-jM_%
1672 (AMv3)2 m?

log( e 5.55
og(M—T> tan . (5.55)
Notice the inverted dependence on the ratio m /Mt with re-
spect to the triplet exchange contribution. Due to this fea-
ture, the MSSM sparticle induced contributions (5.55) tends
to dominate over the one induced by the triplet exchange. In
this case, analogous ratios as in (5.52) can be derived, i.e.,

B(t — uy) _ <(m2£)fﬂ>2B(‘L' = Uveiy)

~ — 300,
B(u — ey) (mzi)ue B(u — evy,ve)
(5.56)
B(t — ey) N ((m%)re )2 B(t — ev;v,) 02
B(n — ey) (m%),w B — evyve) o

(For more details see [249].)

The presence of extra SU(2)w triplet states at intermedi-
ate energy spoils the successful gauge coupling unification
of the MSSM. A simple way to recover gauge coupling uni-
fication is to introduce more states X, to complete a certain
representation R—such that R = T + X—of some unifying
gauge group G, G D SU3) x SU2)w x U(1)y. In general
the Yukawa couplings of the states X are related to those of
the triplet partners 7'. Indeed, this is generally the case in
minimal GUT models. In this case RG effects generates not
only lepton-flavor violation but also closely correlated fla-
vor violation in the quark sector (due to the X-couplings).
An explicit scenario with G = SU(5) where both lepton and
quark flavor violation arise from RG effects was discussed
in Ref. [249]. In Sect. 5.3.2 we review a supersymmetric
SU(5) model for the triplet seesaw scenario.
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5.3 SUSY GUTs

5.3.1 Flavor violation in the minimal supersymmetric
SU(5) seesaw model

In this section we review flavor- and/or CP-violating phe-
nomena in the minimal SUSY SU(5) GUT, in which the
right handed neutrinos are introduced to generate neutrino
masses by the type-I seesaw mechanism [216-220]. Here, it
is assumed that the Higgs doublets in this MSSM are em-
bedded in 5- and 5-dimensional SU(5) multiplets. Rich fla-
vor structure is induced even in those minimal particle con-
tents. The flavor violating SUSY breaking terms for the right
handed squarks and sleptons are generated by the GUT in-
teraction, while those are suppressed in the MSSM (+vg)
under the universal scalar mass hypothesis for the SUSY
breaking terms.

The Yukawa interactions for quarks and leptons and the
Majorana mass terms for the right handed neutrinos in this
model are given by the following superpotential,

1

-
W= Y[wiwH + V2Y{iwi o H

— 1 —
+Yi‘;~q§,'NjH+5MN,‘jN,'Nj, (5.57)
where ¥ and @ are for 10- and 5-dimensional multipl(is,
respectively, and N is for the right handed neutrinos. H (H)
is 5- (5-) dimensional Higgs multiplets. After removing the
unphysical degrees of freedom, the Yukawa coupling con-

stants in (5.57) are given as follows,
Yy = Vi Y, €9 Vi

ve Yy, 6ij,

17 =

(5.58)
Y} =Y ULy,

Here, Y,, Y4, Y, denote diagonal Yukawa couplings, ¢y;
and ¢4 (i = 1-3) are CP-violating phases inherent in the
SUSY SU(5) GUT (3_; ¢u; =D _; ¢4; = 0). The unitary ma-
trix V is the CKM matrix in the extension of the SM to
the SUSY SU(5) GUT, and each unitary matrices U and
V have only a phase. When the Majorana mass matrix for
the right handed neutrinos is real and diagonal in the basis
of (5.59), U is the PMNS matrix measured in the neutrino
oscillation experiments and the light neutrino mass eigen-
values are given as m,, = szi (H2>2 /My, , in which My, are
the diagonal components.

The colored Higgs multiplets H, and H . are introduced
in H and H as SU(5) partners of the Higgs doublets H rand
H 7 in the MSSM, respectively, and they have new flavor
violating interactions. Equation (5.57) is represented by the
fields in the MSSM as follows,

W= WMSSM+N

@ Springer

1 ip 94, 77 T
+§VkiYuke “ViiQiQjHe+ Y, Vije ™ UEjH.
+ Yge % QiLiHe +e ' Vi Yq,UiD;H,

+e'%ULY, DiNH,. (5.59)
Here, the superpotential in the MSSM with the right handed
neutrinos is

Wyssmsn = VjiYu; QiU jHy+Ya, Qi DiH p+ Y4, LiEiH y

+U{'jYU_/,L,~Nij+MijN,-Nj. (5.60)
The flavor violating interactions, which are absent in the
MSSM, emerge in the SUSY SU(5) GUT due to existence
of the colored Higgs multiplets. The colored Higgs interac-
tions are also baryon-number violating [150, 371], and then
proton decay induced by the colored Higgs exchange is a se-
rious problem, especially in the minimal SUSY SU(5) GUT
[374]. However, the constraint from the proton decay de-
pends on the detailed structure in the Higgs sector, and it
is also loosened by global symmetries, such as the Peccei—
Quinn symmetry and the U(1)g symmetry. Thus, we may
ignore the constraint from the proton decay while we adopt
the minimal Yukawa structure in (5.57).

The sfermion mass terms get sizable corrections by the
colored Higgs interactions, when the SUSY-breaking terms
in the MSSM are generated by dynamics above the col-
ored Higgs masses. In the minimal supergravity scenario the
SUSY breaking terms are supposed to be given at the re-
duced Planck mass scale (Mg). In this case, the flavor vio-
lating SUSY breaking mass terms at low energy are induced
by the radiative correction, and they are qualitatively given
in a flavor basis as

* Y2
(méL)ij ~—VisVi (471))2 (3’”% + A%)

M2 M;
G He
X (210gM—2+10g )

H. Mgysy2
: 2Y2 M?
2 ~  aTiPu v xy b 2 2 G
(mﬁR)ij =—¢ g i3V]3 (4]_[)2 (3mO+A0) log M%{ ’
(m? ) ~—V*V<—Y’2 (3m§ + AF)
md~L ij - 3i 3] (47_[)2 mO 0
M2 M;,
x (310g—2G +log — ) (5.61)
MH(. MSUSY
2 i Y2 2 2 (27
~ iPdiiyr* 77, Vk
(3, )i =~ U U (4m)? (3mg + Ag) log M3
f2 M2
2 ~ o Vi 2 2 G
(miL)ij — —Vik Jjk (4]_[)2 (3m0 +A0) log M2 ’

Nk



Eur. Phys. J. C (2008) 57: 13-182

87

. 3 2 2
(mg )ij ~ ey, V3*j m (3m% + A(Q)) log M—Izi,
with i # j, where ¢, = @u; — ¢u; and @q;; = ¢4, — ¢a; and
My, is the colored Higgs mass. Here, Msysy is the SUSY-
breaking scale in the MSSM, m( and Ag are the universal
scalar mass and trilinear coupling, respectively, in the mini-
mal supergravity scenario. Y; is the top quark Yukawa cou-
pling constant while Y}, is for the bottom quark. The off-
diagonal components in the right handed squarks and slep-
ton mass matrices are induced by the colored Higgs inter-
actions, and they depend on the CP-violating phases in the
SUSY SU(5) GUT with the right handed neutrinos [737].
One of the important features of the SUSY GUTs is the
correlation between the leptonic and hadronic flavor viola-
tions [738, 739]. From (5.62), we get a relation

. M? M2

2 ~ 2 \* G G
(2 )y = €90 (2 )3, <log T / log W> (5.62)

c 3

The right handed bottom-strange squark mixing may be
tested in the B factory experiments since it affects By—Bj
mixing, CP asymmetries in the b—s penguin processes such
as By — ¢ K, and the mixing induced CP asymmetry in
B; — M;y. (See Chap. 2.) The relation in (5.62) implies
that the deviations from the standard model predictions in
the b—s transition processes are correlated with B(t — uy)
in the SUSY SU(5) GUT. We may test the model in the B
factories.

In Fig. 28 we show the CP asymmetry in By — ¢Kj
(S¢kg) and B(t — py) as an example of the correlation.
Here, we assume the minimal supergravity hypothesis for
the SUSY breaking terms. See the caption and Ref. [738]
for the input parameters and the details of the figure. It is
found that Syx and B(t — uy) are correlated and a large
deviation from the standard model prediction for Spk, is
not possible due to the current bound on B(t — py) in the
SUSY SU(5) GUT.

In (5.62), we take the SU(5)-symmetric Yukawa interac-
tions given in (5.57), while they fails to explain the fermion
mass relations in the first and second generations. We have
to extend the minimal model by introducing non-trivial
Higgs or matter contents or the higher-dimensional opera-
tors including SU(5)-breaking Higgs field. These extensions

Fig. 29 (a) Diagrams that B
generate electron EDM and e
(b) those that generate EDMs > i B
and CEDMs of the ith quark /

due to flavor violation in /

sfermion mass terms /

may affect the prediction for the sfermion mass matrices.
However, the relation in (5.62) is rather robust when the neu-
trino Yukawa coupling constant of the third generation is as
large as those for the top and bottom quarks and the large
mixing in the atmospheric neutrino oscillation comes from
the lopside structure of the neutrino Yukawa coupling.
Another important feature of the SUSY GUTs is that both
the left and right handed squarks and sleptons have flavor
mixing terms. In this case, the hadronic and leptonic electric
dipole moments (EDMs) are generated due to the flavor vi-
olation, and they may be large enough to be observed in the
future EDM measurements [740]. A diagram in Fig. 29(a)
generates the electron EDM even at one loop level, when
the relative phase between the left and right handed slep-
ton mixing terms is non-vanishing. While this contribution
is suppressed by the flavor violation, it is compensated by
a heavier fermion mass, that is, m,. Similar diagrams in
Fig. 29(b) contribute to quark EDMs and chromo-electric di-
pole moments (CEDM), which induce the hadronic EDMs.

10 T p> |
-7 200
///
400
/'./ 200
// -2
7 / 400 m”
10 ¢ 'l 600 , o 9
4
= experimental bound \ 600 o
e T e L b e D £ T Iy R
T _\ 800 /
G \ 800 m 400
oM \. s i‘ 600
m,=10 103
-8 0 80
107 fzoo |
10°
mz=400 600 10°
10_9 | | |
0.55 0.59 0.63 0.67
S¢Ks

Fig.28 B(tr — uy) as a function of the CP asymmetry in By — ¢ K
(Spkg) for fixed gluino masses m; = 400, 600, 800, and 1000 GeV.
Here, tan 8 = 10, 200 GeV < mo <1 TeV, Ag =0, m,, =5 x 1072 eV,
My, =5x 10™ GeV, and Uz, = 1 / V2. @d,; 1s taken for the deviation
of Syx from the SM prediction to be maximum. The current experi-
mental bound on B(t — uy) [647] is also shown in the figure

Y g j-"'wg
Pl g /_'_,_a——.—— "“\"‘tJ
S -
“
% v \
\ / \
I e ' * e =
€k ©Er Gri Ori

e A g e
Qui Gui * (¥ Gn;
(b)

@ Springer



88

Eur. Phys. J. C (2008) 57: 13-182

55 | Neutron EDM

1012 1613 1614 1015
Mny;(GeV)

Fig. 30 CEDMs for the strange (dy) and down quarks (d3) as func-
tions of the right handed tau neutrino mass, My,. Here, My, =2 x

10'6 GeV, m,, = 0.05 eV, Uz = 1/4/2, and Uz = 0.2, 0.02, and
0.002. For the MSSM parameters, we take my = 500 GeV, Ag = 0,

The EDM measurements are important to probe the interac-
tion of the SUSY SU(5) GUT.

In Fig. 30 the CEDMs for strange (df) and down quarks
(d3) are shown as functions of the right handed tau neutrino
mass in the SUSY SU(5) GUT with the right handed neu-
trinos. See the caption and Ref. [741] for the input parame-
ters. The mercury atom EDM, which is a diamagnetic atom,
is sensitive to quark CEDMs via the nuclear force, while
the neutron EDM depends on them in addition to the quark
EDMs. (The evaluation of the hadronic EDMs from the ef-
fective operators at the parton level is reviewed in Sect. 9.1
and also Ref. [742].) The strange quark contribution to the
mercury atom EDM is suppressed by the strange quark
mass. On the other hand, it is argued in Refs. [743, 744] that
the strange quark component in nucleon is not negligible and
the strange quark CEDM may give a sizable contribution to
the neutron EDM. It implies that we may probe the differ-
ent flavor mixings by measurements of the various hadronic
EDMs, though the evaluation of the hadronic EDMs still has
large uncertainties.

It is argued that the future measurements of neutron and
deuteron EDMs may reach to levels of ~1072% ¢cm and
~107% e cm, respectively. When the sensitivity of deuteron
EDM is established, we may probe the new physics to the
level of d¢ ~ 10728 ecm and d§ ~ dS ~ 10730 ecm [849].
The future measurements for the EDMs will give great im-
pacts on the SUSY SU(5) GUT with the right handed neu-
trinos.

5.3.2 LFV in the minimal SU(5) GUT with triplet seesaw

In this section we discuss phenomenology of the minimal
SU(5) GUT which incorporates the triplet seesaw mecha-
nism, previously presented in Sects. 3.2.3.2 and 5.2.7. Re-
view of more general class of GUT models also including

@ Springer
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mg =500 GeV and tan 8 = 10. The CP phases ¢, are taken for the
CEDMs to be maximum. The upper bounds on the strange and down
quark CEDMs from the mercury atom and neutron EDMs are shown
in the figures

triplet Higgs has been given in Sect. 4.1. In GUTs based on
SU(5) there is no natural place for incorporating singlet neu-
trinos. From this point of view SU(5) presents some advan-
tage for implementing the triplet seesaw mechanism. In par-
ticular, a very predictive scenarios can be obtained in the su-
persymmetric case [249, 736, 745]. The triplet states 7 (T')
fit into the 15 (15) representation, 15 =S+ T + Z with §,
T and Z transforming as S ~ (6, 1, —%), T~@1,3,1),Z~
3,2, %) under SU(3) x SU(2)z, x U(1)y (the 15 decompo-
sition is obvious). We shall briefly show that it is also pos-
sible to relate not only neutrino mass parameters and LFV
(as shown in Sect. 5.2.7) but also sparticle and Higgs spectra
and electroweak symmetry breakdown [736, 745]. For this
purpose, consider that the SU(5) model conserves B — L, so
that the relevant superpotential reads

1 _ - _ _
Wsuis) = —2(Y]55 155+ A5 155) + Y555 10

5

+Y10101055 + M55y 55 +£X 1515,  (5.63)

where the multiplets are understood as 5=(d L), 10 =
(u, e, Q) and the Higgs doublets fit with their colored
partners ¢ and 7, like 55 = (t, H2), 55 = (7, Hy) and X is
a singlet superfield. The B — L quantum numbers are the
combination Q + ‘5—‘Y where Y are the hypercharges and
Qi0=35, 05=—3, 05,3,y = ~5(3). 015 =8, 05 =5,
O x = —2. Both the scalar Sx and auxiliary Fy components
of the superfield X are assumed to acquire a VEV through
some unspecified dynamics in the hidden sector. Namely,
while (Sx) only breaks B — L, (F) breaks both SUSY and
B — L. These effects are parameterized by the superpotential
mass term M51515, where M5 = £(Sx), and the bilinear
SSB term —B5M515 15, with BjsM5 = —& (Fx). The 15
and 15 states act, therefore, as messengers of both B — L
and SUSY breaking to the MSSM observable sector. Once
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SU(5) is broken to the SM group we find, below the GUT
scale Mg,

Wo=Y.e‘H|L+Y;d°H Q+Y,uQH, + nHyHy,

1 (5.64)

Wr = —(YrLTL + AH,THy) + My TT,
V2

1 - _
Wsz=—YsdSd°+Yzd°ZL+ MzZZ + MsSS.

V2

Here, W denotes the MSSM superpotential,zl the term
Wr is responsible for neutrino mass generation [cf. (3.67)],
while the couplings and masses of the colored fragments
S and Z are included in Wg 7. It is also understood that
Mt = Mg = Mz = M;5. At the decoupling of the heavy
states S, T, Z we obtain at tree-level the neutrino masses,
given by (3.68) and at the quantum level all SSB mass para-
meters of the MSSM via gauge and Yukawa interactions. At
one loop level, only the trilinear scalar couplings, the gaug-
ino masses and the Higgs bilinear mass term By are gener-
ated:

3Br 3Br
Ae=1—3 LY (YiYr +Y)Yz), Au= = S Y,
2B
Ad= 1 L (YzY) +2YsY{)Ya, (5.65)
7Br 3Br . 5
M, = . By= y
“= Tom2 5 aT=1

The scalar mass matrices instead are generated at the two-
loop level and recelve both gauge-mediated contributions
proportional to Ca ga (Ca is the quadratic Casimir of the
f-particle) and Yukawa-mediated ones of the form Y} i Y[7
(p=S,T, Z). The former piece is the flavor blind contribu-
tion, which is proper of the gauge-mediated scenarios [151,
152, 746-751], while the latter ones constitute the flavor vi-
olating contributions transmitted to the SSB terms by the
Yukawa’s Ys r1.z. These contributions are mostly relevant
for the mass matrices mL and m> ; .- For example,

Br 21
2 _ 4
mi_(lé;ﬂ) [10 Ty

21 ;
15g1 +9g5 +16g3 )Y, Y7

21 27 .
St (Fet+ug)vin

+18(Yfvr) + 15(Y)Y2) 4+ 3Te(Y) Yr) Y)Yy
+ 12V YsY Y7 +3Te(YSYZ)Y Y,
21 This should be regarded as an effective approach where the Yukawa

matrices Yy, Y, Y, include SU(5)-breaking effects needed to repro-
duce a realistic fermion spectrum.

Y YL YEYr +9(Y)YrY Yz +he)

+3v, YT vy, +6Y§Ydyjyz]. (5.66)
Since the flavor structure of m?2 is proportional to Y7 (and
to Yz which is SU(5)-related to Y7), it can be expressed in
terms of the neutrino parameters [cf. (3.68)] and so the rel-
ative size of LFV in different leptonic families is predicted
according to the results of (5.54).

All the soft masses have the same scaling behavior m ~
B7/(167%) which demands B > 10 TeV to fulfill the natu-
ralness principle. This scenario appears very predictive since
it contains only three free parameters: the triplet mass Mr,
the effective SUSY breaking scale Br and the coupling con-
stant A. The parameter space is then constrained by the ex-
perimental bounds on the Higgs boson mass, the B(u —
ey), the sfermion masses, and the requirement of radia-
tive electroweak symmetry breaking. The phenomenologi-
cal predictions more important and relevant for LHC, the
B-factories [694] the incoming MEG experiment [548], the
Super Flavor factory [752] or the PRISM/PRIME exper-
iment at J-PARC [753], concern the sparticle and Higgs
boson spectra and the LFV decays. Regarding the spec-
trum, the gluino is the heaviest sparticle while, in most
of the parameter space, £; is the lightest. In the exam-
ple shown in Fig. 31 the squark and slepton masses lie in
the ranges 700-950 GeV and 100-300 GeV, respectively.
The gluino mass is about 1.3 TeV. The chargino masses
are m ;& ~ 320 GeV and Myt~ 450-550 GeV. Moreover,
mgo ~ 190 GeV, m W~ mxli and m59 Amgx. These mass

ranges are within the discovery reach of the LHC.

The Higgs sector is characterized by a decoupling regime
with a light SM-like Higgs boson (&) with mass in the range
110-120 GeV which is testable in the near future at LHC
(mainly through the decay into 2 photons). The remaining
three heavy states (H, A and H*) have mass My A HE N
450-550 GeV (again, for By =20 TeV). All the spectra in-
crease almost linearly with Br.

Figure 32(b) shows instead several LFV processes: © —
eX, u — econversioninnuclei,7 — e¢Y andt — uY (X =
y,ee, Y =y, ee, uu). One observe that e.g., the behav-
ior of the radiative-decay branching ratios is in agreement
with the estimates given in (5.56) for 613 = 0. For 613 = 0.2
one obtains instead that B(t — uy)/B(u — ey) ~ 2 and
B(t — ey)/B(u — ey) ~ 0.1 (the full analysis can be
found in Ref. [736]). The other LFV processes shown are
also correlated to the radiative ones in a model-independent
way [736, 745]. The analysis shows that the future experi-
mental sensitivity will allow to measure at most B(u — y),
B(u — 3e), B(t — uy) and CR(u — e Ti) for tiny 613. In
particular, being B(t — wuy)/B(u — ey) ~ 300, B(t —
wy) is expected not to exceed 3 x 1077, irrespective of
the type of neutrino spectrum. Therefore T — uy falls into
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Fig. 31 (Color online) Sparticle and Higgs spectrum for Br =
20 TeV. Left panel: squark masses, m; (black solid line), mj (red

dashed) and the gluino mass (blue dash-dotted). In the inner plot tan
and p are shown as obtained by the electroweak symmetry breaking

the LHC capability. All the decays T — ¢;€;€; would have
B < O(10~'!). The predictions for the LFV branching ra-
tios in the present scenario are summarized in Table 13.

Finally, such supersymmetric SU(5) framework with a
15, 15 pair may be realized in contexts based on string in-
spired constructions [754, 755].

5.3.3 LFV from a generic SO(10) framework

The spinorial representation of the SO(10), given by a 16-
dimensional spinor, can accommodate all the SM model par-
ticles as well as the right handed neutrino. As discussed
in Sect. 4.1, the product of two 16 matter representations
can only couple to 10, 120 or 126 representations, which
can be formed by either a single Higgs field or a non-
renormalizable product of representations of several Higgs
fields. In either case, the Yukawa matrices resulting from the
couplings to 10 and 126 are complex symmetric, whereas
they are antisymmetric when the couplings are to the 120.
Thus, the most general SO(10) superpotential relevant to
fermion masses can be written as

Wsoi0) = Y;'16;16;10 + Y716, 16; 126

+ 1,016,165 120, (5.67)

where i, j refer to the generation indices. In terms of the SM
fields, the Yukawa couplings relevant for fermion masses are
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conditions. Right panel: the masses of the charged sleptons, the sneu-
trinos, the charginos, the neutralinos and the Higgs bosons as the labels
indicate

given by [756, 757]:

161610 O 5(uu + vv°) + 5(dd® + ee”),

1616126 D 1v° v + 15vv + 5(uu® — 3v1°)
+45(dd° — 3ee),

1616120 D 501 + 45uu’ + 5(dd® + ee”)
+45(dd® — 3ee®),

(5.68)

where we have specified the corresponding SU(5) Higgs
representations for each of the couplings and all the fermi-
ons are left handed fields. The resulting up-type quarks and
neutrinos’ Dirac mass matrices can be written as

m' = M}, + Mlsze +Mf250,
5 5 5
mp = M7y — 3M7yq + M7y,

(5.69)
(5.70)

A simple analysis of the fermion mass matrices in the
SO(10) model, as detailed in (5.70) leads us to the following
result: At least one of the Yukawa couplings in YV = vu_lm‘l’)
has to be as large as the top Yukawa coupling [164]. This
result holds true in general, independently of the choice of
the Higgses responsible for the masses in (5.69), (5.70), pro-
vided that no accidental fine-tuned cancellations of the dif-
ferent contributions in (5.70) are present. If contributions
from the 10’s solely dominate, " and Y* would be equal.
If this occurs for the 126’s, then YV = —3Y* [395]. In case
both of them have dominant entries, barring a rather pre-
cisely fine-tuned cancellation between M150 and M1526 in
(5.70), we expect at least one large entry to be present in Y.
A dominant antisymmetric contribution to top quark mass
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Table 13 Expectations for the
various LFV processes
assuming

B(u — ey) =1.2x 101, The
results in parenthesis apply to
the case of the
inverted-hierarchical neutrino
spectrum, whenever these are
different from those obtained for
the normal-hierarchical and
quasi-degenerate ones
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Decay mode Prediction for branching ratio

s;i3=0 s13=0.2
Ty 3x107° 2(3) x 10~1
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due to the 120 Higgs is phenomenologically excluded, since
it would lead to at least a pair of heavy degenerate up quarks.
Apart from sharing the property that at least one eigenvalue
of both m" and mY, has to be large, for the rest it is clear from
(5.69) and (5.70) that these two matrices are not aligned
in general, and hence we may expect different mixing an-
gles appearing from their diagonalization. This freedom is
removed if one sticks to particularly simple choices of the
Higgses responsible for up quark and neutrino masses.
Therefore, we see that the SO(10) model with only two
ten-plets would inevitably lead to small mixing in Y". In
fact, with two Higgs fields in symmetric representations,
giving masses to the up sector and the down sector sep-
arately, it would be difficult to avoid the small CKM-like
mixing in Y. We shall call this case the CKM case. From
here, the following mass relations hold between the quark
and leptonic mass matrices at the GUT scale:*?
Yt =YV, yd=ye. (5.71)
In the basis where charged lepton masses are diagonal, we
have

Y = Vem Y Verm. (5.72)
The large couplings in Y¥ ~ O(Y;) induce significant off-
diagonal entries in m2 through the RG evolution between
Mgur and the scale of the right handed Majorana neutrinos,
Mg, . The induced off-diagonal entries relevantto [; — [;, y
are of the order of:

3m2 + A2 M
2) AT Ryay gy ];UT

Z)i#j ~ 872

(m + (’)(YCZ),

R3
(5.73)

where V;; are elements of VckwM, and 7, j flavor indices. In
this expression, the CKM angles are small but one would
expect the presence of the large top Yukawa coupling to
compensate such a suppression. The required right handed
neutrino Majorana mass matrix, consistent with both the ob-
served low energy neutrino masses and mixing as well as
with CKM-like mixing in YV is easily determined from the
seesaw formula defined at the scale of right handed neutri-
nos.

The B(l; — l;y) are now predictable in this case. Con-
sidering mSUGRA boundary conditions and taking tan 8 =
40, we obtain that reaching a sensitivity of O(10~13-
10~1%), as planned by the MEG experiment at PSI, for
B(nw — ey) would allow us to probe the SUSY spectrum

22(Clearly this relation cannot hold for the first two generations of down
quarks and charged leptons. One expects, small corrections due to non-
renormalizable operators or suppressed renormalizable operators [6] to
be invoked.
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Fig. 33 Contour plot of B(u — e, y) in the plane of the GUT-scale
universal scalar and gaugino masses, (mg, M1/2), at Ag = 0 in the
CKM high tan 8 case. Note that while the plane is presently uncon-
strained, the planned MEG experiment sensitivity of O(10~13-10714)
will be able to probe it in the (mg, mz) < 1 TeV region

completely up to mg = 1200 GeV, M1, =400 GeV (notice
that this corresponds to gluino and squark masses of order
1 TeV). This clearly appears from Fig. 33, which shows the
B(u — ey) contour plot in the (mg, M1,2) plane. Thus, in
summary, though the present limits on B(u — e, y) would
not induce any significant constraints on the supersymmetry
breaking parameter space, an improvement in the limit to
~O(10_13—10_14), as foreseen, would start imposing non-
trivial constraints especially for the large tan 8 region.

To obtain mixing angles larger than CKM angles, asym-
metric mass matrices have to be considered. In general, it is
sufficient to introduce asymmetric textures either in the up
sector or in the down sector. In the present case, we assume
that the down sector couples to a combination of Higgs rep-
resentations (symmetric and antisymmetric)>® @, leading to
an asymmetric mass matrix in the basis where the up sector
is diagonal. As we shall see below, this would also require
that the right handed Majorana mass matrix be diagonal in
this basis. We have:

1 1
Wsoqo) = 5 ¥i; 1611610 + Eygemi 16;9

1
+ 5Y§16i 16; 126,

where the 126, as before, generates only the right handed
neutrino mass matrix. To study the consequences of these
assumptions, we see that at the level of SU(5), we have

23The couplings of the Higgs fields in the superpotential can be
either renormalizable or non-renormalizable. See [758] for a non-
renormalizable example.
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i i

1 _
Wsuis) = §Yiu 10;10; 5, + YiU'S,‘ 1; 5,
- 1
d R
+ Yij10i5j 54+ EMiili 1;,

where we have decomposed the 16 into 10 4+ 5 + 1 and 5,
and 5, are components of 10, and & respectively. To have
large mixing ~Upmns in YV we see that the asymmetric ma-
trix Y¢ should now give rise to both the CKM mixing as well
as PMNS mixing. This is possible if
VékmY  Upnns = Ygiag‘ (5.74)

Therefore the 10 that contains the left handed down-
quarks would be rotated by the CKM matrix whereas the
5 that contains the left handed charged leptons would be ro-
tated by the Uppns matrix to go into their respective mass
bases [737, 758-760]. Thus we have the following relations
in the basis where charged leptons and down quarks are di-
agonal:

(5.75)
(5.76)

u __ u T
Y™ = VerkmYpiag Vexms

YY = UPMNSY]giag-

Using the seesaw formula of (3.41) and (5.76), we have

2 2 2
My M ﬂ} (5.77)

M R= Dlag{ U s —< .

Myp My, My
We now turn our attention to lepton flavor violation in this
case. The branching ratio, B(i — e, y) would now depend
on

(Y'Y, =Y Uu3Ues + Y Up2Uer + O(h7).  (5.78)
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Fig. 34 Scatter plots of B(u — e, y) (left) and B(t — py) (right)
versus My, for tan 8 = 40, both for the (maximal) PMNS case with
|Ue3| = 0.07 and the (minimal) CKM case. The plots were obtained by
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It is clear from the above that in contrast to the CKM case,
the dominant contribution to the off-diagonal entries de-
pends on the unknown magnitude of the element U,3 [761].
If U,s is close to its present limit ~0.14 [762] (or at least
larger than (Y2/Y?)U, ~ 4 x 107°), the first term on the
RHS of the (5.78) would dominate. Moreover, this would
lead to large contributions to the off-diagonal entries in the
slepton masses with U3 of O(1). Thus, we have

3m2 + A2 M
0 02 GUT
8 2 t e3 [L3 X

+0(7?).
(5.79)

This contribution is larger than the CKM case by a factor
of (Uu3Ue3)/(ViaVis) ~ O(10?). This would mean about a
factor 10* times larger than the CKM case in B(u — e, y).
Such enhancement with respect to the CKM case is clearly
shown in the scatter plots of Fig. 34, where the CKM case is
compared with the PMNS case with U,3 = 0.07. The aim
of the figure is to show the capability of MEG to probe
the region of mSUGRA parameter space accessible to the
LHC. In fact, the plots show the value of B(u — e, y)
obtained by scanning the parameter space in the large re-
gion (0 <mo <5TeV,0 < My <1.5TeV, =3my < Ag <
+3my, sign(n)), and then keeping the points which give at
least one squark lighter than 2.5 TeV (so roughly accessible
to the LHC). We see that in this “LHC accessible” region
the maximal case (with U,3 = 0.07) is already excluded by
the MEGA limit (B(u — e, y) < 1.2 x 10~11), and there-
fore MEG will constrain the parameter space far beyond the
LHC sensitivity for this case. If U,3 is very small, i.e. either
zero or S(Y2/Y2)Ugn ~ 4 x 1072, the second term o< ¥ in
(5.78) would dominate, thus giving a strong suppression to
the branching ratio. This could be not true, once RG effects

T — pyat tan =40
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T T
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scanning the SUSY parameter space in the LHC accessible region (see
the text for details)
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on U,z itself [258, 722] are taken into account. The point
is that the PMNS boundary condition (5.76) is valid at high
scale. Thus, it is necessary to evolve the neutrino masses and
mixing from the low energy scale, where measurements are
performed, up to high energy. Such effect turns out to be not
negligible in case of low energy U,z < 1073, giving a high
energy constant enhancement of order O(1073) [688]. The
consequence is that the term in (5.78) Yt2 always dom-
inates, giving a contribution to the branching ratio larger
than the CKM case (which turns out to be really a “mini-
mal” case) and bringing the most of the parameter space in
the realm of MEG even for very small low energy values of
U3 [688, 763].

The 7 — p transitions are instead U,3-independent
probes of SUSY, whose importance was first pointed out
in Ref. [732]. The off-diagonal entry in this case is given
by:

3m2 4+ A2 M
~ 0 0v2 GUT
L)32 N Y?U,3Ur31n

+0(7?).

R3
(5.80)

In the T — py decay the situation is at the moment simi-
larly constrained with respect to © — ey, if U,3 happens to
be very small. The main difference is that B(t — py) does
not depend on the value of U,3, so that T — uy will be a
promising complementary channel with respect to u — ey .
As far as Beauty factories [191, 644, 764] are concerned,
we see from Fig. 34, that even with the present bound it
is possible to rule out part of LHC accessible region in the
PMNS high tan 8 regime; the planned accuracy of the Su-
perKEKB [694] machine ~O(10~8) will allow to test much
of high tan 8 region and will start probing the low tan S
PMNS case, with a sensitivity to soft masses as high as
(mo, mg) < 900 GeV. The situation changes dramatically if
one takes into account the possibility of a Super Flavor fac-
tory: taking the sensitivity of the most promising T — uy
process to ~O(10~?), the PMNS case will be nearly ruled
out in the high tan 8 regime and severely constrained in the
low tan 8 one; as for the CKM case we would enter the re-
gion of interest.

Let’s finish with some remarks. Suppose that the LHC
does find signals of low energy supersymmetry, then grand
unification becomes a very appealing scenario, because of
the successful unification of gauge couplings driven by the
SUSY partners. Among SUSY-GUT models, an SO(10)
framework is much favored as it is the ‘minimal’ GUT to
host all the fermions in a single representation and it ac-
counts for the smallness of the observed neutrino masses by
naturally including the see-saw mechanism. In the above we
have addressed the issue by a generic benchmark analysis,
within the ansatz that there is no fine-tuning in the neutrino
Yukawa sector. We can state that LFV experiments should

@ Springer

be able to tell us much about the structure of such a SUSY-
GUT scenario. If they detect LFV processes, by their rate
and exploiting the interplay between different experiments,
we would be able to get hints of the structure of the un-
known neutrinos’ Yukawa’s. On the contrary, in the case that
both MEG and a future Super Flavor factory happen not to
see any LFV process, only two possibilities should be left:
(i) the minimal mixing, low tan 8 scenario; (ii)) mSUGRA
SO(10) see-saw without fine-tuned Y,, couplings is not a vi-
able framework of physics beyond the standard model.

Actually one should remark that LFV experiments will
be able to falsify some of above scenarios even in regions
of the mSUGRA parameter space that are beyond the reach
of LHC experiments. In this sense, the power of LFV ex-
periments of testing/discriminating among different SUSY-
GUTs models results very interesting and highly comple-
mentary to the direct searches at the LHC.

5.3.4 LFV, QFV and CPV observables in GUTs and their
correlations

In a SUSY grand unified theory (GUT), quarks and lep-
tons sit in same multiplets and are transformed ones into
the others through GUT symmetry transformations. If the
energy scale where the SUSY breaking terms are transmit-
ted to the visible sector is larger then the GUT scale, as in
the case of gravity mediation, such breaking terms, and in
particular the sfermion mass matrices, will have to respect
the underlying GUT symmetry. Hence, as already discussed
in Sect. 5.3.1, the quark—lepton unification seeps also into
the SUSY breaking soft sector. If the soft SUSY breaking
terms respect boundary conditions which are subject to the
GUT symmetry to start with, we generally expect the pres-
ence of relations among the (bilinear and trilinear) scalar
terms in the hadronic and leptonic sectors [165, 739]. Such
relations hold true at the (superlarge) energy scale where the
correct symmetry of the theory is the GUT symmetry. After
its breaking, the mentioned relations will undergo correc-
tions which are computable through the appropriate RGE’s
which are related to the specific structure of the theory be-
tween the GUT and the electroweak scale (for instance, new
Yukawa couplings due to the presence of RH neutrinos act-
ing down to the RH neutrino mass scale, presence of a sym-
metry breaking chain with the appearance of new symme-
tries at intermediate scales, etc.). As a result of such a com-
putable running, we can infer the correlations between the
softly SUSY breaking hadronic and leptonic MIs at the low
scale where FCNC tests are performed. Moreover, given that
a common SUSY soft breaking scalar term of Lgof at scales
close to Mpjanck can give rise to RG-induced §7°s and ss
at the weak scale, one may envisage the possibility to make
use of the FCNC constraints on such low energy 4’s to infer
bounds on the soft breaking parameters of the original su-
pergravity Lagrangian (Lsugra). Indeed, for each scalar soft
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Table 14 Links between

various transitions between Relations at weak-scale

Boundary conditions at Mgyt

up-type, down-type quarks and

2

charged leptons for SU(5). my (84)RR ~ (mﬁp/mf;p)(éf_,»)m
q ~ (m2 Jm2 (sl

(Si‘,‘)LL ~ (méL‘/mQ)(aij)RR

)RR~ (M3 /m3) @)L

refers to the average mass for
the sfermion f,

m%: = /mZm?2 and
Qavg Q0 de

m2 =,/m

Lavg

2
L

m2, G e~ (m%avg/mzéavg)(m,,/mt)(s;j);R

i (0) = mZ (0)
m2Q (0) =m%.(0)
m?,(0) = m3 (0)

e __ Ad
Aij_Aji

parameter of Lguera One can ascertain whether the hadronic
or the leptonic corresponding bound at the weak scale yields
the strongest constraint at the large scale [165].

Let us consider the scalar soft breaking sector of the
MSSM:

2 ATA. 2 e 2 SR e
—Looft = moy.. Qi oF —}-mu;-iuciutl —|—mel¢ie6iecl
A 2 FtF 2 gt
+mdfidcid°l+mL,-,-LiLl+mH1H1H1

+m%12H2TH2 + A?j Q,'b;chz +Af~lj Q,'chHl

o ! - ~ ok~
+AfLiejHi + (Ai;) L Lj + (A7) ggetie’

i
+ (A?j)LL Q,TQJ + (A?j)RRM~C:I,¢~Cj
+ (A%) gpd<ide; + (A5) L géLiet
+ (AY)  gliLiuc; + (Aj-ij)LRch:JCj 4o
(5.81)

where we have explicitly written down the various off-
diagonal entries of the soft SUSY breaking matrices. Con-
sider now that SU(S) is the relevant symmetry at the scale
where the above soft terms firstly show up. Then, taking into
account that matter is organized into the SU(5) representa-
tions 10 = (g, u¢, ¢) and 5= (1, d°), one obtains the fol-
lowing relations

2 .2 2 _ 2

my =mz =m; =mj,

my, =mj =mZ, (5.82)
e __ Ad

A% =AY

These equations for matrices in flavor space lead to relations
between the slepton and squark flavor violating off-diagonal
entries A;;. These are:

(A?j)LL = (A?j)RR = (A?j)LL = (Aﬁj)RR, (5.83)
(Aldj)RR = (Aﬁj)LL’ (5.84)
(Ag/)LR = (Alji)LR = (Aéj);eL- (5.85)

These GUT correlations among hadronic and leptonic scalar
soft terms are summarized in the second column of Table 14.

Table 15 Links between various transitions between up-type, down-
type quarks and charged leptons for PS/SO(10) type models

Relations at weak-scale Boundary conditions at Mgyt

SRR~ (Mm% /m3 ) (8] )RR

@)L~ mg /m3)GiLL

m2.(0) = m2.(0)
m2Q(0) = m%(O)

Assuming that no new sources of flavor structure are present
from the SU(5) scale down to the electroweak scale, apart
from the usual SM CKM one, one infers the relations in the
first column of Table 14 at low scale. Here we have taken
into account that due to their different gauge couplings “av-
erage” (diagonal) squark and slepton masses acquire differ-
ent values at the electroweak scale.

Two comments are in order when looking at Table 14.
First, the boundary conditions on the sfermion masses at the
GUT scale (last column in Table 14) imply that the squark
masses are always going to be larger at the weak scale com-
pared to the slepton masses due to the participation of the
QCD coupling in the RGEs. As a second remark, notice
that the relations between hadronic and leptonic § MI in Ta-
ble 14 always exhibit opposite “chiralities”, i.e. LL inser-
tions are related to RR ones and vice-versa. This stems from
the arrangement of the different fermion chiralities in SU(5)
five- and ten-plets (as it clearly appears from the final col-
umn in Table 14). This restriction can easily be overcome if
we move from SU(S) to left-right symmetric unified mod-
els like SO(10) or the Pati—Salam (PS) case (we exhibit the
corresponding GUT boundary conditions and § MI at the
electroweak scale in Table 15).

So far we have confined the discussion within the sim-
ple SU(5) model, without the presence of any extra parti-
cles like right handed (RH) neutrinos. In the presence of RH
neutrinos, one can envisage of two scenarios [164]: (a) with
either very small neutrino Dirac Yukawa couplings and/or
very small mixing present in the neutrino Dirac Yukawa ma-
trix, (b) Large Yukawa and large mixing in the neutrino sec-
tor. In the latter case, (5.83)—(5.85) are not valid at all scales
in general, as large RGE effects can significantly modify the
sleptonic flavor structure while keeping the squark sector
essentially unmodified; thus essentially breaking the GUT
symmetric relations. In the former case where the neutrino
Dirac Yukawa couplings are tiny and do not significantly
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Fig. 35 Left four panels: allowed region for (5513) RR Using constraints as indicated. Right four panels: the same for (5‘112) RrR- For the parameter

space considered, please see the text

modify the sleptonic flavor structure, the GUT symmetric
relations are expected to be valid at the weak scale. How-
ever, in both cases it is possible to say that there exists a
bound on the hadronic é parameters of the form [739]:

2

m=
|(81{1j)RR| = m—2L|(5§j)LL|'

dl.‘

(5.86)

The situation is different if we try to translate the bound from
quark to lepton MIs. An hadronic MI bound at low energy
leads, after RGE evolution, to a bound on the correspond-
ing grand unified MI at Mgyr, applying both to slepton and
squark mass matrices. However, if the neutrino Yukawa cou-
plings have sizable off-diagonal entries, the RGE running
from Mgyt to My could still generate a new contribution
to the slepton MI that exceeds this GUT bound. Therefore
hadronic bounds cannot be translated to leptons unless we
make some additional assumptions on the neutrino Yukawa
matrices. On general grounds, given that SM contributions
in the lepton sector are absent and that the branching ratios
of leptonic processes constrain only the modulus of the MIs,
it turns out that all the MI bounds arising from the lepton
sector are circles in the Re(Sfj) AB—Im(Slfij) AB plane and are
centered at the origin.

In the following the effect of leptonic bounds on the
quark mass insertions are reviewed, following the results
presented in [165], where constraints on §s were stud-
ied scanning the mSUGRA parameter space in the ranges:
M <160 GeV, mo < 380 GeV, |Ag| < 3mp and 5 <
tan 8 < 15. For instance, in presence of a (AgS) LR at the
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GUT scale, this would have effects both in the T — uy
and b — sy decays. Using (8%;)r.r < (mh/mt)(mlg/mé) X
(853) RL, a bound on (853) gL from the T — wy decay trans-
lates into a bound on (A‘213) Lr (neglecting the effects of
neutrino Yukawa’s the inequality transforms into equality).
Thus, leptonic processes set a bound on the SUSY contribu-
tions to B(B — X;y). However, it turns out that the present
leptonic bounds have no effect on the (5513) LR couplings.
This is due both to the existence of strong hadronic bounds
from b — sy and CP asymmetries and to the relatively weak
leptonic bounds here.

Similarly, in presence of a (Ag3) rr at the GUT scale,
the corresponding MlIs at the electroweak scale are (5513) RR
and (8’23) L1 that contribute to AMp and v — uy respec-
tively (the impact of (A‘zi3)RR onb— sy andb — s£T€7 is
not relevant because of the absence of interference between
SUSY and SM contributions). In Fig. 35 the allowed values
of Re(5§’3) RRr and Im(3§3) rr With the different constraints
are shown. The leptonic constraints are quite effective as
the bound on the B(t — uy) from B-factories is already
very stringent, while the recent measurement of AMp_ is
less constraining. The plots correspond to 5 < tan 8 < 15,
thus, the absolute bound on (8123)LL is set by tan8 =5 and
it scales with tan 8 as (83) 11 ~ (5/tanB).>*

24Sizable SUSY contributions to AMp,_ are still possible from the
Higgs sector in the large tan 8 regime both within [765-767] and also
beyond [768] the Minimal Flavor Violating framework. However, for
the considered parameter space, the above effects are completely neg-
ligible.
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As in the LR sector, in the LL one, there is no apprecia-
ble improvement from the inclusion of leptonic constraints.
In fact, T — uy is not effective to constrain (8123) RR,1.€. the
leptonic MI related to (8513) 1. in this SUSY-GUTSs scheme,
in large portions of the parameter space because of strong
cancellations among amplitudes. The analysis of the con-
straints on the different (Sig) MIs gives similar results to
that of the (5513) MIs. In this case, the hadronic constraints
come mainly from AMp, and the different CP asymmetries
measured at B-factories, while the leptonic bounds are due
to the decay © — ey.

Coming to the 1-2 sector, let’s see, as an example, the
allowed values of Re(8f2)RR and Im(8f2)RR. In this case, as
it appears from Fig. 35, leptonic constraints, already using
the present limit on B(u — ey), are competitive and con-
strain the direction in which the constraint from g is not
effective (upper left plot). Similarly in the LR sector, even
if the hadronic bounds coming from &’ /¢ are quite stringent,
the bounds from u — ey are even more effective, while the
LL sector results less constrained by leptonic processes, as
an effect of the cancellations that u — ey decay suffers in
the RR leptonic sector.

5.4 R-parity violation
5.4.1 Introduction

In supersymmetric extensions of the standard model (SM),
baryon and lepton numbers are no longer automatically pro-
tected. This is the main reason for introducing R-parity.
R-parity is associated with a Z, subgroup of the group of
continuous U (1) transformations acting on the gauge su-
perfields and the two chiral doublet Higgs superfields Hy
and H,, with their definition extended to quark and lep-
ton superfields so that quarks and leptons carry R = 0
and squarks and sleptons R = £1. One can express R-
parity in terms of spin S, baryon B and lepton L num-
ber [769]:

25 (—1)3B-D) (5.87)

R-parity = (—1)
Taking into account the important phenomenological dif-
ferences between models with and without R-parity, it is
worth studying if and how R-parity can be broken. One
of the main reasons to introduce R-parity is avoiding pro-
ton decay. However there are in principle other discrete or
continuous symmetries that can protect proton decay while
allowing for some R-parity violating couplings. In the ab-
sence of R-parity, R-parity odd terms allowed by renormal-
izability and gauge invariance [150] must be included in
the superpotential of the minimal supersymmetric standard
model,

1
Wgp = niH,L; + EkijkLiLjEfé +/\§jkLi Q;D;

1 e
+ = Uf DS DY, (5.88)

9 ij
where there is summation over the generation indices
i,j,k=1,2,3, and summation over gauge indices is un-
derstood. One has for example L;L; E; = (eabL?Lé’.)Ec =
(NiEj — EiNHE{ and USDSD§ = eup, UtDSDY°,
where a,b = 1,2 are SU(2) indices, o, B8,y = 1,2,3 are
SU(@3)c indices, and €,45, and €4p, are totally antisymmetric
tensors (with €12 = €123 = +1). Gauge invariance enforces
antisymmetry of the A;;; couplings in their first two indices
and antisymmetry of the k;/j & couplings in their last two in-
dices,

(5.89)
(5.90)

Aijk = —Ajik,
Mg =—Aixj
The bilinear terms u; H,L; in (5.88) can be rotated away
from the superpotential upon suitably redefining the lepton
and Higgs superfields. However, in the presence of generic
soft supersymmetry breaking terms of dimension two, bilin-
ear R-parity violation will reappear. The fact that one can
make p; =0 in (5.88) does not mean that the Higgs—lepton
mixing associated with bilinear R-parity breaking is unphys-
ical, but rather that there is not a unique way of parameteriz-
ing it. If R-parity is violated in the leptonic sector, no quan-
tum numbers differentiate between lepton and Higgs super-
fields, and they consequently mix with each other [770].
The R-parity violation in the baryonic sector does not imply
lepton flavor violation, and we do not consider such option
here.

A general consequence of R-parity violation is that unless
the relevant couplings are negligibly small, the supersym-
metric model does not have a dark matter candidate. Thus
experimental studies on dark matter will also shed light on
R-parity violation.

5.4.2 Limits on couplings

Limits on R-parity violating couplings can be obtained by
direct searches at colliders or requiring that the R-parity vi-
olating contribution to a given observable does not exceed
the limit imposed by the precision of the experimental mea-
surement.

On the collider side R-parity violation implies the pos-
sibility of the creation, decay or exchange of single sparti-
cles, thus allowing new decay channels. For example, even
for relatively small R-parity violating interactions, the decay
of the lightest supersymmetric particle will lead to collider
events departing considerably from the characteristic miss-
ing momentum signal of R-parity conserving theories. In ab-
sence of definite theoretical predictions for the values of the
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45 independent trilinear Yukawa couplings A (A;ji, A; ik and
)L:’] ¢)» it 18 necessary in practice to assume a strong hierar-
chy among the couplings. A simplifying assumption widely
used for the search at colliders is to postulate the existence
of a single dominant R-parity violating coupling. When dis-
cussing specific bounds, it is necessary to choose a definite
basis for quark and lepton superfields. Often it is understood
that the single coupling dominance hypothesis applies in the
mass eigenstate basis. It can be more natural to apply this
hypothesis in the weak eigenstate basis when dealing with
models in which the hierarchy among couplings originates
from a flavor theory. In this case, a single process allows
one to constrain several couplings, provided one has some
knowledge of the rotations linking the weak eigenstate and
mass eigenstate bases. Indirect bounds from loop processes
typically lead to bounds on the products of two most impor-
tant R-parity violating couplings, or on the sum of products
of two couplings. The limits on single dominant couplings,
and on products of couplings, as well as a more complete
list of references, are collected in [771].

5.4.3 Spontaneous R-parity breaking

The spontaneous breaking of R-parity is characterized by
an R-parity invariant Lagrangian leading to non-vanishing
VEVs for some R-parity odd scalar field, which in turn gen-
erates R-parity violating terms. Such a spontaneous break-
down of R-parity generally also entails the breaking of
the global U(1) lepton number symmetry L which im-
plies the existence of a massless Nambu—Goldstone real
pseudoscalar boson J, the majoron. Another light scalar
particle, denoted p, generally accompanies the majoron
in the supersymmetric models. If the U(1) symmetry is
also explicitly broken by interaction terms in the La-
grangian, both of these particles acquire finite masses. The
most severe constraints on the models with a spontaneous
R-parity breaking, arise in the cases where the majoron car-
ries electroweak gauge charges and hence is coupled to the
Z bosons and to quarks and leptons. The non-singlet compo-
nents contribute to the Z boson invisible width by an amount
of one-half that a single light neutrino, § Flfv /6 >~ 83 MeV.
To suppress the non-singlet components one must allow ei-
ther for sufficiently small sneutrino VEVs, v, /M7 < 1, or
for some large hierarchy of scales between vy and the VEV
parameters associated with additional electroweak singlet
scalar fields [772].

However, it is not necessary that models with sponta-
neous R-parity violation have a majoron. Models without
a majoron include a class of models with triplet Higgses,
where B — L is a gauge symmetry, which is necessarily
spontaneously broken unless effects of non-renormalizable
terms or some additional new fields are included [773]. An
interesting experimental signal in these models may be a
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relatively light doubly charged scalar, which decays domi-
nantly to same charge leptons (not necessarily of the same
generation) [774]. Another possibility for a model with-
out a majoron is a model where the lepton number is bro-
ken by two units explicitly, in which case the spontaneous
breaking by one unit (which breaks the R-parity) does not
lead to a majoron [775]. The interactions in spontaneously
R-parity breaking models through the lepton number vio-
lation closely resemble explicitly R-parity breaking models
with only bilinear R-parity violation. In the case of sponta-
neous breaking, the parameters which are free in the model
with only bilinear couplings are related to each other via
the sneutrino vacuum expectation value (VEV). Thus a con-
straint from one process affects availability of the other
processes. Example bounds for such a model can be found
in [776].

It is worth emphasizing that choosing single coupling
dominance in the case of spontaneous breaking is not possi-
ble and in this sense, the models with spontaneous breaking
are more predictive than those without.

5.4.4 Neutrino sector

The presence of non-zero couplings A;jy, )L;jk or bilinear
R-parity violating parameters implies the generation of neu-
trino masses and mixing [777]. This is an interesting feature
of R-parity violating models, but it can also be a problem,
since the contribution of R-parity violating couplings may
exceed by orders of magnitude the experimental bounds.
Two types of contributions can be distinguished: tree-level
or loop contributions.

The tree-level contributions are due to bilinear R-parity
violation terms which induce a mixing between neutrinos
and neutralinos [778]. This gives a massive neutrino state at
tree level. When quantum corrections are included, all three
neutrinos acquire a mass. The tree-level contribution arising
from the neutrino—neutralino mixing can be understood, in
the limit of small neutrino—neutralino mixing, as a sort of
seesaw mechanism, in which the neutral gauginos and hig-
gsinos play the role of the right handed neutrinos.

The loop contributions are induced by the trilinear
R-parity violating couplings ;% and A ik and by bilinear
R-parity violating parameters [779]. If bilinear R-parity vio-
lation is strongly suppressed one can concentrate on the dia-
grams involving trilinear R-parity violating couplings only.
The trilinear couplings A;jx and A’ ik contribute to each en-
try of the neutrino mass matrix through the lepton—slepton
and quark—squark loops. The neutrino mass matrix depends
therefore on a large number of trilinear R-parity violating
couplings. In order to obtain a predictive model, one has
to make assumptions on the structure of the trilinear cou-
plings. In general, however, the bilinear R-parity violation
contribution cannot be neglected. The presence of bilinear
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terms drastically modifies the calculation of one loop neu-
trino masses. The neutrino mass matrix receives contribu-
tions already at tree level, as discussed above, and moreover
in addition to the lepton—slepton and quark—squark loops,
one loop diagrams involving insertions of bilinear R-parity
violating masses or slepton VEVs must be considered. One
should note that the bilinear R-parity violating terms, if not
suppressed, give too large loop contributions to neutrino
masses.

The scenario known as bilinear R-parity violation
(BRpV) corresponds to the explicit introduction of the three
mass parameters w; in the first term in (5.88), without re-
ferring to their origin, and assuming that all the trilinear pa-
rameters are zero. The w; terms introduce tree-level mixing
between the Higgs and lepton superfields. Therefore, they
violate R-parity and lepton number, and contribute to the
breaking of the SU(2) symmetry by the induction of sneu-
trino vacuum expectation values v;. As it was mentioned
before, the mixing between neutralinos and neutrinos leads
to an effective tree-level neutrino mass matrix of the form,

2 12
0 = M8 Mg (5.91)
4detM X0

where the parameters A; = uv; + w;vg are proportional to
the sneutrino vacuum expectation values in the basis where
the u; terms are removed from the superpotential. Due to the
symmetry of this mass matrix, only one neutrino acquires a
mass. Once quantum corrections are included, this symme-
try is broken, and the effective neutrino mass matrix takes
the form [780],

mi = AA A+ B(Aiej + Aje) + Ceje;. (5.92)
If the tree-level contribution dominates, as for example in
SUGRA models with low values of tan §, the atmospheric
mass scale is given at tree level, and the solar mass scale
is generated at one loop, explaining the hierarchy between
them. Most of the time, the dominant loop in SUGRA is
the one formed with bottom quarks and squarks, followed
in importance by loops with charginos and neutralinos. In
the tree-level dominance case the atmospheric mixing angle
is well approximated by tan? 0, = A% /A2, and the reactor
angle by tan® 63 = A%/(A% + A%). In this case, the small-
ness of the reactor angle is achieved with a small value of
A1, and the maximal mixing in the atmospheric sector with
a similar value for A5 and A3. Supergravity scenarios where
tree-level contribution does not dominate can also be found
[781], in which case the previous approximations for the an-
gles are not valid.

5.4.5 Lepton flavor violating processes at low energies

Many processes, which are either rare or forbidden in the
R-parity conserving model, become possible when interac-
tions following from the superpotential Wg, in (5.88) are

available. These interactions include tree-level couplings be-
tween different lepton or quark generations, as well as tree-
level couplings between leptons and quarks, or leptons and
Higgses.

In addition to the trilinear couplings A and A’, bilinear
couplings or spontaneous R-parity breaking contribute to the
lepton flavor violating processes mentioned below through
mixing.

For references about this section, see Ref. [771].

- li —> ljy, li = ljltly, and p—e-conversion, and semi-
leptonic decays of t-leptons. The rare decays of leptons
to lighter leptons are excellent probes of new physics,
because they do not involve any hadronic uncertain-
ties. Both the lepton flavor violating trilinear A- and A’-
type couplings give rise to LFV decays [; — [y (loop
level process with I, v—I, or §—¢' in the loop), ; —
Lilkly (tree-level process via v or 1), as well as for u—e-
conversion. In these processes, two non-vanishing A cou-
plings are needed and usual approach is to assume a dom-
inant product of two couplings, when determining bounds
on couplings. In the pt—e-conversion, certain pairs of cou-
plings can be probed only in the loop-level process, me-
diated by virtual y or Z, which are logarithmically en-
hanced compared to i — ey [185]. The hadronic contri-
butions to the pu—e-conversion in nuclei make the theoret-
ical error larger than in the decays without hadrons. The
relatively large mass of t allows for new semileptonic
decay modes for r. The bounds from these processes
vary between A ~ O(107#=10~") for 100 GeV fermion
masses, and they scale as mass>.

The experimental accuracies of the processes men-
tioned above are expected to increase considerably in the
coming years.

— Leptonic and semileptonic decays of hadrons and top
quarks. R-parity violating couplings A; ik allow for lep-
ton flavor violating decays of hadrons, e.g. K; — e*u¥,
B; — ptt™, KT — wtyv; [782], as well as semilep-
tonic LFV top decays, e.g. t — 7 'b, if kinematically al-
lowed. The sensitivity on the couplings is restricted by
the theoretical uncertainties in hadronic contributions. For
100 GeV sfermions, the bounds are A ~ O(10~4-10"").

5.4.6 Anomalous muon magnetic moment a,, and electron
electric dipole moment

A couplings affect leptons also through contributions to di-
pole moments. The experimental measurement of a,, is quite
precise. The theoretical calculation of the standard model
contribution to a,, contains still uncertainty, which prevents
exact comparison with measurement. The contribution of
R-parity violation on a,, is small, and constrained by tiny
neutrino masses.
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Contribution from complex A to electron EDM could be
large for large phases. The one loop contribution involving
both bilinear and trilinear couplings is sizable for electron
EDM, while one loop terms with only trilinear terms are
suppressed by neutrino masses.

5.4.7 Collider signatures

The main advantage of collider studies compared to the low
energy probes is that the particles can be directly produced,
and thus their masses and couplings can be experimentally
measured.

A major difference between R-parity conserving and
breaking models from the detection point of view is the
amount of missing energy. If R-parity is violated, the super-
symmetric particles decay to the SM particles leaving lit-
tle or no missing energy. Decays of sparticles through A-
and )\/-type couplings lead to multi-lepton final states, and
A’ and 1" to multi-jet final states. Sparticles can decay first
via the R-parity conserving couplings to the lightest super-
symmetric particle (LSP), which then decays via R-parity
violating couplings. If e.g. a neutralino is the LSP, it may be
a cascade decay product of a sfermion, chargino, or a heav-
ier neutralino. Thus typically one gets a larger number of
jets or leptons in the final state in R-parity violating than in
the R-parity conserving decay. The sparticles can also de-
cay directly to the standard model fermions via A, A/, or A”
couplings. Assuming all the supersymmetric particles decay
inside the detector, a consequence of the decay of the LSP is
that the amount of missing energy when R-parity is violated
is considerably lower than in the R-parity conserving case,
and only neutrinos carry the missing energy. When R-parity
is violated, the LSP is not stable and need not be neutral.
If then the coupling through which the LSP decays is sup-
pressed, a long lived possibly charged particle appears, leav-
ing a heavily ionizing, easily detectable charged track in the
detector.

A simplifying assumption for the search strategy at col-
liders is to postulate the existence of a single dominant
R-parity violating coupling. In case a non-vanishing cou-
pling does exist with a magnitude leading to distinct phe-
nomenology at colliders, a direct sensitivity to a long-lived
LSP might be provided by the observation of displaced
vertices in an intermediate range of coupling values up to
O(107°-107*). For larger A values the presence of R-parity
violating supersymmetry will become manifest through the
decay of short-lived sparticles produced by pair via gauge
couplings. A possible search strategy in such cases consists
of neglecting R-parity violating contributions at production
in non-resonant processes. This is valid provided that the
interaction strength remains sufficiently small compared to
electromagnetic or weak interaction strengths, for A values
typically below O(1072-10~1). In a similar or larger range
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of couplings values, R-parity violation could show up at col-
liders via single resonant or non-resonant production of su-
persymmetric particles.

For bilinear or spontaneous breaking, the lightest super-
symmetric particle decays through mixing with the corre-
sponding R, = +1 particle. If the LSP is neutralino or
chargino, it decays through mixing with neutrino or charged
lepton, and if the LSP is a slepton it decays through mix-
ing with the Higgs bosons, e.g. stau mixes with charged
Higgs. Assuming that neutralino is the LSP, the dominant
decay mode of stau is to tau and neutralino. Through mix-
ing the charged Higgs has then a branching ratio to tau and
neutralino. Thus the detection of R-parity violation includes
precise measurement of the branching ratios of particles.

The main signature of BRpV is the decay of the neu-
tralino, which decays 100% of the time into R-parity
and lepton number violating modes. If squarks and slep-
tons are heavy and the neutralino is heavier than the
gauge bosons, the neutralino decays into on-shell gauge
bosons and leptons: X? — W*K?E, Zv;. If the gauge bosons
are produced off-shell, then the decay modes are X? —
qq' 0", ZijEl.i, qqvi, EfETvi, vjvjv;. When sfermions
cannot be neglected, the decay channels are the same, but
squarks and sleptons contribute as intermediate particles
[783]. In this model, very useful quantities are formed with
ratios of branching ratios, since they can be directly linked
to R-parity violating parameters and neutrino observables.
We have for example,

B(x{ > qq'w) A3

2
— ~ tan” Oatm,
B(x) = qq't) A3

(5.93)

where the last approximation is valid in the tree-level dom-
inance scenario. In this way, collider and neutrino measure-
ments, coming from very different experiments, can be con-
trasted.

Detection possibilities and extraction of limits depend a
lot on the specific model and on the collider type and energy.
On general grounds a lepton—hadron collider provides both
leptonic and baryonic quantum numbers in the initial state
and is therefore suited for searches involving 1’. In ™ p col-
lisions, the production of ﬁ]L squarks of the jth generation
via A} i is especially interesting as it involves a valence d
quark of the incident proton. In contrast, for e~ p collisions
where charge conjugate processes are accessible, the A,
couplings become of special interest as they allow for the
production, involving a valence u quark, of er squarks of
the kth generation.

The excluded regions of the parameter space for R-parity
violating scenarios have been worked out from the data at
LEP, HERA and Tevatron, see e.g. [784-789]. In the fol-
lowing we shall concentrate on the search possibilities at the
LHC.
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5.4.8 Hadron colliders

In hadron colliders the A or A" couplings can provide a viable
signal. In many SUSY scenarios neutralinos and charginos
are among the lightest supersymmetric particles. Their pair
production or associated production of ¥ li % via gauge cou-
plings and decay via A or A’ couplings may lead to a tri-
lepton signal from each particle, providing a clean signature.
One should notice that if the couplings are small, the vertex
may be displaced which makes the analysis more compli-
cated. With small enough couplings the lightest neutralino,
if LSP, decays outside the detector.

If kinematically possible, gluinos and squarks are copi-
ously produced at hadron colliders. The NLO cross section
has been calculated in [790]. For m; > m; > mg, , the pro-
duction with decay via A7,, # 0 was studied at CDF. Also
coupling A}, from f pair production at CDF and A" cou-
plings from X? decay at DO have been investigated.

When R-parity is violated, the supersymmetric particles
can be produced singly, and thus they can be produced
as resonances through R-parity violating interactions. In a
hadron—-hadron collider this allows one to probe for res-
onances in a wide mass range because of the continuous
energy distribution of the colliding partons. This produc-
tion mode requires non-negligible R-parity violating cou-
pling. If a single R-parity violating coupling is dominant,
the exchanged supersymmetric particle may decay through
the same coupling involved in its production, giving a two
fermion final state. It is also possible that the decay of the
resonant SUSY particle goes through gauge interactions,
giving rise to a cascade decay.

The resonant production of sneutrinos and charged slep-
tons (via A’ couplings) has been investigated at hadron col-
liders [791-795]. The production of a charged lepton with
neutralino leads to a like-sign dilepton signature via A’ cou-
plings. The production of a charged lepton with a chargino
in the resonant sneutrino case decay leads to a tri-lepton final
state via A" couplings. The )ZP , X 1i v masses can be recon-
structed using the tri-lepton signal.

Single production is possible also in two-body processes
without resonance [796]. Sfermion production with a gauge
boson has been studied in either via A or A’-coupling. (The
process giq;j — W™V or giq; — Wt can get contri-
bution also from resonant production, but e.g. in SUGRA
mj—my; = Cos 2,6m%v and resonance production is not kine-
matically viable.) Similarly via A" or A” gluino can be pro-
duced with a lepton or quark, respectively. Sneutrino pro-
duction with two associated jets may also provide a de-
tectable signal [797].

Resonant production of squarks can occur via A”-type
couplings, leading eventually to jets in the final states. Al-
though the cross sections can be considerable for these
processes, the backgrounds in hadronic colliders are large,

and the processes seem difficult to study [798]. In special
circumstances the backgrounds can be small, e.g. for stop
production in d;d; — 1 — b)~(1+, with )Zi+ — v )~(1-0 (here

it is assumed mj; > m_+ > m_o, Myp > m o). Then for
1 X1 X1 X1

Ay jho My is stable [799, 800]. Also single gluino produc-
tion, d;jd; — gt via resonant stop production has a good
signal to background ratio for Ag’jk =0(0.1) [801].

With the 7 production cross section of the order of
800 pb, the LHC can be considered a top quark factory, with
~10% top quarks being produced per year, assuming an in-
tegrated luminosity of 100 fb~!. This statistics allows for
precise studies of top quark physics, in particular, for mea-
surements of rare RpV decays. A simulation of the signal
and background using ATLFAST [802], to take into account
the experimental conditions prevailing at the ATLAS detec-
tor [803], was made for a top quark decaying through a 1),
coupling to t — ¥°¢d, assuming only one slepton gives the
leading contribution as an intermediate state [804].

The importance of treating the top quark production and
decay simultaneously gg — ¢%%¢d, rather than I'(gg —
11)B(t — %%d), was shown. The latest approach can un-
derestimate the cross section by a factor of a few units, de-
pending on the slepton mass. The reason is that the slepton
forces the top quark to be off-shell, becoming the resonance
itself, as can be appreciated from %°¢ mass invariant distri-
butions.

Two scenarios were chosen for the neutralino decay,
% — bdv, and 3% — cde, the last one assuming a large
stop—scharm mixing. The sensitivity of the LHC is presented
as the significance S/+/B as a function of A3, for slep-
ton masses 150 and 200 GeV. The channel 1 — x%ed —
cdeed is more promising with exclusion limits at 2o c.l.
for A’ > 0.03 and observation at 50 c.l. for A’ > 0.05,
with these values slightly increasing for heavier sleptons.
The t — %%ed — bdv.ed channel is observable only for
a 150 GeV slepton mass. The significance is reduced to
A >0.08 at 20 and 1’ > 0.15 at 50 level.

Since a A233 ~ hpeg /0 trilinear term is generated in
BRpV when the €; term is removed from the superpoten-
tial, we can see that the above exclusion limits for A" are not
significant in BRpV, probing only values of €, parameters
much larger than what is needed for neutrino oscillations.

5.5 Higgs-mediated lepton flavor violation in
supersymmetry

If neutrinos are massive, one would expect LFV transitions
in the Higgs sector through the decay modes H® — ;1 j me-
diated at one loop level by the exchange of the W bosons
and neutrinos. However, as for the u — ey and the Tt — uy
case, also the H? — [;1 ;j rates are GIM suppressed. In a
supersymmetric (SUSY) framework the situation is com-
pletely different. Besides the previous contributions, super-
symmetry provides new direct sources of flavor violation,
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namely the possible presence of off-diagonal soft terms in
the slepton mass matrices and in the trilinear couplings
[144]. In practice, flavor violation would originate from any
misalignment between fermion and sfermion mass eigen-
states. LFV processes arise at one loop level through the
exchange of neutralinos (charginos) and charged sleptons
(sneutrinos). The amount of the LFV is regulated by a Super-
GIM mechanism that can be much less severe than in the
non-supersymmetric case [144]. Another potential source of
LFV in models such as the minimal supersymmetric stan-
dard model (MSSM) could be the Higgs sector, in fact, ex-
tensions of the SM containing more than one Higgs dou-
blet generally allow flavor violating couplings of the neutral
Higgs bosons. Such couplings, if unsuppressed, will lead
to large flavor-changing neutral currents in direct opposi-
tion to experiments. The MSSM avoid these dangerous cou-
plings at the tree level segregating the quark and Higgs fields
so that one Higgs (H,) can couple only to up-type quarks
while the other (Hy) couples only to d-type. Within unbro-
ken supersymmetry this division is completely natural, in
fact, it is required by the holomorphy of the superpotential.
However, after supersymmetry is broken, couplings of the
form QU.H,; and Q D.H, are generated at one loop [430].
In particular, the presence of a non-zero p term, coupled
with SUSY breaking, is enough to induce non-holomorphic
Yukawa interactions for quarks and leptons. For large tan 8
values the contributions to d-quark masses coming from
non-holomorphic operator Q D.H,, can be equal in size to
those coming from the usual holomorphic operator Q D, Hy
despite the loop suppression suffered by the former. This is
because the operator itself gets an additional enhancement
of tan 8.

As shown in Ref. [805] the presence of these loop in-
duced non-holomorphic couplings also leads to the ap-
pearance of flavor-changing couplings of the neutral Higgs
bosons. These new couplings generate a variety of flavor-
changing processes such as B® — u* =, B’~B etc. [537].
Higgs-mediated FCNC can have sizable effects also in the
lepton sector [806, 807]: given a source of non-holomorphic
couplings, and LFV among the sleptons, Higgs-mediated
LFV is unavoidable. These effects have been widely dis-
cussed in the recent literature both in a generic 2HDM
[808, 809] and in supersymmetry [807, 810] frameworks.
Through the study of many LFV processes as £; — £ ;£ Ly
[806, 807], = — £;n [169, 810], £; — £;y [175, 650],
uN — eN [811], #° — il [174] (with &; =7, 0, £j ) =
n,e, @ = ho, HO, AO) or the cross section of the uN — X
reaction [812].

5.5.1 LFV in the Higgs sector

SM extensions containing more than one Higgs doublet gen-
erally allow flavor violating couplings of the neutral Higgs
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bosons with fermions. Such couplings, if unsuppressed, will
lead to large flavor-changing neutral currents in direct oppo-
sition to experiments. The possible solution to this problem
involves an assumption about the Yukawa structure of the
model. A discrete symmetry can be invoked to allow a given
fermion type to couple to a single Higgs doublet, and in such
case FCNC'’s are absent at tree level. In particular, when a
single Higgs field gives masses to both types of fermions the
resulting model is referred as 2HDM-I. On the other hand,
when each type of fermion couples to a different Higgs dou-
blet the model is said 2HDM-II.

In the following, we shall assume a scenario where the
type-1I 2HDM structure is not protected by any symmetry
and is broken by loop effects (this occurs, for instance, in
the MSSM).

Let us consider the Yukawa interactions for charged lep-
tons, including the radiatively induced LFV terms [806]:

~L =Yy HL; +1i (Y, A7 +Y;,A})HoL; +hec,
(5.94)

where Hj and H; are the scalar doublets, /g; are lepton sin-
glet for right handed fermions, L denote the lepton doublets
and Y;, are the Yukawa couplings.

In the mass eigenstate basis for both leptons and Higgs
bosons, the effective flavor violating interactions are de-
scribed by the four dimension operators [806]:

~ (02\E i (AT AT g
—L = (2Gy) C_Q(ALZRZL +ARlLlg)
B
x (cpah® —sp—aH® —iA")
A AT T AT g 4
2 ( LiRVL T ARVe R) +h.c.,
g (5.95)

+ (8G§)

where o is the mixing angle between the CP-even Higgs
bosons hg and Hy, A is the physical CP-odd boson, H +
are the physical charged Higgs-bosons and 74 is the ratio
of the vacuum expectation value for the two Higgs (where
we adopt the notation, ¢y, sy = cosx, sinx and 7, = tan x).
Irrespective to the mechanism of the high energy theories
generating the LFV, we treat the AILJ’ g terms in a model in-

dependent way. In order to constrain the AZ’ g parameters,
we impose that their contributions to LFV processes do not
exceed the experimental bounds [175, 650].

On the other hand, there are several models with a spe-
cific ansatz about the flavor-changing couplings. For in-
stance, the famous multi-Higgs-doublet models proposed by
Cheng and Sher [596] predict that the LFV couplings of all
the neutral Higgs bosons with the fermions have the form
Hfi fj ~ mimj. N

In supersymmetry, the A" terms are induced at one loop
level by the exchange of gauginos and sleptons, provided



Eur. Phys. J. C (2008) 57: 13-182

103

a source of slepton mixing. In the so mass insertion (MI)
approximation, the expressions of Al]f g are given by

ij ! ij 2
4a; = _E'U“MlaLLmL
!’ l !/
X [I (M}, m%, m%) + EI (Mlz’/ﬂ’m%)]
3 /
+§:‘—2MM25 om2 T (M2, 2 m), (5.96)
o -
A%:E/*Mlm%e‘S%R[ (Ml W, mR) (u < mp)],
(5.97)

respectively, where u is the Higgs mixing parameter, M 2
are the gaugino masses and mi( R) stands for the left-left
(right-right) slepton mass matrix entry. The LFV mass in-
sertions (MIs), i.e. (SXX = (nﬁ%)%fx/mg( (X =L, R), are the
off-diagonal flavor changing entries of the slepton mass ma-
trix. The loop function 1/(x, v, z) is such that I/(x, v,2) =
dI(x,y,z)/dz, where I (x,y, z) refers to the standard three
point one loop integral which has mass dimension-2

xylog(x/y) + yzlog(y/z) + zx log(z/x)
x—=WE—yE—x) '

I(x,y,2)=
(5.98)

The above expressions, i.e. (5.96), (5.97), depend only on
the ratio of the SUSY mass scales and they do not decou-
ple for large msysy. As first shown in Ref. [174], both A%

and AZ couplings suffer from strong cancellations in cer-
tain regions of the parameter space due to destructive in-
terferences among various contributions. For instance, from
(5.97) it is clear that, in the A% case, such cancellations hap-
penif u =my.

In the SUSY see-saw model, in the mass insertion ap-
proximation, one obtains specific values for 8"’ depending
on the assumptions on the flavor mixing in YV [164, 707].
If the latter is of CKM size, Sile) ~3 x 1073 and SzZL ~
1072, while in the case of the observed neutrino mixing, tak-
ing U,z = 0.07 at about half of the current CHOOZ bound,
we get 8 (31) ~ 1072 and (SizL ~ 1071,

5.5.2 Phenomenology

In order to constrain the A’LJ’ g parameters, we impose that
their contributions to LFV processes as [; — Iyl and [; —
ljy do not exceed the experimental bounds. At tree level,
Higgs exchange contribute only to £; — £;€xly, T — £;n
and uN — eN. On the other hand, a one loop Higgs ex-
change leads to the LFV radiative decays £; — £;y. In the
following, we report the expression for the branching ratios
of the above processes.

5521 ¢; — Ljy The £; — £y process can be gener-
ated by the one loop exchange of Higgs and leptons. How-

ever, the dipole transition implies three chirality flips: two in
the Yukawa vertices and one in the lepton propagator. This
strong suppression can be overcome at higher order level.
Going to two loop level, one has to pay the typical price of
g%/167? but one can replace the light fermion masses from
Yukawa vertices with the heavy fermion (boson) masses cir-
culating in the second loop. In this case, the virtual Higgs
boson couples only once to the lepton line, inducing the
needed chirality flip. As a result, the two loop amplitude can
provide the major effects. Naively, the ratio between the two
loop fermionic amplitude and the one loop amplitude is

(2-loop) ¢ )

2

li—ljy Naemmf log mf
1-loop A7 m2 2 )

Aty i "

where m y = my, m. is the mass of the heavy fermion circu-
lating in the loop. We remind that in a Model II 2HDM (as
SUSY) the Yukawa couplings between neutral Higgs bosons
and quarks are Hit ~ m,/tan 8 and Hbb ~ my, tan . Since
the Higgs mediated LFV is relevant only at large tan 8 > 30,
it is clear that the main contributions arise from the t and b
fermions and not from the top quark. So, in this framework,
T — [y does not receive sizable two loop effects by heavy
fermionic loops, contrary to the u — ey case.

However, the situation can drastically change when a W
boson circulates in the two loop Barr—Zee diagrams. Bear-
ing in mind that HW+*W™ ~ my and that pseudoscalar
bosons do not couple to a W pair, it turns out that A‘* %PV /

ll-—>ljy
2-1
l(;l)oi)f ~ %V /(m2 tan B); thus, two loop W effects
J

are expected to dommate as it is confirmed numerically
[650, 808].

As final result, the following approximate expression
holds [175, 650]:

B — £jy)
B(fi — Ejl)_jl)r)

2.2 2
3oy (M, dm m 1
:——‘l<—g’) tgAl.zj{—log—g—i-—
2 mA ma mA 6
2

2
o [ m3, F(aw) m m

P [P L0 5 3 0g 2 42
T Lmy 1Ip Febr my, my,

N¢ i
- T(qu 2 520;h(fo)
Igmy,

ompAyp 2
_qb ml $26; h(bu)

30‘31 2 4 m4
~ ——= A5t F
373 215<M )( (“W))

H

(5.99)

where dm = (imyg — mp) ~ O(mzz/on). The terms of
the first row of (5.99) refer to one loop effects and their
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role is non-negligible only in t decays. It turns out that
pseudoscalar and scalar one loop amplitudes have opposite
signs, so, as we have m 4 >~ mp, they cancel each other to a
very large extent. Since these cancellations occur, two loop
effects can become important or even dominant. The two
terms of the second row of (5.99) refer to two loop Barr—
Zee effects induced by W and fermionic loops, respectively,
while the last row of (5.99) is relative two loop Barr—Zee ef-
fects with a squark loop in the second loop. As regards the
squark loop effects, it is very easy to realize that they are
negligible compared to W effects. In fact, it is well known
that Higgs mediated LFV can play a relevant or even a dom-
inant role compared to gaugino mediated LFV provided that
slepton masses are not below the TeV scale while maintain-
ing the Higgs masses at the electroweak scale (and assuming
large 14 values). In this context, it is natural to assume squark
masses at least of the same order as the slepton masses (at
the TeV scale). So, in the limit where Xjy = m?/ m%l > 1,
the loop function h(fo) is such that (log Xigt 5/3)/6x];H
thus, even for maximum squark mixing angles 6; ;, namely
for 5260, ; = sin 29{, ;= 1, and large Ap and p terms, two loop
squark effects remain much below the W effects, as it is
straightforward to check by (5.99).

As a final result the main two loop effects are provided
by the exchange of a W boson, with the loop function
F(aw) ~ %(logaw)2 for aw = m%v/m%, < 1. It is note-
worthy that one and two loop amplitudes have the same
signs. In addition, two loops effects dominate in large por-
tions of the parameter space, specially for large m y values,
where the mass splitting 6m = mpy — m 4 decreases to zero.

5522 4; — £l The l; — [;l;]; process can be me-
diated by a tree level Higgs exchange [806, 807]. However,
up to one loop level, I; — 111} gets additional contributions
induced by I; — I;* amplitudes [175, 650]. It is worth not-
ing that the Higgs mediated monopole (chirality conserving)
and dipole (chirality violating) amplitudes have the same
tan’ B dependence. This has to be contrasted to the non-
Higgs contributions. For instance, within SUSY, the gaugino
mediated dipole amplitude is proportional to tan 8 while the
monopole amplitude is tan 8 independent. The expression
for the Higgs mediated /; — [;[;l; can be approximated in
the following way [175, 650]:

B(t — Ljlklk)
B(t — ljvjv;)
2,2

Nmfmlk 2 6
~ 32m4;‘ Arj tan” B[3 + 56 ]

B(t = L;y)

2
el m
371( gmlzk )B(r—)ljvjvt)

(5.100)

where we have disregarded subleading monopole effects.
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5.5.23 puN — eN The u — e conversion in Nuclei
process can be generated by a scalar operator through the
tree level Higgs exchange [811]. Moreover, at one loop
level, additional contributions induced by /; — [;* ampli-
tudes arise [175]; however they are subleading [175]. Fi-
nally, the following expression for B(uAl — eAl) is de-
rived [811]:

7 ,,2

m,m
— S Asg, (5101
VMY W

B(nAl — eAl) ~1.8 x 107*

where a)é‘alpt ~0.7054 x 10° s~!. We observe that B(u —
3e) is completely dominated by the photonic u — ey* di-
pole amplitude so that B(u — eee) >~ aemB(it — ey). On
the other hand, tree level Higgs mediated contributions are
negligible because suppressed by the electron mass through
the H(A)ee ~ m, coupling. On the contrary, uN — eN is
not suppressed by the light constituent quark m, and mgy
but only by the nucleon masses, because the Higgs-boson
coupling to the nucleon is shown to be characterized by the
nucleon mass using the conformal anomaly relation [811].
In particular, the most important contribution turns out to
come from the exchange of the scalar Higgs boson H which
couples to the strange quark [811].

In fact, the coherent pu—e conversion process, where
the initial and final nuclei are in the ground state, is ex-
pected to be enhanced by a factor of O(Z) (where Z
is the atomic number) compared to incoherent transition
processes. Since the initial and final states are the same,
the elements (N|pp|N) and (N|nn|N) are nothing but the
proton and the neutron densities in a nucleus in the non-
relativistic limit of nucleons. In this limit, the other matrix
elements (N|pysp|N) and (N|nysn|N) vanish. Therefore,
in the coherent p—e conversion process, the dominant con-
tributions come from the exchange of H, not A [811].

Moreover, we know that & — ey ™ (chirality conserving)
monopole amplitudes are generally subdominant compared
to (chirality flipping) dipole effects [175]. Note also that,
the enhancement mechanism induced by Barr—Zee type di-
agrams is effective only for chirality flipping operators so,
in the following, we shall disregard chirality conserving one
loop effects.

5524 1— uP (P=m,nn) Now we consider the im-
plications of virtual Higgs exchange for the decays v —
P, where P is a neutral pseudoscalar meson (P =, 1, )
[169, 810]. Since we assume CP conservation in the Higgs
sector, only the exchange of the A Higgs boson is relevant.
Moreover, in the large tan 8 limit, only the A couplings to
down-type quarks are important. These can be written as

—i(V2Gp)* tan BA(Egmadrdy, + EsmSRsy

+ &mpbrbr) + h.c. (5.102)
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The parameters &;, &, &, are equal to one at tree level, but
they can significantly deviate from this value because of
higher order corrections proportional to tan 8 [537, 805],
generated by integrating out superpartners. In the limit of
quark flavor conservation, each &, (¢ = d,s,b) has the
form &, = (1 + A, tan B)~!, where A, appears in the loop-
generated term —hy A, Hg*ch + h.c. [537, 805]. At ener-
gies below the bottom mass, the b-quark can be integrated
out so the bilinear —im,b°b + h.c. is effectively replaced by

2
_ &
the gluon operator §2 = 2+ etvre g G4

& ALy where g, and
Gl‘jv are the SU(3) ¢ coupling constant and field strength, re-
spectively [169]. In the limit in which the processes T — 31
and T — pn are both dominated by Higgs exchange, these

decays are related as [169]:

B(t — ljn) ~9n2(f’;gm% >2(1 - m_,27>2
B(‘L’—)ljv_jvf) o mzAmT m%
I\
X [éx + %’(1 +\/§—';>} A3 tan® B,
I

where m%/m% >~ 9.5 x 1072 and the relevant decay con-
stants are f,? ~0.2f, f,;g ~ 1.2 f; and f; ~ 92 MeV. In the
above expression, both the contribution of the (bottom-loop
induced) gluon operator §2 and the factors &, were included.

For & ~ &, ~ 1, itturns outthat B(t~ — u ™ n)/B(t™ —
w-uTpuT) >~ 5, but it could also be a few times larger
or smaller than that, depending on the actual values of
&s, &p. Finally, let us compare T — un’ and T — um with
T — un in the limit of Higgs exchange domination. Both
ratios are suppressed, although for different reasons. The
ratio B(t — um)/B(t — un) is small because it is para-
metrically suppressed by mi / mf, ~ 1072, The ratio B(r —
un’)/B(t — un), which seems to be O(1), is much smaller
because the singlet and octet contributions to T — un’ tend
to cancel against each other [169].

These results, combined with the present bound on v —
un, imply that the Higgs mediated contribution to B(t —
un’) and B(t — um) can reach 0(10_9) [169].

5.5.2.5 Higgs — nut The LFV Higgs — ut decays and
the related phenomenology have been extensively investi-
gated in [174]. Concerning the Higgs boson decays, we
have [174]

B(A—putr7)= tan2,8(|AL|2 + |AR|2)B(A -1,
(5.103)

where we have approximated 1 /c/zg ~ tan? 8 since non-
negligible effects can only arise in the large tan 8 limit. If
A is replaced with H [or /] in (5.103), the r.h.s. should also
be multiplied by a factor (cg_« /soé)2 [or (sg—q /ca)2]. We
recall that B(A — 1) can reach values of order 10~%. The

same holds for the ‘non-standard” CP-even Higgs boson (ei-
ther H or h, depending on m 4).

We now make contact with the physical observable, i.e.
the B(®° — pu+t7), and discuss the phenomenological im-
plications. We outline some general features of B(®? —
whT7) atlarge tan B and the prospects for these decay chan-
nels at the Large Hadron Collider (LHC) and other collid-
ers. Let us discuss the different Higgs bosons, as reported in
[174], assuming for definiteness tan 8 ~ 50, |50A|2 ~1073
(A= Ay or Ag) and an integrated luminosity of 100 fb~!
at LHC.

If @0 denotes one of the ‘non-standard’ Higgs bosons,
we have Cp ~ 1 and B(®° — tFt7) ~ 107!, so B(®° —
ut7) ~ 10~*. The main production mechanisms at LHC
are bottom-loop mediated gluon fusion and associated pro-
duction with bb, which yield cross sections o ~ (103, 102,
20) pb for m4 ~ (100, 200, 300) GeV, respectively. The
corresponding numbers of ®° — 't~ events are about
(10*,103,2 x 10?). These estimates do not change much
if the bottom Yukawa coupling Y}, is enhanced (suppressed)
by radiative corrections, since in this case the enhancement
(suppression) of o would be roughly compensated by the
suppression (enhancement) of B(®° - wtro).

If ®#° denotes the other (more ‘standard model-like’)
Higgs boson, the factor Cg - B(®° — t777) strongly de-
pends on m 4, while the production cross section at LHC,
which is dominated by top-loop mediated gluon fusion, is
o ~ 30 pb. For m4 ~ 100 GeV we may have Cop - B(®? —
tTt7)~ 107! and B(®° — ptt7) ~ 10~4, which would
imply ~300 p™t~ events. The number of events is generi-
cally smaller for large m 4 since C¢ scales as 1/ mi'\, consis-
tently with the expected decoupling of LFV effects for such
a Higgs boson.

The above discussion suggests that LHC may offer good
chances to detect the decays ®° — 1, especially in the
case of non-standard Higgs bosons. This indication should
be supported by a detailed study of the background. At Teva-
tron the sensitivity is lower than at LHC because both the
expected luminosity and the Higgs production cross sec-
tions are smaller. The number of events would be smaller
by a factor 10°-103. A few events may be expected also at
*te~ or T~ future colliders, assuming integrated lumi-
nosities of 500 and 1 fb~!, respectively. At a utu~ col-
lider an enhancement may occur for the non-standard Higgs
bosons if radiative corrections strongly suppress Yj, since
in this case both the resonant production cross section [0 ~
(47r/m%)B(<;DO — )] and the LFV branching ratios
B(®° — 1) would be enhanced. As a result, for light
m 4, hundreds of u+t~ events could occur.

e

5.5.2.6 uN — tX Higgs mediated LFV effects can have
also relevant impact on the cross section of the uN — tX
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reaction [812]. The contribution of the Higgs boson media-
tion to the differential cross section =N — t~ X is given
by [812]

d’oc S (1—=P, S (1+P,
dxdy—ququ(x)hcuq( > )+|CR|q(T>}

S 2
X 9
8ny

(5.104)

where the function f,(x) is the PDF for g-quarks, P, is
the incident muon polarization such that P, = +1 and —1
correspond to the right and left handed polarization, respec-
tively, and s is the centre-of-mass (CM) energy. The para-
meters x and y are defined as x = Q%/2P - q,y=2P-q/s,
in the limit of massless tau leptons, where P is the four mo-
mentum of the target, ¢ is the momentum transfer, and Q
is defined as Q% = —g?. As seen in (5.104), experimentally,
the form factors of CZH and Cf (CﬁH and Cﬁ) can be se-
lectively studied by using purely left handed (right handed)
incident muons. In SUSY models such as the MSSM with
heavy right handed neutrinos, LFV is radiatively induced
due to the left handed slepton mixing, which only affects
CZH and Cf. Therefore, in the following, we focus only on
those C?H and Cé couplings.

The magnitudes of the effective couplings are con-
strained by the current experimental results of searches for
LFV processes of tau decays. Therefore, both couplings are
determined by the one that is more constrained, namely the
pseudo-scalar coupling. It is constrained by the T — un
decay (B(t — un) < 3.4 x 10~7). Then the constraint is
given on the s-associated scalar and pseudo-scalar couplings
by
(Ici1?), <107° [GeV™] x B(x — ). (5.105)
The largest values of CZH and Cf can be realized with
msusy ~ O(1) TeV and the higgsino mass u ~ O(10) TeV
[169, 810].

The cross sections of the uN — tX reaction in the DIS
region is evaluated for the maximally allowed values of the
effective couplings as a reference. They are plotted in Fig. 36
for different quark contributions as a function of the muon
beam energy in the laboratory frame. For the PDF, CTEQ6L
has been used. The target N is assumed to be a proton. For
a nucleus target, the cross section would be higher, approx-
imately by the number of nucleons in the target. The cross
section sharply increases above E, ~ 50 GeV in Fig. 36.
This enhancement comes from the b-quark contribution in
addition to the d- and s-quark contributions which is en-
hanced by a factor of mj/mg over the s-quark contribution.
The cross section is enhanced by one order of magnitude
when the muon energy changes from 50 to 100 GeV. Typi-
cally, for E, =100 GeV and E,, =300 GeV, the cross sec-
tion is 10~% and 1073 fb, respectively. With an intensity of
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st CTEQ6L
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Fig. 36 Cross section of the u~ N — v~ X DIS process as a function
of the muon energy for the Higgs mediated interaction [812]. It is as-
sumed that the initial muons are purely left handed. CTEQ6L is used
for the PDF

10%° muons per year and a target mass of 100 g/cm?, about
10* (10%) events could be expected for o (UN — X) =
103 (1073) fb, which corresponds to E,, = 300 (50) GeV
from Fig. 36. This would provide good potential to improve
the sensitivity by four (two) orders of magnitude from the
present limit from t — un decay, respectively. Such a muon
intensity could be available at a future muon collider and a
neutrino factory.

5.5.3 Correlations
The numerical results shown in Figs. 37 and 38 allow us to

draw several observations [175, 650].

— 7 — [y has the largest branching ratios except for a re-
gion around mpyg ~ 700 GeV where strong cancellations
among two loop effects reduce their size.”> The follow-
ing approximate relations are found:

B(t = L;y)
B(t — I;n)

ém 1 m% " 1 + el m%v F(aw) 2
~l—log—+-4+—| —+
ma gmi 6 w \m?) tanB

>1,

where the last relation is easily obtained by using the
approximation for F(z). If two loop effects were dis-
regarded, then we would obtain B(t — [;y)/B(t —
lin) € (1/36,1) for ém/m4 € (0, 10%). Two loop con-

25For a detailed discussion about the origin of these cancellations and
their connection with non-decoupling properties of two loop W ampli-
tude, see Ref. [808].
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Fig. 37 Branching ratios of various 7 — p and T — e LFV processes versus the Higgs boson mass m g in the decoupling limit as reported in
[650]. X =y, up,ee,n
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Fig. 38 Left: branching ratios of © — ey, u — eee and pAl — eAl in the gaugino mediated LFV case versus a common SUSY mass

in the Higgs mediated LFV case versus the Higgs boson mass my, msusy [175]. In the figure we set tg = 50 and S%IL =102
[175]. Right: branching ratios of u — ey, u — eee and uAl — eAl

tributions significantly enhance B(t — [;y) specially for ing approximate relation:
dm/mag — 0.
— In Fig. 37 non-negligible mass splitting ém/m effects B(t — l;y) 36 B(t—1y) 36
~ >

can be visible at low mpy regime through the bands of
the T — [y and T — [jee processes. These effects tend
to vanish with increasing mpg as is correctly reproduced
in Fig. 37. T — [jupu does not receive visible effects by
ém/m4 terms being dominated by the tree level Higgs

B(t — ljup) 3458, B(t—1jn) ~3+58,

where the last relation is valid only out of the cancellation
region. Moreover, from the above relation it turns out that

exchange.
— As is shown in Fig. 37 B(t — l;y) is generally larger B(t—>1ln 36
than B(t — [juu); their ratio is regulated by the follow- B(t = Ljpw)  3+58;,
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If we relax the condition &, =1, B(t — [;n) can get
values few times smaller or bigger than those in Fig. 37.
— It is noteworthy that a tree level Higgs exchange predicts
that B(t — ljee)/B(t — ljuu) ~ mg/mi while, at two
loop level, we obtain (out of the cancellation region):

B(r—>ljee)N 0.4 B(t—)ljy)> 0.4
B(t — ljupw)  3+58j, B(t—1jn) ~3+58j,

Let us underline that, in the cancellation region, the lower
bound of B(t — [jee) is given by the monopole contri-
butions. So, in this region, B(t — [;ee) is much less sup-
pressed than B(t — [;y).

— The approximate relations among puAl — eAl, u — ey
and u — eee branching ratios are

B(u—>ey) 1OZ(FQIW))Z
B(uwAl — eAl) tan

(5.106)
B(u — eee) -

B(u—ey)

el

In the above equations we retained only dominant two
loop effects arising from W exchange. The exact behavior
for the examined processes is reported in Fig. 38 where
we can see that u© — ey gets the largest branching ratio
except for a region around mg ~ 700 GeV where strong
cancellations among two loop effects sink its size.

The correlations among the rates of the above processes
are an important signature of the Higgs-mediated LFV and
allow us to discriminate between different SUSY scenarios.
In fact, it is well known that, in a supersymmetric frame-
work, besides the Higgs mediated LFV transitions, we have
also LFV effects mediated by the gauginos through loops of
neutralinos (charginos)—charged sleptons (sneutrinos). On
the other hand, the above contributions have different decou-
pling properties regulated by the mass of the heaviest scalar
mass (mg) or by the heaviest mass in the slepton gaugino
loops (msuysy). In principle, the msysy and m g masses may
be unrelated, so we can always proceed by considering only
the Higgs mediated effects (assuming a relatively light m g
and an heavy mgysy) or only the gaugino mediated contri-
butions (if m g is heavy). In the following, we are interested
to make a comparison between Higgs and gaugino mediated
LFV effects. In order to make the comparison as simple as
possible, let us consider the simple case where all the SUSY
particles are degenerate. In this case, it turns out that
A~ 225,

Bt — tjy)
B(Z,’ — Zj\_)jv,-)

Gauge
2 5 2

= ol (1+—tan29W> ( >|3 i,
757 4 mSUSY
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B(ti = Ljy)
B(Ei — Zjl_)jl)i)

Higgs

3 2 4 2
~ 104 Ta(22) (Zw logm }5 s s.107)
247 M;‘i H

In Fig. 38 we report the branching ratios of the examined
processes as a function of the heaviest Higgs boson mass
mpy (in the Higgs LFV mediated case) or of the common
SUSY mass msysy (in the gaugino LFV mediated case).
We set tg = 50 and we consider the PMNS scenario as
discussed above so that (8%i)pMNS ~ 1072. Sub-leading
contributions proportional to (8%3“ R R)(S%IR( I L))pMNS were
neglected since, in the PMNS scenario, it turns out that
(87RO RR(LL)PMNS/ (BT )PMNs = 1072 [707]. As we
can see from Fig. 38, Higgs mediated effects start being
competitive with the gaugino mediated ones when mgysy is
roughly one order of magnitude larger than the Higgs mass
m g . Moreover, we stress that, both in the gaugino and in the
Higgs mediated cases, u — ey gets the largest effects. In
particular, within the PMNS scenario, it turns out that Higgs
mediated B(u — ey) ~ 107" when mpy ~ 200 GeV and
tg = 50, that is just closed to the present experimental reso-
lution.

The correlations among different processes predicted in
the gaugino mediated case are different from those predicted
in the Higgs mediated case. For instance, in the gaugino me-
diated scenario, B(t — [lxl;) gets the largest contributions
by the dipole amplitudes that are tan 8 enhanced with re-
spect to all other amplitudes resulting in a precise ratio with
B(t — [;y), namely

B(t; — €0 ) :
B — €t :ﬂoogm_zf_ ):ael, (5.108)
m

B — £jy) Gauge 3 i
2
log 2t —3
B(t —>¢; g
B> Ljee) ~_Me s (5.109)
B(t — £jup) Gauge  log % -3
my

Moreover, in the large tan 8 regime, one can find the simple
theoretical relations

B(u — e in Ti)

5.110
B(u — ey) ( )

>y
Gauge

If some ratios different from the above were discovered, then
this would be clear evidence that some new process is gen-
erating the ¢; — [; transition, with Higgs mediation being a
leading candidate.

5.5.4 Conclusions

We have reviewed the allowed rates for Higgs-mediated
LFV decays in a SUSY framework. In particular, we have
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analyzed the decay modes of the t, u lepton, namely ¢; —
Lilely, £i — Ljy, T — [jn and uN — eN. We have also
discussed the LFV decay modes of the Higgs bosons @ —
il (@ = h°, HY, A%) so as the impact of Higgs mediated
LFV effects on the cross section of the u N — 7 X reaction.
Analytical relations and correlations among the rates of the
above processes have been established at the two loop level
in the Higgs boson exchange. The correlations among the
processes are a precise signature of the theory. In this respect
experimental improvements in all the decay channels of the
T lepton would be very welcome. In conclusion, the Higgs-
mediated contributions to LFV processes can be within the
present or upcoming attained experimental resolutions and
provide an important opportunity to detect new physics be-
yond the standard model.

5.6 Tests of unitarity and universality in the lepton sector

5.6.1 Deviations from unitarity in the leptonic mixing
matrix

The presence of physics beyond the SM in the leptonic sec-
tor can generate deviations from unitarity in the mixing ma-
trix. This is analogous to what happens in the quark sector,
where the search for deviations from unitarity of the CKM
matrix is considered a sensitive way to look for new physics.

In the leptonic sector a clear example of non-unitarity
is given by the see-saw mechanism [216-220]. To generate
naturally small neutrino masses, new heavy particles—right
handed neutrinos—are added, singlet under the SM gauge
group. Thus a Yukawa coupling for neutrinos can be writ-
ten, as well as Majorana masses for the new heavy fields.
The mass matrix of the complete theory is now an enlarged
mass matrix (5 x 5 at least), whose diagonalization leads to
small Majorana neutrino masses. The non-unitarity of the
3 x 3 leptonic mixing matrix can now be understood simply
by observing that it is a sub-matrix of a bigger one which is
unitary, since the complete theory must conserve probabili-
ties.

Another way to see this is looking at the effective the-
ory we obtain once the heavy fields are integrated out. The
unique dimension five operator is the well-known Weinberg
operator [213] which generates neutrino masses when the
electroweak symmetry is broken. Masses are naturally small
since they are suppressed by the mass M of the heavy par-
ticles which have been integrated out: m,, ~ vz/ M, where v
is the Higgs VEV. If we go on in the expansion in effective
operators, we obtain only one dimension six operator which
renormalizes the kinetic energy of neutrinos. Once we per-
form a field redefinition to go into a mass basis with canon-
ical kinetic terms, a non-unitary mixing matrix is obtained
[813]. In minimal models deviations from unitarity gener-

ated in this way are very suppressed, since the dimension
six operator is proportional to v2/M?. However, in more so-
phisticated versions of this mechanism like double (or in-
verse) see-saw [814] the suppression can be reduced with-
out affecting the smallness of neutrinos masses and avoid-
ing any fine-tuning of Yukawa couplings. In terms of effec-
tive operators, this means that it is possible to “decouple”
the dimension five operator from the dimension six, permit-
ting small neutrino masses and not so small unitarity devia-
tions.

Usually the elements of the leptonic mixing matrix are
measured using neutrino oscillation experiments assuming
unitarity. No information can be extracted from electroweak
decays on the individual matrix elements, due to the im-
possibility of detecting neutrino mass eigenstates. This is
quite different from the way of measuring the CKM ma-
trix elements. Here oscillations are important too, but since
quark mass eigenstates can be tagged, direct measurements
of the matrix elements can be made using electroweak de-
cays.

The situation changes if we relax the hypothesis of uni-
tarity of the leptonic mixing matrix. Electroweak decays ac-
quire now an important meaning, since they can be used to
constrain deviations from unitarity. Consider as an exam-
ple the decay W — [v;. The decay rate is modified as fol-
lows: I' = I'sqy(NNT);;, where N is the non-unitary lep-
tonic mixing matrix and /sy is the SM decay rate. This,
and other electroweak processes, can therefore be used to
obtain information on (NN');;. Moreover, lepton flavor vi-
olating processes like it — 3e or u—e conversion in nuclei
can occur, while rare lepton decays like /; — [;y can be en-
hanced, permitting to constrain the off-diagonal elements of
(NNT). Finally, universality violation effects are produced,
even if the couplings are universal: for example the branch-
ing ratio of w decay (see Sect. 6) is now proportional to
(NNYee/(NNT) .

In Ref. [815] all these processes have been considered,
a global fit has been performed and the matrix |(NNT)| has
been determined (90% C.L.):

0.9944+0.005 <7.0x1075 <1.6x 1072
INNT|~ | <7.0x107% 0.995+0.005 <1.0x 1072
<1.6x1072  <1.0x 1072  0.995 =+ 0.005

(5.111)

Similar bounds can be inferred for |[NTN|, leading to the
conclusion that deviations from unitarity in the leptonic mix-
ing matrix are experimentally constrained to be smaller than
few percent. Notice however that these bounds apply to a
3 x 3 mixing matrix, i.e. they constrain deviations from uni-
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tarity induced by higher energy physics which has been in-
tegrated out.0

However, since on the contrary the quark sector decays
can only constrain the elements of |(NNT)|, to determine
the individual elements of the leptonic mixing matrix, oscil-
lation experiments are needed. In Ref. [815] neutrino oscil-
lation physics is reconsidered in the case in which the mix-
ing matrix is not unitary. The main consequence of this is
that the flavor basis is no longer orthogonal, which gives
rise to two physical effects:

— “zero distance” effect, i.e. flavor conversion in neutrino
oscillations at L = 0: Py, (E, L =0)A- o [(NN")pqa|?:
— non-diagonal matter effects.

With the resulting formulas for neutrino oscillations, a fit to
present oscillation experiments is performed, in order to de-
termine the individual matrix elements. As in the standard
case, no information at all is available on phases (four or
six, depending on the nature—Dirac or Majorana—of the
neutrinos), since appearance experiments would be needed.
However the moduli of matrix elements can be determined,
but now they are all independent, so that the free parame-
ters are nine instead of three. The elements of the e-row can
be constrained using the data from CHOOZ [816], Kam-
LAND [817] and SNO [818], together with the informa-
tion on Am%3 resulting from an analysis of K2K [819]. In
contrast, less data are available for the w-row: only those
coming from K2K and Super-Kamiokande [820] on at-
mospheric neutrinos, and only |N,3| and the combination
[Ny >+ N M2|2 can be determined. No information at all is
available on the 7-row. The final result is the following (30
ranges):

0.75-0.89 045-0.66  <0.34
INI= | [N+ INpH/2 = 0.57-0.86] 0.57-0.86
? ? ?
(5.112)

Notice that, without assuming unitarity, only half of the
elements can be determined from oscillation experiments
alone. Adding the information from near detectors at NO-
MAD [821], KARMEN [822], BUGEY [823] and MINOS
[824], which put bounds on |(NNT)0,}3|2 by measuring the
“zero distance” effect, the degeneracy in the u-row can be
solved, but the t-row is still unknown.

In order to determine/constrain all the elements of the
leptonic mixing matrix without assuming unitarity, data on

26They do not apply for instance to the case of light sterile neutrinos,
where the low energy mixing matrix is larger. Indeed in this case they
would be included in the sum over all light mass eigenstates contained
inside (NN');; and unitarity would be restored.
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oscillations must be combined with data from decays. The
final result is

0.75-0.89 0.45-0.65 <0.20
0.19-0.55 0.42-0.74 0.57-0.82 |,
0.13-0.56 0.36-0.75 0.54-0.82

IN| = (5.113)

which can be compared to the one obtained with standard
analysis [825] where similar bounds are found.

It would be good to be able to determine the elements of
the mixing matrix with oscillation experiments alone, per-
mitting thus a “direct” test of unitarity. This would be for
instance a way to detect light sterile neutrinos [826]. This
could be possible exploring the appearance channels for in-
stance at future facilities under discussion, such as Super-
Beams [713, 827-829], -Beams [830] and Neutrino Facto-
ries [831, 832], where the t-row and phases could be mea-
sured. Moreover, near detectors at neutrino factories could
also improve the bounds on (NNT).r and (NNT)W by
about one order of magnitude. All this information, com-
ing from both decays and oscillation experiments, will be
important not only to detect new physics, but even to dis-
criminate among different scenarios.

5.6.2 Lepton universality

High precision electroweak tests (HPET) represent a power-
ful tool to probe the SM and, hence, to constrain or obtain
indirect hints of new physics beyond it. A typical and rel-
evant example of HPET is represented by the Lepton Uni-
versality (LU) breaking. Kaon and pion physics are obvious
grounds where to perform such tests, for instance in the well
studied mp (m — £vg) and Ky» (K — fvg) decays, where
l=corpu.

Unfortunately, the relevance of these single decay chan-
nels in probing the SM is severely hindered by our theoret-
ical uncertainties, which still remain at the percent level (in
particular due to the uncertainties on non-perturbative quan-
tities like f and fx). This is what prevents us from fully
exploiting such decay modes in constraining new physics, in
spite of the fact that it is possible to obtain non-SM contri-
butions which exceed the high experimental precision which
has been achieved on those modes.

On the other hand, in the ratios R; and Rk of the elec-
tronic and muonic decay modes R, = I"'(w — ev)/I"(m —
uv) and Rg = I'(K — ev)/I"'(K — uv), the hadronic un-
certainties cancel to a very large extent. As a result, the SM
predictions of R; and Rk are known with excellent accu-
racy [833] and this makes it possible to fully exploit the great
experimental resolutions on R [834] and Rk [834, 835] to
constrain new physics effects. Given our limited predictive
power on f; and fg, deviations from the p—e universality
represent the best hope we have at the moment to detect new
physics effects in 7p2 and K.
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The most recent NA48/2 result on Rk :
RYP = (2.416 £ 0.0434 £ 0.0244y5 ) x 107> NA48/2,

which will further improve with current analysis, signifi-
cantly improves on the previous PDG value:

RYP = (2.44£0.11) x 107°.

This is to be compared with the SM prediction, which reads
RM = (2.472£0.001) x 107°.

The details of the experimental measurement of Rg are pre-
sented in Sect. 6.2 of this report. Denoting by Aryp" the
deviation from p—e universality in Rg due to new physics,
i.e.,

Rk = RM(1 + Argph), (5.114)

the NA48/2 result requires (at the 20 level):
—0.063 < Arﬁn_,” <0.017 NA48/2.

In the following, we consider low energy minimal SUSY
extensions of the SM (MSSM) with R parity as the source
of new physics to be tested by Rx [836]. The question we
intend to address is whether SUSY can cause deviations
from p—e universality in Kj, at a level which can be probed
with the present attained experimental sensitivity, namely at
the percent level. We shall show that (i) it is indeed possi-
ble for regions of the MSSM to obtain Argp' of O(1072)
and (ii) such large contributions to K¢ do not arise from
SUSY lepton flavor conserving (LFC) effects, but, rather,
from LFV ones.

At first sight, this latter statement may seem rather puz-
zling. The K — ev, and K — pv,, decays are LFC and one
could expect that it is through LFC SUSY contributions af-
fecting differently the two decays that one obtains the domi-
nant source of lepton flavor non-universality in SUSY. On
the other hand, one can easily guess that, whenever new
physics intervenes in K — ev, and K — uv, to create a
departure from strict SM p—e universality, these new contri-
butions will be proportional to the lepton masses; hence, it
may happen (and, indeed, this is what occurs in the SUSY
case) that LFC contributions are suppressed with respect
to the LFV ones by higher powers of the first two genera-
tions lepton masses (it turns out that the first contributions
to Arlfn_)“ from LFC terms arise at the cubic order in my,,
with £ = e, u). A second, important reason for such result
is that among the LFV contributions to Rx one can select
those which involve flavor changes from the first two lepton
generations to the third one with the possibility of picking
up terms proportional to the tau—Yukawa coupling which
can be large in the large tan 8 regime (the parameter tan g

denotes the ratio of Higgs vacuum expectation values re-
sponsible for the up- and down-quark masses, respectively).
Moreover, the relevant one loop induced LFV Yukawa inter-
actions are known [806] to acquire an additional tan 8 factor
with respect to the tree level LFC Yukawa terms. Thus, the
loop suppression factor can be (partially) compensated in
the large tan B regime.

Finally, given the NA48/2 Rk central value below the
SM prediction, one may wonder whether SUSY contribu-
tions could have the correct sign to account for such an ef-
fect. Although the above mentioned LFV terms can only add
positive contributions to Rk (since their amplitudes cannot
interfere with the SM one), it turns out that there exist LFC
contributions arising from double LFV mass insertions (MI)
in the scalar lepton propagators which can destructively in-
terfere with the SM contribution. We shall show that there
exist regions of the SUSY parameter space where the to-
tal Rg arising from all such SM and SUSY terms is indeed
lower than RiM.

Finally, we also discuss the potentiality of 7—u(e) uni-
versality breaking in 7 decays to probe new physics ef-
fects.

5.6.2.1 u—e universality in m — £v and K — £v decays
Due to the V—-A structure of the weak interactions, the
SM contributions to wy and Ky are helicity suppressed,;
hence, these processes are very sensitive to non-SM effects
(such as multi-Higgs effects) which might induce an effec-
tive pseudoscalar hadronic weak current.

In particular, charged Higgs bosons (H¥) appearing
in any model with two Higgs doublets (including the
SUSY case) can contribute at tree level to the above
processes. The relevant four-Fermi interaction for the de-
cay of charged mesons induced by W* and H* has the
following form:

4G ~ :
Ve [(MVMPLd)(lV”PLU)

V2
—tan? B (m‘;ml ) @Prd) (P \1)],

mHi

(5.115)

where Pg 1 = (1 & y5)/2. Here we keep only the tan 8 en-
hanced part of the H*ud coupling, namely the m, tan
term. The decays M — [lv (being M the generic meson)
proceed via the axial-vector part of the W coupling and
via the pseudoscalar part of the H* coupling. Then, once
we implement the PCACs

Oy ysd|M~)=ifuphy.
2 (5.116)

_ _ . My,
Ofysd|M~) = —ifyy —2—,
mq +my
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we easily arrive at the amplitude

Gk
My = ﬁvu(d,s)fM [fm — my tan”® B

mgq I’I’l2
X <4> ] [(1—ys)v.
mq +my H N
We observe that the SM term is proportional to m; because
of the helicity suppression while the charged Higgs term is

proportional to m; because of the Yukawa coupling. The tree
level partial width is given by [806]

(5.117)

Glzr 242 2 m12
F(M_ — l_U) = —|Vuw s|” frymmm; (1 ——2> Xy,
8 mM
(5.118)
where
2 2
ry = [1 —tan2ﬁ< Md,s ) sz} , (5.119)
my +mgqs My

and where m,, is the mass of the up quark while m; 4 stands
for the down-type quark mass of the M meson (M = K, ).
From (5.119) it is evident that such tree level contribu-
tions do not introduce any lepton flavor dependent correc-
tion. The first SUSY contributions violating the p—e uni-
versality in # — ¢v and K — ¢v decays arise at the one
loop level with various diagrams involving exchanges of
(charged and neutral) Higgs scalars, charginos, neutrali-
nos and sleptons. For our purpose, it is relevant to divide
all such contributions into two classes: (i) LFC contribu-
tions where the charged meson M decays without FCNC
in the leptonic sector, i.e. M — £vy; (ii) LFV contributions
M — {;v, with i and k referring to different generations
(in particular, the interesting case will be for i = e, u, and
k=r1).

5.6.2.2 The lepton flavor conserving case One-loop cor-
rections to R; and Rk include box, wave function renor-
malization and vertex contributions from SUSY particle ex-
change. The complete calculation of the w decay in the
MSSM [837] can be easily applied to meson decays.

The dominant diagrams containing one loop corrections
to the /Wy, vertex have the following suppression factors
(compared to the tree level graph):

- 16n2
h= HO, ho),
& m
T Tex? a2, A0 /3
h=HO° KO and AO)
2
gz

1672 M2 USY
and sleptons.

for loops with 4 H*[ exchange (with

for loops generated by charginos/neutralinos
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For dominant box contributions we have the following esti-
mates:
2
- {é’#mﬂi]rgzz tan? 8 for boxes with hW=*[ or ZOH*] ex-
change (where M is the heavier mass circulating in the
loop)

mgny
167'[2 (mwM +

gz my,
1672 M2 SY
and sleptons (where Msysy is the heavier mass circulat-
ing in the loop).

)2 tan® B for boxes with hH*I,

for loops generated by charginos/neutralinos

To get a feeling of the order of magnitude of the above con-
tributions let us show the explicit expression of the dominant
Higgs contributions to the [ Wy; vertex [837]:

2
Aty = oo A”;z tan? B(—2 + 1(A°, H¥)
+21(H, HE) + 521 (1°, HY)),
where
Imi+m3  mj
1(1,2) = 71 -1
D= 2z 2

and « is the mixing angle in the CP-even Higgs sector. Even
if we assume tan 8 = 50 and arbitrary relations among the
Higgs boson masses we get a value for ArgagY <107
much below the actual experimental resolution. In addition,
in the large tan 8 limit, o« — 0 and m 40 ~ mgo ~ mpy=+ and
ArseagY tends to vanish. The charginos/neutralinos sleptons
(l;’ ) contributions to ArgagY are of the form

) 2
ApEH (0% (m,u_me) my,
susy ™ T =7 |72

4 \my, +mg ) Mgygy

The degeneracy of slepton masses (in particular those of
the first two generations) severely suppresses these contribu-
tions. Even if we assume a quite large mass splitting among
slepton masses (at the 10% level for instance) we end up
with ArgagY < 10~*. For the box-type non-universal con-
tributions, we find similar or even more suppressed effects
compared to those we have studied. So, finally, it turns out
that all these LFC contributions yield values of Arg ¢ijsy
which are much smaller than the percent level required by
the achieved experimental sensitivity.

On the other hand, one could wonder whether the quan-
tity Argy4y can be constrained by the pion physics. In prin-
ciple, the sensitivity could be even higher: from
RZP = (1.230 £0.004) x 10~* PDG,
and by making a comparison with the SM prediction

R3M = (1.2354 £0.0002) x 107%,
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one obtains (at the 20 level)

—0.0107 < Argp!* <0.0022.

Unfortunately, even in the most favorable cases, Arg;;5y re-
mains much below its actual experimental upper bound.

In conclusion, SUSY effects with flavor conservation in
the leptonic sector can differently contribute to the K — ev,
and K — pv,, decays, hence inducing p—e non-universality
in Rk, however such effects are still orders of magnitude
below the level of the present experimental sensitivity on
R . The same conclusions hold for R .

5.6.2.3 The lepton flavor violating case It is well known
that models containing at least two Higgs doublets gener-
ally allow for flavor violating couplings of the Higgs bosons
with the fermions [838]. In the MSSM such LFV couplings
are absent at tree level. However, once non-holomorphic
terms are generated by loop effects (so called HRS correc-
tions [430]) and given a source of LFV among the slep-
tons, Higgs-mediated (radiatively induced) H¢; £ ; LEV cou-
plings are unavoidable [806, 807]. These effects have been
widely discussed through the study of several processes,
namely 7 — £ €€, [806, 807], T — un [810], pu—e con-
version in nuclei [811], B — £;7 [807], H — £;{; [174]
and E,‘ — Ej)/ [650].

Moreover, it has been shown [839] that Higgs-mediated
LFV couplings generate a breaking of p—e universality in
purely leptonic 7+ and K* decays.

One could naively think that SUSY effects in the LFV
channels M — ;v are further suppressed with respect to
the LFC ones. On the contrary, charged Higgs mediated
SUSY LFV contributions, in particular in the kaon decays
into an electron or a muon and a tau neutrino, can be strongly
enhanced. The quantity which now accounts for the devia-
tion from the p—e universality reads

RLEY _ Y i T (@(K)— evp)

= , i=e,u,T1,
KN T (K) — i)

with the sum extended over all (anti)neutrino flavors (exper-
imentally one determines only the charged lepton flavor in
the decay products).

The dominant SUSY contributions to RII;FI}/ arise from
the charged Higgs exchange. The effective LFV Yukawa
couplings we consider are (see Fig. 39)

82 Mg

V2 My

A crucial ingredient for the effects we are going to discuss
is the quadratic dependence on tan 8 in the above coupling:
one power of tan 8 comes from the trilinear scalar coupling
in Fig. 39, while the second one is a specific feature of the
above HRS mechanism.

EHj:vt —

Adtan? B, L=e,pu. (5.120)

1
1
1 Hu
1
L
3¢ < ~
Orr 7 \
. ~ A
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]
} _
1
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Fig. 39 Contribution to the effective ¥, £g H™ coupling

The A?f terms are induced at one loop level by the ex-
change of bino (see Fig. 39) or bino-higgsino and sleptons.
Since the Yukawa operator is of dimension four, the quan-
tities A% depend only on ratios of SUSY masses, hence
avoiding SUSY decoupling. In the so called MI approxima-
tion the expression of A?f is given by:

o1
AY ~ EuMlm%eS?fR[l/(M%, 1 my) — (u<mp)],
(5.121)

where p is the Higgs mixing parameter, M is the bino (B)
mass and m% (R) stands for the left-left (right-right) slepton
mass matrix entry. The LFV Mls, i.e. ngx = (rh%)gfx / m§(
(X = L, R), are the off-diagonal flavor changing entries
of the slepton mass matrix. The loop function [ "(x, ¥,2)
is such that I,(x,y, 7)) =dI(x,y,z)/dz, where I(x,y,?z)
refers to the standard three point one loop integral which
has mass dimension-2.

Making use of the LFV Yukawa coupling in (5.120), it
turns out that the dominant contribution to Aryp" reads
[839]

4 2
m
RLFY ~ R;‘;M[l + (—’j) (55) 143 an® /3] (5.122)
My, ) \mg

In (5.122) terms proportional to A% are neglected given that
they are suppressed by a factor mg / mi with respect to the
term proportional to A%l.

Taking A3 ~5 x 10~ (by means of a numerical analy-
sis, it turns out that A?f < 1073 [174)), tan 8 = 40 and
My =500 GeV we end up with REFY ~ RIM(1 +0.013).
We see that in the large (but not extreme) tan 8 regime and
with a relatively heavy H¥, it is possible to reach contribu-
tions to Ary dgy at the percent level thanks to the possible
LFV enhancements arising in SUSY models.

Turning to pion physics, one could wonder whether the
analogous quantity Ar;_S%SY is able to constrain SUSY
LFV. However, the correlation between Ar;_S’GSY and

e—p
Arg susy:

2,4
_ my m o—
ArSH :<7) <—”)Ar R ooy, 5.123
7 SUSY my + my mt K SUSY ( )
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clearly shows that the constraints on Arjy Jigy force

Ar;_S’GSY to be much below its actual experimental upper
bound.

5.6.2.4 On the sign of Argigy The above SUSY domi-
nant contribution to Arxp' arises from LFV channels in the
K — ev mode, hence without any interference effect with
the SM contribution. Thus, it can only increase the value
of Rk with respect to the SM expectation. On the other
hand, the recent NA48/2 result exhibits a central value lower
than R%M (and, indeed, also lower than the previous PDG
central value). One may wonder whether SUSY could ac-
count for such a lower Rg. Obviously, the only way it can
is through terms which, contributing to the LFC K — [y,
channels, can interfere (destructively) with the SM contribu-
tion. We already commented that SUSY LFC contributions
are subdominant. However, one can envisage the possibility
of making use of the large LFV contributions to give rise
to LFC ones through double LFV MI that, as a final effect,
preserves the flavor.

To see this point explicitly, we report the corrections to
the LEC H™* ¢y, vertices induced by LFV effects

¢H*y ﬂtanﬁ(l +Z—;A%Ltan,3>, (5.124)

V2 My

where A%]L is generated by the same diagram as in Fig. 39
but with an additional SZ‘ZL MI in the sneutrino propagator.

In the MI approximation, A%L is given by
o
ARy = = wMimymSigesyy 1" (MY, m, mg),
(5.125)

where 1”(x,y,z) =d*I(x, y, z)/dy dz. In the large slepton
mixing case, A%L terms are of the same order of A?f.ﬂ
These new effects modify the previous R];(FV expression in
the following way [839]:

m4 m2 2
+ (M—{g) (m—§> |A}|” tan® ,3] (5.126)
In the above expression, besides the contributions reported
in (5.122), we also included the interference between SM
and SUSY LFC terms (arising from a double LFV source).
Setting the parameters as in the example of the above section
and if AL, =107* we get RKFY ~ RSM(1 — 0.032), that is

27Im(8}e3R¢321L) is strongly constrained by the electron electric dipole
moment [163]. However, sizable contributions to RI;(FV can still be in-
duced by Re(81%,831).
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just within the expected experimental resolution reachable
by NA48/2 once all the available data will be analyzed. Fi-
nally, we remark that the above effects do not spoil the pion
physics constraints.

The extension of the above results to B — v [766] is
obtained with the replacement mg — mp, while for the
D — v case m%( — (ms/mc)sz. In the most favorable
scenarios, taking into account the constraints from LFV t
decays [650], spectacular order-of-magnitude enhancements
for R;/ " and O(50%) deviations from the SM in Rg/ T are
allowed [766]. There exists a stringent correlation between
Rg/r and R;/“ so that

4
m _

Rg/r ~ |:rH + —f Ar&H
m

2
KSUSY:| =2x10%
K

(5.127)

In particular, it turns out that Arjy ¢(;gy is much more ef-

fective to constrain RZ/ ' I'(B = ev,) than LFV tau decay
processes.

5.6.2.5 Lepton universality in M — £v versus LFV t de-
cays Obviously, a legitimate worry when witnessing such
a huge SUSY contribution through LFV terms is whether
the bounds on LFV tau decays, like 1 — eX (with X =
y,n, up), are respected [650]. Higgs mediated B(t —
€;X) and Ary d;sy have exactly the same SUSY depen-
dence; hence, we can compute the upper bounds of the rel-
evant LFV tau decays which are obtained for those values
of the SUSY parameters yielding AVZE%SY at the percent
level.

The most sensitive processes to Higgs mediated LFV in
the 7 lepton decay channels are 7 — u(e)n, T — u(e)up
and T — p(e)y. The related branching ratios are [650]

Bae—lm o fam\ ()
B(t = [jvjve) Mo m2

<|A3j|2tan6,3>
X\ ———F )
my

where m% / m% ~ 9.5 x 1072 and the relevant decay constant
is 8~ 110 MeV,

(5.128)

B(r — .
(T — ]y) ~ 10(%) tan4,B|Af/|2
T .

B(t — Ljv;v;)

2 N4
x |:m—Wlog<m—v2V>:| , (5.129)
ma my
B(t — Ljup) m%mi | A37|% tan® B
B(t — [jvjvy) 32 mi
X (3+58;,), (5.130)
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where |A3 |2 = |A3/|2 + |A3J|2 It is straightforward to
check that, in the large tanB regime, B(t — [;n) and
B(t — [jy) are of the same order of magnitude [650] and
they are dominant compared to B(t — [ ju,u).zg
Given that Ar;_S%SY and B(t — [;X) have the same
SUSY dependence, once we saturate the A’";(islt}sy value (at
the % level), the upper bounds on B(t — [; X) (allowed by
|A§e1 |?) are automatically predicted. We find that
3712 tan6
B(t > ljy) ~B(t = Iljn) ~ 102(%)
my

~ 10 8ArSH

K SUSY (5.131)

So, employing the constraints for Ar;_S’GSY at the %
level, we obtain the desired upper bounds: B(t — en),
B(t — ey) < 10710, Given the experimental upper bounds
on the LFV t lepton decays [764], we conclude that it is
possible to saturate the upper bound on Ar;_S%SY while re-
maining much below the present and expected future upper
bounds on such LFV decays. There exist other SUSY con-
tributions to LFV t decays, like the one loop neutralino-
charged slepton exchanges, for 1nstance where there is a di-
rect dependence on the quantities 6 . Given that the exist-
ing bounds on the leptonic Sgg 1nV01v1ng transitions to the
third generation are rather loose [681], it turns out that also
these contributions fail to reach the level of experimental
sensitivity for LFV 7 decays.

5.6.2.6 e—p universality in T decays Studying the T—p—e
universality in the leptonic t decays is an interesting labora-
tory for search for physics beyond the SM. In the SM the t
decay partial width for the leptonic modes is

F(r — lf)lv,(y))

Gim
192n3f( mi /)

3m a(mz) (25 2
|: 5MW:||:1+ - <Z—n):|, (5.132)

where f(x)=1—8x 4 8x3 — x* — 12x2log x is the lepton
mass correction and the last two factors are corrections from
the nonlocal structure of the intermediate W boson propa-
gator and QED radiative corrections respectively. The Fermi
constant G is determined by the muon life-time

Gr =G, = (1.16637 +0.00002) x 1075 GeV ™2, (5.133)

281t is remarkable that Arﬁés’ﬁsy |A?e1|2 while B(t — eX) ~
|Ail |2 + \A%l |2 (with X =n, y or puu). In practice, Ar;;‘ijY is sen-
sitive only to RR-type LFV terms in the slepton mass matrix while
B(t — eX) does not distinguish between left and right sectors.

and absorbs all the remaining electroweak radiative (loop)
corrections.

The main source of non-universal contributions would be
the tree level contribution from the charged Higgs boson
(mass dependent couplings) and different slepton masses of
the i, T and e sleptons exchanged in the one loop induced
£—W -y, vertex. On the other hand, as discussed in previous
sections, the last contribution can provide a correction that
can be at most as large as 10~* (in the limiting case of very
light sleptons and gauginos ~Myy), very far for the actual
and forthcoming experimental resolutions. However, differ-
ently from the M — £v case, a tree level charged Higgs ex-
change breaks the lepton universality and it provides a con-
tribution that we are going to discuss.

The deviations from t — w — e universality can be
conveniently discussed by studying the ratios G;./G.e,
Giu/Gue and G,/ Ge e, given by the ratios of the cor-
responding branching fractions. With the highly accurate
experimental result for the G, ., the first two ratios are es-
sentially a direct measure of non-universality in the corre-
sponding tau decays. When the statistical error of future
experiments will become negligible, the main problem for
achieving maximum precision will be to reduce the system-
atic errors. One may expect that certain systematic errors
will be canceled in the ratio G ;,/ G+ ..

The 2004 world averaged data for the leptonic 7 decay
modes and 1 life-time are [834, 840]

B|exp = (17.84 £ 0.06) %,
B*|exp = (17.37 £0.06)%,
=(290.6+1.1) x 107 5.

(5.134)

Note that the relative errors of the above measured quantities
are of the 0.34-0.38%, the biggest being for the life-time.
One can parameterize a possible beyond the SM contribu-
tion by a quantity A’ (I = e, ), defined as
B'=B'|sm(1 + 4'). (5.135)
Including the W-propagator effect and QED radiative cor-

rections, the following results for the branching ratios in the
SM are obtained [840]:

B¢lsm = (17.80 £ 0.07) %,
B*|sm = (17.32 £ 0.07) %.

(5.136)

Together with the experimental data this leads to the fol-

lowing 95% C.L. bounds on Al for the electron and muon

decay mode, respectively [840]:

(—0.80 <A< 1.21)%, (—0.76 <At < 1.27)%.
(5.137)
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One can see that the negative contributions are constrained
more strongly that the positive ones. A tree level charged
Higgs exchange leads to the following contribution [841]:

FWi+Hi
zrwi[l_ZmlmrtanzﬂﬂK<m_lz)+m%m12tan4,3:|
M. mp \m? AM3, .
200 GeV \ 2 [ tan B\ >
~r" 1115 x 1073 ,
[ - ( My > ( 50 ”
(5.138)

where « (x) = f,ifc)) ~0.94 with g(x) = 1 +9x —9x% —x3 +
6x(1 4+ x)In(x). In the above expression, the second term
comes from the interference with the SM amplitude and it is
much more important than the last one, which is suppressed
by a factor m? tan? ,B/SM%#.

For the future precision of G, and G, measurements
of order 0.1% (G .. is known with 0.002% precision) the
only effect that eventually can be observed is the slightly
smaller value of G, as compared to G;, and G .. If
measured, such effect would mean a rather precise informa-
tion about MSSM: large tan § > 40 and small Mg+ ~ 200—
300 GeV.

5.6.2.7 Conclusions High precision electroweak tests,
such as deviations from the SM expectations of the lep-
ton universality breaking, represent a powerful tool to probe
the SM and, hence, to constrain or obtain indirect hints of
new physics beyond it. Kaon and pion physics are obvious
grounds where to perform such tests, for instance in the well
studied m — fvy and K — fv; decays, where [ = e or u.
In particular, a precise measurement of the flavor conserv-
ing K — ¢v; decays may shed light on the size of LFV in
new physics. pu—e non-universality in Ky, is quite effective
in constraining relevant regions of SUSY models with LFV.
A comparison with analogous bounds coming from v LFV
decays shows the relevance of the measurement of Rx to
probe LFV in SUSY. Moreover, T—pu—e universality in the
leptonic t decays is an additional interesting laboratory for
searching for physics beyond the SM.

5.7 EDMs from RGE effects in theories with low energy
supersymmetry

EDMs probe new physics in general and in particular low
energy supersymmetry. For definiteness and for simplic-
ity, we focus here on lepton EDMs, as they are free from
the theoretical uncertainties associated to the calculation of
hadronic matrix elements. After a brief review of the con-
straints on slepton masses we discuss here a specific kind
of sources of CPV, those induced radiatively by the Yukawa
interactions of the heavy particles present in see-saw and/or
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grand unified models. It has been emphasized that these in-
teractions could lead to LFV decays, in particular i — ey,
at an observable rate; it is then natural to wonder whether
this is also the case for EDMs.

As shown in Sect. 3, LFV decays, EDMs and additional
contribution to MDMs all have a common origin, the di-
mension five dipole operator possibly induced by some new
physics beyond the SM:

1-
Li=5 = EWRiAiﬂPLjUWFuv +h.c., (5.139)

5 2my,
B(; — £;y) o |Ajl7,

(Sagi = Re Aii,

e

(5.140)
d[l. =1Im Al','.

If induced at one loop, this amplitude displays a quadratic
suppression with respect to the new physics mass scale,
Mnp, and a linear dependence on the non-dimensional cou-
pling I'NP encoding the pattern of F and CP violations (in
the basis where the charged lepton mass matrix is diagonal):
NP
o ema T
Y ) MR

(5.141)

For low energy supersymmetry, the loops involve ex-
change of gauginos and sleptons, so that "N is proportional
to the misalignment between leptons and sleptons, conve-
niently described by the flavor violating (FV) §’s of the mass
insertion approximation. It is well known that the flavor con-
serving (FC) u and a terms are potentially a very important
source of CPV. In the expansion in powers of the FV §’s,
they indeed contribute to dp; at zero order:

Im(A;;) = fume, Arg(n) + famy; Im(a;)

+ frorrIm(8"FmesRR), 4 (5.142)

L
where the various f represent supersymmetric loop func-
tions and can be found for instance in [163]. Notice that the
contribution arising at second order in the FV §’s could be
even more important than the FC one, as happens for in-
stance if CPV is always associated to FV.

Assuming no cancellations between the amplitudes, we
first review briefly some limits considering for definite-
ness the mSUGRA scenario with tan8 = 10 and slepton
masses in the range suggested by g,. The strong impact
of ;1 — ey on 8L has been emphasized previously, where
it was stressed that the impact of d, is also remarkable
in constraining the FC sources of CPV: argpu <2 x 1073,
Ima,/mpg < 0.2. As for the other FV source in (5.142), one
obtains Im((SLLmMRR)ee/mT < 107>. The planned sensi-
tivity d,, < 10~ ¢ cm would also give interesting bounds:
argi <1071, Im(85Lm8%R),, /m. < 107!, Notice that,
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due to the lepton mass scaling law of the p-term contribu-
tion, the present bound on argu from d, implies that the
p-term contribution to d;, cannot exceed 2 X 1072 ecm,
below the planned projects. A positive measure of d;, would
thus signal a different source of CPV, i.e. the a,,-term or the
FV contribution. In the following we take real .

The a;-terms and the FV §’s at low energy can be thought
as the sum of two contributions. The first is already present
at the Planck scale where soft masses are defined; we as-
sume that this contribution is absent because of some inhi-
bition mechanism, as could happen in supergravity. The sec-
ond contribution is induced radiatively running from high to
low energies by the Yukawa couplings of heavy particles?’
that potentially violate F and CP. Since LFV experiments
are testing this radiatively induced misalignment, in the fol-
lowing we shall consider what happens for EDMs, begin-
ning with the pure see-saw model and then adding a grand
unification scenario, where heavy colored Higgs triplets are
present to complete the Higgs doublets representations (in
SU(5) for instance they complete the 5 and 5). Notice that
these triplets are important as in supersymmetric theories
proton decays mainly through their exchange.

Consider first the case of degenerate right handed neutri-
nos with mass M. One can solve approximately the RGE by
expanding in powers of In(A/M)/(4m)?, i.e. the log of the
ratio of the two scales between which the neutrino Yukawa
couplings Y, are present times the corresponding loop fac-
tor suppression. For LFV decays 8" is induced at Ist order

and is proportional to the combination (YJ Y,)i;. In partic-
ular, © — ey constrains (YJ Y,)21 to be small and this has
a strong impact on see-saw models. To obtain an imaginary
part for EDMs, one needs a non-hermitian combination of
Yukawa couplings, which can be found only at 4th order:
Im(YJ YV[YJYU, Yng]YJYU)”. Such a contribution is negli-
gibly small with respect to the present and planned experi-
mental sensitivities.

Allowing for a non-degenerate spectrum of right handed
neutrinos, EDMs get strongly enhanced while LFV decays
not. The latter are simply modified by taking into account
the different mass thresholds:

. A
shE oy "k, CkEYv'iklnﬁkakj. (5.143)
k

On the contrary for EDMs the see-saw induced FC and
FV contributions—coming respectively from Ima; [229,
242, 842, 843] and Im(8®Rm8LL);; [843, 844]—arise at
2nd and 3rd order and are proportional to the combinations
[684]:

In(My./ My)

. CNTTRITTR T k ~k'
Im(al)O(bZk/ (A /M) Im(C*C¥)

i’

29The SM fermion Yukawa couplings induce negligible effects.

Im(8%Fm st2),, oc 3 T Im(C*m3C)

ii i’

k>k'

where 1?1],; is a logarithmic function. The FV contribution
generically dominates for tan 8 = 10. Without going in the
details of this formulae, we just display some representa-
tive upper estimates for the see-saw induced EDMs, con-
sidering for definiteness the g, region with tanf = 20.
The see-saw induced d, is below the planned sensitivity,
d 55 < 1072 ¢ cm. On the contrary for d, it could be at hand,
d L,SS < 0.5 x 10727 ¢ cm; the expectation is however strongly
model dependent and usually see-saw models that satisfy the
bound from p — ey predict a much smaller value [684].
The possibility of large d, and its correlation with leptogen-
esis is discussed in [329].

Perspectives are much more interesting if there is also
a stage of grand unification. In minimal supersymmetric
SU(5), the Higgs triplet Yukawa couplings contribute to
the RGE-running for energies larger than their mass scale
My ~ Mgur. For LFV, 8RR is generated at 1st order and is
proportional to a combination of the up quark Yukawa cou-
plings [683]:

SRR o (YTY), In .

e (5.144)

Due to the weaker experimental bounds on § X% this contri-

bution is not very significant. On the other hand 8% is not
changed, as also happens to the FC contribution to EDMs
[843]. The FV contribution to EDMs is on the contrary
strongly enhanced: it arises at 2nd order (also for degenerate
right handed neutrinos) and is proportional to:

(88 mes™). ocIm(CmeY V7)., 1nMiT.

(5.145)

As a result, considering for definiteness the g, region with
tan B = 20 and the representative values for triplet and right
handed neutrino masses My = 2 x 10'© GeV and M; =
10 GeV, the induced d,, is still below planned, d5%° <
5 x 10725 ¢ cm, but the induced d, could exceed by much
the present limit: df 53 <1072 e cm. In turn this means that
Im(e~#Cy13) < 0.1 (B being the angle of the unitarity tri-
angle), which has of course an impact on see-saw models.
Further details can be found in [843, 845]. Notice however
that, in addition to the problems with light fermion masses,
minimal supersymmetric SU(5) is generically considered to
be ruled out by proton decay induced by Higgs triplet ex-
change.

More realistic GUTs like SO(10) succeed in suppress-
ing the proton decay rate by introducing more Higgs triplets
and enforcing a peculiar structure for their mass matrix.
What are the expectation for d, in this case? Consider what
happens in a semirealistic SO(10) model [845], where in
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Fig. 40 (Color online) The predictions for 7, k3 and d, are shown
as a function of r for the degenerate (flat blue) and close to pseudo
Dirac (red) cases by taking mp = 10!7 GeV, A4 =2 x 10'® GeV and

addition to the three 16 fermion representations we intro-
duce a couple of 10g’s containing the Higgs doublets and
triplets, 10%, = (HY, HY) + (HY, HY), 104, = (HE, HY) +
(H, F_If‘f ). Up and down quark fermion masses arise when
the doublets H}, and ﬁg acquire a VEV; in particular Y, =
Y., Yy =Yy, and also the triplet Yukawa couplings are fully
determined in terms of Y, and Y. As for the mass matrices
of the Higgses, the doublets are diagonal in this basis, while
the triplets are a priori undetermined:

~d Su c.W. 0 Hlu)
(3 HD)< 0 MGUT)(H;; :

) (5.146)
7d TuU HT
(HT HT)MT d |-

Hy

Let consider two limiting cases for the pattern of the triplet
mass matrix, diagonal degenerate and close to pseudo-Dirac:

deg 1 0 -pD 0
(i Yo

where r is a small real parameter, » < 1, and the exact
pseudo-Dirac form corresponds to the limit r — 0. Notice
that the close to pseudo-Dirac form is naturally obtained in
the Dimopoulos—Wilczek mechanism to solve the doublet—
triplet splitting problem. The prediction for proton life-time
displays a strong dependence on the structure of M7, and
only the pseudo-Dirac form is allowed, as can be seen in
Fig. 40 (there is an intrinsic ambiguity due to GUT phases,
so that the prediction is in between the dotted and solid
curves). For EDMs on the contrary the Higgs triplets con-
tribution to RGE is cumulative and, due to the log, mildly
sensitive to the triplet mass matrix structure. In the case of
O (1) CPV phase (a small phase would be unnatural in this
context), d, would exceed the present bound for the values
of supersymmetric parameters selected in Fig. 40. Planned
searches will be a fortiori more constraining. The impact of
these results go beyond the essential model described above.
Indeed, the week points of the model, like the fermion mass

i) mr, (5.147)
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maximal CPV phase for d,. The supersymmetric parameters tan 8 = 3,
M =200 GeV, mg =400 GeV, have been selected. The shaded (grey)
regions are excluded experimentally. See [845] for more details

spectra, could be addressed without changing by much the
expectations for d,. It is remarkable that EDMs turns out
to be complementary to proton decay in constraining super-
symmetric GUTSs.

In the above model one obtains the relation d, /d. ~
[Vis/ V,d|2 A 25, so that the prediction for d,, is below the
planned sensitivity. However, there are GUT models where
this is not the case. For instance a significant d,, is obtained
in L-R symmetric guts [846].

5.7.1 Electron—neutron EDM correlations in SUSY

One of the questions we would like to address is whether
non-zero EDM signals can constitute indirect evidence for
supersymmetry. Supersymmetric models contain additional
sources of CP violation compared to the SM, which induce
considerable and usually too large EDMs (Fig. 41). In typi-
cal (but not all) SUSY models, the same CP-violating source
induces both hadronic and leptonic EDMs such that these
are correlated. The most important source is usually the CP-
phase of the p-term and, in certain non-universal scenarios,
the gaugino phases. The CP-phases of the A-terms generally
lead to smaller contributions.

Typical SUSY models lead to |dy,|/|d.| ~ O(0)-
O(100). Thus, if both the neutron and the electron EDMs
are observed, and this relation is found, it can be viewed as
a clue pointing towards supersymmetry.

Since generic SUSY models suffer from the “SUSY CP
problem”, EDMs should be analyzed in classes of models
which allow for their suppression. These include models
with either small CP phases or heavy spectra. d,—d, EDM
correlations have been analyzed in mSUGRA, the decou-
pling scenario with 2 heavy sfermion generations, and split

Fig. 41 One loop EDM
contributions
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Fig. 42 EDM correlation in mSUGRA

SUSY [847]. Assuming that the SUSY CP phases are all of
the same order of magnitude at the GUT scale, one finds

mSUGRA:  d, ~ 107'd,,
split SUSY: d, ~ 107d,,,
decoupling:  d, ~ (107'-1072)d,.

These results are insensitive to tan 8 and order one varia-
tions in the mass parameters. The d,/d, ratio is dominated
by the factor m,/my ~ 10~!, although different diagrams
contribute to d, and d,,.

An example of the d;,—d, correlation in mSUGRA is pre-
sented in Fig. 42. There mq, m1,2, |A| are varied randomly
in the range [200 GeV, 1 TeV], tan 8 = 5 and the phase of
the p-term ¢, is taken to be in the range [— /500, 7 /500].
The effect of the phase of the A-terms, ¢4, is negligible as
long is it is of the same order of magnitude as ¢, at the GUT
scale. Clearly, the relation d, /d, ~ 10 holds for essentially
all parameter values.

As the next step, we would like to see how stable these
correlations are. One might expect that breaking universal-
ity at the GUT scale would completely invalidate the above
results. To answer this question, we study a non-universal
MSSM parameterized by

Msquarks  Msleptons Mz, My=M;, |A]

¢/l. ’ ¢A s ¢M3

at the GUT scale. The mass parameters are varied randomly
in the range [200 GeV, 2 TeV] and the phases in the range
[—7m /300, 7 /300], tan 8 = 5. We find that although the cor-
relation is not as precise as in the mSUGRA case, about 90%
of the points satisfy the relation d,,/d, ~ 10-100 (Fig. 43).
In most of the remaining 10%, 104 > dy/d, > 102, which
arise when the gluino phase dominates. The reason for the
correlation is that in most cases ¢, is significant and induces
both d,, and d,. Apart from the factor m,/m,, the SUSY
EDM diagrams are comparable as long as there are no large
mass hierarchies in the SUSY spectrum. This means that the
EDM correlation survives to a large extent, although it is
possible to violate it in certain cases.

(5.148)
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Fig. 43 EDM correlation in non-universal SUSY models

It is instructive to compare the SUSY EDM ‘prediction’
to those of other models. Start with the standard model. The
SM background due to the CKM phase is very small, prob-
ably beyond the experimental reach. The neutron EDM can
also be induced by the QCD 6-term,

dy, ~3 x1071%9 ¢ cm, (5.149)

which does not affect the electron EDM. Thus, one has
dy > d,.

In extra dimensional models, usually there are no extra
sources of CP violation and the EDM predictions are similar
to the SM values. Two Higgs doublet models have additional
sources of CP violation, however, the leading EDM contri-
butions appear at 2 or 3 loops such that the typical EDM
values are significantly smaller than those in SUSY models.

To conclude, we find that typical SUSY models predict
ldn|/|de] ~ O(10)-O(100). Thus, if

d, > d, (5.150)
or
d, < dy (5.151)

is found, common SUSY scenarios would be disfavored,
although such relations could still be obtained in baroque
SUSY models.

It is interesting to consider SUSY GUT model, where
CP phases in the neutrino Yukawa couplings contributes to
hadronic EDMs. For instance, in SU(5) SUSY GUT with
right handed neutrinos, not only large mixing but also CP-
violating phases in neutrino sector give significant contribu-
tion to the mixing and CP phases in the right handed scalar
down sector. Though 1-2 mixing in the neutrino Yukawa
coupling is strongly restricted by the B(u — ey), 2—3 mix-
ing in the neutrino Yukawa couplings can be significantly
large and this case is interesting in B physics. Large 2-3
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mixing with CP violation in neutrino sector may give a sig-
nificant contribution not only to the B(t — wy) but also to
color EDM of s quark which may affect [848, 849] neutron
and Hg EDM.

5.7.2 EDMs in split supersymmetry

Supersymmetry breaking terms involve many new sources
of CP violation. Particularly worrisome are the phases asso-
ciated with the invariants arg(A*M;) and arg(A* B), where
A and B represent the usual trilinear and bilinear soft terms
and M; the gaugino masses. Such phases survive in the uni-
versal limit in which all the flavor structure originates from
the SM Yukawa’s. If these phases are of order one, the elec-
tron and neutron EDMs induced at one loop by gaugino-
sfermion exchange are typically (barring accidental cancel-
lations [848, 850, 851]) a couple of orders of magnitude
above the limits [852—-855], a difficulty which is known as
the supersymmetric CP problem.

Different remedies are available to this problem mak-
ing the one loop sfermion contribution to the EDMs small
enough, each with its pros and cons. One remedy is to have
heavy enough sfermions (say heavier than 50-100 TeV to be
on the safe side). Gauginos and higgsinos are not required
to be heavy, and can be closer to the electroweak scale, thus
preserving the supersymmetric solution to the dark matter
problem and gauge coupling unification. This is the “Split”
limit of the MSSM [457, 458, 856]. In this limit, the heavy
sfermions suppress the dangerous one loop contributions to
a negligible level. Nevertheless, some phases survive below
the sfermion mass scale and, if they do not vanish for an ac-
cidental or a symmetry reason, they give rise to EDMs that
are safely below the experimental limits, but sizable enough
to be well within the sensitivity of the next generation of
experiments [847, 856—-858]. Such contributions only arise
at the two-loop level, since the new phases appear in the
gaugino-higgsino sector, which is not directly coupled to
the SM fermions.

Besides the large EDMs, a number of additional unsat-
isfactory issues, all related to the presence of TeV scalars,
plague the MSSM. The number of parameters exceeds 100;
flavor changing neutral current processes are also one or
two orders of magnitudes above the experimental limits
in most of the wide parameter space; in the context of a
grand unified theory, the proton decay rate associated to
sfermion-mediated dimension five operators is ruled out by
the Super-Kamiokande limit, at least in the minimal ver-
sion of the supersymmetric SU(5) model; in the supergrav-
ity context, another potential problem comes from the grav-
itino decay, whose rate is slow enough to interfere with pri-
mordial nucleosynthesis. While none of those issues is of
course deadly—remedies are well known for each of them—
it should be noted that the split solution of the supersymmet-
ric CP problem also solves all of those issues at once. At the

@ Springer

same time, it gives rise to a predictive framework, character-
ized by a rich, new phenomenology, mostly determined in
terms of only 4 relevant parameters. Of course the price to
be paid to make the sfermions heavy is the large fine-tuning
(FT) necessary to reproduce the Higgs mass, which exac-
erbates the FT problem already present in the MSSM. This
could be hard to accept, or not, depending on the interpre-
tation of the FT problem, the two extreme attitudes being
(i) ignoring the problem, as long as the tuning is not much
worse than permille and (ii) accepting a tuning in the Higgs
mass as we accept the tuning of the cosmological constant,
as in split supersymmetry. The second possibility can in turn
be considered as a manifestation of an anthropic selection
principle [859-863].

Before moving the quantitative discussion of the effect,
let us note that the pure gaugino-higgsino contribution to
the EDMs, dominant in split supersymmetry and possibly
near the experimental limit, might also be important in the
non-split case, depending on the mechanism invoked to push
the one loop sfermion contribution below the experimental
limit.

5.7.2.1 Sources of CP violation in the split limit Below
the heavy sfermion mass scale, denoted generically by m,
the MSSM gauginos and higgsinos, together with the SM
fields constitute the field content of the model. The only in-
teractions of gauginos and higgsinos besides the gauge ones
are

—L=2(g.H " W*T,H, + &,Yn, H BH,
+ 8aH WT,Hy + §,Yn,H  BH;) +h.c., (5.152)

where the Higgs—higgsino—gaugino couplings &y, &4, &,
&), can be expressed in terms of the gauge couplings and
tan 8 through the matching with the supersymmetric gauge
interactions at the scale m, H. =iopH*, T, are the SU(2)
generators, and Yy, = —Yy, = 1/2. CP violating phases
can enter the effective Lagrangian below the sfermion mass
scale m through the w-parameter, the gaugino masses M;,
i =1,2,3, or the couplings &, &4, &, g;, (besides of course
the Yukawa couplings, not relevant here). Only three combi-
nations of the phases of the above parameters are physical, in
a basis in which the Higgs VEV is in its usual form, (H) =
(0,v)T, with v positive. The three combinations are ¢ =
arg (g2 M), b = arg(ZLE5 M), & = arz(Gu g2 80)-
Actually, the parameters above are not independent them-
selves. The tree-level matching with the full theory above
m gives in fact arg(g,) = arg(g,,), arg(gs) = arg(g)). As a
consequence, the phase & vanishes, thus leaving only two in-
dependent phases. Moreover, if the phases of M| and M» are
equal, as in most models of supersymmetry breaking, there
is actually only one CP invariant: ¢ = arg(g; g;Mau).
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Fig. 44 Two loop contributions
to the light SM fermion EDMs.
The third diagram is for a
down-type fermion f

In terms of mass eigenstates, the relevant interactions are

L=~ & Ty (GEPr+ GLPL) X 2,
+ [gxier“(Ci’}PR +ChLPL)xIwW
8 *F L +
+—=x; (DfPr+ D} PL X h+hc} (5.153)
fz al )
where
T ¥
Gi = Vigsews Vips; + Ve Vi
. . (5.154)
R
G} =U,ycw-Uy,- +Uh, i U,,
ch= N* ! V. . N*
Viw+ JW%+% it jhg
(5.155)
Ccl=-Uj N, 1U* N
T TIWS W 5 i kG
gD} =gV, Ujw- +8Viw+Ujp
(5.156)

DL — ( DR)T.

In (5.154), ¢y =T55 — SW Q¢ (syy =sin GW) is the neutral
current coupling coefficient of the fermion f and, accord-
ingly, cy+ = % cos? Oy, Cht gz = £(1/2 - s3,). The ma-
trices U, V, N diagonalize the complex chargino and neu-
tralino mass matrices, My = UTMPV, My = NTNPN,
where MP = Diag(M|", MJ) > 0, MP = Diag(M?, ...,
MJ)>0and

M s
M+=<~ 2 guv)’
8av M

M, 0 —Fu/N2 gu/V2
Mo — 0 My gav/V2 —guv/V2
T gz Evivz 0 —n
g;{;”/ﬁ —éuv/«/i - 0
(5.157)

5.7.2.2 Two loop contributions to EDMs Fermion EDMs
are generated only at two loops, since charginos and neu-
tralinos, which carry the information on CP violation, are

only coupled to gauge and Higgs bosons. Three diagrams
contribute to the EDM of the light SM fermion f at the two-
loop level. They are induced by the effective yyh, yZh,
and y WW effective couplings and are shown in Fig. 44. The
EDM d; of the fermion f is then given by [857], where

H ZH ww
dfzd; +di +df ", (5.158)
leoz2 m,«M
= 217 (D " (5.159)
f 4\/571_2“%{/ ( ”)MWm%_] Ty ( )
2 2
g = CBn — 2wl pRGR  pl gL
2 4 ij=Ji ij~ji)e
16«/_7T2cW Sy
+
me + .+
X g, S22t i i) (5.160)
Tsyr a2 m MM
a"v = %Im(cgc{}*)%
’ 8 Sy My,
+ 0
X fWW(rl.W,er). (5]61)

In (5.159) a sum over indices i, j is understood, Q y is the
charge of the fermion f, T3, is the third component of the
weak isospin of the fermion’s left handed component. Also,
rzn = (Mz/mu).riyy = (Mm%, riyy = (M My)”.
er (MO/MW)2 where mpy is the Higgs mass, and the
loop functions are given by

Uogx r
f)/H(r)Z/O l—x](o’x(l—x)>’

1 Y dx .
Szu(r,ri,n) = / a _x)J<r
(5.163)

1 —
fWW(rler)Z/ ld-x J<0’ Xr]+(1 X)r2>. (5164)
o 1—x x(1—x)

(5.162)

xri+ (1 —=x)rp
x(1—x) )’

Their analytic expressions can be found in Ref. [857]. The
symmetric loop function j (r, s) is defined recursively by
rlogr . Jjr)—j@)
jrs)=——".

r—1° r—s

jr)= (5.165)

Equation (5.159) hold at the chargino mass scale M™.
The neutron EDM is determined as a function of the down
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and up quark dipoles at a much lower scale u, at which

S(MY T2
dq (Iu) = ﬂQCqu (M+)’ ’7QCD = [aa( (H«))i|
(5.166)

where the B-function coefficient is b = 11 — 2n,/3 and
ng is the number of effective light quarks. The anomalous-
dimension coefficient is y = 8/3. For as(Mz) = 0.118 £
0.004 and u = 1 GeV (the scale of the neutron mass),
the value of nocp is 0.75 for M* =1 TeV and 0.77 for
M =200 GeV. We expect an uncertainty of about 5% from
next-to-leading order effects. This result [857] gives a QCD
renormalization coefficient about a factor of 2 smaller than
usually considered [864], and it agrees with the recent find-
ings of Ref. [865].

The neutron EDM can be expressed in terms of the quark
EDMs using QCD sum rules [866, 867]:

d, = (1£0.5)

2m2 4 1
—dg — =dy |,
(my +mg) (225 MeV)3 \ 3 3
(5.167)

where f; &~ 92 MeV and we have neglected the contri-
bution of the quark chromo-electric dipoles, which does
not arise at the two-loop level in the heavy-squark mass
limit. Since dy and d,, are proportional to the correspond-
ing quark masses, d,, depends on the light quark masses
only through the ratio m, /mgy, for which we take the value
my/mg = 0.553 £ 0.043.

It is instructive to consider the limit M;, u > Mz, my
which simplifies the EDM dependence on the CP-violating
invariants |g,&q/Ma|singy and |g; g,/ Miu|sing;. The
terms depending on the second invariant are actually sup-
pressed, so that both the electron and neutron EDM are
mostly characterized by a single invariant even in the case
in which the phases of M| and M, are different. The rela-
tive importance of the three contributions to dy in (5.158)
can be estimated to leading order in log(Mou/ m%,) from

A (T3, — 253,053 —4s%)
d;H SC%VQf ’

(5.168)
wWw
dr~ Dy

ay o8s30

(My = ).

Numerically, (5.168) gives d?f ~ 0.05d) " avvV ~
—0.3d?" and aZH ~ al", aWW ~ —0.7d}" . These sim-
ple estimates show the importance of the ZH contribution
to the neutron EDM.
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5.7.2.3 Numerical results Let us consider a standard uni-
fied framework for the gaugino masses at the GUT scale.
Using the RGEs given in Refs. [458, 868], the parame-
ters in (5.159) can be expressed in terms of the (single)
phase ¢ = ¢» and four positive parameters M»>, u (evalu-
ated at the low energy scale), tan 8, and the sfermion mass
scale m. In first approximation, the dipoles depend on 8
and ¢ through an overall factor sin28sin¢. The overall
sfermion scale m enters only logarithmically through the
RGE equations for g, 4, g;’ 4 The numerical results for the
electron and neutrino EDMs can then conveniently be pre-
sented in the M>—u plane by setting sin28sin¢ =1 (it is
then sufficient to multiply the results by sin28 sin¢) and,
for example, /i = 10° GeV. Figure 45 shows the predic-
tion for the electron EDM, the neutron EDM, and their ra-
tio d, /d,. The red thick line corresponds to the present ex-
perimental limits d, < 1.6 x 10727 ¢cm [186], while the
limit d,, < 3 x 10726 ¢ cm [869] does not impose a constraint
on the parameters shown in Fig. 45.

An interesting test of split supersymmetry can be pro-
vided by a measurement of both the electron and the neu-
tron EDMs. Indeed, in the ratio d,,/d, the dependence on
sin¢, tan 8 and m approximately cancels out. Nevertheless,
because of the different loop functions associated with the
different contributions, the ratio d,/d, varies by O(100%)
when M, and p are varied in the range spanned in the fig-
ures. Still, the variation of d,,/d, is comparable to the the-
oretical uncertainty in (5.167), and is significantly smaller
than the variation in the ordinary MSSM prediction, even
in the case of universal phases [847].39 On the other hand,
the usual tight correlation between the electron and muon
EDMs, d,, /de = m, /m, persists.

6 Experimental tests of charged lepton universality

Lepton universality postulates that lepton interactions do
not depend explicitly on lepton family number other than
through their different masses and mixings. Whereas there is
little doubt about the universality of electric charge there are
scenarios outside the standard model in which lepton univer-
sality is violated in the interactions with W and Z bosons.
Violations may also have their origin in non-SM contribu-
tions to the transition amplitudes. Such apparent violations
of lepton universality can be expected in various particle de-
cays:

— in W, Z and & decay resulting from R-parity violating
extensions to the MSSM [870, 871],

30Note that the ZH contribution is missing in the analysis of the split
supersymmetry case in Ref. [847], which leads to a somewhat stronger
correlation between d, and d,,.
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Fig. 45 Prediction for d,, d,

and their ratio d,, /d,. In the 10* F
contour plots we have chosen
tanf =1, sin¢ =1, and

i = 10° GeV. The results for
d, and d, scale approximately
linearly with sin2p sin¢, while
the ratio is fairly independent of
tan 8, sin¢ and m. The red thick
line corresponds to the present
experimental limit

d, < 1.6 x 10727 ecm [186].
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Note that the uncertainty in d,, is
a factor of a few. The scatter
plot shows d,, values when M 3
and p are varied in the range

M; (GeV)
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[200 GeV, 1 TeV], mj, in
[100 GeV, 300 GeV] and the CP
phase in the range [, 7]
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— in W decay resulting from charged Higgs bosons [872,
873],

— in m decay resulting from box diagrams involving non-
degenerate sleptons [874],

— in K decay resulting from LFV contributions in SUSY
[839] (see Sect. 5.6),

— in 7" decay resulting from a light Higgs boson [875],

— in w and K decay from scalar interactions [876], en-
hanced by the strong chiral suppression of the SM ampli-
tude for decays into ev,. Since these contributions result
in interference terms with the SM amplitude the devia-
tions scale with the mass M of the exchange particle like
1/M? rather than 1/M* as may be expected naively.

We assume the V—A Lorentz structure of the charged
weak current, and parameterize universality violations by
allowing for different strengths of the couplings of the in-
dividual lepton flavors: 3!

8l o, — 1L—ys
[.:: Z EWMUI'}/M< 2 >l+hc

l=e,i,T
Experimental limits have recently been compiled by
Loinaz et al. [877]. Results are shown in Table 16.
Following the notation of Ref. [877] one may parame-
terize the violations by g; = g(1 — ¢;/2). After introducing

6.1)

318till more general violations lead to deviations from the 1 — 5 struc-
ture of the weak interaction.

200 300 400 500 600 700 800
M,

Table 16 Limits on lepton universality from various processes. One
should keep in mind that violations may affect the various tests differ-
ently so which constraint is best depends on the mechanism. Hypothet-
ical non-V-A contributions, for example, would lead to larger effects
in decay modes with stronger helicity suppression such as 7 — ev and
K — ev. Adapted from Ref. [8§77]. The ratios estimated from tau de-
cays are re-calculated using PDG averages, as described in the text

Decay mode Constraint

W—ev, (81/8e)w =0.999 £ 0.011
W—uv, (gr/8)w =1.029£0.014
W—1tv;

Hn—> eV, v,

(811/8e)« =1.0002 £ 0.0020
(87/8e)ep =1.0012 £ 0.0023

T—>eV, Vr

T—> Uy Vg

T—ev, (81/8e)x =1.0021 £ 0.0016
T = Uy, (gr/8e)rn = 1.0030 £ 0.0034
T—> TV,

K—ev, (81./8e)kx =1.024 £0.020

K — vy, (g:/8u)kr =0.979 £0.017
T—> KV,

Ay = € — €p the various experimental limits on deviations
from lepton universality can be compared (see Fig. 46).

It is very fortunate that for most decay modes new dedi-
cated experiments are being prepared. In the following sub-
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Fig. 46 Experimental constraints on violations of lepton universal-
ity from (a) W decay, (b) t decay, (¢) m and K decay and (d) the
combination of (a)—(c). Parameters are defined in the text. The 1o

sections the status and prospects of these experimental tests
of lepton universality are presented.

6.1 7 decay

In lowest order the decay width of m — [v; (I = e, ) is
given by:

2,2 y2 2 2\2
Vv m
Ftree _ gl gud ud fﬂ' m[zmn <1 _ é ) . (62)

oM 256 My, 2

By taking the branching ratio the factors affected by hadron-
ic uncertainties cancel:

tree 27,2 \2
Riree — Fn—>ei —<&X me l_me/mrr>
e/nw = ptree T )
Fn—);ﬁ 8u my 1 mu/mn

Radiative corrections lower this result by 3.74(3)% [878]
when assuming that final states with additional photons are
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bands are indicated. The shaded areas correspond to 68% and 90%
confidence levels. Results from the analysis in Ref. [877]

included. Within the SM (i.e. g, = g,) this leads to:

RM — 1.2354(2) x 1074

e/n (6.3)

Two experiments [879, 880] contribute to the present world
average for the measured value:

ROP =1.231(4) x 1074

o 6.4)

As a result pe universality has been tested at the level:
(8/8e) = 1.0021(16).

Measurements of R/, are based on the analysis of e*
energy and time delay with respect to the stopping m ™.
The decay m — ev is characterized by E,+ = 0.5m,c?> =
69.3 MeV and an exponential time distribution following the
pion life-time 7; = 26 ns. In the case of the # — v decay
the 4 MeV muons, which have a range of about 1.4 mm in
plastic scintillator, can be kept inside the target and are mon-
itored by the observation of the subsequent decay u — evv,
which is characterized by E,+ < 0.5m ,ch =152.3 MeV, and
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a time distribution which first grows according to the pion
life-time and then falls with the muon life-time. A major
systematic error is introduced by uncertainties in the low
energy tail of the # — ev(y) energy spectrum in the re-
gion below 0.5m Mcz. This tail fraction typically amounts to
~1%. The low energy tail can be studied by suppressing
the m — p — e chain by the selection of early decays and
by vetoing events in which the muon is observed in the tar-
get signal. Suppression factors of typically 10~ have been
obtained. A study of this region is also interesting, since it
might reveal the signal from a heavy sterile neutrino [881].

Although the two experiments contributing to the present
world average of R,/ reached very similar statistical and
systematic errors there were some significant differences.
The TRIUMF experiment [880] made use of a single large
Nal(TI) crystal as main positron detector, with an energy res-
olution of 5% (fwhm) and a solid angle acceptance of 2.9%
of 47 sr. The PSI experiment [879] used a setup of 132 iden-
tical BGO crystals with 99.8% of 4w sr acceptance and an
energy resolution of 4.4% (fwhm). A large solid angle re-
duces the low energy tail of 1 — ev(y) events but may also
introduce a high energy tail for u — evvy.

Two new experiments have been approved recently aim-
ing at a reduction of the experimental uncertainty by an or-
der of magnitude. First results may be expected in the year
20009.

— At PSI [882] the 37 sr Csl calorimeter built for a determi-
nation of the 7+ — %% v branching ratio will be used.
Large samples of 7 — ev decays have been recorded par-
asitically in the past which were used as normalization for
7t — 7%Tv with an accuracy of <0.3%, i.e. the level of
the present experimental uncertainty of R./,. The setup
was also used for the most complete studies of the radia-
tive decays m — evy [883] and i — evvy [884] done so
far. Based on this experience an improvement in precision
for R./, by almost an order of magnitude is expected.

— At TRIUMF [885] a single large Nal(Tl) detector will be
used again. The detector is similar in size to the one used
in the previous experiment but has significantly better en-
ergy resolution. The crystal will be surrounded by CsI de-
tectors to reduce the low energy tail of the 7 — ev re-
sponse function. By reducing the distance between target
and positron detector the geometric acceptance will be in-
creased by an order of magnitude.

6.2 K decay

Despite the poor theoretical control over the meson decay
constants, ratios of leptonic decay widths of pseudoscalar
mesons such as Rxk = I'(K — ev)/I"'(K — uv) can be
predicted with high accuracy, and have been traditionally

considered as tests of the V—A structure of weak interac-
tions through their helicity suppression and of p—e univer-
sality. The standard model predicts [878]:

Rk (SM) = (2.472 +0.001) x 107 (6.5)

to be compared with the world average [170] of published
Rk measurements:

Rk (exp) = (2.44 £ 0.11) x 1075, (6.6)

As mentioned above the strong helicity suppression of
I' (K — ev) makes Rk sensitive to physics beyond the SM.
As discussed in detail in Sect. 5.6.2.3 lepton flavor violat-
ing contributions predicted in SUSY models may lead to a
deviation of Rk from the SM value in the percent range.
Such contributions, arising mainly from charged Higgs ex-
change with large lepton flavor violating Yukawa couplings,
do not decouple if SUSY masses are large and exhibit a
strong dependence on tan 8. For large (but not extreme) val-
ues of this parameter, not excluded by other measurements,
the interference between the SM amplitude and a double
lepton-flavor violating contribution could produce a —3%
effect. Other experimental constraints such as those from
R or lepton flavor violating T decays were shown in [839]
not to be competitive with those from Ry in this scenario.

6.2.1 Preliminary NA48 results for Rx

In the original NA48/2 proposal [886] the measurement of
K leptonic decays was not considered interesting enough to
be mentioned. Nevertheless, triggers for such decays were
implemented during the 2003 run. Since these were not very
selective they had to be highly down-scaled. The data still
contain about 4000 K., decays which is more than four
times the previous world sample. In the analysis of these
data [887] ~15% background due to misidentified K> de-
cays was observed (see below). The preliminary result was
presented at the HEP2005 Europhysics conference in Lis-
bon [888]:

R (exp) = (2.416 £ 0.043 ¢ = 0.024y) X 107°,  (6.7)

marginally consistent with the SM value. While the uncer-
tainty in this result is dominated by the statistical error, the
unoptimized K., trigger and the lack of a sufficiently large
control sample resulted in a +0.8% uncertainty.

During 2004 a 56 hours special run with simplified trig-
ger logic at ~1/4 nominal beam intensity was performed,
dedicated to the collection of semileptonic K* decays for
a measurement of |V,s|. About 4000 K., decays were ex-
tracted from these data. The preliminary result for Rk is
consistent with the 2003 value with similar uncertainty al-
though the trigger efficiencies were better known.

The NA48 apparatus includes the following subsystems
relevant for the Rx measurement
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— a magnetic spectrometer, composed of four drift cham-
bers and a dipole magnet (MNP33)

— a scintillator hodoscope consisting of two planes seg-
mented into vertical and horizontal strips, providing a fast
level-1 (L1) trigger for charged particles

— a liquid krypton electromagnetic calorimeter (LKr) with
an L1 trigger system.

In the analysis of the 2003-04 data K., decays were se-
lected using two main criteria:

— 0.95 < E/pc < 1.05 where E is the energy deposited in
LKr and p is the momentum measured with the magnetic
spectrometer.

— the missing mass My must be zero within errors, as ex-
pected for a neutrino.

The main background resulted from misidentified K> de-
cays. The E/pc distribution of muons has a tail which ex-
tends to E/pc ~ 1 and the observed fraction of muons with
0.95 < E/pc < 1.05 is ~5 x 1076, K,» background was
present for p > 25 GeV/c where the M x resolution provided
by the magnetic spectrometer was insufficient to separate
Ko from K5 decays.

6.2.2 A new measurement of I' (K — ev)/I'(K — uv) at
the SPS

During the Summer of 2007 NAG62, the evolution of the
NA48 experiment, has accumulated more than 100K K,.»
decays. For this run the spectrometer momentum resolution
was improved by increasing the MNP33 momentum kick
from 120 to 263 MeV/c.

K> decays are selected by requiring signals from the two
hodoscope planes (denoted by Q1) and an energy deposition
of at least 10 GeV in the LKr calorimeter. This trigger has
an efficiency >0.99 for electron momenta p > 15 GeV/c.
The same down-scaled Q; trigger was used to collect K>
decays. The beam intensity was adjusted to obtain a total
trigger rate of 10* Hz, which saturates the data acquisition
system.

Figure 47 shows the M}z{ versus momentum distribution
for K., and K, decays for the 2004 data, together with
the predicted distributions for the 2004 run and for the 2007
run, as obtained from a Monte Carlo simulation (for K>
decays the electron mass is assigned to the muon). In the
2007 run, for electron momenta up to 35 GeV/c the K>
contamination to the K., signal is reduced to a negligible
level thanks to the improved spectrometer momentum reso-
lution (see Fig. 48(a)). Using a lower limit of 15 GeV/c for
the electron momentum, and taking into account the detec-
tor acceptance, this means that ~43% of the K, events will
be kinematically background free (see Fig. 48(b)).

The fraction of K, faking K. decays was measured at
all momenta in parallel with data taking. For this purpose
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Fig. 47 Distributions of M)% versus p for K., and K> decays. In
the My calculation the electron mass is assumed for both processes:
(a) measured data from the 2004 run, (b) Monte Carlo predictions for
2004 conditions, (¢) Monte Carlo predictions for the conditions ex-
pected in 2007
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Fig. 48 (a) K,;» contamination in the K. sample. (b) Simulated mo-
mentum distributions of genuine electrons from Ko decay (full his-
togram), and of fake electrons from K, decays (dashed histogram)

a ~5 cm thick lead plate was inserted between the two ho-
doscope planes covering six 6.5 cm wide vertical hodoscope
counters. The requirement that charged particles traverse the
lead without interacting helps to select a pure sample of Ko
decay for which the muon E/pc distribution can be directly
measured for the evaluation of the K> contamination to the
K> signal. Table 17 lists the relevant parameters describing
the running conditions both for the 2004 and 2007 runs.
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Table 17 Comparison of the 2004 and 2007 running conditions

2004 2007 2004 2007

Acceptance (mr?) 0.36 x 0.36 0.18 x 0.18 SPS duty cycle (s/s) 4.8/16.8 4.8/16.8

AR (s1) 4x1077 1 x 1077 live time (days) 2.1 100
Ap/ p effective (%) +3 425 nr. of pulses 1.08 x 10* 3% 10°

RMS (%) ~3.0 ~1.8 Protons per pulse 2.5 x 101 1.5 x 1012
TRIM3 x’ (mr) 0 +0.3 beam momentum (GeV/c) ~60 ~75

pr MeV/c) 0 +22.5 Triggers/pulse 45,000 48,000
MNP33 x’ (mr) +2.0 +3.5 Good K o/pulse ~0.37 ~0.5

pr MeV/c) +120 +263 Good K (total) 4000 >100,000

The overall statistical error, which includes the statistical
uncertainty on the background measurement, is expected to
be 0.3%. The uncertainty in the trigger efficiency will be re-
duced to less than +0.2%. The data collected in 2007 will
provide a measurement of Rg with a total uncertainty (sta-
tistical and systematic errors combined in quadrature) of less
than £0.5%.

6.3 7 decay

There are two ways to test lepton universality in charged
weak interactions using t decays:

— the universality of all three couplings can be tested by
comparing the rates of the decays t — uvv, T — evv
and u — evv, and

— g:/8u can be extracted by comparing T — v and 7 —
UV,

When comparing the experimental constraints one should
keep in mind the complementarity of these two tests.
Whereas the purely leptonic decay modes are mediated by
a transversely polarized W, the semileptonic modes involve
longitudinal polarization.

6.3.1 Leptonic T decays

The decay width of £; — £ yvv including radiative correc-
tions is given by [889]:

2,2 5
P tpwy = 4% My ey 6.8)
FTI T o, 1023 '
3 M, a(me;) 25 2
where (1-+ Cye ) = £0(1 + 170001+ “582 3 — %)

combines weak and radiative corrections and f(x) =1 —
8x +8x® —x* — 12x%Inx with x =m? /m? .

Electron—muon universality could tﬂus be tested at the
0.2% level using:

B 1+C
Sn _\/ o) Lt e =1.0002 4 0.0020, (6.9)

ge \ B(x—evww) (1+Cqp)

where Cr, = —0.004 and C;, = —0.0313 are the correc-
tions from (6.8). The values of the branching ratios of lep-
tonic t decays are taken from [170] and are based mostly on
measurements from LEP experiments. e—7 universality has
been verified with similar precision:

1 5
8t _ \/7( + Cre) T—’L(@) B(t — uwv)
8e (I+ Crp) e \my

=1.0012 £ 0.0023,

(6.10)

where I'(¢; — £yvv) = B({; — £yvv)/1¢; has been used
and Cj, = —0.0044. The measurement of u—7 universality
can then be derived from g; /g, and g, /g, giving g: /g, =
1.0010 £ 0.0023.

The measurements used in above formulas are relatively
old [170], and no input from BaBar or Belle is used. The
measurements of leptonic branching fractions were done by
the LEP experiments in the course of the runs at or near
the Z° resonance [170]. The t+7~ events were selected
via their topology, and the t decay products were required
to pass particle identification, using information from the
calorimetry, tracking devices, time projection chambers and
muon systems. The largest uncertainty on the measurement
of tau branching ratios was statistical, with systematics lim-
itations arising from the simulation and from particle identi-
fication.

The measurement of the t life-time [170] comes from
LEP experiments as well. Due to the large /s, each T in
the event has a large boost and travels 90 ym in average.
However, as there is nothing but 7’s produced in each event,
their production vertex is unknown and has to be estimated
averaging over other events or by minimizing the sum of
impact parameters of both t’s decay products.

The most accurate published measurement of the T mass
[890] was done by the BES experiment, through an energy
scan of the 7~ production cross section in ete™ colli-
sions around the threshold region. The collision energy scale
was calibrated with J /¢ and 1 (2S5) resonances, with a pre-
cision of 0.25 MeV.
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Therefore the major contributions to the uncertainties on
the ratios g, /g, and g, /g, are:

— the t leptonic branching fractions (0.3%), and
— the 7 life-time (0.34%).

In the calculation above, the measurements of leptonic t
decays are taken as independent. However, there are com-
mon sources of systematic uncertainties such as uncertain-
ties on track reconstruction, number of t decays registered
by an experiment and so on. If one measured the branch-
ing ratio B(t — evv)/B(t — pvv) directly in one exper-
iment, as was done by ARGUS and CLEO and as is done
for pion decays as well, most uncertainties would cancel.
Taking the PDG average on the branching ratio [170] one
obtains g,./g. = 1.0028 £ 0.0055.

The following improvements can be expected in the fu-
ture. The KEDR experiment is working, like BES, at the
T-pair production threshold. They plan to measure m, with
a 0.15 MeV accuracy. A preliminary result, with accuracy
comparable to BES’s measurement, is available [891]. Both
BaBar and Belle have accumulated large statistics of 777~
events and should be able to perform measurements of lep-
tonic and semileptonic T decays, as well as to improve the
measurement of the t life-time. While the collected T sam-
ple is much larger than at LEP, there are still significant
uncertainties remaining on luminosity, tracking and parti-
cle identification. If the ratio of decay fractions is measured,
then only the particle identification uncertainties will re-
main. Currently the electron and muon identification uncer-
tainties for both BaBar and Belle are around 1-2%. At the
B-factories the t boost in the c.m frame is much smaller
than at LEP, and in addition the energies of the e and e~
beams are not the same. This leads to significant differences
in the technique of the life-time measurement. In particular
the 3-dimensional reconstruction of the trajectories of the
decay products is poor and only the impact parameter in the
plane transverse to the beams, multiplied by the polar angle
of the total momentum vector of 3-prong t decay products,
can be used [892]. While the statistics allows for a very ac-
curate measurement, the work focuses on understanding the
alignment of the vertex detector and the systematics in the
reconstruction of the impact parameter. The measurement of
the T mass can also be done at the B-factories. Belle has pre-
sented a mass measurement analyzing the kinematic limit of
the invariant mass of 3-prong t decays [893]. This measure-
ment is however less precise than those of BES or KEDR.

If one takes into account recent preliminary measure-
ments of the T mass from the KEDR experiment [891] and
of the life-time from BaBar [892], the determination of 7—e
universality changes slightly to g; /g, = 1.0021 £ 0.0020.
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6.3.2 Hadronic t decays

Another way to test T—u universality is to compare the de-
cay rates for t — wv and T — pv:

g% B(t — v) 1, 2m,mi (m%r —

m2 2
"
2 mg[) (1+C7.'7T)7

z—

g2 B@—>uv)t, m}

m

6.11)

where Crr = —(1.6799)1073 [833, 894].

Taking measurements from Ref. [170] one obtains
8:/8u =0.9996 4 0.037. Here the main uncertainties come
from

— 7 — mv decay (1%), where the dominant contribution is
due to 7 — 7% contamination and 7° reconstruction,

— the 7 life-time (0.34%), and

— the hadronic correction (0.1%).

Again, no results from the B factories are available yet,
and one should expect that the large T samples collected by
BaBar and Belle will allow a significant improvement, in
case the understanding of particle identification will be im-
proved.

7 CP violation with charged leptons

There are two powerful motivations for probing CP symme-
try in lepton decays:

— The discovery of CP asymmetries in B decays that are
close to 100% in a sense ‘de-mystifies’ CP violation. For
it established that complex CP phases are not intrinsi-
cally small and can be close to 90 degrees even. This de-
mystification would be completed, if CP violation were
found in the decays of leptons as well.

— We know that CKM dynamics, which is so successful
in describing quark flavor transitions, is not relevant to
baryogenesis. There are actually intriguing arguments for
baryogenesis being merely a secondary effect driven by
primary leptogenesis [895]. To make the latter less spec-
ulative, one has to find CP violation in dynamics of the
leptonic sector.

The strength of these motivations has been well recognized
in the community, as can be seen from the planned experi-
ments to measure CP violation in neutrino oscillations and
the ongoing heroic efforts to find an electron EDM. Yet
there are other avenues to this goal as well that certainly
are at least as difficult, namely to probe CP symmetry in
muon and t decays. Those two topics are addressed below
in Sects. 7.1 and 7.2. There are also less orthodox probes,
namely attempts (i) to extract an EDM for 7 leptons from
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ete™ — 717, (ii) to search for a T-odd correlation in po-
larized ortho-positronium decays and (iii) to measure the
muon transverse polarization in KT — uTvx? decays. It
is understood that the standard model does not produce an
observable effect in any of these three cases or the other ones
listed above (except for ¥ > VK ¥, as described below).

Concerning topic (i), one has to understand that one is
searching for a CP-odd effect in an electromagnetic pro-
duction process unlike in t decays, which are controlled by
weak forces.

In [eTe™Jop — 3y, topic (ii), one can construct various
T-odd correlations or integrated moments between the spin
vector Sop of polarized ortho-positronium and the momenta
1?,- of two of the photons that define the decay plane:

Arodd = <§OP - (ky x 1:2)),

worr T =R, (7.1)
Ace = ((Sop - k1) (Sop - (k1 x k2))).

— The moment Aryqq is P and CP even, yet T odd. Rather
than by CP or T violation in the underlying dynamics it
is generated by higher order QED processes. It has been
conjectured [896] that the leading effect is formally of
order « relative to the decay width due to the exchange
of a photon between the two initial lepton lines. From it
one has to remove the numerically leading contribution,
which has to be absorbed into the bound state wave func-
tion. The remaining contribution is presumably at the sub-
permille level. Alternatively Aro4q can be generated at
order ar>—or at roughly the 10~ level—through the in-
terference of the lowest order decay amplitude with one
where a fermion loop connects two of the photon lines.

— On the other hand the moment Acp is odd under T as
well as under P and in particular CP. Final state interac-
tions cannot generate a CP-odd moment with CP invari-
ant dynamics. Observing Acp # 0 thus unambiguously
establishes CP violation. The present experimental up-
per bound is around few percent; it seems feasible, see
Sect. 7.4, to improve the sensitivity by more than three
orders of magnitude, i.e. down to the 1073 level! The
caveat arises at the theoretical level: with the ‘natural’
scale for weak interference effects in positronium given
by Gp mg ~ 107!, one needs a dramatic enhancement to
obtain an observable effect.

Discussing topic (iii)—the muon transverse polarization
in K3 decays—under the heading of CP violation in the
leptonic sector will seem surprising at first. Yet a general,
though hand waving argument, suggests that the highly sup-
pressed direct CP violation in nonleptonic AS = I—as ex-
pressed through €’—rules against an observable signal even
in the presence of new physics—unless the latter has a spe-
cial affinity for leptons. The present status of the data and
future plans are discussed in Sect. 7.3.

7.1 w decays

The muon decay u~ — e~ v.v, and its ‘inverse’ v, e~ —
U~ v, are successfully described by the ‘V—-A’ interaction,
which is a particular case of the local, derivative-free, lep-
ton number conserving, four-fermion interaction [897]. The
‘V—A’ form and the nature of the neutrinos (v, and v, ) have
been determined by experiment [§98-900].

The observables—energy spectra, polarizations and an-
gular distributions—may be parameterized in terms of the
dimensionless coupling constants ggu and the Fermi cou-
pling constant Gg. The matrix element is

M= WV:SZV’ 81, @\ T | (v ) @ym | Ty 1) (7.2)

VT

&,u=R,L

We use here the notation of Fetscher et al. [898, 901] who
in turn use the sign conventions and definitions of Scheck
[902]. Here y = S, V, T indicate a (Lorentz) scalar, vec-
tor, or tensor interaction, and the chirality of the electron
or muon (right or left handed) is labeled by ¢, u =R, L. The
chiralities n and m of the v, and the v, are determined by
given values of y, ¢ and w. The 10 complex amplitudes ggu
and G constitute 19 independent parameters to be deter-
mined by experiment. The ‘V—A’ interaction corresponds
to gIYL = 1, with all other amplitudes being 0.

Experiments show the interaction to be predominantly
of the vector type and left handed [gIYL.O.96(90% C.L)]
with no evidence for other couplings. The measurement of
the muon life-time yields the most precise determination of
the Fermi coupling constant Gg, which is presently known
with a relative precision of 8 x 10~ [903, 904]. Continued
improvement of this measurement is certainly an important
goal [905], since G is one of the fundamental parameters
of the standard model.

7.1.1 T invariance in (u decays

Pr,—the component of the decay positron polarization
which is transverse to the positron momentum and the muon
polarization—is T odd and due to the practical absence of a
strong or electromagnetic final state interaction it probes T
invariance. A second-generation experiment has been per-
formed at PSI by the ETH Ziirich—-Cracow—PSI Collabora-
tion [906]. They obtained, for the energy averaged trans-
verse polarization component:

(Pry) = (=3.7T £ 7. Tstar. £ 3.4syst.) X 1073 (7.3)
7.1.2 Future prospects

The precision on the muon life-time can presumably be in-
creased over the ongoing measurements by one order of
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magnitude [903]. Improvement in measurements of the de-
cay parameters seems more difficult. The limits there are
not given by the muon rates which usually are high enough
already (~3 x 108 s~! at the uEl beam at PSI, for exam-
ple), but rather by effects like positron depolarization in
matter or by the small available polarization (<7%) of the
electron targets used as analysers. The measurement of the
transverse positron polarization might be improved with a
smaller phase space (lateral beam dimension of a few mil-
limetres or better). This experiment needs a pulsed beam
with high polarization.

7.2 CP violation in T decays

The betting line is that T decays—next to the electron EDM
and v oscillations—provide the best stage to search for man-
ifestations of CP breaking in the leptonic sector. There ex-
ists a considerable literature on the subject started by dis-
cussions on a tau-charm factory more than a decade ago
[907-910] and attracting renewed interest recently [911—
914] stressing the following points:

— There are many more channels than in muon decays mak-
ing the constraints imposed by CPT symmetry much less
restrictive.

— The t lepton has sizable rates into multi-body final
states. Due to their non-trivial kinematics asymmetries
can emerge also in the final state distributions, where
they are likely to be significantly larger than in the in-
tegrated widths. The channel K; — 77~ ete™ can il-
lustrate this point. It commands only the tiny branching
ratio of 3 x 1077, The forward-backward asymmetry (A)
in the angle between the 77~ and e*e™ planes consti-
tutes a CP odd observable. It has been measured by KTeV
and NA4S8 to be truly large, namely about 13%, although
it is driven by the small value of |ex| ~ 0.002. L.e., one
can trade branching ratio for the size an CP asymmetry.

— New physics in the form of multi-Higgs models can con-
tribute on the tree-level like the SM W exchange.

— Some of the channels should exhibit enhanced sensitivity
to new physics.

— Having polarized t leptons provides a powerful handle on
CP asymmetries and control over systematics.

These features will be explained in more detail below. It
seems clear that such measurements can be performed only
¢~ annihilation, i.e. at the B factories running now
or better still at a Super-Flavor factory, as discussed in the
Working Group 2 report. There one has the added advantage
that one can realistically obtain highly polarized t leptons:
This can be achieved directly by having the electron beam
longitudinally polarized or more indirectly even with unpo-
larized beams by using the spin alignment of the produced
T pair to ‘tag’ the spin of the t under study by the decay of
the other 7 like T — vp.

in e
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72.1 Tt —>vKm

The most promising channels for exhibiting CP asymmetries
are 7~ > vKgn—,vK " [910]:

— Due to the heaviness of the lepton and quark flavors they
are most sensitive to non-minimal Higgs dynamics while
being Cabibbo suppressed in the SM.

— They can show asymmetries in the final state distribu-
tions.

The SM does generate a CP asymmetry in 7 decays that
should be observable. Based on known physics one can reli-
ably predict a CP asymmetry [911]:

et — Ksg™) —I'(t~ — Ksm V)
I'ct— Ksatv)+T'(t— — Ksw~v)
=(3.27+0.12) x 1073

(7.4)

due to Kg’s preference for antimatter over matter. Strictly
speaking, this prediction is more general than the SM: no
matter what produces the CP impurity in the K g wave func-
tion, the effect underlying (7.4) has to be present, while of
course not affecting t¥ — vKFx0.

To generate a CP asymmetry, one needs two different am-
plitudes contribute coherently. This requirement is satisfied,
since the K system can be produced from the (QCD) vac-
uum in a vector and scalar configuration with form factors
Fy and Fj, respectively. Both are present in the data, with
the vector component (mainly in the form of the K*) domi-
nant as expected [915]. Within the SM, there does not arise a
weak phase between them on an observable level, yet it can
readily be provided by a charged Higgs exchange in non-
minimal Higgs models, which contributes to Fgs.

A few general remarks on the phenomenology might be
helpful to set the stage. For a CP violation in the underlying
weak dynamics to generate an observable asymmetry in par-
tial widths or energy distributions one needs also a relative
strong phase between the two amplitudes:

F(r* — varrO) — F(r+ — 17K+710)

o Im(Fg Fy)Imgp gy (7.5)

d - -0 __d +_ 5x+0
dEKF(T — vK 7r) dEKF(T — VK 71)

o Im(Fy Fy)Imgngyy, (7.6)

where Fy denotes the Higgs contribution to Fg and gp its
weak coupling. This should not represent a serious restric-
tion, since the K system is produced in a mass range with
several resonances. If on the other hand one is searching for
a T-odd correlation like

Or = <6r (Px % ﬁﬂ))v (7.7)
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then CP violation can surface even without a relative strong
phase

Or xRe(Fy Fy)Imgrgiyy . (7.8)

Yet there is a caveat: final state interactions can generate
T-odd moments even from T invariant dynamics, when one
has

Or o Im(Fp i) Regngly. (7.9)

Fortunately one can differentiate between the two scenar-
ios of (7.8), (7.9) at a B or a Super-Flavor factory, where
one can compare directly the T-odd moments for the CP-
conjugate pair t* and 77:

Or(t*)#0r(r”) = CP violation! (7.10)

A few numerical scenarios might illuminate the situa-
tion: a Higgs amplitude 1% or 0.1% the strength of the
SM W -exchange amplitude—the former [latter] contribut-
ing [mainly] to Fg [Fy]—is safely in the ‘noise’ of present
measurements of partial widths; yet it could conceivably
create a CP asymmetry as large 1% or 0.1%, respectively.
More generally a CP-odd observable in a SM allowed
process is merely linear in a new physics amplitude, since
the SM provides the other amplitude. On the other hand
SM forbidden transitions—say lepton flavor violation as in
T — uy—have to be quadratic in the new physics ampli-
tude.

CPodd oc | Ty Twp| vs. LEV o |Tnpl*. (7.11)

Probing CP symmetry at the 0.1% level in T — vKm thus
has roughly the same sensitivity for a new physics amplitude
as searching for B(t — uy) at the 1078 level.

CLEO has undertaken a pioneering search for a CP asym-
metry in the angular distribution of t — vKgm placing an
upper bound of a few percent [916].

7.2.2 Other t decay modes

It appears unlikely that analogous asymmetries could be ob-
served in the Cabibbo allowed channel T — vrw, yet de-
tailed studies of Tv3z /4w look promising, also because the
more complex final state allows us to form T-odd correla-
tions with unpolarized t leptons; yet the decays of polarized
T might exhibit much larger CP asymmetries [912].

Particular attention should be paid to t — vK2m, which
has potentially very significant additional advantages:

— One can interfere vector with axial vector K2m configu-
rations.

— The larger number of kinematical variables and of specific
channels should allow more internal cross checks of sys-
tematic uncertainties like detection efficiencies for posi-
tive vs. negative particles.

7.3 Search for T violation in K+ — 7%t v decay

The transverse muon polarization in K+ — 7%u%v decay,
Pr, is an excellent probe of T violation, and thus of physics
beyond the standard model. Most recently the E246 experi-
ment at the KEK proton synchrotron has set an upper bound
of |Pr| < 0.0050 (90% C.L.). A next generation experi-
ment is now being planned for the high intensity accelerator
J-PARC which is aiming at more than one order of magni-
tude improvement in the sensitivity with o (Pr) ~ 1074,

7.3.1 Transverse muon polarization

A non-zero value for the transverse muon polarization (Pr)
in the three body decay K — muv (K,3) violates T con-
servation with its T-odd correlation [917]. Over the last
three decades dedicated experiments have been carried out
in search for a non-zero Pr. Unlike other T-odd chan-
nels in e.g. nuclear beta decays, Pr in K,3 has the ad-
vantage that final state interactions (FSI), which may in-
duce a spurious T-odd effect, are very small. With only one
charged particle in the final state the FSI contribution orig-
inates only in higher loop effects and has been shown to be
small. The single photon exchange contribution from two-
loop diagrams was estimated more than twenty years ago
as P}:SI < 107 [918]. Quite recently two-photon exchange
contributions have been studied [919]. The average value of
P}:SI over the Dalitz plot was calculated to be less than 1075,

An important feature of a Pr study is the fact that the
contribution from the standard model (SM) is practically
zero. Since only a single element of the CKM matrix V,; is
involved for the semileptonic K3 decay in the SM, no CP
violation appears in first order. The lowest order contribution
comes from radiative corrections to the uy, (1 — y5)sW#*
vertex, and this was estimated to be less than 10~7 [920].
Therefore, non-zero Pr in the range of 1073-10~* would
unambiguously imply the existence of a new physics contri-
bution [920].

Sizable Pr can be accommodated in multi-Higgs doublet
models through CP violation in the Higgs sector [921-928].
Pr can be induced due to interference between charged
Higgs exchange (Fs, Fp) and W exchange (Fy, Fa) as
shown in Fig. 49. It is conceivable that the coupling of
charged Higgs fields to leptons is strongly enhanced rela-
tive to the coupling to the up-type quarks [929] which would
lead to an experimentally detectable Pr of O(10~3). Thus,
Pr could reveal a source of CP violation that escapes detec-
tion in K — 2, 37 [920].

A number of other models also allow Pr at an observ-
able level without conflicting with other experimental con-
straints, and experimental limits on Py could thus constrain
those models. Among them SUSY models with R-parity
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Fig. 49 Two interfering
diagrams inducing Pr in the

s
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Fig. 50 E246 setup using the superconducting toroidal spectrometer. The elaborate detector system [933] consists of an active target (to monitor
stopping K1), a large-acceptance CsI(TI) barrel (to detect 79), tracking chambers (to track ™), and muon polarimeters (to measure Pr)

breaking [930] and a SUSY model with squark family mix-
ing [931] should be mentioned. A recent paper [932] dis-
cusses a generic effective operator leading to a Pr expres-
sion in terms of a cut-off scale A and the Wilson coefficients
Cs and C7.

7.3.2 KEK E246 experiment

The most recent and highest precision Pr experiment was
performed at the KEK proton synchrotron. The experi-
ment used a stopped K+ beam with an intensity of ~10°/s
and a setup with a superconducting toroidal spectrometer
(Fig. 50). Data were taken between 1996 and 2000 for a to-
tal of 5200 hours of beam time. The determination of the
muon polarization was based on a measurement of the de-
cay positron azimuthal asymmetry in a longitudinal mag-
netic field using “passive polarimeters”. Thanks to (i) the
stopped beam method which enabled total coverage of the
decay phase space and hence a forward/backward symmet-
ric measurement with respect to the 70 direction and (ii) the
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rotational-symmetric structure of the toroidal system, sys-
tematic errors could be substantially suppressed.

The T-odd asymmetry was deduced using a double ratio
scheme as

A1 = (Afwd — Abwd) /2, (7.12)

where the fwd(bwd) asymmetry was calculated using the
“clockwise” and “counter-clockwise” positron emission
rates New and Necw as

Niwdowd) ~ Niwdbwa)

Afwdbwd) = —am— e (7.13)
Niwdowd) T Niwdbwa)

Pr was then deduced using

Pr = Ar/{a(cosor)} (7.14)

with « the analyzing power and (cos67) the average kine-
matic attenuation factor. The final result was [934]

Pr = —0.0017 £ 0.0023(stat) £ 0.0011(syst), (7.15)
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Table 18 Goal of the J-PARC
TREK experiment compared

E246 @ KEK-PS TREK @ J-PARC

with the E246 result
Detector

Proton beam energy
Proton intensity
K™ intensity

Run time

0 (Pr)stat

G(PT)syst

SC toroidal spectrometer E246-upgraded

12 GeV 30 GeV

1.0 x 10'%/s 6 x 1013/s
1.0 x 10%/s 3 x 10%/s
~2.0x% 107 s 1.0x 107 s
2.3 %1073 ~1.0x 1074
1.1x1073 <1.0x 107*

Imé& = —0.0053 & 0.0071(stat) % 0.0036(syst), (7.16)

corresponding to the upper limits of |Pr| < 0.0050 (90%
C.L.) and |Imé&| < 0.016 (90% C.L.), respectively. Here
Imé is the physics parameter proportional to Pr after
removal of the kinematic factor. This result constrained
the three-Higgs doublet model parameter in the way of
|Im(oz1y1*)| <544(Mpy,/ GeV)z, as the most stringent con-
straint on this parameter. Systematic errors were investi-
gated thoroughly, although the total size was smaller than
half of the statistical error. There were two items that could
not be canceled out by any of the two cancellation mech-
anisms of the 12-fold azimuthal rotation and 7 °-fwd/bwd:
the effect from the decay plane rotation, 6, and the misalign-
ment of the muon magnetic field, §,, which should both be
eliminated in the next generation J-PARC experiment.

7.3.3 The proposed J-PARC E06 (TREK) experiment

A new possible Pr experiment, EO6 (TREK), at J-PARC
is aiming at a sensitivity of o (Pr) ~ 1074, J-PARC is a
high intensity proton accelerator research complex now un-
der construction in Japan with the first beam expected in
2008. In the initial phase of the machine, the main syn-
chrotron will deliver a 9 uA proton beam at 30 GeV. A low
momentum beam of 3 x 10® K+ per second will be available
for stopped K T; this is about 30 times the beam intensity
used for E246. Essentially the same detector concept will
be adopted; namely the combination of a stopped K+ beam
and the toroidal spectrometer, because this system has the
advantage of suppressing systematic errors by means of the
double ratio measurement scheme. However, the E246 setup
will be upgraded significantly. The E246 detector will be
upgraded in several parts so as to accommodate the higher
counting rate and to better control the systematics. The ma-
jor planned upgrades are the following:

— The muon polarimeter will become an active polarime-
ter, providing the muon-decay vertex and the positron
track, leading to an essentially background-free muon de-
cay measurement, with an increased positron acceptance
and analyzing power.

— New dipole magnets will be added, improving the field
uniformity and the alignment accuracy.

— The electronics and readout of the CsI(T1) E246 calorime-
ter will be replaced to maximize the counting rate, fully
exploiting the intrinsic crystal speed.

— The tracking system and the active target will be im-
proved for higher resolution and higher decay-in-flight
background rejection.

As a result, 20 times higher sensitivity to Pr will be ob-
tained after a one year run. The systematic errors will be
controlled with sufficient accuracy and a final experimen-
tal error of ~10~* will be attained (see Table 18). A full
description of the experiment can be found in the proposal
[935].

It is now proposed to run for net 10’s corresponding to
roughly one year of J-PARC beam-time under the above
mentioned beam condition. This would yield 2.4 x 10° good
KI'E events in the 7°-fwd/bwd regions, providing an esti-

mate of o (Pr)sa = 1.35 x 107*. The inclusion of other
70 regions, enabled by the adoption of the active polarime-
ter, would bring the statistical sensitivity further down to
the 10~ level. The dominant systematic errors is expected
to arise from the misalignment of the polarimeter and the
muon magnetic field; this will be determined from data, and
Monte Carlo studies indicate a residual systematics at the
107 level.

It is proposed to run TREK in the early stage of J-PARC
operation. The experimental group has already started rel-
evant R&D for the upgrades after obtaining scientific ap-
proval, and the exact schedule will be determined after fund-
ing is granted.

7.4 Measurement of CP violation in ortho-positronium
decay

CP violation in the o-Ps decay can be detected by an ac-
curate measurement of the angular correlation between the
0-Ps spin §Op and the momenta of the photons from the o-Ps
decay [936], as shown in (7.1). It is useful then to write the
measurable quantity:

N(cos8) = No(1 4+ CcpcosB), (7.17)
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with the CP violation amplitude parameter, Ccp, different
from zero, if CP violating interactions take part in the o-Ps
decay. In this equation, N(cos#) is the number of events
with a measured value cosé =+ |A(cos(f))| (hereafter, for
the sake of simplicity, it will be referred to as the cos 6 value,
intending that this is measured with an uncertainty, depend-
ing on the spatial resolution of the detector). Here cos is
defined as the product of cos 6y, the cosine of the angle be-
tween the §()P and the unit vector in the direction of highest
energy photon ki, and cos®,, the cosine of the angle be-
tween the S‘op and the unit vector in the direction perpen-
dicular to the o-Ps decay plane, n [937].

The measured distribution N(cosf) should show an
asymmetry given by N(cos6;) — N(cosf_) = 2NoCcp X

cosf, for cosfy = —cosf_ = cosf. The quantity Ccp can
be determined by measuring the rate of events N, for a
given cosfy = cosf and N_ for cosf_ = —cos6. In prac-

tice, N is the number of events in which 122 forms an angle
with k; smaller than 7, and the o-Ps spin forms an angle 6,
smaller than /2 with the perpendicular to the o-Ps decay
plane. In the N_ events, k2 forms an angle 27 — 61, with k1
and the Sop forms an angle m — 6, with the normal to the
0-Ps decay plane. In other terms, in the N_ events the per-
pendicular to the o-Ps decay plane is reversed with respect
to the N events, by flipping the direction of k> specularly
with respect to k1. Then the measurement of the asymmetry

_(Ny—=N_)

= 1
N, TN 719

= Ccpcosb

allows us to derive the experimental value of Ccp.

The measurement of the asymmetry A implies that cos 6
in (7.18) is a well defined quantity in the experiment. In
turn, this implies that the o-Ps spin direction is defined. This
direction can be selected using an external magnetic field
B, which aligns the o-Ps spin parallel (m = 1), perpendic-
ular (m = 0) or antiparallel (m = —1) to the field direction.
The magnetic field, in addition, perturbs and mixes the two
m = ( states (one for the para-Ps and the other for the o0-Ps).
Thus, two new states are possible for the Ps system: the
perturbed singlet and the perturbed triplet states, both with
m = 0. Their life-times depend on the B field intensity. The
perturbed singlet state has a life-time shorter than 1 ns (as for
the unperturbed singlet state of the para-Ps), which is not rel-
evant in the measurement described here, because too short
compared to the typical detector time resolution of 1 ns. For
values of |1§| of few kGauss, the perturbed o-Ps life-time
can be substantially reduced [938] with respect to the unper-
turbed value of about 142 ns [939]. Thanks to this effect, it
is possible to separate the m = 0 from the m = +£1 states,
by measuring the o-Ps decay time. This is the time between
the positron emission (by e.g., a 22Na positron source) and
the detection of the o-Ps decay photons. The Ps is formed in
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a target region, where SiO; powder is used as target mater-
ial. The value of the |1§| field that maximizes the decay time
separation between m = 0 and m = +£1 states is found to
be B = 4 kGauss, corresponding to a m = 0 perturbed o-Ps
life-time of 30 ns.

The measurement of the asymmetry A is performed in
the following way. The direction and intensity of the B field
are fixed. The 121 and 122 detectors are also fixed. In this
way cosé has a well defined value. For each event, the Ps
decay time and the energies of the three photons from the
0-Ps decay are measured. The off-line analysis requires the
highest energy photon in the ki detector to be within an en-
ergy range AE; = EP™ — E™M The second highest en-
ergy photon must be recorded in the k» detector within an
energy range AE; = ES'™ — EMN. Then the Ny and N_
events are counted to determine the asymmetry in (7.18).
The measurement of the asymmetry A in both the perturbed
states (selected imposing short decay time, e.g., between 10
and 60 ns) and unperturbed states (selected imposing long
decay time, between 60 and 170 ns) allows one to elimi-
nate the time-independent systematics [937]. Other system-
atics, which are time-dependent, do not cancel out with this
method and determine the final uncertainty on the Ccp mea-
surement.

An improved detector with superior spatial and energy
resolution, as compared to [937], is sketched in Fig. 51. It
consists of a barrel of BGO crystals with the o-Ps form-
ing region at its centre. The crystal signals are read out by
avalanche photodiodes (APD), as the detector must work in
the magnetic field. Improved spatial and angular resolution
is obtained thanks to the smaller size of the crystal face ex-
posed to the photons, 3 x 3 cm?, and the larger barrel radius,
42 cm. Note that such a detector could also be used effi-
ciently for PET scanning, combined with NMR diagnostic.

1 BGO crystal: 3x 3 x 6 cm? / T
read out by a 3x 3 cm2 APD X
crystal
7x3cm RMD, In matrices
LT O O
il
:
.
. k1

!

i HIJIHIIIHHHIH

Fig. 51 Schematic view of the BGO crystal barrel calorimeter used to
detect the photons from the o-Ps decay: left, detector front view and
definition of the 121 and 122 vectors; righj, detector side view, showing
also the direction of the magnetic field B
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This possibility makes this detector a valuable investment
also for applications in nuclear medical imaging.

With this detector configuration and a simulation of the
detector response, the precision to be reached in the mea-
surement of the Ccp parameter has been evaluated. A sim-
ilar analysis was used for the event selection as described
in [938], except that no veto is needed in the present config-
uration, thanks to the good spatial resolution of the proposed
crystals. Various uncertainties affect the Ccp measurement.
The time-dependent uncertainties on the asymmetry A are
induced mainly by the two-photon background, which af-
fect more strongly the events with shorter decay time, as
well as by the inhomogeneity of the o-Ps formation re-
gion, which affect the measurement of the o-Ps decay time.
For high event statistics (at least 10'? selected three photon
events) the following contributions to the asymmetry mea-
surement were found: AAgg ~ 1079, AAgys(2y bkgd) ~
1079, A Agyst(0-Ps formation) ~ 2 x 1070 resulting into a
total uncertainty: AAgqeisyst ~ 2.5 x 1076, Being ACcp
related to the asymmetry total uncertainty by the relation
ACcp = AAguattsyst/ Q [937] with Q, the analyzing power,
evaluated to be ~0.5 for this detector configuration, the total
uncertainty on the Ccp parameter is ACcp ~ 5 x 107°.

Although this precision is not sufficient to measure the
expected standard model Ccp value of order of 1079, it
is suitable to discover CP-violating terms in the order
of 1073, which if detected would be signal of unexpected
new physics beyond the standard model.

8 LFV experiments

Mixing of leptonic states with different family number as
observed in neutrino oscillations does not necessarily im-
ply measurable branching ratios for LFV processes involv-
ing the charged leptons. In the standard model the rates of
LFV decays are suppressed relative to the dominant family-
number conserving modes by a factor (8m,/mw)* which
results in branching ratios which are out of reach experimen-
tally. Note that a similar family changing quark decay such
as b — sy does obtain a very significant branching ratio of
0(10~*) due to the large top mass.

As has been discussed in great detail in this report, in
almost any further extension to the standard model such as
supersymmetry, grand unification or extra dimensions ad-
ditional sources of LFV appear. For each scenario a large
number of model calculations can be found in the literature
and have been reviewed in previous sections, with predic-
tions that may well be accessible experimentally. Improved
searches for charged LFV thus may either reveal physics be-
yond the SM or at least lead to a significant reduction in
parameter space allowed for such exotic contributions.

Charged LFV processes, i.e. transitions between e, u,
and t, might be found in the decay of almost any weakly de-
caying particle. Although theoretical predictions generally
depend on numerous unknown parameters these uncertain-
ties tend to cancel in the relative strengths of these modes.
Once LFV in the charged lepton sector were found, the com-
bined information from many different experiments would
allow us to discriminate between the various interpretations.
Searches have been performed in u, 7, 7, K, B, D, W and
Z decay. Whereas highest experimental sensitivities were
reached in dedicated u and K experiments, T decay starts
to become competitive as well.

8.1 Rare u decays

LFV muon decays include the purely leptonic modes u —
ety and uT — eTete™, as well as the semileptonic p—e
conversion in muonic atoms and the muonium—antimuonium
oscillation. The present experimental limits are listed in Ta-
ble 19.

Whereas most theoretical models favor u™ — ety this
mode has a disadvantage from an experimental point of view
since the sensitivity is limited by accidental ey coinci-
dences and muon beam intensities have to be reduced now
already. Searches for yu—e conversion, on the other hand, are
limited by the available beam intensities and large improve-
ments in sensitivity may still be achieved.

All recent results for 1 decays were obtained with “sur-
face” muon beams containing muons originating in the de-
cay of 7 s that stopped very close to the surface of the pion
production target, or “subsurface” beams from pion decays

Table 19 Present limits on rare

1 decays Mode Upper limit (90% C.L.) Year Exp./Lab. Ref.
ut —ety 1.2x 1071 2002 MEGA / LAMPF [180, 940]
ut —etete 1.0 x 10712 1988 SINDRUM I/ PSI [700]
ute o pu et 8.3 x 1071 1999 PSI [941]
wTi— e Ti 6.1 x 10713 1998 SINDRUM II / PSI [942]
w~Ti — et Ca* 3.6 x 10711 1998 SINDRUM 11/ PSI [943]
1" Pb— e Pb 4.6 x 1011 1996 SINDRUM II/ PSI [944]
wAu— e Au 7x 10713 2006 SINDRUM II / PSI [945]
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just below that region. Such beams are superior to conven-
tional pion decay channels in terms of muon stop density
and permit the use of relatively thin (typically 10 mg/cm?)
foils to stop the beam. Such low-mass stopping targets are
required for the ultimate resolution in positron momentum
and emission angle, minimal photon yield, or the efficient
production of muonium in vacuum.

8.1.1 w—ey

Neglecting the positron mass the 2-body decay u™ — e™

of muons at rest is characterized by

14

E,=E,=m,c*/2=52.8 MeV,
Oey = 180°,
ty =TI,

where ¢ is the time of emission from the target, and © the
opening angle between positron and photon. All © — ey
searches performed during the past three decades were lim-
ited by accidental coincidences between a positron from nor-
mal muon decay, i — evv, and a photon produced in the de-
cay of another muon, either by bremsstrahlung or by e*e™
annihilation in flight. This background dominates by far the
intrinsic background from radiative muon decay u — evvy.
Accidental ey coincidences can be suppressed by testing the
three conditions listed above. The vertex constraint resulting
from the ability to trace back positrons and photons to an
extended stopping target can further reduce background. At-
tempts have been made to suppress accidental coincidences
by observing the low energy positron associated with the

Lig. Xe Scintillation

photon, but with minimal success. High muon polarization
(Py) could help if one would limit the solid angle to ac-
cept only positrons and photons (anti)parallel to the muon
spin since their rate is suppressed by the factor 1 — P, for
antiparallel emission at £ =m Mcz /2 but the reduced solid
angle would have to be compensated by increased beam in-
tensity which would raise the background again.

The most sensitive search to date was performed by the
MEGA Collaboration at the Los Alamos Meson Physics Fa-
cility (LAMPF) which established an upper limit (90% C.L.)
on B(u — ey) of 1.2 x 1071 [180, 940]. The MEG exper-
iment [946, 947] at PSI, aims at a single-event sensitivity
of ~10713-10714, and began commissioning in early 2007.
A straightforward improvement factor of more than an or-
der of magnitude in suppression of accidental background
results from the DC muon beam at PSI, as opposed to the
pulsed LAMPF beam which had a macro duty cycle of 7.7%.
Another order of magnitude improvement is achieved by su-
perb time resolution (~0.15 ns FWHM on t,, —t,.).

The MEG setup is shown in Fig. 52. The spectrometer
magnet makes use of a novel “COBRA” (COnstant Bend-
ing RAdius) design which results in a graded magnetic field
varying from 1.27 T at the centre to 0.49 T at both ends.
This field distribution not only results in a constant projected
bending radius for the 52.8 MeV positron, for polar emission
angles 6 with | cos 8| < 0.35, but also sweeps away positrons
with low longitudinal momenta much faster than a constant
field as used by MEGA. This design significantly reduces
the instantaneous rates in the drift chambers.

The drift chambers are made of 12.5 pm thin foils sup-
ported by C-shaped carbon fibre frames which are out of the

Lig. Xe Scintillation

— Detector Detector
f ]
L ]
\ Stopping Target
Muon Beam §
— \
e\ / \\ Timing Counter
Drift Chamber . W /

Drift Chamber

Fig. 52 Side and end views of the MEG setup. The magnetic field is
shaped such that positrons are quickly swept out of the tracking re-
gion thus minimizing the load on the detectors. The cylindrical 0.8 m?
single-cell LXe detector is viewed from all sides by 846 PMTs im-
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mersed in the LXe allowing the reconstruction of photon energy, time,
conversion point and direction and the efficient rejection of pile-up sig-
nals
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Fig. 53 Installing one of the
timing counters into the
COBRA magnet during the pilot
run with the positron
spectrometer at the end of 2006.
The large ring is one of two
Helmbholtz coils used to
compensate the COBRA stray
field at the locations of the
photomultipliers of the LXe
detector

way of the positrons. The foils have “vernier” cathode pads
which permit the measurement of the trajectory coordinate
along the anode wires with an accuracy of about 500 um.

There are two timing counters at both ends of the mag-
net (see Fig. 53), each of which consists of a layer of plastic
scintillator fibers and 15 plastic scintillator bars of dimen-
sions 4 x 4 x 90 cm>. The fibers give hit positions along the
beam axis and the bars measure positron timings with a pre-
cision of o = 40 ps. The counters are placed at large radii so
only high energy positrons reach them, giving a total rate of
a few 10%/s for each bar.

High-strength Al-stabilized conductor for the magnet coil
makes the magnet as thin as 0.20 X radially, so that 85%
of 52.8 MeV gamma rays traverse the magnet without in-
teraction before entering the gamma detector placed out-
side the magnet. Whereas MEGA used rather inefficient pair
spectrometers to detect the photon, MEG developed a novel
liquid Xe scintillation detector, shown in Fig. 52. By view-
ing the scintillation light from all sides the electromagnetic
shower induced by the photon can be reconstructed which
allows for a precise measurement of the photon conversion
point [948]. Special PMTs that work at LXe temperature
(—110°C), persist under high pressures and are sensitive to
the VUV scintillation light of LXe (A &~ 178 nm) have been
developed in collaboration with Hamamatsu Photonics. To
identify and separate pile-up efficiently, fast waveform digi-
tizing is used for all the PMT outputs.

The performance of the detector was measured with a
prototype. The results are shown in Table 20. First data tak-
ing with the complete setup took place during the second
half of 2007. A sensitivity of O (10~ !3) for the 90% C.L. up-
per limit in case no candidates are found should be reached
after two years.

8.1.1.1 Beyond MEG Ten times larger surface muon rates
than used by MEG can be achieved at PSI today already but
the background suppression would have to be improved by

Table 20 Performance of a prototype of the MEG LXe detector at
E, =53 MeV

Observable Resolution (o)
energy 1.2%

time 65 ps
conversion point ~4 mm

two orders of magnitude. Accidental background N, scales
with the detector resolutions as

Nayce X AEe - At - (AE, - AB,, - Ax,)? - ALY,

with x,, the coordinate of the photon trajectory at the target
and A7 the target area. Here it is assumed that the photon
can be traced back to the target with an uncertainty which is
small compared to A7. Since the angular resolution is dic-
tated by the positron multiple scattering in the target this can
be written:
2 dr
Nace X AE, - At - (AE, - Ax,)? - ——,
Ar

with dr the target thickness. When using a series of n target
foils each of them could have a thickness of dr/n and the
beam would still be stopped. Since the area would increase
like n - A7 the background could be reduced in proportion
with 1/n?:

dT/n
n -AT’

Nyce X AE, - At - (AE, - Ax,)? -

s0 a geometry with ten targets, 1 mg/cm? each, would lead
to the required background suppression.

8.1.2 n—3e

As has been discussed above the sensitivity of u — ey
searches is limited by background from accidental coinci-
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dences between a positron and a photon originating in the in-
dependent decays of two muons. Similarly, searches for the
decay pu — 3e suffer from accidental coincidences between
positrons from normal muon decay and e*e™ pairs origi-
nating from photon conversions or scattering of positrons
off atomic electrons (Bhabha scattering). For this reason the
muon beam should be continuous on the time scale of the
muon life-time and longer. In addition to the obvious con-
straints on relative timing and total energy and momentum,
which can be applied in u — ey searches as well, there are
powerful constraints on vertex quality and location to sup-
press the accidental background. Since the final state con-
tains only charged particles the setup may consist of a mag-
netic spectrometer without the need for an electromagnetic
calorimeter with its limited performance in terms of energy
and directional resolution, rate capability, and event defini-
tion in general. On the other hand, of major concern are the
high rates in the tracking system of a u — 3e setup which
has to stand the load of the full muon decay spectrum.

8.1.2.1 The SINDRUM I experiment The present experi-
mental limit, B(u — 3e) < 1 x 10712 [700], was published
way back in 1988. Since no new proposals exist for this de-
cay mode we shall analyse the prospects of an improved
experiment with this SINDRUM experiment as a point of
reference. A detailed description of the experiment may be
found in Ref. [949].

Data were taken during six months using a 25 MeV/c
subsurface beam. The beam was brought to rest with a rate
of 6 x 10% ;4 /s in a hollow double-cone foam target (length
220 mm, diameter 58 mm, total mass 2.4 g). SINDRUM
I is a solenoidal spectrometer with a relatively low mag-
netic field of 0.33 T corresponding to a transverse momen-
tum threshold around 18 MeV/c for particles crossing the
tracking system. This system consisted of five cylindrical
MWPCs concentric with the beam axis. Three-dimensional
space points were found by measuring the charges induced
on cathode strips oriented +45° relative to the sense wires.

Gating times were typically 50 ns. The spectrometer ac-
ceptance for u — 3e was 24% of 4m sr (for a constant
transition-matrix element) so the only place for a significant
improvement in sensitivity would be the beam intensity.

Figure 54 shows the time distribution of the recorded
etete™ triples. Apart from a prompt contribution of cor-
related triples one notices a dominant contribution from
accidental coincidences involving low-invariant-mass e*e™
pairs. Most of these are explained by Bhabha scattering of
positrons from normal muon decay u — evv. The acciden-
tal background thus scales with the target mass, but it is not
obvious how to reduce this mass significantly below the 11
mg/cm? achieved in this search.

Figure 55 shows the vertex distribution of prompt events.
One should keep in mind that most of the uncorrelated

[ns]+
2 _
+§ .
_Hn.\
! 0
3
+3
-Hw _1 —
-2
_3 —
T T I T I T \ﬁ‘ I I
-3 -2 -1 0 1 2 [&ns]
t- - te;igh

Fig. 54 Relative timing of eTete™ events. The two positrons are
labeled low and high according to the invariant mass when com-
bined with the electron. One notices a contribution of correlated
triples in the centre of the distribution. These events are mainly
u — 3evv decays. The concentration of events along the diagonal is
due to low-invariant-mass e*e~ pairs in accidental coincidence with
a positron originating in the decay of a second muon. The eTe™ pairs
are predominantly due to Bhabha scattering in the target

Fig. 55 Spatial distribution of
the vertex fitted to prompt b
etete triples. One clearly [cm] |
notices the double-cone target B
g 4
)
el
%
) ,
bl
&~
2
0 T

-15
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Fig. 56 Total momentum

uncorrelated

correlated ©— 3e M.C.

versus total energy for three
event classes discussed in the
text. The line shows the
kinematic limit (within
resolution) defined by

Z|pel +1Z pe| < my,c? for any
muon decay. The enhancement
in the distribution of correlated
triples below this limit is due to

the d 3evv 0 — T
e decay ; — 3evv 80 80

triples contain e¥e™ pairs coming from the target and their
vertex distribution will thus follow the target contour as
well. This 1-fold accidental background is suppressed by the
ratio of the vertex resolution (couple of mm?) and the target
area. There is no reason, other than the cost of the detection
system, not to choose a much larger target. Such an increase
might also help to reduce the load on the tracking detectors.
Better vertex resolution would help as well. At these low en-
ergies tracking errors are dominated by multiple scattering
in the first detector layer but it should be possible to gain by
bringing it closer to the target.

Finally, Fig. 56 shows the distribution of total momen-
tum versus total energy for three classes of events, (i) uncor-
related etete™ triples, (ii) correlated eete™ triples, and
(iii) simulated u — 3e decays. The distinction between un-
correlated and correlated triples has been made on the basis
of relative timing and vertex as discussed above.

8.1.2.2 How to improve? What would a u — 3e set-
up look like that would aim at a single-event sensitiv-
ity around 10716, je., would make use of a beam rate
around 10' x*/s? The SINDRUM I measurement was
background-free at the level of 10~!2 with a beam of 0.6 x
107 w*/s. Taking into account that background would have
set in at 10713, the increased stop rate would raise the back-
ground level to =~ 10719, 50 six orders of magnitude in back-
ground reduction would have to be achieved. Increasing
the target size and improving the tracking resolution should
bring two orders of magnitude from the vertex requirement
alone. Since the dominant sources of background are acci-
dental coincidences between two decay positrons (one of
which undergoes Bhabha scattering) the background rate
scales with the momentum resolution squared. Assuming
an improvement by one order of magnitude, i.e., from the
~10% FWHM obtained by SINDRUM I to ~1% for a new
search, one would gain two orders of magnitude from the
constraint on total energy alone. The remaining factor 100
would result from the test on the collinearity of the e™ and
the ete™ pair.

As mentioned in Ref. [949] a dramatic suppression of
background could be achieved by requiring a minimal open-

100 60 80 100 60
> |pel

80  100[MeV]

> |pe] >|pe]

ing angle (typically 30°) for both e*e™ combinations. De-
pending on the mechanism for & — 3e, such a cut might,
however, lead to a strong loss in ;& — 3e sensitivity as well.

Whereas background levels may be under control, the
question remains whether detector concepts can be devel-
oped that work at the high beam rates proposed. A large
modularity will be required to solve problems of pattern
recognition.

8.1.3 u—e conversion

When negatively charged muons stop in matter they quickly
form muonic atoms which reach their ground states in a
time much shorter than the life-time of the atom. Muonic
atoms decay mostly through muon decay in orbit (MIO)
W (A, Z) — e vV.(A,Z) and nuclear muon capture
MC) u=(A,Z) — vy, (A, Z — 1)* which in lowest order
may be interpreted as the incoherent sum of elementary
u~ p — nv, captures. The MIO rate decreases slightly for
increasing values of Z (down to 85% of the free muon rate
in the case of muonic gold) due to the increasing muon bind-
ing energy. The MC rate at the other hand increases roughly
proportional to Z*. The two processes have about equal rates
around Z = 12.

When the hypothetical p—e conversion leaves the nucleus
in its ground state the nucleons act coherently, boosting the
process relative to the incoherent processes with exited final
states. The resulting Z dependence has been studied by sev-
eral authors [950-953]. For Z < 40 all calculations predict a
conversion probability relative to the MC rate which follows
the linear rise with Z expected naively. The predictions may,
however, deviate by factors 2-3 at higher Z values.

As a result of the two-body final state the electrons pro-
duced in p—e conversion are mono-energetic and their en-
ergy is given by:

Eje =muc? — By (Z) — R(A), 8.1

where B, (Z) is the atomic binding energy of the muon
and R is the atomic recoil energy for a muonic atom with
atomic number Z and mass number A. In first approxima-
tion By, (Z) oc Z? and R(A) oc A1
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8.1.3.1 Background Muon decay in orbit (MIO) consti-
tutes an intrinsic background source which can only be
suppressed with sufficient electron energy resolution. The
process predominantly results in electrons with energy Enmio
below m Mcz/Z, the kinematic endpoint in free muon de-
cay, with a steeply falling high energy component reaching
up to E,.. In the endpoint region the MIO rate varies as
(Eue — Emio)® and a resolution of 1-2 MeV (FWHM) is
sufficient to keep MIO background under control. Since the
MIO endpoint rises at lower Z great care has to be taken to
avoid low-Z contaminations in and around the target.

Another background source is due to radiative muon cap-
ture (RMC) u=(A,Z) - y(A, Z — 1)*v, after which the
photon creates an e™e™ pair either internally (Dalitz pair) or
through y — e e~ pair production in the target. The RMC
endpoint can be kept below E . for selected isotopes.

Most low energy muon beams have large pion contam-
inations. Pions may produce background when stopping in
the target through radiative pion capture (RPC) which takes
place with a probability of O(1072). Most RPC photons
have energies above E... As in the case of RMC these pho-
tons may produce background through y — e*e™ pair pro-
duction. There are various strategies to cope with RPC back-
ground:

— One option is to keep the total number of 7~ stopping
in the target during the live time of the experiment be-
low 10*73. This can be achieved with the help of a mod-
erator in the beam exploiting the range difference between
pions and muons of given momentum or with a muon stor-
age ring exploiting the difference in life-time.

— Another option is to exploit the fact that pion capture
takes place at a time scale far below a nanosecond. The
background can thus be suppressed with a beam counter

in front of the experimental target or by using a pulsed
beam selecting only delayed events.

Cosmic rays (electrons, muons, photons) are a copious
source of electrons with energies around ~100 MeV. With
the exception of ¥y — ete™ pair production in the target
these events can be recognized by an incoming particle. In
addition, passive shielding and veto counters above the de-
tection system help to suppress this background.

8.1.3.2 SINDRUM II The present best limits (see Ta-
ble 19) have been measured with the SINDRUM II spec-
trometer at PSI. Most recently a search was performed on a
gold target [945]. In this experiment (see Fig. 57) the pion
suppression is based on the factor of two shorter range of
pions as compared to muons at the selected momentum of
52 MeV/c. A simulation using the measured range distri-
bution shows that about one in 10° pions cross an 8 mm
thick CH, moderator. Since these pions are relatively slow
99.9% of them decay before reaching the gold target which
is situated some 10 m further downstream. As a result pion
stops in the target have been reduced to a negligible level.
What remains are radiative pion capture in the degrader and
T~ — e Vv, decay in flight shortly before entering the de-
grader. The resulting electrons may reach the target where
they can scatter into the solid angle acceptance of the spec-
trometer. O(10) events are expected with a flat energy dis-
tribution between 80 and 100 MeV. These events are peaked
in forward direction and show a time correlation with the
cyclotron 1f signal. To cope with this background two event
classes have been introduced based on the values of polar
angle and rf phase. Fig. 58 shows the corresponding mo-
mentum distributions.
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Fig. 57 Plan view of the SINDRUM II experiment. The 1 MW
590 MeV proton beam hits the 40 mm carbon production target (top
left of the figure). The mES5 beam line transports secondary particles
(7, u, e) emitted in the backward direction to a degrader situated at the
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entrance of a solenoid connected axially to the SINDRUM II spectrom-
eter. Inset a shows the momentum dispersion at the position of the first
slit system. Inset b shows a cross section of the beam at the position of
the beam focus
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Fig. 58 Momentum distributions of electrons and positrons for two event classes described in the text. Measured distributions are compared with

the results of simulations of muon decay in orbit and u—e conversion

The spectra show no indication for p—e conversion. The
corresponding upper limit on

Bue=T(n Au— efAug_s,)/Fcapture(pfAu)

<7x1078 90% C.L. (8.2)

has been obtained with the help of a likelihood analysis of
the momentum distributions shown in Fig. 58 taking into
account muon decay in orbit, ;u—e conversion, a contribu-
tion taken from the observed positron distribution describing
processes with intermediate photons such as radiative muon
capture and a flat component from pion decay in flight or
cosmic ray background.

8.1.3.3 New initiatives Based on a scheme originally de-
veloped during the eighties for the Moscow Meson Factory
[954] pre-conversion experiments are being considered both
in the USA and in Japan. The key elements are:

— A pulsed proton beam allows one to remove pion back-
ground by selecting events in a delayed time window. Pro-
ton extinction factors below 10~ are needed.

— A large acceptance capture solenoid surrounding the pion
production target leads to a major increase in muon flux.

— A bent solenoid transporting the muons to the experi-
mental target results in a significant increase in momen-
tum transmission compared to a conventional quadrupole
channel. A bent solenoid not only removes neutral parti-
cles and photons but also separates electric charges.

Unfortunately, the MECO proposal at BNL [955] de-
signed along these lines was stopped because of the high
costs. Presently the possibilities are studied to perform a
MECO-type of experiment at Fermilab (mu2e). There is
good hope that a proton beam with the required characteris-
tics can be produced with minor modifications to the exist-
ing accelerator complex which will become available after

the Tevatron stops operation in 2009. A letter of intent is in
preparation.

Further improvements are being considered for an ex-
periment at J-PARC. To fully exploit the life-time differ-
ence to suppress pion induced background the separation
has to occur in the beam line rather than after the muon has
stopped since the life-time of the muonic atom may be sig-
nificantly shorter than the 2.2 ps of the free muon. For this
purpose a muon storage ring PRISM (Phase Rotated Intense
Slow Muon source, see Fig. 59) is being considered [956]
which makes use of large-acceptance fixed-field alternating-
gradient (FFAG) magnets. A portion of the PRISM-FFAG
ring is presently under construction as r&d project. As the
name suggests the ring is also used to reduce the momentum
spread of the beam (from ~30% to ~3%) which is achieved
by accelerating late muons and decelerating early muons in
RF electric fields. The scheme requires the construction of
a pulsed proton beam [957] a decision about which has not
been made yet. The low momentum spread of the muons
allows for the use of a relatively thin target which is an es-
sential ingredient for high resolution in the momentum mea-
surement with the PRIME detector [704, 705].

Table 21 lists the u~ stop rates and single-event sensitiv-
ities for the various projects discussed above.

8.2 Searches for lepton flavor violation in t decays

Highest sensitivities to date are achieved at the B-factories
and further improvements are to be expected. At the LHC
the modes with three charged leptons in the final state such
as T — 3u could be sufficiently clean to reach even higher
sensitivity. Studies have been performed for LHCb [159]
and CMS (see below).

8.2.1 B-factories

Present generation B-factories operating around the 7°(4S)
resonance also serve as t-factories, because the production
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Fig. 59 Layout of
PRISM/PRIME. The
experimental target is situated at
the entrance of the 180° bent
solenoid that transports decay
electrons to the detection
system. See text for further
explanations

PRIME

Table 21 1—e conversion searches

] i proton beam
(1) pion capture solenoid \\\\\\\\\Wﬂ%ﬂ
: S
(2) transport solenoid = @
(8) muon phase rotation %l
(4) electron detection =
=
S

Project Lab Status E, [GeV] pu [MeV/c] W~ stops s S?

SINDRUM II PSI finished 0.6 5241 107 2x 10713
MECO BNL canceled 8 45425 o1 2x 107V
mu2e FNAL under study 8 45 £25 0.6 x 1010 4% 10717
PRISM/PRIME J-PARC LOI 40 6843 1012 5%x 1071

aSingle-event sensitivity: value of By corresponding to an expectation of one observed event

cross sections 0,7 = 1.1 nb and o+,- = 0.9 nb are quite
similar at centre-of-mass energy near 10.58 GeV. BaBar and
Belle have thus been able to reach the highest sensitivity to
lepton flavor violating tau decays.

Many theories beyond the standard model allow for
t+ - ¢Fy and tF — (HFEF decays, where £~ =e”, 1™,
at the level of ~O(10~10-1077). Examples are

— SM with additional heavy right handed Majorana neutri-
nos or with left handed and right handed neutral isosin-
glets [958];

— mSUGRA models with right handed neutrinos introduced
via the see-saw mechanism [242, 959];

— supersymmetric models with Higgs exchange [174, 807]
or SO(10) symmetry [164, 960];

— technicolour models with non-universal Z’ exchange
[961].

Large neutrino mixing could induce large mixing be-
tween the supersymmetric partners of the leptons. While
some scenarios predict higher rates for t* — pu*y de-
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cays, others, for example with inverted mass hierarchy for
the sleptons [242], predict higher rates for t* — e®y de-
cays.

Semi-leptonic neutrino-less decays involving pseudo-
scalar mesons like 7+ — ¢ PO, where P =z, 5, n’ may
be enhanced over 7+ — ¢*¢F¢* decays in supersymmet-
ric models, for example, arising out of exchange of CP-odd
pseudo-scalar neutral Higgs boson, which are further en-
hanced by color factors associated with these decays. The
large coupling of Higgs at the 55 vertex enhances final states
containing the 1 meson, giving a prediction of B(t* —
wrn): Bet — putuFut): Bet - puty)=84:1:15
[810]. Some models with heavy Dirac neutrinos [198, 962],
two Higgs doublet models, R-parity violating supersym-
metric models, and flavor changing Z’' models with non-
universal couplings [963] allow for observable parameter
space of new physics [964], while respecting the existing
experimental bounds at the level of ~0(1077).
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Fig. 60 Transverse and longitudinal views of a simulated ¢ — py event in the BaBar detector. The second tau decays to evv

M, (GeV)

= 1

A4 05 0 0.5
AE (GeV)

Fig. 61 mgc vs. AE for simulated t — py events as reconstructed
in the BaBar detector. The tails of distributions are due to initial state
radiation and photon energy reconstruction effects. Latter causes also
the shift in (AE)

8.2.1.1 Search strategy In the clean eTe™ annihilation en-
vironment, the decay products of two taus produced are well
separated in space as illustrated in Fig. 60.

As shown in Fig. 61 neutrino-less 7-decays have two
characteristic features:

— the measured energy of t daughters is close to half the
centre-of-mass energy,

— the total invariant mass of the daughters is centered
around the mass of the t lepton.

While for ££¢ modes the achieved mass resolution is excel-
lent, the resolution (o) of the £y final state improves from
~20 to 9 MeV by assigning the point of closest approach of
the muon trajectory to the eTe™ collision axis as the decay
vertex and by using a kinematic fit with the £y CM energy
constrained to 4/s/2 [191]. The energy resolution is typi-
cally 45 MeV with a long tail due to radiation.

The principal sources of background are radiative QED
(di-muon or Bhabha) and continuum (ggq) events as well
as TT7~ events with a mis-identified standard model de-
cay mode. There is also some irreducible contribution from
777~ events with hard initial state radiation in which one of

the 7’s decays into a mode with the same charged particle as
the signal. For example, T — pvv decays accompanied by a
hard y is an irreducible background in the T — @y search.

The general strategy to search for the neutrino-less de-
cays is to define a signal region, typically of size ~20, in
the energy—mass plane of the t daughters and to reduce the
background expectation from well-known CM processes in-
side the signal region by optimizing a set of selection crite-
ria:

— the missing momentum is consistent with the zero-mass
hypothesis

— the missing momentum points inside the acceptance of
the detector

— the second tau is found with the correct invariant mass

— minimal opening angle between two tau decay products

— minimal value for the highest momentum of any recon-
structed track

— particle identification

The analyses are performed in a blind fashion by excluding
events in the region of the signal box until all optimizations
and systematic studies of the selection criteria have been
completed. The cut values are optimized using control sam-
ples, data sidebands and Monte Carlo extrapolation to the
signal region to yield the lowest expected upper limit under
the no-signal hypothesis. The measured mgc vs. AE distri-
bution for the T — py search after applying the constraints
listed above is shown in Fig. 62.

For the t* — ¢* PY searches, the pseudo-scalar mesons
(P) are reconstructed in the following decay modes: 7°
yy for i = ¢*7% n > yy and n > 7t 70 2 —
yy) for vt — ¢*n, and /' - 7tn n(n — yy) and n’ —
Py for t* — ¢ty

—
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8.2.1.2 Experimental results from BaBar and Belle By the
beginning of 2007 BaBar and Belle had recorded integrated
luminosities of £ ~ 400 and 700 fb~!, respectively, which
corresponds to a total of ~10° t-decays. Analysis of these
data samples is still ongoing and published results include
only part of the data analysed. No signal has yet been ob-
served in any of the probed channels and some limits and
the corresponding integrated luminosities are summarized
in Table 22. Frequentest upper limits have been calculated
for the combination of the two experiments [183] using the
technique of Cousins and Highland [965] following the im-
plementation of Barlow [966].

8.2.1.3 Projection of limits to higher luminosities B(t* —
uFy)and B(rT — uTpuFu®) have been lowered by five
orders of magnitude over the past twenty-five years. Fur-
ther significant improvements in sensitivity are expected
during the next five years. Depending upon the nature of
backgrounds contributing to a given search, two extreme
scenarios can be envisioned in extrapolating to higher lumi-
nosities:
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Fig. 62 Measured distribution of mgc vs. AE for t — uy recon-
structed by BaBar [191]. The shaded region taken from Fig. 61 con-
tains 68% of the hypothetical signal events

— If the expected background is kept below O(1) events,
while maintaining the same efficiency BQUOL o 1/L if no
signal events would be observed. In t* — pFuFu*t
searches, for example, the backgrounds are still quite low
and the irreducible backgrounds are negligible even for
projected Super B-factories.

— If there is background now already and no reduction could
be achieved in the future measurements B?/OL x 1/+/L.

The L scaling is, however, unduly pessimistic since the
analyses improve steadily. Better understanding of the na-
ture of the backgrounds will lead to a more effective separa-
tion of signal and background.

The t* — pu*y searches suffer from significant back-
ground from both u*u™ and Tt~
extend from gg production. While one can expect to re-
duce these backgrounds with continued optimization with
more luminosity at the present day B-factories, much of
the background from 7+~ events is irreducible coming
from v — pvv decays accompanied by initial state radia-
tion. This source represents about 20% of the total back-
ground in the searches performed by the BaBar experiment
[191] and it is conceivable that an analysis can be developed
that reduces all but this background with minimal impact on
the efficiency. One could also include new selection criteria
such as a cut on the polar angle of the photon which could
reduce the radiative “irreducible” background by 85% with
a40% loss of signal efficiency. Table 23 summarizes the fu-
ture sensitivities for various LFV decay modes.

In order to further reduce the impact of irreducible back-
grounds at a future Super B-factory experiment, one can
consider what is necessary to improve the mass resolution
of the, e.g., u—y system. Currently, this resolution is lim-
ited by the y angular resolution. Therefore improvements
might be expected if the granularity of the electromagnetic
calorimeter is increased.

events and to a lesser

Table 22 Integrated luminosities and observed upper limits on the branching fractions at 90% C.L. for selected LFV tau decays by BaBar and

Belle
Channel BaBar Belle
L (fo~ 1 Byr (10°%) Ref. L (fb~h Byr (10°8) Ref.

ety 232 11 [182] 535 12 [181]
* 5ty 232 6.8 [191] 535 45 [181]
T > ¢ FeE 92 11-33 [644] 535 2-4 [967]
F > eF 0 339 13 [648] 401 8.0 [968]
o 5 pEg0 339 11 [648] 401 12 [968]
* ety 339 16 [648] 401 9.2 [968]
> pty 339 15 [648] 401 6.5 [968]
R 339 24 [648] 401 16 [968]
™+ = uty 339 14 [648] 401 13 [968]
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822 CMS

So far, only T — pu transitions have been studied since
muons are more easily identified and the CMS trigger
thresholds for muons are generally lower than for electrons.
The 7 — wy channel was studied in the past [969] both for
CMS and for ATLAS but found not to be competitive with
the prospects at the B-factories. The T — 3 channel looks
more promising and will be discussed below.

8.2.2.1 t production at the LHC 1t is planned to operate
the LHC in three different phases. After a commissioning
phase the LHC will be ramped up to an initial luminosity
of £ =103 cm~2s~! followed by a low luminosity phase
(L =2 x 10 cm™2s~"). A high luminosity phase with
£ =103 cm™2s~! will start in 2010 and last for a period
of several years. The integrated luminosity per year will be
10-30 and 100-300 fb~! for the low and high luminosity
phases, respectively [970].

The rate of 7 leptons produced was estimated with the
help of PYTHIA 6.227 using the parton distribution func-
tion CTEQSL. The results are shown in Table 24. During
the low luminosity phase assuming an integrated luminosity
of only 10 fb~! per year about 10'2 7 leptons will be pro-
duced within the CMS detector. The dominant production
sources of 7 leptons at the LHC are the D and various B
mesons. The W and the Z production sources will provide
considerably less 7 leptons per year, but at higher energies
which is an advantage for the efficient detection of their de-
cay products (see below).

8.2.2.2 1 — 3 detection A key feature of CMSisa4 T
magnetic field, which ensures the measurement of charged-
particle momenta with a resolution of o /pt = 1.5% for

Table 23 Expected 90% C.L. upper limits on LFV 7 decays with
75 ab~! assuming no signal is found and reducible backgrounds are
small (~O(1) events) and the irreducible backgrounds scale as 1/£

Decay mode Sensitivity
T uy 2x107°

T—>ey 2x 107

T—> U 2x 10710
T — eee 2x 10710
T un 4x 10710
T—>en 7 x 10710

10 GeV muons [970] using a four-station muon system.
A silicon pixel detector and tracker allow to reconstruct
secondary vertices with a resolution of about 50 um [971]
and help to improve the muon reconstruction. Furthermore,
CMS has an electromagnetic calorimeter (ECAL) composed
of PbWO, and a copper scintillator hadronic calorime-
ter (HCAL). As a result of the high magnetic field and
the amount of material that has to be crossed only muons
with pt > 3 GeV/c are accepted. The reconstruction effi-
ciency varies between ~70% at 5 GeV [972] and x98% at
100 GeV/c [970].

The two levels of the CMS trigger system are called
“level 17 (L1) and “high level” (HLT). The triggers relevant
for this analysis are the dedicated single and di-muon trig-
gers. For the low luminosity phase it is planned to use as pr
thresholds for single muons 14 GeV/c at L1 and 19 GeV/c
for the HLT. The thresholds for the di-muon trigger will be
3 GeV/c at L1 and 7 GeV/c for the HLT.

Most T — 3u events produced via W and Z decays will
be accepted by the present triggers. Unfortunately, the low
pt of the muons from the decays of t’s originating in Dy
or B decay result in a very low trigger efficiency (Fig. 63).
Dedicated trigger algorithms with improved efficiency are
presently being studied.

To improve the identification of low pt muons a new
method is currently under development combining the en-
ergy deposit in the ECAL, HCAL and the number of recon-
structed muon track segments in the muon systems. The in-
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Fig. 63 pr distributions of the leading and next-to-leading muon from
the decay 7 — 3u at CMS. The indicated trigger thresholds for the low
luminosity phase are clearly too high for the efficient detection of these
events

Table 24 Number of 7 leptons per year produced during the low-luminosity phase of the LHC

Production channel W — v, y/Z— 1T

BY > X

B > X By, > tX Dy —>tX

N./10 fb~! 1.7 x 108 3.2 x 107

4.0 x 101

3.8 x 101! 7.9 x 1010 1.5 x 1012
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Fig. 64 Invariant mass > L
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variant mass distribution of reconstructed T — 3u events is
shown in Fig. 64. The resolution is about 24 MeV/c?, which
ensures a good capability to reduce background events.

8.2.2.3 Background and expected sensitivity The main
sources of muons are decays of D and B mesons which
are copiously produced at LHC energies. A previous study
[973] suggested that these background events can be sup-
pressed by appropriate selection criteria. The probability to
misidentify an event from pile-up is small and cosmic rays
can be rejected by timing. Due to the high momentum of the
muons from direct W and Z decays, the contribution to the
background is negligible [974].

One rare decay that can mimic the signal is Dy — ¢uv,
followed by a decay ¢ — uu. This background can be re-
duced by an invariant mass cut around the ¢ mass. Radia-
tive ¢ decay ¢ — puy survives this cut since the photon
usually remains undetected. These radiative decays and any
other heavy meson decays may be suppressed using sec-
ondary vertex properties and isolation criteria and by explor-
ing the three-muon angular distributions. These studies are
in progress.

Predictions of the achievable sensitivity are available in
an older CMS Note [973]. In case no signal is observed the
expected upper limit on the T — 3 branching ratio at 95%
C.L. for the W source is 7.0 x 1073 (3.8 x 10~8) for 10 fb—!
(30 fb~! ) of collected data. For the Z source a limit of 3.4 x
107 and for the B meson source a limit of 2.1 x 1077 was
derived assuming an integrated luminosity of 30 fb~!. The
Dy source was not studied in this early paper.

Potentially including the muons from D and B meson de-
cays may lead to significant improvements of the sensitivity.
Further studies are necessary to make firm predictions.

@ Springer

LI B BB

L T T T T T TeEntries 2386

Mean 1.787
RMS 0.04432
»# / ndf 6.851/4

Constant 498.4 = 14.7
Mean 1.785 = 0.001

Sigma  0.02382 = 0.00059

LIIlJ\IIIl!JLIIII\LI

1.7 1.8 1.9 2.0 2.1 2.2
mass [GeV]

8.3 Bg’s — et

The present limits B(Bg —en) < 1.7 x 1077 [975] deter-
mined by Belle and B(B? — ep) < 6.1 x 1070 [976] from
CDF are of interest since they place bounds on the masses
of two Pati—Salam leptoquarks [361] (see below). Both mea-
surements are almost background free so significant im-
provements should be expected from these experiments.
These decay modes have similarities with the K 2 — ue de-
cay for which an upper limit of 4.7 x 10712 exists [977].

The prospects of a more sensitive search have been stud-
ied for the LHCb experiment [978]. Although background
levels are higher, this is more than compensated by the im-
proved single-event sensitivity. The event selection closely
follows that of the B — u* ™ decay. The dominant back-
grounds come from (i) events in which two b hadrons de-
cay into leptons combining to a fake vertex and (ii) from
two-body charmless hadronic decays when the two hadrons
are misidentified as leptons. Signal and background are
separated on the basis of particle identification, invariant
mass (o (mp) = 50 MeV/c?), transverse momenta, proper
distance and the isolation of the B® candidate from the
other decay products. See Ref. [978] for details. Simula-
tion shows that for an integrated luminosity of 2 fb~! the
total background can be reduced to &80 events with a se-
lection efficiency of 1.4%. Assuming no signal would be
found the 90% C.L. upper limits would be 1.6 x 1078 and
6.5 x 1078 for B(Bg — eTuF) and B(B? — et ), re-
spectively. These values correspond to 90% C.L. lower lim-
its on the leptoquark mass and mixings of 90 x Fl‘fﬁx TeV and
65 x F;. TeV, where Fr‘fﬁi are factors taking into account
generation mixing within the model. Present limits are 50
and 21 TeV, respectively (see Fig. 65).
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Fig. 65 90% C.L. limits on
B(Bg — eu) (left panel) and
B(B? — eu) (right panel) and
the corresponding lower limits
on the products of Pati—Salam
leptoquark mass and mixing.
Present results are compared
with results projected for LHCb
for an integrated luminosity of

2 fb~! in case no signal would
be observed. Dashed regions E
indicate the theoretical -9 L.

Y

uncertainties in the relation
between the variables

8.4 In flight conversions

Lepton Flavor Violation could manifest itself in the conver-
sion of high energy muons into tau leptons when scatter-
ing on nucleons in a fixed target configuration [979]. Muons
can be produced much more copiously than tau leptons so
u — T conversions could be more sensitive than neutrino-
less T — X decays. When considering the effective lepton
flavor violating four-fermion couplings, tau decays mainly
involve light quarks, so heavy quark couplings are only
loosely constrained [980]. In SUSY models, muon to tau
conversion could be greatly enhanced by Higgs mediation
at energies where heavy quarks contribute [812].

Within the context of this workshop the experimental fea-
sibility of such experiment has been investigated. The cross
section for mu to tau lepton conversion on target has been
estimated to be at most 550 ab [980] for 50 GeV muons, us-
ing an effective model independent interpretation of the tau
decay LFV constraints [964] based on the 2000 data [981].
By rescaling the upper limit on B(t — pm "7 ™) to the cur-
rent value [982, 983], one obtains an upper limit at 90% C.L.
on the cross section of 4.7 ab. This value scales roughly lin-
early with the muon energy. In the context of the MSSM,
the experimental data available in 2004 constrained the cross
section in the range from 0.1 ab to 1 ab for muon energies
from 100 to 300 GeV [812].

The following assumptions were made to assess the ex-
perimental feasibility:

— the goal is a sensitivity to the cross section corresponding
to 1/10 of the present limits from tau decay, collecting at
least thousand events per year;

— the active target consists of 330 planes of 300 pm thick
silicon, with either strip or pixel readout;

— the target has transverse dimensions corresponding to an
area of 1 m? and the beam is distributed homogeneously
over the target.

As a consequence, 3.75 x 1019 muons/yr are needed
which, assuming a 10% duty cycle and an effective data tak-
ing year of 107 s, corresponds to 3.75 x 10'3 muons/s (peak)
and 3.75 x 10'? muons/s (average).

JIIIIIWEIIIII‘\IIII\‘\IIII
20 40 60 80 100 120 140

“i00 150

mpsF:’nlx(Tev) mPSF:ﬂx(TeV)

Using the LEPTO 6.5.1 generator [984] deep inelastic
muon scattering off nucleons was studied. The amount of
power dissipated in the target is sustainable, and the interac-
tion rate is 0.6 interactions per 25 ns, which is comparable
to LHC experiments. Radiation levels and occupancy in the
silicon active target appear to be tractable, provided pixel
readout is used.

When requiring momentum transfer above 2 GeV and in-
variant mass of the hadronic final state above 3 GeV an ef-
fective interaction cross section of 47 nb was found. This
value reduces to 15 nb when applying the level O trigger
requirement of at least 60 GeV of hadronic energy which re-
sults in a rate of 7.7 MHz. The amount of data that needs to
be extracted from the tracker for further event selection can
probably be handled at such rate.

Unfortunately it appears that the required muon flux is
incompatible with the operation of calorimeters as trigger-
ing and detecting devices. Assuming an LHCb-like electro-
magnetic calorimeter with a 2.6 cm thick lead absorber and
an integration time of 25 ns, and assuming that electrons
from muon decay travel unscreened for 4 m before encoun-
tering the electro-magnetic calorimeter, three high energy
electrons per 25 ns integration time reach the calorime-
ter, preventing any effective way of triggering on electrons.
Assuming an LHCb-like hadronic calorimeter structured in
towers consisting of 75 layers including 13 x 13 cm? scin-
tillating pads and 16 mm of iron each, each tower will de-
tect 25 TeV of equivalent hadronic energy for each 25 ns of
integration time just because of the muon flux energy loss.
The Poisson fluctuation of the number of muons will induce
a fluctuation in the detected hadronic energy per tower of
about 200 GeV, preventing the use of the hadronic calorime-
ter as a trigger for uN — 7X.

In conclusion, the idea of using an intense but trans-
versely spread muon flux to produce and detect LFV muon
conversions to tau leptons does not appear feasible in this
preliminary study, mainly because it does not appear possi-
ble to operate calorimeters at these rates.
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9 Experimental studies of electric and magnetic dipole
moments

9.1 Electric dipole moments

We review here the current status and prospects of the
searches for fundamental EDMs, a flavor diagonal signal of
CP violation. At the non-relativistic level, the EDM d de-
termines a coupling of the spin to an external electric field,
H ~dE - S. Searches for intrinsic EDMs have a long his-
tory, stretching back to the prescient work of Purcell and
Ramsey who used the neutron EDM as a test of parity
in nuclear physics. At the present time, there are two pri-
mary motivations for anticipating a nonzero EDM at or near
current sensitivity levels. Firstly, a viable mechanism for
baryogenesis requires a new CP-odd source, which if tied
to the electroweak scale necessarily has important implica-
tions for EDMs. The second is that CP-odd phases appear
quite generically in models of new physics introduced for
other reasons, e.g. in supersymmetric models. Indeed, it is
only the limited field content of the SM which limits the ap-
pearance of CP-violation to the CKM phase and 6gcp. The
lack of any observation of a nonzero EDM has, on the flip-
side, provided an impressive source of constraints on new
physics, and there is now a lengthy body of literature on the
constraints imposed, for example, on the soft breaking sector
of the MSSM. Generically, the EDMs ensure that new CP-
odd phases in this sector are at most of 01071-1072), a
tuning that appears rather unwarranted given the O(1) value
of the CKM phase.

The strongest current EDM constraints are shown for
three characteristic classes of observables in Table 25, and
will be discussed in detail in the following.

We summarize first the details of the EDM constraints,
and the induced bounds on a generic class of CP-odd opera-
tors normalized at 1 GeV, commenting on how the next gen-
eration of experiments will impact significantly on the level
of sensitivity in all sectors. We then turn to a brief discus-
sion of some of the constraints on new physics that ensue
from these bounds. More detailed discussions of phenom-
enology of EDMs is given in the first half of this report (see
e.g. Sect. 5.7).

9.1.1 CP-odd operators and electric dipole moments

We shall briefly review the relevant formulae for the ob-
servable EDMs in terms of CP-odd operators normalized at

1 GeV. Including the most significant flavor diagonal CP-
odd operators (see e.g. [742]) up to dimension six, the cor-
responding effective Lagrangian takes the form,

£1 GeV _ QGa G/w,a _

32 v Z diyi(Fo)ysyi

i=e,u,d,s

_IE Y divrigs(Go)ysyi

i=u,d,s
+ wfabLGa Gvﬁ bGH ,C

+ Y Gy Wjivsy) +---

i,j=eq

0.1

The 6-term, as it has a dimensionless coefficient, is partic-
ularly dangerous leading to the strong CP problem and in
what follows we shall invoke the axion mechanism [986] to
remove this term.

The physical observables can be conveniently separated
into three main categories, depending on the physical mech-
anisms via which an EDM can be generated: EDMs of
paramagnetic atoms and molecules; EDMs of diamagnetic
atoms; and the neutron EDM. The inheritance pattern for
these three classes is represented schematically in Fig. 66
and, while the experimental constraints on the three classes
of EDMs differ by several orders of magnitude, it is impor-
tant that the actual sensitivity to the operators in (9.1) turns
out to be quite comparable in all cases. This is due to vari-
ous enhancements or suppression factors which are relevant
in each case, primarily associated with various violations
of “Schiff shielding”—the non-relativistic statement that an
electric field applied to a neutral atom must necessarily be
screened and thus remove any sensitivity to the EDM.

9.1.2 EDMs of paramagnetic atoms

For paramagnetic atoms, Schiff shielding is violated by rel-
ativistic effects which can in fact be very large. One has
roughly [987],

dpara(de) ~ 102 Z° L, 9.2)

which for large atoms such as Thallium amounts to a huge
enhancement of the field seen by the electron EDM (see e.g.

Table 25 Current constraints
within three representative

classes of EDMs

Class EDM Current bound Ref.

Paramagnetic 205y ldri] <9 x 10725 ecm [186]
Diamagnetic 19Hg |dugl <2 x 10728 ecm [985]
Nucleon ldn| <3 x 10720 ¢cm [869]
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Fig. 66 A schematic plot of the hierarchy of scales between the lep-
tonic and hadronic CP-odd sources and three generic classes of ob-
servable EDMs. The dashed lines indicate generically weaker depen-

[987, 988]), which counteracts the apparently lower sensi-
tivity of the T1 EDM bound,

dri = —585d, — 43 GeV x eCY"e, 93)

We have also included here the most relevant CP-odd
electron—nucleon interaction, namely CgeiyseN N, which
in turn is related to the semileptonic four-fermion operators
in (9.1).

9.1.3 EDMs of diamagnetic atoms

For diamagnetic atoms, Schiff shielding is instead violated
by the finite size of the nucleus and differences in the distri-
bution of the charge and the EDM. However, this is a rather
subtle effect,

ddia ~ 10Z*(Ry / R4)*dy, 9.4)

and the suppression by the ratio of nuclear to atomic radii,
Rn /R4, generally leads to a suppression of the sensitivity
to the nuclear EDM, parameterized to leading order by the
Schiff moment S, by a factor of 103 (see e.g. [987, 988]).
Thus, although the apparent sensitivity to the Hg EDM is
orders of magnitude stronger than for the T1 EDM, both
experiments currently have comparable sensitivity to vari-
ous CP-odd operators and thus play a very complementary
role. Combining the atomic dug(S), nuclear S(grnyn), and

QCD gf},{, N(ﬁq), components of the calculation [742, 988],
we have

dug =7 x 103 e(dy — dg) + 107%d, + O(Cs, Cgy), (9.5)

where the overall uncertainty is rather large, a factor of 2-3,
due to significant cancellations between various contribu-

Energy
\ fundamental CP-odd phases

S =

. 9" qq
Ay e N
Tl

N
\
\\
Cspr) “\ 8NN neutron EDM
N \
N \

nuclear ——

1

1

'

'

'

'

'
oo

EDMs of

N \ | nuclei and ions
v Y, | (deuteron, etc)

NS
S
EDMs of
diamagnetic atoms
(Hg,Xe, Ra, Rn)

EDMs of paramagnetic
molecules
(YbF,PbO,HfF "

atoms in traps (Rb,Cs)

atomic ——

dencies in SUSY models. The current situation is given on the left,
while on the right we show the dependencies of several classes of next-
generation experiments

tions. A valuable feature of dyg is its sensitivity to the triplet
combination of color EDM operators d,;.

9.1.4 Neutron EDM

The neutron EDM measurement is of course not sensitive
to the above atomic enhancement/suppression factors and,
using the results obtained using QCD sum rule techniques
[742] (see also [849, 989, 990] for alternative chiral ap-
proaches), wherein under Peccei—Quinn relaxation of the
axion the contribution of sea-quarks is also suppressed at
leading order:

dp, = (1.4 £0.6)(dy — 0.25d,,)
+ (1.1 £ 0.5)e(dy + 0.5d,)

+20MeV x ew + O(Cyq). 9.6)
Note that the proportionality to d,(gq) ~ mg{qq) ~ yfm%

removes any sensitivity to the poorly known absolute value
of the light quark masses.

9.1.5 Future developments

The experimental situation is currently very active, and a
number of new EDM experiments, as detailed in this re-
port, promise to improve the level of sensitivity in all three
classes by one-to-two orders of magnitude in the coming
years. These include: new searches for EDMs of polarizable
paramagnetic molecules, which aim to exploit additional po-
larization effects enhancing the effective field seen by the
unpaired electron by a remarkable factor of up to 10°, and
are therefore primarily sensitive to the electron EDM; new
searches for the EDM of the neutron in cryogenic systems;
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and also proposed searches for EDMs of charged nuclei and
ions using storage rings. This latter technique clearly aims to
avoid the effect of Schiff shielding and enhance sensitivity to
the nuclear EDM and its hadronic constituents. A schematic
summary of how a number of these new experiments will
be sensitive to the set of CP-odd operators is exhibited in
Fig. 66.

9.1.6 Constraints on new physics
Taking the existing bounds, and the formulae above, we ob-

tain the following set of constraints on the CP-odd sources
at 1 GeV (assuming an axion removes the dependence on 6),

d, +e(26 MeV)2<3% + 11 S + 5ﬁ>‘
mgq my mp
<1.6x10%"ecm  from dqi, 9.7)
|(da — di) + Ods, dp, Cgq, Cye)| <2 x 10720 ecm
from dyg, 9.8)
|e(dy +0.56d,) + 1.3(dg — 0.25d,) + O(dy, w, Cygy)|
<2x107®¢cm  fromd,, 9.9)

where the additional O(---) dependencies are known less
precisely, but may not always be sub-leading in particular
models. The precision of these results varies from 10-15%
for the TI bound, to around 50% for the neutron bound, and
to a factor of a few for Hg. It is remarkable to note that, ac-
counting for the naive mass-dependence dy o m s, all these
constraints are of essentially the same order of magnitude
and thus highly complementary. Constraints obtained in the
hadronic sector using other calculational techniques differ
somewhat but generally give results consistent with these
within the quoted precision.

The application of these constraints to models of new
physics has many facets and is discussed in several specific
cases elsewhere in this report. We shall limit our attention
here to just a few simple examples relevant to the motiva-
tions noted above.

9.1.7 The SUSY CP-problem

It is now rather well-known that a generic spectrum of
soft SUSY-breaking parameters in the MSSM will generate
EDMs via one loop diagrams [852] that violate the exist-
ing bounds by one-to-two orders of magnitude leading to
the SUSY CP problem. The situation is summarized rather
schematically in Fig. 67.

In many respects the situation is better described by the
amount of fine tuning of the MSSM spectrum that is required
to avoid these leading order contributions, and by how much
the ability to avoid the EDM constraints is limited by sec-
ondary constraints from numerous, and more robust, two
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Fig. 67 Constraints on the CMSSM phases 64 and 6, from a com-
bination of the three most sensitive EDM constraints, dy,, dri and dyg,
for Msusy = 500 GeV, and tan 8 = 3 (from [742]). The region allowed
by EDM constraints is at the intersection of all three bands around
0r=0,=0

loop contributions [991] and four-fermion sources [992].
Indeed, if we consider two extreme cases: (i) the 2HDM,
where all SUSY fermions and sfermions are very heavy; and
(i1) split SUSY, where all SUSY scalars are very heavy, one
finds that while one loop EDMs are suppressed, two loop
contributions are already very close to the current bounds
[857, 858, 992]. This bodes well for the ability of next-
generation experiments to provide a comprehensive test of
large SUSY phases at the electroweak scale, regardless of
the detailed form of the SUSY spectrum.

9.1.8 Constraints on new SUSY thresholds

If SUSY is indeed discovered at the LHC, but with no sign of
phases in the soft sector, one may instead consider the abil-
ity of EDMs to detect new supersymmetric CP-odd thresh-
olds. At dimension five there are several R-parity conserv-
ing operators, besides those well-known examples associ-
ated with neutrino masses and baryon and lepton number
violation [150, 371]. Writing the relevant dimension five su-
perpotential as [993, 994]

qe

AW =" HyH, HyH, + =22 U, 0 ) Ex Ly
Ap Age
Y14
kl
+ /;] (Ui Q) (Dr Q1)
q9
i
+ %(U,-M 0;)(Dit* Qy), (9.10)
q4q

one finds that order-one CP-odd coefficients with a generic
flavor structure, particularly for the semileptonic operators,
are probed by the sensitivity of dt) and dpg at the remarkable
level of A ~ 108 GeV [993, 994]. This is comparable to,
or better than, the corresponding sensitivity of lepton-flavor
violating observables.
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9.1.9 Constraints on minimal electroweak baryogenesis

As noted above, one of the primary motivations for antici-
pating nonzero EDMs at or near the current level of sensitiv-
ity is through the need for a viable mechanism of baryogene-
sis. This is clear in essentially all baryogenesis mechanisms
that are tied to the electroweak scale. As a simple illustra-
tion, one can consider a minimal extension of the SM Higgs
sector [995-997],

L 1 T 3 ZZMJ T c
dim6:F(H H) +A—2(H H)UiHQj

CP
74
ij -
+— (H'H)DfHTQ;
CP

Z¢
+—-(H'H)EfH'L;.

(9.11)
ACP

The first term is required to induce a sufficiently strong first
order electroweak phase transition, while the remaining op-
erators provide the additional source (or sources) of CP-
violation, where we have assumed consistency with the prin-
ciple of minimal flavor violation. Modified Higgs couplings
of this kind, including CP-violating effects, are currently the
subject of significant research within collider physics, rele-
vant to the LHC in particular [588], making EDM probes of
models of this kind quite complementary.

As discussed in [997], such a scenario can reproduce
the required baryon-to-entropy ratio, 1, = 8.9 x 1071,
while remaining consistent with the EDM bounds, pro-
vided the thresholds and the Higgs mass are quite low, e.g.
400 GeV < A, Acp < 800 GeV. The EDMs in this case are
generated at the two loop level, and it is clear that an im-
provement in EDM sensitivity by an order of magnitude
would provide a conclusive test of minimal mechanisms of
this form.

9.2 Neutron EDM

The neutron electric dipole moment is sensitive to many
sources of CP violation. Most famously, it constrains QCD
(the “strong CP problem”), but it also puts tight con-
straints on supersymmetry and other physics models be-
yond the standard model. The standard model prediction
of ~10732 ¢cm is a factor of 10° below existing limits, so
any convincing signal within current or foreseen sensitivity
ranges will be a clear indication of physics beyond the SM.

All current nEDM experiments use NMR techniques to
search for electric-field induced changes in the Larmor pre-
cession frequency of bottled ultracold neutrons. Recent re-
sults from a room-temperature apparatus at ILL yielded a
new limit of |d, | < 2.9 x 10726 ¢ cm (90% C.L.) which rules

out many “natural” varieties of SUSY. Several new experi-
ments hope to improve on this limit: two of these involve
new cryogenic techniques that promise an eventual increase
in sensitivity by two orders of magnitude. First results, at the
level of ~10=27 ecm, are to be expected within about four
years.

9.2.1 ILL

A measurement of the neutron EDM was carried out at the
ILL between 1996 and 2002, by a collaboration from the
University of Sussex, the Rutherford Appleton Laboratory,
and the ILL itself. The final published result provided a limit
of |d,| <2.9 x 1072° ecm (90% C.L.) [869]. This repre-
sents a factor of two improvement beyond the intermediate
result [998] and almost a factor of four beyond the results
existing prior to this experiment [999, 1000]. The collabo-
ration, which has now expanded to include Oxford Univer-
sity and the University of Kure, has designed and developed
“CryoEDM”, a cryogenic version of the experiment that is
expected to achieve two orders of magnitude improvement
in sensitivity. Construction and initial testing are underway
at the time of writing.

Experimental technique The room-temperature measure-
ment was carried out using stored ultracold neutrons (i.e.
having energies <200 neV) from the ILL reactor. The Ram-
sey technique of separated oscillatory fields was used to de-
termine the Larmor precession frequency of the neutrons
within B and E fields. The signature of an EDM is a fre-
quency shift proportional to any change in the applied elec-
tric field.

The innovative feature of this experiment was the use of
a cohabiting atomic-mercury magnetometer [1001]. Spin-
polarized Hg atoms shared the same volume as the neutrons,
and the measurement of their precession frequency provided
a continuous high-resolution monitoring of the magnetic
field drift: prior to this, such drift entirely dominated the tiny
E-field induced frequency changes that were sought.

Systematics Analysis of the data revealed a new source
of systematic error, which, as the problem of B-field drift
had been virtually eliminated, became potentially the dom-
inant error. Its origins lay in a geometric-phase (GP) effect
[1002]—an unfortunate collusion between any small applied
axial B-field gradient and the component of B induced in
the particle’s rest frame by the Lorentz transformation of the
electric field. This GP effect induced a frequency shift pro-
portional to E , and hence a false EDM signal. In fact, the Hg
magnetometer itself was some 50 times more susceptible to
this effect than were the neutrons, so the introduction of the
magnetometer brought the GP systematic with it.
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This effect was overcome by careful measurement of the
neutron-to-Hg frequency ratios for both polarities of mag-
netic field, in order to determine the point nominally cor-
responding to zero applied axial B-field gradient, as well
as by a series of auxiliary measurements to pin down small
corrections due to local dipole [1003] and quadrupole fields
(as well as the Earth’s rotation). The final result therefore
remained statistically limited.

The experiment is now complete and, as will be discussed
below, the equipment will be used for further studies by an-
other collaboration based largely at the PSI.

Still another collaboration, led by the PNPI in Russia,
is developing a new room-temperature nEDM apparatus,
which they plan to run at ILL. It is also intended to reach
a sensitivity of ~107%7 ecm, to be achieved in part by the
use of multiple back-to-back measurement chambers with
opposing electric fields to cancel some systematic errors.

Cryogenic experiments overview It has been known for
several decades [1004] that 8.9 A neutrons incident on su-
perfluid “*He at 0.5 K will down-scatter, transferring their en-
ergy and momentum to the helium and becoming ultracold
neutrons (UCN) in the process. This so-called super-thermal
UCN source provides a much higher flux than is available
simply from the low energy tail of the Maxwell distribution.
In addition, the immersion of the apparatus in a bath of lig-
uid helium should allow for the provision of stronger elec-
tric fields than could be sustained in vacuo. The other two
variables that contribute to the figure of merit for this experi-
ment, namely the polarization and the NMR coherence time,
should also be improved: the incident cold neutron beam can
be very highly polarized, and the polarization remains intact
during the down-scattering process; and the improved uni-
formity of magnetic field attainable with superconducting
shields and coil will reduce depolarization during storage,
while losses from up-scattering will be much reduced due to
the cryogenic temperatures of the walls of the neutron stor-
age vessels.

ILL CryoEDM experiment status The majority of the ap-
paratus for the cryoEDM experiment has been installed at
ILL, and testing is underway. UCN production via this su-
perthermal mechanism has been demonstrated [1005], and
the solid-state UCN detectors developed by the collabora-
tion have also been shown to work well [1006]. At the time
of writing, there are still some hardware problems to be
resolved, in particular with components in and around the
Ramsey measurement chamber. A high precision scan of the
magnetic field was carried out in 2007, and measurements
were made of the neutron polarization. An initial HV sys-
tem will be installed in spring 2008. By the end of 2008,
the system is expected to have a statistical sensitivity of
~107%7 ecm.

@ Springer

Future plans 1In order to achieve optimum sensitivity, a
number of improvements will need to be made:

— The superconducting magnetic shielding requires addi-
tional protective “end caps” to shield fully the ends of the
superconducting solenoid.

— The current measurement chamber only has two cells: one
with HV applied, and one at ground as a control. It is
planned to upgrade to a four-cell chamber, with the HV
applied to the central electrode, in order to be able to carry
out simultaneous measurements with electric fields in op-
posite directions. As well as canceling several potential
systematic errors, this will reduce the statistical uncer-
tainty by doubling the number of neutrons counted.

— The ILL is preparing a new beam line with six times the
currently available intensity of 8.9 A neutrons, and wishes
to transfer the experiment to that beam line in 2009. Fund-
ing for these improvements is expected to be contingent
on successful running of the existing apparatus.

A sensitivity of ~2 x 10728 e¢cm should be achievable
within two to three years of running at the new beam line.

9.2.2 PSI

The present best limit for the neutron electric dipole mo-
ment (EDM), |d,| < 2.9 x 1072° ¢ cm [869], was obtained
by the Sussex/Rutherford/ILL Collaboration from measure-
ments at the ILL source for ultracold neutrons [1007], as
discussed in the previous section. The experiment is at this
point statistically limited and also facing systematic chal-
lenges not far away [869, 1002, 1003]. In order to make fur-
ther progress, both, statistical sensitivity and control of sys-
tematics, have to be improved. Gaining in statistics requires
new sources for ultracold neutrons (UCN). These can be in-
tegrated into the experiment as for the new cryogenic EDM
searches, delivering UCN in superfluid helium, or a multi-
purpose UCN source, delivering UCN in vacuum. This high
intensity UCN source is presently under construction at the
Paul Scherrer Institut in Villigen, Switzerland [1008]. It is
expected to become operational towards the end of 2008 and
to deliver UCN densities of more than 1000 cm ™3 to typical
experiments, i.e. almost two orders of magnitude more than
presently available.

The in-vacuum technique will be pushed to its limits, de-
livering first results in about 4 years. The following steps are
planned by a sizable international collaboration [1009]:

— While the new UCN source is under construction the col-
laboration operates and improves the apparatus of the for-
mer Sussex/RAL/ILL Collaboration at ILL. Grenoble. In
order to better control the systematic issues, the magnetic
field and its gradients will be monitored and stabilized us-
ing an array of laser optically pumped Cs-magnetometers
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[1010, 1011]. An order of magnitude improvement com-
pared to todays field fluctuations over the typical mea-
surement times of 100-1000 s is certainly feasible. It is
also necessary to improve the sensitivity of the Hg co-
magnetometer [1012]. Other improvements of the system
are with regard to UCN polarization and detection as well
as upgrading the data acquisition system. The hardware
efforts are accompanied by a full simulation of the sys-
tem.

— It is planned to move the apparatus from ILL to PSI to-
wards the end of 2008 in order to be ready for data taking
for about two years, 2009 and 2010. In addition to the
improvements of phase I, an external magnetic field sta-
bilization system and a temperature stabilization are en-
visaged. Furthermore, work on developing a second co-
magnetometer using a hyper-polarized noble gas species
is ongoing and might further improve the systematics con-
trol. In case of a successful development, also the re-
placement of the Hg system together with an increase of
the electric field strength may become possible. In any
case, a factor of 5 gain in sensitivity is expected from the
higher UCN intensity, corresponding to a limit of about
5-6 x 10727 ¢ cm in case the EDM is not found. In paral-
lel to the described activities, the design of a new experi-
mental apparatus will start in 2007. After a major design
effort in 2008, set-up of the new apparatus will start in
2009.

— The new experiment will be an optimized version of the
room-temperature in-vacuum approach. Another order of
magnitude gain in sensitivity will be obtained by a consid-
erable increase of the statistics due to a larger experimen-
tal volume (xﬁ), a better adaption to the UCN source
(xﬁ), longer running time (x\/g) and by an improve-
ment of the electric field strength (x2). Completion of
the new experimental apparatus is anticipated for end of
2010, and data taking planned for 2011-2014.

The features of the experiment include

— continued use of the successful Ramsey-technique with
UCN in vacuum and the apparatus at room-temperature,

— increased sensitivity due to much larger UCN statistics
at the new PSI source, larger experimental volume, bet-
ter polarization product and possibly larger electric field
strength,

— application of a double neutron chamber system,

— improved magnetic field control and stabilization with
multiple laser optically pumped Cs-magnetometers, and

— an improved co-magnetometry system.

As another very strong source for UCN is currently un-
der construction at the FRMII in Munich, in the long run and
for the optimum conditions for the experiment, the collabo-
ration will have the opportunity to choose between PSI and
FRMII.

9.2.3 SNS

A sizable US Collaboration [1013] is planning to develop a
cryogenic experiment, following an early concept by Golub
and Lamoreaux [1014]. It will be based at the SNS 1.4 MW
spallation source at Oak Ridge. A fundamental neutron
physics beam line is under construction, which will include
a double monochromator to select 8.9 A neutrons for UCN
production in liquid helium.

In this experiment, spin-polarized *He will be used both
as a magnetometer and as a neutron detector. The precession
of the 3He can, in principle, be detected with SQUID mag-
netometers. Meanwhile, the cross section for the absorption
reaction n 4+ 3He — p + 3H + 764 keV is negligible for a
total spin J = 1, but very large (~5 Mb) for J = 0. In con-
sequence, a scintillation signal from this reaction will be de-
tected with a beat frequency corresponding to the difference
between the Larmor precession frequencies of the neutrons
and the He.

An application for funding to construct this experiment
is currently under review. Extensive tests are underway to
study, for example, the electric fields attainable in liquid he-
lium, the *He spin relaxation time and the diffusion of *He
in “He. If construction goes according to plan, commission-
ing will be in approximately 2013, with results following
probably four or five years later. The ultimate sensitivity will
be below 10728 ¢cm.

9.3 Deuteron EDM

A new concept of investigating the EDM of bare nuclei in
magnetic storage rings has been developed by the storage
ring EDM Collaboration (SREC) over the past several years.
The latest version of the methods analyzed turns out to be
very sensitive for light (bare) nuclei and promises the best
EDM experiment for 6gcp, quark and quark-color EDMs.

The search for hadronic EDMs has been dominated by
the search for a neutron EDM and nuclear Schiff moments in
heavy diamagnetic atoms, such as '°’Hg. The latter depend
on nuclear theory to relate the measured Schiff moment to
the underlying CP violating interaction.

The sensitive ‘traditional’ EDM experiments are, so far,
all performed on electrically neutral systems, such as the
neutron, atoms, or molecules. A strong electric field is im-
posed, together with a weak magnetic field, and using NMR
techniques, a change of the Larmor precession frequency is
looked for. The application of strong electric fields precludes
a straightforward use of this technique on charged particles.
These particles would accelerate out of the setup, leaving
little time to make an accurate measurement.

Attempt to search for an EDM on simple nuclear sys-
tems, such as the proton or deuteron, when part of an atom,
are severely hindered by shielding. This so-called Schiff-
screening precludes an external electric field to penetrate
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to the nucleus. Due to rearrangement of the atomic elec-
trons, the net effect of the electric field on the nucleus is es-
sentially zero. Known loop-holes include relativistic effects,
non-electric components in the binding of the electrons, and
an extended size of the nucleus. None of these loopholes
are sufficiently strong to allow a sensitive measurement on
a light atom. For hydrogen atoms, the atomic EDM result-
ing from a nuclear EDM is down by some seven orders of
magnitude.

Nevertheless, light nuclei, and the deuteron in particular,
are attractive to search for hadronic EDMs because of their
relatively simple structure. Moreover, a novel experimental
technique, using the motional electric field experienced by
a relativistic particle when traversing a magnetic field, make
it possible to directly search for EDM on charged systems,
such as the (bare) deuteron.

9.3.1 Theoretical considerations

The deuteron is the simplest nucleus. It consists of a weakly
bound proton and neutron in a predominantly *S; state, with
a small admixture of the D-state. From a theoretical point
of view, the deuteron is especially attractive, because it is
the simplest system in which the P-odd, T-odd nucleon—
nucleon (NN) interaction contributes to an EDM. Moreover,
the deuteron properties are well understood, so reliable and
precise calculations are possible.

In [1015], a framework is presented that could serve as
a starting point for the microscopic calculation of complex
systems. The most general form of the interaction, based
only on symmetry considerations, contains ten P- and T-odd
meson-nucleon coupling constants for the lightest pseudo-
scalar and vector mesons (7, o, n and ).

This P-odd, T-odd interaction induces a P-wave admix-
ture to the deuteron wave function. It is this admixture that
leads to an EDM. Since the proton and neutron that make up
the deuteron may also have an EDM, a disentanglement of
one- and two-body contributions,
dp~dy) +d (9.12)
to the EDM is necessary to uncover the underlying structure
of the P-odd T-odd physics.

The two-body component is predominantly due to the po-
larization effect, and shows little model dependence for all
leading high-quality potentials. Additional contributions ar-
rive from meson exchange.

The one body contribution is simply the sum of the pro-
ton and neutron EDMs. The nucleon EDM has a wide vari-
ety of sources, as already discussed for the neutron. There
exists no good model to describe the non-perturbative dy-
namics of bound quarks. A commonly used method is to
evaluate hadronic loop diagrams, containing mesonic and
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baryonic degrees of freedom. Within the framework pre-
sented in [1015], the EDMs for the proton, neutron and
deuteron are found (reproducing only the pion dependence),

dp=—0.05g +0.03g" +0.14g + .- |
dy =+0.14g — 01489 + .-,
dp =+0.093 +0.23g" + - .

9.13)

These dependences clearly show the complementarity of
these three particles.

The magnitudes of the coupling constants can be calcu-
lated for several viable sources of CP violation. In the stan-
dard model, there is room for CP violation via the so-called
6 parameter. In the case of the nucleons, one has the relation
dy > —d, =3 x 10719 ecm, (9.14)
which yields the severe constraint § < 1 x 10710, For the
deuteron, one finds

dp~—-10""%9 ecm. 9.15)
At the level of dp ~ 1072° ecm, one probes 6 at the level
of 10713, Since @ contributes differently to the neutron and
the deuteron, it is clear that both experiments are comple-
mentary. Indeed. the prediction
dp/d,=—1/3 (9.16)
provides a beautiful check as to whether # is the source
of the observed EDMs, should both be measured. In fact,
measurement of the EDMs of the proton, deuteron and 3He
would allow to verify if they satisfy the relation
dp:dp:dsge>=1:3:-3. 9.17)
Here, it was assumed that 3He has properties very similar to
the neutron, which provides most of the spin.

Generic supersymmetric models contain a plethora of
new particles, which may be discovered at LHC, and new
CP-violating phases. Following the work by Lebedev et
al. [1016] and the review by Pospelov and Ritz [742], we
find that SUSY loops give rise to ordinary quark EDMs,
dy, as well as quark-color EDMs, d,,. For the neutron and
deuteron one finds (with the color EDM part divided in
isoscalar and isovector parts)

d, ~1.4(dg — 0.25d,) + 0.83¢(dy + d,,)

+0.27e(dy — dy),
dp >~ (dg +dy) — 0.2e(dg + dy) + 6e(dy — dy),

9.18)

and similar relations for e.g. the mercury EDM. The isovec-
tor part is limited to |ec(dy — dy)| < 2 X 10720 ecm by the
present limit on the '®Hg atom. The experimental bound
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on the neutron suggests that Ie(c?d + d~,,)| <4x 1072 ecm,
assuming the isoscalar contribution to be dominant. Also in
this case, the deuteron and neutron show complementarity.
This is in particular in their sensitivity to the isovector con-
tribution, which is 20 times larger for the deuteron.

The large sensitivity to new physics (see e.g.[1016]) and
the relative simplicity of calculating the nuclear wave func-
tion, make it clear that small nuclei hold great discovery po-
tential and should therefore be vigorously pursued.

9.3.2 Experimental approach

All sensitive EDM searches are performed on neutral sys-
tems, which are (essentially) at rest. The only exception
is the proposed use of molecular ions (HfF™ and ThF™)
[1017], but also for this experiment, the motion of the mole-
cules is not crucial.

In the recent past, several novel techniques have been
proposed to use the motional electric field sensed by a parti-
cle moving through a magnetic field at relativistic velocities.
The evolution of the spin orientation for a spin-1/2 particle
in an electromagnetic field (E" , E) is described by the so-
called Thomas or BMT equation [1018]. The spin preces-
sion vector .é, relative to the momentum of the particle, is
given by [1019]

- . 1 .
.Q:il:aB+<a— 3 ),BXE
m ye—1

n(=,z_ =% ¥V zz =
+§<E+ﬂx3—mﬁ(ﬂ-mﬂ

(9.19)

with /i = 2(1 4+ a)(e/m)S and d = 1/2(e/m)S. It was as-
sumed that E . B = 0. The first two terms between brackets
will be referred to as w,, whereas the last one will be re-
ferred to as w,,.

For fast particles, the electric field in the rest frame of the
particle is dominated by B x B. For commonplace storage
rings, this field can exceed the size of a static electric field
made in the laboratory by more than an order of magnitude,
thus giving the storage ring method a distinct advantage.

In a homogeneous magnetic field, @, o B and @y X
,5 x B are orthogonal, leading to a small tilt in the preces-
sion plane and an second order increase in the precession
frequency. Although this was used to set a limit on the muon
EDM [188, 1020], it does not allow for a sensitive search.

The application of a radially oriented electric field E, to
slow down w, and thus to increase the tilt, was proposed in
[1021]. For a field strength

ap

Ty (9.20)

r

the spin of an originally longitudinally polarized beam re-
mains aligned with the momentum at all times. In this case

EE =0, and thus

G=22E+BxB). 9.21)
m?2

The EDM thus manifests itself as a precession of the spin
around the motional electric field E* = y[E + E X l;’], ie.
as a growing vertical polarization component parallel to B.
This approach can be used for all particles with a small mag-
netic anomaly, so that the necessary electric field strength
remains feasible. Concept experiments, employing this tech-
nique, have been worked out for the muon [1022-1024] and
the deuteron [1025]. Other candidate particles have been
identified as well (see e.g. [1026]).

A third, most sensitive approach is reminiscent of the
magnetic resonance technique introduced by Rabi [1027].
The spin is allowed to precess under the influence of a di-
pole magnetic field. In the original application, an oscillat-
ing magnetic field oriented perpendicular to the driving field
is applied. By scanning the oscillation frequency, a reso-
nance will be observed when the frequency of the oscillating
field matches the spin precession frequency.

In this application, the oscillating magnetic field are re-
placed by an oscillating electric field [1028]. When at reso-
nance, the electric field coherently interacts with the electric
dipole moment. As a consequence, the polarization compo-
nent along the magnetic field oscillates in the case of a siz-
able EDM. In practice, only the onset of the first oscillation
cycle will be visible in the form of a slow growth of the ver-
tical polarization, proportional to the EDM.

The oscillating electric field is obtained by modulating
the velocity of the deuterons circulating in a magnetic field,
setting up a so-called synchrotron oscillation. For a time de-
pendent velocity B(¢) = Bo + 88(¢) generated by an oscil-
lating longitudinal electric field Erg(#) and a constant mag-
netic field B, the spin evolution follows from

- e n - -
QZ— aB+§,80xB

m
By =
I ERFU)H

The first term yields spin precession about 20, with-
out affecting the polarization parallel to it. For §8(t) =
8B cos(wt + ), and BSB > B2y /(y + 1)ERE, the paral-
lel polarization component is given by

+ g{aﬁ(t) < B —

= 20+ 82(1). (9.22)

dPH e
—L ~ — P néBBcos(Awt + A¢),
dt m

with Aw = 29 — w and A¢ = ¢ — . The beam is assumed
to have a longitudinal polarization Py at injection time. For
Aw = 0 the vertical polarization will grow continuously at

(9.23)
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a rate proportional to the EDM. Maximum sensitivity is ob-
tained for A¢ = 0 or &, whereas for A¢p = /2 or 37 /2
there is no sensitivity to the EDM. The latter will prove use-
ful in controlling systematic errors. At the same time, the
radial polarization component is given by

P, =~ Pysin(2ot + ¢). (9.24)

This polarization component can be incorporated in a feed-
back cycle, to phase-lock the velocity modulation to the spin
precession, i.e. to guarantee Aw = 0 and A¢ constant. In ad-
dition, observation of §2( allows to measure or stabilize the
magnetic field.

From (9.23) and (9.24), the main design criteria are eas-
ily derived, several of which are common to all other EDM
experiments. They include

— high initial polarization Py;

— large field strength E* o< (58 B);

— close control over the resonance conditions Aw and
phase Ag;

— long spin coherence time P,(%);

— long synchrotron coherence time 88(7);

— sensitive method for independent observation of P
and P, .

The parameters of the current concept deuteron EDM
ring are presented in Table 26. Coherent synchrotron os-
cillation can be obtained by a set of two RF cavities, one
operating at a harmonic of the revolution frequency to bring
the beam close to the spin-synchrotron resonance, and a sec-
ond operating at the resonance frequency to create a forced
oscillation.

The statistical reach of the experiment is determined by
the number of particles used to determine the polarization,

Table 26 Parameters of the concept deuteron EDM storage ring.

Parameter Symbol  Design value
Deuteron momentum PD 1500 MeV/c
Magnetic field strength B 2T

Bending radius P 2.5m
Length of each straight section l S5m

Orbit length L 26 m
Momentum compaction ap 1

Cyclotron period tc 137 ns

Spin precession period ts 660 ns

Spin coherence time T 1000 s
Motional electric field E*/y 375 MV/m
Synchrotron amplitude 38/8 1%
Synchrotron harmonic h 40

Particles per fill N 10'2

Initial polarization P, 0.9

EDM precession rate @ d = 10726 ¢cm wy 1 prad/s
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as well as the analyzing power of the polarimeter. The most
efficient way to probe the deuteron polarization at the en-
ergy considered is by nuclear scattering. To obtain high effi-
ciency, conventional techniques, in which a target is inserted
into the beam are unsuitable. Instead, slow extraction of the
beam onto a thick analyzer target is necessary. Slow extrac-
tion could be realized by exciting a weak beam resonance,
or alternatively, by Coulomb scattering off a thin gas jet. The
thickness of the analyzer target is optimized to yield maxi-
mum efficiency, which may reach the percent level.

The EDM will create a left-right asymmetry in the scat-
tered particle rate, whose initial rate of growth is propor-
tional to the EDM. False signals from, e.g., oscillating radial
magnetic fields in the ring will be mitigated by varying the
lattice parameters. This will change the systematic error am-
plitude, while leaving the EDM signal unchanged. Various
features of the ring design and bunches with opposite EDM
signals will be used to reduce the impact of other systematic
effects.

The expected very high observability of most of the field
imperfections in the experiment comes from the combina-
tion of gross amplification of the original perturbations in
the control bunches, and observation and correction of the
amplified parasitic growth of the vertical polarization com-
ponent. This growth is many orders of magnitude more sen-
sitive to ring imperfections than any other beam parameter.
Preliminary studies shows no unmanageable sources of sys-
tematic errors at the level of the expected statistical uncer-
tainty of 10~%°

There is currently great interest in EDM experiments be-
cause of their potential to find new physics complementary
to and even reaching beyond that which can be found at fu-
ture accelerators (LHC and beyond). The new approach de-
scribed here would be the most sensitive experiment for the
measurement of several possible sources of EDMs in nu-
cleons and nuclei for the foreseeable future, if systematic
uncertainties can be controlled.

e cm.

9.4 EDM of deformed nuclei: 22Ra

In the nuclear sector, the strongest EDM limits have been set
by cell measurements which restrict the EDM of 1*’Hg to
<2.1 x 10728 ¢ cm. A promising avenue for extending these
searches is to take advantage of the large enhancements in
the atomic EDM predicted for octupole deformed nuclei.
One such case is 225Ra, which is predicted to be two to three
orders of magnitude more sensitive to T-violating interac-
tions than 'Hg. The next generation EDM search around
laser-cooled and trapped 2?°Ra is being developed by the
Argon group. They have demonstrated transverse cooling,
Zeeman slowing, and capturing of 22Ra and 22°Ra atoms in
a magneto-optical trap (MOT). They have measured many
of the transition frequencies, life-times, hyperfine splittings
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and isotope shifts of the critical transitions. This new devel-
opment should enable them to launch a new generation of
nuclear EDM searches. The combination of optical trapping
and the use of octupole deformed nuclei should extend the
reach of a new EDM search by two orders of magnitude.
A non-zero EDM in diamagnetic atoms is expected to be
most sensitive to a chromo-electric induced EDM effect.
Radium-225 is an especially good case for the search of
the EDM because it has a relatively long life-time (¢1/, =
14.9 d), has spin 1/2 which eliminates systematic effects
due to electric quadrupole coupling, is available in rela-
tively large quantities from the decay of the long-lived 2> Th
(t1,2 = 7300 yr), and has a well-established octupole nature.
The octupole deformation enhances parity doubling of the
energy levels. For example, the sensitivity to T-odd, P-odd
effects in 2 Ra is expected to be a factor of approximately
400 larger than in '°?Hg, which has been used by previous
searches to set the lowest limit (<2 x 10728 ¢ cm) so far on
the atomic EDM. The 14.9-day half-life for >*Ra is suffi-
ciently long that measurements can be performed and sys-

Fig. 68 Atomic level structure

of radium-225 indicating the s
cycling transition at 714 nm and 7p'P°
the re-pump transition at
1428 nm. The values in boxes
indicate the relative transition IIL’E
probabilities
0.8 ms
6d 'D,

Lo

781§,

tematics can be checked without resorting to an accelerator-
based experiment. Nevertheless, if a >>>Ra beam facility
were available for this experiment, approximately a hundred
times more atoms could be produced which could have the
impact of improving the sensitivity by yet another order of
magnitude.

Laser cooling and trapping of *>Ra atoms was devel-
oped in preparation of an EDM search. The laser trap allows
one to collect and store the radioactive >>>Ra atoms that are
otherwise too rare to be used for the search with conven-
tional atomic-beam or vapor-cell type methods. Moreover,
an EDM measurement on atoms in a laser trap would bene-
fit from the advantages of high electric field, long coherence
time, and a negligible so-called “v x E” systematic effect.

The Argon group has demonstrated a magneto optical
trap (MOT) of Ra atoms by using the 7s% 'Sy — 7s7p
3 Py transition as the primary trapping transition, and 7s6d
3Dy — 7s7p ' Py as the re-pump transition (see Fig. 68).
They used a Ti:Sapphire ring laser system to generate the
714 nm light to excite the 752 18y — TsTp 3 P, transition.

Radium Atom

Tp P,

« Without repump, 2.5 x 10 cycles.
« With repump at 1428 nm, 3.5 x 107 cycles.

zuba & Flambaum, Oct 2006

@ Springer



158

Eur. Phys. J. C (2008) 57: 13-182

The primary leak channel from this two-level quasi-cycling
system is the decay from 757 p 3 Py to 7s6d 3 Dy, from which
the atoms were pumped back to the ground-level via the
756d 3Dy — 757p ! P; transition followed by a spontaneous
decay from 757 p ! Py back to the ground-level. The re-pump
was induced by laser light at 1428.6 nm generated by a diode
laser. This re-pump transition can be excited for an average
of 1400 times before the atom leaks to other metastable lev-
els. Therefore, with the re-pump in place, an atom can cycle
for an average of 3.5 x 107 times and stay in the MOT for
at least 30 s before it leaks to dark levels. Here the MOT
is used only to capture the atoms; the trapped atoms would
then be transferred to an optical dipole trap for storage and
measurement. They plan to achieve a life-time of 300 s in
the dipole trap.

The ultimate goal of the present series of measurements
is to provide a measurement that is comparable in sensitivity
to the atomic EDM experiment for '*Hg. Because of the
enhancement from the octupole deformation of 225Ra, the
measurement would then be more than two orders of mag-
nitude more sensitive to T-violating effects in the nucleus
than that of the '°°Hg experiment. The immediate goal over
the next two years is to provide an initial atomic EDM limit
of ~1 x 1072° ¢ cm. Thereafter, the plan is to improve the
experiment until the ultimate goal is achieved.

9.5 Electrons bound in atoms and molecules
9.5.1 Theoretical aspects

We discuss here permanent EDMs of diatomic molecules in-
duced by the EDM of the electron and by P- and T-odd e-N
neutral currents. In heavy molecules the effective electric
field Ecf on unpaired electron(s) is many orders of mag-
nitude higher than the external laboratory field required to
polarize the molecule. As a result, the EDM of such mole-
cules is strongly enhanced. The exact value of the enhance-
ment factor is very sensitive to relativistic effects and to elec-
tronic correlations. In recent years several methods to calcu-
late E.fr were suggested and reliable results were obtained
for a number of molecules.

The study of a non-relativistic electron in a stationary
state immediately leads to the zero energy shift 6 for an
atom in the external field E( induced by the electron EDM
d, = d,o. Indeed, the average acceleration (a) = 0, so the
average force —e(E) = 0. Therefore, de = —d, - (E) = 0.
This statement is known as Schiff theorem. In the relativis-
tic case, the position-dependence of the Lorentz contraction
of the electron EDM leads instead to a net overall atomic
EDM [1029]. Even though (E) = 0, it still can be (and in-
deed is) the case that (d, - E) # 0, if d, is not spatially uni-
form. Taking account of the fact that the length-contracted
value of d, is NOT spatially uniform for an electron inside
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the Coulomb field of an atom exactly reproduces the form
of the enhancement factor.

Reliable calculations of atomic energy shifts are easier
with the relativistic EDM Hamiltonian for the Dirac elec-
tron, which automatically turns to zero in the non-relativistic
approximation [1030]:

0 0 - 0 0
Hd:2de<0 U)-E=2d8<0 a)-Eim. (9.25)

This Hamiltonian is singular at the origin and we ne-
glected the external field Ey. Using (9.25) it is straightfor-
ward to show that the induced EDM of the heavy atom dy is
of the order of 10a?Z?3 d,, where Z is the number of protons
in the nucleus. If Z ~ 107 the atomic enhancement factor
kat = dat/d, ~ 103. This estimate holds for atoms with an
unpaired electron with j = % For higher angular momen-
tum j the centrifugal barrier strongly suppresses dy;.

Atomic EDM can be also induced by a scalar P, T-odd
e—N neutral current [1030]:

Hg = i%styoysn(r), (9.26)
where G is Fermi constant, y; are Dirac matrices, n(r) is
the nuclear density normalized to unity, and Zks = Zkg , +
Nks , is the dimensionless coupling constant for a nucleus
with Z protons and N neutrons. Atomic EDMs induced
by the interactions (9.25), (9.26) are obviously sensitive
to relativistic corrections to the wave function. Numerical
calculations also show their sensitivity to correlation ef-
fects. For example, the Dirac—Fock calculation for T1 gives
dt) = —1910d, while the final answer within all order many-
body perturbation theory is dr; = —585d, (see Ref. [1030]
for details). Note that the present limit on the electron EDM
follows from the experiment with T1 [186].

The internal electric field in a polar molecule, Eno ~
% ~10° V/cm, is 4-5 orders of magnitude larger than the
tyupical laboratory field in an atomic EDM experiment. This
field is directed along the molecular axis and is averaged to
zero by the rotation of the molecule. The molecular axis can
be polarized in the direction of the external electric field E.
One usually needs the field Eg ~ 10*V /cm to fully polarize
the heavy diatomic molecule. The corresponding molecular
enhancement factor is kol ~ kat X EELO‘” ~ 104kat.

For closed-shell molecules all electrons are coupled and
the net EDM is zero. Therefore one needs a molecule with
at least one unpaired electron. Such molecules have nonzero
projection §2 of electronic angular momentum on the mole-
cular axis. Again, as in the case of atoms, for the molecules
with one unpaired electron the largest enhancement corre-
sponds to 2 = % The centrifugal barrier leads to strong
suppression of the factor kyo for higher values of §2. On
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Table 27 Calculated values of parameters E.ff and Wg from (9.27) for diatomic molecules. The question marks reflect the uncertainty in the

knowledge of the ground state

Molecule State 2 Eer (10° V/cm) Ws (kHz) Ref.

BaF ground 1/2 —7.5+£0.8 —12+1 [1031, 1032]
YbF ground 1/2 —25+3 —44 5 [1032, 1033]
HgF ground 1/2 —100 £ 15 —190 £ 30 [1034]

HgH ground 1/2 -79 —144 [1034]

PbF ground 1/2 +29 +55 [1034]

PbO metastable 1 —26 [1035]

HI™ ground 3/2 —4 [1036]

PtH* ground (?) 3 20 [1037]

HfFT metastable (?) 1 24 [1038]

the other hand, such molecules can be polarized in a much
weaker external field.

For strong external field Ey the factor ko) depends on E
and it is more practical to define an effective electric field on
the electron Et so, that the P, T-odd energy shift for a fully
polarized molecule is equal to:

ep.1 = Eefide + 3 Wsks, (9.27)

where two terms correspond to interactions (9.25) and
(9.26). Calculated values of Ee¢ and Wy for a number of
molecules are listed in Table 27.

An EDM experiment is currently going on with YbF
molecules. This molecule has a ground state with £2 = %
The P, T-odd parameters (9.27) were calculated with differ-
ent methods by several groups, and estimates of the system-
atic uncertainty are available. Several other molecules and
molecular ions have been suggested for the search for elec-
tron EDM including PbO, PbF, HgH, and PtH*. PbF and
HgH have 2 = % and calculations are similar to the YbF
case. The ground state of PbO has closed shells and the ex-
periment is done on the metastable state with two unpaired
electrons and £2 = 1. Here electronic correlations are much
stronger and calculations are more difficult.

Finally, molecular ions like PtH™ are less studied and
even their ground states are not known exactly. It is antic-
ipated that such ions can be trapped and a long coherence
time for the EDM experiment can be achieved. Recently
the first estimates of the effective field for PtH™ and several
other molecular ions were reported [1037]. These estimates
are based on non-relativistic molecular calculations. Proper
relativistic molecular calculations for these ions may be ex-
tremely challenging.

9.5.2 Experimental aspects

Over a dozen different experiments searching for the elec-
tron electric dipole moment that are under way or planned

will be reviewed here. At present the experimental upper
limit on d, is [186]: |d.| < 1.6 x 10727 ¢ cm, where e is
the unit of electronic charge.

Most of this work is being done in small groups on uni-
versity campuses. These experiments employ a wide range
of technologies and conceptual approaches. Many of the lat-
est generation of experiments promise two or more orders of
magnitude improvement in statistical sensitivity, and most
have means to suppress systematic errors well beyond those
obtained in the previous generation.

To detect d,, most experiments rely on the energy shift
AE =—d, - E upon application of E to an electron. Un-
til recently, most experimental searches for d, used gas-
phase paramagnetic atoms or molecules and employed the
standard methods of atomic, molecular, and optical physics
(laser and rf spectroscopy, optical pumping, atomic and
molecular beams or vapor cells, etc.) in order to directly
measure the energy shift A E. Recently, another class of ex-
periments has been actively pursued, in which paramagnetic
atoms bound in a solid are studied. Here the principles are
rather different than for the gas-phase experiments, and tech-
niques are more similar to those used in condensed matter
physics (magnetization and electric polarization of macro-
scopic samples, cryogenic methods, etc.). We discuss these
two classes of experiments separately.

9.5.2.1 A simple model experiment using gas-phase atoms
or molecules Experimental searches for d, using gas-
phase atoms or molecules share many broad features. Each
consists of a state selector, where the initial spin state of
the system is prepared; an interaction interval in which the
system evolves for a time T in an electric field E (and of-
ten a magnetic field B || E as well); and a detector to de-
termine the final state of the spin. To understand the es-
sential features, we consider a simple model that is read-
ily adapted to describe most realistic experimental condi-
tions. In this model, an “atom” of spin 1/2 with enhance-
ment factor R, containing an unpaired electron with spin
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magnetic moment u and EDM d,. The spin is initially pre-
pared to lie along X, i.e., is in the eigenstate |x}) of spin
along X: o) = [x1) = %( 11). During the interaction in-

terval the spin precesses about E = €% and B = B, in the
xy plane, by angle 2¢ = —(d.RE + uB)t/h. At time T
the quantum state has then evolved to |V) = Lz(e;;"’)_ Fi-
nally, the detector measures the probability that the result-
ing spin state lies along y. This is determined by the over-
lap of the wave function |y) with | XJyr) = %(11). Hence
the signal S from N detected atoms observed in time 7 is
S = NI{(xz|1¥)* = N cos*¢.

The angle ¢ is the sum of a large term ¢y = —uBt/(2h)
and an extremely small term ¢ = —d,RE7T/(2h). To iso-
late ¢ one observes S for E and B both parallel and an-
tiparallel. Reversing E B changes the relative sign of ¢
and ¢, and thus changes S; the largest change in S occurs
by choosing B such that ¢1 = £m /4. With this choice, we
have S+ = S(E -BZ0) = N (1 £2¢7). The minimum uncer-
tainty in determination of the phase ¢; in time 7, due to shot
noise, is 8¢ = 4/1/N. If the experiment is repeated T/t
times for a total time of observation 7, the statistical uncer-
tainty in d, is 8d, = /1/No~/1/T t|h/Eett|, where we used
RE = Efr. In practice, other “technical” noise sources can
significantly increase this uncertainty, particularly fluctua-
tions in the magnetic field. Hence, careful magnetic shield-
ing is required in all EDM experiments.

9.5.2.2 Systematic errors The EDM is revealed by a term
in the signal proportional to a P, T-odd pseudoscalar such
as E - B. False terms of the same apparent form can ap-
pear even without P, T violation through a variety of exper-
imental imperfections. The most dangerous effects appear
when B depends on the sign of I_:J, which can occur in sev-
eral ways. For example, leakage currents flowing through
insulators separating the electric field electrodes can gener-
ate an undesired magnetic field By. Also, if the atoms or
molecules have a non-zero velocity v, a motional magnetic
field B ot = %fi X v exists in addition to the applied mag-
netic field B; along with various other imperfections in the
system, this effect can lead to systematic errors. A related
systematic effect involves geometric phases, which appear
if the direction of the quantization axis (often determined by
Bota1 = B + Bnyot) varies between the state selector and the
analyzer [1030].

A variety of approaches are employed to deal with these
and other systematics. Aside from leakage currents, most
systematics depend on a combination of two or more imper-
fections in the experiment (i.e. misaligned or stray fields);
these can be isolated by deliberately enhancing one im-
perfection and looking for a change in the EDM signal.
Some experiments utilize, in addition to the atoms of in-
terest, additional species as so-called “‘co-magnetometers”.
These co-magnetometer species (e.g., paramagnetic atoms
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with low R) are chosen to have negligible or small enhance-
ment factors, but retain sensitivity to magnetic systematics
such as those mentioned above.

In paramagnetic molecule experiments, issues with sys-
tematic effects are somewhat different. Here the ratio
Eeff/Eext 1s enhanced, and relative sensitivity to magnetic
systematics is correspondingly reduced. The E x v effect is
effectively eliminated by the large tensor Stark effect [1039]
typically found in molecular states. The saturation of the
molecular polarization | P| (and hence E¢r) leads to a well-
understood non-linear dependence of the EDM signal on
Eext that can discriminate against certain systematics. Con-
versely, the extreme electric polarizability leads to a variety
of new effects, such as a dependence of the magnetic mo-
ment u on Ee, and geometric phase induced systematic
errors related to variations in the direction of fEeX[.

9.5.2.3 Experiments with gas-phase atoms and molecules
e The Berkeley thallium atomic beam experiment

This experiment gives the best current limit on d,. In its
final version [186], two pairs of vertical counter-propagating
atomic beams, each consisting of Tl (Z = 81, Ry; = —585
[1040]) and Na (Z = 11, Rna = 0.32), were employed (see
Fig. 69). Spin alignment and rotation of the 6> P pF=1)
state of Tl and the 32S1/2(F =2, F = 1) states of Na were
accomplished, respectively, by laser optical pumping and by
atomic beam magnetic resonance with separated oscillating
rf fields of the Ramsey type. Detection was achieved via
alignment-sensitive laser induced fluorescence. In the inter-
action region, with length &1 meter, the side-by-side atomic
beams were exposed to nominally identical B fields, but
opposite E fields of ~120 kV/cm. This provided common-
mode rejection of magnetic noise and control of some sys-
tematic effects. Average thermal velocities corresponded to
an interaction time T ~ 2.3 ms (1 ms) for T1 (Na) atoms. Use
of counter-propagating atomic beams served to cancel all but
a very small remnant of the E x v effect. Various auxiliary
measurements, including use of Na as a co-magnetometer,
further reduced this remnant and isolated the geometric
phase effect. £ and leakage currents were measured using
auxiliary measurements based on the observable quadratic
Stark effect in TI. About 5.2 x 10! photo-electrons of signal
per up/down beam pair were collected by the fluorescence
detectors. The final result is d, = (6.9 £ 7.4) x 10728 ecm,
which yields the limit |d,| < 1.6 x 10727 ecm (90% conf.).
e Cesium vapor cell experiments

An experiment to search for d, in a vapor cell of Cs
(Z = 55; Rcs = 115 [1041]) was reported by L. Hunter
and co-workers [1042] at Amherst in 1989. The method is
being revisited in a present-day search by led by M. Ro-
malis at Princeton [1043]. The Ambherst experiment was
carried out with two glass cells, one stacked on the other
in the z direction. Nominally equal and opposite E fields
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Fig. 69 Schematic diagram of the Berkeley thallium experi-
ment [186], not to scale. Laser beams for state selection and analysis
at 590 nm (for Na) and 378 nm (for TI) are perpendicular to the page,
with indicated linear polarizations. The diagram shows the up-going
atomic beams active

were applied in the two cells. The cells were filled with
Cs, as well as N, buffer gas to minimize Cs spin relax-
ation. Circularly polarized laser beams, directed along x,
were used for spin polarization via optical pumping. Mag-
netic field components in all three directions were reduced
to less than 10~7 G. Thus precession of the atomic polar-
ization in the xy plane was nominally due to E alone. The
final spin orientation was monitored by a probe laser beam
directed along y. The effective interaction time was the spin
relaxation time 7 ~ 15 ms. The signals were the intensities
of the probe beams transmitted through each cell. A non-
zero EDM would have been indicated by a dependence of
these signals on the rotational invariant J - (o X fE)r, where
o, J were the pump and probe circular polarizations, re-
spectively. The most important sources of possible system-
atic error were leakage currents and imperfect reversal of E.
The result was d, = (—1.5+ 5.5+ 1.5) x 10720 ¢cm.

In the new experiment at Princeton, each cell also con-
tains '2Xe at high pressure. Cs polarization is transferred
to the 12°Xe nuclei by spin exchange collisions. Under cer-

tain conditions this coupling can also give rise to a self-
compensation mechanism, where slow changes in compo-
nents of magnetic field transverse to the initial polarization
axis are nearly canceled by interaction between the alkali
electron spin and the noble gas nuclear spin. This leaves only
a signal proportional to an anomalous interaction that does
not scale with the magnetic moments—for example, interac-
tion of d, with E¢¢. This mechanism (which is understood
in some detail [1044, 1045]) has the potential to reduce both
the effect of magnetic noise, and some systematic errors.

e Experiments with laser-cooled atoms

Laser-cooled atoms offer significant advantages for elec-
tron EDM searches. The low velocities of cold atoms yield
long interaction times, and also suppress E x v effects. How-
ever, these techniques typically yield small numbers of de-
tectable atoms, and magnetic noise must be controlled at
unprecedented levels. New systematics due to, e.g., electric
forces on atoms and/or perturbations due to trapping fields
(see e.g. [1046]) can appear.

Experiments based on atoms trapped in an optical lattice
have been proposed by a number of investigators [1047—
1049]. Two such experiments, similar in their design, are
currently being developed: one led by D.S. Weiss at Penn-
sylvania State University and another led by D. Heinzen at
the University of Texas. Both plan to use Cs atoms to de-
tect d,, along with Rb atoms (Z = 37, Rrp = 25) as a co-
magnetometer. The Texas apparatus consists of two side-by-
side far-off-resonance optical dipole traps, each in a vertical
1-D lattice configuration. These traps are placed in nomi-
nally equal and opposite E fields and a common B field of
several mG parallel to E. To load the atoms into the optical
lattice, cold atomic beams from 2D magneto-optical traps
exterior to the shields will be captured with optical molasses
between the E-field plates. The electric field plates will be
constructed from glass coated with a transparent, conductive
indium tin oxide layer.

We are aware of two other EDM experiments based on
laser-cooled atoms. One employing a slow “fountain”, in
which Cs atoms are launched upwards and then fall back
down due to gravity, has been proposed and developed by
H. Gould and co-workers at the Lawrence Berkeley Na-
tional Laboratory [1050]. Another, using 210, (t = 3.2min;
Z =87, Rp; = 1150), has been proposed and is being devel-
oped by a group at the Research Center of Nuclear Physics
(RCNP), Osaka University, Japan [1051].

e The YbF experiment

E.A. Hinds and co-workers [1052—1054] at Imperial Col-
lege, London have developed a molecular beam experi-
ment for investigation of d, using YbF. Figure 70 shows
the relevant energy level structure of the X 22172(v =0,
N =0) J = 1/2 ground state of a '"YbF molecule.
174Yp has nuclear spin Iyy = 0, while Ir = 1/2; hence the
J = 1/2 state has two hyperfine components, F' = 1 and
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170 MHz

£ R F=0

Fig. 70 Schematic diagram, not to scale, of the hyperfine structure
of the X2X electronic state of 17*YDbF in the lowest vibrational and
rotational level. A is the tensor Stark shift. § is the shift caused by the
combination of the Zeeman effect and the effect of d, in Eeg

F =0, separated by 170 MHz. An external electric field
Eext along Z with magnitude Ex; = 8.3 kV/cm corresponds
to Cefr &~ 13 GV/em [1033, 1052-1054], which splits the
F = 1,mr = %1 levels by 2d.Eg. In this external field,
the level F = 1, mg = 0 is shifted downward relative to
mpg = %1 by an amount A = 6.7 MHz due to the large tensor
Stark shift associated with the molecular electric dipole.

In the experiment, a cold beam of YbF molecules is gen-
erated by chemical reactions within a supersonic expan-
sion of Ar or Xe carrier gas. Laser optical pumping re-
moves all F = 1 state molecules, leaving only F = 0 re-
maining in the beam. Next, a 170 MHz rf magnetic field
along x excites molecules from F = 0 to the coherent su-
perposition |y) = ﬁF =1l,mp=1)+ \Lﬁu, —1). While
flying through the central interaction region of length 65 cm,
the beam is exposed to parallel electric and magnetic fields
(£&,+£B)z (B ~ 0.1 mGauss). Next, an rf field drives each
F =1 molecule back to F = 0. Because of the phase shift
2¢ developed in the central region, the final population of
F = 0 molecules is proportional to cos?¢. These F = 0
molecules are detected by laser induced fluorescence in the
probe region.

The most significant systematic errors in this experiment
are expected to arise from variation in the direction and
magnitude of E along the beam axis. If the direction of E
changes in an absolute sense, a geometric phase could be
generated, and if E changes relative to B, the magnetic pre-
cession phase ¢, proportional to I:iext -B/ |Eext|, could be
affected. A preliminary result of the YbF experiment [1052—
1054], published in 2002, is d, = (—0.243.2) x 1072 ¢ cm.
Many significant improvements have been made since 2002,
and it is likely that this experiment will yield a much more
precise result in the near future.

e The PbO experiment

A search for d, using the metastable a(1)3x; state of
PbO is being carried out at Yale [1055—-1057]. The a(1) state
has a relatively long natural life-time: t[a(1)] = 82(2) ps,
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and can be populated in large numbers using laser excitation
in a vapor cell. In this state, the level of total (rotational +
electronic) angular momentum J = 1 contains two closely-
spaced “§2 doublet” states of opposite parity, denoted as e~
and f*. An external electric field Eex; = Eexc? mixes e~
and f7 states with the same value of M, yielding molecu-
lar states with equal but opposite electrical polarization P.
The degree of polarization |P| ~ 1 for ¢ 2 10 V/iem.
When |P| =1 the effective molecular field is calculated to
be Ecff =26 GV /cm [1035]. The opposite molecular polar-
ization in the two §2-doublet levels leads to a sign difference
in the EDM-induced energy shift between these two levels.
This difference provides an excellent opportunity for effec-
tive control of systematic errors, since comparison of the en-
ergy shifts in the upper and lower states acts as an “internal
co-magnetometer” requiring only minor changes in experi-
mental parameters to monitor.

The Yale experiment is carried out in a cell contain-
ing PbO vapor, consisting of an alumina body supporting
top and bottom gold foil electrodes, and flat sapphire win-
dows on all 4 sides. The electric field Eext = EextZ 1S quite
uniform over a large cylindrical volume (diameter 5 cm,
height 4 cm), and is chosen in the range 30-90 V/cm. The
magnetic field B, is chosen in the range 50-200 mG. The
cell is enclosed in an oven mounted in a vacuum cham-
ber. At the operating temperature 700 C, the PbO density
is nppo ~ 4 x 103 cm—3.

A state with simultaneously well-defined spin and elec-
trical polarization is populated as follows. A pulsed laser
beam with z linear polarization excites the transition X[J =
07] = a(1)[J =17, M = 0]. (X is the electronic ground
state of PbO.) Following the laser pulse a Raman transi-
tion is driven by two microwave beams. The first, with x
linear polarization, excites the upward 28.2 GHz transition
a(D[J =17,M =0] - a(1)[J =2+, M = £1]. The sec-
ond, with z linear polarization and detuned to the red or blue
with respect to the first by 20-60 MHz, drives the downward
transition a(1)[J =27, M = £1] —» a(D[J =1, M = £1].
The net result is that about 50% of the J =17, M = 0 mole-
cules are transferred to a coherent superposition of M = +1
levels in a single desired §2-doublet component. The subse-
quent spin precession (due to € and B) is detected by ob-
serving the frequency of quantum beats in the fluorescence
that accompanies spontaneous decay to the X state. The sig-
nature of a non-zero EDM is a term in the quantum beat
frequency that is proportional to f*]ext - B and that changes
sign when one switches from one §2-doublet component to
the other.

The present experimental configuration is sufficient to
yield statistical uncertainty comparable to the present limit
on d, in a reasonable integration time of a few weeks. How-
ever, large improvements can be made in a next generation
of the experiment. In the new scheme, detection will be ac-
complished via absorption of a resonant microwave probe
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beam tuned to the 28.2 GHz transition described above.
With this method, the signal-to-noise ratio is linearly pro-
portional to the path length of the probe beam in the PbO va-
por. In a second generation experiment the cell can be made
~10 times longer than it is now, and the probe beam can
pass through the cell multiple times by using suitable mir-
rors. Improvements in sensitivity of up to a factor of 3000
over the current generation are envisioned.

e Other molecule experiments

E. Cornell and co-workers at the Joint Institute for Labo-
ratory Astrophysics (Boulder, Colorado) have proposed an
experiment [1058] to search for d, in the 3 A, electronic
state of the molecular ion HfFT. The premise is to take ad-
vantage of the long spin coherence times typical for trapped
ion experiments with atoms, along with the large effective
electric field acting on d, in a molecule. Preliminary cal-
culations [1036] suggest that the A state is a low-lying
metastable state with very small §2-doublet splittings; as in
PbO, this state could thus be polarized by small external
electric fields (<10 V/em) to yield Eegr ~ 18 GV /cm [1037].
To search for d,, electron-spin-resonance spectroscopy, us-
ing the Ramsey method, is to be performed in the presence
of rotating electric and magnetic fields. The electric field po-
larizes the ions and its rotation prevents them from being ac-
celerated out of the trap. As in PbO, use of both upper and
lower §2-doublet components will yield opposite signs of
the EDM signal, but nearly identical signals due to system-
atic effects. However, this experiment has the unique disad-
vantage that it is impossible to reverse the electric field: in
the laboratory frame it must always point inward toward the
trap center.

N. Shafer-Ray and co-workers at Oklahoma University
have proposed an experiment to search for d, in the ground
m /2 electronic state of PbF [1059, 1060]. The proposed
scheme is similar to the YbF experiment, and the value of
Eefr s also approximately the same as for YbF. The primary
advantage of PbF is that its electric field-dependent mag-
netic moment should vanish when a suitable, large external
electric field £g &~ 67 kV/cm is applied [1059, 1060]. This
could dramatically reduce magnetic field-related systematic
errors.

9.5.2.4 Experiments with solid-state samples Recently,
S. Lamoreaux [1061] revived an old idea of F. Shapiro
[1062] to search for d, by applying an electric field ]:Eext
to a solid sample with unpaired electron spins. If d, # 0,
at sufficiently low temperature the sample can acquire sig-
nificant spin-polarization and thus a detectable magnetiza-
tion along the axis of I:Zext. Lamoreaux pointed out that use
of modern magnetometric techniques and materials (such
as Gd3zGas01,: gadolinum gallium garnet, or GGG) could
yield impressive sensitivity to d.. GGG has a number of
attractive properties. Its resistivity is so high (>10'® Ohm-
cm for T < 77 K) that it can support large applied electric

fields (Eext ~ 10 kV/cm) with very small leakage currents.
Moreover, the ion of interest in GGG, Gd>t (Z = 64) has
a non-negligible enhancement factor [1063]. A complemen-
tary experiment is being done by L. Hunter and co-workers
[1064] at Amherst College. Here, a strong external magnetic
field is applied to the ferrimagnetic solid Gd3_, Y ,Fes01,
(gadolinium yttrium iron garnet, or GdYIG), thus caus-
ing substantial polarization of the Gd>* electron spins. If
d, # 0, this results in electric charge polarization of the
sample, and thus a voltage developed across the sample that
reverses with applied magnetic field.

The basic theoretical considerations that must be taken
into account to estimate the expected signals [1065] in these
solid-state experiments include the same types of calcula-
tions needed for free atoms. In addition, however, it is neces-
sary to construct models for the modification of atomic elec-
tron orbitals in the solid material, as well as the response of
the material to the EDM-induced perturbation of the heavy
paramagnetic atom. The results of the calculations are as fol-
lows. When all Gd spins are polarized in the GdIG sample,
the resulting macroscopic electric field across the sample is
&€=0.7 x 1071°(d, /10727 ecm) V/em. A similar calcula-
tion can be used to determine the degree of spin polarization
of GGG upon application of an external electric field [1061].
An externally applied electric field of 10 kV/cm yields an
effective electric field £&* = —AE/d, = 3.6 x 10° V/cm
acting on the EDM ([1065]; see also [1066]). The result-
ing magnetization M of the sample is simply related to
its magnetic susceptibility x: M = xdE* /g, where u, is
the magnetic moment of a Gd>* ion. Using the standard
expression for x(7') in a paramagnetic sample, one finds
M ~ 8nga(d.E*)/(kgT). Here kp is the Boltzmann con-
stant and T is the sample temperature. This yields a mag-
netic flux @ = 4w M S over an area S of an infinite flat sheet.
In a recent development [1066], Lamoreaux has pointed out
that this type of electrically induced spin polarization can be
amplified in a system that is super-paramagnetic, so that its
magnetic susceptibility x is extremely large. It appears that
GdIG (GdYIG with x = 0) has this property at sufficiently
low magnetic field. If so, the sensitivity of a magnetization
measurement in GdIG at 7 =4 K could be similar to that of
GGG at much lower temperatures, greatly simplifying the
required experimental techniques.

e The Indiana GGG experiment

C.Y. Liu of Indiana University has devised a prototype
experiment [1067, 1068] in which two GGG disks, 4 cm
in diameter and of thickness ~1 cm, are sandwiched be-
tween three planar electrodes. High voltages are applied so
that the electric fields in the top and bottom samples are in
the same direction. If d, # 0, a magnetic field similar to a
dipole field should be generated, and this is to be detected
by a flux pickup coil located in the central ground plane.
The latter is designed as a planar gradiometer with 3 con-
centric loops, arranged to sum up the returning flux and to
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reject common-mode magnetic fluctuations. As the electric
field polarization is modulated, the gradiometer detects the
changing flux and feeds it to a SQUID sensor. The entire
assembly is immersed in a liquid helium bath.

The EDM sensitivity of the prototype experiment is esti-
mated to be 8d, ~ 4 x 1072° ¢ cm. Although this falls short
of the ultimate desired sensitivity of 10730 ¢ cm, the proto-
type experiment is useful as a learning tool for solving some
basic technical problems. At Indiana, a second-generation
experiment is also being planned, which will operate at
much lower temperatures (*=10-15 mK), and will employ
lower-noise SQUID magnetometers. However, questions re-
main as to the nature of the magnetic susceptibility x of
GGG at such low temperatures.

Some thought has gone into possible systematic effects
in this system. Although crystals with inversion symmetry
such as GGG and GdIG should not exhibit a linear mag-
netoelectric effect [1069], crystal defects and substitutional
impurities can spoil this ideal. Furthermore a quadratic mag-
netoelectric effect does exist, and to avoid systematic errors
arising from it, good control of electric field reversal is re-
quired.

e The Amherst GdYIG experiment

GdYIG is ferrimagnetic, and both Gd3* ions and Fe lat-
tices contribute to its magnetization M. Their contributions
are generally of opposite sign, but at moderately low temper-
atures 7 the Fe component is roughly constant while the Gd
component changes rapidly with 7. There exists a “compen-
sation” temperature 7¢ where the Gd and Fe magnetizations
cancel each other, and the net magnetization M vanishes.
For T > Tc(< Tc), M is dominated by Fe (Gd). The Gd
contribution to M can be reduced by replacing some Gd**+
ions with non-magnetic Y. With x the average number of
Y ions per unit cell, (so that 3-x is the average number of Gd
ions per unit cell), the compensation temperature becomes
Tc =290 — 1153 — x)] K. This dependence of T¢ on x
is exploited in the Amherst GdYIG experiment. A toroidal
sample is employed, consisting of two half-toroids, each in
the shape of the letter C. One “C” has x = 1.35 with a cor-
responding 7¢ = 103 K. The other “C” has x = 1.8 with a
corresponding T¢ = 154 K. These are joined together with
copper foil electrodes at the interface. At 7 = 127 K, the
magnetizations of the 2 “C’s” are identical, but their Gd
magnetizations are nominally opposite. When a magnetic
field H is applied to the sample with a toroidal current coil,
all Gd spins are nominally oriented toward the same copper
electrode. Thus EDM signals from C; and C» add construc-
tively. However below 103 K (above 154 K) the Gd mag-
netization is parallel (antiparallel) to M in both C’s, which
results in cancellation of one EDM signal by the other. Data
are acquired by observing the voltage difference A (B) be-
tween the two foil electrodes for positive (negative) polar-
ity of the applied magnetic field H. An EDM should be re-
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vealed by the appearance of an asymmetry d = A — B that
has a specific temperature dependence, as described above.
A large spurious effect has been seen that mimics an
EDM signal when T < 180 K, but which deviates grossly
from expectations for 7 > 180 K. This effect, which is as-
sociated with a component of magnetization that does not
reverse with H, has so far frustrated efforts to realize the
full potential of the GAdYIG experiment. The best limit that
has been achieved so far is [1064]: d, <5 x 1072* ecm.

9.6 Muon EDM

The best direct upper limits for an electric dipole moment
(EDM) of the muon come from the experiments measur-
ing the muon anomalous magnetic moment (g — 2). The
CERN experiment obtained 1.1 x 10~1® ecm (95% C.L.)
[1020] and the preliminary limit from Brookhaven is 2.8 x
10719 ¢ cm [188]. Assuming lepton universality, the electron
EDM limit of d, < 2.2 x 10727 ¢ cm [186] can be scaled by
the electron to muon mass ratio, in order to obtain an indi-
rect limit of d, <5 X 10725 ecm. However, viable models
exist in which the simple linear mass scaling does not ap-
ply and the value for the muon EDM could be pushed up
to values in the 10722 ¢cm region (see, e.g., [846, 1070-
1072]). In order for experimental searches to become suffi-
ciently sensitive, dedicated efforts are needed. Several years
ago, a letter of intent for a dedicated experiment at JPARC
[1073] was presented, proposing a new sensitive “frozen
spin” method [1021, 1022]: The anomalous magnetic mo-
ment precession of the muon spin in a storage ring can be
compensated by the application of a radial electric field, thus
freezing the spin; a potential electric dipole moment would
lead to a rotation of the spin out of the orbital plane and thus
an observable up-down asymmetry which increases with
time. The projected sensitivity of the proposed experiment
(0.5 GeV/c muon momentum, 7 m ring radius) is 10724-
10~ e cm. Recently it has been pointed out that there is
no immediate advantage from working at high muon mo-
menta and a sensitive approach with a very compact setup
(125 MeV/c muon momentum, 0.42 m ring radius) was out-
lined [1024]. Already at an existing beam line, such as the
UE1 beam at PSI, a measurement with a sensitivity of bet-
ter than d,, ~ 5 x 10~23 ¢ cm within one year of data taking
appears feasible. The estimates for the sensitivity assume an
operation in a “one-muon-per-time” mode and the experi-
ment would appear to be statistically limited. With an im-
proved muon accumulation and injection scheme, the sensi-
tivity could be further increased [1074]. Thus the compact
storage ring approach at an existing facility could bring the
proof of principle for the frozen spin technique and cover
the next 3—4 orders of magnitude in experimental sensitivity
to a possible muon EDM.
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9.7 Muon g —2

In his famous 1928 paper [1075-1077] Dirac pointed out
that the interaction of an electron with external electric and
magnetic fields may have two extra terms where “the two
extra terms
eh eh
— H) +i — P, E), (9.28)
...when divided by the factor 2m can be regarded as the
additional potential energy of the electron due to its new de-
gree of freedom.” These terms represent the magnetic di-
pole (Dirac) moment and electric dipole moment interac-
tions with the external fields.

In modern notation, for the magnetic dipole moment of
the muon we have:

ie

iy [eFl (612)7/ﬂ + —Fz(qz)dﬂaqa]uu,

9.29
T 9.29)

where F1(0) =1, and F>(0) = a.

The magnetic dipole moment of a charged lepton can dif-
fer from its Dirac value (g = 2) for several reasons. Recall
that the proton’s g-value is 5.6 (a, = 1.79), a manifestation
of its quark-gluon internal structure. On the other hand, the
leptons appear to have no internal structure, and the mag-
netic dipole moments are thought to deviate from 2 through
radiative corrections, i.e. resulting from virtual particles
that couple to the lepton. We should emphasize that these
radiative corrections need not be limited to the standard
model particles. While the current experimental uncertainty
of 0.5 ppm on the muon anomaly is 770 times larger than
that on the electron anomaly [1078], the former is far more
sensitive to the effects of high mass scales. In the lowest or-
der diagram where mass effects appear, the contribution of
heavy virtual particles with mass M scales as (miepton/ M )2,
giving the muon a factor of (m,/ me)* 2~ 43000 increase in
sensitivity over the electron.

9.7.1 The standard model value of the anomalous magnetic
moment

The standard model value of a lepton’s anomalous magnetic
moment (the anomaly)

(8s —2)
2

ay =

has contributions from three different sets of radiative
processes: quantum electrodynamics (QED)—with loops
containing leptons (e, i, T) and photons; hadronic—with
hadrons in vacuum polarization loops; and weak—with
loops involving the bosons W, Z, and Higgs:

SM QED _i_a?adronic +aEveak~ (9.30)

ag =4y

The QED contribution has been calculated up to the lead-
ing five-loop corrections [1079]. The dominant “Schwinger
term” [1080, 1081] a® =q /27, is shown diagrammatically
in Fig. 71(a). Examples of the hadronic and weak contribu-
tions are given in Fig. 71(b)—(d).

The hadronic contribution cannot be calculated directly
from QCD, since the energy scale (m Mcz) is very low, al-
though Blum has performed a proof of principle calculation
on the lattice [1082—1084]. Fortunately, dispersion theory
gives a relationship between the vacuum polarization loop
and the cross section for eTe~ — hadrons,

amy, 2 [0 ds

a,(Had; 1) = | —— —K(s)R(s), (9.31)
3 am2 §?

where

R= atm(eJre_ — hadrons)/omt(e+e_ — ,u+,u_) 9.32)

and experimental data are used as input [1085, 1086].

The standard model value of the muon anomaly has re-
cently been reviewed [1085], and the latest values of the
contributions are given in Table 28. The sum of these con-
tributions, adding experimental and theoretical errors in
quadrature, gives

asM O = 11659 1785 (61) x 107", (9.33)

Yot Y
(@) (b)

Fig. 71 The Feynman graphs for: (a) lowest order QED (Schwinger)
term; (b) lowest order hadronic correction; (c¢) and (d) lowest order
electroweak terms. The * emphasizes that in the loop the muon is
off-shell. With the known limits on the Higgs mass, the contribution
from the single Higgs loop is negligible

Table 28 Standard model
contributions to the muon
anomalous magnetic dipole
moment, a, . All values are
taken from Ref. [1085]

QED

Hadronic (lowest order)
Hadronic (higher order)
Hadronic (light-by-light)

Electroweak

116584718.09 % 0.145100ps &= 0.084 %= 0.04magses x10~1
au[HVP(06)] = 6901 & 42exp £ 19194 = 7QCD x1071
a,[HVPh.0.] = —97.9 £ 0.9¢xp & 03154 x10~1!
a, [HLLS] = 110 £ 40 x10~H1
ay,[EW]=154+2+1 x10~H1
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which should be compared with the experimental world av-
erage [187]

a;® =11 659 2080 (63) x 1071 (9.34)

One finds Aa, =295(88) x 107!, a 3.40 difference. It is
clear that both the theoretical and the experimental uncer-
tainty should be reduced to clarify whether there is a true
discrepancy or a statistical fluctuation. We shall discuss po-
tential improvements to the experiment below.

9.7.2 Measurement of the magnetic dipole moment

The measured value of the muon anomaly has a 0.46 ppm
statistical uncertainty and a 0.28 ppm systematic uncer-
tainty, which are combined in quadrature to obtain the to-
tal error of 0.54 ppm. To significantly improve the measured
value, both errors must be reduced. We first discuss the ex-
perimental technique, and then the systematic errors.

In all but the first experiments by Garwin et al. [1087]
the measurement of the magnetic anomaly made use of the
spin rotation in a magnetic field relative to the momentum
rotation:

- qgB
wsz—z———(l—y)
m.ym
- B
e =-12, (9.35)
my
- .- g—2\qB qB
wg=ws—wc=—\|——)—=—a,—.
a 5 ¢ 2 m " om

A series of three beautiful experiments at CERN culminated
in a 7.3 ppm measure of a,,[1088]. In the third CERN exper-
iment, a new technique was developed based on the observa-
tion that electrostatic quadrupoles could be used for vertical

Fig. 72 The time spectrum of

focusing. With the velocity transverse to the magnetic field
(B - B =0), the spin precession formula becomes

- q - 1 ,5 x E
ot (o) 2]
For ymagic =29.3 (p = 3.09 GeV/c), the second term van-
ishes so w, becomes independent of the electric field and
the precise knowledge of the muon momentum. Also knowl-
edge of the muon trajectories to determine the average mag-
netic field becomes less critical, which reduces the uncer-
tainty in B.

This technique was used also in experiment E821 at the
Brookhaven National Laboratory Alternating Gradient Syn-
chrotron (AGS) [187, 1085]. The AGS proton beam is used
to produce a beam of pions that decay to muons in an 80 m
pion decay channel. Muons with ppmagic are brought into the
storage ring and stored using a fast muon kicker. Calorime-
ters, placed on the inner radius of the storage ring measure
both the energy and arrival time of the decay electrons. Since
the highest energy electrons are emitted antiparallel to the
muon spin the rate of high energy electrons is modulated by
the spin precession frequency:

(9.36)

N(t, Eq) = No(En)e "V T[1+ A(Ewm) cos(wat + ¢ (En))].

(9.37)

The time spectrum for electrons with £ > Ey = 1.8 GeV
is shown in [187] Fig. 72. The value of w, is obtained from
these data using the five parameter function (9.37) as a start-
ing point, but many additional small effects must be taken
into account [187, 1085].

The magnetic field is measured with nuclear magnetic
resonance (NMR) probes, and tied through calibration to the

4 Billion Positrons with E>2 GeV

10? positrons with energy & 7 A
greater than 1.8 GeV from the % 107 ~
Y2000 run. The endpoint energy g F ] 45-100 us
is 3.1 GeV. The time interval for £ 106 |
each of the diagonal “wiggles” é 100-200 us
is given on the right ° )
3 ¢ | 200-300
€10 .
=
z 1 300-400 ps
1075 400-500 pis
; % /| 500-600 s
3 AN y “
10 3 SRR ,'_“;‘v“ 'J"\,,',’H\/\r “\ M,
£ W /
] \v‘/ \,/ M g ‘ B » l*“', » M ! / Vo / {\ 600-700 s
1 V ‘/ w H/ i M M ” »;y
10 21 W ;" iy ,w “:' «' M\ w Fi
N WM\ %m W/ m iy W W ’\V 700-800 s
RARARAY" W‘v f W
1 800-850 yis
10 20 30 40 S0 60 70 80 90 100
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Larmor frequency of the free proton [187]. The anomaly is
determined from

_ wd/wop, R

C A—@g/wp A—-TR’

ay (9.38)
where the tilde on @, indicates that the measured muon
precession frequency has been adjusted for any necessary
(small) corrections, such as the pitch and radial electric field
corrections [1085], and A = 1,/ is the ratio of the muon
to proton magnetic moments.

9.7.3 An improved g — 2 experiment

One of the major features of an upgraded experiment would
be a substantially increased flux of muons into the storage
ring. The BNL beam [187] took forward muons from pion
decays, and selected muons 1.7% below the pion momen-
tum. With this scheme, approximately half of the injected
beam consisted of pions. An upgraded experiment would
need to quadruple the quadrupoles in the pion decay chan-
nel, to increase the beam line acceptance. To decrease the
hadron flash at injection one would need to go further away
from the pion momentum. Alternatively one could increase
the pion momentum to 5.32 GeV/c so that backward de-
cays would produce muons at the magic momentum. Then
the pion flash would be completely eliminated, which would
significantly reduce the systematic error from gain instabili-
ties.

The inflector magnet that permits the beam to enter the
storage ring undeflected would need to be replaced, since the
present model loses half of the beam through multiple scat-
tering in material across the beam channel. The fast muon
kicker would also need to be improved. With the significant
increase in beam, the detectors would have to be segmented,
new readout electronics would be needed, and a better mea-
sure of lost muons would also be needed.

To reduce the magnetic field systematic errors, significant
effort will be needed to improve on the tracking of the field
with time, and the calibration procedure used to tie the NMR
frequency in the probes to the free proton Larmor frequency
[187].

While there are technical issues to be resolved, the
present technique—magic y, electrostatic focusing, uniform
magnetic field—could be pushed to below 0.1 ppm. To go
further would probably require a new technique. One pos-
sibility discussed by Farley [1089] would be to use muons
at much higher energy, say 15 GeV, which would increase
the number of precessions that can be observed. The storage
ring would consist of a small number of discrete magnets
with uniform field and edge focusing and the field averaged
over the orbit would be independent of orbit radius (parti-
cle momentum). The averaged field could be calibrated by
injecting polarized protons and observing the proton g — 2
precession.
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