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1 Introduction

The driving force behind many of the extensions of the standard model (SM) has been the
hierarchy puzzle. However, there may be reasons that the fine tuning of quadratically large
contributions to the Higgs mass from very high momentum scales is acceptable (e.g., envi-
ronmental reasons). This motivates the consideration of simple extensions of the standard
model that do not address the hierarchy puzzle and do not introduce any additional fine
tunings of parameters.

The SM provides no understanding why there are three generations of chiral fermions
with masses that require weak symmetry breaking or why they only come in such simple
representations of the gauge group. Vector-like fermions can be much heavier than the SM
fermions, since their masses do not require weak symmetry breaking. For some choices of
quantum numbers, such vector-like fermions can Yukawa couple to SM fermions. Given
our lack of understanding of the number of generations and their quantum numbers, it
seems worthwhile exploring the possibility that vector-like fermions exist. Of course, their
masses may all be much larger than the weak scale, but it is not unreasonable that one such
vector-like representation has a mass light enough that it can influence the next generation



of flavor physics experiments. This motivates a study of extensions of the standard model
with additional fermions that reside in a single vector-like representation of the SM gauge
group with a mass M. (For some earlier studies of such models, see, e.g., refs. [1-10].)
We focus on vector-like fermions that can have Yukawa couplings involving the Higgs field
and the SM fermions. This allows them to influence flavor physics. There are several
such models. These models have been studied in the literature previously, but here we
consider all such models and compare the patterns of deviations from the SM they would
give rise to. These models predict a very specific pattern for the contributions of beyond
the standard model (BSM) physics to AF = 1 flavor-changing neutral-current (FCNC)
processes compared to AF = 2 neutral meson mixings. For large masses M the dominant
order 1/(4wM)? contribution to the coefficients of the four-quark operators responsible
for neutral meson mixing arise at one loop, and are not suppressed by SM quark masses
and/or weak mixing angles. We compute this contribution to meson mixing in the 7 models
that involve strongly interacting vector-like fermions. In addition to considering AF =1
and AF = 2 flavor-changing neutral-current processes, we also briefly discuss violations of
lepton universality and unitarity of the CKM matrix that arises from the corrections to
the W boson couplings in these models.

The light neutrino masses play no role in our analysis so we take the SM to contain
massless left-handed neutrinos. We are most interested in experiments that have reach in
vector-like fermion mass of more than ~ 10 TeV when the Yukawa coupling constants of
the vector-like fermions to the standard model fermions are around unity. For such masses,
effects originating from the non-unitarity of the 3 x 3 CKM matrix can be neglected.

If the new fermion is in a real representation it can have a Majorana mass term which
does not require a helicity partner in the spectrum. In that case, unless the Majorana
mass is very large or the Yukawa coupling of the new neutral fermion to the SM neutrinos
is very small, a SM neutrino gets an unacceptably large mass. Hence we do not consider
models where the additional fermions come in a real representation of the gauge group.!

ATLAS and CMS have searched for strongly interacting vector-like fermions contained
in several of the models discussed below [11-15]. The bounds from the Run 1 data con-
strain the masses of vector-like quarks typically at about the M > 800 GeV level. These
constraints come from the pair production of the vector-like fermions via their gauge cou-
plings, and are (essentially) independent of the Yukawa couplings, which are the focus of
this paper.

In section 2 we describe the models, section 3 explores the constraints from measure-
ments both in the lepton and quark sectors, and section 4 contains our conclusions.

2 The models

There are 11 renormalizable models with vector-like fermions in complex representations
of the standard model gauge group, where the vector-like fermions have renormalizable
Yukawa couplings to the SM fermions through the Higgs doublet.

!There are two cases of this type. New fermions with SM quantum numbers (1,1,0) and (1, 3,0).



Models I and II have SU(2)y, singlet, £, and SU(2), triplet, T¢, vector-like fermions.
Their SU(3)c x SU(2)r, x U(1)y quantum numbers are (1,1, —1) and (1,3, —1). These
vector-like fermions Yukawa couple through the Higgs field to the SM left-handed lepton
doublets L.

Model IIT has vector-like fermions, ¢, with same gauge quantum numbers as the SM
left-handed doublets, (1,2, —1/2). They Yukawa couple to the SM right-handed charged
lepton fields e%;. Model IV contains vector-like fermions, [, with (1,2, —3/2) gauge quantum
numbers, and they also Yukawa couple to e’é.

Models V and VI contain vector-like fermions D and U with the same quantum
numbers as the SM right-handed down and up-type quarks, (3,1,—1/3) and (3,1,2/3).
They Yukawa couple to the SM left-handed quark doublets QiL. Models VII and VIII are
similar with vector-like SU(2), triplet fermions Ty and 7T, with gauge quantum numbers
(3,3,—1/3) and (3, 1,2/3) respectively.

There are three more models where the vector-like fermions Yukawa couple to the SM
right-handed up-type, u’}é and down-type d’é quarks. In Model IX the vector-like fermions
Guq have the same quantum numbers as the SM left-handed quark doublets, (3,2,1/6). In
this case the new vector-like quark doublet couples to both uﬁé and d}é. Model X has a
vector-like quark doublet ¢, with quantum numbers (3,2, 7/6) that Yukawa couple through
the Higgs doublet to the right-handed up-type quarks. Model XI has a vector-like quark
doublet g4 with quantum numbers (3,2, —5/6) that Yukawa couples to the right-handed
down-type quarks.

2.1 Lagrangians

The new terms in the Lagrange density which are added to the SM Lagrange density are:

Model T (1,1,-1): Lpsy = E (il) — M) E — ()\iERHTLiL + h.c.) , (2.1)
Model IT (1,3,~1) : Lpsy = Tr [T, (i) = M) T.] = (NH' TerLiy + he.) . (22)
Model 11T (1,2, —1/2) : Lpsn = £ (ilp — M) £ — (AiééHTEL + h.c.) , (2.3)
Model IV (1,2, -3/2) : Lpsm =1 (i) — M) 1 — (\egH elr, + h.c.), (2.4)
Model V (3,1,—1/3) : Lpsy =D (i) — M) D — (AiDRHTQiL + h.c.) , (2.5)
Model VI (3,1,2/3): Lpsm =U (i) — M) U — (NURH € Q' + h.c.), (2.6)
Model VII (3,3, ~1/3) : Lpsy = Tr [Ty (il) — M) Ty] — ()\ZHT TirQ} + h.c.> .27
Model VIII (3,3,2/3) : Losy = Tr [T, (i) — M) T,] — (NH e Tur Qi + he), (2.8)
Model IX (3,2,1/6) : Lesm = Gud (i) — M) qua
— (\WYaRH e uap + NV dgH quar, + hec.),  (2.9)
Model X (3,2,7/6) : Lpsy = au (i) = M) g — (NapH qur + hc.) (2.10)
Model XI (3,2,~5/6) : Lpsm = qa (il) — M) qa — (NdxH € qar, + h.c.) . (2.11)



Here the SU(2) triplets T, T,, and T, are represented by the two-by-two matrices

(T4 N2 T _ (T2 T,
fe= < T _Tl/\/§> ’ fe= < To _Tl/\/§> ’ (212)

T, = T_1/3/\/§ T2/3 ’ Td _ T_113/\/§ 7T—4/3 ’ (213)
T g3 —To1/3/V2 Tys  —T-1/3/V2

T _ To/3/V2 Ty 7o Tz/_?,/\@ f—1/3 (2.14)
T 13 —Ty3/V2 )’ Tsys  —Toys/vV2 )’

where the subscripts denote the charges of the fermions.
It is important to note that there are no new one-loop contributions to the ordinary
lepton and quark mass matrices of the form
AfAj v
Mhis ™ g2

where v ~ 174 GeV is the Higgs vacuum expectation value. This is due to the approximate

(2.15)

chiral symmetry, e.g., e% — e elé in Model I, which is only broken by the SM Yukawa
couplings. This prevents such contributions to the light fermion mass matrix. So the
A" couplings can be order unity without the need for a cancellation in the SM fermion
mass matrix.

The BSM effects caused by the vector-like fermions vanish as their mass M — oc.
We are interested in very large M, greater than 10 TeV, and it is flavor-changing neutral-
current processes that are sensitive to such BSM physics. In the SM, flavor-changing
neutral currents are suppressed by small weak mixing angles and small SM quark or lepton
masses. Furthermore, they do not occur at tree level. Since the neutrino masses are very
small, charged lepton flavor violation in the SM is negligibly small. In the quark sector,
despite their suppression, flavor-changing neutral-current processes that change flavor by
one (AF = 1, eg., K* — 77vp) and by two (AF = 2, e.g., K* — K* mixing) have
been observed.

In the limit where the SM Yukawa couplings vanish, the SM has a U(3)g x U(3)y, x
U(3)a, x U3)r x U(3), flavor symmetry. This symmetry forbids flavor-changing neutral
currents. However in Models I-XI, even when the SM quark and lepton Yukawas are
zero, the terms in the Lagrange density proportional to the Yukawa couplings A; break
that symmetry. That pattern of flavor symmetry breaking can be characterized using the
spurion method. For example in Model V the BSM terms in the Lagrange density involving
A; are not invariant under the U(3) transformations Q) — V(Qp)i; QJL (repeated flavor
indices are summed). However, if the A; also transform as A; — V(Qr);;A;, then the U(3)q
symmetry is restored. This means that in Model V one-loop BSM physics associated with
the high mass scale M generates meson mixing through a term in the effective Lagrangian

of the form,
MNNAEN | =4 L~
Lidon ~ ity (@nQL) (Q47QL), (2.16)
and similarly for the other models. These corrections are not suppressed by small quark

masses and /or mixing angles, and we have not found expressions for them in the literature.



(We take the BSM Yukawa couplings A; to be of order unity.) They are computed for
Models V-XI in section 3.2.4. Corrections to meson mixing of order \;A7 /(4w M )2 that are
also suppressed by weak mixing angles and/or quark masses were considered for Model V
in ref. [16].

2.2 New interactions with gauge bosons

The new BSM contribution to the Z coupling and to the W arise at tree level, after
integrating out the heavy fermion(s). They can be obtained ether by calculating Feynman
diagrams or by diagonalizing the 4 x 4 fermion mass matrices as was discussed in ref. [17].
Here we explicitly show how to obtain the BSM contributions to the Z couplings for
Model I. (The same method can be applied to the other models.)
After electroweak symmetry breaking, the mass matrix in charged lepton sector be-
comes,
Loe = =t M4 el + he., (2.17)

where roman capital indices A and B go over {0, 1,2,3}, é is defined by é = (E, ¢!, e?,e3)T,

and
M 0 0 O

Tvme 0 0
Asv 0 mea O
)\§U 0 0 Me3

M = (2.18)

Here we assumed, without loss of generality, that the charged lepton fields eiL (i.e., the
lower components of the doublets LlL) are eigenstates of the charged lepton mass matrix
in the SM (i.e., in the A; — 0 limit). This matrix is diagonalized by the 4 x 4 unitary
transformations VLé’ R

ér=VirérLr, (2.19)

where the prime denotes a mass eigenstate field. So

VEMEVE = MGag - (2.20)
Up to corrections suppressed by (v/M)?
1 Av/M dv/M Asv/M
Vi :i;?% (1) (1) 8 . VE=1lpu. (2.21)
—Ajv/M 0 0 1

Consequently the masses of the charged leptons in the SM part of the Lagrangian are
approximately equal to the charged lepton masses, and the vector mass parameter M is
approximately the heavy vector-like lepton mass.

The Z boson coupling is,

1 = é é N
£ = —g27, |5 ¢ (VD aor" (Vi Dos e + ... (2.22)



where the ellipses denote terms not containing the matrix VLé. Here g7 = /g7 + g3 and
g1,2 are the gauge couplings of U(1)y and SU(2)z, respectively. There is some ambiguity in
how the terms are organized since VLé is unitary. We have written the Z couplings involving
V£ so that the order (v/M)? corrections to the SM Z couplings to the charged leptons can
be read off using the order (v/M) terms in V{ that we have explicitly calculated. From
this it follows (removing the hats and primes) that the BSM couplings of the Z boson to
the light mass eigenstate charged leptons are,

MmN .

Model 1+ £ = =3 (P22 ) ¢y 06, 2, (2.23)
— 9z

17]

with myz being the Z boson mass. For simplicity, hereafter we remove the primes used to
specify the mass eigenstate fields.

In the same way, the new Z couplings to the quarks and charged leptons are obtained
for the other models. (The 4 x 4 unitary matrices are given in appendix A.) The results are

MmN\ o
Model IT : 51(328)1\/[ =— Z <2172J]\TZ2Z> erytel Z,,, (2.24)
Aaxm\
Model IT: L{Z =Y ( p i ) eyl 7, (2.25)
T A
z’j
)\i)\’fm2 . .
Model IV : L =~ < ng1\4 22) erylel. Z,, . (2.26)
X

Note that in Models IIT and IV the BSM tree-level Z couplings differ only by an overall sign.
Similarly for hadronic models,

MmZ\ - ,
Model Vi Ly =~ (g;}\?j) div ' d 2, (2.27)
i
MAamZ\ . .
Model VI : L',](gZS)M = Z <;Z]J\Z;Z> uy vty Zy, (2.28)
iy
ANz N DDy
Model IX : &) = — L T giamd LT T2 G el Nz (2,29
BSM ZZJ: g7 M2 RV UR g7 M2 RY AR | 4pu ( )
ANmZ\
Model X : Ligy = ( gsz 22) iy 7, (2.30)
i
)\i)\*-mQ _. .
Model XI: L =~ < p JM2Z ) Aoy dy 2, . (2.31)
- A
Z7‘7

So far, we have worked in the mass eigenstate basis most convenient for expressing the
Z couplings. For example, in Model V we have worked in a basis where in the A\; — 0 limit
the down-type quarks in the Lagrangian are mass eigenstates, while in Model VI we have
worked in the basis where the down-type quarks in the Lagrangian are mass eigenstate. In



Model IX the couplings A correspond to the down quark mass eigenstate basis and the
couplings A®) are in the up-quark mass eigenstate basis.

In case of vector-like triplets, i.e., Models VII and VIII, it is not possible to choose a
basis where the CKM matrix, V, is absent from the Z couplings.? Choosing the up-type
quarks in the Lagrange density to be mass eigenstates (in the A\; — 0 limit) implies for
Model VII,

Model VII: LiQ =~ <WmQZ> (agwuﬂ' 41 > APVt Vi dZ)Z . (2.32)
- gZM2 L 9 ot mi J 1Y

Similarly, in Model VIII the result is
(2) )‘;k)‘Jm2Z 1 —i ] my T o n
Model VIIT: Lygy, = > o) g+ N APV A Vindt ) Z, . (2.33)

i7j m,n
We can transform these Z couplings to the basis where the down-type quarks are mass

eigenstates in the A\; — 0 limit by redefining the couplings \; — >, )\kaTZ.. In this basis
egs. (2.32) and (2.33) become

A m? 1
Model VIL: Ly, =~y < kel > (Z Wy Vi " Viul + 5 dzn“c&) Zy, (2.34)

2
g\ 9zM
and
. r(2) A:)\JmQZ 1 ~m wysT.n 7i )
Model VIII : ‘CBSM = — Z W 5 ZUL sz’}/ ‘/jnuL + dL"}’ dL Z/J . (235)
ivj m,n

There are corrections to the W boson couplings as well. We write the couplings of
the W-bosons to the left-handed light lepton and quark mass eigenstates in terms of 3 x 3
matrices X and Y as,3

£ = By (5 a1 Xy el | = 2wt [ag Yy df | + he.. (2.36)
v2 o v2 !

In the SM limit, X is the inverse of the PMNS matrix and Y is the CKM matrix. Because
of the mixing with the vector-like leptons in the extensions of the SM discussed in this
paper, X and Y are no longer unitary matrices. It is straightforward to express X and
Y in terms of the components of the 4 x 4 diagonalization matrices V7 g in the various
models.

In this paper we focus on violations of lepton universality and violations of unitarity
of the CKM matrix. For that purpose we compute the quantities.

Ry = (XXT>kk = 3 XX (2.37)
j=1,2,3

Sim = (YYT)lm S IR 7 57% (2.38)
j=1,2,3

2More precisely, the unitary matrix V is the CKM matrix in the \; — 0 limit.
3There are also right-handed currents in some of the models.



at quadratic order in (v?/M?), neglecting terms of higher order. We find in the models
with vector-like leptons that

2

v
Model I: Ry, ~1— |A,€|2W, (2.39)
1 2
Model IT: Ry, ~ 1 — <2])\k|2 + N2 = AP, — AW:) % , (2.40)
Models TIT,TV : Ry ~1. (2.41)

In Model II we have worked in a basis where the charged leptons é/ are mass eigenstates
in the SM part of the charged lepton mass matrix and so )\3 = Y ; AiUij, where U is the
PMNS matrix.

In the models with vector-like quarks (neglecting the off diagonal elements of the
CKM matrix)

2
Models V, VI : Sy & S — A?Am% : (2.42)
Models VIT, VITT : Spn 2= i + ~AFA s (2.43)
' S A R Ve
Models IX, X, XI : Spn = 6 . (2.44)

At this order in the v?/M? expansion, T}, = (YTY)lm = Si.

3 Experimental constraints

For leptonic-extension models, i.e., Models [-IV, the constraints from p — e conversion,
p — 3e and 7 — 3e are important. They are induced by the tree-level Z couplings, which
we derived in the previous section. On the other hand, for hadronic-extension models, i.e.,
Models V-XI, meson mixing, such as K~ K° and D° - D°, are induced at one-loop level.
In addition, AF = 1 FCNC processes, such as K — wvi, K — putu~, Bs — (0™, etc.,
are induced at tree level. We will derive effective Hamiltonians which are relevant for these
processes and discuss the current experimental bounds, as well as future prospects. (For
some recent studies of constraints on some of these models, see, e.g., refs. [18-20].)

For upper bounds on lepton flavor violating processes we quote bounds at 90% CL,
as do most experiments, whereas for other measurements we quote the 1o limits that are
approximately 84% CL as one-sided bounds for Gaussian distributions.

3.1 Leptonic models

The flavor violating tree-level couplings in egs. (2.23)—(2.26) give BSM tree-level contribu-
tions to the flavor-changing neural-current processes; for example, in the muon sector, to
the © — 3e rate and muon conversion to an electron in the presence of a nucleus. The
amplitudes for these processes are both proportional to the same combination of param-
eters A;\3/M?. The flavor diagonal terms in eqs. (2.23)—(2.26) give rise to violations of
universality in lepton couplings to the Z. For typical couplings A these are not as sensitive



to large values of M as the flavor-changing charged lepton neutral currents are. Note that
in these models the radiative decay u — ey does not arise at tree level, only at one loop.

Let us first discuss u — e conversion in the presence of a nucleus. It is among the most
powerful probes of charged lepton flavor violation beyond the standard model. The p~
conversion rate to an e~ in the presence of a nucleus N is usually quoted as a branching
ratio normalized to the SM weak interaction, =N — v, N’ capture rate. At present
the most stringent bound is Br(uz — e conv. in Au) < 7 x 10713 at the 90% C.L. [21].
Future experiments will have a dramatically improved sensitivity to a branching ratio
Br(u — e conv. in Al) ~ 10716 [22, 23].

The reach, in mass scale for new physics, of the next generation charged lepton flavor
violation (CLFV) experiments that search for u to e conversion on Al and for the radiative
decay p — ey was discussed in ref. [24]. They assume an effective Lagrangian of the form,

S Bpyper (@ ur +dpytdy) + he., (3.1)

_ v K
Lorpy = ( 5 Brouw P er, + [CESE

_ M
k+1)A
and present the reach of these experiments in the xk— A plane. For x > 1 the limit on A from
conversion on gold is close to 1 x 103 TeV while future planned experiments for conversion
on aluminum are sensitive to A ~ 7.2 x 103 TeV. In Models I-IV the weak radiative decay
proceeds at the one-loop level and so indeed k > 1. Taking into account left-handed and
right-handed quark currents which couple to Z boson, the relations between A and the

vector-like lepton mass M in Models a = I, I, III, and IV are

A2 z 1N
M(@:A{m(;ge' 231| [(zsinQGW—l)AJrQH : (3.2)

with nglm = 217le26 = 17&1223 = ngng =1 and Z, A are atomic number, mass number of

a nucleus, respectively. To obtain this expression we used the vector part in the quark
current, neglecting the axial current. For Models III and IV, the right-handed lepton
current occurs but it gives the same contribution to the rate as the left-handed one. On
gold and aluminum eq. (3.2) implies that,

M) = 0310 e Dada], MY = 0.28A /5 Ao, (3.3)

We obtain from figure 2 of ref. [24] that a future branching ratio limit Br(u— e conv. in Al)

< 10710 will imply A > 7.2x10% TeV for large x, yielding M /4/ nffie [AoA1| > 2.0x103 TeV.
The current limit on p — e conversion in Au implies that A > 9.5 x 10?2 TeV [24], which
according to eq. (3.3) implies the limits,

M@ > /0% |AgA1] x 2.9 x 102 TeV . (3.4)

Charged lepton flavor violation is also constrained by the muon decay u — 3e and
similar 7 decays. In the models a = {I, I, III, IV} the rates for these processes normalized
to a leptonic weak decay mode are,

[(e" — elelel) nga) A2
L(et — vier,) 8G2 M* '

(3.5)



and
(el — ejekék) B néa) |)\,~/\j|2

‘ : = 3.6
I(e! — vier.) 8G% M* (36)
For the decays where the leptons in the final state are all of the same type,
I II 111
) =ani” =2k} +wh, om =kl 42k, (3.7)
where r7, = —1/2+sin? 0y and kg = sin? Oy, and Oy is the Weinberg angle. Numerically:

779) ~ (.20, ngn) ~ (0.049 and n%HI) = ngw) ~ (.18. For the decays where two types of

leptons occur in the final state,

1
nél) _ ﬁém) _ 7751\/) - 77§H) _ 77751) ' (3.9)

Numerically; 7751) = ném) = 7751\/) ~ (.13 and ngn) ~ 0.031. The 90% CL experimental
limit, Br(u — 3e) < 1.0 x 10712 [25] implies in Model I that M/\/[A1X2] > 1.2 x 10% TeV.
While the limits Br(t — 3u) < 2.1 x 107® and Br(7 — 3e) < 2.7 x 1078 [26] imply in
Model I that M/+/|AaAsg| > 6.2 TeV and M/\/|A\1A3] > 5.8 TeV. The limits on the rates
for the 7 decay channels 7 — peé and 7 — euf give slightly weaker limits because the 79’s
are smaller than the n;’s.

The Mu3e experiment expects to reach in the absence of a signal the 90% CL limit,
Br(p — 3e) < 4x 10716 [27], yielding in Model I, M/+/|A\1X2| > 8.2x 102 TeV. The Belle 11
sensitivities for 7 decays to three charged leptons are estimated at the few times 10719 level,
and several channels will give comparable sensitivity. The bounds Br(7 — 3e) < 4 x 10719
and Br(r — 3p) < 4 x 10710 [28] would yield in Model I, M/\/|A\12)3] > 17 TeV.

Competitive constraints to the above processes also arise from the upper bounds on
the 7 — emr, 7 — um, 7 — ep, and 7 — up branching ratios. The vector-like fermions
generate
(a) P> md

F(T — eiﬂ') =13 M4 m T (39)

where 1 = 1,2, 7]:(31) = 477§H) = néHI) = nélv) = 1, that is, nz(,)a) = néa)/(m% + k%), and we
neglected m?2 /m2. Similarly,

I(r = eip) = @ AgAif2 (m2 —m2)% (m2 + 2m2)
’ s M4 256 T m3

(1 —2sin® oy)” /2. (3.10)

Of the current 90% CL experimental limits [29-31] the strongest bounds arise from Br(7 —
em) < 2.2 x 1078, which implies M/\/|A\1A3] > 7.0TeV in Model I, and Br(t — up) <
1.2 x 1078, which implies M/+/|A2A3] > 7.4 TeV in Model I. The bounds from 7 — ep and
T — pm are only slightly weaker.

Concerning future sensitivity, the expected Belle II limits are [28],

Br(r — en) <4.0x 1071 Br(r — pr) <49 x 10710,
Br(t = ep) <3.1x 107, Br(r — pp) <2.0x 10710, (3.11)

~10 -



These imply that the strongest expected bounds in Model I will be M/+/|\1Ag] > 19 TeV
from 7 — em, and M/\/|X2A3| > 21 TeV from 7 — up. The expected sensitivities of the
other channels are only slightly weaker, thus we can have high confidence in the experi-
mental reach, but not in which channel will give the best bounds.

For generic BSM Yukawa couplings, A, the reach for new physics is much greater for
experiments that search for charged lepton flavor violation than those that seek violation
of lepton universality. However, it is possible for non-generic \’s that the violations of
universality are more important. We close this section by briefly commenting on the
implications of the powerful constraint on e-y charged current universality coming from
pion decay 7" — e"0(v), uT(y). The latest experimental result gives g./g, = 0.9996 +
0.0012 [32] where g., are the charged-current couplings of e and .t In Models I-1V,
ge/ 9y = \/R1/R2, which implies, for example, in Model I that,

M > /][22 = |A\1[?| x 4.4 TeV. (3.12)

It should be possible to improve this bound by a factor of two in the future. Tau decay,
on the other hand, gives constraints on other charged-current couplings, such as g-/g, =
1.0011 £ 0.0015 [31], which yields, e.g., in Model I,

M > /][22 = |A3]?| x 6.2 TeV. (3.13)

To constrain Models V-XI, FCNC processes in the quark sector are most important. (For

3.2 Hadronic models

a recent study of Z-mediated FCNC effects, see, e.g., ref. [35].) We focus on leptonic
and semileptonic decays and neutral meson mixing. In these models, constraints from
nonleptonic decays are weaker.

3.2.1 Meson decays involving a v pair

For kaon decays involving a neutrino-antineutrino pair, such as K — 7 v, the effective
Hamiltonian is

H=c Z(gL’YudL)(DiL'YMViL) +d, Z(ER’YMC[R)(EL’Y”V@'L) (3.14)

Cuv,v _ _ Cy,A _ _
=5 > (Fvud) (B vie) + - > (s d) (T vir) (3.15)

7 7

where in the second line of eq. (3.14) the subscripts V, A on the coefficients refer to the
fact that these coefficients are for the vector and axial quark currents and ¢,y = ¢, + ¢,
cyA = ¢, —¢y. (See appendix B.) Only the vector part of the quark current contributes to
this process. In the SM ¢/, = 0 and at NNLO, |c,(js‘1>/[)] = ]cl(,SM)\ ~ 1/(89TeV)?, with a few
percent uncertainty [36-40]. The hadronic models modify ¢, additively. Obviously in this
case it is convenient to work in the basis where the down-type quarks are mass eigenstates.®

“The constraint from Kaon decay [33, 34] is weaker.

5Going forward, for different processes we work in whatever basis makes the theoretical expressions
simplest. This means that the A\ parameters are not always the same, but are linearly related through the
CKM matrix.
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The tree-level Z exchange BSM contributions to the coefficient ¢,y in models a ={V, VII,

VIII, IX, XI} have magnitude
@ _ (a) [MA2]

v =Mza Shpz - (3.16)
where for the FCNC down-type BSM contributions
\% VII VIII IX XI
77(Zd) = 277(Zd )= 77(Zd )= (Zd) = 77(Zd) =1 (3.17)

Note that for Model IX it is the A(4)’s that occur in this expression. Models VI and X do
not contribute to this process through tree-level Z exchange.
The uncertainty of the SM prediction, Br®M)(K+ — #tup) = (7.8 £0.8) x 10711,

is dominated by that of c,(jsy ), and not by its relation to the measured rate. Hence, the

measurement Br(K+ — 7vi) = (1.741.1) x 10719 [41] implies 0.8 < |1 +c,(/a{),/c,(js‘1>/[)‘2 <
3.6.6 In figure 1 the blue-shaded region shows the 1o allowed region in the parameter

space of M/\/ngg |[A1A2] and & = arg (c,(ja‘)//c,(jsy)) If the BSM contribution is aligned
(constructive interference) with the SM, we find

M@ > /5 | A1 Ag| x 66 TeV . (3.18)

This is not a bound in the strict sense. Anti-alignment, § ~ 7, is possible for lower values of
M. But it is more indicative of the new physics reach, since a larger region in ¢ is allowed
for values of M satisfying eq. (3.18).

The upcoming 10% measurement of Br(K+ — 7T vv), if consistent with the SM, would
result in the (1o) constraint 0.9 < |1+cl(,?‘)//cf‘l>/[) ‘2
physics to about 2.8 x 102 TeV. This is shown as the red-shaded region in figure 1. Again

< 1.1, improving the sensitivity to BSM

we emphasize, as is clear from figure 1, that quoting the weakest possible bound would not
give the most useful impression of the scale sensitivity, as a solution around c(Va‘)/ = —201(,5‘1)/[ )

always remains, corresponding to a relatively low new physics scale. A 3o deviation from
the SM is possible for M(“)/\/n% A Aa| < 1.7 x 102 TeV.

For the similar 3rd-2nd generation transition mediated by b — svv, the SM prediction
for the coefficient of the operator obtained from eq. (3.14) by d — s and 5 — b replacements
is ’CI(/S‘1>/I )] ~ 1/(9.8 TeV)? [42]. This process has not been observed yet, and the best current
bound, Br(B — Kvi) < 1.6 x 1075, is about 4 times the SM prediction [43]. This yields

for new physics aligned with the SM contribution, M@ > \/n(ZCg [A2As| x 6.9TeV. In
case the new physics is anti-aligned, interfering destructively with the SM contribution,
M@ >y 77% |A2A3] x 4.0 TeV. If the rate is at the SM level, Belle II expects to measure
Br(B — K*vv) with about 30% uncertainty [28],” increasing the probed mass scales to

about 19 TeV (a 3o signal possible for M(a)/\/n% |A2A3] < 11 TeV).
For B — 7w, Belle II expects to reach a sensitivity at the 1 x 107> level [28], which

will provide weaker bounds than B — 7™/~ in the models considered in this paper.

SDespite the stated uncertainty, the probability that all 7 observed events were due to background was
quoted as 0.001 [41].

TAt the SM level, B — Kuvi is expected to get large backgrounds from B — K*vi [28]. While
Br(B — Kvv) depends only on C4,, Br(B — K"vp) also depends on C_,, slightly complicating the
analysis.
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M [TeV]
Figure 1. Constraints from K+ — 7twi on vector-like fermions in the M / 77Zd |[A1 2| vs.
6 = arg( () / c(S )). The currently allowed 1o region is blue-shaded, corresponding to 0.8 <

|1 + c(a) ,(,V)|2 < 3.6, whereas a future 10% measurement in agreement with the SM, 0.9 <
‘1 +c, V/ (SM) 2 1.1, would constrain M and J to the red-shaded region.

3.2.2 Meson decays to an £1£~ pair

The effective Hamiltonian differs from eq. (3.14) in that the coupling to the £T¢~ pair can
either be left- or right-handed. We write the effective Hamiltonian as

H=Y (Qi+da)), (3.19)

i=9,10

where up to normalization the conventional choice of operator basis is

Qo = (bryusr)(I4*0), Qo = (bryusr)(*0),
Q10 = (bryust)(ly*vsl) Q10 = (brYuSR) (" v50) (3.20)

with obvious replacements for b — d or s — d decays. We use the notation ¢; and ¢
to emphasize that these are dimensionful couplings, containing all terms multiplying the
four-fermion operators @; in eq. (3.20).

For Bs — putu~ the SM gives |c§(S)M)| ~ 1/(17TeV)? and |c/1(gM)| ~ (. The amplitude
for B; — ptp™ is proportional to ¢19.4 = ¢10 — ). In the models with vector-like fermions
the BSM contributions to the coefficients c19, 4 in models a = {V, VII, VIII, IX, XI} have
magnitude

NON0 [ A2
10A Zd 4M2 ?

(3.21)

and the 174 coefficients are the same as in eq. (3.17). The LHCb-CMS combination of their
measurements, Br(Bs — ptp~) = (2.870%) x 1072, is quoted as the SM prediction times
0. 76"'8 %(8) [44]. The lo range of the measured B —> ,u Tu~ rate is slightly outside the SM
and corresponds to the region, 0.96 > |1 + c10 A / c10 |2 > 0.58. The allowed one and two
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M [TeV]

Figure 2. Constraints from B, — ptu~ on vector-like fermions in the M/ n(Zag [A2A3] vs. §
parameter space. The angle delta is defined in a similar way as in figure 1. The blue-shaded region
is allowed at 1o (indicating the mild tension with the SM), and the green-shaded region shows 20.

sigma regions of BSM parameter space are plotted in figure 2 using variables very similar
to figure 1. If the BSM contribution is destructive (at 1o),

M@ > \/n | AgAg| x 18 TeV . (3.22)

A future 10% measurement [45, 46] would increase this sensitivity to ~40TeV. Again we
note that eq. (3.22) is not a true bound on M but rather is meant to give a feeling for the
reach in M of current experimental data on this decay mode. There is a tuned region of

BSM parameter space near c%) a4/ cggl\@ = —2 that corresponds to a lower value of M.

For By — ptp~ the SM prediction is \c&%ﬁ” ~ 1/(37TeV)2. The LHCb-CMS combina-
tion, Br(Bg — ptu) = (3.9719) x 10719 is quoted as the SM prediction times 3.771% [44].
If the new contribution is constructive to the SM, then

M@ > /0l A Ag] x 16 TeV . (3.23)

Accommodating the current central value would require M@/ \/77(2‘2 [AzA1| =~ 19TeV. In
the HL-LHC era, this measurement will reach an uncertainty around 20% of the SM pre-
diction [45, 46], increasing the mass reach to above 60 TeV.

The extraction of the short-distance part of the measured rate Br(Kyp — putp~) =
(6.84 4 0.11) x 10~? [47] is subject to considerable uncertainties. The estimate Br(K —
ptp)sp < 2.5 x 1079 [48] is about 3 times the SM short-distance rate which follows from
]c%\f{A =1/(1.8 x 10? TeV)2. If the BSM component is aligned with the SM, we find

M@ > \/n) [Re(A1A5)] x 100 TeV . (3.24)

Unlike the bound from K+ — 7w, the prospect of improving this is not good, and the
uncertainties are greater.
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Recently LHCb established a strong bound Br(D? — putp~) < 6.2 x 1072 at 90%
CL [49], which is well above the SM level. In Models VI-X,

Br(D° — putpu) = Ml g, 12 21— 4m2 /m? (3.25)
wrpT) ="Tpo i 1987 Dmpmy my,/my, .

VI VII VIII IX X
) =non ) = 2noi = pfX) =l = 1. (3.26)

For Models VII and VIII we used the basis in egs. (2.32) and (2.33). Using fp =

0.209 GeV [50], we obtain
M@ > /08 X Ag| x 3.9TeV . (3.27)

It is possible that in the HL-LHC era the experimental bound will improve by a factor of
~ 20 [51].

where

3.2.3 Semileptonic decays to £1£~ pairs

The bounds on K7 — 7°¢*¢~ are about an order of magnitude above the SM expectation,
so the resulting constraints are weaker than those obtained from K — wvv and K; —
+ —
B
LHCD recently measured Br(Bt — 77 utp~) = (2.340.6) x 1078 [52], consistent with
the SM prediction quoted as (2.0 £ 0.2) x 1078, This was the first FCNC b — d decay
observed (other than B; mixing). Requiring that the SM rate is not enhanced by more
than 50% by new physics, using appendix B, we find

M@ > /S 1A Ag] x 30 TeV . (3.28)

This bound is slightly stronger that that from By — p*u~, moreover, the current BT —
7t uT u~ measurement only used 0.9/fb data. As the measurement gets more precise, a ded-
icated analysis of BT — 7t u* ™, possibly considering [dT'(B* — 7w utp~)/d¢?/[d(B —
7/v)/dq?] to reduce theoretical uncertainties, is warranted.

The analysis of B — Ku'u~ is very similar to Bt — 7wt u™p™, while B — K*utu~ is
more complicated and does not give better bounds. Averaged over ¢ = e, u, HFAG quotes
Br(B — K¢t¢7) = (4.8 4+ 0.4) x 1077 [31]. The experimental uncertainty is smaller than
the theoretical one (due to the form factors). Demanding a less than 30% modification of

the SM rate, we find M@ > \/77% |A2A3] x 17 TeV. This happens to be very close to the
bound in eq. (3.22), but the prospects of improving that are better.

The inclusive decay rate Br(B — X (T¢7) = (5.0 & 0.6) x 107% [31] depends in the
models we consider on |cg|? + |ch|? and |c10]® + |cjp|?. In Models IX and XI, there is
no interference between the SM and the new physics contributions, so the constraints
are weak. We follow ref. [53], which studied the rates in the low- and high-¢? regions
and found that for the SM value of ¢y the constraint on c1g in Models V, VII, and VIII is

0.88 < 1+c%)/c§%M) < 1.17 (at 10). Here it is assumed that c%)/cggM) is real. This implies

M@ > [l | xx] % 21 TeV . (3.29)
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In the up-quark sector, LHCb established a bound Br(D* — 7t utu~) < 7.3x 1078 at

90% CL [54], removing regions of m,,+,- with resonance contributions. We find that this

bound is weaker on the models considergd in this paper than the one from Br(D® — ptu™),
and the latter is also theoretically cleaner.

For FCNC top decays, CMS has set the best bound so far, Br(t — ¢Z) < 5x 10~% [55]
at 95% CL (where ¢ = ¢, u, corresponding to i = 2,1 below, respectively). Comparing to

the dominant ¢ — bW rate, in models VI-X,

L(t = qZ) _ 250 AsAil> mé
T(t—>boW) gk MY

(3.30)

For Models VII and VIII we used again the basis in eqs. (2.32) and (2.33). We find
M@ ngl) |A3Ai| > 0.96 TeV. The HL-LHC is expected to reach sensitivity at the 1075

u

level [56], which will improve this bound to about 2.3 TeV. However, the direct (and
A-independent) searches are comparably sensitive, and are expected to remain to be so.

3.2.4 Neutral meson mixing

Since the new fermions interact with the Higgs field and the ordinary light quarks via
Yukawa, couplings, meson mixing, such as K%~ K% DY-D° or B~ B9 is induced. The
effective Hamiltonian for these processes contains dimension-six four-quark operators with
coeflicients of mass dimension —2. At tree level, through Z exchange, the coefficients are
of the form ~ ()\i)\;f)QUQ /M*. However, coefficients of order ()\i)\;k*)2 /(47 M)? are generated
at one loop that are not CKM and/or quark-mass suppressed. For large M, these one-loop
matching contributions are more important than tree-level Z exchange. Furthermore, they
are independent of the Higgs vacuum expectation value, v, and arise from short distances
~ 1/M. They can be calculated in the symmetric phase and come from box diagrams with
virtual scalars and the heavy vector-like fermions in the loop; see figure 3. The resulting
effective Lagrangians are,

r@ @ (/\f)\j)z[

meson ~Imix 128712 M2 Z (alzvkl PYN‘/JE ulL) (ﬂ?}vmz fyﬂ‘/jtluz) + ( ﬁLf)/l/‘dJL) ( ZL’Y“d]L):|

klmn
+ h.c., (3.31)
L), = —W(%WU]L) (ﬂZL’Y“U]L)+W ( ZL’YMGVL> ( ZLV“dJL)Jrh-C-,
(3.32)
(AiX%)? » N ,
ﬁr(rﬁ)son = —m (UR’YMU%> (mw“u}z) + h.c., (3.33)
(AiX%)? - . . .
£I(I)1EEIS)OH = —WQJMQ ( R%dﬁ) ( Rvudﬁ) + h.c, (3.34)
with 771(22( = nI(IX)I() =1and ngg(l) = nI(rX)I(II) = 5/4. In the Lagrangians for Models V-VIII the

down-type quarks are the SM mass eigenstates. For the remaining models the quark fields
occurring both in their Lagrangians and in the effective Lagrangians for meson mixing can
be taken to be SM mass eigenstates.
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Figure 3. Diagrams contributing to K and D mixing in Model V.

The operators above are renormalized with the subtraction point at the scale M. They
can be related through a QCD correction factor £ to scale invariant operators whose matrix
elements can be evaluated using lattice QCD. So we write

(Pl(qz.r) " a1.r)°|1P) = *ﬁépfz%m%7 (3.35)

where Bp does not depend on subtraction point. For K mixing, fx = 156 MeV and
By ~0.76. In that case the QCD correction factor, &, is given in the leading logarithmic
approximation [57] by

e= |2 )r/m [“S(m”rm [“s(m”)rm (o)) ~ [as (MO (3.36)

as(mt) U (mb) Us (MO)
The scale pp does not affect any physical results. For 10 TeV < M < 100 TeV, £ ~ 0.5,
and this value is approximately the same for mixing in the K, D, and By, systems. We
use the lattice QCD averages from ref. [50], and Bp = BF(S GeV)/[os(3GeV)]F/? ~ 1.0
from a recent calculation of BF(S GeV) [58].
In the case of kaon mixing, we demand the new physics contribution to the real part of

M2 to be less than 40% of the experimental value of Amy [59]. We take the 1o uncertainty
on the determination of e€x in the SM to be 25% (reading off the bound hx < 0.35 from
ref. [60]). For all the (hadronic) models, except Model X, this results in the constraint

M@ > max [42 \/nfgi{( IRe(A2A})2|, 6.7 x 107 \/mmx [Tm(ApA})? |] TeV. (3.37)

(Note that the 90% CL constraint from e is only slightly weaker, replacing 6.7 x 102 TeV
by 6.3 x 102TeV.) In the future, the ey constraint is expected to improve by about
V2.4 [60], replacing 6.7 x 102TeV by 1.0 x 103 TeV in eq. (3.37). Improvement in the
real part is contingent upon lattice QCD calculations of the long-distance contributions to
Amp; reaching % precision would replace 42 TeV in eq. (3.37) by 260 TeV /{/x.

In B; s meson mixing, the new physics contribution is conventionally parametrized as
Mldés = (Mldz’S)SM X (l—i—hd,s ezi"de). Until recently, the bounds on real (20 = 0, mod 7, that
is MFV-like) and imaginary (20 = /2, mod 7) new physics contributions have been quite
different [61, 62]. This is no longer the case [60], and since we are most interested in physics
reach, we simply quote the limits on the absolute values of the new physics contribution.
In By, mixing, hg < 0.3 and hs < 0.2 [60] yield in all models except Model X, using
fB, = 188MeV, fp, = 226 MeV, Bp, = 1.27, Bp, = 1.33 [50],

M@ >\ /pl% g2 x25Tev, M@ > /n9 |Aghg)? x 6.4TeV. (3.38)
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(For the imaginary part in By mixing, 25 TeV should be replaced by 31 TeV, which is a
smaller dependence on the phase of new physics than those ignored for AF = 1 FCNC
IX) — o »&D — 1 and for Model IX it is
the A(4’s that occur in the constraints. In the next decade these limits will improve to
hqg < 0.05 and hg < 0.04 [60], which will replace 25 TeV by 61 TeV and 6.4 TeV by 14 TeV
in eq. (3.38).

The mixing of D mesons is probably dominated by long-distance physics. Thus, we

transitions earlier.) In the above constraints ;- ix

can only require that the new physics contribution does not exceed the measurement, i.e.,
Amp/T'p < 0.006 [31]. (The significance of Amp # 0 is less than 20, so we use the upper
bound of the 1o region. We do not distinguish between imaginary and real contributions to
Mo relative to the SM; the bounds on the mass scale may differ by a factor ~ 2, depending
on the value of Amp.) In contrast to above, the @) couplings occur in the constraint
for Model IX. Furthermore, in this case we choose the up-type quarks to be the SM mass
eigenstate fields, so the factors of the CKM matrix move to the terms with the down-type
quarks. Then D mixing implies for all models except Model XI,

M@ >/l 30 |2 x 48 TeV | (3.39)

where now ngi)( = 1. Note that for Models V-VIII the constraint from D mixing is slightly
stronger than from the real part of K mixing. However, the constraints are actually a
little different since the A’s in egs. (3.38) and in (3.39) are not the same. They are linearly
related through the CKM matrix. The future evolution of this bound is uncertain. While
Belle II expects to measure Amp/I'p with an uncertainty of 0.001 [28], the central value
will matter for the bounds on new physics, and therefore we do not assume that this bound

will improve.

3.2.5 Unitarity of the CKM matrix

The CKM matrix is not unitary in the extensions of the SM we are considering. The
strongest constraints on violations of unitarity come form the first row and first column of
the CKM matrix [47]

S11 =0.9999 + 0.0006 and 77; = 1.000 £ 0.004. (3.40)

In the models with vector-like quarks both of these constraints involve the same combina-
tion of couplings and we find

M@ > |\ 0l x 7.8 TeV, (3.41)
where in 771(1}1/) = 175}1/1) = 77&/11) = 2778?11) =1 and nl(llnx) = Th(l}é) = 77851) = 0. For the second
row we have the constraint

Soo = 1.002 + 0.027, (3.42)
which yields

M@ > x|/ 7l x 1.1 TeV. (3.43)
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4 Conclusions

There are 11 renormalizable models that add to the SM vector-like fermions in a single
(complex) representation of the gauge group that can Yukawa couple to the SM fermions
through the Higgs field. These BSM fermions can have a mass M that is much greater than
the weak scale, since they have a mass term even in the absence of weak symmetry breaking.
However, unlike BSM scalars, such fermions are technically natural. These models are a
class of very simple extensions of the SM that do not worsen the SM hierarchy puzzle.

The masses of these vector-like fermions can take any value, up to the ultraviolet cutoff
(~ Mpy), and so there is no particular reason that they should be in a region that can be
probed experimentally. However, there are many such models and it is not unreasonable
that one of them has vector-like fermions with masses in the experimentally testable range.

We considered the experimental constraints from flavor physics on the mass of these
vector-like fermions to get a feel for the mass reach that the present experiments have for
this class of models. We are primarily interested in very heavy vector-like fermions, say,
with masses greater than 10 TeV. Hence it is flavor-changing neutral-current processes that
provide the most important constraints. However, we also discussed violations of lepton
universality and CKM matrix unitarity.

An important feature of these models is that for large M the BSM contribution to
meson mixing is either suppressed by a loop factor (~ 1/1672%) or a factor of m?%/M?
compared to processes that change flavor by one unit and are dominated by tree level
through flavor-changing Z exchange. This implies that, except for the case of the kaon C'P
violation parameter ex, the constraints on M from meson mixing are not overwhelmingly
strong. We computed the order 1/(4wM)? one-loop contribution to the coefficients of the
four-quark operators responsible for meson mixing that is not suppressed by SM quark
masses or weak mixing angles.

We are interested in a rough assessment of the experimental reach. The strongest
current bounds on the vector-like fermion masses and couplings in each of the 11 models
studied in this paper are summarized in table 1. We display bounds which are above or
will get near the 10 TeV level in the near future. Muon to electron conversion in a nucleus,
it — 3e, the kaon C P-violating parameter e, and Kj, — u™p~ are sensitive to vector-like
fermion masses = 100 TeV (for Yukawa couplings with magnitude unity). However, it is
important to remember that the couplings A; may have a flavor structure that suppresses
these contributions relative to those involving the third generation.

We summarize the expected future sensitivity in table 2, where we only display sen-
sitivities near or above 10TeV. The Mu2e constraint will be improved dramatically in
the next generation of experiments [22, 23]. The measured K™ — w7 vi branching ratio
corresponds to a mass reach around 70 TeV, which will increase substantially as the next
generation experiments reach an uncertainty at about 10% of the SM rate, especially since
the current central value is above the SM prediction (which has very small theoretical
uncertainty). The improvement in the Amg bound is entirely dependent on lattice QCD
calculations, as discussed after eq. (3.37). The By and D mixing sensitivities will be im-
proved by Belle IT and LHCb. These experiments, and CMS and ATLAS, will also probe
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Model Quantum Present bounds on M/TeV and A\;\; for each ij pair
numbers ij =12 i =13 1j = 23
I (1,1,-1) 310¢ 7.0 7.4¢
II (1,3,-1) 220 4.9 5.2¢
ar - (1,2,-1/2) 310¢ 7.0 7.4¢
vV (1,2,-3/2) 310¢ 7.0 7.4¢
AF=1 AF=2 |AF=1 AF=2|AF=1 AF=2
\Y% (3,1,—1/3) | 667 [100]¢ {42, 670}/ | 309 25" 21 6.47
VI (3,1,2/3) 3.9% {42, 670}/ — 25" — 6.47
VII  (3,3,—-1/3) | 47¢ [71]® {47,750}/ | 219 28" 15¢ 7.2
VIIT  (3,3,2/3) | 66 [100]° {47, 750}/ | 309 28" 21 7.2
IX A(®) 3.9k 67" — 35" — 9.19
(3,2,1/6) .
IX A4 } 664 [100]¢ {59, 950} | 309 35" 18™ 9.1
X (3,2,7/6) 3.9% 48! — — — —
XI  (3,2-5/6) | 669 [100]° {42, 670}/ | 309 25" 8™ 6.47

Table 1. Bounds from flavor-changing neutral currents on M [TeV]/+/|A;A;| in the leptonic models,
and from the AF = 1 constraints on the hadronic models. The AF = 2 bounds show M/\/|\;\;|?,
except for K meson mixing we show {M/\/\Re()\i)\;)% M/ \/|Im()\i)\;f)2\ }. The strongest bounds
arise from: a) p to e conversion; b) 7 — em; ¢) T — pp; d) K — wvv; e) K — pTp~ (this bound
involves |Re(A1A5)|); f) K mixing; g) B — wutu™; h) By mixing; i) B — X070~ ; j) B, mixing;
k) D — ptp~; 1) D mixing; m) Bs — ptu”.

FCNC By, D, and 7 decays much better than current bounds. The future sensitivities in
table 2 correspond to estimated 50/ab Belle II [28] and 50/fb LHCb [45] sensitivities and
CMS/ATLAS reach in rare decays on the same time scale. Compared to table 1, a greater
number of the best bounds will come from purely leptonic rather than semileptonic decays.
The sensitivities in table 2 may be realized in ~ 10 years.
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Model Quantum Future bounds on M/TeV and A;A; for each ij pair
numbers ij =12 ij =13 ij =23
I (1,1,-1) 2000 19° 21¢
11 (1,3,—1) 1400¢ 13° 15¢
nr - (1,2,-1/2) 20002 19 21¢
IV (1,2,-3/2) 2000 19 21¢
AF=1 AF=2 |AF=1 AF=2|AF=1 AF=2
A% (3,1,—-1/3) | 280 {100, 1000}¢ | 60f 619 39h 14¢
VI (3,1,2/3) 8.37 {100, 1000}¢ — 619 — 14
VII  (3,3,—-1/3) | 200¢ {110, 1100}¢ | 42/ 689 28" 16
VIII  (3,3,2/3) 280¢ {110, 1100}¢ | 60/ 689 39" 16
IX A 8.3 67" — 869 — 20
(3,2,1/6) .
IX (@) 2804 {140, 1400} | 60/ 869 39" 20°
X (3,2,7/6) 8.37 48k — — — —
XI  (3,2-5/6) | 280¢ {100, 1000}¢ | 60/ 619 39" 14

Table 2. Expected future bounds from flavor-changing neutral currents on M [TeV]/1/|A;\;] in the
leptonic models, and from the AF = 1 constraints on the hadronic models. The AF = 2 bounds

show M/+\/|\i\;|?, except for K meson mixing we show {M/\/|Re()\i)\;)2|, M/\/|Im()\7;)\;f)2| b
The bounds are from: a) p to e conversion; b) 7 — em; ¢) 7 — pp; d) K — wvo; e) K mixing; f)
By — pTp~; g) Bg mixing; h) Bs — ptpT; i) Bs mixing; j) D — pTp7; k) D mixing.

A Diagonalizing matrix

Here we summarize the 4 x 4 diagonalizing matrices in the 11 models. Terms of order
(v/M)? and higher are not explicitly displayed.

Model I :

Model 1T :

Model III :

Model TV :

Model V :

Model VI :

& 1 )\Z'U/M
VL: 3
—)\?U/M 13><3
Vé— 1 7>\1U/\/§M
B\ \o/vem I3x3 ’
VE=14xa,
VE=14xa,
VdA_ 1 )\ZU/M
L — )
*)\TU/M 13><3
5 1 —Nv/M
V= oMY
)\;(’U/M 13><3

- 21 —

VE=

VE=

Vi

laxa,

laxa,

1

—\Nv/M

-

Aiv/M

13x3

)

Vi

Vi

Vit

1

=14x4,

=14x4,

()\ZU/M 13><3

Ao /M

)



Model VII :

Model VIII :

Model IX :

Model X :

Model XTI :

= ( Aew/M A1Z£]3W> ’ Vi =Lixa (&7)

IO

Vi =14x4, Vi= (-)\Z(“}U/M )\Eul)z?{M> , (A1)

Vi=Lixs vi= ( LAy M) (A12)
’ Ao/ 15 )

Vi =1axa, Vi= (Awl/M _Als ZQ M > . (A13)

Vi =14xa, V= (Aivl/M _A13 ZQ M > L (A1)

Finally, there are tree-level mass splittings among the heavy fermions, except for the

SU(2)1, singlet models, due to electroweak symmetry breaking. The results are

Model 1T :
Model III :
Model 1V :

Model VII :
Model VIII :
Model IX :

Model X :

Model XTI :

In each model AM =

M,1/3:M+AM,

Mo=M+AM ,

My=M,
M_1=M+AM,
Myjs=M+AM,
Myj3=M

M2/3:M,1/3:M+AM,
Ms)3=M,

(v2/2M) ¥, [Nif2.

M_1=M+AM/2,
M_j=M+AM,
M_y=M,

M71/3:M+AM/2,

M2/3:M+AM/2,

MQ/SZM—{—AM,

M,4/3:M.

B Numerical inputs and Wilson coefficients

M_o=M,

(A.15)

(A.16)

(A.17)
M_y;3=M, (A.18)
M_y;3=M+AM, (A.19)
(A.20)

(A.21)

(A.22)

We collect in this appendix expressions used to derive bounds on vector-like fermions

from flavor-changing neutral-current processes, to facilitate easier comparison with and

reproduction of our numerical results. Our goal in this paper is to study the sensitivities of

many processes, so leading or next-to leading order results suffice. (For most processes the

state of the art is one or two orders higher.) In many cases we ignore the SM uncertainties,

when we know that they are subdominant effects.
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We adopt for the numerical values of the coupling constants a(my) = 1/133, sin? fy =
0.23, gz = 0.73. For the top quark mass we use m(m;) = 165 GeV, obtained from the
one-loop relation from the m; = 173 GeV (presumed) pole mass, extracted from fits to ¢
production at the Tevatron and the LHC.

The SM Wilson coefficients are as follows. For KT — 7 ;1 [36-40]

(SM) _ C(SM) _ \/§GF04

G |ViVeaX (20) + VAVaA Po(X) | (B.1)

7 sin? Oy

where z; = m?/m¥,, A = 0.225, P.(X) ~ 0.4 [38, 40],% and

xy [z +2  (Bzy—6)Inay
X =— B.2
(xt) 8 |:ﬂ§‘t -1 (l‘t — 1)2 ( )
Here we have neglected the electroweak corrections.
For By — ppu~ (where g = s, d),
(SM) _ Gra v Y () v _ oy (e — 4  3xilnmy B3
‘1o V2r P sin2 ey, (1) 8 \xy—1 * (rp —1)2)° (B.3)
(In the usual notation, Cyg = —Y (¢)/sin? Oy ~ —4.2.)
The short-distance contribution to the K — p*u~ rate can be written as [63]
_ Gimd, 4m? i} . 2
T(KL—p " )sp= iﬂf)w sin® Ow fremumiy | 1- mi?: Re [(Vts‘/%d Y (24)+VesVea >\4Pc) } ;
(B.4)

where P. ~ 0.11.
The B — Kutu™ rate is given by [42]

dl'(B — Kp'tp™)  Gha’mi
o ) CEC TR D (2 2 (1C"(@) + Cro + CloP)

dq? 153670
4ml% f2 ‘07‘2 + 4mb fo Re [Ceff(q2)c*] (B 5)
(mB+mK)2 T mp -+ mg + 9 7 ’ ’

where Ax(¢?) is a phase space factor, f, and fr are g*>-dependent form factors. The
B — mutp rate is obtained with obvious replacements. In the heavy quark limit fy /fr =
1 + O(Aqep/my) [64], and model calculations are consistent with a mild ¢* dependence
of this ratio. Hence, at the desired level of precision, the form factors can be pulled out
of the {...} expression in eq. (B.5), obtaining simple approximations for the effect of new
physics via C19 and Cf,,. (This is impossible for B — K*utp~, as C7 enters with a 1/¢?
dependence in that case.) In the numerical analysis, we use C7 = —0.33, Cjp = —4.2, and a
mean value |C§T(¢%)| = 4.4. These estimates can be refined as the measurements improve.

8Tn our definition of ¢/ all lepton flavors (labeled by ) are included by using parameter P.(X), which
is defined in [36, 37]. Then CS,SM) corresponds to the decay amplitude.

~ 93 -



Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1]

2]

3]

[4]

[5]

[6]

[7]

[14]

[15]

[16]

G.C. Branco and L. Lavoura, On the Addition of Vector Like Quarks to the Standard Model,
Nucl. Phys. B 278 (1986) 738 [INSPIRE].

Y. Nir and D.J. Silverman, Z Mediated Flavor Changing Neutral Currents and Their
Implications for CP Asymmetries in B® Decays, Phys. Rev. D 42 (1990) 1477 [INSPIRE].

F. del Aguila, L. Ametller, G.L. Kane and J. Vidal, Vector Like Fermion and Standard Higgs
Production at Hadron Colliders, Nucl. Phys. B 334 (1990) 1 [INSPIRE].

G. Barenboim, F.J. Botella and O. Vives, Constraining models with vector-like fermions from

FCNC in K and B physics, Nucl. Phys. B 613 (2001) 285 [hep-ph/0105306] [INSPIRE].

G. Cacciapaglia, A. Deandrea, D. Harada and Y. Okada, Bounds and Decays of New Heavy
Vector-like Top Partners, JHEP 11 (2010) 159 [arXiv:1007.2933] [INSPIRE].

W. Altmannshofer, M. Bauer and M. Carena, Ezotic Leptons: Higgs, Flavor and Collider
Phenomenology, JHEP 01 (2014) 060 [arXiv:1308.1987] [INSPIRE].

T. Ma, B. Zhang and G. Cacciapaglia, Triplet with a doubly-charged lepton at the LHC,
Phys. Rev. D 89 (2014) 015020 [arXiv:1309.7396] [INSPIRE].

S.A.R. Ellis, R.M. Godbole, S. Gopalakrishna and J.D. Wells, Survey of vector-like fermion
extensions of the Standard Model and their phenomenological implications, JHEP 09 (2014)
130 [arXiv:1404.4398] [INSPIRE].

F. del Aguila, M. Pérez-Victoria and J. Santiago, Observable contributions of new exotic
quarks to quark mizing, JHEP 09 (2000) 011 [hep-ph/0007316] [INSPIRE].

A K. Alok, S. Banerjee, D. Kumar, S.U. Sankar and D. London, New-physics signals of a
model with a vector-singlet up-type quark, Phys. Rev. D 92 (2015) 013002
[arXiv:1504.00517] [iNSPIRE].

ATLAS collaboration, Search for vectorlike B quarks in events with one isolated lepton,
missing transverse momentum and jets at /s = 8 TeV with the ATLAS detector, Phys. Rev.
D 91 (2015) 112011 [arXiv:1503.05425] [iNSPIRE].

ATLAS collaboration, A. Succurro Search for pair-produced vector-like quarks with the
ATLAS detector, EPJ Web Conf. 60 (2013) 20037.

CMS collaboration, Search for vector-like T quarks decaying to top quarks and Higgs bosons
in the all-hadronic channel using jet substructure, JHEP 06 (2015) 080 [arXiv:1503.01952]
[INSPIRE].

CMS collaboration, Search for top-quark partners with charge 5/3 in the same-sign dilepton
final state, Phys. Rev. Lett. 112 (2014) 171801 [arXiv:1312.2391] [INSPIRE].

CMS collaboration, Inclusive search for a vector-like T quark with charge % in pp collisions
at /s =8 TeV, Phys. Lett. B 729 (2014) 149 [arXiv:1311.7667] [INSPIRE].

G. Barenboim and F.J. Botella, Delta F = 2 effective Lagrangian in theories with vector-like
fermions, Phys. Lett. B 433 (1998) 385 [hep-ph/9708209] [INSPIRE].

— 24 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/0550-3213(86)90060-X
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B278,738
http://dx.doi.org/10.1103/PhysRevD.42.1477
http://inspirehep.net/search?p=find+J+Phys.Rev.,D42,1477
http://dx.doi.org/10.1016/0550-3213(90)90655-W
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B334,1
http://dx.doi.org/10.1016/S0550-3213(01)00390-X
http://arxiv.org/abs/hep-ph/0105306
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0105306
http://dx.doi.org/10.1007/JHEP11(2010)159
http://arxiv.org/abs/1007.2933
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.2933
http://dx.doi.org/10.1007/JHEP01(2014)060
http://arxiv.org/abs/1308.1987
http://inspirehep.net/search?p=find+EPRINT+arXiv:1308.1987
http://dx.doi.org/10.1103/PhysRevD.89.015020
http://arxiv.org/abs/1309.7396
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.7396
http://dx.doi.org/10.1007/JHEP09(2014)130
http://dx.doi.org/10.1007/JHEP09(2014)130
http://arxiv.org/abs/1404.4398
http://inspirehep.net/search?p=find+EPRINT+arXiv:1404.4398
http://dx.doi.org/10.1088/1126-6708/2000/09/011
http://arxiv.org/abs/hep-ph/0007316
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0007316
http://dx.doi.org/10.1103/PhysRevD.92.013002
http://arxiv.org/abs/1504.00517
http://inspirehep.net/search?p=find+EPRINT+arXiv:1504.00517
http://dx.doi.org/10.1103/PhysRevD.91.112011
http://dx.doi.org/10.1103/PhysRevD.91.112011
http://arxiv.org/abs/1503.05425
http://inspirehep.net/search?p=find+EPRINT+arXiv:1503.05425
http://dx.doi.org/10.1051/epjconf/20136020037
http://dx.doi.org/10.1007/JHEP06(2015)080
http://arxiv.org/abs/1503.01952
http://inspirehep.net/search?p=find+EPRINT+arXiv:1503.01952
http://dx.doi.org/10.1103/PhysRevLett.112.171801
http://arxiv.org/abs/1312.2391
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.2391
http://dx.doi.org/10.1016/j.physletb.2014.01.006
http://arxiv.org/abs/1311.7667
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.7667
http://dx.doi.org/10.1016/S0370-2693(98)00695-9
http://arxiv.org/abs/hep-ph/9708209
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9708209

[17] K. Ishiwata and M.B. Wise, Phenomenology of heavy vectorlike leptons, Phys. Rev. D 88
(2013) 055009 [arXiv:1307.1112] [INSPIRE].

[18] F.J. Botella, G.C. Branco and M. Nebot, The Hunt for New Physics in the Flavour Sector
with up vector-like quarks, JHEP 12 (2012) 040 [arXiv:1207.4440] [INSPIRE].

[19] S. Fajfer, A. Greljo, J.F. Kamenik and I. Mustac, Light Higgs and Vector-like Quarks without
Prejudice, JHEP 07 (2013) 155 [arXiv:1304.4219] [INSPIRE].

[20] G. Cacciapaglia, A. Deandrea, N. Gaur, D. Harada, Y. Okada and L. Panizzi, Interplay of
vector-like top partner multiplets in a realistic mizing set-up, JHEP 09 (2015) 012
[arXiv:1502.00370] InSPIRE].

[21] SINDRUM II collaboration, W.H. Bertl et al., A search for muon to electron conversion in
muonic gold, Eur. Phys. J. C 47 (2006) 337 [INSPIRE].

[22] MU2E collaboration, R.J. Abrams et al., Mu2e Conceptual Design Report, arXiv:1211.7019
[INSPIRE].

[23] COMET collaboration, A. Kurup, The COherent Muon to Electron Transition (COMET)
experiment, Nucl. Phys. Proc. Suppl. 218 (2011) 38 [INSPIRE].

[24] A. de Gouvéa and P. Vogel, Lepton Flavor and Number Conservation and Physics Beyond
the Standard Model, Prog. Part. Nucl. Phys. 71 (2013) 75 [arXiv:1303.4097| [INSPIRE].

[25] SINDRUM collaboration, U. Bellgardt et al., Search for the Decay p™ — etete™, Nucl.
Phys. B 299 (1988) 1 [inSPIRE].

. Hayasaka et al., Search for Lepton Flavor Violating Taw Decays into Three Leptons wi

26] K. H k 1., Search for Lepton Fl Violating Taw D into Three Lept ith
719 Million Produced tau*tau™ Pairs, Phys. Lett. B 687 (2010) 139 [arXiv:1001.3221]
[INSPIRE].

[27] MU3E collaboration, A. Bravar, The Mu3e Ezperiment at PSI, Nucl. Part. Phys. Proc. 260
(2015) 155 [INSPIRE].

[28] B. Golob, K. Trabelsi, P. Urquijo, Impact of Belle II on flavour physics,
BELLE2-NOTE-0021,
https://belle2.cc.kek.jp/~twiki/pub/B2TiP /WebHome/belle2-note-0021.pdf.

[29] BELLE collaboration, Y. Miyazaki et al., Search for Lepton-Flavor-Violating tau Decays into
Lepton and fo(980) Meson, Phys. Lett. B 672 (2009) 317 [arXiv:0810.3519] [INSPIRE].

[30] K. Hayasaka, Recent Tau Decay Results at B Factories: Lepton Flavor Violating Tau Decays,
arXiv:1010.3746 [INSPIRE].

[31] HEAVY FLAVOR AVERAGING GROUP (HFAG) collaboration, Y. Amhis et al., Averages of
b-hadron, c-hadron and T-lepton properties as of summer 2014, arXiv:1412.7515 [INSPIRE].

[32] PIENU collaboration, A. Aguilar-Arevalo et al., Improved Measurement of the m — ev
Branching Ratio, Phys. Rev. Lett. 115 (2015) 071801 [arXiv:1506.05845] [INSPIRE].

[33] S. Ito et al., Status of the PIENU experiment at TRIUMF, J. Phys. Conf. Ser. 631 (2015)
012044 [inSPIRE].

[34] NA62 collaboration, C. Lazzeroni et al., Test of Lepton Flavour Universality in KT — [*v
Decays, Phys. Lett. B 698 (2011) 105 [arXiv:1101.4805] [INSPIRE].

[35] A.J. Buras, F. De Fazio and J. Girrbach, The Anatomy of Z’ and Z with Flavour Changing
Neutral Currents in the Flavour Precision Era, JHEP 02 (2013) 116 [arXiv:1211.1896]
[INSPIRE].

— 95—


http://dx.doi.org/10.1103/PhysRevD.88.055009
http://dx.doi.org/10.1103/PhysRevD.88.055009
http://arxiv.org/abs/1307.1112
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.1112
http://dx.doi.org/10.1007/JHEP12(2012)040
http://arxiv.org/abs/1207.4440
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.4440
http://dx.doi.org/10.1007/JHEP07(2013)155
http://arxiv.org/abs/1304.4219
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.4219
http://dx.doi.org/10.1007/JHEP09(2015)012
http://arxiv.org/abs/1502.00370
http://inspirehep.net/search?p=find+EPRINT+arXiv:1502.00370
http://dx.doi.org/10.1140/epjc/s2006-02582-x
http://inspirehep.net/search?p=find+J+Eur.Phys.J.,C47,337
http://arxiv.org/abs/1211.7019
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.7019
http://dx.doi.org/10.1016/j.nuclphysBPS.2011.06.008
http://inspirehep.net/search?p=find+J+Nucl.Phys.Proc.Suppl.,218,38
http://dx.doi.org/10.1016/j.ppnp.2013.03.006
http://arxiv.org/abs/1303.4097
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.4097
http://dx.doi.org/10.1016/0550-3213(88)90462-2
http://dx.doi.org/10.1016/0550-3213(88)90462-2
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B299,1
http://dx.doi.org/10.1016/j.physletb.2010.03.037
http://arxiv.org/abs/1001.3221
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.3221
http://dx.doi.org/10.1016/j.nuclphysBPS.2015.02.033
http://dx.doi.org/10.1016/j.nuclphysBPS.2015.02.033
http://inspirehep.net/search?p=find+Part.Phys.Proc.,260,155
https://belle2.cc.kek.jp/~twiki/pub/B2TiP/WebHome/belle2-note-0021.pdf
http://dx.doi.org/10.1016/j.physletb.2009.01.058
http://arxiv.org/abs/0810.3519
http://inspirehep.net/search?p=find+EPRINT+arXiv:0810.3519
http://arxiv.org/abs/1010.3746
http://inspirehep.net/search?p=find+EPRINT+arXiv:1010.3746
http://arxiv.org/abs/1412.7515
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.7515
http://dx.doi.org/10.1103/PhysRevLett.115.071801
http://arxiv.org/abs/1506.05845
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.05845
http://dx.doi.org/10.1088/1742-6596/631/1/012044
http://dx.doi.org/10.1088/1742-6596/631/1/012044
http://inspirehep.net/search?p=find+J+J.Phys.Conf.Ser.,631,012044
http://dx.doi.org/10.1016/j.physletb.2011.02.064
http://arxiv.org/abs/1101.4805
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.4805
http://dx.doi.org/10.1007/JHEP02(2013)116
http://arxiv.org/abs/1211.1896
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.1896

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[50]

[51]
[52]

[53]

G. Buchalla and A.J. Buras, The rare decays KT — ©+ neutrino anti-neutrino and
K — ptu~ beyond leading logarithms, Nucl. Phys. B 412 (1994) 106 [hep-ph/9308272]
[INSPIRE].

G. Buchalla and A.J. Buras, The rare decays K — v, B — Xvi and B — (T4~ : An
update, Nucl. Phys. B 548 (1999) 309 [hep-ph/9901288| [INSPIRE].

A.J. Buras, F. Schwab and S. Uhlig, Waiting for precise measurements of K™ — 7T vi and
K, — v, Rev. Mod. Phys. 80 (2008) 965 [hep-ph/0405132] [INSPIRE].

J. Brod and M. Gorbahn, Electroweak Corrections to the Charm Quark Contribution to
K+ — 7+ v, Phys. Rev. D 78 (2008) 034006 [arXiv:0805.4119] [INSPIRE].

A.J. Buras, D. Buttazzo, J. Girrbach-Noe and R. Knegjens, K+ — ntvo and K;, — 7% in
the Standard Model: Status and Perspectives, arXiv:1503.02693 [INSPIRE].

E949 collaboration, A.V. Artamonov et al., New measurement of the KT — v branching
ratio, Phys. Rev. Lett. 101 (2008) 191802 [arXiv:0808.2459] [INSPIRE].

G. Buchalla, G. Hiller and G. Isidori, Phenomenology of nonstandard Z couplings in exclusive
semileptonic b — s transitions, Phys. Rev. D 63 (2000) 014015 [hep-ph/0006136] [INSPIRE].

W. Altmannshofer, A.J. Buras, D.M. Straub and M. Wick, New strategies for New Physics
search in B — K*vv, B — Kvv and B — Xsvv decays, JHEP 04 (2009) 022
[arXiv:0902.0160] [INSPIRE].

LHCB, CMS collaboration, V. Khachatryan et al., Observation of the rare B® — u™u~
decay from the combined analysis of CMS and LHCb data, Nature 522 (2015) 68
[arXiv:1411.4413] [INSPIRE].

LHCb collaboration, Impact of the LHCb upgrade detector design choices on physics and
trigger performance, LHCb-PUB-2014-040 (2014).

M.O. Bettler, Rare decays of hadrons: experimental perspective, presentation at Physics at
the High-Luminosity LHC, https:/ /indico.cern.ch/event/360104/timetable/#all.detailed.

PARTICLE DATA GROUP collaboration, K.A. Olive et al., Review of Particle Physics, Chin.
Phys. C 38 (2014) 090001 [nSPIRE].

G. Isidori and R. Unterdorfer, On the short distance constraints from K(L,S) — utu~,
JHEP 01 (2004) 009 [hep-ph/0311084] [INSPIRE].

LHCD collaboration, Search for the rare decay D° — pu*u~, Phys. Lett. B 725 (2013) 15
[arXiv:1305.5059] [NSPIRE].

S. Aoki et al., Review of lattice results concerning low-energy particle physics, Eur. Phys. J.
C 74 (2014) 2890 [arXiv:1310.8555] [INSPIRE].

T. Gershon, private communications.

LHCb collaboration, First observation of the decay BT — wtpu*u~, JHEP 12 (2012) 125
[arXiv:1210.2645] [INSPIRE].

T. Huber, T. Hurth and E. Lunghi, Inclusive B — X 070~ : complete angular analysis and a
thorough study of collinear photons, JHEP 06 (2015) 176 [arXiv:1503.04849] [INSPIRE].

LHCD collaboration, Search for D+(s) to pi+ pTu~ and DEZ) — - put T decays, Phys. Lett.
B 724 (2013) 203 [arXiv:1304.6365] [INSPIRE].

— 96 —


http://dx.doi.org/10.1016/0550-3213(94)90496-0
http://arxiv.org/abs/hep-ph/9308272
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9308272
http://dx.doi.org/10.1016/S0550-3213(99)00149-2
http://arxiv.org/abs/hep-ph/9901288
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9901288
http://dx.doi.org/10.1103/RevModPhys.80.965
http://arxiv.org/abs/hep-ph/0405132
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0405132
http://dx.doi.org/10.1103/PhysRevD.78.034006
http://arxiv.org/abs/0805.4119
http://inspirehep.net/search?p=find+EPRINT+arXiv:0805.4119
http://arxiv.org/abs/1503.02693
http://inspirehep.net/search?p=find+EPRINT+arXiv:1503.02693
http://dx.doi.org/10.1103/PhysRevLett.101.191802
http://arxiv.org/abs/0808.2459
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.2459
http://dx.doi.org/10.1103/PhysRevD.63.014015
http://arxiv.org/abs/hep-ph/0006136
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0006136
http://dx.doi.org/10.1088/1126-6708/2009/04/022
http://arxiv.org/abs/0902.0160
http://inspirehep.net/search?p=find+EPRINT+arXiv:0902.0160
http://dx.doi.org/10.1038/nature14474
http://arxiv.org/abs/1411.4413
http://inspirehep.net/search?p=find+EPRINT+arXiv:1411.4413
http://cds.cern.ch/record/1748643
https://indico.cern.ch/event/360104/timetable/#all.detailed
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://inspirehep.net/search?p=find+J+Chin.Phys.,C38,090001
http://dx.doi.org/10.1088/1126-6708/2004/01/009
http://arxiv.org/abs/hep-ph/0311084
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0311084
http://dx.doi.org/10.1016/j.physletb.2013.06.037
http://arxiv.org/abs/1305.5059
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.5059
http://dx.doi.org/10.1140/epjc/s10052-014-2890-7
http://dx.doi.org/10.1140/epjc/s10052-014-2890-7
http://arxiv.org/abs/1310.8555
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.8555
http://dx.doi.org/10.1007/JHEP12(2012)125
http://arxiv.org/abs/1210.2645
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.2645
http://dx.doi.org/10.1007/JHEP06(2015)176
http://arxiv.org/abs/1503.04849
http://inspirehep.net/search?p=find+EPRINT+arXiv:1503.04849
http://dx.doi.org/10.1016/j.physletb.2013.06.010
http://dx.doi.org/10.1016/j.physletb.2013.06.010
http://arxiv.org/abs/1304.6365
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.6365

[55]

[62]

[63]

[64]

CMS collaboration, Search for Flavor-Changing Neutral Currents in Top-Quark Decays
t — Zq in pp Collisions at /s = 8 TeV, Phys. Rev. Lett. 112 (2014) 171802
[arXiv:1312.4194] [NSPIRE].

ATLAS collaboration, Physics at a High-Luminosity LHC with ATLAS, arXiv:1307.7292
[INSPIRE].

F.J. Gilman and M.B. Wise, Strong Interaction Corrections to K° K° Mixing in the Siz
Quark Model, Phys. Lett. B 93 (1980) 129 [InSPIRE].

ETM collaboration, N. Carrasco et al., AS =2 and AC = 2 bag parameters in the standard
model and beyond from Ny =2+ 1+ 1 twisted-mass lattice QCD, Phys. Rev. D 92 (2015)
034516 [arXiv:1505.06639] INSPIRE].

Z. Bai, N.H. Christ, T. Izubuchi, C.T. Sachrajda, A. Soni and J. Yu, K — Kg Mass
Difference from Lattice QCD, Phys. Rev. Lett. 113 (2014) 112003 [arXiv:1406.0916]
[INSPIRE].

J. Charles, S. Descotes-Genon, Z. Ligeti, S. Monteil, M. Papucci and K. Trabelsi, Future
sensitivity to new physics in Bq, Bs and K mizings, Phys. Rev. D 89 (2014) 033016
[arXiv:1309.2293] [INSPIRE].

K. Blum, Y. Grossman, Y. Nir and G. Perez, Combining K°-K° mizing and D°-D° mizing
to constrain the flavor structure of new physics, Phys. Rev. Lett. 102 (2009) 211802
[arXiv:0903.2118] [INSPIRE].

G. Isidori, Y. Nir and G. Perez, Flavor Physics Constraints for Physics Beyond the Standard
Model, Ann. Rev. Nucl. Part. Sci. 60 (2010) 355 [arXiv:1002.0900] [INSPIRE].

A.J. Buras, F. De Fazio, J. Girrbach, R. Knegjens and M. Nagai, The Anatomy of Neutral
Scalars with FCNCs in the Flavour Precision Era, JHEP 06 (2013) 111 [arXiv:1303.3723]
[INSPIRE].

N. Isgur and M.B. Wise, Relationship Between Form-factors in Semileptonic B and D
Decays and Ezclusive Rare B Meson Decays, Phys. Rev. D 42 (1990) 2388 [NnSPIRE].

— 97 -


http://dx.doi.org/10.1103/PhysRevLett.112.171802
http://arxiv.org/abs/1312.4194
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.4194
http://arxiv.org/abs/1307.7292
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.7292
http://dx.doi.org/10.1016/0370-2693(80)90110-0
http://inspirehep.net/search?p=find+J+Phys.Lett.,B93,129
http://dx.doi.org/10.1103/PhysRevD.92.034516
http://dx.doi.org/10.1103/PhysRevD.92.034516
http://arxiv.org/abs/1505.06639
http://inspirehep.net/search?p=find+EPRINT+arXiv:1505.06639
http://dx.doi.org/10.1103/PhysRevLett.113.112003
http://arxiv.org/abs/1406.0916
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.0916
http://dx.doi.org/10.1103/PhysRevD.89.033016
http://arxiv.org/abs/1309.2293
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.2293
http://dx.doi.org/10.1103/PhysRevLett.102.211802
http://arxiv.org/abs/0903.2118
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.2118
http://dx.doi.org/10.1146/annurev.nucl.012809.104534
http://arxiv.org/abs/1002.0900
http://inspirehep.net/search?p=find+EPRINT+arXiv:1002.0900
http://dx.doi.org/10.1007/JHEP06(2013)111
http://arxiv.org/abs/1303.3723
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.3723
http://dx.doi.org/10.1103/PhysRevD.42.2388
http://inspirehep.net/search?p=find+J+Phys.Rev.,D42,2388

	Introduction
	The models
	Lagrangians
	New interactions with gauge bosons

	Experimental constraints
	Leptonic models
	Hadronic models
	Meson decays involving a nu bar(nu) pair
	Meson decays to an l+l- pair
	Semileptonic decays to l+l- pairs
	Neutral meson mixing
	Unitarity of the CKM matrix


	Conclusions
	Diagonalizing matrix
	Numerical inputs and Wilson coefficients

