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Flavour constraints on multi-Higgs-doublet models: Yukawa alignment
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In multi-Higgs-doublet models, the alignment in flavour space of all Yukawa matrices coupling to a given
right-handed fermion guarantees the absence of tree-level flavour-changing neutral couplings, while introducing
new sources of CP violation. With N Higgs doublets (and no right-handed neutrinos) the Yukawa Lagrangian
is characterized by the fermion masses, the CKM quark mixing matrix and 3(N — 1) complex couplings. Quan-
tum corrections break the alignment, generating a minimal-flavour-violation structure with flavour-blind phases.
The aligned multi-Higgs-doublet models lead to a rich and viable phenomenology with an interesting hierarchy
of flavour-changing neutral current effects, suppressing them in light-quark systems while allowing potentially

relevant signals in heavy-quark transitions.

1. MULTI-HIGGS-DOUBLET MODELS

While the SU(2),®U(1)y — U(1)em Structure
of spontaneous symmetry breaking is well un-
derstood, its explicit implementation in the elec-
troweak theory is still an open question. The sim-
plest modification of the Standard Model (SM)
Higgs mechanism consists in incorporating ad-
ditional scalar doublets, respecting the custo-
dial symmetry, which can easily satisfy the elec-
troweak precision tests. This leads to a rich spec-
trum of neutral and charged scalars, providing a
broad range of dynamical possibilities with very
interesting phenomenological implications.

In their most general version, multi-Higgs-
doublet models lead to neutral Yukawa couplings
which are non-diagonal in flavour. These un-
wanted flavour-changing neutral current (FCNC)
interactions represent a major shortcoming and
have lead to a variety of different implementa-
tions, where ad hoc dynamical restrictions are en-
forced in order to guarantee the suppression of
FCNCs at the experimentally required level.

The most general N-Higgs-doublet Yukawa La-
grangian takes the form

Ly = - i (@1 (95 6udiy + 91 Ga u)

a=1

+ LYY alp} +he, (1)

where ¢,(z) are the Y = 1 scalar doublets,

gi;a(:zz) = iy ¢} their charge-conjugate fields, Q’
and L’ denote the left-handed quark and lepton
doublets and d, u; and I the corresponding
right-handed fermion singlets. For simplicity, we
don’t comnsider right-handed neutrinos, although
they could be easily incorporated. All fermionic
fields are written as Nq—dimensional flavour vec-
tors; the couplings y}“) (f =d,u,l) are Ng x Ng
complex matrices in flavour space.

The neutral components of the scalar doublets
acquire vacuum expectation values (0| ¢ (z)|0) =
\% (0,v,e"%). Without loss of generality, we
can enforce #; = 0 through an appropriate
U(1)y transformation. It is convenient to per-
form a global SU(N) transformation in the space
of scalar fields, so that only one doublet ac-
quires non-zero vacuum expectation value v =

(v +-- +0%) 2 This defines the so-called
Higgs basis, with the doublets parametrized as

Gt
® = { 75 (V+ 81 +iGY) } ’

Hy
o = { J5 (Sa +iFa) } (@=2,---,N).
The Goldstone fields G*(z) and G°(z) get iso-
lated as components of ®;. The physical charged
(neutral) mass eigenstates are linear combina-
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tions of the fields HF (S, and P,).

In the Higgs basis [y}“”«;a = Yf(a),fba in (@],
the fermion masses originate from the ®; cou-
plings, M} = Yf(l)/v/\/ﬁ. In general, one cannot
diagonalize simultaneously all Yukawa matrices.
Therefore, in the fermion mass-eigenstate basis
(d,u,l,v), with diagonal mass matrices My, the
matrices Yf(a) with @ # 1 remain non-diagonal
giving rise to FCNC interactions.

2. YUKAWA ALIGNMENT

The unwanted non-diagonal neutral couplings
can be eliminated requiring the alignment in
flavour space of the Yukawa matrices [I]:

a)’ a ’ \/5 a
il = v = sy
, / 2
YUFG.) — <1Sa)* Y’uFl) — % <1(14(1)*]\41;, (2)

with gl(cl) = 1. In terms of fermion mass eigen-

states, Ly takes then the form:
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The flavour alignment results in a very spe-
cific structure, with all fermion-scalar interactions
being proportional to the corresponding fermion
masses. The only source of flavour-changing
phenomena is the Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix V', appearing in the
W+ and HF interactions. Flavour mixing does
not occur in the lepton sector, because of the
absence of right-handed neutrinos. The Yukawa
Lagrangian is fully characterized in terms of the

3(N — 1) complex parameters <](ca) (a # 1), which

Table 1

CP-conserving Z5 models (tan § = vy /v1) [I].
Model Sd Su Sl
Type I cot 3 cot 8 cot 3
Type 11 —tan cot 8 —tan
Type X cot 3 cot B —tanpf
Type Y —tan 3 cot B cot 3
Inert 0 0 0

provide new sources of CP violation without tree-
level FCNCs.

2.1. The aligned two-Higgs-doublet model

With N = 2 one obtains the aligned two-Higgs-
doublet model (A2HDM) [I], which contains one
charged scalar field H*(z) and three neutral
mass eigenstates ¢V (z) = {h(z), H(x), A(z)}, re-
lated through an orthogonal transformation with
the original fields §; = {S1(x), Sa2(z), P2(x)}:
©9(z) = Ri;Sj(x). The Yukawa Lagrangian is
parametrized in terms of the three complex cou-
plings §}2) = ¢y, which encode all possible free-
dom allowed by the alignment conditions. Their
flavour-blind phases provide an explicit counter-
example to the widespread assumption that in
two-Higgs-doublet models (2HDMs) without tree-
level FCNCs all CP-violating phenomena should
originate from the CKM matrix.

In terms of mass eigenstates,

A2HDM - 1 0

c - -3 M {1 =Sy Q}

Y f fLMyfr 1+~ 0 Y @i
) [

V2

v

HT {cqurVMadg — s, upMiVdy,
+ q v M; ZR} + h.c., (4)

0 0
Wlth y:;,ll = Ril —+ (RZQ —+ ’LRzg) gd.,l and y;fl =
Ri1 + (Riz —iRi3) <.

FCNCs are usually avoided imposing appropri-
ately chosen discrete Z5 symmetries such that
only one scalar doublet couples to a given type
of right-handed fermion field [2]. The resulting
(CP-conserving) models are recovered for the par-
ticular values of ¢y indicated in Table[dl



3. QUANTUM CORRECTIONS

Higher-order corrections induce a misalignment
of the Yukawa matrices, generating small FCNC
effects suppressed by the corresponding loop fac-
tors. The possible flavour-changing interactions
are enforced to satisfy the flavour symmetries
of the model and, therefore, are tightly con-
strained by the special aligned structure of the
starting tree-level Lagrangian [I]. The aligned
multi-Higgs-doublet Lagrangian remains invari-
ant under the following flavour-dependent phase
transformations of the fermion mass eigenstates
(f=d,u,l,v, X = L,R) [113]:

film) = ¢ fi@) (@t =abh),
7;O[u,L 7’L‘0¢d’L
‘/'Lj — e ‘/Z € I
M . iaf’LM o 7’L’0¢f’R 5
fig — € fig€ 7. (5)

Owing to this symmetry, lepton-flavour-violating
neutral couplings are identically zero to all orders
in perturbation theory, while in the quark sector
the CKM mixing matrix remains the only possible
source of flavour-changing transitions. The only
allowed FCNC local operators have the form [113]

or™ = @ V(M,M)"VH(M, M) M,ug,
o = dp VM, MV (M, M) M,dr, (6)

or similar structures with additional factors of V',
VT and quark mass matrices.

Quantum corrections have been analyzed at
the one-loop level within the A2HDM. Using the
renormalization-group equations [4l5], one finds
that the only induced FCNC structures are [3]

g :
Lrone = % (14 <usa) Z ¢! (x)
x {(Riz +iRig) (s = <,) OF° (")

u

— (Riz —iRa3) (5 — <) 0170} + he.,

with C(pn) = C(uo) — log (1t/po). These FCNC
terms vanish identically when ¢; = ¢, (£2 models
of type I, X and Inert) or ¢4 = —1/¢} (types II
and Y), as they should, since the alignment condi-
tions remain stable under renormalization when
they are protected by a Z; symmetry [5]. The

leptonic coupling ¢; does not induce any FCNC
interaction, independently of its value; the usu-
ally adopted Z, symmetries are unnecessary in
the lepton sector.

In the general case, even if one assumes the
alignment to be exact at some high-energy scale
o, a non-zero value for C(u) is generated when
running to a different scale. An approximate
numerical solution to the renormalization-group
equations has been recently obtained [6], in agree-
ment with (7). The induced FCNC effects are well
below the present experimental bounds.

3.1. Minimal flavour violation

The phenomenological success of the SM has
triggered the interest on the so-called Minimal
Flavour Violation (MFV) scenarios, where all
flavour dynamics and CP violation is assumed to
originate in the CKM matrix [7I8JOIT0]. At the
quantum level the aligned multi-Higgs-doublet
model generates an explicit MFV structure [1J3],
but allowing at the same time for new (flavour-
blind) CP-violating phases [11].

For vanishing Yukawa couplings the SM has
an SU(Ng)® symmetry under flavour transfor-
mations of Qr, ur, dr, Lz and lg. The whole
Lagrangian can be made formally invariant un-
der this symmetry if the Yukawa matrices are
promoted to flavour spurions transforming in the
appropriate way [I0]. Writing all possible higher-
dimension invariant operators in terms of the
physical fields and the Yukawa spurions, one gets
then the allowed MFV structures.

MFV within the context of the type I 2HDM
(yf)/ = YV = 0) was discussed in [10], in
terms of the spurions yfl”' and yﬁf’)', and flavour-
blind phases have been recently added to the re-
sulting structure in [I2]. These references per-
form a perturbative expansion around the usual
U(1)pg symmetry limit (type II) and look for
tan S—enhanced effects. Since the aligned model
does not assume any starting ad-hoc symme-
try, it leads to a more general MFV framework
with tan /5 substituted by the dimension 6(N —1)
parameter space spanned by the couplings gl(ca).
While giving rise to a much richer phenomenol-
ogy, it implies an interesting hierarchy of FCNC



effects, avoiding the stringent experimental con-
straints for light-quark systems and allowing at
the same time for potentially relevant signals in
heavy-quark transitions [3]. Notice that in the
general case, without U(1)pg or Z; symmetries,
tan 8 does not have any physical meaning because
it can be changed at will through SU(2) field re-
definitions in the scalar space; the physics needs
to be described through the (scalar-basis indepen-
dent) parameters (}a).

The spurion formalism is very transparent in
the Higgs basis. Imposing the following transfor-
mation properties under SU(Ng)?,

YY) ~ (Ngy1,Ne,1,1)
YV ~ (Ng,Ng,1,1,1),

u

v~ (1,1,1,Ng, Na) (8)

the aligned Yukawa Lagrangian is invariant un-
der the full flavour symmetry. The operators in
Eq. (@) are just the neutral components of the
invariant structures

QG (vl UT) (r) v
Q) (yuu)'yu(l)'t)" (Y;1>'Y;1>'T)mY;1>'d/R_ )

A similar MFV structure in the leptonic sec-
tor [I3] could be obtained by including non-zero
neutrino masses through vy fields or dimension-5
operators [14].

4. A2HDM PHENOMENOLOGY

The built-in flavour symmetries protect very ef-
ficiently the aligned model from unwanted effects,
allowing it to easily satisfy the experimental con-
straints. A thorough phenomenological analysis
of the A2HDM is under way. The charged-current
sector has been studied recently [3], focusing on
observables where the H* contribution can be ex-
pected to be the dominant new-physics effect and
theoretical uncertainties can be controlled.

Leptonic and semileptonic decays are sensi-
tive to tree-level H*-exchange contributions, but
the fermion-mass suppression of the Yukawa cou-
plings implies rather weak constraints on the ¢y
parameters. The best direct bound on the lep-
tonic coupling, obtained from leptonic tau decays,
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Figure 1. Constraints on ¢4 /M%. (up) and
us; /M3, (down) from leptonic and semileptonic
decays. The inner yellow areas show the com-
bined allowed regions at 95% CL [3].

is [q|/Mp+ < 0.40 GeV~!' (95% CL). Semilep-
tonic decays provide information on the products
Sp 4S5t /Mps; the best limits are obviously ob-
tained from B — 7v, D — pv and Dy — (7, p)v.
The combined constraints from a global analysis
of semileptonic processes are shown in Fig. [
More stringent bounds are obtained from loop-
induced transitions involving virtual top-quark
contributions, where the H* corrections are en-
hanced by the top mass. Direct limits on |¢,| can
be derived from Z — bb, B°-B° mixing and the
CP-violating parameter ex. The last observable
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Figure 2. 95% CL constraints from ex [3].

provides the strongest limits, which are shown in
Fig. Together with the tau-decay constraint
on |g|/Mp+, this gives the limit [q,¢/|/M7z. <
0.005 GeV 2, which is much stronger than the in-
formation extracted from the global fit to leptonic
and semileptonic decays.

The radiative decay B — X7 provides another
important source of information. The H* con-
tributions modify the Wilson coefficients of the
low-energy SM operators with two terms of simi-
lar size: C$% = C; sar + [sul? Ciuu — (sksy) Ciua-
Their combined effect can be quite different de-
pending on the value of the relative phase p =
arg (sks;). This results in rather weak limits
on |, 4| because a destructive interference can
be adjusted through the phase (. Scanning ¢
in the whole range from 0 to 27 and taking
Mg+ € [80,500] GeV, one obtains the constraints
shown in Fig. Bl (upper plot). One finds roughly
sallsw| < 20 (95% CL). Much stronger bounds are
obtained at fixed values of ¢. This is shown in the
lower plot, where ¢, and ¢z have been assumed to
be real (i.e. ¢ = 0 or 7); couplings of different
sign are then excluded, except at very small val-
ues, while a broad region of large equal-sign cou-
plings is allowed, reflecting again the possibility
of a destructive interference.

In the type IT and Y 2HDMs, where ¢, ¢4 = —1,
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Figure 3. B — Xy limits on ¢, 4 (95% CL) [3],
for complex (upper plot) and real (lower plot)
couplings. The black lines indicate the upper
limit on |, | from eg.

the decay B — X,v provides a very strong
lower bound on the charged scalar mass, Mg+ >
277 GeV (95% CL), due to the constructive in-
terference of the two contributing amplitudes
[3]. This bound disappears in the more general
A2HDM, but a strong correlation among the al-
lowed ranges for Mg+ and ¢, 4 remains.

Another important observable is the CP rate
asymmetry,

_ BR(B— X,y) — BR(B = X57)
- BR(B— X¢y)+ BR(B — X57) '
which is very small in the SM. Once the con-

straints from the branching ratio are imple-
mented, the A2HDM predicts an asymmetry

acp (10)



smaller than the present experimental bounds. A
sizable Yukawa phase ¢ could generate values of
acp large enough to be relevant for future high-
precision experiments. However, a NNLO anal-
ysis of the theoretical prediction appears to be
needed to reduce the presently large theoretical
uncertainties and fully exploit such a measure-
ment [3].

While including as limiting cases all known Z»
models, the A2HDM provides new sources of CP
violation through the ¢y phases. Their compati-
bility with all presently measured observables and
the possibility of generating sizeable CP-violation
signals, within the reach of future experiments,
are obviously important questions that need to
be investigated. Since Yukawa couplings are pro-
portional to the corresponding fermion masses,
FCNCs and CP-violation effects are suppressed
in light-quark systems while potentially relevant
signals could show up in heavy-quark transitions.
This tree-level pattern is reproduced in the FCNC
operators (), generated at one loop. Owing to
their CKM and mass-matrix factors, the most rel-
evant terms are the 5b and ¢t operators. The top
quark and the B%-B? meson system appear then
to be promising candidates in the search for in-
teresting effects. For instance, a sizeable BY mix-
ing phase could be generated either through H*
contributions to the mixing amplitude or through
neutral Y (z) exchanges involving the FCNC one-
loop operators in (@) [3].

The presence of flavour-blind phases could in-
duce electric dipole moments (EDMs) at a mea-
surable level [I5]. Direct one-loop contributions
to the light-quark EDMs are strongly suppressed
by the light quark masses and/or CKM factors.
However, this suppression is no longer present
in some two-loop contributions to the T-odd 3-
gluon operator G wGHGY, induced by scalar ex-
changes within a heavy-quark loop [16/17]. For
values of Im(¢c,;) of O(1), the predicted neutron
EDM could be close to the present experimen-
tal upper bound and within reach of future high-
precision measurements [I8]. A detailed analysis
of EDMs within the A2HDM is in progress.
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