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Abstract: Flavor violating Higgs signals, such as the top FCNC decay t— ch® and the LFV Higgs decay h® — Ty,
have been studied at the LHC. These signals can arise within the general Two-Higgs Doublet Model (THDM), where
each Higgs doublet couples to all fermion types through Yukawa matrices Ylf and Yzf . The Yukawa matrices can be
assumed to have the same form or they could have different structures. In this paper we study the case when both

Ylf and YQf have completely different forms, but in such a way that they complement to produce a specific hermitian

mass matrix. We find that for specific four-zero textures, the flavor violating Higgs couplings depend only on the

free parameters tan 3, vy and the fermion masses. We use the current bounds on the low energy processes to derive

constraints on the heavy Higgs boson mass, tan3 and vs. Then, we use these constraints to evaluate the LF'V Higgs
decays, which reach branching ratios that could be tested at the LHC.
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1 Introduction

The discovery at the Large Hadron Collider (LHC)
of a new particle with Standard Model (SM) Higgs-
like properties, and mass M, = 125.09 £+ 0.21(stat.) £+
0.11(syst.) GeV [1], seems to confirm the linear realiza-
tion of the mechanism of electroweak symmetry break-
ing. This is needed in order to induce the masses of
gauge bosons and fermions within the SM [2]. Further-
more, the current experimental studies at the LHC are
testing the Higgs properties at levels that could allow
us to discriminate between the minimal SM Higgs dou-
blet and other extensions of the SM that include more
complicated Higgs sectors [3].

In our approach we consider a possible link between
the Higgs sector and flavor physics that could be re-
vealed by a thorough study of the THDM with textures
(THDM-Tx). In any case such models have a rich phe-
nomenology, with lots of interesting signals that could
be searched for at future colliders. One of the simplest
proposals for physics beyond the Standard Model is the
so called Two-Higgs Doublet Model (THDM), which was
initially studied in connection with the search for the ori-
gin of CP violation [4], and later was used in connection
with other theoretical ideas in particle physics, such as
supersymmetry [5], extra dimensions [6] and strongly in-
teracting systems [7], [8].
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Several possible realizations of the general THDM
have been considered in the literature, which have come
to be known as Type I, II and III. There are also
other models called X, Y, Z, but in some sense they
can be considered variations of the above models (for
a review see [9]). Model I can have an exact dis-
crete symmetry Z,, which permits a possible dark mat-
ter candidate coming from the Z,—odd scalar doublet
[10]. Within type I models, a single Higgs doublet gives
mass to the up, down quarks and leptons. The type
IT model [11] assigns one doublet to each fermion type,
then according to the Glashow-Weinberg Theorem [12],
this suffices to avoid Flavor Changing Neutral Currents
(FCNC) mediated by the Higgs bosons; this type II
model also arises in the minimal SUSY extension of the
SM [13].

In the most general version of the THDM both Higgs
doublets couple to all types of fermions. In this case,
the diagonalization of the full mass matrix does not im-
ply that each Yukawa matrix is diagonalized, therefore
FCNC can appear at tree level. Within this general
model, one must reproduce the observed fermion masses
and mixing angles, while at the same time the level of
FCNC must satisfy current experimental bounds [14-16].
One possibility to achieve this is the assumption that the
Yukawa matrices have a certain texture form, i.e. with
zeroes in different elements.
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The general model has been previously referred to
as the THDM of type III. However, this naming scheme
has become confusing, in part because it has also been
used to denote a different type of model [17], but also
because some specific cases have acquired a relevance of
their own. Among the relevant sub-cases of the gen-
eral THDM, one can include the so-called minimal flavor
violating (MFV) THDM [18], which is thought to pro-
vide precisely the minimal level of FCNC consistent with
data. MFV models could be studied from a pure phe-
nomenological point of view [19], or as arising from fla-
vor symmetries [20]. Although the so-called THDM with
alignment does not contain flavor violation, it is another
possibility one can use to obtain realistic models [21].
Thus, in order to clarify the notation and to single out
the use of textures within the THDM, from now on we
shall refer to the two-Higgs doublet model with textures
as THDM-Tx.

One of the first studies of the THDM with textures
[22] considered a specific form with six-zeroes, as well
as other variations with cyclic textures. In that work it
was identified that the texture assumption implies a spe-
cific pattern of FCNC Higgs-fermion couplings, known
nowadays as the Cheng-Sher ansatz, which is of size
%. It was found that such a vertex could satisfy
FCNC bounds with Higgs masses lighter than O(TeV).
The extension of the THDM-Tx with a four-zero texture
was presented in Refs. [23, 24]. The phenomenological
consequences of these textures (Hermitian 4-textures or
non-hermitian 6-textures) were considered in Ref. [25],
while further phenomenological studies were presented
in Refs. [26-28].

Several models for Yukawa matrices could be iden-
tified which lead to specific patterns of flavor violating
Higgs interactions. For instance, one can assume that
the Yukawa matrices Y,/ and Y} have the same form (a
case that we call “Parallel Textures”). It is also possible
to have a Yukawa matrix, say Y;’, with some specific tex-
ture, while the second matrix Y3 has only some elements
different from zero, at positions that coincide with some
elements of Y;/, as in the so called top-specific models
discussed in the literature [29]. We call this case “Semi-
Parallel Textures”.

In this paper we study another possibility, namely
that Y/ and Y/ have completely different structures.
Namely, for specific four-zero textures that reproduce
all fermion masses and the CKM matrix, these ver-

tices only depend on the parameters tanS(= E) and
Uy
v¢ (0 < v4 < 1,f = u,d,1), which appears in the re-

lation between the third family mass and the 33 entry
of the corresponding mass matrix. We use the current
bounds on the low energy processes to impose constraints
on the values of v, and tan3. We also compare these

constraints with those obtained for the cases of parallel
and fermion-specific textures. Furthermore, we also in-
clude the constraints obtained from current LHC bounds
on the Higgs boson couplings, and derive predictions
for the flavor violating decays h® — T and t — ch’,
which reach branching ratios that could be tested at
the LHC in the forthcoming era of precision flavor Higgs
physics.

The organization of our paper is as follows. A clas-
sification of the different types of Yukawa matrices that
produce a mass matrix with four-zero textures, as well
as the diagonalization of the mass matrix, is presented in
Section 2. Section 3 discusses generalities of the THDM-
Tx, including the Yukawa interaction Lagrangian writ-
ten in terms of mass eigenstates. Low energy constraints
are discussed in Section 4, including K-K and B-B mix-
ing, B » ufu -, p—ey, 7 —p ptus, B— DDV
and Aa,. Constraints from current Higgs searches at the
LHC are included in Section 5. The predictions of our
model for the decays h® — T and t — ch® are discussed
in Section 6. The conclusions of our work are presented
in Section 7.

2 Fermion mass matrix: diagonalization
and texture patterns

Within the general THDM, each Higgs doublet cou-
ples to fermions of type f (f = u,d,1) through the
Yukawa matrices Y; and Y. After spontaneous sym-
metry breaking (SSB), these matrices combine to pro-
duce a fermion mass matrix with some structure. The
mass matrix for each fermion type f(= u,d,l) receives
contributions from both vevs v; and v, i.e.

1
M;= 7 (0, Y +0.Yy), (1)

To obtain physical fermion masses we need to diag-
onalize the mass matrix; this is achieved through a bi-
unitary transformation O, = VfT Py, ie.

MD:OfoO}

1
:Ofﬁ (’Ull/lf‘f"l}gi/zf) O}? (2)

where the form of the matrix O depends on the texture
type; closed forms have been obtained for the 4- and
6-texture hermitian and non-hermitian cases. Although
O; diagonalizes the matrix M/, it does not necessarily
diagonalize each of the Yukawa matrices that make up
My, thus neutral flavor violating Higgs-fermion interac-
tions will be induced.
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2.1 Diagonalization of the Fermion mass matri-
ces of four-texture type

For the 4-texture case the mass matrix takes the
form:

then Oy is given by:

mams( mg —A)

mams(A—mq)
A(mg—ml)(mg—ml) A ’ITLQ—ml 7713—7712)

mlmg(A — m3)
A(ms—m1)(ms—mz)

mz A mz)

. ml(ml—A)
(m2—m1)(ms—mi) (ma2—ma)(ms —mz)

ms(ms —A)
\/(m3—m1)(m3—m2) ) (4)

parallel, semi-

Of =
ml(A—mg)(A—mg) mz A m1 mg—A) mg(A—ml)(A—mg)
A(mg—ml)(mg—ml) ’ITLQ—ml 7713—7712) A(mS—M1)(m:3—m2)
and |2.2  Classification of textures:
Lo 0 parallel and complementary
Pr=1 0 et 0 . (5) For the purpose of studying the fermion masses
0 0 e and CKM mixing matrix, it does not matter how each
Yukawa matrix contributes to the mass matrix. These
where m; (i = 1,2,3) are the fermion masses. Hence,  matrices can be obtained from a variety of flavor sym-
following Refs. [14, 15], we use det(M;) = —D?*A =  metries, discrete or continuous, local or global, in 4D or

mymyms and assume the ordering ms > A > my > my,
so that A—m3 < 0. To get real mixing angles we take
mq <0.

From these expressions we find a relation between
the components of the 4-texture mass matrix and the
physical fermion masses, which will be useful in order to
find the expressions for the Higgs-fermion interactions,
namely:

A=mz(l—ryvs), (6)
B— \/7'2’71‘ 7'2’Yf+"”1 —1) (7°2Vf +T2—1), (7)
— T2y
C=ms(ravs+r1472), (8)
N 9)
— 725
where r; = M, Thus, the relation between the third

m

family mass ar?d the 33 entry of the mass matrix A =
mz(1—ryyy) depends on the parameter v; (0 <~y < 1),
where f =u, d, 1. Concerning the construction of the
physical CKM matrix Voxy = OUQS, we are able to cor-
rectly reproduce the values of CKM matrix [30]; for ex-
ample for the values of v, =0.13, 74 =0.1, a} =2.473555,

=0.65, a¢ =1.045 and ad =1.69, we obtain

0.97424 0.22548 0.00294
0.22530 0.97342 0.04100
0.00918 0.04000 0.99915

THDM-Tx __
VCKM -

(10)

beyond. It could be interesting to look for some experi-
mental signals that could help to discriminate among all
those different possibilities. It turns out that the flavor
violating Higgs interactions could provide such method-
ology.

Rather than focusing on any specific model, we study
here the different possibilities one could use in order to
arrive to some mass matrix M, from the different pat-
terns of Yukawa matrices Yy and Yy. In such a case
one can express one rotated Yukawa matrix in terms
of the other one and the mass eigenvalues. For in-
stance we can rotate Y7, and fix Y; through the relation:

5 2
Y, :iMf—cotﬂYl

I) “Parallel textures”. This is the most widely stud-
ied case, which assumes that both Y;’ and Y, have the
same structure, namely:

0 do 0 0 do O
}/1 = d; Cy bl 5 }/2 = d; Co b2 (11)
0 bT aq 0 b; Q2

The explicit form of the 33 and 23 elements for the
rotated Yukawa matrix Yy is given by:
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where
. % bl'U F1 eia2
X23 = my \mstanG sing
(o g B o (14)
mstan 3 sin 3 7
Fl bl'U Fl
= 2— _—
X33 \/_Q (mgtanﬂ sinﬂ)cosa2
(Q—-FsR)
—F . 15
mgtanﬂ s V2 sin 3 (1)
We define r, =my/ms, R=1—12y; —12, Q=1—15,

G =1y, F1 = V2GR, Fy, = Q—2G, F; =G/Q. In
this case, the elements X253 33 depend on the complete
set of parameters a;, b1, ¢1, as, 75 and 5. In the lit-
erature [25], it is usually assumed that these elements
already have the Cheng-Sher form, with coefficients X{j
of O(1), which are constrained from analyzing the FCNC
and LFV processes.

II) “Semi-Parallel textures”. However, it is also pos-
sible that Y,/ and Yy could have different textures, but
in such a way that the resulting mass matrix has a real-
istic texture. It could be that Y; has a certain texture,
but Y, has some entry different from zero in one of the
entries that is also non-zero for ;. One example has Y’
with a four-zero texture, while Y3 has only a non-zero
33 entry, namely:

0 d 0 0 0 O
}/1: d; Cq b1 ; 5/2: 0 0 0 . (16)
0 b a 0 0 a

These cases could be called Semi-Parallel textures.
The explicit form of the 33 and 23 elements is given by:

~ mam
(szf)QSZ%XQ‘Su (17)
m
(Yz )33—_3)(337
VR (V2P
where  X23 ? Slnﬁ s tanﬂ V7 Xss =
2P
(V2 alvtan,@ and P =1—7yy;. In this case
Q smﬂ ms

the elements depend on the parameters a;, 8 and 7y
which simplifies the study of the phenomenology of the
model.

III) “Complementary textures”. Here, we consider
Yukawa matrices that have a different structure, but in
such a way that they produce a hermitian mass matrix
with four zero textures. We shall consider patterns where
at most one element from each of the Yukawa matrices
Ylf 5 contributes to one entry of the full mass matrix.

Thus the cases that will be considered are defined as
follows:

0 d 0 00 0
Vi=|d ¢ b|, Ya=|0 0 0 (18)
0 b 0 00 a

The explicit form of the 33 and 23 elements is given
by:

maMns3

(Y2f)23 = TX% (19)
m
(Yz )33 = _3X335 (20)
VR /2P R V2P
where yao3 = 6 s Nar and ysz3 = 6 sng’ We can

see that in the limit a; — 0 the Semi-Parallel case is
reduced to the Complementary case. In this case the el-
ements depend only on the parameters § and vy, which
is the simplest case for the study of the phenomenology
of the model because it has only two parameters. In Fig.
1 a comparison is made between the Cheng-Sher ansatz
and corrections arising from the elements of x;; of order
O(1) [31] which comes from the considered textures.
The example of “Complementary textures” is called
case 1, while the characteristics of other possible vari-
ations (cases 2-6) are included in Appendix A, where
some salient features are also mentioned. In making
these choices, we have assigned the 33 mass entry to
Y5. Our convention is motivated by the assumption that
the largest Yukawa element is expected to arise from
some dominant mechanism (unknown) while the light-
est masses and CKM mixing could be the result of some
perturbation to the above mechanism. The logic of our
ordering is to start from the simplest structure for Y5,
i.e., with only (Y3)s3 #0 (case 1), up to the more com-
plicated case, where Y5 itself is of the 3-texture type.

3 The Higgs interaction in the THDM-
Tx

3.1 The general Yukawa Lagrangian

The Yukawa Lagrangian in the THDM-III is given by
(25, 32]

L= Y1“@24:’U% FY;Q, b uf, + Kd@ii’ld% +YQ, P, dy,
YT 3,00+ YT ®,0% +hec., (21)
such that

dL €r,
¢ 2
451:( & ) %:( ¢ )
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3sfpm—— . -
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\X/ ‘\.' . YCheng»Sher
| <
a5
e
\.~ R Parallel
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Fig. 1. Plots of Yrp Xru | vs tan 8, with xc,=1 for the Cheng-Sher ansatz and ., ~ 1 for the considered
v

cases, i.e., Parallel, Semi-Parallel and Complementary. The highest line indicates the upper bound of the Yukawa

coupling of T-p.

The physical fields are defined through a transforma-
tion that depends on the angle a, which transforms the
real part of neutral physical Higgs bosons:

( H° >:< co.sa sina )( Re¢, )7 (23)
h° —sina  cosa Reg,

and the angle 8, which transforms the imaginary part of
neutral and charged physical Higgs bosons given by

sin 3 )( Imao, )7 (24)
cos 3 Imao,
sin 3 )( oF ) 25)
cos 3 oxs

tan 3 = % (26)

U1

cos 3

o\ -
A° )\ —sing
G* \ [ cosp

H* | |\ —sinpg

with the angle (8 defined as

As a matter of convenience we separate the La-
grangian into the charged (L4,) and neutral sector (£,).
Thus,

g ma) = [cosa
==(—)d /
£n 2 <mw> [cosﬂ5dd

\/_Sln( B) ((mw d 1770
~ gcos@ <md) (Y )dd’ dH
g { mq sina
+2 (mw)d[ cosﬂédd,
V2cos(a—f) [ mw a "o
+ gcosf3 (md> (}g)dd/ h

Eg < ) |: tanﬂ(sdd/
gcos,@( ) ar Y

g [ my\ _|[sina
o 5uu’
+2 (mw> b [sinﬂ

5d/A0

L V2sin(a—p3) (mw> (%) [wrr
gsmﬁ My un’
g({ my\_[ cosa
+2 (mw>u[ sin 3 e

V2cos(a—p) (mw )\ (o ,
P () (7 )] e
+%g <nﬂ;‘;) [~ cot B0

V2 o
+gsir?ﬂ (ZY) (Y2 )uu’

The lepton part is similar to the type-down quark part
with the exchange d —1 and mgq — m,.
We will use a notation in which n?f- corresponds to

You'A°. (27)

the couplings ffH in the Lagrangians, for example:

o g m V2sin(a—0) (mw) /<
”5‘/—5(m—w> T cosB (7)(1”)]

(28)
The charged Yukawa Lagrangian is given by:

COS

cosf

Lo = {ai (}71“ sin 5+ }72“ cos ,6’) u;H™

+1, (}72‘1 cosB—Y? sinﬂ) deJr} P

123103-5



Chinese Physics C Vol

40, No. 12 (2016) 123103

+ {ai (172“ cos 3 — Y sinﬁ) u,H™
+m(ﬁ%m5—g%%ﬂyyHﬂfz. (29)

from which we extract the Feynman rules for the charged
Higgs mediated processes.

4 Constraints from low energy

In order to find the allowed regions of parameter
space, we will consider Aaj"PM ™ relevant low energy
processes and collider constraints. Unlike the SM we
have an additional doublet, which gives rise to new Feyn-
man diagrams mediated by h® H° A° H*. Using cur-
rent measurements we constrain the parameter space of
our model, which depends on tan (3, which mediates the
coupling of the Higgs bosons to fermions. We will deter-
mine the parameter space analyzing the ¢ s-mgu+) plane,

while the other parameters remain fixed. With regard to
T
the angles « and 5 we study the scenario (o —f3) = 5

which reproduces the case where the coupling of h° to
fermions is SM-like, also because it is the most favor-
able scenario according to Ref. [33]. For processes me-
diated via neutral Higgs bosons, we consider the anoma-
lous magnetic dipole moment (Aa /™M) B — putu-,
pw— ey, T — uy, T — ey, K-K (B-B) mixing and
T — w utu~. For charged Higgs mediated processes,
we employ Aa"™PM ™ B — D(D*)Tv, and p—ey.

We use the effective Hamiltonian formalism in order
to analyze the low energy processes. This is based on
the expansion

GF i
Her = ﬁ Z VermCi(1) Qs (30)

where @), are the effective operators that govern the de-
cay and C;(u) the Wilson coefficients; p separates the
physics energy scale contributions into high and low en-
ergy scales. The Wilson coefficients are dependent on
the couplings of our model, and so they depend on «, 3,
a;, mum=) and 7y, from which we are able to constrain
our parameter space.

4.1 B2—putpu-

BY meson decays into charged muons ptu~ are very
interesting due to their sensitivity to BSM theories. One
such theory is the THDM; in this scenario the process
B? — putu~ is mediated by a neutral Higgs boson, whose
Feynman graph at the quark level is shown in Fig. 2.

This decay is particularly important because it im-
poses stringent constraints on several theories beyond
the SM. The first observation of the rare B — p~ut
decay at the LHC by the CMS and LHCb experiments
[36] reported a result of its branching ratio, whose value

is
Br(By — p'u)=(2.870¢) x 1077, (31)
while the SM value reported by Ref. [37] is

Br(Bg —ut e )sm = (3.234+0.27) x 107°. (32)
S n
H
N

ol

Fig. 2. Feynman diagram for the B — ptp~ pro-
cess at the tree level, where H="h" H° A°. The
labels n?f indicate the contributions coming from
the THDM-Tx. We omit these labels in all further
Feynman diagrams.

The branching ratio for this decay is given by [3§],

Br(B,—u'u)

G2, o2 4m?
= 1F67-[3 MBTB|Vtthb| 1- Mg
4m?
X |:|FRH|2 (1— M;) +|FRAU|2:| s (33)
B

where

my

i
Friurao = —§M§ Iz, Cri,rA0, (34)

(mb +m5)mu

are the form factors, Gy is the Fermi constant, 75 is the
lifetime of the B meson, fg, is the meson decay constant
and Crp, Crao are the Wilson coefficients that appear
in the effective Hamiltonian,

where Q; are the effective operators with ¢ = RH,RA®:

62

Qru = W@PRb)(lﬁva (36)
e? 5
Qrao = W(SPRb)(H+’Y mo), (37)

and the Wilson coefficients C; are,

2mtm? 1
Cru = . 77H577H7 |, (38)
Vi VibQem | 4mio HZ; » bs'lu—
2mtm? 1 0 A0
C = = AT AT . 39
AT ‘/t:‘/tbaem [4mio nbs TIH Wt ( )
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Here mb,V;{,(ts),MHo,Mho,MAo are the bottom quark
mass, CKM elements and Higgs boson masses, respec-
tively. Operators with left-handed b-quarks are para-
metrically suppressed compared to those involving right-
handed quarks by a factor m,/m,,. Therefore, they are
sub-leading corrections for our work. However there are
some cases where these corrections are important, for in-
stance when you have a complete general flavor-violating
MSSM. See for example Section II of Ref. [38] for the
complete effective Hamiltonian and the Wilson coeffi-
cients. We observe from 38-39 the dependence on the
model parameters.

4.2 aTHDM-Tx
* [

There currently exists a discrepancy between the ex-
perimental measurement and the theoretical prediction
of a, in the SM [34]

Aa, = aEXP —aM=288(63)(49) x 10~ (40)
which is greater than 3o. This discrepancy might origi-
nate from physics beyond the SM. That is why it is im-
portant to implement it to constrain new models, such
as in the case of the THDM-TX; in this model new con-

tributions to a, come from one the loop level couplings
houl, HOul, A°ul, where l=e, 1, T

The Feynman diagrams for these one loop level pro-
cesses are shown in Fig. 3,
where [, = p and [; is a different flavored lepton, and
H refers to the different neutral Higgs bosons h® H°, A°.
The muon anomalous magnetic dipole moment is CP-
conserving, thus a; »=0.

We use the unitary gauge and the method of Feyn-
man parametrization. The expressions for the a}"PM=
at one-loop level, are given by:

/dx / dy Fy(z,y), (41)

where 17;1, is the coupling I/H that comes from the neu-
tral Lagrangian, Eq. (28).

@ THDM-Tx _ ll’

i
lcu'r \/_7[2

UV=n

The Fy(x,y) function of diagram (a) is given by:

Fa(Iv y) =

where M? =

(@+y)(mi, —my(z+y—1))/M (42)

—mi(z+y—1)+(z+y)(mi +mi(z+y—1).

’Y(l
\\‘\I{i
i l; - > - i
S v, T
©
Fig. 3. Feynman diagrams of the muon anomalous magnetic dipole moment.
For diagram (c) in Fig. 3, 771}[‘/ =1 and |by
F.(x)=2m,x/M?, (43)
' 1Og(y(l —y))
h that M2 = = d 45
such that M2 = (m2a— . ). fla)= [ 2= ay (45)

In the case of the Barr Zee diagram, we only considerer
the dominant contribution, which is given by [35]:

0
aBarr Zee __ Oé2 min37 pt NfQ2T f(r ) A(z
" T 8msd, mly E : @y I\ )Ny g

f=t,T,b

(44)
where ¢ = (my/Mao), my is the fermion mass, N/ =1(3)
is the color number in the case of leptons (quarks), Q;
is the electric charge of fermions, an; is given by the
Lagrangian in Eq. (27) and the function f(r;) is given

4.3 Meson mixing: KK and BB mixing

One of the earliest successful tests of SM phenomenol-
ogy was the measurement of the difference between the
mass eigenvalues A My = M —Msg; related to M Ez which
occur through box diagrams involving the W boson. But
in the THDM the amplitude of KK mixing receives ad-
ditional contributions from the neutral scalars, whose
Feynman diagram is shown in Fig. 4.
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Fig. 4. Feynman diagram for the K-K mixing.

The effective Hamiltonian for this process at the
quark level is written as follows

_, GZM:?
HAS=2 = 1F67[;N ZCiQi, (46)

with (i=L,R,LR)

el = (sPd) (5P.d), (47)
w159 — (5Pgd) (5Pad), (48)
Pt = (5Pud) (5Pxd), (49)

and the Wilson coefficients are written here for a gen-
eral multi-Higgs doublet model,

wa  lem? > (U)’
Csd,sd — _ msmd|775H |2 la , (50)

P Gl 2
g 167 2. (Uh)”

Cisd—_ " _mom f 2 - 51
R GFm%v d|77 d| a;]{ m%{ ( )
e 1672 2. ULy,

Csd,sd — _ mem H |2 la a7 52
LR —GFm%V d|77sd| a;H m2, (52)

where the rotation matrix for neutral Higgs bosons
takes the form

coso
v- ( ,
sina
Flavor violation arises from the non-diagonal terms
of the K (neutral kaon) mass matrix, in particular the

component M, whose experimental value has been mea-
sured to be

COS(x

—sina) ' (53)

=7.2948 x 107", (54)

which is a high precision measurement that is used to
constrain BSM parameters. Given that A My is obtained
through:

A My =2Re(K°|HE =2|K?)
G2 M
= 1F2T[2WMKF§nzBK

% [pz,LROEC%{SH‘FPLL (Cid,sa_'_clid,sa)} , (55)

where Fx = 160 MeV, My = 497.6 MeV, n, =0.57, Bk =
0.85£0.15, P,z =30.6 and P, 1, = —9.3, therefore,

4 _ 1
M= gFénzBK (mdms) -
Ui
3
U Ui = vz U3
P. P — =], (56
<Y [P e R )| o9

a=1

The way in which we determine B-B mixing is anal-
ogous to KK mixing, except that we now use AMg. For
this process the experimental values used are Amgp, =
3.337x 107" GeV, ng = 0.55, P,1r = 0.88 and P, =
—0.52.

4.4 B—Dtv and B—D*tv

The experiments Belle and BaBar have now measured
the ratios R(D) and R(D*) [39, 40], of B — Dtv and
B — D*tv, which can be used to constrain charged Higgs
H* parameters appearing in models such as in the case
of the THDM-Tx. The Feynman diagram corresponding
to this process is shown in Fig. 5.

u,c T
Hi
( \

Feynman diagram for the B— D(D*)tv process.

Fig. 5.
The results given by BaBar are:

R(D)=0.4440.058 +0.042, (57)
R(D*)=0.332-+0.024+0.018,

which can be expressed as follows,

b,Tv b,Tv
Cr ™ +Cp }

cb,Tv
CSM
2 >
)

ch,'rv _ ch,'rv
Csn”
Cﬁb'-{v _ CEb,Tv

2
cb,Tv ? (58)
Cén )

where the Wilson coefficients are given in Ref. [41].

The combination of both processes give us a devia-
tion of 3.4 o with respect to SM predictions; it remains
to be seen if this is in fact a signal of new physics.

This signal is one of the most stringent processes.
Nonetheless, we are able to satisfy both R(D) and R(D*)
within the THDM-Tx model. The allowed and excluded
regions for the tan 8- My+ plane are presented in Section
4.7

R(D) = Rsy(D) (1+1.5 Re[

b, b,
CFC{ ’r‘v+CE T™v

+10 cb,tv
Cént

+0.05‘
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4.5 Lepton decays l; — ;v

Another way in which one may constrain the param-
eter space of a model is through the consideration of
radiative flavor violating decays, such as in the case of
leptonic decays, of which pu — ey is particularly useful.
The MEG collaboration [42] has given an upper bound
for the decay p— ey: 5.7x107'%. They also give bounds
of the leptonic decays of the T but these are much weaker:
Br(t—ey)=3.3x107% and Br(t — py)=4.43x107% [43].
That is why in the present work we only use u — ey to
constrain our parameter space.

The Feynman diagram for this process is shown in
Fig. 6.

Fig. 6. Feynman diagram for the I; — [y process
with H= H° h®, A H*. The circle denotes one-
loop contributions.

The branching ratio for the general decay of a lepton
(I;) to a lepton of a different family (I;) is given by

4 F (’C 2)’ (59)

where I, is the total decay width of the particle I; and

Br(ll —

lyy)=

the Wilson Coefficients C’ll{lL are given by

—e
LRH*, LRH | LRH« LRH
Z 19272 M2 |f711 Mo, T M,
_ My LrE LRH

— 0 M <9+61n<:2 ))], (60)

it
such that H=h°,H°, A°. " is obtained by simply in-
terchanging R by L. For the charged Higgs boson contri-

butions the Wilson coefficients are given by:

Lil;

Cg"

Ll
Lj 3847‘[2M2 Zg%l vilso (61)
1, T

Rj _m Wzgl’kl vl (62)

where
ukl == Z sin B V5™ (€0 tan 3),
with
29x107% 6.1x107* 1.0x1072
lemi| < | 6.1x107* 6.1x107* 1.0x1072
1.0x1072 1.0x1072 1.0x1072

4.6 T —u putu-

The Feynman diagram is shown in Fig. 7.

Y
Y

T

Fig. 7. Feynman diagram for the T~ — u~p™ ™ process.

The branching ratio including contributions from the
three Higgs bosons is given by:

_ 5511% +2 7 my; m?km?z
- 3 1173 v
{ cos?(a—fB)sin’ n sin®(a— 3) cos® a
myo Mo
5 cos(a—f)sin(a— ) cosa sina
miomio
sin® 8 |miy|”
—_—. 63
+m‘1§0 }2cos46 (63)
Here 7; is the lifetime of particle [;. The current bound

is [30]:
Br(t —p ptu)<2.1x107%

4.7 Allowed regions

4.7.1 Neutral Higgs mediated process

We give bounds on the tan 8- My plane. We find that
not all values of My and t5 are allowed. In Fig. 8 we
show the allowed and excluded regions for processes that
involve the neutral Higgs bosons for the Complementary
case, i.e. B? — p ut, K-K(B-B) mixing, I, — [;v,
T~ — pu~ptu~ and aTHDM Tx where the region where
they all intersect corresponds to the allowed region for
all the processes that we consider. We work in the
scenario where (o« — ) = 7/2, which is in accordance
with the work of Ref. [33]. In Fig. 9 we consider the
same low energy processes but for the Semi-Parallel case.
Finally in Fig. 10 we show the excluded and allowed re-
gion for the parallel case. The labels for each process are

123103-9
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tan 3

200 400 600 800 1000
My /GeV
Fig. 8. (color online) Allowed and excluded regions

of tg and Mu(GeV) for the Complementary case.

30

25

20

tan 3

15

10|

200 400 600 800 1000
My/GeV
Fig. 9. (color online) Allowed and excluded regions
of tg and My (GeV) for the Semi-Parallel case.

30

25

20

tan

15

10

200 400 600 800 1000
My /GeV
Fig. 10. (color online) Allowed and excluded re-
gions for the Parallel case.

placed at the upper limits for each process, which ex-
tends all the way down to (My = 200 GeV-tanfs = 1)-
(Mg = 1000 GeV-tan3 = 1). For example, for the pro-
cess B? — p~u™ the allowed region starts at (My = 200

GeV, ~ tanf = 3) and continues until (My = 1000
GeV, ~ tanf = 15) and extends up to (My = 200
GeV, tanf = 1)-(Myx = 1000 GeV, tang3 = 1). The al-
lowed regions that are different are a}; """, which is a
band which goes through the plot, and T~ — u-u u™*,
which looks like a rectangle. Here My = Myo is the
heavy Higgs boson mass. We used the values Mo =125
GeV, Mo = 300 GeV, My+ = 500 GeV, ~, = 0.13,
vq4 = 0.1 and v = 1. From the plot we observe that
the most restrictive process in the tan(3-My plane are
B? — puu* and a"PM ™. The intersected area for all
the processes corresponds to the allowed region, which
is found to be between 490 < My < 1000 GeV for tg~ 7
and 850 < My < 1000 for tan8 ~ 13. Although both
Complementary and Semi-Parallel cases are similar, we
observe that the allowed regions differ slightly. This
is due to there being an additional parameter (a,) in
the Semi-Parallel case. The most restrictive processes
are (B — pu u' and af"PM™), just like in the pre-
vious plot. Nonetheless, the overall allowed region is
greater than the Complementary case. In particular,
for t3 ~ 13 the Heavy Higgs boson mass is between
750 < My < 1000 GeV, unlike the Complementary case
where 850 < My < 1000 GeV. We find that there are two
zones for the allowed parameter space: the first region
is found at 7 < tanf < 8 for 480 < My < 1000 GeV
while the second region is located at 12 <tang <15 for

870 < My <1000 GeV.
4.7.2 Charged Higgs mediated process

We will now constrain the parameter space for the
charged Higgs bosons, following a similar methodology
to the one used in the previous section, except that
we now consider processes mediated by charged scalars:
B — D(D*)tv, a ;"™ and u — ey. The allowed re-
gions for Semi-Parallel and Parallel cases are presented
in Fig. 11. We have performed a thorough analysis of
the Complementary case and we found that it was able to
satisfy @ — ey, B— D*1tv and Aa,, but we were unable
to find a region that satisfied B — Dtv and the previous
processes. The Complementary case is only able to meet
with the limits of neutral Higgs bosons.

We find that the most restrictive process is B— Dtv.
We have used 7, =0.13, v =0.1 and v, =1, (a— ) = g,

Myo = 500 GeV, Myo = 300 GeV, Mo = 125 GeV
a;=a;=0,a'=0(10"1), a{ =0O(1073) , a} =O(107®).

5 The LHC signals

In the previous section we determined the allowed
parameter space according to current low energy con-
straints. Now, we will use collider constraints. These
need to satisfy the constraint of the SM-like Higgs signal
observed at the LHC by including several production and
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30 | 30 ® B_Dw |, _ < B-Dw |
: @ | ; k« )
i pr ] 1 s & |
% B_ﬂiw L—ey | 2 xcluded region\ Xc[lzde 7, |
o &dreé“’“ = K> :
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= fg': i l p—ey "-\\ R P s T 1
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10] <Agy ':\bwé&'@ | 10 . excluded region =
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My-/GeV My-/GeV

Fig. 11.
for Semi-Parallel (a) and Parallel (b) cases.

decay Higgs channels. We shall consider only the pro-
duction of Higgs bosons by gluon fusion and the decays
h® —ZZ*, vy, T—t", bb. Then, in order to reproduce the
signal rate for the SM-like Higgs signals with m;, ~ 125
GeV, we consider the following ratios:

~ o(gg—h") Br(h’—XX)
o(gg — hsu) Br(hgy — XX)’
for X=vy,7Z,7,b.

Within the so-called narrow-width approximation, we
can write the expression for Rxx as follows:

(64)

XX

Row = I'(h® —gg) Br(h®— XX)
X7 I(hgy — gg) Br(hsy — XX)

The Higgs signals h® — bb and h® — T~ 7 channels
have been tested at the LHC due to the relatively large
Yukawa couplings. In THDMs, the bottom and tau
Yukawa coupling are expected to be different from those
of the SM. The values of the R-parameters according
to current LHC Higgs data such as Ry, = 1.157073],
R,, =1.177072, Ryp =0.85+0.29 and R+, =0.79+0.26
can be found in Ref. [30]. Our evaluation of the values
of Rxx is done with (a— ) ~7/2, v; =1, a;=c,=0.

The regions that satisfy the constraint for each of the
considered channels are presented in Fig. 12.

We find several regions in the tan(-my plane that
satisfy the current signal strength measurements.

(65)

6 Predictions for h® — Ty, t — ch®

The decay h® — T provides an interesting signal to
probe FV Higgs couplings. It was initially studied in
Refs. [44, 45]. Subsequent studies on detectability of
the signal appeared in Ref. [46], while improved calcu-
lations within SUSY and other models appeared in Ref.
[47]. More recent discussions of LFV Higgs decays are
presented in Ref. [48].

Another interesting signal to probe FV Higgs cou-
plings is rare top decays, particularly t — ch®, which has

(color online) Allowed and excluded regions obtained from the processes mediated by charged Higgs bosons

been studied within the THDM in Refs. [49-52], while
the SUSY case was considered in Refs. [53, 54]. The
search for this mode at the LHC was considered in Ref.
[55].

RXX
30 =
gw
25 1T
§ZZ*
- 20 bb ‘
g Semi-Parallel case| | | \
=15 \ \
‘ { |
10 N |
\\ \ \
5 \/Complementary caéq\
—-0.010 —0.005 0 0.005 0.010
ap
Fig. 12. (color online) Signal strength for Rzz«,

RYYv RbB and RT*T*'

6.1 h°— tu decay

The first search for the Lepton Flavor Violating
(LFV) decay h® — T was performed by CMS [56] and
ATLAS [57], at a center of mass energy of /8 TeV with
an integrated luminosity of 19.7 fb~". They reported a
slight signal excess with a significance of 2.40, and give
a limit on Br(h® — tn) < 1.51% at 95% confidence level.

The Feynman diagram at tree level of the h® — T
decay is shown in Fig. 13.

Fig. 13. Feynman diagram for h® — tu decay.
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My | 0|2
(b —ty) = W | 8° My, (66)
W
where 3= (1 — (Teno -i-Tuho)z) \/(rfho — riho —1)2— 4Tih07

rio = my/Myo, Myo, m., m, and 771;3 are the SM-like
Higgs boson, tau and muon masses and h®tu coupling,
respectively. As mentioned previously, we have been con-
sidering (o — ) = 7/2 but from Eq. (27) we identifyl

that this coupling is zero. That is why we take the limit
(a—pB) — /2. We also consider the scenarios (a«—3) =0,
which corresponds to the case where there are no fla-
vor changing neutral currents via a heavy scalar, and
(o — B) = m/3, which corresponds to an intermediate
scenario. In Fig. 14 we show the branching ratios of
the decay h® — Tu for these scenarios as a function of
tan and the parameter a; for the Complementary case
(a; =0) and Semi-Parallel case (—0.01 <a; <0.01).

(a—B)=0 (a—B) - /2 \Q)
0.0150 . ot

N
0.0125 5t .

-~ @ 2 N

2 100100 ¢ 3 N

i g e

2 oT \QA

< 10.0075 = Pt

0.0500 o

N

—0.010 —0.005 0 0.005 0010 [{0-0025 o0 —0.005 0 0005 0010 a

a, a

Fig. 14.

(color online) Branching ratios of the LFV decay h® — Tu as a function of tan3 and the parameter a;.

The vertical line, whose equation is a1 = 0, corresponds to the prediction of the Complementary case, while the
prediction for the Semi-Parallel case is presented in the colored points in the tg-a; plane.

The values —0.01 < a; < 0.01 are used because this
interval satisfies the experimental bounds and values of
the process that we considered to restrict the parame-
ter space of our model. Fig. 14(a) corresponds to the
(o = B) = 0 scenario and Fig. 14(b) corresponds to
(a— ) — 11/2 scenario. We find that this scenario gives
the smallest contributions with a Br~ 1077. We only
present the branching ratios that fall within the current
limit Br(h® — tu) < 1.51% [56]. The graph correspond-
ing to the scenario (o — ) = 7/3 is shown in Appendix
B.

6.2 t—ch® decay
The Feynman diagram of the t — ch” decay is shown
in Fig. 15,
and the decay width is given by
m 0|2
Do —ch) = 2ot | [(1+702 =12 ]
X \/1 - (Tht +Tch)2 \/1 - (Tht - Thc)z-

In Fig. 16 we show the branching ratio of the decay
t — ch® as a function of tanf for the Complemen-
tary case a; = 0 and the Semi-Parallel case; the values
—0.01 < a; < 0.01 are used because this interval satis-
fies the experimental bounds and values of the process
that we considered to restrict the parameter space of our
model. Figure 16(a) corresponds to the (a—3) =0 sce-

(67)

| nario and Fig. 16 to the (a—f) — 7/2 scenario. We find
that this scenario gives the smallest contributions with
Br~10~". We only present the branching ratios that fall
within the current limit Br(t — ch®) < 5.6 x 107,
The graph corresponding to the scenario (a—f3) =7/3
is shown in Appendix B.

hO

Fig. 15. Feynman diagram for t — ch®.

7 Conclusions

We have considered the possibility that the Yukawa
matrices can be constructed in such a way that they pro-
duce a specific hermitian mass matrix, which we classify
as Semi-Parallel and Complementary textures. This as-
sumption of different matrix textures is relevant in the
study of LFV decays and rare quark decays, because the
flavor violating couplings for each of these new signals de-
pends on the Yukawa elements Y;;. Through current ex-
perimental bounds from low-energy processes: Aa,,, K-K
and B-B mixing, B — D(D*)tv, B — u*u~, I, — 1,y and
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T~ — uw~ uwhu~, we restrict our parameter space and find
that small values of tanf and 450 < My < 1000 GeV
are favored. We then incorporate the LHC Higgs sig-
nal strengths R,,, Rzz~, Ry and R.-.+. And finally,
using all the aforementioned restriction we calculate the
branching ratios of the LFV Higgs decay (h® — ty), as
well as the rare top decay t — ch’, and we find that
the highest contributions are of the order O(1072) and
O(1073) for each one.

Therefore, our analysis seems|

(a—0)=0
0 0.0040
25
0.0035
@ 20 -Paralle
=1 —~
5] = £0.0030
15 S
/ i}
10 / & 00025
5 lementary prediction (a,=0)" 0.0020
0.0034 6935 : 0-004
—1x1072 —=5%1073 0 5x107° 1x10°? 0.0015
1
Fig. 16.

to suggests that the case that best satisfies the cur-
rent experimental bounds and measurements is the Semi-
parallel case, while the Complementary case offers the
simplest pattern of flavor violating Higgs couplings, as
they depend only on a few parameters.

We acknowledge support from CONACYT-SNI

(Mezico).
(a—P) > m/2
2.4x1077
! 2.0x107
pre —~
= B
?
< FL6x1077
m =
prediction (a,=0) 1.2x1077
SET
=S S
—1x107% —=5x1073 0  5x10° 1x102 fgoxi0-®
a

(color online) Branching ratios of the rare decay t — ch® as a function of ts and the parameter a; for (a)

(a—pB)=0 and (b) (a—3) — 1/2. The vertical line, whose equation is a1 = 0, corresponds to the prediction of
the Complementary case, while the prediction for the Semi-Parallel case is presented in the colored points in the

tan 8-a1 plane.

Appendix A: Yukawa matrices: Cases 2—6

Case 2:
0 d 0 0 0
Y= d* 0 Yo = 0 0
0 0 O 0 b a
Case 3:
0 d 0 0 0 0
Yi=| d 0 b |,Ya=]| 0 ¢
0 b 0 0 0
Case 4:
0 0 O 0 d 0

Case 5:
0 0 O 0 d 0
Yi=]| 0 0 b |,Ya=]| d*
0 v 0 0 a
Case 6:
0 d 0 0 0
Yi=| d& 0 0 |,Ya=] 0
0 0 O 0 b a
Case 7:
0 0 0 0
Yi=| 0 ¢ 0 |,Ya=| d° 0
0 0 0 0 b a
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Appendix B: Scenario («—3)=m/3

(a—P)=n/3

b

3

5
I

<
m @')
@\

—0.010 —0.005 0 0.005 0.010

ay

Fig. 17.

(b) Branching ratios of the rare top decay t — ch® for the scenario (o — (3)
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