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Abstract. We analyze the flavor changing decay h — u7 in the framework of a Two Higgs
Doublet Model with a fourth generation of fermions (4G2HDM) which couples only to the heavy
scalar doublet. We obtain that the respective branching ratio at one-loop level can reach values
as high as 107* — 107° for masses of 300 GeV to 1 TeV for the heavy leptons in the fourth
family and the new heavy Higgs bosons. These radiative corrections are of the same order of
magnitude as the tree level prediction of the 4G2HDM.

1. Introduction

In the Standard Model (SM) there are no Flavor Changing Neutral Currents (FCNC) transitions
at tree level. This type of transitions may be induced at one-loop level due to the virtual exchange
of scalar or gauge bosons but they are highly suppressed due to the Glashow-Iliopolous-Maiani
mechanism [1]. However, they can be relaxed by extended flavor structures in extensions of
the SM [2,3]. For this reason, the excess reported recently by the CMS [4] and ATLAS [5]
Collaborations for the branching ratio Br(h — 7u) has been widely addressed in the literature
[6-10] and, in particular in some versions of the 2HDM [11-13] the respective branching ratio
could be at the level of few percent. The CMS and ATLAS Collaborations have reported upper
limits on the branching ratios of the h — 7 decay mode of 1.51 x 1072 and 1.85 x 1072 at
95% C.L., respectively [4,5]. CMS has also reported a slight excess, with a significance of 2.4
standard deviations at mj =125 GeV, with a best fit BR(h — 711)=18.4+ 3.9/ — 3.7 x 1073 [4].
Even though a new CMS report does not throw a clear conclusion on the evidence of this decay
mode [14], any evidence of Higgs lepton flavor violating decays (LFVD) would point towards a
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neat signal of physics beyond the SM since this type of transitions are highly suppressed in the
SM (2, 3].

Lepton flavor violating Higgs decays (LFVHD) were considered first in the context of the SM
with three heavy Majorana neutrinos [6,7] and later in models beyond the SM [7]. In particular,
it was found that within the effective Lagrangian approach, the LFV decays of the Higgs boson
involving the tau lepton could have branching ratios at the percentage level [8]. The study of
LFVHD has received an increased interest recently in different models [9,10,15-17]. In some
cases, the enhancement due to loops involving new degrees of freedom could be sufficiently large
as to explain the CMS and ATLAS signals [4, 5].

LFVHD have been analyzed also in Two Higgs Doublet Models (2HDM) where all flavor-
changing neutral processes are determined by the weak mixing matrix [18,19]. Although some
electroweak precision observables allow the existence of a fourth family of quarks [20], the most
severe bounds come from the invisible width of the Z° at the LEP [21] and the Higgs boson
production at the LHC [22,23]. The main mechanism of Higgs boson production at LHC is
the gluon fusion induced by top and bottom quarks loops. If extra heavy quarks exist, then
the respective cross section may be enhanced by a factor of 9 compared to the SM with three
families [24]. However, the actual Higgs boson production is in agreement with the top and
bottom contributions [22,23]. This experimental circumstance could exclude a fourth family
within of the SM, but in the 4G2HDM [25] the fourth family interacts only with the extra
heavy scalar bosons, and thus the gluon fusion mechanism remains unchanged by the presence
of the extra heavy quarks. Previously we presented only the one-loop contribution of the heavy
neutral scalar bosons in 4G2HDM [17]. In the present paper we include the contributions of all
heavy scalar bosons and heavy leptons. In this context, we consider the possibility that a fourth
family of leptons could induce a large contribution to the branching ratio Br(h — 7u) through
one-loop effects. We will take a 2HDM with a fourth family of quarks and leptons which has
been found not to be in conflict with electroweak precision data [25-27]. Even more, it has been
pointed out that Higgs data at the LHC does not rule out a sequential fourth family [28-31]. We
will find that the heavy lepton of the fourth family and the heavy neutral Higgs boson induce
contributions of the same order of magnitude as the tree level prediction of the 4G2HDM. We
would like to stress that our calculation is not just a direct extension of some old calculations in
the SM since in our case is not possible to neglect the virtual contributions associated to new
heavy fermions and scalar bosons with masses heavier than the Higgs boson mass.

The plan of the paper is as follows. In section 2 we introduce the way to include a fourth
family in the 2HDM. In section 3 we present details of the one-loop calculations for the h® — ur
decay, as well as the tree level prediction of this model. In section 4 we include our analysis and
results; finally, we present the conclusions in section 5.

2. The 2HDM with a fourth generation

The 2HDM have been introduced in order to explain the large top-quark mass through the
inequality between the two vacuum expectation values (VEVSs) v; > vg [14]. In these models,
the Higgs sector is composed of two isospin doublet scalar fields ®; and ®5 with VEVs vy o,
respectively. We shall use the definitions v = y/v? + v3 and tan 3 = v9/v;. The fourth family
can be incorporated in three different 2HDM scenarios [25]. In scenario I, ®; gives masses only
to fermions in the fourth family while ®o generates massess to the rest of the fermions; in this
case, tan f ~ my, /my ~ O(1). In scenario II, ®; is responsible for the mass generation of the

heavy fermion states of both the third and fourth generations, whereas ®2 induces masses to
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the light fermions of the first and second generations. In scenario III, we have m;, o« v; and
only the fermions with masses at the electroweak scale are coupled to ®;. In the latter two
cases tanf > 1 is a natural choice. In the present paper we shall consider only scenario 1
whose phenomenology has been studied recently by Bar-Shalom and Soni [31]; the Zs charge
assignments in this scenario are show in the Table 1. Physically we have chosen this scenario
because the heavy fermions and quarks (of the SM) have the same order of mass, then the
production of Higgs boson by the fusion of gluons is not altered. Scenario I of the 2HDM will
be appropriate to the present analysis since the heavy fermions of the fourth family will couple
only to the ®; doublet and we should expect that tang ~ O(1).

O, | & |ur |dr | lr | QL | fL
T - [ = [= =1+ [+

Table 1. Z, charge assignments in the model we are considering.

We consider an extension of the 2HDM with the heavy scalar fermions of the fourth family
coupled to scalar and pseudoscalar fields that are remanant from the softly broken ' Z,
symmetry: the 4G2HDM. In this model, there is a FCNC at tree level between scalar bosons
and fermions. Of course, FCNC may arise also through charged and neutral currents. These
FCNC Yukawa interactions for the leptons of the fourth family are given by

Lpy = ﬁfé@ [(gff)” + <g;?)ij ’75] i, (1)

where the indices i, j run through the four generations of families of leptons ¢;, ¢ = h°, HY, A9,
while for ¢ = H* we have ¢; — v; and the coupling constant fg acquires values according to
Table 2. On other hand, the scalar (gff) and pseudoscalar (g;f ) couplings are depicted in Table

3, where the subscripts i, j run through the e, u, 7 and a lepton (neutrino) of the fourth family
¢4(v4) only for the heavy scalar bosons.

¢ T

RO | ca/sp + sa/cs
HY Ca/CB — Sa/58
A% [ 2iI,(ts + 1/tp)
H* 2/\/2

Table 2. The fg) values for the scalar boson ¢, with I, the weak isospin and we will use the
short notation sy =sinf, ¢y = cosf and tg = tan 3.

On the other hand, we shall assume CP invariance in the Higgs sector and thus the triple
scalar couplings A44p0 are obtained from the usual Higgs potential of any 2HDM; these couplings
are given by [32]

1
Ag+H-B = p (2M? — 2m3. —m3)sp_o + 2(M? —m3) cot 2605,4, (2)

L Z, symmetry is softly broken to achieve a CP conservin§ potential as this is phenomenologically more interesting.
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h ; mgiE? + mng%i mgiE? — Mejzﬁ

HO mgiE? + my; Z%i mgizzj — My, Z%Z-

A mgizij — mgj ij mgiZij + mgj Ej:f

HT | tgUp(mg, —mu,) = (tg + 1/tg) | taUy;(me, +mu,) + (s +1/t)
(my, X5Ug; — my, Uz*zzfz) (mu, X5U; + my, U;Ef;;)

Table 3. Scalar (gff ) and pseudoscalar (g;f ) couplings, the subscripts ¢ and j run through the

e, i, T or {4 (v4) only for heavy scalar bosons. Further, ij’.” is a complex element of a mixing
4 x 4 matrix in the 4G2HDM, while U;; is a complex element of the 4 x 4 PMNS matrix.

1
Aan = o [(2M2 —2m% —mji)sp_a + 2(M? —mj) cot 26¢5q |, (3)
Sp—
A = gva [(2M2 —2mY; —mi)sh_q + 2(3M? — 2mi; —mj) cot 2855-aCs—a
—(4M? — 2m?%; — m%)c%_a], (4)

with a and § the usual mixing angles, M describes the soft breaking scale of the Z; symmetry
and it is fixed by the relation vV \v2 =

deviations in the Higgs boson couplings from the SM prediction are given in Ref. [32]. At tree
level, these scaling factors become unit if sin(f — a) = 1 and further, since LHC data suggest
that the observed Higgs boson coincide with the SM-like, then sin(f — o) ~ 1 can be allowed.
Thus, for convenience we introduce the tiny parameter

A /mé — M?2. Finally, the scaling factors that describe the

™

X:§_(ﬁ_a)7 (5)

with xy — 0 the SM-like limit.

3. The h’ — pur decay in the 4G2HDM

The 4G2HDM has some free parameters such as the masses of the scalar bosons and the fourth
family leptons, as well as tan § and the mixing matrix elements Eiz, Ei’,;/, Usq and Uyg. In this
model the FCNC may ocurr at tree level but we will be interested in computing the one-loop
contributions coming from the virtual exchange of heavy scalars and fourth family fermions, as
it is shown in Figure 1. Our results will show that the tree and one-loop contributions are of the
same order of magnitude. In the case of the virtual exchange of heavy neutral scalar bosons,
there is also a heavy lepton 74 exchange, while for the heavy charged scalar boson exchange,
there is a heavy neutrino v4. There are thus four diagrams that contribute to one-loop order in
the h® — u7 decay. The respective transition amplitude is given by

M = iu(pa, mj)(A + iBys)u(p1, mi), (6)

where my, and py correspond to the mass and 4-momenta of the final fermion £, respectively, A
and B are form factors. At tree level, for the Higgs boson (k") contribution, we have from the
Lagrangian in the Eq. (1):
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Figure 1. One-loop diagrams for A’ — p7 in the 4G2HDM. Here ¢ is any neutral scalar A", H°
or charged scalar H*:; while f; can be a charged lepton 74 for the heavy neutral scalar bosons,
or a vy for the scalars charged scalar boson.

0
gfg ho

Apo = m(gs )ijv (7)

and the Bjo form factor is obtained by the exchange (g?o)ij — —i(ggo)ij in Ayo. If we neglect the
muon mass in (gg(;) 7 of the Table 3, the tree level contribution to the BR(h® — 7u) depends

only of the x parameter and the ¥ 3 matrix element, if we assume that \2573|2 o~ \Zﬁ’gZﬁ’zL
Under these conditions, the branching ratio to tree level decreases as we diminish the x parame-
ter, where we have values between 1.2x107% and 1.2x1078, for Y = 0.1 and x = 0.01 respectively.

The one-loop level contributions are constructed from the explicit interactions given in Eq.
(1) and the A, form factor, where the exact form is given by

20 rH\2 _
9 (f5) Apgno [ =z
o=t [ [ S oy, (8)

E(z,y) is a dimensionless function that corresponds to the Feynman parametrization

(99)ia(g0)jal—r s + riw +139) + (92)ia(9D)ja(rs, + riw + 159)
r;(a: +y) + (rfx+riy - 7“]%4)(:16 +y—1)—xay

: 9)

E(z,y) =

and we have defined r, = my/my, (k =1, j, fa, ¢). In order to get the By form factor, we use
the following products of scalar and pseudoscalar coupling constants:

(99)ia(g9)ja — (g5
(92)ia(99)ja = (99)ia(92)a-

It is important to emphasize that our results are free from UV divergences in a natural way,
i.e., all UV divergences cancel among themselves. In the approximation that the masses of the
outgoing fermions are neglected in (9), we obtain the simple expression:



() = rrl(99)ia(98)ja — (99)ialgp)ja)

= : (10)
ri(e+y) —ri (e +y—1)—zy
In this approximation the respective decay width can be written as:
mp
L(h° = ) = 87(|A’2 +[BJ%). (11)

4. Results and analysis

In the 4G2HDM the new fermions are expected to be very heavy and the PDG has included,
at 95 % CL, the following limits: m,, > 102.6 GeV and m,, > 90.3 GeV [21]; these limits were
obtained through the search of the 74 decays into a Wv pair and an analysis of the three neutrino
mixing scheme. However, in the context of other two Higgs doublet models with a Higgs boson
mass of 124.5 GeV, the most favored value for m,, is 110.8 GeV [33]. In this framework, the
respective fourth leptonic mass splitting is given by,

AZ =My, — Mgy ,S —mw, <12)

which is the value used by the LHC Higgs Cross Section Working Group for the study of the
Higgs boson decays to fourth family fermions [22,34]. This mass splitting is also valid for all
values of the Higgs boson mass from constraints of unitarity and oblique parameters [35].

The search of heavy scalar bosons, in some 2HDMs and model independent frameworks, has
been performed by the ATLAS [36-38] and CMS [39-43] collaborations. In the case of the
heavy neutral boson HY, the search was done in channels like ZZ [38], h%h° [39,43] and ~v [41],
while for the heavy pseudoscalar boson A°, the respective channels consist of Zh [37,39,40,43]
and ~vy [41]. Additionally, the heavy charged scalar boson H* was searched in the decays
t — H*b [36,42,44] and HT — 77v, [42]. These searches covered the mass range from 150
GeV to 1000 GeV. On other hand, tan § is assumed to be in the range around tan 5 ~ 1, where
the 4G2HDM is consistent with both electroweak precision data [25] and the observed 125 GeV
Higgs boson [45].

For the present analysis we consider the mass range for the fourth family lepton 100 GeV
<my, <350 GeV, and for the mass of the heavy neutral scalar 200 GeV < mg < 700 GeV. We
shall take values of tan g close to unity. The Higgs total decay width is taken by the SM pre-
diction of I'j0 ~ 4.07 MeV. For simplicity, we assume that the mixing matrices are symmetrical
Zgﬁ ~ Us 4. Finally, the branching ratio for the 7 — ~yu decay in the 4G2HDM is not too far
below the current bound [46] if we take |Uy4| = |§J474]”’Z =1 and Uy4¥y3,U3 4342 ~ O(1073).
Similar constraints have been derived for the values of the mixing matrices of the known three
generations from the analysis of g — 2 of the muon and the decay u — ey [46,47].

At one loop level and for suppressed values of y, it is possible to demonstrate from the Ta-
ble 2 and the Eq. (5), that the Ago 40 and Bpo 40 form factors are basically independent of
the y parameter. Additionally, we found that the respective form factors of H and A° have
different sign, they have basically the same magnitude and therefore the contribution of these
heavy neutral scalar bosons is very small [17]. On other hand, the Ap+ and By+ form factors
do not depend of the x parameter and further, the respective magnitudes are different to the
previous case. Thus, the main contributions of the h® — 7 decay come from the heavy charged
scalar boson. We present in Figure 2 the respective values for the branching ratio as a function
of the mass of the heavy scalar bosons, where we have considered the degenerate case for the
scalars bosons and we used m,, = 150 GeV, m,, = m,, — my for the splitting and different
values of vV Av2. We observe that the branching éatio decreases for high mass values of the heavy



scalar bosons. But as expected from the triple scalar couplings Ay,p0, we observe also that the

branching ratio increases as the value of vV Av? increases. Thus, there are approximately two
orders of magnitude between the contributions for vV Av2 = 150 GeV (black dashed line) and
VAv? =450 GeV (blue line).
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Figure 2. One loop contribution to the branching ratio for the h® — 7p decay as a function
of mg. We consider that all the scalar bosons are degenerate, m,, = 150 GeV, tan3 = 1 and
different values of v/ Av2. The tree level prediction is above these results and of order 1.2 x 1076
for x = 0.1.

In Figures 3, 4, 5 and 6 we depict the dependence of BR(h® — u7) as a function of scale
parameter vV Av? and the mass of the fourth family neutrino my,. In all cases we fixed the
masses of the heavy neutral scalar bosons and the horizontal line corresponds to the tree-level
contribution for y = 0.1, which amounts to about 1.2 x 1076.
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Figure 3. One loop contribution to the branching ratio for the h® — 7 decay as a function of
VAv?2. We consider mg = 300 GeV, tan 8 = 1 and different values of m,,. The horizontal line
corresponds to the contribution at tree level with x = 0.1

In Figures 3 - 5 we depict the dependence of the branching ratio as a function of vV Av? and
the mass of the fourth family neutrino m,,, r?spectively. In both cases we fixed the masses
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Figure 4. One-loop contribution to BR(h? — u7) as a function of the scale parameter v \v2.

We considered my = 600 GeV, tan3 = 2, and two values for the mass of the heavy lepton
m, = 500 GeV (black line) and 1 TeV (blue line).
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Figure 5. One loop contribution to the branching ratio for the h® — 7x decay as a function
of the fourth family neutrino mass m,,. We consider my+ = 300 GeV, tan 8 = 1 and different
values of V' Av2. The horizontal line corresponds to the contribution at tree level with y = 0.1

of the heavy scalar bosons to 300 GeV and the horizontal line corresponds to the tree level
branching ratio with xy = 0.1, which amounts approximately to 1.2 x 1075, In the Figure 3 we
have used three different values of the mass of the fourth family lepton m,,. In this case we
observe that the branching ratio increases as the value of v/A\v? increases, where from 100 GeV
to 500 GeV there is a difference approximately of more than two orders of magnitude. But more
important, for very heavy masses of 74, the branching ratio at one-loop level can be greater
than the respective prediction at tree level. We observe explicitly this behaviour for m,, = 350
GeV (blue line) and v v2 ~ 210 GeV, as well as for m,, = 250 GeV (blue dashed line) and
VAv? ~ 400 GeV, while for m,, = 150 GeV (black dashed line) the one-loop contribution to the
branching ratio remains below the tree level value. In the Figure 5 we have used the same values
of v Av? than in Figure 2, and we observed also the same situation as in the Figure 3. In these
figures the branching ratio at one-loop level exceeds the prediction at tree level for v Av? = 450
GeV (blue line) and m,, ~ 230 GeV, as well as for vV o2 = 300 GeV (blue dashed line) and
mr, ~ 290 GeV. Particulary for v w2 = 450 GeV, m,, = 350 GeV and masses of the heavy
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Figure 6. One-loop contribution to BR(h? — u7) as a function of the mass of the heavy
neutrino m,,. We have taken my+ = 1 TeV, tan = 1, and three values of Va2 = 150
GeV (dotted black line), 300 GeV (dotted blue line) and 450 GeV (blue line). The tree-level
contribution is given by the horizontal line.

scalar bosons between 200 GeV and 300 GeV, we can have up to BR(h® — u7) ~ 7.2 x 107> and
BR(h® — ut) ~ 2.4 x 107° respectively. This significantly improves the respective tree level
contribution with y = 0.1, and it would be better if y = 0.01 or for more suppressed values of
x- Thus, we can appreciate that the one-loop result for this branching ratio can be as high as
the tree level contribution in a wide range of values of the mass of the fourth family lepton and
the vV Av? parameter.

In Figures 4 and 6 we have taken larger values of the different heavy masses involved and
tan § = 2 (see Figure 4). We can appreciate that our results are sensitive to these variations,
in particular to a heavy mass of the charged Higgs boson. The increase in the branching ratio
could be of order one or two orders of magnitude.

Finally, from the Eq. (8) we can obtain also the branching ratio for the h® — pue and
h? — Te decays. But in this case the respective mixing matrix elements are smaller than for
the 7u element; therefore, the respective branching ratios are more suppressed. At one-loop
level, if we use the current bound Uj 4342, Uz 4341 ~ O(107°) [46] and the same methodology
for h® — Ty, we obtain BR(h® — pe) ~ 107! for my = 200 GeV and large values of m,, and

VA2,

5. Concluding remarks

We have calculated the one-loop corrections to the flavor changing Higgs boson decay h® — ur
in the framework of the 4G2HDM, and we showed that the loop contributions exceed the tree
level prediction of the branching ration in certain regions of the parameter space. Since the
three level contribution depends directly on the y parameter, the respective predictions can be
very suppressed. On other hand, the contributions of heavy neutral scalar bosons are basically
independent of small values of the x parameter, while the contribution of the heavy charged
scalar boson does not depend on the y parameter. However, our results show that the dominant
contributions at one-loop level arise from the virtual exchange of the heavy charged scalar boson
H?*, in a wide range of the parameters associated to this model. We showed that for very heavy
fourth family leptons and high values of the Vw2 parameter, the branching ratio at one-loop
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level exceeds the prediction at tree level. In particular for values of v v2 = 450 GeV, mr, = 350
GeV and my = 200 (300) GeV, we have obtained BR(h? — u7) ~ 7.2(2.4) x 107°. While at
tree level we have BR(h? — p7) ~ 1.2 x 107% for x = 0.1 and BR(h® — u7) ~ 1.2 x 1078 for
x = 0.01.

We have shown also that these results are sensitivity to larger masses of the charged Higgs
boson and the heavy neutrino. The respective branching ratio could increase by one or two
orders of magnitude. However, even in this case it will be a challenge to test these results in the
forthcoming run of the LHC.

It is also important to notice that our results differ with respect to several models that predict
LFV Higgs decays. Some of them obtain branching ratios for the h® — 71 decay mode of order
few percent in the framework of flavor symmetry models: with a continuous Abelian or a discrete
non-Abelian symmetries [48], as well as with a discrete Sy symmmetry [49]. A large prediction
for the BR(h? — 7u) has been also advanced as a strong probe of neutrino mass models [50]
or for the existence of a singlet dark matter candidate [51]. Finally, there are some versions of
2HDM that do not allow the h7u vertex at tree level [52]. In the latter case, the exact alignment
limit of 2HDM induces a one-loop prediction of BR(h® — 7pu) of the order of few percent.
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