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Abstract We discuss the formalism of the two Higgs dou-
blet model of type III with CP violation from CP-even CP-
odd mixing in the neutral Higgs bosons. The flavor-changing
interactions among neutral Higgs bosons and fermions are
presented at tree level in this type of model. These assump-
tions allow the study of rare top decays mediated by a neutral
Higgs boson; particularly we are interested in t — ¢l V1.
For this process we estimate the upper bounds of the branch-
ing ratios Br(r — ct 7 7) of the order of 10™° ~ 10~ for
aneutral Higgs boson mass equal to 125 GeV andtan 8 = 1,
1.5,2,2.5.Forthe case of t — ¢t ™1~ the number of possible
events is estimated to range from 1 to 10 events, which could
be observed in future experiments at LHC with a luminosity
of 300 fb~! and 14 TeV for the energy of the center of mass.
Also we estimate that the number of events for the process
t — clT1~ in different scenarios is of the order of 2,500.

1 Introduction

The latest results from LHC have confirmed the observation
of one scalar particle with a mass of the electroweak scale.
The ATLAS [1]and CMS [2] collaborations have reported the
observation of a new particle with mass of around 125 GeV.
The observation has an important significance of more than
5 standard deviations. Even with this research it is not yet
possible for us to identify this particle as the Standard Model
Higgs boson. However, if this result is confirmed by future
analysis, it will be one of the greatest discoveries of mankind.
On the other hand, the SM is often considered as an effec-
tive theory, valid up to an energy scale of O(GeV), which
eventually will be replaced by a more fundamental theory,
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which will explain, among other things, the physics behind
electroweak symmetry breaking and perhaps even the origin
of flavor. Many examples of candidate theories, which range
from supersymmetry [3,4] to strongly interacting models [5]
as well as some extra dimensional scenarios [6], include
a multi-scalar Higgs sector. In particular, models with two
scalar doublets have been studied extensively [7], as they
include a rich structure with interesting phenomenology.

The first versions of the two Higgs doublet model (THDM)
are known as THDM-I [8,9] and THDM-II [10]. These ver-
sions involve natural flavor conservation and CP conservation
in the potential through the introduction of a discrete sym-
metry. A general version which is named THDM-III allows
the presence of flavor-changing scalar interactions (FCNSI)
at tree level [11]. There are also some variants (known as
top, lepton, neutrino), where one Higgs doublet couples pre-
dominantly to one type of fermion [7], while in other mod-
els it is even possible to identify a candidate for dark mat-
ter [12,13]. The definition of all these models depends on
the Yukawa structure and symmetries of the Higgs sector,
whose origin is still not known. The possible appearance of
new sources of CP violation is another characteristic of these
models [14].

Within THDM-I only one Higgs doublet generates all
gauge and fermion masses, while the second doublet only
knows about this through mixing, and thus the Higgs phe-
nomenology will share some similarities with the SM,
although the SM Higgs couplings will now be shared among
the neutral scalar spectrum. The presence of a charged Higgs
boson is clearly a signal of physics beyond the SM. Within
THDM-II one also has natural flavor conservation [15], and
its phenomenology will be similar to the THDM-I, although
in this case the SM couplings are shared not only because of
mixing, but also because of the Yukawa structure. The dis-
tinctive characteristic of THDM-III is the presence of FCNSI,
which require a certain mechanism in order to suppress them,
for instance one can impose a certain texture for the Yukawa
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couplings [16], which will then predict a pattern of FCNSI
Higgs couplings [11]. Within all those models (THDM-I,
-1, -1IIT) [ 17], the Higgs doublets couple, in principle, with all
fermion families, with a strength proportional to the fermion
masses, modulo other parameters.

With higher energy, as planned, the LHC will also become
an amazing top factory, allowing one to test the top properties,
its couplings to SM channels, and rare decays [18]. One of
the interesting rare decays for the top is t — ¢/, which
is a clear signal of new physics. In the literature this type of
top decay is often known as rare top decay and it could be
mediated at tree level by neutral gauge bosons in the context
of physics beyond SM. For instance, models with additional
gauge symmetries introduce a neutral gauge boson Z’, which
allows the rare top decay [19-21]. The results obtained for
branching ratios with flavor-changing neutral currents are
extremely suppressed due to the mass of the additional gauge
boson Z’, which must be of the order of TeV. However, in the
framework of the THDM-III these rare top decay are possible
at tree level through neutral Higgs bosons in the framework
of general THDM with upper bounds of branching ratio t —
eI~ less suppressed.

In this work we discuss the flavor-changing neutral Higgs
interactions due to Yukawa couplings and a CP violation
source from the Higgs sector in the framework of THDM-III.
Our analysis is devoted to the study of the ¢ — ¢TI~ decay
at tree level with the basic goal of identifying the effects of
new physics. The organization of the paper goes as follows:
Sect. 2 describes the CP violation source in the Higgs sec-
tor. The flavor-changing interaction between neutral Higgs
bosons and fermions are introduced in Sect. 3. Section 4 con-
tains the analysis of the branching ratio for rare top decay.
Finally, in Sect. 5 we present our conclusion and discussion.

2 Neutral Higgs bosons spectrum

Let @1 and &, denote two complex SU (2);, doublet scalar
fields with hypercharge 1. The most general gauge invariant
and renormalizable Higgs scalar potential in a covariant form
with respect to a global U (2) transformation is given by [22]

1 . ,
_y.of k v
V=Y 3PP+ 5 Zs (%fbb) (%%) : (1)

where @, = (¢, ¢>2)T and a, b, ¢, d are labels with respect
to two dimensional Higgs flavor space. The index convention
means that replacing an unbarred index with a barred index
is equivalent to complex conjugation and barred—unbarred
indices denote a sum. In the usual notation for the SM, the
and A parameters are associated with the terms (®T®) and
(&7 ®)2, respectively. In general, for the THDM there are six
real parameters, ,u%l, /,L%2, A1,....4, and four complex param-
eters, y,%z, As,...7 [7], which are rewritten as the parameters
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YaE and ZaEcJ‘ Itis noted that Zagcg = chag and hermiticity
of the potential implies Y ; = (Ypz)* and Z ;.7 = (Zpaac)*.

The most general U (1) gp-conserving vacuum expecta-
tion values are

<¢~>—i<0> ®)
a—ﬁ Vg s

where (v, v2) = (vcos B, vsin 8) and v = 246 GeV.

After spontaneous symmetry breaking, an orthogonal
transformation R is used to diagonalize the squared mass
matrix for the neutral Higgs fields. The mass eigenstates of
the neutral Higgs bosons are

3
h,-:ZRijnj, (3)
Jj=1

where i = 1, 2, 3 and R matrix can be written

c1C2 §1C2 52

R =\ —(c15283 + s1¢3) ci1c3 — 515283 €253 “4)
—c18203 + 5163 — (€151 + 5152€3) €2€3

and ¢; = cosa;, s; = sine; for =5 < a1 < 7 and

0<awa3 < % The 1, 2 denote the real parts of the complex
scalar field in a weak eigenstate, ¢>2 = %(va + Na +iXa),
whereas 13 is written in terms of the imaginary parts and is
orthogonal to the Goldstone boson, such as 73 = —x1 sin 8+
X2 cos B. The neutral Higgs bosons h; are defined to satisfy
the masses hierarchy given by the inequalities mj, < mp, <
mp, [23,24].

3 Yukawa interactions with neutral
scalar—pseudoscalar mixing

Now, we will describe the interactions between fermions
and neutral Higgs bosons. The most general structure of the
Yukawa interactions for fermions fields can be written as
follows:

3 2
=0 yOou g .0 —0 y0d 0
— Pukawa = Z Z (qu-Ym-';(DauRj +qLiYaij<Dade

i,j=1a=1
70 01 0
+lLiYaij¢aeRj +h.c.), @)
where a = 1,2 and i, j = 1, 2,3 are summed over two

Higgs doublets and fermions families, respectively. The Yf ,
with f = u, d, e denoting the different fermions families,
are the Yukawa matrices. The gy, and [, are the left handed
fermion doublets; meanwhile u g, dg, and eg correspond to
the right handed singlets under SU (2) . The O superscript in
the fermion fields stands for weak eigenstates. After getting
a correct spontaneous symmetry breaking by using (2), the
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lagrangian for the mass is obtained in the form

0 0d
— Pukawa = Z Z ( ur; YalljuRj +sz Yal/dR]
i,j=la= 1
—i—eLlY‘?ll]eR] +hc) (6)

The mass matrices in weak eigenstates are defined as

2
. v 0
MY = :7‘%Yaf. (7

a=1

The mass eigenstates are related with weak eigenstates
through the unitary matrices VLf( R’

_yf £0

JLw) = Vi fLiry: ®)
As aresult, the Yukawa matrices cannot be diagonalized sep-
arately, giving rise to flavor-changing neutral currents. How-
ever, the linear combination is diagonalizable and defines the
fermion masses as

Ml =32y, ©)

where Ydf = VLf Y‘? Y V}{ T for f = u, d, e. Therefore, THDM
type III contains the models type I and II plus the FCNSI
terms. We solve for Y5 in order to obtain the THDM type II
as follows [25]:

o) .
yd = V2 v/ Tyl Vs (10)
2 v R0

In order to study the rare top decay we are interested in
up-quarks and charged leptons fields. By using (3), the inter-
actions between neutral Higgs bosons and fermions can be
written in the form of the THDM type II with additional con-
tributions which arise from Yukawa couplings Y7 and contain
flavor change. In order to simplify the notation we will omit
the subscript 1 in the Yukawa couplings. Explicitly we write
the interactions for up-type quarks and neutral Higgs bosons
as

1
gopquarks 0 Rio» — iys5Ri3 cos M} h
e vsinﬂz;(( k2 — 1y5Ri3 cos B) u; U j

«/Esm,B Z (Ry1 sin 8 4+ Ry cos B

—lV5Rk3)Mi ijhkuj; (11)

meanwhile the interactions for charged leptons and neutral
Higgs bosons are

leptons 1
Ly =" osng l;{ (Ri2 + iys Rz cos B) e M ihiej
1
e (Ry1sin B — Ry cos B
ﬁ sin 8 sz
—iysR3) e;Y, hke] (12)

The fermion spinors are denoted (i1, u2, u3) = (u, c, t) and
(e1,e2,e3) = (e, u, ). The down-type quarks are analo-
gous to the charged lepton sector. We note that (11) and (12)
generalize expressions obtained by [23-26]. The CP con-
serving case is obtained if only two neutral Higgs bosons are
mixed with well-defined CP states, for instance for ap = 0
and a3 = /2 is the usual limit.

4 Rare top decay through neutral Higgs bosons

We assume that the flavor-changing neutral Higgs interac-
tions are responsible for rare top decay at tree level. The
mass of the lightest physical Higgs boson A is identified
with the particle observed by ATLAS and CMS with a mass
value of the order of 125 GeV, meanwhile the masses of /12 3
are considered to be in the region of higher than 600 GeV.
Then contributions of physical neutral Higgs bosons /3 3 are
neglected in the amplitude for the width of rare top decay and
only the contributions of the lightest neutral Higgs boson are
taken into account. Therefore, the width for rare top decay at
tree level is given by

Ut pe—x) (x+2/75)
(I+pe — pn—x)+p3’
(13)

my |G53|2|Gl

dl—‘l*)b’l*'l_ _
12873

dxdy

where
\ ; \2

n B

1G4 = [(Rnslnﬂ R12cosﬁ)2+R] (14)

and
1

- 2sin? B

. m; 2
[Y}i (Ryy sin B— Ry cos ,3)+\/§TIR%3]

+

2sm . ( f cos ﬂ) (15)
In the expression for the width of the decay (13) we have
used the usual notation for dimensionless parameters, (1, =
m2/m?, wp = mi,/mtz, wr = Lymy,/m?, x = 2E./m,
and y = 2E;/m;. We note that mﬁl can be of the same
order as the square of transferred momentum, then our result
is computed without approximation in the propagator. By
integrating the expression (13) we can estimate the branching

@ Springer
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Fig. 1 Type Ill THDM
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as a function of oj—« in regions 0.20 F
R (left) and Ry (right) with
tan f = 1 and my=+ = 300 GeV |
0.15 [

a2

0.10 [

0.05 [

0.00 &

0.00 fg

-0.05 |

AN AL

-0.10 |

a2

-0.15 [

-0.20 |

-0.25 |HI

0.68 0.70 0.72 0.74 0.76 0.78 0.80

0.80 0.85 0.90 0.95 1.00 1.05 1.10
al

[ |
1.6x107% 32x107° 48x10° 64x107° 8.0x10~°

ratio fort — ¢l 1~ . We use the experimental mean value for
the full width of the top quark given by I'; ~ 1.6 GeV and
the width of the Higgs field given by I'y =~ 1.6 GeV [27].

Suppression for FCNC can be achieved when a certain
form of the Yukawa matrices, reproducing the observed
fermion masses and mixing angles, is implemented in the
model. This could be done by studying a certain ansatz for
the Yukawa matrices [16]. The first proposal for the Higgs
boson couplings, the so called Cheng—Sher ansatz [11], was
based on the Fritzsch six-texture form of the mass matrices,
namely

0CO
coBl. (16)
0BA

M° =

Then, by assuming that each Yukawa matrix has the same
hierarchy, one finds that A ~ m3, B ~ ,/mpm3 and C =~
/mimy. Thus, if the structure is assumed to be based on
the Cheng—Sher ansatz, then the Yukawa couplings obey the
following pattern: Yi§ ~ Jim;/v.

Therefore, the resulting branching ratio only has depen-
dence on o) and «». The w3 mixing angle is absent in the
physical state for i;. The allowed regions for the oj—an
parameter space are obtained through the bounds of R,
defined by

o(gg — h1)Br(h;y — yy)
R,, = . (17)
0 (88 = hsm)Br(hsy — yy)
For a charged Higgs boson with mass of the order of 100—
300 GeV, Br(h; — yy) contains an important contribution
from the charged Higgs boson at one loop level, which affects
the allowed regions for a;—a». Thus, it is possible to find
allowed values in the o1 —or» parameter space if the parameters
B and m g+ are fixed. A process used to set tan 8 and charged
Higgs boson mass is, for instance, the flavor-changing pro-
cess B — x5y [28], which receives a contribution from
THDM through the charged Higgs boson. This contribution

@ Springer

is comparable to the contribution of W+ from SM. For small
values of tan § this process gives a bound to the charged
Higgs boson mass of the order of 300 GeV [29,30]. Contribu-
tions from other processes such as By — tv;, B — D1y,
Z — bb, Bys — uu— and B°~BY set bounds for the
mass of H* and tan B as m = < 400 GeV and tan 8 < 10.

Therefore, the allowed regions for the o> parameter
space are obtained by experimental and theoretical con-
straints in the framework of the THDM type II with CP
violation for fixed tan 8 and mp+. For 0.5 < Ry, < 2,
mpy+ = 300 GeV and tan 8 = 1, the oj—p regions are [24]

R ={0.67 <a; <0.8and 0 < ap < 0.23} (18)
and
Ry ={08 <a; <1.14and —0.25 < ap <0}. (19)

For the same settings but with m g+ = 500 GeV,
R3; ={1.18 <oy <1.55and —0.51 <ap <0}. (20)

In order to reduce the oj—op parameter space we consider
these regions as an approximation. In addition, we will
assume that T and T~ occur in the final state. Figure 1 shows
the branching ratio of rare top decay for regions Ry and R3;
meanwhile Fig. 2 is obtained for R3. For 1 < R),,, < 2,
mpy+ = 350 GeV, and tan 8 = 1.5 the allowed parameter
regions in the oj—«; plane in the framework of THDM with
a potential but softly broken Z; discrete symmetry are [31]

Ry ={—-157 <a; < —1.3and —0.46 < oy < 0} (1)
and

Rs ={0.93 <y < 1.57 and —0.61 < ap < 0}. (22)
For tan 8 = 2 the regions are

Re ={-157 <o; <—1.28and —0.38 <ap <0}. (23)
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Fig. 2 Type IIl THDM branching ratio for t — ¢t ™7~ as a function
of a1—a in region R3 with tan 8 = 1 and m g+ = 500 GeV

and
R7 ={1.08 <o) <1.57and —0.46 < ap < 0}. (24)

Fig. 3 Type IIl THDM

Finally, for tan 8 = 2.5 the region is

Ry ={-139 <o; <—13and —0.13 < ap <0} (25)
and

Ry ={1.16 <a; <1.5and —0.43 <ap < —0.1}. (26)

Figures 3, 4, and 5 show the branching ratio for previ-
ous regions. We note that the branching ratio of rare top
decay for tan 8 = 1 and my+ = 500 GeV is bounded as
Br(t — cttt7) < 5 x 1077 for any ;5. For a u* and
W~ pair in the final state we find that Br(r — cu™u™) <
1.9 x 1077 with the same tan 8 = 1. If the mixing angle
B is fixed with values greater than tan 8 = 1, the branch-
ing ratio does not vary drastically over the whole o—a>
region; for instance if tan 8 = 45, then Br(t — ctt77) <
2.8 x 1077, Table 1 contains the upper bounds for the regions

considered.
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Fig. 5 Type IIl THDM -0.10 F
branching ratio for t — cttr~
as a function of aj—a in -0.15
regions Rg (left) and Ry (right)
with tan 8 = 2.5 and -0.20
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Table 1 Maximum numerical value of Br(z — ¢/*I7) for the consid-
ered regions. The last column contains a naive estimation for the events
that could be observed with a luminosity of the order of 300 fb~! and
14 GeV for the center of mass energy

Regions Upper bound Estimated events
R 2.52 x 107° 0
R> 1.24 x 1078 0
R3 1.93 x 1077 10
Ry 322 x 1078 2
Rs 8.46 x 1078 4
Rs 1.61 x 1078 1
R7 2.84 x 1078 1
Rg 8.55 x 1077 0
) 1.66 x 1078 1

5 Discussion and conclusion

From 2015 to 2017 the experiment is expected to reach
100 fb~! of data with an energy of the center of mass of
14 TeV. In the year 2021 one expects to reach a luminosity
of the order of 300 fb~! of data. Experiments with this lumi-
nosity could find evidence of new physics beyond SM. Then
Run 3 in LHC could observe events for the neutral flavor-
changing process such that t — c¢h — cI™[~, which can be
explained in a naive form as

Br(pp — bWcl™l™)
~o(pp — tH)Br(f — bW)Br(t — cltl7). (27)

Then we estimate the number of events using the upper
bound for a branching ratio with o (pp — ) ~ 176 pb
[32]. Table 1 contains this estimation for the considered
regions.

Finally, we compare our result with reported results in
other frameworks, such as effective theories and THDM type

@ Springer

I or II. Based on (11) we can write the branching ratio for
t — chy as

Br(t — chy)

_ ‘Ggs‘z 1 1
=V (L, pres itn) (1= pe — pn — /1e)
(28)

where A is the usual function. We find that Br(t — ch;) <
5 x 1072 with mj, = 125 GeV and tan 8 = 1. Despite the
absence of flavor-changing neutral Higgs interactions in SM,
t — chgy decay can occur at one loop level. The reported
result for the branching ratio is of the order of 10~14—10713
formz < mgy < 2myz [33]. More recently, in the frame-
work of the general THDM with CP-even (H ) and CP-
odd (A?) neutral Higgs bosons the branching ratios are esti-
mated as Br(r — ¢H%) = 2.2 x 1073 and Br(r — ¢AY) =
1.2 x 107 for m o = 125 GeV and m 40 = 150 GeV [34].
By using the effective operator formalism the flavor changing
neutral Higgs interactions are introduced. An upper bound is
estimated as Br(r — c¢H") = 2.7 % for a neutral Higgs mass
of 125 GeV [35]. Top decay with effective theories is also
studied, for the case of t — ch Br(t — ¢H) =5 x 1073
for mp, = 125 GeV is obtained [36]. In reference [37]
has been estimated an upper bound of Br(t — cH) =
0.09 — 2.8 x 1073 for 114 < my < 170 GeV through
the one loop contributions of effective flavor-changing neu-
tral couplings ¢ H on the electroweak precision observables
in SM. For the Yukawa complex couplings and CP effects in
THDM type Il Br(r — ¢H") ~ 1073 is predicted by [38].

From reference [31], Fig. 3, can be estimated the branch-
ing ratio of % into ts, which is of the order of BR(h; —
1) ~ (.05 for any value of oy and or». Using this BR and
taking into account BR(r — chy) < 1073 for different sce-
narios of the models, we obtain

BR(t — ch; — ct7t) &5 x 1072, (29)
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which is two orders of magnitude larger than the value
obtained by us for different regions of parameters; see
Table 1. The number of events, in the best scenario, at LHC
with 300 fb~! of luminosity and 14 TeV for the energy of
the center of mass is of the order of 2,500.
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