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SM Higgs boson and ¢ — cZ decays in the 2HDM type III with CP violation
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We compute the contributions to rare top decays ¢t — ¢Z and t — ch, from the scalar sector in the two
Higgs doublet model type III with CP violation, where h; is the Standard Model Higgs boson. The
branching ratios for BR(r = ¢Z) and BR(7 — ch,) are obtained as a function of the model parameters. In
particular, the BR(¢ — ¢Z) can increase its value up to 107> for tan 8 = 1 and masses for the additional
Higgs bosons of my, ,. 5+ ~ 0.5 TeV. Meanwhile BR(7 — ch; ) can reach values of the order of ~1072. We
constrain the model parameters (mixing angles of the neutral scalar fields in the CP violation context and

tan ) using the reported values of the signal strengths Ryy and b — sy process.
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I. INTRODUCTION

One of the goals of the Large Hadron Collider (LHC)
was to observe the Higgs boson and look for physics
beyond the Standard Model (SM). In 2012 the ATLAS and
CMS collaborations took a big step with the observation of
a SM-like Higgs boson with a mass of 125 GeV [1,2];
nevertheless, it was the first step in the long search of the
Higgs boson from its theoretical assumption by the SM.
This theory originally incorporated only one electroweak
(EW) doublet scalar field where the Higgs boson particle
arises when the symmetry SU(2) ® U(1) is broken.
Currently, there are no experimental and theoretical restric-
tions to suppose only one EW doublet scalar field, which
suggests considering models with more scalar fields in
order to study physics beyond the Standard Model (BSM).
One of the simplest models reported in the literature is the
two Higgs doublet model (2HDM) [3—11] which explains
the hierarchy between the quark masses in the different
families as a consequence of the hierarchy of vacuum
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expectation values (VEVs). The classification of the 2HDM
is reviewed in detail in the report [12]. In the literature,
usually the discrete symmetry Z, is used to control the
couplings, and the models are classified according to their
assignment of the values for the Z, charges in doublets and
fermions. For instance, for the model named as 2HDM type
T only one of the doublets gives masses to the fermions [13],
while in the 2HDM type II both doublets participate in the
masses of the fermions where each doublet is assigned to
give mass to each fermion sector, respectively. One for the
up and the other for the down sector [14]. Without this Z,
symmetry both doublet scalar fields give masses to the up
and down sectors (type III).

There are many motivations to extend the scalar sector of
the SM. To understand the relic density of dark matter
(DM) of the Universe, one possibility is the introduction of
one scalar singlet which must have a VEV equal to zero.
This is in order to avoid faster decay in SM particles and
have the abundance according to the stellar dynamic and
lensing effects [15-17].

Another possibility for the introduction of DM candi-
dates is to add an EW doublet scalar field with VEV equal
to zero; this model is known as the inert doublet model.
Another interesting motivation for the extension of the
scalar sector is the inclusion of CP violation in order to
incorporate the matter-antimatter excess in the Universe
[18-20].

Neutrino oscillations [21-23], transitions between differ-
ent neutrino flavors v,, v,, v,, caused by nonzero neutrino
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masses, have been observed in the experiments with solar,
atmospheric, reactor, and accelerator neutrinos [24-32].
The observation of neutrino oscillation requires the neu-
trino masses to be incorporated in the SM [33]. The
neutrino masses can be generated through a seesaw
mechanism. As a consequence, we have to introduce a
unitarity matrix which relates the mass and flavor eigen-
states. The diagonalization of the mass matrices of charged
leptons and neutrinos generates the so-called Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) mixing matrix [21-23].
The PMNS matrix works similarly as the Cabibbo-
Kobayashi-Maskawa (CKM) matrix, plus two additional
CP phases for Majorana neutrinos. CP violation has been
measured in the quark sector for the system K° — K° and
Bg( 0 —B(s)( 4 [34-46]. On the other hand, long baseline
neutrino experiments, such as NOvA, T2K, and Minos,
could be observed CP violation in the neutrino sector
[47,48].

The study of models with new sources of CP violation
is very well motivated. In particular, the 2HDM type III,
without including the Z, discrete symmetry, allows CP
violation simultaneously in the scalar sector [49] and in the
Yukawa Lagrangian. Under this assumption, the neutral
CP-even and CP-odd Higgs bosons are combined in a
scalar-pseudoscalar structure and their mass eigenstates do
not have defined CP parity. The pseudoscalar coupling
depends on the CP violation of the model, and it must be
strongly suppressed.

Indirect evidence of a new physics signal in rare
processes mediated by flavor-changing neutral currents
(FCNC) could give a crucial direction to BSM physics
[50,51]. The main motivation for considering FCNC is that
these processes are extremely suppressed in the SM while
their extensions are improved by FCNC approaching the
experimental limits. The rare decays with FCNC, which
have the greatest increase, are associated with the top quark
suchast — gV forg =u, cand V =y, g, Z [52-57]. The
current experimental limit is yet 10 orders of magnitude
apart from SM, the SM value is of the order of 10717-10~12
[52-57], and meanwhile the current experimental limits are
BR(t — qy) < 5.9 x 1073 and BR(t - ¢Z) < 2.1 x 1073
for ¢ = u, ¢ [58]. In 2HDM with CP conserving the rare
top decays present an increase in the branching ratio the
order of 1077107 [5-7,9,59-62]. This means that a signal
of rare top decays near the LHC experimental limits will be
clear evidence of new physics [63—70]. We analyze the
flavor change (FC) in the context of 2HDM type III with
CP violation which will introduce parameters, such as
of a;, @y, az, and they are absent in the usual models.
In order to find the allowed regions for {a;, a,, tan #} and
Y,., we consider the contributions of the pseudoscalar
couplings between the fermions and %; to Ryy by using
the LHC measurements. Then we will find the values for
the BR(z —» ¢Z) and BR(7 — ch;) for this region of
parameters.

The organization of the present work is the following. In
Sec. IT we present the model. In Sec. III we find the allowed
region for the parameter space based on experimental
values and y? analysis. Section IV is devoted to presenting
our results for the rare top decay. Finally, in Sec. V we
discuss the obtained result and the perspectives for the
model and in Sec. VI the conclusions.

II. MIXING AND FLAVOR-CHANGING NEUTRAL
SCALARS IN 2HDM

Let us denote the two complex SU(2), doublet scalar
fields with hypercharge 1 as ®; and ®,. If the ®,, are
included in the most general form in the Yukawa inter-
actions and scalar potential, FC through neutral scalar fields
can arise with the fermion interactions and general mixing
for the three physical states of the neutral scalar. Usually,
the discrete symmetry Z, is introduced in order to suppress
these features in models with two doublet scalar fields.
However, in the model considered in this work the Z,
symmetry is avoided. This suppression is motivated by the
experimental limits for FC processes; however, it could
give signs of new physics and CP violation effects.

In the 2HDM type I or II, one of the Yukawa matrices is
proportional to the mass fermion matrix which can be
diagonalized by unitarity matrices as it happens in SM. By
the other side, in the 2HDM type III the mass matrix for
each fermion sector is a linear combination of both Yukawa
matrices, which cannot be simultaneously diagonalized,
and these new couplings, which arise from nondiagonal
matrix elements, produce FC. In the scalar potential appear
new bilinear and quartic interactions such as <I>§<I>2 and
QIq)]d);q)z, which can induce CP violation explicitly. We
study the 2HDM type III with explicit CP violation and
flavor changing neutral scalar interaction (FCNSI), which
is described below.

In the 2HDM type III the mixing of the neutral Higgs
bosons, usually denoted as 4%, H°, and A°, follow closely
the notation of Ref. [71]. The neutral Higgs bosons can be
parametrized by the three angles {a;,a,, a3}, but in all
decay channels of the lightest neutral Higgs boson, /, only
a; and a, are required to describe the width decays. On the
other hand, if a, = 0, the mixing of the neutral Higgs
bosons recover the CP parity and ¢, is the usual angle that
mixes h° — H® in the CP-conserving 2HDM. The «, is an
important parameter to analyze CP violation because when
it is equal to zero all analytical expressions must be reduced
to CP conserving 2HDM. Using the signal strengths, Ryy,
reported by LHC [58] and predicted by 2HDM-III, we will
find the allowed region for @, a,, and tanf, which is
defined as a ratio of VEVs.

A. Yukawa interactions with FC

The most general structure for the Yukawa couplings
among fermions and scalars is
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[’Y - Z Z(qgiyg?jq)uu%j + q_(liiYgi!jq)ad%j
i,j=1 a=1

+ Z_[L)iy%j‘bae(}ej +H.c.), (1)
where Y%%! are the 3 x 3 Yukawa matrices. qr; and I
denote the left-handed fermion doublets under SU(2),,
while up, dg, I correspond to the right-handed singlets.
The zero superscript in fermion fields and Yukawa matrices
stands for the interaction basis and nondiagonal matrices
in the most general case, respectively. The doublets are

written as
i
®, = (‘ﬁ;g ) 2)

for a =1, 2. The relation between the interaction and
physical states is found through the spontaneous symmetry
breaking (SSB), where the U(1)gy-conserving VEVs can
be taken as

Wb o

ST

where v; and v, are real and satisfy v*> = v? + v} with
v = 2MTW [72]. After getting a correct SSB, Eqs. (3) and (4)
are used in Eq. (1) to obtain the mass matrices, which are
written as

2
Mlhd.l = & YZ’d’l7 (5)

where M“*! = diagonal{m, 4,,m.,.m,,.} and Y, =
VY (VR)', for f = u, d, 1. The VJ . matrices are used
to diagonalize the fermion mass matrices and to relate the
physical and interaction states for fermions. Note that in
2HDM-III the diagonalization of mass matrices does not
imply the diagonalization of the Yukawa matrices, as it
occurs in the 2HDM type I or II. An important consequence
of nondiagonal Yukawa matrices in physical states is the
presence of FCNSI between neutral Higgs bosons and
fermions.

We will only focus on the quarks; however, the charged
leptons can be included in an analogous treatment.
Equation (5) not only establish the mass matrices but also
provide relations to eliminate one of the Yukawa matrices
in the physical states. In order to obtain the interactions in
terms of only one Yukawa matrix, Eq. (5) can be written in
two possible forms,

—=Y; (6)

or
v =Yy -y, )

where the quark sector label is ¢ = u, d. The VEV’s ratio
defines the f# parameter as 2—: = tan f, and then v; = vsinf
and v, = vcos . By using Eq. (6) or Eq. (7) in the Yukawa
Lagrangian Ly, Eq. (1), the 2HDM type III can be written
in four different versions. For instance, from Eq. (7) we can
find Y4 and Y9 as a function of the other Yukawa and
masses obtaining

\/E (1 \/E
—M”——Y'f, YgZ—Md—
U U U %)

U1

Y= Y. (8)

Replacing them into Eq. (1), we obtain the Lagrangian
2HDM type I plus FC interactions. On the other hand, from
Egs. (6) and (7) we can also solve for

2 2
£Mu_ﬂylf’ Yf:iMd_ﬂyg_ 9)
) ) Uy U1

Replacing them into Eq. (1), we obtain the Lagrangian
2HDM type II plus FC interactions. There are two other
different 2HDM Lagrangians, and they are combinations of
types I and II. They can be obtained by solving the
Yukawas in the following form:

b} 2
Yﬁ‘:iM”—EYﬁ, Yf=£M"—2Y§, (10)
v (%1 [ Uy
and
0 2
Yﬁ*:iM”—ﬂYﬁ, Y%’:iM‘i—ﬂY’lj. (11)
vy V1 Uy Uy

Taking into account similar rotations for the lepton sector
there are only two Feynman rules which correspond to
2HDM types I and II plus FC. The general structure for the
interactions between the quarks and neutral scalars in any
of them is

Glf (B)(ALPL + AgPr)M? — g(B)(BL Py + BrPg)Yqhy,
(12)

where Pz, = 3 (1 £ 75). The f(f) or g(§) can be written as
sine, cosine, tangent, or cotangent of 4, which will depend
on the model version. The A; » contain all the information
related with the mixing of the neutral scalars &, which will
be discussed below. The mass matrix must be diagonal;
meanwhile, the Yukawa matrix could be, in general, non-
diagonal. These elements of the Yukawa matrix are
responsible for the FC mediated by neutral scalars.
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B. Neutral scalar mixing from the scalar potential

Given @, and @, two complex SU(2), doublet scalar
fields, the most general gauge invariant and renormalizable
Higgs scalar potential is [73,74]

V = m}®f @ + m3,®; @, — m},® ®, + H.c.]

1 1
+ 5/11 (@ D)% + 5/12(@;‘1)2)2 + 3(®] @, ) (@5 D,)

1
+24(P7 D) (0 ) + 545((0] ) + (P D1)?)

+ [A6 (P D) (P @) + 47 (D5 ;) (P} D,) + Heel,
(13)

where m?,, m3, and A, 45, 43, A4 are real parameters and
meanwhile m?2,, 1s, 15, 4; can be complex parameters.
The neutral components of the doublets, Eq. (2), in the
interaction basis are @) = \/Li (v, + 14+ ix,), where
a =1, 2. As a result of the explicit CP symmetry breaking
introduced in Eq. (13), a mixing matrix R relates the mass
eigenstates h; with the »; as follows:

3
j=1

Here, 75 is the orthogonal state to the would-be Goldstone
boson assigned to the Z gauge boson, and explicitly it is
written as 73 = —y; sinff + y,cosf. The R matrix in
Eq. (14) is parametrized in the usual form as [71]

C1C $162 $2

R=| —(ci8283+s1¢3)  cie3—518283 83 |, (15)

—ci183c3+ 5153 —(c153+515,03) €203

vcosﬂ

X

vcosﬂ

vcosﬂ

+ {ﬁ > a((Kyd), Py

cosf} 7

ZMM (AxPr + ARPR)uihy + ——

Zd M4 (AP, + AcPR)dihy +—

where ¢; =cosq;, s;=sing; for —Z<a;, <7 and
0 < a3 < 7. h; satisfy the mass relation my, < my, < my,
[49,75-77]. In the CP-conserving case x; and 7, are
CP even and mixed in a 2 x 2 matrix while #3 is CP
odd decoupled from #; and 7,. However, because of
CP-symmetry breaking, in general, the neutral Higgs
bosons /1,3 do not have well defined CP eigenstates.
The CP-conserving limit is recovered when a, = a3 =0
[72]. In this case there is only mixing between the CP-even
scalar fields.

The focus is on the up-type quark Yukawa interactions
that contain the Feynman rules for the rare top decay.
Replacing Egs. (14) and (5) in the Yukawa Lagrangian
of Eq. (1), the interactions between neutral Higgs bosons
and fermions can be written as interactions of the
CP-conserving 2HDM (type I or II) plus additional con-
tributions, which arise from any of the Y;, Yukawa
matrices. The relation among the mass matrix M/ and
the Yukawa matrices Y1 5, for f=u, d, [, is used to write
the Yukawa Lagrangian, Eq. (1), as a function of only
one Yukawa matrix, Y| or Y’;. We choose to write the
interactions as a function of the Yukawa matrix Y,, as
follows:

. \/E v .
Y] :U—le—ng. (16)

We will replace Eq. (16) in Eq. (1) for f = u, d. From now
on, in order to simplify the notation, the subscript 2 in the
Yukawa couplings will be omitted. Therefore, the inter-
actions between quarks and neutral scalar bosons are
explicitly written as

Z ;Y (ByPL + ByPr)ujhy
l]k

Zd, 4(B;Py + ByPg)d;hy

Ze MU (ALP, + A PR)ehy +C—Ze YL (BLPL + ByPg)e;hy

os

ijk

— (Y'K),;P)d;H"

+\/7§tanﬁz —(KM?);;Pg + (M"K);;P,)d;H" +Hc} (17)

where K is the CKM matrix and we define

A =Ry

- iRk3 Sinﬁ,

Bk :szcosﬂ—Rkl Sinﬁ+iRk3. (18)
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The fermion spinors are denoted as (uy, u,, u3) = (u, c, t),
where the indexes i, j=1, 2, 3 denote the family
generations in Eq. (17), while kK =1, 2, 3 is used for the
neutral Higgs bosons. Note that a CP-conserving case is
obtained only if two neutral Higgs bosons are mixed with
well-defined CP states, for instance, if &y = a3 = 0 is the
usual limit [78].

In the CP-conserving limit, o, = a3z = 0, the A, and B,
coefficients are real parameters, for k = 1, 2, and mean-
while A3 and B; are imaginary parameters. In this case, for
the Lagrangian in Eq. (17) the CP-even and CP-odd Higgs
couplings are scalar and pseudoscalar, respectively, which
corresponds to the CP-conserving Lagrangian. The Y;;
coefficients, which produce FC, could be complex and their
phases would introduce CP violation.

III. CONSTRAINTS FOR FC
NEUTRAL SCALARS

Current observations in LHC impose restrictions on the
neutral scalar /|, which we will choose to be the SM Higgs
boson. The strongest constraints for the o , mixing angles
come from its decay channels reported in the signal
strength Ryy for fermions and gauge bosons in the final
state [58]. The first part of this section (A) is devoted to
finding bounds for tan # and charged Higgs mass using the
measured b — sy branching ratio. In the second part of this
section (B), we perform a y? analysis on Ryy with statistical
errors only. We employ simultaneously Ryy and b — sy to
obtain allowed regions for the model parameters.

A. B physics constraints

The FC decay of the bottom quark b — sy imposes the
strongest constraint on tan f. In the 2HDM this decay has a
one loop contribution from charged and neutral Higgs
bosons. We will use the reported value of b — sy to
constrain tan# and Yukawa matrix element Y,.. In order
to find allowed values for the parameters we first review the
possible constraints that » — sy decay can impose on the
Y,. coupling, assuming the charged Higgs in the range
500-900 GeV. New physics contributions can be para-
metrized in Wilson coefficients (WC). Following
Refs. [79-83], the branching ratio of the b — sy decay
is a function of the WC. The main contributions due to
Wilson coefficients, beyond the charged current contribu-
tion, are given by the charged Higgs and FC Yukawa

couplings, 6C; g = s + C%FC. The charged-Higgs con-
tribution is

cHis = tanzﬂ(fgl,g;()’t) + fgzg(yt))’ (19)

while the FC contribution is

FIG. 1. tanp as a function of Y,. considering different values of
Y;; and mpy+ =~ 500 GeV.

My
gm,K s cos
L Mw

gm Ky, cos

e = (Y'K) o ()

(KY),f2A00),  (20)

with y, = m7 /M?,., and the explicit relations for f%'(z) (x)
can be found in Refs. [79-83]. Using the hierarchy of the
CKM matrix we have the following approximations:
(Y“K),, ~ Y, K. and (KY),, ~ K,;,Y},. In order to bound
the FC Yukawa coefficient Y., we consider the Cheng-Sher
Ansatz for Yy, [11], meaning Y;; ~ /m;m;/my, in par-
ticular, Y, ~ m;/my,. Limits on the B — X,y decay come
from the B factory experiments BABAR, Belle, and
CLEO [84-88]. The current HFAG world average for
E > 1.6 GeV [89] is

BR(B — X,y) = (343 +0.21 £0.07) x 104, (21)

In Fig. 1, the Cheng-Sher Ansatz for three different
values of the Yukawa couplings Y,, is considered to
explore the allowed region in the tanf-Y,. plane. For
Y, = 0 the allowed values for Y,. are around the zero
value which reproduced the results for 2HDM with CP
conserving.

B. Constraints on the neutral scalar Higgs

The lightest neutral scalar i, Eq. (14), is assumed to be
the SM scalar H° observed by ATLAS and CMS collab-
orations [1,2]. The measured signal strength Ryy for
X=b, W, Z, 7, y [58] (see Table I) can be used to
constrain the parameter space in 2HDM. The signal
strength for a given final state XX is

035031-5
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_ o-BR(H" > XX)
X7 6 - BR(H? = XX)]gy

(22)

where H' is the observed Higgs in pp collisions at LHC,
channel pp — gg — h — yy. Similarly, we can define
a signal strength for the new neutral boson #; in the
2HDM as

R2HDM _ [ -BR(h; = XX)]oupm

XX [6-BR(H® = XX)|gy (23)

The 2HDM is constructed in such a way that the quark-
gluon interactions remain as in the SM. Therefore, the
R3HPM can be written only as the ratio of branching ratios of
the 2HDM with charged-parity violation (CPV) and SM
multiplied by the ratio between the decay width #; — gg
and H° - gg,

R2HDM I'(h; — gg)BR(h, — XX)
X "TI(H° - g9)BR(H® —» XX)~

(24)

We will use the limits on Ryy reported by ATLAS and
CMS to constrain the parameters in the model, by
using Eq. (24).

The h; with a mass of the order of 125 GeV decays
at tree level in the channel WtW-, ZZ, ff; for
f=e,pu1,b,c,s,d, meanwhile the channels at one loop
are yy, yZ, gg. A model with CPV as the 2HDM type III
also introduces a pseudoscalar coupling between neutral
Higgs and fermions which also appears inside the loop in
hy = yy,g99,yZ through the top quark vertex. Since all
fermions can give loop contributions since these contribu-
tions are proportional to the fermion masses, the top quark
gives the greatest contribution. The decay widths in
the 2HDM for h; — ff, with f=b,c,s,u,d,7,u, e, are
given by

Nc.mh m% % I’I’llzp
Fh_)-——‘<1—4—‘ S2(1-4—L) + P2,
1=, 167 mil Y m,%l f

(25)
where
S, =Y R\, +Y,;(Ri— Ry tanfp)
f_vcosﬁ 11 frdk2 11 )
mftanﬂ Yff
P,=— R Rs. 26
r 13+cosﬁ 13 (26)

Py is the additional contribution coming from pseudoscalar
coupling between Higgs and fermions due to CPV.
For a, =0, Py = 0. §; is the usual 2HDM contribution.
For f = b the reported result can be revised in [91-98].

The Lagrangian used to calculate the Higgs decays at one
loop level into yy, yZ, and gg is written as follows:

m
£ = =220 i(1) (ag + dtagrs)u(t)hy + gmyay W Wy
w

1 mili +r7—
—I—szaZZZ}ll —gm—CIHH H h[, (27)
w

where ay w y and a; are the deviations from the SM that are
given by

R“ Y[ut 2mW
cosff cosp gm,

Yy 2
Zlf = (Slnﬁ+ i mW>R13,
cos ff gm,
awy = azy = cos fRy; + sin R,
ay = 1. (28)

af: (Rlzcosﬁ—R“Sinﬂ),

It is important to note that if a, =0, then a; =0.
In addition, the effect of considering @, = 0 implies CP
conserving. The three linear coupling in the charged and
neutral Higgs bosons, H"H~h,, can be approximated to
m%li in order to avoid the A; parameters from the Higgs
potential. In this case, we assume the scalar coefficient
as ay = 1.

The partial width for the h; — yy decay is given by
[99-107]

L(hy = yy)
Gra*m’ 2
128\/_7,: H4 a, Ay () + awA;(ty) + Ag(Th)
+Sadis)| | 9
where
A1) =2+431(2-7)f(7);
Aip(r) = =27[1 + (1 —7)f(7)];
A1/2(T) = zf(2);
Ao(7) = [1 = zf(7)]; (30)
= % for i = t, W, H*; and
1
7) = arcsin® | — .
1) (%) (1)

Meanwhile for the h; — gg decay

[(hy — g9) = [la Av(z)]P + 128,45 ().

64\/§ 3
(32)

On the other hand, the width of h; — yZ decay is
[108-111]
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G%am%‘,mz m2\3
hy
x [|la;By2(ts, 4) + aw By (Tw, Aw)
+ Bo(ty= A=) > + @By o (7. 24,) ).
(33)
where
41—
Bi)(7,4) = cose‘; (7. 4) = I(z,4)],
- 4(1-1%)
B1/2(T9/1) = cose‘j, I,(7,4),

B (7,4) = cos QW{4(3 — tan®0y)1,(7, A)

+ [(1 —|—§)tan29W - <5 +%)]II(TJ)},

By(z.4) = COSS?WW I(z.2), (34)
and
T 7,'2 2
h(ed) = 3+ 5 6 = 12)
722
+m[9(7) 9(A)].
(e d) = ~5 s (6 = 1), (35)
with

1
g(7) = V't — larcsin® —,
Nz

and 7; = ‘:n—"zl’z for i = t, W, H*. In Egs. (29), (32), and (33),

there is a term proportional to &, which represents the
pseudoscalar coupling of the A; with ¢7 at the loops. &, is
proportional to R;3 = sina,, which vanishes when the
model is CP conserving.

For the h; — WW*, ZZ* decays we will use the
expressions reported in the literature [112]; however, these
expressions must be multiplied by additional factors
denoted by a¥, or a2 and they are given in Eq. (28),
respectively, which arise from the 2HDM-III. Note that if
the matrix elements R;;, R, and R;3 are independent of
the mixing parameter a3 [see Eq. (15)], then all decays for
hy do not depend on it. The CPV effects are only a function
of a; and a,.

In order to obtain the branching ratios for A, we
calculate the partial widths for bb, WW*, ZZ*, ¢¢, 7,

(36)

TABLE 1. Reported values for Ryy and BR(H? — XX)
[58,90].

XX RYY BR(H" — XX)
bb 0.82 + 0.30 5.84 x 1071132%
wWw* 1.087018 2.14 x 1071143%
99 - 7.3 x 10715550
77 1.29710:26 2.62 x 1072143%
oF 1.124+0.23 6.27 x 1072137%
vy 1.16 +£0.18 227 x 1073 5%,
cé e 5.1 x 10731223%
vZ e 1.53 x 1073 5%,

_ —4-+6%

i 2.18 x 1074%8%

uj at tree level, and meanwhile gg, yy, yZ at one loop in the
2HDM type III. We note that the /&; does not have well-
defined CP parity and it couples to fermions with scalar
and pseudoscalar interactions which contribute to partial
width due to the Lagrangian Eq. (27). Similarly, the decays
at one loop level with the top quark as an internal line in the
loop will also have two contributions arising from scalar
and pseudoscalar couplings. If the mixing angle @, = 0, the
pseudoscalar couplings vanish and the partial decay widths
are reduced to the 2HDM with the CP-conserving case.
The radiative corrections due to QCD, QED, and EW are
considered in the numerical analysis from Refs. [90,113].
The masses of the fermions are also running to the scale of
the SM boson mass ~125 GeV.

Following the measured at LHC of physical observables
Ry, Ryww, Rzz, R.;, and R, channels, we do a statistical
analysis using a y? function on the a;, a,, and tanp
parameters for my- ~ 500 GeV. To implement the y?
analysis we take into account the reported observables
by ATLAS and CMS for Ryy shown in Table I. Figures 2—4
show the allowed values at 90% C.L. for the mixing
parameters assuming fixed values of the Yukawa couplings.

The model with tan # = 0 corresponds to one VEV equal
to zero and its doublet is inert. However, in this case we
have CPV couplings with fermion. For a, = 0 the allowed
regions for @ is |a;| < 1.2. We can see from Fig. 2 that the
allowed region is consistent with a; = a, = 0, which
corresponds to SM.

There is another interesting scenario in this model when
Y;r #0. The Yukawa couplings Y, are restricted to be
smaller than one in order to have a perturbative theory.
These Yukawa couplings can be parametrized by the
assumption of a certain structure or Ansatz that is motivated
when some elements of the Yukawa matrix in the inter-
action basis are fixed to zero [114-129]. The Cheng-Sher

VAL

nmy

Ansatz, Y £f, R [11], is also considered as limit

values for Yukawa couplings in the chi® analysis. Figure 2

035031-7
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FIG. 2. Allowed regions for a; and a, with Y, =0 and
Y;p==4-L for f=e.p1.b c s.d, obtained through > at

my

90% C.L. 1n Rxx.
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S
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2.
0
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FIG. 3. Allowed regions for a; and tanf with Y; =0 and

Y= ir’n%/’ for f =e,pu.7,b,c,s.d, obtained through y* at
90% C.L. m Rxx.
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@ Yy=0
@ Ygp=—mg/my

@ Yg=mg/my
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C
s
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0 i
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FIG. 4. Allowed regions for tanf and a, with Y; =0 and
Yis ::i:mm—lf/, for f=e,u,7,b,c,s,d, obtained through y?
at 90% C.L. in Rxx.

shows the allowed regions for a; and a, with Yukawa
couplings fixed in the extreme values, Y ;r = :n"—‘f/ ,— Z—va and
Y =0. The last case, Y;r =0, provides the greatest
allowed region for mixing parameters.

The elements of the Yukawa matrices in Eq. (17) can be
complex parameters in the most general case. However,
the imaginary part of these couplings is strongly restricted
by the electric dipole moment of the neutron [130]. In
particular, restrictions over imaginary parts of the Yukawa
couplings are obtained in the 2HDM with CP violation
[131]. Nevertheless, in this work the Yukawa couplings are
assumed to be real parameters and Y;; =Y ;.

In Figs. 3 and 4 we show regions in the planes «;-tan 8
and a,-tanf, respectively, for fixed values of Yukawa
couplings, and meanwhile Fig. 4 is for a, and tan 5. Note
that @, = 0 is a particular case of 2HDM without CPV. In
this case Fig. 3 shows the values tanf > 0 and |a;| < 1.5
are preferred. On the other side, when a, #0 the
allowed region is reduced; for instance, in the case of |a,| =
0.2 the allowed region is bounded by tan 8 < 2 as shown
in Fig. 4.

IV. RARE TOP DECAYS

The observation of rare top decays with FCNC would be
as a clear signal of physics beyond SM which can be
understood in an extended model. We will analyze the rare
top decays t — c¢Z and t — cH" in this section, while the
t - ¢y and t — cg have been previously studied [63]. In
the 2HDM type 111, the neutral scalar field has a scalar and
pseudoscalar coupling with the top quark that contributes
inside the loop associated with the Higgs decay into two
photons.

A.t > cZ

The contributions from neutral scalars with FC to the
amplitude for t — cZ decay are shown in Fig. 5. In general,
the amplitude associated with the Feynman diagrams in
Fig. 5 is written as

M(t = cZ) =ii(c) |y, (VP + VgPpg)

N
+ = pu(Fu Py + FyPy) [u(n)éy. (37)

t

Here the ¢, contributions are not considered due to
the gauge condition €, - g = 0. The form factors associated
with y, and p, can be related through the Gordon
identity,

2ip,

t

i
Prr=7.Prr+ ;%M”PL,R- (38)
t
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FIG. 5.

Feynman diagrams for the t — ¢Z decay.

In the amplitude M(t — ¢Z), the Gordon identity can be approximated as % P g ®y,Pg 1, and the amplitude of 1 — cZ

at one loop can be written as

.2
- gmY,

M(t = cZ) = —_
(£ e2) 1672% My, cos Oy

where D = a, b, c, d. The explicit values for all dimen-
sionless form factors VP, and FP, after dimensional
regularization, for Feynman diagrams are written in the
Appendix. All contributions are finite because there is not a
tcZ vertex at tree level and the Lagrangian cannot be
renormalized. The amplitude in Eq. (39) is used to obtain

Grm} Y7, o0 SONAR L B2
[(t—cZ) = W(l - M7)(1+2M7)(|A]* + |B[?),

(40)

where M, = % The dimensionless terms A and B are
1

A= > (VP+FpR), (41)
D=a.b,c.d

B= Y (VR+FP) (42)
D=a.,b,c,d

In order to obtain the branching ratio BR(# — ¢Z) the SM
width for the top quark can be approximated to the tbW
width as [58]

Grm; M3\ 2 M? 2a, (27 5
Fmp:f—mt —=) (12 1% (22 20
872 m; m; 3z\3 2

In the 2HDM-III with CPV, we include the FCNSI
contributions, Eq. (40) in the total width for the top quark,

i(e) Y (VP + FR)PL+ (VR + FP)Pel}u(1)é, (39)
D=a,b,c.d

|
such that Ty = Iﬁtop + Iﬁraredecays’ where 'y decays —
I'(t > ¢Z)+T'(t > ch;). The dominant contribution is
the T',p; however, the T’y gecays CONtribution, which con-
tains I'(r — ch;) at tree level, can reach up to ~1% for
specific values of the model parameters, as shown in the
next subsection. When only the SM contribution is con-
sidered, the branching ratio for ¢+ — ¢Z can be approxi-
mated as

BR(¢ — ¢Z)
_GymAY2 (1= 613 (14 2013)

T 16v2rt (1- M) (1 +21\A4%V)(|A|2+ BI)- (44)

The |A|? and | B|? are functions of the neutral scalar masses
my,, k =1,2, 3, and of the mixing parameters a; 3, . h
is the SM Higgs mass, m;, = 125 GeV [58], and we fix the
masses of the neutral scalars £, 5 of the order of 600 GeV.
The behavior of BR(7 — ¢Z) is shown in Figs. 6-8 in the
following section.

B.t—>cH

In this subsection, we will analyze the FC top decay
t — ch; in this model, which can occur at tree level. The
coupling for this decay is given in Eq. (17), and again the
nonvanishing Y,. is responsible for the flavor change
through the neutral scalar mediation. The partial decay
width is

m A
Pt = chy) = 54 (1=, |V, P|B,

o (45)
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where
B, = cosa,cos (a; — ff) +isina, (46)

is obtained from Eq. (13). Figures 9-11 show the behavior
of this BR(z — ch;) as a function of the mixing
parameters.

V. RESULTS AND DISCUSSION

We consider a model with explicit CP violation in the
scalar sector, known as 2HDM-III. This model also con-
tains neutral scalar fields that change flavor and have
scalar-pseudoscalar interactions with the fermions, as we
show in Eq. (17). This type of interaction is confronted with
the current experimental results, for Higgs decays, through
a y? analysis. In this statistical analysis the following decay
channels were taken into account: bb, yy, ZZ, WW, and 7z.
Ry and the branching ratios were obtained in the 2HDM
type III with CPV for h;.

From the y* analysis, allowed regions were found for
mixing parameters with fixed values of Y;;. The results are
shown in Figs. 2—4. For large values of tan 3, it is shown
that the allowed region is significantly suppressed, while in
the opposite case, for small or zero values, the regions have
a significant increase. This means that large values for tan f3,
which can be considered from 10 approximately, are not
viable to observe.

Two extreme cases were also considered for the Yukawa
couplings, Y ss. One of the cases was to assume Y, = 0,
while the other case was to consider a maximum value
determined by the Cheng-Sher parametrization. Under
these assumptions a suppression was obtained when the
Y ;¢ couplings participate, as shown in Figs. 3 and 4. The
region that shows the greatest suppression is for a,, which
is bounded as |a,| < 0.3.

To study the behavior of the FC parameters, Y;;, the
reported value for the b — sy was considered in an
approximate scheme for its branching ratio expression in

0.1}

0.001

5

BR(t-c2)
>
1

7

_.
2

0.00 0.05 0.10 0.15 0.20
(@) Ye

the 2HDM-III with CPV. Then, allowed values were
obtained for Y,. with different values tanf and Y,, by
assuming my: ~ 500 GeV. In this scheme the charged
Higgs contributes inversely proportional to tanpf, as it
shows Eq. (19). The values obtained for Y,. are shown
in Fig. 1, which are used to analyze the t - ¢Z and t — ch;
decays in the 2HDM-III with CPV. In the I'(r — ¢Z), we
obtain the analytical expression at the loop level, Eq. (40),
while for I'(t — ch;) the expression was calculated at tree
level, Eq. (45), which are the highest contributions in
the model.

In Fig. 7, we show BR(# — ¢Z) as a function of a; for
different values of tan 8. The BR(¢ — cZ) for Y,y = 0 can
reach values of the order of 107>, while in the case Y=
my/my, the values increase to 8 x 10~* for tan§ = 1.

The mixing angle a, was assigned with random values in
the allowed region for SM Higgs and b — sy decays. In
Fig. 7, when we consider Yy = 0 and the value of a;, in
the allowed regions given by the Higgs decays and bsy, the
values for BR(¢ — ¢Z) are between 107 and 107>; but in
the limit when a; goes to zero, then BR(t — ¢Z) ~ 107°.
On the other hand, when Y;; = m;/my, the values for
BR(t — cZ) are between 10~ and 1073,

In Fig. 8, the behavior of BR(7 — ¢Z) as a function of a,
is analogous to Fig. 7, but in these cases for a, allowed
regions of the BR(# — ¢Z) are not suppressed; in fact, the
case of a3 allows all the range and the greatest region for a,.
The a5 is set as random values in the interval [0, z/2] and
the neutral Higgs masses m,, ;. ~ 500 GeV.

For the BR(t — ch), the results show a significant
increase with respect to the results of BR(z — ¢Z). For
specific regions, as, e.g.,tanff = 1 and Y,y = mf/mW, the
BR(t — ch;) reaches a maximum value of the order 1072,
Figure 12 shows a scatter plot considering these exper-
imental limits and the allowed regions for the a; , param-
eters that correlate to the branching ratios for fixed values
of tan 8 and Y. This correlation shows a behavior such
that BR(¢ — cZ) is approximately 10>-~103 times lower

5x1074} @ Yj = my/my, tanB=1
@ Yy = my/myy, tanB=5
2x1074+ @ Y = —my/myy, tang=1
@ 1x1074} @ Yy = —mg/myy, tanB=5
g
& 5x1075}
m 0
2x107°t
1x1075}

“02

FIG. 6. BR(t — cZ) as a function of Y, in the allowed regions for a,,. (a) The behavior for ¥, = 0. (b) Obtained when

Yip=*Em/my, f=e.pu1,bc,s,d.
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FIG. 9. BR(t — chy) as a function of Y,. for fixed values of tanf in the allowed regions for @;,. (a) For Y, = 0. (b) For

than BR(z — ch,). Figure 12 also shows that for tan § < 1
the values of BR(# — ch,) are close to the reported limit,
while for Y ;r = m/my, the values of the BR(t — ¢Z) in
the model are close to the experimental limit.

The experimental limits are BR(# - ¢Z) < 3.7% and
BR(t — cH®) < 0.46% [58]. We consider random values
for the a; , parameters in the allowed regions at 90% C.L.,

obtained in Sec. III, to evaluate the BR(7 — ¢Z) and
BR(t — chy) in the 2HDM-III with CPV. The evaluation
of these branching ratios has also been restricted by
experimental limits. Figure 12 shows a scatter plot that
correlates to BR(# — ¢Z) and BR(# — ch;) for random
values of @;,3 and Y,, in the allowed regions when tan j3
is set.
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FIG. 12. Scatter plot of BR(# —» ¢Z) vs BR(¢ — chy) for
tanf=1, 5 and Yy =0, £ms/my, for f=e,p,7,b,c,5,d.
We use random values for the allowed region in «; ; found in the
previous section.

VI. CONCLUSION

The FCNSI and explicit CP violation from the scalar
sector are considered in a 2HDM when Yukawa couplings
and the scalar potential are assumed in the most general
form. We avoid including any discrete symmetry, such as

the Z, symmetry. The model used in this work is classified
as 2HDM type III with CP violation. The nondiagonal
Yukawa couplings are responsible for the FCNSI; in
particular, we study the contributions from the Y,. element
in the rare top decays t — ¢Z and t — ch;.

We obtain the analytical expressions for I'(# — ¢Z) and
I'(t — chy) in the 2HDM type III with CPV at one loop
and at tree level, respectively. Then, BR(r — ¢Z) and
BR(¢ — ch;) are analyzed in the allowed regions for a;
and a, parameters with different fixed values of tan # and
Yukawa couplings. These allowed regions are obtained by
applying an »? analysis at 90% C.L. into the Higgs decays.
We also consider the contributions of 2HDM type III to
BR(b — sy) with its experimental value to explore values
of Y,. as a function of Y, and tan B for my+ ~ 500 GeV.
We find feasible scenarios for I'(t - ¢Z) and T'(r — ch;)
that can be comparable with the current experimental
limits. For instance, the BR(# — ch;) can reach values
of the order of 1072 when I'(t — ¢Z) is of the order of 10~
for tanf =1 and Y;r = ms/my,.

In Ref. [78] the couplings of the Higgs particle with a top
and a light up-type quark u or ¢ were written in Eq. (17).
These couplings are responsible for the FCNC in the
down-type Branco-Grimus-Lavoura (BGL) model and
are functions of the @ and S parameters. In the 2HDM
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type III with CP violation the couplings of the Higgs
particle with up-type quarks, denoted as Y7{,, are free
parameters. We can recover the t — c+ Higgs decay rate in
[78] when a; = a, ay =0, and |Y,.| =5 |V,,||V,,|[t; +
t3'| in 2HDM type IIl with CP violation. For instance, if
tg = 2.5, then Y, = 0.043 belongs to the allowed region in
Fig. 9(a) in this work.
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APPENDIX: FORM FACTORS
FOR ¢t — ¢Z DECAY

The useful notation for masses is introduced as
X= o Here, in order to simplify we introduce e¢;; =
1(sin BR;1 Ry3 — cos R Ry3). After the dimensional regu-
larization of the integrals for the t+ — cZ amplitude, we
obtain for the Feynman diagrams D = a, b, ¢, d, shown in
Fig. 5, the following results:

)B* log(B3),

1-z Y
FL_/ dz/ dyz {3 45%)(y —1)Ak3,’;—4s%v(y+z—1)y< ;;+”m”B;§>Bk],
t

- 1-z
b —A dzA dyzb—% {4s%,(y
3

<t
=~

1 1—z 1 ~ vY vY
= dz/ dyd —log(D3)(3 —4s3 [z(A +—="B >B*+< * 4+ ”B*)B},
[ [ > gon(0h6 —asi |2+ )3k (41 )
1-
:/ dz/ Zdyz log(D3)( 4sW)[ (A* ”B*)Bk—f— (Ak+ ”Bk>Bk}
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i#]
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VY,
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%

where
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D} = (1 — M%)yz + M%2* + (i —

iy — M%)z + y* — gy + i,

D} = (1 - M3)yz + M5 (2 —2) + y}(M% - 2)y + 1,

D3 == 2 + (i = 2)z + 1,
D3 =@l —1)z+1.
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