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Abstract. We discuss the formulation of the general two-Higgs doublet model type III, which
incorporates flavor changing neutral scalar interactions (FCNSI) and CP violation from several
sources. CP violation can arise either from Yukawa terms or from the Higgs potential, be
it explicit or spontaneous. We discuss the limit that includes CP violation and Yukawa four
textures to control FCNSI and evaluate the CP asymmetry for the decay h — bcW, which may
allow to test the patterns of FCNSI and CP violation, that arises in these models.

1. Introduction

Despite the success of the Standard Model (SM) in the gauge and fermion sectors, the Higgs
sector remains the least tested aspect of the model [1], which leaves the puzzles associated with
the mechanism of electroweak symmetry breaking (EWSB) still unsolved. On one hand, the
analysis of radiative corrections within the SM [2, 3, 4, 5], points towards the existence of a
Higgs boson, with a mass of the order of the EW scale, which in turn could be detected at the
LHC [6, 7]. Nowdays, the Higgs boson mass has a experimental bound of the order of 125 GeV
[CMS , ATLAS]. On the other hand, the SM is often considered as an effective theory, valid up
to an energy scale of O(T'eV'), that eventually will be replaced by a more fundamental theory [8],
which will explain, among other things, the physics behind EWSB and perhaps even the origin
of flavor. Many examples of candidate theories, which range from supersymmetry [9, 10, 11]
to strongly interacting models [12, 13] as well as some extra dimensional scenarios [14, 15, 16],
include a multi-scalar Higgs sector. In particular, models with two scalar doublets have been
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studied extensively [17, 18, 19], as they include a rich structure with interesting phenomenology
[20, 21, 22].

Several versions of the 2HDM have been studied in the literature [23]. Some models (known
as 2HDM-I and 2HDM-II) involve natural flavor conservation [24], while other models (known
as 2HDM-III) [23], allow for the presence of flavor changing scalar interactions (FCNSI) at a
level consistent with low-energy constraints [25]. There are also some variants (known as top,
lepton, neutrino), where one Higgs doublet couples predominantly to one type of fermion [27],
while in other models it is even possible to identify a candidate for dark matter [26]. The
definition of all these models, depends on the Yukawa structure and symmetries of the Higgs
sector [28, 29, 30, 31, 32], whose origin is still not known. The possible appearance of new
sources of CP violation is another characteristic of these models [33].

In this paper we aim to discuss FCNC at general version of the Two-Higgs doublet model
(2HDM-III), which incorporates flavor or CP violation from all possible sources [34, 35, 36].

Within model T (2HDM-I) where only one Higgs doublet generates all gauge and fermion
masses [6], while the second doublet only knows about this through mixing, and thus the Higgs
phenomenology 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 the signal beyond the SM. Within 2DHM-ITI one also has natural flavor conservation [24],
and its phenomenology will be similar to the 2HDM-I, although in this case the SM couplings
are shared not only because of mixing, but also because of the Yukawa structure. On the other
hand, the distinctive characteristic of 2HDM-III is the presence of FCNSI, which require a certain
mechanism in order to suppress them, for instance one can imposes a certain texture for the
Yukawa couplings [37], which will then predict a pattern of FCNSI Higgs couplings [38]. Within
all those models (2HDM LILIII) [39, 40, 41], the Higgs doublets couple, in principle, with all
fermion families, with a strength proportional to the fermion masses, modulo other parameters.

There are also other models where the Higgs doublets couple non-universally to the fermion
families, which have also been discussed in the literature [27, 42, 43]. In principle, the general
model includes CPV, which could arise from the same CPV phase that appears in the CKM
matrix, as in the SM, from some other extra phase coming from the Yukawa sector or from the
Higgs potential [44]. However, in order to discuss which type of CP violation can appear in each
case besides containing a generic pattern of FCNSI, moduled by certain texture, will include
new sources of CPV as well.

2. General two Higgs doublet model with textures in Yukawa matrices

The scalar field content of the model is two doublets under SU (2), with hypercharges Y1 = Y5 =
1/2. The model is classified by choice of the Higgs potential and the scalar-fermion couplings.
The simpler versions are considered when the potential is invariant under Zs discrete symmetry
and none of the doublets couples simultaneously to the up-type and down-type fermions. These
are known as 2HDM type I and II. In type I, only one of the doublets couples to fermions. In
type II, one doublet couples to up-type fermions, the other to down-type fermions to prevent
tree-level FCNCs. Type III is more general and realistic model which allows all possible Higgs-
fermion couplings. This work is based on 2HDM type III with a general potential which contains
explicit and spontaneous CP violation.

2.1. General Higgs potential and Higgs mass-eigenstates

We follow closely the formalism developed and notation introduced by [45]. The most general
gauge invariant renormalizable Higgs scalar potential in a covariant form with respect to global
U(2) transformation is given by

V=Y, ;0L0, + %Z(M (o1a,) (ola,), (1)
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3 sin 013 1cos 013

Table 1. Mixing angles for Higgs bosons which consider spontaneous and explicit CPV [45].

where ®, = (¢, ¢2)T and a,b,c,d are labels with respect to two dimensional Higgs flavor
space. The index conventions means that replacing an unbarred index with a barred index is
equivalent to complex conjugation and barred.unbarred index pair denotes a sum. The most
general U(1)gar-conserving vacuum expectation values are

w70 ) @

where ( 01, g ) =" ( cos 3, sin Be ) and v = 246 GeV. The covariant form for the scalar

potential minimum conditions is

Ak ]- Ak A
vo; [Yab + 2UQZabcdvcvd} =0. (3)
The Higgs mass-eigenstates of the neutral Higgs bosons are explicitly derived in [45]. The
expressions for Higgs bosons in terms of the generic basis is

70 N N s
hy, = (I)ET(leva + grotige”923)

1
V2
1 * A% P =0
—= (@1 0% + qr2 * waeze23)‘1)a (4)

V2

for k =1,...,4, where hy 23 are the neutral physical Higgs bosons and hy = GV is the goldstone
boson. The parameters g1 2 are functions of the neutral Higgs mixing angles and the explicit
values are shown in table 1. It is possible to invert the expression (4) and the result is given by

o G, + Ht b, 5
o %@a + % Zé:l (%1@@ + qme—(’%wa) hy |’ (5)

where ! = e~ ( —sinBe~ %, cosf )

2.2. Higgs-fermions couplings
We focus on quarks fields with analogous treatment for leptons. The most general structure of
the Yukawa lagrangian for the quark fields, can be written as follows:

L8 = VP o1d% + YL ¢od% + Y druy + Y douly + hc, (6)

where YLUQ’D are the 3 x 3 Yukawa matrices, q;, denotes the left handed quarks doublets and upg,

dgr correspond to the right handed singlets. Here 5172 = 10297 9. The superscript zero means
that the quarks are weak eigenstates. After getting a correct SSB [60, 61, 62, 63], the Higgs
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doublets are decomposed as shown in (5) and the neutral scalar and pseudoscalar couplings
within up-type quarks in mass eigenstate basis are

crentral _ (SZT 5 p;;r) wiH, + 1M uj, )
where we have denoted the scalar and pseudoscalar couplings as
Sijr = %ij (%1 — tan SRe [qﬂe—i(%s%)})
gy (20 + 0] ®
and
P = Lt g

1
= (g 61923Y _ e 2923Y Ut , 9
2\/50086 (%‘2 2i5 — qr2 ) ( )

respectively. The mass matrices are given as follows:

MU =YLyl o~ 2 yU 10
\@ 1 \/5 2 ( )
d
. MP = ZLyD it 2 yD (11)
\/é 1 \/Q 2

where }71[{2 = ULKI{QU;; and )717D2 = DLYVLDQD}L{ with U R = UL,RUOLR and ClL’R = DL,Rd([)/,R- The
v.e.v. v; and v are real and positive, while the phase £ introduces spontaneous CP violation.
Analogously, the down-type quarks are
l d 5 pd 3 D
cioural — 4, (S, +~° PG, ) diH, + d:MEd;, (12)
with
r

o %MZ? (qu _ tan ARe [que—i(QQ:s-i-f)})

1 y .
+2\/§ cos 3 (qﬂe Z623Y2D + QTQGZGZS Y2DT) (13)

and

1 .
PZ‘jT = —fMilj) tan SIm [queﬂ((bﬁg)}
v
1

_i_i
2\/§cosﬂ

For completeness we write the Yukawa couplings for charged Higgs bosons,

(qr267i923 ?QD _ q:Qeiegg ?QDT> . (14)

. J—~A° . I 5
it g |Hre MUy ety P
V2 V2

I+9°  sup, L=
y.D T

-Y.
cosﬁ (V 2 2 V 2

+h.c. (15)

d

where V' denotes the CKM matrix and physical eigenstates for the charged Higgs boson (H¥)
can be obtain through (5).
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2.8. Universal Yukawa textures

Suppression for FCNC can be achieved when a certain form of the Yukawa matrices that
reproduce the observed fermion masses and mixing angles is implemented in the model. This
could be done either by implementing the Frogart-Nielsen mechanism to generate the fermion
mass hierarchies [52], or by studying a certain ansatz for the fermion mass matrices [37]. The
first proposal for the Higgs boson couplings [38], the so called Cheng-Sher ansazt, was based on
the Fritzsch six-texture form of the mass matrices, namely:

0 C, 0
M=|c: 0 B |. (16)
0 B A

Then, by assuming that each Yukawa matrix Yf{2 has the same hierarchy, one finds: A, ~ my,,
By ~ \/mgmg; and Cy =~ /Mg mg,. Then, the fermion-fermion’-Higgs boson (ff"°) couplings
obey the following pattern: Hf;f; ~ \/mypmy; /mw, which is also known as the Cheng-Sher
ansatz. This brings under control the FCNC problem, and it has been extensively studied in
the literature to search for flavor-violating signals in the Higgs sector

In our previous work we considered in detail the case of universal four-texture Yukawa
matrices [25], and derived the scalar-fermion interactions, showing that it was possible to satisfy
current constraints from LFV and FCNC [53, 54]. Predictions for Higgs phenomenology at the
LHC was also studied in ref. [55, 56]. We can consider this a universal model, in the sense that
it was assumed that each Yukawa matrix Yf{Q has the same hierarchy.

3. FCNC and CP violation sources

The Higgs-fermions interactions and potential of the general 2HDM contain several sources of
CPV and FCNC. In order to explore these sources we consider some limiting cases. As it is
discussed in previous sections, the assumption of universal 4-textures for the Yukawa matrices,

allows to express one Yukawa matrix in terms of the quark masses, and parametrize the FCNSI in
AL

terms of the unknown coefficients x;;, namely }722]] = Xij ¥

, where the hermiticity condition

reads x;; = X}Lj' These parameters can be constrained by considering all types of low energy
FCNC transitions. Although these constraints are quite strong for transitions involving the first
and second families, as well as for the b-quark, it turns out that they are rather mild for the top
quark.

3.1. FCNC and explicit CP wviolation

In this case we assume the hermiticity condition for the Yukawa matrices, but the Higgs sector
could be only explicit CP violating. Then, from (8) and (9), one obtains the following expressions
for the couplings of the neutral Higgs bosons with up-type quarks, namely:

Su 1 v Vit

iir = —M: (g1 — tan SRe |gr2]) + i (Re g, 17
o = M (01— tan R fga]) + S5 (Re 2] (17)
and )
N
PY = = MY [tan BIm [g,o]] — ~——Lv;:Im [g] , 18
ijr v z][ B [q 2]] ﬁUCOSﬁX] [q 2] ( )

similar expressions can be obtained for the down-type quarks.
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3.2. FCNC and CP conserving

In this case we shall consider that the Higgs sector is CP conserving, while the Yukawa matrices
could be non-hermitian. Then, without loss of generality, we can assume that hs is CP odd,
while h; and hy are CP even. Then: cos 2 = sin (8 — «), sinf12 = cos (8 — «), sinfy3 = 0, and
e 13 = 1. The mixing angles o and 3 that appear in the neutral Higgs mixing, corresponds

to the standard notation. Additionally, when one assumes a 4-texture for the Yukawa matrices,
(o

the Higgs-fermion couplings further simplify as }72%7] = Xij Then, the corresponding

coefficient expressions for up sector and h° (r = 1) are

1 A/ My —
i = ;Mg [sin(8 — ) — tan B cos(B — a)] + ;\};jj Coséfsﬁ «) (Xij + Xsz) (19)

. s o)
ij1 = 2\@1)] cos B (Xi] - Xm') (20)

For HY (r = 2) one finds:

1 Z . 3 —
iy = ;Mg [cos(8 — a) — tan Bsin(8 — a)] + Wsméiﬁa) (Xij + X;Lj) ) (21)

u o _ WSIH(B - (X) T
Pz'j? = 2\/51}] cos B (Xij - Xij) (22)

Finally, for A (7 = 3) one obtains:

v = sV (Xij _ XI) 7 (23)
J 2v/2v cos 3 J
w 7 U R /MM ; - ¥
Py = g, Mif tanf i v2 (s + x3;) (24)

Note that under hermiticity on Yukawa matrices the F;;. couplings for the h® and HC and Sijr
for the A° are vanished.

4. Higgs decay h — cbW ~
In this section we shall evaluate the asymmetry coefficient for the decay h — ¢bW in order
to analyze presence of both FCNSI and CPV within the 2HDM. In the SM the FCNC are
suppressed, but in the 2HDM extensions these processes are found even at tree level. We
consider the neutral Higgs boson decay h — Whc at tree level. Two diagrams contribute
to this decay, the first one is through the FCNC coupling h — t'¢ — W™ bc, its Feynman
diagram is shown on left figure 1. The other one is through h — WH*W~ — W~be, also
shown in figure 2.

The couplings of the neutral Higgs with the quarks and the charged boson W with the neutral
Higgs are written as i (S%; + v°Pss;) and igMy q11g", respectively. The other vertices are the
usual SM contribution. The average amplitude for these diagrams is thus

M[” =ML + M| + MIMs + Miam, (25)

We can obtain an approximation when the terms proportional to the charm and bottom masses
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Eigure 1. Tree level Feynman Figure 2. Tree level Feynman
diagrams for h — W~ bc. diagrams for h — W ~bc.

are neglected. Then, the explicit expressions are

4
T2 g U U
AT = 2 IR {183 + Pl [4 (1 - p2) (01 ) (s - 0)
AMZ,
+2My (p2 - q) (ps - @) = Mrq* (92 ps) — 2¢% (p1 - p2) (p1 - )|
+m? S — P[> [Mfy (2 - ps) + 2 (p1 - p) (1 - p) ]}, (26)
—2
Mof” = g* (q11)* [Vao|* | P (k) (Mv2vp2 * D3+ 2p1 - papr ‘ps) : (27)
4
m
MMy + MMy = gMWt qu1 Ve P () (Mv2vp2 -3+ 2p1 - papr 'p3)
[Re (5331 + Pa31) RePy — Im (S33; + Pa3p ) ImPy] (28)

where Py (k) = (k* — M3, + iMWFW)_1 and P; (q) = (¢> —m? + imtft)_l. Then, the width
for the decay is

4
g mp 2 2 2
hesWhe — 7256773“5331_132%1‘ I+ [S331 + Poy |* Io + qiy [Ves|” I3

+Re(Sy31 + Pa31)q11Vepls — Im(S531 + Pasy)qi1 Vepls) (29)

r

where the the analytical expressions for the dimensionless integrals I; . 5 are given in appendix
and numerical values as function of littlest neutral Higgs bosons are shown in table. In case of
CP explicit violation or CP conserving the width decay is written as

g4mh 9 ) L
Iepy = 95673 (I + 1) ‘X23| 21)2 25 (Sln 019 + cos” 015 sin «913)
ey ' ‘

2%5 b €08 B12 cos B3 [Re (xa3) (14 sin 012 + I5 cos 612 sin b13)

—Im (x23) (I3 cos O12sin 613 + I5sin 612)] + I3 |Vcb|2 cos? 015 cos? 913} (30)
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Figure 3.  Numerical integrals Figure 4. Numerical integrals I5 3.

Lggs.
or
Lepe = 29;”71:», (I + I2) |xas/? mcn”;tv(;os;(fﬁ— ) 4 I3 V| sin® (8 — )
_ \/””;T%Vcb sin (8 — CC“())SC;S B=9) (1, Re (xas) — IsTm (xa9))]| (31)
respectively.

4.1. CP asymmetry coefficient
In order to find the CP asymmetry coefficient we also need to calculate the conjugate decay. We
denote the average amplitude of the conjugate decay as

—2 —2 —2 — —
M| = M| +[Mz| + My Mz + My M. (32)
—2 5
The square terms are the same as the above, ./\/1172’ = |M 2|, while for the interference terms
we have
4
—r— — m
MIM;, + MIM, g Wt q11Ver P (k) (M%/pz " p3 + 2p1 - p2p1 'p3)
[Re (5331 + Pas1) ReP + Im (S531 + Pasy) Im Py (33)

The definition for the CP asymmetry coefficient is

Ly wge T Thow—ie
Therefore, the CP asymmetry coefficient of the decay in general 2HDM is given by:

VepqisIm (S35, + Pgs)
f (5331aP21§31,Q117mh)

Acp = (35)
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2 2
[ (5331, Pas1squi,me) = S35 — Posy|” It + [S351 + Posy|” I2
+|Vaol® a1 Is + qu1 VipRe (531 + Pagy) Lu. (36)

In case of CP explicit violation or CP conserving the asymmetry coefficient is written as

VMmemyls cos 12 cos 013 Re (x23) cos 012 sin 013 — Im (x23) sin 612
V2v cos 8 fepv (012,013, B, x23)

Acpy =

or

Vmemilssin (8 — ) cos (8 — «) Im (x23)
V2v cos fepe (o, B, xo3,mp)’
respectively. The fopy and fopce are defined as

Acpc =

2 M .2 2 .2
fC’PV = (Il+12) ’X23| 21]27 (Sln 912+COS 912 sSin 913)

¢
cos? 3

VmemVep
- 2/vcos B
+13 |V,3b|2 cos? 015 cos? 013 (39)

cos 012 cos O13Re (x23) (L4 8inb12 + I5 cosO12sin 0y3)

and

memy cos® (B — .
fore = (I1 + 1) [xas|* = 2tv2cos(2ﬁ )+13|‘/0b|2sm2 (B =)

Vmemi Ve sin (6 — ) cos (B — )
2V cos 3

I4Re (X23) (40)

4.2. Numerical results

We shall discuss in detail the result for FCNC and CP conserving case. The asymmetry depends
of the five free parameters. One of them is the Higgs boson mass which appears in the J integrals,
the other ones are the mixing angles o, § and the complex parameter y23. The mixing angle (3
is taken within the values 1 < tan 8 < 50 [64]. For the mixing angle o we study three scenarios,
a < fB,a~ fand o > . For each scenario we take two possible values for |x23|. Therefore, the
scenarios studied here are:

i) a < p for |x23| = 0.9 and |x23| = 0.1, figures 5 and 6.
ii) a~ f for |x23] = 0.9 and |xe3| = 0.1, figure 7 and 8.
iii) a > g for |x23| = 0.9 and |x23| = 0.1, figure 9 and 10.

We use the reported values m; = 171.2 GeV, my = 4.2 GeV, m, = 1.27 GeV, My = 80.39 GeV
and sin 0y = 0.231 [64].

The figures 5, , 6, 7, 8, 9 and 10 show that the asymmetry has values of the order 1072 to
1072 (107* to 1073 and 1073) for scenario i) ( ii) and iii)).

5. Conclusion

The FCNC in Yukawa sector has been considered in a basis independent formalism and general
mixing amount neutral scalar bosons has been used in such a way to introduce CP violation.
The CP violation sources can then be related to scalar mixing or textures of Yukawa matrices.
In the case of scalar mixing are the possibilities to have explicit and spontaneous CP violation,
here we just considered the first one possibility.
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Figure 7. The asymmetry as Figure 8. The asymmetry as
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We have also evaluated the CPV asymmetry for the decay h — cbW, which allows to test
the presence of both FCNC and CPV. We found that for certain optimal range of parameters
the decay asymmetry could be of O(1072) to O(10~%) in the FCNC and CP conserving case.
The asymmetry behavior has a dependency proportional to the mixing complex parameter xa3
too. The mixing angles o and 8 control the shape of the graphs. The asymmetry keeps same
shape for the Higgs boson mass range between 115 GeV and 160 GeV.

In order to detect this asymmetry we could have to resort to a linear collider, since the final
state seems difficult to reconstruct at a hadron collider. Although a final conclusion would
require a detailed study, which we plan to address in a future publication.
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