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We propose a class of the two Higgs doublet standard models (SMs) with a SM singlet and a class of
supersymmetric SMs with two pairs of Higgs doublets, where the right-handed up/charm quarks and the
right-handed top quark have different quantum numbers under extra discrete symmetries. Thus, the right-
handed up and charm quarks couple to one Higgs doublet field, while the right-handed top quark couples
to another Higgs doublet. The quark Cabibbo-Kobayashi-Maskawa mixings can be generated from the
down-type quark sector. As one of the phenomenological consequences of our models, we explore whether
one can accommodate the observed direct CP asymmetry difference in singly Cabibbo-suppressed D
decays. We how that it is possible to explain the measured values of CP violation under relevant

experimental constraints.
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I. INTRODUCTION

Experimental data from the ATLAS [1,2], CMS [3,4], DO,
and CDF [5] collaborations have confirmed the existence of
the standard model (SM) Higgs boson. However, the quark
Cabibbo-Kobayashi-Maskawa (CKM) mixing phase is not
enough to explain the baryon asymmetry in the Universe
and gives the contributions to electric dipole moments of
electrons and neutrons much smaller than the experimental
limits. Therefore, one needs new sources of CP violation,
which has been one of the main motivations to search for
new theoretical models beyond the SM for a long time.

The minimal extension of the SM is to enlarge the Higgs
sector [6]. It has been shown that the two-Higgs-doublet
models (2HDMs) naturally accommodate the electroweak
precision tests, giving rise at the same time to many in-
teresting phenomenological effects [7]. For a recent review
on two-Higgs-doublet SMs, please see [8]. The generic
scalar spectrum of the two-Higgs-doublet models consists of
three neutral Higgs bosons and one charged Higgs boson
pair. The direct searches for additional scalar particles at the
LHC or indirect searches via precision flavor experiments
will therefore continue being an important task in the
upcoming years.

In this paper, we will propose a class of the two-Higgs-
doublet SMs with a SM singlet and a class of the super-
symmetric SMs with two pairs of Higgs doublets, where
the right-handed up/charm quarks and the right-handed
top quark have different quantum numbers under extra
discrete symmetries. Therefore, the right-handed up and
charm quarks couple to one Higgs doublet field, while the
right-handed top quark couples to another Higgs doublet
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due to additional discrete symmetries. All the down-type
quarks couple to the same Higgs doublet, and all the
charged leptons couple to the same Higgs doublet. Also,
the quark CKM mixings can be generated from the down-
type quark sector. In particular, the first two-generation
up-type quarks can have relatively large Yukawa couplings.
As one of the phenomenological consequences of our
models we explore if one can accommodate the exper-
imental measurement of direct CP asymmetry difference in
singly Cabibbo-suppressed D decays.

The CP asymmetry difference in D° - K*K~ and
D° — ztz~ decays has been measured by the LHCb
Collaboration [9]. Combined with the results from the
CDF [10], Belle [11], and previous BaBar [12] collabo-
rations, the Heavy Flavor Averaging Group yields a
world average of the difference of direct CP asymmetry
in D°— K*K~ and D° — ztz~ decays, AAcp =
(—0.656 £ 0.154)% in March 2012 [13]. However, the
above results have not been confirmed by the latest
experimental measurements. The updated LHCb result
with pion-tagged analysis gives AAqp = (—=0.34 £0.15 +
0.10)% [14]. For the muon tagging, the measurements from
LHCb using 1.0 fb~! data at 7 TeV have AA¢cp = (0.4 +
0.3+£0.14)% [15] and AAcp = (+0.14 £0.16 £ 0.08)%
[16] with the latest 3 fb~! data, which have an opposite sign
compared to the pion-tagged results. In combination, the
current world-averaged direct charm meson CP violation
is AAcp = (0.253 £0.104)% from the Heavy Flavor
Averaging Group [13].

The CP asymmetry in charm meson decays has inspired
a lot of theoretical discussions. The SM contributions to the
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direct CP asymmetry are discussed in Refs. [17-19].
Li et al. [18] showed that AAcp =Acp(KTK™)-
AcP(rt7n™) = =1.00 x 1073, which is lower than the
LHCb and CDF data. Based on the topological diagram
approach for tree-level amplitudes and QCD factorization
for a crude estimation of perturbative penguin amplitudes,
Cheng and Chiang [19] showed that the CP asymmetry
difference AAcp is of order —(0.14-0.15)%. Even with the
maximal magnitude of QCD-penguin exchange amplitude
|PE| ~T (T is the tree-level amplitude) and a maximal
strong phase relative to 7, one can only get AAcp =
—0.25% which is still lower than the current world average.
The SU(3) effects have also been studied [20-24]. For
recent discussions on the subjects, please see Ref. [25].
While the experiment is still not conclusive, there are
some attempts to estimate the effects from new physics
models, e.g., fourth generation [26], left-right model [27],
diquark [28], supersymmetry [29,30], Randall-Sundrum
model [31], compositeness [32,33], minimal flavor viola-
tion [34], other new physics models [35], and a y* analysis
of different measurements in the charm system [36].

We calculate the direct CP asymmetry difference in
charm meson decays with experimental constraints satis-
fied in our models in the paper. The new feature of our work
is that we consider the contributions from Higgs penguin
induced operators and the mixing effect of Higgs penguin
induced operator O3 into chromomagnetic operator Og,, at
charm mass m, scale. We find that it is possible to explain
the measured values of CP violation under relevant
experimental constraints.

This paper is organized as follows. We present a class of
two-Higgs-doublet SMs and a class of the supersymmetric
SMs in Secs. II and III. The effective Lagrangian of ¢ — u
transition, relevant Wilson coefficients, direct CP asym-
metry in charm meson decays, and Ac =2 and Ac =1
constraints are given in Sec. IV. We conclude in Sec. V.

II. NONSUPERSYMMETRIC SMS

We consider the two-Higgs-doublet standard models [6].
First, let us explain the convention. We denote the left-
handed quark doublets, the right-handed up-type quarks,
the right-handed down-type quarks, the left-handed lepton
doublets, and the right-handed leptons as ¢;, u;, d;, [;, and
e;, respectively, where i = 1,2, 3. In addition, we introduce
two pairs of the Higgs doublets as ¢; and ¢,, and a SM
singlet Higgs field S. Following the common convention,
we assume that the U(1), charges for both ¢, and ¢,
are +1.

Without loss of generality, we assume that ¢»; couples to the
right-handed up and charm quarks, while ¢, couples to the
right-handed top quark. We classify the models as follows

(i) Model I: both the down-type quarks and the charged

leptons couple to ¢,.

(i) Model II: the down-type quarks couple to ¢; while

the charged letpons couple to ¢,.
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(iii) Model III: the charged letpons couple to ¢b; while the

down-type quarks couple to ¢,.

(iv) Model IV: both the down-type quarks and the

charged leptons couple to ¢;.

To avoid the flavor changing neutral current (FCNC)
constraints [37], we introduce a Z; symmetry. Under this
Z5 symmetry, the quark doublets, the up-type quarks, the
Higgs fields, and the singlet transform as follows:

1 < wt,

b1 < ¢,
S < S, (1)

qi <> 4,
Oy < o,

Uy <> Uy,

where @® = 1,i = 1,2,3, and k = 1, 2. The transformation
properties for down-type quarks, lepton doublets, and
charged leptons will be given later for each model. By
the way, to escape the FCNC constraints in the non-
supersymmetric SMs, we just need to consider Z, sym-
metry; i.e., we change each “w?” and “w” into the “~” sign
in our transformation equations. To match the supersym-
metric SMs, we consider the Z; symmetry in this paper.

A. Model I

Under this Z; symmetry, the down-type quarks, the
lepton doublets, and the charged leptons transform as
follows:

2

d; < *d;, [, < 1, e, < w-e;. (2)

Then, the SM fermion Yukawa Lagrangian is

=L = yjiingib + yitqiy + y?ﬁi‘]ﬂzz + yfjéiquZZ +H.c.,
(3)

where yjf;, y?j, and y{; are Yukawa couplings and

¢; = io¢7. Here, o, is the second Pauli matrix. In par-
ticular, to avoid the FCNC constraints [37], we assume that
the Yukawa couplings y!;, ¥4, ¥}, and y} are relatively
small. It is clear that in the limit y{; = y%; =y} =y, =0,
there is no FCNC effect. Moreover, the quark CKM
mixings are generated from the down-type quark sector.
Let us define

tan ff = ) (4)

(1)

At large tan f3, the Higgs fields with dominant components
from ¢; will have large Yukawa couplings with the first
two-generation up-type quarks.

The most general renormalizable Higgs potential at tree
level, which is invariant under the SU(2), x U(1), gauge
symmetry and the Z; symmetry, is
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where 1;, Ay, A1, and Ag, are dimensionless parameters,
m?,, m3,, and m3 are mass parameters, and A is a mass
dimension-one parameter which is similar to the super-
symmetry breaking trilinear soft term. 4; for i = 1,2, 3,4,
As, As1> Asa, m3,, m3, and m3 are real, while A is complex.
In addition, the term As(¢]¢b,)? and its Hermitian conjugate
are forbidden by discrete Z; symmetry. Also, the terms
de(Dlp))(pipy) and A (hlhy)(dlhy), as well as their
Hermitian conjugates, which will induce the FCNC proc-
esses [37], are forbidden in our model, too. Interestingly,
our model can be consistent with the constraints from
the CP violation and FCNC processes even if A is not
real [38—41].

For simplicity, we assume that the up-type quark Yukawa
matrix is diagonal, and then there are no tree-level FCNC
processes. Also, we assume that A is relatively small, and
the vacuum expectation value (VEV) of § is much larger
than the VEVs of ¢, and ¢,, for example, (S) =3 TeV.
Thus, the mixings between S and ¢; are small and can be
neglected. The Lagrangian of relevance for our discussion
of direct CP violation in charm meson decays can be
written as

m,, C My, S,
—ﬁ—g uk—aHﬁkuk—g M —h
2my cp 2my cp mW s/,»
gm, &hi gmg; s, Ma; c,
2my sp my sg my g
m, -
§ I I ct/;At}/St
2m my
gm 5 Uy
+ Zm Ct/}Ad}’ d + Vk]t/,'H MkPLd
_gm
ijCtﬂH I/lkPRd - V3ijﬂH tPLd
gm
- Yy ct, H IPyd; + -

myy

where s, = sina, =cosa, sz =sinp, Cp = cos f3,
tp =tanf, and cty = cot p, with @ being the mixing angle
between the real components of gbo and ¢2
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B. Model II

Under this Z; symmetry, the down-type quarks, the
lepton doublets, and the charged leptons transform as
follows:

2

di <> di’ li <> li’ e; <> w-e;. (6)

So the SM fermion Yukawa Lagrangian is

=L = yjiigih + yitqir + y?jaiqﬁ?’l + )’fjéilﬂ?’z +H.c.
(7)

Similar to model I, we assume that the Yukawa couplings
V5, ¥53, ¥i, and y} are relatively small. The most general
renormalizable Higgs potential at tree level, which is
invariant under the SU(2), x U(1), gauge symmetry
and the Z; symmetry, is the same as that in Eq. (5) in
model I. At large tanf}, the Higgs fields with dominant
components from ¢, will have large Yukawa couplings
with the first two-generation up-type quarks, and all the
down-type quarks.

With the same assumptions as in model I, the Lagrangian
of relevance for our discussion can be written as

m
—E u—PI KUK —g——h Uy + g &H[t
2my cp my cg 2my sg
gm,_h gdC gdshdd
ZmW Sﬁ My Cﬁ My Cﬁ
ct Aty t
rd; +2 My VitsH P d,
9 agm, -
2 ] ij[ﬁH l/lkPRd —mV:;jC[ﬂHJFtPLd/
gm _
+2—V3jl/}H+fPRdj+

C. Model III

Under this Z; symmetry, the down-type quarks, the
lepton doublets, and the charged leptons transform as
follows:

di <> a)zdi, li <> li, e; <> é;. (8)

So the SM fermion Yukawa Lagrangian is
=L = yjiingi + yitqiy + yzt‘ljaiqj$2 + )’fjéilj<;51 +H.c.
©)

At large tan g, the Higgs fields with dominant components
from ¢; will have large Yukawa couplings with the first
two-generation up-type quarks, and all the charged leptons.
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The rest of the discussion is similar to those in models I
and II.

D. Model IV
Under this Z; symmetry, the down-type quarks, the
lepton doublets, and the charged leptons transform as
follows:

d; < d,, I <1, e; < e. (10)

Then, the SM fermion Yukawa Lagrangian is

—L = yiiqip1 + yitqihr + )’fljaiqj'gh + )’fjéilj4;51 +H.c.
(11)

At large tan g, the Higgs fields with dominant components
from ¢; will have large Yukawa couplings with the first
two-generation up-type quarks, all the down-type quarks,
and all the charged leptons. The rest of the discussion is
similar to those in models I and II.

III. SUPERSYMMETRIC STANDARD MODELS

First, let us explain the convention. We denote the chiral
superfields for the quark doublets, the right-handed up-type
quarks, the right-handed down-type quarks, the lepton
doublets, and the right-handed charged leptons as Q;,
Us, D§, L;, and Ef, respectively, where i = 1,2,3. We
also introduce two pairs of Higgs doublets, (H,, H;) and
(H),, H)). In addition, we introduce three SM singlet Higgs
fields: S, ', and 7.

Without loss of generality, we assume that H,, couples to
the right-handed up and charm quarks, H/, couples to the
right-handed top quark, and H; couples to the right-handed
down-type quarks. We classify the models as follows

(i) Model A: H!, couples to the charged letpons.

(i) Model B: H, couples to the charged letpons.

To solve the y problem, we consider a Z; x Z% discrete
symmetry. Under the Z; symmetry, the SM quarks, the
Higgs fields, and the singlet fields transform as follows:

0; < wQ;, UioowlU, T < a’T, D< oD,
H,,<wH,;,, H,,<H, ,6 ScoS 5§,
T < T, (12)

where »* = 1. And under the Z; symmetry, the SM quarks,
the Higgs fields, and the singlet fields transform as below:

0,01 USoUS, T ow?T, DD
H, < H,; H,,<~oH , S8 oo,
T < o”T, (13)

where @ = 1.
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A. Model A

Under the Z;3 x Z; symmetry, the lepton doublets and the
charged leptons, respectively, transform as follows:

L, < L;,

L, < o'L;,

ES < ES,
ES < oES. (14)

Then, the SM fermion Yukawa Lagrangian is

= V4 Q:H,US + y'Q,T°H), + y4,0;H DS
+ yGLHLES + W SH H,, + 2,8 H),H,

WYukawa

¥ ASTH,H, + 2, TH/H, + 2sSS'T + % $3

K2 K3

=SB 2T, 15
where y¥, yi, yl‘?’j, Yij» 4i» and k; are Yukawa couplings. To
avoid the FCNC constraints, we assume that the Yukawa
couplings y4%,, y%, ¥}, and y} are relatively small, similar to
the nonsupersymmetric models. In our model, we define

_ (Ha)
tan ff = (Hj) (16)

which is different from the traditional minimal supersym-
metric standard model. The VEV of H, can be much
smaller than that of H, since H), couples to the top quark,
i.e., the charm Yukawa coupling can be order 1. Note that
the VEV of H; can be about one order larger that of H’,, and
we obtain that the Yukawa couplings of down-type quarks
can be about one order smaller than those of charged
leptons compared to the SM.

B. Model B

Under the Z; x Z; symmetry, the lepton doublets and the
charged leptons, respectively, transform as follows:

Li <> CUL[',

Li <> Li?

Ef < wEf,

E$ < Ef. (17)
Then, the SM fermion Yukawa Lagrangian is

= y4Q;H,U; + yiQ,T°H}, + y$,Q;H ;DS
+ Y5 LiHGES + A SHyH, + 2,8 HyH,

WYukawa

+ 3TH H), + M TH,H, + AsSS'T + ’;_153

K2 K3
=83+ =15, 18
+357+3 (18)
To avoid the FCNC constraints, similar to model A, we
assume that the Yukawa couplings y%,, y%,, v}, and y} are
relatively small.
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IV. EFFECTIVE HAMILTONIAN AND
DIRECT CP ASYMMETRIES
IN D MESON DECAYS

The effective Hamiltonian for the ¢ — u transition can be
written as

e Gr
Hit, =S5 S acrof + ctop

p=d.s

6
+ A {Z C;0; + C3,07, + Cy, 04,
i=3

16
£y ¥ qo}. (19)
i=11g=u.d,s.c

with 1, = ViV, (p=d,s) and 4, =V, V.
The complete list of operators is given as follows

O7 = (ap)y_a(PC)y_a.

05 = (uap/})V—A (pﬁcrl)V—A’

05 = (IZC)V—AZ(QQ)V—A’
q

04 = (ﬁacﬂ)V—AZ(zI/}q(z)v—A’
q
Os = (aC)V—AZ<E]‘I>V+A’
q

O = (ﬁacﬂ)V—AZ(‘_]ﬂ%)VH’
q

e _
07}’ = ch[uaﬂv(l + ys)c]FﬂD’
Os, = Sg—;zmc[ﬁawT“(l +7)c]GY,
01, = (ac)s, p(qq)s—p-
012 )S+P(¢I/}%)s P>

(q
Oy = (ac)s, p(39) s p-
0(114 (u aC/)S+P(qﬁCIa)S+P’
0‘1’5 (6, (1 + 7°)c][ge™ (1 +1°)q),
= [itg

0uw(1+7)epllgpe™ (1+77)qq). (20

with VEA=p#(1£y°)and SE£P = (1+p°).
The direct CP asymmetry of D° — KTK~
written as

can be

y) A
ag+g- = 2Im (/Tb R;(.SM) +2Im <ﬂ_b R?(,NP)’ (21)

where

PHYSICAL REVIEW D 90, 055003 (2014)

SM SM
R M et
K,SM ai ’
s _ 1 NP 1 NP 1 s K
RK’NP_GTI a, 12a12+r ag +Za14+3a16 ,

(22)

where maximal strong phase is assumed, and only the weak
phase is included in the above equation. The a; coefficients
are estimated in naive factorization:

e

aj, = Cj, + Cy/Ne.

ajy = Ciy + Ci3/Ne.

ajs = Cis + Cis/Nc. (23)

NP _ 3, NP _
a, =3ag, =

ssssss

ated at charm quark mass m, scale. For the direct CP
asymmetry of D — 7z~ the upper index s should be
replaced with d. In the flavor SU(3) limit, we have
Apt - = —Ag+g-.

The Wilson coefficients can be evolved from W boson
mass m,, scale to m,. scale through the intermediate bottom
quark mass scale, m; [42]. The main contribution in our
case is Cg,(m,), which can be written as [43-46]

Csy(m,) = 0.4983Cs,(m,,) — 0.1382C,(m,,)

+0.4922C%, (m,,). (24)

The direct CP asymmetry in the decays D° — KTK~
and D° — 777~ can be estimated as

Aacp = dg+g- — At~

~ [-0.01676C}F (m,,) + 0.1142Cy3(m,,)] x 1%.

(25)

For Aacp~0.1%, we should have Cg(m,)~ 10
or Ci3(m,,) ~ 1. '
We can further express Cf, 5 as [46]

62 2
Chi =15 (Ch = ). Chi=ros

s (Ch, +C5,).

(26)

To follow, we will calculate C‘Ql_2 and Cg, at m,, scale in
models I, II, and A.

The contributions to Cg, from charged Higgs boson
exchanges are

1
Cgy = —cotégD(xHi) — E(xy+) (27)
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in model I and

1
ng = l% —gD(XHi> - E(xHi) (28)

in model II, with x;= = mj/m? .. The one-loop functions
D and E are defined in Ref. [47].

In our calculations, we work in the limit of vanishing
light quark masses, m, = m; = m, =0. The Wilson
coefficients Cp , at the leading order of O(tan?f) in
model I are

m2m? cz s2
C =——2(5+-% X — X
o= =iz (s ) Uinlr) = o)
3m tﬂ Sy
8s 2¢y (mz Sp—a +Wcﬂ—a)f000(xW’XHi)
22
ey ,
+ =5 |Ven " faoo(Xws Xw Xp+ ),
12m? . s7, ¢
. mim? t2
Co, = W[fbo(xﬁi) Foolxw)]
wowlt 4
3 mg t2
2 fcoo(xw,xHi)
8s
2 2
mC 3
ﬁ| ch|2fd00(vaxW,th)- (29)
My S

where the one-loop functions [0 00400 are defined
in Ref. [48].

The Wilson coefficients Cy |
O(tan* #) in model II are

2 [ 2 2
m me Cqy
c b A
+ X+
[ 4m Sw C/23 (mH mh>fb0( H )

2 2 2
_mimE G (¢ s
8my,sy, ¢ \my — mj,

at the leading order of

2
X |:3f000(xHi) + mefc()(xH*)]

Hi
4,2
my,mg
2 2 o 151V e 2 fao (Xp).
m W Hi
2.2 14
c mym B
=55 X
Q2 4mgvsgvm124fb0( Hi)
22 t4 2
m m
o 3 ol + o ol | GO
m mA mHi

The leading contributions to the Wilson coefficients Cy,
at the order of O(tan” §) and C , at the order of O(tan* )
in model A from gluino exchanges are

PHYSICAL REVIEW D 90, 055003 (2014)

_ 1 gsm%V F ()C~)5LL—|—F/ (X~)5LR5LR*
8g 72%9 m~ 12\*g)%12 12\4g)¢12 922

~ m~
STNELERE m—-‘iFg4<xg>a%55§] ,
c c

4 ¢ mem; [ 2
e — s c'tg a a / 5LL5LR7
@ 34, ¢7s2 Cff (mH mj, 7504) .
. 4 g2 m.m;
A Ve LA AL (31)
w

where the one-loop functions are defined in Ref. [46].

The Higgs sector is subject to strong constraints from both
the Higgs coupling measurements [49] and the direct heavier
Higgs searches at LHC; in particular, pp — ® — 777~
50,511, pp > ® - utu~ [52], and pp — b® — bbb
[53] channels, with ® as the neutral Higgs boson. The
implications of the Higgs coupling measurements are studied
in Refs. [54] and [55] with direct heavier Higgs searches
within the 2HDMs. Besides the up and charm quark Yukawa
couplings, the other Higgs couplings in model I are the same
asin 2HDM 1, and in model I are the same as in 2HDM 4 [54].
We note that the constraints in the  and cos(ff — a) plane are
much looser in model I than those in model II, while the latter
are tightly around the alignment limit @ = # — /2. In the
numerical calculations, we consider the large tan f# case. The
direct heavier Higgs production channels through 7z and pu
are suppressed by sin? @ from Yukawa couplings in both
models I and I, while the bb channel is suppressed by sin? ain
model I and enhanced by tan? # in model II.

For numerical estimations, we choose the following
parameters in the Higgs sector for model I: #3=>50,
so=-0.1, m;, =126 GeV, my =180 GeV, m4 =220 GeV,
and mpy: = 250 GeV. In model II, the measurement of
Br(B — X,y) puts astringent bound on the lower limit of the
mass of the charged Higgs, my= > 380 GeV at 95% C.L.
[56]. With a heavy charged Higgs pair, the Higgs sector
quickly approaches the decoupling limits. For numerical
studies, we choose the following parameters for model II:
ts=10, s5,=-0.1, m;,=126GeV, my=my = my= =
380 GeV. In the supersymmetric version model A, the
Yukawa couplings are similiar to those in model I. We also
take the supersymmetric scale my; = mg =2 TeV [49].

The charged Higgs contributions can be calculated as
CH"=—-09x107 in model I, and Cl" =—0.047 in
model II. The contributions to C3(m,,) are suppressed
in both models I and II, where we have C§;(m,,) ~ —5.2 x
1077 in model I, and C¢;(m,,) ~ —1.95 x 1078 in model IL.
Therefore, due to the experimental constraints, the charged
Higgs contributions cannot accommodate the direct CP
measurement of charm decays.

In model A, for double insertion of (6LL5LR ), we have
€, ~7.19 % 2% and €6y~ —1.0 x %)
exchange. For (6416LR) at the order of 10 3, we can have

both Cg, at the order of 10 and Cf; of order 1, which are

from gluino
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possible to accommodate the direct CP measurement of
charm decays.

The constraint from the D° — D system can be found in
Ref. [57]. The nonvanishing Wilson coefficients z; (i =
1,2,...5) are

4 A2 2
g Agp 2 Me 5
= 6412 m%v | 2] m%vxw[lz(xw,xw/xﬂi)

= 213 (xw, Xy /xp )] (32)

22

at the leading order of O(r) in model I, and

_ 0 N
647> mi,

z AP,

1 m?2

X 111 (xw»xw/xﬂi) + —zlz(xwﬂcw/xﬂi) (33)
myy

|

f(x)
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at the leading order of (9([2) in model II. The loop functions
I, 55 are defined in Ref. [58]. We can calculate z, for the
above parameters, z, = —1.8 x 107!8 in model I, and z, =
7.7 x 10-3({5)* in model II, which are below the exper-

imental limits.
In model A, we obtain the gluino contributions

2
s

4= "506 (51L2L)2[66J~[6(m§/m§) +24f¢(mz/m2)],
2
B = = g (61652204 (). (34)

for Axp = my, where the functions f and ]76 are given in
Ref. [59], and f is defined as follows:

~60x*(5 + x) In(x) — 197x° — 25x* 4 300x — 100x + 25x — 3

The leading order contributions from (§/F)? are included in

z;. In the numerical estimations, we take 85X =(m A, —
meptanfp)/mz =—mptanfp/m; =—0.015 (with p~1.2mg,
m. ~0.5 GeV when running to m; scale), and &=
0.067. With the parameter for model A, we have z;=

3.0x 107 (2)2, and 2, = ~3.2 x 1071°(%%2)2, which are
below the limits from the constraints of the D®— D
system. However, due to the SU(2) gauge invariance,
the left-left up-type squark matrix is related to the down-
type one. And we have 6/ = 0.067 for down-type squarks,
which does not satisfy the constraints from kaon system for
the imaginary part Im(6t%) < 0.023 with the supersym-
metry scale at 2 TeV [60]. One way out is to consider the
contributions of chirally opposite operators. We can get
similar results if the above 54 is replaced with 588 ~ 0.067,
and 858 with 858%* ~ —0.015. In this case, the up-type and
down-type right-right squark matrixes are not related.
Hence, the constraints from the kaon system are relaxed.
Recently, LHCb Collaboration has measured the leptonic
and semileptonic decays of the charm meson; the upper
limits are B(D° — ptu~) < 6.2(7.6) x 107 at 90%
(95%) C.L. [61] and B(D" —ztu*pu~) <7.3(8.3) x 1078
at 90% (95%) C.L. [62]. The experimental bound on
radiative charm decay is B(D° — yy) <2.2x 107 at
90% C.L. from the BABAR Collaboration [63], and
B(D" — yy) < 4.7 x 107 at 90% C.L. from BESIII [64].
The corresponding Wilson coefficients are

Cry = Glag) + écotz/}A(xHi) (35)

60(x — 1)’

[
in model I,

1
Cry = 13| Glxy) + 2 Alxy:) (36)

in model II, and

—1 + 452
Cg — _ﬁcotzﬂxij(xHi) + COtzﬁxHiF(xHi)7
Sw
1
Ci= _TC0t2ﬂx—WB(xHi) (37)
s 2

in model 1, while replacing cot® # with 73 in model II. The
functions A, B, G, and F for the ¢ — u transitions are
defined as

x [5=10x —7x>
Alx) = ——
() 12( (1—x)?

- (o)

6x(1 —3x)Inx
(1—x)* )

11 —25x +40x* 2 —3x+ 3x°
Fo) = =530 18(1—x)7*
X 2 1-3x)Inx
o0 =~ (o o) %)

which differ from the ones in Ref. [65] for the b — s
transitions.

The leading order contributions to the Wilson coeffi-
cients C7,9 1o at the order of O(tan’ ) in model A from
gluino exchanges are
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2 Gmi,

Gy = Tﬂbg—m— Fy(xg)81y + Fy(x5) 815855
~ m~
—4—9F4(x§)5fzk—4m—gF£(x5)5sz5§§ :

C

4 gsm y
= T27n W[ 6(x3)8%5 + fo(xz) 8188551,
1 gs 1 ™
~ e g 1A )t o
w
3 *
+ () SLE 4 £l (xg) SR BHR
1 gs .
C'0:_2,1 §2 g [ f(co)o( )51L§5LR +fc00( )5LL
w
+f coo(X~)5LR5LR*], (39)

where the one-loop functions are defined as follows:

) 29 1 202 f oo (x.y
Fole) =x5, £y =575, fii(x) =5

Fon(x) =32l piG () = £ 2Lwr) and Py, F
and f(.o0) are defined in Ref. [46].

In model I, the short distance (SD) contribution from the
charged Higgs exchange is negligible, B(D® — yy) ~ 10714,
In model II, the contribution can be estimated as
B(D° - yy) =2.8 x 107!, In model A with a double

insertion of (§+85%), we have Cg ~=2.05x ‘2 %) from
gluino exchange. The SD contnbutlon can be estlmated as
B(D® - yy) =5.7x 1077, In all three models, we have

|y—>x’

(4)
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B(D° - ptu~) and B(D" — atutpu~) far below the
current experimental bounds.

V. CONCLUSION

We proposed a class of the two-Higgs-doublet SMs with
a SM singlet and a class of supersymmetric SMs with two
pairs of Higgs doublets, where the right-handed up/charm
quarks and the right-handed top quark have different
quantum numbers under extra discrete symmetries. So
the right-handed up and charm quarks couple to one
Higgs doublet field, while the right-handed top quark
couples to another Higgs doublet. We have studied the
direct CP asymmetries in charm hadronic decays in models
I, 11, and A. We found that the large direct CP asymmetry
difference cannot be accommodated within model I and II
with the contributions of charged Higgs bosons. In model
A, we can accommodate the experimental measurement of
direct CP asymmetry with both Og, and O3 operators,
while the constraints from the Ac =2 and Ac =1 proc-
esses are satisfied.

We leave the detailed studies on phenomenological
consequences of our models to the future.
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