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Abstract In this paper we investigate CP violation in
charged decays of D meson. Particularly, we study the
direct CP asymmetry of the Cabibbo favored non-leptonic
Dt — K%z and the doubly Cabibbo-suppressed decay
mode Dt — K7 within standard model, two Higgs dou-
blet model with generic Yukawa structure and left right sym-
metric models. In the standard model, we first derive the
contributions from box and di-penguin diagrams contribut-
ing to their amplitudes which are relevant to the genera-
tion of the weak phases essential for non-vanishing direct
CP violation. Then, we show that the generated phases
are so tiny leading to null direct CP asymmetries of both
decay modes. Regarding the two Higgs doublet model with
generic Yukawa structure, after taking into account all con-
straints on the parameter space of the model, we show that
the weak phases of the amplitudes can be enhanced com-
pared to the standard model ones. However, the enhance-
ment is still not enough to have sizable direct CP asymme-
tries. Finally, within left right symmetric models, we find that
|A21‘1/,"+1“R(DJr — K%%)| < O1073) after respecting all
relevant constraints on the parameter space of the model.

1 Introduction

Heavy meson decays can serve as a probe for New Physics
(NP) beyond the Standard Model (SM). Of particular inter-
est, CP violation in heavy mesons decays can discriminate
between many extensions beyond SM physics that have new
complex couplings of the new particles to quarks or lep-
tons. These couplings provide the sources of the so called
weak phases which are essential for having non vanishing
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CP violation. In the SM, complex couplings can arise only in
the Cabibbo—Kobayashi-Maskawa (CKM) matrix describ-
ing the quark mixing [1,2]. The couplings of the interactions
of the charged quarks to W gauge bosons are proportional
to the CKM matrix elements. Thus, with the presence of such
interactions, CP violation can be generated in the SM. How-
ever, the CP violation in the SM is too small to account for
the observed baryon asymmetry which plays an important
role in the domination of matter in our local regions in the
universe.

In the mesons sector, CP violation has been observed in the
kaon and B mesons [3-6]. Regarding D mesons, the D? — D°
mixing was discovered in 2007 after combining the results
from BABAR [7], Belle [8] and CDF [9]. Later, the mixing
has been observed at LHCb [10] and at Belle [11,12]. Con-
cerning direct CP violation in D meson decays, the direct CP
asymmetry difference, AAcp, between D° — 7tz ~ and
D% — K+K~ is defined as

AAcp = Acp(K™KT) = Acp(~ ™) ey

Measurement of AAcp was reported firstly in 2011 by the
LHCb Collaboration [13] and later by CDF [14] and Belle
[15]. The latest measurement of AAcp, by LHCb collabo-
ration, combined with the previous LHCb searches leads to
a combined value [16]

AAcp = (=15.6 £2.9) x 107* )

This value is 5.3 standard deviations away from zero and
hence confirms direct CPV in these particular weak decays
of DY meson. The result also inspires search for CP violation
in other decay modes of D mesons and motivates further
theoretical studies.

Two body non-leptonic D decays can be sorted into
Cabibbo-Favored (CF), singly Cabibbo-suppressed (SCS)
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and Double Cabibbo Suppressed (DCS) according to the
suppression factor A >~ |V,s| >~ |V,4| appears in their ampli-
tudes. In the SM, previous studies showed that direct CP-
asymmetry of order 10~3 can be obtained for some SCS
decay modes [17,18]. For examples, the CP asymmetries of
the decays D? — KSK*O and D0 — KSK*O were estimated
to be as large as 3 x 1073 [18]. With more investigations in
SCS decay modes, within SM also, a large CP-asymmetry
of order 1072 was predicted for the mode DY — KK,
[19]. Turning to the CF and DCS two body D decays, the
asymmetries, within SM, are expected to be so tiny and of
order < 107 for D° — K~z% and D° — K*trn~ as
estimated in our earlier studies in Refs. [20,21]. The result
motivated us to explore, also in the same studies, NP effects in
these decay processes where we showed that in some exten-
sions of the SM sizable CP asymmetry of order 10~ can be
obtained. In this work, we extend our studies in Refs. [20,21]
to explore direct CP violation in charged D decays to CF and
DCS K & final states. In particular, we consider the CF mode
Dt — K%t and the DCS Dt — K7 decay mode. The
direct CP asymmetries of DT — K%(K%)x ™ are expected
to be different than those of D? — K*7T as the strong CP
violating phases contributing to these processes have differ-
ent origins. In our work in Ref. [20] we found that sizeable
direct CP asymmetry of D® — K ~7* can be generated in
a specific new physics model namely, in non-manifest Left-
Right Symmetric (LRS) model. In this study, we inspect if the
model can still lead to sizeable CP asymmetries after taking
into account the up to date constraints from collider physics,
flavor physics, and low-energy precision measurements.

This paper is organized as follows: in Sect. 2, we derive
the amplitudes of the CF and DCS non leptonic DT —
K°(K®)m* decays in the framework of the SM and give our
estimations of their direct CP asymmetries. Motivated by the
almost null values of the asymmetries, we extend the analysis
to include two possible candidates of NP models. These NP
candidates are based on the presence of new charged scalars
in general two Higgs models and new charged bosons in no-
manifest LRS. These models will be discussed in Sects. 3
and 4 respectively. Finally, we conclude in Sect. 5.

2 Direct CP asymmetry of CF and DCS non leptonic
Dt — Kn* decays in the standard model

In general the effective Lagrangian describing CF and DCS
DT — Knt decays can be expressed as

@ Springer
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Here i = S, V and T stands for scalar (S), vectorial (V)
and tensorial (T) operators respectively. The Latin indices
a, b=1L, Randq; p, = (1 Fy5)g.InEq. 3) ¢ # ¢’
where g and ¢’ can be d or s down-type quarks. For CF
decays ¢ = s and ¢’ = d while for DCS decays ¢ = d and
q =s.

In the SM the contributions from tree-level and loop-level
diagrams, shown in Fig.1, lead to the effective Hamiltonian
that can be expressed as

G _ _
Hat' _TZV Vi [6‘1(61VMCL><W“61£)

+c (ﬁyﬂcL) (QVMq’L)] +h.c.

Gr

= EVC Vg (c1 Q1+ ¢2 Q2) +h.c. “)
In the framework of naive factorization approximation
(NFA), the amplitude of the decay process under concern
can be obtained using Hgf}}/[ via

AN jae = (KxtIHGH D) 5)

Upon evaluating the matrix elements of the operators in Eq.
(4), we obtain the amplitudes of the CF decay mode DT —
K%zt and DCS decay mode Dt — K977 as

ASM o = f ViVaa (@ + AGiDXT g,
+ar+ Aas? + AasKOXEL L],
Af)ﬂfﬁlgoﬂﬁ- = «/— o Vs [(a1 + Aals)XKojﬁ
+(a + Aa§* — Aa dSKO)XD+,,+] (6)

with X f;l p, 18 given by
Py 2 P2P3 2 2
XPsz ifpy APsz (mPl) A1"21’3 Mp, = Mp; )

here fp is the P meson decay constant and F P2P3 s the

form factor. In Eq. (6) the coefficients a; = ¢1 + ¢2/N¢
and a; = —(c3 + ¢1/N¢), where N is the color number,
account for the tree-level contributions to the amplitudes.
These contributions originate from integrating out the W*

boson mediating the tree-level diagrams. On the other hand,

KO.dsK®
and in the same equations, Aaidzds and Aay™® K account

for the contributions to the amplitudes 0r1g1nating from inte-
grating out the W* boson mediating the box and di-penguin
diagrams in Fig. 1. Their expressions are given as
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Fig. 1 Feynman diagrams for
DCS processes: left (right)
di-penguins contribution (box)
contribution. For CF processes
we make the replacements

d < s in each diagram

~ Grmy Vi Vup Vi Vua f (v, xp)

Add? ~
! 3V2 72
 GrasVipVup Vi, VuaK > Eo(mp, K*)Eo(mj,, K?)
9273 '
GrasViVup V.V KO Eo(m2,, K2)Eg(m?, K>
Agtdk® ~ _GrasVepVun Vg Vuamamex o(mp, K)Eo(my;, K°)
. 324273
At ~ _Grmy Vi Vap Vi Vua f (u, xp)
: - V22
1 1
ds ~ d ds ~ d
Aaf® ~ _)TzAaf Aas® ~ _)TzAa% ,
m . 0
AadK’ o TS A ggdK 8
2 md)tz 2 ( )

where K2 is the momentum flow through the gluon prop-
agator and XKO = mio/(mc mg) >~ 2and A >~ V. In
Eq.(8) U, D run over up-type and down-type quarks respec-
tively, x, = (my/mw)* and Eo(m?,K?) and f(xy,xp)
are loop-functions originate from the box and di-penguin
diagrams respectively. Non-vanishing direct C P asymmetry
requires the presence of both weak C P violating phase and
strong C P conserving phase. The required strong phase can
be generated when the quark line in the loop can be put on
its mass shell in the well-known BSS (Bander, Silverman,
and Soni) mechanism [22]. A similar effect is known also
for the penguin amplitudes of the singly-Cabibbo-suppressed
charm decays as discussed in Ref. [23]. The loop-function
function Eg (ml.z, K?) resulting from the di-penguin diagram
in Fig.(1), is given as [22]

Eo(m?,K?) = 1 - mooa
omj, K°) = dex(l x)In X2 x(1—x) ©)]

In D meson system the momentum-squared of the gluon
K? is of order m(2 a time-like, and and hence absorptive
parts can be generated when light quarks such as d and s
quarks run in the loop. This can be realized from Eq. (9)
for K2 > 4’”52 where non-vanishing imaginary parts can

be obtained. In fact the desired strong phase is proportional
to Im (Eo(mg, K?) — Eo(m2, K2)) = kg,. In Fig. 2 we

show the variation of x4 with the momentum flow through
the gluon propagator K2. As can be seen from Eq.(8) that,
the generated strong phases will be suppressed by a factor

A 4
A 4

02 03 04 05 06 07 08 09

KZ

Fig. 2 Variation of kg, with K2

smaller than G ras/(9v/273) ~ 9 x 1077 indicating that
BSS mechanism can not be the source of the strong phases
in these decay modes. In fact this conclusion is also applied
to all nonleptonic D meson decays into two mesons aris-
ing from the quark transition ¢ — u s d. Consequently, and
in the presence large weak phases, non vanishing direct CP
violation in these decays can be only possible if other mecha-
nisms for generating non small strong phases exist. Assuming
the presence of such mechanisms, we investigate below how
large can be the weak phases and thus the size of the direct
CP asymmetry in the SM and in some of its extensions.

In Refs. [24-29], an approach to study charm decays in
a model-independent way, the so called the diagrammatic
approach, was introduced. Within this approach, the ampli-
tude is decomposed into parts corresponding to generic quark
diagrams according to the topologies of weak interactions.
For each one of these topological diagrams, the related mag-
nitude and relative strong phase can be extracted from the
data without making further assumptions, apart from flavor
SU(3) symmetry [24]. Based on the extracted magnitudes and
phases, many studies related to the investigation of direct CP
violation in nonleptonic two-body D mesons decays were
carried out in the literature [20,21,30-35]. In this approach
the amplitudes of the CF decay mode DT — K%z and
DCS decay mode DT — K%zt as [24]

Ap+ R0+ = VctVMd(T +0)
Ap+ gzt = VigVus(C" + A”) (10)

where the amplitudes T, C(C”) and A” represent the tree
level color-allowed external W-emission quark diagram, the

@ Springer
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color-suppressed internal W-emission diagram and the W-
annihilation diagram respectively. Their expressions in Naive
Factorization Approximation (NFA) can be approximated as

G
T~ “La) + Aa{?) famb FOK (m2)

V2 :
G
C = “La+ Aas + Aa3E’) fem FP™ (m%)

2

G
C" = “L(ay + Aaf) fpm} FE™ (m)

V2
G
A"~ 2L @) + Aads

V2

The direct CP asymmetries can be expressed as

0
— Aa§™*) femp F@™ (my) (1)

SM 2 ASM 2
ASM (Dt ROty = A+ goge |~ 1ADY gog+]
P AT o PAHIAN L P
D+t KOg+ Dt—KO0g+
~ 2r sin(a) sin(¢ — ¢1)

| SM |2
Dt =K+

|A
+ |AD+»K°n+|2
~ 2r' sin(a) sin(¢h — ¢7) (12)

wherer = |C/T| >~ 0.4,r" =|A”/C”| ~ 5.7. The strong
phases are defined through o = a¢c —a7 and o’ = @ g7 —acr
where the phases o, o, @ a7 and a¢r are the strong phases
of the amplitudes C and T, A” and C” respectively. The
weak phases ¢;, and ¢/, for i = 1, 2 given in Eq.(12) can be
estimated as

|2
Dt—KOx+

ASM (DT — K7 h) = 5
|AD+%K°n+|

sd| o
é1 = tan 1( |Ady |ZmA¢1 )

ay + |Aaj®| cos Agy
. |Aa{d|sm A¢1)

>~ tan~
! ( |Aa5d + Aa%‘“( | sin A¢ )
ar + 1Aa3? + Aas?K’ | cos Ay
~ tan-! (lAaYd + AaEdK | sin A¢2>
1( |Aaf S|s1nA¢1 )
ai + |Aaf*| cos Ag|
~ tan-! (IAaf5| sin Ag; )
_ 1( |Aa Aad”( | sin A¢), )
an
a) + |Aa AagSK | cos Ag)

A ds
~ tan~! (' % (13)
where A¢; and A¢ (A¢| and A¢)) denote the weak phases
of Aaj? and Aas? + Aas?K” (Aat® and Aaf® — AagK")
respectively. Usinga; = 1.24+0.1 anda, = —0.5£0.1, we
find that sin(¢> — ¢1) >~ —2.0 x 10710 and sin(¢) — ¢}) =~

— Aag“‘ | sin A¢>2)

az

@ Springer

4.8x107°. Clearly, due to the so tiny weak phases, the asym-
metries AZY (DT — K% ) and AZY (DT — K%zF) van-
ish in the SM, regarding how large are the required strong
phases and the mechanisms generating them. In the follow-
ing, we investigate the possibility of generating large weak
phases in two extensions of the SM.

3 Models with charged Higgs contributions

Possible extensions of the SM include the two Higgs doublet
models (2HDM) [36,37]. Based on their couplings to quarks
and leptons, these models can be classified into several types:
type L, IT or III and so on (for a review see Ref. [38]). Among
these, 2HDM type III (2ZHDM I1I) is of a particular interest to
our study. This can be attributed to the presence of complex
couplings of Higgs to quarks. These couplings are relevant
for generating the desired CP violating weak phases. In the
literature, 2HDM 111 has gain interest as it can explain B —
Dtv, B — D*tv and B — tv simultaneously while other
types such as 2HDM I and 2HDM II cannot [39].

In 2HDM III the physical mass eigenstates are Hy (heavy
CP-even Higgs), ho (light CP-even Higgs) and Ag (CP-odd
Higgs) and H*. In this model both Higgs doublets can couple
to up-type and down-type quarks. As a consequence the cou-
plings of the neutral Higgs mass eigenstates can induce flavor
violation in Neutral Currents at tree-level. In the down sector
these flavor violating couplings are stringently constrained
from flavor changing neutral current processes [39,40]. Thus
in the following we consider only charged Higgs couplings
to quarks that can be expressed as [39,41]:

L‘f f

o] ufFH LReftPRdiH-Q—_i_lsz;I;jiRLeffPLdiH++h'c.’

(14)

where

+
Fff ILReff Zsm,Bij( ’8”

€5i tanﬂ) ,
PRt = Zcosﬁ <—5,f e tan,B) Vi (9

Here v, and v, denote the vacuum expectations values of the
neutral component of the Higgs doublets, tan 8 = v, /vs and
V is the CKM matrix. Applying the Feynman-rules given
in Eq. (14) allows us to calculate the contributions to the
total amplitude originating from tree-level Charged Higgs
mediation.

The contribution of charged Higgs to the effective Hamil-
tonian can be written as

Q1 = (GPrc)(@PLq"),
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04" = (GPLc) (PR,
01" = (GPLO)iIPLG).
01 = (GPre)(iiPrq), (16)

where, as before, for CF decays ¢ = s and ¢’ = d while
for DCS decays we have ¢ = d and ¢’ = s. The Wilson
coefficients C ,H , at the electroweak scale, can be expressed
as

C{Ji = Gi(Zcosﬂ
FV

my Uk
/mH (ES/I a e'il an ﬂ))
3 me
x(ZcosﬂV,:q (U—Skz — €t tanﬂ) ),
k=1 u
<Z§mﬂvlj( ¢ € ,tanﬂ))
/mH j=
(U—q —ek tanﬁ))
n 3
C? = qm (Zcosﬂv (v (Sj]—ej]tanﬁ)>
u j=
( ekqtanﬂ))

* me
Z cos 8 qu — k2
uq’mH =1 v

3 m
X(Zsinﬂvlj <—q8
j=1 o

(Z:smﬂv2

U

(ZslnﬁVN

— € tan ;8) )

el /tanﬂ>> (17)

In order to evaluate the contributions of the charged Higgs
to the amplitudes of the decay modes under consideration we
need to discuss the restraints imposed on the flavor-changing
parameters e;}’d appear in the expressions of C IH * above.
We consider first the down sector and discuss the possible
constraints that can be imposed on e .. For the case i # |,

stringent bounds can be set on e from considering flavor
changing neutral current (FCNC) processes due to the tree
level neutral Higgs exchange [39,40]. As aresult, they cannot
contribute significantly to the decay modes under investiga-
tion. Thus we are left with efl, egz and e§13. The couplings
efl and 632 can be severely constrained by applying the nat-
uralness criterion of 't Hooft to the quark masses. In view
of the criterion, the smallness of a quantity is only natural if
a symmetry is gained in the limit in which this quantity is
zero [39]. Consequently, it is unnatural to have large acciden-
tal cancellations without a symmetry forcing these cancella-
tions. Applying the naturalness criterion to the quark masses
leads to the bounds given as [40]

d . .
|Uu(d)6,‘j(u)| = )KfKM‘ max [md,-(u,')y mdj(uj)] fori <

d . .
|Uu(d)6,‘j(u)| < max [md,'(u,')v mdj(uj)] fOI‘l =] (18)

Clearly, due to the smallness of the d and s quark masses,
the constraints on efl and egz are so strong. Thus we are
left with eg’% which is irrelevant to the decay modes we are
interested in. Putting all together we can safely neglect terms
proportional to the couplings e ;in C; H*

We turn now to discuss the constramts that can be set on
the couplings e .. Again, applying the naturalness criterion
of *t Hooft to the u quark mass we find that, using second line
of Eq. (18), the constraint on €} is so severe. As a result we
can drop terms proportional to €{, in C IH - Thus, to a good
approximation, we can finally write

ClHj: sin 2/3V3q/egf
\/_GF /mH
me V* u V* u V*
X E 2q—622tanﬂ 2q—632tan,3 3¢ |
CHi sin28Vygmgy
e
«/EGFVCunq/m%IUd
me V* u V* u V*
X E 2q—622tan/3 zq—e32tan,3 3¢ |
+ +
ci” ~cll™ ~o (19)

where we have neglected the terms that are proportional
to €{,€57 due to the strong constraint | €}, €5 | < 2 x 108
from D — D mixing [40]. Moreover, the bound also implies
that | €f5 5, |< /2 x 10~ in the absence of a symmetry that
protect one of these parameters from being much smaller
than the other one. As a consequence, we neglected terms
proportional to €}, in the above Wilson coefficients. We also
neglected terms suppressed by the up quark mass.

We proceed now to calculate the amplitudes of the decay
processes of interest. For CF decay modes DT — K%z, the
total amplitude including Higgs contribution can be written
as

SM+HE .GF

S = ¢*V Vaa (@1 + Aat? + aafhxT

+ay + Addd + 2a3K° + Aall )XD+7T+] (20)
with

HKY _ K9 -1
A02 =N (Cl — X C4 )

2

The quantltles cl 1.4 canbe obtained from C ybysettingg =
and ¢’ = d and

xT o~ —"— 3 (22)

@ Springer
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In the case of DCS decay mode Dt — K%z, the total
amplitude can be expressed as

ASM+H

Dt —KOz+ —

GF d HDt
i VidVus [(@ + A + aafl PxB5

0
+ay + AadS — AaBK° 4 Aakl K° )XD+7T ] (23)

where
ACII‘IDJr — D+(C/H +C/H),

T (c/H xKoet ) (24)

The quantltles Ci 4 can be obtained from cH 1.4 by setting g =
dand ¢’ = s and

2
yP~ Dt L o 25)
memg

In arecent study a lower bound on the charged Higgs mass
in 2HDM of Type II has been set after taking into account
all relevant results from direct charged and neutral Higgs
boson searches at LEP and the LHC, as well as the most
recent constraints from flavour physics [42]. The bound reads
mpy+ 2 600 GeV independent of tan 8. This bound should
be also respected in 2HDM 111 [39]. For tan 8 = 50, mpy =
600 GeV and keeping only dominant terms, after considering
constraints imposed on the e . studied in details in Ref. [40],
we find that

Aall ~0.001 €,
Aat K" ~0.0001 €,
Aal'P" ~0.278 €l
Aat K’ ~0.003 €4, (26)

We proceed now to discuss the constraints imposed on the
coupling €5,. The processes D) — Tv, D5y — pv can
constrain the real part of €}, while the constraints on the
imaginary part of €%, are weak [40]. Regarding the imagi-
nary part of €, which is relevant for generating direct CP
violation, and for myz+ = 600 GeV, tan 8 = 50, the con-
straints from the electric dipole moment of the neutron reads
—0.16 < Im(e5,) < 0.16 [40]. Other processes such as
D — D mixing and K — K mixing can be used to set bounds
on €3,. However these bounds are weaker than the bounds
obtained from Dy — tv, D(5) — nv andthe electric dipole
moment of the neutron [20,40].

The real parts of AalH and AaZH are expected to be much
smaller than the SM contributions, a; and a;, and hence we
can safely neglect them and keep only the imaginary parts
required for generating the weak phases.

The direct CP asymmetries of the CF decay mode D+ —
K%zt and the DCS decay mode DT — K97+, after includ-
ing Higgs contributions to the amplitudes in Eq.(11), can be

@ Springer

expressed as

— [%07'[+)
|2 |A_SM+H_i |2
KO + D+— K07+
|ASM+H |2 + |ASM+H:t |2
e

ASM+Hi(D+

-
~ 2r sin(a?) sin(p — i)

Ag‘ﬂf/{-i_H(DJr N KO7T+)

SM+H n

|AD+—>K07I+|2 — A

|A 1>+ 1A

SM+H
~ 2r'sin(a'") sin(py!

SM+H 2
D+—>K0n+|
—SM+H 2
Dt —KOg+

) 27)
The weak phases ¢,.H and ¢;H ,i =1, 2, are defined through

Aa'l|sin AgpH
¢>f' :tan*] (—' 1 | ¢1 )

ai

D+— KO+

| Aak! K°| sin A¢§>

az

qﬁf ~ tan~! (

H
¢>1H tan~! (|Aa1

1 (|Aa§1 K0| sin AqSéH)

a

DF| o H
| sin Agp] )

ai

¢y = (28)

where Aqs{’ (A¢4) is the phase of Aal (Aaf K%) while

Ac/){H (A¢ ) is the phase of Aa; HD™ (Aa g’K ). Assuming
maximum value of /m(e},), we find that sin(¢§1 — ¢f'1 ) <
O107%) and sin(¢4? — ¢{) < O(1073) . Clearly, charged
Higgs contributions can not enhance the direct CP asymme-
try of the CF decay mode DT — Kzt due to the tiny
generated weak phases. On the other hand, withr’ >~ 5.7, we
find that |ASM+H (DT — K% < 01072)sin(’™)|
where o is the relative strong phase of the amplitudes A”
and C” after including charged Higgs contributions. Based
on the fit done in Ref. [24], we have | sin(a//7)| >~ 5 x 1072
where o//'" is the value of the strong phases difference of
the fitted amplitudes A” and C”. This result indicates that
|ASM+H (DT — K% 1) < O(107*). Hence we conclude
that no sizable enhancement of the direct CP asymmetries of
Dt — KOz, due to charged Higgs contributions, regard-
less the value of | sin(a/")|.

It should be noted that the resultant tiny asymmetries, in
both decay modes, is strongly dependent on the assump-
tion of no fine-tuned cancellations in the Yukawa cou-
plings contributing to fermion masses. If this assumption
is relaxed, we can have contributions, to the amplitudes of
the given decay process, from the terms proportional to €|,
efl and egz. The neutron electric dipole results in the bound
[Im(ef D] < 2.2 x 1072 [40]. On the other hand, the ratios

B(K — u(e)v)/B(rr — ,u(e)v), where B denotes the
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the branching ratio, yield the bound |Re(e§’2)| <1.0x1073
[40]. Taking all this into account and assuming that the real
and imaginary parts of efl have maximum values of O(1),
we find that the direct CP asymmetries of both decay modes
can reach O(10™"). This should be also the result for the CF
decay mode D — K~z studied in our early work in Ref.
[20]. Up to date, no observation of such large asymmetry in D
meson decays. As a consequence, large values of the real and
the imaginary parts of efl are disfavored and consequently
the related asymmetries.

4 A new charged gauge boson as left right models

In this section, we consider a new physics model based on
the gauge group SU(2); x SUQ2)g x U(1)p_p [43-52].
Assuming no mixing between W, and Wgr gauge bosons,
the contributions from new diagrams, similar to the SM tree-
level diagrams with Wy, is replaced by a W, to the effective
Hamiltonian that governs D — K decays can be expressed
as:

Gr [ grmw \*
‘Hir = (— VY Ve o
ﬁ LMW, Rceq Rugq
[CE <C?V;LCR> (ﬁy’“‘qk> + c/z(ﬁyﬂcm?y“q}e)} + h.c.

(29)

here g; and gg denote the gauge SU (2), and SU (2)f cou-
plings respectively and ¢ and ¢’ are different light down-type
quarks. The masses my and my, represent the SU (2); and
SU (2) g charged gauge boson masses respectively and Vg is
the quark mixing matrix in the right sector in analogy to the
CKM quark mixing matrix, Ve gy = V, in the left sector of
the charged quark currents. ATLAS and CMS have set strin-
gent limits on myy,, in the 3.5 — 4.4 TeV region based on
their latest analyses with 37 fb~! and 35.9 fb~! luminosities,
respectively, at /s = 13 TeV [53-58]. These analyses rely
on the assumptions that the model is manifestly left-right
symmetric i.e. g = gg and that Vp is either diagonal, or
Vg = V. Clearly, due to the stringent limits on myy, and the
assumptions of Vg, one expects that no sizeable CP asymme-
try can be obtained in this class of left right symmetric models
for both CF and DCS decay modes of D — K decays.

Previous studies showed that sizable CP asymmetries can
be obtained in the Charm and muon sectors in a general left
right symmetric model [20,32,59]. In this model, the mixing
between the left and the right gauge bosons is allowed and
the left-right symmetry is not manifest at unification scale.
In order to estimate the CP asymmetries of the CF and DCS
decay modes of D — K decays, in the framework of this
model, we start by parameterizing the charged current mixing
matrix as [32,50,60]

Wi _( cosé —sing W]i
Wy )~ \e“sin& e®cosé WZ:t
(1 ¢
LHE

where & is a mixing angle, WljE and W2jE are the mass eigen-
states and w is a CP violating phase. Hence, the charged
currents interaction in the quark sector can be expressed as

1 - -
L~—— ( LV P+ REVRPR) pwi
NG Yu\8 8 1
1 - -
——0y (—ng:VPL n RVRPR> pwi 31)
ﬁ " 8 2
where VR = ¢/“V R Upon integrating out Wy in the usual
way and neglecting W, contributions, given its mass is much

higher, we obtain the effective hamiltonian relevant to the CF
and DCS D — K decays as:

u { [ 1 ( P ) ]
c V*Pr + SV P c
\/5 t 9vm L 8L cq

[aw(vh i ‘Z—fs?m) q/i|
uq’

+C2|:Q¢1V;L<V Pp +— 2L %_VR*PR> Cﬂ:|
cq

|::2;;W‘<VPL+§—§§VPR> q(;:|}+h. c. (32)
uq’

Heff

where «, B are color indices and ¢, ¢’ are different light
down-type quarks. The terms of the effective Hamiltonian
proportional to & are:

GF gr
AHeff ~ \/szg[clquV criuy"vE q,qR

+clc}yMVCIi[*C'Rﬁy“qu/q£
+ Czqa)/HV CLﬁL_lﬁ)/ V ’qRa
+e2Gayu VA crpiigy" Vi, q’qLa:I +h.c.  (33)

Upon evaluating the matrix elements of the operators in Eq.
(33), we obtain the new contribution to the amplitude of the
CF decay mode DT — K7+ by settingg = s and ¢’ = d

LR _iGr gr R 2 0RO
AD+H[§0,,+ = \/’ gL E[_L Vcsvud <XZ+KO NX XD+7T+>

2 g0 g0
+e1VE*V,q <X7Z)+Ko N XD+7T+>

R K0 RO 1
V(svud ( 2x XD+7,+ + NXZ+KO>
ter VR [~ KOx KO Lyt
2Ves Vud Dtrxt N D+TKO
_iGF gr

= f P = (Vcsvulfi

0 0
vﬁ*vud) (“IXmKo 2K a2Xg+n+>

@ Springer



596 Page8of 11

Eur. Phys. J. C (2020) 80:596

and thus, the total amplitude including SM contribution
can be written as

G ,
ASMALR - Ty [(al + Ad}d A +alRyxT

DY—>K0xt = /5 D+K0

+ay + Aadd + 2a3K° 4 AgkRK )Xgiﬂ+]
35)
with
AalR ~ —g—Rs (Vu’; - VCIS.*) ai,
AakRE® ~ 2ggRg (v VC’§*) xKa (36)

The direct CP asymmetry of the CF decay mode D+ —
K%z, including the new contributions to the amplitudes in
Eq. (11), can be expressed as

Agﬂg+LR(D+ N [EOJT+)

SM+LR 2 ~SM+LR 2
_ | D‘*’%Kon‘*" — | D+—KOx +|
SM+LR 2 §M+LR 2
| D‘*‘%K()n‘*" +14 D+~>K07T+|
~ 2r sin(at®) sin(@i R — pI%) (37)
the weak phases d)lLR and ¢2LR are defined through

LR g LR
LR — an-! [Aay ™| sin A¢;
1 4
AakR K| sin ApLR
¢2LR — tan—] (| 2 | ) ) (38)
a
where A(ﬁlLR and A¢2LR are the phases of AalLR and

Aa%R K® respectively. We turn now to the DCS decay mode
Dt — K%zt Proceeding in a similar way as before and
upon evaluating the matrix elements of the operators in Eq.
(33) and setting ¢ = d and ¢’ = s we find that the new

contribution to the amplitude can be expressed as

lG
Fg—RE [— avivEk

ASM+LR _
Dt—KOg+ ﬁ
+ 2 g0 0
X <X£0n+ - NXK Xg+n+>
K0
+Clvd Vs XK0ﬂ+ - X XD+71+
1

0 0 +
—VEVR (—2XK XpK o+ NXIQ(W)

_ 0 1 +
+C2V£*Vus <_2XK XK+7.,+ + X[1?0n+)i|

iGF gr SR R
=/ e ( cdVus — Vcd*Vus)
+ 0 0
x (alxgon+ —2,K 02X5+n+) (39)

@ Springer

Thus, the total amplitude after including SM contribution can
be written as

ASM+LR

D+—KOr+ — fvchMY [(“1 + Aaf* + A“/LR)X

KOx+

F(ar + Aad — AadK’ + Aa ’LRKO)XD+H+] (40)

where
AdLR ~ SR & (v;g + vg;*) ar.
gL
2
Ad /LR KO ~ gRE (VR + fo) XKOa2 41)
CgLh
with A = V5. The direct CP asymmetry in this case, after

including the new contributions to the amplitudes in Eq. (11),
can be then expressed as
Aglg+LR(D+ N K07T+)
SM+LR -
A >~ 1A

_ U DtoKO%+
|A 1>+ A

SMTLR
~ 21/ sin(a’"R) sin(pyR —

SM+LR 2
D‘*‘»Kon*"
~SM+LR 2
Dt—KOg+ |

) (42)

where the weak phases ¢-% and ¢/L® are defined through

D+—KO0x+

PR = |AaiER| sin AgiH
aj
Aa/LRK sin A /LR
PER = tan <| | %2 > (43)
az

where A¢’LR and A@} LR are the phases of Aa{‘R and
Aa QLR K° respectively.

In order to give estimations of the direct CP asymme-
tries in Eqgs. (37, 42) we need to determine the allowed val-
ues of the left right mixing angle & and the elements of the
matrix V& relevant to the decay processes under consider-
ation. Information about the allowed values of the left right
mixing angle £ can be inferred from the measurement of the
muon decay parameter p, which governs the shape of the
overall momentum spectrum, performed by the TWIST col-
laboration [61,62]. This parameter is related to & via [61]:

3 2
o~ —[1—2(g—Rg> ] (44)
4 gL

Defining { = iRé and for the TWIST value, from their
latest global fit given in Table VIl in Ref. [62], p = 0.74960+
0.00019 we obtain the allowed 2o range of ¢

<23x%x1072 (45)

We turn now to discuss the allowed values of the elements
of the matrix V® appear in Egs. (36,41). These elements are

Vu];, ch , V R v and VR The real parts of these elements do not
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produce any weak CP violating phase required for generating
direct CP asymmetry. In addition, their contributions to the
amplitudes are suppressed by a factor ¢ and thus, to a good
approximation, we can neglect them compared to the SM
contributions. As a result, we only need to determine the
allowed values of the imaginary parts of _ulfi, VR VR and
VR.

In a recent study, the authors of Ref. [63] have listed
the bounds from collider physics, flavor physics, and low-
energy precision measurements on the complex couplings
of the W boson to right-handed quarks. Particularly, these
bounds are applied to the couplings in the left-right sym-
metric models that are generated from the mixing between
the charged gauge bosons of the SU (2)g and SU (2)1. As
shown in Ref. [63], the experimental value of (¢'/¢)x and
the stringent bounds on the electric dipole moment of the
neutron can lead to strong bounds on /m (VR and Im(V.F).
From that study we find that /m(VR) and Im(V,R) can
be as large as 9 x 10™* and 2 x 10~* respectively. More-
over, / m(ch}) can be as large as 2 x 10~3 without violating
the strongest bounds on the electric dipole moment of the
neutron. The result of the study in Ref. [63] showed also
that the dominant constraint on ¢ /m(V.X) results from the
process K;, — n%e¢*e™ and ¢ Im(VR) can have a max-
imum allowed value 7 x 1073, This result shows that we
can set Im(VR) ~ O(1) without violating the imposed
constraints. Taking these values into account, we obtain
sin(@;® — o) < 0107%) and sin(@)* — ¢i"F) <
O(107°). Clearly, the new weak phases in LRS models can
only enhance the direct CP asymmetry of the CF decay
mode Dt — K9z t. Moreover, with r ~ 0.4, we find that
JAMTER (DT — KO%)| < O(1072)]sin(e"F)| where
olR is the relative strong phase of the amplitudes C, T after
including the new contributions from LRS models discussed
above. Using the results of the fit done in Ref. [24], we find
that | sin(a/#")| ~ 0.5 where o/ is the value of the strong
phases difference of the fitted amplitudes C and T . This result
indicates that |ASM TR (DT — KOzt)| < 0(1073). Since,
al® depends on the strong phases difference between SM
and the new physics contributions, so better knowledge of
the strong phases can help us to improve prediction on this
CP asymmetry. Any observation of CP asymmetry in this
channel will give us information not only on new physics but
also on strong dynamics and strong phases.

5 Conclusion

In this work we have studied CP violation in charged
decays of D meson. In particular, we have investigated the
direct CP asymmetries of the Cabibbo favored non-leptonic
Dt — K%t and the doubly Cabibbo-suppressed decay
mode Dt — K7 within standard model, two Higgs dou-

blet model with generic Yukawa structure and left right sym-
metric models.

In the standard model, we have shown that the generated
weak phases at loop-level are so tiny leading to almost null
direct CP asymmetries for both decay modes. This turn to be
the case also regarding the predicted asymmetries in the two
Higgs doublet model with generic Yukawa structure assum-
ing no fine-tuned cancellations in the Yukawa couplings con-
tributing to fermion masses. Relaxing this assumption can
lead to direct CP asymmetries of O(1 0~ 1) for real and imag-
inary parts of 6111 of O(1). However, this is not favored due
to the non observation of such large asymmetry in D meson
decays.

Finally, we have shown that due to the strong constraints
on the parameter space of the LRS models no sizable direct
CP asymmetries can be achieved for the doubly Cabibbo-
suppressed decay mode Dt — K97+, However, this is not
the case for the Cabibbo favored non-leptonic D+ — K7+
decay mode, due to the presence of relatively large weak CP
violating phases, where an upper bound on the direct CP
asymmetry of @(1073) can be obtained after respecting all
relevant constraints on the parameter space of the model.
The obtained result motivates search for direct CP violation
in Dt — K%z at colliders as observing non zero direct CP
asymmetry in this channel will shed light on new physics and
also on the strong dynamics responsible for generating the
strong phases. It is important to notice that, experimentally,
the observed channel is DT — Kgn™, so the new weak
phases appearing in the D meson decay can interfere with
the K oscillations enhancing the expected CP violation in this
channel due to K meson oscillations.
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