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Within the Standard Model, we investigate the CP violations and the K(S) — K9 asymmetries in D —
K*(892)°z* + K*(892)°z* — K§ , 2™ decays basing on the factorization-assisted topological-amplitude
(FAT) approach and the topological amplitude (TA) approach of Cheng and Chiang [Phys. Rev. D 104,

0
073003 (2021).]. We find that the CP violations in these decays Ag}f can exceed the order of 1073 in the two

approaches and consist of three parts: the indirect CP violations in K° — K° mixing AT ., , the direct CP
ES.L

violations in charm decays A% and the new CP violation effects At which are induced from the

CPKY,’ CPKY,*
interference between two tree (Cabibbo-favored and doubly Cabibbo-suppressed) amplitudes with the

.. o S PR . . K
neutral kaon mixing. The indirect CP violations in K — K° mixing play a dominantrolein A 5" ; the new CP

violation effects have a non-negligible contribution to AE%L. We estimate the numerical results of the
K9 — K? asymmetries jo_ x, and find that there exists a large difference between the numerical results in the
FAT approach and that of the TA approach. We present the numbers of D* events-times-efficiency needed to
observe the CP violations and the Kg - K% asymmetries at the level of 3 standard deviations (30). We also
find that if one adopts the values of the decay time parameters t, = 3.0zg and #; = 10.0zg, the new CP
violation effectAig;. X9 would dominate the CP violation in D* — K*(892)°z* + K*(892)°z* — K92%z*
decays and could be observed with 6.7 x 10° and 6.5 x 10° D* events-times-efficiency in the FAT approach
and the TA approach, respectively. Our results could be tested by the LHCb (Large Hadron Collider beauty),

Belle 11, and BESIII experiments.

DOI: 10.1103/PhysRevD.107.053002

I. INTRODUCTION

The exploration of CP violation is one of the main topics in
particle physics and cosmology; heavy flavor meson decays
provide an ideal place to study CP violation. In the Standard
Model (SM), CP violation is due to a complex parameter in
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. However,
the strength of CP violation predicted by the Standard
Model is insufficient to explain the baryon asymmetry of
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the unverse [1,2], so it is necessary to search for new sources
of CP violation. Itis important to investigate as many systems
as possible, to see the correlation between different processes
and understand the origin of CP violation.

CP violation in Kaon and B meson systems has been
well established, but not yet in charmed meson decays. In
2019, the LHCb (Large Hadron Collider beauty) collabo-
ration reported the first confirmed observation of the CP
asymmetries in the charm sector via measuring the differ-
ence of time-integrated CP asymmetries of D — KK~
and D° — 77~ decays with a significance of more than
5¢ [3]. Combining the LHCb (Large Hadron Collider
beauty) results in 2014 [4], 2016 [5], and 2019 [3] leads
to a result of a nonzero value of AAc-p

AAcp=Acp(KTK™)—=Acp(ntn™)=(1.54+£0.29) x 1073,

(1)
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In recent years, there have been a number of theoretical
works, which concentrate on studying the CP violations in
the charm sector [6—44]. Charmed meson decays have
become one of the most important platforms for studying
the CP violation and its origin.

The decays with final states including K§ or K9 can be
used to study CP violation [45-73]. In these decays, the
indirect CP violation induced by the K* — K* mixing has a
non-negligible effect, and even plays a dominant role.
There exists a 2.80 discrepancy observed between the
BABAR measurement and the SM prediction of the CP
asymmetry in the 7+ — 7t Kb, decay [59-61]; this may
imply the existence of the physics beyond the SM because
of the absence of the direct CP violation in this decay.
However, no unambiguous conclusion can be drawn due to
the large uncertainty [63], so more precise data and more
reactions with final states including K% or K9 are needed in
both experiment and theory.

In Ref. [51], the authors study the CP asymmetries in the
D* — K9r* decays; they show that besides the indirect CP
violation due to the K° — K° mixing, a new CP violation
effect induced by the interference between the Cabibbo-
favored (CF) and doubly Cabibbo-suppressed (DCS) ampli-
tudes with the K — K° mixing may give a non-negligible
contribution to the CP asymmetries in the D* — Kz*
decays. CP violations in the D* — K*(892)°z* and D* —
K*(892)°z% decays are rarely studied, especially CP
violations in the D* — K*(892)°z* + K*(892)°z* —
K, n°7* decays [74]. For example, the new CP violation
effects induced by the interference between the CF and
DCS amplitudes with the K° — K° mixing in the D* —
K*(892)%7* + K*(892)°z* — K, n°n*
never been studied. For simplicity, we refer to K*(892)°
and K*(892)% as K*0 and K** hereafter, respectively.

In this paper, we will study the CP violations in the
D* — K% + K*0z* — K9, n°z* decays, which con-
sist of the indirect CP violations in K° — K° mixing, the
direct CP asymmetries in charm decays, and the new CP
violation effects induced by the interference between the

|

decays have

G
Heff =L

Gr
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where Gp is the Fermi coupling constant, V,, is the
corresponding CKM matrix element, a and S are the
color indices, and (gq’)y_, represents gy,(1 —ys)q'.
C,(u) and C,(u) are the Wilson coefficients; the evolu-
tions of these Wilson coefficients in the scale u are given
in Ref. [14]. For convenience, we duplicate these explicit

CF and DCS amplitudes with the K° — K° mixing. We will
present the formulas and the numerical results of the CP
asymmetries; we will also investigate the possibility of
observing the new CP violation effect in the D* —
Kzt + K*92% — K9n%2* decays, which depends on
the choice of the decay time of K. Additionally, we will
study the K% — K9 asymmetries in the D* — K*0z* +
K*z* — K§, n°z* decays and give the numerical results.

The paper is organized as follows. In Sec. II, we derive the
branching ratio of the D* — K*0z* 4+ K*0z* — K§ , n%z*
decays. In Sec. III, we calculate the CP violations and the
K% — K9 asymmetries for the D* — K*%z* + K*0z* —
K, n°7* decays. The numerical results and discussions are
present in Sec. I'V. In Sec. V, we investigate the observation
of the new CP violation effect in the D*¥ — K*9z* +
Kzt — K97%2* decays. And Sec. VI is the conclusion.
In the Appendix, we collect the formulas for the evolutions
of the Wilson coefficients in the scale y < m,.

II. BRANCHING FRACTIONS

A. The amplitudes for the decays
Di N K*O(I_(*O)n.i N KO(K'O)EOni
The D* — K*z* + K"z — K, 2%2% decays can
proceed via the D* — K*O(K**)z* processes, the K*0 —
K°z°(K* — K°2°) decays, and the K° — K oscillation
and decay. Within the SM, the CF decays D* — K*°z" and
D~ — K*%z~ can proceed via the color-allowed external
W-emission tree diagram and the color-suppressed internal
W-emission tree diagram, which are displayed in Fig. 1; the
DCS channels Dt — K*%z* and D~ — K*°z~ can occur
through the color-suppressed internal W-emission tree
diagram and the W-annihilation diagram, which are dis-
played in Fig. 2. Here, all diagrams are meant to have all the
strong interactions included, i.e., gluon lines are included
implicitly in all possible ways [75]. The effective
Hamiltonian relevant to the D* — K*0(K*%)z* decays is
given by

72 C (/‘) [VzSVud(EaCﬂ)V—A(ﬁﬂda)V—A + V:qus (aacﬁ>v_A(L_‘ﬂSa)v_A]

CZ(”)[ij Vud(gacll)V—A(u/}dﬂ)V_A + Vzdvus (aaca)V—A(ﬁ/}s/})V_A] + H‘C" (2)

|
expressions in the Appendix. Based on the topological
amplitude approach [76,77], the decay amplitudes of the
diagrams in Figs. 1 and 2 can be parametrized as

_ G
(KOm* | Heie| DY )p, = —=VEV,TY € ppe. (3)

V2
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FIG. 1. Topological diagrams contributing to the Cabibbo-allowed D* — K*%z* and D~ — K*%z~ decays: (a, b) the color-allowed
external W-emission tree diagram and (c, d) the color-suppressed internal W-emission tree diagram.
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FIG. 2. Topological diagrams contributing to the DCS D™ — K*%z% and D~ — K*Oz~ decays: (a, b) the color-suppressed internal
W-emission tree diagram and (c, d) the W-annihilation diagram.

G G
<K*Oﬂ_|Heff|D_>Tv = 7;;‘/09‘/;(17”(\)/ e - Pp-» (4) <K*0”+|Heff|D+>Cp = 7%V:dvusc(l)’£* *Pp+s (7)
7 x0 .+ + GF * 0 .x x0 __— — GF * *
<K T |Heff|D >CP = _VcsvudCPg *PbD+s (5) <K T |Heff|D >CP - _Vcdvm'c(;’e *Pp-» (8)

V2 V2

G G
(K Heul D7), = —£ Ve ViaCoe - pp-s (6) (K7 [Heit|D ) s, = —ZViVusAY € - ppe. (9)
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- G
<K*0”_|Heff|D_>Av = —Fvch;SA(‘)/ e - Pp-» (10)

V2

where the subscript 7'y in Egs. (3) and (4) denotes that the
decay amplitude is the color-allowed external W-emission
tree diagram amplitude with the D* — K** and D~ — K*°
transitions, the subscript Cp in Egs. (5)—(8) represents that
the decay amplitude is the color-suppressed internal W-
emission tree diagram amplitude with the D* — 7+
transitions, and the subscript Ay in Egs. (9) and (10)
denotes that the decay amplitude is the W-annihilation
diagram amplitude with the s (or 5) quark from the weak
decay entering in the K** (or K**) meson. We based
our calculation on the results of two topological ampli-
tude approaches: the factorization-assisted topological-
amplitude (FAT) approach and the topological amplitude
approach of Ref. [40] (hereinafter for brevity referred to as
the TA approach). In the FAT approach, the topological
amplitudes can be expressed as [14,23,78]

T(‘)/ = a}/me*f,fer(m,zﬁ)y (11)
CY = ad2mp- - f(px-)- (12)
i fr
AY = Colu b fpomp L5 (13)

p

where mpg-, m,+, and mp+ are the mass of the meson K *0
zt, and DT, respectively. f,+, fx-, [ > and fp+ are the
decay constants of the meson 7z, K*°, p, and DT,
respectively. & [we denote & =e(pg-,4) for simplicity]
is the polarization vector of the K*0 meson; it yields the
following relations [40]:

gﬂ(pK*v/’{)pl[l(* = 07 (14)

P D+
> e (pge. Ae (pye. A) = —g + K (15)
2 mK*

The effective Wilson coefficients a} and @} in Egs. (11)
and (12) are
|

1
ai = Cy(ur) +§C1(MT)a

1 )
ab = Cy(uc) + Caluc) [3 +)(g€"/)g] ; (16)

x4, ¢4, x5, and ¢§ in Egs. (13) and (16) are the
nonfactorizable parameters; and e+ in Eq. (13) is a
strong phase factor which is introduced for each pion
involved in the nonfactorizable contributions of the
We-annihilation diagram amplitude. We note that the
parameters )(’q‘, 2, )(g, ¢,§, and §, are free and universal;
they can be determined by fitting the data. uu, pz, and pc
in Egs. (13) and (16) are, respectively, the scale for
the W-annihilation diagram, the color-allowed external
We-emission tree diagram, and the color-suppressed in-
ternal W-emission tree diagram [23,78]

pa=\JAmp (1=3)(1=13). =1/ Amp-(1-13),

Mc:\//\mw(l—r%/)’ (17)
with
VP:m”v, ”v:mK*v (18)
mD+ mD+

where A represents the momentum of the soft degree of
freedom in the D decays, fixed to be A = 0.5 GeV in this
work. f, (p%.) in Eq. (12) is the D* — z* transition form
factor, which can be written as

m2, —m?2,
(zt|ay*c|DT) = fo(q?) (%W)

m2 . —m?
+ (%) (p’z)+ +ph. —DT’ﬁq”),
(19)

with g = pp+ — p,+. Ag(m2,) in Eq. (11) is the D* — K*0
transition form factor, which can be written as [79-81]

0| . £ -q e -q
(K*sytysc|D*) = ife*(mp- +mg)A(§7) = ————— (Pl + Pi-)A2(q*) = —52my-q*A3(q?)
Mmp+ + Mg q
£ q " 2
+i 7 2my-q"Ao(q”). (20)
with ¢ = pp+ — pg+ and
mp+ + mg- mp+ — My
Ax(q?) = P 2\ _ A (g? 21
3(¢%) . (¢%) 2 2(q%) (21)
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KO
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FIG. 3.
where the blob stands for a transition due to weak interactions.

There exist many model and lattice calculations for D* to
7%, K*0 transition form factors. In this paper, we shall use

the following parametrization for form-factor ¢ depend-
ence [33,75,82,83]:

F(0) 2
(1--4)1-at) 2

m
pole pole

F(q*) =

where for the form factor f,(q?), mpoe = Mpe(2010)*
F(0) = 0.666, and a = 0.24, while for the form factor
Ao(q?), mpore = mp+, F(0) =0.78 and a = 0.24.

In the TA approach, based on the solution (S3’) of the
fitting result in Table II of Ref. [40], we can obtain
the following numerical results of the topological
amplitudes:
|

[_(O
D:t K*O /
\ﬂ_o

7Ti

Resonant contribution to the amplitudes of D* — 7*K%z° and D* — 7+ K%z° through the intermediate states K** and K*°,

79| = 0.266 £0.004, 679 =0° (23)

|C%| = 0.245 + 0.002, Scp = (201 £1)°,  (24)

|AY| = 0.028 + 0.002, Sa0 = (77 £5)°. (25)
Here, we note that the values of |T9|, |C%]|, and |A)| are
obtained by the products of the values of the corresponding
topological amplitudes in Table II of Ref. [40] and v/2/G;
the values of 673 , 5@; ,and & 40 are obtained directly from
Table II of Ref. [40].

In the overlapped region of the K*° and K*° resonances,
the decay amplitudes of the cascade decays D* —
KOzt 5 K997+ and D* - K*z* - K°2%*, which
are depicted in Fig. 3, can be written as

A(D* - K" — Kon%z*) = (K°n’|LIKO) T (pi- ) (K*°n " [Hegt| DT) ¢, + (K 0n* [Hew| DT) 5, ). (26)

A(D* = K" = Kon%z*") = (K| LIKO) TR (pi- ) (K7 [Het| DT) ¢, + (K0n* [Heu| D)) (27)
A(D™ = K7~ > K'2%z™) = (K°2°|LIK ) TR (pie ) (K7™ [Hew| D7), + (K*°7 [Het| D7), ) (28)
A(D™ = K%z~ > KOn%z7) = (K°2°|LIK ) TR (pie ) (K7™ [Het| D7), + (K*O2 [Hegt| D7), ) (29)

with the Lagrangian [40]

_ < _
L = igK*0—>K0ﬂ0 (K*o,lﬂo aﬂKO + K*OﬂKO 6”7{0) (30)
and the relativistic Breit-Wigner line shape for K*°,

1
TBW(s) = , 31
i (5) s —m%. + img-Tg(s) (31

where I'g-(s) is the mass dependent width of K*°,

qk° Smge X%(‘]KO)
g (s) = Y. (—> , (32)
: K\a%/) Vs x3(q%)

and gxo denotes the c.m. momentum of K in the rest frame
of K*; ¢, is the value of ggo when s is equal to mg.,

[
f(\/57 mgo, mﬂ'o)

T (33)

qkx° =

where the function f is

flx.y.z) = \/x4 +yt 42t = 2x%y? =207 - 2?2 (34)

In Eq. (32), T'Y.. is the nominal total width of K* with ' =
[g+(m%.) and X, is the Blatt-Weisskopf barrier factor

Xi(@) =\ oy (35)

with rgyw =~ 4.0 GeV~.
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Using the Lagrangian in Eq. (30), one obtains
(K| LK) = gK" =K - (pgo = pp),  (36)

(K7 L|K") = =g =K' - (pgo = p),  (37)
where gK"'~K"7" is the coupling of K*° to K°z°, which can
be extracted from

B(K*O N KOﬂO) _ K*0—>K07r°)2

o
6wm%.TY. g

* 0, M0 3

Substituting Egs. (7), (9), (31), and (36) into Eq. (26),
we can obtain the decay amplitude of the cascade decay
Dt - K97+ 5 KO0+

A(DT - K7zt - K%2077T)

G
=LYVl A
1
X

X gK*O—)KOﬂog . (PKO — p”O)F<’/p%(*va*> . (39)

A(D* = K% = K°2%7%) = V2G ViV, (CY + AY) —

In order to account for the off shell effect of K*, we
follow Ref. [40,84] to add a form factor F(\/s, mg-) into
the above equation. The form factor F(y/s,mg:) can be
parametrized as

A+ mi.

F(\/s,my) = s (40)

with the cutoff A not far from the mass of the resonance K*,
A = mg + fAqeps (41)

where # = 1.0+ 0.2 and Agep = 0.25 GeV.
From Egs. (14) and (15), we obtain

> & ppre-(pro—pw) =2Pr Pro (42)
A

in the rest frame of K and 7°. Substituting the above
equation into Eq. (39), we obtain

Similarly, we can obtain the following amplitudes:

A(DT = K7t - K2%2) = —V2G p ViV 0 (CY + T9)

1 : e T
L e T )Y OQKO”OF< p%{*’m'(*>p”+ R
* K* * "\ K*

(43)

1 LU - -
pr. —m2. + img Ty (P2 )gK0 KOﬂOF(” p%{*’mm>p”+'pk0’
* K* * * K

(44)
1

A(D™ = K72~ = K%2%7) = —V2GpV 4 Vi, (CY + AY)

40_, 00 - >
T i T ) K”F(V p%(*’mK*>p”'pko’

(45)

A(D_ - K7 - Koﬂoﬂ_> = \/iGFVcsVZd(C% + T(‘)/) 2

1 o L
e T e A UL D L
K* K* * * K*

(40)

B. The effect of the K° — K® mixing

Now, we proceed to study the time evolution of the initially pure K°(K?) states. In the K° — K° system, the two mass
eigenstates, K g of mass mg and width I'g and K9 of mass m; and width I"; , are linear combinations of the flavor eigenstates K°
and K°. Under the assumption of CPT invariance, these mass eigenstates can be expressed as [85]

IK2) = pIK®) — q|K°), (47)

053002-6



STUDY OF CP VIOLATION IN D* — K*(892)°

at + K*(892)°z% — ...

PHYS. REV. D 107, 053002 (2023)

IKS) = pIK?) + q|K°). (48)

where p and ¢ are complex mixing parameters. CP con-
servation requires both p = ¢ = v/2/2. The mass and width
eigenstates K9 5., may also be described with the popular
notations

1+e€ 1—¢
KY) = K% — K%, (49
= are <+||>' @)
1+e€ 1—¢€
K9 = KO KO 50
IKs) 2(1+|e|2)| )+ (+\|)| ), (50)

where the complex parameter e signifies deviation of the
mass eigenstates from the CP eigenstates. The parameters p
and ¢ can be expressed in terms of e:

I+e 1-e€
P=""F— 49=""F—F—F>5 (51)
2(1 + lef*) 2(1 + el")

Combining Egs. (47), (48), and (51) and neglecting the tiny
direct CP asymmetry in the K — 7t 7z~ and K —» zt 77"
decays, we can derive

AKp —7'77) _p=aq_, (52)
AKY > atz™) p+q
0 F -0
A(KS — T ) p q —e. (53)
AKY - ntn 2% p+g

The time-evolved states of the K°
expressed by the mass eigenstates

— K° system can be

1 —imy t—3 1 —imgt—1]
|K8hys<r>>:56 o ZFL’IK‘D@e st |KY), (54)

R0 = =5 e~ |K)

1 —imgt—
; 3¢ IKY). (59)

Using Egs. (54) and (55), the time-dependent amplitudes
the cascade decays DT — K*z% + K7zt —
|

of

(D" - K*zt = K(t)n°n* — fron'nt) =

where we use the following substitutions:

- |A(thys( )

9Ko, fK0> 2
phys

G%,| K*O—>K0ﬂ'0|2

614473 m3 D+

K()a°z* + K°(1)n%2F - fron’n™®
ity referred to as D* — K*z* — K(t)n°z*
can be written as

(hereinafter for brev-

- frorn’n®)

A(D* - Kzt - K()2°z* — fron’n®)
= A(D* = K7* — KOn°z*) - A(K3y,(1) = fro)
+ A(D* - K*972F - K%72%7%) 'A<thys( ) = [xo).
(56)

where fgo denotes the final state from the decay of the K°
or KO meson. A( phys(t) - fKO) and A(Kphys( ) fKO)
denote the amplitude of the Ky (1) — fgo and K} (1) —
fxo decays, respectively. They have the following forms:

1 .
A(thys( ) = fxo) = 2p e_lmLt_%rLlA(K(z - fxo)
1 . I
—I— Ee_lmsl_irstA(Kg — fKO)’ (57)
1
A(thys(l) = fro) = _Ze_lm”_%rL[A(Kg = fxo)
1 . i
b e AGKY > fa). (58)

2q

For convenience, we introduce the following substitu-
tions:

Ch + A,
T ATy

*
rype'? = JeaVus ry=
' st Vud ‘

i __

r_‘.fe rxfrwf,

(59)

where r ¢, r,r, and r are positive numbers, r denotes the
magnitude of the ratio of the DCS amplitude to the CF
amplitude, and 6 and ¢ are the strong phase difference
and the weak phase difference, respectively. Making use
of Egs. (40), (43), (44), (56), and (59) and performing
integration over phase space, we can obtain

P
Vel Waal - [ gu(ph)ICh -+ TOP
Py
i(5+¢) —i(5+¢) ¢ . ’
[I"ngo + er gthysKShys + rfe gthy&thys + gthys]de*, (60)
’ gthYB = | ( phys(t) fKO) 2’ (61)
*(I_(ghys(t) - fKO)’ (62)

ggo

phys ™" phys

KO :A(thys( ) = fro)A
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(Fmp /P me ) (P o, mp))* (A 4 )2 )

gm(p%(*) = 2 2 6 A2 2 \2°
[(PI(*_mK) +m I’ *(Pk*)]'PK* (A* + px)

where p3 and p? in Eq. (60) are the lower bound and the upper bound of p%., respectively. In order to select the K* event
and suppress the background, we adopt pj = (mg- — 3I'%.)? and p? = (mg- + 3T'%.)? in our calculation, where m- and
F(}(* are the mass and decay width of the K* resonance, respectively.

Similarly, we can derive the decay width for the D~ — K%z~ + K%z~ — K°(t)2°2~ + K°(¢))2°2~ - fron’zn~ decay

| K0 KO 0|2

(D™ - K*n~ = K()2°n~ — fyon'n~ )_6144—
=

Y+ TYP

i
| LY|2|VMd|2 /2 gin(p%(*)
J2n

X[’”.zfgl?ghys‘l'rfe( Dggo o+ rpel0" (s)gKo kT Ix, ]dp,(* (64)

phys ™" phys phys ™ phys

C. The decay widths for the D* — K*z* +K*'z* — K} ,n%2* decays

In experiment, the K g state is defined via a final state 7"z~ with m,, ~ mg and a time difference between the D* decay
and the Kg decay [59,86,87]. By taking into account these experimental features, the partial decay width for the D™ —
Kzt + K2+ — K%%7" (hereinafter for brevity referred to as D™ — K*z" — K92%2") decay can be defined as

D T(DT - K'nt > K(t)nz" - ntn=2%z")dt
Tt B )

(DY - K*z" - K2%z") = (65)

where 7y = 0.17g and t; = 273 ~ 2075 with zg being the Kg lifetime; we adopt #; = 107y in our calculation. Combining
Egs. (52), (57), (58), (60), and (65), we can obtain

G}zp| K*0— K070 | P
(D" - Kzt - K42%27) = 5 |V eV ual* - / Gin(P%)|ICY +TY)?
61447 n
|:rng0 + rfe (6+¢)gK0 KO + rfe (6+¢)9K0 KO + gKO :| dp%(*’ (66)
phys phys ™" phys phys ™" phys phys
with
K f,' |A(K phys ) = ata)|dt
T — (e st — e7Tsh) . B(KS —» ntzn™)
1 et —e it B(KY — 7t77) pP—q
- 41pP [1 + oTsto _ oTshn 'B(Kg S ) +2Re P+ thg—Kg ’ (67)
K0 i ARy (1) = w7 a7 ) AT (K (1) — ot a7 )t
Ix ghyskghys B (e7Tsto — e7Tst) . B(KY — ntzn™)
1 e —e it B(KY > 72t2™) . (p—q
" 4pq [ C e — e T B(KY - 7t r) * 2lIm<P + thg_Kg)] ’ (68)

I_(g |A( phys( ) - ﬂ+7[—)|2dt

Ko~ (e _rsto — ™) - B(K§ - ata)

| e T — e Tt B(KY — zt77) P—q
- [1 T B A 2Re (p g >] (69)
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where

. Ig+T . I+l
e—z(mL—ms)to— SSLiy _ e—z(mL—ms)h— St

[po_po =
K9-K9 e Tslo _ o Tsti
Iy

Tyl . :
%"”l(ml‘—ms)

(70)

The terms in the square brackets of Egs. (67)—(69) are
related to the effect of the K9 decay, the effect of the K9
decay, and their interference, respectively. From the Particle
Data Group [85], we can obtain

e Tilo — Tty

=0.019, (71)

e Tsto — o~ T'sti

B(KY - ztn7) 5
BIK = o) = (2.84 £0.01) x 1072,  (72)
with #y) = 0.1zg = 0.1/I'g and #; = 107y = 10/Tg, so the
second term in the square bracket of Egs. (67)—(69), which
corresponds to the effect of the K decay, can be neglected.
Combining Egs. (51), (66)—(69) and neglecting the terms of
O(e), we can derive

2| ,,K0—=K%7% 2
7 |

614473 m%+

ri
: /  gn(P%)
Py

+2rysin(¢p + 8)[Im(e) — Im(e - 150 _go )] + % [1+ 2Re(€) — 2Re(e - g0 o )] }dp%(*. (73)

(DY - K*z" - Kn%") = VeslP1Val?

>
;
Y+ T“),|2{7f [1 —2Re(e) + 2Re(e - tx0_go )] + rycos(¢ + 5)

Similarly, we can derive the decay width for the D~ — K*%z~ + K*%z~ — K%z%2~ (hereinafter for brevity referred to as
D™ - Kz~ - Kgn' 7~) decay

2

(D~ - K*'n~ — K32%727) = Ch+ 1Y |2{ 5 [1+2Re(e) = 2Re(e - 150 o )]

G K"ﬁ’f"”ﬂ A
- ‘V”| |Vud|2 /2 gin(;”%(*)
p

614473 m 2
+ry cos(¢ - 5) + 2rysin(¢p — 5)[Im(e) — Im(e - 150 g0 )]

N =

+=[1 — 2Re(€) + 2Re(e - tkg_,(g)]}dp%(*. (74)

In experiment, the K state is defined via a large time difference between the D* decay and the K9 decay, so the K9 states
mostly decay outside the detector [88]. Based on these experimental features, the partial decay width for the Dt —
KOzt + K%z+ — K97%* (hereinafter for brevity referred to as D* — K*z+ — K97%z") decay can be defined as

o 0(D" —» Kzt - K()a'z" — a7 2’2’z ")dr

T D+ K* + KO 0+ 75
(DY - K'n" > Kpn'nt) = e T B(KY S rtrn) ) (75)
where 7, > 100zg. Using Eqgs. (53), (57)-(58), (60), and (75), we can derive
0.0 GJZV|9K*O_)KOHO|2 2 2 0 2
[(DY - K'z" —» Kpn'n™) = WWCJ IV udl '/,,2 9in(PE)ICH + TV
D 0
|: ngO + rfe (5+¢)g[(0 I _|_ rfe (5+(/)>9K0 I —|—gK0 i|dp%<*, (76)
phys phys ™" phys phys ™" phys phys
with
K0 ft—;oo |A phys( ) - ”+ﬂ_ﬂ0)|2dt
thys et B(KY - ataal)
1 B(K§ — ntn= 2% P—q
1+ e sTon 5 2R tyo_ , 77
~4fp |2{ ¢ B<K2—>7Z+JT7IO)+ ep—i—qK(Z K 77
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K0 SR ARy (1) = ot 2= 2®) A% (K (1) = 2t 2 2%)dr
gthngghyg = el B(KY — ztan0)
1 ( - ntn ) pP—q
_ (Fg=T) ;
= id [_1 4 e~ (Ts=Tu)t (KO S ) —2ilm Py qtkﬁ—’(fé ) (78)
K0 = |A( phys( ) = ataa0)|?dt
Koy e‘rL’2 -B(KY — ntn=a°)
1 B(KY — ztaz° -
_ - 1+ e~ Ts=Ton . ( OS - ﬂ+ﬂ_ﬂ0) —2Re P—4 tgo_go ||, (79)
4|q| B(KY) - ntz=n") p+q "t

where

. T,
;- eilmy—mg)— Sk

tgo_go = - . (80)
LK FS;FL _ l(mL _ mS)
Using the result from the Particle Data Group [85], ', /T’y = (1.75 £ 0.01) x 1073, we can obtain
T Tt <44 %1074, o7t <21 x 1072, (81)

with ¢, > 100/Ts, so the last two terms in the square brackets of Egs. (77)—(79) can be neglected safely. Substituting
Egs. (51), (77)—(79) into Eq. (76) and neglecting the terms of O(¢), we can obtain

0.0 G%|9K*O_’KU”0| 2 5 i 0 2
I'(D" - K'nt - KVa%2%) = —/—2—— |V |]?|V : Co+ 1Y
( ) = s VPVl [ (178

(1+ 2Re(e))

> dp%.. (82)

2
Ef (1 —2Re(€)) = rycos(¢p + 6) — 2rpsin(¢p + 5)Im(e) +

Similarly, we can derive the decay width for the D~ — K*%z~ + K*%z~ — K972~ (hereinafter for brevity referred to as
D™ - K*z~ — K972°77) decay

G2| K*O—>K0 O|2 p%
M0~ = Kn = ki) =50 L VaPIVal [ gn(ph)ICh o+ TOP
D

6144z’ m3 .

2 —2Re(e
% (14 2Re(e)) — ry cos(¢p — 8) — 2r; sin(¢p — 5)Im(e) +(12—§())

0

dp%.. (83)

The branching ratios of the D* — K*z* + K*%z* — K¢, 2% decays can be obtained by multiplying the partial decay
widths for these decays, which are given in Egs. (73)-(74) and (82)—~(83), and the mean life of the D* meson.

IIL. CP VIOLATIONS AND K% - K ASYMMETRIES
A. CP violations in the D* — K*'z* +K*'z* — K3, n%7* decays

Basing on the partial decay widths for the D* — K*°z* + K*0z* — K9, z°z* decays derived in Sec. II, we can proceed
to study the CP violations and K% — K asymmetries in these decays.
In the D* — K% + K*z* — K9, x°z* decays, the time-independent CP violation observables are defined as

[(DY - Kzt — K§, 7°z") —T(D~ - K*z~ — K9, n°7"7)
[(D* - Kzt — K§,;2%2%) +T(D™ - K*'n~ — K, 72°77)"

0
Ay = (84)

Substituting Egs. (73)—-(74) into Eq. (84), we can derive
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0 .
A= AT+ AT AT (55)

[ alR)ICH + TR(2(1 ) Re(e) ~ Re(e 1y}
ATy = ’ (86)

’ ;2’ Gin(P%)|CO + T2 (1 + rjzc + 2r; cos 5cos ¢)dpx.

. fp‘ Gin(P%)|CY + TV |*(—2r sin § sin ) dp%.

ACP,Kg = 0 3 ) -t (87)
pﬁ gin(p[(*) Co+TY12(1 + rs + 2ry cos §cos ¢)dpy.

2
Aint i gin(f’%f*) Ch + TY[2{4ry sincos plIm(e) —Tm(e - txy_g)|}dpk- (88)
0 — 7
o f 2 9in(P%)|CP + THP(1 + r% +2ry cos §cos ¢)dp.

where A’é‘}i‘ K0 denotes the CP violation in kaon mixing [51,59] and the two terms in the square bracket of Eq. (86)

correspond to the pure K9 term, and the K9 — K9 interference term, respectively. The K — K¢ interference term, which is a

function of 7, and ¢, is as important as the pure Kg term [59]. A‘g;‘ K0 denotes the direct CP asymmetry induced by the

interference between the tree level CF and DCS amplitudes. Aié‘;, o represents a new CP violating effect, which relates to
S

the following expression:

(Cp +AV)(Cp + TV) = (Cp + AV)(Cp + T)
(Cp+ Ty

4r;sindcos ¢p[Im(e) — Im(e - tKg_Kg)] =

V*{V V V* + VchZYVZYVud K+ K
c sfesTud, i , 89
2| VCS |2|Vud|2 ( thysthya gkghyskghys) ( )

i.e., this new CP violating effect arises from the interference between two tree (CF and DCS) amplitudes with the neutral
kaon mixing [51,89,90]. Here, we also note that the KY — K{ interference term ¢ - 1K9-K9 has a large contribution to the new

CP violating effect, as shown in Eq. (88). In our calculation, we adopt 7, = 0.17g and #; = 10zs. In addition, we will discuss
0
the impact of the choice of #;, on A‘g;f K0 AIC‘J;, K0 and AKfD in Sec. V.

Similarly, substituting Eqs (82)—(83) into Eq (84), we can derive the expression for CP asymmetry in the D* —
KOz* + K%7z* — K97%7% decays

K0 . ~

Acp = AED,K(L) +A(él1rJ,K‘g +Alg;3 Ko (90)
2

2 Gn(PE)ICE+ TYP2(1 = rf)Re(e)dp-

Amix — (91)
cP.KY 2 ’
fp(z) Gin(P%-)|Co + TV (1 + r; = 2y cos cos ¢)dpi.

;%‘ Gin(Pp%)|CY +TY)2 (2r; sin§sin¢)dp%.

Ad = (92)
KY 2 s
o f:z] 9in(Px)ICh + TV (1 + 17 = 21/ cos 5 cos ) dpi.
0 P

2
f}%‘ Gin(Pp2)|CY + TY? [—4r; sin cos pIm(e)]dpg.

Alﬂt (93)
K‘) 2 >
r pz' Gin(P2)ICY + T97(1 + rj% —2r;cos §cos ¢)dpk.
0

mix dir int
whereACPKO,ACPKO,andACP K0

and the new CP violation effect respectively. From Egs. (90)-(93), one can find that all CP violation effects in the
D* - K7zt + K*0z% — K97%2% decays receive no contribution from the K9 — K¢ interference and are independent of
the decay time ¢,.

denote the indirect CP violation in kaon mixing, the direct CP violation in charm decays,
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B. K - KY asymmetries in the D* — K*z* +K*'z* — K}, n%2* decays
The K g — K9 asymmetries in the D meson decays are induced by the interference between the CF and DCS amplitudes,
which was first pointed out by Bigi and Yamamoto [91]. The determination on the Kg — K9 asymmetries in the D meson

decays can be useful to study the DCS processes and understand the dynamics of charm decay [78,92]. In the
D* — K7* + K*0z* — K{, n°z* decays, the K} — K9 asymmetries are defined by

pe (D" - Kzt — Koﬂozﬁ) l“(DJr - Kzt - K92%2%) (94)
K=K (DY > K2t - Kya'n") + T(DT - K*'n" - K32%7%)

p- (D" >K'n — Kgﬂ.'oﬂ'_) (D~ - Kz~ — K2%7) (95)
K=K (D~ - K*n~ —» K%2%27) + (D~ = K*z~ — K97°77)

Using Eqgs. (73), (82), and (94), we can obtain

. Iy 2 gin(p2)CY + TYPAR x, dph. o6
B (2|0 + T 2Re(e) — R dp%. )
P 9in(PE)|Cp + TYP[1 + 17 + 2Re(e) — Re(e - tgo_go )| dpi-

with
ARy =2rpcos(¢p+ 8) + 2rysin(¢p + 8)(2Im(e) — Im(e - tgo_go)) — Re(e - tg0_go). (97)

From the above equation, we can see that the main contribution to RQ;_ k, comes from the pure K9 and K9 decay; the
contribution from the K9 — Kg interference terms ¢ - Tgo—_K9 is small because of the suppression of the parameter e.
Similarly, combining Eqs. (74), (83), and (95), we can derive the expression for K§ — K9 asymmetry in D~ —
K7~ + K7~ — K§, n%7~ decays

2
- f:z] Gin(PE-)|Cp + T9 |2AKS -K, dpi-
RY g = T - (98)
fp(z: 9in(Pk)|Cp + TYIP[1 + r} — 2Re(e) + Re(e - 1go_go)]dpi-
with
AR _k, = 2rscos(¢ —8) 4 2rpsin(¢ — 6)(2Im(e) — Im(e - tko_xo)) + Re(e - g0 _go). (99)

According to the definition of the weak phase difference in Eq. (59), we have sin¢ = O(107%) and cos ¢ ~ 1, hence as a
good approximation, cos(¢ £ ) ~ cos 6 and sin(¢ £ §) ~ =+ sin 5. Therefore, the determinations of Rﬁ;_ x, and RY__; are
useful for understanding the strong phase difference between the DCS and CF amplitudes [78].

IV. NUMERICAL RESULTS

A. Input parameters

Using the theoretical expressions for the branching ratios, the CP asymmetries, and the K 2 — KY asymmetries derived in
Secs. I and III, we are able to calculate these observables numerically. Firstly, we collect the input parameters used in this
work as below [85,93-98]:

mpe = 1.870 GeV,  pr = (1033 £5) x 1015 §
mg — 0498 GeV,  m, — 0.498 GeV,
m; —mg = 3.484 x 1071 GeV, mgo = 0.498 GeV,
[y = (7.351 £ 0.003) x 10715 GeV, I, = (1.287 £0.005) x 1077 GeV,
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mp o0y = 2.010 GeV,  mp: = 1.968 GeV,

my- = 0.892 GeV, Y% = (5.14+£0.08) x 1072 GeV,

m, = 0.140 GeV,  my = 0.135 GeV,

fp+ = (0205 +£0.004) GeV,  fg = (0.220 4 0.005) GeV,
[zt =(0.130£0.001) GeV,  f, = (0.216 +0.003) GeV,

Re(e) = (1.66 £ 0.02) x 1073, Im(e) = (1.57 £0.02) x 1073. (100)
The branching ratios used in this paper have been taken from the Particle Data Group [85]:

B(K** — K°2°%) = (33.251 4+ 0.007) x 1072,
B(KY — ztn~) = (69.20 £ 0.05) x 1072, B(KY — ztz~) = (1.967 £ 0.010) x 1073,

B(KY - nta~ %) = (3.57}9) x 1077, B(KY - 2tz 2°) = (12.54 £ 0.05) x 1072, (101)
As for the universal nonfactorizable parameters, we use the results fitted in Ref. [78], which are based on the factorization-
assisted topological-amplitudes approach:

€ =0.497 +0.027,

25 = —0.443 £ 0.007,
e ¢t = —0.584 +0.211,

= 0.147 £0.021, S, =128+£0.14. (102)
In order to see physics more transparently, we use the Wolfenstein parametrization of the CKM matrix elements, whose
imaginary part satisfies the unitarity relation to order 4> [85,99-101]:

2 2
Via=1- 3’ Vis = A, Vea= -4, Ve =1 _E _A2)*4(p + ”])’ (103)
where 4, A, p, and 5 are the real parameters. The latest results fitted by the UTfit collaboration are presented as
follows [102]:

A =0.2254+0.001, A =0.826 +0.012, p =0.1524+0.014, n = 0.357 £0.010. (104)
By substituting the values of the parameters listed above into Egs. (73)—(74) and (82)—(83), we can obtain the numerical
values of the branching ratios, which are shown in Table I.

Here, the results in the last two lines of Table I are the averaged branching ratios of the decay and its charge
conjugate. The results given in Table I are consistent with the experimental measurement of B(D" — K*z* — K2z ") =
(2.64 £ 0.32) x 1072 from BESIII [85,103]. We also note that the reasons for the differences between the results of the FAT
approach and that of the TA approach are the small values of cos§ and |(C% + T9)|? in the TA approach.

TABLE I. The values of the branching ratios for the D* — K*z* - K g L7 O7* decays in the FAT approach and
the TA approach.

Observables The FAT approach The TA approach
B(D" — K*zt - K3x°z™") (3.121%%‘%) x 1073 (2. 25;?,2213) x 1073
B(D~ - Kz~ > Kg ) (3. 141%33%) x 1073 (2. 28+%2223) x 1073
B(D* - K*zt — K92°z%) (2.14793%) x 1073 (2.43792%) x 1073
B(D™ - Kz~ - KO ) (2. 12+%22‘§) x 1073 (2. 41+%22 ) x 1073
B(D* - K*'zn* — KO ) (3. 13+?,3;g) x 1073 (2. 27+%223) x 1073
B(D* - Kzt — K(Zﬂ'oﬂ.'i) (2. 13+%22‘§) x 1073 (2. 42+?,2212) x 1073
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TABLE II.  The values of the CP asymmetries in the D* — K*z* — K3, 2%z* decays in the FAT approach and

the TA approach.

Observables The FAT approach The TA approach

Alhxo (—2.92 £ 0.06) x 1073 (=3.647997) x 1073

A%;,Kg (-1.18 £0.11) x 10~* (-1.67 £0.12) x 107*

A?;’.Kg (=6.5079335) x 1074 (=9.1773%%) x 1074

A[C(E; = A?};‘KO +A<éi; o _|_Aiél}3 0 (=3.69 +0.09) x 1073 (=4.72 +0.09) x 1073
. s s s

A’é‘};Kg (3.9235%%) x 1073 (3.1179%) x 107

ACh (1.747014) x 107 (1.56 £ 0.11) x 10~*
L .

ABL o (8.52793) x 10 (7.65793%) x 10~

K‘i mix dir int
Acp = ACP.K‘Z + ACP,K‘z + ACP,KQ

(4.9540.10) x 1073

(4.03 +0.07) x 1073

B. The numerical results of the CP asymmetries

Now, we move on to calculate the numerical results of the
CP asymmetries in D* — K*z* + K*0z* — K, n%7*
decays. By substituting the values of the parameters in
Egs. (100), (102), and (104) into Egs. (85)—(88)
and (90)—(93), we can obtain the numerical results of the
CP asymmetries in D* — K*z* + K*0z* — K§ 2%+
decays, which are shown in Table II. From these numerical
values, we can obtain the following points:

(1) The indirect CP violation in K° — K° mixing AT
s

is dominant in the CP asymmetry in D — K*0z* +

K% - K92%* decays Afﬁ;. The contributions
from the Kj — K§ interference term Re(e - tx0_o)
are more than twice of that from the pure K9 decay
term Re(e) in Arg}f, Ko and they interfere destructively.

(2) The direct CP asymmetry A‘éi;, o suffers from both
S

the r,, and sin¢ suppression; thus its numerical
value is small.

(3) The value of r, and sin 6 vary from 2.49 to 2.97 and
from —0.91 to —0.57 in the integral interval of p%. in
the FAT approach, respectively. In the TA approach,
the value of r,; and sind is 2.42 and —0.99,
respectively, so the new CP violation effect
Aig;,, K0 only suffers from the r,,; suppression relative

to the indirect CP violation in K° — K° mixing, as
!

shown in Egs. (86) and (88). Moreover, the pure Kg
decay term Im(e) and the K — K9 interference term

. . . 1 t .
Im(e - Tk0_ko ) interfere constructively in Al K0} all

these reasons result in a non-negligible contribution
of the new CP violation effect to the CP asymmetry
in D* —» K*07* + K*%72% — K2%* decays.

(4) The value of r; and cos 6 vary from 0.13 to 0.16 and
from 0.42 to 0.82 in the integral interval of p%. in the
FAT approach, respectively; however, the value of r/
and cos ¢ is 0.13 and —0.13 in the TA approach,
respectively.

(5) Based on the numerical values of sind and
cosd in the FAT approach and the TA approach
and according to the expressions for CP asymme-
tries in Egs. (85)—(88) and (90)—(93), we can derive
that the large value of | sin | and the negative value
of cos ¢ in the TA approach result in the differences
between the numerical values of the CP asymme-
tries in the FAT approach and that in the TA
approach.

According to the numerical results of the CP asymme-
tries in D* - K*%7* + K*0z* — K9, 2%% decays, we
can estimate how many D* events-times-efficiency are
needed to establish the CP asymmetries to 3 standard
deviations (30). When the CP violations are observed
at the 3 standard deviation (36) level, the number of D*
events-times-efficiency needed reads as [104—106]

9

KO
(e/N)cp" =

0
2-B(D* > K'n* — K, 2°%) - B(KY, — fro ) - |Acy

, (105)

where f K9 and f K denote 7t 7z~ and z7~7°, respectively. Combining Eqs. (101), (105), and the numerical results of the
branching ratios and the CP asymmetries in Tables I and II, we can obtain

(e/N)cp =

K { (50 ~6.3) x 10°,
(5.5~6.7) x 10°,

the FAT approach,
PP (106)
the TA approach.
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Similarly, substituting Eq. (101) and the numerical
results of the branching ratios and the CP asymmetries
in Tables I and II into Eq. (105), we have

3.0~3.8)x 10°, the FAT approach,
K {( ) pp (107)

€/N)cp=
€Nk (3.4~4.0) x 10°, the TA approach.

C. The numerical results of the K} — K asymmetries

Now, we turn to calculate the numerical results of the
K% — K9 asymmetries RQ;_ k, - The explicit expressions for
R}?j_ x, have been given in Egs. (96)—(99). With the values
of the parameters in Egs. (100), (102), and (104), we can
obtain the numerical results of RQ:_ K,

- { 0.18679917,  the FAT approach, (108)
Ks—K, — —0.03879913.  the TA approach

and

. { 0.1947541S.  the FAT approach, (109)
Ks—K, = —0.02979913,  the TA approach.

Based on these numerical values, we can obtain the
following points:

(1) From Egs. (96)-(99), we can see that the K — K?
asymmetries RQI_KL only suffer from the r,; sup-
pression, so they have a large value, which indicates
that there exists a large difference between the
branching ratios of D* — K*z* 4 K0zt -
K97%72% and the branching ratios of D* — K*0z*+
Kzt - K9 x%7%.

(2) The numerical results of jo_ k, of the FAT approach
are many times (about 5 times for RQ;_ x, and about 6
times for RQ;_ k, ) larger than that of the TA approach.

Moreover, the signs of RQ?_KL in these two ap-
proaches are opposite to each other; the reason is
that the values of cos¢ are different in these two
approaches. In addition, the K9 — K9 interference
term Re(e - Tgo_ k) has a non-negligible contribution
to jo_ k, in the TA approach;
(3) The measurement of R,lgs_ x, can help to
discriminate the FAT approach and the TA approach.
In the same way as the CP asymmetries in D* —
K% + K*%n* — K§, n°7* decays, the number of D*
events-times-efficiency needed for observing the K§ — K9
asymmetries at the 3 standard deviation (30) level is

+
(?fN)?S—KL =

9
—. 110
[B(D* - K*n* - K%x°2%) + B(D* - K*z* — KY2%%)] - |R§S_KL| (110)
Using the numerical results of the branching ratios in Table I, Eq. (108), and Eq. (110), we can obtain
0.8 ~ 1.0) x 10*, the FAT approach,
e P (1)
ST (3.8 ~7.8) x 10*, the TA approach.
Similarly, using the numerical results of the branching ratios in Table I, Eq. (109), and Eq. (110), we have
_ (0.8 ~ 1.0) x 10*, the FAT approach,
(e/N)Ry—x, = { (112)

V. THE OBSERVATION OF THE NEW CP
VIOLATION EFFECT

In this section, we will study the new CP violation effect
in the D* - K*%z* + K*0z* — K97%2% decays. As dis-
cussed in Sec. IIT A, the CP violation in the DT —

- K .
Kzt + K*%2% — K%2%2* decays A5 consists of three

parts: the indirect CP violation in K° — K° mixing AT .,
s

the direct CP violation in charm decays A% and the

0
CP.KY

(0.5~ 1.2) x 10°.

the TA approach.

|
new CP violation effect from the interference between two
tree (CF and DCS) amplitudes with the neutral kaon mixing

Aig}a xo- Moreover, the CP violation in the D¥ — K0zt ¢
S

K*7% — K97%2% decays is dominated by the indirect CP
violation in K — K° mixing, which is shown in Table II; all
of these make the observation of the new CP violation
effect more difficult.

Now, it is important to note the following features of the
three parts of the CP violation in the D* — K*0z* +
K7zt > K92%2% decays:
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(1) The KY — K9 interference term € - fx0_gxo makes a
large contribution to both the indirect CP violation

in K® — K® mixing AZX ., and the new CP violation
s

effect from the interference between two tree (CF
and DCS) amplitudes with the neutral kaon mixing

Aig;, K05 which can be seen from Eqgs. (86) and (88).
S

The K9 — K interference term is the function of the
decay time parameters 7, and ¢;; we adopt 7y = 0.17g
and #; = 10z in our above calculation.

As discussed in Sec. IV B, the contributions from the
K} — K§ interference term Re(e - fxo_o) and that

(@)

(©))

from the pure K§ decay term Re(e) interfere

destructively in Argj;‘ K05 however, the contributions
s

from the Kj — K§ interference term Im(e - tx0_o)

and that from the pure K decay term Im(e) interfere

H H int
constructively in Al P kY

So there is a possibility that the numerical value of the

indirect CP violation in K° — K° mixing AT ., becomes
S

smaller and the numerical value of the new CP violation

effect Aig; o becomes larger if we adopt some specific
S

values of #y; as a result, the new CP violation effect Aié‘; K0
s

would dominate the CP violation in the D* — K*9z% 4
Kzt — K%7%2* decays, and the observation of the new
CP violation effect becomes possible.

According the Egs. (85)—(88), we calculate the depend-

mix int
ence ofACP’Kg, ACP_Kg,

FAT approach and the TA approach, which is shown in
Fig. 4. Here, we note that we still adopt #; = 10z in the
calculations. It can be seen from Fig. 4 that the maximum

0
value of |Af| can reach up t0 9.31 x 1073 and 1.23 x 1072
in the FAT approach and the TA approach, respectively.

K . .
and A5 on the selection of £, in the

K? .
S d
_ 0.010} Acp m— A
0 AR —
< 0.005
%
3
T 0.000
H
Q
< —0.005}
&)
<
—0.010
0.1 1.0 2.0 3.0
t/T's
(a)

FIG. 4. The dependence of the indirect CP violation in K® — K° mixing A™i

new CP violation effect A"t |
CP.KY

t; = 10/Ts: (a) in the FAT approach and (b) in the TA approach.

K o
When |A ;| adopt these values, the new CP violation effect

Al is comparable with the indirect CP violation in K —
K
K° mixing A™x . In addition, it can be seen from Fig. 4

CP.KY"
that the numerical value of the indirect CP violation in

K° — K° mixing AT, becomes smaller and the new CP
s

violation effect Alcl“l;. K0 plays a dominant pole in the CP

violation in the D* — K*'z* + K*%2* — K92%2* decays
KO

Acp at some values of #,. For example, when £, = 3.0z,

we have

mix _ -3
AT o = (~0.84 £ 0.25) x 107, (113)
dir _ —4
Ay o = (LIS £0.11) x 107, (114)
Al o = (=6.15£0.48) x 1072, (115)
s

0 . . .
Agp =AM\ 4 AT AN = (~7.11£0.56) x 107
S S

CP.KY —
(116)
in the FAT approach and
ArggKg = (=1.054+0.31) x 1073, (117)
A‘éi;‘,(g = (=1.674£0.12) x 1074, (118)
Aig;,Kg = (—8.6870%%) x 1073, (119)
KO . . .
Ach = Al + A%;,Kg + A ko = (=9.90793%) x 1073
(120)
0w} Aﬁ%’, —Afé‘{,
:: 0.005} Acy AT
Sn
? 0.000
+
Q
= -0.005}
O
<
-0.010f
0.1 10 20 30
t/T's
(b)
cp g the direct CP violation in the charm decay A‘éi;, xo» the
Ky g

T o K} . .
and the CP violation in the D* — K*%z* + K*0z* — K92%2* decays A} on the selection of 7, with
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in the TA approach. Obviously, if we adopt 7, = 3.07¢ and

t; = 10.0zg, the new CP violation effect Alg; K0 is possible

to be observed.

However, the method mentioned above has a drawback:
if we adopt ¢y = 3.0zg and t; = 10.0zg, we would lose a lot
of the D* - K*0z* + K*0z* — K92%2* event. The rea-
son is that the decay of a K meson to final state 7"z~
occurs mainly at time less than 5z, and the decay rate of
Kg meson decreases rapidly with time. The event selection
efficiency of 7, = 3.075 and #; = 10.07g can be written as

107g
~ Ja ' T(D
€

N FENT

— K*n* - K()n°z* - 2t 207%)dt
- Kzt - K()2°72* = 2t~ 2%2%)dt”
(121)
|

KO

Substituting Egs. (60) and (64) into Eq. (121) and using the
values of the parameters in Egs. (100), (102), and (104), we
can obtain the numerical result of ¢, :

€, =5.0x 102, (122)

where the above result is the averaged efficiency of the
decay and its charge conjugate. So, if the CP violations in
Egs. (116) and (120) are observed at the 3 standard
deviation (30) level, the number of D* events-times-
efficiency needed reads as

9

(efN)CP ty=3t5 —

2-B(D* - K*zt — K92°

(123)

S—
7) - B(KY - nt7) - [Ags] - e,

Substituting Eqs. (101), (116), (120), (122), and the numerical results of the branching ratios in Table I into Eq. (123), we

can obtain

<€fN>CP fo=3ts

KO { (5.1 ~6.7) x 109,
(5.2 ~6.5) x 106,

where €/ is the selection efficiency in experiment; it does not
contain ¢,,. In a word, if one adopts the scenario 7, = 3.0z
and #; = 10.0zg and wants to observe the new CP violation
int : + *0 £ K0 & 0.0 =+
e:ffe(:tACPKg in D+ - K%n* + K"z~ — K¢n'n™ decays,
the number of D* events-times-efficiency needed is (5.1 ~

6.7) x 10° and (5.2 ~ 6.5) x 10° in the FAT approach and
the TA approach, respectively.

VI. CONCLUSIONS
In this work, we derive the expressions for the CP
violations in D* — K*z* + K*0z* — K, n°z* decays
|

cP =
and

ch =
We find that the indirect CP violations in K°

Kzt + K7t — K, n°n*
D* - Kzt + K*0z% — K9, 2°

K0 { (=3.69 +0.09) x 1073,
(=4.72 £0.09) x 1073,

K0 { (4.95 £ 0.10) x 1073,
(4.03 £ 0.07) x 1073,

the FAT approach,
PP (124)
the TA approach ,
|
KY
Acp", which consists of three parts: the indirect

— K° mixing Ag‘;‘ Ky, the direct CP

and the new CP

CP violations in K

. . . dlr
violations in charm decay Acp K0

violation effects ANt which are induced from the

CPKY,’
interference between two tree (CF and DCS) amplitudes
with the neutral kaon mixing. We calculate the numerical
results of the CP violations in D* — K*0z* + K*0z* —
K9, n°7* decays based on the FAT approach and the TA
approach:

the FAT approach,
PP (125)
the TA approach,

the FAT approach,

(126)
the TA approach.

— K° mixing play a dominant role in the CP violations in D* —
decays; the new CP violation effect has a non-negligible contribution to the CP violations in
a* decays. In order to observe the CP violations at the 3 standard deviation (36) level,

6.3 x 10° and 3.8 x 105 D* events-times-efficiency are needed for the D* — K*0z* 4+ K*2* — K92%2* decays and
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D* - Kz + K*0z% — K97%2% decays in the FAT
approach, respectively. In the TA approach, 6.7 x 10°
and 4.0 x 10° D* events-times-efficiency are needed
to observe the CP violations at the 3 standard deviation
(30) level for the D* — K*z* + K*%* — K0z02*
decays and D* — K*z* + K"z — K92%* decays,
respectively.

We present the formulas of the K — K asymmetries
RR._y inthe D* — K*0z* + K*7* — KY, 7% decays
and predict the numerical values of them in the FAT
approach and the TA approach:

D" { 0.1867001%,  the FAT approach,
ook —0.03870013. the TA approach,
(127)
and
e { 0.19479%1%,  the FAT approach,
K71 20.02979013 | the TA approach.
(128)

Because the K — K asymmetries RY. ;. only suffer from
N L
the r,, suppression, they have a large value, which
indicates that there exists a large difference between the
branching ratios of D* — K*%z* + K*02% — Kz%z* and
the branching ratios of D* — K*0z* + K*0z* — K0 2%z+.
In addition, because the values of cos é are different in the
FAT approach and the TA approach, the numerical results
of jo_ k, in the FAT approach are many times (about 5
times for R, and about 6 times for RY__, ) larger than
N L N L

that in the TA approach. Moreover, the signs of RQ?_ k, in
these two approaches are opposite to each other. Based on
the FAT approach, we estimate that the range of the
numbers of D* events-times-efficiency needed for observ-
ing the K9 — K? asymmetries at the 3 standard deviation
(30) level is from 0.8 x 10* to 1.0 x 10* both for the D* —
Kzt + K7 — K9, 2%2" decays and for the D™ —
K7~ + Kz~ — K3, 27~ decays. In the TA approach,
we derive that the range of the numbers of D* events-
times-efficiency needed for observing the K9 — K asym-
metries at the 3 standard deviation (36) level is 3.8 x 10* ~
7.8 x10* for the D" — K27+ K*%z+ — K9, n’z"
decays and 0.5 x 10° ~ 1.2 x 103 for the D~ — K*0z~ +
K7~ — K9, 2%~ decays.

We also investigate the possibility of observing the new

CP violation effect Aié‘;, « in the D - KO7* +
S

Kzt — K9%7%2* decays in the FAT approach and the
TA approach. We find that the new CP violation effect can
dominate the CP violation in the D* — K*z% 4
Kzt — K92%2*% decays when the scenario with 7, =
3.07g and #; = 10.07g is adopted. However, the observation
of the new CP violation effect Aié‘;,’Kg in the above

mentioned scenario is at the expense of the event selection’s

efficiency. If the clean signal of the new CP violation effect

Ag‘; K0 is established, the number of D* events-times-
S

efficiency needed is 6.7 x 10° and 6.5 x 10% in the FAT
approach and the TA approach, respectively.
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APPENDIX: WILSON COEFFICIENTS

Below we present the evolution of the Wilson coeffi-
cients in the scale u < m, [14,107],

Ci(u) = 0.2334(a, )4 + 0.0459(ax, ) 7778

— 1.313(at, )% +0.3041(a,) 70222, (A1)
Ca(u) = —0.2334(a,)" 44 + 0.0459(a,) 07778
+ 1.313(a,)"444 4 03041 (a,) 02222 (A2)
where a; is the strong running coupling constant
() 4r B lnln(ﬂz//\lzv[_s)
ag =0,(H) =755~ Pl T MST
Poln(u?/A2) | B3 In(w?/AZ)
(A3)
with
33-2f 38
ﬁ(): 3 s ﬂlzloz_?f, (A4)

where Ay is the QCD scale characteristic for the MS
scheme, f is the number of “effective” flavors, and their
values are
3
Agis = Abs =375 MeV,  f =3, (A5)

for u < m,.
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