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D meson decays into neutral kaons involve both Cabibbo-favored and doubly Cabibbo-suppressed
amplitudes as well as final-state kaon mixing, providing abundant sources of CP violation. In this work, we
analyze CP asymmetries inthe D — K9, Pand D — K{ ; V decays, where P and V denote pseudoscalar and

vector mesons, respectively. The formulas of the time-dependent and time-integrated C P asymmetries in these
modes are derived, in which the D° — D° mixing effects and the K(Z modes are considered for the first time.
The hadronic parameters that determine CP asymmetries are extracted by the global fit of branching fractions
within the topological diagram approach. A significant result is that the tension between theoretical
predictions and experimental data for the K§ — K asymmetries in D° — K, @ and D° — K¢ ; ¢ modes is

mitigated. The CP-violating effects arising from the interference between Cabibbo-favored and doubly
Cabibbo-suppressed amplitudes with neutral kaon mixing could reach to O(107%) order in the D* — K}z,
D — KYK*, D° - K%p°, and D° — K%¢ modes. The difference between the CP asymmetries in the
Dt — K%z and D} - K3K* modes will be available on LHCb and Belle II in the near future.

DOI: 10.1103/2n3h-31gk

I. INTRODUCTION

CP violation (CPV) is a significant aspect of particle
physics, as it is a crucial element in interpreting the matter—
antimatter asymmetry in the Universe [1] and serves as a
window for new physics. It can be accommodated within the
Standard Model (SM) by the Kobayashi-Maskawa (KM)
mechanism [2,3]. CP violation in the charm sector is
suppressed by the Glashow-Iliopoulos-Maiani (GIM)
mechanism [4]. The LHCb Collaboration reported the
discovery of the CP violation in the charm sector in 2019 [5],

AACP = ACP(DO - K+K—) _ACP(DO - ”+ﬂ"_)
= (~1.54 £0.29) x 1072 (1)

In theory, it is difficult to precisely predict the CP asymme-
tries in the singly Cabibbo-suppressed D meson decays
owing to large uncertainties in penguin diagrams. Those
QCD-inspired approaches do not work well in charm decays
because of the not large enough charm quark mass. The
penguin topologies cannot be extracted from branching
fractions, because the CKM factors are much smaller those
for tree topologies.
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CP violation can also occur in D meson decays into
neutral kaons [6—13]. In these modes, the Cabibbo-favored
(CF) and the doubly Cabibbo-suppressed (DCS) transitions
are present simultaneously. The interference between CF
and DCS amplitudes, as well as neutral kaon mixing effect,
induce measurable CP asymmetries. The time-integrated
CP asymmetry in the D* — K9z" decay has been mea-
sured by the Belle Collaboration [14],

Acp(DT = Kont) = (=3.63 £0.94 +0.67) x 1073, (2)

with a 3.2¢ deviation from zero. Theoretical analyses show
that CP asymmetries in D decays into neutral kaons are
dominated by the CP asymmetry in K°— K° mixing,
AK, ~ —2Re(e) ~ —=3.23 x 1073, The direct CP asymme-
try A%L which is induced by the interference between CF
and DCS amplitudes, is smaller than 1 x 107, In Ref. [15],
we pointed out a new CP-violating effect, Aié‘},, which is
from the interference between the CF and DCS amplitudes
with the mixing of final-state mesons.

In this work, we analyze the CP asymmetries in the
D — K}, P and D — K9,V decays, where P and V are
pseudoscalar and vector mesons, respectively. The formulas
of the time-dependent and time-integrated CP asymmetries
in these modes are derived, in which the D° — D° mixing
effect and the K9 modes are taken into account. The hadronic
parameters that govern CP asymmetries are extracted within
the topological diagram approach in which the Cabibbo-
favored and doubly Cabibbo-suppressed modes are included
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in the global fit. We find that the CP-violating effect A%,
could reach to O(107?) order in several decay modes. The
difference in CP violation between the D* — K9z and
Dy — KK modes is expected to be available on LHCb
and Belle II in the near future.

This paper is organized as follows. In Sec. II, we formulate
the time-dependent and time-integrated CP asymmetries for
D meson decays into neutral kaons. In Sec. II1, we predict the
CP asymmetries for D — K9, P and D — K¢,V modes
within the topological diagram approach. Section IV is a
short summary. The CP transformations for the decay
amplitudes are discussed in the Appendix.

II. FORMALISM
A. Time-dependent CP violation

In this section, we formulate the time-dependent and
time-integrated CP asymmetries for the decays under
consideration. Under the convention CP|K") = —|K?),
the neutral kaons K93 and KY are expressed as linear
combinations of K and K° [16]

IKS) = pIK®) = q|K®). |K]) = p|K®) +q|K®). (3)

where

1+e€ 1—e¢
R £}

LA D 20+ 1el)

and e is a complex parameter characterizing the CP
asymmetry in neutral kaon mixing, with |e| = (2.228 +
0.011) x 1072 and ¢, = 43.52° £ 0.05° [16]. For conven-
ience, we denote the mass, width, and lifetime of Kg. . by
mgy,Uspandzg;, and ' = (g +177)/2, AT =T's - T,
Am = m; — mg.

The D - K°f and D — K°f decays are Cabibbo-
favored (CF) and doubly Cabibbo-suppressed (DCS) tran-
sitions, respectively. The amplitudes of these two modes
can be written as

A(D - Kof) = TCFei(¢CF+5CF),

A(D = K°f) = T pege!(#oestooes) (5)
where 7 cg pcg are the magnitudes of the decay amplitudes,
¢crpcs are the weak phases, and Scgpcs are the strong
phases. The amplitudes of the D — K°f and D — K°f
decays, where D and f denote the antiparticles of the D and
f mesons, are given by

A(D - Kof) — _TCFei<_¢CF+5CF)’
_A(D_ — [20]7) — _TDCSei(—¢DC5+5DCS)_ (6)

The detailed derivation of Eq. (6) is presented in the
Appendix. To express the formulas for CP asymmetries

clearly, we write the ratio of the DCS to CF amplitudes as
A(D = K°f)/A(D — KOf) = rpel@o0, ()

where 1y =Tpes/Tcr, ¢ = ¢pes —¢pcr and 6 =
Opcs — 6cp- The parameters r; and 6, depend on the
individual processes, but ¢ is mode independent in the
SM, ¢ = Arg[-V:,V,/ ViV, = (-6.2£0.4) x 107
[16]. If we express the amplitudes of the D — K°f and
D — K°f decays as

A(D — K°f) = Vi,V These™cs,
A(D = K°f) = ViV i T cpe'cr, (8)

where 7cgcp donate the magnitudes of amplitudes
excluding the CKM matrix elements, we get

A(D = K°f) _ VegVus Tics it
A(D - Kof) Visvud T/CF

VedVus| Tocs igps))
Vﬁsvud TICF

~ —tan® O F e 1r), 9)

where 6. is the Cabibbo angle and tan® ¢ ~ |(V:,V )/
(VisVua)| ~ 22 ~0.05, #; = Ties/T e ~ O(1), and then
rp~—tan? Ocfy ~ O(1072).

In experiments, a Kg meson is reconstructed by 7z~
final state at a time close to its lifetime z5. Hence, both the
K% and K9 states serve as the intermediate states in
the chain decays through the K% — K9 oscillation [13].
The chain decay, taking D" — K(S)Jr+ as an example, is
depicted schematically in Fig. 1. The time-dependent CP
asymmetry is defined by

[ (f) =T (t
ACP(t)E ﬂﬂ.’() _ﬂﬂ()’ (10)
Dy (1) + Tz (1)
t
I_(O NN 0
K
Dt ate™
a+ /l—{o
KO Rt
t
FIG. 1. Schematic description of the chain decay

Dt - K(t)(» ntn )z,
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where

[ (1) =T(D > K(t) (= 777) ).

Ler(t) =T(D > K(1)(— z*77) ). (11)

The intermediate state K(7) is a time-evolved neutral kaon, either K°(¢) or K°(¢), and ¢ is the time difference between the
charm decay and the neutral kaon decay in the kaon rest frame. The amplitude A(D — K(7)(— z"z~)f) can be written as

q

AD - K(1)(— z*27)f) = A(D - K°f) {g+(l)«4(1<° —rtn) + ;g-(f)A(kO - ﬂ*ﬂ_)]

LAD - R {gmm(ﬁ) ~w)+ Lo (AR m—>] )

where g, and g_ describe the flavor-preserving and flavor-
changing time evolutions, respectively, and

g+(1) = 3

The amplitude A(D — K(t)(— zz~)f) can be obtained
by replacing A(D — K°f) and A(D — K°f) with A(D —
K°f) and A(D — K°f) in Eq. (12).

Neglecting the tiny direct CP asymmetry in K — 777~
decay, i.e., A(K® - n777) = —A(K° > n"z~), the time-
dependent CP asymmetry is derived as

Acp(t) = [AKL(1) + A8 (1) + AL (0)]/D(1). (14)
with the denominator
D(t) = e's'(1 = 2rycos§pcos ) + e M|l (15)

Here, we retain |¢|* to avoid the singularity. The first term
Alé;(t) in numerator denotes the CP violation in neural

kaon mixing [13],
AIE;(Z‘) = 2Re(e)e s — 2e7 T (Re(e) cos(Amt)

+ Zm(e) sin(Amt)). (16)
It is induced by the interference between CF decays with
and without neutral kaon mixing. It is independent of ry,

i.e., the DCS amplitude. The second term AYL(7) is the

direct CP asymmetry induced by the interference between
the CF and DCS amplitudes,

AEL(1) = 2e7Ts'ry sin & sin . (17)

The third term Alf%(¢) arises from the interference between
the CF and DCS amplitudes with neutral kaon mixing,
AL (1) = —4r;siné; cos p(Zm(e)e™s!
— e T(Im(e) cos(Amt)
— Re(e) sin(Amt))). (18)

[
It has been pointed out in [15] as a new CP-violating effect.
AN (f) arises from the mother decay and the daughter
mixing, which does not belong to any types of the traditional
classification of CP violation given in PDG [16]. Itis not the
CP violation in neutral kaon mixing, as it vanishes in rp= 0
ordy = 0.Itis not the direct CP asymmetry in charm decays,
as it does not vanish as ¢ — 0. The mechanism responsible
for AitL,(¢) is different from the CP asymmetry induced by
the interference between a decay without mixing M° — f
and a decay with mixing M° — M° — f in which both the
oscillation and decay occur in the mother particle. Its weak
phase of A%, (¢) arises from (daughter) kaon mixing, €, while
strong phase of A" (¢) arises from (mother) charm decay, &;.
To emphasize the specificity of Al (z), we compare the
A (1) with the three types of CPV given by PDG in Table I.

The direct CP violation in charm decays is time-
independent:

Afp(t)  2rpsindysing
D(r) — 1—=2rpcoséscos¢p’

(19)

This is expected, since the direct CP asymmetry arises
purely from charm decays and is independent of the
time evolution of K° and K°. Under the convention
CP|K) = —|K"), the CP-even and CP-odd eigenstates
of the neutral kaons are

K%)= (IK°) = [K%)/V2,  |KY) = (IK°) + |K))/V2.
(20)

The direct CP asymmetry can be defined by

[(D — K%.f) ~T(D — KY.)

I(D - K$f) +T(D - K%f)’

Acp(D — KO.f) = (21)

From Egs. (16)=(18), it is found that AX)(¢) and A (1)
vanish at = 0, and

A (t = 0) — A%i;’(t - 0) _ 2’”fSin5f sin ¢
cp D(t=0) 1-2r;cosd;cosep’

(22)
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TABLE L

Comparison of the CP-violating effect Alm with the three CPV types given by PDG [16].

Source of width difference

Weak phase Strong phase

Direct CPV in decay

Indirect CPV in mixing

CPV in interference between mother
decay without and with mixing

CPV in interference between mother
decay and daughter mixing

|A(i = )] # A = F)I?
|A(P = P)]> #|A(P > P)]?
JA(P = f) + AP > P = f)?
# AP = f) + AP > P = f)
|A(i - P)+ A(i » P — P)J?
#|AGi— P)+ A(i—» P - P)?

Mother particle decay Mother particle decay
Mother meson mixing /
Mother meson mixing sin(Amt), cos(Amt)

Daughter meson mixing  Mother particle decay

The direct CP asymmetry can thus be extracted by
measuring the time-dependent CP asymmetry and extrapo-
lating it to t = 0.

B. Time-integrated CP violation

CP violation in the kaon system is governed by an
efficiency function that reflects the specific experimental
setup [17]. If the efficiency function is neglected, the

time-integrated CP asymmetry can be derived from the
time-dependent asymmetry as

Acp(ty tr) =

S AR (1) + Al (1) + A1)
Acp(ty, t 23
The time-integrated CP asymmetry reduces to
|
2r;sindy sin ¢ 2Re(e) —4Zm(e)rycos ¢sind,
1 —2rycosd;cos ¢ 1 —2r;cosdycos g
. Tm(e)+2Re(e)rs cos ¢ sin by
c(ty)—c(t)| + s(ty) — s(t

% _ [ ( 1) ( 2)] Re(e)— ZZm(g)rfc()b(ﬁblnéf[ ( 1) ( 2)] (24)

TSF(] +x2)(e—’|/fs _ e—fz/Ts) ’

with x = Am/T, ¢(t) = e™""[cos(Amt) — xsin(Amt)], and s(¢) = e™"'[x cos(Amt) + sin(Amt)]. The first term, which is
independent of 7, ,, corresponds to the direct CP asymmetry in charm decays. In the rest of Eq. (24), the terms proportional to r ¢
represent the Al (¢, 1, ) term, and those independent of r + correspond to the CP violation in neutral kaon mixing. In the limit
t €19 <Kt <1, wehave e = ¢7Ts"t = | and e7"2 = ¢7Ts"2 = (). The time-integrated CP violation can be written as

2r;sindy sin ¢ 2(Re(e) —2Zm(e)rscos ¢sindy)
1 —2r;cosdscos g

2 Im(e) +2Re(e)rycossind,  2x

Acp(t K15 < 1) K 7p) = 1 —2r;cos8;cos¢

1 - 25
1 TT12 T Re(e) = 2Zm(e)rycosdsind 1 + 2 (25)
Under the approximation of Re(e)/Zm(e) ~ —y/x and y ~ —1 [18], we get
—2R +2rpsindpsing — 4r L cos ¢ sin &
Acp(h K15 <t < 7) = e(¢) + 2ry sindy sin g = 4r;Imfe) cos sind,
1 —2r;cos¢coséy
= [Afp + A% + AL/ D. (26)
The K% — K asymmetry is defined and expressed as
I'(D - K%f) -T(D — K9
R(D - K%, f) = (D~ gf) (D~ Iaf)z—2rfcosész—l. (27)
' I'(D - KSf) +T(D = K} f)
In the SM, the total CP asymmetry is dominated by CP violation in neural kaon mixing, Agz, ~ —2Re(e) ~ —3.23 x 1073.

The direct CP asymmetry A%, is of order of 1072, since ry ~ O(1072) and ¢ ~ O(107). It is far below the precision

of forthcoming experiments. However, the CP-violating effect A%, is of order of O(10~*), which is significantly larger than
the direct CP asymmetry.
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Note that the interference between charm decay and
K° — K° mixing, A%,(7), is proportional to r; and sin&;.
This implies that the interference occurs only when both
D — K°f and D — K°f decays are present simultaneously.
In the SCS decay modes, such as D" — K9K* and
Dy — K%z*, the K% meson originates only from K° (for
Dt — KYK*)or K° (for Df — K9%z™), but not both. Due to
the absence of two decay amplitudes with distinct origins,
the interference between charm decays and K° — K° mixing
vanishes.

In this work, we use the convention CP|K°) = —|K°). In
some literature, such as Ref. [7], CP|K?) = +|K°) is
adopted. Under this convention, the formulas for Aig}) and
A% acquire an overall minus sign. On the other hand, the
ratio ry =Tpcs/Tcp~—tan? 07, = —tan?Oc (T hes/ T op)
has the opposite sign under the two conventions. If we
perform a phase transformation on K° and K° as

|K?) = €| K), |K?) = €KY, (28)
we have
CP|K®) = |K%) = CP|K®) = ¢//-9|K0).  (29)

The conventions CP|K°) = —|K°) and CP|K?) = +|K°)
are related to each other viaEq. (28) if (f — @) = #. Theratio
A(D - K°f)/ A(D — K°f) transforms as

(K°f[H.ID)

° e “(K"f|H,,|D) )
(K°f|H,,|D)

P (ROfIH,|D) ~

(KOf[1,1D)
(ROf[H,|D)”

NN

N

FIG. 2. Schematic
D° - K§(— nta)a".

description of the chain decay

Thus, ry is not invariant under such a phase transformation.
The condition (f—a)=r gives r; the opposite sign
between the two conventions. As a result, the phase con-
vention of |K°) and |K?) does not affect the final formulas of
CP asymmetries.

C. D' — D" mixing effect
For D° meson decays into K9 and a CP eigenstate f%p,
where [, is 7% n, 1, p°, , or ¢ in the D - PP and
D — PV modes, the D° — D° mixing should be consid-
ered. The chain decay D° — K9(— zz~)z" is depicted
schematically in Fig. 2. To express the amplitudes of D°
decays, we use the following standard notations:

(30)
|
o Yy 5 o\ F 49p AK%
Ago = A(D - K(t)(— ntn7)f), Ago = A(D - K(t)(— ntn7)f), Agp = ——,
s s s Pp AK‘;
= I'po 4Ty ’ p = Ampo _ mpo — mpg 7 Yy = Al o FD? =T ’ (31)
2 FDO FDO 2FDO ZFDO

where DY and DY are the mass eigenstates of neutral D mesons, |DY,) = pp|D°) F q,|D°) with g5,/ pp = |qD/pD|ei¢D.

Here, the convention CP|D°) =

—|DY) is used. Note that the final states of the D° — K9 f2, and D° — K9 f%.
CP eigenstates. From Eq. (20), the amplitudes of D° — K9 f%, and D° — K° 2.

¢p decays are
p decays are expressed as

A(D® = KOS ) = =1y, gy (=1)7 [ Tcse! s 109 = Tpeit-ber i /3, (32)

AD® - K2 f¢p) = —Wf'gP’?KQ(—l)j {TDcsei(_%CSJr&DCS) + Tcpei(_¢CF+6CF)] /\/5 (33)

where o, and Ko denote the CP quantum numbers of f%, and K mesons, and 7 is the orbital angular momentum of

final state. The overall minus sign in Egs. (32) and (33) is from CP|D°)

amplitudes of the D° - K°f%, and D° — K°f?,, as

= —|DY). Since ngo = 1, we can express

_ 1
A(DO*KOf%p):E[A(D — K3 fep) + AD° > K2fep)]
= nf%P(_1)«7TCFei(_¢CF+5CF>’ (34)
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A(D® = ROf2,) = - [~A(D® — KO.f2,) + A(D® — K2f%,)]

V2
— nf‘ép(_l)jTCFei(_¢DCS+6DCS)' (35)
Note that 70 = -1, J = 0 for f2, being a pseudoscalar meson and np, = +1, J =1 for f2, being a vector meson.

One can find that Eqs. (34) and (35) are the same as Eq. (6).

The D° meson mixing parameter x, = Am /T po is much smaller than that for BS’S mesons. It is difficult to measure the
time-dependent CP violation of charm mixing in experiments. We therefore consider the time-integrated CP violation in
charm mixing. The time-integrated decay rates for the D — K32, and D° — K3f%, decays can be expressed as [19]

0 0 £0 0 0(y 0 / 2 1+MK§|2 Yb
I(D° - Kifip) = D (t)—»KSf%P)dt :|AK2| 1+T1_ 5
0 YD
1_MK0|2 x2
s D Yp Xp
- =+ Re(4 —TIm(A , 36
) 1+x%)+ e( Kg)l—y%) m( Kg)l—l—x%)] ( )
70 0 £0 0 0 1+|/11_<‘1)|2 Y%)
r(D° — K% CP):/ (D¢ —>Kf%Pdt—|AKo| [ %1— 5
0 YD
e T
s D 1 Yp 1 XD
- =+ Re(4 —Im(A)——|. 37
2 l—|—x%)+ e( Kg‘)l—yzD m( Kg)l—i—x%)] ( )

Here, ¢ is the time interval from D° production to its decay, which has been integrated over. Note that the first terms in the
above expressions are independent of D° — D° mixing, while the remaining terms are functions of the mixing parameters.
With the small values of ry, |e[, xp, and yp, the total CP asymmetry in D decays is derived as

Acp(1) = [AGp(1) + AL (1) + AL (1) + ALp(1) + AB(1) + AP (0])/ D (1), (38)
in which
B 4qp| | Pp Tt |2
Dpo(t) = e~ <1—2rfcoséf cos¢p+ - ( +‘ )yDcosg{)D) + e ' tle|
Pp qp
~ e7Ts!(1 = 2rpcos§pcos ¢ + yp) + e el (39)

and ¢ denotes the time interval from D meson decay to neutral kaon decay. The first three terms in the numerator are the
same as those in Eq. (14). The fourth term in the numerator is the CP violation in D° — D° mixing,

(07 S S

After integrating over the flying time of neutral kaons, ALC_); is derived as

ADO _ y_D q_D _ , 2
cP ) cos ¢p 2

Pp
in which a?*, is the indirec violation in — DY mixing and a'-,, is the interference between ecay with and withou
hich a, is the indirect CP violat DY —D° g and alp is the interf bet DY decay with and without

D° — D° mixing [19],
m __Yp(|4]_|P i _*p
= Qp’ ‘qD cosbo. - der =75 <

AL, given by HFAG [20] is

705

ABy(1) = T (yzﬂ ( 4o

Pp

Pp
)

‘ Pp
4dp

e

49D
Pp

Pp
4D

Pp
4D

§

> singp = —agp — aiCP = _A%Ig’ (41)

’qH pD sin . (42)
pl' g
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NO

AL, = —ai™d = (0.010 4 0.012) %, 43
cp cp

which is much smaller than the CP violation in neutral kaon mixing. The fifth term, AJ(7), is the interference between
D° — D° mixing and K° — K° mixing,

20) = (3 (| 22]~| 221 ) sin o+ 0 (| 22+ 22]) cos iy ) (et
Ppl |4p Ppl 14p
- (yp< b —‘ Pp > singp + xp( 9 —1—‘ Pp > cos ¢D>Im(€) cos(Amt)e"
Ppl |4p Ppl |4p
+ <yD< 9 —‘ Lo ) singpp + xD< 9 —l—‘ Pp ) cos g[)D) Re(e) sin(Amt)e™. (44)
Ppl 149p Ppl 14p

It is a case of double-mixing induced CP asymmetry pointed out in Refs. [21,22]. A% (#) is doubly suppressed by the small
parameters xp, yp, and € and can be neglected. The sixth term, ALC);'DCS (1), is the interference between the DCS amplitudes

and the CF amplitudes with the D° — D° mixing,

Alg;,DCS(t) _ _e—FStrf < <’ 4o
Pp

+\P_D
)

which is negligible in the SM. The phase convention for D°
and D° does not affect the physical observables. If the
convention CP|D°) = +|D°) is adopted, an additional
minus sign would appear in Egs. (34), (35), as well as
the Re(/lKg) and Im(/lKg) terms in Eqgs. (36), (37). Then,
Eq. (38) is the same under CP|D°) = +|D°) and
CP|D%) = —|D%).

D. CP violation in K? modes

In Belle experiments, the pure |KY) state can be
established on K% and u detection (KLM). To formulate
the CP violation in K9 modes, a reasonable expression for
(KY| state is required. In the case of CP conservation, we
have (K| = (|K?))". However, this equation is no longer
valid in the presence of CP violation. In general, a beam of
oscillating and decaying neutral kaons can be described by
a two-component wave function in its rest frame,

w(0)) = w1 (DIK) +y (1) KO), (40)

where ¢ is the proper time. The wave function evolves
according to the Schrodinger-like equation:

i< (1) = Hly (1), )

The 2 x 2 matrix H is non-Hermitian. Otherwise, the
neutral kaons would only oscillate but not decay.
Without loss of generality,  can be written as

'H—M_L.F—<M”_%FH’ Mlz—%F”), (48)
2 My =515, My =510

4D
Pp

>xD sin ¢ + (yD<

4D
Pp

Pp
4D

+

_‘P_D
4dp

) cosdbo = 1o Jsino) ). @5
[

where M = M', T" = T'T. If CP is conserved, H commutes
with its Hermitian conjugate. The matrix H can be
diagonalized by a unitary transformation. However, in
the presence of CP violation, H cannot be diagonalized
by a unitary transformation, but rather by a general
similarity transformation,

X~"HX = diag(uy. uo). (49)
where X! # X', Since X is nonunitary, the left-
eigenvectors of H, (K$|, and (K?| are not the Hermitian
conjugates of their right eigenvectors, |[K9) and |K?). In
this case, (K9| and (K?| are obtained from X! rather than

X" [23]. If CPT is conservative, the reciprocal basis can be
defined as [23]

(K |Kg) = (K§|K))=0. (K}|K})=(K§|Kg)=1. (50)
With these equations, the left eigenvectors of H can be
expressed as

1 1,
0] 2 7]
(K| = 5 (KOl =5 (R
R Y U R,
B 2 \Tge -7 &) B
1 1,
0 0 /R0
(K| =5 (K] 5 (K|

P
- @(ﬁm P ) (5
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According to Eq. (52), the amplitudes for the D — K9 f and D — K9 f decays read as

0 L+lef/ 1 (s +Sncs) 1 i(er-+oce)
A(D - KLf) = T 1—+€TDCSe DCSTODCS) - 1—_67—(:1:3 CFTOCE) ) (53)
_ - 1+ef/ 1 i 1 i
A(D - Kgf) = — 5 1—+€TCF6 (=cr+dce) 1 1—_€TDCSe (=¢pes+dpes) | | (54)

With Egs. (53) and (54), along with the convention in Eq. (7), the CP asymmetry in the D — K% f modes is derived as

_ A = K} )P = |AD = K} F)IP
|A(D = K3 f)]? +AD - K3 f)?
N 2Re(e) = 2r;sindysing + 4rZm(e) cos ¢ sin s,
1 + 2rpcos ¢ cos 6y

= —[AK, + Ad + Al /D' (55)

Acp(D - Kgf)

It can be found that all terms in the numerator are opposite to those in the time-integrated CP asymmetry for K (S) modes
under the limitation of #; < 7g < t, < 7. The direct CP asymmetry is induced by the interference between CF and DCS
amplitudes. From Egs. (21) and (20), we have

(D — K°f) —T(D — K°f)
(D - K%f)-T(D - K%f)

= -1, (56)
where the minus sign between the K9 and K% modes is evident. Similarly, the difference in the denominators between the
g L s y

K9 and K% modes can also be be understood since

I'(D— K%)+T(D— K%f) 14 2rpcosdcos
(D — Kf)+T(D— KYf) 1—2rpcosd;cos¢’

(57)

As for Agop and A%, terms, they are significantly different between the K% and K9 modes, since Ag_; and A%, in chain decay
D — K(t)(— nta™)f are associated with K — K? oscillation, to which both K and K9 contribute. If a pure K9 is
considered, we can define a fake CP violation in the D — K(S) f mode, which is derived as

_ JA(D = K§f)I* - |A(D — K$f)I?

[A(D = K3f)P + |AD — K$f)I°

2Re(€) + 2rysindy sin p — 4rIm(e) cos ¢ sin 5y
= 1 —2r;cos ¢cos by '

AT (D ~ K3y

(58)

This result is consistent with Eq. (14) if only the e’ terms ~ where D’DO ~1+2rpcosépcosp—yp. One can find

are retained. The opposite sign in Eqgs. (55) and (26)
originates from the e'" terms to which K9 contribute and
the approximations of Re(¢)/Zm(¢) ~—y/x and y ~ —1.

For DY decays into K9, the time-integrated decay rates
can be obtained by replacing Ao, JZchS) s Ago with Ago, AK‘Q’
’1K‘Z , respectively. Then, total CP asymmetry in the
D® — K9 f2, reads as

Acp(D® = K9 fp) = —~[ALp + A% + AL, + AR]/ Dy,

(59)

that the term induced by D°— D° mixing in Eq. (59)
has the opposite sign compared to that in Eq. (38). If we
neglect the CP violation in K — K° mixing and note that
¢pcs =~ ¢pcp ~ 0 in the SM, we get

Moo ZQDEN(I_DAKQ _4D” %s
: PDAKg PD-Akf;

L ppAx ppAg -

= —go.
KS

(60)

Thereby, those terms proportional to x;, and y, (but not x3,
and y%) in Egs. (36) and (37) have the opposite sign
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between the K9 and K9 modes, which explains the minus
sign between Egs. (59) and (38).

III. PHENOMENOLOGICAL ANALYSIS

A. Global fit for topological diagrams

In this work, we perform a global fit for the Cabibbo-
favored and doubly Cabibbo-suppressed D — PP and
D — PV decays within the topological diagram approach.
For the CF and DCS decays, all topological diagrams are at
tree level. The D — PP decays are dominated by the color-
allowed tree diagram 7', the color-suppressed tree diagram
C, the W-exchange diagram FE, and the W-annihilation
diagram A. For D — PV decays, there exist two different
sets of topological diagrams, since the spectator quark of
the D meson can enter a pseudoscalar or vector meson. A
subscript of P or V is attached to the flavor amplitudes and
the associated strong phases to denote respectively whether
the spectator quark in the D meson ends up in the
pseudoscalar or vector meson. A detailed presentation
about the topological diagrams in D — PP and D — PV
decays can be found in literature such as Ref. [24]. In this
work, the SCS modes are not used to extract the hadronic
parameters, because flavor SU(3) breaking effects are
known to be significant in the SCS modes. For instance,
the difference between penguin diagrams P, and P (where

|

IT| = 3.147 %+ 0.009,
|E| = 1.447 £ 0.024,

|C| = 2.541 £ 0.009,
dr = (122.32 +0.36)°,

subscript denotes the d or s in the quark loop),

AP = P, — Py, could enhance the SU(3) symmetry break-

ing in the SCS modes. The n — 1’ mixing angle is defined as
n

()= Cas )G

In this work, we take ¢ = 40.4° since the newest mea-
surements by BESIII gave ¢ = (40.0 £2.0 £0.6)° [25]
and ¢ = (40.2 £ 2.1 £0.7)° [26], and ¢ = 40.4° is often
used in the literature.

The topological amplitudes for the D — Kg‘LP and

cos ¢

sin ¢

—sing

cos ¢ (61)

D — Kg’ .V decays are presented in Tables II and III,
respectively. And the other CF and DCS modes that are
included in global fit are listed in Tables IV and V. In this
work, we use 17 branching fractions to fit seven parameters
in the D — PP modes. To include partial SU(3) breaking
effects, we introduce a factor fr/f, ~ 1.193 [16] in the
DCS amplitudes, the reason being that the long-distance
rescattering contributions in all topological diagrams can be
derived by twisting of quark lines of the color-allowed tree
diagram 7 [27]. The z* and K™ mesons are emitted via T
diagram in the CF and DCS decay modes, respectively. The
best-fit results (in units of 10~ GeV) for the D — PP
modes are

de = (=152.25 +£0.26)°,

IA| =0.395+£0.009, ¢, = (1030 £1.97)°, (62)

with y?/.dnf = 2.2. For the D — PV modes, we use 26 branching fractions to fit 15 parameters. We do not introduce a
SU(3) symmetry-breaking factor for the D — PV modes, because different mesons are emitted via T’y and T'p diagrams.
The best-fit results (in units of 10~° GeV) for the D — PV modes are

TABLEII. Representations of topological amplitudes and branching fractions for the D — K gy . P decays. Our results are given in the
last column, compared to the experimental data [16].

Modes Representation Bexp B

D® - K$z° IViVius(C—E) =3ViV,4(C—E) (1.240 4+ 0.022)% (1.244 £+ 0.014)%
DY - K970 1 deVm(C E) + é VisViua(C—E) (0.976 £ 0.032)% (0.964 +0.011)%
D° = K% ViVis3(C+ E)cos g, — E sing,] — ViV,al3 (C + E) cos ¢, — E sing,] (0.508 +0.013)% (0.522 + 0.004)%
D> KYn Vi V5 (C+E)cose, - Esm b, + v;; ud[% (C+ E)cos¢, — E sing,] (0.434£0.016)% (0.405 +0.003)%
DY = K% ViV, (C+E)sing, + \/-Ecos by = VisVials (C+ E)singp, + \/_Ecos ¢, (0.951 +0.032)% (0.984 £ 0.023)%
D’ - K ViV,[E(CH+E)sing, + fEcos by + Vjv “d[%(C+E) sin ¢, + Ecos¢,7] (0.812 £ 0.035)% (0.763 £ 0.018)%
Dt - Kzt LV Vs (C+A)—LViV,(T+0C) (1.561 +0.031)% (1.527 & 0.027)%

\/5 V2

D* - K9zt B ViaVus(C+A) + 5VEV (T +C) (1.46 £0.05)%  (1.56 +£0.03)%
D} — K9K+ 75 VeaVus (T +C) = 5 Vi ud(c + A) (1.500 + 0.014)% (1.501 £ 0.020)%
Df - KYK* 12 Vi V(T +C) + lf VisViua(C + A) (1.49 £0.06)%  (1.52+0.02)%
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TABLE IIl.  Same as Table II for the D — K% ,V decays.

Modes Representation Bexp B

D’ = Ksp 3VeaVus(Cy = Ep) =5 VEV,a(Cy - Ev) (0.64+999)% (0.57 £ 0.04)%
DY — K90 Vi Vus(Cy —Ep) +4 V;V“d(cv Ey) (0.46 = 0.04)%
D° = Ko Vi Vi (Cy + Ep) =1ViV,4(Cy + Ey) (1.11 £ 0.06)% (1.16 £ 0.06)%
D’ > K vcdvm(cv +Ep)+3 v;; V.ua(Cy + Ey) (1.16 = 0.04)% (1.12 £ 0.05)%
D’ - K% ngideEv ﬁ ViViuaEp (0.425 4 0.029)% (0.395 +0.018)%
D’ - KY¢ B VeaVusEv + 5 VisVaaEp (0.407 +0.023)% (0.419 £0.018)%
D* - Kgp* 5 ViaVus(Cy +Ap) = fvzxvud(Tp +Cv) (6.142055) % (6.54£0.43)%
Dt = K9p*t k Vi Vius(Cy + Ap) + chvud(Tp +Cy) (7.39 £ 0.45)%
Df — KYK*+ 5 ViaVus(Tp + Cv) = 5 VEVua(Cy + Ap) (0.80 £ 0.07)% (0.84 +0.05)%
Df —» KYK** 5 VeaVus(Te + Cv) + 5 VisVua(Cy + Ap) (1.22 +£0.06)%

TABLEIV. Experimental branching fractions we have used in the global fit of the D — PP modes compared with our predictions. All

data are taken from PDG [16].

Modes Bexp By Modes Bexp B

D — gt K- (3.945 + 0.030)% (3.939 + 0.036)% D - 'y (1.686 +0.027)% (1.673 +0.024)%
DY — 'ty (3.95 £ 0.08)% (3.96 £ 0.03)% D’ = 7K+ (1.50 £ 0.07) %00 (1.60 £ 0.01) %00
Dt — 2K+ (2.08 £ 0.21)%o0 (2.14 4+ 0.02) %00 DT - K*tp (1.25 4+ 0.16) %00 (1.38 4 0.01)%o0
DT - Ky (1.85 £ 0.20) %00 (1.37 £ 0.02) %00

TABLE V. Same as Table IV for the D — PV decays.

Modes Bexp B Modes Bexp B

D - ztK* (542 +£0.40)% (6.01 £0.32)% DO = 79K*0 (3.15+£0.31)% (3.05+0.10)%
DY - K=pt (11.24+0.7)% (11.44+0.8)% DY — K0 (1.41 £0.12)% (1.52+0.11)%
Dt = 7tk (1.57 £0.13)% (1.61 £0.15)% D — atp° (0.0114 £ 0.0016)% (0.0118 £ 0.0027)%
D - ntw (0.193 4+ 0.030)% (0.228 +0.009)% Df - nt¢ (45+0.4)% (3.6 £0.2)%
D} — KTK*0 (3.82+0.07)% (3.83 £ 0.09)% Df — npt (8.9+0.8)% (7.2 £0.3)%
DT - npT (5.8+1.5)% (55+02)% D% - 7~ K** (3.457]89) %00 (3.42 £ 0.25)%o0
Dt - 7zt K*0 (3.45 £ 0.60) %00 (2.59 £ 0.06) %00 Dt — a%K*+ (3.4 £ 1.4) %00 (5.4 £0.2) %00
Dt — K+p0 (]‘9 + 0.5)%00 (1.4 + 0.1)%00 Dt - K'w (O 57*822?)%00 (0.84 + 0‘05)%00
DT - K¢ (0.090 £ 0.012) %00 (0.071 4 0.003) %00 Dt — pK*+ (4.4 5 %00 (2.3 £ 0.1)%o0
D — KtK*0 (0.92 £+ 0.51)%o0 (0.19 £ 0.02) %00

|Ty| = 2.677 + 0.066,
ICy| = 1.952£0.041,  ¢¢, = (254.44 £2.24)°,
|Ey| = 1.967 £0.051, ¢y, = (=38.09 +2.03)°,
|Ay| = 0.542£0.012, ¢y, = (—174.79 £5.24)°,

with y?/.dnf = 3.1. The predicted branching fractions for
the D - PP and D — PV modes are listed in Tables II, III,
IV, and V, comparing with experimental data. One can
find the predictions are very consistent with the data for
most decay modes, indicting excellent SU(3), symmetry

|Tp| =5.528 +£0.105, o7,

= (73.80 + 4.22)°,

Cp| = 2.310 £ 0.025,
|Ep| = 1557 £0.033, ¢, =
Ap| = 0.347 +£0.014,

de, = (20621 + 1.13)°,
(64.58 £ 4.01)°,

b, = (17841 £5.64)°,  (63)

|
in the Cabibbo-favored and doubly Cabibbo-suppressed
D meson decays.

The predicted K9 — K% asymmetries are shown in
Table VI. Our results are compared with those from
the factorization-assisted topological-amplitude (FAT)
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TABLE VI. Results for Kg — K9 asymmetries compared with the factorization-assisted topological-amplitude
(FAT) approach [28], the SU(3)  symmetric topological diagram (STD) approach [29], and experimental data taken

from [30-32].

R(f)ear R(f)sto R(f)exp R(S) this work
D° - K9, 2° 0.113 +0.001 0.107 £ 0.009 0.108 £0.035 0.127 £ 0.001
D0 — K2,Ln 0.113 +£0.001 0.107 £ 0.008 0.080 £ 0.022 0.127 £ 0.001
D° - K9, o 0.113 +£0.001 0.107 £0.017 0.080 £ 0.023 0.127 £ 0.001
Dt > K§, 7" 0.025 +0.008 —0.013 £0.013 0.022 +£0.024 —0.011 £ 0.002
Df — K9, K" 0.012 + 0.006 —0.006 £ 0.020 —0.021 +£0.025 —0.005 £+ 0.001
D% - K9, p° 0.113 £ 0.001 0.083 £ 0.050 0.104 = 0.007
D% — K(S),La) 0.113 +£0.001 0.089 £ 0.035 —0.024 +£0.031 0.016 £ 0.003
D’ > K9, 0.113 £0.001 0.041 £0.029 —0.001 £0.047 -0.030 +0.010
Dt — K9, p* —0.037 £0.011 —0.058 +0.055 —0.061 +0.003
Df — K%, K** —0.070 £ 0.032 —0.159 +£0.028 —0.181 £ 0.009

approach [28], the SU(3), symmetric topological diagram
(STD) approach [29], and experimental data. It is found
that our results mitigate the tension between theoretical
predictions and experimental data for the K§ — K9 asym-
metries in the D° — K9, w and D° — K9, ¢ decays. In the
FAT approach, the assumption Ep = Ey is adopted. It leads
to the relation R(D®— K9, p%) = R(D° - K, w) =
R(D° — K9, ¢). In Ref. [29], the relative strong phase
between Ep' and Ey is not large. However, the fit result
shown in (63) suggests that the relative strong phase
between Ep and Ey is nearly z/2. The discrepancy arises
in that we take the formula

De
(D — PV) = F— |M|? (64)
D

to express the partial decay width, while Ref. [29] adopts

3

Pe &

I'(D— PV) = P~ |M|?, (65)
|4

where M = M(e- pp). Furthermore, we fit the decay
amplitudes using the branching fractions of both CF

and DCS modes, whereas only CF modes are used
in Ref. [29].

B. Numerical results for CP asymmetries

With the global fit in the last subsection, we extract the
parameters r; and &; in the D — K%, P and D — K3,V
modes. The branching fractions of D decays are propor-
tional to the cosine of the relative strong phases of decay
amplitudes, coséy. Solutions with opposite signs of &
contribute equally to the branching fractions. The CP
asymmetries AJf, and A%, are proportional to sin &, and
therefore should yield two opposite results. For conven-
ience, we denote the values listed in Table. VII by S, and
those obtained by flipping the signs of all strong phases
as S,.

The time-dependent CP asymmetries in the D —
K(t)(— #n™)f decays as a function of ¢/z are displayed
in Figs. 3 and 4 for charged and neutral D meson decays,
respectively. Here, we only plot the results of ;. For S,, the
direct CP violation AL (7) and the CP-violating effect
AL (1) can be obtained by reflecting the results of S; with
respect to time axis. The gray bands in these figures
represent the associated uncertainties. From Figs. 3 and 4,

TABLE VII. Numerical results of ratios between DCS and CF amplitudes, and relative strong phases in the neutral

kaons involving modes.

D* - Kozt Di - K3K* Dt - Kip* Df — KYK*+
re 0.0961 + 0.0010 0.0421 + 0.0004 0.0308 + 0.0014 0.0924 + 0.0042
5 (86.77 £ 0.62)° —(86.77 £0.62)° —(8.40 £ 7.34)° (8.40 £ 7.34)°
D° — K92 (n") D" — K§p° D" - Kiw D’ - K3¢
re 0.0636 + 0.0001 0.0857 + 0.0036 0.0081 + 0.0015 0.0674 + 0.0023
5 (180.00 + 0.00)° —(127.78 £2.49)° (178.64 + 11.78)° (77.33 £ 4.49)°
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Acp(t) [x107]
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Time-dependent CP asymmetries in the Dt — K(t)(— #tz~ )z, D] — K(t)(— #tz")K*, D" —» K(1)(— ztz7)p*, and

DY — K(t)(— "z~ )K*" decays as functions of 7/ 7. The red-dotted, gray dot-dashed, blue-dashed, and black-solid lines represent the
AKL(1), A4 (1), and A" (7) terms and total CP asymmetry A'% (1), respectively. The gray bands represent the theoretical uncertainties.
The AKX} (1), A% (1), and A"(7) have been normalized by denominator D(7).

it is found that the total CP asymmetries are dominated by
the AK,(f) term. The CP-violating effect A,(z) could
reach to be order of 10~ in the D™ — K9z*, D} - KYK™,
D° — K$p°, and D° - K%¢ modes.

According to Eq. (27), the K§ — K9 asymmetry reaches
zero if 6, — £x/2 or r; — 0. From the fitting results, the
small values of R(D" — K¢, z*), R(Dy — K9, K™"), and

|

1

A(D - K'o) = NG

Viqus(Cv + EP)a

R(D° — K9, ¢) are attributed to the former case, while the
small R(D" — K, w) is attributed to the latter. According
to Eq. (18), the CP-violating term A% (¢) is proportional to
sin §;. Thus, the CP-violating effect A®%,(7) is enhanced in
the D* - K%z, Dy - KYK*, and D° - K%¢p modes.
The topological amplitudes contributing to the D° — K%
and D° — K% decays are

1
A(DO - KO/)()) ES ﬁVdeus(Cv - EP) (66)

The small value of r,, is induced by the destructive interference between Cy, and Ep in the D° — K%» mode. According to
Eq. (66), Cy and Ep interfere constructively in the D° — K% mode and then Al,(7) in D° — K% is enhanced.
In the SU(3), limit, the topological amplitudes contributing to the D™ — K°z*, D* — Kz", Df — K°K™, and

D} — K°K* modes are

ADY = K'r) = ViV, (C + A).
A(Dy - K°K*) = Vv,V (T + C),

A(DT - Koz") = ViV, (T + C),
A(D} = K°KT) = Vi, V,.(C+ A). (67)

If we define A; = C+ A and A, = T + C, the ratios of the DCS to CF amplitudes in these two decay modes are

A(D* = K'zt)

S N L
AD' = Koz~ ey,

A(D} — K°K™) y Ao
A(D;r N K0K+) ~ —tan QCI] . (68)
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FIG. 4. Time-dependent CP asymmetries in the D° — K(t)(— zt727)z% D° - K(t)(— n*z7)p° D° - K(t)(—» n* 7" )w, and
D° — K(t)(— ntn~)¢ decays as functions of #/7, in which the gray dot-dashed line includes direct CP violation in charm decay

Adir (1) and CP violation in D® — D° mixing A2y (7).
Then r,+ and rg+ can be written as

1
rov = —tan’@c x r, rg+ = —tan®O¢ X —,
.

where r = A,/A,. The strong phases §,+ and Sg+ are
opposite under U-spin symmetry. There are only three
independent parameters-|A, |, |.A,|, and the relative strong
phase &, between A, and A,-that determine the four
branching fractions Br(D* — Koz"), Br(D" — K%z"),
Br(D{ - KYK™), and Br(Dj - KYK*). From Table II,
one can find that our fitting results are consistent with the
experimental data, which indicates that the values of |4, ],
|A,|, and 6/, and then the hadronic parameters r; and 5, in
the DT — K‘S)’Lyﬁ and D} — I(g’LK+ modes, are well
determined.

The topological amplitudes contributing to the D° —
K°7° and D° — K%2° decays are

'A(DO - Koﬂo) = V:dvus(c + E)?
A(D® = K°2°%) = V%, V,,(C + E). (69)

In the SU(3) limit, we have r,0 = —tan? §¢ and 5,0 = 0.
Then, the K9 — K? asymmetry R(D° — K%, 7°) is 0.107

and the CP-violating effect AlN,(¢) in D% — K929 is
zero. The experimental result for R(D® — K%, 7°) is
consistent with the SU(3), prediction. The CP-violating
effect A%, (1) in DY — K§ , #° arises from SU(3)  breaking
effects, which are predicted to be small. Similar discus-
sions can also be applied to the D°— K% and
D° — K%n' modes.

The numerical results of the time-integrated CP
asymmetries in Kg modes in the limitation of | <K 74 <
t» <7, and the CP asymmetries in KY modes are
presented in Table VIII. It can be seen that the total
CP asymmetries for S; and S, are quite different. The
direct CP asymmetries in most modes are smaller than
1 x 107, while the CP-violating effect AL, could be as
large as several 107*. Our results for Acp(D' — K3n™)
in two solutions are consistent with the experimental data
given by Belle collaboration [14], listed in Eq. (2). Future
measurements would help us to identify the sign of the
strong phases.

To verify the CP-violating effect induced by interference
between CF and DCS amplitudes with neutral kaon mixing,
we proposed an observable, the difference between the
time-integrated CP asymmetries in the D™ — K9z and
Dy — KYK* modes in Ref. [15],
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TABLE VIII.  Numerical results of the total CP asymmetries and the AYL, Al terms for the D — K f modes in
the limit #; < 7g < 1, < 7; and the total CP asymmetries in the D — K9 f modes (in units of 107%).

Dt — K%t D} — KYK* Dt - KpT Dy — KYK**
ALL(SY) —3.98 £ 0.01 —2.94 +0.01 —3.41 £0.04 —4.08 £0.10
ALL(S,) -2.55+0.01 —3.56 £ 0.01 —3.48 £0.03 -3.83+0.13
Adr(S)) —0.120 £ 0.001 0.052 £ 0.001 0.006 + 0.005 —0.020 £ 0.018
AIL(S)) —0.595 + 0.006 0.259 £ 0.002 0.029 £ 0.026 —0.101 + 0.088

Dt - KVn* Df — KYK* Dt - K9p* Df - KYK**
ALL(S)) 3.90+0.01 291 +0.01 3.01 +£0.03 2.82 +£0.08
ALL(S,) 2.50 +0.01 3.53+0.01 3.08 +0.03 2.65+0.07

D - K9x°(n") D% — K9p° D’ - Kdw D° - K%¢

ALL(S)) —2.76 £0.12 —2.37+£0.12 —3.06 £0.12 -3.70 £0.13
ALL(S,) —2.76 +0.12 -3.27+0.12 -3.06+0.12 —2.714+0.13
Adr(S)) 0 0.076 £+ 0.004 —0.000 £ 0.002 —0.083 + 0.003
AL(S)) 0 0.374 £+ 0.020 —0.001 +0.010 —0.413 £0.015

D° — K970 DY — K9p0 D’ - K D’ — K%¢
ALL(S)) 3.61 £0.12 2.96 +£0.13 3.21+£0.12 3.53£0.13
ALL(S,) 3.61 +£0.12 4.09+0.13 320+0.12 2.59+0.12

AAcp(nt, K") =Acp(DT — K§a) (11, 1)
—Acp(D{ = K§K*)(11.12). (70)

The CP violation in neutral kaon mixing is mostly
eliminated in this observable. Furthermore, the A% and
A terms in the D' — K9z and Df — K$K* modes
have the opposite signs and are constructive in
AAcp(zt,KT). By combining the three-body decays of
D" - K ztzt and D} - K"Kz, the dominant

AAcp(rt",K*)[x107]
|

0.0 0.5 1.0 1.5 2.0 25 3.0
t1/1’s

FIG. 5.
and 1,.

The observable AAqp(xt,K') as a function of f,

systematic asymmetries in measuring AAcp(zt, K1),
including the asymmetries in the selection of z and K
mesons, the asymmetries in the production and discrimi-
nation of different D mesons, and the K* — K° asymmetries
in materials, cancel each other out,

AAcp(nt, KT) = [Auw (DT = K$7¥)(11. 1)
_Araw<D+ - K_”+7T+)]
- [AraW(D:vF - K2K+>(tlv t2>
_Araw(D:v‘r - ﬂ+K+K—)]' (71)

The dependence of AAcp(z™,K') on t; and t, are
displayed in Fig. 5. One can find that AA-p(z™, KT) is
of order of 1073 in most time intervals. Such magnitudes
will be available on Belle II and LHCb in the future and
the favorable time intervals can be selected to facilitate
measurements.

IV. SUMMARY

In this work, we systematically investigate the CP
asymmetries in the D — K¢, P and D — K§,V decays.
The formulas of time-dependent and time-integrated CP
asymmetries are analyzed in detail. The D° — D° mixing
effects and the K9 modes are considered for the first time.
The hadronic parameters are extracted within the topologi-
cal diagram approach by fitting the branching fractions of
the Cabibbo-favored and doubly Cabibbo-suppressed
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modes. The tension between theoretical predictions and
experimental data of K% —K? asymmetries in the
D’ - K9, w and D° — K9, ¢ modes is mitigated. The
interference between the Cabibbo-favored and doubly
Cabibbo-suppressed amplitudes with the mixing of final-
state mesons can reach to be O( 10‘ ) order in the
Dt — K", D* —» KYK*, D* —» K9p°, and D° — K%¢p
modes. The difference in CP asymmetnes between the
Dt — K%z* and Dy — KYK* modes is predicted to be
available on LHCb and Belle II in the near future.
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APPENDIX: CP CONJUGATE AMPLITUDES

With the convention CP|K®) = —|K?) and the unitarity
of the P and C operators, we get

w(CP)'(CP)|D) = —(K°f[Hcp|D). (A1)

where Hep = (CP)H,,(CP)" is the CP conjugate of H,,. H,, is the effective Hamiltonian of [AC| = 1 transitions, which

can be written as

H,, _Gr <VCKMEH:

QAC 1

) + Vikm Z

W) A1( >>), (A2)

where G denotes the Fermi coupling constant, V gy is the product of the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements, and C;,(u) are the Wilson coefficients. The CP transformation of the effective Hamiltonian is derived as

Hep = (CP)—= NG (VCKM Z (Ci() 02 () + Vikm i(ci(ﬂ)QiAc__l(ﬂ))> (CcP)f

(vcm >_(C
(vcm > (G

Here, we have used the relation

QAC —1

(CP)QF () (CP)" =

Taking the effective operator of Cabibbo-favored decays

)(CP) QA= (4 ><CP>‘>+VCKMZ

)+ VCKMZ

(1) (CP) Q2" (1 ><c7>>"'>)

WO (A3)

= 0 (). (A4)

e~ =y, (1 —75)d ® 5y*(1 —ys)c as an example, we

illustrate Eq. (A4) explicitly. The fermion bilinears 7"y, and W 17"ysy, transform as follows [33]:

(CP)(r17*w2)(CP)T = =iyt

Then, we get

(CP)(iay, (1= r5)d)(CP)" = —dy"(1 = ys)u,

(CP)(5y

#(1=75)c)(CP)"

The CP transformation of operator QA5~!(u) then can be written as

(CP)QEF ' (CP)" = (CP)(aay, (1 = y5)d ® 5y*(1 —75)c)(CP)"

=dy'"(1 —ys)u @ ¢r,(1 —ys)s = QAF

(CP) (W1 7#ysw2) (CP)T = —hay,ysw: . (AS)
= —cy,(1 —ys)s. (A6)
AC——I (A7)
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By comparing H,, with H¢p, one can find that the corresponding CKM elements of the operators Q*¢=! () and Q*¢=! (i)
are exchanged. According to Egs. (5), (Al), and (A3), we get

A(D — KOF) = ~(ROf[Hep|D) = T cpell~hor ics),

With the similar derivation, we get

.A(D — Kof) = _<K0f|HCP|D> = —TDCSei<_¢DCS+5DCS),

(A8)

(A9)
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