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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
analyzeCP asymmetries in theD → K0

S;LP andD → K0
S;LV decays, whereP andV denote pseudoscalar and

vectormesons, respectively. The formulas of the time-dependent and time-integratedCP asymmetries in these
modes are derived, in which theD0 − D̄0 mixing effects and the K0

L modes are considered for the first time.
The hadronic parameters that determineCP 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 K0

S − K0
L asymmetries in D0 → K0

S;Lω and D0 → K0
S;Lϕ 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 toOð10−3Þ order in theDþ → K0

Sπ
þ,

Dþ
s → K0

SK
þ, D0 → K0

Sρ
0, and D0 → K0

Sϕ modes. The difference between the CP asymmetries in the
Dþ → K0

Sπ
þ and Dþ

s → K0
SK

þ modes will be available on LHCb and Belle II in the near future.

DOI: 10.1103/2n3h-31qk

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 theCP violation in the charm sector in 2019 [5],

ΔACP ≡ ACPðD0 → KþK−Þ − ACPðD0 → πþπ−Þ
¼ ð−1.54� 0.29Þ × 10−3: ð1Þ

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.

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 Dþ → K0

Sπ
þ decay has been mea-

sured by the Belle Collaboration [14],

ACPðDþ → K0
Sπ

þÞ ¼ ð−3.63� 0.94� 0.67Þ × 10−3; ð2Þ

with a 3.2σ deviation from zero. Theoretical analyses show
that CP asymmetries in D decays into neutral kaons are
dominated by the CP asymmetry in K0 − K̄0 mixing,
AK̄0

CP ≃ −2ReðϵÞ ≈ −3.23 × 10−3. The direct CP asymme-
try Adir

CP, which is induced by the interference between CF
and DCS amplitudes, is smaller than 1 × 10−4. In Ref. [15],
we pointed out a new CP-violating effect, Aint

CP, 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 → K0
S;LP and D → K0

S;LV 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 D0 − D̄0 mixing
effect and theK0

L modes are taken into account. The hadronic
parameters that governCP 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 Aint
CP

could reach to Oð10−3Þ order in several decay modes. The
difference in CP violation between the Dþ → K0

Sπ
þ and

Dþ
s → K0

SK
þ 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
Dmeson decays into neutral kaons. In Sec. III, we predict the
CP asymmetries for D → K0

S;LP and D → K0
S;LV 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 CPjK0i ¼ −jK̄0i,
the neutral kaons K0

S and K0
L are expressed as linear

combinations of K0 and K̄0 [16]

jK0
Si ¼ pjK0i − qjK̄0i; jK0

Li ¼ pjK0i þ qjK̄0i; ð3Þ

where

p ¼ 1þ ϵffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1þ jϵj2Þ

p ; q ¼ 1 − ϵffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1þ jϵj2Þ

p ; ð4Þ

and ϵ is a complex parameter characterizing the CP
asymmetry in neutral kaon mixing, with jϵj ¼ ð2.228�
0.011Þ × 10−3 and ϕϵ ¼ 43.52°� 0.05° [16]. For conven-
ience, we denote the mass, width, and lifetime of K0

S;L by
mS;L, ΓS;L and τS;L, and Γ ¼ ðΓS þ ΓLÞ=2, ΔΓ ¼ ΓS − ΓL,
Δm ¼ mL −mS.
The D → K̄0f and D → K0f decays are Cabibbo-

favored (CF) and doubly Cabibbo-suppressed (DCS) tran-
sitions, respectively. The amplitudes of these two modes
can be written as

AðD → K̄0fÞ ¼ T CFeiðϕCFþδCFÞ;

AðD → K0fÞ ¼ T DCSeiðϕDCSþδDCSÞ; ð5Þ
where T CF;DCS are the magnitudes of the decay amplitudes,
ϕCF;DCS are the weak phases, and δCF;DCS are the strong
phases. The amplitudes of the D̄ → K0f̄ and D̄ → K̄0f̄
decays, where D̄ and f̄ denote the antiparticles of theD and
f mesons, are given by

AðD̄ → K0f̄Þ ¼ −T CFeið−ϕCFþδCFÞ;

AðD̄ → K̄0f̄Þ ¼ −T DCSeið−ϕDCSþδDCSÞ: ð6Þ

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

AðD → K0fÞ=AðD → K̄0fÞ ¼ rfeiðϕþδfÞ; ð7Þ

where rf ¼ T DCS=T CF, ϕ ¼ ϕDCS − ϕCF and δf ¼
δDCS − δCF. The parameters rf and δf depend on the
individual processes, but ϕ is mode independent in the
SM, ϕ ¼ Arg½−V�

cdVus=V�
csVud� ¼ ð−6.2� 0.4Þ × 10−4

[16]. If we express the amplitudes of the D → K0f and
D → K̄0f decays as

AðD → K0fÞ ¼ V�
cdVusT 0

DCSe
iδDCS ;

AðD → K̄0fÞ ¼ V�
csVudT 0

CFe
iδCF ; ð8Þ

where T 0
DCS;CF donate the magnitudes of amplitudes

excluding the CKM matrix elements, we get

AðD → K0fÞ
AðD → K̄0fÞ ¼

V�
cdVus

V�
csVud

T 0
DCS

T 0
CF

eiδf

¼ −
����V�

cdVus

V�
csVud

���� T 0
DCS

T 0
CF

eiðϕþδfÞ

≃ − tan2 θCr̂feiðϕþδfÞ; ð9Þ

where θC is the Cabibbo angle and tan2 θC ≃ jðV�
cdVusÞ=

ðV�
csVudÞj ∼ λ2 ∼ 0.05, r̂f ¼ T 0

DCS=T
0
CF ∼Oð1Þ, and then

rf ≃ − tan2 θCr̂f ∼Oð10−2Þ.
In experiments, a K0

S meson is reconstructed by πþπ−

final state at a time close to its lifetime τS. Hence, both the
K0

S and K0
L states serve as the intermediate states in

the chain decays through the K0
S − K0

L oscillation [13].
The chain decay, taking Dþ → K0

Sπ
þ as an example, is

depicted schematically in Fig. 1. The time-dependent CP
asymmetry is defined by

ACPðtÞ≡ ΓππðtÞ − Γ̄ππðtÞ
ΓππðtÞ þ Γ̄ππðtÞ

; ð10Þ

FIG. 1. Schematic description of the chain decay
Dþ → KðtÞð→ πþπ−Þπþ.
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where

ΓππðtÞ≡ ΓðD → KðtÞð→ πþπ−ÞfÞ; Γ̄ππðtÞ≡ ΓðD̄ → KðtÞð→ πþπ−Þf̄Þ: ð11Þ

The intermediate state KðtÞ is a time-evolved neutral kaon, either K0ðtÞ or K̄0ðtÞ, and t is the time difference between the
charm decay and the neutral kaon decay in the kaon rest frame. The amplitude AðD → KðtÞð→ πþπ−ÞfÞ can be written as

AðD → KðtÞð→ πþπ−ÞfÞ ¼ AðD → K0fÞ
�
gþðtÞAðK0 → πþπ−Þ þ q

p
g−ðtÞAðK̄0 → πþπ−Þ

�

þAðD → K̄0fÞ
�
gþðtÞAðK̄0 → πþπ−Þ þ p

q
g−ðtÞAðK0 → πþπ−Þ

�
; ð12Þ

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

g�ðtÞ ¼
1

2
e−iðmL−i

2
ΓLÞt � 1

2
e−iðmS−i

2
ΓSÞt: ð13Þ

The amplitude AðD̄ → KðtÞð→ πþπ−Þf̄Þ can be obtained
by replacingAðD → K0fÞ andAðD → K̄0fÞ withAðD̄ →
K0f̄Þ and AðD̄ → K̄0f̄Þ in Eq. (12).
Neglecting the tiny direct CP asymmetry in K0 → πþπ−

decay, i.e., AðK̄0 → πþπ−Þ ¼ −AðK0 → πþπ−Þ, the time-
dependent CP asymmetry is derived as

ACPðtÞ ≃ ½AK̄0

CPðtÞ þ Adir
CPðtÞ þ Aint

CPðtÞ�=DðtÞ; ð14Þ

with the denominator

DðtÞ ¼ e−ΓStð1 − 2rf cos δf cosϕÞ þ e−ΓLtjϵj2: ð15Þ

Here, we retain jϵj2 to avoid the singularity. The first term
AK̄0

CPðtÞ in numerator denotes the CP violation in neural
kaon mixing [13],

AK̄0

CPðtÞ ¼ 2ReðϵÞe−ΓSt − 2e−ΓtðReðϵÞ cosðΔmtÞ
þ ImðϵÞ sinðΔmtÞÞ: ð16Þ

It is induced by the interference between CF decays with
and without neutral kaon mixing. It is independent of rf,
i.e., the DCS amplitude. The second term Adir

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

Adir
CPðtÞ ¼ 2e−ΓStrf sin δf sinϕ: ð17Þ

The third term Aint
CPðtÞ arises from the interference between

the CF and DCS amplitudes with neutral kaon mixing,

Aint
CPðtÞ ¼ −4rf sin δf cosϕðImðϵÞe−ΓSt

− e−ΓtðImðϵÞ cosðΔmtÞ
−ReðϵÞ sinðΔmtÞÞÞ: ð18Þ

It has been pointed out in [15] as a new CP-violating effect.
Aint
CPðtÞ arises from the mother decay and the daughter

mixing, which does not belong to any types of the traditional
classification ofCP violation given in PDG [16]. It is not the
CP violation in neutral kaon mixing, as it vanishes in rf ¼ 0

or δf ¼ 0. It is not the directCP asymmetry in charm decays,
as it does not vanish as ϕ → 0. The mechanism responsible
for Aint

CPðtÞ is different from the CP asymmetry induced by
the interference between a decay without mixing M0 → f
and a decay with mixing M0 → M̄0 → f in which both the
oscillation and decay occur in the mother particle. Its weak
phase ofAint

CPðtÞ arises from (daughter) kaonmixing, ϵ, while
strong phase ofAint

CPðtÞ arises from (mother) charm decay, δf.
To emphasize the specificity of Aint

CPðtÞ, we compare the
Aint
CPðtÞwith the three types of CPV given by PDG in Table I.
The direct CP violation in charm decays is time-

independent:

Adir
CPðtÞ
DðtÞ ≃

2rf sin δf sinϕ

1 − 2rf cos δf cosϕ
: ð19Þ

This is expected, since the direct CP asymmetry arises
purely from charm decays and is independent of the
time evolution of K0 and K̄0. Under the convention
CPjK0i ¼ −jK̄0i, the CP-even and CP-odd eigenstates
of the neutral kaons are

jK0þi ¼ ðjK0i − jK̄0iÞ=
ffiffiffi
2

p
; jK0

−i ¼ ðjK0i þ jK̄0iÞ=
ffiffiffi
2

p
:

ð20Þ
The direct CP asymmetry can be defined by

ACPðD → K0þfÞ≡ ΓðD → K0þfÞ − ΓðD̄ → K0þf̄Þ
ΓðD → K0þfÞ þ ΓðD̄ → K0þf̄Þ

: ð21Þ

From Eqs. (16)–(18), it is found that AK̄0

CPðtÞ and Aint
CPðtÞ

vanish at t ¼ 0, and

ACPðt ¼ 0Þ ¼ Adir
CPðt ¼ 0Þ
Dðt ¼ 0Þ ¼ 2rf sin δf sinϕ

1 − 2rf cos δf cosϕ
: ð22Þ
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The direct CP asymmetry can thus be extracted by
measuring the time-dependent CP asymmetry and extrapo-
lating it to t ¼ 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

ACPðt1; t2Þ ¼
R t2
t1 dt½AK̄0

CPðtÞ þ Adir
CPðtÞ þ Aint

CPðtÞ�R t2
t1 dtDðtÞ : ð23Þ

The time-integrated CP asymmetry reduces to

ACPðt1; t2Þ ≃
2rf sin δf sinϕ

1 − 2rf cos δf cosϕ
þ 2ReðϵÞ − 4ImðϵÞrf cosϕ sin δf

1 − 2rf cos δf cosϕ

×

"
1 −

½cðt1Þ − cðt2Þ� þ ImðϵÞþ2ReðϵÞrf cosϕ sin δf
ReðϵÞ−2ImðϵÞrf cosϕ sin δf

½sðt1Þ − sðt2Þ�
τSΓð1þ x2Þðe−t1=τS − e−t2=τSÞ

#
; ð24Þ

with x≡ Δm=Γ, cðtÞ ¼ e−Γt½cosðΔmtÞ − x sinðΔmtÞ�, and sðtÞ ¼ e−Γt½x cosðΔmtÞ þ sinðΔmtÞ�. The first term, which is
independent of t1;2, corresponds to thedirectCP asymmetry in charmdecays. In the rest ofEq. (24), the termsproportional to rf
represent the Aint

CPðt1; t2Þ term, and those independent of rf correspond to theCP violation in neutral kaon mixing. In the limit
t1 ≪ τS ≪ t2 ≪ τL, we have e−Γt1 ¼ e−ΓSt1 ¼ 1 and e−Γt2 ¼ e−ΓSt2 ¼ 0. The time-integrated CP violation can be written as

ACPðt1 ≪ τS ≪ t2 ≪ τLÞ ≃
2rf sin δf sinϕ

1 − 2rf cos δf cosϕ
þ 2ðReðϵÞ − 2ImðϵÞrf cosϕ sin δfÞ

1 − 2rf cos δf cosϕ

×

�
1 −

2

1þ x2
−
ImðϵÞ þ 2ReðϵÞrf cosϕ sin δf
ReðϵÞ − 2ImðϵÞrf cosϕ sin δf

2x
1þ x2

�
: ð25Þ

Under the approximation of ReðϵÞ=ImðϵÞ ≃ −y=x and y ≈ −1 [18], we get

ACPðt1 ≪ τS ≪ t2 ≪ τLÞ ≃
−2ReðϵÞ þ 2rf sin δf sinϕ − 4rfImðϵÞ cosϕ sin δf

1 − 2rf cosϕ cos δf

¼ ½AK̄0

CP þ Adir
CP þ Aint

CP�=D: ð26Þ

The K0
S − K0

L asymmetry is defined and expressed as

RðD → K0
S;LfÞ≡ ΓðD → K0

SfÞ − ΓðD → K0
LfÞ

ΓðD → K0
SfÞ þ ΓðD → K0

LfÞ
≃ −2rf cos δf ≃D − 1: ð27Þ

In the SM, the total CP asymmetry is dominated by CP violation in neural kaon mixing, AK̄0

CP ≃ −2ReðϵÞ ≈ −3.23 × 10−3.
The direct CP asymmetry Adir

CP is of order of 10−5, since rf ∼Oð10−2Þ and ϕ ∼Oð10−4Þ. It is far below the precision
of forthcoming experiments. However, the CP-violating effect Aint

CP is of order ofOð10−4Þ, which is significantly larger than
the direct CP asymmetry.

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

Source of width difference Weak phase Strong phase

Direct CPV in decay jAði → fÞj2 ≠ jAðī → f̄Þj2 Mother particle decay Mother particle decay
Indirect CPV in mixing jAðP → P̄Þj2 ≠ jAðP̄ → PÞj2 Mother meson mixing /
CPV in interference between mother
decay without and with mixing

jAðP → fÞ þAðP → P̄ → fÞj2
≠ jAðP̄ → fÞ þAðP̄ → P → fÞj2

Mother meson mixing sinðΔmtÞ, cosðΔmtÞ

CPV in interference between mother
decay and daughter mixing

jAði → PÞ þAði → P̄ → PÞj2
≠ jAðī → P̄Þ þAðī → P → P̄j2

Daughter meson mixing Mother particle decay
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Note that the interference between charm decay and
K0 − K̄0 mixing, Aint

CPðtÞ, is proportional to rf and sin δf.
This implies that the interference occurs only when both
D → K0f and D → K̄0f decays are present simultaneously.
In the SCS decay modes, such as Dþ → K0

SK
þ and

Dþ
s → K0

Sπ
þ, the K0

S meson originates only from K̄0 (for
Dþ → K0

SK
þ) orK0 (forDþ

s → K0
Sπ

þ), but not both. Due to
the absence of two decay amplitudes with distinct origins,
the interference between charm decays and K0 − K̄0 mixing
vanishes.
In this work, we use the convention CPjK0i ¼ −jK̄0i. In

some literature, such as Ref. [7], CPjK0i ¼ þjK̄0i is
adopted. Under this convention, the formulas for Aint

CP and
Adir
CP acquire an overall minus sign. On the other hand, the

ratio rf¼TDCS=TCF≃−tan2θCr̂f¼−tan2θCðT 0
DCS=T

0
CFÞ

has the opposite sign under the two conventions. If we
perform a phase transformation on K0 and K̄0 as

jK0i ⇒ eiαjK0i; jK̄0i ⇒ eiβjK̄0i; ð28Þ
we have

CPjK0i ¼ jK̄0i ⇒ CPjK0i ¼ eiðβ−αÞjK̄0i: ð29Þ
The conventions CPjK0i ¼ −jK̄0i and CPjK0i ¼ þjK̄0i
are related to each other via Eq. (28) if ðβ − αÞ ¼ π. The ratio
AðD → K0fÞ=AðD → K̄0fÞ transforms as

hK0fjHwjDi
hK̄0fjHwjDi ⇒

e−iαhK0fjHwjDi
e−iβhK̄0fjHwjDi ¼ eiðβ−αÞ

hK0fjHwjDi
hK̄0fjHwjDi :

ð30Þ

Thus, rf is not invariant under such a phase transformation.
The condition ðβ − αÞ ¼ π gives rf the opposite sign
between the two conventions. As a result, the phase con-
vention of jK0i and jK̄0i does not affect the final formulas of
CP asymmetries.

C. D0 − D̄0 mixing effect

For D0 meson decays into K0
S and a CP eigenstate f0CP,

where f0CP is π0, η, η0, ρ0, ω, or ϕ in the D → PP and
D → PV modes, the D0 − D̄0 mixing should be consid-
ered. The chain decay D0 → K0

Sð→ πþπ−Þπ0 is depicted
schematically in Fig. 2. To express the amplitudes of D0

decays, we use the following standard notations:

AK0
S
≡AðD → KðtÞð→ πþπ−ÞfÞ; ĀK0

S
≡AðD̄ → KðtÞð→ πþπ−Þf̄Þ; λK0

S
≡ qD

pD

ĀK0
S

AK0
S

;

ΓD0 ≡ ΓD0
1
þ ΓD0

2

2
; xD ≡ ΔmD0

ΓD0

¼
mD0

1
−mD0

2

ΓD0

; yD ≡ ΔΓD0

2ΓD0

¼
ΓD0

1
− ΓD0

2

2ΓD0

; ð31Þ

where D0
1 and D0

2 are the mass eigenstates of neutral D mesons, jD0
1;2i ¼ pDjD0i ∓ qDjD̄0i with qD=pD ¼ jqD=pDjeiϕD .

Here, the convention CPjD0i ¼ −jD̄0i is used. Note that the final states of the D0 → K0
�f

0
CP and D̄0 → K0

�f
0
CP decays are

CP eigenstates. From Eq. (20), the amplitudes of D̄0 → K0þf0CP and D̄0 → K0
−f0CP decays are expressed as

AðD̄0 → K0þf0CPÞ ¼ −ηf0CPηK0
þ
ð−1ÞJ

h
T DCSeið−ϕDCSþδDCSÞ − T CFeið−ϕCFþδCFÞ

i. ffiffiffi
2

p
; ð32Þ

AðD̄0 → K0
−f0CPÞ ¼ −ηf0CPηK0

−
ð−1ÞJ

h
T DCSeið−ϕDCSþδDCSÞ þ T CFeið−ϕCFþδCFÞ

i. ffiffiffi
2

p
; ð33Þ

where ηf0CP and ηK0
�
denote the CP quantum numbers of f0CP and K0

� mesons, and J is the orbital angular momentum of

final state. The overall minus sign in Eqs. (32) and (33) is from CPjD0i ¼ −jD̄0i. Since ηK0
�
¼ �1, we can express

amplitudes of the D̄0 → K0f0CP and D̄0 → K̄0f0CP as

AðD̄0 → K0f0CPÞ ¼
1ffiffiffi
2

p ½AðD̄0 → K0þf0CPÞ þAðD̄0 → K0
−f0CPÞ�

¼ ηf0CPð−1ÞJ T CFeið−ϕCFþδCFÞ; ð34Þ

FIG. 2. Schematic description of the chain decay
D0 → K0

Sð→ πþπ−Þπ0.
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AðD̄0 → K̄0f0CPÞ ¼
1ffiffiffi
2

p ½−AðD̄0 → K0þf0CPÞ þAðD̄0 → K0
−f0CPÞ�

¼ ηf0CPð−1ÞJ T CFeið−ϕDCSþδDCSÞ: ð35Þ

Note that ηf0CP ¼ −1, J ¼ 0 for f0CP being a pseudoscalar meson and ηf0CP ¼ þ1, J ¼ 1 for f0CP being a vector meson.
One can find that Eqs. (34) and (35) are the same as Eq. (6).
TheD0 meson mixing parameter xD ¼ ΔmD0=ΓD0 is much smaller than that for B0

d;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 D0 → K0

Sf
0
CP and D̄0 → K0

Sf
0
CP decays can be expressed as [19]

ΓðD0 → K0
Sf

0
CPÞ ¼

Z
∞

0

ΓðD0ðt0Þ → K0
Sf

0
CPÞdt0 ¼ jAK0

S
j2
�
1þ

1þ jλK0
S
j2

2

y2D
1 − y2D

−
1 − jλK0

S
j2

2

x2D
1þ x2D

þReðλK0
S
Þ yD
1 − y2D

− ImðλK0
S
Þ xD
1þ x2D

�
; ð36Þ

ΓðD̄0 → K0
Sf

0
CPÞ ¼

Z
∞

0

ΓðD̄0ðt0Þ → K0
Sf

0
CPÞdt0 ¼ jĀK0

S
j2
�
1þ

1þ jλ−1K0
S
j2

2

y2D
1 − y2D

−
1 − jλ−1K0

S
j2

2

x2D
1þ x2D

þReðλ−1K0
S
Þ yD
1 − y2D

− Imðλ−1K0
S
Þ xD
1þ x2D

�
: ð37Þ

Here, t0 is the time interval from D0 production to its decay, which has been integrated over. Note that the first terms in the
above expressions are independent of D0 − D̄0 mixing, while the remaining terms are functions of the mixing parameters.
With the small values of rf, jϵj, xD, and yD, the total CP asymmetry in D0 decays is derived as

ACPðtÞ ≃ ½AK̄0

CPðtÞ þ Adir
CPðtÞ þ Aint

CPðtÞ þ AD̄0

CPðtÞ þ Adm
CPðtÞ þ AD̄0;DCS

CP ðtÞ�=DD0ðtÞ; ð38Þ

in which

DD0ðtÞ ¼ e−ΓSt

�
1 − 2rf cos δf cosϕþ 1

2

����� qDpD

����þ
����pD

qD

����
�
yD cosϕD

�
þ e−ΓLtjϵj2

≃ e−ΓStð1 − 2rf cos δf cosϕþ yDÞ þ e−ΓLtjϵj2; ð39Þ

and t 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 D0 − D̄0 mixing,

AD̄0

CPðtÞ ¼ e−ΓSt

�
yD
2

����� qDpD

����−
����pD

qD

����
�
cosϕD −

xD
2

����� qDpD

����þ
����pD

qD

����
�
sinϕD

�
: ð40Þ

After integrating over the flying time of neutral kaons, AD̄0

CP is derived as

AD̄0

CP ¼ yD
2

����� qDpD

����−
����pD

qD

����
�
; cosϕD −

xD
2

����� qDpD

����þ
����pD

qD

����
�
sinϕD ¼ −amCP − aiCP ¼ −Aind

CP; ð41Þ

in which amCP is the indirect CP violation inD0 − D̄0 mixing and aiCP is the interference betweenD0 decay with and without
D0 − D̄0 mixing [19],

amCP ¼ −
yD
2

����� qp
����−
����pq

����
�
cosϕD; aiCP ¼ xD

2

����� qp
����þ

����pq
����
�
sinϕD: ð42Þ

AD̄0

CP given by HFAG [20] is
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AD̄0

CP ¼ −aindCP ¼ ð0.010� 0.012Þ%; ð43Þ

which is much smaller than the CP violation in neutral kaon mixing. The fifth term, Adm
CPðtÞ, is the interference between

D0 − D̄0 mixing and K0 − K̄0 mixing,

Adm
CPðtÞ ¼

�
yD

����� qDpD

����−
����pD

qD

����
�
sinϕD þ xD

����� qDpD

����þ
����pD

qD

����
�
cosϕD

�
ImðϵÞe−ΓSt

−
�
yD

����� qDpD

����−
����pD

qD

����
�
sinϕD þ xD

����� qDpD

����þ
����pD

qD

����
�
cosϕD

�
ImðϵÞ cosðΔmtÞe−Γt

þ
�
yD

����� qDpD

����−
����pD

qD

����
�
sinϕD þ xD

����� qDpD

����þ
����pD

qD

����
�
cosϕD

�
ReðϵÞ sinðΔmtÞe−Γt: ð44Þ

It is a case of double-mixing induced CP asymmetry pointed out in Refs. [21,22]. Adm
CPðtÞ is doubly suppressed by the small

parameters xD, yD, and ϵ and can be neglected. The sixth term, AD̄0;DCS
CP ðtÞ, is the interference between the DCS amplitudes

and the CF amplitudes with the D0 − D̄0 mixing,

AD̄0;DCS
CP ðtÞ ¼ −e−ΓStrf

������ qDpD

����þ
����pD

qD

����
�
xD sinϕþ

�
yD

����� qDpD

����−
����pD

qD

����
�
cosϕD − xD

����� qDpD

����þ
����pD

qD

����
�
sinϕD

��
; ð45Þ

which is negligible in the SM. The phase convention forD0

and D̄0 does not affect the physical observables. If the
convention CPjD0i ¼ þjD̄0i is adopted, an additional
minus sign would appear in Eqs. (34), (35), as well as
the ReðλK0

S
Þ and ImðλK0

S
Þ terms in Eqs. (36), (37). Then,

Eq. (38) is the same under CPjD0i ¼ þjD̄0i and
CPjD0i ¼ −jD̄0i.

D. CP violation in K0
L modes

In Belle experiments, the pure jK0
Li state can be

established on K0
L and μ detection (KLM). To formulate

the CP violation in K0
L modes, a reasonable expression for

hK0
Lj state is required. In the case of CP conservation, we

have hK0
Lj ¼ ðjK0

LiÞ†. 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,

jψðtÞi ¼ ψ1ðtÞjK0i þ ψ2ðtÞjK̄0i; ð46Þ

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

i
∂

∂t
jψðtÞi ¼ HjψðtÞi: ð47Þ

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

H ¼ M −
i
2
Γ ¼

�
M11 − i

2
Γ11; M12 − i

2
Γ12

M21 − i
2
Γ21; M22 − i

2
Γ22

�
; ð48Þ

where M ¼ M†, Γ ¼ Γ†. 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−1HX ¼ diagðμH; μLÞ; ð49Þ

where X−1 ≠ X†. Since X is nonunitary, the left-
eigenvectors of H, hK0

Sj, and hK0
Lj are not the Hermitian

conjugates of their right eigenvectors, jK0
Si and jK0

Li. In
this case, hK0

Sj and hK0
Lj are obtained from X−1 rather than

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

hK0
LjK0

Si¼hK0
SjK0

Li¼0; hK0
LjK0

Li¼hK0
SjK0

Si¼1: ð50Þ

With these equations, the left eigenvectors of H can be
expressed as

hK0
Sj ¼

1

2p
hK0j − 1

2q
hK̄0j

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ jϵj2

2

r �
1

1þ ϵ
hK0j − 1

1 − ϵ
hK̄0j

�
; ð51Þ

hK0
Lj ¼

1

2p
hK0j þ 1

2q
hK̄0j

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ jϵj2

2

r �
1

1þ ϵ
hK0j þ 1

1 − ϵ
hK̄0j

�
: ð52Þ
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According to Eq. (52), the amplitudes for the D → K0
Lf and D̄ → K0

Lf̄ decays read as

AðD → K0
LfÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ jϵj2

2

r �
1

1þ ϵ
T DCSeiðϕDCSþδDCSÞ þ 1

1 − ϵ
T CFeiðϕCFþδCFÞ

�
; ð53Þ

AðD̄ → K0
Lf̄Þ ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ jϵj2

2

r �
1

1þ ϵ
T CFeið−ϕCFþδCFÞ þ 1

1 − ϵ
T DCSeið−ϕDCSþδDCSÞ

�
: ð54Þ

With Eqs. (53) and (54), along with the convention in Eq. (7), the CP asymmetry in the D → K0
Lf modes is derived as

ACPðD → K0
LfÞ ¼

jAðD → K0
LfÞj2 − jAðD̄ → K0

Lf̄Þj2
jAðD → K0

LfÞj2 þ jAðD̄ → K0
Lf̄Þj2

≃
2ReðϵÞ − 2rf sin δf sinϕþ 4rfImðϵÞ cosϕ sin δf

1þ 2rf cosϕ cos δf

¼ −½AK̄0

CP þ Adir
CP þ Aint

CP�=D0: ð55Þ

It can be found that all terms in the numerator are opposite to those in the time-integrated CP asymmetry for K0
S modes

under the limitation of t1 ≪ τS ≪ t2 ≪ τL. The direct CP asymmetry is induced by the interference between CF and DCS
amplitudes. From Eqs. (21) and (20), we have

ΓðD → K0
−fÞ − ΓðD̄ → K0

−f̄Þ
ΓðD → K0þfÞ − ΓðD̄ → K0þf̄Þ

¼ −1; ð56Þ

where the minus sign between the K0
L and K0

S modes is evident. Similarly, the difference in the denominators between the
K0

L and K0
S modes can also be be understood since

ΓðD → K0
−fÞ þ ΓðD̄ → K0

−f̄Þ
ΓðD → K0þfÞ þ ΓðD̄ → K0þf̄Þ

¼ 1þ 2rf cos δf cosϕ

1 − 2rf cos δf cosϕ
: ð57Þ

As for AK̄0

CP and Aint
CP terms, they are significantly different between theK0

S andK
0
L modes, since AK̄0

CP and Aint
CP in chain decay

D → KðtÞð→ πþπ−Þf are associated with K0
S − K0

L oscillation, to which both K0
S and K0

L contribute. If a pure K0
S is

considered, we can define a fake CP violation in the D → K0
Sf mode, which is derived as

AFake
CP ðD → K0

SfÞ ¼
jAðD → K0

SfÞj2 − jAðD̄ → K0
Sf̄Þj2

jAðD → K0
SfÞj2 þ jAðD̄ → K0

Sf̄Þj2

≃
2ReðϵÞ þ 2rf sin δf sinϕ − 4rfImðϵÞ cosϕ sin δf

1 − 2rf cosϕ cos δf
: ð58Þ

This result is consistent with Eq. (14) if only the e−ΓSt terms
are retained. The opposite sign in Eqs. (55) and (26)
originates from the e−Γt terms to which K0

L contribute and
the approximations of ReðϵÞ=ImðϵÞ ≃ −y=x and y ≈ −1.
For D0 decays into K0

L, the time-integrated decay rates
can be obtained by replacingAK0

S
, ĀK0

S
, λK0

S
withAK0

L
, ĀK0

L
,

λK0
L
, respectively. Then, total CP asymmetry in the

D0 → K0
Lf

0
CP reads as

ACPðD0 → K0
Lf

0
CPÞ ≃ −½AK̄0

CP þ Adir
CP þ Aint

CP þ AD̄0

CP�=D0
D0 ;

ð59Þ

where D0
D0 ≃ 1þ 2rf cos δf cosϕ − yD. One can find

that the term induced by D0 − D̄0 mixing in Eq. (59)
has the opposite sign compared to that in Eq. (38). If we
neglect the CP violation in K0 − K̄0 mixing and note that
ϕDCS ≃ ϕCF ≈ 0 in the SM, we get

λK0
L
≡ qD

pD

ĀK0
L

AK0
L

≃
qD
pD

ĀK0
−

AK0
−

¼ −
qD
pD

ĀK0
þ

AK0
þ

≃−
qD
pD

ĀK0
S

AK0
S

≡−λK0
S
:

ð60Þ
Thereby, those terms proportional to xD and yD (but not x2D
and y2D) in Eqs. (36) and (37) have the opposite sign
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between the K0
S and K0

L modes, which explains the minus
sign between Eqs. (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. TheD → PP decays are dominated by the color-
allowed tree diagram T, the color-suppressed tree diagram
C, the W-exchange diagram E, 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 SUð3Þ breaking effects are
known to be significant in the SCS modes. For instance,
the difference between penguin diagrams Pd and Ps (where

subscript denotes the d or s in the quark loop),
ΔP ¼ Pd − Ps, could enhance the SUð3Þ symmetry break-
ing in the SCS modes. The η − η0 mixing angle is defined as

�
η

η0

�
¼

�
cosϕ − sinϕ

sinϕ cosϕ

��
ηq

ηs

�
: ð61Þ

In this work, we take ϕ ¼ 40.4° since the newest mea-
surements by BESIII gave ϕ ¼ ð40.0� 2.0� 0.6Þ° [25]
and ϕ ¼ ð40.2� 2.1� 0.7Þ° [26], and ϕ ¼ 40.4° is often
used in the literature.
The topological amplitudes for the D → K0

S;LP and
D → K0

S;LV 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 SUð3ÞF breaking
effects, we introduce a factor fK=fπ ∼ 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 T [27]. The πþ and Kþ mesons are emitted via T
diagram in the CF and DCS decay modes, respectively. The
best-fit results (in units of 10−6 GeV) for the D → PP
modes are

jTj ¼ 3.147� 0.009; jCj ¼ 2.541� 0.009; ϕC ¼ ð−152.25� 0.26Þ°;
jEj ¼ 1.447� 0.024; ϕE ¼ ð122.32� 0.36Þ°; jAj ¼ 0.395� 0.009; ϕA ¼ ð−10.30� 1.97Þ°; ð62Þ

with χ2=:dnf ¼ 2.2. For the D → PV modes, we use 26 branching fractions to fit 15 parameters. We do not introduce a
SUð3ÞF symmetry-breaking factor for the D → PV modes, because different mesons are emitted via TV and TP diagrams.
The best-fit results (in units of 10−6 GeV) for the D → PV modes are

TABLE II. Representations of topological amplitudes and branching fractions for the D → K0
S;LP decays. Our results are given in the

last column, compared to the experimental data [16].

Modes Representation Bexp Bth

D0 → K0
Sπ

0 1
2
V�
cdVusðC − EÞ − 1

2
V�
csVudðC − EÞ ð1.240� 0.022Þ% ð1.244� 0.014Þ%

D0 → K0
Lπ

0 1
2
V�
cdVusðC − EÞ þ 1

2
V�
csVudðC − EÞ ð0.976� 0.032Þ% ð0.964� 0.011Þ%

D0 → K0
Sη V�

cdVus½12 ðCþ EÞ cosϕη − 1ffiffi
2

p E sinϕη� − V�
csVud½12 ðCþ EÞ cosϕη − 1ffiffi

2
p E sinϕη� ð0.508� 0.013Þ% ð0.522� 0.004Þ%

D0 → K0
Lη V�

cdVus½12 ðCþ EÞ cosϕη − 1ffiffi
2

p E sinϕη� þ V�
csVud½12 ðCþ EÞ cosϕη − 1ffiffi

2
p E sinϕη� ð0.434� 0.016Þ% ð0.405� 0.003Þ%

D0 → K0
Sη

0 V�
cdVus½12 ðCþ EÞ sinϕη þ 1ffiffi

2
p E cosϕη� − V�

csVud½12 ðCþ EÞ sinϕη þ 1ffiffi
2

p E cosϕη� ð0.951� 0.032Þ% ð0.984� 0.023Þ%
D0 → K0

Lη
0 V�

cdVus½12 ðCþ EÞ sinϕη þ 1ffiffi
2

p E cosϕη� þ V�
csVud½12 ðCþ EÞ sinϕη þ 1ffiffi

2
p E cosϕη� ð0.812� 0.035Þ% ð0.763� 0.018Þ%

Dþ → K0
Sπ

þ 1ffiffi
2

p V�
cdVusðCþ AÞ − 1ffiffi

2
p V�

csVudðT þ CÞ ð1.561� 0.031Þ% ð1.527� 0.027Þ%
Dþ → K0

Lπ
þ 1ffiffi

2
p V�

cdVusðCþ AÞ þ 1ffiffi
2

p V�
csVudðT þ CÞ ð1.46� 0.05Þ% ð1.56� 0.03Þ%

Dþ
s → K0

SK
þ 1ffiffi

2
p V�

cdVusðT þ CÞ − 1ffiffi
2

p V�
csVudðCþ AÞ ð1.500� 0.014Þ% ð1.501� 0.020Þ%

Dþ
s → K0

LK
þ 1ffiffi

2
p V�

cdVusðT þ CÞ þ 1ffiffi
2

p V�
csVudðCþ AÞ ð1.49� 0.06Þ% ð1.52� 0.02Þ%
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jTV j ¼ 2.677� 0.066; jTPj ¼ 5.528� 0.105; ϕTP
¼ ð73.80� 4.22Þ°;

jCV j ¼ 1.952� 0.041; ϕCV
¼ ð254.44� 2.24Þ°; jCPj ¼ 2.310� 0.025; ϕCP

¼ ð206.21� 1.13Þ°;
jEV j ¼ 1.967� 0.051; ϕEV

¼ ð−38.09� 2.03Þ°; jEPj ¼ 1.557� 0.033; ϕEP
¼ ð64.58� 4.01Þ°;

jAV j ¼ 0.542� 0.012; ϕAV
¼ ð−174.79� 5.24Þ°; jAPj ¼ 0.347� 0.014; ϕAP

¼ ð178.41� 5.64Þ°; ð63Þ

with χ2=:dnf ¼ 3.1. The predicted branching fractions for
theD → PP andD → 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 SUð3ÞF symmetry

in the Cabibbo-favored and doubly Cabibbo-suppressed
D meson decays.
The predicted K0

S − K0
L asymmetries are shown in

Table VI. Our results are compared with those from
the factorization-assisted topological-amplitude (FAT)

TABLE III. Same as Table II for the D → K0
S;PV decays.

Modes Representation Bexp Bth

D0 → K0
Sρ

0 1
2
V�
cdVusðCV − EPÞ − 1

2
V�
csVudðCV − EVÞ ð0.64þ0.06

−0.08 Þ% ð0.57� 0.04Þ%
D0 → K0

Lρ
0 1

2
V�
cdVusðCV − EPÞ þ 1

2
V�
csVudðCV − EVÞ ð0.46� 0.04Þ%

D0 → K0
Sω

1
2
V�
cdVusðCV þ EPÞ − 1

2
V�
csVudðCV þ EVÞ ð1.11� 0.06Þ% ð1.16� 0.06Þ%

D0 → K0
Lω

1
2
V�
cdVusðCV þ EPÞ þ 1

2
V�
csVudðCV þ EVÞ ð1.16� 0.04Þ% ð1.12� 0.05Þ%

D0 → K0
Sϕ

1ffiffi
2

p V�
cdVusEV − 1ffiffi

2
p V�

csVudEP ð0.425� 0.029Þ% ð0.395� 0.018Þ%
D0 → K0

Lϕ
1ffiffi
2

p V�
cdVusEV þ 1ffiffi

2
p V�

csVudEP ð0.407� 0.023Þ% ð0.419� 0.018Þ%
Dþ → K0

Sρ
þ 1ffiffi

2
p V�

cdVusðCV þ APÞ − 1ffiffi
2

p V�
csVudðTP þ CVÞ ð6.14þ0.60

−0.35 Þ% ð6.54� 0.43Þ%
Dþ → K0

Lρ
þ 1ffiffi

2
p V�

cdVusðCV þ APÞ þ 1ffiffi
2

p V�
csVudðTP þ CVÞ ð7.39� 0.45Þ%

Dþ
s → K0

SK
�þ 1ffiffi

2
p V�

cdVusðTP þ CVÞ − 1ffiffi
2

p V�
csVudðCV þ APÞ ð0.80� 0.07Þ% ð0.84� 0.05Þ%

Dþ
s → K0

LK
�þ 1ffiffi

2
p V�

cdVusðTP þ CVÞ þ 1ffiffi
2

p V�
csVudðCV þ APÞ ð1.22� 0.06Þ%

TABLE IV. Experimental branching fractions we have used in the global fit of theD → PPmodes compared with our predictions. All
data are taken from PDG [16].

Modes Bexp Bth Modes Bexp Bth

D0 → πþK− ð3.945� 0.030Þ% ð3.939� 0.036Þ% Dþ
s → πþη ð1.686� 0.027Þ% ð1.673� 0.024Þ%

Dþ
s → πþη0 ð3.95� 0.08Þ% ð3.96� 0.03Þ% D0 → π−Kþ ð1.50� 0.07Þ‱ ð1.60� 0.01Þ‱

Dþ → π0Kþ ð2.08� 0.21Þ‱ ð2.14� 0.02Þ‱ Dþ → Kþη ð1.25� 0.16Þ‱ ð1.38� 0.01Þ‱
Dþ → Kþη0 ð1.85� 0.20Þ‱ ð1.37� 0.02Þ‱

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

Modes Bexp Bth Modes Bexp Bth

D0 → πþK�− ð5.42� 0.40Þ% ð6.01� 0.32Þ% D0 → π0K̄�0 ð3.15� 0.31Þ% ð3.05� 0.10Þ%
D0 → K−ρþ ð11.2� 0.7Þ% ð11.4� 0.8Þ% D0 → ηK̄�0 ð1.41� 0.12Þ% ð1.52� 0.11Þ%
Dþ → πþK̄�0 ð1.57� 0.13Þ% ð1.61� 0.15Þ% Dþ

s → πþρ0 ð0.0114� 0.0016Þ% ð0.0118� 0.0027Þ%
Dþ

s → πþω ð0.193� 0.030Þ% ð0.228� 0.009Þ% Dþ
s → πþϕ ð4.5� 0.4Þ% ð3.6� 0.2Þ%

Dþ
s → KþK̄�0 ð3.82� 0.07Þ% ð3.83� 0.09Þ% Dþ

s → ηρþ ð8.9� 0.8Þ% ð7.2� 0.3Þ%
Dþ

s → η0ρþ ð5.8� 1.5Þ% ð5.5� 0.2Þ% D0 → π−K�þ ð3.45þ1.80
−1.02 Þ‱ ð3.42� 0.25Þ‱

Dþ → πþK�0 ð3.45� 0.60Þ‱ ð2.59� 0.06Þ‱ Dþ → π0K�þ ð3.4� 1.4Þ‱ ð5.4� 0.2Þ‱
Dþ → Kþρ0 ð1.9� 0.5Þ‱ ð1.4� 0.1Þ‱ Dþ → Kþω ð0.57þ0.25

−0.21 Þ‱ ð0.84� 0.05Þ‱
Dþ → Kþϕ ð0.090� 0.012Þ‱ ð0.071� 0.003Þ‱ Dþ → ηK�þ ð4.4þ1.80

−1.50 Þ‱ ð2.3� 0.1Þ‱
Dþ

s → KþK�0 ð0.92� 0.51Þ‱ ð0.19� 0.02Þ‱
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approach [28], the SUð3ÞF 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 K0

S − K0
L asym-

metries in theD0 → K0
S;Lω and D0 → K0

S;Lϕ decays. In the
FATapproach, the assumption EP ¼ EV is adopted. It leads
to the relation RðD0 → K0

S;Lρ
0Þ ¼ RðD0 → K0

S;LωÞ ¼
RðD0 → K0

S;LϕÞ. In Ref. [29], the relative strong phase
between EP and EV is not large. However, the fit result
shown in (63) suggests that the relative strong phase
between EP and EV is nearly π=2. The discrepancy arises
in that we take the formula

ΓðD → PVÞ ¼ pc

8πm2
D
jMj2 ð64Þ

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

ΓðD → PVÞ ¼ p3
c

8πm2
V
jM̃j2; ð65Þ

where M ¼ M̃ðϵ · pDÞ. 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 rf and δf in the D → K0

S;LP and D → K0
S;LV

modes. The branching fractions of D decays are propor-
tional to the cosine of the relative strong phases of decay
amplitudes, cos δf. Solutions with opposite signs of δf
contribute equally to the branching fractions. The CP
asymmetries Adir

CP and Aint
CP are proportional to sin δf, and

therefore should yield two opposite results. For conven-
ience, we denote the values listed in Table. VII by S1, and
those obtained by flipping the signs of all strong phases
as S2.
The time-dependent CP asymmetries in the D →

KðtÞð→ πþπ−Þf decays as a function of t=τS are displayed
in Figs. 3 and 4 for charged and neutral D meson decays,
respectively. Here, we only plot the results of S1. For S2, the
direct CP violation Adir

CPðtÞ and the CP-violating effect
Aint
CPðtÞ can be obtained by reflecting the results of S1 with

respect to time axis. The gray bands in these figures
represent the associated uncertainties. From Figs. 3 and 4,

TABLE VI. Results for K0
S − K0

L asymmetries compared with the factorization-assisted topological-amplitude
(FAT) approach [28], the SUð3ÞF symmetric topological diagram (STD) approach [29], and experimental data taken
from [30–32].

RðfÞFAT RðfÞSTD RðfÞEXP RðfÞThisWork

D0 → K0
S;Lπ

0 0.113� 0.001 0.107� 0.009 0.108� 0.035 0.127� 0.001

D0 → K0
S;Lη 0.113� 0.001 0.107� 0.008 0.080� 0.022 0.127� 0.001

D0 → K0
S;Lη

0 0.113� 0.001 0.107� 0.017 0.080� 0.023 0.127� 0.001

Dþ → K0
S;Lπ

þ 0.025� 0.008 −0.013� 0.013 0.022� 0.024 −0.011� 0.002

Dþ
s → K0

S;LK
þ 0.012� 0.006 −0.006� 0.020 −0.021� 0.025 −0.005� 0.001

D0 → K0
S;Lρ

0 0.113� 0.001 0.083� 0.050 0.104� 0.007

D0 → K0
S;Lω 0.113� 0.001 0.089� 0.035 −0.024� 0.031 0.016� 0.003

D0 → K0
S;Lϕ 0.113� 0.001 0.041� 0.029 −0.001� 0.047 −0.030� 0.010

Dþ → K0
S;Lρ

þ −0.037� 0.011 −0.058� 0.055 −0.061� 0.003

Dþ
s → K0

S;LK
�þ −0.070� 0.032 −0.159� 0.028 −0.181� 0.009

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

Dþ → K0
Sπ

þ Dþ
s → K0

SK
þ Dþ → K0

Sρ
þ Dþ

s → K0
SK

�þ

rf 0.0961� 0.0010 0.0421� 0.0004 0.0308� 0.0014 0.0924� 0.0042
δf ð86.77� 0.62Þ° −ð86.77� 0.62Þ° −ð8.40� 7.34Þ° ð8.40� 7.34Þ°

D0 → K0
Sπ

0ðηð0ÞÞ D0 → K0
Sρ

0 D0 → K0
Sω D0 → K0

Sϕ

rf 0.0636� 0.0001 0.0857� 0.0036 0.0081� 0.0015 0.0674� 0.0023
δf ð180.00� 0.00Þ° −ð127.78� 2.49Þ° ð178.64� 11.78Þ° ð77.33� 4.49Þ°
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it is found that the total CP asymmetries are dominated by
the AK̄0

CPðtÞ term. The CP-violating effect Aint
CPðtÞ could

reach to be order of 10−3 in theDþ → K0
Sπ

þ,Dþ
s → K0

SK
þ,

D0 → K0
Sρ

0, and D0 → K0
Sϕ modes.

According to Eq. (27), the K0
S − K0

L asymmetry reaches
zero if δf → �π=2 or rf → 0. From the fitting results, the
small values of RðDþ → K0

S;Lπ
þÞ, RðDþ

s → K0
S;LK

þÞ, and

RðD0 → K0
S;LϕÞ are attributed to the former case, while the

small RðD0 → K0
S;LωÞ is attributed to the latter. According

to Eq. (18), the CP-violating term Aint
CPðtÞ is proportional to

sin δf. Thus, the CP-violating effect Aint
CPðtÞ is enhanced in

the Dþ → K0
Sπ

þ, Dþ
s → K0

SK
þ, and D0 → K0

Sϕ modes.
The topological amplitudes contributing to the D0 → K0ω
and D0 → K0ρ0 decays are

AðD0 → K0ωÞ ¼ 1ffiffiffi
2

p V�
cdVusðCV þ EPÞ; AðD0 → K0ρ0Þ ¼ 1ffiffiffi

2
p V�

cdVusðCV − EPÞ: ð66Þ

The small value of rω is induced by the destructive interference between CV and EP in the D0 → K0ω mode. According to
Eq. (66), CV and EP interfere constructively in the D0 → K0ρ0 mode and then Aint

CPðtÞ in D0 → K0
Sω is enhanced.

In the SUð3ÞF limit, the topological amplitudes contributing to the Dþ → K0πþ, Dþ → K̄0πþ, Dþ
s → K0Kþ, and

Dþ
s → K̄0Kþ modes are

AðDþ → K0πþÞ ¼ V�
cdVusðCþ AÞ; AðDþ → K̄0πþÞ ¼ V�

csVudðT þ CÞ;
AðDþ

s → K0KþÞ ¼ V�
cdVusðT þ CÞ; AðDþ

s → K̄0KþÞ ¼ V�
csVudðCþ AÞ: ð67Þ

If we define A1 ¼ Cþ A and A2 ¼ T þ C, the ratios of the DCS to CF amplitudes in these two decay modes are

AðDþ → K0πþÞ
AðDþ → K̄0πþÞ ≃ −tan2θC

A1

A2

;
AðDþ

s → K0KþÞ
AðDþ

s → K̄0KþÞ ≃ −tan2θC
A2

A1

: ð68Þ

FIG. 3. Time-dependent CP asymmetries in the Dþ → KðtÞð→ πþπ−Þπþ, Dþ
s → KðtÞð→ πþπ−ÞKþ, Dþ → KðtÞð→ πþπ−Þρþ, and

Dþ
s → KðtÞð→ πþπ−ÞK�þ decays as functions of t=τS. The red-dotted, gray dot-dashed, blue-dashed, and black-solid lines represent the

AK̄0

CPðtÞ, Adir
CPðtÞ, and Aint

CPðtÞ terms and total CP asymmetry Atot
CPðtÞ, respectively. The gray bands represent the theoretical uncertainties.

The AK̄0

CPðtÞ, Adir
CPðtÞ, and Aint

CPðtÞ have been normalized by denominator DðtÞ.
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Then rπþ and rKþ can be written as

rπþ ¼ − tan2 θC × r; rKþ ¼ − tan2 θC ×
1

r
;

where r ¼ A1=A2. The strong phases δπþ and δKþ are
opposite under U-spin symmetry. There are only three
independent parameters-jA1j, jA2j, and the relative strong
phase δU between A1 and A2–that determine the four
branching fractions BrðDþ → K0

Sπ
þÞ, BrðDþ → K0

Lπ
þÞ,

BrðDþ
s → K0

SK
þÞ, and BrðDþ

s → K0
LK

þÞ. From Table II,
one can find that our fitting results are consistent with the
experimental data, which indicates that the values of jA1j,
jA2j, and δU, and then the hadronic parameters rf and δf in
the Dþ → K0

S;Lπ
þ and Dþ

s → K0
S;LK

þ modes, are well
determined.
The topological amplitudes contributing to the D0 →

K0π0 and D0 → K̄0π0 decays are

AðD0 → K0π0Þ ¼ V�
cdVusðCþ EÞ;

AðD0 → K̄0π0Þ ¼ V�
csVudðCþ EÞ: ð69Þ

In the SUð3ÞF limit, we have rπ0 ¼ − tan2 θC and δπ0 ¼ 0.
Then, the K0

S − K0
L asymmetry RðD0 → K0

S;Lπ
0Þ is 0.107

and the CP-violating effect Aint
CPðtÞ in D0 → K0

Sπ
0 is

zero. The experimental result for RðD0 → K0
S;Lπ

0Þ is
consistent with the SUð3ÞF prediction. The CP-violating
effect Aint

CPðtÞ inD0 → K0
S;Lπ

0 arises from SUð3ÞF breaking
effects, which are predicted to be small. Similar discus-
sions can also be applied to the D0 → K0

Sη and
D0 → K0

Sη
0 modes.

The numerical results of the time-integrated CP
asymmetries in K0

S modes in the limitation of t1 ≪ τS ≪
t2 ≪ τL and the CP asymmetries in K0

L modes are
presented in Table VIII. It can be seen that the total
CP asymmetries for S1 and S2 are quite different. The
direct CP asymmetries in most modes are smaller than
1 × 10−4, while the CP-violating effect Aint

CP could be as
large as several 10−4. Our results for ACPðDþ → K0

Sπ
þÞ

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 Dþ → K0

Sπ
þ and

Dþ
s → K0

SK
þ modes in Ref. [15],

FIG. 4. Time-dependent CP asymmetries in the D0 → KðtÞð→ πþπ−Þπ0, D0 → KðtÞð→ πþπ−Þρ0, D0 → KðtÞð→ πþπ−Þω, and
D0 → KðtÞð→ πþπ−Þϕ decays as functions of t=τS, in which the gray dot-dashed line includes direct CP violation in charm decay
Adir
CPðtÞ and CP violation in D0 − D̄0 mixing AD̄0

CPðtÞ.

CP ASYMMETRIES IN D → K0
S;LP AND D → K0

S;LV … PHYS. REV. D 114, 053002 (2026)

053002-13



ΔACPðπþ; KþÞ≡ ACPðDþ → K0
Sπ

þÞðt1; t2Þ
− ACPðDþ

s → K0
SK

þÞðt1; t2Þ: ð70Þ

The CP violation in neutral kaon mixing is mostly
eliminated in this observable. Furthermore, the Adir

CP and
Aint
CP terms in the Dþ → K0

Sπ
þ and Dþ

s → K0
SK

þ modes
have the opposite signs and are constructive in
ΔACPðπþ; KþÞ. By combining the three-body decays of
Dþ → K−πþπþ and Dþ

s → KþK−πþ, the dominant

systematic asymmetries in measuring ΔACPðπþ; KþÞ,
including the asymmetries in the selection of π and K
mesons, the asymmetries in the production and discrimi-
nation of differentDmesons, and theK0 − K̄0 asymmetries
in materials, cancel each other out,

ΔACPðπþ; KþÞ ¼ ½ArawðDþ → K0
Sπ

þÞðt1; t2Þ
− ArawðDþ → K−πþπþÞ�
− ½ArawðDþ

s → K0
SK

þÞðt1; t2Þ
− ArawðDþ

s → πþKþK−Þ�: ð71Þ

The dependence of ΔACPðπþ; KþÞ on t1 and t2 are
displayed in Fig. 5. One can find that ΔACPðπþ; KþÞ is
of order of 10−3 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 → K0

S;LP and D → K0
S;LV decays.

The formulas of time-dependent and time-integrated CP
asymmetries are analyzed in detail. The D0 − D̄0 mixing
effects and the K0

L 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

FIG. 5. The observable ΔACPðπþ; KþÞ as a function of t1
and t2.

TABLE VIII. Numerical results of the total CP asymmetries and the Adir
CP, A

int
CP terms for the D → K0

Sf modes in
the limit t1 ≪ τS ≪ t2 ≪ τL and the total CP asymmetries in the D → K0

Lf modes (in units of 10−3).

Dþ → K0
Sπ

þ Dþ
s → K0

SK
þ Dþ → K0

Sρ
þ Dþ

s → K0
SK

�þ

Atot
CPðS1Þ −3.98� 0.01 −2.94� 0.01 −3.41� 0.04 −4.08� 0.10

Atot
CPðS2Þ −2.55� 0.01 −3.56� 0.01 −3.48� 0.03 −3.83� 0.13

Adir
CPðS1Þ −0.120� 0.001 0.052� 0.001 0.006� 0.005 −0.020� 0.018

Aint
CPðS1Þ −0.595� 0.006 0.259� 0.002 0.029� 0.026 −0.101� 0.088

Dþ → K0
Lπ

þ Dþ
s → K0

LK
þ Dþ → K0

Lρ
þ Dþ

s → K0
LK

�þ

Atot
CPðS1Þ 3.90� 0.01 2.91� 0.01 3.01� 0.03 2.82� 0.08

Atot
CPðS2Þ 2.50� 0.01 3.53� 0.01 3.08� 0.03 2.65� 0.07

D0 → K0
Sπ

0ðηð0ÞÞ D0 → K0
Sρ

0 D0 → K0
Sω D0 → K0

Sϕ

Atot
CPðS1Þ −2.76� 0.12 −2.37� 0.12 −3.06� 0.12 −3.70� 0.13

Atot
CPðS2Þ −2.76� 0.12 −3.27� 0.12 −3.06� 0.12 −2.71� 0.13

Adir
CPðS1Þ 0 0.076� 0.004 −0.000� 0.002 −0.083� 0.003

Aint
CPðS1Þ 0 0.374� 0.020 −0.001� 0.010 −0.413� 0.015

D0 → K0
Lπ

0ðηð0ÞÞ D0 → K0
Lρ

0 D0 → K0
Lω D0 → K0

Lϕ

Atot
CPðS1Þ 3.61� 0.12 2.96� 0.13 3.21� 0.12 3.53� 0.13

Atot
CPðS2Þ 3.61� 0.12 4.09� 0.13 3.20� 0.12 2.59� 0.12
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modes. The tension between theoretical predictions and
experimental data of K0

S − K0
L asymmetries in the

D0 → K0
S;Lω and D0 → K0

S;Lϕ 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 Oð10−3Þ order in the
Dþ → K0

Sπ
þ, Dþ → K0

SK
þ, D0 → K0

Sρ
0, and D0 → K0

Sϕ
modes. The difference in CP asymmetries between the
Dþ → K0

Sπ
þ and Dþ

s → K0
SK

þ 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 CPjK0i ¼ −jK̄0i and the unitarity
of the P and C operators, we get

AðD̄ → K0f̄Þ ¼ hK0f̄jHwjD̄i ¼ hK0f̄jðCPÞ†ðCPÞHwðCPÞ†ðCPÞjD̄i ¼ −hK̄0fjHCPjDi; ðA1Þ

where HCP ¼ ðCPÞHwðCPÞ† is the CP conjugate of Hw. Hw is the effective Hamiltonian of jΔCj ¼ 1 transitions, which
can be written as

Hw ¼ GFffiffiffi
2

p
�
VCKM

Xn
i

ðCiðμÞQΔC¼1
i ðμÞÞ þ V�

CKM

Xn
i

ðCiðμÞQΔC¼−1
i ðμÞÞ

�
; ðA2Þ

where GF denotes the Fermi coupling constant, VCKM is the product of the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements, and C1;2ðμÞ are the Wilson coefficients. The CP transformation of the effective Hamiltonian is derived as

HCP ¼ ðCPÞ Gfffiffiffi
2

p
�
VCKM

Xn
i

ðCiðμÞQΔC¼1
i ðμÞÞ þ V�

CKM

Xn
i

ðCiðμÞQΔC¼−1
i ðμÞÞ

�
ðCPÞ†

¼ Gfffiffiffi
2

p
�
VCKM

Xn
i

ðCiðμÞðCPÞQΔC¼1
i ðμÞðCPÞ†Þ þ V�

CKM

Xn
i

ðCiðμÞðCPÞQΔC¼−1
i ðμÞðCPÞ†Þ

�

¼ Gfffiffiffi
2

p
�
VCKM

Xn
i

ðCiðμÞQΔC¼−1
i ðμÞÞ þ V�

CKM

Xn
i

ðCiðμÞQΔC¼1
i ðμÞÞ

�
: ðA3Þ

Here, we have used the relation

ðCPÞQΔC¼�1
i ðμÞðCPÞ† ¼ QΔC¼∓1

i ðμÞ: ðA4Þ

Taking the effective operator of Cabibbo-favored decays QΔC¼1
CF ¼ ūγμð1 − γ5Þd ⊗ s̄γμð1 − γ5Þc as an example, we

illustrate Eq. (A4) explicitly. The fermion bilinears ψ̄1γ
μψ2 and ψ̄1γ

μγ5ψ2 transform as follows [33]:

ðCPÞðψ̄1γ
μψ2ÞðCPÞ† ¼ −ψ̄2γμψ1; ðCPÞðψ̄1γ

μγ5ψ2ÞðCPÞ† ¼ −ψ̄2γμγ5ψ1: ðA5Þ

Then, we get

ðCPÞðūγμð1 − γ5ÞdÞðCPÞ† ¼ −d̄γμð1 − γ5Þu;
ðCPÞðs̄γμð1 − γ5ÞcÞðCPÞ† ¼ −c̄γμð1 − γ5Þs: ðA6Þ

The CP transformation of operator QΔC¼1
CF ðμÞ then can be written as

ðCPÞQΔC¼1
CF ðCPÞ† ¼ ðCPÞðūγμð1 − γ5Þd ⊗ s̄γμð1 − γ5ÞcÞðCPÞ†

¼ d̄γμð1 − γ5Þu ⊗ c̄γμð1 − γ5Þs ¼ QΔC¼−1
CF : ðA7Þ
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By comparingHw withHCP , one can find that the corresponding CKM elements of the operatorsQΔC¼1
i ðμÞ andQΔC¼−1

i ðμÞ
are exchanged. According to Eqs. (5), (A1), and (A3), we get

AðD̄ → K0f̄Þ ¼ −hK̄0fjHCPjDi ¼ −T CFeið−ϕCFþδCFÞ: ðA8Þ

With the similar derivation, we get

AðD̄ → K̄0f̄Þ ¼ −hK0fjHCPjDi ¼ −T DCSeið−ϕDCSþδDCSÞ: ðA9Þ
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