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OUTLINE OF OUR WORK

• Introduction
• Flavor diagram approach
• Story of ΔACP(K+K−−π+π−)
• Global fits to CF D → PP, VP BR’s
• BR’s and ACP’s for SCS modes
• Summary
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D MESON DECAYS
• D mesons decay dominantly (~84%) into hadronic final 

states, 3/4 of which are two-body modes. 
➠ cf. B meson decays

4

P: pseudoscalar meson
V: vector meson
A: axial vector meson
T: tensor meson

Mode BR
PP ⇠ 10%
V P ⇠ 28%
V V ⇠ 10%
SP ⇠ 4.2%
AP ⇠ 10%
TP ⇠ 0.3%

2-body ⇠ 63%
hadronic ⇠ 84%

semileptonic ⇠ 16%

most dominant ones
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PECULIARITIES OF CHARM SYSTEMS

•Many resonances around 
➠ nonperturbative rescattering effects kicking in 

•Flavor SU(3) symmetry for decays to light mesons 

•Good realm to test all these approaches
5
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expansion  
➠ HQET

good αS  
expansion  
➠ PQCD
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expansion  
➠ χPT

murky region  
no good theory to use
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PURPOSES OF THIS WORK
• Improve the analysis of ACP’s in D → PP decays.

• Use updated input data.
• Consider uncertainties in penguin exchange diagrams with 

final-state rescattering that were not done in 2012.
• Check whether new physics is still needed. 

• Extend our study to ACP’s in D → VP decays.
• We focused only on neutral charmed mesons before, for there 

was no information about W-annihilation amplitudes.
• Thanks to the BABAR measurement of Ds+ → π+ρ0, the 

amplitudes AV,P could be extracted recently.
• Propose other channels to see more CPV.

6
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FLAVOR DIAGRAM APPROACH
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PARTIAL WIDTH
• Partial decay widths of D → PP and VP decays are related 

to their decay amplitudes as follows: 
 
 
 
 
 
 
 

• SU(3) breaking due to phase space difference is removed.
• Approximate flavor SU(3) assumed at the amplitude level 

(decay strength and strong phase).
8

�(D ! PP ) =
pc

8⇡m2
D

|M|2

�(D ! V P ) =
p3c

8⇡m2
V

|M|2 (polarizations summed)
<latexit sha1_base64="7MNByuip4p01gHwFZ+KuVfiNj3k="></latexit><latexit sha1_base64="7MNByuip4p01gHwFZ+KuVfiNj3k="></latexit><latexit sha1_base64="7MNByuip4p01gHwFZ+KuVfiNj3k="></latexit><latexit sha1_base64="7MNByuip4p01gHwFZ+KuVfiNj3k="></latexit>

magnitude of 3-momentum  
of final-state particle

due to polarization sum

P-wave state
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FLAVOR DIAGRAMS
• Diagrams for 2-body hadronic D  

meson decays can be classified  
according to flavor topology into  
the tree- and loop-types:

9

Tree-type

Loop-type

Zeppenfeld 1981
Chau and Cheng 1986, 1987, 1991
Savage and Wise 1989 
Grinstein and Lebed 1996
Gronau et. al. 1994, 1995, 1995
Cheng and Oh 2011
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CABIBBO HIERARCHY
• Cabibbo-favored (CF): 

          involving Vud*Vcs ~ 1−λ2 ~ 0.95  

• Singly Cabibbo-suppressed (SCS): 
          involving Vus*Vcs / Vud*Vcd ~ λ ~ 0.22  

• Doubly Cabibbo-suppressed (DCS): 
          involving Vus*Vcd ~ λ2 ~ 0.05  

10
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CABIBBO HIERARCHY
• Cabibbo-favored (CF): 

          involving Vud*Vcs ~ 1−λ2 ~ 0.95  

• Singly Cabibbo-suppressed (SCS): 
          involving Vus*Vcs / Vud*Vcd ~ λ ~ 0.22  

• Doubly Cabibbo-suppressed (DCS): 
          involving Vus*Vcd ~ λ2 ~ 0.05  

• Only SCS decays involve diagrams with different CKM 
phases and thus have CPA’s:

11

Amp = V ⇤
cdVud(trees + penguins)

+ V ⇤
csVus(trees + penguins)

small phase  
difference

(after using unitarity identity)
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CP VIOLATION IN SCS DECAYS

• CPA’s in SCS decay modes are expected only at O(10−3) 
or smaller: 
 
 
 
 
 
➠ new physics, if measured to be sizable

12

adirCP =
2Im(V ⇤

cdVudVcsV ⇤
us)

|V ⇤
cdVud|2

����
A2

A1

���� sin � = 2

����
V ⇤
cbVub

V ⇤
cdVud

���� sin �
����
A2

A1

���� sin �

⇠ 10�3

����
A2

A1

���� sin � (� = relative strong phase)



Cheng-Wei Chiang @ NTU2019 NCTS ATM

FLAVOR DIAGRAMS
• As far as BR’s are concerned, penguin diagrams negligible 

because of GIM VcdVud* = −VcsVus* and VcbVub* ~ A2λ5. 
➠ tree-type diagrams are dominant in determining BR’s 
 
 
 
 

• Because the spectator quark may end up in P or V meson 
in the final state, these two types of diagrams of the same 
flavor topology have no relation a priori and should be 
distinguished.

• For example, T → TP or TV.
13
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EXAMPLES
• One CF and one SCS modes:
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OUR APPROACH
• We perform a χ2 fit to (only) the branching fractions of all 

CF modes, extracting magnitudes and phases of all flavor 
diagrams.

• There are degeneracies in χ2-minimum solutions when all 
the strong phases simultaneously flip signs.

• We make SU(3) symmetry breaking corrections as 
required by data.

• We incorporate penguin amplitudes, particularly PE 
enhanced by rescattering, to induce large direct ACP.

• Using the extracted information, we make predictions of 
BR’s and ACP’s for SCS modes. 
➠ testable by future data

15



PROBLEMS WITH 
K+K− AND π+π− MODES
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DECAY AMPLITUDES
• These two modes are closely related:

17

quark involved in penguin loop

A⇡+⇡� =
1

2
(�d � �s)(T + E +�P )⇡⇡ � 1

2
�b(T + E + ⌃P )⇡⇡

! �d(T + E)� �b⌃P [SU(3) limit]

AK+K� =
1

2
(�s � �d)(T + E ��P )KK � 1

2
�b(T + E + ⌃P )KK

! �s(T + E)� �b⌃P [SU(3) limit]

⌃P = (P + PE + PA)d + (P + PE + PA)s

�P = (P + PE + PA)d � (P + PE + PA)s

�q = V ⇤
cqVuq

opposite in sign ➠ opposite in CPA
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LARGE SU(3) BREAKING
• For a long time, D → π+π−, K+K− modes are known to 

deviate significantly from naive expectations: with 
negligible penguin amplitudes (as far as CPA is 
concerned), the two modes have identical decay strength, 
but with different phase spaces. 
➠ expect BR(π+π−) > BR(K+K−)  

• Empirically, however, the ratio of their decay rates 
 
 
is noticeably larger than 1 in the SU(3) limit.

18

�(K+K�)

�(⇡+⇡�)
' 2.8
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CP ASYMMETRY DIFFERENCE
• Time-integrated asymmetry to first order in the average 

decay time ⟨t⟩: 
 
 
 

• Consider 
 
 
 
 
(1) common systematic factors cancel out; 
(2) insensitive to indirect CPV; 
(3) each with opposite signs in SM and most NP models.

19

ACP (f) ⌘
�(D0 ! f)� �(D̄0 ! f̄)

�(D0 ! f) + �(D̄0 ! f̄)

' adirCP (f) +
hti
⌧D

aindCP

�ACP ⌘ ACP (K
+K�)�ACP (⇡

+⇡�)

' adirCP (K
+K�)� adirCP (⇡

+⇡�) +
�hti
⌧D

aindCP
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ΔACP IN 2012

• World average: 
 
 
 
➠ ~30 theory papers immediately followed (including 
many new physics attempts)

20

HFAG 2012

➠ 4.6σ from no CPV

aindCP = �(0.027± 0.163)%,

�adirCP = �(0.678± 0.147)%.
<latexit sha1_base64="TelT8IqteC3Uut6R81roaXj1OGU="></latexit>



Cheng-Wei Chiang @ NTU2019 NCTS ATM

LARGE PENGUIN WITHIN SM
• Brod, Grossman, Kagan, Zupan 2012:

• Assume different and large enhancements in d,s-quark 
penguins Pd,s relative to T.

• Require U-spin breaking in (T+E)ππ ≠ (T+E)KK by about O(30%).
• Large ΣP explains ∆aCPdir, while large ∆P explains the large rate 

disparity between K+K− and π+π−. 
➠ A fit to data shows |(Pd−Ps)/T| ~ 0.5! 

• Bhattacharya, Gronau, Rosner 2012:
• Assume a smaller ∆P and EKK = Eππ.  
➠ A fit to data shows |(Pd−Ps)/T| ~ 0.15  
➠ requiring |Pb| ~ |T| (attributed to “unforeseen QCD effects”) 

• Both invoked agnostic large penguin amplitudes.
21
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OUR EXPLANATION
• SU(3) breaking in T: 
 
 
 
➠ only partial explanation, insufficient to account for data  

• SU(3) breaking in E: 
 
 
 
 
➠ explaining the observed nonzero rate, otherwise 
vanishing in SU(3) limit

22

A(D ! K0K0) = �d (Ed + 2PAd) + �s (Es + 2PAs)
<latexit sha1_base64="21/cdaKzrn0xnZKwDMJj67YX3oU="></latexit>

opposite sign between them

diagrams of cu → qq (q = d, s)

No attempt to fit ∆aCPdir !

T (K+K�)

T (⇡+⇡�)
' fK

f⇡

FDK
+ (m2

K)

FD⇡
+ (m2

⇡)
' 1.38

<latexit sha1_base64="epB0SaTqVdNE8YwdjLUISawtHU4="></latexit>
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PENGUIN AMPLITUDES
• Short-distance weak penguin exchange/annihilation 

diagrams are seen to be small  
➠ 

• Large long-distance contribution to PE can possibly arise 
from D0 → K+K− followed by a resonance-like final-state 
rescattering  
 
 
 

• It is plausible to have PE ~ E, thereby enlarging CPV.
• Use QCDF to estimate other penguin amplitudes. 
➠ negligible ΔP

23

|PE/T | ⇠ 0.04 and |PA/T | ⇠ 0.02
<latexit sha1_base64="6nz8pVql4FpT1uUv6pAEoQpn1fk="></latexit>

Chen et al 2006;
Cheng, Chua and Liu 2003
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Our ACP Predictions

Cheng and CWC 2012in units of 10−3

pQCD results

ΔaCPdir= −(0.139±0.004)% (I) 
            −(0.151±0.004)% (II) 
~3.6σ from −(0.678±0.147)%

even if PE~T, ΔaCPdir= −0.27%,  
an upper bound in SM, 
still ~2.8σ from data

24
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ΔACP IN 2012

• World average: 
 
 
 
➠ ~30 theory papers followed 

25

HFAG 2012

aindCP = �(0.027± 0.163)%,

�adirCP = �(0.678± 0.147)%.
<latexit sha1_base64="TelT8IqteC3Uut6R81roaXj1OGU="></latexit>

➠ 4.6σ from no CPV;
    3.6σ from our 
    prediction in 2012
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ΔACP IN 2013

• World average: 
 
 
 
after updated 1.0 /fb of LHCb dataset of 2011

26

HFAG 2013

➠ 2.7σ from no CPV;
    1.5σ from our 
    prediction in 2012

aindCP = �(0.010± 0.162)%,

�adirCP = �(0.329± 0.121)%.
<latexit sha1_base64="IQJFmUGdSPjw5KOq4uET+TgvYyA="></latexit>
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ΔACP IN 2019

• World average: 
 
 
 
after updated 5.9 /fb of LHCb dataset of 2016

27

HFAG 2019

aindCP = (0.028± 0.026)%,

�adirCP = �(0.164± 0.028)%.
<latexit sha1_base64="tyNVBT1q2WAiPSct9Ny1VKA3aic="></latexit>

➠ consistent w/ our 
    prediction in 2012!

Firs
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LONG-DISTANCE EFFECTS
• Global fit to CF PP modes gives: 
 
 
 
 
 
 
 

• All the flavor amplitudes except for T are dominated by 
nonfactorizable long-distance effects, e.g., from T and C:

29

T = 3.113± 0.011

C = (2.767± 0.029)e�i(151.3±0.3)�

E = (1.48± 0.04)ei(120.9±0.4)�

A = (0.55± 0.03)ei(23+7)�

(
I : Ed = 1.10ei15.1

�
E, Es = 0.62e�i19.7�E

II : Ed = 1.10ei15.1
�
E, Es = 1.42e�i13.5�E

<latexit sha1_base64="4Ueev0wN2/LnMu89J/N07IV82iU="></latexit>

assumed to be real

large strong phases

a1(K̄⇡) ⇡ 1.22 and a2(K̄⇡) ⇡ 0.82e�i(151)�

<latexit sha1_base64="KzkXLXBLmN2M6eCjG2K7ILSZmxs="></latexit>

a1 ' 1.09 and a2 ' �0.11
<latexit sha1_base64="u22rwN3kIoYnPfxbd0ceYhUbUEU="></latexit>

naive factorization

modulus in units of 10−6

data
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LONG-DISTANCE EFFECTS
• Global fit to CF PP modes gives: 
 
 
 
 
 
 
 

• Short-distance E and A are helicity-suppressed, but 
receive large 1/mc corrections from FSI’s (due to nearby 
resonances).

30

T = 3.113± 0.011

C = (2.767± 0.029)e�i(151.3±0.3)�

E = (1.48± 0.04)ei(120.9±0.4)�

A = (0.55± 0.03)ei(23+7)�

(
I : Ed = 1.10ei15.1

�
E, Es = 0.62e�i19.7�E

II : Ed = 1.10ei15.1
�
E, Es = 1.42e�i13.5�E

<latexit sha1_base64="4Ueev0wN2/LnMu89J/N07IV82iU="></latexit>

assumed to be real

large strong phases

modulus in units of 10−6
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AMPLITUDE DECOMPOSITION
• CS D➞ PP modes:

31Hence, we rely on the four modes: KþK−, πþπ−, π0π0 and
K0K̄0 to extract Ed and Es.
Different mechanisms have been proposed in the liter-

ature for explaining the large rate difference betweenD0 →
πþπ− and D0 → KþK−. For example, it has been argued
that ΔP dominated by the difference of s- and d-quark
penguin contractions of 4-quark tree operators is respon-
sible for the large SU(3) breaking in KþK− and πþπ−

modes [21]. However, this requires that jΔP=Tj ∼ 0.5. This
mechanism demands a large penguin which is comparable
or even larger than T. Moreover, it requires a large
difference between s- and d-quark penguin contractions.
In Sec. III B, we shall see that jΔP=Tj is estimated to be of
order 0.01 for the short-distance ΔP. Because of the
smallness of ΔP, we need to rely on SU(3) violation in
both T and E amplitudes to explain the large disparity in the
rates of D0 → KþK− and πþπ−.
Another scenario in which the dominant source of SU(3)

breaking lies in final-state interactions was advocated
recently in [53]. To fit the data, several large strong phases
such as δ0, δ1 and δ1=2 from final-state interactions are
needed [53]. They deviate substantially from the SU(3)
limit, namely, δ0 ¼ δ1 ¼ δ1=2.
SU(3) breaking effects in the topological amplitudes for

SCS D → PP decays are summarized in Table I. For
simplicity, flavor-singlet QCD penguin, flavor-singlet weak
annihilation and electroweak penguin annihilation ampli-
tudes have been neglected in subsequent numerical analy-
ses. The reader is referred to Refs. [37,48] in which we have
illustrated SU(3) breaking effects in some selective SCS

modes. The predicted and measured branching fractions
are given in Table II.3 While the agreement with experiment
is improved for most of the SCS modes after taking into
account SU(3) breaking effects in decay amplitudes, there
are a few exceptions. For example, the predicted rate
for D0 → π0ηð

0Þ becomes slightly worse compared to the
prediction based on SU(3) symmetry even though Dþ →
πþηð

0Þ works better in the presence of SU(3) breaking.

C. Penguin amplitudes in QCD factorization

Although the topological tree amplitudes T, C, E and A
for hadronic D decays can be extracted from the data,
information on penguin amplitudes (QCD penguin, pen-
guin annihilation, etc.) is still needed in order to estimate
CP violation in the SCS decays. To calculate the penguin
contributions, we start from the short-distance effective
Hamiltonian

Heff ¼
GFffiffiffi
2

p
"X

p¼d;s

λpðc1O
p
1 þc2O

p
2 þc8gO8gÞ−λb

X6

i¼3

ciOi

#
;

ð17Þ

TABLE I. Topological amplitudes for singly Cabibbo-suppressed decays of charmed mesons to two pseudoscalar mesons where flavor
SU(3) symmetry breaking effects are included. Summation over p ¼ d, s is understood.

Mode Representation

D0 πþπ− λdð0.96T þ EdÞ þ λpðPp þ PEp þ PApÞ
π0π0 1ffiffi

2
p λdð−0.78Cþ EdÞ þ 1ffiffi

2
p λpðPp þ PEp þ PApÞ

π0η −λdðEdÞ cosϕ − 1ffiffi
2

p λsð1.28CÞ sinϕþ λpðPp þ PEpÞ cosϕ
π0η0 −λdðEdÞ sinϕþ 1ffiffi

2
p λsð1.28CÞ cosϕþ λpðPp þ PEpÞ sinϕ

ηη 1ffiffi
2

p λdð0.78Cþ EdÞcos2ϕþ λsð− 1
2 1.08C sin 2ϕþ

ffiffiffi
2

p
Essin2ϕÞ þ 1ffiffi

2
p λpðPp þ PEp þ PApÞcos2ϕ

ηη0 1
2 λdð0.78Cþ EdÞ sin 2ϕþ λsð 1ffiffi

2
p 1.08C cos 2ϕ − Es sin 2ϕÞ þ 1

2 λpðPp þ PEp þ PApÞ sin 2ϕ
KþK− λsð1.27T þ EsÞ þ λpðPp þ PEp þ PApÞ
K0K̄0 λdðEdÞ þ λsðEsÞ þ 2λpðPApÞ

Dþ πþπ0 1ffiffi
2

p λdð0.97T þ 0.78CÞ
πþη 1ffiffi

2
p λdð0.82T þ 0.93Cþ 1.19AÞ cosϕ − λsð1.28CÞ sinϕþ

ffiffiffi
2

p
λpðPp þ PEpÞ cosϕ

πþη0 1ffiffi
2

p λdð0.82T þ 0.93Cþ 1.61AÞ sinϕþ λsð1.28CÞ cosϕþ
ffiffiffi
2

p
λpðPp þ PEpÞ sinϕ

KþK̄0 λdð0.85AÞ þ λsð1.28TÞ þ λpðPp þ PEpÞ

Dþ
s πþK0 λdð1.00TÞ þ λsð0.84AÞ þ λpðPp þ PEpÞ

π0Kþ 1ffiffi
2

p ½−λdð0.81CÞ þ λsð0.84AÞ þ λpðPp þ PEpÞ&
Kþη 1ffiffi

2
p λp½0.92Cδpd þ 1.14Aδps þ Pp þ PEp&cosϕ − λp½ð1.31T þ 1.27Cþ 1.14AÞδps þ Pp þ PEp&sinϕ

Kþη0 1ffiffi
2

p λp½0.92Cδpd þ 1.14Aδps þ Pp þ PEp&sinϕþ λp½ð1.31T þ 1.27Cþ 1.14AÞδps þ Pp þ PEp&cosϕ

3Throughout this paper, predictions are made by sampling 104

points in the parameter space, assuming that each of the
parameters has a Gaussian distribution with the corresponding
central value and symmetrized standard deviation. Then the
predicted values are the mean and standard deviation of data
computed using the 104 points.

REVISITING CP VIOLATION IN D → PP … PHYS. REV. D 100, 093002 (2019)

093002-5

SU(3)-breaking factors
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PREDICTIONS VS DATA

32

where

Op
1 ¼ ðp̄cÞV−AðūpÞV−A; Op

2 ¼ ðp̄αcβÞV−AðūβpαÞV−A;

O3ð5Þ ¼ ðūcÞV−A
X

q

ðq̄qÞV∓A;

O4ð6Þ ¼ ðūαcβÞV−A
X

q

ðq̄βqαÞV∓A;

O8g ¼ −
gs
8π2

mcūσμνð1þ γ5ÞGμνc; ð18Þ

with O3–O6 being the QCD penguin operators and
ðq̄1q2ÞV∓A ≡ q̄1γμð1% γ5Þq2. We shall work in the QCD
factorization (QCDF) approach [54,55] to evaluate the
hadronic matrix elements, but keep in mind that we employ
this approach simply for a crude estimate of the penguin
amplitudes because the charm quark mass is not heavy
enough and 1=mc power corrections are so large that a
sensible heavy quark expansion is not allowed.
Let us first consider the penguin amplitudes in

D → P1P2 decays:

Pp
P1P2

¼ GFffiffiffi
2

p ½ap4 ðP1P2Þ þ rP2
χ ap6 ðP1P2Þ'fP2

ðm2
D −m2

P1
Þ

× FDP1

0 ðm2
P2
Þ;

PEp
P1P2

¼ GFffiffiffi
2

p ðfDfP1
fP2

Þ½bp3'P1P2
;

PAp
P1P2

¼ GFffiffiffi
2

p ðfDfP1
fP2

Þ½bp4'P1P2
; ð19Þ

where p ¼ d, s and

rPχ ðμÞ ¼
2m2

P

mcðμÞðm2 þm1ÞðμÞ
ð20Þ

is a chiral factor. Here we have followed the conventional
Bauer-Stech-Wirbel definition for the form factor FDP

0 [56].
The explicit expressions of the flavor operators ap4 and ap6
will be given in Eq. (41) below. The annihilation operators
bp3;4 are given by

bp3 ¼ CF

N2
c
½c3Ai

1 þ c5ðAi
3 þ Af

3Þ þ Ncc6A
f
3';

bp4 ¼ CF

N2
c
½c4Ai

1 þ c6Ai
2'; ð21Þ

where the annihilation amplitudes Ai;f
1;2;3 are defined

in Ref. [55].
In practical calculations of QCDF, the superscript “p”

can be omitted for a3, a5, b3 and b4. Hence, we have
PEs ¼ PEd, for instance. For ap4 and a

p
6 , the terms dictating

the p dependence are GM2
ðspÞ and ĜM2

ðspÞ, respectively,
defined in Eq. (43) below.

III. DIRECT CP VIOLATION IN D → PP DECAYS

In Ref. [37], we have discussed direct CP violation in
D → PP decays. Here we will update and improve the
results. For example, we will discuss the issue of end-point
divergences with the penguin-exchange and penguin-
annihilation amplitudes. We will also consider the uncer-
tainties connected with long-distance contribution to the
penguin-exchange amplitude. We shall keep some necessary
formula presented in [37] for ensuing discussions.

A. Tree-level CP violation

Direct CP asymmetry in hadronic charm decays
defined by

adirCPðfÞ ¼
ΓðD → fÞ − ΓðD̄ → f̄Þ
ΓðD → fÞ þ ΓðD̄ → f̄Þ

ð22Þ

can occur even at the tree level [57]. As stressed in [36,37],
the estimate of the tree-level CP violation aðtreeÞdir should be
trustworthy since the magnitude and the relative strong
phase of each individual topological tree amplitude in

TABLE II. Branching fractions (in units of 10−3) of singly
Cabibbo-suppressed D → PP decays. The column denoted by
BSUð3Þ shows the predictions based on our best-fitted results in
Eq. (6) with exact flavor SU(3) symmetry, while SU(3) symmetry
breaking effects are taken into account in the column denoted by
BSUð3Þ−breaking. The first (second) entry in D0 → ηη, ηη0, KþK−

and K0K̄0 modes is for Solution I (II) of Ed and Es in Eq. (16).
Experimental results of branching fractions are taken from
PDG [46].

Decay Mode BSUð3Þ BSUð3Þ−breaking Bexpt

D0 → πþπ− 2.28% 0.02 1.47% 0.02 1.455% 0.024
D0 → π0π0 1.50% 0.03 0.82% 0.02 0.826% 0.025
D0 → π0η 0.83% 0.02 0.92% 0.02 0.63% 0.06
D0 → π0η0 0.75% 0.02 1.36% 0.03 0.92% 0.10
D0 → ηη 1.52% 0.03 1.82% 0.04 2.11% 0.19

1.52% 0.03 2.11% 0.04
D0 → ηη0 1.28% 0.05 0.69% 0.03 1.01% 0.19

1.28% 0.05 1.63% 0.08
D0 → KþK− 1.91% 0.02 4.03% 0.03 4.08% 0.06

1.91% 0.02 4.05% 0.05
D0 → KSKS 0 0.141% 0.007 0.141% 0.005

0 0.141% 0.007
Dþ → πþπ0 0.89% 0.02 0.93% 0.02 1.247% 0.033
Dþ → πþη 1.90% 0.16 4.08% 0.16 3.77% 0.09
Dþ → πþη0 4.21% 0.12 4.69% 0.08 4.97% 0.19
Dþ → KþKS 2.29% 0.09 4.25% 0.10 3.04% 0.09
Dþ

s → πþKS 1.20% 0.04 1.27% 0.04 1.22% 0.06
Dþ

s → π0Kþ 0.86% 0.04 0.56% 0.02 0.63% 0.21
Dþ

s → Kþη 0.91% 0.03 0.86% 0.03 1.77% 0.35
Dþ

s → Kþη0 1.23% 0.06 1.49% 0.08 1.8% 0.6
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LARGE PE AMPLITUDE
• In view of possible large rescattering, as  

employed to explain the rate disparity  
between K+K− and π+π−, we take  
 
 
 
assuming flavor independence.

• We then update our predictions as

33

E ⇡ (PE)LDd,s = (1.48± 0.30)ei(120.9±30.0)�

<latexit sha1_base64="J9OGTr/rLGZj7kX5MuJlhpBGSkA="></latexit>

same flavor topology 20% uncertainty 30º uncertainty

�adirCP =

(
(�1.14± 0.26)⇥ 10�3 Sol I

(�1.25± 0.25)⇥ 10�3 Sol II

cf . � (0.164± 0.028)% (World Avg)
<latexit sha1_base64="yTqhnaF9Z7GWceCqAxwz0eC1Ec0="></latexit>
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charm decays can be extracted from the data. The predicted
tree-level CP asymmetries for SCS modes are shown in
Table III. We see that larger CP asymmetries can be
achieved in those decay modes with interference between
T and C or C and E. For example, aðtreeÞdir is of order 0.78 ×
10−3 for D0 → π0η and −0.75 × 10−3 for Dþ

s → Kþη.
Direct CP violation in D0 → KSKS is given by

aðtreeÞdir ðD0→KSKSÞ¼
2Imðλdλ%sÞ

jλdj2
ImðE%

dEsÞ
jEd−Esj2

¼1.3×10−3
jEdEsj

jEd−Esj2
sinδds; ð23Þ

where δds is the strong phase of Es relative to Ed. From the
two solutions of Ed and Es given in Eq. (16), we find4

aðtreeÞdir ðD0→KSKSÞ¼
!−1.05×10−3 SolutionI;

−1.99×10−3 SolutionII:
ð24Þ

For comparison, various predictions available in the liter-
ature are discussed here. aðtreeÞdir ðKSKSÞ ¼ 1.11 × 10−3 was
predicted in [39]. It ranges in ð0.38–0.43Þ × 10−3 according

to [53] (see also the last column of Table III). Both
predictions are of the opposite sign from ours. As explained
in [37], the positive sign of aðtreeÞdir ðKSKSÞ given in [39] can
be traced back to the phase of the W-exchange amplitude.
In our case, the W-exchange amplitude is always in the
second quadrant, while it lies in the third quadrant in [39]
due to a sign flip. As noticed in passing, all the strong
phases extracted from a fit to branching fractions are
equivalent to those with a simultaneous sign flip. This
explains why the strong phases of C and E in [39] are
simultaneously opposite to ours in sign, and the sign
difference between this work and [39] for aðtreeÞdir ðKSKSÞ.
A measurement of adirCPðD0 → KSKSÞ will resolve the
discrete phase ambiguity. If it is measured to be negative
as predicted by us, then the W-exchange amplitude should
be in the second quadrant.
In [23], the direct CP violation in D0 → KSKS was

connected to that of D0 → KþK− via the relation

adirCPðD0 → KSKSÞ
adirCPðD0 → KþK−Þ

∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðD0 → KþK−Þ
2BðD0 → KSKSÞ

s

: ð25Þ

Taking adirCPðD0 → KþK−Þ to be ð−0.48& 0.09Þ × 10−3

from Table III and the measured branching fractions,
the obtained result adirCPðD0 → KSKSÞ ≈ −1.8 × 10−3 is in

TABLE III. Direct CP asymmetries (in units of 10−3) of D → PP decays, where aðtreeÞdir denotes CP asymmetry
arising from purely tree amplitudes. The superscript (tþ p) denotes tree plus QCD-penguin amplitudes, (tþ pa) for
tree plus weak penguin-annihilation (PE and PA) amplitudes and “tot” for the total amplitude. The first (second)
entry in D0 → ηη, ηη0, KþK− and KSKS is for Solution I (II) of Ed and Es [Eq. (16)]. For QCD-penguin exchange
PE, we assume that it is similar to the topological E amplitude [see Eq. (33)]. For comparison, The predicted results
of aðtotÞdir in [53] for both the negative (former) and positive (latter) solutions for the phase δi are also presented.

Decay mode aðtreeÞdir aðtþpÞ
dir aðtþpaÞ

dir aðtotÞdir (this work) aðtotÞdir [53]

D0 → πþπ− 0 0.03& 0.01 0.78& 0.22 0.80& 0.22 1.17& 0.20=1.18& 0.20
D0 → π0π0 0 0.27& 0.01 0.55& 0.30 0.82& 0.30 0.04& 0.09=0.79& 0.10
D0 → π0η 0.78& 0.01 0.48& 0.01 0.24& 0.28 −0.05& 0.28
D0 → π0η0 −0.43& 0.01 −0.56& 0.01 −0.01& 0.17 −0.15& 0.17
D0 → ηη −0.28& 0.01 −0.28& 0.01 −0.51& 0.07 −0.52& 0.07

−0.37& 0.01 −0.44& 0.01 −0.58& 0.07 −0.65& 0.07
D0 → ηη0 0.51& 0.00 0.09& 0.00 0.72& 0.22 0.29& 0.21

0.46& 0.01 0.16& 0.00 0.52& 0.15 0.22& 0.15
D0 → KþK− 0 0.08& 0.00 −0.41& 0.14 −0.33& 0.14 −0.47& 0.08= − 0.46& 0.08

0 −0.01& 0.00 −0.43& 0.12 −0.44& 0.12
D0 → KSKS −1.05 −1.05 −1.05 −1.05 0.43& 0.07=0.38& 0.07

−1.99 −1.99 −1.99 −1.99
Dþ → πþπ0 0 0 0 0
Dþ → πþη 0.37& 0.02 0.07& 0.01 −0.34& 0.22 −0.63& 0.23
Dþ → πþη0 −0.26& 0.02 −0.45& 0.03 0.30& 0.18 0.11& 0.18
Dþ → KþKS −0.07& 0.02 0.10& 0.02 −0.46& 0.18 −0.30& 0.18 −0.40& 0.07= − 0.26& 0.05
Dþ

s → πþKS 0.09& 0.03 −0.08& 0.03 0.61& 0.24 0.42& 0.24 −0.40& 0.07= − 0.36& 0.07
Dþ

s → π0Kþ −0.04& 0.06 −0.02& 0.04 0.89& 0.27 0.91& 0.27 0.48& 0.06= − 0.03& 0.04
Dþ

s → Kþη −0.75& 0.01 −0.92& 0.02 −0.64& 0.08 −0.81& 0.08
Dþ

s → Kþη0 0.34& 0.02 0.63& 0.03 −0.22& 0.24 0.07& 0.25

4In our previous work [37], we obtained aðtreeÞdir ðD0 →
KSKSÞ ¼ −0.7 × 10−3 for Solution I and −1.7 × 10−3 for
Solution II.
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charm decays can be extracted from the data. The predicted
tree-level CP asymmetries for SCS modes are shown in
Table III. We see that larger CP asymmetries can be
achieved in those decay modes with interference between
T and C or C and E. For example, aðtreeÞdir is of order 0.78 ×
10−3 for D0 → π0η and −0.75 × 10−3 for Dþ

s → Kþη.
Direct CP violation in D0 → KSKS is given by

aðtreeÞdir ðD0→KSKSÞ¼
2Imðλdλ%sÞ

jλdj2
ImðE%

dEsÞ
jEd−Esj2

¼1.3×10−3
jEdEsj

jEd−Esj2
sinδds; ð23Þ

where δds is the strong phase of Es relative to Ed. From the
two solutions of Ed and Es given in Eq. (16), we find4

aðtreeÞdir ðD0→KSKSÞ¼
!−1.05×10−3 SolutionI;

−1.99×10−3 SolutionII:
ð24Þ

For comparison, various predictions available in the liter-
ature are discussed here. aðtreeÞdir ðKSKSÞ ¼ 1.11 × 10−3 was
predicted in [39]. It ranges in ð0.38–0.43Þ × 10−3 according

to [53] (see also the last column of Table III). Both
predictions are of the opposite sign from ours. As explained
in [37], the positive sign of aðtreeÞdir ðKSKSÞ given in [39] can
be traced back to the phase of the W-exchange amplitude.
In our case, the W-exchange amplitude is always in the
second quadrant, while it lies in the third quadrant in [39]
due to a sign flip. As noticed in passing, all the strong
phases extracted from a fit to branching fractions are
equivalent to those with a simultaneous sign flip. This
explains why the strong phases of C and E in [39] are
simultaneously opposite to ours in sign, and the sign
difference between this work and [39] for aðtreeÞdir ðKSKSÞ.
A measurement of adirCPðD0 → KSKSÞ will resolve the
discrete phase ambiguity. If it is measured to be negative
as predicted by us, then the W-exchange amplitude should
be in the second quadrant.
In [23], the direct CP violation in D0 → KSKS was

connected to that of D0 → KþK− via the relation

adirCPðD0 → KSKSÞ
adirCPðD0 → KþK−Þ

∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðD0 → KþK−Þ
2BðD0 → KSKSÞ

s

: ð25Þ

Taking adirCPðD0 → KþK−Þ to be ð−0.48& 0.09Þ × 10−3

from Table III and the measured branching fractions,
the obtained result adirCPðD0 → KSKSÞ ≈ −1.8 × 10−3 is in

TABLE III. Direct CP asymmetries (in units of 10−3) of D → PP decays, where aðtreeÞdir denotes CP asymmetry
arising from purely tree amplitudes. The superscript (tþ p) denotes tree plus QCD-penguin amplitudes, (tþ pa) for
tree plus weak penguin-annihilation (PE and PA) amplitudes and “tot” for the total amplitude. The first (second)
entry in D0 → ηη, ηη0, KþK− and KSKS is for Solution I (II) of Ed and Es [Eq. (16)]. For QCD-penguin exchange
PE, we assume that it is similar to the topological E amplitude [see Eq. (33)]. For comparison, The predicted results
of aðtotÞdir in [53] for both the negative (former) and positive (latter) solutions for the phase δi are also presented.

Decay mode aðtreeÞdir aðtþpÞ
dir aðtþpaÞ

dir aðtotÞdir (this work) aðtotÞdir [53]

D0 → πþπ− 0 0.03& 0.01 0.78& 0.22 0.80& 0.22 1.17& 0.20=1.18& 0.20
D0 → π0π0 0 0.27& 0.01 0.55& 0.30 0.82& 0.30 0.04& 0.09=0.79& 0.10
D0 → π0η 0.78& 0.01 0.48& 0.01 0.24& 0.28 −0.05& 0.28
D0 → π0η0 −0.43& 0.01 −0.56& 0.01 −0.01& 0.17 −0.15& 0.17
D0 → ηη −0.28& 0.01 −0.28& 0.01 −0.51& 0.07 −0.52& 0.07

−0.37& 0.01 −0.44& 0.01 −0.58& 0.07 −0.65& 0.07
D0 → ηη0 0.51& 0.00 0.09& 0.00 0.72& 0.22 0.29& 0.21

0.46& 0.01 0.16& 0.00 0.52& 0.15 0.22& 0.15
D0 → KþK− 0 0.08& 0.00 −0.41& 0.14 −0.33& 0.14 −0.47& 0.08= − 0.46& 0.08

0 −0.01& 0.00 −0.43& 0.12 −0.44& 0.12
D0 → KSKS −1.05 −1.05 −1.05 −1.05 0.43& 0.07=0.38& 0.07

−1.99 −1.99 −1.99 −1.99
Dþ → πþπ0 0 0 0 0
Dþ → πþη 0.37& 0.02 0.07& 0.01 −0.34& 0.22 −0.63& 0.23
Dþ → πþη0 −0.26& 0.02 −0.45& 0.03 0.30& 0.18 0.11& 0.18
Dþ → KþKS −0.07& 0.02 0.10& 0.02 −0.46& 0.18 −0.30& 0.18 −0.40& 0.07= − 0.26& 0.05
Dþ

s → πþKS 0.09& 0.03 −0.08& 0.03 0.61& 0.24 0.42& 0.24 −0.40& 0.07= − 0.36& 0.07
Dþ

s → π0Kþ −0.04& 0.06 −0.02& 0.04 0.89& 0.27 0.91& 0.27 0.48& 0.06= − 0.03& 0.04
Dþ

s → Kþη −0.75& 0.01 −0.92& 0.02 −0.64& 0.08 −0.81& 0.08
Dþ

s → Kþη0 0.34& 0.02 0.63& 0.03 −0.22& 0.24 0.07& 0.25

4In our previous work [37], we obtained aðtreeÞdir ðD0 →
KSKSÞ ¼ −0.7 × 10−3 for Solution I and −1.7 × 10−3 for
Solution II.
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0.6%
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opposite sign primarily 
because of their choice of the 
other set of strong phases

Interference between Ed and Es: 

➠ good observable to test our idea and various models

a(tree)dir = 1.3⇥ 10�3 |EdEs|
|Ed � Es|2

sin �ds
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charm decays can be extracted from the data. The predicted
tree-level CP asymmetries for SCS modes are shown in
Table III. We see that larger CP asymmetries can be
achieved in those decay modes with interference between
T and C or C and E. For example, aðtreeÞdir is of order 0.78 ×
10−3 for D0 → π0η and −0.75 × 10−3 for Dþ

s → Kþη.
Direct CP violation in D0 → KSKS is given by

aðtreeÞdir ðD0→KSKSÞ¼
2Imðλdλ%sÞ

jλdj2
ImðE%

dEsÞ
jEd−Esj2

¼1.3×10−3
jEdEsj

jEd−Esj2
sinδds; ð23Þ

where δds is the strong phase of Es relative to Ed. From the
two solutions of Ed and Es given in Eq. (16), we find4

aðtreeÞdir ðD0→KSKSÞ¼
!−1.05×10−3 SolutionI;

−1.99×10−3 SolutionII:
ð24Þ

For comparison, various predictions available in the liter-
ature are discussed here. aðtreeÞdir ðKSKSÞ ¼ 1.11 × 10−3 was
predicted in [39]. It ranges in ð0.38–0.43Þ × 10−3 according

to [53] (see also the last column of Table III). Both
predictions are of the opposite sign from ours. As explained
in [37], the positive sign of aðtreeÞdir ðKSKSÞ given in [39] can
be traced back to the phase of the W-exchange amplitude.
In our case, the W-exchange amplitude is always in the
second quadrant, while it lies in the third quadrant in [39]
due to a sign flip. As noticed in passing, all the strong
phases extracted from a fit to branching fractions are
equivalent to those with a simultaneous sign flip. This
explains why the strong phases of C and E in [39] are
simultaneously opposite to ours in sign, and the sign
difference between this work and [39] for aðtreeÞdir ðKSKSÞ.
A measurement of adirCPðD0 → KSKSÞ will resolve the
discrete phase ambiguity. If it is measured to be negative
as predicted by us, then the W-exchange amplitude should
be in the second quadrant.
In [23], the direct CP violation in D0 → KSKS was

connected to that of D0 → KþK− via the relation

adirCPðD0 → KSKSÞ
adirCPðD0 → KþK−Þ

∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðD0 → KþK−Þ
2BðD0 → KSKSÞ

s

: ð25Þ

Taking adirCPðD0 → KþK−Þ to be ð−0.48& 0.09Þ × 10−3

from Table III and the measured branching fractions,
the obtained result adirCPðD0 → KSKSÞ ≈ −1.8 × 10−3 is in

TABLE III. Direct CP asymmetries (in units of 10−3) of D → PP decays, where aðtreeÞdir denotes CP asymmetry
arising from purely tree amplitudes. The superscript (tþ p) denotes tree plus QCD-penguin amplitudes, (tþ pa) for
tree plus weak penguin-annihilation (PE and PA) amplitudes and “tot” for the total amplitude. The first (second)
entry in D0 → ηη, ηη0, KþK− and KSKS is for Solution I (II) of Ed and Es [Eq. (16)]. For QCD-penguin exchange
PE, we assume that it is similar to the topological E amplitude [see Eq. (33)]. For comparison, The predicted results
of aðtotÞdir in [53] for both the negative (former) and positive (latter) solutions for the phase δi are also presented.

Decay mode aðtreeÞdir aðtþpÞ
dir aðtþpaÞ

dir aðtotÞdir (this work) aðtotÞdir [53]

D0 → πþπ− 0 0.03& 0.01 0.78& 0.22 0.80& 0.22 1.17& 0.20=1.18& 0.20
D0 → π0π0 0 0.27& 0.01 0.55& 0.30 0.82& 0.30 0.04& 0.09=0.79& 0.10
D0 → π0η 0.78& 0.01 0.48& 0.01 0.24& 0.28 −0.05& 0.28
D0 → π0η0 −0.43& 0.01 −0.56& 0.01 −0.01& 0.17 −0.15& 0.17
D0 → ηη −0.28& 0.01 −0.28& 0.01 −0.51& 0.07 −0.52& 0.07

−0.37& 0.01 −0.44& 0.01 −0.58& 0.07 −0.65& 0.07
D0 → ηη0 0.51& 0.00 0.09& 0.00 0.72& 0.22 0.29& 0.21

0.46& 0.01 0.16& 0.00 0.52& 0.15 0.22& 0.15
D0 → KþK− 0 0.08& 0.00 −0.41& 0.14 −0.33& 0.14 −0.47& 0.08= − 0.46& 0.08

0 −0.01& 0.00 −0.43& 0.12 −0.44& 0.12
D0 → KSKS −1.05 −1.05 −1.05 −1.05 0.43& 0.07=0.38& 0.07

−1.99 −1.99 −1.99 −1.99
Dþ → πþπ0 0 0 0 0
Dþ → πþη 0.37& 0.02 0.07& 0.01 −0.34& 0.22 −0.63& 0.23
Dþ → πþη0 −0.26& 0.02 −0.45& 0.03 0.30& 0.18 0.11& 0.18
Dþ → KþKS −0.07& 0.02 0.10& 0.02 −0.46& 0.18 −0.30& 0.18 −0.40& 0.07= − 0.26& 0.05
Dþ

s → πþKS 0.09& 0.03 −0.08& 0.03 0.61& 0.24 0.42& 0.24 −0.40& 0.07= − 0.36& 0.07
Dþ

s → π0Kþ −0.04& 0.06 −0.02& 0.04 0.89& 0.27 0.91& 0.27 0.48& 0.06= − 0.03& 0.04
Dþ

s → Kþη −0.75& 0.01 −0.92& 0.02 −0.64& 0.08 −0.81& 0.08
Dþ

s → Kþη0 0.34& 0.02 0.63& 0.03 −0.22& 0.24 0.07& 0.25

4In our previous work [37], we obtained aðtreeÞdir ðD0 →
KSKSÞ ¼ −0.7 × 10−3 for Solution I and −1.7 × 10−3 for
Solution II.
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Interference between Ed and Es: 

➠ good observable to test our idea and various models

a(tree)dir = 1.3⇥ 10�3 |EdEs|
|Ed � Es|2

sin �ds
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EXTRACTED PARAMETERS
• A global fit to CF D → VP modes gives 6 best solutions 

with χ2min < 10.

38
solutions except for those ofCP andEP.We find (δCP

, δEP
) to

be either (201°, 108°) or (159°, 252°). A close inspection tells
us that Solutions (S1) and (S4) are close to each other in the
sense that the corresponding amplitudes are similar in size,

except for jAV j and jAPj, and the corresponding strong phases
add up to roughly 360°. So are Solutions (S2) and (S5).
Although solutions in set (S) generally fit the

Cabibbo-favored modes well [see Table V for results

TABLE IV. Fit results using Eq. (49) and ϕ ¼ 43:5°. The amplitude sizes are quoted in units of 10−6 and the strong
phases in units of degrees.

(S1) (S2) (S3) (S4) (S5) (S6)

jTV j 2.18þ0.06
−0.07 2.18þ0.06

−0.07 2.17# 0.06 2.19þ0.06
−0.07 2.18þ0.06

−0.07 2.18# 0.06
jTPj 3.41# 0.06 3.36# 0.06 3.51# 0.06 3.48# 0.06 3.50# 0.06 3.39# 0.06
δTP

69# 3 286# 3 40þ3
−4 307þ4

−3 79þ3
−4 12# 3

jCV j 1.76# 0.04 1.76# 0.04 1.74# 0.04 1.75# 0.04 1.74# 0.04 1.76# 0.04
δCV

278# 3 76# 3 195þ4
−3 152þ3

−4 235þ4
−3 221# 3

jCPj 2.10# 0.03 2.07# 0.03 2.04# 0.03 2.14# 0.03 2.07# 0.03 2.07# 0.03
δCP

201# 1 201# 1 201# 1 159# 1 159# 1 201# 1
jEV j 0.27# 0.04 0.26# 0.04 0.40# 0.06 0.33# 0.05 0.38# 0.05 0.26# 0.04
δEV 260þ50

−20 69þ46
−21 245þ8

−9 113þ14
−11 282þ8

−10 224þ22
−40

jEPj 1.66þ0.05
−0.06 1.66þ0.05

−0.06 1.66# 0.05 1.66þ0.05
−0.06 1.66# 0.05 1.66þ0.05

−0.06
δEP

108# 3 108# 3 107# 3 251# 3 252# 3 108# 3
jAV j 0.19# 0.02 0.20# 0.03 0.22# 0.03 0.25# 0.02 0.26# 0.02 0.24# 0.03
δAV 17þ9

−12 349þ10
−8 73# 7 355þ13

−12 27þ8
−9 68# 8

jAPj 0.22# 0.03 0.22# 0.03 0.19# 0.03 0.15# 0.03 0.14þ0.03
−0.02 0.16# 0.03

δAP 342þ12
−9 24þ9

−11 108þ9
−11 20þ12

−27 13þ45
−17 98þ11

−17
χ2min 5.438 5.603 5.604 7.345 7.495 7.956
Fit quality 0.1424 0.1326 0.1096 0.062 0.058 0.047

TABLE V. Flavor amplitude decompositions, experimental branching fractions, and predicted branching fractions for the Cabibbo-
favored D → VP decays. Here sϕ ≡ sinϕ, cϕ ≡ cosϕ and λsd ≡ V$

csVud. The columns of BtheoryðS3Þ and BtheoryðS6Þ are predictions
based on Solutions (S3) and (S6) shown in Table IV, respectively. All branching fractions are quoted in units of %.

Meson Mode Representation Bexp BtheoryðS3Þ BtheoryðS6Þ

D0 K$−πþ λsdðTV þ EPÞ 5.34# 0.41 5.39# 0.40 5.35# 0.40
K−ρþ λsdðTP þ EVÞ 11.3# 0.7 11.4# 0.6 11.7# 0.8
K̄$0π0 1ffiffi

2
p λsdðCP − EPÞ 3.74# 0.27 3.67# 0.21 3.69# 0.21

K̄0ρ0 1ffiffi
2

p λsdðCV − EVÞ 1.26þ0.12
−0.16 1.30# 0.12 1.35# 0.13

K̄$0η λsd
h

1ffiffi
2

p ðCP þ EPÞcϕ − EVsϕ
i

1.02# 0.30 0.92# 0.08 0.86# 0.12

K̄$0η0 −λsd
h

1ffiffi
2

p ðCP þ EPÞsϕ þ EVcϕ
i

<0.10 0.0048# 0.0004 0.0052# 0.0007

K̄0ω − 1ffiffi
2

p λsdðCV þ EVÞ 2.22# 0.12 2.23# 0.16 2.17# 0.16

K̄0ϕ −λsdEP 0.830# 0.061 0.835# 0.054 0.838# 0.054

Dþ K̄$0πþ λsdðTV þ CPÞ 1.57# 0.13 1.59# 0.15 1.58# 0.15
K̄0ρþ λsdðTP þ CVÞ 12.3þ1.2

−0.7 12.5# 1.5 12.3# 1.5

Dþ
s K̄$0Kþ λsdðCP þ AVÞ 3.92# 0.14 3.94# 0.18 3.94# 0.18

K̄0K$þ λsdðCV þ APÞ 5.4# 1.2 3.39# 0.21 3.10# 0.21
ρþπ0 1ffiffi

2
p λsdðAP − AVÞ ' ' ' 0.024# 0.014 0.025# 0.016

ρþη λsd
h

1ffiffi
2

p ðAP þ AVÞcϕ − TPsϕ
i

8.9# 0.8 9.02# 0.37 8.86# 0.38

ρþη0 λsd
h

1ffiffi
2

p ðAP þ AVÞsϕ þ TPcϕ
i

5.8# 1.5 3.25# 0.12 2.92# 0.11

πþρ0 1ffiffi
2

p λsdðAV − APÞ 0.020# 0.012 0.023# 0.014 0.024# 0.016

πþω 1ffiffi
2

p λsdðAV þ APÞ 0.19# 0.03a 0.19# 0.04 0.19# 0.04

πþϕ λsdTV 4.5# 0.4 4.45# 0.24 4.49# 0.25
aNew measurement from BESIII [67] has been taken into account in the world average.

HAI-YANG CHENG and CHENG-WEI CHIANG PHYS. REV. D 100, 093002 (2019)
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modulus in units of 10−6

• Certain parameters are more stable across solutions.
• Hierarchy |TP| > |TV| ∼ |CV,P| > |EP| > |EV| ∼ |AV,P|
• The relation EV ≈ −EP advocated by some analyses is  

disfavored by the data. Rosner 1999
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solutions except for those ofCP andEP.We find (δCP
, δEP

) to
be either (201°, 108°) or (159°, 252°). A close inspection tells
us that Solutions (S1) and (S4) are close to each other in the
sense that the corresponding amplitudes are similar in size,

except for jAV j and jAPj, and the corresponding strong phases
add up to roughly 360°. So are Solutions (S2) and (S5).
Although solutions in set (S) generally fit the

Cabibbo-favored modes well [see Table V for results

TABLE IV. Fit results using Eq. (49) and ϕ ¼ 43:5°. The amplitude sizes are quoted in units of 10−6 and the strong
phases in units of degrees.

(S1) (S2) (S3) (S4) (S5) (S6)

jTV j 2.18þ0.06
−0.07 2.18þ0.06

−0.07 2.17# 0.06 2.19þ0.06
−0.07 2.18þ0.06

−0.07 2.18# 0.06
jTPj 3.41# 0.06 3.36# 0.06 3.51# 0.06 3.48# 0.06 3.50# 0.06 3.39# 0.06
δTP

69# 3 286# 3 40þ3
−4 307þ4

−3 79þ3
−4 12# 3

jCV j 1.76# 0.04 1.76# 0.04 1.74# 0.04 1.75# 0.04 1.74# 0.04 1.76# 0.04
δCV

278# 3 76# 3 195þ4
−3 152þ3

−4 235þ4
−3 221# 3

jCPj 2.10# 0.03 2.07# 0.03 2.04# 0.03 2.14# 0.03 2.07# 0.03 2.07# 0.03
δCP

201# 1 201# 1 201# 1 159# 1 159# 1 201# 1
jEV j 0.27# 0.04 0.26# 0.04 0.40# 0.06 0.33# 0.05 0.38# 0.05 0.26# 0.04
δEV 260þ50

−20 69þ46
−21 245þ8

−9 113þ14
−11 282þ8

−10 224þ22
−40

jEPj 1.66þ0.05
−0.06 1.66þ0.05

−0.06 1.66# 0.05 1.66þ0.05
−0.06 1.66# 0.05 1.66þ0.05

−0.06
δEP

108# 3 108# 3 107# 3 251# 3 252# 3 108# 3
jAV j 0.19# 0.02 0.20# 0.03 0.22# 0.03 0.25# 0.02 0.26# 0.02 0.24# 0.03
δAV 17þ9

−12 349þ10
−8 73# 7 355þ13

−12 27þ8
−9 68# 8

jAPj 0.22# 0.03 0.22# 0.03 0.19# 0.03 0.15# 0.03 0.14þ0.03
−0.02 0.16# 0.03

δAP 342þ12
−9 24þ9

−11 108þ9
−11 20þ12

−27 13þ45
−17 98þ11

−17
χ2min 5.438 5.603 5.604 7.345 7.495 7.956
Fit quality 0.1424 0.1326 0.1096 0.062 0.058 0.047

TABLE V. Flavor amplitude decompositions, experimental branching fractions, and predicted branching fractions for the Cabibbo-
favored D → VP decays. Here sϕ ≡ sinϕ, cϕ ≡ cosϕ and λsd ≡ V$

csVud. The columns of BtheoryðS3Þ and BtheoryðS6Þ are predictions
based on Solutions (S3) and (S6) shown in Table IV, respectively. All branching fractions are quoted in units of %.

Meson Mode Representation Bexp BtheoryðS3Þ BtheoryðS6Þ

D0 K$−πþ λsdðTV þ EPÞ 5.34# 0.41 5.39# 0.40 5.35# 0.40
K−ρþ λsdðTP þ EVÞ 11.3# 0.7 11.4# 0.6 11.7# 0.8
K̄$0π0 1ffiffi

2
p λsdðCP − EPÞ 3.74# 0.27 3.67# 0.21 3.69# 0.21

K̄0ρ0 1ffiffi
2

p λsdðCV − EVÞ 1.26þ0.12
−0.16 1.30# 0.12 1.35# 0.13

K̄$0η λsd
h

1ffiffi
2

p ðCP þ EPÞcϕ − EVsϕ
i

1.02# 0.30 0.92# 0.08 0.86# 0.12

K̄$0η0 −λsd
h

1ffiffi
2

p ðCP þ EPÞsϕ þ EVcϕ
i

<0.10 0.0048# 0.0004 0.0052# 0.0007

K̄0ω − 1ffiffi
2

p λsdðCV þ EVÞ 2.22# 0.12 2.23# 0.16 2.17# 0.16

K̄0ϕ −λsdEP 0.830# 0.061 0.835# 0.054 0.838# 0.054

Dþ K̄$0πþ λsdðTV þ CPÞ 1.57# 0.13 1.59# 0.15 1.58# 0.15
K̄0ρþ λsdðTP þ CVÞ 12.3þ1.2

−0.7 12.5# 1.5 12.3# 1.5

Dþ
s K̄$0Kþ λsdðCP þ AVÞ 3.92# 0.14 3.94# 0.18 3.94# 0.18

K̄0K$þ λsdðCV þ APÞ 5.4# 1.2 3.39# 0.21 3.10# 0.21
ρþπ0 1ffiffi

2
p λsdðAP − AVÞ ' ' ' 0.024# 0.014 0.025# 0.016

ρþη λsd
h

1ffiffi
2

p ðAP þ AVÞcϕ − TPsϕ
i

8.9# 0.8 9.02# 0.37 8.86# 0.38

ρþη0 λsd
h

1ffiffi
2

p ðAP þ AVÞsϕ þ TPcϕ
i

5.8# 1.5 3.25# 0.12 2.92# 0.11

πþρ0 1ffiffi
2

p λsdðAV − APÞ 0.020# 0.012 0.023# 0.014 0.024# 0.016

πþω 1ffiffi
2

p λsdðAV þ APÞ 0.19# 0.03a 0.19# 0.04 0.19# 0.04

πþϕ λsdTV 4.5# 0.4 4.45# 0.24 4.49# 0.25
aNew measurement from BESIII [67] has been taken into account in the world average.

HAI-YANG CHENG and CHENG-WEI CHIANG PHYS. REV. D 100, 093002 (2019)
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number from 3 decades ago by 
CLEO in 1989 ➠ need an update

in units of %
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solutions except for those ofCP andEP.We find (δCP
, δEP

) to
be either (201°, 108°) or (159°, 252°). A close inspection tells
us that Solutions (S1) and (S4) are close to each other in the
sense that the corresponding amplitudes are similar in size,

except for jAV j and jAPj, and the corresponding strong phases
add up to roughly 360°. So are Solutions (S2) and (S5).
Although solutions in set (S) generally fit the

Cabibbo-favored modes well [see Table V for results

TABLE IV. Fit results using Eq. (49) and ϕ ¼ 43:5°. The amplitude sizes are quoted in units of 10−6 and the strong
phases in units of degrees.

(S1) (S2) (S3) (S4) (S5) (S6)

jTV j 2.18þ0.06
−0.07 2.18þ0.06

−0.07 2.17# 0.06 2.19þ0.06
−0.07 2.18þ0.06

−0.07 2.18# 0.06
jTPj 3.41# 0.06 3.36# 0.06 3.51# 0.06 3.48# 0.06 3.50# 0.06 3.39# 0.06
δTP

69# 3 286# 3 40þ3
−4 307þ4

−3 79þ3
−4 12# 3

jCV j 1.76# 0.04 1.76# 0.04 1.74# 0.04 1.75# 0.04 1.74# 0.04 1.76# 0.04
δCV

278# 3 76# 3 195þ4
−3 152þ3

−4 235þ4
−3 221# 3

jCPj 2.10# 0.03 2.07# 0.03 2.04# 0.03 2.14# 0.03 2.07# 0.03 2.07# 0.03
δCP

201# 1 201# 1 201# 1 159# 1 159# 1 201# 1
jEV j 0.27# 0.04 0.26# 0.04 0.40# 0.06 0.33# 0.05 0.38# 0.05 0.26# 0.04
δEV 260þ50

−20 69þ46
−21 245þ8

−9 113þ14
−11 282þ8

−10 224þ22
−40

jEPj 1.66þ0.05
−0.06 1.66þ0.05

−0.06 1.66# 0.05 1.66þ0.05
−0.06 1.66# 0.05 1.66þ0.05

−0.06
δEP

108# 3 108# 3 107# 3 251# 3 252# 3 108# 3
jAV j 0.19# 0.02 0.20# 0.03 0.22# 0.03 0.25# 0.02 0.26# 0.02 0.24# 0.03
δAV 17þ9

−12 349þ10
−8 73# 7 355þ13

−12 27þ8
−9 68# 8

jAPj 0.22# 0.03 0.22# 0.03 0.19# 0.03 0.15# 0.03 0.14þ0.03
−0.02 0.16# 0.03

δAP 342þ12
−9 24þ9

−11 108þ9
−11 20þ12

−27 13þ45
−17 98þ11

−17
χ2min 5.438 5.603 5.604 7.345 7.495 7.956
Fit quality 0.1424 0.1326 0.1096 0.062 0.058 0.047

TABLE V. Flavor amplitude decompositions, experimental branching fractions, and predicted branching fractions for the Cabibbo-
favored D → VP decays. Here sϕ ≡ sinϕ, cϕ ≡ cosϕ and λsd ≡ V$

csVud. The columns of BtheoryðS3Þ and BtheoryðS6Þ are predictions
based on Solutions (S3) and (S6) shown in Table IV, respectively. All branching fractions are quoted in units of %.

Meson Mode Representation Bexp BtheoryðS3Þ BtheoryðS6Þ

D0 K$−πþ λsdðTV þ EPÞ 5.34# 0.41 5.39# 0.40 5.35# 0.40
K−ρþ λsdðTP þ EVÞ 11.3# 0.7 11.4# 0.6 11.7# 0.8
K̄$0π0 1ffiffi

2
p λsdðCP − EPÞ 3.74# 0.27 3.67# 0.21 3.69# 0.21

K̄0ρ0 1ffiffi
2

p λsdðCV − EVÞ 1.26þ0.12
−0.16 1.30# 0.12 1.35# 0.13

K̄$0η λsd
h

1ffiffi
2

p ðCP þ EPÞcϕ − EVsϕ
i

1.02# 0.30 0.92# 0.08 0.86# 0.12

K̄$0η0 −λsd
h

1ffiffi
2

p ðCP þ EPÞsϕ þ EVcϕ
i

<0.10 0.0048# 0.0004 0.0052# 0.0007

K̄0ω − 1ffiffi
2

p λsdðCV þ EVÞ 2.22# 0.12 2.23# 0.16 2.17# 0.16

K̄0ϕ −λsdEP 0.830# 0.061 0.835# 0.054 0.838# 0.054

Dþ K̄$0πþ λsdðTV þ CPÞ 1.57# 0.13 1.59# 0.15 1.58# 0.15
K̄0ρþ λsdðTP þ CVÞ 12.3þ1.2

−0.7 12.5# 1.5 12.3# 1.5

Dþ
s K̄$0Kþ λsdðCP þ AVÞ 3.92# 0.14 3.94# 0.18 3.94# 0.18

K̄0K$þ λsdðCV þ APÞ 5.4# 1.2 3.39# 0.21 3.10# 0.21
ρþπ0 1ffiffi

2
p λsdðAP − AVÞ ' ' ' 0.024# 0.014 0.025# 0.016

ρþη λsd
h

1ffiffi
2

p ðAP þ AVÞcϕ − TPsϕ
i

8.9# 0.8 9.02# 0.37 8.86# 0.38

ρþη0 λsd
h

1ffiffi
2

p ðAP þ AVÞsϕ þ TPcϕ
i

5.8# 1.5 3.25# 0.12 2.92# 0.11

πþρ0 1ffiffi
2

p λsdðAV − APÞ 0.020# 0.012 0.023# 0.014 0.024# 0.016

πþω 1ffiffi
2

p λsdðAV þ APÞ 0.19# 0.03a 0.19# 0.04 0.19# 0.04

πþϕ λsdTV 4.5# 0.4 4.45# 0.24 4.49# 0.25
aNew measurement from BESIII [67] has been taken into account in the world average.

HAI-YANG CHENG and CHENG-WEI CHIANG PHYS. REV. D 100, 093002 (2019)
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solutions except for those ofCP andEP.We find (δCP
, δEP

) to
be either (201°, 108°) or (159°, 252°). A close inspection tells
us that Solutions (S1) and (S4) are close to each other in the
sense that the corresponding amplitudes are similar in size,

except for jAV j and jAPj, and the corresponding strong phases
add up to roughly 360°. So are Solutions (S2) and (S5).
Although solutions in set (S) generally fit the

Cabibbo-favored modes well [see Table V for results

TABLE IV. Fit results using Eq. (49) and ϕ ¼ 43:5°. The amplitude sizes are quoted in units of 10−6 and the strong
phases in units of degrees.

(S1) (S2) (S3) (S4) (S5) (S6)

jTV j 2.18þ0.06
−0.07 2.18þ0.06

−0.07 2.17# 0.06 2.19þ0.06
−0.07 2.18þ0.06

−0.07 2.18# 0.06
jTPj 3.41# 0.06 3.36# 0.06 3.51# 0.06 3.48# 0.06 3.50# 0.06 3.39# 0.06
δTP

69# 3 286# 3 40þ3
−4 307þ4

−3 79þ3
−4 12# 3

jCV j 1.76# 0.04 1.76# 0.04 1.74# 0.04 1.75# 0.04 1.74# 0.04 1.76# 0.04
δCV

278# 3 76# 3 195þ4
−3 152þ3

−4 235þ4
−3 221# 3

jCPj 2.10# 0.03 2.07# 0.03 2.04# 0.03 2.14# 0.03 2.07# 0.03 2.07# 0.03
δCP

201# 1 201# 1 201# 1 159# 1 159# 1 201# 1
jEV j 0.27# 0.04 0.26# 0.04 0.40# 0.06 0.33# 0.05 0.38# 0.05 0.26# 0.04
δEV 260þ50

−20 69þ46
−21 245þ8

−9 113þ14
−11 282þ8

−10 224þ22
−40

jEPj 1.66þ0.05
−0.06 1.66þ0.05

−0.06 1.66# 0.05 1.66þ0.05
−0.06 1.66# 0.05 1.66þ0.05

−0.06
δEP

108# 3 108# 3 107# 3 251# 3 252# 3 108# 3
jAV j 0.19# 0.02 0.20# 0.03 0.22# 0.03 0.25# 0.02 0.26# 0.02 0.24# 0.03
δAV 17þ9

−12 349þ10
−8 73# 7 355þ13

−12 27þ8
−9 68# 8

jAPj 0.22# 0.03 0.22# 0.03 0.19# 0.03 0.15# 0.03 0.14þ0.03
−0.02 0.16# 0.03

δAP 342þ12
−9 24þ9

−11 108þ9
−11 20þ12

−27 13þ45
−17 98þ11

−17
χ2min 5.438 5.603 5.604 7.345 7.495 7.956
Fit quality 0.1424 0.1326 0.1096 0.062 0.058 0.047

TABLE V. Flavor amplitude decompositions, experimental branching fractions, and predicted branching fractions for the Cabibbo-
favored D → VP decays. Here sϕ ≡ sinϕ, cϕ ≡ cosϕ and λsd ≡ V$

csVud. The columns of BtheoryðS3Þ and BtheoryðS6Þ are predictions
based on Solutions (S3) and (S6) shown in Table IV, respectively. All branching fractions are quoted in units of %.

Meson Mode Representation Bexp BtheoryðS3Þ BtheoryðS6Þ

D0 K$−πþ λsdðTV þ EPÞ 5.34# 0.41 5.39# 0.40 5.35# 0.40
K−ρþ λsdðTP þ EVÞ 11.3# 0.7 11.4# 0.6 11.7# 0.8
K̄$0π0 1ffiffi

2
p λsdðCP − EPÞ 3.74# 0.27 3.67# 0.21 3.69# 0.21

K̄0ρ0 1ffiffi
2

p λsdðCV − EVÞ 1.26þ0.12
−0.16 1.30# 0.12 1.35# 0.13

K̄$0η λsd
h

1ffiffi
2

p ðCP þ EPÞcϕ − EVsϕ
i

1.02# 0.30 0.92# 0.08 0.86# 0.12

K̄$0η0 −λsd
h

1ffiffi
2

p ðCP þ EPÞsϕ þ EVcϕ
i

<0.10 0.0048# 0.0004 0.0052# 0.0007

K̄0ω − 1ffiffi
2

p λsdðCV þ EVÞ 2.22# 0.12 2.23# 0.16 2.17# 0.16

K̄0ϕ −λsdEP 0.830# 0.061 0.835# 0.054 0.838# 0.054

Dþ K̄$0πþ λsdðTV þ CPÞ 1.57# 0.13 1.59# 0.15 1.58# 0.15
K̄0ρþ λsdðTP þ CVÞ 12.3þ1.2

−0.7 12.5# 1.5 12.3# 1.5

Dþ
s K̄$0Kþ λsdðCP þ AVÞ 3.92# 0.14 3.94# 0.18 3.94# 0.18

K̄0K$þ λsdðCV þ APÞ 5.4# 1.2 3.39# 0.21 3.10# 0.21
ρþπ0 1ffiffi

2
p λsdðAP − AVÞ ' ' ' 0.024# 0.014 0.025# 0.016

ρþη λsd
h

1ffiffi
2

p ðAP þ AVÞcϕ − TPsϕ
i

8.9# 0.8 9.02# 0.37 8.86# 0.38

ρþη0 λsd
h

1ffiffi
2

p ðAP þ AVÞsϕ þ TPcϕ
i

5.8# 1.5 3.25# 0.12 2.92# 0.11

πþρ0 1ffiffi
2

p λsdðAV − APÞ 0.020# 0.012 0.023# 0.014 0.024# 0.016

πþω 1ffiffi
2

p λsdðAV þ APÞ 0.19# 0.03a 0.19# 0.04 0.19# 0.04

πþϕ λsdTV 4.5# 0.4 4.45# 0.24 4.49# 0.25
aNew measurement from BESIII [67] has been taken into account in the world average.

HAI-YANG CHENG and CHENG-WEI CHIANG PHYS. REV. D 100, 093002 (2019)

093002-12

These two modes imply that AV,P should be roughly in phase 
to have destruction/constructive interferences, respectively.

in units of %
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based on Solutions (S3) and (S6)], there are two exce-
ptions, namely, Dþ

s → K̄0K"þ and ρþη0, where the
predictions are smaller than the experimental results.
The first mode was measured three decades ago with a

relatively large uncertainty [66], and the experi-
mental result was likely to be overestimated. The
second mode has a decay amplitude respecting a sum
rule [41]:

TABLE VI. Same as Table V, but for the singly Cabibbo-suppressed decay modes. All branching fractions are
quoted in units of 10−3.

Mode Representation Bexp Btheo(S3) Btheo(S6)

D0 πþρ− λdðTV þ EPÞ þ λpðPp
V þ PAP þ PEPÞ 5.15% 0.25 4.72% 0.35 4.68% 0.35

π−ρþ λdðTP þ EVÞ þ λpðP
p
P þ PAV þ PEVÞ 10.1% 0.4 8.81% 0.46 9.14% 0.60

π0ρ0 1
2 λdð−CP − CV þ EP þ EVÞ
þλpðP

p
P þ Pp

V þ PAP þ PAV þ PEP þ PEVÞ
3.86% 0.23 3.18% 0.19 3.92% 0.20

KþK"− λsðTV þ EPÞ þ λpðPp
V þ PEP þ PAPÞ 1.65% 0.11 1.81% 0.14 1.79% 0.13

K−K"þ λsðTP þ EVÞ þ λpðP
p
P þ PEV þ PAVÞ 4.56% 0.21 3.35% 0.17 3.44% 0.23

K0K̄"0 λdEV þ λsEP þ λpðPAP þ PAVÞ 0.246% 0.048 1.27% 0.10 1.04% 0.14
K̄0K"0 λdEP þ λsEV þ λpðPAP þ PAVÞ 0.336% 0.063 1.27% 0.10 1.04% 0.14
π0ω 1

2 λdð−CV þ CP − EP − EVÞ þ λpðP
p
P þ Pp

V þ PEP þ PEVÞ 0.117% 0.035 0.53% 0.09 0.22% 0.06
π0ϕ 1ffiffi

2
p λsCP 1.20% 0.04a 0.64% 0.02 0.65% 0.02

ηω 1
2½λdðCV þ CP þ EV þ EPÞ cosϕ − λsCV sinϕ
þλpðPp

P þ Pp
V þ PEP þ PEV þ PAP þ PAVÞ cosϕ'

1.98% 0.18 2.96% 0.13 2.56% 0.14

η0ω 1
2½λdðCV þ CP þ EV þ EPÞ sinϕþ λsCV cosϕ
þλpðP

p
P þ Pp

V þ PEP þ PEV þ PAP þ PAVÞ sinϕ'
( ( ( 0.03% 0.00 0.05% 0.01

ηϕ λs½1ffiffi2p CP cosϕ − ðEV þ EPÞ sinϕ' þ λpðPAP þ PAVÞ sinϕ 0.167% 0.034a 0.24% 0.02 0.29% 0.03

ηρ0 1
2½λdðCV − CP − EV − EPÞ cosϕ − λs

ffiffiffi
2

p
CV sinϕ

þλpðP
p
P þ Pp

V þ PEP þ PEVÞ cosϕ'
( ( ( 0.31% 0.05 0.84% 0.10

η0ρ0 1
2½λdðCV − CP − EV − EPÞ sinϕþ λs

ffiffiffi
2

p
CV cosϕ

þλpðPp
P þ Pp

V þ PEP þ PEVÞ sinϕ'
( ( ( 0.11% 0.01 0.10% 0.01

Dþ πþρ0 1ffiffi
2

p ½λdðTV þ CP − AP þ AVÞ þ λpðP
p
V − Pp

P þ PEP − PEVÞ' 0.83% 0.15 0.70% 0.10 0.61% 0.10

π0ρþ 1ffiffi
2

p ½λdðTP þ CV þ AP − AVÞ þ λpðP
p
P − Pp

V þ PEV − PEPÞ' ( ( ( 4.43% 0.61 4.53% 0.64

πþω 1ffiffi
2

p ½λdðTV þ CP þ AP þ AVÞ þ λpðP
p
P þ Pp

V þ PEP þ PEVÞ' 0.28% 0.06 0.22% 0.06 0.26% 0.07

πþϕ λsCP 5.68% 0.11a 3.27% 0.11 3.35% 0.11
ηρþ 1ffiffi

2
p ½λdðTP þ CV þ AV þ APÞ cosϕ − λs

ffiffiffi
2

p
CV sinϕ

þλpðPp
P þ Pp

V þ PEP þ PEVÞ cosϕ'
( ( ( 1.53% 0.49 1.02% 0.34

η0ρþ 1ffiffi
2

p ½λdðTP þ CV þ AV þ APÞ sinϕþ λs
ffiffiffi
2

p
CV cosϕ

þλpðP
p
P þ Pp

V þ PEP þ PEVÞ sinϕ'
( ( ( 1.16% 0.11 1.03% 0.11

KþK̄"0 λdAV þ λsTV þ λpðPp
V þ PEPÞ 3.83þ0.14

−0.21 3.87% 0.23 3.82% 0.25
K̄0K"þ λdAP þ λsTP þ λpðPp

P þ PEVÞ 34% 16 10.20% 0.40 9.80% 0.41

Dþ
s πþK"0 λdTV þ λsAV þ λpðPp

V þ PEPÞ 2.13% 0.36 3.69% 0.23 3.65% 0.24
π0K"þ 1ffiffi

2
p ½λdCV − λsAV − λpðPp

V þ PEPÞ' ( ( ( 1.12% 0.07 1.02% 0.07

Kþρ0 1ffiffi
2

p ½λdCP − λsAP − λpðPp
P þ PEVÞ' 2.5% 0.4 2.10% 0.10 2.10% 0.10

K0ρþ λdTP þ λsAP þ λpðPp
P þ PEVÞ ( ( ( 11.80% 0.4711.47% 0.48

ηK"þ 1ffiffi
2

p f½λdCV þ λsAV þ λpðP
p
V þ PEPÞ' cosϕ

−½λsðTP þ CV þ APÞ þ λpðP
p
P þ PEVÞ' sinϕg

( ( ( 0.60% 0.21 0.64% 0.20

η0K"þ 1ffiffi
2

p f½λdCV þ λsAV þ λpðPp
V þ PEPÞ' sinϕ

−½λsðTP þ CV þ APÞ þ λpðPp
P þ PEVÞ' cosϕg

( ( ( 0.38% 0.02 0.33% 0.02

Kþω 1ffiffi
2

p ½λdCP þ λsAP þ λpðP
p
P þ PEVÞ' 0.87% 0.25b 2.02% 0.09 2.12% 0.10

Kþϕ λsðTV þ CP þ AVÞ þ λpðP
p
V þ PEPÞ 0.182% 0.041 0.13% 0.02 0.12% 0.02

aNew measurements from BESIII [68] have been taken into account in the world average.
bData from BESIII [67].
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in units of 10−3

• No SU(3) breaking factors for T and C amplitudes required. For example, 
 
 

• Only (S3) and (S6) have better predictions for SCS modes in general.

|TV + EP |⇡+⇢�

|TV + EP |K0K+

' 1.08,
|TP + EV |⇡�⇢+

|TV + EP |K�K�
' 0.91

<latexit sha1_base64="QyD8GLD70UaeuG//0fqC0xNKBO8="></latexit>
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based on Solutions (S3) and (S6)], there are two exce-
ptions, namely, Dþ

s → K̄0K"þ and ρþη0, where the
predictions are smaller than the experimental results.
The first mode was measured three decades ago with a

relatively large uncertainty [66], and the experi-
mental result was likely to be overestimated. The
second mode has a decay amplitude respecting a sum
rule [41]:

TABLE VI. Same as Table V, but for the singly Cabibbo-suppressed decay modes. All branching fractions are
quoted in units of 10−3.

Mode Representation Bexp Btheo(S3) Btheo(S6)

D0 πþρ− λdðTV þ EPÞ þ λpðPp
V þ PAP þ PEPÞ 5.15% 0.25 4.72% 0.35 4.68% 0.35

π−ρþ λdðTP þ EVÞ þ λpðP
p
P þ PAV þ PEVÞ 10.1% 0.4 8.81% 0.46 9.14% 0.60

π0ρ0 1
2 λdð−CP − CV þ EP þ EVÞ
þλpðP

p
P þ Pp

V þ PAP þ PAV þ PEP þ PEVÞ
3.86% 0.23 3.18% 0.19 3.92% 0.20

KþK"− λsðTV þ EPÞ þ λpðPp
V þ PEP þ PAPÞ 1.65% 0.11 1.81% 0.14 1.79% 0.13

K−K"þ λsðTP þ EVÞ þ λpðP
p
P þ PEV þ PAVÞ 4.56% 0.21 3.35% 0.17 3.44% 0.23

K0K̄"0 λdEV þ λsEP þ λpðPAP þ PAVÞ 0.246% 0.048 1.27% 0.10 1.04% 0.14
K̄0K"0 λdEP þ λsEV þ λpðPAP þ PAVÞ 0.336% 0.063 1.27% 0.10 1.04% 0.14
π0ω 1

2 λdð−CV þ CP − EP − EVÞ þ λpðP
p
P þ Pp

V þ PEP þ PEVÞ 0.117% 0.035 0.53% 0.09 0.22% 0.06
π0ϕ 1ffiffi

2
p λsCP 1.20% 0.04a 0.64% 0.02 0.65% 0.02

ηω 1
2½λdðCV þ CP þ EV þ EPÞ cosϕ − λsCV sinϕ
þλpðPp

P þ Pp
V þ PEP þ PEV þ PAP þ PAVÞ cosϕ'

1.98% 0.18 2.96% 0.13 2.56% 0.14

η0ω 1
2½λdðCV þ CP þ EV þ EPÞ sinϕþ λsCV cosϕ
þλpðP

p
P þ Pp

V þ PEP þ PEV þ PAP þ PAVÞ sinϕ'
( ( ( 0.03% 0.00 0.05% 0.01

ηϕ λs½1ffiffi2p CP cosϕ − ðEV þ EPÞ sinϕ' þ λpðPAP þ PAVÞ sinϕ 0.167% 0.034a 0.24% 0.02 0.29% 0.03

ηρ0 1
2½λdðCV − CP − EV − EPÞ cosϕ − λs

ffiffiffi
2

p
CV sinϕ

þλpðP
p
P þ Pp

V þ PEP þ PEVÞ cosϕ'
( ( ( 0.31% 0.05 0.84% 0.10

η0ρ0 1
2½λdðCV − CP − EV − EPÞ sinϕþ λs

ffiffiffi
2

p
CV cosϕ

þλpðPp
P þ Pp

V þ PEP þ PEVÞ sinϕ'
( ( ( 0.11% 0.01 0.10% 0.01

Dþ πþρ0 1ffiffi
2

p ½λdðTV þ CP − AP þ AVÞ þ λpðP
p
V − Pp

P þ PEP − PEVÞ' 0.83% 0.15 0.70% 0.10 0.61% 0.10

π0ρþ 1ffiffi
2

p ½λdðTP þ CV þ AP − AVÞ þ λpðP
p
P − Pp

V þ PEV − PEPÞ' ( ( ( 4.43% 0.61 4.53% 0.64

πþω 1ffiffi
2

p ½λdðTV þ CP þ AP þ AVÞ þ λpðP
p
P þ Pp

V þ PEP þ PEVÞ' 0.28% 0.06 0.22% 0.06 0.26% 0.07

πþϕ λsCP 5.68% 0.11a 3.27% 0.11 3.35% 0.11
ηρþ 1ffiffi

2
p ½λdðTP þ CV þ AV þ APÞ cosϕ − λs

ffiffiffi
2

p
CV sinϕ

þλpðPp
P þ Pp

V þ PEP þ PEVÞ cosϕ'
( ( ( 1.53% 0.49 1.02% 0.34

η0ρþ 1ffiffi
2

p ½λdðTP þ CV þ AV þ APÞ sinϕþ λs
ffiffiffi
2

p
CV cosϕ

þλpðP
p
P þ Pp

V þ PEP þ PEVÞ sinϕ'
( ( ( 1.16% 0.11 1.03% 0.11

KþK̄"0 λdAV þ λsTV þ λpðPp
V þ PEPÞ 3.83þ0.14

−0.21 3.87% 0.23 3.82% 0.25
K̄0K"þ λdAP þ λsTP þ λpðPp

P þ PEVÞ 34% 16 10.20% 0.40 9.80% 0.41

Dþ
s πþK"0 λdTV þ λsAV þ λpðPp

V þ PEPÞ 2.13% 0.36 3.69% 0.23 3.65% 0.24
π0K"þ 1ffiffi

2
p ½λdCV − λsAV − λpðPp

V þ PEPÞ' ( ( ( 1.12% 0.07 1.02% 0.07

Kþρ0 1ffiffi
2

p ½λdCP − λsAP − λpðPp
P þ PEVÞ' 2.5% 0.4 2.10% 0.10 2.10% 0.10

K0ρþ λdTP þ λsAP þ λpðPp
P þ PEVÞ ( ( ( 11.80% 0.4711.47% 0.48

ηK"þ 1ffiffi
2

p f½λdCV þ λsAV þ λpðP
p
V þ PEPÞ' cosϕ

−½λsðTP þ CV þ APÞ þ λpðP
p
P þ PEVÞ' sinϕg

( ( ( 0.60% 0.21 0.64% 0.20

η0K"þ 1ffiffi
2

p f½λdCV þ λsAV þ λpðPp
V þ PEPÞ' sinϕ

−½λsðTP þ CV þ APÞ þ λpðPp
P þ PEVÞ' cosϕg

( ( ( 0.38% 0.02 0.33% 0.02

Kþω 1ffiffi
2

p ½λdCP þ λsAP þ λpðP
p
P þ PEVÞ' 0.87% 0.25b 2.02% 0.09 2.12% 0.10

Kþϕ λsðTV þ CP þ AVÞ þ λpðP
p
V þ PEPÞ 0.182% 0.041 0.13% 0.02 0.12% 0.02

aNew measurements from BESIII [68] have been taken into account in the world average.
bData from BESIII [67].
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in units of 10−3

The small BR(π0ω), the sizable BR(ηω) and the large BR(π0ρ0) imply 
that the strong phases of CV and CP should be close to each other. 
➠ (S3) and (S6) favored
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based on Solutions (S3) and (S6)], there are two exce-
ptions, namely, Dþ

s → K̄0K"þ and ρþη0, where the
predictions are smaller than the experimental results.
The first mode was measured three decades ago with a

relatively large uncertainty [66], and the experi-
mental result was likely to be overestimated. The
second mode has a decay amplitude respecting a sum
rule [41]:

TABLE VI. Same as Table V, but for the singly Cabibbo-suppressed decay modes. All branching fractions are
quoted in units of 10−3.

Mode Representation Bexp Btheo(S3) Btheo(S6)

D0 πþρ− λdðTV þ EPÞ þ λpðPp
V þ PAP þ PEPÞ 5.15% 0.25 4.72% 0.35 4.68% 0.35

π−ρþ λdðTP þ EVÞ þ λpðP
p
P þ PAV þ PEVÞ 10.1% 0.4 8.81% 0.46 9.14% 0.60

π0ρ0 1
2 λdð−CP − CV þ EP þ EVÞ
þλpðP

p
P þ Pp

V þ PAP þ PAV þ PEP þ PEVÞ
3.86% 0.23 3.18% 0.19 3.92% 0.20

KþK"− λsðTV þ EPÞ þ λpðPp
V þ PEP þ PAPÞ 1.65% 0.11 1.81% 0.14 1.79% 0.13

K−K"þ λsðTP þ EVÞ þ λpðP
p
P þ PEV þ PAVÞ 4.56% 0.21 3.35% 0.17 3.44% 0.23

K0K̄"0 λdEV þ λsEP þ λpðPAP þ PAVÞ 0.246% 0.048 1.27% 0.10 1.04% 0.14
K̄0K"0 λdEP þ λsEV þ λpðPAP þ PAVÞ 0.336% 0.063 1.27% 0.10 1.04% 0.14
π0ω 1

2 λdð−CV þ CP − EP − EVÞ þ λpðP
p
P þ Pp

V þ PEP þ PEVÞ 0.117% 0.035 0.53% 0.09 0.22% 0.06
π0ϕ 1ffiffi

2
p λsCP 1.20% 0.04a 0.64% 0.02 0.65% 0.02

ηω 1
2½λdðCV þ CP þ EV þ EPÞ cosϕ − λsCV sinϕ
þλpðPp

P þ Pp
V þ PEP þ PEV þ PAP þ PAVÞ cosϕ'

1.98% 0.18 2.96% 0.13 2.56% 0.14

η0ω 1
2½λdðCV þ CP þ EV þ EPÞ sinϕþ λsCV cosϕ
þλpðP

p
P þ Pp

V þ PEP þ PEV þ PAP þ PAVÞ sinϕ'
( ( ( 0.03% 0.00 0.05% 0.01

ηϕ λs½1ffiffi2p CP cosϕ − ðEV þ EPÞ sinϕ' þ λpðPAP þ PAVÞ sinϕ 0.167% 0.034a 0.24% 0.02 0.29% 0.03

ηρ0 1
2½λdðCV − CP − EV − EPÞ cosϕ − λs

ffiffiffi
2

p
CV sinϕ

þλpðP
p
P þ Pp

V þ PEP þ PEVÞ cosϕ'
( ( ( 0.31% 0.05 0.84% 0.10

η0ρ0 1
2½λdðCV − CP − EV − EPÞ sinϕþ λs

ffiffiffi
2

p
CV cosϕ

þλpðPp
P þ Pp

V þ PEP þ PEVÞ sinϕ'
( ( ( 0.11% 0.01 0.10% 0.01

Dþ πþρ0 1ffiffi
2

p ½λdðTV þ CP − AP þ AVÞ þ λpðP
p
V − Pp

P þ PEP − PEVÞ' 0.83% 0.15 0.70% 0.10 0.61% 0.10

π0ρþ 1ffiffi
2

p ½λdðTP þ CV þ AP − AVÞ þ λpðP
p
P − Pp

V þ PEV − PEPÞ' ( ( ( 4.43% 0.61 4.53% 0.64

πþω 1ffiffi
2

p ½λdðTV þ CP þ AP þ AVÞ þ λpðP
p
P þ Pp

V þ PEP þ PEVÞ' 0.28% 0.06 0.22% 0.06 0.26% 0.07

πþϕ λsCP 5.68% 0.11a 3.27% 0.11 3.35% 0.11
ηρþ 1ffiffi

2
p ½λdðTP þ CV þ AV þ APÞ cosϕ − λs

ffiffiffi
2

p
CV sinϕ

þλpðPp
P þ Pp

V þ PEP þ PEVÞ cosϕ'
( ( ( 1.53% 0.49 1.02% 0.34

η0ρþ 1ffiffi
2

p ½λdðTP þ CV þ AV þ APÞ sinϕþ λs
ffiffiffi
2

p
CV cosϕ

þλpðP
p
P þ Pp

V þ PEP þ PEVÞ sinϕ'
( ( ( 1.16% 0.11 1.03% 0.11

KþK̄"0 λdAV þ λsTV þ λpðPp
V þ PEPÞ 3.83þ0.14

−0.21 3.87% 0.23 3.82% 0.25
K̄0K"þ λdAP þ λsTP þ λpðPp

P þ PEVÞ 34% 16 10.20% 0.40 9.80% 0.41

Dþ
s πþK"0 λdTV þ λsAV þ λpðPp

V þ PEPÞ 2.13% 0.36 3.69% 0.23 3.65% 0.24
π0K"þ 1ffiffi

2
p ½λdCV − λsAV − λpðPp

V þ PEPÞ' ( ( ( 1.12% 0.07 1.02% 0.07

Kþρ0 1ffiffi
2

p ½λdCP − λsAP − λpðPp
P þ PEVÞ' 2.5% 0.4 2.10% 0.10 2.10% 0.10

K0ρþ λdTP þ λsAP þ λpðPp
P þ PEVÞ ( ( ( 11.80% 0.4711.47% 0.48

ηK"þ 1ffiffi
2

p f½λdCV þ λsAV þ λpðP
p
V þ PEPÞ' cosϕ

−½λsðTP þ CV þ APÞ þ λpðP
p
P þ PEVÞ' sinϕg

( ( ( 0.60% 0.21 0.64% 0.20

η0K"þ 1ffiffi
2

p f½λdCV þ λsAV þ λpðPp
V þ PEPÞ' sinϕ

−½λsðTP þ CV þ APÞ þ λpðPp
P þ PEVÞ' cosϕg

( ( ( 0.38% 0.02 0.33% 0.02

Kþω 1ffiffi
2

p ½λdCP þ λsAP þ λpðP
p
P þ PEVÞ' 0.87% 0.25b 2.02% 0.09 2.12% 0.10

Kþϕ λsðTV þ CP þ AVÞ þ λpðP
p
V þ PEPÞ 0.182% 0.041 0.13% 0.02 0.12% 0.02

aNew measurements from BESIII [68] have been taken into account in the world average.
bData from BESIII [67].

REVISITING CP VIOLATION IN D → PP … PHYS. REV. D 100, 093002 (2019)
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in units of 10−3

employ SU(3) breaking in d,s-type 
EV,P as in the PP sector
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based on Solutions (S3) and (S6)], there are two exce-
ptions, namely, Dþ

s → K̄0K"þ and ρþη0, where the
predictions are smaller than the experimental results.
The first mode was measured three decades ago with a

relatively large uncertainty [66], and the experi-
mental result was likely to be overestimated. The
second mode has a decay amplitude respecting a sum
rule [41]:

TABLE VI. Same as Table V, but for the singly Cabibbo-suppressed decay modes. All branching fractions are
quoted in units of 10−3.

Mode Representation Bexp Btheo(S3) Btheo(S6)

D0 πþρ− λdðTV þ EPÞ þ λpðPp
V þ PAP þ PEPÞ 5.15% 0.25 4.72% 0.35 4.68% 0.35

π−ρþ λdðTP þ EVÞ þ λpðP
p
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aNew measurements from BESIII [68] have been taken into account in the world average.
bData from BESIII [67].
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based on Solutions (S3) and (S6)], there are two exce-
ptions, namely, Dþ

s → K̄0K"þ and ρþη0, where the
predictions are smaller than the experimental results.
The first mode was measured three decades ago with a

relatively large uncertainty [66], and the experi-
mental result was likely to be overestimated. The
second mode has a decay amplitude respecting a sum
rule [41]:
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quoted in units of 10−3.
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in units of 10−3

TV and CP give destructive interference 
according to the fit. 
➠ rates thus sensitive to phases of AV,P 
➠ (S3) and (S6) favored
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based on Solutions (S3) and (S6)], there are two exce-
ptions, namely, Dþ

s → K̄0K"þ and ρþη0, where the
predictions are smaller than the experimental results.
The first mode was measured three decades ago with a

relatively large uncertainty [66], and the experi-
mental result was likely to be overestimated. The
second mode has a decay amplitude respecting a sum
rule [41]:

TABLE VI. Same as Table V, but for the singly Cabibbo-suppressed decay modes. All branching fractions are
quoted in units of 10−3.

Mode Representation Bexp Btheo(S3) Btheo(S6)
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aNew measurements from BESIII [68] have been taken into account in the world average.
bData from BESIII [67].
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based on Solutions (S3) and (S6)], there are two exce-
ptions, namely, Dþ

s → K̄0K"þ and ρþη0, where the
predictions are smaller than the experimental results.
The first mode was measured three decades ago with a

relatively large uncertainty [66], and the experi-
mental result was likely to be overestimated. The
second mode has a decay amplitude respecting a sum
rule [41]:

TABLE VI. Same as Table V, but for the singly Cabibbo-suppressed decay modes. All branching fractions are
quoted in units of 10−3.
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π0ρþ 1ffiffi
2

p ½λdðTP þ CV þ AP − AVÞ þ λpðP
p
P − Pp

V þ PEV − PEPÞ' ( ( ( 4.43% 0.61 4.53% 0.64

πþω 1ffiffi
2

p ½λdðTV þ CP þ AP þ AVÞ þ λpðP
p
P þ Pp

V þ PEP þ PEVÞ' 0.28% 0.06 0.22% 0.06 0.26% 0.07

πþϕ λsCP 5.68% 0.11a 3.27% 0.11 3.35% 0.11
ηρþ 1ffiffi

2
p ½λdðTP þ CV þ AV þ APÞ cosϕ − λs

ffiffiffi
2

p
CV sinϕ

þλpðPp
P þ Pp

V þ PEP þ PEVÞ cosϕ'
( ( ( 1.53% 0.49 1.02% 0.34

η0ρþ 1ffiffi
2

p ½λdðTP þ CV þ AV þ APÞ sinϕþ λs
ffiffiffi
2

p
CV cosϕ

þλpðP
p
P þ Pp

V þ PEP þ PEVÞ sinϕ'
( ( ( 1.16% 0.11 1.03% 0.11

KþK̄"0 λdAV þ λsTV þ λpðPp
V þ PEPÞ 3.83þ0.14

−0.21 3.87% 0.23 3.82% 0.25
K̄0K"þ λdAP þ λsTP þ λpðPp

P þ PEVÞ 34% 16 10.20% 0.40 9.80% 0.41

Dþ
s πþK"0 λdTV þ λsAV þ λpðPp

V þ PEPÞ 2.13% 0.36 3.69% 0.23 3.65% 0.24
π0K"þ 1ffiffi

2
p ½λdCV − λsAV − λpðPp

V þ PEPÞ' ( ( ( 1.12% 0.07 1.02% 0.07

Kþρ0 1ffiffi
2

p ½λdCP − λsAP − λpðPp
P þ PEVÞ' 2.5% 0.4 2.10% 0.10 2.10% 0.10

K0ρþ λdTP þ λsAP þ λpðPp
P þ PEVÞ ( ( ( 11.80% 0.4711.47% 0.48

ηK"þ 1ffiffi
2

p f½λdCV þ λsAV þ λpðP
p
V þ PEPÞ' cosϕ

−½λsðTP þ CV þ APÞ þ λpðP
p
P þ PEVÞ' sinϕg

( ( ( 0.60% 0.21 0.64% 0.20

η0K"þ 1ffiffi
2

p f½λdCV þ λsAV þ λpðPp
V þ PEPÞ' sinϕ

−½λsðTP þ CV þ APÞ þ λpðPp
P þ PEVÞ' cosϕg

( ( ( 0.38% 0.02 0.33% 0.02

Kþω 1ffiffi
2

p ½λdCP þ λsAP þ λpðP
p
P þ PEVÞ' 0.87% 0.25b 2.02% 0.09 2.12% 0.10

Kþϕ λsðTV þ CP þ AVÞ þ λpðP
p
V þ PEPÞ 0.182% 0.041 0.13% 0.02 0.12% 0.02

aNew measurements from BESIII [68] have been taken into account in the world average.
bData from BESIII [67].
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Branching fractions of SCS D → VP decays are pre-
dicted in Table VIII using the topological amplitudes given
in Solution (S6). For SU(3) breaking effects inW-exchange
amplitudes EV and EP, we specifically choose solution
(iv) for SU(3) breaking parameters given in Table VII,
though the results are very similar in other schemes. The
decays D0 → π0ϕ and Dþ → πþϕ are special as they
proceed only through the internal W-emission diagram
CP. Its SU(3) breaking can be estimated from Eq. (58) to be

Cπϕ
P

CP
¼

fϕ
fK#

mϕ

mK#

FDπ
1 ðm2

ϕÞ
FDπ
1 ðm2

K#Þ
: ð61Þ

For the q2 dependence of the form factor we use

FDπ
1 ðq2Þ ¼ FDπ

1 ð0Þ
½1 − ðq2=m2

D#Þ'½1 − αDπ
1 ðq2=m2

D#Þ'
; ð62Þ

with FDπ
1 ð0Þ ¼ FDπ

0 ð0Þ ¼ 0.666 and αDπ
1 ¼ 0.24, and

find Cπϕ
P ¼ 1.37CP. The resulting BðD0 → π0ϕÞ ¼

ð1.22( 0.04Þ × 10−3 and BðDþ → πþϕÞ ¼ ð6.29(
0.21Þ × 10−3 are consistent with experiment, though the
latter is slightly large in the central value.
Comparison with the work of Qin et al. [69].—In

Table VIII, we have compared our results of SCS D →
VP branching fractions with that in the factorization-
assisted topological approach [69] without and with the
ρ− ω mixing, denoted by FAT and FAT[mix], respectively.
The predicted BðD0 → π0ωÞ ¼ 0.85 (in units of 10−3) in
FAT is far too large compared to the data of 0.117( 0.035.
In order to resolve this discrepancy, Qin et al. considered
the ρ− ω mixing defined by

jρ0i ¼ jρ0I i − ϵjωIi; jωi ¼ ϵjρ0I iþ jωIi; ð63Þ

where jρ0I i and jωIi denote the isospin eigenstates. Using
the mixing angle ϵ ¼ 0.12, the predicted branching fraction
of D0 → π0ω ia reduced to 0.18, while BðD0 → π0ρ0Þ is
increased from 3.55 to 3.83. However, the calculated
BðDþ → πþωÞ ¼ 0.80 after taking into account of ρ− ω
mixing is still too large compared to the experimental value
of 0.28( 0.06. As for the Dþ

s → Kþω mode, it appears

that the predicted branching fraction of 0.6 before ρ− ω
mixing agrees with the data of 0.87( 0.25 [67], while the
predicted value of 0.07 after the mixing effect is far too
small. Therefore, irrespective of ρ− ω mixing, D0 → π0ω
and Dþ

s → Kþω cannot be explained simultaneously in the
FAT or modified FAT approach.

C. Direct CP violation

It has been noticed that weak penguin annihilation will
receive sizable long-distance contributions from final-state
rescattering. We shall assume that the long-distance PEV
and PEP are of the same order of magnitude as EV and EP

TABLE VIII. Branching fractions (in units of 10−3) of D→VP
decays. The predictions made in the (S6) scheme have taken
into account SU(3) breaking effects under solution (iv) (see
Table VII). For QCD-penguin exchanges PEV and PEP, we
assume that they are similar to the topological EV and EP
amplitude, respectively [see Eq. (64)]. The results from [69] in
the factorization-assisted topological approach without and with
the ρ−ω mixing (denoted by FAT and FAT[mix], respectively)
are listed for comparison.

Mode BðThisworkÞ BðFATÞ BðFAT½mix'Þ Bexp

D0 πþρ− 5.12(0.29 4.74 4.66 5.15(0.25
π−ρþ 10.21(0.91 10.2 10.0 10.1(0.4
π0ρ0 3.90(0.26 3.55 3.83 3.86(0.23
KþK#− 1.68(0.11 1.72 1.73 1.65(0.11
K−K#þ 4.43(0.31 4.37 4.37 4.56(0.21
K0K̄#0 0.27(0.06 1.1 1.1 0.246(0.048
K̄0K#0 0.32(0.09 1.1 1.1 0.336(0.063
π0ω 0.12(0.05 0.85 0.18 0.117(0.035
π0ϕ 1.22(0.04 1.11 1.11 1.20(0.04
ηω 2.25(0.14 2.4 2.0 1.98(0.18
η0ω 0.01(0.00 0.04 0.02 ) ) )
ηϕ 0.16(0.02 0.19 0.18 0.167(0.034
ηρ0 0.59(0.07 0.54 0.45 ) ) )
η0ρ0 0.06(0.01 0.21 0.27 ) ) )

Dþ πþρ0 0.61(0.10 0.42 0.58 0.83(0.15
π0ρþ 4.53(0.64 2.7 2.5 ) ) )
πþω 0.26(0.07 0.95 0.80 0.28(0.06
πþϕ 6.29(0.20 5.65 5.65 5.68(0.11
ηρþ 1.02(0.34 0.7 2.2 ) ) )
η0ρþ 1.03(0.11 0.7 0.8 ) ) )
KþK̄#0 3.82(0.25 3.61 3.60 3.83þ0.14

−0.21
K̄0K#þ 9.80(0.41 11 11 34(16

Dþ
s πþK#0 3.65(0.24 2.52 2.35 2.13(0.36
π0K#þ 1.02(0.07 0.8 1.0 ) ) )
Kþρ0 2.10(0.10 1.9 2.5 2.5(0.4
K0ρþ 11.47(0.48 9.1 9.6 ) ) )
ηK#þ 0.64(0.20 0.2 0.2 ) ) )
η0K#þ 0.33(0.02 0.2 0.2 ) ) )
Kþω 2.12(0.10 0.6 0.07 0.87(0.25
Kþϕ 0.12(0.02 0.166 0.166 0.182(0.041

TABLE VII. Solutions of the parameters ed;sV;P and the phases
δed;sV;P describing SU(3) breaking effects in the W-exchange
amplitudes for Solution (S6).

edV δedV edP δedP esV δesV esP δesP

(i) 1.50 241 0.18 290 3.44 69 0.29 159
(ii) 1.50 241 0.18 290 3.44 69 0.76 358
(iii) 1.12 55 0.51 336 6.67 243 6.35 347
(iv) 1.12 55 0.51 336 1.30 111 0.68 149
(v) 2.09 53 1.03 356 2.90 222 0.19 341
(vi) 2.09 53 1.03 356 2.90 222 0.81 146
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in Solution (S6), respectively. For concreteness, we take (in
units of 10−6)

ðPEVÞLD ≈ ð0.26# 0.05Þeið224#30Þ∘ ;

ðPEPÞLD ≈ ð1.66# 0.33Þe−ið108#30Þ∘ : ð64Þ

The calculated results are shown in Table IX. In compari-
son, the predictions given in [69] in general are substan-
tially smaller than ours in magnitude. We find several
golden modes for the search of CP violation in the VP
sector:

D0 → πþρ−; KþK%−; Dþ → KþK̄%0; ηρþ;

Dþ
s → πþK%0; π0K%þ: ð65Þ

These modes are “golden” in the sense that they have large
branching fractions and sizable CP asymmetries of order

1 × 10−3. It is interesting to notice that the CP asymmetry
difference defined by

ΔAVP
CP ≡ aCPðKþK%−Þ − aCPðπþρ−Þ; ð66Þ

in analogy to ΔAPP
CP defined in Eq. (1), is predicted to

be ð−1.52# 0.43Þ × 10−3, which is very similar to the
recently observed CP violation in D0 → KþK− and
D0 → πþπ−. It is thus desirable to first search for CP
violation in the aforementioned golden modes.

V. DISCUSSIONS AND CONCLUSIONS

In this analysis, we have revisited two-body hadronic
charmed meson decays to PP and VP final states, where P
and V denote light pseudoscalar and vector mesons,
respectively. Taking flavor SU(3) symmetry as our working
assumption for the Cabibbo-favored decays, we extract

TABLE IX. Same as Table VIII except for the direct CP asymmetries of D → VP decays in units of 10−3, where
aðtreeÞdir denotes CP asymmetry arising from purely tree amplitudes. The superscript (tþ p) denotes tree plus QCD-
penguin amplitudes, (tþ pa) for tree plus weak penguin-annihilation (PE and PA) amplitudes and “tot” for the total
amplitude.

Mode aðtreeÞdir aðtþpÞ
dir aðtþpaÞ

dir aðtotÞdir (this work) aðtotÞdir [69]

D0 πþρ− 0 0.01# 0.00 0.76# 0.22 0.77# 0.22 −0.03
π−ρþ 0 −0.09# 0.01 −0.05# 0.04 −0.14# 0.04 −0.01
π0ρ0 0 −0.03# 0.00 0.40# 0.15 0.37# 0.15 −0.03
KþK%− 0 −0.19# 0.01 −0.56# 0.37 −0.75# 0.37 −0.01
K−K%þ 0 0.11# 0.01 0.05# 0.04 0.15# 0.04 0
K0K̄%0 −0.15# 0.21 −0.15# 0.21 −0.15# 0.21 −0.15# 0.21 −0.7
K̄0K%0 −0.34# 0.16 −0.34# 0.16 −0.34# 0.16 −0.34# 0.16 −0.7
π0ω 0 0.18# 0.04 −2.31# 0.96 −2.14# 0.95 0.02
π0ϕ 0 0 0 0 −0.0002
ηω −0.10# 0.01 −0.08# 0.01 −0.40# 0.10 −0.38# 0.10 −0.1
η0ω 2.40# 0.34 1.91# 0.25 1.42# 0.71 0.96# 0.66 2.2
ηϕ 0 0 0 0 0.003
ηρ0 0.39# 0.05 0.59# 0.08 −0.10# 0.29 0.10# 0.30 1.0
η0ρ0 −0.55# 0.07 −0.51# 0.07 0.12# 0.22 0.16# 0.22 −0.1

Dþ πþρ0 0 1.44# 0.11 0.78# 1.30 2.20# 1.38 0.5
π0ρþ 0 −0.40# 0.03 0.90# 0.37 0.49# 0.37 0.2
πþω 0 −0.13# 0.03 0.84# 2.05 0.74# 2.03 −0.05
πþϕ 0 0 0 0 −0.0001
ηρþ 1.55# 0.26 2.12# 0.36 1.22# 0.65 1.78# 0.69 −0.6
η0ρþ −0.25# 0.05 −0.24# 0.04 0.10# 0.12 0.08# 0.11 0.5
KþK̄%0 −0.14# 0.02 −0.27# 0.02 −0.94# 0.30 −1.06# 0.30 0.2
K̄0K%þ −0.06# 0.01 0.06# 0.01 −0.01# 0.04 0.10# 0.04 0.04

Dþ
s πþK%0 0.14# 0.02 0.24# 0.02 0.94# 0.30 1.05# 0.30 −0.1

π0K%þ 0.10# 0.03 0.04# 0.04 1.21# 0.39 1.15# 0.40 −0.2
Kþρ0 0.10# 0.02 −0.02# 0.02 0.03# 0.07 −0.08# 0.07 0.3
K0ρþ 0.06# 0.01 −0.03# 0.01 0.01# 0.04 −0.08# 0.04 0.3
ηK%þ −1.03# 0.17 −0.33# 0.06 −0.61# 0.47 0.10# 0.48 1.1
η0K%þ 0.25# 0.04 0.24# 0.03 −0.11# 0.14 −0.12# 0.13 −0.5
Kþω −0.09# 0.02 −0.03# 0.02 −0.05# 0.07 0.01# 0.08 −2.3
Kþϕ 0 0 0 0 −0.8
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in Solution (S6), respectively. For concreteness, we take (in
units of 10−6)

ðPEVÞLD ≈ ð0.26# 0.05Þeið224#30Þ∘ ;

ðPEPÞLD ≈ ð1.66# 0.33Þe−ið108#30Þ∘ : ð64Þ

The calculated results are shown in Table IX. In compari-
son, the predictions given in [69] in general are substan-
tially smaller than ours in magnitude. We find several
golden modes for the search of CP violation in the VP
sector:

D0 → πþρ−; KþK%−; Dþ → KþK̄%0; ηρþ;

Dþ
s → πþK%0; π0K%þ: ð65Þ

These modes are “golden” in the sense that they have large
branching fractions and sizable CP asymmetries of order

1 × 10−3. It is interesting to notice that the CP asymmetry
difference defined by

ΔAVP
CP ≡ aCPðKþK%−Þ − aCPðπþρ−Þ; ð66Þ

in analogy to ΔAPP
CP defined in Eq. (1), is predicted to

be ð−1.52# 0.43Þ × 10−3, which is very similar to the
recently observed CP violation in D0 → KþK− and
D0 → πþπ−. It is thus desirable to first search for CP
violation in the aforementioned golden modes.

V. DISCUSSIONS AND CONCLUSIONS

In this analysis, we have revisited two-body hadronic
charmed meson decays to PP and VP final states, where P
and V denote light pseudoscalar and vector mesons,
respectively. Taking flavor SU(3) symmetry as our working
assumption for the Cabibbo-favored decays, we extract

TABLE IX. Same as Table VIII except for the direct CP asymmetries of D → VP decays in units of 10−3, where
aðtreeÞdir denotes CP asymmetry arising from purely tree amplitudes. The superscript (tþ p) denotes tree plus QCD-
penguin amplitudes, (tþ pa) for tree plus weak penguin-annihilation (PE and PA) amplitudes and “tot” for the total
amplitude.

Mode aðtreeÞdir aðtþpÞ
dir aðtþpaÞ

dir aðtotÞdir (this work) aðtotÞdir [69]

D0 πþρ− 0 0.01# 0.00 0.76# 0.22 0.77# 0.22 −0.03
π−ρþ 0 −0.09# 0.01 −0.05# 0.04 −0.14# 0.04 −0.01
π0ρ0 0 −0.03# 0.00 0.40# 0.15 0.37# 0.15 −0.03
KþK%− 0 −0.19# 0.01 −0.56# 0.37 −0.75# 0.37 −0.01
K−K%þ 0 0.11# 0.01 0.05# 0.04 0.15# 0.04 0
K0K̄%0 −0.15# 0.21 −0.15# 0.21 −0.15# 0.21 −0.15# 0.21 −0.7
K̄0K%0 −0.34# 0.16 −0.34# 0.16 −0.34# 0.16 −0.34# 0.16 −0.7
π0ω 0 0.18# 0.04 −2.31# 0.96 −2.14# 0.95 0.02
π0ϕ 0 0 0 0 −0.0002
ηω −0.10# 0.01 −0.08# 0.01 −0.40# 0.10 −0.38# 0.10 −0.1
η0ω 2.40# 0.34 1.91# 0.25 1.42# 0.71 0.96# 0.66 2.2
ηϕ 0 0 0 0 0.003
ηρ0 0.39# 0.05 0.59# 0.08 −0.10# 0.29 0.10# 0.30 1.0
η0ρ0 −0.55# 0.07 −0.51# 0.07 0.12# 0.22 0.16# 0.22 −0.1

Dþ πþρ0 0 1.44# 0.11 0.78# 1.30 2.20# 1.38 0.5
π0ρþ 0 −0.40# 0.03 0.90# 0.37 0.49# 0.37 0.2
πþω 0 −0.13# 0.03 0.84# 2.05 0.74# 2.03 −0.05
πþϕ 0 0 0 0 −0.0001
ηρþ 1.55# 0.26 2.12# 0.36 1.22# 0.65 1.78# 0.69 −0.6
η0ρþ −0.25# 0.05 −0.24# 0.04 0.10# 0.12 0.08# 0.11 0.5
KþK̄%0 −0.14# 0.02 −0.27# 0.02 −0.94# 0.30 −1.06# 0.30 0.2
K̄0K%þ −0.06# 0.01 0.06# 0.01 −0.01# 0.04 0.10# 0.04 0.04

Dþ
s πþK%0 0.14# 0.02 0.24# 0.02 0.94# 0.30 1.05# 0.30 −0.1

π0K%þ 0.10# 0.03 0.04# 0.04 1.21# 0.39 1.15# 0.40 −0.2
Kþρ0 0.10# 0.02 −0.02# 0.02 0.03# 0.07 −0.08# 0.07 0.3
K0ρþ 0.06# 0.01 −0.03# 0.01 0.01# 0.04 −0.08# 0.04 0.3
ηK%þ −1.03# 0.17 −0.33# 0.06 −0.61# 0.47 0.10# 0.48 1.1
η0K%þ 0.25# 0.04 0.24# 0.03 −0.11# 0.14 −0.12# 0.13 −0.5
Kþω −0.09# 0.02 −0.03# 0.02 −0.05# 0.07 0.01# 0.08 −2.3
Kþϕ 0 0 0 0 −0.8

REVISITING CP VIOLATION IN D → PP … PHYS. REV. D 100, 093002 (2019)

093002-17

�aV P
CP

�
K+K⇤� � ⇡+⇢�

�
' (�1.52± 0.43)⇥ 10�3

<latexit sha1_base64="EQwxUtbfdSpu3vCRrlGmOY/hiBs="></latexit>



Cheng-Wei Chiang @ NTU2019 NCTS ATM

SUMMARY

• Updated analyses of SCS D to PP and VP decays
• Current ΔACP(K+K−−π+π−) measurement is consistent with our 

predictions from 2012 and this year
• Employed flavor SU(3) symmetry and included symmetry 

breaking effects as required by data
• Wait for data of yet observed modes (particularly the golden 

modes) and better precision on observed modes to test theory 
models
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