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Abstract

Very recently, the LHCb Collaboration observed the CP violation (CPV) in the charm sector

for the first time, with ∆Adir
CP ≡ ACP (D0 → K+K−)−ACP (D0 → π+π−) = (−1.54±0.29)×10−3.

This result is consistent with our prediction of ∆ASM
CP = (−0.57 ∼ −1.87) × 10−3 obtained in the

factorization-assisted topological-amplitude (FAT) approach in [PRD86,036012(2012)]. It implies

that the current understanding of the penguin dynamics in charm decays in the Standard Model

is reasonable. Motivated by the success of the FAT approach, we further suggest to measure the

D+ → K+K−π+ decay, which is the next potential mode to reveal the CPV of the same order as

10−3.
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I. INTRODUCTION

Very recently, the LHCb Collaboration observed the CP violation (CPV) in the charm

sector for the first time [1], with

∆ACP ≡ ACP (D0 → K+K−)− ACP (D0 → π+π−) = (−1.54± 0.29)× 10−3. (1)

This is a milestone of high energy physics, since CPV has been well established in the kaon

and B systems for many years, while the search for CPV in the charm sector has bot been

successful until now. The difficulty of searching for charm CPV is due to its smallness in

the Standard Model (SM). The naive expectation of CPV in charm decays is

αs(µc)

π

|VubV ∗cb|
|VusV ∗cs|

= O(10−4). (2)

Thus the charm CPV was usually a null test of the SM and a signal of new physics (NP) if it

was observed to bef larger than percent level. In the late of 2011, the LHCb Collaboration

reported an evidence of charm CPV at the order of percent [2], ∆ACP = (−8.2±2.4)×10−3.

The theoretical understanding on the direct CPV in charm decays then became confusing,

ranging from 10−4 to 10−2 [3–18]. Among them, we predicted ∆ACP ≈ −1× 10−3 using the

factorization-assisted topological-amplitude (FAT) approach in the SM in 2012 [3], which

is much smaller than the LHCb data in 2011 [2]. Considering the uncertainties of some

theoretical inputs, such as |VubV ∗cb|, the γ angle, the light quark masses and the masses and

widths of scalar mesons, the prediction is [3]

∆ASM
CP = (−0.57 ∼ −1.87)× 10−3. (3)

The first LHCb observation in Eq.(1) is very consistent with our prediction in Eq.(3).

The dynamics of charm weak decays is difficult to calculate since the charm mass scale

of O(1GeV) is not high enough for the heavy quark expansion. To handle the significant

non-perturbative contribution, the conventional approach to the analysis of charm decays is

based on the topological-amplitude parametrization [19, 20]. For the tree amplitudes, bene-

fitted from the abundant data of branching fractions, the non-perturbative contribution can

then be extracted. However, the knowledge on the penguin amplitudes, to which branching

ratios are not sensitive, is poor, making reliable predictions for CPV extremely challenging.

The advantage of the FAT approach, compared to the conventional one, is that it serves as
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a framework, in which the flavor SU(3) symmetry breaking effects can be included easily

[3, 4, 21, 22]. It has been known that the SU(3) symmetry breaking effects are crucial for

explaining the dramatic difference between the D0 → K+K− and D0 → π+π− branching

fractions, and the non-vanishing D0 → K0K
0

branching fraction. Moreover, the FAT ap-

proach provides a prescription, through which the penguin amplitudes can be related to the

tree ones as much as possible, such that predictions for CPV are possible. The details of

the FAT approach can be found in [3, 4], and will not be repeated here. The FAT approach

has been intensively applied to the studies of D0 −D0
mixing [31], K0

S −K0
L asymmetries

[32] and CPV [33] in charm decays into neutral kaons, and B meson decays and their CPV

[34–36].

We intend to make the following remarks:

• The order of magnitude of charm CPV, ACP = O(10−3), generally excludes the possi-

bility of charm CPV at the percent level. Some other modes with CPV of order 10−3

are also expected.

• The consistency of the experimental data in Eq.(1) with the theoretical prediction in

Eq.(3) indicates that the FAT approach is reasonable and reliable for estimating the

penguin amplitudes. It is then likely to constrain new physics contributions to charm

decays in the FAT framework.

• The precision of measurements on charm CPV is approaching σACP
= O(10−4), at

LHCb, which is really an amazing level of precision. The observation of charm CPV

in other decay modes is promising. The FAT approach could help us to identify other

golden channels to search for CPV in the charm sector.

Recent studies are performed in [37]. In this paper, we will elaborate the implications

of the observed charm CPV. In Sec.II, we explain how a CPV of order 10−3 can be well

understood in the SM. In Sec. III, an experimental proposal is made to measure the D+ →

K+K−π+ decay as the next potential channel for observing charm CPV. The summary is

given in Sec. IV.
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II. UNDERSTANDING OF CPV IN THE SM

The observation of charm CPV by LHCb with ∆ACP at the order of 10−3 may be ques-

tioned to be understandable in the SM, or a signal of new physics. The naive expectation

in Eq.(2) is O(10−4). In this section, we will show how the CPV of order 10−3 can be well

accommodated in the SM, viewing the consistency between the data in Eq.(1) and the SM

prediction in Eq.(3) in the FAT approach.

We start from the effective Hamiltonian

Heff =
GF√

2

[∑
q=d,s

V ∗cqVuq(C1(µ)Oq
1(µ) + C2(µ)Oq

2(µ))− V ∗cbVub

(
6∑
i=3

Ci(µ)Oi(µ) + C8g(µ)O8g(µ)

)]
,

(4)

where GF is the Fermi coupling constant, Vi’s denote the Cabibbo-Kobayashi-Maskawa

(CKM) matrix elements, and Ci’s are the Wilson coefficients. The current-current operators

are

O1 = (ūαq2β)V−A(q̄1βcα)V−A, O2 = (ūαq2α)V−A(q̄1βcβ)V−A, (5)

with the QCD penguin operators

O3 =
∑

q′=u,d,s

(ūαcα)V−A(q̄′βq
′
β)V−A, O4 =

∑
q′=u,d,s

(ūαcβ)V−A(q̄′βq
′
α)V−A,

O5 =
∑

q′=u,d,s

(ūαcα)V−A(q̄′βq
′
β)V+A, O6 =

∑
q′=u,d,s

(ūαcβ)V−A(q̄′βq
′
α)V+A, (6)

and the chromomagnetic penguin operator,

O8g =
g

8π2
mcūσµν(1 + γ5)T aGaµνc, (7)

T a being the color matrix. The explicit expressions and values of the Wilson coefficients

C1-6,8g(µ) are referred to [3].

The amplitudes of the D0 → K+K− and π+π− decays are written as

A(D0 → K+K−) = λsT KK + λbPKK , (8)

A(D0 → π+π−) = λdT ππ + λbPππ, (9)

where λi = VuiV
∗
ci, i = d, s, b, and T and P are the tree and penguin amplitudes, respectively.

The d and s quark loops can be absorbed into the above terms using the CKM unitarity
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relation. The difference of CP asymmetries between the above two modes is

∆ACP = −2r sin γ

(
|PKK |
|T KK |

sin δKK +
|Pππ|
|T ππ|

sin δππ
)
, (10)

where r = |λb/λd,s|, and δ’s are relative strong phases between the tree and penguin ampli-

tudes. The process-independent factor is 2r sin γ = 1.5× 10−3 [23]. The measured CPV in

Eq.(1) implies (
|PKK |
|T KK |

sin δKK +
|Pππ|
|T ππ|

sin δππ
)
≈ 1. (11)

Under the flavor SU(3) symmetry, all the above quantities for KK and ππ should be equal,

such that |P||T | sin δ ∼ 1/2, or Im[P/T ] ∼ 1/2. The FAT approach led to [3]

Pππ

T ππ
= 0.66ei134◦ , and

PKK

T KK
= 0.45ei131◦ , (12)

namely, ∆ACP = −1 × 10−3 which is very close to the data in Eq.(1). It implies that the

estimate of the penguin amplitudes in the FAT approach is reliable.

The dominant penguin contributions come from the QCD-penguin amplitude P , and the

penguin-exchange amplitude PE 1, as shown in Fig.1. The d and s quark loops and the

FIG. 1: Dominant penguin diagrams in charm decays.

chromomagnetic-penguin contributions are absorbed into the Wilson coefficients of [3, 4]

C3,5(µ)→ C3,5 −
αs(µ)

8πNc

∑
q=d,s

λq
λb
Cq(µ, 〈l2〉) +

1

Nc

αs(µ)

4π

m2
c

〈l2〉
[C8g(µ) + C5(µ)], (13)

C4,6(µ)→ C4,6 +
αs(µ)

8π

∑
q=d,s

λq
λb
Cq(µ, 〈l2〉)− αs(µ)

4π

m2
c

〈l2〉
[C8g(µ) + C5(µ)], (14)

with Cq(µ, 〈l2〉) =
[
−2

3
− 4

∫ 1

0
dxx(1− x) ln

m2
q−x(1−x)〈l2〉

µ2

]
C2(µ), and 〈l2〉 ≈ m2

D/4 in an

assumption that each spectator of a light meson carries half of the meson momentum. At

1 The symbol of PC in [3] denotes the amplitude Pactually.
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µ = 1GeV, we have a4 = −0.036− i0.098, a6 = −0.031− i0.098, i.e., |a4| ∼ |a6| ∼ 0.1. The

ratio of the QCD-penguin amplitude P over the color-favored tree-emission T without the

CKM matrix elements is given by

P

T
=
a4 + a6rχ

a1

= 0.36e−i108◦ . (15)

with the chiral factor rχ = 2m2
0/mc = 2.8, where mπ

0 = m2
π/(mu+md) and mK

0 = m2
K/(ms+

mu). Even if considering only the factorizable T and P contributions, we get ∆ACP = −1×

10−3. Thus a charm CPV of the order 10−3 can be well understood. The penguin-exchange

amplitude further enhances the penguin contributions, as seen by comparing Eq.(15) and

Eq.(12).

III. EXPERIMENTAL PROPOSAL

After the observation of CPV via the D0 → K+K− and π+π− channels, an important

issue is which process is the next one to observe the charm CPV. It will be a good hint

that the precision of measurement on ∆ACP is O(10−4). The current largest data set is

from LHCb, which will not be changed in the near future even though Belle II is starting

operation. Hence, we consider only the processes available at LHCb, especially with charged

final states. We find that the D+ → K+K−π+ mode is of high interest with the branching

fraction [23]

B(D+ → K+K−π+) = (9.51± 0.34)× 10−3, (16)

which is the largest one comparing the singly Cabibbo-suppressed (SCS) processes with all

charged particles in the final states: it is twice larger than D0 → K+K−, and six times

larger than D0 → π+π−. It is then expected that the precision of measurement on CPV of

the above mode could reach the order of 10−4, similarly to or even better than ∆ACP . The

search for CPV in D+ → K+K−π+ has been performed by LHCb and BaBar [24, 25], but

with no signal of CPV due to the limited data samples. It deserves study with the full data

of RUN I+II at LHCb.

It has been shown that D+ → K+K−π+ is dominated by the quasi-two-body decays via

φπ+, K
∗0
K+ and K+K

∗
0(1430)0, up to around 75% of the total rate. The other resonant or

non-resonant contribution is less than 10% of the fit fractions, which can be safely neglected.
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The CPV of D+ → φπ+ and K
∗0
K+ have been predicted in the FAT approach [4] with

values of −1 × 10−7 and 2 × 10−4, respectively. In this work, we will examine the CPV in

D+ → K+K
∗
0(1430)0.

The tree amplitude of D+ → K+K
∗
0(1430)0 contains the color-favored tree-emission dia-

gram T and the W -annihilation diagram A. In the PP and PV modes, the A diagrams are

always much smaller than the T diagrams [3, 4, 29, 30]. We thus neglect the diagram A in

this analysis which may not affect the prediction for CPV very much. The diagram T can

be calculated in the factorization approach,

T =
GF√

2
V ∗csVusa1(µ)fK(m2

D −m2
K∗0

)F
D→K∗0
0 (m2

K). (17)

The penguin contribution to D+ → K+K
∗
0(1430)0 is estimated below. To catch the domi-

nant contributions, we consider only the QCD-penguin diagram P and the penguin-exchange

diagram PE, as discussed in the previous section. Both are dominated by factorizable contri-

butions. The amplitude P with transition to a scalar meson and emission of a pseudoscalar

meson, Fig.1(left), is expressed as

P = −GF√
2
V ∗cbVub

[
a4(µ)〈K|(ūs)V−A|0〉〈K∗0 |(s̄c)V−A|D〉 − 2a6(µ)〈K|(ūs)S+P |0〉〈K∗0 |(s̄c)S−P |D〉

]
=
GF√

2
V ∗cbVub

[
a4(µ) + a6(µ)rχ

]
fK(m2

D −m2
K∗0

)F
D→K∗0
0 (m2

K), (18)

with the Wilson coefficients a4 = C4 + C3/Nc and a6 = C6 + C5/Nc, and the chiral factor

rχ = 2m2
K/(mc(ms +mu)). The D → K∗0 transition form factor has been derived in [26, 27].

The penguin-exchange diagram in Fig.1(right) with the (S + P )(S − P ) operator, domi-

nated by the factorizable contribution, is evaluated using the pole model in [3, 4]:

PE = −GF√
2
V ∗cbVuba6(µ)(−2)〈K+K

∗
0(1430)0|P ∗〉 i

m2
D −m2

P ∗
〈P ∗|(ūd)S+P |0〉〈0|(d̄c)S−P |D〉

=
GF√

2
V ∗cbVuba6(µ)rχgSfP ∗fDm

2
D

1

m2
D −m2

P ∗
, (19)

where the strong coupling gS = 3.8 GeV is extracted from the K∗0(1430) → Kπ data [28].

The pole here is a pseudoscalar meson, thus chosen as a pion.

In the end, the CPV in the D+ → K+K
∗
0(1430)0 decay is predicted as

ACP (D+ → K+K
∗
0(1430)0) = −0.88× 10−3. (20)

Such a value of order 10−3 can be observed by LHCb with a precision of measurement at

the order of 10−4.
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IV. SUMMARY

In summary, the observation of charm CPV is a milestone of high energy physics. The

data, consistent with our prediction in the FAT approach in [3], indicate that the pen-

guin dynamics in charm decays can be well estimated in the SM. The precision of mea-

surements on charm CPV is approaching σACP
= O(10−4), at LHCb, so the observa-

tion of charm CPV in other modes is promising. In this short paper we have obtained

ACP (D+ → K+K
∗
0(1430)0) = −0.88× 10−3, and proposed that the D+ → K+K−π+ decay

might be the next potential channel to observe charm CPV.
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[28] F. S. Yu, X. X. Wang and C. D. Lü, Phys. Rev. D 84, 074019 (2011) [arXiv:1101.4714 [hep-

ph]].

[29] H. Y. Cheng and C. W. Chiang, Phys. Rev. D 81, 074021 (2010) [arXiv:1001.0987 [hep-ph]].

[30] H. Y. Cheng, C. W. Chiang and A. L. Kuo, Phys. Rev. D 93, no. 11, 114010 (2016)

[arXiv:1604.03761 [hep-ph]].

[31] H. Y. Jiang, F. S. Yu, Q. Qin, H. n. Li and C. D. L, Chin. Phys. C 42, no. 6, 063101 (2018)

[arXiv:1705.07335 [hep-ph]].

[32] D. Wang, F. S. Yu, P. F. Guo and H. Y. Jiang, Phys. Rev. D 95, no. 7, 073007 (2017)

9

http://arxiv.org/abs/1111.5000
http://arxiv.org/abs/1112.5451
http://arxiv.org/abs/1203.6659
http://arxiv.org/abs/1211.3734
http://arxiv.org/abs/1203.3131
http://arxiv.org/abs/1202.3795
http://arxiv.org/abs/1706.07780
http://arxiv.org/abs/1506.04121
http://arxiv.org/abs/1503.06759
http://arxiv.org/abs/1902.05564
http://arxiv.org/abs/1110.3970
http://arxiv.org/abs/1212.1856
http://arxiv.org/abs/hep-ph/0310359
http://arxiv.org/abs/1002.2466
http://arxiv.org/abs/1101.4714
http://arxiv.org/abs/1001.0987
http://arxiv.org/abs/1604.03761
http://arxiv.org/abs/1705.07335


[arXiv:1701.07173 [hep-ph]].

[33] F. S. Yu, D. Wang and H. n. Li, Phys. Rev. Lett. 119, no. 18, 181802 (2017) [arXiv:1707.09297

[hep-ph]].

[34] S. H. Zhou, Y. B. Wei, Q. Qin, Y. Li, F. S. Yu and C. D. Lu, Phys. Rev. D 92, no. 9, 094016

(2015) [arXiv:1509.04060 [hep-ph]].

[35] S. H. Zhou, Q. A. Zhang, W. R. Lyu and C. D. L, Eur. Phys. J. C 77, no. 2, 125 (2017)

[arXiv:1608.02819 [hep-ph]].

[36] C. Wang, Q. A. Zhang, Y. Li and C. D. Lu, Eur. Phys. J. C 77, no. 5, 333 (2017)

[arXiv:1701.01300 [hep-ph]].

[37] Z. z. Xing, arXiv:1903.09566 [hep-ph].

10

http://arxiv.org/abs/1701.07173
http://arxiv.org/abs/1707.09297
http://arxiv.org/abs/1509.04060
http://arxiv.org/abs/1608.02819
http://arxiv.org/abs/1701.01300
http://arxiv.org/abs/1903.09566

	I Introduction
	II Understanding of CPV in the SM
	III Experimental Proposal
	IV Summary
	 Acknowledgements
	 References

