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Abstract We point out the CP asymmetry in the chain
decay of �+

c → �+K (t)(→ π+π−) is determined by the
branching fractions of �+

c → �++K−, �+
c → �+K 0

S,L

and �+
c → �0K+ modes under the isospin symmetry.

The ambiguities from loop-induced quantities and SU (3)F
breaking hadronic effects are avoided. Once the CP asym-
metry in the �+

c decays into �+ and neutral kaons is con-
firmed by experiments, we can check if it is beyond the Stan-
dard Model, or verify the CP-violating effect resulted from
the interference between the Cabibbo-favored and the dou-
bly Cabibbo-suppressed amplitudes with the neutral kaon
mixing. Future measurements of branching fractions play a
critical role in reducing the uncertainties.

1 Introduction

CP asymmetry in heavy quark weak decay provides a win-
dow to test the Standard Model (SM) and search for new
physics (NP). Charmed hadron system is the only platform to
probe CP asymmetry in the up-type quark decay in hadron.
The LHCb collaboration reported the discovery ofCP asym-
metry in the charm meson decays in 2019 [1],

�ACP ≡ ACP (D0 → K+K−) − ACP (D0 → π+π−)

= (−1.54 ± 0.29) × 10−3. (1)

And the CP asymmetries of single decay modes were mea-
sured recently [2]. In theoretical aspect, the ambiguity of
penguin topology results in great difficulty in evaluating
CP asymmetry of the singly Cabibbo-suppressed (SCS)
decay. The Quantum Chromodynamics (QCD) inspired
approaches do not work well in charm scale. Damaged by the
almost exact cancellation between the Cabibbo–Kobayashi–
Maskawa (CKM) matrix elements V ∗

cdVud and V ∗
csVus , the
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penguin topologies fail to extract from branching fractions.
There are two controversial viewpoints for the observed CP
asymmetry in charm in literature, regarding it as a signal of
new physics [3–6] or the non-perturbative QCD enhance-
ments to penguin [7–13].

Two sum rules of direct CP asymmetry in the linear
SU (3)F breaking were proposed in Ref. [14] for avoiding
predicting individual CP asymmetries. In these sum rules,
the primary uncertainties induced by penguin topologies are
eliminated. To uncover new physics, some coefficients of the
sum rules, including the strong phases of tree topologies,
need to be determined by the global fit of branching frac-
tions. However, there are too many parameters in the global
fit [15]. The uncertainties are hard to reduce. Moreover, the
CP asymmetry sum rules are broken by the second-order
SU (3)F breaking effects which turn out to be non-negligible
in charm decay [16–19].

For the purpose of circumventing penguin topology, the
CP asymmetry of D0 → K 0

SK
0
S was analyzed in Ref. [20].

The upper bound is given by |Adir
CP | ≤ 1.1% (95% C.L.).

If the future data exceed the up bound, it might be a sig-
nal of new physics. But a QCD enhancement of the penguin
annihilation PA cannot be excluded [20]. Besides, the theo-
retical uncertainties cannot be well controlled since the tree-
level decay amplitudes are arisen from the SU (3)F break-
ing. The similar problem also appears in the D0 → K 0

S K
∗0

and D0 → K 0
S K

∗0
modes. The reliability of extracted EP

and EV is suffered from the uncontrollable SU (3)F breaking
effects [21,22]. And a large penguin annihilation cannot be
excluded either.

CP asymmetry also appears in the Cabibbo-favored (CF)
and doubly Cabibbo-suppressed (DCS) charmed hadron
decays into neutral kaons [23–29]. The time-dependent and
time-integrated CP asymmetries in the chain decays of
D+ → π+K (t)(→ π+π−) and D+

s → K+K (t)(→
π+π−), where K (t) represents a time-evolved neutral kaon
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K 0(t) or K
0
(t) with t being the time difference between

the charm decays and the neutral kaon decays in the kaon
rest frame, were studied in Ref. [30]. A new CP-violating
effect resulted from the interference between the DCS and CF
amplitudes with the mixing of final-state neutral kaons was
reported. The total CP asymmetries were estimated by the
so-called factorization-assisted topological-amplitude (FAT)
approach [31]. Unfortunately, the FAT approach cannot pre-
cisely describe the SU (3)F breaking effects of D meson
decays [32,33]. The estimated strong phases and CP asym-
metries are not convincing.

Another window to search for new physics in charm is the
neutral D meson mixing. Attributed to the charm scale being
too heavy to apply the chiral perturbation theory and too light
to apply the heavy quark expansion, and the deep suppression
from the GIM mechanism, the theoretical evaluation of D
mixing system is a challenging subject [34–45].

To establish a “smoking gun” signal of new physics in
charm, one need reliable SM predictions. With the helpless-
ness of controlling the theoretical uncertainties of charmed
meson system, we turn to study the charmed baryon decay.
The CP asymmetries of charmed baryon decays into neutral
kaons such as �+

c → pK (t)(→ π+π−) were analyzed in
our previous work [46]. Just like the case of D decay, the
large uncertainties induced by the SU (3)F breaking effects
cannot be removed. Contrary to the pseudoscalar/vector
meson and octet baryon, the flavor symmetry of decuplet
baryon would help us to eliminate some theoretical uncer-
tainties. In this work, we investigate CP asymmetry in the
�+

c decaying into �+ and neutral kaons. It is found the
hadronic parameters can be quantified by the branching frac-
tions of several �c → �K modes in the isospin symmetry
without ad hoc assumptions. Once the CP asymmetry of
�+

c → �+K (t)(→ π+π−) is confirmed by experiments,
we can check whether it is beyond the Standard Model or
not.

The rest of this paper is structured as follows. In Sect. 2, we
discuss the CP asymmetry of �+

c → �+K (t)(→ π+π−).
In Sect. 3, we show how to extract the theoretical parameters
that determine CP asymmetry. And Sect. 4 is a brief sum-
mary. The isospin analysis of the �c → �K modes is listed
in Appendix A.

2 CP asymmetry

In this section, we discuss CP asymmetry in the �+
c →

�+K (t)(→ π+π−) mode. The mass eigenstates of neutral
kaons K 0

S and K 0
L are linear combinations of the flavor eigen-

states K 0 and K
0
,

|K 0
S,L 〉 = 1 + ε

√
2(1 + |ε|2) |K

0〉 ∓ 1 − ε
√

2(1 + |ε|2) |K
0〉, (2)

where ε is a complex parameter characterizing theCP asym-
metry in the kaon mixing with |ε| = (2.228±0.011)×10−3

and φε = 43.52±0.05◦ [47]. In experiments, a K 0
S candidate

is reconstructed by its decay into two charged pions at a time
close to its lifetime. Not only K 0

S , but also K 0
L serve as the

intermediate states in the �+
c → �+K (t)(→ π+π−) mode

through the K 0
S − K 0

L oscillation [28]. The time-dependent
CP asymmetry in the �+

c → �+K (t)(→ π+π−) mode is
defined by

ACP (t) ≡ �ππ(t) − �ππ(t)

�ππ(t) + �ππ(t)
, (3)

where

�ππ(t) ≡ �(�+
c → �+K (t)(→ π+π−)),

�ππ(t) ≡ �(�−
c → �−K (t)(→ π+π−)). (4)

We write the ratio between A(�+
c → �+K 0) and A(�+

c →
�+K

0
) as

A(�+
c → �+K 0)/A(�+

c → �+K
0
) = r ei(φ+δ), (5)

with the magnitude r , the relative strong phase δ, and the
weak phase φ = (−6.2 ± 0.4) × 10−4 in the SM [47].

Similarly to the D meson decay, the time-dependent CP
asymmetry of �+

c → �+K (t)(→ π+π−) decay is derived
to be

ACP (t) 	
(
AK

0

CP (t) + Adir
CP (t) + Aint

CP (t)

)
/D(t), (6)

with

AK
0

CP (t) = 2e
−�

K0
S
tRe(ε) − 2e−�K t

(
Re(ε) cos(�mK t)

+ Im(ε) sin(�mK t)
)
, (7)

Aint
CP (t) = −4 r cos φ sin δ

[
e
−�

K0
S
tIm(ε) − e−�K t

×
(
Im(ε) cos(�mK t) − Re(ε) sin(�mK t)

)]
,

(8)

Adir
CP (t) = e

−�
K0
S
t
2 r sin δ sin φ, (9)

D(t) = e
−�

K0
S
t
(1 − 2 r cos δ cos φ), (10)

where the average of widths is �K ≡ (�K 0
S
+�K 0

L
)/2, and the

differences of widths and masses are ��K ≡ �K 0
S
−�K 0

L
and

�mK ≡ mK 0
L

−mK 0
S
, respectively. The first term in Eq. (6),

which is independent of the hadronic parameters r and δ, is
CP asymmetry in the neutral kaon mixing [28]. The second
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Fig. 1 Topological diagrams
contributing to the
�+

c → �++K−

(�+
c → �+K

0
) and

�+
c → �+K 0 (�+

c → �0K+)
modes respectively

term is direct CP asymmetry induced by the interference
between the tree level CF and DCS amplitudes. The third
term is the interference between the CF and DCS amplitudes
with the neutral kaon mixing, a new CP-violating effect
pointed out in Ref. [30]. Measurements of CP asymmetries
depend on time intervals selected in experiments. The time-
integratedCP asymmetry in the limit of t1 
 τS 
 t2 
 τL
is

ACP (t1 
 τS 
 t2 
 τL) 	
(
AK

0

CP + Adir
CP + Aint

CP

)
/D

= −2Re(ε) + 2 r sin φ sin δ − 4 Im(ε) r cos φ sin δ

1 − 2 r cos φ cos δ
.

(11)

In the SM, AK
0

CP is well determined by parameter ε. Aint
CP and

Adir
CP are estimated to beO(10−4) andO(10−5), respectively.
According to Eqs. (6)–(11), there are two hadronic inputs

in evaluating the time-dependent and time-integrated CP
asymmetries, r and δ. If r and δ are well determined from
the branching fractions, the theoretical prediction for the CP
asymmetry in the �+

c → �+K (t)(→ π+π−) mode will be
very precise. On the other hand, if there exists a beyond-SM
weak phase in the DCS or CF transitions, the CP asymme-
try will differ from the SM prediction. Unlike the pure CF or
DCS modes or the semileptonic modes, the relative strong

phase between �+
c → �+K 0 and �+

c → �+K
0

possibly
serves as the strong phase between the SM amplitude and the
NP amplitude. It gets rid of the potential scenario that ultra-
violet new physics is hidden due to absence of the relative
strong phase.

3 Extraction of hadronic parameters

In the �c → �K modes, the initial state �+
c is an isospin

singlet, the final states (�++, �+, �0, �−) form an isospin

quartet, (K+, K 0) and (K
0
, K−) form two isospin doublets.

There are two topologies contributing to the �c → �K
modes, theW -exchange diagram E ′ and the color-suppressed
internal W -emission diagram C ′, which are displayed in
Fig. 1. Topological decompositions of the �c → �K modes
are

A(�+
c → �++K−) = −V ∗

csVud E ′
1, (12)

A(�+
c → �+K

0
) = 1√

3
V ∗
csVud E ′

2, (13)

A(�+
c → �+K 0) = 1√

3
V ∗
cdVus C

′
1, (14)

A(�+
c → �0K+) = − 1√

3
V ∗
cdVus C

′
2. (15)

The opposite sign in Eqs. (12) and (13) is arisen from the

quark components of kaons, |K−〉 = −|sū〉 and |K 0〉 =
|sd̄〉. And the opposite sign in Eqs. (14) and (15) is from
the quark component of �+

c baryon, |�+
c 〉 = |(ud − du)c〉.

Notice the difference between E ′
1 and E ′

2 is uū or dd̄ gen-
erated from vacuum. And the difference between C ′

1 and
C ′

2 is an exchange of u ↔ d as spectator quarks. If the
isospin breaking is neglected, i.e., u(ū) = d(d̄), we get
E ′

1 = E ′
2 = E ′ and C ′

1 = C ′
2 = C ′. As a further illus-

tration, we perform an isospin analysis for the �c → �K
modes in Appendix A. The isospin relations between several
�c → �K modes are supported by literatures such as Refs.
[48–51].

The magnitudes of decay amplitudes |A(�+
c → �+K

0
)|

and |A(�+
c → �+K 0)| can be extracted from the branching

fractions of �+
c → �++K− and �+

c → �0K+ modes in
the isospin symmetry,

∣∣∣A(�+
c → �+K

0
)

∣∣∣
2 = 1

3

∣∣A(�+
c → �++K−)

∣∣2
, (16)

∣∣∣A(�+
c → �+K 0)

∣∣∣
2 =

∣∣∣A(�+
c → �0K+)

∣∣∣
2
. (17)

Then the ratio r ≡ |A(�+
c → �+K 0)/A(�+

c → �+K
0
)|

is determined according to Eq. (5). The magnitude of
|A(�+

c → �+K 0)| can also be extracted from the branching
fractions of �+

c → �++K− and �+
c → �+K 0

S,L modes via
following relation,

∣∣∣A(�+
c → �+K 0)

∣∣∣
2 = 3

∣∣∣A(�+
c → �+K 0

S)

∣∣∣
2

+ 3
∣∣∣A(�+

c → �+K 0
L)

∣∣∣
2 − ∣∣A(�+

c → �++K−)
∣∣2

.

(18)
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In order to extract the strong phase δ, we define the K 0
S −K 0

L
asymmetry in the �+

c → �+K 0
S,L modes as

R(�+
c , �+) ≡ �(�+

c → �+K 0
S) − �(�+

c → �+K 0
L )

�(�+
c → �+K 0

S) + �(�+
c → �+K 0

L )
, (19)

which is derived to be [32]

R(�+
c ,�+) 	 −2 r cos δ. (20)

The sub-leading terms are negligible since they are at order of
10−4, much smaller than the leading term which is O(10−2).
If R(�+

c ,�+) is measured, the strong phase δ is given by

δ = ±arc cos
(∣∣R(�+

c ,�+)/2r
∣∣) . (21)

Since isospin symmetry is a very precise symmetry, the the-
oretical uncertainties of r and δ can be well controlled. The
isospin symmetry in the charmed baryon decay can be exam-
ined by the �+

c → 
+π0 and �+
c → 
0π+ modes. The

ratio of branching fractions of these two decay modes is
[47,52]

∣∣∣A(�+
c → 
+π0)/A(�+

c → 
0π+)

∣∣∣ = 0.97 ± 0.09,

(22)

which is in agreement with isospin prediction value. Isospin
symmetry in the �c → �K modes is more reliable since
it is not damaged by π0 − η(η′) mixing [53–55]. Future
measurements of branching fractions will be crucial to reduce
uncertainties of the SM prediction of CP asymmetry.

The branching fraction of �+
c → �++K− has be

extracted by the partial wave analysis of �+
c → pK−π+ [47,

56–58]. A more precise measurement is desirable. According
to Appendix A, the ratio Br(�0 → pπ−)/Br(�0 → nπ0)

is 1/2. The branching fraction of � → Nπ decay is 99.4%
[47]. Then the branching fraction of �+

c → �0K+ can be
extracted from the partial wave analysis of �+

c → pK+π−.
Br(�+

c → pK+π−) has been measured by Belle and LHCb
experiments [59,60]. Suffered from the large background, it
is difficult to perform a partial wave analysis for �+

c →
pK+π− on Belle (II). The signal yield of �+

c → pK+π−
on LHCb at integrated luminosity of 1.0 fb−1 is (392 ± 35)

[60]. LHCb will accumulate a data sample corresponding to
a minimum of 300 fb−1 in the future [61]. The signal yield of
�+

c → pK+π− could reach to be 1.2×105 and then the par-
tial wave analysis is possible. Besides, if the Super τ -Charm
facility (STCF) is constructed and operated, �+

c → pK+π−
can be analyzed on STCF. The expected number of �c�c

on STCF is 5.6 × 108 per year, which is 3-orders higher
than the total number produced on BEPCII [52,62]. The

�+
c → �+K 0

S mode can be constructed from the Dalitz
plot of �+

c → pK 0
Sπ

0. Br(�+
c → pK 0

Sπ
0) was measured

on BESIII with around 600 events [52]. According to the
number of �c�c, the signal yield of �+

c → pK 0
Sπ

0 could
reach to be around 3 × 106 per year on STCF. The branch-
ing fraction of �+

c → �+K 0
L is closed to �+

c → �+K 0
S .

It could be extracted from �+
c → pK 0

Lπ0 on STCF in the
future since the detection efficiency of K 0

L will be markedly
improved [63].

The tree interference induced CP asymmetry in charm
decay is highly sensitive to new physics due to the tiny
weak phase φ in the SM. Once the CP asymmetry in the
�+

c → �+K (t)(→ π+π−) mode is confirmed by exper-
iments, we can check if it is beyond the SM or not. Com-
pared to other charmed hadron decay or neutral meson mix-
ing systems, the ambiguities from loop-induced quantities
and SU (3)F breaking effects are avoided in the SM predic-
tion. Physics beyond the Standard Model would be confirmed
indirectly by high-precision measurements without the pos-
sible mockery from low-energy QCD. Even if no signal of
new physics is observed in the �+

c → �+K (t)(→ π+π−)

mode, it could verify the CP-violating effect resulted from
the interference between the CF and DCS amplitudes with
the neutral kaon mixing predicted in the Standard Model.

4 Summary

The CP asymmetry of �+
c decaying into �+ and neutral

kaons can be extracted from the branching fractions of several
�c → �K decays under the isospin symmetry. It might be
served as a clear hint of new physics in charm sector.
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A Isospin analysis

In this appendix, we perform an isospin analysis of the �c →
�K decays. For the CF modes �+

c → �++K− and �+
c →

�+K
0
, the weak Hamiltonian changes isospin as �I = 1

and �I3 = 1. Then we have an isospin amplitudeA1,1 since

〈�+
c |HCF = 〈0, 0; 1, 1| = 〈1, 1|. (A1)

For the �K system in the isospin limit, we have

|�++K−〉 =
∣∣∣∣
3

2
,

3

2
; 1

2
,−1

2

〉
= 1

2
|2, 1〉 +

√
3

2
|1, 1〉, (A2)

|�+K
0〉 =

∣∣∣∣
3

2
,

1

2
; 1

2
,

1

2

〉
=

√
3

2
|2, 1〉 − 1

2
|1, 1〉. (A3)

The isospin conservation requires the initial and final states
have the same isospin. The isospin amplitudes of the �+

c →
�++K− and �+

c → �+K
0

modes are derived as

A(�+
c → �++K−) =

√
3

2
A1,1,

A(�+
c → �+K

0
) = −1

2
A1,1. (A4)

By matching the topological decomposition, we get A1,1 =
−2 V ∗

csVud E ′/
√

3 and Eq. (16) is satisfied in the isospin
symmetry. For the DCS modes �+

c → �+K 0 and �+
c →

�0K+, the weak Hamiltonian changes isospin as �I = 1
or �I = 0, and �I3 = 0. There are two isospin amplitudes
A1,0 and A0,0 since

〈�+
c |HDCS = 〈0, 0; 1, 0| + 〈0, 0; 0, 0| = 〈1, 0| + 〈0, 0|.

(A5)

For the �K final states, we have

|�+K 0〉 =
∣∣∣∣
3

2
,

1

2
; 1

2
,−1

2

〉
= 1√

2
|2, 0〉 + 1√

2
|1, 0〉, (A6)

|�0K+〉 =
∣∣∣∣
3

2
,−1

2
; 1

2
,

1

2

〉
= 1√

2
|2, 0〉 + 1√

2
|1, 0〉. (A7)

The isospin amplitudes of �+
c → �+K 0 and �+

c → �0K+
are derived to be

A(�+
c → �+K 0) = 1√

2
A1,0,

A(�+
c → �0K+) = 1√

2
A1,0. (A8)

Then Eq. (17) is satisfied in the isospin symmetry.
For the strong decay � → Nπ , for instance �0 → pπ−

and �0 → nπ0, we can get the ratio between branching

fractions of two decay modes by isospin analysis. The strong
Hamiltonian is isospin conserved. For the Nπ system,

|pπ−〉 =
∣∣∣∣
1

2
,

1

2
; 1,−1

〉
= 1√

3

∣∣∣∣
3

2
,−1

2

〉
−

√
2

3

∣∣∣∣
1

2
,−1

2

〉
,

(A9)

|nπ0〉 =
∣∣∣∣
1

2
,−1

2
; 1, 0

〉
=

√
2

3

∣∣∣∣
3

2
,−1

2

〉
+ 1√

3

∣∣∣∣
1

2
,−1

2

〉
.

(A10)

The isospin (I, I3) of �0 baryon is (3/2,−1/2). Then the
isospin amplitudes of �0 → pπ− and �0 → nπ0 are

A(�0 → pπ−) = 1√
3
A 3

2 ,− 1
2
,

A(�0 → nπ0) =
√

2

3
A 3

2 ,− 1
2
, (A11)

andBr(�0 → pπ−)/Br(�0 → nπ0) = 1/2. Similarly, the
ratio Br(�+ → nπ+)/Br(�+ → pπ0) is also 1/2 based
on the isospin analysis.
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