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Motivation



• CP violation Plays important roles for Universe evolution

Baryon number violation C and CP violation Out of hermal equilibrium

• CPV relates to most of parameters of SM, is helpful to test SM and search NP; 

• CPV has been established for K, B and D meson decays, CKM mechanism has been established for CPV 

in B meson decays; 

• The visible universe is mainly made of baryons. It is of great significance to search for baryon CPV！

Motivation



• SM:   [Donoghue, X.G.He, Pakvasa, 1986]

• BESIII [Nature, 2022] 

𝓞(𝟏𝟎−𝟓 ∼ 𝟏𝟎−𝟒)
𝐀𝛂

𝐂𝐏(𝚲 → 𝐩𝛑−) = (𝟐 . 𝟓 ± 𝟒 . 𝟖) × 𝟏𝟎−𝟑

• SM:    [X.G.He, C.W.Liu, 2024] [C.P.Jia, H.Y.Jiang, J.P.Wang, F.S.Yu, 2024] 

• LHCb [JHEP, 2018]  

𝓞(𝟏𝟎−𝟑~𝟏𝟎−𝟒)
𝐀𝐂𝐏(𝚲𝐜 → 𝐩𝐊+𝐊−/𝐩𝛑+𝛑−) = (𝟑 . 𝟎 ± 𝟗 . 𝟏 ± 𝟔 . 𝟏) × 𝟏𝟎−𝟑

•  𝐀𝐂𝐏(𝐁𝟎 → 𝐊+𝛑−) = (−𝟖 . 𝟑𝟒 ± 𝟎 . 𝟑𝟐)%    𝐀𝐂𝐏(𝐁𝟎
𝐬 → 𝐊−𝛑+) = (𝟐𝟐 . 𝟒 ± 𝟏 . 𝟐)%

• [LHCb,2018,]𝐀𝐂𝐏(𝚲𝐛 → 𝐩𝛑−) = (𝟎 . 𝟐 ± 𝟎 . 𝟖 ± 𝟎 . 𝟒)% 

•  [LHCb,2018,2024]𝐀𝐂𝐏(𝚲𝐛 → 𝐩𝐊−) = (−𝟏 . 𝟏 ± 𝟎 . 𝟕 ± 𝟎 . 𝟒)%

𝐀𝐂𝐏(𝚲𝐛 → 𝐩𝐊−𝛑+𝛑−) = (𝟐 . 𝟒𝟓 ± 𝟎 . 𝟒𝟔 ± 𝟎 . 𝟏𝟎)% 𝟓 . 𝟐𝛔

•  [LHCb,2025]𝐀𝐂𝐏(𝚲𝟎
𝐛 → 𝚲𝐊+𝐊−) = (𝟖 . 𝟑 ± 𝟐 . 𝟖)%

•  [LHCb,2025]𝐀𝐂𝐏(𝚲𝟎
𝐛 → 𝐩𝐊 𝟎

𝐒𝛑−) = (𝟑 . 𝟒 ± 𝟏 . 𝟗 ± 𝟎 . 𝟗)%

Evidence of CP violation

p Precision of b-baryon CPV measurement reached of order 𝟏%

p Beauty hadron:  SM estimates  due to large weak phase difference∼ 𝟏𝟎%

p Charm baryon CPV:

p Hyperon CPV:

[LHCb, 2024]

No evidence of CP violation is observed

Motivation



p Why the observed CPVs of b baryon decays are small ? 
p The current measurements are mainly focused on the decays involving tree-penguin  interference. 

• the suppressed penguin-to-tree amplitude ratio  
• cancellations among partial wave

p Small CPVs in :tree-penguin interference [Han,PRL134, 221801 (2025)] 

 

𝚲𝐛 → 𝐩𝛑−, 𝐩𝐊−

large partial-wave CPVs, 
but cancelled

p What about the CPVs in the decays involving the tree-tree interference?

(magnitude less than 10%)

Motivation
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𝑐̄

𝑢
𝑏

GLW，Phys. Lett. B 253, 483 (1991) .

ANGLE ω3(ε)

ω3 is the phase between b → uc̄s and b → cūs transitions

Accessible using B → DK

Asuppr.(B→→D̄0K→)
Afavor.(B→→D0K→)

= rBei(ωB↑ε3)

• Common final states give access

to phase via interference

• Tree level: No (large) BSM

• SM benchmark

Method Decay Mode

GLW D0
→ K+K→,K0

s ω
0 (CP eigenstates)

BPGGSZ Self-conjugate multi-body decay, e.g., D0
→ K0

s h
+h→

GLS D0
→ K0

s K
±ω↑ (singly Cabibbo-suppressed decays)

ADS D0
→ K±ω↑

Ansu | CKM and CP Violation at Belle and Belle II 8 / 31

[𝑓]𝐷
= 𝐾+𝐾−,  𝐾0

𝑆𝜋0 

Theoretical Framework 



p Baryons have half-integer spin, and thus two partial wave amplitudes.

𝑄+ = (𝑀Λ𝑏
+ 𝑀Λ)

2
− 𝑀𝐷 𝑄− = (𝑀Λ𝑏

− 𝑀Λ)
2

− 𝑀𝐷

S wave P wave

p Consider the CP eigenstates 

• strong phase difference

There are no direct  CP violations in both  and 
𝚲𝒃 → 𝚲𝑫𝚲𝒃 → 𝚲𝑫̄

• Ratios of amplitudes

𝑟𝑆 =
𝑆𝐷̄

𝑆𝐷
𝑟𝑃 =

𝑃𝐷̄

𝑃𝐷

Theoretical Framework 



p The global CP asymmetry is defined as

p The weighted coefficients

• If the different partial wave CPVs share the same sign, the overall direct 
CP asymmetry increases!

3

The amplitudes for the CP -conjugate processes are given
by

S̄± =
1→
2
(S̄D ± S̄D̄), P̄± =

1→
2
(P̄D ± P̄D̄), (8)

where the quantities with a bar denote the counterparts
of charge-conjugated processes. Their expressions can be
obtained from Eqs. 5 and 6 by flipping the weak phase
(ω → −ω), while leaving the strong phases unchanged.
Note that the parity transformation introduces an ad-
ditional minus sign to the S-wave amplitude due to its
parity-odd nature. Using these partial-wave amplitudes,

we can define the partial-wave CP asymmetries, AS(P )
± ,

as [30]

AS
± ≡

|S±|2 − |S̄±|2

|S±|2 + |S̄±|2
=

±2rS sin ω sin δSDSD̄

1 + r2S ± 2rS cos ω cos δSDSD̄

,

(9)

AP
± ≡

|P±|2 − |P̄±|2

|P±|2 + |P̄±|2
=

±2rP sin ω sin δPDPD̄

1 + r2P ± 2rP cos ω cos δPDPD̄

,

(10)

where the magnitudes of the partial-wave amplitude ra-

tio are rS(P ) =
∣

∣

∣

S(P )D̄
S(P )D

∣

∣

∣
and strong phase differences are

δSDSD̄(PDPD̄) = δSD̄(PD̄) − δSD(PD). Similarly, we have
the global CP asymmetry,

ACP (”b → ”D±) ≡
|S±|2 + |P±|2 − |S̄±|2 − |P̄±|2

|S±|2 + |P±|2 + |S̄±|2 + |P̄±|2
,

(11)

which can be written as a weighted combination of the
partial-wave CP asymmetries

ACP (”b → ”D±) = κ±AS
± + (1 − κ±)AP

±, (12)

with the weighted coefficients κ± =
R±

S

R±

S
+R±

P

, and

R±
S = |SD|2[1 + r2S ± 2rS cos ω cos δSDSD̄

], (13)

R±
P = |PD|2[1 + r2P ± 2rP cos ω cos δPDPD̄

]. (14)

From Eq. 12, one can see that if the different partial-
wave CPVs share the same sign, the overall direct CP
asymmetry increases.
To accurately estimate the magnitude of CP asymme-

tries, it is crucial to reliably calculate the partial-wave
amplitudes, including the associated strong phases. It
is well known that the naive factorization assumption
(FA) [31] does not apply to the color-suppressed nonlep-
tonic decays [32]. Specifically, within the factorization
framework, all the amplitudes are real, resulting in the
absence of any relative strong phases and, consequently,
no CPV. As noted earlier, the nonfactorizable diagrams
shown in Fig. 1 must be incorporated, as they provide the
necessary strong phases essential for predicting CP asym-
metries. We emphasize that the nonfactorizable topolog-
ical diagrams C′ and E are evaluated for the first time in

this work. To calculate them, we employ the perturbative
QCD (PQCD) formalism based on the kT -factorization
theorem [33], which is free from endpoint singularities.
The PQCD factorization formula for an amplitude is ex-
pressed as the convolution of hard kernels and hadronic
light-cone distribution amplitudes (LCDAs). The hard
kernels, which describe all possible ways of exchanging
two hard gluons between the four-quark operators and
the spectator valence quarks, can be calculated within
perturbation theory. The LCDAs, which encode the in-
frared divergences of the decays, are not calculable but
are universal. The LCDAs for the ”b, ” baryons, and
charmed mesons, as nonperturbative inputs, are taken
from Refs. [34–37].

TABLE I: Contributions from the various topologies to the
partial-wave amplitudes (10−6 GeV) without the CKM ma-
trix elements for the Λb → ΛD0 decay. Cf and Cnf denote
the factorizable and nonfactorizable contributions of C, re-
spectively. The strong phases are given in rad.

Topology SD |SD| δSD
PD |PD| δPD

Cf 1.8 1.8 0 1.8 1.8 0

Cnf 3.0-4.3i 5.2 -0.96 1.8-2.9i 3.4 -1.02

C = Cf +Cnf 4.8-4.3i 6.4 -0.73 3.6-2.9i 4.6 -0.68

E -0.3-0.02i 0.3 -3.07 -0.3+0.5i 0.6 2.11

Total 4.5-4.3i 6.2 -0.76 3.3-2.4i 4.1 -0.63

TABLE II: Same as Table I but for the Λb → ΛD̄0 decay.

Topology SD̄ |SD̄| δS
D̄

PD̄ |PD̄| δP
D̄

Cf 1.8 1.8 0 1.8 1.8 0

Cnf 0.3-6.4i 6.4 -1.52 -0.4-5.0i 5.0 -1.65

C = Cf + Cnf 2.1-6.4i 6.7 -1.25 1.4-5.0i 5.2 -1.30

C′ 1.0-5.9i 6.0 -1.40 0.8-6.1i 6.2 -1.44

Total 3.1-12.3i 12.7 -1.32 2.2-11.1i 11.3 -1.38

The predictions on the partial-wave amplitudes (ex-
cluding the CKM matrix elements) from different topo-
logical diagrams for the ”b → ”D0 and ”b → ”D̄0 de-
cays are summarized in Tables. I and II, respectively,
with only the central values presented for clarity. The
last row of each table provides the total amplitudes,
which includes all contributing topologies. The color-
suppressed W -emission topology C is further subdivided
into the factorizable part Cf and the nonfactorizable part
Cnf . It is evident that both decay processes are primar-
ily governed by the nonfactorizable contributions, sug-
gesting that the factorization hypothesis is inadequate
for describing the decays under consideration. We also
find that the contributions from C and C′ diagrams are
of comparable magnitudes, while the E one is smaller
by approximately one order of magnitude. The nearly
identical phases of C and C′ result in constructive inter-
ference, which increases the amplitude for ”b → ”D̄0 to
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典型费曼图

p PQCD approach, based on  factorization, retain transverse momentum . 

•
propagators

𝒌𝑻 𝒌𝑻
1

𝑥𝑖(1 − 𝑥𝑗)𝑄2 + 𝑘𝑖𝑇
2

p After resummation, Sudakov factors to suppress contribution from small   𝒌𝑻.

p Transition form factor is dominated from the perturbative region. 

p Nonfactorizable and annihilation diagrams can be calculated.

Theoretical Framework 



p  The effective Hamiltonian

• Besides the color suppressed diagrams, we 

should include the contributions from W-

exchanged diagrams.

• Two hard gluons are needed, so the 

spectator quarks become collinear, which 

makes the calculations nontrivial.

𝒃  →  𝒄𝒔𝒖̄

𝒃  → 𝒖𝒔𝒄̄

𝚲𝐛 → 𝚲𝑫𝟎

𝚲𝐛 → 𝚲𝑫̄𝟎

Calculation based on PQCD Approach



p Partial wave amplitudes of in PQCD𝚲𝒃 → 𝚲𝐷  without the CKM matrix elements, 
GeV

× 10−6

Numerical Results



p Large CPVs of in PQCD𝚲𝒃 → 𝚲𝐷 

• Even in the presence of nonzero strong phases, the CPVs of the  and  channels remain zero 
due to the vanishing weak phase difference. 

• For both CP-even and CP-odd eigenstates, we observe sizeable CPVs with similar magnitudes.
• The CPVs of the S- and P-wave components accumulate coherently, leading to the large total 

CPVs in  decays, which is different from the decays. 

• This patten cannot be generalized to cases, as the W -exchange  and internal W 

-emission diagrams are absent。

𝐃𝟎 𝐃̄𝟎

𝜦𝒃 → 𝜦𝑫± 𝜦𝒃 → 𝒑𝒉  

𝚵𝒃 → 𝚵𝑫±

Numerical Results



p Comparison of theoretical predictions on the branching fractions ( ) without the nonfactorizable 

contribution.

𝟏𝟎−𝟔

Zhu’19 Giri’02 Geng’22

p The nonfactorizable topological diagrams C′ and E are evaluated for the first time.

Numerical Results



p The theoretical calculation based on PQCD have many uncertainties. 

• Non-perturbative inputs: wave functions for hadrons. 

• Higher power and high order corrections:  high-twist contributions of DAs;    𝑶(𝜶𝟑
𝒔)

• Framework: Factorization and soft gluons 

3

the b → uūq transitions, q = d, s. Recently, the LHCb reported the evidence of the CPV in
!0

b
→ !0K+K→ [15] and the first observation of the baryon CPV in the !0

b
→ pK→ω+ω→

mode [16], which motivates timely related theoretical studies [17].
Baryon processes, engaging more complicated dynamics than meson ones, impose a number

of phenomenological challenges [18]. The non-zero spin of a baryon prompts at least two partial
waves, such as the S- and P -wave amplitudes in !b → pω→, pK→, while there is only a single
partial wave in B meson decays into two pseudoscalar mesons. The polarizations of initial and final
states in a baryon decay enable the construction of more observables out of angular distributions
of decay products [8, 19–22], which shed valuable insight on involved QCD dynamics. A baryon
contains three valence quarks, demanding at least two hard gluons to propagate momentum transfer
in its exclusive decay. More gluon exchanges may enhance higher-power contributions and modify
the behavior of power expansions [23, 24]. Besides, there also exist additional topological diagrams,
including color-commensurate W -emission and W -exchange diagrams, that serve as abundant
sources of strong phases required for direct CPVs.

Several theoretical approaches have been proposed for analyzing two-body hadronic B meson
decays: the QCD factorization (QCDF) [25, 26], the soft-collinear-effective theory (SCET) [27–29]
and the perturbative QCD (PQCD) factorization [30–32]. The QCDF and SCET are based on
the collinear factorization theorem, in which B meson transition form factors develop endpoint
singularities if they were computed perturbatively. The PQCD is based on the kT factorization
theorem, in which the endpoint contribution is absorbed into a transverse-momentum-dependent
distribution amplitude (DA) or resummed into a Sudakov factor. The factorizable emission,
nonfactorizable emission, W -exchange and annihilation diagrams, being free of the endpoint
singularities, are then computable. CPVs of two-body hadronic B meson decays have been
successfully predicted in the PQCD [30–32]. However, rigorous and systematic formalisms for
heavy baryon decays are still unavailable. The generalized factorization assumption was employed
to estimate branching ratios of numerous bottom-baryon decays [33–35]. Final-state rescattering
mechanism was recently developed to study CP violation of !b decays [36, 37]. As to QCD-inspired
methods, the QCDF was applied to !b baryon decays under the diquark approximation [38, 39],
and the !b → pω, pK branching ratios were evaluated in the PQCD [40], but with the results being
a few times smaller than data.

The !b → p transition form factors with reasonable subleading-twist hadron DAs were re-
produced in the PQCD recently, and the outcomes agree with those from lattice QCD and other
nonperturbative methods [24]. The two-body charmed hadronic !b decays are also investigated
in the PQCD after including high-twist DAs [41–43]. Those studies indicate that exclusive heavy
baryon decays can be examined reliably in this framework. We will perform a comprehensive anal-
ysis on the two-body hadronic decays !b → ph, where h runs through the pseudoscalar (P ) mesons
ω, K, the vector (V ) mesons ε, K↑ and the axil-vector (A) mesons a1(1260), K1(1270), K1(1400).
A decay amplitude is expressed as a convolution of the hard kernel TH with the Sudakov factor e→S

and the nonperturbative DAs ”!b
, ”p and ”h [18],

A =

∫ 1

0

[dx]

∫
[d2b]”!b

TH”p”he
→S, (2)

where x are the quark momentum fractions, b are conjugate to the quark transverse momenta kT ,
and S represents the Sudakov exponent. In principle, the threshold resummation factor St arising
from the all-order organization of the large logarithms ln2 x should be included. Since St has not
been derived for heavy baryon decays, we set St = 1 conservatively as in our previous work [24].
For further details of the PQCD formalism and its applications to heavy baryon decays, refer to
Refs. [24, 40].

Uncertainties
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p Three decay parameters for the decay, which characterize the strengths of the S- and P 

-waves, are defined in terms of the partial-wave amplitudes as

𝚲𝒃 → 𝚲𝑫 

p We  write                                , then  

p We  obtain

Lee-Yang Parameters in  Decays 𝚲𝒃 → 𝚲𝑫

C.-Q. Geng, X.-N. Jin, C.-W. Liu et al. Physics Letters B 834 (2022) 137429

Table 1
The parameterization of H̃ j .

D H̃ j(Bb → Bn D) H̃ j(Bb → Bn D)

D0 H̃ r+
r− H̃−1

D
0 r−

r+ H̃ H̃−1

D1
1 + r+ V
1 + r− V

H̃ 1 + r+ V ∗
1 + r− V ∗ H̃−1

D2
1 − r+ V
1 − r− V

H̃ 1 − r+ V ∗
1 − r− V ∗ H̃−1

Fig. 1. Decay planes for Bb → Bn(→ B′
nπ)D .

with the explicit parametrizations in Table 1, α j describe the polarized asymmetries of the daughter baryons, and β j represent T violation 
for the absence of strong phases [17].

To measure α j , β j and γ j , it is convention to recast them in the forms based on the numbers of events, N , given as

α j = 2
αn

N(p̂B′
n
· p̂D j < 0) − N(p̂B′

n
· p̂D j > 0)

N(p̂B′
n
· p̂D j > 0) + N(p̂B′

n
· p̂D j < 0)

,

β j = 8
Pbαnπ

N
(
(p̂B′

n
× p̂D j ) · n̂Bb > 0

)
− N

(
(p̂B′

n
× p̂D j ) · n̂Bb < 0

)

N
(
(p̂B′

n
× p̂D j ) · n̂Bb > 0

)
+ N

(
(p̂B′

n
× p̂D j ) · n̂Bb < 0

) , (10)

γ j = 8
Pbαnπ

N
(
(p̂D j × n̂Bb ) · (p̂D j × p̂B′

n
) > 0

)
− N

(
(p̂D j × n̂Bb ) · (p̂D j × p̂B′

n
) < 0

)

N
(
(p̂D j × n̂Bb ) · (p̂D j × p̂B′

n
) > 0

)
+ N

(
(p̂D j × n̂Bb ) · (p̂D j × p̂B′

n
) < 0

) ,

respectively, where the equations hold at the limit of N → ∞.
The CP violating asymmetries are constructed as

AC P
j =

% j − % j

% j + % j

, &ξ j = 1
2

(
ξ j + ξ j

)
, &γ j = 1

2

(
γ j − γ j

)
, with ξ j = α j,β j, (11)

where the overlines on % j , ξ j and γ j correspond to the charge conjugate ones of the baryons, and j = 0, 0, 1, 2 for j = 0, 0, 1, 2, respec-
tively. Note that AC P

j are the direct CP asymmetries, and the others are the CP violating observables in the decay angular distributions.
To get a clearer view of &ξ j as well as &γ j , we rewrite the decay parameters as

ξ C P
j = &ξ j + 1

2
AC P

j

(
ξ j − ξ j

)
, γ C P

j = &γ j + 1
2

AC P
j

(
γ j + γ j

)
, (12)

with

ξ C P
j =

ξ j% j + ξ j% j

% j + % j

, γ C P
j =

γ j% j − γ j% j

% j + % j

. (13)

As there is only one weak phase in the decay channels with D0 and D
0

, we have

AC P
0 = AC P

0
= ξ C P

0 = ξ C P
0

= γ C P
0 = γ C P

0
= 0 , (14)

derived from Eqs. (2)-(4). The right sides of the two equations in Eq. (12) can be measured from the experiments, whereas the left ones 
can be written down in compact ways as

AC P
1,2 = ±2X+

〈H2
1,2〉

, αC P
1,2 = ±2X−

〈H2
1,2〉

, βC P
1,2 = ±2Re(Y)

〈H2
1,2〉

, γ C P
1,2 = ±2Im(Y)

〈H2
1,2〉

, (15)

where

3
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• Similarly, we also have  

:𝜷′￼

:𝜸′￼

Extraction of CKM 𝜸

➢ Though measuring  and  requires the initial polarization of b-baryons, these formulas provide valuable 

insights to extract  with different dependencies on the strong phases. 

➢ If the strong phases are obtained from model calculations, it is sufficient to determine by  measuring the 

decay rates Γ± and the angular distribution parameters .

𝛽′￼± 𝛾′￼±

γ

γ

𝛼′￼±



守信  求实  好学  力行

04PART Summary



• Large CPV are predicted in the  decays, which offers a direct measurement of γ in the 

baryon sector.

𝜦𝒃 →  𝚲𝑫

• We propose a novel strategy to extract the CKM angle  by combining angular distribution 

parameters and decay rates in a model-independent manner.

𝜸

• First predictions of several nonzero CP-violating observables associated with angular distribution 

parameters.

• We  strongly encourage the experimentists to prioritize the measurement of  decays as 

golden channels for CPV studies and CKM metrology in the baryon sector.

𝜦𝒃 →  𝚲𝑫

Summary



谢谢，敬请指正！
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Figure 1: Schematic diagram showing relative amplitude and interference of B±
! Dh±

decays considered by the ADS, and GLW methods.

Notable observables for both of these methods are partial widths ratios and CP asym-
metries shown below.

RCP+ = 1 + r2B + 2rB cos �B cos � (4)

ACP+ = 2rB sin �B sin � / RCP+ (5)

RADS = r2B + r2D + 2rBrD cos(�B + �D) cos � (6)

AADS = 2rBrD sin(�B + �D) sin � / RADS (7)

The variables labelled CP+ correspond to modes where the D decays to CP -even eigenstates
(GLW), and the variables corresponding to the ADS method are labelled ADS. B decay rate
ratios are called R, whereas CP asymmetries are called A. The observables in Eqs. (4–7)
have been expressed in terms of amplitude ratios (rB and rD), strong phase di↵erences (�B
and �D), and the CKM angle � (see Fig. 1 for an illustration depicting the role of the
physics parameters).

The GLW method has the advantage of having larger event statistics, owing to favoured
D decay modes, whereas the ADS method can boast large intereference due to comparable
decay amplitudes. The invariant mass distributions from these measurements are shown in
Fig. 2. The top row shows events measured using the GLW method, and events measured
with the ADS method are shown below. Analysis of the B ! DK ADS mode shows evi-
dence of a large negative asymmetry at 4.0� significance. Similarly the combined B ! Dh
GLW modes show positive asymmetries (4.5�) [10]. Subsequently, measurements for sup-
pressed ADS modes, where the D undergoes a 4-body decay to K⇡⇡⇡ were also performed
successfully [11].

Yet another method to extract � from B±
! DK± decays, involves the D decaying to

a self CP -conjugate state like: K0
SK

+K� or K0
S⇡

+⇡� [12], henceforth collectively referred
to as K0

Sh
+h�. This method is labelled “GGSZ” after the initials of the proponents. The

idea is to compare D ! K0
Sh

+h� final states in the Dalitz plane between B+
! DK+ and

3




