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Motivation

- CP violation Plays important roles for Universe evolution

Baryon number violation C and CP violation

Out of hermal equilibrium
HADRONS

MESON BARYON

* 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!

FA The Periodic Table of the Elements -7
L 55.845 2 +— atomi - "
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||- Motivation = m"k*

O Hyperon CPV:
. SM: @(10‘5 ~ 10‘4> [Donoghue, X.G.He, Pakvasa, 1986]

. BESIII [Nature, 2022] A%, (A —» pn~) = (2.5+4.8) x 107

O Charm baryon CPV:
. SM: @(10—3~10—4) [X.G.He, C.W.Liu, 2024] [C.P.Jia, H.Y.Jiang, J.P.Wang, F.S.Yu, 2024]

- LHCb [JHEP, 2018] Acp(A, —» pK*K /pa*n~) = (3.0£9.1£6.1) x107°
O Beauty hadron: SM estimates ~ 10% due to large weak phase difference
Acp(B' > K*rt™) = (-8.34+0.32)% Acp(B) > Kn")=(22.4+1.2)%

O Precision of b-baryon CPV measurement reached of order 1%
« Acp(Ap—>pr)=(0.2£0.8+0.4)% [LHCDb,2018,]

« Acp(Ap > pPK7) =(-1.1+0.7%0.4)% [LHCb,2018,2024]
Acp(Ay — pK ") = (2.45+0.46 + 0. 1))4cb, 2024] 5.2¢0

« Acp(Af > AKYK™) = (8.3 +2.8)% [LHCb,2025] Evidence of CP violation

+ Acp(Ap) — pKdn™) = (3.4+1.9+0.9)% [LHCb,2025] No evidence of CP violation is observed
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O Why the observed CPVs of b baryon decays are small ?  (magnitude less than 10%)

O The current measurements are mainly focused on the decays involving tree-penguin interference.
* the suppressed penguin-to-tree amplitude ratio
« cancellations among partial wave

O Small CPVs in A, — pn~, pK:tree-penguin interference [Han,PRL134, 221801 (2025)]

B — 77~ (PDG) e '
B° = K+x (PDG) | .
BS — K_7T+(PDG) B 1

BY » K- K*(PDG) | ;
Ay, — pr~ (LHCD) i
Ay — pK—(LHCb) } ,
Ay, — pr~(direct) [ i
1

[ large partial-wave CPVs,

Ay — pr~ (S wave) but cancelled

Ay, — pr— (P wave) [ ——
Ay, — pK~ (direct) O
Ay — pK— (S wave) |
Ay, — pK— (P wave) <>
Ay — pa7(1260)(UD) | [ A
Ay — pK{ (1270)(30°)(UD) | —7
Ay — pK (1270)(60°)(UD) | —t

_50%  —30% _ —10% O  10% ____ 30% ___ 50%

O What about the CPVs in the decays involving the tree-tree interference?
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H- Theoretical Framework
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H- Theoretical Framework = m"’i*

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

M(Ay = AD) = iup (A + Brys)ua, S=+1QiA, P=./Q_B,

2 2
0, = <MAb + MA) M, O_= <MAb _ MA> _ M,

There are no di
| direct
olations jn both A, -»C:D

S wave P wave

Sp = |Sple®sp,  Pp = |Pple*rrp,

Vi

o0 O

Sp = |SD|€i(5SD —7), Pp = |pD’€i(5PD —7)7

1 1
O Consider the CP eigenstates S+ = 5o £ 5p), P =—5(Pp+Pp)
A9 = Sy|?— gi > E2rgsinysindgys, * strong phase difference  + Ratios of amplitudes
Si|?+ S_’iz 1+7% £ 2rgcosycosdsys, 5SDSD =55D _550 _i _ﬁ
APE Piz— €i2 _ j:QTpSiH’YSiIl(SpDPD Fs = SD Fp= PD
- Py|? + |Py|? 1-|—r%3i2rpcosvcos<5prD’ 5PDPD — 5PD _5PD




H- Theoretical Framework

O The global CP asymmetry is defined as

_ |SeP+ [Pe|? — |82 — | PiP?
[Sel? + [Pel? + |S<]? + [P

AC’P (Ab — ADj:)

= kTAT + (1 — k)AL

O The weighted coefficients

RE = iRg T

RE+RE’
RE = [SpP[L+ 12+ 2r5 cosy cosdsp sy .
R% — |PD|2[1+T%a:|:2TpCOS”ycos5PDPD]

T2
4
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- If the different partial wave CPVs share the same sign, the overall direct

CP asymmetry increases!



||- Theoretical Framework

O QCD studies on baryon are listed
* GFA (Hsiao,Yao,Geng,2017; Liu,Geng,2021)
* QCDF (Zhu,Ke,Wei,2016, 2018)
 PQCD (LG,Wang,Zou,Ali,Kramer,2009; Zhou,et.al.,2022~2023)
* Quark model(Geng,Liu,Tsai,et.al.,2019~2022)

* Light-cone Sum rule (Jiang,Cheng,Khodjamirian,Yu, in progress)

O PQCD approach, based on k. factorization, retain transverse momentum k.
1

x,-(l - xj)Q2 + |k,-T|2

propagators

O After resummation, Sudakov factors to suppress contribution from small k-

A = (MM;| Z | B)
Jd“kl d*k, d*k,
Qm)* 2n)* (2n)*

Wk, w)¥o(ky, w)¥3(ks, p) - H(ky, ky, kg, p)Ci(1)

d*kyy d*kyp dksy
@2n)? (2n)* (2m)?

1
~ J dededx3 J ¢B(xla k] T ”)¢2(x2, k2T7 [l)¢3(X3, k3T’ ﬂ) * H(xl’ xz, X3, kl T kZT’ k3T’ ﬂ)CI(/‘)
0
O Transition form factor is dominated from the perturbative region.

O Nonfactorizable and annihilation diagrams can be calculated.

T2
4
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s Calculation based on PQCD Approach

O The effective Hamiltonian
GF
Hefpf = 7 [Vap Vi (C10§ + C20%) + Vi V5 (C10Y + C20%) | + h.c..

0‘{ = (E,Bua)V—A(aabﬁ)V—A ) 05 = (Eaua)V—A(aﬂb,B)V—A
OY = (UgCa)v—a(abp)v_n, 0% = @uCa)v-a(dsbp)yv_a

 Besides the color suppressed diagrams, we

b ' ' should include the contributions from W-

. & p p exchanged diagrams.
 Two hard gluons are needed, so the
_ “ ‘* spectator quarks become collinear, which
b —usc ‘A, > AD

, , ; makes the calculations nontrivial.
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O Partial wave amplitudes of A, — AD in PQCD  wjthout the CKM matrix elements, x 10~

Topology Sp ISp| dsp Pp |\Pp| épp,
C; 1.8 1.8 0 1.8 1.8 0
Cht 3.0-4.32 5.2 -0.96 1.8-2.9: 3.4 -1.02
C=C;+Cnp 48430 64 -0.73 3.6-2.9i 4.6 -0.68
E -0.3-0.022 0.3 -3.07 -0.340.52 0.6 2.11
Total 4.5-4.31 6.2 -0.76 3.3-2.4: 4.1 -0.63
Topology Sp Sp| ds, Pp |Ppl dpj
Cy 1.8 1.8 0 1.8 1.8 0
Cht 0.3-6.4: 6.4 -1.52 -0.4-5.0¢ 5.0 -1.65
C=Cf+Chy 21-647 6.7 -1.25 1.4-5.00 5.2 -1.30
C’ 1.0-5.9¢ 6.0 -1.40 0.8-6.1z 6.2 -1.44

Total 3.1-12.3¢ 12.7 -1.32 2.2-11.12 11.3 -1.38
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||- Numerical Results

O Large CPVs of A, - ADin PQCD

D B(107°) Acp kAZp (1 — k)AL
D° 3118 0 0 0
D% 2.3t 0 0 0

Dy 195 —0.4475H0 —0.257588 —0.19*50s
D_ 35710 072700 0.427297  0.307002

- Even in the presence of nonzero strong phases, the CPVs of the D’ and D’ 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 A, — AD, decays, which is different from the A, — ph decays.

- This patten cannot be generalized to £, — =D, cases, as the W -exchange and internal W

-emission diagrams are absent,
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O Comparison of theoretical predictions on the branching fractions (10-%) without the nonfactorizable

contribution.

O The nonfactorizable topological diagrams C’ and E are evaluated for the first time.

Mode This work Zhu'19 Giri’02 Geng’22
1_)0 3.6477%% 3371008 100240-0T 456 6.6 4 0.6
D° 04970351 0.4787 0 000 0 oe o oay 0.829 0.9 0.1
D,  248%172% 47405
D_  1.647505 2.9+0.3

D 8(10_5) Acp ’iACSZ'P (1 _ K)Agp
D” 3.1%4% 0 0 0
D? 23%5; 0 0 0
Dy 19753 —0.447¢ 05 —0.25T007 —0.19750,
D_ 3551 0725577 0427577 0.30%50¢
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||- Uncertainties = m“’k*

O The theoretical calculation based on PQCD have many uncertainties.

1
A:/ [dﬂ?]/[d2b]\PAbTH\pr\I/h6_S
0

* Framework: Factorization and soft gluons

* Non-perturbative inputs: wave functions for hadrons.

- Higher power and high order corrections: high-twist contributions of DAs; O(a“:’)
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Extraction of the CKM angle y
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H- Lee-Yang Parameters in A, — AD Decays L m"*‘*

O Three decay parameters for the A, — A D decay, which characterize the strengths of the S- and P

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

..........................................................

, _ 2Re(S*P)
ISP +IPP

2Am(S*P) |, |52~ |PP

/_— =
=S TSR PR

04

O We write A+ = |S+|? + | P+|? then

Ardl, + Ara, = —2Re(ST Py + ST Py).
O We obtain

+(Ara, + ALd) |
|SD||PD| Sin(SSDPD + |PD||SD| SinaPDSD)

siny = 2

Of,DAD + a’DAD - (.Aioz;: — .A:tc_k’i)
2(|Sp||Pp|cosés, ps + |Pp||Splcosdp,s5)

cosy = *



|- Extraction of CKM y U m“*\

- Similarly, we also have

siny = (APl + Asfy) ,
2[|SD||PD|00355DPD — |PD||SD|CO§5P_DSD]
BpAp + B5Ap — (A+BL — ALBL)
2(|Pp||Sp|sindp,s; — |Sp||Pp|sinds,ps)’

cosy = &£

R .i(AiV'i — A7) |
2[|Ppl||Pp|sindp,p, — |SD|Sp| COS_5SDSD]
YpAp +75Ap — (Axvy + ALYL)
2(|Sp||Sp|cosds,ss — | Ppl||Pplcosdp,ps)

cosy = F

> Though measuring g, and y; requires the initial polarization of b-baryons, these formulas provide valuable
insights to extract y with different dependencies on the strong phases.
> If the strong phases are obtained from model calculations, it is sufficient to determine by y measuring the

decay rates ['+ and the angular distribution parameters a.
10
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|H Summary

 Large CPV are predicted in the A, -~ AD decays, which offers a direct measurement of y in the

baryon sector.

parameters and decay rates in a model-independent manner.

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

parameters.

\—/;/;/I

« We strongly encourage the experimentists to prioritize the measurement of A, -~ AD decays as

{- We propose a novel strategy to extract the CKM angle y by combining angular distribution
L golden channels for CPV studies and CKM metrology in the baryon sector.

-/
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