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CP violation

» Matter-antimatter asymmetry in the Universe [Science 109 (2005) 5731]

» Three conditions for Matter-antimatter asymmetry: [Sakharov JETP Lett.(1967)]
 Interaction to violate baryon number;
e C and CP violation;

* Deviate thermal equilibrium
electron positron

CP: EB{atL4jp + SFRRETHA

» Moreover, CPV relates to parameters in SM, is helpful to search NP indirectly.
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» Baryon CPV is more crucial, as visible matter in Universe is made of baryons.

€ Q@

mTF EF

2026/5/22 CPV in b-baryon decays



First observation of baryon CP violation
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First observation of baryon CP violation
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What should theory do?

» Observables: Study new CP-violating observables to increase the
likelihood of discovering CP violation in baryon decays.

[Zhen-Hua Zhang, et,al.]
[Jian-Peng Wang, Qin Qin, Fu-Sheng Yu]

» Dynamics: Develop dynamical methods to predict CP violation in
baryon decays
[PQCD: HJJ, Ji-Xin Yu, Rui Zhou Ya Li, Lei ang, et,al.]
[FSI: Cai-Ping Jia, Jian-Peng Wang, Xiao-Hui Hu, Zhu-Ding Duan, et,al.]
[Topological: Fan-Rong Xu, Zhi-Peng Xing, et,al.]
[quark model]: Chia-Wei Liu, Yu-Kuo Hsiao Chao-Qiang Geng, et,al.]
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Progress in PQCD

ACP(Ab - pT[_) = (0.20 -I_' 0.83 i 0.37)% » LHCb, 2024
Acp(Ap > pK™) = (=114 + 0.67 + 0.36)%
B° - 7t7~(PDG) o I
B’ - K*n=(PDG) } " :
B? - K~7*(PDG) } | 1ol
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Moo OIEHONIRE @A) 003RIIRIOST)  OATIBININNTA%) 00 (7%)
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PQCD: Bt - pA

B(BT — pA) = (1.24 £ 0.17 + 0.05 + 0.03) x 1077,

<

ap = 0.871028 1+ 0.09,

[LHCb, PRL 2026]

u b g
5 u
d d
d d
u u

u u u u

E o—< 5 E < 3 E —< 3
u u d
d d i
d d u
u u d

u > u u *r—> u u > u

A = itp(pp)(S + Pvs)va(pa)
2 2 Q|2 2 2 D|2
gt _ MEUSP = 18) 4+ M2(PP —|PP) o

= |Hl/2,1/2|2 - |H-1/2,-1/2

MZ(|S12 +1S]2) + M2(|P|? + |P]?)

|2 2Im(Hl/2,1/2H:1/2,—1/2)

 |Hijo1212 + [H-1/2,-1/2
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2’ B |H1/2,1/2]% + |H—1/2,—1/2|2’
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B 2Re(H1/2,1/2Hi1/2,_1/2)
|Hy/2,1/212 + |[H-1/2,—1/2|%




PQCD: Bt - pA

A = ity (pp) (S + Pys)vi (p)

Amplitudes |S| 6°(°) Re(S) Im(S)| |P| 67(°) Re(P) Im(P)
6 54.33 41.34 40.79  35.89 [10.98 49.45 7.13  8.34
A 20.21 -109.76 -6.83  -19.02 [41.61 -178.56 -41.60 -1.04
Tree  37.92 26.42 33.96 16.87 |35.23 168.05 -34.46  7.30
PO 3.62 128.74 -2.27 282 |579 -3290 4.8 -3.14
P 6.04 -157.01 -5.56  -2.36 |4.92 -44.13 3.53  -3.42
PA 5.60 -54.74 3.23  -4.57 |9.10 74.00 251  8.74
Penguin  6.16 -138.20 -4.59  -4.11 |11.11 11.29 10.90 2.18

BR = 1.36x1077 ,
[See Ya Li’s report]

Adlr S wave(ns) AP wave(np) o aCP IB Ag’P ~y Az'P
0.05 0.05(21.56%) 0.04(78.44%) 0.69 -0.019 0.45 0.04 0.56 0.00
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PQCD: A) = A° + meson

[Lei Yang, HIJ, et,al., in progress]
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Progress in FSI

> At AR S AR CPALIR
© ZBRHH: Gt ER, TAZXZISAMNE

Br [Ag —prtrw ] = (2.08 £ 0.21) x 107° Decay mode Signal yields
- . X i
Br[Ay = pK~n*n"] = (5£0.5) x 10 A 5 prmtne 2335 + 56 2264 + 55
Br [A2 - p](—]( - ] — (4 + 0. 6 10—6 Ag—)pK:W+7r_— 6807 £ 92 6232 + 89
A) - pK K*n 555 £ 38 630 £ 38
Br[A) = pK*K K| =(1.25+£0.13) x 107> A)—pK K*K~ 2312+ 54 2248+ 54
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FSI: multi-body decay
> % AKX L CPHIR LA

O = (#aba)y-a (qpup)y_y »

0; = (aabﬂ)V—A (qﬂ“")V—A ’

348 o A
Os = (Goba)y-a Z (C_I;,;‘I/,s> V+A’

Os = (qpba)y_, Z (q:,q;, )V+A ’

ql

33484 CKMALH]  2%4R{=Nm — Nm, Nnm
Weak decay: Form factors  Rescatter: From data [J.P.Wang, F.S.Yu, Chin.Phys.C 48 (2024)]
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FSI: multi-body decay

> ZIRETCPHIR KA L R BCPAHIR o e
A, N
[Jian-Peng Wang, Fu-Sheng Yu, CPC 2024] 7K —t ‘/’54"

7%(z7)
decay processes Scenarios global CPV CPV of cosf < 0 CPV of cosf > 0

S1 5.9% 8.0% 3.6%

S2 5.8% 6.3% 5.3%

Nt — Attn- S3 5.6% 4.3% 7.0%
myr € [1.3,1.9]GeV s1 —4.1% ~5.4% ~2.4%
A = (AT )m” S2 ~3.9% ~3.9% ~3.9%

S3 -3.6% -2.3% -5.3%

S1 5.8% 8.2% 2.7%

Ay — (pn°)K ™~ S2 5.8% 8.0% 3.0%

N — pno S3 5.8% 7.8% 3.3%
myr € [1.1,2.5]GeV s1 -3.9% ~3.9% -3.7%
AR — (pr®)m™ S2 ~3.9% ~3.8% -4.3%
S3 -3.8% -3.6% —-4.8%
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FSI: decay involving exotic state

AAcp = Acp(A) = J/Ypr ) — Acp (A} = J /Y pK)

= (4.31+ 1.06 + 0.28)%
[LHCb, Sci.Bull. 2025]

I 0.4
F ] R
= 26 -
L r 1 —0.1
Q24 w i ’ - 2
P.(4312)", g —F ‘ 1P <
P.(4440)%, 2‘ - | . 1 —-0.1
p.(4457)*  S20F T, 1402
B 18f S
16: | 101—-0.3
[ . ] ) ) . ] A ) . ] . i 0.4

2 4
n2(pr) (GeV?/ch)

(a) Raw asymmetry
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FSI: decay involving exotic state

V/D* Ps/D V/D*

BS/c BS/C BS/C
P P P SR

(@) (b)

sURITE A& BiRD

1 5 1 n Z a;
k? —m? + ie k? —m? + ie ~ |2 — A? + e

1 1
k2 —m?2 + ie i k2 — A3+ ie

e — Ag 1 [m? =AY StEg5E R
_ l I 4 A=m+7A
- (k2 —m?)(k2 — A2) k2 — m2(k? — A} REFER—H T aco

1

=

- TEUBREHHIE THRRIETLUEHEEAM, ITEARXRSHFCPIIA
[Cai-Ping Jia, Hua-Yu Jiang, Jian-Peng Wang, Fu-Sheng Yu, JHEP 2024]

CPV in b-baryon decays
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FSI: decay involving exotic state

decay modes BR(107%) Direct CP(1072) BR Ratio Value
A) - P2 @312n 4275083 0.13*503 BR(A? - P}/2(4312)n)/BR(AY — PY2(4312)K™)  0.0830902
A)— P2 @440 112701 | -1.697058 BR(A) — P.2(4440)r7)/BR(A) — P*(44400K7)  0.039*0002
AQ - PY¥ (4440~ 1.44073 0.72+043 BR(A) — P}/*(4440)17)/BR(AY) — P./*(4440)K7) | 0.406013]
A0 - PY? (4457~ 0947013 | _1.18+026 BR(A) — P:/*(4457)n7)/BR(A) — P:/*(4457)K™)  0.040%500!
A0 — PYT (@45 1217037 0.58+037 BR(A) — P/*(4457)n7)/BR(A) — P*(445T)K™) | 0355702

[Zhu-Ding Duan, Tian-Liang Feng, Rui-Hui L1, Jian-Peng Wang, Fu-Sheng Yu, arXiv:2602.03661]
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FSI: B - A A

i
Decay mode Source BR AGp
0.57 -5 1.17 -3
B0 A FSI 0.67037 x 10 113117 10
C C
Experiment  (1.01*%27 +0.08 £ 0.15) x 107 [1 —
LiApspiment ) (101100 ) ]
FSI 3.437340 X 107 -6.61"1171x107*
) o . .
By = ATA;
Experiment (5.0 +1.3+0.5+0.8) x 107 [1] —
[LHCb, PRL 2026]
A7
DGy
BY
(s) Be
Dg)) AF

Zhu-Ding Duan, Xiao Huang, Dong-Hao Li, Rui?Hui L1, Jian-Peng Wang, Fu-Sheng Yu, arXiv:2602.03661 ]
g g g
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Baryon CPV is a new horizon of heavy flavor physics.

Theoretical studies of baryons are challenging.
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Baryon CPV

> BT

e SM: 0(10—5 B 10—4) [Donoghue, X.G.He, Pakvasa, 1986)]
BESIII [Nature, 2022] A%p (A = pn~) = (2.5 + 4.8) x 1073 X

*
N td Yr.s

= VeV
> RET [X.G.He, C.W.Liu, 2024] )
« SM: 0(1073~10"%) [C.PJia, H.Y.Jiang, J P.Wang, F.S.Yu, 2024]

LHCb [JHEP, 2018] Acp(A. » pK*K~ /pntn~) = (3.0+9.1+6.1) x 1073

X
> KEF VidViy Nad Vit
* SM estimates ~10% due to large weak phase difference X -~
cd Yeb
© FAARRTABCPHEIR Ap(A) > pK~)=(-1140.7+04)x 1072 N
Acp(A) » pn~) = (—-0.24+ 0.8+ 0.4) x 1072
e LHCb 9 fo 170

o ZHARRT = FMCPAEIR

[
=

A)— AK*K{ 460

W

(=

O P e o T

o %4kE T Dalitz B BRCPAL IR

[LHCb, 2412.13958] o
[LHCb, PRL 134 (2025] m(AK*) [GeVZ/c4]
[LHCb, Nature Physics 13 (2017)]

m2(K*K") [GeV*/c4]

N

(=]
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CPVs in PQCD

» Strong phases need to be determined by QCD calculations
» Based on kq factorization, PQCD approach has successfully predicted B meson CPV

Co(B - i )% Acp(B - K*tn™)%

~ —40 [Lii,Ukai,Yang,2000] ~ —18 [Keum,Li,Sanda,2000]
—30 + 25 + 4 [BaBar,2002] —19 + 10 + 3 [BaBar,2001]
—12.8+3:28 [Chai,Cheng,Ju, Yan, Lii,Xia0,2022] —5.43%2-22 [Chai,Cheng,Ju, Yan, Lii, Xiao,2022]
—31.4 + 3 [PDG] —8.31 + 0.31 [PDG]

» Amplitudes are expressed as convolution of hard kernels and LCDAs
M = (p Ml Hef fI Ab) [Sterman,Hsiang-nan L1,1995~2000]
~ [ld*ky ) [d*ka)[d*ka, | ¥, ([ ], 1) e Chena], 0¥, ([, | 1) - Ci@H([Kp ), Teag], (K, ) 1)

1
- | Tae] btz ) [ 10205 (020 17KE, 10 (], 1) el 10, (e, ) )

- C;(WH ([xp, kp |, Dew, ki1, [%4,, k2, | 1)

» Free of end-point singularity
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https://gwdac.phys.gwu.edu

N = N4y k308
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; ,#'7'..;
- Wy
E
GW % INS DAC Services (sain Program| ~
Data Anal\;t‘s Center ' mﬁmulul' ::‘w‘u"’:ﬁ:::’ i based -
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Institute for Nudear Studies alwmys wel 3 =z
ol GROAGHE VALHINGTON UMIVERVTY an
INS DAC Home
P INS DAC (SAID)
INS Home Instructions for Using the Partial-Wave Analyses o
Pi-N Newslemers —
Obituary RA. Aradt he peograms accessible with the left-hand side savigation t -
. avaslable through the SAID program. Comtact a member of ¢ _E
Partiai-Wave Anaiyses at GW If you enter choices which are unphysical, you may still get
B s atawn |
garbage out’ rule). Plesse report unexpectod garbage-out to | -
PPN e
Kaon|+)Nucleon Note: These peograms use HTML foems %o run the SAID co -
Pion P ot setup first, The output is m (edited) echo of an interactive s
Pion Esectropreduction SSH venson. If the default example fails to clanfy the specit -~ -
K800 Photoprodustion mail message) (- } o
£33 Phosoproduction P ik .
Ea-Prime Photeproduction Al programs expect energies in MeV units. All of the sobuty WOM = TI00( 25,01 25000 MeV e SRR
m""" 'mm Some are unstable beyond their upper energy limits. Extrape

i InCrements: The programs will sot allow an arbitrary numb

/ BB 3K 3

o BT RIRNG A A AR, R EARLL
o BEAFERS, RFLEHIE, model-independent!
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Ay - p~,pK™

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

A(Ap = ph) = iUp(S + Pys)ua,

Adlr - F(Ab_)ph_)_T(/_\b_)ﬁh-'-)
~ T'(Ap—ph™)+T(Ap—pht)

_ M2(|S|%2-|S1?)+M2|P|%—|P|?

— MZ(|S|2+1$|2)+M2|P|2+|P|2

M2

|P|?
N S M3 AP
CP P CP
ISP b CEAG) py E tAGpg ME
M3 (1+Acp) 1+4cp s
IS s |P|2
~ fsizeipr AP ¥ i |P|2A
EEE 2R DA
a5, SL—1SP _ —2rssindgsinAdse— ...,
CP — S|2 L |S|2 1+ 7'?5* + QTSCOSA¢COSAV
ap. PP —IPP? _  —2rpsinAgsinAdp
PTIPR4|P2 T 14713+ 2rpcosAdcosAép  Afg = 63 — 65

partial-wave CPVs Adp = 65 — 6%
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Obsverables of Ay, = pr™, pK~

. . 45 _ISP =18 —2rssinA¢sinAds
Adlr ~ S| AS. 4 |P| AP CPTISI2+|S12 T 1472 + 2rscosApcosAds’
IS|2 + |P|27°¢F T |S|12 + |P|2TCP ap _|PP—|PP _  —2rpsinAgsinAdp
P PR+|P)2 " 1+71% + 2rpcosA¢gcosAdp
Br(x1079)
2.53+1.3340.10+0.47 29 5 H
Ay — pr~ 33457305110 011014 A KCPVH TR, A8 BN
2.174+1.17+0.49+2.19
Ay — pK~ 2.8377 05 0199 0.37-0.66 O~

Adzr

ACP(K'P)

/ ACP (ks)

0. 00+0 00+0 00+0.02
Ap — pr™ 0.0575'0570.01-0.02-0.01

0.01+0.03+0.02+0.00
0.02—0.03—0.03—0. 01(517)

~0.04—0.04—-0.07—0.04

+0.01+0.01+0.02+0.00
Ap = pK™—0.06" 01001 "0.01-0.00

0. 21+0 .07+40.23+0. 29+O 4(6%)

0.1710-01+0.01+0.03+0.04 (49%) H_
) —0.15—-0.33—0.27—

+0.02+-0.02+0.04+0.0C
—0.05 —0.02—0.01-0.03— 00C(94%

Aoy )

A AT (xsr)  Agy "(cpas)  AG™(xp,) AG"™ (xp,) Ay
Ay = pp~ 1112 0.01:291(7%) 0.021097(44%) 0.03709%(45%) 0.1710%(4%) -0.012001
A, = pK*= 0057010 _0.15012(6%) 0.27109(33%) —-0.237019(55%)  —0.14109%2(6%) a8 ey
Adi ASCTE wave (¢ 1) Agﬂ ] P, wave xp,) AP2 owave (o xp,) AUD
Ay — pa; (1260) —-0.0170% —0.2210196%) —0.1110033(46%)  0.181054(40%) —0.241007(8%) —0.2410%
A, — pK7(1270) (6x =30°) 0.097098  0.341092(8%) —0.1170,2(42%)  0.191011(42%) 0.3310%5(8%)  0.2610%
Ay = pK7(1270) (0 = 60°)  0.070%  0.4610%2(9%) 006100 (37%)  —-0.07:0%(45%) 0.4610%(9%)  0.4070%
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» Baryons have half-integer spin, and thus two partial wave amplitudes.
A(Ay = ph) = it (S + Pys)ua,

:5S 53

Swave S =[\r|S7|e“T |H{Ap|Sp|e?

Pwave P =\\r|Pr|e®7 |+{\p| Pp|e”?

Tree Penguin
b o _ _
O g ”() ~ @y, (1 = ys)ua, ~ T, (1 +¥5)up,
u - u
la 4\
T ASS—wave — .gEZwave — 67.§—wave
p J different by ©
- A‘SP—wave — II:Ezwave - 6;_Wave
u
b - dl |~ Up (1 +vs)(Vspn) (VAbYS)ij (1 =ys)up, ~ Up (1 —ys)uy,
P
PC,
2026/5/22
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Results of Ay = pr™

TABLE V. Invariant amplitudes of the A, — pn~ decay classified by topologies without the CKM matrix elements. in unit of 10~°

A, = pn~ N 55(°) Real(S) Imag(S) |P| 5f(°) Real(P) Imag(P)
T/ 707.17 0.00 707.17 0.00 1004.44 0.00 1004.44 0.00
™ 51.72 -96.64 -5.98 -51.38 267.72 -97.92 -36.90 —-265.17
T/ + 1 703.07 -4.19 701.19 -51.38 1003.22 -15.33 967.54 —-265.17
C, 29.37 154.96 -26.61 12.43 41.51 179.80 —-41.51 0.14
E, 66.94 —145.26 -55.01 -38.14 72.58 119.94 -36.23 62.89
B 10.40 112.64 -4.00 9.60 23.65 —-122.56 -12.73 —-19.93
Tree 619.26 —-6.26 615.57 —-67.49 904.75 -14.21 877.08 —-222.06
PC{ 58.44 f 0.00 Y 58.44 0.00 2.90 f 0.00 2.90 0.00
PC’I‘f 1.24 —115.38 -0.53 -1.12 11.16 -95.25 -1.02 -11.11
PC! + PC 57.91 ~111 57.90 ~1.12 11.27 ~80.38 1.88 ~1L.11
PC, 13.36 -116.10 -5.88 -12.00 14.93 71.96 4.62 14.20
PEY 9.48 —87.62 0.39 -9.47 8.83 114.44 -3.65 8.04
PB 1.36 -51.30 0.85 -1.06 1.55 —159.86 -1.46 -0.53
PE‘li + PE, 3.87 —08.18 -0.55 -3.83 1.41 —-12.55 1.37 -0.31
Penguin 59.45 -27.54 52.71 -27.49 10.65 74.93 2.77 10.28
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