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A new horizon In particle physics:
First observation of baryon CP violation
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More interesting CP violation

Regional CPV
Decay topology Mass region (GeV/c?) Acp
Mpr— < 2.2
A — R(pK~)R(n*7) PK (5.34+1.340.2)% 4.00
Mato— < 1.1
Mpr— < 1.7
A) — R(pr)R(K—7™) 0.8 <m +x- < 1.0 (2.7£0.8+0.1)% 3.30

or 1.1 <m +g- < 1.6

LHCb, Nature [arXiv: 2503.16954]



CP violation in baryons

» CP violation is a necessary condition for matter-antimatter
asymmetry of the Universe

* CPV: SM < matter-antimatter asymmetry.

Matter vs  Anti-matter

=> new source of CPV, new physics
* The visible universe is mainly made of baryons.
- CPV were only observed in mesons, but not yet in baryons

- It is of great significance to search for baryon CPV.
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History of CP violation

*1956, Parity violation in weak interaction —

*1964, Observation of CPV in Kaon

»1973, Kobayashi-Maskawa mechanism
«2001, Observation of CPV in B meson }

«2019, Observation of CPV in D meson

BREAKTHROUGH

-CPV of baryons?
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First observations are always two-body decays,
but four-body in baryon decays

*1956, Parity violation in weak interaction

+1964, Observation of CPV in Kaon - K) > rtn

»1973, Kobayashi-Maskawa mechanism

2001, Observation of CPV in B meson - B> JIwK?, K nt, ntn

2019, Observation of CPV in D meson . D> KYK~, ntn

-2025, Observation of CPV in baryon - A) > pK 7'z~ 4-body
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Outline

2. Two-body: Why baryon CPV are so small?
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CPV of b-baryon

Precision of b-baryon CPV measurements reaches the order 1% [LHCb, 2024]
Acp(A) = pr)=(02208+£04) %, Acp(A) > pK)=(—-1.1£0.7+£0.4) %

*CPV in some B-meson decays are as large as 10%:

10% 30% 50%

—50% —30% —10%
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CPV cancelled between S- and P-waves
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-CPVs of S- and P-waves might be as large as B mesons, but cancelled with each other.

-Baryons have spinors and Dirac structures, and thus partial waves.

J.J.Han, J.X,Yu, Y.Li, H.n.Li, J.P.Wang, Z.J.Xiao, FSY, 2409.02821 (PRL)
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J.J.Han, J.X,Yu, Y.Li, H.n.Li, J.P.Wang, Z.J.Xiao, FSY, 2409.02821 (PRL)

Ay — pK~ (LHCO

)
)
)
)
Ay — pr~ (LHCD)
)
)
)

Ay — pr~(direct | O
Ay — pr™ (S wave | ———
Ay — pr— (P wave) —— |
—30% -10% U 10% 30% 50%

| HCb: small CP asymmetriesin beauty-baryon decaysimply that the dynam-
' ics in baryon decays are more complicated than in meson decays.

2503.16954  Forinstance, the CP asymmetries for various angular-momentum
(Nature) amplitudes of the same resonance may cancel®®. This discovery of

38. Han, J.-J. et al. Establishing CP violation in b-baryon decays. Phys. Rev. Lett. 134, 221801
(2025).
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Partial-wave CPVs are large, but cancelled with each other

AGr AZE™ (k) AGE™(kp) AZp Acp Alp
Ay — pm~ 0.05% 903 (0.17t8;gg (49%) —0.06 1) 05 (51%)) 0.027905 0.227908 0.1179-2°
Ay —pK~ | —0.06T7 05 | —0.05700, (94%) —0.2119-32 (6%) 0.0475 04 —0.4419:0% 0.027908
A, | ST (rst)  AGHS Y (kpis)  AGE™(kp)  AG(km) AT,
Ap — pp~ 0.03 00 | 0.011004 (7%) 0.0210:0% (44%) 0.031075 (45%)  0.171006 (4%) —0.01700;
Ap — pK*~ | —0.057912 | —0.157 93¢ (6%) (0.27t8;32 (33%) —0.23101% (55%)) —0.141092 (6%)  0.02790%
Afp | AZEessr)  AGHT™(spisi)  AGR™(sm)  AGE™(sm) AR
Ay — paj (1260)| —0.017905 | —0.221010 (6%) —0.1119°93 (46%)

Ay — pK, (1270)

(0 = 30°)
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(0 = 60°)

+0.08
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0461092 (9%)
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0.0670 0% (37%)
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—0.13

—0.05

046096 (99%)

+0.08
—0.24" 515

+0.04
Oo26_0.10

+0.04
0.40 009

- This is a general feature in baryon decays, A, — pP, pV, pA

J.J.Han, J.X,Yu, Y.Li, H.n.Li, J.P.Wang, Z.J.Xiao, FSY, 2409.02821
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Outline

1. Why baryon CPV? Motivation
2. Two-body: Why baryon CPV are so small?

3. Multi-body: CPV with Nx rescatterings
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Multi-body decays

.For first observation of baryon CPV, it must be multi-body decays of A,.

‘More resonances, more partial waves, more chances for large CPV.

Large CPV in multi-body decays of B mesons.

Ap+ g+ r—nt = —0.115 £ 0.008,
Apt et -+ = —0.0365 % 0.0036 ,
Aps + .+ =0.076 £ 0.005
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Large regional CPV: Promising to measure

m2(7t+n_)hi h [GeV?/c?]

(9
TTrrT

CPV in some regions.

-
T
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.Large data samples in Ag —ph ™ h " h~,h=rK
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Multi-body decays of A,

*Advantage: more resonances, more chances for large CPV

‘Disadvantage: Too many resonances, and with large uncertainties

N(1700) BREIT-WIGNER MASS 1650 to 1800 (=~ 1720) MeV
N(1700) BREIT-WIGNER WIDTH 100 to 300 (=~ 200) MeV
N(1710) BREIT-WIGNER MASS 1680 to 1740 (= 1710) MeV
N(1710) BREIT-WIGNER WIDTH 80 to 200 (~ 140) MeV
N(1720) BREIT-WIGNER MASS 1680 to 1750 (=~ 1720) MeV

N(1720) BREIT-WIGNER WIDTH 150 to 400 (~ 250) MeV

Close to each other, with large decay widths. No clear dominant one.
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Kaon Photoproduction

Eta Photoproduction

Eta-Prime Photoproduction
Pion-Deuteron (elastic)
Pion-Deuteron to Proton+Proton

Nr scatterings
Nrr — Nr

mail message).

All programs expect energies in MeV units. All of the soluti
Some are unstable beyond their upper energy limits. Extrapc
Increments: The programs will not allow an arbitrary numt

WCM = 1100.0[ 25.0] 2500.0 MeV

P >I< I | f N 't't 6/5/24 7t-N S/ 5/2: 1t-N
N* usually from Nx scatterings o, T v, T S
=t = | .
' ' Fhaphiil
= | | Wyl [} g,
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— Data Analysis Center — . 1T\Ihe SfAIt]l)1 Partial;)Wave ﬁga;leSiij Faleilligy is based
: . » New features are being added and will first appear
Institute for Nuclear Studies Abyeers el 6/ 5/24 mt-N 6/5/24 m-N
THE GEORGE WASHINGTON UNIVERSITY 035 - - ; T1 0.68 ; : .
WASHINGTON, D -3 N
| SHINGTON, DC Fl‘ - P13 XX i x}lﬁlexg*x’ﬂxﬁx i Fli i
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B setup first. The output is an (edited) echo of an interactive se T ez L
Pion Photoproduction . . . .
Pion Electroproduction SSH version. If the default example fails to clarify the speci -0.24 034

WCM = 1100.0[ 25.0] 2500.0 MeV

-Partial-wave amplitudes with strong phases!

-Data driven, model independent. Skip resonances, more precise strong phases.
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*Penguin:

CPV via Nr rescatterings
vy dls /K- A — Sl/ 2 AO

(\@ 6-6—6\;0+A%> T
\E YN

Short-distance -+Long-distance

weak decays  Ngxg — Nr, Nar

*weak phases  -strong phases

16

» Different chirality

= different helicity

= different partial waves
= PWA interference

= difference of strong phases
= CPV

J.P.Wang, FSY, 2407.04110 (CPC)
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Dalitz CPV with 1
Nr rescatterings :,

11

*More predictive power.

*All information are in the Dalitz plots

_ N

_

12 14 16 18 20 22 24

-In some regions, the local CPV could

reach 20% or even 30%. ;f:'
E2:-
J.P.Wang, FSY, 2407.04110 (CPC) |
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CPV with Nr scatterings

decay processes Scenarios global CPV CPV of cosf < 0 CPV of cos@ > 0
S1 8.0% 3.6%
Nm— AT~
S2 6.3% 5.3%
MmN E [1.2, 1.9]G8V

S3 4.3% 7.0%

1 —4.1 —5.4 —2.4

Nm— ATt~ > & % &
Ay = (AT a7 )m™ S2 —3.9% —3.9% —3.9%

my= € [1.2,1.9]GeV 2l ) i ° i
S3 —3.6% —2.3% —5.3%

S1 5.8% 8.2% 2.7%

N 0 _
TP A — (pr°)K 32 5.8% 8.0% 3.0%
1.1, 2.

myx € [1.1,2.5]GeV 33 5.8% 7.8% 3.3%
S1 —3.9% —3.9% —3.7%
Nm — pr® ; ; i 0 i

Ay = (pr)m™ S2 —3.9% —3.8% —4.3%
mnx € [1.1,2.5]GeV ° ° °
S3 —3.8% —3.6% —4.8%

S1: =11, 1=09,S2: fi=g1=1.0,and S3: fi =09, g1 =1.1
18 J.P.Wang, FSY, 2407.04110 (CP02024) Fu-Sheng Yu



CPV with Nr scatterings

July, 2024
decay processes Scenarios global CPV CPV of cosf < 0 CPV of cos@ > 0
Nm— ATTg™ S1 8.0% 3.6%
mnr= € [1.2,1.9]GeV Ay — (AT T T)K™ 52 6.3% 5.3%
— (pr*r K™ S3 4.3% 7.0%
l J.P.Wang, FSY, 2407.04110 (CPC2024)
L HCDb:
March, 2025
using scattering data to extract the hadronic amplitude®. An estimate
2503.16954 ofthe CPasymmetryin A, > R(pr*n")K"decays made by applying this
(Nature) method using m—nucleon scattering data* aligns with the measurement

in this work?®.

29. Wang, J.-P. & Yu, F.-S. CP violation of baryon decays with N rescatterings. Chin. Phys. C
48, 101002 (2024).
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CPV of Legendre moments

dl’ p(A™T)
X L,P,(cosf o A0 Nz 4
d COS 0 Z h n( ) n /K™ < . /
n=0
(")
A) > (ATK” 0 Z,=(1,-0.10,0.20, - 0.05,0.009,0.05)
60: | 60: _0:" -------------- F“T.i“"" ....
Ay = (AT K
Off - s . F . S—— I [ L----l_’ _____ [ _____ -60¢
Ag - (A++7Z'_)ﬂ'_ 0'"""""'""’" """ ‘ """""""""" 0.0}- - [N povem wowm NI ________| 0,___| ,,,,, ‘ ____________________________
J.P.Wang, FSY, 2407.04110 (CPC2024)
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Up-Down asymmetry

*How to measure the large partial-wave CPV?
* They usually need the polarizations of baryons.
But the angular distributions may help.

Ag — pa,( = nan) Ag — pK,( — Knan)
al T p*

T osg R Re(S* Py) cos®

Ap = ['(cos@ > 0) —I'(cosf < 0) _ R Re(STP;)

['(cos@® > 0) +I'(cosf < 0)

AUD _ AUD + AUD
CP A

Aup — Aup

J.P.Wang, Q.Qin, FSY, 2411.18323;
J.J.Han, J.X,Yu, Y.Li, H.n.Li, J.P.Wang, Z.J.Xiao, FSY, 2409.02821 (PRL)
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UD
ACP

Ap — pal (1260) —0.2410-0%
Ap — pK1_(1270)

0.267575
(05 = 30°)
Ay — pK, (1270
b P4 ( ) 0401_883
(9}( = 600)
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Summary

- Baryon CPV is now firstly observed in A) = pK 7" x

* It Is a new horizon In particle physics.

» We find that the partial-wave CPVs are large but cancelled,
resulting in small CPV of baryon decays.

- We propose a new CPV mechanism via Nr rescatterings.
Our prediction is manifested by LHCD.

Thank you!
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New horizon

*Observation of gravitational waves
=> not only confirm the General Relativity,
=> but also open the Multi-messenger era of

cosmology.

*Meson -> Baryon : More is different.

‘New QCD dynamics: exclusive baryon.

*High power dominated, partial-wave CPV

destruction, Nz rescatterings

24 Fu-Sheng Yu
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Introduction on CP violation

- Kobayashi-Maskawa mechanism: mixing among three generations of quarks

CP Violation in the Renormalizable Theory of Weak Interaction

Makoto Kobayashi (Kyoto U.), Toshihide Maskawa (Kyoto U.) (Feb, 1973)
Published in: Prog.Theor.Phys. 49 (1973) 652-657

< DOI [/ cite

*One weak phase in the CKM mixing matrix

- Particle # Anti-particle

Vi # VZ,k * CP violation

|_‘:'Q reference search

VokM = (

3) 12,141 citations

C12€13
—512C937C195935

512923 7 C12C93 813
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12
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113 d
1/2
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C12C93 751252351 4€
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Introduction on CP violation

- Di—f)-TG@ =7 1417 =14
Definition: Acp = — — = ——
FG=>H+TG =) A"+ |Af
Vekm © VgKM
As = |ay H01F01) 4 |, |02 F2) ¢, , : weak phases, flip signs under A, <> A7
A — ‘al‘ez’(él—qbl) T ‘a2‘6i(52—¢2) 51,2 . strong phases, keep signs underAf > K]z
2laiaz|sin(d2 — d1) sin(¢2 — ¢1)
ACP — > 9
|a1\ —+ |CL2‘ —+ 2|a1a2\ COS((SQ — (51) COS(¢2 — qbl)

CPV conditions: 1. At least two amplitudes
2. with different weak phases
3. with different strong phases

31



CP violation in baryons

*Hyperon:

-SM estimates: O(10™%) ~ O(107>)

-BESIII [Nature 2022]: A2,(A” —» pr7) = (2.5+4.8) x 107, and B~ - Az~
Charmed baryon:

-SM estimates: O(107) ~ O(10™%)

-LHCb [JHEP 2018]: A-p(A. = pKYK™) — Ap(A,. = prtn™) = (3.0+£9.1£6.1) x 107
*Bottom baryon:

-SM estimates: O(10%)

-LHCDb reported 30 evidence of CPV in A, — pzzm [Nature Physics 2017]

Acp(A) = pr)=(02+20.8+£04)%, Acp(A) = pK)=(—=1.1£0.7+0.4)%

32 Fu-Sheng Yu



More iIs different

-Baryons are very different from mesons!!

*Non-zero spin, more information from polarizations and partial waves

il Ab : 1 | M4,z
) E(.> :(; H’\A:'F%’)‘P:'*'ﬁ — %(S P)* b
A ] A
7[— Ab p 1 Ay = > L p
< <‘): <’:: H,\A:—%,)\p:_% — %(S — P) \) ) ’ d \}
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2-body

More iIs different

-Baryons are very different from mesons!!
*Non-zero spin, more information from polarizations and partial waves

*Three valence quarks, need at least two hard gluons

SCET: leading-power is one order of magnitude smaller than the total one

-Leading power: £,(0) = — 0.012 [W.Wang, 2011]

-Total form factor: £,(0) = 0.18 [Y.L.Shen, Y.M.Wang, 2016]
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Rescatterings: Data driven

. Rescattering mechanism for CPVin B~ = (z72z7)K~, (KTK)K".
Model-independent analysis of zzx — KK data [Bediaga, Frederico,
Lourenco, 2013; H.Y.Cheng, C.K.Chua, 2020; Alvarez Garrote, Cuervo,

Magalhaes, Pelaez, PRL2023]

( A(B~—zta P~) )FSI ey ( AB~ =’z P7) ) B R N
A(B_ — K_I_K_P_) S-wave A(B_ - K+K—P_) S-Wave -
Ves Vi
- Rescattering mechanism for charm CPV. Model-independent ; /_\
analysis of 7zx — KK data [Bediaga, Frederico, Magalhaes, D sta-  KTK
PRL2023: Pich, Solomonidi, Silva, PRD2023]. ) v \5/‘
‘edVud rr— KK

‘AAshort dlstance‘ < 2 X 10—4 V.S. AAFSI (6 4+ 1 8) X 10—4
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CPV via Nr rescatterings
A = S1/2 A

A = L-tN,r,l/2+ (A + B)’5)u,\ ﬂO — aNﬂ',l/2+ (A + BYS)uAb

7 .7 +iin, 1/9-(A+ Bys)u
+ Unn1/2-(A+ Bys)u A@ Nm,1/2 ( ‘}’5) Ay,

* + Quilyy 372+ (C + Dys)uy,

-+ q#l-lljtlﬂ’3/2+ (C -+ Dy5)uAb P13 ~ ~
. L. + qullyg 3)0-(C + Dys)uy,
T qulhng3)2- (C + Dys)uy, D13

+ ¢ o
+ s o e
Long-distance *Short-distance
A, = (Nn)h —- (Nzn/Nzrr)h Ay, = (Nrm)h
e (i v+ 80 vuyshua,

~it1 - (" v+ 81" yuvs)ua,
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CPV via Nr rescatterings

* Tree — ubVJd fp UN

-Penguin  €VaoVii Jp v

*weak phase
difference

— +
o7 Sngi/2 1 (CL4 — RWCLG)PHQ‘}/Z

strong phase
difference

+ ) (ma, + mMnx) V5| ua

-Under approximations of factorization and on-shell conditions
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CPV via Nrx rescatterings

e
dl’ o |Py1 [P (JAF + &2|B*) + IS 1117 (Al + «°|Bf*)

+2Re [(AA* + K’ BB")P1S 1, ]| cos 6

™

J.P.Wang, FSY, 2407.04110

Qa6+ = A4 = Ryag

-

\

«CPV (1): Strong phases from effective
Wilson coefficients, BSS mechanism

\A\z — Vﬂz oc 2Re(A,A:a1a46+) — 2733(/1;/1:611614&)
oc sin(Adg,,) sin(Aod),

~

/

-

\

*CPV (2): Strong phase from different
partial waves.

Re [APIIA’*S;] —Re [APIIA:*STI]
oc Re [(ﬂf/lt — A A )aus Pr1)(a; S Tl)]
+ Re [(/lu/lf — A, A) (@1 Pr1)(ags ST, )]

/
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Backup (ll)



Outlook

- CPV dynamics: LCSR, QCDF for A, — pr, pK?

» LCDASs of heavy and light baryons.
- QCDF for A, = (Nr)h

. Form factors and di-hadron DAs of A, — (Nx — pr®)¢v,
B(D) — (nx — nn)lv

Thank you!
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Puzzle & Opportunities

Precision of baryon CPV measurements reaches the order 1% [LHCb, 2024]

Acp(A) = pr)=(02208+£04) %, Acp(A) > pK)=(—-1.1£0.7+£0.4) %

*CPV in some B-meson decays are as large as 10%

* LHCDb is a baryon factory !

It can be expected that CPV in b-baryons might be observed soon !!

* Questions: 1. Why not yet observed for baryon CPV ? What dynamics ?
2. What processes to observe baryon CPV ?
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Theoretical approach for dynamics

-The above crude argument needsto y@ | § CS | /CB [ CB
be justified by comprehensive QCD Ofﬁ j O VvV ——V =

T E, C, B
b d d

b _ q h N q d _ ¢ _ d
- 0—> -0—> > >
CalCUlatIOI lS L 14 n n
u u u u
u > u u o> u b o> d b o> d
d o d U d > d U u o u u o> u
b

*There are more non-factorizable Z

(\ D | ,,
topological diagrams, such as PC2 L CS L CS ‘topological diagrams

and the exchange diagrams PE1, PE2 =

*They can be calculated by PQCD

L *Feynman diagram
based on the k T factorization
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A\, — p form factors in PQCD

*In 2009, form factors are two orders smaller than LatticeQCD/experiments, considering

only the leading twist of LCDAs [C.D.Lu, Y.M.Wang, et al, 2009]

In 2022, considering high-twist LCDAs, results are consistent with Lattice QCD [J.J.Han,

Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2022]. Consistent with power counting by SCET.

Lattice/exp PQCD(2009) PQCD(2022)

0.22+0.08 §0.002%=0.001F 0.27x0.12
twist-3 twist-4 twist-5 twist-6 total
exponential
twist-2 0.0007 -0.00007 -0.0005 -0.000003 0.0001
twist-3+~ -0.0001 0.002 0.0004 -0.000004 0.002
twist-3~F -0.0002 0.0060 0,00000 0.00007 0.006
twist-4 0.01 0.00009 0.0000007 0.26
total 0.01 0.008 0.25 0.00007 0.27 + 0.09 & 0.07
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Up-down asymmetries are large enough to be observed

Ay — pr~(direct
Ay — pr (S wave
Ay — pr~ (P wave
Ay — pK~ (direct

Ay — pK~ (S wave

Ay, — pay (1260) (U
Ay — pK(1270)(30°)(UD)
Ay — pK(1270)(60°)(U" ]

—30% —10% 0  10% 30% 50%

J.J.Han, J.X,Yu, Y.Li, H.n.Li, J.P.Wang, Z.J.Xiao, FSY, 2409.02821
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Direct CPV

= U ‘ﬁ‘ B |ﬁ‘ Q D
M= (S + Pysuy, L= (ISP +IPP), T=_575 (5P +1Pf)

Sy e0s,tiPt |Sp|ei‘53’1’ e'Pp
P;|e“rtel®t 4 | P,|errettr
S = — {|St\tfﬂiés’t«s_i‘b]t + \Sp|ei53’Pe_i¢P}
P — |Pt|6?:519,t6_7:¢t _|_ |Pp‘€i5p’pe_i¢p

S
P

*Four strong phases
*Two terms of CPV

2 _|1§|2 _ |P|2

S2+|P P
S|2+ P2+ |S|2+ |P
sin(dst — 0sp) + 78in(dpt — dpp)

K + [cos(0s+ — 0sp) + 7 cOS(dp ¢+ — 0pp)] cOs Agp

. I —
dar
a —
CP— 14

2

f_
= =

sin A¢

J.P.Wang, Q.Qin, FSY, 2411.18323
45 Fu-Sheng Yu



Direct and partial-wave CPVs

A(Ap = ph) = itp(S + Prys)uy,

P(Ab —)ph)—F(Ab —)ﬁil) 0 0
Ad“A—> h — _ IN'x |S|“"+«|P Kk~ 0.5
p(As = ph) = (A, — ph) + (A — ph) 517+ K] P

Sz_ SQ P2_ p2
AS wave __ _L AP wave __ L

SZ+ SZ P2+ PZ

NE K| P>

A((ijlrp ~ Ko AS Wa,ve_|_,{PAP-wa,ve Kg = Kp =

NEEXIV4E NEEXIV4E
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Heavy quark limit

A(Ap = ph) = itp(S + Pys)uy,

p,s') [ay"b| Ap(P,s)) = u (p,s’) (fir" + faic™qy + f3¢") u (P, s),
s') [uyysb| Ap(P, s)) = a (p,s") (17" + 92i0"” G, + g3¢*) vs5u (P, s)

* |In the heavy quark limit,

h=8, h=h=8&=8=0

e Under factorization approximation,

Ab

Whaazs
b - U

A

A

; . .V

p

T. Mannel, W. Roberts and Z. Ryzak, NPB1991

S = Aa12fp(mi —my) fi(m

P = Aayzfp(mi +my)gi(m

47
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Topological
diagrams

\_ >
= = <

©

Yy Ny Y Y

- E~% = = =
>

—

PC,

PE¢

S = A7|S71e®T + Ap|Sp|et®P,

P = Ar|Pr|e®T + Ap|Pplei®®,

- 9
n
u
. u
_ d

E,

- — q
24

u

o> 1
. d

PE!

d

- —
1
u
o> d
_ u

PE,

- d
n
d
o u
- u \

Ca

_ d

/4

u

> d
‘ u

PC,

Amplitudes Real(S) Imag(S) | Real(P) Imag(P)
Ay — pm™
T 701.19 —51.38 967.54 —265.17
C> —26.61 12.43 —41.51 0.14
E> —59.01 —38.14 —36.23 62.89
B —4.00 9.60 —12.73 —19.93
Tree T 615.57 —67.49 877.08 —222.06
PCH 57.90 —1.12 1.88 —11.11
PCs —5.88 —12.00 4.62 14.20
PEY 0.39 —9.47 —3.65 8.04
PB 0.85 —1.06 —1.46 —0.53
PE{ + PE> —0.55 —3.83 1.37 -0.31
Penguin P 52.71 —27.49 2.77 10.28
Ap = pK~
T 853.60 —52.08 1190.21 —340.84
E> —66.28 —59.48 —50.31 79.56
Tree T 787.31 —111.55 | 1139.90 —261.28
PCH 75.64 —0.82 —4.35 —13.81
PEY 0.10 —11.80 —4.76 9.93
PE¢{ —1.50 —17.38 1.66 2.09
Penguin P 74.23 —20.00 —7.45 —1.79
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Direct and partial-wave CPVs of A, — pA,pV

pH Py
A" (Ap — pA) _upeLp, (Af”)’ V5 T AL £ V5 + Bl v+ B§ £ )U’Ab7
mAb mAb

A" (Ap — pA) —upeTu (Al Y5 + Bclr'?"u)ul\b?

SE = —AL, ST = —AT, Py~ —2BF—BL, Py~ BT and D ~ —AL+ AL

Pc Ep = My T (2 2 Eizz L 2 2
[' = 2015+ (¢ + | P. | S~ 4+ D|“ + |P

di D+S*t P
AC?}; ~ KZSTA + f‘CPzACp T KJD—I—SLA T K’PlACIP
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PQCD approach

*PQCD successfully predicted CPV in B meson decays [Keum, H.n.Li, Sanda, 2000; C.D.Lu, Ukai, M.Z.Yang, 2000].

B-ntn~ —5+3 —6+12 +30 + 20 +32 + 4
B-> Kt~ +10 + 3 +5+9 —17+5 —8.3 1+ 0.4

—————————————

* under collinear factorization: '
. Endpoint singularity: propagator ~ 1/x,;x,0* — oo when X1, — 0,1 .
Q? ‘

1
M(QZ) = f dx1dx; ¢p (xZ: I-lz) * Ty (x1, xz,u—z, as(ﬂz)) * ¢1t(x1:112) -------------
0

e,
| O

« PQCD approach (based on k- factorization): retain transverse momentum of parton &,
. propagator ~ 1/(x;x,0* + k)

2

1
M(Q?‘) = fo dx,dx; f dk,rdk,rpp(x,, kzruuz) * Ty (xlr X2, Ko, k1r»u—2»“s(l»l2)) * Pr (X1, k1T:#2)
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Light-Cone Distribution Amplitudes

(

Pseudoscalar  ®.x)(q,y) =

[75{14533(1()( ) +my K)’Y5¢7r(z<)( ) + mg(K)%(W — 1), (K) (?J)] ,

\/ZNC af
—1
Vector meson &y (q, €}, y) = AN [mv¢2¢v(y)+¢2§l¢§/(9)+mv¢€/(y)]a5,
Apbaryon  (Yy,)as, (@i 1) = {f”( )My (@3, 25)35C" s + £ (1) [Ma (@3, 25)35C s b IAs(P)] e

M (xq, x3) = %Vi T (29, T3) 1 ¢4ﬁ¢§+(x2,x3),

M (x2, x3) =%¢2($2,IE3) | %1%1(51?2,3?3),
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Light-Cone Distribution Amplitudes

_ 1 _ _ _
Proton (Y P)apy(Tis 1) = 82N {Slmpcﬂa(N+'75)7 + S2mpCga(N " 7s5)y + lep(C’YS)ﬂosz;F

+ P2mp(075)ﬂany_ + ‘/I(Clb)ﬂa(N_F’YS)'y + V2(CP)BQ(N_75)
m2

+ %%(C'Yl)ﬂa(ﬁ—'-'%’YL)W + V4%(C’Yl)ﬁa(ﬁ_’757 )y + V5—(C¢)ﬁa(N+’Y5)

+ Ve—z(Cﬁ)ﬁa(N V5)y + AL(CY5P) pa(N T )y + A2(CY5P) (N )y

+ A37p(C75ﬂ)Ba(N+7l)fy + A4%(0757L)5a(1\7—7 )y + A5—2(075ﬁ)ﬂa(N+)

+ Aﬁm—2(075¢)ﬂa(N )y = T1(iCo 1 p) ga(NTy57 ")y — T2(iCo 1 P) ga (N 15774

- Tsp—z(iCUPz)ﬂa(N“L%)w — T4?—§(’iCUzP)ﬂa(N_75) — T5m—2(ZCULz)Ba(N+’Y57 )y
— TGm—2(ZC0'_Lz)ﬂa(N Y5y ) + T7%(C0Lr)ﬂa(]v+750ll’)v

2Pz
+ TS7(C'ULL')M(N_750ll )'y}a (16)
twist-3 twist-4 twist-5 twist-6
Vector Vi Vs, V3 Vi, Vs Ve
Pseudo-Vector Ay Aq, As Ay, As Ag
Tensor T1 T2, T3, T7 T4, T5, Tg T6
Scalar S1 Ss
Pesudoscalar P, P
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CPV cancellation is general phenomenon?

In unit of % (Data from PDG)

B —» PP B —> VP B - PV
CB® > ntn~) =-31+3 Acp(B° - ptn™) =13 +6 Acp(B > ttp™) = —-8+8
C(B° -» n’°n%) = —25+ 20 C(B° - p°n%) = —27 + 24
Ap(BO 5> K*) = —83+ 03 Ap(B® = p~K*) =20+ 11  Ap(B® » m-K**) = —27 + 4
Acp(B* 5 mK*) =27 +12  Acp(B* = p°K*) =16+2  Ap(B* - n°K**) = —39 + 21

Acp(Bt - ntn®) =-1+4 Acp(BT - p*tn®) =3+ 10 Acp(BT »ttp®) =03+ 1.4

«S-wave P-wave P-wave

53 Fu-Sheng Yu



CPV cancellation is general phenomenon?

In unit of % (Data from PQCD [Chali, et. al.,2022 ])
B —» PP B—->VP B —» PV
C(B® > nttn~) = -23 Acp(B? - ptn™) =7 Acp(B > ttp™) = —24
C(B? - %) = -3 C(B® - p°n?%) = —43
Aqp(B® > 7~ K*) = —15 Aqp(B® > pK*) = 61 Aqp(B® > T K*t) = —47
Acp(BY -» n°K*) = —11 Acp(BT - p°K*) =70 Acp(BY » ’K*t) = —32
Acp(BY » n*n®) = —0.05 Acp(BY - p*n?) = -0.6 Acp(BY » tp?) =11

«S-wave P-wave P-wave

54 Fu-Sheng Yu



Rescatterings: Hadronic loops

* CP violation can be enhanced by final-state interaction in B meson decays [Suzuki,

Wolfenstein, 1999; H.Y.Cheng, C.K,Chua, Soni, 2005] and charmed baryon decays [X.G.He,
C.W.Liu, 2024; C.P.Jia, H.Y.Jiang, J.P.Wang, FSY, 2024]

P D* D

T D D

» Rescattering mechanism have been successfully used to predict the discovery channel of
27 — ATK " nTa™ [FSY, Jiang, Li, Lu, Wang, Zhao, 2017]

—cc

1]

Topology: C quark exchange hadronic triangle
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Hierarchy to topological diagrams

* |In the heavy quark expansion,

C E A B A
CloLEl o 2P Sl of 2o

Leibovich, Ligeti, Stewart, Wise, 2004

* SO0 we only consider the color-favored emitted tree
diagram and corresponding penguin diagram. Exchange Bow e

d/s - /K™ /K"

) Vi Vi [;//7_

U .

» b ¥
0
A,

V :
ﬁb <=V-4 <= {Ir ( \ = 0 . =0r
: A
! N ’ U N
\ d \ \ d \
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Kinematics: Dalitz of A, — (pn")K~
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CPV In three-body decays of B mesons

_sE | (a) 25E Il LHCb (P)
< - Lre n -
L F 3, A 59fb!
o 20F & 20F
O : > ||
O - L <tall
= 15F .5 O I5F I
5 F <~ o It
-yN 2 10 |
" 10: 2 §< 10: | i ‘ | Il |
. 4 —’ n I e ‘
;g/ SE T SF \‘ .PiJL_ L | Jins
S F -6 R | g O R BN
O, o 3 b
0 5 10 15 0 5 10 15 20
m (') [GeV7/ct] mX(mn) [GeV?/c?]
251 251 |
: LHCb (©) = F LHCb (D
= 20F 5.9 fb! =~ 20F
Q - > n
Qs N [ i
% IS5 . L_D, 15
S | SN
L F . X
3 SF S
- (o] -
S - .6 S -
0 N PP 8 O' | R B
0 10 20 0 5 10 15

(KK ) [GeV/c) KK ), [GeVTe] LHCb, 2206.07622
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CPV from N scatterings
vy dls /K | : Sl/ 2 AO

I AN = pr™) = @, (S + Prys)un

<= V-A ="
AO
*Tree: I, %N ;@:: n~ A0 P
\ \ < o >

1
o g HAA=+%,AP=+% — E(S+ P),

VioVigs — d/s a " A" P H _ 1 S—P
: i‘, = = e =500
(\Qﬁ 6-6-6\7114%> 7T
.P 1A = AO 2 2 *
engL“n b h_|_ — |h_ QRG(SP)
\ = N @ = 2 2 = a2 2
d \ hi|”+ |h- |S|* + | P|

-Short-distance °Long-distance
weak decays N7 scatterings

‘weak phase strong phase
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CPV via Nr rescatterings

*Suggestions: processes

(Nm — Nn) : Ag — (paha~, (pa°)K~

(Ne—> AK):  A) - (A’KHz~, (AYKHK-

(Nm — pan) Ag — (pr*n)x~, (parn)K™

0

-Currently, only consider N& — px’ and Nt — A"z~ to show the results

Nz — AK and full analysis of N» — pr T~ will be done in the near future
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CPV from N scatterings

A = Ulng,1/2+ (A + Bys)ua, P '
+ing1/2- (A + Bys)uy, S 1
A= (Aa - Aass,) £ m- w

: . 1/2* 1/2°
1 *Penguin @huNﬂ Ka46+P11f1/ — d46-S 11 1/ +---)m_

B=(A,a; - dass )gl m, y

~

e Tree =@Chl_t1\;,r %1 (Pllfll/z+ -8 11 11/2— + .- ) m._

.

1/2+ 1/2-
+a (P1181/ —51181/ +---)m+75 U,

A - (—ﬂual + /La46_)f1%_m_ a46:t — a4 i Rha6 1/2_

1/2%
+ a46—P1181/ —046+51]gl +---)m+75 Up,

~ 1_
B=(-A,a,+ /lta46+)812 nm,

A, — (NmK™: 4,=V,VE, A, =V,V -weak phase estrong phase
Ay = (NDT™ Ay = VigVE, 2=V, V% difference difference
M = MA, M J.P.Wang, FSY, CPC48,101002(2024)
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CPV from N scatterings

decay processes Scenarios global CPV CPV of cosf < 0 CPV of cosf > 0
S1 5.9% 8.0% 3.6%
Ay = (AT )K T 52 5.8% 6.3% 5.3%
S3 5.6% 4.3% 7.0%
S1 —4.1% —5.4% —2.4%
Ay = (AT )m” 52 —3.9% ~3.9% —3.9%
S3 —3.6% —2.3% —5.3%
S1 5.8% 8.2% 2.7%
Ay — (pr®) K~ 52 5.8% 8.0% 3.0%
S3 5.8% 7.8% 3.3%
S1 —3.9% —3.9% —3.7%
Ay — (pr”)m™ 52 —3.9% —3.8% —4.3%
S3 —3.8% —3.6% —4.8%

S1

: i=11, g1=09,S2: fi=g1=1.0,and S3: =09, g; =1.1
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CPV from N scatterings

o M| 4 | w30%
- [ [ { Mo * All information
A > (AT H)K- L 0 . .
’ N | 2 | 4 || o are in the Dalitz
| [ | | ¥ plots
14 15 16 17 18 19 14 15 16 17 18 19 14 15 16 17 18 19
MA-++ -
*I[n some
4 1 4} 1 4} .-30%
| | | §20% local CPV could
§ (4]
AO ATt Ve~ | 0
p > (ATF)E o) | | | 2o reach 20% or
—-20%
" 1 |l _-'-30% even 30%.
14 15 16 17 18 1.9 14 15 16 17 18 19 14 15 16 17 18 19
MA++ -

Sl: =11, 1=09,S2: fi=g1=1.0,and S3: fi =09, g1 =1.1
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CPV from N scatterings

4 4 ¢ | m30%
. | ; o4 * All information
A > (pr)K- O 0 . .
b= s ) | | | 1o are in the Dalitz
—=20%
| - [l | B -0 plots
12 14 16 18 20 22 24 12 14 16 18 20 22 24 12 14 16 18 20 22 24
m
pe’ *ln some
regions, the
) T ) | m30%
- | | | 2 local CPV could
b\) 0
0 Oy, — .
Ay = (pr)m o | |l 1Y reach 20% or
-20%
f A ) | 1 { B30 even 30%.
12 14 16 18 20 22 24 12 14 16 18 20 22 24 12 14 16 18 20 22 24
mpﬂo

Sl: =11, 1=09,S2: fi=g1=1.0,and S3: fi =09, g1 =1.1
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CPV of Legendre moments

p(A™™)

al Z L, P,(cos @)

X
dcos @
n=0

Ag — (ATTz)K™
<. = (1, -0.10,0.20, — 0.05,0.009,0.05)

Acp(1072)

65

N> (A T)K-

1 2 3 4 5
Legendre labels n
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CPV of Legendre moments

A) = (AT K™

A) = (A7 7)z™

dl’

80}

60}

40¢

20

20¢

10}

-10¢

20}

p(A™)

e A Nz
d cos 6 O(T;L"P"(COSO) 7K~ b /

(77
80¢ R
0-- - - === =
60 ’ ‘
-20}
40¢
-40}
20¢
-60
of IO e
-80}
1 2 3 4 5 1 2 3 4 5
1.0f 20
0.5} 10}
0_0.--J----.I_L----LJ----;-L----L.ﬂm 0>---I ----- l ---------------------------------
-0.5 -10}
-1.0 =20t
' 1 2 3 4 5 1 2 3 4 S

S1: =11, 1=09,S2: fi=g1=1.0,and S3: fi =09, g1 =1.1

00
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CPV of Legendre moments
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Theoretical Challenges

1. QCD dynamics for non-leptonic decays

*One more energetic quark, one more hard gluon.

Counting rule of power expansion is violated by «. . ] § ) ;
-Factorization of A, = (Nx)h

2. Non-perturbative inputs
» Theoretical uncertainties are dominated by the non-perturbative input parameters,
such as the light-cone distribution amplitudes (LCDA) of baryons and di-hadrons.
-Form factors of A, — (Nx)

3. Observables

-T-odd triple products (p; X p,) - p5 , 30 signal in A, — paza[LHCb2017].
Defined by kinematics, but unclear relation to the decay amplitudes.

No way for theoretical explanations and predictions.
68 Fu-Sheng Yu



0 —. - . .
AN — pr~: completely polarized hyperon Gengral Pastisl Wave Analysis of the
T. D. LEe* anp C. N. YANG
Institute for Advanced Study, Princeton, New Jersey

7[_ é\/%e p X (Received October 22, 1957)
) " L» Z AN = pr7) = Uy, (S + Prys)up
2 2
dl’ H_|_l — H_l
x 1+ acosf Polarization in final state: o = 5 5
d cos 6 Ho1| +|H_1
2 2
L o L 2Re(S*P)
z-direction: longitudinal polarization of proton, a =
\S\2+ P‘2 Lee-Yang
| | o 2Im(S*P) parameter,
y-direction: normal polarization of proton, p = : : or
[S1"+ | P]
G2_|pp2 decay asymmetry
X-direction: transverse polarization of proton, y = : : : _ : : : parameter
SI”+ | P
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CPYV of Polarizations

- o

T-even: s; - p agp X [Tssin(dpp — 0st) — TpSIn(dp,t — 0s,p)] SIn A

T-odd: (5; X ff) 7] a’gP X [rp €O8(0p,t — Os,p) — T's COS(Op,p — 0s,¢)| SIN A

aip X [|St]|Sp|sin(dst — 0s.p) — | Pe|[ Pp| sin(dp, — dp,p)] sin Ag

J.P.Wang, Q.Qin, FSY, 2411.18323
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Why cos o, ? What conditions?

- Why c0s 0,?
- T-odd operator Q_: TO T-'=—-0_

- T is anti-unitary, I’ = UK with U a unitary operator and K a complex conjugation

 Two conditions:

(1) For a basis of final states and a unitary transformation so that UT |y, ) = e'* |y, )

(2) O_ is invariant under this unitary transformation, UQ_U" = Q_

BN gt
n,n complimentary
aC;even X Z*An — A*An) 0.

J.P.Wang, Q.Qin, FSY, 2211.07332
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Angular distributions

dl’ s%s% « . .
dcy deo dp > \/§ Im (H+1,+%H—1,—% T H+1,+%H—1,—%) SIn 2¢
5185 . , ;
| \/g Re (H+1,+%H_1,_% + H"‘l,‘l‘%H—l,—%) COS 2@
4s1¢c189C . 6, [ ...
1\}62 °Im (H+1,+%HS 1t H, _%’H’il _%) sin J\Q_@?g?) >
’ ) ) A
451C1S9Co . §

Sin ¢ = (Mg X M) - Pp = Mg+ (Mp X Pp) X (P1 X P2) - P4
sin 2¢ = 2sin @ cos ¢ o [(P1 X P2) - (D3 X Pa)][(P1 X P2) - Pa)-

. Triple-product of momentum, (p, X p,) - ps, is not good. sin ¢ with sin &, cos @, sin 6, cos 6,

* Angular distributions of resonant contributions are necessary. It is more clear in theory.
J.P.Wang, Q.Qin, FSY, 2411.18323
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Suggestions for experiments

Acp(A) = (AT 27)K™) Aqp(DY — KTK™) — A p(D° — ntn7)

LHCb Run 1 (+4.4£2.6x£0.6)% (—0.10 £ 0.08 £ 0.03) %

(3 fbA-1) LHCb, 1903.06792 LHCb, 1602.03160
X 1/3 X 1/3
LHCb Run 2 (46 + 1)% 27 (—0.18 £0.03 £0.01) %
(6 fbA-1) LHCb, 1903.08726

-Suggestion: measure CPV in Ag — (pan*n7)K™. Global CPVis +6 % .

*_LHCb precision reaches O(1%). It has a large possibility to observe baryon CPV very soon.
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