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Why baryon CPVs?

Establish CPVs
Ap = prt~,pK~

Predict CPVs
A, = pp~,pK*",pay, pKy

Summary & Outlook




CP violations

* Matter-antimatter asymmetry in the Universe > Science 109 (2005) 5731

* Charge-Parity violation is necessary > Sakharov JETP Lett.(1967)

electron positron

CP: FEfarH4E + FHAR3EIR

* Study of baryon CP violation is crucial for understanding the matter-antimatter
asymmetry in Universe.
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Baryon CPVs

» Hyperon sector:

« SM: 0(107° ~ 10™%) [Donoghue, X.G.He, Pakvasa, 1986]
« BESIII [Nature, 2022] A%p(A - prt™) = (2.5 + 4.8) X 1073

» Charm sector:

e SM: 0(1073~10"%) [X.G.He, C.W.Liu, 2024] [C.PJia, H.Y.Jiang, J.P.Wang, F.S.Yu, 2024]
« LHCb [JHEP, 2018] Acp(A. » pK*K~ /pn*n™) = (3.0+ 9.1 +6.1) x 1073

» Beauty sector: SM estimates ~ 10% due to large weak phase difference > PDG
Acp(B® 5> K*tn™) =(—8344+0.32)% A p(BY > K ') =(224+1.2)%
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Puzzle of b-baryon CPVs

Acp(Ap = p™) = (0.20 + 0.83 + 0.37)%
Acp(Ap » pK™) = (—1.14 + 0.67 + 0.36)% > LHCb2024

B = 7~ (PDG) } e |
BY = K+n~(PDG) } " :
BY - K-+ (PDG) } | ™
BY - K-K+(PDG) } | —o—i
Ay — pr—(LHCD) il
A, — pK-(LHCb) } | & o
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Topological diagrams of A,
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Ay - p~,pK™~

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

A(Ap — ph) = ity (S + Pys)un,

( o5 )
35.?-

Swave S =|A\r|St|e

v
15T

P wave P=8~TPT€ )

oS )
Ap|Sp 6E5’P

05
Ap|Pple iy

Penguin

Abg = &5 — 65

Abp = 6E — 6P

strong phase difference

2025/10/26 CP violation of Ay decay in PQCD



Ap - pn~,pK~

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

A(Ay = ph) = iu,(S + Prys)ua,

Adir = [(Ap—>ph™)-T(Ap—~ph™)
 T(Ap—>ph™)+T(Ap—>pht)

_ M3(|SI12-1S12)+M2|P|?-|P|?

~ M2(ISI2+IS12)+M2|P|2+|P|?

MZ 5
5|2 7 Pl
— S 2 AP
B 21+A7 cpt 1+4P CP
S1240—EE|p|2 CP| 5|24 22 py2
1 > D <
M11+Acp 1+A%p M2
NE S n IP|? AP
|S|%+|P|? Cp |S|2+|P|? CP
ISI>—|S]>  —2rgsinA¢sinAdg s s
Ace = |S|2+ |52 1+4r%+ 2rscosAdcosAds’ Ads = 03 — 07 -
P> — |P|? —2rpsinA¢gsinA§ -
_|P*—|P| psinA¢ P Adp = 6 — 6 ‘_!L

AF =
CPEIPR+ PR 1+ + 2rpcosApcosAdp
P

partial-wave CPVs strong phase difference
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Explain CPVsof Ay, = pn~,pK™ in PQCD

» Baryons have half-integer spin, and thus two partial wave amplitudes.
A(Ap — ph) = ity (S + Pys)un,

5.8 5.5

Swave S =|\7|S7]e®7 4+ Ap|Sple®?

P wave P =\\r|Pr|e®" |+|\p| Pp|e*

Tree Penguin
b i u i B
. . ~ q"upy, (1 —ys)up, ~ Uy (1 +ys)up,
u - U
d R d
T Abs_wave = pSEZW ave _ 67§—Wave .
different by
d . d AbSp_yape = II;CTZWClve _ 5713—wave

=

~ l_tp(l + )/5)()/51571) (ﬁAbys)ﬂp(l — VS)UA,, ~ ﬂp(l — VS)uAb
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CPVs in PQCD

» Strong phases need to be determined by QCD calculations

» Based on k7 factorization, PQCD approach has successfully predicted B meson CPV

C..(B->ntn )% Acp(B > Kt )%
yivis

~ —40 [Lii,Ukai,Yang,2000] ~ —18 [Keum,Li,Sanda,2000]

—30 + 25 + 4 [BaBar,2002] —19 + 10 + 3 [BaBar,2001]

—12.8%3:38 [Chai,Cheng,Ju,Yan, Lii,Xia0,2022]  —5.43¥523 [Chai,Cheng,Ju, Yan, Lii,Xia0,2022]
—31.4 + 3 [PDG] —8.31 + 0.31 [PDG]

» Amplitudes are expressed as convolution of hard kernels and LCDAs
M = (pM|Hepr|Ap)
~ Jld*p|ld*en[d*kea, | ¥ ([kp], 1) ¥rsWersl, 0¥, ([ ], 1) - Co H([Kp ], Ueaal, [, ] 1)

1
~ fo ] el ] [ 1a2K5] [@20110%KE, 1y (o), 1) L. 10, ([, . )

) Ci(#)H([xp' kg]: [le kI'I\:I]; [xAbl kxb]r ,Ll)
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> without the CKM matrix elements, X 10~°

Partial-wave amplitudes of A, - pm~ 1n PQCD

Ay—pr~  |S| 6%°(°) Real(S) Imag(S)| |P| 6"(°)  Real(P) Imag(P)
Ty 707.17  0.00  707.17 0.00 100444  0.00 100444  0.00
Ty 5172 -96.64  -5.98 5138 | 26772 9792 -3690  -265.17
Ty + T,y 70307 -419  701.19  -51.38 | 100322 -1533  967.54  -265.17
C, 2937 15496  -26.61 12.43 4151 17980  -41.51 0.14
E, 66.94 -14526 -55.01  -38.14 | 7258 11994  -36.23 62.89
B 1040  112.64  -4.00 9.60 23.65  -122.56 -1273  -19.93
Tree 61926 -626 61557  -67.49 | 90475  -1421  877.08  -222.06
Pf . 5844  0.00 58.44 0.00 2.90 0.00 2.90 0.00
P 124  -11538  -0.53 -1.12 11.16 9525  -1.02 -11.11
P+ P} 5791 -Ld1 57.90 112 1127  -80.38 1.88 1111
PC: 1336 -116.10  -5.88 -12.00 14.93 71.96 4.62 14.20
PEL 9.48 -87.62 0.39 -9.47 8.83 114.44 -3.65 8.04
pPB 136  -51.30 0.85 -1.06 1.55  -159.86  -1.46 -0.53
pPEf L pE2 387 9818  -0.55 -3.83 1.41 -12.55 1.37 -0.31
Penguin 5945  -27.54 5271 -27.49 10.65 74.93 2.77 10.28
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Obsverables of Ay = pn~, pK~

M2
. Kk a7 | P
Adz'r _ AS-wave + + AP—wave
CP — A{[ 1+AS -wave CP 1+AP-wave M2
2 2 _E.P_ 2 = 2
[SI2 + M2 1+AP,;vave Pl 1+AZ R |12 + M2 1P|
Br(x107°)
+2.53+1.33+0.10+0.47
Ap — pr— 33477307170 011 0.14
+2.17+1.17+0.49+2.19
Ay — pK™ 2.8377 05 092037066
d S P
— +0‘00+0,00+0,00+0.02 J0.01+0.01+0.03+0.04 0.014-0.03+0.02+0.00
Ap — pr— 0. 0520.02-0.01-0.02—0.01 0'17-t0.04—0.04—0.07—0.04 (49%) —0. Oﬁko 02—0.03—0.03—0.01(51%)

o - oK —006 B AR o s 0 B o0 | 0 S R e
o P ()

Ap — pr~ —0.94700 003 002 005 0-02201700170.01-0.01 —0.965.00-0.01001-0.01

Ap — pK~ 0237505 005 012 007 0-0470:05 7003 0,01 001 0-2075:030.02-012-0.06

B

[
Acp

(8)

_ 10.00+0.05+0.01+0.07
Ap = pr™ 0.3474 106006 -0.06-0.05

- +0 034-0.08+-0.08+0.12
Ap = pK™—0.397 01" 0.04-0.070.01

0. 22+0 .0040.0040.03+0.07
—0.01—-0.01—0.04—-0.03
-0 44—H) .01+0.01+0.02+0.08
*F*_0.00—0.00—0.01—0.04

0. 12+0 .00+0.054-0.034-0.00
—0.05—-0.05-0.04—0.02

0. 05+0 .034-0.084-0.0740.04
0.01-0.05—0.07—0.02

y

g
AC’P

(7)

— 10.0210.04+0.04+0.04

Ap = pr™ 0.09760470.06-0.06-0.01
40.0240.04+0.04+0.00

Ay = pK™ 0.897 401 002 0,05 0.01

0. 11+0 .01+0.02+0.03+-0.03
—0.02—-0.03—0.04—-0.02

0. 02—|—{) .02+0.05+0.04+4-0.00
—0.01-0.03—0.04—-0.00

—0. 02+0 .01+0.024-0.014-0.01
—0.02—-0.04—0.01-0.00
0. 87+0 .004-0.014-0.02+-0.00
—0.00—-0.01-0.02—-0.01
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M2
ﬁ3~:|1'3|2

dir __
ACP o

]u% 1+A}Sq—}v)vave
MY 1+Acp™

M?2
S[2 + 577 | P2

512 _ [619]?

Ap = prt™ 1s tree-dominant, so taking

" 19052

N ZE
(this work)

P-wave
Acp
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Acp(Ay » pr™) = (0.20 + 0.83 + 0.37)% [LHCb,2024]
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AUD —

UD __
AC‘P —

* The angle distribution for A, = pA = ph,h,h; :

dl’

T p*
Toosd D R Re(S* Py) cosf

* up-down asymmetry :

I'(cos® > 0) — I'(cos @ < 0)

Results of A, = pay, pK;

_ T p*
I'(cos@ > 0) +T'(cosf < 0) R Re(S" F;)
Ayp + %UD
Aup — Aup %
[J.P.Wang,Q.Qin,F.S.Yu,2024]
A2

_(.09+0-00+0.01+0.02+0.00
-U9_0.01-0.01-0.01—0.01

-0 19+0.03+0.02+0.01—|—0.01
*+“—-0.02-0.02—-0.01-0.02

—0 38+0.06+0.10+0.05+0.00
"~ —0.06—-0.09-0.07—-0.03

-0 24+0.04+0.04+0.01+0.00
= +-0.02—-0.03—-0.02—-0.03

—0 04+0.02+0.02+0.01+0.02
¥ *—-0.01-0.05—-0.03—-0.01

Ay — pai (1260)
Ay — pK 1 (1270)(30°)
Ay — pK (1400)(30°)
Ay — pK (1270)(60°)
Ay — pK (1400)(60°)

—0 24+0.03+0.05+0.05+0.03
*~*-0.03-0.09-0.06—-0.06

0 26+0.02+0.03+0.01—|—0.00
*=~—-0.03-0.08—-0.04—-0.04

0 72+0.05-|—0.13-I—0.07-|—0.05
*14—-0.05-0.23-0.03—-0.12

0 40+0.02+0.03+0.02+0.01
*++¥—0.01-0.04—-0.03—-0.07

-0 19-|—0.12-I—0.14-|—0.00-|—0.06
*+<_0.18—0.19—-0.20—0.00
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Ab — p7r ( HCb

)

Ay = pr~ (P wave

Ay — pr~(direct) |
Ay, — pr (S wave)

large partial-wave CPVs,
but cancelled

VAN

é Ay, — pK~ (direct
Ay — pK (S wave
Ay = pK (P wave

large partial-wave CPVs,

<

bu't not dominate

Ay — pa; (1260)(UD
Ay — pK;(1270)(30°)(UD
Ay — pK; (1270)(60°)(UD

)
)
)
)
)
)
)
)
)
)
)
—5

T

[

——]
——i

0%

—30%

—10%

O - R -

10%

30%

> Jia-Jie Han, Ji-Xin Yu, Ya Li, Hsiang-nan Li, Jian-Peng Wang, Zhen-Jun Xiao, Fu-Sheng Yu, Physical Review Letters 134 (2025) 221801.

> Jia-Jie Han, Ji-Xin Yu, Ya Li, Hsiang-nan Li, Jian-Peng Wang, Zhen-Jun Xiao, Fu-Sheng Yu, Physical Review D 112 (2025) 053007.

50%
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» Lei Yang, Jia-Jie Han, Qin Chang, Fu-Sheng Yu, in progress

-
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Conclusion

First full QCD analysis of b-baryon decays

4 N
Find cancellation of partial wave CPVs
Half-integer spin of baryon, different partial wave amplitudes, different dynamics
o J
4 N
Small direct CPVs of A, — pm, pK are well explained
Our PQCD calculation have No conflict with known measurements
o J

Large CPV observables are proposed and predicted

2025/10/26 CP violation of Ay decay in PQCD
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Opportunities and puzzle

» LHCD is a baryon factory !

fa, Na,
—~05 ) To- "~ 0.5 [LHCY, 2012]
fua Np

» Precision of b-baryon CPV measurement reached the order of 1%

Acp(Ap » pK™) = (—1.14 + 0.67 + 0.36)% [LHCb,2024]

» Why CPVs of A, — pm, pK are small ? What difference of dynamics?

» Baryons are very different from mesons!

* non-zero spin/polarization, more information from polarizations and partial waves

e three valence quarks, need at least two hard gluons T

b(ky)

Ay u(ky)

000P0O0O
=

d(ks)
* SCET: power counting of baryon is different from meson

* heavy-to-light form factor is factorizable at leading power and no end-point singularity!
Enpon = fa, Pa, (X))  J(x;, i) @ fAPA(y1)

* leading power: &5, ,7(q% = 0) = —0.012 [W.Wang, 2011]

« Total form factors: &4, ,o(g? = 0) = 0.18 [Y.L.Shen, Y.M.Wang, 2016]

2025/10/26 CP violation of Ay decay in PQCD



dir P D+s* P

Br(x1079) Adr, A5 (kgr)
_ 1+6.23+3.23+0.21+1.89 1°0.02+0.01+0.00+0.02 +0.004-0.004-0.00+0.00
Ap — pp 9.66_ 350 5.03-1.20—0.75 0.0320.02-0.03—0.03—0.02 0.017 001" 0.02—0.02-0.02(7%)
*— +1.77+0.46+0.37+0.63 +0.04+0.07+0.01+0.05 +0.06+0.09+0.02+0.05
Ay — pK 2.83 7199 1'2320.53-0.66 —0.05"'11 "0.07-0.06—0.08 —0.1575:00"0:04—0.05_0.00 (670)
SL-I-D P Py
ACP (“SL+D) Aop(’fﬂ) Aop(":Pz)

+0.03+0.04+0.02-+0.05 +0.04+0.004-0.00+0.00 +0.00+0.004+0.01+0.03
Ap — pp™0.0275'05 0.02—0'00— 000(44%) 0.03Z¢ 05 0.04—0.10— 005(45%) 0.17 2509 0.03-0.03— 004(4%)
* +0.02+40.06+0.05+0.03 +0.05+0.074+0.02+0.05 +0.014-0.004+0.02+0.01
Ay — pK*(0.2775 77 011 002 0.18(33%) —0.237 0777011 0.09-0.03(55%) —0.1475 03" 509" 0:02—0.03 (67)

o cp (@)
= 10.02.0.01£0.000.00 10.0110.01-10.01£0.00 10.01-10.01-10.01-£0.00
Ap—pp~  —0.837505" 005 004001 —0.01%5'600.00-0.01-0.00 —0.837602"0.05-0.04—0.01
. +0.01-0.01-0.00--0.01 £0.00--0.00-+0.00--0.00 +0.00-+0.01-0.00-+0.00
Ap = pK*™  —1.00%6100"0.00—0.00-0.00 —0.00Z5'00-0.00—0.00—0.00 —1.0026'60-0.00—0.00—0.00
8 Alp (B)
— 10.05-0.07-0.05-+0.06 10.010.02-+0.01+0.02 00-+0.04+0.05+0.0410.04
Ay —pp~  —0.9875 00 0.00-0.00-0.00 0.00Z5:00-0.00—0.00—0.00 0.99%6:00-0.00—0.00—0.00
. +0.07-0.17-0.11-0.00 £0.04+0.06-+0.04--0.01 +0.06+0.1140.08--0.00
Ap = pK*  —0.9025030:030'00-0.03 —0.02Z5 700 20.04—0.00—0.00 —0.887503-0.06—0.00—0.04
Y Acp (’Y)
— 10.01+0.01+0.01+0.01 10.00-+0.00-+0.00-0.00 10.01-+0.01+0.010.00
Ap—=pp~  —0.11750 001 002 0.00 —0.0175'600.00-0.00—0.00 —0.10%601 20.01-0.02—0.00
. +0.014-0.00+0.02--0.00 +0.01+0.03+0.01+0.01 _ () 14+0-0140.0140.0240.00
Ap = pK*™ —0.1274106"0 05 003 0.05 0.02%56220:02—0.01—0.01 0.147 04 0.07—0.04—0.04
A Ab L (A)
— 10.05+0.0610.04+0.05 0.0140.02+0.0140.02 10.04.+0.04+0.030.04
Ap—=pp~  —0.96"500"0.000.00-0.00 0.000:00-0.00—0.00—0.00 —0.975'00-0.00-0.00-0.00
. £0.06+0.15+0.09--0.00 +0.03+0.06--0.03-0.01 40.05+0.09+0.07-0.00
Ap = pK*™™  —0.917405"002-000-0.03 —0.015'600.03—0.00—0.00 —0.90%6030.05—0.01—0.03
J Alp (J)
— 10.0410.0410.02.10.02 T0.01.10.01.10.01.10.00 10.03+0.04.+0.02.£0.02
Ap — pp 1.66 .03 -0.03—0.05—0.00 —0.0125 701 20.01-0.01-0.00 L.675:05-0.03-0.05—0.00
. £0.02+0.00+0.04-0.00 +0.02+0.05-0.02+0.01 £0.0140.0340.04-+0.00
Ay = pK 167 511 012 0.080.12 0.047506 0.04-0.02-0.03 1.6376:08-0.15—0.09-0.09




* How to measure the large partial-wave CPV?

* The angular distributions may help. hy
- - - - ® e
p Ay v Ve

h
« The angle distribution for A, — pV — phyh, : :

dr’
do X |H§,u|2 + |H—%,n|2 + |H—§,—1|2 + |H%,1|2 + (2|H§,u|2 + 2|H—%,n|2 - |H—%,—1|2 - |H%,1|2)P2

2 2 _ 2 _|H,.|2
QIH%,DI +2|H—%,D| IH—%,—1| |H§,1|

1+ P
T Hy P TH P T P Hy P
x1+J- P
e The CP asymmetry and average for T :
J-J J+J
AgP = 3 (J) =

2 2

[J.P.Wang,Q.Qin,F.S.Yu,2024]
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Predict CPVs of A, — pa,,pK;(1270), pK,(1400)

dir
A

| K1(1270))
| K1(1400))

(lkition) )

sinfyg, cosbg,
cosly, —sinbg,
[e] o

|K1a)
|K1B)

)(

0x ~ 30°/60

ST P: D+S8* P
kst Agp + kp, Agp + kpystAgp” + kp Agp

(

Br(x107%)

dir
ACP

AS p(rgr)

Ay — pai (1260)
Ay — pK 7 (1270)(30°)
Ay — pK 1 (1400)(30°)
Ay — pK (1270)(60°)
Ay — pK 7 (1400)(60°)

5 48+3.63+1.94+0.27+2.49
Y —-1.87-1.55—-0.31-1.11

1 25+0.59+0.33+0.13+0.64
&Y _0.39—-0.19-0.19-0.31
6 28+3.97+1.93+0.18+2.79
42 -2.13-1.51-0.41-1.32

0 53+0.33+0.38+0.09+0.36
'Y+~ —0.16—0.19-0.22—-0.13

+8.21+3.88+0.91+1.73
11.06 7430 5732 "0.46-0.06

—0.01 +0.01+0.03+0.02+0.03
*¥+—0.00—0.01-0.02-0.00

0 09+0.03+0.07+0.03+0.01
Y —-0.04—0.02—-0.02—0.00

0 06+0.03+0.05+0.03+0.00
*Y~—0.03—-0.09—-0.04—-0.01
0 07+0.01+0.03+0.03+0.01

1 —0.04—0.04—-0.03—-0.00

0 08+0.11+0.09+0.12+0.00
. —0.08—0.11-0.04—0.03

+0.04+0.07+0.05+0.04
—0.22%5 0370072 0.07—0.01 (6 %)

+0.00+4-0.01+4-0.014-0.00
0'34‘—0.02—0.03—0.01—0.05 (8%)

+0.0540.06+0.03+0.03
0.7175:02"0'16-0.04-0.13(13%)

+0.00+-0.00+0.024-0.01
0'46—0.02—0.04—0.02—0.07 (9%)

+0.004-0.41+0.084-0.22
0'07—0. 12—0.09—-0.15-0.10 (3%)

Aép-l-D(HsL_‘_D)

ABp (sp,)

Agric’(K’Pz)

Ay — paj (1260)
Ay — pK (1270)(30°
Ay — pKT (1400)(30°
Ay — pK T (1270)(60°
Ay — pK (1400)(60°

—0.00—-0.01-0.07—0.03

—0.12—-0.14—0.11-0.00

0.07—-0.09—-0.07-0.02

0.03—-0.02—0.03—-0.04

40.01+40.0840.084-0.03 40.1040.134-0.05+0.02
—0.117 04 0'06—0.03—0.00(42%) 0.197 1 06 000011 —0.01 (42%)
0.81+0-09+0.17H0.0740.04 (1707y  _ () 41+0.04+0.05+0.08+0.08 (071 () 7g+0.04+0.11+0.09-40.05 (1 o7

—0.07—-0.05—-0.11-0.04

—0.01-0.14—-0.03—-0.07

—0.1 1—|—0.02+0.01+0.02+0.02 (46%) 0. 18+0.03+0.02+0.04+0.09 (40%) _0'24+0.01+0.05+0.04+0.03 (8%)

0.02—-0.09—0.06—0.06

+0.00+4-0.04+-0.024-0.00
0'33—0.02—0.03—0.02—0.03 (8%)

—0.06—0.20—-0.04—0.10

+0.01+0.08+0.074-0.03 +0.05+-0.06+0.04+-0.01 +0.00+-0.04+-0.044-0.02
0'06—0.03—0.07—0.04—0.00(37%) _0'07—0.06—0.05—0.05—0.02 (45%) 0'46—0.01—0.03—0.02—0.06 (9%)
—0.82+0'14+0'19+0'12+0'21(30%) 0_52+0.06+0.12+0.37+0.00 (64(?) _0_28+0.27+0.04+0.03+0.03 (3%)

0.07-0.36—0.25—-0.16

—




Predict CPVsof Ay = pp~,pK™™

Invariant
amplitudes

Partial wave

amplitudes

Helicity
amplitudes

M [BA(1/2) = By(1/2) + V] =aso)eyt | Afrs + AF B2 1 Lo, 4 gy BL)e

'L

]ui(pi)a

M [B;i(1/2%) = Br(1/2%) + V] =as(ps)er’ [ATvurvs + B vu] wipi)-

- 8T =_ AT
St = at,
P]___ De (mi—l_meL—i—BL)
- By Ef—l—mf 1 2]
De T
P, —
2 Ef+mf L
L D—— P (ar_ap),
Ev(Es + my)
e Ep+
L(1/2% - 1/2+ +V) = 2= mef{ (|S|2+|P|2}+—V(|S+D|2+|P|)}
Hl,f:a,l = - M+Ar{ - M—Bfa
H—l,ﬂ‘Q,—l :M+A¥ - M—B?a

1

V2my

1
H 1;2.0—\/—
v

CT b
B= gn' . (|H1f2 1| + |H_1f2 —1| + |H1f2 ﬂ'l + |H—1f2”| )- [Koener,Kramel‘,l992]
[Cheng,1996]

- mf)Af - M_pﬂﬂé' + M—(mi + mf)B:JLL + M+FEB§:| :

Hlfz,u = [M,,.{m,-

[—M, (m; — ms) A} + M_p Ay + M_(m; + ms)B{ + M, p.BJ].
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Partial wave amplitudes of A, - pK~ in PQCD

« without the CKM matrix elements, X 10~°

Ay = pK— S| 6%(°)  Real(S) Imag(S) |P| 6F(°)  Real(P) Imag(P)
Tf 865.44  0.00 865.44 0.00 1230.64  0.00  1230.64 0.00
" 5341 -102.81 -11.84  -52.08 | 34323 9676 -4043  -340.84
T/+71"f 85518 -3.49  853.60 -52.08 | 1238.05 -1598 119021 -340.84
Ey 89.06 -138.10 -66.28  -59.48 94.13 12231  -50.31 79.56
Tree 795.18  -8.06  787.31 -111.55| 116946 -12.91 113990 -261.28
pc! 76.43 0.00 76.43 0.00 3.30 180.00  -3.30 0.00
pcy! 1.14  -134.10 -0.79 -0.82 13.85 9436  -1.05 -13.81
pcl +Pcy 1564  -0.62 75.64 -0.82 14.48  -107.50  -4.35 -13.81
PE} 11.80  -89.53 0.10 -11.80 11.02 11562  -4.76 9.93
PE¢ 753  -101.53 -1.50 -7.38 2.67 51.53 1.66 2.09
Penguin 76.88  -15.08  74.23 -20.00 766  -166.53  -7.45 -1.79
» SU(3) breaking effect
M =1.22, M = 1.03, |E2(pK)| = 1.33 (S wave),
T (pr)| | T (prr))| | E2(pm)|
—|Tf(pK)| =1.23, —lTnf (pK)) = 1.28, |E2(pK)]| = 1.29 (P wave).
T (pm)| | T (prr))| | E2(p)|
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Acp(Ap » prc™) = (0.20 + 0.83 + 0.37)%

cp(Ap » pK™) = (—1.14 + 0.67 + 0.36)% [LHCb,2024]

ar _ =T

CcpP = I“+7[_‘
_ ME(ISI* = |SP") + M2(|P* — | P?)
- ME(ISP+[S]P) + ME(|P]? + |P]?)

M2
Isl2 AS-wa.ve M+—?—IP|2 AP—wave
= M S-wave cP P-wave ME CP
[SI2 + 3 TEAZET P LATETISIR + oz | PP
— K,SAS wave + RPASB?&VE,
1.0F; : 1.0F;
0.5¢ 0.5}
2. 0.0} - 2. 0.0}
(= Ap=2pr
Q%E’ (t;;is {vork) Q;é)
—0.5} —-0.5}
—-1.0L : : n g -1.0L . : : .
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
AS wave A%Bwave
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|S] 65(°)  Real(S) TImag(S) |P| 67(°)  Real(P) Imag(P) -
707.17 000  707.17 0.00 1004.44  0.00 100444  0.00
51.72 -96.64  -5.98 -51.38 | 26772 -97.92  -36.90  -265.17
703.07 -4.19  701.19  -51.38 | 100322 -1533  967.54  -265.17
29.37 15496  -26.61 12.43 41.51  179.80  -41.51 0.14
66.94 -14526 -55.01  -38.14 72.58 11994  -36.23 62.89
1040  112.64  -4.00 9.60 23.65  -122.56  -12.73  -19.93
61926  -6.26 61557  -67.49 | 90475  -1421  877.08  -222.06
58.44 0.00 58.44 0.00 2.90 0.00 2.90 0.00
124  -11538  -0.53 -1.12 11.16  -95.25 -1.02 -11.11
5791  -1.11 57.90 -1.12 1127  -80.38 1.88 -11.11
13.36  -116.10  -5.88 -12.00 14.93 71.96 4.62 14.20
948  -87.62 0.39 -9.47 8.83 11444  -3.65 8.04
136  -51.30 0.85 -1.06 155  -159.86  -1.46 -0.53
387  -98.18  -0.55 -3.83 1.41 -12.55 1.37 -0.31
59.45  -27.54 5271 -27.49 10.65 74.93 2.77 10.28

S(P{) =— ?/%fmb (033+C4+%+Cm%+05+%+05))

[Fl(m’z‘)(M‘“‘* — M)+ FS(m’Z‘)mi] chiral factors R, =~ R,

Gr ./C C \Cs C
_Tthﬂb td(33+04+ 39+Clﬂ ?—"Cﬁ‘l‘ 3?+Gg))

(G(m3) (M, + My) — Gy(mB)m]




LCDAs of hadrons

Ap

(Yﬂb)ﬂﬁT(mﬂi P")

2025/10/26

dz, d g . .
S f H St O[Tt (0 () ) )
1

= SV2N. { (1)(;1,)[M1($2,$3)’TSCT] ﬁ+fﬂb (1) [Ma2(z2, x3)vsC ]’rﬁ'}[ﬁb]

[P.Ball, V.M.Braun, E.Gardi, 2008]
[G.Bell, T.Feldmann, Y.M.Wang, M.W.Y.Yip, 2013]
[Y.M.Wang, Y.L.Shen, 2016]

M (za, x3) ?%ﬁl[);_(ﬂfmifg) + @d);r(ﬂ?z,ﬂ?a):

Ms(z2, x3) Z%?ﬁz(ﬁz,iﬂa) + %?!14(3?213?3),

Tod3 4 _
¢2($2:$3) - 4 mﬂbe ($2+$3)mhbfw01
0
2.’1:2
— _ 3 _—(xotz3z)my, /w
Uy (22, x3) =—3My,€ (z2tzs)ma, %
Wo
—+ _23:3 3 —(z2+z3)myp, /wo
1703 ($2?$3) - Emﬂbe )
Wo
( ) - 1 —(mz-l-ﬁa)mnbfwu
V4(Tg, T3 __mﬁ €
0
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(YAb )afhr (:I:@' ) p,) =

1
8v2N,
M (22, 23) = Wwa‘(:v x3) + i—ﬁ@b;'-

S

{ (1)( )[Mi (22, 23)1:CT 45+ £

M; (22, x3) _%wz(iﬂza z3) + %%(ﬂ?za z3),

¢2($2,$3) =—4m4 €
w

3

st

Tolg

0

2{1’32

(2, 23) =—5-mj, e FHEama /w0,
Wo

23_’,'3
(22, 5) =2 ¢~ (oras)mn o,
Wo

L 5

¢4($2a $3) :EmAbe_(m2+m3)mAb/wo )

» (LHCb,2212.12574) recently measured the lgranching fraction:

Br(A, —» pD;) = (12.6 £+ 1.3)%

» This mode has only W-external emission diagram, used to determine the parameter w, = 0.7 + 0.1GeV

—e— PQCD
mesm LHCb

2025/10/26

50

—(z2+z3)ma, /wo
bl

- | |
] - —e— PQCD
- 1 s LHCb
\040_- !
S ]
Y '
= 30
g \
oL n
T 203
< ] '
—
m
10
T NI

CP violation of Ay decay in PQCD

Br(A,—puv)x 10+

($2: $3):

16

) (W)[Ma(22, 23150 ]y f[As(p)]a

0.55

0.6

0.65

0.7

0.75

0.8



LCDAs of hadrons

Feda(eon) = 5 - | ] H [y 7 BT O () Gl

—1 _ ~ )
=W{Slmpcﬁ“(ﬁr+75)“r + SamypCpa(N~75)y + Prmp(Cys) pa NS

+ Pamy(C5)8a Ny + VI(CP)ga( N 5)y + Va(CP) a(N775)y
2
+ Va—(c’u)ﬂa (Ntysy )y + Ve (C’u)ﬂa(N Y5y )y + Vs (C#),sa(N V5 )y
m3
+Veop, (C#)ﬁa(N ¥5)y + A1(CY5P)ga(N 1)y + A2(CrsP)ga(N )y
m3
+ As @(0757L)ﬂQ(N+ Yy + Aa—p(C'rs'u)ﬂa(N Ty + Asop. (C’b’sﬁ)ﬁa (N*)y
2
+ Ag ﬁ(cﬁ’sﬁ‘)ﬂa(ﬁ )y = T1(iCo 1 p) g N Ty57 ")y — T2(iC JLP)ﬁa(ﬂ" Y57 )y
mp . Y Mmp . Y my Tt L
- TE_('?—CUP::),B&(N—’_TS)T — T4—(ECsz)ﬂa (N7 5)y — Ts—(icmz)ﬂa (N 957 )
m2
— Ta—(ﬁCJLz)ﬁa(N 5y) + TT—(CJLJ_’);?Q(N+TSJJ_J— )y

+ 57, (Co 1 1)galN 350" }, [V.Braun, R.J Fries, N.Mahnke, E.Stein, 2000]

Twist classification of the distribution amplitudes in Eq. (2.9)

twist-3 twist-4 twist-5 twist-6
Vector Vi V5, V3 Vi, Vs Ve
Pseudo-vector A1 Ay, A3 Ay, As Ag
Tensor T, T, 13,17 Ty,T5,Tg Ts
Scalar S1 Y]

Pseudo-scalar Py P
2025/10/26 30/30




LCDA-proton

[YP)G,S’}'( i1 .PL} SJ_N {Slmpcﬁa[ﬁ_h}fﬂ)'}' + Szmpcﬁ&[ﬁ_'Tﬁ}T + lep(cwﬂ)ﬁaﬁ;_

+ Pamp(C15) g Ny + Vi(CP)ga(NT5)y + Va(CP)ga(N " 75)+

+ D%—(Cn],aa(N Ty )y + ﬂ—(C'u]ﬁa(N 1Y )y + Ve 2 5, (CHsa(NT5),
+Veop, my (Cff}ﬁa(N Y5)y + A1(CysP)ga(NT), + Az(C'TsP},aa(N )y

+ Aa—(C'Tm}ﬁa( )y + A4—(C'T5'u}ﬁa(N T )y + 4s ;2 (Cs#)galNT)y
+ Ag %fc"r’aﬂﬁa(ﬁ_}w —T1(iCo Lp)ga(NT 57 )y — T2(iCo L p) ga(N "¥57 )y

T —
— (iCUJ_z)ﬁ&(N-hTﬁTL)'Y

™m _ m _
- TE_P(ECUPZ}J?Q(N+T5)T — T4_P('!Cﬂ'zp),ﬁa(N ")"5}..), — TEQP

2
m ’
- Tﬁ_('!cglz},ﬁa(N sy }’y + TT_(CJJ_J_’};?&(N ad - }

+ TS?(C*HJ];?&(N TaJLM}'Y}’ (16)

fn(GeV?) A(GeV?) A2(GeV?) v
QCDSR(2001)[58] (5.3 4+0.5) x 10~3 —(2.74£0.9) x 1072 (5.14+1.9) x 102 0.23 +0.03
QCDSR(2006)[59] (5.0 0.5) x 1073 —(2.74£0.9) x 1072 (5.44+1.9) x 102 0.23 £0.03
LQCD(2019)[51]  (3.54+0.06) x 107%  —(4.49+£0.42) x 1072 (934 £0.48) x 1072  0.19+0.22

Af fi /8 ft
QCDSR(2001)[58] 0.38 £0.15 0.6 £0.2 0.15 £ 0.06 0.22 £0.15
QCDSR(2006)[59] 0.38 +0.15 0.4 4+ 0.05 0.22 + 0.05 0.07 +£0.05

LQCD(2019)[51] 0.30 £0.32
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> p/K*

(I)%:(% ET: y)

> m/K

®rir)(a,y) = \/W [’Ysg%(x)( ) + mg(K)’Ysﬁﬁf(K)(’y) +mg ’Ys(?f’?ﬁ - 1) fr(K}(y)]

ey
2v/2N,.
f?r(K
2v/2N,
Fr(K)
2v2N,

¢L ) () = —T=6y(1 —y) [1 +a" 329y _ 1) 4 aT B 322y — 1) 4 a7 F) /22y

1),

5 9
S (x) () = [1 + (0.45 - Epi(;{)) a2y —1) -3 ( 0.045 +

20
7 2
20 Pr(K) —

3
5 ?T(K)GQ

ér i) (W) = (1-2y) [1 +6 (0.0975

(K )) (1-10y + 10y2)] ,

) (Pl(qq")v=4l0)
Oy (g €1,y) = \/W[ vErdv () + 14y () + mydi ()] 4

/% [mV’qujV(y) + ’{Tg‘ft’v('y) + myi€upssY ep v’ oy (y )} aB’

by ly) =7 -1,

~ V2N’
y(1 ) [1+atCY 2y - 1) + a3 (29 - 1),

27)

y(1—y) [1+alC?” 2y — 1) +alcd” 2y (28)

3fv

¢V( ) \/W

(29)

(30)

(31)

(32)

(33)
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LCDA-mesons

P oL+ ﬁa';m)) C1/2(2y 1)]

(24)

=+ ifrpy,
(P|(@q)s5pl0) = +

imeﬂya

(VI(@q ) v+al0) =fymye,,
<V|(§QF)S:FP|U} =0,
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LCDA-mesons

> a,1/Kq

@4(g,€,y) = \/;LN [mavsfyda(y) + {17564 (Y) +marsda(¥)] 5 (34)

®4(9, € y) = \/;LN [mavsfrda(y) + £1d156a(y) + maieuwpo ey vn ¢A(y)]aﬁ, (35)
$a(y) —j%y(l —y) [%A +3a}4(2y — 1) + a 4(5(2y —1)* - 1)_ : (36)
#) = j’% (1-9) [ab +3ata(20 - 1) + gamy -l
04(0) =y [Baa(20 = 0%+ Jaby 2y - DEEy -1 -] o9
$a(v) =2L\/;—M(%A — aiy — 2ap,4y + 6ai,y — 6aiay?), (39)
$40) =g | Geba(1+ @y = 1)+ Jalaces - 1] o)
4 (y) = 4\?}%(%;1 — a4 — 2ag,y + 6a] ,y — 6a} ,3°). (Al(@d)v£al0) = F ifamae;,

°160° A|(@q")sp|0) =0,
» mixing angle 8, ~ 30 /60 (Al(@q)s+p0)

([ladzron ) _ (st ot ) (166 )
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A, two-body decays

Ap = pMyq(q = d,s)

Heps = % { Vit Vi [C1 ()01 (1) + Ca(1) Oz ()] = ViV,

oo

O =(@abp)v-a(dsta)v-a, 03 =(Uaba)v-a(dsus)v-a;
O3 =(Gaba)v-a Y _(Tsas)v-a; Oy =(Gsba)v-1 Y _(Tods)v-a,
q' q'
Os5 =(Gaba)v-4 ) _(Tsqs)v-+4, Os =(Gsba)v-4 ) _(@ads)v+as
q' q'
s ” 3, iy
O :§(QQba)V—A Z €y (43%)V+Aa Os =§(Q5ba)V—A Z eq'(QQQ5)v+A,
q q

3, _ 4 3, sy
Op =3 (Gaba)v-1 ) eq@d)v-1, O =5(@sba)v-1D  eq(@ds)v-a

q' q
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Kinematics

My

ki =(——= e l‘hku‘) ko =(0, —=x2, kor), ks =(0, —=x3, k3r),
f V2 vz , m:/i for T, E and P diagrams
ky =(7?? $110=k1T)1 kz =(\/—'-’}' 3’2:0 k )5 ks =(ﬁﬁ 173:0 k 7))

=(0, fy(l n).4qr); q2= fil—y)(l— n"):—qr),

mi{l —z3),

=7 3%{1 —a2),kir), k2 = (0, \@%kﬂ) ks = (\/—37310 vkst)  for B and C’ diagrams
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