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Introduction
Direct CP violation
Asymmetry parameters

Summary




» 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: EBfa/4E + FFRET

» 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.
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Baryon CPV
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| i Ay > pK '
| ' 2001 { 2025 Acp = (2.45 1 0.46 £ 0.10)%
i e i BEoemEans \ | SROCPEE [LHCb, Nature 643(2025)3074]
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Beauty hadron: SM estimates ~ 10% due to large weak phase difference [PDG]

Acp(B® » K*t™) = (=834 +032)% Aqp(B? » K~ nt) = (224 +1.2)%

GFA QCDF PQCD(hybrid) LFQM
(Hsiao, Yao,Geng,2017) | (Zhu,Ke,Wei,2018) | (Lii,Wang,et.al.,2009) | (Geng,Liu,Tsai,2021)

Acp(Ap = pt )% -3.9+04 —3.4+04 —31%%2 —3.6 + 0.20

Acp(Ap = PK)% 6.7 + 0.4 10.1 + 2.0 —512¢6 6.36 + 0.28
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Puzzle of h-baryon CPVs

Acp(Ap = pr™) = (0.20 +£0.83 + 0.37)%

LHCb, 2018,2025
Acp(Ap = pK™) =(—1.14 £ 0.67 £ 0.36)% [ ]

B° = 77~ (PDG) o |
B° - K*7~(PDG) i :
B? - K—7*(PDQG) | ol
B® - K~ K*(PDG) | —o—
A, — prn~(LHCb) 1l
A, = pK-(LHCD) } o .
—50% —30% -10% 0  10% 30% 50%
d,zs d,s
;V<O”+'K+ j<@ i
E - ; b o E
0 - A \ ( only direct CPV
B b ) U > U \ P in baryon decays
d > d d > d
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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(Ay — ph) = 14, (S + Pys)un,

Swave S =
Pwave P =

2026/1/20
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Ay - p~,pK™

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

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

pdir — FAp=phD)-T(Ap-ph*)
CF = r(Ap-ph ) +T(Ap—pht)

M3 (1S12=IS1?)+MZ2|P|*—|P|?

MZ(ISI12+|512)+MZ2|P|2+|P|?

2
2 P2
— S CP P CP
21+A 1+A M2
|S|2 4+ 2=—"CP|p|2 —CP|g|2 4> p|2
Mi1+Acp 1+A%p M5
NE s 4 |P|? AP
|S|2+|P|2 CP T |s|24|p|2 TCP
s _ISIP =18 —2rgsinA¢sinAdg
— g __ xS s
. Ace 1SI124+ |S|12 147k + 2rscosApcosAds’ Adg = 0p — 07 -
partial-wave CPVs s _IPP—|P”  —2rpsinAdsinAdp -
= Abp =05 —s2 @ Jf

PTIP2+|P]2 T 14712 + 2rpcosAgeosAdp
strong phase difference
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Explain CPVs of Ay —» prn~,pK~

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

:55) 5.5

Swave S =|\r|Sr|e®T HAp|Sp|e”?

P wave P = )\T|PT|6i5i+ Ap|Pp|e?
—a Tree Penguin
O ~ q*u,yy, (1 = ys)up, ~ U,(1 +vs)uy,
Jd = d\) ASs_yave = ;.?gzwave ) P
ASp_yave = Iljgzwave — §h-wave g

~ U, (1 + Vs)()’s}fn)(]/Abys)ﬁp(l —¥s)uy, ~ Up(1 —ys)up,

Strong phases depending on:
* operators

* diagram

* non-perturbative LCDAs
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CPVs in PQCD

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

C...(B->ntn )% Acp(B > KT )%
VINIA

~ —40 [Lii,Ukai, Yang,2000] ~ —18 [Keum,Li,Sanda,2000]
—30 + 25 + 4 [BaBar,2002] —19 + 10 + 3 [BaBar,2001]

— 12.8+§ gg [Chai,Cheng,Ju,Yan, Li},Xia0,2022] —5. 43+% %2 [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 = (leHefflAb> [Sterman,Hsiang-nan L1,1995~2005]
~ [[a*k,|[d*kpl[d*ka, ¥y ([kp), 1) ¥rs ([kadd, D, ([Eea, | 1) - G H([Kp), kend), [Ka, | 1)

~ f [dx,] [dxp][dxa, ] j [d2kT] a2k 11d%kE, 1bp ([, ], 1) dua (Cxad), i) b, ([ x4, ], 1)
0 =

) Ci (M)H([xp; kg;]: [xMr kg‘/[]t [xAb' ka]' ‘Ll)

Ay o)~ [ eSS s
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Feynman diagrams




Partial-wave amplitudes of A, = pm™ in PQCD

> without the CKM matrix elements, X 10~°

Ap—pr~ |8 6(°) Real(S) Imag(S)| |P| 6"(°)  Real(P) Imag(P)
T 70717 000  707.17  0.00 | 100444 000 100444  0.00
Tos 5172  -96.64  -598  -5138 | 26772 -9792 3690  -265.17
T;+T,; 70307 419 70119  -51.38 | 100322 -1533 96754  -265.17
V-4 ¢, 2037 (15496 | -26.61 1243 | 4151 ( 17980 | 4151  0.14
® E, 66.94 5501 -38.14 | 7258 3623 62.89
V-4 p 1040 11264  -400 960 | 2365 -122.56 -12.73  -19.93
Tree 61926 -626 61557  -67.49 | 90475 -1421  877.08  -222.06
PC: 5844 000 5844  0.00 2.90 0.00 2.90 0.00
P 124 -11538 053  -112 | 1116 9525  -102  -1LI11
PS4 P% 5791 -L1l 5790 -L12 | 1127 8038 188  -ILII
V—4 = po 1336 ((-116.10 | -588  -1200| 1493 ( 7196 )| 4.62 14.20
V6+§A PE! 9.48 0.39 -9.47 8.83 365 8.04
pB 136 5130 085 -1.06 155  -159.86 -146  -0.53
PE{ { B2 387 9818 055  -3.83 141 -1255 137 031
Penguin 5945 -27.54 5271  -2749 | 1065 7493 277 10.28
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" Ap—=>pr (QCD penguin)
P- - u
0 i > d
ﬁ PC1 +PB+PE| +PEZ
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E’ PC, +PB+PEY+PE, *,,
8 -10 """
& ‘o, PC,
E ey
S—wave “*,,
total ':,"
-20 "".,' PE}
::,""
-30
=20 0 20 40 60
Real part
10 r— ; A
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E O
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E\ -5
.go —10f
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=25
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Real part
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20k Ab —)pfr_(05 and 06)
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2 0 2 **es, | PC,+PB+PE4PE,
=
éﬂ PCy+PB+PE{ +PE; "'O'I.' /) C,
= —10f S—wave'*e
total "c.' LPE'{‘
—20b “
-60 -40 -20 0 20 40 60
Real part

20t Ab —)pK_(Oj and 06)
= 10 P—
8 wayve
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E- . RPE;I uuluuuluuul"""" pp}_,_ppf
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Obsverables of Ay —» pt—,pK™

2 5 AS _ISPE=151F —2rgsinAgsinAdg
Adir N AS 4+ |P| AP CP ISR+ |52 T 1+ 2 + 2rgcosAdcosAds’
k- |S|% + |P|? cp |S|2 + |P|? cp _IPI2 P> —2rpsinA¢sinAdp

T |PI24 P2 1+73+ 2rpcosAdcosAdp

Br(x107°)
— +2.5341.334+0.10+0.47
Ap — pr— 33477307770 011-0.14

421741.1740.49+2.19
Ap = pK™ 2837705 092 0'37-0.66

Ad” Agp(lig) Agp(ﬁ',p)
Ab — pr™ 0. 05+0.00+0 00+0.00+0.02 0. 17—t0.01+0.01+0.03+0.04(49%) —0. 06-t0.01+0.03+0.02+0.00(51%)

—0.02—-0.01-0.02—-0.01 0.04—0.04—-0.07—-0.04 0.02—0.03—-0.03—-0.01

_ +0.01+-0.014-0.024-0.00 _ +0.024-0.024-0.04+0.00 _ +0.07+0.234-0.294-0.04
Ab_)pK 0.06 —0.01-0.01-0.01-0.00 0.05 —0.02—0.01-0.03— 000(94?’) 0.21 —0.15—-0.33—-0.27— 001(6%)

B° — mt7=(PDG) o
B K+n (PDG)
B — K7+ (PDG)
B(J — K- K*(PDG
Ay — pr~(LHCD)
Ay — pK~(LHCD)
Ay — pr~(direct)
Ay — pr~ (S wave)
Ay — pr~ (P wave)
Ay — pK~(direct)
)
)
—5

i

T T T T T T T T T T T

|1t

Ay, — pK (S wave
Ay, — pK~ (P wave

0%  —80%  —10% O 10%  30%  50%
...... small CP asymmetries in beauty-baryon decays imply that the dynamics in baryon decays are
more complicated than in meson decays. For instance, the CP asymmetries for various angular-
momentum amplitudes of the same resonance may cancel 38 ”

38. Han, J,-J. et al. Establishing CP violation in b-baryon decays. Phys.Rev.Lett. 134, 221801 (2025).




Obsverables of Ay —» pt—,pK™

S| 1P| 45, _|S|z |§’|z _ —frssinAqﬁsz'nAég |
Agg o S A’Ep |S|2—|— |S:| 2 1+7rg+ 27’.,gcosA.¢cosA55
|S|2 + |P|? |S|2 + |P|? _|P| | P| _ —2rpsinA¢sinAdp
T|PE+|P2 " 1+r% + 2rpcosAgeosAdp
_ 2kcRe(S*P) 5 2k.Im(S*P) |5 = KE|P)?
TSP RPE T TSP R2PE T ISP s2PR
a _ @ +o AP — &B AY . — T ’7
CP 9 ‘P 5 ‘P 9
@=225 =0 =1
- op (@)
Ap = pr~ =0.94700 005 0oa 002 0-02¥001 0,01 0.01 0,01 —~0.96"5.00 0.01 0,01 001
N p 02RO 0Bl oaoginaibie bl
8 Acp ()
Ko pr OIS G o
Ap = pK~—0.39%5 61 50s 007 001 —0-4475:00"0.00 0.01 " 0.04 0.05 00505 0.07 .02
Y Asz (v)
Ap = pr~ 0.09%505 506 006 001 0-1170:02 .03 0.040.02 —0.0275.65"0.04- 0,01 0,00
Ay — pK— 0.89+0-02+0.04+0.04+0.00 0.027+0:02+0.05+0.04+0.00 0.87+0-0040.01+0.02+0.00

—0.01-0.02—-0.05-0.01

—0.01-0.03—-0.04—-0.00 —0.00-0.01-0.02—-0.01
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dir sT P: D+S*t P

Br(x1079) Adr AS (kgr)
Ay = pp~ 9.661 3503 05-130-0.75 0.0325:6520.0320.03-0.02 0012001 002-0.02-0.02 (1%)
M= pK™ 283G 00SYATTINTR OISR (6%)
Ag}jD (kst1p) AICJE) (KP1 ) A}c)? (KPz )
Ay = ppm 002150 0 0r 00000 (44%)  0.0320057 000 010 00s (45%)  0.171565% 005 005004 (4%)
Ay = PR 02720 0 oo ons (33%) 02310 0 oeo0s (55%)  —0.14250 000 002003 (6%)

LHCb, arXiv: 2508.17836 LHCb(2025)
PQCD[27](2024)

Ab N pK*— —a—i

FSI[28](2025) '—0'5-'

GFA[24](2017)

QCDF[25)(2018) —e—

quark model[26](2021)

1 L 1 L L H 1
-30% —20% —-10% O 10% 20% 30%

...... The vanishing CP asymmetry observed for the A) —» pKm~ decay in the K*(892)~ mass region, significantly smaller than the
approximately 20% effect predicted by the GFA [24], the QCDF approach [25], and the LFQM approach [26], is in agreement with the
hypothesis of a cancellation mechanism among the contributing partial waves, as proposed in Refs. [27,28] ...... ”
[27] J.-J. Han et al., Establishing CP violation in b-baryon decays, Phys. Rev. Lett. 134

(2025) 221801, arXiv:2409.02821.
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Ay - pa,, pK;(1270), pK,;(1400)

dir ST P D+S8*E P

(1K) _(

coslx, —sinbfg,

sinfy, cosly, )(|K1A)

0, ~ 30°/60°

Kip)

Br(x107°) AGp Az p(kgr)
— 18.21+3.88+0.9141.73 10.0140.0310.021+0.03 10.0440.0740.05+0.04
Ay — pay (1260) 11.06 74502332 0.46—0.06 —0.01%5:00 0.01—0.05—0.00  —0.22

Ay — pK; (1270)(30°) 5481 g3+ 84H03THA4

Ay — pK (1400)(30°)  1.25%0:30% 00570 157 0/51
Ay — pK (1270)(60°)

6 28+3.97+1.93+D.18+2.79
42 -2.13-1.51-0.41-1.32
A — pK (1400)(60°)

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

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

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

0 07+0.01+D.03+0.03+0.01
1 —0.04—0.04—-0.03—-0.00

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

T 0.03-0.07-0.07—0.01 (6%)

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

+0.05+0.064-0.03+0.03
0'71—0.02—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%)

+0.00+4-0.41+0.084-0.22
0'07—0. 12—0.09—-0.15—-0.10 (3%)

St+D P P.
A(_Z’P+ (kstip) Acfp(’*’:Pl) Acp(kp,)
— 0.02+0.01+0.02+0.02 0.03+0.0240.0440.09 0.01+0.0540.0440.03
Ay — pay (1260) (—0.1170 0510017007003 (46%) 0.1870:0576:050.03-0.04 (40%)) —0.2470:0570 000 °06--0.06 (8%)

Ay — pK7 (1270)(30°)—0.117 04 0-060:05-0.00(42%)  0.1970 060 6670:3370.01 (42%)

4+0.00--0.04-4-0.0240.00
0.3375'02-0'03—0.02—0.03 (8%)

Ap — pK7 (1400)(30°) 0.8110 0901203 110:00(17%) —0.411 0074002t 0951003 (60%)| 07870 060 26 0.04+ 0:10(10%)

Ab — pKl— (1270)(600 006+38§t88§tggzt3?}%(37%) _O'O7t0.05+0.06+0.04+0.01 (45%) 0_46+D.00+D.04+0.D4+0.02 (9%)

0.06—0.05—0.05—-0.02

—0.01-0.03—-0.02—-0.06

s = pKT (100)(60 082 BEOIE 03 30) 0.5 090G AT (64%) —0.28 AT G H0% a3




Results of Ay, — paq, pK;

* The angle distribution for A, = pA = phyh,hs :

[J.P.Wang,Q.Qin,F.S.Yu,2024]

dU  (|Hyp P+ [Hoy o2 20+ (|Hy o0 + [H-y 2 0])sin?6 p
dcos® |H10|2+|H_10|2-|—|H_1_1|2—|—|H;1|2 3
: 3 g z AN
n R(|Hyj21|* = |[H_1/2,1|*) cos @ Ay
|H§,0|2 + |H-%,0|2 + |H_%,_1|2 + |H%,1|2 ’
dl’

dcosf

* up-down asymmetry :

I'(cos® > 0) —I'(cosf < 0)

D R Re(STPy) cosb

— _ T y*
Avp = T'(cos® > 0) + [(cosf < 0) = R Re(S" ;)
vp  Avup + Aup /
Ace = Ayp — Ayp
au D Agp *

Ay — pa; (1260)
Ay — pK(1270)(30°
Ay — pK (1400)(30°
Ay — pK T (1270)(60°
Ay — pK (1400)(60°

0 09+0.00—|—0.01—I—0.02+0.OO

—0 24+O.03+0.05—|—0.05-I—0.03

—0.01-0.01-0.01-0.01 —0.03—-0.09-0.06—-0.06

) —0 19—|—0.03-|—0.02—|—0.01-|—0.01 0 26+0.02—|—0.03+0.01—|—0.00
*+v—-0.02-0.02-0.01-0.02 =¥ —-0.03-0.08—-0.04—-0.04
) —0 38+0.06+0.10+0.05+0.00 0 72+0.05+0.13+0.D7+0.05
*~—0.06—0.09—-0.07-0.03 *14-0.05-0.23-0.03-0.12
) —0 24+0.04+0.04+0.01+0.00 0 40+0.02—|—0.03+0.02+0.01
"< %—-0.02—-0.03—-0.02-0.03 **+¥—0.01-0.04—-0.03—-0.07
) —0 04+0.02+0.02+0.01+0.02 —0 19+0.12+0.14—|-0.OD-|—0.06
"~ *—0.01-0.05—0.03—-0.01 -2 —0.18—-0.19-0.20—-0.00
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First full QCD analysis of baryon decays

B - 777~ (PDG
B’ — K*t7n~ (PDG
B? - K—nt(PDG
B? - K- K*(PDG

Ay, — pr~ (LHCDb

Ay, — pK~(LHCb

Ay — pr~(direct

T

T

large partial-wave CPVs,

)
)
)
)
)
)
) f
Ay — pr= (S wave) |
Ay s pr- (P wave) k but cancelled g
)
)
)
)
)
)
-5

T

Ay, — pK~ (direct

Ay, — pK~ (S wave

Ay — pK~ (P wave

Ay — pay (1260)(UD) ¢ I 7~

Ay — pK7(1270)(30°)(UD) b
Ay — pK; (1270)(60°)(UD) b . | .

\ |
0% —30% —10%

N
W

large asymmetry parametdr CPV

—r—

10% 30% 50%

NN 7N
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Opportunities and puzzle

» LHCb is a baryon factory !

fAb
— ~ 0.5 )
fud Ng

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

Acp(A, » pt™) = (0.20 £ 0.83 + 0.37)%
Acp(Ay » pK™) = (—1.14 + 0.67 + 0.36)% [LHCb,2024]

N
—2 ~ 0.5 [LHCb, 2012]

» 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

* three valence quarks, need at least two hard gluons =

[s]e]e] ] e]e]0]
=

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!
Enyon = fa, Pa, (x1) @ J(x;, yi) ® fAPA(y1)

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

* Total form factors: é,, ,5(q%* = 0) = 0.18 [Y.L.Shen, Y.M.Wang, 2016]
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dir P

gL
P
+ Kp ACIP

—6 dz'r sT
- +6.234+3.2340.21+1.89 +0.02+0.01+0.00+0.02 +0.004-0.00+0.004-0.00
Ab — pp 9‘66—3.50—3.03—1.20—0.75 0.03 —0.02—0.03—-0.03—-0.02 0.01 —0. 01—0.02—0.02—0.02(7(7)

2 83+1 .774+0.464-0.374+0.63

*_
Ay — pK 21.29-1.23-0.53—0.66

—0. 05+0 .04+-0.07+0.01+0.05
—0.11-0.07—-0.06—0.08

+0.06+0.09+0.02+0.05
—0.15 —0.00—0.04—0.05— 000(6(7)

L
Agp+D(’€SL —I-D)

ACP(RH)

Acp("?Fb)

10.0340.04+0.0240.05 0.04-0.00-0.00+0.00

Ay — pp~ 0.0275 05" 002 0:00-0.00(44%)  0.03T 50570 04" 0.10--0.05(45%)
+—(\ 7+0.0240.0640.05+0.03

Ay — pK*0.277 17 011 002 0.18(33%)

—0. 23+0 .054-0.07+0.024-0. 05(55%)

—0.11-0.11-0.09-0.03

+0.00+0.004-0.014-0.03
0.17 —0.02—-0.03—-0.03— 004(4%)

£0.0140.00--0.02+0.01
—0.147 504 0'00"0.02—0.03(6%)

(07

(@)

cp
_ 10.024+0.014-0.00+-0.00 10.014-0.014-0.014-0.00 10.014-0.014+-0.014+0.00
Ap — pp —0.8320.02-0.05—0.04—0.01 —0.01Z5'0920.00—0.01-0.00 —0.8320.02-0.05—0.04—0.01
*— 10.014-0.014-0.004-0.01 +0.004-0.004-0.004-0.00 40.004-0.014-0.004-0.00
Ay — pK —1.00Z5'6020.00—~0.00—0.00 —0.00Z5'600.00—0.00—0.00 —1.002500"0.00—0.00—0.00
B Aop (B)
— +0.05+0.0740.05+0.06 10.014-0.024+0.014+0.02 +0.04+0.05+0.04+0.04
Ap — pp —0.9820.00-0.00-0.00—0.00 0.00Z0:00-0.00—0.00—0.00 —0.992660=0.00—-0.00—0.00
‘— 10.074-0.1740.114-0.00 +0.044-0.06+0.04+0.01 10.064-0.114-0.084-0.00
Ay — pK —0.90%5'630.03—-0.00—0.03 —0.02Z5 60 0.04—0.00—0.00 —0.8876'030.06—0.00—0.04
Y Acp (’Y)
— 10.014-0.014-0.014-0.01 +0.004-0.004-0.00+-0.00 10.014-0.014-0.014-0.00
Ap — pp —0.11%5'61 20.01~0.02—0.00 —0.0175'600.00—0.00—0.00 —0.10%5'01 20.01—0.02—0.00
*— +0.01+0.004-0.0240.00 +0.01+0.03+0.0140.01 40.0140.014+-0.024-0.00
Ap = pK —0.12%5'6620.05-0.03—0.05 0.02Z5 02 0.02—0.01—0.01 —0.147 504 0:07-0.04—0.04
A Alp (A)
_ +0.05-+0.06+0.04+0.05 10.014-0.024+0.014+0.02 10.044+0.04+0.03+0.04
Ay — pp —0.96%5'60"0.00-0.00—0.00 0.00%5:00-0.00—0.00—0.00 —0.9774.00-0.00—0.00—0.00
*— +0.06-+0.15+0.09+0.00 +0.034-0.06+0.03+0.01 +0.05-+0.09+0.0740.00
Ay — pK —0.91% 562 20,02 0.00—0.03 —0.015'6020.03—0.00—0.00 —0.90%5030.05—0.01—0.03
7 A7 ()
— 10.04+0.04+0.02+0.02 10.01+40.014+0.0140.00 10.034+0.04+0.024+0.02
Ap — pp 1.66 .03 0.03—0.05—0.00 —0.01Z5 701 20.01-0.01-0.00 L.675:05-0.03—0.05—0.00
*— +0.024-0.004-0.04+0.00 +0.024-0.05+0.02+0.01 +0.01+0.03+0.044-0.00
_f_\b—>PK L6704 012-0.08—0.12 0.04 =006 _0.04—0.02—0.03 1.63 0:08-0.15—0.09-0.09




Acp(Ap » prc) = (0.20 + 0.83 + 0.37)%

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

air _ =T

CP = Iﬂ_'_if
_ ME(SP? —|S]?) + M2(|P? — |P|)
- ME(IS]? +|SP?) + M2(|P? + |PP?)

M2
_ I*S‘l2 AS-wa.ve Fi |P|2 AP—wave
- ME AS-wave cP AP-wave ME CP
|SI2 + 377 i abave | PI? T aShe [S12 + 277 | PI?
— RSAg-EaVE + KPAS}?EWE,
1.0F; T . ' 1.0F;
0.5} 0.5¢
2 z \
i& 00 Ah‘_',pﬂ-—k QI% 0.0'
~ (this work) ~ Rehis work) |
—0.5} —-0.5}
B
—1.0L! . : . ] —1.0L - : , .
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
A.gf)wave A.él—)wave
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Predict CPVs of Ay, = pp~,pK*™

ME [B(1/2%) = By(1/29) + V] =asp)e” | Afycrs + 4 0% 1 By, + 55 P02 (),

Invariant i ;
amplitudes MT [B;(1/2%) = Br(1/2%) + V] =iz (ps)est [ATvuvs + BF ] wilps).
— ST —_ AT,
St =_ AL,
Partial wave p=— 2 (I +meL + BE),
. - EV E_;—I—mf
amplitudes py——Pe_pr
2= Ef + my
Pc L L
_ D=-— Al — ALY
Ev(Es +my) (A7 = 4)
cEr+m E?
T(1/2+ > 1/2+ + V)= LeZr T {2(|S|2 +|P*) + =5 (IS + D|* + |P1I2}}
. m, my,
Hl,fz,l = - M+A? - M—B%‘a
.. H—l,ﬂ’ﬁ,—l :M+A{_M—B?a
Helicity | 1 . B 5 5
amplitudes Hijzo =5 — [My(mi —mg)Ay = M_pedy + M_(m: +my)By + MypeBy]
1
_ H 1 = Toms (=M (m; —my)A} + M_p AL + M_(m; + ms)B{ + M p.B}].
my
chﬁb

B_

(|H1;21| +|Ho1j2,1|* + [Hypzol” + |H-1/20]"). [Koener,Kramer,1992]

81m
[Cheng,1996]
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|S] 6%(°)  Real(S) Imag(S) | P| 67(°)  Real(P) Imag(P) -
707.17 000  707.17 0.00 | 100444 000 100444  0.00
5172 -96.64  -5.98 5138 | 26772 9792 -3690  -265.17
703.07 -4.19  701.19  -51.38 | 1003.22 -15.33  967.54  -265.17
2937 15496  -26.61 12.43 4151  179.80  -41.51 0.14
66.94 -14526 -55.01  -38.14 | 7258  119.94  -36.23 62.89
1040 11264  -4.00 9.60 23.65  -122.56 -12.73  -19.93
619.26  -626 61557  -67.49 | 90475  -1421  877.08  -222.06
5844  0.00 58.44 0.00 2.90 0.00 2.90 0.00
124  -11538  -0.53 -1.12 11.16 9525  -1.02 -11.11
5791  -1.11 57.90 -1.12 1127  -80.38 1.88 -11.11
1336 -116.10  -5.88 -12.00 1493  71.96 4.62 14.20
948  -87.62  0.39 -9.47 8.83 11444 2365 8.04
136  -5130 085 -1.06 1.55  -159.86  -1.46 -0.53
387  -98.18  -0.55 -3.83 1.41 -12.55 1.37 -0.31
5945  -27.54 5271  -27.49 10.65  74.93 2.77 10.28
Gfr Cg
S(PFY) =— ﬂfmb (3 +C4+—+Cm+R”—+CE+—+CE))
T — 2m2
[F(mf)(Ma, — M,) + Fi(m )] f: )
P(P}jl) = ?/%fhl’;b (C; + Cy + (:;g + Ciol- Cﬁ + Ce + (;T + GB)) e

[Gl(mi)(Mﬁb + M,) — Gg(mi)mﬂ




LCDA-mesons

» m/K

(1) (0, y) = ﬁ [’Ysgfﬁﬁ(m(y) + mg(K)’Ysﬁﬁf(K)(y) +mg s (h — 1)‘?5?(;{)(9)]

Ay () = 2
m(K) 22N,

. 5 9
6 1) (y) = Ja(x) [1 + (0.45 - Epim) C2y—-1)-3 (—0.045 + gL+ Gaz(K))) CH*(2y - 1)]

6y(1—y) [1+ a7 (2y — 1) + 050 (2y - 1) + a0 CY 2y - 1))

22N,
Jx(K) T, 3 02 ol _ 2
> p/K* W(K)( )= 2\/2Tc(1 —2y) [1 +6 (0.0975 2Opﬂ(K) 5 Pr(K) 2 ) (1 - 10y + 10y )] , (24)
(Pl(qq")v=4l0) = £ ifppy,
—1 . . 5 _ ¢ _ .
dL(q,€;,v) :W [mV,ch;bV(y) + ¢140v (y) + mycﬁv(y)}aﬁ ; <P\('-‘M )s+p|0) =L ifpmop,
1 * v * . *1/ o L d
Oy (q €1, y) =5 [mv 20y (V) + €297 (W) + mvieun 1y VG5 ()] 1y @)
ov() =1 = ) [1+alC 2y — 1) + a2y - 1) @8)
oY) = \/% (1-y) [1+aiC @y -1 +aiC3 2y - 1) (29)
v (y) =5 \/’;"T(zy—lﬁ (30)
5 51— 2), @D
3fv 2
o (y) = 1+ (2y - 1)), (32)
’ 8};@ ’ (V1(q)v+4l0) =fymve,
#w) =4 oy~ ) (33) (V|(@)sr10) =0,
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LCDA-mesons

> a,/K;

&% (q, €1, v) = ;;v [mavsf10a(y) + £147594 (1Y) + marsda ()] 5 (34)
(g, er,y) = ;jv[ AVt Oa(y) + frdVs0a(y) + mai€upe e v G5 (Y)] 50 (35)
6a(0) =1 =) |aby +3aa2y - )+ Sk -1 -] o
#) = j’%y( — ) s + 3ata (2 — 1) + a6y — 1) - 1): SNE
$4(0) =y [Sam(zy S b - DEey -1 -0, o)
$3(0) =5 A (a8 — aty = 2y + 6atyy — Bat?), 39)
040) =g | Sabata+ 2y =17+ Saley =17 0
650) = (el —aly — 2y oy —6al ). (AI@)vral0) = F ifamac,

A|(7q")s+p|0) =0,
» mixing angle 6, ~ 30 "/60° (Al(79')s+r[0)

(etiooy) = (oot <o) (1)
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Kinematics

m; m;
=(— b $1,k1T) ko =(0, —=x9, kar), ks =(0, —=z3, k3T),
2 2 .
ﬁ, ‘f’ m:[ o , f for T, E and P diagrams
kr _(d—”+$1: 1T)1 kz =(\/—'-’}' 5,0, ko), k; =( ﬁﬁ' 5"310 k T)s

=(0, fy(l n),qr); g2 =(0, f(l—y){l- n"), —qr);

ky = (%(1 - x3), %(1 —a2),kir), k2= (0, \/i%kﬂ) ks = (\/—“’310 vks)  for B and C' diagrams
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High power dominant
-

biky)

Ap ucky)

[e]e]e] ] eToTe)

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 =, Pa, () ® J(xi, ¥1) & fADPA(Yi)
* leading power: {5, ,2(q* = 0) = —0.012 [W.Wang, 2011]
* Total form factors: &5, ,4(q® = 0) = 0.18 [Y.L.Shen, Y.M.Wang, 2016]

» PQCD: previous results of A, — p form factors show high-twist contributions dominant

PQCD PQCD
- (LiWangetal.2009) | (Han.etal.2022)

7P (g2 = ~0.18 0.002 + 0.001 0.27 + 0.12
twist-3 twist-4 twist-5 twist-6 total
exponential
twist-2 0.0007 -0.00007 -0.0005 -0.000003 0.0001
twist-31~ -0.0001 0.002 0.0004 -0.000004 0.002
twist-3—F -0.0002 0.0060 0 0.00007 0.006
twist-4 0.01 0.00009 ' 0.25 0.0000007 0.26
total 0.01 0.008 0.25 0.00007 0.27 + 0.09 + 0.07

2026/1/20 CP violation of A, decay in PQCD



LCDA-A,

(Ya,)apy (i, 1) =

s LT (DIMi (22,2516 s + 1) () Mal2, 28150 T HAs )]
M, (x2,23) = ﬁﬁ%_(mg,mg) ?qug"’

(1:2:3:3)3

My (22, z3) = \ﬂfwz(iﬂzams) j}%(iﬁzaﬂfa)

Vo(T, T3) = j)mamf\be_(mﬁm)m%xw“,
V3 (@, m3) =—5mj " (FFRImA/w,
w

— 3 - I3 ) [ .
V3t (29, T3) =w_m13\be (z2+as)ma, /wo, [P.Ball, V.M.Braun, E.Gardi, 2008]
0
1

[G.Bell, T.Feldmann, YM.Wang, M.W.Y.Yip, 2013]
Vs, 35) =l e~z
] b 1

W2 [Y.M.Wang, Y.L.Shen, 2016]
0
> (LHCb,2212.12574) recently measured the branching 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
s 15k RN 40 '
D; . Bl LHCb B LHCb
5 - PQCD % 30 ~- PQCD
X 10} X
b Al I L=
T & 2 20}
I [
g5 g
Apl - > L p E E 10f
d T d 2 . 2 )
,1: 050 055 060 065 070 075 0.80 050 055 060 065 070 075 0.80
2026/1/20
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LCDAs-proton

£ r _ 1 3 dz!_dzlf ikyez TR’ I _q _j( Tk’
(V2o ) = 5o [Tt (oo Tl 00 (220 (29)]0)
¢ =2

-1 _ _ _
=W{Slmpcﬁaw *5)y + S2mpCaa (N~ 75)y + Prmyp(Cs) pa V-

+ Pamy(C5) 8Ny + Vi(CP)ga( NT35)y + Va(CP) ga( N7 5)y

= VS%(C’H)&Q (N*s75)y + V4%(C"u)ﬁa(ﬂ Ty )y %m—z(cﬁ)ﬁa(f\r TY5)y
+ Vsﬂ(oﬁ)ﬁa(f\r V5)y + A1(CYs P)ga(NT)y + A2(Cys P)ga(N ),

+ A2 (Cr7L)palN 1)y + Aa SR (Crs7L) 5N 75)y + As o m 2 (Cr5)5a(N 1),
+ As—g(C'rs#)ﬂa(N )y = T1(iCo1P)sa(N T Y57 )y — Ta(iCoLP)ga(N ™ 7577)y

- T3 ~(iCop:)aa(Ns) - Ty P b (1C0=P)ga(N"15)y = ;2 (iCo 12) pa (N 57T )y
2

—Tg—— z)Be N T _p r)Ba N+ L 1 i
63 (zCou )pa(N "7 )y + T7 3 (Cori)salNT5077 ), [V.Braun, R.J Fries, N.Mahnke, E.Stein (2000)]

+ TST(CJJ_J_-‘)&::(N P50~ )7}? [V.Braun, A.Lenz, M.Wittmann, Phys.Rev.D (2006)]
Twist classification of the distribution amplitudes in Eq. (2.9) [RQCD, Eur.Phys:3-A (2019)]
twist-3 twist-4 twist-5 twist-6

Vector V1 Vo, V3 V4, Vs Ve
Pseudo-vector Aq A, A3 Ay, As Ag
Tensor T ,, 13,15 14,75, Ty Ts
Scalar S1 AY)

Pseudo-scalar Py P

v (1073 AL (1072)  Ag (1072) Vit At ft f3 It
QCDSR 5.0£0.5 —-2.74+09 54+1.9 0.23 £0.03 0.38 £0.15 044005 0224+0.05 0.07+£0.05

LQCD 3.67+0.06 —4.02+0.38 8.37+0.43 0.288+0.007 0.096+0.010




LCDA-mesons

» m/K

(1) (0, y) = ﬁ [’Ysgfﬁﬁ(m(y) + mg(K)’)’sﬁﬁf(K)(?J) +mg s (h — l)f?g(x)(y)]

W(K) (y) =

¢£(K) (y) =

F(K) (y) =

2026/1/20

Jr(x) 7(K) ~3/2 7(K) ~3/2 n(K) 03/2 (4
N y)[1+a 0322y — 1) + a3 0322y — 1) + af F 3% (29 1)],

Jr(x) 5 o 1/2 9 m(K) 1f2
2\/2TC 1+1045— Epﬂ(m Cz (2y — ].) -3 —0.045 + Opﬂ(K)(l + 6&2 ) (2y — l)

f?r K 7 3
\/;1\)5(1 - 2y) [1 +6 (0.0975 - ﬁﬂi(x) 57 P2 cyas ™)) (1= 10y + 10y7) (24)

(Pl(@q)v+al0) = £ ifpp,,
(P|(qq")s+p|0) = £ ifpmgp,

[P.Ball, R.Zwicky, Phys.Rev.D (2005)]
[P.Ball, V.Braun, A.Lenz, JHEP (2006)]
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Results of Ay, — pmt™

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

Ay, = pr~ S| 55(°) Real(S) Imag(S) |P| 8P (%) 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 0.00 58.44 0.00 2.90 0.00 2.90 0.00
Pc’ff 1.24 —115.38 —-0.53 -1.12 11.16 -95.25 —-1.02 —-11.11
pc! + pct’ 57.91 _111 57.90 112 11.27 ~80.38 1.88 ~1111
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¢ + PE, 3.87 —98.18 —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

T!| > |Es| 2|PCY| 2 |T™| > |Co| > |PCs| > | B
> |PEY| > |PE%| ~ |PB| ~ |PE,| ~ |PC| (S wave),
T > |T™| > |Ey| > |Cy| > |B| > |PCy| > |PC}Y|
> |PEY| > |PC]| > |PE%| ~ |PB| ~ |PE,| (P wave),
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Results of Ay, — pmt™

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

Ay, = pr~ S| 55(°) Real(S) Imag(S) |P| 8P (%) 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 0.00 58.44 0.00 2.90 0.00 2.90 0.00
PC’ff 1.24 —115.38 —-0.53 -1.12 11.16 -95.25 —1.02 —-11.11
pC] + PCY 57.91 ~1.11 57.90 ~1.12 11.27 —80.38 1.88 ~11.11
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¢ + PE, 3.87 —98.18 —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
Gl B 1B ((ham)
T T my
|Cal | By |B|
=0.042, —— =0.095, = 0.014 (S wave),
17l 7| 7|
|G| |E2| |B|
= 0.041, = 0.072, = 0.024 (P wave),
17| 4 17|
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Results of Ay —» pK~

TABLE VII. Same as Table V but for the A, — pK~ decay.
A, - pK~ N 55(°) Real(S) Imag(S) 1P| 5 (°) Real(P) Imag(P)
T/ 865.44 0.00 865.44 0.00 1230.64 0.00 1230.64 0.00
Y 53.41 —-102.81 —-11.84 -52.08 343.23 -96.76 —-40.43 —340.84
T/ + 17 855.18 -3.49 853.60 —-52.08 1238.05 —15.98 1190.21 —340.84
E, 89.06 —138.10 —-66.28 -59.48 04.13 122.31 -50.31 79.56
Tree 795.18 —-8.06 787.31 —111.55 1169.46 —-12.91 1139.90 —-261.28
pcllr 76.43 0.00 76.43 0.00 3.30 180.00 -3.30 0.00
Pcfff 1.14 —134.10 -0.79 -0.82 13.85 —-94.36 -1.05 —-13.81
pc| + pC 75.64 ~0.62 75.64 ~0.82 14.48 ~107.50 ~4.35 ~13.81
PEY 11.80 —89.53 0.10 —-11.80 11.02 115.62 -4.76 9.93
PEf 7.53 —101.53 -1.50 -7.38 2.67 51.53 1.66 2.09
Penguin 76.88 ~15.08 7423 —~20.00 7.66 ~166.53 745 ~1.79

T (pK Tf (pK Eo(pK

| f(p N _ 199 [T PK)] f(p N 03 PN 03 5 wave),

|77 (pr)| T (pr)| | E2(prr))|

T!(pK T (pK Ea(pK

| f( I _ 193 |nf(—p)| _108 BRI o9 b wave),

|77 (prr)] T (pr)| | Eo(pr)|

2026/1/20

[H.Y.Cheng, S.Oh, JHEP (2011)]
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