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Prediction of CPV in b-baryon decays
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Introduction
CPV 1n two-body decay
CPV 1n multi-body decay

Summary and outlook




Standard Model

three generations of matter interactions / forces
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» Standard Model achieves great success,

» But still remains some puzzles: dark matter, dark energy, neutrino oscillation, matter
asymmetry in Universe, ......

Y9Ps ~ 8 x 10711 YoM ~ 7 x 10720 [Astron. Astrophys.594 A13(2016)]

» How to understand matter asymmetry, suppose that the Big Bang produced equal numbers
of positive and negative baryons ?

IEYR
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CP violation

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

» Three conditions for Matter-antimatter asymmetry:

* Interaction to violate baryon number;
e C and CP violation;
* Deviate thermal equilibrium

electron positron

CP: ER{EHEHE+FAREHR | suiharoy JETP Lett.(1967)]

» 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.

& @@,.

mTF EF

2026/3/28 CP violation of A, decay in PQCD




Baryon CPV

> BT
e SM: 0(107> ~ 10™%) [Donoghue, X.G.He, Pakvasa, 1986)]
- BESIII [Nature, 2022] A% (A - pr~) = (2.5 + 4.8) x 1073 )
vy ViV,
> RET [X.G.He, C.W.Liu, 2024] ) s

« SM: 0(1073~10"%) [C.PJia, H.Y.Jiang, ].P.Wang, F.S.Yu, 2024]
- LHCb [JHEP,2018] Acp(Ae = pKYK~ /prtn™) =(3.0+9.1+6.1) x 1073

~ /\3 t
> RET \mz&
* SM estimates ~10% due to large weak phase difference A3 _
Vcdvcb
© AARETABCPHIR Ap(A) - pK™) =(-1140.7+0.4) x 1072 X
Acp(A) » pr~) = (—0.2+ 0.8+ 0.4) x 1072
T e
20 Ap— AK'K™| 460

wn
T

° z %ﬁiiﬁﬁ/‘%cp;ﬂiﬂ: ﬂfW
o % 4K3% T Dalitz B B CPAL 3% :n %

[LHCb, 2412.13958] o = o e
[LHCb, PRL 134 (2025] m2(AK*) [GeV¥c4]
[LHCb, Nature Physics 13 (2017)]
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CP violation

> LHCb 2 3o28 8 R A L& T % KCPA IR

Tooof T rHobo ' 4 Lo T Lhchomt \
/ % s (“) H i Daa x % C “)) I Daa ]
0 O 120001 —— Total fit 1 © 12000 n —— Total fit B
Ab — pﬂ'-l_ﬂ'_K_ ;;. 10000 e Ay S pKCEE E :;r 10000 e Ry = PR IR’ .
. [ — E o pKkn'n 3 —_—=, =Pk r
g 8000 eeseee: Comb. bkg. B ?’ 8000 Comb. bke. .
_ § - — Al s pKk ' a® § r — A, »PK'rr'n
ACP — (2.45 :I: 0-46 :i: 0-10)% _E 6000 — A S pK(—r -’r'}’]_: g 6{)()0:— —En:—’»"“\'"?'i-*’f N'J’l_:
R S R S A B R S W SO L
5.20 o 2000 A\— Sk wK b “ 2000F \— =, 5Pk Tk’ .
| R T a— 6 a4 se 8 6
\ m(pK "m*n) [GeV/c?) m(pK* ) [Gech
& 1800F T T T T T T T T T TS : )
._;3 16005 () LHCb9 b & ] Decay topology Mass region (GeV/c?) Acp
© a2 pr E
o a t . e 292
1400 F ¢ 1 Myr- < 2.
e b A A = R(pK ™ )R(xt7™) g (5.3+1.34+02)%
g 1200 & v Mp+p— < 1.1
= 1000F L] L d ]
@ : +*¢ 4 o] . 1
2 800f A ﬂ,# A Mye— < 1.7
- n ¢ ) ] . o
-g 600 ’*%ﬂ-: ., A) = R(pr )R(K 7") 08 <myip- <10 (27+£08+0.1)%
S W0 s . or 1.1 <m < 1.6
200F 3 : TR T
01: i 2' S é S 'z"' — 5' 3 [ A) = R(prta— ) K~ Mprtr- < 2.7 (54+£09+ 0.1)%] 6.00
- 2 i
m(pa) [GeVie?] A 5 R(K-mtr)p Mic-min < 2.0 (20+1.2+0.3)%
[LHCb Nature(2025)]
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LR Z 2 A FLHT 6 CPAL IR AT ARARESEERH

AL 2, 2 E-TCPAR it WA FTHiE, M ET

B ILE) VT Ae b CP % 37
[Zhen-Hua Zhang, et.al.] [HJJ, J.X.Yu, Y.Li, H.n.Li, J.PWang, Z.).Xiao, F.S.Yu, PQCD(2025)]
[J.PWang, Q.Qin, F.S.Yu] [J.PWang, F.S.Yu, FSI(2024)]
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2. Two-body decays




Puzzle of b-baryon CPV

» Why baryon two-body CPV small?

Acp(Ap » pr~) = (0.20+0.83 £ 0.37)% » LHCD, 2024
Acp(Ap > pK7) = (—1.14 £ 0.67 + 0.36)%

o

(:_l_.!._____

50% . —30% . —10% 0% 30% __ 50%
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Ay - p~,pK~

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

A(Ap — ph) = iu,(S + Pys)up,

Swave S =

Pwave P =

St
Pr

ce g )
615.*?9-

s P
15T

€ D

Tree

_I_
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Sp
Pp

ceq )
615%

- =P
M’P

€ ")

Penguin

Abg = 65 — &5

Abp = 65 — 62

strong phase difference
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Ap - pn~,pK~

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

Ale _ F(Ab%ph_)—r(l_\b—)ﬁh-})
I'(Ap—»ph™)+T(Ap—pht)

_ Mz(ISI>-1SI1?)+M2|P|*>—|P|?

 M2(IS[2+S|2)+M2|P|2+|P|?

MZ
—|P
512 5 wp"!
A¢p +—5
| |2 M2 (1+ CP)lplz 1'I'ACP
2
M3 A’c’p> i 1+A42p
|S| |P|
A

— +—
= ISI12+|P|? cr S|2+|P|?

P
Acp

M2
5124+ 1P|
+

ELE R oA
5|2 —|S|? —2rgsinA¢sinAd
|2 |‘|2 = 2 . ¢ S\ PBABAL
SI2+|S]2 1+7ri+ 2'rgcosAgbcosAV
P2—|P?  —2rpsinA¢sinAdp
P2+ |P]2  1+7%+2rpcosAgcosAdp Ads = 05 — 5,?’,
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partial-wave CPVs Abp = 0p — 07
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Topological diagrams
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[A.Leibovich, Z.Ligeti, I.Stewart,

M.Wise, Phys.Lett.B (2024)]
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CPVs in PQCD

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

Con(B-> )% Acp(B-> Kt )%

~ —40 [Lii,Ukai,Yang,2000] ~ —18 [Keum,Li,Sanda,2000]
—30 + 25 + 4 [BaBar,2002] —19 + 10 + 3 [BaBar,2001]
—12.8¥338 [Chai,Cheng,Ju,Yan, LiiXia0,2022] —5.43%2-22 |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 = (P Ml Her f| Ab) [Sterman,Hsiang-nan Li,1995~2000]
~ f[1d4kp][d4kM][d4k/1b]lpp([kp]'“)"UM([kM]:#)"UAb([kAb]'“) - CiunH([kp ), Uem], [k, | 1)

- | Teey] malccn,) [ [E] 20k ih, b e )b il 10, ([, ) 12

-G (H)H([xp: k;]r [xM: k17\;1]: [xAb' k/’I;b]' .u)

» Free of end-point singularity

A(Ay = pM) ~ f Pae ™ - HS; - dpe oS

2026/3/28 CP violation of




Results of Ay = pm™

TABLE V. Invariant amplitudes of the A, — pz~ decay classified by topologies without the CKM matrix elements. in unit of 10~°
A, = pr~ N 5(°) Real(S) Imag(S) |P| 6P (%) 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/ + 1Y 703.07 -4.19 701.19 —51.38 1003.22 —15.33 967.54 —265.17
() 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
Pcfff 1.24 —115.38 -0.53 -1.12 11.16 -95.25 -1.02 —11.11
PC{r + PC’ff 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 0.48 —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
SIK ] FRARAL PR & R AR4L
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Obsverables of Ay, = pn—,pK~

5% — |52 —2rgsinA¢sinAdg
2 2 Alp = —— =
AdiT 51 AS. 4 id AP [SPP+ 18] 147§+ 2rscosAdcosAds’
CPISI2 4+ [PI127CP TS24+ [P AP _|PP? - |}i*|2 __ —2rpsinA¢sinAdp
PP+ P2 1+ 1%+ 2rpcosAgcosAdp
Br(x107°)
- 2.53+1.33+0.10+0.47 > 5 H
Ap — pr— 33477507175 011 0,14 2 KCPVH 54K, A8 ZIKH
_ 2.17+1.17+0.49+2.19
Ap = pK~ 2.831705 592 0370 66 N

d@r S P
A / AOP(H;S) \ AOP(H;P)
+0. 00+0 00+0 00+0.02 -}-0.01+0.01+0.03+0.04 0.01+4-0.03+0.02+40.00
Ab — pﬂ- 0.05 —0.02—0.01-0.02—-0.01 0.17 -0.04—0.04—0.07—0.04 490/_‘) H 0. 06]i0 02—0.03—0.03—0.01(51%)
. +0.01+0.01+0.02+0.00 __ +0.024-0.024-0.044-0.0¢ +0.0740.2340.29+4-0.04
Ay = pK™—0.0675 51501 0.01-0.00 —0-0576.09 0.:01- 0,03 0.0d(94%) | —0-217 515" 33" 057 0.1 (670)

Arv fo\
Adu- Ag;wavc (KS:") Ag;j? )- wavc(KD+Sf-) P1 wavc( P,) AP2 wavc( Pz) Agp
Ay — pp 0.0370:53 0.011391(7%) 0.02+387(44%) 0.0370%(45%) 0.171004(4%) -0.01799
A, = pK*™ 0053010 _0.151012(6%) 027099 (33%) —0.23%70-10(55%)  —0.147092(6%) 0.02100:
Al ATc(kg) AT ™(kpes)  AG(e)  AGT(e) AL
A, — pay (1260) —0.0110%  —0.227010(6%)  —0.11700:(46%)  0.187004(40%) —0.2470%(8%) —0.24704%

Ap — pKT(1270) Ok =30°)  0.0970%  0347002(8%)  —0.117003(42%)  0.197017(42%)  0.33700s(8%)  0.267 01
Ay = pK7(1270) (0 = 60°)  0.07700° 0467003 (9%)  0.06700s (37%)  —0.0770%(45%) 0.467005(9%)  0.4070%

2026/3/28 CP violation of A, decay in PQCD



3. Multi-body decays (7EZEMS)




Baryon CPV

> AL LBF R $ AR R CPAL IR

« ZBHH: G ES, TREZXREZANE

Br[A) - prtn 2.08+0.21) x 107 Decay mode

Signal yields

Br[A) » pK K*r] = (4£0.6) x 10°° Ay = pK-

Br[A) - pK"K K~

(
(54+0.5) x107°
(
(

1.2540.13) x 107° A — pK KK~

I

]
BT[A"—)pK T ?T]
]
]

~

o ZARKF T TR A AR K 49 B B CP AR IR

Bt - 't x

$ °F

Acp(B* = ntnta™) = 40.080 £ 0.004 %
[LHCb, Phys.Rev.D 108 (2023)] ; op

T F

of

m), [GeV*/c4]

© BRERZAR: FREKRSS, BRFHTHELTK
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> 32 A A

© BHREEZA) > (prO)hT, (putn )T (h=m, K) ¥ B K FHHKS

N(1650) : N(1700) BREIT-WIGNER MASS 1650 to 1800 (= 1720) MeV
N(1675) N(1700) BREIT-WIGNER WIDTH 100 to 300 (~ 200) MeV
M1680) & N(1710) BREIT-WIGNER MASS 1680 to 1740 (~ 1710) MeV
N(1700) N(1710) BREIT-WIGNER WIDTH 80 to 200 (~ 140) MeV
M1110) L N(1720) BREIT-WIGNER MASS 1680 to 1750 (=~ 1720) MeV
N(1720) /2 N(1720) BREIT-WIGNER WIDTH 150 to 400 (= 250) MeV

o pm,pnm A G EHRE KRS, M
s UM EZEIFRNKER, BLLEME!
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mim), [GeV¥et] mH(K'K) [GeV/ct)

BY - wtmtn- Bt - K*ntK~
( AB~—rta P) )FSI _g12 ( AB~—»nrta P7) )
A(B__"K—I—K_P_) S-wave A(B__)K-I-K_P_) S-wave

(fIHwli) =) (fla)(alHwi)
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Vi V:m‘js
b U
<=v-2 < (g
AO Otf = (taba)y-a (QB“B) V-A"
b W _
U N 0 = (abp)y_4 (GpUa)y_s
/d \
L @ Ao 4G
n /K , _ N _ 5 =
ViVige  d/s 3 FAER F] = 5K Fl - Pha A ) 89
) L FHA T
u
LR
< Ved ()7 Os = Gubadv-a ), (@49}),.
0 q?
Ay _ o
u N Os = (qﬁbﬂ’) V-A Z (qﬂ’qﬁ)v+A ’
/d \ /

35 a{2CKMAL%)  s&484ENm - Nm, Nnrw
[J.P.Wang, F.S.Yu, Chin.Phys.C 48 (2024)]
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> SRR CPHIREAL L

2. CPak 3R

decay processes Scenarios global CPV CPV of cosfl < 0 CPV of cosf > 0

S1 5.9% 8.0% 3.6%

Ay = (AT )K™ S2 5.8% 6.3% 5.3%

N7t — At+m- — (prta7)K S3 5.6% 4.3% 7.0%
my, € [1.3,1.9]GeV S1 —4.1% ~5.4% —2.4%
Ay = (ATHrT)7 2 —3.9% ~3.9% ~3.9%

S3 —3.6% ~2.3% —5.3%

S1 5.8% 8.2% 2.7%

Ap — (pr°) K~ S2 5.8% 8.0% 3.0%

Nt — pﬂrﬁ S3 5.8% 7.8% 3.3%
my, € [1.1,2.5]GeV s1 ~3.9% ~3.9% -3.7%
AY = (pr%)m™ S2 —3.9% —3.8% —4.3%
S3 —3.8% ~3.6% —4.8%

2026/3/28
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A} = (pr)K~

Nm - pr®
my, € [1.1,2.5]GeV

Ag - ( pzro)zr‘

E’u

M-z

(S1:f; =1.1,9, = 0.9,S2: f; = g, = 1.0,S3: f; = 0.9, g; = 1.1)

4 4
3} 3
2 2
1 1
12 14 16 18 20 22 24 12 14 16 18 20 22 24 12 14 16 1.8 20 22 24
mp,o
4 a}
3 3
2 2
1 l 1t
Py « .
12 14 16 18 20 22 24 12 14 16 18 20 22 24 12 14 16 18 20 22 24
mpxo

* Dalitzpdr 6.8 7 FTA1 &, AT —F Iir!
o R IUAR K6 B BCPAL IR (20%%]30%), FaBASTFCPAIRAEAR Fl & A

l 30%

20%
10%

-10%
-20%
-30%

.30%

20%
10%

-10%
-20%
=30%
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4.Summary and outlook




Baryon CPV is a new horizon of heavy tlavor physics.

4 )
We do first full QCD analysis of b-baryon two-body decays

- )

4 )
We propose a new CPV mechanism from NTT scatterings

(& )

2026/3/28 CP violation of b-baryon decays
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Explain CPVs of Ay = pm™,pK~

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

AT A . ¢S

Swave S =|\r|S7|e?T | +H{\p|Sp|e®?

. P .S P

Pwave P =\\r|Prle®T +8\P|P'P|615'P

JJIK___;O Tree Penguin
b - u

Ou j LLO ~ qﬂap)/pl(l - VS)uAb ~ ﬂp(l + )/S)uAb
d d
> ASe_ — SS—-wave __ 55—wave~0
T STwave T TP, r different by 7

‘ — sP—wave P—wave
d " d Adp_wave = PC, — 07 ~T

~ ﬁp(l + Vs)(VsVn)(}/Abl’s)plp(l — Vs)uAb ~ ﬁp(l - Vs)uAb

_—____.__—l
=

)
= I

—
-
L ]

Y

. u\ Strong phases depending on:
PG, * oOperators

e diagram

* non-perturbative LCDAs
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" Ap—=>pr (QCD penguin)
P- ~ u
T
0 Y a
5 PC,;+PB+PE|+PE;
S,
E’ PC,+PB+PE?+PE, *,,
8 -10 """
& ..,"" PC,
,E S-wave "e,,
total .,
20
- :,"' PE!
l"""
-30
-20 0 20 40 60
Real part
10 — g A
of Ap—=>pK (QCD penguin)
§ Of
S,
:
.%0 — 10 L
B —15}
_20 L
=25
0 20 40 60 80
Real part
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20f Ab —)pfr_(05 and 06)
PEX\ e ."'P—t;vt;ve
a 10} . .,
2 0 re **e,,  PC+PB4PEIsPE,
'gﬂ PC; +PB+PE{ +PE; "'.,.' PC,
£ _1ol “
= -10 S—wavé"c
total ‘e, LPE'{‘
A3
_20k
-60 -40 =20 0 20 40 60
Real part

20b Ab —)pK_(Oj and 06)
t 10 P—
< wave
o "ullu" total
S‘ 0 R]:El lllll.lIlllll’lllllllllll... p(‘}_‘_ppf
=) PC,+PE] teg,,
=y ", PEY

s ’
»—El -10¢ s t\?),tire " Yoy,
—20b
-60 -40 -20 0 20 40 60

Real part
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Ay = pr” S| 85C) Re(S) Im(S)| |P|  §°(°) Re(P) Im(P)
T 703.07 419  701.19 -51.38| 1003.22 -15.33 967.54 -265.17
Cy 2937 15496 -26.61 1243 4151  179.80 -41.51  0.14
Tree Ey 6694 -14526 -55.01 -38.14) 7258 11994 -3623  62.89
B 1040 112.64 -400 960 | 23.65 -122.56 -12.73 -19.93
total 619.26 626 61557 -6749| 90475 -14.21 877.08 -222.06
PCy 5936  -1.62 5934 -1.68| 1341  -81.85 190  -13.27
PC, 1395 -11484 -586 -12.66] 1389 6992 477  13.05
QCD PEY 852 9330 -049 -851| 1023 11210 -3.85 9.48
Penguin| PB 144  -39.65 111 -0.92 140  -162.08 -133  -043
PE{+PE) 398 -101.17 -0.77  -3.90 1.35 7.65 1.34 0.18
total 60.07 -27.41 5333 -27.65| 944 7256 283 9.01
PG, 3041  -426 3032 -226| 4311  -16.55 4132 -12.28
PC, 1.05 17978 -1.05  0.00 1.68  -15482 -152  -0.71
Osa PEY 2.18  -159.87 -2.05 -0.75 328 11254  -126  3.03
’ PB 036  103.90 -0.09 035 038  -11438 -0.16  -035
PE¢+ PE, 242  -9334 0.14 242 1.61 86.32  0.10 1.60
total 2747  -10.64 2700 -5.07| 3946  -1275 3849  -8.71
PC, 2902 115 2902 058 | 3944 -17856 -39.42  -0.99
PC, 13.54 -11082 -481 -12.66] 1513 6545 629  13.76
Os PE} 792 -7861 156  -7.76 | 695  111.88 -259 645
PB 1.74  -4652 120  -1.27 1.17  -17600 -1.17  -0.08
PE¢+ PE, 161 -11322 -0.63  -1.48 1.89  -4896 124  -142
total 3469  -40.61 2633 2258 39.82 15358 -35.66  17.72
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Obsverables of Ay, = pn—,pK~

o 2k.Re(S*P) B _ 2k Im(S*P)
O ISP+RPPT TSP+ K2 P
. + 0 + 4
Cp_a2a7 AgP=6267 A’(Y:'P_
a—a _ﬁ—_ Y
<O!>— 2 9 <6>_ 2 3 (fY)_
o cp

_ ISP — s PP
- [SIP+ sE P
(@)

Ab—>pﬂ'
Ab —>pK

—0. 94+0 .00+-0.02+0.01+4-0.03
0.02—-0.02-0.02-0.02
0. 23+0 .04+0.02+4-0.10+4-0.15
0.03—0.05—-0.12—-0.07

0. 02+0 .00+0.014-0.00+4-0.01
0.01-0.01—-0.01-0.01

0. 04+0 .0240.024-0.01+-0.01
0.02— 003 0.01—-0.01

—0. 96+0 .004+-0.014-0.014-0.02
0.00-0.01-0.01-0.01
0 20+0 .0240.014+0.114+0.14
0.02—0.02—0.12—0.06

B

AC‘P

(8)

Ay — pr™
Ab—>pK

0. 34+0 .004-0.05+0.014-0.07
—0.06—0.06—0.06—0.05
—0. 39+0 .03+0.084+0.084-0.12
—0.01-0.04—0.07—0.01

0. 22+0 .004+0.004+0.03+0.07
—0.01—0.01-0.04—0.03
—0. 44+0 .014+0.01+0.02+-0.08
—0.00—0.00—0.01—-0.04

0. 12+0 .00+4-0.05+40.03+0.00
—0.05—0.05—0.04—0.02
0. 05+0 .03+0.084-0.0740.04
—0.01-0.05—-0.07—0.02

fY

ACP

(7)

Ap — pr—
Ab —>pK

0. 09+0.02+0.04+0.04+0.04
—0.04—-0.06—0.06—0.01
0. 89+U .0240.044-0.044-0.00
—0.01—-0.02—0.05—0.01

0. 11+0.[}1+0.02—|—0.03+0.03
—0.02—0.03—0.04—0.02
0. 02+0 .024-0.054-0.04+0.00
—0.01—-0.03—0.04—0.00

—0. 02+0 .014-0.02+-0.01+40.01
—0.02—0.04—0.01—-0.00
0 87+0 .004-0.014-0.02+0.00
*~ 1 —0.00—0.01-0.02—0.01
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NE |P|?

P
Acp

AT o A, +
TSI+ |PIETCR T IS|2 + | P2

. : L 1s12 _ Je19)?
Ap — prt™ 1s tree-dominant, so taking P = 19052

Acp(Ap » pn~) = (0.20 + 0.83 £ 0.37)% [LHCb,2024]

n WBPPT
o (this work)

-0.5}

-1.0L . : - X
-1.0 -0.5 0.0 0.5 1.0




CPVsof Ay - pn~,pK~

!

B° — mt7~=(PDQG)
B° s K+7~(PDG)
B® - K~ (PDG)
BY - K-K*(PDG)

Ay — pr~ (LHCD)

Ay, — pK~(LHCD)

Ay — pr(direct)

Ay = pr— (S wave)

Ay, — pr~ (P wave) [ ——

Ay — pK~(direct)
Ay, — pK~ (S wave)
Ay — pK~ (P wave) &

~50%  —30%  —10% O 10% ___ 30% __ 50%

T

T

T

[LHCb, Nature (2025)]

...... the generally 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).
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dir ST P, D+SE P

Br(x107¢) Adir AS (kgr)
Ay = pp” 9.661 550305 120-015 0.032005"0/05_0.030.02 0.011507 0i02-0.02—0.02 (7%)
Ay = pK™ 2.831170 10732053066 —=0.05157120.07-0.06-0.08 —0.152006"004-0.05-0.00 (6%)
Af:l;rD (Kst4p) Agiv (xp,) Af;ﬁ, (kp,)
Ay = pp” 0.02256, 05 G000 (44%) 0031005tk 010 00s (45%) 017005005 505 004 (4%)
Ny = PK™ 0275000 oo os (33%) 023007 0 gos-o0s (35%)  —0.141554 50 00,03 (6%)
LHCb, arXiv: 2508.17836 LHCb2035)f A~ pK*—  F*—
PQCD[27](2024) | [ -
FSI[28](2025) | '—0'5—'

GFA[24](2017) |

QCDF[25](2018) | —o—

quark model[26](2021)

. . . . . oy .
—-30% —20% —10% O 10% 20%  30%

...... The vanishing CP asymmetry observed for the A — pKJm ™~ 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 wviolation in b-baryon decays, Phys. Rev. Lett. 134
(2025) 221801, arXiv:2409.02821.
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* How to measure the large partial-wave CPV?
* The angular distributions may help. hy

* The angle distribution for A, — pV — phh, : " [J.P.Wang,Q.Qin,F.S.Yu,2024]

dl’
7 |H%,ﬂ|2 + |H—%,n|2 + |H—§,—1|2 + |H%,1|2 + (2|Hg,u|2 + 2|H—%,n|2 - |H—%,—1|2 - |H%,1|2)P2

2 2 2 2
2|H%,u| +2|H—%,D| |H_%,_1| |H1 1|

x 1+ 2 p
|H%,D|E + |H—%,ﬂ|2 + |H—%,—1|2 + |H§,1|2
x1+J P Py, = (3cos?’0—1)/2
J-J J+J
* The CP asymmetry and average for T : A, = 5 (J) = 5
J AZ, (J)
- 0.04+-0.04+0.02+0.02 0.014-0.01+0.01+0.00 0.034+0.04+0.02+0.02
Ab = PP 1'66f0.03;'—0.03j().05:).00 _0'01-—‘-0.01;'-0.01:).01—-5.00 1'671-0.051-0.031-0.05—46.00
- 0.024-0.00+0.044-0.00 0.02+0.05+0.024-0.01 0.0140.03+0.04+-0.00
Ab - pK* 1'671_0.141_0.12:).08—_5.12 0'041_0.061_0.04;'_0.02—_5.03 1'631_0.081_0.15;'_0.09—-16.09
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Predict CPVs of A, = pa,,pK,(1270),pK,(1400)

dir sT P D+S8*t P
Acp = kst Agp + kP, Acp + Kpyst Acp” +EpAcp

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

(lxition) )

(

Ok

sinfy, cosf, |K14)
cosfy, —sinfg, |K5)
~30°/60°

Br(x107°)

dir
ACP

Agi'};("‘"ST)

Ay — paj (1260)
Ay — pK(1270)(30°)
Ay — pK T (1400)(30°)
Ay — pK (1270)(60°)
Ay — pK T (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
+4Y-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+43.88+0.91+41.73
11 '06—4.30—3.32—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
¥ —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+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—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%)

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

AEP—I_D(HSL-FD)

Al (sp,)

Agzp(K’Pz)

Ay — pai (1260)
Ay — pK7 (1270)(30°
Ay — pK 1 (1400)(30°
Ay — pK 7 (1270)(60°
Ay — pK < (1400)(60°

—0.03—-0.07—-0.04—0.00

—0.07—-0.09—-0.07—0.02

10.02+0.01+0.02+0.02 10.03+0.0240.04+0.09
—0.117 506 00120 070,03 (46%) 0-18—0.03—0.02—0.03—0.04(40%)\
40.0140.08+0.0840.03 40.1040.134-0.05+0.02
—0.117 5 02" 0'060.03—0.00(42%)  0.197 5 06 0 09 0.11 0.01 (42%)
+0.0940.17+0.07-+0.04 +0.0440.05-0.08+0.03
0.817575 014 0.11-0.00(17%) —0.41756; 005 011 0.04(60%
0.06+0'01+0'08+0'07+0'03 (37%)

+0.05+4-0.06+0.04+4-0.01
_0'07—0.06—0.05—0.05—0.02 (45%

—0.01-0.14—-0.03-0.07

+0.01+0.054-0.04+0.03
_0'24—0.02—0.09—0.06—0.06 (8%)

+-0.004-0.04+-0.024-0.00
0'33—0.02—0.03—0.02—0.03 (8%)

+0.0440.11+0.09+0.05
0.7874:06_0:20-0.04—0.10(10%)

+0.00+-0.04+0.044-0.02
0'46—0.01—0.03—0.02—0.06 (9%)

+0.27+0.04--0.03+0.03
—0.287507 036025016 (370)




Results of Ay = paq, pK;

* The angle distribution for A, - pA — ph h,h3 :

dr’

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

(IH o1 |2+ [H_y g1 [P) 220+ ([H o> + [H -y j20]?)sin?6 p

dcos@c>c

dl’
dcos@

e up-down asymmetry :

R(|H 1> = [H-12,-1]*) cos 8
|H%,0|2 + |H-%,0|2 + |H-Z%,-1|2 + |H%,1|2 ,

D R Re(STPy) cosb

AUDE

[Hyol? + [H_so + [H_y i [* + [Hy, 2

I'(cosf > 0) —T'(cosf <0) T
['(cosf > 0) +T'(cosd < 0) R Re(SF;) 7
AUD _ Aup + Aup /
“P Ayp — Ayp
o 222 W

Ay — pai (1260)

Ay — pK (1270)(30°
(30°
(
(

Ay — pK{ (1400)
)

60°
Ay — pK{ (1400)(60°

_ (0,09 +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

)

) —0.3875706 009 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
'Y *—0.01-0.05—-0.03—-0.01

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

0 26+0.02+O.03+0.01+0.00
"<+~ —0.03—-0.08—-0.04—-0.04

0 72+O.05-|—0.13+0.07+0.05
*14-0.05-0.23-0.03—-0.12

0 4O+0.02—|—0.03+0.02—|—0.01
* ¥ —-0.01-0.04—-0.03—-0.07

-0 19+0.12+0.l4+0.00+0.06
*+v—-0.18—0.19—-0.20—-0.00
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Opportunities and puzzle

» LHCb is a baryon factory !

fa, Na,
—~05 ) To-"~ 0.5 [LHCb, 2012]
fu,d NB

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

Acp(Ap = p™) = (0.20 £ 0.83 £ 0.37)%
Acp(Ay = 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

* three valence quarks, need at least two hard gluons

biky)

A, ucks)

0000000
OO0
o =
= [=
u_: — -
=

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, () ® J(x;, ;) @ fpPA(yi)

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

« Total form factors: &4, ,4(q* = 0) = 0.18 [Y.L.Shen, Y.M.Wang, 2016]
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dir

P,
_I_ Kpy ACP

—6 d?fr
B'T’(X 10 ) A A (I‘Es’r)
— +6.23+3.23+0.21+1.89 +D.02+D.01+0.00+D.02 +0.004-0.004-0.004-0.00
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%)

2 83+1 .7740.464-0.3740.63

*_
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+D)

ACP(RH)

Acp("?Pz)

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*0.2775 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" 0'000.02—0.03(6%)

(0]

(@)

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 —0.83240220.05-0.04—0.01 —0.01Z5'0520.00—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
Ap = pK —1.00Z4.00=0.00~0.00—0.00 —0.00Z4.0020.00~0.00—0.00 —1.00Z4.00=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 —0.98%6'60-0.00—0.00—0.00 0.00Z0:00-0:00—0.00—0.00 —0.9970:00-0:00—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%5'03"0.03—-0.00—0.03 —0.02Z5 60 0.04—0.00—0.00 —0.887 503 "0.06—0.00—0.04
Y AC’P (’Y)
— +0.014+0.014-0.014+0.01 +0.004-0.00+-0.004-0.00 10.01+0.01+0.014+0.00
Ap — pp —0.11%561 20.0120.02—0.00 —0.01Z5 00 20.00-0.00—0.00 —0.10%661 20.01-0.02—0.00
*— +0.01+0.00+-0.0240.00 +0.014-0.03+0.01+0.01 40.014-0.014-0.024-0.00
Ay — pK —0.12% 566 20.05-0.03—0.05 0.02%5'6320.02—0.01—0.01 —0.1474 04 0.07—0.04—0.04
A AbL (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 —0.9624'60-0.00-~0.00—0.00 0.00%5:00-000—0.00—0.00 —0.9775.0020.00-0.00—0.00
*— +0.06+0.15+0.0940.00 +0.03+0.06+0.0340.01 40.054-0.094-0.074-0.00
Ap = pK —0.91%5'6220.02-0.00—0.03 —0.0155:0520.03-0.00—0.00 —0.90%6 03 20.05-0.01—0.03
J AZp (J)
_ 10.04+0.04+0.0240.02 10.014-0.014-0.014-0.00 10.034-0.04+0.024+0.02
Ay — pp 1.66 .03 0.03—0.05—0.00 —0.0175 61 20.01-0.01-0.00 L6770 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+0.04+0.00
Ay — pK 167014 012 0.080.12 0.04 7006 _0.04—0.02—0.03 1.63 0,08 -0.15—0.09—0.09




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

dgir _ L — r

CPETST
_ ME(ISP = IS?) + M2(| P = | PI)
- ME(ISP? +1S[%) + M2(|PJ? + | PJ?)

M2\ 52
_ |S|2 Ag—;)vave M—r‘i}— IPl AP—wave
MZ 14 aBpee L AEgave M2
|S12 + 37z 1 abhaws | PI? Ty aSm S| + 7z | PI?
— KSA%;)V&VE + RPAg-};vave,
1.0F; ! . ' 1.0F;
0.5} 0.5¢
2 2
i%} 00 % Ab_—"pﬂ'_ Ea 0.0
~ (this work) <
—0.5} —-0.5}
—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.(S;Ewave A%E’wave
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Predict CPVs of Ay = pp~,pK*™

Invariant
amplitudes

Partial wave

amplitudes |

Helicity
amplitudes

ME [B(1/2) = By(1/2%) + V] =is(py)ey* [Af‘m par@u gl pr@Dey )
MT [Bi(1/2%) = Bf(1/2%) + V] =tz (ps)ep’ [ATvurs + B vu] wilps)-
ST =— A,
St =— Af,
Pe Mi +Mj L)
P =— Bf + BY) |
: Eyv (Ef + my :
Pe T
Pp=—"" B
2 Ef +’m,f
Pg AL _ AL
D=— c — :
Ev(Es +my) (47— 4)
CE;+ .
P/27 =1/27+V) = L mef {zusﬁ +|Paf*) + —(\S +D*+|P |’~*}}
Hlf‘z,l = - M+AT - M—BlTa
H—l,fz,—l =M+A? - M_ij
1
Hyj20 =—— [My(m; —mg)A} — M_p A} + M_(m; + ms)B{ + M, p.Bj],
V2m
1
V2my
DeTa
B=  5(Hy, 1?4 [Hoype |+ [Hippof® + [Ho1/201%)- [Koener,Kramer,1992]
' [Cheng,1996]
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|S| 6%(°)  Real(S) Imag(S) |P| 67(°)  Real(P) Imag(P) -
707.17  0.00  707.17 0.00 1004.44  0.00  1004.44  0.00
51.72  -96.64  -5.98 -51.38 | 26772 9792  -3690  -265.17
703.07 -419  701.19  -51.38 | 100322 -15.33  967.54  -265.17
2937 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  -1273  -19.93
Tree 61926  -626 61557  -67.49 | 90475  -1421  877.08  -222.06
P 58.44 0.00 58.44 0.00 2.90 0.00 2.90 0.00
Pf}l 1.24  -11538  -0.53 -1.12 11.16  -95.25 -1.02 -11.11
PJf + P9 45791 L1 57.90 -1.12 11.27  -80.38 1.88 -11.11
P 1336  -116.10  -5.88 -12.00 14.93 71.96 4.62 14.20
PEY 948  -87.62 0.39 -9.47 8.83 11444  -3.65 8.04
PB 136  -51.30 0.85 -1.06 1.55  -159.86  -1.46 -0.53
PEf 4 pE2 387 9818  -055 -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
S(Pfl) Z—%fhv;:b ' (C; +C4+%+Cln03 +Cﬁ+%+0§)) 2
Rf = —
Fi(mf) (M, — My) + Fy(m?)m3 | e
2 = (mp+may)(mutmg
P(BEY) == vV (G + Ot G+ Cul- BY G + Gt T4 i) e

G (m3) (M, + My) = Ga(m})m?
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