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Why baryon physics?
CPVof Ay, » pM

Discussions of B — B B¢

Summary




Why baryon physics

» CP violation for Universal evolution
 Sakharov conditions for Baryogenesis:

baryon number violation C and CP violation out of thermal equilibrium

HADRONS
R = ¢~

MESON BARYON

« CPV relates to most of parameters of SM, is helpful to test SM and search NP;

« CPV has been established for K, B and D meson decays, CKM mechanism has been
established for CPV in B meson decays;

« The visible universe is mainly made of baryons. It is of great significance to search for
baryon CPV'!
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» Hyperon CPV:
¢,(A - pr~) = 0.0025 + 0.0048 [BESINN,2022]  Vv.s. 0O(1075 ~ 10™%) [theory]

» charm baryon CPV:

Acp(Ae » pKTK~ /prtn™) = 0.003 £+ 0.0091 + 0.0061[LHCb,2018] V.5. O(1073) [theory]
» Dbeauty hadron ~ 10% due to large weak phase difference

Acp(B® » K*1™) = (—8.34+0.32)%  Acp(BS » K™ %) = (22.4 + 1.2)% [PDG2022]
» Precision of b-baryon CPV measurement reached of order 1%

Acp(Ay » pr™) = (0.2 + 0.8 +0.4)%

Acp(Ap » pK~) = (—1.1 £ 0.7 £+ 0.4)% [LHCb,2018,2024]

Acp(Apy » pK nTn™) = (245 + 046+ 0.100% 5.20 [LHCb,2025]
Na, 12

—= "~ 0.5 Np, ~ 10+ [LHCb,2012]

Ng’

» non-zero polarization, more observables

» LHCb is a baryon factory !
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Challenges B = (P0G |

B® - K*7~(PDG) } "

|
|
B° - K~n*(PDG) } lol
» why CPVsof Ay — pm, pK are small ? o | | e
A, — pr~(LHCb) } L]
A, — pK~(LHCb) } el
—50% —30% -10% O 10% 30%

» QCD dynamics for baryon are different
* non-zero spin/polarization
* 0ne more energetic quark, one more hard gluon
« power counting of baryon is different from meson

» QCD studies on baryon are listed
» GFA (Hsiao,Yao0,Geng,2017; Liu,Geng,2021)
* QCDF (Zhu,Ke,Wei,2016,2018)
« PQCD (LU,Wang,Zou,Ali,Kramer,2009; Zhou,et.al.,2022~2023)
» quark model(Geng,Liu,Tsai,et.al.,2019~2022)
 Light-cone Sum rule (Jiang,Cheng,Khodjamirian,Yu, in progress)

GFA QCDF PQCD (hybrid) LFQM LCSR
Exp, (Hsiao,Yao,Geng, | (Zhu,Ke,Wei, | (Lu,Wang,et.al., | (Geng,Liu,Tsai, | (Jiang,et.al.,
2017) 2018) 2009) 2021) 2022)

Acp(Ap > p™)%  0.20 4+ 0.89 —39+04 -34+04 —31%42 —3.6 + 0.20 -1.8
Acp(Ap, > pK)%  —1.1+40.81 6.7 + 0.4 10.1 £ 2.0 —5+26 6.36 + 0.28 —-0.1

50%
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PQCD approach H

» Collinear factorization, transverse momentum kr is ignored -

* endpoint singularity ! —— a\— - A
’ xi(l—xj)QZ ki (a,a) ks

» PQCD approach, based on k factorization, retain transverse momentum k.

1 ] i
Sterman,Hslang-nan L1,1995~2000
xi(1-x) Q% +|k;r|? [ J ]

 After resummation, Sudakov factors to suppress contribution from small k

* propagators ~

A = (MyM;| 7 | B)
d*k, d*k, d*k,
- J @n @a Qo B

Wy (ky, )Y 3(ks, ) - Hky, ky, ks, 0)Ci(14)

&’k d’kyr d’kar
(2m)* (2n)* (2m)*

1
~ I dxzdx;,_dx3j Dp(xy, ks WDy (X, Ky 1) P3(X3, ks ) - H(Xy, X, X3, Ky 15 Ky Ky ) C(1)
0

» PQCD has successfully predicted B meson CPV

C.e(B->mtn™)% Acp(B > KTn )%

~ —40 [Li,Ukai,Yang,2000] ~ —18 [Keum,Li,Sanda,2000]
—30 + 25 + 4 [BaBar,2002] —19 + 10 + 3 [BaBar,2001]
—12.83:48 [Chai,Cheng,Ju, Yan, Lii,Xia0,2022] —5.43%2-2> [Chai,Cheng,Ju, Yan, Ll Xiao,2022]
—31.4 + 3 [PDG] —8.31 + 0.31 [PDG]
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Topological diagrams of two-body decays
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Explain CPVsof Ay, —» prn~,pK~ in PQCD

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

A(Ay — ph) = ity (S + Pys)un,

; $S ; $S o : :
Swave S =[Ar|Sr|e“T|+\p|Sple?? AOP_I§'|Z+:§:§ _ 1+_ETZZHA¢S£ZMSM ,
% + 2rgcosAdcosAdg
5 F 2 _ P2 : :
P wave ’55-;- 157;, » _|P|*—|P| _ —2rpsinA¢sinAdp
P = AT|PT|6 T A |PP|6 Acp = T|P2+ P2 1474+ 2rpcosApcosAdp
Tree Penguin
[(Ay — ph) — T(Ay — ph : Ads = 05— 07
: — — D
A%z;_ (b P) (b P) ﬂﬁp:ﬁg—ﬁg

_ ME(SI? - 1S1%) + M2(|P|* — |PP?)
ME(|SP? + [S[?) + MZ(|PJ* + | PP?)
M?2
_ |S12 AS-W&VE+ M_—?—Iplz AP—WEWE
T M AS wave cP AP-wa,ve ME P
|‘5,|2 + ME ]]:_—::AP -wave P|2 ]]:T__A%}é"ﬁlslz _|_ M__?_IPIE

[ = Kg AS’-wave + Kkp AP—wave}

n 5P x| PP
Keg ~ kp ~
welLg ts S |S|2+H;|P|2, P |S|2 +H}|P|2
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Signs between S- and P-wave

» PQCD approach

o = (MM;| % | B)

d*k, d*k, d*k
” J G0 Gy s Yo otk ¥k, ) - Hlky, e e )G (1)

1 2 2 2
d*kyy d°kyp d°k
N [ dx,dx, deJ 17 4 Kor K37
0 (27)? (2n)? (2n)?

¢B(xl H k]T& ﬂ)¢2(x29 kQ_T'! ﬂ)¢3(X3, k3T’ ﬂ) : H(xl) x29 x3) k]T-» kZT) k3T9 )u)Cj(fu)

» Signs of S- and P-wave depend on interaction and wave functions

d

Ap
A ~ Ny,(1 = 75)npn, 7" (1 — ¥5) A A~ N(1 4 75)pra,dp(1 — ¥5) A
=54, A, =15, ¢p=ﬁ'\ Pr="54, da, =75, ff»’p:?’fk
~ N (p— )1 35)As ~ NP =)
~ N [(MA;, - mp):_f.- (MAb + mp)’)’ﬁ] Ay ~ N[m p75}Ab
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Partial wave amplitudes of A, —» p~,pK~ In PQCD

» The above crude argument needs to be justified by comprehensive QCD calculations

Ay—pr~  |S| 6%°(°) Real(S) Imag(S)| |P| 6"(°)  Real(P) Imag(P)
Ty 707.17  0.00 707.17 0.00 1004.44  0.00 1004.44 0.00
E"'i*;} ........ S g T R R Y
5'}"4 Tn_f B s
Cy 2937 15496  -26.61 12.43 41.51 179.80  -41.51 0.14
E, 66.94 -14526  -55.01 -38.14 72.58 11994  -36.23 62.89
B 1040 112.64  -4.00 9.60 23.65 -122.56  -12.73 -19.93
Tree 61926 -626 61557  -6749 | 90475 -1421  877.08  -222.06
Pfl 58.44 0.00 58.44 0.00 2.90 0.00 2.90 0.00
Pf} 1.24  -11538  -0.53 -1.12 11.16  -95.25 -1.02 -11.11
Pl P T LKL ST0 L2 | 1127 8038 | L8 LU
P 1336 U610 | oSSR 1200|1493 | TISe | 4e2 . 1420:
PEL 9.48 -87.62 0.39 -9.47 8.83 114.44 -3.65 8.04
pB 136  -51.30 0.85 -1.06 1.55 -159.86  -1.46 -0.53
PEf  pE2 387  98.18 -0.55 -3.83 1.41 -12.55 1.37 -0.31
Penguin 5945  -27.54 5271 -27.49 10.65 74.93 277 10.28
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CPVof Ay —» prn~,pK~

Ad dir, ~ Kg AS-W&VE + EPAP—WHVE

Br(x107°)

12.53+1.3340.1040.47
Ap — pr— 33477307170 011 0.14

_ 421741.1740.49+2.19
Ay — pK™ 2.8377 05 092037066
d'e,r S P
Ag Az p(ks) Acp(kp)
- +0.00+0.00+0.00+0.02 Y 0.0110.01+0.03+0.04 0.01+0.03+0.02+0.00
Ay — pr= 0.0510 00 0 00 0 0e 00t L 0-1710 0a 0 ont 00 0.04(49%) [ —O. 06]1—0 02-0.03-0.03—0.01 (91%)

Ay — pK~—0.06%0:01 0,017 0:010.00 —0-057 005 0.01- 003 0.0q(94%) | —0-217 597055037 0.4 (6%)
x cp ()

Ap — pr~ —0.9450 0 005 002 0.0 0022001 70:0150.0170.01 ~0.9620°00 001001001

Ap — pK~ 0.235005 00s 1o 007 0047605005 001 0.01 0.20% 005 002 0,12 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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1.0F;

0.5¢
i@ 0.0 I % Ab”p”—
~ (this work) 0.
-0.5
—-1.0L - . . 4 OL . : . .
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
A.(S':I)wave Aé ave
LHCb LO +QL  Quark loop: complex Wilson
Al (A — pr) 0.002 + 0.008 + 0.004 0.05 00013  COefficients. .
[A.Ali, G.Kramer, C.D.LU]
AZ R (Ap — pr™) 0.17 0.081
ALpweve(Ay — pr) —0.06 —0.077
A%L(Ay = pKT) —0.011 + 0.007 + 0.004 —0.06 —0.0025
A2 (Ay — pK )| —0.05 0.0001
ALY (A — pK ™) —0.21 —0.045




Predict CPVsof Ay, = pp~, pK*™

MY [Bi(1/2%) - By(1/2%) + V] =it (py)ei | Abums + Ao 1 ploy 4 pE PO ]ui(pi),

Invariant m; mi
amplitudes | M" [Bi(1/2%) = By(1/2%) + V] =tz (ps)er [ATvuvs + BY 7] wilpi).
- 8T =_ AT
st —— At
Partial wave o= L (MitMmipL, gLy
! - Ev \ Ef + my
amplitudes . Pe o
2 _Ef +my L
L D—— P (ar_ap),
Ey(Ey +my)
E
r(1/2¢ - 1/2° +) = BB Lo () + 25+ DP + R}
Hl,."}!,l = - M+Ar{ - M—Bfa
. . H—l,.-‘:::,—l :M+A¥_M—B?a
Helicity 1
amplitudes - HIIE,U = \/Em [M+{m,- — m_f]zilf’ — M_pﬂﬂg + M_ [m.i.; + mf)B{: + M+pﬂﬂqf:| .
1 L L L L
_ H_oip = o [—M (m; —mg)AY + M_p Ay + M_(m; +ms)By + M, p.By].
chﬁa
B=c (IHl,rz 12 4+ [Hoajoma|* + [Hijaol + |H-1/20/%)- [Koener,Kramer,1992]

[Cheng,1996]
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dir P D+5s* P

Br(x1079) A ASp(rgr)
Ay = pp~ 966755075531 20 075 £ 0035005 003 003000 © 001500 00570 09 002 (7%)
Ay — pK*~ 2,831 TTH00+0-37+0.63 0.051 0 M0 O 0 be e 01570000 0 66200 (6%)
AS P (ks y p) Acp(kp) Al (kp,)

+0.03+0.04+0.02+0.05 +0.04+0.004-0.00+0.00 : +0.00+0.00+0.01+0.03
Ap — pp~ 0 0224.02-0.02—0.00— 000(44%) 0.03Z¢ 05 0.04—0.10— 005(45%) 0.175'020'03—0.03— 004(4%)

*—n 9=+0.02+0.06+0.05+0.03 +0.05+0.07+0.0240.05 +0.014-0.00+0.0240.01
Ap — pK 0. 27017011 0.02-0.18(33%) —0.237577 571 009 003(55%3 —0.147 501 0'09 - 0.02—0.03 (6%)

a cp (@)
= 10.02.0.01-+0.00-10.00 10.0110.01-10.01£0.00 10.01+0.01-£0.01-£0.00
Ap—pp~  —0.837502 005004001 —0.01%4 00 0.00-0.01—0.00 —0.8375'02"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%600"0.00-0.00-0.00 —0.00Z6:60-0.00—0.00—0.00 —1.0026'000.00-0.00—0.00
8 Alp (8)
— £0.05-0.07-0.05--0.06 10.010.02-+0.01+0.02 00-+0.04+0.05+0.0440.04
Ap—pp~  —0.98750070.:00-0.00—0.00 0.00%4:000.00—0.00—0.00 0.99%5'60-0.00—0.00—0.00
. 40.07-0.17-0.11--0.00 +0.04+40.06-+0.04--0.01 +0.06+0.1140.08--0.00
Ap = pK* —0.902403%0'03"0:00-0.03 —0.0225600.04-0.00—0.00 —0.8875'030.06—0.00—0.04
vy Acp (’Y)
— 10.01+0.0140.01+0.01 £0.00-+0.00-+0.00-£0.00 10.01-+0.01+0.0140.00
Ap—=pp~  —0.11756 0701 002000 —0.01%460"0.00—-0.00—0.00 —0.10%5'01 20,01~ 0.02—0.00
. 4£0.014-0.004-0.0240.00 +0.01+0.03+0.01+0.01 _ () 14+0.0140.014-0.0240.00
Ap = pK*™  —0.1274 067005 0:03-0.05 0.02%5 62 20:02-0.01—0.01 0.1475 04 0.:07—0.04—0.04
A AL (A)
— 10.05+0.06+0.0440.05 10,010,024+ 0.0140.02 10.04-+0.0410.030.04
Ap—pp~  —0.9675'60"0.:00-0.00-0.00 0.00%6:60--0.00—0.00—0.00 —0.975'00-0.00-0.00-0.00
— +0.06+0.1540.09-0.00 +0.03+0.06-0.03-0.01 40.05+0.09+0.07-0.00
Ap = pK*™ —0.9174 057002~ 0.00-0.03 —0.01%5:60-0.03—-0.00—0.00 —0.90%5'03 0,05 0.01-0.03
J Alp (T)
— 10.0410.0410.0240.02 10.01+0.01-+0.010.00 10.03+0.04.+0.02.0.02
Ap — pp 1.66 (.03 -0.03—0.05—0.00 —0.01266120.01-0.01—0.00 L.675.:05-0.03—0.05—0.00
. +0.02+0.00-+0.04-+0.00 +0.02+40.05+0.02+0.01 £0.01+0.03+0.04--0.00
Ay — pK 1677574 012 0,08 0.12 0.0475:06 0:04-0.02-0.03 1.6376:08—0.15—0.09-0.09




Predict CPVs of A, — pa;,pK,(1270),pK,(1400)

dir
A

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

(lkition) )

|K1a)
|K1B)

sinfyg, cosbg,
cosly, —sinbg,
[e] o

)(

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
<+~ —-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%)

A? +D(’$SL D)

APl (K’Pl)

Agric’(K’Pz)

— R +0.02+40.014-0.024-0.02 +0.034-0.02+-0.04+0.09 Y +0.014+0.054-0.044-0.03
Ab_>pa’1 (1260) . O'11—0.00—0.01—0.07—0.03(46%) 0'18—0.03—0.02—0.03—0.04(4‘0%) :0'24—0.02—0.09—0.06—0.06(8%)

Ap — pKy (1270)(30° 011750, 7066 0765 75100 (42%)  0.19 5706 500 017 001 (42%) 10-33 10657505 0.05 0.03 (8%)

—0.02—-0.03-0.02—

Ay — pK7 (1400)(30°) 0.81+393 8 1T+00T+0.04(17%5)  —0.41+34+003+0.9340.02 (60%) 0.78+0 349 14+0:99+005(10%)
Ay — pK 7 (1270)(60%) 0.06250375:07 7004 0.00(37%)  —0.072006¥5. 057005 —0-02 (45%) :0.4675:070:05 0057 0.06(9%)

—0.01-0.03—-0.02—

Ay — pK; (1400)(60°)—0-82"5'07 " 0:05 "0.07- 0.02(30%) 0.527551 51 .05 0.07(64%) 0.28T557 55670 25" 016 (3%)

L
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Results of A, — pa4, pK;

» The angle distribution for A, - pA = ph{h,h3 :

dl’
dcosf

 up-down asymmetry :

I'(cos@ > 0) — I'(cos @ < 0)

S R Re(STP)) cosé

— _ T p*
Avp = I'(cos® > 0) +I'(cosf < 0) R Re(S" F;)
4up _ Aub + Aup
“P ™ Ayp — Ayp %
[J.P.Wang,Q.Qin,F.S.Yu,2024]
AR I

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

_(.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

—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+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+0.14-|—0.00-|—0.06
*+<_0.18—0.19—-0.20—0.00
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PDG
Ab — p7r (LHC

)

Ay — pr~(direct) |
Ay, — pr (S wave)

Ay, — pr~ (P wave

large partial-wave CPVs,
but cancelled

—_—<—

(&

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

large partial-wave CPVs,

bu_t not dominate

<
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Discussions of B — B_.B..

Higher twist corrections to doubly-charmed baryonic
B decays

Zhou Rui'”, Zhi-Tian Zou'” and Ying Li

BASED ON JHEP 12 (2024) 159
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Mxy)g QHQQ Y5 & s,

» The hard amplitude involves eight external on shell quarks, four
of which correspond to the four-fermion operators and four of
which are the spectator quarks in the final states.

> The hard kernels start at «2 in the PQCD approach.

» Hadronic LCDASs are the necessary inputs in PQCD calculations.
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Numerical results

Invariant amplitudes M = (B.B.|H.f¢|B) = u[Hs + Hpys|v

» B-meson LCDAS: [Phys. Rev. D 74 (2006) 014027]

& I (SRS
(I)B:_\/W(ﬁ_FM)’YF) (¢B+E(¢5B_¢E))
C
Mode Type Amplitude OB OB éB + o8
Hs 12x 10774483 x107% 20x107%+43.2x107% 14 %1077 +44.0 x 10°8
B —-2A; C Hp —78x 1077 4i49x107% —1.0x 10 ¥ +il.5 x 10°% —1.8 x 10 ¥ 4+i6.4 x 10 ®
|M|(GeV) 3.7x 1077 1.3 %1077 4.8 x 1077
Hs 4.8%x1077 —il.1x10°% 50x10 2486 x 1077 9.8x10 7 —i2.4x10?
B 5> AfA; E Hp —9.6x107"4+i1.9x10"° 58x10?—43.0x10? 4.8x10 ?+4il.6x 10°®
|M|(GeV) 1.1 x 1077 4.5 x 1078 9.5 x 1078
Hs 78x 1072 +46.1 x 107 1.0x 107 +41.7x107° 7.9x107° +47.8 x 107°
B 5 AfA; C+E Hp —25x107%4+i1.5x107°% —2.8x107? +i2.3 x 107 —53 x 107 ° +i3.8 x 107?
|M|(GeV) 3.0 x107® 2.0 x 107® 45x107°

» The subleading contributions can reach as much as (30—70)% of leading ones.

» The interference patterns for C and E amplitudes differ, with the former being
constructive and the latter destructive.

» The inclusion of subleading correction can obviously enhance or reduce the total
amplitudes.
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» Magnitude of amplitude(GeV) from various twist combinations of the baryon and antibaryon

LCDAS.

y . , (1)
€7 (01q1 o (1) @5 (t2) 5 (0)|Be) = f? [(ﬁ%c)aﬁ@(thb) + (%75C)aﬁ¢4(tht2)]uv
(2)

e [05C)as 311, 12) — 2 (0nn1sOhasdilin, 1] s

Twist-2 Twist-3 Twist-4

Twist-2 3.5x107% 1.7x1077 9.6 x 1078

Twist-3 14x1077 1.9x1077 1.4x1077

Twist-4 1.1 x1077 20x1077 1.6 x 1077

B APAD

Twist2  32x107% 0. 15x107

Twist-3 0 ilsx o0
Twist-4  58x107° 0 iL5x107
BY — AFTA;

Twist-2 50x107Y 2.6x107% 4.1x10°8

Twist-3 21x107% 50x10"% 1.5x10°8

Twist-4 24x107% 3.0x107% 24x10°8

« The contributions of the twist-4-twist-4 combination are less than the dominant twist-
3-twist-3 combination, indicating the reliability of twist expansion of the baryon
LCDA:s.
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Branching ratios 5= 7

= oo (HsPQr + [HpPQo). Qe =M~ (mtm)?

B~ —» E0A; 9.5139t2e+17412 x 107* 7.8%23 x10™* (9.5%+23)x107*

11107 7.2%21x107* (12+8)x107*

BO —» XA, 88I3713%t
B —» ATA; 4.0137F
B® - ATAD 88135t

» Theoretical uncertainties: B meson LCDASs, charmed baryon LCDAs,
the scale dependence, and the Sudakov resummation.

+

+

1.0

T5ax107° 8.1*1Ix 1075 <99x107°
+1.0

0.6

2.6+1.5
3.1-1.2—
0.2+0.9+
0.1-0.7—
3.5+1.1 -6 +1.0 -5 _s
3e—00-06 X 10 21755 X 10 <1.6x10

» The branching ratios suffer large theoretical uncertainties from the
nonperturbative hadronic parameters.

» The PQCD predictions for the first two modes agree with the SU(3)
and PDG data, while those of the last two modes reach half of the
measured upper limits.
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Asymmetry parameters - s s e

CHAPHH-PT T [Hy P+ [

Hy = 55(VQ+Hs F/Q-Hp)

Mode Q 8 v

D~ — SIA; —001T QT IO g gg oo boretoom g 07 oo s on oo
B AR on B sl e s S
B” » AZAc 01750 0: 005 0 1a oior —0-97 005 000 0oa 001 —0-1550 15 016 0,11 Lo

» The most important source of the theoretical errors is the charmed baryon LCDA:s.

> FSls gives y (B2 —» A¥A7) > 0.8 by considering the LD contributions. (arxiv:2409.11374)

» Future experiments will tell us whether this process is dominated by the SD or LD
contributions.
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Conclusion

First full QCD analysis of b-baryon decays and two-body doubly charmed baryonic

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

Large CPV observables are proposed and predicted

Thank youl
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Backup
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Ay = pK— S| 6%(°)  Real(S) Imag(S) |P| 6F(°)  Real(P) Imag(P)
7! 86544  0.00 86544 000 | 123064 000 123064  0.00
" 5341 -102.81 -11.84  -52.08 | 34323 9676 -4043  -340.84
T/4+7™f 85518 -349  853.60 -52.08 | 1238.05 -1598 1190.21 -340.84
Ey 89.06 -138.10 -66.28  -59.48 | 94.13 12231 -5031  79.56
Tree 795.18  -8.06 78731 -111.55| 116946 -1291 1139.90 -261.28
Y PCy 7643  0.00 7643 0.0 330 18000  -3.30 0.00
R T T s T S,
pcl + PCM 7564 -0.62 7564  -0.82 14.48  -107.50 -435  -13.81
PE! 1180 -8953 010  -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 7688  -15.08 7423  -20.00 766  -166.53  -7.45 -1.79

S(PFY) = Gﬁfhmb (03 +C4+ﬁ+(3‘m G +Cﬁ+%+03))

P(Pfl) _

2025/4/2

V2 3 3 3 3

[Fl (m2)(Ma, — M,) + F3(m§)m;:i] chiral factors R; ~ R,
Gr . (C C ¢ C
7‘%3‘&% m(33+04+ 39+Cm 5+Cﬁ+ 37+C'3))

Ga(mR)(Ma, + My) = Ga(mi)ms



Ay —»pr~  |S| 6°(°)  Real(S) Imag(S)| |P| °(°)  Real(P) Imag(P)
Ty 707.17 0.00 707.17 0.00 1004.44 0.00 1004.44 0.00
Ty 51.72 -96.64 -5.98 -51.38 267.72 -97.92 -36.90 -265.17
Ty + T,y 703.07 -4.19 701.19 -51.38 1003.22 -15.33 967.54 -265.17
Cy 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 -67.49 004.75 -14.21 877.08 -222.06
Pf 1 58.44 0.00 58.44 0.00 2.90 0.00 2.90 0.00
Pf} 1.24 -115.38 -0.53 -1.12 11.16 -95.25 -1.02 -11.11
PP} 5791 -LIL 5790 -L12 | 1127 8038 188 -ILII
i pC 13.36 -116.10 -5.88 -12.00 14.93 71.96 4.62 14.20
PP L9862 039 947 | 883 11444 365 804
pB 1.36 -51.30 0.85 -1.06 1.55 -159.86 -1.46 -0.53
PE? + pE2 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
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Signs between S- and P-wave hard kernels

“+” means S- and P-wave have same signs
“-” means S- and P-wave have opposite signs

Pion twist2

twist3 twist4 twist5 twist6
Ap twist2 + - + -
Ay twist3 - + - +
Ay twist4 + - + -

twist3 twist4 twist5 twist6
Ap twist2 - + - +
Ay twist3 + - + -
Ay twistd - + - +
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Ay = pK~ S| 6%(°)  Real(S) Imag(S) | P| 6F(°)  Real(P) Imag(P)
Tf 86544  0.00 865.44 0.00 1230.64  0.00  1230.64 0.00
Tt 5341 -102.81 -11.84  -52.08 | 34323 9676 -4043  -340.84

/417 85518 -349 85360  -52.08 | 1238.05 -1598 119021 -340.84
Es 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 -1291 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
pPc{ + PCY 7564  -0.62 75.64 -0.82 1448  -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 7423  -20.00 766  -166.53  -7.45 -1.79
T pE)l _ 1.22, (K| _ 1.03, IE2(pK)| _ 1.33 (S wave),
T (pm)| | T (prr))| | E2(pr)|
—|T-f(pK)| = 1.23, —lTnj (pK) = 1.28, —|Ez(pK)| = 1.29 (P wave).
T (pm)| | T (prr))| | E2(p)|
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s, PP

ey pA .

i — )\t
p¥(1385)~
p2(1385)°

== PP’
—.—t._ pg_jKU
o0 —— . ppK™
_&_ pp
- & M)K !
1 I I ) ] ) I 1 1
0 5 10

Branching Ratio x10°

Figure 10: Experimental results for decays with baryons from BABAR (blue)
(141,142,143,/144) and Belle (red) (145,146,147,(148,(149,150) and theoretical
predictions (green) (151/(152).
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[J.J.Han,Y.Li,Y.L.Shen,H.n.Li,Z.J. Xiao,F.S.Yu,
Ab -p form factors Eur.Phys.J.C 82(2022)8,686

A
) 1 > dzz_dz; " n . : .
(Yay)apy (@i, p) = WoT / 11 WB“ w71 €k (0| T (b, (0) ) (22) dE (23)] | As)
=3 \/15 N { £ )M (22, 25)95C 5 + £ (1) [ Ma(@3, 23750 s HAs)a,

M (z, x3) :i—%w;ﬁ_(ﬁﬂﬂ, r3) + i—ﬁwf(mz, T3),

Mj(z2, x3) Z%ifiz(l‘z, r3) + %?M(iﬂm r3),

Lol 4 —
T,52(1172;-’173) =4 Ty,C ($2+$3}mh”’;w01
Wo
21‘2
- _ 3 _—(xza+x3)ma, fwo
¥y (22, 23) =—5-mj, e~ T/,
Wo
2T
—+ _&r3 3 _—(zatz3)my, /wo
%03 (372:333) ~ 3 My, € b,
0

1
— 2 _—(xotxg)ma, /w
771)4(372:333) _wgmhﬁe (z2tzs) b!’ D:
0

[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]
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[J.J.Han,Y.Li,Y.L.Shen,H.n.Li,Z.J. Xiao,F.S.Yu,
Eur.Phys.J.C 82(2022)8,686

A, — p form factors

3 _
proton (¥ r)og o) = 57 [ T] Thiate™ =™ o) Tk 0)] (2 (za)] 0
e =2

~1 _ - _
=8‘5/§N¢ {SlmPCﬁQ(N_FTS)T + Szmpcﬁa (N ']'5)1 + PIWLP(C’YS),SQNT
+ PEmP(C’m)ﬁnﬁ_ + I’E(CP),BQ(ET-‘_']’S)T + VE(CP).SQ (ﬁ_']’ﬁ)*y
2

+ Va_(C'YJ_).Sa (N*Tysyh)y + W—(C’u)ﬂa(N 157 )y + Vs oo (CA)ga(N ),
+Vegps mp 55 (C#)8a(N"15)y + A1(C5P)a(NT)y + A2(Cr5P)a(N7),

+ Aﬂﬂ((f’r&w)ﬁa(h’ Ty h)y + A4_(C'}’5’M)ﬂa(N Yt Asgp- ) - (Cr58)sa(N )y

+ Asg(c’m?)ﬂa(f‘? )y = T1(iCo1p)pa(N Y57 )y — Ta(iCoLp)sa(N 157" ),

- Ta (%Cﬂpz)ﬁa(N ts)y — T4 ('lc'ﬂzp)ﬂa (N"75)y — Ts—z('lc'tuz)ﬂa (NT775)y
- aﬂi(ﬂc o12)sa(N 57" )y + Ty =2 (CUJ_J_’)M(N Y50 )y

+ Ta?(CJlr)ﬁa(N V50 )7};

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

twist-3 twist-4 twist-5 twist-6
Vector Vi Vs, V3 V4, Vs Ve
Pseudo-vector Aq Ay, Az Ay, As Ag
Tensor T, T, 13, T Ty,T5,Tg Ts
Scalar S1 AY)
Pseudo-scalar Py P

[V.Braun, R.J.Fries, N.Mahnke, E.Stein, 2000]
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