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INTRODUCTION

» CPV is an intriguing topic of heavy flavor physics.

» CPV established in strange, beauty and charm meson decays in the past
60 years.
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> First observation of CPV in baryonic decays, arXiv:2503.16954.
Acp(A) = R(prTn )K™) = (5.4+£0.9+0.1)% 6.00

» Searching for other sources of CPV —— Baryonic B decays.




Why baryonic B decays ?

> B meson is heavy enough to allow a baryon-antibaryon pair production
in the final state.

» Baryonic B decays offer alternative robust ways to test the SM and
search for new physics, complementing searches with mesonic B

decays.

> At least two baryons with half-integer spin in the final state: more
plentiful CPV observations in the angular distribution.

> Not only direct CPV but also mixing induced CPV.
> First evidence (4.00) for CPV in B = ppK decays.

» Searching for CPV in baryonic B decays might mark a new milestone in
the discovery of CPV.



New phenomena in baryonic B decays:
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» Angular correlation puzzle £
> Status of baryonic B decays: :
Cheng(2005,2007,2009), ° 2
Huang, Hsiao, Wang, and Sun (2022), i}
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The Physics of the B Factories, o
Eur. Phys. J. C (2014) 74:3026. () B+ — ppK™* (Wei, 2008b)




» Theoretical progresses since 1990:

*  QOCD sum rule, Chernyak and Zhitnitsky (1990);

* Pole model, Jarfi et al. (1990), Cheng and Yang (2002);

* Diquark model, Ball and Dosch (1991), Chang and Hou(2002);
* 3P, model, Cheng et al., (2006,2009);

 PQCD, He, Li,Li, and Wang(2006);

* Topological Diagrammatic Approach, Chua (2014,2015,2022);
 Bag model+SU3, Geng, Liu, and Jin (2022);

3P0 model and chiral selection rule, Geng, Liu, and Jin (2023);
* SU(3) flavor symmetry, Hsiao(2023);

* Final state interactions, Geng, Liv, Jin, and Yu (2024,2025).



» Dynamics of B-meson baryonic decays are not well understood.

B(B~ = A Z%(~107%) > B(B" — pA)(~ 107%) > B(B" — pp)(~ 107%)
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Most of the previous theoretical predictions are not
trustworthy: for exa.mh)le, predictions based on the QCD
sum rule, the pole model and the diquark model are too
large compared to experiment. The most reliable predic-
tions are based on pQCD, which has been successfully
applied to B — A.p (He, Li, Li, and Wang, 2007). The
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The Physics of the B Factories, Eur. Phys. J. C (2014) 74:3026

» The quantitative analyses on the baryonic B decays based on the
QCD-inspired approaches are greatly required and urgent.




» However, baryonic B decays are more challenging for the
calculations based on QCD-inspired approaches|!

1) More complex dynamics
Baryons are made of three quarks, one more quark requires one
more gluon.

2) Baryon LCDAs are not well determined
A primary source of theoretical uncertainties.

3) Factorization assumption may not work well
The nonfactorizable internal W-emission is not necessarily color
suppressed, while the factorizable W-exchange and W annihilation
are expected to be helicity suppressed in baryonic B decays.
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Advantages IN PQCD

> Keeping the parton transverse momenta to avoid the endpoint
singularity.

» Large logarithmic corrections are organized to all orders by
Sudakov resummation.

» PQCD successfully predict CPV in B = nr, K decays.

» The PQCD approach had been applied to deal with the exclusive
heavy baryon decays more than a decade ago:

Hsiang-Nan Li, (1993), Sudakov suppression and the proton form factors;

H.H.Shih, S.C.Lee, Hsiang-Nan Li, (1998), The Ab - plv decay in PQCD;

H.H.Shih, S.C.Lee, Hsiang-Nan Li, (1999), Applicability of PQCD to Ab-> Acdecays
C.H.Chou, H.H.Shih, S.C.Lee, Hsiang-Nan Li, (2002), Ab-> AJ/ydecay in PQCD;

P.Guo, H.W.K, Yu-Ming Wang, et.al. (2007), Diquarks and semi-leptonic decay of Abin the
hybrid scheme;

X. G. He, T. Li, X. Q. Li, and Y. M. Wang,(2006), PQCD calculation for Ab = Ay in the
standard model

Cai-Dian Lv, Yu-Ming Wang, Hao Zou, (2009), Ab -> pm, pK decays in PQCD.




» Over the last three years:
Ay = p,ph,JIH, YL, HNL, YLS, ZJX, FSY, 2022-2025;
Ay = A, LY,JIH, QC, FSY, 2025;
Ab =y ACT[(K)’ AU/l/)r ¢r n, 77’), Z(Qb,]/l/)), Eb e EC,ZR,ZZT,YL,
2022-2025.

v' Establishing CPV in b-Baryon Decay.

v Nonfactorizable diagrams including internal W-emission
diagrams provide abundant sources of strong phase
required for direct CPV.

v" Many asymmetries in the angular distribution can be
evaluated reliably in PQCD.

» PQCD approach is powerful for predicting CPV in baryonic B
decays.



PQCD CALCULATIONS B — BB,

» The decay amplitudes are factorized into the convolution
of hard scattering kernels with the hadronic LCDAs

M) QHQ s &g,

which correspond to the four-fermion operators and four of which are
the spectator quarks in the final states.

» The hard kernels start at a? in the PQCD approach.

» Hadronic LCDAs are the necessary inputs in PQCD calculations.




Heavy hadronic LCDAs:

B-meson LCDAs:

B = e M)y (czsg n %wg - qsg))

dp = ¢z leading, ¢g = Pz — P subleading

» Heavy baryons LCDAs can be simplified in the heavy-quark
symmetry limit.
 P.Ball, V.M.Braun, E.Gardi (2008)
* A. Ali, C. Hambrock, and A. Y. Parkhomenko (2012)
* G.Bell, T.Feldmann, Yu-Ming Wang, M.W.Y.Yip (2013)
* A. Ali, C. Hambrock, A. Y. Parkhomenko, and W. Wang (2013)
V. M. Braun, S. E. Derkachov, and A. N. Manashov (2014)
* Yu-Ming Wang, Yue-Long Shen (2016)
» Based on heavy-quark symmetry, we can use the same LCDAs for

the baryon containing the charm quark and the bottom quark.
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FEYNMAN DIAGRAMS

> Internal W-emission diagrams (C) for the decay B~ — EJA7 (40)
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» Weak annihilation diagrams for b = u and penguin diagrams for
b — s transition suffer highly suppression.
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> We-exchange diagrams (E) for the decay B, — ALAZ (36)
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» B — A{ A7 proceeds through both the topological W-emission and
W-exchange diagrams.
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KINEMATICS:

» In the rest frame of B in the light-cone coordinates
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» The b and ¢ quarks are considered (k)
to be massive, while the masses of all
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light quarks are neglected.
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> The conservation laws z1+x2+x3=1, ki +kor +ksr =0,



NUMERICAL RESULTS

Invariant amplitudes M = (B.B.|Heps| BY = u[Hs + Hpyslv

Mode Type Amplitude OB OB o5 + ¢B
Hs 1.2x1077+483x 1077 20x10%+i3.2x10® 1.4 x10 7 +i4.0x 10°®
B —-=ZA, C Hp —78x 1077 4i4.9x107% —1.0x 10 ¥ +il.5 x 10°% —1.8 x 10 ¥ 4+ i6.4 x 10 ®
|M|(GeV) 3.7x 1077 1.3 x 1077 4.8 x 1077
Hs 4.8%x1077 —il.1x10°% 50x10 2486 x 1077 9.8x10 % —i2.4x10?
B - AfA; E Hp —9.6x107"4+i1.9x107° 58x10?—43.0x10? 4.8 x10 ? +4il.6 x 10~ ®
|M|(GeV) 1.1 x10°"7 4.5 x 10°® 9.5 x107°®
Hs 78%x 1077 +46.1 x 1077 1.0x 107" +4i1.7 x107? 7.9x 107 +47.8 x 107?
B - AfA; C+E Hp

—25x107% +i1.5x 1072 =28 x 1072 +i2.3 x 1072 =53 x 1072 + 3.8 x 107?
|M|(GeV) 3.0x1078 2.0x 1078 4.5 %1078

» 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.




» Magnitude of amplitude | M| (GeV) from various twist combinations of the baryon
and antibaryon LCDA:s.

T wist-2 Twist-3 Twist-4

B — =2AC

Twist-2 3.5 < 107% 1.7 x 1077 9.6 <x 108
Twist-3 1.4 < 1077 1.9 < 1077 1.4 < 107
Twist-4 1.1 < 10 7 2.0 < 10 7 1.6 < 10~
BY — AT AZ

Twist-2 3.2 < 10— ° (0] 1.5 < 107
Twist-3 o 1.5 < 10— 7 O
Twist-4 5.8 < 10— % 0 1.5 < 10 %
B° — AT AZ

Twist-2 5.0 < 10 2 2.6 <x 10 % 4.1 <x 10 ®
Twist-3 2.1 < 107% 5.0 x 1078 1.5 < 108
Twist-4 2.4 < 1072 3.0 x 1078 2.4 < 108

» Higher-twist baryon LCDAs give significant contributions to the decay amplitudes
due to the endpoint enhancement behaviors caused by the higher-twist baryon
LCDA:s.

> 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.




Branching ratios B— LT = BB om0, o) Qi = M?— (mtm)?

SmwM?2 IrM

m--m- U3) | Daa
— ZO0A, [9.5739r28+17412 %« 107* 7.8%33x107* (9.5+23)x107*

ﬁ > EFAD [8.8327120% 15 x 107 7.2%35 x107*  (12+8) x 107
BY - AYA7 14.0137402409410 x 1075 8.1%}Ix 107° <9.9x%x107°
IR

X107° 2133 x10°° <1.6x107°

ey = +4.4+
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» Theoretical uncertainties: B meson LCDAs, charmed baryon LCDAs,
the scale dependence, and the Sudakov resummation.

» The branching ratios suffer large theoretical uncertainties from the
nonperturbative LCDA:s.

» 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.




How to understand the measurements of BR(B — A} A7) and BR(B~ — E%A7)?

» In SU(3) limit and without the E amplitude, one has,
BR(B — AYAD) ~ (Vog/Vis)? Tgo/T5-BR(B™ — EOA7)= (4.7 + 1.1) X 1075,
> Deviation from the experimental upper limit of 1.6 X 10> by around 30.
» By considering the E and assuming Arg (g) = 11, the SU(3) approach gives
BR(B — AtA7) = 21552 x 107°
» In our calculations, the SU(3) breaking effect is taken into account.

Amplitude C E 1£] Arg(E/C)
Hs 10X 10784475 %1077 —23%x1072+43.0x 107" 0.18  2.37
Hp 41x1077 4374 x 1077 —11x1077 —i3.7x 1077 044  2.34

» PQCD predictions:
BR(B — AfA7) = 4.5 x 107°  without SU(3) breaking and without E
BR(B — AfA;) = 1.4 x 107> with SU(3) breaking (mp_, f3_, LCDAs)
BR(B — AfAZ) =88 x 107%  with SU(3) breaking and E
» The significant SU(3) breaking effect can also explain why our value is lower
than the SU(3) one by a factor 2.
» A large SU(3) breaking effect is also found by Geng et al.
r(B° - =¥E,)

— = 1.4% 5.3% 1n the exact SU(3)!
[(Bs > AfA)




Asymmetry parameters
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Hy = 55(\/Q1Hs ¥ \/Q-Hp)
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— . T 10.1010.12+0.0510.01
BT — ZcA7 —0.015075 055 0'14—0.01
=0 A r— 5+0.0540.0340.05+0.01
Bs = ATAZ —0.0375 04 0704 0.03-0.00
0 A+ — 1 ~+0.084+0.08+0.03+0.02
B — AZA. 017508 005018001

-0 99~|»0.Ol+0.09+0.00+0.00
. —0.00—-0.01—-0.00-0.00
—0 5.-‘—,—|—O‘0‘2—&—0‘024—0‘00—&—0.05
=1 —0.03—-0.02—0.02—-0.05
—0 9.T+[l.()4+(l06+0.02+0.02
. —0.03—-0.00—0.02—-0.01

-0 0-(-,~|»O‘DT+O.38+[J.04+0.OT
' —0.06—0.13—-0.05-0.08
—0 89—|—U.U$—|—U.U2—|—U‘UI+U.U4
-~ —-0.01—-0.01—-0.00—-0.03
-0 15~|»0‘17+O.54+D.l4+0.09
-+~ —-0.14-0.16—0.11-0.11

» The most important source of the theoretical errors is the charmed

baryon LCDAs.

» Any significant reduction of the error requires more accurate
information on the charmed baryon LCDAs.

> FSls gives y (B2 - AYA7) > 0.8 by considering the LD contributions.
Future experiments will tell us whether this process is
dominated by the SD or LD contributions.




SUMMARY

>

>

The QCD dynamics of baryonic B decay processes are more complicated than those of
mesonic ones and poorly understood theoretically.

We have made a first step to calculate the two-body doubly charmed baryonic B decays in
PQCD.

Some higher-power corrections arise from the nonperturbative hadronic LCDAs are taken
into account in our numerical analysis.

Branching ratios and asymmetry parameters are obtained and compared with other
predictions and data.

The accuracy of the theoretical predictions can be systematically improved once the
charmed baryon LCDAs are available in the future.

The SU(3) breaking effects are crucial in explaining the measured branching ratios of
BR(B — AfA7) and BR(B~ — E2A7).

PQCD is a powerful tool to analyze the baryonic B decays. The applications of the PQCD
formalism extension to other baryonic B decays are in progress. We will focus on the CPV
in these decays.

Thank you for attention!
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4.5 x 10~°(In SU(3) limit)

— 3.2 X 107> (breaking from mass)

— 2.1 X 107°>(from mass and decay constant)

— 1.4 X 10~°>(from mass and decay constant and LCDAs)
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