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Introductions and Motivations

Sakharov conditions for Baryogenesis:
@ Baryon number violation
@ C and CP violation

@ Out of thermal equilibrium

CPV is also important in:
@ Test SM and understanding of strong dynamics

@ Search for new physics

CPV was well established in the meson system, so what about for
baryon system?
However, CPV never established in baryon decays:

@ For b-baryon decays: PQCD, QCDF?

[Lu, Wang, Zou, Ali, Kramer, 2009], [Zhou...2022], -
@ For charm baryon? [Yu,Han,Li,FSY,HnLi...2024], [Hong-Wei Ke...,2019]

@ mp ~ 4.2 GeV
e m.~ 1.3 GeV
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Test the unitarity of CKM
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Introductions and Motivations

Experimental side:

Processes Branching Ratio Decay Parameter o
Af — A0+ (1.30 £ 0.07)% —0.84 £0.09
A — X+q0 (1.25 £ 0.10)% —0.55 £0.11
AF — X0x+ (1.29 £ 0.07)% —0.73 £0.18
A — pK? (1.59 +0.08)% 0.2+0.5
AT — ¥ty (4442.0) x 1073
A — Xy (1.5 4+ 0.6)%

AP = 2K+ | (554£0.7) x 1073

AF — pr® < 8x 107"

A —pn (1.424£0.12) x 1073

AF —pn | (4.73£0.98) x 1074
AF — A°K* | (6.1£1.2)x 1074
AF = XK | (5.24+£0.8) x 1074
Af = nxt | (0.66+£0.13) x 103

e BESIII Belle Il and LHCb

Processes Branching Ratio Decay Parameter o
AP — A%t (4.06 £0.52)% —0.763 £ 0.070
A7 — XY < 1.7%

AP — pK*° (1.96 £0.27)%
AP - Ytw (1.70 £0.21)%
AF - Xt (3.94+0.6) x 1072
AF = STK*0 | (354+1.0)x1073
A — po (1.06 &£ 0.14) x 1073
AT — pw (8.3+£1.1) x 107

Af - At

At > AKY

Ab - SOkt

=0 = Ar

Af > pKtK~
AL - prtn™

Ear = —r
Ec o pK™m

A%p = —0.07 £ 0.19 £ 0.24
A% =0.021 + 0.026 + 0.001
A%p = —0.023 £ 0.086 + 0.071
A% = 0.025 + 0.054 + 0.004

Afp =0.08 £0.35+0.14

%p = 0.024 + 0.052 + 0.014

FOCUS,PLB (2006)

Belle, Sci.Bull. (2023)

Belle, PRL (2021)

AZE(NE = pKYK™) — AZT (A —» pretr)
= (0.30 + 0.91 + 0.61)%

NO CP violation

LHCb, JHEP (2018)

LHCb, EPIC (2020)
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Introductions and Motivations

Theoretical side: non-perturbative effects
@ No theoretical calculation based on the first principle

o 1/mC expansion is not well under control: D mixing, lifetimes...

Some theoretical studies:
@ Global analysis based on SU(3) flavor symmetry

» Lots of inspiration when there are no dynamics
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» The CP asymmetries is difficult to predict since no information on penguins

» Refs: [Lu, Wang, Yu 2009],[Geng,Liu...2018,2020,2024],[Xu, Cheng...2024],[Wang..2024]..

@ Dynamical model calculation

» Pole model, current algebra, quark model...

> Refs: [Xu,Cheng...2018,2020],[Zeng,Xu..2024]...

No any numerical prediction on CPV of charm-baryon decays
@ Final state interactions may provide a picture

@ Clear strong phase sources



Final state interactions

Ali = f) = Z {(FIU(+00,0)|5) (j[Huwl|t)
i

Hai Yang Cheng... 2005,2010

The natural physical picture of the long-distance nonperturbative contribution
Some successful applications:

@ Data-driven prediction for D — 777~ /KTK~ meson CPV

@ Discovery Potentials of Doubly Charmed Baryons

It deserves to develop the rescattering mechanism to study CPV of charmed baryons

VesVie K0
D" gtz- KK
\_/ \/ 2
C

VeaVia OrrsKK Bediaga, Frederico, Magalhaes, PRL2023 Yu, Jiang, Li, Lu, Wang, Zhao,2016 S



Final state interactions

Topological diagrams:

@ T diagram is naive factorized

@ The other diagrams receive large
non-factorizable contribution

v" Short-distance

(1 dynamics
v" Long-distance “

» Large branching ratios for
some channel without T diagrams
» Power rules from SCET with

|C]| |E] Aqcp
71 0C] ™ e
decay mode | topology | experiment(%) | Short-distance

c , d,s
:g% . \ .c
C E1

Kt ¢
At = po C 0.106 + 0.014 | 1.92x 10~¢ — A} K+
AO
o Exp: BR(AT — po) = (1.06 +0.14) x 103 g
quark exchange hadronic triangle

Hence, these non-factorization parts must be included in order to predict BR and CPV of
charm baryon decays. FSls can be useful! 5



Final state interactions

Calculating long distance contributions:

@ Conventional method: optical theorem + Cutkosky cutting rule

€ H.Y.Cheng, C. K. Chua and A. Soni, Phys. Rev. D 71, 014030 (2005)........

E m? — A?
5 p? — A?

1 d*py
) > f 27)32
{P1 P>} (ﬂ-) 2

d*po

(2W)32E2

F*(B-}P.q: — {P]_P_?})

@ It is not successful since strong parameter dependence

A= my, + nAQCD

(2m)*0%(ps + ps — p1 — p2)

decay mode | Topology diagram | Experiment(%) | Short-distance n
A - Xt E, 0.39 + 0.06 - 6.5
A - pw C,C',E\,E; B 0.09 + 0.04 2.83x107° 0.60

@ Only a part of the imaginary contribution is included, and the real part might be

remarkable

]
E m? — A2
E pZ_AZ

T

N

* Off-shell effects

* Lost contribution



Final state interactions
Calculating long distance contributions by complete loop integral:

¢

d*k _ K"

M(P, Bs; P| = — 19BBP * gvPPU(pa, $4)75(P, + m2)(A + Bys)u(p, s) .
(2m) A¢ Kt A=my +1nhgep
]:'

s A3 + k - _ — 0
=u(Py: Aa)(py + k)" (p? —m7 +ie)(ps — m3 + ie) (k2 — mi +ie) A P
_ _ - A2 — ml A3 — fmg

@ Weak vertex is treated under naive factorization F = AT p2 AZ—p2 )7

@ Only T topological contribution is considered

) ) i o ' '
for short distance contribution To regulate possible divergence

_ _ Introducing a parameter
@ Strong scatterings are treated through effective &aPp

Interaction at hadron level
@ The s-channel re-scattering contributions are ignored in our calculation

We obtained the complete amplitude with real and imaginary parts

(0., 0., ~1.57956 x 1077 + 6.40596x 108 i} {4.65132x1077 + 1.10998x 1054, 0,, 0.} ) > Large branching ratios is given (0.9 +0.3) x 107

0., —1.00635x 1076 + 1.46048 x 1077 i, 0.} {0., 0., 456956 x 10~ — 2.83047 x 107 i} for AL — p¢ which is consistent with exp.
» Remarkable real part of amplitudes,
[C.P.Jia, H.Y.Jiang, JPWang, F.S.Yu, 2408.14959] hence more reasonable strong phases are achieved
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Our results for AT — BgV
Branching ratios with model parameter = 0.6 & 0.1:

2¢ I: The branching ratio of AT — BgV processes with n = 0.6 +=0.1.

Decay modes Topology BRsp (%) BR1p(%) BRiot (%) BRexp(%)
AF 5 AT T,C'. E», B 6.12 2.30%1-2% 6.2617 14 4.06 +0.52

+ + 0 . +1.38

@ Only pseudo-scalar meson octet, Ac = x7p" OBy, B - - 0772053 <17

AF 5 Thw C',E» B — — 2.0619-28 1.74+0.21

vector meson octet, baryon octet b
and decuplet are included in Al X' i i . 08350 0392006

u inclu i _

P _ ) A} — pK*° C, E 3.26 x 1072 3.767137 3.701 35 1.96 +0.27

the re-scattering amplitudes. AT s ZOR B B B B 1.94H0-10

1.68 -

Decay modes Topology ~ BRsp(x107?) BRip(x10™?%) BRiot(x107%) BRuxp(x107%)

@ Only one parameter explains all

the 8 experimental data! A S AKT T.C' BB 502 9787128 Lo -
.. . . e + 0 g%+ ’ _ _ +0.89 .
e Prediction power is significant once Ad = 2K ¢, B B 1.60%5 )
s Al = BT K C', E — - 2101437 3.54+1.0
parameter 7 is fitted. K i, "y 0 8¢
AY = po C 1.78 x 10 1.44%) 14 1.37+H0 18 1.06 +0.14
@ The successful applications for BRs largely AY Spw  C,CLEyEs,B 148x10°%  1.28+048 1261045 0.8340.11
boost our confidence to predict CP asymmetries A} —»p° €, C,E, E,B 181x10°% 279715 2.721 157 —
A s npt  T,C' E»,B 7.14 8501557 26391 157! —
Decay modes Topology ~ BRsp(x10™*) BRLp(x10™") BRyot(x10™%) BRaxp
Af = pK*© c,c’ 928 x 1071 0.531381 0.5515 %% —
) ) A s nK*T T, 3.66 0.4411-6 5.081T1-95 —
[C.P.Jia, H.Y.Jiang, JPWang, F.S.Yu, 2408.14959] 0.30 0.66
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Our results for AT — BgV

Asymmetry parameters with model parameter n = 0.6 4= 0.1:

@ Asymmetry parameters are sensitive

Z¢ II: The decay asymmetry parameters of A} — BgV processes

with 7 = 0.6 £ 0.1.

to strong phases, and therefore are Decay modes o B ¥ Pr,

powerful to test different dynamical models. (A = A%" —0.30%5%  —0.6755 5 0.3045.19 ~0.58755% |

AF — E+p° —0.827501  —0.54300, 0.74%572 —0.66757g

Ly Tl [ . [, [ [H, | HEE | [ AY - Ttw 0.8570002 0.58*0-12, 327117 0.81+0 02

I N A A ! AN A Ac—X7¢ —0.11%5:55” 0475510 2.124006 0.08£503

A — pK™” 0.155%5 0.735532 31515765 0.29%015

A N L A L A AY 5 BE'K 0428005 —0.03%500 1.5610:03 —0.08%5:75

T R R R AY 5 K —0TEGgs 0390035 15405 —0.625533

AF = XK+ —0.037502 0.3175 02 2.2110-35 0.08%003

[P.C.Hong et al Chinese Phys. C 47 053101] Af = BTK* 0.0715 564 0.401503 1.52+008 0.2015:07

a = —0.58; AL — po —0.11%556,  —0.1655757 5987077 —0.12X5701

+ Epemen! éta 5 _oas SR R T

for AZ = Ao are i owt ommaE  _omaM  ommm _omrhs

well consistent with Yy = 0.63; AL —np —0.95T5 001 —0.61755; 0.36Z¢ 01 —0.70%47og

P, = —0.76 + 0.07; AZ — pK*” 0.45757% —0.271578 9.8713 61 0.39757%

our results
BSEIII,2022 JHEP

AF = nK*+

—0.89+022

—0.834037

0.34
1.04757%

—0.86+0:2

[C.P.Jia, H.Y.Jiang, JPWang, F.S.Yu, 2408.14959] 10



Our results for AT — BgV
Asymmetry parameters with model parameter » = 0.6 = 0.1:

@ The parameters dependence is largely suppressed for asymmetry parameters since they are
defined by ratios, which can be seen directly from the comparison of BR and o, 3,7, P,

Af —pp’ A? —pp’
.......... " p——m—mm—mm——————————————
4.5;' [ _— a
g 3t —_— P
4'02 —— This work };’ i t
N P}
< 3.5F £ i
S : a 2:
x 3.0F 2
4 : > 1
aa 25k 8 i
i o [
2.0 OF _
Lsk—" . Y S :
0.50 055 0.60 065 0.70 0.50 0.55 0.60 0.65 0.70
n [C.P.Jia, H.Y.Jiang, JPWang, F.S.Yu, 2408.14959] n

@ The stable CP asymmetries predictions are expected since they are also defined by some

ratios
11



CP violation
Key point: strong and weak phases difference

0
= p ot p° " p o p
V“"'V;: A: m* p* n n
n n n
P " P p° p°
. a0 0
K+ P K*+ P K+ p K*+ p
Vusv(v A7 K* K 2o 370
0 0 i\
A S i\ D A pO po
CPV can be easily obtained within the rescattering mechanism
Ay Ay+ A A, [C.P.Jia, HY.Jiang, JPWang, F.S.Yu, 2408.14959]

@ Strong phases are obtained through re-scattering mechanism easily
@ Weak phases are obtained by CKM matrix
12



Our results for AT — BgV

CP asymmetries with model parameter n = 0.6 & 0.1:
. I'-T o+ a B+ =7 P, — P
dlr — T — ’ _;' ) — —_’ ; = —’ PJ : y — — .
cPETIT acp = —— Ber 55 Tor =5 LCP = B P,

TABLE V: The C'P asymmetries(x10™*) of A7 — BgV processes with n = 0.6 &+ 0.1.

Decay modes Ad;if: acp Bep YCP Prcp
AT — AOK=t 089020 0847082 912100 611040 1071077
Af - 2OK*t 2287092 37511822 9551202 1 00t 0691225
AF —» 2tKE=0 1991080 5511000 951002 0641008 1647028
AY = pw 4557036 19617892 —14.80-030 8327028 216700
Ar = pp° 3.7310.95 (487051 9 ggt009 934090 g 774020
AF = npt ~1.45792 017932 186t3l 1217000 1 081071

CP asymmetry is propotional to sine of weak phase  [C.PJia, HY.Jiang, JPWang, F.S.Yu, 2408.14959]

. Im(A5Ag) Im(A*Ay) Im(V,4)
Adll‘ ~ 9 d d . Ad — t H(Ved) - —4
PR TETINE e AP O et [ R (Ve | 610
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Our results for AT — BgV
CP asymmetries with model parameter n = 0.6 £0.1:

Branching fractions CP violations
AY —>pp” A(Jf — ppO
T r . 5 et :
_
:; 3 — ditCP ]
X E
E 2k —_— aCP ]
~ ]
. o-///-:
By - ]
O _1f — P;CE ]
050 055 0.60 0.63 0.70 050 0.55 0.60 0.65 070
T N

@ The decay asymmetries and CPV are insensitive to 1, whose dependences are mostly
cancelled by the ratios
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Summary

o Final-State-Interaction (FSI) is a physical picture of long-distance effect.

@ Improved FSI method is develop to successfully study charm-baryon decays
@ Using only one parameter, it could explain almost all the experimental data.
@ It has reasonable strong phases, thus can predict CP violation.

@ Theoretical uncertainties can be lowered down in the decay asymmetries and CPV by the
ratios.

@ The applications for b-baryon CP violation are promised and on going

Thank you very much!
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Back up

@ Weak vertex and amplitude
(BsM |Heps| Be)gpy =
(BsM |Heps| Besp =

@ Strong effective Lagr-angian

Lypp =

GF

\/_V* Vagar (1) (M |ay* (1 — v5)q| 0) {Bs |77, (1 — vs)¢| Be) |

GFr

\/EVEQ Vg (1) (M [ay* (1 = 75)q| 0) (Bg |77, (1 — 75)¢| Be)

ot pr [V [P, 9, P]

V2

Lyyy =

Weee o (9, V,VH — V,0,VH) V7]

V2

ﬁ VVP —

4"}”“’P BTy [9,V,0,VaP)
. |

Lissp = V2DTr [Bsivys { P, Bs}| + V2FTr [Bsivs [P, Bs]]
E’BSBSV = \/ﬁD!TT [Bg’yﬂ {V”? Bg}‘] + \/§F’TT [Bg";’# [V‘u, BSH
—V2(D' — F'\T'r(Bgy,Bs)TrV*
}:BmBgP - iﬂﬂjk(gﬁ)f (Bm)fmi?“ﬁ_il

ﬁBmBﬁV = —1

T

.9pNA

[(31{})”’?’5’?“138 + B&a"r"ﬁ’?y(Bln)” } (a,upv - 5;;:0#)

m P
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