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Outline

- Introduction of CPV of charmed hadrons

- Final-State-Interaction (FSI)
- FSl triangle diagrams

. FSI Nx rescatterings

- Summary
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- Introduction of CPV of charmed hadrons



CP violation

» CP violation is a necessary condition for matter-antimatter
asymmetry of the Universe

* CPV: SM < matter-antimatter asymmetry. e ep——
=> new source of CPV, new physics

* CPV In baryons

* The visible universe is mainly made of baryons.

4 Fu-Sheng Yu



First observations of CPV in
charm and baryon systems

1956 1964 2001 2025
Parity violation Strange mesons: Beauty mesons:

T. D. Lee, CP violation in K° CP violation in B°
C. N. Yang, decays decays
C.S.Wuetal. J. W. Cronin, BaBar and Belle

V. L. Fitch et al. collaborations

Beauty baryons:

CP violationin Ag
decays
LHCDb collaboration

S~

1963 1973 2019

Cabibbo Mixing The CKM matrix Charm mesons:
N. Cabibbo M. Kobayashi, CP violation in D°
T. Maskawa decays

LHCDb collaboration

v



Next card to be turned
CPV of charmed baryon?

meson
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from S.QOlsen

Dynamics @ charm scale

v Large non-perturbative / long-distance
contributions in charmed hadron
decays

v" It is usually challenging in theory



AAgp=Ap(D° > KTK™) — Aep(D° - nt77)

AAqp (X1077)

- F— Theory
: CC o LLY e+ Experiment
O -
! = I I I { x
_5 -
—10 -

2011 2012 2013 2014 2016 2019

Saur, FSY, Sci.Bull.2020

Th: the only predictions of O(10-3)

CC: topological approach + QCDF
Cheng, Chiang, 2012

LLY: factorization-assisted topology (FAT)
Li, Lu, FSY, 2012

Exp: LHCb, PRL122, 211803 (2019)

Long-distance dynamics are
included in topological diagrams



Implications of AA

AD’ — KTK™) = AT + 3PEE AD® = nr707) = NT™ + WP,

PKK - prT
AAcp = —2rsinvy ( TREK Sin o™ T sin 0 ) r=|\y/Aas)

2rsiny = 1.5 x 1072
AAqp = (—1.54+£0.29)x 1073

PKK 7)7r7r
* ( TRE sin 088 4 T Siném) ~ 1

v" Charm is different from bottom See H.Y.Cheng’s talk

|P/T|charm ~ O(]‘) U.s. |P/T|bottom i O(O]‘)

9



Outline

- Final-State-Interaction (FSI)



Final-state interactions (FSI)

. Quark loops: d & s quark in the loops by tree operators
- They can be generated by the long-distance final-state interactions
. They are larger than contributions from penguin operators, a; ~ 1 > a, ¢~ 0.1

o k )
:_ - ]\ > /\ P "‘]
AN i | - >
k ;[ o g ' Py
“ ;' : J Dz r
C J vV jl
— > — i .
. N = = * = R p: D.Wang, 2111.11201
’ ‘ | ‘ . ' . | ll. '
|| ‘Il || | ’ J l, ’ >
- E »/ < - <= | o
; P l : L(P) : A(D;, P, P}, V], Pl, P;)

. CPV generated by interference between d-quark loop and s-quark loop

_|_

+ — 7" K+ —
vey 2 o4 vEy, P ke PIT| ~ 1
cd ud ‘ P cs ' Us ’ " ‘ |

71- > ]Z'_ K_ > ]Z'_
11



Final-state interactions (FSI)

A = 812 A
/ N\

Long-time long-distance Short-time short-distance
strong interaction weak interaction
(f I Hwli) f\@ (a|Hw|7)

g

€ L. Wolfenstein, Phys. Rev. D 43, 151 (1991).

 Extensively studied in heavy flavor physics
12 Fu-Sheng Yu
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FSI for prediction on discovery of =

- FSI mechanism have been successfully used to predict the discovery channel of
=t (K'Y - ) AfK rtrt [FSY, Jiang, Li, Lu, Wang, Zhao, ’17]

P , - ﬁ‘\\\\
. N > 1\ *()
. K*Y P
>S< > i ,
~ - : * s > t K *E

=k — X —(N+

—C >

V-

\ Topology: C quark exchange hadronic triangle J

Discovery Potentials of Doubly Charmed Baryons

Fu-Sheng Yul’Q,ﬂ Hua-Yu Jiang'?, Run-Hui Li®, arXiv: 1703.09086 A
i-Dian Lii*®,T Wei 6.1 and Zhen-Xing Zhao® : :
Cai-Dian Lii fWel Wang fand en-Xing Zhao o arX|V ‘E70701621

=+t7nT are the most favorable decay modes

| 3600 300
m_ (55 [MeV/c?]




FSI for CPV of charmed meson

- Resonant contributions for charm CPV

DO
- But lack of enough information on the resonances fo(1790)
Soni, '19; Schacht, Soni, 22
- Rescattering mechanism for charm CPV VeVt
- Data-driven extraction of magnitudes and phases of /\

+-—  KTK~

/\

0
D™ 7
VeV

Oirﬂ'—> KK

the 7wt — KK scatterings at the D" mass energy

Bediaga, Frederico, Magalhaes, ’23; Pich, Solomonidi, Silva, ‘23

14
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FSI for CPV of charmed baryon

diagrams

- Global fit for the long-distance penguin topological | f—@j L. Q—<
BC@ i : @ g B B B8

B 8

Aqp(E? > pK™) = — (1.48 +0.25 £ 0.12) X 107 B R .
Aqp(EY > Ttr7) = (1.77 £ 0.25 £0.14) x 1073 |

X.G.He, C.W.Liu, 2404.19166, 2506.19005 — . :
[/ ’ /4
G B

Acp(Ae = pr®) = —(0.8 £0.3) x 1072,  Acp(A. — pn') = (1.4+£0.1) x 1077, ' o
Acp(Z2 = X)) = (1.2£0.2) x 1072, Agp(EF - 1) = (1.24£0.2) x 107°.

H.Y.Cheng, F.Xu, H.Zhong, 2505.0750
See H.Y.Cheng’s and C.W.Liu’s talks

15



First experimental confirmation of FSI

I | 1 ) 1 1 I 1 | 1 ) | l 1 1 1 | 1 I | | 1 1 | ] 1 | | | | I | | 1 1 I
b 7] - —— Data -

I - = = Fix parameters
150

- () - Fitl
- F1t2/Fit3
- Background

K*(1430)° .1 g
R;J"

>
_|_
-]
2
+ s“‘~
: <
| ST
S
_|_
Events / 10 (MeV/c?)
3
|
I

d ;/] 1 1 | |
0 1111111111111111111
0.7 0.8 0.9 1 1.1 1.2 1.3
M(w'm) (GeV/c?)
Aa — (1 =+ CAloop)Pa
C| = 0.113 & 0.0156a¢. & 0.048ys:. BESIII, 2505.12086
Fit1: pole position of the a0(980) is 107MeV higher than KK threshold See L.Y.Dong’s talk
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Outline

- FSl triangle diagrams



Our work on FSI triangle diagrams

p 0
* . . p . p " p
Vuchd fic m 1p¥ I n
n n n n
P p p? L
0 0
K+ . K*t £ K+ p K + P
VoVt m—< |kt T g -
0 0 0 A°
A D A . A po po
Ay Ay+ A A

Dynamical predictions on CPV for modes without much data, such as A™ — %V

18



Loop Integrals of triangle diagrams

» Conventional method: optical theorem + Cutkosky cutting rule

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

. Abs| M (P; — P3P;)] A =my +1Nlgcp
E dgpl dgp2 4
: 2 __ A2 — 2 54 . o
\: p*—A {P1 Py}
E - M(P — {Png})T (P3P4—) {Plpg})

*Only imaginary part, hard for CPV

» Improving method: Loop integral

- Complete amplitudes with both real and
- — ¢ iImaginary parts

A — K A =my +1hqcp *Non-trivial strong phases

P - Suitable for CPV and decay asymmetries

19



Branching
Fractions

Only one parameter
explains all the 9
experimental data!

TABLE III: The branching ratio of AY — BgV processes with n = 0.6 +0.1.

Decay modes  Topology BRsp (%) BR1p (%) BRiot (%) BRexp (%)
AF - A%t T,C',E,,B 6.12 2.3011 55 6.26724%  4.06 &+ 0.52
A 5%t  C'E, B - —~ 0.77 525 < 1.7
Af -¥tw  C' E,B - - 2.0619-70 1.74+0.21
AF -5 2t E; - - 0.3317095  0.3940.06
A — pK*O C, E; 3.26 x 1073 3.767337 3.70"3 % 1.96 + 0.27

A — 20K+t E,,B - - 1.9479-68 -

Decay modes Topology  BRsp(x1073) BRLp(X107°) BRiot(X1073) BRexp(x1079)

At - A°K*+  T,C',E,,B 2.92 2.7811-28 4.7115:38 —

A}Y = S°K*+ ' E,, B — — 1.6010 55 -

Af — K0 C', E; - - 2.101537 3.5+ 1.0
A — po C 1.78 x 1073 1.447% L% 1.37 5 68 1.06 & 0.14
AY 5> pw C,C' Ey,Ey,B 148 x107%  1.2870:4¢ 1.2679-32 0.834+0.11
Af —-pp® C,C',E\,E,,B 181x107%  2.79+159 2.721157 1.52 4 0.44

Decay modes  Topology  BRsp(x10™%) BRrp(x107%) BRio:(x10™%) BRexp
At — pK*O C,C" 9.28 x 107*  0.53+3:67 0.5515°%3 -

AY = nK*t T,C' 3.66 0.441384 5.0875 60 -

20

C.P.Jia, H.Y.Jiang, J.P.Wang, FSY, 2408.14959



Dependence on parameter 7

- The decay asymmetries and CPV are insensitive to 77, whose dependences are
mostly cancelled by the ratios

Af = pp”

Branching fractions

Of —— This work

st

of

st

O.;50. — IOISS. — .0.l60- — .Ol65. .. .0.170
n

decay asymmetry

2 2
H, .| —|H 1
1,1 ~1,—1
Q= 2 2
H, 1 1
1,3 T —1,—3

IIIIIIIIIIIIIIIIIII

21

CP asymmetry(x10~4)
N

Acp =

=1

I —
'+




CP violation

Adir _F—F a(vl):a_'_& ,BCI):B—I_é ’7(’]7:7—7 P Cv]):PL—€L
cr=ryr T a-a TP B-p T awy MY T PR

TABLE V: The CP asymmetries(x10~%) of AT — BgV processes with n = 0.6 & 0.1

Decay modes A3, acop Bep YcP Prcp
A — A°K*T 0.89T0e  —0.847097 —2.12Fg5  0.61703)  —1.071%7%
Af - XOK*T 228702 13.7575%7° 2557578 —1.007055  0.6978%
Af - STK*0 —1.997032)  551F097 09570958 0.64700:  1.64707%
AF = pw 4557090 19.611592 —14.80"%50 8.3219%° —2.16799
AP —pe® 37305 048%ggs  288T07  —1.23Tg3  L77Igos
Af = npt  —145102  0.017387 18677100 —1.21%550  1.0815:74

22 C.P.Jia, H.Y.Jiang, J.P.Wang, FSY, 2408.14959



Outline

. FSI Nx rescatterings



Multi-body decays

Current most precise measurement of CPV of charmed baryon decays:

Acp(A, = pKTKT) —App(A, = prtn)=3.0£9.1+£6.1)x 107 LHCb, ’18

=7 — pK~n7: no CPV LHCDb, ’20

A" - prntr”

80
370

* The above three-body decays have

large data samples at LHCDb Mesonic
resonant

states

*First observation of baryonic CPV is

four-body decays, Ag — pK n'rn
LHCb, 2503.16954

*How can we predict CPV of multi-body decays? Baryonic resonant N* states

24 Fu-Sheng Yu



Multi-body decays of Ab,c

*Advantage: more resonances, more chances for large CPV

‘Disadvantage: Too many resonances, and with large uncertainties

N(1700) BREIT-WIGNER MASS 1650 to 1800 (=~ 1720) MeV
N(1700) BREIT-WIGNER WIDTH 100 to 300 (=~ 200) MeV
N(1710) BREIT-WIGNER MASS 1680 to 1740 (= 1710) MeV
N(1710) BREIT-WIGNER WIDTH 80 to 200 (~ 140) MeV
N(1720) BREIT-WIGNER MASS 1680 to 1750 (=~ 1720) MeV

N(1720) BREIT-WIGNER WIDTH 150 to 400 (=~ 250) MeV

Close to each other, with large decay widths. No clear dominant one.

25 Fu-Sheng Yu



Kaon Photoproduction

Eta Photoproduction

Eta-Prime Photoproduction
Pion-Deuteron (elastic)
Pion-Deuteron to Proton+Proton

Nr scatterings
Nrr — Nr

mail message).

All programs expect energies in MeV units. All of the soluti
Some are unstable beyond their upper energy limits. Extrapc
Increments: The programs will not allow an arbitrary numt

WCM = 1100.0[ 25.0] 2500.0 MeV

P >I< I | f N 't't 6/5/24 7t-N S/ 5/2: 1t-N
N* usually from Nx scatterings o, T v, T S
=t = | .
' ' Fhaphiil
= | | Wyl [} g,
‘Data from SAID m | |
dla 1o rogra = = I
E I =l
https://gwdac.phys.gwu.edu/ 2 £l
I }
| = | = | by b gt
Q) L 1| ' L 3N N l 1
Co S ) INS DAC Services [SAID Program]| o2 | oz F |¥ TH'”” T A B T
GW ‘m’ -0.32 0.11 i, * ; . : W
() WCM = 11000 25.0] 2500.0 MeV WCM = 110000 35.0] 2500.0 MeV
— Data Analysis Center — . 1T\Ihe SfAIt]l)1 Partial;)Wave ﬁga;leSiij Faleilligy is based
: . » New features are being added and will first appear
Institute for Nuclear Studies Abyeers el 6/ 5/24 mt-N 6/5/24 m-N
THE GEORGE WASHINGTON UNIVERSITY 035 - - ; T1 0.68 ; : .
WASHINGTON, D -3 N
| SHINGTON, DC Fl‘ - P13 XX i x}lﬁlexg*x’ﬂxﬁx i Fli i
INS DAC Home =N ’XXX TX—L’X’ I = |
» INS DAC [SAID] = i mex R =
INS Home Instructions for Using the Partial-Wave Analyses - ) RRXHXX XXX s -
Pi-N Newsletters . Xj" \ i
Obituary R.A. Arndt The programs accessible with the left-hand side navigation t = | 15(& § g £ -
' available through the SAID program. Contact a member of = §ax L HH e = [
P[as":iealln'st“r’i:i’fn SA]naIyses at GW If you enter choices which are unphysical, you may still get a —
Pion-Nucleon garbage out' rule). Please report unexpected garbage-out to t - i
Pi-Pi-N
Kaon(+)-Nucleon Note: These programs use HTML forms to run the SAID co % I [?) I
B setup first. The output is an (edited) echo of an interactive se T ez L
Pion Photoproduction . . . .
Pion Electroproduction SSH version. If the default example fails to clarify the speci -0.24 034

WCM = 1100.0[ 25.0] 2500.0 MeV

-Partial-wave amplitudes with strong phases!

-Data driven, model independent. Circumvent N*, more precise strong phases.

26 Fu-Sheng Yu



 [ree:

*Penguin:

CPV via Nr rescatterings
vy dls /K- A — Sl/ 2 AO

(\@ 6-6—6\;0+A%> T
\E YN

Short-distance -+Long-distance

weak decays  Ngxg — Nr, Nar

*weak phases  -strong phases

27

» Different chirality

= different helicity

= different partial waves
= PWA interference

= difference of strong phases
= CPV

J.P.Wang, FSY, 2407.04110

Fu-Sheng Yu



CPV with Nrx scatterings

decay processes Scenarios global CPV CPV of cosf < 0 CPV of cos@ > 0

Nm — ATTx~ S1 8.0% 3.6%
mnx € [1.2,1.9]GeV Ap — (AT )K 52 6.3% 5.3%
~ (pra K™ 33 4.3% 7.0%

S1 —4.1% —5.4% —2.4%

Ay = (AT T )m” 52 —3.9% ~3.9% ~3.9%

S3 —3.6% —2.3% —5.3%
S1 5.8% 8.2% 2.7%
Ay — (pr°) K~ 52 5.8% 8.0% 3.0%
S3 5.8% 7.8% 3.3%

S1 —3.9% —3.9% —3.7%

Ay = (pr°)m™ 52 —3.9% —3.8% —4.3%

S3 —3.8% —3.6% —4.8%

S1: =11, 1=09,S2: fi=g1=1.0,and S3: fi =09, g1 =1.1
28 J.P.Wang, FSY, 2407.04110 (CP02024) Fu-Sheng Yu



N — ATTq~

MmNr € [1.2, 1.9]G6V

2503.16954

CPV with Nrx scatterings

July, 2024
decay processes Scenarios global CPV CPV of cos < 0 CPV of cosf > 0
S1 8.0% 3.6%
Ay = (ATF 7 )K~ 32 6.3% 5.3%
= (pra )K™ 33 4.3% 7.0%
l J.P.Wang, FSY, 2407.04110 (CPC2024)

March, 2025

a model-independent investigation of angular distributions [36] or utilising scattering
data to extract the hadronic amplitude [28]. Applying this method using 7*n — prtn~
scattering data [37], an estimate of the CP asymmetry in A — R(prTn~)K~ decays
aligns with the measurement in this work.

28] J.-P. Wang and F.-S. Yu, CP wviolation of baryon decays with N7 rescatterings, Chin.
Phys. C48 (2024) 101002, arXiv:2407.04110.

29 Fu-Sheng Yu



CPV with Nrx scatterings

ACP(Ag — R(pr*n™)K™)

N rescattering
CPC 2024

LHCb measurement

| ' Nature 2025

| 1 1 1 1 | | 1 1 ] 1 1 1 1

0 +5 % +10 %

30 Fu-Sheng Yu



CPV of charm-baryon decays

with V7 rescatterings

AT — (pr7)n™ with Nz — prn~

Aqrp~1x107*

Cancellation of CPV between y* and y*y;

a, + Rag V.S. a, — Rag

31

1.2
1.0
=0.8
0.6

0.4

At (prd)m,u=1.0GeV,N, =3

| ' -0.00002

-0.00004

-0.00006

) -0.00008
I i—o.oomo



Summary

- CPV of charmed baryons are the next opportunity and challenges of

charm physics

-+ Dynamics are usually difficult. The final-state-interaction rescattering
mechanism is developed for charmed baryon decays. CPV is not

sensitive to the free parameter.

. New CPV mechanism via Nz rescatterings works well for prediction

on the first observation of baryonic CPV in Ag — (pr
be applied to CPV of charmed baryon decays.

77 )K™. It can

Thank you very much!
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