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CP VIOLATION IN BOTTOMED BARYON

® A new milestone in direct CP violation of baryons.

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2025-031 LHCh deinr
LHCb-PAPER-2024-054
March 21, 2025
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Observation of charge-parity
symmetry breaking in baryon decays

LHCb collaboration®

LHCb, 2503.16954, Nature 643 (2025) 8074, 1223-1228
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The first-ever observation of CP violation in baryon decays!



CHARM CP VIOLATION

® Charm CP violation also provides a window to explore fundamental physics.

® Charmed meson CP violation has been observed and explained.

PHYSICAL REVIEW LETTERS 122, 211803 (2019)

|24 Selected for a Viewpoint in Physics week ending
PRL 108, 111602 (2012) PHYSICAL REVIEW LETTERS 16 MARCH 2012

Observation of CP Violation in Charm Decays
Evidence for CP Violation in Time-Integrated D° — h~h™ Decay Rates R. Aaij et al.”

(LHCb Collaboration)

R. Aaij et al.*

(LHCb Collaboration)
(Received 6 December 2011; published 12 March 2012; publisher error corrected 12 March 2012)

® (Received 21 March 2019; revised manuscript received 2 May 2019; published 29 May 2019)

A search for charge-parity (CP) violation in D° — K~K* and D° — z~z* decays is reported, using pp
collision data corresponding to an integrated luminosity of 5.9 fb~! collected at a center-of-mass energy
of 13 TeV with the LHCb detector. The flavor of the charm meson is inferred from the charge of the pion
in D*(2010)" — Dz decays or from the charge of the muon in B — DO;fD,,X decays. The difference
between the CP asymmetries in D° - K"K+ and D° — z~z+ decays is measured to be AAcp =
[-18.2 + 3.2(stat) & 0.9(syst)] x 10~* for z-tagged and AAcp = [-9 =+ 8(stat) + 5(syst)] x 107* for u-
tagged D° mesons. Combining these with previous LHCb results leads to AAcp = (=154 £2.9) x 1074,
where the uncertainty includes both statistical and systematic contributions. The measured value differs
from zero by more than 5 standard deviations. This is the first observation of CP violation in the decay of
charm hadrons.

A search for time-integrated CP violation in D° — h~h* (h = K, ) decays is presented using
0.62 fb~! of data collected by LHCb in 2011. The flavor of the charm meson is determined by the charge
of the slow pion in the D** — D%#* and D*~ — D%#~ decay chains. The difference in CP asymmetry
between D° — K "K' and D’ — 77", AAcp = Acp(K"K') — Acp(m~7t), is measured to be
[—0.82 * 0.21(stat) = 0.11(syst)]%. This differs from the hypothesis of CP conservation by 3.5 standard
deviations.
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¢ Charmed baryon CP violation: a new frontier. H.Y. Cheng, C.W. Chiang, PRD 86, 014014 (2012)
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CP VIOLATION IN CHARMED BARYON

* Naive expectation

I'(B. — BP) —T'(B. — BP)
I'(B. — BP) +T'(B. — BP)’

Acp =

SCS process: A = /IdAd + /1SAS
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‘AdAs‘
Acp Aa|?  |Ag — As|?
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Sin@ 4, )

O(107%) is expectable

e Sizable strong phase observed:

PHYSICAL REVIEW LETTERS 132, 031801 (2024) 5

— 0, = —1.55 +0.25(stat) & 0.05(syst) rad

p

First Measurement of the Decay Asymmetry

in the Pure W-Boson-Exchange Decay A/ — E0K+ 1 59 T 025 (Stat) T 005 (Syst) I'ad,

M. Ablikim et al.”
(BESIII Collaboration)

® (Received 6 September 2023; accepted 30 November 2023; published 17 January 2024) NOW is The Time TO Theor‘e.rica”y explor.e Charmed baryon CPV!
agog+ = 0.01 & 0.16(stat) + 0.03(syst) 5




THE LATEST EXPERIMENTAL PROGRESS

D

Charm CPV: Charmed baryons Science Bulletin 68 (2023) 583 QB%

@ The sources of raw asymmetry of AT — Ah™: @ Measure a/& for the separate A7 /A samples.
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o A%, (At — AK') = —0.023 +0.086 + 0.071

_ o A%, (At — X°K™) = +0.08 £0.35+0.14
@ AW(AF - ZOKT) = (+2.5+5.4+0.4)% First A%, results for SCS decays of charmed baryons.
First A‘é‘,; for SCS two-body decays of charmed baryons. ® No evidence of CPV. is found.
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Belle |ZBREFCPVRIE—1TER: MEL, ZTFHET.

Longke LI (ZEEFL), HNNU Recent results at Belle Il experiment 26

o AW(Af - AK') = (4+2.1£2.6+£0.1)%




KINEMATICS OF CHARMED BARYON DECAY

Branching
Fractions
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i Asymmetries
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UNDERLYING DYNAMICS: TOPOLOGICAL DIAGRAMS

¢ Charm system: challenging and charming

as(m.) ~ 0.31 WD

ol 8§ 2B b H t

CHPT HQET
LQCD SCET

QCD

® Topological diagrams provide a way to underlying dynamics

PHYSICAL REVIEW D VOLUME 44, NUMBER 9 1 NOVEMBER 1991 PHYSICAL REVIEW D VOLUME 54, NUMBER 3 1 AUGUST 1996

Quark-diagram analysis of charmed-baryon decays Analysis of two-body decays of charmed baryons using the quark-diagram scheme

Yoji Kohara
Nihon University at Fujisawa, Fujisawa, Kanagawa 252, Japan

Ling-Lie Chau

(Received 29 May 1991) Physics Department, University of California at Davis, California 95616
The Cabibbo-allowed two-body nonleptonic decays of charmed baryons to a SU(3)-octet (or -decuplet) . %
baryon and a pseudoscalar meson are examined on the basis of the quark-diagram scheme. Some rela- Hal'Yang Cheng and B. Tseng
tions among the decay amplitudes or rates of various decay modes are derived. The decays of = to a Institute of Physics, Academia Sinica, Taipei, Taiwan 115
decuplet baryon are forbidden. (Received 25 August 1995)




TOPOLOGICAL DIAGRAM @ TREE

H. L. Zhong, FX, H.Y. Cheng, PRD 109 (2024), 114027; 2401.15926
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TOPOLOGICAL DIAGRAM @ PENGUIN

H.Y. Cheng, FX, H. L. Zhong, PRD 111 (2025), 034011
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EQUIVALENCE BETWEEN TDA & IRA

X.G. He, Y. J. Shi and W. Wang, EPIC 80 (2020), 359

e TDA
Arpa = AZE, 4+ AP A H.Y. Cheng, FX, H. L. Zhong, PRD 111 (2025), 034011; 2505.07150
Ay = (T + C)(Be)i (His)!, (Bs)5(PY™ — En(Be)i (Hg), (Bs)s(PHm
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+ F4(B)™ (Hg),; (Bs), M + ¢ (Be); (His)¥ (Bs)] (P C.Q. Geng, X.G. He, X.N. lin, CW. Liu and C. Yang, PRD 109, L071302

Aan = F5(Be)i (Hs) (Bg)j(PY)f + f3(Be) (Ha)' (Bs)i(PN)f + f5(Be): (Hz)' (Bs)}(PY);

~

+ F(Be)i (Hs) (Bs):(PY! + Fo(Be)i (Hys)i® (Bs)i(P)L. X.G. He, CW. Liu, Sci. Bull. 70 (2025) 2598




FINAL-STATE RESCATTERING

Factorizable contribution: z:.:r = P;g Fp.5pP'BB. = (PY}(B)} (Fyf (H,)Y + Fy (H-) ) (Boh, X.G. He, CW. Liu, Sci. Bull. 70 (2025) 2598
1 1 .1
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_ ] 1 N | .
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1 1 ~
; 1+ 10 + =(1—2p)f9],
Lves = fresTr(By,V"'B) 4 fvees Tr(B 0., BO*VY). 18( ﬂ-|-)f 6( ,0+)f3-

mp + mpg

tensor coupling dominated

L , , H.Y. Cheng, FX, H.L. Zhong, PRD 112 054022 (2505)
1. LCSR indicates tensor coupling one order of magnitude larger TM. Aliev et. al., PRD 80 (2009), 016010

2. Realistic calculation in B, = BV implies two traces are of the same order C. P liaet. al., JHEP 11, 072 (2024)



MATCHING FSR & IRA (TDA)

AFSR — AIRA
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p+ = —21 T.M. Aliev et. al., PRD 80 (2009), 016010
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FIT STRATEGY
® Experimental inputs: 44 BFs and Lee-Yang parameters (updated to 2025/03)

B(EF - =T KJ) = (1.94 £ 0.90) x 1072,

C

B(EFQ - 2%7T) = (7.19+3.23) x 1073,  Belle and Belle-Il, 2503.17643
B(EFQr - E2"KT) =(4.9+2.3) x 1074

e To fit 19 parameters corresponding to 5 sets of parameters tree level
topological diagrams

- o ~ . oC ~ . <C’ — o Eq ~ s Ep
T|se¥s, |Clse”s, |C'lse”s, |Ei|lse”s , |En|se?s’,
~ T ~ e ~ e ~ . E ~ E
T|per, |Clpe®®, |C'|pe?, |Ei|pe®r’, |En|pe®r",

e To extract 5 sets of FSR parameters (F", F~,57,7T,U™) and penguin coefficients

- b~ by~ b . by
bi|se™s ,  |ba|se™s, |bs|se™s, |bs|ses,

~ b ~ b ~ . b ~ . cb
bi|pe®”,  |bo|peF, |bs|per,  |ba|per .
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TABLE I: The decay amplitudes of SCS processes in the TDA.

T - pathenumateatt e Channel TDA
Observable PDG [55] BESIII Belle LHCb Average - + _1 . / - 17,
10°B(AF — A%%7)  1.29+ 0.05 1.20 + 0.05 AT 2 AK V6 L2 [3(Aa = As) (4T — C" + 2E1) + Ay (b2 — 2bs + 205)]
1028(1\;; - 207t)  1.2740.06 1.27 + 0.06 AF - 20K+ %[ (Aa— A )C’ + /\bb2]
102B(Af - 7%  1.2440.09 1.24 +0.09 )
1023&1\{ > 2:")) 0.32 4 0.05 0.32 4 0.05 Af - XTK° §(Ad —Xs)C + Apby
102B(AF — T+y)  0.4140.08 0.41 £ 0.08 - - - = 0
102B(AF — Z°K+)  0.55+0.07 0.55 + 0.07 A: — PWO % 2 (Ad = As)(=2C = C" = Eq) + Ap(bs + %bS)]
10'B(AF — A°K+)  6.42+0.31 6.42 £+ 0.31 1 = % = e = 37
10'B(AF — SOK+) 370+ 0.31 3.70 + 0.31 AT — pns NAY) 3(Aa = As)(6C + C" — Ex) + Ap(—2ba + by + 205)]
10'B(A} - 1K 4.7+14 4.7+1.4 + A _
104BEA3; :n7r+)5) 6.6+ 1.3 6.6+ 1.3 A = pm V3l 2()\‘1 ) (C" = By + 3Ep) + My(3b1 + b + by)]
10'B(AF — pr?) <08 L5670 L.5670:61 Af = nrt S(Aa—A ) (2T — C' — Ey) + Ap(bg — st)
10°B(A} = pKs)  1.59+0.07 1.59 4 0.07 —0 0 ~ ~ - - 37
103B(AF — pn) 1.57+0.12 1.63+0.33 1.58 +0.11 2. > Am m[i(’\d — )\3)(—20 —2C" + E1) + Ay(bg + bg + 5bs)]
104B(A§ — ') 4.84+0.9 4.84+0.9 _ ~ ~ ~ ~ ~ Q7
102B(20 — Z-n+) 1434027 1.80 + 0.52 1.80 4 0.52 20 — Ang %[l(/\d As)(6C + 3E1) + Ap(bz + 6b3 + by + ‘i‘bs)]
1023—(—_%%} 275+ 0.57 2.75 + 0.57 =0 — Am o [ (Ad — A)(3C" — 3E1 + 9E}) + Ap(3by + by + by)]
02%(_:0;’—_"_’% 22.5+1.3 22.5 4+ 1.3 —0 o0 1 1 " - - - = 3%
10%%%% 3.840.7 3.840.7 Ec = X0 5[3(Ad = As)(=2C = Ey) + Ap (b2 + 2b3 + by + b5)]
1028EE00) 12.34+1.2 12.3+1.2 =20 — X0 %—[ (Ad — A)(6C + 2C" + E1) + \y(ba + by + b5)]
10°B(=2 — =79) 6.9+ 1.6 6.9+ 1.6 —_ 1
lngEE - Egn) 1.6 + 0.5 1.6 £0.5 :'2 — 20771 T[ (’\d — A )( C' + El 3Eh) + )‘b(3bl + b2 + b4)]
103B(Z0 — =0%) 1.2+0.4 1.240.4 =0 4+ — 1 B T
102B(Z} — =07t)  1.6+08 0.719 +0.323 [24] 0.84 4 0.48 Ec > X 5(Aa = As)(= Fl) + ’\{{(b2 ‘!_' b3) ~
a(AF = A%7+)  —0.755 <+ 0.006 —0.782 + 0.010 —0.762 + 0.006 20 5 nt %(}\d — Xs)(2T) + Ap(b3 + by — ib5)
a(AF - X07+)  —0.466 + 0.018 —0.466 + 0.018 —0 . =010 1 Y -
a(A} — pKs) 0.18 + 0.45 —0.744 + 0.015 —0.743 + 0.028 Se TP S K 5(/\d - )\s)(—C - El) + Apb3
a(AF = Tt —0.484 £+ 0.027 —0.484 + 0.027 =0 —m—zr+ 1 B o > 17
a(A = =t ~0.99 + 0.06 ~0.99 + 0.06 ‘—‘8 =K %()‘d ’\!")(~ 2T) +~’\b(b§ +bs — 4bs)
a(A} — THy) —0.46 £ 0.07 —0.46 + 0.07 =0 3y pK— 1 —\)E bo + b-
a(AF — A°K+)  —0.585 + 0.052 —0.569 + 0.065 —0.579 + 0.041 _c p _ f()‘d As) ! u AI,’.( 2+ {)
a(AF = SOK+)  —0.54+0.20 —0.54 + 0.20 20 5 nK° 2(Ad = As)(C" + Eq) + Apbs
a(Af — ZKT) 0.01 £0.16 0.01+0.16 — 1 = = -~ x> 7 17
(20 » =) —0.64 +0.05 —0.64 %+ 0.05 :': — Am™ A 2()‘d - )\3)(—2T +2C" - El) + )‘b(_b2 —bs+ ZbS)]
(20 — =070 —0.90 + 0.27 —0.90 + 0.27 -t 0.+ 11 B - 5 7 T 17
B(AF — AO+) 0.368+0.021 0.368 + 0.021 = X0 V212 (Ad = As) (2T + En) + Ap(—b2 + ba — 3b5)]
B(AF — A°K) 035+0.13  0.35+0.13 =+ - 1 _ S 7 he — b, — 3F
(A} — A7) 0.502+ 0.017  0.502 £ 0.017 c I Ok 2(/\‘1 As)(2C . El)..+ /\b(~b2 b4 ?.bs)]~ oy~
~v(AF = A°KT) —0.743 £ 0.071 —0.743 + 0.071 Ej — X % 2(/\4 — Ag)(—6C — 2C" — Eq) + A\p(—bg — by — %bs)]
102B(ZF — £TK?) 0.194 £ 0.090 [24] 0.194 £ 0.090 _ 16 - - - - - -
102B(Ef — =07+) 0.719 + 0.323 [24] 0.719 +0.323 EF o Xty 72 2(Ad — X)(C" — E1 + 3EL) + Ay(—3by — by — by)]
102B(Z} — =K ™) 0.049 + 0.023 [24] 0.049 + 0.023 — — - = B
104B(EF — pK?) 7.16 + 3.25 [25] 7.16 + 3.25 Ef - E°KT %(/\d — A )(2T C' - Ey) + Ap(—ba + ibs)
10*B(EF — AnT) 28 4.52 + 2.09 [25] 4.52 +£2.09 =+ 0 1 _ /
10*B(E} = 207t) 1.20 4 0.55 [25] 1.20 4 0.55 e —? pK 2 ()‘d A )C + ’\b( b2)




FITTED PARAMETERS

Xils Xilp 55" 73
(107“GFr GeV?) (in radian) :
T | 4.31 £0.11 12.11 £ 0.31 - 2.39 + 0.04 fit directly
C |3.23+0.48 11.35+0.93 3.10+0.11 —0.72+0.16 Case I Case 11
C'| 5.84+0.35 17.74 +£0.92 0.02+0.04 2.27+0.11 TDA IRA TDA IRA
Eq| 2.79+0.19 10.41 £0.47 —2.81 +0.06 1.83 %+ 0.09 X 65.47 65.47 89.53  90.08
E,| 430 +0.50 13.26 +1.83 2.70+0.11 —1.85 % 0.20 x/do.f. 327 327 373 375
F;[110+043 083+046 0.13+0.35 2.01+1.37 T-| > |S~| > |U7]
FV_ 048 +0.43 7.01x=1.79 0.69=+=1.02 —2.81 =0.15
S—10.12+£0.01 0.92+0.05 —2.20£0.11 1.66 = 0.08 . o
T-10.39+0.04 1.19+0.16 —0.45+0.11 1.29 + 0.20 > 57 is not negligible
_q_ 0.04 =0.00 0.22=+=0.01 0.17x0.08 243+0.08
by W » U~ is not negligible: compensated by large p™
by | 0. . . . . 25 —1. :
bs | 1.38 +£0.30 10.89 +1.13 2.93+0.19 2.47+0.11 - o o ,
by | 316+ 037 11.94+093 023+0.10 —096+015 " D1 is not negligible: hairpin is contained.
bs | 1.10+0.43 0.83+0.46 0.13+0.35 2.01+1.37
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PREDICTION 1: CPV

TABLE III: The predicted CP observables calculated with p, = —21 and r_ = 2.5 in both
TDA (upper) and IRA (lower).

Channel 10°B 101Acp 108 A% 10145, 1014, 10* R
At _y A0+ 064003  049+087 507+£227 —030+£083  6.89+£082 —7.66+1.67
¢ 0.644+003 049+091 5074230 —030+0.87  689+0.82 —7.66=+1.68
A+ s yopc+ 0394002 —133+027 —1.04+025 —173+£0.64 —468+£097  2.93+0.50
¢ 0.39+£0.02 —1.33+0.28 —1.04+0.25 —1.73+0.67 —4.68+0.98  2.93+0.50
AF stk 0394002 —1.33£027 —1.0440.25 1734064 —4684£097 2934050
¢ 0394002 —133+028 —1.04+0.25 —1.73+0.67 —4.68+098  2.93+0.50
A¥ s pr® 0.19+0.03 —7.88+292 —0.86+446 —13.13+2.76  6.97+9.17 —0.78+2.09
¢ 0.19+0.03 —7.88+295 —0.86+457 —13.13+2.75  6.97+9.78 —0.78+2.21
A* S o 1.63+£0.09 2554023 2554058 2544024 0454031 —0.77+0.44
¢ 1634009 2554022 2554059 2544024 0454031 —0.77£0.44
A oo 0.52 +0.08 —14.40+1.26 —17.31 +£4.08 —13.57+1.78 —1.81+2.62 —0.69+2.33
¢ 0.52 4 0.08 —14.40 +1.26 —17.31 +£4.06 —13.57+ 1.78 —1.81+2.76 —0.69+2.35
At gyt 0614006 —516+090 —0.65+084 —17.364+248 —555+3.86 299+ 143
¢ 0.61+0.06 —5.16+0.90 —0.65+0.86 —17.36 £2.54 —555+3.80 —2.99+1.47
=0 _, qog0 007£001 176+231  0.92:4+041 2936 £57.57 51.88 +308.2 —23.28 4 31.01
) 0074002 1.76+232 0924041 29.36+57.67 51.88+69.69 —23.28 + 16.56
=0, A0 040+0.05 3.97+0.79 1794055 9.15+295 —4.07+087  3.52+1.69
Se 7R 0404005 3974082 1794054 9154317 —4.07+088 3524171
=0y A0y 0.634+0.08 —3.96+038 —429+1.00 —3.84+061  032+052 —0.51+0.52
¢ 0.63+0.08 —3.96+0.38 —429+101 -3.84+0.62 032+0.53 —0.51+0.52
=0, yog0 0344003 —326+072 2554068 —540+£271 —040+058 —2.45+2.90
¢ 0.344+0.03 —3.26+0.74 —255+0.69 —540+2.85 —0.40+0.59 —2.45+3.07
=0, 50, 0.1740.03 11.58+1.55 5204137 1652+4.41 —0.60+2.46 —14.72 + 37.07
e 0.17+£0.03 11.58+1.62 5204141 16.52+4.58 —0.60+2.64 —14.72 + 25.20
=0, y0,7 0.18+0.03 473+096 556+211 407+1.86 -129+172 0544048
¢ 0.1840.03 473+096 556+2.17 407+1.98 -129+1.79  0.54+0.48
20yt - 0264002 1614104 —5194102 5644144 —41.2546874 —1.19+0.62
SeTET 0264002 1.61+£1.07 5194102 564+ 1.52 —41.26 £361.3 —1.19 4 0.64
=0,y 180£005 —1.63+046 —1474039 -1.80+0.68 -1.28+034  1.46+0.30
¢ 1.80+£0.05 —1.63+0.47 —1.47+040 —1.804+0.70 -1.2840.34  1.46+0.30
=0, o, 0384001 150+050 —018+131 1814059 -586+048 4384148
Te TSIl 03840.01 1504053 —0.18+132 1814062 —586+048  4.38+1.48
20, = pe+ 1314004 1594043 1474039 1804068 1324034 —143+0.32
Te T 1314004 159+044 1474040 1804070 1324034 —143+0.32
=0y pK- 0.31+£0.02 —261+111 5194102 —564+1.44 41.98+67.85  2.19+0.69
¢ 0314002 —261+1.16 519+1.02 —564+1.52 41.98+307.3  2.19+0.71
_ 0834004 —167+054 0184131 —1.82+059  6.03+£051 —4.21+1.52
Ze 2K/ (834004 1674057 0184132 —1814062 6024051 —4.21+152
=+, g0+ 0214004  315£395 1264060 81.20£171.2 62.14 4 548.6 —53.44 4 76.39
¢ 0214004 315+4.09 1.26+0.59 81.20+91.49 62.15 4 180.3 —53.44 + 188.1
=+ 0,4+ 3162009  016£065 -1.324081 05640738 -—3.66+046  2.85+0.47
316+0.09 016+068 —-132+083 056+0.76 —3.66+046  2.85+0.47

o+ pigo 257011 0.03+074 4804296 0654068 6204182  6.64+4.41
¢ 2574011 003+0.73 —480+296 065+0.68 —620+1.94  6.64+4.66
ST 1.0240.17 11.59+1.55 5204137 16524441 —0.62+2.45 —14.73 + 37.07
1024016 11594162 5204141 16.52+4.58 —0.62+2.64 —14.73 4+ 25.21

S nhy 1094017 473+£096 556+2.11 407418 —1.294+173  0.54+0.48
e 1.0940.18 4.73+096 556+2.17 407+198 -1294+179  0.54+0.48
=+, m0p+ 1154010 3024073  0.654+084 17354248 7704362  512+1.62
e T 1154010 3.02+£0.73 0.65+086 17354253  7.70+3.64 512+ 1.69
=4 K, 1524008 147039 -1.04£025 -1734064 -454£1.07  3.07£0.59
c TPRS/L 1594008 —147+040 —-1.020025 1734067 -45441.09  3.07+0.59

2 Large CPV modes: promising to be measured

| Acp(Ae — pr°) = —(0.8 -

Acp(E; — £'n)

-0.3) x 1073,
- 0.2) X 10_3, AC’P(EZ_

ACP(AC — PU’)
)

(1.2 -

significant role of hairpin diagram E,.

2 U-spin symmetry relation also observed as:
~Acp(EF - E°KT),
~Acp(Ef = pKs.L),
—Acp(E]

—-Acp
—Acp(E2

Acp(AT — nn™)
Acp(Af = Xt Kg 1)
Acp(Z) - E°Kg 1)
Acp(BY = =7 nT)
Acp(BY = =T77)

— an,L),
—2"K™),

— pK ™),

(1.4

(1.2

» The large CPV modes containing one of the neutral
pseudo- scalar, 7, 7,7, some of which indicate a

X.G. He, Y.J. Shi, W. Wang,
EPJC 80 (2020), 359

D. Wang, EPJC 79 (2020), 429

0.1) x 1077, _
0.2) x 1073, §




PREDICTION II: STRONG PHASE

: BESIII, PRL 132 (2024), 031801
(1) two sets for amplitudes  2309.02744

: {A=1.
B| = 18.

(2) ambiguity in sign of phase-shift

— 04, II A — 431-8; -I= 04 , . |A|2 o I€2|B|2
2.8+ 0.7 | |B|=6.7t83 + 1.6 A]® + 52| B2

R —

T

y: relative size of partial waves

g — 2k|A*B|sin(dp — dg)
T odigeniBle

L — R

dp —0s = —1.55£0.25+0.05 or 1.59 + 0.25 £ 0.05 rad.

[ relative sign of phase-shift
k)t ST

2| A* B cos(8p — 65) only had BF and a in 2024/01, could not solve the problems!
YT AP +RBE

H. L. Zhong, FX, H.Y. Cheng, PRD 109 (2024), 114027; 2401.15926
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PREDICTION II: STRONG PHASE

Decay o B v A (radian)

- Af — Ant —0.782 £ 0.009 + 0.004 0.368 £+ 0.019 + 0.008 0.502 + 0.016 + 0.006 0.633 £ 0.036 + 0.013
(1) two sets for amplitudes

A — AKT —0.569 £ 0.059 + 0.028 0.35+0.12+0.04 —0.743+0.067 £0.024 2.70 +0.17 4 0.04

(2) sign ambiguity of phase-shift

LHCb, PRL 133 (2024), 261804
2409.02759

1.9
1.6

+0.4, L ks =4.3%2 04,
25 El Bl=67 16

w |+

1.0
18.

¥ Fit 10/2024

[A| = 2.76+£0.18, |B| = 9.71+0.47,

a=og+ = —0.04£0.12,

op —d0sg = —1.55 £0.25 £0.05 or 1.59 £ 0.25 £ 0.05 rad.

Bog+ = —0.98+0.02

e ¥

solution selected

6p—0g = —1.61+0.12 rad

H.Y. Cheng, FX, H. L. Zhong, PRD 111 (2025), 034011
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SUMMARY

e TDA & IRA both work for CPV of charmed baryons.

e FSR u, s,t channels are calculated.

* FSR plays a role to connect tree and penguin parameters in TDA.

e CPV of about 30 channels are calculated, 4 of them found to have large CPV of
O0(107%): A, — pr’, A, — pn,B) — X%, ZF - Ty,

e The sign ambiguity of /3,y reported in BESIIl has been clarified by recent
precise measurement provided by LHCb.
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AN EXAMPLE: S-CHANNEL CALCULATION

C
L

B

G

P’ >
P
s/d
5 ) —
@ .: B
8
(a)

A® <> gB,BP (Z QBIB’P'FBCB'P’>

Lppp = Z [Z 95_5pPB B_ + ZQB+B’PP B,i753+}
B.P | B_ B,

— o [(PEBE + (BB

+ g4 :(P);'-(E’){J%(B+)i'c + 74 (P)L(B)jins(B)f ]

Ls.sp= Y  Fp.spP'BB. = (P)k(B), (FJ(H+)? + FJ(H—)Zj) (B,

P,B,Bc
d’q PB,Yu + M ¢"Yu + mp 1
81;}3' (2m)*™ pg, —mi T @ —mi, (- pB.)* —mp,
- d'q 2
= Uug (27 Z 98,8p 98,8'p Fp.5p | 1(07) | us.
B;.B'.P’ i

B B’,P’

> gsme Fear o< Y ((P)RBEB)E +r-(PYEBEB)E) ((PYB)(H-) (B.))

BI,PI BI,PI
~ ~ 8r_+2 1\ - 1 8r_ +2\ = dr_ +1 1\ -~
— fb _ fe = b ~(1 B 1 — c B - d
o +(8+2_ 2)f3+ (147 )( _+4)f3+r ('r_+4 2)f3
~ - Tr_ =24 (1+4r_)2-"Tr_ r_(Tr_ —2) -,
b c
=i 8+2r_f3 24 + 67_ fs + 8 + 2r_ fs
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