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- Introduction to CPV of charmed baryons
- Dynamics: final-state-interaction rescattering mechanism
- Observables: T-odd correlations and complimentarity

- Summary



Implications of charm CPV

-LHCb 2019: Observation AAgp=Ap(D’ = KYK™) — Ap(D° - 7n777) = (—1.54 £0.29) x 107

maie-

P/T]

~ O(1) SM or NP?

charm

v  Long-distance contributions

+LHCb 2022: A p(D° = KTK™) =(0.77+£0.57) x 107>, A p(D" = 7ztn7) = (2.31 £0.61) x 107>

=3  U-spin anomaly, so NP? See Nierste’'s and Gisbert’s talk

- Charmed baryon decays are the next opportunity and challenge of charm physics
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Charmed baryon decays

- Charmed baryon decays are the next opportunity and challenge of charm physics

*No CPV has been yet observed in charmed baryon decays.

___process CPV observables S

Af - A ¢, =—0.07 +0.19 + 0.24 FOCUS,PLB (2006)
A% = 0.021 + 0.026 + 0.001

AT - AKY
A%, = —0.023 + 0.086 + 0.071 |
e Belle, Sci.Bull. (2023)
- A% = 0.025 + 0.054 + 0.004
_)
‘ A%, = 0.08 + 0.35 + 0.14
50 5 Bt @, =0.024 + 0.052 + 0.014 Belle, PRL (2021)
At - pK*K~ . .
A .~ A AE - pKTKT) - AZ (AF - prtnT) =(0.30 £ 0.91 £ 0.61)% D LHChH, JHEP (2018)
c Pt
5t 5 pK-nt NO CP violation l LHCB, EPIC (2020)

most precise to date



Charmed baryon decays

- Charmed baryon decays are the next opportunity and challenge of charm physics

- CP asymmetry sum rules based on SU(3) flavor symmetry are firstly obtained
[Grossman and Schacht, PRD (2019)][Di Wang, EPJC (2019)]

ACP(A;.F — pK_K+) +ACP(E;"_ — Z+ﬂ'_ﬂ'+) — O,
Acp(/\;}_ —> Z+ﬂ'_K+) +ACP(E;‘+_ —> pK_JT+) — O,

ACP(AZT- —> pﬂ_ﬂ+) —l—ACP(Ej- — Z+K_K+) — O

- No any numerical prediction on CPV of charm-baryon decays



Charmed baryon decays

- Two key Issues Iin theory:

1.Dynamics: to predict the decay amplitudes and then CPV

2.0bservables: Nonzero spin of baryons may induce fruitful observables



Dynamics of charmed baryon decays

- Dynamics are more complicated in charmed

baryon decays WA 4
- == =5

- Many more topological diagrams o p =
+ more partial waves color- favored tree emitted color- suppressed emitted  color-commensurate

- SU(3) irreducible representations cannot . C; . C; . C!

provide information on penguins (E1) (E2) (B)

W-exchange 1 W-exchange 2 Bow tie

- Final-state interactions (FSI) are necessary



Final-state interactions

v '\

1. s-channel resonant 2. t-channel rescattering
contributions mechanism
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Final-state interactions

» Resonant contributions for charm CPV [Soni, ’19;
Schacht, Soni, 22] DY

- But lack of enough information on the resonances

- Rescattering mechanism for charm CPV [Bediaga, VeVire
Frederico, Magalhaes, 23] /\
- Data-driven extraction of magnitudes and phases of D’ + - KtK~
the 7t — KK scatterings at the DY mass energy N2 %

‘;*d ‘-"rl:'d 0 Tmr— KK

- Model-independent, not relying on fitting parameters
AA%, — —(0.64 +0.18) x 1073

 Power of predictions is limited due to only few
channels of available data AASTY = — (1.54 £0.29) X 1073



Rescattering mechanism

- Rescattering mechanism have been successfully used to predict the discovery channel
of 277 — ATK nn™ [FSY, Jiang, Li, Lu, Wang, Zhao, ’17]

P | . \
. N > 1\ *()
K P’
T _ .
. . | » L > LK *1

=+ : o+
=+ Y —(nN+
‘ =C > S;f“*‘

\ Topology: C guark exchange hadronic triangle )

Br(Err - THK'0)

/ - Theoretical uncertainty is under o=/ 5 =e— 5
005 | 1703.09086

,, control in the ratio of branching |
B . . " 2102.00961
fractions of different processes oo

- It deserves to develop the rescattering mechanism to study CPV of charmed baryons
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» Conventional method: optical theorem + Cutkosky cutting rule

S

— D2)

H. Y. Cheng, C. K. Chua and A. Soni, Phys. Rev. D 71, 014030 (2005)........
; ; Abs|M(P; — P3P,)] A =my +Nhqcp
E d2p1 d3p2 4 ¢4
! 2 _ A2 — — ) —
> <: ! mz Az Z / A7 32E1 / 27T)32E2( ﬂ-) 0 (p3 +p4 P1
: p —A {Pl 2}
E , . M(P; — {Png})|T*(P3P4 — {P\P,)}).
Strong model-dependent in charmed baryon decay:
decay mode | Topology diagram | Experiment(%) | Short-distance n
t oyt E, 0.39 + 0.06 - 6.5
A - pw C,C',E, E,,B 0.09 + 0.04 2.83 x 107 0.65
Only a part of the imaginary contribution is included......
5 s « Off-shell effects
, / | m’— A7 D R e
NG| PR \i\l, * Lost contribution
€ J.J.Han, HY. Jiang, W. Liu, Z.J. Xiao, and F.S. Yu, ” Chin. Phys. C 45, 053105 (2021).
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» Improving method: Loop integral - > ¢
A-CI- > 'K+ A=‘mk +T’AQCD
Y A°
M|P, B; V] , .

. 11)1 * L
= —1/ (27 )4JBBPJ\ pPU(pa.s4) 5(1)2’-|— ma)(A + Bys)u(p. S)Gﬂ. (p3, A3)(p1 + k)X
T

9 1 A% —m3 A3 — mQ Az —m3
(p7 —m7 +i€)(p3 — m3 +ie)(k? —m3; +ie)|\ A — p3 A2 — p2 A7 — k2

* The complete amplitudes with real part and strong phase

({0., 0., —1.57956 x 10~ + 6.40596 x 107 i} {4.65132x 10" + 1.10998%x 107°4, 0., 0.}
L {0., —1.00635x 1075 + 1.46048 x 10774, 0.} {0., 0., 4.56956 x 10~ - 2.83047x 10" i} ,

* The process dependence of the parameters is greatly reduced

The contribution of the real part is on the same
order as the contribution of the imaginary part!
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Only one parameter explain all the 8 experimental data!

A,.— BgVfor A, - pK*K™ and A, — prta~
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» Branchingratio: 7 = 0.6+ 0.1
1
N(B, — BsV) = 2 ] N AB. = BV T
8Tm; 2
| AN o
decay mode | topology |experiment(%) | Short-distance | prediction(%) o, e po
g o o
Af - A+ | T,C'E,,B | 4.06+ 0.52 4.91% 8+ 0.8 T |
At = po C 0.106 + 0.014 | 1.92 x 10~ 0.09 + 0.03 I
At 5zt E, 0.39 + 0.06 - 0.49 + 0.22 R
Af - pw |C,C'EE,,B| 009+0.04 | 2.83x10°° 0.08 + 0.04 x
+ + 50 / - -
AL 5 3tp C',E,, B <17 - 2.0 + 1.0 T
AY - 207 C',E,,B Isospin - Isospin
Af - Xtw C',E,,B 1.7 +£ 0.21 - 1.8+ 0.7 Preliminary results by
AL - pK*© C,E, 1.96 +0.27 | 3.47x107° 29+ 1.2 C.PJia, H.Y.Jiang, FSY
Af - THK*0 C' E; 0.35+ 0.1 - 0.28 + 0.13



Triangle diagrams

T D at p*
K
VudVC py A? mt ot o
n n n ) n
P p p
0 0
P > >
K+ K*+ ,D K+ p K*+
VMS V;‘i‘ A-(i,'- : ! K+ > Y K*+ > A 20
0 0 0 I\
A p A p A po

CPV can be easily obtained within the rescattering mechanism

Ay Ay+ A A,
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Dependence on 7

-~

Branching fractions

Decay asymmetry a

~

» The decay asymmetries and

-3 . -
x 10 CPV are insensitive to 7,
2.0 i
. whose dependences are
+ | 0.0+ T — :
AN — po 1_0/ | mostly cancelled by the ratios
0.5‘ o 2 2 —
[ -1.0f Hyf —|H ;1 | =
ool — o v N | Q= 2 2 ACP: =
\ 0.50 055 0.60 065 0.70 0.75 0.80 P J Hyi| +|H_y_1 '+
/ Branching fractions Decay asymmetry Direct CPV \
X 107 x 1074
6 2.0F 5
5 1.5% al
+ 0 4 1.05 s
AC — pp 3 0.5f 3/
2L ooh apa— ' ' R = n 2;
1 ' 0.55 0.60 0.65 0.70 1
Qb e e —0'5:_ o
0.50 055 060 065 070 0.75 0.80 -1.0°

\_

BR(A} = pntrn™) = (4.60 £0.26) x 1073

I I 1 1 | 1 1 I i l L 1 I 1 i | n
0.50 0.55 0.60 0.65 0.70 /

Preliminary results by C.P.Jia, H.Y.Jiang, FSY
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Observables

*Baryons have nonzero spins which can construct more observables and thus
are helpful to find large CPV for measurements.

Direct CPV in the decays: agg x sin o, sin ¢,,. Sensitive to the strong phases.

- Momentum p and spin s are odd under T operation. T-odd triple product: (s, X 5,) - p

. Example (1): 5; X 3‘} . D measures the ff parameter in A — pr [Lee, Yang, 1957]

It was found that agp x [+ ﬁ_ o COs d, sin ¢, [Donoghue, Pakvasa, 1985]

- Example (2): It was proposed to measure A, x N(p - €, X €, > 0) = N(p - €, X e, < 0)
in B — VV, whose CPVis Ay + Az « cos o, sin ¢,, [Valencia, 1989]
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Complementarity: co0s o, Vs Sin o,

* Precise prediction on strong phases is far beyond
control currently

» Complimentary CPV observables proportional to

s1n o or cos o cover all the (0, 27) region

- Whatever the strong phase is, either |sin o | or

| cos | would be larger than 0.7 which is large
enough for measurements

- But keep in mind that not all the CPV observables of cos o

and s1n O are exactly complementary, since they might
have different strong phases.
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Why cos o, ? What conditions?

» To find the exactly complementary observables, we should know

- why are some CPV observables proportional to cos 0,7

» what are the conditions to construct such observables?

» Why c0s 0,?

- T-odd operator Q : TO T~ ' =—-Q_

- T is anti-unitary, I'= UK with U a unitary operator and K a complex conjugation

* Two conditions:

(1) For a basis of final states and a unitary transformation so that UT |y, ) = ¢ |y, )

(2) O_ is invariant under this unitary transformation, UQ_U" = Q_

[J.P.Wang, Q.Qin, FSY, 2211.07332]
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* Proof:

(fIQ-If) = (i|STQ_S
= > (]S

1)

Why cos o, ? What conditions?

pure imaginary

<¢m‘Q— ‘¢n> — <¢m‘TTT Q- ‘¢n>*
T'Q_Tl¢n)*

TTUU Q- UTU Ty,
TUT Q- UT )"
Q-[tn)"

(FIQ_1f) & ) Im(A%A,)

f-(f

= (i

fy+{f

Quod erat demonstrandum.

6:2_
Q_

;I;An o A;kaAn) O(iIl ¢w

[J.P.Wang, Q.Qin, FSY, 2211.07332]



CPV induced by T-odd and T-even

a5 Z@A — A*A ) in b,
aC;even X Z A;;An) mgb

- Example: A:F — AOK+, Lee-Yang decay-asymmetry parameter

. . a+a
T-even: s. - p a x Re|S*P] Aqp = — X SINO
“a-a complimentary
T-odd: (5,X5,) P p _PED
odd: (s;X §¢) - p f o Im[S*P] ar., = 57 x COS O
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Angular distributions

dl’ s%s% « . .
dcy deo dp > \/§ Im (H+1,+%H—1,—% T H+1,+%H—1,—%) SIn 2¢
5185 . , ;
| \/g Re (H+1,+%H_1,_% + H"‘l,‘l‘%H—l,—%) COS 2@
4s1¢c189C . 6, [ ...
1\}62 °Im (H+1,+%HS 1t H, _%’H’il _%) sin J\Q_@?g?) >
’ ) ) A
451C1S9Co . §

Sin ¢ = (Mg X M) - Pp = Mg+ (Mp X Pp) X (P1 X P2) - P4
sin 2¢ = 2sin @ cos ¢ o [(P1 X P2) - (D3 X Pa)][(P1 X P2) - Pa)-

. Triple-product of momentum, (p, X p,) - ps, is not good. sin ¢ with sin &, cos @, sin 6, cos 6,

* Angular distributions of resonant contributions are necessary. It is more clear in theory.
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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.

. CPV induced by T-odd correlations is proportional to cos o.. Prove is
given in some general conditions. Complimentary observables are
suggested.

Thank you very much!
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CP violation in baryons

« Sakharov conditions for Baryogenesis:

1) baryon number violation
2) C and CP violation
3) out of thermal equilibrium

- CPV: SM < BAU. => new source of CPV, NP

- CPV well established in K, B and D mesons,
but CPV never established in any baryon

- Comparison between precise prediction and measurement
is helpful to test the SM and search for NP
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AAgp=Ap(D° > KTK™) — Aep(D° - nt77)

AAcp (X1077)

i CC LLY
O -

i |
5L
_10 -

F— Theory
e+ Experiment

I =

2011 2012

2013 2014 2016 2019

Saur, FSY, Sci.Bull.2020
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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)

Topological diagrammatic
approach successfully
predicted the charm CPV !!!




