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Charmed hadron decays

fEFREE (fm)
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» Non-perturbative
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» Up-type quark decay in hadron, search for new physics
* Complementary to the decay of the down-type quarks d, s, b

* CP violation in the SM is suppressed
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Charmed baryon decays

5 %

1.QCD A% BEFFE—HRE BFH#iie, EWMEEEESR

2.BEREBE  WRESR, THEHBIEW AESRENMNDFEERR

3.+ #IMEBGIE BRI A M AESEREGINENER
4. NFRB EMMBENNDZF BRARIBIEATRELE

Cai-Ping Jia’ talk

Lu:20160gy, Wang:2017azm, Shi:2017dto, Geng:2017esc, Geng:2017mxn, Wang:2017gxe,
He:2018php, Wang:2018utj, He:2018joe, Geng:2018plk, Geng:2018bow, Jia:2019zxi,
Geng:2019bfz, Wang:2020gmn, Li:2021rfj, He:2021qnc, Wang:2022wrb ...
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Flavor sum rules
» Isospin sum rules
—V2AE? = 72 —AEY 5 7TET — AEF = 2atEY) =0
2AE) = 798 —AE) 5 772T) —AEY - 7tE7)
V2 (AEF - 5T + AEF - 7t2%) =0
* Test flavor symmetry

* Estimate branching fraction

» How to get the flavor sum rules?
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Charmed baryon decays

» Effective Hamiltonian

q=d,s =3

Z Vg (Z C@-(M)Oi(u)> — Voo Vb (Z Ci (1) O; (1) + CSQ(M)OSg(M)>]

3
Har = > (H”)07" o = Z > Col@an) (@ e)

P 1,9,k=1 Color current

CKM Operator
» Hadrons

- (V2 00
M) = (M*)5|M;)  M™ = ( 0 —1/v2 0 ) ,
0 0 0

D. Wang, C. P. Jiaand F. S. Yu, JHEP 09, 126 (2021).
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Decay amplitudes and Flavor relation

A(BZ§ S Bg‘Mﬂ) — <B§4M5‘H6H|BV_>
= Z Z szk Oq BC§]719> (Ba)zjk:(Mﬂ)m np(By )

p Per.

=D XP(CP)ap,

» If there exists an operator 7, under which the Hamiltonian is
invariant, 7H = (. The invariance of Hamiltonian under 7 1s
related to the generation of sum rules.
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Isospin sum rule

» No operator T constructed by /;, I, I, which T H_.=0.

3
Hot = Y H(('q)(@c) === 30323=3,0386015
i,9,k=1

[H(6)]; = [H(6)]

J

LIHO) =1 HET+ L HOT =0, |00 g

I_[H(3:,)) = [H(3t)] - I = 0.
[_[HO5)]}E = 2 {[HO(15)] - I Y5 — {1 - [HO (1))}

I_[H(15)]23 =0,  I-[H(15)]1 #0 Isospin sum rule ?

« IZ[H(15)y = I_{I_[H(15))1} =0

10
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Isospin sum rule

S B0 Bl x (Ma) (B TH) (1Bl = 0

» To obtain isospin sum rules, we apply operator I_ to the
initial/final states and compute coefficients expanded by the
initial/final states

([Ms]a| = ({(x, (], (x|, (K|, (K°|, (K|, (K", (ns])
[0 0 000 0 00) Basis

—v2 0 0 0 0 0 0 0

0 v2 0 0 0 0 0 0

7 = 0O 0 000 0 00

0O 0 010 0 00

0O 0 000 0 00

0 0 000 -1 0 0

\ 0 0 000 0 0 0)

11
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Isospin sum rule

An isospin sum rule is generated if appropriate «, 3, v are selected

Mode CF SCS DCS
IEHC :0 I_HCFZO IgHSCS:O IEHDCS:O

Tomin n>1 n > 2 n > 2
AS AS=—-1| AS=0 AS =1
AQ | AQ=1| AQ=2 | AQ=2

arXiv:2301.06104 [hep-ph]

12
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Isospin sum rules
» CF mode

SumlI_ [0, 71,2 =

» SCS/DCS mode

SumlI? [22, 71, %] =

7'(' E+]

Other decay modes:

13
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U-spin sum rules

U-spin sum rules: [[_] = [U_]

» The U-spin sum rules generated by U_ involve only the CF, SCS, or DCS
transition.

» U-spin sum rules involve two or three decay types

0 0 O
S=-ANU3-XNU_+U, =0 =X 1|, SH=0
0 —X% )\
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CPV in charm baryon decays into neutral kaons

_ F71'7r t - Fww t I_(O A
A= T / ! \KO\
Lon(t) =T(Bz — BK(t)(— 7 77)), At N
T,n(t) = T(Bs — BE(t)(— 7n0)). c e
K° dir int \ D /[_{O/
Acr(t) = (AEp(t) + AZL(H) + AZ(0)) /D(2), KO

A N1 LT
op(ty < 75 < tp < 71) [arXiv:1707.09297 [hep-ph]],

~ [AE; + A%S + ABY]/D [arXiv:1709.09873 [hep-ph]]
—2Re(€) + 2rg sin dp sin ¢ — 4rgZm(e) cos ¢ sindp
1 —2rgcos¢cosip

15
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U-spin analysis

> U-spin sum rules r=|A1/ Azl
AAF — pKY) % Vs AEF - 2TKY) ViV
AEF 5 otK) VisVud AN = pE) ViV
c* Vus c* Vus 1

I. Adachi et al. [Belle-11 and Belle],
Br(EF - STK2) = (1.9440.90) x 1073 [arXiv:2503.17643 [hep-ex]].

| — (— -2

— | 7p=(-1.1420.264£0.32£0.34) x 107* |
| rgs = (-23.2£54£154£7.0) 1072

16
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CPV

N:-pKY
Acp[x107°] Acp[*x107%]

, ‘Sp
277 0

2T 4In' 5Irr l 62+
27T

3 3 3

2n an 5m
3 3 3

o
winf
winf

> EF — ETKY: verify interference between the hadron decay and neutral
final-state kaon mixing

> A} — pK2: search for new physics beyond the SM

18
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Topology = Invariant Tensor

ABY — BgM”) = <B§M5\Heﬁ|87_>
- Z Z B%Jk Oq [Bc§]7“8> X (Bg)ijk(MB)angp(B%)rs

p Per.

CG coefficient
_ (2) ((p) —_— ’
N ZXW (€ )apn mode-dependent

“
Reduced matrix element, ®/ )
mode-independent < "

Wigner-Eckart theorem | g = g
> 1
GmITE 'y = (mkgim)GITO L | i ]

» Index-contraction «== Quark flowing

arXiv:2406.14061 50
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Meson .vs. Baryon

» Wavefunction V¥ = ¢ﬂavorXspin€colornspace
b

» Pauli Exclusion Principle

P = %((bsXs + daxa)

3R3IRI=10083D8D1

Y
®
Y

4

¥
® Y
v

b,s,}b

Y

Y

4

SE
¥
® Y
Y
\_'_'
o~
¥
® Y
A |

Y

Y

21
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Completeness of topologies

» Decay amplitude
.A(BC§ — BSM) =

» Completeness of topologies

(BY" My, |08, |[Beglrs)

Invariant tensor: all

indices are contracted

5 [A°(Bz — BSM) + AN Bz — B&M)]

Ng + Ny = A2/2 = 60,
N4 — Ng = A3 =6,
Ng =27, N4 =33.

Computed by permutation!

22



%5 = JRBESIII-Belle II-LHCb&Z 3% T Hy FUIK A BF i &

Topologies in charmed baryon decays (A)

o
a1
C 8 -
®—>
T
as
- ®
s
®
ag
C @ N
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a13
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z ] > gy <]
?_9 | = - |
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] U ] A = & <::}
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& —" 1 Q] /.
. == &=
: ] i ] i ] i ]
Pl . .
- 5 . v’ 36 diagrams: without quark loop
s ] v’ 24 diagrams: with quark loop

fisa 24



5 = JEBESIII-Belle II-LHCb&E 38 T4 BB & BF i &

Three indices === Two indices

» Relation between topologies and SU(3) irreducible amplitudes

S\ijk AVijk i
(Bg)"" /(Bg)™*, (Bs); 303R3=1008@8@1

» Reducing indices (Bs)k = e (Bg)F P

. 1 .. i 1 ; . . ;
(B Ik = ﬁewlw@f, (BS)ik = %[ek L(Bs)] + "9 (Bg)]]
pS _ L(_ngém + Bgll + BéQl),
(B)} e V6
1 arxXiv:2406.14061
pt = E(Bém _ Bgll).

25
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(1,1)-rank topological amplitudes

A(B_z — BsM)
= A1(B3)" Hj, M (Bg)§ + A2(B3)" H}) M} (Bs); + As(B3)" H}), M; (Bs)}
+ Au(Bg) Hj ML(Bg)} + As(Bug)' Hj, M} (Bs)[ + Ae(B.g)  H} My (Bs)%
+ A7(B,g) H{; M} (Bs); + As(B,z)"H], M}, (Bs)} + +A¢(B,3)' H} M} (Bs)}
+ Avo(Bz) Hi, M| (Bs)} + An cg)zHile( $)F + A12(Bg)' H, My (Bs)
+ A13(Bag) H; M| (Bs)} + Av1a(B.g)  H}; My, (Bs)f + A15(B.g) HI M;.(Bs);
+ A16(Bag) Hi, M{ (Bs) + Av7(Bg)’ ijMl(BS) + A15(B.g )ZHJ v (Bs)r-

]

(
(

26
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Linear correlation of topologies

» Relation between three-
and (1,1)-rank octets

* Example

at (Byz)iy Hiy M, (Bg )"

(Byg)ij = €ijr(By3)",

iy 1 : : . .
(Bg)"7* = %[ek”(lgs)? + €7 (Bs)il.
iy 1 ..
(Bg)VE = ﬁewl(&s)f

L s 15 k 1 g 1k '
= —=af€ijp(Byg)P Hj M,,e’1(Bs), + —=ai€ijp(Byz)' Hyj M, e (Bg)?
\/6 1 JP( b3) kl ( 8) \/6 1 JP( b3) kl ( 8)q
Ll s i 173 Al k 2 5 i 173 Al k
= _—\@% (Byz)' Hy, M;(Bg); + _\/60’1 (Bys)' Hj, M (Bs);
L s i l k 2 g i 173 Al k
+ %al (By3) kaMj(BS)z - %% (B3) H}Z;z'Mj(BS)z-
1 2
Ay = ——aS 4 ... — LSy
2 1\/— 1 4 \26 1
A5—%a*19—|—.., A7_—%CL‘1S+

27
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SU(3) irreducible amplitude

1 1 _ 3 1 3 1
k __ k lk k k
Hiy =g H(15)j; + Jeis H(6)" + 6 (gH(St)z‘ - gH(Sp%) +6; (gH(3p>j - gH(?)t)j)

3303=1566®3, P 3;

:A6—A8 b2:A5—A7

2-rank TDA =1IRA by YR VR

3-rank TDA == (1,1)-rank TDA == (1,1)- rank IRA

by = —V2(2a] + a7 —aj — ajp + a1y)/8
+V6(2a5 — 205 — a7 + 245 — ag + a3y — 2a3; + ay) /24,
b = V2(ai' — a3 —2a3 + a5 —a§)/8 + V6(3ay — 3a3 — aF + ag) /24,
by = —V2(a5 — ag — afs + afs + 2aiy) /8 + V6(a5 — ag + 3als — 3as)/24,

28
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—k 1k
SZ' & Sj &) 3 =.. 6@'16 ..
b1(Byz) H (6)5; M (Bs)}, = bil(By3) 1:H (6)™ M7 (Bs)i}
bo(Byz)" H (6)f; My (Bs)] = baf Byg) ;i H(6)" M (Bs )],
bs(By3)" H (6)5; M (Bs);, = bs|(Bys) jsH (6)"' M; (Bs),
ba(Byg) H(6)%,M; (Bs), = ba|(Byz);0H (6)" M (Bs).|—{(Byg) s H (6)" M (Bs)j,
+ |(Bb§)jz‘H(6)kile (Bs)7 |
bs (Byz)" H (6)5, M} (Bs)] = —bs (By3);:H (6)" My (Bs)] |+|(Byg) .H (6)" M (Bs) ]
b, =by —by, bl =by — bs,
bg—b3—|—b4, bil—b4—b5

» Property of SU(3) group

29



%% = JiBESIII-Belle II-LHCbAZ 5 F 4 P A B 2

Topologies in the Standard Model

» Effective Hamiltonian of charm decay

> ViV <Z C@-(M)Oi(u)> — Vo Vo (Z Ci(p)Oi () + CSQ(M)OSg(u)>]

q=d,s 1=3

Gr
Hog = -
V2

» Non-zero HE

Tree —-I: (H(O))%:s = Vi Vua, (H(O)>%2 = VeaVuds
(H(O))?S — V;Vus’ (H(O))?Q — chvus

Penguin—'[ (HN = ViV,  (HMW)3 = -ViVa,
(H)3 = =V Vi

» 13 independent amplitudes in the SU(3)r limit: 9+4=13

30
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Feynman diagram

[Topological diagram

/" N\

|

3-rank irreducible ] [(1,1)-rank topological]

amplitude amplitude

N/

Irreduc1ble amplitude

31
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The Korner-Pati-Woo theorem

» Four decay amplitudes are very small due to small As.

» The Korner-Pati-Woo theorem: If two quarks produced by

weak operators enter one baryon, they are anti-symmetric in
flavor.

J. G. Korner, Nucl. Phys. B 25, 282-290 (1971).
J. C. Pati and C. H. Woo, Phys. Rev. D 3, 2920-2922 (1971).

» Decay amplitudes: 9 == 5§

e Parameters: 9xXx4—-—1=30> wmmp 5 x4—-1=19

32
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Test the Korner-Pati-Woo theorem
» SU(3) symmetry + KPW theorem

Tat —0 —_ 4\ + 0_+ C. Q. Geng, X. G. He, X. N.
'm0 B(E; - E777) =B(A; — X0n7) Jin, C. W. Liu and C. Yang,
€ ) Phys. Rev. D 109, no.7,
V. L071302 (2024) .
+3B(AF = Ar) — |2 B(AF = nt) (2024
cd
PDG SU(3) conserved SU(3) F-broken'
10°BE - E 7% 1.43+0.32 2.72 +0.09 29x0.1

X talk
» Isospin symmetry + KPW theorem

AN = STK?) = V2A(AF — X°KT)

C. Q. Geng, C. W. Liu and T. H. Tsai, Phys. Lett. B 794, 19-28 (2019). 23
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Final-state rescattering

_ P

» Final-state e

rescattering
A%

C. P. Jia, H. Y. Jiang, J.

P. Wang and F. S. Yu, _,é
JHEP 11, 072 (2024).

A(B, P, Bs,V, P, Bs) A(Bg, P, Bg, Bs, Bs, P)
AF 5 SOK*+  C',E., B - - 1.601055
. 1.37

Af — BTK*0 C', B - - 2.107 56

0.0393 £ 0.0022 —0.62 + 0.07

+ 0+
Ao = 20K 0 0393 + 0.0021 —0.62 + 0.07

H.Y. Cheng, F. Xu and H.
Zhong, [arXiv:2505.07150 [hep-

0.0394 £ 0.0022 —0.62 £ 0.07
AT - 3TK ph]].
¢ =810 0394 +0.0021 —0.62 + 0.07
AT — YT Kg| 0.37(3) —0.47(14) —0.87(8) 0.11(19) M. W. L1, X. G. He, A. Cheek and X.
Chu [arXiv:2506.05511 [hep-ph]]
AF = 3°K1|0.37(3) —0.47(14) —0.87(8) 0.11(19)
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Final-state rescattering

AL(Af — X°KT) =

AL(AT — STK?) =

C. P. Jia, H. Y. Jiang,
J.P. Wang and F. S.
Yu, JHEP 11, 072
(2024).

/2 V2

1
+ EA(Aj,K+,AO,pO>K+,EO) +

V2

1 — 1
SAMS 7 KT K S AN 7 e 8780 K
1

AN KT A% 27,50 K1)

AAF, 71, n, A%, ST, KO AAT, 7, n, 30, 5, K9)

+AAF KT A pt KO 5T) + A(AF, KT, A%, 20, 5F, KO)

Bs
I —

A(BC§7 P7 887 ‘/7 Pa BS)

A(Bc§7 P7 88,387887 P)

35
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Final-state rescattering

36
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The Korner-Pati-Woo theorem

O(x) = 300,:(2)[1 = 75)45.5 (%) 1@y, 1 () (L = 75)g5.: (%)}

1 a, B3, v, d: color, 1,7, k,l: flavor

Fierz transformation =» O(2) = @y,k(w)(l — 75)4p,5 () } [qa,i(x)(l —7¥5)q5,1 () }

(a,1) > (v,k)  symmetric
If two quarks enter baryon 2,
! = o <>y  antisymmetric ? N
SU(3)c singlet 1 AN
D)

J. G. Korner, Nucl. Phys. B 25, . _

282-290 (1971). 7 &k antisymmetric

J. C. Pati and C. H. Woo, Phys.

Rev. D 3, 2920-2922 (1971). 37
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Test the Korner-Pati-Woo theorem
» Isospin symmetry + KPW theorem

Br(A} — STKY) = Br(Af — X0Kk+) | ?

Br(AT - ¥°KT)=(4.74+09+0.14+0.3) x 10°*
Br(Al - YTK2)=(48+14+024+0.3)x107*
M. Ablikim et al. [BESIII], Phys. Rev. D 106, no.5, 052003 (2022).

Br(AT — X°K*) = (3.58 £0.19 4+ 0.06 + 0.19) x 10~*
L. K. Li et al. [Belle] Sci. Bull. 68, 583-592 (2023).

(5 Br(Af — StKQ) Belle (II)

Br(A} — X%71) = (1.29 £ 0.05)% PDG

Br(A? — 7Y% = (1.26 £0.10)% [sospin symmetry only
38
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Test the Korner-Pati-Woo theorem

» Isospin symmetry + KPW theorem

%A(Aj — AT7%) = VBAAY = A%T) = —A(Af — AT,

AN = KO = —V2AA — 59K ),

A(EF = ATTKT) = VBAET - ATR)
= VBAE? - A'K’) = VBA(EY —» ATK ),

AET = 2071 = AEF - T rY),

AN} = X7 K1T) =2A(A) — X°K9) ”
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Summary

» CP asymmetries in the AT — pK?¢ and =+ — 3+ K? decays

> Test the KPW theorem: Br(Al — XTK?Y)

Thanks for your attention!

41



