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Introduction (IRA and TDA)
e IRA: irreducible SU(3); approach (amplitude)
B., B, M, and H.ss in the irreducible forms of SU(3);,

connected as the invariant SU(3); amplitudes (a;)

[Savage, Springer, PRD42, 1527 (1990)]

Hira ~ c_H(6) + c. H(15), c_ > ¢4

ai, as, az, QCD-favored

a4, as, ag, a7, QCD-distavored

C.D. Lu, W. Wang and F.S. Yu [PRD93, 056008 (2016)],
“Test flavor SU(3) symmetry in exclusive A, decays,”

Geng, Hsiao, Y.H. Lin and L.L. Liu [PLB776, 265 (2017)]
able to explain B(B, —» BM)



Introduction (IRA and TDA)
e One prefers topological diagrams for the decay:

factorizable, non-factorizable, W-boson exchange

BESIII [PLB783, 200 (2018)]

Feynman diagrams of A] — ZE(*)0 g+

[RA: M(A — Z0K+) = —2(ay — %t%)
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Theoretical approaches

Pole model 4+ current algebra:

J. Zou, F. Xu, G. Meng and H.Y. Cheng, PRD101, 014011 (2020),
“T'wo-body hadronic weak decays of antitriplet charmed baryons.”
Long-distance triangle rescattering:

H.W. Ke and X.Q. Li [PRD102, 113013 (2020)]

“A natural interpretation on the data of A, — X7.”

Yu, Hsiao [PLB820, 136586 (2021)]

“Cabibbo-favored AT — Aag(980)" decay in the final state interaction.”




The total branching fraction [Belle, PRD103, 052005 (2021)]
B(AT = Anpr™) = (184+0.2+0.9+0.9) x 107°,

B(A] — A*r™, A* = An) = (3.5+0.5) x 1072,

B(AF — ¥, ¥ — ArT) = (10.5 £ 1.2) x 1073,
with A* = A(1670) and ¥X* = 3(1385).
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A possible AT — Aag,af — nm™ process.



Cabibbo-favored A — Aa(980)" decay

in the final state interaction

Yao Yu!* and Yu-Kuo Hsiao? |

[PLB820, 136586 (2021)]

B(A} — Aaf) = (1.7738 £0.3) x 107?
B(AF — pfy) = (3.5£2.3) x 1073

measured in 1990




e TDA: topological SU(3); approach (amplitude)
SU(3) s symmetry+topological diagrams

more approachable, more information

qi qk
M g M J: E q; M
c > N > Gk c X gi
Ga > ] B B. ¢ > qa] B B.

a
‘/Q; M
C >
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B ~ % B
) [Qb +- ab |:Qb +- gb b - b
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ab = db . N " . N
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q %1 B > q,‘,:| B %1 B
§ ) (IJ q > b q ‘lb]
(d) E (e) Em (f) Em
3 qk > qk
) M ) M
gq; > 7%, B g; > q; ] B
K . I
(9) Em (h) E)y

=0, 2+ and Af: (ds — sd)c, (su— us)c and (ud — du)c

B ~ (¢a — qr)a [(¢ — 9a) @] for EBany, B ~ (g — )4 [(g — @:)qa] for Epyy



e Studies with TDA
Y. Kohara [PRD44, 2799 (1991)]
“Quark diagram analysis of charmed baryon decays,”

L.L. Chau, H.Y. Cheng and B. Tseng [PRD54, 2132 (1996)]

“Analysis of two-body decays of charmed baryons
using the quark diagram scheme”

H.J. Zhao, Y.L. Wang, Hsiao and Y. Yu [JHEP02, 165 (2020)]
“A diagrammatic analysis of two-body charmed baryon decays
with flavor symmetry.”

Hsiao, Q. Yi, S.T. Cai and H.J. Zhao [EPJC80, 1067 (2020)|]
“T'wo-body charmed baryon decays involving decuplet baryon

in the quark-diagram scheme.”



Equivalent SU(3)s approaches for B, - BM
e Both based on SU(3) s symmetry,

TDA and IRA can be equivalent

X.G. He and W. Wang [CP(C42, 103108 (2018)]
“Flavor SU(3) Topological Diagram and
Irreducible Representation Amplitudes

)

for Heavy Meson Charmless Hadronic Decays: Mismatch and Equivalence,’
X.G. He, Y.J. Shi and W. Wang [EPJC80, 359 (2020)]

“Unification of Flavor SU(3) Analyses of Heavy Hadron Weak Decays,”
Hsiao, Q. Yi, S.T. Cai and H.J. Zhao [EPJC80, 1067 (2020)]

“T'wo-body charmed baryon decays involving decuplet baryon

in the quark-diagram scheme.”



Formalism

U U U q,s
d q 3 -
q,s
W, Wk W, g,
> S C - - q C - = d C - = u
NS
(a) (d)

G
Hepr= 30 T;cz (Vs Vi Os + Vg Vi O‘-’+VchusO§)

i=+,—

(‘/;svuda ‘/;dvuda ‘/;svusa ‘/cdvus) — (17 —Sey Sey _Sg)

0s = l(ud)(sc) £ (sd)(ac)] o X %
o1 - 3l £ @)~ SN
0, = % (@s)(de) % (ds) (ao)

(cy,c_) = (0.76,1.78)



SU(3) flavor symmetry

Under the SU(3); symmetry
(G192)(q3¢) ~ (T'a)c

q; = (u,d, s) represent the triplet of 3
To be decomposed as irreducible forms:

(3x3x3)c=38+3+6+15)c

r,_
O_(4) ~ Ogap) = §(uds F sdu)c,
r,_
0! (+) ™ Og(T) = §(qu F qqu)c,
L, - -
Ol_(+) B 0,6(1_) — §(U8d s dSU)C,



Formalism

e IRA
Hira = c-5-H(6)y + ¢ H(TB)}
BC(Bci) (E‘(c)) _E;ra Aj)
9 :t, o
Bj : (TL, p) 72 07 07 A)

M; : (x*0, K*, K°, K°, )

[1]

e TDA
Hrpa = H]kz [Hgl — 1]
£ R

BB =
= = 0

. l
Bz’jk = Gz’lek

M; : (n*0, K=, K°, K°, n)



Miga = Mg+ Mz,
Mg = a1 H;;(6)T*B. M} + ay H;;(6)T* M.B] + asH,;(6)BLM]T*
Mz = asHy (15)B.; M} B}, + asB: M} H(15)]"B.
+ agBf MiH(15)!'B.y, + a;BLMIH(I5)]"B.s,
Mrpa = TB2H¥B M + CB,* H¥B 4, MF + C'B,* HY By M2
+ EgB°H' By M, + EgB°H ' By M,
+ EyB/*HF' By, M + E) B/’ HY By MF + E'B/°HF' By, M.,

. T = B, 9%
" < dj M
& 3> - > dk
B. [qu . q ] B
Qb > q




Decay mode MTpAa MR A
AT = M%7t |- —2-(4T + C’' — Ep - E') e S [T T )
AF - =07t 35(C' + Ep — E') _@a 4 a2
AT - 370 -2 (C' + Ep - E) V2(a1 —ag — ag — 28297
A} - 20K+ | B/ —2(ag — 243°1)
A7 - pR® |20 -E}, ST = w)
Af 5=ty |[(C' - Eg + E')cp — By s¢) VZcp(—a1 — ag + az + BEUT) _ spay
=25 - =tRO|—2C + C’ 2(ag — 24796
=t — 2%+ [—27 - ¢’ 2(az + 24776
— = o D) — =
E¢ = A°K® | 2=(2C + C' — Ey — 2B} — E') —¥8(2a; — ay — ag +225-36-97)
Z¢ = T°K? | 2=(2C - C' + Eyg + E') —V2(az + ag — 26527
20 5 ntK—|-Ep — B 2(ap + 247°7)
20 — E%7° \%(EB+C') —v2(a1 — a3 — 24522
20 5 E~ 7T (2T - Ep 2(a; + 25196
— — /
=0 > 2% |[=(Er - C)ep + (By, + By + E'*))s¢] | V2eg(ar — az + #4E8) —25p(az + F)
/s = : 4
E’; for g — ss ; > a
- M
<€ db
W ( |
BC - (1!;:|
qJ = q; B

[ q( L > (Iu




Using Mra = Mtpa

(T, C, C’) — (al | a4-5a6, a1 a4—5a6’ 2&1 —|—2a3)

(EB, EM, E’) — ((1,4, —20,4 = 2&7, —2a2 + ayg + CL7)
.

(a1, 02, a5) = (T3¢, —Bap2Er T=GrC)

(CL4,CL5,CL6,CL7) = (EB,O,T—I-C—EB,—EB EQM)

such that we “topologize” the SU(3); invariant amplitudes.



Global fit

X2 : ZZ[( ih - sz:c)/a-i,x]z

‘Tla ‘CleMC, |C,‘6i50’, |EB‘€i5EB, ‘EM‘GMEM, ‘E"ei(SE' 7

s - ,SZ‘ES‘BZ(SE
B M B
Branching fraction Data

102B8(A} — A%xt) [[1.31 £ 0.09
1028(AF - =%x1) [[1.22 £ 0.11
1028(A} — =t#0) [[1.25 £ 0.10
1028(A} — 2°K™*) [[0.55 £ 0.07
10°B(Af — pK©) [[3.18 £0.16
102B(A} — =tn) [|0.44 +0.20
10°B8(E} - =T K9)
103B(E}F — =207x1) || 16.0 £ 8.0
1038(2% —» A°KO) |[8.24 £+ 2.44
103822 —» =°K0) |[1.38 £0.48
103B8(E2 - =t K~)|[2.21 £ 0.68
103B(22 — =049)
103822 - == =1) || 18.0£ 5.2
103B(E2 — =)

s
B

TDA (S1) TDA (S2)
x> 4.5 5.7
n.d.f 5 4
|T| 0.23 + 0.02 0.24 + 0.02
|C| | 0.26+0.01 0.23 & 0.02
|IC’| | 0.3440.02 0.32 4+ 0.03
|Eg|| 0.2240.03 0.22 + 0.05
|E&| 0.37 + 0.06
|Eas||  0.40 4 0.03 0.38 4+ 0.03
|E’| | 0.2440.02 0.23 & 0.02
Sc | (183.24+£9.6)° (179.5+ 12.9)°
Scr | (163.7 £5.0)°  (149.7 +6.7)°
Spg |[(—100.3 £ 7.1)° (—93.6 +8.2)°
SEg, (43.3 £ 8.0)°
6g,, | (100.3 £8.0)° (113.2+10.7)°
dgr | (=71.1+£6.7)° (—50.1 +12.3)°




TABLE 1. Cabibbo-allowed (CA) branching fractions.

Branching fraction |pole model IRA (with ag) IRA (with all a;) TDA [This work| (S1, S2) Data
102B(A7 — A%xT) 1.30 1.27 £+ 0.07 1.307 £ 0.069  (1.27 £+ 0.22,1.24 + 0.30) |1.31 %+ 0.09
102B(A} — =071) 2.24 1.26 + 0.06 1.272 £ 0.056  (1.22 4+ 0.23,1.24 + 0.30) [1.22 + 0.11
102B(AT — =t x0) 2.24 1.26 £+ 0.06 1.283 +0.057  (1.22 4+ 0.23,1.24 + 0.30) |1.25 4+ 0.10
102B(A}T — 2K T) 0.73 0.57 4 0.09 0.548 + 0.068  (0.54 &+ 0.07, 0.51 £ 0.07) |[0.55 4 0.07
102B(A} — pK9) 2.11 3.14 4+ 0.15 3.174 +0.154  (3.18 4+ 0.64, 3.10 £ 0.80) [3.18 £+ 0.16
102B(A; — =tn) 0.74 0.29 4+ 0.12 0.45 4+ 0.19 (0.42 + 0.18,0.57 &+ 0.26) | 0.44 4+ 0.20
103B(EF —» =T KO) 2.0 rf - Ragt 10.6 + 14.0 (127 0147 )
103B(ET — %) 17.2 4.2 +1.7 5.4+ 1.8 (7.075:2,15.7 + 6.2) 16.0 + 8.0
10°B(E? - A°K?) 13.3 14.2 + 0.09 6.68 + 1.30 (9.85 4 2.26,10.0 + 2.9) |8.24 + 2.44
103B8(2% — =0 K0) 0.4 0.97 ¢ 1.38 + 0.48 (1.487 27 1.467707) [1.38 £0.48
103880 » =t K™) 4.6 7.6 +1.4 2.21 + 0.68 (221 -2 2051 ) 291 068
103B(E0 — =2070) 18.2 10.0 + 1.4 2.56 + 0.93 (6.0 +1.2,3.6 + 1.2)
103B(E? - 2~ xt) 64.7 29.5 4+ 1.4 12.1 + 2.1 (24.5 + 3.7,23.3 + 4.5) | 18.0 + 5.2
103B(2% — =09) 26.7 13.0 + 2.3 @2’ 73132




Explain the data

¢ = = K ad = =l
data: B(E? - 2~ K1) /B(E) = E-71)=0.02
theory: B(Z) — :_K+)/B(E(c’ — Z7 1) ~ (—sinf.)?* ~ 0.05

= SU(3) s symmetry breaking

IRA: at least 3 new parameters for breaking.

Savage [PLB257, 414 (1991)]

“SU(3) violations in the nonleptonic decay of charmed hadrons,”

Geng, Hsiao, C.W. Liu and T.H. Tsai [EPJC78, 593 (2018)]
“SU(3) symmetry breaking in charmed baryon decays.”

TDA R(:O) — B(Eg—)E_K+) - 2(2T—E](35))2

. &
2c) = BEISE-AF) — Sc aT_Es)? E§ for g — s3

(@) T (e) En



TDA (S1) TDA (S2)
2 4.5 5.7
n.d.f 5 4
IT| | 0.23+0.02 0.24 4 0.02
IC| | 0.26+0.01 0.23 + 0.02
IC’| | 0.3440.02 0.32 + 0.03
|Eg|| 0.22+0.03 0.22 4+ 0.05
|ES 0.37 £ 0.06
|Ear||  0.40 +0.03 0.38 4 0.03
|E’'| | 0.2440.02 0.23 + 0.02
dc | (183.2+9.6)° (179.5 £ 12.9)°
Scr | (163.7 £5.0)° (149.7 £6.7)°
Spg |(—100.3 +7.1)° (—93.6 & 8.2)°
SEs, (43.3 + 8.0)°
6g,, | (100.3 £8.0)° (113.2+10.7)°
6gr | (=T1.1£6.7)° (—50.1 £ 12.3)°

- 0.4, 6,, = (50.3 =

-11.5)°



Explain the data : @

M
e CAE0 - BM - . @i
B (20 — A°R?, SOKO, S+ K~) B : i
= (8.24 1 2.44,1.38 12 0.48, 2.21 £ 0.68) <10 (9) Ewm

Belle [PRD105, LO11102 (2022)]

TDA: M(E? — A°K®, SPK°, 5tK~) = 2(2C + C' — Ey — 2By — E),
52C~C' +Ey+E), —Ey— E'

E)s only appearing in Z2 — BM, instead of ZF, A7 — BM,

cannot be neglected (Ey = —2a4 — 2a7).

B (22 — AOK? YOK0 ¥+ K-)

— (9.85 1+ 2.26,1.48 52 2.2112-37) x 103
B (B2 — APKO 0RO St K-)

= (100 =20 146 (2205 ) o ()




Explain the data
e AT —» pn® and Af — nxt

em(A+ — pr®) > 3 x 10~%, BESIII [PRD95, 111102 (2017)]

B..(AF — pr®) > 0.8 x 1074, Belle [PRD103, 072004 (2021)]

Beo(AX — nt) = (6.6 £ 1.3) x 10~4, BESIII [PRL128, 142001 (2022),
o Ber(AF — nm™) > By (AF — prY)
IRA: M(A} — nat,pn®) ~ A+ B, (A — B)//2
(A, B) = (ag + a3 — a7/2, ag/2)

Causing the constructive and destructive interferences.

e Theoretical results
Bsi,s2(AF — pr®) = (0.3%573,0.4%5:7) x 107
BSLSQ(AE' =7 n7r+) = (7.6 =89 F 2.6) x 1074




Consistent with the analyses with IRA

Partly restoring the QCD-disfavored parameters

Geng, C.W. Liu and T.H. Tsai [PLB794, 19 (2019)]

With all parameters

C.P. Jia, D. Wang and F.S. Yu [NPB956, 115048 (2020)]
F. Huang, Z.P. Xing and X.G. He [JHEP 03, 143 (2022)]
With all parameters+SU (3)s breaking

H. Zhong, F. Xu, Q. Wen and Y. Gu [JHEP02, 235 (2023)]



B. - B*M with TDA
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B. - BM

B. - B*M with TDA

b

with TDA

c qi
Bc[q“ q]B Bc[q q]B BC[L e ‘Ik]B
b b b b 3 (3
() T (b) C (c) C'
- o qi q
q; i qj i
qj - 1B c % B ¢ %1 B
sW
c = > ‘Ik] ab b b qJ
(d) E' (e) Emn (f) Egn
c Gk C Gk
) M ) M
. . amm. C:qb}
9 %1 B 9 1B
|:Qu Qu] [qu Ga
qi qx Ga
M gj M % M —/Q; M
— o > g c _._mZ;‘;““;" ;:2 g % W a
> Ja B(*) BC Ga > Ga B(*) BC C - > Qi B(*)
£ /7 ) = ap ap = G
() T (®) C (c) C'
> Ga q; > gi c > gk
- M Y | - M
Qb b v
> % B® c > 2 B 9 > % B®
W
é - gk Ga > Ga q - Ga
(d) E' (e) Ep (f) Em



B. - B*M with TDA

B B® B. > B® B
(@) T (b) C (e) C
a > qi gk
, M » M .M
5 C B v C . g v (T,
> B® > 2 B s B®
(d) E' (e) Ep (f) Em

T(B, — B*M) = EB(Bc)jaHfi(B*)kab(M)S + EM(BC)j“HJ’?i(B*)iab(M)Z
+C'(Bo)“H (B*)ap(M)2, + E'(B.)** H* (B*) s (M),

a L

T(B.— B'M) =
a'8(B,)ijk(Bc)lHnm(6) (M)iéjlnékmo + Qg (B/)zjk(M);H(E)%L(Bc)neklm

+a10(Bl)ijk(M)fH(15)#:(BC)n€lmn T all(B,)ijk(M)flrnH(ﬁ);j(BC)nekmn )



B. - B*M with TDA

B B® B. > B® B
(@) T (b) C (e) C
a > qi gk
, M » M .M
5 C B v C . g v (T,
> B® > 2 B s B®
(d) E' (e) Ep (f) Em

T(B, — B*M) = EB(Bc)jaHfi(B*)kab(M)S + EM(BC)j“HJ’?i(B*)iab(M)Z
+C'(Bo)“H (B*)ap(M)2, + E'(B.)** H* (B*) s (M),

a L

T(B.— B'M) =
a'8(B,)ijk(Bc)lHnm(6) (M)iéjlnékmo + Qg (B/)zjk(M);H(E)%L(Bc)neklm

+a10(Bl)ijk(M)fH(15)#:(BC)n€lmn T all(B,)ijk(M)flrnH(ﬁ);j(BC)nekmn )



B, % B® B. « B® B. ¢ : B
% > o > % >
(@) T (b) C (c) C'
Ga - Ga q gi gk
@ M b M @ M
5 C . g é C . g é .,
g > a B® c > 2 B 9 % B
c év > g %a > %a %a %a
(d) E' (e) Ep (f) Em

e B. with (g.g» — @59.)c cannot be turned into B*(q.qsqk()):

(T, C) give no contributions to B, — B*M.

e The Korner-Pati-Woo theorem:

K. Miura and T. Minamikawa, Prog. Theor. Phys. 38, 954 (1967);
J.G. Korner, NPB25, 282 (1971);

J.C. Pati and C.H. Woo, PRD3, 2920 (1971).

(i9;)v—a(@rc)v—4a: ¢; and g are color anti-symmetric,

qi , are flavor anti-symmetric in B®).

C" and E’ are suppressed in B, —+ B*M.



C < b M C
7! W
Bc > @b Bc
c > Qk B(*) q >
q = qa q -
(e) En (f) Em

Equivalence:
(EB, Em) = (—2ag + ag, 2as + ag)

(E',C")

(—2a9 — 2a4, —2011)

a9 = —aqg and a;; = 0

/)3
d»
ab

qi B(*)



Decay modes T-amp Decay modes T-amp
Af - ATTK= | -XaEym =0 5 K~ A= 7 Em
A — ATKO —Aa% 20 20RO AL Vs Eum
AT = 207t |\, L+ \/— 20 5 =gt Ag == \/§

AF — o*+70 ), -L 7 E =0 _y Z*0,0 Aa%EB

AT — T*ty
AT — Y* Tty

AS —» =¥ 0K+

g \/E(EchS — V2E Y s¢)
—Aa % (EBs¢ + \/EEJ(\Z) co)

_Aa,\/—

=0 _y =0y XaX=(Ence - V2E'? s¢)
20 2% |XaZ=(Esé+ V2E}) o)
20 5 QK+ | AEY

= 5 2*tKO |0

=5 - =207+ |0

e Three triangle sum rules for B, — Aw

T(AF — A7)
— A7)
T(E) - At~

T(=:

C

—-T(E;
) —T(E,

C

—T(Af — AT~
— AT ™

— A7)

) — V6T (A} — AT7)
) — V6T'(=F
—V6T(Z2 —

— Atq?)
AOﬂ.O)

=0,

=0,
= 0.




e (' = 0 (Korner-Pati-Woo theorem)
resulting in

T(AF - ATK°, A’ KT) =0,

T(EF — 2 K? =2071) = 0.
Existing models also give B = 0.

In comparison with the data:

B (ZF — Z2977) < 4.0 x 1073,

B (EF — YT K9 = (2.94+£1.7) x 1072,

o T(A} — X*¥7%) =T (A — X*7Y)

respects the isospin symmetry.



Summary

e We demonstrated that IRA and TDA for B, — B® M
Equivalent SU(3) s approaches.

e We explained B(A — Z°K+,Z%7") with

SU(3) s symmetry breaking.

e B(A} — pr®) and B(AS — nnt) receive the contributions from
the destructive and constructive interfering effects, respectively.

e The exchange topology E,, plays a key role in
the E2 —» A°KO9 YOKO ¥+ K~ decays.

o B,(EF - XK = (29+£1.7) x 1072

needs a more careful experimental investigation.



Thank You



