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Introduction




SU(4) multiplets of baryons made of u, d, s, and ¢ quarks

+

+
The 20-plet with an SU(3) octet (JP = % ). The 20-plet with an SU(3) decuplet (JP = % ).

€ Hadronic weak decay of charmed baryons B, - B M

[. The hadronic weak decay of A,
[I. The hadronic weak decay of =,



1. Introduction Motivation

» High precision measurement of charmed baryon

» Non-factorizable transition mechanisms:

* Color suppressed contribution

* Pole term contribution

» The property of light diquark
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1. Introduction EEDJTe[IF:1ye

® Diquark: strong color correlation between quarks

S-wave color 3 diquarks: S(0+) and A(1+) 3 . d
color 3®3@B6 spin - 1®1:0@1
P 2%

® Spin dependent force from magnetic gluon exchange predicts

strong attraction in S(0%). > Charmed baryon (A Judc])
. . = = . _ » My <<m_ =2 diquark + quark
Color-Magnetic Interaction Aqy = (— Z(A,,; X )G -F5)) T e ©

< From Xiao-Rui Lyu

S(0+) color 3 Acm=-8 aka good diquark
A(1*) color 3 Acv =+ 8/3 aka bad diquark G

Compact
M(A)-M(S) = (2/3) [M(A)- M(N)] ~200 MeV g g |ornot

consistent with the splitting of A, — X,
MZ — M A — 30 MeV
Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)




Frame Work
» The wave functions of hadrons
» The effective Hamiltonian




W 2.1 Wave function of light baryons

Nonrelativistic constituent quark model

Color SUB) 32323 =10,+8,+ 8, +1,
Spin SUR2) 20202 =4,+2,+ 2,,

Flavor SUM3) 3@3®3 =10,+8,+ 8, +1,.
Spin-flavor SU(6) 62626 =56,+70,+ 70, + 20,,
Spatial O3) L* s, p, A, a

ISGUR N, KARL G. Phys.Rev.D, 1978, 18:4187
F. Hussain and M. Scadron, Nuovo Cim. A 79, 248 (1984)
LE YAOUANC A, OLIVER L, PENE O, et al. HADRON TRANSITIONS IN THE QUARK MODEL[M]. 1988. ¢



m 2.1 Wave function of light baryons

The Hamiltonian of three quark system

2
. Di Lj
=Y () Vi + iy
l

i<j
where

T 1 2 ag _

Vconf_CCIqCI+ br'j—ga IBT +Ul]'
.. 2a,(r;;) |87 1 (3S;-r;; S; r;
HY =z SV Y S -S.83(r: ) + J ) Y_¢..g. ||
hyp - 3mimj 3 L v (rl]) Tis} ri%’ i "9

i<j

Harmonic oscillator potential: H =3}, (mi + ';‘1) +-K ¥ j(ri— Tj)z



m 2.1 The wave functions of hadrons

_ m(rl + 1‘2) + m,r3

R = M , P =p;+p;+ps3
1 1
p= ﬁ(rl — 1), Pp= 1 (p1 — P2),
1 1 : :
A= ﬁ(ﬁ + 1, — 2r3), Pir= m@m p1 + 3m'p, — 6mps).
-
H= P- + Pi + P +1mpw3p2+lm;tw,%/12,

2M? © 2mF  2mj 2 2

The total wave function of the momentum space

Wi (P2 p a) = 03P = P') [ 1, (0 @p ) ¥mym, (P2 2 )]l , Jacobi coordinates

p'l).;L

where

N =

2n!

(n+l+%)!

1 _P° 4l (p?
Ynim (P, @) = il(_l)n 3 € 2a2L1n+2 (p )ylm(p)-

aZ
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m 2.1 Wave function of light baryons

Color SUM3) 32323 =10,+8,+ 8, +|1,
Spin SU(2) 20202 =4,+2,+ 2,,

Flavor SU@B) 30303 =10,+8,+ 8, +1,,
Spin-flavor SU(6) 62626 =56+ 70,+ 70, + 20,,
Spatial O3) L* s, p, A, a

¢:I1SU(6) ® 0(3)) = ¢¢|Ng, 2T1N3, N, L, )

Baryon wave function as
representation of 3-dimension
permutation group.

Light baryons ‘56, 8,0, O,% ):

1
E (¢po + ¢AX1)LP000(Pp:P)L)
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m 2.1 Wave function of light baryons

{L _ )
\E(”d du)c

-

%(us — Su)c

L (e oA\
kﬁ(ds sd)c

(e
%(ud + du)c
ddc

]
| .
ﬁ(us + su)c

| .
E(ds + sd)c

S5C

L.A Copley, Isgur N, Karl G. Phys.Rev.D, 20, 758(1978)
Xian-Hui Zhong and Qiang Zhao, PHYSICAL REVIEW D 77, 074008 (2008)

Anti-triplet

for A7,
—_ Eg_ngJP} Wave function
for Z°
=c~> 201T 2.
f -0 'SIE } IIIEDXSE I:'.t"E
or =_.. 2 1— A [
c’ Py5 ) ]L'lL-Exgz‘fF’B
2 .I. — o _..1-5., |
'PPE } ]IJILE XSEE-I]B
4 1 — [ s
for Z;"F’ Ppg ) ]DILE Xs5.PB
for2*
c*
o Sextet
for 2., — = : :
for =+ LoJ") Wave Function
—c 2g1T s A
for =Y 53 ) Yooxs. o5
= ] 2 1— A A |
‘;} Pr5 ) Vi x5, 0B
: ). 2p 11— PP
for Q.: P,5") Vi, X5 oB
4 1— A '
Py5 ) Vi, X5.0B
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W 2.2 Operators

A, - Ar

» Weak interaction
» Strong interaction

—
[y

Y Y 1?111\2{:\‘i\\\\

C >
T -
{i : 2
(a)
1L o

=1
Y v
A

™ L

a =
Y Y ¥ \

\

 J

Y R, 6

-~
Y Y
a2

Y

a—
m
pL—

w

&

Y Yy
i
Y

~
Y

B0

(f)

o

al =

sl
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m 2.2 Operators: weak interaction

d > > U

HW,2—>2 ‘ W

C | - - S

Gr 1

Hwz2 = E%d% Wﬁg(pi + P — pi — p;)u(pi)vu (1 — v5)u(pi)a(p)¥" (1 = vs5)u(p;).

GFp 1 A (=) A(4) 52
Hig s =ﬁVuchs S @ T B8 @)+ — pi — i) (1= (shiloils=i) (st jlosls=))

23
(2m)> {5
HEY s =S ViV a8 53! + 1y — i — 13)
W._.‘E—}i‘—\/i ud °s(27)3 Q; P Pi TP; —DPi — Py
17]
!
! ! P Py ,'P; pj

pi P \_ (P _ P
2m;  2m; 2m. Qm; ’

+ i((s’ ;|oi]s2.i) x (s ;|oj|s2.5))



m 2.2 Operators: weak interaction

d
U
H W
W,1-3

C - ' - S

H = Gy VB 53 (ps — Py — ps — pa )Pl miy) (1 — i “(1 =
wims = S VuadVes 53 (P3 — P35 — P5 — Pa) (P53, m3)7,(1 — 5)u(Ps3, m3)a(ps, ms) 7" (1 — 75)v(Pa, ma)

Gp v}
Hiy s = —=VudVes o

= Ps P4
\/i ( ﬂ-)‘ 5%(]33 - p{% — P4 —Pa) {(9“1'3@} <5554|ﬂ'|0> ( 3 )

2??15 2'.’?14

(P | Ps B P3P _
(2 + 22 ) tshthsa) =i (hlalss) x ( )| sssila)

2mg  2my

— (s5|0|s3) [(21:; + 221 ){5554|I|D> — 1 (s554|0°|0) X ( Pi D5 )}

2’!‘.’14 21’?’15
!
’ Ps D3 = A (=) #1
 shlalss) (g + o) (sssal0) b1
GF B _ _ A(=) 3
Higl s = 5 VaaVes 5350 (Ps = Ph = Pa = P5) (= (s3lllsa) (ssSal10) + (s5lerlsa) (s55alor10)) &7
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m 2.2 Operators: chiral quark model

u > 1| — d fdx—q](X))/ﬂ]/Sq](X)aﬂ¢m(x)

In the non-relativistic limit:

1 1 o pf o - p!' " . .
Hyy = > o + 20 k|6 (ph + k- p]
" J(2m)32w,, ; foml T\ 2mp  2my m ( ! ‘)
(bt b, for ™
The isospin operator [, is written as [/ ={ b by form™
1
& |bf by — b} b, forn®

16



m 2.3 Amplitudes and parity asymmetry parameter

Normalization:
(M(P,c)],jle(P,c)],]Z) = 53(P’c — Pc);

(B(P’c)],jle(P’c)],]Z> — 53(P’c - Pc)-

Decay width:

|k|ERE;, 1
'(A > B+ C) = 81?2 Z Mz,
(4- ) T 27+ 1 M|

where

My

spin

§3(P, — Py — P.)M = (BC|H|A).

R=1+7ws -w;+(1—7)(ws n)(w; n)

o~

Ha@; 8+ @ n)

The parity asymmetry parameter
M = GFm%Ef(A — Bys)B;

The transition rate 1s proportional to

s = A,

|p/]

p=28B

v

2Re(MpyMp()

= 2 2
|Mpc™| + |Mpy~|

17



The hadronic weak decay
of charmed baryons

» The hadronic weak decay of A,
» The hadronic weak decay of Z,




3.1 Previous works: hadronic weak decays of A,

DME v x x U
CS v v v
Pole term v v v i : Z
Br 1.30% 1.29% 1.24% d > d
1 1 1
bp, = ﬁ (ud — du)c, pp = ﬁ (ud — du)s, pyo = E (ud + du)s

» DPE process should not be the only dominant processes.

» The important of non-factorizable processes

Peng-Yu Niu, Jean-Marc Richard, Qian Wang, and Qiang Zhao, Phys. Rev. D.102.073005
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3.1 Previous works: hadronic weak decays of A,

TABLE V: The amplitudes with Jf = J7 = —1/2 for different processes and the unit is 10”2 GeV~'2. Amplitudes A1(PV)
and A2(PV) are given by the parity-violating intermediate states £**(1620) ([70,%8]) and X*(1750) ([70,*8]), respectively.

Processes A(PC)  Al(PV) A2(PV) B(PC) B(PV) CS(PC) CS(PV) DPE(PC) DPE(PV)
A. — Anrt —16.50 0.74 —0.023i —2.5740.10i 22.3340.021i —10.72—0.33i  3.50 —417  —4247 24.07
A, — ¥%F 1967 —3.21+0.100 —2.23 4+ 0.090i —40.73 — 0.040i 19.16 + 0.60i —6.04 7.53 0 0
A, = Xt7% 19.64 —3.15+0.098 —2.19 4+ 0.088 —40.65—0.10i 19.28 +0.52i —6.04 7.51 0 0

» The parity-conserving amplitudes of the pole terms are dominant.

» The interferences between factorizable and non-factorizable processes are essential.

BR(A, = Axt) BR(A, — 20z7) BR(A, = =+ a°)
PDG data [24] 1.30 £ 0.07 1.29 £+ 0.07 1.24 +£0.10
BESIII [20] 1.24 +0.07 £0.03 1.27 £ 0.08 £+ 0.03 1.18 = 0.10 = 0.03
SU3) [39] 1.3+0.2 1.3 +0.2 1.3 +0.2
Pole model [4] 1.30 £ 0.07 1.29 £+ 0.07 1.24 +£0.10
Current algebra [4] 1.30 £+ 0.07 1.29 £+ 0.07 1.24 £ 0.10
This work i 1.30 1.24 1.26

.

(1.31 4+ 0.08 + 0.05)%  (1.22+0.08 + 0.07)% BESIII PRL.128.142001(2022) 0



3.1 Previous works: hadronic weak decays of A,

A. > Azt A, -2 A, -t

The asymmetry PDG data [24] —0.91 +0.14 . wa —0.45 +0.32

parameter Pole model [4] —0.95 0.78 0.78
Current algebra [4] —0.99 —0.49 —-0.49
This work —0.16 = 0.27 —0.46 +0.20 —0.47 +0.19

time. We obtain ajlvf(/ﬁ — An™) = —0.755 £ 0.005 +

0.003 and aavg(/ﬁ — X07%) = —0.463 & 0.016 & 0.008,  Belle, Sci.Bull. 68 (2023) 583-592

which are consistent with previous measurements [38|

The asymmetry parameter as+,0 is measured as

Belle, Phys.Rev.D 107 (2023) 032003 as+r0 = —0.48 4+ 0.02 + 0.02,

21



3.1 Previous works: hadronic weak decays of A,

i

s > > 8
u > > i
d » > i
(a)
DPE

08 10

00 02 04 06
(a) Ip,l/GeV

(b) Ip,liGeV

22



3.2 The diquark revisit (in progress)

23



3.2 The diquark revisit (in progress)

The amplitudes (in unit of 10~2 GeV~1/?)

, Ae 5> A KT A. 5> X0 KT
Parity Processes States
- 6 =0° 6 = 30° 0 =0° 6 = 30°
DPE . —6.71 —6.29 0 0
CS - 0.67 0.63 —1.16 —1.08
PC WS P —1.89 —2.30 0.36 0.44
SW =0 (0,0) (0,0) (0,0) (0,0)
=0 (0.60,1.13) 1.33 (—1.14,0) (—2.45,0)
Total - —6.21 —4.11 —1.94 —3.10
DPE - 4.93 4.48 0 0
CS - —1.10 —1.08 1.97 1.91
- WS N (1535) 2.67 — 0.15i 3.23 — 0.18i 0.58 — 0.32i —0.65 + 0.084i
N (1650) 0 0.87 — 0.048i 4.37 — 0.40i 5.24 — 0.47i
SW o i (—0.36,0.82) (—0.99, 2.20) (0.89,0.096) (2.28,0.20)
E2|°Py) (0,0) (0,0) (0,0) (0,0)
=2|*P,) (0.55, —1.05) (1.45, —2.75) (—1.05,0) (—2.67,0)
=212 Pp) (0,0) (0,0) (0,0) (0,0)
=012 Py) (—0.45, —0.80) (—1.19, —2.11) (0.78,0.043) (2.03,0.091)
=011 Py) (0.56, 1.06) (1.45,2.75) (—1.05,0) (—2.66,0)
Total - 6.68 — 0.15i 8.32 — 0.23i 6.63 — 0.43i 5.77 — 0.39i

The mixing angle
of N(1535) and
N(1650) is 30 .

Selection Rules

24



3.2 The diquark revisit (in progress)

//.//"’_}K+ N(1535):[ 70,2 8]
. > °

d—> §H N(1650):[ 70,* 8]
Ay ¢ — > d tA/%°
v — > u | The spin of u and d must be persevered.
1,1

56,28, 0,0, 5) = ﬁ(fng_;}ﬁz + ¢BX3.5.)%0,0,0,

) 1 1 ) ) )
|’7(]"2 8111‘15']) — Z (13‘L21§3‘ z|}’f ) [((bBXL) ") +¢)BX )‘lpi:l:-bz +((/)LX%;S:: _(nggfysz)wi\llsbz} ’
s +Sz=J
_ 3
70,%8,1,1,.J) = Z (1, z,ESUJ')\/i[(ﬁBXSs‘D 1.L. +(9BX€$"1’11L]
L.+S5.=.].

A selection rule: leads to the vanishing transition matrix element
between N (1650)of [70,* 8] and [56, 8] in N(1650) - A K/ K*.

Qiang Zhao and Frank E. Close, arXiv:0711.0151v1 -



3.2 The diquark revisit (in progress)

Only the a,, of anti-triplet charmed baryon are changed

2.8f - :

(@) | 350 O
2.6f ] :
2.4f 130 f

& 2.2t ) 1 | o

: 6=0 ! 6 =30 -
2.0t 1 ! -
1.8 / 1 20 :
1.6} . / f

[ N L 1 L |. ................. ] 1.5 L L | P S S S TS S S S T

0 1 2 3 4 0 1 2 3
a, of antitriplet states (GeV) a,, of antitriplet states(GeV)

P Br(A, - AK™)
"7 Br(A, - O0KH) 26




3.2 The diquark revisit (in progress)

S
At d —> u A /%0
W
c > d
(d)
Uu
// E}K—i_
) R /:/8
Al d > > u A/
0§
c >

27



3.2 The diquark revisit (in progress)

|Ac> = 0,0)
(A| =10,0)
(Z°] = 11,0)

O IM(A, > AK))?

The weak Hamiltonian
cs > su,cd >duandc - sus:

11

1 1
Al ==,Al, === |Hy) = |=,=

1~ 0 TA, 5 SOK )2

(AK*|Hw A 1(0,0; 3, 5(0,0; 3,
~[(SOKH[Hw[AP T [(1,0:4, 10,052

28



3.2 The diquark revisit (in progress)

28 (a) 3.5/ (0)
2.6} |
2-45- 3.0t
& 22} le |
. ] ] 2.5¢
2-0:' 6 =0 ] [
1.8 1 20
1.6} | : |
a, of antitriplet states (GeV) a, of antitriplet states(GeV)
p e IM(Ae > AKD)P - [(AKH | Hw AP [(0,0:5,5[0,055, 5)
T IM(A, 5 KT T [(SOKHHwlAPE (1,0 5,310,055, 5)
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3.2 The diquark revisit (in progress)

The a, of initial and final baryons are changed

L (a)

1F k

1

05 10 15

a, of diquark (GeV)

- (b)

||||||||||||||||||||

a, of diquark (GeV)
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3.2 The diquark revisit (in progress)

All the a, of baryons are changed.

0.2 0.4 0.6 0.8 1.0 1.2 1.4
a, of diquark (GeV)

- (b)

|||||||||||||||||||||||||||||||

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
a, of diquark (GeV)
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3.Eq = Aqm 3.3 Previous works: heavy quark conserving weak decays

. o —_— 0
Evidence for the strangeness-changing weak decay =, — Ay

LHCb Collaboration « Roel Aaij (CERN) et al. (Oct 13, 2015)
Published in: Phys.Rev.Lett. 115 (2015) 24, 241801 » e-Print: 1510.03829 [hep-ex]

pdf 2 links (@ DOI [= cite %) 21 citations

f=5
f

—L2B(E, » Apt7) = (5.7 + 1.8%55) x 107*
f...

fAb

First branching fraction measurement of the suppressed decay Eg — M A

LHCb Collaboration « Roel Aaij (NIKHEF, Amsterdam) et al. (Jul 23, 2020)
Published in: Phys.Rev.D 102 (2020) 7, 071101 « e-Print: 2007.12096 [hep-ex]

pdf & DOI [5 cite

~ 0.1~03 = B(E, - Ayn~) = (0.57 £ 0.21)%~(0.19 + 0.07)%

%) 0 citations

B(22 » A,mr™) = (0.55 + 0.02 + 0.18)%

Peng-Yu Niu, Qian Wang, and Qiang Zhao, Phys. Lett. B 826(2022)136916
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3.Eq > Aqm 3.3 Previous works: heavy quark conserving weak decays

Processes =r = Acr” B0 > A~ 2p — Apm? 2, — ApT™

Exp. Data 0.55 +0.20 [1] . 0.19 +0.07 ~ 0.57 = 0.21 [2]
MIT bag model [4] 0.0093 0.0087 0.059 0.2

Diquark model [4] 0.25 0.69

Duality [5] o 0.63 + 0.42

Current algebra [11] 0.386 +£0.135 0.194 +0.07
1~4 2~8

Current algebra [6]
Current algebra [10] < 0.6 <0.3 0.09 — 0.37 0.19-0.76
Our results 1.11 0.58 0.017 0.14

Larger than the theoretical values

33



3.Eq = Aqm 3.3 Previous works: heavy quark conserving weak decays




3.3 Previous works: heavy quark conserving weak decays

=5 = Aer? =0 s A =) — Ap7? =, — Ay
Pole-A yr 116.76 — 17.80: P3N 146.77 — 7.80i 9 Spin(weak)
AL [sospin Ap Spin(CQM)
Pole-B =F Spin(CQM) =+ Spin(CQM) =0 Spin(CQM) =0 Spin(CQM)
pPC =i —2.61 =0t —3.67 = Spin(weak) =0 Spin(weak)
DPE Spin(weak) Spin(weak) Spin(weak) Spin(weak)
CS Spin(weak) Spin(weak) Spin(weak) Spin(weak)
Total 114.15 — 17.80¢ 143.10 — 7.802 0 0
Pole-A ) Spin(CQM) X21°P,) Spin(CQM) Spin(weak)
) 1.59 XY12Py) 2.72 Spatial
) —0.94 XII*P,) —1.34 Spatial
) [sospin Isospin
) [sospin Isospin
) I[sospin Isospin
Pole-B ) -3.32 Z}’P, —6.02 —7.95 —11.25
) Spin(CQM) EF 2P Spin(CQM) Spin(CQM) Spin(CQM)
) -1.26 =Zf|'P, —1.77 —3.57 —5.06
1*P,) Spin(CQM) ZELF|?P, Spin(CQM) Spin(CQM) Spin(CQM)
\) 0.55 =72 Py 0.77 Spatial Spatial
) —0.41 Z'P —0.58 Spatial Spatial
DPE 0 —9.73 0 —9.79
CS 3.40 4.81 4.32 6.11
Total —1.32 4 0.0038: —11.58 4+ 0.00552 —7.20 — 0.00482 —19.99 — 0.0068

explain the sizable branching ratio for 22 - A



3.Eq > Aqm 3.3 Previous works: heavy quark conserving weak decays

Processes 2r — Acmrf 20 > A~ 20 — Apr? 2, — ApT™

Exp. Data T 0.55+0.20 [1] . 0.19 £0.07 ~ 0.57 £ 0.21 [2]
MIT bag model [4] 0.0093 0.0087 0.059 0.2

Diquark model [4] 0.25 0.69

Duality [5] e e e 0.63 +0.42

Current algebra [11] 0.386 +£0.135 0.194 + 0.07 x e

Current algebra [6] e e 1~4 2~ 8

Current algebra [10] < 0.6 <0.3 0.09 — 0.37 0.19-0.76

Our results 1.11 0.58 0.017 0.14
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3.Eq > Aqm 3.3 Previous works: heavy quark conserving weak decays

0

Processes EX - Acm” EY 5 A~ gy — Apr’ 2, — ApT™
Exp. Data 0.55+0.20 [1] 0.19+0.07 ~ 0.57 +0.21 [2]
MIT bag model [4] 0.0093 0.0087 0.059 0.2
Diquark mg and the remaining six uncertainties as 100% correlated. The 0.69
Duality [5] | resulting value 1s 0.63 £0.42
Current algg :
Current alge f:; 2~8
= R(E- 0,—) — —4
Current algﬁ f ) B(_'b —> Abﬂ: ) = (73 + 0.8 & 06) x 10 ’ 0.19 — 0.76
A
Our results b 0.14

where the uncertainties are statistical and total systematic,

——

respectively. Using the independent measurement e L =
\

(8.24+0.7+0.6 +2.5)% [19], the branching fractlon is
determined to be

B(E; — Az~) = (0.89 4 0.10 £ 0.07 + 0.29)%.

b

LHCb, PRD 108, 072002 (2023)
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UNID

SN ;
af=t fﬁ 9 J( %
S/ -

{902 FUDAN UNIVERSITY

First Study of =0 - 2% /n/n’
PRELIMINARY at Belle + Belle II ~1.4/ab:
g gl

First measurements of the branching fractions using combined data:

B(E2 - E°7%) = (6.9 + 0.3(stat.) + 0.5(syst.) + 1.5(norm.)) x 1073

B(z2 - %)) = (1.6 +0.2(stat.) + 0.2(syst.) + 0.4(norm.)) x 1073

B(E? - Eon’) = (1.2 + 0.3(stat.) + 0.1(syst.) + 0.3(norm.)) x 1073
taking EQ —» £~ as reference mode (BR error dominate the uncertainties),
favoriting predictions in SU(3) flavor symmetry [JHEP 02, 235 (2023)]

First asymmetry parameter a(E¢ - Z°17°%) measurement depending on

o1+ a(E) - 2%19a(E° - An®)coshzo

dcosBzo

|

|

|

|

|

|

|

|

|

|

| through a simultaneous fit to Belle and Belle II data samples
| a (20 - 2%79) = —0.90 + 0.15(stat.) + 0.23(syst.)
: taking (20 = An®) = —0.34940.009(PDG)

|
|
|
|
|
|
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3.4 The Cabibbo-favored hadronic weak decays of the =,
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3.4 The Cabibbo-favored hadronic weak decays of the =,

TABLE X: The amplitudes of =F — =% (in unit of 107" GeV Y2 for the real part and 10~13 GeV 2 for the

imaginary part). WS (SW) is used to label the pole terms that baryon weak transition either preceding (following)
the strong meson emission.

DME cs WS SW Total
v v x =0 EL
PC (34.41,0) (—5.62,0) (0,0) (0,0) (—8.47,0) (20.32,0)
v v x [P, 2Py ['F,) 2Py PPy Py
PV (—18.98,0) (5.34,0) (0,0) (2.84,6.04i) (0,0) (—4.22,—8.80i) (0,0) (4.12,8.981) (—6.22,—13.26i) (—17.11,—7.031)

TABLE XI: The amplitudes of the ZY — =~ 7 in unit of 10~ GeV /2,

DME CS WS SW Total
v X =0 X

PC (34.41,0) (0,0) (3.37,—3.04 x 10~ 24) (0,0) (37.78,—3.04 x 10~ 24)
v X =x0 =9(1690) X

PV (—19.02,0) (0,0) (0.36, —5.37 x 10~ 37) (2.92,-3.04 x 10~ 2i) (0,0) (—15.74,—3.58 x 10~ 24)
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3.4 The Cabibbo-favored hadronic weak decays of the =,

TABLE XII: The amplitudes of 2 — =7 (in unit of 10~ GeV Y2 for the real part and 10~12 GeV Y2 for the
imaginary part).

DME CS WS SW Total
X v =0 =0 =0

PC (0,0) (3.98,0) (2.37, —21.34i) (0,0) (5.95,0) (12.29, —21.347)
x v =*0 =9(1690) 2 Pp) 2P) |1Pp) ?P,)  |?Px) [Py)

PV (0,0) (—3.77,0) (0.25,—3.66i) (1.99, —20.73i) (—1.99, —0.42i) (0,0) (2.97,0.62i) (0,0)  (—2.90, —0.63i) (4.38,0.93i) (0.92, —23.90i)
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3.4 The Cabibbo-favored hadronic weak decays of the =,
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3.4 The Cabibbo-favored hadronic weak decays of the =,
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Summary

@ The hadronic weak decay can be described with the
NRCQM framework

@ Pole terms play a crucial role. There is direct evidence
for pole terms which play a crucial role in Z,

@ Prob the light quark correlations inside hadrons
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B;

A- PC nt zt DI

type PV Z**(1620),2*t(1750) *t(1620),Z*t(1750) Z**(1620),2**(1750)
B- PC %) nt R
type  pv %:0(2806) »:*t(2792) %:0(2806)

> X50(2806) and 257 (2792) have not yet be

measured.
» The intermediate states are off-shell.
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Jacobi coordinates: m;, = m, = m,my; =m’

_ m(T1 + 1‘2) + m,r3

R = i , P=p, +p,+ps
1 1
p= ﬁ(ﬁ —T3), Py, = N (P1 —D2),
1 1 . .
A= \/_g(rl +r, — 2r3), pi= m@m p; + 3m'p, — 6mpy).
P:  pi p; 1 1
H = —- 2,2 - 2192
Ve + Zm,—zl + ng + 2mpa)pp + zm,la)l/l ,
where
3mm'’
mpzm, my = 27?1—+7TL“ a)p= 3K/mp, w) = ,/3K/m,1.
and

ap = /mpa)p,a,—l = VMw,.

ol



The physical states of 1 and n’

The physical states of 1 and 7 are related to the two states
ng and ng by the transtformation

(-2 o
1 sin{ cos( 1,

with the mixing angle { = (39.3 £ 1.0)° [58]. f,, is the
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Input: quark mass

TABLE I: The quark mass used in different references. b is the two-body potential strength.

Inputs mq (GeV) ms (GeV) me (GeV) b (GeV?)
Ref. [36] 0.30 0.51 1.75 0.165
Ref. [37] (0.225,0.33) (0.405,0.45) 1.68 0.145
Ref. [38] 0.28 0.56 1.82 0.154
Ref. [39] 0.33 0.50 1.55 —
Ref. [40] 0.338" 0.50 1.275 —
Ref. [41] 0.284 0.455 1.606 0.029
Ref. [42] 0.292 0.461 1.607 —

Used 0.30 + 0.06 0.50 +0.10 1.80 + 0.36 0

* The mass of light quark is from the mass of light quark cluster m4q) and myyqy-
b The mass of muy.
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parameters

TABLEII.  The spring constant K and the harmonic oscillator strengths a, and ;. The definition of @, and a; can
be find in Appendix A. S and C are used to label the strangeness and charmness of the baryons, respectively. The
uncertainties of @, and «a; are from the 20% uncertainties of quark masses and K.

System S=1,C=0 §=2,C=0 §5=0,C=1 S=1,C=1
K (GeV?) 0.06 +0.012 0.03 + 0.006 0.02 £+ 0.004 0.02 + 0.004
a, (GeV) 0.48 + 0.034 0.43 4+ 0.027 0.37 +0.04 0.39 4+ 0.04
a, (GeV) 0.52 4+ 0.032 0.45 £ 0.030 0.44 £+ 0.05 0.47 £ 0.05

TABLE IIl. The masses, decay constants and R values in the spatial wave function for pseudoscalar mesons.

Meson

Mass [22] (MeV)
Decay constant [70] (MeV)
R (GeV)

7’ n 74 K+
134.98 547.86 957.78 493.68
92.4 fq=107f, fo= 1341, 1.2f,

0.28 0.4 0.9 0.5

o4



[nput: baryon mass

TABLE IV: The masses of the charmed baryons (in unit of GeV)

. Only the central values of the

masses are listed.

, =5 | = =0 5t A

M T g [ 2sy PRy PR B[ 2S) PP PR 1P| 2S) PPy PR [Py 2S) PPy PR 'R
PDG [2] | 2.468|2.470 --- 2.579 --- 2.453 --- 2.286 -
Ref. [36] 2.460 2.802 2.909 2.826| 2.285 2.628 2.890 2.933
Ref. [37] 2.470( 2.470 2.793 --. 2.579 2.839 ... 2.900| 2.456 2.795 --- 2.805| 2.286 2.614 ---
Ref. [38] @1 2,492 2.492 2.763 --- 2.092 2.859 ... 2.455 2.748 --- 2.768| 2.268 2.625 --- 2.816
Ref. [39] 2.476| 2.476 2.792 --- 2.579 2.854 ... 2.936| 2.443 2.713 --- 2.799| 2.286 2.598 - ..
Ref. [40] bl 2.467] 2.470 2.796 --- 2.803] --- 2.452 2.849 ... 2.803| 2.286 2.629 ...
Ref. [41] €1 2.466| 2.466 2.788 2.935 2.977| 2.571 2.893 3.040 2.935| 2.456 2.811 2.994 2.853| 2.261 2.616 2.799 2.841
Ref. [42] 24741 2,474 2,777 2.917 2.950| 2.586 2.890 3.029 2.923| 2.455 2.789 2.961 2.822| 2.281 2.616 2.788 2.821
Ref. [44] 2.4611] 2.461 2.797 2.951 2.980| 2.570 2.905 3.060 2.934/| ---
Used 2.868| 2.470 2.788 2.935 2.977| 2.579 2.893 3.040 2.935| 2.453 2.811 2.944 2.853| 2.286 2.616 2.799 2.841
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The numerical results of ranching fractions (in unit of 10_3)

Model =t 2 2%t EloaEgat B0 E2%% =0 =0 20420 Es ¥tk E2 O Kt
PDG [2] 16 +8 14.3 £2.7 - - - 1.8+ 0.4 42+0.9
Bell[1] - - 6.9+ 2.1 1.6 £ 0.7 1.2+ 0.6 - -
SU(3)r [3] 41.4 +12.7 13.0 £ 3.6 52+ 1.5 2.9+0.8 1.240.5 3.8+ 1.0 -
SU(3)r [5] 3.84+2.0 22.1+1.4 7.6+ 1.0 10.3 £+ 2.0 9.1+4.1 59+1.1 -
SU(3)r [9] 54+1.8 12.1 +£2.1 2.56 +0.93 - - 2.21 4 0.68 -
SU(3)r [10] 8.87+0.8 10.6 £ 2.0 1.30£0.51  [1.93,4.46] > 0.02 1.88 £ 0.39 -
SU(3)r [11] 8.1371 04 6.9813 15 1.13+9%9  156+1.92 0.683+3272 1741031 -
SU(3)broken 11] 5.471595 24,3769 7.74%7352 2.431279 1.6375:9% 1.86707 -
SU(3)r [12] 9.0+ 1.6 27.2 £0.9 7104041  2.9440.97 5.66+0.93 1.94+0.5 -
SU(3)f [15] 7.14+1.2 14.4 +2.6 7+1.2 0.79+0.19 0.844+0.28  1.77+0.36 -
SU(3) [15] 11.5 5.5 30.1+£1.2 7.524+0.60 3.304+0.41 3.35+057  4.0640.33 -
SU(3)R™ [16] 9+2 28.3+ 1.0 745+0.64 2.87+0.66 531+1.33  3.68+0.34 -
SU(3)r [16] 841 28.7+1.0, 7.72+£065 2284053 566+1.62  3.82+0.34 -
Quark [18] 36.2 13.99 0.45 3.16 11.43 1.65 -
Quark [20] 44.0 12.2 0.4 2.8 3.1 2.7 -
Pole [23] 15.90 6.1 6.9 0.1 0.9 3.6 -
Pole [24]° 17.2 64.7 18.2 26.7 - 7.8 -
our work 19.10 15.01 1.37 1.05 1.41 2.18 1.56,




Model. = 520 =20 =gt =0 5 =070 =0 =% =20 52% 2o vtKkT 22 K*
PDG [2] - - - - - - -
Bell[1] - - —0.90 + 0.38 - - - -
SU(3)r [3] 0.03+0.31  —0.96 + 0.38 0.724+0.41  —0.96 +0.38 —0.63 + 0.40 0.00 -
SU(3)r [5] —0.324+0.52  —0.98+0:07 —1.0012-97 0.93+5-97 0.9815-9% 0.81 4 0.16 -
SU(3)r [9] —0.94+0.15 —056+0.32  —0.23+0.60 - - —0.9+ 1.0 -
SU(3)r [10] —0.902 +0.039 —0.654 +0.050 —0.28 +0.18 - - 0.98 + 0.20 -
SU(3)r [11] —0.974+0.03 —0.6440.07 0.5079-37 0.974+0.31  0.84 +2.16 0.791032 -
SU(3)rekem [11] —0.94+0.05  —0.6475% —0.2970-29 —0.847059  _0.994+0.09 0.777927 -
SU(3)r [12] —0.944+0.06 —0.714+0.03 —0.49+0.09 0.04+0.22 —0.58+0.15 —0.21+0.18 -
SU(3)L [15] 0.966 4+ 0.033 —0.635 + 0.049 —0.9982 + 0.0069 0.95+0.24 —0.82+0.77 0.57 +0.57 -
SU(3)¥ [15] —0.174+0.54 —0.680+0.034 —0.72+0.13  0.52+0.14 —0.775 £ 0.081 —0.07 £ 0.22 -
SU(3)R™ [16] —0.934+0.07 —0.724+0.03  —0.51+0.08 0.08+0.20 —0.59+0.08 —0.214+0.17 -
SU(3)1 [16] —0.934+0.09 —0.724+0.03 —0.51+£0.09 0244024 —0.59+0.09 —0.26+0.16 -
Quark [18] -0.78 -0.38 0.92 -0.92 -0.38 0 -
Quark [20] -1.0 -0.84 0.94 -1.0 -0.32 0 -
Pole [23] +1.00 -0.79 0.21 -0.04 -1.00 0 -
Pole [24] -0.78 -0.95 -0.77 0.30 - 0.98 -

our work 0.99 0.71 -0.15 0.99 0.25 0.16 57
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