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Possible hidden-charm molecular baryons composed
of an anti-charmed meson and a charmed baryon"

YANG Zhong-Cheng(¥f# )t SUN Zhi-Feng(7h.&5)24  HE Jun(fi )13
LIU Xiang(X|#5)242  ZHU Shi-Lin(%4 {tL3) 12

Abstract: Using the one-boson-exchange model, we studied the possible existence of very loosely bound
hidden-charm molecular baryons composed of an anti-charmed meson and a charmed baryon. Our numerical
results indicate that the ¥.D* and ¥.D states exist. but that the A.D and A.D* molecular states do not.

week ending

PRL 105, 232001 (2010) PHYSICAL REVIEW LETTERS 3 DECEMBER 2010

Prediction of Narrow N* and A™ Resonances with Hidden Charm above 4 GeV

Jia-Jun Wu,'* R. Molina, > E. Oset,”” and B. S. Zou'"

The interaction between various charmed mesons and charmed baryons is studied within the framework
of the coupled-channel unitary approach with the local hidden gauge formalism. Several meson-baryon
dynamically generated narrow N* and A* resonances with hidden charm are predicted with mass above
4 GeV and width smaller than 100 MeV. The predicted new resonances definitely cannot be accom-
modated by quark models with three constituent quarks and can be looked for in the forthcoming PANDA/
FAIR experiments.



PHYSICAL REVIEW D 88, 114008 (2013)
Coupled-channel analysis of the possible D D™, B® B®*) and D™ B™) molecular states

. C12 . 347 e - 340k .o .5.6.8
Ning Li,"** Zhi-Feng Sun,*" Xiang Liu,*** and Shi-Lin Zhu'>**

TABLE IV. The numerical results for the D®D™ system. "= = means the corresponding state does not exist due to symmetry
while - - -7 means there does not exist binding energy with the cutoff parameter less than 3.0 GeV. The binding energies for the states
DYDH[[(JP) = 0(17)] and DPDP[1(JF) = 1(17)] are relative to the threshold of DD* while that of the state DWDW[1(JF) =
1(0%)] is relative to the DD threshold.

D(*}D(*}

I JP OPE OBE
A (GeV) 1.05 1.10 115 1.20 0.95 1.00 1.05 1.10
B.E. (MeV) 1.24 4.63 11.02 20.98 0.47 5.44 18.72 42.82
M (MeV) 387461  3871.22  3864.83 385487 387538 387041  3857.13  3833.03
Fome (fM) 311 1.68 112 0.84 4.46 .58 0.91 0.64
0 1 P, (%) 96.39 92.71 88.22 83.34 97.97 92.94 85.64 77.88
Py (%) 0.73 0.72 0.57 0.42 0.58 0.55 0.32 0.15
Py (%) 2.79 6.45 11.07 16.11 141 6.42 13.97 21.91
Py (%) 0.08 0.13 0.14 0.13 0.04 0.09 0.08 0.05

We predicted a very shallow DD* molecule, confirmed by LHCb in July 2021



PHYSICAL REVIEW D 101, 034018 (2020)

Spectrum of the strange hidden charm molecular pentaquarks
in chiral effective field theory

BO WANG, LU MENG, and SHI-LIN ZHU PHYS. REV. D 101, 034018 (2020)

TABLE III.  The predicted binding energies AE and masses M for the [Z.D],, [Z:D™)],. and [2.D™)], systems inf =0 channel,
where the subscript “J” denotes the total spin of the system. We correspondingly use the thresholds of 2.t D)0 =+ D)0 “and 2} D(*)0
as the benchmarks to calculate the values in this table (in units of MeV). The state that denoted by “ff”” means which may be nonexistent
at the upper limit.

System  [E;D)y  [E:D')y (D), [EDly  [EDY,  [EDy  [EDE D), EDYy [E.D;
AE —185584  —1561% 20148 7572 170187 —807% —077)]  —133738 —17.837 -—11.8%38
M 44237184 45687753 4582371% 4502.9137 46354757 4644 4+;‘§ 4651.719] 4319.4735 44569133 4463.073%

 We predicted Pcs around 4457MeV with ChEFT
* Later, LHCb reported evidence of P_(4459) in 2020, P_(4338) in 2022



PHYSICAL REVIEW D 104, L051502 (2021)

Letter

Probing the long-range structure of the 77 with the strong and
electromagnetic decays

1 2 3,4,% T 5.1
Lu Meng®, Guang-Juan Wang®,” Bo Wang, and Shi-Lin Zhu

LHCDb first reported Tcc width to be (410 +=163) keV

Within the molecular framework, we employed the
couple-channel effective field theory and calculated the
decay widths of Tcc

In the isospin symmetry limit, we obtained its total decay
width to be (46.7 *27 , 4 )keV

One month later, the LHCb collaboration adopted the
unitarized Breit-Wigner distribution and extracted the
total width to be (47.8 =1.9) keV, which further supports
the molecular picture



New hadron states: where are we now?
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QED vs QCD
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w(r) =5 (ke ™ + £ (k)™ (2.26)
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Complex scaling method (CSM)

A method to obtain energies and wave functions of bound states and resonances.

* In CSM, the coordinate r and its conjugate momentum p are transformed as

U@)r=re’, UB)p=pe ™
+ The complex-scaled Hamiltonian

4 ple—2 4 ‘
H(g) = Z (mb + Jbgm_ ) + Z V;J (TUBW)

i=1 i<j=1

no longer hermitian, has complex eigenvalues

¢ The properties of solutions of the complex-scaled Schrodinger equation (the ABC theorem):

e : Imag. (E .
Bound state: not change by scaling Aguilar:1971ve, Balslev:1971vb g- &) scattering states (6=0)
r— rei® —0-0@ 50 » Real (E)
Resonance E, = My, — il';/2 square-integrable function f ®-—resonance
20 > ‘Arg (Er) bound °
states
Continuum spectra: start at the threshold, rotate clockwise by 26 . ®
continuum
states

+ CSM was advocated to derive resonances in many-body systems.

B. Simon, Communications in Mathematical Physics, 27(1): 1-9 (1972)  S-Aoyama, T. Myo, K. Kat.o, and K. lkeda,
Progress of theoretical physics 116, 1 (2006)
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Introduction

Charged leptonic systems

« primarily governed by QED, simplicity

 Share similarities with tetraquark states— —QED counterpart of tetraquark state
- 4-lepton and tetraguark systems: 2 particles, 2 antiparticles

- Heavy tetraquark systems: dominated by color-electric Coulomb interaction

* EXxperiment

- | Di-positronium (£s,) has been observed by experiment

- 3- and 4-lepton states with muon may be detectable by future experiments

* Previous works

- Mainly focus on bound states

- Resonant states studied: eTeTe ™, eTeTe e, eTeTuT  Ho:1979zz, ho1989resonant, liverts2013three

- Tobeexplored: ueTe ", u ute , uTetu, uTuTeTe , uTeTuTe,......

Three- and four-lepton bound and resonant states 3
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Hamiltonian

Hamiltonian of an n-body system

2

= Z (m +%> +Zi<j=1 Vi

QED Coulomb potential
0,0

Flj

Vii(r) =

Without including spin-dependent interaction
= No coupling between spin channels

= Spin and C-parity degenerate

= Threshold degenerate

TABLE 1. The exact binding energies A Fexact, calculated binding

energies A Fca1c and rms radii r,;. of the ANASM systems.
Jre System A FEexact AE:aic Tcalo
0~ */17~ Ps(1S) -6.80 eV -6.80eV  0.18 nm
Ps(2S5) -1.70 eV -1.70 eV 0.69 nm
Ps(35) -0.76 eV -0.76 eV 1.52 nm
ute (18) -13.5eV -13.5e¢V  0.09 nm
ue (2S5) 3.4 eV -34¢eV 0.34 nm
ute (35) -1.5eV -1.5eV 0.77 nm
pTuT(1S)  -141keV  -1.41keV 0.9 pm
pu=(28)  -035keV  -0.35keV 3.3 pm
ptu=(3S)  -0.16keV  -0.16keV 7.4 pm

Three- and four-lepton bound and resonant states



Wave function construction

¢=A(¢®XS)

e Spatial wave function:

21+5/2 r\' 2
nim (1) = — | e Y, (7
et e (2)

Only S-wave is considered.

e Spin wave function:

03_body: .4—b0dy:

N RGN CPN
gL ) )], (1), (517),],

| ah), 5], b (e
) "2 _(ll 5 )o (l3 14)1-1

3 _ i

=5 (), 5] - S=1:9 [(113), (51a)e), 5

(U13), U514),],

S=2: (1), (I515),],

(a)
(a)
e ptute e :
pt—pt
: e —e
Gaussian bases
+,+) —
oarameters e.g. | (W #T) —(e7eT)
put—e

(b)

(b)

0.01,1.06

0.025,0.7
0.01,1.06

0.025,0.7

0.0001,0.01] nm, n = 12

nm, n = 12
nm, n = 12
nm, n = 12

nm, n = 30

Three- and four-lepton bound and resonant states



3-lepton system

+ 4 ,—

€ € ¢

Im(E) [eV]

0.1

0.0

_0.2}

e 1 bound state
e 3 resonant states
e Only S=1/2 system have

bound and resonant states.

0.3l

bound state Re(E) [eV] E) [eV]
system AE —il/2 type dikdis SO covalent one-electron bond
etete —7.12 B 1 0.51 0.37
2 structure
—2.01 R 1) 1.32 0.83
~1.16 — 0.014 R B 1.85 1.31 | . .
2 S10, 82| = [O,—] - spin anti-aligned
—0.98 R |1 2.62 1.61 12253 2], 5P J

1
2

Three- and four-lepton bound and resonant states



4-lepton system

* 4-lepton systems with bound state or resonant state solutions

_I_ _I_ —_ — T T T T T T T T T T T T T T T
0.25} PC PC — PC
ececece (a) ] =077 ps(1s)psas) (D) I = 1 (€ J*7 =27
- Ps(15)Ps(1S) Ps(1S5)Ps(19) Ps(1S5)Ps(195)
0.00—@iM TM
s ‘:\.‘
% x““‘\‘
bound state & |
£ -0.50¢ N
5 \“““ \“‘
_O. A‘\ ‘\ ) A“\ “\ “‘\
resonant states _4 gol——_ S, . . . Lt
~14 -12 -10 -8 ~14 -12 -10 -8
025'(d) JPC _ O—l——
0.00}
| ++
S -025 Only O™ has bound and
m : resonant states.
£ _0.50} ©6=0°
[ moe=9°
_0_755 ®0=12°
| A 9=15" I .
“qoo . '
~14 -12 -10 -8 -12 ~11 -10 -9 -8
Re(E) [eV] Re(E) [eV]

Three- and four-lepton bound and resonant states 11



4-lepton system

* 4-lepton systems with bound state or resonant state solutions

etete e
JEC AFE —il'/2 type component AE'
0t —14.00 B 0,0 —0.40

—8.80 — 0.07 R 0,0
—17.59 — 0.03 R 0,0

[(eTe™)o(e"e )yl Spin configuration
= S-wave in spatial wave function

= lower energy

even distribution

Three- and four-lepton bound and resonant states
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4-lepton system

* 4-lepton systems with bound state or resonant state solutions

puutee”
o I Pty (1S) (4S) NP4+ (1S) (4S) NP o0t - (1S) (4S)
- — T e e T _ 1+ e e T __ ot e e -
- (a) S =0 ,u/é(lS)ug(SS) 1 (b) JSo=1 ug(lS)ug(SS) 1 (C> S =2 ,ug(lS)ug(SS) :
S S) 1 1 pe(1S)pe(25) :

@ 6=0°
mO=6°
®06=9° .
AB=12° ‘J
— Al
-20 -15
Re(E) [eV]

Re(E) [eV]

[(u +/4 +)()(e_€_)()]s=() [(u +/4 +)o(e_e_)1]5=1 [(u +/4 +)o(e_€_)1]sz1
or [(u +ﬂ+)1(e_e Tols=1

e S=2 system: pure [(u"u™),;(e"e™)],_, component, higher wave, higher energy, more difficult to form bound

states and resonant states.

Three- and four-lepton bound and resonant states




4-lepton system

JT AE —iT'/2 type component Structure: covalent bond like
0F —30.30 B 0, 0] 0.08 0.14 0.10 hvd | | lect
utute e ~29.01 B 0,0 0.11 0.16 0.1 ydrogen molecuie, electron
—~28.01 B 0,0 0.13 0.18 0.13 pairs shared by two muons
—27.34 B 0,0 0.18 0.22 0.16
—18.55 R 0,0 0.12 0.41 0.29
—17.96 R 0,0 0.16 0.41 0.29
—17.61 R 0,0’ 0.21 0.41 0.30 : : :
~17.34 R 0,0 0.26 0.44 0.31 [S12’ 53415 ~ [O’O]O: spin anti-aligned
~17.12 R 0,0 0.32 0.48 0.34
—16.98 R 0, 0] 0.41 0.56 0.40
—16.33 — 0.034 R 0,0 0.12 1.27 0.90
—16.22 — 0.014 R 0,0 0.15 0.91 0.65
—15.72 — 0.013 R 0,0 0.18 0.86 0.61
—15.60 — 0.02i R 0, 0] 0.16 1.30 0.92
—15.33 — 0.012 R 0,0 0.24 0.85 0.60
1t —18.20 R 0.13 0.39 0.27
—17.53 R 0.16 0.41 0.29
—17.07 R 0.35 0.48 0.34
—17.04 R 0.16 0.66 0.47
—17.03 R 0.17 0.64 0.45
—16.95 R 0.46 0.58 0.41 -
—16.42 — 0.014 R 0.12 1.22 0.87 [512’ 53415 - [O’l]l OF 512, S34]S - [1’0] I
—16.95 — 0.012 R 0.14 0.95 0.68 . " : ;
e 001 . 017 oo 0o at least one spin anti-aligned pair
—15.58 — 0.022 R 0.17 1.18 0.84
—15.30 R 0.23 0.88 0.63

Three- and four-lepton bound and resonant states 14
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PP (512=0, L=0), 8=6.0°

PH(1S) PH(Z2S) PpH(3S
° ®
* H é
e M é
; ‘ .o
¢ ™ ¢
:
e @ ©
f c
25 2.0 15 1.0 05

Re(E) [keV]
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Im(E) [eV]

=3

dty (51,=0, L=0), 6=6.0°

tp(2S) du(25S)
® ® ® ® %
3
L e
;3
4
’

90 —085 —080 —075 —070 —065

Re(E) [keV]

—0.60



TABLE IV. The binding energies and rms radii of dtp are presented
below. Benchmark results from previous calculations are listed in the
last column for comparison. Newly identified states are marked with

a dagger (7).

L E [eV] g [pm] Tap pm|ri[pm]  Epepnen [€V]
0 -3030.38 0.74 0.62 0.59 -3030.38 [23]
0 -2746.08 1.42 1.21 0.88 -2746.08 [23]
| -2943.71 0.41 0.49 0.47 -2943.70 [24]
1 -2711.90 1.48 1.50 0.55 -2711.90 [24]
tpun=1) -2711.24

dpu(n=1) -2663.20

0 -895.70 2.6 1.8 1.7

0 -817.54 3.2 2.1 2.1

0 -756.92 3.9 2.6 2.4

0 -714.41 5.1 3.7 2.7

0 -695.26 6.9 5.8 2.7

0 -689.23 7.1 4.9 4.5

0 -685.04 10.2 9.2 29

0 -681.38 14.6 13.8 2.5

0 -679.54 21.0 20.2 2.4

of -678.64 30.6 29.8 2.3

of -678.20 48.3 47.6 2.0

-890.35
-813.19
-753.52
-711.96
-696.97
-694.11
-688.30
-684.23
-680.97
-679.32
-678.52
-678.14
-677.81
-670.73-0.61
-668.18 - 0.41
-666.87 - 0.2
-666.30 - 0.11
-666.03
-670.62 - 0.71
-668.03 - 0.4i
-666.82 - 0.2
-666.25-0.11
-6635.97
-665.80

1.6
2.0
2.6
3.2
3.5
3.9
5.6
8.0
11.6
17.2
23.6

37.5
7.17
29.1
41.0
60.8
23.7
7.9
13.0
21.8
35.6

1.5
1.8
2.6
23
3.3
3.4
54
7.7
11.4
16.9
23.3

35.7
7.3"
15.3
10.6
6.9
23.1
0.3"
1.0
2.4

1.3
1.5
1.6
1.3
2.0
1.8
23
1.6
1.7
1.8
1.8
1.6

11.5
18.5
264
39.1
59.7
5.9
9.1
13.5
21.7
353



zhu
矩形


TABLE V. The binding energies and rms radii of ddy: and tritium are
presented below. Newly identified states are marked with a dagger

EeV] roatS [pm] ra.” [pm]
-2988.27 0.76 0.62
-2699.04 1.57 1.16
-2889.88 0.43 0.49
-2665.18 1.37 1.06

dp(n=1) -2663.20

-883.91 2.7 1.8
-801.08 3.4 2.2
-738.76 4.2 2.7
-697.59 5.7 3.7
-678.32 8.4 5.5
-671.06 12.6 8.4
-608.05 19.0 13.0

-666.76 28.8 19.9

-666.21 44.3 30.8

-665.96 69.8 48.8

[1.0]
[1.0]
[1.0]
[1.0]
[1.0]
[1.0]
[1.0]7
[0(2),1]
[0(2),1]
[0(2).1]
[0(2),1]
[0(2),1]
[0(2),1]
(

1[0(2),1]
I[1.1]
I[1.1]

[1.1]
[1.1]
[1.1]
[1.1]
[1.1]
[1.1]
[1.1]
(1,171

dp(n = 2)

-686.96
-675.21

-669.88
-667.56
-666.56
-666.12
-665.92
-688.44
-685.92
-674.60
-669.55
-667.39
-666.47
-666.04
-877.70
-795.98
-734.51

-694.78
-677.07
-670.47
-667.76
-666.62
-666.09
-665.90
-665.80

6.6
9.5
14.2
21.3
324
50.1
76.3
33
33
4.8
7.3
11.0
17.2
29.3
1.4
1.7
2.2
2.9
4.3
6.6
10.0
15.6
25.1
324

4.3
6.3
9.6
14.6
224

[\_‘quwtomfﬂ'ﬁ
=~ =W 5

20.6
1.3
1.5
1.8
2.2
3.1
4.6
7.0
10.9
17.7
229
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TABLE X. Complex eigenenergies E of the jupp system. Benchmark results from previous calculations are listed in the last column for
comparison. The column “Type™ indicates bound states (“B”) and resonant states (*R”) in the pure Coulomb system.

[Syps Spp. L] E [eV] Type Tou [P Top . [PIm] Ty [pm] Epench [eV]
[0.0,0] -5431.91 B 0.62 0.64 0.81 -5431.5 [28]
[0.1,1] -5147.57 B 0.56 0.44 0.77 -5147.3 [28]
ppu(n=1)+ppun=1) -5056.99

[0.0,0] -3433.18-0.4i R 1.4 1.5 1.5 -3370-0.16i [22]
[0.0,0] -3321.23-2.5i R 1.6 1.2 2.1 -3259-4.3i [22]
[0.0,0] -3186.55-0.9i R 2.0 2.6 2.1

[1.0,0] -3430.15 B 1.4 0.8 1.9 -3406 [22]
[0.1,0] -3554.44 B 1.1 1.2 1.2 -3449 [22]
[0,1,0] -3296.14 B 1.5 1.9 1.4 -3194 [22]
[0.0,1] -3523.22 B 0.8 0.7 1.0

[0,0,1] -3317.24 B 1.0 0.9 1.1

[0.0,1] -3184.78 B 1.3 1.4 1.7

[1,0.1] -3345.64-26.91 R 1.0 1.1 1.2

[0.1,1] -3385.60-1.3i R 1.0 0.8 1.3

[0,1,1] -3191.26-1.71 R 1.4 1.0 1.9

[1.1.1] -3254.64 B 1.4 0.5 1.9

pu(n=1)+ pu(n=2) -3160.62

[0.0,0] -1374.56-10.3i R 4.0 5.1 5.2

[0.1,1] -1347.06-13.2i R 2.1 2.0 3.0

pp(n=2)+pu(n=2) -1264.25




Introduction

Meson Baryon

" .
— ' — 21 February 1964
AN SU, MOIDEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING

Phys.Lett. 8 (1964) 214-215
8419/TH. 412 \
A SCHEMATIC MODEL OF BARYONS AND MESONS * ;

M.GELL-MANN ) Conventional hadrons

California Institute of Technology, Pasadena, California

Received 4 January 1964 G. Zweig
.. CERNw~-Geneva
A simpler and more elegant scheme can be
constructed if we allow non-integral values for the *)
| . I is CE i 2/TH., 401 n. 17, 1964,
e ges. We can dispense entirely with the ie Version I is CERN preprint 8182/TH.401, Jan. 17, 1964

baryon b if we asstg'n to the triplet t the followtng s Com paCt type Molecular type

properties: spin 3, z = -}, and baryon number 1.

We then refer to the members ui, d-3, and s-7 of 6)
the triplet as "quarks" 6) q and the members of the

: s apti-quarks q. Baryons can now be

constructed fromy quarks by using the combinations
(@qq), (qaqqqd)] etc., while mesons are made out
of (qd), (@qqqq),| etc. It is assuming that the lowest
barvon configurdtion (qqq) gives just the represen-

In general, we would expect that baryons are built not only from the product
of three aces, AAA, but also from AMAA, AAAAAAA, etc,, where A

denotes an anti-ace, Similarly, mesons could be formed from AA, AAAA
etc. For the low mass mesons and baryons we will assume the simplest
possibilities, AA and AAA, that is, "deuces and treys",

\ Multiquark states /

e Quark potential model— —a useful theoretical tool to describe the interaction between quarks

e Multiquark states were predicted at the birth of quark model

Yao Ma (5 %) | Fully strange and doubly heavy tetraquark states in quark model 3




Motivation

The BaBar Collaboration first reported the observation of strangenium-like state Y(2175) in

ete™ — $(1020)£,(980) in 2006. BaBar:2006gsq

Later it was confirmed by Belle in the eTe™ — ¢n7n~ and eTe™ — ¢f;,(980) processes. It was also observed
by BESII/BESIII in the J/w — n¢f,(980) process. Belle:2008kuo, BES:2007sqy, BESIII:2014ybv, BESIII:2017gkh

X(2000), X(2239), X(2500), /,(2200), /,(2340),...... BESIII:20169zq, BESII:2018Idc, BESIII:2018zbm

Recently, the LHCb Collaboration discovered a fully charmed tetraquark candidate X(6900), and confirmed
by CMS and ATLAS. LHCb:2020bwg, CMS:20230owd, ATLAS:2023bft

As an analogy of the 1 _ .- system, there might exist 1 .. states.

Yao Ma (5 %) | Fully strange and doubly heavy tetraquark states in quark model




Quark potential model

e AL1 model Semay:1994ht, Silvestre-Brac:1996myf
- K 27 1 -
V;j(r) — ArP — A K 379 3 6(_r2/r(2’)0'i * O )\z : )\j
r I3m;m; 3/ re
p —

JPC  Meson Exp. [MeV] ALl [MeV] 7™ [fm)]

o-t g - 713.5 0.54
1 (25) i 1565.2 1.17
1 (35) i 2140.9 1.65
1= & 1019.5 1021.0 0.70
H(29) 1680 1695.1 1.25
$(39) 2188 2231.6 1.70

“For simplicity, we assume there is no mixing effects between n(nn) with I = 0 and n’(ss).

Yao Ma (5 %) | Fully strange and doubly heavy tetraquark states in quark model 9



Tetraquark wave function construction

¥ = ﬂ(xf@(c@xs@lﬂ)

g antisymmetrization

Spatial wave function: Color wave function:

2+5/2 r l _r2
nim (T) = — | e Y, (7
= () e

Only S-wave is considered. Spin wave function:

(a) (b)
ro = 0.4fm, r .« = 2fm g—qorq—g
(

ro = 0.4fm, r .« = 2fm
ro = 04tm,rp.« = 1.3ftm q—¢q
ro = 0.4fm, r,.x = 5fm (qq) — (qQq)

Yao Ma (5 %) | Fully strange and doubly heavy tetraquark states in quark model 10




Numerical results
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Numerical results

¢ “normal” C-parity ¢ “exotic” C-parity

JPC M —il/2 [MV] Xgis Xoos T[] ri” [ JPC M —iD/2 MV] Xges Xeom T lfm] i [fm
O+t 2859 — 411 60% 40% 3.01 2.28 0t~ 2725 33% 67% 1.13 0.96
2917 — 81 41% 59% 1.51 1.36 2873 65% 35% 1.17 1.03
3175 — 44 46% 54% 1.41 1.32 3148 21% 79% 1.44 1.20
3248 — 101 34% 66% 1.37 1.36 3289 78% 22% 1.30 1.28
1T 2819 — 31 63% 37% 1.01 1.11 1+ 2723 — 0.41 58% 42% 1.57 1.27
2940 — 477 89% 11% 0.88 1.05 2863 — 41 99% 1% 1.05 1.00
3142 — 121 78% 22% 1.11 1.42 3151 — 0.12 66% 34% 1.17 1.31
3229 — 21 66% 34% 1.21 1.37 2%~ 2896 100% 0% 1.09 1.02
3237 — 44 64% 36% 1.16 1.30
9+ 2714 — 64 74%, 26% 1.28 1.22 The “exotic” C-parity systems refer to the ones that cannot be composed
2090 — 46 4% 16% 123 116 of two S-wave ground mesons.
3164 — 31 92% 8% 0.94 1.47
3266 — 21 66% 34% 1.28 1.35

Yao Ma (5 %) | Fully strange and doubly heavy tetraquark states in quark model
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Background

[cstd]
cccc T,51(2900)
X(6900

LHCb:2020bwg

¢50(2900),
ATLAS:2023bft

Recently, more and more hadrons composed of at least four quarks were observed

[cscn] [c5ud][c5ud]
Z.5(3985) [ccud] T,50(2900)**
Z5(4000) T..(3875)* T,s0 (2900)°

LHCb:2020bls
LHCb:2020pxc

BESIII:2020qgkh
LHCb:2021uow

LHCb:2021vvq
LHCb:2021auc
Theoretical interpretations: molecular VS compact state

LHCb:2022sfr
LHCb:2022Izp

@ Unified description

@ Dynamic calculations that treat the molecular and compact state equally
@ Constituent quark model + 4-body Schrédinger equation

In this report, we focus on T (2900) state in BY — (DY K™ )D" [LHCb:2020pxc]:

M =2866£7+2MeV, I =57+12+4MeV

Yan-Ke Chen (F&#43) Qsnn in quark potential model

2024.05.29 % 4/21
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Model

AL1 quark potential model [Silvestre-Brac:1996myf]:

P -
H:ZT,JW‘ Tem + ) v,-j+zj:m,-

j=1 i<j=1

! -5/
‘/17:_136’\1‘6"\f<_f“+/\’7j_A+ 21K exp( ”/0)0',-~0'J->
ij

3m,-mj 7T3/2 I‘S

@ One-gluon-exchange + Linear confinement

@ Parameters were fitted by the meson spectrum (We do not introduce any
additional free parameters)

>
Mesons = tetraquark states, not trivial

@ richer color-structure:
33=1+38, 303®3®3=2(1)+4(8) +10+ 10+ 27

@ interactions and color confinement mechanism are not well understood

Yan-Ke Chen (F&#43) Qsnin in quark potential model 2024.05.29 AR 6/21
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Solving 4-body Schrédinger equation

Gaussian Expansion Method (GEM) [Hiyama:2003cu]

® 5@
Pp
Ay Pe
A
(a) dimeson | (b) dimeson Il (c) diquark-antidiquark

NMmax Mmax Mmax

v= ZZ Z Z Z Co 8.0 X&) €XD[—Vny 515 — Vny 5N — Vng 53]

a B=1ny=1n=2n3=1

Include both meson-meson and diquark-antidiquark correlations
Embed both long-range and short-range correlations
Treat the molecular and compact state

10* x 10* non-Hermitian matrices

By now, we only focus on S-wave states, J° = (0,1,2)"

Yan-Ke Chen (F&#43) Qsnin in quark potential model 2024.05.29 AR

8/21
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(csnn) with I(J7) = 0(0T)

50 T T T
esqq 1(J7) = 0(0%)

b DK D(25)K DK(2S)

States M —iD/2 AM rip® rime s pmme

cq.

DK 2353 0.61 0.59 S.

Type

=
2 D'K* S.
= -sof 1
) I
K] 5
0 @ 3419 - Ti 0.91 1.09 0.87 1.22 C.
~100f 1
-5
2340 2350 2360 2370  2380)
150 " e e vn u W

2500 3000 3500
Re(E) [McV]

@ mass and width: My = 2906 MeV, I'r=20 MeV

@ type: D*K* molecular quasi-bound(—14 MeV) state (Feshbach resonance)
@ good candidate for the experimental T.(2900) in BY — (DYK™)D"
@ cross-verification channel [Chen:2020eyu]: BT — (DYK™)nt

Yan-Ke Chen (F&#43) Qsnin in quark potential model 2024.05.29 F& 11/21
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(csnn) with I(J7) = 0(0T)

Im(E) [MeV]

-100F

-150

esqq 1(J7) = 0(0%)

D25,

K DEK(25)

® States M —il'/2 AM o ries p2 rrms Type
\ DK 2353 lo.61_0.59] S.
3 DT 2920 0.70 0.81 S.
. T oot 2350 -3 P61 059 2.45 252 M. |
2006 — 100 —14 0.74 0.86 112 126 M.
o—® 3419 = 7i 091 1.09 0.87 122 C.

2340 2350 2360 2370 2380
T \¥

2500 3000 3500
Re(E) [MeV]

@ mass: M7 = 2350 MeV.
@ type: DK molecular bound(—3 MeV) state
@ below the DK threshold and can only decay weakly

@ possible channel [Yu:2017pmn]: Bt — T.DT with Tes > K K ntxt

Yan-Ke Chen (F&#43)

Qsnan in quark potential model

2024.05.29 %

12/21
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Introduction
(e ]

Introduction

Experimentally,

e The first doubly charmed tetraquark ’
T,(3875)" discovered in the D°DO7z+ 4o
channel [LHCb:2021vvq] €u

® Mys — (Mpes +mpo) ~ —300 keV i
* T~ 400 keV . f**‘. 'm"’”w o
* X(3872) — XYZ states L Attt e H

387 388 389 a9

T..(3875)% — doubly heavy exotic states? wwer

Theoretically,

e T1(3875): natural interpretation as the
D**D° molecular state

¢ Other doubly heavy tetraquarks: compact
tetraquark / hadronic molecule

Quark Model + Effective Few-Body Methods:

A possible framework for unified descriptions

Wei-Lin Wu (R155%) Doubly heavy tetraquark in QM



Doubly heavy tetraquark states

O®@0000

Bound states

go-uooooggad

System I(JP) M AE  Xses Whos T Tow o oa e, g Configuration
ccqq  O(1F) 3864 —14 58% 42% 0.71 0.64 1.13 1.16 1.02 1.22  M.(D'D)
bbqg 0(1*) 10642 —1  33% 67% 0.66 0.63 206 207 1.98 215 M. (B'B)
begg 0(2%) 7363 -3  27% 73% 066 070 195 197 186 205 M.(B*D%)
beqqg  0(07) 7120 —26 48% 52% 064 064 091 095 076 1.03 CE.

0(1*) 7185 —27 60% 40% 0.67 0.66 0.88 093 071 1.00 C.E.
bbqg O(17) 10491 —153 97% 3% 068 067 070 071 033 0.78 C.DC.
bbsg  1(1*) 10647 64 91% 9% 056 0.67 071 061 036 076 C.DC.

® D*D molecule with AE = —14 MeV as candidate for T..(3875)"
® Bound states with various configurations

® Molecular (M.) shallow bound staté 0oogo

® Compact even tetraquark (C.E.)[D Oo0oooooonn

® Compact diquark-centered tetraquark (C.DC.) deeply bound state

® No isovector bound state — importance of “good” antidiquark
~_\5=0,/=0
(q9)s.

00000000 |

Wei-Lin Wu (Z155) Doubly heavy tetraquark in QM
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heavy tetraquark states
(e]e]

Resonant states: isoscalar QQqq

ceqg 1(J7) =0(1%) bbgg I(J¥)=0(1%)
N BB BB
S
[}
2
[m)
£
) X X X X 10650 - 10680 10710
4100 4300 4500 10500 10700 10900 11100 11300
Re(E) [MeV] Re(E) [MeV]
° - R -
Lowest resonant states near Y A A L
* Ty Dk Dk 10491 97% 3% 068 067 070 071 033 0.8  CDC.
the D*D* and B*B thI‘E!S}_IOIdS 10642 33% 67% 066 063 206 207 198 215 M. (BB
° Ti * Tk 10700 -1i  44% 56% 0.67 0.67 196 196 188 202 M.(B'B")
First Typ, resonance as B*B 11025-1i 98% 2% 108 107 108 108 033 083 CDC.
molecule

Doubly heavy tetraquark in QM



Doubly heavy tetraquark states

O000@00

Resonant states: isoscalar QQqq

cegqg 1(J7)=0(1") bbgg I1(J¥) =0(1%)
B*B*

DD D*D*

Im(E) [MeV]

-40

10650 10680 10710

3900 4100 4300 4500 10500 10700 10900 11100 11300
Re(E) [MeV] Re(E) [MeV]

e Second Ty, resonance as

3 itati M—il/2 Xses Xews "G ' O 'O TG, g  Config.
radial excitation of the deeply 10491 97% 3% 068 067 070 071 033 078  CDC.

10642 33% 67% 0.66 0.63 2.06 207 1.98 215 M.(B*B)

bound T}, state 10700 - 1i  44% 56% 067 0.67 196 196 1.88 2.02 M.(B'B")

[ More resonant StateS in higher 11025 - 1@ 98% 2% 1.08 1.07 1.08 1.08 033 0.83 C.DC.
energy region and bcqq system

Wei-Lin Wu (R15 Doubly heavy tetraquark in QM



Background for QQQQ

Experimentally,
® Observation / Evidence of a series of cccc
states
[LHCb:2020bwg, ATLAS:2023bft,
CMS:20230wd]

X(6900)  X(7200)
X(6400)  X(6600)

* No signals for bbbb states are seen

Theoretically,
® [dentify genuine resonant states from
dynamical calculations
® Distinguish between compact and molecular
configurations

E [MeV]

7200 | —
.............................................. ST
S U ————
(GOm0 .\'t[i!JlKJ]
BBOO oo eeeeeeeessseeseeseeeseeeneein ver s o
EsmEsEEsEEsEEEmEsmEREEEEEnEEEnEneaeneananene ONEEEEEEEE T  sannun
6600 | o
KGR
6400 | _—
X (G400
B20I0 breeevnmensnemnnsnessnmennesessmmssnssannansamsssnsnssesnannn
000 1 e
LHCb CMS ATLAS

X{T300)

YP(AS)I S

PRl e i

(25 Y

B 28
A28

o (250,



Quark Potential Model

® Success in conventional hadrons — extension to multiquark
e Do not priorly assume structures of multiquark states

® [nteraction: one-gluon-exchange + confinement

2 /.2
3 K 8k’ €XP (_rij/ro)
i

16 j 3mim; w323

Si- S

We use 3 models with different sets of parameters:

AL1, AP1 [Silvestre-Brac:1996myf] and BGS [Barnes:2005pb]
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Ims

Mesons MExp. MALI MAp| MBGs FAP1
1, 2984 3006 2082 2082 0.35
1n.(25) 3638 3608 3605 3630 0.78
1n.(35) E 4014 3986 4043 1.15
J/y 3097 3102 3102 3090 0.40
w(2S) 3686 3641 3645 3672 0.81
w(3S) 4039 4036 4011 4072 1.17
Ny, 9399 9424 9401 Ce 0.20
Ny (2S) 9999 10003 10000 0.48
17, (3S) E 10329 10326 0.73
T 9460 9462 9461 0.21
T(2S) 10023 10012 10014 0.49
T(35) 10355 10335 10335 0.74




Fully charmed tetraquark

T Tt Tr_T T Tt T
(al) ecee T = gt

nl  JfdiY g age e

® | Different models
give qualitatively

consistent results

® Similar pattern in
different J°©
systems

® | Candidates for
X(6900), X(7200)
are found in

JPC' _ O_H_, 2++

systems

Im(E) [MeV]

Im(E) [MeV]

Im(E} [MeV]

251015 Rl

——
(a2} et JC =1t
na{25) ol 25)S v o (35 n35).0

I (a3) ceie  JFC = 2+
S w(25) I

WIS

ALl

G400 GO0
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All fully charmed tetraquark states are compact
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Fully bottomed tetraquark

e AP1 model is used for bbbb
systems

® Resonant states obtained in the
region (19.7,20.0) GeV

e All states have compact
configuration
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Endless Frontier:

New horizon and landscape
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