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Introduction

Meson Baryon
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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
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Quark potential model

* Cornell model Eichten:1974af, Eichten:1978tg, Eichten:1979ms
i ] i
Qg 87‘(’(13 T 2.2 3b )\z . >‘j
Vii(r) = e "8 -8+ r+V,
(") T Im;m; 73/2 b 4 )| 4
I—I—I I_I_I
OGE Confinement
¢ Semay—SiIvestre—BraC Models Semay:1994ht, Silvestre-Brac:1996myf
K o 1 '
Vii(r) = F AP — A A K e(=°/75) o 0| i+ A\
T Im;m; 773/27’8

AlL1:p=1,AP1:p =2/3

e Chiral constituent quark model (yCQM) Vijande:2004he, Segovia:2011dg
o [ 1 1 e/ o
Vii(r) :[T ( r ~ Gmam; 12r o; a'j) + (—ac(l —e ¥ ) + A)]Ai c A
: ' T Ka n,o
+Vet+ Ve +Vy+ Vs Screened confinement I
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Complex scaling method (CSM)

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

* In CSM, the coordinate r and its conjugate momentum p are transformed as Avoid mistaking scattering
0 iy states as resonant states
Ud)r =re”, U(l)p = pe’

¢ The complex-scaled Hamiltonian

H(h) = 24: <mi pic 229) Z Vi; (r;¢)

1=1

no longer hermitian, has complex eigenvalues

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

o . Imag. (E .
Bound states: not change by scaling /9@ 1971ve, Balslevigrivb 9- (5 scattering states (6=0)

Real (E)

l‘—>l’€

Resonance: E, = My — il /2 —} square-integrable function T
20 > |Arg (E )‘ bound

states

29 ®<+—resonance

Continuum states: 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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Fully strange tetraquark system
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Motivation

* Experimental fully strange tetraquark state candidates

The strangenium-like state Y(2175) was first reported in 2006 by the BaBar Collaboration in the process
of eTe™ — p(1020)f,(980). Later it was confirmed by BES, BESIII and Belle Collaborations.

BaBar:2006gsq, Belle:2008kuo, BES:2007sqy, BESIII:2014ybv, BESIII:2017gkh

Other promising candidates: X(2370), X(2500), X(2239), X(2100), X(2436),...... inspired by their many
strangeness decays.

BESII:2010gmv, BESII:2019wkp, BESII:20169zqg, BESIII:2018ldc, BESIII:2018zbm, BaBar:2007ptr

All candidates have negative parity. Do positive parity states exist?

* Possible strange analogs as the cousins of X(6900)

Recently, the LHCb Collaboration discovered a fully charmed tetraquark candidate X(6900), and

confirmed by CMS and ATLAS.
LHCb:2020bwg, CMS:20230wd, ATLAS:2023bft
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Quark potential model

e AL1 model
Semay:1994ht, Silvestre-Brac:1996myf

TABLE II. The theoretical masses (in MeV) and rms radii (in fm)

Vij=— i PVED ( K | )\"“z‘j _ A of the s5 mesons in the AL1 model, compared with the experimental
16 / T4 results taken from Ref. [67].
8K eXP(_TZZj /75) s, ) JEC Meson MExp. M Theo. M heo.
- 3mymy w323 Tt 0+ E : 713.5 0.54
n'(2S5) - 1565.2 1.17
TABLE I. The parameters in the AL1 quark potential model. ' (35) _ 2140.9 165
1~ 0 1019.5 1021.0 0.70
K AGeV?] A[GeV] K ms[GeV] A[GeVP™'] B 5(25) 1680 1695.1 1.95
0.5069 0.1653 0.8321 1.8609 0.577 1.6553  0.2204 #(35) 2188 2231.6 1.70

4 For simplicity, we assume that there is no mixing effects between the
I = 0n(nn) and n’(s3).
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Tetraquark wave function construction
%D :A(¢®XS®XC)

e Spatial wave function: e Color wave function:

21+5/2 r l 2
o (1) = — | e Y, (7
= (2 e

Only S-wave is considered.

color-I:

color-II:

(2) (b)

ro=04fm,r, =20fm s—sors—3s

ro =0.4fm,r, =2.0fm (ss)— (55)

n = 12 for each coordinate
ro=04fm,r, =13fm s—35

ro =0.5fm,r, =4.5fm (s5)— (s3) 5S=2: (5152)1 (5354)4], -
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Numerical results

0f T o
(@) JT =0 o (28)9(28)
ol '’ oo n'n(2S)  6p(29) ' (3 7923) 1(25)0_116(35) 11 (35)
y ~ -
— - ‘ %
% o[
= A Iq E
E -0 ) by v @i B
nLoe e
60} # ke bw
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_ (d) JPC _ O—I—— (e) JPC _ 1—|——|— (f) JPC _ 2—|-—
- b (28 /
0 e—=6 o ®
> .
2 —20' """"""""""
£ -40t No S-wave di-quarkonium threshold. ®6=0°
If include higher-wave mesons, these me=9°
60} states may change ®06=12°
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Spatial structure

rms radius—reflect spatial structure

¢ Conventional definition of the rms radius under CSM ¢ Newly defined rms radius
—/\S1 —/ \S2 S
- - \Ij(e) — Z [[(Q1qg)lc (qué,l)lc]lc ¢(7’1,’T’2,7’3,T‘4;0)
(0(6) [re20| w(6)) 1<
r'msC = Re — (@) (@)1 ¢( .0)
vJ (T(0) | ©(0)) \9293)1,\9194)1,], P\T2,T1,73,T4;
[ —/\S1 —/\S27 S
) \ ) o _(Q1q:l)lc (Qqu’))lc_ 1, ¢(T’1,’f’2,7’4,7’3;0)
—/\S1 —/\S2 S
+ [(QQqéll)lc (QIQQIS 10]1(: ¢(7’2,7’1,7’4,7’3;0):|
c-product: i _
(&n | Om) = /¢n(r)¢m(’“)d3’“ =AY [(ad)] (m&)ii]i ¢ (1r1,72,73,74;0)
51<82
generally not real, real part can still _ 4 \If (0) ( 1_6)
reflect the clustering behavior A
Zail ’f(o iollentifykthe molecular structure when containing M _ g (\1113,24(9) rfjezw \p13,24(9))
identical quarks T = Re 57 57
a new definition (W13,24(0) | ¥13,24(0))
# e —

The impact of identical particle exchange
on rms radius Is removed.
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Numerical results

rms,C

JPC M —il/2 X383, Xo.96. Xle®l. X8.®S. rrmsij e

0T 2852 — 407 86% 14% 38% 62% 095 1.16 C.
2917 — 91 40% 60% 53% AT% 1.23  1.21 C.
3133 — 71 58% 42% A7% 53% 1.51 1.44 C.
3175 — 41 46% 54% 51% 49% 1.30 1.27 C.
3248 — 102 35% 65% 55% 45% 1.37 1.36 C.

17~ 2819 — 32 63% 37% 46% 54% 1.01 1.11 C.
2940 — 461 87% 13% 38% 62% 1.02  1.12 C.
3142 — 1212 7% 23% 41% 59% 1.15 1.43 C.
3228 — 21 66% 34% 45% 55% 1.22  1.37 C.
3237 — 41 64% 36% 45% 55% 1.22  1.33 C.

2T+ 2714 — 612 75% 25% 42% 58% 1.06 1.09 C.
2993 — 481 85% 15% 38% 62% 1.00  1.03 C.
3164 — 31 92% 8% 36% 64% 094 147 C.
3266 — 21 66% 34% 45% 55% 1.29 1.38 C.

No molecular spatial characteristic.
All states are compact.
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Numerical results

rms,C

JPC M —il'/2 X33, Xe.@6. Xle®le X8.®8. rrmsw —rms structure
0"~ 2725 33% 67% 56% 44% 1.13 0.96 C.
2873 65% 35% 45% 55% 1.17  1.03 C.
3148 21% 79% 60% 40% 1.44  1.20 C.
3285 78% 22% A1% 59% 1.30 1.28 C.
17t 2723 -0.51  59% 41% 47% 53% 1.14  1.09 C.
2863 — 41 99% 1% 34% 66% 1.07 1.01 C.
3151 — 0.1z  66% 34% 45% 55% 1.17  1.31 C.
27~ 2896 100% 0% 33% 67% 1.10  1.02 C.

Lowest S-wave state;: ~2.7 GeV

The compact P-wave states are expected to be heavier.

— Y(2175) and X(2370) are unlikely to be compact
tetraquark states.

Yao Ma (5 %) | Fully strange tetraquark resonant states as the cousins of X(6900)

No molecular spatial characteristic.
All states are compact.

13




Three- and four-lepton systems - Preliminary results
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Three- and four-lepton systems

Motivation

* Theoretical research on three-lepton resonant states is scarce. Research on four-lepton resonant states is
limited to the di-positronium system Ps,.

» If resonant states such as u u*e~ e~ exist, they may be detectable in future experiments.

QED Coulomb potential

0.0 J¥ System CSM
Vi(r) = — 0-t/17=  Ps(1S)  —6.80 eV
Vi
/ Ps(2S)  —1.70 eV
Wave function construction Ps(39) _0.76 6V
* No color wave function prpm (1) —1.41 keV Spin and C-parity degenerate
* No coupling between spin channels. ptp—(28) —0.35 keV
= threshold degenerate
utp~(3S)  —0.16 keV
ute=(1S) —13.6 eV
ute=(28) —34eV
ute(35) —15eV
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Numerical results

e 3-lepton systems with bound state or resonant state solutions

IM(E) [eV]

Re(E) [eV]

e Only the S=1/2 systems have bound and resonant states. — [/[]._, component is necessary.
e Consistent with the previous calculations [H0:1979zz] and [liverts2013three]. We obtain more states.

» No bound states or resonant states in "y e* and eTe " u™ systems.
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Numerical results

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

_I_ _l_ —_ — T T T T T T T T T T T T T T T T
e e e e 0.25¢ PC _ ++ PC _ 14— PCT_ ot
(a) JT7 =0 ps(isypsasyf(P) /7 =1 (c) J 2
- Ps(15)Ps(1.9) Ps(15)Ps(15) Ps(15)Ps(15)
0.00¢ S iM
: u
o, -0.25} 2.
g ~0.50 . “‘\‘l‘\‘
‘\ ‘\ . “ ‘\ ‘\ “\
A\‘ \‘ \‘ A\‘ \‘ \‘
| +,+ T p —100 : : L L . "“"-‘\ s, 1 . 1 . . " . . : ‘.‘. o ‘\. . : N .
(e"eT)ole"e )ols=o 14 12 10 -8 14 12 10 -8
ower energy 0251 () JP¢ = 0%~
0.00} I
3 -025] !
m : I . .
E _o50f ©0-0° ! * Consistent with [Ho:1986z7]
: m6=9° I and [ho1989resonant]
-0.75} ¢ 6=12° I
| AB=15" 1
10— . R R S A s | L
~14 ~12 -10 -8 -12 —11 -10 -9
Re(E) [eV] Re(E) [eV]
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Numerical results

* 4-body 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),uéL(SS) :
S S) 1 1 pe(1S)pe(25) :

@ 6=0°
mo=6°
$0=9°
AO=12° A:I
- o
20 15
Re(E) [eV] Re(E) [eV]
[(u +/4 +)0(3_€_)0]S=0 [(u +,M +)o(€_e_)1]5=1 [(u +/4 +)o(e_€_)1]s=1
or [(ﬂ+ﬂ+)1(e_€_)o]5=1
o S=2 system: pure [(u"u™),(e"e™)]_, component, higher energy, more difficult to form bound states and
resonant states.
18
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Summary

Fully strange tetraquark system

« We calculate the mass spectrum of the S-wave fully strange tetraquark systems with (JP ¢ = O++,1+_,2++) and
(JP C = O+_,1++,2+_) using AL1 quark potential model and complex scaling method. We obtain a series of

resonant and zero-width states in the mass region (2.7,3.3) GeV, with widths ranging from less than 1 MeV to
around 50 MeV.

e All these states are compact tetraquark states.

e Since the lowest S-wave state is already as high as 2.7 GeV, Y(2175) and X(2370) are unlikely to be compact
tetraquark states.
Three- and four-lepton systems

 We obtain a series of bound and resonant statesin et e e ™, eTe Ty~ and u e systems, and no bound or

resonant states in u e and eTe u™ systems.

e In the three-lepton systems, only the S=1/2 systems have bound and resonant states.

Tete~e™ and utute~ e have a series of bound and resonant states, and no bound

“eTe” system.

e |n the four-lepton systems, ¢

or resonant states are found in u
Thanks §or your attention!
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Three- and four-lepton systems

system AFE — iI‘/Q Jr AE —il'/2 component T+t Ty o Tyt e

etote— _7192 0F —30.30 ;0020 0.08 0.14 0.10

—29.01 00]o 0.11 0.16 0.11

—2.01 —28.01 00]o 0.13 0.18 0.13

—1.15 — 0.012 —27.34 00]o 0.18 0.22 0.16

_0.98 —18.55 00]o 0.12 0.41 0.29

—17.96 00]o 0.16 0.41 0.29

etetp” —14.29 ~17.61 00]o 0.21 0.41 0.30

—4.03 — 0.023 —~17.34 00]o 0.26 0.44 0.31

_1.86 — 0.02 —~17.12 00]o 0.32 0.48 0.34

—16.98 00]o 0.41 0.56 0.40

prpte” —15.61 ~16.33 — 0.03 00]o 0.12 1.27 0.90

—14.92 —16.22 — 0.014 00]o 0.15 0.91 0.65

_14.37 —15.72 — 0.014 00]o 0.18 0.86 0.61

—15.60 — 0.02i 00]o 0.16 1.30 0.92

—13.95 —15.33 — 0.014 00]o 0.24 0.85 0.60

—13.67 1t —18.20 01]; 0.13 0.39 0.27

_ 363 —~17.53 01]; 0.16 0.41 0.29

—17.07 10]; 0.35 0.48 0.34

—3.55 —17.04 01]; 0.16 0.66 0.47

—3.48 —17.03 01]; 0.17 0.64 0.45

—16.95 10]; 0.46 0.58 0.41

—16.42 — 0.014 01], 0.12 1.22 0.87

PG AE _il)2 component 1 e —16.95 — 0.0lz: ;01; 1 0.14 0.95 0.68

e 100 — T 025 —15.75 — 0.014 :01: 1 0.17 1.00 0.72

o —15.58 — 0.02i 01], 0.17 1.18 0.84

—8.80 — 0.074 00]o 0.63 0.56 _15.30 011 0.93 0.88 0.63
—7.59 — 0.032 00]o 1.30 1.16
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