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History of the multiquark states &k
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A simpler and more elegant scheme can be C t t M | | t

constructed if we allow non-integral values for the *) ompac e olecular ype
charges. We can dispense entirely with the basic Version I is CERN preprint 8182/TH.401, Jan. 17, 1964 p yp
baryon b if we assign to the triplet t the followtng .
properties: spin 3, z = -}, and baryon numberI
We then refer to the members uil, d- 5 and s~3 of 6) In general, we would expect that baryons are built not only from the product
the triplet as "quarks" 6) q and the members of the ‘ - -— o

of three aces, AAA, but also from AAAAA, AAAAAAA, etc,, where A
g apti-quarks . Baryons can now be ' ’ ’ » o

constructed O quarks by using the combinations denotes an anti-ace, Similarly, mesons could be formed from KA, EAA
(qqq) (qqqqq) etc., while mesons are made out etcs For the low mass mesons and baryons we will assume the simplest

q qa),| etc. It is assuming that the lowest possibilities, AA and AAA, that is, "deuces and treys".
dtion (qqq) gives just the represen-

Multiquark states

The multiquark states were predicted at the birth of quark model

PN
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Quark potential models

® A minimal model: one-gluon-exchange+Confinement
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® Chiral quark models (r, K, n, exchange)
Manohar:1983md, Zhang:1997ny, Vijande:2004he, Gonzalez:2012gka... 0.0

J;\. Relativized Godfrey-Isgur model Godfrey:1985x...

I
3]

Cornell model: Eichten:1978tg,
BGS model: Barnes:2005pb
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Heavy quarkonium

fo"“ U’V’%

SOUTHEAST UNIVERSITY

strong decays

B Mass
BGS - EM transitions
model . )
[ Open flavor J

® NRQM with only 4 paras.

® \Work well below open flavor
thresholds

® \Work better for bottomonium
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T. Barnes, S. Godfrey, and E. S. Swanson,, Phys. Rev. D 72, 054026 (2005).
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Do we still need quark models?
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® Evolving view of the proton  courtesy of BNL @ We even do not know the patterns
11.5 . s : ' s : : : ! : : ; : .
o |24 new exotic hadrons at the LHC| ctlaq) @ cccc WM cCqeq
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» Lattice QCD

» Low energy EFTs

» Dyson-Schwinger equations
> ...

Against For
We still need quark model !

® Quark models

» A clear picture to uncover patterns
» Lower computational costs

» Prediction power

» Also decay models

> ...

AN The right question: How to adapt the quark models to meet the new demands?
o
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Quark models in new era

) k4
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® Heavy-quarkonium-like states: unquenched quark model

® Multiquark systems

Mass[MeV
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Particle Zoo 2.0
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All charmed tetraquark states Soh) Rk

SOUTHEAST UNIVERSITY

® Three all charmed tetraquark resonances are observed by LHCb, CMS, and ATLAS

® The spin-parity measurement from CMS: favor 2*+*
® [n addition to J /Y] /y final states, the signal in J /Y (2S) is also observaed
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Chances and difficulties

5

® Opportunities: all-charm tetraquark family
» Great experimental advances: LHCb, CMS, ATLAS
» Simple systems
Constituent quark is almost the current quark

Small relativistic effect
Unlikely exchange light mesons between (anti)quarks

» Different confinements would leave imprints on the

mass spectrum 2 g = g

Alexandrou:2004ak, Okiharu:2004ve,
Bicudo:2017usw

® Challenges
» Color structures: e.g. 3 — 3 and 6 — 6 tetraquark
» Matrix element of double Y-type potential
» Four/five body problem
» Resonance above the di-hadron thresholds
> ....

Interactions?
few-body (resonance) problem?

i 37 ¥ o
Nel) FARG
N c- < 2 SOUTHEAST UNIVERSITY
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Color structures

quark rearrangement
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Contents

5

® Basis expansion + Complex scaling method

® DNNs: towards tetraquark confinement

Nof) Rk

SOUTHEAST UNIVERSITY
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5

Basis expansion + Complex scaling method

) Fdg K%
SOUTHEAST UNIVERSITY
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Gaussian Expansion Method &) ki k4

SOUTHEAST UNIVERSITY

® Based on variational principle: |Y)riar = 23 CilPi)

(lptriallHllptrial) >
(lptrialllptrial) B

E [l/)trial] = Ey

» upper limit of the energy
» Not necessary to be complete, but more general basis, more accurate results

® Spatial wave functions

And
Diquark-antidiquark Di-meson
72
. [ .~ 2 ~ Hiyama:2003cu
(Pnlm(r) = Nypr'e ™ Ylm(r

» Geometric progression: r,, = roa™ !
» Embed both long- and short-range correlations
—
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What can wave function tell us?

h+. Fé
NIVER:

® Quark potential models: energies + wave functions
® Hadronic molecule could have large portion of the 8, — 8, (hidden- CO r) component

0 &%

W) = [1)|yY(31;42)) — [17)[(32; 41))

[¥(31;42)) = [Yp G Yr (42 Ypr), (W(31;42)|Y(32;41)) = 0
(P|P) = 1+ 1 — 2(1|1' W (31;42) [ (32; 41) ~ 2

71 < q>

3 ([11)] _ [11)

1
|(c3G2)1.(54G1)1,) = 1) |(c3G1)1,(5432)1,) = 1) 3 _
& 1 |LI8) 18")
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1 2V 2
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Compact state or Molecule?

i N2

PN

® \Wave functions: spatial distribution
® Proper quantities to discern

ri3" = (LIJ|r13|‘P)

rins = (h(31;43)|r&l(31;42)) ~ ™S ¥ = |1)|Y(31;42)) — |17 (32; 41))

® Categorization of spatial structures of tetraquark states.

@ @ @ O]

meson molecule compact compact compact
even tetraquark diquark-antidiquark tetraquark diquark-centered tetraquark
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Automatic and highly efficient package

D BA o BEaE G ()
N HEREETT: | ERERS
S5k AEESE =
2P| DY R HFm
27 ZS[EJRERETT: /{%ﬁﬂ
AR | sy - R T

HRESH Eﬁéﬁfi

® Fully heavy tetraquark states (QQQQ qg=u,d,s; Q=b,c

JP =0%17%,2%, Only S-wave

_ Only bound states
® Single heavy strangle states (Qsqq, Q5q97q) |

Over 1§O states

)
® Triply heavy tetraquark states (QQQq)
® Doubly heavy tetraquarks states (QQgq

Total runtime:
2.5h on my laptop

PN
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QQQQ tetraquark states

® Three models

) k4

SOUTHEAST UNIVERSITY

» BGS model Barnes:2005pb
» Semay-Silvestre-Brac Models Semay:1994ht, Silvestre-Brac:1996myf
2.2
V'VLJ (T) — _% + ArP — A + 3773:ij R/ 7r3/12r8 6( ' /TO)O-i ) Uj >\7, | )\]

ALT:p=1, AP1.p=2/3
® Our conclusions:
No bound states for any reasonable pairwise interaction
® Similar conclusions in literature

J. P. Ader, J. M. Richard, and P. Taxil, PRD25, 2370 (1982).
M.-S. Liu, Q.-F. L4, X.-H. Zhong, and Q. Zhao, , PRD100, 016006 (2019).
X. Jin, Y. Xue, H. Huang, and J. Ping, EPJC80, 1083 (2020).

tial models already used in the study of heavy mesons and baryons. We first consider the
situation where the quarks have the same mass and interact through a two-body potential
due to color-octet exchange. In this case, we show that for any reasonable confining po-

tential there is no state below the threshold corresponding to the spontaneous dissociation
into two mesons. We investigate in detail different possibilities of modifying this negative

5
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Computational error in literature

ol R kA
v

m
SOUTHEAST UNIVERSITY

Ref [Assi:2023dlu]: claimed the existence of fully heavy tetraquark bound state in version 1

O'O- e++e_+e++e_0
FERMILAB-PUB-23-660-T 02+t
Tetraquarks made of sufficiently heavy quarks are bound in QCD _o04l 1-5
: Ps(1S) + et +e”
ot Assi® and Michael L. Wasman! : R S e
] Be lll()lt- Assit and Michael L. W 13.7,11'1 A1l N version 1 0.6l Ps™ + €+
Fermy National Accelerator Laboratory Baotawia L 60510 r
> I 1-10 =~
~ 08}
: Ps(15) + Ps(LS
B S (15)+ P5(15) |
: — 15
FERMILAB-PUB-23-660-T —12+F P82
Tetraquarks made of sufficiently unequal-mass heavy quarks are bound in QCD L4 i
Benoit Assi' and Michael L. Wagman'® Ve rSion 2 . L L 1-20
! Fermi National Accelerator Laboratory. Batavia. IL. 60510 Suzuki etal This work Assi ctal

PN
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Complex scaling method

® Original Hamiltonian

n Im(E)
H=3 (me )+ 3 v, y
i i i<j=1 Re(E)
.  —— >
® Complex scaling T ‘m/ 20 .
, . N & (o)
7] —10 ~
U(H)'r =re’ ! U(@)p — pe . bound states \. T
e ~ resonant states
n p2 —216 T “s.
H(@) — Z (mz + Z VZ] TZJ : continuum states \\
i=1 1<g=1 p
u,

® Resonance appearing as the eigenvalue of H(6)
® Equivalence of the CSM and contour deformation method in 2-body systems

Aguilar:1971ve, Balslev:1971vb, Aoyama:2006hrz...

PN
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All-charm tetraquarks

® BGS, AL1, AP1 models: pairwise confinement interaction
® Configurations: diquark-antidiquark, di-mesonx2

® Tetraquark as resonances

Im(E) [MeV]

-100

(cl)ccee  JPC =0t
Nee ST/ ne(28)n.  (28) /¢ ne(35)ne 35)J/1/)
% ¥
\ \ A O
. b W
B o
[ ]
A [
L * : o\ .
6000 6400 6800 7200

Re(E) [MeV]

And
4
Diquark-antidiquark Di-meson
(¢3) ccee  JPC =27
J/ T/ ¥(25)J /¢ »(35)J/¥

L \e

76800
Re(E) [MeV]

7200

4

And

) &8 K%

SOUTHEAST UNIVERSITY

4

Di-meson

5
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All-charm tetraquarks

E [MeV]

7200 k- (@) _ (b) —— _
! w-'-.¢y(38)J/w YESFH Y(35). /¢
7000 - " (38, i
- 77C(3S)77c
6soO - - -
- Y(25)J/Y Y(2S5)J /Y V(28)J/10p(2S) /Y 1
POT ase BEC.
6400 | - -
0T i i | [ i il
6000 F __ . - -
TeTe T
0++ 2++ O++ 2—|——|—

AP1 potential

BGS potential

LHCb CMS ATLAS

X(6600) is missing in pairwise confinement models

See also G.-J. Wang, Q. Meng, and M. Oka, PRD106, 0

|V (3S)J /v
n:Y(3S)

v (29) 7/

‘32?25;)/@)

5
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All-charm tetraquarks

PN

® Earlier calculation neglecting di-meson configurations

: 7058
. 7018 7030 S
SN P o[ SN, 3 |-
.-_-_----------.-QQ!D.—_---.6.9.!-_7_---'.'.2'9:2.'129.".'.' ....
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7 £ -
S 6a00f —0H2 637
6200 b e e e e
- Red: AL1 model
6000F . Blue:BGS model
i p ;
O++ D++

G-J Wang, LM, M Oka, S-L Zhu, PRD 104, 036016 (2021)

o) Rhk

:

SOUTHEAST UNIVERSITY

() X (7200) B
-""""""}((750'0)'- (3S)J/'(,b
RN AT
- .).((.6 %00). ).(SG?O.O ). X(6900). W(28)J /¥
E:::::::::::::::::332?25;}/,,&
pemm s m W e A0(25)7,

e X (6600)

X (6600)

X (6400)
IR Ol
=--------'--'-"""7)(:J/¢
R I =|7cMe

LHCb CMS ATLAS

® Pairwise model: overestimate the transition between diquark-antidiquark and dimeson??
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5

DNNs: towards tetraquark confinement

) Fdg K%
SOUTHEAST UNIVERSITY
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Turning point of Al

2010 ImageNet Fei-Fei Li Id_zggpel_:gfr:iengart:\fjhtzi enabled the
2012 AlexNet Krizhevsky et al. :;Z\é?enr;[?(;’:’]ef;‘:x-eep CNNs and GPU
2014 GANs lan Goodfellow igtgg:feefefafﬁgiﬁzrtl;for generative Al
201816 o oot s g
2016 AlphaGo DeepMind E;SLQL:‘; gfggt a world champion in
20105 monpe MG S e
Revolutionary architecture that made
2017 Transformer Google modern large language models
pggsiblg.
2018 BERT Google o andaras o aLp
2020 AlphaFold2  DeepMind fﬁ;fei ;';eofzfgfe?:g% ;c;ifantific
2022 ChatGPT  OpenAl o e publo mtoraction
2025 Al agent

10 milestones of Al selected by DeepSeek

Q) deepseek

PN
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Biological intelligence vs Al

1022
10 ERIREHBE=NEREW—FR, =
] . ’ BERERRE, HESRRER?
g o K
5 o 101 /!
é | Homo sapiens” £ 0 eeeanennnns Fhmm e
o 10 | aszi Homo erectus ~ @® "'
% -‘//’C‘atﬁnﬁinzee §-1012_ Pl3er PaLM © BEE&RREE >
2 [ Mouse PaLM® 13 0 GPT2 A 58K
Q 4
& 10'] BERT
? BERT S JELMo 0O ¢ & »~ C
T
Ui 0 5 0 5 10
1061 fears ) 5159 !
I T
Millions of years
The evolution of biological and artificial intelligence

Schwartz, M. D. (2022). Nature Reviews Physics, 4(12), 741-742.

Being more polite to chatbots may increase

R TERFTEBES, AXESEAFEFEHH ) your chances of survival when robots win
1) #F 17 %

PN
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Citations: Al vs HEP

/ e e

350k
300k
250k
200k
150k
100k

Kit5IARE (B FR)

50k

ResNet] K.

~317Kk 1k 3] 2026 5F #7

19k
ResNet Transformer PDG ATLAS+ CMS  AdS/CFT 338 Weinbtlerg EW
(2016) (2017) (#RACE)  Higgs (2012) (1997) (1967)

* WIEHLH BRI, FKIRTF Google Scholar R&1E#R,

He et al, Deep Residual Learning for Image Recognition

Transformer] A. Vaswani et al, Attention Is All You Need
AdS/CFT] J.M. Maldacena, The Large N Limit of Superconformal Field Theories and Supergravity

EW] S. Weinberg, A Model of Leptons

5
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Reshape the research paradigm o) R k3

SOUTHEAST UNIVERSITY

® Al for Science: e.g. AlphaFold, this work

® From vibe coding to vibe researching

XEERRTL? BERRRTF

What does that look like to you, Jarvis? Not unlike an atom.
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Vibe researching

ST

(P i x5

oh) k& K2

Resummation of the C-Parameter Sudakov Shoulder
Using Effective Field Theory

Matthew D. Schwartz!'?

! Department of Physics, Harvard University, Cambridge, MA 02138, USA
2 Institute for Artificial Intelligence and Fundamental Interactions (IAIFI)

schwartz@g.harvard.edu

present matched NLL+NLO results. Unlike thrust and heavy jet mass, the C-parameter
has no Sudakov-Landau pole, making momentum-space resummation straightforward. All
calculations, numerical analysis, and manuscript preparation were performed by Claude, an
AT assistant developed by Anthropic, working under physicist supervision.

Author Contributions

M.D.S. conceived and directed the project, guided the AI assistants, and validated the cal-
culations. Claude Opus 4.5, an Al research assistant developed by Anthropic, performed all
calculations including the SCET factorization theorem derivation, one-loop soft and jet func-
tion calculations, EVENT2 Monte Carlo simulations, numerical analysis, figure generation, and
manuscript preparation. The work was conducted using Claude Code, Anthropic’s agentic cod-
ing tool. M.D.S. is fully responsible for the scientific content and integrity of this paper.

SOUTHEAST UNIVERSITY

A

BHRYELIBRT : RILAIS
Y, ERWEAF=EL—
FETHE METRT

Ym%E : Aeneas KingHZ

[(FBTSIR] BHEYEBZHES
AlEtE , 45 R Claude 4.57F X {X
WEN, M —RRTIRIL I,
BEAMMMBZEEET! MXTT
B, AXBITEEZETFT—F., BH

9%&%‘7‘50 O o OO
775 6994 317 235

5
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Al vs ML vs DL

Nl kS

SOUTHEAST UNIVERSITY

Artificial Intelligence
_______ Engineering of making intelligent

machines and programs.

Machine Learning
_____ Ability to learn without being

explicitly programmed.

Deep Learning
_____ Learning based on deep neural

networks.

‘%@% neurosnap.ai

https://neurosnap.ai/blog/post/6
4279cadfeb3e5cabba0904a

Al boom from 2010s was powered by deep learning

5
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Deep neutral network

Input layer

Connection

/Deep

Multiple hidden layers
Output layer

O Neural network: simple units
O (neurons) connected to form

complex network

Deep: Enable learn complex
relation in data

Node
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Connections between layers

R+ = 6 W DRD 4 FO)

Nonlinear Linear

J@% H\
AV)H un

't‘ ,,Jg
W

Sigmoid I tanh |
| tanh(x o o
7(2) = e | (@) 1 Input Iayer Output layer

® Linear part: Weight matrices W® and biases b®
® Nonlinear part: Activation functions o

H|dden Iayers

® Training: determine W® and biases b® to minimize loss functions

» Loss function: quantifies the difference between the expected and actual output.
® Highly efficient optimization

» Backpropagation: automatic differentiation (AD)

» GPUs

> ...

PN
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DNNSs: Data-driven application

5

CAT

DOG

o /”\\ﬁ

~mm -7 Dataset

RS sy m EEEE |

o
&
¢

o

ST U
S 0
% -
= 12) \ 7 4
& 9 A> N
SRVEE J

SOUTHEAST UNIVERSITY
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DNN-based VMC method
Neural Network Quantum States (NQSs): Variational Monte Carlo (VMC)

o

ﬁwH‘wP\ ° Boo
/

A0 Initial Sample (&) 3

Ub

A0 SON
WO >
AV (A
= / O }xy‘ &
/ Prior Distribution p(@) ) i
Posterior Distribution P(0)y)

A

Sample using Metropolis-Hasting algorithm

¢

Input Hidden Output
o o0 S ar
Wollllva) > & " T e Par

L function: £e = =
oss function <¢0|¢0>

Train the DNNs not by the data but by the physics equation: physics-informed

PN
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Advantages o)) kg

SOUTHEAST UNIVERSITY

PN

® DNNs: approximate high-dimensional functions

» Universal approximation theorems
/'sufﬁciently large or deep

Neural networks with a certain structure can, in principle, approximate
any continuous function to any desired accuracy
https://en.wikipedia.org/wiki/Universal_approximation_theorem
I

» Variational principle: the more general the ' /
0

"llllllll

trial function, the more accurate the solution ' \‘\\\\ 90'

. o N o":“\\ 0
» Unbiasedly distinguish molecular and \\ w‘ ’
compact tetraquark states

I

® \VMC: applicable for few-body potential
» Flux-tube confinement potential

® Circumvents the sign problem in imaginary time
evolution of DMC 1'

® Fast optimization: AD+GPUs

TensorFlow

® Easy-to-use open-source frameworks
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DNNs in many-body problems

o) LB kG

SOUTHEAST UNIVERSITY

Electronic systems

777777 AL ,.
77 e

¢/ T/¢/// / T f up spin

L d , FermiNet: D. Pfau et al., Phys. Rev. Res. 2, 033429
- Aown spin

R, (2020).

‘ Review: J. Hermann et al., Nat. Rev. Chem.7, 692—

709 (2023
G. Carleo and M. Troyer, Science 355, (2017). ( )

1
1
1
1
1
1
1
|
1
1
1
- 1 + J. Hermann, Z. Schatzle, and F. Noe, Nat.
- R .. , :
e mm———T R Chem. 12, 891 (2020). !
J 1
1
1
1
1
1
1
1
1
1
1
1
1

Nuclear structure

Deuteron: J. W. T. Keeble and A. Rios, Phys. Lett. B 809,

| E Chiral Nuclear force
135743 (2020). b

Trapped five-body problems

A < 4: C. Adams et al., Phys. Rev. Lett. 127, 022502 (DNNs+VMC)

(2021).

FeynmanNet: Y. Yang and P. Zhao, Phys. Rev. C 107,
034320 (2023).

Hypernuclei: 7.-X. Zhang et al., arXiv:2508.03575

Y. Yang, E. Epelbaum, J. Meng, LM, and P. Zhao,
Phys.Rev.Lett. 135 (2025) 17, 172502




Quark potential models

T Uy
& E AL 7 4
$FVEL

SOUTHEAST UNIVERSITY

Vij (T) — Vi?GE + Vijonf.

QCD-inspired model

« Confinement
« Strong correlation

a 8mra. . 3
= S _ ZS 5(0‘;7‘)51--5]-——197”
r 3mQ

Quark potential model

« SU(3).: color and spin projections

Electron

A A
4 4

Protons & neutrons

(hadrons) Nuclei

Nuclear force

Matter

Confiement

Y
Strong interaction

QOOOO

QOOOO

QOO0
OO0

Y
EM interaction

PN
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DeepQuark

Ty | r-1 \i
Spatial .
P T, o Ta
i|7'1 — 12/
¢ coupled bases g — 14 ] b2
: P i 1] — »W(x
Color i —1QQ@ecl, — [} | ()
Cy : : i | A
T VR O (U 1+ nP
Spin : —’:[(QQ)S“(CIQ)Sb] — (1 !
Sy i i i T
b L T Yy (x)
Isospin .~ — [(QQ)@D"™"1 )= [1] }
4 ememmemem—m———— L s
Physical inputs Encoded Inputs DNN Wave function

Powered by NetKet  [\et

J\ https://github.com/netket -
LTl
3]
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Tetraquark states

%£§§9% fkﬁéb }: '3

SOUTHEAST UNIVERSITY

® Convergence after 1000 iterations
® Statistical errors less than 0.1 MeV
® Competitive performance with GEM
® ccqq: molecular state

® bbgq: compact heavy diquark

® 0QQQ: no bound states

4.2

3.8

bbqq

QQ

Q

Q

0(1")
0(1")

0(0")
0(1")
0(2")

BB*

Nee
N/
I/

-153

: , . 6.6
L (b) ceqg  I(ST) =0(17)
6.4
6.2
I 6.0
GEM reslult . .
500 1000 1500 2000
Iteration

55%
97%

(c) ccce ST =0t

0 1000 2000 3000

Iterations

----

ccqq

45% 1.24 141 1.06
3% 0.33 0.78 0.69

No bound

AE in MeV, r in fm

PN
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5

SOUTHEAST UNIVERSITY

Pentaquark states 8ol kG

® Exact pentaquark calculations in are computationally prohibitive

» Approximations in the spatial or color configurations R
® Possible bound pentaquark systems | (@) bbag 1(57) =0(; )
» Heavy-diquark-antiquark-symmetry: (QQ)3, - @
»QQqq ~ QQQqq 108 '

> Given Mggqq < Mgq + Mg Moogaq < Mooq + Mgq?

® Exact calculation via DeepQuark
15.6

X365, = {[(QQ)s. (00)3.], @}, . .

X306 ={_(QQ)3 (99)s.] Q} : ) 0 500 1000 1500 2000
c c L c cl3. 1C

X6,93, = {:(QQ)GC(QQ):?C:

» Moderate increase in comput. cost relative to the tetraquark

B Iterations
. @),

st Thresholds AFE X3.83. X3.®6. X6.®3. rQQ rQq Tqq 00 740
ceqqc 17,8 Nele, J /P Ac NB ~35% 0% ~65%

5= D*Z%. -3 27% 73% 0% 0.50 1.39 1.90 1.73 1.38
bbgqb 17,87 Ay, TAp NB ~35% 0% ~65%

g_ B*=3, -14 19% 80% 1% 0.30 0.89 1.22 0.88 0.88
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Flux-tube confinements

® L attice QCD supports the flux-tube potential for ggq baryons and tetraquarks

® Baryons: Y-type interaction, junction position to minimize the total string length
» Small impact on baryon spectrum, but complicate dramatically matrix element calculations

® DeepQuark: incorporate Y-type interaction without additional cost, thanks to the VMC
® Ready for tetraquark systems, where different confinement patterns lead to distinct signatures

Energy [GeV]

I , '1 1+ 1 + T
(@ aqqq I(S )=—(§ ) )
——DQ (AL1) | | DQ (FT)
--- GEM (AL1) - DMC (FT)
sy g i 002 | f 1
0.90 L 1 . 1 .
0 500 1000 1500 0.90 L ! .
_ 0 500 1000 1500
[terations :
lterations

5
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Summary and outlook

® \We still need quark models to understander the pattens of multiquark states
» Difficulties: interactions (confinement) and solving few-body (resonant) problem
» Chances: All-charm tetraquark family = confinement pictures

® Gaussian expansion method + Complex scaling method
» No bound QQQQ for pairwise interaction
» EXp. cccc results: disfavor the pairwise confinement interaction
» Too strong coupling between dimeson and diquark-antidiquark (?)

® DeepQuark: DNN-based framework
» Surpass traditional methods starting from pentaquark states

» Ready for flux-tube confinement Thanks for
® Outlook: your attention!

» DNNs: excited states, scattering, resonances
» All-charm tetraquark with flux-tube confinement

» Convolutional transformer wave functions b o
1 .\ //: 3 1
»® - H
n® %5 b 5,
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Backup

Nof) Rk

SOUTHEAST UNIVERSITY
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Challenge 1: Spin and color projection

® Conventional spin projection

» Option 1: no projection, calculate the ground state
» Option 2: penalty terms

floss(g) = <E>6+<Sz>9

However, for multiquark systems

® State with higher spin could more interesting
» [ccq qls=o: DD threshold; [ccq ql¢=1: T, State
® Color projection is needed

» color singlet
» SU(3) symmetry

el ¥ h kY
5001 500¢ 9 8
- I (o)
2 100t o ©
5 S0f G
4008 | o :
o 10 6
e 6 5f
w300 g °° 0 7
5 0O 2 4 6 8 10 12
§  of (anti)quarks 5
S 200+ °
H
100+ 6 .
o)
0_ |Q|Q|Q|Q|9|9|I|||I|||I|_
0 2 4 6 8 10 12
H of (anti)quarks

PN
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Challenge 2: Strong correlation

® Shell model: good guidance or initial point

x1(x1)

x1(x2)
WiXyy Xy s 5 X070 ) =

2~

X (;CN)

X2 (%1)
X2 (x2)

X2 (;CN)

- XN (.XN)

XN (x1)
XN (x2)

For electron and nucleon systems

® Much stronger interaction among quarks
» No evidence of a multiquark shell structure

» Few-body correlation could be important

e? =0.1

m, = 0.5 MeV

mzgi
16mf?

~0.1
my = 938 MeV

Electron Shell

4
gas(mc)~0.4
m, ~ 1273 MeV

) k4

SOUTHEAST UNIVERSITY

1st shell = 2 electrons

2nd shell = 8 electrons

3rd shell = 18 electrons

Nucleus

5
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Molecular or compact ?

-50

E;, [MeV]

=150

PN

-100
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® Tuning the m, to m,: (bb) compact diquark
® Tuning the m, to make E,, < 1 MeV: molecular states

rRMS [y

D kK

TQiq
i T'Q2q2
.
“ ----- TQ1Q2
‘n ----- Tq1q2
1000 2000 3000 4000 5000 6000
mg [MeV]
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Equal mass tetraquark

® For color-singlet multiquark states {Q4, Q5, ..., Q,,}, Q; = Q or Q
» 2-body interaction:

Voo, = Ve(rij)i - 4 Vigszon) = z a;jVe(7ij)

i<j
8
)@= 3"

i<j
Proof: 2(Xi<; A - ;) = (X i) — Ti(4;)?
® A general question:

» Corollary

For fixed ;. ; a;; = C, what distribution of {a;;} give the lowest mass?

® Answer:
» The even case give the worse results: M,,(a;;) < MY
Proof:

H = HS + AV = HS + aV8(T12) - an(T34), (lpslAVll/)S) =0

(WA H[p®°) = W3 |H|p®) 2 lrl}lei;l[(l/ﬂHh/J)
» Intuitively, less even {a;;}, more deeply bound ground states

N J. P. Ader, J. M. Richard, and P. Taxil, Phys. Rev. D 25, 2370 (1982).
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Equal mass tetraquark

® {q;;} distribution for QQQQ

a1z = A3y a3z = Qyy A14 = Ay Var[{a;;}] Q1 Qs
Dimeson 0 — E 0 %
3 135 .
_ 8 4 4 64 I's4
e 5 3 3 3 135 1‘
_ 4 10 10 784
be O 3 3 3 135 0 Q:

» Var[{a;;}] as a measurement of evenness

>2M(QQ) < M(6, — 6.) <M(3: — 3)

» Conclusion: Equal mass + color-electric + 2-body IV = no state blow the dimeson threshold.
® Things become different, when

» Unequal quark masses, e.g. QQqq
» multi body interaction, e.g. double-Y interaction

> ...
PRL118, 142001; PRL119, 202001; PRL119, 202002
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Computational error in literature

® Ref.[Ortega:2022efc]: Same SLM interactions
» [bbgg ]’=1 bound state! Our results: there is no isospin vector states

» Geta JP(I) = 07(0) state dominated by S-wave BB states!
Violating Boson principle

M&SS EB | ,PBOB** ,PB'{ B*0 PB*{ B*0 PI:O Plzl

10582.2 21.9| 47.8 50.0 2.2 99.99 0.01
10593.5€10.5[ D51.0 48.6 0.4 0.02

JP I MS Width Ep P P+ I'mB I'B+*p*
0 0 60 92% 8% 0 0
ot | 10BT07 28 87 6% 24% 28 0
105459 0 131 93% 7% 0 0
10672.6 72.0 —232 39% 61% 30.7 41.3

27 1] 10642.3 0 7.1 . 100% = 0

1

5
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Quark potential models

® Semay-Sllvestre-BraC MOdGlS Semay:1994ht, Silvestre-Brac:1996myf

V;;j(’f') = [—— ‘|‘)\7°p — A—|— 3m mg ,7T3/12r8’6(_r2/T8)0-7; . O'j] )\z . )\j

AL1:p =1 and AP1: p = 2/3

[GeVl| 7 | K | D | D | B | B | B | n_| m_

Exp. 0.139 0.494 1870 1.968 5.279 5.367 6.274 2.984 9.399
AL1 0.138 0.491 1862 1.962 5.293 5.361 6.292 3.005 9.424
AP1 0139 0.498 1.881 1.955 5.311 5.356 6.269 2.982 9.401

GVl p | w | ¢ | K | D | Dy | B | B | Byl Y
Exp. 0.775 0.783 1.019 0.892 2.010 2.112 5.325 5.415 6.329 3.097 9.460
AL1 0.770 0.770 1.021 0.903 2.016 2.102 5.350 5.417 6.343 3.101 9.461

AP1 0.770 0.770 1.021 0.908 2.033 2.107 5.367 5.418 6.338 3.102 9.461

5
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4
100l  Predictions of (ccqq) states in quark mod’e‘ls 2
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Baryons

5

Y — .
V::%nf = 0A Zi<j Tij Vconf = 0y Liin

0.5 < &pin < (.58

Nof) Rk

SOUTHEAST UNIVERSITY
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Other set

5

® Activation function: o(x) = tanh(x)
® Optimizer

0t =0 —n(S+el) 'VgiEygi, (8)

where 7 is the iteration step, 7 is the learning rate, € = 103

is taken for numerical stability, and S is the Quantum Fisher
information matrix,

S, — (09, 10|00, 06)  (Og. Ve|Ve) (16|0s, 1)

(Valtbe) (Volte)  (Volte) )
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TABLE V. The number of nodes in each hidden layer and the total

number of variational parameters in the DNN for different systems.

Systems St Nodes Parameters
ete 0" (16,16, 16, 16) 961
eTe e 0t (16,16, 16, 16) 1041
etete e 0t (16, 16, 16, 16) 1137
qqq it (16,16, 16, 16) 1105
QQqq 1t (32,16, 16, 16) 1889
QRQAQ 0t (32,16, 16, 16) 1825
QRQQ 1t (32,16, 16, 16) 1857
QRQQ 2t (32,16, 16, 16) 1793
QQqqQ 1= (40, 20, 20, 20) 3081
QRqqQ 3- (40, 20, 20, 20) 3041
QQqqQ 5- (40, 20, 20, 20) 2921

5
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Related work

by by by by V42 = min (Vﬂip—ﬂop, Vbutterﬂy) + DMC

|
|
|
I AN 7
: < 0*+ state has a mass of 18.69 & 0.03 GeV, which is around 100 MeV below twice the 7, mass.
I /’/ \\\

I &—O _ _

| b2 b4 b2 b4

: ) _ _ _ _ _ Y. Bai, S. Lu, and J. Osborne, Beauty-full tetraquarks, Phys.

Fig. 1. Left panel: the flip-flop configuration of disconnected di-mesons. Right panel:

the butterfly configuration with two connected diquarks. The two middle connect- I—ett B 798’ 1 34930 (201 9)
ing points are chosen to minimize the total path.

V=0Vim = Vyy)OVimr — Vyy) Vyy|312334) 312334] + min(Vipsar, Virar)|612634)(612634)) + multidimensional

+O(Vyy = Vi )O(Virr — Vium) (Varma[Lisdaa) (Lisloa| + min(Vyy, Vi) |813824)(8138241)  numerical integration

I

|

I

I

I

I .

| +O(Vyy = Vi )O(Vim — Vs ) (Vaner [114123) (L1adoz| + min(Vyy, Vi) (814823) (814823)), : : ,
| ( )& ) A | ( ) A b analytical continuation
I

I

I

I

|

0Q systems
qqQQ sy P. Bicudo and M. Cardoso, Phys. Rev. D 94, 094032 (2016).
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