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- Why are Exotics interesting

- Quark model: two-body

- Quark model: three-body 

- Implications to exotics

- Few thoughts on production
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Compact multiquark Molecule Resonance 

Picture

Size

Threshold

width

𝑟 < 0.6 fm

Near threshold or other

small

𝑟 > 2 fm

Near threshold

small

𝑟 ~ 1 fm

Above threshold or other

large

Typical mode

l used

Quark Model Meson exchange models
Unitary approach

Quark model

Effective field theory: constants

QCD sum rules: uncertainty

Types of Exotic particles 

Here, I ask “does quark model predict compact multiquark configuration?”
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Why are exotics interesting? 

- A New color configuration

- Gateway to multi-quark states and high-density
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So far only                            color states are seen



 Color state of Meson: 
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A new color configuration of SU(3)

☞ Usual ground state hadron

☞ But Exotics contain additional color configurations with higher degeneracy

For example: Tetraquark state
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:       3 3  d       y and  egen  erac      6 6

:       1 1  d       y and  egen  erac      8 8
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QGP contains all configurations and correlations Exotics

t

1 fm/c 5 fm/c 7 fm/c 17 fm/c
QGP Hadron phase

TF

T

TC Tm

Hadron production Kinetic freeze-out



Tinitial

QGP formation 
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Quark Model: Two body 

- Two-body quark force: color-color and color-spin interaction

- Insight into exotics
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N-N interaction at short distance
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Quark Model: two-body interaction

 Color-Color interaction:
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  comparison

☞ NN force in SU(2) spin 1 vs spin 0 channel: comparison to lattice

27

2

1

2

3
F

N

F

N

K

K









 

☞ H dibaryon channel: Flavor 1 vs Flavor 27

QCD HAL collaboration

Quark Model vs Lattice comparison : A.Park, Lee, Inoue, Hatsuda, EPJA 56(2020)3,93
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Why Heavy quarks are needed for multiquark configuration 
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☞ Color-color interaction becomes stronger (Karliner Rosner)
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☞ Color-spin interaction becomes weaker with heavy quarks
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
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

When heavy quarks, 

could be compact (Tcc)
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   0 1G PCI J  
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 C=color,  S=spin☞ Color-spin 

☞ Color-color interaction of                       is repulsive 
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To overcome additional kinetic term attraction has to be  >100 MeV 

Full quark model calculation  Fall apart to two mesons

(W. Park, SHL, NPA925 (2014) 161)
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Tcc(3875) 

☞ Color-spin 

☞ Color-color interaction of                          is attractive
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Full quark model calculation  Could be compact
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-2021- Tcc(3875)  LHCb coll.

☞ There is a strong short range 

attraction for Tcc  Could be compact,

but depends sensitively on parameters: 

Full Quark Model calculation suggests: ex S.Noh, W.Park, Lee, PRD10(2021)114009

☞ The short range attraction for 

X(3872) is very weak

 Can not be compact

S. Noh, Park, PRD 2023
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Park, S.Noh, S. Cho, SH Lee (PRD99 (2019) 094023

 Most stable color-spin interaction
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Quark Model – Three-body force

- Intrinsic uncertainty 

Noh et al. PLB862 (2025) 139278, Jeongheon Baek (PPNP in preparation)  
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Use this quark model to Fit the meson spectrum

 Importance of exact wave function (J. Baek et al )

 
1/2

21

1

Cal Exp

i i

i

M M
N


 

  
 
 30 Gauss a1 Gauss iian n5.86 MeV . V 1 36 Me      

Quark model parameters from meson fit 
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N-N interaction at short distanceWhen using parameters from meson fit to calculate Baryons

 Fails even when exact wave functions is used 

Meson Baryon1.36 MeV   46.28 MeV   

- Nuclear Physics lesson: from Deuteron to Triton need three-body force

- Three-body quark force: Lessons from Nuclear Physics

- Resolution of the Failure

☞ It is an old problem in quark model.  When using the same parameters, 

There seems to be an inherent problem when going from 2 to 3 quark system

But
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Quark-Three-body force Early works

 V. Dmitrasinovic, PLB499(2001)135: S. Pepin, Fl Stancu, PRD65 (2002)

1 2 3
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 
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- When anti-quark are involved,                               , ‘-’ put in by hand
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

 
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1   2   3
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Wisdom from Nuclear Physics Park, S.Noh, S. Cho, SH Lee (PLB 2025)+ J. Baek (2026)

 Origin could be similar to Nuclear-Three-body force

 

  

2 3

2 3 2 3

1

c c

c c

i j

C

S
m m

 

   





   BMeson Baaryon ryon  no three-body 46 V1.36 MeV with three-body 3.28 MeV   .67 Me     

 With three-body force, the Baryon spectrum is well reproduced with the parameters from the meson fit
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☞ Effect of 3-quark-interaction on Tetraquarks :  Repulsive

Total 2-bodyH H C C S S C SA L B L C L        



22

Implication for Exotics from quark model 

- Both X(3872) and Tcc will probably not be compact

- Tbb will definitely be compact

- For Pentaquarks probably not Pc but there are other possibilities
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Perspectives from the p-exchange 

D *D



 ,M MM J I

Especially important when 

 *

0         Mixing with D-wave 

and   

   Mixing is strong

M

M D D

J

I I I



 



* *Can X(3872) be D-D   and Tcc be D-D  Molecules? 
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Few Thoughts on production:  

*1.   If X(3872) is a D D  S-wave molecule  (with H. Yun, K. Han,S. Noh, A. Park)

2.   Compact sizes (with C.M. Ko, Sungtae Cho)
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Some remarks:  in 2008,

Our contribution to the volume
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c

q q

c☞ S-wave in               basis

1x 2x
3x

Quark Spatial wave function of X(3872) :       molecule*DD

*D D

2 2 2

1 1 1 2 2 3 3expSpatial a x a x a x      

☞ Transformation into              basis

c

q q
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3y2 2 2

1 1 1 12 1 2 2 2 3 3expSpatial b y b y y b y b y        

* * or 
0.55 fm ,     4 fm 

D D D D
R R



       
4.01 fm ,     4.06 fm,     0.394 fm  

cc qq cc qq
R R R



   ,qc cq

   ,cc qq
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c

q q

c☞ In               basis

1x 2x
3x

Quark Color-spin wave function of X(3872):        molecule*DD

*D D 

☞ Transformation into              basis
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 

 
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
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 
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  
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1
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   
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C C

S S
D cD c qq
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 
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 
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S
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



 
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1

C

S
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


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   0 1G PCI J  

   ,cc qq
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☞

Possible explanation of abundant production of X(3872)

☞ Gluon (spin 1 color octet) jet at high Pt to leading order decays to 

   
8 8

1 1

*   is mostly composed of   
C C

S S
D cD c qq

 

 


 
8

1

C

S
cc





☞ (2S) production at high Pt is dominated by              but has to be 

multiplied by a small overlap into color singlets: NRQCD 

 
8

1

C

S
cc





 
8

1

C

S
g




 

8

1

C

S
cc





  
1

1
2

C

S
S



 
8

1

C

S
cc





☞ Use pp data+ Pert QCD+ NRQCD
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Possible explanation of abundant production of X(3872) (Hyeongock Yun)

☞ Use coalescence model on      
8 8

1 1

C C

S S
cc q q

 

 
 
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Source size vs final hadron size  

Hadron size: 

p

n

p
n

p

n

p n
p

np

n

n p

p

n

p

Source size :R

☞ Deuteron production from small system (K. Sun, C. Ko, B. Donigus PLB792(2019)

Deuteron

3/2
2

Proton

3 dimension co e
1

1
1

4

alesc nce model  
N

R

N 

  
  

   
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Deuteron wave function (Tornqvist94)

 X 3872 wave function  T 3875 wave functioncc 

 * fm
D D

r


 * fm
D D

r


Yun et al. (PRC107 (2023)) 

☞ Meson exchange model: 

X(3872), Tcc(3875) wave function 

similar to Deuteron wave function

n p

D D D D
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☞ Deuteron data 

☞ If X(3872) is a D D* molecule with size r. 

Hence, X(3872)/D ratio as a function of multiplicity can give us a hint on r 

 2 fm  

if  r 

if  r < 
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Summary

⊙ Most exotics must have multiple heavy quark: HIC is an excellent factory

⊙ Discriminating Crypto-exotic states: 

f0(980) does not follow strangeness enhancement (ALICE)

v2 measurements, exotic/hadron as a function of PT, ……

⊙ Quark model analysis suggests: 

X(3872) most likely a broad molecule; Tcc not conclusive.

Also, Most of the observed Pentaquark can not be compact.

But Tbb should be compact multiquark state

⊙ Discriminating compact vs molecular exotic states: 

Look for anomalous production: Exotics have large color factors

Study production as a function of multiplicity

…..


