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Exotics

1.  Starting from X(3872)………..

Recent LHCb publication arXiv:2206.15233…..



Tetraquark

D0

Mass Quark 

content

Observed 

mode

X(5568) 5568+i(21.9) 5506.49 5773

Tetraquark

LHCb,BES?

Mass

+i(width)

Quark 

content

Observed 

mode

Zcs(4000) 4003+i(131) 3977 3978

Tetraquark

Belle

Mass Quark 

content

X(3872) 3871.65 3871.69 3879.92
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Exotics – some example

1.  Tetraquark states

  bu ds

0 0D D

/J K 

  qq cc

D D 

Tetraquark

LHCb

Mass Quark 

content

Observed 

mode

Tcc 3875 3876.51 3875.26

0D D 

  ud cc

0D D

  ud cc

  ud cc

0 *

sD D  0*

sD D

0 0D D p 

0

sB p 

0

sB p  0B K 

2. Pentaquarks:  Pc …
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We know quark model explains the ground state meson and baryon 

masses well

Hence, states involving similar sizes should could be understood 

from the quark model

What does quark model tell us about compact (typical hadrons size) 

multiquark states
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Ground state Mesons
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P-wave Mesons    
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Where is the compact Exotics:   

Perspectives from a quark model
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There are attractive channels

Paris Potential
QCD HAL collaboration

QCD HAL collaboration

 F F2.  There are attractive channels in  SU N   when  N 3

 1.  Nucleon-Nucleon potential at I=0, S=1
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Quark Model perspectives on Interaction at short distance – Kinetic term 

   
  

 
2
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c c
n n n
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  
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☞ When brought together need to overcome Additional Kinetic energy

 
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1 1
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2 2 0.6fm
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 
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3

4

6

5
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 To have a compact configuration, short range attraction should be larger than 100 MeV

300 MeV,  500 MeV,  1500 MeV.  q s cm m m  
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N-N interaction at short distance

   
  
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☞ Color-Color interaction is not important for short range N-N interaction
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Quark Model perspectives on Interaction at short distance – color-color interaction



11

   
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☞ Color-spin interaction for 2 body: 
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PM M K
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Quark Model perspectives on Interaction at short distance – color-spin interaction

  factor of  1   18 MeVK 
d u

Proton 1/ 2S 

ud u

Delta 3 / 2S 

u



12

 2 6 1 1N quark N NK K K K   

0
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2

1.29
S

N

S

N

K

K









  comparison

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

K








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☞ H dibaryon channel: Flavor 1 vs Flavor 27

QCD HAL collaboration

Quark Model perspectives on Interaction at short distance – Lattice comparison
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More test in SU(3)

 

 
 

 

 27 27
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l l
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 ☞ Comparison to Lattice calculation
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In fact, the K factors  are good enough
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K
R

K











Confirmed in Full quark model calculation vs Lattice – A.Park, Lee, Inoue, Hatsuda, EPJA 56(2020)3,93
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Why heavy quarks are needed for compact Exotics:   
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Mass effect in Color-Color interaction:  Example   Karliner and Rosner
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q

q

q

q

1
8

q qm m


1
16

q qm m


Fall apart into two mesons

c

q

c

q

1
8

q qm m
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1
16

c qm m


Q-Q Q-Q

Color A S A S 1 8 1 8

Flavor A A S S

Spin A(0) S(1) S(1) A(0) 0 0 1 1

K -8 -4/3 8/3 4 -16 2 16/3 -2/3

When heavy quarks, could be compact

Mass effect in Color-Spin interaction:  Example   Tcc (Ballot, Richard 83)
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Indeed many heavy exotics were found

But still not clear about their structure

Compact multiquarks or loosely bound molecules

Will Look at X(3872) and Tcc(3875)

Can they be compact?
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Color-spin (K factor)    0 1G PCI J  

 
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0

3 3 3

c q c q

D DX

c q c q

m m m m
K K K

m m m m

 
  

   
 

    
 

   1,1 1,1

   cc qq

20 MeV

X(3872) :  W. Park, SHLee, NPA924(2014) 161

c

c

q

q

140 MeV

   

   

8, 1
Hence  X(3872) could be in      

8. 1

cc C S

qq C S

  


  

   color, D  s piominant      staten ? C S 

   8,1 8,1



19

Color-Color 

No additional attraction from color-color interaction

 X(3872) can not be compact multiquark state

      2

f
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4 4 2

3 2 0
2 3 3

a a

cc 
 

    
 

X(3872) :  W. Park, SHLee, NPA924(2014) 161

   
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Color-spin (K factor)    0 1G PI J  

 

2 2

*3875

2 2

1 8 1 32 1 1
8 8 2

3 3

1 4 1 1 32 1
8 2 4

3 3

cc

q c c q c q

D DT

c q q c c q

m m m m m m
K K K

m m m m m m

 
    

   
 

     
 

   ud cc

Tcc(3875) :  W. Park, SHLee, NPA924(2014) 161

u

cd

c

   color, D  s piominant      staten ? C S 

   6,1 6,0

   3,0 3,1

17 MeV

100 MeV

   
   

3, 0
Hence  Tcc(3875) could be in      

3. 1

ud C S

cc C S

   


  



21

Color-Color      
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Hence there is additional attraction
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

  
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 
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C Cp q pq p q p q p qC          

 Tcc(3875) could be a compact multiquark state
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Tcc(3875)    0 1G PI J  

  *3875
100  M V e 

cc
D DT

K K K   

0.3 0.6 fm

☞ Consistent to Lattice (HAL QCD): Phys. Lett. B 729 (2014) 85

(S. No, W. Park, SHL, PRD10 (2021)114009 )

Attraction expected from quark Model: S.Noh, A.Park, D.Park Lee (in preparation)
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Quark Model calculation suggests: ex W. Pari, S.Noh, Lee, NPA983 (2019)1

Detailed calculation show both color-spin and color-color effects are indeed important

Still Tcc is marginal but Tbb is definitely a strongly bound compact multiquark-state
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Full Quark Model calculation suggests: ex S.Noh, W.Park, Lee, PRD10(2021)114009

Also , full calculation (exact wave function) is important
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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
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II:  Long distance:   

Perspectives from the p-exchange 

1H
2H

p

 ,M MM J I

Especially important when 

 1 2

0         Mixing with D-wave 

and   

   Mixing is strong

M

M

J

I I I



 

p
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☞

 Central Part= ShortV r

     
: (3872)

0:

1 0 0 2
3

0 0 2 1
Short

X

Tcc
V r V TV r rp





   
           

 Tensor Part= T rp;

 X 3872  T 3875cc

 (3872) 0X

ShortV r

 )Tcc

ShortV r

D-wave mixing through p-exchange Tcc: N.A. Tornqvist (94) + Short range attraction (D. Park, et al)
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Deuteron wave function (Tornqvist94)

☞ Wave functions:

Similar to that of Deuteron

 X 3872 wave function  T 3875 wave functioncc 
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II:  Measuring Exotics in Heavy Ion Collision:   
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Some remarks:  in 2008,
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Our contribution to the volume
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Theory prediction

Experiment

Original prediction from ExHIC collaboration (Theory) in 2011
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Production of compact multiquark state in 2017

Compact multiquark

Molecule

Normal HadronProduction rate 
normalized to 
statistical model
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Few points in Coalescence model - I

   1 2
1 2 1 2 1 2 1 2 1 2

1 2
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⊙   infinity limit

Should use ,   in CM framex p S. Cho, K.J. Sun, C.M. Ko, SH Lee, Y. Oh, PRC101(20)024909

1 2

1 2

1 2
2 2
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X X
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p pX p p
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 
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 
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Few points in Coalescence model - II

1 2

1 2

1 2
2 2

/2
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1
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X X
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

 
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
 
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⊙ Coalescence probability is suppressed for smaller object when

   
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, 2 exp
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 
   
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 
  

 

correction becomes visible when <0.5 fm
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Few points in Coalescence model - I

 
1 2

2 2 2
2deuteron Proton Proton

2 2 2

1 2 1 2
2 2

2

= 2
T T

d

p pT p p

bd N g d N d N
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V
p 

 

⊙ Deuteron Pt distribution should be determined by that of proton

Proton

Measured 

-  Use   b
idN dN

dp dp
R

A simple fit to Deuteron and 3He using  (Rb ,V)  - I

 
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1 2 3

2 2 2 2
4 2He Proton Proton Proton

2 2 2 2

1 2 3 1 2 3
3 3 3

3
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T T T
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p p pT p
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p p

d N g d N d N d N

d p g p
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g g d p dV d p
p 

  
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A simple fit to Deuteron and 3He using  (Rb ,V)  - II

1. For r>1.9 fm result are similar to    infinity result

2. Both can be fit by choosing Rb=0.36  similar to feed-down effects SHM 

3. V(2-dim)=608 fm2
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Expectation for Molecular configuration of X(3872) and Tcc

1. Use measured D and D* Pt distribution

2. Use Rb=0.31 from feed-down effects SHM 

3. Use same V(2-dim)=608 fm2

Tcc if Molecular 
structure

X(3872)

Tcc if Compact 
multiquark
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Integrated yields for loosely bound molecules

☞ For                            , 

results are similar SHM

3Deuteron   and  He

☞ For X(3872) and Tcc, yields for molecular configurations are larger 

no feed down for D*

(3872) (2 )/ 0.326X S

SHMc SHMcN N 
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Summary

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

⊙ X(3872) can not be a compact multi-quark state: quark model 

⊙ Tcc(3875) can either be a compact or molecular configuration

⊙ Measuring the Pt dependence can discriminate the structure of X(3872) 

and Tcc(3875):  Analogy with deuteron

⊙ Can probe possible compact configuration from quark model



Tetraquark

Belle

Mass Quark 

content

X(3872) 38721.65 3871.69 3879.92

Tetraquark

LHCb,BES?

Mass

+i(width)

Quark 

content

Observed 

mode

Zcs(4000) 4003+i(131) 3977 3978
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Additions – more tetraquarks

1.  Near threshold exotics are especially interesting X, Tcc

0 0D D

/J K 

  qq cc

D D 

Tetraquark

LHCb

Mass Quark 

content

Observed 

mode

Tcc 3875 3876.51 3875.26

0D D 

  ud cc

0D D

  ud cc

  ud cc

0 *

sD D  0*

sD D

0 0D D p 

2. LHCb: PRL127 (2021) 082001: from B decay found Zcs

predicted Lee, Nielsen, Wiedner: JKPS 55 (2009) 424, arXiv:0803.1168.

 4003 /csZ J K  

   4003 : 1      width=131 15 26 MeVP

csZ J uscc  
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Additions - Pentaquarks

2. Pc states could also be molecular configurations.

Exotic X(3872) Tcc(3875) X(5568) Pc(4312)

Quark

Threshold Non near 

1.  Other Explicitly exotic state observed : 

  ud cc  uc uc   bu ds   udc uc

0D D 0 0D D

   2 Deuteron B 2.224 MeVH p n 

 4320  4462

       

       

0

0*

4312 2455 1865    4320

4457 2455 2007    4462

c c

c c

P D

P D

  

  
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Additions – New pentaquarks

3.   Searched all compact pentaquark candidates: Park, Cho, Lee PRD99(2019)094023

 Note   3621.40  (LHCb 1707.01621)cc cK p p     

  )P r (Our p ediction ccs cccud K Ks p   

 

)

P

(LHCb 2012

[4458]

/ . 0 1 380

scc cuds

J

c

  

 : Expected binding with negative  factorE K

  *2467.7 (20 )710) : (44 7  .7c D   

could be   moleculeccK


