
Period:  2022-9-29 ~ 2022-10-1 

Location: Pohang APCTP Headquarter or Online

Organizer:   Su Houng Lee 이수형(연세대), 

Akira Ohnishi (YITP, Kyoto) 

Xu-Guang Huang (Fudan Univ.)

Sungtae Cho 조성태 (강원대) 

Yongseok Oh 오용석 (경북대)

APCTP workshop on 
“Exotics and Exotic phenomena in 

Heavy Ion Collision ExHIC III”

1



- 2007.12-3 -12-14: APCTP Focus program on Hadron Physics at RHIC

- 2010.5.17-30:  Yukawa Institute (YITP) workshop on ExHIC

Origin of Exotics from Heavy Ion Collision (ExHIC): Theory Collaboration 
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- 2019.3-25 -4.5: YITP workshop on “Hadron Interactions and 

Polarization from High energy Collisions”

 Outcome:

- Charmed exotics in heavy ion collision: EPJC (2008)

- ExHIC: PRL(2011), PRC(2011), PPNP(2017) 

all >100 citations

- ExHIC-p: PRD (2020)

 Measure Exotics in Heavy Ion Collision

ex: can discriminate structure of  X(3872), Tcc

ExHIC PRL (2011)
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Su Houng Lee

Why it is interesting to measure Exotics in Heavy Ion Collision

Will use X(3872) and Tcc (D0D0p+) as examples

Acknowledgements:  arXiv:2208.06960

Yonsei group : W. Park, A. Park, J. Hong, S. Noh, H. Yoon, D. Park, 

External: C. M. Ko, Sungtae Cho, Sanghoon Lim, Yongsun Kim 

+ ExHIC collaboration

Exotica production in Heavy Ion 

Collision



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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Ground state Mesons
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
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P-wave Mesons    
1

1 ,   1   
L L S

P C
 

   

d u0

0

0

1

0

980 MeV
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I

a

I

f

J

m

m
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







1L 

1S 

d u0

0

0

1

0

980 MeV

980 MeV

PC

I

a

I

f

J

m

m













0S L 

s s
Mass of 2 diquarks

which one ?

d
0

0

0

1

0

980 MeV

980 MeV

PC

I

a

I

f

J

m

m












us

s

Mass of 2 Kaon

0K

K 

compact multiquark Loosely bound molecule
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I:  Short distance:   

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 

Quark model : interaction between quarks

   
  

 
2

1 2

c c
n n n

i j i jc c C SSi
i i j ij ij ij ij

i i j i ji i j

p
H m V r V r

m m m

   
 

  

 
    

 
  

☞ When brought together need to overcome Additional Kinetic energy

 

2

2

1 1
100MeV

2 2 0.6fm

BB

BB BB

p

 


1 2

3

4

6

5

B B

 To have a compact configuration, short range attraction should be larger than 100 MeV
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N-N interaction at short distance

Quark model

   
  

 
2

1 2

ic c

i

c c
n n n

j i jC SSi
i ij ij ij ij

i i j i ji i j

j

p
H m V r V r

m m m

  





  

 
    

 
  

   

     
1 2

1 2

2
2 2

1 1

1
... ...

2

8
                0   

3

B B

N
c c c c

i j N N

i j

N N

c c c c

B B i j i j

i j i j

N N

     

   



 

     
  

    



 

☞ Color-Color interaction is not important for short range N-N interaction

1 2B BN N N 

1 2

3 46

5

1 2

3

4

6

5

                         

Quark Model perspectives on Interaction at short distance – color-color interaction
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Quark model

   
  

 
2

1 2

i
n n n

c c C SSi
i i j ij ij ij ij

i i

i

j i ji i j

c c

j jp
H m V r V r

m m 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  c c s s

i

i j

j

N

i jK    


 

☞ Color-spin interaction for 2 body: 

 290 MeV    factors     3        16
8

8
3

PM M K

 
      

 
☞

0   attraction;  n 0   repulsi  oK K 

Quark Model perspectives on Interaction at short distance – color-spin interaction

  factor of  1   18 MeVK 
d u

Proton 1/ 2S 

u d u

Delta 3 / 2S 

u
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 2 6 1 1N quark N NK K K K   

0

2

1

2

1.29
S

N

S

N

K

K









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

 

 
 

 

 27 27

  vs  
CQM l LQCD lCQM LQC

l l

CQM LQCD

V F V F
R R r

V F V F
 ☞ Comparison to Lattice calculation

 

 

 

 

L

CQ

C

M

QM

QC

Q

D

L CD

SU(3) symmetric

SU(3) sym

SU(3) broken

SU(3) broken

cmetri

l

l

l

lR

R

R

R

  2

27

2

In fact, the K factors  are good enough

Note   SU(3) symmetric
F l

CQM N
l F

N

K
R

K











Confirmed in Full quark model calculation vs Lattice – A.Park, Lee, Inoue, Hatsuda, EPJA 56(20203,93
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q

q

q

q

Why heavy quarks ?  (qq) vs (qq) attraction

1
8

q qm m


1
16

q qm m


Fall apart into two mesons

c

q

c

q

1
8

q qm m


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
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X(3872): Belle 2003    0 1G PCI J  

   
1 1

8 8
C S

V V
 

 

 

2 2

*3872

2 2

16 1 16 1 32 1
0

3 3 3

2 1 2 1 4 1
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
C S

V V
 

 

   cc qq

20 MeV

Tcc(3875): LHCb 2021    0 1G PI J  

   
11

6 6
SC

V S


 

 

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

 
    
   
 

     
 

   
11

3 3
SC

S V


 

   ud cc

Lowest Eigenvalues 100 MeV

Assuming typical hadron size 

Note: addition Kinetic Energy -> +100 MeV

K factor and attraction for X(3872) and Tcc : W. Park, Lee, NPA924(2014) 161

Too small to be compact
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Some remarks
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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:  Measuring Exotics in Heavy Ion Collision:   
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Theory prediction

Experiment

Original prediction from ExHIC collaboration (Theory)
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t

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

TF

T

TC
T

Compact Multiquark
formation via 
quark coalescence + 
fit to normal hadron 
production

Hadronic Molecule 
formation via hadron 
coalescence + 
observed hadron 
distributions

Hadron Production in Heavy Ion Collision



Input:
Observed 
proton PT

distribution 

Input:
Observed   
D D* PT

distribution

Tcc if Molecular 
structure

☞ Using coalescence model

X(3872)

d

T

dN
dp

 ALICE  Pb-Pb 2.76 GeV Output:
Deuteron Pt 
distribution 

Tcc if Compact 
multiquark

8

T

dN
dp

   1 2
1 2 1 2 1 2 1 2 1 2

1 2

=C , , ,X
X

X

dN dN dN
dx dx dp dp W x x p p p p p

dp dp dp
  

H. Yoon,… Yongsun Kim, SHL in preparation
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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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Measuring Exotics in Heavy Ion Collision I

☞ Compact configuration: When strong short attraction exists (K factor) 

compact multiquarks are formed at hadronization point

Even when matrix elements are the same Harder to produce at hadronic phase

 Large Suppression in hadronic phase

 Can make hadronic phase shorter by looking at peripheral collision

 Look at total yield, Pt distribution and dependence in centrality

D

D

ccT

p
D

D

ccT

p


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☞ Loosely bound molecular configuration: If no short attraction but strong pion 

attraction exist,  (Isospin is small but spin is non-zero) 

molecular configurations can exist and they will form at kinetic freeze-out point

 No suppression, even  enhanced

 Will have different production rates and Pt distribution

☞ Discriminating configuration will constraint short distance physics    

 Important step towards understanding confinement and dense matter

Measuring Exotics in Heavy Ion Collision II



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

26

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



2. Study production of Molecule, compact states, resonance states in heavy ion 

collision  study and model dynamics of  multiquark configuration

 All the way to confinement and deconfinement in QCD : Need input from 

multiquark configurations

Additions - 3


