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The inevitable quark three-body Force 

and its implications for exotic states
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Recent findings of Exotics: But an old topic

☞ Tetraquark: 

☞ Dibaryon

- scalar tetraquark (Jaffe 76)

→ Still controversial  

- H (ududss) dibaryon (Jaffe 77): 

→ experimentally not found

☞ Pentaquark

- Pcs  (Gignoux, Silvestre-Brac, Richard 87)

- Pcs  (udusc)  (Lipkin 87)

→ Fermilab E791 : not found 0 *0   csP K K p−→

u u

d s

c

- Q + (Diakonov, Petrov, Polyaov 97)

→ LEPS 2003 but not confirmed

( ) ( )0

But ALICE(Junlee Kim) analysis suggests

f  is most likely a  without qq ss

- May be 
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Tetraquark Mass Quark 

content

2-body
Threshold

Observed 

mode

Exp

𝜒𝑐1(3872)
𝑋(3872)

3871.65 [𝑐 ҧ𝑐𝑞 ത𝑞] ഥ𝑫𝟎𝑫∗𝟎(3871.69)

𝑫−𝑫∗+(3879.92)

𝑱/𝝍𝝅−𝝅+

…..

Belle ..

𝑇𝑐𝑐(3875) 3875 [𝑐 ത𝑢𝑐 ҧ𝑑] 𝑫𝟎𝑫∗+(3875.26)

𝑫+𝑫∗𝟎(3876.51)

𝑫𝟎𝑫𝟎𝝅+ LHCb

𝑇𝜓𝑠1
𝜃 (4000)

𝑍𝑐𝑠(3872)

4003+i(131) [𝑐 ҧ𝑐𝑢 ҧ𝑠] ഥ𝑫𝟎𝑫𝒔
∗+ (3977)

𝑱/𝝍𝐾+(3590.58)

𝑱/𝝍𝐾+ LHCb

(BES?)

𝑋(5568) 5568+i(21.9) [𝑏 ҧ𝑑𝑢 ҧ𝑠] 𝑩𝟎𝐾+(5773)

𝑩𝒔
𝟎𝝅± (5506.49)

𝑩𝒔
𝟎𝝅± D0

𝑇𝑐 ҧ𝑠0
𝑎 (2900) 2908+i(136) [𝑐 ҧ𝑠𝑢 ҧ𝑑] 2251.77 𝑫𝒔

+𝝅+ LHCb

X(6600)

X(6900)

[𝑐 ҧ𝑐𝑐 ҧ𝑐] 6193.8 MeV 𝑱/𝝍𝑱/𝝍 CMS

LHCb

Few examples of recent findings that could be probed in HIC

Bound
Near Threshold

Above  
Threshold
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cq
cq c

q
q

c
D

D*

D

D*

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 

- In some cases, two pictures seem possible.  Compact and Molecular

- Yet, there are common features to exotics not seen in usual hadrons
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Why are exotics interesting? 

- A New color configuration

- Gateway to multi-quark states and high-density



6

So far only                            color states are seen



❑ Color state of Meson: 

= +

❑ Color state of Baryon: 

 = +  = 2+ +

3 3 1 8 = +

( )3 3 3 3 6 3 1 2 8 10  = +  = +  +

( )
1C

qq
= qq

1 2

3

( )
3C

qq
=

( )
8C

qq
=

( )
6C

qq
=

( ) ( )
1 3
,  

C C
qq qq

= =

( ) ( )
3 3

 
C C

q q
= =



( ) ( ) ( )
3 3 3

  
C C C

q q q
= = =

 

( )
1C

qq
=

( )
3C

qq
=

❑ But, Color states               and             are attractive in the Spin=1 channel( )
8C

qq
=

( )
6C

qq
=

( )
3C

qq
=
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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

( ) ( )3 3 3 3 3 6 3 6 3 3 6 6 ...   = +  + =  +  +

( ) ( )3 3 3 3 1 8 1 8 1 1 8 8 ...   = +  + =  +  +

( )
1C

qq
=

( ) ( )
3 3

  or   
C C

qq qq
= =

( ) ( ) ( ) ( )
3 6 63

   an  d  
CC C C

qqq qq qq q
= = = =



( ) ( ) ( ) ( )
1 8 81
   an  d  

CC C C
qqq qq qq q

= = = =


:       3 3  d       y and  egen  erac      6 6

:       1 1  d       y and  egen  erac      8 8
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Also, Wisdom from Nuclear Physics

❑ Need of multi-nucleon force  (Lessons from G.E. Brown, S.N. Yang …)

1. Nucleon

2. Deuteron: pion-exchange + D-wave mixing

3. Triton, He3: Need extra three-body force

4. Also, 4-body force for N>3 system

❑ Not much work on quark 3-body force

1. Meson, quark-antiquark

2. Baryon: 3-quark

3. Tetraquark: 2 quark+2 antiquark

4. Penta-quark: Also, 4-body force for N>3 system
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Quark Model 

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

- Failure
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N-N interaction at short distance

( ) ( )
( )( )

( )
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

  





=  

 
= + − − 

 
  

☞ Color-Color factors: important only within a color singlet configuration 

1 2B BN N N= +

1 2
3 46

5

1 2

3

4

6

5

                        = +

Quark Model: two-body interaction

❑ Color-Color interaction:

( )
0

ijC

ij ij

ij

r
V r D

r a

 
= − + −  

 

   i j

c

i c

j

( ) ( ) ( ) ( ) ( )
1 2

1 2

2
2 2

1 1

1 8
... ... 0   

2 3

B BN NN
c c c c c c c c

i j N N B B i j i j

i j i j i j

N N         
  

 = + + − − = − + = +
    
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( ) ( )
( )( )

( )
2

1 2

i
n n n

c c C CSi
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 3 6 3 6 1 8 1 8

Flavor A A S S

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

-8 -4/3 8/3 4 -16 2 16/3 -2/3( )( )c c s s

i j i jK    = −

☞ Color-spin factors

  ( ) ( )
2

12
12 12 12

1 2

( )  290 MeV 8 8 SS

PM
dx

V
m

M x x
m



 
−  −   

 
+ − 

  attraction;  n 0 r  0  e u o p lsiK K 

 1   18 MeVK = →

d u

Proton 8K = −

ud u

Delta 8K = +

u

   i j

c

i i  c

j j 

❑ Color-Spin:
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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 vs Lattice comparison : A.Park, Lee, Inoue, Hatsuda, EPJA 56(2020)3,93
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☞ Full quark model calculation vs Lattice in SU(3) A.Park, Lee, Inoue, Hatsuda, EPJA 56(2020)3,93
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Use this quark model to Fit the meson spectrum

❑ S. Noh et al. PLB862 (2025) 139278:

Single Gaussian wave function

❑ Fit using Exact wave function: Jongheon Baek et al. in preparation

Parameters

Meson 1.36  MeV =
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N-N interaction at short distanceWhen using parameters from meson fit to calculate Baryons

❑ S. Noh et al. PLB862 (2025) 139278

Single Gaussian wave function

❑ Exact wave function: Jongheon Baek et al. in preparation

Meson Baryon5.86 MeV   59.26 MeV = → =

Parameters from meson fit

Meson Baryon1.36 MeV   46.28 MeV = → =



16

Failure when going from meson to baryon Example 1

❑ Different quark mass for meson and baryon

- M. Karliner, J.L. Rosner, PRD90 (2014)094007
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❑ Not quite consistent between meson and baryon

- SHLee, S. Yasui, W.Liu, Che-Ming Ko, EPJ C54 (2008) 259

3.28M

B

C

C
=

2M

B

C

C
=- But quark model with only 2-body interaction leads to 

( ) ( )
2

12
12 12 12

1 2

same for all quarksSSdx
V x x

m m


 
 

 


Failure when going from meson to baryon Example 2
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Quark Model 

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

- Three-body quark force: Lessons from Nuclear Physics

- Resolution of the Failure
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Quark-Three-body force Early works

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

1 2 3

123

1 2 3

,    where     for quark 
2

abc a b c a
a i

iabc a b c

d F F F
C F i

if F F F


= =



- For a Baryon,                                     , does not improve -N mass splitting  1 2 3

123

1 2 3

10

 9

0

abc a b c

abc a b c

d F F F
C

if F F F


=

= 
 =

- When anti-quark are involved,                               , ‘-’ put in by hand

1 2 3

123 1 2 3

1 2 3

 

abc a b c

abc a b c

abc a b c

d F F F

C d F F F

d F F F

−


= 
−

 
1

,    and    , +
3

a b abc c a b ab abc cF F if F F F d F  = = 

 
1

,    and    ,
3

a b abc c a b ab abc cF F if F F F d F  = = − 

1   2   3
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Wisdom from Nuclear Physics A. Park, S.Noh, S. Cho, SH Lee, arXiv:2408.00715 (PLB)

❑ 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

 

   

→

→



- When 2 is an antiquark

- For example

the second terms comes from 
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❑ Natural explanation for “-” sign

( )

( )( )

2 3

2 3 2 3

1

c c

c c

i j

C

S
m m

 

   

→

→

( ) ( ) ( ) ( ) ( )21 3 3 1 1 32 2 2 2 2 2

2 2

2

2

1 1 1a b b a ba b b a a b b aa

m m m
          

 
 + =   

+
 

 
4

, +2
3

a b ab abc cd   =

( ) ( ) ( ) ( ) ( )21 3 3 1 1 32 2 2 2 2 2

2 2

2

2

1 1 1a b b a ba b b a a b b aa

m m m
          

 
 + =   

+
 

 
4

, 2
3

a b ab abc cd   = −
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❑ Improves -N splitting

Total 2-bodyH H C C S S C SA L B L C L− − −= +  +  + 

5 3

3-body

5 3

128 128 256
For N

3 3 3
H

128 128 256
For 

3 3 3

q q q

q q q

A B C
m m m

A B C
m m m

  
− +   

  
= 

 
+ +    

 
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❑ Quark-three-body force leads to a better simultaneous fit for mesons and baryons

(Simple Gaussian wave function for baryons with constant factors)

Total 2-bodyH H C C S S C SA L B L C L− − −= +  +  + 

S. Noh et al. PLB862 (2025) 139278

( )Baryon Baryon59.26 MeV   with three-body 25.90 MeV  = → =

Meson

Meson 5.86 MeV  =

Baryon
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❑ With exact wave function and minimal r-dependence (Jongheon Baek)

With r-dependence

( ) ( )Meson Baryon Baryon1.36 MeV   no three-body 46.28 MeV   with three-body 3.67 MeV  = → = → =

Meson

Baryon

→ With three-body force, the Baryon spectrum is well reproduced with the parameters from the meson fit
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Implications for Exotics
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( ) ( )0 1G PCI J + ++=

( )

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

 
+ + 

 − − =
 

− − −  
 

∼ −20 MeV

X(3872) 

∼ +140 MeV

( )C=color,  S=spin☞ Color-spin 

☞ Color-color interaction of                       is repulsive 

( ) ( )
1 1

1 1

C C

S S
cc qq

= =

= =


( ) ( )
8 8

1 1

C C

S S
cc qq

= =

= =


( ) ( )
8 8

1 1

C C

S S
cc qq

= =

= =


c

c

q

q

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

( ) ( )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

 
− + + − 

 − − =
 

− − + +  
 

17 MeV+

100 MeV−

( ) ( )
3 3

0 1

C C

S S
ud cc

= =

= =


( ) ( )
6 6

1 0

C C

S S
ud cc

= =

= =


( ) ( )
3 3

0 1

C C

S S
ud cc

= =

= =


u c

d c

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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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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☞

( )Central Part= ShortV r

( ) ( ) ( )
*

*

: (3872):  

0: :  

1 0 0 2
3

0 0 2 1

X

Sh

D

oc r

D

T c tD D
V VV rr T r

− −

+ −

  − 
=       −    

( )Tensor Part= T r;

( )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)

( )* fm
D D

r
−

( )* fm
D D

r
−
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Deuteron wave function (Tornqvist94)−

☞ Wave functions:

Similar to that of Deuteron

( )X 3872 wave function− ( )T 3875 wave functioncc −

( )* fm
D D

r
−

( )* fm
D D

r
−

☞ Both X(3872) : D  and Tcc(3875) 

could be a large molecular configuration
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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− − −= +  +  + 

Hence both Tcc and X can not be compact multiquark states
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Summary

❑ Exotics are gateways to multiquark configurations and dense matter

❑ To fit meson and baryon masses in the quark model, one needs 

quark three-body forces:  Nuclear Physics motivated three-body 

forces improve the fit to the baryon spectrum

❑ The quark three-body force provides repulsion for X(3872) and Tcc: 

Hence, these states are most likely molecular or hybrid states

❑ In principle, one might need quark four-body force: Hence, we need 

experiments to determine the structure of exotics: Fortunately, are 

suppressed in 1/m
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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

c
1y

2y

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

c

q q

c
1y

2y

3y( ) ( )

( ) ( )

8

1 1

1 1

8

1 1

2

1

C C

S

S

S

C C

S
cc q

cc

q

qq
= =

= =

=

=

=

=
=

= 



( ) ( )

( ) ( )

1 1

0 1

8 8

0 1

1

2
C C

S S

C C

S S
q

qc

c cq

cq
= =

=

= =

=

= =

 = 

 = 

1

1
2

3

2

2 2

3

2 2
2

3
1

3

1

1

+

 = − +

 =

( ) ( )
8 8

1 1

*   is mostly composed of   
C C

S S
D cD c qq

= =

= =


( )
8

1

C

S
qq

=

=

( )
8

1

C

S
cc

=

=

( ) ( ),qc cq

( ) ( )0 1G PCI J + ++=

( ) ( ),cc qq
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☞

Possible explanation of abundant production of X(3872)

☞ X(3872) production at high Pt might be a direct recombination of         

with            in QGP

( ) ( )
8 8

1 1

*   is mostly composed of   
C C

S S
D cD c qq

= =

= =


☞

( )
8

1

C

S
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

=

=

( ) ( ) ( ) ( )
4.01 fm ,     4.06 fm,     0.394 fm  

cc qq cc qq
R R R

−
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Color-Color (X(3872) 

No additional attraction from color-color interaction

→ X(3872) can not be compact multiquark state

( )( ) ( ) ( )2

f

22

3

1 4
3     1, 1 3,    1, 0

1

4 3
C Cp q pq p q p q pC q = = + + + + = = = = = =

( ) ( ) ( )
2

2
21

2

aa a

c c

a

c cc

a

c    = − −


+


( )If     is  in 8, 1cc C S= = ( )
4 4 2

3 2 0
2 3 3

a a

cc 
 

= − =  
 

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

( ) ( )

( ) ( )

8, 1
X(3872)      

8. 1

cc C S

qq C S

→ = =


→ = =
  ?a

c

a

c

c

cc c

g

r
H 

 
 


=


c

c

q

q
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Color-Color (Tcc) ( ) ( ) ( )
2

2
21

2

aa a

c c

a

c cc

a

c    = − −


+


Hence there is additional attraction

( )
4 4 4 8

2 0
2 3 3 3

a

c

a

c 
 

= − = −  
 

( )If     is  in 3, 1cc C S= =

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

( ) ( )
( ) ( )

3, 0
Tcc(3875)     

3. 1

ud C S

cc C S

 → = =


→ = =

  ?a

c

a

c

c

cc c

g

r
H 

 
 


=


u

cd

c

( )( ) ( ) ( )2 2 2

3

1 4 4
3     0, 1 ,    1, 0

34

1

3
C Cp q pq p q p q p qC + + + + == = = = == =

→ Tcc(3875) could be a compact multiquark state
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Why Heavy quarks are needed for multiquark configuration 

2

... ....c c

cc i j

ij

g
H

r
 

 
= + +  

 

☞ Color-color interaction becomes stronger (Karliner Rosner)

4

2

1
,        Cr E mg

mg
  −

☞ Color-spin interaction becomes weaker with heavy quarks

c c

q

q

q

q

q

1
8

q qm m
−

1
16

q qm m
−

When all light quarks

Fall apart into two mesons

c

q

c

q

1
8

q qm m
−

1
16

c qm m
−

When heavy quarks, 

could be compact (Tcc)


