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Tetraquark

Meson molecule

Compact object: ~  0.5 - 1 fm  

Large object: ~  5 - 10 fm  

Loosely bound 

Meson exchange

Deeply bound
Color exchange

!
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Exotic Charmonium

Not a state like:  c c̄
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Multiquark state : 
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Use heavy ion collisions to determine the structure of X(3872)

Why heavy ion collisions ? 

Production  of  a large number of heavy quarks

ExHIC, Prog. Part.Nucl.Phys. (2017) arXiv:1702.00486 

Medium can act as a ”filter” to separate different structures
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X (3872) ! J/ ! " + " !
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 2S(3686) ! J/  ⇡+ ⇡!
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The data

R =
NX (3872)

N! (2S)
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Medium  effects : 

Interactios in the hadron gas

Formation at the end of QGP

R =
NX (3872)

N! (2S)
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Nucleus - Nucleus  Collisions

Quark-Gluon Plasma

Hadron Gas

Thermal equilibrium

Hydrodynamical 
expansion

Lifetime ~ 10 fm
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Molecular configuration favored !

Hadron formation in the coalescence model 6

(taken from S.H. Lee)



Coalescence model : geometry and dynamics of bound states

Pb - Pb collisions  
!

s = 5 .02 TeV
<latexit sha1_base64="9C88R5wc3Cr7RQOiEAirqxAobkE="></latexit>

ExHIC, Prog. Part.Nucl.Phys. (2017) arXiv:1702.00486 

7

N (mol)
X

N (2S)
' 50
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N (4q)
X

N (2S)
' 1
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At the end of QGP

Before passing 
the hadron gas



8The interactions of J/Psi
Y.s. Oh, T. Song and S.H. Lee, arXiv:nucl-th/0010064 

Form factors and couplings 
from QCD sum rules:

M.E. Bracco, M. Chiapparini, 
F.S. Navarra and M. Nielsen,
arXiv:1104.2864

gabc(Q2) =
A

Q2 + B
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gabc(Q2) = A e! ( Q 2 + B
C )
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gabc = gabc(Q2 = ! m2
c)
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Form factors: 

Couplings:



9The interactions of J/Psi

Form factors and couplings 
from QCD sum rules:

M.E. Bracco, M. Chiapparini, 
F.S. Navarra and M. Nielsen,
arXiv:1104.2864

Y.s. Oh, T. Song and S.H. Lee, arXiv:nucl-th/0010064 

gabc(Q2) =
A

Q2 + B
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gabc(Q2) = A e! ( Q 2 + B
C )
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gabc = gabc(Q2 = ! m2
c)
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Form factors: 

Couplings:



10The interactions of Psi(2S)

r ! (2S) ! 2r J/ !
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! ! (2S) ! 4 ! J/ !
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2 g

� (2S) /
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2

/ 4 g2
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g (2S)DD̄ =
⇥
gJ/ DD̄ , 2 gJ/ DD̄

⇤
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main source of uncertainty

inverse reaction 



11In-medium ”thermal” cross sections

! (2S) ! ! D ! øD !
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! (2S) ! ! D øD
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! (2S) ! ! D øD !
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�(mb)
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D ! øD ! ! ! (2S) !
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D D̄ !  (2S)⇡
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D D̄⇤ !  (2S)⇡
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Absorption Production

fi(p) =
<latexit sha1_base64="29y01O9rHZd5cVm7ADaSGcNb9b8="></latexit>

thermal distribution vab =
<latexit sha1_base64="2hdD4e4scpxZffKgjseC/nOGfgM="></latexit>

relative  velocity
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dN!

d!
= < " (D øD ! ! (2S)#) > n D (! ) N øD (! ) " < " (! (2S)# ! D øD) > n " (! ) N! (! )
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Time evolution of the multiplicities
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ExHIC Collaboration
Prog. Part.Nucl.Phys. (2017) 
arXiv:1702.00486 

Parameters fixed in:

Time evolution of the multiplicities

Nc(! ) = nc(! ) . V (! )
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gain loss



A. Martinez Torres et al. , 
arXiv:1405.7583

S. Cho and S.H. Lee
arXiv:1405.7583

grows by a factor 10 !

N (mol)
X

N (2S)
' 50
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' 1
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before the hadron gas :

N (mol )
X

N! (2S)
! 5
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N (4q)
X

N (2S)
' 0.1
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15System size dependence

R =
NX (3872)

N! (2S)
<latexit sha1_base64="JiLzJ1/vpY+k+lWubx6S1pbCvO0="></latexit><latexit sha1_base64="JiLzJ1/vpY+k+lWubx6S1pbCvO0="></latexit><latexit sha1_base64="JiLzJ1/vpY+k+lWubx6S1pbCvO0="></latexit><latexit sha1_base64="JiLzJ1/vpY+k+lWubx6S1pbCvO0="></latexit>

L.M. Abreu,  F.S. N, H.P.L. Vieira,  arXiv:2401.11320



16Centrality and energy dependence

R =
NX (3872)

N! (2S)
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L.M. Abreu,  F.S. N, H.P.L. Vieira,  arXiv:2401.11320

Pb-Pb collisions



Summary

Production and absorption of X(3872) and Psi(2S) in a hadron gas

Initial conditions from QGP given by the Coalescence Model

Thermal cross sections to solve rate equations
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Effective Lagrangians for the interactions

Multiplicities change with time.  

R =
NX (3872)

N! (2S)
<latexit sha1_base64="JiLzJ1/vpY+k+lWubx6S1pbCvO0="></latexit><latexit sha1_base64="JiLzJ1/vpY+k+lWubx6S1pbCvO0="></latexit><latexit sha1_base64="JiLzJ1/vpY+k+lWubx6S1pbCvO0="></latexit><latexit sha1_base64="JiLzJ1/vpY+k+lWubx6S1pbCvO0=">AAAC83icjVHLTttAFD2YlmeBtCy7sRpVCpvITislm0pRu2GFUkogUoKi8TAho/il8bgSsvIX7NghtvwAW/gHxB/AX/TO4EgtCNGxbJ977j1n5s4N0lBm2vPu5pz5N28XFpeWV1bfra1vVN5/2M+SXHHR5UmYqF7AMhHKWHS11KHopUqwKAjFQTD5YfIHv4XKZBLv6ZNUHEbsOJYjyZkmalipDyKmx5yFxe7U/eYORorxYmdY9GpfWs3G1nRqgkGayVrjF0XDStWre3a5z4FfgirK1UkqtxjgCAk4ckQQiKEJh2DI6OnDh4eUuEMUxClC0uYFplghbU5VgioYsRP6HlPUL9mYYuOZWTWnXUJ6FSldfCZNQnWKsNnNtfncOhv2Je/CepqzndA/KL0iYjXGxL6mm1X+r870ojFCy/YgqafUMqY7Xrrk9lb Myd2/utLkkBJn8BHlFWFulbN7dq0ms72bu2U2f28rDWtiXtbmeDCnpAH7T8f5HOw36r5X939+rba/l6Newkd8Qo3m2UQb2+igS96nuMI1bpzcOXPOnYvHUmeu1Gzin+Vc/gFnT6Ei</latexit>

Increases with time 

Increases with system size

Increases with energy 
Decreases with centrality

molecules

tetraquarks

Prediction for ALICE:



Thank you !



13Prediction for ALICE: 

(which includes low transverse momenta)
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14System size dependence

N = [
dN
d!

(! = 0)] 1/ 3
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R =
NX (3872)

N! (2S)
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15Centrality dependence



16Energy dependence
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LHCb, arXiv:2402.14975

R =
NX (3872)

N! (2S)
<latexit sha1_base64="JiLzJ1/vpY+k+lWubx6S1pbCvO0="></latexit><latexit sha1_base64="JiLzJ1/vpY+k+lWubx6S1pbCvO0="></latexit><latexit sha1_base64="JiLzJ1/vpY+k+lWubx6S1pbCvO0="></latexit><latexit sha1_base64="JiLzJ1/vpY+k+lWubx6S1pbCvO0="></latexit>

Medium 
effects !

Interactios in 
the hadron gas



Multiplicities
Abreu, Navarra, Vieira,  PRD (2022),  arXiv:2202.10882

NTcc
<latexit sha1_base64="c0/9y7wxzbSsrsro+qdCUvjA7dc="></latexit>

NX
<latexit sha1_base64="JmIaHoZL7KtiXgtsyxlM7DEI7ak="></latexit>

Difference of multiplicities decreases but remain large ! 

Pb - Pb collisions at 
!

s = 5 .02 TeV
<latexit sha1_base64="9C88R5wc3Cr7RQOiEAirqxAobkE="></latexit>



Tetraquarks: Thermal Cross Sections and Rate Equation
Abreu, Navarra, Vieira,  PRD (2022),  arXiv:2202.10882

fi(p) =
<latexit sha1_base64="29y01O9rHZd5cVm7ADaSGcNb9b8="></latexit>

thermal 
distribution

vab =
<latexit sha1_base64="2hdD4e4scpxZffKgjseC/nOGfgM="></latexit>

relative 
velocity

Inverse processes with detailed balance:

h�(Tcc ⇡ ! X) i (mb)
<latexit sha1_base64="MpuJM6zy6ki3mhPdGnC4IcEzVQw="></latexit>

h�(X ! Tcc ⇡) i (mb)
<latexit sha1_base64="qPQt6SvSMC4s9tR9yQrpT6QwkNo="></latexit>



Multiplicities
Abreu, Navarra, Vieira,  PRD (2022),  arXiv:2202.10882

NTcc
<latexit sha1_base64="c0/9y7wxzbSsrsro+qdCUvjA7dc="></latexit>

NX
<latexit sha1_base64="JmIaHoZL7KtiXgtsyxlM7DEI7ak="></latexit>

Difference of multiplicities decreases but remain large ! 

Pb - Pb collisions at 
!

s = 5 .02 TeV
<latexit sha1_base64="9C88R5wc3Cr7RQOiEAirqxAobkE="></latexit>



Thank you !



I – Production of exotic charmoniun in 
ultra-peripheral collisions (UPC)

II – Production of exotic charmoniun in 
central collisions

2

F.C. Sobrinho, L.M. Abreu, C. A. Bertulani, F.S. Navarra,  arXiv:2405.02645

L.M. Abreu,  F.S. Navarra, H.P.L. Vieira,  arXiv:2401.11320



Mass spectrum Decay widthProduction rate

B decays e+ e-pp pA AA

central ultra-peripheral UPC

photon-photon photon-PomeronPomeron-Pomeron

tetraquark molecule

Studying Exotic Charmonium

c

4



Production of charm molecules in Ultra-Peripheral Collisions 

C. A. Bertulani, S. R. Klein, and J. Nystrand, 
Ann. Rev. Nucl. Part. Sci. 55, 271 (2005), 
arXiv:nucl-ex/0502005.

Pb
<latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit>

Pb
<latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit> Pb

<latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit>

Pb
<latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit>

D +
<latexit sha1_base64="sarqhStCUxOUwGjL+GLSoHdFS20="></latexit><latexit sha1_base64="sarqhStCUxOUwGjL+GLSoHdFS20="></latexit><latexit sha1_base64="sarqhStCUxOUwGjL+GLSoHdFS20="></latexit><latexit sha1_base64="sarqhStCUxOUwGjL+GLSoHdFS20="></latexit>

D�
<latexit sha1_base64="6xmSyYVqDb+idlTCN+8k26W0408="></latexit><latexit sha1_base64="6xmSyYVqDb+idlTCN+8k26W0408="></latexit><latexit sha1_base64="6xmSyYVqDb+idlTCN+8k26W0408="></latexit><latexit sha1_base64="6xmSyYVqDb+idlTCN+8k26W0408="></latexit>

meson pair
production

4

D+D�
<latexit sha1_base64="b+Rv0/x6rAcqIXk2XRtDTCLXOd4="></latexit><latexit sha1_base64="b+Rv0/x6rAcqIXk2XRtDTCLXOd4="></latexit><latexit sha1_base64="b+Rv0/x6rAcqIXk2XRtDTCLXOd4="></latexit><latexit sha1_base64="b+Rv0/x6rAcqIXk2XRtDTCLXOd4="></latexit>

p
sNN = 5.02 TeV

<latexit sha1_base64="FRGHv9j/QgF+xIceKVwfFqOj8MU="></latexit><latexit sha1_base64="FRGHv9j/QgF+xIceKVwfFqOj8MU="></latexit><latexit sha1_base64="FRGHv9j/QgF+xIceKVwfFqOj8MU="></latexit><latexit sha1_base64="FRGHv9j/QgF+xIceKVwfFqOj8MU="></latexit>

The lightest charm molecule : D+D�
<latexit sha1_base64="b+Rv0/x6rAcqIXk2XRtDTCLXOd4="></latexit><latexit sha1_base64="b+Rv0/x6rAcqIXk2XRtDTCLXOd4="></latexit><latexit sha1_base64="b+Rv0/x6rAcqIXk2XRtDTCLXOd4="></latexit><latexit sha1_base64="b+Rv0/x6rAcqIXk2XRtDTCLXOd4="></latexit>

UPC:



Lightest Charm Molecule : D+D�
<latexit sha1_base64="b+Rv0/x6rAcqIXk2XRtDTCLXOd4="></latexit><latexit sha1_base64="b+Rv0/x6rAcqIXk2XRtDTCLXOd4="></latexit><latexit sha1_base64="b+Rv0/x6rAcqIXk2XRtDTCLXOd4="></latexit><latexit sha1_base64="b+Rv0/x6rAcqIXk2XRtDTCLXOd4="></latexit>

scalar bound state

Predicted in: 

D. Gamermann, E. Oset, D. Strottman and M. J. Vicente Vacas, Phys. Rev. D 76, 074016 (2007).

C. Hidalgo-Duque, J. Nieves and M. P. Valderrama, Phys. Rev. D 87, 076006 (2013).

J. Nieves and M. P. Valderrama, Phys. Rev. D 86, 056004 (2012).

S. Prelovsek, S. Collins, D. Mohler, M. Padmanath and S. Piemonte, JHEP 06, 035 (2021).

Experimental evidence (not conclusive) in: 

S. Uehara et al. (Belle Collaboration), Phys. Rev. Lett. 96, 082003 (2006).

B. Aubert et al. (BaBar Collaboration), Phys. Rev. D81, 092003 (2010).

X (3700)
<latexit sha1_base64="x0Xg128KzLnNlx7caJrc11xO+lg="></latexit><latexit sha1_base64="x0Xg128KzLnNlx7caJrc11xO+lg="></latexit><latexit sha1_base64="x0Xg128KzLnNlx7caJrc11xO+lg="></latexit><latexit sha1_base64="x0Xg128KzLnNlx7caJrc11xO+lg="></latexit>

M ⇡ 3723 MeV
<latexit sha1_base64="q2P14J2r/Ho+WKEHQVQWe6DuAfY="></latexit><latexit sha1_base64="q2P14J2r/Ho+WKEHQVQWe6DuAfY="></latexit><latexit sha1_base64="q2P14J2r/Ho+WKEHQVQWe6DuAfY="></latexit><latexit sha1_base64="q2P14J2r/Ho+WKEHQVQWe6DuAfY="></latexit>

Recent  works:

M.~Ablikim et al. [BESIII], Phys. Rev. D 108, 052012 (2023)

P. C. S. Brandao, J. Song, L. M. Abreu and E. Oset, Phys. Rev. D 108, 054004 (2023)

Known as 

5



Meson Pair Production in Photon-Photon Collisions 

Form factors in the vertices:

Parameter !

F (q2) =
! 2 ! m2

D

! 2 ! q2
<latexit sha1_base64="5OaBa8HP2g/rIEXo1UQcJz7TKJI="></latexit><latexit sha1_base64="5OaBa8HP2g/rIEXo1UQcJz7TKJI="></latexit><latexit sha1_base64="5OaBa8HP2g/rIEXo1UQcJz7TKJI="></latexit><latexit sha1_base64="5OaBa8HP2g/rIEXo1UQcJz7TKJI="></latexit>

F (m2
D ) = 1

<latexit sha1_base64="ZHCZ2yb7ifszlxfcklTTaj7EEDQ="></latexit><latexit sha1_base64="ZHCZ2yb7ifszlxfcklTTaj7EEDQ="></latexit><latexit sha1_base64="ZHCZ2yb7ifszlxfcklTTaj7EEDQ="></latexit><latexit sha1_base64="ZHCZ2yb7ifszlxfcklTTaj7EEDQ="></latexit>

6

�P =
1

64⇡2

1

ŝ

r
1� 4m2

D

ŝ

Z
|M(�� ! D+D�)|2d⌦

<latexit sha1_base64="Frb7z/wDE0TfHAzqglWPbSUeOe0="></latexit><latexit sha1_base64="Frb7z/wDE0TfHAzqglWPbSUeOe0="></latexit><latexit sha1_base64="Frb7z/wDE0TfHAzqglWPbSUeOe0="></latexit><latexit sha1_base64="Frb7z/wDE0TfHAzqglWPbSUeOe0="></latexit>



The Number of Equivalent Photons

proton : 

!
<latexit sha1_base64="6ndXS8oQT+8nTApGYQqIiGWafSo="></latexit><latexit sha1_base64="6ndXS8oQT+8nTApGYQqIiGWafSo="></latexit><latexit sha1_base64="6ndXS8oQT+8nTApGYQqIiGWafSo="></latexit><latexit sha1_base64="6ndXS8oQT+8nTApGYQqIiGWafSo="></latexit>

öq =
1

2R
<latexit sha1_base64="R3WNyPFN+RchpaIPvZffnJgEIHo="></latexit><latexit sha1_base64="R3WNyPFN+RchpaIPvZffnJgEIHo="></latexit><latexit sha1_base64="R3WNyPFN+RchpaIPvZffnJgEIHo="></latexit><latexit sha1_base64="R3WNyPFN+RchpaIPvZffnJgEIHo="></latexit>

R
<latexit sha1_base64="PVEOwzTeX3zSnnyriXpA3iGNrv4="></latexit><latexit sha1_base64="PVEOwzTeX3zSnnyriXpA3iGNrv4="></latexit><latexit sha1_base64="PVEOwzTeX3zSnnyriXpA3iGNrv4="></latexit><latexit sha1_base64="PVEOwzTeX3zSnnyriXpA3iGNrv4="></latexit>

Pb : öq = 0 .014 GeV
<latexit sha1_base64="PfJdLq4P0TWBwS9JY79gohymaHE="></latexit><latexit sha1_base64="PfJdLq4P0TWBwS9JY79gohymaHE="></latexit><latexit sha1_base64="PfJdLq4P0TWBwS9JY79gohymaHE="></latexit><latexit sha1_base64="PfJdLq4P0TWBwS9JY79gohymaHE="></latexit>

öq = 0 .1 GeV
<latexit sha1_base64="aGMfZV1KL3poqB6VUII8avg9bzk="></latexit><latexit sha1_base64="aGMfZV1KL3poqB6VUII8avg9bzk="></latexit><latexit sha1_base64="aGMfZV1KL3poqB6VUII8avg9bzk="></latexit><latexit sha1_base64="aGMfZV1KL3poqB6VUII8avg9bzk="></latexit>

7

F.C. Sobrinho, L.M. Abreu, C. A. Bertulani, F.S. Navarra,  arXiv:2405.02645

Coherent emission: the photon does not resolve the charges  in the source

minimum wavelength : 

maximum transverse momentum :

2R
<latexit sha1_base64="Tf9MhDhklXSawD58YZuyJN5Qbos="></latexit><latexit sha1_base64="Tf9MhDhklXSawD58YZuyJN5Qbos="></latexit><latexit sha1_base64="Tf9MhDhklXSawD58YZuyJN5Qbos="></latexit><latexit sha1_base64="Tf9MhDhklXSawD58YZuyJN5Qbos="></latexit>

Parameter !



Fixing the cut-off with LEP data

One parameter: !
<latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit><latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit><latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit><latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit>

e+ e! ! e+ e! cøc
<latexit sha1_base64="6S46mse6eFNp3CWSRjj2K4eRiCg="></latexit><latexit sha1_base64="6S46mse6eFNp3CWSRjj2K4eRiCg="></latexit><latexit sha1_base64="6S46mse6eFNp3CWSRjj2K4eRiCg="></latexit><latexit sha1_base64="6S46mse6eFNp3CWSRjj2K4eRiCg="></latexit>

Data from LEP

�(e+ e� ! e+ e� D+ D�) =

Z
d!1 d!2 n(!1)n(!2)�P

<latexit sha1_base64="CIuyf65f2h6EGSfywUifGBm6o7M="></latexit><latexit sha1_base64="CIuyf65f2h6EGSfywUifGBm6o7M="></latexit><latexit sha1_base64="CIuyf65f2h6EGSfywUifGBm6o7M="></latexit><latexit sha1_base64="CIuyf65f2h6EGSfywUifGBm6o7M="></latexit>

8

�P =
1

64⇡2

1

ŝ

r
1� 4m2

D

ŝ

Z
|M(�� ! D+D�)|2d⌦

<latexit sha1_base64="Frb7z/wDE0TfHAzqglWPbSUeOe0="></latexit><latexit sha1_base64="Frb7z/wDE0TfHAzqglWPbSUeOe0="></latexit><latexit sha1_base64="Frb7z/wDE0TfHAzqglWPbSUeOe0="></latexit><latexit sha1_base64="Frb7z/wDE0TfHAzqglWPbSUeOe0="></latexit>

e+
<latexit sha1_base64="69SktcciWEXZAW5UOx12E6DvZlg="></latexit><latexit sha1_base64="69SktcciWEXZAW5UOx12E6DvZlg="></latexit><latexit sha1_base64="69SktcciWEXZAW5UOx12E6DvZlg="></latexit><latexit sha1_base64="69SktcciWEXZAW5UOx12E6DvZlg="></latexit>

e+
<latexit sha1_base64="69SktcciWEXZAW5UOx12E6DvZlg="></latexit><latexit sha1_base64="69SktcciWEXZAW5UOx12E6DvZlg="></latexit><latexit sha1_base64="69SktcciWEXZAW5UOx12E6DvZlg="></latexit><latexit sha1_base64="69SktcciWEXZAW5UOx12E6DvZlg="></latexit>

e!
<latexit sha1_base64="KwMAGjvtxWtxdUKltfkm2cB9a30="></latexit><latexit sha1_base64="KwMAGjvtxWtxdUKltfkm2cB9a30="></latexit><latexit sha1_base64="KwMAGjvtxWtxdUKltfkm2cB9a30="></latexit><latexit sha1_base64="KwMAGjvtxWtxdUKltfkm2cB9a30="></latexit> e!

<latexit sha1_base64="KwMAGjvtxWtxdUKltfkm2cB9a30="></latexit><latexit sha1_base64="KwMAGjvtxWtxdUKltfkm2cB9a30="></latexit><latexit sha1_base64="KwMAGjvtxWtxdUKltfkm2cB9a30="></latexit><latexit sha1_base64="KwMAGjvtxWtxdUKltfkm2cB9a30="></latexit>

c
<latexit sha1_base64="fn13+bgcNWsCxwLFqHgm2cbshSg="></latexit><latexit sha1_base64="fn13+bgcNWsCxwLFqHgm2cbshSg="></latexit><latexit sha1_base64="fn13+bgcNWsCxwLFqHgm2cbshSg="></latexit><latexit sha1_base64="fn13+bgcNWsCxwLFqHgm2cbshSg="></latexit>

øc
<latexit sha1_base64="rDvDHcXRPLc418DSk63PPiTQp18="></latexit><latexit sha1_base64="rDvDHcXRPLc418DSk63PPiTQp18="></latexit><latexit sha1_base64="rDvDHcXRPLc418DSk63PPiTQp18="></latexit><latexit sha1_base64="rDvDHcXRPLc418DSk63PPiTQp18="></latexit>

F.C. Sobrinho, L.M. Abreu, C. A. Bertulani, F.S. Navarra,  arXiv:2405.02645



Production of Bound States in Photon-Photon Collisions 

Take the average over the bound state wave function : (QFT, Peskin,
page 150)

If relative momentum q is small:

9



The Wave Function at the Origin

D. Gamermann, J. Nieves, E. Oset and E. Ruiz Arriola, Phys. Rev. D 81, 014029 (2010)

Bethe-Salpeter Equation for a two (heavy) particle system:

! 0
<latexit sha1_base64="mtxqLyoX4Mla42OYGt+4M6K6ydo="></latexit><latexit sha1_base64="mtxqLyoX4Mla42OYGt+4M6K6ydo="></latexit><latexit sha1_base64="mtxqLyoX4Mla42OYGt+4M6K6ydo="></latexit><latexit sha1_base64="mtxqLyoX4Mla42OYGt+4M6K6ydo="></latexit>

µ = mD / 2
<latexit sha1_base64="uYDTvs6YUPdEotbkwnHhNSgLxo4="></latexit><latexit sha1_base64="uYDTvs6YUPdEotbkwnHhNSgLxo4="></latexit><latexit sha1_base64="uYDTvs6YUPdEotbkwnHhNSgLxo4="></latexit><latexit sha1_base64="uYDTvs6YUPdEotbkwnHhNSgLxo4="></latexit>

Eb
<latexit sha1_base64="bwfWTmjHnxurTvvNJY2ECBtZEt4="></latexit><latexit sha1_base64="bwfWTmjHnxurTvvNJY2ECBtZEt4="></latexit><latexit sha1_base64="bwfWTmjHnxurTvvNJY2ECBtZEt4="></latexit><latexit sha1_base64="bwfWTmjHnxurTvvNJY2ECBtZEt4="></latexit>

cut-off

reduced mass

binding energy

! (0) = f (Eb)
<latexit sha1_base64="GitFx1JazMRmOWMoZCv6rc86ytE="></latexit><latexit sha1_base64="GitFx1JazMRmOWMoZCv6rc86ytE="></latexit><latexit sha1_base64="GitFx1JazMRmOWMoZCv6rc86ytE="></latexit><latexit sha1_base64="GitFx1JazMRmOWMoZCv6rc86ytE="></latexit>
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Final Cross Sections

Two parameters: !
<latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit><latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit><latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit><latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit>

öq
<latexit sha1_base64="ZOT1hJdRK17Gd+XiddO7sz1NxYg="></latexit><latexit sha1_base64="ZOT1hJdRK17Gd+XiddO7sz1NxYg="></latexit><latexit sha1_base64="ZOT1hJdRK17Gd+XiddO7sz1NxYg="></latexit><latexit sha1_base64="ZOT1hJdRK17Gd+XiddO7sz1NxYg="></latexit>

Three parameters: !
<latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit><latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit><latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit><latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit>

öq
<latexit sha1_base64="ZOT1hJdRK17Gd+XiddO7sz1NxYg="></latexit><latexit sha1_base64="ZOT1hJdRK17Gd+XiddO7sz1NxYg="></latexit><latexit sha1_base64="ZOT1hJdRK17Gd+XiddO7sz1NxYg="></latexit><latexit sha1_base64="ZOT1hJdRK17Gd+XiddO7sz1NxYg="></latexit>

! (0)
<latexit sha1_base64="Re9CcACUploJYN4di+Pv602QtiM="></latexit><latexit sha1_base64="Re9CcACUploJYN4di+Pv602QtiM="></latexit><latexit sha1_base64="Re9CcACUploJYN4di+Pv602QtiM="></latexit><latexit sha1_base64="Re9CcACUploJYN4di+Pv602QtiM="></latexit>
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Results
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Free pair production
Pb

<latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit>

Pb
<latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit>

Pb
<latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit>

Pb
<latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit><latexit sha1_base64="aiM4NSm15UWYb2OiyX5kPVON5aM="></latexit>

D +
<latexit sha1_base64="sarqhStCUxOUwGjL+GLSoHdFS20="></latexit><latexit sha1_base64="sarqhStCUxOUwGjL+GLSoHdFS20="></latexit><latexit sha1_base64="sarqhStCUxOUwGjL+GLSoHdFS20="></latexit><latexit sha1_base64="sarqhStCUxOUwGjL+GLSoHdFS20="></latexit>

D�
<latexit sha1_base64="6xmSyYVqDb+idlTCN+8k26W0408="></latexit><latexit sha1_base64="6xmSyYVqDb+idlTCN+8k26W0408="></latexit><latexit sha1_base64="6xmSyYVqDb+idlTCN+8k26W0408="></latexit><latexit sha1_base64="6xmSyYVqDb+idlTCN+8k26W0408="></latexit>

!
s = 5 .02 TeV

<latexit sha1_base64="TDIdApIyrwHRXJTwWJPWxePi0J4="></latexit><latexit sha1_base64="TDIdApIyrwHRXJTwWJPWxePi0J4="></latexit><latexit sha1_base64="TDIdApIyrwHRXJTwWJPWxePi0J4="></latexit><latexit sha1_base64="TDIdApIyrwHRXJTwWJPWxePi0J4="></latexit>
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Bound state production in Pb Pb 

Eb = 17 MeV
<latexit sha1_base64="tu3AWxRn7yM9nm9fGqrLwO9MuB4="></latexit><latexit sha1_base64="tu3AWxRn7yM9nm9fGqrLwO9MuB4="></latexit><latexit sha1_base64="tu3AWxRn7yM9nm9fGqrLwO9MuB4="></latexit><latexit sha1_base64="tu3AWxRn7yM9nm9fGqrLwO9MuB4="></latexit>

|! (0)|2 ! 0.008 GeV3
<latexit sha1_base64="tpGAucOVyYuOgudSyWXA0byaElM="></latexit><latexit sha1_base64="tpGAucOVyYuOgudSyWXA0byaElM="></latexit><latexit sha1_base64="tpGAucOVyYuOgudSyWXA0byaElM="></latexit><latexit sha1_base64="tpGAucOVyYuOgudSyWXA0byaElM="></latexit>

!
s = 5 .02 TeV

<latexit sha1_base64="TDIdApIyrwHRXJTwWJPWxePi0J4="></latexit><latexit sha1_base64="TDIdApIyrwHRXJTwWJPWxePi0J4="></latexit><latexit sha1_base64="TDIdApIyrwHRXJTwWJPWxePi0J4="></latexit><latexit sha1_base64="TDIdApIyrwHRXJTwWJPWxePi0J4="></latexit>
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Comparison with
previous results
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Two photon fusion in the impact parameter formalism

S(b) = !( |b| ! R1 ! R2)= !( |b1 ! b2 | ! R1 ! R2)

b-dependent equivalent photon spectrum

Photon fusion cross section : Low formula

Geometric factor

Form factor

Decay width
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Klusek-Gawenda, Szczurek, 
arXiv:1004.5521 

monopole pointlike 

Moreira, Bertulani, Gonçalves,  FSN, 
arxiv:1610.06604 

Fariello, Bhandari, Bertulani, F.S.N.,  
arXiv:2306.10642  

Exotic scalar charmonium production

5 ! ! ! 11 µb
<latexit sha1_base64="SwiPnWiMmolcRmLpboP9foRbIcU="></latexit><latexit sha1_base64="SwiPnWiMmolcRmLpboP9foRbIcU="></latexit><latexit sha1_base64="SwiPnWiMmolcRmLpboP9foRbIcU="></latexit><latexit sha1_base64="SwiPnWiMmolcRmLpboP9foRbIcU="></latexit>

molecules
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Summary-I

Formalism to create charm meson molecules  in photon-photon collisions 

Use effective Lagrangians and the bound state wave function

Three parameters: !
<latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit><latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit><latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit><latexit sha1_base64="8f0PBZIAZ+YtaBWleu6ZMaGOJcI="></latexit>

öq
<latexit sha1_base64="ZOT1hJdRK17Gd+XiddO7sz1NxYg="></latexit><latexit sha1_base64="ZOT1hJdRK17Gd+XiddO7sz1NxYg="></latexit><latexit sha1_base64="ZOT1hJdRK17Gd+XiddO7sz1NxYg="></latexit><latexit sha1_base64="ZOT1hJdRK17Gd+XiddO7sz1NxYg="></latexit>

! (0)
<latexit sha1_base64="Re9CcACUploJYN4di+Pv602QtiM="></latexit><latexit sha1_base64="Re9CcACUploJYN4di+Pv602QtiM="></latexit><latexit sha1_base64="Re9CcACUploJYN4di+Pv602QtiM="></latexit><latexit sha1_base64="Re9CcACUploJYN4di+Pv602QtiM="></latexit>

Can be better constrained !

v5 ! ! ! 11 µb
<latexit sha1_base64="SwiPnWiMmolcRmLpboP9foRbIcU="></latexit><latexit sha1_base64="SwiPnWiMmolcRmLpboP9foRbIcU="></latexit><latexit sha1_base64="SwiPnWiMmolcRmLpboP9foRbIcU="></latexit><latexit sha1_base64="SwiPnWiMmolcRmLpboP9foRbIcU="></latexit>

D + D !
<latexit sha1_base64="JbQT76qG3tGLyAzW0jQAo3J3yqM="></latexit><latexit sha1_base64="JbQT76qG3tGLyAzW0jQAo3J3yqM="></latexit><latexit sha1_base64="JbQT76qG3tGLyAzW0jQAo3J3yqM="></latexit><latexit sha1_base64="JbQT76qG3tGLyAzW0jQAo3J3yqM="></latexit>

Production of the  molecule

Production of similar states with a similar method

18

! ! 3.0 µb
<latexit sha1_base64="sxM7J8PLNdXd8GCJd+mlqqXkAdo="></latexit><latexit sha1_base64="sxM7J8PLNdXd8GCJd+mlqqXkAdo="></latexit><latexit sha1_base64="sxM7J8PLNdXd8GCJd+mlqqXkAdo="></latexit><latexit sha1_base64="sxM7J8PLNdXd8GCJd+mlqqXkAdo="></latexit>

Production of the  equivalent tetraquark

A. Esposito,  C.A. Manzari, A. Pilloni, A.D. Polosa,  arXiv:2109.10359 

! ! 0.18 µb
<latexit sha1_base64="rJBUhZdM+yCb+ggkNZMlfbzCGrc="></latexit><latexit sha1_base64="rJBUhZdM+yCb+ggkNZMlfbzCGrc="></latexit><latexit sha1_base64="rJBUhZdM+yCb+ggkNZMlfbzCGrc="></latexit><latexit sha1_base64="rJBUhZdM+yCb+ggkNZMlfbzCGrc="></latexit>
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Formalism to create charm meson molecules  in photon-photon collisions 


