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I – Production of charm molecules in UPCs

II – Production of very forward pions in UPCs
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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

⇡
<latexit sha1_base64="GvYM/WH07lkUXHqUWQ0LOOT3pXY="></latexit><latexit sha1_base64="GvYM/WH07lkUXHqUWQ0LOOT3pXY="></latexit><latexit sha1_base64="GvYM/WH07lkUXHqUWQ0LOOT3pXY="></latexit><latexit sha1_base64="GvYM/WH07lkUXHqUWQ0LOOT3pXY="></latexit>

I) Charm Molecule is Exotic Charmonium !

Not a state like:  c c̄
<latexit sha1_base64="guINzr597wUnxJfxDY0WWUvVmNw="></latexit><latexit sha1_base64="guINzr597wUnxJfxDY0WWUvVmNw="></latexit><latexit sha1_base64="guINzr597wUnxJfxDY0WWUvVmNw="></latexit><latexit sha1_base64="guINzr597wUnxJfxDY0WWUvVmNw="></latexit> c c̄ q q̄0

<latexit sha1_base64="Bi0PHEZgLW11beGhLVT3rDs/fRI="></latexit><latexit sha1_base64="Bi0PHEZgLW11beGhLVT3rDs/fRI="></latexit><latexit sha1_base64="Bi0PHEZgLW11beGhLVT3rDs/fRI="></latexit><latexit sha1_base64="Bi0PHEZgLW11beGhLVT3rDs/fRI="></latexit>

Multiquark state : 
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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
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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 
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Charm Production 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.

A. J. Baltz, Phys. Rept. 458, 1 (2008), 
arXiv:0706.3356

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
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The Number of Equivalent Photons

Integrate  over ~q?
<latexit sha1_base64="+FaJHQiF8X9EEbxv0bbHyhDlZ9w="></latexit><latexit sha1_base64="+FaJHQiF8X9EEbxv0bbHyhDlZ9w="></latexit><latexit sha1_base64="+FaJHQiF8X9EEbxv0bbHyhDlZ9w="></latexit><latexit sha1_base64="+FaJHQiF8X9EEbxv0bbHyhDlZ9w="></latexit>

keeping the projectile intact max ~q? = q̂
<latexit sha1_base64="75ertdNRIzJlC7Nojd/lMqsbWnU="></latexit><latexit sha1_base64="75ertdNRIzJlC7Nojd/lMqsbWnU="></latexit><latexit sha1_base64="75ertdNRIzJlC7Nojd/lMqsbWnU="></latexit><latexit sha1_base64="75ertdNRIzJlC7Nojd/lMqsbWnU="></latexit>

For a proton : 

M. I. Vysotskii and E. Zhemchugov, arXiv:1806.07238

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

q̂ =
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>

For a Pb nucleus :

q̂ = 0.014GeV
<latexit sha1_base64="PfJdLq4P0TWBwS9JY79gohymaHE="></latexit><latexit sha1_base64="PfJdLq4P0TWBwS9JY79gohymaHE="></latexit><latexit sha1_base64="PfJdLq4P0TWBwS9JY79gohymaHE="></latexit><latexit sha1_base64="PfJdLq4P0TWBwS9JY79gohymaHE="></latexit>

q̂ = 0.1GeV
<latexit sha1_base64="aGMfZV1KL3poqB6VUII8avg9bzk="></latexit><latexit sha1_base64="aGMfZV1KL3poqB6VUII8avg9bzk="></latexit><latexit sha1_base64="aGMfZV1KL3poqB6VUII8avg9bzk="></latexit><latexit sha1_base64="aGMfZV1KL3poqB6VUII8avg9bzk="></latexit>
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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>

8



Meson Pair Production in Photon-Photon Collisions 

�P =
1

64⇡2

1

ŝ

r
1� 4m2

D

ŝ

Z
|M(�� ! D+D�)|2d⌦

<latexit sha1_base64="Z+JA/u8SZu3JFllByineFHeU+eE="></latexit><latexit sha1_base64="Z+JA/u8SZu3JFllByineFHeU+eE="></latexit><latexit sha1_base64="Z+JA/u8SZu3JFllByineFHeU+eE="></latexit><latexit sha1_base64="Z+JA/u8SZu3JFllByineFHeU+eE="></latexit>

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>

Fixed using  LEP data

e+ e� ! e+ e� c c̄
<latexit sha1_base64="6S46mse6eFNp3CWSRjj2K4eRiCg="></latexit><latexit sha1_base64="6S46mse6eFNp3CWSRjj2K4eRiCg="></latexit><latexit sha1_base64="6S46mse6eFNp3CWSRjj2K4eRiCg="></latexit><latexit sha1_base64="6S46mse6eFNp3CWSRjj2K4eRiCg="></latexit>
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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>

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>
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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:

10



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:

(Loop function)

⇤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>

q̂
<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>

q̂
<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>
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<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>

Λ = 0.63 GeV

Λ = 0.68 GeV

Λ = 0.73 GeV

2 4 6 8 10
0

2

4

6

8

10

12

s (TeV)

σ
bo
un
d-
st
at
e(
μb

)

Pb-Pb
q = 0.02 GeV

p
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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Cross section for bound state
is only  1/300 of the
cross section for free pair 
production !
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Cross section increases 
with the binding energy !
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Comparison with
previous results
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2b2 d!1 d!2

N(!, b) =
Z2↵em

⇡2b2!

"Z
duu2J1(u)F

 r
(b!/�)2 + u2

b2

!
1

(b!/�)2 + u2

#2

�̂(� � ! R) = 8⇡2(2J + 1)
�R!��

MR
�(4!1!2 �M2

R)

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
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molecules
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Summary-I
We introduced a prescription to produce charm meson molecules 
in photon-photon collisions

Use effective Lagrangians and the bound state wave function

Three parameters: ⇤
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Can be better constrained !
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<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

Towards a theory of molecule production in UPCs
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II – Production of forward pions in UPCs
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Magnetic Transitions 

proton

proton

Pions are very close to  the beam!
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Magnetic Transitions in  Perturbation Theory
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Energetically possible

Time dependent perturbation theory

Nucleon at rest
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The matrix element 

Wave functions of   SU(2)spin ⌦ SU(2)isospin
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Cross section
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I. Danhoni, F.S. N,
PLB 805 (2020) 135463  

Large cross sections !

semi-classical

quantum
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On the validity of the classical field approximation

Classical picture
Continuous fields

”Classical field  is the  limit of a quantum field when all the 
energy levels have a large occupation number”

Quantum picture:
Electron propagator

...

Do we reach this limit in relativistic heavy ion collisions ?
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A test

The projetile emits photons

Photon flux  computed with 
the  Weizsäcker-Williams 
method 

A photon interacts with
a nucleon in the target

I. Danhoni, F.S. N., PRC 103 (2021) 024902 
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Cross section

taken from the literature and extrapolated to higher energies

semi-classical
quantum

Ratio

semi-classical

quantum

Classical approximation is not bad !
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Measurement

+

+

+

+
Measure very forward photons                         in a  segmented detector(⌘ ' 9� 11)
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Reconstruct the neutral pions

Use the LHCf and RHICf  detectors  for ultra-peripheral collisions 

Background: either suppressed by small cross sections (diffraction) 
or appearing in other regions of phase space (smaller rapidities)  
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arXiv:1507.08764
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pbeam
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Inspiration !
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Classical  magnetic field is a reasonable approximation

Very particular distribution in phase space

Magnetic transitions have large cross sections

Measurement might be feasible : RHICf for UPC’s

Summary-II

Manifestation of the strong magnetic field !
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Thank you for 
your attention



Back-ups







▲

▲
▲

▲ ▲

■

■

■
★★

○○
◇◇

✶✶
✶✶
✶✶✶✶

✶
✶

Λ = 0.68 GeV

Λ = 0.73 GeV

Λ = 0.63 GeV

50 100 150 200

102

103

see (GeV)

σ
(e

+
e-

e+
e-
c
c)

[p
b]



Low Energy Analytical Expression 
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AA in QED versus pp in QCD 



�
<latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit>

�
<latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit> c

<latexit sha1_base64="idUlrpBoqaXO+SugqzfYKEm9s8s="></latexit><latexit sha1_base64="idUlrpBoqaXO+SugqzfYKEm9s8s="></latexit><latexit sha1_base64="idUlrpBoqaXO+SugqzfYKEm9s8s="></latexit><latexit sha1_base64="idUlrpBoqaXO+SugqzfYKEm9s8s="></latexit>

c̄
<latexit sha1_base64="uySO/LHLj7vMu/3cQ1VIu0vj63w="></latexit><latexit sha1_base64="uySO/LHLj7vMu/3cQ1VIu0vj63w="></latexit><latexit sha1_base64="uySO/LHLj7vMu/3cQ1VIu0vj63w="></latexit><latexit sha1_base64="uySO/LHLj7vMu/3cQ1VIu0vj63w="></latexit>

quark pair
production







f(x) ' 1

x
<latexit sha1_base64="zsTvnO7UxmrnC3ixQkKWmqhaKcs="></latexit><latexit sha1_base64="zsTvnO7UxmrnC3ixQkKWmqhaKcs="></latexit><latexit sha1_base64="zsTvnO7UxmrnC3ixQkKWmqhaKcs="></latexit><latexit sha1_base64="zsTvnO7UxmrnC3ixQkKWmqhaKcs="></latexit>

Z ↵ ' 0.6
<latexit sha1_base64="sOH29AZDRPOoGMZzWz2/Iixlg1g="></latexit><latexit sha1_base64="sOH29AZDRPOoGMZzWz2/Iixlg1g="></latexit><latexit sha1_base64="sOH29AZDRPOoGMZzWz2/Iixlg1g="></latexit><latexit sha1_base64="sOH29AZDRPOoGMZzWz2/Iixlg1g="></latexit> Z4 ↵4 ' 0.13

<latexit sha1_base64="+XIVa2h1FYWjZanp4aGlRgCJQkk="></latexit><latexit sha1_base64="+XIVa2h1FYWjZanp4aGlRgCJQkk="></latexit><latexit sha1_base64="+XIVa2h1FYWjZanp4aGlRgCJQkk="></latexit><latexit sha1_base64="+XIVa2h1FYWjZanp4aGlRgCJQkk="></latexit>

↵2
s ' 0.1

<latexit sha1_base64="wxpIU/r8wdZ83+dXxc+Wkg0gXjY="></latexit><latexit sha1_base64="wxpIU/r8wdZ83+dXxc+Wkg0gXjY="></latexit><latexit sha1_base64="wxpIU/r8wdZ83+dXxc+Wkg0gXjY="></latexit><latexit sha1_base64="wxpIU/r8wdZ83+dXxc+Wkg0gXjY="></latexit>

�(pp ! cc̄) =

Z
dx1 dx2 fg(x1) fg(x2)�(gg ! cc̄)

<latexit sha1_base64="aRXbHquclqojo1NI+JWpGqkc0xg="></latexit><latexit sha1_base64="aRXbHquclqojo1NI+JWpGqkc0xg="></latexit><latexit sha1_base64="aRXbHquclqojo1NI+JWpGqkc0xg="></latexit><latexit sha1_base64="aRXbHquclqojo1NI+JWpGqkc0xg="></latexit>

m2 = x1 x2 s
<latexit sha1_base64="Wq7mYNZZKU5sgP32w96kiIFrlOw="></latexit><latexit sha1_base64="Wq7mYNZZKU5sgP32w96kiIFrlOw="></latexit><latexit sha1_base64="Wq7mYNZZKU5sgP32w96kiIFrlOw="></latexit><latexit sha1_base64="Wq7mYNZZKU5sgP32w96kiIFrlOw="></latexit>

� =

r
1� 4m2

c

s
<latexit sha1_base64="vitF+49KJp6HQ8i38kf3rHo2pN8="></latexit><latexit sha1_base64="vitF+49KJp6HQ8i38kf3rHo2pN8="></latexit><latexit sha1_base64="vitF+49KJp6HQ8i38kf3rHo2pN8="></latexit><latexit sha1_base64="vitF+49KJp6HQ8i38kf3rHo2pN8="></latexit>

�(AA(��) ! AAc c̄) =

Z
d!1 d!2 n(!1)n(!2)�(�1�2 ! cc̄)

<latexit sha1_base64="HWBGJ7pvB9cGR8iVFsZOd4rKSlo="></latexit><latexit sha1_base64="HWBGJ7pvB9cGR8iVFsZOd4rKSlo="></latexit><latexit sha1_base64="HWBGJ7pvB9cGR8iVFsZOd4rKSlo="></latexit><latexit sha1_base64="HWBGJ7pvB9cGR8iVFsZOd4rKSlo="></latexit>

�(�1�2 ! cc̄) =
4⇡↵2

m2

⇢✓
1 +

4m2
c

m2
� 8m4

c

m4

◆
ln

1 + �

1� �
�
✓
1 +

4m2
c

m2

◆
�

�

<latexit sha1_base64="cSwGSRvbzhHAyljtaCgIlmVjH5E="></latexit><latexit sha1_base64="cSwGSRvbzhHAyljtaCgIlmVjH5E="></latexit><latexit sha1_base64="cSwGSRvbzhHAyljtaCgIlmVjH5E="></latexit><latexit sha1_base64="cSwGSRvbzhHAyljtaCgIlmVjH5E="></latexit>

�(gg ! cc̄) =
⇡↵2

s

3m2

⇢✓
1 +

4m2
c

m2
+

m4
c

m4

◆
ln

1 + �

1� �
� 1

4

✓
7 +

31m2
c

m2

◆
�

�

<latexit sha1_base64="ArCXo3RrhgS3omarZtwBNvvBtAg="></latexit><latexit sha1_base64="ArCXo3RrhgS3omarZtwBNvvBtAg="></latexit><latexit sha1_base64="ArCXo3RrhgS3omarZtwBNvvBtAg="></latexit><latexit sha1_base64="ArCXo3RrhgS3omarZtwBNvvBtAg="></latexit>

n(!) =
2

⇡
Z2↵

1

!
ln(

µ�

!
)

<latexit sha1_base64="kKlugEKDukDQgCkKBwUMhtPmUUU="></latexit><latexit sha1_base64="kKlugEKDukDQgCkKBwUMhtPmUUU="></latexit><latexit sha1_base64="kKlugEKDukDQgCkKBwUMhtPmUUU="></latexit><latexit sha1_base64="kKlugEKDukDQgCkKBwUMhtPmUUU="></latexit>

�(pp ! cc̄) / ↵2
s

<latexit sha1_base64="M1iGslF/gdKdsiIn9k1t5odHU7w="></latexit><latexit sha1_base64="M1iGslF/gdKdsiIn9k1t5odHU7w="></latexit><latexit sha1_base64="M1iGslF/gdKdsiIn9k1t5odHU7w="></latexit><latexit sha1_base64="M1iGslF/gdKdsiIn9k1t5odHU7w="></latexit>

�(AA ! cc̄) / Z4 ↵4
<latexit sha1_base64="Jgcp4idRki/Lq0+FQ66+UP1VLFw="></latexit><latexit sha1_base64="Jgcp4idRki/Lq0+FQ66+UP1VLFw="></latexit><latexit sha1_base64="Jgcp4idRki/Lq0+FQ66+UP1VLFw="></latexit><latexit sha1_base64="Jgcp4idRki/Lq0+FQ66+UP1VLFw="></latexit>

For Pb:

m2 = !1 !2
<latexit sha1_base64="Izc6tQdeIxAu8Fky6MseRW/Nyvw="></latexit><latexit sha1_base64="Izc6tQdeIxAu8Fky6MseRW/Nyvw="></latexit><latexit sha1_base64="Izc6tQdeIxAu8Fky6MseRW/Nyvw="></latexit><latexit sha1_base64="Izc6tQdeIxAu8Fky6MseRW/Nyvw="></latexit>



f(x) ' 1

x
<latexit sha1_base64="zsTvnO7UxmrnC3ixQkKWmqhaKcs="></latexit><latexit sha1_base64="zsTvnO7UxmrnC3ixQkKWmqhaKcs="></latexit><latexit sha1_base64="zsTvnO7UxmrnC3ixQkKWmqhaKcs="></latexit><latexit sha1_base64="zsTvnO7UxmrnC3ixQkKWmqhaKcs="></latexit>

Z ↵ ' 0.6
<latexit sha1_base64="sOH29AZDRPOoGMZzWz2/Iixlg1g="></latexit><latexit sha1_base64="sOH29AZDRPOoGMZzWz2/Iixlg1g="></latexit><latexit sha1_base64="sOH29AZDRPOoGMZzWz2/Iixlg1g="></latexit><latexit sha1_base64="sOH29AZDRPOoGMZzWz2/Iixlg1g="></latexit> Z4 ↵4 ' 0.13

<latexit sha1_base64="+XIVa2h1FYWjZanp4aGlRgCJQkk="></latexit><latexit sha1_base64="+XIVa2h1FYWjZanp4aGlRgCJQkk="></latexit><latexit sha1_base64="+XIVa2h1FYWjZanp4aGlRgCJQkk="></latexit><latexit sha1_base64="+XIVa2h1FYWjZanp4aGlRgCJQkk="></latexit>

↵2
s ' 0.1

<latexit sha1_base64="wxpIU/r8wdZ83+dXxc+Wkg0gXjY="></latexit><latexit sha1_base64="wxpIU/r8wdZ83+dXxc+Wkg0gXjY="></latexit><latexit sha1_base64="wxpIU/r8wdZ83+dXxc+Wkg0gXjY="></latexit><latexit sha1_base64="wxpIU/r8wdZ83+dXxc+Wkg0gXjY="></latexit>

m2 = x1 x2 s
<latexit sha1_base64="Wq7mYNZZKU5sgP32w96kiIFrlOw="></latexit><latexit sha1_base64="Wq7mYNZZKU5sgP32w96kiIFrlOw="></latexit><latexit sha1_base64="Wq7mYNZZKU5sgP32w96kiIFrlOw="></latexit><latexit sha1_base64="Wq7mYNZZKU5sgP32w96kiIFrlOw="></latexit>

� =

r
1� 4m2

c

s
<latexit sha1_base64="vitF+49KJp6HQ8i38kf3rHo2pN8="></latexit><latexit sha1_base64="vitF+49KJp6HQ8i38kf3rHo2pN8="></latexit><latexit sha1_base64="vitF+49KJp6HQ8i38kf3rHo2pN8="></latexit><latexit sha1_base64="vitF+49KJp6HQ8i38kf3rHo2pN8="></latexit>

�(AA(��) ! AAc c̄) =

Z
d!1 d!2 n(!1)n(!2)�(�1�2 ! cc̄)

<latexit sha1_base64="HWBGJ7pvB9cGR8iVFsZOd4rKSlo="></latexit><latexit sha1_base64="HWBGJ7pvB9cGR8iVFsZOd4rKSlo="></latexit><latexit sha1_base64="HWBGJ7pvB9cGR8iVFsZOd4rKSlo="></latexit><latexit sha1_base64="HWBGJ7pvB9cGR8iVFsZOd4rKSlo="></latexit>

�(�1�2 ! cc̄) =
4⇡↵2

m2

⇢✓
1 +

4m2
c

m2
� 8m4

c

m4

◆
ln

1 + �

1� �
�
✓
1 +

4m2
c

m2

◆
�

�

<latexit sha1_base64="cSwGSRvbzhHAyljtaCgIlmVjH5E="></latexit><latexit sha1_base64="cSwGSRvbzhHAyljtaCgIlmVjH5E="></latexit><latexit sha1_base64="cSwGSRvbzhHAyljtaCgIlmVjH5E="></latexit><latexit sha1_base64="cSwGSRvbzhHAyljtaCgIlmVjH5E="></latexit>

�(gg ! cc̄) =
⇡↵2

s

3m2

⇢✓
1 +

4m2
c

m2
+

m4
c

m4

◆
ln

1 + �

1� �
� 1

4

✓
7 +

31m2
c

m2

◆
�

�

<latexit sha1_base64="ArCXo3RrhgS3omarZtwBNvvBtAg="></latexit><latexit sha1_base64="ArCXo3RrhgS3omarZtwBNvvBtAg="></latexit><latexit sha1_base64="ArCXo3RrhgS3omarZtwBNvvBtAg="></latexit><latexit sha1_base64="ArCXo3RrhgS3omarZtwBNvvBtAg="></latexit>

n(!) =
2

⇡
Z2↵

1

!
ln(

µ�

!
)

<latexit sha1_base64="kKlugEKDukDQgCkKBwUMhtPmUUU="></latexit><latexit sha1_base64="kKlugEKDukDQgCkKBwUMhtPmUUU="></latexit><latexit sha1_base64="kKlugEKDukDQgCkKBwUMhtPmUUU="></latexit><latexit sha1_base64="kKlugEKDukDQgCkKBwUMhtPmUUU="></latexit>

�(pp ! cc̄) / ↵2
s

<latexit sha1_base64="M1iGslF/gdKdsiIn9k1t5odHU7w="></latexit><latexit sha1_base64="M1iGslF/gdKdsiIn9k1t5odHU7w="></latexit><latexit sha1_base64="M1iGslF/gdKdsiIn9k1t5odHU7w="></latexit><latexit sha1_base64="M1iGslF/gdKdsiIn9k1t5odHU7w="></latexit>

�(AA ! cc̄) / Z4 ↵4
<latexit sha1_base64="Jgcp4idRki/Lq0+FQ66+UP1VLFw="></latexit><latexit sha1_base64="Jgcp4idRki/Lq0+FQ66+UP1VLFw="></latexit><latexit sha1_base64="Jgcp4idRki/Lq0+FQ66+UP1VLFw="></latexit><latexit sha1_base64="Jgcp4idRki/Lq0+FQ66+UP1VLFw="></latexit>

For Pb:

m2 = !1 !2
<latexit sha1_base64="Izc6tQdeIxAu8Fky6MseRW/Nyvw="></latexit><latexit sha1_base64="Izc6tQdeIxAu8Fky6MseRW/Nyvw="></latexit><latexit sha1_base64="Izc6tQdeIxAu8Fky6MseRW/Nyvw="></latexit><latexit sha1_base64="Izc6tQdeIxAu8Fky6MseRW/Nyvw="></latexit>

Charm production: QCD proton versus QED lead



Charmonium Production in UPCs
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Photon-Pomeron Pomeron-Pomeron Photon-Photon 

Cross section of milibarns

Cross section of microbarns

A. Matyja, Nucl. Part. Phys.
Proc. 324, 22 (2023) X. Wang, arXiv:2301.00222

Cross section ~  100 nanobarns

LHCb, arXiv:1810.04602
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Two photon fusion

Equivalent photon spectrum

Photon fusion cross section : Low formula
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Two photon fusion in the impact parameter formalsim

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



~ 10 fm

Heavy meson exchange
is short distance

' 1/mD⇤ ' 0.2 fm

~ 1 fm

Suppressed ?

Unsuppressed ?

D⇤

D⇤

� �

D

Decay  width into two photons

⇡
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M. Shmatikov, hep-ph/9503471 



Branz, Gutsche, Lyubovitskij
arXiv:0903.5424 

Meson molecule (EFT)

X(3940) decay into two photons

�(Y ! ��) = 0.33 ± 0.01 keV

�(Y ! ��) = 0.013 � 0.085 keV

Branz, Molina, Oset  arXiv:1010.0587



Branz, Gutsche, Lyubovitskij
arXiv:0903.5424 

�

�

Y

Meson molecule (EFT)

Tetraquark (QCDSR)

X(3940) decay into two photons

�(Y ! ��) = 0.33 ± 0.01 keV

�(Y ! ��) = 1.6 ± 1.3 keV

Albuquerque, Dias, Nielsen, Zanetti,
arXiv:1209.6592

�(Y ! ��) = 0.013 � 0.085 keV

Branz, Molina, Oset  arXiv:1010.0587



Cross sections

Meson molecule
Moreira, Bertulani, Gonçalves, FSN, arxiv:1610.06604



Charmonium production



Production of C even mesons

C. Bertulani and  FSN, Nucl. Phys. A 703 861 (2002) 

Classical Field Approximation 



Projection onto a bound state (”coalescence”)

(Peskin pg. 150)



Production of C odd mesons

(Peskin pg. 150)



Cross sections

R. Fariello, D. Bhandari, 
C.A. Bertulani and F.S.N., 
arXiv:2306.10642  

N. Brambilla et al.  arXiv:1907.07583
Pb - Pb

p
s = 5.02TeV
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Some states still under discussion: 3770 , 4160 , 4230 

Here we study them as quark-antiquark states and produced  with QED ! 

Bound state formation is well defined !

Measurement would confirm q-qbar nature !

Summary
UPCs are clean and measurable processes

Can help in understanding the nature of  (exotic) quarkonium

Photon fusion from QED :  cross section is large enough

Might be visible in some part of the phase space : light-by-light scattering

Exotic charmonium

Two-photon  (and three photon) decay width needs to be better calculated

Conventional charmonium
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QCD versus QED

”QCD-proton is equivalent to QED-lead” 



Results

Meson molecule
Moreira, Bertulani, Gonçalves, FSN, arxiv:1610.06604







Charmonium - Molecule Mixture

Meng, Han, Chao,  arxiv:1304.6710 

ATLAS - CONF - 2016 - 028 
K. Toms, ICHEP 2016 Chicago  

Pure D D*  molecule ruled out !

X = a |�0
c1i + b |DD̄⇤i (NRQCD)

Charmonium with ~ 40 % probability



Carvalho, Cazaroto, Gonçalves, FSN,  arxiv:1511.05219

Tetraquark

Double parton scattering

Binding as in the  Color Evaporation Model

Prediction of the energy dependence








