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Why doubly heavy hadrons?

Perturbative creation of 
heavy quarks

�� ≫ ����

Non-perturbative transiton 
into hadrons

� ≪ ����

��

��              ��

�             ��

�              �              ��

• heavy quarks have much 
smaller size

• soft gluons and light quarks will 
also contribute spin and mass 
via color interaction



ü Energy frontier

ü Low multiplicity and rapidity gap

ü Cross sections enhanced by Z4 because photon flux ∝ Z2 

ü Coherent photon virtuality �2 < ��
−2 → Equivalent Photon Approximation

Why ultraperipheral collision (UPC)? ��

��� > �� +��

Coherent:
� > ��

Incoherent:
� < ��

1 Two-photon Physics

2 One Photon: γp, γA interaction

image: CERN

ü Diffractive preocesses

ü Probe PDF in proton and nuclear down to small x at moderate Q2

ü Probe saturation phenomena and nuclear gluon shadowing
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Heavy quarkonium production in UPC

Two-photon distribution

H.-S. Shao and D. d’Enterria, JHEP 09 (2022) 248

And the no inelastic/ hadronic interaction probability density:

where

Photon flux:



Two-photon distribution can be factored into two PDF-like photon fluxes by assuming 
Pno inel =1 and integrating over b:

where

Cross sections as functions of a ratio x and the center-of-mass energy of two photons ���

The dissociation effect (Pno inel < 1) might bring up to 20% corrections. S. Knapen, et al., PRL118, 171801 (2017). 

Heavy quarkonium production in UPC



Results: total cross sections

HL-LHC with ℒ��� = 5 ��−1 and � = 5.52 ���: 970−320
+500 �� events

FCC with ℒ��� = 110 ��−1 and � = 39.4 ���:  1.4−0.43
+0.65 × 105 �� , 30 ��, and 640 ��.

Heavy quarkonium production in UPC

Bc
* at LO: 7.0 nb at 5.52 TeV

and 65 nb at 39.4TeV



Results: uncertainties

Scale dependence Mass uncertainties

Heavy quarkonium production in UPC



Results: cross sections in different collision systems and transverse momentum distribution

Cross sections in different collision systems �� distribution

Heavy quarkonium production in UPC

Ratios of cross sections for different ions are 
mainly determined by the quartic ion charge Z4
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Doubly heavy baryon and tetraquark production in UPC

NRQCD

G. T. Bodwin, E. Braaten and G. P. Lepage, PRD 51, 
1125 (1995) [erratum: PRD 55, 5853 (1997)];
A. Petrelli, et al., NPB 514, 245 (1998);
P. L. Cho, A. K. Leibovich, PRD 53 (1996) 150.

• The NRQCD factorization framework is developed to study the production and decay of heavy quarkonia, which are 
factored into perturbative short-distance coefficients and non-perturbative matrix elements. 

• The double expansion are over the QCD runing coupling and the relative velocity between heavy constituent quarks.

Extension of NRQCD

H.-F. Zhang, X.-M. Mo, Y.-P. Yan, PRD 110 (2024), 096021;
H.-F. Zhang, Y.-Q. Ma, arXiv:2009.08376.

ü Zhang and Ma extend the NRQCD framework to explore the fully heavy tetraquak states for both compact and 
molecule configurations.



Diquark fragmentation model

J. P. Ma and Z. G. Si, PLB 568 (2003) 135;
Y. Jin, et al., PRD 89 (2014) 094006;
J. Jiang, et al., PRD 86 (2012), 054021;
T. Hyodo, et al., PLB 721 (2013) 56;
J. Jiang, et al., PLB 866 (2025) 1395435.
etc.

• In some literatures, also named extension of NRQCD framework, which is also used to study the production of doubly 
heavy baryon and doubly heavy tetraquark.

Step 1: diquark with definite quantum number and color

Step 2: hadronization of diquark

Diquark-antiquark symmetry for anti-3 color: fragmentation function

Other descriptions: potential models, experimantal fitting

Colored objects:

Relation of spin chains between diquark and quarkonium:

Born-Oppenheimer EFT

 M. Berwein, et al., PRD 110 (2024), 094040.

One Born–Oppenheimer Effective Theory to rule them all:
hybrids, tetraquarks, pentaquarks, doubly heavy baryons and quarkonium

Doubly heavy baryon and tetraquark production in UPC



Results: cross sections for γγ → ��� + ��

Probability for light quarks: �:�: � = 1:1: 0.3
��(���

++ → ��
+�−�+�+) ≈ 10%

��(��
+ → ��−�+) ≈ 5%

Considering detection efficiencies, 
observation of ���

++ at FCC may be expected.

Doubly heavy baryon and tetraquark production in UPC



Results: uncertainties for γγ → ��� + ��

Doubly heavy baryon and tetraquark production in UPC



Results: differential distributions for γγ → ��� + ��

Doubly heavy baryon and tetraquark production in UPC



Results: cross sections γγ → ��� +��

Doubly heavy baryon and tetraquark production in UPC



Results: cross sections for γγ → ��� +�� Not feasible for ���/���.

Doubly heavy baryon and tetraquark production in UPC



Results: cross sections for gγ → ��� + ��

Feasible!

Nuclear gluon PDFs: NNPDF

Doubly heavy baryon and tetraquark production in UPC



Results: differential distributions for gγ → ��� + ��

Doubly heavy baryon and tetraquark production in UPC



Results: cross sections for gγ → ��� +��
Four spin-color states are comparable.
Open for ���, especially at FCC.

Doubly heavy baryon and tetraquark production in UPC



Results: cross sections for gγ → ��� +��

NOT
Feasible.

Doubly heavy baryon and tetraquark production in UPC



Diquark-antiquark symmetry

Results: cross sections for ���

�(� → ��
+) ≈

�(���)
�(���) + �(���)

= 20.4%

�(���) = �(���) × 25.6%

��(��� → �0�0�+) ≈ 100% and ��(�0 → �−�+) ≈ 3.94% 

For γγ interaction, 81 events for Pb-Pb UPC and 96 for pp UPC at FCC, unexpected at HL-LHC. 
For γg interaction, 357 events for Pb-Pb UPC and � × ��� for pp UPC at HL-LHC, higher at FCC.

Doubly heavy baryon and tetraquark production in UPC
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Summary and prospects

��

��� > �� +��

High γγ center of mass energy, 
clear background for QCD final states

The heavy ion UPC opens another door of the study on the production of 
(exotic) doubly heavy hadrons at HL-LHC and FCC!

QED QCD



Backup slides

Photon      vs      pomeron

��� 1−− 0++, 2++(two gluon model, but in Regge theory J increases with energy)

To distinguish between photon-Pomeron and photon-photon interactions in UPC,

• Photon-Photon: Particles are more centrally produced due to balanced photon energies from both nuclei.
• Photon-Pomeron: Produced particles may be skewed toward the rapidity region of the Pomeron-emitting nucleus.

• Photon-Photon: Cross-sections scale as �4 (photon flux squared).
• Photon-Pomeron: Cross-sections scale as �2 ×�1/3 reflecting photon flux and nuclear gluon density.

• For exclusive processes, they may be distinguished by the quantum numbers.


