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New opportunities at the photon energy frontier
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Abstract: Ultra-peripheral collisions (UPCs) involving heavy ions and protons are the energy frontier for
photon-mediated interactions. UPC photons can be used for many purposes, including probing low-x gluons
via photoproduction of dijets and vector mesons, probes of beyond-standard-model processes, such as those
enabled by light-by-light scattering, and studies of two-photon production of the Higgs.
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UPCs as the energy frontier Since the closure of the HERA ep collider, there have been no dedicated
high-energy photon facilities. Instead, the photon energy frontier has been studied in UPCs at CERN’s Large
Hadron Collider1–7. The protons and heavy ions accelerated there carry electromagnetic fields which may
be treated as a flux of nearly-real (virtuality Q2 < (~c/RA)2, where RA is the hadron radius) photons. The
photon spectra extend up to energies of γ~c/RA, where γ is the Lorentz boost of the ion. At the LHC, these
photons lead to γp collisions at center of mass energies up to 5 TeV, γA collisions at center of mass energies
up to 700 GeV/nucleon, and two-photon collisions up to √sγγ = 4.2 TeV. The γp energies are higher than
were accessible at HERA, and the γA energies are many orders of magnitude higher than are accessible
at fixed-target experiments. These photons have been used to study a wide variety of physics processes:
measurements of low−x gluon densities in protons and studies of shadowing of parton densities in heavier
nuclei, studies of higher order terms in dilepton production, and light-by-light scattering.

Photoproduction and parton distributions Parton distributions have been probed in γp and γA colli-
sions. Photoproduction of dijets (and, still to come, open charm8) is, from the theoretical point of view, a
fairly direct probe of the gluon distribution. So far, preliminary results from ATLAS on dijet production9

and from CMS on exclusive dijet photoproduction10 have been released. This can be used to measure the
diffractive structure functions and study “elliptic gluon” dynamics11–17. UPCs at the LHC can probe to
Bjorken−x values of at least a few 10−6; this could reach even lower x with far-forward detectors like the
proposed ALICE FoCal18.

Exclusive vector mesons are produced when an incident photon fluctuates to a virtual quark-antiquark
pair, which then scatters elastically (or quasi-elastically) from a proton or nuclear target. Since elastic
scattering requires two-gluon exchange for color neutrality, the cross section scales as the square of the gluon
density. One limitation is that the color neutrality requirement introduces some systematic uncertainty19;20.
ALICE21 and LHCb have studied J/ψ production on proton targets, finding, for the most part, that the
power-law behavior seen at HERA extends to higher energies. ALICE, LHCb and CMS have also studied
ψ(2S)22;23and Υ production24–26, finding good agreement with NLO-inspired cross section calculations.
Some calculations indicate that the saturation scale has been reached27.

The nuclear-target cross sections are sensitive to gluon shadowing, and probe phenomena like gluon
saturation of the color-glass condensate. ALICE28;29 and CMS30 have studied J/ψ production on lead, and
found moderate suppression, consistent with leading-twist calculations31–33. There have also been studies
on ρ photoproduction34–36. The ρ cross section is about 40% smaller than predicted by the Glauber model,
pointing to the importance of high-mass internal states, as expected in the Glauber-Gribov model37.

Looking ahead, the LHC and HL-LHC will collect much more data, which should lead to precise mea-
surements of shadowing (the anticipated error bars are shown in Fig. 1) and enable new types of measure-
ments. In the Good-Walker paradigm38, coherent and incoherent photoproduction allow access to qualita-
tively new studies32;39. The coherent cross section dσ/dt encodes the transverse spatial distribution of the
targets - the nuclear equivalent of a Generalized Parton Distribution - while the incoherent dσ/dt provides
information on event-by-event fluctuations in the nuclear configuration, due to varying nucleon positions
and gluonic hot spots39–42. STAR has used dσ/dt for ρ and direct π+π− photoproduction to measure the
spatial distribution of target scatters in gold43. HL-LHC can do this measurement with heavier quarkonia,
where pQCD is clearly applicable. CMS data on ρ34 shows sensitivity to the onset of gluon saturation in
lead using differential studies in both momentum transfer (t) and γp center-of-mass energy44. Other oppor-
tunities include study of perturbative Pomeron dynamics45, color fluctuations in the photon46;47, the gluonic
Sivers function48, search for the Odderon49, among other studies. Finally, next-to-leading (NLO) order
calculations for these processes are one of the future directions of the theoretical program50–52.

Light-by-light scattering, W pair and dilepton production. Two-photon interactions at the LHCb
probe the energy frontier. Photons couple to all electrically charged particles and some neutrals scalars (like
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Figure 1: (left) Pseudodata projections for the nuclear suppression factors of the nuclear gluon density as
a function of Bjorken-x for photoproduction of three vector mesons in PbPb UPCs. The points are EPS09-
projections using the method described in31. From Ref.53. (right) Exclusion limits on ALP-photon coupling
(1/Λa) vs. ALP mass, from light-by-light scattering and other processes. From Ref.54.

axions and the Higgs), so two-photon reactions are sensitive to many beyond-standard-model processes.

One process that has already been used to probe BSM physics is light-by-light scattering, AA →
AAγγ 55;56. The subprocess γγ → γγ proceeds only via a charged-particle box diagram. The cross section
is sensitive to all charged particles, including BSM particles57;58 such as vector fermions, GeV- mass axion-
like particles (ALPs)59;60 and magnetic monopoles. The reaction also probes non-linear (BSM) corrections
to electromagnetism61;62. ATLAS54;63;64 and CMS65 have both observed this process at a cross section
consistent with the standard model. They then set limits on ALP production, as shown in Fig. 1.

In pp collisions, ATLAS66 and CMS67 have also studied γγ →W+W− and CMS/TOTEM γγ → γγ 68,
thereby placing stringent limits on anomalous quartic gauge couplings. Production of electron and muon
pairs via γγ → l+l−, has been studied by many collaborations. Exclusive e − µ events, as expected from
tau pairs69 have been seen. Tau pairs are of particular interest because the τ -γ coupling is sensitive to BSM
physics, including the τ dipole moment, lepton compositeness or supersymmetry.

Looking ahead, γγ → γγ is a rare process and future HL-LHC running should lead to much larger
data samples for this final states53. ALICE and LHCb may be able to probe this reaction at lower diphoton
masses than is currently possible70. High statistics studies of dilepton production may also be sensitive to
BSM processes, particularly at high masses. This is especially true for the τ , where the cross section71

and kinematic distributions72 are sensitive to new physics. It may also be possible to study two-photon
production of heavy quark states, γγ → pp̄73, and search for pentaquarks74, tetraquarks75 and other exotica.

Strong fields, Quantum correlations and quantum tomography UPCs also offer opportunities to
use the very strong fields to explore reactions involving multiple photon exchange, such as production of
ρ0ρ0, where each ρ0 is produced by a single, independent photon76–78. These pairs should exhibit quantum
correlations which will allow for a more detailed study of decay dynamics, including with polarized photons.
EPR (Einstein-Podolsky-Rosen)-type experiments can also be carried out to test quantum mechanics, and
quantum tomography techniques can probe quantum correlations and entanglement79;80.

UPCs at the FCC and synergies with future colliders Photon exchange at the future FCC, or at the
proposed LHeC81, will allow probes at even higher energies, allowing for more extensive BSM physics
and also the study of top photoproduction82;83 and γγ production of the Higgs84. The future electron-ion
collider85, planned to be built at BNL around 2030, will make precise measurements of photon-mediated
reactions over a wide Q2 range, but at lower energies.

4



References

[1] G. Baur, K. Hencken, D. Trautmann, S. Sadovsky, and Y. Kharlov, “Coherent gamma gamma and
gamma-A interactions in very peripheral collisions at relativistic ion colliders,” Phys. Rept. 364
(2002) 359–450, arXiv:hep-ph/0112211 [hep-ph].

[2] M. Greiner, M. Vidovic, and G. Soff, “Electromagnetic production of Higgs bosons, SUSY particles,
glueballs and mesons in ultrarelativistic heavy ion collisions,” Phys. Rev. C47 (1993) 2288–2298.

[3] C. A. Bertulani, S. R. Klein, and J. Nystrand, “Physics of ultra-peripheral nuclear collisions,” Ann.
Rev. Nucl. Part. Sci. 55 (2005) 271–310, arXiv:nucl-ex/0502005 [nucl-ex].

[4] A. Baltz, “The Physics of Ultraperipheral Collisions at the LHC,” Phys. Rept. 458 (2008) 1–171,
arXiv:0706.3356 [nucl-ex].

[5] J. G. Contreras and J. D. Tapia Takaki, “Ultra-peripheral heavy-ion collisions at the LHC,” Int. J.
Mod. Phys. A30 (2015) 1542012.

[6] S. Klein and J. Nystrand, “Ultraperipheral nuclear collisions,” Phys. Today 70 no. 10, (2017) 40–47.

[7] S. Klein and P. Steinberg, “Photonuclear and Two-photon Interactions at High-Energy Nuclear
Colliders,” arXiv:2005.01872 [nucl-ex].

[8] S. R. Klein, J. Nystrand, and R. Vogt, “Heavy quark photoproduction in ultraperipheral heavy ion
collisions,” Phys. Rev. C 66 (2002) 044906, arXiv:hep-ph/0206220.

[9] ATLAS Collaboration, ATLAS Collaboration, “Photo-nuclear dijet production in ultra-peripheral
Pb+Pb collisions.” ATLAS-CONF-2017-011, 2017.

[10] CMS Collaboration, “Angular correlations in exclusive dijet photoproduction in ultra-peripheral
PbPb collisions at

√
sNN = 5.02 TeV CMS-PAS-HIN-18-011,”.

[11] V. Guzey and M. Klasen, “Diffractive dijet photoproduction in ultraperipheral collisions at the LHC
in next-to-leading order QCD,” JHEP 04 (2016) 158, arXiv:1603.06055 [hep-ph].

[12] P. Kotko, K. Kutak, S. Sapeta, A. Stasto, and M. Strikman, “Estimating nonlinear effects in forward
dijet production in ultra-peripheral heavy ion collisions at the LHC,” Eur. Phys. J. C 77 no. 5, (2017)
353, arXiv:1702.03063 [hep-ph].

[13] T. Altinoluk, N. Armesto, G. Beuf, and A. H. Rezaeian, “Diffractive Dijet Production in Deep
Inelastic Scattering and Photon-Hadron Collisions in the Color Glass Condensate,” Phys. Lett. B 758
(2016) 373–383, arXiv:1511.07452 [hep-ph].

[14] Y. Hagiwara, Y. Hatta, R. Pasechnik, M. Tasevsky, and O. Teryaev, “Accessing the gluon Wigner
distribution in ultraperipheral pA collisions,” Phys. Rev. D 96 no. 3, (2017) 034009,
arXiv:1706.01765 [hep-ph].

[15] H. Mäntysaari, N. Mueller, and B. Schenke, “Diffractive Dijet Production and Wigner Distributions
from the Color Glass Condensate,” Phys. Rev. D 99 no. 7, (2019) 074004, arXiv:1902.05087
[hep-ph].

[16] Y. Hatta, B.-W. Xiao, and F. Yuan, “Probing the Small- x Gluon Tomography in Correlated Hard
Diffractive Dijet Production in Deep Inelastic Scattering,” Phys. Rev. Lett. 116 no. 20, (2016) 202301,
arXiv:1601.01585 [hep-ph].

5

http://dx.doi.org/10.1016/S0370-1573(01)00101-6
http://dx.doi.org/10.1016/S0370-1573(01)00101-6
http://arxiv.org/abs/hep-ph/0112211
http://dx.doi.org/10.1103/PhysRevC.47.2288
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151526
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151526
http://arxiv.org/abs/nucl-ex/0502005
http://dx.doi.org/10.1016/j.physrep.2007.12.001
http://arxiv.org/abs/0706.3356
http://dx.doi.org/10.1142/S0217751X15420129
http://dx.doi.org/10.1142/S0217751X15420129
http://dx.doi.org/10.1063/PT.3.3727
http://arxiv.org/abs/2005.01872
http://dx.doi.org/10.1103/PhysRevC.66.044906
http://arxiv.org/abs/hep-ph/0206220
http://dx.doi.org/10.1007/JHEP04(2016)158
http://arxiv.org/abs/1603.06055
http://dx.doi.org/10.1140/epjc/s10052-017-4906-6
http://dx.doi.org/10.1140/epjc/s10052-017-4906-6
http://arxiv.org/abs/1702.03063
http://dx.doi.org/10.1016/j.physletb.2016.05.032
http://dx.doi.org/10.1016/j.physletb.2016.05.032
http://arxiv.org/abs/1511.07452
http://dx.doi.org/10.1103/PhysRevD.96.034009
http://arxiv.org/abs/1706.01765
http://dx.doi.org/10.1103/PhysRevD.99.074004
http://arxiv.org/abs/1902.05087
http://arxiv.org/abs/1902.05087
http://dx.doi.org/10.1103/PhysRevLett.116.202301
http://arxiv.org/abs/1601.01585


[17] J. Zhou, “Elliptic gluon generalized transverse-momentum-dependent distribution inside a large
nucleus,” Phys. Rev. D 94 no. 11, (2016) 114017, arXiv:1611.02397 [hep-ph].

[18] ALICE FoCal Collaboration, N. van der Kolk, “FoCal: A highly granular digital calorimeter,” Nucl.
Instrum. Meth. A 958 (2020) 162059.

[19] C. A. Flett, S. P. Jones, A. D. Martin, M. G. Ryskin, and T. Teubner, “Exclusive production of heavy
quarkonia as a probe of the low x and low scale gluon PDF,” arXiv:1912.09128 [hep-ph].

[20] C. A. Flett, S. P. Jones, A. D. Martin, M. G. Ryskin, and T. Teubner, “How to include exclusive J/ψ
production data in global PDF analyses,” arXiv:1908.08398 [hep-ph].

[21] ALICE Collaboration, S. Acharya et al., “Energy dependence of exclusive J/ψ photoproduction off
protons in ultra-peripheral p–Pb collisions at

√
sNN = 5.02 TeV,” Eur. Phys. J. C79 no. 5, (2019) 402,

arXiv:1809.03235 [nucl-ex].

[22] ALICE Collaboration, “Coherent ψ(2S) photo-production in ultra-peripheral Pb Pb collisions at√
sNN = 2.76 TeV,” Phys. Lett. B751 (2015) 358–370, arXiv:1508.05076 [nucl-ex].

[23] LHCb Collaboration, LHCb Collaboration, “Central exclusive production of J/ψ and ψ(2S) mesons
in pp collisions at

√
s = 13 TeV.” LHCb-CONF-2016-007, 2016.

[24] LHCb Collaboration, R. Aaij et al., “Measurement of the exclusive Y production cross-section in pp
collisions at

√
s = 7 TeV and 8 TeV,” JHEP 09 (2015) 084, arXiv:1505.08139 [hep-ex].

[25] R. McNulty, “Central Exclusive Production at LHCb,” PoS DIS2016 (2016) 181,
arXiv:1608.08103 [hep-ex].

[26] CMS Collaboration, A. M. Sirunyan et al., “Measurement of exclusive Υ photoproduction from
protons in pPb collisions at

√
sNN = 5.02 TeV,” Eur. Phys. J. C79 no. 3, (2019) 277,

arXiv:1809.11080 [hep-ex].

[27] A. Arroyo Garcia, M. Hentschinski, and K. Kutak, “QCD evolution based evidence for the onset of
gluon saturation in exclusive photo-production of vector mesons,” Phys. Lett. B 795 (2019) 569–575,
arXiv:1904.04394 [hep-ph].

[28] ALICE Collaboration, E. Abbas et al., “Charmonium and e+e− pair photoproduction at mid-rapidity
in ultra-peripheral Pb-Pb collisions at

√
sNN=2.76 TeV,” Eur. Phys. J. C73 no. 11, (2013) 2617,

arXiv:1305.1467 [nucl-ex].

[29] ALICE Collaboration, S. Acharya et al., “Coherent J/ψ photoproduction at forward rapidity in
ultra-peripheral Pb-Pb collisions at

√
sNN = 5.02 TeV,” Phys. Lett. B798 (2019) 134926,

arXiv:1904.06272 [nucl-ex].

[30] CMS Collaboration, V. Khachatryan et al., “Coherent J/ψ photoproduction in ultra-peripheral PbPb
collisions at

√
sNN = 2.76 TeV with the CMS experiment,” Phys. Lett. B772 (2017) 489–511,

arXiv:1605.06966 [nucl-ex].

[31] V. Guzey, E. Kryshen, M. Strikman, and M. Zhalov, “Evidence for nuclear gluon shadowing from the
ALICE measurements of PbPb ultraperipheral exclusive J/ψ production,” Phys. Lett. B726 (2013)
290–295, arXiv:1305.1724 [hep-ph].

[32] S. R. Klein and H. Mäntysaari, “Imaging the nucleus with high-energy photons,” Nature Rev. Phys. 1
no. 11, (2019) 662–674, arXiv:1910.10858 [hep-ex].

6

http://dx.doi.org/10.1103/PhysRevD.94.114017
http://arxiv.org/abs/1611.02397
http://dx.doi.org/10.1016/j.nima.2019.04.013
http://dx.doi.org/10.1016/j.nima.2019.04.013
http://arxiv.org/abs/1912.09128
http://arxiv.org/abs/1908.08398
http://dx.doi.org/10.1140/epjc/s10052-019-6816-2
http://arxiv.org/abs/1809.03235
http://dx.doi.org/10.1016/j.physletb.2015.10.040
http://arxiv.org/abs/1508.05076
http://dx.doi.org/10.1007/JHEP09(2015)084
http://arxiv.org/abs/1505.08139
http://dx.doi.org/10.22323/1.265.0181
http://arxiv.org/abs/1608.08103
http://dx.doi.org/10.1140/epjc/s10052-019-6774-8
http://arxiv.org/abs/1809.11080
http://dx.doi.org/10.1016/j.physletb.2019.06.061
http://arxiv.org/abs/1904.04394
http://dx.doi.org/10.1140/epjc/s10052-013-2617-1
http://arxiv.org/abs/1305.1467
http://dx.doi.org/10.1016/j.physletb.2019.134926
http://arxiv.org/abs/1904.06272
http://dx.doi.org/10.1016/j.physletb.2017.07.001
http://arxiv.org/abs/1605.06966
http://dx.doi.org/10.1016/j.physletb.2013.08.043
http://dx.doi.org/10.1016/j.physletb.2013.08.043
http://arxiv.org/abs/1305.1724
http://dx.doi.org/10.1038/s42254-019-0107-6
http://dx.doi.org/10.1038/s42254-019-0107-6
http://arxiv.org/abs/1910.10858


[33] V. Guzey, E. Kryshen, M. Strikman, and M. Zhalov, “Nuclear suppression from coherent J/ψ
photoproduction at the Large Hadron Collider,” arXiv:2008.10891 [hep-ph].

[34] CMS Collaboration, A. M. Sirunyan et al., “Measurement of exclusive ρ(770)0 photoproduction in
ultraperipheral pPb collisions at

√
sNN = 5.02 TeV,” Eur. Phys. J. C79 no. 8, (2019) 702,

arXiv:1902.01339 [hep-ex].

[35] STAR Collaboration, B. I. Abelev et al., “ρ0 photoproduction in ultraperipheral relativistic heavy ion
collisions at

√
sNN = 200 GeV,” Phys. Rev. C77 (2008) 034910, arXiv:0712.3320

[nucl-ex].

[36] ALICE Collaboration, J. Adam et al., “Coherent ρ0 photoproduction in ultra-peripheral Pb-Pb
collisions at

√
sNN = 2.76 TeV,” JHEP 09 (2015) 095, arXiv:1503.09177 [nucl-ex].

[37] L. Frankfurt, V. Guzey, M. Strikman, and M. Zhalov, “Nuclear shadowing in photoproduction of ρ0

mesons in ultraperipheral nucleus collisions at RHIC and the LHC,” Phys. Lett. B752 (2016) 51–58,
arXiv:1506.07150 [hep-ph].

[38] M. L. Good and W. D. Walker, “Diffraction disssociation of beam particles,” Phys. Rev. 120 (1960)
1857–1860.

[39] H. Mantysaari and B. Schenke, “Revealing proton shape fluctuations with incoherent diffraction at
high energy,” Phys. Rev. D94 no. 3, (2016) 034042, arXiv:1607.01711 [hep-ph].

[40] V. Guzey, M. Strikman, and M. Zhalov, “Accessing transverse nucleon and gluon distributions in
heavy nuclei using coherent vector meson photoproduction at high energies in ion ultraperipheral
collisions,” Phys. Rev. C 95 no. 2, (2017) 025204, arXiv:1611.05471 [hep-ph].

[41] J. Cepila, J. Contreras, and J. D. Tapia Takaki, “Energy dependence of dissociative J/ψ
photoproduction as a signature of gluon saturation at the LHC,” Phys. Lett. B 766 (2017) 186–191,
arXiv:1608.07559 [hep-ph].

[42] J. Cepila, J. Contreras, M. Krelina, and J. Tapia Takaki, “Mass dependence of vector meson
photoproduction off protons and nuclei within the energy-dependent hot-spot model,” Nucl. Phys. B
934 (2018) 330–340, arXiv:1804.05508 [hep-ph].

[43] STAR Collaboration, L. Adamczyk et al., “Coherent diffractive photoproduction of ρ0 mesons on
gold nuclei at 200 GeV/nucleon-pair at the Relativistic Heavy Ion Collider,” Phys. Rev. C96 no. 5,
(2017) 054904, arXiv:1702.07705 [nucl-ex].
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[83] V. Gonçalves, “Photoproduction of top quarks in coherent hadron-hadron interactions,” Phys. Rev. D
88 no. 5, (2013) 054025.

[84] D. d’Enterria, D. E. Martins, and P. Rebello Teles, “Higgs boson production in photon-photon
interactions with proton, light-ion, and heavy-ion beams at current and future colliders,” Phys. Rev. D
101 no. 3, (2020) 033009, arXiv:1904.11936 [hep-ph].

[85] A. Accardi et al., “Electron Ion Collider: The Next QCD Frontier: Understanding the glue that binds
us all,” Eur. Phys. J. A 52 no. 9, (2016) 268, arXiv:1212.1701 [nucl-ex].

10

http://dx.doi.org/10.1103/PhysRevC.60.014903
http://arxiv.org/abs/hep-ph/9902259
http://dx.doi.org/10.1103/PhysRevC.89.024912
http://arxiv.org/abs/1309.2463
http://dx.doi.org/10.1140/epjc/s10052-016-4239-x
http://arxiv.org/abs/1605.05840
http://arxiv.org/abs/1605.05840
http://dx.doi.org/10.1016/S0375-9601(03)00076-8
http://arxiv.org/abs/quant-ph/0206060
http://dx.doi.org/10.1140/epjc/s10052-017-5455-8
http://arxiv.org/abs/1707.01638
http://arxiv.org/abs/1707.01638
http://arxiv.org/abs/2007.14491
http://dx.doi.org/10.1007/s100520100739
http://arxiv.org/abs/hep-ph/0005157
http://dx.doi.org/10.1103/PhysRevD.88.054025
http://dx.doi.org/10.1103/PhysRevD.88.054025
http://dx.doi.org/10.1103/PhysRevD.101.033009
http://dx.doi.org/10.1103/PhysRevD.101.033009
http://arxiv.org/abs/1904.11936
http://dx.doi.org/10.1140/epja/i2016-16268-9
http://arxiv.org/abs/1212.1701

