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• b > RA+RB to avoid hadronic collision
• Photons are quasi-real ,(Q ~ 30 MeV)
• The coherent photon flux scales as ~ Z2

• The maximum photon energy is ωmax ∼ γ/RA

→ UPCs at RHIC and LHC: abundant sources of high-energy γγ, γ-proton, and γ-nucleus collisions
→ nuclear matter down to the very low-x, in-vacuum QCD, and BSM physics

Ultraperipheral heavy-ion collisions  A. J. Baltz et al. Phys. Rept.458:1-171, 2008

https://arxiv.org/abs/0706.3356
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UPC processes and nuclear-breakup tags
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 A. J. Baltz et al. Phys. Rept.458:1-171, 2008

Photon-photon interactions Photon-nuclear interactions 
(diffractive and non-diffractive)

    Additional soft-photon exchanges: 
→ nuclear excitation/breakup

    Experimental handle: ”centra”l final-state reconstruction with forward neutron tagging  in the Zero-Degree Calorimeter

ZDC neutron tags: 0n0n, 0nXn, XnXn
Xn  → at least one neutron detected
0n  → no neutron detected

https://arxiv.org/abs/0706.3356
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Studying parton dynamics in protons and nuclei
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• Probe quark and gluon densities versus x, Q2, and nuclear size
• Build a QCD-based characterization of nuclear matter at low x
• Test the boundary between linear evolution equations and nonlinear small-x dynamics (saturation)

Minjung Kim’s talk at DIS 2026

 A. J. Baltz et al. Phys. Rept.458:1-171, 2008

https://arxiv.org/abs/0706.3356
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Photon-emitting 
nucleus Pomeron 

exchange

ρ0 exclusive 
production 

(low pT) 

STAR, Phys. Rev. Lett. 89.272302

Coherent ρ0 production at RHIC: the first UPC signal

t = (p − p′￼)2 ≈ (pρ
T)2

Dipole interacting “coherently” with the target nucleus

STAR observed exclusive coherent  ρ0 photoproduction in AuAu UPCs
→ A landmark analysis that demonstrated the feasibility and the potential of UPC measurements
→ paved the way to the UPC program at RHIC and (later) at the LHC

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.272302


Constraining the key ingredients 
of UPC phenomenology
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Constraining the photon flux with γγ→μ+μ-
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ATLAS, PRC 104, 024906 (2021)

Nazar Burmasov’s talk (ALICE) at DIS 2026

Energy of the leading/subleading muon

Up to about 20% disagreement for very high Eγ 
(smaller impact parameter)

→ Photon-flux at low-moderate energies
well described by models

Pure QED process 
→ standard candle for the photon flux

New ALICE measurements of γγ→μ+μ- in an invariant mass region mμμ < 10 GeV (more in backup)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906
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    Forward neutrons from electromagnetic dissociation (EMD)
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ALICE, Phys. Rev. Lett. 109 (2012) 252302
ALICE, Phys. Rev. C 111, 054906Soft-photon exchange, independent of the main photonuclear process, 

can excite one or both nuclei → forward neutrons detected by the ZDCs

Phenomenological models reasonably well describe the cross-section of EM dissociation  
→ The effect of EMD can be modeled well enough and was not a major obstacle for UPC analyses

→ Newer ALICE measurements provide the first constraints on the proton production (Phys. Rev. C 111, 054906)

Excited 

nucleus

forward 

neutrons

EMD is sensitive to the description of the photon flux, 
modeling of the nuclear excitation and decay

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.252302
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.111.054906
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.111.054906


Recent measurements of exclusive 
vector-meson (VM) photoproduction
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Light and heavy vector-meson coherent production
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→  Heavy vector mesons provide a perturbative scale and access to small-x gluons.

Q2 ∼ (mVM/2)2

J/𝜓 cross-section measured as a function of rapidity with very good experimental accuracy
At a given rapidity, the cross-section receives contributions from two different x regions  

xion ∝
mVM /2

sNN
exp(−yVM)

J/𝜓

σcoherent ~ g(x, Q2)2

ALICE, Phys. Lett. B 798 (2019) 134926
N. Burmasov’s talk at DIS 2026
Minjung Kim’s talk at DIS 2026

ALICE Run 3 new results
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“Two-way” photon ambiguity
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A vector meson with given pT and rapidity can be produced either by a high-energy photon or by a low-energy photon,   
depending on which nucleus emits the photon!
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Neutron-tagging method
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Neutron-tagging method: 
→ higher-energy photons correspond to smaller impact parameters
→ Smaller impact parameters give larger EMD probability 
→ By selecting events with forward neutrons, one can preferentially select events with high-energy photon emitters

V. Guzey et al., EPJC (2014) 72 2942

smaller 
Impact

parameter

emitted 
neutron(s)

emitted 
neutron(s)
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CMS, PRL 131 (2023) 262301

Coherent J/𝜓 production with neutron-tagging method

With very forward J/𝜓 (y~4) 
→ access to x ~10-5

Center-of-mass energy per nucleon 
of the photon-Pb system

Strong nuclear suppression observed 
at low x (large photon energies)

Systematic comparison to theoretical calculations, including linear evolution with nuclear 
shadowing (e.g. LTA), and nonlinear small-x evolution (e.g CGC)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.262301
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Scanning nuclear gluon dynamics with exclusive VMs

14

0 0.5 1
|y|

50

100

150

200

250

300

| (
m

b)
y

 / 
d|

φC
oh

.
σd

0 0.5 1
|y|

10

210

| (
m

b)
y

 / 
d|

φC
oh

.
σd

| < 1.0)yCMS (0.3 < | Syst. unc.
IA RP-GG
GBW RP-CG

cGBW f mVMD-GG WS
IIM mVMD-GG SS
bCGC STARLIGHT
IP-SAT

CMS  (5.36 TeV)-1bµPbPb 1.68 

0 0.5 1
|y|

0.15
0.2

0.25

φS

CMS PbPb 5.36 TeV

Q(ρ0) ≈ 0.39 GeV Q(𝝓) ≈ 0.51 GeV

Y(1S) meson

                Non-perturbative regime                                                                                           
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ρ0 meson
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Q(J/𝜓) ≈ 1.55 GeV Q(Y) ≈ 4.73 GeV

Perturbative regime

           Q2 ∼ (mVM/2)2 xion ∝
mVM /2

sNN
exp(−yVM)    VM mass sets the hard scale

rapidity/energy/mass sets the probed x
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Scanning nuclear gluon dynamics with exclusive VMs
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• Both light and heavy vector mesons favor a strong suppression scenario over impulse approximation
→ No unambiguous evidence for non-linear evolution, as encoded in saturation models 
→ Challenging NLO corrections and light VMs description, and differing exclusivity selections

CMS, HIN-24-020, CMS-PAS-HIN-24-013,
CMS, Phys. Rev. Lett. 135 (2025) 262301
LHCb, JHEP 11 (2025) 103 
ALICE, JHEP06 (2020) 03 
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http://HIN-24-020
https://cds.cern.ch/record/2931418
https://journals.aps.org/prl/abstract/10.1103/2ssw-wwyy?__cf_chl_rt_tk=pW4NP04Gl7cLRVJba06t2tHlPdpnXs5qZdI0RXlcdw4-1778572265-1.0.1.1-2z5ZUcIP3FSYJUMvPIQ3lVPZVBiFke7y.VIIq4NrrfM
https://link.springer.com/article/10.1007/JHEP11(2025)103
https://link.springer.com/article/10.1007/JHEP06(2020)035
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Incoherent J/𝜓 production in UPCs
Incoherent photoproduction probes event-by-event 
gluon-density fluctuations at subnucleon scales

J/𝜓

WγN = center-of-mass energy per 
nucleon of the photon-Pb system

CGC (subFluct) 

CGC (no SubFluct) 

no nuclear effects

shadowing

CMS, PRL 135 (2025) 112301
ALICE, arXiv.2503.18708v1

 Ratio < 1: at low x, incoherent production is suppressed relative to coherent production  
→ consistent with saturation/CGC expectations

https://arxiv.org/abs/2503.08903
https://arxiv.org/abs/2503.18708v1
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t-dependence of incoherent VM production ALICE, Phys. Rev. Lett. 132, 162302
Xihe Han (STAR), DIS 2026’s talk

Incoherent J/𝜓 production at the LHC (ALICE) Incoherent 𝝓 production at RHIC (STAR)

Incoherent VM production probes event-by-event gluon-density fluctuations
→ t-dependence is sensitive to the transverse scale of gluon-density fluctuations
→ Models without gluon-density fluctuations predict a much steeper t-dependence than observed

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.162302
https://agenda.infn.it/event/47074/contributions/289274/attachments/149345/228601/DIS_final_xihe.pdf
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Defining exclusive production: an emerging issue
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ATLAS, ATLAS-CONF-2025-003
M. Dyndal et al., arXiv:2604.19879
ATLAS, arXiv.2504.07795
L.A. Harland-Lang et al, SciPostPhys.11 (2021)064

Comparisons of exclusive measurements across experiments can depend significantly on how exclusivity is defined. 
→  “Exclusivity” is not a purely theoretical concept; it depends on detector veto η-coverage and energy thresholds

 y-dependent cross section of exclusive coherent J/𝜓

• Independent soft γγ→e⁺e⁻ pair production can make 
(otherwise good) coherent VM events fail exclusivity cuts

    
• EMD-induced activity can also affect exclusivity selections

 Precision UPC comparisons require reproducible exclusivity definitions across experiments

https://cds.cern.ch/record/2929557/files/ATLAS-CONF-2025-003.pdf
https://arxiv.org/abs/2604.19879
https://arxiv.org/abs/2504.07795
https://scipost.org/10.21468/SciPostPhys.11.3.064
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ρ0 production in coincidence with γγ →μ+μ-
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ATLAS, arXiv:2504.07795

decreasing impact parameters

About 1% of selected dimuon events contain coincident ρ⁰ production in this kinematic range
→ Such coincidences can affect exclusivity vetoes and event classification
→ the effect may be larger for softer γγ →μ+μ- or γγ →e+e- pairs

two opposite-sign back-to-back 
muons with pT> 3.7 GeV, |η|<2.4  

in events with ρ0 production

Multiple electromagnetic interactions can 
occur in the same UPC event

https://arxiv.org/abs/2504.07795


Photonuclear jets and  
open heavy-flavor in UPCs

𝛾 g

Broken nucleus Xn 
(at least one neutron)

Central detectors
Jet

Jet

    rapidity gap on the 
photon-emitter

Unbroken nucleus 0n 
(no neutrons)
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Photonuclear jet cross sections in UPC PbPb
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Jet kinematics scan different regions of x, Q2

10-3≲ xA ≲ 0.4 for HT > 30-40 GeV 
→ accesses shadowing, antishadowing, and EMC-sensitive regions

     LO calculations with current 
nPDFs describe the main trends

ATLAS, PRD 111, 052006 (2025)

      

 

xA ≡
mjets

s
e−yjets

HT ≡ ∑
i

pTi

Xn0n → photon-emitter direction 
Full reconstruction of the final state → direct access to scattering kinematics 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.052006
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UPC jets in 0n0n events
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Coherent 
diffraction (γA)

ATLAS, arXiv:2604.24435
ATLAS, arXiv.2604.20559

γγ hard 
production

Alvioli et al., arXiv.2402.19060
Larionov et al. arXiv.812.08231

Non-diffractive γA without observed neutron emission
target excitation below neutron-emission threshold
→ more likely to occur in “peripheral” UPCs
→ sensitivity to the impact-parameter dependence of nuclear PDFs

     MC templates separate diffractive, γγ, 
and non-diffractive γA components

https://arxiv.org/abs/2604.24435
https://arxiv.org/abs/2604.20559
https://arxiv.org/abs/2402.19060
https://arxiv.org/abs/1812.08231
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Diffractive jet production in PbPb UPCs
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Diffractive cross-section as a function of |yjets|
• Compared with NLO diffractive dijet calculations under different 
factorization-breaking scenarios

→ Data are qualitatively consistent with NLO predictions
→ Future higher-precision measurements could  
     constrain factorization breaking in UPCs

ATLAS, arXiv:2604.24435
ATLAS, arXiv.2604.20559
M. Klasen, G. Kramer, Eur. Phys.J. C38 (2004) 93-104
V. Guzey, M. Klasen, JHEP 04 (2016) 158

https://arxiv.org/abs/2604.24435
https://arxiv.org/abs/2604.20559
https://link.springer.com/article/10.1140/epjc/s2004-02016-y
https://link.springer.com/article/10.1007/JHEP04(2016)158
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D0 photoproduction in PbPb Xn0n UPCs
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2-5 GeV 5-8 GeV 8-12 GeV

M. Cacciari, GMI, A. Stasto, PRD 112, 094029
CMS, PRL 136 (2026) 122303

c

g
c̄

    pQCD description down to pT=0

Easier theoretical description beyond LO

     D⁰ kinematics constrain the 
charm kinematics

First open-charm UPC result, using only 2023 data for 2<pT<12 GeV, and |y|<2.0
→ GγA-FONLL provides NLO+NLL pQCD predictions with state-of-the-art nPDF parametrizations
→ includes corrections to account for impact of EM dissociation of the photon-emitting nucleus  

https://journals.aps.org/prd/abstract/10.1103/1w13-r2tr
https://arxiv.org/abs/2509.08626
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Rapidity dependence of low-pT D⁰ photoproduction
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Ratio of the CMS UPC D0 measurement to a proton-PDF γp theoretical baseline (GγA-FONLL)

CMS, CMS-PAS-HIN-25-002
M. Cacciari, GMI, A. Stasto, PRD 112, 094029
S. Nese (ALICE), 2509.11814

Experimental uncertainties still sizable: 
→  15–20× more data already recorded in 2024–2025

Theory-based proton introduces dependence beyond nPDF: 
→  need for a high-statistics γp reference from pPb

Xn requirements select a subset of the inclusive 
photoproduction, while the calculation is fully inclusive 
→ magnitude of the diffractive component rejected?

Data lie below the proton-PDF baseline, but interpretation is 
still limited by experimental and theoretical uncertainties

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-25-002/index.html
https://journals.aps.org/prd/abstract/10.1103/1w13-r2tr
https://arxiv.org/pdf/2509.11814
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D0 diffractive production in UPCs with GγA-FONLL
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M. Cacciari, A. Stasto, GMI, V. 
Guzey, Paper in preparation
A. Stasto’s talk in DIS2026

Diffractive/Inclusive D0 in PbPb UPCs

xIP < 0.1

GγA-FONLL can now perform predictions for γp and γPb coherent diffraction of open-charm and beauty measurements

Diffractive nPDFs computed 
with LTA model 

The diffractive cross section is sizable and can 
potentially be constrained by future measurements

The bias in the inclusive cross section induced by the 
Xn condition in the existing measurement is negligible

https://agenda.infn.it/event/47074/contributions/289498/
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Charm hadrochemistry in photonuclear collisions
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Baryon/meson (Λ/K0S ) enhancement 

observed in UPCs!

    Enhancement quantitatively similar to 

that observed in pPb at similar multiplicities

ATLAS, Phys. Rev. C 111, 064908
A. Khatun, ALICE arXiv.2603.09777
N. Burmasov’s talk (ALICE) at DIS 2026

    Future charm-baryon measurements can test whether fragmentation universality breaks down in γPb collisions

Λc in photonuclear PbPb events (Run 3)

https://journals.aps.org/prc/abstract/10.1103/7lx4-x8rw
https://arxiv.org/abs/2603.09777


Gian Michele Innocenti (MIT), 2026 RHIC/AGS Annual Users' Meeting (BNL)

Conclusions
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Fifteen years after the first measurement at RHIC, remarkable advances in both theory and experiment

→ UPCs rapidly maturing into a precision tool for photon-induced QCD studies

ρ0 meson
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D0 mesons

“With great power (and small uncertainties) come great responsibility.” 
→  Precision UPC measurements now require reproducible definitions of exclusivity, neutron tagging, and photon-flux selections.

0n0n jet production
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UPCs at the LHC and electron-ion collisions at the EIC
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UPCs at the LHC in Runs 4 and 5 (2032-2040)
• Detector upgrades substantially expand UPC sensitivity
• Highest energies and broadest kinematic reach
  for the strongest sensitivity to small-x dynamics

Electron-nucleus collisions at the EIC (‘30s)
• Full control of the scattering kinematics
• Multidimensional, scale-dependent measurements  
→ from longitudinal structure to 3D imaging of nuclei

High energy reach combined with controlled kinematics → multi-scale characterization of nuclear parton dynamics

M. Cacciari, GMI, A. Stasto, 
PRD 112, 094029

https://journals.aps.org/prd/abstract/10.1103/1w13-r2tr
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UPCs at the LHC and electron-ion collisions at the EIC
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High energy reach combined with controlled kinematics → multi-scale characterization of nuclear parton dynamics

Thank you for your attention

M. Cacciari, GMI, A. Stasto, 
PRD 112, 094029

UPCs at the LHC in Runs 4 and 5 (2032-2040)
• Detector upgrades substantially expand UPC sensitivity
• Highest energies and broadest kinematic reach
  for the strongest sensitivity to small-x dynamics

Electron-nucleus collisions at the EIC (‘30s)
• Full control of the scattering kinematics
• Multidimensional, scale-dependent measurements  
→ from longitudinal structure to 3D imaging of nuclei

https://journals.aps.org/prd/abstract/10.1103/1w13-r2tr


BACKUP
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Ultraperipheral heavy-ion collisions: the origins

32

1924 (Fermi): the electromagnetic field of a charged particle  
treated as an equivalent radiation spectrum

1934 (Weizsäcker and Williams) → Equivalent Photon Approximation (EPA)
• The field of a fast charge can be treated as a radiation field of virtual photons
• Interactions can then be computed with standard photon-scattering methods

Starting in the 1970s, extending the EPA to heavy-ion ultraperipheral collisions

 A. J. Baltz et al. Phys. Rept.458:1-171, 2008

https://arxiv.org/abs/0706.3356
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Electron-proton/ion collisions as the traditional tool
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Properties of quarks and gluons parametrized by Parton Distribution Functions for protons and nuclei
probability densities of the proton constituents (quarks and gluons) as a function of x,Q2

→ constrained by measurements (due to their non-perturbative nature)  

electron

proton

Bjorken xBJ = Econstituent/Enucleon

Virtuality of the photon Q2 
→ spatial resolution of the “microscope”

Lepton scatterings provide the cleanest access to the complex hadronic structure of protons and nuclei
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Existing data from lepton-nucleus fixed-target experiments

34

electron

proton

lepton-nucleus data
from fixed target

NNPDF Collaboration, Eur. Phys. J. C (2019) 79:471

→ no access to the high-density low-x region
→ low Q2 but coverage limited to x> 0.005

https://link.springer.com/article/10.1140/epjc/s10052-019-6983-1


BACKUP: constraining the key ingredients 
of UPC phenomenology
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Constraining electromagnetic dissociation in PbPb 
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ALICE, Phys. Rev. Lett. 109 (2012) 252302

Single EMD: only one of the two 
excited nuclei emits a neutron

With the first PbPb runs of the LHC, ALICE performed a quantitative measurement of the probability of single and mutual dissociation  
in events where no activity was measured at central rapidity

Mutual EMD: both nuclei undergoing 
the collisions emit at least one neutron

Phenomenological models (e.g., RELIS) combining: 
• an EPA photon flux

• photonuclear absorption probabilities

• decay model for the excited residual nucleus

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.252302
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Associated neutron-proton production shows some disagreement with simulations
→ not yet a limiting factor for most current UPC analyses (relying on neutron counting)
→ opportunity for interesting nuclear physics studies

ALICE, Phys. Rev. C 111, 054906

→ access to the details of nuclear excitation and decay

neutrons

and protons!

By counting both neutrons and protons, 
we can constrain the excited nuclear species 

only soft-photon 
exhange

1 proton required

Number of neutrons j 

Forward proton production in EMD
CERN news: ALICE detects the 

conversion of lead into gold at the LHC

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.111.054906
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Constraining photon-flux properties with UPC γγ→μ+μ-
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QED photon-photon fusion γγ→μ+μ- is a clean standard candle for the UPC photon flux

Good agreement between data and calculations (STARLight 
and SuperChic) in the low-moderate photon-energy regime

ATLAS, PRC 104, 024906 (2021)

Distribution of the energy of the leading (kmax) 
and subleading muon (kmin)

Stronger disagreement for very high photon energies
(smaller impact parameter)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906
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Constraining photon-flux properties with UPC γγ→e+e-

39

QED photon-photon fusion γγ→e+e- is a clean standard candle for the UPC photon flux
→ The y-dependence tests the photon-energy dependence, while the total rate fixes the overall normalization

Good agreement between data and calculations (STARLight and SuperChic)
→ The y-dependence tests the photon-energy dependence, while the total rate fixes the overall normalization

Only two tracks (+/-)
• pT > 2.5 GeV,
• |ηe|< 2.5, 
• mee > 5 GeV
• pT,ee < 2 GeV

ATLAS, JHEP 06( 2023) 182

https://link.springer.com/article/10.1007/JHEP06(2023)182


BACKUP: exclusive VM production
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First UPC signal: coherent ρ0 production at RHIC 

41

STAR, Phys. Rev. Lett. 89.272302

Photon-emitting 
nucleus

Dipole interacting “coherently” 
with the target nucleus

Pomeron 
exchange

ρ0

Xn  → at least one neutron detected
0n  → no neutron detected

Exclusive reconstruction
• Only two opposite-sign tracks in the entire event (ρ0→π+π-)

Zero-Degree Calorimeters used to select genuine UPCs
→ detects neutrons produced in the nuclear breakup

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.272302
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Photon-emitting 
nucleus Pomeron 

exchange

• ZDC selection introduces sensitivity to “uncorrelated” nuclear effects  
E.g. electromagnetic dissociation (EMD) caused by soft-photon exchange 
unrelated to the hard scattering → nucleus excitation → neutron production

ρ0

Excited 

nucleus neutrons

Electromagnetic dissociaton

Challenges:
•  Kinematics are inferred indirectly from 
the measured final state Q2 ∼ (mρ0/2)2

STAR, Phys. Rev. Lett. 89.272302

First UPC signal: coherent ρ0 production at RHIC 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.272302
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A landmark analysis that demonstrated the feasibility and the potential of UPC measurements
→ motivated a systematic effort to better constrain the underlying ingredients of UPC description

Photon-emitting 
nucleus Pomeron 

exchange

t = (p − p′￼)2 ≈ (pρ
T)2

ρ0

STAR, Phys. Rev. Lett. 89.272302

First UPC signal: coherent ρ0 production at RHIC 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.272302
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Coherent photoproduction of ρ0, ω mesons in PbPb UPCs

44

• Data require strong nuclear suppression beyond impulse approximation.
• GKZ / Gribov-Glauber captures the trend but overpredicts by ~30%.
• Additional suppression may point to saturation-like effects

Evidence for higher-ρ states in UPC 
photoproduction (as observed by ALICE)

LHCb, JHEP 11 (2025) 103 

https://link.springer.com/article/10.1007/JHEP11(2025)103
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Exclusive charmonium in UPCs with ALICE Run 3

45

• Coherent J/𝜓 (MC template)
• Incoherent J/𝜓 (MC template)
• Incoherent J/𝜓 with nucleon dissocation (H1 parametrization)
• Feed-down J/𝜓 from coherent and incoherent 𝜓(2S) decays (MC template(
• γγ→μμ: data-driven template

N. Burmasov’s talk at DIS 2026
Minjung Kim’s talk at DIS 2026
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Coherent J/𝜓 production in PbPb collisions with ALICE Run 3
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N. Burmasov’s talk at DIS 2026
Minjung Kim’s talk at DIS 2026
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𝜙 exclusive photoproduction with STAR
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BBC (Beam-Beam Counter): Vetoes hadronic
interactions by requiring no forward activity,
ensuring exclusivity of UPC events

Xihe Han (STAR), DIS 2026’s talk

https://agenda.infn.it/event/47074/contributions/289274/attachments/149345/228601/DIS_final_xihe.pdf
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𝜙-meson exclusive photoproduction at HERA (ZEUS)
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Elastic photoproduction 𝛾𝑝 → 𝜙𝑝
• only high-energy measurement in γp collisions
• Used to build impulse-approximation reference

ZEUS, PLB 377:259-272,1996
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Mass dependence for coherent VM photoproduction at RHIC
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Xihe Han (STAR), DIS 2026’s talk

https://agenda.infn.it/event/47074/contributions/289274/attachments/149345/228601/DIS_final_xihe.pdf
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First coherent Y(1S) production in PbPb UPCs
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Q2 ∼ (mY(1S)/2)2

CMS, PAS-HIN-24-013

Bound  with a mass of about 9.5 GeV is produced in UPCs! 
 → testing nuclear matter at the boundaries of the saturation region 
 → stronger theoretical control, “easier” NLO calculations

bb̄

Y(1S)

Statistical accuracy still limited! 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-24-013/index.html
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First observation of coherent 𝜙(1020) at the LHC
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CMS, PRL 135 (2025) 262301
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→ larger saturation effects expected (lower Q2 ) 

→ non-perturbative regime

• Saturation models predict much smaller suppression 
(challenges due to non-perturbative corrections)


• Much better agreement provided by shadowing 
models (??)

σcoh

σIA y=0

≈ 0.2

https://arxiv.org/abs/2504.05193
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Coherent 𝜙 exclusive photoproduction with STAR
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σcoh

σIA y=0

≈ 0.436 ± 0.15 (stat) ± 0.12 (sys) bSat (impact-parameter-dependent saturation dipole model) 
provides the best description of the t-dependence

rrms ≈ 3bℏc ≈ 6.68 fm ± 0.65 fm

Xihe Han (STAR), DIS 2026’s talk

https://agenda.infn.it/event/47074/contributions/289274/attachments/149345/228601/DIS_final_xihe.pdf
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Coherent ρ0 in γPb UPCs at LHC and RHIC
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CMS, HIN-24-020
V. Guzey et al., PRC 102 (2020)1,015208
LHCb, JHEP 11 (2025) 103 
ALICE, JHEP06 (2020) 03 

dσ/d|y| including both γN and Nγ:
• nearly flat at central rapidity
• CMS results consistent with ALICE at mid rapidity
• LHCb removes a fraction of EM dissociated events 

σ cross-section as a function of WγN  
(two-way ambiguity solved with neutron counting)
→ mVMD-GGM (nuclear shadowing with Gribov-Glauber)
    provide a good description of the data

http://www.apple.com
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Coherent and incoherent J/ψ production with ALICE (Run 2)
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Overall distribution well described by models based on shadowing/saturation
Slope of incoherent production is better described by models including subnucleonic degree of freedom

ALICE, Phys. Rev. Lett. 132, 162302

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.162302
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Exclusive dimuon production with ALICE Run 3
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Exploiting the improved ALICE capabilities in Run 3 (e.g., continuous readout and muon-vertexing)

Nazar Burmasov’s talk at DIS 2026

• UPCgen and SuperChic 4 calculations 
overpredict the data by 10-20 %

• Significant sensitivity to the details 
• of the photon-flux modeling 
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Solving the photon ambiguity with neutron information from ZDC

EM dissociation (EMD) leads to neutron emission with 
additional photon exchange
• Independent of interested physics process
• Large cross section ~200 b (single EMD)

Probability of EMD is strongly correlated with the 
impact parameter of the collision b

Method in a nutshell (V. Guzey, M. Strikman, M. Zhalov, EPJC (2014) 72 2942)
• Rate of high energy photon flux is larger at smaller impact parameter
• impact parameter of the collision can be estimated by considering the magnitude of EM dissociation
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ρ0 production in coincidence with γγ →μ+μ- events
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On average, nearly 1% of dimuon events coincide with ρ0 production in this kinematic range
→ significant increase of the coincident rate for decreasing impact parameters  
     (number of forward neutrons, dimuon invariant mass, or rapidity)

decreasing impact parameter
(n. of forward neutrons)

ATLAS, arXiv:2504.07795

https://arxiv.org/abs/2504.07795
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J/ψ suppression in incoherent photonuclear production
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ALICE, arXiv.2503.18708v1

https://arxiv.org/abs/2503.18708v1


BACKUP: jets and open heavy-flavor 
photoproduction
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Monte Carlo and phenomenological tools for UPCs

60

Total width gap in the photon-going direction

Under the push of these new measurements:
• Hard UPC processes embedded in MCs (e.g., Pythia)
• improved modeling of the photon flux, including spatial effects

V. Guzey and M. Klasen, Phys. Rev. C 99, 065202 (2019) 
K. J. Eskola, et al., Phys. Rev. C 110, 054906 (2024)
L. A. Harland-Lang, Phys. Rev. D 107, 093004 (2023)
I. Helenius et al., Eur. Phys. J. C 79, 413 (2019)

ATLAS, PRD 111, 052006 (2025)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.052006
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UPC jets without forward neutron production (0n0n)
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ATLAS, arXiv:2604.20559
ATLAS, arXiv:2604.24435 

Coherent 
diffraction (γA)

γγ hard 
production

Alvioli et al., arXiv.2402.19060
Larionov et al. arXiv.812.08231

Non-diffractive γA without observed neutron emission
target excitation below neutron-emission threshold
→ more likely to occur in “peripheral” UPCs
→ sensitivity to the impact-parameter dependence of nuclear PDFs

https://arxiv.org/abs/2604.20559
https://arxiv.org/abs/2604.24435
https://arxiv.org/abs/2402.19060
https://arxiv.org/abs/1812.08231
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Diffractive production of jets and heavy quarks
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→ test for factorization: diffractive PDFs ⊗ partonic coefficient functions 
→ benchmark for PbPb measurements

Need for theoretical calculations and MC simulations for diffractive events in both γp and γPb collisions!

Ilkka Helenius, arXiv:2107.07389
C. Marquet, C. Rayon et al. arXiv.1306.4901

https://arxiv.org/abs/2107.07389
https://arxiv.org/pdf/1306.4901
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Jets and open heavy-quarks in γp scatterings in pPb collisions
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In combination with HERA and EIC measurements:
→New constraints on proton PDFs, GDF, TMD 
    at the highest γp center of mass energies available

“HERA”-like

ZEUS, Eur.Phys.J.C23:615-631,2002

→ γp scatterings in pPb collisions as the baseline for γPb measurements
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New observables in γp/γPb collisions
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Hard-scattering production at central rapidities with information on the number of neutrons in ZDC:
→ stronger discrimination power on low-x nuclear matter
→ new experimental challenges for ZDC reconstruction and calibration 

g

γ

g

γ

Basic concept: “over-constraining” low-x models by measuring both barrel and very forward observables
                           M. Strikman, V. Guzey et al., arXiv.2402.19060 

https://arxiv.org/abs/2402.19060


How “cold” are UPCs?
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An open question: flow in γPb collisions?
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ATLAS, PRC 104, 014903 (2021)
CMS, Phys. Lett. B 844 (2023) 137905
W. Zhao, C. Shen, B. Schenke, PRL 129.252302

Non-zero positive v2 and v3 observed in high-multiplicity γPb photonuclear events (with nuclear breakup Xn0n) 
→ Medium-like system converting initial anysotrophy generated by photon fluctuations? 
→ early-time correlations between gluon fields in the color glass condensate?
 Disclaimer: flow in UPCs 

must be handled with care!

https://journals.aps.org/prc/pdf/10.1103/PhysRevC.104.014903
https://www.sciencedirect.com/science/article/pii/S0370269323002393
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.252302
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Radial-flow-like signatures in photonuclear collisions?
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<pT> increases with Nch  
 for all species


Pb-going side Photon-going side

ATLAS, Phys. Rev. C 111, 064908

<pT> is larger in the direction of the outgoing broken nucleus: 
→ quantitatively consistent with the pPb <pT>

Mass ordering: 
 ⟨pT(π)⟩ < ⟨pT(K0

S)⟩ < ⟨pT(Λ)⟩

While smaller than in hadronic collisions, the role of final-state effects in photonuclear collisions needs to be addressed 
(both in UPCs at the LHC and in eA at the EIC)

https://journals.aps.org/prc/abstract/10.1103/7lx4-x8rw

