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Features of ultraperipheral collisions

Interaction of Pb-nuclei via electromagnetic fields for impact parameters 𝑏 > 2𝑅𝑃𝑏

• Production of new particles from interaction of photons

• Cross section enhanced by 𝑍4 =  4.5 ⋅ 107 w.r.t. proton-proton

• Also interaction of photon with nucleus possible → Photonuclear events

• Study various categories of produced particles and their properties

• Di-lepton production: 𝑒+𝑒−, 𝜇+𝜇−, 𝜏+𝜏−

• Charged hadron production: Pions, strange mesons, charm

mesons, jets, etc.

• Light-by-light scattering

→ Large Hadron Collider (LHC) acts as photon collider!

→ Disclaimer: Only show (personal) selection of results from ultraperipheral collisions

→ Consider as a teaser → Feel free to dive in deeper into many interesting results
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Understanding the photon flux

Investigate production of 𝑒+𝑒− pairs

• Equivalent photon approximation (EPA): 

• Total cross section = convolution of photon flux with elementary 

production cross-section

• Break-up of Pb-nuclei possible → Electromagnetic dissociation

• Induced by additional photon exchanges → Higher likelihood 

for smaller impact parameters → More forward neutrons

• Suppress or enhance through selections in very-forward 

calorimeters (ZDC)

• In addition: Backgrounds: 

ϒ and 𝜏+𝜏− production and single-dissociative process

• Dissociation of emitting nucleus, if origin of the photons from substructure of nucleon (proton, neutron) 

→ Largest background → Determined from fit to acoplanarity:

04.06.2024Valerie Lang - LHCP 2024 7

𝛼 = 1 − |Δ𝜙|/𝜋
→ 0 → Back-to-back configuration

→ 1 → Collinear configuration

ATLAS 5.02 TeV, 1.72 nb-1

JHEP 06 (2023) 182

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


Understanding the photon flux

Investigate production of 𝑒+𝑒− pairs

• Measurement of differential cross sections, e.g. as function of invariant mass mee

04.06.2024Valerie Lang - LHCP 2024 8

Inclusive Zero neutrons on either side in ZDC: 0n0n

ATLAS 5.02 TeV, 1.72 nb-1

JHEP 06 (2023) 182

→ Comparison to two 

generators with different 

photon flux modelling: 

STARlight and SuperChic

→ STARlight: Photon flux from 

point-like sources, restricting 

impact parameter 𝑏 > 𝑅𝑃𝑏

→ SuperChic: Photon flux from 

nuclear form factor, impact 

parameters down to 𝑏 = 0
→ Similar shapes as in data, but 

slight (different) offsets

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


Study τ-lepton properties

Investigate production of 𝜏+𝜏− pairs

• Select events w/ one τ-lepton decay involving muon, the other hadronically (or involving electron)

04.06.2024Valerie Lang - LHCP 2024 9

𝛾𝛾 → 𝜏𝜏 clearly observed Extract anomalous magnetic moment of τ-lepton: 𝑎𝜏 

→ Use fit to decay muon pT distribution (ATLAS)

→ Use cross-section dependence on 𝑎𝜏 (CMS)

ATLAS 5.02 TeV, 1.55 nb-1 

PRL 131 (2023) 151802

CMS 5.02 TeV, 0.40 nb-1 

PRL 131 (2023) 151803

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151803
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𝛾𝛾 → 𝜏𝜏 clearly observed Extract anomalous magnetic moment of τ-lepton: 𝑎𝜏 

→ Use fit to decay muon pT distribution (ATLAS)

→ Use cross-section dependence on 𝑎𝜏 (CMS)

Very new: 𝛾𝛾 → 𝜏𝜏 in pp collisions! 

→ Larger statistics beats lower cross sections

→ Heavy ion UPC measurements need to catch up

ATLAS 5.02 TeV, 1.55 nb-1 

PRL 131 (2023) 151802

CMS 5.02 TeV, 0.40 nb-1 

PRL 131 (2023) 151803

CMS 13 TeV, 138 fb-1

CMS-PAS-SMP-23-005

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151803
https://cds.cern.ch/record/2891376


Investigate photon interactions with nucleus

Charged hadron production in direct and resolved photonuclear interactions

• Direct interaction of photon with parton in nucleus, or fluctuation of photon to vector-meson (VM), e.g. 𝜌

• Determine charged particle yield

• While selecting 0nXn topology in ZDC

04.06.2024Valerie Lang - LHCP 2024 11

ATLAS 5.02 TeV, 

1.73 nb-1 ATLAS-

CONF-2023-059

Number of 

selected events

Number of 

charged particles

→ Positive η: photon-going direction

→ Negative η: Pb-going direction

https://cds.cern.ch/record/2871729
https://cds.cern.ch/record/2871729
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Exclusive four pion production

Elastic scattering of a photon-generated VM of the target nucleus (coherently)

• Coherent scattering usually leaves the nucleus intact → Dominated by 𝜌-meson photoproduction

• Experimental hints for excited 𝜌-resonance with decay to 𝜋+𝜋−𝜋+𝜋− → Which resonance?

• Select events with 4 tracks, and veto activity in scintiallator-based forward detectors V0 and AD

04.06.2024Valerie Lang - LHCP 2024 14

Estimation of combinatorial background Fit with interfering resonances with mixing angle

ALICE 5.02 TeV, 

0.62 nb-1 

arXiv:2404.07542 

https://arxiv.org/abs/2404.07542
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Estimation of combinatorial background Fit with interfering resonances with mixing angle

ALICE 5.02 TeV, 

0.62 nb-1 

arXiv:2404.07542 

https://arxiv.org/abs/2404.07542


𝛾𝛾 → 𝜇+𝜇−

Characteristics of heavy VM production

Coherent (a) vs. incoherent (b) production of 𝑐 ҧ𝑐 mesons

• Pomeron (≥ 2 gluons) exchange w/ full nucleus (a) or particular nucleon only (b)

• Selection through decays 𝐽/𝜓 → 𝜇+𝜇− and 𝜓(2𝑆) → 𝜇+𝜇−

• Enhance coherent production and UPC through forward activity suppression in scintillating-pad (SPD) and 

forward shower counters (HeRSCheL)

04.06.2024Valerie Lang - LHCP 2024 16

LHCb 5.02 TeV, 

0.23 nb-1 JHEP 06 

(2023) 146

https://link.springer.com/article/10.1007/JHEP06(2023)146
https://link.springer.com/article/10.1007/JHEP06(2023)146


Characteristics of J/ψ production

Coherent production enhanced through suppression of forward activity in V0 & AD

• J/ψ reconstruction via muonic decays: 2 opposite sign muons in muon-spectrometer range (−4.0 < 𝜂 < −2.5)

• Helicity frame: z-axis in flight direction of J/ψ, y-axis perpendicular to plane by collision axis & J/ψ direction

04.06.2024Valerie Lang - LHCP 2024 17

ALICE 5.02 TeV, 

0.75 nb-1 

arXiv:2304.10928 

→ Fitting angular distribution of decay muons from J/ψ 

signal using 3 polarisation parameters with properties:

→ 𝜆𝜃 , 𝜆𝜑, 𝜆𝜃𝜑 = (0,0,0) → Isotropic

𝜆𝜃 , 𝜆𝜑, 𝜆𝜃𝜑 = (1,0,0) → Transversely polarized

𝜆𝜃 , 𝜆𝜑, 𝜆𝜃𝜑 = (−1,0,0) → Longitudinally polarized

Extraction of signal yield in bins of cos(𝜃) and 𝜑 

𝛾𝛾 → 𝜇+𝜇−
→ Consistent with transversely polarized J/ψ mesons 

from coherent production

→ Consistent with 𝑠-channel helicity conservation

https://arxiv.org/abs/2304.10928


J/ψ‘s as probe of the nucleus

Coherent production proportional to square of gluon density functions (at LO)

• Resolve ambiguity betw. photon emitter and target nucleus through electromagnetic dissociation (EMD) of ion

• Neutron emission from EMD detected in ZDC/ZN:

Categorize as 0n0n, 0nXn and XnXn

• Relation between rapidity and gluon momentum fraction

04.06.2024Valerie Lang - LHCP 2024 18

CMS 5.02 TeV, 

1.52 nb-1 PRL 131 

(2023) 262301

𝑥 =
𝑀𝐽/𝜓

𝑠𝑁𝑁
⋅ 𝑒±𝑦

→ Determine nuclear suppression factor:

 𝑅𝑔
𝑃𝑏 = 𝜎𝑚𝑒𝑎𝑠/𝜎𝐼𝐴 (IA = impulse approximation, i.e. 

scaled from proton interactions + nuclear form factor)

→ Resolve ambiguity between ±𝑦 

through simultaneous extraction 

from 3 neutron categories

ALICE 5.02 TeV, 

0.23-0.53 nb-1 JHEP 

10 (2023) 119 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.262301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.262301
https://link.springer.com/article/10.1007/JHEP10(2023)119
https://link.springer.com/article/10.1007/JHEP10(2023)119
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.262301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.262301
https://link.springer.com/article/10.1007/JHEP10(2023)119
https://link.springer.com/article/10.1007/JHEP10(2023)119


J/ψ‘s as probe of the nucleus

Incoherent production: Sensitive to variance of spatial gluon distribution

• Variance related to quantum fluctuations of subnucleon

degrees of freedom 

• Small variance at small momentum fractions 𝑥
= possible sign of gluon saturation

• Contribution of incoherent J/ψ production grows with 

larger momentum transfers 𝑡
→ Measurement of cross section as function of 𝑡

• Use J/ψ transverse momentum as proxy: 𝑡 ≈ 𝑝𝑇
2

→ Veto any other activity through V0 and AD dectors

04.06.2024Valerie Lang - LHCP 2024 20

→ No prediction simultaneously describes absolute 

normalization and |𝑡| depedence

→ Models including quantum fluctuations (purple, 

light-blue, green) provide better description of |𝑡|
depedence

ALICE 5.02 TeV, 

0.23 nb-1 PRL 132, 

162302 (2024)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.162302
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.162302


A light to new physics?

Scattering of photons to photons through loop or axion-like mediator

• Large photon-photon luminosities in UPC PbPb collisions provide access to rare processes

• Selection of two photons → Suppression of any other

neutral or charged particles, less than 3 neutrons

in both ZDCs

04.06.2024Valerie Lang - LHCP 2024 21

ATLAS 5.02 TeV, 2.2 nb-1 

JHEP 03 (2021) 243

→ Extract limits in mass-coupling plane

→ Most stringent 

for 5-10GeV

CMS 5.02 TeV, 1.65 nb-1 

CMS-PAS-HIN-21-015

https://link.springer.com/article/10.1007/JHEP03(2021)243
https://cds.cern.ch/record/2895091


Summary

Ultraperiperal (UPC) heavy ion collions → Provide unique physics potential

• LHC as photon-photon and photon-nucleus collider

• Photon-induced di-lepton production

• Study photon flux, properties of τ-lepton

• Photonuclear interactions

• Charged hadron production as probe to potential

collective flow effects

• Light or heavy vector-meson production to study

resonances, helicity conservation, nuclear

gluon densities, incl. gluon saturation

• Rare processes through charge-enhanced cross

sections with Pb ions

• Probe photophilic interaction of axion-like particles

04.06.2024Valerie Lang - LHCP 2024 22

→ Proof of extraordinary experimental versatility of LHC experiments! 
→ Lots of trigger improvements in 

Run 3 → Let‘s stay curious!



Thank you for your attention.

Backup
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Additional interesting publications

https://arxiv.org/abs/2405.14525

Phys. Rev. Lett. 132 (2024) 222303

Phys. Rev. C 104 (2021) 024906

Phys. Rev. C. 104 (2021) 014903

EPJC 81 (2021) 712

Phys. Lett. B798 (2019) 134926

Phys. Rev. C 106 (2022) 035202 Phys. Rev. C 107 (2023) 044912

Phys. Rev. C 107 (2023) 044912

New measurements that did not make it into the talk anymore (non-complete list):

• ALICE: Impact parameter dependence in coherent 𝜌0 production: https://arxiv.org/abs/2405.14525

• ALICE: Photoproduction of 𝐾+𝐾− pairs: Phys. Rev. Lett. 132 (2024) 222303

Earlier measurements on some of the topics included in my talk (non-complete):

• ATLAS: Exclusive dimuon production: Phys. Rev. C 104 (2021) 024906

• ATLAS: Charged particle multiplicities and two-particle correlations: Phys. Rev. C. 104 (2021) 014903

• ALICE: Coherent 𝐽/𝜓 and 𝜓′ at midrapidities: EPJC 81 (2021) 712

• ALICE: Coherent 𝐽/𝜓 production at forward rapidities: Phys. Lett. B798 (2019) 134926

Interesting further reading:

• K. J. Eskola et al.: 𝐽/𝜓 photoproduction at NLO: Phys. Rev. C 106 (2022) 035202, Phys. Rev. C 107 (2023) 

044912
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https://arxiv.org/abs/2405.14525
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.222303
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.014903
https://epjc.epj.org/articles/epjc/abs/2021/08/10052_2021_Article_9437/10052_2021_Article_9437.html
https://www.sciencedirect.com/science/article/pii/S0370269319306483?via%3Dihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.106.035202
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.044912
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.044912


ATLAS including ZDC
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https://cds.cern.ch/record/1628749/files/ATL-FWD-PROC-2013-001.pdf

ZDC coverage:

𝜂 > 8.3

https://cds.cern.ch/record/1628749/files/ATL-FWD-PROC-2013-001.pdf


CMS including ZDC
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https://cds.cern.ch/record/1108592/files/arXiv:0806.0883.pdf

ZDC coverage:

𝜂 > 8.3

https://cds.cern.ch/record/1108592/files/arXiv:0806.0883.pdf


ALICE with forward detectors
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https://cerncourier.com/a/alice-the-heavy-ion-

challenge/

https://iopscience.iop.org/article/10.1088/1742-

6596/624/1/012008

V0 coverage: −3.7 < 𝜂 < −1.7, 2.8 < 𝜂 < 5.1
AD (ALICE Diffractive) coverage: −6.9 < 𝜂 < −4.9, 4.7 < 𝜂 < 6.3

https://cerncourier.com/a/alice-the-heavy-ion-challenge/
https://cerncourier.com/a/alice-the-heavy-ion-challenge/
https://iopscience.iop.org/article/10.1088/1742-6596/624/1/012008
https://iopscience.iop.org/article/10.1088/1742-6596/624/1/012008


LHCb with forward detectors
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https://lhcb.web.cern.ch/lhcb_page/infrastructure/lhcb-geom/

https://cds.cern.ch/record/2300319/?ln=de

LHCb coverage: 2 < 𝜂 < 5
HeRSCheL coverage: 5 ≲ |𝜂| ≲ 10

https://lhcb.web.cern.ch/lhcb_page/infrastructure/lhcb-geom/
https://cds.cern.ch/record/2300319/?ln=de


Understanding the photon flux

Investigate production of 𝑒+𝑒− pairs

• Systematic uncertainties
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ATLAS 5.02 TeV, 1.72nb-1

JHEP 06 (2023) 182

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


Study τ-lepton properties

Investigate production of 𝜏+𝜏− pairs – in heavy ion collisions

• For signal strength of 𝛾𝛾 → 𝜏𝜏                                             For 𝑎𝜏
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ATLAS 5.02 TeV, 1.55 nb-1 

Phys. Rev. Lett. 131 (2023) 

151802

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802


Study τ-lepton properties

Investigate production of 𝜏+𝜏− pairs – in pp collisions
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CMS 13 TeV, 138 fb-1

CMS-PAS-SMP-23-005

https://cds.cern.ch/record/2891376


Study τ-lepton properties

Investigate production of 𝜏+𝜏− pairs – in pp collisions

04.06.2024Valerie Lang - LHCP 2024 32

CMS 13 TeV, 138 fb-1

CMS-PAS-SMP-23-005

→ For the fit of 

the signal 

strength of 

𝛾𝛾 → 𝜏𝜏:

https://cds.cern.ch/record/2891376


Exclusive four pion production
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Singe resonance fit Systematic uncertainties

ALICE 5.02 TeV, 

0.62 nb-1 

arXiv:2404.07542 

→ Bad chi2/ndf → not a good fit to the data

→ Azimuthal angular distribution betw. 2 

positive pions reweighted to match flat 

(isotropic) distribution

→ Propagated to re-calculate 𝐴 × 𝜀 corrections

https://arxiv.org/abs/2404.07542


Characteristics of heavy VM production

Systematic uncertainties
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LHCb 5.02 TeV, 

0.23 nb-1 JHEP 06 

(2023) 146

→ Largest momentum resolution uncertainties from pT* interval: 

140-160MeV with very small event yields

→ Starred notation indicates definition in 

nucleus-nucleus centre-of-mass frame

→ Account for the non-zero crossing angle 

between two Pb beams in lab frame

https://link.springer.com/article/10.1007/JHEP06(2023)146
https://link.springer.com/article/10.1007/JHEP06(2023)146


Characteristics of J/ψ production

Systematic uncertainties
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ALICE 5.02 TeV, 

0.75 nb-1 

arXiv:2304.10928 

https://arxiv.org/abs/2304.10928


J/ψ‘s as probe of the nucleus

Systematic uncertainties

• Study of energy dependence
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ALICE 5.02 TeV, 

0.23-0.53 nb-1 JHEP 

10 (2023) 119 

https://link.springer.com/article/10.1007/JHEP10(2023)119
https://link.springer.com/article/10.1007/JHEP10(2023)119


J/ψ‘s as probe of the nucleus

Systematic uncertainties for incoherent production
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ALICE 5.02 TeV, 0.23 nb-1 

Phys. Rev. Lett. 132, 

162302 (2024)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.162302
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.162302


A light to new physics?

Light-by-light cross section determination: Background estimation and systematic 
uncertainties
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CMS 5.02 TeV, 1.65 nb-1 

CMS-PAS-HIN-21-015

→ CEP MC scaled to data in region 𝐴𝜙
𝛾𝛾

> 0.015

→ Extrapolated to signal region 𝐴𝜙
𝛾𝛾

> 0.01

Signal process
Breit-Wheeler 

𝛾𝛾 → 𝑒+ 𝑒−

Central exclusive diphoton 

production (CEP) 𝑔𝑔 → 𝛾𝛾

https://cds.cern.ch/record/2895091


A light to new physics?

Light-by-light cross section determination: Background estimation and systematic 
uncertainties
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ATLAS 5.02 TeV, 2.2 nb-1 

JHEP 03 (2021) 243

→ Uncertainty in background estimation gives 

6% uncertainty in integrated fiducial cross 

section

https://link.springer.com/article/10.1007/JHEP03(2021)243


γγ→μμ with non-UPC configuration

Muon pairs as electromagnetic probes of the quark-gluon plasma

• Consider transverse momentum scale: k┴=1/2(pT1+pT2)(π-|ϕ1-ϕ2|)

• k┴≈0, if leptons are back-to-back in ϕ

• k┴≈factor*average pT, where factor is larger if leptons are more aligned in ϕ

04.06.2024Valerie Lang - LHCP 2024 40

→ Dependence on collision centrality → Influence of magnetic field effects?

→ More central collisions have on average broader k┴-distribution, but not an effect from magnetic fields

ATLAS 5.02 TeV, 1.94 nb-1 

Phys. Rev. C 107 (2023) 

054907

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.054907
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.054907
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