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Probing initial state with EW production 
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JHEP 05 (2021) 182
PRL 128 (2022) 122301

● Left: Forward-backward σ ratio RFB ≡ 1 in the absence of nuclear effects

● Right: EW bosons in central PbPb unmodified contrary to hadrons (RAA!=1) 

● W bosons, dijets, top quarks sensitive to gluon nPDF at different Bjorken-x

pPb

Z bosons

PbPb

nuclear effects
A. Baty (HP23)

http://dx.doi.org/10.1007/JHEP05(2021)182
http://dx.doi.org/10.1103/PhysRevLett.128.122301
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-17-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-16-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-19-001/index.html


3Focus of this talk

● A rich physics program, unique on its own

○ Seminal results by all 4 major LHC experiments

● Featured in the high-density QCD reviews by ALICE and CMS

https://arxiv.org/abs/2211.04384
https://arxiv.org/abs/2405.10785
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Free lepton pair production

● “Standard candle” to unveil NLO QED emissions and calibrate γ fluxes
○ precision goal: to model these effects at 1% level (stat unc is negligible)

■ another method to calibrate luminosity (considered as “golden channel”)

γγ→ 
llAccoplanarity

PRC 104 (2021) 024906
PRL 127 (2021) 122001

https://arxiv.org/abs/hep-ex/0610052
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906
http://dx.doi.org/10.1103/PhysRevLett.127.122001
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Free lepton pair production

● “Standard candle” to unveil NLO QED emissions and calibrate γ fluxes
○ precision goal: to model these effects at 1% level (stat unc is negligible)

■ another method to calibrate luminosity (considered as “golden channel”)

● Studies of correlation with forward neutron emissions
○ γγ interactions occur in conjunction with ion excitation denoted as AnAn

■ AnAn-dependent production → reflects the initial γ energy distribution

γγ→ 
llAccoplanarity

PRC 104 (2021) 024906
PRL 127 (2021) 122001

https://arxiv.org/abs/hep-ex/0610052
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906
http://dx.doi.org/10.1103/PhysRevLett.127.122001
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γγ→ ll differential production

● ATLAS/CMS optimize their low-E
T
 reconstruction to maximize statistics

○ signal dominantly in the E
T
<10 GeV region → default reco has to be tuned 

Offline efficiency

JHEP 06 (2023) 182
CMS-PAS-HIN-21-015

https://cds.cern.ch/record/2806501?ln=en
https://link.springer.com/article/10.1007/JHEP06(2023)182
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-21-015/index.html
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γγ→ ll differential production

● Combined with increased luminosity → detailed differential studies
○ probing two orders of magnitude in inv mass (5–100 GeV)

■ NLO QED predictions in better agreement with data

e+e- inv mass

● ATLAS/CMS optimize their low-E
T
 reconstruction to maximize statistics

○ signal dominantly in the E
T
<10 GeV region → default reco has to be tuned 

JHEP 06 (2023) 182
CMS-PAS-HIN-21-015

https://cds.cern.ch/record/2806501?ln=en
https://link.springer.com/article/10.1007/JHEP06(2023)182
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-21-015/index.html
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γγ→ ll differential production in pPb

● ALICE extends the inv mass reach 
○ consistent picture with UPC pPb: LO QED predictions up to 3σ away from data

■ the measurement will profit from more pPb data (foreseen for Run 4..)

■ dedicated workshop at CERN in July; everyone is kindly invited : )

even lower inv mass

PRD 108 (2023) 112004

https://indico.cern.ch/event/1389579/
https://doi.org/10.1103/PhysRevD.108.112004
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τ lepton pair production in UPC PbPb PRL 131 (2023) 151802
PRL 131 (2023) 151803

τ mass

● Observation of γγ → τ+τ- at LHC
○ ATLAS: full Run 2, multiple final states 

○ CMS: part of Run 2, with a single but clean state

○ Pheno projections for ALICE/LHCb here 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151803
https://link.springer.com/article/10.1134/S1063779623040111
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LHC Run 2

LEP II

● Observation of γγ → τ+τ- at LHC
○ ATLAS: full Run 2, multiple final states 

○ CMS: part of Run 2, with a single but clean state

○ Pheno projections for ALICE/LHCb here 

● Μodel-dependent constraints on aτ obtained
○ competing with LEP II limits; complementary to the pp search by CMS 

gτ-2
τ lepton pair production in UPC PbPb PRL 131 (2023) 151802

PRL 131 (2023) 151803

https://link.springer.com/article/10.1134/S1063779623040111
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-23-005/index.html
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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Coherent J/ψ production in UPC PbPb

Pb

Pb

PRL 131 (2023) 262301
JHEP 10 (2023) 119

● Using ZDCs, higher energy photons are extracted w/o increasing √s
○ experimental uncertainty correlated across or WγΝ 

■ models cannot predict σ(J/ψ) vs. WγΝ  evolution

Cross section

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.262301
https://doi.org/10.1007/JHEP10(2023)119
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Pb

Pb

● Using ZDCs, higher energy photons are extracted w/o increasing √s
○ experimental uncertainty correlated across or WγΝ 

■ models cannot predict σ(J/ψ) vs. WγΝ  evolution

Nuclear suppression

● An unprecedentedly low-x gluon regime is probed (10-4–10-5)  
○ LHC data seem to consistently point to a common x evolution

Coherent J/ψ production in UPC PbPb PRL 131 (2023) 262301
JHEP 10 (2023) 119

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.262301
https://doi.org/10.1007/JHEP10(2023)119
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Coherent ψ(2S) production in UPC PbPb JHEP 06 (2023) 146

ψ(2S) cross section

● The first ψ(2S) photo-induced measurement in the forward region
○ data unc << than QCD scale and nPDF unc

■ can constrain higher order QCD effects and less precise nPDFs at high y

■ bump in 3<y<4 reproduced by QCD calculations

https://doi.org/10.1007/JHEP06(2023)146
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Coherent ψ(2S) production in UPC PbPb

ψ(2S) / J/ψ ratio

● Systematic uncertainties largely cancel in the ratio with J/ψ  
○ beneficial for dipole scattering models (relying on meson wave function)

● The first ψ(2S) photo-induced measurement in the forward region
○ data unc << than QCD scale and nPDF unc

■ can constrain higher order QCD effects and less precise nPDFs at high y

■ bump in 3<y<4 reproduced by QCD calculations

JHEP 06 (2023) 146

https://doi.org/10.1007/JHEP06(2023)146
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Polarization and incoherent J/ψ 
productionSpin density elements

● J/ψ’s are indeed transversely polarized → carrying photons polarization 
○ helped clarifying a standing discrepancy between H1 and ZEUS at HERA 

■ harder selection in ZEUS → photons more virtual so partially longitudinally polarized

arXiv: 2304.10928
PRL 132 (2024) 162302

https://arxiv.org/abs/2304.10928
https://doi.org/10.1103/PhysRevLett.132.162302
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Polarization and incoherent J/ψ 
production

● Three orders of magnitude in |t|with a HERA-like accuracy
○ Large-|t| (i.e., incoherent) production sensitive to sub-nucleon fluctuations

● J/ψ’s are indeed transversely polarized → carrying photons polarization 
○ helped clarifying a standing discrepancy between H1 and ZEUS at HERA 

■ harder selection in ZEUS → photons more virtual so partially longitudinally polarized

Incoherent 

Coherent 

arXiv: 2304.10928
PRL 132 (2024) 162302

https://arxiv.org/abs/2304.10928
https://doi.org/10.1103/PhysRevLett.132.162302
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ρ0 and 4π production in UPC PbPb

● The amplitude of this modulation increases from large to small IPs
○ here the angle is between the sum and the difference of the two pions p

T

■ manifestation of quantum interference: which nuclei emitted the photon? 

■ interference effects are also studied in K+K- photoproduction

Angular modulation

arXiv: 2405.14525
arXiv: 2404.07542

https://arxiv.org/abs/2311.11792
https://arxiv.org/abs/2405.14525
https://arxiv.org/abs/2404.07542
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ρ0 and 4π production in UPC PbPb

● First measurement of 4π production to search for ρ resonances
○ data favor the two-resonance scenario with ρ(1450) and ρ(1700) 

○ ρ / ρ0 production ratio lower than at RHIC:  Reggeon exchange contributions? 

● The amplitude of this modulation increases from large to small IPs
○ here the angle is between the sum and the difference of the two pions p

T

■ manifestation of quantum interference: which nuclei emitted the photon?

■ interference effects are also studied in K+K- photoproduction 

1 resonance

2 resonances

arXiv: 2405.14525
arXiv: 2404.07542

https://arxiv.org/abs/2311.11792
https://arxiv.org/abs/2405.14525
https://arxiv.org/abs/2404.07542
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γγ→γγ production in UPC PbPb

● After its first evidence in 2015, observation in 2019 
○ extensive studies since then by ATLAS and CMS  

■ 2σ excess seen in ATLAS not reproduced by CMS (yet stricter event selection)  

Inv mass
JHEP 03 (2021) 243
CMS-PAS-HIN-21-015

https://doi.org/10.1007/JHEP03%282021%29243
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-21-015/index.html
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γγ→γγ production in UPC PbPb

● Limits are set on axion-like particle (ALP) resonant production
○ UPC PbPb uniquely cover the 1–100 GeV mass range

○ ATLAS (CMS) better limits at high (lower) mass due to event count (trigger)

● After its first evidence in 2015, observation in 2019 
○ extensive studies since then by ATLAS and CMS  

■ 2σ excess seen in ATLAS not reproduced by CMS (yet stricter event selection)  

Limits on ALPs

JHEP 03 (2021) 243
CMS-PAS-HIN-21-015

https://doi.org/10.1007/JHEP03%282021%29243
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-21-015/index.html
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Angular correlations in γPb and γp

● Challenging to go smaller in N
trk

: tiny flow signal competes to nonflow
○ PYTHIA8 describes v2 in γp → jet-like correlations still dominate

● Bridging large with exceedingly small systems (UPC PbPb)
○ hierarchy of flow in pPb vs γPb reproduced by (3+1)D dynamical simulations 

Phys. Rev. C 104 (2021) 014903 
PLB 844 (2023) 137905

γpW. Zhao et alγPb

pPb

https://doi.org/10.48550/arXiv.2101.10771
https://www.sciencedirect.com/science/article/pii/S0370269323002393?via%3Dihub
https://doi.org/10.1103/PhysRevLett.129.252302
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Angular correlations in γPb and γp

● Challenging to go smaller in N
trk

: tiny flow signal competes to nonflow
○ PYTHIA8 describes v2 in γp → jet-like correlations still dominate

○ same for events with large rapidity gaps

● Bridging large with exceedingly small systems (UPC PbPb)
○ hierarchy of flow in pPb vs γPb reproduced by (3+1)D dynamical simulations 

Phys. Rev. C 104 (2021) 014903 
PLB 844 (2023) 137905
CMS-PAS-HIN-22-004

W. Zhao et alγPb

pPb

https://doi.org/10.48550/arXiv.2101.10771
https://www.sciencedirect.com/science/article/pii/S0370269323002393?via%3Dihub
https://doi.org/10.1103/PhysRevLett.129.252302


Bright future ahead
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● Exciting time for UPCs in Runs 3 and 4 (order of magnitude increase in lumi)

● Experiments collected Run 3 PbPb data with major improvements to Run 2 

○ pPb only in Run 4

● Precision measurements, low-mass/exotic resonances as well as new physics! 

● Strangeness, open charm, heavy quarkonia (Υ) in UPCs 

● New physics searches: ALPs, gτ-2, ..

● Yet nonexhaustive list: jet production, particle collectivity, ..

● Most welcome to join the effort!

UPC performance in Run 3
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Z/γ* & W production in pPb JHEP 05 (2021) 182
PLB 800 (2020) 135048

● First Z/γ* study in an extended mμμ range 
○ low mμμ sensitive to NNLO corrections

○ on-shell production less well described: statistical fluctuations(?) 

● Observation of nuclear effects in W boson production
○ included in all recent nPDF fits 

http://dx.doi.org/10.1007/JHEP05(2021)182
http://dx.doi.org/10.1016/j.physletb.2019.135048


Key characteristics of the nPDF global fits

P. Paakkinen (DIS22)
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How to unambiguously access low-x gluons?

0nXn

XnXn

Guzey et al., EPJC 74 (2014) 2942

Low-energy γHigh-energy γ
The issue

The theo. solution

What is measured Photon flux from theory What we want to extract

The exp. solution

Entering a new regime of small x ~ 10-4-10-5 in nuclei
w/o the need to increase the energy!

https://link.springer.com/article/10.1140/epjc/s10052-014-2942-z
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Sasha Bylinkin (DIS24)

https://lpsc-indico.in2p3.fr/event/3268/contributions/7593/attachments/5360/8155/DIS_2024_fourpi_final.pdf


29

● Overall CMS will record 25 kHz of MB PbPb events 
○ representing an increase of 80x to 2015 and 3x to 2018

Improvements in Run 3 PbPb

● Improvements expected already in Run 3, e.g.,
○ online: increased MB trigger efficiency in peripheral events with ZDC inclusion

○ offline: better low-pT tracking thanks to innermost pixel layer consideration 

HF+ZDC

CMS-DP-2023-011

2022
2018

https://cds.cern.ch/record/2855333?ln=en
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CMS Phase 2 Upgrades (HI related)

● Main batch of CMS Upgrades in Run 4
○ Among others, unique hermetic particle identification coverage by CMS MTD

● Physics requests documented in past years over a diverse set of reports
○ WG5 HL-LHC, ATLAS+CMS Snowmass’22, QCD Town Meeting WP, CMS HIN

CMS-DP-2021-037

CMS MTD

https://arxiv.org/abs/1812.06772
http://cds.cern.ch/record/2806962?ln=en
https://arxiv.org/abs/2303.02579
https://arxiv.org/abs/2209.11564
https://cds.cern.ch/record/2800541?ln=en

