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NB: Many plots obtained with gamma-UPC generator of γγ collisions:     

       https://arxiv.org/abs/2207.03012, JHEP 09 (2022) 248

https://arxiv.org/abs/2207.03012
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Photon-photon collisions at the LHCPhoton-photon collisions at the LHC

■  HE ions generate huge EM fields from coherent action of Z=82 protons:

Q ~ 1/R
 
~ 0.06 GeV (Pb), 0.28 GeV (p)

■ Electromagnetic ultra-peripheral collisions (UPC): b
min

>R
A
+R

B

==

Weizsäcker-Williams (EPA) power-law photon flux:

~ 80 GeV (Pb), ~ 2.5 TeV (p) ■  Maximum γ longitud. energies: 

J.P.Lansberg et al.
JHEP 1509 (2015) 087

 ■  Quasi-real γ (coherent emission):
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Photon-photon collisions at the LHCPhoton-photon collisions at the LHC

■  HE ions generate huge EM fields from coherent action of Z=82 protons:

==

■ Electromagnetic ultra-peripheral collisions (UPC): b
min

>R
A
+R

B

Photon luminosities 
increase as log3(√s)

 ■  Beam-energy dependence:

 ■  Huge photon fluxes: 
     s(γγ) ~ Z4 (~5·107 for PbPb) 

                 times larger than p,e±

Q ~ 1/R
 
~ 0.06 GeV (Pb), 0.28 GeV (p)

~ 80 GeV (Pb), ~ 2.5 TeV (p) ■  Maximum γ longitud. energies: 

 ■  Quasi-real γ (coherent emission):

▶ Single X = C-even (spin 0,2) resonances only (Landau-Yang + C symmetry)
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How peripheral are Pb-Pb UPCs at the LHC?How peripheral are Pb-Pb UPCs at the LHC?

■ Average |b
1
-b

2
| vs. mγγ:⃗ ⃗

 mγγ<5 GeV: 〈Δb〉 >1000 fm

 mγγ >100 GeV: 〈Δb〉 ~20 fm

■ Pb-Pb survival probab. vs. mγγ: 

 mγγ<5 GeV: 〈Pnon-overlap〉 >90%

 mγγ>100 GeV: 〈Pnon-overlap〉 <40%

gamma-UPC

gamma-UPC
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Effective Effective γγγγ luminosities at the LHC luminosities at the LHC

 Lighter 
ions

■ Thanks to Z4 boost, A-A γγ lumis (per collision) well above p-p ones:

■  Elastic γγ luminosities uncertainties (PbPb): Low-mass: few %. High mass: ~10%

gamma-UPC ChFF γ spectra

Glauber MC:
Variations of R,a,σ

NN



6/15CMS HIN Workshop, ECT* May’23                                           David d'Enterria (CERN)

Effective Effective γγγγ luminosities at the LHC luminosities at the LHC

■ Thanks to Z4 boost, Pb-Pb γγ lumis (per collision) well above the p-p ones.

 – Up to Wγγ ~ 30 GeV, accounting for much larger p beam luminosity

 – Up to Wγγ ~ 300 GeV requiring double-arm p tagging at PPS (~220 m)

■ PPS p-p acceptance 
   vs. central mass & y

  (kinematic matching required to remove huge pp pileup):
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Effective Effective γγγγ luminosities at the LHC luminosities at the LHC

■ Thanks to Z4 boost, Pb-Pb γγ lumis (per collision) well above the p-p ones.

 – Up to Wγγ ~ 30 GeV, accounting for much larger p beam luminosity

 – Up to Wγγ ~ 300 GeV requiring double-arm p tagging at PPS (~220 m)

■ PPS p-p acceptance 
   vs. central mass & y

  (kinematic matching required to remove huge pp pileup):

(B)SM via 
γγ in Pb-Pb

(B)SM via γγ 
in p-p with 
tagged p’s

Rule of thumb:

m
X
~100 GeV
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Rich & unique (B)SM Rich & unique (B)SM γγγγ physics with UPCs at LHC physics with UPCs at LHC
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  Observation of Observation of γγ  γγ  →γγ  γγ  → (PbPb, 5 TeV)(PbPb, 5 TeV)

[ATLAS, arXiv:2008.05355]

     Observed: 97 evts 
     Expected: 45 signal 
                   + 27 backgd.

[ATLAS, PRL123 (2019) 052001]

■ Observation of light-by-light scattering in PbPb colls at 5 TeV (2.2 nb-1):
   – 2 photons (E

T
>2.5 GeV, |η|<2.4, m

γγ
>5 GeV) with no hadronic activity over |η|<5

   – Photon pair: p
T
<1 GeV, Acoplanarity cut: Aφ < 0.01 to remove backgds.

 ■ Combination of ATLAS (2015+2018) data, compared to LbL prediction:

– LbL observation: Signif. = 8.8s

– Fiduc. x-section σ(γγ→γγ) = 120±22 nb
   is ~1.5 higher than theory (80±8 nb).
– Shape of differential distributions 
   consistent with MC within uncertainties
– Control of (non)excl. backgds at low m

γγ
?

 ■ Ongoing detailed CMS analysis of 2018 data.
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ALPs searches via ALPs searches via γγ  a  γγ → →γγ  a  γγ → → (PbPb, 5 TeV)(PbPb, 5 TeV)
■ Recasting exclusive γγ measurement as ALP search on top of LbL continuum:

  ■ Most stringent limits to date on ALPs over m
a 
= 5–100 GeV

  ■ σ(γγ→a→γγ) > 2–70 nb excluded at 95% C.L. over that mass interval.

[ATLAS, arXiv:2008.05355]

Reco effic.: ~20% (6 GeV), ~45% (>40 GeV). 
ALP width dominated by exp. resolution.

[CMS, PLB797 (2019) 134826]

ALP model:
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Anomalous tau lepton (g–2)Anomalous tau lepton (g–2)ττ via via  γγγγ→→ττ++ττ––  

 ■ Anomalous tau-lepton magnetic moment 
     only mildly constrained from γγ→ττ studies 

     at LEP times:  (g–2)τ = -0.05 – 0.03

 ■ Improved limits via UPCs at the LHC expected. 
     First observation by ATLAS/CMS in various
     decay modes (1-prong, 3-prong, e-mu):
  

 ■ Ongoing extended CMS studies with Run-2 PbPb (and pp) data

arXiv:2204.13478

arXiv:2206.05192

https://arxiv.org/abs/2204.13478
https://arxiv.org/abs/2206.05192
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γγγγ collisions: NLO QED corrections collisions: NLO QED corrections
■ All calculations so far included only LO diagrams (plus FSR emission in some cases)...

■ Impact of virtual & real NLO QED corrections on exclusive dilepton production:  

Dimuon: x-section reduced by up to ~10% at high mass
Ditau: x-section increases/decreases by few % at low/high
           masses: Relevant for accurate (g-2) extractions!

gamma-UPC gamma-UPC

gamma-UPC

[H-S. Shao, DdE
(to be submitted)]
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γγγγ collisions: NLO QED corrections collisions: NLO QED corrections
■ All calculations so far included only LO diagrams (plus FSR emission in some cases)...

■ Impact of virtual & real NLO QED corrections on exclusive dilepton p
T
(pair), Aco(pair):  

NLO corrections increase the p
T
(pair), Aco(pair) tails: 

Relevant for non-exclusive backgd removal when applyings cuts on both variables!

[H-S. Shao, DdE
(to be submitted)]
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γγγγ collisions at LHC: Other x-sections collisions at LHC: Other x-sections
■ C-even SM resonances (9 states m~3–10 GeV, plus Higgs):

■ C-even BSM resonances:

PbPb (pp with RPs) best limits 
below (above) mγγ~100 GeV

– Most low-mass resonances 
   accessible in PbPb (pp        
   without pileup) with low-p

T

   charged particle reco.



15/15CMS HIN Workshop, ECT* May’23                                           David d'Enterria (CERN)

SummarySummary

■ Pb-Pb UPCs at the LHC provide the largest cross sections ever
   studied for γγ collisions over the Wγγ= 1 – 100 GeV: 

   Unique (B)SM physics programme open for study!

■ Many measurements carried out so far:
   • Exclusive dielectron & dimuon production (high-statistics samples).
   • Observation of light-by-light scattering
   • Best limits on low-mass axion-like particles (also gravitons)
   • Observation of exclusive ditau production: Best (g-2) for tau at reach
   • …

■  Experimental studies reaching few % uncertainties.
    Theoretical calculations catching up in precision.
    NLO QED corrections relevant for precision studies!

■ Many interesting photon-photon processes awaiting for measurement…
   (Use gamma-UPC, if you are interested in any new UPC analysis... ;-) )
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Backup slidesBackup slides
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  Observation of Observation of γγ  γγ  →γγ  γγ  → (PbPb, 5 TeV)(PbPb, 5 TeV)

■ Do we really control all (non)exclusive backgrounds at low masses?
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  Observation of Observation of γγ  →γγ  → τ ττ τ    (PbPb, 5 TeV)(PbPb, 5 TeV)
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gamma-UPC gamma-UPC γγγγ MC event generator MC event generator
■ So far existing MC event generators (StarLight, SuperChic, FPMC, UPCgen...)
  include only a few hard-coded γγ processes, QED/QCD LO only, no extra

   γ/gluon FSR, no generation of (“uninteresting”) background processes,…

■ gamma-UPC changes this significantly: Any arbitrary (B)SM, Quarkonia
   matrix elements with MG5@NLO & HelacOnia, N γ/gluon FSR out-of-the-       

   box, extendable to NLO QED/EW, proton kinem. available, LHE output,
   2 hadron form factors (γ fluxes) coded, p-p,p-A,A-A (for any A) UPCs,...

■ gamma-UPC key ingredients:
   1) Matrix elements: MG5@NLO & HelacOnia (NLO QCD, plus γ/g FSR’s)

   2) p,A form factors: Electric Dipole (EDFF) & Charge (ChFF) γ fluxes

   3) p,A survival probability: via Glauber-MC-based eikonal
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      γγ γγ theoretical cross sectionstheoretical cross sections
■

■

■

T
AB

(b) from 

(parametrized) 
Glauber MC
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p,A form factors & p,A form factors & γγ fluxes: ChFF, EDFF fluxes: ChFF, EDFF

■

■
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  γγ γγ effective luminositieseffective luminosities

LHC 
lighter 
ions

FCC

■ ChFF/EDDF γ-fluxes differences (pp–PbPb):
    Low masses: ~7–15%. High masses: 20–50%

LHC
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Existing Existing γγγγ MC event generators MC event generators

■ So far dedicated MC event generators include only a few hard-coded γγ 

processes, QED/QCD LO only, no extra γ/gluon FSR, no generation of 
(“uninteresting”) background processes,…
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γγγγ collisions at LHC: Examples x-sections collisions at LHC: Examples x-sections

■ Double fermions (e.g. γγ→ ttbar):

■ Double bosons (loop induced):
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γγγγ collisions at LHC: Differential x-sections collisions at LHC: Differential x-sections
■ Breit-Wheeler process γγ→ e+e-:

■ Exclusive dimuons γγ→ μ+μ-:

■ Light-by-light scattering γγ→ γγ:

■ Generic conclusions:

EDFF gamma-UPC~ Starlight              
ChFF gamma-UPC~ SuperChic

Norm.: EDFF better than ChFF
Shape: ChFF better than EDFF
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gamma-UPC outlook & summarygamma-UPC outlook & summary
■ gamma-UPC is a new versatile MC evt generator for any γγ process with

    protons & ions UPCs. Interfaced to MG5@NLO & HelacOnia.

■ Ongoing/Future developments:
   • Non-zero photon k

T
 (working script upon request)

   • Protons kinematics for transport to & tagging at RPs spectrometers 
   • Semi-exclusive photon-photon and W/Z-photon processes
   • NLO QED & EW corrections
   • UPCs for electron-proton & electron-ion collisions
   • …

■ Download it, test it, use it (or ask us to produce the LHE files) for your 
    favourite γγ exp./ph. studies!

http://cern.ch/hshao/gammaupc.html

http://cern.ch/hshao/gammaupc.html
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