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As an Introduction: LHC as a High Energy gg Collider

Highlights:
• gg CM energy W up to/beyond 1 TeV (and under control) 

• Large (quasi-real) photon flux F therefore significant (effective) gg luminosity

• Complementary (and “clean”) physics to pp interactions, e.g. studies of exclusive production
of heavy particles might be possible opening new field of high energy gg physics

Initial observation:
Provided efficient measurement of very forward-scattered protons one can study high-energy gg collisions at the LHC

Phys. Rev. D63 (2001) 071502(R)
hep-ex/0201027
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At high energies two-photon exclusive pair production cross-section is given by:

particle charge, mass and spin

for given mass and charge it is largest for vector particles, then for fermions,

gg ®WW pair production has a very sizable 
cross-section at the LHC of ~100 fb, and at 
least × 4, if inelastic production included (p*)!

Massive fermions have sizable gg cross-sections up to about 200 GeV masses, for
scalars cross-sections are about 5 times smaller, but there is H++ case, for example

LHC as a gg collider: pair production

s ∝ Z4 ⇒ s × 16 ! 
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2013 Breakthrough

First ever gg➝WW!
(at CL > 90%)
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LHC as a high energy gg collider: recent results 

ATLAS Run 2 final result at 13 TeV (average event PU ≈ 34):
“The data yield in the signal region is 307, compared with
132 background events predicted by the best-fit result. […]
This measurement constitutes the observation of photon-
induced WW production in pp collisions, a process for
which only evidence was previously reported.“

doi: 10.1016/j.physletb.2021.136190

Note: in spite of almost 5 times bigger PU,  a similar S/B was 
achieved, as for Run 1 analyses, thanks to improved tracking/ 
vertexing and significantly higher Sgg at 13 TeV.
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HL-LHC as a high energy gg collider: challenges

W+W-
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re-scattering aka survival probability

HL-LHC will provide 10 times bigger integrated pp luminosity, but:

• Sgg luminosity only marginally higher, thanks to 13 → 14 TeV
increase

• Event pileup yet 4 times higher (≈ 140) than for Run 2

• Very high event pileup will make tagging with forward protons
even more tricky – ps resolution timing detectors are a must –
however, the problem of overall efficiency loss still persists

• New ps timing in central detectors could provide much needed
handle to more suppress accidental coincidences

Major challenges for the HL-LHC gg collider:

• Only tracks can be used for the selection of (quasi-)exclusive production 

• Only exclusive charged dilepton states could be successfully measured so far (after 10-year efforts)  

• And, the re-scattering suppression is large and uncertain, especially at very large invariant mass Wgg
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LHeC as a high energy gg collider

Very high LHeC luminosity is the key here ⇒ about 1 ab-1

(= 1000 fb-1) is expected for ep collisions.

Electrons will have “only” 50 GeV, but stronger photon

flux, and approximately:

Sgg ∝ ln(Q2
max,e/Q2

min,e)ln(Q2
max,p/Q2

min,p) 

where Q2
min ∝ m2, and Q2

max,e can be very high

W+W-
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Sgg (GeV-1)

Wgg (GeV)

For Wgg < 50 GeV the fully exclusive gg luminosity
spectrum is higher at the LHeC than at the HL-LHC!

Q2
max,e = 10 GeV2

https://doi.org/10.22323/1.398.0486
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HL-LHC vs. LHeC as high energy gg colliders

W+ W-
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W+ W-
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re-scattering aka survival probability

Energy reach for gg interactions is higher at the LHC, however at the highest Wgg tagging is not possible and the suppression 
due to re-scattering becomes large.

Event pileup is very low at the LHeC – it is only 5 % at the highest ep luminosity of 2 × 1034 cm-2s-1.

This is not only allowing to use calorimetry for the selection and reconstruction of exclusive production, but will also 
significantly increase detection efficiencies, including gg tagging, and will be used to suppress backgrounds!
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LHeC: gg → tt and gg → W+W-
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Very large statistics:

⇒ 30 million elastic tt pairs
produced for Wgg > 10 GeV at 
1 ab-1

≈ 100 000 for Wgg > 100 GeV 
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LHeC: gg → tt and gg → W+W-
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Large statistics:

⇒ > 100 000 W boson pairs
produced at 1 ab-1

≈  20 000 for Wgg > 500 GeV 
Inelastic production dominant 
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LHeC as a unique “generic” high energy gg collider

W+W-, ZZ, Z, gg, tt…
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Wide spectrum of gg processes will be studied at the LHeC

(and FCC-eh):

• gg➝ t+t - : orders of magnitude higher statistics than for UPC at the

HL-LHC, at higher pair invariant mass, and with gg tagging ⇒ new

decay modes + better reconstruction of kinematics

• gg ➝ Z : search for the anomalous single Z boson exclusive

production

• gg ➝ ZZ : possibility of first ever detection + stringent limits on

anomalous quartic gauge couplings (aQGCs) using semi-leptonic

decay modes, ZZ➝ l+l-jj

• gg➝W+W- : measurements of semi-leptonic decay modes, W+W-➝
lnjj, will allow for a use of Optimal Observable methods (even with

single gg tagging) for probing aQGCs; yet high statistics (≈ as at the

HL-LHC) is expected for fully leptonic W+W- decays with tagging

• gg➝ gg : light-by-light scattering at large invariant masses
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SUSY?
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SUSY?

Needs re-visiting for the LHeC and FCC-eh cases
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“Compressed mass scenario” in SUSY and the renewed interest in gg physics: a favored scenario (for DM) involves sleptons
being 1 to tens of GeV above the neutralino mass:



13

LHeC vs. FCC-eh
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LHeC vs. FCC-eh
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ep(&eA) luminosity

At LHeC (and FCC-eh) bremsstrahlung spectrum,

where y = Eg /Ee , will be strongly distorted over

entire range of photon energies!

https://indico.desy.de/event/28202/contributions/104121/
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However, rates of high energy bremsstrahlung will be extremely high at LHeC,

well in excess of 1 GHz, and in addition strong Beam-Size Effect will take place –
effective bremsstrahlung suppression at high energies due to small lateral

beam-sizes of both colliding beams:

Event rate = Luminosity × cross section 

where colliding particles are represented by PLANE waves – but this

assumption breaks down if the lateral beam sizes are comparable to relevant

impact parameter of a process. Its understanding can be deeply tested by

measuring the bremsstrahlung spectrum while displacing a hadron beam:

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.L051901

Dedicated forward instrumentation is needed to cope with

such challenges – see, for example:

https://iopscience.iop.org/article/10.1088/1748-0221/16/09/P09023

To get precise pdf/parton luminosities one needs to

measure ep luminosity with high precision, at ≲ 1%.

As was shown at HERA, ep bremsstrahlung is an

excellent candidate for such a task.

LHeC IR layout’22

luminometer
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https://indico.desy.de/event/28202/contributions/104121/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.L051901
https://iopscience.iop.org/article/10.1088/1748-0221/16/09/P09023


From gg to gℙ interactions 
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LHeC as a gℙ collider

20K. Piotrzkowski - Epiphany 2023

“The precise measurement of diffractive DIS over a wide kinematic range can provide unique insights
into many facets of the strong interaction dynamics. […] the mechanism through which a composite
object [ℙ] interacts perturbatively can offer information about confinement and in general about emergent
phenomena in strong interactions. It was established some time ago that the diffractive phenomena are
closely related to low-x dynamics, and in particular to the partonic structure of the proton in this regime.
Therefore, an investigation of diffraction can offer unique insights into the role and importance of
higher twists and nonlinear parton evolution."

P. Agostini et al., J. Phys. G  48 110501 (2021) 

In addition to the inclusive diffraction, there are many exciting studies of exclusive and semi-exclusive 
diffraction, both for ep and eA interactions, as for example:

• Jets and HF in diffraction and testing the diffractive factorization

• Diffractive vector meson production and testing non-linear effects at very low-x 



LHeC as a gg and gℙ collider: summary

LHeC will complete the HL-LHC science in a very profound and relevant way, both 
in the QCD and Electroweak/Higgs sectors

+
LHeC (and FCC-eh) offers practically ideal conditions for studying high energy gg

interactions

Scientific potential of gg physics at the LHeC (and at the FCC), both in testing the electroweak 
theory and for New Physics searches, needs to be deeply explored

+

LHeC and FCC-eh offer huge extensions of the kinematical range for studying diffractive 
phenomena in ep and eA interactions

These investigations have only started, so stay tuned or consider joining!
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Thank you for attention!
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Basic research is what I am doing when I don’t know what I am doing.
-- Wernher von Braun
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High energy gg colliders: Equivalent Photon Approximation

EPA: Budnev et al. (1975)

Sgg is analogous to the partonic luminosity, and its integral provides a fraction 
of the pp luminosity ”available” for gg collisions above W0

Note: There are elastic and inelastic (when the proton dissociates to p*) contributions to Sgg
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Physics with gg ® WW (and ZZ)

gg ®WW and ZZ (=0 at tree level in SM) pairs 
as a powerful test bench for the gauge boson 
sector at the LHC

Search for anomalous quartic couplings

24K. Piotrzkowski - Epiphany 2023



Hot news back in 2013…
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LHC as a high energy gg collider: recent results II 
“The observation of forward proton scattering in association with lepton pairs (e+e− + p or μ+μ− + p) produced via
photon fusion is presented. The scattered proton is detected by the ATLAS Forward Proton spectrometer, while
the leptons are reconstructed by the central ATLAS detector. Proton-proton collision data recorded in 2017 at a
center-of-mass energy of √s = 13 TeV are analyzed, corresponding to an integrated luminosity of 14.6 fb−1.”
doi: 10.1103/PhysRevLett.125.261801
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SUSY?

https://doi.org/10.1016/j.nuclphysbps.2008.07.036
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At the LHeC and FCC-eh the
bremsstrahlung spectrum will
be strongly suppressed over
the entire range of photon
energies!

Both the beam sizes as well as
beam alignment will have to
be very well controlled.
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From the DIS2022 Proceedings:
https://zenodo.org/record/7410748#.Y8j6IC8w06U

https://zenodo.org/record/7410748

