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1. Introduction

1.1 Proton tagging at the LHC

The forward proton detectors, introduced during LHC Run 2 by the ATLAS and CMS experi-
ments [1], are located approximately 200 meters from the interaction point on both sides downstream
of the beam. They are equipped with tracking and timing detectors that are sustainable for a high
radiative environment and are operated during standard proton-proton runs at the LHC. These de-
tectors are a set of near-beam particle detectors that can approach the beam within a few millimeters,
housed in movable vessels known as Roman Pots. Protons that lose a fraction of their momentum
at the interaction point exhibit lower magnetic rigidity and are consequently displaced from the
beam center by the accelerator’s magnetic fields. During standard LHC runs, the positioning of
the forward proton detectors and the magnetic field settings enable the detection of protons carry-
ing 85-97% of the beam momentum relative to the steering magnets (corresponding to a proton
momentum loss & from 0.03 to 0.15).

1.2 Central Exclusive Production processes at the LHC

In Central Exclusive Production (CEP) processes, the final state particles are produced ex-
clusively, with no additional particles except the scattered protons, which either remain intact or
dissociate into a multi-particle final state. When the protons stay intact, they can be detected using
forward proton detectors. Once the kinematics of the outgoing protons is well measured, the central
system kinematics can be constrained. Given E is the energy and pz is the longitudinal momentum
of the centrally produced particles, the proton momentum loss can be inferred from the central

system using the following relation, &, = %

where the sum is over all centrally produced
particles, and s is the center of mass energy.

Central exclusive production processes are initiated via color-neutral mediators. At high
central masses (above 200 GeV), photon-induced processes dominate and fall within the acceptance
range of forward proton detectors. Consequently, detecting two intact protons emerging from the
interaction point, with their kinematics correlated to a central system, provides a clear indication
of photon-photon fusion occurred during the proton-proton collisions. The ATLAS (AFP) and
CMS (PPS) forward detectors were operational during the LHC Run 2 [2], enabling a broad physics
program that covered a variety of topics and delivered valuable results using the data collected so
far.

The concept was validated by the first proton-tagged observation of photon-induced production
of charged leptons, achieved by the ATLAS and CMS collaborations [3]. Hereafter, both collabora-
tions focus on the searches for various BSM signals, first investigating the exclusive production of
photon pairs at high di-photon invariant masses [4]. In addition, the CMS collaboration conducted
searches for anomalous production of weak vector bosons [5], top-quark pairs [6], and unspecified
BSM particles, utilizing the missing mass technique [7].

In the Standard Model, the fiducial cross-section for events with protons in the acceptance of
forward proton detectors is very low. Therefore, a significant portion of CEP processes predicted
by the Standard Model can only be effectively explored during the HL-LHC phase [8]. Fiducial
cross sections for different standard model processes at /s = 14 TeV for photon induced production
modes were evaluated with generator-level requirements that pr be at least 20 GeV for the final-state
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particles within the central detector acceptance. In addition, one or both intact protons are requested
to be within the detector acceptance (using the numbers from Ref. [7]). The cross sections are shown
in table 1.

Table 1: Fiducial cross sections of photon initiated CEP of standard model processes in pp collisions at
/s = 14 TeV, calculated with the Madgraph generator, using the Equivalent Photon Approximation (EPA) [11]
for elastic photon fluxes assuming a gap survival probability of 90% and using MMHT2015qged_nlo_inelastic
PDF set [9] assuming a gap survival probability of 70% for inelastic photon fluxes, applying a central detector
selection cut of py > 20 GeV and |5| < 2.5. Two scenarii are shown for detector acceptance at the HL-LHC
in terms of proton &, £ € (0.0147,0.196) and ¢ € (0.0472,0.287).

3*Process fiducial cross section [fb]
2 tag 1 tag
& € (0.0147,0.196) & € (0.0472,0.287) & € (0.0147,0.196) & € (0.0472,0.287)

i 23 0.06 264 13
bb 0.06 0.002 8 0.5
wrw- 27 4.1 200 139
o 1.6 0.04 209 14
tt 0.18 0.02 0.7 0.64
H 0 0 0.3 0.13
HW*W~ 0.02 0.01 0.07 0.07
zZ 0.06 0.01 0.27 0.12
Zy 0.03 0.006 0.15 0.11
Yy 0.005 0.001 0.13 0.02

However, numerous BSM scenarios can already be investigated using data from LHC Run 2
and Run 3, as will be discussed in the following sections.

2. Anomalous gauge couplings

2.1 Central exclusive production of W boson pairs

In the SM, central exclusive production of pairs of W bosons appears at lower myw masses
compared to contributions from the anomalous couplings. Both SM production and BSM con-
tributions through the anomalous couplings were investigated in [10] and are shown using the
fully-hadronic final state, normalized to an integrated luminosity of 300 fb~! in Fig 1.

The purely leptonic channels for W boson decay are preferred as the di-jet background is
too high at low masses for hadronic channels. By applying event selection criteria for exclusive
WW production in the fully leptonic decay mode, approximately 50 events can be selected for 300
fb~! with around two background events. With such a low background, signal acceptance can be
improved by an order of magnitude, requiring at least one tagged proton.

The BSM contributions through the anomalous triple gauge couplings (aTGC) were explored
in [11]. Using a corresponding Lagrangian that introduces aTGC as follows:

. + + + 1Y
L= igwwy | (Wi WHAY = Wi, WHHAY) 4 (1+ A7) WiW, A2 + SWLWEAT ()

w

the sensitivity to aTGC was extracted. The resulting constraints were found to be —0.051 <
Ak? < 0.043 and —0.041 < A7 < 0.034.
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Figure 1: The reconstructed invariant mass of W-pairs using the fully-hadronic final state. The SM
contribution is in red dashed line, whereas the anomalous contribution is in black solid and dashed lines,
corresponding to different coupling values. The distributions are normalized to an integrated luminosity of
300 fb~!. The figure taken from Ref. [10]

2.2 Central exclusive production of Z boson and a photon

This channel offers exceptional sensitivity to the yyyZ coupling. In Ref. [12], the authors
investigated the anomalous production of a Z-boson and a photon via the photon-induced production
process, considering two Z-boson decay modes. The process can be efficiently selected by exploiting
the correlation between the proton kinematics and the kinematics of the central system. This
selection technique allows the exploitation of both Z-boson decay channels as the background is
very small. The key advantage of the kinematic matching method is its sensitivity to anomalous
couplings in a model-independent manner. It can capture a wide range of phenomena, including
both broad and narrow resonances, continuum spectra generated by loops of new particles, and
threshold effects.

2.3 Central exclusive production of pair of photons

The SM production of photon pairs at high di-photon invariant masses is below the statistical
reach at the LHC (with a cross-section well below 1fb). However, the search for exclusive di-
photons provides sensitivity to anomalous yyyy quartic coupling. The sensitivity to the four-photon
coupling was evaluated using exclusive photon pair production, taking into account hadron-level
effects, including detector efficiency, resolution, and pileup modeling expected at the LHC, as
described in Ref. [13]. This analysis is based on the following effective four-photon Lagrangian:

Liy = (F 0 FPYF o FPY + O F FYP Fp FH 2)

The analysis demonstrated that, after applying exclusive selection cuts for 300fb~!, no back-
ground events remained, offering a sensitivity improvement by two orders of magnitude with respect
to “standard” (inclusive) searches.
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3. Search for axion-like particles

Exclusive di-photon production is a key search strategy for new resonances, such as Axion-Like
Particles (ALPs). The ATLAS and CMS collaborations conducted the first searches for ALPs at
high masses using LHC Run 2 data [4]. While the CMS collaboration focused on events with two
tagged protons, resulting in almost no background, the ATLAS collaboration expanded the search
to include events with one tagged proton, increasing sensitivity to lower masses. The results from
both ATLAS and CMS have already surpassed the existing limits for ALPs from inclusive searches.
In Ref. [14], the authors compared the sensitivity to ALPs between standard searches and exclusive
production. They found that resonance searches in di-photon mass spectra in CEP processes offer
the best sensitivity across all experiments. The experimental reach is illustrated in Fig. 2, left.
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Figure 2: Left: Exclusion regions on the ALP—photon coupling f~! and mass. On light-shaded grey, the
expected 95%CL exclusion limit in central exclusive diphoton production events for 300 fb~! is shown [14].
Right: Mass of the ¢7 system at generator level (stable-particle level) [16].

Recently, single and double dissociative photon-induced di-photon production was properly
modeled in Ref. [15], enabling the exploration of semi-exclusive processes and extending the
sensitivity to lower ALPs masses.

4. Anomalous coupling to top quarks

The SM cross-section for centrally produced pairs of top quarks with tagged protons within the
acceptance of LHC experiments is of the order of 1fb and can be only probed during the HL-LHC
phase [8]. This process is dominant at the threshold of m;; ~ 2 X m,, while any modifications of
y-top coupling will affect the high m,; region as shown in Fig. 2, right.

The analysis in Ref. [16] examined the sensitivity to yytt anomalous couplings using a
dimension-8 effective Lagrangian. The study demonstrated strong background rejection through
proton tagging, which timing detectors can further enhance with a resolution of a few tens of
ps. Sensitivity to the anomalous couplings was calculated for 300 fb~! of integrated luminosity
at v/s = 14 TeV. Additionally, the analysis showed that with the HL-LHC integrated luminosity
of 3000 fb—1 and a pileup rate of 200, the projected sensitivity could improve by a factor of
approximately 3.
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To conclude, The LHC can be viewed as a photon collider through exclusive photon-induced
processes, pp — p ® X @ p where X can be yy, yZ, WW, ALP or tf, with the protons remaining
intact after the collision. Color-neutral QCD-initiated processes at high masses are suppressed,
making photon-photon interactions the dominant mechanism. These processes are theoretically
well-controlled, as they involve QED calculations, avoiding the complexities of the photon structure
function. Exclusive processes provide a nearly "background-free" environment, as the system is
fully correlated, with the scattered protons’ kinematics providing a precise handle on the central
system’s properties.

Forward proton detectors will continue to operate during the standard proton-proton program at
the HL-LHC, providing unique opportunities to explore new physics. The forward proton detectors
offer the best sensitivity for detecting ALPs at masses above 100 GeV. Additionally, they offer highly
competitive sensitivity across a wide range of Effective Field Theory parameters. This makes the
LHC an ideal tool for studying photon-induced interactions and searching for new physics beyond
the Standard Model.
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