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The High-Luminosity Large Hadron Collider (HL-LHC) is designed to achieve higher instanta-
neous luminosities, enabling the exploration of the rarest processes of the Standard Model (SM).
The CMS collaboration has published an Expression of Interest to pursue the study of the central
exclusive production processes, using near-beam detectors. This report details both the expected
performance and the scientific potential of the CMS near-beam proton spectrometer at the HL-
LHC.
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1. Introduction

In hard proton–proton collisions at the LHC, final-state particles are produced predominantly
from the interactions of quarks or gluons that originate from the colliding protons. These events
typically involve the production of a hard process accompanied by many energetic particles, which
arise from proton remnants, initial-state radiation, or multiparton interactions. In rare occasions,
particles can be produced by exchanging color-neutral mediators, such as photons in electromagnetic
interactions or pomerons in strong interactions, allowing the protons to emerge intact but lose a
fraction of their momentum. Hard processes associated with an intact proton cover a broad range
of topologies and scales. The coherent photoproduction of vector mesons has so far been measured
in ultraperipheral proton–lead collisions without proton tagging targeting scales mainly up to a few
GeV [1–4]. The Mueller–Tang jet topology with two energetic jets with a transverse momentum
above tens of GeV with and without proton tagging was measured by the TOTEM and CMS
collaborations [5]. The central exclusive production (CEP) of final states with masses of a few
GeV, without proton tagging, was reported by the LHCb collaboration [6, 7]. At the same time,
hard scattering events were studied by ATLAS [8, 9] and CMS [10–15] utilizing proton tagging
techniques. The CEP processes at masses of the order of a few hundred GeV are predominantly
produced by fusion of two photons. This implies that the LHC can be treated as a photon collider,
offering a new means for probing fundamental physics and searching for new particles.

Tagging events with two intact protons can discriminate between inclusive and exclusive
processes produced in proton–proton collisions. These protons, having lost a fraction of their initial
momentum (commonly denoted by b = Δ𝑝/𝑝), will be laterally deflected from the proton beam by
the LHC magnets and can be measured using dedicated near-beam detectors. In typical LHC runs,
several tens of proton–proton interactions occur per proton bunch crossing. In a small percentage
of these interactions, at least one proton undergoes diffractive scattering with a large momentum
transfer and remains intact. Consequently, an inclusive process accompanied by a pair of protons
resulting from such additional interactions (pileup) can resemble the exclusive final state. Hence,
CEP studies face the significant challenge of a large combinatorial background (i.e., an inclusively
produced central system with pileup protons detected on both sides).

The Time-of-Flight (ToF) method can be used to measure the arrival times of protons, allowing
the reconstruction of the spatial or temporal coordinates of the vertex associated with the scattered
protons [16]. By aligning the kinematic properties of the protons with those of the central system
and central production vertex, it becomes feasible to identify CEP events at the LHC.

2. The CMS Precision Proton Spectrometer

CEP events with intact protons can be tagged using specialized near-beam proton spectrometers.
These detectors are housed in a movable detector vessel, enabling them to approach the beam center
within just a few millimeters and measure the scattered protons. Introduced in 2016 as a joint effort
between CMS and TOTEM collaborations [17], the CMS Precision Proton Spectrometer (PPS) has
since been successfully operational as a standard CMS subdetector [18]. The PPS detector, located
about 200 meters from the CMS interaction point in both arms, has tracking and timing stations
that allow for precise measurement of forward protons.
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Prior to the transition to the High-Luminocity LHC (HL-LHC) phase, the accelerator layout
will be rearranged, and the CMS collaboration proposes a new detector design for the PPS [19]. The
new locations of the forward detectors are selected at 𝑧 = ±196, ±220, and ±234 meters from the
CMS interaction point, making them sensitive to protons with a momentum loss from 1.5% to 20%,
which corresponds to a mass range of centrally produced final-state particles between 133 GeV and
2.7 TeV. Additionally, with a further station positioned at 𝑧 = ±420 meters, the b acceptance range
will be as low as 0.325%, including central masses as light as 43 GeV.

3. Physics with the PPS sub-detector at the HL-LHC

3.1 Standard Model processes

The HL-LHC upgrade aims to deliver about 3000 fb−1 of total integrated luminosity over
a span of 10-12 years, enabling the study of the rarest SM processes, including CEP. Table 1
shows the fiducial cross-section for different SM photon-induced CEP processes in 𝑝𝑝 collisions at√
𝑠 = 14 TeV, where one of the two protons will be within the PPS acceptance for two scenarios:

without the 420m station (b ∈ (0.0142, 0.1967)), and with all four stations (b ∈ (0.00325, 0.1967)).

Table 1: Fiducial cross-sections of exclusive photon-initiated production processes in pp collisions at√
𝑠 = 14 TeV with one or both protons within the PPS acceptance for two scenarios, with and without the

station at ±420 m.

Process
fiducial cross section [fb]

2 tag 1 tag
w/o 420 all stations w/o 420 all stations

jj 2 60 219 526
bb̄ 0.04 1.7 6.3 15
𝑊+𝑊− 15 37 152 178
`` 1.3 46 172 417
tt̄ 0.1 0.15 0.65 0.74
H 0 0.07 0.23 0.30
𝐻𝑊+𝑊− 0.01 0.01 0.06 0.07
𝑍𝑍 0.03 0.06 0.23 0.26
𝑍𝛾 0.02 0.04 0.15 0.17
𝛾𝛾 0.003 0.02 0.19 0.33

The cross-section was calculated with the MadGraph5_aMC@NLO event generator [20],
using the Equivalent Photon Approximation (EPA) for elastic photon fluxes [21], assuming a gap
survival probability of 90% and using the MMHT2015qed_nlo_inelastic PDF set for inelastic
photon fluxes [22], assuming a gap survival probability of 70%. The production of the Single
Higgs boson was computed in the Higgs Effective Field Theory (HEFT) model [23–25], and the
loop-induced production of neutral di-boson final states (𝑍𝑍 , 𝑍𝛾, and 𝛾𝛾) was generated using the
loop_qcd_qed_sm model [26]. A central detector selection cut of 𝑝𝑇 > 20 GeV, and |[ | < 2.5 on
the generated objects was applied for processes with two particles in the final state.
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Despite the relatively small cross-sections, the amount of data delivered by the HL-LHC will
enable the exploration of various SM CEP processes. This includes the exclusive production of QCD
multĳet events [28]; the di-lepton production for detector calibration studies [27] and model tunes;
𝑊𝑊 production, which is a particularly clean channel in its fully leptonic decay mode [17]; and
the exclusive production of top-quark pairs [29–32]. The central exclusive Higgs boson production
was extensively studied, with a predicted cross-section of the order of a few fb, predominantly in
the QCD-initiated production mode [33–40]. The photon-induced cross-section for this production
mode is an order of magnitude lower. For the Higgs boson masses, tagging two protons is feasible
only with the 420 m station scenario. However, the associated production of a Higgs boson and
a W+W− vector–boson pair holds the potential for probing the Higgs sector in CEP events, even
without the ±420 m stations, primarily in processes dominated by photon-induced production.

3.2 Physics Beyond the Standard model

The PPS offers exceptional sensitivity to anomalous couplings and can probe di-boson events
with high invariant masses. It will play a crucial role in the search for Axion-Like Particles (ALPs)
through exclusive di-photon events at high invariant masses [41], particularly in single tagged events,
bolstered by recent advancements in the theoretical framework [42]. Proton tagging is instrumental
in investigating the BSM 𝛾𝛾𝛾𝑍 coupling in exclusive 𝑍𝛾 final states [43], as well as anomalous
𝛾𝛾𝑊𝑊 coupling in exclusive 𝑊𝑊 events.

The PPS is particularly attractive for searches in supersymmetric scenarios with compressed
spectra. An example of this is the process 𝑝𝑝 → ℓ̃ℓ̃ → ℓℓ �̃�0

1 �̃�
0
1 , where both neutralinos (�̃�0

1) are
produced at rest. At the LHC, such searches typically require high initial state radiation activity
to boost neutralinos and tag events with high missing transverse momentums. In the exclusive
production, where both protons are tagged, the di-slepton mass (𝑚ℓ̃ℓ̃) is measured by the PPS
independently of the outgoing particles reconstructed by the central detector [44, 45].

4. Summary

The PPS subsystem extends the scope of the CMS physics program at HL-LHC in the field
of central exclusive production processes, both in terms of the mass range and the higher amount
of statistics. With its enhanced timing capabilities, the newly designed PPS meets the challenges
posed by the high radiation rates anticipated at the HL-LHC. The CMS collaboration has proposed
a staged installation strategy, beginning with installing three stations at about 200 meters from the
interaction point at the onset of LHC Run 4 (the HL-LHC phase). The construction of the station at
420 meters from the interaction point is forseen for LHC Run 5 or later, aligning with the evolving
requirements and objectives of the experiment.
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