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The CMS Collaboration has reported new results on the Central Exclusive Production (CEP),
pp — p ® X @ p, using data collected from 2016 to 2018. These results explore precise
measurements of the electroweak sector of the Standard Model and searches for potential signs
of New Physics. The continuation of this program has been outlined in an Expression of Interest,
proposing further study of CEP events at the High-Luminosity Large Hadron Collider (HL-LHC)
with detection of very forward protons. In this document, we present key aspects related to the
expected detector performance and the outlook for physics studies to be conducted using the

near-beam proton spectrometer at the HL-LHC.
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1. Physics Motivation

Installed in 2016, the Precision Proton Spectrometer (PPS) [1] of the CMS experiment [2] is
designed to measure protons from Central Exclusive Production (CEP) events, pp — p @ X & p.
These events can arise from both QCD and QED interactions and are used to probe the electroweak
sector of the Standard Model (SM), with a particular focus on searching for new particles that
couple to electroweak bosons, offering potential insights into New Physics.

The typical topology of CEP events features a central system, X, with intact protons scattered
at small angles, on the order of urad, in the forward direction [1]. In this setup, the CMS central
detector is used to observe the invariant mass, M, and rapidity, yx, of the central system, while
PPS measures the fractional momentum loss, & = Ap/p, of the outgoing protons with near-beam
detectors. A key advantage of using PPS is the ability to perform kinematic matching with all
reconstructed particles: the invariant mass of the central system can be derived from proton
kinematics as My = V& &y, while its rapidity is given by yx = 3 In(¢1/&,). This approach enables
effective pile-up rejection, either from the collision vertex or from protons originating in the beam
halo. Proton tagging is further enhanced by enforcing transverse momentum balance and using
precise longitudinal vertex determination via Proton Time of Flight (ToF), significantly suppressing
pile-up events.

2. Detector layout and performance in Run-2

Located on both sides of the CMS experiment at around 200 meters from the interaction point
5, the PPS consists of two sets of tracking and timing sensors (named arms) installed in sectors 45
and 56 of the LHC beam line. Figure 1 shows a schematic layout of the arm at sector 56. Each arm
is composed of Roman Pots, which are movable near-beam detectors that allow the proton sensors
to be at millimeters from the LHC beam. Two tracking stations in each arm are responsible for
measuring the 4-momentum of protons on both sides of the CMS experiment, with time-of-flight
determination at other stations: during Run-2 there were one timing station per arm, while a station
has been added in each arm for Run-3.

The data collected during Run-2 of the LHC was used to validate the proton reconstruction
using a dilepton sample from (semi-)exclusive events recorded in 2017 and 2018 [3]. The alignment
procedure for the sensors and the precise modeling of the LHC optics for proton reconstruction
are discussed with respect to determining the proton fractional momentum loss. The detector
performance was evaluated by assessing both the tracking efficiency and vertex position resolution,
based on the data collected with the timing detectors.

3. Physics results from Run-2

Since the start of its operation, six data analyses using PPS data at 13 TeV have been published
by the CMS Collaboration. The first proton-tagging analysis focused on the (semi-)exclusive
production of dileptons, using early PPS data from 2016, comprising 9.4/fb [4]. This analysis
marked the first observation of proton tagging at the LHC, detecting 20 events of CEP dileptons.
Figure 2 shows the observed events within the PPS acceptance.
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Figure 1: Schematic layout of the PPS Roman Pots at sector 56. Each Roman Pot house a detector package
for either tracking or timing.

In the study of light-by-light scattering, proton-tagged events were analyzed to investigate the
CEP of photon pairs [5, 6]. This process, occurring at the 1-loop level in the SM, serves as a
potential gateway for New Physics. In these analyses, the CMS Collaboration reported one event
candidate with an expected background of 1.1 events. Consequently, one-dimensional limits on
anomalous quartic gauge couplings (aQGC) of four photons were set, with |{| < 0.073 TeV ™
and || < 0.15 TeV~*. Additionally, constraints on the production of axion-like particles (ALP),
with coupling strength to photons f~!, were established, ranging from 0.03 TeV~! to 1 TeV~! for
diphotons in the mass range of 500-2000 GeV. Furthermore, CMS recently presented results on
the CEP of WW and ZZ in the hadronic decay channels, using data collected in 2017 and 2018
[7]. This analysis provides limits on dimension-6 yyWW and yyZZ aQGC, along with the fiducial
cross sections of o(pp — pWWp) < 67(5313@) fb and o (pp — pZZp) < 43(623%) b at 95%
confidence level (CL) for 0.04 < ¢ < 0.20 and m(WW,ZZ) > 1000 GeV.

In the quark sector, the CEP of ¢7 in both semi-leptonic and hadronic decay channels was
studied using 29.4/fb of 2017 data from proton-tagged events [8]. No events were observed, leading
to an observed (expected) upper limit cross section of 0.59 (1.14) fb at 95% CL. Figure 2 shows the
upper limits for each channel, as well as the combined final result.

Lastly, proton-tagged events were employed to search for New Physics using the missing mass
technique in the CEP of Z+X and y + X [9] using data collected in 2017. For masses in the range
of 600-1600 GeV, model-independent upper limits were reported, ranging from 0.025-0.089 pb
for o(pp — ppZX) and 0.47-1.75 pb for o(pp — ppyX). These results demonstrate that the
missing mass technique is a promising approach for probing New Physics in proton-tagged events.

4. Plans for LHC Phase-2

The PPS project for Run-4 has been approved by CERN and is scheduled to begin operations
after LS3. To maximize sensitivity to various production channels, determining the precise positions
of the detectors is crucial for ensuring the broadest possible mass coverage, given the relation
Minin(max) = Emin(max) +/s. For Phase-2, the installation of three stations on each side of CMS is
planned, covering the region between 196 m and 234 m [10]. As in Phase-1, horizontal detectors
for tracking and timing will be housed in Roman Pots, positioned before the Q5 magnet (196-m
region), between the Q5-Q6 magnets (220-m region), and after the Q6 magnet (234-m region).
Vertical detectors at 220 m are also planned for use in alignment and calibration.
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Figure 2: (Left) Observed dilepton events overlaid with the expected acceptance in rapidity and invariant
mass. (Right) Upper limit cross sections for the semi-leptonic and hadronic decay channels of CEP 7 an the
combined result.

The minimum and maximum mass acceptances are derived based on Phase-2 optics and
machine parameters [11], considering the horizontal approach of PPS sensors toward the beam.
Figure 3 (left) displays the minimum accepted |&| as a function of the longitudinal distance, ¢, from
CMS for different beam crossing planes. Acceptances for Mx and yx are shown for both single-
and double-arm proton tagging [Figure 3 (center and right)] for horizontal and vertical crossings,
respectively. Clean CEP events are better achieved with double-arm detection, although limiting
the lower Mx range to ~100 GeV for the three stations, while single-arm tagging provides wider
coverage at low masses at the cost of lower efficiency.

5. Physics perspectives

The production channels of interest include searches for high-mas systems beyond SM (BSM),
vy — VV, and exclusive pair production. After rescoping the project, the plans for 420-m stations
are planned after Run-4, which could increase the sensitivity for CEP Higgs boson.

Considering high-energy collisions with high pileup, Phase-2 PPS is expected to probe yy
processes at the TeV scale, providing opportunities to investigate the coupling of heavy mediators to
the SM electroweak sector. One potential candidate is axion-like particles (ALPs), where exclusion
limits could extend to the TeV mass range with just 300/fb, as illustrated in Figure 4. Final states with
invariant masses up to 2-3 TeV, including other heavy systems, SUSY searches, Z+X processes,
and Dark Matter with invisible decays, can also be explored, leveraging proton-tagged events from
CEP vy, particularly using the missing mass technique.

The PPS physics program will also extend the investigation of anomalous quartic gauge cou-
plings (aQGC) in yyVV and yyyy processes. The tail in the mass distribution, dominated by aQGC
events, will benefit from the PPS sensitivity at large £&. Compared to Run-1 and Run-2 results, limits
could improve by O(10?) if sufficient proton-tagged events are collected during Phase-2 [10]. For
instance, aQGC limits for yyyy could reach 10~ GeV~* with 3000 fb~! at the HL-LHC [12].
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Figure 3: Left: Minimum mass acceptance as function of the longitudinal distance, ¢, from CMS. The lines
show two options for crossing planes. Center: Single- and double-arm kinematic acceptance for horizontal
crossing (2Z). Right: Single- and double-arm kinematic acceptance for vertical crossing (1Z) [10].

Additionally, unobserved processes like CEP of yZ and high-mass dijets could be explored using
near-beam detectors.

6. Conclusions

The Run-2 results of proton-tagged events reported by the CMS Collaboration include the
Central Exclusive Production (CEP) of dileptons, diphotons, and yy — WW and yy — ZZ
processes. Additionally, results for the CEP of 77 and the application of the missing mass technique
in proton-tagged events have been discussed. Moreover, the proposal to extend the CMS forward
physics program by installing new detection stations along the LHC beam line has been outlined.
Performance studies indicate the potential to achieve mass coverage at both lower and higher ranges
than in Run-2, enabling precision tests of the Standard Model and opening up new opportunities
for searches for New Physics.
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Figure 4: Axion-like particle exclusion limits including the PPS acceptance for 300/fb [10].
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