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A unique search for physics beyond the standard model in exclusive diphoton events is presented.
By measuring intact protons from the events in the forward region, we can significantly reduce
the background, leading to the best sensitivity to anomalous coupling behavior. Furthermore,
by studying the process of γγ → γγ we can shed light on the high mass regions of Axion-like
particles, and potential dark matter candidates.
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CT-PPS Physics Overview Justin Williams

1. Introduction

Typically the LHC is used as a proton-proton collider; however, there is such a large amount
of photons produced in the beam pipe that we can use the LHC as a photon-photon collider. Events
in which photons collide are interesting to study because they may be sensitive to beyond standard
model (BSM) physics[1][2]. We propose to use the CMS Precision Proton Spectrometer (CT-PPS)
to study these exciting events in a unique way by using proton tagging techniques. The tagging
of outgoing protons allows for a strong background suppresion that we will see leads to a great
sensitivity in the high mass region of diphoton events.

The paper begins with a description of CT-PPS followed by an overview of the first physics
results. Then there will be a discusion of the backgrounds and motivations before the conclusion.

2. CMS Precision Proton Spectrometer 10

What is CT-PPS?

• Joint CMS and TOTEM project: https://cds.cern.ch/record/1753795,
see Fabio’s talk

• LHC magnets bend scattered protons out of the beam envelope

• Detect scattered protons a few mm from the beam (both sides of CMS)

• First data taking in 2016:∼ 15 fb−1

Figure 1: A schematic of one side of CT-PPS. Immediately to the right of the CMS detector are the LHC
magnets. Further to the right are the Roman Pot stations where intact protons are detected.

Originally a joint project between CMS and TOTEM[3], CT-PPS is designed to measure intact
protons on either side of CMS, about 200 m away from the interaction point. After an interaction
in CMS, protons are pushed just outside of the beam envelope by the LHC magnets due to the loss
of momentum. These protons are then detected further downstream where the momentum loss can
be measured based on the position where the protons are found. The specific variable of interest to
be calculated is the fractional momentum loss ξ which can be used to correlate the forward protons
with the central system within CMS.

The detectors are housed within Roman Pots, which use a combination of silicon strips and
pixels to measure the x and y positions of the protons. Fig. 1 shows one side of the CT-PPS system.
A symmetric set of detectors is present on the other side as well.

3. Physics Results From CT-PPS

The first analysis published using CT-PPS was a study of photon-induced dilepton events.
This was the first observation of this proccess at high mass using intact protons. Fig. 2 shows three
different processes generating opposite sign leptons by way of photon-photon interactions. For the
sake of this analysis, the first two processes are treated as signal whereas the third case where both
protons dissociate, was treated as a background. This analysis was performed at nominal optics
and pileup conditions for the LHC and yielded results that were recently published[4].
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1 Introduction
Proton–proton collisions at the LHC provide for the first time the conditions to study the pro-
duction of particles with masses at the electroweak scale via photon–photon fusion [1, 2]. Al-
though the production of high-mass systems in photon–photon collisions has been observed
by the CMS and ATLAS experiments [3–5], no such measurement exists so far with the simul-
taneous detection of the scattered protons. This paper reports the measurement of the process
pp ! p`+`�p(⇤) in pp collisions at

p
s = 13 TeV, where a pair of leptons (` = e, µ) with

mass m(`+`�) > 110 GeV is reconstructed in the central CMS apparatus, one of the protons
is detected in the CMS–TOTEM precision proton spectrometer (CT–PPS), and the second pro-
ton either remains intact or is excited and then dissociates into a low-mass state, indicated by
the symbol p⇤, and escapes undetected. Such a final state receives contributions from exclu-
sive, pp ! p`+`�p, and semiexclusive, pp ! p`+`�p⇤, processes (Fig. 1 left, and center).
Central exclusive dilepton production is interesting because deviations from the theoretically
well-known cross section may be an indication of new physics [6–8], whereas central semiex-
clusive processes constitute a background to the exclusive reaction when the final-state protons
are not measured.

(Semi)exclusive dilepton production has been previously studied at the Fermilab Tevatron and
at the CERN LHC, but at lower masses and never with a proton tag [9–14]. In this paper,
forward protons are reconstructed in CT–PPS, a near-beam magnetic spectrometer that uses
the LHC magnets between the CMS interaction point (IP) and detectors in the TOTEM area
about 210 m away on both sides of the IP [15]. Protons that have lost a small fraction of their
momentum are bent out of the beam envelope, and their trajectories are measured.

Central dilepton production is dominated by the diagrams shown in Fig. 1, in which both
protons radiate quasi-real photons that interact and produce the two leptons in a t-channel
process. The left and center diagrams result in at least one intact final-state proton, and are
considered as signal in this analysis. The CT–PPS acceptance for detecting both protons in
“exclusive” pp ! p`+`�p events (the left diagram) starts only above m(`+`�) ⇡ 400 GeV,
where the standard model cross section is small. By selecting events with only a single tagged
proton, the sample contains a mixture of lower mass exclusive and single-dissociation (pp !
p`+`�p⇤, “semiexclusive”) processes with higher cross sections. The right diagram of Fig. 1 is
considered background, and contributes if a proton from the diffractive dissociation is detected,
or if a particle detected in CT–PPS from another interaction in the same bunch crossing (pileup),
or from beam-induced background is wrongly associated with the dilepton system. A pair of
leptons from a Drell–Yan process can also mimic a signal event if detected in combination with
a pileup proton.
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Figure 1: Production of lepton pairs by gg fusion. The exclusive (left), single proton dissoci-
ation or semiexclusive (middle), and double proton dissociation (right) topologies are shown.
The left and middle processes result in at least one intact final-state proton, and are considered
signal in this analysis. The rightmost diagram is considered to be a background process.

Figure 2: Feyman diagrams of events producing two opposite sign leptons in the final state. For the process
on the far left, both protons remain intact in the final state. For the middle process, only one proton remains
intact while the other proton dissociates. On the right is the case when both protons dissociate. 17
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Figure 11: Correlation between the fractional values of the proton momentum loss measured in
the central dilepton system, x(`+`�), and in the RPs, x(RP), for both RPs in each arm combined.
The 45 (left) and 56 (right) arms are shown. The hatched region corresponds to the kinematical
region outside the acceptance of both the near and far RPs, while the shaded (pale blue) region
corresponds to the region outside the acceptance of the near RP. For the events in which a
track is detected in both, the x value measured at the near RP is plotted. The horizontal error
bars indicate the uncertainty of x(RP), and the vertical bars the uncertainty of x(`+`�). The
events labeled “out of acceptance” are those in which x(µ+µ�) corresponds to a signal proton
outside the RP acceptance; in these events a background proton is detected with nonmatching
kinematics.
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Figure 12: Expected acceptance regions in the rapidity vs. invariant mass plane overlaid with
the observed dimuon (closed circles) and dielectron (open circles) signal candidate events. The
“double-arm acceptance” refers to exclusive events, pp ! p`+`�p. Following the CMS con-
vention, the positive (negative) rapidity region corresponds to the 45 (56) LHC sector.

continuously operating a near-beam proton spectrometer at a high-luminosity hadron collider.

Figure 3: Both plots show dilepton events that were found with at least one corresponding proton measured
in CT-PPS. The left plot is for events with a proton detected on the left side of CMS and the right plot is for
events with a proton detected on the right side of CMS. The diagonal line is where events will be that have
a perfect matching between the ξ value of the central system and the ξ value of the forward proton(s)[4].

The events that were observed can be seen along the diagonal line on the plots in Fig. 3.
Events along the diagonal line are events which have a matching between the ξ value of the central
leptons and the ξ measurement of the forward protons in CT-PPS. 12 µ+µ− events and 8 e+e−

events were observed. Compared with the expected background of 1.49±0.07(stat)± 0.53(syst) for
µ+µ− events and 2.36± 0.09(stat)±0.47(syst) for e+e− events, this is an observation at the 5.1σ

level.
The success of this analysis indicates that the alignment, triggering, and optics are all well

understood within CT-PPS and that the concept of forward proton tagging can be very succesful
for other analyses.

4. Anomalous Quartic Gauge Couplings

With the proton tagging techniques in CT-PPS comes the oppurtunity to search for anomalous
quartic gauge couplings (AQGC) in a unique way. Fig. 4 shows three such couplings that can
be explored using proton tagging. The four-photon anomalous coupling will be the main focus of
this discussion as it is sensitive to other BSM couplings that will be discussed in section 6. The
characteristics of these events that we can explot for this analysis are the intact protons in the final
state, and the exclusive diboson production within CMS. The power of this study is that we can
analyse the totality of the process by measuring every final state particle.
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Figure 4: Feyman diagrams of three different anomalous quartic gauge couplings resulting from photon
fusion. From left to right, the diagrams are γγ → γγ , γγ → γZ, γγ →W+W−.

5. Backgrounds

Figure 5: A histogram for various types of backgrounds (colored lines) with respect to two signals of
different coupling values. The histogram is plotted as a function of the diphoton mass[6].

The signal for the process of interest consists of two protons identified in the forward detectors
in coincidence with two photons in the central detector. Using the Forward Physics Monte Carlo
(FPMC)[5], Fig 5 shows the significance of the types of backgrounds that could fake the signal[6].
While all backgrounds are considered such as double pomeron exchange, H→ γγ , misidentification
of leptons and jets, pileup, Drell-Yan, etc., the only background that makes a significant contribu-
tion at high diphoton mass is that from pileup.

At the LHC, packets of protons are collided per bunch crossing. While our intent is to detect
protons coming from the same event as the process that created two photons, sometimes this is not
the case. For the case of the pileup background, two photons may be created in CMS, but protons
may be measured that actually come from an unrelated event. This overlapping of uncorrelated
events creates a very significant background: for example, in 2016, there were up to 50 pileup
vertices per bunch crossing.

The way we can suppress this pileup background is by exploiting momentum conservation.
Specifically, the mass and rapidity of the centrally produced system as measured in the central
CMS apparatus and in CT-PPS are required to match. Fig. 6 shows that by requiring this matching,
the signal peaks well above the background coming from pileup.

3



P
o
S
(
E
D
S
U
2
0
1
8
)
0
3
2

CT-PPS Physics Overview Justin Williams

Figure 6: Diphoton to missing proton mass ratio (left) and rapidity difference (right) distributions for signal
considering two different coupling values (10−12 and 1013 GeV−4) and for backgrounds after requirements
on photon pT, diphoton invariant mass, pT ratio between the two photons and on the angle between the two
photons. The integrated luminosity is 300 fb−1 and the average pileup is µ = 50[6].

Figure 7: A plot of the current exclusion regions for ALPs from various different experiments. On the
horizontal axis is the ALP mass and on the vertical axis is the coupling strength[7].

6. Applications

An additional benefit of studying four-photon anomalous couplings is the extra insight on
BSM models of axion-like particles (ALP) and dark matter candidates. We can explore new mass
regimes of ALP production via photon exchange using proton tagging in CT-PPS[7]. This search
even improves upon the standard mass reach of the LHC for ALPs. Fig. 7 shows the kinematic
regimes that have already been excluded from various experiments such as astroparticle and collider
searches. The figure also shows the region that can be explored by means of proton tagging.

In a similar way, we can study the case in which a dark matter particle - a polarizable dark
particle - is the mediator in the four-photon loop. It is proposed to use the γγγγ coupling to search
for such a particle as it automatically induces four photon legs[8]. It has been shown that there is
potential to discover the existence of this particle at a 5σ significance at the LHC[8].
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7. Conclusion

In 2016, CT-PPS showed for the first time the feasability of operating a near-beam proton
spectrometer at a high-luminosity collider on a regular basis. From the data that has been acquired,
the first observation was made of the process γγ → l+l− using proton tagging. The success of the
observation has paved the way for BSM searches of anomalous couplings, ALPs, dark matter, and
other interesting physics. Through 2016 and 2017, CT-PPS has taken over 55 fb−1 of data and has
plans to continue this level of progress going forward.
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