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Introduction

Using the LHC as a photon collider, we can study the photoproduction of exclusive photon pairs

γ

γ

p

p

p(∗)

γ

γ

p(∗)

I Proton tagging increases the sensitivity of standard LHC diphoton searches

I BSM effects can have contributions to the Ligh By Light cross-section

I Anomalous Couplings are motivated by many BSM theories
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Motivations For Anomalous Couplings

I Warped Extra Dimensions solve hierarchy problem of the SM

I Predicted by Composite Higgs, Kaluza Klein, Extra Dimensional models

I Couplings can be probed independently of models

I Effective 4-photon couplings ζi ∼ 10−14 - 10−13 GeV−4 possible1

1
Anomalous gauge couplings from composite Higgs and warped extra dimensions JHEP 1403 (2014) 102
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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

I Joint CMS and TOTEM project2

I LHC magnets bend scattered protons outside of the beam envelope

I Intact protons are detected by Roman Pots ± 200m from IP

I Calculate ξ which is the fractional momentum loss of the protons

2
https://cds.cern.ch/record/1753795
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Layout of PPS
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Dilepton Analysis With PPS

1

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.

�

�

p

p

p

`�

`+

p

�

�

p

p

p

`�

`+

p⇤

�

�

p

p

p⇤

`�

`+

p⇤

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.

First observation ( > 5.1σ) of the process at

high mass using intact protons3

Performed at normal optics and pileup

conditions

Proof that the alignment, optics, trigger,

proton tagging, etc are working
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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.

) (GeV)−l+lm(
210 310 410

)− l+ l
y(

8−

6−

4−

2−

0

2

4

6

8

−µ+µ
−e+e

sector 45

sector 56

No acceptance
Acceptance in 210-N/F
Acceptance in 210-F
Double-arm acceptance

 = 13 TeVs, -1CMS+TOTEM 2016, L = 9.4 fb

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.

3JHEP 1807 (2018) 153
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Luminosity Comparison - 2017
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Standard Model γγ Exclusive Production

I QED process dominates at high mγγ
4

I Cross section is well known

I W boson loop is the most significant at high mγγ

16

SM γγ exclusive production

• QCD production dominates at low mγγ , QED at high mγγ

• Important to consider W loops at high mγγ

• At high masses (∼ 750 GeV), the photon induced processes are
dominant

• Conclusion: Two photons and two tagged protons means
photon-induced process

4
Light by light scattering with intact protons at the LHC: from Standard Model to new physics. 10.1007/JHEP02(2015)165
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Other backgrounds

• Requesting two protons identified in forward detectors and two photons in

central detector

• All backgrounds considered (DPE diphoton production, H→ γγ, exclusive γγ

production, dilepton + dijet misidentification, PU, Drell-Yan, ...)

• Pile up is the main source of background5
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Figure 6. Di-photon invariant mass distribution for the signal considering two di↵erent coupling

values (10�12 and 10�13 GeV�4, see Eq. 3.4) and for the backgrounds (dominated by �� with

protons from pile up), requesting two intact protons in the forward detectors and two photons in

the central detector with a minimun pT of 200 (100) GeV for the leading (subleading) photon. The

considered integrated luminosity is 300 fb�1 and the pile up µ = 50. Excl. stands for exclusive

backgrounds and DPE for double pomeron exchange backgrounds (see text).
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Figure 7. Di-photon to missing proton mass ratio (left) and rapidity di↵erence (right) distribu-

tions for signal considering two di↵erent coupling values (10�12 and 10�13 GeV�4, see Eq. 3.4) and

for backgrounds after requirements on photon pT, di-photon invariant mass, pT ratio between the

two photons and on the angle between the two photons. At least one converted photon is required.

The integrated luminosity is 300 fb�1 and the average pile up is µ = 50.

are provided both in the EFT framework and using full loop amplitudes. Both approaches

coincide in the decoupling limit m � E.

7.1 EFT results

We first present the sensitivities for the e↵ective four-photon couplings ⇣i. These sensitivi-

ties are given in Table 3 for di↵erent scenarios corresponding to the medium luminosity at

the LHC (300 fb�1) and the high luminosity (3000 fb�1 in ATLAS), with and without an

14

5
Light by light scattering with intact protons at the LHC: from Standard Model to new physics. 10.1007/JHEP02(2015)165
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Pile Up at the LHC

• The LHC collides packets of protons

• PU causes additional proton tracks from unrelated interactions

• For conditions of the LHC in 2016, can have up to 50 PU
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Dealing With Pile Up

𝛾𝛾

𝑝

𝑝

6

6
Light by light scattering with intact protons at the LHC: from Standard Model to new physics. 10.1007/JHEP02(2015)165
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Dealing With Pile Up

I Virtually no background after selection cuts for 300 fb−1

I Gain 2 orders of magnitude in sensitivity compared to standard CMS/ATLAS searches7

7
Light by light scattering with intact protons at the LHC: from Standard Model to new physics. 10.1007/JHEP02(2015)165
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Search For Axion-Like Particles

Study the production of axion-like particles via photon exchange with proton tagging

I CT-PPS provides a new sensitivity at high ALP mass

I Existing limits on the Axion Like Particle from 8

8
arXiv:1708.00443v2
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Summary

I PPS operated a near beam proton spectrometer for the 1st time at a HL collider

I The use of proton tagging can increase the sensitivity of CMS to anomalous couplings

I The analysis has a background free selection after exclusivity cuts

I We can also probe WW, Zγ, and ZZ final states9

I Potential for strongest limits to be placed on the 4-photon anomalous coupling

9
Phys.Rev.D81 (2010) 074003
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Questions?



Roman Pots

4 3 Alignment of the CT–PPS tracking detectors

(beam)

Overlap
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Figure 3: Schematic layout of the silicon strip detectors in one RP station. Both the horizontal
RP and the vertical RPs, which are used only for special low-luminosity calibration fills, are
shown. In the top RP, the silicon strips oriented at +45� and �45� angles are indicated by the
diagonal lines. Tracks in the overlap region, indicated by the shaded area, are used to perform
a relative alignment of the RPs in the calibration fills.

3.1 Alignment fill

The first step is the beam-based alignment, the purpose of which is to establish the position of
the RPs with respect to the LHC collimators and the beam. It takes place only once per LHC
optics setting. In this procedure, the TOTEM vertical RPs [19] (cf. Fig. 3) are used together with
the horizontal CT–PPS RPs. The beam is first scraped with the collimators so that it develops a
sharp edge. Then each RP is moved in small (approximately 10 µm) steps until it is in contact
with the edge of the beam, which generates a rapid increase in the rate observed in the beam-
loss monitors close to CT–PPS. At this point, each RP is at the same distance (in units of s) as
the collimator , i.e. the RP is at the edge of the shadow cast by the collimator. The necessity to
get very close to the beam stems from the need of having the TOTEM vertical and the CT–PPS
RPs overlap. Data are then taken in this configuration, with the horizontal and vertical RPs at
8 and 5 s, respectively.

The second step consists of determining the relative position of all the sensors in each arm
using the data from the alignment fill. This is achieved by minimizing the residuals between
hit positions and fitted tracks. The track reconstruction is described in Section 4.2. The position
(shift perpendicular to the beam) and rotation (about the beam axis) of each sensor are thereby
determined. While no event selection is necessary (since the method assumes that the tracks are
linear, which is the case as there are no magnets at the RP location), the most valuable events
are those with tracks reconstructed when the RP detectors overlap, which allow the relative
alignment of the RPs to be determined. The method is applied to several data subsamples in
order to verify the stability of the results.

• Both horizontal and vertical Roman Pots

• Using silicon strips (2016), silicon pixels, and timing detectors

• Multiple planes to deduce tracks

• Susceptible to radiation damage



ξ calculations

Diphoton

ξ+ =
pT1 ∗ exp(η1) + pT2 ∗ exp(η2)√

s

ξ− =
pT1 ∗ exp(−η1) + pT2 ∗ exp(−η2)√

s

Diproton

mpp =
√
s
√
ξ1ξ2

ypp =
1

2
log

(
ξ1

ξ2

)



Background estimation


	Appendix

