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Prospects For Photon-Photon Measurements with CMS PPS

Justin Williams

On behalf of the CMS collaboration

5 June 2019
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Introduction

The LHC was built as a discovery machine, but we’ve found a way to do precision physics
9

What is CT-PPS?

p

p

p

p

g
g

g

jet
jet

γ

γ
p

p

p

p

• Tag and measure protons at ±210 m: AFP (ATLAS Forward Proton),
CT-PPS (CMS TOTEM - Precision Proton Spectrometer)

• All anomalous coupling cross sections computed using the Forward
Physics Monte Carlo (FPMC)

• Sensitivity to high mass central system, X, as determined using
AFP/CT-PPS: Very powerful for exclusive states: kinematical
constraints coming from AFP and CT-PPS proton measurements

▶ The CMS Precision Proton Spectrometer (PPS) provides an opportunity for new searches
and measurements

▶ Possibility of a very strong background suppression using intact protons

▶ Outline

1. Short description of PPS
2. First physics results
3. Prospects: Anomalous Couplings, Axion-Like Particles, etc.

Justin Williams PHOTON 2019 2 / 17
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CMS Precision Proton Spectrometer

2.2 Proton Measurement with Roman Pot detectors

Figure 2.14: The geometry of RP stations (only the first two planes/sensors of the 56-220-near unit are
drawn). The proportions have been modified for graphical reasons, they are not to scale. The blue line
marks the beam axis. The red arrows mark the offsets of sensors’ centers from the package axes (slightly
inclined dotted lines). The v vectors give the read-out directions. The green lines show the distances
between sensors’ cut edges and the beam axis.

Since the position of the RPs is critical for all RP operations, every RP module is equipped with two
independent devices to determine its position: a motor-step counter and a linear voltage differential
transformer (LVDT) [78]. These devices are calibrated to give the distance between the face exposed to
the beam of the thin window (see Fig. 2.10) and the beam axis. If the gap between the thin window and
the sensors’ edges is known, one can calculate the distances from the beam to the sensors’ cut edges
(green lines in Fig. 2.14). These are the quantities relevant for the track reconstruction.

2.2 Proton Measurement with Roman Pot detectors

IP
s ⌘ beam axis

y

LHC magnet lattice RP station

p⇤
p

y⇤ J⇤y
yN

yFJy

Figure 2.15: A scheme of the proton transport from the interaction point to a RP station. yN and yF are
the hit points in the near and far units of the station.

Imagine a collision which takes place at a vertex

(x⇤, y⇤, s⇤)T (2.2)

and where a proton is emitted, as sketched in Fig. 2.15. One may relate the momentum p⇤ of the
outgoing proton to the nominal beam momentum

p⇤ = pnom(1 � x⇤) , (2.3)

37

▶ LHC magnets bend scattered protons outside of the beam envelope

▶ Detect protons at about ± 200 m from IP5

▶ Near and far stations on both sides

▶ Reconstruct ξ = 1 − pf/pi

▶ Central system mass acceptance 350 GeV < MX < 2 TeV

▶ Collected ∼ 10 fb−1, 40 fb−1, 58 fb−1 in 2016, 2017, 2018 respectively

https://cds.cern.ch/record/1753795

Justin Williams PHOTON 2019 3 / 17
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Layout of PPS

Justin Williams PHOTON 2019 4 / 17
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Detectors - Year By Year

2016

TOTEM silicon strip detectors
▶ Single track capability

2017

One station with silicon strips, one station with 3D pixels

▶ Pixel detectors with multi-tracking capability

▶ UFSD timing (one per side)

2018

All stations with 3D pixel detectors

▶ 3D pixel detectors

▶ Diamond timing detectors (one per side)

4.2 Proton track reconstruction 7

�

(m
)

yL

30⇥

25⇥
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20

56 - NEAR
56 - FAR

0.02 0.04 0.06 0.08 0.10

Figure 5: Vertical effective length Ly (in meters) as a function of the proton relative momentum
loss x at two (near and far) RPs calculated with the beam line optics simulation program MAD-
X [22].
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.

Figure 6: Distribution of the track impact points measured in RP 210F, in sector 45, for the
alignment fill. The point where Ly = 0 is shown with a cross. The beam center is at x = y = 0.
The edge of the distribution is slanted because the RP shown has a rotation of 8� with respect
to the vertical.

4.2 Proton track reconstruction

Since there is no significant magnetic field in the region of the CT–PPS RPs, the trajectory of
particles passing through the silicon strip detectors is a straight line. In each RP (RP hereinafterJustin Williams PHOTON 2019 5 / 17
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PPS Alignment

Alignment Procedure

▶ RP moved very close to beam for alignment fill

▶ Use low luminosity, elastic runs for reference

▶ Correct physics run to reference runs

▶ Full documentation at CERN-TOTEM-NOTE-2017-001

Justin Williams PHOTON 2019 6 / 17
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Available Phase Space
Single- and double-arm acceptance

Physics observable: proton longitudinal momentum loss ⇠ ��p/p

 (GeV)
2
ξ

1
ξsm(central system) = 

210 310 410

) 2ξ/ 1ξ
 lo

g(
21

Y(
ce

nt
ra

l s
ys

te
m

) =
 

8−

6−

4−

2−

0

2

4

6

8

LHC Run-II, pre-TS2
* = 0.4 mβ

radµ = 370 xα

sector 45

sector 56

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

 = 13 TeVsCMS+TOTEM Preliminary 2016, 

… ���< m(central)< ���� GeV (central |y|) for double-arm tagging
… Single-arm tagging extends acceptance to low-mass, forward-region events

L. Forthomme (University of Kansas) Physics results with the CMS-TOTEM Precision Proton Spectrometer — LHC Working Group on Forward Physics and Diffraction �/��
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Luminosity

Statistics

• luminosity collected in 2016 (left), 2017 (middle) and 2018 (right)

� total with RPs: > 110 fb�1

J. Ka�par Seminar at CTU Prague 8 Jan 2019 25

Justin Williams PHOTON 2019 8 / 17
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Dilepton Analysis

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 of the process at high mass using intact protons

▶ Observed 13 signal events (5.1σ) consistent with the SM
expectation

▶ Performed at normal optics and pileup conditions

▶ Proof that the alignment, optics, trigger, proton tagging, etc are
working

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.

JHEP 1807 (2018) 153
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Anomalous Quartic Guage Couplings

▶ Photon induced processes with intact protons in forward regions

▶ Exclusive processes with a very clean signal

▶ PPS provides the best sensitivity to anomalous couplings due to proton tagging

Justin Williams PHOTON 2019 10 / 17
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Motivations for AQGC
▶ Warped Extra Dimensions solve hierarchy problem of the SM

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

▶ Couplings can be probed independently of models

▶ Effective 4-photon couplings ζi ∼ 10−14 - 10−13 GeV−4 possible

JHEP 1403 (2014) 102

Justin Williams PHOTON 2019 11 / 17
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Backgrounds
▶ Requesting two protons identified in forward detectors + two converted photons in central

detector

▶ All backgrounds considered (DPE diphoton production, H→ γγ, exclusive γγ production,
dilepton + dijet misidentification, PU, Drell-Yan, ...)

▶ Pileup is the main source of background

JHEP 02, 165 (2015)

Justin Williams PHOTON 2019 12 / 17
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Pile Up In PPS

▶ The LHC collides packets of protons

▶ PU causes interference from particles generated at unrelated vertices

▶ For conditions of the LHC in 2016, can have up to 60 PU vertices

Justin Williams PHOTON 2019 13 / 17
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Dealing with pileup

𝛾𝛾

𝑝

𝑝

JHEP 02, 165 (2015)

Justin Williams PHOTON 2019 14 / 17



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Introduction PPS Analysis Conclusion

Potential For Limits

20 15 10 5 0 5 10 15 20

ζ 4γ
1   [10−14 GeV−4]
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4γ 2
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4
]

Excluded at 95% C.L.

Cross section scales as a function of the coupling values ζ1,ζ2

dσ

dΩ
=

1
16π2s

(
s2

+ t2
+ st

)2 [
48 (ζ1)

2
+ 40ζ1ζ2 + 11 (ζ2)

2
]

▶ Based on 9.41 fb−1 of data from 2016

▶ Assume signal and background obey a Poisson distribution

▶ Assume expected background is 0 and observed events is 0√
48ζ2

1 + 40ζ1ζ2 + 11ζ2
2 ≥ 5.8 × 10−13GeV−4
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Search For Axion-Like Particles

We can study the production of ALPs via photon exchange with intact protons

▶ Study the production of ALPs via photon
exchange with intact protons

▶ Sensitivity is enhanced since ALP production
rate increases with mγγ

▶ PPS provides sensitivity that is competitive
and complimentary to other collider searches
above 600 GeV

▶ Existing limits on ALP production1

1
JHEP 1806 (2018) 131
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Summary

▶ With its 2016 operation, PPS has proven for the first time the feasibility of operating a
near-beam proton spectrometer at a high luminosity hadron collider on a regular basis

▶ First observation of γγ → ℓℓ with single proton tag

▶ Prospects for anomalous couplings, ALP searches, and more

▶ PPS has > 110 fb−1 and has plans for Run 3

Justin Williams PHOTON 2019 17 / 17
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Questions?

Justin Williams PHOTON 2019 17 / 17
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Standard Model γγ Exclusive Production
▶ QED process dominates at high mγγ

▶ Cross section is well known

▶ 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

JHEP 02, 165 (2015)
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Dispersion Matrix

E. Robutti - The CMS-TOTEM Precision Proton Spectrometer and first physics results - DIS 201818/04/2018

Proton kinematics
Proton kinematics defined by:

• transferred momentum, t ≡ (pf – pi)2;


• fractional momentum loss, ξ ≡ (|pf| – |pi|)/|pi|

Proton acceptance in the detectors depends on the machine optics parameters:


Leading terms for “standard” LHC optics:

• x ≈ Dx(ξ) ξ

• y ≈ Ly(ξ) Θy∗

!5

Diffraction 2016 2-8/09/2016 Frigyes Nemes, TOTEM 6

Proton transport description:
Transport matrix from MAD-X (ξ = Δp/p momentum loss)
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s: distance from IP5 (*≡IP5)
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