
Searches for Dark Matter at the 
LHC in the Forward Proton Mode

EDS Blois 2019, Qui Nhon, Vietnam, 24 June 2019

Lucian Harland-Lang, University of Oxford

In collaboration with Valery Khoze, Marek 
Tasevsky and Misha Ryskin

Oxford blue
 Visual identity guidelines

 1



Central Exclusive Diffraction
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Central exclusive diffraction

Central exclusive diffraction, or central exclusive production (CEP) is the
process

h(p1)h(p2) → h(p′
1) + X + h(p′

2)

• Diffraction: colour singlet exchange between colliding hadrons, with large
rapidity gaps (‘+’) in the final state.

• Exclusive: hadrons lose energy, but remain intact after collision and can
in principal be measured by detectors positioned down the beam line.

• Central: a system of mass MX is produced at the collision point, and only
its decay products are present in the central detector region.
.
.
.
.
.
.
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Central Exclusive Production (CEP) is the interaction:

• Diffractive: colour singlet exchange between colliding protons, with 
large rapidity gaps (‘+’) in the final state.
• Exclusive: hadron lose energy, but remain intact after the collision.
• Central: a system of mass        is produced at the collision point and only 
its decay products are present in the central detector.

MX

hh ! h + X + h

Central Exclusive Production
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Motivation: photon-induced CEP

• Photon-initiated CEP of particular interest:

Exclusive dileptons

Marek Taševský DM searches with forward protons at LHC        4

[Phys. Lett. B777 (2018) 303] [JHEP1807 (2018) 153]

� Exclusive di-muons, untagged protons
� High Pile-up

� Exclusive di-leptons, tagged protons
� High Pile-up

★ Very well understood initial state, via equivalent photon 
approximation:

The exclusive channel is particularly relevant in light of the forward proton detectors
approved for installation at ATLAS (AFP [16]) and already installed at CMS (CT-PPS [18]):
such exclusive events can be selected by tagging the outgoing intact protons in association
with a measurement of the resonance R in the central detector. The background from over-
lapping non–exclusive pile–up interactions may be controlled by ensuring that the ‘missing
mass’ and rapidity information reconstructed from the outgoing protons is consistent with
the measurement in the central detector, as well as through the use of ‘fast timing’ detectors
to check if the photon and proton scattering points are the same, see [19, 43].

By selecting exclusive events we naturally enhance the relative contribution from the
��–initiated subprocess, see [20]. In particular, for the gg–initiated case, which can occur
exclusively through the ‘Durham’ mechanism described in [44], there is a strong Sudakov
suppression (given by (18) without the theta–function and with a much lower k

c
? = Q0 =

O(GeV)) associated with the requirement of no additional parton emission from the hard
process. As a result, the exclusive gg luminosity in the relevant kinematic regions is ⇠ 3
orders of magnitude smaller than in the inclusive case. In addition, for the final state to be
exclusive there must be no underlying event activity associated with the hard process. The
probability for this to occur is known as the ‘survival factor’: see Appendix A for further
discussion. For gg–induced production this suppresses the cross section by a further ⇠ 2
orders of magnitude, so that the exclusive cross section is suppressed in total by a very large
factor of ⇠ 105.

In the ��–initiated process there is also some suppression from the fact that, while the
dominant component of the input PDF, �(x,Q0), is due to coherent emission from the proton,
any further DGLAP evolution cannot occur, as this will produce secondary particles and spoil
the exclusivity of the final state. More precisely, we calculate the exclusive �� luminosity in
the usual equivalent photon approximation (EPA) [45]. The quasi–real photons are emitted
by the incoming proton i = 1, 2 with a number density given by

n(xi) =
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where xi and qi? are the longitudinal momentum fraction and transverse momentum of the
photon i, respectively, and Q

2
i is the modulus of the photon virtuality. The functions FE and

FM are the usual proton electric and magnetic form factors
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with
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7.78
=

1
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1 +Q2

i /0.71GeV2
�4 , (26)

in the dipole approximation, where GE and GM are the ‘Sachs’ form factors. The ‘EPA’ ��
luminosity is given by

dLEPA
��

dM2
X dyX

=
1

s
n(x1)n(x2) . (27)

14

★ Low photon             large proton-proton impact parameter     
impact of QCD (‘survival factor’) small and under control.

! LHC as a       collider! Clean probe of BSM 
with EW couplings.

Photon flux

(Well known) EM Form Factors

Q2 )
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Motivation: Proton Tagging @ LHC
• Proton taggers installed in association with ATLAS and CMS 
detectors at LHC, allowing CEP processes to be selected directly.Forward Proton detectors (FPDs) at LHC

Marek Taševský DM searches with forward protons at LHC        5

Excellent ξ (mass) resolution
[AFP TDR, CERN-LHCC-2015-009]

AFP

CT-PPS
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Motivation: photon-induced CEP@LHC
Exclusive dileptons

Marek Taševský DM searches with forward protons at LHC        4

[Phys. Lett. B777 (2018) 303] [JHEP1807 (2018) 153]

� Exclusive di-muons, untagged protons
� High Pile-up

� Exclusive di-leptons, tagged protons
� High Pile-up

Exclusive dileptons

Marek Taševský DM searches with forward protons at LHC        4

[Phys. Lett. B777 (2018) 303] [JHEP1807 (2018) 153]

� Exclusive di-muons, untagged protons
� High Pile-up

� Exclusive di-leptons, tagged protons
� High Pile-up

• Measurements of ‘exclusive-like’ lepton pair production made by 
both ATLAS and CMS in nominal high pile-up running.

w/o proton tagging w/ proton tagging
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SUSY at the LHC
• Pre-LHC: EW-scale SUSY theoretically well motivated BSM scenario: 
hierarchy problem, coupling unification, natural DM candidate…

• Post-LHC folklore: no EW-scale SUSY to be seen! 

Selectrons & smuons: striking gap ��Æ�MÆ �� GeV
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LHC could already be a darkmatter factory and we’d have no idea
m(˜̀)⇠ ��� GeV:�(pp! ˜̀˜̀)⇥L ⇠ ��� fb⇥ ��� fb�� ⇠ ��� ��� events
See backup for striking gaps in charged fermion (chargino) production

Photon collider for new physics searches | Lydia Beresford & Jesse Liu | �� Dec ���� �

Lightest SUSY 
particle = ‘LSP’

• Only half true: most significant limits based on ‘classic’ large missing         
signal, requiring largish SUSY particle mass splittings.

• For e.g. small slepton-
neutralino mass differences, 
LEP constraints still 
dominant!

‘Coannihilation 
Corridor’

Inclusive slepton searches

Marek Taševský DM searches with forward protons at LHC        3

ATLAS SUSY Summary plot

Both
protons 
break 
up

ISR jet (for trigger purposes)

DM particle
candidate.
Large missing 𝐸𝑇
in Central
detector

Leptons precisely 
measured in 
Central detector

Slepton: spin=0 partner of lepton
- decays to fermionic DM + leptons with BR=100%

13 TeV 2L 0 jets

8 TeV 2L 0 jets

Model 
dependent

E?
<latexit sha1_base64="RUf/j6R/Ait/row4i769q4cV1e8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0IOHgggeK9gPaEPZbCft0s1m2d0IJfRHePGgiFd/jzf/jds2B219MPB4b4aZeaHkTBvP+3YKa+sbm1vF7dLO7t7+QfnwqKWTVFFs0oQnqhMSjZwJbBpmOHakQhKHHNvh+Hbmt59QaZaIRzORGMRkKFjEKDFWat/1exKV7JcrXtWbw10lfk4qkKPRL3/1BglNYxSGcqJ11/ekCTKiDKMcp6VeqlESOiZD7FoqSIw6yObnTt0zqwzcKFG2hHHn6u+JjMRaT+LQdsbEjPSyNxP/87qpia6DjAmZGhR0sShKuWsSd/a7O2AKqeETSwhVzN7q0hFRhBqbUMmG4C+/vEpatap/Ua09XFbqN3kcRTiBUzgHH66gDvfQgCZQGMMzvMKbI50X5935WLQWnHzmGP7A+fwBMmuPdQ==</latexit>
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SUSY at the LHC

‘Coannihilation 
Corridor’

Inclusive slepton searches

Marek Taševský DM searches with forward protons at LHC        3

ATLAS SUSY Summary plot

Both
protons 
break 
up

ISR jet (for trigger purposes)

DM particle
candidate.
Large missing 𝐸𝑇
in Central
detector

Leptons precisely 
measured in 
Central detector

Slepton: spin=0 partner of lepton
- decays to fermionic DM + leptons with BR=100%

13 TeV 2L 0 jets

8 TeV 2L 0 jets

Model 
dependent

Selectrons & smuons: striking gap ��Æ�MÆ �� GeV
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LHC could already be a darkmatter factory and we’d have no idea
m(˜̀)⇠ ��� GeV:�(pp! ˜̀˜̀)⇥L ⇠ ��� fb⇥ ��� fb�� ⇠ ��� ��� events
See backup for striking gaps in charged fermion (chargino) production

Photon collider for new physics searches | Lydia Beresford & Jesse Liu | �� Dec ���� �

• Such ‘compressed SUSY’ scenarios not just dreamt up to avoid limits.

• Theoretically motivated by naturalness,             phenomenology, and 
cosmological considerations (coannihilation       correct DM abundance).

• Inclusive cross sections not small (up to ~ 100s of fb)       huge number 
of events may be produced at LHC, but lost in BG.

• How can Photon-
initiated production help?

(g � 2)
<latexit sha1_base64="Km+m5bC43eyTxuhszsqEHd2m7MA=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoMQC8NdFLSwCNhYRvCSQHKEvc1esmRv99jdE8KR32BjoYitP8jOf+MmuUITHww83pthZl6YcKaN6347hbX1jc2t4nZpZ3dv/6B8eNTSMlWE+kRyqToh1pQzQX3DDKedRFEch5y2w/HdzG8/UaWZFI9mktAgxkPBIkawsZJfHV7Uz/vliltz50CrxMtJBXI0++Wv3kCSNKbCEI617npuYoIMK8MIp9NSL9U0wWSMh7RrqcAx1UE2P3aKzqwyQJFUtoRBc/X3RIZjrSdxaDtjbEZ62ZuJ/3nd1EQ3QcZEkhoqyGJRlHJkJJp9jgZMUWL4xBJMFLO3IjLCChNj8ynZELzll1dJq17zLmv1h6tK4zaPowgncApV8OAaGnAPTfCBAINneIU3RzgvzrvzsWgtOPnMMfyB8/kDbNCNwQ==</latexit>
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Photon collider search strategy for sleptons and dark matter at the LHC

Lydia Beresford1, ⇤ and Jesse Liu1, †

1Department of Physics, University of Oxford, Oxford OX1 3RH, UK

We propose a search strategy using the LHC as a photon collider to open sensitivity to scalar
lepton (slepton ˜̀) production with masses around 15 to 60 GeV above that of neutralino dark matter
�̃0
1. This region is favored by relic abundance and muon (g� 2)µ arguments. However, conventional

searches are hindered by the irreducible diboson background. We overcome this obstruction by
measuring initial state kinematics and the missing momentum four-vector in proton-tagged ultra-
peripheral collisions using forward detectors. We demonstrate sensitivity beyond LEP for slepton
masses of up to 220 GeV for 15 . �m(˜̀, �̃0

1) . 60 GeV with 100 fb�1 of 13 TeV proton collisions.
We encourage the LHC collaborations to open this forward frontier for discovering new physics.

I. INTRODUCTION

Elucidating the elementary properties of dark matter
(DM) is among the most urgent problems in fundamental
physics. The lightest neutralino �̃0

1 in supersymmetric
(SUSY) extensions of the Standard Model (SM) is one
of the most motivated DM candidates [1–3]. A favored
scenario involves scalar partners of the charged leptons
(sleptons ˜̀) being one to tens of GeV above the �̃0

1 mass.
This enables interactions that reduce the �̃0

1 cosmologi-
cal relic abundance to match the observed value [4] via a
mechanism called slepton coannihilation [5, 6]. Further-
more, partners of the muon (smuon µ̃) and neutralinos
with masses near the weak scale are a leading explana-
tion for 3 � 4� deviations between measurements of the
muon magnetic moment and SM prediction [7–10].

Remarkably, Large Hadron Collider (LHC) searches
for these key targets have no sensitivity when mass dif-
ferences are 15 . �m(˜̀, �̃0

1) . 60 GeV [11–14]. Here,
Large Electron Positron (LEP) collider limits remain the
most stringent, excluding m(˜̀) . 97 GeV [15–17]. Sen-
sitivity is hindered by an obstruction generic to all LHC
search strategies for invisible DM states and their me-
diators [18–29]: the kinematics of colliding quarks and
gluons are immeasurable. Without this initial state in-
formation, the missing momentum four-vector pmiss left
by DM can only be determined in the plane transverse
to the beam (pmiss

T ). This precludes direct DM mass re-
construction that would otherwise provide e↵ective dis-
crimination against neutrino ⌫ backgrounds.

This Letter proposes a search strategy to resolve these
longstanding problems by using the LHC as a photon col-
lider [30]. In a beam crossing, protons can undergo an
ultraperipheral collision (UPC), where photons from the
electromagnetic fields interact to produce sleptons exclu-
sively pp ! p(�� ! ˜̀̀̃ )p. The sleptons decay as ˜̀! `�̃0

1,
resulting in the very clean final state p(2` + pmiss)p of
our search: two intact protons, two leptons `, and miss-
ing momentum (Fig. 1). As the beam energy is known,
measuring the outgoing proton kinematics determines
the colliding photon momenta and thus pmiss. This ex-
perimental possibility is opened by the ATLAS Forward
Proton (AFP) [31] and CMS–TOTEM Precision Proton
Spectrometer (CT-PPS) [32, 33] forward detectors, which
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FIG. 8. Exclusive pair-production of sleptons ˜̀ via photon–photon fusion. Each slepton decays
directly to a lepton and neutralino �̃0
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FIG. 8. Exclusive pair-production of W boson pairs via photon–photon fusion in the `⌫`⌫ final
state.

FIG. 1. Exclusive pair production of (left) scalar leptons ‘slep-
tons’ ˜̀ decaying to dark matter �̃0

1 and (right) SM diboson
WW background using the LHC as a photon collider.

recorded first data in 2017 and 2016 respectively. CMS–
TOTEM moreover observed double lepton production in
high-luminosity proton-tagged events [34], demonstrat-
ing initial state reconstruction is feasible.

Photon collisions at the LHC reach su�cient rates to
probe rare processes such as SM light-by-light scatter-
ing [35, 36], anomalous gauge couplings [37, 38], and
axion-like particles [39, 40]. Nonetheless, it is widely
considered that photon fusion production of sleptons
is not competitive as a discovery window compared to
electroweak production [11–14]; existing photon collider
studies therefore focus on slepton mass measurement for
specific benchmark points [41–45]. Our proposal argues
the contrary that photon collisions play an essential role
in SUSY and DM searches. We emulate AFP/CT-PPS
proton tagging, which enables powerful background sup-
pression. We demonstrate a strategy that surpasses LEP
sensitivity in the favored 15 . �m(˜̀, �̃0

1) . 60 GeV cor-
ridor, underscoring the importance of initial state kine-
matics and pmiss for the LHC discovery program.

II. PHOTON COLLIDER SIMULATION

Electromagnetic fields surrounding ultrarelativistic
protons can be modeled as a beam of nearly on-shell pho-
tons, which is known as the equivalent photon approxi-
mation [46]. We consider pair production of electrically
charged particles X via photon fusion �� ! XX. An-
alytic expressions of their QED cross-sections ���!XX
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CEP and SUSY
• Possibility of ~ 100 GeV mass slepton/chargino production at LHC 
begin swamped by huge inclusive BGs.

• Exclusive photon-initiated production a natural mechanism:

★ Well understood, model-independent signal cross section.
★ Irreducible WW BG can be controlled. No need for large 
missing       .
★ Proton tagging: can reconstruct mass of central system from 
protons alone (‘missing mass’). Crucial handle for BGs.
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1 in supersymmetric
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by DM can only be determined in the plane transverse
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construction that would otherwise provide e↵ective dis-
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This Letter proposes a search strategy to resolve these
longstanding problems by using the LHC as a photon col-
lider [30]. In a beam crossing, protons can undergo an
ultraperipheral collision (UPC), where photons from the
electromagnetic fields interact to produce sleptons exclu-
sively pp ! p(�� ! ˜̀̀̃ )p. The sleptons decay as ˜̀! `�̃0

1,
resulting in the very clean final state p(2` + pmiss)p of
our search: two intact protons, two leptons `, and miss-
ing momentum (Fig. 1). As the beam energy is known,
measuring the outgoing proton kinematics determines
the colliding photon momenta and thus pmiss. This ex-
perimental possibility is opened by the ATLAS Forward
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recorded first data in 2017 and 2016 respectively. CMS–
TOTEM moreover observed double lepton production in
high-luminosity proton-tagged events [34], demonstrat-
ing initial state reconstruction is feasible.

Photon collisions at the LHC reach su�cient rates to
probe rare processes such as SM light-by-light scatter-
ing [35, 36], anomalous gauge couplings [37, 38], and
axion-like particles [39, 40]. Nonetheless, it is widely
considered that photon fusion production of sleptons
is not competitive as a discovery window compared to
electroweak production [11–14]; existing photon collider
studies therefore focus on slepton mass measurement for
specific benchmark points [41–45]. Our proposal argues
the contrary that photon collisions play an essential role
in SUSY and DM searches. We emulate AFP/CT-PPS
proton tagging, which enables powerful background sup-
pression. We demonstrate a strategy that surpasses LEP
sensitivity in the favored 15 . �m(˜̀, �̃0

1) . 60 GeV cor-
ridor, underscoring the importance of initial state kine-
matics and pmiss for the LHC discovery program.

II. PHOTON COLLIDER SIMULATION

Electromagnetic fields surrounding ultrarelativistic
protons can be modeled as a beam of nearly on-shell pho-
tons, which is known as the equivalent photon approxi-
mation [46]. We consider pair production of electrically
charged particles X via photon fusion �� ! XX. An-
alytic expressions of their QED cross-sections ���!XX
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Abstract

We analyze in detail the LHC prospects at the center-of-mass enery of
√
s = 14 TeV for

charged electroweakino searches, decaying to leptons, in compressed supersymmetry scenar-
ios, via exclusive photon-initiated pair production. This provides a potentially increased
sensitivity in comparison to inclusive channels, where the background is often overwhelming.
We pay particular attention to the challenges that such searches would face in the hostile
high pile–up environment of the LHC, giving close consideration to the backgrounds that
will be present. The signal we focus on is the exclusive production of same-flavour muon and
electron pairs, with missing energy in the final state, and with two outgoing intact protons
registered by the dedicated forward proton detectors installed in association with ATLAS
and CMS. We present results for slepton masses of 120–300 GeV and slepton–neutralino
mass splitting of 10–20 GeV, and find that the relevant backgrounds can be controlled to
the level of the expected signal yields. The most significant such backgrounds are due to
semi–exclusive lepton pair production at lower masses, with a proton produced in the initial
proton dissociation system registering in the forward detectors, and from the coincidence of
forward protons produced in pile-up events with an inclusive central event that mimics the
signal. We also outline a range of potential methods to further suppress these backgrounds
as well as to enlarge the signal yields.

1 Introduction

One of the main goals of the physics program at the LHC and future colliders is the search for
beyond the Standard Model (BSM) physics. One well–motivated, and much explored, candidate
among the existing BSM scenarios is the Minimal Supersymmetric Standard Model (MSSM),
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• Cross section for ~ 100 GeV slepton pair CEP ~ fb       essential to take 
data during nominal high-luminosity LHC running.

• Question discussed in recent study: what are challenges/backgrounds 
in searching for such a signal via CEP?

Photon collider search strategy for sleptons and dark matter at the LHC

Lydia Beresford1, ⇤ and Jesse Liu1, †

1Department of Physics, University of Oxford, Oxford OX1 3RH, UK

We propose a search strategy using the LHC as a photon collider to open sensitivity to scalar
lepton (slepton ˜̀) production with masses around 15 to 60 GeV above that of neutralino dark matter
�̃0
1. This region is favored by relic abundance and muon (g� 2)µ arguments. However, conventional

searches are hindered by the irreducible diboson background. We overcome this obstruction by
measuring initial state kinematics and the missing momentum four-vector in proton-tagged ultra-
peripheral collisions using forward detectors. We demonstrate sensitivity beyond LEP for slepton
masses of up to 220 GeV for 15 . �m(˜̀, �̃0

1) . 60 GeV with 100 fb�1 of 13 TeV proton collisions.
We encourage the LHC collaborations to open this forward frontier for discovering new physics.

I. INTRODUCTION

Elucidating the elementary properties of dark matter
(DM) is among the most urgent problems in fundamental
physics. The lightest neutralino �̃0

1 in supersymmetric
(SUSY) extensions of the Standard Model (SM) is one
of the most motivated DM candidates [1–3]. A favored
scenario involves scalar partners of the charged leptons
(sleptons ˜̀) being one to tens of GeV above the �̃0

1 mass.
This enables interactions that reduce the �̃0

1 cosmologi-
cal relic abundance to match the observed value [4] via a
mechanism called slepton coannihilation [5, 6]. Further-
more, partners of the muon (smuon µ̃) and neutralinos
with masses near the weak scale are a leading explana-
tion for 3 � 4� deviations between measurements of the
muon magnetic moment and SM prediction [7–10].

Remarkably, Large Hadron Collider (LHC) searches
for these key targets have no sensitivity when mass dif-
ferences are 15 . �m(˜̀, �̃0

1) . 60 GeV [11–14]. Here,
Large Electron Positron (LEP) collider limits remain the
most stringent, excluding m(˜̀) . 97 GeV [15–17]. Sen-
sitivity is hindered by an obstruction generic to all LHC
search strategies for invisible DM states and their me-
diators [18–29]: the kinematics of colliding quarks and
gluons are immeasurable. Without this initial state in-
formation, the missing momentum four-vector pmiss left
by DM can only be determined in the plane transverse
to the beam (pmiss

T ). This precludes direct DM mass re-
construction that would otherwise provide e↵ective dis-
crimination against neutrino ⌫ backgrounds.

This Letter proposes a search strategy to resolve these
longstanding problems by using the LHC as a photon col-
lider [30]. In a beam crossing, protons can undergo an
ultraperipheral collision (UPC), where photons from the
electromagnetic fields interact to produce sleptons exclu-
sively pp ! p(�� ! ˜̀̀̃ )p. The sleptons decay as ˜̀! `�̃0

1,
resulting in the very clean final state p(2` + pmiss)p of
our search: two intact protons, two leptons `, and miss-
ing momentum (Fig. 1). As the beam energy is known,
measuring the outgoing proton kinematics determines
the colliding photon momenta and thus pmiss. This ex-
perimental possibility is opened by the ATLAS Forward
Proton (AFP) [31] and CMS–TOTEM Precision Proton
Spectrometer (CT-PPS) [32, 33] forward detectors, which

LB JL — Draft November 3, 2018 — 13

�

�

˜̀

˜̀

p

p

p

`

�̃0
1

�̃0
1

`

p

FIG. 8. Exclusive pair-production of sleptons ˜̀ via photon–photon fusion. Each slepton decays
directly to a lepton and neutralino �̃0
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FIG. 8. Exclusive pair-production of W boson pairs via photon–photon fusion in the `⌫`⌫ final
state.

FIG. 1. Exclusive pair production of (left) scalar leptons ‘slep-
tons’ ˜̀ decaying to dark matter �̃0

1 and (right) SM diboson
WW background using the LHC as a photon collider.

recorded first data in 2017 and 2016 respectively. CMS–
TOTEM moreover observed double lepton production in
high-luminosity proton-tagged events [34], demonstrat-
ing initial state reconstruction is feasible.

Photon collisions at the LHC reach su�cient rates to
probe rare processes such as SM light-by-light scatter-
ing [35, 36], anomalous gauge couplings [37, 38], and
axion-like particles [39, 40]. Nonetheless, it is widely
considered that photon fusion production of sleptons
is not competitive as a discovery window compared to
electroweak production [11–14]; existing photon collider
studies therefore focus on slepton mass measurement for
specific benchmark points [41–45]. Our proposal argues
the contrary that photon collisions play an essential role
in SUSY and DM searches. We emulate AFP/CT-PPS
proton tagging, which enables powerful background sup-
pression. We demonstrate a strategy that surpasses LEP
sensitivity in the favored 15 . �m(˜̀, �̃0

1) . 60 GeV cor-
ridor, underscoring the importance of initial state kine-
matics and pmiss for the LHC discovery program.

II. PHOTON COLLIDER SIMULATION

Electromagnetic fields surrounding ultrarelativistic
protons can be modeled as a beam of nearly on-shell pho-
tons, which is known as the equivalent photon approxi-
mation [46]. We consider pair production of electrically
charged particles X via photon fusion �� ! XX. An-
alytic expressions of their QED cross-sections ���!XX
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Classes of Background
• Take slepton pairs for concreteness. Signal selection:

★ Low                    two relatively low       
leptons, with low        , in central detector.
★ Two proton hits in AFP/PPS ( ~ 220m) 
acceptance.

5 < pT,l1,l2 < 40 GeV |ηl1,l2 | < 2.5 (4.0)
Aco ≡ 1− |∆φl1l2 |/π > 0.13 (0.095) 2 < mlll2 < 40 GeV

Di–lepton ∆R(l1, l2) > 0.3 |ηl1 − ηl2 | < 2.3
η̄ ≡ |ηl1 + ηl2 |/2 < 1.0 || ⃗pT l1 |− | ⃗pT l2 || > 1.5 GeV
Wmiss > 200 GeV

FPD 0.02 < ξ1,2 < 0.15 pT,proton < 0.35 GeV

No–charge No hadronic activity z-veto

Table 2: Cuts used in this analysis.

for one specific signal sample defined by Ml̃/M!χ0
1
= 200 GeV/180 GeV, but similar values are

observed for the other mass combinations. Here, and throughout this paper we will consider two
pile–up scenarios, namely ⟨µ⟩ = 10, 50. While the latter is relevant for nominal LHC running,
the former is taken to give an idea of the scaling of the various efficiencies and event numbers we
consider with pile–up, although the precise value is not of direct experimental relevance. The
efficiency is defined in a sample of events containing at least two leptons with pT > 5 GeV and
|η| < 2.5, as a ratio of events that have no additional vertices and tracks in the region of ± 1 mm
around the primary vertex, to all selected signal events. The z-vertex veto efficiencies are found
to be in agreement with those estimated in [61, 62]. For events that do not pass the z-vertex
veto requirements, the ‘vertex’ row in table 1 shows the fraction of those that had at least one
vertex with |zvtx − zprim| < 1 mm and the ‘tracks’ row shows the fraction of those that had all
vertices with |zvtx − zprim| > 1 mm, but there was at least one track with |ztrk − zprim| < 1 mm.
Note that all ratios in one column sum up to 100%.

All applied cuts in this analysis are summarized in table 2. Some of these are chosen in order
to suppress specific background contributions, and will be explained in the following sections.
After applying all cuts specified in table 2 and applying the lepton efficiencies as described
above, the resulting signal event yields for an integrated luminosity of 300 fb−1 are given in
table 3. For completeness, we include here the single dissociation (SD) and double dissociation
(DD) contributions, where one or two proton from the dissociation system registers in the FPDs;
this will be discussed more later. Here we note that while the SD contribution reaches 6-9%
for a mass of 120 GeV, they are below 1.5% elsewhere and the DD contribution is completely
negligible. Enlarging the pseudorapidity range to |η| < 4.0 increases the signal yields by 10% at
most.

3 Photon–initiated backgrounds

3.1 γγ → W+W− → l+ν + l−ν̄

The production of a WW pair followed by leptonic decays via the same photon–initiated pro-
duction mechanism as the signal is one of the major sources of background. Here, the pro-
duction cross section via the combined e+e− and µ+µ− decay channels is about 1 fb prior to
any final–state cuts, and so is somewhat larger than the signal. However, here the lepton pT is
peaked at ∼ MW /2, in contrast to the signal, which prefers lower values. We therefore place
a 2 < mlll2 < 40 GeV cut on the di–lepton invariant mass and a related kinematic cut of
pT,l1,l2 < 40 GeV, significantly reducing this background. An additional cut on the missing
mass Wmiss > 200 GeV, constructed from the momenta of the protons in the FPDs and of the
leptons in the central detector, reduces this background further. This in particular corresponds
to the invariant mass of the neutrino (neutralino) pair in the exclusive WW (SUSY) cases, and
therefore for the signal we must have Wmiss > 2m!χ0

1
, while the background is peaked at much

5
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vertices with |zvtx − zprim| > 1 mm, but there was at least one track with |ztrk − zprim| < 1 mm.
Note that all ratios in one column sum up to 100%.

All applied cuts in this analysis are summarized in table 2. Some of these are chosen in order
to suppress specific background contributions, and will be explained in the following sections.
After applying all cuts specified in table 2 and applying the lepton efficiencies as described
above, the resulting signal event yields for an integrated luminosity of 300 fb−1 are given in
table 3. For completeness, we include here the single dissociation (SD) and double dissociation
(DD) contributions, where one or two proton from the dissociation system registers in the FPDs;
this will be discussed more later. Here we note that while the SD contribution reaches 6-9%
for a mass of 120 GeV, they are below 1.5% elsewhere and the DD contribution is completely
negligible. Enlarging the pseudorapidity range to |η| < 4.0 increases the signal yields by 10% at
most.

3 Photon–initiated backgrounds

3.1 γγ → W+W− → l+ν + l−ν̄

The production of a WW pair followed by leptonic decays via the same photon–initiated pro-
duction mechanism as the signal is one of the major sources of background. Here, the pro-
duction cross section via the combined e+e− and µ+µ− decay channels is about 1 fb prior to
any final–state cuts, and so is somewhat larger than the signal. However, here the lepton pT is
peaked at ∼ MW /2, in contrast to the signal, which prefers lower values. We therefore place
a 2 < mlll2 < 40 GeV cut on the di–lepton invariant mass and a related kinematic cut of
pT,l1,l2 < 40 GeV, significantly reducing this background. An additional cut on the missing
mass Wmiss > 200 GeV, constructed from the momenta of the protons in the FPDs and of the
leptons in the central detector, reduces this background further. This in particular corresponds
to the invariant mass of the neutrino (neutralino) pair in the exclusive WW (SUSY) cases, and
therefore for the signal we must have Wmiss > 2m!χ0

1
, while the background is peaked at much

5
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duction cross section via the combined e+e− and µ+µ− decay channels is about 1 fb prior to
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peaked at ∼ MW /2, in contrast to the signal, which prefers lower values. We therefore place
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leptons in the central detector, reduces this background further. This in particular corresponds
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• What are backgrounds?

★ Irreducible CEP of W pairs.
★ Reducible semi-exclusive production (       …) with proton from 
dissociation system giving hit in forward proton detector (FPD).
★ Reducible pile-up background: conicidence of non-diffractive 
event with hits from independent diffractive events.

• Realistic analysis must consider all three. Will discuss in turn.
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well as for realistic µ values. The probability, Pacc, that this occurs is given by the product

Pacc = P ′
FPD · Plep · Pgap , (3)

where P ′
FPD was calculated using Pythia 8.2 including MPI, from the inclusive jet sample

generated with pT > 7 GeV, where at least two charged particles are observed with pT > 5 GeV
and |η| < 2.5. We then calculate the fraction of events in which a proton in the FPD acceptance
of table 2 on one side is observed. The total probability is given by squaring this. For a mixture
of ND and SD events with a dynamically generated values of the soft survival probablity, S2 (a
quantity which is available from Pythia 8.2), we find P ′

FPD = (0.0004)2 . Since the cross section
for dijet production is σ(pT > 7GeV) = 27 mb and Plep = 0.8× 10−7 and Pgap = 5.2× 10−7, the
expected background is negligible.

6 Results

Event yields / ⟨µ⟩PU

L = 300 fb−1 0 10 50

Excl. sleptons 0.6—3.9 0.5—3.3 0.3—1.9
Excl. l+l− 1.4 1.2 0.7
Excl. K+K− ∼ 0 ∼ 0 ∼ 0
Excl. W+W− 0.7 0.6 0.3
Excl. cc̄ ∼ 0 ∼ 0 ∼ 0
Excl. gg ∼ 0 ∼ 0 ∼ 0
Incl. ND jets ∼ 0(∼ 0) 0.1(0.1) 1.8(2.4)

Table 8: Final event yields corresponding to an integrated luminosity of 300 fb−1 as a function of amount
of pile–up events per bunch crossing for the slepton signal and all considered background processes. All
numbers correspond to the di–lepton mass range 2 < ml1l2 < 40 GeV and lepton 5 < pT < 40 GeV and
a tracker coverage of |η| < 2.5. The ranges in the signal event yields illustrate the spread obtained from
the entire studied slepton mass range: the lower value comes from the (Ml̃,M!χ0

1
) = (300, 280) GeV, the

higher from the (Ml̃,M!χ0
1
) = (120, 110) GeV scenario. The value marked as ∼0 corresponds to a number

which is sufficiently below 0.01. The inclusive ND jet events were generated with Pythia 8.2 (Herwig
7.1).

We collect our results for the expected signal and background event yields in tables 8 and 9.
Here, the former case corresponds to |η| < 2.5 (i.e. the current tracker coverage) while the latter
corresponds to |η| < 4.0 (i.e. the upgraded tracker coverage). To give a global picture, these
results correspond to the full di–lepton mass range of 2 < ml1l2 < 40 GeV, although information
about individual lepton pT ranges for processes where it is relevant can be found in tables 3, 4
and 5. In summary, we observe that in total 2–3 signal events for 300 fb−1 can be expected,
with a S/B ∼ 1. We note that Pythia 8.2 and (Herwig 7.1) give similar predictions for the
contamination from the inclusive ND jets. These relatively small numbers therefore clearly do
not correspond to a statistically significant observation. There are however various ways to
improve this situation.

From the point of view of the phenomenological analysis presented here, the situation may
be improved by cutting on the variable proposed in [38], namely the maximum kinematically
allowed values of mχ̃ and ml̃ assuming the signal decay chain. Following the approach of [38],
we have checked that these cuts lead to some mild improvement in the signal significance over
the background, though the interplay between these and other cuts on Wmiss and ml1l2 , pT,l is
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Figure 1: Distribution of di–lepton mass (left) and missing mass Wmiss (right) for exclusive slepton pair
and WW production. The di–lepton distribution was obtained before applying any cuts and the green
area indicates the acceptance region used in the analysis. The Wmiss distribution was obtained after
applying lepton pT and di–lepton mass cuts, see table 2.

3.2 Low mass γγ → l+l− production

The exclusive production of lepton pairs in the FPD acceptance region, i.e. with mlll2 > 280
GeV, has a very small production cross section and will moreover lead to extremely different
final–state lepton kinematics in comparison to the signal. This will therefore not provide a source
of background. On the other hand, the production cross section for lepton pairs in the mlll2 >10
GeV region, corresponding to the pT > 5 GeV cuts in the central detector, is about 8.4 pb,
that is many orders of magnitude higher than the signal. While purely exclusive production will
in this case not produce protons in the FPD acceptance, the situation changes if we allow the
outgoing protons to dissociate, that is consider semi–exclusive production. Here, a proton from
the dissociation system may still be detected in the FPD, but with a ξ value that no longer
matches the rapidity and mass of the central system. While the probability that this occurs is
very small, nonetheless in combination with the significantly larger di–lepton production cross
section, the resulting background may be rather large. To calculate this probability, we can
either apply an analytic expression for the leading proton distribution, as fit to soft hadronic
data, or directly evaluate this using appropriate event samples generated with Pythia 8.2. As
discussed further in appendix B, these give very similar results. We in particular calculate this
probability to be PSDnel ≈ 0.7% (where the subscript indicates that this is due to protons from
the inelastic side of a SD event) for a proton to lie in the FPD acceptance, which while small is
in fact significantly larger than the suppression in the signal cross section relative to the mlll2 >
10 GeV di–lepton cross section. We therefore have to apply further cuts to suppress this source
of background.

The cross sections for semi–exclusive lepton pair production were calculated by applying
the procedure outlined in [66]. That is, we supplement the result of SuperChic 2.07 with
‘effective’ photon fluxes given according to elastic and low/high scale inelastic photon emission
from the proton, but which pass the additional veto on central particle production due to the no-
charged requirement. Both SD and DD contributions, where only one or both protons dissociate,
respectively, are included. Further details are given in appendix A. We consider contributions
from electron, muon and τ pair production, with the latter case followed by leptonic decays
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applying lepton pT and di–lepton mass cuts, see table 2.
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Photon collider search strategy for sleptons and dark matter at the LHC
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We propose a search strategy using the LHC as a photon collider to open sensitivity to scalar
lepton (slepton ˜̀) production with masses around 15 to 60 GeV above that of neutralino dark matter
�̃0
1. This region is favored by relic abundance and muon (g� 2)µ arguments. However, conventional

searches are hindered by the irreducible diboson background. We overcome this obstruction by
measuring initial state kinematics and the missing momentum four-vector in proton-tagged ultra-
peripheral collisions using forward detectors. We demonstrate sensitivity beyond LEP for slepton
masses of up to 220 GeV for 15 . �m(˜̀, �̃0

1) . 60 GeV with 100 fb�1 of 13 TeV proton collisions.
We encourage the LHC collaborations to open this forward frontier for discovering new physics.

I. INTRODUCTION

Elucidating the elementary properties of dark matter
(DM) is among the most urgent problems in fundamental
physics. The lightest neutralino �̃0

1 in supersymmetric
(SUSY) extensions of the Standard Model (SM) is one
of the most motivated DM candidates [1–3]. A favored
scenario involves scalar partners of the charged leptons
(sleptons ˜̀) being one to tens of GeV above the �̃0

1 mass.
This enables interactions that reduce the �̃0

1 cosmologi-
cal relic abundance to match the observed value [4] via a
mechanism called slepton coannihilation [5, 6]. Further-
more, partners of the muon (smuon µ̃) and neutralinos
with masses near the weak scale are a leading explana-
tion for 3 � 4� deviations between measurements of the
muon magnetic moment and SM prediction [7–10].

Remarkably, Large Hadron Collider (LHC) searches
for these key targets have no sensitivity when mass dif-
ferences are 15 . �m(˜̀, �̃0

1) . 60 GeV [11–14]. Here,
Large Electron Positron (LEP) collider limits remain the
most stringent, excluding m(˜̀) . 97 GeV [15–17]. Sen-
sitivity is hindered by an obstruction generic to all LHC
search strategies for invisible DM states and their me-
diators [18–29]: the kinematics of colliding quarks and
gluons are immeasurable. Without this initial state in-
formation, the missing momentum four-vector pmiss left
by DM can only be determined in the plane transverse
to the beam (pmiss

T ). This precludes direct DM mass re-
construction that would otherwise provide e↵ective dis-
crimination against neutrino ⌫ backgrounds.

This Letter proposes a search strategy to resolve these
longstanding problems by using the LHC as a photon col-
lider [30]. In a beam crossing, protons can undergo an
ultraperipheral collision (UPC), where photons from the
electromagnetic fields interact to produce sleptons exclu-
sively pp ! p(�� ! ˜̀̀̃ )p. The sleptons decay as ˜̀! `�̃0

1,
resulting in the very clean final state p(2` + pmiss)p of
our search: two intact protons, two leptons `, and miss-
ing momentum (Fig. 1). As the beam energy is known,
measuring the outgoing proton kinematics determines
the colliding photon momenta and thus pmiss. This ex-
perimental possibility is opened by the ATLAS Forward
Proton (AFP) [31] and CMS–TOTEM Precision Proton
Spectrometer (CT-PPS) [32, 33] forward detectors, which
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FIG. 8. Exclusive pair-production of W boson pairs via photon–photon fusion in the `⌫`⌫ final
state.

FIG. 1. Exclusive pair production of (left) scalar leptons ‘slep-
tons’ ˜̀ decaying to dark matter �̃0

1 and (right) SM diboson
WW background using the LHC as a photon collider.

recorded first data in 2017 and 2016 respectively. CMS–
TOTEM moreover observed double lepton production in
high-luminosity proton-tagged events [34], demonstrat-
ing initial state reconstruction is feasible.

Photon collisions at the LHC reach su�cient rates to
probe rare processes such as SM light-by-light scatter-
ing [35, 36], anomalous gauge couplings [37, 38], and
axion-like particles [39, 40]. Nonetheless, it is widely
considered that photon fusion production of sleptons
is not competitive as a discovery window compared to
electroweak production [11–14]; existing photon collider
studies therefore focus on slepton mass measurement for
specific benchmark points [41–45]. Our proposal argues
the contrary that photon collisions play an essential role
in SUSY and DM searches. We emulate AFP/CT-PPS
proton tagging, which enables powerful background sup-
pression. We demonstrate a strategy that surpasses LEP
sensitivity in the favored 15 . �m(˜̀, �̃0

1) . 60 GeV cor-
ridor, underscoring the importance of initial state kine-
matics and pmiss for the LHC discovery program.

II. PHOTON COLLIDER SIMULATION

Electromagnetic fields surrounding ultrarelativistic
protons can be modeled as a beam of nearly on-shell pho-
tons, which is known as the equivalent photon approxi-
mation [46]. We consider pair production of electrically
charged particles X via photon fusion �� ! XX. An-
alytic expressions of their QED cross-sections ���!XX
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• Exclusive WW gives same dilepton signal. 

• But much larger                    mass difference: cuts on 
leptons and ‘missing mass’  effectively suppress this BG.

Signal: Wmiss > 2M�̃0
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BG: Wmiss > 2M⌫ ⇠ 0
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• Aside: considered more complete approach based on max. 
kinematically allowed                : only mild improvement seen.
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1 Introduction

When proton–proton (pp) beams collide at the LHC, typically rare photon–photon induced (��) inter-
actions occur at perceptible rate and provide a unique opportunity to study high-energy electroweak
processes [1]. Compared to other final states, the dilepton production is a standard candle process of
the photon-induced production mechanism, thanks to its sizeable cross-section. Using pp collisions at
a centre-of-mass energy of

p
s = 7 TeV, measurements of pp(��) ! µ+µ�pp production (referred to

as exclusive �� ! µ+µ�) were performed by the ATLAS and CMS collaborations [2, 3]. The exclusive
�� ! e+e� process was also measured [3, 4]. A similar experimental signature has been used to study
the �� ! W+W� reaction [5–7].

The exclusive �� ! µ+µ� production process competes with the two-photon interactions involving
single- or double-proton dissociation due to the virtual photon exchange (Figure 1 (a–c)). The electro-
magnetic (EM) break-up of the proton typically results in a production of particles at small angles to the
beam direction, which can mimic the exclusive process. However, the proton-dissociative processes have
significantly di↵erent kinematic distributions compared to the exclusive reaction, allowing an e↵ective
separation of the di↵erent production mechanisms.
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Figure 1: Schematic diagrams for (a) exclusive, (b) single-proton dissociative and (c) double-proton dissociative
two-photon production of muon pairs in pp collisions. The e↵ect of additional interactions between the protons is
shown in (d).

In general, the photon-induced production of lepton pairs contributes up to a few percent to the inclusive
dilepton production at LHC energies [8–10].

In order to reproduce the data, the calculations of such photon-induced reactions, in particular exclusive
�� ! µ+µ� production, need to take into account the proton absorptive e↵ects [3]. They are mainly
related to additional gluon interactions between the protons (or proton remnants), shown in Figure 1 (d),
which take place in addition to the QED process. The size of the absorption is not expected to be the
same for exclusive and dissociative processes; it may also depend on the reaction kinematics. These
e↵ects lead to the suppression of exclusive cross-sections (typically around 10–20%) by producing extra
hadronic activity in the event besides the final-state muons. Recent phenomenological studies suggest that
the exclusive cross-sections are suppressed, with a survival factor that decreases with mass [11, 12].

In this paper, a measurement of exclusive dimuon production in pp collisions at
p

s = 13 TeV is presen-
ted for muon pairs with invariant mass 12 GeV < mµ+µ� < 70 GeV. The di↵erential cross-sections,
d�/dmµ+µ� , are determined within a fiducial acceptance region. In the region 30 GeV < mµ+µ� < 70 GeV,
the minimum transverse momentum of each muon is required to be 10 GeV. For 12 GeV < mµ+µ� <
30 GeV, the minimum muon transverse momentum is reduced to 6 GeV by taking advantage of the lower
trigger thresholds available by making additional requirements on muon-pair topology. In addition, both
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Semi-exclusive production

• Exclusive lepton pair production: FPDs require                           
through acceptance in proton momentum loss    , while centrally we 
require                                not a BG.

• What about semi-exclusive production? Proton from dissociation 
system       lower momentum fraction        larger    , can be in FPD.
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proton from SD giving FPD hit?

• Take two independent methods:

★ Analytic Regge-based formula.
★ From Pythia MC samples.

• Give similar small probability                          , but                         in 
relevant mass regions        this is not small enough!
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Semi-exclusive production

• How can we reduce this BG further? Range of cuts:

1 Introduction

When proton–proton (pp) beams collide at the LHC, typically rare photon–photon induced (��) inter-
actions occur at perceptible rate and provide a unique opportunity to study high-energy electroweak
processes [1]. Compared to other final states, the dilepton production is a standard candle process of
the photon-induced production mechanism, thanks to its sizeable cross-section. Using pp collisions at
a centre-of-mass energy of

p
s = 7 TeV, measurements of pp(��) ! µ+µ�pp production (referred to

as exclusive �� ! µ+µ�) were performed by the ATLAS and CMS collaborations [2, 3]. The exclusive
�� ! e+e� process was also measured [3, 4]. A similar experimental signature has been used to study
the �� ! W+W� reaction [5–7].

The exclusive �� ! µ+µ� production process competes with the two-photon interactions involving
single- or double-proton dissociation due to the virtual photon exchange (Figure 1 (a–c)). The electro-
magnetic (EM) break-up of the proton typically results in a production of particles at small angles to the
beam direction, which can mimic the exclusive process. However, the proton-dissociative processes have
significantly di↵erent kinematic distributions compared to the exclusive reaction, allowing an e↵ective
separation of the di↵erent production mechanisms.
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Figure 1: Schematic diagrams for (a) exclusive, (b) single-proton dissociative and (c) double-proton dissociative
two-photon production of muon pairs in pp collisions. The e↵ect of additional interactions between the protons is
shown in (d).

In general, the photon-induced production of lepton pairs contributes up to a few percent to the inclusive
dilepton production at LHC energies [8–10].

In order to reproduce the data, the calculations of such photon-induced reactions, in particular exclusive
�� ! µ+µ� production, need to take into account the proton absorptive e↵ects [3]. They are mainly
related to additional gluon interactions between the protons (or proton remnants), shown in Figure 1 (d),
which take place in addition to the QED process. The size of the absorption is not expected to be the
same for exclusive and dissociative processes; it may also depend on the reaction kinematics. These
e↵ects lead to the suppression of exclusive cross-sections (typically around 10–20%) by producing extra
hadronic activity in the event besides the final-state muons. Recent phenomenological studies suggest that
the exclusive cross-sections are suppressed, with a survival factor that decreases with mass [11, 12].

In this paper, a measurement of exclusive dimuon production in pp collisions at
p

s = 13 TeV is presen-
ted for muon pairs with invariant mass 12 GeV < mµ+µ� < 70 GeV. The di↵erential cross-sections,
d�/dmµ+µ� , are determined within a fiducial acceptance region. In the region 30 GeV < mµ+µ� < 70 GeV,
the minimum transverse momentum of each muon is required to be 10 GeV. For 12 GeV < mµ+µ� <
30 GeV, the minimum muon transverse momentum is reduced to 6 GeV by taking advantage of the lower
trigger thresholds available by making additional requirements on muon-pair topology. In addition, both

2

★ Asymmetry in SD topology: to give elastic proton in FPD, lepton 
system needs larger rapidity      require                                   .

Exclusive Proton lepton pT interval [GeV]
di–lepton dissociation 5—15 5—20 5—30 5—40

e+e− + µ+µ− SD ∼0/∼0 ∼0/∼0 ∼0/∼0 ∼0/∼0
DD 1.4/1.1 1.4/1.1 1.4/1.1 1.4/1.1

τ+τ− SD 0.01/0.00 0.03/0.02 0.05/0.02 0.05/0.02
DD ∼0/∼0 ∼0/∼0 ∼0/∼0 ∼0/∼0

Table 5: Event yields for an integrated luminosity of 300 fb−1 for di–lepton production in four lepton pT
intervals after applying all cuts specified in table 2. Results for single and double proton dissociation are
given, and with |η| < 2.5 / |η| < 4.0 intervals for the final–state lepton. Lepton reconstruction efficiencies
are taken from [15]. The purely exclusive contribution is exactly zero due to the mass acceptance of the
FPDs and cuts imposed on mlll2 , so are not shown. The values marked as ∼0 correspond to numbers
which are sufficiently below 0.01.

simulated by Pythia 8.2.
How can we reduce this background? First, we note that in the SD case, in order for a

relatively low mass di–lepton to be produced with a sufficiently large ξ value on the elastic proton
side, the lepton pair must be produced at forward rapidity in the proton direction. Therefore,
to suppress this contribution we require η̄ = |ηl1 + ηl2 |/2 < 1. Furthermore, a |ηl1 − ηl2 | < 2.3
cut rejects events with a large value of mlll2 but a rather small pT l. However, after applying
these cuts the low-mass γγ → l+l− background still exceeds the expected signal. To further
reduce the background, due both to SD and DD, we introduce a cut on transverse momentum of
the forward proton, pT,proton < 0.35 GeV, as the pT of the proton produced in the dissociation
system will generally be larger than that in the elastic case. This cut is applied directly in our
calculation of appendix B, and reduces the probability for a proton from the dissociation system
to be registered in the FPD significantly, to PSDnel ≈ 0.4%. In addition, in exclusive production
the transverse momenta carried by the initial–state photons are generally very small and hence to
good approximation the leptons are produced back–to–back, with equal and opposite transverse
momenta, that is with close to zero acoplanarity. While allowing for proton dissociation will
generally increase the average photon qT , and hence wash this out somewhat, nonetheless the
background is significantly more peaked at low acoplanarity in comparison to the signal, where
the leptons from the slepton decay can be produced at arbitrary φ. We therefore apply an
additional acoplanarity cut, 1− |∆φl1l2 |/π > 0.13 (0.095), for leptons in the |η| < 2.5 (|η| < 4.0)
range. We in addition apply a cut on the difference |pT l1 −pT l2 | > 1.5 GeV (where pT li = | ⃗pT li |),
which reduces the background for the same reason. The method for applying these cuts is
explained in more detail in appendix A.

The result of imposing these cuts is summarized in table 5. For the SD case, we find that
the lower ξ threshold shifts the di–lepton mass spectrum to higher values and in combination
with the η̄ cut the onset of the di–lepton mass spectrum moves beyond the 40 GeV threshold
for electron/muon production. For τ -pair production the di–lepton masses are on average lower
but nevertheless we find that the SD background is in all cases under control, while in the DD
case it is found to be negligible, see table 5. This is due to the impact of the branching ratio
for the decay to a lighter lepton, and because the two neutrinos from a τ decay carry away a
significant fraction of the τ energy, such that only 18% of leptons from the decay survive the
lepton pT cut. On the other hand, we find a non–negligible contamination from electron and
muon pair production via DD interactions.
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★ Events with dissociation will have larger proton      (on SD side), 
and larger acoplanarity of lepton pair. Require:

5 < pT,l1,l2 < 40 GeV |ηl1,l2 | < 2.5 (4.0)
Aco ≡ 1− |∆φl1l2 |/π > 0.13 (0.095) 2 < mlll2 < 40 GeV

Di–lepton ∆R(l1, l2) > 0.3 |ηl1 − ηl2 | < 2.3
η̄ ≡ |ηl1 + ηl2 |/2 < 1.0 || ⃗pT l1 |− | ⃗pT l2 || > 1.5 GeV
Wmiss > 200 GeV

FPD 0.02 < ξ1,2 < 0.15 pT,proton < 0.35 GeV

No–charge No hadronic activity z-veto

Table 2: Cuts used in this analysis.

for one specific signal sample defined by Ml̃/M!χ0
1
= 200 GeV/180 GeV, but similar values are

observed for the other mass combinations. Here, and throughout this paper we will consider two
pile–up scenarios, namely ⟨µ⟩ = 10, 50. While the latter is relevant for nominal LHC running,
the former is taken to give an idea of the scaling of the various efficiencies and event numbers we
consider with pile–up, although the precise value is not of direct experimental relevance. The
efficiency is defined in a sample of events containing at least two leptons with pT > 5 GeV and
|η| < 2.5, as a ratio of events that have no additional vertices and tracks in the region of ± 1 mm
around the primary vertex, to all selected signal events. The z-vertex veto efficiencies are found
to be in agreement with those estimated in [61, 62]. For events that do not pass the z-vertex
veto requirements, the ‘vertex’ row in table 1 shows the fraction of those that had at least one
vertex with |zvtx − zprim| < 1 mm and the ‘tracks’ row shows the fraction of those that had all
vertices with |zvtx − zprim| > 1 mm, but there was at least one track with |ztrk − zprim| < 1 mm.
Note that all ratios in one column sum up to 100%.

All applied cuts in this analysis are summarized in table 2. Some of these are chosen in order
to suppress specific background contributions, and will be explained in the following sections.
After applying all cuts specified in table 2 and applying the lepton efficiencies as described
above, the resulting signal event yields for an integrated luminosity of 300 fb−1 are given in
table 3. For completeness, we include here the single dissociation (SD) and double dissociation
(DD) contributions, where one or two proton from the dissociation system registers in the FPDs;
this will be discussed more later. Here we note that while the SD contribution reaches 6-9%
for a mass of 120 GeV, they are below 1.5% elsewhere and the DD contribution is completely
negligible. Enlarging the pseudorapidity range to |η| < 4.0 increases the signal yields by 10% at
most.

3 Photon–initiated backgrounds
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duction mechanism as the signal is one of the major sources of background. Here, the pro-
duction cross section via the combined e+e− and µ+µ− decay channels is about 1 fb prior to
any final–state cuts, and so is somewhat larger than the signal. However, here the lepton pT is
peaked at ∼ MW /2, in contrast to the signal, which prefers lower values. We therefore place
a 2 < mlll2 < 40 GeV cut on the di–lepton invariant mass and a related kinematic cut of
pT,l1,l2 < 40 GeV, significantly reducing this background. An additional cut on the missing
mass Wmiss > 200 GeV, constructed from the momenta of the protons in the FPDs and of the
leptons in the central detector, reduces this background further. This in particular corresponds
to the invariant mass of the neutrino (neutralino) pair in the exclusive WW (SUSY) cases, and
therefore for the signal we must have Wmiss > 2m!χ0
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Central:

FPD:

• Impact on Signal and BG evaluated using 
approx. modification to SuperChic MC, to 
include dissociation.

• Also consider BG from QCD-initiated 
CEP of            , but find is much smaller.K+K�
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Pile-up Background
• Relatively low       leptons are produced copiously at the LHC: 
inclusive cross section for                       is about 10 nb!

• Main sources: decay of D mesons, W bosons, and pion/kaons.

• Such an inclusive event can coincide with hits from unrelated 
diffractive pile-up events in FPDs, mimicking signal.
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to be stressed that the jet production processes
are used here merely as an example. Analogous
backgrounds are present to processes other than
di↵ractive production of jets. The results pre-
sented in this paper are universal, that is they
are equally applicable to other channels.

One of the most important ways to reject
the backgrounds to central di↵ractive processes
makes use of precise timing detectors. This
method compares the measured arrival times of
the forward protons and the measured longitu-
dinal position of the central interaction (vertex).
The goal of this paper is to discuss a possi-
ble gain in the background discrimination due
to a precise measurement of the arrival time
of forward protons. In addition, it is shown
how such measurements can be combined with
timing measurements performed on the central
state and a possible gain is estimated.

2 Timing measurement of for-
ward protons

Several feasibility studies assuming the timing
measurements of the forward protons have al-
ready been performed for di↵erent channels, see
for example [6, 7] or more recent [8]. These stud-
ies were performed assuming certain experimen-
tal conditions. In the present analysis, the aim
is to consider a general case and find how the
background rejection depends on the assumed
conditions.

In a classic proton–proton collider experiment,
the beams are structured and consist of bunches
of particles. An experimental event occurs when
a bunch from one beam passes through a bunch
belonging to the other beam. Assuming a longi-
tudinal Gaussian structure of a bunch with the
width �b

⇢b(z) ⇠ e�z2/(2�2
b),

the distributions of time and position of the
pp interaction vertex can be easily calculated
by multiplying densities of two bunches mov-
ing with approximately the speed of light (using
natural units with c = 1):

⇢(z, t) ⇠ e�(z�t)2/(2�2
b) · e�(z+t)2/(2�2

b)

= e�z2/�2
b · e�t2/�2

b .

(a) CD

FPD FPD

central detector

central detector

(b) SD+SD

FPD FPD

central detector

central detector

(c) ND+SD+SD

FPD FPD

central detector

central detector

(d) ND+CD

FPD FPD

central detector

central detector

Figure 1: Jet events with two forward protons:
(a) central di↵ractive jets, (b) single di↵rac-
tive jets + single di↵raction, (c) non-di↵ractive
jets + two single di↵raction processes, (d) non-
di↵ractive jets + central di↵raction.

One can see that both t and z variables follow
Gaussian distributions with widths of �b/

p
2. It

is worth noting that in the case of non-Gaussian
bunch distributions, the t and z distributions do
not have to be completely independent.

Since pp interactions are distributed both in
t and in z, the time measurement of a sin-
gle forward proton is not su�cient to constrain
the position of the interaction vertex. There-
fore, the standard approach is to combine the
measurements of the arrival times of both for-
ward protons. For a signal (central di↵ractive)
event, assuming that the interaction took place
at (t0, z0), the measured proton arrival time on

2

R. Staszwksi, J. J. 
Chwastowski, arXiv:1903.03031
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Pile-up Background

• Generate dominant source of background, inclusive jet production 
with Herwig/Pythia. Cross section ~ 10 mb, i.e. ~ 14 order of 
magnitude higher than signal!

)
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Selection cuts

11

Can be divided into three cut classes

Forward proton detector acceptance

Di-lepton system

No-charged
(No activity around primary vertex)

Marek Taševský DM searches with forward protons at LHC        

• Impossible to 
generate event sample 
to evaluate effect of all 
cuts       consider three 
factorized classes of 
cuts:

)
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Pile-up Background
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Figure 2: Fractions of fake DT events in one bunch crossing (BX) and overall rejection probabilities
PFPD, including ToF discrimination, as a function of µ. The results are based on a ST probability of
0.008 for MB events generated by Pythia 8.2 and on a ToF resolution of 10 ps.

Pythia 8.2 Herwig 7.1
⟨µ⟩PU ⟨µ⟩PU

10 50 10 50
Fake DT 0.0048 0.105 0.0123 0.222

ToF rejection 18.3 13.7 17.5 11.3
PFPD 2.6 ×10−4 7.6 ×10−3 7.0 ×10−4 2.0 ×10−2

Table 6: Probabilities of fake double-tagged events, rejection factors due to ToF detectors and overall
probabilities to observe in one bunch crossing two forward protons in the FPDs and an inelastic vertex in
the central detector consistent with that obtained by ToF detectors within the time resolution of 10 ps.

tag’, ST) event passes the FPD cuts in table 2, we find a value of 0.008 (0.013) for Pythia 8.2
(Herwig 7.1). If we add the combinatoric effect of pile–up, for example for µ = 50, and use
Poisson statistics, this probability increases to the value (1−(1−0.008)49) ≈ 0.34. The square of
that, i.e. the fake DT probability, would then be 0.116, in a good agreement with the exact value
of 0.105 obtained by the procedure based on generating large samples of MB events described
above. The overall probability PFPD can then be approximately obtained by considering that
the vertex must lie within a 6 mm window, in comparison to the total available region of 15 cm,
and then accounting for the combination of different arrival times between the two FPDs that
may be consistent with the primary vertex gives, for µ = 50 and Pythia 8.2, an additional
factor of 1.5. In total, the expected overall rejection factor is then 0.11× 0.6× 1.5/15 ∼ 0.0066,
roughly consistent with the more precise results in table 6.

More generally, the simulation of the inelastic pile–up events that lead to the DT hit are
fundamentally due to soft QCD, and therefore there will clearly be some model dependence in
these results. As a first check, we extract the ST probability, but with MPI turned off, and find
that the impact is rather small increasing it by ∼ 10%. On the other hand the ξ spectra of
the leading protons at LHC energies have not been tuned in the MC, as there is currently no
LHC data available to do this. As a consistency check we therefore extract the ST (at µ = 0)
probability at

√
s = 1.8 TeV, and find a value of 0.023 (0.024) for Pythia 8.2 (Herwig 7.1),

11

• First question: rate of fake double-tag events coming from pile-up 
in FPD acceptance?

• Crucial element is use of fast-
timing detectors: reject events 
where FPD arrival time does 
not match with central vertex.

• Suppresses BG significantly. 
Precise amount sensitive to 
pile-up,    , and timing 
precision.

µ
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Figure 2: Fractions of fake DT events in one bunch crossing (BX) and overall rejection probabilities
PFPD, including ToF discrimination, as a function of µ. The results are based on a ST probability of
0.008 for MB events generated by Pythia 8.2 and on a ToF resolution of 10 ps.

Pythia 8.2 Herwig 7.1
⟨µ⟩PU ⟨µ⟩PU

10 50 10 50
Fake DT 0.0048 0.105 0.0123 0.222

ToF rejection 18.3 13.7 17.5 11.3
PFPD 2.6 ×10−4 7.6 ×10−3 7.0 ×10−4 2.0 ×10−2

Table 6: Probabilities of fake double-tagged events, rejection factors due to ToF detectors and overall
probabilities to observe in one bunch crossing two forward protons in the FPDs and an inelastic vertex in
the central detector consistent with that obtained by ToF detectors within the time resolution of 10 ps.

tag’, ST) event passes the FPD cuts in table 2, we find a value of 0.008 (0.013) for Pythia 8.2
(Herwig 7.1). If we add the combinatoric effect of pile–up, for example for µ = 50, and use
Poisson statistics, this probability increases to the value (1−(1−0.008)49) ≈ 0.34. The square of
that, i.e. the fake DT probability, would then be 0.116, in a good agreement with the exact value
of 0.105 obtained by the procedure based on generating large samples of MB events described
above. The overall probability PFPD can then be approximately obtained by considering that
the vertex must lie within a 6 mm window, in comparison to the total available region of 15 cm,
and then accounting for the combination of different arrival times between the two FPDs that
may be consistent with the primary vertex gives, for µ = 50 and Pythia 8.2, an additional
factor of 1.5. In total, the expected overall rejection factor is then 0.11× 0.6× 1.5/15 ∼ 0.0066,
roughly consistent with the more precise results in table 6.

More generally, the simulation of the inelastic pile–up events that lead to the DT hit are
fundamentally due to soft QCD, and therefore there will clearly be some model dependence in
these results. As a first check, we extract the ST probability, but with MPI turned off, and find
that the impact is rather small increasing it by ∼ 10%. On the other hand the ξ spectra of
the leading protons at LHC energies have not been tuned in the MC, as there is currently no
LHC data available to do this. As a consistency check we therefore extract the ST (at µ = 0)
probability at

√
s = 1.8 TeV, and find a value of 0.023 (0.024) for Pythia 8.2 (Herwig 7.1),
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No Charged Cuts
• Inclusive dilepton production will typically have many additional 
charged particles associated with interaction vertex, while for CEP 
these are absent.

• ‘No-Charged’ Cuts: veto on additional tracks and vertices within 
1mm of central vertex. Leads to sizeable BG rejection.

Pno−ch ⟨µ⟩PU

0 10 50

CEP cc̄ 3.5× 10−3 2.9× 10−3 1.7× 10−3

CEP gg 3.3× 10−5 2.8× 10−5 1.6× 10−5

Incl. jets (|η| < 2.5) 5.2(2.0) × 10−7 4.4(1.7) × 10−7 2.5(1.0) × 10−7

Incl. jets (|η| < 4.0) 1.7(0.7) × 10−7 1.4(0.6) × 10−7 0.8(0.3) × 10−7

Table 7: The no-charged rejection probabilities as a function of µ for cc̄ and gg CEP, and inclusive ND
jet production. The numbers in the first column were obtained at particle level and then used to calculate
the numbers in the other columns using eq. 2 and Pz−veto probabilities from table 1. The inclusive jet
events were generated with Pythia 8.2 (Herwig 7.1).

heavy-meson decays. In other words, an event is rejected if at least one charged particle (besides
the di–lepton pair) coming from the same decay as the lepton from the di–lepton pair has pT >
0.4 GeV and |η| < 2.5. This effectively rejects decays modes with extra charged particles such
as e.g. D0 → K−e+ν or D+ → ρ0µ+ν.

The probability Plep is then defined as the fraction of events surviving these cuts, and in-
cluding the lepton reconstruction efficiencies from [15]. We find Plep = 0.8 × 10−7 (2.5 × 10−7)
with Pythia 8.2 (Herwig 7.1).∗ As mentioned in section 2, these reconstruction efficiencies
are not expected to depend significantly on the amount of pile–up, so the Plep rejection factors
were obtained at generator level only and with µ = 0, but can safely be used up to µ = 50.

5.4 Comparisons at zero pile–up

It is useful to compare and discuss the above results at zero pile–up, in order to further elucidate
the differences between the two generators. The total jet cross sections, PFPD, Pgap and Plep

are all estimated as explained above using a sample of ND inclusive jet events with pT > 7 GeV.
The ratios of the Herwig 7.1 to Pythia 8.2 results are found to be 0.67, 0.55, 0.40 and 3.3,
respectively. We can therefore see that Herwig 7.1 has a higher particle multiplicity in inclusive
ND jet events in comparison to Pythia 8.2. In more detail we find that it produces roughly 4
times as many events with at least two charged hadrons with pT > 5 GeV and |η| < 2.5 and
about twice as many events with a di–lepton pair with pT > 5 GeV and |η| < 2.5. For this
reason, we find that Pgap is almost by a factor of 2.5 times lower in Herwig 7.1 in comparison
to Pythia 8.2.

Since Pythia 8.2 does not include the W boson production in ND jets the value of Plep in
PYTHIA is by a factor of 3.3 times lower. The Plep in PYTHIA is then corrected using the
fraction of W boson events in all di–lepton events found in HERWIG.

For our purposes, and in particular given the very small sizes of all background probabilities
PFPD, Pgap and Plep, in some cases based on quantities which were not yet tuned at LHC (e.g.
large rapidity gaps or ξ spectrum of the leading proton), these differences are acceptable.

5.5 Inclusive non-diffractive background at zero pile–up

A final source of background we have to in general consider is due to events where the proton
hits in the FPDs are produced by a single underlying inelastic interaction, which also produces
a lepton pair in the central detector. Such a background would equally be present at µ = 0, as

∗Note that, as Pythia 8.2 does not include W bosons in inclusive ND jets, we have estimated this contribution

with Herwig 7.1, see section 6.
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• Additional cuts on dilepton system included, e.g. isolation 
requirements to remove decays from D mesons etc.
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Results

Integrated event yields for L=300𝒇𝒃−𝟏

16

Slepton range corresponds to slepton mass range studied: X(300 GeV) – Y(120 GeV)

Improvements?
- Cut on the distance between sec. and prim. vertex (or on the pseudo-proper lifetime) 
- Improve ToF resolution (ToF rejection increases linearly with 𝜎𝑡 decreasing)
- Radiation-hard ZDC with timing information to suppress proton-dissociation background
- Add timing info in Central detector: included in HL-LHC A+C upgrades for 2.5 < |η < 4.0 
- Timing detector also in |η|<2.5 envisaged in CMS (MTD = MIP Timing Detector)       

|η| < 2.5 |η| < 4.0

Marek Taševský DM searches with forward protons at LHC        

• Final signal yield- handful of events.

• Irreducible WW BG under control. Most significant BG from pile-
up, with dilepton production + dissociation a close runner-up.
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well as for realistic µ values. The probability, Pacc, that this occurs is given by the product

Pacc = P ′
FPD · Plep · Pgap , (3)

where P ′
FPD was calculated using Pythia 8.2 including MPI, from the inclusive jet sample

generated with pT > 7 GeV, where at least two charged particles are observed with pT > 5 GeV
and |η| < 2.5. We then calculate the fraction of events in which a proton in the FPD acceptance
of table 2 on one side is observed. The total probability is given by squaring this. For a mixture
of ND and SD events with a dynamically generated values of the soft survival probablity, S2 (a
quantity which is available from Pythia 8.2), we find P ′

FPD = (0.0004)2 . Since the cross section
for dijet production is σ(pT > 7GeV) = 27 mb and Plep = 0.8× 10−7 and Pgap = 5.2× 10−7, the
expected background is negligible.

6 Results

Event yields / ⟨µ⟩PU

L = 300 fb−1 0 10 50

Excl. sleptons 0.6—3.9 0.5—3.3 0.3—1.9
Excl. l+l− 1.4 1.2 0.7
Excl. K+K− ∼ 0 ∼ 0 ∼ 0
Excl. W+W− 0.7 0.6 0.3
Excl. cc̄ ∼ 0 ∼ 0 ∼ 0
Excl. gg ∼ 0 ∼ 0 ∼ 0
Incl. ND jets ∼ 0(∼ 0) 0.1(0.1) 1.8(2.4)

Table 8: Final event yields corresponding to an integrated luminosity of 300 fb−1 as a function of amount
of pile–up events per bunch crossing for the slepton signal and all considered background processes. All
numbers correspond to the di–lepton mass range 2 < ml1l2 < 40 GeV and lepton 5 < pT < 40 GeV and
a tracker coverage of |η| < 2.5. The ranges in the signal event yields illustrate the spread obtained from
the entire studied slepton mass range: the lower value comes from the (Ml̃,M!χ0

1
) = (300, 280) GeV, the

higher from the (Ml̃,M!χ0
1
) = (120, 110) GeV scenario. The value marked as ∼0 corresponds to a number

which is sufficiently below 0.01. The inclusive ND jet events were generated with Pythia 8.2 (Herwig
7.1).

We collect our results for the expected signal and background event yields in tables 8 and 9.
Here, the former case corresponds to |η| < 2.5 (i.e. the current tracker coverage) while the latter
corresponds to |η| < 4.0 (i.e. the upgraded tracker coverage). To give a global picture, these
results correspond to the full di–lepton mass range of 2 < ml1l2 < 40 GeV, although information
about individual lepton pT ranges for processes where it is relevant can be found in tables 3, 4
and 5. In summary, we observe that in total 2–3 signal events for 300 fb−1 can be expected,
with a S/B ∼ 1. We note that Pythia 8.2 and (Herwig 7.1) give similar predictions for the
contamination from the inclusive ND jets. These relatively small numbers therefore clearly do
not correspond to a statistically significant observation. There are however various ways to
improve this situation.

From the point of view of the phenomenological analysis presented here, the situation may
be improved by cutting on the variable proposed in [38], namely the maximum kinematically
allowed values of mχ̃ and ml̃ assuming the signal decay chain. Following the approach of [38],
we have checked that these cuts lead to some mild improvement in the signal significance over
the background, though the interplay between these and other cuts on Wmiss and ml1l2 , pT,l is
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Future Improvements
• What improvements might we expect in the future?

★ Cut on distance between secondary and primary vertex: 
reduce BG from decays of heavier particles (dominant part of 
inclusive BG).

★ Improved ToF resolution in FPDs (ToF rejection increases 
linearly with decreasing resolution).

★ Radiation hard ZDCs with timing to suppress proton 
dissociation BG.

★ Add timing info to central detector - considered for HL-
LHC upgrades at forward rapidity, and envisaged by CMS 
centrally.
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SuperChic 3 (Plug)

• A MC event generator for CEP 
processes. Common platform for:

‣ QCD-induced CEP.
‣ Photoproduction.

‣ Photon-photon induced CEP.

• For pp, pA and AA collisions.  Weighted/unweighted events (LHE, 
HEPMC) available- can interface to Pythia/HERWIG etc as required.

https://superchic.hepforge.org

• Key element in this analysis - SuperChic MC.



Summary

• Have discussed possibility to search for compressed SUSY scenarios via 
exclusive photon-initiated production at LHC.

• Highly attractive proposal, as very hard to probe via inclusive channels.

• However, important to consider all sources of backgrounds in pile-up 
heavy nominal LHC environment.

• Possible to bring the backgrounds under control, at the price of a limited 
significance S ~ 2, B ~ 2 events for            .

• But not the end of the story- only a first study, and many potential avenues 
for improvement to explore.

• Ongoing work: more complete treatment of proton dissociation in 
SuperChic. Stay tuned!
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Thank you for listening!
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