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photon-induced production pp → pp + γγ, (γγ → V X) of a visible particle V decaying into a
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X. Measurements of the outgoing proton energies by the ATLAS forward proton spectrometer
allow the full photon–photon four-momentum to be reconstructed. By subtracting the visible
four-momentum of the central system measured with the ATLAS detector, the “missing
mass” of any event components not detected in the central region can be reconstructed,
enabling the reconstruction of X without knowing its properties, thus allowing the search to
be model-independent. A search for a narrow resonance is performed in the missing-mass
spectrum between 100 GeV and 900 GeV. The analysis uses data collected in 2017 from
proton–proton collisions at a centre-of-mass energy of

√
s = 13 TeV, corresponding to an

integrated luminosity of 14.7 fb−1. No significant excess over the Standard Model expectation
is observed and upper limits at 95% confidence level are set on the fiducial cross sections
for three different signal models in the range between 128 and 2.5 fb. Additionally, model-
independent limits are set on the visible cross section of BSM processes, for two sets of
selection criteria. Both individual lepton flavour decay channels of the visible boson and
a combination of the two channels are considered.
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1 Introduction

The Standard Model (SM) successfully explains most experimental observations in particle
physics with high precision, but it is unable to explain some important phenomena, such
as the nature of dark matter (DM), the hierarchy of particle masses, and the observed
matter–antimatter asymmetry. These motivate searches for phenomena beyond the Standard
Model (BSM), prompting extensive programmes at facilities such as the Large Hadron
Collider (LHC) [1]. Many dedicated searches are performed to target specific BSM theories,
and these are often limited to a restricted phase space which is sensitive to the specific model
probed, for example [2, 3]. In order to probe a wider range of potential models, including
new phenomena which may not be described by existing models, generalised searches with
much looser restrictions on the final state can be employed. These often use simplified models
which make only general assumptions about potential BSM signatures. Model-independent
searches can also be performed, which determine visible cross-section limits on potential
signals based purely on the observed data and the predicted background.

Proton–proton (pp) collisions at the LHC are energetic enough to involve double photon
exchange [4–6], in which the electromagnetic fields around the protons act as coherent sources
of photons at low Q2, leading to interactions between photons. These interactions do not
change the quantum numbers of the interacting protons, allowing them to remain intact.
This produces a signature for exclusive processes in which there are protons in the forward
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region accompanied by a centrally produced system. The energy lost by these forward
protons can be measured with proton spectrometers, enabling a determination of the photon–
photon collision energy and giving information about the kinematics of the process. This
principle was explored in several feasibility studies [7, 8] and has since been used for SM
measurements [9–12] and BSM searches [13, 14].

In events where the energy loss of each proton is measured, the kinematic information
can be exploited to search for undetected particles. This technique relies on the requirement
that the protons which emit the centrally interacting photons remain intact and become
deflected from the LHC beam due to their energy loss, where they are measured by a proton
spectrometer. This allows the reconstruction of the four-momentum of the initial central
state. By subtracting from this the four-momentum of the visible final state V , measured by
the central detector, the four-momentum of any invisible system X can be inferred. This
is called the missing-mass method. Since the transverse momenta of the protons and the
radiated photons are negligible compared to their longitudinal momenta, the invariant mass,
mX , of the undetected particles can be computed as

m2
X = (Eγγ − EV )2 − (−→p γγ −−→p V )2

=




ξ1Ep + ξ2Ep

0
0

ξ1Ep − ξ2Ep

 −


EV

pV
x

pV
y

pV
z




2

,
(1.1)

where ξ1,2 are the fractional energy losses of the two interacting protons, which travel in
opposite directions along the LHC beamline, and Ep is the LHC beam energy. Since the
missing-mass reconstruction is performed purely with measurements of the other particles
involved in the production of X, no prior knowledge of the properties or decay channels of X

is required, allowing a generic search. The CMS and TOTEM Collaborations applied this
method in the process pp → p(γγ → Z/γ + X)p, where X denotes a generic undetected BSM
particle, setting upper limits on the production cross-section [15].

This paper presents a search for missing-mass resonances in pp collision data at a centre-of-
mass energy of

√
s = 13 TeV collected in 2017, corresponding to a total integrated luminosity

of 14.7 fb−1. The analysis uses data from the ATLAS detector, with measurements of forward
protons provided by the ATLAS forward proton (AFP) spectrometer [16, 17]. The process
studied, as illustrated in figure 1, is pp → p(γγ → ℓℓ + X)p, where two protons interact
exclusively by exchanging photons, which then produce a visible boson decaying leptonically
into a pair of electrons or muons, together with an undetected system X, which is assumed to
decay with a high branching fraction into a system of particles that are invisible to the detector.

The missing mass mX of the undetected system X is calculated, and the mX spectrum is
searched for a narrow resonance. In this analysis, three different simplified signal models are
considered, each characterised by a common final state with two oppositely charged leptons
and an undetected system X but different production mechanisms. The first two models
involve generic processes in which X is produced along with a Z boson. The third model
introduces a specific scenario in which two axion-like particles (ALPs) [18, 19] are produced,
one short-lived and the other long-lived, corresponding to the V and X systems, respectively.
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Figure 1. Feynman diagram of the elastic signal process, with a leptonically decaying visible boson V

produced along with an undetected massive particle or particle system X, in association with protons
which remain intact, but are deflected away from the main LHC beam.

The mass of the V particle is equal to the Z boson mass in all three models, although no
specific requirement is placed on the mass of the dilepton system beyond a loose lower limit of
50 GeV. Only the elastic production mode is considered for these signals, as both protons are
required to be detected in the AFP spectrometer. Single- and double-dissociative production
processes, in which one or both of the signal protons, respectively, break apart into a shower
of hadrons following the interaction, are treated as part of the combinatorial background.

This analysis makes use of a track veto in the selection criteria, requiring that no additional
tracks with pT > 500 MeV in the central detector are associated with the dilepton vertex.
This criterion markedly reduces quark-induced backgrounds, which are dominant in the
analysis, allowing an improvement in sensitivity over the previous CMS analysis [15] for a
common benchmark signal, in the low mass range.

2 The ATLAS detector and the ATLAS forward proton spectrometer

The ATLAS detector [20] at the LHC covers nearly the entire solid angle around the collision
point.1 It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides
charged-particle tracking in the range |η| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
generally being in the insertable B-layer installed before Run 2 [21, 22]. It is followed by
the silicon microstrip detector, which usually provides eight measurements per track. These
silicon detectors are complemented by the transition radiation tracker (TRT), which enables
radially extended track reconstruction up to |η| = 2.0. The TRT also provides electron

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar coordinates (r, ϕ) are used in the transverse plane, ϕ

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle θ as
η = − ln tan(θ/2) and is equal to the rapidity y = (1/2) ln[(E + pz)/(E − pz)] in the relativistic limit. Angular
distance is measured in units of ∆R ≡

√
(∆y)2 + (∆ϕ)2.
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identification information based on the fraction of hits (typically 30 in total) above a higher
energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |η| < 4.9. Within the region
|η| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
|η| < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |η| < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements, respectively.

The muon spectrometer comprises separate trigger and high-precision tracking chambers
measuring the deflection of muons in a magnetic field generated by the superconducting air-
core toroidal magnets. The field integral of the toroids ranges between 2.0 and 6.0 T m across
most of the detector. Three layers of precision chambers, each consisting of layers of monitored
drift tubes, cover the region |η| < 2.7, complemented by cathode-strip chambers in the forward
region, where the background is highest. The muon trigger system covers the range |η| < 2.4
with resistive-plate chambers in the barrel, and thin-gap chambers in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [23] detector, which records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beam pipe.

Events were selected by the first-level trigger system implemented in custom hardware,
followed by selections made by algorithms implemented in software in the high-level trigger [24].
The first-level trigger accepted events from the 40 MHz bunch crossings at a rate close to
100 kHz, which the high-level trigger reduced in order to record complete events to disk
at about 1.25 kHz.

A software suite [25] is used in data simulation, in the reconstruction and analysis of
real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment.

Protons that lose energy but remain intact after colliding at the ATLAS interaction
point (IP) are deflected from the LHC beam by the magnetic fields from the beam steering
magnets. They are detected using the AFP spectrometer, shown in figure 2. The AFP
spectrometer is an ATLAS subdetector consisting of four tracking stations, two on either
side of the ATLAS IP, located at longitudinal positions z = ±205 m and z = ±217 m from
the interaction point, called the Near and Far stations respectively. Each station contains
a silicon tracker (SiT), designed to measure the displacement of deflected protons from the
beamline, thereby determining their energy loss in the central interaction. The tracking
detectors consist of four planes of edgeless silicon pixel sensors with 336 × 80 pixels, where
each pixel measures 50 × 250 µm2 [26–29]. To enhance the hit reconstruction efficiency, the
planes are tilted by 14◦ around the x-axis, increasing the probability that an incident proton
produces hits in at least two planes and resulting in spatial resolutions of σx = 6 µm and
σy = 30 µm [30]. Each station is mounted on a movable “Roman pot” (RP) [31, 32], allowing
the tracker to be moved in the x direction towards the beam for data-taking, and safely
removed at other times to protect the modules from radiation damage. During operation
with stable beams, the trackers are positioned approximately 2 mm from the beam centre,
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Figure 2. Layout of the ATLAS forward proton spectrometer used to detect protons which remain
intact following interactions in the central ATLAS detector and become deflected from the main LHC
beam. The silicon tracker modules are brought to about 15σ from the beam centre, where σ is the
width of the Gaussian beam profile. The orange and blue structures represent quadrupole focusing
and dipole bending magnets, respectively.

corresponding to about 15σ, where σ is the Gaussian width of the LHC beam profile. Global
alignment of the AFP stations with the central ATLAS detector is performed using beam
loss monitors [33, 34], beam position monitors [35], and further in situ calibration using
studies of exclusive dimuon production events [36].

The signals from each of the struck SiT planes are grouped into clusters and fitted
to construct tracks. Small corrections of the order of 0.1 mm are applied to the cluster
coordinates to ensure that cluster positions in different planes are consistent given the spatial
resolution. The proton displacement and slope in the x-axis are determined from the spatial
track coordinates, which are then translated into a measurement of the fractional energy
loss ξ of the proton using a parameterisation obtained from LHC optics simulations. The
ξ parameter is related to the energy of the deflected proton Ep’ as

ξ = 1 − Ep’
Ebeam

,

where Ebeam is the nominal beam energy, 6.5 TeV during Run 2. By default, protons are
reconstructed only from matched tracks in both the Near and Far stations on a given
AFP side, called “double-sided” reconstruction. However, the size of the proton sample can
be increased by “single-sided” reconstruction, using only a Far station track. The AFP
acceptance in ξ depends on both the horizontal coverage of the silicon tracker and the LHC
beam optics. The lower bound on ξ is determined by how close the silicon tracker sensors
come to the beam, while the upper bound is set by the beam collimators located between the
interaction point and the RPs. Reconstructed protons in the final signal region are required to
have 0.035 < ξ < 0.08 to match the region where the detector efficiency is well understood. In
this region, the proton reconstruction efficiency is measured to be (92±2)%, with a ξ resolution
of 10% [36]. The ξ resolution is measured by comparing central and forward measurements,
and therefore includes any effect of the 15 GeV uncertainty in the initial LHC beam energy.
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3 Data and simulated event samples

3.1 Data

The dataset used in this analysis was collected in 2017 from pp collisions at a centre-of-mass
energy of

√
s = 13 TeV. In addition to the standard ATLAS data-quality requirements [37],

every AFP station was required to be operational, and the AFP data acquisition system [38]
had to not report any problems. The resulting total integrated luminosity is 14.7 fb−1. Events
were required to pass either a single-lepton or dilepton trigger, applying the lowest available
pT thresholds. The single-lepton triggers accepted muons or electrons with pT > 26 GeV. The
dielectron trigger accepted electrons with pT > 17 GeV, while the dimuon trigger accepted
muons with pT > 14 GeV [39–41].

3.2 Signal models

Signal events were simulated using different Monte Carlo (MC) generators, depending on
the theoretical model. Three different signal models are considered, as described in this
subsection. In each case, the response of the central ATLAS detector to the simulated signal
was modelled using a full detector simulation [42] based on Geant4 [43]. The response of
the AFP spectrometer was modelled using a fast simulation in which Gaussian smearing
matched to the AFP spatial resolution is applied to the track positions, and the 92% proton
reconstruction efficiency measured in 2017 is included. The effect of multiple interactions
in the same and neighbouring bunch crossings (pile-up) was modelled for all signal samples
by overlaying the simulated event with inelastic proton–proton (pp) events generated with
Pythia 8.186 [44] using the NNPDF2.3lo set of parton distribution functions (PDF) [45]
and the A3 set of tuned parameters (tune) [46]. Events were weighted to reproduce the
distribution of the average number of interactions per bunch crossing (⟨µ⟩) observed in data.

Z + H ′ model. This generic model is based on the SM process γγ → ZH. The Higgs
boson is replaced by a generic scalar denoted by H ′, which is assigned a tunable mass that
matches the missing mass under investigation and is forced to not decay, thus emulating an
invisible final-state particle. The Z boson is forced to decay only to leptons (e+e−, µ+µ− or
τ+τ−) with all three flavours simulated in the same sample, and all couplings are kept at
their default SM values for simplicity. The sample generated at a signal mass of 400 GeV
exceptionally includes all Z boson decay channels in the SM (e.g. including hadronic decays),
for investigations during the analysis. This process can occur via loop-induced interactions,
two of which are illustrated in figure 3. Several samples were produced, varying the missing
mass mX between 100 and 800 GeV in 100 GeV steps. Event generation was performed
in MadGraph5_aMC@NLO 2.9.5 [47] using the loop_qcd_qed_sm model [48], with the
CT14qed_proton PDF set [49], interfaced to Pythia 8.306 [50] for modelling of the parton
showering (PS) [51], hadronisation and underlying event. The A14 tune [52] of Pythia 8
was used with the NNPDF2.3QED PDF set [53].

Di-ALP model. In this model, two distinct, electrically neutral, scalar ALPs are produced
via a photon-induced process [54, 55]. ALPs are hypothetical scalar or pseudoscalar parti-
cles, extensions of the original pseudoscalar axion proposal, and can be viable dark-matter
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Figure 3. Representative Feynman loop diagrams contributing to photon-induced Z +H ′ production.
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Figure 4. Feynman diagram for photon-induced di-ALP (S1, S2) production.

candidates [18, 19, 56]. A short-lived ALP (S1), which is leptophilic and decays into either
an e+e− or µ+µ− pair with equal probability (e+e− and µ+µ− events are simulated in the
same sample for each signal mass), is produced in association with a long-lived ALP (S2),
which does not decay in the detector and escapes detection. The ALPs couple to photons
via dimension-five operators containing derivatives [19]. The final state consists of two oppo-
sitely charged leptons from S1 and missing mass from the undetected S2, closely mimicking
the signature of the generic models. The Feynman diagram for this process is shown in
figure 4. The ALPs S1 and S2 are neutral pseudoscalars, such that S2 behaves similarly to
H ′ described in the previous model, while S1 differs from the Z boson in terms of spin and
potential decay modes. Besides this difference, the final state is produced via a four-point
interaction, similarly to the Z + X process. The mass of the short-lived ALP is arbitrarily
set to that of the Z boson in order to simplify the analysis and allow common selections for
all signal models. Several tests were performed with short-lived ALP masses in the range
10–200 GeV without kinematic selections applied and minimal impact on the final kinematic
distributions was observed. The mass of the long-lived ALP is scanned from 200 GeV to
800 GeV. Event generation was performed in MadGraph5_aMC@NLO 2.9.5 using the
yyALP_UFO model [57], with the CT14qed_proton PDF set, interfaced to Pythia 8.306 for
modelling of the parton showering (PS), hadronisation and underlying event. The A14 tune
of Pythia 8 was used with the NNPDF2.3QED PDF set.
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Figure 5. Feynman diagram for photon-induced Z + X via a four-point interaction.

Z + X model. This simplified model, proposed in the previous CMS analysis [15], describes
the photon-induced production of a Z boson in association with an invisible particle X, via
a four-point interaction, as illustrated in figure 5. The Z boson decays leptonically into
electrons or muons, and separate samples are generated with decays to each individual lepton
flavour. The ZX invariant mass was generated with a probability proportional to e−τ ·mZX ,
where τ is a model parameter fixed at 0.04 GeV−1. This τ value was chosen for consistency
with the parameter used in the previous CMS analysis [15], enabling access to a phase space
that is not accessible with the other models considered in this analysis. Lowering the value
of τ yields a spectrum similar to those from the other two models, while increasing τ results
in a softer spectrum, thus reducing the selection efficiency. The mass of the new resonance,
mX , was varied between 300 and 900 GeV, the range in which the reconstruction efficiency is
maximised. The key difference between this model and the Z + H ′ scenario discussed earlier
is the production mechanism: while the Z + H ′ final state is generated via a loop process,
the Z + X final state arises from a direct four-point interaction. Events were generated at
the parton level using SuperChic 5.1 [58], using a structure function approach [59]. The
models used are Processes 83 (Z → µµ) and 84 (Z → ee) in the SuperChic manual [60].
Modelling of the parton showering, hadronisation and underlying event is performed by
Pythia 8.310. Since this is a simplified model, no other parameters such as the spin or
helicity of the final-state particles are explicitly defined. Therefore, both the Z and X are
emitted isotropically in the diphoton centre of mass frame, with random polarisation.

In exclusive production processes, the probability that no additional particles are produced
in soft proton–proton interactions is characterised by the soft-survival factor. This factor
accounts for the probability that additional proton–proton interactions may occur following
the photon exchange, filling with additional activity the low- to mid-rapidity region, which
is otherwise empty in exclusive processes [61]. This probability has a value S ⩽ 1 which
depends on the event kinematics. While this effect is implemented in the SuperChic
generator for some processes, the simplified Z + X model does not include soft-survival
effects at the generation level. Instead, a correction derived from exclusive γγ → ℓℓ events
generated in SuperChic is used to estimate the survival probability S as a function of the
mass of the final-state particle system. The obtained relation is well described by a linear
parameterisation S = 0.9381 − 0.000356 · mV X , corresponding to applied soft-survival factors
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Figure 6. Comparison of generator-level distributions of (a) dilepton pT and (b) proton ξ for both
signal protons, for each signal model with a hypothesised signal mass of mX = 500 GeV. The plotted
events are selected within the AFP acceptance of 0.02 < ξ < 0.12.
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Figure 7. Comparison of reconstruction-level distributions of (a) dilepton pT and (b) proton ξ for
both signal protons, for each signal model with a hypothesised signal mass of mX = 500 GeV. The
plotted events are selected within the AFP acceptance of 0.02 < ξ < 0.12.

which vary from 0.80 to 0.58 across the mass range studied. These probabilities are then
used to weight the Z + X signal sample event-by-event as a function of the generator-level
mZX , and thus obtain the nominal Z + X signal prediction used throughout the analysis.
Unlike SuperChic, MadGraph does not provide a built-in mechanism to model soft-survival
probabilities. Consequently, no survival correction is applied to either of models generated
with MadGraph, resulting in an overestimation of the exclusive signal yield. To account for
this limitation and avoid underestimating the theoretical uncertainty, a dedicated systematic
uncertainty is assigned to the signal normalisation, reflecting the possible impact of soft
interactions on the signal yield. This is discussed further in section 6.

As illustrated in figure 6 for a representative signal mass of mX = 500 GeV, the three
models populate distinct kinematic regions at generator-level: the Z + X model produces a
less boosted final state, whereas both the Z + H ′ and di-ALP models yield a more boosted
final state. Comparing the Z + H ′ and di-ALP models, the latter exhibits higher values of
the dilepton transverse momentum and proton fractional energy loss. Reconstruction-level
distributions of the same kinematic variables are shown in figure 7.
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Feature Criterion

Electrons pT > 18 GeV
|η| < 2.47

Muons pT > 15 GeV
|η| < 2.4

Dilepton system
Same flavour, opposite charge

mℓℓ > 50 GeV
pℓℓ

T > 20 GeV

Protons 0.035 < ξ < 0.08

Table 1. Summary of fiducial selection criteria for signal events.

Owing to the wide kinematic spectrum of the V X system and an associated effect on
detector acceptance, particularly for the proton fractional energy loss ξ, a fiducial volume is
defined. The volume definition is informed by the event selections applied to reconstructed
events in this analysis. These are described in section 4, and represent the acceptance of
the central ATLAS detector and AFP spectrometer. Fiducial selections are applied to the
generator-level kinematics of the leptons and protons in simulated signal events, and are
summarised in table 1.

The fiducial volume is used to define the reference normalisation of the signal. Signal
events falling outside the fiducial region are treated as an additional source of background
in the analysis.

3.3 Simulated samples for background model validation

The background in this analysis is almost exclusively combinatorial background, which
results from the coincidence of a non-signal central dilepton signature and two uncorrelated
protons that are deflected in different collisions in the same LHC bunch crossing (pile-up)
and are detected in the AFP spectrometer. The two protons typically come from different
pile-up interactions. This background is fully modelled using a data-driven method called
“event mixing”, described in section 5. However, in order to validate this method, MC event
samples were generated for each of the contributing central processes and received a full
Geant4-based simulation of the ATLAS detector response.

The main process considered for the validation is inclusive Drell–Yan Z-boson production
(Z+jets), which was simulated using Sherpa 2.2.11 [62] for both parton generation and
showering, with the NNPDF3.0NNLO PDF set [63]. Inclusive top-quark production (tt̄
and Wt) was simulated using Powheg 4 [64] with the NNPDF3.0NLO PDF set, interfaced
with Pythia 8.244 [65] for parton showering with the A14 tune and the NNPDF2.3LO
PDF set [45]. Inclusive diboson production processes (WW , WZ, ZZ) were generated using
Sherpa 2.2.14 with the NNPDF3.0NNLO PDF set. Exclusive samples of photon-induced
lepton production and WW boson production were generated using MadGraph 2.9.5 with
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the CT14qed_proton PDF set, with parton showering provided by Pythia 8.245 with the
A14 tune and NNPDF2.3QED PDF set.

For all these central backgrounds with two final-state leptons, pile-up protons were
overlaid from a database created from the 2017 dataset, to simulate the proton component
of the combinatorial background.

4 Event selection and object reconstruction

The reconstruction-level event selection consists of a preselection and a final signal selection.
The preselection imposes loose requirements to select events that have a signal-like topology.
This provides a dataset which was used in various optimisation studies to help define
the analysis strategy. The signal selection imposes additional requirements on top of the
preselection, for optimal signal efficiency and background reduction, and events in the
corresponding signal region are used in the final fit.

Preselected events must contain at least one interaction vertex with two or more associated
ID tracks that satisfy pT > 500 MeV, |η| < 2.5, and additional loose quality criteria described
in refs. [66, 67], corresponding to at least one pair of same-flavour leptons with opposite
electric charge (e+e− or µ+µ−). Electrons (muons) must satisfy the kinematic requirements
pT > 18 (15) GeV and |η| < 2.47 (2.4), in addition to loose identification criteria [68, 69] and
|z0 sin θ| < 0.5 mm.2 Electrons that share an ID track with a muon are removed, unless the
muon is of low quality (i.e. reconstructed without the muon spectrometer), in which case the
muon is removed. If multiple electron candidates share a track, only the highest-pT candidate
is kept. To reduce backgrounds from non-prompt or misidentified leptons, the remaining
electrons (muons) must satisfy a transverse impact parameter significance |d0/σd0 | < 5(3),
in addition to the loose isolation criteria described in refs. [68, 69], which require there to
be no additional particles above a given pT threshold within a variable-radius cone around
each lepton track. In simulated event samples, scale factors are applied to leptons to match
the reconstruction and trigger efficiencies measured in data [68, 69]. Protons must pass the
“loose” selection, defined to match the AFP spectrometer acceptance of 0.02 ≤ ξ ≤ 0.12.

Further lepton selection requirements are applied to the preselected events to define the
signal region used in the final fits. Electrons (muons) must satisfy the “LooseAndBLayer” [68]
(“Medium” [69]) identification requirements, and the dilepton invariant mass must satisfy
mℓℓ > 50 GeV. In addition, based on the higher dilepton transverse momentum observed in
simulated signal events than in data events, a requirement of pℓℓ

T > 20 GeV is imposed on
the dilepton system to enhance the signal-to-background ratio.

Finally, signal events are rejected if they have any tracks in the ID within a window of
|ztrack

0 − zℓℓ
0 | < 0.5 mm, where ztrack

0 is the track z0 position and the signal leptons ℓ1,2 form a
dilepton vertex with zℓℓ

0 = (zℓ1
0 +zℓ2

0 )/2. Considered tracks must satisfy the standard selection
of pT > 500 MeV, |η| < 2.5, and the loose quality criteria, in addition to a requirement of
|d0| < 0.5 mm, which is applied to reduce the rate of misidentified tracks. The signal lepton
tracks are excluded from the track counting, which is achieved using direct ID matching for
muon tracks, and a ∆R(track, ℓ) < 0.01 requirement for electron tracks. The event rejection

2z0 is the longitudinal impact parameter relative to the primary vertex, which is defined as the vertex with
the largest

∑
p2

T of associated tracks.
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Figure 8. Normalised distributions of the minimum z-axis distance between the dilepton vertex and
additional tracks in background and signal events. For background events this is evaluated directly
using the data-driven background model described in section 5, while for signal events it is taken from
a pile-up-based method using the primary vertex position in the previous event. The distributions
from all generated signal samples are summed since they are independent of the underlying model
or signal mass. The signal selection requires there to be no additional tracks within 0.5 mm of the
dilepton vertex.

described above is called the track veto (N0.5 mm
tracks = 0), and is highly efficient in removing

background events with inner-detector activity in addition to the dilepton vertex.
Figure 8 shows the distribution of the z-axis distance between the dilepton vertex and the

closest additional track in each event, for signal and background processes. In background
events, additional tracks are expected near the dilepton vertex due to additional event
activity, such as jet production. This distribution is estimated relative to the dilepton
vertex in preselected data events, almost all of which are expected to come from background
processes. The signal process does not produce visible ID event activity other than the
dilepton system, so additional tracks are not expected near the dilepton vertex. However,
the track veto removes some signal events that have random coincidences with tracks from
independent pile-up interactions close to the dilepton vertex. This is also estimated from data,
in this case by identifying which additional track in a given event is closest to the primary
vertex position in the previous event, and building the distribution of distances between the
two. This is referred to as the “pile-up-based method”. By measuring a track position that is
independent of the dilepton vertex of the current event, it allows the probability of a pile-up
track to randomly intercept the dilepton vertex to be estimated. Sampling the tested position
by using the primary vertex of the previous event ensures that the distribution of tested
track positions matches the expected distribution of dilepton vertex positions. A window
size of 0.5 mm around the dilepton vertex was chosen for the track veto after optimisation
with respect to signal sensitivity.

The preselection requires exactly one “loose” reconstructed proton (satisfying 0.02 ≤ ξ ≤
0.12) per AFP side or exactly one “tight” proton (0.035 ≤ ξ ≤ 0.08) per AFP side, for mX to
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be calculated. Events with more than one proton detected on either side, due to additional
protons from pile-up interactions, cannot be used because it is not possible to tell which
proton originated in the primary interaction and is thus associated with activity in the central
region. For the signal region, only tight protons are accepted, corresponding to the ξ region
where the detector efficiency is well understood, and exactly one tight proton is required on
each side. The “or” condition in the preselection is needed because requiring only exactly one
loose proton per side would not fully contain the signal region. This can be understood by
considering an event with a single proton with ξ = 0.05 on one AFP side and two protons with
ξ = 0.06 and 0.1 on the other. The two protons satisfying loose selection on one side would
cause this event to fail the selection requiring exactly one loose proton per side. However, only
one of these protons satisfies the tight selection, so this event would be accepted in the signal
region. Including the “or” condition prevents such signal events from being excluded from
the preselection. Additionally, the preselection accepts both single-station and double-station
reconstructed protons, while the signal region requires double-station reconstruction.

In the final fits discussed in section 7, an additional restriction is imposed on the missing
mass mX . A window is defined for the signal region, relative to whichever hypothesised signal
mass is being considered. These are defined in section 7 for each fit.

5 Background modelling

Several sources of background are considered in the analysis:

• Inclusive SM processes (Z+jets, tt̄, Wt, dibosons) with two protons from pile-up events
(combinatorial background).

• Exclusive SM processes (e.g. γγ → ℓℓ, γγ → WW ).

• Single- or double-dissociative V X events.

The dominant source is the combinatorial background, which arises when central dilepton
systems produced by non-signal SM processes are wrongly combined in reconstruction with
unassociated protons originating in independent pile-up interactions. Each background proton
typically comes from a different pile-up interaction, while the central component originates
from one of the inclusive SM processes listed above. Exclusive SM processes with intact
protons in the final state act as an additional background in this analysis, but it was determined
from simulation that the participating protons typically fall outside the ξ acceptance of AFP
spectrometer because of the relatively low mass of the central system in these processes.
Therefore, the exclusive central system is instead usually reconstructed along with pile-up
protons as in the combinatorial background, and so can be modelled in the same way.

The combinatorial background is modelled using a data-driven technique known as event
mixing. In this procedure, central-detector information (leptons and tracks) from a given
real preselected data event is combined with AFP information (protons) from a different
preselected event, shifted by an offset i along the sample of preselected events. The offset i

is called the event-shift. The resulting mixed sample accurately mimics the characteristics
of the combinatorial background. The shift index i can take any value from 1 to the total
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number of events, N , yielding up to N uncorrelated mixed samples to model the background
(with i = 0 giving the unaltered data). For example, in a dataset with 4 events, there are 4 of
each component: Central 1, 2, 3 and 4 and AFP 1, 2, 3 and 4. In normal data reconstruction,
the components Central 1 and AFP 1 are combined to reconstruct X. However, when the
event-mixing technique is applied, an event-shift of i = 2, for example, means that Central 1
is instead combined with AFP 3 (event number in the dataset shifted by the value of i), then
Central 2 is combined with AFP 4, Central 3 with AFP 1 and Central 4 with AFP 2. In
this way, 4 reconstructed X systems are obtained with the two components mixed up, which
gives a very accurate model of the dominant combinatorial background process. Within this
construction, multiple independent background models can be created using different values
of event-shift i, since the event components used to reconstruct the X system are different
in each sample. In this analysis, 100 such samples were generated and averaged bin-by-bin
to produce a high-statistics, data-driven background model, using event-shifts in the range
2 ⩽ i ⩽ 101 (i = 1 was reserved for studies during the analysis). This model is then used in
the fits described in section 7 to obtain the final results. The event-mixing procedure has
been used previously by several analyses using forward proton information [10, 14, 15].

In order to validate this method, the data-driven combinatorial background model was
compared against simulated background MC samples, as described in section 3. These samples
include the relevant central-detector processes which give a dilepton signature similar to the
signal. Pile-up protons from 2017 data were overlaid onto the inclusive MC events, thereby
reproducing the full final state. Figure 9 shows a comparison of the missing-mass distributions
obtained from the two background estimation methods (data-driven event-mixed and MC
simulation) using the full signal selection, both with and without the track veto applied,
for each lepton channel. The contribution from most backgrounds, including misidentified
(“fake”) leptons, is negligible once the track-veto requirement is applied. It heavily suppresses
the Z+jets background, which nevertheless remains the dominant background source. In
contrast, the exclusive γγ → ℓℓ background becomes more prominent, as its exclusive
nature makes it almost completely unaffected by the track veto. Small normalisation and
shape differences of the order of 10% are observed following the application of the track
veto; however, this is considered to be due to insufficient precision in the modelling of the
underlying event, as explained in the next paragraph, and does not suggest an issue with
the data-driven background.

For this comparison, distributions are normalised after applying the track veto. This is
necessary because the description of the underlying event in Drell–Yan processes has been
observed to be insufficiently precise for the estimation in the low Ntrack region, as shown in
figure 3 of ref. [70] and in refs. [71, 72]. Several background MC generators were tested in this
regard, and found to overestimate the fraction of events passing the track veto by factors that
can be large, consistent with those found in a previous ATLAS analysis [70]. This emphasises
the need to use a data-driven background in this analysis, as there is no dependence on
modelling and thus no effect from associated issues such as the underlying event.

To avoid bias from potential signal contamination in the data-driven background model,
the normalisation is obtained from a background-only fit in a control region where negligible
signal is expected, as explained in more detail in section 7.
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Figure 9. Missing-mass distributions in the overall simulated background model produced with all
considered background contributions, after the final signal selection is applied except for the track
veto, in the (a) muon and (b) electron channels and after the track veto is applied in the (c) muon
and (d) electron channels. The data-driven background model is overlaid, showing good agreement
with the simulated model. Distributions shown after applying the track veto are normalised to unity,
to remove dependence on the known mismodelling of the underlying event in simulated event samples,
which was found to yield inaccurate estimates of the track veto background efficiency. Exclusive
γγ → WW production was also investigated, but made a negligible contribution in all cases. No
fiducial selection is applied to simulated background samples.

– 15 –



J
H
E
P
0
7
(
2
0
2
6
)
2
3
6

0 100 200 300 400 500 600 700 800 900 1000
 [GeV]Xm

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
E

v
e

n
ts

 /
 5

0
 G

e
V

Matched

Mismatched

ATLASSimulation
-1

 = 13 TeV, 14.7 fbs

 pV(ll)Xp→pp

SuperChic 300 GeV

(a)

0 100 200 300 400 500 600 700 800 900 1000
 [GeV]Xm

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

E
v
e

n
ts

 /
 5

0
 G

e
V

Matched

Mismatched

ATLASSimulation
-1

 = 13 TeV, 14.7 fbs

 pV(ll)Xp→pp

SuperChic 900 GeV

(b)

Figure 10. Comparison of missing-mass distributions for simulated signal events with both recon-
structed protons matched at generator-level to the signal process, and with at least one originating in
pile-up (mismatched), for the SuperChic signal model at hypothesised signal masses of (a) 300 GeV
and (b) 900 GeV without the generator-level fiducial selection applied.

Potential bias from repeated central components for several events in the data-driven
background model is not considered to affect the model significantly, because the event-mixing
procedure uses the preselected dataset of about 3× 106 events, and only about 2× 105 events
remain after applying the signal selection (except for the track veto). Therefore, even after
averaging over 100 different event-mixed samples, no more than ∼8 repetitions would be
expected in the final model, and in each case the reconstructed missing mass would be greatly
varied due to combination with a different set of protons.

An additional signal-induced background component arises from events where at least
one of the signal protons is not detected by the AFP spectrometer, and in its place a single
pile-up proton is detected. This occurs mainly due to the signal proton falling outside the ξ

acceptance of the AFP spectrometer, and less often due to dissociation of the signal proton
following the central interaction. Due to the event selection procedure, such an event would
be accepted as signal and reconstructed, but since the energy loss ξ is generally very different
from that of the signal proton, the reconstructed missing mass would be inaccurate. Typically,
this occurs when the signal proton has an energy loss significantly higher than the upper
limit of AFP acceptance, resulting in a highly energetic dilepton pair which is not balanced
in eq. (1.1) by the pile-up proton which is reconstructed instead. This can result in negative
reconstructed missing mass, which is unphysical and thus easily removed from consideration.
However, if the missing mass is positive then such events cannot be easily distinguished from
genuine signal events. These “mismatched” signal events form a wide resonance resembling
the combinatorial background, beneath the genuine signal peak. Some weak signal-mass
dependence is seen: this effect is most significant for low- and high-mass signal models on the
edge of the acceptance in this analysis, where in addition to the genuine signal occurring at
the centre of the mX distribution there are large contributions away from the signal peak.

Figure 10 shows a comparison between signal events with “matched” and “mismatched”
protons for two SuperChic models with signal masses of mX = 300 GeV and 900 GeV.
Distributions are shown before the generator-level fiducial selection is applied to the simulated
signal, to demonstrate both components which would be present in data which contained signal
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events. The large contribution from the mismatched component is clearly visible, as these
masses are at the tails of the mX distribution and therefore most heavily affected by signal
protons falling outside AFP acceptance. As discussed in section 3, the fiducial selection is
used to separate simulated signal events into two categories: inside and outside of the fiducial
volume. Events inside the fiducial volume are treated as signal, and events outside the fiducial
volume are treated as an additional background component. The majority of mismatched
signal events discussed above fall outside the fiducial volume, due to the generator-level ξ

selection requiring both signal protons to fall within the AFP spectrometer acceptance. As a
result, the simulated signal model used in the final fit (inside the fiducial volume) is highly
pure in events where the genuine signal protons are reconstructed by AFP. The background
contribution from signal events outside the fiducial selection is strongly suppressed within the
signal region by the mass window applied in the final fits, since for the most affected signal
models the mismatched peak occurs away from the main signal peak, as shown in figure 10.
The normalisation of this background is fixed by the signal model investigated, and due to
the mass window requirement is consistently negligible in the final distributions.

6 Systematic uncertainties

A likelihood fit is used in the analysis to fit the missing-mass distribution predicted by the
combined signal and background model to the observed data and determine the significance
of the observed signal. Systematic uncertainties are incorporated into the likelihood fit as
nuisance parameters (NPs), which affect the final distributions of the observables. These NPs
are typically constrained by Gaussian priors reflecting the size of the uncertainties. They
are profiled during the fit to extract the best-fit values of the parameters of interest. The
instrumental uncertainties considered include systematic effects related to the reconstruction
and calibration of physics objects used in the analysis, such as lepton momentum calibration
and smearing, lepton reconstruction efficiencies, and lepton trigger inefficiencies. Addition-
ally, the normalisation of simulated event samples to the integrated luminosity carries an
uncertainty of 1.2% [73], and an uncertainty is estimated for the reweighting of the pile-up
distribution in simulated event samples to match the distribution observed in data.

The uncertainty in the signal efficiency of the track veto is also evaluated. This efficiency
is called the “exclusive efficiency”, since the inner-detector tracks in the track-veto window are
required to be exclusively those of the two signal leptons. The uncertainty in this efficiency
arises mainly from uncertainties in the modelling of pile-up interactions, and less significantly
from the difference in luminous-region size between MC simulation, where it is fixed, and data,
where it varies across runs. This leads to slight track-veto signal efficiency differences between
data and simulation. To determine the uncertainty, the track veto efficiency was estimated
using two different methods and compared as a function of the number of interactions per
bunch crossing, with the largest observed difference being taken as the uncertainty. The first
“direct” estimate is based on the fraction of simulated signal events which pass the veto. The
second estimate is obtained using the “pile-up-based method” described in section 4, which
measures the probability for pile-up tracks to fall within the veto window around the dilepton
vertex by computing the minimum distance of tracks to an arbitrary z-axis position in each
event. The second method was applied to both data and simulation. Each estimate was fitted
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Figure 11. Comparison of track-veto signal efficiencies estimated as a function of the mean number
of interactions per bunch crossing, µ, using a pile-up-based approach in simulated and real data
and calculated directly from the dilepton vertex in simulated data in the (a) muon and (b) electron
channels. The ratio of the pile-up-based estimate from data to the direct measurement in simulation
is fitted to a quadratic polynomial, shown by the red dotted line, to remove dependence on statistical
fluctuations. The fit range is limited to ±2σ around the mean value of µ, where σ denotes the standard
deviation, to remove outliers. The ratio of efficiencies obtained by applying the two methods to
simulation is consistent with the maximum ratio observed in data.

using a quadratic function to mitigate sensitivity to outliers and statistical fluctuations, with
the fit range limited to ±2σ around the mean number of interactions per bunch crossing, µ,
observed in the data. The quadratic function was chosen as the lowest-order polynomial which
consistently fitted the distributions with χ2 per degree of freedom close to 1. Figure 11 shows
a comparison between the estimates in data and simulation and between the two different
methods in simulation. The resulting uncertainties, estimated from the difference between
the two methods, were found to be 12% in the muon channel and 16% in the electron channel.
The larger uncertainty in the electron channel is attributed to Bremsstrahlung emission
from signal electrons, in addition to larger effects from requirements on track-to-vertex
matching, due to poorer ee vertex resolution. At the value of µ corresponding to the mean
observed value in 2017 data (µ ∼ 35), the estimated track-veto signal efficiency obtained
using the pile-up-based method on data is found to be (50.6± 0.3)% in the muon channel and
(50.4 ± 0.3)% in the electron channel, where the uncertainties arise from limited statistics.

Systematic uncertainties associated with the proton reconstruction are also taken into
account, as in previous analyses using AFP data [10, 14]. An uncertainty of ±300 µm
is assigned to the global alignment of the AFP spectrometer, along with a conservative
uncertainty of ±0.05 mm in the width of the Gaussian smearing used to calibrate the
resolution of the reconstructed ξ distribution of MC generator-level protons to match that
observed in data. In addition, an uncertainty in the proton transport simulation used
to determine the proton energy loss ξ from the x position measurement provided by the
AFP spectrometer is accounted for by recalculating the proton properties using alternative
transport simulations in which the beam angle is altered by ±50 µrad. The uncertainty in
the measured proton reconstruction efficiency of (92 ± 2)%, which is applied to simulated
event samples, was included as an additional systematic uncertainty. Furthermore, several
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variations affecting the proton reconstruction methodology (e.g. track finding and matching
criteria) were considered, and it was verified that their impact on the data is negligible.

Modelling uncertainties affecting the data-driven background model are likewise considered.
Statistical fluctuations in the background model are estimated using bootstrapping to be
around 1% due to the use of 100 statistically independent samples. Time dependence of the
signal observable mX due to variations in the pile-up profile across the dataset is found to be
negligible. The presence of single-diffractive backgrounds was considered by repeating the
event-mixing procedure on only a single side of the AFP spectrometer, after first using the
default double-sided mixing described in section 5, and revealed negligible shape differences.
Finally, the effect of differences in the level of pile-up between events used for each component
of the event-mixing procedure was found to have a negligible effect on the model.

Signal modelling uncertainties are associated with the choice of baseline set-up for the
generation of signal events. As described in section 3, the SuperChic signal model uses an
estimated scale factor to account for soft-survival effects. A soft-survival factor uncertainty
of 20% was applied to the signal normalisation in these samples. This was chosen as a
conservative uncertainty based on several previous studies [10, 74], and does not reflect the
intrinsic theoretical uncertainty of 1% estimated in ref. [75]. For MadGraph samples, the
effect of soft-survival is not modelled by the generator, so the uncertainty for each sample
is based only on a downward systematic variation that matches the scale factor estimated
in SuperChic for the corresponding hypothesised signal mass, but capped at a minimum
value of 20% so as to not be lower than the uncertainty assigned to SuperChic models.
This accounts for the overestimation of the signal yield obtained by neglecting soft-survival
effects. Uncertainties related to parton shower settings were found to be negligible. Statistical
uncertainties arising from the simulated signal samples are also considered.

Table 2 presents a summary of the systematic uncertainties. The largest uncertainties
are those affecting protons via the optics parameterisation and global alignment of the AFP
spectrometer. Both of these cause the ξ distribution and thus the mX distribution to shift
upwards and downwards. This removes events on the edges of the ξ acceptance, which has a
significant effect on the event yield, especially for low and high mass points, which correspond
to low and high ξ values. This is particularly significant for the SuperChic model, in which
the Z and X systems are produced with low pT, meaning that the energy loss of the two
interacting protons must be well balanced, imposing a relatively tight restriction on the
possible ξ values for a given hypothesised signal mass compared to the two MadGraph
models. For low- or high-mass signal models, this restriction lies close to an acceptance
edge, increasing the event yield uncertainty.

7 Results

The results of the search are interpreted for each of the simplified models, and also as general
limits on BSM physics cross-sections.

In each case, a search for the presence of a signal is performed using a profile-likelihood fit
to the observed event yields in the missing-mass distribution, mX . A single-bin fit is employed
for each tested mass point, using a dedicated mass window centred on the hypothesised signal
mass, as discussed in section 4. The resolution of the missing mass reconstructed using the
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Uncertainty Effect on event yield

Signal uncertainties

Signal model SuperChic MadGraph di-ALP MadGraph Z + H ′

Soft-survival factor 20% 20%–39% 20%–39%
Track veto signal efficiency 16% 16% 16%
Pile-up reweighting 3.1%–4.6% 3.6%–4.4% 3.7%–4.4%
Luminosity 1.2% 1.2% 1.2%

Proton (total) 12%–102% 22%–60% 19%–65%

AFP proton transport 8.8%–70% 16%–43% 13%–50%
AFP global alignment 5.7%–63% 12%–43% 11%–54%
AFP smearing 4.8%–38% 8.7%–22% 7.6%–25%
AFP reconstruction efficiency 3.2%–3.7% 2.7%–3.7% 3.4%–3.7%
AFP track matching 1.2%–2.5% 1.3%–1.8% 1.3%–1.6%
AFP track finding 0.6%–1.2% <0.5% 0.5%

Electron (total) 5.6%–7.5% 5.5%–8.2% 5.1%–6.4%

Muon (total) 5.5%–7.4% 5.4%–8.1% 5.0%–8.0%

Statistical uncertainty 1.1%–3.4% 0.7%–2.1% 0.5%–1.8%

Total 31%–106% 30%–75% 28%–76%

Background uncertainties

Statistical uncertainty 1.0%

Table 2. Summary of all considered uncertainties for the signal and background models, and their
effects on the event yields of the corresponding samples. For the signal samples, each generator is
shown separately, and the range of absolute percentage changes in event yield is given in a common
signal mass range of 300–800 GeV for all models. Lepton uncertainties are combined for each channel,
with a breakdown given only for proton uncertainties.

method described in section 1 was studied using simulated event samples, and found to be
50 GeV or better across the considered range of masses. Therefore, the chosen mass window
extends 100 GeV to either side of the signal mass for most models (e.g. 400 ≤ mX ≤ 600 GeV
for a 500 GeV signal model), although wider, asymmetric windows of 0 ≤ mX ≤ 300 GeV and
700 ≤ mX ≤ 1000 GeV are used for 100 GeV and 900 GeV models because there are fewer
events in these regions in data. This provides an overlap of at least 100 GeV between adjacent
tested models, which is more than the measured mX resolution of 50 GeV, ensuring that any
resonances present within the tested range of signal masses will be visible.

The normalisation µbkg of the data-driven model of the combinatorial background is
constrained using control regions. To compensate for potential bias in the background
model from any signal contamination present in the dataset, the control regions are defined
separately for each signal mass point. The mass windows defining the signal and control
regions for the model-dependent results are given in table 3.

The control regions are defined as the range in mX outside the signal region, with a
100 GeV gap imposed on either side to ensure that no signal will enter the control region.
For some low signal mass points (100–300 GeV), the control region was extended into the
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Signal mass [GeV] Signal region [GeV] Control region(s) [GeV]

100 0–300 300–400
200 100–300 300–400
300 200–400 0–100, 400–450
400 300–500 600–1000
500 400–600 700–1000
600 500–700 400–450, 800–1000
700 600–800 450–500, 900–1000
800 700–900 400–600
900 700–1000 400–600

Table 3. Signal and control region definitions used for the model-dependent results, with mass
windows in the mX distribution.

gap region to recover high enough statistics to allow the fit to converge. The CR window
definitions were verified through several signal injection tests in which a large quantity of
signal was injected into the data sample used to produce the data-driven background model.
The observed limits obtained from normal data using this injected background were consistent
within statistical uncertainty with the limits obtained using the normal background model,
verifying that any signal contamination is effectively removed using this approach.

A simultaneous fit is performed to the signal and control regions with µbkg and µsig as
free parameters, where µsig scales the signal normalisation relative to the pre-fit value and is
allowed to be negative. In order to control the number of NPs and avoid overfitting, systematic
uncertainty pruning is applied using a threshold of 0.5% impact on the normalisation of
the fitted distribution.

Figure 12 shows a comparison between the data and the data-driven background model
discussed in section 5 in the combined lepton channel, with only event preselection applied.
Good agreement is observed between the data and the background model, and the same
level of agreement is observed for the individual lepton channels. Distributions of the
same observables are shown in figure 13 for the combined lepton channel with all signal
region requirements applied and no significant difference between the data and the expected
background is observed.

7.1 Model-dependent fits

The pre- and post-fit event yields for all tested signal masses in the combined lepton channel
are shown in figure 14 for each of the three signal models, where pre-fit means before both
the CR fit fixing the background normalisation, and the SR fit extracting the signal strength.
The event yields correspond to the signal region, with the mass window for each signal mass
set as described above. For the pre-fit bins, all signals are normalised to a cross-section of
50 fb, to demonstrate the relative selection efficiency for each model and mass point. After
the fit, there is no observed deviation of more than ±2σ from the predicted event yield.

The CLs method [76] is used to set upper limits at 95% confidence level (CL) on the
fiducial cross-section for each signal model across the full considered mass range of up to 100–
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Figure 12. Comparison between data and the data-driven background model in the combined lepton
channel with only preselection requirements applied for distributions of (a) dilepton pair pT, (b)
dilepton mass mℓℓ, (c) proton ξ and (d) missing mass mX . The expectations for a signal with a
hypothesised mass of mX = 500 GeV from the SuperChic Z + X model are overlaid and normalised
to a cross section of 50 fb. An additional overlay of the signal scaled up by a factor of 10,000 is
included to show the tails of each distribution.

900 GeV, depending on the model. Exclusion limits are computed separately for the muon and
electron channels, as well as for their statistical combination. The resulting upper limits on
the signal cross-section, incorporating all systematic uncertainties and scale factors, are shown
in figure 15. Limits of the order of 10 fb are obtained for all signal models. The dominant
systematic uncertainties are found to be the uncertainties in the estimates of soft-survival
probability and track-veto signal efficiency, in addition to the proton reconstruction and
AFP alignment uncertainties.

The impact of systematic uncertainties on the obtained limits is evaluated by comparison
with limits obtained without their inclusion. With the inclusion of systematic uncertainties
the obtained upper limit increases by between 20% and 200% in the mass range 300 ⩽ mX ⩽
800 GeV common to all models. The largest impact is observed for low and high signal masses,
due to the large effect of AFP-related systematic uncertainties seen in these regions.

The sensitivity of this analysis improves upon results obtained by the corresponding CMS
analysis [15] for common mass points between 600 and 800 GeV, when adjustments are made
to account for different fiducial selections and model assumptions between the two analyses.
In the combined lepton channel, improvements of 770%, 160% and 90% are observed for
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Figure 13. Comparison between data and the data-driven background model in the combined
lepton channel with the preselection and all signal region requirements applied, for distributions of (a)
dilepton pair pT, (b) dilepton mass mℓℓ, (c) proton ξ and (d) missing mass mX . The expectations for
a signal with a hypothesised mass of mX = 500 GeV from the SuperChic Z + X model are overlaid
and normalised to a cross-section of 50 fb. An additional overlay of the signal scaled up by a factor of
100 is included to show the tails of each distribution.

mX = 600, 700 and 800 GeV, respectively. The comparison is made using the results obtained
in this analysis for the SuperChic Z + X model, which is equivalent to the model used
by CMS. The improvement comes primarily from the application of the track veto in this
analysis, despite it having around 2.5 times less data than the CMS analysis. CMS was able
to set limits for much higher mass values, up to 1600 GeV, due to the higher upper bound
on the acceptance of their forward proton detector, the PPS, which is ξ < 0.2 compared to
the AFP spectrometer limit of ξ < 0.12. The two sets of results are largely complementary,
with this analysis probing much lower mass points.

7.2 Model-independent fits

The CLs method is also employed to set model-independent upper limits at 95% CL on the
visible cross-section σvis, defined as the cross-section times acceptance times efficiency, of
BSM processes. Fits are performed on hypothesised signal masses at 50 GeV intervals in the
range 50 ⩽ msig

X ⩽ 950 GeV, with the signal yield as the parameter of interest. For these fits,
the only systematic uncertainty considered is the statistical uncertainty in the background
model, as no simulated models are used in these fits.
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Figure 14. Summary of all pre- and post-fit event yields for the signal-plus-background model
for each tested signal mass, in the combined lepton channel, for the (a) SuperChic Z + X, (b)
MadGraph di-ALP and (c) MadGraph Z + H ′ models. Pre-fit means before both the CR fit fixing
the background normalisation, and the SR fit extracting the signal strength. Fits use a mass window
of 100 GeV either side of the hypothesised signal mass, with the exception of the 100 GeV and 900 GeV
models, which use larger windows of 0 ≤ mX ≤ 300 GeV and 700 ≤ mX ≤ 1000 GeV respectively.
All pre-fit signals are shown normalised to a cross-section of 50 fb. Negative post-fit signal strength
is indicated by a red hashed area. The post-fit uncertainty corresponds to the uncertainty in the
background prediction after the CR fit.
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Figure 15. Observed and expected upper limits on the fiducial cross-section set for the (a) SuperChic
Z + X, (b) MadGraph di-ALP and (c) MadGraph Z + H ′ signal models in the combined lepton
channel. The ±1σ and ±2σ uncertainty bands on the excepted limit are shown in green and
yellow, respectively.

The signal region is defined for each signal mass as a 50 GeV bin centred on the signal
mass. As for the model-dependent results, the control region for each mass point is defined
with a minimum of 100 GeV separation from the corresponding signal region, to ensure no
signal contamination is possible. Excluding this region (msig

X − 125 GeV to msig
X + 125 GeV),

the control regions are defined in two slices: 0 ⩽ mCR
X ⩽ 400 GeV for msig

X ⩽ 400 GeV and
450 ⩽ mCR

X ⩽ 1000 GeV for msig
X > 400 GeV, following injection test studies. For models with

msig
X ⩽ 200 GeV, the mass range below the signal region is excluded from the control region,

due to very low statistics in this range. For the same reason the mass range above the signal
region is excluded from the control regions for signal models with msig

X ⩾ 800 GeV. For signal
masses in the range 250 ⩽ msig

X ⩽ 400 GeV, the control region is extended above the 400 GeV
limit to include an additional 50 GeV bin directly above the corresponding signal window
for each mass point, to recover high enough statistics for the fit to converge.

The observed and expected 95% CL limits S0.95
obs and S0.95

exp on the number of events
from BSM processes are calculated. The p0 values are also determined, which represent the
probability that the SM background alone could produce at least the observed number of
events purely via statistical fluctuations. The p0 values are capped at 0.5 for bins where
the expected yield exceeds the observed data. The corresponding significance Z is given
alongside each p0 value. These results are presented in tables 4 and 5, for fits performed
without the track-veto selection applied, and for the full signal selection, respectively. The
visible cross-section upper limits are also plotted in figure 16.

The limits obtained without the track-veto selection applied are significantly less stringent,
as expected. However, removing this selection eliminates the exclusivity requirement on the
signal, allowing a wider range of processes to be included in a more general search.
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Signal region [GeV] Data Expected σvis [fb] S0.95
obs S0.95

exp p0 (Z)

mX ∈ [25, 75) 1349 1437 ± 16 2.8 42 81+114
−58 0.50 (0.0)

mX ∈ [75, 125) 2994 3014 ± 33 7.7 114 126+177
−91 0.50 (0.0)

mX ∈ [125, 175) 4982 4925 ± 54 14.8 217 175+244
−126 0.26 (0.6)

mX ∈ [175, 225) 7410 7311 ± 82 21.0 309 234+327
−168 0.20 (0.8)

mX ∈ [225, 275) 10499 10660 ± 120 15.1 222 308+429
−222 0.50 (0.0)

mX ∈ [275, 325) 15746 15360 ± 170 49.6 730 411+571
−296 0.03 (1.8)

mX ∈ [325, 375) 23142 23260 ± 250 33.7 496 569+790
−410 0.50 (0.0)

mX ∈ [375, 425) 34478 34410 ± 360 57.5 845 799+1109
−576 0.50 (0.0)

mX ∈ [425, 475) 44813 45390 ± 470 46.9 689 991+1376
−715 0.50 (0.0)

mX ∈ [475, 525) 53807 53870 ± 560 77.4 1138 1180+1637
−851 0.50 (0.0)

mX ∈ [525, 575) 58189 58380 ± 610 79.5 1169 1287+1785
−929 0.50 (0.0)

mX ∈ [575, 625) 55107 55010 ± 580 88.2 1296 1229+1706
−887 0.44 (0.2)

mX ∈ [625, 675) 45876 45720 ± 500 76.8 1129 1025+1423
−739 0.39 (0.3)

mX ∈ [675, 725) 35959 35850 ± 370 60.3 887 815+1130
−587 0.40 (0.3)

mX ∈ [725, 775) 26635 26300 ± 270 59.5 875 618+860
−445 0.15 (1.1)

mX ∈ [775, 825) 17448 17300 ± 180 36.7 539 433+601
−312 0.25 (0.7)

mX ∈ [825, 875) 9066 9200 ± 94 12.9 189 263+366
−189 0.50 (0.0)

mX ∈ [875, 925) 2901 3006 ± 31 5.0 73 124+173
−89 0.50 (0.0)

mX ∈ [925, 975) 178 165 ± 2 2.6 38 27+38
−19 0.16 (1.0)

Table 4. Observed data and expected background yields for different bins of missing mass mX , along
with model-independent upper limits set at 95% CL on the observed and expected number of BSM
events, S0.95

obs/exp, and on the effective BSM cross-section, σvis. They are obtained using a single-bin fit
including the defined mass windows in the combined lepton channel for a modified signal selection
without the track-veto selection applied. The ±1σ variations of S0.95

exp are provided, and the p0 value
of the SM-only hypothesis and its associated significance Z are presented in the last column. For
masses where the data yield is smaller than expected, the p0 (Z) value is capped at 0.50 (0.0).
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Signal region [GeV] Data Expected σvis [fb] S0.95
obs S0.95

exp p0 (Z)

mX ∈ [25, 75) 1 0.39 ± 0.11 0.25 3.7 3.0+4.8
−0.0 0.21 (0.8)

mX ∈ [75, 125) 1 0.83 ± 0.23 0.26 3.8 3.6+6.4
−0.6 0.43 (0.2)

mX ∈ [125, 175) 1 1.14 ± 0.35 0.25 3.7 3.9+6.9
−0.9 0.50 (0.0)

mX ∈ [175, 225) 2 1.68 ± 0.61 0.34 4.9 4.5+7.8
−1.5 0.42 (0.2)

mX ∈ [225, 275) 4 3.19 ± 1.03 0.46 6.8 5.9+9.8
−2.9 0.35 (0.4)

mX ∈ [275, 325) 4 2.78 ± 0.94 0.48 7.0 5.6+9.5
−2.6 0.28 (0.6)

mX ∈ [325, 375) 5 3.62 ± 1.11 0.53 7.8 6.2+10.4
−3.2 0.28 (0.6)

mX ∈ [375, 425) 8 5.89 ± 1.59 0.68 10.0 7.8+12.7
−4.8 0.25 (0.7)

mX ∈ [425, 475) 6 10.82 ± 1.70 0.37 5.5 8.9+14.5
−5.9 0.50 (0.0)

mX ∈ [475, 525) 6 13.74 ± 2.44 0.35 5.2 9.9+15.9
−6.5 0.50 (0.0)

mX ∈ [525, 575) 5 12.52 ± 2.84 0.35 5.1 9.5+15.3
−6.3 0.50 (0.0)

mX ∈ [575, 625) 10 12.80 ± 2.91 0.57 8.3 10.5+16.8
−7.0 0.50 (0.0)

mX ∈ [625, 675) 13 6.53 ± 1.65 1.11 16.3 8.7+14.1
−5.7 0.04 (1.8)

mX ∈ [675, 725) 4 4.21 ± 1.01 0.41 6.0 6.3+10.4
−3.3 0.50 (0.0)

mX ∈ [725, 775) 10 3.42 ± 0.70 1.03 15.1 6.2+10.3
−3.2 0.005 (2.6)

mX ∈ [775, 825) 3 2.77 ± 0.47 0.37 5.5 5.2+8.9
−2.2 0.45 (0.1)

mX ∈ [825, 875) 3 1.19 ± 0.21 0.45 6.6 4.0+7.0
−1.0 0.09 (1.4)

mX ∈ [875, 925) 0 0.58 ± 0.01 0.20 3.0 3.0+5.1
−0.0 0.50 (0.0)

mX ∈ [925, 975) 0 0.05 ± 0.02 0.20 3.0 3.0+4.0
−0.0 0.50 (0.0)

Table 5. Observed data and expected background yields for different bins of missing mass mX , along
with model-independent upper limits set at 95% CL on the observed and expected number of BSM
events, S0.95

obs/exp, and on the effective BSM cross-section, σvis. They are obtained using a single-bin
fit including the defined mass windows in the combined lepton channel for the full signal selection
including the track-veto selection. The ±1σ variations of S0.95

exp are provided, and the p0 value of the
SM-only hypothesis and its associated significance Z are presented in the last column. For masses
where the data yield is smaller than expected, the p0 (Z) value is capped at 0.50 (0.0).
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Figure 16. Model-independent upper limits on the visible cross-section σvis for BSM processes,
set at 95% CL using the CLs method, for the full signal selection (a) excluding the track veto and
(b) including the track-veto selection. The visible cross-section is defined as the cross-section times
acceptance times efficiency. Fits are performed in 50 GeV bins centred on missing masses at 50 GeV
intervals in the range 50 ⩽ mX ⩽ 950 GeV, with the signal yield as the parameter of interest.
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8 Conclusion

A search for central exclusive photon-induced production of a visible leptonically decaying
boson V along with an undetected resonance X is presented. The search uses 14.7 fb−1 of
13 TeV pp collision data recorded in 2017 by the ATLAS detector at the LHC, with forward
proton tagging provided by the AFP spectrometer. The X system represents an undetected
particle or particle system produced in association with a Z boson or a short-lived axion-like
particle. The missing-mass spectrum, mX , is reconstructed using the measured four-momenta
of the tagged protons and central lepton pair, allowing a generic search enabled by the data
collected by the AFP spectrometer.

No significant excess over the Standard Model expectation is observed. The results are
interpreted as upper limits on the fiducial cross-section for three signal models: two simplified
benchmarks involving a Z boson (Z +X and Z +H ′), and a simplified BSM scenario involving
axion-like particles (di-ALP), with observed fiducial cross-section limits going down to 3.9 fb,
2.5 fb and 2.5 fb, respectively. The results obtained for the SuperChic Z + X model improve
on those from a previous study performed by CMS, with an equivalent signal model, for several
common mass points between 600 and 800 GeV. This improvement is achieved mainly by using
a track veto, which strongly suppresses backgrounds by exploiting central-detector activity.

This is the first ATLAS analysis to use AFP data in conjunction with the missing-mass
method, and the first to apply a central-track veto in this context. The use of multiple signal
models extends the reach of the search across a broad kinematic phase space. Additional
model-independent visible cross-section limits of the order of 1 fb, obtained by applying the full
signal selection, ensure a more general applicability of this result in the search of BSM physics.
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