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Overview of ATLAS forward proton detectors:
status, performance and new physics results

A key focus of the physics program at the LHC is the study of head-on proton-proton collisions.
However, an important class of physics can be studied for cases where the protons narrowly
miss one another and remain intact. In such cases, the electromagnetic fields surrounding the
protons can interact producing high-energy photon-photon collisions. Alternatively, interac-
tions mediated by the strong force can also result in intact forward scattered protons, providing
probes of quantum chromodynamics (QCD). In order to aid identification and provide unique
information about these rare interactions, instrumentation to detect and measure protons scat-
tered through very small angles is installed in the beam pipe far downstream of the interaction
point. We describe the ATLAS Forward Proton ‘Roman Pot’ detectors (AFP and ALFA),
their performance of Tracking and Time-of-Flight detectors, and first results.
K e yw o r d s: ATLAS Forward Proton detectors, AFP, ALFA

1. Introduction

The ATLAS Forward Proton (AFP) project signifi-
cantly extents the physics reach of ATLAS by tagging
and measuring the momentum and emission angle of
very forward protons. This enables the observation
and measurement of a range of processes where one
or both protons remain intact which otherwise would
be difficult or impossible to study. Such processes are
typically associated with elastic and diffractive scat-
tering, where the proton radiates either a photon or a
virtual colorless object, the so-called Pomeron, which
is often thought of as a non-perturbative collection of
soft gluons. The article is structured as follows:

• Physics motivation
• ATLAS [1] Roman Pots
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• ALFA detector

• Total cross-section measurement

• Measurement of exclusive pion pair production

• AFP detector

• SiT detector

• LHC Run-3 data-taking

• Data Quality (DQ)

• SiT hit map

• SiT track map

• Correlation AFP and ATLAS central detectors

• ToF-SiT alignment

• ToF efficiency

• ToF vertex matching

• ToF performance in LHC Run-2

• AFP results



• Matching of proton energy loss with ATLAS
central di-leptons/di-photons events

• Di-lepton production in photon collisions

• Axion-Light-Particle (ALP) search in Light-by-
Light scattering

• Comparison with previous ALP results and ex-
trapolations

2. Physics motivation

Usually in proton-proton collisions at the LHC, the
proton breaks up, as shown in Fig. 1. However,
in proton-proton interactions via a photon (γ) ex-
change, electromagnetic force, or pomeron (P) ex-
change, strong force, the proton can remain intact
(Fig 2).

Fig. 1. Typical proton-proton collisions.

The detection of events containing scattered intact
protons focuses on low-cross section processes with
high pT objects. Examples are given in Fig. 3.

Fig. 2. Single diffractive, double diffractive, central diffrac-
tive and elastic scattering.

3. ATLAS Roman Pots

The forward detectors are located in the LHC tun-
nel outside the ATLAS cavern. During a physics run,
they are moved close to the beam (1-3mm) once "Sta-
ble Beams" are declared. There are two sub-detector
systems:

• Absolute Luminosity For ATLAS (ALFA),
237m and 245m from the interaction point
(IP).

• ATLAS Forward Proton (AFP), 205m and
217m from the IP.

Figure 4 [2] shows a schematic overview of the ALFA
and the AFP locations in the LHC tunnel.
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ATLAS forward detectors

Fig. 3. Processes containing intact protons. The two processes in the red boxes have recently been analysed by the ATLAS
collaboration.

Fig. 4. Overview of the ALFA and the AFP locations in the LHC tunnel (from [2]).

4. ALFA detector

The ALFA detector is a specific part of the ATLAS
experiment designed to measure the elastic scattering
of protons. It has two stations with tracking detec-
tors located on both sides of the central ATLAS de-
tector. The reconstruction efficiency is measured by a
tag-and-probe method (well-measured protons on one
side as tags for proton on the other side). Important
systematics are the reconstruction efficiency uncer-
tainty of 0.4% - 0.9%, dominated by the evaluation
of accidental coincidences and uncertainties in back-
grounds [2]. The tracking accuracy is dominated by
the global vertical distance uncertainty (after align-
ment) of ±22 microns. Figure 5 gives an overview of
the ALFA detector and shows the reconstruction effi-
ciency during β∗ = 2.5 km data-taking campaign [2].

The ALFA data-taking is summarized in Fig. 6.
ALFA did not run with high LHC luminosity be-
cause the detector is radiation-sensitive. In standard
high-luminosity LHC running, beams are focused to a
small region at the ATLAS interaction point. Protons
at different angles were focused together and emerge
in a broad beam. ALFA running needed to measure
pp to pp elastic cross sections down to low scattering
angles θ. Outgoing protons at different θ were de-
tected at different positions y at ALFA. Thus, "par-
allel to point" vertical focusing from the IP requires
large values of the beam parameter β∗ at the IP. This
implies larger beam size at the IP and therefore low
pile-up is needed for these measurements.

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 0 3



Fig. 5. Schematic view of the ALFA detector and the reconstruction efficiency (from [2]).

Fig. 6. ALFA data-taking and published results.
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5. Total cross-section measurement

A few highlights from the
√
s = 13TeV,β∗ = 2.5 km

analysis are presented. Using ALFA data, the selec-
tion of elastic pp events is based on [2]:

• Quality cuts on the two proton tracks in the two
ALFA stations

• Geometric acceptance cuts: Select back-to-back
events, as indicated in Fig. 7 [2].

• Selection on x versus θx: elastic events are
within the ellipse shown in Fig. 7 [2].

Fig. 7. ALFA event selection (from [2]).

Sources of background are:

• Accidental (beam) halo+halo and halo+soft
single-diffractive proton coincidences (data-
driven, determined with an event-mixing
method).
• Central diffraction (MC simulation), double-
Pomeron exchange (DPE), pp→ pp+X.

The Mandelstam variable t is reconstructed from
beam optics and event kinematics using tracking of
effective beam optics. The −t distribution is shown
in Fig. 8 [2].

Fig. 8. Mandelstam variable −t distribution and fit
(from [2]).

Elastic scattering is predominantly a low-pT pro-
cess, and a perturbative expansion cannot be applied.

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 0 5



Therefore, σtot and the ρ-parameter cannot be calcu-
lated from first principles in QCD. The ρ-parameter is
defined as the ratio of the real part to the imaginary
part of the elastic-scattering amplitude in the limit
t → 0. The results for σtot = 104.68 ± 1.08(exp.) ±
0.12(th.)mb and the ρ = 0.098 ± 0.011 are shown in
Fig. 9 in comparison with other measurements.

Fig. 9. ATLAS σtot = 104.68 ± 1.08(exp.) ± 0.12(th.)mb
and ρ = 0.098± 0.011 measurements in comparison with other
measurements (from [2]).

6. Measurement of exclusive pion pair
production

The initial ALFA physics programme was extended
towards diffractive studies. An example is the mea-
surement of exclusive pion pair production in proton-
proton collisions was conducted at

√
s = 7TeV with

the ATLAS central and ALFA detectors [3]. The trig-
ger selected:

• Elastic - ALFA coincidence of detectors in an
elastic combination, and
• Anti-elastic - signal in any ALFA detector,
prescaled by a factor 15.

In the ALFA detectors, one good quality track on
each side is required, and in the ATLAS Inner De-
tector, two oppositely charged tracks, taken as pions,
with |η(π)| < 2.5, pT (π) > 0.1GeV and quality re-
quirements on the pion tracks are applied.

Further requirements are:

• Minimum-Bias Trigger Scintillators (MBTS)
veto: at most one hit in the combined inner
MBTS scintillators (at z = ±3.6m, 2.1 < |η| <
3.8, to remove diffractive-dissociative and non-
diffractive events.

• Overall momentum balance: ppπ+π− momen-
tum balance in x and in y consistent with zero
(±3.5σ).
• Track condition: tracks must have sufficient hits
in MD layers, with a limit on the number of
multiple hits in a layer.

Figure 10 shows the selected events [3].

Fig. 10. Selected events (red ellipse) in the ALFA detector.
The ellipse is imposed on the ALFA tracks to reduce back-
ground events (from [3]).
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The cuts are very effective at removing background
events. The cut on the MBTS counts was essential.
Low statistics from a short run in 2011 at 7 TeV (4
hours at high β∗, µ = 0.035) was used. The fea-
sibility of the measurement has been demonstrated.
Figure 11 [3] shows signal and background events be-
fore and after the selection, and sources of systematic
uncertainties. The uncertainty in the specification of
the inner ATLAS detector material is the leading sys-
tematic uncertainty.

Fig. 11. Signal and background events before and after the
selection, and source of systematic uncertainties (from [3]).

The outlook of ALFA detector is:

• From the final run with ALFA completed in
LHC Run-3 (2023) using β∗ = 3/6 km, an im-
proved ρ measurement for total cross section
and parameters of elastic pp scattering.
• Exclusive pion pair analysis using Run-2
dataset:

– resonance analysis
– possible glueball search
– possible search for other exclusive final
states

• Data at 900 GeV (2018) β∗ = 50/100m for total
cross section and ρ measurements.
• High-luminosity 0.5 nb−1 at 13TeV, β∗ = 90m
for the study of dip/bump in t distribution.

7. AFP detector

The AFP detector has two stations on each side of
the central ATLAS detector. All stations host Silicon
Tracker (SiT) detectors, and far stations host also
Time-of-Flight (ToF) detectors. Figure 12 shows the
AFP detector layout and photos of the SiT and ToF
detectors in the far stations.

8. SiT detector

The main characteristics of the SiT detector are:

• The SiT detector is used for position measure-
ment of scattered protons.
• The reconstruction of its kinematics uses 4 sil-
icon pixel sensors, spaced 9mm apart, each
sensor has 336x80 pixels with a pixel size
50x250µm2, and sensor size 16.8x20mm2.
• Read out by FE-I4B chips, the same as for
ATLAS Pixel IBL.
• Sensors have a 14◦ angle with respect to the
beam axis to improve the track reconstruction
resolution (about 6µm in x and about 30µm in
y).

9. LHC Run-3 data-taking

The total luminosity recorded in LHC Run-3 in 2022,
2023 and 2024 is 167.7 fb−1 for the AFP. This is 91.6%
with respect to ATLAS recorded and 86.0% with re-
spect to LHC delivered [4].

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 0 7



Fig. 12. AFP detector layout and photos of the SiT and ToF detectors.

The preliminary integrated luminosities per year
are:

• 2022 at
√
s = 13.6TeV, AFP recorded:

34.1 fb−1, 95.5% with respect to ATLAS
recorded, 88.6% with respect to LHC delivered.

• 2023 at
√
s = 13.6TeV, AFP recorded:

26.1 fb−1, 87.9% with respect to ATLAS
recorded, 82.3% with respect to LHC delivered.

• 2024 at
√
s = 13.6TeV, AFP recorded:

167.7 fb−1, 91.4% with respect to ATLAS
recorded, 86.2% with respect to LHC delivered.

Figures 13, 14 and 15 show the luminosity develop-
ments for 2022, 2023 and 2024 data-taking [4].
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Fig. 13. AFP luminosity development in 2022 (from [4]).

Fig. 14. AFP luminosity development in 2023 (from [4]).

Fig. 15. AFP luminosity development in 2024 (from [4]).

10. Data Quality (DQ)

The fraction of good luminosity after DQ criteria are
applied with respect to the total ATLAS recorded lu-
minosity is used as a measure of the DQ (Fig. 16) [3].

Fig. 16. Fraction of good luminosity after DQ criteria are
applied with respect to the total ATLAS recorded luminosity.

11. SiT hit map

A hit map for the SiT detector is shown in Fig. 17 [5]
for the first 1.5M events of run 427929 (LBs 200-
206). The distribution of hits in a single SiT plane
is shown before and after signal cleaning for single
track reconstructed per station, a single cluster re-
constructed per plane, and only 1 or 2 hits recorded
per plane. The "diffractive pattern" is caused by set-
tings of LHC magnet between the ATLAS interaction
point and the AFP detectors.

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 0 9
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Fig. 17. Distribution of hits in a single SiT plane before and
after signal cleaning (from [5]).

12. SiT track map

The distribution of reconstructed tracks is shown in
Fig. 18 [5]. The center of the beam pipe is at position
(0, 10mm). These selection requirements are applied:

• Events triggered by MBTS.
• A reconstructed primary vertex.
• A single track in each station on a given side.
• Expected relation of scattered proton x-position
in SiT to energy lost ξ AFP in the interaction
due to the LHC magnetic field.
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Fig. 18. Distributions of reconstructed tracks for Side A and
C, near and far stations (from [5]).
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13. Correlation AFP and ATLAS central
detectors

The correlation of the AFP track x-position to the
charged track multiplicity of the ATLAS Inner De-
tector (ID) is shown in Fig. 19 [5]. These selection
requirements are applied:

• AsingleAFP track in each station on a given side.
• ID track pT > 500MeV.
• ID track |η| < 2.5.
• A reconstructed primary vertex.
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Fig. 19. Correlation of the AFP track x-position to the
charged track multiplicity of the ATLAS Inner Detector (ID),
and correlation of the AFP track x-position to the total energy
measured by ATLAS calorimeters (from [5]).

Figure 19 [3] also shows the correlation of AFP
track x-position to the total energy measured by AT-
LAS calorimeters. The selections are:

• Only one AFP track in each station on a given
side.
• A reconstructed primary vertex.

14. ToF-SiT alignment

The correlation of the SiT track x-position to the ToF
train signal is shown in Fig. 20 [5]. Selection require-
ments are:

• A single SiT track in the station.
• A single ToF train signal in the station.
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Fig. 20. Correlation of SiT track x-position to the ToF train
signal (from [5]).
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15. ToF efficiency

The probability of observing a hit in the ToF de-
tector during the low-µ run in July 2022 are shown
in Fig. 21 [5]. A Tag and Probe method was used,
tagged by the SiT for a single track only. A high hit
probability is observed in the expected trains.
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Fig. 21. Probability of observing a hit in the ToF detector
during the low-µ run in July 2022 (from [5]).

16. ToF vertex matching

The difference between the longitudinal vertex po-
sition as measured with AFP ToF and ATLAS In-
ner Detector (ID) during a µ = 0.05 run taken in
July 2022, is shown in Fig. 22 [5]. The resolution is
9.0± 0.1mm (30 ps). A small initial background con-
tribution with respect to the signal is observed in low
pile-up data-taking conditions.

The advantage of using ToF information is an im-
provement the vertex position reconstruction posi-
tion. Selection requirements are:

• A primary vertex in ATLAS ID.

• A single AFP ToF train signal in each far sta-
tion.

• Maximum of one hit in each ToF channel.

• A single track in AFP SiT in each far station.

• SiT track position matching the ToF train po-
sition.

Fig. 22. Difference between longitudinal vertex position mea-
sured with AFP ToF and ATLAS Inner Detector (ID) during
a µ = 0.05 run taken in July 2022 (from [5]).

17. ToF performance in LHC Run-2

The full-train efficiency was about 4% to 6% as de-
tailed in Fig. 23 [6]. While these low efficiencies were
observed, the resolutions of the two ToF detectors
measured individually are 21 ps and 28 ps, the vertex
reconstruction resolution was 6.0± 2.0mm, as shown
in Fig. 23 [6] for run 341419 with µ = 2.
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Fig. 23. Full-train efficiency and vertex reconstruction reso-
lution for run 341419 with µ = 2 (from [6]).

18. AFP results

An overview of AFP published results is given in
Fig. 24.

Fig. 24. Overview of AFP published results.

19. Matching of proton energy loss with
ATLAS central di-leptons/di-photons

The photon-induced di-lepton production with for-
ward proton tag at 13TeV was studied in the AFP
acceptance range 0.02 < ξ < 0.12, where ξ is the rel-
ative proton energy loss [7]. The signal and combina-
torial background processes are shown in Fig. 25 [7].
Di-lepton events are studied in the rapidity y`` ver-
sus m`` plane using 14.6 fb−1 [7]. Event are selected
with the kinematic matching |ξAFP − ξ``| < 0.005
on at least one side (Fig. 26 [7]). Shaded (hatched)
areas denote the acceptance (no acceptance) for the
AFP stations. Areas neither shaded nor hatched cor-
respond to ξ outside [0,1].

For the light-by-light scattering mediated Axion-
Like-Particle (ALP) production, the matching of a
photon pair and the proton kinematics is required.
Figure 27 [8] shows 441 single matching events in 2017
data. There are no double matching events. The
matching requirement is |ξAFP−ξγγ | < 0.004+0.1ξγγ .
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Fig. 25. Di-lepton matching with AFP proton kinematics
(from [7]).
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Fig. 26. Di-lepton selected events with AFP tag (from [7]).

Fig. 27. 441 di-photon events with AFP tag (from [8]).

20. Di-lepton production in photon collisions

For the γγ → `` analysis, 57 (123) candidates ee + p
(µµ+p) events are selected [7]. The background-only
hypothesis is rejected with a significance > 5σ in each
channel. Cross-section measurements in the fiducial
detector acceptance ξ ∈ [0.035, 0.08] yield: σ(ee +
p) = 11.0 ± 2.6(stat) ± 1.2(syst) ± 0.3(lumi) fb, and
σ(µµ+p) = 7.2± 1.6(stat)± 0.9(syst)± 0.2(lumi) fb.
A comparison with proton soft survival (no additional
soft re-scattering) models gives:
10.0± 0.8 fb (ee+p) and 9.4± 0.7 fb (µµ+p) [7].

21. Axion-Light-Particle (ALP) search in
Light-by-Light scattering

The Axion-Like-Particle (ALP) search in the reac-
tion γγ → γγ uses an AFP proton tag to reduce the
background (Fig. 27) [8], and it leads to limits on
the ALP production cross-section and ALP coupling
(Figs. 28 [8] and 29 [8]). There is a further rich
analysis programme using the AFP detector [5].

Fig. 28. ALP production cross-section limit (from [8]).[6]

Fig. 29. ALP coupling limit (from [8]).

22. Comparison with previous ALP results
and extrapolation

The new results have been compared with previous
results (Fig. 30 [8]). Extrapolations to LHC Run-3
and HL-LHC luminosities are also shown, based on
separating systematic and statistical uncertainties.
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Fig. 30. Overview of AFP results (from [8]) and extrapola-
tions.
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23. Conclusions

The physics programme with ALFA and AFP is an
enhancement of the ATLAS measurement capabili-
ties. The performance of ALFA and AFP-SiT detec-
tors was high. Good efficiency and time reconstruc-
tion resolution of AFP-ToF detectors were demon-
strated in low-µ runs. AFP efficient recorded data
during high-µ runs as well as during special low-µ
runs. Recent ALFA and AFP publications are:

• Measurement of exclusive pion pair production
in proton-proton collisions at

√
s = 7TeV.

• Measurement of total cross-section and ρ-
parameter from elastic scattering in proton-
proton collisions at

√
s = 7TeV.

• Observation of forward proton scattering in as-
sociation with lepton pairs in photon fusion in
proton-proton collisions at

√
s = 13TeV.

• ALP with AFP search in Light-by-Light scat-
tering in proton-proton collisions at

√
s =

13TeV.

• AFP ToF performance in LHC Run-2.
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