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

Savannah Clawson𝑎,∗ on behalf of the ATLAS Forward Detectors group
𝑎Deutsches Elektronen-Synchrotron (DESY),
Notkestr. 85, Hamburg, Germany

E-mail: savannah.clawson@desy.de

A key focus of the physics programme 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, interactions 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 scattered through very small
angles is installed in the beam pipe far downstream of the interaction point. I describe the ATLAS
Forward Proton (AFP) ‘Roman Pot’ detector and its performance in LHC Run 3 to date, focusing
on the alignment of the silicon tracker.
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1. The ATLAS Forward Proton detector

Diffractive processes which occur via the exchange of the so-called Pomeron and exclusive photon-
photon fusion processes at the LHC have the defining feature of intact protons in the final state,
scattered at very small angles. Measuring these forward protons allows full kinematic reconstruc-
tion of the initial state, something that is usually impossible at a hadron collider. The ATLAS
Forward Proton (AFP) detector [1] is an extension of the ATLAS detector [2] at the Large Hadron
Collider (LHC) [3] in the very forward region with the aim of measuring the energy loss and
momentum of such forward protons originating from the ATLAS interaction point (IP1). When the
scattered protons have sufficient fractional energy loss, 𝜉AFP = 1 − 𝐸scattered/𝐸proton, they become
separated from the nominal beam orbit due to the LHC magnetic elements and can be intercepted by
‘Roman Pot’ (RP) systems inserted into the beam pipe aperture. The AFP detector consists of four
separate RP stations; two ‘NEAR’ stations located at 𝑧 = ±205 m and two ‘FAR’ stations located at
𝑧 = ±217 m from IP1. Figure 1 shows a schematic of the AFP stations with respect to the ATLAS
coordinate system1.
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Figure 1: A schematic of the ATLAS Forward Proton (AFP) detector stations and their location relative to
the ATLAS interaction point (IP1). The NEAR stations are located at roughly 𝑧 = ±205 m and the FAR
stations roughly 𝑧 = ±217 m from IP1. All four stations have 4 planes of 3D silicon pixel trackers (SiT) while
the outer stations have additional Cherenkov radiation time-of-flight (ToF) detectors. The aim of all stations
is to measure intact protons that have undergone scattering at IP1.

Each of the four stations houses four planes of edgeless silicon-tracking (SiT) sensors, consisting of
1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the

detector and the 𝑧-axis coinciding with the axis of the LHC beam pipe. The 𝑥-axis points from the interaction point to
the centre of the LHC ring, and the 𝑦-axis points upward. The pseudorapidity is defined in terms of the polar angle 𝜃

as 𝜂 = − ln tan(𝜃/2), and 𝜙 is the azimuthal angle around the beam pipe relative to the 𝑥-axis. The angular distance is
defined as Δ𝑅 =

√︁
(Δ𝜂)2 + (Δ𝜙)2.
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336 × 80 3D silicon pixels with an individual pixel area of 50 × 250 µm2. The planes have a depth
of 230 µm in the beam direction and are separated by a distance of Δ𝑧 = 9 mm. The short-pixel
direction is set along the 𝑥-axis which is the predominant axis along which protons that have under-
gone energy loss are deflected. Any divergence of protons along the long-pixel direction (y) is due
to non-zero proton transverse momentum and crossing angle at IP1. The resolution in 𝑥 is further
improved by tilting the planes at a 14◦ angle about the 𝑦-axis so as to maximise charge sharing be-
tween pixels. This allows interpolation between two neighbouring pixels, improving the resolution
to roughly 𝜎𝑥 = 6 µm [4]. The two FAR stations also house high-resolution timing detectors which
aim to measure the proton time-of-flight (ToF) between IP1 and AFP. These detectors are designed
to improve combinatorial background suppression [5, 6] but will not be discussed further in this text.

The performance of the AFP SiT detector can be split into several categories, including detector
alignment, LHC beam optics effects, background studies, reconstruction efficiency and resolution
of SiT tracks and proton objects. The performance of the AFP silicon tracker in Run 2 data-taking is
summarised in Ref. [7]. Here I summarise SiT performance to date in Run 3 data-taking, focusing on
alignment which was a dominant source of systematic uncertainty in Run 2 physics analyses [8, 9].

2. Available data

AFP participates in both standard LHC data-taking runs with a high average number of interactions
per bunch crossing as well as special low-𝜇 runs which typically have 0 < 𝜇 ≲ 1. The physics
motivation for AFP data-taking in high-𝜇 runs is to study processes with small cross-sections, such
as photon-induced processes and central exclusive diffraction, in which the maximum available
luminosity is required [10–15]. Table 1 shows the integrated luminosity recorded by AFP in each
data-taking year, relative to that recorded by ATLAS and delivered by the LHC. After ATLAS and
AFP data quality selections were applied to the 2017 dataset, 14.6 fb−1 was available for analysis
compared to the 32.0 fb−1 recorded, representing an efficiency of 46%. In 2022, after applying
data-quality requirements the amount of data labelled ‘good for physics analysis’ ranges between
25–30 fb−1 depending on the central ATLAS triggers required. This increase in efficiency relative
to 2017 highlights improved understanding of AFP operation and performance.

Table 1: Year of AFP data-taking with the total luminosity delivered by the LHC machine, recorded by
ATLAS and AFP and average number of interactions per bunch crossing, ⟨𝜇⟩ [16, 17].

Year LHC delivered ATLAS recorded AFP recorded ⟨𝜇⟩

2017 50.2 fb−1 46.9 fb−1 32.0 fb−1 38

2022 38.5 fb−1 35.7 fb−1 34.1 fb−1 42
2023 31.9 fb−1 29.9 fb−1 26.3 fb−1 51
2024 125 fb−1 118 fb−1 108 fb−1 58

3
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Special runs with low-𝜇 provide clean experimental environments (where the very low level of
pileup does not spoil rapidity gaps) but also low integrated luminosities. This enables the study
of processes which profit from clean conditions and that have large cross sections, e.g. single-
diffraction, Pomeron structure and rapidity gaps. A campaign of dedicated low-𝜇 runs collected
roughly 150 pb−1 of data with 0.03 ≲ 𝜇 ≲ 2 in Run 2 and 1 pb−1 with 0.005 ≲ 𝜇 ≲ 1 in Run 3 so
far. AFP participated in additional special runs including datasets taken with low magnetic field,
allowing access to lower particle momentum, and a 2024 proton reference run with 𝜇 = 4 which
probes a lower centre-of-mass energy of 5.36 TeV.

3. Alignment

There are two components to AFP detector alignment: local alignment of individual SiT planes
within a station and global alignment of AFP stations with respect to the beam.

3.1 Local alignment

Local alignment refers to small offsets and rotations of individual SiT planes within each station
which are corrected using iterative methods based on track reconstruction in data. The three degrees
of freedom expected to have the largest impact on track reconstruction are considered: offsets in
𝑥 and 𝑦 and rotations in 𝑧. All other offsets and rotations are fixed to be zero. Figure 2 shows
distributions of the residual difference in reconstructed track position to the measured SiT cluster
hit for the C-FAR station SiT plane 1, in (a) 𝑥 and (b) 𝑦. Any offset of the mean value from zero
is taken as the misalignment of the plane and corrected for in the reconstruction software. The
red (blue) distribution shows the result before (after) the alignment procedure. The distribution
is discontinuous in Figure 2b due to the discrete nature of hit signals in the long-pixel direction.
This is not seen in Figure 2a due to both the shorter pixel length in 𝑥 and the tilt about the 𝑦-axis,
allowing interpolation of precise hit location. Figure 2c shows the distribution of residuals in 𝑥 as a
function of measured position in 𝑦. A non-zero gradient represents a rotation about the 𝑧-axis and
is also corrected for in the reconstruction software.
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Figure 2: Distributions used to correct the local alignment of silicon tracking planes, here shown for C-FAR
SiT plane 1. The red distributions show beam data before any alignment corrections and the blue distributions
show the same results after the alignment procedure has taken place. Figures taken from Ref. [18].
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3.2 Global alignment

The accuracy of the reconstructed proton kinematics depends largely on the relative beam–detector
distance of the AFP stations, which can change over time due to the movement of the AFP RPs
and the varying beam dynamics. The station data-taking position with respect to the beam centre
is calculated using a beam-based alignment (BBA) procedure [19] which is carried out at the start
of each data-taking year and if beam conditions change significantly. Any remaining misalignment
is calculated in situ by selecting for the 𝛾𝛾 → 𝜇+𝜇− process in data and comparing the kinematics
of the central dimuon system to the kinematics of forward protons measured in AFP. Exclusive
selections are applied in data to enhance the fraction of the 𝛾𝛾 → 𝜇+𝜇− process, such as requiring
small dimuon 𝑝

𝜇𝜇

T < 5 GeV and acoplanarity 𝐴𝜇𝜇 ≡ 1 − |Δ𝜙𝜇𝜇/𝜋 | < 0.01. If there is more than
one forward proton track reconstructed in the AFP station, the track that minimises |𝑥AFP − 𝑥𝜇𝜇 |
is chosen. The background contribution is estimated in data via an event-mixing technique where
the kinematic information of the dimuon system is compared to forward proton kinematics in
orthogonal events. As the objects are uncorrelated, this produces a relatively flat distribution in
𝑥C-FAR − 𝑥𝜇𝜇, as can be seen by the red markers in Figure 3a. The background is then subtracted
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(b) Background subtracted
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Figure 3: The difference between the measured proton position in the AFP C-FAR station, 𝑥C-FAR, and the
predicted position from the dimuon system, 𝑥𝜇𝜇, in 2023 data-taking (a) after BBA but before any further
correction, (b) after the event-mixed background is subtracted and (c) after the dimuon correction is applied.
The difference after the correction is consistent with zero. Figures taken from Ref. [18].

from the data, shown in Figure 3b. The mean value of a Gaussian fit to the background-subtracted
data is taken as the misalignment of the station and corrected for in the reconstruction software.
A final alignment “fine-tuning” correction is applied by shifting the position of the NEAR station
on each side until the proton 𝑝𝑥 distribution is centred on zero. This is physically justified as the
protons have initial 𝑝𝑥 = 0 and there is no preference for deviation in any particular direction after
scattering. The 𝑝𝑥 distribution before and after the alignment fine-tuning is shown in Figure 4a and
Figure 4b, respectively. Finally, the global alignment procedure is cross-checked in the dielectron
channel, where exactly the same selections are applied as above but using reconstructed electrons
instead of muons. The corresponding plots are shown in Figure 5.
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(b) After alignment fine-tuning

Figure 4: Demonstration of the global alignment fine-tuning correction for the C-side. Figures taken from
Ref. [18].
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(b) Background subtracted
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(c) After dimuon correction

Figure 5: Cross-check of the global alignment dimuon correction in the dielectron channel. The difference
between the measured proton position in the AFP C-FAR station, 𝑥C-FAR, and the predicted position from the
dielectron system, 𝑥𝑒𝑒, (a) after BBA but before any further correction, (b) after the event-mixed background
is subtracted and (c) after the dimuon correction is applied. The difference after the correction is consistent
with zero. Figures taken from Ref. [18].

4. Summary

The AFP detector is an extension of the ATLAS detector at the LHC in the very forward region,
with the physics aim of measuring diffractive and photon-induced processes with intact protons
in the final state. AFP operation to-date in Run 3 has resulted in an unprecedented amount of
data available to ATLAS physics analyses wishing to use forward protons. Dominant systematic
uncertainties relating to AFP detector performance in Run 2 arose from LHC beam optics effects
and uncertainties on the global alignment of AFP stations with respect to the LHC beam. Significant
work is going into understanding and reducing these uncertainties in Run 3, including a new cross-
check of the data-driven global alignment corrections in the dielectron channel. Published physics
results using the AFP detector to-date can be found in Refs. [8–10, 20].
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