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Measurement Methods

Characteristic topology: presence of rapidity gap between the proton(s) and the “central” system;

Measuring rapidity gap:

+ “classically” used for diffractive pattern identification
+ no need for additional detectors
– gap is frequently destroyed due to pile-up background
– gap may be out of acceptance of “central” detector
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Measurement Methods

Characteristic topology: presence of rapidity gap between the proton(s) and the “central” system;
one or both interacting proton(s) remain intact.

Intact protons scattered at very small angles → very close to the beam after the interaction → detectors must be located
far from the Interaction Point (IP) → LHC magnetic fields (optics) must be considered.

Measuring rapidity gap:

+ “classically” used for diffractive pattern identification
+ no need for additional detectors
– gap is frequently destroyed due to pile-up background
– gap may be out of acceptance of “central” detector

Measuring forward protons:

+ protons measured directly
+ suitable for pile-up environment
– protons are scattered at very small angles
– additional detectors required far downstream
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ATLAS Forward Proton Detectors

Intact protons → natural diffractive signature → usually scattered at very small angles (µrad) →
detectors must be located far from the Interaction Point.

ALFA
Absolute Luminosity For ATLAS

240 m from ATLAS IP

soft diffraction (elastic scattering)

special runs (high β∗ optics)

vertically inserted Roman Pots

tracking detectors, resolution:
σx = σy = 30 µm

in operation between 2011 and 2023

AFP
ATLAS Forward Proton

210 m from ATLAS IP

hard diffraction, BSM searches

nominal runs (collision optics)

horizontally inserted Roman Pots

tracking detectors, resolution: σx/y = 6/30 µm

timing detectors, resolution: σt ∼ 25 ps

in operation since 2016 (one side) / 2017 (full set)
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Roman Pot Technology (example of AFP)
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M. Trzebiński Forward Physics in ATLAS 5/38



Roman Pot Technology (example of AFP)

LHC beam

x

y

z

M. Trzebiński Forward Physics in ATLAS 5/38



Roman Pot Technology (example of AFP)

LHC beam

x

y

z
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Roman Pot Technology (example of AFP)

Geometric acceptance:

ratio of protons with a given

(ξ, pT ) that reached

the detector to the total

number of the scattered

protons having given (ξ, pT )

Mass acceptance:

mass of central system

when both protons are

tagged in Roman pot

LHC beam

x

y

z

thin window and floor (300 µm)

shadow of TCL4 and TCL5
collimators
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LHC Optics

“Usual” conditions: β∗ in range 0.3 – 1.2 m → strongly focused beam (high pile-up):

Special optics: β∗ of 90 m, 120 m, 2.5 km, 3/6 km → weak, parallel-to-point focusing (low pile-up):

M. Trzebiński Forward Physics in ATLAS 6/38



ALFA
Absolute Luminosity For ATLAS



ALFA Detectors

Two stations at each ATLAS side, 240 m far from the IP1.
Detectors move vertically ((y) direction) and take data ∼1 mm from the beam.
2× 10 layers of scintillating fibres in pot – position measurement with precision of ∼ 30 µm.

LHC beampipe

open closed
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ALFA Data-taking (2011 – 2023)

Several dedicated, high-β∗ campaigns in years 2011 – 2023.

Initial programme of the elastic scattering measurement was extended to low-mass diffractive and
exclusive measurements (addition of ATLAS “central” detector: APP B 42 (2011) 1861).

Few results already published, more in the pipeline!
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Elastic Scattering
Eur. Phys. J. C 83 (2023) 441

t = (p1 − p3)2 = (p2 − p4)2

t ≈ −(pθ)2

https://arxiv.org/abs/2207.12246


ALFA Elastic Analysis at
√
s = 13 TeV: Signal Selection

pattern before selection:
one of selection criteria:
correlation between sides

pattern after selection:
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ALFA Elastic Analysis at
√
s = 13 TeV: Result

√
s = 13 TeV, L = 340 µb−1

total cross-section:
σtot(pp → X ) = 104.7± 1.1 mb

real-to-imaginary ratio of the nuclear
elastic scattering: ρ = 0.098± 0.011
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Reminder: ALFA Elastic Analysis at
√
s = 7 and 8 TeV

√
s = 7 TeV, L = 80 µb−1

σtot (pp → X ) = 95.35± 0.38 (stat.)± 1.25 (exp.)± 0.37 (extr.) mb

B = 19.73± 0.14 (stat.)± 0.26 (syst.) GeV−2

√
s = 8 TeV, L = 500 µb−1

σtot (pp → X ) = 96.07± 0.18 (stat.)± 0.85 (exp.)± 0.31 (extr.) mb

B = 19.74± 0.05 (stat.)± 0.23 (syst.) GeV−2
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ALFA Elastic Analysis: Total Cross Section and ρ Parameter – Summary
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Exclusive Pion Production
Eur. Phys. J. C 83 (2023) 627

https://arxiv.org/abs/2212.00664


ALFA Exclusive Pion Analysis at
√
s = 7 TeV: Signal Selection
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ALFA Exclusive Pion Analysis at
√
s = 7 TeV: Cross-Section
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AFP
ATLAS Forward Proton



AFP: Silicon Trackers (SiT)

Four detectors in each station.

Technology: slim-edge 3D ATLAS IBL pixel sensors bonded with FE-I4
readout chips.

Pixel size: 50x250 µm2.

Tilted by 140 to improve resolution in x .

Resolution: ∼6 µm in x and ∼30 µm in y .

Trigger: majority vote (2 out of 3; two chips in FAR station are paired and
vote as one).

From JINST 11 (2016) P09005; JINST 12

(2017) C01086
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Proton Tagging or Position Measurement?

At the interaction point proton (IP) is fully described
by six variables: position (xIP , yIP , zIP), angles (x ′IP ,
y ′IP) and energy (EIP).

They translate to unique position at the forward
detector (xDET , yDET , x ′DET , y ′DET ).

Idea: get information about proton kinematics at the
IP from their position in the AFP detector.

Exclusivity: kinematics of scattered protons is
strictly connected to kinematics of central system.

Detector resolution play important role in precision
of such method. From ISRN High Energy Physics (2012) 491460;

ATLAS-TDR-024
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ATLAS Forward Proton Detector – High-µ Data-taking

Data recorder so far:

32.0 fb−1 in Run 2,

34.1 + 26.3 + 108 = 168.4
fb−1 in Run 3.

In addition: few campaigns at
low-µ.

Note: not all of recorded data
is useful for physics analyses.
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AFP: Proton Combined Performance
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Exclusive Di-lepton Production
Phys. Rev. Lett. 125 (2020) 261801

https://arxiv.org/abs/2009.14537


Exclusive Di-lepton Measurement with AFP Tag

Exclusive di-leptons, pp → pl−l+p:
proton(s) measured in AFP,
leptons (µ+µ− or e+e−) measured in ATLAS.

2017 data;
√
s = 13; L = 14.6 fb−1.

Powerful background rejection due to AFP:
proton tagging,
kinematics match: proton vs lepton system.

57 (123) candidates in the ee + p (µµ+ p) final state.

Background-only hypothesis rejected with a significance
exceeding 5σ in each channel.

σee+p = 11.0± 2.6(stat)± 1.2(syst)± 0.3(lumi),

σµµ+p = 7.2± 1.6(stat)± 0.9(syst)± 0.2(lumi).
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Search for Axion-like Particles
JHEP 07 (2023) 234

https://arxiv.org/abs/2304.10953


Search for Axion-like Particles
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Search for Axion-like Particles

Dominant background contribution – pair of photons overlaid with pile-up proton – was estimated
using “mixed events” technique smoothed by the functional decomposition method.

After analysing 14.6 fb−1 of data collected at 13 TeV, 441 candidate signal events were selected.

Search for a narrow resonance in the diphoton mass distribution in the range 150–1600 GeV
shown no excess above the smooth background.

This resulted in setting the upper limits on the production cross section of a narrow resonance –
corresponding to an axion-like particle (ALP) – being set.
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Summary

Forward proton detectors enhance the ATLAS physics programme, so far published results of:
elastic analyses (total cross section, nuclear slope, ρ parameter) with ALFA,
exclusive pion production with ALFA,
exclusive lepton production with AFP,
search for a new physics with AFP.

Huge efforts of many to have system operational and in a good shape!

ALFA concluded its programme in 2023, after 12 years of data-taking.

AFP continues to take data in regular and special runs:
2 results using Run 2 data already published, few more analyses at

√
s = 13 TeV ongoing,

performance work on Run 3 data-set in progress → significant increase of statistics wrt. Run 2 is
expected.

With data already recorded on tape, ATLAS forward proton detectors will continue delivering
interesting physics results in the coming years!

The work of MT was partially supported by Polish National Science Centre (project no. UMO-2019/34/E/ST2/00393).
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Backup



ALFA Elastic Analysis at
√
s = 13 TeV: MC Simulations

expected t-acceptance: uncertainties of t-reconstruction methods:

expected background contribution: t-value migration matrix:
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ALFA Elastic Analysis at
√
s = 13 TeV: Systematic Uncertainties
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How to Reduce Physics Background?

Pile-up – multiple collisions during one bunch crossing (mostly min-bias).

signal background background

Idea:

measure difference of time of flight of scattered
protons, (tA − tC )/2

compare to vertex reconstructed by ATLAS,
(tA − tC ) · c/2− zATLAS
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Time-of-Flight Detectors (ToF)

Setup and performance shown above are from test-beam (Opt. Express 24 (2016) 27951, JINST 11 (2016) P09005).

4x4 quartz bars oriented at the Cherenkov
angle with respect to the beam trajectory.

Light is directed to Photonis MCP-PMT.

Expected resolution: ∼25 ps.

Installed in both FAR stations.
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Performance: Time-of-Flight

Performance analysis based on 2017 data (taken with µ ≈ 2):
ATL-FWD-PUB-2021-002.

Poor efficiency of few percent due to fast PMT degradation; effect
not expected during Run 3 due to new PMTs.

Very good timing resolution: 20 – 50 ps for single bar.

Overall time resolution of each ToF detector:
20± 4 ps for side A,
26± 5 ps for side C,
note: systematic uncertainties dominate.
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AFP Performance: Optics
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AFP Performance: Reconstruction Efficiency
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AFP Performance: Alignment
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AFP Performance: Acceptance
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