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Abstract

The ATLAS detector at the LHC is equipped with dedicated systems designed for the
detection of forward protons produced in diffractive and photon-induced processes.
These detectors significantly extend the ATLAS physics reach. Recent measurements per-
formed using these forward proton detectors: elastic proton—-proton scattering, exclusive
charged pion-pair production, and two-photon production of lepton pairs are presented.
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1 Introduction

The ATLAS experiment [1] at the LHC is used for studies of a wide range of physics topics.
These include processes in which the interacting protons stay intact and are scattered at very
small angles. ATLAS is equipped with two detector systems allowing measurements of such
protons: ALFA [2] (see also M. Schmidt’s contribution in these proceedings) and AFP [3]. Both
systems are placed more than 200 m away from the interaction point and they use the Roman
pot technology to detect scattered protons just a few millimetres from the LHC beam.

2 Elastic scattering in the CNI region

ALFA detectors were designed to study elastic scattering at the LHC energies. The recent ATLAS
measurement [4] was performed at 13 TeV centre-of-mass energy with special settings of the
LHC magnetic fields characterised by a * value of 2500 m. Data taking in such conditions
allows measurements of events with very small four-momentum transfer and gives access to
the Coulomb-nuclear interference (CNI) region.

The analysis requires both scattered protons to be registered. The event selection is based
on the correlations present in elastic events originating from the energy and momentum con-
servation: the positions of the two scattered protons measured in the detectors are anti-

011.1


https://scipost.org
https://scipost.org/SciPostPhysProc.15.011
mailto:rafal.staszewski@ifj.edu.pl
https://doi.org/10.21468/SciPostPhysProc.15
http://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.21468/SciPostPhysProc.15.011&amp;domain=pdf&amp;date_stamp=2024-04-02
https://doi.org/10.21468/SciPostPhysProc.15.011

Scil SciPost Phys. Proc. 15, 011 (2024)

< =
2 C ATLAS -
Q 10t (5=13 TeV, 340 pb* 'y
E E B*=2.5 km |
o :f‘ 10° 1
2 10
g’ E
-c N 1
i 102
10°
C e 20l6data
10 — Elastic fit
= 0,,,=104.68 + 1.08 mb
C p=0.0978 * 0.0085
1 B=21.14 +0.13 GeV”
E C=-6.7 + 2.2 GeV*
- D=17.4 + 7.8 GeV®
_ ?/Ndof=51.0/62
10 1? X |
o SN
2 o0l
3 0.055\
= IERNTpt-e—e—t-voooy
S -0.05F
£ 0N St
- -3 2 =
[ing 10 10 10

Figure 1: Differential elastic cross section as a function of four-momentum transfer.
From [4].

correlated, and the position of each proton is correlated to the elevation angle of its trajec-
tory. Such a selection results in a very clean event sample with background fraction below one
permille.

The remaining background has two components. The first one is due to a random coinci-
dence of two protons registered in the same event. Each of the two protons can be a part of the
LHC beam halo, but could also be produced in a single diffractive pp interaction (pp — pX).
The shape of this background is estimated using data-driven templates based on events with
a single proton registered. The second source of background is the central diffractive process,
where two protons remain intact, but a part of their energy is lost for the production of ad-
ditional particles (pp — pXp). The shape of this background is modelled using Monte Carlo
simulation. The normalisation of both backgrounds is obtained in control regions using data.

In order to maximise the precision of the measurement, many of its ingredients were tuned
using data-driven techniques. These ingredients include:

* detector alignment — information necessary to correct for the limited and t-dependent
detector acceptance,

* event reconstruction efficiency — needed to correct for the detector inefficiency,
* modelling of the LHC beam optics — used for the reconstruction of the scattering angle,
* detector resolution — needed for the unfolding procedures,

* luminosity — needed to convert the observed event distribution to the differential cross
section.

The central result of the measurement is the differential elastic cross section as a function
of the four-momentum transfer, t, corrected for experimental effects, with evaluated statistical
and systematic uncertainties, see Figure 1. The high-|t| part of the distribution is dominated
by the strong interactions. The low-|t| part is the CNI region, where the strong interactions are
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Figure 2: Energy evolution of the p parameter (left) and total cross section (right).
From [4].

of similar magnitude as the electromagnetic interactions, and the measurement is sensitive to
the interference effects.

The measured differential elastic cross section can be used to extract several parameters of
interest: o, — the total pp cross section, p — the ratio of real to imaginary parts of the forward
elastic scattering amplitude, B — the elastic slope, C and D - higher order terms describing the
slope. This extraction is performed by fitting the data with the theoretical formula:

do 1 : 2
_ ap(t)
& - 1o |fN(t)+fC(t)e1 ¢ | )
where
G*(1)

LN = (p i) Tl Dl

c
¢(t) is the Coulomb phase, and G(t) is the proton form factor. The fitting procedure used in
the analysis took into account both the statistical and systematic uncertainties together with
the correlations between their values in different measurement intervals.

Figure 2 (left) presents the result of the present p-parameter measurement together with
other available data as a function of the centre-of-mass energy accompanied by the predictions
of several theoretical models. An important observation is that the measured value disagrees
with the pre-LHC COMPETE calculations [5]. This theoretical model assumed no asymptotic
difference between pp and pp interactions and that the present rate of growth of o, with
energy will continue. The ATLAS results can therefore be interpreted as a disproval of one of
these assumptions.

Another important result is the value of the total pp cross section, see Figure 2 (right). This
is the most precise measurement of o, at this energy, which was possible in particular thanks
to the dedicated ATLAS luminosity measurement performed for these data. One can observe
that the discrepancy between the ATLAS and TOTEM measurements, present already at 7 TeV
and 8 TeV, still persists (the ATLAS value is about 5% below the one reported by TOTEM). It
is interesting to notice that some theoretical descriptions prefer the ALFA results, while others
agree better with the TOTEM values.

fc(t) =—8mahc ]

3 Exclusive production of charged pion pairs

While the ALFA detectors were designed with the primary purpose of measuring elastically
scattered protons, they can be used for studies of processes with more complex final states.
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Figure 3: Left: distribution of the MBTS signal. Right: distribution of the total verti-
cal momentum of the two protons and two pions.

Recently, ATLAS has conducted a measurement of the exclusive production of charged-pion
pairs, pp — pnTn p. The analysed data were collected at the centre-of-mass energy of 7 TeV
and with $* value of 90 m. The measurement required both protons to be reconstructed using
the ALFA detectors, which makes it the first fully exclusive measurement of this process at the
LHC. It was possible because the data from the ALFA detectors were collected together with the
data from all other ATLAS subsystems, in particular the Inner Detector (ID), used to measure
the pion tracks.

In events where the final state consists of only four particles — two protons measured in
ALFA and two pions in the ID — no additional particles should be present. This exclusivity of
the measured events was ensured in two ways. First, the signal from the MBTS detector [6]
was used, see Figure 3 (left). For signal events, no particles should be passing through the
MBTS and its response should be close to zero. For background events, the MBTS may register
particles that were not observed in the tracking detectors.

The second exclusivity condition is based on the transverse momentum balance. For signal
events, the total transverse momentum of the prtp system should be close to zero. For events
where additional particles were produced but not measured, the pr imbalance may be larger,
see Figure 3 (right).

The measurement was performed for two event topologies defined based on the signs of
the vertical momenta of the two protons: elastic-like — with p, ; - p, 5 <0, and anti-elastic -
with p, ;- py o > 0. The measured fiducial cross sections are:

O elastic = 4.8 £ 1.0(stat) *03 (syst) # 0.1 (lumi) + 0.1(model) ub,

O anti-elastic = 9 £ 6(stat) £ 1(syst) £ 1(lumi) £ 1(model) pub.

4 Two-photon production of lepton pairs

One drawback of the ALFA detectors is that for a good performance, they require high-f*
LHC optics. This limits their physics reach to processes with relatively high cross section.
On the other hand, the AFP detectors were designed to operate in standard LHC conditions,
with low * values (below 1 m) and high luminosity. This allows measurements of processes
with much smaller cross sections, such as two-photon exclusive production. The first result
obtained with the AFP detectors concerned the exclusive two-photon production of lepton
pairs: pp — plip [7].

The analysis used several methods for rejecting non-exclusive background. The require-
ments of no additional tracks pointing to the interaction vertex and small dilepton acoplana-
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Figure 4: Distribution of the difference of the relative momentum loss of a forward
proton measured directly and calculated from the momenta of the measured leptons.
The two panels show distributions for events with the forward proton detected on
two sides of the interaction point. From [7].

narity were similar to previous measurements without proton tagging, for example [8]. The
measurement of the forward proton allowed using an additional exclusivity requirement. It
originates from the fact that in the signal events the proton momentum can be calculated from
the measurement of the central dilepton system. The difference between the calculated value
and a direct AFP-based measurement is expected to be small for signal events. The background
originates from a random coincidence of two pp interactions: one leading to the production of
a lepton pair (for example the Drell-Yan process) and the other resulting in a forward proton
(mainly single diffraction). Such a background can be easily modelled by a random mixing
of data events with leptons and with protons. Because the two above methods applied for
background events measure properties of two independent pp interactions, the distribution of
their difference will be much flatter than for the signal events; see Figure 4.

The main results of the measurement are the fiducial cross sections in the electron and
muon channel:

O, = 11.0 £2.6(stat.) £ 1.2(syst.) £ 0.3(lumi.) fb,

Oy = 7.2+ 1.6(stat.) £0.9(syst.) £ 0.2(lumi.) fb.

These results can be compared to theoretical calculations in order to validate the present un-
derstanding of the rescattering corrections that affect the cross sections for two-photon pro-
cesses.

5 Conclusions

ATLAS detectors measuring forward protons, ALFA and AFB, proved to be an invaluable part of
the experiment, significantly enhancing its physics program. This paper presented three flag-
ship measurements: elastic scattering, exclusive pion-pair production, and exclusive photon-
induced lepton-pair production. The results are sensitive to the dynamics of long-range strong
interactions, where perturbative QCD methods cannot be applied, and await further phe-
nomenological investigations. Other interesting measurements are possible with the data
already collected during LHC Run 2. In addition, both systems plan their operation also in
Run 3.
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