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Abstract

The ALFA subdetector is designed to measure elastic proton-proton scattering from which
the total cross section and p-parameter are determined. In 2016, special runs at a center-
of-mass energy of /s = 13 TeV and with f3* = 2.5 km were recorded.
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1 Introduction

The goal of this measurement campaign [1] is to study elastic proton-proton scattering, es-
pecially within the very interesting Coulomb-Nuclear-Interference (CNI) region. In order to
study the energy evolution, for these runs special optics with large * values of 2.5 km in com-
bination with high center-of-mass energy of /s = 13 TeV have been chosen which makes it
possible to reach down to very small momentum-transfers as illustrated in Figure 1.

An important quantity to be measured is the p-parameter which is defined as the fraction
of the real part of the elastic scattering amplitude and the imaginary part for small t:
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The total cross-section can be calculated from the differential elastic cross-section with the
help of the optical theorem:
O =4mIm[fe(t — 0)]. (2)

The description of this analysis is divided into 2 parts. This document covers the experimental
setup and theoretical background.
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Figure 1: Model prediction of the differential elastic cross-section [2].
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Figure 2: Experimental Setup of ALFA and a sketch of 2 roman pot stations on one
side of the detector in the outgoing beam direction [1].

2 Experimental Setup

The ALFA detector [3] contains 4 roman pot (RP) detector stations that are placed around
240 m away from the interaction point (IP) of the ATLAS detector. The inner stations on the
A- and C-side have a distance of 237 m to the IB whereas the outer stations are positioned
245 m from the IP A sketch of the experimental setup on the left side of Figure 2 illustrates the
arrangement of all stations and detectors.

Due to the back-to-back scattering of both elastically interacting protons, the 8 detectors
can be divided into 2 groups. The upper detectors at side A and the lower detectors at side C
are combined to Arm 1, whereas Arm 2 contains the other 4 detectors. Each station contains
2 main detectors (upper and lower MDs) and 2 overlap detectors (OD+ and OD-) that contain
an upper and a lower part. The MDs contain 2 x 10 layers of 64 scintillating fibers with a
side length of 0.5 mm attached to 64-channel Multi-Anode Photomultipliers (MaPMTs). If a
proton hits these fibers, the produced photons are internally reflected in the fibers and kick
out a photoelectron when reaching the photocathode of the related MaPMT. The resulting
avalanche is then detected on the segmented anode. For digitization, an analog Multi-Anode
ReadOut Chip (MAROC) in combination with a Field-Programmable Gate Array (FPGA) is
used. From the channel number related to the hit fiber, the proton position in each layer can
be reconstructed and converted into x and y-coordinates.
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Figure 3: Kinematics of elastic proton-proton scattering.

The right side of Figure 2 shows a sketch of 2 RP stations including both MDs and ODs
on the A- or C-side in the beam direction of the outgoing protons from the IP The upper and
lower parts are colored in blue and green respectively.

3 Kinematics

During the elastic scattering process of the 2 interacting protons, the total energy and momen-
tum of both particles are conserved. Hence, the momentum transfer ¢, which is defined as the
square of the difference between the momenta of the incoming and outgoing proton, can be
calculated according to

. 0
t =q* = (p; —p3)* = 4p*sin® (5) , 3)

as shown in Figure 3. For small scattering angles, the sine function can be approximated
according to sin 8 &~ 6 which leads to the following relation:

t ~(p0)>. 4

The momentum transfer is therefore simply given as the squared product of the beam mo-
mentum and the scattering angle. Since the beam momentum is known, the scattering angle
of every single event has to be determined with ALFA, in order to reconstruct the momentum
transfer for every scattered proton pair.

4 Reconstruction

Before the t-spectrum can be reconstructed, an alignment procedure has to be performed
which mainly consists of an iterative procedure and a y2-optimization [4]. For improving
the results, a physics-driven alignment [1] is additionally required for this analysis. After the
elastic scattering process, the outgoing protons are deflected by LHC quadrupole magnets.
The measured angle 6 is therefore not identical to the scattering angle 6™ at the IP In order to
calculate 6, the beam optics transport matrix elements have to be taken into account. Several
reconstruction methods with different levels of precision have been developed throughout the
past years. For the t-spectrum reconstruction of this measurement campaign, the so-called
subtraction method delivers the best performance.

This method contains the computation of the difference between the measured x and y-
coordinate of each detector side. The result then has to be divided by the sum of the matrix
elements M, for both sides which directly results in 8*:

0* — {xay}A_{x9y}C
Miga+Misc

)
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Figure 4: Selecting elastic events from correlation between y-values [1].

With the help of the determined momentum transfer of each event and the number of
events within the covered t-range, the elastic cross-section can be calculated. The full analysis
contains several steps such as the selection of elastic events as shown in Figure 4 for the
example of the correlation between y-values of both detector sides. Additionally, background
subtraction, acceptance, unfolding corrections, reconstruction efficiency, and normalization
with the luminosity, measured independently, are required.

The total cross-section is then given by

do 1 G2(t) |
— = —— |-8rmahc——2¢ ) 4 (p +i
ac 16| T ¢ (o +1)

Oor —Blti=ct?>—pie? 2
ot = (6)
hc
The left addend represents the Coulomb amplitude, whereas the right one stands for the nu-
clear term. Therefore, G denotes the electric form factor of the proton and B the nuclear slope
parameter. This formula is only valid for small momentum transfers t — 0. All parameters in-
cluding p and o, can be determined with a fit to the reconstructed t-spectrum. The inelastic
cross-section is then simply given by the difference between the total cross-section and total
elastic cross-section:

Oinel = Otot — OTel - (7)

The total elastic cross-section is determined by integrating the nuclear part of the differential
elastic cross-section. The inelastic cross-section is therefore not an independent measurement,
but rather a derived quantity based on the main fit result.
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