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Quantum electrodynamics mechanisms can be used to analyse the pro-
ton structure, with particular attention paid to its radius. The cross section
for the vy — €74~ process is placed in the context of proton-proton col-
lisions, allowing for the study of effects related to the distribution of the
electromagnetic field around the proton. This research compares the theo-
retical results with the data from the ATLAS and CMS experiments at the
LHC. It allows for the verification of the approach used and the determi-
nation of possible model constraints.
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1. Introduction

Exclusive dilepton production is a fundamental process in high-energy
physics. It serves as an important part of the study of quantum electrody-
namics (QED) [1], electroweak interactions |2], parton distribution functions
(PDF) [3], and potential New Physics beyond the Standard Model (BSM)
[4, 5]. Proton—proton collisions studied at energies corresponding to colli-
sions at the LHC provide valuable information about the internal structure,
dynamics, and interactions of the proton. Our knowledge has been en-
riched by information on parton structure, form factors, interactions, and
non-perturbative effects.

Since a notable portion of pp collisions at the LHC contain quasi-real
photon interactions at center-of-mass energies above the electroweak scale,
the proton—proton collision at the LHC can be seen as a photon—photon
collision. The study of these kinds of interactions in the pp collision gives us
information about photon content inside the proton and enables the calcula-
tion of related cross sections. In this study, we primarily focus on exclusive
lepton production processes at the LHC and attempt to probe proton char-
acteristics.
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2. Radius calculation

The proton charge radius has been measured between 0.841 and 0.877 fm
[6] by a number of experimental studies, including electron—proton scatter-
ing and spectroscopy methods. The observed differences between various
approaches have led to the well-known proton radius puzzle.

The electromagnetic form factors describe the spatial distribution of
charge inside the proton. It is possible to consider several types of charge
distributions inside the proton and find radius values (Table 1). The informa-
tion regarding the charge radius can be extracted from the behaviour of the
form factor when photons are treated as real (i.e., @* — 0). The nucleon
can also be considered as a point-like particle with no internal structure,
where the form factor equals unity.

Table 1. Relation between form factors and proton radius for point-like (pl), Gaus-
sian (G), and dipole (D) charge distributions; A% = 0.71 GeV?.
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3. Theoretical overview

3.1. Momentum space approach

The exact calculation of the total cross section for the production of
lepton pair in the proton—proton collision, pp — ppf*¢~, can be done in the
momentum space. In this approach, we introduce full kinematical variables
for more precise results. The Feynman diagram presents 2 — 4 reaction
with four-momenta p, + py — p1 + p2 + p3 + p4. The general form of the
cross section can be expressed by the formula
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We extend the integration to eight dimensions to get control over more
kinematic ranges. After applying the variable transformations, the final
cross section for 2 — 4 process becomes
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For photon exchanges considered here, it is convenient to change the vari-
ables p11 — & = logyy (p11), p2r — & = logyo (p21). ¢1 and ¢o are the
azimuthal angles of the outgoing protons, y3 and y, are the rapidities of
outgoing leptons, p,,t = p3. — payi, where p3; and py | are the transverse
momentum of outgoing leptons. ¢y, is the angular orientation of py,t.

The lepton helicity-dependent amplitude for the t-channel, the left dia-
gram in Fig. 1, can be written as
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Fig. 1. Exclusive production of di-leptons in pp collision. (Figure from [7].)

Similarly, the amplitude can also be calculated numerically for the
u-channel, the right diagram in Fig. 1. The sum of both channel amplitudes
is used to evaluate 8-dimensional integration yielding to the total cross sec-
tion. For both dipole (F, = Fp) and Gaussian (Fy, = Fg) form factors, the
total cross section (Table 2) is compared to the experimental findings from
the ATLAS and CMS experiments. The theoretical values overestimate the
experimental data, but the result considering the proton radius as 0.809 fm
is much closer to the measured results. Only the area of a large invariant
mass (M,+,~ > 30 GeV) is not sensitive to details of the proton density, and
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finally, we get a perfect agreement with ALICE data. Figure 2 shows differ-
ential cross section as a function of di-muon invariant mass. The theoretical
results preserve the correct shape of contribution. The momentum space
approach does not allow for the inclusion of the geometry of the colliding
protons. Therefore, it is crucial to consider a model that takes into account
the parameter that defines the distance of the colliding nucleons.

Table 2. The total cross section (in pb) for the pp — £T¢~ process (¢ = e, p)
at /spp = 7 and 13 TeV. The limit on invariant mass, transverse momentum,
and pseudorapidity were defined by the ATLAS (Refs. [8, 9]) and CMS (Ref. [10])
detectors with which the dilepton measurements were performed.

Kinematical constraints ‘ oD ‘ oG ‘ Oexp
pp = ppput T fSpp = 7 TeV
My, > 20 GeV, p; > 10 GeV 0.70 | 0.90 | 0.628+0.038 [3]
M+, > 115 GeV, p; > 4 GeV 4.00 | 5.15 | 3.3840.61 [10]
pp — ppete; oy, =T TeV
M+~ >24 GeV, po > 12 GeV | 0.43 | 0.53 | 0.428+0.039 [8]
pp — pput T /Spp = 13 TeV
M+, = (12-30) GeV, p, > 6 GeV | 2.83 | 3.47 | 2.6440.15 [9]
M+, = (30-70) GeV, p; > 10 GeV | 0.49 | 0.59 | 0.52+0.04 [9]

/

M+, = (12-70) GeV, p, > 6 GV | 4.04 | 425 | 3.1240.16 [9]
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Fig. 2. Differential cross section as a function of the invariant mass of two muons,
compared with ATLAS data under two kinematic cuts [9], with each muon detected
in |n,| < 2.4.
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3.2. Impact parameter space approach

The Equivalent Photon Approximation (EPA) uses Fermi’s formula-
tion, the electromagnetic field of a fast-moving charged particle can be
treated as a flux of quasi-real photons [11]. The total cross section for the
pp(yy) — pplT L~ reaction can be approximately described as the photon—
photon fusion cross section folded with equivalent photon distributions

o(pp = ppl™07) = /n(wl,bl)n(wz,bz)%yam(Ww)
xS2.(b) by dby d®by dwy duwp d6, (4)

where n(wj, b;) is calculated in terms of photon energy and impact parameter
between colliding protons

2
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The impact parameter is expressed through the by and by vectors, which
mark where the interaction between photons occurs, see Fig. 3.

Fig.3. Schematic view defining the impact parameter space at the collision of
protons and accompanying photon fusion.

The ATLAS and CMS collaborations measured cross sections for lepton
production for different kinematic regions, which are significantly lower than
those predicted by the momentum space approach. One reason for this effect
is the finite-size of the proton. The initial step to include the finite-size effect
was to introduce a function that represents the probability of not having any
interaction between two protons in impact parameter space [12],

S2 () = <1 - ezi’;)Q , (6)

where the value of B for 13 TeV is 21 GeV~2, which is an extrapolated value
from the ATLAS measurements for the center-of-mass energy of 7 TeV [13].
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The total cross section calculated for both point-like and dipole form
factors for the pp — ppr 7~ process with and without absorptive effects
is shown in Table 3. The higher values of the cross section in p-space are
due to the inclusion of an 8-dimensional integration, which covers a broader
range of kinematic regions and provides accurate results by including the
logarithmic definition of momentum variables. For b-space, we currently
use a simplified approach that does not allow for the inclusion of dilepton
invariant mass or rapidity range. The problem of considering the smallest
values of the impact parameter contributes to the discrepancy between the
two approaches. Future calculations in b-space will include additional kine-
matic variables, which will further improve the accuracy. The inclusion of
the absorption factor makes us consider pure QED processes.

Table 3. Total cross sections o (in pb) for di-tauon production in proton—proton
collision at an energy of ,/s,, = 13 TeV calculated for point-like and dipole form
factors in the momentum and impact parameter space. The last column includes
results with the suppression factor S2_ (b).

Form factor | o(p-space) | o(b-space) | o(b-space) x 52 (b)

Point-like 268.34 239.64 229.02
Dipole 178.41 170.21 167.70

4. Summary

The theoretical model introduced in this study incorporates additional
kinematic variables in momentum space providing better control over kine-
matic regions. Our study shows that the dipole form factor reproduces
experimental data more accurately, indicating that the charge is distributed
exponentially within the proton. We extend our study to impact parame-
ter space, which allows us to examine the proton’s absorptive effects using
EPA, providing insight into the role of photon flux in exclusive dilepton pro-
duction processes. The impact parameter framework enables geometrical
control over the collision process and allows for precise cuts on kinematic
variable, similar to those used at the LHC. This method increases the sen-
sitivity of proton structure measurements by excluding events that are not
strictly QED.

This work has been supported by the National Science Center (NCN),
Poland, grant DEC-2021/42/E/ST2/00350.
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