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The description of the structure of proton is fundamental in order to describe the standard model
processes at the LHC as well as for the searching of new physics. Quantum fluctuations imply the presence
of photons and leptons inside the proton, which admit a parton distribution function (PDF). Although the
lepton PDFs are expected to be small, its presence opens new production mechanisms. In order to explore
the lepton-induced processes at the LHC, a precise determination of the leptonic content of the proton is
needed. In this paper we propose to constrain the content of charged leptons inside the proton through the
study of the QED Compton scattering in ultraperipheral proton-nucleus collisions at the LHC. We estimate
the total cross sections and associated distributions considering different models for the lepton PDFs and
distinct lepton flavors. We demonstrate that a future experimental analysis of this process is feasible and
that it can be used to constrain the content of electrons, muons, and taus inside the proton.
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I. INTRODUCTION

One of the main goals of particle physics is to achieve
a deeper knowledge of the proton structure, which is
fundamental to describe standard model (SM) processes
and to identify possible signals of new physics in hadronic
collisions at the Large Hadron Collider (LHC) [1–3]. Our
view of the proton structure has been largely improved
with the successful operation of the DESY ep collider
HERA during the period between the years of 1992 and
2007, which has observed the striking rise of the proton
structure function F2ðx;Q2Þ for small values of the
Bjorken-x variable (≤ 10−2) and a fixed photon virtuality
Q2. Such behavior was interpreted in terms of increasing
with the energy of the gluon and sea quark densities inside
the proton [4]. The advent of the LHC and the compu-
tation of higher-order QCD and electroweak corrections
for hadronic processes has motivated a huge progress in
the determination of the parton distribution functions

(PDFs) of the proton over the last years (for a recent
review see, e.g., Ref. [3]). Recent results indicate the
presence of an intrinsic charm component in the proton
wave function [5], as well as a photon and a lepton content
in the proton (for recent results see, e.g., Refs. [6–11]). In
particular, the presence of leptons in the initial state of
hadronic collisions opens the possibility of study lepton-
lepton and lepton-quark subprocesses at the LHC [12–14],
with all combinations of charge and flavors, enlarging
the scope of the LHC also for a lepton-lepton (quark)
collider. Such possibilities allow us to study new pro-
duction channels, which can improve our understanding
of the standard model and that can be used to search for
beyond-the-Standard-Model physics. However, in order
to derive realistic predictions for these processes, a precise
knowledge of the leptonic densities in the proton is
fundamental.
Photons and leptons inside the proton can arise from

quantum fluctuations, with photons being generated by the
photon-quark splitting process q → qγ and charged leptons
by the photon splitting process γ → lþl−. In order to derive
the photon and lepton PDF sets, one can implement such
processes in the Dokshitzer-Gribov-Altarelli-Lipatov-Parisi
(DGLAP) evolution equations [15] and perform a global
fit of the existing data. However, such an alternative is still
not viable due to the limited sensitivity of the LHC data
for the photon and lepton initiated subprocesses. Another
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possibility is to compute these PDFs for a given scale
on the base of a theoretically motivated model ansatz
and derive the PDFs for other scales by solving the
QED-corrected DGLAP equations, as performed, e.g.,
in Refs. [6,16] for the photon and lepton cases, respec-
tively (see also Refs. [16–21]). Finally, a more precise
determination of the photon and lepton PDFs in the proton
can be performed using the LUX method, proposed
originally for the photon case in Refs. [22,23] and
extended for charged leptons in Ref. [9], where these
PDFs are computed using only information from electron-
proton scattering data. Such formalism was recently
applied by the CTEQ-TEA [11] and MSHT [10] groups
to derive new sets of parton distributions including the
QED corrections to the DGLAP evolution. Although such
a method has improved the accuracy of the predictions,
the associated uncertainties are still non-negligible, which
motivates the proposition of an alternative to probe the
lepton PDFs in the proton using a physical process that
can be measured at the LHC.
The information about the charged leptons inside the

proton can be directly accessed using a photon as a probe
of the hadronic structure. Such interactions naturally
will occur in electron-proton collisions at the EIC and
LHeC [24,25]. In contrast, at the LHC, this electromag-
netic process is, in principle, very difficult to separate in
typical hadronic collisions. The suppression of the photon
and lepton PDFs with respect to the quark and gluon
PDFs, implies that the corresponding cross section will be
very small, with the associated events being very difficult
to separate due to the high pileup present in pp collisions
at the LHC. An alternative is to consider ultraperipheral
collisions, which are characterized by impact para-
meters larger than the sum of the radii of the incident
hadrons [26]. In this case, the strong interactions between
the hadrons are suppressed, and the pileups for proton-
nucleus and nucleus-nucleus collisions are expected to be
small. In addition, if one of the incident hadrons is a
nucleus, then the associated photon flux is well known
and is enhanced by a factor Z2 (Z is the number of protons
in the nucleus) with respect to the elastic component of the
photon PDF for the proton. These aspects strongly
motivate the study of the QED Compton scattering in
ultraperipheral pPb collisions as a way to constrain the
charged lepton PDFs of the proton. Such a process is
represented in Fig. 1. The main goal of this paper is to
estimate, for the first time, the associated cross sections
considering different parametrizations for the lepton
PDFs currently available in the literature and taking into
account the acceptances of the central and forward
detectors at the LHC. Moreover, we will explore the
possibility of constraining the electron, muon, and tau
PDFs in the proton, which are predicted to be distinct,
providing estimates of the cross sections for different
lepton flavors.

II. DETAILS OF THE ANALYSIS

The cross section for the QED Compton scattering in
ultraperipheral pPb collisions can be expressed as follows:

σðPbp→PbγlXÞ¼
Z

dx1dx2f
γ
Pbðx1Þflpðx2;μ2Þσ̂ðγl→ γlÞ;

ð1Þ

where x1 and x2 are the momentum fractions of the
nucleus and proton carried by the photon and lepton,
respectively, μ is a hard scale, and σ̂ðγl → γlÞ is the cross
section for the Compton subprocess. One has that x1;2 ¼
½pl

T expð�ylÞ þ pγ
T expð�yγÞ�=

ffiffiffi
s

p
, where pi

T and yi are the
transverse momentum and rapidity of the lepton and photon
in the final state, and

ffiffiffi
s

p
is the center-of-mass energy of the

pPb collision. The photon flux for a nuclei fγPb can be
estimated using the Weizsäcker-Williams approximation
and is given by [26]

fγAðxÞ ¼
αZ2

πx
½2ξK0ðξÞK1ðξÞ − ξ2ðK2

1ðξÞ − K2
0ðξÞÞ�; ð2Þ

where K0 and K1 are modified Bessel functions and
ξ≡ xMAðRp þ RAÞ, with MA being the projectile
mass and Rp (RA) the proton (nuclear) radius. As in
Ref. [27], in our analysis we will assume Rp ¼ 0.7 fm
and RA ¼ 7.1 fm. The lepton PDFs in the proton,
flpðx; μ2Þ, can be estimated using one of the procedures
discussed in the previous section. In order to estimate the
dependence of our predictions on the model assumed for
the lepton PDFs, we will calculate the total cross sections
and associated differential distributions using the MadGraph 5

next-to-leading order (NLO) [28] and considering the PDF
sets derived in Refs. [6,9], which are based on different
approaches and predict distinct behaviors for the lepton
PDFs at small and large x [9]. As the lepton PDFs derived

FIG. 1. Diagrammatic representation of the QED Compton
scattering in ultraperipheral pPb collisions, whose cross section
is strongly dependent on the leptonic content of the proton.
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in Ref. [6] are strongly dependent on the ansatz assumed for
the initial condition of the DGLAP evolution and for the
underlying photon-PDF sets, we will consider for com-
pleteness of our analysis the B2, B4, C2, and C4 sets of
Ref. [6], which differ by the fact that, while the B2 and B4
sets, we assume that flpðx;Q2

0Þ ¼ 0, and in the C2 and C4
sets it is calculated from a photon PDF. Moreover, they
differ on the underlying PDF sets used in the calculation,
which were chosen in Ref. [6] as being the NNPDF2.3QED
[17] and MRST2004QED [16] parametrizations. In what
follows, the associated predictions will be denoted
by APFEL(NN23NLO)[B2], APFEL(NN23NLO)[C2],
APFEL(MRST)[B4], and APFEL(MRST)[C4], respec-
tively. In addition, the cross sections will also be estimated
using the lepton PDFs derived in Ref. [9] using the LUX
method and the results will be denoted LUXLep. Finally,
the factorization scale μ will be assumed to be equal to the
transverse momentum of the lepton in the final state (pl

T).
A comment regarding the state X is in order. As the main

contribution for the lepton PDFs comes from the elastic
component of the photon PDF [6,9], one can expect that in
a large fraction of events the proton will remain intact,
i.e., X ¼ p. In this case, the final state of the collision will
be characterized by two regions devoid of hadronic activity
(rapidity gaps) separating the intact very forward lead
nucleus and proton from the central system γl. An addi-
tional lepton, with opposite charge, that arises from the
photon splitting is also expected to be present in the final
state. Such topology can be explored to reduce the possible
backgrounds, mainly considering the possibility that the
intact proton can be tagged using the ATLAS forward
proton detector [29,30] and the compact muon solenoid
(CMS)-TOTEM precision proton spectrometer [31]. In this
paper we will not impose any restriction about the state X
and postpone for a future study a detailed analysis of the
events characterized by X ¼ p.

III. RESULTS

In what follows we will present our predictions for the
total cross sections and differential distributions for ultra-
peripheral pPb collisions at

ffiffiffi
s

p ¼ 8.1 TeV, estimated
assuming distinct parametrizations for the lepton PDFs.
Our results will be obtained assuming that the ion is right

moving. As emphasized in the Introduction, one of the
main advantages of pPb collisions is that the background
associated to pileup events is negligible, in contrast to pp
collisions. Moreover, background contributions can also be
reduced by imposing the presence of a rapidity gap in the
final state, associated to the photon exchange, and a cut on
the acoplanarity of the photon and lepton jets, such that
back-to-back jets are selected. As a consequence, we expect
a clean separation of QED Compton scattering in pPb
collisions. In this exploratory study we will only apply cuts
on the transverse momentum and rapidities of the photon
and lepton in the final state. We will require that pl

T and pγ
T

to be larger than 2.0 GeVand that the particles are produced
in the rapidity range probed by central (jηl;γj ≤ 2.5) or
forward (2.0 ≤ ηl;γ ≤ 4.5) detectors. In addition, we will
calculate the cross sections for the different lepton flavors.
Our results are presented in Table I for the APFEL
(NN23NLO)[B2], APFEL(MRST)[C4], and LUXLep sets.
One has that the predictions are strongly dependent on the
lepton PDFs assumed in the calculation, with the LUXLep
set predicting the higher (lower) values for electron and
muon (tau) production. Moreover, the LUXLep set predicts
distinct cross sections for the different lepton flavors, while
those obtained using APFEL imply identical results for
electron and muon production. Such result is associated to
the fact that our predictions are dominated by the con-
tribution of lepton PDFs at small values of x, where the
APFEL(MRST)[C4] predictions for the electron and muon
PDFs are very similar (see Fig. 2 in Ref. [6]). One has that
the cut on the rapidities of the photon and lepton in the final
state imply a reduction by a factor ≈3ð100Þ for a central
(forward) selection. Regarding the results for the cross
sections, we predict values of the order of pb, which implies
a non-negligible number of events per year in the future
runs of the LHC, especially for the central selection and
electron production.
The predictions for the transverse momentum and

rapidity distributions are presented in Fig. 2 considering
the electron production, distinct parametrizations for the
lepton PDFs and the central and forward selections. For
completeness the LUXLep uncertainties are taken into
account and represented by the shadowed band. One
has that the APFEL predictions are dependent on the

TABLE I. Predictions for the total cross sections of the QED Compton scattering in ultraperipheral pPb collisions at
ffiffiffi
s

p ¼ 8.1 TeV
considering different parametrizations for the lepton PDFs and distinct lepton flavors. The impact of the distinct kinematical cuts is
presented.

Pb-p @
ffiffiffi
s

p ¼ 8.1 TeV APFEL(MRST)[C4] APFEL(NN23NLO)[B2] LUXLep

Total cross section (pb) e=μ=τ e=μ=τ e=μ=τ

pl;γ
T ≥ 2.0 GeV 993.2=993.2=500.0 456.0=456.0=308.3 2100.0=1494.0=202.4

jηl;γj ≤ 2.5 387.0=387.0=168.0 124.3=124.3=77.5 1132.0=755.5=73.6
2.0 ≤ ηl;γ ≤ 4.5 8.7=8.7=5.1 3.7=3.7=2.8 33.3=20.4=2.7
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assumption for the initial condition, as can be verified
comparing the APFEL(NN23NLO)[B2] and APFEL
(NN23NLO)[C2] results. On the other hand, the results
obtained using distinct parametrizations in the derivation of
the lepton PDFs are almost identical, as can be observed
comparing, e.g., the results denoted APFEL(NN23NLO)
[C2] and APFEL(MRST)[C4] in the figure. As expected
from the analysis of the total cross sections, the APFEL
(MRST)[C4], APFEL(NN23NLO)[B2], and LUXLep par-
ametrizations imply different predictions for the distribu-
tions. In particular, the rapidity distribution is strongly
sensitive to the PDF set, which is directly associated to the
distinct behaviors of the lepton PDFs for small and large x.
One also has verified that the invariant mass distribution of
the final state (not shown) is sensitive to the lepton PDF set
assumed in the calculation, which implies that this dis-
tribution is also an alternative to constrain the leptonic
densities in the proton.
In Fig. 3 we present our predictions for the transverse

momentum and rapidity distributions of the QED
Compton scattering in ultraperipheral pPb collisions atffiffiffi
s

p ¼ 8.1 TeV considering the LUXLep parametrization

for the different lepton flavors and the central and forward
selections. One has that the predictions are sensitive to the
lepton flavor, in agreement with the results presented in
Table I. The difference between the predictions for the
production of the distinct flavors is non-negligible, which
implies that the associated lepton PDFs can, in principle,
be separately constrained in a future analysis of this
process.
Before summarizing our main results and conclusions,

it is important to comment about the possibility of
studying the QED Compton scattering in pp collisions
at the LHC. One has verified that the resulting predictions
for electron production, obtained using the LUXLep set
and

ffiffiffi
s

p ¼ 13 TeV, are of the order of 0.7 pb for the central
selection, and similar behaviors for the distributions are
predicted. As discussed above, the separation of these
events is a hard task due to the large pileup in current and
future runs of the LHC. The situation can be improved by
imposing the exclusivity criteria, i.e., that the protons
remain intact in the final state and are tagged for the
forward detectors: ATLAS forward proton detector and
CMS-TOTEM precision proton spectrometer (for a more
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FIG. 2. Transverse momentum (upper panels) and rapidity (lower panels) distributions for the electron production in the QED
Compton scattering in ultraperipheral pPb collisions at
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p ¼ 8.1 TeV, calculated considering different leptons PDFs and the central
(left panels) and forward (right panels) selections.
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detailed discussion, see, e.g., Refs. [32,33]). However, for
this tagging to be possible, the invariant mass of the final
state should be larger than 200 GeV. Imposing this
cut on our results, we have verified that the associated
cross section is reduced in two orders of magnitude.
Therefore, we predict values of the order of few fb, which
must be considered an upper bound since in some of the
events considered in our analysis the proton that emits the
lepton is expected to break up. These results indicate that
the measurement of QED Compton scattering in pp
collisions in the high pileup runs of the LHC will not
be feasible. An alternative is to perform the analysis of this
process during a special run with low pileup, where the
events can be separated by observing the rapidity gaps in
the final state and lower values of the invariant mass are
accessible.

IV. SUMMARY

The understanding of the structure of the proton is one
of the challenging problems in particle physics. In
addition to the valence quarks needed to describe its

quantum numbers, the quantum dynamical evolution of
the proton implies the presence of a large number of
gluons and sea quarks, as well as photons and leptons as
its constituents, which have an associated parton distri-
bution function. The precise determination of these PDFs
is fundamental to describe the standard model processes at
the LHC and the searching for new physics. In particular,
the presence of leptons inside the proton makes the LHC
also a lepton-lepton and lepton-quark collider, which can
explore new production mechanisms. In recent years,
distinct groups have proposed different parametrizations
for the lepton PDFs, which differ in normalization and
behaviors for small and large momentum fractions,
implying that the current predictions for the lepton-
induced processes are still affected by a reasonable
theoretical uncertainty. In this paper, we have proposed,
for the first time, to constrain the lepton PDFs through the
analysis of the QED Compton scattering in ultraperipheral
pPb collisions at the LHC. In this process, the lead ion
is the source of a large number of photons that illuminate
the leptonic constituents of the proton. We have estimated
the total cross sections and associated distributions

0 2 4 6 8 10 12 14

2�10

1�10

1

10

210

310

410

LUXLep (e) 

)�LUXLep (

)�LUXLep (

 = 8.1 TeVsPbp collision - 

Central selection

0 2 4 6 8 10 12 14

2�10

1�10

1

10

210

310

410

LUXLep (e) 

)�LUXLep (

)�LUXLep (

 = 8.1 TeVsPbp collision - 

Forward selection

3� 2� 1� 0 1 2 3
2�10

1�10

1

10

210

310
 = 8.1 TeVsPbp collision - 

Central selection

 = 8.1 TeVsPbp collision - 

1.5 2 2.5 3 3.5 4 4.5 5
2�10

1�10

1

10

210

310
 = 8.1 TeVsPbp collision - 

Forward selection

 = 8.1 TeVsPbp collision - 

[GeV]l
T

p

[p
b/

G
eV

]
l T

/d
p

�d

[GeV]l
T

p

[p
b/

G
eV

]
l T

/d
p

�d

l
�

[p
b]

l�
/d�d

l
�

[p
b]

l�
/d�d

FIG. 3. Transverse momentum (upper panels) and rapidity (lower panels) distributions for the QED Compton scattering in
ultraperipheral pPb collisions at

ffiffiffi
s

p ¼ 8.1 TeV calculated considering the LUXlep parametrization for different lepton flavors and the
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ILLUMINATING THE CHARGED LEPTONS IN THE PROTON PHYS. REV. D 107, 073007 (2023)

073007-5



considering different models for the lepton PDFs and
demonstrated that the predictions are sensitive to the
parametrization considered as well as to the lepton flavor.
In addition, our results indicated that a future analysis of
the process is feasible. Finally, the possibility of study of
the QED Compton scattering in pp collisions was also
discussed and alternatives to measure this process were
pointed out. The results presented in this paper strongly
motivate a more detailed analysis that we plan to do in a
forthcoming study.
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