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Abstract

Studies of fragmentation and parton density functions are a core component of research
in high energy particle and nuclear physics. These quantities are inherently interesting
as a probe of the quantum nature of the strong force and are also essential ingredients to
additional studies in high energy scattering experiments. These proceedings provide an
overview of the state of the art in this area, as presented at the Deep-Inelastic Scattering
Conference in the Spring of 2021.
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1 Introduction

This document summarises the topics discussed in the parallel session Structure Functions and
Parton Densities. Therefore, it does not aim at being a detailed description of the presented
results, which can be found in the accompanying articles of these proceedings. Instead we
would like to provide the readers with a list of the key points, and encourage them to read the
corresponding contributions.

2 Overview of Parton Density Functions

The luminosity upgrade of the LHC [1] and the upcoming Electron-Ion Collider [2]will provide
measurements of unprecedented precision. In order to have meaningful comparisons between
data and theory, observables in the pQCD framework will require a more precise knowledge
of the cross-section for both the perturbative and non-perturbative components. The former
advances slowly, with higher order calculations requiring the computation of an ever increasing
number and types of diagrams, while for the latter several sources of improvements are being
explored. Recent results addressing both sides of the picture were shown in this conference.

For the perturbative side, preliminary results towards the calculation of the next-to-next-to-
next-to-next-to leading order (N4 LO) DIS cross-section and four-loop splitting functions were
presented. The method relies on obtaining the Mellin moments by reducing the calculation to
a set of master integrals, which in turn can be used to reconstruct the coefficient functions. At
the time of the presentation the result of the three loop calculation were yet to be compared
with the already known one for finite Mellin momenta [3–6], the following step being the four
loop.

More loops in the QCD perturbative expansion also means that, at some point, the mag-
nitude of the QED contribution will be comparable to the one from QCD. A new approach for
the treatment of these terms, equally applicable to the extraction of collinear and transverse
momentum dependent parton distribution functions, was presented [7]. In it, the radiative
corrections are resummed into sets of universal lepton and fragmentation/jet distributions.

As much as higher order calculations are necessary, increasing the precision of the non-
perturbative parton distribution functions (PDFs) is equally important. While the computation
of PDFs from first principles is experiencing significant improvements in the field of Lattice
QCD (see Sec. 5 for the latest results), we still rely on global fits to the world data for their
extraction. In this session several groups have presented improvements to their analyses. The
changes can roughly be split into three categories: adding more data, taking into account
nuclear corrections to processes involving heavy nuclei as targets, and considering the nuclear
corrections in the case of deuterium targets. The last two points have already been included
in previous releases of the PDF fits and will not be mentioned in the following.

2.1 Expanding the fitted data set

One of the paths to better constrain the PDFs is the inclusion of more data, which can provide
constraints in previously unexplored regions and/or, if the novel data have a higher precision,
help reduce the uncertainties. The CTEQ-TEA group presented a comparison of their CT18
NNLO [8] and accompanying alternative analyses that include the most recent LHC data, with
emphasis on dealing with tensions among data sets and properly characterising the goodness
of the fit [9].

In the same line, the CJ group introduced the efforts towards the update of their PDF set
CJ15 [10]. The ongoing study incorporates data from DIS at JLAB at both 6 and 12 GeV,
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electroweak boson production at LHC and RHIC, Drell-Yan at RHIC, and preliminary Drell-
Yan data from SeaQuest. These last two have a significant impact in the up and down sea
quarks distributions. The RHIC data is compatible within uncertainties with the Drell-Yan
measurement of E866 in the x < 0.3 region. The preliminary SeaQuest data and the one from
E866 do not overlap in the high x region, which translates to quite different behaviours of the
d̄/ū ratio in the CJ analysis.

Adding new data is also the basis for the update of the MSHT (formerly MMHT, formerly
MRST) group. The MSHT20 set [11] includes the final Tevatron data, the combined HERA data
from DIS, and some of the vector boson production, inclusive jets and top quark measured at
the LHC. A fraction of the LHC data has been shown to have significant tension among them
and thus were not considered. The fit was done fully at NNLO (if possible) with NLO QED
corrections whenever required, and using more flexible functional forms for the PDFs, which
increased the number of parameters to determine but reduced tensions between data sets.
The new parametrisation coupled with the extended data set resulted in the reduction of the
uncertainty bands of all species, and changes in the shape of the down valence and strange
distributions, and in the d̄ − ū difference.

Equally, the JAM collaboration has presented a new analysis including the latest elec-
troweak boson production data from LHC. These play a crucial role in constraining the up
and down sea distributions. This new extraction was focused on exploring the high-x region
by lowering the invariant mass cut from the usual W 2 ∼ 10 GeV2 to W 2 = 3 GeV2. In order
to achieve a good description of the high-x , low W 2 data, higher twist corrections, including
target mass corrections, were needed. Nuclear effects for the DIS data off deuterium were also
considered (see Subsec. 2.3).

The NNPDF collaboration presented the ongoing work towards the NNPDF4.0 set, an up-
date of their previous installment NNPDF3.1 [12]. The number of points fitted has been ex-
tended with the single top, W+jet, isolated photon, and di-jets measurements at the LHC. The
DIS+jet data from HERA were also considered by means of a re-weighting technique. The
main differences include, among others, having a parametrisation for the charm quark and its
NNLO mass corrections, a new parametrisation, a new optimisation strategy based on gradient
descent algorithms and positivity constraints for the gluon and light flavours PDFs [13]. For
the latter there was a dedicated talk on the positivity of the PDFs in the M̄S scheme (ID= 396).
Some exceptions aside, the fit has an overall good quality, with the LHC data playing a crucial
role in separating the non-strange sea quarks. However it is noticed that the flavour separation
strongly depends on having an intrinsic or a perturbative charm distribution, the former being
preferred as it provides a better description of the LHC data. The code used to produce this
PDF set is also to be publicly available.

A different approach to improve the PDFs has been proposed in recent years by the JAM
collaboration. Instead of using only inclusive data, they advocate for the simultaneous deter-
mination of the collinear PDFs and fragmentation functions (FFs). Here the group presented
their results for fitting pion, kaon and charged hadron production and proton PDFs, using a
multi-step fitting procedure [14]. The inclusion of SIDIS data impacts the sea distributions, in
particular that of the strange quark which is suppressed with respect to the case of not having
the kaon data in the fit.

In addition to updates from the PDF fitting groups, multiple experiments also presented
detailed studies of PDF fits, highlighting their unique contributions to global constraints. For
example, the ATLAS Collaboration presented a new PDF fit [15] using W/Z and W/Z+jets
data from the LHC Run 1 combined with HERA data. The addition of V+jets data significantly
reduces the uncertainty and the new fit shows more strangeness suppression than older fits.
High-x studies were presented by the ZEUS Collaboration [16]. The LHCb Collaboration dis-
cussed their contributions to the quark PDFs at high-x with both their primary pp collision
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data as well as their fixed-target collision data using the Measuring Overlap with Gas (SMOG)
system [17].

2.2 DIS off heavy-nuclei

Another issue to be addressed is the problem of disentangling the different parton flavours,
which are linked both by their specific combinations in the observables and the scale evolution.
This can be done by including in the fits data that are sensitive to other, linearly independent,
combinations of PDFs. To this purpose the charged current (CC) DIS process with the exchange
of a W+/− boson is an ideal candidate. However most of the data available comes from the
collision of neutrino beams with fixed nuclear targets, which not only limits the kinematic cov-
erage of the data but also introduces the problem of correctly quantifying the nuclear effects.
Moreover, tension exists between data sets (see Sec. 3) which hints at the non-universality of
nuclear effects.

In the case of the NNPDF collaboration, they are considering these corrections in NNPDF4.0,
in the form of theoretical uncertainties as opposed to the traditional approach of modifying the
computed central values using nuclear PDFs or theoretical models. The procedure consists of
comparing the values of the nuclear observables computed with and without the nNNPDF2.0
set, and adding them to the fit in the form of a theoretical nuclear covariance matrix [18]. The
overall result, together with the modifications due to deuterium targets (see Subsec. 2.3), is
a significant improvement in the quality of the fit, which highlights the relevance of nuclear
effects to the improvement of proton PDFs.

2.3 DIS with deuterium targets

A different approach to solve the flavour decomposition problem is to use neutron data, under
the form of deuterium beams/targets. While in this case the nuclear effects are smaller than
for CC DIS, the fact remains that deuterium is a bound nucleus and, when aiming for a high
precision extraction of the proton PDFs, this can not be overlooked.

The CTEQ and CJ groups have presented a detailed study of the impact of the nuclear
corrections in deuterium in their corresponding fits [19], using the Hessian sensitivity method
[20]. In the case of CT18NNLO, the cut on the invariant mass W in DIS restricts the impact
of including nuclear modifications, though the description of some observables does improve.
By contrast, as the CJ15 fit has a less stringent kinematic cut and thus the sensitivity to the
modeled nuclear effects is more striking, with the χ2 decreasing ∼ 5%.

The nuclear modifications for deuterium targets were also newly addressed in the update
studies of the JAM and NNPDF collaborations mentioned above. In the case of the JAM col-
laboration different implementations of the corrections using theoretical models from Nuclear
Physics were used, all giving consistently similar fits. The NNPDF collaboration used instead
an iterative procedure that permits to determine both the deuteron and proton PDFs, the lat-
ter with deuteron uncertainties. While the impact is less significant than the one found for
the CC data, they are nonetheless relevant when aiming for higher precision in the proton
distributions.

2.4 Other topics related to proton PDFs

The significant changes in the analyses of the proton PDF of CT and MSHT have compelled
to perform a benchmarking exercise with these two PDF sets and NNPDF3.1. Preliminary
results using a reduced data set common to the three PDF extractions, with emphasis on the
future precision physics at the LHC, have been presented. With the limited amount of data a
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good agreement is observed and progress has been made towards a future combination of the
individual PDF extractions into a PDF4LHC21 set [21].

3 Nuclear PDFs

The correct characterisation of nuclear effects in the parton distributions is important not
only due to their relevance in the determination of the proton PDFs and as baseline for new
phenomena in heavy-ion collisions. Ultimately, the world around us is composed of nucleons
bound together in more complex structures and therefore the nPDFs, that condense in a few
parameters the behaviour of partons inside nuclei, are interesting on their own right.

Dedicated studies of nPDFs have existed for decades now, the extractions done in the same
framework as the free proton PDFs, and having them as guidance. The nuclear effects are
generally added as a modification of a baseline PDFs, either by expanding the parametrisation
or multiplying it by a factor, in both cases with a dependence on the atomic mass number A. In
this conference three of the groups presented new results: EPPS and NNPDF the status of their
updates, nCTEQ specific studies to extend the nCTEQ15 analysis. As before, we will mention
only the changes with respect to their previous work.

The EPPS group has extended the data set of EPPS16 [22] by including the JLAB NC DIS
data, the full CMS di-jets data (replacing the previously used forward-backward ratio), D0 me-
son production from LHCb and the W boson production from CMS in the Run2. All the LHC
data considered are from p + P b collisions. The high precision JLAB data are perfectly de-
scribed taking into account leading target-mass corrections, with no hints of tensions with the
assumption of isospin validity, confirming previous results [23]. Regarding the D0 production,
both the forward and backward data are very well accommodated in the fit. The W boson
data is equally well described and does not seem to provide extra constraints with respect to
those imposed by the Run1 and CC DIS. As for the di-jets data, the ratio to the p+ p reference
was fitted. Significant tension was found between the highest forward rapidity bins and all
other data in the fit despite implementing a more flexible functional form. Beyond having
more data and parameters, the new study includes for the first time the proton uncertainties
by fitting the nuclear modifications separately for each error set of their chosen proton PDF
baseline. While these are not dominant for most experiments considered and can be reduced
by using ratios instead of absolute cross-sections, they become sizable for some observables.
The overall effect on the nPDFs is some reduction of the uncertainty bands in the sea sector
and, more importantly, a better constraint of the gluon density at high-x , pointing to a real
anti-shadowing (enhancement) effect.

The NNPDF collaboration has presented the current status of their next instalment of
medium modified distributions: nNNPDF3.0. The have now performed a NNLO fit, includ-
ing D0 meson data from LHCb, and electroweak boson production and di-jet data from CMS,
in p+ P b collisions at the LHC, the last two using K-factors. Their proton baseline is also up-
dated to the NNPDF4.0 set (see Subsec. 2.1 for details). As it happens in the EPPS analysis,
the extreme rapidity bins of the di-jet data can not be accommodated and a reasonable fit
would require their removal. While the use of the missing correlated uncertainties might play
a role here, studies performed with nNNPDF2.0 [24] and their baseline NNPDF3.1 suggest
that the main problem is the inability of the latter to describe the p + p di-jet data. Further
investigations and the incorporation of the Z and W production data from ATLAS are ongoing.

From their part, the nCTEQ group have presented three studies, each addressing different
aspects for improvement. One of them, in collaboration with the CJ group, touches upon the
use of available data from NC DIS in the high-x region, in particular the high precision JLAB
6 GeV data, and the impact on the valence quark distributions (ID=452). By relaxing the cuts
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on virtuality and invariant mass more data enters in this nCTEQ15-HIX fit [25], in a kinematical
region where higher twists effects become relevant. In particular those considered are target-
mass corrections and non-perturbative multi-quark interactions. The impact of modelling the
nuclear effect in deuterium in the same way as the CJ group is also considered. Fits including
only one type of correction or both of them show a significant improvement in the quality of the
fit w.r.t. no modifications, with the deuterium dominating the decrease of the χ2. Preliminary
results considering data with x < 0.7 present a change of up to 20% in the 0.6 < x < 0.7
region, especially for the up and down densities.

The second topic address by the nCTEQ group was the determination of the strange nPDF.
In a previous study where the compatibility of the LHC electroweak boson data in p + P b
collisions with the nCTEQ15 fit was analysed, the parametrisation of the strange distribution
was found to be too restrictive. More parameters were needed to accommodate the data
into the fit, with a consequent change in shape. The work presented studies in detail the
compatibility of the CC DIS data (not included in nCTEQ15), the tensions among the different
measurements and the impact on flavour separation [26]. Specifically, the dimuon data from
CCFR and NuTev, and the NuTev, CDHSW and Chorus data were considered. It is known
that a fraction of the NuTeV cross-section has significant tensions with the other experiments.
This is particularly true if the correlated uncertainties are not taken into account. In this
work, including the fully correlated uncertainties of the NuTeV data falls short at removing the
tensions, which remain for x ® 0.1 and x ∼ 0.6. However the main source of incompatibility,
defined with a certain criterion, is the low-x data and their exclusion from the fit gives a
consistent result. They do have a significant effect in the shape of the nuclear strange PDF, e.g.
f Fe
s being a factor two larger at x ∼ 10−3 when the low-x data are not removed. While the

inclusion of the LHC data does indeed reduce the uncertainty of the gluon nPDF, the shape of
the strange density remains largely unknown.

Before the LHC di-jet data became available, the only direct constraint over the gluon den-
sity included in the nPDF fits came from single hadron production (SIH) in d+Au collisions at
RHIC. For this observable the gluon and quark densities enter at the same order in the calcu-
lation and thus are ideal to access the gluon nPDF. The down side of it is, aside from possible
final state nuclear effects, that it strongly depends on the set of fragmentation functions (FFs)
used to describe how a parton coming out of the hard interaction fragments into the detected
hadron. With many FF sets available and new precise data from ALICE, the nCTEQ collabo-
ration presented a detailed analysis of the modifications of nPDFs when including SIH data
into the nPDF fits nCTEQ15 and nCTEQ15WZ (with electroweak boson production from LHC).
In general, equally good fits can be obtained with all FFs considered, of course the resulting
nPDFs being different. The most impact is seen in the gluon and strange distributions, with
enhancement for x ∼ 10−3 [27].

4 TMD PDFs

Collinear PDFs accurately describe a large variety of processes involving proton initial states
with transverse energy comparable to the momentum transfer. However, the proton structure
is more complicated and a growing number of measurements are sensitive to the transverse
momentum of the partons within the proton. In particular, when the transverse momentum of
the outgoing partons is much smaller than the momentum transfer, all the way down to scales
of order ΛQCD, collinear PDFs are insufficient for describing the data. This can be remedied
with the introduction of transverse momentum dependent PDFs (TMD PDFs), which are of
significant interest to the particle and nuclear physics communities. While TMD PDFs were a
component of many talks, there was a dedicated session about theoretical and phenomeno-
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logical aspects of these objects, as well as global fits at DIS. These talks spanned theory devel-
opments to global fits, to event simulations using TMD evolution [28]. For example the first
determination of TMD photon densities with the Parton Branching method was presented [29].
The photon distribution was generated perturbatively without intrinsic photon component us-
ing fits to inclusive DIS HERA data. These TMDs give a good description of the CMS dilepton
mass measurements at

p
s = 13 TeV for masses between 15 to 3000 GeV .

There were also presentations showing dedicated experimental measurements probing
TMD PDFs. The COMPASS Collaboration showed new preliminary results for unpolarised
Semi-Inclusive DIS of muons on protons. For the TMD physics two observables in unpolarized
SIDIS are particularly interesting: azimuthal asymmetries and transverse momentum distribu-
tions, both presented by COMPASS. Both observables were measured over a wide kinematic
range of Q2, x and W . There is a lot of theoretical work to reproduce the experimental dis-
tributions, the dependence on Q2 is expected from the predictions and the behaviour as a
function of W can be studied using the COMPASS new results.

The H1 Collaboration measured the NC jet production as a function of the jet transverse
momentum and pseudorapidity, as well as lepton-jet momentum imbalance qT and azimuthal
angle correlation [49]. The cross sections were compared to TMD calculations which, with-
out free parameters, described the data over wide kinematic range. In comparison with the
collinear predictions, the TMD calculation gives a better description at low qT and the collinear
calculation at large qT . The H1 data can be used to constrain matching between TMD and
collinear pQCD frameworks.

Yet another another measurement sensitive to unpolarized TMD PDFs was presented by
the STAR Collaboration. Preliminary results on differential Z cross section as a function of
the Z transverse momentum were compared to various TMD PDFs. The data are reasonably
described by these calculations and shows a possibility to constrain them further.

5 Lattice PDFs

The collinear PDFs can be formally defined in terms of matrix elements of specific bi-local
operators on the light cone. However, these can not be analytically calculated and we have
to recur to global fits such as the ones mentioned in Sec. 2. In Lattice QCD the computation
of parton densities from first principles is also not feasible as long as this definition is used,
as the light-cone distances shrink to the origin in Euclidean space-time. Nonetheless, parton
densities (collinear, unintegrated, generalised) from the Lattice are starting to become a reality
due to several approaches being implemented [30]. While there are several options, we focus
here in the two that were part of the session.

On the one hand we have the pseudo-PDFs [31]. They generalise the PDFs onto spacelike
intervals and are defined as the Fourier transforms of the Ioffe-time distributions (ITD) [32,
33]; in the limit of the interval going to zero and with appropriate matching conditions, one
recovers the collinear PDFs. This means that if the interval is small its inverse plays a role
similar to the renormalization parameter of the scale dependent PDFs (with some differences).
One can then write evolution equations for the reduced ITD. The HadStruct collaboration has
presented the results needed to calculate the matrix elements and the matching condition for
obtaining the gluon PDFs in the pseudo-PDF approach [34]. Using the external field method
[35], the gluon-gluon and gluon-quark kernels were computed. By parametrising the collinear
gluon and singlet quark combination, the values of the parametres can be found by fitting to
the Lattice results for the matrix elements.

The same group has also presented the determination of the nucleon valence quark distri-
bution using a pion mass of mπ = 350 MeV and lattice spacing a = 0.091 fm, and applying
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different techniques for the computation of the matrix elements. The real part of the inverse
Fourier transform, which gives the valence distributions, was performed by writing the valence
PDF as an Euler Beta function multiplied by a polynomial of degree one, the parameters deter-
mined by the Lattice matrix elements. The result is a PDF that closely resembles in shape, but
overshoots, the fitted PDFs for x > 0.1. In the x < 0.1 region the comparison is significantly
worse, though there is no agreement between the PDF sets either.

On the other hand we have the quasi-PDFs, also defined as the Fourier transform of the
ITD with respect to an space-like separation that only has one spatial component, in the frame
in which the proton momentum is in that particular direction [36]. The collinear PDFs are
recovered from the quasi-PDFs by taking the limit of infinite proton momentum. The Lattice
Parton Collaboration presented a self-renormalization method to deal with the divergence
that appears in the calculation of the quasi-light-front correlator in the context of the Large
Momentum Effective Field Theory (LaMET) [37]. The main idea of this model independent
approach is to perform the extraction of the renormalization factor and residual contribution
directly from the matrix element.

In the context of quasi-PDFs, the determination of pion valence PDFs and electromagnetic
form factors were presented. For the PDFs the calculation was performed using the physical
pion mass, which was found to have a limited impact on the distributions. The reconstruction
of the x-dependence of the PDFs was done with the the first few moments, extracted using both
the NLO and NNLO matching formulas. The latter gave a far better agreement with the pion
PDFs obtained from fits than the former. The pion form factors and charge radius were also
computed, in good agreement with the measured data. Further improvements are under con-
sideration, including the possible use of a matching formula that incorporates resummation,
and the extraction of higher moments.

6 Experimental Probes

Production of W and Z bosons in proton-proton collisions and fixed target experiments pro-
vides stringent tests of calculations based on SM and gives access to quark and antiquark
content of the proton. Here especially interesting is the antiquark flavor asymmetry in the
proton, measured as the the ratio d̄/ū, where the high x region x > 0.3 is of particular im-
portance. The SeaQuest Collaboration measured the Drell-Yan muon pair production using a
proton beam at an energy of 120 GeV and liquid hydrogen and deuterium targets [38]. The
cross section ratio of the deuterium and hydrogen data were measured in the wide rage of x
for 0.13 < x < 0.45 and were used as an input to extract the d̄/ū ratio in this region. For
0.35 < x < 0.45 this is a first measurement of the antiquark flavor asymmetry in the proton.
In the whole measured x range d̄/ū> 1. This results were compared with various theoretical
models. They agree well with the predictions of the meson-baryon model [39] as well as with
the predictions of the statistical parton distributions [40]. The STAR experiment at RHIC pre-
sented a complementary measurement of the W and Z/γ∗ differential and total cross sections
in p+p collisions at

p
s = 500 GeV and 510 GeV [41]. These measurements were taken at high

Q2 and 0.1< x < 0.3 and can serve as input into global analyses to provide constraints on the
sea quark distributions. Another set of measurements important in constraining distributions
of the valence and sea quarks in the proton was provided by the CMS Collaborations, obtained
in proton-proton collisions at

p
s = 13 TeV. It included measurements of the Drell-Yan pro-

cesses [42], Z differential cross sections [43] and the study of the W boson rapidity, helicity,
double-differential cross sections and charge asymmetry [44]. Additionally various rare decay
channels of the W were explored, including decays into three pions [45] and a pion and a
photon [46]. This wide range of results also allows probing perturbative and non-perturbative
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QCD effects and rare decay channels, as well as provides valuable input to improve theoretical
models. The data are used to test various MC approaches and their validity at different corners
of the LHC phase-space.

A complement to dilepton processes is processes involving pairs of quarks and gluons.
While jet cross sections are among the first measurements performed at hadron colliders, we
heard important updates from STAR and ATLAS on high-x physics where statistics are limited.
In particular, STAR presented a new measurement of the inclusive dijet cross section, extend-
ing previous results with polarized pp collisions [47]. These measurements have important
constraint power for the high-x behavior of the gluon PDF. The ATLAS Collaboration presented
a variety of measurements of the t t̄ differential cross section. This included a new result usingp

s = 5.02 TeV [48], which provides an interesting data point for comparing with the larger
LHC datasets collected at

p
s = 7,8, and 13 TeV. These data provide a consistent picture across

center of mass energies and have constraining power to distinguish between various PDF sets.
As the namesake of the DIS conference series, it was exciting to also hear updates from high

energy lepton-hadron collisions. The COMPASS experiment at CERN presented a variety of re-
sults on semi-inclusive deep inelastic (SIDIS) and deeply virtual Compton scattering. These
data provide powerful insight into azimuthal asymmetries and TMD PDFs. New data with a
proton target are now being analyzed and preliminary results were discussed in the context of
the measured energy spectra and angular asymmetries. The H1 Collaboration also presented
a new result sensitive to TMD PDFs, in DIS at higher Q2 with azimuthal decorrelations us-
ing jets [49]. This measurement reports the differential cross section of jets in the Born-level
configuration. One particularlly interestin feature of this new measurement is that it involved
the first machine learning-based unfolding [50] in particle or nuclear physics. With this tech-
nique, spectra can be corrected for detector effects without binning and in a large number of
dimensions simultaneously.

7 Structure functions beyond PDFs

Collinear and un-integrated distributions functions are not the only way of describing the
measurements. If one is interested in phenomena occurring in regions where pQCD is not fully
tested/applicable or its use is inconvenient, other perspectives can become a more suitable
choice. In this section we summarise two presentations that take this approach: the first one
for photon initiated processes at the LHC, the second one for the study of the DIS structure
functions in the low x and Q2 region that will be covered at the EIC.

As discussed in Sec. 2, the increasing precision at the LHC is reaching the stage at which
QED processes become as relevant as the pure QCD ones. For some observables the photon
initiated processes play a key role, the LHC effectively acting as a γ + γ collider. The com-
putation of these contributions can be done in two ways. One approach is to determine the
photon content of the proton by means of a photon PDF, to be extracted from fits. This has
been and is done with high precision at LO in αs, but this feature does not translate well to the
calculation of observables, with scale dependence uncertainties washing away the precision
of the photon PDF. A second alternative avoids this problem altogether, by not introducing an
extra distribution. Instead, the p→ γ+ X vertex (with X anything) is written in terms of the
proton structure function. In the work presented in this session showed the phenomenology of
inclusive photon-initiated lepton production [51] and exclusive processes with rapidity gaps,
and their implementation in Monte Carlo Event Generators.

Extracting the DIS one photon exchange cross-section from measurements requires a good
understanding of the radiative corrections that alter the kinematics of the initial and final par-
ticles with respect to the those entering/leaving the hard interaction. This, in turn, calls for a
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good theoretical calculation of the structure functions F2 and FL . The latter, that emerges from
the exchange of a longitudinally polarised virtual photon, dominates the low-x region. As in
FL the quark and gluon PDFs enter at the same order in the perturbative expansion, measuring
it would in principle enable us to study the gluon density, at least for low values of x where
it dominates the cross-section. Unfortunately the extraction of FL is inherently non trivial and
data for x < 0.01 are scarce. There are several theoretical models, with different ingredients
and assumptions, that aim to describe the structure functions in the low-x region, and the EIC
will have the power to discriminate between them. In this line, there was a presentation of
a model that extends the structure functions in the experimentally reachable low-x , low Q2

region. The work is an update of the model proposed in [52], where the extrapolation is based
on the photon-gluon fusion process with the quarks masses taken into account and an explicit
higher twist effect depending on the transverse momentum of the quarks and the integrated
gluon PDF. The use of a more sophisticated model for the higher twist term and recent sets of
proton PDFs gives an overall adequate description of the FL data from H1, with the LO PDF
giving a better agreement. As seen in the original work, the model severely undershoots the
data available at x > 0.01.
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