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The unprecedented precision of experimental measurements at the Large
Hadron Collider (LHC) and the increased statistics that will be reached
in the High-Luminosity phase of the LHC (HL-LHC) are pushing the phe-
nomenology community to a new precision frontier, in which new challenges
present themselves and new questions arise. Key ingredients of theoreti-
cal predictions at hadron colliders are the Parton Distribution Functions
(PDFs) of the proton. This contribution highlights some of the new devel-
opments in the determination of PDFs from a global set of experimental
data, from approximate N®LO PDFs and the inclusion of theory uncertain-
ties in PDF fits, to the realisation of the non-trivial interplay between par-
ton densities at large-x and possible signals of new physics in high-energy
tails of the distributions, which highlights the synergy between high-energy
and low-energy experimental programs.
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1. Introduction

Precision phenomenology at hadron colliders and searches for deviations
from the Standard Model (SM) predictions rely upon a precise and accurate
estimate of the uncertainty in the SM predictions. Most theory predictions
for hadron colliders require Parton Distribution Functions (PDFs) [1-9], the
non-perturbative functions parametrising the subnuclear structure of the
protons in terms of their partonic constituents for high-energy scattering
processes.

PDFs cannot be obtained by perturbative methods, hence they must
be fitted from experimental data. The space of possible parton distribu-
tions is an infinite-dimensional space of functions obeying the DGLAP evo-
lution equations; as such, given only finite amounts of data, it is an ill-posed
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problem to determine the PDFs. Therefore, any PDF fitting attempt must
initially restrict the infinite-dimensional PDF space to a finite-dimensional
space instead, by assuming a functional form for the PDFs at some initial
scale Qo ', and then DGLAP evolution is used to obtain the PDF at all
scales.

A faithful determination of PDFs and of their uncertainty is a highly non-
trivial problem and the precision of experimental data is presenting new chal-
lenges to PDF fitting collaborations. Accurate and precise PDFs are crucial
at the LHC. For example, despite the progress in the precise determination
of PDFs, PDF uncertainty is still one of the largest sources of theoretical un-
certainty affecting the predictions for Higgs boson production [10-12]. The
experimental PDF uncertainty is not the only component of the total un-
certainty, as there is another component representing the mismatch in the
perturbative order of the PDFs, evaluated at N2LO, and the perturbative
QCD cross sections evaluated at N3LO [13, 14]. The recent publication of
approximate N3LO PDF sets [15-17], which will be discussed in Section 2.1,
is a crucial step in reducing this source of uncertainty. PDFs do also con-
tribute to the precise extraction of the SM parameters from the LHC data,
such as, for example, the strong coupling constant [18] and the W-boson
mass [19], for which different PDF sets yield results that are significantly
different as compared to the size of statistical and systematic uncertainties.

Finally, PDF uncertainties become sizeable at large-x due to the lack
of precise experimental constraints in that region, and this yields a large
uncertainty in the predictions for the high-energy tails of the measured dis-
tributions, where programs of indirect new physics searches focus, see, for
example, the discussion in Ref. [20]. A precise and accurate description of
the large-z content of the proton has always been crucial. As an illustra-
tion, the discrepancy that was observed by the CDF Collaboration in 1995
between the SM predictions for a jet inclusive cross section at large pr [21]
was mostly due to the lack of an estimate of the uncertainty of the gluon
at large-z, and indeed the discrepancy disappeared once the CDF jet distri-
butions were included by CTEQ in their global analysis of PDFs [22]. The
story taught us the importance of propagating the experimental uncertainty
in the space of PDFs. However, now that uncertainties are much more care-
fully estimated, how can we make sure that potential deviations from the SM
predictions in the high-energy tails of the distributions are genuinely due to
new physics rather than to our poor understanding of the proton structure
at large-x? This question will be the focus of the discussion in Section 2.3.

! This can be a set of polynomials that typically involves 30-50 parameters or a re-
dundant parametrization such as a deep neural network, involving hundreds of pa-
rameters and a regularisation or minimisation stopping criterion, depending on the
methodology.
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2. New frontiers and challenges

As data precision increases, so does the challenge of balancing preci-
sion and accuracy. New PDF analyses sometimes lead to significant shifts
from previous sets, potentially larger than nominal uncertainties, yet this
does not undermine accuracy if the source of shifts is identified and the fit-
ting process is controlled. Growing luminosity in experimental data poses
challenges, especially with increasingly correlated systematics dominating
datasets. Stabilizing covariance matrices and addressing systematic decor-
relation are ongoing tasks crucial for assessing the goodness of fit [23, 24].
Continuous improvements and rigorous tests, ensure robustness, particularly
important for modern PDF sets, see, for example, discussion on closure tests
in Ref. [25] and future tests in Ref. [26].

In what follows, we will select three key aspects: the theory framework
advancements that are behind approximate N®LO PDFs (discussed in Sec-
tion 2.1), the inclusion of theoretical uncertainty in PDF fits (discussed in
Section 2.2), and finally the interplay between PDF and new physics (dis-
cussed in Section 2.3).

2.1. Approzimate N3*LO PDFs

Calculations of partonic cross sections at N3LO order have been avail-
able for a long time for massless deep-inelastic scattering (DIS), and have
become recently available for an increasingly large set of hadron processes,
see Ref. [27] for an overview. To obtain theoretical predictions for hadronic
observables at the same level of accuracy, the N3LO partonic cross sections
must be convoluted with PDFs determined at the same perturbative order.
The main bottleneck in carrying out this programme is the lack of exact ex-
pressions for the N3LO splitting functions that govern the scale dependence
of the PDFs: for these, only partial information is available, see Ref. [17] for
a review. However, a combination of the available partial results is possible,
and an approximate determination of the N3LO splitting functions, see, for
example, Refs. |28, 29].

Currently, two approximate N3LO PDF sets are available, with the
MSHT set [29] available for a couple of years and the combined QED and
N3LO MSHT set [15] and the NNPDF4.0 set [17] became available only re-
cently. There are several differences in the approaches, as the MSHTaN3LO
set includes all available theory input at the time of publication, while the
NNPDF40aN3LO includes more theory inputs that were published in be-
tween, in particular 6(1) extra moments for the Pyg, Pyq (Pyq, Pyg) splitting
functions, some terms in the large-n; limit, and several sub-leading small-x
and large-z terms. A benchmark between the two approaches at the level of
splitting functions is in progress in a Les Houches benchmark exercise. An-
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other important difference is that in the MSHT approach, the incomplete
N3LO terms are added as variation in the prior and estimated by fitting
nuisance parameters to the data, hence the posterior is determined by fit-
ting the data, while the NNPDF approximation incorporates only theory
inputs and their variations are added via an additional theory covariance
matrix associated with incomplete missing higher orders (IHOU). Moreover,
in the NNPDF approach, the missing higher-order uncertainties (MHOU)
associated with the NNLO contributions are added via am MHOU theory
covariance matrix [30, 31].

While the differences in the approach yield slightly discrepant predic-
tions, overall a good perturbative convergence is observed, with differences
decreasing as the perturbative order increases, and the approximate N3LO
result is always compatible with the NNLO within uncertainties. Also, while
for quark PDFs the difference between NNLO and N3LO results is extremely
small, for the gluon PDF, a more significant shift is observed between NNLO
and N3LO (this is much more marked in the MSHT set than in the NNPDF
set), thus making the inclusion of N3LO crucial for precision phenomenology.

2.2. Missing higher-order uncertainties

As the overall precision in the determination grows, it is paramount
to consistently treat the theoretical uncertainties of the input predictions in
PDF fits. Until very recently, PDF uncertainties in NNLO PDF fits included
only experimental component. However, such fits are performed by compar-
ing fixed-order theoretical predictions to experimental data, and theoretical
predictions are affected by MHOU, which is usually estimated by means of
scale variation. The inclusion of scale variations in a state-of-the-art NLO
PDF fit was presented for the first time in Refs. [30, 31]. The approach,
built upon the construction of a theory covariance matrix that describes the
scale variations of the processes included in a PDF fit and models their the-
oretical correlations, has now been generalised to an NNLO PDF set [32].
The theory covariance matrix so determined can be added to the experi-
mental covariance matrix, and the data are fitted using a total covariance
matrix, which is the sum of the two contributions. The inclusion of MHOUs
generally improves perturbative convergence and represents an important
step towards achieving accuracy and improving perturbative convergence.
A similar method has also been applied to nuclear uncertainties, which are
relevant in the description of data based on nuclear targets [33, 34].

With the availability of PDF sets including MHOUSs, the total uncer-
tainty of any theory prediction would combine PDF uncertainty (now in-
cluding an MHOU component), with the MHOU uncertainty on the partonic
cross-section computations. In order to keep into account the correlation be-
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tween the scale variations in the process used for PDF determination and the
scale variation on the partonic cross section that an external user wishes to
compute, one should compute the cross-correlation of MHO uncertainties be-
tween the predicted process and those used for PDF determination [35, 36].
An alternative option for the inclusion of MHOUSs on predictions that ac-
counts for MHOUs on PDFs and their full correlation to MHOUSs on the
partonic cross sections, is to include the scale variation in the Monte Carlo
sampling, as proposed in the MCscales approach [37]. Basically, the Monte
Carlo sampling method used to propagate the experimental uncertainty of
the data into the PDFs is extended by adding scale fluctuations for each
theoretical prediction on top of the fluctuations in the input data that are
used to propagate experimental uncertainties. The development and the
comparison of the various ways of including MHOUSs in the estimate of PDF
uncertainties will become increasingly crucial as the experimental component
of PDF uncertainties is set to decrease thanks to the increased statistics and
better understanding of the experimental systematics in Run 3 and 4, as
well as in the HL-LHC phase.

2.8. PDFs and new physics interplay

Recent PDF analyses indicate that the LHC data are increasingly crucial
in pinning down the parton densities, especially for the gluon and sea quarks
the intermediate to large-x regions and its constraining power will become
even more crucial in the HL-LHC phase [38]. As an increasing number of
high-energy data from the LHC are included in PDF fits, the tails of the
distributions that are used in PDF determination are potentially affected by
new physics effects, which are usually parametrised by means of a model-
independent EFT expansion [39]. To make sure that new physics is not
absorbed or “fitted away” in the PDFs, one would either have to exclude these
data, thus losing potentially important constraints, or carefully disentangle
the SM and new physics effects.

Several studies have been performed in this direction by both experi-
mental collaborations and theory groups [40-49]. In particular, it has been
shown that the determination of SMEFT Wilson coefficients from a fit of the
LHC data, like the determination of SM precision parameters from the LHC
data [50], might display a non-negligible interplay with the input set of PDFs
used to compute theory predictions. For example, in [41], it was shown that,
while the effect of four-fermion operators on Deep Inelastic Scattering (DIS)
data can be non-negligible if DIS data were fitted while taking the effect of
such operators into account, the fit quality would deteriorate proportionally
to the energy scale of the data included in the determination. This makes a
fit based on DIS-only data “safe” from new physics effects.
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On the other hand, in the context of high-mass Drell-Yan, especially in
the HL-LHC scenario, neglecting the cross-talk between the large-x PDFs
and the SMEFT effects in the tails could potentially miss new physics mani-
festations or misinterpret them [43, 47, 51], as the bounds on SMEFT opera-
tors are significantly broader if the PDFs are fitted by including the effect of
the W and Y universal operators [52] in the high-energy tails of the data. In
Ref. [47], it was shown that the large-z antiquark distributions can absorb
the effect of universal new physics in the tails of the Drell-Yan distributions
by leading to significantly softer antiquark distributions in the large-z re-
gion, far beyond the nominal PDF uncertainties. The study shows that the
only way to avoid this kind of BSM contamination would be to include more
low-energy observables in a PDF fit, thus highlighting the synergy between
low- and high-energy experiments.

Furthermore, the analysis of the top-quark sector of Ref. [46] demon-
strates that in that case, the bounds of the operators are not broadened by
the interplay with the PDFs, however the correlation between the top sector
and the gluon is manifest in the gluon PDF itself, which becomes softer in
the large-x region if the PDF fit is augmented by the top data and PDFs
are fitted simultaneously along the Wilson coefficients that determine the
top-quark sector. This hints to a non-negligible interplay between large-x
gluons and hints at new physics signals in the large invariant mass tails of
the tt distributions, and possibly in the high-E jets distributions.

The recently publicly released tool SIMUnet [48] allows users to assess
the interplay between PDFs and new physics, either by performing simulta-
neous fits of SMEFT operators (or operators in any other EFT expansion)
alongside the PDFs of the proton, or by injecting any new physics model in
the data and checking whether a global fit of PDFs can absorb the effects
induced by such a model in the data. SIMUnet, based on the first tagged
version of the public NNPDF code [53], augments it with a number of new
features that allow for the exploration of the correlation between a fit of
PDFs and BSM degrees of freedom. The tool allows for a global analysis
of the SMEFT combining the Higgs, top, diboson, and electroweak sectors,
and more data can be added in a rather straightforward way to combine
the sectors presented here alongside Drell-Yan and flavour observables, for
example. Further exploration of the SMEFT and PDF interplay and of the
possible signal of new physics that might be fitted away by PDFs especially
in the top and jets sector would add important pieces of the mosaic that has
just started to be unveiled.

3. Conclusions

The success of the ambitious programme of the upcoming Run 3 at the
LHC and its subsequent High- Luminosity (HL-LHC) upgrade relies not
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only on achieving the highest possible accuracy in the experimental mea-
surements and in the corresponding theoretical predictions, but also on the
availability of statistically robust tools capable of yielding global interpreta-
tions of all subtle deviations from the Standard Model (SM) that the data
might indicate. In this contribution, we discussed how the careful inspec-
tion and use of novel theoretical advances such as the recently developed
approximate N3LO PDFs, the inclusion of MHOU and of QED effects are
important to achieve the best accuracy at the LHC. Thanks to the number
of newly released data, a powerful testing ground of the generalisation and
extrapolation of the various PDF sets is available to be explored. More-
over, the new light shed on the interplay between PDFs and new physics
can further advance the synergy between new experiments of the deeply-
inelastic scattering (DIS), for example at the Electron-Ion Collider [54], or
the perspective Large Hadron-Electron Collider [55], or even at the future
Forward Physics Facilities planned at CERN [56]. The challenges that we
are presented with are certainly a great opportunity to refine our tools and
advance in our understanding of fundamental physics.
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