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The observation of neutrinos produced in LHC collisions by the far-forward FASER and
SND@LHC experiments in 2023 herald the new era of collider neutrino physics. These high-
intensity forward neutrino fluxes from proton-proton LHC collisions enable novel opportunities in
QCD, neutrino physics, BSM searches, and astroparticle physics. In this contribution, we briefly
review the physics potential of neutrino deep-inelastic scattering (DIS) measurements at the LHC
to shed light on proton and nuclear structure, both for ongoing far-forward experiments and for the
proposed Forward Physics Facility (FPF) to operate concurrently with the HL-LHC. We consider
the reach of LHC neutrino DIS to scrutinize the mechanisms of forward hadron production and
constrain QCD in the ultra-small-x region. We also discuss how neutrino DIS measurements at
these far-forward detectors enhance direct and indirect BSM searches at the HL-LHC.
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Introduction. The discovery of LHC neutrinos in 2023 by the far-forward experiments FASER [1]
and SND@LHC [2] herald the beginning of the collider neutrino era in particle physics. Shortly
thereafter, FASERv [3] presented a first laboratory measurement of the neutrino interaction cross-
section at TeV energies. These groundbreaking results with LHC neutrinos are the harbinger
of the many exciting opportunities becoming available in several topics in particle, hadronic,
and astroparticle physics, including searches for new physics beyond the Standard Model (BSM),
see [4, 5] and references therein. Both FASER and SND@LHC will take data for the rest of the
ongoing LHC Run-3. FASER has been approved to also operate (without the FASERv component)
during Run-4, while SND@LHC is considering novel locations in the LHC accelerator complex to
increase its exposure to the neutrino fluxes. Upgrades of these far-forward experiments, such as the
proposed FASER(v)2, as well as new ones, such as FLATE [6], may be installed in a new dedicated
Forward Physics Facility (FPF) [4, 5] to operate concurrently with the HL-LHC.
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Figure 1: Schematic representation of forward neutrino production at the LHC and its subsequent deep-
inelastic scattering at far-forward detectors. We display the mechanism dominating the high-energy v, fluxes,
namely D-meson production, which is sensitive to the gluon PDF down to x ~ 107",

Fig. 1 provides an schematic representation of forward neutrino production at the LHC and its
subsequent deep-inelastic scattering at the far-forward detectors. We display the mechanism domi-
nating the high-energy v, fluxes, namely D-meson production [7, 8], which is sensitive to the gluon
PDF down to x ~ 1077 beyond the coverage of any other laboratory experiment. Measurements of
neutrino event yields at the LHC far-forward experiments hence provide information both on the
production mechanisms of forward neutrinos as well as on their interactions with the target material
via the DIS process. The resultant understanding of TeV-energies neutrino production and scat-
tering enabled by the LHC far-forward experiments feeds directly into oscillation and astroparticle
physics studies at experiments such as IceCube/DeepCore [9, 10] and KM3NET [11, 12].
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Constraints on proton and nuclear structure from neutrino DIS. The impact of ongoing and
future LHC far-forward neutrino experiments on proton and nuclear structure via the DIS process has
been quantified in [13]. For this study, we generated dedicated projections for DIS structure function
measurements at these experiments (similarly to the HL-LHC PDF projections of [14]), finding that
up to one million electron-neutrino and muon-neutrino DIS interactions could be recorded by the
end of the LHC operations. The kinematic region in (x, 9?) of these neutrino collisions overlaps
with that of the Electron-Ion Collider [15], while accessing complementary flavour combinations.
By including these DIS projections in global (n)PDF analyses, specifically PDFALHC21 [16],
NNPDF4.0 [17], and EPPS21 [18], it is found that neutrino structure function measurements at the
LHC lead to significant reductions of both proton and nuclear PDF uncertainties. This impact is
illustrated in Fig. 2, showing the constraints from the combined FPF neutrino DIS dataset when
added on top of the PDFALHC21 baseline for the down valence xdy and the total strangeness
xs* PDFs. We consider the results of fits with and without including the projected systematic
uncertainties. This study also found that being able to tag D-mesons in the final state is necessary to
achieve the ultimate reach on the strange PDF [19], and that neutrino charge flavour separation does
not improve much the PDF sensitivity. In this context, further studies of neutrino DIS at the LHC will
benefit from recent developments in event generators for high-energy neutrino scattering [20, 21].
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Figure 2: The impact of the combined FPF neutrino DIS dataset when added on top of the PDFALHC21
baseline for the down valence xdy and the total strangeness xs* PDFs, for fits with and without including the
projected systematic uncertainties. The bands correspond to the 68% CL uncertainties.

The sensitivity of FPF measurements to different aspects of neutrino-nucleus scattering is also
illustrated in Fig. 3. The left panel shows the inclusive neutrino cross-section between E, = 10
GeV and 10'° GeV for different nuclear targets, separately for neutrinos and antineutrinos. The
calculation is based on the NNSFvy framework [22] and we indicate the relevant regions for different
experiments, from low to high energies. Nuclear effects are important for all E,, regions, and hence
should be accounted for when confronting with the experimental results. The right panel focuses on
the energy region relevant for LHC far-forward experiments and is provided on tungsten, comparing
NNSFv with other calculations of the inclusive neutrino cross-section. The observed differences
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between the various calculations would be resolved by the FPF measurements given the expected
high neutrino yields [5].
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Figure 3: Left: the inclusive neutrino cross-section between E,, = 10 GeV and 10'° GeV for different nuclear
targets. The calculation is based on the NNSFv framework and we indicate the relevant regions for different
experiments. Right: same now for a tungsten target and focusing on the energy region relevant for LHC
far-forward experiments, comparing NNSFy with other calculations of the inclusive neutrino cross-section.

Constraints on forward hadron production. Fig. 1 indicates how the LHC neutrino fluxes
depend sensitively on the mechanisms for forward light- and heavy hadron-production in proton-
proton collisions [7, 8]. Theoretical predictions for forward hadron production at the LHC are
affected by large uncertainties [23], and hence in situ validation with experimental data becomes of
utmost importance. For instance, as demonstrated in [13, 24], measurements of the E, distribution
at the LHC far-forward experiments can constrain the overall normalization of the v, + v, LHC
forward neutrino flux at the permille level when fitted simultaneously with the DIS structure
functions, see Fig. 4a). It should be noted that disentangling physical effects in production and
scattering is possible due to their different kinematic dependence, with production affecting mostly
the E,, and y, distributions while scattering modifying predominantly the x and Q2 distributions.
The significant theory uncertainties affecting forward D-meson production and fragmentation
at the LHC difficult their use to constrain the small-x gluon PDF. In the same manner as for the
case of D-meson production from LHCb [25, 26], to bypass this limitation one can construct
dedicated observables where theory uncertainties partially cancel out without removing the PDF
sensitivity. In the case of the LHC far-forward experiments, one such observable is provided by
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Figure 4: a) The normalization of the LHC forward neutrino flux can be determined simultaneously with
DIS structure functions with permille precision at the FPF [13, 24]. b) Cross-section ratios between different
neutrino rapidities enable constraints on the small-x gluon PDF down to x = 10~7. ¢) Proton PDFs informed
by LHC neutrino data lead to improved predictions for high-pr backgrounds for BSM searches at the LHC.

taking cross-section ratios between different rapidity regions,
R)(;‘:e) (EVa Alyw AZyv) = Nve (Ew Alyv)/Nve (Ev, AZyv) 5 (1)

with A;y, indicating a given neutrino rapidity region and N,,, the number of interacting neutrinos
within acceptance. To quantify the potential of observables such as R§‘V’e) to pin down the small-x
PDFs, we generated projections for the FPF measurements of R;:e) (only statistical uncertainties
were considered) and included them on the NNPDF3.1 set [27] by means of Bayesian reweighting,
consistently with the procedure adopted in [28]. The results of this study are shown in Fig. 4b),
confirming the potential of these optimised observables to access proton structure at very small-
x beyond the coverage of other laboratory experiments. This region is particularly relevant for
applications in astroparticle physics, for instance to constrain the prompt flux from charm decays [29]
representing the main background for astrophysical neutrinos at IceCube and KM3NET.

Interplay with BSM searches at the HL-LHC. By shedding light on proton structure, neutrino
DIS measurements at the LHC improve the prospects of BSM analyses at the HL-LHC. First,
because more precise PDFs lead to a reduction of theory uncertainties in processes such as Higgs
production [30], a prime target of the HL-LHC in the search for anomalous Higgs couplings. Second,
FPF structure functions constrain large-x PDFs, which in turn enable more robust predictions
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for high-pr backgrounds entering BSM searches at the LHC, such as the high-mass Drell-Yan
distribution [31] shown in Fig. 4c) and relevant for W’ and Z’ searches.

Third, neutrino measurements at the FPF provide a handle on the proton PDFs in the same
large-x region as high-pr measurements at the LHC but involving lower momentum transfers Q?,
hence breaking possible degeneracies between QCD and BSM effects which potentially affect the
interpretation of high-pr data at the HL-LHC. The interplay between PDFs and BSM in high-pr
data has been quantified in a number of studies [32—35] using the SMEFT framework as a testbed.
These studies find that at the HL-LHC possible signals of BSM in Drell-Yan and top quark pair
production could be reabsorbed into the PDFs without distorting the resultant fit quality. With the
motivation to prevent such scenario, a follow-up of the analysis of [34] demonstrates how including
the FPF neutrino structure function projections of [13] within a global PDF fit breaks this PDF/BSM
degeneracy and enables the robust identification of BSM signatures present in high-p7 data [36].

The analysis of [36] provides another independent motivation to carry out an extensive program
of neutrino measurements at the HL-LHC: by enabling an independent calibration of the PDFs, the
FPF ensures the optimal interpretation of high-p7 measurements for BSM searches devoid of the
possible contamination from PDF-related QCD effects.
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