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Abstract Proton-proton collisions at the LHC generate a ~ Contents

high-intensity collimated beam of neutrinos in the forward

(beam) direction, characterised by energies of up to several 1 Introduction and motivation . . . .. ... ... .. 1

TeV. The recent observation of LHC neutrinos by FASERv 2 Deep-inelastic scattering with LHC neutrinos . . . . 2

and SND @LHC signifies that this previously overlooked par- 2.1 Neutrino DIS revisited . . . . ... ... ... 3

ticle beam is now available for scientific investigation. Here 2.2 LHC far-forward neutrino experiments . . . . . 4

we quantify the impact that neutrino deep-inelastic scattering 2.3 Differential scattering eventrates . . . . . . . . 6

(DIS) measurements at the LHC would have on the parton 2.4 Statistical and systematic uncertainties . . . . . 10

distributions (PDFs) of protons and heavy nuclei. We gen- 2.5 Pseudo-data generation . . . . ... ... ... 12

erate projections for DIS structure functions for FASERv 2.6 PDFimpact assessment . . . . . . . ... ... 13
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with the High-Luminosity LHC (HL-LHC). We determine 3.3 Nuclear PDFs: impact on EPPS21 . . . . . .. 23

that up to one million electron-neutrino and muon-neutrino
DIS interactions within detector acceptance can be expected
by the end of the HL-LHC, covering a kinematic region in
x and Q2 overlapping with that of the Electron-Ion Collider.
Including these DIS projections in global (n)PDF analyses,
specifically PDF4LHC21, NNPDF4.0, and EPPS21, reveals
a significant reduction in PDF uncertainties, in particular for
strangeness and the up and down valence PDFs. We show
that LHC neutrino data enable improved theoretical predic-
tions for core processes at the HL-LHC, such as Higgs and
weak gauge boson production. Our analysis demonstrates
that exploiting the LHC neutrino beam effectively provides
CERN with a “Neutrino-Ion Collider” without requiring
modifications in its accelerator infrastructure.
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1 Introduction and motivation

Proton-proton collisions at the LHC produce a high-intensity
collimated flux of neutrinos. These neutrinos are charac-
terised by the largest energies ever achieved in laboratory
experiments, reaching up to several TeV [1]. Due to the
lack of dedicated instrumentation in the far-forward region,
until recently these neutrinos avoided detection. The recent
observation of LHC neutrinos [2—4] by the FASER [5,6] and
SND@LHC [7,8] far-forward experiments demonstrates that
this hitherto discarded beam can now be deployed for physics
studies. Beyond the ongoing Run III, a dedicated suite of
upgraded far-forward neutrino experiments would be hosted
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by the proposed Forward Physics Facility (FPF) [9, 10] oper-
ating concurrently with the High-Luminosity LHC (HL-
LHC) [11,12]. Current and future LHC neutrino experiments
enable unprecedented scientific opportunities for particle and
astroparticle physics both within the Standard Model and
beyond it, as summarised in [9, 10] and references therein.

Measurements of neutrino structure functions [13-15] in
deep-inelastic scattering (DIS) are sensitive probes of the
parton distributions (PDFs) of nucleons and nuclei [16-
18], in particular concerning (anti)quark flavour separation
and strangeness [19-22]. Constraints arising from charged-
current neutrino scattering provide information on comple-
mentary flavour combinations as compared to neutral-current
charged-lepton DIS. Several experiments have measured
neutrino DIS structure functions over a wide range of ener-
gies, and neutrino data from CHORUS [23], NuTeV [24],
CCFR [25], NOMAD [26], CDHS [27], and other experi-
ments are routinely included in global determinations of pro-
ton [28-30] and nuclear PDFs [31-33].

As compared to previous neutrino DIS experiments, neu-
trino scattering at the LHC involves up to 10-fold higher
energies. Furthermore, large event rates are expected, with
up to one million muon neutrinos interacting at the FPF detec-
tors [9,10]. Initial estimates [10] indicate that an extension
of the coverage of available neutrino DIS data by an order of
magnitude both at small-x and at large-Q? should be pos-
sible. However, quantitative projections for the kinematic
reach and experimental accuracy expected at current and
future LHC neutrino experiments are not available. The lack
of these projections has prevented detailed studies assessing
the impact of LHC neutrino data in global analyses of proton
and nuclear PDFs, comparable to those performed for the
HL-LHC [11,34], the Electron-Ion Collider (EIC) [35-37],
and the Large Hadron Electron Collider (LHeC) [38—40].

Here we bridge this gap by quantifying the expected
impact of LHC neutrino structure functions on proton and
nuclear PDFs. To this end, we produce simulations for
FASERv and SND@LHC at Run III as well as for the pro-
posed FPF experiments [9,10,41,42], FLArE, AdvSND, and
FASERv2. For each experiment, we determine the expected
event yields in bins of (x, 02, E,) satisfying acceptance and
selection cuts, generate pseudo-data for inclusive and charm
structure functions, and estimate their dominant systematic
uncertainties. Subsequently, we study their impact on the pro-
ton and nuclear PDFs by means of Hessian profiling [34,43—
45] of both PDFALHC?21 [46] (for protons) and EPPS21 [31]
(for tungsten nuclei) within the XFITTER [47-50] open-source
quantum chromodynamics (QCD) analysis framework, and
with the direct inclusion in the open-source NNPDF4.0 fit-
ting code [51].

Our analysis reveals that LHC neutrino structure functions
can provide stringent constraints on the light quark and anti-
quark PDFs, especially on the up and down valence quarks
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and on strangeness, as compared to state-of-the-art global
analyses. We also find that accounting for the main system-
atic uncertainties does not significantly degrade the sensi-
tivity achieved in the baseline fits considering only statisti-
cal errors. We quantify the impact in our results of charm-
tagged structure functions (large), study the relevance of
final-state lepton-charge identification capabilities (moder-
ate), and compare the constraints provided by different exper-
iments (finding that the overall sensitivity is dominated by
FASERv2). We also study the implications of the resulting
improvement in PDF precision on core processes at the HL-
LHC, finding an up to twofold reduction in theoretical error
in the most optimistic scenario for selected Higgs and gauge
boson production cross-sections.

Our results demonstrate that the availability of far-forward
neutrino detectors at the LHC effectively provides CERN
with a charged-current counterpart of the EIC, with similar
kinematic reach and complementary sensitivity on hadronic
structure. Therefore, LHC neutrino experiments realise, upon
Lorentz-boosting, the analog of a “Neutrino-Ion Collider” at
CERN without the need for new accelerator infrastructure or
additional energy consumption.

The outline of this paper is as follows. Section 2 describes
the procedure adopted to generate projections for neutrino
DIS structure functions at the LHC and the methodology
used to include these in PDF fits. The impact of such LHC
structure function measurements on proton and nuclear PDFs
is quantified in Sect. 3, with the associated implications
for precision phenomenology at the HL-LHC assessed in
Sect. 4. We provide a summary in Sect. 5, where we also con-
sider possible directions for follow-up research. Additional
results are collected in two appendices: Appendix A revisits
the phenomenological studies of Sect. 4 using the HL-LHC
PDF impact projections presented in [34], while Appendix B
quantifies the stability of the nPDF impact projections with
respect to input variations.

2 Deep-inelastic scattering with LHC neutrinos

Here we describe the procedure adopted to generate projec-
tions for the kinematic coverage and uncertainties associated
to measurements of neutrino-nucleus scattering at the LHC
far-forward experiments. First, we summarise the theoreti-
cal description of differential neutrino scattering in terms of
DIS structure functions. Then, we present an overview of
the operative and proposed LHC far-forward neutrino detec-
tors that are considered in the present study and indicate
their acceptance and performance parameters. By convolut-
ing the expected electron and muon neutrino fluxes with the
acceptance and scattering rates of each of these detectors,
we evaluate the event yields in bins of x, QZ, and E, and the
associated statistical and systematic uncertainties. Finally,
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we discuss the procedure adopted to generate pseudo-data
for LHC neutrino structure functions and to quantify their
impact into proton and nuclear PDF determinations.

2.1 Neutrino DIS revisited

The double-differential cross-section for neutrino-nucleus
charged-current scattering (see [15] and references therein)
can be expressed in terms of three independent structure func-
tions Fz”A, )cF3”A and FEA:

dZO'VA(X, Q2, y) _
dxdy

G%-s/47r
(1+ 02/m},)’
x [Y+FZ"A(x, 0% — y*FPA(x, Q%) + Y_x FYA(x, Qz)]
@2.1)

where Y. = 14 (1 — y)?, and with a counterpart expression
for antineutrino scattering,

d20"_)A(X, QZ, y) B
dxdy N

G2F5/4n
(1+Q2/m}y)’
x [ Ve FfA e, 0%) = 2 FPA G, 01 — Yox A, 0]
(2.2)

with s = 2my E, being the neutrino-nucleon centre-of-mass
energy squared, m y the nucleon mass, E, the incoming neu-
trino energy, and y = Q2/(2xm, E,) the inelasticity. In the
case of tau neutrino scattering, tau-lepton mass effects may
be relevant, and Egs. (2.1) and (2.2) receive additional con-
tributions from the F4 and F5s structure functions. We neglect
these effects, since here we focus on electron and muon neu-
trino scattering.

Structure functions depend on both x and Qz, while
the differential cross-section also depends on the neutrino
energy E,, or alternatively on the inelasticity y. Further,
structure functions Fi”A (x, 0%) and Fi‘_’A(x, 0?) depend on
the nuclear target A entering neutrino scattering through
the nuclear modifications of the free-nucleon PDFs. Equa-
tions (2.1) and (2.2) are valid provided the hadronic invariant
mass W is above the resonance production threshold,

(1 —x)

w? = (mi, +0 T) > (2GeV)?. (2.3)

In addition, here we restrict ourselves to the DIS region with
perturbative momentum transfers Q% > 2 GeV?, such that
the structure functions can be decomposed as

1
FAx 0= Y / E e @ (g Q2) ,

J=4.4.8

with i =2,3,L, 24
expressed in terms of a convolution of partonic scattering
cross-sections Cl}j’]y (x, ag) and of process-independent PDFs
f J.(A) (x, 0?). A similar expression holds for charm pro-
duction [21], which necessitates also accounting for charm
mass effects [52]. Here the theory pipeline adopted to eval-
uate neutrino structure functions using Eq. (2.4) is pro-
vided by EKO [53] and YADISM [15,54] interfaced to
PINEAPPL [55] for the generation of fast interpolation grids.

Different neutrino structure functions provide comple-
mentary sensitivity to the partonic flavour decompositions
of nucleons.

To illustrate this feature, consider a leading-order calcu-
lation for a proton target with n y = 4 active quark flavours,
a diagonal CKM matrix, and no heavy quark mass effects.

The resulting F,” and x F;” structure functions read

FyP(x, Q1) =2x (fa+ fa+ fs + f2) (x, 09,
B, 01 =2x (fu+ fi+ fi + fo) (x, 0%,
xFP(x, Q%) =2x (= fa+ fa+ fs — fo) (x, 0P,

XFP 0, 01 =2 (fu— f— i+ £) (. Q7). (25)

The corresponding expressions for a neutron target are
obtained from isospin symmetry

) (x, Q%) =2x (f7+ fu+ fs + fz) (x, 0P),
)" (x, Q%) = 2x (fa+ fa+ f5 + fo) (x, 0P,
XFY"(x, 01 =2x (= f5+ fu+ fs — f2) (x, 0P),

XF", Q1) =2x (fa— fa = fi+ f) (. QD). (26)

while for an isoscalar, free-nucleon target denoted by N, one
has

FyN(x, Q%) = 2x (fir + fu+ +2f5 +212) (x, 07,
FyN(x, Q%) = 2x (fyr + far +2f5 +2f) (x, 07,
xFIN(x, Q%) = 2x (fu- + fu- + 215 = 2f2) (x, 0?),

xF{N(x, Q%) = 2x (fur + fo- — 25 +2£) (x. 0P,
(2.7)

in terms of the valence and sea PDF combinations defined
by the following relations

fr(x, 00 = (fy + f7) (x. 0P,

fi- (. 09 = (fy — f7) (x. 0P). (2.8)
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We note that, even for isoscalar targets, separate measure-
ments for neutrinos and antineutrinos will not be equivalent,
since in general the strange and charm sea asymmetries f-
and f,.- are not expected to vanish [56,57].

In the projections presented here, when interpreting the
LHC neutrino structure functions in terms of proton PDFs,
we will assume an isoscalar free-nucleon target and neglect
nuclear PDF modifications, along the lines of Eq. (2.7).

Accounting for nuclear modifications in a global pro-
ton PDF fit is possible by means of the procedure devel-
oped in [58,59] based on the theoretical covariance matrix
approach [60,61].

On the other hand, when evaluating structure functions
for a tungsten (W) target, we take into account both nuclear
corrections and that the target is not isoscalar when evaluating
the physical observables.

It is also illustrative to compare the PDF dependence of
neutrino structure functions at LO with that of their coun-
terparts for neutral-current scattering with a charged lepton
projectile.

Within the same assumptions, for energies below the Z-
boson mass, 0% < m2Z, the corresponding decomposition
is
EbP 2y _ i l - 2

S (0% =x (9 [fur + fer] + 5 L + fs+]) (x, Q7).
tn 2 4 1 2
A 09 =x (5 L o) 5 L+ 0] .,
¢N 2 S 1 4 2
F, (x, Q) =x (E [fur + far] + §fs+ + §fc+> (x, %),
(2.9)

with x F3 being negligible in this region.

A comparison of Egs. (2.5)—(2.7) with Eq. (2.9) show-
cases the complementarity between neutrino and charged-
lepton DIS in terms of sensitivity to different flavour PDF
combinations.

This implies that the best sensitivity on the quark flavour
separation in the nucleon would be provided by combining
neutrino DIS from the LHC far-forward experiments with
measurements on charged-lepton DIS at the EIC.

2.2 LHC far-forward neutrino experiments

The calculation of differential neutrino scattering event rates
at the LHC far-forward detectors involves two main ingre-
dients: the energy and flavour dependence of the incoming
neutrino flux crossing the detector fiducial volume, on the one
hand, and the scattering rates within the detector acceptance,
on the other hand.

Here we summarise the main features of the existing and
future far-forward detectors considered, in particular con-
cerning their acceptance and expected performance.

@ Springer

We focus on muon-neutrino scattering, which benefits
from the highest rates and is less affected by theoretical
uncertainties in the production mechanism, but also provide
predictions for the subdominant electron-neutrino structure
functions.

The kinematics of a charged-current neutrino DIS event
(x, Q2, E)), or alternatively (x, Qz, y), are uniquely speci-
fied by the measurement of three independent final-state vari-
ables, such as (Ey, 6¢, W?) or (E¢, 0y, Ej), with E¢ and 6;
being the energy and polar angle of the outgoing charged
lepton and E, the total energy of the hadronic final state.

Most neutrino detectors can only access Ej, given that
measuring the invariant mass W? requires fully reconstruct-
ing the final state.

A measurement of the three kinematic variables (E¢, 0y, Ej)
then fixes the DIS kinematics as follows:

Ev = Eh + E/é 5
0% = 4(Ej + E¢)Egsin® (60/2)
4(Ej, + E¢)Eg sin® (6¢/2)
= 2myEp '

(2.10)

These relations also reflect how systematic uncertainties
affecting the measurement of (Ey, 6, E) translate into
uncertainties in the reconstructed values of (x, 02, E,) mod-
ifying the expected binned event rates.

Detector overview Table 1 summarises, for each of the far-
forward LHC neutrino experiments considered in this work,
their pseudorapidity coverage, target material, whether they
can identify the sign of the outgoing charged lepton, the
acceptance for the charged lepton and hadronic final state,
and the expected reconstruction performance.

We consider acceptance and performance separately for
electron neutrinos and muon neutrinos.

In these projections we assume that FASERv and SND @ LHC

acquire data for Run III (£ = 150 fb—1), while FASERV2,
AdvSND, and FLACE take data for the complete HL-LHC
period (£ =3 ab™!).
In the case of FLArE, we consider projections for fiducial
volumes corresponding to both 10- and 100-tonne detectors.
In the following, we provide details about the information
collected in Table 1.

FASER v. The ForwArd Search ExpeRiment (FASER)
detector and its companion FASERv [2,5,6,62] are located
at the TI12 tunnel of the CERN accelerator complex. Both
detectors are aligned with the collision axis line of sight
(LOS) and have been acquiring data since the beginning
of Run IIT in 2022. Neutrino scattering takes place in the
FASERv detector, composed of interleaved emulsion and
tungsten plates and adding up to a mass of 1.1 tonnes with
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Table 1 For each of the far-forward LHC neutrino experiments consid-
ered, we indicate their neutrino pseudorapidity coverage, target mate-
rial, whether they can identify the sign of the outgoing charged lepton,
the acceptance for the charged lepton and hadronic final state, and the
expected reconstruction performance. We consider acceptance and per-
formance separately for electron and muon neutrinos. For FLATE, we
assume that muons would be measured in the FASER?2 spectrometer sit-

uated downstream in the FPF cavern. See the description of each exper-
iment in the text for more details. For our projections we assume that
FASERv and SND@LHC acquire data for the Run III period (£ = 150
b1 ), while FASERv2, AdvSND, and FLATE take data for the complete
HL-LHC period (£ = 3 ab™"). In the case of FLATE, we consider pro-
jections for fiducial volumes corresponding to both 10- and 100 tonne
detectors, which we denote for the two detectors as FLArE(*)

Detector Rapidity Target Charge ID Acceptance Performance
FASERv ny > 8.5 Tungsten Muons E¢, Ep > 100 GeV SEy ~ 30%
(1.1 tonnes) tan 6, < 0.025 (charge ID) 86¢ ~ 0.06 mrad
reco Ej, & charm ID SEn ~30%
SND@LHC 72<n, <84 Tungsten n/a E¢, E; > 20 GeV n/a
(0.83 tonnes) 0, <0.15,60, <05
FASERV2 ny > 8.5 Tungsten Muons E¢, Ep > 100 GeV SE; ~ 30%
(20 tonnes) tan 6y < 0.05 (charge ID) §6¢ ~ 0.06 mrad
reco Ej, & charm ID SE, ~ 30%
AdvSND-far 72<n, <84 Tungsten Muons E¢, Ep =20 GeV n/a
(5 tonnes) 0, <0.15,6, <0.5
reco Ejp,
FLATE (%) ny >7.5 LAr Muons E¢, Ep >2GeV, E, <2TeV S8E, ~ 5%, 8E, ~30%

(10, 100 tonnes)

6, <0.025,0, <0.5

reco Ej

86y ~ 15 mrad
SEp ~ 30%

a fiducial volume of 20 cm x 25 cm x 80 cm. The FASER
apparatus is immersed in a magnetic field, providing charged
lepton identification thanks to two 1 m-long dipole magnets
with B = 0.57 T and another 1.5 m-long magnet in front of
the spectrometer. Neutrino detection and identification can be
carried out either using the emulsion films, which have the
key benefit of excellent position and angular resolution, or
instead using the electronic detector components of FASER,
which enable the tagging of the outgoing downstream ener-
getic muons. FASERUV is sensitive to neutrinos with pseudo-
rapidity 7, > 8.5 and can also identify charm-tagged events.
To identify the charge of the lepton from a neutrino inter-
action, the lepton is required to pass through the FASER
spectrometer. This imposes an angular requirement on the
outgoing charged lepton, indicated in Table 1. Also, to iden-
tify a DIS interaction, the emulsion detector requires at least
five charged tracks to emerge from the interaction vertex. We
implement this last constraint in our simulations by requir-
ing a minimum hadronic energy when calculating the event
yields, as the charged track multiplicity is expected to grow
with W [5,63].

SND@LHC. Inthe same manner as FASER, the SND@LHC
experiment [8] is located in a service tunnel (T118) around
500 m from the ATLAS interaction point and has been taking
data since the beginning of Run III. SND@LHC is installed

off the LOS axis in order to cover the neutrino pseudo-
rapidity range of 7.2 < 7, < 8.4. With a total fiducial
volume corresponding to a 830kg detector with a length of
35 cm, itis composed of tungsten plates, where neutrino scat-
tering takes place, interleaved with nuclear emulsions and
electronic tracker components. Downstream, the scattering
volume is followed by a hadronic calorimeter and a muon
tracking system. The electromagnetic and hadronic energy
deposits can be measured at the electronic detectors, with
the emulsion components providing vertex reconstruction.

The lack of magnetic field prevents the charge-sign iden-
tification of the outgoing charged leptons.

FASER v2. This is a proposed 20-tonne neutrino experiment
located on the LOS of the LHC neutrino beam to be installed
in the FPF cavern. It is based on the same technology as
FASERv, and hence relies on an emulsion-based detector
optimised to identify heavy flavour particles, including tau
leptons and charm and beauty particles, arising from neutrino
interactions. It would be sensitive to neutrinos with pseudora-
pidity , > 8.5. The FASERv2 detector is composed of 3300
emulsion layers interleaved with 2-mm-thick tungsten plates,
for a total volume of tungsten of 40 cm x 40 cm x 6.6 m. The
combination of FASERv2 with the nearby FASER?2 detec-
tor, equipped with a spectrometer, makes measurements of
the outgoing muon charge possible. Given that FASERv2

@ Springer
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is based on the same detector technology as its predecessor,
the same performance in terms of reconstruction of final-state
kinematics can be assumed.

AdvSND. This proposed experiment [10] actually consists of
two detectors, a far-detector to be installed at the FPF with a
coverage in neutrino pseudorapidity of 7.2 < n, < 8.4 (i.e.,
off-LOS, same as SND@LHC) and a near detector installed
somewhere else in the LHC complex and covering the range
4<n <5

Here we focus on the former.

It would be composed (from upstream to downstream) of
a target region for vertex reconstruction and electromagnetic
energy measurement, followed by a hadronic calorimeter, a
muon identification system, and finally a magnet enabling
muon charge and momentum measurements.

The target region of the detector, where the neutrino inter-
actions take place, is made of thin sensitive layers of emulsion
interleaved with tungsten plates, for a total mass of 5 tonnes
and fiducial length of 50 cm.

This detector configuration will be able to track muons
with energy E, > 20 GeV within an acceptance of 100 mrad
and provide information on the charge of the outgoing muon
thanks to its magnet.

The total energy of the hadronic final state will be mea-
sured in the hadronic calorimeter.

No information on the expected performance of the
AdvSND-far detector is available and hence no estimate of
the systematic errors is carried out.

FLArE. Building upon progress in liquid noble gas neu-
trino detectors over the last decade (ICARUS, MicroBooNE,
SBND, DUNE), this experiment [10,41] would rely on a
modularised liquid argon (LAr) time projection detector.

The use of LAr as a target is beneficial for final-state par-
ticle identification, track angle, and kinetic energy measure-
ments with sub-millimeter spatial resolution in all dimen-
sions.

The detector will be equipped with a magnetised hadron/muon

calorimeter downstream of the liquid argon volume for muon
charge and momentum measurements.

While muon neutrinos with energy E, > 2 GeV would
not be fully contained in the FLATE detector, for our projec-
tions we assume that outgoing high-energy muons would be
measured in the FASER2 spectrometer situated downstream
in the FPF cavern.

With an expected fiducial (active) mass of 10 tonnes (30
tonnes) and a length of 7m, FLArE will detect final-state
electrons with energies £, < 2 TeV and scattering angles up
to 0.5 mrad, while final-state muons with 6, < 0.025 will
be recorded by FASER2.

@ Springer

Here we present projections for this baseline design of
the experiment, FLArE10, as well as for a potential larger
variant based on a fiducial mass of 100 tonnes, denoted as
FLArE100.

While FLArE100 is not one of the currently proposed
FPF experiments, we nevertheless include it for illustration
purposes.

Reconstruction of the total energy of the hadronic final
state will be possible.

In terms of performance, the targets are 6 E,, ~ 5% of
electron energy resolution, 86, ~ 15 mrad of electron angu-
lar resolution, and § Ej, ~ 30% for the hadronic energy.

Since the muon energy from a charged-current interaction
would be measured by FASER2, the performance parameters
for E,, are taken to be the same.

2.3 Differential scattering event rates

For each of the LHC far-forward neutrino detectors described
in Table 1, we generate projections for the expected DIS
structure function measurements as follows. We want to eval-
uate the number of reconstructed charged-current neutrino
interaction events taking place in the fiducial volume of the
detector when divided into bins of Bjorken-x, momentum
transfer Q2, and neutrino energy E,, that is,

NOey (ves Buixs 07) 0 i =1, Nom, @11

with

(@) i
Emin = EV = E(l)

max’

(@) (@)
Xmin =X = Xpaxo

2@ 2 2(i
02 < 9? < Q20

for electron neutrinos and for each of the bins comprising
the measurement and with similar expressions applying for
muon neutrinos and antineutrinos. These event yields deter-
mine the statistical precision associated with a measurement
of the double-differential cross-sections Eqs. (2.1) and (2.2).
Subsequently, we account for the expected reconstruction
performance of the detector in order to estimate the system-
atic uncertainties associated with these event yields. For sim-
plicity, in this initial study we consider a single bin in energy
and choose log-spaced bins in x and Q?; the eventual opti-
misation of the binning selection is left for future work.

In this calculation, we adopt the neutrino fluxes evaluated
in [1] and used for the FPF simulations presented in [10]. The
bin-by-bin integrated event yields in Eq. (2.11) are obtained
by convoluting the incoming neutrino fluxes, for a given
acceptance of the target detector, with the corresponding neu-
trino differential cross-sections Eqs. (2.1) and (2.2). Binned
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event yields are evaluated using

2(i) (i)

max Xmax mdx dN (E )
T e e
(@) O E® v

mln min min

d*o(x, 0%, E,) ) )
<TQ2> A(x, Q , EU)dQ dxdE,,,

(2.12)

where nr is the nucleon density of the target detector mate-
rial, Ly isitslength, and A(x, Q2, E,)is a global acceptance
factor which takes the form of a step function and accounts
for the experimental acceptances in E¢, 0¢, and Ej, listed in
Table 1.

The incoming neutrino fluxes of [1] account for the geom-
etry and neutrino pseudorapidity 7, coverage of the consid-
ered detector and are encoded in Eq. (2.12) asd N, (E) /d E,.
This neutrino flux takes into account both the prompt compo-
nent associated with neutrinos from charmed hadron decay
and a displaced component from light hadron decays. The
prompt component used in this work was simulated at next
to leading order (NLO) using POWHEG [64-66] matched
to PYTHIAS [67,68] for the parton shower and hadronisation,
and the displaced component was simulated with EPOS-
LHC [69]. In comparison with the calculation from [1], in
addition to the improved charmed hadron production pre-
sented in [70], the neutrino flux has been updated to /s =
13.6 TeV.

As pointed out in Ref. [1], there are notable neutrino flux
uncertainties, as various event generators do not agree on the
forward parent hadron spectra. If the prediction spread of
various generators were taken as a means of flux uncertainty,
corresponding to a < 50% uncertainty on the interacting
muon neutrino spectrum, this would be a significant sys-
tematic uncertainty if left unresolved. However, it is worth
noting that many existing predictions are yet to be tuned
for the purposes of experiments such as those planned for
the FPF. Nevertheless, there are projections of FPF measure-
ments which would reduce this uncertainty to the sub-percent
level already in the context of the contemporary predictions,
based on parametrising their expected correlations [71], as
well as efforts to describe the uncertainty in a data-driven
way while improving the modelling of forward hadroni-
sation [72]. However, it is important to note that forward
neutrino experiments actually constrain the product of flux
and cross-section, and one must be assumed to measure the
other. In a full analysis, the flux and cross-section would be
constrained simultaneously in a joint measurement, utilis-
ing their different kinematic dependence on x, Q2, E, and
neutrino rapidity 7. In our study, we aim to understand the
full impact of FPF data on the PDF fit, thus motivating this
future joint measurement. To this end, we take the neutrino
flux to be known and focus on the irreducible systematics

associated with event reconstruction. With this assumption,
we will show that Run III measurements will not be sufficient
to impact PDF fits. Instead, Run III measurements could be
used to calibrate incoming neutrino fluxes, effectively reduc-
ing the large uncertainties by the time FPF data are collected
in the future. The expected reduction of FPF neutrino flux
uncertainties further justifies our choice to take the neutrino
flux as known.

The triple integral in Eq. (2.12) is evaluated numerically by
means of Monte Carlo sampling, by generating Ny,c sampling
points in the (x, 2, E,) space with the constraint that

0<y(=02myEsx) <1, 2.13)
and where Ny is chosen to be large enough that residual
Monte Carlo integration uncertainties are negligible for all
the bins considered.

Equation (2.12) can be generalised to charm production
events, with the only difference being that now the neutrino
scattering cross-section is restricted to those processes lead-
ing to final-state charm quarks. Assuming that charm quarks
can be directly tagged by the detector, one has

Onix ox g N dN,(E,)
i) _ v
Nev.e = nTLT/Z(z) /(z) /;-(z) E,

Xmin min

. dZ(’l)N—>£+L+X(x7 QZ, Ev)
dxd Q2

) A(x, 0%, E,)dQ%dxdE,,
(2.14)

with the charm production cross-sections discussed in [21]
and references therein. Here we neglect efficiency and accep-
tance effects associated to D-meson tagging, which can only
be properly estimated by means of a full detector simula-
tion. The acceptance correction A(x, Q2, E,) in Eq. (2.14)
applies only to the charged leptons and hence is the same as
in the inclusive case.

Detectors without charm-tagging capabilities can still be
sensitive to charm production via the semileptonic decays of
the D-mesons, resulting in the characteristic dimuon topol-
ogy, where

N(l) ~ N(l)

ev,2u ~ Hev,e

xB(c—>D— u+X), (2.15)
with B a numerical factor that accounts for charm hadroni-
sation and the resulting semileptonic decay to a muon.

Given that B ~ 0.1, being able to directly tag charm
quarks increases the event yields of charm production events
by a factor of 10 as compared to reconstructing the dimuon
final state.

Table 2 summarises the predicted integrated event yields
for the detectors considered, separated into electron neutri-
nos and antineutrinos and muon neutrinos and antineutrinos.

@ Springer



369 Page 8 of 37

Eur. Phys. J. C (2024) 84:369

Table 2 Integrated event yields for the six detectors considered, sep-
arated into electron neutrinos and antineutrinos, muon neutrinos and
antineutrinos, and their sum. These event yields are computed from
Eq. (2.12) imposing DIS kinematics, Q% > 2 GeV? and W? > 4 GeV>.

The numbers in parenthesis indicate the event rates corresponding to
charm production, Eq. (2.14). In the case of the FLArE detector, we
display results for two proposed options with fiducial masses of 10 and
100 tonnes, respectively

Detector N,, Nj, N,, + Ny, Ny, Ni, Ny, + Ny,
FASERv 400 (62) 210 (38) 610 (100) 1.3k (200) 500 (90) 1.8k (290)
SND@LHC 180 (22) 76 (11) 260 (32) 510 (59) 190 (25) 700 (83)

FASERv2 116k (17k) 56k (9.9k) 170k (27k) 380k (53k) 133k (23k) 510k (76k)
AdvSND-far 12k (1.5k) 5.5k (0.82k) 18k (2.3k) 40k (4.8k) 16k (2.2k) 56k (7k)

FLATE10 44k (5.5k) 20k (3.0k) 64k (8.5k) 76k (10k) 38k (5.0k) 110k (15k)
FLArE100 290k (35k) 130k (19k) 420k (54k) 440k (60k) 232k (30k) 670k (90k)

We used the PDFALHC21 set to compute the differential
cross-sections that enter in Eq. 2.12. As mentioned above,
for FLATE we assume that muon neutrinos interacting in its
fiducial volume will be measured by the FASER V2 spectrom-
eter.

These event yields are computed from Eq. (2.12) with the
requirement that the momentum transfer and the final-state
invariant mass are restricted to the DIS region,

0?>2GeV? and W?>4GeV>. (2.16)

The numbers in parenthesis indicate the event rates cor-
responding to charm production, assuming heavy flavour-
tagging capabilities. In the case of the FLArE detector, we
display results for two proposed options with fiducial masses
of 10 and 100 tonnes. As opposed to the number of interacting
neutrinos presented in [10], we now account for the detector
acceptances listed in Table 1, which reduce the event yields
by up to a factor of 2.

Several observations can be derived from Table 2. First,
one appreciates the large increase in statistics from the Run 11T
experiments to those from FPF, with for example an increase
by a factor of ~ 250 in the muon neutrino yield between
FASERv and FASERv2. Second, the muon-neutrino scat-
tering yield dominates over electron-neutrino scattering by
a factor between 2 and 3, though the precise value of this
ratio is affected by the large theoretical uncertainties affecting
forward electron neutrino production. Third, charm produc-
tion represents around 15% of the inclusive yields, with both
FASERv2 and FLArE100 resulting in around 80k recorded
charm production events. Note that this result assumes D-
meson tagging capabilities, and if only dimuon events can
be recorded, the yields would be reduced by a factor of 10.
Fourth, FASERv2 and FLArE100 lead to the largest absolute
yields of the FPF experiments, with a total of around 680k
and 1.1M (non-tau) neutrino DIS events, respectively, with
74k and 170k events expected instead for AdvSND-far and
for FLATE10.
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Figure 1 displays the differential event yields per bin,
Eq. (2.11), for muon neutrinos detected at the FASERv
(Run IIT) and the AdvSND, FASERv2, and FLArE100
(FPF) experiments, restricted to the DIS region defined by
Eq. (2.16) and where only bins with > 100 events are
retained, except for FASERv in which bins with > 10 events
are shown.

Adding up the bins in each of the panels results in the
inclusive yields listed in Table 2.

The clear improvement going from the current FASERv
experiment to the FPF ones is visible both in terms of the
number of events per bin and for the kinematic coverage.

The FPF experiments benefit from large event rates for
most of the region in (x, Q2) covered, leading to typical
statistical uncertainties at the 1% level or smaller, while for
FASERv, the statistical uncertainties are larger due to the
reduced event rates.

From Fig. 1 one observes how the kinematic coverage
of the FPF far-forward experiments reaches down to xpyjn ~
3x 1073 at small-x and up to Q2. ~ 10* GeV? at large- 02,
representing an extension of around one order of magnitude
in both directions as compared to available DIS neutrino data.
To illustrate this, Fig. 2 compares the kinematic coverage of
FASERv, FASERV2, FLArE, and AdvSND, same asin Fig. 1,
with that of electron-ion collisions at the upcoming EIC [35,
36] at the highest centre-of-mass energies planned, as well
as to available fixed-target neutral- and charged-current DIS
measurements. The LHC neutrino experiments cover an x
region relevant at hadron colliders for Higgs boson analyses,
precision electroweak measurements such as the W-boson
mass [73], and new physics measurements sensitive to the
large-x PDFs [74]. FASERv2 and FLArE100 mostly overlap
with the EIC coverage, providing a complementary handle on
the quark flavour decomposition in protons and heavy nuclei
as compared to the one provided by the EIC measurements.

The inclusive yields listed in Table 2 differ from the
total number of neutrinos interacting within the detector vol-
ume [1,10] due to both the DIS requirements (W2 > 4GeV?
and Q% > 2GeV?) and the detector fiducial acceptances
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Fig. 1 The event yields per bin Ne,', Eq. (2.11), for muon-neutrino
scattering at the FASERv, FASERv2, AdvSND, and FLArE100 exper-
iments. Selected events are restricted to the DIS region Eq. (2.16), and
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Fig. 2 The kinematic coverage in the (x, Q?) plane of muon-neutrino
scattering at the FASERv, FASERv2, FLArE10(100), and AdvSND
experiments (see also Fig. 1) compared to that of electron-ion collisions
at the EIC as well as to the coverage of existing neutrino fixed-target
DIS measurements
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only bins with > 100 events are retained, except for FASERv in which
bins with > 10 events are kept. Adding up the bins in each of the panels
results in the numbers listed in Table 2

summarised in Table 1. The former is found to be negligible,
with DIS cuts removing only < 1% of the events, a conse-
quence of the high energy of LHC neutrinos. The latter is
quantified in Table 3, displaying the total number of electron
and muon neutrinos before and after applying acceptance
cuts. The acceptance efficiency, defined as the ratio between
pre- and post-acceptance integrated event yields, depends on
the detector and can be up to 50%. For instance, FASERv2
loses 63% and 52% of the interacting electron and muon
neutrinos, respectively due to the acceptance requirements.
From Table 1, is it also worth noting how FLATE has virtually
perfect acceptance for electron neutrinos. One also observes
that SND@LHC and AdvSND exhibit relatively large accep-
tance efficiencies, which however are not sufficient to com-
pensate for the lower number of initial interacting neutrinos
due to their off-axis location as compared to FASERv(2) and
FLATrE.
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Table 3 The number of electron and muon neutrinos interacting within
the detector volume, compared with the results after applying the DIS
requirements (W2 > 4 GeV? and Q2 > 2 GeV?) and the experimental
acceptances from Table 1. The DIS requirement removes only < 1% of
the events, a consequence of the high energy of LHC neutrinos. The last

column displays the acceptance efficiency, defined as the ratio between
pre- and post-acceptance integrated event yields. While the specific
efficiencies depend on the experiment, up to 50% of the neutrinos inter-
acting in the detector volume may fall outside detector acceptance

Detector Before cuts After DIS and acceptance cuts Acceptance efficiency
Ny, + Nj,. Ny, + Ny, Ny, + Ns,. Ny, + Ny, Ny, + N, Ny, + Ny,
FASERv 1.2k, 4.1k 610, 1.8k 51%, 44%
SND@LHC 280, 860 260, 700 92%, 81%
FASERv2 270k, 980k 170k, 510k 63%, 52%
AdvSND-far 19k, 66k 18k, 56k 95%, 85%
FLAE10 65k, 202k 64k, 110k 98%, 55%
FLArE100 427k, 1.3M 420k, 670k 98%, 52%

2.4 Statistical and systematic uncertainties

The event yields displayed in Fig. 1 determine the associated
statistical uncertainty in each bin,

5(Stat)Né\i,) — /Ng/),

such that the fractional statistical uncertainty per bin is

Bl.(srat) = 1/y/N. Since we discard bins with less than 100
events for FPF experiments (FASERv2, FLATE, AdvSND)
and 10 events for FASERv and SND@LHC, the fractional
statistical uncertainty ranges between < 1% and ~ 30%,

~

(2.17)

depending on the values of x and Q2 associated with each
bin.

The projected statistical uncertainties for muon-neutrino
scattering in the case of FASERv?2 are displayed in the left
panel of Fig. 3, which corresponds to the same event yields
asin Fig. 1, now as a function of x after having integrated the
event yields in the range of Q2 € [10, 100] GeV?. The error
bar in the vertical direction indicates the statistical uncertain-
ties, while that in the horizontal direction corresponds to the
width of the x-bins. Except for the bins with the smallest
values of x, statistical uncertainties indeed are at the percent
level or smaller for this experiment.

In addition to the statistical uncertainties evaluated from
Eq. (2.17), one needs to estimate the systematic uncertainties
associated to the finite precision in the reconstruction of the
final state leptonic and hadronic variables listed in Table 1.
For instance, an event which would be classified into a given
bin in (x, Qz, E,) in the case of a perfect detector may end
up being mis-classified into a different bin in the presence of
systematic shifts associated to the lepton energy E,, lepton
scattering angle 6,, and hadronic energy Ej, as indicated by
Eq. (2.10).

For each independent source of systematic uncertainty,
which in this analysis consists of §E¢, §Ej, and §6,, we
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quantify its impact at the event yield level

i=1,..., Nbin,
(2.18)

SEOND , SEIND, s0ONG)

ev > sys ‘Vev »

by extending the calculation delineated in Sect. 2.3. First, we
generate a Monte Carlo set of events, denoted by Dy, com-
posed of Ny &~ 107 samples and determine the assignment
of each event to a point in the (x, 02, E,) space. We then
take each event in Dy and smear it with Gaussian distribu-
tions whose variances are given by Table 1 to produce a set of
new samples {Dy}. The smeared events are subjected to the
same DIS cuts from Eq. (2.16) and acceptances from Table 1.
The bin assignment of the events in the smeared samples Dy
will in general be different from those of the baseline sample
Dy.

We define the fractional uncertainty associated to a given
systematic source, say 8 Ey, for bin i to be the mean of the
absolute difference between the number of events in this bin
for the smeared samples {D;} and the number of events in
this bin for Dy:

(@) ()

E¢—smeared, k 0

sE0 —
)
NO

sys

(2.19)

The absolute systematic uncertainty in event yield caused by
S Ey is then agf;f) Néi). Individual sources of systematic errors
are treated as uncorrelated among them, and hence by produc-
ing samples where only one source of error is varied at a time,
we can determine the systematic errors, Eq. (2.18), in each
bin for each of the considered experiments. This approach
has the benefit that rescaling individual sources of systematic
uncertainties, say to assess the impact of improved detector
performance, becomes straightforward.

Figure 4 displays the projected systematic uncertainties
associated to Ey, 0¢, and Ej, for the measurements of the
double-differential muon-neutrino scattering at FASERv2.



Eur. Phys. J. C (2024) 84:369

Page 11 of 37 369

Event rate with Stat. Error

Event rate with Syst. Error

Event rate with Stat. & Syst. Error

105__| ||||||| T |||||||I T T|I||||_I: __l ||||||| T |||||||I T |||||||_l: __l Il]l”l T |||||||I T |||||||_l:
E F(10Gev? < Q2 <102 Gev?] T F 1E .
m - 4 4 -
ZE 11 11 il
S
= 10' 3F 3F 3
o 1E 1E ]
H L 4 L 4 F _
N L 1L 1L i
T I I ]
= 10° == == 3
S F el: .
~ f 1F 1F ]
s Bl e 10 |
ZQ - H P I 4 E .
Yy
102__1 \I\llll 1 |||||||| 1 |||||||—I: __l I|I||I| 1 |||||'|| 1 Illllll—I: __l I|I||I| 1 ||I||'|| 1 Illllll—I:
1072 107! 10 1072 107! 10 1072 107! 10
X xr xr

Fig. 3 Same as Fig. 1 for FASERv2 now as a function of x after having
integrated the event yields in the range of Q2 € [10, 100] GeV? for both
the neutrino and antineutrinos. In addition to the event yield values, we
also show the error bars corresponding to statistical errors only (left),

We note that there is a further systematic uncertainty associ-
ated to the overall neutrino flux, but we do not include this
uncertainty in our estimation. The magnitude of each system-
atic error is plotted as a function of the average momentum
fraction per bin (x) in two different bins of 02%. We indicate
the results separately for neutrino and antineutrino projectiles
as well as those associated to inclusive and to charm produc-
tion measurements. For completeness, we also display in the
bottom-right panel the corresponding statistical uncertainties
in the same bins.

In the case of FASERV2, the systematic uncertainties asso-
ciated to the final state energies E; and Ej are comparable
and are in general at the 10% level, ranging from 1% to 30%
across bins. The uncertainties associated with 8, are typi-
cally at or well below the 1% level for these experiments,
which can be attributed to their good spatial resolution. On
the other hand, for the FLATE experiment, uncertainties asso-
ciated with the scattering angle 9y dominate, being at the 40%
level and ranging from a few percent to O(1), whereas the
uncertainties associated with final-state energy reconstruc-
tion are smaller, around the 10% level, and range from < 1%
to up to around 80% depending on the bin. For all experi-
ments, statistical uncertainties are subdominant in most of
the bins and are below the 10% level, especially at large-x
which is the kinematic region benefitting from the largest
event rates.

Figure 3 also displays the integrated event yields for
FASERV2 as a function of x for only systematic errors and
for the sum in quadrature of statistical and systematic errors
(central and right panels, respectively). For most of the bins,

systematic errors only (middle), and the sum in quadrature of the two
(right panel). The bars in the horizontal direction indicate the width of
the adopted x-bins

for the baseline performance assumptions the total systematic
uncertainty dominates over the statistical uncertainties, with
the possible exception of the small-x region where statistical
and systematic errors are of comparable size.

The end result of the procedure is an estimate of the sta-
tistical and systematic uncertainties for each bin of the mea-
surement, from which an experimental covariance matrix can
be constructed as

n
y N2 . .
cov = 8y (SNDY + 3 (SUND) (NG .
k=1
fori, j =1,..., Npin, (2.20)
and the same for the associated correlation matrix of the
measurement

COvjj

_—. 2.21
A/ COV;j;i /COij ( )

Pij =
The relative covariance matrix, cov;;/ (Néi) Néi)), is inde-
pendent of the considered observable and would also apply
for the double-differential cross-sections Egs. (2.1) and (2.2)
which are related to the event yields by a constant prefactor.

The experimental covariance matrix constructed as per
Eq. (2.20) assumes that each source of systematic uncertainty
is 100% correlated across all the bins of the measurement.
In the real experiment, the actual covariance matrix will be
composed of a large number of uncertainty sources, with typ-
ical HERA and LHC precision measurements characterised
by up to hundreds of different sources of systematic error.
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Fig. 4 Estimated systematic uncertainties for the measurements
of the double-differential muon-neutrino scattering cross-section at
FASERV2. We consider the systematic errors associated to the charged
lepton energy E, and scattering angle 8, and to the hadronic energy Ej,.
The size of each source of systematic error is plotted as a function of

In particular, the assumption that a single source of system-
atic error, say § Ey, is fully correlated among all the bins in
(x, Q?) is unlikely to be accurate.

For this reason, following the HL-LHC projection strategy
of [34], here we neglect bin-by-bin correlations and add in
quadrature statistical and systematic errors,

n
2 oy 2
i k
covj = &;; (5(%) Né?) + 8ij (feorr) Z (fr(ed))
k=1
N\ 2
x (35’;3%@) fori, j =1, ..., Nyin. (2.22)

In Eq. (2.22) we have introduced a parameter fr(el;) < 1 that
gauges the impact of a possible reduction of the kth system-
atic error as compared to the default experiment performance
(reproduced with fieq = 1). Furthermore, fiorr represents an
effective correction factor that accounts for the fact that data
with correlated systematics may be more constraining than
the same data where each source of error is simply added in
quadrature as we do here. A value of fcorr ~ 0.5, obtained
from the inspection of available measurements for which the
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the average momentum fraction per bin (x) in two different bins of QZ.
We indicate the results separately for neutrino and antineutrino projec-
tiles as well as those associated to inclusive and to charm production
measurements. For completeness, we display in the bottom-right panel
the corresponding statistical uncertainties in the same bins

full information on correlated systematics is available, was
estimated in [34] and we adopt the same choice here.

In Sect. 3 we present results for both f..q = 1 (conser-
vative) and freq = 0.5 (optimistic scenario), though we note
that it would be straightforward to revisit the projections for
other assumptions of the detector performance.

Specifically, freq = 0.5 is assumed for the Hessian pro-
filing of PDFALHC21 and EPPS21, while fi.q = 1 for the
NNPDF4.0-based fits.

2.5 Pseudo-data generation

In order to generate pseudo-data for double-differential LHC
neutrino scattering cross-sections, we follow the procedure
used for the HL-LHC projections of [34] which was also
adopted in [75,76] for SMEFT impact projections of vector-
boson scattering and high-mass Drell-Yan data at the HL-
LHC, respectively.

The starting point is predictions for inclusive and charm-
tagged differential neutrino scattering cross-section, denoted
generically by
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d2o VN xi, _2’ .
Oi(th)z (i Of yl), i=1,..., Non,

2.23
dxdy ( )

with (x;, Q,.2, y;) labelling the corresponding bin centres.

The observables O; in Eq. (2.23) are evaluated with
YADISM [15,54] interfaced to PINEAPPL [55,77] to return
a fast interpolation grid admitting a generic PDF input, and
with DGLAP evolution effects provided by EKO [53]. DIS
structure functions are evaluated at next to next to leading
order (NNLO) in the QCD expansion and account for both
heavy quark and target mass effects. No higher-twist correc-
tions are included. In particular, charm structure functions
are evaluated in the FONLL general mass variable-flavour-
number scheme [21,78,79] at O («;) accuracy. For the proton
PDF fits, we assume a free isoscalar target N, while for the
nuclear PDF one we allow for deviations from isoscalarity
relevant for a tungsten nucleus.

To ensure consistency, the PDF set and other theoreti-
cal settings, such as the perturbative order and heavy quark
scheme, adopted for the evaluation of Eq. (2.23) should be the
same as those used in the fitting framework assessing their
impact. For instance, when using the XFITTER profiling of
PDF4LHC21, one also needs to generate neutrino structure
functions using PDF4ALHC?21 as input. This ensures that the
generated pseudo-data are coherent with the prior PDF set
used as baseline and avoids introducing artificial inconsis-
tencies compromising the validity of the projection studies.

The central values for the pseudo-data, denoted by OfeXp) s
are obtained by fluctuating the reference theory prediction
Eq. (2.23) by the corresponding fractional statistical and sys-
tematic uncertainties,

O = O™ (14 1;8), i=1,.... Nyin,

; (2.24)
where the total experimental uncertainty is the sum in quadra-
ture of statistical and systematic errors, accounting for a pos-
sible reduction factor in the latter,

1/2
Nsys
2 k z
i = ((a?é“) 3 (feor x £ X‘S?yf)) |
k=1

fori =1,..., Ny, (2.25)

and with r; being univariate Gaussian random numbers.
As mentioned above, fr(elzi) is a reduction factor modelling
improvements in the experimental performance as com-
pared to the baseline settings summarised in Sect. 2.1. The
pseudo-data generated by means of Eq. (2.24), together with
the corresponding covariance matrix computed according to
Eq. (2.22), then define the inputs of the subsequent proton
and nuclear PDF determinations.

2.6 PDF impact assessment

We consider two complementary approaches to assess the
impact of the projected LHC neutrino data on the proton and
nuclear PDFs: first, the Hessian profiling [34,43—45] of prior
proton and nuclear PDF sets, taken to be PDFALHC21 [46]
and EPPS21 [31], respectively; second, the direct inclusion
in the NNPDF global analysis framework [28,51].

The profiling method applied to Hessian PDF fits is based
on minimising a goodness-of-fit error function defined as

2
Noin (Oi(exp) + I-}oz,epr((xexp) _ Oi(th) . Fiﬂ’thbgh)>

i=1 (8 (stat) (’)i(th))2

©exp\2 | 2 (@)
+;(f*p) T Xﬂ:(bﬁ ) ,

2
X =

(2.26)

with the pseudo-data (’)l.(eXp) defined in Eq. (2.24). The corre-
lated uncertainties for the pseudo-data and for the theoretical
prediction are contained in the nuisance parameter vectors
bEP) and pt) respectively, where T is the tolerance factor,
and the total uncorrelated uncertainty is ) Oi(th).

The effect of the nuisance parameters on the observables
Oi(eXp ) and Oi(th) is described by the matrices FieXp and Fith.
The indices o and B then run over the uncertainty nuisance
parameters for the pseudo-data and the theoretical predic-
tion, respectively. The nuisance parameter values UM i a¢
minimise Eq. (2.26) give the central PDFs f;j optimised to
the profiled dataset in the form

+_ - I
;L Z ahminy [ J8 — I3 @hminy S8 T fg =200
fO_f()+ ﬂ bﬁ < ) _bﬂ ) s

(2.27)

where fj is the original central PDF, and the up and down
variation eigenvectors are given by f, f~. The reduction
in the uncertainties of the profiled PDFs indicates the impact
of the projected data with respect to the assumed prior PDF
set.

The profiling studies carried out in this work are performed
using version 2.2.1 of the XFITTER open-source QCD analysis
framework [47-50]. To this end, a new interface between
PINEAPPL and XFITTER has been developed and is made
available in XFITTER. All the experimental and theoretical
data files used in the analysis, including the PINEAPPL grids,
are available from the public XFITTER repository. For the
proton PDF profiling, a tolerance of 72 = 10 is adopted,
which corresponds approximately to the average tolerance
used in the CT18 [29] and MSHT20 [30] determinations, the
two Hessian sets entering the PDF4LHC21 combination [46],
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for one-sigma PDF uncertainties. For the Hessian profiling
of EPPS21, a value of T2 = 33 is used, consistent with [31],
and the resulting uncertainties are scaled down by a factor of
1.645 to obtain 68% confidence level intervals.

Concerning the inclusion of the LHC neutrino pseudo-
data in the NNPDF proton analysis framework, we fol-
low the procedure outlined in [51]. Fast interpolation tables
(FK-tables) [80] combining EKO DGLAP evolution with
YADISM DIS coefficient functions are computed using
PINEAPPL, see also [81]. Predictions for the fitted observ-
ables Eq. (2.23) are evaluated with NNPDF4.0 NNLO and
included in the corresponding PDF determination alongside
all other datasets already present in the global fit. We verify
that in all cases, X2 /nga ~ 1 after the fit, as expected given
the built-in consistency between the prior PDF fit and the
generated pseudo-data.

3 Constraints on proton and nuclear structure

By following the strategy outlined in Sect. 2, we quantify the
impact on the proton and nuclear PDFs of differential DIS
cross-section measurements obtained with the LHC neutrino
beam. Here we present results first for the Hessian profiling
of the PDF4LLHC21, then for the Monte Carlo fit NNPDF4.0,
and finally for the nuclear PDFs of EPPS21, also by means
of profiling.

First of all, we study the constraints on the PDFs pro-
vided by FASERv during the LHC Run III data taking period,
showing that they are not able to improve the determination
of PDFs. We then move to study the impact of the FPF exper-
iments, focusing on FASERv2. We study the stability of the
results with respect to the inclusion of systematic uncertain-
ties, charm-tagged data, and lepton-charge separation. We
also compare the impact of the different FPF experiments
separately and provide results for their combination.

3.1 Proton PDFs: impact on PDF4LHC21

We begin with the Hessian profiling of the PDFALHC21 set.
This proton PDF set is a Monte Carlo combination [82,83]
of three global PDF sets, CT18 [29], MSHT20 [30], and
NNPDF3.1 [84]. Its Hessian representations are obtained by
means of the reduction methodologies developed in [85-87].
Because itis based on the combination of three modern global
PDF fits, PDFALHC21 provides a conservative estimate of
current uncertainties associated to our understanding of pro-
ton PDFs. We profile PDF4LHC21 with pseudo-data from
various LHC neutrino experiments, and study the stability of
the results with respect to variations in the profiling inputs.

Impact of the FASERv Run IIl measurements. Figure 5 shows
the fractional uncertainties (at the 68% confidence level)
at 0> = 10*GeV? for the up and down valence quarks,
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gluon, total quark singlet, and total strangeness PDFs in the
PDF4LHC21 baseline, compared to the results obtained once
the FASERv and FASERV?2 structure functions are added by
means of Hessian profiling. In both cases we include charm-
tagged structure functions and assume final-state lepton-
charge separation. The FASERv projections are based on a
Run III integrated luminosity of £ = 150 fb~!. As indicated
by Table 2, by the end of Run III, one expects that FASERv
will have recorded around 600 and 1800 electron and muon
neutrinos, respectively, corresponding to deep-inelastic scat-
tering events, of which around 100 and 300, respectively, are
associated to charm-tagged events. We display results for
the profiling in which the experimental covariance matrix
considers only statistical uncertainties. We restrict the com-
parisons to the region 1073 < x < 0.7 covered by the LHC
neutrino experiments (see also Fig. 2).

From Fig. 5 we find that neutrino DIS measurements at
FASERv are unable to improve PDF uncertainties as com-
pared to the baseline scenario encapsulated by PDF4ALHC21.
The reason is twofold: the smaller event rates as compared to
FASERV2 and the reduced coverage of the (x, Q) phase
space shown in Fig. 1. The differences in PDF sensitiv-
ity between FASERv and FASERV2 in Fig. 5 illustrate the
importance of realising the FPF in order to exploit the full
physics potential enabled by LHC neutrinos for QCD and
hadron structure studies.

It should be emphasised that the lack of PDF sensitiv-
ity displayed in Fig. 5 does not imply that measuring DIS
structure functions at FASERv will not provide useful infor-
mation. First of all, our procedure assumes perfect compat-
ibility between current data and the projected DIS neutrino
measurements at the LHC, something which remains to be
demonstrated experimentally. Second, FASERUv still covers
a region of neutrino energies unexplored by previous exper-
iments, hence providing a new validation of our QCD calcu-
lations and of neutrino interactions at the TeV scale. Third,
it would represent a non-trivial proof of concept that LHC
neutrino differential measurements can be unfolded to the
cross-section level to be used in theoretical interpretations,
paving the way for and demonstrating the feasibility of sub-
sequent neutrino DIS measurements at the FPF experiments.
Constraints from FASERv2. Figure 6 shows the same com-
parison as in Fig. 5, now for the FASERv2 impact projec-
tions without and with systematic uncertainties accounted
for in the experimental covariance matrix, following the pro-
cedure spelled out in Sect. 2.4. The FASERV2 pseudo-data
account for both inclusive and charm-tagged structure func-
tions and assume outgoing lepton charge identification. We
display results for the profiling in which the experimental
covariance matrix considers only statistical uncertainties, as
well as for the scenario where statistical and systematic errors
are added in quadrature. In addition to a reduction of PDF
uncertainties, the Hessian profiling results in general in a shift
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Fig. 5 The fractional PDF uncertainties (at the 68% CL) at Q2 =
10* GeV? for the up and down valence quarks, gluon, total quark sin-
glet, and total strangeness PDFs in the PDF4LHC21 baseline, com-
pared to the results obtained once the FASERv and FASERV?2 structure

in the PDF central values. This shift is arbitrary, however,
since it depends on the fluctuations entering the pseudo-data
generation, and hence is ignored in the following.

Inspection of Fig. 6 reveals that, as opposed to the FASERv
impact projections, measurements of DIS structure functions
at FASERv2 would reduce PDF uncertainties on the quark
and antiquark PDFs, while leaving the gluon essentially unaf-
fected. As expected for a neutrino scattering experiment, its
impact is most marked for those PDF combinations sensi-
tive to quark flavour separation such as the up and down
valence PDF and the total strangeness. Indeed, the reduc-
tion of PDF uncertainties is particularly significant for the
latter, a consequence of the inclusion of charm-tagged struc-
ture functions in the fit. Given that all PDF determinations
entering PDFALHC21 already include existing neutrino DIS
measurements, the fact that FASERv?2 pseudo-data still man-
age to improve uncertainties highlights the new information
provided by the LHC neutrino experiments.

By comparing the impact of the FASERv2 structure func-
tions in the case where only statistical errors are considered
with that where systematic uncertainties are also accounted

0.8

XFitter

107° 102 107!

functions are included in the fit. In both cases we include charm-tagged
structure functions and assume final-state lepton-charge separation. The
FASERvV projections are based on a Run III integrated luminosity of
£ =150 b1

for, one finds that the latter eventually become a limiting fac-
tor, but also that they not modify the qualitative findings of the
statistics-only scenario. Indeed, while systematic uncertain-
ties somewhat degrade the PDF sensitivity, they do not wash
it out for any of the quark PDFs. Furthermore, in the pro-
jections presented in this work, we assume the performance
parameters of Table 1, which however could be improved in
the actual realisation of the experiments, using for instance
detector improvements or different kinematic reconstruction
techniques. We also note that the availability of complemen-
tary experiments accessing the same neutrino beam should
allow their mutual cross-calibration, such that the combina-
tion of their data brings in more information than just the
naive statistics scaling.

Relevance of charm-tagged measurements. The analysis of
Fig. 6 highlights that LHC neutrino data are particularly con-
straining for the poorly known strange PDF, which is one of
the quark flavour combinations for which proton PDF fits
differ the most [21]. To further investigate this point, Fig. 7

@ Springer
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Fig. 6 Same as in Fig. 5 comparing the FASERv2 impact projections without and with systematic uncertainties accounted for in the experimental

covariance matrix

compares the impact of the FASERv2 data shown in Fig. 6 for
the case in which only statistical uncertainties are considered,
with the results of the same profiling once the charm-tagged
structure function data are excluded from the fit. While dif-
ferences are moderate for the up and down quark PDFs,
the significant loss of information resulting from this exclu-
sion of charm-tagged data is clearly visible for the strange
PDEF. Specifically in the region x > 0.01, the constraints on
strangeness shown in Fig. 7 are mostly washed out in the
absence of charm-tagged data. We thus establish that inclu-
sive neutrino DIS measurements predominantly constrain the
up and down quark and antiquark PDFs (and thus also the
quark singlet), while the charm-tagged structure functions
are responsible for most of the constraints provided on the
total strangeness. The PDF reach of the LHC neutrino exper-
iments would thus be markedly limited in experiments with-
out charm identification capabilities.

Lepton-charge identification. The ability to identify the
charge of the produced final-state lepton in charged-current
neutrino scattering requires that an experiment be equipped
with a powerful enough magnet to deflect this lepton
within the detector fiducial volume. Our baseline results for
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FASERV2 in Fig. 6 assume that this charge identification is
possible, and therefore include separate structure function
datasets for neutrino and antineutrino projectiles. In order
to ascertain the extent to which the constraints provided by
FASERV2 structure functions depend on the availability of
such a magnet, Fig. 8 compares the reduction of the PDF
uncertainties using the FASERv2 data with and without the
assumption of charged-lepton identification capabilities.
This analysis finds that the lack of charged-lepton iden-
tification actually does not significantly degrade the PDF
sensitivity of FASERv2. Having access to the lepton charge
information slightly improves the constraints for the down
and (to a lesser extent) the up valence quark PDFs, while
there are no differences for the total quark singlet or for
strangeness. This improvement can be understood by inspect-
ing the leading-order decomposition of neutrino DIS struc-
ture functions in terms of the different PDF flavours for dif-
ferent targets, Eqs. (2.5)—(2.7). For an isoscalar target, as
assumed here, structure functions are very similar for neu-
trino and antineutrino projectiles, with differences restricted
to the strangeness asymmetry. Given that this strangeness
asymmetry is quite small, this also explains why the impact
on strangeness, which is driven by the charm-tagged data,
is the same irrespective of whether one identifies the outgo-
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Fig. 7 Same as Fig. 6 (statistical uncertainties only), now showing results in the scenario where charm-tagged structure function measurements

are excluded from the analysis

ing lepton charge. We conclude that LHC neutrino DIS data
exhibits competitive PDF sensitivity even for detectors which
cannot separate incoming neutrinos from antineutrinos.

Experiment dependence. Together with the impact projec-
tions for FASERv2, we have also produced analogous
results for other proposed FPF experiments, specifically for
AdvSND and FLATrE. In the latter case, we consider the
10-tonne variant, FLArE10. Figure 9 compares the PDF
sensitivity of FASERV2, in the scenario where systematic
uncertainties are neglected, with the corresponding results
for AdvSND and FLArE10, respectively. As summarised in
Table 2, each of these experiments has different associated
expected numbers of DIS events, namely 510k, 56k, and
110k (670k) inclusive muon-neutrino events for FASERv2,
AdvSND, and FLArE10 (100), respectively, with 76k, 7k,
and 15k (90k) in the charm-tagged case.

In agreement with expectations, detectors with the largest
event rates are those exhibiting the best PDF sensitivity. From
Fig. 9 one can see that the three FPF experiments studied
lead to a reduction of the uncertainties in the quark PDFs.
By comparing their relative impact, we find that the con-
straints achieved by FASERv?2 are somewhat better than for

the other two experiments, consistent with the larger event
yields obtained in the former. In the case of AdvSND, the
smaller sample of charm-tagged events is responsible for the
reduction in the constraints on strangeness. Another conse-
quence of the smaller eventrates in AdvSND and FLArE10 as
compared to FASERV2 is the milder impact for the x < 1072
region, which can only be covered once the integrated statis-
tics become large enough, as indicated by the differential
bin-by-bin yields displayed in Fig. 1.

While Fig. 9 compares fits based on FPF pseudo-data
with only statistical uncertainties, a more robust compari-
son between the PDF reach of the various FPF experiments
also requires one to account for the systematic uncertainties,
which ultimately become one of the limiting factors. Also,
as mentioned above, cross-calibration between experiments
should provide valuable input to enhance the PDF sensitivity.

Combined impact of the FPF experiments. We have also
carried out a further PDF analysis simultaneously includ-
ing the three FPF experiments considered here: FASERv2,
AdvSND, and FLArE10. Figure 10 displays the combined
impact of the FPF experiments when added on top of the
PDF4LHC21 baseline by means of Hessian profiling, both
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Fig. 8 Same as Fig. 6 (statistical uncertainties only), now showing results in the scenario where the charge of the final-state charged lepton cannot

be identified

in the statistics-only case and when systematic and statistical
uncertainties are added in quadrature. Potential correlations
between individual experiments are neglected in this exer-
cise. The combined impact of the three FPF experiments on
PDF4LHC21 shown in Fig. 10 is only moderately improved
as compared to the results of the FASERv2-only profiling in
Fig. 6. This shows that in this combination of experiments,
the one with the largest individual sensitivity dominates, in
this case FASERv2. Again, here we assume perfect consis-
tency between theory and data, while within the actual exper-
iments the consistency (or lack thereof) between individual
measurements cannot be guaranteed.

The projections displayed in Fig. 10, and in particular the
statistics-only case, represents a best-case scenario for the
reduction of PDF uncertainties which can be expected from
the analysis of neutrino DIS structure function data at the
FPF, under the assumption that PDF4ALHC21 represents our
current knowledge about the quark and gluon structure of the
proton.

The effect of neutrino flux uncertainties. The results pre-
sented so far assume the incoming far-forward neutrino flux
as input, with vanishing uncertainties. One can estimate the

@ Springer

impact that uncertainties associated to this neutrino flux input
have on the PDF constraints by extending the procedure
of [71], based on the predictions provided in [69,72,88-100],
by introducing an additional fit parameter to account for the
overall normalisation of the neutrino flux (while assuming
the shape is unchanged with respect to the baseline predic-
tions). The constraint for this flux normalisation parameter
is obtained considering two scenarios: first, by using the
expected Run III data from FASERv, and second, by using
50% of the data expected at FASERv2 during the HL-LHC
run. In the latter case, only the remaining 50% of FASERv2
data are then considered available for PDF determination, to
avoid double counting.

The resulting flux normalisation parameter can be con-
strained approximately to a precision of 6% using FASERv
Run III data, and to 0.4% using 50% of FASERv2 data, as
illustrated in Fig. 11. These constraints are then incorpo-
rated into the profiling studies as additional fully correlated
(across bins) uncertainties, also accounting for an increase
in statistical uncertainty in the case where only 50% of data
are used. The impact on the FASERv2 projections of the
neutrino flux uncertainties, in the case of the PDFs resulting
from using the Run III constraint, are shown in Fig. 12, and
those obtained with the HL-LHC constraints in Fig. 13. In
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Fig. 10 Same as Fig. 6, now quantifying the projected PDF impact of the three FPF experiments added simultaneously to the analysis: FASERv2,

AdvSND, and FLArE10

either case, the results indicate only a very small increase in
the resulting PDF uncertainties. One may conclude that neu-
trino flux uncertainties do not significantly degrade the PDF
constraining potential of the FPF experiments presented in
this work.

3.2 Proton PDFs: impact on NNPDF4.0

The PDF sensitivity studies based on the XFITTER profiling
of PDF4LHC21 are complemented by those based on their
direct inclusion in the NNPDF4.0 analysis. Here we present
results for the impact of the combined FPF neutrino mea-
surements on NNPDF4.0, namely the analogous study of
that shown in Fig. 10 in the case of PDFALHC21. We have
also produced results for the different variations studied in
Sect. 3.1 with the NNPDF fitting methodology. Given that the
findings obtained with the NNPDF fits are compatible with
those obtained with XFITTER, it is not necessary to duplicate
them here, and we show results only for the impact of the
combined FPF pseudo-data.

Figure 14 displays the same results as Fig. 10, now in the
case of the fits obtained with the NNPDF4.0 fitting method-
ology. The baseline NNPDF4.0 NNLO analysis is compared
with the results of the fits which include the combined FPF
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dataset, both in the statistics-only scenario and for the case
where systematic uncertainties are also accounted for. As in
the PDFALHC?21 analysis, the bands indicate the one-sigma
PDF uncertainties. Note that we also show results for the
charm PDF (bottom right panel), which in the NNPDF4.0 fit
is also determined directly from the data entering the fit [101].
In this way, we can determine the possible constraints that
neutrino DIS measurements at the LHC may impose on the
intrinsic charm content of the proton [102].

From Fig. 14 one finds that the impact on the PDFs found
by direct inclusion of the FPF structure functions on the
NNPDF4.0 fit is qualitatively consistent with that found in
the the Hessian profiling of PDFALHC21. In particular, the
constraints are more significant for the up and down quark
valence PDFs as well as for the total strangeness. As was
the case with PDF4LHC?21, the uncertainty reduction for the
strangeness is particularly striking. Also, consistent with the
results of Sect. 3.1, the gluon PDF is unchanged, and the
impact on the total quark PDF is restricted to the large-x
region. While one can also identify differences related to
analysis choices such as the PDF parametrisation and the
method used to assess the PDF error reduction, for exam-
ple, concerning the small-x behaviour of xuy and xdy, we
conclude that, by and large, the projected impact of the FPF
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Fig. 13 Same as Fig. 6, now quantifying the effect of neutrino flux uncertainties in the analysis of FASERv2 pseudo-data, assuming that the
neutrino flux normalisation is constrained using 50% of FASERV2 data to constrain the flux and the remainder for PDF determination
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Fig. 14 Same as Fig. 10 for the results obtained using the NNPDF4.0
fitting methodology. The baseline NNPDF4.0 NNLO analysis is com-
pared with the results of the fits which include the combined FPF dataset
both in the statistics-only scenario and for the case where systematic
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uncertainties are also accounted for. As in the PDF4LHC21 case, the
bands indicate the one-sigma PDF uncertainties. We now also show
results for the charm PDF (bottom right panel), which in the NNPDF4.0
fit is determined from the data entering the fit
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structure function measurements is independent of the spe-
cific fitting methodology adopted.

As indicated by Fig. 14, the FPF data are also expected to
reduce the uncertainties associated to the fitted charm PDF in
the large-x region dominated by the non-perturbative compo-
nent. In order to highlight this impact on the large-x region
of the PDFs, Fig. 15 presents the same comparison as in
Fig. 14, now for the absolute PDFs at the initial parametri-
sation scale, Q = 1.65 GeV, using a linear scale, for the
statistics-only scenario. One can observe the improved con-
straints on the charm PDF in the large-x region, further con-
firming the results of previous studies [9,10] indicating the
sensitivity of the FPF to the intrinsic charm content of the
proton. This comparison also illustrates the excellent con-
straining power on the proton strangeness enabled by the
FPF charm-tagged structure function data.

The statistical estimators for the NNPDF4.0 NNLO base-
line fit, compared to the variants including the combined FPF
dataset shown in Figs. 14 and 15, are reported in Table 4. The
last row displays the x2/n gy obtained for the combined FPF
dataset, for which one finds X2 /ndat ~ 1 up to fluctuations,
consistent with the fact that the FPF pseudo-data are pro-
duced by construction to be compatible with the NNPDF4.0
baseline. For the same reason, the description of the other
experiments entering the NNPDF4.0 global fitis not distorted
by the inclusion of the FPF data. In particular, the x2 /Ndat
of the available (non-FPF) DIS neutral-current and charged-
current datasets is unchanged (1.22 and 0.90, respectively)
from the baseline to the fit with FPF pseudo-data. A moder-
ate increase is found to the X2 /ngat of Drell-Yan processes,
from 1.76 to 1.83, possibly because of the enhanced weight
that DIS data carry in this fit variant.

Figure 16 displays a comparison of the PDF luminosity
at /s = 14 TeV as a function of the final-state invariant
mass m x between the baseline NNPDF4.0 fit and its variants
including the combined FPF dataset, see Fig. 14 for the corre-
sponding PDF comparison. Results are shown normalised to
the central value of the NNPDF4.0 baseline. Specifically, we
show the gluon-gluon, quark-antiquark, quark-quark, down-
antiup, up-antistrange, and strange-antistrange luminosity
values. The reduction of PDF uncertainties found in Figs. 14
and 15 is also visible for the partonic luminosities, specifi-
cally in the best-case scenario where only statistical uncer-
tainties in the FPF pseudo-data are considered. The improved
quark-antiquark luminosities at Q ~ 100 GeV benefit theo-
retical predictions for gauge-boson production at the LHC.
It is also worth noting the PDF error reduction for the quark-
quark luminosity at high invariant masses, which will feed
into searches for new heavy particles at the TeV scale driven
by quark-initiated scattering. Unsurprisingly, luminosities
related to the strange PDF are those which improve the most,
such as the us channel which provides a significant contri-
bution to inclusive W production.

3.3 Nuclear PDFs: impact on EPPS21

The studies presented in Sects. 3.1 (for PDFALHC21) and 3.2
(for NNPDF4.0), from the point of view of PDF constraints,
treat the neutrino scattering target as composed of isoscalar
free nucleons. They hence neglect both nuclear modifications
and non-isoscalar effects. We now revisit these analyses but
account for the fact that the target material in the FASERv2
and AdvSND experiments is tungsten, with A = 184. In
this exercise we do not include the FLArE structure func-
tion data, corresponding to a different target material (liquid
argon, with A = 40), although in an actual nuclear PDF fit,
all FPF datasets would be included simultaneously. Nuclear
modifications associated to a tungsten target, when compared
to a free isoscalar nucleon, are not necessarily small, and will
affect the event rate predictions for the FPF experiments. This
fact also implies that measurements of differential neutrino
cross-sections on heavy nuclear targets provide direct con-
straints on these nuclear modifications without relying on
assumptions on their A dependence.

We quantify the impact of the FPF structure function
measurements on the nuclear PDFs of tungsten by apply-
ing the same Hessian profiling of Sect. 3.1 to EPPSI, a
global determination of nuclear PDFs that accounts for the
constraints of existing datasets involving nuclei as target or
projectiles, and based on the CT18 set as proton boundary
condition. We note that EPPS21 already includes informa-
tion from neutrino DIS on nuclear targets from the CHORUS
and NuTeV experiments. EPPS21 is generally in good agree-
ment with other recent nPDF fits such as nNNPDF3.0 [32]
and nCTEQI15HQ [103].

The application of profiling to EPPS21 follows the same
strategy as that for PDFALHC21, with the caveat that its Hes-
sian error sets also include the contribution from the uncer-
tainties associated to their reference proton PDF set, in this
case CT18. Given that the measured event rates depend on
both the proton PDFs and the nuclear modifications, when
profiling EPPS21 we also account for the Hessian sets asso-
ciated to the proton PDF dependence. Also relevant for the
subsequent discussion, EPPS21 adopts a tolerance factor of
T? = 20 when defining their 68% confidence level uncer-
tainties, to be contrasted with 72 = 10 used in PDF4LHC21.

Figure 17 displays a similar comparison as that of Fig. 10,
now corresponding to the Hessian profiling of EPPS21 for a
tungsten nucleus. The FPF dataset is in this case composed
of FASERv2 and AdvSND. One finds that the impact of FPF
structure function measurements is most important for the
strange PDF and to a lesser extent for the up and down valence
quark PDFs. For the latter, the projected impact of FPF mea-
surements appears to be somewhat milder as in the case of
PDF4LHC21, especially once systematic uncertainties are
taken into account.
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Table 4 Statistical estimators for the NNPDF4.0 NNLO baseline fit,
compared to the variants including the combined FPF dataset shown in
Figs. 14 and 15. From top to bottom: total x2/ngy, average over replicas
of the training and validation figures of merit (E[r)rep and (Evyy )rep, aver-
age x 2 /ndat Over replicas ( X 2 /Ndat )rep, X 2 /nda for datasets grouped by

process. The last row displays the x2/ngy obtained for the combined
FPF dataset. For the baseline, we indicate the pre-fit values of X2 /Ndat
for the FPF dataset (in italics) computed without and with systematic
errors in the covariance matrix

Dataset NNPDF4.0 NNLO
Baseline With combined FPF data
Statistical-only Statistical + systematics
%2/ nga Global 1.17 1.15 1.14
(Etr)rep 2.26 2.24 2.21
(Eval)rep 2.36 2.33 2.30
{x*/ndat)yep 1.19 118 1.16
X2 /Ndat DIS neutral-current 1.22 1.23 1.22
DIS charged-current 0.90 0.91 0.90
Drell-Yan (inclusive and one-jet) 1.76 1.84 1.83
Top-quark pair production 1.23 1.19 1.25
Single-top production 0.36 0.37 0.37
Inclusive jet production 0.96 0.96 0.94
Dijet production 2.03 2.03 2.00
Direct photon production 0.74 0.74 0.73
FPF (total) 1.29/0.92 1.10 0.89
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Fig. 15 Same as Fig. 14, now for the absolute PDFs at the initial parametrisation scale, Q = 1.65 GeV, focusing on the large-x region

While the main qualitative features of the nPDF profil-
ing are consistent with the free-proton case, one explana-
tion for the observed differences may be the use of a larger
tolerance factor 7" in EPPS21 as compared to PDF4HC21,
which effectively reduces the impact of new data in the fit.
Another potential reason is the more restrictive functional
form adopted in EPPS21 as compared to the PDF sets enter-

@ Springer

ing PDFALHC21, a consequence of the smaller dataset avail-
able for hard scattering on nuclear targets. Given that these
functional forms are fixed when applying Hessian profiling,
assessing the impact on nuclear PDFs by a direct refit, as was
done for NNPDF4.0, may be required to establish the impact
of FPF structure function data on nPDFs. Additional results
for the profiling of EPPS21 are presented in Appendix B.
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Fig. 16 Comparison of the PDF luminosities evaluated at /s =
14 TeV as a function of the final-state invariant mass my between
the baseline NNPDF4.0 NNLO determination and its variants which
include the full set of FPF pseudo-data, see Fig. 14 for the correspond-
ing PDF comparison. Results are shown normalised to the central value
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of the NNPDF4.0 baseline. From left to right and top to bottom we
show the gluon-gluon, quark-antiquark, quark-quark, down-antiup, up-
antistrange, and strange-antistrange luminosity values. The bands in the
NNPDF4.0 baseline indicate the one-sigma PDF uncertainties
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Fig. 17 Same as Fig. 10, now corresponding to the Hessian profiling of EPPS21 for a tungsten nucleus, and excluding FLArE contributions

4 Implications for Higgs and weak boson production

The reduction of PDF uncertainties made possible by neu-
trino DIS measurements at the FPF, discussed in Sect. 3,
enables more precise theoretical predictions for core pro-
cesses at the HL-LHC. Here we present an initial study of
the phenomenological implications of the PDFs enhanced
with LHC neutrino data for hard-scattering processes at pro-
ton colliders. Specifically, we present results for single and
double gauge boson production, Higgs production in vector-
boson fusion, and Higgs production in association with a vec-
tor boson. We focus on processes sensitive to the quark-quark
and quark-antiquark initial states, given that LHC neutrinos
do not provide information on the gluon PDF and hence they
cannot inform gluon-initiated processes, such as top quark
pair production or Higgs production in gluon fusion.

We adopt the same calculational settings as in the LHC
phenomenology analysis considered in the PDF4LHC21
combination study [46] and provide predictions both for
inclusive cross-sections, integrated in the fiducial region,
and for differential distributions. We evaluate these cross-
sections using matrix elements which include NLO cor-
rections in both the QCD and electroweak coupling using
MG5_AMC@NLO [104] interfaced to PINEAPPL [55]. For
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all processes, realistic selection and acceptance cuts on the
final state particles have been applied. No further theoretical
uncertainties are considered in this analysis, given that we
do not aim to compare with experimental data.

Figure 18 displays the fiducial cross-section for repre-
sentative LHC processes at /s = 14 TeV evaluated with
NNPDF4.0 (top panels) and with PDF4LHC21 (bottom pan-
els), compared with the results obtained from the corre-
sponding fits including the FPF structure function projec-
tions. For the fits with FPF data, we display the variants
where the covariance matrix consists only of statistical errors
(“_FPF*”) and where also systematic errors are accounted
for (“_FPF”). For the baseline predictions, the dark (light)
bands indicate the 68% (95%) CL uncertainties. The central
values are set to be the same as in the baseline calculation
in all cases. From top to bottom, we show inclusive Drell-
Yan production in the Z, W+, and W~ channels, Higgs pro-
duction in vector-boson fusion, Higgs associated production,
and diboson production in the WTW~, WZ, and W~ Z
final-states. The corresponding comparisons at the level of
differential distributions are shown in Figs. 19 and 20 for
NNPDF4.0 and PDFALHC?21, respectively. As done for the
fiducial cross-sections of Fig. 18, we only indicate the rela-
tive PDF uncertainty in each fit.
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Fig. 18 Fiducial cross-sections for representative LHC processes
at /s = 14 TeV evaluated with NNPDF4.0 (upper panels) and
PDF4LHC21 (bottom panels), compared with the fits including the
FPF structure function projections. See [28,46] for the calculational
settings used to evaluate these cross-sections. For the baseline predic-
tions, the dark (light) bands indicate the 68% (95%) CL uncertainties.
The fits labelled “_FPF*” are the ones considering statistical uncertain-

ties, while those labelled “_FPF” also include systematic errors. In the
fits with FPF data, the central values are set to be the same as in the cor-
responding baseline. We provide predictions for inclusive Drell-Yan
production (Z, W+, W), Higgs production in vector-boson fusion,
Higgs associated production, and diboson production (W W=, W+ Z,
W=2)
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Fig. 19 Same as Fig. 18 for the corresponding differential distributions in the case of NNPDF4.0
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Fig. 20 Same as Fig. 19 but with PDF4ALHC21
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Inspection of Figs. 18, 19, 20 confirms the potential of
LHC neutrino structure function measurements to improve
theoretical predictions for Higgs, electroweak, and high-
mass processes at the HL-LHC. In general, qualitative consis-
tency is found between the results based on NNPDF4.0 and
on PDF4LHC?21, as was already the case at the PDF level.
As compared to the best-case scenario where only statistical
uncertainties are taken into account, the reduction of PDF
errors in the LHC cross-sections obtained thanks to the FPF
structure functions becomes less marked, but still visible for
most of the processes under consideration, upon the inclusion
of systematic uncertainties in the fit covariance matrix.

Concerning the fiducial integrated cross-sections, a decrease

in PDF uncertainties is observed for all processes, including
for single gauge boson production relevant for core HL-LHC
analyses such as the my and sin? Oy measurements. The
specific improvement in precision depends on the underly-
ing scattering reaction as well as on the range of x and 0
covered by each process. In the case of Higgs associated
production with vector bosons and in vector-boson scatter-
ing, driven by the quark-antiquark and quark-quark initial
states, respectively, one observes that PDF uncertainties can
be reduced by up to a factor of 2 thanks to the FPF mea-
surements, for instance in the case of the AW and AW~
cross-sections, in the most optimistic scenario in which sys-
tematic uncertainties are neglected. This is similarly found
for the diboson cross-sections, with in this case the largest
improvement observed for the ZW™ and ZW™ final states,
with a reduction of up to ~ 40% in the PDF uncertainties.

In the case of the differential cross-sections displayed in
Figs. 19 and 20, one observes how the impact of the FPF
structure functions on LHC observables depends on the hard-
scattering scale. For instance, searches for heavy resonances
in the high-mass tail of the Drell-Yan distributions could be
improved by the addition of the FPF data. Similar consid-
erations apply for diboson prediction, and in the case of the
ZW¥ channel, we observe an improvement specifically in
the low py ,; region, which represents the bulk of the fidu-
cial cross-sections. For the Higgs production processes, the
PDF uncertainty in the theoretical predictions is relatively
stable as a function of the rapidity. The effects of account-
ing for systematic uncertainties in the fit covariance matrix
are somewhat more visible here as compared to the inclusive
cross-sections, indicating that they affect mostly the tails,
rather than the bulk, of the distributions, and in particular the
large-x behaviour of the PDFs. This observation emphasises
the importance of reducing systematic errors in the FPF mea-
surements in order to enhance the cross-talk with HL-LHC
analyses.

For completeness, Appendix A revisits the phenomeno-
logical studies presented in this section for the fiducial cross-
sections in terms of the HL-LHC PDF impact projections
of [34]. This comparison highlights the complementarity
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between the two experiments in terms of PDF constraints,
being fully orthogonal and arising from different scattering
processes. Furthermore, the FPF constraints benefit from the
valuable property that an eventual contamination from new
physics on the PDF fits can be neglected, since this process
is driven by Q2 values outside the possible presence of BSM
physics, at least concerning new heavy states. Therefore, the
ultimate sensitivity on high-precision observables is obtained
by integrating the constraints from both the HL-LHC and the
FPF in the same global determination of PDFs.

5 Summary and outlook

In this work we have, for the first time, quantified the impact
that measurements of high-energy neutrino DIS structure
functions at the LHC would have on the quark and gluon
structure of the nucleon. Our analysis requires the genera-
tion of DIS pseudo-data full differential in x, Q2, and E,
for the various ongoing and proposed far-forward neutrino
LHC experiments, including the estimate of their associ-
ated systematic uncertainties. Consistent results are obtained
from both the Hessian profiling of PDF4ALHC21 and the
direct inclusion of LHC neutrino structure functions in the
NNPDF4.0 global fit, revealing a reduction of PDF uncer-
tainties in the light quark sector, in particular concerning
strangeness, as well as for the large-x charm PDF in the
case of NNPDF4.0. We have assessed the robustness of
these results upon removing charm-tagged data and final-
state lepton-charge identification, as well as upon the com-
bination of all FPF experiments within a single analysis.

We have also demonstrated the rich interplay between far-
forward and central measurements at the HL-LHC by pro-
viding predictions for a range of Higgs and gauge boson
production processes, both for integrated cross-sections in
the fiducial region and for single-differential distributions.
This phenomenological analysis suggests that a reduction of
the PDF uncertainty by up to a factor of 2 may be within
reach for some of these cross-sections in the most optimistic
scenario. As was the case at the PDF level, for the HL-LHC
projections, results based on PDF4ALHC21 and NNPDF4.0
are in qualitative agreement.

Several avenues extending the results of this work may be
foreseen. First of all, as the design of the proposed FPF exper-
iments advances, it will be possible to derive more accurate
estimates of the systematic uncertainties (and of their cor-
relations) which eventually become the limiting factor. This
will allow us to study whether improved detection methods,
novel reconstruction techniques, i.e. based on deep learn-
ing, or combining information from different experiments
can reduce the systematic uncertainties affecting the mea-
surements. Second, the modelling of neutrino scattering at
the LHC would benefit from the use of Monte Carlo event
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generators accounting for higher-order QCD corrections. As
compared to the currently used LO generators, these would
improve the description of the final-state kinematics, which
in turn determine the acceptance rate of the reconstructed
events. Furthermore, the predictions from such precise Monte
Carlo generators should be folded with a full-fledged detector
simulation in order to robustly determine selection efficien-
cies, such as those related to charm and D-meson tagging.

Third, while here we focus on the DIS region, ongoing
and future LHC neutrino experiments also provide important
information on shallow-inelastic scattering (SIS) at lower
values of Q [15,105], which in turn are relevant for inclusive
cross-sections entering atmospheric and oscillation neutrino
experiments. By following the approach presented in this
work, it should be possible to quantify the improvements
that LHC data provide on models of neutrino scattering in
this poorly understood SIS region. Finally, here we have
taken the incoming neutrino fluxes as an external input and
neglected any associated uncertainties. However, measure-
ments of these fluxes provide unique information on light and
heavy forward hadron production in QCD, and in particular
open a new window to the small-x gluon PDF. For this reason,
ultimately one needs to simultaneously constrain the incom-
ing fluxes and the neutrino scattering cross-sections from the
measured event rates. Such joint interpretation would require
extending the present analysis with a data-driven parametri-
sation of the neutrino fluxes, which could subsequently be
compared with different theoretical predictions.

Our findings highlight how exploiting the LHC neu-
trino beam for hadron structure studies effectively provides
CERN with a “Neutrino-Ion Collider”, a charged current-
counterpart of the EIC, without changes in its accelerator
infrastructure or additional energy costs. In addition to their
intrinsic interest for hadronic science, measurements of neu-
trino structure function at the LHC provide a novel, and hith-
ertoignored, handle to inform theoretical predictions of hard-
scattering cross-sections at the HL-LHC.

Together with this paper, we make public in Zenodo [106]
the corresponding LHAPDF grids [107] for the PDFALHC21
and NNPDF4.0 fits including FPF data. We also release the
generated neutrino structure function pseudo-data and the
corresponding theoretical calculations, for the different sce-
narios considered in this work. These projections for neu-
trino structure functions should be of relevance for a broad
range of applications related to forward neutrino scattering
at the LHC, from tests of lepton flavour universality at the
TeV scale in the neutrino sector to probes of anomalous neu-
trino interactions and searches for sterile neutrinos distorting
oscillation patterns.
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Appendix A: Comparison with HL-LHC PDF projections

Here we revisit the phenomenological studies of Sect. 4
using the HL-LHC PDF impact projections presented in [34].
These projections were obtained with the same Hessian pro-
filing strategy as discussed in Sect. 2, with the important dif-
ference that the prior PDF set was PDf4ALHCI15 rather than
PDF4LHC21. Therefore, while a direct comparison with the
results presented in Sect. 4 is not possible due to the use of
a different prior, we can assess the relative reduction of PDF
uncertainties in both cases, and hence compare the reach on
the PDFs of the FPF neutrino structure functions and that
of the HL-LHC measurements considered in the analysis
of [34].

This comparison of the relative PDF sensitivity of the
FPF and the HL-LHC data is interesting given that the con-
straints from the two experiments are fully orthogonal and
arise from completely different scattering process. Further-
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Fig. 21 The same LHC fiducial cross-sections as in Fig. 18, now com-
paring the PDF4LHC15 baseline predictions with those based on the
PDFs including HL-LHC pseudo-data from [34]. Specifically, we con-

more, the FPF constraints benefit from the valuable property
that an eventual contamination from new physics on the PDF
fits can be neglected, since this process is driven by Q2 values
outside the possible presence of BSM physics (at least con-
cerning new heavy particles). In particular, should anomalies
be revealed at the HL-LHC, having the independent vali-
dation of the large-x PDFs provided by the FPF would be
extremely valuable for their interpretation.

Figure 21 displays the same LHC fiducial cross-sections
as in Fig. 18, now comparing the PDF4ALHCI15 baseline pre-
dictions with those based on the PDFs including HL-LHC
pseudo-data from [34]. Specifically, we consider the HL-
LHC PDF projections from “Scenario B”, corresponding to
an intermediate scenario for the expected reduction of sys-
tematic uncertainties. In general, the relative reduction of
PDF uncertainties provided by the HL-LHC experiments is
more marked than in the case of the FPF pseudo-data, with the
important caveat that PDF4ALHC21 already includes much
more LHC data than its predecessor, PDFALHC15. Another
possible limiting assumption used in [34] is that correlated
uncertainties can be reliably estimated at the few-permille
level relevant for the interpretation of the HL-LHC data,
something that is proving quite challenging even for Run
I and II measurements.

Nevertheless, the message obtained by comparing Fig. 21
with Fig. 18 is that of complementarity, with the ultimate
sensitivity on high-precision observables being obtained by
integrating the constraints from both the HL-LHC and the
FPF in the same global determination of PDFs.

@ Springer

sider the HL-LHC PDF projections from “Scenario B”, corresponding
to an intermediate scenario for the expected reduction of systematic
uncertainties

Appendix B: Additional nPDF impact studies

The impact of FPF structure function measurements on the
EPPS21 nuclear PDF determination has been studied in
Sect. 3.3. Here we provide additional results from this study,
and specifically quantify the impact that removing charm-
tagged structure functions and flavour-charge identification
capabilities would have on the projected results. Figure 22
displays the analogous comparisons as in Figs. 7 and 8§ in the
case of EPPS21. In both cases, results are consistent with the
proton PDF profiling analysis.

First of all, charm-tagged events are essential to achieving
the best sensitivity to the strange PDF, while they have a
vanishing impact on the other PDF combinations. Second,
not being able to identify the charge of the outgoing final-
state lepton does not significantly affect the baseline results,
with the possible exception of the down valence quark PDF.
As discussed in Sect. 2.1, for a non-isoscalar target such
as tungsten, with Z = 74 and A — Z = 110, event rates
with neutrino projectiles will differ from those arising from
antineutrino scattering, introducing additional information as
compared to an isoscalar target in terms of PDF sensitivity.
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