
Acta Physica Polonica B Proceedings Supplement 16, 5-A45 (2023)

BSM AND SM SIGNALS AND BACKGROUNDS IN
FAR-FORWARD EXPERIMENTS AT THE LHC∗

M.V. Garzelli

Universität Hamburg, II Institut für Theoretische Physik
Luruper Chaussee 149, 22761 Hamburg, Germany

Received 21 December 2022, accepted 16 January 2023,
published online 25 May 2023

Two far-forward experimental systems are currently taking data du-
ring Run 3 at the Large Hadron Collider (LHC): FASER + FASERν and
SND@LHC. They are sensitive to some classes of beyond-the-Standard
Model (BSM) particles, muons and neutrinos produced in the ATLAS in-
teraction point (IP) and propagating for several hundred meters along the
tangent to the accelerator beamline, up to the caverns where they are re-
spectively located, in opposite directions with respect to the IP. Propos-
als are being prepared to extend these experiments to bigger ones during
the HL-LHC phase. Building a Forward Physics Facility (FPF) capable
of hosting a number of far-forward experiments characterized by different
detection techniques, kinematical acceptance and purpose is a possibility
also under discussion. In this contribution, I discuss some of the BSM and
SM signals and backgrounds at the FPF, mainly focusing on QCD-related
aspects.
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1. Introduction

The fact that hadronic collisions at colliders produce an abundant num-
ber of neutrinos, especially in the forward region, is known for long [1, 2].
However, the detection of these neutrinos and a systematic investigation of
the associated physics reach has not been the subject of specific research
efforts and investments, until the proposal in very recent years of two expe-
riments, SND@LHC [3] and FASERν [4]. Their main purpose is detecting
the most forward of the neutrinos produced in one of the IPs at the LHC
and propagating along the tangent to the accelerator arc, thanks to their
interactions with the nuclei of suitable detectors. These experiments were
built only recently and data taking has just begun during Run 3. They are
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located in two service caverns along the tangent to the LHC proton beam-
line, at ∼ 480 m from the ATLAS interaction point, in opposite directions.
FASERν occupies the UJ12 cavern, whereas SND@LHC the UJ18 one. In
addition to neutrinos, they are sensitive to muons, mainly considered as
a background, to dark matter (DM) elastically or inelastically scattering
in the detector, and to long-lived particles (LLPs)/feebly interacting parti-
cles (FIPs) decaying either within the Standard Model (SM) or beyond it
(BSM). A second experiment, devoted to LLP/FIP and DM searches, called
FASER [5], is also located in UJ12 and positioned downstream of FASERν.
In fact, not only the flux of neutrinos, but even the flux of light LLPs/FIPs
and light DM particles, which can be produced at the IP via a number of
mechanisms, is expected to be large in the forward direction [6].

Additionally, in view of Run 4, upgrades of all these experiments are
under study, accompanied by the investigation of the possibility of building
a dedicated Forward Physics Facility (FPF) [7, 8], large enough to probably
host at least some of the upgraded detectors and additional experiments.
One of the limitations of the present setups is the smallness of the caverns
in use, which does not allow to host large-mass detectors. The FPF, allow-
ing for bigger detectors, would be able to dramatically increase the statistics
accumulated during Run 3. However, its perspective location being further
from the ATLAS IP, i.e. at ∼ 600 m, compared to the baseline ∼ 480 m of
the present experiments, implies that the minimal neutrino pseudorapidities
that can be explored with a decent statistics are still quite large and sim-
ilar to those explored during Run 3, i.e. ην ≳ 7. The lack of coverage of
lower |ην | could be partially resolved by complementing the FPF detectors
with other ones in different ην ranges at different sites (see e.g. the proposal
of an Advanced SND-Near detector, to be positioned at pseudorapidities
4 < ην < 5, i.e. certainly outside the FPF, complementing the measure-
ments of the Advanced SND-Far detector, FPF successor of SND@LHC, at
pseudorapidities 7.2 < ην < 8.4), and/or by making some of the FPF detec-
tors working in timing coincidence with the ATLAS experiment, as sketched
in Ref. [8]. Single neutrinos are not distinguishable and just contribute to
missing energy in ATLAS, as well as in the other main LHC detectors. How-
ever, the ATLAS apparatus would be sensitive to a number of other particles
produced at central pseudorapidities in the same event leading to at least a
neutrino detected by FPF detectors.

In the following, we review some of the most important signals and back-
grounds for the aforementioned far-forward experiments, of interest for the
BSM and/or the SM physics programs. In particular, we focus on QCD-
related aspects. Complementary and/or additional information can be found
in the recent Snowmass FPF reports published in Refs. [8] and [9], and fur-
ther references therein.
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2. BSM physics

A first BSM investigation that can be done with all present and future
far-forward neutrino experiments at the LHC is the study of active-to-sterile
neutrino oscillations. Neutrinos are massless in the minimal SM. However, a
number of experiments have unveiled neutrino oscillation phenomena, which
point to the fact that at least three neutrino mass eigenstates exist and raise
the question on the origin of their masses and how the SM has to be ex-
tended to accommodate them [10]. The baseline of several hundred meters
of the far-forward neutrino experiments at the LHC is not appropriate for
disentangling active-to-active neutrino flavour oscillations, which are aver-
aged out at these characteristic distances, but can be adopted for studying
oscillations of active neutrinos, in particular ντ , to sterile neutrinos with
masses of the order of 10’s of eV [11], as shown in Fig. 1.
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Fig. 1. ντ survival probability as a function of Eν at a baseline of 480 m for a
3-active and a 3-active + 1-sterile neutrino scenario with mass eigenstate m4 value
and mixing parameter Uτ4 values as specified in the plot (left). Oscillation of ντ into
heavy sterile neutrinos (m4 ∼ 20 eV) can be probed by looking at deficit or excess
in the observed (ντ + ν̄τ ) event spectrum (right), once the QCD uncertainties on
this spectrum (not shown in the plot) are well under control. See Ref. [11], from
which these plots are extracted, for more detail.

A second class of BSM investigations that can be done with the far-
forward detectors is the search for LLPs/FIPs and dark matter (DM). Due to
their characteristic lifetimes, various kinds of LLPs coupled to SM particles
and produced at the IP could escape the traditional large massive LHC
detectors, propagate, and decay in the far-forward detectors, or in their
path towards the latter. These decays could give rise to either SM particles,
or to DM particles, which could further scatter with the material of these
detectors, giving rise to interesting signals, sometimes mimicking SM ones.
Various kinds of mediators to Dark Sectors (DS) have been considered: dark
bosons, dark scalars, heavy neutral leptons, and related benchmark models
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have been proposed by the CERN Physics Beyond Colliders study group.
The sensitivity of present and future far-forward experiments in the case of
these scenarios has been assessed in a number of works (see Ref. [8, 9] and
references therein). The most studied case is the dark photon A′, either
decaying into DM, or only kinetically mixed with the SM photon γ, which
leads to γ → A′ → γ transitions. Millicharged (MC) particles, correspon-
ding to the particular case m′

A = 0, have also been the subject of dedicated
efforts. The possibility of including a specific detector (FORMOSA [12])
for MC particles at the FPF has been investigated, as well as the one of
detecting MC particles by means of multipurpose detectors, such as FLArE,
also useful for investigating neutrino interactions and DM scattering. A-
nother class of LLPs, the axion-like particles, could just be coupled to the
SM photons, fermions or gluons, without need of introducing any DS. On
the other hand, light DM particles could be produced already at the IP
and propagate to the detectors in BSM scenarios which do not need any
LLP/FIP mediator.

Controlling the SM backgrounds is a key requirement for a successful
BSM program. This involves, among other objectives, an accurate characte-
rization of the muon fluxes reaching the detectors, as well as of the neutrino
fluxes. Additionally, with the purpose of unveiling DM interactions with
the nuclear media of the detector, one needs good control of the νe, as
well as the νN (νA) backgrounds, including the role of nuclear effects due
to the detector composition. Focusing on particularly low recoil energies
(Erec ≲ 1 GeV) for recoil angles θrec ∼ 50 mrad with specific kinematics
cuts might help to drastically reduce these two sources of background [13].

3. SM physics

A wide SM physics program can be conducted at far-forward neutrino ex-
periments, in the hypothesis that BSM effects like those mentioned in the pre-
vious section are either absent or limited and well understood. Such a pro-
gram is focused on two main topics, determining neutrino fluxes and cross
sections, and related aspects. The detectors are sensitive to the convolu-
tion of these two elements, and not to each of them separately. The strategy
of building ratios of selected observables can be employed to cancel the effects
of either the fluxes or the cross sections, allowing to access the information
of interest at each time. The neutrino beams impinging on the detectors
have collider-frame energies up to several TeV. Further neutrino beams with
such high energies are not available on the Earth nowadays. The far-forward
neutrino experiments at the LHC, in this respect, offer a unique opportunity.

Above the GeV scale, neutrino inelastic interactions with nucleons oc-
cur via deep inelastic scattering (DIS), the physics of which is known up to
approximate N3LO accuracy in pQCD, while efforts towards N4LO have
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started [14]. The presence of nuclei, instead of just nucleons, brings in ad-
ditional corrections and increases the uncertainty of the predictions. In any
case, we can reasonably argue that, nowadays, our knowledge of neutrino
DIS cross sections is more advanced than the one of far-forward neutrino
fluxes. Non-perturbative QCD effects, not well understood in the present
QCD theoretical framework, play a crucial role in determining these fluxes.
In present days, non-perturbative QCD effects are not derived by first prin-
ciples, but described by phenomenological models, involving a number of
parameters fixed by fits of experimental data. The uncertainties associated
both with the models themselves, and with the fits of their parameters, are
large and the criteria to assign/evaluate these uncertainties are still subject
of intense debate. As a consequence, predicting the values of far-forward
neutrino fluxes, as well as their uncertainties, represents one of the key the-
ory challenges at far-forward experiments. The fluxes of neutrinos from
the decay of light mesons produced at the IP are truly dominated by non-
perturbative QCD. On the other hand, for the fluxes of neutrinos from the
decay of heavy-flavoured mesons, a pQCD treatment can be applied, consi-
dering that the charm and bottom mass values are well above the ΛQCD

value. However, the relative smallness of these masses, especially the charm
mass, larger than ΛQCD but not too large, makes non-perturbative effects
also quite relevant. If we can disentangle fluxes from cross sections at the
FPF, we will be able to learn about forward light- and heavy-meson produc-
tion. This is useful for a number of applications, not limited to QCD, but
ranging from high-energy cosmic-ray physics to neutrino astronomy.

One of the most appealing QCD outcomes of this program would be
better constraining the gluon and sea quark PDFs in the low and large
longitudinal momentum fraction x domains, to which forward heavy-flavour
production is sensitive [15, 16]. In the left panel of Fig. 2, the large-x
gluon distribution is shown as a function of x for different NLO PDF sets.
Especially for x > 0.4, the best-fit results of different PDF sets turn out
to be quite different among each other and they are not always covered
by the uncertainty associated to each single set. The variation pattern of
the considered large-x gluon PDFs is directly reflected in the behaviour of
the corresponding energy distributions of charm quarks produced at the IP,
that, at energies Ec > 2 TeV, show differences among each other similar
to those observed for the PDFs, as follows from comparing the right- and
left-hand side of Fig. 2. It turns out that charm quarks fragment into D-
hadrons, which decay, producing a neutrino flux. We can then conclude
that the energy distribution of charm-induced neutrinos above 1 TeV is very
sensitive to large-x PDFs. This is also visible in Fig. 3, where, for the same
PDF sets as above, the energy distributions of ντ + ν̄τ from D±

s decay and
of νe+ ν̄e from D± decay are shown in two different neutrino pseudorapidity
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Fig. 2. Gluon PDFs xf(x,Q2) for Q2 = 10 GeV2 for the PROSA 2019 [15] fit
(black curve with orange uncertainty band). The ABMP16 [17], CT14 [18], and
NNPDF3.1 [19] central gluon NLO PDFs with 3 active flavours are also shown
(left). Charm energy distributions at NLO from pp → cc̄+X using as an input the
same PDFs (right). The lower insets show ratios relative to the central PROSA
PDF. See Ref. [20], from which these plots are extracted, for more detail.
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Fig. 3. Predictions for (νe+ ν̄e) fluxes from D± decays and (ντ+ ν̄τ ) fluxes from D±
s

decays in the 7.2 < ην < 8.4 (left) and 4 < ην < 5 (right) pseudorapidity ranges,
using the different central PDF sets already considered in Fig. 2. See Ref. [21] for
more detail.

ranges, 7.2 < ηµ < 8.4 and 4 < ην < 5, corresponding to the coverages of
the Advanced SND-Far and Near detectors, foreseen for the Run 4 upgrade
of SND@LHC. From the plots, it is evident that the larger are the neutrino
energy and the neutrino pseudorapidity, the more sizable are the differences
between predictions from different PDF fits, emphasizing how far-forward
neutrino experiments will be sensitive to large-x PDFs. In this respect,
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they will provide complementary constraints with respect to the electron–
ion collider, which will explore the large-x region in ep and eA collisions. On
the other hand, we also observe that neutrinos with ην > 7.2 and Eν up to
700 GeV are mostly produced by D-mesons with 4.5 < y < 7.2, as shown in
Fig. 4. This is the most relevant region contributing to the atmospheric flux
of prompt neutrinos at Eν, lab ∼ O(PeV), signalling the connection between
FPF and neutrino telescope measurements [22].
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Fig. 4. Predictions for the pseudorapidity (left) and energy (right) spectrum of
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intervals. The dashed histograms show the energy spectra from the corresponding
charmed meson y intervals that give neutrinos and antineutrinos with ην > 7.2.
See Ref. [22], from which these plots are extracted, for more detail.

4. Conclusions

On the one hand, BSM phenomena — including neutrino oscillations
— can be considered as possible backgrounds for the SM/QCD program in
far-forward experiments. On the other hand, the effects produced by inte-
ractions induced by neutrinos or by BSM particles in the detectors can be
disentangled by imposing specific kinematic cuts. The capability of distin-
guishing neutrinos and antineutrinos of different flavours will help both the
SM and the BSM programs. Using detectors covering different pseudora-
pidity ranges, with partial overlap among each other, will help to calibrate
the detectors themselves, to check the robustness of their results, and to
disentangle the role of perturbative and non-perturbative QCD effects.
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