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1 Introduction

Despite being so difficult to probe experimentally, interactions of neutrinos have always
been a window to new exciting phenomena with potentially groundbreaking consequences
for our understanding of physics. Only in recent years, such studies have led to the es-
tablishment of neutrino oscillations, first at low energy [1–3], but then also for energies up
to O(100 GeV) [4]. Instead, at much higher energies, Eν ∼ PeV, the observation of the
astrophysical neutrino flux [5] has already proven the discovery potential of a new type of
multi-messenger astronomy [6].
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In the intermediate energy range, Eν ∼ TeV, the properties of neutrinos are gen-
erally expected to follow the Standard Model (SM) predictions. However, in fact, only
very limited experimental evidence for this is currently available. In particular, neutrino
scatterings have been extensively studied for energies up to Eν ∼ 300 GeV (see ref. [7]
for review). For TeV energies, instead, the relevant cross section measurements employing
large-scale neutrino telescopes suffer from substantial uncertainties [8, 9], while detailed
characteristics of these events are even more challenging to probe.

The recently approved FASERν experiment [10, 11] at the Large Hadron Collider
(LHC) aims at starting to fill in this gap during the LHC Run 3. Both the experiment
and its potential extension towards the High-Luminosity LHC phase (HL-LHC), dubbed
FASERν2, will benefit from a high-intensity and high-energy beam of forward-going neutri-
nos produced in pp interactions at the LHC. The mean expected energy of these neutrinos
interacting in the distant detector is of order several hundred GeV [10].

In this study, we analyze the prospects of probing beyond the Standard Model (BSM)
physics in such neutrino interactions. In particular, our focus is on a possible secondary
production of new physics species in neutrino scatterings in the close vicinity or inside
the FASERν detector, as well as on subsequent detectable signals that the new particles
could generate. Similar such processes have already been shown to extend the discovery
potential of FASER with regards to BSM scenarios predicting a light dark photon, dark
matter, and dark Higgs boson [12]. We illustrate how a combination of excellent properties
of both the FASERν and FASER [13, 14] detectors, with the latter to be placed right
behind FASERν to search for light and long-lived particles (LLPs) [15, 16], can improve
the expected sensitivity reach and lead to interesting experimental signatures in selected
popular models predicting GeV-scale new particles coupled to neutrinos.1

In fact, the aforementioned discovery of neutrino oscillations remains among the most
important hints towards the extension of the SM. In the minimal such extension, the
existence of new right-handed neutrinos is postulated [18–22]. This leads to an interesting
phenomenology and can also help to understand the nature of dark matter and the origin of
the baryon asymmetry in the Universe, cf. ref. [23] for review. In this study, instead, we will
focus on BSM scenarios predicting neutrino upscatterings into BSM heavy neutral leptons
(HNLs) that are mediated by light vector particles or photons in the dipole portal model
(see, e.g., refs. [24–40] for further discussion about the models and their phenomenology).
As we show, in such scenarios the BSM neutrino scatterings can lead to new types of
signatures in the FASER and FASERν detectors.

This paper is organized as follows. In section 2, we provide basic detector details and
discuss the experimental signatures of our interest. section 3 is devoted to a discussion

1At the last stage of the work on this project, a similar study has appeared which concerns the new
physics particle production in neutrino interactions inside or in front of FASERν, cf. ref. [17]. In that study,
the primary focus is on the multi-muon signatures, including through-going muons, and the production of
the BSM species in deep inelastic scattering (DIS) processes. Instead, we discuss experimental signatures
based on the detection of a photon or an e+e− pair, as well as on scatterings off electrons. As far as the
secondary production is concerned, we focus on coherent and elastic incoherent processes that minimize the
risk of activating detector veto layers in our analysis.
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of the new physics models that we focus on in this paper. We present the results of our
analysis in section 4 and conclude in section 5. The relevant expressions for the production
cross sections and decay widths are given in appendix A and B, respectively.

2 New physics from neutrino scatterings in FASERν

2.1 General physics motivation — Neutrino interactions with light mediators

Despite a large number of forward-going neutrinos at the LHC, only few of them will
interact in the detector due to their tiny scattering cross section. In particular, during
LHC Run 3 about 104 neutrino-nucleus scattering events are expected in FASERν [10],
while this number could grow to 105 − 106 in the HL-LHC phase. Therefore, there is a
priori little room for BSM particles to be produced at detectable rates in these processes,
especially given their suppressed interaction strength with the SM species characterized by
the coupling constant gD � 1.

The events rates, however, become significantly larger in the presence of light mediator
particle X between neutrinos and other SM fermions. In this case, for low momentum
exchange and g4

D/m
4
X ∼ G2

F , where GF ' 1.166 × 10−5 GeV−2 is the Fermi coupling
constant [7], the Fermi contact interaction of neutrinos in the SM can be supplemented by
a similar BSM contribution to the total cross section. Even if the BSM-induced scattering
rates are smaller than the SM ones, new physics effects could still be successfully searched
for by employing specific features of BSM interactions. In particular, in the following,
we will make use of such signatures relying on displaced decays of neutrino-induced BSM
particles or on differences in the scattering kinematics that could be captured with the use
of appropriate cuts.

The high-energy of neutrinos produced at the LHC, along with their high beam in-
tensity, allows one to further improve the sensitivity reach in these models, especially for
increasing mass of the produced BSM species. In particular, for TeV-energy neutrinos
scatterings off electrons, one obtains the center-of-mass energy in the collision of order√
s =
√

2Eνme ∼ GeV, while it grows even larger for such high-energy neutrino interac-
tions with nuclei. For the growing mass of the BSM particles and their decreasing lifetime,
larger boost factors also allow for better reconstruction of their displaced decay signatures.

A powerful way to constrain these scenarios is by searching for increased neutrino
scattering cross section off electrons [41] or for a similar effect in coherent scatterings off
nuclei [42]. Other relevant bounds come from i.a. neutrino experiments, as well as past
and present beam-dump or missing-energy searches (cf. refs. [43–45] for review of this rich
experimental program). These could be associated with both the primary production of
new physics species in the target material and with the secondary interactions of neutrinos.
Below, we refer to specific such searches relevant for the models under study.

2.2 Detectors

The FASERν detector will be placed in a side tunnel of the LHC about 480 m away from
the ATLAS interaction point (IP). It will be sensitive to signatures of high-energy neutrino
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interactions happening in a 1 m long emulsion cloud chamber (ECC) detector consisting of
tungsten layers interleaved with emulsion films, cf. ref. [46] for recent review about nuclear
emulsions. The detailed design of the neutrino detector and the main FASER spectrometer
can be found in refs. [11, 14].

The simplified possible design of the future FASER 2 experiment, to take data during
HL-LHC and search for LLP decays, which we use, follows ref. [16]. In the case of the
potential successor of the neutrino subdetector, which we refer to as FASERν2, we employ
a simplified design from ref. [47], in which the prospects for searching for light dark matter
in the far-forward region of the LHC have been analyzed. The assumed design will employ
a larger ECC detector than FASERν that will be placed along the beam collision axis in
a similar distance to the ATLAS IP. The transverse size of the tungsten active material
in FASERν2 is set to be 50 cm × 50 cm and its length is equal to 2 m. In the case of
some of the signatures discussed below, it is also useful to consider a sweeping magnet to
be installed along the beam collision axis in front of the detector. Similarly, the emulsion
films could be interleaved with layers of the electronic detectors. This helps to suppress
the muon-induced backgrounds (BG). We will refer to these design improvements when
discussing possible sources of BG in the searches described in our study.

Importantly, alternative detector designs have also been discussed in ref. [47] that
would employ liquid argon (LAr) time-projection chamber (TPC) technology. While in
our estimates below we focus on the aforementioned ECC detector, we note that similar
such searches could be performed in the LAr detector. In the latter case, depending on the
particular experimental signature of interest, lower target material density will partially
limit the expected sensitivity reach due to secondary particle production inside the detector.
On the other hand, improved BG rejection capabilities could make it easier to study e.g.
electron scattering signatures.

2.3 Neutrino flux and the production of BSM particles

Neutrino flux. The flux and spectra of high-energy neutrinos going in the far-forward
region of the LHC have been simulated by the FASER collaboration [10] and by the CERN
STI group [48]. In our study, we employ the former results when presenting the sensitivity
reach plots, although we note that uncertainties in modeling of the neutrino spectrum at
the FASER location do not typically have a significant impact on our results. For simplicity,
when analyzing the future sensitivity reach of FASERν2 to operate during the HL-LHC
phase, we rescale the aforementioned flux of forward-going neutrinos by the appropriate
luminosity factor and a larger transverse size of the detector, while we assume the same
energy spectrum.

Primary and secondary production of new physics particles. The BSM particles
with order GeV masses can abundantly be produced at the LHC, especially in its forward
direction, provided that their relevant coupling constant to the SM, gD, is not suppressed
too much. The larger gD remains, however, the smaller is the lifetime of unstable such
new species. This often makes them decaying too early, i.e. before they can travel the
entire distance between the ATLAS IP and FASER, unless they are produced in secondary
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production processes in the close vicinity of the detector. When studying such processes,
we estimate the sensitivity reach with dedicated Monte Carlo (MC) simulations and follow
the discussion in ref. [12] for the cuts used in the analysis.

In this study, we primarily focus on the BSM particle secondary production in neutrino
interactions. Such neutrino interactions in the tungsten layers of FASERν can result in a
flux of new and boosted heavier species produced right in front of the FASER spectrometer.
These will travel O(1 m) distance and decay inside FASER generating visible signal events.
Notably, the largest such contribution in models of our interest is associated with coher-
ent neutrino scatterings off nuclei that is characterized by a small momentum exchange,
typically |Q2| < (100 MeV)2. Instead, incoherent contributions are often subdominant. In
particular, in currently unconstrained regions of the parameter space of the models of our
interest that can be probed by FASERν2, they contribute with typically . 1% of additional
signal events obtained due to the secondary HNL production. However, we do take them
into account, since they become important in the models with the massive vector media-
tor, especially when the mediator or the HNL mass grows above GeV. We conservatively
neglect the DIS contributions as they often generate additional visible activity inside or in
front of the detector, which makes it more challenging to avoid vetoing such events.

For completeness, we also take into account possible primary production processes of
BSM particles of our interest at the ATLAS IP. To be detectable at FASER, the new
physics species produced this way have to be characterized by a sufficiently large lifetime,
such that they can survive without decaying until they reach the detector. When modeling
the primary production of LLPs, we obtain the spectrum of light mesons with the CRMC
simulation package [49] and the MC event generator EPOS-LHC, [50]. We follow the discus-
sion in refs. [15, 51, 52] for the Fermi-Weizsacker-Williams (FWW) approximation when
treating the production of light vector particles in proton bremsstrahlung.

2.4 Experimental signatures of new physics

2.4.1 LLP signal inside the FASER decay vessel — e+e− and γ

Signal. A vanilla LLP decay signature to be searched for in FASER consists of a pair
of high-energy and oppositely-charged tracks from the LLP decays, e.g. an e+e− pair.
These are detected in the spectrometer and could also deposit energy in the calorimeter.
FASER will also be sensitive to photon-induced signals from LLP decays, cf. a similar
recent discussion in ref. [53]. In our simulations, we require Evis > 100 GeV threshold for
the energy of the visible particles produced in the decay vessel.

Backgrounds. Notably, for such high energies, the search for a pair of high-energy op-
positely charged tracks can be performed with negligible BG and, therefore, remains a very
sensitive probe of new physics [13, 14]. Instead, the neutrino-induced BG in the search
for single high-energy photons appearing in the decay vessel can be minimized by the use
of a dedicated preshower detector. This would allow to reject relevant BG events from
e.g. electron neutrino charged current (CC) scatterings happening sufficiently deep inside
the calorimeter, with no detectable backsplash effect. The possible BG from muon-induced
photons are expected to be vetoed with a very high efficiency by detecting a time-coincident
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muon going through the detector [14]. Hence, the excess of even such single-photon events
unaccompanied by any muon, will already be indicative of new physics, especially if they
correspond to only a limited visible energy range. It remains difficult to reliably estimate
the number of such possible residue BG events without a full detector simulation that takes
into account the presence of the preshower detector, which would go beyond the scope of
this study. Instead, in the following, when presenting the results for this signature, we will
show the lines with a fixed expected number of such events in the detector and discuss
their energy spectrum.

2.4.2 Prompt decays of high-energy LLPs inside the ECC detector

Signal. After the secondary production of LLPs, their prompt decays can also happen
inside the ECC detector. In the following, we consider a search for such a signature
consisting of very high-energy photons with Eγ > 1 TeV, or even Eγ > 3 TeV, that are
unaccompanied by any time-coincident muon. To this end, we focus on the FASERν2
experiment during the HL-LHC phase.

The relevant interaction vertex inside the emulsion detector corresponds to a single
photon with no hadronic activity. The latter condition can be satisfied by requiring a low
momentum transfer in the scattering process, |Q|2 < (100 MeV)2. Such a signature has
already been discussed in ref. [28] in the context of the proposed SND@SHiP detector [54]
and the neutrino dipole portal model to HNLs, cf. section 3.1. Since it allows one to
study even immediate decays of the LLPs, it extends the sensitivity reach in new physics
scenarios towards the larger values of the LLP masses and the increasing value of their
coupling constant to the SM.

Backgrounds. Since employing the single-photon signature in FASERν2 has not been
discussed yet in the literature, we comment below on the possible BG for this search and on
the methods that could be used to mitigate their impact. We stress that the ECC detectors
only collect data integrated over time. Hence, inside them, BG from muon-induced photons
can easily mimic the BSM signal of our interest, unless the muons can be actively vetoed
and partially swept away, as we have already mentioned above.

Additional handles over the muon-induced BG can be obtained by increasing the energy
threshold of photon-initiated EM showers relevant for the new physics search. In particular,
while the total number of the through-going muons during the HL-LHC phase can be
as large as Nµ,HL-LHC ∼ 1011, it is suppressed by one or three orders of magnitude for
Eµ > TeV or 3 TeV, respectively. By following the simulation setup discussed in ref. [47]
and by employing the FLUKA code [55, 56], we have estimated the production rate of
muon-induced high-energy photons with Eγ > 1 TeV (3 TeV) inside FASERν2 during HL-
LHC to be 10−3 (10−7) per a single through-going muon track in the detector. Here, we
have used a properly rescaled high-energy spectrum of such muons, which was simulated for
the FASER detector and for LHC Run 3 [14, 57]. The remaining muon-induced high-energy
photons in the detector could be further rejected as BG by detecting the time-coincident
parent muon, cf. ref. [47] for further discussion. We assume that this is the case in the
following. Instead, the corresponding search in FASERν during LHC Run 3 will be much
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more challenging due to its smaller size and the relevant integrated luminosity, as well as
due to the lack of the muon veto capabilities of the emulsion detector with no interleaved
electronic tracker layers.

The neutrino scattering events could also constitute BG for the single-photon search.
As far as very high energy thresholds are concerned, the neutrino interactions are dominated
by the DIS events. In particular, in the νe CCDIS scatterings, a high-energy outgoing elec-
tron is produced. The electron, however, will generally not mimic a photon-initiated shower
in FASERν2 thanks to the excellent capabilities of the ECC detector to reconstruct both
the electron and positron tracks from the initial pair-production process γN → e+e−N .
We note, however, that such capabilities might be reduced for the very high-energy and
collimated electron-positron pair. Even in this case, however, in the high-energy DIS pro-
cesses for Eν ∼ a fewTeV, typically a large momentum transfer to the nucleus takes place.
This generates additional visible hadronic activity emerging from the vertex, e.g. charged
pions. These charged tracks penetrate the detector and could be used for the vetoing pur-
poses by employing the interleaved electronic detectors. Instead, in the BSM signal events
that we study below, only a small momentum transfer is favored, as dictated by the low
mediator mass.

We have also estimated using GENIE, refs. [58, 59], the residue BG for such events from
the subdominant quasi-elastic scatterings of the high-energy electron neutrinos. We expect
a few tens of such events with only a single electron or positron with Ee > TeV detectable
at the vertex, while this number drops down to below 10 events for the energy threshold
of 3 TeV. These could mimic the BSM signal events if the outgoing e± is reconstructed as
a photon.

While a detailed detector-level simulation of this signature would be needed to design
the analysis cuts that maximize the expected sensitivity reach, below, for illustration,
we present results by showing the lines with the constant number of the expected BSM
signal events. These correspond to the aforementioned simple cuts on the photon energy of
Eγ > 1 TeV or 3 TeV. Notably, as discussed in section 4 for the models of our interest, the
number of the signal events can reach even up to 104 BSM-induced high-energy photons
in the detector.

2.4.3 Scattering off electrons

Signal. While LLP decays into charged tracks or photons constitute the main signature
of our interest, we also discuss the additional sensitivity reach that can be associated with
new-physics-induced neutrino scatterings off electrons producing detectable electron recoils
inside the neutrino detector. Here, we follow the discussion in ref. [47] when defining our
cuts on the final-state electron recoil energy and angle.

As discussed in section 4, the scattering signature could also appear as a result of
interactions of new unstable species, provided that they have significantly large lifetime to
typically reach the detector without first decaying. It will then closely resemble the DM
scattering signature and will add to the total expected neutrino-like event rate. For the
most abundant, energetic and collimated such BSM events, it could also be beneficial to
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perform the search by releasing the cuts on the electron recoil angle, which allows the new
physics events to more closely resemble the neutrino-induced BG.

Backgrounds. A detailed BG discussion for this experimental signature can be found in
ref. [47]. Here, we briefly recapitulate the main results of that analysis. In particular, before
the angular cuts are imposed on the recoiled electron, one expects few tens of neutrino-
induced BG events during HL-LHC that are characterized with no additional detectable
charged tracks emerging from the vertex beside the electron with the recoil energy in
between 0.3 and 20 GeV. This number drops down to the level of O(10) after additional
angular cuts are taken into account. Below, when referring to this discussion, we will
assume that the BG event rate is dominated by the statistical fluctuation. For simplicity,
we will then consider the bounds on new physics set based on about 20 additional expected
BSM events.

Having discussed the experimental signatures of our interest, we now present the
new physics scenarios that we use to illustrate the neutrino beam-dump physics pro-
gram at FASER.

3 Selected beyond the Standard Model scenarios

As discussed above, in order to take advantage of the new physics production in neutrino
scatterings in FASERν, we will focus below on BSM models predicting new GeV-scale
HNLs that can be produced in upscatterings of the SM neutrinos mediated by a light
vector particle X.2 To this end, we will assume that X is either the massless SM photon or
a new light dark gauge boson A′. The choice of the models below is also dictated by distinct
phenomenological aspects of FASER searches that can be discussed in connection to them.
We note, however, that scalar mediators could also lead to interesting phenomenology, see
e.g. ref. [62] for recent such study.

3.1 Neutrino dipole couplings to heavy neutral leptons

One of the consequences of extending the SM with additional right-handed neutrinos, is
that the neutrino magnetic moment is generated with a tiny value proportional to the
neutrino mass [63–67]. This value can grow even larger, up to a detectable level, in more
complex BSM models [38, 68–70]. Recently, such scenarios predicting HNLs with the
dipole coupling to SM neutrinos have received renewed attention and have been studied in
the context of beam-dump and neutrino experiments, astrophysics, cosmology, and direct
searches at dark matter experiments [27, 28, 31, 37, 38].

At the effective low-energy level, neutrino dipole portal to HNLs is described by the
following Lagrangian

L ⊃ µN ν̄LσµνNRF
µν + h.c., (3.1)

2We note that, even in the absence of light mediator fields, the secondary production of heavy fermions
in front of FASERν could take place due to the mixing with the active neutrinos induced by the neutrino
coupling portal, NHL. However, given current bounds on the respective mixing angles of GeV-scale such
HNLs and due to the limited event statistics, we expect this contribution to play a negligible role in our
considerations. The FASER sensitivity reach for such HNLs coming from the primary production at the
ATLAS IP have been discussed in refs. [16, 60, 61].
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where σµν = i
2 [γµ, γν ], Fµν is electromagnetic field strength tensor, ν is the SM neutrino

and NR represents the sterile neutrino, which is SM gauge singlet. The coupling strength
µN has units of mass−1 and is bounded to be µN . 10−6 GeV−1 for GeV-scale HNLs [28,
31, 38]. While the UV-completion scale for this model can be as large as 1/µ, already at
electroweak energies the dipole interaction in eq. (3.1) should be promoted to dimension-6
operator by the Higgs insertion such that the SM gauge invariance is restored. In the
following, we consider the simplified model given by eq. (3.1) even for the interaction of
neutrinos with Eν ∼ TeV, since the typical momentum exchange of our interest is much
smaller than the electroweak scale.

The dipole interaction of eq. (3.1) leads to inelastic upscattering transitions of the
active neutrinos to the HNLs, νZ → NZ, where Z is a target nucleus.3 Once produced,
boosted HNLs travel at a finite distance and subsequently decay inside the detector into a
single photon and neutrino, N → γν, with the typical decay length given by

d̄N,dipole ' (1 m)
(

EN
500 GeV

) (1 GeV
mN

)4 (10−6 GeV−1

µN

)2
. (3.2)

For the given values of the parameters of the model, typical energy of the decaying HNL is
dictated by an interplay between the energy-dependent d̄N,dipole(EN ) and the distance l ∼
1 m between the tungsten plates of FASERν, in which the upscattering can most efficiently
occur, and the FASER decay vessel. The condition d̄N,dipole(EN ) ∼ l translates into a
limited energy range of visible photons seen in the detector, as we illustrate in section 4.1
(cf. also section 4.2 for a similar discussion regarding the bi-modal e+e− spectrum in the
model with the dark vector portal).

In addition, three-body decays of HNLs, e.g. N → ν``, are also possible that could
generate the signal consisting of two oppositely-charged tracks, although with a suppressed
branching fraction, B(N → ν``) ∼ 10−3 to 10−2. We provide the relevant expressions for
the scattering cross sections and decay widths in this model in appendix A and B.

The transition magnetic moment between the active and sterile neutrinos have been
considered [24, 26] in connection to a possible BSM explanation of the MiniBooNE [71]
and LSND [72] anomalies. Interestingly, the former has recently been strengthened to the
4.8σ level after a release of the updated analysis by the MiniBooNE collaboration [73].
The relevant study for the pure dipole-portal has been performed in ref. [28], in which the
simultaneous explanation of both anomalies in this scenario has been excluded. Instead, the
MiniBooNE-only region of interest (RoI) corresponding to the HNL with mN ' 500 MeV
and characterized by both the substantial HNL mixing with the active neutrinos and the
dipole portal coupling [24], can avoid the corresponding bounds on µN . This model appears,
however, to be disfavored [74] by the MINERνA data [75]. Such an explanation of the
anomaly alone would also struggle to fully reproduce the angular distribution of the excess
MiniBooNE events [76]. When presenting our results below, for completeness, we will mark

3Hereafter, we refer to the coherent superposition of the light neutrinos as the active neutrino in a
definite flavor state. We also note that neutrino oscillations play a negligible role in our analysis given the
distance L ∼ 0.5 km between the production and interaction point, and typical energy Eν of order a few
hundred GeV.
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the MinoBooNE RoI in the sensitivity reach plots in the dipole portal model, albeit we
keep in mind the aforementioned constraints on the simplest such scenario.

3.2 Dark gauge boson mediator

The secondary production of HNLs in neutrino scatterings can also be enhanced in the
presence of light BSM mediators coupled to neutrinos. In particular, such a vector mediator
ZD can naturally arise after gauging one of the global anomaly-free symmetries of the SM,
although the relevant couplings are then suppressed, cf. refs. [77, 78]. In addition, as far as
the upscattering cross section is concerned, ν(e/Z) → N(e/Z), further suppression comes
from the mixing parameter between the active neutrinos and HNLs, U2

νN . This typically
leads to negligible secondary production interaction rates in the allowed regions of the
parameter space of such models. Instead, the relevant cross section can be much enhanced
if the new dark gauge symmetry couples ZD directly only to the HNL, with a large allowed
value of the dark coupling constant, gD ∼ O(1) [29, 30].

Additional couplings of ZD to quarks and electrons can appear e.g. due to a kinetic
mixing or as a result of the mass mixing with the SM Z boson. The latter possibility,
however, is subdominant for mZD . GeV. Instead, for such light ZD, the kinetic mixing
allows for larger interaction rates, with the upper limits dictated by the mixing parameter
ε . 10−3, cf. ref. [43] for a recent review of the relevant constraints.

The simplified model that incorporates both the kinetic mixing and the dark coupling
of ZD to the HNL can be described by the following Lagrangian [29, 30]

LD ⊃
m2
ZD

2 ZDµZ
µ
D + gDZ

µ
DN̄γµN + eεZµDJ

em
µ , (3.3)

where the coupling of ZD to the electromagnetic current Jem
µ is induced by the kinetic

mixing. In this model, the upscattering cross section of the active neutrinos to HNLs
scales with g2

DU
2
νN αε

2/m4
ZD

, and can be sizable for the dark gauge boson with the mass
in the sub-GeV range. We provide the relevant expressions in appendix A and B.

In order to reduce the number of free parameters of the model when presenting the
results below, we vary the HNL mass and the dominant mixing parameter with the muon
neutrino νµ, while we fix the other parameters. In particular, we focus on the benchmark
scenario with fixed αD = 0.25, αε2 = 2×10−10, and mZD = 30 MeV, which was introduced
in ref. [30] to fit the MiniBooNE anomaly. In this case, for mN > mZD , the HNL produced
in the active neutrino upscattering promptly decays into the on-shell mediator boson,
N → νZD. The latter subsequently decays inside FASER, ZD → e+e−, and generates a
visible signature of two high-energy oppositely-charged tracks. The typical decay length of
such ZD is given by

d̄ZD ' (1 m)
(

EN
300 GeV

) (30 MeV
mZD

)2 (2× 10−10

αε2

)
. (3.4)

In addition, we also present the results for the case with the dominant mixing with the
tau neutrinos and mN < mZD , which has recently been discussed in ref. [39] in the context
of FASER searches. Here, the HNL undergoes a three-body decay, N → νe+e−, via an
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intermediate off-shell ZD. Such decays can then be detected based on the observation of
e+ and e− tracks in the FASER spectrometer. Importantly, in this case, the lifetime of the
HNL can easily be large enough such that the dominant contribution to the signal rate in
FASER comes from HNLs produced at the ATLAS IP, as discussed in ref. [39].

In our study, we extended the previous analysis by checking the prospects of HNL
searches with the electron scattering signature in FASERν2 due to both the inelastic ντe→
Ne and the elasticNe→ Ne processes. We also take into account the additional production
mode of the HNLs in decays of on-shell dark gauge bosons, ZD → NN .

Notably, the scattering cross section of the elastic scattering process is not suppressed
by the mixing angle, U2

τN . However, this suppression can occur in the production rate of
N , which can be estimated from the tau neutrino production rate corrected for relevant
helicity and phase-space factors, as dictated by the non-zero mass of the HNL [79]. As a
result, both the elastic and inelastic contributions to the electron scattering signature can
play a comparable role in the sensitivity reach plots. On the other hand, the suppression of
N production rate is no longer true for a very low mixing angle and small mN . In this case,
the HNL is dominantly produced in decays of the on-shell dark gauge bosons. As long as
the HNL is sufficiently long-lived, this contribution to the signal rate of elastic scatterings
off electrons is then independent of U2

τN .
Last but not least, as we have already mentioned above, models employing light BSM

vector or scalar mediators have also been proposed to explain the MiniBooNE anomaly.
Both the scenarios with off-shell [29] and on-shell [30] mediators have been considered with
a different HNL decay kinematics. The former model, however, is in strong tension [74]
with the T2K ND280 search for 2e tracks from HNL decays [80]. This tension is some-
what less pronounced for the latter scenario, although it is also not favored by this and
the aforementioned MINERνA search [75], by the CHARM-II data [81], and by the re-
quirement to fit the angular distribution of the MiniBooNE events [82]. For illustration
purposes, in this study, we consider the model described by eq. (3.3) with the minimum
BSM particle content and we show the MiniBooNE RoI for this scenario following ref. [30].
We note, however, that further discussion of this and other anomalies in more complex
scenarios employing HNLs and either vector or scalar mediators have been proposed in the
literature [33–36]. These could lead to even more rich FASER phenomenology. We leave
these studies for future dedicated analyses.

4 Results

As discussed above, we have identified the simplified BSM models of our interest such that
they illustrate a number of ways in which new physics signals could be observed in neutrino
interactions in the FASER and FASER 2 multi-purpose detectors. Below, we discuss such
opportunities in more detail and present the relevant sensitivity reach plots employing the
detector designs introduced in section 2.

4.1 Turning neutrinos into light with neutrino dipole portal to HNLs

As we have already mentioned in section 3.1, the secondary production of HNLs in neutrino
scatterings off electrons or nuclei via the dipole portal, can lead to a number of interesting
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phenomenological signatures in FASER. In particular, their subsequent decays, N → νγ,
inside the decay vessel or the ECC detector, can be observed as a clear excess of the single-
photon-initiated EM showers after the BG rejection procedure is applied that we have
outlined above.

Single photons in the decay vessel. In figure 1, we show with the green solid lines the
results of such an analysis for the single photons appearing in the decay vessel of FASER
2. From the bottom to the top, the lines correspond to Nev = 3 and 30 expected such
events during the HL-LHC phase, while we have suppressed the lines corresponding to
larger values of Nev for clarity of the plot. In the left panel, these results are presented for
the dipole portal model with a universal coupling µN to all the neutrino flavors, while the
right panel corresponds to the scenario with the ντ -specific coupling µNτ . In the former
case, for comparison, we also show the expected reach of the SHiP experiment following
ref. [28].

In the plots, the gray-shaded region corresponds to the current experimental bounds.
The dominant such bounds come from null searches in the CHARM-II [83], MiniBooNE [71]
and NOMAD [84] experiments, as well as from the LEP search for the γ+ /ET signature [85].
For light and very weakly coupled HNLs, the cosmological and astrophysical constraints
from the Big Bang Nucleosynthesis (BBN) and observations of Supernova SN1987A become
important. We follow refs. [27, 28, 31, 38] when presenting these bounds. Notably, in the ντ -
specific scenario, with negligible couplings to electron and muon neutrinos, the constraints
from the past νµ experiments cease to be valid. On the other hand, for the center-of-mass
energy available at the LHC, tau neutrinos can be efficiently produced via the decay of the
charm mesons and tau leptons. This allows one to probe this scenario in FASER 2.

We find that up to O(103) HNL-induced single-photons can be observed for the model
with the universal coupling in the allowed region of the parameter space and about 100
such events are expected in the ντ -specific scenario. Instead, both the lower luminosity and
the size of the detector, results in no more than O(10) of single-photon events expected
in FASER during LHC Run 3. This could allow to start probing only a small region of
the parameter space of the model with the universal coupling µN in the initial run of
the experiment.

Importantly, as mentioned in section 3.1, the energy spectrum of photons from HNL
decays is dictated by the interplay between the relevant decay length and the distance the
HNLs need to travel between the tungsten plates in the neutrino detector and the decay
vessel. In particular, for short-lived HNLs, this spectrum is shifted towards higher energies
resulting in larger boost factors, which makes it easier to disentangle the signal events from
the muon-induced BG. The latter is expected to peak at smaller energies due to growing
bremsstrahlung cross section of soft photons [86].

We show such a photon energy spectrum for the BSM signal events in the left panel of
figure 2 for the two benchmark scenarios within the reach of FASER 2. They correspond to
the two different HNL masses, mN = 0.5 or 2 GeV, but to the same value of the coupling
constant equal to µN = 5 × 10−7. As can be seen, for the larger value of the HNL mass,
the BSM signal, indeed, peaks around Eγ ∼ TeV. Instead, for mN = 0.5 GeV, new-
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Figure 1. The main result for the dipole portal model. In the left panel, we present the results for
the model with the universal coupling to all of the neutrino flavors, while the right one corresponds
to the model with the ντ -specific coupling. The green solid lines denote the expected number of the
signal events in FASERν2 during HL-LHC that involve high-energy photons appearing inside the
decay vessel (Nev = 3, 30). The red solid (dash-dotted) lines correspond to such photons appearing
in the ECC detector with the energy Eγ > 1 TeV (Eγ > 3 TeV). The yellow solid line represents
the expected exclusion bound from the search for the electron scattering events. The gray-shaded
regions denote current bounds on both models (see the text for details). The dark blue rectangle
denotes the regions of interest in the parameter space relevant for explaining [24, 28] the origin of
the MiniBooNE anomaly [71, 73]. The blue-shaded region corresponds to scenarios, in which the
increased number of relativistic degrees of freedom in the early Universe predicted by the model
could be used to relax the Hubble tension [38]. In the left panel, we also show the expected reach of
the proposed SHiP experiment focusing on the search for single photons in the decay vessel (black
dashed line) or in the SND@SHiP detector (black dash-dotted line extended towards larger HNL
masses) following ref. [28].

physics-induced photons can be less energetic, as dictated by the smaller value of the HNL
lifetime. They would have to be searched for as an excess over the residue softer muon-
induced BG, after the rejection procedure is applied. The procedure is based on the parent
muon detection and the lack of the photon showering in the upstream parts of the detector.
We note, however, that such BG should still be suppressed for the case with Eγ > 100 GeV
that we focus on. Instead, we leave for future studies and detector simulations, a detailed
analysis of the remaining irreducible BG from the high-energy electron neutrino interactions
in the preshower detector or in the upstream part of the calorimeter with the possible
backsplash effect in place.

In figure 1, with the dotted green lines, we also show the expected sensitivity reach of
FASER 2 in the search for an e+e− pair from the three-body decay N → ν(γ∗ → ``). The
relevant branching fraction is suppressed by 2 to 3 orders of magnitude with respect to the
dominant two-body decay, as shown in the right panel of figure 2. In the plot, we present
both the total branching fraction, and the “effective” one, which takes into account the
lower threshold for the visible energy in the signal events assuming that the parent HNL
energy is equal to EN = 1 TeV. Unfortunately, the sensitivity reach of FASER 2 in this
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Figure 2. The results for the model with the dipole portal to HNLs and the universal coupling
µN . Left: the energy spectrum of photons coming from the HNL decays in the FASER decay vessel
for the benchmark values of the model parameters as indicated in the plot. Right: the branching
fraction into three-body decays, N → ν(γ∗ → ``), where ` = e (solid black line) or µ (dashed
black), as a function of the HNL mass mN . The green solid (dashed) lines correspond to a slightly
lower “effective” branching fraction that takes into account the analysis cut on the visible energy,
Evis > 100 GeV, for the electrons (muons) in the final state. These lines assume that the parent
HNL energy is equal to EN = 1 TeV.

search will cover only a very small region of the parameter space of the model, so it would
not be complementary to the search for single photons.

Single photons in the neutrino ECC detector. After the secondary production
process, the HNL decays into single photons can also happen inside the ECC detector
FASERν2. The search for such high-energy photons with Eγ > 1 TeV could play a com-
plementary role to the similar signature discussed above based on the photons appearing
in the decay vessel. This complementarity primarily concerns HNLs with even smaller
lifetimes that decay promptly after the production in coherent scatterings off nuclei, cf.
section 2 for the relevant discussion about the expected BG in this search. We note that
a similar search has already been discussed in the context of the proposed SND@SHiP
detector in ref. [28].

We show the contours with a fixed number of such events, Nev = 3 and 30, for the 1 TeV
(3 TeV) photon energy threshold with the red solid (dash-dotted) lines in figure 1 for the
FASERν2 experiment during HL-LHC. As can be seen, in both scenarios of our interest,
this search would extend the relevant reach of FASERν2 and SHiP towards the larger values
of both the HNL masses and the coupling constants. Assuming the 1 TeV threshold, up to
about 104 and 100 such events in FASERν2 during HL-LHC are expected for the scenario
with the universal coupling µN and the ντ -specific coupling µNτ , respectively. Notably,
in the former model, one could expect a few hundred signal events even for the 3 TeV
photon energy threshold. In some cases, the detectable event rates are obtained for both
the aforementioned search for single photons in the decay vessel and the similar signature
inside the ECC detector. This increases the combined discovery prospects of FASER 2 in
such scenarios.
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4.2 The bi-modal e+e− spectrum in the search for HNLs and dark gauge
bosons

While the e+e− signature is suppressed in the dipole portal case, it remains the main
discovery channel of HNLs in the model with the dark gauge boson mediator ZD, cf.
section 3.2. In particular, in the case of mZD < mN , which we first focus on, the HNLs
decay promptly and primarily into the invisible final state, N → νZD. The subsequent
decays of the dark gauge boson, ZD → e+e−, in the FASER decay vessel, can lead to visible
signatures with Ee+e− > 100 GeV.

In figure 3, with the solid green line, we present the relevant expected sensitivity
reach of FASER 2 in the (mN , UµN ) plane, where UµN is the HNL mixing angle with the
active muon neutrino. In the plot, we fix the values of the other parameters of the model:
mZD = 30 MeV, αD = 0.25 and αε2 = 2× 10−10. This choice of the parameters could be
further motivated by the proposal to fit the MiniBooNE anomaly in this scenario [30], cf.
the discussion in section 3.2. The dominant bounds on the model formN . O(1 GeV) come
from searches by the MINERνA [75] and CHARM-II [81] experiments, and we implement
them following ref. [82].4 Additional relevant constraints are associated with rare meson
decays, the muon decay Michel spectrum, and lepton universality [87, 88], as discussed in
ref. [30]. A recent review and update of the constraints on the HNLs can also be found in
ref. [89]. Notably, the lack of the FASER sensitivity and the CHARM-II and MINERνA
bounds in the part of the parameter space corresponding to large values of mixing angle,
U2
µN ∼ 10−3, is due to the dominant invisible decays of the dark gauge boson in this

case, ZD → νν̄.
In the plot, we show the reach of FASER 2 corresponding to only the secondary

production of HNLs and ZDs in front of and inside the detector. As can be seen, FASER
2 could probe currently unexplored regions in the parameter space corresponding to low
values of the mixing angle and to the increasing HNL mass, up to mN ∼ O(10 GeV). In
the case of light HNLs, FASER 2 will also cover the MiniBooNE RoI. For such light HNLs,
FASER 2 will also provide complementary probe of this scenario to the search for HNLs
produced in rare kaon decays in the NA62 experiment, cf. ref. [90].

Importantly, although relatively short-lived ZDs that we study struggle to survive the
entire distance between the ATLAS IP and FASER without decaying, there remains a
small fraction of them produced in pp collisions that can contribute to the signal rate
in the detector. This is complementary to the dark gauge bosons produced in neutrino
scatterings. The primary production of ZD at the ATLAS IP, however, does not depend
on the mixing angle UµN and mass of the HNL. It then corresponds to a fixed expected
number of signal events, which adds to the events indicated in the reach plot in the left
panel of figure 3.

The interplay between the two production processes is driven on the one side by the
exponentially suppressed decay-in-volume probability for short-lived ZDs produced at the
ATLAS IP. On the other hand, it depends on a small value of the secondary production

4We note that, while the CHARM-II bounds formN ≤ 1 GeV have been obtained with the dedicated MC
simulation in ref. [82], for heavier HNLs we extrapolate these bounds using only simple recasting procedure.
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Figure 3. Left: the sensitivity reach of FASER 2 in the model with the dark gauge boson mediator
between the HNLs and SM particles. We vary the mass and the mixing angle of the HNL, while
other parameters of the model are fixed, as shown in the plot. The gray-shaded region corresponds
to the currently excluded region in the parameter space of the model (see the text for details).
The FASER 2 sensitivity reach based on the e+e− pair detection from the sequential process,
νZ → Z(N → νZD) with the subsequent decay ZD → e+e−, is shown with the green solid line.
The additional sensitivity reach in this model is associated with a direct ZD production at the
ATLAS IP. This is not shown in the plot, as it does not depend on the mixing angle and mass of
the HNL. The yellow solid line corresponds to the expected sensitivity reach of FASERν2 based
on the electron scattering signature. Right: the energy spectrum of e+e− pairs from ZD decays.
The blue histogram corresponds to the primary production of ZDs at the ATLAS IP, while the
orange one is relevant for the secondary production of the dark gauge boson as a result of the
neutrino upscattering in front of the detector. The parameters of the model chosen to prepare both
histograms are indicated in the plot.

cross section in front of the decay vessel. The former suppression results in the spectrum
of ZD from the primary production that are peaked towards larger energies, EZD & TeV,
so that they can reach FASER without decaying. Instead, the dark gauge bosons produced
in the secondary production processes in the vicinity of the detector, favor lower energies
of the visible signal in the detector. In this case, while the energy spectrum of parent
neutrinos is peaked around a few hundred GeV, on average only about half of this energy
goes into ZD after the HNL decay. This effectively suppresses a typical energy of the dark
gauge boson to EZD ∼ 100–300 GeV. We illustrate this interesting phenomenological effect
in the right panel of figure 3, in which a bi-modal energy spectrum of e+e− pairs detected
in FASER 2 is shown, with each of the peaks corresponding to the same BSM species but
a different production process of ZD.

4.3 Probing light HNLs via scatterings off electrons

The BSM interactions of neutrinos can also manifest themselves in the FASERν2 detector in
enhanced scatterings off electrons, cf. ref. [47] and section 2 for a more detailed discussion
about the expected BG in this case. We present the relevant expected future exclusion
bounds for the dipole and dark gauge boson portals in figures 1 and 3 with the solid
yellow lines.

– 16 –



J
H
E
P
0
5
(
2
0
2
1
)
1
9
1

The results shown there correspond to the neutrino upscattering events, νe → Ne.
Given the typical incident neutrino energy of order several hundred GeV, the center-of-
mass energy of such collisions allows one to produce HNLs with the mass mN . GeV.
In particular, in the case of the dipole portal model, the complementarity between the
scattering off electrons and both of the aforementioned single-photon signatures, allows
one to probe a broad range of the HNL masses, 1 MeV . mN . 10 GeV. Interestingly,
in this model, the scattering signature itself can probe parts of the parameter space that
correspond to increased values of the effective number of relativistic degrees of freedom in
the early Universe, 0.05 . ∆Neff . 0.3, as also shown in figure 1. On the one hand, this
region would be in tension with a conservative bound derived on ∆Neff based on the cosmic
microwave background observations and studies of baryon acoustic oscillations [91]. On the
other hand, though, such increased ∆Neff could relax the so-called Hubble tension [92, 93].
Hence, we present the relevant region in the parameter space with a blue shaded region in
figure 1 following the discussion in ref. [38].

Other interesting phenomenological aspects of the scattering signature appear in the
model with the dark gauge boson mediator heavier than the HNL, mN < mZD . This
scenario has also recently been discussed in ref. [39]. We present the relevant result in
figure 4 assuming mZD = 8mN and the dominant coupling of ZD to the tau neutrinos.
Here, we also assume the fixed values of the couplings constants gD = 1 and ε = 10−3.
Notably, this value of the kinetic mixing parameter lies close to the upper bound from
the BaBaR search for invisible decays of the dark photon. In this case, the BaBaR search
constrains ZD → NN decays into the long-lived HNLs that often leave the detector before
further decaying. The other dominant bounds, which are shown in the plot, come from the
searches for τ lepton decays in BaBaR and Belle-II [94], the LEP monojet searches [95],
and the past beam-dump experiments CHARM-II [79] and NOMAD [96]. We implement
them following ref. [39], beside the CHARM-II bound, which we update by taking into
account the additional flux of HNLs from the ZD → NN decays and the constraint from
the elastic scattering processes, Ne→ Ne, in the detector, as discussed below.

We note that while the aforementioned benchmark scenario has been chosen only for
illustrative purposes, similar number of scattering events is expect in the detector for other
values of the model parameters as long as the combination g2

DU
2
νNαε

2/m4
ZD

is kept constant
and one assumes mZD > 2mN such that ZD → NN decays are kinematically allowed. For
mZD ∼ mN , we also expect additional bounds from direct ZD searches for low dark vector
masses, mZD . 10 MeV. This is only mildly present in our reach plots, since we assume
mZD = 8mN . On the other hand, further increasing mZD would generally only suppress the
expected number of events since there is no room for a similar increase in ε to compensate
for larger mZD . This is, again, due to the constraints from direct searches for ZD.

The sensitivity reach of FASERν2 in the scattering signature in this model receives
contributions from the inelastic processes, νe→ Ne, as well as from the elastic processes,
Ne → Ne.5 As we have already mentioned above, the latter scattering cross section

5Instead, the inelastic processes Ne → νe play a subdominant role with respect to the other two
contributions, as it is suppressed with respect to them by the additional square of the mixing angle in
either the HNL production or scattering processes.

– 17 –



J
H
E
P
0
5
(
2
0
2
1
)
1
9
1

10−3 10−2 10−1 100 101

mN [GeV]

10−10

10−8

10−6

10−4

10−2

100
|U

τ
4
|2

Disfavored by N − e− scattering C
H

A
R

M

F
A

S
E

R
2

CHARM
- ZD

→ NN

(N
deca

y)

MiniBooNE/LSND

LEP monojet

D
is

fa
v
o
re

d
b
y
Z
D

se
a
rc

h
e
s

mZD = 8mN , ε = 10−3

SHiP

FASER2 - primary

FASER2 - secondary

FASER2 - electron scattering

FASER2 - ZD → NN

(N → ντ + e+ + e− decay)

10−2 10−1

mN [GeV]

100

101

102

103

104

105

106

N
u

m
b

er
of

ev
en

ts

N = 500

N = 20

mZD = 8mN , ε = 10−3

FASER2 - ZD → NN

(N − e− scattering)

FASER2 - ZD → NN

(N − e− scattering no angular cuts)

CHARM - ZD → NN

(N − e− scattering)

Figure 4. The results for the model with the dark gauge boson heavier than the HNL, mZD
= 8mN ,

and with the dominant mixing between the HNLs and active tau neutrinos, UτN . The kinetic mixing
parameter in the plots is also fixed to be equal to ε = 10−3. Left: the FASER 2 and SHiP sensitivity
in the (mN , UτN ) plane. The dashed red and blue lines for both the experiments, respectively, are
shown following ref. [39]. The additional FASER 2 sensitivity due to the secondary production of
the HNL is shown with the green solid line. The red solid line corresponds to the additional FASER
2 reach due to the possible production of the HNLs in the dark gauge boson decays, ZD → NN .
The yellow solid line is the expected exclusion bound relevant for the search for inelastic, νe→ Ne,
and elastic, Ne → Ne, scatterings off electrons, assuming that in the latter case the HNLs are
produced due to the mixing with the active neutrinos. The relevant results for FASER 2 for the
HNLs produced in the ZD decays are shown with the red-shaded region, while the past bounds
from the CHARM-II experiments are indicated with the blue-shaded region. Right: the expected
number of elastic scattering events, Ne → Ne, in the CHARM-II (blue solid line) and FASER 2
(red solid line) that take into account the relevant cuts for the electron recoil energy and angle.
The red dashed line corresponds to the expected events in FASER 2 after the recoil angle cuts have
been relaxed. The dashed horizontal lines correspond to Nev = 20 (red) or 500 (blue) events, and
are used to set the CHARM-II and FASER 2 bounds (see the text for details).

does not depend on the mixing angle between the HNL and active tau neutrino, Uντ , and
the only such dependence can be in the HNL production. It can then provide a similar
contribution to the signal rate to the inelastic scattering of the active neutrinos. We show
the sum of both such contributions with the yellow line in the left panel in figure 4.

On the other hand, since the HNLs are also produced in the decays of on-shell dark
gauge bosons, this adds to the total scattering signal rate in a way that is fully independent
of the mixing angle.6 We, therefore, treat this contribution separately in the reach plot
in the (mN , UτN ) plane in the left panel of figure 4. In the right panel of figure 4, we
show the expected number of such signal events as a function of the HNL mass for both
the CHARM-II and FASERν2 experiments. Given the total observed number of ν and ν̄
electron scattering events in CHARM, which is equal to 2677 + 2752 [97], and using the
relevant flux uncertainties of order 5% [98], we expect that a few hundred of additional

6One should only require that UτN is small enough, such that the HNL does not decay before reaching
the detector.
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scattering events in CHARM from Ne → Ne processes would be a clear indication of
the BSM effect. For the illustration purposes, we then assume that scenarios predicting
Nev & 500 such events are already excluded. This analysis takes into account the cuts on the
electron recoil energy and angle used by the CHARM collaboration, which is implemented
following ref. [82].

The similar such cuts designed to search for new physics effects in electron scattering
events in FASERν2 [47] lead to much suppressed number of neutrino-induced BG events,
Nev ∼ 10 or O(100), where the latter estimate neglects the cuts on the electron recoil angle.
This leaves a room for improved constraints on this scenario based on the observation of
the Ne→ Ne events in FASERν2. It is especially the case for the increasing mass of ZD,
which is dominantly produced in the bremsstrahlung process, pp → ppZD, cf. section 2.3
and ref. [15] for the discussion relevant for the far-forward region of the LHC. In the right
panel of figure 4, we show the relevant number of events as a function of mN = mZD/8 for
a fixed value of the kinetic mixing parameter ε = 10−3. While the resulting HNL spectrum
is hard with the typical energy EN > 100 GeV, the spectrum of recoiled electrons after the
scattering is shifted towards lower energies, cf. ref. [47] for an extensive similar discussion
about dark matter scattering off electrons in the model with light vector mediators. For
illustration purposes, in the plots, we set the expected future exclusion bounds based on the
observation of more than 20 neutrino-like BSM elastic scattering events, Ne → Ne. This
is indicated with the red-shaded region in figure 4. As can be seen, this search extends the
expected FASERν2 sensitivity towards larger HNL masses with respect to the CHARM-II
bounds indicated with the blue-shaded region.

5 Conclusions

The neutrinos remain among the least experimentally tested SM species. This is espe-
cially the case at high energies, where the properties of many other known particles have
already been thoroughly investigated in colliders. The high-energy neutrino physics, in-
stead, provides a potentially very rewarding field of BSM research, which awaits a detailed
exploration in future dedicated searches.

The recently approved FASER experiment, and its possible successor FASER 2, along
with their neutrino subdetectors FASERν and FASERν2, will pave the way for such an
exploration beginning from LHC Run 3 throughout the HL-LHC phase. The experiments
were originally proposed to search for light and long-lived BSM particles [13, 15], as well
as to study the interactions of neutrinos at TeV energies [10]. Since then, however, several
other physics motivations have been introduced for BSM searches along the beam collision
axis in the far-forward region of the LHC. These include i.a. the search for DM scatter-
ing events [47] or for signatures of milli-charged particles [99]. In this study, we analyze
the corresponding discovery potential for new physics particles appearing in high-energy
neutrino interactions. While we have discussed the capabilities of both the FASER and
FASER 2 experiments, a particular emphasis has been put on the larger successor detector
to take data during the HL-LHC era.
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We have shown that such searches, besides employing a specific location of the ex-
periment, could much benefit from the unique properties of the FASER 2 detector. This
also includes a possible interplay between its spectrometer and the neutrino subdetector.
In particular, the latter allows one for a very precise reconstruction of interaction ver-
tices. This leads to several possible signatures that can be used to study new physics. We
have discussed the discovery prospects based on the standard search for two high-energy
oppositely-charged tracks, but also the search for high-energy photons appearing in the de-
tector and the single-electron scattering signature. They provide complimentary discovery
channels and significantly extend the sensitivity reach in certain BSM scenarios.

The new physics models analyzed in our study have been chosen for the best illustration
of this rich phenomenology. To this end, we have focused on BSM scenarios with GeV-scale
heavy neutral leptons that can be produced in the active neutrino scatterings inside or in
front of the detector. This allows FASER to effectively work as the high-energy neutrino
beam-dump experiment. We also point out the interesting effects that can appear due to
a combination of different production modes of new physics species.

While we focus on the simplest BSM scenarios employing the SM photon or dark gauge
boson mediators between the neutrinos and other SM species, we have also stressed that
other similar, though possibly more complex, models have been considered in the literature.
This has been done especially in connection to the persisting MiniBooNE anomaly [71, 73],
cf. refs. [33–36].

Last but not least, besides direct production of new physics species, other signatures
of BSM physics can also manifest itself in high-energy neutrino interactions in the FASER
and FASER 2 detectors. This could be e.g. due to oscillations to sterile neutrinos [10],
the double-bang signature in the emulsion detector [12], or the enhanced neutrino trident
production in the presence of light mediators, cf. a general discussion in ref. [100]. We leave
the further detailed analysis of these effects for the future dedicated studies for FASER. We
also note that a similar research agenda would be relevant for the recently proposed Forward
Liquid Argon Experiment (FLArE) [47] to be placed in front of FASER 2 in the Forward
Physics Facility (FPF) [101] during the HL-LHC era. The advent of precision high-energy
neutrino physics at the LHC opens up a new window to improve our understanding of these
elusive particles and their possible connections to a more fundamental BSM description of
microscopic interactions in nature.
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A HNL production in neutrino interactions

A.1 Coherent scatterings off nuclei

Coherent scatterings of the SM neutrinos off nuclei provide typically the dominant sec-
ondary production channel for the HNLs in our analysis. This is both due to the Z2

and (A − Z)2 enhancement factors [102], as well as because of typically low momentum
transfer associated with such scatterings. This allows to avoid activating veto layers in
the secondary production processes happening in front of the detector. In our analysis, we
follow ref. [12] for the cuts used in the analysis. In addition, further suppression of the
momentum transfer, |Q2| < (100 MeV)2, is required in our analysis when the scattering
events generating high-energy (Eγ > 1 TeV or 3 TeV) single photons in the ECC detector
are considered. This helps with the identification of the single photon vertices with no
additional hadronic activity in the emulsion.

The coherent production cross section of our interest are given by:

• for the neutrino dipole portal model to HNLs, cf. section 3.1 for the coupling constants
and model parameters, (see also refs. [28, 38] for the recent discussion)

dσ(ν +XA
Z → N +XA

Z )
dt

= −αµ2
NF

2
1 (
√
−t)

t2(m2
T −mN (2Eν +mN ))2

×
(
mN t(8E2

νmN + 4Eν(m2
N + t) +mN (m2

N + t))

+ 2m2
T (−2mN t(2Eν +mN ) +m4

N − t2) + 2m4
T t

)
+ αµ2

NF
2
2 (
√
−t)

2tm2
T (m2

T −mN (2Eν +mN ))2

×
(

4t(m2
T − 2EνmN )(m2

T −mN (2Eν +mN ))

+mN t
2(8Eν + 3mN )− 4m2

Tm
4
N + t3

)
, (A.1)

• for the model with the dark gauge boson, cf. section 3.2,

dσ(ν +XA
Z → N +XA

Z )
dt

= αF 2
1 (
√
−t)|UD4|2

(
1− |UD4|2

)
32s4

W c
4
WE

2
νm

2
T

(
m2
Z − t

)2 (
m2
ZD
− t
)2 (A.2)
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×
(

8E2
νm

2
T + 4EνmT

(
t−m2

N

)
−
(
2m2

T + t
) (
m2
N − t

))

×
(
πα
(
m2
ZD
− t
)2
(
A+ 4s2

WZ − 2Z
)2

Z2 + 32c4
W ε

2g2
Ds

4
W

(
m2
Z − t

)2
)
,

where mT and mN are the masses of the target nucleus and the HNL, respectively, A (Z)
refers to the atomic mass (number) of the nucleus, and sW (cW ) is the sine (cosine) of the
Weinberg angle. In the case of the massive ZD boson, we take into account the possible
additional impact of the scattering mediated by the Z boson from the SM.

In the expressions above, we take the form factor F1 that we parameterize with the
Helm form factor F [103] using

F 2
1 (
√
−t) = Z2F 2(

√
−t), (A.3)

where
F ≡ FHelm(Q) = 3 exp

(
−Q2s2

2

)
sin(Qr)−Qr cos(Qr)

(Qr)3 , (A.4)

and Q =
√
−q2 =

√
−t is square root of momentum transfer. We put s = 1 fm, r =√

R2 − 5s2, and R = 1.2A1/3 fm.
We have also included the effect of the screening of the nucleus by the electrons, which

could take place in the coherent regime. This is done by multiplying the Helm form factor
by the atomic form factor of the form [104, 105]

Gat(Q) = a2Q2

1 + a2Q2 , (A.5)

where a = 111Z−1/3/me. We have checked this effect has negligible influence on the results.
Hence, we do not include it in the formulas for the cross-sections above.

Instead, the magnetic form factor is not known analytically in the coherent regime.
However, in this case, there is no enhancement by factor of Z2. Therefore, the relevant
contribution to the cross section is strongly suppressed with respect to the one proportional
to F1 and we neglect it in our analysis.

A.2 Elastic incoherent scatterings off individual nucleons

The neutrino upscattering to HNLs is also possible to take place incoherently off individual
protons or neutrons. In this case, the expression for the scattering cross section remains
the same as above, cf. eqs. (A.1) and (A.2), with the target mass replaced by mT = mp or
mn, and with different form factors. We take them to be equal to:

F p,n1 =
Gp,nE +Gp,nM

Q2

4m2
p

1 + Q2

4ma2
p

,

F p,n2 = Gp,nM −G
p,n
E

1 + Q2

4m2
p

.

(A.6)
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In this expression, the electric (F p,n1 ) and magnetic (F p,n2 ) form factors are expressed
through the Sachs electric and magnetic form factors Gp,nE and Gp,nM , which in turn are
determined experimentally. It was shown that they can be written following the dipole
approximation, which remains valid up to Q2 ∼ 10 GeV2 [106]. This leads to the following
expressions used in our analysis

GD =
(

1 + Q2

0.71GeV2

)−2

, (A.7)

where
G
{p,n}
E = {GD, 0} ,

G
{p,n}
M = µ{p,n}GD,

µp,n = {2.793,−1.913}.

(A.8)

In the incoherent regime, the total cross-section scales only linearly with the number
of nucleons:

σtotal,incoh. = Z × σp + (A− Z)× σn. (A.9)

A.3 Scattering off electrons

The neutrino upscattering to HNLs is also produced in the interactions with electrons. The
relevant cross section formulae read

• for the neutrino dipole portal model to HNLs,

dσ(ν + e− → N + e−)
dt

= − αµ2
N

2m2
e(4E2

ν t+m4
N −m2

N t) + 4Eνmet(t−m2
N ) +m2

N t(m2
N − t)

2m2
eE

2
ν t

2 , (A.10)

• for the model with the dark gauge boson,

dσ(ν + e− → N + e−)
dt

=αε2g2
DU

2
4τ (1− U2

4τ ) (A.11)

×
(
8E2

1m
2
e − 2m2

N

(
4E1me +m2

e + t
)

+ 2met(2E1 +me) + 2m4
N + t2

)
2E2

1m
2
e

(
m2
ZD
− t
)2 .

In the latter scenario, we also consider elastic scattering off the HNLs off electrons
with the relevant cross section given by

dσ(N + e− → N + e−)
dt

= αε2g2
D

(
8E2

1m
2
e + 2t

(
me(2E1 +me) +m2

N

)
+ t2

)
2m2

e(E2
1 −m2

N )
(
m2
ZD
− t
)2 . (A.12)

B Decays widths

For completeness, we also provide the relevant decay widths used in our study.
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Neutrino dipole portal to HNLs. In the dipole portal scenario, the dominant two-
body decay width of the HNL into the SM neutrino and photon is given by [28]

Γ = µ2
Nm

3
N

4π . (B.1)

The HNL can also decay into the three-body final state. The corresponding decay
width into the pair of leptons and photon, N → γ``, reads

ΓN→γ`` = 1
512π3m3

N

∫ m2
N

4m2
`

ds2

∫ smax
1

smin
1

ds1|M |2, (B.2)

where

|M |2 = 8µ2
Ne

2 (2m4
`s2 + 2m2

`

(
m4
N − s2(2s1 + s2)

)
+ s2

(
m4
N −m2

N (2s1 + s2) + 2s1(s1 + s2)
))

s2
2

.

(B.3)
The differential cross section can then be written as

dΓN→γ``
ds2

=
µ2
Ne

2
√

1− 4m2
`

s2

(
2m2

` + s2
) (
m2
N − s2

)2 (2m2
N + s2

)
192π3s2

2m
3
N

. (B.4)

The total cross section reads

ΓN→γ`` =
e2µ2

N

((
8m6

` − 2m6
N

)
log

(
2m`√

m2
N−4m2

`
+mN

)
+mN

√
m2
N − 4m2

`

(
−2m4

` + 5m2
`m

2
N − 3m4

N

))
96π3m3

N

.

(B.5)
When applying the threshold of 100 GeV for the visible energy in the detector, the

integration in eq. (B.4) needs to be performed with the relevant condition taken into ac-
count. We refer to such result as the “effective” branching fraction, when discussing the
right panel of figure 2 in section 4.

Model with the dark gauge boson. In the case when mN > mZD , in which the decay
N → ZDν is possible, the HNL decay width reads [30]

ΓND→ZD+ν = αD
2 |UD4|2

(
1− |UD4|2

) m3
ND

m2
ZD

(
1−

m2
ZD

m2
ND

)(
1 +

m2
ZD

m2
ND

− 2
m4
ZD

m4
ND

)
. (B.6)

Here, the dark gauge boson can subsequently decay into the e+e− or νν̄ pair with the
corresponding decay widths given, respectively, by

ΓZD→e+e− ≈
αε2

3 mZD , (B.7)

and
ΓZD→νν = αD

3 (1− |UD4|2)2mZD , (B.8)

where αD = g2
D/(4π). In our case, typically, αε2 � αD

(
1 − |UD4|2

)2 so that ZD decays
mainly into the e+e− final state.
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In the case when mN < mZD , we use result from ref. [39]

ΓN→ντ e−e+ = G2
Dε

2

48π3 |Uτ4|2m5
N

[
I2

(
0, me

mN
,
me

mN

)
+ 2I1

(
0, me

mN
,
me

mN

)]
, (B.9)

where GD = g2
D/
(
4
√

2m2
ZD

)
and the functions I1, I2 are defined as follows [107]:

I1(x, y, z) = 12
∫ (1−z)2

(x+y)2

ds

s

(
s− x2 − y2

) (
1 + z2 − s

)
λ1/2

(
s, x2, y2

)
λ1/2

(
1, s, z2

)
,

(B.10)

I2(x, y, z) = 24yz
∫ (1−x)2

(y+z)2

ds

s

(
1 + x2 − s

)
λ1/2

(
s, y2, z2

)
λ1/2

(
1, s, x2

)
, (B.11)

where
λ(x, y, z) = (x− y − z)2 − 4yz. (B.12)
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