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Abstract: The SND@LHC detector experiment is located at the Large Hadron Collider (LHC), about
480 m downstream of the ATLAS interaction point. The detector is designed to measure, for the first
time ever, high-energy neutrinos produced at the LHC in the pseudorapidity region of 7.2 < η < 8.4,
which is inaccessible to other LHC experiments. The detector comprises a hybrid system that
incorporates multiple components. The detector includes a 830 kg target composed of tungsten
plates arranged in alternating layers with nuclear emulsion and electronic trackers: this arrangement
functions as an electromagnetic calorimeter. Following the electromagnetic calorimeter, there is
a hadronic calorimeter and a muon identification system. The detector possesses the ability to
differentiate interactions involving all three neutrino flavours, enabling investigations into the
physics of heavy flavour production in the forward region. This research is particularly significant
for future circular colliders and high-energy astrophysical neutrino experiments. Furthermore, the
detector has the ability to search for the scattering of Feebly Interacting Particles. The detector started
operating during the LHC Run 3, and it collected a total of ∼39 fb−1 in 2022. The detector aims to
collect approximately 250 fb−1 in the whole of Run 3.
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1. Introduction

The SND@LHC detector is a compact experiment that aims to perform the first obser-
vations of neutrinos produced at colliders in an energy range that has never been studied
before, exploiting the large number of energetic neutrinos from all flavours produced by the
LHC [1,2]. The experiment will study the unexplored pseudorapidity range of 7.2 < η < 8.4,
in which a significant portion of neutrinos come from the decay of charmed hadrons [3]: this
allows the exploration of heavy flavour production in a region that other LHC experiments
cannot access. In addition, SND@LHC exhibits sensitivity towards Feebly Interacting Parti-
cles (FIPs), a novel category of particles. FIPs are characterised either by their extremely
light mass, and by their infrequent production in collisions involving regular particles, or
by extended lifetimes that enable them to travel substantial distances. SND@LHC has the
capacity to detect FIPs by observing their scattering of atoms within the detector’s target:
this direct search approach offers an experimental sensitivity within a region of the FIP
mass-coupling parameter space that complements other indirect search methods.

SND@LHC is located about 480 m downstream of the ATLAS interaction point (IP1), in
the TI18 tunnel. About 100 m of rock shields the detector from the majority of charged par-
ticles generated during collisions in the LHC. The ability to identify charged leptons, and to
accurately measure the energy of neutrinos, is of paramount importance for distinguishing
between the three neutrino flavours in charged current interactions, and investigating their
source. These requirements heavily influenced the design of the SND@LHC apparatus,
which also had to consider the spatial limitations imposed by the selected installation site.
The installation of SND@LHC took place during Long Shutdown 2, in 2021. The detector
started collecting data at the start of LHC Run 3, and it will integrate 250 fb−1 until 2025.
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2. Materials and Methods

The SND@LHC detector has been designed to identify the three neutrino flavours,
measure their energy and conduct a direct search for Feebly Interacting Particles (FIPs). The
apparatus comprises three key components: a vertex detector that exhibits a sufficiently
high resolution to differentiate the neutrino-interaction vertex from the decay of the τ
lepton; a calorimeter capable of measuring both electromagnetic and hadronic energy
with a commendable time resolution; and a muon system designed to identify the muon
resulting from νµ charged-current interactions and the muonic decay of the τ lepton.

Preceding the target region, two planes of scintillator bars are positioned, to serve as a
veto for charged particles, predominantly muons originating from IP1. The target region,
weighing approximately 830 kg, is equipped with five walls of Emulsion Cloud Chamber
(ECC) units, each accompanied by a Scintillating Fibre (SciFi) plane. Each ECC unit
comprises emulsion films, which function as high-precision tracking devices, interleaved
with passive material that serves as the neutrino target. Tungsten was selected as the
passive material, to maximise mass within the given volume. The SciFi planes furnish
event timestamps, and offer a suitable time resolution for measuring the time-of-flight of
particles originating from IP1. The amalgamation of the emulsion target and the target
tracker also serves as an electromagnetic calorimeter, totalling 85 X0.

The veto system, emulsion target and target tracker are enclosed within a borated
polyethylene–acrylic box: this box serves a dual purpose, as a shield against low-energy
neutrons, and as a controlled environment for maintaining optimal temperature and
humidity conditions for the emulsion films.

The hadronic calorimeter and muon identification system are positioned downstream
of the target: they consist of eight iron slabs, collectively spanning 9.5 interaction lengths
(λint), with each slab followed by one or two planes of scintillating bars. The development of
the hadronic shower commences within the target region, which contributes an average of
1.5 λint, resulting in a combined length of approximately 11 λint: this configuration ensures
comprehensive coverage of the hadronic showers. For muon identification, emphasis is placed
on the last three planes of scintillator bars: these planes are equipped with double layers of
narrower bars, offering increased granularity in both vertical and horizontal directions.

Figure 1 displays the layout of the detector, illustrating all its components, except for the
neutron shield. The detector maximises the utilisation of the available space within the TI18
tunnel, to achieve the desired coverage in pseudorapidity. Furthermore, Figure 2 provides
both side and top views, showcasing the positioning of the detector within the tunnel.

Figure 1. Layout of the SND@LHC experiment [4].
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Due to the dimensions of the tunnel, the inclined slope of the floor and the distances
of the tunnel walls and floor from the nominal collision axis, the design of the detector
faced several constraints. As there was no time available for civil engineering modifications
prior to the start of Run 3, the detector layout had to be optimised, to strike a balance
between geometric limitations and physics requirements, which included achieving a
reliable calorimetric measurement of energy, necessitating approximately 10 λint, ensuring
an efficient muon identification that demanded sufficient material for hadron absorption,
and attaining the desired azimuthal angular acceptance with the target region’s transverse
size. The energy measurement and muon identification constraints imposed a minimum
length requirement for the detector, of 2.5 m.

Figure 2. Side and top views of the SND@LHC detector in the TI18 tunnel [4].

3. Physics Goals

Neutrinos serve as a valuable tool for conducting precise tests of the Standard Model
(SM) [5–8], and are also instrumental in exploring new physics [9,10]. Figure 3 illustrates
the existing measurements of a neutrino cross-section, revealing an unexplored region
between 350 GeV and 10 TeV [11]. In the recent decades, investigations into neutrino
interactions have primarily focused on low energies. SND@LHC aims to extend these
studies to higher energies, reaching up to a few TeV, thereby expanding our understanding
of neutrinos in this energy range.

Figure 3. Available measurements of the ν and ν̄ cross-section at different energies [11].

The SND@LHC experiment is driven by multiple objectives, including: studying
the production of charmed hadrons in high pseudorapidity pp collisions; testing the
lepton flavour universality in neutrino interactions; and measuring the ratio between
charged current (CC) and neutral current (NC), to calculate the Weinberg angle as an
internal consistency check. Moreover, SND@LHC can perform direct searches for FIPs,
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independently of any specific models, by using a recoil signature combined with a time-
of-flight measurement, to eliminate neutrino interactions. The experiment’s 200 ps time
resolution allows it to differentiate between massive FIPs and neutrinos’ scattering, by
varying degrees of significance, depending on the particle mass [12].

Figure 4 presents the neutrino fluxes as a function of ην (pseudorapidity) and Eν

(neutrino energy), within the acceptance range of SND@LHC. The momentum of the two
ντ produced in the Ds → τντ → X−ν τντ decay chain led to a correlation between ην and Eν,
which can be clearly seen in the right panel. In the case of ντ , there was no contamination
at low energy. The majority of νe and ντ originated from the decay of charmed hadrons,
with around 10% of νe interactions within the acceptance arising from K decay, particularly
K0s with energies below 200 GeV. The contribution of beauty hadron decays at IP1 was
estimated to be approximately 3%, using the PYTHIA8 [13] event generator. On the other
hand, the distributions of νµ and ν̄µ were significantly influenced by a softer component
resulting from π and K decays, particularly at low energy, which explains the differing
intensity scales in Figure 4. The average energies within the acceptance region also differed,
with muon neutrinos having an average energy of around 150 GeV, while electron and tau
neutrinos had an average energy of approximately 400 GeV.

10 210 310
 (GeV)ν E

7

8

9

10νη 

0

0.1

0.2

0.3

910×

-1
/fb µν+ µν 

SND@LHC acceptance

 (13 TeV)-11 fbSND@LHC                    Simulation

10 210 310
 (GeV)ν E

7

8

9

10νη 

0

20

40

610×

-1
/fb eν+ eν 

SND@LHC acceptance

 (13 TeV)-11 fbSND@LHC                    Simulation

10 210 310
 (GeV)ν E

7

8

9

10νη 

0

2

4

610×

-1
/fb τν+ τν 

SND@LHC acceptance

 (13 TeV)-11 fbSND@LHC                    Simulation

Figure 4. Neutrino and anti−neutrino flux as a function of ν energy Eν and pseudo-rapidity ην for
muon (top), electron (middle) and tau (bottom) neutrinos [2].

Figure 5 showcases the energy spectra of neutrinos involved in charged-current deep
inelastic scattering (DIS) within the SND acceptance range, specifically in the W target.
The displayed spectra are based on extrapolated cross-sections obtained from measured
cross-sections of νµ and ν̄µ interactions [14], in accordance with the predictions of the
Standard Model. For ντ interactions, mass effects were taken into account [15], leading to a
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reduction in the cross-sections. The data presented in Figure 5 correspond to an integrated
luminosity of 250 fb−1.
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Figure 5. Energy spectrum of the different types of incoming neutrinos and anti-neutrinos, as
predicted by the DPMJET [16,17]/FLUKA [18,19] simulation. The result of the simulation has been
normalised, to produce neutrino spectra for 250 fb−1 [4].

Table 1 provides a summary of the achievable measurements using neutrinos with an
integrated luminosity of 250 fb−1 at a centre-of-mass energy of 13 TeV. In the search for
ντ , where the charged lepton is not identified, the main background arises from νµ and νe
charged-current events with charm production, constituting approximately 10% of the total
events. By applying straightforward kinematic cuts, this background can be substantially
reduced [20], resulting in a final signal-to-background ratio of approximately 4.

Table 1. Measurements proposed by SND@LHC in the analyses of neutrino interactions with Run 3
data [2].

Measurement Uncertainty
Stat. Sys.

pp→ νeX cross-section 5% 15%
charmed hadron yield 5% 35%
νe/ντ ratio for LFU test 30% 22%
νe/νµ ratio for LFU test 10% 10%
NC/CC ratio 5% 10%

3.1. Charmed Hadron Production at Large η in pp Collisions

Assuming that the Standard Model prediction for the deep inelastic scattering CC cross-
section of the electron neutrino is correct, which is supported by results from HERA [21], νe
can be used to investigate the charm production in the SND@LHC pseudorapidity range: to
achieve this, the instrumental effects are unfolded, and the contribution of K is subtracted
from the observed energy spectrum of the neutrinos. A method has been developed
to estimate the energy spectrum of incoming neutrino flux from the unfolded energy
resolution effects: this procedure permits the pp→ νeX cross-section to be measured with
a precision of 15%, where the primary source of uncertainty is the systematic uncertainty
provided by the unfolding method.

Various event generators predict different levels of K contribution, but they unani-
mously agree that these events are limited to energies below 200 GeV. Once the K contri-
bution has been subtracted, there remains an additional 20% uncertainty in heavy quark
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production, due to the uncertainty in K production. To establish a comprehensive process,
a full simulation was implemented, so as to establish a connection between the yield of
charmed hadrons in a specific η region and the neutrinos in the corresponding measured η
region: this introduced an additional 25% systematic uncertainty into the yield of charmed
hadrons. Consequently, the measurement of charmed hadron production in pp collisions
can now achieve a statistical uncertainty of around 5%, with the primary source of un-
certainty stemming from a systematic error of 35%; moreover, this method can provide
valuable information about the gluon parton distribution function in an unexplored x
region. As the charmed quark is produced through gluon–gluon scattering, one gluon
having x ∼ 2× 10−1, and the other one having x ∼ 2× 10−6, on average, the measurement
enables insights into gluon distribution at these specific x values.

3.2. Lepton Flavour Universality Tests in Neutrino Interactions

Cross-section ratios can serve as tests for lepton flavour universality (LFU) in neutrino
interactions, by considering two specific ratios: νe/ντ and νe/νµ. Tau neutrinos are predom-
inantly produced through the decay Ds → τντ , with approximately 8% originating from
beauty decays. Electron neutrinos arise from decays of D0, D, Ds and Λc. The cross-section
ratio R13 = νe/ντ solely relies on charm hadronisation and decay branching fractions. The
systematic uncertainty in the fraction of Ds is studied using different event generators,
such as PYTHIA8 [13], PYTHIA6 [22] and HERWIG [23], resulting in an uncertainty of 22%:
uncertainties related to charm quark production cancel out in this ratio; therefore, R13 is
sensitive to the ratio of ν-nucleon interaction cross-sections, and allows for LFU testing in
neutrino interactions, with a dominant statistical uncertainty of 30%, attributable to the size
of the ντ sample. The branching fractions in charmed hadron decays for the production
of νe and νµ are nearly equal, effectively cancelling each other out when taking the ratio
R12 = Nνe /Nνµ ; however, this ratio is significantly impacted by the contamination of νµ

from decays of π and K, which remains stable above 600 GeV, with an accuracy of 15%.
Consequently, the ratio of cross-sections can be expressed as R12 = 1/(1 + ωπ/K), where
ωπ/K represents the contamination factor.

3.3. Measurement of the NC/CC Ratio

To differentiate between charged-current (CC) and neutral-current (NC) interactions,
it is necessary to identify the charged leptons associated with the three flavours. However,
in the absence of a magnetic field, distinguishing between CC interactions with neutrinos
and anti-neutrinos is not possible, because charge identification is not feasible. Similarly,
the flavours of NC interactions cannot be distinguished in a mixed beam. Assuming that
the fluxes of ν and ν̄ as a function of neutrino energy are equal, the ratio of NC to CC
cross-sections, denoted as R+, is equal to the ratio of observed events in the respective
channels. In the limit of deep inelastic scattering at high momentum transfer, neglecting sea
quarks, nuclear effects and QCD effects, R+ can be expressed as a function of the Weinberg
angle [24]:

P =
1
2

{
1− 2 sin2 θW +

20
9

sin4 θW − λ(1− 2 sin2 θW) sin2 θW

}
. (1)

The last term in Equation (1) accounts for the correction related to the non-isoscalar
nature of the target, where λ = 0.04 is the correction factor for tungsten. The uncertainties
associated with the measurement are as follows: (a) systematic uncertainties of approx-
imately 10%, which arise from factors such as the asymmetry in the ν/ν̄ spectra, muon
identification, neutron-induced events and CC/NC migration; (b) statistical uncertainties
of about 5%, due to the limited number of observed NC interactions. This measurement
will serve as a control measurement, to ensure the accuracy and reliability of the data.
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3.4. Neutrino-Induced Charm Production

High-energy neutrino interactions are capable of producing charmed hadrons, pro-
viding a valuable tool for studying charm physics [8]. Unlike colliding beams, neutrino
interactions also involve processes such as quasi-elastic and diffractive scattering, which
contribute to the production of charmed hadrons: this unique characteristic makes neutrino
interactions particularly suitable for exclusive charm studies. Feynman diagrams depicting
the production of charmed hadrons in neutrino and anti-neutrino interactions are shown in
Figure 6. Numerous experiments have reported data on charmed hadron production in
neutrino and anti-neutrino charged-current interactions. The NuTeV experiment [25], for
instance, collected a substantial number of charmed hadron candidates (5102 in νµ and 1458
in νµ interactions) within a (x, Q2) region that overlapped with the region being explored
by SND@LHC.

Nuclear emulsion technology offers a unique advantage, in identifying charmed
hadrons through the observation of a two-vertex topology, eliminating the need for kine-
matical cuts. Among the emulsion experiments with the largest neutrino flux, CHORUS [26]
measured 2013 charm candidates from νµ interactions, and 32 from νµ interactions. The
OPERA experiment [27] reported a tau-neutrino candidate with charmed hadron produc-
tion. However, no charm candidate from electron–neutrino interactions has been reported,
thus far.

In contrast to regular neutrino scattering, where the presence of valence quarks favours
the d quark as the target, compensating for the Cabibbo angle suppression, charmed hadron
production in anti-neutrino interactions predominantly involves the anti-strange quark
in the nucleon, as depicted in the right-hand panel of Figure 6. Measurements conducted
at SND@LHC can be utilised to determine the s-quark content of the nucleon, providing
valuable information for precision tests of the Standard Model.

(a) (b)
Figure 6. Charm production in neutrino (a) and anti-neutrino (b) charged-current interactions.

In cases where the lepton produced in a neutrino charged-current interaction cannot
be identified, the primary background for searches involving ντ comes from interactions
of νµ(ν̄µ) and νe(ν̄e) with subsequent charmed hadron production. However, the OPERA
experiment [20] has demonstrated that a cut-based analysis can effectively reject such
events, by utilising kinematical characteristics. Specifically, the expected back-to-back
alignment of the lepton and the hadronic jet in the transverse plane can be exploited as a
kinematical feature, to distinguish signal events from background events.

4. Future Prospects

In light of the unique capabilities of the SND@LHC detector in distinguishing all
three neutrino flavours, and accurately measuring their energy, an upgrade proposal for
the High-Luminosity LHC (HL-LHC) has been put forward [28]. The upgraded version
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would involve the use of two detectors. The first detector would be positioned in the same
pseudorapidity region as the current SND@LHC detector (see Figure 7, and would focus
on measuring charm production and conducting lepton flavour universality tests with
neutrinos, at a precision level of 1%. The second detector would be located in the region
with 4 < η < 5, and would primarily perform measurements of neutrino cross-sections.
This detector would benefit from the overlap with the LHCb experiment, which would
help reduce systematic uncertainties. To achieve an increased azimuth angle coverage, the
proposal suggests exploring potential locations in existing caverns that are closer to the
interaction point: this would allow for better coverage of the neutrino interactions in the
desired regions. The second module of the upgraded SND@LHC would serve as a near
detector, aimed at reducing systematic uncertainties, and improving the overall precision of
the measurements.

Figure 7. Schematic drawing of an upgraded version of the current detector, beyond Run 3 [2].

The proposed upgrade for each detector in the SND@LHC experiment would consist
of three elements. The first element, located upstream, would serve as the target region
for vertex reconstruction, and would measure electromagnetic energy, using a calorimetric
approach. The second element, positioned downstream, would house the muon identi-
fication and hadronic calorimeter system. This system would be followed by a magnet
designed for muon charge and momentum measurement. The target region would be con-
structed using thin, sensitive layers interleaved with tungsten plates, with a total mass of
approximately 5 tons. To achieve high-precision vertex reconstruction and electromagnetic
energy measurement, compact electronic trackers with a high spatial resolution are being
investigated. The use of nuclear emulsion is not feasible, due to technical constraints. The
hadronic calorimeter and muon identification system would be optimised, with the goal
of exceeding 10 radiation lengths, to enhance muon identification efficiency and improve
energy resolution. Additionally, a magnetic field, with a strength of about 1 Tesla, would
be applied over a length of approximately 2 m.

The upgraded SND@LHC would provide a unique opportunity to study the physics of
heavy flavour production at the LHC, in a region that is not accessible to other experiments.
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