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Abstract

This thesis is about the SND@LHC experiment, a compact, standalone detector located
in the TI18 tunnel (480 m downstream of the ATLAS interaction point).
The experiment is designed to detect and identify neutrinos of all three flavors, produced
in LHC proton-proton collisions in the pseudorapidity region 7:2 < � < 8:4, and to study,
for the first time in laboratory, neutrino interactions in the energy range between 300 GeV
and 1 TeV.
In this thesis, I focused on studying the reconstruction of hadronic showers using test
beam data to evaluate the accuracy and sensitivity achievable by the experiment in
locating hadronic showers. The method achieved an angular resolution of approximately
30 mRad. The reconstruction of hadronic shower directions is relevant for determining
the energy of the incoming neutrino.
All analyses were carried out using C++ code developed specifically for this purpose.
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Introduction

Neutrinos are among the most intriguing particles in the Standard Model of particle
physics. On one hand, as part of the Standard Model, they provide unique insights into
fundamental physics. On the other hand their non-zero mass points to physics beyond
the Standard Model.

The SND@LHC experiment is a compact, standalone experiment located in the TI18
tunnel (480 m downstream of the ATLAS interaction point). It allows for the identifi-
cation of all three flavors of neutrino produced in LHC proton-proton collisions. It aims
to explore neutrino interactions in an energy range between 300 GeV and 1 TeV, which
has not been studied before in a laboratory.

The SND@LHC detector consists of three main components: a veto system, to exclude
charged particles entering the detector; a neutrino target with tracking capability, with
a mass of about 830 Kg; and a hadron calorimeter and a muon tracker. The target
is composed by walls of tungsten and nuclear emulsions, interleaved with Scintillating
Fibers tracking modules.

In Chapter 1, I discuss various aspects of neutrinos, from their discovery to their impli-
cations in physics beyond the Standard Model.

In Chapter 2, I describe the SND@LHC detector, detailing its components and their
respective functions. Special attention is given to the test beam, which was used to cali-
brate the measurement of hadronic energy and determine uncertainties and resolutions.

Finally, in Chapter 3, I present my work. This focuses on the study of hadronic showers,
using test beam data, for developing a method to determine their positions and directions.
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Chapter 1

Neutrino Physics

1.1 Neutrino experimental observation

Although the existence of neutrinos was postulated in the '30s [1], to explain the electron
emission spectrum in beta decays, they were experimentally observed much later, in 1956,
at the Savannah River nuclear reactor. The experiment, led by Reines and Cowan [2],
aimed to verify the inverse� -decay:

�� e + p ! n + e+

The decision to conduct the experiment near a nuclear reactor, which provided a huge

Figure 1.1: Double signature of inverse� -decay.


ux of anti-neutrinos � ' 1013 cm� 2s� 1, was relevant to overcome the extremely low
cross-section of the process� ' 10� 38 cm2 [2].
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The experimental setup consisted of a water tank, covered by photomultiplier tubes, and
�lled with a liquid scintillator enriched with Cadmium. The antineutrino interaction
process is schematically represented in Figure 1.1. When an antineutrino interacts, the
emitted positron annihilates with an electron, typically within a few ns, leading to the
emission of two photons traveling in opposite directions. Simultaneously, the neutron
undergoes multiple scatterings, following a random path until it becomes thermalized
and is subsequently captured by a Cadmium nucleus. Then the Cadmium nucleus de-
excites by emitting 9 MeV as gamma rays. The entire neutron capture process needs a
few � s to complete.

The key aspect of this experiment is the time delay of a few� s between the two 
ashes
of light, which are collected by the photomultiplier tubes that convert the photons into
electric signals. The pulses from all the tubes are combined, counted, processed, and

Figure 1.2: Oscilloscope traces from the Savannah River Experiments.

displayed on an oscilloscope screen, as shown in Figure 1.2, where positron and neutron
delayed-coincidence signals can be seen [2]. This sequence of two 
ashes of light, sepa-
rated by a few microseconds, is the double signature of inverse� decay con�rming the
existence of neutrinos.

1.2 Neutrino Helicity

In 1958, Goldhaber studied the helicity of neutrinos through measurements on the decay
of Europium (J=0), as shown in Figure 1.3, in a two-step process [3]: the �rst step
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Figure 1.3: Schematic representation of Europium decay. The �rst step is the electron
capture leading to an excited Samarium, the second step is the de-excitation of Samar-
ium.

involves orbital electron capture

152Eu + e� ! 152Sm� + � e

which leads to an excited state of Samarium (J=1) and the emission of a neutrino with
an energy of 840 keV. The second step is the de-excitation of Samarium via an electric
dipole (E1) 
 -ray transition:

152Sm� ! 152Sm + 


emitting a photon of 961 keV, in this way the Samarium goes to the ground state. Requir-
ing the conservation of angular momentum in the �rst reaction, the excited Samarium
and the neutrino must have the same helicity:

h(Sm� ) = h(� e) : (1.2.1)

In the second step, the helicity of
 -rays is studied through their circular polarization.
A ring of Samarium resonantly scatters these photons, and the ones emitted along the
recoil direction of the excited Samarium must have the same helicity as the Samarium:

h(
 ) = h(Sm� ) : (1.2.2)

Combining the constraints from Equations (1.2.1) and (1.2.2), measuring the helicity of
photons allow for a direct measurement of neutrino helicity [4].

Figure 1.4 shows the experimental setup used to measure the helicity of the photons. The
Eu source was inserted inside an electromagnet, which was alternately magnetized in the
upward or downward direction to select photons with either positive or negative helicity.
Depending on their helicity, the photons interact di�erently via Compton scattering with
the electrons contained in the magnetized iron.
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Figure 1.4: Experimental setup for studying the circular polarization of resonant scat-
tered 
 rays.

Figure 1.5: Results of Goldhaber experiments that con�rm that neutrinos are left-
handed. It shows the resonant scattered
 rays of Eu152.

By the recoil of 152Sm nuclei promptly emitted either a 960 keV or a 840 keV gamma
ray; the latter emission was not signi�cant to the experimental outcomes. The 960 keV
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gamma rays emitted in the direction of stable152Sm nuclei experienced a Doppler shift,
with the degree of this shift dependent on the emission angle of the associated neutrino.
For neutrinos emitted away from the 152Sm target, the Doppler shift of the 960 keV
gamma ray was positive, leading to an increase in the observed energy. Experimental
measurements showed a higher transmission rate when the photon spin was aligned with
the electron spin, which was opposite to the direction of the applied magnetic �eld (B-
�eld). The design incorporated a resonant ring that selectively allowed photons emitted
along the recoil trajectory of the excited samarium nuclei to pass through.
As illustrated in Figure 1.5, peaks in transmission were observed when the B-�eld was
oriented downward, favoring the transmission of left-handed photons. This observation
strongly supports the conclusion that neutrinos are left-handed, as it aligns with the
maximal transmission con�guration for left-handed photon interactions.

1.3 Parity violation

CP symmetry refers to the simultaneous application of Charge conjugation (C), which
transforms a particle into its antiparticle, and Parity (P), which involves 
ipping the
spatial coordinates (i.e., the direction of motion). To illustrate this, Figure 1.6 shows
an example of CP symmetry application [4]. When only P is applied, the particle's
direction is reversed, but its spin remains unchanged, obtaining a right-handed neutrino.
When only C is applied, the particle becomes its antiparticle, producing a left-handed
antineutrino. When both C and P are applied (CP symmetry), the result is a right-
handed antineutrino. In the second half of the 20th century it was well established that

Figure 1.6: Example of application of CP symmetry. Up to now only (a) and (d) states
have been observed.

weak interactions violate both Parity and Charge conjugation. One of the most known
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experiments, happened in 1956, was the one led by Madame Wu [4], this experiment had
the aim to demonstrate the Parity violation in beta decays. The experiment studied the
� � decay of60Co,

60Co ! 60Ni � + e� + �� e

This process is a pure Gamow-Teller transition, where the angular momentum changes
from 5+ in Cobalt to 4+ in Nickel. The excited Nickel then de-excites through photon
emission:

60Ni � ! 60Ni + 
 :

Figure 1.7: Schematic diagram showing the demagnetization cryostat used to polarize
the 60Co.

The key feature of the experiment was to polarize the Cobalt nuclei to align their spins in
the same direction. To achieve this, a magnetic �eldB = 1:2 T and a cryostat, cooling the
sample to 0:01 K, were used. In addition, adiabatic cooling with an orthogonal magnetic
�eld and a paramagnetic salt (Cerium-Magnesium Nitrate) was employed to further
reduce the temperature to 3 mK. The experimental apparatus is shown in Figure 1.7.
Two photon detectors were used, one along the cryostat axis and another perpendicular
to it. An e� detector along the axis measured electron polarization. The experiment
revealed that the emission was not isotropic, as shown in Figure 1.8. The splitting
observed in the curves is attributed to the anisotropy of the
 emissions, which disappears
as the magnetization vanishes. In contrast, the detection of� particles re
ects parity
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Figure 1.8: Results of the experiment of Madam Wu, showing in the left the counts of
photons and in the other the counts of photons with respect to the one of Cobalt.

violation. The observed� asymmetry doesn't change sign with changing the direction of
the demagnetization �eld, indicating that it is not caused by the remanent magnetization
in the sample. The asymmetry coe�cient sign is negative, thus the emission of� particles
is more favored in the direction opposite to that of the nuclear spin [4].

1.4 Neutrino 
avors

In the late '50s, begin '60s, an open question in particle physics was whether neutrinos
appearing in� decays were the same type as those appearing in muon and pion decays.
If they were the same, one might expect to observe the electromagnetic decay of muons
via the process:

� � ! e� + 


and the expected Branching Ratio for this process would be around' 10� 5, while the
measured value amounted to< 6 � 10� 13 [5]. In 1962, at the Brookhaven laboratory's
Alternating Gradient Synchrotron (AGS), Schwarz Lederman and Steinberg observed a
new type of neutrino. They studied the interactions of neutrinos produced from pion
and kaon decays, which were created in proton-beryllium collisions. Since these decays
produced muons, they were used as a source of neutrinos.

The idea behind the experiment was simple: if only one 
avor of neutrinos existed, then
equal amounts of muons and electrons would be produced in charged lepton formation
processes. However, if di�erent 
avors of neutrinos existed, an excess of muons should
be observed, according to the reaction:

� � + N ! � � + X :
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Figure 1.9: Tracks made in the sparks chambers in Schwarz, Lederman and Steinberg
experiment. On the left there are electromagnetic showers generated by an electron, on
the right there are deep penetrating tracks, ascribable to muon.

To detect neutrino interactions, a 10� ton aluminum spark chamber made of 90 planes
was used. The chamber was located 21 m behind the beryllium target and shielded by
a 13:5 m steel wall to stop all secondary particles except neutrinos [6]. Figure 1.9 shows
the results: on the left, an electromagnetic shower produced by an electron is seen, while
on the right, a long penetrating track, produced by a muon, is visible.

The experiment recorded 34 muon events and only 6 electron showers, con�rming the
existence of distinct neutrino 
avors [7].

In 1975, the discovery of the third charged lepton, the� , led to the hypothesis of the
existence of a third neutrino 
avor. This was con�rmed in 2000 by the DONUT and
OPERA experiments, which directly observed charged current interactions of tau neu-
trinos. The key challenge was identifying the� lepton, which has a decay length of only
few mm.
Both experiments used nuclear emulsions to detect tau neutrinos. Charged particles
leave a track in the layers of emulsion, allowing to reconstruct their direction.

In the DONUT setup � neutrinos were produced by colliding 800 GeV protons from
Fermilab with a tungsten target, producing DS mesons, which decay into� and �� �

[8], as shown in Figure 1.10. After interacting with the tungsten, the decay products
passed through a magnet and thick shielding layers made of concrete, iron and lead, in
order to �lter out all particles except the neutrinos. The data analysis reconstructed the
interaction vertex and identi�ed the tau lepton's decay. Only four events were ultimately
selected, with a probability of these being background noise at 4� 10� 4. This con�rmed
the existence of� neutrino charged current interactions [8]. The observed tau decays
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Figure 1.10: Schematic representation of� � formation, from proton beam against tung-
sten and the selection of neutrino beams by magnets and a thick shielding layer.

followed two processes:

� ! h + � � + X (1.4.1)

� ! e+ � � + � e (1.4.2)

The events are shown in Figure 1.11, where the �rst and fourth images depict tau decays
into electrons (process 1.4.2), and the second and third show tau decays into hadrons
(process 1.4.1).

On the other side OPERA, located in Gran Sasso Laboratories, used neutrinos beams
sent directly from CERN, 732 km away, with an energy of 17 GeV [9]. Tau neutrinos
in the beam were expected due to neutrino 
avor oscillations (see Section 1.8). OPERA
observed 10 events ascribable to the production of a� with a statistical signi�cance
of 6:1� . In Figure 1.12 is reported the decay of a� , the vertex in which the neutrino
interacts is in the left of the image, the short line numbered as 4 (in red) is the trace of
the lepton, that decays in a charged pion, (the number 8 trace, the sky-blue one) and
a neutral pion, whose trace is given by the two photons
 1 and 
 2 in which it decayed
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Figure 1.11: � � charged current interactions. The �rst and fourth images show� lepton
decays into an electron (process 1.4.2), while the second and third show� decays into
hadrons (process 1.4.1).

Figure 1.12: Reconstruction of a� decay in the OPERA experiment.
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shortly after, visible as showers in yellow and in orange.
As reported in Figure 1.13, OPERA was made by two modules, each one was composed of
75000 bricks of lead distributed along 27 walls, each one was covered with photographic
�lms (nuclear emulsion), thick 300 � m. In the void space between two walls there are
plastic scintillators both in vertical and horizontal directions 200� m thick.

Figure 1.13: OPERA experiment in Gran Sasso Laboratories, it can be seen the two
modules of the experiments, made by 27 walls, composed by 75000 bricks of lead covered
by photographic �lms.

1.5 Fermi's theory

In 1934, Fermi proposed a theory to explain� decay processes, by modeling them as
current-current interaction taking as reference the structure of Quantum Electrodynam-
ics (QED), but with additional hypotheses [10]. The process is described as a point-like
interaction between particles, where vector-like currents can change the nature of the
particles involved, as shown in Figure 1.14.
The currents involved in beta decay, as shown in Figure 1.14, are:

J� (p) = (�up
 � un ) and J� (e) = (�ue
 � u� ) :

These give rise to the matrix element:

M f i � GF � (�up
 � un )(�ue
 � u� :) (1.5.1)
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Figure 1.14: Feynman diagram representing the process� + n ! p + e� .

GF is called Fermi coupling constant and has a value of' 1:166� 10� 5 GeV� 2. Fermi's
theory was remarkably successful in predicting with good precision various experimental
observables, such as decay rates and mean lifetimes, using Fermi's Golden Rule (Equation
(1.5.2)), which calculates the transition probability from an initial state to a �nal state:

W =
2�
�h

jM f i j2
dN
dE0

: (1.5.2)

Here, the matrix element jM f i j is calculated as seen above (Equation (1.5.1)), while
� f = dN=dE0 is the phase-space factor representing the density of available �nale states
at a given energy.

Despite its success, we now know that Fermi's theory is an e�ective theory, valid up to
an energy scale of approximately� 100 GeV [10]. Above this energy, the theory breaks
down, as it does not account for the involvement of theW � or Z 0 bosons, which have
high masses of 80 and 91 GeV, respectively.

Fermi's theory is, therefore, understood as an approximation of the weak interaction at
low energies. In the '50s, experimental evidence showed that weak processes violate parity
symmetry, leading to an extension of Fermi's theory. The revised theory incorporated
not only vector currents (V, associated to an operator
 � ) but also axial-vector currents
(A, associated to an operator
 � 
 5). The Lagrangian function had a V-A structure:

L W EAK = �
GFp

2
(�n
 � (1 � 
 5)p)( �� e
 � (1 � 
 5)e) : (1.5.3)

This Lagrangian (1.5.3) is a �rst step towards the development of the Standard Model.
Although it still has limitations, such as being non-renormalizable, it accurately describes
all weak interaction processes at low energies. Further re�nements were necessary to
incorporate theW and Z bosons and address renormalization issues, leading to the full
formulation of the electroweak theory within the nowadays well established Standard
Model framework.
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1.6 Neutrinos in the Standard Model

In the '60s, the Glashow-Weinberg-Salam (GWS) model was developed to describe weak
interactions as a gauge theory. Together with Quantum Chromodynamics (QCD), which
governs the strong interaction, forms the theory of the Standard Model of particle physics
[11].
The interactions involving neutrinos are described by two components in the Lagrangian:

L � = L �
cc + L �

nc (1.6.1)

where:

- Charged current (CC) interactions :

L �
cc = �

g

4
p

2

X

� = e;�;�

�
�� � 
 � (1 � 
 5)l � W +

� + �l � 
 � (1 � 
 5)� � W �
�

�

These V-A currents describe the interaction of neutrinos with their corresponding
charged leptons (electron, muon, tau) via the exchange ofW � bosons.

- Neutral current (NC) interactions :

L �
nc = �

g
cos�W

X

� = e;�;�

�� � 
 � (1 � 
 5)� � Z �

These neutral currents, which were not included in Fermi's theory, describe the
interaction of neutrinos via exchange of aZ0 boson.

1.7 Neutrino Cross Sections

Neutrinos are studied across various energy scales, as shown in Figure 1.15, which high-
lights the importance of di�erent energy ranges for various neutrino sources.

- Thresholdless processes: E � � 0-1 MeV

{ Coherent scattering : this involves a neutral current (NC) interaction where
the neutrino interacts coherently with an entire nucleus:

� + AZ
N ! � + AZ �

N :

At low energies, the cross-section is expected to scale with the square of the
atomic number (A2) since the interaction is coherent across all nucleons. Co-
herence occurs when the momentum transferQ is much smaller than the

14



Figure 1.15: Representative example of various neutrino sources across decades of energy.
The electroweak cross section for �� e + e� ! �� e + e� scattering on free electrons as a
function of neutrino energy (for a massless neutrino) is shown for comparison. The peak
at 1016eV is due to the W resonance [12].

inverse of the nuclear radiusR (i.e., QR � 1). Although this interaction has
not yet been experimentally observed, advances in recoil detection technol-
ogy (often used in dark matter experiments [12]) have been proposed for its
detection.

{ Neutrino capture on radioactive nuclei : this process, sometimes referred
to as enhanced or stimulated beta decay occurs when a neutrino interacts with
a target nucleus:

� e + AZ
N ! e� + AZ +1

N � 1

This reaction could be useful to detect cosmological neutrinos, though it has
yet to be observed.

- Low-energy nuclear processes: E � � 1-100 MeV
As neutrino energy increases, it becomes possible to probe smaller scales within the
nucleus. At low energies, the nucleus behaves like a single entity in interactions,
but at higher energies, individual nucleons can be resolved. The simplest nuclear
interaction that can be studied is antineutrino-proton scattering, also known as

15



inverse beta decay:
�� e + p ! e+ + n:

This reaction is typically measured using neutrinos produced from �ssion in nuclear
reactors. It has an important role in understanding supernova explosion mecha-
nisms [12].

- Intermediate energy cross sections: E � � 0.1-20 GeV
Increasing further the energy, the complexity of interactions grows, and several
types of neutrino scattering processes become signi�cant:

{ Elastic and quasi-elastic scattering : neutrinos can scatter elastically o�
nucleons liberating a nucleon from the target. The di�erence between elasti-
cally and quasi-elastically lies in the process itself: a charged current process
is referred to as a quasi-elastic scattering, while a neutral current process is
referred to as an elastic scattering. For energies up to� 2 GeV, neutrino-
hadron interactions are dominant as quasi-elastic, in this case, the neutrino
scatters o� the entire nucleon rather than partons [12].

� l n ! l � p �� l p ! l+ n

It is also possible that neutrinos scatter elastically with the nucleons:

� n ! � n �� n ! �� n

� p ! � p �� p ! �� p

{ Resonance production : in this region, neutrinos can excite the nucleon up
to a resonance state (�, N � ), which quickly decays into mesons, nucleons,
and pions or kaons.

{ Deep inelastic scattering : neutrino can also resolve the individual quark
constituents of the nucleon, resulting in the creation of an hadronic shower.

The total neutrino and antineutrino cross-sections for these intermediate energies
show a linear energy dependence, as illustrated in Figure 1.16. At the lower ener-
gies, measurements su�er from low statistics, and antineutrino cross-sections are
generally less well measured due to higher background contamination.

- High energy processes: E � � 20-500 GeV
In this energy regime the most common scattering is thedeep inelastic . At these
energies, neutrinos scatter o� individual quarks within nucleons, as shown in Figure
1.17.

This scattering has long been used to validate the Standard Model and to probe
nucleon structure. It also help to measure cross-sections, electroweak parameters,
coupling constants, nucleon structure functions [12].
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Figure 1.16: Total neutrino (on the left) and antineutrino (on the right) per nucleon CC
cross sections divided by neutrino energy and plotted as a function of energy. Also shown
are the various contributing processes: quasi-elastic (dashed), resonance production (dot-
dashed) and deep inelastic scattering (dotted) [12].

Figure 1.17: First order Feynman diagram of a Charged Current neutrino deep inelastic
scattering (DIS) process. In the case of Neutral Current DIS, the outgoing lepton is
instead a neutrino and the exchange particle is a Z boson [12].

- Ultra high energy neutrinos: 0.5 TeV - 1 EeV
Data on neutrinos at this extreme energy scale are quite limited. Various astro-
physical objects and mechanisms become accessible, o�ering information that com-
plements existing data from electromagnetic or hadronic observations. However,
a notable feature at these energies occurs when the neutrino undergoes resonant
enhancement through the formation of an intermediate W boson in �� e + e� inter-
actions [12]. This resonance occurs at

Eres =
M 2

W

2me
' 6:3 PeV

and is the dominant neutrino interaction up to 1021 eV as reported in Figure 1.18.
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Figure 1.18: Neutrino electron and nucleon scattering in the ultra high energy regime.
The leptonic W resonance channel is clearly evident with red circles and purple ones [12].

The SND@LHC experiment is currently investigating the lower end of this energy region
for the �rst time in laboratory, using neutrinos generated in proton-proton collisions at
the CERN Large Hadron Collider.

1.8 Neutrino oscillations

Neutrinos in the Standard Model are massless. The �rst to mention neutrino 
avor
oscillations were Maki, Nakagawa, and Sakata, who proposed that neutrinos possess
mass and that the observed neutrinos are superpositions of di�erent mass eigenstates.
This concept is schematically represented in Figure 1.19. Due to their di�erent masses,
the neutrinos evolve di�erently over time and space, leading to oscillations in 
avor [13].

- Dirac mass
The Dirac mass term for neutrinos can be introduced by extending the Standard
Model as follows

L D
Mass = � m�� �L � �R � m�� �R � �L

where L and R denote left- and right-handed components [11]. In this extended
model, three right-handed neutrinos are added to the theory right-handed neutrinos
can also be called sterile, in fact they would interact with matter just through

18



Figure 1.19: Schematic representation behind the idea of neutrino 
avor oscillation,
considering a simpli�ed 2 
avor model.

gravitational interactions.
Neutrinos, therefore, gain mass like other particles:

mi =
y�

i v
p

2
(i = 1 ; 2; 3) (1.8.1)

wherey�
i is the Yukawa coupling andv is the Higgs vacuum expectation value [14].

The unresolved aspect of this mechanism is why the Yukawa coupling for neutrinos
must be much smaller compared to other leptons.

- Majorana Neutrinos
If we consider that  L and  R are not independent, even a massive fermion can
be described using a two-component spinor rather than the usual four-component
spinor. Majorana introduced a relationship between these two �elds, expressed as:

 R = C � T
L (1.8.2)

whereC is the charge conjugation matrix. From equation 1.8.2, it follows that to
satisfy the Dirac equations [15]:

(
i
 � @�  L = m R

i
 � @�  R = m L
(1.8.3)

The condition that must be satis�ed is:

 C
L = C � T

L (1.8.4)
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where  C
L is the charge conjugate �eld. Thus, the Majorana �eld can be written

as:
 =  L +  C

L =  C (1.8.5)

The equation 1.8.5 implies that the particle is identical to its antiparticle, so only
neutral fermions can be described by a Majorana �eld. Neutrinos are the only
known neutral particles that can be described in this way. The distinction between
Dirac and Majorana neutrinos arises only if neutrinos have mass. To determine
whether neutrinos are Dirac or Majorana, it is necessary to observe a mass-related
e�ect. This e�ect cannot be kinematic, as the kinematics of Dirac and Majorana
neutrinos are identical, such as those observed in neutrino oscillations. One method
to distinguish Majorana neutrinos is by searching for neutrinoless double� -decay
[16].

- Heavy Neutral Leptons
The seesaw mechanism [17] is a model that explains why neutrino masses are so
small. It introduces the existence of several electroweak-singlet (sterile) neutrino
states, without specifying how many exist. Neutrinos with much higher masses
than eV are called "Heavy Neutral Leptons" (HNLs) [17]. The Neutrino Mini-
mal Standard Model (� MSM) extends the Standard Model by adding three right-
handed neutrinosN1;2;3. In particular, the scenario considers a lighter neutrino
N1 with a mass around keV as a potential Dark Matter candidate, whileN2 and
N3 have masses around GeV. These heavier neutrinos can be produced at the
LHC through the decay of hadrons orW bosons resulting from proton-proton col-
lisions, decaying into Standard Model particles [17], as shown in Figure 1.20. The
SND@LHC experiment aims to search for these Heavy Neutral Leptons (HNLs)
via their possible decays.

Now that we have discussed how neutrinos can acquire mass, let's de�ne the weak eigen-
states:

j� � i =
3X

i =1

U�
�i j� i i (1.8.6)

with Greek indices for 
avor neutrinos and Latin indices for mass eigenstates. The matrix
U appearing in Equation (1.8.6) is called PMNS-matrix (Pontecorvo, Maki, Nakagawa
and Saka).

A unitary N � N matrix can be parameterised by N (N � 1)
2 angles and (N � 1)(N � 2)

2
complex phases. Thus, the PMNS-matrix involves three mixing angles and one phase as
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Figure 1.20: Feynman diagrams for the HNL production and decay modes into SM
particles. The 
avors of the leptons in the diagrams, labeled by� , � , and 
 , are either
muons or electrons. If the charged leptons in the HNL decay have the same 
avor, then
both the diagrams with the virtual W (a) and virtual Z (b) contribute to the process.
Equivalent processes are also valid for an initial stateW � -boson.

following:
0

B
@

c12c13 s12c13 s13e� i� CP

� s12c23 � c12s13s23ei� CP c12c23 � s12s13s23ei� CP c13s23
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where the phase� CP 2 [0; 2� ], cij stands for cos�ij and sij for sen� ij and the mixing
angles� ij can be taken in� ij 2 [0; �= 2]. If the neutrino is its own antiparticle (i.e. a
Majorana particle), the PMNS matrix can include an additional term:

0

B
@

ei� 1 0 0

0 ei� 2 0

0 0 1

1

C
A

where� 1 and � 2 are Majorana phases, but these phases can be absorbed into the neutrino
states, reducing the number of phases to one [11].

Returning to Equation (1.8.6), neutrinos are produced in weak-eigenstates, propagate in
mass-eigenstates and are detected in weak-eigenstates. As each mass-eigenstate evolves
over time, their di�ering phases lead to neutrino oscillations. The probability of oscilla-
tion over a distanceL between the source and the detector, given an energyE is:

hP�� i =

R
dE d�

dE � (E)P�� (E)� (E)
R

dE d�
dE � (E)� (E)

(1.8.7)
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where � (E) is the cross section for the interaction process with the detector material
and � (E) represents the detection e�ciency, both of which are experiment-dependent.
In many cases, results can be expressed in terms of dominant oscillation, assuming two-
neutrino states driven by a single �m2 = m2

i � m2
j . Under this assumption, Equation

(1.8.7) simpli�es to:

P(� ! � ) = 1 � sen2(2� )sen2
�

1:267
� m2[eV2]L [m]

E[MeV]

�

P(� ! � ) = sen2(2� )sen2
�

1:267
� m2[eV2]L [m]

E[MeV]

�

It's important to note that while experiments can provide information on the di�erence
in mass values (i.e., �m2), they can not determine the absolute mass of the neutrino
states. Furthermore, experiments can not reveal whethermi is larger in mass thanmj , as
the oscillation probability remains unchanged if �m2 ! � � m2. Another crucial factor
in oscillation experiments is the ratio betweenL and E. Experiments can be speci�cally
designed to maximize the probability of oscillation by ensuring:

1:267� m2 L
E

=
�
2

=)
� m2L

2E
' 1 :

1.9 Neutrino physics in SND@LHC

For the SND@LHC experiment, the neutrino energies are approximately 1 TeV, and the
detector is situated just 480 m away from the production point.
Given the measured values �m21 ' 10� 5 eV2 and � m31 ' 10� 3 eV2, the ratio L=E
would be approximately 1=2000� 1.

Therefore, in the SND@LHC experiment, the neutrinos observed in the detector retain
the 
avors that the neutrinos have when produced in pp collisions. This has an important
impact on the physics program of the experiment, for instance, high-energy electron
neutrinos can be directly associated with the production and decay of c quarks [18].

By measuring charmed hadrons, the SND@LHC experiment can assess open charm pro-
duction within the same rapidity window as the detected neutrinos.
Due to the linear correlation between the parent charm quark and the resulting hadron,
this measurement provides valuable insights into charm quark production. At the LHC,
the dominant partonic process for producing charm involves gluon-gluon scattering,
which generates ac�c pair [19].

The SND@LHC detector probes gluon interactions at an average minimum momentum
fraction of approximately 10� 6, a region where the gluon parton distribution function
(PDF) is currently unknown. Mapping the gluon PDF at these lowx values could help
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reduce uncertainties in Quantum Chromodynamics (QCD) predictions, which is essential
for future hadron collider experiments.

Moreover, since SND@LHC is capable of identifying all three neutrino 
avors, it allows
for testing lepton 
avor universality in the neutrino sector. This is achieved by measuring
the ratios of � e=� � and � e=� � interactions.
The experiment also facilitates a direct search for feebly-interacting particles (FIPs),
such as dark scalars, heavy neutral leptons, and dark photons [20].

The SND@LHC setup can di�erentiate between scattering events from massive FIPs and
those from neutrinos, with the sensitivity of the results depending on the particle's mass.
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Chapter 2

The SND@LHC Experiment

Proton-proton collisions at the Large Hadron Collider (LHC) produce a high-intensity
neutrino beam in the far-forward direction, with an intensity of approximately 1012

neutrinos and energies reaching up to a few TeV. SND@LHC is a compact, standalone
experiment located in the TI18 tunnel, positioned 480 m downstream of the ATLAS
Interaction Point (IP). This setup enables the identi�cation of interactions for all three
neutrino 
avors in the pseudorapidity region 7:2 < � < 8:4 [21].

2.1 The SND@LHC detector

The SND@LHC apparatus consists of di�erent key components: �rst of all a veto system,
then a target region and at the end a hadronic calorimeter paired with a muon identi�ca-
tion system (Figure 2.1). The target region weighs approximately 830 kg and it contains
�ve Emulsion Cloud Chambers (ECC) walls, each wall is followed by a Scintillating Fibre
(SciFi) plane [21].

The Emulsion Cloud Chamber (ECC) technology leverages emulsion �lms to achieve
sub-micrometric tracking resolution. These �lms are alternated with tungsten layers,
which act as the target for neutrino interactions.

The SciFi planes provide position and timestamp information for reconstructed tracks.
Together, emulsion target and target tracker serve also as a sampling electromagnetic
calorimeter, with an overall thickness of 85 radiation lengthsX 0, and 1.5 interaction
lengths, � int .

The veto system, emulsion target, and tracker are enclosed within a box made from
30% borated polyethylene and acrylic to stabilize temperature and humidity, to maintain
optimal conditions for emulsion �lms. It serves also as a shield from low-energy neutrons.
This is reported in Figure 2.2.

Positioned downstream of the target, the hadronic calorimeter and muon identi�cation
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Figure 2.1: Layout of the SND@LHC apparatus: veto planes followed by a target region
and a hadronic calorimeter and muon system

system include eight iron slabs, each 20 cm thick, yielding a combined 8� int . After each
slab, one or two planes of 1 cm, as better described in section 2.1.2, thick scintillating
bars are placed.

Figure 2.2: On the left a global view of the detector in TI18, on the right the top view
of the shield around the target region.
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2.1.1 Emulsion Target

The emulsion target is arranged in �ve walls, each one has a sensitive transverse area of
384� 384 mm2 [21]. Each of these walls is composed by four bricks as shown in Figure
2.3.
The brick is made of 60 emulsion �lms that have a transverse size of 192� 192 mm2

and are interleaved with 59 tungsten plates, each 1 mm-thick. Tungsten was chosen as

Figure 2.3: An SND@LHC emulsion wall composed of four bricks, each consisting of 60
emulsion �lms interleaved with 59 tungsten layers

the target material due to its high density, which maximizes the interaction rate within
the compact volume. Additionally, its low radioactivity makes it a suitable choice for an
emulsion-based detector.

When a charged particle crosses an emulsion, it leaves trails of micro-tracks on it. The
track segments left by passing particles in consecutive �lms enable vertex reconstruction
with precision at the micron level. Each nuclear emulsion �lm has two sensitive layers,
each 70� m thick, on either side of a transparent plastic core that is 170� m thick.
By connecting the two segments, the slope of the track can be measured with milliradian
precision.

The emulsion target is replaced every� 20 fb� 1 of data collected to prevent an unman-
ageable amount of combinatorics during track reconstruction [22]. Then, emulsion �lms
are developed and analyzed by fully automated optical microscopes.

2.1.2 Electronic Detector

The �rst component of the electronic detector is the veto system, which has to reject all
charged particles entering in the �ducial volume of the detector.
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It comprises 3 parallel planes of seven 1� 6� 42 cm3, stacked scintillating bars read out
on both ends by 8 SiPMs each [21]. Bars are wrapped in aluminized Mylar foil to ensure
opacity and isolate them from light in adjacent bars.

Since 2024 the number of veto planes increased from 2 to 3 [23], the upgrade is reported
in Figure 2.4.

Figure 2.4: On the left, it is possible to see the upgraded veto system, which includes
the addition of the third veto plane. On the right, is reported the veto system used until
2023.

Following the veto system, the SciFi detector provides critical timing and energy mea-
surements for neutrino interactions reconstructed within the ECC walls.
The functions of SciFi include: assignment of a timestamp to collect events and a mea-
surement of the energy of electromagnetic showers generated in these interactions occur-
ing in the target region.
Additionally, when combined with the scintillating bars of the muon detector, SciFi
serves as a non-homogeneous hadronic calorimeter. This combined system allows for
the energy measurement of hadronic jets resulting from neutrino interactions and as a
tracking system in the target, SciFi is also used to match emulsion and electronic data.
Each SciFi station consists of two 40� 40 cm2 planes, each constructed with alternating
X and Y oriented mats.
Each mat consists of six densely packed, staggered layers of polystyrene-based scintillat-
ing �bers, each of 250� m diameter, and read out by arrays of SiPM.
The SciFi station achieves a spatial resolution of approximately� 150 � m per view for
single particle, and a time resolution of around� 250 ps when particles cross both X
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and Y mats within a single plane [24].

The muon system and hadronic calorimeter constitute the �nal component of the elec-
tronic detector, divided into two sections: the UpStream (US) and DownStream (DS)
segments.
The US segment comprises the �rst �ve stations, while the DS segment includes the �nal
three stations. Both segments are designed to ensure light-tightness with each scintil-
lator bar encased in aluminized Mylar foil. Each US station consists of 10 horizontal
scintillator bars stacked vertically, with dimensions of 1� 6 � 82:5 cm3. This con�gura-
tion provides a coarse Y-axis view, similar to the design of the veto detector as shown
in Figure 2.5. Each end of a US bar is observed by eight SiPMs, six of which are larger

Figure 2.5: Illustration of an upstream and a downstream plane. The downstream plane
presents a double layer to perform both measurements in the X and Y directions.

6 � 6 mm2 with a 50 � m pitch, while the remaining two are smaller 3� 3 mm2 with a
10 � m pitch [21].
In the DS segment, each station consists of two layers of 60 thinner bars, each 1� 1 �
82:5 cm3, arranged alternately in the X and Y directions. This con�guration provides
spatial resolution below 1 cm along each axis, enabling precise particle localization.
Each horizontal DS bar end is read by a single small SiPM, while vertical bars are read
from only the top. The time resolution for a single DS bar is approximately� 120 ps.
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