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Introduction

SND@LHC (Scattering and Neutrino Detector at the LHC) is a compact and
stand-alone experiment, designed to perform measurements with high energy
neutrinos produced at the LHC (CERN) in an unexplored pseudo-rapidity region
of 7.2 < n < 8.4, complementary to all the other experiments at the LHC. The
experiment is located 480 m downstream of the ATLAS interaction point, in the
unused TI18 tunnel. The detector is composed of a hybrid system based on a
830 kg target mass of tungsten plates, interleaved with nuclear emulsion and
electronic trackers, also acting as an electromagnetic calorimeter, followed
downstream by an hadronic calorimeter and a muon identification system. Such
configuration allows all three neutrino flavours to be efficiently distinguished,
thus opening a unique opportunity to probe physics of heavy flavour production
at the LHC in a pseudo-rapidity region which is not accessible to the current
LHC detectors.

This region is of particular interest also for future circular colliders and for
predictions of very high-energy atmospheric neutrinos. Moreover, the operation
of the detector will provide an important test of neutrino reconstruction in a high
occupancy environment in view of a possible experiment at HL-LHC (High
Luminosity LHC). In addition, the detector design also makes SND@LHC
sensitive to Feebly Interacting Particles (FIPs) by means of scattering off atoms
in the detector target. The direct-search strategy gives the experiment sensitivity
in a region of the FIPs mass-coupling parameter space that is complementary to
other indirect searches. SND@LHC was installed in TI18 in 2021 during the
Long Shutdown 2 and it has seen its first data in July 2022. In the first phase the
experiment plans to operate the detector throughout LHC Run 3, in order to
collect a total integrated luminosity of about 250fb~' in 2022-25. The
experiment has been taking data successfully during the proton physics run of
2022.

The primary focus of this thesis is the reconstruction and the analysis of
emulsion data acquired at the beginning of LHC Run 3. The whole emulsion
reconstruction procedure will be described in-depth to provide a complete
understanding of each step. Notably, the analysis concerns the study of the tracks
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and vertices reconstructed in the very first emulsion target exposure. The ultimate
objective aims to match data from both nuclear emulsions and electronic
detectors so as to reconstruct and identify the neutrino interactions. After the
performance evaluation of such procedure based on Monte Carlo simulation, the
algorithms will be applied to the Run3 real data in the near future.

I have widely attempted at the scanning operations in the Naples University
microscopy laboratory, and I have been personally involved in the first emulsion
data reconstruction. Furthermore, I had the extraordinary opportunity to
complete my thesis work at CERN, the European Organization for Nuclear
Research, one of the world’s largest and most respected centres for scientific
research. This allowed me to take part in the whole procedure of data taking,
such as the emulsion assembly and installation in the detector, besides proving
myself to be self-reliant in handling the scanning station’s procedures. Moreover,
I have worked in contact with experts, thus learning many aspects of the detector
and the data analysis that were important for my work.

The main physics goals of SND@LHC experiment are presented in Chapter
1; Chapter 2 gives an overview of the detector design and performance; the
designing and the beautifying of the two-dimensional event display of the
experiment is described in Chapter 3; emulsion data reconstruction is addressed
in Chapter 4; Chapter 5 focuses on vertex reconstruction and background
suppression with a MVA approach; the first attempt to match emulsion and
electronic data with Monte Carlo samples is reported in Chapter 6.



Chapter 1

Physics motivation

The SND@LHC experiment, proposed in August 2020 by the SND@LHC
Collaboration [57], aims to conduct, together with the FASERv experiment [53],
the first measurements of high-energy neutrinos produced at particle colliders.
SND@LHC is designed to investigate leptonic universality in the neutrino sector
and probe heavy flavour physics at the LHC in the very forward region, where a
significant fraction of neutrinos originate from charmed-hadron decays. The data
taking started in July 2022 and in the first phase the experiment plans to operate
the detector throughout LHC Run 3 and measure the pp — X cross-section in
the 7.2 < 7 < 8.4 range for all three neutrino flavours, collecting a total
integrated luminosity of 250 fb™" in 2022-25. The off-axis location is well-suited
to exploring heavy-quark production in a pseudo-rapidity range that current LHC
experiments cannot reach. On the longer term, the collaboration foresees to
continue detector R&D on an advanced version of the SND@LHC detector for
the HL-LHC (High Luminosity LHC).

Neutrinos are unique exploratory tools in particle physics. They only couple
to other particles through the weak interaction, which is well determined in the
Standard Model (SM) of particle physics. For this reason, neutrino scattering
measurements can be used as a probe to measure many of the SM parameters [6,
11, 26] or to look beyond the SM for indications of new physics [36, 55].
Additionally, astrophysical neutrinos provide unique insights into the most
energetic non-thermal sources in the Universe [46], not accessible through the
observation of other messengers. Despite observations of cosmic rays, which
reach energies that are ten million times higher than those achievable in the
Large Hadron Collider, observations of y-rays and astrophysical neutrinos, we do
not yet know where or how these particles are accelerated. Neutrino astronomy is
a key to discover how particles are accelerated to these extreme energies. Due to
their low cross sections, neutrinos can escape dense astrophysical environments
that are opaque to photons. Their special propagation properties make them a
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penetrating probe into the far structure of the Universe and a precious instrument
to peek into the dark sectors of the cosmos. In contrast to ~y-rays, neutrinos travel
almost unimpeded through the Universe, allowing direct observation of their
sources. Unlike cosmic rays, neutrinos are not deflected in magnetic fields and
can be observed in spatial and temporal coincidence with photons and
gravitational waves, which is a key prerequisite to reap the scientific rewards of
multi-messenger astronomy. In addition, neutrinos come in different flavors —
electron, muon, and tau neutrinos (v., v, ;) — and the flavor ratios observed at
Earth give insight into the environment of cosmic-ray sources.

Over the past few decades, neutrino interactions have mostly been measured
in the energy regime below 350 GeV for neutrino oscillation studies. Recently,
however, the IceCube collaboration reported detecting a few tens of events in the
energy range of 10 TeV - 1 PeV [43]. Nonetheless, as shown in Figure 1.1, the
region between 350 GeV and 10 TeV remains unexplored [50].

T Iflllll'l T T Illllll T rIIlIIII T I'|II'|I"I T Iflllll'l T T Illlfll T 7T IIlIIII LB}

=100 -

= ]

D e
=

3 |

3

=
—_ 1

| \

o ) , :
O v \
[ = "

§ 107! \

o C A -]
o [ 4 TK(Fe)14 W GGM-SPSEI \ ]
7 F 4 TK(CH)14 W GGM-PS79 N

= [ % TXK(QI13 ¥ IHEPITEP79 LV
= A ArgoNeuT14 ¥ IHEP-JINR 9% '
o3 [ ® AgoNeuT12 @ MINOS10 N
— Fk  ANL79 A NOMAD (8 b
U= O BEBC79 ¢ NuTeV06
Lé;" - A BNLS2 X SciBooNE 11 1
0 CCFR97 ® SKAT79
0O CDHSS87 * IC HESE showers 17 (avg. of v, ¥)
101 1 10 102 10* 10* 10° 10°
Neutrino energy E, [GeV]

Figure 1.1: Available measurements of the neutrino cross-section [50]. The thick
dashed curve shows the predicted rate of Deep Inelastic Scattering interactions.
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LHC neutrinos provide a unique opportunity to observe neutrino interactions
in the unexplored energy range of a few hundred GeV to a few TeV in a
laboratory. Additionally, the 7 flavour contributes significantly to the LHC
neutrino flux. The idea of using the LHC as a neutrino factory was first
considered about 30 years ago [1, 4, 5], also for the then undiscovered v,. Today,
the high intensity of proton-proton collisions at the LHC results in a large
neutrino flux in the forward direction, and the high neutrino energies lead to
relatively large neutrino cross-sections. Consequently, there has been great
interest in placing a compact neutrino detector in one of the existing underground
areas near the LHC tunnel [58], which promises significant physics potential.
After evaluating various factors, such as expected neutrino rates, flavour
composition, energy spectrum, predicted backgrounds, and in-situ measurements
using a nuclear emulsion detector and radiation monitors [49], TI18 emerged as
the most favourable location for the detector. Assuming a luminosity of 250 fb™*
in LHC Run 3, a detector with a mass of 830 kg located in TI18 could observe
and study approximately two thousand high-energy neutrino interactions [49].

Neutrinos at the LHC are produced in proton-proton interactions through
prompt leptonic W and Z decays, b and c decays, and subsequent decays of
pions and kaons [61]. Tau neutrinos and anti-neutrinos are exclusively produced
from heavy-hadron decays, while v.s and 7.s mostly come from charmed hadron
decays, with a small contamination from kaons at low energies where the
interaction cross-section with the detector is lower. Muon neutrinos and
anti-neutrinos have a significant contribution from pion and kaon decays. In the
explored 7 range, v,s from m and K decays have a softer energy spectrum, which
allows distinguishing between the components from charm and /K decays
through the neutrino-energy measurement. Figure 1.2 illustrates the flux of
different neutrino and anti-neutrino types in the (7, F,) plane. The main
objectives of SND@LHC in the analysis of neutrinos during LHC Run 3 are
summarised in the following sections.

1.1 Charmed-hadron production in pp collisions

Figure 1.3 displays the energy spectra of incoming neutrinos and anti-neutrinos
in the pseudo-rapidity range from 7.2 to 8.4, which is covered by the SND@LHC
detector, normalised to 250 fb™'. Approximately 1700 charged-current (CC) and
550 neutral current (NC) neutrino interactions are expected in the target volume,
mainly predominantly muon neutrinos (72 %) and electron neutrinos (23 %) [61].
Electron neutrinos and anti-neutrinos interacting in SND@LHC mostly originate
from the decay of charmed hadrons produced in the pp collisions at the LHC.
The measurement of their flux in the experiment’s acceptance can therefore offer
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insight into the heavy-quark production in an unexplored domain. Hence,
SND@LHC has the potential to measure charmed-hadron production indirectly
through the observation of electron neutrinos and anti-neutrinos. However, up to
now, charmed-hadron production in pp collisions has been studied at the LHC at
lower pseudo-rapidity values. The LHCb experiment has precisely measured
charm and beauty production at 7 < 4.5 [40].

Neutrinos in SND@LHC acceptance
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Figure 1.3: Energy spectrum of the different types of incoming neutrinos and
anti-neutrinos as predicted by the DPMJET/FLUKA simulation, normalized to
250fb~" [61].

The cross-section measurements for pp — . X and the v, flux are used to
estimate [58] the yield of charmed hadrons that produce neutrinos in the
SND@LHC pseudo-rapidity range. A pseudo-experiment is generated to observe
the expected number of v, and 7., and an unfolding procedure is applied to
extract the reconstructed energy spectrum free from resolution and
reconstruction efficiency effects. Assuming the SM predictions for v, and 7,
charged-current cross-sections, this procedure allows for the extraction of the
energy spectrum and the total yield of electron neutrinos produced in the LHC pp
interactions in the pseudo-rapidity range of 7.2 < 1 < 8.4. The geometrical
acceptance of the SND@LHC detector is accounted for the different charmed
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hadron species decaying into v, and v.. To study the correlation between the
electron neutrino and the parent charmed hadron, a simulation with POWHEG
[18] and PYTHIAS [19] was performed.

Considering the uncertainties in the correlation between the yield of charmed
hadrons in a given pseudo-rapidity region and the neutrinos in the measured 7
region, it was evaluated [61] that the measurement of the charmed-hadron
production in pp collision can be done with a statistical uncertainty of about 5 %.
The systematic error of 35% is the primary contributor to the uncertainty.
According to the simulation, developed by the CERN EN-STI team [58], 10 % of
the v, and 7, that interact in the detector arise from kaon decays, specifically
from Ks decays, and have energies below 200 GeV. Therefore, assuming that
the deep-inelastic charged-current cross-section of the electron neutrino follows
the SM prediction, electron neutrinos can be used to investigate the production of
charm in the pseudo-rapidity range of SND@LHC. However, before this can be
achieved, the instrumental effects must be unfolded, and the contribution of KX
must be subtracted. Data can be used to measure the pp — v, X cross-section
with an accuracy of 15 % [58], dominated by the systematic uncertainty of the
unfolding procedure.

Furthermore, the measurement of charmed hadrons enables the determination
of the corresponding open charm production in the same rapidity window, given
the linear correlation between the parent charm quark and the hadron, as
illustrated in Figure 1.4. Neutrinos in the SND@LHC acceptance come from
charmed hadrons either in the same pseudo-rapidity or with smaller/larger 7. At
the LHC, the dominant partonic process for associated charm production is the
scattering of two gluons, which produces a cc pair [12]. The average lowest
momentum fraction (z) of interacting gluons probed by SND@LHC is around
107 [58]. Extracting the gluon PDF at such low values of x, where it is
completely unknown, could provide valuable information for future experiments
that probe the same low x range. Moreover, this could reduce uncertainties in the
flux of very-high-energy (PeV scale) atmospheric neutrinos produced in charm
decays, which is then applied to scope astrophysical sources with neutrinos [39,
59].

1.2 Lepton flavour universality test in neutrino
interactions
The emulsion technology developed by the OPERA experiment [20, 32, 44] in a

hybrid detector has demonstrated its capability to identify all three neutrino
flavours. As the same technology has been implemented in the SND@LHC
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Figure 1.4: (Left) Correlation between pseudo-rapidities of the parent charm and
the charmed hadron. (Right) Only events where the neutrino is in the SND@LHC
acceptance are selected [58].

detector, it provides an opportunity to test Lepton Flavour Universality (LFU) in
the neutrino sector by measuring the ratio of v, /v, and v, /v, interactions. From
the observed decay rates of muons and tau leptons, it is found that the strength of
the weak interaction is the same for all lepton flavours [29].

The location of SND@LHC allows for the interception of the neutrino flux
component that originates from the decays of ¢ and b quarks, which provides
access to tau neutrinos through the decays of D, mesons. The production of both
ve and v, primarily occurs via semi-leptonic and fully leptonic decays of
charmed hadrons. In the pseudo-rapidity range of interest, tau neutrinos are
essentially only produced in D; — 7r, and the subsequent 7 decays. From the
results of PYTHIA Monte Carlo simulations, approximately 8 % of v,s comes
from beauty hadron decays [58]. Conversely, electron neutrinos are produced in
the decay of all ground-state charmed hadrons, primarily D°, D, D, and A..
Therefore, the v, /v, ratio depends solely on charm hadronisation fractions and
decay branching ratios. The systematic uncertainties due to the charm-quark
production mechanism cancel out, and the ratio becomes sensitive to the
v—nucleon interaction cross-section ratio of the two neutrino species. Hence, it
can be considered a test of the lepton flavor universality in neutrino interactions.
The v, to v, ratio ([213) can be written in terms of the known branching ratios
convoluted with the charmed hadron species. Such quantities with the tilde
symbol refer to expected values in the SND@LHC acceptance [58]:

B Nyetr, . ZZ fc@-gr(ci — . X)
Nyovv,  fp.Br(Ds, — Tv;)

) (1.1)

where f; are the charmed hadron fractions and Br(ci — 1. X) are the branching
ratios of each charm species, which include also the contribution from the
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subsequent 7 decay. The estimate of the branching ratios has a systematic
uncertainty of about 22 % while the statistical uncertainty is dominated by the
low statistics of the v, sample [61], which corresponds to a 30 % accuracy.

The situation is different for v.s when compared to v,s. The muon neutrino
and electron neutrino spectra in the SND@LHC acceptance are shown in Figure
1.5. The component from heavy-quark decays is represented as the filled area.
The muon-neutrino flux is heavily contaminated by muon neutrinos from 7 and k
decays; hence the production mechanism cannot be considered the same.
However, the contamination dominates at low energies and remains relatively flat
at the level of 35% for E > 600GeV, as observed by inspecting Figure 1.5.
Therefore, the v, to v, ratio (/212) can be used as a test of LFU for £ > 600GeV,
where the contamination of v, and v, from pions/kaons (wy /) is uniform. In this
case [58]
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Figure 1.5: Energy spectrum of muon (left) and electron (right) neutrinos and anti-
neutrinos in SND@LHC acceptance [58]. Filled areas represent the component
coming from charm decays.

The ratio R, is not affected by systematic uncertainties in the weighted
branching fractions and charmed-hadron fractions since charmed hadrons decay
almost equally into v, and v,,. The uncertainties are due to 7 and & production in
the SND@LHC acceptance and to their propagation through the machine
elements along the beamline. The simulation of the light-meson production yield
in the forward region is constrained by results published by the LHCf
Collaboration [25]. The charged meson propagation through the LHC machine is
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simulated with FLUKA [34] and shows excellent agreement with measurements
performed around the beamline. As a result, the v, /v, ratio provides a test of the
lepton flavour universality with an uncertainty of 15 %, with an equal 10 %
statistical and systematic contribution [61].

1.3 Measurement of the NC/CC ratio

Having the capability to distinguish charged-current (CC) and neutral-current
(NC) neutrino interactions, it becomes feasible to measure the ratio between NC
and CC interactions as an internal consistency test. The neutrino flavour can be
identified in CC interactions by observing the corresponding charged lepton
produced in the final state. Conversely, the NC process is flavour-insensitive. In
the approximation that the differential » and v fluxes as a function of energy are
equal, the NC/CC cross-section ratio can be expressed as:

P = Zz O-JZ:;C + O-JZ?C (1 3)
>.i0¢ct0cc

This ratio is equal to the ratio of observed interactions, and the convolution with
the flux cancels out in the ratio.

At the high energies of the LHC neutrinos, deep-inelastic scattering is the
dominant interaction mechanism [58], and the scattering off nuclei can be
approximated as the incoherent sum over protons and neutrons. By summing
over neutrinos and anti-neutrinos, the ratio between NC and CC deep-inelastic
interaction cross-sections at a given energy can be expressed as a function of the
Weinberg angle (Ay) [37]:

P= % {1 — 2sin?(Oy) + % sin®(Oy) — A(1 — 2sin®(y)) sin2(9W)} . (1.4)

Here, )\ represents the dependence on the unequal number of protons and neutrons
in the target. Thus, measuring the ratio between NC and CC interactions can be
used to determine the Weinberg angle.

SND@LHC plans to measure this ratio as a consistency test of the Standard
Model, instead of measuring the Weinberg angle directly since it’s already known
with a precision of 1% [2, 3]. The statistical uncertainty on the NC/CC ratio for
observed events is expected to be lower than 5 %, associated with the number of
NC observed interactions, while the systematic uncertainty on the unfolded ratio
is about 10 % [61].
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1.4 Neutrino-induced charm production

At the energies of SND@LHC, high-energy neutrino interactions produce
charmed hadrons at the level of about 10 % of the total rate [58], making them a
valuable means for investigating charm physics. In contrast to colliding beams,
neutrino interactions can produce charmed hadrons through quasi-elastic and
diffractive scattering processes, turning them in a unique tool for studying
exclusive charm physics [11]. Figure 1.6 illustrates the Feynman diagrams for
the production of charmed hadrons in neutrino and anti-neutrino interactions.

Figure 1.6: Charm production in neutrino (left) and anti-neutrino (right) charged-
current interactions [58].

The nuclear emulsion technology offers an unmatched possibility to identify
charmed hadrons without the need for kinematical cuts by observing a
two-vertex topology. The CHORUS experiment [24], which used nuclear
emulsions, recorded the largest neutrino flux and detected 2013 charm candidates
from v, and 32 from v,. A tau-neutrino candidate with charmed-hadron
production was reported by the OPERA experiment [54]. However, no charm
candidate has ever been reported from electron-neutrino interactions. The
measurement of the relative yield of charm production in muon and electron
neutrino and anti-neutrino interactions will update previous studies on charm
physics and explore previously inaccessible channels. The right panel of Figure
1.6 shows that charmed-hadron production in anti-neutrino interactions selects
the anti-strange quark in the nucleon. Therefore, SND@LHC measurements can
be used to determine the s-quark content of the nucleon and provide essential
information for many precision tests of the Standard Model.
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Table 1.1 summarises the primary physics objectives of Run 3 using the
SND@LHC detector for neutrino interaction analyses. The proposed
measurements, along with their estimated uncertainties, are reported.

Measurement Uncertainity

Stat.  Sys.
pp — VX cross-section 5% 15%
Charmed hadron yield 5%  35%
ve /v, ratio for LFU test 30% 22%
ve /v, ratio for LFU test 10% 10%
NC/CC ratio 5%  10%

Observation of high-energy v,

Table 1.1: Measurements proposed by SND@LHC in the analyses of neutrino
interactions with Run 3 data .

1.5 Feebly Interacting Particles

One of the main challenges in particle physics today is to determine the
microscopic identity and cosmological origin of dark matter (DM). During the
last decades [51], a significant experimental effort has focused on DM masses
around 100 GeV. This is motivated by the observation that particles in this mass
range predicted by supersymmetry or other weak-scale theories automatically
lead to a particle density in excellent agreement with the observed DM density.
Such particles are referred to as Weakly Interacting Massive Particles (WIMPs),
a particle interacting with baryonic matter with couplings comparable to the
weak interaction. Recently, there has been growing interest in widening the scope
of these searches. The lack of discoveries of weak-scale particles that could act
as mediators in primordial annihilation processes has changed the emphasis,
since the choice of masses around 100 GeV was completely driven by specific
model considerations, especially related to supersymmetry. A more generic
WIMP, which annihilates into gauge bosons via ordinary weak interactions,
prefers larger masses, in the GeV-TeV range. The increasing interest in
understanding the nature of DM has led to a rising experimental effort by the
scientific community in both direct and indirect searches. Complementary
approaches, such as the direct observation of accelerator-produced dark matter
via scattering off electrons, have been proposed, as with the SHiP experiment at
the CERN SPS [37, 47].
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One alternative research direction that is currently gaining a surge of interest
[51] is the search for Feebly Interacting Particles (FIPs), a new family of
particles which are either very light, but only rarely produced in collisions among
ordinary particles, or have very long lifetimes, thus travelling macroscopic
distances. The hypothetical existence of FIPs is a valid open question in particle
physics today, also motivated by theoretical models for DM. In the presence
ofhidden sectors with a structure as rich as the SM, it is not unrealistic to expect
new particles behaving as FIPs. This attention is also stimulated by the lack of
any discovery in various direct detection dark matter experiments that have
reached unprecedented levels of precision, as well as in collider experiments that
have collected large data samples analyzed with increasingly sophisticated
techniques. The sensitivity at masses lower than 10 GeV is scarce because of the
difficulty in detecting the corresponding very soft recoils, given the expected
non-relativistic nature of galactic dark matter. Current cosmic direct-detection
experiments searching for elastic nuclear recoils lose sensitivity to particles with
masses below a few GeV [52, 56]. Therefore, accelerator-based experiments at
the intensity frontier represent an alternative and appealing path in this pursuit
[42]. In a fixed-target experiment at an accelerator, the candidate dark matter
particle is ultra-relativistic, and hence, the experimental challenges in its
detection are different and less demanding than for experiments searching for
dark matter originating in the galaxy. Of greater significance, collisions delivered
by accelerators offer a general source of feebly coupled particles.

The SND@LHC experiment is capable of conducting model-independent
direct searches for FIPs [61] by combining a search for a recoil signature with
time-of-flight (TOF) measurement to reject neutrino interactions that may act as
background. FIPs can be produced in pp scattering at the LHC interaction point,
propagate to the detector, and decay or scatter inside it. The hybrid nature of the
apparatus, which combines emulsion trackers and electronic detectors, makes it
possible to distinguish the scattering of massive FIPs and neutrinos with a
significance that depends on the particle mass [61]. A recent study [60]
summarized SND@LHC'’s sensitivity to physics beyond the Standard Model by
considering the scatterings of light dark matter particles y via leptophobic U (1),
mediator V', as well as decays of Heavy Neutral Leptons, dark scalars, and dark
photons. The excellent spatial resolution of nuclear emulsions and the muon
identification system make SND@LHC well-suited to search for neutral
mediators decaying into two charged particles. The search via scattering off
nucleons provides the world-leading sensitivity to the process in a wide region of
the parameter space, as shown in Figure 1.7.
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Figure 1.7: Sensitivity of the SND@LHC experiment to the leptophobic portal
(20 CL) for both elastic scattering off protons (green line) and deep-inelastic
scattering (blue line) [60]. The grey region is already excluded by other
researches.



Chapter 2

Detector layout

SND@LHC is a fixed target neutrino experiment at CERN, located in the TI18
tunnel, about 480 m downstream of the ATLAS interaction point (IP1), as shown
in Figure 2.1. This location is ideally suited to shield the detector from most of the
activity of IP1 by 100 m of rock. In Figure 2.2 LHC magnets for the deflection of
charged particles produced in the LHC collisions are also shown.

Figure 2.1: The location of the SND@LHC experiment in the TI18 tunnel.

The detector is designed to make measurements with LHC neutrinos in the
unexplored pseduo-rapidity range 7.2 < n < 8.4, identifying all the neutrino
flavours with high efficiency, and to search for Feebly Interacting Particles (FIPs)
directly through their scattering off atoms in the neutrino target. The charged-
lepton identification and the measurement of the neutrino energy are essential
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Figure 2.2: Schematic view of TI18 rock shielding and LHC magnets.

to distinguish among the three flavours in neutrino CC interactions and to point
the corresponding neutrino source. These features were thus the main drivers in
the design of the SND@LHC apparatus, that had also to account for geometrical
constraints of the selected location.

A good solution, as demonstrated by the OPERA experiment [20], is a hybrid
detector that combines nuclear emulsion technology and electronic detectors.
Such an apparatus comprises three detector elements [61]:

* a neutrino target and vertex detector with good enough resolution to
disentangle the neutrino-interaction vertex from the one of the tau-lepton
decay;

* a calorimetric system to measure both the electromagnetic and hadronic
energy with a good time resolution;

* a muon system to identify the muon produced in v, CC interactions and in
the muonic decay of the tau lepton. Geometrical constraints prevent adding
a magnetised volume that would allow to separate neutrinos from
anti-neutrinos.

This section gives a detailed description of the sub-systems of the
SND@LHC detector, which includes the veto, the vertex detector and
electromagnetic calorimeter, the muon system and hadronic calorimeter. The
apparatus begins upstream with the veto system that tags events with charged
particles entering the detector from the front. It is followed downstream by the
target region, a mass of about 830 kg instrumented with five walls of Emulsion
Cloud Chambers (ECC), each followed by a Scintillating Fibre (SciFi) plane.
The ECC technology alternates emulsion films, acting as tracking devices with
micrometric accuracy, with passive material acting as neutrino target. The SciFi
detectors predict the location of the neutrino interactions in the emulsion walls,
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provide the time stamp to the events reconstructed in the emulsion and
complement the emulsion chamber for the calorimetric measurement of
electromagnetic showers with a total of 85 radiation lengths X [61].

Veto and target system are contained in a borated polythylene/actrylic box
which has the dual function of acting as a neutron shield from low energy neutrons
and maintaining controlled temperature and humidity levels in order to guarantee
optimal conditions for emulsion films. The target system is followed downstream
by a muon system, performing as a hadronic calorimeter and a muon identification
system. It consists of eight iron slabs making up 9.5 interaction lengths A;,; in
total, each followed by one or two planes of scintillating bars. The layout of the
detector, with the exclusion of the neutron shield, can be seen in Figure 2.3.

5% SciFi 5x Upstream 3x Downstream
planes planes planes

5x Emulsion/W
walls

planes

VERTEX DETECTOR AND HADRONIC CALORIMETER
ELECTROMAGNETIC CALORIMETER AND MUON SYSTEM

Figure 2.3: Layout of the SND@LHC experiment [61].

The detector exploits all the available space in the TI18 tunnel to cover the
desired range in pseudo-rapidity. Figure 2.4 shows the top and side views of the
detector positioned inside the tunnel. In the side view it can be noticed that the
floor is inclined. The size of the tunnel, the tilted slope of the floor, and the
distance of tunnel walls and floor from the nominal collision axis, imposed
several constraints to the detector design. Recently, in February 2023, three
concrete walls were installed in order to shield the detector and the electronic
racks against neutrons and secondary hadrons associated with beam 2!. A
chicane solution was chosen to allow free passage of personnel and material, as
shown in Figure 2.5.

'Beam 2 is the counter clockwise circulating beam in LHC [10].
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Figure 2.4: Top and side views of the SND@LHC detector in the TI18 tunnel [61].

Electronics racks

Concrete electronic

PSP
i1
Al

Shimming

oncrete chicane
assembly 2

Concrete chicane
assembly 1

Figure 2.5: Schematic view of concrete shield blocks at the detector in the TI18
tunnel.
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The detector layout was therefore optimised in order to find the best
compromise between geometrical constraints and the following physics
requirements [61]: a good calorimetric measurement of the energy requiring
about 10 \;,,;, a good muon identification efficiency requiring enough material to
absorb hadrons, a transverse size of the target region having the desired
azimuthal angular acceptance. The energy measurement and the muon
identification set a constraint on the minimum length of the detector. With the
constraints from the tunnel, such requirements determine the overall flux
intercepted and therefore the total number of observed interactions.

2.1 Veto system

The veto system aims to identify charged penetrating particles entering the
detector acceptance, mostly muons coming from IP1. It is located upstream of
the target region and comprises two parallel planes of stacked plastic scintillating
bars read out on both ends by silicon photomultipliers (SiPMs) as shown in
Figure 2.6.

Scintillator bars

Light-tight cover

Front-end board
Front-end cover

Figure 2.6: A rendering of the veto system illustrating the different components
of the frames [61].
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One plane consists of seven 1 x 6 x 42 cm? stacked bars of EJ-200 scintillator
[69]. EJ-200 is found to have the right combination of light output, attenuation
length (3.8 m) and fast timing (rise time of 0.9 ns and decay time of 2.1 ns). The
emission spectrum peaks at425 nm, closely matching the SiPMs spectral response.
The number of photons generated by a minimum-ionising particle crossing 1 cm
scintillator is of the order of 102,

Bars are wrapped in aluminized Mylar foil to ensure opacity and isolate them
from light in adjacent bars. Each bar end is read out by eight Hamamatsu S14160-
6050HS (6 x 6 mm?, 50 um pitch) SiPMs [65]. The SiPMs are mounted on a
custom built PCB that covers all seven bars on each end of a plane. Each individual
SiPM signal is read out by the front-end (FE) boards, from which a DAQ board
collects the digitized signals. A CAEN mainframe, which is shared with the muon
system, houses low voltage and high voltage power supplies. The stacked bars for
each plane are housed in an aluminum frame. An aluminum cover on each end is
used to ensure light tightness and also acts as a heat sink for the FE board, which
is placed in a groove in the cover on the side opposite to the PCB.

The two frames of the veto system are held together by a small support
structure. This in turn is attached to the support of the target region within 1 mm
accuracy, as shown in Figure 2.7. A vertical shift of 2 cm between the two frames
allows for 100 % coverage of the target region, compensating for inefficiency due
to the dead area between bars introduced by wrapping material (~ 60 um) and
variations in bar height (~ 250 um). The DAQ board is mounted on the support
frame directly in front of the veto planes.

Figure 2.7: Front view of the veto system in the target region [63].
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2.2 Target and vertex detector

The emulsion target is designed according to the Emulsion Cloud Chamber
(ECC) technology, that makes use of nuclear emulsion films interleaved with
passive layers to build up a tracking device with sub-micrometric spatial and
milliradian angular resolution, as demonstrated by the OPERA experiment [20].
It is capable of detecting short-lived charmed hadrons [31] and tau leptons [44]
by disentangling their production and decay vertices. It is also suited for FIP
detection through the direct observation of their scattering off electrons or
nucleons in the passive plates. The ECC technology alternates 1mm-thick
tungsten plates as the neutrino target with ~ 300 pm-thick emulsion films, acting
as a vertex detector with micrometric resolution, measuring the trajectory of all
the charged particles produced in a neutrino interaction. The fine segmentation of
active films interleaving tungsten plates is motivated by the longitudinal
resolution required to observe the tau lepton track.

The emulsion films are replaced after an integrated luminosity of about
25fb~!, thus it is essential to keep the combinatorial background in the
association of track segments sufficiently low. Furthermore, such a segmentation
also makes the emulsion-tungsten ECC a high-sampling electromagnetic
calorimeter with more than three active layers every radiation length X,
essential for electron identification and discrimination against neutral pion
decays [45]. The layout of the target was optimised to cover the desired
pseudo-rapidity region, maximizing the azimuthal angular acceptance. The
surface of the emulsion is large enough to contain the event in the brick, with
reduced number of bricks per wall to minimise the dead area, altogether with the
ease of emulsion production and scanning process.

2.2.1 Target walls

Nuclear emulsion films are the most compact, thinnest and lightest
three-dimensional tracking detectors with sub-micrometric position and
milliradian angular resolution. They consist of a high concentration of very fine
silver halide grains, dipped in a thin layer of gelatine. Charged ionizing particles
cause chemical alterations in the grains, and such silver ions transform into silver
atoms, darkening after the film development.

A nuclear emulsion film has two sensitive layers (70 um-thick) on both sides
of a transparent plastic base (190 pum-thick). By connecting the two hits
(micro-tracks) generated by a charged particle on both sides of the base, the
slope of the track can be measured with milliradian accuracy. The whole detector
contains ~ 1200 emulsion films, for a total of 44m?. Those are currently
produced by the Nagoya University in Japan and by the Slavich Company in
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Russia [61]. Tungsten is used as target material in order to maximise the
interaction rate per unit volume. Its small radiation length (~ 3.5 mm) allows for
good performance in the electromagnetic shower reconstruction in the ECC.
Moreover, the low intrinsic radioactivity makes tungsten a suitable material for
an emulsion detector.

The emulsion target is made of five walls with a sensitive transverse size of
384 x 384 mm?. Each wall consists of four cells, called bricks, as illustrated in
Figure 2.8. Each brick is composed of 60 emulsion films (or 57, depending on
the emulsion manufacturer) with a transverse size of 192 x 192 mm?, interleaved
with 59 (or 56 respectively) 1 mm-thick tungsten plates. The total thickness of the
resulting brick is ~ 78 mm, making ~ 17X, with a mass of 41.5 kg. The overall
target mass with five walls of 2 x 2 bricks amounts to ~ 830 kg.

SND@LHC wall

/ SNDLHC brick
. Emulsion Cloud
wﬂ Chamber (ECC)
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Figure 2.8: An emulsion wall is composed of four bricks, each consisting of 60
emulsion films interleaved with 59 tungsten plates [61].

An ECC wall is contained in an aluminum box that hosts the four bricks,
which are assembled one after the other by piling up 60 emulsion films and 59
tungsten plates, in dark room condition. The box is then closed with 8 small
aluminium plates that keep the necessary pressure to avoid relative displacements
between emulsion films in all directions, and with 20 screws sealing the cover
that ensures the light tightness. The walls are then transported to the TI18 tunnel
by means of custom trolleys and, once there, inserted into the mechanical
structure of SND@LHC. The different phases of the wall assembly,
transportation and installation are described in Figure 2.9.
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Figure 2.9: Target wall during the assembly with tungsten plates and emulsion
films (a), on the transportation trolley (b) and suspended from the mechanical
structure (c) [61].

2.2.2 Neutron shield and cold box

The interaction of proton beams with the residual gas inside the LHC beam pipe
produces low energy neutrons, with a spectrum ranging from a few meV to a few
hundreds of MeV, about half of them being thermal neutrons. The neutron flux
expected in the TI18 tunnel is predominantly produced by beam 2 that passes
by TI18 while moving towards IP1. In order to shield the emulsion target from
thermal neutrons, a box made of 4 cm-thick 30 % borated polyethylene and 5 cm-
thick acrylic layers was built around the target region, as shown in Figure 2.10.
Doors on the upstream side and the corridor side of the detector provide easy
access for maintenance and for emulsion wall replacements. The box acts also
as an insulation chamber. For the long-term stability of emulsion films, a cooling
system was installed to keep the temperature of the target at (15 & 1) °C and the
relative humidity in the range 40 to 50 %.

2.2.3 Target mechanics

The mechanical structure of the SND@LHC target was designed to have a single
support structure for both the five emulsion/tungsten walls and the five SciFi
planes. It is made of a vertical rectified aluminum plate, that guarantees a fine
mechanical alignment of target walls, and of five aluminum horizontal profiles,
each sustaining a target wall, as shown in Figure 2.11.
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Figure 2.10: Neutron-shielded box surrounding the target region. On the left a
picture of the assembled shield taken from upstream, and on the right the top view
of a schematic drawing [61].

Figure 2.11: Mechanical support of the target system after the installation (left)
and fully loaded with wall boxes and SciFi planes (right) [61].
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I have personally taken part in the whole target replacement procedure. The
five walls were assembled in two days in the dark room (Figure 2.12), then they
were subsequently transported with the use of trolleys to the experiment location
(Figure 2.13). Once there (Figure 2.14), I followed the extraction of dummy
walls (Figure 2.15) and the installation of the five instrumented walls. Each wall
box was placed into the loading position with the transportation trolley, it was
then suspended to the structure, translated, secured and aligned to the final
position (Figure 2.16). The ritual picture of the installation procedure
successfully completed is shown in Figure 2.17.

Figure 2.12: Photos taken before (left) and after (right) the wall assembly in the
dark room.

Figure 2.13: Transportation of the five trolleys to the ATLAS cavern access (left)
and inside the tunnel to TI18 (right).
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Figure 2.15: Securing the removed walls to the trolley to be transported back on
the surface.
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Figure 2.17: Photo of the personnel involved in the target replacement at the
detector location in TI18.
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2.3 Target Tracker and electromagnetic calorimeter

The Target Tracker system consists of five scintillating fibre (SciFi) planes with
active area of 40 x 40 cm? interleaving the five target walls. The SciFi technology
is well suited to cover large surfaces in a low track density environment?, where a
~ 100 um spatial resolution is required. The SciFi is meant to assign a timestamp
to neutrino interactions reconstructed in the ECC walls and to provide an energy
measurement of electromagnetic showers. The five target walls (~ 17 X each)
interleaved with SciFi tracker modules, form a coarse sampling calorimeter. An
electron produced at the primary vertex will see on average about 40 X, in the
target. Such a fine sampling of the target region provides high performance in the
event matching between emulsion and electronic detectors, and in the calorimetric
measurement of electromagnetic and hadronic showers.

The SciFi modules for SND@LHC, shown in Figure 2.18, are closely
following the design of the modules built for LHCb. The double-cladded
polystyrene scintillating fibres from Kuraray (SCSF-78M1J), with a diameter of
250 um, are blue emitting fibres with a decay time of 2.8 ns [61]. The fibres are
arranged in six densely-packed staggered layers, forming fibre mats of 1.35 mm
thickness, 399 x 133 mm? surface, with less than 500 um dead zones. A picture
of the cross section of such a mat is shown in Figure 2.19. A polycarbonate
end-piece is glued to each end of the fibre mat and one side is brought in direct
contact with the epoxy entrance window of a photo-detector.

Figure 2.18: The 5 xy SciFi tracker planes setup [61].

2The expected rate of tracks from the ATLAS impact point is about 0.8 Hz/cm? at peak
luminosity [61].
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Figure 2.19: The fibre mat composed of six layers of fibres glued [61].

The readout consists of photo-detectors (S13552 SiPM multichannel arrays by
Hamamatsu) at the end of the fibre module, connected to the FE board via PCB
panels [61]. The array used has an active channel area of 0.25 x 1.625 mm?, with
large pixels of 62.5 x 57.5um?, leading to an array of 26 x 4 pixels per channel.
The SiPM multichannel array is optimised for low light-intensity detection. A
single plane time resolution is ~ 250 ps.

The mechanical alignment between the SciFi planes and the emulsion boxes
is ensured with mechanical precision pins, constraining the relative position
between the two objects. Because of the large number of tracks from
high-momentum muons traversing the target, an accurate offline spatial
alignment between SciFi planes can be obtained by using the tracks themselves.

2.4 Hadronic calorimeter and muon system

Downstream of the target region the hadronic calorimeter and muon system is
located, shown in Figure 2.20. Its primary purpose is to identify passing-through
muons. Moreover, together with the SciFi, it makes up a non-homogenous
hadronic calorimeter for the measurement of the energy of the hadronic jet
produced in the neutrino interaction and hence for the neutrino energy. The muon
detector consists of eight iron walls, each with dimension 80 x 60 x 20 cm? and
a mass of 750kg for a total of 9.5 )\, interleaved with the same number of
planes made of scintillator bars. This adds up to an average total of 11 \;,; for a
shower originating in the target region, thus providing a good coverage of the
hadronic showers.

The system is further divided in two sections. In the first five upstream layers
(US), 6 cm-thick horizontal scintillating bars are used. The three most downstream
layers (DS) are made of fine-grained horizontal and vertical scintillating bars, in
order to improve the identification efficiency of muons originating in neutrino
interactions. The eight iron walls of the muon system, together with a smaller
iron block at the end, are by themselves providing the support for the mechanical
structure holding the eight muon detector planes.
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Figure 2.20: Picture of the hadronic calorimeter and muon system installed in
TI18 [61].

2.4.1 Upstream system

The first five US layers are similar to the veto planes, albeit with different
dimensions. Each layer consists of ten stacked bars of EJ-200, each bar having
dimensions 1 x 6 x 82.5cm?®. The length was chosen to be longer than the iron
blocks to allow the FE to be placed outside the gap between them, reducing
overall length of the muon system along the collision axis. The bars are wrapped
in aluminized Mylar foil in the same fashion as the veto system.

Every bar end is viewed by eight SiPMs: six Hamamatsu S14160-6050HS
(6 x 6 mm?, 50 pm pitch) and two Hamamatsu S14160-3010PS [64] (3 x 3 mm?,
10 um pitch) SiPMs. The SiPMs are arranged on a custom PCB, which is read
out by a front-end board. The two smaller-size SiPMs are used to increase the
dynamic range for each bar, which has to cover the low light yield generated by
minimum ionizing particles and the large light yield in case of hadronic showers
created in the target region or iron blocks. The latter can lead to large charged-
particle fluxes through the bars, and hence to large signals, which can saturate the
larger SiPMs but not the smaller ones. Bars and PCBs are housed in aluminum
frames that provide light tightness.
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2.4.2 Downstream system

Muon identification is completed with three high-granularity DS stations placed
further downstream, providing the muon position with a resolution of better than
1 cm. Each station consists of two planes of thin scintillating EJ-200 bars: one of
60 horizontal bars (1 x 1 x 82.5cm? each), and one of 60 vertical bars (1 x 1 x
63.5 cm? each). The third station has an additional plane of vertical bars. Every
horizontal bar is read out by one Hamamatsu S14160-6050HS SiPM on either end;
verticals bar have one SiPM only on the top edge. Bars are individually wrapped
in aluminized mylar foil, very tightly, minimising the light loss thanks to multiple
reflections.

2.5 Detector installation and operation

The detector installation in TI18, including the iron blocks, cooling plants and
the related electronics, was successfully carried out in November and December
2021, allowing the start of global commissioning by the end of December 2021.
The neutron shield surrounding the target region was constructed in January and
February 2022 and completed underground by March 15th. On April 7th, one-
fifth of the target region was partially instrumented with emulsion films, as the
very final step of the detector installation. A picture of the full detector installed
in TI18 is shown in Figure 2.21.

The detector has been continuously taking cosmic ray data since the beginning
of the 2022 and the LHC Run 3 data taking started on July 5th with the first stable
beam at 6.8 TeV of 2022. There has been three target replacement during the year,
until the last week of November 2022 when the data taking ended as well. In 2023
four more emulsion RUNs are planned, with the first being replaced on March
20th, with my partecipation. On April 21st the LHC received the first 2023 stable
beam at 6.8 TeV, getting into the second chapter of Run 3 proton physics.
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2.7

Figure 2.21: Global view of the detector in TI18 [63].



Chapter 3

Software and Event Display

The offline software framework, sndsw, is based on the FairRoot framework [27],
and makes use of the experience gained with the FairShip software suite,
developed within the SHiP collaboration [35]. The reconstruction and analysis
tools have been successfully applied to the SND@LHC use cases and further
improved. Several simulation engines are available. Muons from IP1 simulated
by FLUKA [34] and transported through the detector by Geant4 [9], muon deep
inelastic scattering using Pythia6 [16], DPMJET?3 [8] or Pythia8 [19] for neutrino
production at IP1 and GENIE [23] for the neutrino interactions in the detector
target. The detector geometry is implemented using the TGeo package of ROOT
and used in the simulation by Geant4 as well as in the reconstruction. Electronic
detectors and emulsion films are implemented as sensitive volumes. The Geant4
simulation stops with the deposition of energy in the sensitive detectors. The
digitisation step takes this energy and simulates an electronic signal, taking into
account the transformation to photons, the light propagation and absorption
along the scintillating fibre or bar, the photodetection efficiency of the SiPMs and
the response of the front-end. In addition, Geant4 had been used to investigate
the neutron shielding performance of various materials.

An example of a display used during the detector commissioning including
all electronic sub-systems is shown in Figure 3.1. Hits recorded in the electronic
detectors are represented as triangles, with only the detector image in
transparency on the background. Both the top view (zz projection) and the side
view (yz projection) are illustrated. Since the scintillating bars of the veto system
are horizontal only, the two red veto hits in Figure 3.1 can be seen exclusively in
the side view. Conversely, the SciFi readout consists on SiPMs located on the
horizontal and vertical orientations. In the last year, the event display underwent
several improvements that will be described in this section.
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Figure 3.1: Event display showing the hits and the reconstructed track
superimposed on the image of the detector layout.

3.1 Neutrino identification

Neutrinos are identified by the products of their scattering in the target. The
identification of the neutrino flavour is performed in charged current interactions
by distinguishing the charged lepton produced at the primary vertex. Electrons
produced in neutrino scattering are identified by the observation of an
electromagnetic shower induced inside the interaction brick. Electrons are
distinguished from neutral pions thanks to the micrometric accuracy and fine
sampling of the ECC, that is capable of observing the displaced vertex associated
with the photon conversion. The left panel of Figure 3.2 shows a v, interaction in
the OPERA emulsion cloud chamber. The electron produced at the primary
vertex is clearly separated from the electromagnetic shower induced by the two
photons produced by the 7y decay.

Muon identification is relevant for both identifying v, and v, interactions.
Charmed hadrons produced in v, CC interactions constitute a background for
the v, search, if the primary muon is not identified. Muons are identified by the
electronic detectors as the most penetrating particles, beyond the hadronic shower.
Monte Carlo studies have shown [58] that ~ 98.4 % of the muons produced in v,
CC interactions enter the muon system. Out of them, ~ 91.5 % leave a hit in the
last three planes of the muon identification system and can thus be identified.

The identification of 7 lepton is based on purely topological criteria in the
ECCs, through the observation of the tau decay vertex, together with the absence
of any electron or muon at the primary vertex, following the technique developed
by OPERA [22, 44]. Once the primary neutrino interaction vertex has been
identified, secondary vertices, signatures of possible short lived particle decays,
are searched for. This is done by a dedicated decay search procedure: tracks are
defined as belonging to a secondary vertex if the impact parameter of the
daughter track with respect to the primary vertex is larger than 10 um [58]. The
right panel of Figure 3.2 shows a v, candidate detected in OPERA [30].
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Figure 3.2: Display of reconstructed tracks in the OPERA emulsion detector for a
v, (left) [28] and a v, (right) [30] candidate event.

SND@LHC has the same granularity as in OPERA, alternating emulsion
films with 1 mm-thick passive material. This is motivated by the need to keep
high tracking and vertexing performances in an environment with a high density
of tracks. Event topologies that can be reconstructed in the SND@LHC ECC are
illustrated in Figure 3.3. On top of that, in order to fully reconstruct and identify
the neutrino event, the hybrid structure of the detector is exploited. A schematic
representation of a v, and a v, charged-current interaction in the electronic
detectors is shown in Figure 3.4.

The occurrence of a neutrino interaction or a FIP scattering will be first
detected by the target tracker and the muon system. Electromagnetic showers are
expected to be absorbed within the target region and will therefore be identified
by the target tracker, while muons in the final state will be reconstructed by the
muon system. In addition, the combination of data taken from both systems will
be used to measure the hadronic and the electromagnetic energy of the event.

3.2 [Event Display

The urge to develop an accurate event display software became clear before the
LHC Run 3 data, available from June 2022. The event display used during the
Run 3 commissioning phase is illustrated in Figure 3.5. After having removed the
sketchy detector picture on the background, the active volumes of the electronic
detectors have been schematically drawn. The rectangular shapes represent the
different sub-detectors, indicated with different colours, as well as the
corresponding hit. The error bars of the veto and the Upstream System’s hits
intend to mimic the extension of the scintillating bars.
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Figure 3.3: Illustration of simulated signal topologies that can be reconstructed in
the SND@LHC emulsion target [58].
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Figure 3.4: Schematic drawing of the reconstruction of a v, (top) and a v/, (bottom)
simulated charged-current interaction in the SND@LHC detector [58].
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Figure 3.5: Event display (side view) of a simulated passing-through muon in
SND@LHC.

The first part of the present thesis work was devoted to the development of

an up

dated event display, which included both passive materials and a realistic

implementation of the detector response. From the July 2022 it was adopted as
official display for the SND @LLHC Collaboration. An example of the devloped 2D
display for a passing-through muon is shown in Figure 3.6. Following the TGeo
file containing the geometry of the detector, several upgrades were impelemnted
in order to easily visualize what happens inside the detector for each recorded

event:

1.

nine passive iron blocks in the muon system, coloured in green as in the real
detector;

. five target walls interleaved with the SciFi planes, coloured in grey as in the

real detector;

. aluminium frames over the veto and the muon system, coloured in light grey

so as not to clutter the view;

seven horizontal scintillating bars in the veto, visible only in the side view;

. ten horizontal scintillating bars in the upstream system, visible only in the

side view;

sixty small horizontal scintillating bars in the downstream system, visible
only in the side view;

sixty small vertical scintillating bars in the downstream system, visible only
in the top view;
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8. SciFi hits are drawn as blue circles, due to the fine granularity of the fibre

modules readout;

9. veto, upstream and downstream hits are no longer drawn as points
(triangles), but rather the whole active volume (scintillating bar) is

highlighted in black (muon system) or red (veto);

10. info box in the bottom left corner of each view, including the experiment
logo, the event identification and the timestamp converted in GMT time.

The tracking feature, whenever possible, is based on Hough transform [62].
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Figure 3.6: Official event display of SND@LHC. A penetrating muon event is

displayed, firing all the electronic detectors.

The detector coordinate system in Figure 3.6 is arranged such that the origin
of the axis correspond to the pp collision axis. Thus, the geometry lays on positive
ascending y values and negative decreasing x coordinates. An event display of

one of the eight muon neutrino candidates observed in 2022

Run is reported in
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Figure 3.7. Electromagnetic showers can be seen in the SciFi, after the interaction
occurred in the third target wall, and hadronic activity in the upstream system,
along with a passing-through muon track in the Downstream System.
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Figure 3.7: Event display of a candidate v, interaction. Proton-proton collision
axis is illustrated with the red dashed line.



Chapter 4

Data reconstruction

The event reconstruction is performed at first during the data taking using the
response of the electronic detectors, and later incorporating the emulsion data,
that are available after the extraction, development, scanning and analysis of
emulsion films. The SND@LHC experiment has been taking data successfully
during the proton physics run of 2022, from April to November. In the report
shown in Figure 4.1 a total integrated luminosity of 39.0fb™' have been
delivered at ATLAS in 2022, and 37.6fb™! (~ 96 %) have been recorded by
SND@LHC electronic detectors. The emulsion target replacements are identified
as "emulsion RUNs", and represented in Figure 4.1 with the coloured lines. The
summary of the luminosity integrated in each emulsion RUN is reported in
Figure 4.2, along with the instrumented target mass. The first LHC Run 3 stable
beams at 6.8 TeV were delivered at the beginning of July 2022.

4.1 Emulsion scanning system

The emulsion readout is performed in dedicated laboratories equipped with
automated optical microscopes, derived from the European Scanning System
[13, 15], as the one shown in the left panel of Figure 4.3. The microscopes have
been continuously upgraded, both in hardware and software [33, 38, 41]. The
scanning speed, measured in terms of film surface per unit time, was significantly
increased [41], more than a factor ten faster than before. R&D is still ongoing
[48] to further increase it.

To make a scanning the emulsion film is placed on a movable stage around
the surface (zy plane). The microscope moves along the whole thickness of the
emulsion (2 coordinate) in order to capture tomographic images at different depths
of the emulsion layer, thus the three-dimensional structure of the track can be
reconstructed. The lens of the microscope guarantees a sub-micron resolution and
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Figure 4.1: Integrated luminosity in ATLAS [68]. Dashed line is the luminosity
recorded at the SND@LHC electronic detectors; emulsion RUNs exposure are
reported as coloured lines. Values displayed are not corrected for a 6 % recent

reduction.
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Figure 4.2: Emulsion RUNs replacement timeline. Details on instrumented mass

and integrated luminosity of each RUN.
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Figure 4.3: (Left) Optical microscope used for the SND@LHC emulsion film
scanning. (Right) Schematic drawing of the scanning procedure [61].

allows for a scan of both sides of the emulsion film. In order to make the optical
path homogeneous in the film, an immersion lens in an oil with the same refraction
index of the emulsion is used. A single field of view is 800 x 600 um?. Larger areas
are scanned by repeating the data acquisition on a grid of adjacent fields of view,
starting from the bottom left corner of the film as the xy origin. The total emulsion
film surface to be scanned in SND@LHC is expected to be about 44 m? for each
target replacement. Emulsion films are labeled by handwriting as in Figure 4.4:

1. Run number
Wall number
Brick number

Plate number

A I

Film manufacturer

Currently, the emulsion are being scanned in five scanning stations in Europe:
two microscopes are located in Naples, one in Bologna, one in Lebedev, and the
last one has been recently installed in the CERN emulsion facility. RUNO has
been already completely scanned and processed in Naples. Films from other
emulsion RUNs have been equally shared between all the laboratories, that are
now performing the scanning and the analysis of RUN1 emulsion films.
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Figure 4.4: Label of the emulsion film. From left to right: RUN number, wall
number, brick number, plate number, manufacturer.

4.2 Emulsion RUNO reconstruction

The first months after the detector installation were characterized by the beam
commissioning and scrubbing, with low integrated luminosity. Therefore, in
order to optimize the nuclear emulsion usage, only one brick out of twenty was
instrumented with 57 Nagoya emulsion films from April 7th to July 26th, the
remaining ones being filled with tungsten only. A layout of this configuration,
referred to as “Emulsion RUNO”, is shown in Figure 4.5. The integrated
luminosity of this exposure amounts to 0.5 fb™'. Such a choice was made so as to
evaluate the performance and the limits of the data reconstruction, starting from
the emulsion scanning, throughout the whole reconstruction algorithms. The
Emulsion RUNO was also used to test for the first time the effect of long-term
contact of emulsion films with tungsten.

film 57

Figure 4.5: Layout of the SND@LHC emulsion target. The brick instrumented for
RUNO is highlighted, showing its inner films structure.
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4.2.1 Linking

The reconstruction of the emulsion data starts during the scanning procedure.
After digitizing the acquired images an image processor recognizes the grains as
clusters, formed by groups of pixels of a given size and shape. Therefore, the
track in the emulsion layer (usually referred to as micro-track) is obtained by
connecting clusters belonging to different levels, as shown in the left panel of
Figure 4.6. The offline reconstruction tools used are developed in FEDRA
(Frame-work for Emulsion Data Reconstruction and Analysis) [17], an
object-oriented tool based on C++ and developed in the ROOT [7] framework.
Given that the emulsion films are formed by two emulsion layers, micro-tracks
reconstructed in the two emulsion layers are linked together to form the
base-track (or segment), representing the particle trajectory in a single film, as
illustrated in the right panel of Figure 4.6.

Figure 4.6: Schematic reconstruction of scanned emulsion information. (Left)
Reconstruction of micro-tracks from digitized clusters. (Right) Reconstruction of
base-tracks from two matched micro-tracks.

This procedure is therefore called linking, and it is divided in two steps. The
first-linking evaluates the shrinkage, the angular corrections to apply to
micro-tracks during the second-linking. Base-tracks are chosen according to a x?
minimization, using coordinates, angles and cluster number as input [67]. The
emulsion films in this brick show uniform base-track density along the surface,
as shown in Figure 4.7. The angles of the base-track are here referenced as their
components in the xz (TX) and yz (TY) plane.

4.2.2 Alignment

Angles and positions of the base-tracks are provided in the local reference of each
film, the 2 axis being centered in the middle of the plastic base. The reconstruction
of particle tracks in the full volume requires connecting base-tracks in consecutive
films. A global reference system for the whole brick is obtained by aligning pairs
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Figure 4.7: Two-dimensional spatial (left) and angular (right) distribution of base-
tracks reconstructed in one of the films exposed in the Emulsion RUNO.

of consecutive films one with respect to the other, and this system is then used for
track reconstruction in the whole brick. In order to define such a global reference
system, a set of affine transformations is computed to account for the different
reference frames used for data taken in different films. Penetrating muon tracks
are mainly used for fine film-to-film alignment. It is convenient to optimize the
alignment parameters on a small area first, then moving to the whole scanned
area, usually with 3 alignment iterations.

4.2.3 Tracking

Once all emulsion films are aligned, track reconstruction merges the base-tracks
in the brick’s emulsion films, in order to reconstruct the trajectory of the particle
in the target, usually referred to as volume-track. The employed algorithm is a
Kalman Filter developed in FEDRA, and seeded on the base-tracks, that fits the
best track estimation at given z for each measured (real) segment [67]. A 3D
display of reconstructed tracks can be built, drawing the trajectories of the
particles traversing the emulsion films. An example with 82 reconstructed tracks,
starting from a surface of 1 mm? around the emulsion film center, is shown in
Figure 4.8.

One of the purposes of the track reconstruction is to identify neutrino
interaction, ideally connecting the information obtained by the SciFi plane
immediately downstream of the target wall. Therefore the alignment and the
tracking procedures are performed backwards, so as to reconstruct events from
the downstream signal to the interaction vertex. Vertex reconstruction is
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Figure 4.8: Track display in 25 films, starting from 1 mm? around the emulsion
film center. The colors represent base-tracks in the different emulsion films of the
target.

eventually performed through a Kalman Filter by connecting reconstructed
tracks, based on angles and positions. The FEDRA reconstruction provides
information on a x? probability, along with the interaction point position and
characterization.

4.2.4 Muon flux measurement

The proton collisions produce, among the other particles, penetrating muons,
which arrive at the detector, placed at 480 m distance from ATLAS impact point.
A precise measurement of this muon flux allows to validate Monte Carlo
simulations and to accurately describe emulsion occupancy, providing input in
planning next emulsion target replacements and data analysis.

Considering the data analyzed from 25 emulsion films of the RUNO
exposure, the number of associated segments in each track is shown in the left
panel of Figure 4.9. Two components might be evinced: a random combinations
contribution at low number of segments, decreasing into interrupted or absorbed
tracks and, after a plateaux, a rising component due to penetrating tracks. Tracks
with at least 18 segments are evaluated as particles passing through the target, in
the guise of muons. The efficiency of each emulsion film can be measured by
considering passing-through particles, expected to have segments in all films in
the analyzed target section. Therefore, the ratio between found segments and
expected segments is an estimation of the efficiency for each film, shown in the
right panel of Figure 4.9, with an average of (93.1 + 0.6) %.
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Figure 4.9: (Left) Number of segments reconstructed in the tracks, with the red
line showing the required minimum number of segments. (Right) Efficiency of
track reconstruction for each film.

The muon flux measurement was performed by assessing the reconstructed
track density in 1 x 1cm? cells over the entire film area, having corrected it by
the probability to have at least 18 segments in 25 films, estimated with the
cumulative binomial probability. A 2D map of such track density cells is shown
in Figure 4.10, where 2 cells have been excluded each side so as not to account
for reconstruction inefficiencies on the borders. An average density of
(7.7 £ 0.6) x 10% cm~—2 was measured in the region represented within the red
border. Given the luminosity integrated in the analysed sample, the resulting
muon rate is (1.5 & 0.1) x 10*fb~'/cm?. This emulsion data is consistent with
the independent measurements of the electronic detectors within 10%. The
results are currently being used to validate Monte Carlo simulations of the muon
flux produced at the LHC in the detector region.

4.2.5 Local reconstruction

A dedicated test of track reconstruction with tighter alignment constraint has
been performed for the same 25-films sample in five small 1cm? areas, on the
center of the emulsion films and the others in four equally spaced regions,
referred as quadrants. Focusing on small areas for the determination of
alignment parameters allows for reducing the effect of angular distortions and
emulsion surface deformations. The left panel of Figure 4.11 shows the number
of segments associated to reconstructed tracks for the four different quadrants.
One could also look at the number of emulsion films crossed by a particle,
without requiring to observe a base-track in each film. Such a information is
visible in the right part of Figure 4.11, in which the majority of the tracks are
clearly passing through all the 25 plates.
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Figure 4.10: Position distribution of reconstructed tracks in 1 X 1cm
corrected for reconstruction efficiency. The
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Figure 4.11: (Left) Number of segments reconstructed in the tracks, for the four
small region analyzed. (Right) Number of films crossed by the reconstructed track.
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Computing the residuals between position and angle of each base-track with
a linear fit on the zz and yz planes leads to a measurement of the tracking
resolution. Figure 4.12 and 4.13 show respectively the position and the angular
residuals in both 2D spatial projections of the 1cm? area around the center.
Resolutions are evaluated as the width of a two-model gaussian fit on the residual
distributions. Values are reported in Table 4.1, nearly halving the values obtained
from the global reconstruction. Resolutions measured for all the quadrants are
rather similar.
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Figure 4.12: Position residual distributions. (Left) x component and (right) y
component.
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Figure 4.13: Angular residual distributions. (Left) xz projection and (right) yz
projection.
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Reconstruction Position resolution ~ Angular resolution

Oy O-y Otg Uty
Global 59um  73pm  2.7mrad 2.5mrad
Local 3.8um  3.6pum 1.8mrad 2.0mrad

Table 4.1: Position and angular resolutions measured with tracks reconstructed in
the whole surface (global reconstruction) and in the 1 cm? area around the center
of the film (local reconstruction).

4.3 Emulsion RUN1 scanning and reconstruction at
CERN

In the early 2023 a new scanning laboratory was installed at CERN, in the building
162. Part of my thesis work has been carried out at CERN for two months, where
I was assigned as the scanning station responsible. After having dealt with the
system configuration and scanning tests at the new microscope, emulsion films
scanning were regularly held. From my experience in the Naples laboratory, 1
was able to give instructions and train other personnel committed to the scanning
process. Moreover, the data management phase on servers and its reconstruction
was also handled by myself through a dedicated account for the laboratory.

The scanning and reconstruction of emulsion RUNI1 films was firstly
performed in Naples. Problematics arose from the high track density (~ 20 more
than RUNO), hence a huge effort was made in order to optimize the software
parameters. The use of GPU instead of CPU was also implemented to speed up
the scanning.

The first compelling task to achieve in the new CERN scanning station was a
consistency test with another laboratory. The parameters of RUN1 films scanning
have been set equals to Naples microscopes ones. The base-tracks reconstruction
between the two emulsion layers was performed in an innovative way, splitting
the emulsion surface in 1 x 1cm? cells, with an overlapping region of 25 %. The
linking of such cells has been accomplished by parallelizing the process via
HTCondor [66], a software system that creates a High-Throughput Computing
(HTC) environment and effectively uses the computing power of machines
connected over a network, sharing resources with distributed ownership.

Therefore, it was feasible to compare both the scanning and the linking
performances of the two laboratories. As a matter of fact, it was recorded a
significant speed up in the linking, being made on 18 x 18 parallel cells of 1 cm?
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instead of one surface of 18 x 18 cm?!. Nonetheless, the algorithm for merging
the individual cells delays the process, and hence it is currently under further
improvement. The results of the linking are shown in Figure 4.14, where we can
distinguish some of the cell structure in the left panel. After some basic cuts
defining good quality segments, the base-tracks densities registered in both
laboratories, and reported in Table 4.2, are consistent. In addition, a clear pattern
of increasing density rising in y coordinate, due to the fact that muon flux
increases as the distance from the beamline increases.
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Figure 4.14: Comparison of two-dimensional position distribution of
reconstructed segments in two different scanning laboratories, CERN (a)
and Naples (b). Color scales are normalized to the same value.

4.4 Emulsion RUN2 scanning and reconstruction
test

A striking test was made on RUN2 as well. The first scans of RUN2 films,
performed at the CERN facility, gave a significant outcome, which can be
foreseen in Figure 4.15. RUN2 collected 20.3 fb~! of data, twice the RUN1
integrated luminosity. Considering that, the values reported in Table 4.2 imply
that the segment density scales with the luminosity as expected.

IThe outer 5 — 10 mm frame of the 192 x 192 mm? is not scanned due to the mechanical limit
switches of the microscopes.
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Figure 4.15: Comparison of two-dimensional position distribution of
reconstructed segments in RUNT (a) and RUN2 (b). Color scales are normalized
to the same value.

Emulsion film Scanning station Base-track density Base-track density

(cm™2) normalized
(cm™2/fb™ 1)
1_W2_B4_2  Naples 311553 31470
1._W4_B4 2 CERN 305727 30881
2 W3_B4_1 CERN 604158 29761

Table 4.2: Reconstructed base-track density comparison between different
scanning stations and RUNSs.
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Ultimately, Figure 4.16 shows the profiles of the x and y segment distributions
for RUNO, RUN1, and RUN2. The base-track density scales consistently with
the integrated luminosity. In the right panel it is also noticeable how the muon
flux increases with the increasing y coordinate for the RUN1 (magenta line) and
RUN?2 (black line) brick 4.
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Figure 4.16: One-dimensional segment position distributions, (Left) z and (Right)
y coordinates.

The described test on emulsion RUN2 was of great importance in view of the
upcoming target RUNSs, thus the maximum exposure time. It allowed for
evaluating the current limits on scanning speed and reconstruction memory

consumption, pointing a direction for the R&D improvements both in hardware
and in software.



Chapter 5

Vertex reconstruction

The Emulsion Cloud Chamber of SND@LHC operates as a tracking device
capable of detecting particles interacting in the target by distinguishing different
topologies. The fine segmentation of active emulsion films interleaving tungsten
plates enables a vertex detection with micrometric resolution. The main rask of
the emulsion reconstruction is to identify neutrino interactions by measuring the
trajectory of all the charged particles produced, thus reconstructing the
interaction vertex. Vertex reconstruction is performed in FEDRA [17] with a
Kalman Filter seeded on the segments of reconstructed tracks.

Nonetheless, the following study aims to characterize the background in
order to optimize the rejection process, as less than one neutrino event is
expected in the RUNO exposure. Muon-induced interactions represent the main
background. Undetected incoming muon track and the subsequent muon DIS or
electromagnetic activity are able to produce the same neutrino signature, with a
charged lepton (1) and hadrons (X)) in the detector acceptance. Moreover, neutral
interactions might be resembled by muons coming from the decay in flight of
neutral hadrons, being induced by muons outside the detector.

The first-ever vertex reconstruction in SND@LHC emulsion data has been
performed considering the most 31 upstream emulsion films in the emulsion
RUNO brick, starting from plate 4 to plate 34. Figure 5.1 shows how complex is
the search for neutrino vertices: about 80 vertices are reconstructed using
volume-tracks starting in a 1 x 1mm? surface. It is noticeable that a couple of
vertices are reconstructed by extrapolating tracks outside of the sample volume.

Given the large amount of data contained in the brick, the reconstruction was
divided in multiple processes, eventually merging the outcome. The emulsion
film scanned surface is 180 x 180 mm?2. However, in order to perform the
tracking avoiding time and computing consumption, tracks have been
reconstructed in four different areas separately, arranged as in the left panel of
Figure 5.2. Each quadrant is 96 x 96 mm?, considering 5% surface overlap so as
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Figure 5.1: 3D display of vertices reconstructed in 1 mm? in 31 films.

to take border effects into account. Tracks in the overlap region are taken once.
Furthermore, the vertex reconstruction algorithm was performed dividing
quadrants in subquadrants of 53 x 53 mm?, as illustrated in the right panel of
Figure 5.2. In the 10 % region overlap vertices are considered once.

3rd 4th lc 1d

Ist 2nd la 1b

Figure 5.2: (Left) Illustration of an emulsion film divided in four tracking regions.
(Right) Highlight of one region divided in turn in four vertexing areas.
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5.1 Vertex selection

The overall number of vertices reconstructed in the sample is ~ 3 x 10°. Before
analyzing them, several cuts based on vertex topologies are applied.

Vertex position In addition to vertices reconstructed inside the target volume,
extrapolations of tracks might connect into a vertex outside the target. Therefore,
the first selection cut concerns the fiducial volume where the neutrino interaction
can occur. Transverse coordinates of the emulsion film are accounted for during
the subquadrants merge. The 2 distribution of the reconstructed vertices is shown
in Figure 5.3, with the vertical red lines defining the upstream and downstream
surfaces of the analyzed volume. Only vertices lying inside the analyzed volume
are considered.
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Figure 5.3: Reconstructed vertices position along the target z-axis. The volume of
the analyzed sample is indicated with the two red lines.

Flag Vertex topologies in Figure 5.4 are identified by means of a flag [67]:

* flag O (3) identifies forward neutral vertices;
 flag 1 (4) identifies forward charged vertices;

* flag 2 (5) identifies backward neutral vertices;
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with the flag in the parenthesis adding the information that vertex has at least one
track in common with another vertex.

Flag 0 (3) Flag1 (4) Flag2 (5)

Figure 5.4: Vertex topologies. From left to right: neutral (linked), charged (linked),
back neutral (linked).

Flags of reconstructed vertices are shown in Figure 5.5. Neutrino-like vertices
are those with flag O or 3. Forward charged vertices (flag 1 or 4) can be attributed
to a Deep Inelastic Scattering of muon in the target volume, as shown in Figure
5.6.
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Figure 5.5: Flag distribution of the reconstructed vertices. Selected vertices are
with flag O or 3.
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Figure 5.6: 3D vertex display of a RUNO candidate muon DIS (top) v projection
(bottom) z projection.
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Vertex multiplicity Neutrinos interacting via Deep Inelastic Scattering in the
target are expected to produce on average 5.8 tracks in the interaction vertex. Such
high multiplicity is due to the mean energy of the DIS neutrinos. The multiplicity
of reconstructed vertices in RUNO data is reported in Figure 5.7. Vertices with
less than three tracks are discarded based on Monte Carlo studies about muon
DIS background. A large contribution to the low multiplicity vertices is likely due
to combinatorial random association in a such high track-density environment.
One of the vertices with high multiplicity is shown in Figure 5.8, and it might be
interpreted as a high-energy hadronic shower.
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Figure 5.7: Vertex multiplicity. Selected vertices are with at least 3 tracks.

After having applied the discussed selections, ~ 80000 reconstructed vertices
survive. A summary of the selection efficiencies is reported in Table 5.1, showing
the rejection power of the described cuts. Selection efficiencies of Monte Carlo
samples are also addressed: signal MC sample is composed of ~ 1400 v, CC-
DIS interaction, and background MC sample is provided with muons with a track
density of 10* cm~2, according to the measured muon flux in Section 4.2.4. The
FEDRA tracking and vertex reconstruction is performed in the whole target on
Monte Carlo samples starting from simulated base-tracks, and the same vertex
selection procedure is applied in order to compare simulations and data.
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The main discrepancy between the total efficiency of data and simulated
background might be ascribed to the multiplicity cut. The larger statistics of
RUNO reconstructed data and the sizeable contribution from the combinatorial
random associations increase the multiplicity rejection, thus lowering the
efficiency.

Selection RUNO data eff (%) MC bkg eff (%) MC signal eff (%)
All sample 3022809 13481 1374
Position 84.29 4 0.02 76.0 £ 0.4 98.8 £ 0.3
Flag 33.21 +£0.03 40.7 £ 0.5 99.8 +£0.1
Multiplicity 9.45+0.03 26.5+ 0.7 88.3£0.9
Total efficiency 2.646 + 0.009 8.2+0.2 87.8+0.9

Table 5.1: Number of vertices in the analyzed samples and partial efficiencies for
the three selections applied on RUNO data, MC background and MC signal. Total
efficiency is reported in the last raw.

5.2 Vertex characterization

The integrated luminosity of emulsion RUNO exposure amounts to 0.5fb~ ",
hence less than one neutrino event is expected. As a matter of fact, the purpose of
the first emulsion target was to assess the FEDRA reconstruction algorithms for
SND@LHC and to optimize them, in view of the subsequent emulsion RUNs
replacements. Therefore, it is reasonable to regard the RUNO reconstructed data
as background only, thus characterizing it and evaluating the background
rejection. In order to perform the validation, a comparison between RUNO data
and Monte Carlo background was performed for variables characterizing the
vertex, considering the reconstruction of the mentioned MC sample only in the
most 31 upstream films of the same brick of RUNO. Vertex selection is done in
the similar way as described above.

The multiplicity of the selected vertices is shown in Figure 5.9. RUNO data
and MC background are superimposed in the left panel, resulting in a similar
decreasing behaviour, except for high multiplicity owing to the low MC
statistics. The right panel shows the expected distributions for the signal. A
Monte Carlo v, CC-DIS sample, reconstructed in the whole target, is considered.
As mentioned, the peak is around 5 — 6 tracks per neutrino vertex, with tails at
higher multiplicities.

Figure 5.10 shows a 3D vertex display of one of the vertices selected in
RUNO data . Since the vertex is reconstructed in the 13th plate, no charged tracks
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Figure 5.8: 3D vertex display of RUNO with 29 reconstructed tracks (top) y
projection (bottom) 2 projection.
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Figure 5.9: Multiplicity of selected vertices. (Left) MC background and RUNO
data are superimposed. (Right) MC signal.

are associated upstream. Five long tracks, two of them going through the end of
the sample, emerge from Monte Carlo studies to be the signature of a neutrino
CC interaction, producing a charged lepton and the hadronic component. The
variables employed to analyze the selected vertices rely on tracks properties as
well.

Number of segments Tracks are obtained by fitting segments (base-tracks) in
consecutive films. Nevertheless, segments are not required to be consecutive. A
maximum of three gaps are allowed to reconstruct a track as one. The left
distribution in Figure 5.11 decreases smoothly, both for RUNO data and MC
background, as a consequence of random combinations of low segments
reconstructed into tracks.

Number of crossed films The total number of films crossed by track
represents the difference between the last and first film of the same track. In the
right panel of Figure 5.11 a two-component behaviour become evident, as the
long tracks coming from high-energy particles are bound to end in the last plate.
Instead, random combination of segments, low energy particles and
electromagnetic component lie on the low side of the distribution.

Fill Factor Ad hoc variable defined to normalize the number of segments to the
number of films available from the vertex to the end of the brick:

Mseg (5.1)

Nplava
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Figure 5.10: 3D vertex display of a RUNO neutral-like interaction (top) vy
projection (bottom) z projection.
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Figure 5.11: (Left) Number of segments reconstructed in each track. (Right)
Number of crossed films by each tracks. MC background and RUNO data are
superimposed.

Tracks with fill factor equal to 1 reach the end of the brick with no gaps, whilst
lower values are associated with interrupted or absorbed tracks, or a significant
number of reconstruction gaps. Fill Factor of RUNO data and MC background
showed in the left panel of Figure 5.12 spreads the values almost uniformly,
whereas the FF for MC signal in the right panel is well distributed to high values
(> 0.5).
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Figure 5.12: Fill Factor evaluated track by track. (Left) MC background and
RUNO data are superimposed. (Right) MC signal.

Impact Parameter The 3D spatial distance between tracks and vertex,
evaluated track by track. The left plot of Figure 5.13 shows the data and MC
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background impact parameter distributions that softly decrease following equal
profiles. The MC signal on the right panel is well peaked below 5 pm.
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Figure 5.13: Impact parameter evaluated track by track. (Left) MC background
and RUNO data are superimposed. (Right) MC signal.

Vertex probability The probability is defined on the Kalman Filter x?2,
calculated from looping over tracks associated to the vertex, given the covariance
matrices of the fitted segments. Random combinations populate the low
probability bins in the left panel of Figure 5.14, leaving a small sample made of
high-probability reconstructions over a flat distribution. The figure on the right
shows the MC signal vertices with reconstructed probability very close to one.
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Figure 5.14: Vertex probability. (Left) MC background and RUNO data are
superimposed. (Right) MC signal.



5.3 Multivariate Discrimination with TM VA 67

5.3 Multivariate Discrimination with TM VA

The comparison between RUNO data and Monte Carlo muon background
manifested no particular discrepancy in the distributions analyzed individually,
thus validating the quality and the characterization of the data as background
only. A further step was to view the whole vertex characterization altogether,
investigating the possible combinations of cuts that lead to a suitable background
rejection. This approach is called Multivariate Discrimination or Multivariate
Analysis (MVA) and it can be conducted exploiting the computer algorithms
power with Machine Learning techniques. In applying the MVA to the RUNO
data we aim to reach a significant background suppression, discarding most of
the reconstructed events. The vertices left as signal by the MVA could in
principle be in-depth analyzed and inspected individually, looking at the displays
and studying the topologies.

The Toolkit for Multivariate Analysis (TMVA) [21] provides a
ROOT-integrated environment for the processing, evaluation and application of
the most frequently adopted multivariate analysis methos in high-energy physics,
including artificial neural network and boosted decision trees. The software
package consists of object-oriented implementations in C++/ROOT for each of
these machine learning techniques, and provides a common interface for the
different multivariate methods. Each method is configurable, and all parameters
can be tuned. The TMVA provides training, testing and performance evaluation
algorithms and visualisation scripts.

5.3.1 Boosted Decision Trees

The MVA classifier chosen as the most suitable for the examined data is the
Boosted Decision Tree (BDT). A decision tree is a binary tree structured
classifier. A sequence of selection cuts are applied on given variables until a stop
criterion is fulfilled. Each cut splits the phase space into nodes, each of which
corresponds to a given number of observations classified as signal or as
background. The boosting of a decision tree extends this concept from one tree to
several trees which form a forest. The trees are derived from the same training
ensemble by reweighting events, and are finally combined into a single classifier.
The output of the BDT for a given event x is just the weighted average of the
scores over the individual trees T, (x) [14]:
Niree
T(x) = anTy(z), (5.2)
m=1
where 7),,(x) = 1 if the set of variables for the i-th event lands that event on a
signal leaf and 7},,(x) = —1 if the set of variables for that event lands it on a
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background leaf. The boost weight «,,, is derived from the misclassification rate
of the previous tree. Boosting stabilizes the response of the decision trees with
respect to fluctuations in the training sample and is able to considerably enhance
the performance of a single tree.

5.3.2 TMVA training on Monte Carlo

A BDT has been trained with ~ 1200 MC signal v, interaction events and a
sample made of ~ 1100 MC muon background. Partition of 70% training and
30% test sample was created. The input variables are shown in Figure 5.15 with
the distributions of signal and background given to train the TMVA. After the
training, the BDT output of the test sample is reported in Figure 5.16 achieving a
strong discrimination of signal and background. Signal and background
efficiencies are displayed in the left panel of Figure 5.17, including the signal
purity and the significance as well. The optimal cuts are chosen according to the
best significance value S/v/S + B = 30.76, when cutting the BDT output at
0.0149, attaining:

Signal efficiency = (96.38 £+ 0.01) % (5.3)
Background rejection = (98.193 4 0.008) %. (5.4)

The ROC curve in the right panel of Figure 5.17 is the best plot to assess the
overall discrimination performance. It shows the background rejection versus
signal efficiency for the BDT (test sample). The efficiencies are obtained by
cutting on the classifier outputs [21].

5.3.3 Background suppression of RUN( data

Applying the BDT weighted from the MC training to the RUNO data could help
obtain the desired background suppression. Since the expected number of neutrino
interaction in the 0.5 fb~' exposure of RUNO is less than one, the performance of
the classifier are evaluated considering the analyzed sample as only background.
As a matter of fact, the BDT output of the RUNO data reported in Figure 5.18,
with only 194 vertices passing the BDT value of 0.0149, achieving a rejection
of (99.757 4 0.003) %. The variables of such vertices are shown in Figure 5.19,
prevailing with high Fill Factor and probability and low mean impact parameter.
The two vertices previously displayed in Figure 5.8 and 5.10 pass the
selection, respectively with BDT values of 0.072 and 0.131. Another vertex with
high BDT response of 0.167 is shown in Figure 5.20. The very similar topology
reveals that the described MVA study makes use of input data that is not
sufficient to fully discriminate signal from background. Both the variables and
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Figure 5.15: Plots of the signal and background MVA input variables (training

sample) [21].
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Cut efficiencies and optimal cut value Background rejection versus Signal efficiency
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Figure 5.17: (Left) Signal and background efficiencies, obtained from cutting on
the classifier outputs, versus the cut value [21]. (Right) BDT ROC curve.
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Figure 5.18: BDT response on the RUNO data. The red line corresponds to the
BDT cut.
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Figure 5.19: Distributions of the RUNO vertices variables passing the BTD cut.
Number of tracks (a); fill factor (b); mean impact parameter (c); Kalman Filter
probability (d).
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the statistics employed to train the BDT might have not been informative enough
to distinguish different signatures. A complete reconstruction of the interactions
in the target walls, taking into account electromagnetic showers and secondary
linked vertices, is needed to fulfill the vertex identification.

Figure 5.20: 3D vertex display of a neutral-like interaction passing the BDT cut
(top) y projection (bottom) z projection.



Chapter 6

Event matching

The SND@LHC detector operates with hybrid technology, combining nuclear
emulsion and electronic detectors, as described in Section 2. The target system
exploits the micrometric precision of the five ECC walls to reconstruct the
neutrino interaction vertex and the SciFi planes to provide the timestamp and the
energy measurement of the event. Both detectors are needed to perform a full
reconstruction of neutrino candidate events. This become a challenging task
given the different nature of the systems: integrate all events in the exposure
period, ideally corresponding to 25 fb™*, whereas the electronic detector records
data event by event with a DAQ system. After each ECC exposure (emulsion
RUNSs) and reconstruction it is possible to match the two data types. Matching
complexity consists in the association of the two data sets without exploiting the
temporal information of the SciFi.

The matching with neutrino vertex candidates reconstructed in the target
walls is performed by connecting tracks reconstructed in emulsions with the
centre of gravity of electromagnetic and hadronic showers, reconstructed in the
SciFi immediately downstream of the ECC where the interaction occurred. The
large multiplicity of tracks produced in neutrino interactions and the high density
of passing-through muons prevent a track-by-track matching between SciFi and
ECC. The emulsion data can also be used to complement the target tracker
system for the energy measurement of electromagnetic showers [61].

The strategy to evaluate the center of gravity (or barycenter) for both the SciFi
and emulsion data was performed and optimized using Monte Carlo samples made
of ~ 3900 v, (v,) and ~ 1200 v, (7.) charged-current interactions in the target
walls. The background is not taken into account in this phase of the study. Such
requirements were fulfilled by studying the position of the interaction point, the
pdg codes of the interacting particles and the mother/daughter relations between
them. The simulation has been produced following the standard chain with the
official sndsw software:
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1. Neutrino fluxes are obtained from FLUKA simulation;
2. Genie generator is used for neutrino interaction simulation;
3. Particle are propagated in the detector with GEANT4;

4. Digitization step to reproduce the data structure.

6.1 SciFi barycenter

An important step in defining the barycenter of a signal event in SciFi was to
study of the response of SciFi planes. In doing so, it is necessary to use the MC
truth to identify the interaction position. Therefore we can focus on the SciFi
plane immediately downstream of the wall where the neutrino interaction
occurred. Digitized hits are used to define the barycenter of the signal released by
charged particles. The digitization of the signal takes into account the SiPM
readout of SciFi planes, coming either from the vertical module or the horizontal
one. The two-dimensional distributions of the hits in Figure 6.1 are obtained by
considering the fired channels in both directions, thus allowing for ghosts. Hits
left by muon neutrino interaction and electron neutrino interaction reveal
different signatures. In the right panel of the figure SciFi hits produced by a v,
interaction are reported, showing a spread probably due to large angle hadron
tracks. Conversely, the right panel of Figure 6.1 illustrates a v, interaction event
leaving signal in a wider but confined region, as a result of electromagnetic
showers.
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Figure 6.1: 2D map of digitized hits in SciFi. The red star points to the true MC
(right) muon and (left) electron neutrino vertex position.

It is therefore more suitable to look separately at the one-dimensional
distributions for x and y coordinates in Figure 6.2. The barycenter of SciFi hits is
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evaluated as the mean value of the gaussian fit of the hit position in each
coordinate.
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Figure 6.2: Position distributions of digitized hits in SciFi. The red lines indicate
the true MC (top) muon and (bottom) electron neutrino vertex position.

A quality check is made by comparing the center of gravity with the true MC
neutrino vertex. In order to evaluate the difference between SciFi barycenter
position and neutrino vertex position, we need first to perform the projection of
the neutrino vertex on the SciFi plane along the incoming neutrino direction, as
illustrated in Figure 6.3. The residuals shown in Figure 6.4 and are defined as
following:

X residual = scifi_bar_x — nu_vertex_x (6.1)

Y residual = scifi_bar_x — nu_vertex_y, (6.2)

where scifi_bar and nu_vertex indicate the coordinates of the SciFi barycenter and
the neutrino vertex, respectively. The distributions are peaked around zero, with
widths from gaussian fits of o, = 0.530 cm and o, = 0.498 cm. This procedure is
also useful to optimize the fits and the determination of the barycenters.
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Figure 6.3: Schematic illustration of the prolongation of a neutrino vertex to the
downstream SciFi plane.
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Figure 6.4: Residual distributions for SciFi. Measured barycenters are compared
with the true MC neutrino interaction (left) x and (right) y position.
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6.2 Emulsion barycenter

The definition of the emulsion barycenter is straightforward. Starting from
simulated base-tracks in the target, tracks and vertices are reconstructed within
the FEDRA workflow. Each vertex is associated with a MC event ID with an
efficiency of 82.4 %, such that ~ 4300 vertices with flag O or 3 are reconstructed
and analyzed. Tracks coming from the primary vertex are projected on the most
downstream emulsion film (60th) as shown in Figure 6.5, in order to be as close
as possible to the SciFi plane.
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— — - -

Reconstructed
vertex

film #60

Figure 6.5: Schematic illustration of the prolongation of a reconstructed tracks in
the emulsion to the most downstream plate.

On the last emulsion film hits for each projected track are considered, and the
barycenter is defined as the center of gravity of the two-dimensional histogram in
Figure 6.6. Residual are evaluated as follows:

X residual = eml_bar_x — nu_vertex_x (6.3)

Y residual = eml_bar_x — nu_vertex_y, (6.4)

where eml_bar indicates the coordinates of the emulsion tracks barycenter and
nu_vertex the neutrino vertex position. The distributions in Figure 6.7 are peaked
at zero, with widths from gaussian fits of o, = 0.163cm and o, = 0.159 cm,
revealing the improved precision of the ECC.
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Figure 6.6: 2D position distribution of reconstructed tracks (projectetd) on the last
plate. The red star points to the true MC muon neutrino vertex position.
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Figure 6.7: Residual distributions for emulsion. Measured barycenters are
compared with the true MC neutrino interaction (left)  and (right) y position.
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6.3 Matching efficiency

The matching efficiency is assessed by associating an emulsion barycenter with
the nearest SciFi barycenter, based on a distance metrics. In order to visualize such
a process, in Figure 6.8 ten events are displayed with different colours. In this case
the association of the measured barycenter in SciFi and the emulsion tracks center
of gravity would be straightforward.
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Figure 6.8: Example of 10 events matching. The triangles indicate the event
barycenter in Scifi, and the dots represent the track distribution in the last emulsion
plate.

Two lists of ordered emulsion events and SciFi events are taken separately,
and the fraction of event IDs that are correctly matched is used as an estimate of
the efficiency. About ten neutrino interactions are expected in each brick, hence
40 in each wall, assuming a replacement every 25 fb™*. Therefore, barycenters of
10 events at a time are matched, repeating over the full sample. This procedure is
done again considering 40 events at a time. The average efficiencies are reported
in Table 6.1 distinguishing the neutrino flavour.

This was the first attempt to perform the matching between SciFi digitized
hits and neutrino interactions reconstructed in the emulsion target. Despite the
early stage of the algorithm and the broad possibilities to improve it the results
obtained are however satisfactory. The algorithm is ready to be applied to real
data, after the identification of neutrino candidate events. Full event
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Flavour Events 10-setavgeff 40-setavg eff

Vi, 3196 92 % 85 %
Vel 995 96 % 88 %
TOT 4191 93% 86 %

Table 6.1: Matching efficiency averaged over sets of 10 and 40 events. Separated
values for neutrino flavours are also reported.

reconstruction, taking into account electromagnetic and hadronic showers
reconstructed in both sub-detectors, and energy calibration will be implemented
to further develop the matching, one of the most challenging task of the
SND@LHC experiment in reconstructing the neutrino interactions.



Conclusions

SND@LHC is a compact and stand-alone experiment, designed to perform
neutrino measurements of all flavours at the high energies provided by the LHC.
The detector is composed of ECC interleaved with electronic trackers, followed
downstream by a muon system. The first emulsion target, referred as RUNO, was
installed at the beginning of LHC Run 3, integrating a luminosity of 0.5 fb™.

In the present thesis work the developing of the 2D Event Display for the
Collaboration has been accomplished first. Data from 25 emulsion films of RUNO
has been then analyzed in the FEDRA framework, reconstructing the trajectory
of muons traversing the target. A density of (1.5 & 0.1) x 10% fb/cm? has been
measured. This emulsion data is consistent with the independent measurements
from the electronic detectors.

Thereafter a vertex reconstruction on the most 31 upstream films of RUNO data
has been performed, studying and inspecting them by means of several described
properties. After a selection of the major interest vertices, some 3D displays are
presented, showing for the first time interaction vertices in the SND@LHC target.
Expecting less than one neutrino event in this first exposure, the analyzed sample
was considered as background only. A MVA approach was tested on data, after
having trained a BDT with Monte Carlo signal and background samples. As a
result, a background suppression of (99.757 4+ 0.003) % was attained.

Lastly, a strategy for the matching of emulsion reconstructed data with the
signal from electronic target tracker has been developed. Given the emulsion
replacement at every 25fb~', a matching efficiency of 93% has been evaluated
by associating the centers of gravity of emulsion tracks and digitized electronic
hits for v, and v, Monte Carlo signal interactions. The algorithm, with further
implementations, will be soon tested on real data golden samples.
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