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Abstract

The Short Baseline Neutrino Program at Fermilab aims to confirm or defi-
nitely rule out the existence of sterile neutrinos at the eV mass scale. The
program will perform the most sensitive search in both the νe appearance
and νµ disappearance channels along the Booster Neutrino Beamline. The
far detector, ICARUS-T600, is a high-granularity Liquid Argon Time Pro-
jection Chamber located at 600 m from the Booster neutrino source and at
shallow depth, thus exposed to a large flux of cosmic particles. Addition-
ally, ICARUS is located 6◦ off axis with respect to the Neutrino beam from
the Main Injector. This thesis presents the construction, installation and
commissioning of the ICARUS Cosmic Ray Tagger system, providing a 4π
coverage of the active liquid argon volume. By exploiting only the precise
nanosecond scale synchronization of the cosmic tagger and the PMT optical
flashes it is possible to determine if an event was likely triggered by a cos-
mic particle. The results show that using the Top Cosmic Ray Tagger alone
a conservative rejection larger than 65% of the cosmic induced background
can be achieved. Additionally, by requiring the absence of hits in the whole
cosmic tagger system it is possible to perform a pre-selection of contained
neutrino events ahead of the full event reconstruction.
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Introduction

In the last decades, neutrino physics gathered more and more interest as
the Nobel prize-winning discovery of neutrino oscillations demonstrated that
neutrinos are massive particles. The discovery led to the standard three neu-
trino mixing paradigm where νe, νµ and ντ are superposition of ν1, ν2 and
ν3 massive states. Starting from the mid-1990’s, a series of anomalous re-
sults were reported by neutrino oscillation experiments at relatively short
baselines, suggesting the existence of at least an additional light sterile neu-
trino state. The Short Baseline Neutrino Program (SBN) at Fermilab aims
to perform the most sensitive search for sterile neutrinos at the eV mass-
scale through the analysis of both the νe appearance and νµ disappearance
channels on the Booster Neutrino Beam. The novelty of the SBN Program
is twofold: (I) the exploitation of a near and far detector system, (II) the
implementation of the Liquid Argon Time Projection Chamber (LArTPC)
technology for both the detectors. This configuration will allow to perform a
joint analysis of the neutrino events detected at the Near and Far sites with
constrained systematic uncertainty.

Three LArTPCs are located along the Booster Neutrino Beamline (BNB):
SBND (the near detector), MicroBooNE and ICARUS (the far detector), at
110 m, 470 m and 600 m from the neutrino source, respectively. ICARUS
is also exposed to the NuMI beam, ∼ 800 m from the proton target and 6◦

off-axis. The off-axis NuMI beam grants ICARUS acceptance to a significant
flux of νµ and νe, in both neutrino and antineutrino mode beam configura-
tion. The first phase of the SBN Program was carried out by MicroBooNE
alone and it was completed at the beginning of 2021. The second phase
of SBN is characterized by the joint program of the SBND and ICARUS
experiments.

The ICARUS detector is located at shallow depth, thus exposed to a
large flux of cosmic particles entering the detector during the 1.6 µs (BNB)
or 9.6 µs (NuMI) neutrino beam-spill (in time activity) and during the ∼
1 ms TPC drift time (out of time activity). In order to mitigate the rate
of cosmic ray induced events, ICARUS is instrumented with a Cosmic Ray
Tagger (CRT) system ensuring a 4π coverage of the detector. Additionally,
6 m water equivalent of concrete overburden are installed above the CRT
system to suppress the soft electromagnetic and hadronic components of the
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cosmic ray spectrum.
In this thesis I present the ICARUS CRT system, highlighting, in partic-

ular, the subsystem deployed on the top of the detector (Top CRT) which I
built, installed and commissioned. The Top CRT alone intercepts ∼ 80% of
the incoming cosmics and it is composed of 123 hodoscope modules built at
the INFN Frascati National Laboratory. The modules were moved to Fer-
milab and their installation on top of the ICARUS detector was completed
at the end of 2021. In the first months of 2022 they were commissioned
and fully integrated in the data acquisition system. ICARUS completed its
commissioning phase in June 2022, setting the start of the first physics run
on both BNB and NuMI beams.

In this work the first cosmic background rejection and event selection
tools using the CRT system are presented. By exploiting only the nanosec-
ond scale precision of the CRT and photo-detection system timing synchro-
nization, it is possible to determine whether or not a specific event was likely
triggered by a cosmic particle entering the TPC. Additionally, the selection
of not fully contained νµ CC-like candidates can be achieved by requiring
positive difference between the CRT hit and the optical flash timestamps.
It was observed that, by requiring that optical flashes are not matched with
any CRT hit, a selection of fully contained neutrino interactions can be per-
formed ahead of the full event reconstruction. The pre-selection capability
amounts to ∼ 32 (39)% of the whole in time collected sample for BNB
(NuMI). Overall it is expected that, considering the Top CRT alone, a con-
servative rejection of more than 65% of the in time and out of time cosmic
background can be achieved.



Chapter 1

Beyond the Standard Model

1.1 Neutrinos

Neutrinos were proposed in 1930 by W. Pauli to provide an answer to the
continuous spectrum of β-decays[1]. Their first detection only happened in
1956 at the Savannah River Plant in South Carolina (Reines received the No-
bel Prize in 1995)[2]. In the following years, neutrinos have been thoroughly
studied and tested, the results have always delivered important insights, un-
veiling peculiar properties that significantly set neutrinos apart from the rest
of the known particles. It was observed that neutrinos are always polarized
in certain direction with respect to their motion, in particular they could
only be left-handed (neutrinos) or right-handed (antineutrinos) [3, 4]. It
was, then, proposed that neutrinos can be described by a left-handed Weyl
spinor and this was first included in the V-A theory of weak interactions and
ultimately in the Standard Model (SM) of particle physics [5, 6, 7, 8, 9].

Following the discovery of the muon, it was theorized that in analogy
with their lighter counterpart (electrons) also these new particles would en-
ter Fermi interactions coupled by a neutrino. In 1962 Lederman, Schwartz,
and Steinberger created the first accelerator neutrino beam from the pion
decays of a proton beam colliding with a target. It was observed that the
neutrinos produced by the pion decays associated with a muon would not
produce electrons when interacting with matter [10]. This was proof a that
electron and muon neutrinos were distinct particles with similar properties
that would participate separately in weak interactions with their charged lep-
tonic counterpart. This result was rewarded with the Nobel prize in 1988.
The neutrino family was enlarged in 2000 by the discovery of an additional
type of neutrinos associated with the tau lepton by the DONUT experi-
ment[11].

In 1957 B. Pontecorvo proposed the first idea of ν ⇐⇒ ν oscilla-
tions in analogy with K0 ⇐⇒ K

0[12]; following the discovery of a second
type of neutrino, in 1969 he generalized his proposal to the two flavour
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4 Chapter 1. Beyond the Standard Model

mixing (νµ and νe)[13]. This concept was embraced by Maki, Nakagawa,
and Sakata, who introduced the concept of mixing between mass and flavor
eigenstates [14]. The first hint of solar neutrino oscillations were observed
by the Homestake experiment in the 60’s, but the definitive answer was pro-
vided in 2001 by the SNO experiment[15, 16, 17]. In SNO two different
neutrino interaction channels were exploited: the charged current (CC) in-
teraction νe + d → p + p + e− and the neutral current (NC) interaction
να + d → p+ n+ να, with α = e, µ, τ . While CC interactions depend on the
ability to observe the charged lepton associated with the neutrino, the NC
ones are indistinguishably sensitive to all flavors. By comparing the fluxes νe
and να, the SNO experiment demonstrated that the νe content of the total
solar neutrino flux is only one third, while the total flux prediction (να) was
in good agreement with the theoretical predictions[17].

Neutrino oscillations were also observed in atmospheric neutrinos, pro-
duced by cosmic-ray interactions in the atmosphere, producing pions and
kaons and consequently muon and electron neutrinos. In 1998, the Super-
Kamiokande experiment observed a deficit in the up-going muon neutrinos
and discovered that their depletion is dependent on L/E, where L is the
oscillation length and E is the neutrino energy[18]. The observed deficit was
due to the oscillation of the muon neutrinos in tau neutrinos, which could
not be detected by the experiment. The Super-Kamiokande results were the
definitive proof of neutrino oscillations which led, in 2015, to the Nobel Prize
to T. Kajita (for the Super-Kamiokande collaboration) and A. B. McDonald
(for the SNO collaboration) for "for the discovery of neutrino oscillations,
which shows that neutrino have a mass".

The discovery of neutrino oscillations opened a new chapter in particle
physics: they imply that the Standard Model is not complete, since in the
SM neutrinos are massless.

1.2 Neutrinos in the Standard Model

The Standard Model is based on the gauge symmetry SU(3) × SU(2)L ×
U(1)Y and all the known fermions are classified by the corresponding quan-
tum numbers. The representation of the SM fermionic content is given in
Table 1.1.

In the SM neutrinos are singlets of SU(3), but they are SU(2)L doublets
with their corresponding charged leptons. Their hypercharge (Y ) is −1/2
and they do not carry electric charge (Q = 0). In the SM, neutrinos are Weyl
fermions with left chirality only, ναL ≡ PLνα, α = e, µ, τ . As required by
CPT (charge conjugation, parity, and time-reversal) invariance, left-handed
neutrinos are accompanied by right-handed antineutrinos. In the SM there
are no right-handed neutrinos; therefore, the parity is maximally violated.

Neutrinos interactions are mediated by the weak force according to the
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Particles SU(3) SU2L U(1)Y
Leptons(
νe
e

)
L

,
(
νµ
µ

)
L

,
(
ντ
τ

)
L

1 2 -1/2

eR, µR, τR 1 1 -1

Quarks(
u
d

)
L

,
(
c
s

)
L

,
(
t
b

)
L

3 2 1/6

uR, cR, tR 3 1 2/3
dR, sR, bR 3 1 -1/3

Table 1.1: Representation of the SM fermionic content subdivided with re-
spect to the groups SU(3), SU(2)L and U(1)Y .

charged current and neutral current terms in the SM Lagrangian:

LSM = − g√
2

∑
α=e,µ,τ

ναLγ
µℓαLWµ − g

2 cos θW

∑
α=e,µ,τ

ναLγ
µναLZµ + h.c.

(1.1)
where g is the SU(2)L coupling and θW is the Weinberg angle.

In the SM, neutrinos are subdivided into three families, the existence of
additional active neutrinos is not allowed, and it is strongly constrained by
the invisible width of the Z boson, Z → νανα. The Z invisible width was
measured by the LEP experiment, and it strongly constrains the number of
active neutrinos to 3 families[19]:

Nν =
Γinv

Γνν
= 2.984± 0.008 (1.2)

Additional neutrinos can exist, but they cannot participate in SM interac-
tions; therefore, they are called sterile neutrinos.

1.3 PMNS matrix

Due to the massive nature of neutrinos, they can be described using two
different bases: the flavor basis να, α = e, µ, τ , in which each neutrino flavor
is defined by the charged lepton to which it couples, and the mass basis νi,
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i = 1, 2, 3, in which each neutrino has a definite mass. The two different basis
are related by a unitary matrix U, the so-called Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix:

ναL =

3∑
i=1

UαiνL (1.3)

Taking into account only the charged current part of equation 1.1, in the
basis in which the charged lepton mass matrix is diagonal, the Lagrangian
becomes:

LSM = − g√
2

∑
α,i

νiU
⋆
αiγ

µPLℓaαWµ + h.c. (1.4)

with α = e, µ, τ and i = 1, 2, 3.
The PMNS matrix can be parameterized as [20, 21]:

Uαi =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13

 · P (1.5)

where cij ≡ cos θij and sij ≡ sin θij , with θij ∈ [0.90◦]. δ is the Dirac Charge
Parity Violating (CPV) phase (δ ∈ [0, 360◦]) and P ≡diag(1,ei

α21
2 , ei

α31
2 ),

where α21 and α31 are the two Majorana CPV phases.
The entries of the PMNS matrix have been constrained by the results

of several neutrino oscillation experiments. The latest results, within three
sigma uncertainties, are the following.

|UPMNS |3σ =

0.797− 0.842 0.518− 0.585 0.143− 0.156
0.233− 0.495 0.448− 0.679 0.639− 0.738
0.287− 0.532 0.486− 0.706 0.604− 0.754

 (1.6)

1.4 Neutrino masses beyond the Standard Model

The existence of a neutrino mass basis and the confirmation of neutrino
oscillations require the SM Lagrangian to be extended to account also for the
neutrino mass terms. Depending on the neutrino intrinsic nature (whether
or not they are Dirac or Majorana particles), the extensions of the SM should
include different terms.

1.4.1 Dirac Masses

The most simple extension to the SM would require adding additional SM
gauge singlets called sterile neutrinos (νR). In this extension, a new Yukawa
coupling emerges:

−Ly = Lynu · H̃νR + h.c. (1.7)

where L ≡ (νTL , ℓ
T )T is the leptonic doublet and H̃ = iσ2H

⋆, where H is
the Higgs field. Once the neutral component of the Higgs field acquires a
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vacuum expectation value ⟨H̃⟩ = (vH/
√
2, 0)T , a Dirac mass term can be

obtained for the light neutrinos:

−LDirac =
νH√
2
νLyννR + h.c. (1.8)

The new Yukawa coupling and the resulting Dirac mass conserve the lepton
number. Since a Majorana mass term for νR is not forbidden by gauge
invariance, its absence must require lepton number conservation; therefore,
this symmetry needs to be promoted from an accidental symmetry of the
SM to a fundamental element of particle interactions.

An estimation for the order of magnitude of the yν coupling can be
estimated: considering one generation only, if mν = yνvH/

√
2 is sub-eV,

the coupling would be yν ∼ 10−12. In such a model, there would be no
explanation for the great hierarchy of masses between the charged leptons
and the neutrinos. Moreover, if this was the case, there would be no reason
to expect such a different hierarchy between neutrinos masses and similar
mixing in the quark sector.

1.4.2 Majorana masses

Neutrinos are the only candidate among SM fermions to have a Majorana
mass term. It would be possible to construct a singlet combination [22]:

LM,BSM =
λ

Λ
LT · H̃⋆C†H̃† · L+ h.c. (1.9)

This new operator is called the Weinberg operator, it has 5 dimensions and
requires a mass scale Λ in the denominator. The Weinberg operator is the
only D = 5 operator allowed in the SM, suggesting that there is a new
theory at high energy scale Λ, which does not show up at low energies. The
Weinberg operator would break the lepton number by two units and lead to
a Majorana mass term:

LM,BSM =
λv2H
2Λ

νTLC
†νL + h.c. (1.10)

1.4.3 The seesaw mechanism

In analogy with the Fermi theory, the four-fermion interactions could be
mediated by the exchange of virtual massive particles at tree level and their
mass M would correspond to the scale Λ. Depending on the exchanged
particle, three main models have been studied:

- Type I see-saw for a fermion singlet;
- Type II see-saw for heavy triplet scalars;
- Type III see-saw for triplet fermions;

In Figure 1.1 the diagram corresponding to the contribution to the neutrino
mass is shown in the three different seesaw scenarios.
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Figure 1.1: Diagrams corresponding to the neutrino mass contribution in
the three see-saw scenarios. ⟨H⟩ is the vev of the neutral component of the
Higgs field, N is a sterile neutrino singlet, ∆ is a scalar triplet and Σ is the
neutral component of a fermion triplet[23].

Several SM extensions support Λ close to the Grand Unification energy
scale, ∼ 1014 GeV, providing an explanation for the suppression of neutrino
masses. Seesaw mechanisms can be included in many GUT theories; this
choice is very popular since it would explain the small neutrino mass and
the baryon asymmetry of the Universe at the same time, but these mod-
els could not be tested directly. Another possibility would be considering
smaller couplings, in order to lower the Λ energy scale and allow direct
testing of the models. The TeV energy scale accessible at LHC allows the
possibility to observe the characteristic signatures of new particles, such as
scalar and fermion triplets and sterile neutrinos. An example of such a sig-
nature, in the case of sterile neutrinos, would be same-sign dileptons with
jets without missing energy and lepton-flavor violating signals[24]. Account-
ing for even smaller couplings, the Λ scale could be lowered even further,
suggesting the possibility of heavy neutrinos with GeV, MeV and even eV
masses. For MeV-GeV masses, heavy neutrinos would induce peaks in the
spectrum of electrons and muons emitted in meson decays, this signatures
are model independent and are currently studied by several experiments,
with the most recent constraints provided by the NA62 experiment[25]. In
the keV range, the heavy sterile neutrinos could be emitted in beta decays,
distorting the electron spectrum with kinks, and, for very small mixing an-
gles, they could be stable on cosmological timescales, providing a candidate
for dark matter[26]. For eV masses, the most interesting energy scale for
neutrino oscillation experiments, they would introduce neutrino oscillations
at short distances. In Figure 1.2, the values of the Yukawa couplings re-
quired to generate a light neutrino mass mν are reported for a simplified
one-generation case. The mixing angle between the heavy neutrino and the
active one is sin2 θ = mν/MN .
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Figure 1.2: Yukawa coupling and the corresponding sterile neutrino mass
needed to generate a light neutrino with mass ∼ 0.1 eV. The corresponding
value of sin θ is reported. Different experimental strategies to observe sterile
neutrinos in the different energy ranges are also shown[23].

1.5 Experimental neutrino anomalies

Neutrinos have been thoroughly studied in the past decades; a very diverse
and rich program of experimental neutrino measurements clarified several
aspects of this phenomenon. Nevertheless, several neutrino "anomalies" have
been observed, which cannot be accomodates in the 3-neutrino framework:
the Reactor Neutrino Anomaly, the Gallium Anomaly, the LSND Anomaly
and the MiniBooNE Low-Energy Excess. Recently, one more anomalous
result was observed and included in this list, the Neutrino-4 Anomaly.

The common interpretation of neutrino anomalies requires an oscillation
frequency of ∆m2 ≳ 1 eV2, which implies the addition of at least one sterile
neutrino to the three-flavor mixing paradigm. This purely oscillatory inter-
pretation is disfavored by several direct and indirect experimental tests and,
in recent years, other more complex theoretical interpretation BSM have
been proposed.

1.5.1 Reactor Neutrino Anomaly

In all the simplest light sterile neutrino oscillations, assuming one additional
neutrino mass state, nonzero νµ → νe oscillations imply that both νµ and
νe disappearance must occur at short baselines. In agreement with this
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interpretation, several reactor-detector experiments reported measurements
of νe fluxes at short reactor-detector distances (10-100 m) lower with respect
to the prediction. This flux deficit was observed over a broad range of short
baselines, and it is referred to as "Reactor Antineutrino Anomaly" (RAA).

Reactor neutrino experiments exploit the νe produced by beta decays of
neutron-rich fission fragments, generated by the fissionable isotopes 235U ,
238U , 239Pu and 241Pu. These MeV-scale νe are emitted isotropically from
the reactor core. A typical reactor antineutrino source is very difficult to
model due to the hundreds of fission isotopes with different yields. Reactor
neutrino experiments have typically used Inverse Beta Decay (IBD), νe +
p → e+ + n as the desired detection process due to the high cross section
and the substantial background rejection capability, which can be obtained
by requiring prompt positron energy deposition followed by a delayed and
spatially-correlated capture of the thermalized neutron. The νe spectrum as
a function of energy Eνe measured by a detector using the IBD process is:

dN

dEνe

(Eνe) =
1

4πL2
ϵNpσEνe

∑
i

dSi(Eνe)

dEνe

(1.11)

where L is the mean detector distance from the reactor, ϵ is the efficiency, Np

is the number of target protons, σEνe
is the IBD cross section and dSi(Eνe)

is the antineutrino flux from isotope i. The event rate measured in reactor
antineutrino experiments can be expressed in terms of "cross section per
fission" σf,a, also called "IBD yield":

σf =
∑
i

fiσi (1.12)

where σi is the IBD yield for the fissionable product. The IBD yields have
been measured in a broad array of antinuetrino experiments in nearly four
decades, with experimental reactor-detector baselines ranging from less then
10 m to more then 1 km.

In 2011, new antineutrino flux calculations, using improved sources mod-
eling, predicted detection rates substantially different from previous esti-
mates, leading to a 5-6% discrepancy between the prediction and the average
of existing measurements. Figure 1.3 shows the ratio of measured to pre-
dicted IBD yields as a function of the reactor-detector baseline. A potential
source for the discrepancy could be a model involving sterile neutrinos mixing
with active neutrinos. In this scenario, a portion of the νe from the nuclear
reactor would oscillate at the ∆m2

new ∼ 1 eV2 frequencies to sterile states
that go undetected, leading to a deficit in the measurements. The reactor
anomaly does not show L/E signature, which justifies the study of addi-
tional theories, including inaccuracies in flux modeling. Recent experimen-
tal efforts investigated baseline-dependent νe energy spectrum distortions to
observe L/E dependence.
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Figure 1.3: Ratio (Ra,HM ) of the measured to the predicted IBD yields as a
function of baseline. HM model is used for the predicted IBD yields (Huber
and Mueller model). Each data point corresponds to an experiment. The
green line and band show the average of Ra,HM and average uncertainty
respectively[27].

1.5.2 Gallium Anomaly

Electron neutrino disappearance measurements complementary to that of
reactors, can be provided by intense radioactive sources, that, for example,
were used in radiochemical experiments. Radiochemical experiments were
designed to identify solar neutrinos that would interact with the detector
chemical converting the element into a radioactive isotope:

νe +N(A,Z − 1) → e− +N(A,Z)

where A and Z are the mass and atomic numbers. Two solar neutrino exper-
iments, GALLEX and SAGE used 71Ga as a detector chemical [28, 29]. The
interaction of electron neutrinos would produce electrons and 71Ge isotopes
extracted through chemical processes. During the calibration process, arti-
ficial 51Cr and 37Ar sources were located inside the detectors, as sketched in
Figure 1.4. Electron neutrinos are emitted in the electron capture processes:

e− +51 Cr →51 V + νe
e− +37 Ar →37 Cl + νe

(1.13)

with neutrino energies of hundreds of keV. The resulting electron neutrinos
would interact with gallium through the reaction:

νe +
71 Ga →71 Ge+ e− (1.14)

The total number of neutrino produced by the radioactive source and inter-
acting with the detector is determined by the amount of 71Ge collected by
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Figure 1.4: Scheme of a gallium based experiment, where the radioactive
source (36Ar or 51Cr) is located inside liquid gallium tank[30].

GALLEX SAGE
0.953±0.11 0.95±0.12
0.812+0.10

−0.11 0.791+0.084
−0.078

Table 1.2: Ratio of predicted and observed 71Ge event rates measured by
GALLEX (using 51Cr twice) and SAGE (using 51Cr and 37Ar).

chemical extractions. The activity of the source measured by the detector
was compared with previous directly measured activity, the ratio between
the two is reported in Table 1.2.

The ratio between measured and predicted source activity is referred to
as the Gallium Anomaly; in Figure 1.5 the results of Table 1.2 are shown
together with the global average Ravg = 0.86± 0.05, ∼3σ away from unity.

The Gallium Anomaly has been interpreted as the disappearance of elec-
tron neutrinos through short-baseline oscillations into sterile neutrinos. In a
3+1 mixing neutrino framework, considering only one sterile neutrino at the
eV mass scale, the survival probability of electron (anti)neutrinos is:

P (νe → νe) = 1− 4|Ue4|2(1− |Ue4|2) sin2(
∆m2

41L

4E
) (1.15)

where L is the distance from source, E is the neutrino energy, U is the 4×4
PMNS mixing matrix and ∆m2

41 = m2
4 −m2

1 is the squared-mass difference
between the heavy sterile neutrino ν4 and the light neutrino ν1 (considering
∆m2

41 ≈ ∆m2
42 ≈ ∆m2

43).

1.5.3 LSND Anomaly

Accelerator experiments with pion decay-at-rest exploit a well-characterized
νµ flux with a mean energy of ∼ 30 MeV, with negligible νe contamination.
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Figure 1.5: Ratio of the observed and predicted event rates as measured
by the different radioactive source experiments GALLEX and SAGE. The
shadowed region correspond to the 1σ area around the weighted average,
Ravg = 0.86± 0.05[30].

These detectors are located at short distances (∼ 30 m) and they offer good
sensitivity to νµ → νe oscillations. Two of these experiments were Los
Alamos Neutrino Detector (LSND) and the KArlsruhe Rutherford Medium
Energy Neutrino (KARMEN)[31, 32].

The LSND detector at Los Alamos National Laboratory consisted of a
cylindrical tank, 8.3 m long and 5.7 m in diameter, located ∼ 30 m from the
neutrino source. Neutrinos were produced from the decay of charged pion to
muons at rest, the charged pions were produced using a 798 MeV protons on
target beamline. Muon antineutrinos were produced by a sequence of decays
(π+ → µ++νµ and µ+ → e++νe+νµ). The intrinsic νe contamination from
the π− decay chain was highly suppressed and was expected to be 7.8×10−4

smaller then the νµ flux. The signal observed was the inverse beta decay
νe + p → e+ + n through the detection of 2.2 MeV photon from the neutron
capture correlated with the identification of a positron. The detector target
was 167 tons of mineral oil, doped with liquid scintillators for both the
detection of Cherenkov light and scintillation light. The light readout was
carried out using 1220 photomultiplier tubes (PMT) uniformly distributed
on the inner surface of the tank. The positron energy and direction were
obtained by reconstructing the Cherenkov ring.

LSND observed evidence for νµ → νe oscillations that could be de-
scribed by a two-neutrino oscillations with ∆m2 ∼ 1 eV2 and an oscillation
amplitude sin2 2θµe smaller than 1%[33]. The anomaly corresponded to a
background-subtracted excess of 87.9 ± 22.4 (stat) ±6.0 (sys) events. The
distributions of the observed excess are presented in Figure 1.6, both as func-
tions of the L/E parameter and the positron energy for a clean sample of
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Figure 1.6: The LSND anomaly excess as a function of L/Eν (left) and the
observable positron energy (right). The blue shaded region corresponds to
best fit values for two-neutrino oscillations sin2 2θ = 0.003 and ∆m2 = 1.2
eV2[33].

oscillation candidates.
The 3 + 1 sterile neutrino fit was not performed simply in the recon-

structed neutrino energy, but as a likelihood in four-dimensional Ee (electron
energy), Rγ (coincidence variable), z (electron distance along the tank axis)
and cos θ (electron angle with respect to the neutrino beam) space. The
best fit corresponded to an oscillation amplitude of sin2 2θµe = 0.003 and a
∆m2 = 1.2 eV2. The resulting allowed region in the parameter space are
shown in Figure 1.7, alongside with other experiments that did not see a
similar signal.

1.5.4 MiniBooNE Low Energy Excess

The LSND anomaly was investigated with a follow-up experiment. The new
experiment needed to rely on different systematics and methodology, while
preserving the sensitivity to the same ∆m2 and sin2 2θµe. Differently from
LSND, which studied neutrino produced by π+ decaying-in-rest, the new ex-
periment would exploit a π+ decay-in-flight accelerator beam, which could
produce a νµ-dominated flux with higher mean energy, granting the oppor-
tunity for an independent test at a longer baseline. Following this concept,
a muon neutrino beamline was realized at the Fermi National Accelerator
Laboratory (FNAL, or Fermilab) from protons extracted from the Booster
accelerator. The Booster Neutrino Beamline (BNB) provided a ∼ 99.5%-
pure muon neutrino beam with a mean energy of ∼600 MeV[34]. The test
of the LSND anomaly along the BNB was performed with the MiniBooNE
Cherenkov detector[35]. MiniBooNE and BNB at Fermilab were designed to
provide an L/E ratio comparable to that of LSND (L/E ≈ 0.4−1.0 m/MeV),
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Figure 1.7: Two-neutrino oscillation fit results obtained by the LSND collab-
oration for events with reconstructed positron energy 20 < Ee < 200 MeV,
with 90% and 99% confidence levels for the allowed regions for sin2 2θµe and
∆m2. The 90% CL limits from other experiments are also shown[33].

Figure 1.8: Schematic representation of the MiniBooNE Cherenkov detector.



16 Chapter 1. Beyond the Standard Model

but on a longer baseline (540 m from the neutrino source) and at a higher
energy (peak energy of ∼700 MeV). The MiniBooNE experiment consisted of
a single spherical tank, 12.2 m in diameter, filled with 818 tons of mineral oil.
The inner surface of the detector was covered with 1520 PMTs. Cherenkov
and scintillation light generated in the neutrino interactions were used to
perform electron and muon identification, to distinguish νe and νµ interac-
tions. A schematic representation of the MiniBooNE detector is reported in
Figure 1.8.

The event reconstruction method in MiniBooNE uses the Cherenkov rings
detected on the inner surface of the detector to differentiate electrons, muons
and pions, while protons with kinetic energies smaller than the Cherenkov
threshold in mineral oil (∼ 350 MeV kinetic energy) could not be observed.
One of the main limitations of MineBooNE (and Cherenkov detector in gen-
eral) was that the topology of the interactions was not directly reconstructed
and single photons, for example, were indistinguishable from single electrons
in terms of their Cherenkov ring reconstructions. The separation of neutral-
current (NC) π0 → γγ events relied on the reconstruction of two separate
Cherenkov rings. MiniBooNE main sources of background searching for νe
from νµ → νe oscillations were:

• intrinsinc νe contamination in BNB, O(0.5%) νe and νe that were an
irreducible background;

• NC π0 events, where one of the photons was not reconstructed and the
event is indistinguishable from single electron, for example when the
Cherenkov cones are overlapping;

• NC ∆ → Nγ where gammas produced during the radiative decay of
∆ baryon could mimic a single-electron production in MiniBooNE;

• "dirt" events, corresponding to neutrino-induced events in the material
surrounding the detector, with some particles scattering in the active
region of the inner volume.

A graphical representation of the signatures of CCQE νµ, CCQE νe, and NC
π0 inside the MiniBooNE detector is presented in Figure 1.9.

The first results from MiniBooNE in 2007, corresponding to a third of
the total data set collected (5.58×1020 protons on target, POT), reported
no evidence of neutrino oscillation within a νµ → νe appearance paradigm,
placing a 90% CL limit covering the majority of the allowed LSND parameter
space. The first analysis was performed only for the region of reconstructed
neutrino energy > 475 MeV, assuming quasi-elastic scattering. Although no
excess was found for EQE

ν > 475 MeV, an excess was observed below this
limit. This excess is referred to as the MiniBooNE "Low-Energy Excess" (or
LEE), and consisted of 128.8± 20.4± 38.3 excess events above the predicted
backgrounds, corresponding to 3.0σ at energies < 475 MeV.
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Figure 1.9: Graphical representation of νµ, νe and NCπ0 signatures in the
MiniBooNE detector.

Exploiting the BNB capabilities of switching from neutrino to antineu-
trino mode, by inverting the focusing horns magnetic field polarity, Mini-
BooNE repeated its search running in antineutrino mode, acquiring 5.66 ×
1020 POT. The results from MiniBooNE’s first νµ → νe search showed an ex-
cess extending both at low energy and in the oscillation signal region of 475<
EQE

ν <300 MeV. Expanding the fit to the whole energy region(EQE
ν >200

MeV), the best fit was found at ∆m2 = 4.42 eV2 and sin2 2θ = 0.0066, with
a significant overlap in the low ∆m2 allowed region of the LSND’s 90% CL.

MiniBooNE ran for ten additional years, collecting 18.75× 1020 POT in
neutrino mode and 11.27 × 1020 POT in antineutrino mode. MiniBooNE’s
final results are reported in Figure 1.10 showing an excess of data over back-
ground prediction for both the beam modes. The excess is more visible below
600 MeV with an overall significance of 4.8σ, combining both beam modes.
The observed excess was 560±119.6 and 77.4±28.5 events for neutrino mode
and the antineutrino mode, respectively. The final best fit parameters for the
two complete data samples, over the entire energy range (200< EQE

ν <3000
MeV), are ∆m2 = 0.043eV 2 and sin2 2θ = 0.807. MiniBooNE’s best-fit close
to maximal mixing is ruled out by several experiments and, as it can be seen
in Figure 1.11, none of the allowed LSND region at ∆m2 > 10 eV2 is within
the combined MiniBooNE 95% CL.

Although the overall number of excess events is consistent with what
is expected by the LSND’s best-fit parameters, the predicted signal from
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Figure 1.10: Final MiniBooNE results corresponding to 18.75×1020 POT in
neutrino mode (top figures) and 11.27×1020 POT in antineutrino mode (bot-
tom figures), for both the reconstructed visible energy (left) and the recon-
structed Cherenkov cone angle with respect to the neutrino beam (right)[36,
37].
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Figure 1.12: Left: 1σ (blue), 2σ (green) and 3σ (yellow) regions suggested
from the Neutrino-4 sterile neutrino search. Right: L/E distribution of back-
ground (reactor off) subtracted IBD rates reported by the Neutrino-4 col-
laboration[39].

νµ → νe oscillations, corresponding to MiniBooNE’s two-neutrino best-fit,
cannot describe the shape of the excess (see Figure 1.10). This difference
motivated additional interpretations of the excess, considering energy mis-
reconstruction, a not comprehensive estimation of the backgrounds and, pos-
siblyy, other BSM physics as the source of the MiniBooNE LEE.

1.5.5 Neutrino-4 Anomaly

Neutrino-4 is a 1.8 m3 Gd-doped liquid scintillator detector. It is divided
into 10 rows, each consisting of 5 sections of 0.225 m × 0.225 m × 0.95
m. The detector is located in Dimitrovgrad (Russia) and detects νe from
the 57 MWthorium SN-3 reactor. A movable platform allows the detector to
sample neutrinos at different distances, from 6 to 12 m. The short reactor
power on (off) cycles of 8-10 (2-5) days allow for rapid signal and background
measurements[38].

Neutrino-4 collected data from 2016 to 2021 with a rate of ∼300 events/day,
corresponding to 720 (860) days of reactor on (off) data with a signal-to-
background ratio of ∼0.5. The experiment performed a sterile neutrino
search in the L/E parameter space and observed evidence with 2.9σ of neu-
trino oscillation effect with the best fit at ∆m2

14 = 7.3±0.13(stat)±1.16(syst)
and sin2 θ14 = 0.36 ± 0.12(stat). The results of the oscillation best-fit are
presented in Figure 1.12, as well as a plot of the L/E oscillatory pattern
observed after subtraction of the reactor off background[39].

It is worth noting that the Neutrino-4 results are widely debated by
several collaborations; on top of this, the Neutrino-4 suggested parameter
space is disfavored by the PROSPECT (Precision Reactor Oscillation and
SPECTrum) and STEREO experiments.
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1.6 Short Baseline sterile Neutrino Global Fit

All the anomalies described in section 1.6 can be explained by introducing
one (or more) additional sterile neutrino states with masses O(1−10) eV. In
the simplest 3+1 model, one additional neutrino flavor νs, not participating
in the weak interactions, is added to the standard neutrinos. The three active
neutrino flavors and the sterile neutrino, accounting for an extended PMNS
matrix, would be mixtures of four different neutrino mass eigenstates, where
m4 is assumed to be of order ∼1 eV. The extended 4×4 oscillation matrix
Uαi, with α = e, µ, τ, s and i = 1, 2, 3, 4, would then describe the neutrino
oscillation in the 3+1 model.

Assuming that the fourth m4 is mostly sterile and much heavier then
the other three mass eignestates, ∆m2

41 ≫ |∆m2
31|,∆m2

21, therefore ∆m2
31

and ∆m2
21 can be approximated as degenerate and null. In the limits where

∆m2
31 and ∆m2

21 oscillations are negligible, short baseline oscillations can be
approximated by:

• electron neutrino disappearance channel :

P (νe → νe) ∼= 1−4|Ue4|2(1−|Ue4|2) sin2(
∆m2

41L

4Eν
) ≡ 1−sin2(2θee sin

2(
∆m2

41L

4Eν
)

(1.16)

• muon neutrino disappearance channel :

P (νµ → νµ) ∼= 1−4|Uµ4|2(1−|Uµ4|2) sin2(
∆m2

41L

4Eν
) ≡ 1−sin2(2θµµ sin

2(
∆m2

41L

4Eν
)

(1.17)

• electron neutrino appearance channel :

P (νµ → νe) ∼= 4|Uµ4|2|Ue4|2 sin2(
∆m2

41L

4Eν
) ≡ sin2(2θµe) sin

2(
∆m2

41L

4Eν
)

(1.18)

Short baseline oscillations are relevant for L/Eν ≈ 1 m/MeV or km/GeV
if ∆m2

41 ≈ 1 eV2. It is important to note, that from equations 1.26, 1.27
and 1.28, if both |Ue4|2 and |Uµ4|2 are not zero, electron-neutrino disap-
pearance, muon-neutrino disappearance and muon-to-electron neutrino ap-
pearance must all occur at the same L/Eν . The oscillation amplitudes
for the appearance and disappearance channels are related by sin2 2θµe ≤
1/4 sin2 2θµµ sin

2 2θee.
Although anomalies have been observed and thoroughly studied in νe dis-

appearance and νµ → νe appearance, the νµ/νµ disappearance channel never
observed anomalies. Strong limits to νµ/νµ disappearance channels, pro-
vided by several neutrino oscillation experiments such as MINOS / MINOS
+ and IceCube, are presented in Figure 1.13. Experimental data constrain
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Figure 1.13: Constraints on the 3+1 scenario from νµ/νµ disappearance.
For comparison, in red it is shown the parameter region favoured by νe
disappearance and νµ → νe appearance data[40].

|Uµ4|2 ≲ 10−2 across a wide range of ∆m2
41 from ∼2×10−1 eV2 to ∼ 10 eV2.

Atmospheric neutrino data, dominated by IceCube results, provide strong
constraints at ∆m2

41 ≲ 10−2. Given the constraints on |Ue4| from reactor
experiments, the values of sin2 2θµe ≡ 4|Ue4|2|Uµ4|2, required by LSND and
MiniBooNE can only be reached if |Uµ4| is large. This, however, is clearly
disfavoured by multiple νµ/νµ disappearance null results. This is the origin
of a severe 4.7σ tension in the global fits between appearance and disappear-
ance data, reported in Figure 1.14.

A coherent picture that accommodates all of the anomalies is still missing,
and several experiments are taking data to provide an answer to them. The
Short-Baseline Neutrino (SBN) program at Fermilab exploits the Booster
Neutrino Beamline and three detectors located at different distances from
the neutrino source. Thanks to the excellent detector capabilities, based
on the Liquid Argon Time Projection Chamber (LArTPC) technology, SBN
will investigate both the νe appearance and the νµ disappearance channels
simultaneously. With 5 years of data taking, SBN aims to provide a definitive
answer to neutrino anomalies by confirming or rejecting at > 5σ CL the light
sterile neutrino solution.
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Figure 1.14: Appearance versus disappearance data in the parameter space
spanned by the effective mixing angle sin2 2θµe ≡ 4|Ue4|2|Uµ4|2 and the
mass squared difference ∆m2

41. The blue curves show limits from the dis-
appearance data sets using free reactor fluxes (solid) or fixed reactor fluxes
(dashed), while the shaded contour are based on the appearance data sets
using LSND DaR+DiF (red), Decay at Rest + Decay in Flight, and LSND
DaR (pink)[40].





Chapter 2

The Short-Baseline Neutrino
Program

The Short-Baseline Neutrino Program (SBN) will carry out the most sensi-
tive search to address the possible existence of 1 eV mass-scale sterile neutri-
nos hinted by experimental anomalies. It is based on three LArTPCs (Liquid
Argon Time Projection Chambers[41]) detectors located along the Booster
Neutrino Beam (BNB) line[42].

2.1 SBN

The detectors located at different baselines allow to search for high-∆m2

neutrino oscillations in the νµ → νe (Appearance) and νµ → νµ (Disap-
pearance) channels. Figure 2.1 shows an illustration of the SBN LArTPCs
sitting along the Booster Neutrino Beam. The Short-Baseline Near Detector
(SBND) has an active mass of 112 t of liquid argon and is located at 110
m from the neutrino source. SBND is currently under construction and it is
expected to begin data taking in late 2023. The MicroBooNE detector has
an active mass of 89 t of liquid argon and it is located 470 m from the BNB
target. MicroBooNE started collecting data in October 2015 and completed
its program in 2021 after five years of physics data. The far detector is the
ICARUS-T600 detector refurbished and upgraded for optimal performance
in SBN. ICARUS is located 600 m from the BNB source and has an active
mass of 476 t of liquid argon; the detector is in data collection operation
since June 2022. The complementarity of the three LArTPCs will create a
world-leading sterile neutrino search program that will cover the parameters
allowed by past anomalies at a significance ≥ 5σ.
The SBN physics program goals are:

• understanding the nature of MiniBooNE Low Energy Excess with Mi-
croBooNE (Phase 1);

25
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Figure 2.1: Illustration of the three SBN detectors along the Booster Neu-
trino Beam. The Short-Baseline Near Detector is the closest to the neutrino
source, MicrooBooNE, the first to complete its operations sits in the middle,
ICARUS, the largest of the three, is the furthest.

• searching for sterile neutrinos both in appearance and disappearance
channels, using SBND and ICARUS as near and far detector respec-
tively (Phase 2);

• provide verification or refutation of the Neutrino-4 experiment’s evi-
dence for a large mixing angle sterile neutrino;

• paving the ground for the future long-baseline experiment DUNE, by a
further development of the LArTPC technology and by high-statistics
measurements of ν-Ar cross sections in the few GeV region.

In addition to its primary goals, the SBN Program will perform a rich pro-
gram of BSM serches, looking for neutrino tridents, Higgs portals for scalar
dark matter, heavy leptons, Lorentz and CPT violating effects among others.

The global νe appearance data points to a mass splitting (∆m2
41) between

0.3 eV2 and 1.5 eV2, with a mixing strength in the range 0.002 ≲ sin2 2θµe ≲
0.015. Figure 2.2 shows the shape of the oscillation probability for two sets
of parameter in these ranges. The projected sensitivities (assuming an ex-
posure of 6.6×1020 protons on the BNB target) to the νe appearance and
νe disappearance oscillation signals are shown in Figure 2.3 and 2.4. The
BNB will operate until the LBNF (Long Baseline Neutrino Facility) long-
shutdown expected by early 2027, enabling the joint ICARUS and SBND
phase II to collect more then twice the statistic of the SBN proposal, while
it is expected that ICARUS alone will acquire more then three times the pro-
posed statistic. The νe disappearance channel will be studied by both SBND
(BNB) and ICARUS (NuMI), providing a direct probe of sin2 2θee using a
neutrino beam rather then lower energy reactor antineutrinos. Accounting
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Figure 2.2: Top row: νµ → νe oscillation probability for a 700 MeV neutrino
as a function of the baseline for two different sets of oscillation parameters.
Bottom row: νµ → νe oscillation probabilities at the near (110 m) and far
(600 m) detector as a function of the neutrino energy, for the same set of
parameters. The far/near ratio of appearance probabilities is also shown.[43]
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Figure 2.3: SBN 5σ sensitivity to a light sterile neutrino in the appearance
channel. For comparison, the LSND preferred region at 99% C.L. (shaded
black) is also shown. The SBN sensitivities correspond to an integrated
6.6×1020 protons on the BNB target. The sensitivity for the expected POTs
is also shown (blue).
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Figure 2.4: SBN 5σ sensitivity to a light sterile neutrino in the disappearance
channel. The SBN sensitivities correspond to an integrated 6.6×1020 protons
on the BNB target. The sensitivity for the expected POTs is also shown
(blue).
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Figure 2.5: SBN 5σ sensitivity to the νe → νe disappearance channel for
an integrated 6.6×1020 protons on the BNB target. The sensitivity for the
expected POTs is also shown (blue).
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Figure 2.6: Illustration of the Fermilab Accelerator complex. Each compo-
nent of the BNB production system is highlighted in color. Protons exiting
the 400 MeV Linac (purple) are boosted to 8 GeV in the Booster synchroton
(blue). 8 GeV protons are extracted from the Booster ring and fired at a
beryllium target (green) to produce secondary hadrons which decay, produc-
ing the Booster Neutrino Beam.

for 6.6×1020 protons on target, SBND will collect ∼ 35000 νe. ICARUS can
leverage its off-axis position along the NuMI beam (6 degrees) and observe
a νe enriched flux. The SBN sensitivity in the νe disappearance channel,
considering only BNB events, is shown in Figure 2.5.

2.2 The Booster Neutrino Beam

The BNB is generated by extracting 8 GeV protons from the Booster accel-
erator (Figure 2.6) and firing them on a 1.7λ beryllium target, to produce a
secondary beam of hadrons, mainly pions[44]. Charged secondary particles
are focused by a single toroidal aluminum alloy focusing horn that surrounds
the target. It is supplied with 174 kA in 143 µs pulses in coincidence with
the proton delivery. The magnetic horn focuses or defocuses pions based
on their charge in order to steer the maximal amount of same-charge pions
into a collimated beam. Focused mesons pass through a collimator and are
allowed to propagate in the decay tunnel, a 50 m long, 0.9 m radius air-
filled volume. In the decay tunnel, the majority of the charged mesons decay
mostly via the dominant channel

π+/− → µ+/− + νµ/νµ (2.1)
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Figure 2.7: νµ, νµ, νe, and νe components of the flux distribution for SBND
(left), and ICARUS (right) in neutrino mode.

which occurs with a 99.9877% branching ratio. At the end of the decay
tunnel, a 25 m concrete and steel plates wall stops residual particles. The
Booster spill width is 1.6 µs with ∼ 5×1012 protons per spill delivered to the
beryllium target with an extraction rate of up to 5 Hz. The main Booster
RF is operated at 52.8 MHz and the beam is extracted using a fast-rising
kicker that steers all the particles in a single turn. The resulting structure
is a series of 81 bunches of protons each ∼ 2 ns wide and 19 ns apart.

The polarization of the magnetic horn can be reversed, allowing for both
forward and reverse horn currents (FHC and RHC) operations. In forward
mode, the BNB horn focuses positive mesons to produce a νµ dominated
beam, whereas in reverse mode, negative mesons are focused to produce an
νµ dominated beam. Currently, it is not expected for the BNB to run in
reverse mode throughout the Phase 2 of the SBN Program.

Figure 2.7 shows the fluxes of neutrinos observed in the SBND and
ICARUS detectors. The flux peaks at around ∼ 0.7 GeV. The neutrino
beam consists almost entirely of νµ (and νµ), with only a 0.5% of νe/νe
component.

2.3 NuMI

The Neutrinos at the Main Injector (NuMI) beam is currently the most
powerful neutrino beam produced by extracting 120 GeV protons from the
Fermilab Main Injector[45]. The protons are first accelerated to 8 GeV in the
Booster, as described in section 2.2, and then steered in the Main Injector.
The Main Injector is 7 times the circumference of the Booster, which allows
the injection and the storage of seven Booster batches, however a maximum
of six proton batches can be accelerated as the last slot is used for the pulse
kicker rise time. The Main Injector accelerates protons up to 120 GeV. The
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Figure 2.8: NuMI beam flux in ICARUS for forward (left) and reverse (right)
horn current.

protons destined for the NuMI beam line are extracted, bent downward to
point at the MINOS Far Detector, and transported to the NuMI target.
The protons are fired onto a graphite target and the produced hadrons are
focused by two magnetic horns and then enter a 675 m long decay volume.
An hadron monitor is located at the end of the decay volume, in front of a
5 m thick absorber, followed by 240 m of rocks, interspersed with 4 muon
monitors. The NuMI horns are pulsed with an half-sine wave with a duration
of 2.3 ms, producing magnetic fields up to 3 T. The maximum design current
is 205 kA with a repetition rate of 1.87 s. The NuMI is able to deliver up to
6.5×1013 protons per spill with a beam pulse width of 9.6 µs.

Originally, NuMI was built in 2005 to provide neutrinos for the MINOS
experiment, later on it was used in other experiments such as MINERνA,
ArgoNeuT, NOνA and MINOS+. The ICARUS detector lies 795 m down-
stream of the NuMI neutrino beam at an off axis angle of 5.7◦. The large
off axis angles provides a significant flux of both muon and electron neutri-
nos and antineutrinos in both the neutrino (FHC) and antineutrino (RHC)
beam configurations, corresponding to 3·1020 POT/yr. Figure 2.8 shows the
expected neutrino flux at the ICARUS detector for FHC (left) and RHC
(right) mode.

2.4 The SBN Near Detector: SBND

The Short-Baseline Near Detectr (SBND) has an active LAr mass of 112 t
and is located 110 meters from the BNB target. SBND as the near detector of
the SBN program will measure the unoscillated BNB neutrino flux. SBND
is composed of two TPCs with a drift region of 2 m, for a total volume
of 4 m (H) × 4 m (W) × 5 m (L). The drift direction is perpendicular
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to the neutrino beam and the maximal drift length corresponds to about
1.3 ms drift time, for the nominal 500 V/cm. The innovative SBND TPC is
composed of 2 cathode planes and 4 anode planes (two adjacent anode planes
per TPC, APAs). The cathode planes lie side-by-side and are located at the
joint region of the two TPCs. The anode planes are located on the opposite
wall to the cathode and are adjacent one to the other. Each anode plane is
composed of three wire planes angled at ±60◦ and 0◦ to the vertical plane.
The wire planes are 3 mm apart with a wire pitch of 3 mm. The wires are
150 µm in diameter and are made of copper-beryllium. Overall, the SBND
TPC is composed of 2816 wires. Each of the two jointed cathode planes are
composed of metallic subframes supporting a reflective foil coated in TPB
wavelength-shifter between them. The TPB covered foil maximises the light
yield of the detector by reflecting the scintillation photons to the Photo-
Detection System (PDS) on the opposite wall. SBND front-end electronics
for the TPC readout is located inside the liquid argon (cold electronics),
maximizing the signal-to-noise ratio.

The SBND PDS is composed of multiple components and it will be the
benchmark for future LArTPC experiments. The PDS is divided into 24
modules, 12 behind each anode plane. Each module is composed of 5 PMTs
(4 PTB-coated and 1 uncoated) and 4 X-ARAPUCA pairs. The SBND
PDS will allow detection of both direct and indirect scintillation light. The
ARAPUCA are novel devices aiming to record scintillation photons by trap-
ping them within a box with highly reflective internal surfaces[46][47]. The
vacuum ultraviolet (VUV) LAr scintillation light enters the ARAPUCA box
crossing a dichroic filter which is transparent to the entering wavelength, but
reflective to the shifted ones. The entering VUV light goes through a WLS
embedded slab and the shifted light is collected by Silicon Photo-Multipliers
(SiPMs). Figure 2.9 shows a cartoon of the SBND TPC with visible two
modules of the PDS.

Being SBND located on ground on average 3 cosmic rays per neutrino
event will cross the active volume, in coincidence with the neutrino beam. In
order to reject this abundant source of background, SBND is instrumented
with a Cosmic Ray Tagger (CRT) system. The CRT is composed of 7 planes,
one on each detector face and an additional plane above the top one, creating
a telescopic tagging system with a coordinate resolution of < 2 cm.

The SBND detector is currently under construction and Figure 2.10
shows a drawing of the detector lifted out of the cryostat. The external
cryostat is completed (Figure 2.11 shows a picture of the cryostat during the
construction phase) and, recently, the TPC has been assembled and moved
to the near detector building for its installation.

It is expected that the near detector will be ready to be filled with liquid
argon by July 2023; the cold commissioning is expected by the end of the
year. Due to its proximity to the neutrino source, SBND will be able to
collect > 5000 neutrinos events per day. Considering an exposure of ∼1021
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Figure 3.9.: A cartoon of the Short Baseline Near Detector TPC. The diagram includes a
depiction of the 2 sets of APA pairs which sit at either end of the detector in the x-plane, a
SBND CPA subframe module which includes a TPB-coated, reflective foil at the centre of the
TPC in the x-plane and an example module of the SBND PDS including 5 PMTs (4 PTB-
coated and 1 uncoated) and 8 X-ARAPUCAs (in 4 pairs) at either end of the TPC, behind the
APA frames. The x-axis is defined to be positive in the drift direction of TPC1. An example
neutrino interaction is included to clarify the detector orientation and demonstrate how the
ionisation electrons are produced along the trajectory of charged tracks in the detector. The
neutral tracks are shown as dashed lines, these are not visible in the detector as they do not
ionise the argon atoms. The electric field crosses the two TPCs in opposite directions causing
the opposing drift directions in each TPC.

3.3.1. The SBND Time Projection Chamber

The SBND detector, shown in Figure 3.9, will be 5 m long, 4 m tall and 4 m wide holding
in total 112 tonnes of liquid argon in its active volume. The detector will function in
mostly the same way as in the general TPC setup described in section 3.2.2.2, however
there are also a number of functional uniquities, some of which are demonstrated in
Figure 3.9 and described in the following sections.

Unlike the general TPC described above, SBND will have 2 cathode planes, 4 anode
planes and as a result, 2 time projection chambers each with a 2m drift length. The
cathode planes will lie side-by-side, positioned at the join between the two TPCs in the
x-plane, the anode planes will reside in pairs on the opposite wall to the cathode plane
in each TPC. This produces 2 electric fields and therefore 2 opposing drift directions. In
the gaps between two adjacent anode wire planes, electrodes will divert the approaching

Figure 2.9: Illustration of a subvolume of the SBND TPC. An example of 2
PDS modules (one per TPC) is shown. An example of neutrino interaction
is also visible.

Figure 2.10: Technical design drawing of the SBND detector. The TPC is
shown lifted out of the cryostat with a wall of PDS modules exposed.
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Figure 2.11: Picture of the external cryostat taken during its construction.

POTs (∼3 years run), SBND will generate a dataset of ∼ 6 million νµ and
∼ 45 k νe CC events.

2.5 MicroBooNE and the Low Energy Excess

The MicroBooNE detector is a single LArTPC with a total active mass of
89 t of liquid argon, at a baseline of 470 m from the BNB source[48]. The
cryostat has a cylindrical shape (Figure 2.12). The inner TPC has a volume
of 2.3 m (H) × 2.6 m (W) × 10.4 m (L); it has a single cathode and anode
planes and operates at a nominal electric field of 273 V/cm. The anode plane
is composed of wire planes angled at ±60◦ and 0◦ to the vertical plane. The
light collection system consists of primary and secondary sub-systems: the
primary system is made of 32 optical units each consisting of a PMT located
behind a wavelength-shifting plate. The secondary system consists of four
light guide paddles, included in MicroBooNE as an R&D. MicroBooNE is
located at shallow depth. The electron drift time is 2.2 ms, determining an
increased rate of cosmic ray events per neutrino w.r.t. SBND or ICARUS.
MicroBooNE was instrumented with a CRT system (installed after the first
data run) composed of 4 planes, providing a coverage to the top, bottom and
both long sides of the cryostat.

The MicroBooNE experiment collected ∼0.5 million neutrino interaction-
from October 2015 until the beginning of 2021; Figure 2.13 shows a CC νe
candidate collected by the MicroBooNE collaboration. MicroBooNE inves-
tigated the nature of the MiniBooNE LEE. A first set of results related to
the low-energy excess were recently reported. They targeted multiple final-
state topologies of CC νe interactions and NC ∆ resonance decay producing
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Figure 2.12: Left: schematic drawing of the MicroBooNE detector. Right:
picture of the MicroBooNE cryostat.

Figure 2.13: νe event in MicroBooNE from the event display.



38 Chapter 2. The Short-Baseline Neutrino Program

Figure 2.14: Observed rates for the 1γ1p (left) and 1γ0p (right) event sam-
ples. The comparisons with unconstrained and constrained background and
LEE model predictions are shown.

Figure 2.15: Reconstructed neutrino energy for the selected 1eNp0π (left)
and 1e0p0π (right) events in MicroBooNE. The prediction using the muon
neutrino data is also shown with (red) and without (black) the eLEE model
included.

a single photon in the final state[49, 50, 51, 52, 53].
The analysis of the single photon in the final state was performed in

the 1γ1p and 1γ0p NC ∆ single-photon channels. The results, presented in
Figure 2.14, disfavour the most suspected single-photon background as a sole
source of the MiniBooNE excess at 94.8% confidence level.

The hypothesis of an energy-dependent enhancement of intrinsic νe events
at low energy was also tested. An empirical model was derived from Mini-
BooNE and three independent searches were performed on the MicroBooNE
dataset targeting four different final states: 1eNp0π, 1e0p0π, 1e1p and 1eX.
The results of these analyses are reported in Figure 2.15 and Figure 2.16: the
observed ratex of νe candidates are statistically consistent with the predicted
background rates in the LEE region. With the exception of the low νe purity
channel 1e0p0π, the hypothesis that νe events are fully responsible for the
median MiniBooNE LEE is rejected at 97% confidence level, and >3σ in the
inclusive channel.

Full 3+1 oscillation analyses were carried out to interpret the Micro-
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Figure 2.16: Left: reconstructed neutrino energy for the selected 1e1p events
in a deep-learning-based analysis. The νe data is shown without (solid his-
togram) and with (red dotted) a model from MiniBooNE. Right: recon-
structed neutrino energy for inclusive νe candidates events in the Wire-Cell
based analysis. The predictions are shown both with (red) and without
(black) a model of the LEE.

Figure 2.17: MicrooBooNE exclusion contours at the 95% confidence level
for the νµ → νe appearance channel.
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BooNE eLEE (LEE with an electron in the final state) results under a sterile
neutrino oscillation hypothesis. The data were found to be consistent with
3-flavour hypothesis and the resulting exclusion contours are presented in
Figure 2.17. The existence of sterile neutrinos cannot be ruled out by the
MicroBooNE eLEE results[54].

2.6 The SBN Far Detector: ICARUS

The ICARUS-T600 detector with an active mass of 476 t of liquid argon
has been the first large-scale operating LAr-TPC detector[55, 56]. ICARUS
(Imaging Cosmic And Rare Underground Signals) consists of two adjacent
modules of 3.6 m × 3.9 m × 19.9 m filled with a total mass of 760 tons
of liquid argon, which was purified by removing the electronegative impu-
rities (H2O, CO2, N2, etc.). Each module is composed of two LAr-TPCs,
separated by a common cathode. The anode and the cathode planes have a
maximum drift distance of 1.5 m, corresponding to ∼0.96 ms drift time at the
nominal 500 V/cm electric drift field. The cathode is composed by an array
of nine punched stainless-steel panels, granting a 58% optical transparency
between the two TPCs. The anode plane is composed of three parallel wire
planes 3 mm apart and oriented at different angles with respect to the hori-
zontal direction: 0◦ (induction 1), +60◦ (induction 2) and -60◦ (collection).
The anodic wires are made in stainless steel and have a diameter of 11µm;
in total, 53,248 wires with a 3 mm pitch and maximum length of 9 m are
installed in the detector. The anode plane is set at an appropriate wire bias
tension such that the induction 1 and induction 2 planes provide a non de-
structive charge measurement and the ionization charge is fully collected by
the collection plane. The optical system is composed of PMTs located be-
hind the anodic wire planes, to collect the scintillation light used to generate
the global event trigger.

2.6.1 ICARUS at LNGS

The ICARUS-T600 detector was first built and tested in Pavia, then, in 2004
it was moved in the hall B of LNGS. In 2013, ICARUS completed a 3 years
long run collecting 3000 neutrino events on the CNGS beam, corresponding
to 8.6 ×019 protons on target. During the data taking, the liquid argon was
kept at an exceptional purity level, reaching a 16 ms lifetime.

Results from the Gran Sasso data taking campaign demonstrated high-
level technical performances and the feasibility of the LAr-TPC technology
at the kton scale. The event reconstruction showed a remarkable e/γ separa-
tion and particle identification exploiting the measurement of dE/dx versus
range. The momentum of escaping muons was measured by the multiple
Coulomb scattering with ∼ 15% average resolution in the 0.4− 4 GeV/c en-
ergy range, which is relevant for the next generation neutrino experiments.
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Figure 2.18: Picture of the ICARUS TPC during the CERN overhauling.
Cathode (left), field shaping electrodes (top and bottom) and PMTs (right)
are visible.

In addition, cosmic ray events were studied, identifying 6 νµ CC and 8 νe
CC events in a 0.43 kton·y exposure.

2.6.2 ICARUS Overhauling at CERN

At the end of the data-taking at LNGS, ICARUS was disassembled and
moved to CERN, where it underwent a significant overhauling. The refur-
bishing mainly consisted in:

• the realization of new cold vessels with purely passive insulation;

• an improved cryogenic system and LAr purification equipment;

• flatting of the TPC cathode;

• the implementation of new TPC read-out electronics;

• the upgrade of the LAr light detection system.

In Figure 2.18 an inner view picture of the ICARUS TPC during its over-
hauling at CERN is shown.
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Figure 2.19: Left: A2795 custom board housing 64 amplifiers, AD converter,
digital control and optical link. Center: assembled feed-through with nine
DBBs and the biasing cables. Right: a mini-crate populated by the nine
A2795 boards installed on a feed-through flange.

The TPC electronics

The electronics used in ICARUS at LNGS was based on flange modularity,
each flange serving 567 TPC wire-channels. The analogue front-end inte-
grated the cascode stage with two different filtering, one for collection and
induction 1, another for induction 2 with the aim to produce in all the cases
an unipolar signal. This showed strong limitations in the induction 2 signals
in case of dense showers. During the overhauling, new electronics for the
53,348 wire-channels were designed to be compatible with the higher data
rates foreseen at FNAL. The new electronics adopts the same modularity and
architecture, but the analogue and digital electronics are integrated into the
same custom board mounted directly onto the flange. Moreover, all the am-
plifiers have the same filtering, preserving the bipolar structure of induction
2 signals without distortion. The VME standard was abandoned in favor
of a serial optical link, allowing for gigabit band-width data transmission,
compatible with the higher rates. TPC wires are fed into the front-end am-
plifiers by means of Decoupling Biasing Boards (DBBs). The DBB has two
functions: biasing each wire and conveying the signals to the amplifiers. The
flange is realized in a multi-layer solid PCB ∼ 6 mm thick. Nine electronic
A2795 boards are hosted by a mini-crate installed on a feed-through flange.
In Figure 2.19 pictures with details of the overhauled TPC electronics are
shown.

Scintillation light detection system

The ICARUS-T600 light detection system consists of 360 8 " Hamamatsu
R5912-MOD PMTs installed behind the anodic wire planes, 90 PMTs per
TPC. Since the PMT glass is not transparent to the 128 nm LAr scintillation
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Figure 2.20: Deployment of the ICARUS T300 modules inside the pit of the
SBN far detector experimental hall in August 2018.

light, each device was coated with Tetra-Phenyl Butadiene (TPB), to convert
VUV photons to visible light. All PMTs are mounted into the wire chamber
mechanical frames using supporting systems, 5 mm behind the collection
plane wires. A stainless steel grid cage is mounted around each PMT to
mitigate the induction of fake signals on the nearby wire planes. The light
detection setup is equipped with a laser calibration system allowing for gain
equalization, timing and monitoring of all the PMTs.

2.6.3 ICARUS at FNAL

After its overhauling at CERN, ICARUS was shipped to Fermilab in July
2017 and installed in the SBN far detector building in August 2018. In
Figure 2.20 a picture of the deployment of the last T300 module inside the
far detector pit is shown.

For the operations at Fermilab, the entire ICARUS-T600 cryogenic and
purification system was rebuilt anew, following the original implementation
at LNGS. Its main components are:

• LAr cold vessels, 273 m3 each;

• set of heat exchangers filled with LN2 (cold shields) surrounding the
cold vessels;

• ∼ 600 mm thick thermal insulation made of polyurethane foam panels;

• warm vessel, providing encloseure and mechanical support for the ther-
mal insultation;
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Particle without OB [Hz] with OB [Hz] without/with OB
µ± 17117 12761 1.34
p 54 0.10 > 500
γ 116 0.03 > 3500
n 1426 6.8 > 200

Table 2.1: Rate (Hz) of secondary cosmic particles at ground level with
Ek>50 MeV entering the LAr active volume with and without the concrete
overburden, chapter 2.6.4.

• LN2 cooling circuits;

• argon gas recirculation units;

• liquid argon recirculation units;

• cryogenic control systems;

• LN2 and LAr storage dewars;

• dedicated purification unit.

2.6.4 Cosmic Background

The ICARUS-T600 detector was initially designed to operate in the low
muon cosmic background of the Gran Sasso laboratory. The conditions at
FNAL are completely different: the detector is located at shallow depth (∼
few meters) where the cosmic rays background may induce several additional
and uncorrelated triggers during the ∼ 1 ms drift time. The expected rate
of cosmics depositing more than 100 MeV within the T600 active volume
is ∼ 17 kHz[57]. On average ∼ 17 cosmic muons are expected to cross the
detector volume during the 0.96 ms event drift time. The cosmic ray fluxes
on ICARUS were simulated using CORSIKA and including only the primary
protons (proton-only model), predicting a total flux for µ± above 50 MeV of
129 Hz/m2. Figure 2.21 shows the flux of different particles impinging the
roof of the ICARUS building.

In order to mitigate the cosmogenic induced background, the ICARUS-
T600 detector is surrounded with an external Cosmic Ray Tagger system
(CRT) below a 3 m concrete overburden (6 m water equivalent). The CRT
system is described in-depth in chapter 3. A preliminary evaluation of the
cosmic ray flux reduction through the ICARUS TPC by means of the con-
crete overburden was performed by simulating a total exposure of 6.6×1020

POTs with and without the OB. Table 2.1 summarizes the expected rate
of different primary particles crossing the active LAr for kinetic energy >50
MeV. The overburden reduces the dominant muon flux by ∼ 20%, stop-
ping the muons with a EK ≤1.5 GeV. The suppression is more effective for
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Figure 2.21: Cosmic ray fluxes impinging on the experimental hall predicted
by CORSIKA proton-only model.

hadrons, with a reduction by a factor ∼ 200 of primary neutrons and ∼ 500
for the protons. Primary γ’s are almost fully suppressed.

One of the most important sources of background to the νe appearance
analysis is due to electromagnetic showers induced by γ produced by cosmic
particles propagating through the detector and in the surrounding materials.
By showering withing the active liquid argon volume, the cosmogenic photon
can mimic a genuine 1e0p νe CC interaction. Figure 2.22 shows the overall
number of γ initiated showers for an exposure 6.6×1020 POTs with (dashed
lines) and without overburden (solid lines) for different cosmic parents. The
results of the simulation show that the overburden reduces the most serious
background due to γ initiated showers with kinetic energy > 200 MeV.

The ICARUS Overburden

The Overburden (OB) deployed on top of the ICARUS CRT is composed
of three 1 m concrete layers, or 6 m water equivalent. The OB installation
started in April 2022 after the completion of the Top CRT commissioning.
The first OB layer is composed of 0.5 m wide blocks of low radioactive mate-
rials across the whole ICARUS pit. The concrete blocks are installed 10 cm
above the Top CRT horizontal modules. Figure 2.23 shows the deployment
of the first block floating on top of the sub detector. For the second and
third layer of the OB, concrete blocks repurposed from previous Fermilab



46 Chapter 2. The Short-Baseline Neutrino Program

200 MeV

Figure 2.22: γ showers initiated in the active volume branching off their
cosmic parent (211 s, corresponding to an exposure of 6.6×1020 protons on
the BNB target): without (solid lines) and with overburden (dashed lines).
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Figure 2.23: Picture taken during the deployment of the first concrete over-
burden block on top of the ICARUS CRT.

experiments were used. Before their installation, the blocks were tested with
a Geiger counter to verify the low radioactivity. The concrete overburden
was fully installed by mid June 2022 and its completion set the start of the
beginning of the ICARUS Run 1. The completed overburden is shown in
Figure 2.24.

2.6.5 ICARUS standalone physics program

The reactor Neutrino-4 experiment claims with a 2.7σ confidence level the
observation of sterile neutrino-like oscillatory pattern with a characteristic
period of 1.4 m for ∼ 4 MeV, with best fit parameters ∆m2

N4=7.25 eV2 and
sin2 2θ=0.26. An oscillation with such parameters should be observable both
with νe and νµ. The ICARUS experiment can provide a definitive verification
the Neutrino-4 claim by testing both the νµ (BNB and NuMI) and νe (NuMI)
disappearance channels.

A Neutrino-4 like oscillatory pattern should be directly observable in the
νµ/νe survival probability as a function of L/E, averaged over the 50 m of
pion decay tunnel. Figure 2.25 shows the signature of the Neutrino-4 like
signal at ICARUS considering ∼ 11500 νµ CC events in 3 months of data
taking on the BNB. Figure 2.26 shows the Neutrino-4 signature at ICARUS
with a data sample of ∼ 5200 νe CC interactions collected on the NuMI
beam line.
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Figure 2.24: Picture of the fully completed ICARUS overburden.

Figure 2.25: Predicted survival νµ oscillation probability for the Neutrino-
4 anomaly (black) for the best fit (∆m2

N4=7.25 eV2 and sin2 2θ=0.26) and
expected signature observed at ICARUS with 3 months of BNB data (red).
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Figure 2.26: Predicted survival νe oscillation probability for the Neutrino-
4 anomaly (blue) for the best fit (∆m2

N4=7.25 eV2 and sin2 2θ=0.26) and
expected signature observed at ICARUS with 1 year of NuMI data (red).

Figure 2.27: Picture of the ICARUS roof at Fermilab during the commis-
sioning phase and before the Top CRT installation.
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2.6.6 ICARUS-T600 commissioning

Starting from February 2020, the ICARUS-T600 began its filling operation
with purified liquid argon. The filling was completed by mid April when the
recirculation system was turned on. The detector activation took place by
the end of August 2020, when the TPC wire planes and the cathode high
voltage were taken to nominal voltages (75 kV for the cathode). All PMTs
were also switched on and calibrated with the laser system and the detector
started its data acquisition with a random 5 Hz trigger for calibration pur-
poses (electron lifetime, space charge and drift velocity). Figure 2.27 shows
a picture of the ICARUS-T600 roof taken during the commissioning phase
of the detector, before the Top CRT installation.

Throughout 2021, the PMT and TPC systems were commissioned and
included in the data acquisition. A trigger system was developed to trigger on
the BNB and NuMI beam spill gates by means of the Early Warning signals,
respectively sent 25 and 730 ms ahead of the protons on target firing. The
trigger system is based on LVDS signals generated by the PMT digitizers; a
more in depth description is provided in section 4.5.1. The ICARUS-T600
was first fully operational in June 2021 and in November 2021 it started
data collection on both the BNB and NuMI beams. As a first of the general
behaviour of the detector, a visual study campaign of the collected events
was performed to select and identify neutrino interactions in the active liquid
argon using a graphical event display. An example of a νµ CC candidate is
shown in Figure 2.28, with an estimated total deposited energy of ∼ 1.1 GeV.
The CC muon candidate is 3.8 m long, while the highly ionizing track was
identified as a 20 cm long proton track. The visual scanning also allowed the
identification of the first νe CC candidates in the NuMI beam, an example
is shown in Figure 2.29, with a total deposited energy of ∼ 600 MeV.

The ICARUS commissioning was concluded by June 2022, following the
commissioning of the Top CRT and the full deployment of the concrete
overburden[58]. Throughout its commissioning phase, ICARUS collected
296×1018 and 503×1018 POTs on BNB and NuMI, respectively, with an
overall beam efficiency, defined as the amount of POT collected vs the de-
livered, of 89% for BNB and 88% for NuMI.

2.6.7 ICARUS Run 1

The ICARUS Run 1 officially began on June 9 2022 and lasted until the
beam summer shutdown on July 10 2022. The data acquisition was largely
successful, with uninterrupted physics runs with a ∼ 1 day duration extended
up to 5 days. During Run 1 the experiment collected ∼ 6.8×1019 POTs
and ∼ 4.1×1019 POTs for NuMI and BNB respectively. Figure 2.30 shows
the POTs delivered and collected by ICARUS for both the BNB and NuMI
beams during the Run1. ∼ 6000 νµ CC quasi-elastic events are expected from
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Figure 2.28: A visually selected νµ CC candidate from the BNB beam.

Figure 2.29: A visually selected νe CC candidate from the NuMI beam.
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Figure 2.30: Plot of the POTs collected and delivered for both the BNB and
NuMI beams throughout the ICARUS Run1.

the Run1 BNB data sample. These events will be used for the Neutrino-4
physics analysis.



Chapter 3

The Cosmic Ray Tagger
System

The CRT system is a subdetector external to the cryostats aimed at iden-
tifying charged particles passing through or near the TPC active volume.
With an expected time resolution of few ns for both the PMT and CRT
systems, their synchronization and synergy enable to determine the direc-
tion of tagged particles. Moreover, by a fine timing calibration campaign, a
preliminary filtering of events can be achieved by discarding those where the
primary event trigger was due to a tagged entering cosmic particle.

The CRT system covers a surface area of ∼1100 m2, it is divided into
three different subsystems, each deployed over different regions of the TPC:
Top CRT, Side CRT, and Bottom CRT. In Figure 3.1 a drawing of the CRT
system with the Top and Side CRT sub-systems is shown. The three different
systems complement one another, granting the possibility to identify ∼95%
of the passing through cosmics. The CRT sub-detectors are comparable
in terms of timing and spatial resolution. Top and Side CRT also share a
common Front End Board (FEB) for the readout and biasing of the Silicon
Photo-Multipliers (SiPMs).

In this thesis, I will give more emphasis to the Top CRT system because
I contributed significantly to the different steps, from the testing of the
prototype, to its construction, installation, commissioning and integration
in the common data acquisition system.

3.1 The Bottom CRT

The layout of the Bottom CRT is sketched in Figure 3.2 (left): it consists
of 14 modules divided into two daisy chains of 7 modules each and installed
under the TPC warm vessel. The modules, repurposed from the Double
Chooz experiment, consist of two layers of 32 parallel polystyrene scintillator
strips, 5 cm wide each, [59]. A wavelength-shifting fiber is placed and read-

53
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Figure 3.1: (Left) CRT layout including the cold vessels (magenta) and the
argon active volumes (cyan). The Top and the Side CRT subsystems are
visible. (Right) Design of the CRT system from the beam perspective.

Figure 3.2: (Left) top-down view of the Bottom CRT layout. Each scintilla-
tion modules is illustrated as a yellow rectangle, blue squares are the warm
vessels support feet. (Right) picture of the fully installed Bottom CRT mod-
ules during the warm vessel deployment.
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Figure 3.3: Left: picture of the Side CRT north and west walls as visible from
the north-west corner of the ICARUS building ground pit. Right: picture of
the Side CRT south and west walls as visible from the south-west corner of
the ICARUS building ground pit.

out at one end by an Hamamatsu H8804 M64 multianode PMT, while its
other end is mirrored. The overall dimensions of each module are 4 m × 1.6
m × 3.2 cm.

In Figure 3.2 (right) a picture of the inner most bottom CRT modules is
shown. On September 2019, before the integration of the bottom CRT into
the data acquisition system, the sump pump that prevents rainwater flow
in the bottom pit of the SBN-FD building failed and a ∼2 inches flood was
discovered. The water damaged the Bottom CRT readout electronic. Due to
the presence of the warm vessel, it was not possible to access and repair the
damaged boards. During further investigations in 2022, it was possible to
isolate the damage to only 2 boards, which, due to daisy chaining, prevented
the downstream half of the Bottom CRT from working. Additional testing of
the upstream half of the Bottom CRT is expected in 2023 using a standalone
DAQ. If the test will be successful, the upstream half of Bottom CRT will
be included in the full detector data acquisition by the end of 2023.

3.2 The Side CRT

The Side CRT makes use of decommissioned scintillator modules from the
MINOS experiment [60]. Each module is composed of twenty adjacent strips
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of 800 cm × 4 cm × 1 cm polystyrene scintillator. The scintillator is con-
tained in a metal sheath, and each strip has an embedded WLS fiber running
down the middle. WLS fibers are collected at the end of the modules and
connected to the optical readout, consisting of an array of ten Hamamatsu
S14160-3050HS SiPMs. Each SiPM reads out two fibers and corresponds to
a single electric readout channel on CAEN A1702 Front-End Boards. The
Side CRT sub-detector is divided into eight different regions, each composed
of two layers of MINOS modules: north (downstream), south (upstream),
west-north, west-center, west-south, east-north, east-center and east-south.
The upstream wall is the only one that exploits a configuration in which the
two layers are arranged orthogonally (X-Y configuration); to achieve this, the
modules oriented vertically were cut in half. Side CRT modules on the east
and west regions consist of full-length modules with strips arranged horizon-
tally and parallel to the cryostat. Due to the excessive length of the module
with respect to the cryostat, central walls of both east and west regions are
offset in order to allow modules overlapping. To grant access to the FEBs,
the Side CRT mounting structures are fixed to rolling platforms. Due to its
proximity with the liquid argon filtering system, the north wall is composed
of cut MINOS modules of different lengths to maximize the coverage of the
available surface. All the Side CRT modules, with the exception of the cut
modules, are read-out on both ends of the scintillator strips, while the cut
modules on the north wall and south wall (vertical modules) are read-out
on one end only. In Figure 3.3 two pictures of the Side CRT taken from the
groundpit of the ICARUS building on the north-west (left) and south-west
(right) corners are shown. The full Side CRT system consists of 2,710 red-out
channels across 93 FEBs, with 136 full and 81 cut modules in total.

3.3 The Top CRT

The Top CRT is designed to intercept 80% of the cosmic muons entering
the ICARUS LArTPC. It is made of 123 modules: 84 modules are installed
on the top horizontal plane, while 39 modules cover the upper perimeter of
the TPC (vertical rims). In Figure 3.4 a scheme of the installed Top CRT is
shown.

The modules are hodoscopes consisting of two orthogonal layers of eight
23 cm wide casted scintillator bars, encased in 1.86 m × 1.86 m aluminum
boxes. The scintillator bars used in the top (bottom) layer are 10 (15) mm
thick. The strips of the top layer were produced by the NUVIA company
in Czech Republic and consist of casted polystyrene-based scintillators. The
strips of the bottom layer were produced by the Institute for Scintillation
Materials (ISMA) in Ukraine and consist of polyvinyltoluene scintillators.
Overall, 2000 scintillators have been used for the Top CRT modules. An
illustration of the Top CRT design is provided in Figure 3.5. Figure 3.6
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Figure 3.4: Illustration of the installed Top CRT modules at the far detector
building. Orange modules are arranged horizontally on top of the cryostat,
green modules are installed vertically.

Figure 3.5: Illustration of the Top CRT module design, consisting of two
orthogonal layers of eight scintillator bars, encased in an aluminum box.
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Figure 3.6: Picture of the Top CRT prototype assembled in Bologna INFN
laboratories.

shows the Top CRT module prototype, assembled and tested at in Bologna
INFN laboratories.

Each Top CRT scintillator strip is instrumented with two WLS fibers
embedded along the longitudinal direction of the bar and located 6 cm from
each side, as can be seen in the illustration in Figure 3.7 (bottom). The fibers
are Kuraray Y-11(200), with an absorption peak at 430 nm, an emission peak
in the green at 476 nm and an attenuation length greater than 3.5 m. The
fibres are read-out only from one end, the opposite end-side is mirrored in
order to enhance the light yield. The mirroring consists of polishing the
end of the fiber and then coating it with aluminum reflective layers of a few
micron thickness by aluminum spattering in vacuum. The WLS fibers were
glued in the scintillator groove with an epoxy based hard optical cement. A
total number of ∼ 7,400 m fibers were used for the construction of the Top
CRT system. The light read-out is performed by an Hamamatsu S13360-
1350CS SiPM (Figure 3.8 left), with an active area of 1.3 mm × 1.3 mm.
The pitch of the pixels is 50 µ m, for a total of 676 cells per SiPM. The
fill factor F is 74% and the breakdown voltage is 53±5 V. The probability
of crosstalk is ∼ 3% and the photon detection efficiency is ∼40% at 450
nm. The SiPMs were inserted and glued (using a soft silicon based optical
glue) into a custom made SiPM-holder and connected to the scintillator bar
and to the wavelength shifting fibre. In Figure 3.8 (right) an illustration of
the WLS to SiPM coupling is shown. SiPMs pins are connected to a PCB
and routed via 50 Ω micro-coaxial cables 1.8 m long, carrying both signal
and bias voltage to a PCB patch panel connected to the Front End Board.
Overall, 4000 SiPMs were installed in the Top CRT modules, the assembling
and testing of the modules was performed at the INFN-LNF in Italy.

In order to prevent damages during the transportation to FNAL, the
inner volume of the aluminum box was covered with black sponge-like tape
and each scintillator layer was separated with a black foam-like plastic sheets.
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Figure 3.7: Top: picture of the 10 mm NUVIA scintillators, with a detail of
a SiPM connector on the left and the empty socket on the right. Bottom:
illustration of the fibers disposition along the scintillator bar.

Figure 3.8: Left: picture of the Hamamatsu S13360-1350CS SiPM. Right:
illustration of the SiPM connection scheme to WLS fiber.
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Figure 3.9: Top: picture of the assembled scintillator hodoscope of the Top
CRT. Bottom: picture of the CRT hodoscope wrapped in Tedlar® and black
foam-like plastic sheets.
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Figure 3.10: Picture of the last transportation rack of Top CRT modules
built at LNF.

Before the enclosure of the aluminum box, the assembled scintillator strips
are wrapped with Tedlar® strips to prevent reflected light from reaching
the scintillators and the SiPMs, thus ensuring light tightness. In Figure 3.9
two pictures of the assembled scintillator hodoscope before and after the
protective wrapping are shown. The construction of the modules started in
April 2019 and was concluded in February 2020; Figure 3.10 is a picture of
a transportation rack of 10 modules.

3.3.1 The Front End Boards

The Front End Board used, which is common to the Side CRT, is based
on a multichannel custom design developed at the AEC for Fundamental
Physics of the University of Bern and commercialized by CAEN [61]. The
analog input signal is processed by a 32-channel ASIC (CITIROC [62]). For
each channel the chip provides charge amplification with configurable gain,
fast shaping with the peaking time of 15 ns and slow shaping with config-
urable peaking time in the range of 12.5 ns to 87.5 ns. The signal from the
fast shaper is discriminated at configurable level and produces digital signals
(T0-T31) for event triggering. These 32 signals are routed to an XILINX
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Figure 3.11: Top: the FEB in its case. Bottom: the FEB internal compo-
nents

Spartan-6 FPGA chip, where the basic input coincidence and triggering logic
is realized. The board communicates with the host computer via the Ether-
net protocol. Two pictures of the FEB are shown in Figure 3.11.

Time stamp generator

The Time-to-Digit Converter (TDC) of the time stamp generator is com-
posed of the coarse counter, working at a clock frequency of 250 MHz, and
of the delay chain interpolator, improving accuracy down to 1 ns. The 20
MHz temperature compensated voltage controlled crystal oscillator (VCXO)
is used as a source for the reference clock of the FPGA and the timing circuit.
The feedback voltage for the VCXO is generated by the 10-bit DAC under
control of the on-board CPU. The time stamp is defined as the interval of
time between the event of interest and the input reference pulse. For each
event, the FEB records two independent time stamps w.r.t. the positive rise
edge on the T0 and T1 LEMO inputs. Each time stamp is a 32-bit word,
with the two most significant bits used to flag special events. Two special
events are foreseen, the first is the arrival of the reference signal at either
T0 or T1 inputs, the so-called T0/T1 reset event. For such signals, the time
passed since the previous reference event is recorded and the timing circuit
is reset to 0. The second special event occurs in the absence of the reference
pulse for more than 1074 ms, which leads to overflow of the coarse counter.
In Figure 3.12 the block-scheme of time stamp generation circuit is shown.
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Figure 3.12: Block-scheme of time stamp generation circuit.

CITIROC

The Cherenkov Imaging Telescope Integrated Read Out Chip (CITIROC) is a
32 channel fully analog front-end ASIC dedicated to read-out of SiPMs. The
CITIROC is the evolution of EASIROC chips and, as the name suggests, they
were first developed for SiPMs used in Cherenkov imaging detectors. The
processing of the analog signal takes place in the front-end channels of the
device, while the read-out is handled at the internal back-end of the ASIC.
Two separate electronic chains allow for high- and low-gain simultaneous
processing of the analog signal. Each of the two chains, whose architec-
ture is presented in Figure 3.13, is composed of an adjustable preamplifier
followed by a tunable shaper (SSH, slow shaper), a track-and-hold circuit
(SCA, switched capacitor array), and an active peak detector (PD, peak
detector) to capture and hold the maximum value of a signal. Fine-tuning
of each pixel gain is obtained by adjusting the voltage applied to the SiPM
through an 8-bit digital-to-analog converter ranging from 0 V to 4.5 V.
The third chain implements the trigger channel generation using a fast shaper
(FSB, bipolar fast shaper) with fixed shaping time of 15 ns. All CITIROC
main parameters can be programmed by downloading a configuration bit
string through a slow control-serial line.

3.3.2 Top CRT triggering logic

The main features of the CRT modules is determining the precise position of
crossing muons. With the Top CRT modules, implementing an XY scintilla-
tor layer configuration, it is possible to obtain 64 23 cm × 23 cm coincidence
of crossing strips (sectors) within each module. A possible coincidence sector
is shown in Figure 3.14 at the passage of a cosmic muon. The block-scheme
of the trigger formation circuit is presented in Figure 3.15. For each of the
32 channels, the CITIROC ASIC provides a charge amplifier with a con-
figurable gain and dynamic range of 1 to 2000 photo-electrons (p.e.), the
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Figure 3.13: Architecture of the front-end CITIROC.

Figure 3.14: Picture of a possible geometrical coincidence of crossing scintil-
lator strips within the Top CRT module.

Figure 3.15: Block-scheme of the Top CRT FEB triggering circuit.
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Figure 3.16: Timing diagram of the triggering circuit.

amplified signal goes through a fast shaper of 15 ns and the shaped signal is
then binarized with a discriminator. The threshold for the discriminator is
supplied by 10-bit DAC, common for 32 channels plus 4-bit DAC, individual
for each of the 32 channels for fine-tuning. The 32 trigger signals (C0 to C31)
are in LVCMOS logic (3.3 V active state) and they are routed to the FPGA
where they are paired with AND logic to form coincidence signals for each
of the two fibres from the same scintillator bar (coincidences of even-odd
channels, e.g. C0&C1,C2&C3, ...).

The event trigger is obtained as the OR logic of the even-odd coincidence
channels of a scintillator layer in AND logic with the OR even-odd coinci-
dence of the other layer. This signal triggers the FPGA generation of the
event timestamp. Each of the 32 discriminators can be individually enabled
or disabled by the CITIROC configuration bit stream. The bit stream is
produced by the on-board CPU on the basis of the configuration command,
received via an ethernet link from the host computer. In Figure 3.16 the
triggering diagram of the circuit is presented. The primary event trigger,
after a delay of 50 ns, triggers an HOLD signal to store instantaneous signal
levels in all 32 channels at the time of the peak maximum, and the same sig-
nal is sent to the TOUT LEMO connector on the FEB. The HOLD signal,
which defines the read-out window of the FEB, is kept in active state for
at least 150 ns. If during this period it detects high level at the input TIN
LEMO connector of the FEB, the event is considered valid and the HOLD
signal is kept high for 22 µs, until the CPU completes the digitization cycle,
and reset it to its initial state. If no TIN signal is received, the HOLD signal
is reset by the FPGA, and the event is discarded. TOUT is always reset to
the low state after 150 ns. An additional feature of the trigger logic is the
possibility of selecting an individual channel trigger where the primary event
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Figure 3.17: Screenshot of the channel monitor with an example of broken
channel.

trigger is the OR logic of the active channels (e.g. C0||C1||...||C31 ). This
feature is exploited in the Side CRT FEB triggering logic, as it is needed in
order to reconstruct a signal from a long scintillator strip readout at both
ends by two different FEBs.

3.3.3 Module Testing

During the construction of Top CRT modules, each of them was tested in
terms of functionality and efficiency.

CRT functionality test

The functionality tests were performed using a simplified version of the data
acquisition software based on the ROOT toolkit (this software is referred
to as Standalone DAQ). An example is shown in Figure 3.17 where the
electronic functionality test highlighted a faulty channel, likely due to broken
SiPM or faulty FEB connection. The picture highlights a malfunctioning
couple of even-odd SiPMs, where the last channel does not show signals
above the channel pedestal. In such cases the module was first tested using
a different FEB and, if the problem persisted, the CRT module was re-
opened and the diode continuity of the SiPM was verified. Faulty SiPMs
were replaced.
A second test was performed by monitoring the event rate across the module
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Figure 3.18: Picture of the Test Stand in the Top CRT assembly hall at
LNF.

while illuminating corners and other sensitive points with a torch. If no light
leakage were present, the rate of the modules was stable at ∼550 Hz, which
was expected from the cosmic rays. If the rate increased while the torch was
moved along the module, the possible light leakage was fixed with black tape
and tested again.

Efficiency measurements

A preliminary evaluation of the CRT tagging efficiency was performed in
LNF using a Test Stand (Figure 3.18). Modules were arranged on parallel
planes in the rack test stand. An external trigger was obtained as the AND
logic of TOUT signals of the top and the bottom modules. The external
trigger was sent to the TIN LEMO connector of the tested modules and to
a scaler channel in a NIM crate, to count the external coincidences. A AND
logic of the external trigger and tested module TOUT signal was obtained
and sent to another channel of the scaler to provide the double coincidence
counts. The overall efficiency of the modules was calculated as the ratio
of the double coincidence to the external coincidence counts. The sketched
setup of the efficiency measurement performed at LNF is presented in Figure
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Figure 3.19: Illustration of the setup used in the efficiency measurement
performed at the Test Stand in Frascati.

3.19.
The high rate of ∼ 600 Hz allowed to obtain a statistic of ∼300k events

with a data taking of 10 minutes. The distribution of the Top CRT modules
efficiency measured at the LNF Test Stand is shown in Figure 3.20. The
average module efficiency was 96.0%.

3.4 Top CRT installation

3.4.1 Transportation to Fermilab

The construction and test of the 123 Top CRT modules (and two spares)
at LNF was completed in February 2020; they were stacked in 12 racks
of 10 or 11 modules each. The racks were moved inside 3 containers and
moved on wheels from LNF to CERN. At CERN the racks were wrapped
with protective plastic sheets. Some were tested to verify their functionality.
In early 2021, the containers were shipped by cargo ship; they arrived at
Fermilab in Spring 2021 and the CRT racks were stored in the warehouse.
In Figure 3.21 a picture of the Top CRT modules stored inside the warehouse
is shown.
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Figure 3.20: Distribution of the Top CRT modules efficiency measured at
the Frascati LNF.

Figure 3.21: Picture of the Top CRT modules stored in the Fermilab ware-
house.
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Figure 3.22: Left: detail of a dent found in one of the rack with malfunction-
ing modules. Right: details of black soot found on the CRT module supports
of the rack.

3.4.2 SiPM replacement

Before installation, the modules were tested to verify their functionality.
Unexpectedly, a large number of modules presented malfunctioning channels.
After an investigation, the problem was attributed to broken SiPMs. New
SiPMs were plugged in and the modules tested again, while, in parallel, an
investigation started to find the cause of the damage. The broken SiPMs were
tested and behaved as an open circuit. A visual inspection under microscope
showed that the SiPM bonding were intact. By a further inspection, some of
the racks with broken channels presented several dents accompanied by black
soot and, eventually, melted-like edges, as if the structure had been hit by
an electrical arc, suggesting the hypothesis of electrical damage during the
transportation by ship. Another element that corroborated the electrical
damage hypothesis was the presence of black soot covering all the inserts
supporting the Top CRT modules, accompanied by visible discoloration of
the anodization layer of the rack structure. Details of the holes in the rack
and black soot are reported in Figure 3.22.
Overall, 223 SiPMs out of 4000 utilized had been found to be damaged. All
the faulty devices were replaced and tested at the detector building on the
far side before proceeding with the module installation.

3.4.3 Module Installation

The Top CRT modules along the vertical rims of the detector were the first
ones to be installed since, following the deployment of the beams supporting



3.4. Top CRT installation 71

Figure 3.23: Picture of the first Top CRT module installed on top of the
detector along the west vertical rim.



72 Chapter 3. The Cosmic Ray Tagger System

Figure 3.24: Picture of the Top CRT horizontal plane during the module
installation with the supportive steel beams visible.

the horizontal CRT plane, they would have not been reachable. In Figure
3.23 a picture of the first Top CRT module installed along the west rim
of the detector pit is shown. After the full installation of the 39 vertical
modules located along the rims, 27 steel beams were installed to support
the Top CRT horizontal plane. The CRT modules were aligned along the
supportive beams and fixed one to the other by means of metal connectors
which granted both rigidity to the structure and grounding connection. In
Figure 3.24 a picture of the Top CRT horizontal plane during the module
installation is shown, the steel supportive beams are also visible.

The full installation was completed in December 2021. In Figure 3.25 a
detail of the deployment of the last Top CRT module (left) and a picture of
the fully installed Top CRT subdetector (right) are shown.

3.4.4 Top CRT power distribution

The Top CRT are powered by a Wiener PL512 Modular Power Supply (PS).
This unit has 12 independently controlled floating outputs. Each output in
the Wiener supply is capable of providing 2-7 VDC and up to 30 A. Control of
the supply is done through communication through the front-panel Ethernet
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Figure 3.25: Left: details of the last installed Top CRT module. Right:
picture of the fully installed Top CRT taken from the ground floor of the
detector building.

connector via SNMP. The PL512 power supply contains an AC filter, power
factor correction, and a primary AC-to-DC converter, as well as 6 dual power
modules which down-convert the primary DC into the desired DC voltage for
each of the 12 independent channels. The power supply is located inside the
Top CRT utility rack and receives power from an interlock enabled Power
Distribution Unit (PDU). Out of the 12 available channels, the Top CRT uses
11 channels, corresponding to 11 power distribution lines. Each channel is
connected to a Power Distribution Box (PDB), which services a maximum
of 12 FEBs. Figure 3.26 shows the Top CRT power distribution map with
11 lines, starting at the PS Rack and crossing the whole top area. The
map ensures a small load spread, compensated for by the cables’ length and
relatively straight cable paths. The maximum load is about 7-8 A for 12
FEBs/line.

Low Voltage Distribution

The typical power consumption of a single CRT FEBis about 600 mA, with
peaks above 700 mA, at 5 V. The power distribution line allows operating at
minimal power drop and, consequently, with minimal voltage spread, keeping
all the FEBs within the working voltage range (5.1 V +200mV

−250mV ) and granting a
low ripple and noise reduction. Inside the power distribution box, a sensing
line is connected to the Powerflex cable providing power to the FEBs. The in-
terior layout of the PDB boxes is shown in Figure 3.27. Negative power lines
are grounded on the CRT side. This ensures a sufficient number of ground
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Figure 3.26: Top CRT power distribution map. Each color represent a
zone/section powered on by a single power line.

Figure 3.27: Power distribution box, mounting details.
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Figure 3.28: Left: picture of a single powe line used to power on the first line
of the Top CRT system. Center: picture of the adapters to power on a pair
of FEBs, with the addition of ferrite with 4 winding on both wires used for
noise filtering. Right: details of the inside of one of the plugs used to power
on two CRT modules.

connections (11/12/line) to the CRT ground reference plane, all modules
being electrically coupled to their neighbors and subsequently grounded to
the hall reference. To minimize the possible effect of small local loops, the
power cable to each FEB are instrumented withe ferrite rings. Locally, at
the CRT-FEB side, the negative grounding is provided by 4 connections.

Figure 3.28 shows details of the Top CRT power distribution lines: the
whole line (left), the adapter to power two modules (center) and details of
the adapter plug.

3.4.5 Data Distribution Lines

The Top CRT modules are arranged into 8 different data lines, as illustrated
in Figure 3.29, and connected to two different Servers, each with 4 available
Ethernet ports. Data lines from 1 to 4 are connected to the first server, and
those from 5 to 8 are connected to the second. Data lines 2 to 7 are made
of up to 14 modules, while the first one has 18 modules, and the last one
has 19 modules. The modules in each data line are daisy chained one to the
other through the double Ethernet port in each FEB. The Ethernet cables
used for the daisy chain are 3 m long shielded cables, while those used to
connect the first module of each line with the corresponding server port are
30 m long unshielded data cables, to isolate the Top CRT modules ground
from the server one.
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Figure 3.29: Top CRT Data distribution lines. Each color correspond to a
different Top CRT data line. Black arrows correspond to the first module of
each line.

3.4.6 Timing Lines

The CRT timing distribution chain is made up of two different timing lines:

• T0 line, along which the PPS signal is propagated;

• T1 line, along which the global trigger signal is propagated, see section
4.5.

Both the T0 and T1 lines are propagated to the Top CRT modules through
a Timing Distribution Unit (TDU), Figure 3.30 .

T0 line

The PPS signal is generated by the SPEXI board inside the trigger utility
rack and sent out through a lemo cable to a Fan Out where it is distributed to
the three different CRT subsystems (Top CRT, Side West CRT and Side East
CRT). The output signal of the Fan Out is converted into an optical signal by
means of an electrical-to-optical converter and propagated along an optical
fiber to the CRT TDUs. Inside the TDU, the optical signal is converted into
an electrical signal by means of an optical-to-electrical converter, and the
output signal is then propagated via lemo cables to two different fan-outs,
each with twelve available lemo outputs. The PPS signal is then propagated
to each CRT distribution lines. The scheme of the PPS distribution along
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Figure 3.30: Picture of the Top CRT Timing Distribution Unit with its
components.

Figure 3.31: Scheme of the timing signal propagation for the PPS (top line)
and the trigger signal (bottom line).
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Figure 3.32: Top CRT Timing lines. Each color corresponds to a different
Top CRT timing line. Black arrows correspond to the first module of each
line.

the T0 timing line is shown in Figure 3.31. Each timing line is a bus of
lemo cables connected via a Y connector plugged into each of the Top CRT
FEBs T0 port at every step of the chain. The first FEB of each timing line
is connected to the Top CRT TDU with a combination of long lemo cables
(nominally 60 ns long) and short lemo cables (nominally 16 ns). From the
first module of each line, the following FEBs are connected with a short lemo
cable at each step of the chain. The last module of each chain is connected
by a Y connector, but one end is terminated with 50 Ω plugs. The Top CRT
modules were arranged into eight different timing distribution lines according
to the map reported in Figure 3.32.

T1 line

The global trigger signal is generated by an FPGA located in the trigger
rack when the required triggering logic is fulfilled. The electrical signal is
then propagated along the T1 timing distribution line. The signal is first
sent to a dedicated Fan Out and then distributed to the three different CRT
subsystems (Top CRT, Side West CRT and Side East CRT). Analogously to
the PPS, the global trigger electrical signal is converted into an optical signal
and propagated through an optical fibre paired to the one used in the T0
line. The optical signal is converted into electrical signal inside the TDU and
sent to a digital delay. The delayed signal is then propagated via lemo cables



3.4. Top CRT installation 79

to two Fan Outs similar to those used for the T0 line. The distribution of
the global trigger signal along the T1 timing line is presented in Figure 3.31.
The timing lines used for the T1 signal are the same as those described in
the previous section, with the difference that the Y connectors are plugged
in the T1 lemo port of the Top CRT FEBs.





Chapter 4

Top CRT Commissioning

The Top CRT installation was completed by mid December 2021. Starting
from January 2022, the subdetector started its commissioning phase, which I
performed during my period as Run Coordinator of the ICARUS experiment
from February to May 2022.

4.1 Data taking

The ICARUS data acquisition (DAQ) system is based on the artdaq data
acquisition software development framework, providing customizable appli-
cations for reading data from detector elements (BoardReaders), and config-
urable applications for performing event/building, data-logging, and data-
dispatch to downstream online data quality monitoring processes. The Board-
Readers acquire data fragments from the TPC, PMT, and CRT readout
electronics, and from the trigger and White Rabbit timing systems. They
then assign appropriate event counters and timestamps to each fragment and
then queue those data for transfer to a configurable number of EventBuilder
applications. For each triggered event, the ICARUS trigger BoardReader
sends its data fragment to an EventBuilder, triggering a request for data
from all other configured BoardReaders in the DAQ system. Depending on
the trigger type (BNB, Offbeam BNB, NuMI, and Offbeam NuMI), data are
written in separate file streams. The DAQ system is capable of supporting
trigger rates up to 5 Hz, although the expected trigger rates are ∼ 1 Hz.

The Top CRT was integrated in the detector data-acquisition using the
same format of the Side CRT. Unlike TPC or PMT, for which the digitizers
require an external trigger to collect the waveforms, the CRT FEBs are in
auto-trigger mode. Each Top CRT data line is read out by the corresponding
Top CRT DAQ server, which performs a polling of the line every 80 ms,
fragments within the time window of the triggered event are saved (window
mode).

A preliminary configuration with the Top CRT data lines was tested in

81
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a different DAQ working area using a software 10 Hz trigger. After some
proper tuning of the DAQ parameters (e.g. expected fragment size, number
of event builders, time window, ...) and the upgrade of the firmware of the
FEBs, to correct for the so-called "time-spikes" described in the next section,
the Top CRT modules were fully integrated in the detector data acquisition
in march 2022. In order to increase the statistic of CRT Hits, mainly for
calibration purposes, the acquisition window for the Top CRT was set to ±
25 ms w.r.t. trigger timestamp. The window is extremely larger than the ∼
2 ms drift window of the TPC, this is why the CRT hits sample of the 50 ms
window is used only for calibration purposes, the normal data flow of event
reconstruction uses a software reduced window of ± 3 ms.

Differently from the Side CRT, for which all the FEBs use the same con-
figuration, for the Top CRT each module is configured using the parameters
proper of each channel. During the construction of the Top CRT modules, a
database was created to record the channel-SiPM map. For each SiPM the
corresponding nominal operation bias voltage was saved in the database, ac-
companied by the bias voltage set on the FEB. The latter value was first set
on the board using the dedicated trimmer and then its stability was verified
after 30 minutes of operation. Using the dedicated 10-bit DAC (up to 5 V),
each channel/SiPM can be set to the desired overvoltage due to the known
difference between the FEB voltage and the SiPM breakdown voltage. For
each Top CRT module, a configuration file including channel-to-channel bias
correction (after a proper conversion in the 10-bit format of the DAC) and
threshold (set to 1.5 photo-electrons for all the channels) was produced. At
the beginning of each run, the correct configuration is loaded in every FEB,
this granted a more uniform gain/bias distribution across all the modules.

4.1.1 FEB testing and firmware upgrades

CAEN A1702 FEB assigns a ns timestamp to each trigger it produces. Typ-
ically, either with a cosmic induced trigger or generated artificially by reset-
ting the clock, the timestamps gradually increases up to 1 s, and then start
from 0 again. Following several tests, it was observed that the timestamps
do not increase monotonically. Figure 4.1 shows the trigger timestamps over
time for one specific FEB using the standalone DAQ. Clear spike-like struc-
tures can be seen in the plot of the timestamps over time.

It was observed that this unwanted feature originates in the original
firmware of the LPC4370 ARM MicroController used in the CAEN A1702
FEB. The LPC4370 has a dual-core, shared memory architecture and dur-
ing the buffer readout, both cores were reading and writing a particular
memory location, used as a count of active events. One core was reading-
incrementing-writing that location, while the other was reading-decrementing-
writing. Both cores were doing the same operations at the same time. For a
fraction of the time, there was a conflict in which the value written by one
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Figure 4.1: Timestamps vs the event number before the Micro-Controller
firmware update. Blue lines correspond to reconstructed special reset events.
Red circle highlight a so-called spike.

core overwrote the necessary value written by the other core. Incrementing
and decrementing of the same memory location could work if the opera-
tions were atomic, however the Micro-Controller inside the LPC4370 does
not support these atomic operations for both cores (SBN internal document,
[63]). A fixed firmware was developed in order to use two memory locations,
instead of the one previously described. Each location is exclusively written
by one core, while the reading can be performed by both. The new firmware
for the Microcontroller was first tested on one spare module, and then, once
verified that it did not corrupt the data, it was updated on all the Top CRT
FEBs, using the standalone DAQ.

A second problem was observed when digitizing a special reset event of
the T0/T1 counters: not all reset events were correctly identified as special
events, but despite correctly resetting the corresponding counter, they were
treated as regular hits. The special event qualifier is assigned to a CRT Hit
as a bit mask and it was assigned a flag variable. In Figure 4.1 it can be
seen that, in correspondence with the reset of the counter value, a special
flag is generated (positioned as a blue line), but in one case (event number
∼ 8400), this did not happen. It was empirically observed that the correct
reset event is generated in average 65% of the times. As it will be described
in section 4.2, the special reset events are an important feature which can
be exploited to improve the whole CRT timing resolution. This bug did not
affect the effectiveness of the data-taking, therefore it was possible to move
on with the CRT implementation; a possible fix has been developed by the
CAEN engineers, and a new firmware is currently under test.
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4.2 CRT Timing

The ∼ ns resolution in the CRT timing, needed for an effective cosmic back-
ground rejection, can be achieved only by accounting for all the possible
delays in the CRT T0 and T1 timing lines. During the Top CRT commis-
sioning, an accurate delay measurement campaign was performed.

4.2.1 The two-ways technique

The delay measurements for T0 and T1 were performed using a two-way
technique, using the paired and equal optical fibers that distribute the T0
and T1 signals to the CRT TDU; for the Top CRT, the paired optical fibers
were 120 feet long. The two way technique is performed by setting up a sec-
ond path to transmit the signal from the trigger rack, to the CRT TDU (tA)
and backwards (tB); when measuring the T0 (T1) delay, for the second path,
the signal was sent from the TDU backwards to the trigger rack through the
T1 (T0) optical fibre. The two-way method consists of measuring the propa-
gation time of the signal along the sum of the two paths (TSUM = tA+ tB)
and then the difference in time to propagate the signal along the two paths
(TDIFF = tA − tB), as shown in Figure 4.2 and Figure 4.3 for T0 and T1,
respectively. The signal propagated in the delay chain was generated from a
pulse generator and the measurement of TSUM and TDIFF was performed
by by means of a Tektronix MSO58 oscilloscope (500 MHz and 6.25 GS/s),
using the delay measurement tool between the rise edge of the two signals.
While performing he measurement, the two cables used to connect the os-
cilloscope are of the same length, therefore they are compensated. From
TSUM and TDIFF we obtain tA and tB using the following equations:

tA = (TSUM + TDIFF )/2

tB = (TSUM − TDIFF )/2

Although the two paths were fairly similar, as described in Figure 3.31, at
the time of the T0 delay measurement, the Side CRT was in data collection;
therefore, we had to exclude from the A path the delay induced by the PPS
FanOut. This was measured afterwards during a scheduled downtime of the
DAQ. The delay measurement campaign along the T0 line was performed in
February 2022 and the results are reported in Table 4.1. The missing delay

TSUM 393.8 ± 0.1 ns
TDIFF 7.6 ± 0.1 ns

tA 200.7 ± 0.1 ns
tB 193.1 ± 0.1 ns

Table 4.1: Delay measurements along the T0 line according to Figure 4.2.
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Figure 4.2: Measurement of T0 propagation using the two-way technique.
Left: delay between a signal output from a pulse generator through T0 and
the same signal sent back through path B (TSUM). Right: difference between
the time delays along the T0 line and along the inverse path B (TDIFF).

Figure 4.3: Measurement of T1 propagation using the two-way technique.
Left: delay between a signal output from a pulse generator through T1 and
the same signal sent back through path B (TSUM). Right: difference between
the time delays along the T1 line and along the inverse path B (TDIFF).
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Figure 4.4: Schematic of the delay measurement between the SPEXI output
and the PPS FanOut output.

TSUM 455.8 ± 0.1 ns
TDIFF 45.7 ± 0.1 ns

tA 250.7 ± 0.1 ns
tB 205.1 ± 0.1 ns

Table 4.2: Delay measurements along the T1 line according to Figure 4.3.

measurement between the SPEXI output and the PPS FanOut output was
performed as illustrated in Figure 4.4. The result was an additional delay
(tFO) of 23.6 ± 0.1 ns. The overall delay measurement along the T0 line
from the trigger rack to the Top CRT TDU was evaluated as

∆tT0 = tA + tFO

resulting in ∆tT0 = 224.3±0.2 ns, but, due to limitation in sub-ns processing
of timestamps inside the Icaruscode software, it was considered 224 ± 1 ns.

The measurement of the delay along the T1 line needs further considera-
tions, the main difference w.r.t. T0 being the presence of a digital delay. As
described in section 3.3.2, whenever the CRT FEB produces a trigger, a dead
time of 22 µs is generated. The T1 line propagates the global trigger signal
to be used as an additional and precise timing reference appropriate to each
event acquired by the TPC. The acquisition of T1 generates a trigger in the
FEB, which generates a special event. This special reset event induces a 22
µs dead time as real events. Without a proper handling of the global trig-
ger logical signal, a 22 µs dead-time window would be present in TPC drift
window. This problem can be solved by delaying the global trigger signal by
such a large amount that the dead-time window occurs after the full TPC
readout. The delay agreed upon was, conservatively, 2 ms (tDD). To perform
the delay measurement along the T1 line as illustrated in Figure 4.3, due to
limitations in the oscilloscope sensitivity at the ∼ ms scale, while performing
the measurement, the digital delay was set to 0. The manufacturer reported
an intrinsic 21 ns delay, even with no digital delay set; this is included in our
measurement. The results of the delay measurement along the T1 line are re-
ported in Table 4.2. The tA measurement for T1, already included the delay
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induced from the lemo connector to the third FPGA (which sends out the
global trigger signal) and from the FanOut. The overall delay measurement
along the T1 line was evaluated as

∆tT1 = tA + tDD

where tDD is the value set on the digital delay, 2 ms, for which the manufac-
turer reported an accuracy of 1 ppm, corresponding to an error of ± 2 ns.
The resulting delay along the T1 line is 2000251 ± 3 ns. The 1-ppm accuracy
in the digital delay will be improved in the upcoming future by measuring
the digital delay with an oscilloscope capable of resolving the nanosecond
delay in a millisecond scale time window.

4.2.2 Time propagation delay along the distribution lines

The Top CRT timing distribution lines were illustrated in Figure 3.32 and
described in Section 3.4.6. Due to the inaccessibility of many of the FEBs,
once the modules were installed, the delays introduced by the lemo cables
between the Top CRT TDU and each module were estimated by design and
precisely measured only for the first FEB of each timing line. The delays of
the subsequent modules were estimated considering the addition of one 3 m
long lemo cable at each step of the line. Using an oscilloscope, the average
delay introduced by one 3 m long lemo cable was 15.3 ns, measured over
a sample of ∼ 30 spare cables. The resulting delays per module have been
reported in Table 4.3 along their respective position on the different timing
distribution lines. The reported values are rounded to nanoseconds and,
conservatively, an error of ±1 ns is assumed per module. Since the cables
used for the T0 and T1 bus were chosen to be equal in length, the values
reported in Table 4.3 refer to both.

The total delay for each module along T0 (∆tT0i) and T1 (∆tT1i) were
evaluated as

∆tT0i = ∆tT0 +∆ti (4.1)

∆tT1i = ∆tT1 +∆ti (4.2)

respectively, where ∆ti is the delay value of the i-th module along its timing
distribution line obtained from Table 4.3.

4.3 CRT calibration

After the Top CRT was included in the data acquisition, a data collection
campaign was carried out to estimate the pedestal and gain values of each
Top CRT channel. The pedestal and gain values can be obtained by fitting
the integrated ADC charge spectrum of each channel, exploiting the feature
that at each trigger the FEB store the ADC value of each of the 32 channels.
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Timing line/
position in the line 1 2 3 4 5 6 7 8

1 58 73 74 59 59 74 118 59
2 74 89 89 75 74 89 133 75
3 89 104 105 90 90 105 149 90
4 104 119 120 105 105 120 164 105
5 120 135 135 120 120 135 179 121
6 135 150 151 136 136 151 195 136
7 150 165 166 151 151 166 210 151
8 165 181 181 166 166 181 225 166
9 181 196 196 182 182 196 240 182

10 196 211 212 197 197 212 256 197
11 211 226 227 212 212 227 271 212
12 227 242 242 228 227 242 286 228
13 242 257 258 243 243 258 302 243
14 257 272 273 258 258 273 317 258
15 288 288 273 273 288 332
16 289 289 348
17 304 304

Table 4.3: Measurement of the delay in nanoseconds between the TDU of
the Top CRT and each module along the eight different timing lines. The
reported values have been rounded to the ns and the relative uncertainty
depends on the the module position along the timing line, adding up to ∼
4.5 ns for the last modules of the longer lines.



4.3. CRT calibration 89

_0_ped_350__1__3
Entries  657703
Mean    307.1
Std Dev     544.2

0 500 1000 1500 2000 2500 3000 3500 4000
ADC counts

210

310

410

510

E
nt

rie
s

_0_ped_350__1__3
Entries  657703
Mean    307.1
Std Dev     544.2

Figure 4.5: ADC counts distribution for a channel of a 10 mm scintillator
bar of one of the Top CRT modules.

The pedestal was initially obtained by fitting with a gaussian distribution
the ADC spectrum of a channel when it did not participate in the CRT hit
channel coincidence. The gain was obtained as the average distance between
the quantized photoelectron peaks in the integrated charge spectrum of cos-
mic muons. Quantized photoelectron peaks were fitted by using multiple
Gaussian peaks.

In Figure 4.5 a typical distribution for one Top CRT channel correspond-
ing to one 10 mm thick scintillator bar is shown, while in Figure 4.6 the
same distribution for a channel of corresponding to a 15 mm scintillator is
also shown. The single photoelectron peaks are visible, but the distribution
shows a very large pedestal. To properly fit pedestal and gain, for each chan-
nel, we selected two diffrent samples: a random trigger (for pedestal) and
triggering channels (for gain). The Top CRT FEB firmware currently does
not provide the list of the channels that participate in the CRT triggering
coincidence, but this can be obtained with good approximation by software
identifying two consecutive channel above threshold in both the scintillator
layers.

4.3.1 SiPM gain evaluation

An example of the ADC charge distribution spectrum for a Top CRT chan-
nel involved in the CRT triggering coincidence is presented in Figure 4.7
and corresponds to a 10 mm scintillator. Peaks were first identified using
the TSpectrum class provided by ROOT[64]. The first identified 5 peaks



90 Chapter 4. Top CRT Commissioning

_29_ped__4__6
Entries  106640
Mean     1314
Std Dev      1253

0 500 1000 1500 2000 2500 3000 3500 4000
ADC counts

10

210

310

410

E
nt

rie
s

_29_ped__4__6
Entries  106640
Mean     1314
Std Dev      1253

Figure 4.6: ADC counts distribution for a channel of a 15 mm scintillator
bar of one of the Top CRT modules.
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Figure 4.7: ADC counts distribution for a channel corresponding to a 10 mm
scintillator bar when the channel is part of the CRT triggering coincidence.
The spectrum is zoomed in the region below 1200 ADC to enhance the
visibility of the single photoelectron peaks.
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Figure 4.8: Recursive single photoelectron peaks fitting with a gaussian dis-
tribution for a 10 mm scintillator channel when participating in the CRT
triggering coincidence. The pedestal is not shown and the left peak corre-
sponds to 2 p.e.

were fitted using Gaussian distributions. For each fit, the minimum distance
between the previous and the following peaks was used as the range; recur-
sively, the range was reduced and the fit was repeated until the reduced χ2

(χ2
ν) was < 8, or until there were no more bins in the selected range. In Fig-

ure 4.8 a distribution of the charge spectrum for a 10 mm scintillator channel
is shown with overlayed the recursive gaussian fit of the first 5 photoelectron
peaks. The mean values of the peaks, resulting from the gaussian fit, were
plotted versus the corresponding peak number, the gain was extrapolated as
the slope of a linear fit of the distribution. In Figure 4.9 an example of a
gain fit for a channel corresponding to a 10 mm scintillator is shown.

The gain fitting algorithm was run on all the working channels of the Top
CRT modules. The distribution of the resulting gains is reported in Figure
4.10, the average gain value is 103 ± 10 ADC per photoelectron peak. some
of the outliers were analyzed and it was observed that, especially for the
15 mm scintillators, some peaks were misidentified with others, therefore
introducing errors in the fit. Future updates are foreseen to improve the
gain fitting algorithm and further reduce the number of the outliers.
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Figure 4.9: Distribution of the photoelectron peaks mean value versus the
corresponding number, fitted using a linear fit to evaluate the gain from the
slope of p.e. Error bars represents the sigma of the Gaussian fit for the
corresponding peak.
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Figure 4.10: Distribution of the gain of all the channels of the Top CRT
modules.
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Figure 4.11: Comparison of pedestal distributions when the channel does not
participate in the CRT triggering coincidence (blue) and when the board
receives an external random trigger (red) for a channel of one Top CRT
module.

4.3.2 Top CRT pedestal fit

In Figure 4.11 (blue) the ADC charge distribution for a channel correspond-
ing to a 10 mm scintillator bar is shown when it is not involved in the
coincidence that triggers CRT. The distribution of the pedestal is larger
then the distance between the p.e. peaks. This behaviour is not suitable
to correctly estimate the waveform baseline for the pedestal. By definition,
random triggers of the CRT FEB should result in random values of each
channel around its pedestal. Using the same dataset and exploiting the T1
and T0 special reset events which behaves as an external random trigger,
a new sub-sample with a reduced statistic was obtained. In Figure 4.11
(red) the charge spectrum distribution of the same channel applying the se-
lection of external random triggers is shown. The new distribution shows
a Gaussian-like structure and the resulting peak is located at higher ADC
values with respect to one selected from the non-triggering channels.

This effect was not observed in the Side CRT distributions. In the Side
CRT case, out of the 32 channels, only one is supposed to be above thresh-
old, while in the Top CRT, this is true for at least 4 channels. The FEBs
were originally designed to work in a Side CRT-like scenario, while the re-
quirement of 4 channels above threshold for the Top CRT could affect the
FEB electronic. This effect is still under evaluation and it seems to be cor-
related with the amplitude of the triggering channels; additional tests are in
progress.

However, the subsample obtained by using the external random trigger
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Figure 4.12: Pedestal fit for a channel corresponding to a 10 mm scintillator
using a sub-sample of hits triggered by a random external trigger. The
pedestal was fitted with a gaussian distribution.

was considered to be more suitable for the pedestal evaluation, which, fol-
lowing the same procedure described in the section dedicated to the gain fit,
was obtained by a recursive Gaussian fit. In Figure 4.12 the result of a gaus-
sian fit of the pedestal for a channel corresponding to a 10 mm scintillator
is shown. The distribution of the pedestal distribution for all the Top CRT
channels is presented in Figure 4.13.

4.4 Top CRT Hit reconstruction

Once CRT data fragments are generated and saved by the DAQ, they can
be processed through the reconstruction chain. The first step of the chain is
the selection and formatting of the raw data of each FEB to obtain a CRT
Data product which can be used in the later stages of the reconstruction.
The following step is the CRT Hit production, the hit reconstruction algo-
rithm uses the CRT data as an input to reconstruct a CRT hit data product,
reconstructing its global coordinates and providing higher level timing infor-
mation. The CRT Hit data product can be used for higher level analysis as
such as matching between a CRT Hit and an optical flash reconstructed by
the PMTs, or matching of CRT hits with TPC reconstructed tracks.
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Figure 4.13: Distribution of the pedestal of all the channels of the Top CRT
modules.

4.4.1 CRT data: decoding

At the decoding stage, the raw data from each FEB are selected and con-
verted into a readable format (decoding). Some of the most relevant infor-
mation of the CRT data product are:

• the FEB MAC5 address;

• the fragment ID, corresponding to the different CRT subdetector (Top,
Side, Bottom);

• the poll start/stop timestamp provided by the CRT DAQ server;

• the flags, which represent the hit status (if it was an overflow of the
TS0 or TS1 counters, or if it was a special reset hit of TS0 or TS1, or
if it was a regular CRT Hit);

• ts0 and ts1, respectively, values of the TS0 and TS1 counters;

• the ADC values of all 32 FEB channels.

Once a readable data format is obtained, a timestamp is assigned to each
CRT Hit. The value of the ts0 counter is a number between 0 ns and 109 ns,
for which the T0 counter is reset every second by an external PPS. Due to
the propagation of the PPS signal along the T0 line, each counter is reset at
a different absolute time with respect to another along the same timing line.
To account for this difference, the counter value ts0 is corrected by adding
the delay for that specific board:

ts0d = ts0 + ∆tT0i (4.3)
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where the delay ∆tT0i is determined by equation 4.1. Following the addition
of the specific board delays, only the absolute difference between the resulting
value and the 109 ns is stored, to account, for example, for CRT hits which
ts0d > 109 ns:

ts0ns = |109 − ts0d| (4.4)

The provide an absolute time to the CRT Hit, the full second in UNIX time
stamp is obtained from the poll start and stop timestamps:

t0 = ts0ns + FSpolltime ∗ 109 (4.5)

where t0 is the absolute CRT Hit timestamp in ns and FSpolltime is the full
second of the poll time.

For what concerns the Top CRT data, each scintillator is read-out by 2
SiPMs on on the same end of the bar. For the Side CRT, at the decoder
stage there is an additional step due to the its geometry, since the majority
of the scintillator strips are readout on both ends by different FEBs, at
the decoder stage, data fragments coming from adjacent layers are grouped
together. The resulting CRT Data products can be used as is for calibration
purposes or can be further processed to perform the CRT Hit reconstruction.

4.4.2 Photoelectron conversion

Following the calibration of pedestal and gains for all the Top CRT channels,
the conversion of ADC counts to photo-electrons is obtained by:

np.e. =
ADCi − Pedi

Gi
(4.6)

where np.e. is the resulting number of photo-electrons, ADCi is the ADC
value of the i-th channel and Pedi and Gi are, respectively, its pedestal and
its gain as evaluated from the calibration.

The calibration was performed on both a sample of data processed from
Run 0 (Commissioning data) and a sample of data from Run 1 (first physics
run). It was estimated that for an effective calibration of the Top CRT, at
least 50k events are needed, corresponding to ∼10 million CRT hits using
the reduced 6 ms software window. In the future, we plan to introduce
automatic calibration on a weekly basis.

4.4.3 CRT Hit: spatial reconstruction

The CRT Hit reconstruction is performed on the CRT Data product to re-
construct the global position in the detector coordinates and to perform addi-
tional corrections to the CRT Hit timestamp. Additional timing corrections
are needed to account for the light propagation inside the scintillator from
the CRT Hit position to the SiPM readout. An additional feature, which is
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Type Region Region ID Module (count)
west-south 40 0-17 (18)
west-center 41 18-33 (16)
west-north 42 34-51 (18)
east-south 43 52-69 (18)

Side CRT east-center 44 70-85 (16)
east-north 45 86-103 (18)
south 46 104-142 (39)
north 47 143-166 (24)

Bottom CRT bottom 50 167-180 (14)
horizontal plane 30 181-264 (84)
rim-west 31 265-278 (14)

Top CRT rim-east 32 279-292 (14)
rim-south 33 293-298 (6)
rim-north 34 299-304 (6)

Table 4.4: Total number of CRT modules ordered by the different CRT sub-
detectors and the different detector regions.

exploited in this stage, is the processing of the global trigger timestamp to
provide an additional time reference for each CRT Hit.

The first step of the CRT Hit reconstruction is the conversion from ADC
to number of PE following equation 4.6, as described in the previous section.
At this step, a preliminary selection of CRT data above a certain PE thresh-
old can be performed, this is true for Side CRT hits for which a threshold of
7.5 PE was chosen. In the case of the Top CRT, the quadruple coincidence
of the internal triggering logic is robust enough to select a very pure sample,
therefore no cuts have been applied.

The second step of the CRT Hit reconstruction is the shifting of each
module (associated with a specific FEB) into its coordinates in the detector
volume. The module position is included in the geometry model of ICARUS
and it has been thoroughly exploited for the detector simulation. Overall,
the geometry of the CRT system is composed of 305 modules divided into the
three different sub-detectors; in Table 4.4 a summary of the different modules
and the corresponding regions are reported. An illustration of the mapping
of the Top CRT module is presented in Figure 4.14. It is worth noting
that despite the detector design (and subsequently the detector simulation)
accounting for 6 modules along the Top CRT south rim, in reality only 5
were installed, to allow the access to ther detector roof.

The CRT hit is first reconstructed inside the single module and later
translated into the global coordinate system. Hit reconstruction within each
module is CRT subsystem specific.
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Figure 4.14: Mapping of the different software module IDs in the different
regions of the Top CRT.

Top CRT: hit position

The Top CRT hit reconstruction is performed by selecting the two even-
odd channels with higher PEs in the top layer (corresponding to a 10 mm
scintillator strip) and those in the bottom layer (corresponding to a 15 mm
scintillator strip). Due to the orthogonal orientation of the two layers, the
position of a Top CRT hit is uniquely identified by the overlapping region
(coincidence sector) of the two scintillator bars. The global coordinates of
the CRT module are defined w.r.t. the center of the module, therefore the
local coordinates of the CRT hit are reconstructed w.r.t. the middle position
along each scintillator strip. During the commissioning and the analysis of
the first data, a mismatch was observed between the real Top CRT module
orientation and the one implemented in the simulation. Therefore, the sim-
ulation geometry was corrected and the Top CRT modules rotated by 180◦

around their perpendicular axis to reflect the real position of the SiPMs. The
new geometry was tested and validated by comparing the channels above
threshold and the reconstructed hit position for a specific subset of modules
in each Top CRT wall.

The results of the Top CRT Hit reconstruction are reported in Figure
4.15. The plotted CRT Hit distribution correspond to a data sample of one
run acquired during the commissioning of the Top CRT (April 2022, run
8148). Each point of the distribution correspond to a different coincidence
sector of Top CRT and the Z axis, omitted to ease the visualization, reflects
the number of hits in that specific location.
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Figure 4.15: Distribution of the CRT Hits reconstructed in the different
regions of the Top CRT. Blue regions correspond to malfunctioning channels.

Side CRT: hit position

The Side CRT hit reconstruction is different as the coincidence of adjacent
layer has to be reconstructed at software level and bars and layers are readout
by multiple FEBs. Hit scintillator strips are identified by selecting in each
FEB the channel that generated the FEB trigger signal, using the highest
charge amplitude as a discriminator. If the scintillator strip is readout on
both ends by two different FEBs and both the corresponding channels are
above threshold, the longitudinal position can be reconstructed by comparing
the timestamps recorded by the FEBs:

TA = T0 + (L0 − z) ∗ V (4.7)

TB = T0 + (L0 + z) ∗ V (4.8)

TA − TB = 2z ∗ V (4.9)

z = (TA − TB)/2 ∗ V (4.10)

where, as illustrated in Figure 4.16, TA and TB are the timestamps recorded
by FEB-A and FEB-B, z is the CRT hit position, L0 is the position of the
center of the scintillator strip, and V is the speed of light propagation within
the scintillator / WLS fiber.

The reconstruction of the longitudinal position is performed on both the
inner layer and the outer layer. The final CRT hit position is obtained
as the average between the longitudinal position reconstructed in the two
layers, averaging, also, the remaining transverse coordinates of each strip, as
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Figure 4.16: Illustration of the Side CRT hit position reconstruction along
the 8 m long scintillator strips.

provided by the geometry. If the scintillator strip of only one of two layers
is matched with two channels above the threshold, the CRT Hit position
is defined only by the coordinates of that strip and by the reconstructed
longitudinal position according to equation 4.10.

If no scintillator strip is associated with two channels above threshold
in either of the two layers, scintillator strips matched with only one channel
are considered. In this situation, the CRT hit position is assumed to be the
middle position of the scintillator bar, averaged for the two layers if possible.
In the case of the South wall (which exploits an X-Y configuration, where
the outer layer is readout on one end only) the CRT hit position along the
East-West direction is provided by the position of the vertical strip hit in
the outer layer, while the top-bottom coordinate is given by the position of
the strip hit in the inner layer. In the case of the downstream wall (which
exploits parallel scintillator strips, cut and readout on one end only), the
CRT Hit position is obtained as the average position of the strips hits in the
two layers.

CRT hit: spatial resolution

Spatial resolutions of Top and Side CRTs are different and, also, region
dependent. In the case of the Top CRT, the spatial resolution of the CRT
hit, assuming a precision < 1 cm in the module coordinates provided by the
detector geometry, is determined only by the width of the crossing scintillator
strips. Since the crossing scintillators are 23 cm wide and the CRT hits are
uniformly distributed along each strip, the spatial resolution σ along the
transverse direction of the scintillator is estimated as follows:

σ = W/
√
12 (4.11)

where W is the width of the scintillator bar. In the local coordinates of the
Top CRT modules, σx and σy are < 7 cm, while σz depends on the thickness
of the scintillator and is estimated in the same way (σz = 2.5√

12
cm).
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Region σx[cm] σy[cm]
Side, lateral 16 229
Side, north 11 103
Side, south 17 14

Table 4.5: Spatial resolution of the Side CRT Hit reconstruction using local
coordinates in the CRT region, with x as the lateral and y as the longitudinal
coordinates. The resolution is quoted as one standard deviation of the full
distribution for each coordinate.

The Side CRT timing resolution is currently under evaluation and, con-
sidering equation 4.10, it is the main contribution to the spatial resolution of
the East and West walls. Generally, the error along the transverse direction
of the scintillator strip is ∼ 1 cm (σz in the local coordinates of the detector),
while the resolution along the other two directions (quoting results reported
from the simulation), is reported in Table 4.5.

Light propagation delay correction

Following the reconstruction of the CRT hit position, the timestamp of each
CRT hit can be further improved by accounting for the light propagation
inside the WLS fiber from the CRT position to the SiPM readout. The
group velocity of light propagation inside the WLS fiber was estimated as
0.062 ns/cm, which refers to the same value used for equation 4.10 and in
the detector simulation. The correction for the light propagation is obtained
as follows:

∆tγ = d ∗ 0.062 (4.12)

where d is the distance in cm between the CRT hit position and the SiPM
readout. This correction model is used for the Side CRT reconstruction.

During the commissioning, this correction was also accepted for the Top
CRT with some limitations. Unlike the side CRT, the Top CRT FEB
firmware generates a timestamp of the triggered hit at the fulfillment of
the triggering logic; therefore, as a preliminary step, the correction was ap-
plied considering the distance of the furthest SiPM w.r.t. to the hit position.
Taking into account the Top CRT scintillator strips, this correction was < 1
ns for the sector closest to the SiPM readout, up to ∼ 12 ns for the further
regions. As it is presented in section 5.2, this correction was evaluated by
fine-timing real data and exploiting the PMT-CRT matches.

An additional timing delay was included in the Top CRT hit reconstruc-
tion, to compensate for the micro-coaxial cable connecting the SiPMs and
the FEB. The cable-induced delay was measured using an oscilloscope cor-
responding to a delay ∼ of 12 ns. A similar cable delay was also measured
for the Side CRT and the appropriate correction was applied to the CRT Hit
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reconstruction stage.
In the CRT hit reconstruction stage, each CRT hit timestamp is assigned an
additional timing reference, provided by the Global Trigger logical signal re-
construction. The reconstruction of the trigger signal is described in section
4.5.

CRT hit data product

The result of the CRT hit reconstruction is a CRT Hit data product for
which the following variables are stored:

• the FEB (or multiple FEBs for the Side CRTs) associated with the hit;

• the total number of photo-electrons in the CRT hit;

• the spatial coordinates and the respective errors;

• the CRT region of the hit;

• the absolute timestamp of the CRT hit (in ns UNIX standard time);

• the timestamp w.r.t. global trigger.

Following the CRT Hit reconstruction, the CRT Hit data products can be
further used for higher-level analysis. In particular, Chapter 5 of this the-
sis will be dedicated to CRT-PMT matching and its exploitation for event
selection purposes.

4.4.4 Top CRT channel testing

After the inclusion of the CRT modules in the DAQ and the subsequent data
processing, it was possible to evaluate the status of the Top CRT and eval-
uate its functionalities and performance. The channel testing was a critical
step for the Top CRT commissioning and a milestone to begin the overbur-
den deployment activities. The Top CRT commissioning was completed by
April 2022 and it enabled the start of the concrete blocks deployment. Once
installed, the overburden prevented the extraction of the Top CRT mod-
ules, therefore it prevented any possible restoring and fixing operation of the
SiPMs (FEBs are still reachable from the detector roof).

By analysing the output of the CRT Hit reconstruction, it was observed
that 6 scintillators (all located along the Top CRT vertical rims), where not
providing any trigger. This effect can be seen in Figure 4.15 as blue regions
along the Top CRT vertical rims. The modules were successfully tested
before the movement with the overhead crane for the installation. All these
modules were stored in the same racks with faulty modules reported in 3.4.2.
Possibly, the SiPMs corresponding to the dead channels were in a damaged
but working state at the time of the electronic test, the crane movement or
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the current in-rush (when turning on and off the SiPM bias with the DAQ)
aggravated the damage. Unfortunately, these modules along the vertical
rims can not be extracted, as, following their installation the supporting
steel beams of the Top CRT horizontal plane were secured. Overall, the
amount of dead channels is contained to 6 channels out of 4000 (0.15%),
but, due to the internal triggering logic of the Top CRT FEB (requiring
both the SiPMs of a same strip to be above 1.5 pe threshold), this reflects
to 6 scintillators not providing any trigger. The total active surface of the
Top CRT is reduced ∼ 2.5 m2 and, luckily, it is all distributed along the
vertical rims, which are exposed to a lower flux of cosmic particles w.r.t. to
the horizontal plane. The active area is 99.7%, the value is in compliance
with the experiment requirements. A possible improvement, to recover the
scintillators, would be enabling for those specific modules the logic OR of
all the channels, losing the effective Top CRT internal triggering logic and
resulting in the need of a higher threshold to limit the electronic noise. This
option is available, but not yet implemented.

In addition to the 6 channels with faulty SiPMs reported, an additional
malfunctioning channel was observed in the Top CRT north rim. Differently
from the others, this channel is responsive, but triggering at a significantly
lower rate. The specific SiPM parameters were verified, to investigate for
possible errors in the specific FEB parameters, but no anomalies were found.
More tests are foreseen to investigate the issue.

4.5 Global Trigger

4.5.1 ICARUS trigger

The Global Trigger is a logical signal associated with the primary event
trigger. The event trigger is generated when a predetermined number of
PMT pairs (PMT majority) in the same TPC is above a certain threshold in
coincidence with the expected beam gate. For ICARUS Run 1, the primary
event trigger requirements were ≥ 5 PMT pairs with a 400 ADC threshold
each (on-beam majority trigger). If the requirement is fulfilled, the trigger
system send an enable signal to the PMT digitizers to save and sample the
corresponding waveforms. PMT signals are recorded for ± 2 ms around
the primary event trigger time, to recognize and tag cosmic rays crossing the
detector during the 1 ms drift time of the TPC. Depending on the beam type,
the beam gate width is significantly different (1.6 µs for BNB and 9.6µs for
NuMI), therefore the on-beam majority trigger requirements are applied only
to a small fraction of the 4 ms readout window of the PMT, the rest is called
the out-of-beam time window. The requirements on the PMT triggering logic
for the out-of-beam window are more stringent; for Run 1 the requirements
were ≥ 10 PMT pairs with a 400 ADC threshold. Another difference between
the on-beam and out-of-beam requirements is the sampling time of the PMT
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Figure 4.17: Schematic illustration of the different PMT trigger requirements
for on-beam (orange) and out-of-beam (grey). The black line corresponds to
the start of the neutrino beam spill.

waveforms, 28 µs for the on-beam and 10 µs for the out-of-beam. The
different requirements were driven by the necessity to limit the data size and
the waveform sampling in the time window where beam neutrinos are not
expected. In Figure 4.17 a schematic illustration of the different PMT trigger
requirements is presented for the on-beam and out-of-beam windows. Since
the on-beam and out-of-beam windows have different threshold requirements,
the latter cannot be directly used as the background of the neutrino-beam
timing window. In order to have a comparable background sample, a fake
beam gate window is opened between the different spills, and its requirements
are the same as the normal on-beam trigger. This data stream is called
OffBeam and the frequency of the fake signal depends on the beam type.
Overall, in normal operations, ICARUS is running with 4 different data
streams: BNB, OffBeam BNB, NuMI and OffBeam NuMI. The rate between
the OffBeam and OnBeam triggers depends on the running configuration:
during the Commissioning of the detector the rate between OffBeam and
OnBeam data was 1/3 for BNB and 1/1 for NuMI; during Run 1 the ratio
was 1/1 for both the beam streams. Another important data stream, used
especially for calibration purposes, is the so called BNB and NuMI minimum
bias trigger. The minimum bias generates triggers at the beam gate time
regardless of light activity. During the ICARUS Run 1, 1/200 BNB triggers
was acquired with the minimum bias requirements, for NuMI the ratio was
1/60 and for both OffBeam BNB and OffBeam NuMI it was 1/20.

4.5.2 CRT Global trigger acquisition

In order to effectively perform the cosmic background rejection, the CRT and
PMT systems must be properly synchronized. Two different options can be
exploited: using the absolute timestamp or using an additional timing refer-
ence, as such as the primary event trigger logical signal (or global trigger).
If during the beam gate opening the majority 5 requirements of the PMTs
is fulfilled, the digitization of the PMT waveforms is enabled and a logical
signal is generated by an FPGA in the trigger rack. This logical signal is
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referred to as global trigger signal, and it is distributed from a fan-out to the
CRT and PMT subsystems. It is worth noting that a similar signal is gener-
ated from two different FPGAs and distributed to the different TPC board
digitizers. Due to the different origin w.r.t. the global trigger signal sent
to the PMT/CRT, additional delays should be accounted and measured for
a synchronization with the TPC boards, but, due to their 400 ns sampling
time, it is negligible.

The global trigger signal was also sent to a spare channel of one PMT
digitizer to fine tune the timing propagation correction . The timestamp of
the digitized global trigger signal, once properly corrected, can be used as
a time reference for synchronizing the PMT signal (optical hits and optical
flashes) with the CRT hits. As previously described in section 4.2, the global
trigger logical signal is sent out to all the CRT FEBs along the T1 distribu-
tion line and all the relevant delays were measured with, conservatively, 1 ns
resolution. The global trigger signal resets the ts1 counter and generates a
special hit for which the values of the ts0 and ts1 counter are stored at the
time of reset. This special reset event is referred to as T1 reset hit. If the
FEB internal oscillator was an ideal device, no differences would be seen in
the ts0 counter values of all the CRT FEBs at the time of the T1 reset hit.

In reality, the oscillation frequency is not nominal and small differences
are expected (e.g. due to temperature). This variance is called the Allan
variance[65]. The distribution of the CRT FEBs Allan variance can be ob-
tained by comparing the ts0 counter values for the special T0 reset hits.
The T0 counter is reset by a very precise PPS generated by a White Rabbit
system[66]. The White-Rabbit regulated PPS is provided by a GPS timing
signal. If the CRT FEB oscillator was an ideal device, all boards would show
a ts0 value of 109 counts at the time of reset. The Allan variance can be
obtained by plotting the difference between the internal clock counter values
and 109 counts (corresponding to 1 s) at the time of the T0 reset hit. In
Figure 4.18 the Allan deviation distribution for all the Top CRT FEBs is
shown; data were obtained from commissioning runs. The variance can be
up to 7 ns, which, if not properly accounted for, could significantly affect the
CRT timing resolution. The CRT FEB should compensate for the internal
deviations by means of a feedback voltage provided to the voltage controlled
crystal oscillator. Nonetheless, the Allan variance could be compensated by
using for each FEB its own ts0 of the T1 reset hit. Unfortunately, due to the
bug reported in section 4.1.1, the special reset hits are not always correctly
flagged and only ∼ 60% of them are identified. This percentage was esti-
mated by plotting for each event the percentage of the FEB that correctly
flags the T1 special reset signal; in Figure 4.19 the resulting distribution is
shown, corresponding to a small sub-sample of the commissioning dataset.

The timestamp of the global trigger signal is reconstructed using the
following equation:

TS(GT )i = TS0i +∆tT1i (4.13)
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Figure 4.18: Distribution of the internal clock deviations from the reference
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where TS(GT )i is the timestamp associated with the global trigger signal
reconstructed from the i-th Top CRT FEB, TS0i is the time at which the
FEB digitizes the T1 reset signal (obtain from equation 4.5) and ∆tT1i is
the delay along the T1 distribution of the i-th module. Considering the
distribution reported in Figure 4.19, the Allan variance can be compensated
using 4.13 only for a ∼60% of CRT hits, for those boards that do not flag
the special reset event, the mode of the TS(GT )i was chosen as the best
approximation.

The timestamp of the global trigger is reconstructed at the initial stage of
the CRT Hit reconstruction algorithm by querying for the special reset hits
for each FEB and assigning the the mode to those boards that miss it. Then
after each CRT hit is reconstructed, an additional timestamp is assigned to it
as its time difference w.r.t. to the global trigger. Since the majority of events
in the ICARUS detector are triggered by cosmic particles, the same events
will also be matched with a CRT hit at a certain time before the global trigger
signal formation. In Figure 4.20 the distribution of the CRT Hits w.r.t. the
global trigger signal is shown for a ± 1 ms around the trigger signal. The
distribution shows a clear peak around 0 µs which is due to cosmic particles
entering from the CRT and generating the trigger signal inside the TPC. By
zooming in the timing window 1 µs before the trigger signal formation and
considering only the Top CRT hits, the peak distribution is more visible and
important features can be extrapolated, in particular, its mean position at
∼ 630 ns before the trigger signal and a characteristic tail between -600 and
-800 ns. The zoomed in distribution is presented in Figure 4.21 and can be
compared with the analogous distribution obtained for PMT optical flashes
timestamps w.r.t. the trigger signal reconstructed by the PMT digitizers, in
Figure 4.22 the distribution of the PMT optical flashes is shown. The ∼ 600
ns peak distance observed in both the CRT and PMT distribution is due to
the delay between the PMT waveform digitization and the signal formation.
The tail structure is observed in both the PMT and CRT distribution and it
is due to a ∼ 160 ns buffer in the PMT digitizers: cosmic activity before the
beam gate opening generates LVDS signals (sent out to the trigger FPGA)
that stay in a high state for 160 ns. If the gate opens during the LVDS buffer
time it generates a trigger, with an effective additional delay up to 160 ns
w.r.t. the real flash time.

In Figure 4.23 a detailed schematic shows how a cosmic track hitting the
CRT (green) and triggering the PMTs (red) is timestamped. This illustration
shows the increasing of time along the horizontal axis and is limited only to
the most relevant elements of the detector timing scheme.

It should be noted that the DAQ provides a timestamp for the global trig-
ger and refers to the same logical signal sent to the CRT and PMT systems.
The trigger timestamp provided by the DAQ is generated after digitization
of the global trigger signal by the SPEXI board, this induces significant
resolution effects due to the board clock (125 MHz) and the resulting 8 ns



108 Chapter 4. Top CRT Commissioning

htemp
Entries  235439

Mean  4.836− 

Std Dev     550.9

1000− 500− 0 500 1000
CRT Hit timestamp - T1 reset signal [us]

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

C
R

T
 H

its
 / 

B
in

 W
id

th
htemp

Entries  235439

Mean  4.836− 

Std Dev     550.9
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around the trigger signal.
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Figure 4.21: Distribution of the Top CRT hits timestamps w.r.t. the trigger
signal in the zoomed in region 1 µs prior to the trigger formation.
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Figure 4.22: Distribution of the PMT optical flashes timestamps w.r.t. the
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formation.

Figure 4.23: Detailed schematic of how a cosmic particle hitting the CRT
(green) and triggering the PMTs (red) is time stamped. Time increases along
the horizontal axis only.
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Figure 4.24: Average trigger rate as a function of time for a sample of Top
CRT horizontal modules; the rate decrease follows the progress of the over-
burden installation.

discretization effect (the trigger timestamp is always a multiple of 8). Due
to this reason, the trigger timestamp provided by the DAQ is affected by
intrinsic systematics at the order of tens of ns and cannot be exploited for
CRT-PMT matching.

4.6 Overburden and cosmic rate

The Top CRT commissioning was concluded at the beginning of April and it
set the start of the installation of the 3m concrete overburden, described in
section 2.6.4. The nominal mean rate of each horizontal Top CRT module
before the installation of the overburden was ∼ 620 Hz, while the rate for
vertically installed modules was ∼ 250 Hz, this result is in agreement with
what was measured at the Frascati test stand. The cosmic ray spectrum
at sea level is made of two components: the soft component (∼ 30%) and
the hard component (∼ 70%). The hard component is composed of muons
with a mean energy of 4 GeV and their average rate is ∼ 100 Hz/m2 (∼
70 Hz/2 considering only straight going muons)[67]. Considering the Top
CRT modules surface of ∼ 3.4 m2, the expected cosmic muon rate is ∼ 340
Hz. The difference with the measured value is due to the soft component of
the cosmic spectrum, made of electrons, positrons, and gammas, which, if
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Figure 4.25: Average trigger rate as a function of time for a sample of Top
CRT vertical modules.

energetic enough, can generate a trigger in the CRT modules. Considering
the whole Top CRT horizontal surface, before the overburden installation
the detector was exposed to a ∼ rate of 52 kHz cosmic particles.

During the installation of the overburden, it was possible to monitor day
by day the average rate of each CRT module; therefore, it was possible to
verify the effective reduction in the cosmic particle ray induced by the con-
crete layers. In Figure 4.24 and 4.25 the plot of the average cosmic particles
rate as a function of the acquisition date is shown for a sub-sample of hori-
zontal and vertical modules. After the full installation the Top CRT cosmic
rate per module decreased from ∼ 620 Hz to ∼ 330 for the horizontal plane
and from ∼ 250 to ∼ 180 for the vertical rims, in agreement with the soft
electromagnetic component removal mediated by the concrete (see section
2.6.4. The new average rate per module is in agreement with the expected
muon-only component of the cosmic spectrum[67]. The overall cosmic rate
on the whole Top CRT surface after the full overburden installation is 35
kHz (28 kHz if considering only the horizontal plane).

The overburden was completed in mid-June 2022 and it set the final
milestone for the beginning of the ICARUS Run-1, which lasted about 1
month, taking data both on the BNB and NuMI beamlines.





Chapter 5

Analysis of the combined
Cosmic Ray Tagger and LAr
scintillation light

The synchronization between the cosmic tagger hits and scintillations in LAr
offer a unique opportunity to exploit one of the key aspects of the ICARUS
experiment: the event timing. Throughout the previous chapters of this
thesis, a lot of emphasis was put on the timing of all the different experiment
components, namely the CRT and PMT timing, the trigger formation and
the beam time structure. Effective background rejection and event selection
tools can be obtained by comparing the CRT and PMT timing, determining
the direction of a cosmic particle and, possibly, the origin of the primary
event trigger whether or not it was matched with a CRT Hit.

In this chapter, I am presenting the first results of the CRT-PMT com-
bined analysis and how the relative timing can be used for calibration, back-
ground rejection and event selection.

5.1 CRT-PMT matching

The CRT hits to PMT optical flashes match can be performed using only
the synchronized timing between the two sub-detectors. Figure 5.1 shows the
distribution of all the CRT hits (red) and optical flashes (blue) timestamps
w.r.t. the digitized global trigger signal in the timing region associated with
the primary event trigger. The dataset used to reproduce this plot was the
the offbeam-BNB data-stream for one run of the ICARUS Run 1; overall,
in this dataset 17k offbeam events were collected. The CRT Hit sample
includes both Top and Side CRT hits. The evaluation of Side CRT time
relative to the global trigger is performed by exploiting the mode of Top
CRT T1 reset data, as the Side CRT reset event reconstruction was not in
production at the time of this work (see 4.5). Figure 5.2 shows the CRT

113
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Figure 5.1: Time distribution of the CRT hits (red) and PMT optical flashes
(blue) close to the primary event trigger w.r.t. the digitized global trigger
signal.

hit time distribution distinguishing for the Top (green) and Side (red) sub-
detectors, using the trigger signal as the time reference; the sum of the two
distributions is also shown as a blue dashed line. The shift between the CRT
hits and the optical flashes distribution is expected by assuming a time of
flight of several ns between the cosmic hit in the CRT plane and the flash
reconstruction in the active liquid argon volume.

An optical flash is a PMT related data product that groups together all
the optical hits associated with one trigger. Each optical hit corresponds
to a digitized and sampled PMT waveform and it carries over timing (ab-
solute timestamps and w.r.t. the digitized global trigger signal), amplitude
(pulse height and its photoelectron conversion) and spatial (PMT position)
information. The PMT waveforms are sampled for 28 µs and 10 µs in the
on-beam and out-of-beam windows respectively, although, for this analysis,
only the first 1 µs is kept. Each optical flash is assigned the timestamp of
the optical hit with the highest pulse height.

The CRT-PMT matching is performed by coupling one or more CRT hits
with one optical flash; the association is performed only by means of time
information by selecting CRT hits and optical flashes which are up to 100 ns
apart, in the global trigger time reference system. Depending on the cosmic
track topology, more than one CRT hits could be matched with an optical
flash, this is true, for example, for particles with a wide angle w.r.t. the
detector roof, generating two CRT hits, one entering through the Top CRT
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Figure 5.2: Time distribution of CRT hits (dashed blue) close to the primary
event trigger w.r.t. the global trigger signal. The distribution is also plotted
for the Top (green) and Side (red) CRT components.

and one exiting through the Side CRT. Another situation for which multiple
CRT hits are expected is, for example, a shower like event, where, due to the
1 µs sampling of the optical hits, the light generated by two or more particles
could not be disentangled within one optical flash and it would be matched
with one CRT hit for every tagged component of the shower. Finally, random
coincidences and electronic noise within 100 ns of a matched optical flash are
a potential source of background. Each optical flash is assigned a position
evaluated as the light barycenter weighted by the amplitude of each optical
hit. The light barycenter is a viable approximation for the flash position,
but, as it will be described in the next sections of this chapter, it needs to
be refined to precisely evaluate the flight length and the time of flight of the
cosmic track.

Depending on the time difference between the optical flash and the CRT
hit, it is possible to estimate a direction of the cosmic particle:

∆tCRT−Flash = tCRT − tFlash (5.1)

the cosmic direction is defined entering for ∆tCRT−Flash < 0 ns and exiting
for ∆tCRT−Flash > 0 ns.

∆tCRT−Flash depends on the flight length of the cosmic particle, but it is
not a direct measure of the time of flight, as it also includes the scintillation
light propagation time from the track to the PMTs. Figure 5.3 shows the
distribution of the ∆tCRT−Flash for a large sample of Top CRT hits matched
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Figure 5.3: Distribution of the ∆tCRT−Flash for all the Top CRT in the ±
100 ns matching window.

with an optical flash within the whole acquisition window. The distribution
of the CRT hits populates the region < 0 ns, with a signature peak at -27 ns
and a Gaussian-like shape. The negative values of the Top CRT distribution
are expected, as the Top CRT is supposed to intercept alone 80% of the
entering cosmics. Figure 5.4 shows the distribution of ∆tCRT−Flash for the
Side CRT hits matched with an optical flash. The resulting distribution is
significantly different from the Top CRT one, as it shows two different peaks,
one in the negative region and one in the positive. Similarly to the Top CRT
hits, the negative region is due to cosmic particles entering from the Side
CRT modules and generating a flash in the liquid argon active region. The
negative peak is closer to 0 ns w.r.t. Figure 5.3 since the Side CRT panels
are closer to the LAr vessel walls. The second peak, visible in the positive
region of the distribution, is generated by cosmic particles exiting from the
detector.
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Figure 5.4: Distribution of the ∆tCRT−Flash for all the Side CRT in the ±
100 ns matching window.

Figure 5.5: Distribution of the Side CRT hit position along the vertical
direction vs the time difference with the matched optical flash.
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The distinction between the two peaks can be better understood by plot-
ting the relative Side CRT hit position along the vertical direction of the
detector, this distribution is presented in Figure 5.5. The negative peak
favours regions in the upper half of the detector volume. For geometrical
effects, entering cosmics from the lower region are disfavoured by the zenith
angle dependence. The positive peak, differently, favours the lower region
of the Side CRT, as cosmics entering from the Top CRT and exiting from
the upper region of the Side CRT would not cross the active liquid argon
volume, therefore they would not be matched with an optical flash.

Figure 5.6 shows the overlay, in logarithmic scale, of the ∆tCRT−Flash

for Top (blue) and Side (red) CRTs. The relative population of the entering
peaks for Top and Side CRT, is in agreement with the design expected cosmic
muons geometrical acceptance of the two detectors (Top CRT ∼ 80% and
Side CRT ∼ 20%).

Depending on the amount and the relative timing of the CRT hits matched
with an optical flash, a preliminary classification can be achieved:

• optical flashes with no CRT hits matched;

• optical flashes preceded by a Top CRT hit;

• optical flashes preceded by a Side CRT hit;

• optical flashes preceded by a Top CRT hit and followed by a Side CRT
hit;

• optical flashes followed by a Top CRT hit;

• optical flashes followed by a Side CRT hit;

• all the other situations.

These categories are exclusive. In order to study the effectiveness of the
CRT-PMT matching, a big sample of more than 1 million optical flashes was
analyzed using ∼ half of the Offbeam-BNB data sample collected during the
Run 1 of ICARUS. The decision to use the Offbeam-BNB data sample was
driven by the necessity of a pure sample of cosmic particles, without any
effect that could have been induced by beam-related activity. The results of
the analysis are reported in Figure 5.7 and Figure 5.8 where all the optical
flashes have been categorized in different classes depending on the number
of matched CRT hits and their relative timing. Table 5.1 reports a summary
of the population of the different classes and the corresponding percentage.
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Figure 5.6: Overlap of Figure 5.3 (blue) and Figure 5.4 (red) in logarithmic
scale.
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Figure 5.7: Categorization of the optical flashes depending on the results
of the CRT-PMT matching. The data sample corresponds to ∼ 1.9 million
optical flashes collected during the Run 1 of the ICARUS experiment. A
match before (after) means that the CRT hit is collected before (after) the
optical flash in LAr.
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CRT hits for the ∼ 1.9 million optical flashes offbeam BNB data sample.
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As expected from a cosmics-only data sample, the vast majority of op-
tical flashes are preceded by a Top CRT hit (61.5%), and only 11.2% of
them are preceded Side CRT hit. Concerning the class of optical flashes
not matched with any CRT, several effects should be considered, namely:
efficiency, geometrical acceptance, threshold effects, dead-time of the CRT
boards and, eventually, neutral particles. In addition to these effects, optical
flashes originated from late scintillation light of the liquid argon or wrongly
reconstructed optical flashes can’t be matched with CRT activity. Following
the preliminary functionality tests, the average measured Top CRT efficiency
was ∼96%, which could, considering also the dead channels, account for part
of the not-tagged cosmic particles, nonetheless others effects should be con-
sidered. Another important contribution is determined by the dead-volume
between adjacent Top CRT modules, corresponding to ∼2 cm, which adds up
to ∼5.5 m2 (1.9 % of the top surface), integrating over the whole horizontal
plane. On top of this, the north wall of the Side CRT is not entirely covered,
creating several square meters of dead-space. Additionally, threshold effects
should be considered, in particular for the Side CRT, since the Top CRT
internal triggering logic grants the possibility to operate with a very loose
1.5 p.e. threshold: due to high electronic noise, induced by the proximity
with the liquid argon purification system, the Side CRT requires an high
7 p.e. threshold in each channel to trigger and generate an hit. Another
rare, but possible effect is due to a crossing cosmic within the 22 µs board
dead-time following the digitization of another CRT hit or a special reset
event. Lastly, a contribution from non-tagged neutral particle interacting
in the LAr volume is expected. In the close future, once the TPC tracks
and CRT hit matching tool will be available, a numerical evaluation of the
overall CRT efficiency can be estimated by back-projecting the TPC tracks
to the CRT plane, determining the crossing point and verifying the presence
of the CRT hit.

Table 5.1 reports also the the population of the classes with flashes fol-
lowed by an hit on the CRT planes. The determination of entering/exiting
relies on the timing resolution of the ∆tCRT−Flash measurement. In the case
of the Top CRT ∼3-4 ns timing resolution is not worrying, since, consider-
ing a minimum ionizing particle like a cosmic muon, it would correspond to
uncertainty less then 1.5 m, well within the 4 m distance between the mod-
ules and the liquid argon active volume. In the case of the Side CRT, the
scintillator panels are few cm from the cryostat walls, therefore, depending
on the optical flash position they could not be able to resolve the direction
of a track. In addition, the CRT tagging inefficiency could miss the entering
cosmic track, resulting in a flash only followed by a Side CRT hit.

As a premise of this section it was stated that ∆tCRT−Flash refers to the
difference between the CRT hit time and the collection time of the scintil-
lation light by the PMT. At this stage, a light propagation model in the
liquid argon is not considered, but it is clear that in order to perform a pre-
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offbeam BNB
Run 1

Classification Entries %
No CRT match 235266 12.51
1 Entering from Top 1157004 61.51
1 Entering from Side 209791 11.15
1 Entering from Top
1 Exiting from Side 86035 4.57

1 Exiting from Top 15489 0.82
1 Exiting from Side 38243 2.03
Others 139088 7.39

Table 5.1: Summary of event classification depending on the number of
matched CRT hits and their relative time with respect to the PMT optical
flash. The data sample corresponds to ∼ 1.9 million optical flashes collected
during the Run 1 of the ICARUS experiment.

cise classification just using timing information, the timing resolution of the
∆tCRT−Flash has to be evaluated and the light propagation inside the liquid
argon has to be included in this time-of-flight model.

5.2 Light propagation in Top CRT modules

The analysis of the CRT hits and the optical flashes offers the opportunity to
fine tune the light propagation model, in order to estimate the corresponding
propagation delay in each of the 64 coincidence sectors of the Top CRT
modules. Conceptually, the distribution of ∆tCRT−Flash presented in Figure
5.3 corresponds to the superimposition of all the 64 coincidence sectors of
all the 123 Top CRT modules. By reprocessing the hit reconstruction stage
of the collected data without the application of the light propagation model
and summing the data of all Top CRT modules, the distribution of the
∆tCRT−Flash can be obtained for each of the 64 sectors. Figure 5.9 shows
the mean value of the ∆tCRT−Flash distribution in each of the Top CRT 64
sectors, obtained by fitting the corresponding distribution with a Gaussian.
As expected, the sectors further away from the SiPM readout present a
smaller ∆tCRT−Flash since:

∆tCRT−Flash = tCRT−Hit − tPMT (5.2)

and
tCRT−Hit = tFEB − tLP (5.3)

where tLP is the light propagation time within the WLS fibre. Without a
light propagation correction, the relative error tLP /tCRT−Hit increases along
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Figure 5.9: Mean ∆tCRT−Flash in ns for each sector of the superimposed Top
CRT modules without the light propagation model. The mean value was
evaluated by fitting the distribution of each ∆tCRT−Flash with a Gaussian
function.

with the distance of the readout, resulting in ∆tCRT−Flash smaller for further
sectors.

Starting from Figure 5.9, a light delay calibration can be obtained by first
equalizing the mean value of all the sectors to the one closer to the SiPM
readout. The result is the correction mask presented in Figure 5.10. The
correction, still, is not complete, since it should also account for the light
propagation from the central point of the sector to the SiPM readout. On
such a short distance (∼12 cm), the light propagation correction reported
in equation 4.12 introduces relatively small errors, therefore it is considered
acceptable. The delay of the closest sector (∼0.7 ns) is added as an offset
to all sectors. The newly obtained correction mask can be applied at the hit
reconstruction stage, with an improved correction of up to 1.5 ns, for the
furthest sectors.

Following the improvements to the Top CRT light propagation model,
the mean ∆tCRT−Flash was obtained for each module by fitting the resulting
distribution with a Gaussian fit, Figure 5.11 shows a fit for one module of the
horizontal plane (module 188 in the Figure 4.14 notation). Figure 5.12 shows
the distribution of the mean ∆tCRT−Flash per each module, overlayed on its
relative position in the Top CRT mapping. An interesting feature that can
be inferred by this distribution is the visible "shadow" of the detector active
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Figure 5.10: Correction mask obtained by equalizing all the Top CRT sectors
mean ∆tCRT−Flash in ns to the sector closer to SiPM readout.
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Figure 5.11: Distribution of the time difference in ns for all the flashes
matched with one specific Top CRT module in the horizontal plane.
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Figure 5.12: Distribution of the mean ∆tCRT−Flash in ns per each module,
overlayed on its relative position in the Top CRT mapping.

volume below the Top CRT modules. The last two rows of Top CRT modules
on the north end of the detector are not directly installed on top the TPC
volume, therefore, cosmic tracks crossing these modules and generating an
optical flash in the liquid argon travel a longer flight length, corresponding to
a bigger |∆tCRT−Flash|. In the future, by enhancing the statistic, the shadow
of the active liquid argon volume will be perceptible with a better resolution
by plotting the mean ∆tCRT−Flash for each sector. Figure 5.13 shows the
distribution of the standard deviation of the Gaussian fit per each module
overlayed on its relative position. The average σ is ∼ 8 ns and this spread
includes several effects like the topology of the cosmic track, the propagation
time of the scintillation light and, of course, the flight length which was not
considered.

5.3 CRT-PMT time resolution: improved analysis

The average spread of ∼ 8 ns is affected by the missing corrections of the
different flight length and the scintillation light propagation. A new analysis
has been performed by considering these unaccounted effects of the cosmic
track propagation. Differently from a neutrino interaction, in which a clear
vertex can be associated with an optical flash, a cosmic muon does not allow
to unambiguously determine a flash point from which reconstructing the
flight length. The scintillation light is emitted throughout the whole liquid
argon volume and, geometrically, it is possible to associate with each optical
hit (corresponding to one PMT) a point along the cosmic track which is more
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Figure 5.13: Distribution of the ∆tCRT−Flash standard deviations per each
module, overlayed on its relative position in the Top CRT mapping

likely to have emitted the collected scintillation light.

5.3.1 Scintillation light production

The production mechanism of the scintillation light in liquid argon is known
since several decades, literature offers extensive descriptions and its spectrum
is well known[68]. Ionizing particles traveling in LAr produce free excitons
and electron-hole pairs. Free excitons and holes are self-trapped within about
1 ps and result into excited, Ar∗2, or ionized, Ar+2 , argon dimers. Ar+2 recom-
bines with a thermalized electron to form Ar∗2 which decays non-radiatively
to the first singlet and triplet states 1Σ+

u and 3Σ+
u . The dis-excitation of

these two states leads to the emission of the scintillation light with a very
different lifetime: ∼ ns 1Σ+

u and ∼ µs for 3Σ+
u . The scintillation light pho-

ton yield for a minimum ionizing particle is ∼ 4.1×104 γ/MeV in absence
of electric field. In ICARUS, considering an electric field of 500 V/cm, the
expected yield is ∼ 2.4×104 γ/MeV .

5.3.2 Least time path

An improved analysis requires precise topological information of the crossing
cosmic tracks. Potentially, a track trajectory reconstructed with the TPC
data is able to provide all the topological information needed (the track
direction and its position at each point), unfortunately, the CRT hit to TPC
track matching was not in production at the time of this thesis. Nevertheless,
the CRT-PMT matching algorithm was able to provide a golden sample of
cosmic tracks entering from the Top CRT, generating a flash in the liquid



128
Chapter 5. Analysis of the combined Cosmic Ray Tagger and

LAr scintillation light

Figure 5.14: Sketch of the golden sample of tracks entering from the Top
CRT, generating a flash inside the liquid argon and exiting from the Side
CRT. θ is incidence angle with respect to the detector plane.

argon and exiting from the Side CRT. This sample is reported in Table 5.1
and it consists of ∼86k tracks. Figure 5.14 shows an illustration of the golden
sample used for this analysis. Thanks to the precise spatial position of the
reconstructed Top and Side CRT hits, by assuming that the cosmic muon is
straight-going and does not scatter along its path, the cosmic track direction
is reconstructed in the parametric form r(ℓ,m, n) of the straight line that
connects the two CRT hits. The distribution of the incidence angle θ of the
selected tracks (w.r.t. the detector plane, see Figure 5.14) is shown in Figure
5.15. The selected tracks are entering with an average wide 37◦ angle with
respect to the CRT horizontal plane.

An additional selection was applied to identify cosmic tracks that are
crossing the PMT plane and hitting the Side CRT East or West walls. This
cut was chosen to study a sample in which the Side CRT reconstruction is
homogeneous, without possible systematics due to the different hit recon-
struction performed on the South and the North Side CRT walls. Finally, a
further cut was applied to use only cosmic tracks where the Side CRT hits
were reconstructed on both the inner and outer layers by two FEBs, remov-
ing conditions in which the CRT hit position is assigned by default into the
central point of the scintillator strip. Following these cuts, the surviving
sample was 57k tracks out of the initial 86k (∼66%).

For each track, we can create a geometrical model in which we can es-
timate the position along the track (inside the liquid argon active volume)
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Figure 5.15: Distribution of the incidence angle θ of the selected cosmic
tracks entering from the Top CRT, generating a flash in the liquid argon,
and exiting through the Side CRT. The incidence angle is calculated w.r.t.
to the Top CRT horizontal plane.

from which the first photon collected by a certain PMT is most likely emit-
ted. This model is based on the assumption that the muons are relativistic,
therefore their travel speed in liquid argon is comparable to the speed of
light c and the emitted scintillation photons propagate in liquid argon at
speed c/n, where n is the refractive index of the liquid argon. Figure 5.16
shows an illustration of the model assumed for this analysis, where T and
S are the Top and Side CRT hits respectively, the black arrow is the cosmic
muon track, the dashed lines are the path of photons reaching the PMT (P)
produced at two different positions along the track: D is the closest point of
the track to the PMT and d is its distance, E is the position from which the
first photon collected by the PMT is most likely emitted and x is its relative
distance w.r.t. D. The E position is obtained by minimizing the sum of the
cosmic travel time from the Top CRT hit and the photon propagation time:

ttot(x) ≡ tµ + tγ =
1

c
(TD − x) +

n

c

√
x2 + d2 (5.4)

dttot(x)

dx
= 0 → xe =

d√
n2 − 1

(5.5)

where xe is distance from D for which the ttot is minimal. The earliest
photon reaching a certain PMT is (most likely) emitted with an angle α
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Figure 5.16: Least time path (red) for a cosmic muon entering from the
Top CRT (T ), generating scintillation light recorded by the PMTs (P) and
exiting from the Side CRT (S ). α is the emission angle of the earliest photon
reaching a certain PMT and E is the most likely emission position.
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Figure 5.17: Active volume coordinates in the in the longitudinal view. Co-
ordinates are in cm and the illustration is not in scale.

which depends only on the liquid argon refraction index n:

sin2 α =
n2 − 1

n2
(5.6)

assuming a refraction index n ≃ 1.36, α ≃ 43◦.
The model described up to this point, is intrinsically dependent on the

refractive index of the liquid argon. For this analysis, an effective liquid
argon refraction index neff was considered. The neff was estimated by a
recent published result of a direct measurement of the light group velocity
in liquid argon, 1

vg
= 7.46 ± 0.08 ns/m, where vg is the group velocity [69].

The effective refraction index can be derived from:

neff = c/vg (5.7)

where c is the speed of light in vacuum. The result is neff ∼2.24 and this
value was used to determine the propagation time of the first photon and
the corresponding emission angle α(neff ) ∼ 63.5◦.

An additional selection cut was applied to consider only tracks where the
earliest emission photon point (E in Figure 5.16) is within the liquid argon
active volume (illustrated in Figure 5.17 and Figure 5.18). This last selection
was driven by the necessity to remove situations in which, accounting for
geometrical acceptance of the PMT, the least time path model is not valid
anymore. Following this latter cut, the survival sample is 44651 tracks,
corresponding to ∼ 52% of the initial cosmics entering from the Top CRT
and exiting from the Side CRT.

The determination of the least time path for the propagation of the cos-
mic muon and the scintillation light to each PMT allows to determine the
fastest travel time according to equation 5.4. In this improved analysis, the
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Figure 5.18: Active volume coordinates in the in the transverse view. Coor-
dinates are in cm and the illustration is not in scale.

CRT-PMT matching time resolution can be obtained by plotting the resid-
ual (∆t) between the measured CRT-PMT time difference and the evaluated
overall time along the fastest path:

∆t = ∆tCRT−hit − tFP (5.8)

where ∆tCRT−hit is the difference between the CRT hit time and the first
optical hit that composes the optical flash and tFP is the propagation time
along the fastest path. The fastest path was evaluated considering the po-
sition of the PMT that collected the first optical hit. Figure 5.19 shows the
distribution of the residuals ∆t considering the path from the Top CRT hit
to the PMT associated with the first PMT.

As previously described, the scintillation light emitted from the point E
is not isotropic and the first photon collected by each PMT is produced after
a certain delay determined by the fast scintillation light lifetime. In order to
consider also the scintillation light emission component, the ∆t distribution
was fitted with a model composed by the convolution of a Gaussian distribu-
tion with an exponential decay. The ∆tCRT−hit time resolutions considering
the Top CRT hits is determined by the Gaussian sigma and it includes both
PMT and CRT timing resolutions and any other unaccounted physics ef-
fect. The exponential decay was chosen to describe the fast scintillation
light emission. Overall the model considered three free parameters: the bias
and the σ from the Gaussian distribution and the lifetime τ (the inverse of
the exponential decay constant). The fit was performed using the ROOFIT
analysis framework and the results are presented in Figure 5.20. The results
of the fit show a bias ∼ -0.8 ns and a σ < 3.7 ns, with a systematic error
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Figure 5.19: Distribution of the residual ∆t between the measured ∆tCRT−hit

for The Top CRT hits and the evaluated overall travel time along the fastest
path.

of the order of ∼ 1 ns and negligible statistical error. The lifetime of the
convoluted exponential is ∼ 7.8 ns, this value is in agreement with the τf
values reported in literature.

The results presented in this section show that using a sample of tracks
for which the cosmic track direction can be reconstructed (in this case by
means of the CRT system) a time resolution better than 4 ns can be achieved.
These results can be obtained only if precise topological information of the
cosmic track are available and this is true, as reported in Table 5.1, for
4.6% of the matched optical flashes. Once a proper CRT hit and TPC track
matching algorithm will be available, this analysis can be extended to a
larger sub-sample of tracks. In addition, these promising results highlight
the possibility to perform measurements of the liquid argon proprieties as
such as lifetime and refraction index measurements.

5.4 CRT-PMT based neutrino event selection

The results of section 5.1 can be exploited to perform a preliminary event se-
lection only by means of CRT and PMT information. The CRT-PMT based
classification is applied to all the flashes in the acquisition window; Figure
5.1 shows that the optical flashes associated with the primary event trigger
have a clear signature distribution peaked at 600 ns before the trigger signal
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Figure 5.20: Fit of the residual ∆t using a Gaussian convoluted with an
exponential decay. Only the Top CRT hits are considered.
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Figure 5.21: Distribution of the optical flashes time w.r.t. the beam gate
opening for the BNB sample (red) and the offbeam BNB sample (blue).
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formation, therefore by considering only the optical flash associated with
primary event trigger (or in general considering all the optical flashes within
the beam spill) the classification presented in section 5.1 can be applied for
event selection purposes.

The advantages of a CRT-PMT based event classification are multiple, an
example is the potentiality to perform a preliminary filtering of interesting
events ahead of the slow and computationally heavy processing of all the
TPC waveforms, reducing the overall processing time.

In order to study the effectiveness of a CRT-PMT based event selection,
run number 8515 collected during the Run 1 of ICARUS was studied us-
ing the CRT-PMT matching analysis. Run 8515 started on June 23 2022
and the total duration of the run was 106 hours corresponding to 0.3·1018

POTs for BNB and 5.4·1018 POTs for NuMI. This analysis used both beam
and offbeam events (for background evaluation) for both NuMI and BNB.
Following the processing of the events and the intrinsic inefficiencies of the
job submission, the final data sample used for this analysis is: 31039 events
for BNB, 23958 events for offbeam BNB, 30325 events for NuMI and 16608
events for offbeam NuMI.

As a first step of this analysis, only the events with one or more optical
flashes inside the spill were selected. The distribution of the optical flashes
time was evaluated w.r.t. the beam gate opening time. Figure 5.21 shows
the overlap of the BNB and offbeam BNB data sample; the BNB beam spill
window (1.6 µs long) is contained within the 2.2 µs enlarged beam gate
width. The excess of optical flashes due to beam related activities (red) is
visible w.r.t. the offbeam baseline (blue).

Figure 5.22 shows the overlap of the NuMI and offbeam NuMI data
sample; the NuMI beam spill (9.6 µs long) is contained within the 10 µs
enlarged beam gate width. The excess of optical flashes due to beam related
activity (red) is visible w.r.t. the offbeam baseline (blue). An interesting
feature that can be inferred from the NuMI optical flashes excess is the 6
batches structure due to the proton batches injection from the Booster to
the Main Injector.

The CRT-PMT matching was performed on all the optical flashes within
the beam spill window (200-1800 ns w.r.t. the BNB gate for BNB and 200-
9800 ns w.r.t. the NuMI gate for NuMI) for both the beam and offbeam
data sample.

5.4.1 BNB event classification

Overall, for the BNB and offbeam BNB data sample 25189 and 17696 optical
flashes were respectively found within the BNB spill window. The flash
classification was obtained by considering the amount of matched CRT hits
and the relative timing, the results for BNB and offbeam BNB are reported
in Figure 5.23 and Figure 5.25 respectively, Figure 5.24 and Figure 5.26 show
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Figure 5.23: Number of optical flashes within the BNB spill matched with
Top and Side CRT hits. The analyzed sample is 31039 BNB events from run
8515, corresponding to 25189 optical flashes within the beam spill window.
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Figure 5.24: Relative percentage of optical flashes within the BNB spill
matched with Top and Side CRT hits for the BNB sample.
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Figure 5.25: Number of optical flashes within the offbeam BNB gate (inside
the BNB spill window) matched with Top and Side CRT hits. The analyzed
sample is 23958 offbeam BNB events from run 8515, corresponding to 17696
optical flashes within the beam spill window.
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Figure 5.26: Relative percentage of optical flashes within the offbeam BNB
gate (inside the BNB spill window) matched with Top and Side CRT hits
for the offbeam BNB sample.
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the corresponding percentages w.r.t. the selected number of optical flashes.
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BNB offbeam BNB
Classification Entries % Entries %
No CRT match 8154 32.37 2185 12.35
1 Entering from Top 11700 46.45 11219 63.40
1 Entering from Side 2144 8.51 1851 10.46
1 Entering from Top
1 Exiting from Side 916 3.64 852 4.81

1 Exiting from Top 329 1.31 85 0.48
1 Exiting from Side 621 2.47 324 1.83
Others 1325 5.26 1180 6.67

Table 5.2: Classification of the BNB and offbeam BNB run 8515 data sample
using the matched CRT hits information.

Table 5.2 shows a direct comparison of the flash classification for BNB
and offbeam BNB. The offbeam BNB relative percentages are in agreement
with those presented in Table 5.1. The comparison of the two datasets shows
an enrichment of the class without any CRT match, as expected by fully
contained neutrino interactions from the beam. Additional enriched classes
are those where the optical flash is associated with only one exiting CRT hit
on both the Top or the Side CRT, possibly due to not fully contained νµ CC
interactions with muon exiting and hitting the CRT planes.

The classification of the optical flashes matched with CRT hits allows
to perform a preliminary selection of neutrino candidate interactions. Fig-
ure 5.27 shows a νµ CC candidate interaction that was selected with the
requirement that the optical flash was not matched with any CRT hit. The
processed event was studied using the event display and the neutrino candi-
date interaction was found; the muon candidate was fully contained within
the LAr volume.

The results of this analysis on the BNB case show that, for an analysis
of fully contained neutrino interactions, the request of no CRT matches with
an optical flash rejects ∼ 68 % of the full BNB data sample, corresponding
to an analogous data reduction and faster analysis.

5.4.2 NuMI event classification

Overall, for the NuMI and offbeam NuMI data sample 35687 and 17756
optical flashes were respectively found within the NuMI spill window. The
flash classification was obtained by considering the amount of matched CRT
hits and the relative timing, the results for NuMI and offbeam NuMI are
reported in Figure 5.28 and Figure 5.30 respectively, Figure 5.29 and Figure
5.31 show the corresponding percentages w.r.t. the selected number of optical
flashes. Table 5.3 shows a direct comparison of the flash classification for
NuMI and offbeam NuMI. The offbeam NuMI relative percentages are in
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BNB run 8515
Event # 122350

Figure 5.27: Example of one νµ CC candidate selected from the BNB run
8515 data sample where one optical flash within the BNB beam spill was not
matched with any CRT hit.
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Figure 5.28: Number of optical flashes within the NuMI spill matched with
Top and Side CRT hits. The analyzed sample is 30325 NuMI events from run
8515, corresponding to 35687 optical flashes within the beam spill window.
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Figure 5.29: Relative percentage of optical flashes within the NuMI spill
matched with Top and Side CRT hits for the NuMI sample.

NuMI offbeam NuMI
Classification Entries % Entries %
No CRT match 13933 39.04 2257 12.71
1 Entering from Top 12281 34.41 111154 62.82
1 Entering from Side 3826 10.72 1856 10.45
1 Entering from Top
1 Exiting from Side 899 2.52 839 4.73

1 Exiting from Top 721 2.02 85 0.48
1 Exiting from Side 1992 5.58 333 1.88
Others 2035 5.71 1232 6.94

Table 5.3: Classification of the NuMI and offbeam NuMI run 8515 data
sample using the matched CRT hits information.
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Figure 5.30: Number of optical flashes within the offbeam NuMI gate (inside
the NuMI spill window) matched with Top and Side CRT hits. The analyzed
sample is 16608 offbeam NuMI events from run 8515, corresponding to 17756
optical flashes within the beam spill window.
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Figure 5.31: Relative percentage of optical flashes within the offbeam NuMI
gate (inside the NuMI spill window) matched with Top and Side CRT hits
for the offbeam NuMI sample.
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Figure 5.32: Distribution in logarithmic scale of the ∆tCRT−Flash for Top
CRT hits matched with optical flashes within the NuMI beam spill window
for the beam sample (red) and offbeam sample (blue). The enhanced region
with positive ∆tCRT−Flash due to not fully contained νµ CC interactions is
visible.

agreement with those presented in Table 5.1. In analogy with the BNB case,
an enrichment is seen for the class without any CRT match and those where
the optical flash is followed CRT hit on both the Top or the Side CRT. In the
latter classes, the relative is percentage is bigger w.r.t the BNB case, this is
expected since the NuMI neutrinos are more energetic, therefore the muons
are longer and have an higher probability to reach the further CRT planes.
A more detailed study on the analysis of not fully contained νµ interactions
from the NuMI is presented in section 5.4.2.

The results of this analysis on the NuMI case show that, for selection of
fully contained neutrino interactions, the request of no CRT matches with
an in beam time optical flash rejects ∼ 61 % of the full NuMI data sample,
corresponding to an analogous data reduction and faster analysis.

NuMI: not fully contained muons

The study on the event selection of not fully contained νµ was performed
on the NuMI data sample since it shows, according to Table 5.3, a rich
population of optical flashes matched with exiting CRT hits. In particular,
this study focuses only on muons exiting through the Top CRT detector roof.
Figure 5.32 shows the overlapped distribution of the ∆tCRT−Flash for Top
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Figure 5.33: Visually identified QE-like νµ CC candidate from the NuMI
data sample (event 61071) where the muon candidate (dotted line) is moving
towards the top.

CRT hits from NuMI (red) and offbeam NuMI (blue) in logarithmic scale;
an excess in the positive regions is visible due to beam related activity.

An event scanning campaign was performed to study some of the optical
flashes associated with only one Top CRT hit in the positive ∆tCRT−Flash

region, in particular in the 25-40 ns region, where the Signal-to-Noise ration
(∼ 10) is higher. 70 events were selected and visually scanned: 27 showed the
signature of νµ CC-like interactions where the muon was not fully contained
an going towards the Top of the detector; 27 showed activity associated
with rock muons (νµ interactions with the rock surrounding the detector) or
activity behind the wire planes; for 16 of them it was not possible to precisely
identify the track associated with the optical flash.

Figure 5.33 and Figure 5.34 report two νµ CC-like interactions visually
scanned in this analysis where the muon candidate (dotted yellow line) is
not fully contained and it is directed towards the Top CRT. This validation
with the visual scanning was restricted to NuMI fully contained events.
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Figure 5.34: Visually identified νµ CC candidate with lot of activity (two
electromagnetic showers possibly associated with a π0 are also visible) from
the NuMI data sample (event 117747) where the muon candidate (dotted
line) is moving towards the top.
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5.5 Prospects

The CRT-PMT matching proved to be a useful and effective tool that can
perform a preliminary event selection, rejecting events where the optical
flashes are matched with clear cosmic like signatures. Depending on the
analysis, the requirements on the selections can be more or less stringent, for
example, beam induced charged activity entering from the Side CRT should
not be rejected for sensitive BSM searches on the NuMI off-axis beam, in
order not to cut potential BSM signals.

Even though for a small sample of events, the CRT-PMT matching pre-
liminary selection capabilities have been exploited in the identification of
both samples of fully contained and not fully contained νµ CC-like events by
the event scanners.

Additionally, the CRT-PMT match was used to perform data-driven cal-
ibration of the CRT timing system and it showed the potentiality to perform
measurements of liquid argon properties.

The next improvement is foreseen with the inclusion of algorithm to
match a TPC reconstructed track with one or more CRT hits. The CRT-TPC
track matching algorithm is essential to definitively provide an evaluation of
the CRT tagging efficiency and to perform an effective cosmic background
removal.



Conclusions

The ICARUS detector at Fermilab is located along the Booster Neutrino
Beamline 600 m from neutrino source and at 6◦ off axis with respect to the
NuMI beamline, ∼ 800 m from the proton target. ICARUS is the first large-
scale LArTPC detector which formerly had operated at the Gran Sasso un-
derground laboratory. At Fermilab the detector is located at shallow depth,
thus exposed to a large flux of cosmic particles crossing the detector during
the ∼ 1 ms long drift time of the TPC. In order to mitigate the cosmogenic
background, ICARUS is instrumented with a Cosmic Ray Tagger system,
ensuring a 4π coverage of the liquid argon volume. The cosmic tagger, orga-
nized into three different subsystems (Top, Side and Bottom CRT), covers a
surface area of ∼ 1100 m2.

The Top CRT is composed of 123 hodoscope modules deployed on top
of the ICARUS cryostat. The modules, which were built and tested at the
INFN-LNF in Italy, have an average tagging efficiency greater than 96%.
They were shipped to FNAL at the beginning of 2021 and their installation
was carried out in Q4 2021. During the commissioning of the Top CRT sys-
tem, started in January 2022, the delays along the timing signal distributions
were accurately measured. Before their integration in the data acquisition
system, the modules were tested and a calibration campaign of the ∼ 4000
readout channels of the Top CRT was performed. Each channel was charac-
terized in terms of SiPM pedestal and Gain. Six broken channels were found,
the corresponding inactive detector surface is ∼ 2.5 m2, 0.3% of the whole
Top CRT surface. A modification of the CRT triggering logic which would
enable the recovery of the dead surface is planned. The commissioning of
the Top CRT was completed satisfactorily by the beginning of April 2022,
setting the start of the installation on top of it of a 3 m concrete overbur-
den. Since April 2022, the Top CRT modules are all included in the detector
data acquisition system and constantly monitored. The commissioning of
ICARUS was completed in mid June 2022, with the full installation of the
concrete overburden. The Top CRT offered a unique tool to monitor the
gradual reduction in the cosmic ray flux reaching the detector surface: the
average rate per module decreased from ∼ 600 Hz to ∼ 330 Hz, in agreement
with the absorption of the soft electromagnetic and hadronic components of
the cosmic ray flux.
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The CRT and the photon detection systems use the digitized global trig-
ger signal as time reference for their relative synchronization. The precise
measurement and correction of all the delays along the timing distribution
lines determined a ns-scale alignment of both the CRT and PMT subsystems.
A CRT-PMT matching tool was developed using the relative time between
a CRT hit and an optical flash as the main matching criterion, determining
the direction (entering or exiting the TPC) of a cosmic particle and, possi-
bly, the nature of the triggering event, i.e. whether or not associated with
a cosmic particle. The results of the CRT-PMT matching were studied to
address both the in time (optical flashes within the beam gate) and out of
time (optical flashes during the drift time) samples, to determine the perfor-
mance of the matching procedure as a cosmic background rejection tool. A
cosmics only sample was selected using part of the offbeam BNB data sample
acquired during the ICARUS Run 1, including ∼ 1.9 millions optical flashes,
and it was determined that ∼ 62% were preceded by a Top CRT hit, ∼ 11%
by a Side CRT hit and, neglecting the other classifications, ∼ 12% were not
matched with any CRT. Geometrical effects and intrinsic inefficiencies are
mainly responsible for this latter value. The matching algorithm was then
tested on both the in-time data sample for both the BNB and NuMI data
for one run of ICARUS Run 1 (run 8515). The relative percentage of the
in-time optical flashes not matched with any CRT hit significantly increases
to ∼ 32 (39)% for BNB (NuMI) with respect to the out of beam sample.

The events with in-time optical flashes not matched with any CRT hit
were selected to perform an event scanning campaign aimed at identifying
a sample of fully contained neutrino interactions. In addition, NuMI events
with one in time optical flash followed by an exiting CRT hit on the Top
CRT were studied to select a sample of not fully contained νµ. The CRT-
PMT match was exploited to perform a data driven calibration of the CRT
timing system indicating the possibility to measure relevant liquid argon
properties (scintillation light emission lifetime and refractive index). The
results show that using a sample of tracks for which the particle trajectory
is reconstructed (in this case by means of the CRT system) a time resolution
better than 4 ns can be achieved.

The background rejection capabilities of the CRT systems will be fur-
ther exploited in the near future by implementing the match with TPC-
reconstructed tracks. The algorithm, which is currently under development,
will also allow the determination of the CRT tagging efficiency.
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