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Abstract Inrecent years, intriguing experimental neu-

trino anomalies have emerged. If confirmed, they could

hint at the presence of additional sterile neutrino states

playing in neutrino mixing. The Short-Baseline Neu-

trino project at Fermilab aims to delve into these anoma-
lies, utilizing three Liquid Argon Time Projection Cham-
ber detectors along the Booster Neutrino Beam. The

SBND detector serves as nearby instruments, while Mi-

croBooNE and ICARUS function as far detectors and

also explore the NuMI beam off-axis.

A relevant aspect in the functioning of all SBN de-
tectors is the trigger system, that determines which in-
teractions are recorded. In particular, in ICARUS, it re-
lies on the synchronization of prompt signals from scin-
tillation light within the LAr-TPC, detected by a sys-
tem of Photo-Multiplier Tubes, with the proton beam’s
spill extraction. The existing majority-based logic of the
trigger system could potentially be enhanced through
adder boards that sum analog signals from PMTs in
groups of 15. This sum-based triggering might aid in
identifying events near TPC walls, where light is abun-
dant but captured by only a few PMTs, potentially
bypassing the majority condition. Comprehensive tests
have been performed to characterize these adder boards.
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1 Introduction

The ICARUS T600 detector constitutes one of the trio
of detectors within the SBN Program?, standing as the
pioneering large-scale LArTPC?. The next sections will
delve into both the SBN Program and ICARUS itself,
placing special emphasis on their physics objectives and
the key attributes of the detector. [1]

1.1 The SBN Program

The Fermilab Short-Baseline Neutrino program was put
forth in 2015 with the aim of providing a conclusive re-
sponse and presenting an intriguing avenue for neutrino
physics exploration. This encompasses the capacity to
address a set of experimental anomalies on neutrino
oscillations at short baseline and to conduct the most
finely-tuned search to date for sterile neutrinos at the
eV mass scale, spanning both . appearance and
disappearance channels. [2]

It employs three detectors, based on the common tech-
nology of Liquid-Argon TPC: the first and the nearest
one is SBND?, located at 110 m from the BNB* tar-
get; the middle one is MicroBooNE®, located at 470 m
from the target in the LArTF®; the last and the fur-
thest one is ICARUS, located at 600 m from the tar-
get. The selection of these sites was chosen to optimize
the sensitivity to short-baseline neutrino oscillations, in
the region of the parameter space where anomalies have
been observed by LSND and MiniBooNE experiments.
The use of one neutrino beam and the same detection
technique allow to minimize systematic uncertainties
related to neutrino flux, cross section and detector. [2]
Layout and main detector features can be found in Fig.
1 and Table 1.

Fig. 1: SBN layout. It encompasses three LAr-TPC de-
tectors aligned along the axis of the BNB. Starting from
the right, we have SBND at 110 meters, followed by Mi-
croBooNE at 470 meters and ICARUS at 600 meters.
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Baseline | Total LAr | Active LAr
SBN-ND 110 m 220 t 112 t
MicroBooNE 470 m 170 t 89 t
ICARUS 600 m 760 t 476 t

Table 1: Summary of the main SBN detector features.

The Booster Neutrino Beam is produced by extract-
ing protons with a kinetic energy of 8 GeV from the
Booster accelerator. These protons are directed onto a
beryllium target, resulting in the creation of hadrons
(mostly pions): as a result of their decay, both  and
e neutrinos are generated. Any remaining particles are
intercepted by a combination of concrete and steel ab-
sorbers. [1]
In addition to that, ICARUS is also interested by the
off-axis neutrinos from NuMI® beam. BNB and NuMI
produce very different beams, and the main differences
between the two are spill duration and energy spec-
trum: NuMi has a shorter spill duration and an higher
e content. The data gathered using the NuMI beam
will also be utilized for investigations extending beyond
the Standard Model, as well as analyses pertaining to
the dark sector. [3]

Physics goals

It is known that, in the Standard Model, neutrinos are

neutral, left-handed and mass-less particles which only

interact through weak interactions, described by CC

and NC? interactions. They come in three flavors, one

for each corresponding charged lepton ( ¢ for electron,
for muon,  for tau). [4]

According to LEP0, the number of active neutrinos
(that is, neutrinos taking part to standard weak inter-
actions) was determined to be N 3. From studies
of solar neutrinos and other studies, however, evidence
of neutrino oscillation (and consequentially of the fact
that neutrinos are not massless) has been found. The
number of massive neutrinos can be larger than three,
but there are also sterile neutrinos (that is, neutrinos
not taking part to standard weak interactions). [4]

If neutrino have non-zero masses, a neutrino state of
fixed flavor ; can be written as a superposition of
the neutrino mass eigenstates i;j that is

X X
Usiai o Ti=
i=1 j=1
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In the assumption of 3 massive neutrinos, the PMNS!
matrix, or neutrino mixing matrix, U can be written
in terms of three mixing angles 12, 23, 31 and one
Dirac-type CP phase (we are considering neutrinos as
Dirac particles; in the case of Majorana mass terms, the
mixing matrix contains two additional phases that have
no any observable effect on neutrino oscillation). [4]

In the oscillation phenomenon, the flavour of a neu-
trino changes as it propagates through space and if we
assume only two neutrino mixing (let’s call them

and ) then the probability of a neutrino oscillating

from flavour to flavour can be calculated as
|
m2L  [GeV]
P | =sin® (2 )sin® 1:267
( ) 2) E eV? [km|
where = 1, is the mixing angle, m = m3 m?

is the squared mass difference, L is the baseline length
and E is the neutrino energy.

In recent years, various experiments conducted at short
baselines have observed anomalies, which if substanti-
ated could suggest the existence of additional neutrino
states: they can be categorized into two branches:

1. reactor anomalies, which involve a signal of neutrino
disappearance at low energies emitted by nuclear re-
actors just a few meters from the source. This phe-
nomenon may be attributed to uncertainties in the
knowledge of reactor neutrino spectra and fluxes.
A similar indication arises from experiments involv-
ing radioactive neutrino sources in Gallium, such as
GALLEX'? and SAGE?®3. This deficit may be ac-
counted for by a model of ¢ disappearance, with

m2  1eV?

2. anomalies found in LSND** and MiniBooNE® ex-
periments. These observations reveal an excess of
electron-like interactions involving both and —
produced by particle accelerators, which cannot be
explained by the standard 3-neutrino model and im-
plies oscillations occurring at a characteristic length-
energy scale L=E Im=MeV, with m? 1eV2.

The prevailing interpretation of these anomalies leads
to the hypothesis of the existence of an additional sterile
neutrino, giving rise to a 3 + 1 neutrino mixing model.
Consequently, it is postulated that there exists a heavy
neutrino 4 with a mass my, such that mﬁl falls within
the range of [0:1 10]eV2 while m1; my; Mz are signifi-
cantly smaller than my4. Note that each anomaly could

Pontecorvo-Maki-Nakagawa-Sakata
12 GALLium EXperiment
Soviet—American Gallium Experiment
Liquid Scintillator Neutrino Detector
Mini Booster Neutrino Experiment

be explained by a 3 + 1 model but no model so far is
successful in fitting all experimental results at once. [1]

The SBN physics program aligns with this framework
and was established to:

— understand the nature of MiniBooNE low energy
excess, by exploiting MicroBooNE which uses a dif-
ferent technology and is supposed to understand if
the excess is due to ¢ CC interactions;

— test for sterile neutrino ( 4) hypothesis, both in ap-
pareance and disappareanche channels, using SBND
as near detector and ICARUS as far detector. The
use of the same detector technology will significantly
diminish systematic errors, and the effective identi-
fication of ¢ by a LAr-TPC will aid in mitigating
all backgrounds;

— lay the groundwork for future long-baseline experi-
ments, such as DUNE®, through the continued ad-
vancement of LAr-TPC technology and by conduct-
ing high-statistics measurements of -Ar cross sec-
tions in the few GeV range. [5]

LAr-TPC working principle

ICARUS, like the other two SBN detectors, is based on
the LAr-TPC technology, proposed originally by Rub-
bia in 1977. It consists of TPCs filled with liquid Argon
with remarkable tracking and calorimetric capabilities
in the measurement of rare events, notably in the do-
main of neutrino interactions. [6]

During a neutrino-Argon interaction, illustrated in Fig.
2, the charged particles produced in neutrino interac-
tions ionized and at the same time excite Argom atoms,
which promptly undergo de-excitation emitting scintil-
lation light. The quantity of scintillation photons gen-
erated is directly proportional to the energy deposited
in the Argon. Consequently, by analyzing the collected
charge, it becomes feasible to estimate the energy of the
incident particle. [6]

40A
7

Hadronic system

Fig. 2: A conceptual illustration of a ~ CC interaction
with a 40Ar nucleus, resulting in a  and other products.

16 Deep Underground Neutrino Experiment
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The ionization process of Argon atoms involves the gen-
eration of Ar* and e pairs, which under the applica-
tion of an electric field migrate towards the cathode and
anode of the chamber. Fig 3 illustrates the structure of
a LAr-TPC, composed of three key components:

— on one side, there exists a high-voltage cathode plane
employed to establish a drift electric field through-
out the chamber, typically Eqrie 500 Vem 1

— on the opposing side, a set of three overlapped anode
planes is positioned at a potential higher than the
cathode. These planes consist of numerous parallel
conducting wires with a few mm pitch. The orienta-
tion angle of the wires relative to the vertical varies
from one plane to another;

— between the cathode and anode, a field cage is present,
ensuring the uniformity of the drift field. This de-
sign minimizes deviations in drift electron trajec-
tories from the shortest path between the point of
ionization and the anode plane. [6]

Sense Wires.
Uu vy V wire plane waveforms

Liquid Argon TPC

Charged Particles

Cathode
Plane

L -

¥ wire plane waveforms

Fig. 3: An illustration of a neutrino-Argon interaction
inside of a LAr-TPC. Ar™ ions drift towards the cath-
ode on the left and e drift towards the anode on the
right. Signals get registered for every wire.

The inner planes, denoted as U and V in Fig. 3, function
as induction planes since they are maintained at lower
potentials, permitting drift electrons to pass through
them and induce signals. Conversely, the outer plane,
referred to as the collection plane (designated as Y in
Figure 3), gathers the drift electrons on its wires. The
angle information allows the reconstruction of spatial
coordinates on the plane perpendicular to the drift di-
rection. Additionally, by combining drift velocity infor-
mation with data on time evolution, it becomes possible
to reconstruct coordinates along the drift direction.

This advanced technology enables achieving a 3D spa-
tial resolution down to the scale of mm®3. LAr-TPCs
have been developed into detectors that merge this tech-
nology with calorimetric measurement and particle iden-

tification capabilities. This integration allows them to
replicate the imaging capabilities of bubble chambers.
Simultaneously, they are electronic and scalable, mark-
ing a significant advancement in detection systems. [6]

1.2 The ICARUS detector

The ICARUS T600 detector is the first large-scale LAr-
TPC ever realized. Housed within its cryostats are 760
tons of liquid Ar, with an active mass of 476 tons and
all maintained at a cryogenic temperature of 89 K.

Between 2010 and 2013, the detector successfully took
data at the LNGSY, recording cosmic rays and neutri-
nos from CNGS'® beam. Following an extensive refur-
bishment period from 2015 to 2017 at CERN, the ap-
paratus found its new home at Fermilab in the United
States. Here, it serves as the far detector within the
scope of the SBN project.

It is composed of a warm cryostat divided into two ad-
jacent cold cryostats as it is shown in Fig. 4, known as
the West Cryostat and East Cryostat with respect to
the direction of the BNB.

Cathods plane
PMTa Field cage

I |

readouts Cryostat

Fig. 4: Schematic of a cold cryostat. Each module hosts
two TPCs separated by a common cathode.

Time Projection Chamber

In each module, two TPCs are housed, demarcated by
a shared central cathode and encompassed within a
liquid Argon volume subject to a drift field intensity
of Eqritt 500 Vem 1. Under this field strength, the
1.5-meter separation between the cathode and anode
planes results in a drift time of 1 ms. Due to the low
transverse diffusion observed in LAr, ionization electron
clouds produce distinct tracks on the anode surfaces.

The anode configuration within each TPC comprises
three parallel wire planes, positioned 3 mm apart from
one another, amounting to a total of 13312 wires for
each TPC. These stainless steel wires have a 150 um
diameter and variable lengths upon their orientations.

17 Gran Sasso National Laboratory
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Wires on each plane are oriented at 0 , 60 , 60 with
respect to the horizontal axis. The coordinates of these
wires on each plane are precisely determined, showing a
remarkable resolution of 1 mm®. This determination is
achieved by amalgamating the ionizing event’s tempo-
ral information with the wire coordinate. Through this
process, an accurate three-dimensional reconstruction
of the event becomes possible. [1]

Light Collection System

When a charged particle traverses the TPC, it can gen-
erate scintillation light through two mechanisms: the
excitation of Argon atoms and the recombination of
electron-ion pairs. These processes result in the forma-
tion of Ar, molecules, which subsequently decay, emit-
ting monochromatic VUV?® photons with a wavelength

128 nm. The emitted light exhibits two distinct de-
cay components: a fast one with a lifetime 6 ns and
a slow one with a lifetime 1:5 s.

The detection system for scintillation light in ICARUS
relies on 360 8-inch Hamamatsu R5912-MOD PMTs?°
positioned behind the wire chambers, deployed in groups
of 90 devices behind each chamber. A wavelength shifter
coating, converting VUV to visible light, is applied to
the surface of each PMT window. This system ensures
high sensitivity to ionizing events and provides precise
timing information for each interaction with resolutions
on the order of nanoseconds. [1]

Fig. 5: An internal view of one of the four ICARUS T600
drift volumes, showing (1) the cathode, (2) the field-
shaping electrodes, and (3) the array of PMTs utilized
for detecting scintillation light. [7]

The light collection system involves saving and utilizing
PMT waveforms for timing, calorimetry, and triggering
purposes. For each TPC, 90 PMTs are linked to sets of 6

19 Vacuum UltraViolet
20 PhotoMultiplier Tubes

CAEN V1730B digitizer boards, each equipped with 16
channels, with the last channel serving other functions.
These boards sample PMT signals at a rate of 500 MS /s
with a 14-bit resolution. Each signal is discriminated
using a threshold of 400 ADC (13 pe?!) to generate a
series of LVDS?2 output signals, representing logic-OR
combinations of adjacent 2 by 2 PMTs. The output
signals from each TPC undergo processing by a NI-
PXIe 7820 FPGA, one per T300 module, equipped with
programmable logic.

Cosmic Ray Tagger

The ICARUS T600 detector at Fermilab operates at
shallow depth (3 m concrete overburden), constantly
exposed to significant cosmic ray activity. This con-
stitutes the primary source of background for various
physics analyses. These cosmic rays, if not properly
identified, could be mistaken for part of a neutrino in-
teraction. To mitigate this issue, a dedicated CRT?3
system was developed. This completely encloses the de-
tector and identifies cosmic muons, effectively separat-
ing them from genuine neutrino interactions.

The CRT system is constructed using plastic scintillator
modules, organized into three sub-systems covering the
top, side, bottom regions of the detector, as it can be
seen from Fig. 6. Scintillators are equipped with SiPM?*
for readout, except for the bottom system that utilizes
PMTs. This system has been fully installed and is ac-
tively collecting data, ensuring accurate discrimination
between cosmic ray events and neutrino interactions. [1]

Fig. 6: Diagram illustrating the ICARUS T600 Cosmic
Ray Tagger system, divided into three segments (top,
side, bottom), each of which made with plastic scintil-
lators with slight design variations.

photoelectrons

Low Voltage Differential Signaling
Cosmic Ray Tagger

24 Gilicon PhotoMultipliers



Giovanni Chiello

2 ICARUS Trigger System

The ICARUS detector is interested by an event rate of
0:29 Hz within the beam gates, equivalent to 23000
events daily. This rate arises from:

— BNB events rate (with a spill duration of 1:6 ps and
5 102 protons per spill at 4 Hz repetition rate),
which includes a neutrino interaction every 180
spills, a similar rate for beam-associated events and
a cosmic event every 55 spills, resulting in 1 event
every 35 spills or a rate of  0:14 Hz;

— NuMI events rate (with a spill duration of 9:5 ps and
6 103 protons per spillat  0:75 Hz repetition rate)
which includes a neutrino interaction every 53
spills and a cosmic event every 7 spills, resulting
in 1 event every 6 spills or a rate of  0:12 Hz;

— background due to Ar3® decays, to additional events
generated in the decay of cosmic muons crossing the
detector in those few s before proton extractions,
and random triggers, resulting in a rate of  0:03 Hz

To handle this substantial volume of data, starting from
the initial 5 Hz beam gates rate, a multilevel trigger
system is essential. This system is tasked with manag-
ing the data influx and selecting the relevant physical
events. An additional offline step is then performed to
further process the data and associate these events with
genuine neutrino interactions. [8]

2.1 Trigger types

When the trigger primitive aligns temporally with the
beam gate, it results in the production of a global trig-
ger. In this case, gate signals are synchronized with the
beam spills to match the regions of significant physics
activity (and thus are slightly longer than the actual
duration of the beam spills), and PMT waveforms are
recorded within a 28 ps interval around the trigger time
to fully cover the spill region. When a global trigger oc-
curs, readout process for various detector subsystems,
including TPCs (for 1.5 ms, aligning with the e drift
time), PMTs, and CRTs, is activated. Data are recorded
in both cryostats, even if the triggering light is visible
only on one cryostat.

There are also local triggers or ”out-of-time triggers”:
these triggers employ shorter 10 ps-long acquisition win-
dows for PMT waveforms and are activated by primi-
tive occurring outside of the beam spill and within a 2
ms window around the global trigger. This setup is use-
ful as it allows the recording of all scintillation light as-

sociated with cosmic ray activity during the TPC drift
time, a crucial step for cosmic background rejection.

Majority Trigger

The majority trigger serves as the standard triggering
system for the ICARUS detector and relies on a major-
ity logic approach to generate the PMT trigger prim-
itive. To achieve this, each cryostat is segmented into
three 6-meter-long windows, each containing 60 PMTs
(30 on the West TPC and 30 on the East TPC). For
the generation of a global majority trigger primitive, at
least 5 LVDS signals within one of these windows are
required, while for the generation of a local majority
trigger primitive at least 9 LVDS signals are required.

MinBias Triggers

Simultaneously, in certain scenarios, there is a need not
to enforce any requirement on the coincidence of light
but only necessitate the presence of a gate. This con-
dition applies to the MinBias trigger. In this specific
trigger type, there is no bias introduced by mandating
PMT signals to initiate a trigger. This approach can be
implemented both synchronously with the beam and in-
dependently off-beam. It’s important to note that for a
single beam gate, this type of trigger cannot be utilized
in conjunction with the majority trigger.

Events captured through a MinBias trigger serve vari-
ous purposes, including timing assessments during de-
tector activation, simulation studies, and establishing
an unbiased data sample for trigger efficiency analyses.
Off-beam triggers are often used for calibration tests.

2.2 Hardware implementation

The trigger system layout is built upon NI?® PXIe?S.
Within a single NI-1082 PXIe crate, there resides an NI
PXIe-8840 RTC?’, one SPEXI board by INCAA Com-
puters, and three NI PXIe-7820R FPGAs.

The SPEXI board obtains information about neutrino
beam extraction from both BNB and NuMI through the
White Rabbit network. It then generates a 66.6 MHz
clock for the PMT digitizers; TT-Link trigger and clock
signals for the TPC digitizers; a 2 ms-wide beam enable

25 National Instruments
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signal, enabling PMT readout; a 1:6 ys-wide (for BNB,
9:5 pus-wide for NuMI) beam gate enable signal. Two
of the three FPGAs are specifically allocated for PMT
trigger functions in each cryostats. These FPGAs assess
the number of LVDS signals surpassing the threshold
and apply the majority logic rule. In the presence of
a global trigger, the DAQ?® system initiates the read-
out process for the entire detector. Simultaneously, the
RTC retrieves timestamps for the beam gate and global
triggers from the SPEXI board. It then transfers this
timestamp data to the DAQ system using the TCP /IP?®
transfer protocol.

SPEXI | ...

Beam enable ——— >
Gate enable ————

T T

[TPC wires ]

TPC wires PMT wires PMT wires
(T300E)

(T300 W) (T300 E) (T300 W)

' TPC DAQ : l
Laptop Builder
==

Fig. 7: Hlustration of the trigger configuration, includ-
ing the PXIe Real-Time Controller, the SPEXI board,
and the three FPGAs utilized for trigger management.

2.3 Adder Trigger System

Recent comprehensive studies on global trigger efficiency,
conducted using both Monte Carlo simulations and col-
lected data, have indicated an efficiency of 97% for CC
events with deposited energies greater than 300 MeV.
However, hints of reduced efficiency were observed in
the detection of cosmic rays, specifically for out-of-time
PMT triggers, and there could be interest in improv-
ing efficiency for NC events or for CC events below 300
MeV. The current trigger electronics rely on discrim-
inating individual PMT signals and utilizing majority
patterns. This approach might be enhanced by integrat-
ing a system based on adder boards.

Fig. 8: Picture of an adder board.

28 Data Acquisition
29 Transmission Control Protocol/Internet Protocol

Adder boards

Each custom-made board comprises 2 stages, depicted
in Fig. 9. The initial stage functions as a signal split-
ter, designed to receive 15 PMT signals as inputs. This
stage leaves almost unaffected the PMT signals’ line
to the digitizers, retaining 95% amplitude on a 502
impedance while scaling each signal by a factor of 5%
(one more time, on a 50 impedance), which then un-
dergoes shaping through a Sallen-Key filter with a 20
ns shaping constant. Subsequently, the adder stage per-
forms the analog sum of the 15 scaled PMT signals.

Adder
—

®15 PMTs

5% —»

Splitter
Digitizer

et "

=%
Adder CAEN to
> pT10818 " trigger

Fig. 9: Illustration of the adder trigger system setup.
Starting from the left: the 15 PMT signals are divided
into two parts with 95% and 5% components. The for-
mer proceeds to the digitizer, while the adder stage
combines the 15 signals scaled by 5%. Finally, an ex-
ternal module is employed for discrimination.

Each analog sum is then subjected to discrimination
via a CAEN DT1081B Programmable Logic Unit—each
T300 module is equipped with one. This module per-
forms all the necessary processing tasks for the output
lines, including discrimination, TTL conversion, count-
ing, and more. It is essential to note that the discrim-
ination threshold needs precise tuning to optimize de-
tection efficiency. The ultimate output, in TTL format,
becomes part of the trigger logic for further signal pro-
cessing via FPGA and for generating the global trigger.

Motivation

The output from the discriminated adders serves as an
additional source of trigger information, offering several
advantages. Firstly, adders provide supplementary de-
tails about the light yield, which is totally independent
of the majority logic. Secondarily, in scenarios with low
detector occupancy (for example a cosmic track near
the detector corners), a substantial amount of light may
be collected by only a few PMTs. By triggering on the
sum, the constraint on the number of activated PMTs






