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Summary. — The goal of the ENUBET project is to develop the first monitored
neutrino beam, where the neutrino flux can be measured with a 1% precision, in
order to carry out measurements of high precision of the neutrino cross section in
the energy range of relevance for HyperKamiokande and DUNE. The systematic
uncertainties are suppressed by detecting, in an instrumented decay tunnel, the
large-angle leptons generated in the KJ; three body decay (K+ — e*woye). The
collaboration recently completed the beamline design and tested the largest proto-
type of the decay tunnel: the Demonstrator. It is a sampling calorimeter composed
of iron absorbers and plastic scintillators, whose light is collected by WLS fibers and
readout by SiPMs. In this contribution, we discuss the characterization results ob-
tained in the two beamtests on the PS extracted T9 beamline at CERN in 2022 and
2023. Namely the linearity and energy resolution, the effect of the optical crosstalk
and a first preliminary particle identification analysis.

1. — Introduction

The Standard Model (SM) of particle physics combines the description of the elec-
trodynamics, the weak interactions and the strong interactions with the classification
of all the known elementary particles. Neutrinos are the least known fermions of the
SM. Indeed, this is not related to the rarity of neutrinos, but to their interaction with
matter. As any other lepton, they do not experience strong interactions, and, having no
electric charge, these particles interact only through the weak force. Thus, experimental
neutrino physics is quite challenging. Moreover, neutrinos are key ingredients for Beyond
SM searches and still a source of unexpected results [1].

The typical measurements of neutrino features, such as oscillations, are based on the
number of specific flavours of neutrinos that appear or disappear after a given distance
from their production point, compared to the number of produced neutrinos. The future
generation of neutrino oscillation experiments, such as HyperKamiokande and DUNE,
will be no longer limited by statistics and will need to reduce the systematic uncertainties
and in particular the one related to the neutrino cross section that, especillay for the
appearing species, the v, is poorly known. In order to reduce this uncertainty, a new
generation of neutrino beams has been proposed [2, 3].

The goal of the ENUBET project (Enhanced NeUtrino BEams from Kaon Tagging)
is to develop the first monitored neutrino beam, where the neutrino flux can be measured
with a 1 % precision, in order to perform a high precision cross section measurement. The
idea is to design a pure and controlled source of electron neutrinos and to monitor the
neutrino flux directly inside the decay region by detecting large-angle leptons generated
in the Kjg three body decay (K T e*n’oye) using sampling calorimeters based on
plastic scintillators and placed inside the decay tunnel. Thus, the tunnel becomes a
hollow cylindrical electromagnetic calorimeter with an inner radius of 1 m and a length
of 40m [4-8].
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2. — The Demonstrator

The Demonstrator is a section of the ENUBET instrumented decay tunnel. This
prototype is 1.65 m long and it is composed of 75 arches of iron alternated with 75 arches
of plastic scintillators spanning 90°. This modular design could be extended then to a
full 27 object. The Demonstrator is housed in a custom structure with four extendable
legs allowing the calorimeter tilting (to simulate the impact of the large-angle positrons
produced by the K decay) as shown in fig. 1(a).

The iron components are made of single slabs, while the scintillating planes are seg-
mented in all the three directions (the 3 x 3 x 0.7 cm? tiles) as shown in fig. 1(b). The
tile scintillating light is collected by WaveLength Shifting (WLS) fibers and readout by
Silicon PhotoMultipliers (SiPMs).

In order to detect positrons and distinguish them from photons, the two upstream
active layers are instrumented with an additional tile placed in the innermost radial layer,
the so called ty photon veto layer. Photons produced in the decay tunnel will not give a
hit in the tg layer associated with an energy deposit in the calorimeter, and will not be
misidentified as positrons.

In October 2022 and August 2023, the ENUBET collaboration performed a beamtest
on the PS extracted T9 beamline at CERN. The main goals of these beamtests were to
evaluate the performance of the Demonstrator which in 2022 consisted in 400 readout
channels (240 calorimetric channels and 160 ¢y tiles) and in 2023 in 1275 channels.

3. — Linearity and energy resolution

Due to residual differences in the the optical coupling between the SiPM and the
WLS fibers, an equalization procedure of the response of each channel is needed. For
each channel, the Minimum Ionizing Particle (MIP) events have been selected whose
mean energy loss rate through matter is constant. The MIP peak has been fitted with
a Landau function and then every channel has been equalized subtracting the baseline
value and then dividing for the MIP peak.

To find the correspondence between the Pulse Heights (PHs in ADC counts) and the
energy deposited in the Demonstrator (in GeV) by the incoming particles, a calibration

Fig. 1. — (a) The assembled Demonstrator at CERN. (b) An assembled arch with a plane of
tiles. The innermost radial layer is the top photon veto layer.
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with electron beams was performed. The events were acquired with 0.5 GeV — 5 GeV
(Egev) electron beams.

The equalized PH spectra of the events were fitted with a Gaussian function. The fit
parameters allowed to compute the energy resolution for each energy R = op/E, where
FE is the mean value and o is the standard deviation of the Gaussian function.

A linear regression was performed on the (Egey, F) pairs and, to verify the goodness
of the calibration, the residuals have been computed obtaining values smaller than 1 %.

The dependence of the energy resolution on the beam energy (Egev) was modeled
as [9]:

S n
(1) i Vv EGeV @ EGeV be

where @ is the quadratic sum, s the stochastic term, n is the noise term and c¢
the constant term. The resolution curves for the 2023 prototype and the Monte Carlo
simulation, performed with the Geant4 toolkit, are shown in fig. 2.

4. — Crosstalk

Optical crosstalk occurs when the light produced in a scintillator tile travels to a
neighbouring one and might then be picked up by one of its readout fibers. This would
generate a signal in the wrong tile, affecting the performance of the calorimeter. The
crosstalk effect has been studied only for the first layer (for both the Demonstrator
prototypes) and with muon events which have a track in an area of 1 x 1 ecm? centered in
the centre of a tile. Muons have been selected thanks to their MIP behavior, since they
do not produce showers, as electrons and pions, which could produce a signal in adjacent
tiles due to the secondary particles of the shower and not to crosstalk.

To better understand the crosstalk the mean value of the ratio between the PH of
two channels has been computed:

() ratiopy =< (PHy/PHy) >

where PH; is the reference channel with a PH greater than 0.7 - MIP and PH,
is a neighbouring channel of the same layer. Figure 3 presents an example where tile

25.0 4 Data 2023
+ s=1532 £ 023
+ n=092 {fixed)
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MC 2023
5= 14.85 + 0.09
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Fig. 2. — Energy resolution of the Demonstrator in the 0.5 — 5 GeV energy range.
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Fig. 3. — Crosstalk effect for tile (3, -3, 0) as reference (white square).

(R, ¢, z) = (3,—-3,0) is the reference tile and the ratiopy parameter is computed for all
the other tiles of the first z layer. Most of the channels present a few percent of crosstalk
and always smaller than 5% between closest tiles.

5. — Preliminary Particle Identification

For this analysis, the Demonstrator has been tilted with angles of 50 mrad, 100 mrad
and 200 mrad to try to reproduce the particle incidence angle in the final configuration of
the future ENUBET detector. These tilted angle runs with electron and hadron beams
can be used to perform a preliminary Particle IDentification (PID) analysis, to tentatively
estimate the PID capabilities of the final detector. This cut-based analysis is a basic and
faster alternative to the more refined one that is based on a Neural Network and has
been developed and applied in the simulation of the full facility.

Two parameters have been evaluated to define a way to identify the particle type: the
total number of tiles over a given threshold and the sum of the PHs in all the z layers.
Figure 4 presents the biplot of these two parameters. Three spots can be distinguished:
the upper one is mainly composed of electron events (green circle of fig. 4), the middle
one of heavy hadrons (orange circle of fig. 4) and the lower one of muons (red circle of
fig. 4).

To distinguish electron events from heavy hadron ones, a linear cut was applied (red
line in fig. 4). The events over this cut are classified as electrons and the ones under the
cut as heavy hadrons. These events correspond to the predicted value, while the identifi-
cation performed with the Cherenkov detectors was used as true value. To estimate the
goodness of the classification, the accuracy and precision(!) were computed, obtaining
an accuracy of 78.27 % and a precision of 73.28 % in classifying electrons and an accuracy
of 76.74 % and a precision of 87.91 % in classifying heavy hadrons.

6. — Conclusions and outlooks

In October 2022 and August 2023, the ENUBET collaboration performed a beamtest
on the PS extracted T9 beamline at CERN to evaluate the performance of the Demon-
strator. The crosstalk effect has been studied for the first z layer and measured values of

(*) The accuracy of a measurement system is the degree of closeness of the measured quantity
to its true value. The precision of a measurement system is how close the measurements are to
each other [10].
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Fig. 4. — Biplot of the two parameters used for a preliminary PID. The red line is the linear cut
to distinguish electrons from heavy hadrons and muons.

a few percent (< 5%) between neighbour tiles have been obtained. This result allowed
to validate the proposed readout scheme. Finally, the preliminary results on the PID
capability of the Demonstrator show how, even with an extremely basic discrimination,
it is already possible to distinguish electrons and heavy hadrons.

Based on these successful results, the collaboration is now pursuing a study for a site
dependent implementation at CERN in the framework of Physics Beyond Colliders using
the SPS as proton driver and the two protoDUNE detectors as neutrino detector.
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