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B S T R A C T

he goal of the ENUBET project is to demonstrate that a precision of ∼ 1% on measurement of the absolute neutrino cross section at GeV scale can be
achieved by monitoring the positron production in the decay tunnel coming from the three-body semileptonic decays of kaons. The baseline option for the
tunnel instrumentation employs a fine-grained shashlik calorimeter with a 4.3 X0 longitudinal segmentation to separate positrons and pions coming from other
decay modes of kaons. The system is complemented by rings of plastic scintillator doublets below the calorimeter acting as a photon veto to suppress the 𝜋0

background and to provide timing informations. SiPMs instrumenting the detector will be exposed to sizeble amounts of neutrons arising in hadronic showers.
In order to reproduce such a working environment, SiPMs with different cell size (from 12 to 20 μ𝑚) were irradiated at the INFN-LNL CN Van Der Graaf with
neutron fluences up to 2 × 1011 n/cm2 (1 MeV-eq.). The exposed light sensors were characterized in terms of I–V curves at different irradiation levels, and their
response tested by exposing a prototype on beam at CERN. In this contribution we will report the results of the described tests on SiPMs, together with the
advances in their integration with the ENUBET detectors.
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1. Introduction

Physical motivation. Neutrinos played a fundamental role in the study
of weak interactions and opened a window beyond the Standard Model
after the discovery of neutrino oscillation. The current neutrino ex-
periments are affected by some intrinsic limitation in cross section
measurements due to the challenging task of predicting neutrino flux
which rely on a detailed simulation of the beamline elements and on
hadronic physics. Even if data driven constraints to the simulation have
been employed in the past, the flux prediction preserves a critical link
with the simulation leading to systematics (O(10%)). Flux uncertainties
represent the common limitation for all neutrino cross section precision
measurements which will play a key role in the next generation of
oscillation physics experiments with a significant impact on the study of
CP violation and mass hierarchy problems. A breakthrough in the field
could be achieved by monitoring the production of positron from the
𝐾𝑒3 decays directly in the decay tunnel: this new method can provide
a pure source of 𝜈𝑒 by using an observable (the positron rate) which is
directly linked to the 𝜈𝑒 rate at far detector. The direct monitoring of
he neutrino rate at the source is expected to be capable to provide a
lux measurement error of ∼ 1% [1].

The ENUBET project. The ENUBET project (Enhanced NeUtrino BEams
from kaon Tagging) [2,3], funded by the European Research Council,1
is aimed at demonstrating the technical feasibility and physics perfor-
mance of monitored neutrino beams. This will be done by performing
the following tasks:

• design and construct a detector capable of performing positron
identification in the harsh environment of a neutrino beam decay
tunnel

• studying the precise layout of the kaons and pions focusing and
transport system with suitable proton extraction schemes.

2. Beamline

The proposed setup consists of primary protons impinging on a
target to produce secondary hadrons which are delivered to a secondary
instrumented beamline after charge and momentum selection (Fig. 1).

The secondary beam is designed and optimized to have a central
momentum of 8.5 GeV and a momentum bite of 10% to keep low the
decaying in the transfer line. Moreover these energies are also high
enough to keep the contamination of 𝜈𝑒 from 𝜇 decays below 2%.
The necessity to prevent undecayed secondaries or 𝜇 coming from 𝜋
ecay from hitting the tagger causing unmanageable pile-up effects is
guiding factor in tuning the emittance at the entrance of the decay

unnel to few mrad over 10 × 10 cm2.

. Instrumented decay tunnel

In the baseline design the positron tagger is shaped as a hollow
ylinder surrounding a fraction of the decay tunnel and based on a
hashlik calorimeter [4]. The instrumentation is complemented with
ings of plastic scintillator doublets below the calorimeter acting as

photon veto to suppress the 𝜋0 background and providing timing
nformations (Fig. 2).

The tagger has a 4.3 𝑋0 longitudinal segmentation to separate
ositrons and pions coming from other decay modes of kaons [5]. This
s a cost effective solution with a basic unit, named UCM, composed of

layers of plastic scintillators (3 × 3 × 0.5 cm3 each) interleaved with
iron slabs (3×3×1.5 cm3 each) crossed by 9 Wavelength Shifting (WLS)
ibers. These fibers are directly coupled to small-area SiPMs hosted on
PCB on the back of each module, avoiding dead zones due to fiber

undling (Fig. 3).
Concerning the photon veto, each tile (3×3×0.5 cm3) is readout by

two lateral WLS fibers optically linked to a single SiPM (see Fig. 12).

1 ERC Consolidator Grant,G.A. 681647, P.I. A. Longhin, host institution
adova University and INFN as beneficiary. Since march 2019, ENUBET is
lso a CERN Neutrino Platform experiment (NP06/ENUBET).
2

Fig. 1. Beamline layout.

Fig. 2. Left: Sketch of the hollow cylinder tagger geometry. Right: Longitudinal section
of the calorimeter plus photon veto modules.

Fig. 3. Left: one of the prototypes of the shashlik calorimeter modules instrumenting
the decay tunnel. Right: a PCB with the SiPMs reading the 9 WLS fibers of a UCM.

4. Irradiation tests

SiPMs instrumenting the calorimeter will be exposed to a large flux
of neutrons coming from the hadronic showers [6]. The integrated
fluences to collect a sample of about 104 𝜈𝑒 CC interactions depend on
the position of the calorimeter with respect to the axis of the secondary
beam as shown in Fig. 4. At 1 m distance the non-ionizing fluence
integrated during the lifetime of the experiment and scaled to 1 MeV
equivalent neutrons is 1.8 × 1011 n/cm2. The ionizing dose is 0.06 kGy.

In order to test the functionality of the silicon photomultiplier over
the entire lifetime of the experiment, SiPMs with different cell size
(from 12 to 20 μm) produced by Fondazione Bruno Kessler (FBK)
employing the RGB-HD technology were exposed at the INFN-LNL. This
general purpose facility is based on the CN van der Graaf accelerator:
with a maximum voltage of 7 MV it can accelerate protons and other
light nuclei with currents up to 5 μA. For these tests a beam of protons
are sent on a thick Beryllium target and produces neutrons through
the Be(p, xn) reactions; the irradiated sample is located inside an
experimental area with an external shield of concrete and an inner shell
of water as neutron moderator (Fig. 5 ).

The irradiated sample consisted of three PCB boards used for the
ENUBET UCMs, each one hosting 9 SiPMs and integrating passive
components and signal routing toward the front-end electronics. The
PCB boards host SiPM with 12, 15, 20 μm cells respectively. The
SiPMs belonging to the same PCB board are connected in parallel and
readout without amplification. The temperature of the sample during
and after the irradiation was measured with LM35 temperature sensors.
In addition, a test PCB with a single 1 mm2 , 12 μm pitch SiPM is used to
evaluate the single photoelectron sensitivity by means of an Advansid

trans-impedance amplifier (ASD-EP-EB-N) and a Rohde & Schwarz RTO
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Fig. 4. Ionizing doses (red line, kGy) and non-ionizing fluences (black dashed line:
/cm2; black continuous line: 1 MeV-equivalent n/cm2) as a function of the distance

between the axis of the ENUBET decay tunnel and the inner radius of the calorimeter.

Fig. 5. Picture of the LNL infrastructure used for irradiation tests.

Fig. 6. I–V curve of the single-SiPM PCB at different irradiation levels expressed in
n/cm2.

1024 oscilloscope to record the waveforms. Between two irradiation
sessions the current as a function of the overvoltage was measured for
all the PCB boards and in Fig. 6 the IV measurements are shown as a
function of the integrated dose for the single 12 μm SiPM test board.
3

Fig. 7. Signal peak distribution at 3 × 109 n/cm2 for the single-SiPM PCB (12 μm
cell-pitch, 1 mm2 SiPM). Red line is the fit of the first three photoelectron peaks: for
fluence greater than this the multi-peak structure is not visible anymore.

Fig. 8. Sketch of the experimental setup at the CERN T9 beamline.

Only minor changes are visible in the breakdown voltage with
an increase by more than two orders of magnitude in dark current.
Fig. 7 shows that the single photoelectron sensitivity is lost for fluences
greater than 3 × 109 n/cm2.

After irradiation the samples were stored at 25±1 ◦C for about three
months before installing the boards on the UCM at CERN. The behavior
of the dark current versus time during the storage period has not being
studied; however, before installation at CERN, the I–V curves showed
a current reduction comparable to what expected by room temperature
self-annealing reported in [7].

5. Test beam

The irradiated PCBs were tested in October 2017 at the T9 beamline
of the CERN East Area facility. In Fig. 8 the setup used in the beam
area is sketched. The particle beam is composed of electrons, muons
and pions with momentum selectable between 1 and 5 GeV. The PCBs
were tested with two different ENUBET UCMs:

• Prototype 16B. This is a standard UCM composed of EJ-200
scintillator tiles (3 × 3 × 0.5 cm3 each) interspaced with iron slabs
(3 × 3 × 1.5 cm3 each). The 9 WLS fibers are the Y11 produced by
Kuraray. The number of photoelectrons due to minimum ionizing
particles (MIP) crossing the whole UCM has been estimated by
laboratory measurements with cosmic rays to be ∼ 50.

• Prototype 17UA. This prototype was built from injection molded
scintillator tiles produced by Uniplast and it consists of active area
(3 × 3 × 1.35 cm3 each) interleaved with iron absorber (3 × 3 × 1.5
cm3 each) equipped with the same WLS fibers used for the 16B
prototype. The number of photoelectrons due to MIP crossing the
whole UCM has been estimated to be ∼ 85.

These prototypes were tested using both a 9-SiPM board that was
not irradiated at INFN-LNL and an irradiated board. The boards were
equipped with 15 m cell-pitch SiPMs. By requiring a signal in both
Cherenkov counters it is possible to select electrons, while muons

and non-interacting pions correspond to events with no signal in the
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Fig. 9. UCM 16B equipped with a non-irradiated board. The black line shows all signals
triggered during the run and it is dominated by dark counts, the red line is the MIP
signal and the green one is electron signal. The red lines show the Gaussian fit of the
signal peak for electrons and mip-like particles. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. UCM 16B equipped with a irradiated board: the black line shows all signals
triggered during the run, red line is the MIP signal and green line is the electron signal.
MIP signal is not separated by the background due to dark noise. The red lines show
the Gaussian fit of the pedestal, signal peak for electrons and mip-like particles. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Cherenkov counters and signal in a muon catcher. The silicon strip
detectors are employed to select particles entering the front face of
the UCM in a 2 × 2 cm2 fiducial area and crossing the whole UCM.
ig. 9 shows the signal response of the UCM 16B equipped with the non-
rradiated board to minimum ionizing particles (red line) and electrons
green line): MIP signal is well separated from the dark noise and the
lectrons are well separated from MIP signal. The red lines show the
aussian fit of the signal peak for electrons and mip-like particles.

The results of Fig. 10 obtained with the irradiated board mounted
n the same UCM 16B demonstrate that it is not possible to separate
MIP from the noise peak up to the maximum fluence expected in

NUBET (2 × 1011 n/cm2) due to the increase of the dark counts, even
f it has the capability to separate the electron peak from noise.

Preserving the capability to measure the MIP signal during the
ntire lifetime of the experiment is important because this signal can be
sed to monitor changes of the UCM response over time: it this way it
s possible to equalize and compensate any amplitude losses by acting
n the overvoltage.

The 17UA prototype has a larger scintillator thickness than the UCM
6B and this is enough to preserve the separation of the MIP peak from
4

Fig. 11. UCM 17B equipped with an irradiated board. the black line show all signals
triggered during the run, red line is the MIP signal and green line is electron signal.
MIP signal is separated from the background due to dark noise. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 12. Left: photon veto single tile EJ-204 scintillator with WLS fibers glued. Right:
custom optical connector, to easily match SiPM with fibers.

the dark noise peak even after irradiation as it is shown in Fig. 11 for
1 GeV particles.

Irradiation effects contribute to signal losses through a reduction
of the gain×PDE and of the transparency of the epoxy employed for
the encapsulation of the SiPM. A signal reduction down to ∼ 50% can
be recovered by increasing the bias voltage remaining well within the
operation range of the FBK SiPM.

6. Photon veto tests

The photon veto, as discussed in Section 3, provides both photon
identification capabilities and precise timing of the particles in the
instrumented decay tunnel. The baseline performances (photon iden-
tification at 99% and time resolutions <10 ns) are strictly necessary to
achieve the cross section measurement goals of ENUBET.

As it is shown in Fig. 12, each photon veto layer tested at T9
beamline of the CERN East Area facility consists of:

• one scintillator tile EJ-204 3 × 3 × 0.5 cm3 produced by Eljen
Technology;

• two WLS fibers 40 cm long, produced by Saint-Gobain and glued
to the sides of the scintillator with an optical cement;

• a custom screw-optical connector which allows placement repro-
ducibility of the fibers to a SiPM SenSL-30020J.

This setup provides a good uniformity and high light collection
efficiency, greater then 99%. In Fig. 13 a preliminary result concerning
the separation of 1–2 particle as seen by a doublet.

The time resolution for this detector has been measured to be less
then 500 ps, well within the requirement of the ENUBET project.
Moreover the WLS fibers allow to keep the SiPM away from the bulk
reducing the accumulated dose. A preliminary FLUKA simulation shows
that, by putting in front of the SiPM 30 cm of borated polyethylene, it
is possible to achieve a reduction factor of ∼ 18 on the neutron fluence
averaging over the spectrum as shown in Fig. 14.
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Fig. 13. Photon Veto doublet response to one and two particles.

Fig. 14. Neutron fluence reduction estimated with a FLUKA simulation by putting
30 cm of borated polyethylene in front of SiPMs. The solid line represents the neutron
flux at the inner surface of the tagger while the dashed one the flux just outside of
the shielding showing a reduction of a factor ∼ 18.

This alternative light readout strategy has been taken into account
lso for the calorimeter: a group of ten WLS fibers, corresponding to
ne UCM, 40 cm long are bundled to a single SiPM of 4 × 4 mm2 SiPM
rom Advansid.

. Conclusions

The precision of neutrino cross section is a key point to establish
P violation in the leptonic sector for the next generation neutrino
xperiment and is currently dominated by the knowledge of the flux
t source in conventional neutrino beams. A novel approach to the 𝜈𝑒
ross section measurement is based on the monitoring of large angle
positrons coming from the three-body semileptonic decays of kaons.
5

n the baseline design the decay tunnel will be instrumented with
positron tagger (a shashlik calorimeter readout with SiPM) and a

hoton veto layer to suppress the 𝜋0 background and provide timing
nformations. The SiPM used to instrument the calorimeter prototypes
re produced by FBK company. In order to test the functionality of the
ensors over the entire lifetime of the experiment, SiPM with different
ell size have been irradiated at the INFN-LNL Irradiation Test facility
nd then tested with beam particle at CERN. It has been shown that
he calorimeter is capable to operate up to a fluence of 2 × 1011 n/cm2

providing that the scintillator thickness is increased form 0.5 up to
1.5 cm to preserve MIP identification. Photon veto prototypes are
equipped with SiPM produced by SenSL company: preliminary tests
conducted at beamline at CERN shows that it is possible to match the
ENUBET requirements both in terms of time resolution and 1 particle/2
particle identification capability. The design of photon veto layer can be
used to instrument also the calorimeter detector with the extra benefit
of reducing by a factor ∼ 18 the fluence on SiPMs.
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