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This contribution presents advancements in the design and testing of an electromagnetic calorimeter intended
for the detection of feebly interacting particles in future beam dump experiments. The calorimeter is designed
to accurately reconstruct particle decays into photons, focusing on achieving precise energy and direction
measurements. We propose a plastic scintillator-based calorimeter capable of providing the necessary resolution

for these measurements. The pointing capability has been validated through GEANT4 simulations, optimizing
scintillator granularity for effective shower direction reconstruction. Additionally, we detail the prototyping
efforts and the first results of test beam measurements conducted at DESY.

1. Introduction

Future research on Feebly Interacting Particles (FIPs) will focus
on reconstructing novel decay processes, such as the decay of Axion-
Like Particles (ALPs) into two photons. An electromagnetic calorime-
ter designed for these studies should fulfill several functions. First,
it must provide a sufficiently accurate energy measurement to per-
form particle identification. Achieving an energy resolution of %E) ~
10% — 15%/+/(E[GeV]) is sufficient for this application [1]. Second, the
calorimeter should provide a measurement of the shower direction, to
determine the masses of decaying particles in scenarios involving only
neutral particles like ALP — yy.

Such a detector was originally proposed for the SHADOWS Collab-
oration [1], and could now be employed at the SHiP experiment [2].

2. Design and simulation

The proposed technology is a sampling calorimeter, consisting of
9 mm (~ 0.5X) thick iron absorber plates, and 1 cm thick plastic
scintillator strips as active material. The key aspect of the design is
the choice of scintillator granularity. To be cost-effective, the plastic
scintillator is segmented into strips, that alternate in the horizon-
tal and vertical directions. The strips are positioned perpendicularly
with respect to the incoming beam direction. For the simulation, the
calorimeter cross section is 2.5 x 2.5 m? (matching dimensions in the
original SHADOWS proposal [1]), and a total length of 1 m corre-
sponding to 40 layers and about 20 radiation lengths. Electromagnetic
showers up to 10 GeV are contained within the calorimeter.

* Corresponding author.
E-mail address: cdelogu@uni-mainz.de (C.C. Delogu).

https://doi.org/10.1016/j.nima.2024.169873

This detector has been simulated in GEANT4 [3], and the response
to photons hitting at different angles and energies has been evaluated.
The stochastic term of the energy resolution is about 11% for all
incident angles. The shower direction is determined by calculating
the barycenter of the energy deposits in each layer and fitting a line
through these points to estimate the angle of the shower [1].

The reconstruction of the shower direction from the simulated data
allows to determine the optimal granularity of the active material. As
shown in Fig. 1, shower directions from photons hitting the calorimeter
at low angles are well reconstructed only for scintillator strips with a
width of 1 cm or less. For wider strips, photons with small incident
angles are reconstructed as if they had hit the calorimeter perpen-
dicularly. Strips narrower than 1 cm do not offer further advantages
in shower direction reconstruction. Each layer is therefore segmented
into 250 strips of 1 X 1 x 250 cm?. Strips of this length cannot be
read out directly, so the scintillation light of each strip is collected
by wavelength-shifting (WLS) fibers, which are read out by a Silicon
Photomultiplier (SiPM) on each side of the strip.

Such a calorimeter achieves a good angular resolution, independent
of the incident angle of photons, reaching 12 mrad at 20 GeV (see Fig. 2).

3. Prototyping and test

To validate the design, a small calorimeter prototype was built and
tested in early 2024 (Fig. 3). The prototype consists of 9 layers, each
with an active area of 20 x 20 cm?2, and a total of 180 channels. Co-
extruded scintillator strips, 1 X 1 X 20 cm?, are read out by 1 mm

Received 28 June 2024; Received in revised form 16 August 2024; Accepted 9 September 2024

Available online 11 September 2024

0168-9002/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/nima
https://www.elsevier.com/locate/nima
https://orcid.org/0000-0001-9203-6470
https://orcid.org/0009-0006-2930-2100
https://orcid.org/0000-0002-3636-360X
mailto:cdelogu@uni-mainz.de
https://doi.org/10.1016/j.nima.2024.169873
https://doi.org/10.1016/j.nima.2024.169873
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2024.169873&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C.C. Delogu et al.

0.5 A

+H{ Jf‘\&ﬁwiﬁ%ﬁ’f f
b

-0.51 Mf

! ,'
=1.01 ‘. \ 1
H \\¥, fl
-1.51 i /
\‘ {,
\
y 1]
—2.01 i‘ ! -F- 10 mm strips

angular residual (reco - real) [°]

{' -4- 15 mm strips
-4~ 20 mm strips
-4- 30 mm strips

0 5 10 15 20 25 30
angle [°]

Fig. 1. Residuals between real and reconstructed shower directions as a function of
the incident angle, for 2 GeV simulated photons and different strip widths.
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Fig. 2. Angular resolution in the x-direction, obtained using the strips aligned along
the x-axis, for different simulated photon incident angles, fitted to ¢(6) = %Q)b. Similar
performance is found in the y-direction, using the strips aligned along the y-axis.

diameter WLS fibers from Kuraray (YS2) and Hamamatsu 1.3 x 1.3 mm?
SiPMs (S13360-1325PE). Due to the reduced dimensions of the proto-
type, each strip is read out by a single SiPM. The strips are fixed into
place on 4 mm thick iron plates. The modularity of the design allows to
insert multiple iron plates, to test different setups in terms of radiation
lengths.

The prototype was tested at DESY in March 2024, with an electron
beam in the 1 to 5 GeV range. The calorimeter was tilted by five
different angles from 0° to 20°, and the insertion of one or more
iron layers allowed to change the radiation length in different sets of
measurements.

Data analysis is still ongoing, however first results show that simula-
tion and test beam data are in good agreement. The simulation has been
adapted to reflect the change in absorber thickness (from 9 mm in the
baseline design to 4 mm in the prototype). Fig. 4 shows a preliminary
study on the angular resolution of the prototype, where the test beam
data are compared to the simulation of the full detector.
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Fig. 3. Layers of iron and scintillator strips in the prototype. In this configuration, the
prototype contains 1 Iron layer per active layer, for a total of 2 X, and is tilted by
2.7° with respect to the beam. The electron beam comes from the right.
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Fig. 4. Angular resolution in x, for a GEANT4 simulation of the prototype (dashed
lines) and with test beam data (dots). Fitted to o(0) = % @ b. A slight performance
drop at 5 GeV in test beam data is due to shower leakage.
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