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Abstract: Recent studies have shown that the electromagnetic shower induced by a high-energy
electron, positron or photon incident along the axis of an oriented crystal develops in a space more
compact than the ordinary. On the other hand, the properties of the hadronic interactions are not affected
by the lattice structure. This means that, inside an oriented crystal, the natural difference between
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the hadronic and the electromagnetic shower profile is strongly accentuated. Thus, a calorimeter
composed of oriented crystals could be intrinsically capable of identifying more accurately the nature
of the incident particles, with respect to a detector composed only of non-aligned crystals. Since no
oriented calorimeter has ever been developed, this possibility remains largely unexplored and can be
investigated only by means of numerical simulations. In this work, we report the first quantitative
evaluation of the particle identification capability of such a calorimeter, focusing on the case of
neutron-gamma discrimination. We demonstrate through Geant4 simulations that the use of oriented
crystals significantly improves the performance of a Random Forest classifier trained on the detector
data. This work is a proof that oriented calorimeters could be a viable option for all the environments
where particle identification must be performed with a very high accuracy, such as future high-intensity
particle physics experiments and satellite-based 𝛾−ray telescopes.

Keywords: Calorimeter methods; Calorimeters; Particle identification methods; Performance of
High Energy Physics Detectors
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1 Introduction

In particle and astroparticle physics the measurement of the energy of an ultra-relativistic electron,
positron or photon is usually performed using an electromagnetic calorimeter (eCAL). Traditionally,
calorimeters are divided in two classes: they can be either homogeneous or sampling, depending on
their design [1]. In the last few years, a new hybrid layout has been developed: a homogeneous eCAL
with longitudinal segmentation, also known as semi-homogeneous calorimeter [2, 3]. With this name
we identify a detector obtained by concatenating multiple layers of high-Z scintillating or Cherenkov
crystals, each one coupled to a photodetector, without passive layers. The key feature of this design is
the possibility to sample with a fine granularity the spatial development of the shower induced by
the incident particles. This is a critical property for achieving an accurate background rejection level
in a high-intensity radiation environment: for instance, heavy hadrons can be easily discriminated
from lighter particles (such as photons and e±), thanks to the difference in width and symmetry of the
shower profile. Detectors based on this concept have been proposed both as barrel calorimeter for the
Muon Collider instrumented beamline [4, 5] and as Small Angle Calorimeter (SAC) for KLEVER,
the third phase of the High Intensity Kaon Experiments (HIKE) project [6–9].

Several techniques can be used to increase the Particle Identification (PID) performance of a
calorimeter, such as the measurement of the space-time development of the showers and the pulse-shape
analysis [10, 11]. A particularly novel and intriguing possibility is the use of oriented crystals: in fact,
it has been known since the 1960s that the lattice structure of a crystal can modify the electromagnetic
(e.m.) processes occurring inside it [12, 13]. In particular, if an ultra-relativistic e± impinges on the
axis of an oriented crystal, the field generated by the lattice strings and seen in the particle frame of
reference is boosted due to the Lorentz length contraction: in this way, the “effective” (perceived) field
is enhanced and thus the bremsstrahlung (BS) cross-section increases [14, 15]. If the energy of the
incident particle is large enough, the effective field can reach an amplitude larger than the Schwinger
critical field of QED (E0 ∼ 1.32 · 1016 V/cm), the threshold above which non-linear QED effects are
observed in the vacuum. This is the so-called Strong Field (SF) regime: in this condition, e± emit hard
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synchrotron-like radiation, with a cross-section significantly larger than the standard bremsstrahlung
value [13, 16, 17]. A similar effect is observed also for the electron-positron pair production
(PP) [18, 19]: the combination of these effects results in a spatial acceleration of the electromagnetic
shower [20]. In order to observe the SF regime, two conditions must be satisfied [13, 15, 17]:

1. The angle between the direction of particle incidence and the crystal axis (“misalignment angle”,
𝜃mis) must be smaller than a critical value [17]:

𝜃mis < Θ0 =
U0

mc2 (1.1)

where mc2 = 511 keV is the electron rest mass energy and U0 is the potential barrier generated
by the lattice axes in the laboratory frame. Within this angular acceptance, the SF boost is at
its peak, but for incidence angles as large as 10 · Θ0 there is a weaker but still non negligible
enhancement effect, as it was observed both theoretically [13] and experimentally [21, 22]. For
reference, the critical angle of the PbWO4 ⟨001⟩ axis is ∼ 0.8 mrad, which is much larger than
Lindhard’s critical angle for the channeling phenomenon for the same axis, i.e., 0.08 mrad at
120 GeV [23]. It is important to observe that, differently from Lindhard’s angle, the SF critical
angle does not depend on the energy of the incident particle. Details on the derivation of
eq. (1.1) can be found elsewhere [13].

2. The energy of the incident particle must be larger than a critical value, usually in the order of
tens of GeV [17]. However, if the energy is smaller than the threshold but larger than few GeV, a
non negligible enhancement is still observed. For an e± or a photon incident on the PbWO4

⟨001⟩ axis the critical value is ∼ 25 GeV [23].

The Strong Field effects have been already observed experimentally in multiple studies, which aimed
at measuring the enhancement of the BS-PP cross-sections in single element crystals, such as W,
Si and Ge [21, 24–26]. However, only two studies exist for scintillators in the Strong Field regime,
demonstrating the enhancement of the emission of radiation and of the energy deposit as a result
of the shower acceleration [20, 27]. Indeed, a few other studies have been done with electrons but
at much lower energy, below the SF threshold [28].

Since the lattice structure does not affect the properties of the hadronic interactions, the difference
between a hadronic and an e.m. shower developing inside an oriented crystal should be more
pronounced than the ordinary. For this reason, a semi-homogeneous calorimeter featuring one
or more oriented layers could represent an optimal choice for performing high-accuracy PID. An
oriented detector has never been realized before: there is thus no direct way to quantitatively evaluate
the performance increase which could actually be achieved by using the oriented crystals. This
is a huge problem, since it is important to know whether it is worth to spend time and money to
develop such a detector concept on the large scale required by collider experiments. Fortunately,
in the last few years, the ORiEnted calOrimeter (OREO) collaboration has developed several tools
for the numerical simulation of the particles interactions inside oriented crystals [29–31]. These
tools were extensively validated by comparing their predictions with the results of multiple beamtest
campaigns performed at the CERN PS and SPS [21–23, 27]. Thus, they can be considered as the
only instruments currently available to solve this problem and estimate the potential performance
gain achievable through the use of oriented crystals.

– 2 –
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The aim of this work is thus to evaluate the Particle Identification (PID) potential of a semi-
homogeneous eCAL, by means of numerical simulations performed with the tools developed by
the OREO collaboration. In particular, we focused on the identification of photons against a
neutron background, considering that this is explicitly required for the physics case of the KLEVER
experiment, namely the identification of photons produced in 𝜋0 decays, against a 440 MHz neutron
background [6, 7].

2 Materials and methods

2.1 Experimental setup (Geant4 simulation)

The study reported in this article is based on datasets produced using the Geant4 version 11.1
toolkit [32]. The setup used in the simulation includes a semi-homogeneous eCAL composed of a
5×5×4 matrix of PbWO4 crystals (as shown in figure 1). Each crystal has a transverse area of 1×1 cm2

and a thickness of 4 cm. Since the PbWO4 radiation length is 0.89 cm [33], each layer is ∼ 4.5 X0

thick, for a total eCAL length of ∼ 18 X0. The simulations were performed in two configurations:

• “Random” alignment (figure 1 on the left), meaning that all the eCAL crystals were considered
to be made of ordinary, non aligned PbWO4. In this case, the simulations were performed using
the FTFP_BERT Physics List, which implements the standard high-energy e.m. and hadronic
processes, including also photo-nuclear interactions [34].

x

y z

Figure 1. Left: experimental setup used in the Geant4 simulation in “random” alignment. Right: setup in
“axial” configuration. In both figures, each parallelogram represents a PbWO4 crystal either with the ⟨001⟩ axis
aligned with the incident particle beam (dark blue) or randomly aligned (white). The dashed circles (orange)
represent the center of the projection of the beam profiles on the face of the calorimeter.

• “Axial” alignment (figure 1 on the right), meaning that all the crystals in the first eCAL layer were
considered as oriented along the ⟨001⟩ axis, while the others were randomly aligned. In this
case, the simulations were performed using a modified version of the FTFP_BERT Physics List,
since at present time Geant4 does not implement the physics of the Strong Field regime. In the
modified version used for this work, the differential cross-sections of the BS and PP processes
were multiplied by a set of coefficients, which increase with the particle energy [29, 30].
These factors were computed beforehand through a full Monte Carlo simulation, where the
radiation emission and pair production probability in the axial field of a PbWO4 lattice were
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computed by directly integrating the quasiclassical Baier-Katkov formula on realistic particle
trajectories [31, 35–37]. This approach has been extensively validated in several studies, by
comparing its predictions with the results obtained in beamtest campaigns performed in the last
few years by the OREO collaboration [21–23, 27]. Thus, it can be considered as a reliable way to
simulate the interactions occurring in an oriented crystal exposed to a high-energy particle beam.

In both cases, we did not modify the standard timing cuts implemented by the FTFP_BERT Physics
List, meaning that neutron tracking is stopped after 10 µs, while the scoring is performed over an
infinite amount of time per each event. It should be mentioned that, by limiting the scoring to a
shorter amount of time, it could be possible to achieve a further improvement in the neutron-gamma
discrimination performance, since it is known that the hadronic and e.m. showers develop with
quite different temporal scales [10, 11].

In both configurations, for each simulated event, the following quantities were recorded:

• The class of the incident particle: either a photon (labeled “positive” from now onward) or a
neutron (labeled “negative”).

• The energy deposited in each crystal.

• The energy deposited in each longitudinal layer (𝐸𝐿,𝑖, where 𝑖 = 1, 2, 3, 4 is the layer index).

• The energy deposited in total in the calorimeter (𝐸dep).

This means that, for each event, a total of 100 low-level and 5 high-level numerical quantities (from
now on, “features”) were recorded and subsequently analyzed, with the former being the energy
deposited in each crystal and the latter the energy deposited in each layer and in the entire eCAL. The
addition of these high-level features was considered after a preliminary study phase, where we found
that their use led to a slight improvement of the classification performance.

2.2 Dataset production

In this work we have studied two different physics scenarios and for each of them we generated one
dataset in random configuration and one in axial alignment. The scenarios were the following:

• Known initial energy. In this case, the events were generated with an equal amount of
neutrons and photons, each one featuring a uniform distribution of the initial energy (𝐸in) in the
26–151 GeV range, namely the interval where the Geant4 simulation code was experimentally
validated and where the SF acceleration is at its peak [20, 21]. In particular, this energy range
was divided in 2.5 GeV-wide bins: for each bin, 10 000 events per particle type were selected,
corresponding to 500 000 photons and 500 000 neutron events in total. In this case, the value of
𝐸in was also recorded on an event-by-event basis and used in the classification process along
with the other features listed in the previous paragraph (hence the name of the scenario).

• Known deposited energy. In this case, a large number of events was generated and then only a
part was selected, in order to have an equal amount of neutrons and photons, each one featuring
a uniform distribution of the energy deposited in the eCAL (𝐸dep) in the 26− 151 GeV range. In
particular, this energy range was divided in 2.5 GeV-wide bins: for each bin, 10 000 events per
particle type were selected, corresponding to 500 000 photons and 500 000 neutron events in
total. Differently from the first scenario, in this case, the value of 𝐸in was neither recorded nor
used in the classification process.

– 4 –
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The key difference between these scenarios is the fact that we account for the different 𝑛/𝛾 interaction
probabilities only in the first case. In fact, in the second scenario we selected only the events where
the incident particles deposited the same energy, independently from their class and from how rare
this possibility may be. While the first scenario is the easiest to reproduce experimentally (e.g., in
a beamtest, with charged pions instead of neutrons, given the difficulty of producing a pure and
monochromatic neutron beam at such high energies), the second is the most interesting for the particle
physics experiments. In fact, it represents a real-world scenario, where each event may be classified
without knowing the initial energy of the particle generating the signal in the eCAL, but only (at most)
its statistical distribution, obtained through Monte Carlo simulations.

In the known 𝐸in scenario we used a 𝛾 and a neutron beam with a uniform energy spectrum
in the 26 − 151 GeV range. The beam angular profile was set for both particles to a 2D gaussian
with a divergence small enough to guarantee the satisfaction of the Strong Field angular condition
(𝜎𝑥 = 𝜎𝑦 = 0.1 mrad, which is the typical divergence of the electron beams used in the validation of
the simulation code). The spatial beam profile was set for both particles to a 2D uniform distribution,
covering the entire face of the calorimeter. In the known 𝐸dep scenario we used a 𝛾 beam with a uniform
energy spectrum in the 26 − 251 GeV range and a neutron beam with uniform energy spectrum in the
26−501 GeV range. The angular and spatial beam profiles were defined identically to the first scenario.

2.3 Particle identification algorithm and metrics

The algorithm chosen to perform the particle identification was the Random Forest (RF) classifier,
implemented using the scikit-learn version 1.2 module in Python version 3.11 [38]. This algorithm
was chosen due to its relative simplicity and understandability and also due to its relatively good
performance in managing large datasets. In fact, these properties have made it widely used in particle
and astroparticle physics [39, 40].

The RF classifier was separately optimized for each of the four analyzed datasets (one in random
and one in axial for each of the two scenarios). The aim of the optimization was to determine the
combination of hyperparameters which maximized the classification performance: to achieve this
purpose, a brute-force Grid Search was performed, scanning over the hyperparameter space reported
in table 1. For each combination of the hyperparameters, a 5-Fold Cross-validation was performed,
meaning that the RF was trained and tested 5 times using each time the same dataset splitted in
a different way, with 80% of the available data used for the training (Training Set, TrS) and the
remaining 20% for the testing (Test Set, TeS).

Table 1. List of the hyperparameters considered in the optimization of the Random Forest classifier. The
optimization was repeated twice for each physics scenario (each time, one in random and one in axial) and it
always converged to the combination shown on the right. The hyperparameter space analyzed in the optimization
was composed by considering every possible configuration of each of these hyperparameters, for a total of 36
cases per dataset. All the hyperparameters not mentioned in this table were fixed to their default values [41].

hyperparameter Tested values Optimal value

n_estimators 50, 100, 150, 200 200
depth ‘None’, 5, 15 ‘None’

max_features ‘sqrt’, 5, 15 15

– 5 –
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During the training phase, the data were pre-processed as follows:

1. The features were normalized to a null average and unit variance.

2. A Principal Component Analysis was performed. The Principal Components (PCs) were then
sorted by decreasing Explained Variance (EVs).

3. To reduce the dimensionality of the dataset, only the Principal Components whose cumulative
EV amounted to 95% of the total were used in the analysis. On average, only half of the PCs
were required to reach this threshold, with a small dependence on the physics scenario and the
crystal alignment (table 2).

Table 2. Average number of Principal Components necessary to reach 95% of the total cumulative EV, in both
of the physics scenarios (known 𝐸in and 𝐸dep) and the crystal alignment conditions (axial and random). In both
cases, the number of initially available PCs was 105.

Scenario Crystal orientation Number of PCs

Known 𝐸in Random 52
Axial 50

Known 𝐸dep Random 50
Axial 45

After the pre-processing, the RF parameters were learned using the TrS. Then, the TeS was pre-
processed with the same scaling and dimensionality reduction techniques used in the training. The
hyperparameter configuration which determined the highest average accuracy was considered as the
optimal point of work, with the accuracy being defined as the fraction of correct predictions over the
total number of events, and the average being made over the 5 values obtained in the Cross-validation.
The optimal hyperparameter configuration has always been found to be the one which led to the
most complex RF classifier (table 1), i.e., the one with the largest number of trees in the Forest, each
one featuring the most complex structure possible. In principle, by increasing further the number
of trees in the Forest or the number of features considered at each split, it should be possible to
achieve an even better performance. However, during the optimization phase, it was noted that
the 5-Fold classification accuracy had reached a plateau while increasing either n_estimators or
max_features beyond the maximum values tested. In fact, by further increasing these parameters,
the accuracy was found to grow by not more than ∼ 0.25%, while the computation time required
for the training of the RF classifier grew exponentially. For this reason and also in order to avoid
over-fitting, it was chosen to not perform a wider grid search.

After the optimization, the 5-Fold Cross-validation was repeated separately for each dataset and
scenario, using the optimal hyperparameters configuration. This time, the Test Sets were divided
in subsets depending on the value of either 𝐸in or 𝐸dep (respectively for the known 𝐸in and 𝐸dep

scenarios). Afterwards, the value of each classification score was computed separately for each subset
and averaged over the 5 values obtained in the Cross-validation. Moreover, the Receiver Operating
Characteristic (ROC) curves and the areas subtended by them (i.e., the Areas Under the Curve, AUCs)
were computed and used as an additional estimators of the classifier performance.

– 6 –
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3 Results and discussion

3.1 Known 𝑬in scenario

Figure 2 shows how the RF classification accuracy depends on the initial energy of the particles, in the
known 𝐸in scenario. It can be seen that the accuracy is essentially constant and better than 99% in both
the random and axial configuration, with a small dependence on the crystal orientation. These values
reflect the fact that photons and neutrons deposit their energy through showers featuring quite different
spatial profiles. In fact, as it can be seen in figure 3, photons deposit in the active volume usually more
than 70% of their initial energy, while the remaining part is lost primarily due to longitudinal and
transverse leakage. On the other hand, neutrons deposit very rarely more than 10− 30% of their energy
in the calorimeter volume, since the PbWO4 neutron interaction length (𝜆int) is 20.27 cm [33]: the
entire eCAL is only 0.79𝜆int thick and thus it never fully contains the hadronic showers. From these
figures we can deduce that the discrimination is completely dominated by the knowledge of the initial
and deposited energy, while the more detailed informations obtained through the eCAL segmentation
are significantly less important. In fact, if the discrimination was simply carried out by considering as
photons all the events where 𝐸dep/𝐸in > 50% and as neutrons all the others, an accuracy of 95.68%
(96.30%) would have been found in the random (axial) configuration. Similar considerations can be
deduced by analyzing the ROC curves of the RF classifier, an example of which is shown in figure 4:
the True Positive Rate (TPR) is almost always equal to the unity and the AUCs are very close to 100%.

40 60 80 100 120 140
Incident particle energy (Ein) [GeV]

98.8

99.0

99.2

99.4

99.6

K-
av

er
ag

ed
 a

cc
ur

ac
y 

[%
]

Random alignment
Axial alignment

Figure 2. Dependence of the 5-Fold averaged classification accuracy on the energy of the incident particles,
obtained in the known 𝐸in scenario. The errors were computed as standard deviations of the average accuracy.

In this scenario it is possible to appreciate how much the e.m. shower is accelerated when the
Strong Field condition is satisfied. In order to do so, it is sufficient to measure the fraction of the
particles initial energy deposited in the second eCAL layer (𝐸𝐿,2/𝐸in), corresponding to the point
in space where the photon-initiated showers usually reach their peak [1]. As shown in figure 5, we
found that, on average, 𝐸𝐿,2/𝐸in presents a decreasing trend for photons incident on the randomly
aligned calorimeter, ranging from ∼ 35% to ∼ 25%, while the average ratio measured for photons
incident on the axially aligned detector is almost constant and equal to ∼ 35%. In both cases, neutrons
deposit on average ∼ 2% of their energy in the same layer. This observation suggests that even in

– 7 –



2
0
2
4
 
J
I
N
S
T
 
1
9
 
P
1
0
0
1
4

40 60 80 100 120 140
Initial energy (Ein) [GeV]

0

20

40

60

80

100

120

E d
ep

/E
in

 [%
]

Random alignment

n
50 %

40 60 80 100 120 140
Initial energy (Ein) [GeV]

0

20

40

60

80

100

120

E d
ep

/E
in

 [%
]

Axial alignment

n
50 %

Figure 3. Correlation between the initial energy of the photons/neutrons (blue/light red) and the fraction of
the particles initial energy deposited in the calorimeter (i.e., 𝐸dep/𝐸in), obtained in the known 𝐸in scenario.
The black dashed line shows where 𝐸dep corresponds to 50% of 𝐸in. Only 10 000 events per configuration per
particle type are shown in the scatter plots, instead of the full statistics used in the study, for better visual clarity.
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Figure 4. Example ROC curve, obtained in the known 𝐸in scenario by analyzing only the events where the
neutrons and photons featured an initial energy of (120 ± 1.25) GeV. In this plot and in the following, FPR is
the False Positive Rate and TPR is the True Positive Rate.

a calorimeter thinner than the one studied in this work, the presence of one or more oriented layers
could be useful for achieving high-accuracy particle identification.

3.2 Known 𝑬dep scenario

Figure 6 shows how the RF classification accuracy depends on the total energy deposited in the eCAL,
in the known 𝐸dep scenario. Here, a much larger difference between the axial and random configuration
can be observed: in the random case, the accuracy decreases monotonically with 𝐸dep, while in the
axial case it is constant up to ∼ 100 GeV and then it decreases slowly. The curve obtained in the
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Figure 5. Correlation between the initial energy of the photons/neutrons (blue/light red) and the fraction
of the particles initial energy deposited in the second eCAL layer, obtained in the known 𝐸in scenario. The
markers represent the average energy deposited in the second eCAL layer by the incident photons/neutrons
(cyan triangles/yellow crosses). The average values were computed using the full statistics used in the study,
while only 10 000 events per dataset were shown, for better visual clarity. The difference between the average
energy deposited by the incident photons in random configuration and axial alignment is due to the e.m. shower
acceleration induced in the oriented crystalline layer.

random case is explained by considering that relativistic hadrons leave an increasing fraction of their
energy in the form of e.m. showers [1]. In this way, their energy deposit profiles become intrinsically
similar to those induced by the photons and thus the accuracy naturally decreases. On the other hand,
in the axial configuration, the same effect occurs, but it is canceled out by the increasing intensity of
the Strong Field enhancement of the BS and PP cross-sections: the resulting accuracy is larger than the
one obtained in the random configuration by 5 − 8%. At energies larger than 100 GeV, the similarity
between photons and neutrons increases to the point where the accuracy decreases because the e.m.
part of the hadronic shower can develop already in the first radiation lengths, where it is accelerated. It
is important to observe that this does not imply that the Strong Field is directly affecting the hadronic
interactions. On the contrary, this is a consequence of the fact that the datasets here analyzed were
constructed by selecting only the rare events where the incident neutrons deposited in the eCAL a
large fraction of their energy. Beyond ∼ 100 GeV, this effect happens mostly if a hadron gives rise to
an e.m. shower already in the first eCAL layer: it is only the e.m. component of the shower whose
development is then accelerated, if it falls within the SF acceptance angular range. It should be noted
that this may not always be the case, since hadron-generated e.m. showers are mainly induced by 𝜋0

decays and nuclear de-excitations, which are processes with a relatively wide angular divergence.
Figure 7 shows an example ROC curve, obtained by analyzing only the events with a deposited

energy of (120 ± 1.25) GeV. The smaller AUCs here obtained confirm that in this scenario the PID
process is effectively more error prone. Moreover, we can appreciate once again how the oriented
crystals improve the performance of the RF classifier: the TPR measured in the axial case is larger
than the one obtained in the random configuration by ∼ 15% (when the FPR is ∼ 5%). This means
that if the RF is used with thresholds which minimize the fraction of misidentified neutrons (FPR
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Figure 6. Dependence of the 5-Fold averaged classification accuracy on the energy deposited by the incident
particles in the calorimeter, obtained in the known 𝐸dep scenario. The errors were computed as standard
deviations of the average accuracy.
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Figure 7. Example ROC curve, obtained in the known 𝐸dep scenario by analyzing only the events where the
neutrons and photons deposited an energy of (120 ± 1.25) GeV in the calorimeter. The black dashed line shows
the ROC curve of a pure-chance classifier (i.e., the one with a 50% AUC).

≲ 10%), it is possible to significantly improve the classification efficiency, if the first eCAL layer
is aligned. The dependence of this efficiency enhancement on the FPR and the deposited energy
is shown in figure 8, where it can be seen that increases as large as 30% can be reached, in the
lowest-FPR region. However, when determining the specific thresholds to be used, the trade-off
between low FPR and high TPR values must always be carefully balanced with respect to the goals
of the experiment in which this calorimeter is used.

As in the previous scenario, we can also qualitatively study the separation between the photon
and neutron events in the 𝐸𝐿,2/𝐸dep vs 𝐸dep plane (figure 9). We can see that there is no longer a clear
separation between the two classes and that their overlap is significantly worse in the random case.
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Figure 9. Correlation between the energy deposited in the calorimeter by the photons/neutrons (blue/light red)
and the fraction of the latter deposited in the second eCAL layer, obtained in the known 𝐸dep scenario. The
markers represent the average energy deposited in the second eCAL layer by the incident photons/neutrons (cyan
triangles/yellow crosses). The average values were computed using the full statistics used in this study, while
only 10 000 events per dataset were shown, for better visual clarity. The difference between the average energy
deposited by the incident photons in random and axial configuration is due to the e.m. shower acceleration
induced by the oriented crystalline layer.

In fact, the average 𝐸𝐿,2/𝐸dep ratio decreases from ∼ 50% to ∼ 30% for the photons in the random
case, while it remains fixed around ∼ 50% in the axial configuration. Instead, in both configurations,
the average neutron ratio grows from 10% to 25%, thus showing a much better separation from
the photon curve in the axial case.

– 11 –



2
0
2
4
 
J
I
N
S
T
 
1
9
 
P
1
0
0
1
4

4 Conclusions and outlook

In this work we have studied the particle identification capability of a semi-homogeneous e.m.
calorimeter, with fine transverse and longitudinal segmentation. We have focused on identifying
photons from a neutron background, using for the discrimination a Random Forest algorithm trained
on the energies deposited in all of the eCAL crystals. We have demonstrated that the use of oriented
crystals in the first eCAL layer significantly improves the classification accuracy and reduces the fraction
of misidentified photons. Such a calorimeter could be essential in many high-intensity environments,
where the traditional 𝑛/𝛾 classification techniques may not be as efficient as normal. Such environments
include, for instance, the third phase of the HIKE project and the instrumented beamline for a possible
future Muon Collider. Other applications may also include source-pointing satellite-born 𝛾−ray
telescopes, similar to the currently operating Fermi Large Area Telescope (LAT), an instrument used
for the observation of the 𝛾−ray sky from ∼ 50 MeV up to ∼ 2 TeV, which includes on board an 8.6 X0

thick CsI(Tl) calorimeter [42]. In such cases, the detectors on board of the mission must be able to
discriminate the incident photons from a huge cosmic ray background, primarily composed of high-
energy protons. Since in a satellite-born telescope the weight of the calorimeter directly determines
the cost of the mission, the use of one or more oriented-crystal layers could lead to a significant
improvement of its PID capability at no additional cost. However, given the small angular acceptance
of the Strong Field regime, such an improvement would only be achievable in the center of the satellite
Field Of View (FOV), while in the remaining part the detector would continue to work normally. As
a consequence, such a satellite detector would achieve the best performance in source-pointing mode.

By following the same approach used in this study it is possible to qualify the PID potential of
any crystalline calorimeter, independently from its layout and from the features of the incident particle
beams. On the other hand, it is non trivial to find the optimal oriented calorimeter design, i.e., the best
combination of the total eCAL thickness, the segmentation step and the extent of the oriented region, since
they can affect the identification performance in different and counterintuitive ways. As we have seen, the
currently implemented model of e.m. shower formation in oriented crystals is simple and powerful, but
it does not include all the features of coherent interaction of particles with crystals and, especially, it only
works above ∼ 25 GeV, while it is known that orientational effects exist also at the GeV scale. Indeed, in
one of the next versions of Geant4 the full model of radiation emission described in [31] (which is based
on a different code than the one used for this study) will be implemented, while the full pair production
model is still under development. Such models will be even more accurate than the one used in this work
and will be a fundamental tool for predicting the interactions occurring in oriented crystals even at the
microscopic level. From the experimental point of view, the results of the ongoing OREO project, which
aims at developing the first small-scale prototype of an oriented calorimeter composed of oriented PbWO4

crystals [43], will be crucial to probe the model and to collect important information for calorimeter
construction, such as the Molière radius of the oriented crystals and other relevant physical quantities.
In conclusion, this work represents only the first (but necessary) step towards PID with an oriented
calorimeter and it confirms the intuition that this is a promising and novel approach in that direction.
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