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The Calorimetric Electron Telescope (CALET) is a cosmic-ray observatory operating since Oc-
tober 2015 onboard the International Space Station (ISS). The data processed since the beginning
of the mission has made it possible to measure with high precision the inclusive flux of cosmic
electrons and positrons (all-electron) in the multi-TeV region. The appearance of any structures
in this energy region can potentially be connected to the presence of nearby astrophysical sources
or dark matter. The CALET detector, consisting of a charge detector, an imaging calorimeter and
a total absorption calorimeter has a total vertical thickness of about 30 radiation lengths. The
construction characteristics of the instrument allow to obtain an energy resolution better than 2%
for electrons and a proton rejection power of about 10°. However, the exploration of the multi-TeV
region involves dealing with a limited statistical sample and a large proton background. As a
consequence, a complex multivariate analysis based on variables connected to the shower devel-
opment has been adopted. In this contribution, we summarize the results of a study conducted on
different multivariate analysis techniques in order to optimize the proton rejection at high energies
in the all-electron flux measurement. In particular, we discuss the features of the different methods,
the tuning of their parameters and the overall strategy to increase the separation between electrons
and protons, avoiding the phenomenon of overfitting.
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1. Introduction

The study of cosmic-ray electrons and positrons in the high-energy range provides a unique
probe of nearby cosmic accelerators: due to the intense energy loss during diffusion, the observed
electrons above 1 TeV can only be produced by sources within 1 kpc and therefore only few supernova
remnants or pulsars located in the proximity of the Solar System can be deemed as their astrophysical
sources. In addition, the apparent increase of the positron fraction over 10 GeV established by the
Payload for Antimatter Matter Exploration and Light nuclei Astrophysics (PAMELA) [1] and the
Alpha Magnetic Spectrometer (AMS-02) [2] experiments could involve the existence of some
supposed positron sources with astrophysical or exotic origin as, respectively, nearby pulsars or
dark matter. A precise measurement of the inclusive spectrum of cosmic electrons and positrons
(all-electron) in the TeV region might thus reveal some peculiar spectral features which, compared to
the ones expected by the numerous theoretical models available, can lead to a better understanding
of the neighboring region of the Galaxy or to an improvement of existing cosmological models.

The CALorimetric Electron Telescope (CALET) [3] is a space experiment operating onboard
the International Space Station (ISS) since October 2015 for long term observations of cosmic rays.
Over the past few years the CALET Collaboration had performed a direct measurement of several
cosmic-ray spectra, specifically of electron and positron (up to 4.8 TeV) [4, 5], proton (up to 60
TeV) [6, 7], Helium (up to 250 TeV) [8], Boron (up to 3.8 TeV/n) [9], Carbon and Oxygen (up to
2.2 TeV/n) [10] and Iron (up to 2.0 TeV/n) [11].

This paper describes the results of a study, concerning the all-electron spectrum measurement
in the TeV region that has been conducted on different multivariate analysis techniques based
on variables connected to the development of the shower in the detector. This approach allows
optimizing the results when the analysis is dealing with a limited statistical sample of the electron
signal and a large proton background. In detail: in section 2 the CALET detector is described,
in section 3 the features of the different multivariate analysis selected methods are introduced and
the procedure is explained, in section 4 the results of the parameters optimization of the selected
methods are presented and discussed.

2. CALET detector

The CALET detector is an all-calorimetric instrument with a total vertical thickness equivalent
to 30 radiation lengths (Xp) and 1.3 proton interaction lengths (4;), for particles at normal incidence.

The total instrument has a field of view of about 45° from zenith and a geometrical factor
of about 1040 cm? sr for high-energy electrons. A CHarge Detector (CHD), comprised of a
pair of plastic scintillator hodoscopes arranged in two orthogonal layers, is placed at the top of the
instrument in order to reconstruct the charge of the incident particle. The energy measurement relies
on two independent calorimeters: a fine-grained preshower IMaging Calorimeter (IMC) followed
by a Total AbSorption Calorimeter (TASC). The IMC is a sampling calorimeter alternating thin
layers of Tungsten absorber, optimized in thickness and position, with layers of scintillating fibers
read-out individually. The TASC is a tightly packed lead-tungstate (PbWO,; PWO) segmented
calorimeter, capable of almost complete absorption of the TeV-electron showers. In addition, a
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combination of the calorimetric observations with the ones performed with a dedicated gamma-ray
burst monitor (CGBM) allows the CALET Collaboration to carry out gamma-ray astronomy.

The CALET design allows to reach an electromagnetic shower energy resolution of about
2% above 20 GeV and a protons rejection factor of about 103, making possible to extend a well
established and understood analysis procedure to the high-energy region.

3. Multivariate analysis

Monte Carlo (MC) simulations of electrons and protons, performed with the EPICS [12]
framework, were used to evaluate event selection and event reconstruction efficiencies, energy
correction factors and the background contamination.

A group of pre-selections [13] allowed to obtain a well reconstructed sample of electron
candidates, removing events outside acceptance and particles with charge Z > 1.

After pre-selections, the residual proton background in the analysis has to be removed by using
dedicated rejection algorithms. A simple two-parameter cut (K-cut) [13], despite its simplicity, has
proven to be powerful and stable in the low-energy range, below 500 GeV. Its simple application
leads however to unsatisfactory results when it is applied in the high-energy range, which is
why a multivariate algorithm is preferred to perform a background rejection above 500 GeV. A
classification of the available multivariate algorithms and an optimization of their parameters in the
high-energy region has then been carried out, with the target of lowering as much as possible the
resultant contamination ratio of protons in the final electron sample, while keeping a constant high
efficiency of 80% for electrons.

The algorithms used to perform this work are the standard ones developed in the Toolkit for
Multivariate Analysis (TMVA) [14]: this tool provides a ROOT-integrated [15] environment for
the processing, parallel evaluation and application of multivariate classification and multivariate
regression techniques. All multivariate techniques in TM VA make use of training events, for which
the desired output is known, to determine the mapping function that describes a decision boundary
(classification). Among the classification algorithms available in the TM VA toolkit, the application
of the Boosted Decision Trees (BDT), Artificial Neural Network (ANN) and Deep Learning (DL)
has been tested as background-rejection algorithm to the CALET electron analysis. In particular:

* BDT: the classical TMVA approach has been proposed, by fixing some parameters as the
minimum percentage of training events required in a leaf node (2.5%), the number of grid
points in variable range used in finding optimal cut in node splitting (20), the boosting type for
the trees in the forest (Adaptive Boost with a learning rate of 0.5%), the bagging resampling
technique (with a sample fraction of 0.5%) and the separation criterion for node splitting
(Ginilndex);

* ANN: the MultiLayer Perceptrons (MLP) approach has been proposed, as it is the fastest
and recommended neural network to be used in the TMVA toolkit, along with its bayesian
extension referred to as MultiLayer Perceptrons Bayesian Neural Network (MLPBNN). The
parameters fixed in the MLP approach are the neuron activation function type (tahh), the
variable transformations to be applied prior to the MVA training (normalization) and the test
rate performed for overtraining (5).
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The MLPBNN approach offers a means to allow for more complex network architectures
while at the same time regularizing the model complexity adaptively to avoid unwanted
overfitting effects. It implements the Broyden-Fletcher-Goldfarb-Shannon (BFGS) training
method that allows to reduce the number of iterations by cutting down on the computation
time. The parameters fixed in the MLPBNN approach are the same as the MLP one with,
in addition, the application of a regulator to avoid overtraining when the BFGS algorithm is
used;

* DL: the Deep Neural Network (DNN) approach that provides an optimized implementation
of feed-forward multilayer perceptrons that can be efficiently trained on modern multi-core
and GPU architecture, has been proposed with the standard parameters assignment proposed
by the TMVA toolkit.

The TMVA estimator has been constructed, for each one of the selected methods, by using a
sample of 13 variables related to the shower development inside the CALET detector [13].

4. Results and discussion

Before starting the optimization of the parameters for the selected TMVA algorithms, the
Monte Carlo samples of electrons (signal) and protons (background) exiting from the pre-selection
step have been split into training and test samples with a random seed, so that in each energy bin
there were the same number of training and test events.

A different combination of the parameters that characterize the application of each one of the
selected method has been carefully optimized in order to have excellent discrimination and stable
performances. In particular, the parameters that have been changed are:

* the number of trees in the forest () and the maximum depth of the decision tree allowed (d)
for the BDT algorithm;

* the number of training cycles (n) and the specification of hidden layer architecture (%) for the
MLP and MLPBNN algorithms;

* the layout of the network, concerning the specific layers number (%), the number of neurons of
each layer (n) and the network activation function (s, which stands for RELU for the internal
neurons and SIGMOID for the output one or ss, which stands for SIGMOID everywhere) for
the DNN algorithm.

For each one of the four selected algorithm a series of tests has been performed by changing
the specific parameters and the respective performances have been evaluated. This made it possible
to select, for each method, the combination of the parameters that provided the best performance:

* BDT (¢t = 1000, d = 5) and BDT (¢ = 200, d = 10), for the BDT algorithm;
* MLP (n = 600, h = 10), for the MLP algorithm;

e MLPBNN (n = 60, h = 9), for the MLPBNN algorithm;
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* DNN (n = 20, h = 1, ss), for the DNN algorithm.

In figure 1 the Receiver Operating Characteristic (ROC) diagram, showing the background
rejection versus the signal efficiency, has been reported for the four selected methods in the energy
bin with E € [2899, 4594] GeV.

Background rejection versus signal efficiency
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Figure 1: Receiver Operating Characteristic (ROC) diagram for the selected TMVA methods and percent
difference with respect to the BDT (¢ = 1000, d = 5) one, chosen as the reference algorithm, in the energy
bin with E € [2899, 4594] GeV. The vertical line indicates the 80% signal efficiency fixed in the analysis for
the electron selection.

It is evident that the BDT method provides the best performance.

The BDT methods are confirmed to be the best ones by changing the tested energy bins in the
high-energy region (with fixed training-test splitting) or the seed in the training-test splitting (in a
fixed energy bin in the high-energy region): in both cases, at the fixed signal efficiency of 80%, the
BDT methods are the best discriminating algorithms, with a percent difference with respect to the
better MLP method fixed under 2%.

Once the BDT (¢ = 1000, d = 5) has been identified as the best algorithm, we verified its
performances as a function of the tested energy bin and of the training-test splitting. Results reported
in figure 2 show that the performances obtained by changing that two parameters are very similar.

As a final test, the selected TMVA rejection algorithms have been applied on the CALET
electron analysis and the measured fluxes have been compared in the high-energy region. A sample
of 2637 days of flight data, collected with a high-energy shower trigger and a consistently high live
time fraction (~ 86%) in the full detector acceptance has been processed by following an analysis
procedure similar to that used in the latest publication of the CALET Collaboration on this topic
[5].

A first check has been performed by measuring the resultant contamination ratio of protons in
the final electrons sample obtained with the the BDT (¢ = 1000, d = 5) algorithm. The measured
contamination, which takes into account the real abundance of electrons and protons in nature, is
on average 10% above 500 GeV.
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(a) performances as a function of the energy. The percent (b) performances as a function of the training-test splitting.
difference has been evaluated with respect to the energy bin The percent difference has been evaluated with respect to
with E € [2899, 4594] GeV. the training-test sample split with seed 1.

Figure 2: performances of the BDT (¢ = 1000, d = 5) algorithm as a function of the energy and of the
training-test splitting. The vertical line indicates the 80% signal efficiency fixed in the analysis for the electron
selection.

The stability of the analysis flux, obtained by changing the rejection algorithms, has then been
tested. The ratio of the fluxes obtained by using the TMVA selected methods with respect to the
one obtained by using the BDT (¢ = 1000, d = 5) is reported in figure 3. The results are expected to
be stable but methods that give a high proton contamination can lead to discrepant results because
of the subtraction of a very high residual background.
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Figure 3: flux ratio for the selected TMVA methods with respect to the BDT (¢ = 1000, d = 5) one. The
error bars reported in the plot are only the statistical ones.

This result confirms that BDT (¢ = 1000, d = 5), the TM VA algorithm selected for the CALET
electron analysis, turns out to be the best performing one. The MLP and MLPBNN methods result
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to be competitive with respect to the BDT in some energy bins but only the MLP turns out to be
stable with the energy. The DNN method turns out to be unstable and more studies appear to be
needed to deepen its understanding.
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