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The CALorimetric Electron Telescope (CALET), operating aboard the International Space Station
since October 2015, is an experiment dedicated to high-energy astroparticle physics. The primary
scientific goal of the experiment is the measurement of the electron+positron flux up to the multi-
TeV region. At such high energies, proton contamination - coupled with limited statistics - is the
main challenge for this measurement and good electron/proton discrimination can be carried out by
using machine learning techniques. So far, we have tested and used only algorithms implemented
in the ROOT TMVA package: in particular, the Boosted Decision Tree (BDT) algorithm leads
to proton contamination below 10% up to 7.5 TeV with an 80% electron efficiency. In principle,
better performance can be achieved by using Python packages, which offer a larger variety of
machine learning algorithms and tuning parameters compared to TMVA. In this work, we will
present a comparison of the performance obtained with the BDT algorithm implemented in TMVA
and Python (XGBoost), while alternative approaches based on neural networks (e.g., Keras) will
be explored in future studies.

39th International Cosmic Ray Conference (ICRC2025)
15–24 July 2025
Geneva, Switzerland

∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

mailto:sandro.gonzi@unifi.it
https://pos.sissa.it/


P
o
S
(
I
C
R
C
2
0
2
5
)
0
1
1

Improving electron/proton discrimination at high energies (CALET experiment) Sandro Gonzi

1. Introduction

High-energy cosmic-ray electrons and positrons offer a valuable window into nearby astro-
physical sources. Above 1 TeV, these particles suffer substantial energy losses during propagation,
limiting their origin within about 1 kpc of the Solar System. Consequently, only a handful of
local sources located in the proximity of the Solar System, such as nearby supernova remnants and
pulsars, can contribute significantly to the observed flux at these energies.

Moreover, the apparent rise in the positron fraction above 10 GeV, as reported by the Payload
for Antimatter Matter Exploration and Light nuclei Astrophysics (PAMELA) [1] and the Alpha
Magnetic Spectrometer (AMS-02) [2] experiments, has spurred considerable interest in potential
positron sources, whether of astrophysical origin (e.g., pulsars) or more exotic ones like dark
matter annihilation or decay. Precise measurements of the inclusive (all-electron) spectrum at TeV
energies could reveal features, such as spectral bumps or cutoffs, that help constrain the nature and
distribution of these supposed sources.

The CALorimetric Electron Telescope (CALET) [3], installed on the International Space
Station (ISS) since October 2015, is specifically designed for long-term observations of high-
energy cosmic rays. Over recent years, CALET has provided direct measurements of the energy
spectra of electrons and positrons up to 7.5 TeV [4–6], protons up to 60 TeV [7, 8], helium nuclei
up to 250 TeV [9], as well as heavier nuclei such as boron, carbon, oxygen, iron and nickel [10–13].

This work presents a study focused on the measurement of the all-electron spectrum in the TeV
range usingmultivariate analysis andmachine learning techniques. These methods exploit variables
related to shower development within the detector to improve electron/proton discrimination, which
is particularly critical at high energies where the electron statistics become limited. Section 2
provides a brief overview of the CALET instrument. Section 3 outlines the employed multivariate
andmachine learning methods, while Section 4 presents the resulting performance and optimization
outcomes. Finally, Section 5 summarizes the main findings of this work and outlines possible
directions for future developments.

2. CALET Detector

CALET is a fully calorimetric instrument with a vertical thickness of 30 radiation lengths -0

and 1.3 proton interaction lengths _� for particles at normal incidence. Its geometrical factor for
high-energy electrons is approximately 1040 cm2 sr, with a field of view extending to about 45◦

from zenith.
The detector is composed of three main subsystems. The CHarge Detector (CHD), positioned

at the top, consists of two orthogonal layers of plastic scintillator hodoscopes and is used to identify
the charge of incoming particles. Below the CHD is the Imaging Calorimeter (IMC), a fine-grained
sampling calorimeter made of tungsten plates interleaved with layers of individually read-out
scintillating fibers, providing detailed information on the early development of the shower. Finally,
the Total AbSorption Calorimeter (TASC) is a thick, segmented calorimeter made of lead tungstate
(PbWO4), capable of fully containing the electromagnetic showers up to multi-TeV energies.

CALET also includes a dedicated gamma-ray burst monitor (CGBM), enabling complementary
observations in gamma-ray astrophysics.
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The overall instrument design enables CALET to achieve excellent energy resolution for
electromagnetic showers (∼ 2% above 20 GeV) and a proton rejection power exceeding 105. These
capabilities make it well-suited for precision measurements of the all-electron spectrum in the TeV
range, even in the presence of a dominant proton background.

3. Proton Background Suppression via Multivariate Analysis

Monte Carlo (MC) simulations of electrons and protons, based on the EPICS framework [14],
were employed to evaluate the key analysis components, including event selection and reconstruction
efficiencies, energy corrections, and residual background contamination.

Afirst level of event pre-selection [15] is applied to isolate a clean sample of electron candidates.
This step ensures that only well-reconstructed events within the geometrical acceptance are retained
and that particles with charge / > 1 are effectively excluded.

Following pre-selection, residual contamination from protons must be further suppressed using
dedicated rejection methods. At energies below 500 GeV, a simple two-variable cut (the so-called
K-cut) [15] provides a robust and efficient separation between electrons and protons. However, this
approach becomes less effective in the TeV region, where the electron statistics are limited and the
hadronic background is more pronounced.

To address this, a multivariate classification strategy is adopted for energies above 500 GeV.
The classification tools are based on the Toolkit for Multivariate Analysis (TMVA) [16], which is
integrated within the ROOT environment [17]. TMVA offers a suite of supervised machine learning
algorithms, including decision trees, boosted classifiers, and neural networks. These methods are
trained on labeled MC samples to learn the separation boundary between signal (all-electron) and
background (protons), and then applied to the data to perform event classification. All multivariate
techniques in TMVAmake use of training events, forwhich the desired output is known, to determine
the mapping function that describes a decision boundary (classification). Among the classification
algorithms available in the TMVA toolkit, the application of the Boosted Decision Trees (BDT)
has been chosen as a background-rejection algorithm for the CALET all-electron analysis with the
goal of minimizing proton contamination (below 10% up to 7.5 TeV) while maintaining an electron
selection efficiency of approximately 80%. In particular, the classical BDT 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%), the separation criterion
for node splitting (GiniIndex). The number of trees in the forest (C = 1000) and the maximum
depth of the decision tree allowed (3 = 5) were chosen as part of a broader optimization process
aimed at maximizing the overall classification performance. In figure 1 the Receiver Operating
Characteristic (ROC) diagram, showing the background rejection versus the signal efficiency, is
reported in the energy bin with � ∈ [2899, 4594] GeV, for four tested methods available in the
TMVA package: two BDT applications with different parameters, a MultiLayer Perceptrons (MLP)
along with its bayesian extension referred to as MultiLayer Perceptrons Bayesian Neural Network
(MLPBNN) and a Deep Neural Network (DNN) approach. This result justify the choice of the
TMVA BDT (C = 1000, 3 = 5) as the reference algorithm in the CALET all-electron analysis [18].
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Figure 1: Receiver Operating Characteristic (ROC) diagram for the selected TMVA methods and percent
difference with respect to the BDT (C = 1000, 3 = 5) one, chosen as the reference algorithm, in the energy
bin with � ∈ [2899, 4594] GeV. The vertical line indicates the 80% signal efficiency fixed in the analysis for
the electron selection [18].

While TMVA provides a convenient and well-integrated framework for multivariate analysis
withinROOT, it is somewhat limited in terms of algorithmic variety and flexibility in hyperparameter
optimization. In principle, better performance can be achieved by using Python-based machine
learning libraries, which offer a broader set of classification algorithms and more advanced tools
for model tuning and validation. In this context, we present a comparative study between the BDT
implementation in TMVA and that provided by the eXtreme Gradient Boosting (XGBoost) package
[19] in Python, which is known for its efficiency and scalability. XGBoost is an optimized distributed
gradient boosting library that implements machine learning algorithms under the Gradient Boosting
framework, providing a parallel tree boosting also known as Gradient Boosted Decision Trees
(GBDT). The most important factor behind the success of XGBoost is its scalability in all scenarios:
the system runs more than ten times faster than existing popular solutions on a single machine and
scales to billions of examples in distributed or memory-limited settings.

4. Results

Since the multivariate classification strategy is adopted for energies above 500 GeV, we limit
the comparison between XGBoost GBDT and TMVA BDT performance in that energy region.
The CALET all-electron analysis exploits the full geometrical acceptance of the instrument in this
energy range, referred to as ABCD category. This includes the AB category, which consists of fully
contained events, as well as category C, which accounts for events entering through the sides of the
IMC, and category D, which includes events exiting through the lateral sides of the TASC [5].

To ensure a consistent comparison between the performance of the XGBoost GBDT and the
TMVA BDT classifiers, the following conditions are imposed:

1. an identical electron selection efficiency of 80% is required for the background rejection cut;

2. the same set of input variables is used for training both classifiers. Specifically, 13 variables
describing the longitudinal and transverse development of the shower within the CALET
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calorimeter system are employed [15]. These observables were selected to maximize the
separation power between electromagnetic and hadronic events, while preserving stability
with respect to energy-dependent fluctuations;

3. the comparison is performed without applying any proton reweighting.

An important difference between the two approaches lies in how the Monte Carlo samples of
all-electron and protons, selected after pre-selection cuts, are partitioned. For the TMVA BDT, the
events were randomly divided into training and test sets using a fixed random seed, ensuring an
equal number of events in each set within every energy bin. In the case of the XGBoost GBDT,
the same random seed was used, but the dataset was instead split into three equally sized subsets:
training, validation, and test sets.

The XGBoost algorithm optimizes a second-order approximation of the loss function. This
approach ensures fast convergence and high classification accuracy, particularly suitable for imbal-
anced problems such as electron/proton separation at high energies. In this work, the loss function
adopted is the logarithmic loss (log loss), which incorporates the uncertainty of predictions by
penalizing incorrect classifications more severely when they are made with high confidence.

To prevent overfitting and improve generalization, early stopping was employed: training is
halted if the validation loss does not improve after 10 consecutive boosting rounds. With this setup,
no signs of overfitting were observed even after 100 boosting iterations.

Figure 2 shows the performance of the XGBoost algorithm evaluated in the deposited energy
bin �Dep ∈ [728, 917] GeV.

(a) (b)

Figure 2: performance of the XGBoost GBDT classifier evaluated in the deposited energy bin �Dep ∈
[728, 917] GeV. (a) Log loss as a function of the number of trees. The training and validation profile are
reported together with the test value. (b) XGBoost distribution for electrons and protons.

The log loss as a function of the number of trees, evaluated in the selected energy bin, is
shown in figure 2a. The plot clearly illustrates that the training and validation curves remain well
separated, with the validation loss reaching a plateau after approximately 30 iterations, indicating
a reduced risk of overfitting. The figure also reports the corresponding log loss value for the test
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sample, providing an independent measure of the classifier’s generalization performance. Figure 2b
shows the XGBoost output distribution in the same energy range for the test sample, highlighting
the effective separation between signal and background.

Figure 3 presents the contamination, quantified as the background-to-signal ratio remaining
after proton suppression using multivariate classification techniques. The plot compares the perfor-
mance of the XGBoost GBDT classifier, evaluated on training, validation, and test samples, with
that of the TMVA BDT across different bins of reconstructed energy � .
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Figure 3: contamination in the reconstructed energy range � ∈ [476, 7536] GeV.

The results indicate that, under the current configuration, XGBoost GBDT reproduces the
performance of the standard TMVABDTwithout yielding substantial improvements. This outcome
highlights a critical limitation: at high energies, where statistics are low, splitting the Monte Carlo
samples (surviving pre-selection) into training, validation, and test subsets results in reduced
classification performance, particularly due to the scarcity of background events.

5. Conclusions

In this work, we presented a comparative study of proton background rejection in the CALET
all-electron analysis using multivariate classification techniques. The standard Boosted Decision
Tree algorithm implemented within the TMVA framework was compared to the Gradient Boosted
Decision Tree approach provided by the XGBoost library in Python. Both methods were trained
and evaluated on identical sets of input variables and MC samples, ensuring a fair comparison.

Results show that the XGBoost-based classification reproduces the performance of the TMVA
implementation without introducing significant improvements. This suggests that, in the current
configuration, the classifier’s effectiveness is limited primarily by the statistics of the available MC
samples, particularly at the highest energies, rather than by the choice of algorithm itself.

Future investigations could explore tuning the hyperparameters that were kept fixed in the
current configuration, with the goal of optimizing performance while maintaining stability. An-
other promising approach involves redefining the binning used for background rejection studies,
decoupling it from that of the pre-selection phase. This strategy would allow for improved statistical
power in the high-energy regime, with the resulting contamination trends smoothed and regularized
using analytical functions.
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Additionally, some alternative approaches based on neural networks implemented using the
Keras API [20] could be considered for further performance gains with the goal of assessing
potential improvements in background rejection and classification robustness.
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