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The CALorimetric Electron Telescope (CALET) has been collecting data on the International
Space Station for more than seven years since October 2015. CALET is an all-calorimetric
instrument with a total vertical thickness of 30 radiation lengths and fine imaging capability,
optimized for the measurement of the electron and positron (all-electron) spectrum well into the
TeV energy region. The observed event statistics have increased more than three times since its last
publication about the all-electron spectrum to 4.8 TeV in 2018. Based on Monte Carlo simulations,
the data analysis effectively rejects background protons, resulting in less than 10% contamination
up to the TeV region. The expected systematic errors are investigated. The significance of the
cutoff at the TeV region in the energy spectrum, which is expected as a result of radiation loss
during propagation, has increased to over 60. By observing the detailed structure in the TeV
region of the energy spectrum, we will investigate on the presence of possible nearby cosmic-ray
sources. In this paper, we will present the updated all-electron spectrum, and briefly discuss its
interpretations.
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1. Introduction

It has widely been recognized that the cosmic-ray electrons are accelerated in supernova
remnants (SNRs) by the first order Fermi acceleration mechanism with diffusive shock, and lose
their energy in proportion to E2 via synchrotron and inverse Compton scattering during propagation
in the Galaxy. As a result, the energy spectrum of electron is expected to become softer at high
energies due to the radiation processes. Above 1 TeV, a break of the spectrum is expected since only
nearby (<1 kpc) and young (<10’ years) sources can contribute to the flux if the sources are SNRs
as it is commonly believed. Such a source like Vela is a few, precise measurement of the electron
spectrum in TeV region can identify the specific cosmic-ray sources, and provide direct information
on the mechanisms of acceleration and propagation of cosmic rays [1, 2].

In addition, the increase of the positron fraction above 10 GeV, established by the Payload An-
timatter Matter Exploration and Light nuclei Astrophysics (PAMELA) [3] and the Alpha Magnetic
Spectrometer (AMS-02)[4], requires a primary source component of the positrons in addition to the
generally accepted secondary origin. Candidates for such primary sources range from astrophysical
(pulsar) to exotic (dark matter). Since these primary sources emit electron-positron pairs, it is
expected that the all-electron spectrum would exhibit a spectral feature due to the primary source
component of electrons and positrons, in the corresponding energy range above 10 GeV.

The CALorimetric Electron Telescope (CALET) is a space experiment on the International
Space Station (ISS) for long term observations of cosmic-rays, which is optimised for the mea-
surement of the all-electron spectrum [5]. It was launched on August 19, 2015 with the Japanese
carrier H-1IB, delivered to the ISS by the HTV-5 Transfer Vehicle, and installed on the Japanese
Experiment Module - Exposed Facility (JEM-EF). The first result of the all-electron spectrum was
published in the energy range from 10 GeV to 3 TeV as the world’s first space observation to the TeV
region [6]. Subsequently, the updated spectrum was published with statistics larger by a factor of ~2
compared to the first by using more than two years of flight data and the full geometrical acceptance
in the high-energy region [7]. The energy range is extended to 4.8 TeV, and the observed spectrum
shows a suppression of the flux above 1 TeV, which is compatible with the DAMPE result [7]. In this
paper, we present a preliminary CALET all-electron spectrum with a further increase in statistics
by a factor ~ 3.4 since the last publication [7], using 2637 days of flight data from October 13, 2015
to December 31, 2022. The spectrum integrates 7.02 million electron (+positron).

2. CALET Instrument

CALET is a fully active calorimeter optimized for electron observations from 1 GeV to 20 TeV.
It consists of a charge detector (CHD), a 3 radiation-length thick imaging calorimeter (IMC), and a
27 radiation-length thick total absorption calorimeter (TASC). It has a field of view of approximately
45 degrees from zenith and a geometrical factor of 1040 cm?sr for high-energy electrons. The IMC
induced the start of the shower development for electromagnetic particles while suppressing nuclear
interactions in order to maximize the proton rejection power for the electron candidates, and provides
the direction of incident particles. It is composed of 7 layers of tungsten absorbers interleaved with
scintillating fiber (SciFi) belts read-out individually with 64-anode PMTs. The TASC installed
below the IMC measures the energy of shower particles caused by the interaction of the incident
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Figure 1: The shower profiles projected onto the X-Z and Y-Z view of electron candidates with an energy
deposit sum in TASC of 570 GeV (left) and 3.90 TeV (right). Black lines represent the reconstructed tracks
using the shower tracking, which achieves a fine resolution taking advantage of the high granularity of the
IMC.

particles in the IMC. It is a tightly packed lead-tungstate (PbWO,; PWO) hodoscope, allowing for
a nearly total containment of TeV electron showers. The CHD, placed at the top of the detector
to identify the charge of incident particle, is comprised of a pair of plastic scintillator hodoscopes
arranged in two orthogonal layers. Figure 1 shows examples of electron candidate with an energy
deposit sum in TASC of 570 GeV and 3.90 TeV. Thanks to the thick calorimeter, the shower energy
of TeV electrons is fully contained in the detector, with energy resolution of 2% or better in the
energy range from 20 GeV to 20 TeV. Since the start of operation, smooth and continuous operations
have taken place without any major interruption, and the detector performance is very stable.

3. Data analysis

Events used in this analysis are detected by the high energy, HE, trigger [8] which requires
a coincidence of the two bottom layers of IMC and the top layer of TASC. The HE trigger mode
always operates. The energy threshold is set to detect electrons above 10 GeV. A Monte Carlo (MC)
program was developed to simulate physics processes and detector signals based on the simulation
package EPICS [9] with a hadron interaction model of DPMJET-III [10]. It was tuned and tested with
accelerator beam test data [11], and a detailed detector configuration was implemented. The MC
event samples are generated in order to derive event selection and event reconstruction efficiencies,
energy correction factor, and background contamination.

Calibration Energy calibration is essential for CALET as a calorimeter instrument to achieve
high precision and accurate measurements. The method of energy calibration and the associated
uncertainties have been described elsewhere [12]. Regarding temporal variations occurring during
long-term observations, each detector component is calibrated by modeling variations of the min-
imum ionizing particles (MIP) peak obtained from non-interacting protons and helium recorded
with a dedicated trigger mode[8].

Track reconstruction As a track recognition algorithm, we adopt the “electromagnetic shower
tracking* [11], which takes advantages of the electromagnetic shower shape and the IMC design
concept. Thanks to optimized arrangement of tungsten plates between the SciFi layers, shower
cascades are smooth and stable for electron showers. By using the preshower core at the bottom
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Figure 2: Examples of BDT response distributions

of the IMC layers as initial track candidates, a very reliable and highly efficient track recognition
becomes possible with less energy dependence.

Pre-selection Preselections of well-reconstructed and well-contained single charged events are
applied to minimize and accurately subtract proton contamination in the sample of electron can-
didates. Furthermore, by removing events not included in MC samples, i.e., particles with an
incident angle from the zenith angle larger than 90° and heavier particles, equivalent event samples
between data and MC calculations were obtained. The preselection consists of (1) an off-line trigger
confirmation, which energy threshold is severe than that of onboard threshold for the two layers of
the bottom of IMC and the top layer of TASC, (2) geometrical condition, (3) a track quality cut to
ensure reconstruction accuracy, (4) charge selection using the CHD, and (5) longitudinal shower
development and (6) lateral shower containment consistent with those expected for electromagnetic
cascades. The combined efficiency of preselection for electron is ~ 90%.

Energy reconstruction An energy correction function is derived using the electron MC data after
preselection. The energy deposit in the detector is obtained as the sum of the TASC and IMC,
where a simple sum is sufficient for the TASC, while compensation for energy deposits in tungsten
plates is necessary for the IMC. The correction function is then derived by calculating the average
ratio of the true energy to the energy-deposit sum in the detector. Because of near total absorption
of the shower, the correction factor is very small, ~5%, up to the TeV region. The absolute energy
was calibrated and shifted by +3.5% [6] as a result of a study of the geomagnetic cutoff. Since the
full dynamic range calibration was carried out with a scale-free method, its validity holds regardless
of the absolute scale uncertainty.

Electron identification To identify electrons and to study systematic uncertainties in the electron
identification, two methods are applied; a simple two-parameter cut below 476 GeV and a multi-
variate analysis above. A simple two-parameter cut is embedded into the K estimator defined as
K =1log,, Ft + Re/2 cm, where R is the second moment of the lateral energy-deposit distribution
in the TASC first layer computed with respect to the shower axis, and Fg is the fractional energy
deposit of the bottom TASC layer with respect to the total energy deposit sum in the TASC. The
latter is based on Boosted Decision Trees (BDTs) optimized in the energy interval below (above)
949 GeV, using 9 (13) parameters, respectively. Calculation of event selection efficiencies, BDT
training, and estimation of proton back-ground contamination are carried out separately for each
geometrical condition and combined in the end of obtain the final spectrum.
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Figure 3: Energy dependence of systematic uncer-
tainties. The solid line represents the total system-
atic. The data points are fitted with log-polynomial
functions to migrate the effect of the statistical fluc-
tuations while preserving possible energy depen-
dent structures.

Figure 4: Energy dependence of systematic uncer-
tainties. The red squares represent the average of all
BDT training samples with respect to the standard
80% efficiency case, while the error bars represent
the standard deviation at each energy bin.

Examples of BDT response distributions in the 754 < E < 959 GeV binand 1.5 < E < 4.8 TeV

bin including all acceptance conditions in shown in Fig. 2. In the final electron sample, the
contamination ratios of protons are 5% up to 1 TeV, and less than 10% in the TeV region, while
keeping a constant high efficiency of 80% for electrons after the pre-selection.
Systematic uncertainties Systematic errors include errors in the absolute normalization and
energy dependent ones, except for the energy scale uncertainty. The energy dependent errors
include those obtained from trigger efficiency in the low-energy region, tracking dependence,
dependence on methods of charge identification and of electron identification, BDT stability, as
well as MC model dependence. Figure 3 shows the energy dependence of systematic uncertainties
in the tracking algorithms (electromagnetic shower tracking or Kalman filter tracking [13], charge
selection (CHD or IMC), electron identification methods (K-estimator or BDT) and MC models
(EPICS and Geant4. BDT stability is evaluated from the stability of the flux obtained with 100
independent training samples as a function of BDT cut efficiency in the range from 70% to 90%
in 1% steps for each corresponding test sample. The red square in Fig. 4 represent the average
of all BDT training sample with respect to the standard 80% efficiency case, while the error bars
represent the standard deviation at each energy bin. The upper and lower edge of the error bars
taken as the total systematic uncertainty due to the BDT analysis.

4. Results

The differential flux ®(E) [m~sr !'s™'GeV~!] between E and E + AE [GeV], with bin width
AE [GeV], is given the following formula:

N(E) — Npg(E)
SQ&(E)T(E)AE(E)

O(E) = (1
where N is the number of electron candidates in the corresponding bin, Npg is the number of
background events estimated with MC protons, SQ [m?sr] is the geometrical acceptance, £(E) is the
detection efficiency for electrons defined as the product of trigger, preselection, track reconstruction,
and electron identification efficiencies, and T(E) [sec] is the observational live time. While T'(E) is



The electron and positron spectrum with CALET Yosui Akaike

.""-.,. Preliminary
2501
B Preliminary T
2001 - 2
£ F i T
z 0 . ke
O 150~ u ‘
< B e o CALET 2023
—C L ﬁ"""il w T'm Broken Power Law Fit
7 r _H = —— Fit w/ Exponentially Cut-off Power Law
Og ]00} w —— Single Power Law Fit
o - ] This work 101
- L uncertainty band (stat. + syst.) _L Ll
50— o AMS-022021
L s+ DAMPE 2017 + - > =
- ¢ Fermi-LAT 2017 (HE+LE) 10 10 E [Gev] 10
I e
10 102 103
E [GeV] Figure 6: All-electron spectrum measured by

CALET, and the fitted results in the energy
range from 30 GeV to 4.8 TeV, with a broken
power law, an exponentially cutoff power law
and a single power law. The error bars rep-

Figure 5: Cosmic-ray electron + positron spectrum ob-
served with CALET, where the gray band indicates the
quadratic sum of statistical and systematic errors. Also
plotted are other direct measurements in space [14—16].

. . S resent statistical and systematic uncertainties
The horizontal error bars are representative the bin width. y

except normalization.

basically energy independent, at lower energies it is reduced because we only use data taken below
6 GV cutoff rigidity.

Figure 5 shows the all-electron spectrum obtained in this analysis using the observed events
with statistics increased by a factor 3.4 since the last publication [7]. The error bars along the
horizontal and vertical axes indicate the bin width and statistical errors, respectively. The gray band
is representative of the quadratic sum of statistical and systematic errors.

Comparing the other space experiments (Fermi-LAT, AMS-02 and DAMPE), the CALET
spectrum shows good agreement with AMS-02 data up to 2 TeV. In the energy region from 30 to
300 GeV, the fitted power-law spectrum index, —3.14 + 0.02, is roughly consistent with the values
quoted by other experiments within the errors. However, the CALET spectrum appears to be softer
compared to Fermi-LAT and DAMPE, and the flux measured by CALET is lower than that seen by
Fermi-LAT and DAMPE, starting near 60 GeV and extending to near 1 TeV, indicating the presence
of unknown systematic effects.

In Fig. 6 we fit the differential spectrum in the energy range from 30 GeV to 4.8 TeV with a
smoothly broken power-law model [17]. The model is defined as; J(E) = C(E/100 GeV)”(1 +
(E/Ep)*/5)= where E,, is the break energy, while y is the power index below Ej, and Ay is
the difference in the power low index below and above Ej. The fitted spectrum steepens from
vy =-3.15+0.01 by Ay = —0.77 £ 0.22 at energy E;, = 761 + 115 GeV with the break smoothness
parameter, s, fixed to 0.12 which fits our data well, with )(2 = 3.6 and 27 degrees of freedom (NDF).
A single power-law fit gives y = —3.18 + 0.01 with y>/NDF= 56/29, which means that a broken
power law is favored with 6.9¢ significance over a single power law. An exponentially cutoff power
law [14] with a power index of -3.10+£0.01 below a cutoff energy of 2854+305 GeV fits also our
data well, with y?/NDF = 12/28 and a significance of 6.60 over the single power law.
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5. Summary

We have updated our previous result [7] of the CALET all-electron spectrum with an ap-
proximate increase of the statistics more than 3. In the TeV region the data show a break of the
spectrum compatible with the DAMPE results. The accuracy of determining the break’s sharpness
and position, and of the spectral shape above 1 TeV, are improved by the better statistics.

Extended CALET operations approved by JAXA in March 2021 through the end of 2024 (at
least) with bring a further increase of the statistics and reduction of the systematic errors based on
the analysis.
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