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The CALorimetric Electron Telescope (CALET) space experiment is a high-energy astroparticle
physics mission installed on the International Space Station (ISS). The primary goals of the
CALET mission include studying the details of galactic cosmic-ray acceleration and propagation,
and searching for possible nearby sources of high-energy electrons and dark matter signatures. The
CALET experiment is measuring the flux of cosmic-ray electrons (including positrons) to 20 TeV,
gamma-rays to 10 TeV and nuclei with Z=1 to 40 up to 1,000 TeV. The instrument consists of two
layers of segmented plastic scintillators for the identification of cosmic-rays via a measurement
of their charge (CHD), a 3 radiation length thick tungsten-scintillating fiber imaging calorimeter
(IMC) and a 27 radiation length thick lead-tungstate calorimeter (TASC). The instrument was
launched on August 19, 2015 to the ISS and installed on the Japanese Experiment Module-
Exposed Facility (JEM-EF). Since the start of operations in mid-October, 2015, CALET has been
in continuous observation mode over 7.5 years and mainly triggering on high energy (>10 GeV)
cosmic-ray showers without any major interruption. The number of triggered events over 10 GeV
is nearly 1.86 billion events as of June 30, 2023. Here, we present the highlights of the CALET
latest results, including the electron + positron energy spectrum, the spectra of protons and other
nuclei, gamma-ray observations, as well as the characterization of on-orbit performance. Some
results on the electromagnetic counterpart search for LIGO/Virgo gravitational wave events and
the observations of solar modulation and gamma-ray bursts are also included.
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CALET Highlights

1. Introduction

The CALorimetric Electron Telescope (CALET) is a space experiment aboard the ISS, designed
for long-term observations of charged and neutral cosmic radiation. The mission is managed by an
international collaboration led by the Japanese Space Agency (JAXA) with the participation of the
Italian Space Agency (ASI) and the US Space Agency (NASA). It was launched on August 19, 2015
with the Japanese carrier H-IIB, delivered to the ISS by the HTV-5 Transfer Vehicle, and installed
on the Japanese Experiment Module Exposure Facility (JEM-EF).

The science program of CALET addresses several outstanding questions of high-energy as-
troparticle physics including the origin of cosmic rays (CR), the possible presence of nearby
astrophysical CR sources, the acceleration and propagation of primary and secondary elements in
the galaxy, and the nature of dark matter. The design of CALET is optimized for high precision
measurements of the electron+positron (all electron) spectrum with an accurate scan of the energy
interval already covered by previous experiments and its extension to the region above 1 TeV. Given
the high energy resolution of CALET for electrons, a detailed study of the spectral shape might
reveal the presence of nearby sources of acceleration as well as possible indirect signatures of dark
matter. With its capability of identifying CRs with individual element resolution, CALET is also
carrying out direct measurements of the spectra and relative abundances of light and heavy cosmic
nuclei, from proton to nickel, in the energy interval from 50 GeV (for the lighter nuclei, 10 GeV/n
for the heavier) to several hundred TeV. The abundances of trans-iron elements up to Z=40 are
studied with a dedicated program of long term observations.

In addition to the charged CRs, the observation of high energy gamma-ray from 1 GeV to
10 TeV is carried out in conjunction with the CALET Gamma-ray Burst Monitor (CGBM) which
covers from the hard X-ray to the soft Gamma-ray region (7 keV-20 MeV). CALET contributes
also on observations for the solar modulation of electrons and protons in 1-10 GV, and on detection
of the MeV electrons from the radiation belt (relativistic electron precipitation: REP) for space
weather. Figure 1 shows overview of the CALET payload and CALET emplaced on the No. 9 port
of JEM-EF.

Figure 1: Overview of CALET payload (left) and CALET emplaced on the JEM-EF (right).

2. The CALET Instrument

The CALET calorimeter (see Fig. 2) consists of a charge detector (CHD), which identifies
the charge of the incident particle, an imaging calorimeter (IMC), which reconstructs the track of
the incident particle and records the initial shower development with fine resolution, and a total
absorption calorimeter (TASC), which absorbs the energy of the electromagnetic shower particles
and identifies the particle species using hodoscopic lead-tungstate crystal arrays.
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Plastic scintillators arranged in two orthogonal layers, each containing 14 scintillator paddles
(3.2 x 1.0 x 45.0 cm?), constitute the CHD. These paddles generate photons that are detected by
a photomultiplier tube (PMT), and the resulting output is sent to a front-end circuit (FEC). This
FEC and the readout system that follows it have sufficient dynamic range for detecting particle
charges in the range of Z=1-40. The initial shower is resolved by the sampling calorimeter of the
IMC, which was carefully designed to accurately determine the shower starting point and incident
direction. The IMC contains a total of 16 detection layers, arranged in 8 X-Y pairs, with each
layer segmented into 448 parallel scintillating fibers (0.1 X 0.1 x 44.8 cm?), which are individually
read out by 64-channel multi-anode PMTs. Tungsten plates are placed between X-Y pairs. The
total thickness of tungsten is 3 Xj: five upper layers of tungsten plates each with 0.2 X thickness
and two lower tungsten layers each of thickness 1.0 Xy. The TASC has an overall depth of 27 Xy
and consists of 12 detection layers in an alternating orthogonal arrangement, each comprising 16
lead-tungstate crystal (PbWO, or PWO) logs with dimensions of 2.0 x 1.9 x 32.6 cm>. This design
allows the TASC to image the development of a shower in three dimensions. With the exception of
the first layer, which uses PMTs, a photodiode (PD) in conjunction with an avalanche photodiode
(APD) reads the photons generated by each PWO log. Two shaping amplifiers with different gains
for each APD (PMT) and PD are used to achieve a dynamic range of 100 (10%).

With these sub-detectors, the trigger system and the data acquisition system, the CALET
instrument has a proton rejection factor of larger than 10°, a 2% energy resolution above 20 GeV for
electrons, a very wide dynamic range from 1 GeV to 1 PeV, a charge resolution of 0.1-0.3 electron
charge units from protons to above iron (up to Z=40), an angular resolution of 0.1 to 0.5°, and a
geometrical factor on the order of 0.1 m? sr. Figure 3 shows an observed electron candidate with
energy 3.05 TeV. The instrument is described in more detail elsewhere [1, 2].
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Figure 2: Schematic side view of CALET Figure 3: Example of observed electron candidate with
in which simulated 1 TeV electron is over- an energy of 3.05 TeV in XZ-YZ view.
written.

3. Orbital Operations and Calibrations

The on-orbit operation of CALET, described in Ref. [3], have remained very stable due to the
excellent collaboration between JAXA Ground Support Equipment (JAXA-GSE) and the Waseda
CALET Operations Center (WCOC) [4]. A continuously active high-energy (HE: E >10 GeV)
trigger mode ensures maximum exposure to high-energy electrons and other high-energy shower
events. The other modes include a low-energy electron trigger in high-geomagnetic latitudes, a
low-energy gamma-ray (LE-y) trigger in low-geomagnetic latitudes, and an almost continuously
active ultra-heavy trigger mode, during each ISS orbit. The total observation time was 2818 days as
of June 30, 2023. The live-time fraction was ~86% for this period. More than 1.68 billion events
were observed in HE trigger mode.

One important feature of CALET and other thick calorimeter instruments is their excellent
energy resolution in the TeV region. However, calibration errors must still be carefully eval-
uvated and considered when estimating the energy resolution. Our energy calibration includes
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an evaluation of conversion factors between ADC units and energy deposits, confirming lin-
earity over each of the gain ranges (TASC has four gain ranges for each channel), as well as
a seamless transition between adjacent gain ranges. Temporal gain variations that occur dur-
ing long-term observations are also corrected in the calibration [2]. We have estimated the
errors at each calibration step, such as the correction of position and temperature dependence,
linear fit procedure of each gain range, gain ratio measurements, and slope extrapolation, as
well as the errors inferred from the degree of consistency between energy deposit peaks of
non-interacting protons and helium. These errors are included in the estimation of the en-
ergy resolution. This results in a very high resolution of 2% or better above 20 GeV [2].

It’s worth noting that, even though this
calibration is extensive, its uncertainty is a
limiting factor for the energy resolution. The
intrinsic resolution (i.e., design capability)
of CALET is 1%. In addition, the calibra-
tion error in the lower gain ranges are cru-
cial for spectrum measurements in the TeV
range. The TASC energy deposit spectrum
based on all triggered events through the end
of June 2023 is shown in Fig. 4. The first 10°
and second bumps are due to low- and high- 102
energy triggered events, respectively, whereas
the high-energy tail is due to the power-law na-
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1 PeV. This clearly demonstrates the reliabil- Figure 4: TASC energy-deposit spectrum observed
ity of CALET energy measurements over a from 1 GeV to above 1 PeV (see text).

very wide dynamic range.

4. Results

4.1 Precise Measurement of the Electron+Positron Spectrum

The new results of the electron + positron (all-electron) spectrum with CALET are presented at
this conference [5] and will be published soon [6], based on 2637 days of flight data collected with
the high-energy shower trigger. The flux shown in Fig. 5 corresponds to an increase by a factor of
3.4 of the available statistics with respect to the last CALET all-electron spectrum publication [7].
The spectrum integrates 7.02 million electron (+ positron) events above 10.6 GeV up to 7.5 TeV. The
error bars along the horizontal and vertical axes are representative of the bin width and statistical
errors, respectively. The gray band bounds the quadrature sum of statistical and systematic errors.
The CALET design is optimized for the precise measurement of the all-electron spectrum from
10 GeV to 20 TeV with a field of view of 45 degrees from the zenith and a geometrical factor of
1040 cm? sr at high energies [1]. The 30 Xp-thick calorimeter allows for a full containment of
electron showers even at the TeV scale, with an excellent energy resolution (< 2% above 20 GeV),
while proton showers of equivalent energy deposit undergo a larger energy leakage from the bottom
layers of the TASC. This feature is exploited to separate electrons from protons, building upon the
capability of the TASC and IMC to image the longitudinal and lateral profiles of electromagnetic
and hadronic cascades. Two methods were applied to identify electrons and to study systematic
uncertainties in the electron identification: a simple two-parameter cut and a multivariate analysis
based on boosted decision trees (BDTs). In the final electron sample, the residual contamination of
protons is 5% up to 1 TeV, and less than 10% in the 1-7.5 TeV region, while keeping a constant high
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efficiency of 70% for electrons including the pre-selection efficiency. An independent confirmation
of the proton rejection power at high energies is discussed in Ref. [8].

Systematic uncertainties include the absolute normalization error as well as energy dependent
errors stemming from BDT stability, trigger efficiency in the low-energy region, tracking perfor-
mance, dependence on charge and electron identification methods, and MC model dependence.
Conservatively, all of them are included in the total error estimate of Fig. 5. The absolute energy
scale was calibrated and shifted by +3.5% as a result of studies of the geomagnetic cutoff energy.
The systematic uncertainties are described in more detail in Ref. [5].
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Figure 6: Fitted results of all-electron spec-
Figure 5: All-electron spectrum observed with  truym in the energy range from 30 GeV to
CALET, where the gray band indicates the quadratic 4.8 TeV, with a broken power law, an expo-

sum of statistical and systematic errors. Also plotted  pentially cutoff power law and a single power
are other direct measurements in space [9-11]. law.

Comparing with the other space experiments (Fermi-LAT, AMS-02 and DAMPE), the CALET
spectrum shows a good agreement with AMS-02 data up to 2 TeV, where both experiments have
a good electron identification capability, albeit using different detection techniques. 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 those by Fermi-LAT and DAMPE, starting near 60 GeV and extending to near 1 TeV,
possibly indicating the presence of unknown systematic errors.

The electron energy spectrum above 1 TeV is expected to show a break due to the radiative
cooling process with an energy loss rate proportional to E2. As a result, only nearby (< 1 kpc) and
young (< 10° years) sources can contribute to the flux above 1 TeV if the sources are supernova
remnants (SNRs) as it is commonly believed [12, 13]. The expected flux suppression above 1 TeV
is clearly seen by CALET and is consistent with DAMPE within errors. As presented in Fig. 6,
the spectrum is fitted in the energy range from 30 GeV to 4.8 TeV with a broken power law and
an exponentially cutoff power law. The significance of both fits is more than 6.5 o~ compared to
a single-power law fit with index of -3.18+0.01. Combining the CALET all-electron spectrum
and the positron measurements up to 1 TeV by AMS-02, we attempt a consistent interpretation
of both spectra based on contributions from pulsars and nearby SNR sources. Details of the
interpretation using the all-electron spectrum up to 4.8 TeV [14] and the positron measurement [15]
are discussed in Ref. [16]. Based on this interpretation, the obtained spectrum in the TeV region
is tested for indications of contributions from the nearby sources, foremost Vela, by estimating the
number of electron candidates above 4.8 TeV. However, the electron identification above 4.8 TeV
should be carefully checked due to increasing contamination at high energies by background
protons. The updated interpretation will be published by using the latest results of the CALET all-
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electron spectrum [6], obtained with an event-by-event analysis with a residual proton contamination
probability less than 10% up to 20 TeV [17]. Moreover, Dark Matter limits in the mass interval
from 100 GeV to several 10 TeV are investigated by modeling the astrophysical background using
the both data-sets of all-electron and positron [18].

4.2 Proton and Helium Spectrum

A new proton spectrum with CALET was presented at this conference [19], based on a
restricted dataset collected within a fiducial geometrical acceptance (510 cm? sr) during 2757 days
of operation with the High Energy (HE) trigger and 365.4 hrs of live time with the Low Energy
trigger (LE) [20], respectively. It is an update of the published CALET proton spectrum [21] by
increasing the statistics by 21%, and the energy range is from 50 GeV to 60 TeV as shown in
Fig. 7. In the same figure the CALET flux is compared with AMS-02 [22], CREAM-III [23], and
DAMPE [24]. In the low energy region with E < 200 GeV, the result is fully consistent. In the
higher energy region, a systematic difference is observed, but the difference is within the errors.
We confirm the presence of a spectral hardening around 500 GeV as reported in Ref. [20]. We
also observe a spectral softening around 10 TeV. In order to quantify the spectral hardening and
softening, we fit the proton spectrum using a Double Broken Power Law (DBPL) function defined

as follows: Ay Ay
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where C is a normalization factor, vy is the spectral index, Ey is a characteristic energy of the region
where a gradual spectral hardening is observed, Ay is the spectral variation due to the spectral
hardening, E is a characteristic energy of the transition to the region of spectral softening, Ay, is
the spectral index variation observed above E;. Two independent smoothness parameters S and S
are introduced in the energy intervals where spectral hardening and softening occur, respectively.
In Fig. 8, the black filled circles show the data with statistical errors and the red line shows the best
fitted function for @' (E) = E>7 x ®(E). The x? is 6.0 with 20 degrees of freedom. The best fit
parameters are summarized in Table 1.
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Figure 7: Proton spectrum measured by CALET Figure 8: CALET p.roton sp?ctrym fitted by a
(red) compared with other experiments (AMS02, DBPL function (Eq. I: red SOl.ld line). The horl-
CREAM-III, DAMPE). The hatched band shows the zontal error bars are representative of the bin width.
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band shows the total uncertainty for DAMPE.

The helium spectrum was published in Ref. [25] and reported in this conference [26] as shown
in Fig. 9, where it is compared with previous observations from space-based [27, 28] and balloon-
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borne [29] experiments. This result was obtained during 2392 days of operations, collected within
a restricted "fiducial" geometrical acceptance (510 cm? sr) which amounts to about one half of the
total acceptance. A study is ongoing to attempt increasing the acceptance by a factor of nearly two
by applying a new analysis to consider events entering from the side edges of the IMC [30].
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Figure 9: Helium spectrum with CALET (red Figure 10: Fit of CALET data with a DBPL func-
markers), compared with other observations. The tion (Eq. 1). Both statistical and systematic uncer-
error bars represent only the statistical error. The tainties are taken into account. The yellow bands
gray band represents the total uncertainty for indicate the energy regions of hardening and soft-
CALET; the violet band for DAMPE. ening, respectively (see text).

In Fig. 10, a fit of the helium spectrum has been performed using a DBPL function (as used
above), in the energy range from 60 GeV to 250 TeV. A progressive hardening from a few hundred
GeV to a few tens TeV and the onset of a flux softening above a few tens of TeV are observed,
which are indicated by the yellow bands. The best fit parameters (given only for statistical errors)
are summarized in Table 1 to compare with the proton results.

Table 1: Best fit parameters with DBPL function (Eq. 1) for proton and helium spectrum.

y Eo(GeV) | Ay S [E(TV)][ Ay S|
Proton | -2.843 +0.005 | 553+ [ 0.29+0.01 | 2.1 +04 | 9.8+2 |-039+15 | ~ 90
Helium | -2.703+0.005 | 1319+113 [ 025+002 | 27406 | 332498 [ 224007 | 30

Differences between the proton and helium spectra can contribute important constraints on
acceleration models. To ease the comparison in Fig. 11, we show the CALET proton spectrum
published in Ref. [21] and the helium spectrum as a function of rigidity (see the SM of Ref. [25]).
The *He contribution to the flux is taken into account assuming the same *He/*He ratio as mea-
sured by AMS-02 [31] and extrapolating it to higher energies with use of a single power-law fit.
Measurements from other experiments [28, 32] are included in these plots. Our result is found to be
in agreement with measurements from the magnetic spectrometers up to their maximum detectable
rigidity (~2 TV). The p/He flux ratio measured by CALET is presented in Fig. 12 as a function of
rigidity with statistical errors only with the other experiments.

4.3 Heavy Nuclei Flux and These Ratios

Carbon, Oxygen and Boron The spectra of cosmic-ray carbon, oxygen, boron and their
ratios were published by CALET in Ref. [33, 34] and presented at this conference by an analysis of
the data during 2554 days of CALET operation [35]. The total background contamination of B is
1% for Erasc < 107 GeV and grows logarithmically with E45c above 10? GeV, approaching 7%
at 1.5 TeV. The background contamination is < 1% in C and O spectra. The isotopic composition
of boron is assumed as ''B/ (!°B +!!B) = 0.7 for all energies. Different values of the isotope
ratio (0.6 and 0.8) make only a 2% difference in the boron spectrum. The spectra are shown in
Fig. 13 in an energy range from 8.4 GeV/n to 3.8 TeV/n where uncertainties, including statistical
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Figure 11: Proton and Helium spectrum with
CALET vs. Rigidity. The red and blue bands show
the spectral hardening and softening region, respec-
tively. Results from PAMELA and AMS-02 are
presented for comparison.

and systematic errors, are represented by a yellow band. The main contribution of systematic errors
comes from the different MC simulations (EPICS vs. Geant4) used in the analysis, which produce
similar selection efficiencies but energy response matrices that differ significantly in the low- and
high-energy regions. The resulting fluxes for B (C, O) show discrepancies not exceeding 6 % (10%,
4.5%) below 20 GeV/n and 12% (10%,12%) above 300 GeV/n, respectively.

In Fig. 13, the energy spectra of B, C and O with CALET are shown and compared with
earlier results from space-based [10, 36—41] and balloon-borne [42-45] experiments. The B
spectrum is consistent with that of PAMELA [38] and most of the earlier experiments but the
absolute normalization is in tension with that of AMS-02, as already pointed out by our previous
measurements of the C, O and Fe fluxes [33, 46]. However, we notice that the B/C and B/O ratios
are consistent with the ones measured by AMS-02. The C and O spectra shown here are based
on a larger dataset but they are consistent with our earlier result [33, 34], and include an improved
assessment of systematic errors.
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Figure 13: CALET (a) carbon, (b) oxygen, and (c) boron flux (multiplied by E*7). Error bars of CALET
data (red) represent the statistical uncertainty only, while the yellow band indicates the quadratic sum of
statistical and systematic errors. Also plotted are other direct measurements

Fig. 14 shows the fits to CALET carbon and oxygen data (blue solid line) with a Double
Power-Law (DPL) function:

E 7Y

C (@) E <E
P(E) = { C(aw)" (E%)M E > E @

where C is a normalization factor, vy is the spectral index, and Ay is the spectral index change above
the transition energy Eg. A single power-law (SPL) function (Eq. 2 with Ay=0), fitted to the data
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in the energy range of 25 GeV/n to 200 GeV/n and extrapolated above 200 GeV/n, is also shown for
comparison (dashed line).

The simultaneous DPL fit to the C and O spectra (with common parameters, except normal-
ization) in the energy range [25, 3800] GeV/n yields yco =-2.66+0.02, Ayco=0.19+0.04 and
E¢=260+50 GeV/n confirming our first results reported in Ref. [33]. Fitting the B flux with fixed
Ey yields yg = -3.03+0.03, Ayp=0.32+0.14 with y*/d.o.f.=5.2/11. The energy spectra are clearly
different as expected for primary and secondary CR, and the fit results seem to indicate, albeit with
low statistical significance, that the flux hardens more for B than for C and O above 200 GeV/n. A
similar indication also comes from the simultaneous fit to the B/C and B/O flux ratios (Fig. 15).
Fitting with SPL functions in the energy range [25, 3800] GeV/n yields a mean spectral index
'=-0.376+0.014 (y*/d.0.f.=19/27). However, a DPL function provides a better fit suggesting a
trend of the data towards a flattening of the B/C and B/O ratios at high energy, with a spectral index
change AI'=-0.22+0.10 (y?/d.0.f.=15/26) above E,, which is left as a fixed parameter in the fit.
This result is consistent with that of AMS-02, and supports the hypothesis that secondary B exhibits
a stronger hardening than primaries C and O, although no definitive conclusion can be drawn due
to the large uncertainty in A" given by our present statistics. For the Leaky Box Model fit, the fit
with a residual material around SNR of ~1 g/cm? gives a better fit than zero material (see Ref. [34]
for details).
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Figure 15: Simultaneous fit of the B/C and B/O flux ratios with:
Figure 14: The B, C and O energy spec- (Right) SPL (dashed lines) and DPL (solid lines) functions; (Left)
tra are fitted with DPL and SPL function a leaky-box model leaving the Ay parameter free to vary (solid
(see text for fitting results). line) or fixing it at zero (dashed line), respectively.

Iron and Nickel Figure 16(a) shows the preliminary iron spectrum in kinetic energy per
nucleon measured by CALET in the energy range from 10 GeV/n to 1000 GeV/n [47]. In this case,
the statistics are increased by a factor of 2 compared to the previous publication [46]. The iron
spectrum obtained by EPICS is consistent with the spectrum by GEANT4 above 100 GeV/n, while
differ in normalization in the low energy region about 10%. This difference can be attributed to
the response matrices, which differ significantly in the low-energy region. In this conference, a
preliminary result of the iron spectrum below 10 GeV/n was also reported by using an analysis of
the geomagnetic effects [48]. Figure 16(b) shows the nickel spectrum in kinetic energy per nucleon
measured by CALET in the energy range from 8.8 GeV/n to 240 GeV/n [47]. Here, the statistics
are increased by a factor of 1.3 compared to the previous publication [49].

Figure 17(a) shows the fit to the Fe flux with a double power-law (DPL) function (Eq. 2). A sin-
gle power-law function (SPL) is also shown for comparison. The DPL fit, performed from 50 GeV/n
to 1000 GeV/n, gives a y=-2.60+0.01(stat)+0.08(sys), Ay=0.29+0.27 and Ey=(428+314) GeV/n
with y?/d.o.f.=0.82/3. The SPL fit in the same energy range gives y=-2.56+0.01(stat)+0.03(sys),
with y?/d.0.f.=2.7/5. The significance of the fit with the DPL in the studied energy range is
not sufficient to exclude the possibility of a single power law. Figure 17(b) shows the fit to the
Ni flux with a SPL function performed from 20 GeV/n to 240 GeV/n. The fit result gives y=-
2.49+0.03(stat)+0.07(sys), with y?/d.0.£.=0.1/3. This result shows that the Ni flux, in the fit region,
is compatible within the errors with a single power law.
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Figure 16: CALET iron (a) and nickel (b) fluxes (multiplied by £%¢ ) as a function of kinetic energy per
nucleon. Error bars of the CALET data (red) represent the statistical uncertainty only, the yellow band
indicates the quadrature sum of systematic errors, while the green band indicates the quadrature sum of
statistical and systematic errors. Also plotted are other direct measurements.
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Figure 17: (a) Fit of the CALET iron energy spectrum to an SPL function (blue line) and to a DPL function
(black line) in the energy range 50 GeV/n to 1000 GeV/n. (b) Fit of the CALET nickel energy spectrum to an
SPL function (blue line). The fluxes are multiplied by E%¢ where E is the kinetic energy per nucleon. The
error bars are representative of purely statistical errors.

Flux Ratio of Primary Elements  With the available data from CALET observations during
more than 7 years, it was possible to compute the flux ratio of heavy elements (Fe and Ni) and light
ones (He, C, O) and compare them with the ratio of light elements (O/He, C/He and O/C) [50]. As
shown in Fig. 18, it emerges that all the ratios are compatible with a constant value above 100 GeV/n
(Ni/Fe is constant starting from 10 GeV/n) whereas at low energy the ratio increases in a similar
way for Ni/O, Ni/C, Ni/He, Fe/O, Fe/C, Fe/He. The increment at low energy is less pronounced for
O/C, O/He and C/He.

Ultra-Heavy Cosmic Rays ~ The measurement of ultra-heavy Galactic cosmic rays (UHGCR),
307n and higher charge elements, provides insight into the origins of cosmic rays. CALET’s mea-
surements of cosmic-ray abundances in the 13< Z <44 charge range provide complementary
measurements and a check of the cross calibrations of other instruments. As reported in Ref. [51],
the UH trigger requires events only pass through the CHD and top half of the IMC. This corre-
sponds to an acceptance angle of 75°, which gives an enhanced geometry factor of 4400 cm? sr
(almost 4 x the total acceptance with the HE trigger). In this trigger, one needs to use the minimum
geomagnetic cutoff as a proxy for energy. Here we explore usage of a subset of UH trigger data
that requires particles to pass through part of the TASC (~65 million events) . The results of this
fit of charge distribution after the dedicated corrections in the UH region for the data set [52, 53]
obtained during 7.5 years of operations, are shown in Fig. 19.

After performing a carefull fitting [52], we are able to plot the relative abundances in Fig. 20,
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Figure 18: Comparison of CALET flux ratios: Ni/O (red points), Ni/C (blue points), Ni/He (magenta points),
Fe/O (red squares), Fe/C (blue squares), Fe/He (magenta squares), O/C (violet points), C/He (cyan points)
and O/He (yellow points) are normalized to the first point of Ni/Fe (green points).

in which the results of previous experiments (ACE-CRIS [54] and SuperTIGER.) are compared.
For SuperTIGER both the published top-of-instrument values [55] and a set of preliminary top-
of-atmosphere values [56] are shown. We also provide a comparison to the older analysis method
most recently shown in Ref. [51] that uses the UH trigger in conjunction with a geomagnetic cutoff
screen. In these plots, we can see good consistency between the space-based measurements and
CALET. We note that there are some minor differences from SuperTIGER, but these may be caused
by problems with the atmospheric corrections.

UH CHD charge histogram with TASC filter in Pass4.3 Relative Abundances for 27 <= Z < 44
Number of events shown: 36228859 T

H
b

3 | CALET TASC Scaled
Py I | CALET UH (Rigidity)
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=1
g
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3
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Figure 19: The multigaussian fit for the TASC UH  Figure 20: CALET UH Abundances for Z >
abundances. The number of events within the full fitis 26 compared to the abundances from ACE-CRIS
roughly identical to the number in the histogram (< 1%  and both SuperTIGER top of instrument (TOI)
difference between fit and histogram in the UH region)  and top of atmosphere (TOA). The CALET UH
abundances derived via a rigidity cutoff is in red.

4.4 High-Energy Gamma-rays and Gamma-ray Bursts
High-Energy Gamma-rays CALET is sensitive to gamma rays from 1 GeV up to 10
TeV, with the energy resolution and the angular resolution for gamma rays estimated as 3% and
0.4°, respectively, at 10 GeV [57]. Access to energies below 10 GeV is enabled by a dedicated
low-energy gamma (LE-y) trigger which is active only at low geomagnetic latitudes. The highest
gamma-ray efficiency is achieved around 10 GeV with an efficiency of 50% relative to a geometrical
factor of about 400 cm? sr, by applying event selections. The gamma-ray events collected during
2637 days of operations with this trigger were presented at this conference [58]. The contribution
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of secondary photon background from cosmic-ray interactions with ISS structures in the CALET
field-of-view was also reported [59]. Figure 21 shows a sky map of gamma-ray intensities for LE-y
triggers (> 1 GeV). Note that the CAL exposures, superimposed as contours, are not uniform over
the celestial coordinates because of the inclination angle (51.6°) of the ISS orbit and our triggering
schemes. One can see this sky map matches nicely with those shown by Fermi-LAT, considering
the non-uniform exposures. We can easily identify 23 bright point sources in the skymap, but the
significance level of the detection of each source is still under evaluation. Without removing point
sources, the Galactic plane (diffuse plus discrete sources) spectrum (| b | < 8°) and the off-Galactic
plane spectrum (| b |> 10°) are obtained in 1-100 GeV by LE-y and in 10-1000 GeV by HE
trigger. A good match is seen with the Fermi-LAT results for the Galactic plane spectrum, but some
overestimates below about 10 GeV and underestimates above that energy can be seen in the off-plane
spectrum [58]. In order to increase the geometrical factor at high energies, we have implemented
a refinement of the photon event selection, focusing on the efficiency at energies above 10 GeV.
As a result, the increases over the existing selection at 200 GeV and 1 TeV are ~35% and ~200%,
respectively, for nearly-normal-incidence photons [60].

PG A5634113

Geminga

Figure 21: Sky map for LE-y triggers (> 1 GeV) showing gamma-ray intensities observed in galactic
coordinates. Superimposed contours show relative exposures. Only the very bright sources are indicated.

Gamma-rays Bursts  The CALET gamma-ray burst monitor (CGBM), designed to observe
prompt emissions of gamma-ray bursts (GRBs) in the hard X-ray (7 —1000 keV) and soft gamma-ray
(40keV-20 MeV) band, has been providing all-sky monitoring, with 60% duty cycle and without any
problems, since October 2015. The gamma-ray bursts are monitored also by the Calorimeter, whose
threshold is decreased to 1 GeV whenever a trigger signal is produced by the CGBM. Therefore,
CALET covers the energies from 7 keV to 10 TeV with a break between 20 MeV-1 GeV. In Fig. 22,
specifications of the CGBM are presented. As of the end of June 2023, the CGBM has detected
327 GRBs, including 31 short GRBs [61]. Figure 23 presents the time duration distribution of
GRBs observed by CGBM.

CALET has actively participated in the follow-up campaign for the search of electromagnetic
counterparts of the gravitational wave events observed by LIGO/Virgo. Although no candidates
have been found, upper limits on the high-energy gamma-ray flux were derived for 20 out of 57
events from the LIGO/Virgo third observation (O3) run [62]. CALET has been searching for
electromagnetic counterparts in O4 as well as O3. We have improved analysis pipelines looking
toward the search for signals associated with the much-increased rate of gravitational wave events
in O4. Once a GCN/LVC NOTICE is distributed via GCN Kafka and the analysis server receives
the notice for each event, notice information, including the event name, event time, URL to the sky
map FITS data, etc., are stored as a text file in the analysis server. If any text files and high-level
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data are available, two pipelines for CGBM and CALorimeter analysis process the high-level data
for the quick-look analysis. Also, quick-look analyses are uploaded to the internal web server
to check results easily and quickly by collaborators. Although the analysis pipeline checks the
GCN/LVC NOTICE every 15 minutes, observation data are distributed hourly, and processing high-
level data takes several hours. Therefore, the quick-look analysis takes at least several hours once
the GCN/LVC NOTICE is distributed. Although 169 gravitational events have been reported via
the GCN/LVC NOTICE and analyzed by the pipelines, only 15 significant events were reported,

and the upper limits of 8 events were obtained with the CGBM and CALorimeter search.
60 -
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Figure 23: Duration distribution measured by SGM (40—

Figure 22: CGBM specifications.
1000 keV).

5. Solar Modulation

CALET observations of low-energy CRs have been successfully performed with a Low-Energy
Electron (LEE) shower trigger mode activated only at high geomagnetic latitudes. An analysis of
electrons and protons to investigate the solar modulation during the descending phase of the solar
cycle 24 was published in Ref. [63], and the extended analysis to the ascending phase of the 25th solar
cycle was reported in this conference [64]. We analyzed about 1.03 million electron and 1.71 million
proton candidates collected in a total observational live time of about 268 and 269 hours, respectively.

In Fig. 24, the observed variations »
of electron and proton count rates at an CALET preliminary L ) 1o
identical average rlgl.ley of 3.8 GV are . S e
presented. These variations show a clear
charge-sign dependence of the solar mod-
ulation of galactic cosmic rays (GCRs),
which is consistent with the prediction
of a numerical drift model of the GCR
transport in the heliosphere described in
Ref. [63]. It is also found that the ratio of
3.8 GV proton count rate to the neutron , , . ‘ o ‘ o
monitor Count rate 1n the ascending phase 2016.0 2017.0 2018.0 2019A0Yea:020.0 20210 20220 2023.0
of solar cycle 25 is clearly different from
that in the descending phase of cycle 24. Figure 24: Time profiles of the normalized count rates of

Correlations between the electron (pro- electrons C,_ (blue open circles) and protons C,, (red open
ton) count rate and the heliospheric en- circles) for each Carrington rotation (left vertical axis), com-
vironmental parameters. such as the cur- pared with the count rate of a neutron monitor at the Oulu
rent sheet tilf) angle aré a useful tool in station (black curve) on the right vertical axis and the electron

. . (blue curve) and proton (red curve) count rates reproduced
further developing a numerical model of by the numerical drift model.

solar modulation.

105

100!
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95
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6. Space Weather

CALET provides a continuous monitoring of space-weather phenomena affecting the near-
Earth environment, including solar energetic particle and relativistic electron precipitation (REP)
events [65-67]. In the work presented at this conference [68], a method for the detection and
categorization of MeV REP events was presented using the dataset obtained in a period from
October 2015 to October 2021.

From this catalog we identify a subset of
a few hundred REP events observed at times
where CALET is in magnetic conjunction
with the Van Allen probes. These conju-
gate measurements enable studies of associ-
ated plasma wave data from RBSP-A/B and
potential drivers for MeV electron precipita- 8 .
tion. An image of the conjugate measure- - ISS/CALET
ments is illustrated in Fig. 25. We show '
that roughly 10 percent of the observed REP
events are associated with enhanced electro-
magnetic ion cyclotron (EMIC) wave activ-
ity, suggesting that waves can play a signifi- Figure 25: An image view of CALET and Radiation Belt
cant role in driving MeV electron precipita- Science Probes (RBSP) on their orbit.
tion.

7. Summary and Future Prospects

CALET instrument performance on the ISS has been very stable during the whole scientific
observation period from Oct. 13, 2015. At this conference, CALET presented new data based on
about 7.5 years of observation and 4.05 billion triggers (for energies > 1 GeV). They include an
updated measurement of the electron and positron spectrum up to 7.5 TeV for searches of nearby
sources and DM, an update of the proton spectrum to 60 TeV, and a result of the helium spectrum
to 250 TeV. Cosmic-ray carbon and oxygen and their flux ratio were also updated up to 3.8 TeV/n.
The spectrum of cosmic-ray iron was revised by using the dataset increased by a factor of two since
the last publication up to 1 TeV/n and the nickel spectrum was updated. The ratios of primary
components are investigated to find the effects of secondary particles produced in the propagation
process through the Galaxy. Improved analyses of CALET UHCR were also presented, as well
as gamma-ray measurements, GRB observations and searches of GW event counterparts. The
charge-dependent solar modulation was clearly observed during the descending phase of the solar
cycle 24, and the observation is extended to the 25th cycle. The REP observations related to space
weather are succeeded to identify the origin of REP.

Extended CALET operations were approved by JAXA/NASA/ASI in March 2021 through the
end of 2024, and a further extension to 2030 is expected. Improved statistics and refinement of
the analyses with additional data collected during the live time of the mission will allow to extend
the measurements to higher energies and improve the spectral analyses, contributing to a better
understanding of CR phenomena.
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