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The Calorimetric Electron Telescope (CALET) is pursuing the direct measurement of the main
components of high energy cosmic rays up to ∼ 1 PeV in order to understand the cosmic ray
acceleration and propagation. The detector consisting of a charge detector, an imaging calorimeter,
and a total absorption calorimeter, is located on the International Space Station. The thickness
of the calorimeter corresponds to 30 radiation lengths and to ∼ 1.3 proton interaction lengths.
We have taken data for more than five years so far: data taking has started in October 2015 and
continues stably without any serious troubles. We present the latest result of proton spectrum
analysis in the energy region from 30 GeV to 60 TeV with a fiducial geometrical factor of ∼ 510
cm2 sr and proton energy resolution is 30-40%. The residual background is less than 10% in
the 𝐸 < 10 TeV region. Compared to our previous result published in Physical Review Letters
in 2019, more than two years of additional data have been analyzed. Spectral hardening around
500 GeV is confirmed with higher statistics. We report our preliminary observation of a proton
spectral softening around 10 TeV.
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1. Introduction

Direct measurements of cosmic-ray nuclei up to the PeV energy scale provide insight into
the general phenomenology of cosmic-ray acceleration and propagation in the Galaxy. A possible
charge-dependent cutoff in the spectra is hypothesized to explain the all-nuclei spectrum. Recently,
a spectral hardening has been observed for several nuclei around a few hundreds GeV per nucleon.
In the case of proton, we reported the hardening with much higher statistics [1] than previous
experiments [2] [3]. Many theoretical models have been proposed to account for the spectral
hardening including the presence of different cosmic ray sources, acceleration mechanisms, effect
of diffusion in the Galaxy, and their superposition. In addition, DAMPE recently reported the
observation of a proton spectral softening in the energy region around 10 TeV [4]. It is crucial to
observe accurately both the spectral hardening and the softening in order to understand the detailed
mechanisms of cosmic-ray acceleration and propagation in the Galaxy. In this paper, the proton
data of CALET are presented with increased statistics and extended energy range with respect to
[1]. They show a softening of the proton spectrum above 10 TeV which can be fitted simultaneously
with the hardening of the spectrum around 500 GeV.

2. CALET detector

The CALorimetric Electron Telescope (CALET) [5], a space-based instrument optimized for
the measurement of the all-electron spectrum [6, 7] and equipped with a fully active calorimeter,
can also measure cosmic-ray nuclei including proton in the energy range up to 1 PeV. The thickness
of the calorimeter corresponds to 30 radiation lengths and to 1.3 proton interaction lengths.

The CALET detector consists of a charge detector (CHD), a 3 radiation-length thick imaging
calorimeter (IMC) and a 27 radiation-length thick total absorption calorimeter (TASC), with a field
of view of 45◦ from zenith. A fiducial geometrical factor of approximate 510 cm2 sr for particles
penetrating CHD top to TASC bottom, with 2 cm margins at the first and the last TASC layers
(acceptance A), and corresponding to about 40% of the total acceptance [7], is used in this analysis.
The CHD, which identifies the charge of the incident particle, is comprised of a pair of plastic
scintillator hodoscopes arranged in two orthogonal layers. The IMC is a sampling calorimeter
alternating thin layers of Tungsten absorber with layers of scintillating fibers readout individually,
also providing an independent charge measurement via multiple dE/dx samples. The TASC is a
tightly packed lead-tungstate (PbWO4) hodoscope, measuring the energy of showering particles in
the detector. More than 6 orders of magnitude in the energy region are covered by four different gain
ranges. Due to the wide dynamic range of CALET as a single instrument, we can study the detailed
shape of the spectrum without large systematic uncertainties from different detectors. Detailed
description of the apparatus is given in the Supplemental Material of Ref. [6].

The instrument was launched on August 19, 2015 and emplaced on the Japanese Experiment
Module-Exposed Facility (JEM-EF) on the International Space Station (ISS) with an expected
mission duration of five years. Now the mission has been extended and the expected duration is
nine years (or more) in total. Figure 1 shows the ISS and a schematic view of the CALET detector.
Scientific observations started on October 13, 2015 and the detector operation continues without
any serious troubles so far.
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Figure 1: CALET detector. The left figure shows the ISS. ISS and the JEM-EF (bottom right corner of the
picture) where CALET is located. The right figure shows a schematic view of the CALET detector.

3. Data analysis

We have analyzed the flight data collected for 1815 days from October 13, 2015 to September
30, 2020. The total observation livetime for the HE shower trigger [5] is 1539 days and the livetime
fraction to total time is 84%. In addition, the low-energy (LE) shower trigger operating at a high
geomagnetic latitude [5] is used to extend the energy coverage toward the lower energy region. In
spite of a limited livetime of 27.9 days, LE data provide sufficient statistics for protons below a
few hundred GeV. Monte Carlo (MC) simulations reproducing the detailed detector configuration,
physics processes, and detector signals, are based on the EPICS simulation package [8].

3.1 Event selection and background

In order to obtain the proton event sample, we apply the following selection criteria. We
require that: (1) in the energy range, 𝐸 > 300 GeV, the HE trigger should be asserted and the
energy deposit sum of IMC 7th and 8th layers should be more than 50 minimum ionizing particles
(MIPs) in either X and Y view. Also the energy deposit of TASC 1st layer should be more than
100 MIPs. In the energy range 𝐸 < 300 GeV, the LE trigger should be asserted and the energy
deposit sum of IMC 7th and 8th layers should be more than 5 MIPs in either X and Y view. Also
the energy deposit of TASC 1st layer should be more than 10 MIPs. (2) Acceptance A is required
as geometrical condition. (3) Kalman filter (KF) tracking in IMC should be adequate both in X
and Y view. (4) Energy deposit inside one Moliere radius along the KF track in IMC should be
less than 70% of total energy deposit. (5) Off-acceptance events are removed by the following two
methods. One is that the maximum fractional energy deposit in a single TASC layer should be less
than 0.4. The other is that the maximum energy deposit ratio of the edge channels to the maximum
channels in each TASC layer should be less than 0.4. (6) Center of gravity of TASC energy deposit
in X1 and Y1 layer should be consistent with the IMC track. (7) Shower start in IMC is required.
(8) Charge is identified as proton using both CHD and IMC energy deposits. The Charge (𝑍) is
corrected for non-linear effects as 𝑍 = 𝑎(𝐸)

√
𝑁𝑀𝐼𝑃

𝑏 (𝐸) , where 𝑁𝑀𝐼𝑃 is the energy deposit in
MIPs and 𝑎(𝐸) and 𝑏(𝐸) are energy dependent parameters determined using the MC simulations
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so that the average 𝑍 should be 1 for proton and 2 for helium. The selection criteria are determined
to keep the efficiency at the 95% level for the lower 𝑍 side and 98% for the higher 𝑍 side. Criterion
(4) is required to remove electron background. Criterion (5) removes particles entering from the
side of the detector. Criterion (6) remove mis-reconstructed events.

Background is estimated with MC simulations of cosmic ray protons, helium and electrons.
After applying all the event selections, the dominant background comes from the off-acceptance
protons below ∼5 TeV. Above, helium is the main background source.

3.2 Energy unfolding

Figure 2 shows a proton candidate with an energy deposit of 2.9 TeV in the detector. The event
example demonstrates our capability to reconstruct and identify high energy protons. Because of
the limited energy resolution (30-40%), energy unfolding is required to estimate the primary energy
distribution. It is important, therefore, to infer the detector response at the highest energies covered
by the analysis. First, we build a response matrix connecting true and observed energy spectra using
MC simulation. Then, we apply an iterative unfolding procedure based on Bayes theorem taking
into account helium and electron background consideration.

Figure 2: Proton event display with 2.9 TeV energy deposit.

3.3 Systematic uncertainty

Two components are taken into account as systematic uncertainties. One is the energy indepen-
dent component, which is 4.1% in total. It contains the uncertainties on livetime (3.4]%), radiation
environment (1.8%), and long-term stability (1.4%). The other one is the energy dependent com-
ponent, which is less than 10% for 𝐸 < 10 TeV. We take into account the uncertainties of MC
model dependence, IMC track consistency with TASC, shower start in IMC, charge identification,
energy unfolding, and beam test configuration. For 𝐸 > 10 TeV, the uncertainties of MC model
dependence and charge identification become dominant. In the interval 10 < 𝐸 < 60 TeV the
uncertainty is 30% at maximum. Figure 3 shows the systematic uncertainty in the HE sample as a
function of energy.
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Figure 3: Systematic uncertainty in HE sample. The bold blue line shows the sum of the energy dependent
systematic uncertainties. The bold red line shows the total systematic uncertainty including the energy
independent uncertainties. The thin lines show the breakdown of the energy dependent uncertainty.

3.4 Proton spectrum

The proton spectrum Φ(𝐸) is obtained from the following equation:

Φ(𝐸) = 𝑁 (𝐸)
𝑆Ω𝑇Δ𝐸𝜖 (𝐸) , (1)

where 𝑁 (𝐸) is the number of selected events in 𝐸 = 𝐸 + Δ𝐸 , 𝑆Ω is the geometrical acceptance
(510cm2sr), 𝑇 is livetime (1539 days for HE and 27.9 days for LE, respectively), Δ𝐸 is the energy
bin width, and 𝜖 (𝐸) is the detection efficiency. Figure 4 shows the proton spectrum in the energy
region from 30 GeV to 60 TeV, compared with AMS-02, CREAM-III, and DAMPE. 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 confirmed the presence
of a spectral hardening around 500 GeV in [1]. We also observe a spectral softening around 10
TeV. We have tested two independent analyses with different efficiencies and the two results are
consistent.

In order to calculate the behavior of the spectral hardening and softening quantitatively, we
apply spectral fitting to the proton spectrum using a double broken power law function defined as
follows:

Φ′ = 𝐸2.7 × 𝐶 ×
(
1 − 𝑝0

𝐸
− 𝑝1

𝐸2

)
×

(
𝐸

45

)𝛾
×

(
1 +

(
𝐸

𝐸0

)𝑆) Δ𝛾
𝑆

×
(
1 +

(
𝐸

𝐸1

)𝑆) Δ𝛾1
𝑆

, (2)

5



P
o
S
(
I
C
R
C
2
0
2
1
)
0
9
8

Proton spectrum with CALET Kazuyoshi Kobayashi

Kinetic Energy [GeV]
10 210

3
10 410

5
10

]
1
.7

 G
eV

­1
 s

­1
 s

r
­2

 F
lu

x
 [

m
× 

2
.7

 E

0

2000

4000

6000

8000

10000

12000

14000

16000

Proton Spectrum
CALET­2021 (preliminary)
   uncertainty band (stat. + syst.)
AMS­02
CREAM­III
DAMPE
   uncertainty band (DAMPE)

Preliminary

Figure 4: Proton spectrum measured by CALET (red circles) compared with the experimental results of
AMS02 [2], CREAM-III [3], and DAMPE [4]. The hatched band shows the total uncertainty for CALET.
The dark blue colored band shows the total uncertainty for DAMPE.

where Φ′ is the proton flux×𝐸2.7, 𝐶 is the normalization factor, 𝑝0 and 𝑝1 are the fitting parameters
for the low energy region, 𝑆 is the smoothness parameter, 𝛾 is the spectral index, Δ𝛾 is the spectral
variation at hardening, 𝐸0 is the hardening break energy, Δ𝛾1 is the spectral index variation at
softening, and 𝐸1 is the softening break energy.

In figure 5, the black filled circles show the data with statistical errors and the red line shows
the best fitted function. The 𝜒2 is 2.9 with 22 degrees of freedom. The best fitted parameters
are: 𝑝0 = 9.1 ± 26, 𝑝1 = −6.6 ± 470, 𝛾 = −2.9 ± 0.3, 𝑆 = 2.1 ± 2.0, Δ𝛾 = (4.4 ± 3.8) × 10−1,
𝐸0 = (5.5 ± 1.3) × 102 GeV, Δ𝛾1 = (−4.4 ± 3.0) × 10−1, and 𝐸1 = (1.1 ± 0.4) × 104 GeV. The
hardening starts at 550±130 GeV and the softening starts at 11±4 TeV.

3.5 Discussion

The low energy part of the proton spectrum from 30 GeV to 1 TeV is consistent with AMS-02
and DAMPE. The high energy part of the spectrum from 1 TeV to 60 TeV is systematically lower than
that of DAMPE, though the difference is within the uncertainties. On the other hand, the spectrum
is higher than that of CREAM-III. The spectral hardening break energy observed in CALET
(550±130 GeV) is consistent within the errors with that of AMS-02 (336+68

−44(fit)+66
−28(sys)±1(sol) GV

[2]) and DAMPE (480±10 GeV [4]). Moreover, the spectral softening break energy observed in
CALET (11±4 TeV) is consistent with that of DAMPE (13.6+4.1

−4.8 TeV [4]). These spectral hardening
and softening observations are useful to model the mechanisms of cosmic-ray acceleration and
propagation in the Galaxy. A recent example can be found in [9].
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Figure 5: CALET Proton spectrum fitted with the function in Equation 2. The horizontal error bars are
representative of the bin width.

4. Summary

We have performed an extended measurement of the proton spectrum with CALET data taken
from Oct. 2015 to Sep. 2020 increasing the statistics with two additional years of data since we
published in 2019. We have confirmed the presence of a spectral hardening around 500 GeV with
higher statistics. In addition, we have expanded our energy reach to 60 TeV and we have observed
a spectral softening around 10 TeV.
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