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Since the deployment of the CALorimetric Electron Telescope (CALET) on the exposure facility
of the Japanese Experiment Module (JEM) ‘Kibo’ of the International Space Station in 2015,
CALET is accumulating cosmic ray data steadily without any serious faults up to now. Although
CALET is basically a high-energy cosmic-ray detector, its composite and thick detector structure
allow us to separate gamma rays from charged cosmic rays clearly up the TeV energy region. In this
paper, analysis of gamma-ray events above 10 GeV obtained by the ‘high-energy’ triggers, which
is the basic trigger mode of CALET for cosmic-ray observations and is always effective regardless
of the ISS position in orbit, are reported. Especially, good energy resolution (less than 3% at
10 GeV) of CALET enables us to search for spectral features in the gamma-ray energy spectrum
such as lines possibly caused by annihilation of dark matter particles. Gamma-ray events above
10 GeV observed during five years of CALET operation have been analyzed to search for possible
line signals in the energy spectra assuming various region-of-interests of the sky depending on the
proposed Galactic density profile models. We found no hint of line signals and preliminary upper
limits on parameters of the DM annihilation and decay models have been obtained.
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1. Introduction

The CALorimetric Electron Telescope (CALET) mission [1], which was successfully launched
and emplaced on the Japanese Experiment Module (JEM) ‘Kibo’-Exposed Facility of the Interna-
tional Space Station (ISS) in 2015 August, has been operational without any serious faults up to the
time of this writing (2021 June). The main target of CALET is observation of high-energy cosmic
rays, especially electrons, in the energy range from ~ 1 GeV to tens of TeV, but its fine detector
structure allows us to observe high-energy gamma-rays from ~ 1 GeV to ~ 10 TeV. Details of our
analysis to extract gamma-ray candidates are described in refs. [2, 3].

In this paper, analysis of gamma-ray events above 10 GeV obtained by the ‘high-energy’
triggers, which is the basic trigger mode of CALET for cosmic-ray observations and is always
effective regardless of the ISS position in orbit, are reported. Especially, good energy resolution
(less than 3% at 10 GeV) of CALET enables us to search for spectral features in the gamma-ray
energy spectrum. Here we report the preliminary results on the search for monochromatic gamma-
ray lines possibly caused by annihilation and decay of heavy dark matter particles called weakly
interacting massive particles (WIMPs) predicted by a class of various theoretical models [4]. Lower
energy gamma-ray observations [5] and transient events [6] are reported separately.

2. CALET detector

The CALorimetric Electron Telescope (CALET) mission [1], which was successfully launched
and emplaced on the Japanese Experiment Module-Exposed Facility of the International Space
Station (ISS) in 2015 August has been producing scientific data continuously since then.

CALET consists of two scientific instruments. The Calorimeter (CAL) is the main instrument,
which is capable of observing high-energy electrons from ~ 1 GeV to ~ 20 TeV, protons, helium,
and heavy nuclei from ~ 10 GeV to 1000 TeV and gamma-rays from ~ 1 GeV to ~ 10 TeV. The field
of view (FOV) of CAL is ~ 45° from the zenith direction. It consists of three main components: the
CHarge Detector (CHD), the IMaging Calorimeter (IMC), and the Total AbSorption Calorimeter
(TASC). Details of the detector is described elsewhere [7]. Here we just mention that we have
two trigger modes of the CALET/CAL (calorimeter, the main instrument of CALET) related to
gamma-ray observation: a high-energy (HE) mode with an energy threshold ~ 10 GeV used in
normal operation irrespective of geomagnetic latitude, and a low-energy gamma-ray (LE-y) mode
with a threshold ~ 1 GeV, activated when the geomagnetic latitude is below 20° and following a
CALET Gamma-ray Burst Monitor (CGBM) burst trigger (see ref. [8] for details on our trigger
scheme).

The CAL gamma-ray performance and initial CAL gamma-ray results for steady sources are
described in ref. [2]. The energy resolution and the angular resolution for gamma rays are estimated
as 3% and 0.4°, respectively, at 10 GeV [2, 7], and the energy dependence of its energy resolution
is plotted in Fig. 1 (left), which shows its good performance in the high-energy region thanks to
the thick calorimetric configuration of CAL. The effective area in the HE mode is shown in Fig. 1
(right) which has a peak of about 400 cm? at 30 GeV for vertical incidence.
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Figure 1: (Left) Energy resolution of CALET for electromagnetic showers as a function of energy [7]. Also
plotted is the energy resolution of Fermi-LAT (PSR3SOURCE_V?2, Total [9]). (Right) Effective area of
CALET for gamma rays in the high-energy mode as a function of energy for various angles of incidence.

3. Gamma-ray line signal from dark matter

If the Weakly Interacting Massive Particles (WIMPs), popular candidates for the dark matter
(DM) in the Universe, annihilate or decay into a photon and a neutral particle (such as another
photon or Z° boson), approximately monoenergetic gamma rays will be produced in the rest frame.
For nonrelativistic DM particles such as those constituting the Galactic halo, this may give rise to a
monoenergetic (“line”’) photon signal in the smooth spectrum, which most likely follows power-law
form, of the standard astrophysical emission [4].

If the spectral line is produced by DM annihilation into a pair of gamma rays, the expected
gamma-ray flux is given by

do ov dN
(_) = { >277 (—) / dQ/ ds p(r)?
dE ann 87TmDM dE ann ROI l.o.s.

where (ov), is the averaged DM annihilation cross section times relative velocity for two-photon
production, mpy is the mass of the DM particle, (AN/dE),nn = 20(E, — E), and E,, = mpm. For
lines generated by DM decay into a gamma ray and a second neutral particle, the expected flux is

do 1
— dQ d 2
(dE )dec 47 TpMMDM ( )dec ‘/ROI /10 5. sp(r)] @

where tpy is the lifetime of the DM particle, (AN /dE)gec = 6(E, — E), and E,, = mpm/2. The
quantities in the square brackets in above two equations are so-called J factors (Jynn/Jgec) and are

6]

given by

proportional to the expected intensity of gamma-ray emission from DM annihilation or decay in
a given region-of-interest (ROI) assuming a specific DM density distribution p(r) of the Galactic
halo, where r is the radial distance from the Galactic center. The last integrals are performed along
line-of-sight (l.0.s.) from us toward a specific direction.

4. Analysis

We analyzed the CALET gamma-ray candidates to search for a line gamma-ray signal using
the data during about five year of observation, from October 13, 2015 to September 30, 2020, and
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Figure 2: Skymap of gamma-ray events (HE trigger, > 10 GeV) shown in the Galactic coordinates.
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Figure 3: Regions of interest (ROI) in the skymap used for gamma-ray line signals. See text for details.

obtained 12,260 gamma-ray candidates in the HE trigger mode. The skymap of these events are
shown in Fig. 2 without correction of non-uniform exposure (about 90% (50%) of the whole sky is
covered with more than 60% (80%) of the maximum exposure).

We used five regions of interest in the skymap for gamma-ray line search. They are defined as
circular regions of radius Rgc centered on the Galactic center with |b| < 5° and |£| > 6° masked,
following to ref. [10], as shown in Fig. 3. They are based on four smooth parametrizations for
the distribution of DM in the Galaxy (‘NFW contracted’, ‘NFW’, ‘Einasto’ and ‘Isothemal’: see
ref. [10] for definitions). Four regions, called as R3 (Rgc = 3°, optimized for the contracted NFW
profile), R16 (Rgc = 16°, optimized for the Einasto profile), R41 (Rgc = 41°, optimized for the
NFW profile) and R90 (Rgc = 90°, optimized for the isothermal profile), are used for annihilating
DM models, and another region, called as R180 (Rgc = 180°) for decayng DM models. We mask
bright point sources shown in Fig. 3 as 1°-radius circles each.

We selected gamma-ray candidates in each ROI from our samples, and calculated energy
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Figure 4: Upper limits (95% C.L.) on gamma-ray line signal for each ROI from the CALET observation.
See text for definitions of ROI.

Galactic halo Annihilation Decay

profile ROI  Jun, [GeVZem™Ckpe] | ROI  Jgee [GeV em ™3 kpc]
NFW contracted | R3 37.3 R180 77.6
Einasto R16 30.0 R180 79.0

NFW R41 29.1 R180 78.0
Isothermal R90 22.4 R180 76.7

Table 1: J factors calculated for each ROI after applying point-source cuts. See text for Galactic halo profiles
and definitions of ROL.

spectra (10 bins per decade) by summing up exposures computed as HealPix equi-solid-angle bins
of resolution index 6 (49,152 bins) [12]. Then, 95% C.L. upper limits on line signals have been
calculated by adding the assumed line signals to the observed spectra which raise the reduced y?
(where only statistical errors are taken into account) for the power-law fit by 3.94 [13]. (When there
is no entry in the energy bin, we assigned 1.29 events as the 95% C.L. limit following ref.[14].) Here
the assumed line signal has been broadened by a Gaussian distribution with the energy resolution
of CALET, shown in Fig. 1 (left), before adding to the spectra. We assumed the monochromatic
energy of gamma rays to be 1010-0% GeV (i = 0, - - - , 29) for this calculation so that there should be
no interference effect with energy bin boundaries. The resulting upper limits on fluxes are plotted
in Fig. 4 as a function of the assumed line energy.

The upper limits on DM annihilation and decay parameters have been calculated based on
equations (1) and (2) following [10]: The J factors (Jann/J4ec) have been calculated for each ROI
optimized for the assumed four models describing the Galactic halo density profiles, and tabulated
in Table 1. Then upper limits on (ov) and 7pys have been calculated with the flux upper limits
given in Fig. 4, and preliminary results are plotted for each density profile in Fig. 5 for annihilation
and Fig. 6 for decay, respectively, in comparison with the limits reported in ref. [11]. Fig. 6 shows
the case of the NFW profile only, but limits for 7pj, are almost model-independent (see Table 1).
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Figure 5: Upper limits on DM velocity-averaged annihilation cross section as a function of the DM mass
for each ROI. Also shown are those given by Fermi-LAT [11] and H.E.S.S. [15] for comparison. Horizontal

thin lines show the canonical thermal relic cross section of 3 x 10720 ¢cm3 s~1.
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Figure 6: Upper limits on DM decay lifetime assuming the NFW halo profile. ROI in this case is R180.
Limits assuming other profiles are almost indistinguishable. Also shown are those given by Fermi-LAT [11]
for comparison.
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5. Summary

Gamma-ray events above 10 GeV observed during five years of operation of the CALET detector
onboard the International Space Station have been analyzed to search for possible line signals in the
energy spectra assuming various region-of-interests of the sky depending on the proposed Galactic
halo density profile models. We found no hint of line signals and gave upper limits on parameters
of the DM annihilation and decay models, although these limits, taking account of only statistical
errors, are still preliminary. We are now studying possible systematic errors in our limits.

Our velocity-averaged cross section limits lie in the range (ov),, ~ 1072-107% cm? 57!, with
the precise limit depending on the DM mass and the DM density profile assumed for the Galaxy;
gentler profiles which produce wider distribution around the Galactic center are constrained more
strongly, mainly because we have more events for larger ROI and statistical errors are reduced. The
limits are a factor up to 30 times below the canonical thermal relic cross section of (ov)wimp ~
3 x 10726 ¢cm?s™! [4] and therefore constrain models in which DM particles can annihilate to
standard model particles through tree-level diagrams. However, since DM is constrained to be
electrically neutral to a very good approximation, WIMP interactions in most models produce
monochromatic gamma rays only through higher-order processes, the cross sections of which are
typically suppressed by 3 or more orders of magnitude [4]. This means that our limits do not
disfavor the WIMP hypothesis in general. Comparing with the Fermi-LAT results [11], our limits
on the velocity-averaged cross section are extended towards a slightly heavier DM masses and are
comparable for gentler Galactic halo density profiles (NFW and isothermal), but are worse for
cuspier ones (NFWc and Einasto). Our limits on the DM decay lifetime are also extended towards
a slightly heavier DM masses and could be better than Fermi-LAT results [11] for mpy 2 50 GeV,

although we have not taken systematical errors into account yet.
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