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CALET (CALorimetric Electron Telescope) is in operation on the ISS since October 2015 and
directly measures the electron+positron cosmic-ray spectrum up into the TeV-region with fine
energy resolution and good proton rejection. Interpretations of the latest results published in [O.
Adriani et al. PRL 120, 261102] regarding Dark Matter signatures are presented. Limits on
annihilation and decay of Dark Matter were calculated based on an analytic parametrization of
the local electron and positron spectra, including a term representing the flux from nearby pulsars
as the extra electron-positron-pair source responsible for the positron excess, which is fitted to
CALET data and positron flux/fraction data of AMS-02. The expected flux from Dark Matter is
calculated with PYTHIA and DRAGON, and added to the parametrization with increasing scale
factor until reaching 95% CL exclusion, returning a limit on the annihilation cross-section or
lifetime. By treating systematic uncertainties with known energy dependence as corrections to
the fit function, limits were improved compared to all-random errors. Structures appear in the
spectrum, which have been investigated as potential Dark Matter signatures by looking for an
improvement of the fit quality with addition of flux from Dark Matter. Thereby, annihilation
of 350 GeV or decay of 700 GeV Dark Matter to electron-positron pairs is identified as a
possible explanation of a step-like structure around 350 GeV. The significance of this signature,
Dark Matter explanations of other spectral features and possible astrophysical alternatives are
discussed
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1. Introduction

Search for potential Dark Matter signatures in the electron+positron cosmic-ray spectrum is
an important mission goal of the CALET project [1], for which it is well suited due to its high
energy resolution, promising strong constraints on Dark Matter properties [2]. Dark Matter search
in the high-energy electron+positron spectrum is distinguished from indirect Dark Matter search
with γ-rays by the target region being the galactic halo within the short propagation distance of
high energy electrons, instead of distant over-dense regions such as the Galactic Center or dwarf
galaxies. Therefore it is not subject to effects from the large uncertainty of halo models [3]. On
the other hand, indirect Dark Matter search in electron and positron cosmic rays requires a detailed
model of the astrophysical background, including possible sources of the positron excess. Thus,
the CALET electron+positron spectrum up to 4.8 TeV [4] is combined with the AMS-02 positron-
only spectrum up to 1 TeV [5] for this study, which follows the concept explained in Ref. [2] for
calculation of limits on Dark Matter annihilation and decay, with a refined background modeling,
based on which also structures in the CALET spectrum are interpreted.

2. Modeling of Electron and Positron Spectra

To model the positron and electron spectra, different strategies are used for each component,
based on what can be inferred from observation and theory. The electron spectrum is expressed as

Φ
−
e =CeE−(γe−∆γe)

(
1+
(

E
EB

) ∆γe
s
)s

e
−
(

E
Ecutd

)
+

Cs

Cnorm
Φs(e−)+Φex , (2.1)

and the positron spectrum as

Φ
+
e =

Cs

Cnorm
Φs(e+)+Φex . (2.2)

Due to their large energy loss in propagation, the spectrum of primary electrons depends on
the distribution of individual supernova remnants (SNR) in the galactic neighborhood of the solar
system, which is yet mostly unknown. As an effective model of the local (after propagation)
primary electron spectrum from all contributing SNR, it is parametrized by a power law with a
soft spectral break (index γe, break position Eb, index change ∆γe, softness s) at low energy and a
high-energy exponential cut-off at Ecutd representing radiative energy loss of high energy electrons.
Though the measurements [6, 4, 7] support a cut-off or spectral index change around one TeV, they
provide little constraint on the value of Ecutd within a range of about 2 TeV to 10 TeV, which is
therefore treated as a fixed nuisance parameter with a default value of 4 TeV.

The secondary positron (Φs(e+)) and electron (Φs(e−)) fluxes are taken from the output of nu-
merical propagation calculation with DRAGON [8] for the nuclei spectra up to Carbon, which is
used to establish propagation conditions used consistently from calculation of fluxes from secon-
daries, pulsars and Dark Matter. With an initial scale factor Cnorm obtained from normalizing the
proton flux to measurements of AMS-02 [9], a common rescaling factor (Cs/Cnorm) is included in
the fit as free parameter to account for uncertainties in secondary production.
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The chosen propagation conditions (also used in [10]) comprise a gradual change in the slope
of the diffusion coefficient according to

D(r) = D0

(
R
R0

)δl

1+
(

R
Rb

) δl−δh
s

−s

, (2.3)

with δl = 0.6 , δh = 0.33, R0 = 4 GV , Rb = 300 GV , D0 = 1.3 · 1028 cm2/s, and a softness
parameter s = 0.2. In calculation of nuclei spectra with DRAGON, assuming a common injection
index γi = -2.32 for all nucleons, this model reproduces the AMS-02 B/C ratio [11] and proton
spectrum [9] measurements, predicting a hardening in the proton spectrum without any break in
the injection index, albeit too weak to be the sole explanation for the magnitude of index change
as recently measured by CALET [12, 13] (an adaption of the model to CALET proton results is
currently being investigated with the necessary changes expected not to have significant effect on
the results of the study presented herein).

For the flux of the primary positron source causing the positron excess Φex, both pulsars and
Dark Matter are considered, with a single young pulsar being the minimum solution assumed in
the base model, for which the Monogem pulsar is chosen. The power-law with cut-off injection
spectrum (defined by spectral index γex and cut-off energy Ecutex) of each pulsar is propagated using
the analytic solution of the propagation equation for a point source as explained e.g. in Ref. [14],
adapted to include the gradual change in the diffusion coefficient, yielding the propagated flux from
a pulsar as

Φpulsar =
Q0η

π3/2r3
di f

E−γex

(
1− E

Emax

)(γex−2)

e
− E/Ecutex

1−E/Emax
− r2

r2
di f , (2.4)

in which the characteristic diffusion distance rdi f is expressed as

rdi f = 2

√√√√D(E)tdi f

1−δ (E)
Emax

E

[
1−
(

1− E
Emax

)(1−δ (E))
]
, (2.5)

with Emax = (b0 tdi f )
−1, b0 = 1.4 10−16 GeV s−1, D(E) given by Eq. 2.3 and δ (E) approximated

as the local index of D(E) at E.
The initial rotation energy of the pulsar Q0 and the distance to the pulsar r are taken from the

ATNF catalog [15] for each pulsar, as well as its age. For the base model it is assumed that the
emission of cosmic rays happens as a burst shortly after creation of the pulsar and the diffusion
time tdi f is therefore taken as the age of the pulsar.

The model is fitted to the data of CALET [4] based on total flux Φ−
e +Φ+

e and data of AMS-02
[5] for E > 10 GeV based on Φ+

e by minimizing the sum of χ2 of both comparisons, with system-
atic uncertainties of both measurements taken into account. For the CALET measurement, the 1-σ
deviation ∆(k,i) as a function of each data point’s energy (Ei) is listed in the supplemental material
of Ref. [4] for the systematic uncertainty associated with the following parts of the analysis: Nor-
malization, tracking, charge selection, electron identification, Monte Carlo. A systematic shift of
the data-points is performed as part of the fit function with weights wk as free parameters and the
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squared weight of each uncertainty is added to the total χ2 of the fit as given by

χ
2
CALET =

(
∑

i

(Φi)+∑k ∆(k,i)wk − Ji)

σ2
i

)
+∑

k
w2

k , (2.6)

where i iterates over the data points and k over the different systematic uncertainty types. Sys-
tematic errors associated with the trigger and the boosted decision tree proton rejection are added
quadratically to the statistical error. For the AMS-02 measurement, the error on mean energy σE

in each bin is translated into an error on flux σJ(E) using the power law index γe+ also shown in
Ref. [5] via the relation σJ(E) = J(E)(σE/E)(γe+ −1).

For the study of Dark Matter signatures, the positron spectra (identical to electron spectrum
due to the symmetry of the process) of Dark Matter annihilation or decay are calculated with
PYTHIA 8.2 [16], and used as input for the propagation calculation with DRAGON, to obtain the
flux at Earth. For the Dark Matter halo, a NFW profile with local density ρ0 = 0.3 GeV/cm3 is
assumed.

Figure 1: The base model as fitted to CALET [4] and AMS-02 [5] data. See legends for expla-
nation of markers and lines, the values for the parameters introduced in the text are given in the
box to the right of the graphs.

3. Limits on Dark Matter Annihilation and Decay

To obtain a limit on the speed averaged annihilation cross-section < σv > or the lifetime τ of
Dark Matter, the predicted flux from Dark Matter annihilation or decay is added to the base model
as an additional component of Φex, with the scale factor increased in steps until χ2 reaches the
95% CL threshold for the respective number of degrees of freedom (ndof). Multiplying (dividing)
the normalization cross-section (lifetime) by the scale factor at which the 95% CL threshold is
crossed yields the limit on cross-section <σv> (lifetime τ). To avoid reporting a too stringent limit
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due to the fitting function having no unique minimum, the "Migrad" and "Simplex" minimizers of
Minuit are used in alternation with different starting points as explained in Ref. [2]. By performing
this procedure for various masses of the Dark Matter particles (MDM), limits as a function of MDM

for various annihilation and decay channels are calculated, with those for leptonic channels shown
in Fig. 2. The strictest limits are obtained for the channel of direct annihilation to electron+positron
pairs, surpassing Fermi-LAT limits from γ-ray observation of dwarf galaxies below 200 GeV.

Figure 2: Limits on annihilation (top) and decay (bottom) as a function of MDM for the leptonic
channels, compared to limits from γ-ray observation of dwarf galaxies with Fermi-LAT from the
supplemental material of Ref. [17].

4. Dark Matter Interpretation of Structures

As described above, the addition of the predicted dark matter flux and increase of the scale
factor for limit calculation causes eventually an increase in χ2 of the fit. However, it is found that
for annihilation/decay directly into electron+positon pairs, the addition of the Dark Matter flux
with a scale factor smaller than the limit value improves the fit singificantly compared to the base
model with a pulsar extra source in two ranges of MDM, corresponding to the step-like structures
near 350 GeV and 1 TeV in the CALET spectrum.
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As a speculative interpretation of the structures by Dark Matter annihilation (decay), the op-
timal cross-section (lifetime) for modeling the structures and the associated maximal χ2 reduction
are determined depending on MDM with the results shown in Fig.3. The largest χ2 improvement
compared to the single pulsar case is ∆χ2 = 6.64 for MDM = 350 GeV in the annihilation case as
shown in Fig.4, and 700 GeV for decay, exceeding the 95% significance level for two additional
free parameters (MDM and < σv > or τ respectively).

Figure 3: Fit improvement by addition of flux from Dark Matter to the base model for annihila-
tion (left) and decay (right) as a function of MDM, together with the annihilation cross-section or
inverse lifetime giving the best fit.

5. Multi-Pulsar Interpretation of the 350 GeV Structure

The fit improvement by addition of Dark Matter indicates that the structure near 350 GeV has
significance within the modeling framework used in this study, warranting an explanation. As a
more mundane alternative to Dark Matter, a refinement of the astrophysical background model was
investigated. While the release of high energy electrons and positrons from the Monogem pulsar
coincides with its creation in the base model, it is expected that they are confined in the PWN
initially and released with the disruption of the PWN, introducing the release delay Tr as another
parameter for which the range up to 100 kyr is considered [18]. In addition, while the single pulsar
model fits the current data well, it is natural to assume that multiple nearby pulsars contribute to
the source of the positron excess, based on the observations summarized in the ATNF catalog [15].
Relevant candidates were selected from its entries with age less than 1 Myr and distance less than
1 kpc by their potential contribution to the total flux being more than 5% for any combination of
γex and Ecutex , resulting in 13 remaining candidates. The refined model with the combined flux from
these 13 pulsars as Φex was fitted to the data keeping η , γex and Ecutex as free parameters common
for all pulsars, and scanning over Tr and Ecutd in steps. A minimum value of χ2 = 26.2 is found,
with marginal differences for several cases with Tr >= 60 kyr. The case of Tr = 60 kyr is shown in
Figure 5, demonstrating that the 350 GeV structure is represented well by this multi-pulsar model.
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Figure 4: Model adding the flux from direct annihilation of 350 GeV Dark Matter into electron-
positron pairs to the base model, improving the fit quality by ∆χ2 = 6.64. See legend for ex-
planation of markers and lines, parameter values are given in the box to the right of the graph.

Figure 5: The multi-pulsar model with Tr = 60 kyr. See the legend for explanation of markers
and lines, parameter values are given in the box to the right of the graph. Only those of the 13
extra-source pulsars which have high enough flux to appear in the plot are listed in the legend.
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6. Summary and Outlook

Limits on annihilation of Dark Matter with mass up to 5 TeV and decay of Dark Matter with
mass up to 10 TeV have been calculated from from the CALET electron+positron spectrum in
combination with AMS-02 data. These limits give strong constraints not subject to halo model
uncertainties except for the local Dark Matter density, especially on the direct electron+positron
annihilation (decay) channel in which least γ-rays are produced. The results emphasize the com-
plementarity between indirect Dark Matter searches in electron/positron cosmic rays and γ-rays.

A step-like structure appearing in the CALET spectrum at 350 GeV is shown to be compatible
with an interpretation as a Dark Matter signature or an explanation by astrophysical origin. In the
latter case it is shown to be a possible hint for the presence of individual local astrophysical sources,
with the model combining the flux of multiple nearby pulsars as the source of the positron excess
showing a significant fit improvement over the single-pulsar base model.

Reduction of systematic errors and better understanding of their energy dependence is ex-
pected to further increase the precision of the CALET measurement in the future, which together
with the ongoing extension of statistics and the upper energy bound [19] should improve the limits
and possibly the significance of the spectral structures.
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