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Over its ten years of mission the Large Area Telescope onboard the Fermi Gamma-ray Space
Telescope has collected the largest ever sample of high-energy cosmic-ray electron and positron
events. Possible features in their energy spectrum could be a signature of the presence of nearby
astrophysical sources or of more exotic sources, such as annihilating or decaying dark matter par-
ticles in the Galaxy. In addition, the capture and subsequent annihilation of dark matter particles
in the Sun via long-lived dark mediators can yield high-energy electrons and positrons reaching
the Earth, which are a probe for the dark matter-nucleon scattering cross section. We present the
results of the search for possible features in the cosmic-ray electron and positron spectrum from
our Galaxy and towards the Sun. We set constraints on the the velocity-averaged dark matter an-
nihilation cross section and on the dark matter-nucleon scattering cross section up to dark matter
masses of 1.7 TeV.
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1. Introduction

High-energy cosmic-ray electrons and positrons (herafter CREs) lose their energy mainly
through synchrotron radiation and inverse Compton interactions with the low-energy photons of
the interstellar radiation field during their journey in the Galaxy. Therefore, CREs reaching the
Earth with energies above 100 GeV should be produced by a few nearby sources [1,2]. An alter-
native production mechanism for high-energy CREs could arise due to the annihilation or decay
of dark matter (DM). In this case, the CRE energy spectrum is expected to exhibit a cut-off at the
energy corresponding to the DM mass [3]. Therefore, the signature of a DM contribution to the
CRE spectrum would be an “edge”-like feature at energies close to the DM mass.

DM particles from the Galactic halo passing through the Sun are expected to scatter off nuclei,
lose energy, and be trapped by the solar gravitational field. Multiple scatterings cause DM to accu-
mulate in the centre of the Sun. If DM particles can self-annihilate, the capture is then balanced by
the annihilation, leading to the equilibrium between the two rates. DM annihilations are expected
to yield Standard Model (SM) particles that, with the exception of neutrinos, will be absorbed by
the Sun. However alternative models have been proposed, which predict the possibility of DM to
annihilate into long-lived mediators that can escape the Sun and then decay into SM particles. In a
further class of models, DM scatters inelastically off Sun nuclei, leading to a significant accumu-
lation of DM particles just outside the surface of the Sun. Also in this case the DM annihilations
could produce SM particles which reach the Earth. In the framework of these models, electrons
and positrons produced from DM captured by the Sun can be detectable at Earth, via either decay
of the mediator or direct DM annihilation [4] (see also [5] and reference therein).

In this work, we performed a comprehensive analysis of the CRE data [6] collected by the
Fermi Large Area Telescope (LAT) [7] to search for possible features in the spectrum originating
either from the direct annihilation of DM particles in the Galactic halo into e™e™ pairs [8] or
towards the Sun, where we searched for either delta-like lines or box-like spectral edges [9].

2. CRE:s originating from dark matter

2.1 Spectrum of cosmic-ray electrons and positrons from DM annihilations in the halo

The spectrum of CREs produced from DM annihilations in the Galaxy has been evaluated with
a customized version of the propagation code DRAGON [10, 11], in which the cross sections for the
production of secondary particles are taken from Ref. [12]. We set the propagation model of CRs
in the Galaxy assuming a source term distribution, a gas density distribution and the interstellar
radiation field (ISRF) and Galactic magnetic field model (GMF). We assume that the scalar dif-
fusion coefficient depends on the particle rigidity R and on the distance from the Galactic plane z
according to the parameterization D = Dy 87 (R/Ry)® el/% [8]. We set a@ = 0.33 according to the
recent boron to carbon ratio (B/C) from the AMS-02 data [13], Ry =4 GV and z; = 4 kpc, while
Dy and n are tuned to the B/C AMS-02 data, also setting the nuclei injection spectra to reproduce
the VOYAGER 1 data at low energy [14]. We have found that the B/C data are reproduced setting
Do =7.4x10% cm? s™! and 1 = —0.1. A reacceleration model is also adopted to reproduce the
B/C data at low energy, setting the Alfvén velocity to vy = 52 km s~
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With this propagation model in hand, we have evaluated the spectra of CREs at Earth pro-
duced by DM annihilations in our Galaxy still using the DRAGON code. We assume a Navarro-
Frenk-White DM density profile [15] with a local density po, = 0.41 GeV cm™> [16]. The
inclusive yields of e* from DM annihilations are taken from [3], including electroweak correc-
tions [17]. Fig. 1 shows, for each DM mass, the expected CRE spectra at Earth calculated assuming
a velocity-averaged annihilation cross section (6v) = 3 x 1072 cm? s~! and compared with the
Fermi LAT [6], AMSO02 [18], CALET [19] and DAMPE [20] data. The spectra scale lineary with
(ov) and p2. The CRE spectra from DM annihilations are very hard and exhibit a cutoff at the
energy corresponding to the mass of the DM particle, which is referred to as an “edge-like” feature.
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Figure 1: Galactic CRE spectra at Earth. The expected contributions from possible DM annihilations in the
Galaxy (corresponding to (ov) =3 x 10723 cm? s!) are compared with the data from the Fermi LAT [6],
AMS-02 [18], CALET [19] and DAMPE [20].

2.2 Dark Matter models from the Sun and electron-positron energy spectrum

We assume two scenarios for the production of CREs due to annihilations of DM particles
captured inside the Sun: i) capture via elastic scattering and subsequent annihilation in the core of
the Sun into eTe™ pairs through a light intermediate state ¢; ii) capture via inelastic scattering and
subsequent annihilation directly into eTe™ pairs outside the Sun.

In the first model, DM particles are captured by the Sun through elastic scatterings, lose en-
ergy through subsequent scatterings, and eventually thermalize and sink to the core, where they
annihilate. When capture and annihilation reach equilibrium, the annihilation rate is given by:

Lann = %Fcap = %CannN;ZC 2.1

We assume that DM particles annihilate into a light intermediate state ¢, i.e., xx — ¢ ¢, with
the ¢ subsequently decaying to standard model particles. The ¢ are assumed to be able to escape
the Sun without further interactions, with each ¢ decaying to an e* pair. If the decay happens
outside the surface of the Sun, the e* can reach the Earth and may be detectable in the form of an
excess of CREs from the direction of the Sun. The DM particles are assumed to annihilate at rest
in the core of the Sun. Therefore, in the lab frame, the energy of the ¢ will be equal to the mass of
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the DM particle, i.e. Ey = m,. We assume ¢ to be a light scalar such that my < m,. Under this
assumption, the ¢ are relativistic, i.e. Yy = Ey/mg > 1. The angular dispersion of the e pair with
respect to the direction of the parent ¢ is of the order of 1/y4 ~ 0, and therefore the e* will keep
the same direction as the ¢.

Indicating with L the ¢ decay length, the flux of e* produced from ¢s decaying and detected
at the Earth is given by:

r
Pom(E) = N(E) % (e*Rfv/L - e*D/L> 2.2)

where R, is the Sun radius and D is distance of the Sun center to the Earth. The DM e* spectrum
in this scenario acquires a box-like shape centered on E = m, /2, with a width depending on the
mediator mass my. In the limit my < m,y, the dependence on my disappears and the box extends
from E = 0 to E = m,,. We can therefore write N(E) = 2H (m,, — E) /m,,, with the factor 2 account-
ing for the e™ multiplicity (2) for each mediator and H the Heaviside step function. We assume that
mediators can pass through Sun without attenuation. The capture rate has been evaluated with the
DARKSUSY code version 6.1 .0 [21,22] assuming the default settings, with a local DM density
po = 0.3 GeV/cm?, a Maxwellian velocity distribution with average velocity ve, = 220 km/s and
velocity dispersion v,,,,s = 270 km/s, and setting the DM-nucleon cross section to 6 = 10740 cm?
(in both spin independent and spin dependent cases). The capture rate scales linearly with both &
and the local DM density pe.

In the second model, a DM particle ) that scatters inelastically off a solar nucleon N will
produce an excited state y* with a slightly heavier mass, i.e. ¥ +N — x*+ N. To undergo a
scattering, the DM particle needs an energy E > A(1+my /my), where A = mj —my is the mass
splitting parameter. The captured particles will remain on relatively large orbits. As a result, the
density of captured DM particles outside the Sun may not be negligible, and the annihilation of
those particles to e* could thus produce an observable flux of CREs from the direction of the Sun.
Assuming that DM particles annihilate at rest and that CREs do not lose energy when travelling
from the Sun to the Earth, their spectrum will be a line at E,+ = m,. We also assume that all
annihilations occur close to the surface of the Sun, since the density of DM rapidly decreases with
the distance from the Sun. As for the previous case of elastic scattering, we assume equilibrium,
ll“cap. Defining fou as the fraction of DM annihilations occuring outside the Sun at a

2
given time, we can write the following equation:

i.e. Iyn =

1—‘ann,out = foutrann = %foutrcap (2-3)
We use the capture rate I'c,p, as a function of DM mass m,, and of mass splitting A as given in Fig. 2
of Ref. [23], and adjust the overall capture rate with cy.

We use the parameter fo,c as a function of the splitting mass parameter A as calculated by
Ref. [4] for the DM captured by the Sun via inelastic scattering and my = 1 TeV. We assume
that the dependence on m, is weak for the mass range of the present work, also following the
prescriptions of Ref. [4]. We note that the uncertainties in the calculation of fy, are large, and
a detailed study is beyond the scope of this paper. However, the present results can be easily
rescaled. The flux of e* at the Earth due to the DM annihilations captured nearby the Sun via
inelastic scattering is
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r
Dpy(E) =2 :;’gg’ S(E —my) (2.4)

where the factor 2 accounts that 2 CREs are emitted per annihilation of each pair of DM particles.
However, we assume that only one particle of the e™e™ pair emitted per annihilation nearby the
Sun surface can reach the Earth, so we assume that the flux of CRE observed is a factor 2 smaller
than that given by Eq. 2.4, and this would result in conservative limits.

3. Analysis Method

For the present work we analyzed the same dataset used in Refs. [6] and [8]. Full details on
the event selection are given in Ref. [6]. We have implemented a fitting procedure in sliding energy
windows to search for possible local peaks (either bumps, box or lines) on the top of a smooth CRE
spectrum. In each energy window we model the CRE intensity as I(E) = Io(E) + I¢(E), where
Ip(E) is the “smooth” part of the spectrum and Iy(E) describes the possible feature. Since the
energy windows are narrow, we assume that the smooth part of the spectrum can be described by
a power-law (PL) model Io(E) = k(E/Ep)~", where v is the PL spectral index and the prefactor k
corresponds the CRE intensity at the scale energy Ejy, fixed to 1 GeV.

In our analysis, we assume three models for /;(E): (i) a delta-like (hereafter line model) fea-
ture, I7(E) = s 8(E,, — E), where s represents the intensity of the line in units of m~2 s~! sr™; (ii)
a box-like (hereafter box model) feature, I¢(E) = s H(E,, — E), where s represents the intensity of
the box in units of GeV~! m—2 s~! sr™'; (iii) a spectrum produced by DM annihilating into CREs,
It(E) = sIpy(E|mpp, (0V),...), where Ipy(E) is the intensity of CREs from DM observed near
the Earth, which is calculated in Sec. 2.1, and the parameter s represents the scale of the annihila-
tion cross-section implemented in the model (s corresponds to (ov) in units of 3 x 10726 ¢cm?® s71).
Here we indicate with 6 the Dirac delta function and with H the Heaviside step function, while E,,
is the energy corresponding to the center of the sliding window. The line model will be used in the
analysis of CREs from the Sun (a spectral line is expected from direct annihilations of DM into e*
pairs, see Sec.2.2), but also in the analysis of CREs from the Galactic Halo.

Starting from the model, we can calculate the expected counts in each CRE observed energy
bin E; as:

W= W(E) =1t [ dE B(E)|E) 1(E) (3.1)

where E is true (Monte Carlo) energy, Z(E;|E) is the instrument response matrix (acceptance)
which incorporates the energy resolution of the LAT, and  is the integrated livetime. For our fitting
procedure we define a x2 function as follows:

2
2= i (nj— 1)
= nj+f52ys,n§

3.2)

where N is the number of energy bins used for the fit. The denominator of each term in the
summation includes the sum in quadrature of statistical Poisson fluctuations (,/7;) and systematic
uncertainties (fyy1;). The analysis of the Galactic Halo is performed looking at CREs coming
from the whole sky. On the other hand, in the case of the Sun analysis, we define a signal region
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and a background control region as cones with fixed angular radius and axis pointing towards the
Sun and the anti-Sun respectively, and we fit simultaneously the count distributions from the two
regions. To estimate the parameters {k,c,s} which minimize the y?> we use the MINUIT code
within the ROOT toolkit; the values of the parameters at a 95% confidence limit (CL) are evaluated
using MINOS and setting the error confidence level to 2.71.

We have performed our fits scanning an energy range extending from 42 GeV to about 2 TeV.
This interval has been divided in 64 bins per decade, equally spaced on a logarithmic scale. We
perform the fit in sliding energy windows with a half-width of 0.35E,,, that well contain the possible
features. In fact, the LAT energy resolution for the CRE selection at 95% containment ranges from
about 15% at 42 GeV to about 20% at 1 TeV and increases up to 35% at 2 TeV, as shown in
Ref. [6]. On the other hand, when searching for a DM signal from direct annihilation to e* pairs
in the Galactic Halo, we have selected fit windows centered on the candidate DM mass mpys with
a half-width of 0.5mp,,. We have also tested different energy binnings and different window sizes
yielding comparable results [8].

We evaluate the expectation bands for our results, i.e. the sensitivity to the null hypothesis, us-
ing a pseudo-experiment technique. As a starting point, we fit the observed CRE count distribution
with a simple PL model in the whole energy range, and we use this model as a template to evaluate
the expected counts in each energy bin.

4. Results and Conclusions

The current analysis yields no evidence for any feature like a line, a box or a possible DM
signal from the Galactic Halo. We set constraints on the line intensity and on the velocity-averaged
DM annihilation cross section in the case of galactic CREs, and limits on the DM cross section per
nucleon in the case of solar CREs. Our limits extend up to DM masses of 1.7 TeV /c?

Fig. 2 shows the upper limits at 95% confidence level on the parameters describing the feature
(s for the line, (ov) for the DM signal) from the analysis of the Galactic Halo. In the right panel of
Fig. 2 we also include dashed-dotted and dotted black lines showing variations of the limits on (ov)
assuming that p, can vary in the range (0.25 —0.7) GeV cm™> and that the ISRF together with
the GMF can vary by £50%, respectively. The green and yellow bands show the 68% and 95%
CL expectation bands, respectively, calculated from the pseudo-experiments. Since the limits lie
within the 95% CL expectation bands, the Fermi LAT data do not provide evidence of any feature
at the 20 (local) level, either in the case of a delta-like line or in the case of a signal from DM
annihilations in the Galaxy.

CREs originating from DM captured in the Sun should yield a signal peaked towards the
direction of the Sun with an angular extension determined by the heliospheric magnetic field. A
detailed study of the effects of the heliomagnetic field is beyond the goal of the present paper, and
in general is not straightforward because the geometry of the field is rather complex. Therefore, to
take into account the effect of heliomagnetic field, in the present analysis we have chosen as signal
region a cone with aperture of 30° pointing towards the Sun (see Ref. [9] for alternative Rols).

The left panel of Fig. 3 shows the constraints on DM annihilation to e*e~ via an intermediate
state, assuming that the capture of DM takes place either via spin independent (black lines) or spin
dependent (red lines) elastic scattering. The constraints have been calculated for four values of the
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Figure 2: Upper limits on the galactic CRE spectral features. The left plot has been obtained assuming
a delta-like line feature on the top of a power-law spectrum; the right plot has been obtained assuming a
feature due to DM annihilating into CREs on the top of a power-law spectrum. The plots show the upper
limits at 95% CL on the parameter describing the feature (s for the line, (ov) for the DM signal). The
dashed-dotted and the dotted black lines in the right plot indicate the variations of the limits on (ov) for
reasonable variations of the local DM density, of the ISRF and of the GMF (see discussion in the text). The
dashed line in the right plot indicates the thermal relic cross section from Steigman et al. [24]. The colored
lines indicate the upper limits on (ov) taken from Refs. [25-29].
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Figure 3: Results of the search features in a 30° Rol towards to the Sun in the case of the box (left panel) and
line models (right panel). The left plot shows the upper limits on the elastic DM-nucleon cross section for
both the spin dependent and spin independent cases, for four different decay lengths of the mediator L = R,
0.1, 1 and 5 AU; the right plot shows the upper limits on the cross section per nucleon oy in the inelastic
case for DM annihilation into e™e™ as a function of energy, calculated for three values of the splitting mass
parameter, i.e., A = 110,125 and 140 keV (right panel).

decay length of the intermediate state, L = R, 0.1, 1 and 5 AU. The right panel of Fig. 3 shows the
limits on the cross section per nucleon oy for DM capture via inelastic scattering with subsequent
direct annihilation into e*e~. These limits have been calculated for three values of the splitting
mass parameter, A = 110, 125 and 140 keV.

In the current analysis we constrain CRE signals produced by DM from the Galactic Halo and
from the Sun covering the mass range from 42 GeV to 1.7 GeV. A similar analysis towards the
Sun has been also performed with photons down to energies of a few GeV, also presented in this
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conference [30].
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