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Sun, which depends on the scattering cross section of dark matter particles with solar nucleons.
We do not find any statistically significant feature in the energy spectra and thus constrain both
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nucleons in a dark matter mass range from a few GeV up to a few tens of GeV at the level of
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1. Introduction

One of challenges in modern experimental astrophysics is the indirect dark matter (DM) detec-
tion and the Sun is among the most promising targets for this task. DM particles coming from the
Galactic halo could interact via elastic scattering with the nuclei in the solar envirovment. In such
interaction, DM particles would lose energy and eventually be captured in the Sun core by its grav-
itational field. If these particles can also self-annihilate inside the Sun, an equilibrium between the
capture and the annihilation mechanisms could be reached. The annihilation and decay products
will include Standard Model (SM) particles, which can reach the Earth and be detected. All these
particles should yield characteristic signals, whose strengths depend on the properties of the parent
DM particles (i.e. mass and velocity), on the production process (i.e. DM annihilation/decay cross
sections and branching ratios) and on the propagation from the Sun to the Earth.

Gamma rays are the most promising probes for indirect DM searches because, unlike charged
particles, they are not deflected by the interstellar magnetic fields, thus making directional studies
possible, and, unlike neutrinos, they are relatively easy to detect. However, gamma rays produced
from DM annihilations in the Sun should be absorbed inside the Sun. In this work we investigate a
scenario in which DM particles annihilate into intermediate light particles which are able to escape
from the Sun and subsequently decay into gamma rays, which can therefore reach the Earth and be
detected.

The Large Area Telescope (LAT) onboard the Fermi Gamma-Ray Space Telescope routinely
observes the Sun during its data taking. In the present work we implemented a dedicated analysis
based on a Poisson maximum likelihood approach to search for a possible DM signature in the
energy spectrum of solar gamma rays. We use a 10-year dataset of gamma ray events collected by
the Fermi-LAT in an energy range from 100 MeV up to 150 GeV.

2. Solar dark matter annihilation through a light intermediate state

As mentioned above, gamma rays produced in the annihilations of DM particles in the Sun,
as well as other SM particles with the exception of neutrinos, will be likely absorbed in the Sun.
However, some authors [1-7] have proposed a possible scenario in which DM particles y annihilate
into long-lived scalar mediators ¢, which are able to escape from the Sun and then decay into SM
particles, such as gamma rays or electron-positron pairs, that can be detected at Earth.

When equilibrium between the annihilation and capture processes is reached, the annihilation
rate I'yy, is independent of the annihilation cross section and is set by the capture rate I'c,p, which
in turn depends on the scattering cross section (either spin-dependent, osp, or spin-independent,
Os1), on the local halo DM density number ppm, on the DM mass m,, and on the DM velocity
distribution: !

Lann = Ercap 2.1)

where the factor % accounts for the two DM particles involved in each annihilation event [8§—10].
In this scenario, DM particles are captured by the Sun through elastic scattering interactions

with the solar nuclei. DM particles lose their energy in subsequent interactions until they sink into

the core of the Sun, reaching thermal equilibrium. In the framework of this model, we assume that
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DM particles annihilate into a light intermediate state ¢, which subsequently decays into photons
through the processes Y x — ¢ ¢ and ¢ — yy. In this picture we implicitly assume that the mediators
¢ are able to escape outside the Sun without further interactions and that, after escaping from the
Sun, each ¢ decays producing a pair of gamma rays. If this happens, the gamma rays produced can
reach the Earth and may be detectable as a signature of DM in the form of an excess of photons
from the Sun direction.

The DM particles are assumed to annihilate at rest in the Sun core, and in the lab frame the
energy of the mediator ¢ will be equal to the mass m,, of the DM particle, i.e. Ey = m,. If we also
assume that the ¢ is a light scalar such that my < m,, the angular dispersion of the daughter gamma
rays with respect to the direction of the parent ¢ will be negligible. Under these assumption, indi-
cating with R, the solar radius, D the Sun-Earth distance and L the ¢ decay length; the DM gamma-
ray flux at Earth ®py(E) will be equivalent to that from a point-like source centered in the Sun’s
core (I'cap/4mD?), modulated by the survival probability of the mediator (e~Re/L —e=D/L) [8]:

Ppm(E) = Ny(E) 41;“332 (e7ke/t—e7P/) 2.2)
Under the assumptions of this model, the resulting DM photon spectrum will have a box-shape,
where the center and the width of the box will depend on m, and my [12]. In the hypothesis of a
light mediator, the dependence on my is lost and the box extends from E = 0 to E = m,,. In this
case Ny(E) can be written as Ny(E) = 2H (m, — E)/m,, where H is the Heaviside step function
and the factor 2 takes into account the fact that for each mediator decay two photons are produced.

3. Data analysis

The Sun is visible in gamma rays because of the interaction of cosmic rays (CRs) with the solar
environment, and the standard solar emission mechanisms are expected to yield a smooth gamma-
ray spectrum. The DM scenario illustrated above results in a hard spectrum, which is expected
to yield a characteristic feature in the solar gamma-ray energy spectrum, which we search for in
this work. We implemented a Poisson maximum likelihood fitting procedure in order to search for
possible local excesses in the count spectra of photons from the signal region. Our analysis ap-
proach is based on an ON/OFF technique, in which we combine the data from a Region of Interest
(Rol) of 2° angular radius centered on the position of the Sun (hereafter “signal region” or “ON
region”) and from a Rol of the same size centered on the anti-Sun (hereafter “background region”
or “OFF region”)'. With this approach, possible systematic effects are automatically included in
the analysis, since they should appear in both the “ON” and “OFF” regions.

The fits are performed in sliding energy windows to search for DM signatures, which should
yield local excess counts on the top of a smooth spectrum. The energy range scanned extends
from 100 MeV to 150 GeV and is divided in 64 bins per decade, equally spaced on a logarithmic
scale. Each energy window is defined as the interval [(1 —w)Ey, (1 + w)Ey], where Ey, is the
energy corresponding to the center of the window and wEy, is the half-width of the window. The

! At any given time, the position of the anti-Sun is defined by the Sun position with a 6 months offset. In this way
the background and the signal regions will span the same portion of sky, the exposures of the two regions will be nearly
equal and the anti-Sun will be always separated of about 180° from the Sun
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excesses in the count spectrum are assumed to be originated from a box-like feature in the energy
spectrum [8—11]. When folded with the instrument energy response function, this feature should
appear as a smooth edge, with the smoothing originated from the energy resolution of the LAT. For
this reason, the parameter w is chosen in order to ensure that the width of the windows is larger
than the LAT energy resolution for the whole energy range explored in the analysis. For the present
analysis we choose to use a window size of w = 0.6.

In Figure 1 the observed count distributions in the “ON” and “OFF” regions are shown re-
spectively in black and blue. The excess of counts in the signal region is due to the steady solar
gamma-ray emission.
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Figure 1: Observed count distributions in the “ON” and “OFF” regions. Both regions have an angular radius
of 2°. The energy interval has been divided in 64 bins per decade.

The expected counts ul.ON/ OFF in the i-th bin of reconstructed energy in the two regions can be
written as:

u = [ dESon(EE) - [@ug(E) + Boie )] 3.1)

WO = [ dESorr (EIE) - BuglE) (3.2)

where E; is the true photon energy, Sonjorr(Ei|E) is the exposure evaluated by means of the Monte
Carlo simulations taking into account the livetime distributions as a function of the off-axis angle
in the instrument frame, @, (E;) is the net signal flux from the Sun, which contributes only to the
counts in the “ON” region, and q)bkg(Et) is the background flux (diffuse, point sources, irreducible
background), which contributes to the counts in both the “ON” and “OFF” regions.

Each flux contribution can be expressed as the sum of a continuous smooth component ®¢(E)
with a possible additional feature ®¢(E). Since the energy windows are narrow, the continuous
term ®((E) can be well described as a simple power law model (PL) ®¢(E|k, ) = k(E/Ey)~%,
where o is the spectral index and the prefactor k (in units of MeV~'cm~2s~!) corresponds to
the photon flux at the scale energy Ey, fixed at 100 MeV. For the spectral feature, we assume a
box-like (box) feature ®¢(E|s) = sH(Ey, — E), where E\, is the energy corresponding to the center
of the window, H is the Heaviside step function and s represents the intensity of the feature.
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To test the significativity of a signal feature we evaluate the local Test Statistic 7'S = 2Alog % =
2(log L/ — log %), where £ and &) are the values of the likelihood functions obtained when fit-
ting the data with the models corresponding to the null hypothesis (i.e. no feature included) and
the alternative hypothesis (i.e. feature included) respectively. Since the two models are nested and
the null hypothesis model can be obtained from the alternative hypothesis model setting ssio = 0,
we expect that 7'S should obey a y? distribution with one degree of freedom.

4. Results

The plot on the left in Figure 2 shows the upper limits (ULs) al 95% confidence level on
the intensity of the box-like feature predicted by the light mediator model (see sec. 2). The plot
also shows the confidence belts, which have been evaluated with the pseudo-experiment technique.
To evaluate the expectation bands for our results, i.e. the sensitivity to the null hypothesis, we
have chosen a smoothly broken power-law fit to our data [8—11] as our template and performed
1000 pseudo-experiments starting from this template spectrum. The containment bands for the
parameters and the 7'S values are then evaluated as the quantiles of the fitted distributions. It is
possible to observe that the fitted parameters lie within the central 95% confidence belt in all the
energy windows.

The other plots in Figure 2 show the local significance (center plot) and the global significance
(right plot) of the possible feature at different energies for the model considered in this work. We
note that the 7'Sjocq1 values exhibit a peak in the energy windows around £ = 500 MeV. This is
due to a change in the slope of the observed count distribution (see Fig.1) that is interpreted by our
fitting algorithm as a “feature” in the spectrum. Nevertheless we see that in nearly all energy win-
dows the values of T'Sjocq lie within the 95% expectation band.To convert the 7'Sjocy into a global
significance we used the results of the 1000 pseudo-experiments?. For each pseudo-experiment,
we record the largest value of the local Test Statistic 7'Spax; then, we evaluate the quantiles of
the distribution of 7'Sp,x, and the corresponding values of the global significance sggbal, assuming
that it obeys to a half-normal distribution. The results after the global significance conversion are
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Figure 2: Upper limit at 95% confidence level (left panel), Local TS (center panel) and global significance
(right panel) of the feature intensity in the solar solar gamma-ray spectrum in the light mediator scenario
(box model). The red lines in the right plot indicate the conversion from 7T Sjocal tO Sglobal, While the black
dots correspond the most significant features.

2Each pseudo experiment corresponds to a simulation of one full search across the whole energy range.
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Figure 3: Expected gamma-ray flux at the Earth from DM annihilations in the Sun via long-lived mediators
as a function of the DM mass and decay length, for the spin independent (top panel) and spin dependent
(bottom panel). In both cases a scattering cross section of 10740 cm?

is assumed.
shown in the right plots in Fig.2. The most significant features have global significances less than
or comparable to 16 in both cases, and therefore are globally insignificant.

5. Constraints on DM-nucleon cross section with long-lived mediators

Using Eq.2.2, the upper limits on the flux can be converted into limits on the DM-nucleon
cross section.

The capture rate I'c,, has been calculated with the DARKSUSY code version 6.1.0 [13-15]
assuming the default settings, i.e. a local DM density p, = 0.3 GeV/cm?, a DM-nucleon scat-
tering cross section ¢ = 1074 cm? (in both the spin-dependent and spin-independent cases) and
a Maxwellian velocity distribution for DM particles with average vs, = 220 km/s and dispersion
vrms = 270 km/s. A change in these values will result in a rescaling of the total capture rate Fig.3
shows the expected gamma-ray fluxes at Earth from DM annihilations in the Sun core via long-lived
mediators as a function of the DM mass and decay length.

Using the values of ®py(E) calculated with the DARKSUSY code (Fig. 3), we evaluated the
limits on the DM-nucleon cross section as:

q)UL (E = mx)
CI)DM (E mx)

The value of 10~* cm? in the previous equation corresponds to the value of the DM-nucleon cross

ouL(my) = x 1074 cm?. (5.1)

section used to calculate the capture rates shown in Figure 3.

The left panel in Figure 4 shows the constraints on DM annihilation to yy via an intermediate
state, obtained from the upper limits on the intensity of the box feature, assuming that DM capture
takes place either via spin-independent scattering (black lines) or spin-dependent scattering (red
lines). The constraints have been calculated for four values of the decay length of the intermediate
state, L = R, 0.1, 1 and 5 AU. The limits on the cross-sections evaluated in this work are in the
range from about 10746 to 1073 cm? for the spin-dependent cross section and in the range from
about 10™*8 to 10~*7 cm? for the spin-independent cross section. The ranges of variation depend
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Figure 4: On the left: limits on the DM-nucleon cross section via long-lived mediator for four different
decay lengths L = R, 0.1, 1 and 5 AU obtained in this work. On the right: Upper limits on the spin-
dependent DM-nucleon scattering cross section for the long lived mediator with decay length L = R,. Our
results (black line) are shown together with those from the HAWC and Fermi [16] with gamma rays from
DM annihilating into 2 e*, i.e., 2 e* FSR 7 case, (gray lines) and into 4 y (brown lines), and electron/positron
Fermi-LAT results (red line) [8—10].

on the life time of the mediator considered. We do not find any statistically significant feature
in the energy spectra and thus constrain both the spin-dependent and spin-independent scattering
cross sections of dark matter particles with nucleons in a dark matter mass range from a few GeV
up to a few tens of GeV at the level of 10746 — 10~% cm? and 10~* — 107%7 cm?, respectively.
The model considered in this work is the same as investigated by other authors in their recent
works [4,16]. A summary of the limits on the spin-dependent DM-nucleon cross section for the
long-lived mediator scenario with decay length L = R, is shown in the plot on the right in Fig. 4,
together with the recent constraints obtained from the analysis of solar gamma rays by HAWC and
Fermi [16] for the dark matter scenarios discussed, in which the mediator decays into 2 photons
(4y case), and for the case in which the mediator decays into e™ pairs and photons are produced as
final state radiation (2 e* FSR Y case) [8—10].

6. Conclusion

In this work we implemented a dedicated analysis based on a Poisson maximum likelihood
fitting approach in order to search for possible dark matter features in the energy spectrum of
gamma rays coming from the Sun using a 10-year Fermi-LAT dataset. We considered a scenario in
which gamma rays are produced in the decay of long-lived mediators produced via the annihilations
of DM particles captured in the Sun.

We do not find any statistically significant feature in the energy spectra and thus constrain
both the spin-dependent and spin-independent scattering cross sections of dark matter particles
with nucleons in a dark matter mass range from a few GeV up to a few tens of GeV at the level of
10746 —10=* cm? and 107*® — 10~%7 cm?, respectively.

The limits obtained in this work are similar to those from the HAWC and Fermi collaboration
in in [16] (see Fig. 4), where limits on the spin dependent cross-section were determined on dark
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matter particle masses in the range from 4 GeV to 10® GeV by combining Fermi-LAT and 3-years
of HAWC observations of the Sun and complete them in the lower mass (< 100 GeV) range.
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