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Dark matter (DM) particles in our Galaxy can be gravitationally trapped by the Sun. Their
annihilation and decay can lead to final states with Standard Model (SM) particles, including
gamma rays. In a possible scenario, DM particles can be captured in external orbits. In this case,
gamma rays produced in DM annihilations and decays can be detected on Earth. In another possible
scenario, DM particles are accumulated in the Solar core. In this case, their annihilation/decay
products will likely be absorbed in the Sun. However, in this framework, some theoretical scenarios
suggest that DM particles can annihilate into long-lived mediators, which are able to escape from
the Sun and decay into final state with gamma rays detectable on Earth. All these processes would
result in an excess in the gamma-ray spectrum from the Sun. We have analyzed a set of gamma-ray
data collected by the Fermi Large Area Telescope (LAT) during its first 13.5 years of operation to
search for possible excesses in the Solar spectrum. Since no excess is found, we set constraints on
the DM-nucleon scattering cross-sections.
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1. Introduction

Several experimental pieces of evidence suggest that the majority of the mass in our Universe
is composed of non-baryonic dark matter (DM) [1]. Among the various DM candidates that
arise in theories beyond the Standard Model (SM), Weakly Interacting Massive Particles (WIMPs)
represent a promising class that fit within observational constraints. The indirect DM detection
strategy relies upon searching for cosmic radiation resulting from the annihilation or decay of DM
into SM particles within the regions with anticipated high DM abundance. In particular, if WIMPs
annihilate or decay into gamma rays, these emissions can be detected by the Fermi LAT, providing
indirect evidence for the existence of DM particles.

The Sun represents a promising target for indirect DM searches since DM particles from the
Galactic halo can interact with Solar nuclei, are become gravitationally trapped. Consequently, the
excess of DM particles can lead to their annihilation and subsequent production of SM particles,
such as gamma rays. To constrain the DM signal from the Sun, the Fermi-LAT collaboration
conducted a series of analyses by directly observing the Solar gamma-ray emission [2, 3] and
implementing dedicated strategies to search for possible DM signals, including line-like, box-like,
or continuum signals, in the energy spectra of gamma rays originating from the Sun. In 15 years
of data collected by the LAT, no statistically significant features have been detected in the Sun’s
gamma-ray energy spectrum. Therefore, the analyses have provided constraints on both the spin-
dependent and spin-independent DM-nucleon scattering cross-sections within a DM mass range
from a few GeV up to a few tens of TeV.

2. Solar dark matter models

The search for DM gamma rays originating from the Sun is a highly promising channel for

indirect investigation. In one potential scenario, a DM particle, y, undergoes inelastic scattering
with Solar nuclei and is captured after a few interactions. In this model, the captured particles do
not thermalize and settle in the Sun’s core, but instead orbit around it. The direct annihilations of
trapped DM particles can generate an observable flux of gamma rays from the Sun (yy — vy),
resulting in a characteristic line-like feature in the energy spectrum detected on Earth at an energy
corresponding to the mass of the DM particle, m, [2, 4].
On the other hand, if DM particles are captured by the Sun through elastic scattering interactions
with Solar nuclei, they can lose energy in subsequent interactions until they sink into the Sun’s
core, reaching thermal equilibrium. In this case, among the possible DM annihilation products,
only low-energy neutrinos can escape from the Sun, while gamma rays or electron-positron pairs
are likely to be absorbed and remain undetected on Earth. However, as proposed in [5-8], DM
particles in the Solar core can also annihilate into long-lived mediators ¢ (y ¥ — ¢¢), which can
escape from the Sun and subsequently decay, producing detectable gamma rays as signatures of
DM. If the mediator decays directly into gamma-ray pairs through the process ¢ — 7y, and under
the assumptions of DM particles annihilating at rest and light mediators (m 4 < m, ), the resulting
gamma ray spectra from DM are expected to exhibit a box-like feature [2, 9]. The upper edge of
the box corresponds to the mass m, of the candidate DM particle [10].
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Conversely, if gamma rays are produced in the final state through mediator decays (e.g. as final state
radiation through the decay channels ¢ — bb,t*7~,u*u",...), the DM gamma-ray spectrum is
predicted to have a smooth shape, depending on the masses of both DM and the mediator, as well
as the explored decay channel of the mediator [3, 11].

In all the possible scenarios presented, the number of DM particles in the Sun at a given
time, N, (7), can be determined by solving the balance equation % =Tap — CannN)z(l. Here, ['cap
represents the DM capture rate, and Cyp, is the DM annihilation factor dependent on the annihilation
cross section. At equilibrium, when dN, /dt = 0, the annihilation rate becomes independent of the
annihilation cross section and is set by the capture rate I'cgp:

Fann = %CannNAZ/ = %Fcap- (D
The factor of 1/2 accounts for the two DM particles involved in each annihilation event and the
capture rate depends on the scattering cross section (either spin-dependent or spin-independent),
the local halo DM number density po, the DM mass m,, the DM velocity distribution, and its

dispersion. In the general case in which the equilibrium between capture and annihilation is not
. . L [Tea
achieved, the general solution of the balance equation is given by N, (¢) = Tn}; tanh (%) where

T = (FcapCann)‘l/ 2 is the equilibrium time scale of the process [13]. As a consequence, the
annihilation rate in Eq. 1 should be multiplied by the factor tanh?(¢/7).

2.1 Gamma rays from Solar dark matter

In the framework of DM annihilation through a mediator stage (¢ — bb, 57, u*u~,...) with
final state radiation (FSR), the expected gamma-ray spectrum will extend up to the DM particle
mass m, and expected DM gamma-ray flux at Earth ®py can be written as [3]:

(DDM(E;mX’m¢aO-,L) = rcap(m)(ao-) : SO(E;m)(’ m¢aL) (2)

The term ¢(E;m,, my, L) represents the flux of gamma rays per DM annihilation as observed on
Earth that depends on the masses m, and m g, as well as the mediator decay length L. This term
can be expressed as:

(p(Eszamqﬁ’L) = Y(Eem/\/’m(l)aL) (3)

4nD?
where D = 1 AU denotes the Sun-Earth distance, and Y (E;m,,m4, L) represents the gamma-ray

yield per DM annihilation, which depends on the kinematics of the mediator decay?. It is important
to note that Eq. 2 implicitly assumes the equilibrium between the DM capture and annihilation
processes [3].

In the particular case in which DM-particle annihilation occurs via a light intermediate state
(mg < m,y) that decays directly into photons (yy — ¢,¢ — vy7y) the expected DM gamma-ray
flux on Earth ®py(E) can be described as [2, 14]:

1—‘cap _ _
Pom(E) = Ny(E) -5 (6 Roll e D/L) “

'We have omitted the evaporation mechanism which is negligible for DM masses above a few GeV [7, 12].
2In this formulation, the mass m,, of the parent DM particle sets the energy of the mediator in the lab frame, assuming
the annihilation process y y — ¢¢ occurs with both DM particles at rest.
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where R, is the Solar radius and N, (E) is the spectrum of photons produced by the mediator decay.
Since the process ¢ — yy is a two-body decay, N, (E) will have a box-like shape and, if m 4 < m,,
the box will extend from E = 0to E =m, [10].

The DM capture rate I, is determined using the DARKSUSY code? [15, 16]. The capture rate
is evaluated for both the spin-dependent and spin-independent cases using a reference cross section
of 0p = 1074 cm?. The linear dependence of the capture rate on the DM-nucleon cross section
allows for an easy computation of capture rates corresponding to different cross sections.

To evaluate the gamma-ray yields Y (E;m,,mg, L) term in Eq. 3 for various mediator decay
channels, we perform a dedicated simulation campaign [3] using the WimpSim code [17]. The DM
annihilations are simulated using the event generator Pythia-6.4.26 [18], which also account for
the subsequent decay chains of the annihilation products, considering the survival probability of
the mediator during its journey from the Sun to the Earth.

3. Data Analysis

The Sun is a bright source of gamma rays, due to the interactions of cosmic rays (CRs) with
the Solar environment [19, 20]. Any possible DM signal will, therefore, appear as an excess over
the steady gamma-ray emission spectrum that represents the relevant background for DM searches.
Modeling the steady Solar gamma-ray emission is not straightforward and, although several attempts
were performed in the past following different approaches [21, 22], none of these models accurately
reproduces the gamma-ray flux measured by the Fermi LAT.

The strength of LAT data analyses presented in this paper [2, 3] is that they are based on different
strategies that do not require any template model for the standard Solar emission. All the analyses
presented in this paper has been performed using an on/off technique, in which from the LAT data
are selected photons with energies above 100 MeV from a Region of Interest (Rol) centered on the
Sun (“on region”) combined with those from a Rol centered on the anti-Sun (“off region”). The
direction of the anti-Sun is defined as the direction of the Sun with a forward/backward time offset
of 6 months* (for a complete description of data selection refers to [2, 3]).

3.1 Search for local excess in the gamma-ray emission towards the Sun

Since the DM scenarios illustrated above are expected to exhibit a distinct spectral feature in
the Solar gamma-ray energy spectrum (line-like and box-like features), we implemented a Poisson
maximum likelihood fitting procedure in order to search for possible local excesses in the photon
count spectra [2]. The fits are performed scanning the entire data sample in sliding energy windows
ranging from 100 MeV to 150 GeV to search for DM signatures that would result in local excess
counts above a smooth spectrum?. For the fits, flux models are defined for both the "on" and "off"

3http://www.darksusy.org/

4This choice ensures that the angular separation between the Sun and the anti-Sun is always close to 180° and that,
during the LAT data-taking, the anti-Sun follows the same path in the sky as the Sun. The off region is therefore an
optimal control region to take into account any possible systematic uncertainties.

SEach energy window is defined as the interval [(1 —w)Ew, (1+w)Eyw], where Ey, is the energy corresponding to the
center of the window and wEy, is the half-width of the window. The parameter w is fixed to 0.6 and it 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.
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Figure 1: Upper limit at 95% confidence level on the intensity of the feature in the Solar spectrum. Left
panel: box model; Right panel: line model. The green and yellow regions represent the central 68% and
95% expectation bands, respectively, for the 95% CL limits. Adapted from [2].

regions, and the fitting procedure determines the best-fit parameters for the assumed models. In
each region, the flux contributions can be expressed as the sum of a continuous smooth component,
@y (E), and a potential additional feature, ®¢(E), that is being sought. The continuous term
represents the net signal flux from the Sun, @, (E;), contributing only in the "on" region, while an
additional background flux, @y, (E¢) (including diffuse, point sources, and irreducible background),
contributes in both the on and off regions. Since we use narrow energy windows, the continuous
terms in the flux models can be well described by a simple power law model. For the spectral feature
®¢(E;s), two different models are assumed. A delta-like (line) feature, ®¢(E;s) = s 6(Ef— E),
and a box-like (box) feature ®¢(E;s) = s H(E¢ — E), where Ey is the characteristic energy of the
feature (either the line energy or the upper edge of the box), ¢ is the Dirac delta function, H is
the Heaviside step function and s represents the intensity of the feature. To assess the significance
of a signal feature, the local Test Statistic, 7S = 2Alog £ = 2(log L1 — log L0), is calculated,
where £0 and L1 are the likelihood function values obtained when fitting the data with the models
corresponding to the null hypothesis (i.e., no feature included) and the alternative hypothesis (i.e.,
feature included), respectively.

Fig. 1 shows the upper limits (ULs) at a 95% confidence level (CL) on the intensity of both the
box-like and line-like features. The plots display the central 68% and 95% containment bands for
the ULs, which are evaluated from the pseudo-experiments. It can be observed that the measured
upper limits for both types of features fall within the central 95% expectation band.

3.2 Search for extended DM signatures in the Solar gamma-ray spectrum

In the framework of DM annihilation through a mediator stage with FSR, the expected DM
gamma-ray signature in the Solar spectrum extends across a broad energy range. To analyze the LAT
data without relying on a template model for the standard Solar emission, two different approaches
are used [3]. In the first approach, all the excess counts in the on region relative to the off region are
assumed to entirely originate from DM signal. In this case, the upper limits on the DM-nucleon cross
section obtained will be overestimated since the steady Solar emission is neglected (“‘conservative
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Figure 2: Upper limits (95% CL) on DM gamma-ray fluxes using a conservative approach. The plot shows
results for the mediator decay channel ¢ — bb with mg = 11.5 GeVc~2. Open squares represent upper
limits (95%CL) on signal counts 7;g 95(E,) [23]. Each colored line corresponds to the upper limit on DM
gamma-ray counts for a specific DM mass m,. The color scale on the right indicates the values of m,,.
Adapted from [3]

approach”). On the other hand, in the second approach, the excess counts in the on region are
attributed to the steady Solar emission, while gamma rays from DM annihilations are considered
responsible only for potential fluctuations in these excess counts. Therefore, using this second
approach, the constraints on the DM-nucleon cross sections will be stronger compared to the first
approach (“optimistic approach”). For each decay channel and for each pair of masses (m,,mg),
the DM gamma-ray flux is modeled as: ®pp(E) = kpyPpum,o(E;my, mg, 00, Ro) where the
flux ®pprro(E;my, mg, 00, Ro) (see Eq. 2) is evaluated using a reference cross-section value of
oo = 107* cm?, assuming a mediator decay length L = R,. The reference fluxes are evaluated for
different mediator decay channels using the simulation results performed with WimpSim (Sec. 2.1),
covering a wild range of DM masses and mediator masses. Figure 2 shows an example of application
of this approach to evaluate the upper limits at 95% CL on the DM gamma-ray fluxes in the scenario
of the mediator decay channel ¢ — bb, assuming mg = 11.5GeV c 2.

4. Results and conclusions

In this paper, we report the recent results from the Fermi-LAT Collaboration in the DM
physics searching for signature in the gamma-ray spectrum toward the Sun as indirect probe of
WIMPs [2, 3]. No statistically significant features have been detected in the energy spectra through
various analyses. The limits on the intensity of these features are used to constrain both the spin-
dependent and spin-independent DM-nucleon scattering cross sections in a DM mass range from a
few GeV up to several TeV. The limits obtained within the mediator scenario are presented in Fig. 3
for the search of box-like features. The left panel shows the limits assuming equilibrium between
DM capture and annihilation in the Sun, while the right panel includes limits for both the equilibrium
and non-equilibrium setups, where a velocity-averaged cross section at the thermal relic value of
(Tannv) = 3 x 10720 cm?/ s is assumed [26]. Figure 4 shows the limits obtained by considering
various mediator decay channels with gamma rays produced in the final state, for both the spin-
dependent and spin-independent DM-nucleon scattering cross sections, osp and oy respectively.
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Figure 3: Left panel: Upper limits at 95% CL on the DM-nucleon cross section for long-lived mediators with
different decay lengths (L = R, 0.1, 1 and 5 AU). The limits at 90% CL from the PICO-60 experiment (cyan
line) for spin-dependent scattering [24] and from the XENONIT experiment (blue line) for spin-independent
scattering [25] are also shown. Right panel: Upper limits at 95% CL on the spin-dependent DM-nucleon
scattering cross section for the long-lived mediator with decay length L = Ry, compared with the limits
obtained from HAWC and Fermi [7], and with the Fermi-LAT results obtained with CR electrons [8]. Adapted
from [2].
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Figure 4: Upper limits (95% CL) on spin-dependent (left) and spin-independent (right) DM-nucleon
scattering cross-sections for DM annihilating into long-lived mediators. Channels include bb, " 77, u*u~,
vy, 88, WW, ZZ, and t, with L = Rg. The 90% CL limits obtained from PICO-60 [24] (spin-dependent)
and XENONIT [25] (spin-independent) experiments are also shown. Adapted from [3].

All these results are compared with direct measurements conducted by the XENONIT [25] and
PICO-60 [24] experiments, as well as with other experiments investigating the same theoretical
scenario [7]. The obtained results demonstrate the potential of Solar gamma rays as a probe for
indirect DM detection, with comparable or even stronger limits than those reported in the current
literature.
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