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Abstract

What is Dark Matter (DM) and how it manifests besides the gravi-
tational evidences? This is one of the most intriguing open question in
cosmology and particle physics so far. In this invited contribution to
the 2021 edition of the Vulcano Workshop, we briefly review the indirect
searches for multiple DM signatures in astrophysical targets. We review
the multi-messenger and multi-wavelength approach to the indirect detec-
tion of Weakly Interacting Massive Particles (WIMPs), with a particular
focus on the log-parabola data-driven approach for ML application.

1 Introduction

For more than 50 years now, Dark Matter (DM) has been escaped researchers
all around the world. DM represents more than 27% of the total content of
the universe, yet no one has managed to find any trace of its existence beyond
the well-known gravitational effects. One of the main problems is that we do
not know what it is made of. Many candidates have been proposed during the
years (see e.g. [, 2]). Among other candidates, Weakly Interacting Massive
Particles (WIMPs) represent an elegant way of explaining the existence of the
cold DM (CDM) component of the Universe, by considering that any unknown
elementary particle must exist beyond the Standard Model (SM) of particle
physics. The CDM WIMP candidates would allow to solve open questions in
both SM physics and cosmology [3]. The existence of such WIMPs may be
proved through different types of experiments. A trace of the scattering of light
WIMPs with atoms of the SM, is expected in direct searches with underground
laboratories [4]. A missing energy is expected in the products of the collision
e.g. of two protons in particle accelerators, as a signature of DM particle of
masses up to a few TeV [5]. Among other WIMP candidates, the supersymmet-
ric (SUSY) models benefits of strong approval for years. Nonetheless, null result
of the Large Hadron Collider (LHC) below the TeV energy scale has - at least -
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weakened the popularity of that models. Many other theoretical models could
justify the existence of DM candidates at the TeV scale (see e.g. Brane world
DM [6], Feebly Interacting Massive Particle [7] and super WIMP [3]). Indirect
detection allows to search for WIMP candidates of a broad range of energy up to
hundrends of TeV, by studying the flux of astrophysical targets [9]. Although,
not all the DM candidates have an expected signature in the framework of in-
direct detection.

In these proceedings we focus on multiple signatures of WIMP candidates. In
Section 2, we review the fundamental equations for both the multi-messenger
and multi-wavelength approach to WIMP searches. In Section 3, we discuss a
data-driven approach adopted to introduce the WIMP candidate as a theoreti-
cal data sample in machine learning analyses. We also show an example of the
validity of such first-level approximation. Finally, we trace the conclusion of
this proceedings in Section 4.

2  Multiple WIMP signatures

In the most general approach, the secondary emission expected by annihilation
or decay events of WIMPs in any astrophysical source is given by:

dPpm
dE

(E,AQ,l.0.5.) = P(E) x Jg(AQ,l.0.5). (1)

The P(E) and J4(AQ,l.0.s) are the particle physics factor (or source term)
and the generalized astrophysical factor, respectively. The specific expression
of each of those factors depends on the particular case of interest, as we explain
in the following lines. In Fig. 1, we schematically show the WIMP annihila-
tion process (i.e. the P-factor). By each annihilation event, WIMPs produce a
couple of SM particle-antiparticle (i.e. leptons, quarks or bosons) which decay
and hadronization processes generate fluxes of secondary particles, e.g. gamma
rays, neutrinos, matter-antimatter (electron-positron, proton-antiproton, etc...
). These fluxes may be observed by detectors on satellites [10, 11] or ground-
based Cherenkov telescopes [12, 13, 14, 15]. Each of this particle is considered
to be a messenger of the information on the nature of the WIMP candidate, i.e.
its mass and interaction with the SM particles. In fact, given a WIMP mass
and interaction (i.e. a specific DM candidate), the products of the annihilation
process are well defined SM particles. SM hadronization and decay processes
can produce fluxes of secondary particles, whose spectral shape depends on the
first SM channel produced in the WIMP annihilation process. Therefore, the
so-called multi-messenger approach refers to searching for multiple signatures
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Figure 1: Illustrative schematization of the WIMP annihilation process happening in any
astrophysical object dominated by a DM content, e.g. dwarf spheroidal galaxies [18, 19], dwarf
irregular galaxies [20, 21], Galactic center [15, 22, 23], galaxy clusters [24]. See text for further
details.

of DM candidates in several fluxes of secondary astroparticles. Furthermore,
charged particles produced by WIMP annihilation events interact with the mag-
netic field in our Galaxy or in the emitting source, producing a broad spectra
of electromagnetic emission, via e.g. synchrotron emission, inverse Compton,
Bremsstrahlung, Coloumb interaction. In this case, the P-factor is indeed the
source term of a diffusion equation, which final electromagnetic emission can be
detected by several telescope, e.g. with interferometric technique of the Square
Kilometer Array (SKA) [16, 17]. In this case, searching for multiple signatures
of the same WIMP candidate through several electromagnetic emission is called
multi-wavelength approach.

Finally, the Jg-factor is defined by the astrophysical target, i.e. the DM domi-
nated astrophysical object where the WIMP annihilation/decay process is hap-
pening, e.g. dwarf galaxies [18, 19, 20, 21], the Galactic center [15, 22, 23],
galaxy clusters [24]. Indeed, the Jy-factor is the normalization factor, which
depends on the amount of DM in the astrophysical target. The calculation of
this Jg-factor represents the highest source of uncertainty in indirect searches
[25]. Nonetheless, in this proceeding, we focus on the P-factor and related

uncertainty.

2.1 Multi-messenger approach

The multi-messenger nature of the indirect searches can be made explicit by
rewriting the Eq. 1 as:

2 SM channels (a) J
dQspoM _ Msp N g(a) 3 G NVisp) ()
dE it &sp dm%,, dE
3
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This equation describes the expected flux of secondary particles produced
by DM annihilation and decay events. The 7, parameter is related to both the
propagation or deviation of the observed particle!; a is related to the DM event:
a = 1 is for DM decay and a = 2 is for DM annihilation. The astrophysical
factor Jg(;fzs)p is given by the integration along the line of sight of the DM density
distribution in the target: in case of DM decay Jé_ls)p x ppm and for DM
annihilation Jg(?s)p o p% - The SM channels (quarks, bosons or leptons) are the
products of DM decay or annihilation: the branching ratios of production Br; =
Cj(-a=2)/ < ov > or Brj = (j(.“:”rd‘eiay is the probability of annihilation/decay
in each SM channel. In the model independent approach for thermal WIMPs,
the WIMP candidates annihilate (decay) into one SM channel with 100% of
probability (B, = 1), i.e. Cj(azz) =< ov > (Cj(a:l) = T(;eiay). Instead, in a
model dependent approach, the combination of different SM channels and their

N7
branching ratios depends on the specific WIMP candidate. Finally, —%, is

d
dE
the differential flux of secondary particles expected by each DM annihilation or
decay event. It depends on the SM channel and it is generally computed with
Monte Carlo events generator software. More details on Eq. 2 can be found in
[26], with a particular focus on the Galactic Very Inner Region (VIR) and the

multi-TeV WIMP candidate.

2.2 Multi-wavelength approach

In this section we briefly introduce the reader to the connection between multi-
messenger and multi-wavelength signals from WIMP annihilation events. Dur-
ing the transport of the secondary cosmic rays in the galactic environment, the
deflection of charged particles by the galactic magnetic field would result in
the emission of electromagnetic radiation. In the case of ultra-relativistic par-
ticles, the emission is produced through synchrotron radiation in a continuous
frequency range. Indeed, ultra-relativistic et /e~ are responsible for a large
number of signatures in the sky, being the synchrotron emission one of the main
mechanisms of energy losses. Such an e* /e~ propagation is dominated by the
diffusion equation:

VD (5, B) V]~ o (e, B = Qulr, ) @

where D (r, E) is the diffusion coefficient, Vi is the number density of
charged particles after propagation, b(r, F') is the energy loss term, and Q. (r, F)
is the source term. If the primary source of injected electrons is the annihilation
of WIMPs, the source term is given by:

1E.g. 1y ~ 1 for a gamma ray, which travels undeflected in the local Universe
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Figure 2: Flux density for a Draco-like dSph in the range of frequencies 10° — 1017 Hz
as produced by the Synchrotron emission of secondary ete™ for different DM masses and
annihilation channels. Colour bands represent the sensitivity regions of several detectors.
Targets with a radio signal boost mechanism could improve the competitiveness of these
detectors. Figure from [16].

Q.5 ) = & (o) (P20 LT e (@)

The diffusion Eq. 3 is a simplification of the Ginzburg—Syrovatsky transport
equation. The latter takes into consideration some other mechanisms such as
re-acceleration of cosmic rays (negligible in the case of ultra-relativistic e /e™),
spallation of cosmic rays, radioactive decay of nuclei of the interstellar medium
as well as eventual interactions with the galactic wind [16, 17]. Indeed, the
multi-wavelength approach is also affected by the uncertainty in the description
of the galactic and extra-galactic magnetic field. In Fig. 2 [10], we show the
multi-wavelength Synchrotron emission produced in the range of frequencies
10° — 10'7 Hz by secondary ete~ produced by several WIMPs masses and
annihilation channels. WIMP candidates at GeV energy scale are suitable to be
detected in radio frequencies, yet TeV DM would be better detected at higher
frequencies. Even though SKA1 exhibits a competitive sensitivity to measure
signatures of WIMPs up to 10 TeV (yellow lines), for heavier TeV WIMPs, the
maximum of emission shifts to frequencies higher than the SKA1 range.
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Figure 3: LP fits of the gamma-ray flux simulated with PYTHIA 8 for a WIMP mass of 50
TeV, annihilating 100% in WTW = or ZZ with (EW) or without (NoEW) the electroweak
contribution.The values of the parameters can be found in Tab. 1.

3 WIMP signatures and machine learning

In the benchmark data-fitting approach, any detected spectra of both astropar-
ticles or electromagnetic emission is fitted via the differential flux expected by
WIMP annihilation events. Indeed, the spectral shape is fixed by the WIMP
mass while the amplitude of the signal is a degenerate case of both the astro-
physical J-factor and e.g. the annihilation cross section (see Eq. 2). Moreover,
an uncertainty on the amplitude is introduced by the multiplicity of secondary
particles produced in each annihilation event, which changes with the Monte
Carlo event generator software [27]. In [28] a new approach to search for WIMP
signatures among a sample of detected but unidentified sources? is proposed.
The latter is inspired by the data-driven Log Parabola (LP) first fit of any

detected source of the Femi-LAT catalogues [29, 30, 31]:
AN B —a—3-log(E/Ey)
LAY (E—) . (5)

where Ny is the gamma-ray flux normalization, Ej the pivot energy, « the
gamma-ray spectral index and g the curvature. Note this parametric form is

reduced to a simple power law in the case of § = 0. From this expression we

2TIndeed, those sources without any association with known astrophysical sources.
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can extract a useful parameter: the peak energy, Epcak, i.€., the energy at which
the energy spectrum (E2dN / dE) is maximum, by performing the consequent

727& . . .
derivative, obtaining Epeax = Ep-e 2% , which represents a signature of different

kind of emitting sources.

‘ Parameters ‘ Z - EW ‘ Z - NoEW ‘ W - EW ‘ W - NoEW ‘
Epecar (TeV) 0.8+0.3 1.9+0.5 5+2 24407
« 0.44 +£0.04 —0.45+0.05 0.67 +0.03 —0.43 +0.05
53 0.116 £0.004 | 0.16 +0.08 | 0.078 +0.003 | 0.156 4 0.005

Table 1: Value of the relevant parameters for the LP fits of the gamma-ray flux simulated
with PYTHIA 8 for a WIMP mass of 50 TeV, annihilating 100% in W+W ~ or ZZ with (EW)
or without (NoEW) the electroweak contribution.

In [28, 32] the gamma-ray spectra obtained in the PPPC4DMID [33] for
several DM masses and annihilation channels are fitted with a LP, obtaining
the same characterization in the parameter space defined by the observational
LP modelling. In Tab. 1 and Fig. 3 we show the gamma-ray flux produced
by the PPPC4DMID for a WIMP mass of 50 TeV annihilating into W+W
(upper panels) and ZZ (lower panels) channels, without the ElectroWeak (EW)
corrections (left panels) and by including the EW corrections (right panels).
In the left upper panel of Fig. 4 we show the Ejcak, B parameters resulting of
the LP fitting of a combination of WTW ™ and ZZ annihilation channels:

o (i), 702 (&),

where the branching ratio B, goes from 0 to 1 with a 0.1 step. In the right upper

AN

o = (6)

panel of Fig. 4 we show the relative uncertainty eg/8. In the lower left and
right panels we show the same procedure by including the EW contribution.
This LP approach allows to search for DM candidates in a broad sample of
sources, by applying Machine Learning (ML) algorithms, e.g. an artificial Neural
Network (NN) [28]. Within this approach, Fpeax and § are features for the ML
algorithm. In [28] it is also shown that the overall classification accuracy can be
improved by including systematic features, which allow to model instrumental
systematic uncertainty for the expected DM class. Without entering into the
details of that work, in this proceeding we have just introduced the LP data-
driven approach for indirect searches of WIMPs by reproducing part of that
procedure. Moreover, we also include new preliminary results: the black point
in Fig. 4 is indicative of the E,c.x and 8 parameters obtained by fitting the
Galactic VIR with a LP (see the following section).
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Figure 4: Upper panel: Epeax — 3 plot for the LP parametrization of the PPPC4DMID code
for several WIMP masses without EW corrections. For each mass in the range from 0.1 to
100 TeV (different colors), different fits have been performed with branching ratios B, from 0
to 1 with a 0.1 step (as defined in Eq. 6). The relative uncertainty on the 5 parameter (eg//3)
is showed in the right panel. Lower panels: Same as upper panels, applied to PPPC4DMID
code with EW corrections. The black point is the fit of the gamma-ray cut-off detected by
HESS in the Galactic VIR (left panel) and its relative error (right panel) (see Sec. 3.1 ).
The relative uncertainty associated with the LP fit of the gamma-ray data dominates on the
uncertainty associated with the LP fit of the PPPC4DMID code.

3.1 Example: the Galactic very inner region

In this section we generalize the LP data-drive approach [28, 32] based on Fermi-
LAT catalogues to a different gamma-ray detected source, namely, the gamma-
ray cut-off detected by HESS at the Galactic VIR [34]. The best fit of these
data as DM is obtained by assuming that the total gamma-ray flux is given
by a combination of a DM signature more an extra background component of
unknown astrophysical origin [22, 23]. The latter is modeled as a power law,
while the DM component is given by Eq. 1. The total fit is given by:

dE

channels
i AN; AQ _
=y e 1a0 , prp—

(7)
2 dE 4mmdy,

We use the HESS data as an example to cross check the validity of that
general approach. In Fig. 5 we show the fit of the HESS data from the Galactic
VIR [34] performed with two different Monte Carlo event generator software,
namely PYTHIA 6 and PYTHIA 8. In the first case we use the analytical fitting
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Figure 5: Fit of the gamma-ray flux observed by HESS in the Galactic VIR [34], by assuming
a power-law background component and DM signature of WIMPs annihilating in in the Z
channel. Upper panel: we adopted the analytic fitting functions of PYTHIA 6, [35]), with
o/E = 0.15 energy resolution. Lower left panel: same as upper panel, but computed with
PYTHIA 8, including the EW. Lower right panel: Same as left lower panels, but now considering
77 channel without including the EW corrections.

functions [35], in the second case we use the PPPC4DMID interpolation function
[33] (with/out EW corrections). In Tab. 2 we show the parameters of these fits.
We performed the fit by taking into account the HESS energy resolution of
15%. By introducing this effect the fitted DM mass is a 14% lower than the
value obtained by fitting the data without the instrumental energy resolution.
The results are in agreement with [22, 23]. For WIMP masses of ~ 50TeV
annihilating in to the ZZ channel, the uncertainty introduced by using a different
version of PYTHIA is indeed negligible [27].

Finally, we perform the fit of the HESS Galactic VIR with a LP (Fig. 6).
The fitted parameter are shown in Tab. 3. In Fig. 4 we compare the obtained
Epeax and B with the LP parametrization of the PPPC4DMID code. FEpeak is
compatible with a WIMP candidate of ~ 50 TeV within the uncertainty showed
in Tab. 2. The 8 parameter is compatible with the LP fit of the PPPC4DMID
code without the EW correction, in agreement with the best fit value reported in
Tab. 2. The relative uncertainty eg/8 of the LP modelling of the PPPC4DMID
code is negligible if compared to the relative uncertainty associated to the LP
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\ Parameters | PYTHIA 6 | PYTHIA 8 EW | PYHTIA 8 NoEW

mpar (TeV) 5770 59171 5475
B%(1078 GeVem™2s71) 573 675" 673
~ 25701 2.6703 2.6707
(JYaq (102 GeV? em™9) 417 571 477
(J)ao/Jpvans (x10%) 147073 21505 16103
x? / ddof 1.33 2.52 1.23
AQ (sr) 1.16 x 10~

Table 2: Fitted parameters of the Galactic VIR (AQ is the solid angle of the region) as a
combination of a WIMP signature and a power-law background (Eq. 7) within 1o confidence
level. We consider the ZZ annihilation channel. The secondary flux of gamma-ray has been
simulated with both PYTHIA 6 and PYTHIA 8, with/without the EW effect. We also show the
x?/ddof of each fit.
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Figure 6: Fit GC with LP, the parameters can be found in Tab. 3.

[ Epear (TeV) [ a | B [ \?/ddof |
| 09402 [214+01]020£0.04] 3.03 |

Table 3: Fitted parameters of the HESS data of the Galactic VIR with the LP.

fit of the VIR gamma-ray spectra .
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4 Conclusions

In this proceedings we reviewed both the benchmark approach to indirect de-
tection of WIMP candidate and the Log Parabola (LP) data-driven approach for
Machine Learning (ML) application. The multi-messenger and multi-wavelength
detection of any WIMP signature would result in a competitive claim of the in-
direct detection of DM. The first term refers to the study of multiple fluxes of
secondary particles, which could be emitted contemporaneously from a same
DM candidate. In the second case, the same concept is extended to the study of
any electromagnetic emission, produced by the interaction of the secondary flux
of charged particles with a magnetic field. All that multiple signatures of WIMP
candidates are predicted with Monte Carlo event generator software. Although
the use of Monte Carlo software can introduce some uncertainty in the predicted
flux of secondary particles, in the case of WIMPs annihilating into ZZ channel,
the expected gamma-ray flux can be predicted with high precision. In Fig. 5
and Tab. 3 we show the result of the fit of the gamma-ray cut-off detected by
HESS at the Galactic Very Inner Region (VIR) by using the gamma-ray flux
simulated by PYTHIA 6 or PYTHIA 8 with/out electroweak corrections. All these
results are in agreement within the uncertainty.

Moreover, we reviewed the LP data-driven framework developed for the ap-
plication of ML algorithms to indirect searches for DM. The latter approach
focuses on the LP fitting of the expected fluxes of secondary particles. Thus,
bringing the theoretical expectation on the experimental parameter space, we
can improve the possibility to disentangle prospective WIMP candidates in a
vast sample of unidentified sources. In Fig.s 4, 6 and Tab. 3 we show as this
approach has a first order validity, and the prospective DM candidate found out
with ML algorithms need to be undergo to further analyses.
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