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Abstract. While cosmological and astrophysical probes suggest that dark matter would make
up for 85% of the total matter content of the Universe, the determination of its nature remains
one of the greatest challenges of fundamental physics. Assuming the ACDM cosmological
model, Weakly Interacting Massive Particles would annihilate into Standard Model particles,
yielding y-rays, which could be detected by ground-based telescopes. Dwarf spheroidal galaxies
represent promising targets for such indirect searches as they are assumed to be highly dark
matter dominated with the absence of astrophysical sources nearby. Previous studies have
led to upper limits on the annihilation cross-section assuming single exclusive annihilation
channels. In this work, we consider a more realistic situation and take into account the
complete annihilation pattern within a given particle physics model. This allows us to study
the impact on the derived upper limits on the dark matter annihilation cross-section from a
full annihilation pattern compared to the case of a single annihilation channel. We use mock
data for the Cherenkov Telescope Array simulating the observations of the promising dwarf
spheroidal galaxy Sculptor. We show the impact of considering the full annihilation pattern
within a simple framework where the Standard Model of particle physics is extended by a
singlet scalar. Such a model shows new features in the shape of the predicted upper limit
which reaches a value of (ov) = 3.8 x 1072* em3s~! for a dark matter mass of 1 TeV at 95%
confidence level. We suggest considering the complete particle physics information in order to
derive more realistic limits.
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1 Introduction

Numerous observational probes indicate that about 85% of the total matter of the Universe is
composed of non-baryonic cold dark matter (DM). This exotic form of matter is responsible for
many phenomema at different scales such as the formation of the large structures, the motion
of galaxies and clusters, and the bending of the path of light. In addition to astrophysical
evidence, the presence of dark matter is confirmed by cosmological measurements. More
precisely, within the cosmological ACDM model, the relic density of cold dark matter (CDM)
has been restricted to the rather narrow interval

Qcpuh? = 0.1200 £ 0.0012 (1.1)

by combining Planck data with additional cosmological observations [1]. However, the exact
nature of dark matter still remains a mystery and represents one of the leading questions in
modern particle and astroparticle physics. A popular assumption is that cold dark matter
consists of so-called Weakly Interacting Massive Particles (WIMPs) that are predicted by
many extensions of the Standard Model (SM). Such a particle is supposed to be stable,
massive, and interacts only through weak and gravitational interactions.

Experimentally, the nature of WIMP dark matter can be challenged by different ap-
proaches: production at colliders, direct detection, or indirect detection. In the present work,
we focus on the latter and assume that WIMPs annihilate into SM particles (bosons, quarks,
leptons), which in turn hadronise and/or decay into stable particles such as 7 rays. The
corresponding signals might be detected by ~-ray telescopes and can be used as probes for in-
direct DM searches [2-4]. High-energy 7 rays present several advantages compared to charged
particles as they do not get deflected by the Galactic magnetic field, and hence their source
of emission can be well localised in the sky. Moreover, v rays do not experience significant
energy losses during their propagation at Galactic scales. These properties allow us to point
directly our «-ray instruments to the sources in order to search for signals reaching the Earth.



A vast choice of targets is available for DM indirect searches. We look at DM-rich
environments where the DM annihilation rate is the highest to maximise the chance of
detection of a possible DM signal. The selection of ideal targets requires a balance between a
high enough J-factor and dealing with the potential astrophysical «-ray background.

One of the most promising targets for DM annihilations are the dwarf spheroidal galaxies
(dSphs), satellites of the Milky Way Galaxy. These sources lie at O(100 kpc) galactocentric
distance at high latitudes and hence away from the Galactic plane. They are host to a small
amount of luminous mass made of old stellar populations and do not contain much gas or dust.
Therefore, new star formation is impossible and dSphs are left with an old stellar population of
red giants only. Moreover, dSphs are non-rotating objects but rather are pressure-supported as
their kinematics are dominated by the random motion of the stars whose amplitudes are driven
by the gravitational potential of the galaxy [5]. The measurements of the galactic dynamics are
based on the line-of-sight velocity of individual stars from which a velocity dispersion profile is
derived [6] to constrain the dark matter distribution profile. Their high mass and low luminosity
indicate that the dSphs are DM-dominated with negligible astrophysical background [7].

Numerous studies based on data from dSphs obtained from several y-ray telescopes
have been performed in order to identify a potential excess stemming from DM annihilation.
They cover different energy ranges starting from a few tens of MeV with Fermi-LAT [8] up to
several tens of TeV with the Air Cherenkov telescopes such as H.E.S.S. [9], MAGIC [10], or
VERITAS [11] and the water Cherenkov detector HAWC [12].

In the absence of any excess in the data over the estimated ~-ray background, only upper
limits on the dark matter annihilation cross-section have been derived as a function of the
presumed DM mass. These limits are obtained from either one dSph or by performing a stack
of their respective observations with either a continuous spectrum [13-25] or a mono-energetic
line [24-27]. More recently, combined DM searches have been carried out to increase the
statistics and the sensitivity to a potential DM signal. Their results present more constraining
upper limits than those of individual experiments [28-30)].

The current astrophysical constraints on DM annihilation cross-section are mainly derived
assuming one single annihilation channel, e.g. annihilation into W-bosons or 7-leptons. The
main goal of this work is to explore to which extent such limits are affected when relaxing
this assumption, i.e. taking into account the full annihilation pattern of the presumed DM
particles. Contrary to previous studies, we intend to quantify the impact of this more precise
procedure on the obtained limits and point out the importance of taking into account the
full underlying particle physics model. A secondary goal is to compare our obtained upper
limits to the annihilation cross-section predicted in the respective particle physics model. In
a similar context, a recent study of the Cherenkov Telescope Array (CTA) sensitivities to two
classes of dark matter portal models has been published in ref. [31].

We simulate mock data for CTA and perform a statistical analysis to derive constraints
on the DM annihilation cross-section within the singlet scalar dark matter model as an
example of a complete particle physics framework. In particular, we compare the results to
those obtained assuming only the individual annihilation channels. We focus on the dwarf
spheroidal galaxy Sculptor, which is selected for the DM search programme of CTA [32].

This article is organised as follows: in section 2, we recall the y-ray flux computation and
its key components. In section 3, we describe the properties of the considered dwarf spheroidal
galaxy Sculptor as well as the CTA mock data simulations. We explain our statistical analysis
in section 4. Then, section 5 presents the particle physics model that we use in this study.
We discuss the obtained results in section 6 and conclude on this work in section 7.



2 Expected ~-ray flux

In the framework of dark matter (DM) indirect detection, WIMPs annihilate into Standard
Model particles which subsequently hadronise and/or decay into observable particles such
as « rays. Particular interest is generally given to hadronisation into neutral pions, which
decay almost exclusively into photons. The expected differential y-ray flux generated by DM
annihilation is given by [33, 34]

do,
dE7 5471' Z 7 (2.1)

where the sum runs over all possible annihilation channels. The prefactor 1/ depends on the
nature of the DM particle: £ = 2 if the DM is its own anti-particle (e.g. Majorana fermion or
neutral scalar), £ = 4 otherwise (e.g. Dirac fermion).

We distinguish two key components: the particle physics factor (before the multiplication
sign) carries the DM annihilation cross-section averaged over the velocity distribution (ov),
the DM particle mass m,, and the differential spectrum dN$ /dE., of each annihilation channel
f weighted by their respective branching ratio By. More details on the particle physics model
that we use in this study will be given in section 5.

The second term (after the multiplication sign) is the so-called astrophysical J-factor
which describes the DM distribution and the amount of DM annihilations within the source,
i.e. it quantifies the strength of the signal emitted by the DM annihilations. The J-factor is
defined as

J:// pi(r(s,d,0)) ds A, (2.2)

where ppy is the DM density distribution profile defined as a function of the distance r
between the centre of the source and the observer. Here, € is the solid angle associated to the
source. The distance r can also be expressed as r%(s,d, ) = s> + d? — 2sd cos §, where s is
the distance from Earth along the light of sight and 6 is the angular distance with respect to
the centre of the source. The quantity d is the distance between the Earth and the nominal
position of the source. We note that the derivation of the density distribution profile ppys is
performed through the Jeans analysis using the spherical Jeans equation formalism [35-37].
This method makes use of the spectroscopic data to reconstruct galactic dynamics under the
assumptions that the dSphs under consideration are in steady-state hydrodynamic equilibrium,
have a spherical symmetry, and are non-rotating objects.

3 Simulated observations of Sculptor with the Cherenkov Telescope Array

To study the impact of a more complex particle model on the resulting upper limits, we
produce mock data that simulate the observations expected for the dSph Sculptor with the
Cherenkov Telescope Array (CTA). CTA is a telescope array currently under construction. It
is divided in two sites, one in La Palma on the Canary Islands in the Northern hemisphere
and the second in the Atacama desert in Chile located in the Southern hemisphere. The array
will cover an energy range between 20 GeV and 300 TeV and will consist of a total of about
a hundred telescopes of three different sizes including large sized telescopes to capture the
lowest energy ~ rays, medium-sized telescopes to cover the core energy range, and small-sized
telescopes covering the highest energy events. The average Point Spread Function (PSF) of
the instrument is designed to be about 0.1°. CTA will observe the most promising dSphs



with the highest J-factor as part of its upcoming dark matter search programme starting
with Sculptor and Draco, one in each hemisphere.

We make use of the Gammapy distribution package [38] for our mock data production.
We focus on the case of upper limit derivation, where no signal from dark matter is detected.
We build our model with no significant excess towards the source of interest and simulate
the resulting mock data from wooble mode observations of 500 hours total. The wooble mode
corresponds to an observation strategy where the telescopes point in a direction offset by a
small angle, typically 0.5°, from the nominal source position. The source is observed using
four pointing positions alternating the offset in the positive and negative declination and
right ascension. This method allows a simultaneous estimate of the background thanks to
the other side of the field of view which serves as a control region [39]. We use the multiple
OFF technique [9] to estimate the background noise due to cosmic rays. The OFF region or
background region is defined by multiple circular regions of the same size as the ON region or
signal region which are equidistant from the pointing position, i.e. the centre of the cameras.
As we treat our target dSph as a point-like source in the v-ray sky, following previous CTA
work [32], the size of each ON/OFF region is set to a radius of 0.1° corresponding to the
average PSF of CTA. We use the Instrument Response Functions prod3b-v2 publicly available
on the CTA performance website [40] for the south site at zenith angle z = 20°, the lowest
zenith angle to capture the lowest energy events, and for an observation time of 500 hours.

In this work, we focus on Sculptor, a dSph satellite of the Milky Way located in the
Southern hemisphere at Galactic coordinates (¢ = 287.62°, b = —83.16°) at a distance of
86 + 6 kpc. The dynamics of the dSph and hence its DM density distribution is estimated
based on 1365 member stars [41]. We make use the J-factor profile and its associated
uncertainties provided in ref. [37] as a function of angular radius, whose total J-factor reaches
logo(J/GeVZemdsr) = 18.6370 44, assuming an Einasto DM density profile. In the following
analysis, we use the value of the J-factor for an angular radius of # = 0.1° of ref. [37],
logyo(Jo.10/GeVZem™osr) = 18.3+0.3, corresponding to the point-like treatment of the source.

4 Statistical analysis

We perform a log-likelihood ratio statistical test on the mock data in order to constrain
the DM annihilation cross-section setting upper limits. We scan over the DM particle mass
ranging from 30 GeV to 100 TeV divided into 100 logarithmically-spaced DM mass bins. In
order to capture new features in kinematically specific regions, e.g. thresholds of annihilation
channels or presence of a resonance, we add a selection of refined mass bins between 76 GeV
and 174 GeV (see figures 3, 4 and 5 in section 5 for a specific case). We assume a positive
signal (ov) > 0, based on the method proposed in ref. [7]. The test statistic (TS) is defined as

—

0 for (ov) > (ov),

TS =/ —2In for0 < (ﬁ) < (ov), (4.1)

for (ov) <0,




where (ov) is the parameter of interest and (INp, J) are the nuisance parameters. The
denominator holds the value of the annihilation cross-section <;;>, the vector of number
of background events N B, and J the value of the J-factor, thatAmaXimize uncqnditionally
the likelihood function. The numerator contains the quantities N((ov)) and J((ov)), the
vector of number of background events and the J-factor value that maximize the likelihood
function conditionally for a given annihilation cross-section (ov). The upper limit on (ov) for
a given DM mass will be the value that responds to the criterion value of the test statistic TS.
In this work, we will derive constraints on (ov) at 95% confidence level which corresponds
to a criterion value TS = 2.71, in the case of a one-sided test and following previous vy-ray
telescope analyses such as [24, 25, 42, 43].

The total likelihood function £ is the product of a Poisson likelihood EZ-) on the events
of all energy bins i with a log-normal distribution £/ of the J-factor, which reads

L({ov), Ni, J) = [T £7 (N5((0v), ), Ng|Now, Nopr, @) x L/(J1],07),  (4.2)

where Né is the number of predicted signal events for a given energy bin i, and N the
associated number of expected background events, with INg the corresponding vector. The
values Njy and Nipp represent the number of ON and OFF events in the energy bin 1,
respectively, and « is the acceptance corrected exposure ratio between both ON and OFF
regions. The energy bins are logarithmically-spaced and, for the sake of sufficient statistics,
they are merged with the next neighbouring one if they contain less than four ON or OFF
events [44]. For each energy bin 4, £ is the product of two Poisson likelihood functions,
corresponding to the ON and OFF regions, respectively,

i \NE o i \ N .
EP — (Nsi(<0"0>, J) + NB) on €*(N§+N]7'3) % (aNB) OFF efaNfB . (43)

Here, Né is the predicted number of signal events in the energy bin ¢ obtained through the
convolution of the expected differential y-ray flux given in eq. (2.1) with the energy-dependent
acceptance function Acg(E,), the observation time T, and the energy resolution function
R(E,, EY) which relates the detected energy E. to the true energy E, of the events.

We then perform the integral of the convolution over the bin energy width AFE;. The
number of signal events obtained for an energy bin ¢ is computed as

{ov)

2
47TmX

1 00 dN{ y ,
N, ((00),J) =T x 5 /A ; /0 Efj By (B ) Acn(B:) T B, 42 (4.4)

In our analysis, we take into account the J-factor uncertainties with a log-normal
distribution given by

2
EJ 1 [_ (loglo J— 10g10 J) , (4‘5)

= ex
In(10)v2m oy J P 203

where J is the true value of the J-factor, J is the mean J-factor, and o is the uncertainty of
logqg J.



5 Singlet scalar dark matter

In order to illustrate the impact of various annihilation channels on the limits derived from
indirect dark matter detection experiments, we consider a very simple framework, where a
real singlet scalar S is added to the Standard Model particle content [45, 46]. This scalar is
odd under a discrete Zy symmetry and thus a viable WIMP dark matter candidate. Note
that the scalar is its own antiparticle, corresponding to the case £ = 2 in eq. (2.1). The scalar
potential is given by

1 1 1
Vicatar = g HI* + M| HI* + S 5% + 08" + S Ao S?H|*. (5.1)

After electroweak symmetry breaking, the Higgs doublet H is expressed in terms of the
physical Higgs boson h and the vacuum expectation value v = (H) =~ 246 GeV. Moreover,
minimising the potential leads to m% = 2 \gv? = —2p%, the Higgs mass being measured as
mp = 125.23 £ 0.17 GeV [47]. At tree-level, the physical mass of the singlet scalar is given by

1
m? = u% + 5/\51{1}2 . (5.2)

The phenomenology of the model can then be fully described by only two parameters: the dark
matter mass mg and the scalar coupling parameter A\gg. Note that the quartic interactions h*
and S* are irrelevant for dark matter phenomenology (as long as all calculations are performed
at tree-level).

Dark matter pair annihilation can occur into final states containing gauge and Higgs
bosons, leptons, and quarks. DM annihilation into fermions proceeds solely through s-channel
Higgs exchange, and will thus depend on the coupling parameter gy as well as the relevant
Yukawa couplings, preferring annihilation into heavy quarks (b and t) and 7-leptons. DM
annihilation into bosonic states can proceed through s-channel Higgs exchange, ¢- or u-channel
singlet exchange, and through direct four-vertex interactions. Again, the parameter Agy plays
a key role in most of the contributing diagrams. Note that DM annihilations into photon (y7)
or gluon (gg) final states involve loop-mediated diagrams and are typically included through
effective couplings to the Higgs boson. All relevant Feynman diagrams are shown in figure 1.

We make use of the package micrOMEGAs 5.2.13 [48-53] which includes an implemen-
tation of the singlet scalar model to describe the DM phenomenology of the particle physics
part of our study. A delicate interplay between the two key parameters mg and Agy is
needed in order to meet the stringent relic density constraint of eq. (1.1). Figure 2 presents
the parameter space regions which are cosmologically favoured or excluded in view of the
relic density constraint value, while figures 3 and 4 illustrate the most contributing DM
annihilation channels in terms of branching ratios (colour bars) in the mg-Agy plane. For low
dark matter masses, mg < 50 GeV, the relic density constraint is met for couplings of about
Asg ~ O(0.1). In this regime, dark matter particle annihilations occur dominantly into bb
final states due to the larger Yukawa coupling, with subdominant contributions into 7777,
gg and cc as shown in figure 3.

Around mg = my, /2 ~ 62.5 GeV, the Higgs-boson resonance increases the annihilation
cross-section significantly. This increase has to be compensated by smaller couplings in order
to maintain the singlet scalar relic density at Qgh? ~ 0.12. Consequently, the value of Agy
drops as low as 10~* in a very small mass interval around the resonance (see figure 2). After
the resonance region, several kinematical thresholds are crossed at mg = my =~ 80.4 GeV,
mg = my ~ 91.2GeV, mg = my, =~ 125.0GeV, and mg = m;y ~ 175.3 GeV, where the
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Figure 1. Tree-level Feynman diagrams for scalar pair annihilation into fermions (f =
e, 1, T, u,d,c,s,t,b), gauge (V = W+, 7% and Higgs bosons (h). Diagrams corresponding to u-
channels obtained through crossing are not separately depicted. Annihilation into v and gg final
states proceeds through effective couplings to the Higgs boson h°.
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Figure 2. Dark matter relic density in the mg-Agy plane. The black line corresponds to Qgh? = 0.12,
the blue area corresponds to 2gh? < 0.12. The white region is excluded because of Qgh? > 0.12.
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Figure 3. Gradients showing the relative contributions in terms of branching ratio of the dominant
dark matter annihilation channels in the mg-Asy plane for mg < my = 80.4 GeV. We only display
parameter points leading to cosmologically viable configurations, i.e. Qgh? < 0.12 (see also figure 2).
The dashed lines indicate the cosmologically preferred region where Qgh? ~ 0.12. Note the different
scales on the colour bars. Also note that the contribution of the channels above myy is not strictly
zero, but negligible for our analysis (see also figure 5).

corresponding annihilation channels open up and dominate the total annihilation cross-section
just above the respective kinematical threshold. Note that annihilation into h°h° depends
more strongly on the coupling Agy leading to the observed non-uniform behaviour in the
mass range between 125 GeV and approximately 1TeV.

Finally, above mg 2 200 GeV, increasing the dark matter mass requires an increase in
the coupling Agp following the relic density constraint. Here, the annihilation cross-section is
dominated by the bosonic final states with W+W = (about 62%), Z°Z° (about 30%), and
hOK0 (about 8%). While in the following we focus on indirect dark matter detection, an
extensive analysis of the singlet scalar model taking into account numerous constraints has
been published in ref. [54]. Let us note that although relatively large couplings gy = 1 may
be disfavoured by arguments related to perturbativity, we include this part of the parameter
space as it allows us to cover a large part of the energy range of CTA.

Based on the various regimes described above, one can see that the assumption of one
single DM annihilation channel is therefore not valid, especially around the resonance and
the kinematic thresholds in the mg-Agy parameter space.
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Figure 4. Same as figure 3 for the dominant annihilation channels for mg = my,. Note that the
channels are kinematically forbidden below their respective thresholds.

In the following, we assume — without loss of generality for our study — that the singlet
scalar accounts for the total cold dark matter present in the Universe. We are thus interested
in the parameter region where Qgh? ~ 0.12 according to eq. (1.1) manifesting as the black
band in figure 2. In figure 5, we show the different branching ratios as a function of the dark
matter mass mg following precisely this parameter space region. For each mass value, the
value of Agy has been chosen such that the relic density constraint is satisfied. Again, it
becomes clear that, except for the very narrow interval between my and myz, the assumption
of a single 100% branching ratio is never satisfied. Let us finally note that, if this conclusion
is found within such a minimal and simple framework, it is also expected in any extension
of the Standard Model providing viable DM candidates. Dedicated interpretations within
specific particle physics models are therefore at order.

6 Constraints on DM annihilation cross section

In the absence of any significant excess found in the data obtained from the observation of,
e.g., Sculptor, upper limits on the dark matter (DM) annihilation cross-section (ov) can be
derived as a function of the DM mass using a log-likelihood ratio test statistic as discussed in
section 4.
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Figure 5. Branching ratios of the individual annihilation channels as a function of the dark matter
mass mg when following the cosmologically preferred parameter space region where Qgh? ~ 0.12
corresponding to the black band in figure 2.

In the present study, we perform the computation of predicted upper limits based on
CTA mock data prepared for 500 hours of observation time. We consider the singlet scalar
DM model presented in section 5 assuming that the scalar field S accounts for all DM present
in the Universe according to eq. (1.1). We take into account all relevant annihilation products
— WHW—, 2929 KOO, gg, bb, cé, tt, ete™, ptp~, 77, the mono-energetic channel 47y, and
¢q including the three light quarks u, dd, and s5 —, all weighted by their respective branching
ratio throughout the model parameter space. The differential vy-ray spectra of all annihilation
channels are taken from ref. [55], obtained using PYTHIA (version 8.135) [56] including the
final state radiative corrections. We use the mean J-factor value, and its uncertainty o,
logyo(Jo.10/GeVZemOsr) = 18.3 4 0.3 integrated up to 6 = 0.1° [37].

In figure 6, we present the predicted upper limit and its uncertainty bands at the 1o
and 20 confidence levels derived from a sample of 500 Poisson realizations of the background
event mock data in the ON and OFF regions. The mean expected upper limit and its
uncertainty bands correspond to the mean and the standard deviations at 1o and 20 of the
(ow) distribution for each DM mass.

In the low mass regime, the limit becomes more constraining when approaching mg ~
my =~ 80GeV. As the DM particles get heavier, they produce more energetic SM particles
which in turn generate more v rays. This implies a lower annihilation cross-section to
compensate a higher y-ray spectrum. We also notice an inflection point at mg =~ my /2 ~
62.5 GeV corresponding to the Higgs resonance. Here, the annihilation rate is increased (see
section 5) such that the obtained limit decreases.

A striking increase of the limit is then observed at mg =~ my ~ 80 GeV, where the
annihilation into the W W~ channel opens up and dominates the total annihilation cross-
section. This channel produces less v rays as compared to hadrons (bb) (see figure 8 in
appendix A), such that the limit increases. Our predicted upper limit on (ov) reaches

~10 -
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Figure 6. Upper limits obtained at 95% confidence level within the singlet scalar DM model
taking into account the full annihilation pattern. We also show the limits obtained from three
individual annihilation channels (W*W~, 777~ and bb) for comparison. The limits are presented
in dependance of the dark matter mass mg following the cosmologically preferred region where
Qsh? ~ 0.12 corresponding to the black band in figure 2.

3.8 x 1072* cm3s™! at a DM mass of 1 TeV at 95% confidence level. For mg > 1TeV, the
obtained limit becomes less constraining due to descreasing statistics.

Figure 6 also indicates the limits obtained assuming DM particle annihilations into
the individual annihilation channels W+W =, 777~ and bb, i.e. assuming a branching ratio
of 100% in each case. For the sake of a proper comparison, we have performed the CTA
likelihood analysis on the same simulated dataset for these individual channels. We show in
figure 9 in appendix B that our predicted upper limits in the case of the individual channels
are compatible with those published by the CTA collaboration [32].

While the overall shape of our limit within the singlet scalar model follows the results
obtained assuming individual annihilation channels, several differences are observed:

e The limit obtained within the singlet scalar DM model shows to be more conservative
than the one from the individual WTW = channel. Below mg = mp ~ 80.4 GeV, no
upper limit can be derived as the WTW ™ channel is kinematically forbidden. Above
this value, new channels open up (see section 5) and hence the total y-ray spectrum
contains additional contributions. Therefore, we observe a slight difference in favour of
the W~ channel which produces more 7 rays than the remaining channels (see also
appendix A). Above approximately 1TeV, the singlet scalar DM model is dominated
by annihilation into W*W ™ (up to approx. 62%) with subdominant contributions into
7979 (approx. 30%) and h°h° (approx. 8%). Here, the relative error ranges between
—6% and —22%. Note that for masses just above the threshold, the individual W+W~
channel reaches values of relative errors beyond 100%.
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e In all indirect DM searches, the 777~ channel presents the most constraining upper limits
since its y-ray production is higher than for the other channels [55]. However, in the
singlet scalar DM model, the 777~ channel is never dominant (see also figures 3, 4 and 5
and the associated discussion in section 5). Therefore, treating 777~ as an individual
channel translates into an overestimation of the ~-ray production and consequently
leads to more constraining upper limits. Below the W-mass threshold, the relative error
varies between 12% and —65%. Just after the threshold, the error reaches —98% before
it decreases reaching about —3% around 100 TeV.

 Regarding the hadronic channel bb, the limit obtained within the singlet scalar model is
generally more stringent than the one obtained considering this channel alone. For mg <
myy, we observe an important difference between the two limits of slightly more than one
order of magnitude. This is explained by the albeit subdominant presence of the 777~
channel, which yields a larger amount of ~y rays. Although 7777, c¢, and gg account for
maximally about 25% of the total annihilation cross-section, their contribution decreases
the obtained limits in a significant way. For mg > myy, the bb channel is suppressed in the
singlet scalar model. As for the 777~ channel discussed above, considering this channel
alone leads to an inaccurate estimation of the upper limit. Here, deriving the limit
based on bb alone yields a less constraining upper limit due to its softer y-ray spectrum.
In this case, the relative error below the W mass is of the order of ©(1000%) due to the
important discrepancies between the two limits. The error then drops to —56% at the
W mass, then remains in the range between —10% and +38% after the W threshold.

Let us note that combining the individual limits (obtained from the individual annihilation
channels assuming a 100% branching ratio) by simply reweighting them with the corresponding
branching ratios from the particle physics models does not lead to an accurate estimation
of the complete limit on the annihilation cross-section for all DM masses. While such an
approximation may be reasonable in the case where the contributing channels feature similar
~-ray spectra (e.g. in the singlet scalar model for mg 2 1 TeV), it will not be valid in the case
of rather different spectra (e.g. singlet scalar model for mg < myy).

We finally show in figure 7 the comparison of the obtained limit, taking into account the
full model information, and the predicted total annihilation cross-section within the singlet
scalar model. Although the model would not be excluded by the presented limit, the graph
illustrates again to which extend the resonance and the kinematical thresholds affect both
the total annihilation cross-section and the expected exclusion limit. In a situation where the
two curves are generally closer one to the other, the observed fluctuations may easily lead to
an exclusion in the corresponding mass range.

7 Conclusions

Current limits on indirect dark matter detection cross-sections are mainly derived based on
the assumption of one single annihilation channel and without considering specific particle
physics models. We have first demonstrated that this assumption is not valid within a given
framework providing a viable candidate for WIMP dark matter. In the singlet scalar dark
matter model, the typical channels bb and W+ W~ dominate the annihilation cross-section in
only a restricted part of the viable parameter space, while, e.g., annihilations into 777~ and
tt remain subdominant in this model. Second, we have shown that taking into account the full
annihilation pattern of the WIMP particle can have a significant impact on the derived limits
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Figure 7. Dark matter annihilation cross-section (solid green line) in the singlet scalar model compared
to the expected limit (dashed blue line) presented in figure 6 as a function of the dark matter mass mg
following the parameter space region where Qgh? = 0.12 corresponding to the black band in figure 2.

of the dwarf spheroidal galaxy Sculptor which can shift by more than an order of magnitude.
Depending on the exact situation, the obtained limits may be more or less constraining than
those from individual channels only. Based on these results, one can see that it is necessary
to take into account all annihilation channels producing different y-ray spectral shapes to
capture additional features in the DM annihilation cross-section upper limits. This conclusion
can also be drawn, e.g., from refs. [57, 58] which focus on the reinterpretation of the indirect
detection results in the context of specific models including specific energy spectra.

Our analysis has been performed using CTA mock data of Sculptor. A similar impact
can naturally be expected for other «-ray sources as well as for other ~-ray observatories.
The numerical setup that has been elaborated for this study, namely combining the particle
physics and the astrophysics aspects, could be used on the future observations of the CTA
dark matter programme or on the data of any ~-ray experiment.

Let us finally point out that our demonstration has been carried out in a very simple
particle physics model, where the Standard Model is extended by only a singlet scalar, which is
the WIMP dark matter candidate. Even in this setup the assumption of a single annihilation
channel basically never holds. Consequently, it generally cannot be expected to hold in more
complex extensions of the Standard Model involving a richer field content or even several
possible dark matter candidates such as, e.g., supersymmetric models [59, 60], the inert
doublet model [61-63], or scotogenic models [64-66]. We suggest to derive upper limits on
the dark matter annihilation cross-section within concrete particle physics frameworks rather
than considering generic individual annihilation channels.

Acknowledgments

The authors thank V. Poireau for his useful advice on the analysis, G. Bélanger and F. Boud-
jema for useful discussions, as well as F. Calore, Y. Génolini, and P. Salati for their insightful

~13 -



suggestions and comments on the manuscript. This work is supported by Fonds National Suisse
and Investissements d’avenir, Labex ENIGMASS, contrat ANR-11-LABX-0012. Our numer-
ical analysis coded in Python and C/C++ has been performed on the interactive servers of the
Univ. Savoie Mont Blanc — CNRS/IN2P3 MUST computing center and the Yggdrasil servers of
the University of Geneva. The figures in this paper have been produced using Matplotlib [67].

A Spectrum comparison of the contributing channels

ms =0.05 TeV ms =0.081 TeV

10! 4

100 4

T T
> > ~o ~
S & 1071 4 Sae NN
= = AN RN
3 £ 10724 -~
10—3 o
wrw- -==- cC
——— bbb s 99
10744 — 7T
6x1 2x1072 3x1072  4x1072 6x 1072
E (TeV)
S5 ms=0.5TeV g.g‘a ms=1TeV

102 4
102 4

10! 4
10! 4

10° 4
10° 4

-1
10 10-1 4

dN/dE (y.Tev~1)
dN/dE (y.Tev1)

-2 |
10 10-2 4

-3
10 1073 4

T T
107t 10°
E (Tev)

3
10 4 e ms =10 TeV ,,\:\ ms =100 TeV

102 4

10 4

100 4

1071 4

dN/dE (y. Tev~1)
dN/dE (y.Tev™1)

1072

1073 4

1074 4

107! 10° 10t 10?2
E (TeV) E (Tev)

Figure 8. Differential v-ray energy spectra of the most contributing dark matter annihilation channels
at mg = 0.05, 0.081, 0.5, 1, 10, and 100 TeV.

— 14 —



B Comparison with CTA results

Sculptor, W* W~ channel Sculptor, bb channel
10-22 | 10-22 4
v T
wn wn
m m
E :
L:)’ 10—23< L:J’ 10723 J
S S
i 3
N N
S 8 -
10-24 10-24 |
Expected 2 o error —-=-- Expected 71 20error
10 error —— CTA expected 1o error —— CTA expected
01 1 10 100 01 1 10 100
ms (TeV) ms (TeV)
Sculptor, T* T~ channel
10-22 |
a
I
wn
m
IS
L
< 10723/
(]
K
&
a
N
)
10-24 4
—-- Expected 2 o error
[ 1oerror —— CTA expected
01 1 10 100
ms (TeV)

Figure 9. Comparison of our expected upper limits on the DM annihilation cross-section to those
predicted by the CTA collaboration [32] for the individual annihilation channels W*+W =, bb, and
77~ for 500h of observation. Our results are in agreement with the results of CTA (solid red lines)
within the 1o and 20 uncertainty bands.
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