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Abstract: We describe a dedicated analysis approach for indirect Dark Matter searches with Imaging Air
Cherenkov Telescopes. By using the full likelihood analysis, we take complete advantage of the distinct features
expected in the gamma ray spectrum of Dark Matter origin, achieving better sensitivity with respect to the standard
analysis chains. We describe the method and characterize its general performance. We also compare its sensitivity
with that of the current standards for several Dark Matter annihilation models, obtaining gains of up to factors of
order of 10. We compute the improved limits that can be reached using this new approach, taking as an example
existing estimates for several benchmark models as well as the recent results from VERITAS on observations
of the dwarf spheroidal galaxy Segue 1. Furthermore, we estimate the sensitivity of Cherenkov telescopes for
monochromatic line signals. Predictions are made on improvement that can be achieved for MAGIC and CTA.
Lastly, we discuss how this method can be applied in a global, sensitivity-optimized indirect Dark Matter search
that combines the results of all Cherenkov observatories of the present generation.
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1 Introduction
Cherenkov telescopes have limited duty cycles and great
variety of scientific objectives competing for the observa-
tion time. Their physics programs are primarily focused on
detection and study of astrophysical sources, with funda-
mental physics and cosmological issues frequently left on
the sidelines. As a consequence, standard analysis tools and
methods used to process the observed data are usually opti-
mized for sources with, in the majority of cases, featureless
spectral distributions well described by a simple power law.
Such analysis is suboptimal for Dark Matter (DM) searches.
Therefore, we propose an improved, dedicated approach of
optimized sensitivity for spectral features of DM origin by
optimally exploiting the spectral differences between the
signal and the background.

2 Full likelihood method
In the standard analysis chain of Imaging Air Cherenkov
Telescopes (IACTs), such as MAGIC, VERITAS, H.E.S.S.,
or the forthcoming CTA, the existence of a source is
established by a mere comparison of the integrated number
of events detected in the source region (n) with the number
of events detected from the control, background region(s)
(m). Both n and m are random variables that obey Poisson
statistics; therefore, the number of gamma-ray (g) and
background (b) events present in the source region can
be estimated by maximization of the following likelihood
function [1]:

L (g,b|n,m) =
(g+b)n

n!
e−(g+b)× (τb)m

m!
e−τb, (1)

referred here as the “conventional” likelihood approach,
where τ is the normalization between the signal and back-
ground regions (e.g. the ratio of their associated observation

times). This method does not make any distinction of the
potential features present in the gamma-ray spectrum (apart
from optimizing the bounds of the integrated energy region
as done, e.g. in [2]). As such, it is suboptimal for the DM
searches.

We propose the use of an alternative method, optimized
for DM searches: by making an a priori assumption on the
expected spectral shape (which is fixed and known for a
given DM model), and including it in the maximum like-
lihood analysis, we can completely exploit the spectral in-
formation of the events from DM annihilation or decay and
achieve better sensitivity with respect to the conventional
method. This full likelihood [3] function has, for a given
DM model M with parameters θ , the following form:

L (NEST,M(θ)|NOBS,E1, ...,ENOBS) =

NEST
NOBS

NOBS!
e−NEST ×

NOBS

∏
i=1

P(Ei;M(θ)), (2)

with NOBS(= n + m) and NEST denoting the total (source
+ background regions) number of observed and estimated
events, respectively. P(Ei;M(θ)) is the value of the proba-
bility density function (PDF) of the event i with measured
energy Ei, defined as:

P(E;M(θ)) =
P(E;M(θ))

Emax∫
Emin

P(E;M(θ))dE
, (3)

where Emin and Emax are the lower and upper limits of the
considered measured energy range; P(E;M(θ)) represents
the differential rate of signal and background events, such
that:

P(E;M(θ)) =

{
PB(Ei), i ∈ B
PS(Ei;M(θ)), i ∈ S

, (4)
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Figure 1: Illustration of the advantage of the full likelihood
method with respect to the conventional analysis. Red and
orange lines show the assumed spectral energy distributions
of the source and background regions, respectively, while
the data points, with the same color code, represent the
measured events (fine binning is used for demonstration
purposes only, the full likelihood is unbinned). The levels
of horizontal blue and cyan lines correspond to the average
value within the energy range considered in the conventional
method, with dots referring to the measurements.

with PB(E) and PS(E;M(θ)) being the expected differential
rates from the background (B) and source (S) regions,
respectively:

PB(E) = τ

∞∫
0

dΦB

dE ′ RB(E;E ′)dE ′ (5)

and

PS(E;M(θ)) =
∞∫

0

dΦB

dE ′ RB(E;E ′)dE ′+

∞∫
0

dΦG(M(θ))
dE ′ RG(E;E ′)dE ′. (6)

Here, E ′ denotes the true gamma-ray energy; dΦB/dE ′

and dΦG/dE ′ are the differential fluxes of cosmic (back-
ground) and gamma-ray (signal) radiations, and RB(E;E ′)
and RG(E;E ′) are the telescope response functions to each
of them. dΦG/dE ′ contains the dependencies on the model
parameters (θ).

The response functions RB and RG are governed by
detector design, reconstruction algorithms, selection criteria
for quality of the events and for discrimination between the
signal and background. For IACT observations of (quasi-)
point-like sources they can be represented as

RB,G(E;E ′) = AeffB,G(E ′)GB,G(E;E ′). (7)

where Aeff(E ′) is the effective area and G(E;E ′) the energy
reconstruction function.

NEST, b and g can be computed from P(E) and the
observation time (for more details see [3]).

Figure 1 illustrates the advantage of the full likelihood
method with respect to the conventional analysis. Both
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Figure 2: IF for power-law signal spectra as a function of
the spectral index γ . Also shown are the optimal values of
Emin optimized for the different models for the conventional
analysis (dashed line, right-hand axis). Error bars are the
RMS of the IF distributions obtained from 25 simulated
experiments.

methods are based on comparisons of the collected data with
the predictions from the signal and background models. The
conventional method integrates the spectral information in
a pre-optimized energy range, so that the only information
used is that of the expected and measured number of events.
On the other hand, the full likelihood compares the expected
and measured energy distributions, thus fully profiting from
the potential presence of DM spectral features.

3 Characterization of the method
We have tested the full likelihood concept with fast simula-
tions, using, as an example, the response functions of the
MAGIC telescopes [4] and several simple signal emission
spectra, like power-law and monochromatic line. In our
tests, the signal intensity is the free parameter, estimated
by maximization of the likelihood functions (eq. (1) and eq.
(2)). The performance of the full likelihood method with re-
spect to the conventional analysis, for a given signal model
M(θ), is quantified by means of an Improvement Factor
(IF), defined as:

IF(M(θ)) = 〈CIcnvn/CI f ull〉, (8)

i.e. the average ratio of the widths of the confidence in-
tervals, CIcnvn and CI f ull , calculated by the corresponding
methods, assuming a common confidence level. IF is, by
construction, the improvement in the sensitivity of a given
search expected by the use of the full likelihood method
instead of the conventional analysis.

Figure 2 shows IF as a function of the spectral slope γ for
power-law signal models. For γ ≈ 3.6, the shapes of signal
and background PDFs are very alike, and therefore the
improvement one gains from the use of the full likelihood
is almost negligible. For harder spectra the improvement
on sensitivity obtained by the full likelihood reaches up
to ∼70%. The dashed line indicates the value of Emin of
the optimized energy range for the conventional analysis.
For monochromatic lines, IF ranges between ∼40 and 65%
(depending on the line energy), and the width of the optimal
integration range for the conventional analysis is almost
constant in units of the energy resolution (σ ), and of order
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MAGIC (>70 GeV) CTA (>30 GeV)

BM mχ σv|v=0 〈σv〉 f ull IF1 IF2
〈σv〉 f ull IF1 IF2[GeV] [cm3 s−1] [cm3 s−1] [cm3 s−1]

I′ 141 3.6×10−27 5.65×10−23 1.62 1.57 1.39×10−23 1.48 1.48
J′ 316 3.2×10−28 1.01×10−23 3.64 1.80 1.91×10−24 5.18 1.65
K′ 565 2.6×10−26 3.91×10−23 1.23 1.23 8.39×10−24 1.58 1.58

BM3 233 9.2×10−29 7.21×10−25 4.14 1.89 1.35×10−25 6.62 1.61
BM4 1926 2.6×10−27 2.87×10−23 2.10 2.10 4.82×10−24 3.81 3.81

Table 1: Characteristics of the studied BM models (mass mχ and predicted annihilation cross section today σv|v=0), together
with the upper limits on 〈σv〉 value calculated with the full likelihood method (〈σv〉 f ull), for Willman 1 observations with
MAGIC and CTA. We also quote the IF for each model, computed according to the prescriptions presented in [6]: IF1 is
calculated for an integration range (for the conventional method) spanning from the energy threshold to mχ , while for IF2
the integration range spans from the optimal Emin to mχ .
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Figure 3: 95% confidence level upper limits on 〈σv〉 as a function of mχ , considering different annihilation channels, and
∼50 h of observations of the Segue 1 galaxy. Left: Results for VERITAS, from this work, estimated by the conventional
analysis (light green) and the full likelihood method (dark green). Right: Exclusion lines for χχ → τ+τ−, for MAGIC
(blue) and CTA (red), obtained from both the conventional (dashed line) and full likelihood approaches (full line). Results
from VERITAS, as given in [7], are also plotted for comparison purposes (green)2.

of 2.5-3σ . The combination of different spectral features
(e.g. power-law continuum plus a line at the mass of the
DM particle) provides even larger IF values, whereas the
presence of energy cutoffs decreases the value of IF with
respect to the case of an uninterrupted spectrum.

We have also evaluated the stability and robustness of the
full likelihood method, by studying the effect on the IF of:
different values of experimental parameters (e.g. number of
events, size of the background sample, energy range); the
presence of a signal in the data sample; or a non-perfectly
known response function. In all the studied cases the full
likelihood method proved to be stable and robust, and to
always perform better than the conventional analysis. More
details are given in [3].

4 Performance of the method
We have explored the sensitivity of the full likelihood
method for specific DM models.

First, we consider the benchmark (BM) models [5]

studied in [6]. There, sensitivity predictions are provided
for two dwarf Spheroidal galaxies, Draco and Willman 1,
as observed by MAGIC and CTA and analyzed with the
conventional method. Two cases are considered: a first one
in which Emin is the actual energy threshold of the telescope
and the other, for which Emin is optimized for each model,
based on the expected sensitivity. We have computed the IF
obtainable by considering the different BM models under
the same circumstances studied in [6]. The results are shown
in table 1, together with the basic characteristics of each of
the studied BM models. IF1 and IF2 represent the gain that
the full likelihood method provides over the conventional
analysis, for the two considered integration ranges.

The lowest IF (although of values higher than 25%)
are obtained, for both MAGIC and CTA, for the practi-

2. According to these results, the sensitivity gain of the CTA with
respect to VERITAS would be marginal, or even nonexistent,
for certain annihilation channels and mass ranges. We have
traced this inconsistency down to a probable overestimation of
the VERITAS performance assumed in [7]. For more details,
see [3].
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cally featureless, soft spectra of the model K′, as well as
for the model I′ from the bulk region, that has a cutoff
at low energies. On the other hand, the greatest improve-
ments are achieved in the case of the model BM4, charac-
terized by a massive DM particle and hard spectrum. Mod-
els from coannihilation region, with particularly large inter-
nal bremsstrahlung contributions, J′ and BM3, also show
significant gain from the use of the full likelihood (above
60%). Despite these high improvements, however, the esti-
mated 〈σv〉 limits are still ∼4 and ∼3 orders of magnitude,
for MAGIC and CTA respectively, away from the predicted
values of these BM models.

To estimate the impact of this new analysis approach in
real experimental conditions, we have computed the IF that
could have been expected if the full likelihood had been
used in the recently published search for DM in the dwarf
spheroidal galaxy Segue 1 performed by VERITAS [7].
We consider bb̄, τ+τ− and W+W− final state channels and
assume the conditions of VERITAS observations. Figure 3
(left) shows our estimates of 〈σv〉 limits, calculated by
both the conventional (as VERITAS) and full likelihood
approaches. The more massive the DM particle, the greater
the improvement, especially for the τ+τ− channel, whose
spectrum gets harder for higher mχ values, and the gain is
larger than one order of magnitude (note that this is partially
due to fact that VERITAS analysis does not perform an
optimization of the integration range).

Additionally, we study the sensitivities of MAGIC and
CTA [8] for gamma-ray spectra from bb̄, τ+τ− and W+W−

annihilation channels. The obtained exclusion limits for
the case of τ+τ− for both methods are shown on figure 3
(right). The constraints from the full likelihood method are
more significantly improved with respect to those from the
conventional analysis for the more massive DM particles,
being higher (up to a factor ∼30) for CTA, due to its better
energy resolution.

Finally, we have made estimates, using the full likelihood
method, of the sensitivity MAGIC and CTA observatories
have to spectral lines, for the DM particle mass in the energy
range between 100 GeV and 5 TeV. The sensitivity curves
(5σ detection in 50 hours of observations) are shown on
figure 4. For MAGIC we consider observations of Segue
1, whereas for CTA we consider Segue 1 and the Galactic
halo.

5 Discussion
We have presented an analysis approach for IACTs that
uses the full likelihood method, constructed to take the
maximal advantage of the unique spectral features of DM
origin. Almost solely through the inclusion of the a priori
knowledge on the expected gamma-ray spectrum in the
likelihood, this method accedes better sensitivities, with IF
reaching values up to order of 10 (depending on the signal
model) with respect to recent IACT results.

A very important characteristic of the full likelihood
method (and any likelihood function-based analysis) is
that it allows a rather straightforward combination of the
results obtained by different instruments and from different
targets. For a given DM model M(θ), and Ninst different
instruments (or measurements), a global likelihood function
can be simply written as:

LT (M(θ)) =
Ninst

∏
i=1

Li(M(θ)), (9)
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Figure 4: MAGIC (blue) and CTA (red) 5σ sensitivities
on the 〈σv〉 values as a function of mχ , for 50 hours of
Segue 1 observations, assuming a 100% branching ratio
into γγ . Also plotted are the sensitivity predictions for the
CTA observations of the Galactic Halo (orange), as well as
the 〈σv〉 value corresponding to DM signal hint, at mχ =
129 GeV, claimed in [9].

which can be maximized in a rather trivial way. This ap-
proach eliminates the complexity required for a common
treatment of data and response functions of different tele-
scopes or analyses, required by, e.g. the data stacking
method. Since DM signals are universal and do not depend
on the observed target, the results from different sources
can also be combined through the overall likelihood func-
tion (as done by Fermi [10]), providing therefore a more
sensitive DM search. For example, combined results (of
similar sensitivities to 〈σv〉) from three different observa-
tories (e.g. MAGIC, VERITAS and HESS) would benefit
from an extra improvement in the sensitivity by a factor of
∼ 70%. This approach offers the best chances of discover-
ing DM in indirect VHE gamma-ray searches or of setting
the most stringent limits attainable by this kind of observa-
tions, placing therefore a new landmark in the field.
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