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Dwarf spheroidal galaxies of the Local Group are close satellites of the Milky Way characterized by a
large mass-to-light ratio and are not expected to be the site of nonthermal high-energy gamma-ray emission
or intense star formation. Therefore they are among the most promising candidates for indirect dark matter
searches. During the last years the High Energy Stereoscopic System (H.E.S.S.) of imaging atmospheric
Cherenkov telescopes observed five of these dwarf galaxies for more than 140 hours in total, searching for
TeV gamma-ray emission from annihilation of dark matter particles. The new results of the deep exposure
of the Sagittarius dwarf spheroidal galaxy, the first observations of the Coma Berenices and Fornax
dwarves and the reanalysis of two more dwarf spheroidal galaxies already published by the H.E.S.S.
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Collaboration, Carina and Sculptor, are presented. In the absence of a significant signal new constraints on

the annihilation cross section applicable to weakly interacting massive particles (WIMPs) are derived

by combining the observations of the five dwarf galaxies. The combined exclusion limit depends on the
WIMP mass and the best constraint is reached at 1-2 TeV masses with a cross-section upper bound of

~3.9x 1072 cm’s~! at a 95% confidence level.

DOI: 10.1103/PhysRevD.90.112012

I. INTRODUCTION

A large number of observations from Galactic to
cosmological scales support the hypothesis that dark
matter (DM) should be primarily composed of a new type
of particle of yet unknown nature. A popular class of
candidates are stable or very long-lived weakly interacting
massive particles (WIMPs). With masses and couplings
falling roughly within the electroweak scale, they are
predicted by numerous theories beyond the Standard
Model of particle physics and could account for the total
amount of DM inferred from the thermal relic picture [1].
WIMP searches mostly follow three types of strategies:
searches at colliders, and notably the Large Hadron
Collider (LHC), probing both the production of DM
particles themselves and other signatures of extensions
of the Standard Model that could be of relevance to DM
physics; searches for nuclear recoil signals in direct
detection experiments, probing the WIMP scattering cross
section on ordinary matter; and finally indirect searches
for a signal in the products of potential WIMP annihilations
in astrophysical observations, probing the corresponding
Ccross section.

DM-induced gamma rays can present sharp spectral
signatures, like for instance yy or Zy annihilation lines,
with energy trivially related to the WIMP mass. However,
since DM is electrically neutral, these processes are loop-
suppressed and therefore typically very rare. WIMP-
induced gamma rays are thus expected to be dominated
by a relatively featureless continuum of byproducts of
cascades and decays (mostly from z° — yy) following the
annihilation in pairs of quarks, gauge/Higgs bosons, or
leptons. The number of resulting gamma rays depends
quadratically on the DM density along the line of sight of
the observer. This motivates a number of promising targets
for indirect DM searches, namely those with expected DM
density enhancements against conventional astrophysical
processes, in particular the Galactic center, galaxy clusters
and nearby dwarf spheroidal galaxies.

This paper presents the final results in constraining DM
annihilation in five dwarf spheroidal galaxies (dSph)
observed with the H.E.S.S. experiment during its first
phase, conducted with four telescopes with 13 m diameter
mirror. In particular, new results are obtained with a more
sensitive analysis of the Sagittarius dSph for which the
H.E.S.S. Collaboration conducted a deep exposure over
the past six years. In addition the paper presents constraints

PACS numbers: 95.35.+d

for the previously not observed Coma Berenices and
Fornax dSphs, as well as a combination of all five dwarf
galaxies observed with the H.E.S.S. four telescope con-
figuration, including two more dSphs previously observed
with H.E.S.S. namely Carina and Sculptor.

II. DWARF SPHEROIDAL GALAXIES

The dSphs of the Local Group are believed to be among
the best targets to search for gamma-ray signals from the
annihilation of DM particles and to derive robust con-
straints on the annihilation cross section [2-4]. Indeed,
these satellites of the Milky Way (MW) are located at
O(100 kpc) and are essentially free of gamma-ray back-
ground since they are characterized by properties such as
little to no gas, dust or recent star formation. Their mass-to-
luminosity ratios are as high as a few hundreds, among the
highest in the Universe (see [5,6] and references therein).
As discussed in Sec. IV B, the dynamical study of the
stellar component embedded in their DM halos, facilitates
the reduction of the uncertainties concerning the spatial
distribution of DM particles in these systems (for a review
see [7]).

A. Sagittarius dSph

The Sagittarius dwarf spheroidal galaxy (Sgr), discov-
ered in 1994, is the nearest dwarf galaxy to the MW, at
a distance of 25 kpc [8]. According to photometric
measurements, its nominal position is spatially coincident
with the globular cluster M54 [9]: RA = 18"55™ 03¢,
Dec = —30°28'42” in equatorial coordinates (J2000.0).
Sgr changed its orbits over its lifetime substantially [10]
and it was severely influenced by Galactic tides, pulling
large numbers of stars from the core to form stellar streams
that wrap around the Galaxy at least once and contributing
to the build-up of the MW stellar halo system [11].
Although the stellar kinematics in the Sgr remnant indicates
the presence of DM, even if not at the same high density
levels observed in other dSphs, an ambiguity on its mass
exists since the structure, size and origin of the Sgr
progenitor are very uncertain. Some recent works [12]
inferred a progenitor luminosity of the same order of
the present-day Small Magellanic Cloud, modeling Sgr
with a mass-to-luminosity ratio lower than the other
dSphs. Furthermore some works [13] have also provided
ample evidence that Sgr has an unusual large number of
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associated globular clusters when compared to the typical
dwarf spheroidal galaxies. Recent measurements of its
stellar kinematics, however, strongly resemble those of
other classical dSphs [14], indicating that Sgr may not be an
outlier anomaly, but rather a tidally disrupted, DM-
dominated system like several other satellites of the MW.

On the motivation that it is subject to significant tidal
stripping which could affect the determination of the
integrated DM density, bounds from Sgr are often derived
under ultra-conservative assumptions [15] or dropped
altogether (as in the recent Fermi-LAT analysis [16]).

In the present study, however, the uncertainties of the
integrated astrophysical factor are included as nuisance
parameters in the likelihood profile. The impact of remov-
ing Sgr from the stacked data set is discussed in Sec. V B.

B. Coma Berenices dSph

The Coma Berenices dSph was recently discovered in
the Sloan Digital Sky Survey [17] and is located at a
distance of about 44 kpc, centered at RA = 12h26m 595,
Dec = 23°54'15” in equatorial coordinates (J2000.0).
Coma Berenices is one of the smallest and faintest satellites
of the MW, having extreme low luminosities, differing
from the average characteristics of other dSphs in the plane
of absolute magnitude versus half-light radius [17].
However, spectroscopic surveys reveal kinematics and
metallicities in line with those of dwarf galaxies. Coma
Berenices, claimed to be among the most DM dominated
dSphs [18], is fairly regular in shape and does not show
important signs of tidal debris according to a recent deep,
wide-field photometric survey [19].

C. Fornax dSph

The Fornax dSph is a well-established satellite of the
MW [6,20], located at a distance of about 140 kpc,
RA = 2"39m 59 3%, Dec = —34°26' 57" in equatorial coor-
dinates (J2000.0). The stellar kinematical data for Fornax
suggest that it is DM dominated with a mass-to-light ratio
of order 20 within its optical extent. Fornax hosts five
globular clusters and other substructures [21] and the
observed stellar kinematics are dominated by random
motions without evidence of tidal disruption [22].

D. Carina and Sculptor dSphs

Carina [6,23] and Sculptor [24] dSphs complete the
list of targets considered in this work. Carina dSph is
located at a distance of 101 kpc, with equatorial coordinates
(J2000.0): RA =06"41m36°, Dec =—50°57'58". Sculptor
dSph is closer, 79 kpc, with coordinates: RA = 01 00™ 09s,
Dec = —33°42' 32" (equatorial J2000.0). These two targets
are among the most luminous dSphs near the MW. The best
estimates of the orbits of the two dSphs show that Carina is
likely to be more tidally disrupted than Sculptor, leading to
higher uncertainties for the DM content of the Carina dSph
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than of the Sculptor. However, the extent of the disruption
in Carina remains matter of controversy: precise measure-
ments of the direction of its proper motion does not support
a tidal origin for its elongation, while the difference in the
position angles is not significant enough to rule out such an
origin [25]. The first constraints from the search for a DM
signal in these two targets have been reported in [26].

III. H.E.S.S. OBSERVATIONS AND ANALYSIS

The High Energy Stereoscopic System (H.E.S.S.) is an
array of Imaging Atmospheric Cherenkov Telescopes
(IACTs) designed to study high energy gamma-ray emitters
by recording the faint Cherenkov light induced by air
showers in the atmosphere. Located in the Khomas
Highland in Namibia, 1800 m above sea level, H.E.S.S.
began operation in 2004 with four 13 m telescopes
equipped with cameras containing 960 photomultiplier
tubes. The H.E.S.S. array operates in coincidence mode
with at least two telescopes triggered within a coincidence
window of 60 ns for an event to be accepted.

A. Observations and data selection

The five dSphs data sets were acquired from 2006 to
2012, during different observation campaigns and with
different total exposure time. The observations were
performed in wobble mode, where the source is offset
from the center of the field of view, enabling simultaneous
background estimation. All data have been calibrated
following the standard calibration and selection procedures
[27]. Further quality cuts have been applied. The most
relevant requirements are a minimum number of three
telescopes in operation during the observation runs, a
central trigger rate after zenith angle correction between
100 and 400 Hz, a fraction of inactive pixels per camera and
per observation run, not larger than 15%, the reconstructed
image of a camera should contain at least a charge
amplitude of 60 photoelectrons and, to avoid truncated
images which might lead to misreconstructed events,
shower images with center of gravity reconstructed at
more than 2° degrees from the center of the camera are
neglected. In the following the data sets, the analysis
procedures and the results of the analysis of the complete
dwarf spheroidal galaxies data set are described and
discussed.

1. Sagittarius dSph

Following a first observation campaign dedicated to Sgr
in 2006, which collected 11 hours of useful data, and in
absence of any signal, the H.E.S.S. Collaboration published
an upper limit on the gamma-ray flux and a constraint on
the velocity-weighted annihilation cross section for DM
annihilation [28]. The H.E.S.S. Collaboration continued to
observe Sgr using the four 13 m telescopes from 2007 to
2012, accumulating 90 hours of quality selected data.
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The complete Sgr data sample was taken with the source at
different zenith angles, spanning from a few degrees up to
45° with an average value of about 16°.

2. Coma Berenices dSph

The Coma Berenices dSph was observed with the
H.E.S.S. experiment from 2010 to 2013. The total effective
live time after quality selection corresponds to 8.6 hours.
The observations were performed with relatively high
zenith angles with a mean value of about 48°.

3. Fornax dSph

The Fornax dSph was observed with larger camera
offsets since it was not the primary target of the corre-
sponding data set. The analysis results of about 6.0 hours of
data acquisition are reported in this work. The average
zenith angle of the observations is about 14°.

4. Carina and Sculptor dSphs

The Carina and Sculptor dSphs were observed with the
H.E.S.S. experiment between 2008 and 2009. The data set
consists of a total of 12.7 and 12.5 hours, respectively. In
absence of any signal from their nominal positions the
H.E.S.S. Collaboration published upper limits on the
gamma-ray flux as well as constraints on the velocity-
weighted annihilation cross section of DM particles [26].
The same published data set from the Sculptor observations
is considered in this work, while the Carina data set
comprises ten additional hours, acquired more recently.
The mean zenith angle of the Carina dSph data set is about
35° and 14° for Sculptor dSph.

B. Data analysis

The X analysis [29] was employed for the selection of
gamma-ray events and for the suppression of cosmic-ray
background events. The X ¢ method improves the separa-
tion of gamma-ray and cosmic-ray events compared to the
standard H.E.S.S. analysis [27] by exploiting the comple-
mentary discriminating variables of three reconstruction
methods used in H.E.S.S. and usually referred to as Hillas
[30], Model [31] and 3D-model [32,33]. The resulting
unique discriminating variable, called X, acts as an event-
by-event gamma-misidentification probability estimator,
combining the probability density functions for events
identified as gamma-ray-like or hadronlike by the three
reconstruction methods. The final gamma-ray-like event
selection was achieved through a set of cuts adapted to the
detection of faint sources [29]." For the energy and
direction of each reconstructed candidate event the values
provided by the Model method were selected. The search

lSpecifically, the values of the cuts employed are 7 = 0.7 and
Xeff,cut =03
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FIG. 1. Significance distributions and corresponding Gaussian
fits over the camera field of view for the five analyzed dSphs. No
significant excess is seen at the nominal target positions.
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FIG. 2 (color online). Left: significance skymap in equatorial coordinates. Right: 6> radial distribution of the ON events for gamma-
ray-like events from the Sgr target position. The estimated background is also shown by black crosses. No significant excess is seen
within an angular region around the source position of 6 < 0.1°.

for gamma-ray signals was conducted assuming pointlike ~ and Carina dSphs data are also shown; they are compatible
sources translating into an angular size cut of 8 < 0.1°. with the ones previously published in [26].

C. Results IV. DARK MATTER FLUX

thﬁsl:uﬁzvaissggglﬁliﬁalxées.ha\;e b]i:en anadl)t/:(?}?n‘i’vﬁg The differential gamma-ray flux (d®,/dE,) due to DM
p A & ring backgroun d particle annihilations depends on the following factors:

[34], no significant deviations from the estimated back- (i) the particle physics (both Standard Model and
grounds have been found at the nominal positions of be olr)1 d) rocé)ss}eis involved in the DM annihilation
the five dSphs or in the target field of view. The distribution . Y processes Ivoly
of significances from the dSphs fields of view are well (i) the DM density distribution at the source (hereafter
compatible with a Gaussian profile centered on zero, as referreq to as “halo P“’fﬂe.) . . .

. . - (iii) the solid angle AQ within which the signal is
shown in Fig. 1. This can also be seen in Fig. 2, where the integrated along the line of sight of the observer
squared angular distributions (6?) of events from source . . . o .

. . . (iv) the interstellar gas density and radiation density,

(ON) and control (OFF) regions obtained from the analysis concernine the aravs induced by DM-produced
of Sgr are shown to be compatible. For the five dSphs the second & ot %osin er?er b inzerse Eom ton
resulting significances range from —1.8¢ to 2.7¢. From the scatteriirgy and relati% stic %iem)s/s trahlung. UsuI.:llly
number of events registered in the source, N,, and those the resulting radiation falls well below the energ;}
corresponding from the control regions, Nog, and their threshold of Cherenkov telescopes [36] and it will be

exposure ratio, a, the 95% confidence level (C.L.) upper ignored in the following. Here only primary gamma-
limit on the total number of observed gamma-ray events, ray emission from ° — yy will be considered.

95% C.L. ;
Ny » was computed using the Rolke et al.. method The differential flux is hence usually factorized as
[35] for each source.

All data analysis results together with the observation
conditions specific to each dSph are summarized in Table I.

dd
L(E,,AQ) = &P (E,) x J(AQ)AQ, (1)
For completeness the results obtained reanalyzing Sculptor

dE,

TABLEI Summary of the observation conditions and data analysis results per each dSph: the average observational zenith angle; the
average minimum energy threshold (Ey,); the acceptance corrected live time; the number of events detected in the target region N ; the
acceptance corrected exposure ratio a; the number of events detected in control regions N ; the resulting significance o; the 95% C.L.
upper limit on the total number of observed gamma-ray events N}?S% CL-and, if the resulting significance is negative, the average upper
limit at 95% C.L., obtained with the expected background and no true excess signal assumed, is also quoted.

dSph Mean zenith (°) Ey (GeV) Live time (hrs) Non a’! Nt c N3% CL.
Sagittarius 15.99 196 90.0 820 17.94 13652 2.05 117.8
Coma Berenices 47.75 714 8.6 25 12.99 459 —-1.78 5.8 (14.0)
Fornax 13.90 292 6.1 24 49.30 648 2.65 21.8
Carina 35.36 356 23.2 108 17.00 2031 -1.03 13.0 (24.5)
Sculptor 14.21 264 12.5 96 19.28 1909 —-0.30 182 (22.4)

112012-6



SEARCH FOR DARK MATTER ANNIHILATION ...

where the first factor (®7”7) encodes information on the
underlying particle physics DM model, while the second
factor (hereafter referred to as the J factor) depends on the
astrophysical DM density distribution at the source. The
particle physics factor can be written as

dd g dN
Prr =1 — i <Gdngv> x —L (2)
dE, 8z m2  dE,
where (0,,,v) is the total velocity-averaged self-

annihilation cross section, m,, is the WIMP particle mass,
and dN,/dE, is the differential gamma-ray spectrum per
WIMP annihilation.

The velocity-averaged annihilation cross section (6,,,v)
can be computed within the framework of each specific
particle physics model providing a DM candidate.
A rough estimate for its magnitude in thermal prediction
scenarios is given by the well-known value (6,,,v) ~ 3 x
10726 cm3s~! [37].

The differential gamma-ray spectrum per WIMP anni-
hilation depends on the composition of the primary DM
annihilation products. It can be written as

dN, ‘
1 -\"p,— 3
a5, = 2" i, ¥

where B; and de, /dE, are the branching fractions into
the ith final state and its respective gamma-ray yield. The
composition of the final state particles, which can either be
Standard Model particles or more exotic states, is also
model dependent and constitutes one of the major particle
physics uncertainties.

A. The particle physics factor

In the case of massive gauge or Higgs bosons, quark and
7 final states, gamma rays are produced mainly through the
decay and hadronization of the annihilation products. In
recent years, significant effort has been devoted to provide
more accurate calculations of the gamma-ray yield of such
final state particles [38,39], taking advantage of the respec-
tive evolution of Monte Carlo event generators [40—42]. In
this work, the results presented in [38] are utilized in order
to estimate the gamma-ray flux per DM annihilation at the
source for a few annihilation channels. In particular, the
authors provide fitting functions of dN; /dx, where x =
E,/m,, for different DM mass ranges, the maximal mass
value being 8 TeV. In the following analysis, when
considering DM particle masses m, > 8 TeV the fitting
function corresponding to m, = 8 TeV will be employed.
It should be kept in mind that results for heavy DM masses
are anyway only indicative, since significant corrections
are expected to the tree-level two-body final state con-
tribution typically included in theoretical cross-section
calculations [43,44].

PHYSICAL REVIEW D 90, 112012 (2014)

When the final state consists of light leptons, the gamma-
ray production mechanism differs from the one described
previously and is dominated by final state radiation (FSR)
of photons with, in the case of muons, an additional
contribution arising from radiative muon decay into elec-
trons. The authors of [38] provide results for both the e™e™
and the y "y~ final states, which are used in this analysis. In
a variety of models, however, e.g., in leptophilic models of
heavy DM with light mediators ¢ resulting in a large
Sommerfeld enhancement of (6,,,v), DM can annihilate
into a four-lepton final state through light mediator pair
production as yy — ¢¢ — [TI7ITI". In this case, the
gamma-ray spectrum per DM annihilation is estimated
analytically in the following way:

(1) In the case of a four-electron final state, gamma rays

arise as a result of FSR from the final state leptons.
This effect can be adequately described in the
mediator ¢ rest frame by the Weizsicker-Williams
approximation and is given, for collinear photon
emission, by the Altarelli-Parisi splitting function.
The total spectrum can then be calculated by
performing a Lorentz boost of the resulting
gamma-ray distribution to the DM rest frame, which
essentially coincides with the interstellar medium
rest frame.

(i) In the case of a four-muon final state, in addition
to the above FSR contribution, there is also the
spectrum coming from radiative muon decays (see
e.g., [45]). It can induce a non-negligible contribu-
tion to the total gamma-ray spectrum which, for
mediator masses n,, of O(1 GeV) and DM masses
of O(10 TeV), can be as large as 20%-30% [15]. A
first Lorentz boost allows one to go to the mediator
rest frame, a second one to the DM rest frame and
compute the relevant spectrum.

For the sake of brevity, the relevant analytical expressions
have been omitted. A fairly concise description can be
found in [15].

In what follows the following expression for the gamma-

ray yield (taken from [46]) will be moreover considered:

%L%{%M if x<1 "
dE, m, dx 0, otherwise

This parametrization tries to capture a representative super-
symmetric spectrum for neutralino DM annihilating in
WHW~ and ZZ final state spectra. This expression will
be used in addition to the other single-particle final states in
order to facilitate comparison with previous studies. The
final annihilation channel in bb, parametrized according to
[38], is also considered. The different physical mechanisms
translate into qualitatively distinct gamma-ray spectra.
Final states composed of massive gauge or Higgs bosons
and quarks yield gamma rays through complex processes of
hadronization and decay of the annihilation products. This
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produces relatively “soft” spectra albeit characterized by a
relatively large number of photons. FSR emission instead is
relatively hard, but a higher order process in perturbation
theory and corresponds to a significantly reduced normali-
zation in the number of photons. Moreover, for kinematic
reasons, the gamma-ray spectrum from a four-lepton final
state is softer than that from a two-lepton final state, and the
center of mass energy associated to the lepton production
process is the moderate one of the mediator mass, reducing
further the photon yield. Finally, since 7 leptons possess
both hadronic and leptonic decay modes with comparable
branching ratios, the 7z channel corresponds to an inter-
mediate situation between the two extreme spectra men-
tioned above.

B. The astrophysical factor

The expected differential flux of gamma rays from DM
particle annihilation depends also on the astrophysical
factor J. This factor is defined as the integral along the
line of sight of the squared density of the DM distribution in
the observed object and it is averaged over the solid angle
of the observation as

1 2
=35 / /A (1. 9)dlag. (s)

In this work a solid angle AQ = 107> sr is considered,
consistent with the point-spread function of the instrument
as achieved in this analysis [29], since a signal from an
almost pointlike source is sought for.

For the five dwarf galaxies considered, the DM mass
densities were derived following [47]. In this work, a
Bayesian two-level likelihood analysis is performed,
enabling to simultaneously constrain the properties of
individual dSphs of the local group, as well as those of
the entire MW satellites population. The bottom-level
describes the astrophysical properties of each individual
dSph and its underlying DM potential: the total set of
observables are the line-of-sight velocities, metallicites, and
positions of individual stars in the galaxy, as well as the
total galaxy luminosity. The top-level describes the overall
distribution of halo properties. The total model parameter
set is composed of the stellar profile, DM profile, and stellar
velocity anisotropy parameters.

Many questions in galaxy formation are affected by
limited knowledge of the stellar velocity dispersion
anisotropy and the limited ability to quantify the amount
of DM in the outer parts of elliptical galaxies. It has been
shown that for each dispersion-supported galaxy, there
exists one radius, the (three-dimensional) stellar half-light
radius, within which the integrated mass as inferred from
the line-of-sight velocity dispersion is largely insensitive to
stellar velocity dispersion anisotropy. Within this radius the
mass is well characterized by a simple formula that depends
only on quantities that may be inferred from observations

PHYSICAL REVIEW D 90, 112012 (2014)

[48]. The prior probability which constraints the bottom-
level observables is based on the basic assumption that the
satellite galaxies share this underlying property. Using this
approximation for each dSph, the bottom-level data set is
consequently composed of the mass enclosed within the
half-light radius, the measured half-light radius, the total
luminosity and their associated errors. Further prior
assumptions are that: the enclosed mass is dominated by
the DM contribution; a log-log profile-independent rela-
tionship is applied between the maximum circular velocity
and radius corresponding to this velocity [47]. Finally the
underlying DM density profiles ppy are parametrized
through any model. These sets of data are then in turn
constrained by the top-level likelihood.

It has proved hard to distinguish the structure of the DM
halo, especially at small radii. The available observational
evidence for Carina [49], Fornax and Sculptor [50] tended
to suggest that the DM density was shallower than the 1/r
density cusp, while observed velocity dispersion profiles
and cored light distributions were likely to be consistent
with DM halos with both central cores and cusps. Some
recent works [51-53] have modelled separately the velocity
dispersion profiles of different metal-poor and metal-rich
star populations contained in the dSphs. They all conclude
that the data tend to privilege cored DM haloes than cusped
one. For the five dSphs examined in this analysis, two
different distributions of DM particles in dSphs, a NFW
[54] and a Burkert [55] profile, are considered. While the
first presents a cusp structure in the central halo region, the
latter corresponds to an empirical form of the DM particle
distribution, based on observed rotation curves of dSphs
and larger galaxies, which resembles an isothermal dis-
tribution with a central core.

The results of the described two-level method for all
dSphs considered in this study, except for Sgr, are already
provided in [47]. For Sgr the bottom-level data set was
obtained from the analysis of the line-of-sight velocities of
stars taken from [14]. This sample contains both Sgr stars
and foreground stars from our Galaxy from 24 separate
fields, representing the most extended survey conducted
on Sgr so far. Using the Besangon model [56], the MW
foreground distribution of stars was modeled for the 24
samples. For each field, a fit was performed with a model
of velocity dispersion of stars belonging to both the MW
and Sgr. First, using the mass estimator for dispersion-
supported stellar systems of [48], the mass at half-light
radius was inferred from the derived velocity dispersion.
Then, a correction accounting for triaxiality was per-
formed, according to the results of simulations reported in
[57]. The total set of posteriors resulting from the first-
level likelihood, as well as the variables parametrizing the
priors, were employed as inputs to the second-level
likelihood.

The resulting expectation values of J factors together
with their corresponding uncertainties are listed in
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TABLE II. Mode and 1o uncertainty of the J-factor log-normal
posterior, assuming an integration solid angle AQ = 107> sr and
according to the mass distribution expectation values computed
following [47].

1og 0 (e en)

dSph NFW Burkert

Sagittarius 19.1 £0.5 18.5+0.5
Coma Berenices 18.8+£0.4 19.1 £0.2
Fornax 18.1 £0.3 18.4+£0.3
Carina 18.0+£0.4 18.4+0.2
Sculptor 18.5+0.3 18.8 £0.2

Table II. The J factors derived assuming Burkert profile
are marginally consistent with those derived assuming an
NFW profile. With the exception of Sgr, the mode of the J
factor posteriors derived with the Burkert profile are
slightly larger than for the NFW modeling. This can be
understood since two competing effects enter the deter-
mination of the J factor, the density of the profile and the
extent of volume integrated over, compared to the char-
acteristic scale radius of the profile. The putative DM
signal for most dSphs is basically pointlike: Burkert
profile fits lead to comparatively higher densities at larger
radii, which dominate the J factor provided they are
included in the volume integral (i.e., they are within
the detector point spread function, PSF). However, if the
angular extent of the source is somewhat larger than the
PSF (as qualitatively expected for more massive and
nearby objects) a relatively higher contribution to the
signal comes from the inner region, hence cuspier profiles
like NFW lead to larger J factors than shallower ones.
A recent detailed modeling of Sgr DM halo using an
evolutionary N-body simulation of Sgr within the MW was
obtained in the case of an isothermal DM profile, taking
into account the tidal disruption of the dSph [58]. In this
study, an additional truncation of the DM halo at a radius of
=4 kpc was introduced to account for the tidal disruption
observed in this system. The corresponding J factor found
is of the order of 10'"® GeV?cm™, with an uncertainty of
more than a factor of two [58]. The value derived in case
of the Burkert profile using the multilevel likelihood
technique is fully compatible with their finding.

V. LIKELIHOOD ANALYSIS

In order to account for the specific shape of the DM
induced gamma-ray spectrum and hence to improve the
sensitivity search to faint signals, a maximum-likelihood
analysis was developed for this study. For every energy bin
E; = [E; E; ], the number of events observed in the
source region (NONj) and those in the background control
regions (NOFFj) follow Poisson distributions. The like-

lihood function for the energy bin is given by

PHYSICAL REVIEW D 90, 112012 (2014)
LF% (57, bj, @l Now j. Norr, )
(sj + abj)NON.j ~ ijOFFAj

— e (sjtab;) w« e_b!, (6)
Non ;! Norr,j!

where a = TN/ T opr is the live time exposure ratio and b
and s; are the background and signal estimates in the bin.
The expected distribution of gamma-ray events is com-
puted by folding the considered gamma-ray spectrum with
the H.E.S.S. instrument response functions, specific to the
analyzed data set. The expected signal in energy bin E;, for

a set of zenith- and off-axis angles (0, &), reads

Ej, o dN7(E
Sj = TObS/ - dE/ dE,gbOM.A(E,,Q, 5)
Ejl 0 dE

t

x PDF(E,.E.0.5), (7)

where T, is the observation time, E; is the true energy, ¢,
dN'(E,)
dE,

differential spectrum, A is the effective collection area and
PDF is the probability density function, P(E|E,, 8, 5), of
observing an event at the reconstructed energy E for a given
true energy E,.

The likelihood computed over the full energy range is the
product of the individual likelihood functions over all
energy bins:

is the flux normalization, is the assumed theoretical

cPoisS(s, b|NoN, NoFr, a)
= H,C})Oiss(sj’l;j|NON’NOFFj7a>7 (8)
J

in which l;\, corresponds to the best estimate of the
background for a given signal s.

A. Flux upper limits

For a given spectrum, the profile likelihood technique is
used to assess the presence of a gamma-ray excess or to
constrain the level of a possible gamma-ray emission out
of the background, by determining the confidence interval
of the flux normalization. The profile likelihood function of
the flux normalization, ¢, reads

M) = — == ©)

In the numerator, the likelihood is maximized by @ for
fixed ¢, while in the denominator it is maximized globally,

with (%, b) corresponding to the maximum likelihood
estimators.

Additionally, the results obtained have been cross-
checked with the more traditional method using the upper
limit on the number of gamma ray events above the energy
threshold Ey,, N°% ©L(E > Ey,), obtained from the data
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FIG. 3 (color online). Upper limits at 95% C.L. on the flux as a
function of m, and under the hypothesis of DM particle
annihilation in the WTW~ and ZZ final states as parametrized

in Eq. (4), obtained with the likelihood approach.

analysis and listed in Table 1.2 From this number, the
95% C.L. upper limit on the integral flux can be computed
for each dSph (according to Eq. (5) in [26]).

As a first step towards obtaining flux upper limits, the
parametrization given in Eq. (4) is considered. The corre-
sponding upper limits on the flux for the five dSphs are
shown in Fig. 3 as a function of m,.

In Fig. 4 the target source is fixed to Sgr and the flux
bounds for the final state channels W*W~ and ZZ, bb
pairs, T 7~ pairs, up~ pairs and four leptons [T/~ [T]™ are
shown. These limits are found be as low as ®)3% ¢ =
4% 107 cm™2s7! for DM masses of O(10 TeV).
Moreover, the flux limits are significantly stronger for
the leptonic channels with respect to the gauge boson ones
(the same applies to the Higgs/quark channels, which
behave fairly similarly to the Wt W~ and ZZ ones) while
among the leptonic channels, the four-muon final state flux
limit is less stringent than the corresponding two-muon
final state.

B. Exclusion limits on the WIMP self-annihilation
cross section

In order to constrain the DM annihilation cross section,
the procedure described in [16,59] is followed, and the
uncertainty on the J factor is incorporated as a nuisance
parameter in the profile likelihood of each target. For each
dSph i, the distribution of its J factor can be described by a
log-normal distribution, the mode, log;y(/;), and standard
deviation, o;, of which are reported in Table II.

The flux upper limits together with the astrophysical
factors can be used to constrain the WIMP self-annihilation
cross section in a model specific context. The confidence

*In this analysis, the energy threshold is defined as the energy
where 10% of the maximum effective area is reached.
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FIG. 4 (color online). Upper limits at 95% C.L. on the flux for
Sagittarius dwarf galaxy as a function of m, and under the
hypothesis of different DM particle annihilation channels, ob-

tained with the likelihood approach.

intervals on the velocity-weighted annihilation cross sec-
tion (o,,,v) as a function of the WIMP particle mass and
for a given halo profile are obtained by constructing the
profile likelihood function

S

)
L((Gam). J. D)

L({(amv). ],

/1(<6ann”>) = ) (10)

where the nuisance parameters are the J factor. J and the

background rate, b. j, and b denote the J factor and
background rate which maximize the likelihood computed

at (64 v), whereas ((o,0,0),J, b) is the triplet of velocity-
weighted annihilation cross section, J-factor, and back-
ground estimate values which globally maximize the
likelihood function. In the analysis, the upper limits on
the annihilation cross section are obtained under the
restriction of a null and positive value of the parameter
(6Gann?), so that the obtained limits are conservative when a
deficit of events is observed in the source region.

The profile likelihood described above allows for a
straightforward combination of the results obtained from
several targets. Under the assumption that the DM char-
acteristics are shared by all targets, the combined likelihood
for an assembly of dSph is simply the product of the
individual likelihood of all dSph.

The combined analysis has been performed on all five
dSphs. The combinations including or not the Sgr data are
shown separately in Fig. 6 to illustrate the impact of this last
target on the final result.

In Fig. 5 the exclusion curves are presented for the target
dwarf galaxies separately and assuming a DM particle
annihilating into W W~ and ZZ final states, parametrized
according to Eq. (4). For all dSphs two halo profiles
have been explored through the values of the J factors
reported in Table II showing the effect of the astrophysical
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particle mass n1,, under the hypothesis of DM particle annihilation in the W+ W~ and ZZ final states as parametrized in Eq. (4) and for

the two hypotheses of NFW and Burkert halo profiles.

uncertainties. In the case of a NFW DM profile, it is found
that the strongest constraint comes from Sgr, since it is
characterized by the largest exposure, large J factor and
relatively low threshold. The exclusion limits depend on the
particle mass and the best sensitivity is reached around
2 TeV with the value of (6,,v), ~1.6 x 1072* cm? s~
with Sgr.

The combination of the various targets is shown in
Fig. 6. For a NFW profile, the combined result is only
marginally improved (with a minimum value of (c,,,v),
~1.4 x 10723 cm?s~!) compared to Sgr bounds.

These exclusion curves are subject to uncertainties also
in the particle physics side. In order to illustrate the particle
physics uncertainties, Fig. 7 shows the limits obtained from
the Sgr alone for different annihilation channels, assuming
the NFW halo profile as reference. The strongest bounds
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FIG. 6 (color online).

are obtained for annihilation into a 777~ final state. For
heavy masses, bounds obtained for gauge boson final state
channel become competitive. This is consistent with the
qualitative picture previously described: the 77z~ channel
has a relatively hard spectrum combined with a substantial
normalization in the photon yield, so that even at values of
the DM mass not too far above the experimental threshold
the constraints are sizable. However, for very large m, most
of the “soft” gamma rays associated to the gauge boson
channel fall above threshold, where A is sufficiently large,
and the constraint on this channel becomes comparably
stronger. Similarly, one can interpret the two-muon final
state channel constraints: although weaker than the z+7~ at
high mass, since the photon yield is lower, it becomes
comparable at low mass. Note that this channel, which has
the hardest spectrum among the considered channels,
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Combined exclusion limits at 95% C.L. on the velocity-weighted WIMP self-annihilation cross section versus

the DM particle mass m,,, under the hypothesis of DM particle annihilation in the W* W~ and ZZ final states as parametrized in Eq. (4)
and for the two hypotheses of NFW and Burkert halo profiles. The results refer to the combination of all five dwarf galaxies examined in
this work and the combination of all but Sgr. The Sgr bounds are also shown for comparison.
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FIG. 7 (color online). Exclusion limit from the Sgr on the
velocity-weighted annihilation cross section versus the DM
particle mass m, and under the hypothesis of DM particle
annihilation in different channels.

provides the best sensitivity for small DM particle masses.
Compared to that, the four-lepton final states are less
constrained because of the low branching ratios into
gamma rays. Note also how the peak in sensitivity is
pushed to higher values with respect to the two-muon
channel for kinematical reasons. The four-electron final
state is more constrained than the four-muon one since
electrons tend to radiate much more than muons due to their
smaller mass. The corresponding results on the bb channel
are comparable to the W™ W~ ones.

VI. DISCUSSION

A. Comparison to supersymmetric scenarios

In order to compare the H.E.S.S. exclusion limits to the
predictions of a realistic particle physics model, scans were
performed over the parameter space of the next-to-minimal
supersymmetric Standard Model (NMSSM) [60,61]. The
NMSSM is the simplest extension of the minimal super-
symmetric Standard Model (MSSM) that can address a
number of phenomenological and theoretical issues of the
latter, by the sole addition of a singlet chiral superfield. It
has been shown [62,63] that the NMSSM can reproduce the
observed Higgs boson mass in a wider region of the
supersymmetric parameter space, without having to resort
to very special configurations for the parameter values,
offering a wider spectrum of possibilities for DM phenom-
enology as well. Note also that it reduces to the MSSM
when the mass of the singlet goes to infinity, so that it
includes MSSM DM candidates as subcases, notably con-
strained MSSM benchmark points often found in the
literature.

A scan of the general NMSSM has been performed, with
parameters defined at the supersymmetric scale, looking in
particular for relatively heavy neutralinos that fall within
the H.E.S.S. sensitivity region but without resorting to
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FIG. 8 (color online). Exclusion limits on the velocity-weighted
annihilation cross section versus the DM particle mass. The limits
combine the results from the five dwarf galaxies assuming a NFW
DM density profile and two WIMP annihilation final states:
W*+W~=, ZZ and t"7r~ channels. NMSSM models scan is also
shown (blue markers).

extremal parameter values that would be theoretically
unmotivated.’

The parameter space has been scanned using the latest
MICROMEGASs 3.2 code [64] that is linked to the
NMSSMTools 4.0 package [65-67]. The accepted points
satisfy all relevant theoretical and experimental constraints
[60,61]. In particular, the lightest CP-even Higgs boson
mass is taken to be compatible with LHC observations,
although with a slightly looser mass bound (between
121 GeV and 130 GeV). For the DM relic density, the
range 0.089 < Qpyh? < 0.14 is considered, which envel-
ops the recent Planck measurements [68] while allowing
for a sufficiently efficient parameter space scan.

The results of the combined dSph analysis for hadronic
channels, most relevant in supersymmetric DM models, are
presented in Fig. 8 for two WIMP annihilation final states
(WtW~/ZZ and 77 77). Along with the obtained exclusion
curves, the (m,,, (6,,,v)) values obtained from the NMSSM
scans (blue points) are also presented. The results show that
the H.E.S.S. best exclusion limit from the dSphs combined
analysis is reached at about 1 TeV with the value of
~3.9 x 10724 cm? s7!. The obtained limits complement the
constraints established by Fermi for lower masses using a
similar approach [16]. These limits are among the best
obtained so far from IACT observations of dSph targets.
They are close to those obtained recently with a deeper
observation of Segue 1 dSph conducted by MAGIC [69],
when the J-factor uncertainties are also considered.

The parameter ranges that have been considered are the
following (all masses in GeV): 0.1 <A,k <1; —1500<A,,
A, <—=300; 400(700) <p,M,,M,(,M3) <2000(3000); 1000 <
mp o, Mp3,My0, M3, Mo, M3, My, 2, My, 3, My, Mg3 < 3000;
(—)1800 < A,(,A;) < (—)3000; 1.5 < tan § < 60.
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Our results are not sensitive enough to constrain typical
supersymmetric scenarios, as in such setups the neutralino
self-annihilation cross section typically lies around the
benchmark value of 3 x 1072 cm®s~!. Note that the
NMSSM scans do not account for the possibility of
nonperturbative (Sommerfeld) enhancement of the neutra-
lino self-annihilation cross section, usually studied in
scenarios where the neutralino is mostly wino and not
necessarily a thermal relic DM candidate. The inclusion of
such effects would enhance (o,,,v), with a strong depend-
ence on m,. Given the rather “singular” and by now
severely constrained nature of such setups, along with
the large number of different supersymmetric models that
predict such configurations, it is preferable to stick to more
representative supersymmetric scenarios. Sommerfeld-
enhanced scenarios will nonetheless be discussed in more
detail in Sec. VIB.

Note also that using the most optimistic values of the J
factors reported in Table II could enhance the limits by
an order of magnitude, and bring the exclusion bounds
closer to the highest cross-section values obtained in the
NMSSM scan. The higher sensitivity of Cherenkov sys-
tems expected with the observations conducted by means of
the H.E.S.S. fifth large telescope and even more with the
advent of the new generation Cherenkov Telescope Array
(CTA) observatory [70], could constrain supersymmetric
models that are currently inaccessible to any ground- or
space-based experiment, including the LHC.

B. Comparison to models with Sommerfeld
enhancement

During the last few years, interesting new electron and
positron cosmic-ray data have been released: notably, the
PAMELA experiment reported an anomalous rise in the
positron fraction spectrum [71], independently confirmed
later by Fermi-LAT [72], more recently by AMS-02 [73],
and complemented by the ATIC [74], Fermi-LAT [75,76]
and H.E.S.S. [77,78] measurements of the total et + e~
flux. Despite the presence of several competing astro-
physical explanations (see [79] for a review), a number of
models appeared in the literature that predict very large
DM self-annihilation cross sections by invoking non-
perturbative effects that are inefficient in the primordial
universe but can become extremely efficient at present
times, close to the zero velocity limit (Sommerfeld
enhancement). These models typically also need to be
“leptophilic” to avoid other constraints, such as excessive
antiproton production.

The new H.E.S.S. exclusion bounds are compared to the
model-independent best-fit regions presented in [80]. These
regions are, for different final states, adjusted to PAMELA
and AMS-02 positron fraction spectrum, and independently
to the total e™ + ¢~ flux measured by Fermi-LAT and
H.E.S.S. Given the large number of Sommerfeld-enhanced
models that have appeared in the literature, instead of
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FIG. 9 (color online).  Exclusion limits on the velocity-weighted
annihilation cross section versus the DM particle mass. The limits
combine the results from the five dwarf galaxies observed with
H.E.S.S. and assume a NFW DM density profile. The results are
compared with regions of the (i, (6,,v)) plane favored by
AMS and PAMELA measurements of the positron fraction (blue
contours) and by Fermi-LAT and H.E.S.S. measurements of the
electron and positron fluxes (green contours), both at 3¢ and 5o,
assuming annihilation into a gy~ final state. The corresponding
results for the e e~ e e~ and ™y~ u~ channels are also shown.

comparing the H.E.S.S. exclusion bounds to specific
theoretical models, it is chosen to compare them to these
representative values of masses and cross sections, anyway
targeted by most of the relevant model building.

The results of the combined dSphs analysis for leptonic
channels are presented in Fig. 9. This figure compares the
obtained limits to the (m,, (6,4,7)) values fitting the AMS
and PAMELA measurements of the positron fraction (blue
contours) and the Fermi-LAT and H.E.S.S. measurements of
the electron and positron fluxes (green contours), assuming
annihilation into a p "~ final state. The corresponding best-
fit points assuming an ete~ete™ ora uTpu~ptu~ final state
are also shown. In the case of the two-muon channel, the new
H.E.S.S. limits exclude the most interesting part of the
remaining parameter space, in particular the regions recon-
ciling the AMS/PAMELA/Fermi-LAT/H.E.S.S. observa-
tions. Moreover, the four-lepton best-fit points are at the
verge of exclusion, being less than a factor 2 away from
the bounds obtained in this work. Note that cases in which
the mediator is allowed to decay into pion pairs have been
argued to lead to better fits [81], but those are expected to be
more constrained than the ones presented here whenever a
sizable branching ratio into prompt photons (via decays
including 7z°'s) is present. Although not explicitly shown
here, the H.E.S.S. upper limits also confirm the exclusion
bounds obtained by the PAMELA, AMS, and Fermi-LAT
Collaborations assuming a z+z~ annihilation channel. It is
worth to note once more that also in this scenario, an increase
in sensitivity with future Cherenkov systems will enable a
definitive independent test for the DM interpretation of the
positron excess.
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VII. SUMMARY

During the last years, five dwarf spheroidal galaxies
have been observed with H.E.S.S. for more than 140 hours
in the framework of the search for TeV gamma-ray
emission from annihilation of DM particles. In the
absence of any (individual or combined analysis) signifi-
cant signal, constraints on the annihilation cross section as
a function of the DM mass are derived. These limits have
been obtained for a combined analysis of five dwarf
spheroidal galaxies, and by directly taking into account
the uncertainty of the DM distribution, which is an
innovative procedure in VHE gamma-ray astrophysics.
The new limits have been compared to theoretical scenar-
ios compatible with experimental results coming from the
LHC experiments. Even if the obtained bounds are at
present relatively far from thermal relic benchmark values,
such measurements are extremely important since they
can probe DM mass values lying beyond the reach of other
experiments. Moreover, when it comes to positron excess-
motivated leptophilic DM scenarios, the new H.E.S.S.
limits already contribute to constrain the DM interpreta-
tions of the lepton spectral features observed by a series of
experiments. The next generation of IACTs will further
improve these limits and enable the scrutining of a larger
variety of DM scenarios.
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