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1. Introduction

There is compelling evidence that 83% of the matter in the Universe is in thedbmon-
baryonic and non-relativistic matter that does interact weakly with the andmatter, the so-called
dark matter. Much of this evidence comes from its gravitational effects omtt®n of galaxies,
clusters of galaxies and from the large scale structure of the UnivEhgeexistence of dark matter
is a key component of our present standard cosmological model, antsrigem the study of the
CMB anisotropies and gravitational lensing in galaxy clusters further@ujifs existence (for a
review of the evidence, candidates and constraints[bee [1[|and [2]).

One of the most favoured hypothesis is that dark matter is made of weaklgGtitey massive
particles (WIMPs) that are embedded in the visible, baryonic part of tagiga and surround them
in the form of a halo. There are a variety of candidates for WIMPs, amdrigh those provided
by theories based on supersymmetry (SUSY) or universal extra dinmen@itED) attract a great
deal of interest. In some classes of SUSY, the lightest particle is stable dbe tmnservation
of R-parity that forbid its decay to standard particles, making it a goodidatedas a dark matter
WIMP.

In addition to its gravitational effects, the search for evidence of the existef WIMPs is at
present performed, on the one hand, by looking for the recoiling mtsdaf the elastic scattering of
dark matter particles off normal baryonic matter in suitable detectors, thelkEm direct searches,
and on the other hand, indirectly by the observation of the final prodfithe possible annihilation
of WIMPs that have accumulated in astrophysical objects. WIMPs céiesetastically in the Sun
or the Earth and become trapped in their gravitational potential wells, acctinguia sizeable
numbers over the age of the solar system, therefore a very wide regioa @alaxy must have
contributed, reducing the dependence on the detailed structure of thedter halo. The WIMPs
proposed by SUSY are Majorana fermions that can self-annihilate ggiiga to standard particles.
Neutrinos will be at the end of the decay chain of the products of the WialfFRagnihilation, they
can escape these astrophysical objects and be detected by neutricopesesn the Earth.

In this paper, the indirect search for dark matter looking for high eneegirinos coming from
the Sun using the data recorded by the ANTARES neutrino telescope ired@QZ008 is reported.
The number of neutrinos observed is compared to the neutrino fluxeisteety the Constrained
Minimal Supersymmetric Standard Model (CMSSM) [3], a minimal supersymmettension of
the Standard Model with supersymmetry-breaking scalar and gauginesnessstrained to be
universal at the GUT scale.

The layout of the paper is as follows. In Sect[bn 2, the main features ofMT®RES neutrino
telescope and the reconstruction algorithm used in this work are review&ectionB, the Monte
Carlo simulations of the signal, expected from the investigated WIMP modelsharackground,
expected from atmospheric muons and neutrinos, are described. tlarfgcthe method used to
optimise the criteria to select the sample of neutrino events and reduce trgrdoawdk following
a blind data strategy is presented. Finally, the results obtained are didénsSection[p, where
limits on the models investigated are imposed from the absence of a dark matgdr sign
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2. The ANTARES neutrino telescope

ANTARES is the first undersea neutrino telescope and the largest of ddrkithe Northern
Hemisphere[J4]. It is located at 2475 m depth in the Mediterranean Selan4dffshore from
Toulon (France) at 428 N and 610’ E.

The telescope consists of 12 mooring detection lines made up of 25 stookysié® standard
storey is composed of a local control module that contains the front-ehdlew-control electron-
ics and three optical modules (OMs) that house a 10-inch photomultiplierOMeg are looking
45° downwards in order to optimise their acceptance to upgoing light and to aveidffict of
sedimentation and biofouling. The length of the lines is 450 m and the horiziistahce between
neighbouring lines is 60-75 m. The absolute time accuracy is ensured at thecoiticslevel by the
UTC time provided by the GPS system connected to the clock system of théodeTde relative
time between the elements of the detector is achieved by calibration of the lineslattnatory
with short light pulses, by the use of a 25 MHz clock system and by theatiperof a series of
optical beacons distributed along the lines that emit short light pulses tntbegvater. A relative
timing of the order of one nanosecond is reached. Additional informatictn@mletector can be
found in referencel]4].

Neutrinos are detected through the products of their interaction with the matiée ior close
to the detector. In the channel of neutrino observation used in this wdrighaenergy neutrino
interacts in the rock below the detector producing a relativistic muon that agel thundreds of
meters and cross the detector or pass nearby. This muon induces Kiwelight when travelling
through the water, which is detected by the OMs. From the time and positiomafimn of the
hits in the OMs, the direction of the muon — which at high energy is essentiallptiia¢ neutrino
— can be reconstructed.

Data-taking started in 2007 when only 5 lines of the detector where instalfedifull detector
was connected in May 2008 and has been operating ever since, é&xcspine periods in which
repair and maintenance operations have taken place. For this work théakataduring 2007
and 2008 has been used. Results of other searches using this dagagaikod can be found

elsewhere[[5]] €] 71-

The reconstruction of the track from the position and time of the hits of thed®kew photons
in the OMs is a key ingredient of the physics analysis. In this work, a destidast algorithm to
reconstruct the muon track is usdgl [8]. The algorithm is based on the mininmizztie x *-like
quality parameterQQ, that uses the differences of the expected and actual times of the detected
photons corrected by the effect of light absorption in water.

Monte Carlo simulations indicate that selecting tracks with a quality parameteegezalof
freedom of the fit smaller than.4 results in a purity of 90% for upward reconstructed multi-line
atmospheric neutrinos, the contamination being misreconstructed downdoiogneric muon
events, with an angular resolution of about few degrees at enerdiesobf GeV, driven at- 40%
by the kinematic of the neutrinos in low energy regime.

3. Signal and background simulation

The number of muon neutrinos as a function of their energy arriving aE#réh’s surface
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from the Sun’s coredN, /dE,, is computed using the software package Wimpgjm [9]. The usual
self-annihilation channelx@, I, WW, Z2Z, Higgs doubletspp* andvv) were simulated for 17
different WIMP masses from 10 GeV to 10 TeV. Oscillations between the theatrino flavours
both in the Sun and during their flight to Earth as wellbagbsorption and lepton regeneration in
the Sun are taken into account.

For the CMSSM, three main self-annihilation channels were chosen for titedigheutralino,
%0, namely: a soft neutrino channgi?%? — bb, and two hard neutrino channef 9 — W W~
and¥2xY — t1. Since which of these three channels is dominant depends on the redfen of
CMSSM parameter space being analyge [10], a 100% branching ratiassamed for all of them
in order to explore them on an equal footing.

The main backgrounds for this search are muons and neutrinos prbdudiee interaction
of cosmic rays with the atmosphere. Downgoing atmospheric muons dominatégtier tiate,
which ranges from 3 to10 Hz depending on the exact trigger conditiodmsy @re simulated using
Corsika [I1]. Upgoing atmospheric neutrinos, which are recordedateaf~1 mHz (about four
per day) [}], are simulated according to the parametrisation of the atmosphétiex from [[L2]
in the energy range from 10 GeV to 10 PeV.

The Cherenkov light produced in the vicinity of the detector is propagatddganto ac-
count light absorption and scattering in sea water. The angular acceptprantum efficiency and
other characteristics of the PMTs are taken frqnj [13] and the overathgey corresponded to
the layout of the ANTARES detectof] [4] according to the data taking pefifsde 5 to 12 line
configurations).

4. Optimisation of the event selection criteria

The data set used in this analysis comprises a total @2 runs recorded between the?7
of January 2007 and the 3bf December 2008, corresponding to a total livetime-@04.6 days.
The detector consisted of 5 lines for most of 2007 and of 9, 10 and 12fon2908.

Only upgoing events are kept in the analysis. The muon tracks are rédaifeve cof <
0.9998 in order to exclude those for which the fit stopped at the bound#ey fit is required to
use a number of hits greater than five in at least two lines in order to ensue-degenerate
5-parameter fit with a proper reconstruction of the azimuth angle.

The UTC time of the events is uniformly randomised on the period of the data tackarger
to estimate the background in the Sun’s direction from the data itself. Thedooatlinates §,
@) are kept so as to preserve the detector geometry in the optimisation of théseliteria.
This procedure provides a means to follovdata blindingstrategy while using all the relevant
information on the detector’s performance.

The values used in the event selection criteria for the quality paranigtend for the aperture
of the search cone in the Sun’s directidi, are optimised following the model rejection factor
(MRF) technique[[14]. For each WIMP mass and each annihilation chaheevalues ofQ and¥
used are those that minimized the MRF as defined by:

1790%

MRF = —— —
YiAct(Mwimp) X Tés

(4.1)
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where the index denotes the different periods in the detector infrastructure (5, 9, dQarde-
tection lines),u®%” is the average upper limit at 90% confidence level (CL) computed from the
time-scrambled data set and using a Poisson distribution in the Feldman-Cappiosch[[15];

gff is the livetime for each detector configuration in 2007-2008, namefy34.6,~38, ~39 and
~83 days for 5, 9, 10 and 12 lines respectively. The effective areeaged over the neutrino
energy,Aeff(MWMp)i, is defined as (the indéxs implied):

, 4.2)

dNy.v _
(M ) fé\gprAeff(Ev,w diEvjadEv,v
ff WIMP ) = T
> AN TR T

whereE},h =10 GeV is the energy threshold for neutrino detection in ANTARES;vp is the
WIMP mass,dN, y/dE, ; is the energy spectrum of the neutrinos or the anti-neutrinos at the
surface of the Earth for the three channels of interest in this analysi®anE, ) is the effective
area of ANTARES as a function of the neutrino or anti-neutrino energy t their different cross-
sections these two effective areas are slightly different and theraferstudied separately.

5. Resultsand discussion

Once the optimised values @fandW¥ were obtained using the time-scrambled data, the data
sample is unblinded. Figuf¢ 1 shows the distribution of the spatial angle bethwe¢racks of the
events and the Sun’s direction obtained after applying the basic seledt@raan the zenith angle
and the minimum number of hits and lines. A total of 27 events were found withthdegrees
spatial angle and no excess in the Sun'’s direction above the scramblaytdnand are observed.

Using the values for the cuts obtained in the optimisation procedure, limits on,they,
flux, @,,+v,, can be extracted from the data according to:

10° pr—r—r——r M Rmma: v
ANTARES 2007-2008 (bb) SuperK 1996-2008 (b Bb)
ANTARES 2007-2008 (W'W') *+++++ SuperK 1996-2008 (W ‘W)
ANTARES 2007-2008 (1*T") -~~~ - |C40/AMANDA 2001-2008 (b E)
----- IC40/AMANDA 2001-2008 (W w_}
(T forM <M,
e

L L By e e
Data 2007-2008

[

T
Ll

Background (scrambled data)

Nevents
o

w

-2 E
®, (km~2yr)
T THUTJ’

(4]

Ll

IN

o [
C_-VVVVVVVV‘VVVV‘VVVV‘VVVV‘VVVV[VVVVA

T
Lol

w

N

T
Ll

URRRLL

10° 10 10*
v (o) Muwe (GEV)

N
IS
o)
|
[
o
N
e
[
IS
[
o)
=
|
N
=}

Figure 1: Left: Distribution of the spatial angl®# €[0°,2(°] of the event tracks with respect to the Sun’s
diretion for the expected background computed from the ecrambled data (solid blue line) compared
to the data after the basic selection criteria (black tdeslg. A 1o Poisson uncertainty is shown for each
data point (black cross)Right: 90% CL upper limit on the muon flux as a function of the WIMP mass
in the rangeMwvp €[50 GeV;10 TeV] for the three channelib (green), WrW— (blue) andrt 7~ (red,
ANTARES only). The results from SuperKamiokande 19985008 ] (dotted lines) and IceCube-40 plus
AMANDA 2001-2008 [18] (dashed lines) are also shown.
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HQO%
TiALrf(Mwivp) X Tl

wherepu®”is the upper limit at 90% CL on the number of observed events and the nesialbles
have the same meaning as in Eq] 4.1.

The corresponding limits for muons are calculated using a conversior fastiween the neu-
trino and the muon fluxesy, = 'v_y x @,+v,) computed using DarkSusly ]16]. Figyre 1 (on the
right) shows the 90% CL muon flux limitg, for the channel®b, WrW~ andt*1~. The latest
results from SuperKamiokandg J17] and IceCube-40 plus AMANDA ki@ also shown for com-
parison. Despite its smaller detector volume, the ANTARES limits both in the sothamtchan-
nels are similar to those obtained by IceCube40 and AMANDA in the mass Mpgg <[50;100]
GeV. In this mass range most of the sensitivity of the South Pole telescapes é@mm AMANDA.-

Il, whose effective area and energy threshold were similar to thoseNGIARES in its 12-line
configuration. Compared to the limits set by SuperKamiokande, those of REBAare more
stringent in the high mass regidhymp > 150 GeV.

Systematic uncertainties have been taken into account and included in thatievaof the
limits using the approach of referende][23] by means ofRbke software. The total systematic
uncertainty on the detector efficiency is around 20% and comes mainly fiefftbiency and time
resolution uncertainties of the OMs, the total angular resolution and théuédpointing accuracy.
This uncertainty translates into an increase of the upper limit between 3%artkpending on
the WIMP mass.

%p+\7p = (51)
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Figure 2: 90% CL upper limits on the SD and SI WIMP-proton cross-sestipeft and right hand respec-
tively) as a function of the WIMP mass in the rande,mp €[50 GeV;10 TeV], for the three channelsb
(green), WrW~ (blue) andr "7~ (red), for ANTARES (solid line) compared to the results ofiet indi-
rect search experiments: SuperKamiokande 192608 ] (dotted lines) ,IceCube-40 plus AMANDA
2001-2008 [18] (dashed lines) and Baksan 19Z®09 [19] (colored dot-dashed line) and the result of the
most stringent direct search experiments (black): PICA8Qr— 2012 ] (two-dots-dashed line), KIMS
20112012 ] (black dot-dashed line) and XENON100 2612012 ] (dashed line). For a comparison
to the theoretical expectations, grid scans corresponditize CMSSM model have been added.

Assuming equilibrium between the WIMP capture and self-annihilation rategiSdm, the
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limits on the spin-dependent (SD) and the spin-independent (SI) WIiktp scattering cross-
sections can be obtained for the case in which one or the other is dominant.

A conservative approach to the dark matter local halo was considesathagy a gravitational
effect of Jupiter on the Sun’s capture rate, which reduces about{8/3%) the SD capture and
about 1% (12%) the Sl capture for 1(10) TeV WIMPs. A local dark mattrsity of about (B
GeV.cnt 2 was assumed. No additional dark matter disk that could enhance the lokahdtier
density was considered (sde][24] for a discussion).

The 90% CL limits for the SD and SI WIMP-proton cross-sections extracted the chan-
nelsbb, W*W~ andt* 1~ are presented in Figuf¢ 2. The latest results from SuperKamiokande,
IceCube-40+AMANDA and Baksan together with the latest and the mosgstrtdimits from the
direct search experiments PICASSO, KIMS and XENON100 are alsershbhe allowed parame-
ter space from CMSSM model according to the results from an adaptaitd/sagn performed with
DarkSUSY 5.0.6[[16] are also shown. For a proper comparison all the limgtsepted in Figurl 2
are computed with a muon energy threshol@&at= 1 GeV. For these figures, the shaded regions
show a grid scan of the model parameter space taking into account the lastfdimtite Higgs
boson mass from ATLAS and CMS merged together sudias= 125+ 2GeV. A relatively large
constraint on the neutralino relic density<0Qcpuh? < 0.1232 is used not to enclose the studied
dark matter particle to only one possible nature.

The neutrino flux due to WIMP annihilation in the Sun is highly dependent orcdipéure
rate of WIMPs in the core of the Sun, which in turn is dominated by the SD Wpfen cross-
section. This makes these indirect searches better compared to dinett sggeriments such as
KIMS and COUPP. This is not the case for the SI WIMP-proton crostesge where the limits
coming from direct search experiments such as CDMS and XENON100edter thanks to their
target materials. Therefore, there is a sort of complementarity betweenyipeth of searches.
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