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Abstract. Theneutralino,thelighteststablesupersymmetricparticle,is a strongtheoreticalcandi-
datefor themissingastronomical"darkmatter".Dependingontheirannihilationcrosssection,relic
neutralinosfrom earlyformationof theUniversetrappedin orbitsaroundtheSunmaycurrentlybe
annihilatingat measurablerates.The Minimal Supersymmetricextensionsof the StandardModel
predictthatsuchannihilationsshouldproducegammarayswith energiesabove100GeV.

Milagro is an air shower array which usesthe water Cherenkov techniqueand is capableof
detectingTeV gammarays from the direction of the Sun with an angular resolutionof 0.75
degrees.Analysisof Milagro datawith anexposureto theSunof 1165hoursshowsno statistically
significantsignal.Resultinglimits thatcanbesetonthegamma-rayflux dueto near-Solarneutralino
annihilationsandonneutralinocross-sectionarepresented.

INTRODUCTION

Thereis very strongevidencethat the Universe,andgalaxiesin particular, arefull of
non-baryonic“dark matter” (see,for example,[1, 2, 3]). Onecandidatefor this dark
matteris theneutralino(χ), aweaklyinteractingmassiveparticle(WIMP) predictedby
super-symmetrictheories[4, 5].

Onepossiblemethodfor detectingdarkmatterparticlesis from theirannihilationinto
gammarays.TheMinimal Supersymmetricextensionof theStandardModel (MSSM)
predictsthat the gammaraysemerging from χχ � γγ andχχ � Zγ neutralinoanni-
hilation modeswill give distinct monochromaticsignalsin the energy rangebetween
100 GeV and10 TeV , dependingon the neutralinomass.An additional“continuum”
spectrumsignalof photonswill be producedby the decayof secondariesproducedin
thenon-photonicannihilationmodes.

TheMilagro γ-rayobservatory, whichhasbeentakingdatasince1999,is sensitiveto
cosmicgammaraysatenergiesaround1 TeV andis capableof continuouslymonitoring
theoverheadsky with anangularresolutionof 0 � 75

�
. In thispaper, wepresenttheresults

of a searchfor a TeV gamma-raysignal from the vicinity of the Sun(1-2 solar radii)
with Milagro. For a moredetaileddescriptionof the detectoritself andreconstruction
techniquesused,seereferences[6, 7].
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FIGURE 1. Left: Themapof statisticalsignificance(z-score)of thenumberof excesseventsfrom the
region of the sky aroundthe Sun.The mapis madeusingazimuthalequal-areaprojectionin polar case
centeredon the Sun.Contoursrepresentloci of distance1 � 26� , 2 � 0� and5 � 0� from the Celestialobject.

Right: Thevaluesof
�
ρ0σpχbδ

γ foutJ � mχ �	� I � mχ � , ρ0σpχbc
γ foutJ � mχ �	� I � mχ ��
 below thelinesareallowed

basedtheconstructedlimit for correspondingneutralinomasses.As oneprogressesfrom low to high mχ ,
the detectoreffective areagoesup while the flux of incomingneutralinosgoesdown as1 � mχ for fixed
darkmatterdensityρ0. In addition,thecaptureprobabilityis alsodecreasingas1 � mχ for elasticscattering
ona fixedmasstarget.This explainsqualitativebehavior of theselines.

OUTCOME OF THE OBSERVATION

The data used in this work was chosento satisfy the following conditions:online
reconstructionbetweenthe 19th of July 2000 and the 10th of September2001, the
numberof PMTsrequiredfor ashowerto triggerthedetectorgreaterthan60,thenumber
of PMTsusedin theangularreconstructiongreaterthan20, zenithanglessmallerthan
45 degrees,andpassingthe gamma/hadronseparationcut [7]. The startandenddates
correspondrespectively to introduction of the hadronseparationparameterinto the
onlinereconstructioncodeanddetectorturn-off for scheduledrepairs.Severaldataruns
wereremoved from the datasetwhich includedcalibrationrunsandthe datarecorded
whentherewereonlineDAQ problems.

For eachpositionof theSunthenumberof expectedbackgroundeventsis foundusing
eventratesfrom thesamelocal region of thesky at a time whentheSunis not present
usingthetechniquedescribedin [8]. Themethodis basedon isotropy of thecosmic-ray
backgroundandtheassumptionof shorttimescaledetectorstability. It allowsexclusion
of known sourcesfrom backgroundestimationandcorrectrestorationof thenumberof
excesseventsto be usedfor flux measurement.Hence,� 5

�
regionsaroundthe Moon

andthe CrabNebula werevetoedfrom the datasetas they presentknown sourcesof
anisotropy to thecosmic-raybackground.

For thecurrentsearchwedefineat theoutsetthecritical valueof thez-score(number
of sigmas)at 5σ (which approximatelycorrespondsto the level of significanceof
2 � 9  10� 7). If no excessfrom the vicinity of the Sun is found, we constructa limit



FIGURE 2. Thevaluesof (Fδ ,Fc) below thelinesareallowedfor correspondingneutralinomasses.

on thesourcestrengthasa strengthwhich, if present,would have givenusa detectable
signal( � 5σ ) with 97� 7%(2σ ) probability[9]. In addition,following themorestandard
procedure[10], assumingthatthesourceexists,a90%one-sidedconfidenceinterval on
its strengthis alsocalculated.

Photonsproducedin theSunwill beabsorbed,whereasthedistributionof neutralino
annihilationsoutsideis a rapidly falling function of distancefrom the Sun.Therefore,
we believe that the gamma-raysignal is producedmostly between1 and2 solar radii
andtreatthegamma-raysourceascircle of 0 � 5� radius.It hasbeenshown [11] that the
optimal bin size is a slow function of the sourcesizeandfor estimated0 � 75

�
angular

resolutionof thedetector, theoptimal “on-source”bin is a circularonewith theradius
of 1 � 26

�
centeredon theSun.

Overall, 1164� 7 hoursof exposureto the Sun is obtainedin the dataset.The total
numberof eventsobservedin the“on-source”bin is Non � 137211while Nb

on � 137728
eventsis expectedbasedon the “off-source”exposure,leadingto the z-scorevalueof� 1 � 35σ (seefigure1(left)). Therefore,thenull hypothesisof theabsenceof gamma-ray
emissionfrom theSuncannotberejectedanda limit onthepossibleγ-rayflux from the
solarregion is obtained.For detailsof theproformedanalysispleasesee[11, 12]

LIMIT ON THE PHOTON FLUX DUE TO NEUTRALINO
ANNIHILATIONS

Becausethetwoclosedirect-productionspectrallinescannotberesolvedby theMilagro
detector, thedifferentialphotonflux dueto neutralinoannihilationsis assumedto have
theform (see[13]):

dF � Eγ �
dEγ

� Fδ δ � Eγ � mχ ��� Fc

mχ

�

Eγ
mχ � � 3� 2

e � 7 � 8E � mχ� 1
0 � 01x � 3� 2e � 7 � 8xdx

(1)
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FIGURE 3. Upper boundaryof a 90% one-sidedconfidenceinterval on neutralino-nucleoncross-
sectionsobtainedfrom differentdirect-searchexperiments.The closedcontouris the allowed region at
3σ confidencelevel from theDAMA experiment.Theplot is adoptedfrom [14]. Thetwo Milagro curves
plottedassumeanequilibriumsituationwheretheannihilationrateJ � mχ � equalsthecapturerateI � mχ � ,
andconsiderthe direct andnondirectannihilationmodesfor presetvaluesof bγ [15, 16]. The Milagro
limit is obtainedby dividing theplottedvaluesby thefractionof annihilationsthatoccuroutsidetheSun,
fout , for whichcalculationsvary from 10� 1 to 10� 16 [17, 18, 11].

whereFδ is theintegralflux dueto aδ -function-likephotonannihilationchannelandFc
is theintegralflux of photonswith energiesgreaterthan0 � 01  mχ dueto continuumpho-
tonspectrumannihilationchannelof neutralinoswith massmχ . Here,thenormalization
of thecontinuumphotonspectrumhasbeenwrittenoutexplicitly.

Figure 2 presentsthe curves demarcatingthe allowed and excludedregions in the
photonflux parameterspace� Fδ

� Fc � correspondingto thesignificance2 � 9  10� 7 andthe
powerof thetestof 97� 7% which havea form of straightlinesin the � Fδ

� Fc � plane.For
thedepictionof theone-sided90%confidenceinterval in the � Fδ

� Fc � plane,bothaxes
in thefigure2 shouldberescaledby 0 � 4344.

Figure 2 is the derived limit on the valuesof the parametersof the gamma-ray
emissionmodel(equation(1)) dueto nearsolarWIMP annihilationandis independent
of themodelsof theirdistribution in theMilk y WaygalaxyandtheSolarsystem.

NEUTRALINO LIMITS

The interpretationof the constructedlimit on the gamma-rayflux is highly model
dependent.It is based,for instance,on assumptionsregardingtheshapeof thevelocity
distribution of the dark matterin the galactichalo and its densityprofile in the Solar
System.Therefore,several assumptionsare made to constructlimits on physically
interestingquantities.

We assumeMaxwellian velocity distribution of the neutralinosin the Solarsystem
with meanvelocity V0 � 220 km � s andwidth 2V 2

0 . The photonflux of equation(1) at
theEarthdueto neutralinoannihilationscanbecomputedas:



dFχ � Eγ � � fout � mχ �  fe  bγ � Eγ
� mχ �  J � mχ �

4πL2� dEγ (2)

wherebγ � Eγ
� mχ � is differentialphotonyield perneutralinofor producingaphotonwith

energy Eγ in neutralino-neutralinoannihilation, fout � mχ � is the fraction of neutralinos
annihilatingoutsidetheSun, fe is thefractionof producedphotonswhich escapefrom
theSunandis of theorderof 1� 2, J � mχ � is thetotal neutralinoannihilationratein the
SolarsystemandL � � 1 � 5  1011 m is themeanSun-Earthdistance.

Giventhefunctionalform of theflux from equation(1), thephotonyield bγ � Eγ
� mχ �

is:

bγ � Eγ
� mχ � � bδ

γ � mχ � δ �
Eγ � mχ � � bc

γ � mχ �
mχ


�

Eγ
mχ � � 3� 2

e � 7 � 8E � mχ� 1
0 � 01x � 3� 2e � 7 � 8xdx

(3)

wherebδ
γ (bc

γ ) is thenumberof photonsproducedperannihilationdirectly (indirectly).
Onecanalsomakeanassumptionthatanequilibriumsituationhasbeenreachedand

thattheannihilationrateJ � mχ � andthecapturerateI � mχ � areidentical.(We usethis in
figure3 below.)

A 3-D calculationhasbeenperformed[11] to determinetherateI � mχ � of WIMP cap-
tureby theSunasa functionof theneutralinomass.For givenlocalgalacticdarkmatter
densityρ0, a structure-lessχ � p elasticcross-sectionσpχ determineshow oftena neu-
tralino passingthroughtheSunscattersandlosesenoughenergy to getgravitationally
captured.

A limit on σpχbγ would provide constraintson parametersof SuperSymmetric
models.Using the formulae(1,2,3),however, one obtainsneutralino-mass-dependent
limits on the productof ρ0σpχbγ fout � J � I � as presentedin figure 1(right). While the
valueof the local darkmatterdensityρ0 is known relatively well, therearesubstantial
disagreementson thefractionof neutralinoannihilationsneartheSun fout .

Theproblemof WIMP captureonboundnear-solarorbitswasconsideredin [19, 20].
To our knowledge,the first one-dimensionalcomputersimulationof the distribution
of the annihilation points near the Sun was treatedby Strausz[17]. There, it was
assumedthat the Solar systemconsistsof a uniform density Sun only and that the
captureof a particle happensin its first scatteringinside the Sun with an additional
assumptionthattheSolarsystemhasreachedadynamicequilibriumandthatthecapture
rate I � mχ � is equal to the annihilation one J � mχ � . Strausz[17] concludedthat the
fraction of all annihilationshappeningoutsidethe Sun is fout  10� 5 � 10� 7. Under
essentiallythe sameassumptions,a simulation done by [18] provided a drastically
differentpredictionof fout  10� 14 � 10� 16. However, a 3-D computersimulationof
theneutralinoannihilationdistribution [11] providesanestimatefout  10� 1.

Therefore,in figure 3 we illustrate 90% one-sidedconfidenceintervals on foutσpχ
for two differentsimplifiedcases:first bδ

γ � 0 � 001andbc
γ � 0, andsecondbδ

γ � 0 and
bc

γ � 1. In bothcaseswetakeρ0 � 0 � 3 GeV � cm3, J � mχ � � I � mχ � , and fout � 1. It should

benotedthatwhile bδ
γ is alwayslessthanunity [15], bc

γ canbeashigh as10 for some
SuperSymmetricmodels[16].



CONCLUSION

Analysis of the Milagro dataset collectedduring 2000-2001shows no evidencefor
a gamma-raysignaldueto sucha process.The limit on the possiblegamma-rayflux
due to sucha processwith significance2 � 9  10� 7 and the power 97� 7% hasbeenset
(seefigure2). Evenin theabsenceof a clearsignaltheconstructedexclusionlimit may
constrainthevaluesof freeparametersof supersymmetricmodels(seefigure1(right)).In
addition,a standard90%one-sidedconfidenceinterval on themagnitudeof thephoton
flux dueto near-Solarneutralinoannihilationshasbeenconstructed.

Theinterpretationof theconstructedlimit on thegamma-rayflux is highly modelde-
pendent.Conversionof theflux measurementto acrosssectionlimit requiresknowledge
of the annihilationrate,J � mχ � , the fraction of annihilationsoutsidethe Sun, fout , and
photonyield per annihilation,bγ . These,in turn, dependon parametersof astrophys-
ical andSuperSymmetricmodels.Therefore,the resultsare presentedwith all these
parameterswritten outexplicitly.
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