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Abstract. Theneutralinothelighteststablesupersymmetriparticle,is a strongtheoreticakcandi-
datefor the missingastronomicaldark matter".Dependingon their annihilationcrosssectionrelic
neutralinosfrom early formationof the Universetrappedn orbitsaroundthe Sunmay currentlybe
annihilatingat measurableates.The Minimal Supersymmetriextensionsof the StandardModel
predictthatsuchannihilationsshouldproducegammarayswith enegiesabose 100 GeV.

Milagro is an air showver array which usesthe water Cherenkv techniqueandis capableof
detectingTeV gammarays from the direction of the Sun with an angularresolutionof 0.75
degrees Analysisof Milagro datawith anexposureto the Sunof 1165hoursshavs no statistically
significantsignal.Resultingimits thatcanbesetonthegamma-raylux dueto nearSolarneutralino
annihilationsandon neutralinocross-sectiomrepresented.

INTRODUCTION

Thereis very strongevidencethat the Universe,and galaxiesin particular arefull of
non-baryonic‘dark matter” (see,for example,[1, 2, 3]). One candidatefor this dark
matteris the neutralino(x), aweaklyinteractingmassve particle(WIMP) predictedby
supersymmetrictheorieq4, 5].

Onepossiblemethodfor detectingdarkmatterparticlesis from their annihilationinto
gammarays. The Minimal Supersymmetriextensionof the StandardModel (MSSM)
predictsthatthe gammaraysemeging from x x — yy and xx — Zy neutralinoanni-
hilation modeswill give distinct monochromaticsignalsin the enegy rangebetween
100 GeV and10 TeV, dependingon the neutralinomass.An additional“continuum”
spectrunmsignal of photonswill be producedby the decayof secondarieproducedn
thenon-photoniannihilationmodes.

TheMilagro y-ray obsenatory, which hasbeentakingdatasincel1999,is sensitve to
cosmicgammaraysatenegiesaroundl TeV andis capableof continuouslymonitoring
theoverheadsky with anangulamresolutionof 0.75°. In this paperwe presentheresults
of a searchfor a TeV gamma-raysignalfrom the vicinity of the Sun(1-2 solarradii)
with Milagro. For a more detaileddescriptionof the detectoritself andreconstruction
techniquesised seereference$6, 7].
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FIGURE 1. Left: Themapof statisticalsignificance(z-score)of the numberof excessaventsfrom the
region of the sky aroundthe Sun.The mapis madeusingazimuthalequal-aregrojectionin polar case
centeredon the Sun. Contoursrepresentoci of distancel.26°, 2.0° and5.0° from the Celestialobject.
Right: Thevaluesof (poapxbg fourd(My) /1(My ), PoOpxbY foue I(My) /1 (mx)) below thelinesareallowed
basedheconstructedimit for correspondingieutralinomassesAs oneprogressefrom low to highm,,

the detectoreffective areagoesup while the flux of incomingneutralinosgoesdown as1/m, for fixed

darkmatterdensityp,. In addition,thecaptureprobabilityis alsodecreasings1/m, for elasticscattering
onafixedmasgarget. This explainsqualitative behaior of theselines.

OUTCOME OF THE OBSERVATION

The datausedin this work was chosento satisfy the following conditions: online
reconstructionbetweenthe 19th of July 2000 and the 10th of September2001, the
numberf PMTsrequiredfor ashoverto triggerthedetectoigreatethan60,thenumber
of PMTsusedin the angularreconstructiorgreaterthan 20, zenithanglessmallerthan
45 deggrees,and passingthe gamma/hadroseparatiorcut [7]. The startandenddates
correspondrespectiely to introduction of the hadronseparationparameterinto the
onlinereconstructiortodeanddetectorturn-off for scheduledepairs.Severaldataruns
wereremoved from the datasetwhich includedcalibrationrunsandthe datarecorded
whentherewereonline DAQ problems.

For eachpositionof the Sunthenumberof expectedoackgroundventsis foundusing
eventratesfrom the samelocal region of the sky at a time whenthe Sunis not present
usingthetechniquedescribedn [8]. The methodis basedn isotropy of thecosmic-ray
backgroundandtheassumptiorof shorttime scaledetectorstability. It allows exclusion
of known sourcedrom backgroundestimationandcorrectrestoratiorof the numberof
excesseventsto be usedfor flux measurementience,+5° regionsaroundthe Moon
andthe Crab Nehlula were vetoedfrom the datasetasthey presentknown sourcesof
anisotropy to the cosmic-raybackground.

For thecurrentsearchwe defineat the outsetthecritical valueof the z-scoreg(number
of sigmas)at 50 (which approximatelycorrespondgo the level of significanceof
2.9-10°7). If no excessfrom the vicinity of the Sunis found, we constructa limit
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FIGURE 2. Thevaluesof (F;,F) below thelinesareallowedfor correspondingreutralinomasses.

on the sourcestrengthasa strengthwhich, if presentwould have givenusa detectable
signal(> 50) with 97.7% (20) probability[9]. In addition,following themorestandard
procedurd10], assuminghatthe sourceexists,a 90%one-sidedctonfidencanterval on
its strengthis alsocalculated.

Photongproducedn the Sunwill beabsorbedwhereaghe distribution of neutralino
annihilationsoutsideis a rapidly falling function of distancefrom the Sun. Therefore,
we believe thatthe gamma-raysignalis producedmostly betweenl and 2 solarradii
andtreatthe gamma-raysourceascircle of 0.5° radius.It hasbeenshavn [11] thatthe
optimal bin sizeis a slow function of the sourcesize andfor estimated).75°> angular
resolutionof the detectoy the optimal “on-source”bin is a circularonewith the radius
of 1.26° centeredn the Sun.

Overall, 11647 hoursof exposureto the Sunis obtainedin the dataset. The total
numberof eventsobsenedin the“on-source’bin is Ngn, = 137211while Ngn = 137728
eventsis expectedbasedon the “off-source” exposure Jeadingto the z-scorevalue of
—1.350 (seefigure 1(left)). Thereforethenull hypothesiof theabsencef gamma-ray
emissionfrom the Suncannotberejectedandalimit onthepossibley-ray flux from the
solarregionis obtained For detailsof the proformedanalysispleasesee[11, 12

LIMIT ON THE PHOTON FLUX DUE TO NEUTRALINO
ANNIHILATIONS

Becausehetwo closedirect-productiorspectralinescannotberesohedby theMilagro
detectoythe differentialphotonflux dueto neutralinoannihilationsis assumedo have
theform (seg[13]):
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FIGURE 3. Upperboundaryof a 90% one-sidedconfidenceinterval on neutralino-nucleorcross-
sectionsobtainedfrom differentdirect-searctexperiments.The closedcontouris the allowed region at
3o confidencdevel from the DAMA experiment.The plot is adoptedrom [14]. Thetwo Milagro curves
plottedassumean equilibriumsituationwherethe annihilationrate J(my ) equalsthe captureratel (my ),

andconsiderthe direct and nondirectannihilationmodesfor presetvaluesof b, [15, 16]. The Milagro

limit is obtainedby dividing the plottedvaluesby thefractionof annihilationshatoccuroutsidethe Sun,
fout, for which calculationsvary from 10~* to 10716 [17, 18, 11].

whereF5 is theintegral flux dueto a d-function-like photonannihilationchannebndF;

is theintegral flux of photonswith enegiesgreatetthan0.01- m, dueto continuumpho-
ton spectrumannihilationchannebf neutralinoswith massm,,.. Here,the normalization
of the continuumphotonspectrumhasbeenwritten out explicitly.

Figure 2 presentghe curves demarcatinghe allowed and excludedregionsin the
photonflux parametespacgF;, Fc) correspondingo thesignificance2.9- 10~/ andthe
power of thetestof 97.7% which have aform of straightlinesin the (F;, F¢) plane.For
the depictionof the one-sided0% confidencenterval in the (F;, Fc) plane,both axes
in thefigure 2 shouldberescaledy 0.4344.

Figure 2 is the derived limit on the valuesof the parametersof the gamma-ray
emissionmodel(equation(1)) dueto nearsolarWIMP annihilationandis independent
of the modelsof their distribution in the Milk y Way galaxyandthe Solarsystem.

NEUTRALINO LIMITS

The interpretationof the constructedimit on the gamma-rayflux is highly model
dependentit is basedfor instance pn assumptionsegardingthe shapeof the velocity
distribution of the dark matterin the galactichalo andits densityprofile in the Solar
System. Therefore,several assumptionsare madeto constructlimits on physically
interestingguantities.

We assumavlaxwellian velocity distribution of the neutralinosin the Solar system
with meanvelocity V, = 220 km/s andwidth 2V02. The photonflux of equation(1) at
the Earthdueto neutralinoannihilationscanbe computedas:



J(my)
dFy (Ey) = Tou(My) - fe- by(Ey,my)- ﬁ dE, (2)
whereb,(E,, my) is differentialphotonyield perneutralinofor producinga photonwith
enegy E, in neutralino-neutralin@nnihilation, f,;(m, ) is the fraction of neutralinos
annihilatingoutsidethe Sun, f¢ is the fraction of producedohotonswhich escapdrom

the Sunandis of the orderof 1/2, J(my ) is thetotal neutralinoannihilationratein the

SolarsystemandLg, = 1.5- 10t mis themeanSun-Earthdistance.
Giventhefunctionalform of the flux from equation(1), the photonyield by (E,, m, )
is:

E,\ %2 —7.8E/m
bS(m, ) (m_y> e

by(E,,m,) = b2(my)8(E, —my | + X2 12X 3
y(Ey, My) = by (M) ( v X) my f&01x—3/ze—7.8xdx ®)

whereb‘; (b}) is the numberof photonsproducedperannihilationdirectly (indirectly).

Onecanalsomake anassumptiorthatanequilibrium situationhasbeenreachedand
thatthe annihilationrateJ(m, ) andthe captureratel (my) areidentical.(We usethisin
figure 3 below.)

A 3-D calculatiorhasbeenperformed11] to determinetheratel (m, ) of WIMP cap-
tureby the Sunasa functionof the neutralinomassFor givenlocal galacticdarkmatter
densityp,, astructure-lesg — p elasticcross-sectiowy,, determinesiow oftenaneu-
tralino passinghroughthe Sunscattersandlosesenoughenegy to getgravitationally
captured.

A limit on opy b, would provide constraintson parametersof Super Symmetric
models.Using the formulae (1,2,3), however, one obtainsneutralino-mass-dependent
limits on the productof pya,y by, fo:(J/1) as presentedn figure 1(right). While the
valueof the local dark matterdensityp, is known relatively well, thereare substantial
disagreementsn the fractionof neutralinoannihilationsnearthe Sun f;.

Theproblemof WIMP captureon boundnearsolarorbitswasconsideredn [19, 20].
To our knowledge, the first one-dimensionatomputersimulation of the distribution
of the annihilation points near the Sun was treatedby Strausz[17]. There,it was
assumedhat the Solar systemconsistsof a uniform density Sun only and that the
captureof a particle happenan its first scatteringinside the Sunwith an additional
assumptionhattheSolarsystemhasreached dynamicequilibriumandthatthecapture
rate | (m,) is equalto the annihilationone J(m,). Strausz[17] concludedthat the
fraction of all annihilationshappeningoutsidethe Sunis f,; ~ 10°°—10~7. Under
essentiallythe sameassumptionsa simulation done by [18] provided a drastically
differentpredictionof f,; ~ 10 1*— 10 16. However, a 3-D computersimulationof
theneutralinoannihilationdistribution [11] providesan estimatef,; ~ 101,

Therefore,in figure 3 we illustrate 90% one-sidedconfidenceintervals on fg; 0y
for two differentsimplified casesfirst bf, = 0.001andbf =0, and seconob‘; =0and
by = 1.In bothcasesvetake p, = 0.3 GeV /em?, J(my) =1(my), and fo = 1. It should

be notedthatwhile b‘; is alwayslessthanunity [15], bf, canbe ashigh as10 for some
SuperSymmetricmodelg[16].



CONCLUSION

Analysis of the Milagro dataset collectedduring 2000-2001shavs no evidencefor
a gamma-raysignaldueto sucha process.The limit on the possiblegamma-rayflux
dueto sucha processwith significance2.9- 10 7 andthe power 97.7% hasbeenset
(seefigure 2). Evenin theabsencef a clearsignalthe constructedxclusionlimit may
constrairthevaluesof freeparametersf supersymmetrimodelgseefigure1(right)).In
addition,a standar®0% one-sidedconfidenceanterval on the magnitudeof the photon
flux dueto nearSolarneutralinoannihilationshasbeenconstructed.

Theinterpretatiorof the constructedimit onthegamma-raylux is highly modelde-
pendentCorversionof theflux measuremenb acrosssectionlimit requiresknowledge
of the annihilationrate,J(m, ), the fraction of annihilationsoutsidethe Sun, f,, and
photonyield per annihilation,b,. These,in turn, dependon parameter®f astrophys-
ical and SuperSymmetricmodels.Therefore the resultsare presentedvith all these
parametersvritten out explicitly .
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