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Abstract

Statisticaltechniquesusedto analysedatafrom direct detectiondark matter
experimentsarereviewedwith anemphasi®ngeneralssuesvhichcouldben-
efit from furtherstudy In orderto illustratetheseissueghreecasestudiesare
presentedf detectorsoperatingin differentstatisticalregimeswhich require
novel approacheso dataanalysis.

1 INTRODUCTION

Studiesof stellar and galacticdynamicson progressiely larger scalesindicatethe presenceof large
quantitiesof invisible or ‘dark’ matterwhich neitherabsorbsnor emits electromagneticadiation[1].
This dark matteris invisible to corventional astronomyand yet makes up at least90% of the mass
densityof the universe. It is now believed that the total massdensityis ~ 30% of the critical density
[2] but the measuregrimordial alundance®f the light elementsare only foundto be consistentith
the predictionsof Big BangNucleosynthesi¢BBN) for a baryoniccontribution to this density < 5%.
This indicatesthat the majority of the dark matteris non-baryonidn form. Stableparticle candidates
for this non-baryonidarkmatterareprovided by mary theoriesextendingthe Standardviodel, however
theleadingcontendeis generallythe LightestSupersymmetri€article (LSP)from R-Parity conserving
SUSYtheorieq1]. TheLSP (typically thelightestneutralino)is just oneof a broadclassof candidates
collectively referredto as Weakly InteractingMassve Particles(WIMPs). Any positive evidencefor
the existenceof WIMP dark matterwould have profoundimplicationsfor both cosmologyand particle
physics.

2 DIRECT DETECTION EXPERIMENTS

Modelswhich predictthe existenceof WIMP dark mattersuchassupersymmetryypically alsopredict
that WIMPs coupleweakly to baryonicmattersuchasatomicnuclei[3]. Studiesof the dynamicsof
starswithin spiralgalaxiessuchasour own alsoindicatethatarelatively largeamountof the darkmatter
is trappedwithin the potentialwells of thesegalaxieq[1]. It maythereforebe possibleto detectWIMP
dark matterby searchingfor the elasticscatteringof nuclei containedin earth-bornedetectors. The
obsered enegy spectrumdR/dE, of suchnuclearrecoilsdependsipona numberof factorsrelatedto
thekinematicsof thescatteringorocesandthephasespacelistribution of WIMPstrappedn thegalaxy
(S(A, Eg) whereA is thetargetatomicmassand E, is thenuclearecoil enegy), thenucleamphysicsof
themassandspindistributionsof thenuclei(form-factorsF?( A, Er) andcouplingenhancements( A))
andthe particle physicsof the WIMPs themseles (massand WIMP-nucleoninteractioncross-section
op). Otherdetectordependentactorsincludethe massfraction of elementA in the target (f(A)), the
nuclearrecoil quenchingactor(g(A) - definedbelon) andthedetectorenegy responsenatrix (e( E,)).
Theresultingenegy spectrunformulais:

dR

g, = orEaf(4)-5(4, ER).I(A).F?(A, Eg).g(A).c(Ey) 1)

Of the termsappearingn the abore formulathe kinematicfactor and nuclearform-factorslead
to anoverall recoil spectrumwhich falls rapidly with increasingenegy (Fig. 1) thusmakingthe useof
detectorsvith low recoilenegy thresholdg < 10keV) especiallyimportant. Thecouplingenhancements
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lead to increasedscatteringcross-sectiongor heary nuclei (scalarinteractions)and thosewith large
spin (axial-vectorinteractionshroughnuclearcoherenceffects. This further constrainghe choiceof
detectomaterials.Thefinal considerations thatthe expectedWIMP interactionrateis extremelysmall
(< 1 /kg/day)andin particularit is several ordersof magnitudesmallerthanthatof the main sourceof
backgroundavents,namelyelectronrecoils causedoy betadecayand Comptonscatteringof naturally
occurring backgroundradiation. This backgroundevent rate must thereforebe reduced,initially by
shieldingdetectorswith high purity, high-Z materialsandby purifying detectorcomponent$o remove
radioactve contaminantsuchasisotopesfrom the U and Th decaychains. Operationof experiments
deepundegroundis importantfor removing backgrounchuclearrecoilscausedy elasticscatteringof
high enegy neutrongrom cosmicray spallationbut alsoreduceghe ambientlevel of photonradiation.
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Fig. 1. SimulatedWIMP inducednuclearrecoil specta in a Nal(Tl) scintillator detector The plots correspondto specta
expectedfor 20 GeV/¢ (top) and 10 TeV/S (bottom)WIMPs, for spinindependentleft) and spin dependengright) WIMP-
nucleoninteractions.Thefull histagramsare raw specta obtainedfromEqn. (1) withouttakinginto accountdetectoresponse
while the dashedines showthe samespecta following convolutionwith the detectorresponsenatrix [4].

A further measurewhich canbe taken to reducethe rate of backgroundeventsis to usea detec-
tor materialpossessinglectronrecoil discriminationproperties.Suchpropertiesgenerallyderive from
the differing dE/dx (enegy loss)of nuclei andelectronsof similar recoil enegies, which canleadto
increasedquenching’ of chage producedin solid andliquid tamgets. Examplesinclude scintillation
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pulse-shapéifferencesn materialssuchasNal(Tl) [5] andliquid xenon[6], reducecklectronto photon
ratiosin double-phase&enondetectord7], reducedphotonto phononratiosin cryogenicscintillation
detectorg8] andreducedchageto phononratiosin cryogenicionisationdetectorg9]. It is importantto
notehoweverthatin additionto reducingtherateof backgrounaventstheuseof suchtechniquepermits
detectorgo actiely discorer a WIMP darkmattersignalratherthanjust setlimits onits interactionrate
or cross-section.The reasonfor this is that direct detectionexperiments,unlike collider experiments,
operatein aregime wherethe absoluterate andenegy spectrumof backgroundeventsis only poorly
known. This meanghatit is difficult to identify a signalpurely asan excessof eventsabove expected
backgroundasis the casewith a countingexperiment. Throughthe useof a discriminatingvariable
measuringone of the discriminatingpropertiedisted above however, the backgroundatein the signal
region canbe determinedhrougha combinationof signalandbackgroundalibrationandmeasurement
of theeventratein the backgroundlominatedegion. Detectorsensitvity canbeimproved significantly
in thisway andthe useof detectomaterialgpossessingtrinsic backgroundliscriminationpropertiess
now the mainfactorinfluencingthe designof directdetectionexperiments.

3 ANALYSING DATA

The needto make optimumuseof all informationprovided by a detectordrivesthe choiceof statistical
dataanalysistechniquesin smallerdetectorg < 50 kg) this informationis generallyconfinedto a mea-
suremenbf eventenegy andonediscriminatingparameter At presenthe analysistypically proceeds
in two steps:

1. Analysethedistribution of the discriminatingparameteusinga Gaussiariit or cut-based?oisson
analysisto determinethe numberof nuclearrecoil signal eventscontainedwithin the data. No
assumptiorns madeaboutthe origin of ary nuclearrecoilsatthis stage.

2. Interpretthe measurechumberof nuclearrecoil eventsin termsof a WIMP signal by fitting
to the obsered enegy spectrumin orderto definea confidenceor exclusionregion in WIMP
mass/interactionross-sectioparametespace.

This processhasthe advantagethat the initial stageof the analysisis completelyindependentf the
WIMP massor WIMP-nucleoninteractioncross-sectiorand hencecan be performedoncefor a given
dataset. All dependencen the WIMP parameterss ‘factorised’out into the secondstage,which in
generalis quicker to perform. An openquestionremainsasto whetherimproved sensitvity canbe
obtainedby combiningthesewo stepsinto a singletwo-dimensionafit or eventselection.If the WIMP
model-independencef the discriminatingparameteis total thentherewill presumablybe little or no
improvementhowever this hasstill to be confirmed.

In largerdetectorg> 50kg) additionalinformationregardingthe WIMP natureof anuclearrecoil
signalcanbe providedby examiningthetime spectrunof candidatevents.At differenttimesof theyear
detectorsnovewith differentvelocitiesrelativetothe‘halo’ of darkmatterparticlesrappedn ourgalaxy
dueto the earths motion aroundthe sun. This causeghe averageflux andhencenuclearrecoil event
rateto modulateby ~ 3% overthe courseof theyear Searche$or suchanannualmodulationsignature
are potentially fraught with systematicproblemsdueto seasonafluctuationof the backgroundevent
rate, however the techniquebecomescompetitve whenusing large detectorsand several experiments
have chosento take this approach.The DAMA collaboration[10] in particularhave claimedpositve
evidencefor a signalusingthis technique(Fig. 2) andthis is currently providing a focusfor mary of
the experimentalkefforts aroundthe world. An openquestions whetherannualmodulation background
discriminationandenegy informationcanbe combinedin a moreefficient mannerto improve detector
sensitvity.

To illustratethe above considerations numberof casestudieswill now be considered.

83



0.1

% | DAMA/% | DAMA§/ | DAMA/%
~ T Nal-l T Nal-2 T Nal-3
S | | : |
= 1 : 1 : 1 :
<005 % : % | %
© | ) | . | .
O | | |
S | 1 | | | %
v 0 |- 3 SN J ) % 11
g ol ] T ; 1
S ‘ 5 s b |
g e
€005 - LT

g L I | T IS S

500 1000

time (days)

Fig. 2: Residualeventrate following subtaction of the meanfrom the total eventrate observedn the DAMA-Nal detector
array asa functionof time over the course of 57986kg.daysof running[11].

4 CASE STUDY 1: NAIAD

TheUK DarkMatterCollaboratior{12] operates160kg arrayof Nal(TI) scintillatordetectorg'NalAD’)
attheBoulby Mine in North Yorkshire.lodineis aheary nucleugA=127)with alarge spin-independent
coupling enhancemenivhile both sodiumand iodine possessignificantspin-dependentoupling en-
hancements.Nal(Tl) is relatively radio-pureand offers a low recoil enegy thresholddueto its high
light-outputandfavourablenuclearrecoil quenchingactors(theratio of thenumbersof photonsemitted
in nuclearandelectronrecoil eventsof the samerecoil enegy). A major additionaladwantageis that
thetime spectrumof emittedscintillation photons(the scintillation pulse-shapejlependsensitvely on
the type of recoil, permittingthe useof Pulse-Shap®iscriminationtechniquegPSD).SimplePSDin-
volvesapproximatinghe obseredtime spectrunwith anexponentiafunctionandusingthedecaytime
constantof that function, determinedusinga x? fit or maximumlikelihood estimatoy asthe required
discriminatingparameterThebackgroundejectionefficiency providedby thistechniquefor highsignal
efficiengy is notsufficientto permitthe useof a cut-basedPoissoranalysisasin a countingexperiment)
andso insteada x? fit to the datawith the sumof a calibrated(with a gammasource)electronrecoil
backgroundlistribution andan assumeahuclearrecoil signaldistribution is performed.In the absence
of a significantpopulationof signaleventsthe fitted normalisationof the nuclearrecoil distribution is
foundto be zerowithin errors.The magnitudeof anderroron this normalisationcanthenbeinterpreted
in termsof a 90% CL upperlimit on the nuclearrecoil signalrateusing(in this case)a Bayesianpre-
scription. The ensembleof theselimits (asa function of enegy) canthenbe usedin Step2 (above) to
setlimits on WIMP massandinteractioncross-sectioiiFig. 3).
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Fig. 3: 90% CL upperlimits on the WIMP-nucleoninteraction cross-sectiorfor spin-independennteractions(full line) ob-
tainedfromanalysisof NalAD datausingtechniquesdescribedn thetext [13]. Thedottedcurvecorrespondgo earlier Nal(Tl)
limits. Theclosedcurvesignifiestheregion favoued by the DAMA annualmodulationanalysis.

Oneopenquestiorrelatingdirectly to Nal(TI) dataarisesfrom thefactthatdetailedanalysisindi-
categhatagammadistribution ratherthananexponentialdistribution providesthe bestapproximatiorto
the scintillation pulse-shapePreliminarywork suggestshatthe additionaldegreesof freedomallowed
by this function do not provide ary improvementin electronrecoil discriminationefficiengy, with, in
particular the finite rise-timeof the pulseappearingo be independenbf the type of recoil. Further
studyof this questionis requiredhowever. Additional questionsncludewhetherit is possibleto find an
improvedtechniquefor estimatingthe decaytime constant- of the pulsein the presencef anunknavn
rateof noisephotonsandwhethertheform of thedistribution of decaytime constantswhich appearso
be betterapproximatedy alog-normal(Fig. 4) or inversegammadistribution ratherthanthe expected
gammadistribution in 7, canbe explainedtheoretically
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Fig. 4: Distribution of scintillation decaytime constantsestimatedrom NalAD election recoil calibration (a) and datarun
(b) datausingtechniquesdescribedn thetext [13]. In Figure (a) the dataare well fitted by a singlelog-normaldistribution
(solid curve),providing motivationfor log-normailfit to therun datashownin Figure (b). Thesedataare well fitted by a sumof
two log-normaldistributions(of variable width) correspondingo signaland badgroundpopulations(solid curve). Thefitted
normalisationof the signaldistributionis zeio within errors indicating no evidencefor signalevents.

5 CASE-STUDY 2: ZEPLIN 1

TheZEPLIN | detector{14] is a singlephasdiquid xenonscintillation detectorof 3kg fiducial volume,
viewedby three3” quartzphotomultipliershroughsilicawindows andoptically isolated self shielding,
liquid xenonturrets. The taigetis enclosedy a multi-purpose,1 tonne,PXE-basediquid scintillator
shield and an outer passve lead shield. The liquid scintillator shield actsas a veto for PMT events
and also provides a Comptonelectronrecoil calibrationcontemporaneouwith the datacollected,an
active shieldfor externalgammasa high purity innershieldand,throughthe useof anoptionalinternal
gadoliniumcoatedsurface,a neutronmonitor.

As in NalAD, discriminationbetweemuclearrecoil andelectronrecoil eventsis provided by the
time constanf the scintillation light from thetamet[15]. For nuclearrecoilsinitiated by neutronsor
WIMPsthescintillationhasa characteristiclecaytime approximatelys5%(thatof electronrecoilsabore
10keV electronequivalentenegy. Theoptimisationof theextractionof thenucleamrecoil limit in Stepl
(above) usingthisinformationremainghekey statisticalquestionwithin theZEPLIN | analysis.Several
differentestimationtechniqueshave beenappliedto the scintillation pulses,including fitting routines
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basedon single exponentialfits, meanand mediantimes. Although the time structureis well defined
for large events, the eventsof interestare measuredn tensof photo-electrongor which the model
independentits to the pulsesprovide similar results. The characteristiaistribution of the scintillation
time constaniestimatords a gammadistribution in 1/7. As for NalAD, the underlyingprocesdor the

generationof this distribution in the photomultipliersignalsis not well understoodand needsfurther
study

Following time constanestimation Stepl of theanalysigoroceedsy comparisorof theestimator
distributionsfor therun dataandelectronrecoil calibrationdatageneratedhy gammasourceor known
gammabackground§l6]. Thelatteris generateih ZEPLIN | throughtheuseof the Comptonvetosignal
where coincidentaleventsin the chamberand veto are generatedy high enegy Comptonscattered
gammadrom the photomultipliers. Shouldtheseestimatordistributions have a relative shift in mean
value,dueeitherto the operatingconditionsof thetamgetduring calibrationsor somespatialeffect, then
anappropriatenormalisatiormustbe appliedto the calibrationdistributions. A x? analysiscanthenbe
usedto comparethe sumof electronandnuclearrecoil calibrationdatawith the run datato extractthe
90% CL upperlimit on signalevents. An alternatve to the comparisorwith electronrecoil calibration
datais to assumehatthe estimatordistributions of the scintillationdataarein factwell representety
true gammadistributionsor, lessstringently smoothmonotonicallyrising curves. An analysiscanthen
be performedby comparingthe expecteddistribution for the sum of signaland backgroundwith the
assumedunctionalform of the calibrationdata,or by searchingor a gradientbreakin the monotonic
distribution. The validity of this comparisorwith the assumedunctionalform of the calibrationdata
is in questionwhenthe underlyingprocesdor the generatiorof sucha distribution is unknavn. The
rigour of the statisticaltestsutilised to extractthe 90% CL upperlimit on the nuclearrecoil rateis of
key importancan presentdark matterexperimentsdueto the needto assesgin)compatabilityof cross-
sectionlimits (Fig. 5) with the DAMA signalregion (above).
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Fig. 5: Thepreliminary WIMP-nucleoninteraction cross-section WIMP masslimit setby ZEPLIN | from 25 dayslive-time
compaed to other direct dark matter detectionexperimentg17]. Thefull thick curve correspondgo the current ZEPLIN 1
90% CL limit, while the dottedcurve correspondgo the predictedsensitivityfor eight monthsof data. Thethe three other
curves(fromthe bottomon theright handside)are equivalent90% CL upperlimits setby the EDELWEISSCDMSandIGEX
experimentgespectively Theclosedcurveis the 4 o allowedregion claimedby the DAMA collaboration usingthe predicted
annualmodulationsignatue.
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6 CASE-STUDY 3: DRIFT

The UK Dark Matter Collaborationtogetherwith LA Occidentaland TempleUniversities,is alsode-
velopinganotherclassof detecto DRIFT) in which tagetdensityhasbeenreducedo enableunprece-
dentedelectronrecoil discriminationefficiencgy to be obtained.A prototypedetector(DRIFT-1) is cur
rently operatingat Boulby Mine and consistsof a TPC containing~ 200 g of low pressurg40 Torr)
CS, gasread-outwith two high granularityMWPCs[18]. Chage generatedby recoil eventsattacheto
theelectrongative CS, gasmoleculesorming CS, ions. The high massof theseionslimits transerse
diffusionto < 1 mm over drift distancesn excessof 1 m andthis, togetherwith the excellentposition
resolutionof theread-oufplane permitsefficient discriminationbetweemuclearandelectronrecoilson
thebasisof measuredracklength.In additionto this benefithowever, thetechniqueallows thedirection
of candidatenuclearrecoilsto be determined.This is importantbecausehe rotationof the earthupon
its axis causeghe meanvelocity relative to the detectorof incidentWIMPs, andhenceWIMP-induced
nuclearrecoils,to modulatediurnally through~ 90°. Directionalinformationcanthereforebe usedto

positively identify a potentialnuclearrecoil signalasbeingdueto WIMP- scattering.

Counts
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Fig. 6: Angulardistribution of simulatednuclearrecoil signaleventsin the DRIFT detector cos(y) = 1 correspondgo recoils
pointingin the samedirectionasthe meanexpectedWIMP flux vector An anisotopyis evidentat 90 % CL (KS teststatistic)

for 30 signalevents.Figure takenfrom[19].
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At presentit is intendedthat directionalinformationwill only be usedoncea signalhasbeen
seen,with, for instance,a Kolmogorw-Smirnos statistic being usedto test whetherthe distribution
in a suitableangularvariable of eventspassingtrack length cutsis consistentwith a uniform parent
distribution characteristiof backgroundFig. 6). An openquestiorremainshowever regardingwhether
theinformationcontainedn this directionalvariable togethemwith tracklengthandenegy information
canbe usedin a multi-variate analysisto significantlyimprove detectorsensitvity. Suchan analysis
would undoubtedlybe complicatedoy dependeng of the directionaldiscriminatingparametersn the
WIMP model, therebypreventing factorisationof the probleminto two stepsasdiscussedibove. It is
hopedhowever thatdemonstrablémprovementamay neverthelesse obtainablewith the applicationof
asuitablemulti-variatetechnique.

7 CONCLUSIONS

Direct detectiondark matterexperimentsoffer uniquechallengego experimentalistseekingto usead-
vancedstatisticaltechniquego adwanceour fundamentalunderstandingf the universe. Beyond the
usualissuesrelatingto limit settingandthe definition of rigorousconfidenceregions (which arecom-
mon to mary experiments)theseexperimentsrequirenovel approacheso parameterestimationfrom
noisy data, multi-variate analysesn the presenceof imperfectly knovn backgrounddistributions and
mary othertechniqueslt is hopedthata betterunderstandin@f at leastsomeof theseissueswill lead
to considerablémprovementsn detectorsensitvity in thenearfuture.
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