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Abstract
Statisticaltechniquesusedto analysedatafrom direct detectiondark matter
experimentsarereviewedwith anemphasisongeneralissueswhichcouldben-
efit from furtherstudy. In orderto illustratetheseissuesthreecasestudiesare
presentedof detectorsoperatingin differentstatisticalregimeswhich require
novel approachesto dataanalysis.

1 INTRODUCTION

Studiesof stellar and galacticdynamicson progressively larger scalesindicatethe presenceof large
quantitiesof invisible or ‘dark’ matterwhich neitherabsorbsnor emitselectromagneticradiation[1].
This dark matter is invisible to conventionalastronomyand 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 themeasuredprimordial abundancesof the light elementsareonly found to be consistentwith
the predictionsof Big BangNucleosynthesis(BBN) for a baryoniccontribution to this density

�
5%.

This indicatesthat the majority of the dark matteris non-baryonicin form. Stableparticlecandidates
for thisnon-baryonicdarkmatterareprovidedby many theoriesextendingtheStandardModel,however
theleadingcontenderis generallytheLightestSupersymmetricParticle(LSP)from R-Parity conserving
SUSYtheories[1]. TheLSP(typically thelightestneutralino)is just oneof a broadclassof candidates
collectively referredto asWeakly InteractingMassive Particles(WIMPs). Any positive evidencefor
theexistenceof WIMP darkmatterwould have profoundimplicationsfor bothcosmologyandparticle
physics.

2 DIRECT DETECTION EXPERIMENTS

Modelswhich predicttheexistenceof WIMP darkmattersuchassupersymmetrytypically alsopredict
that WIMPs coupleweakly to baryonicmattersuchasatomicnuclei [3]. Studiesof the dynamicsof
starswithin spiralgalaxiessuchasourown alsoindicatethatarelatively largeamountof thedarkmatter
is trappedwithin thepotentialwells of thesegalaxies[1]. It maythereforebepossibleto detectWIMP
dark matterby searchingfor the elasticscatteringof nuclei containedin earth-bornedetectors. The
observedenergy spectrum�����	��

� of suchnuclearrecoilsdependsupona numberof factorsrelatedto
thekinematicsof thescatteringprocessandthephase-spacedistributionof WIMPstrappedin thegalaxy
( ��������
���� where� is thetargetatomicmassand 
�� is thenuclearrecoilenergy), thenuclearphysicsof
themassandspindistributionsof thenuclei(form-factors����������
���� andcouplingenhancements� ���!� )
andthe particlephysicsof the WIMPs themselves(massandWIMP-nucleoninteractioncross-section"�# ). Otherdetectordependentfactorsincludethemassfraction of element� in the target ( $����%� ), the
nuclearrecoil quenchingfactor( &'���!� - definedbelow) andthedetectorenergy responsematrix ( ()��
 � � ).
Theresultingenergy spectrumformulais:

���
��

�+*

" #�,.- $����!�0/1��������
 � �0/2� ���!�0/2� � ������
 � �0/ &'���!�0/3(4��
 � � (1)

Of the termsappearingin the above formula the kinematicfactorandnuclearform-factorslead
to anoverall recoil spectrumwhich falls rapidly with increasingenergy (Fig. 1) thusmakingtheuseof
detectorswith low recoilenergy thresholds(

�
10keV) especiallyimportant.Thecouplingenhancements
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lead to increasedscatteringcross-sectionsfor heavy nuclei (scalarinteractions)and thosewith large
spin (axial-vectorinteractions)throughnuclearcoherenceeffects. This furtherconstrainsthechoiceof
detectormaterials.Thefinal considerationis thattheexpectedWIMP interactionrateis extremelysmall
(
�

1 /kg/day)andin particularit is severalordersof magnitudesmallerthanthatof themainsourceof
backgroundevents,namelyelectronrecoilscausedby betadecayandComptonscatteringof naturally
occurringbackgroundradiation. This backgroundevent rate must thereforebe reduced,initially by
shieldingdetectorswith high purity, high-Z materialsandby purifying detectorcomponentsto remove
radioactive contaminantssuchasisotopesfrom the U andTh decaychains. Operationof experiments
deepundergroundis importantfor removing backgroundnuclearrecoilscausedby elasticscatteringof
highenergy neutronsfrom cosmicray spallationbut alsoreducestheambientlevel of photonradiation.
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Fig. 1: SimulatedWIMP inducednuclear recoil spectra in a NaI(Tl) scintillator detector. Theplots correspondto spectra

expectedfor 20 GeV/c: (top) and10 TeV/c: (bottom)WIMPs,for spin independent(left) and spin dependent(right) WIMP-

nucleoninteractions.Thefull histogramsare rawspectra obtainedfromEqn.(1) withouttakinginto accountdetectorresponse

while thedashedlinesshowthesamespectra followingconvolutionwith thedetectorresponsematrix [4].

A furthermeasurewhich canbe taken to reducethe rateof backgroundeventsis to usea detec-
tor materialpossessingelectronrecoil discriminationproperties.Suchpropertiesgenerallyderive from
thediffering ��
;�	��< (energy loss)of nuclei andelectronsof similar recoil energies,which canleadto
increased‘quenching’ of charge producedin solid and liquid targets. Examplesinclude scintillation
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pulse-shapedifferencesin materialssuchasNaI(Tl) [5] andliquid xenon[6], reducedelectronto photon
ratios in double-phasexenondetectors[7], reducedphotonto phononratios in cryogenicscintillation
detectors[8] andreducedchargeto phononratiosin cryogenicionisationdetectors[9]. It is importantto
notehoweverthatin additionto reducingtherateof backgroundeventstheuseof suchtechniquespermits
detectorsto actively discover aWIMP darkmattersignalratherthanjust setlimits on its interactionrate
or cross-section.The reasonfor this is that direct detectionexperiments,unlike collider experiments,
operatein a regime wherethe absoluterateandenergy spectrumof backgroundeventsis only poorly
known. This meansthat it is difficult to identify a signalpurelyasanexcessof eventsabove expected
background,as is the casewith a countingexperiment. Throughthe useof a discriminatingvariable
measuringoneof thediscriminatingpropertieslistedabove however, thebackgroundratein thesignal
regioncanbedeterminedthroughacombinationof signalandbackgroundcalibrationandmeasurement
of theeventratein thebackgrounddominatedregion. Detectorsensitivity canbeimprovedsignificantly
in thiswayandtheuseof detectormaterialspossessingintrinsicbackgrounddiscriminationpropertiesis
now themainfactorinfluencingthedesignof directdetectionexperiments.

3 ANALYSING DATA

Theneedto make optimumuseof all informationprovidedby a detectordrivesthechoiceof statistical
dataanalysistechniques.In smallerdetectors(

�
50 kg) this informationis generallyconfinedto a mea-

surementof eventenergy andonediscriminatingparameter. At presenttheanalysistypically proceeds
in two steps:

1. Analysethedistribution of thediscriminatingparameterusingaGaussianfit or cut-basedPoisson
analysisto determinethe numberof nuclearrecoil signaleventscontainedwithin the data. No
assumptionis madeabouttheorigin of any nuclearrecoilsat this stage.

2. Interpret the measurednumberof nuclearrecoil events in termsof a WIMP signal by fitting
to the observed energy spectrumin order to definea confidenceor exclusion region in WIMP
mass/interactioncross-sectionparameterspace.

This processhasthe advantagethat the initial stageof the analysisis completelyindependentof the
WIMP massor WIMP-nucleoninteractioncross-sectionandhencecanbe performedoncefor a given
dataset. All dependenceon the WIMP parametersis ‘f actorised’out into the secondstage,which in
generalis quicker to perform. An openquestionremainsas to whetherimproved sensitivity can be
obtainedby combiningthesetwo stepsinto asingletwo-dimensionalfit or eventselection.If theWIMP
model-independenceof the discriminatingparameteris total thentherewill presumablybe little or no
improvementhowever thishasstill to beconfirmed.

In largerdetectors( = 50kg) additionalinformationregardingtheWIMP natureof anuclearrecoil
signalcanbeprovidedby examiningthetimespectrumof candidateevents.At differenttimesof theyear
detectorsmovewith differentvelocitiesrelativeto the‘halo’ of darkmatterparticlestrappedin ourgalaxy
dueto the earth’s motion aroundthe sun. This causesthe averageflux andhencenuclearrecoil event
rateto modulateby � 3%over thecourseof theyear. Searchesfor suchanannualmodulationsignature
arepotentially fraught with systematicproblemsdue to seasonalfluctuationof the backgroundevent
rate,however the techniquebecomescompetitive whenusing large detectorsandseveral experiments
have chosento take this approach.The DAMA collaboration[10] in particularhave claimedpositive
evidencefor a signalusingthis technique(Fig. 2) andthis is currentlyproviding a focusfor many of
theexperimentalefforts aroundtheworld. An openquestionis whetherannualmodulation,background
discriminationandenergy informationcanbecombinedin a moreefficient mannerto improve detector
sensitivity.

To illustratetheabove considerationsanumberof casestudieswill now beconsidered.

83



DAMA/
NaI-1

DAMA/
NaI-2

DAMA/
>
NaI-3
? DAMA/

NaI-4

Fig. 2: Residualeventrate following subtraction of the meanfrom the total event rate observedin the DAMA-NaI detector

array asa functionof timeover thecourseof 57986kg.daysof running[11].

4 CASE STUDY 1: NAIAD

TheUK DarkMatterCollaboration[12] operatesa60kgarrayof NaI(Tl) scintillatordetectors(‘NaIAD’)
at theBoulbyMine in NorthYorkshire.Iodineis aheavy nucleus(A=127)with a largespin-independent
couplingenhancementwhile both sodiumand iodine possesssignificantspin-dependentcouplingen-
hancements.NaI(Tl) is relatively radio-pureandoffers a low recoil energy thresholddue to its high
light-outputandfavourablenuclearrecoilquenchingfactors(theratioof thenumbersof photonsemitted
in nuclearandelectronrecoil eventsof the samerecoil energy). A major additionaladvantageis that
thetime spectrumof emittedscintillationphotons(thescintillationpulse-shape)dependssensitively on
thetypeof recoil, permittingtheuseof Pulse-ShapeDiscriminationtechniques(PSD).SimplePSDin-
volvesapproximatingtheobservedtimespectrumwith anexponentialfunctionandusingthedecaytime
constantof that function, determinedusinga @A� fit or maximumlikelihoodestimator, asthe required
discriminatingparameter. Thebackgroundrejectionefficiency providedby thistechniquefor highsignal
efficiency is notsufficient to permittheuseof acut-basedPoissonanalysis(asin acountingexperiment)
andso insteada @B� fit to the datawith the sumof a calibrated(with a gammasource)electronrecoil
backgrounddistribution andanassumednuclearrecoil signaldistribution is performed.In theabsence
of a significantpopulationof signaleventsthe fitted normalisationof the nuclearrecoil distribution is
foundto bezerowithin errors.Themagnitudeof anderroron thisnormalisationcanthenbeinterpreted
in termsof a 90% CL upperlimit on thenuclearrecoil signalrateusing(in this case)a Bayesianpre-
scription. Theensembleof theselimits (asa functionof energy) canthenbeusedin Step2 (above) to
setlimits onWIMP massandinteractioncross-section(Fig. 3).
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Fig. 3: 90% CL upperlimits on theWIMP-nucleoninteractioncross-sectionfor spin-independentinteractions(full line) ob-

tainedfromanalysisof NaIADdatausingtechniquesdescribedin thetext [13]. Thedottedcurvecorrespondsto earlier NaI(Tl)

limits. Theclosedcurvesignifiestheregion favouredby theDAMA annualmodulationanalysis.

Oneopenquestionrelatingdirectly to NaI(Tl) dataarisesfrom thefactthatdetailedanalysisindi-
catesthatagammadistribution ratherthananexponentialdistributionprovidesthebestapproximationto
thescintillationpulse-shape.Preliminarywork suggeststhat theadditionaldegreesof freedomallowed
by this function do not provide any improvementin electronrecoil discriminationefficiency, with, in
particular, the finite rise-timeof the pulseappearingto be independentof the type of recoil. Further
studyof this questionis requiredhowever. Additional questionsincludewhetherit is possibleto find an
improvedtechniquefor estimatingthedecaytimeconstantE of thepulsein thepresenceof anunknown
rateof noisephotons,andwhethertheform of thedistribution of decaytimeconstants,whichappearsto
bebetterapproximatedby a log-normal(Fig. 4) or inversegammadistribution ratherthantheexpected
gammadistribution in E , canbeexplainedtheoretically.
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Fig. 4: Distribution of scintillation decaytime constantsestimatedfrom NaIAD electron recoil calibration (a) and data run

(b) datausingtechniquesdescribedin the text [13]. In Figure (a) thedataare well fittedby a singlelog-normaldistribution

(solidcurve),providingmotivationfor log-normalfit to therun datashownin Figure (b). Thesedataarewell fittedbya sumof

two log-normaldistributions(of variablewidth) correspondingto signalandbackgroundpopulations(solid curve).Thefitted

normalisationof thesignaldistribution is zero within errors indicatingno evidencefor signalevents.

5 CASE-STUDY 2: ZEPLIN 1

TheZEPLIN I detector[14] is a singlephaseliquid xenonscintillationdetectorof 3kg fiducial volume,
viewedby three3” quartzphotomultipliersthroughsilicawindows andoptically isolated,self shielding,
liquid xenonturrets. The target is enclosedby a multi-purpose,1 tonne,PXE-basedliquid scintillator
shield and an outer passive lead shield. The liquid scintillator shield actsas a veto for PMT events
andalsoprovides a Comptonelectronrecoil calibrationcontemporaneouswith the datacollected,an
active shieldfor externalgammas,a high purity innershieldand,throughtheuseof anoptionalinternal
gadoliniumcoatedsurface,a neutronmonitor.

As in NaIAD, discriminationbetweennuclearrecoil andelectronrecoil eventsis providedby the
time constantof thescintillation light from the target [15]. For nuclearrecoilsinitiatedby neutronsor
WIMPsthescintillationhasacharacteristicdecaytimeapproximately55%thatof electronrecoilsabove
10keV electronequivalentenergy. Theoptimisationof theextractionof thenuclearrecoil limit in Step1
(above)usingthis informationremainsthekey statisticalquestionwithin theZEPLIN I analysis.Several
differentestimationtechniqueshave beenappliedto the scintillation pulses,including fitting routines
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basedon singleexponentialfits, meanandmediantimes. Although the time structureis well defined
for large events, the eventsof interestare measuredin tensof photo-electronsfor which the model
independentfits to thepulsesprovide similar results.Thecharacteristicdistribution of thescintillation
time constantestimatorsis a gammadistribution in N4�	E . As for NaIAD, theunderlyingprocessfor the
generationof this distribution in the photomultipliersignalsis not well understoodandneedsfurther
study.

Following timeconstantestimation,Step1 of theanalysisproceedsby comparisonof theestimator
distributionsfor therun dataandelectronrecoil calibrationdatageneratedby gammasourcesor known
gammabackgrounds[16]. Thelatterisgeneratedin ZEPLIN I throughtheuseof theComptonvetosignal
wherecoincidentaleventsin the chamberand veto are generatedby high energy Comptonscattered
gammasfrom the photomultipliers. Shouldtheseestimatordistributionshave a relative shift in mean
value,dueeitherto theoperatingconditionsof thetargetduringcalibrationsor somespatialeffect, then
anappropriatenormalisationmustbeappliedto thecalibrationdistributions. A @ � analysiscanthenbe
usedto comparethesumof electronandnuclearrecoil calibrationdatawith the run datato extract the
90%CL upperlimit on signalevents.An alternative to thecomparisonwith electronrecoil calibration
datais to assumethat theestimatordistributionsof thescintillationdataarein factwell representedby
truegammadistributionsor, lessstringently, smoothmonotonicallyrising curves. An analysiscanthen
be performedby comparingthe expecteddistribution for the sumof signalandbackgroundwith the
assumedfunctionalform of thecalibrationdata,or by searchingfor a gradientbreakin themonotonic
distribution. The validity of this comparisonwith the assumedfunctionalform of the calibrationdata
is in questionwhenthe underlyingprocessfor the generationof sucha distribution is unknown. The
rigour of the statisticaltestsutilised to extract the 90% CL upperlimit on the nuclearrecoil rate is of
key importancein presentdarkmatterexperimentsdueto theneedto assess(in)compatabilityof cross-
sectionlimits (Fig. 5) with theDAMA signalregion (above).

Fig. 5: Thepreliminary WIMP-nucleoninteractioncross-section- WIMP masslimit setby ZEPLIN I from25 dayslive-time

compared to other direct dark matterdetectionexperiments[17]. Thefull thick curvecorrespondsto the current ZEPLIN 1

90% CL limit, while the dottedcurvecorrespondsto the predictedsensitivityfor eight monthsof data. Thethe threeother

curves(fromthebottomon theright handside)are equivalent90%CL upperlimits setby theEDELWEISS,CDMSandIGEX

experimentsrespectively. Theclosedcurveis the4 O allowedregion claimedby theDAMA collaboration usingthepredicted

annualmodulationsignature.
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6 CASE-STUDY 3: DRIFT

The UK Dark Matter Collaboration,togetherwith LA OccidentalandTempleUniversities,is alsode-
velopinganotherclassof detector(DRIFT) in which targetdensityhasbeenreducedto enableunprece-
dentedelectronrecoil discriminationefficiency to beobtained.A prototypedetector(DRIFT-1) is cur-
rently operatingat Boulby Mine andconsistsof a TPC containing � 200 g of low pressure(40 Torr)
CS� gasread-outwith two high granularityMWPCs[18]. Chargegeneratedby recoil eventsattachesto
theelectronegative CS� gasmoleculesforming CSP� ions. Thehigh massof theseionslimits transverse
diffusion to

�
1 mm over drift distancesin excessof 1 m andthis, togetherwith theexcellentposition

resolutionof theread-outplane,permitsefficientdiscriminationbetweennuclearandelectronrecoilson
thebasisof measuredtracklength.In additionto thisbenefithowever, thetechniqueallows thedirection
of candidatenuclearrecoilsto bedetermined.This is importantbecausethe rotationof theearthupon
its axiscausesthemeanvelocity relative to thedetectorof incidentWIMPs, andhenceWIMP-induced
nuclearrecoils,to modulatediurnally through � 90Q . Directionalinformationcanthereforebeusedto
positively identify apotentialnuclearrecoil signalasbeingdueto WIMP- scattering.
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Fig. 6: Angulardistributionof simulatednuclearrecoil signaleventsin theDRIFTdetector. RTSVU�WYX�Z = 1 correspondsto recoils

pointing in thesamedirectionasthemeanexpectedWIMP flux vector. An anisotropy is evidentat 90 % CL (KSteststatistic)

for 30signalevents.Figure takenfrom[19].
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At presentit is intendedthat directional informationwill only be usedoncea signalhasbeen
seen,with, for instance,a Kolmogorov-Smirnov statisticbeing usedto test whetherthe distribution
in a suitableangularvariableof eventspassingtrack length cuts is consistentwith a uniform parent
distribution characteristicof background(Fig. 6). An openquestionremainshowever regardingwhether
theinformationcontainedin this directionalvariable,togetherwith tracklengthandenergy information
canbe usedin a multi-variateanalysisto significantly improve detectorsensitivity. Suchan analysis
would undoubtedlybe complicatedby dependency of thedirectionaldiscriminatingparameterson the
WIMP model,therebypreventingfactorisationof theprobleminto two stepsasdiscussedabove. It is
hopedhowever thatdemonstrableimprovementsmayneverthelessbeobtainablewith theapplicationof
asuitablemulti-variatetechnique.

7 CONCLUSIONS

Direct detectiondarkmatterexperimentsoffer uniquechallengesto experimentalistsseekingto usead-
vancedstatisticaltechniquesto advanceour fundamentalunderstandingof the universe. Beyond the
usualissuesrelatingto limit settingandthedefinition of rigorousconfidenceregions(which arecom-
mon to many experiments)theseexperimentsrequirenovel approachesto parameterestimationfrom
noisy data,multi-variateanalysesin the presenceof imperfectlyknown backgrounddistributions and
many othertechniques.It is hopedthata betterunderstandingof at leastsomeof theseissueswill lead
to considerableimprovementsin detectorsensitivity in thenearfuture.
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