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Abstract
I describea framework for the presentationof searchresultswhich is moti-
vatedby frequentiststatistics. The mostwell-known useof this framework
is for the combinedsearchfor the Higgs bosonat LEP. A toy neutrinoos-
cillationsexperimentis usedto illustratetherich informationavailablein the
framework for exclusionanddiscovery. I arguethat theso-called���	� tech-
niquefor settinglimits is appropriatefor determiningexclusionintervalswhile
thedeterminationof confidenceintervalsadvocatedby FeldmanandCousins’
methodis moreappropriatefor treatingestablishedsignals,i.e. goingbeyond
discovery to measurement.

1 INTR ODUCTION

Why is it so difficult for particlephysiciststo agreeon a standardpresentationof the resultsof search
experiments?Bayesiancredibleintervals dependon a prior probability distribution which introduces
anelementof subjectivity in anexplicit, andsomewould sayarbitrary, manner. We frequentlywant to
summarizewhata searchexperimentsaw or didn’t seewithout takinginto considerationwhatprevious
or competingexperimentsobservedor themoreor lessspeculative opinionsof colleagues,especiallyin
delicatecaseswherethedatacertainlydo not overwhelmtheprior probability. Thusmany areattracted
to classicalor frequentiststatisticsasa framework for reportingsearchresults.But therearealsoprob-
lemswith frequentiststatisticsat the searchfrontier. Oneis limited to drawing conclusionsaboutthe
compatibility of thedatawith theorywhile nearlyall physiciststendto misinterpretfrequentistresults
asstatementsaboutthe theorygiven the data. We know from experiencethat frequentistconfidence
intervalsandBayesiancredibleintervalstendto convergewhenthestatisticsarelargeandtheresultsare
dominatedby thesignal,thusrenderingmisinterpretationsharmlessin practice.However, searchexper-
imentstendto suffer from poorstatisticsandrelatively largebackgrounds,thusthemisinterpretationof
frequentiststatementsbecomesaseriousissue.

FeldmanandCousins[1] advocatethedeterminationof frequentistconfidenceintervalsfor physi-
calconstantsalsofor searchexperiments.1 Becausetheseconfidenceintervalsappearto makestatements
aboutasignalwhile neglectingthebackground,apparentlyunintuitive resultsmaybeobtained.Themost
commonlyknown is theexampleof thetwo experimentswith identicalefficienciesandobservations,but
theexperimentwith thelargestexpectedbackgroundquotesthestrongestlimit on thephysicalconstant.
Whatis evenmoredisturbingis thattheexperimentwith thelargestexpectedbackgroundcanshow that
its potentialfor excludingfalsesignalsreachesto lowersignalratesthanthesuperiorexperiment.

Whenwe performsearchexperimentswe areasinterestedin confirmingnew theoriesor discov-
ering new phenomenaaswe arein excluding them. What doesa scientistmeanwhenhe sayshe has
madea discovery? I recentlycameacrossa nicesynthesisof this in a book not written by naturalsci-
entists,but in a languagewhich we shouldbewell familiar with: “Scientistsultimatelyput confidence
in a hypothesisor a theoryif it hasbeenableto withstandempiricalor observationalattemptsto falsify
it” [2]. Oneof thepreconditionsfor a discovery is thatthetheoryor modelunderconsiderationmustbe
falsifiable- it shouldbepossiblefor theexperimentto show that thetheoryor modelis wrong. It is not
agreatleapto extendthis thinking to measurements.An experimentmustbesensitive to theparameters

1I use“F&C” interchangeablyto referto theauthorsG. FeldmanandR. P. Cousins,their articleon theunified,frequentist
treatmentof smallsignals,andthemethoditself.
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of thetheoryor model.Confidenceintervalsfor insensitive experimentsareuninformative. It is ourduty
to bescepticali.e. to try to falsify or excludeandthis is not thesameas,but rathercomplementaryto,
thedeterminationof confidenceintervals.

In this article I will briefly review the �
��� methodandtheassociatedframework for presenting
searchresults,illustrateits usein thesearchfor theHiggsBosonatLEPandin atoy neutrinooscillations
experiment. In addition I have taken the liberty to proposeanswers,sometimesin the spirit of the
�
��� methodandits associatedframework, to a numberof interestingquestionsthatwereraisedat the
conference.AlthoughI don’t gointo any technicalor numericaldetail,I pointoutsomeof thesimilarities
anddifferencesbetweenthis framework andF&C.

2 FROM EXCLUSION INTERVALS TO MEASUREMENTS

All the confidences,discovery and exclusion potentials,falseexclusion rates,etc., that make up the
frequentist-motivated“ ���	� method”[3] arederived from thep.d.f.’s of ������������ , where ��������� �! �#"$��� ! � is theratioof likelihoodsfor thetwo hypothesesof interestfor theexclusionanddiscovery tests.
Thenull hypothesisis thebackgroundhypothesis“

!
”, i.e. that thedatacanbeunderstoodwith existing

physicsexplanations.The alternative hypothesis,which is favoredwhenthe null hypothesishasbeen
rejectedto asufficientdegree,is thatweneednew physicsto understandthedata.Sincethetypicalsearch
is not freeof background,we shouldcall thealternative hypothesisthesignal� backgroundhypothesis
“ ��� ! ”. Fig. 1 shows how theconfidencesin thesehypotheses,�
�&% and �
� �(' % , aredetermined.The
acceptanceregionsfor theexclusionanddiscoveryconclusionsareexplicitly one-sidedsincetheprimary
goalsof themethodareto eitherestablishthat thedataareconsistentwith thebackgroundor that there
is acleardeviation from thebackgroundconsistentwith thepropertiesof theproposednew physics.

Theseconfidencesarevalid frequentistprobabilities.Giventhatwe have somehow obtainedpre-
ciseandaccuratedescriptionsof the truesignalandbackground,if oneperformsrepeatedexperiments
with no signal,thedistribution of �
�	% obtainedwill be uniform (betweena ) -function at *,+ % for zero
candidatesand1) andif oneperformsrepeatedexperimentswith signal� backgroundthedistribution of
�
� �(' % obtainedwill beuniform(between*,+.- �(' %�/ for zerocandidatesand1). It maybehelpful to recall
that thechi-squaredprobabilitydistribution whenleast-squaresfitting a largeensembleof distributions
with thecorrecthypothesisis expectedto beuniform between0 and1.

2.1 Origins of �
���
Theoriginalmotivationfor �
��� wasto identify ageneralizationof Zech’s frequentist-motivatedderiva-
tion [4] of upperlimits for countingexperimentsin the presenceof backgroundthat correspondedto
theBayesianresultwith a uniform prior probability [5]. Thegeneralizationwasneededto treatresults
of Higgssearcheswhereit wasclearthat thereconstructedmassandlaterotherpropertiesof theHiggs
candidatescould be usedto improve the sensitivity of the searches,especiallywith respectto setting
boundson theHiggsmassitself. Severalproposalsweremade[6],[7] for a confidencelevel which had
thesepropertiesbut thesemethodsadditionallymadethe very conservative approximationthat all the
candidatesshouldbeconsideredassignalandthuswereuselessfor makingadiscovery, i.e. therewasno
counterpartof 01�2���&% . Theseconfidences,togetherwith Zech’s resultsfor countingexperiments,were
clearlyprototypesof ���	� . Zechcomputedtheexpectedfractionof signal� backgroundexperimentswith
counts3 �4' % lessthanthenumberof observedcounts3�5 but only for thoseexperimentswith thecontri-
bution from thebackground3�% lessthanor equalto theobservedcounts,i.e. 6��73 �(' %98:3 5,; 3�%98:3 5 � . It
is straightforward to show that this expressioncanberewritten asthe ratio of two probabilitiesor con-
fidences6<�73 �4' %�8=3 5 �#"$6<�73�%>8?3 5 � . Substitutingthe likelihoodratio for countsto obtainanoptimal
rankingof morecomplicatedexperimentsandassigningnames��� �4' % and �
�	% to thetwo probabilities
and �
��� to theratiocompletesthegeneralization.
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Fig. 1: Left: Thep.d.f.’s of thecombinedHiggssearchat LEP for thebackground(right) andsignalN backgroundhypotheses

(left) for OQP
RTSUSWVYX Z�[]\_^a`cb_d . Thelight grey region to theleft of theobservationis S.e>f�gih andthedarkgrey region to the

right of theobservation is f�gij�k h . Right: Illustrationof theevolution of thep.d.f.’s with falling searchsensitivity from (a) to

(c) astheHiggsmasshypothesisis increasedandtheproductioncross-sectionfalls.

2.2 Propertiesof �
�	�
Despitenot beinga true frequentistconfidenceor probability, ���	� hasvery usefulproperties,someof
themquite Bayesian-like. Unlike ��� �4' % , the distribution of �
�	� for signal� backgroundexperiments
will not beuniform after the ) -function for zerocandidatesat * + � which is theprobability for observ-
ing zerosignal-onlycandidates.Purelyfrequentistconfidencesmuststartat *,+.- �(' %�/ , i.e. theprobability
for observingzerocandidates.Oneseesthat for zerocandidatesit is an advantageto have an inferior
experiment.Otherunintuitive featuresarethatanexperimentcanbea priori improved,or anexclusion
resultaposterioriimproved,by increasingthebackgroundexpectation.Becausepurelyfrequentistcon-
fidenceintervals arein fact statementsaboutthecombinedsignal� backgroundhypothesis,in extreme
situationsof vanishingsignalratesthesensitivity approacheswhatcouldbeachievedby throwing dice.
Statisticallycorrectfrequentistconclusionsmaybereachedbut they have essentiallynothingto do with
the signalhypothesisbeinginvestigated.Therearesimilar problemswhenexperimentaluncertainties
aretakeninto account- increaseduncertaintyin thebackgroundtendsto improve theapparentsensitiv-
ity andcanstrengthenthe observed exclusionfor frequentistconfidenceswhile for �
��� the changeis
alwaysadecreasedsensitivity andweakenedobservedexclusion.

Sowhatis ���	� ? I preferto think of it asanapproximateconfidencein thesignal-onlyhypothesis.
What thephysicistwants,in fact, is theexactconfidencein thesignalhypothesis,but aslong asthere
is backgroundin theexperimentthis doesn’t exist. If thesignal� backgroundis well separatedfrom the
background,asfor plot (a) on theright sideof Fig. 1, then �
���mln��� �4' % andthemisinterpretationwe
usuallymake aboutfrequentistconfidenceintervals,thatthey arestatementsaboutthesignalratherthan
statementsaboutthe data,is harmless.However, frontier experimentsnearthe sensitivity boundtend
to have highly overlappingp.d.f.’s as in plot (c) on the right sideof Fig. 1. If we quotea confidence
interval for a physicalconstantwhenthe experimentaldataarehighly contaminatedwith background
andinterpretthisasastatementaboutthesignal,wemake aseriousmistake of interpretation.

One criticism of ��� � is that it is conservative. If one considersonly the signal� background
hypothesisand its compatibility with the datathis is undeniable.However, if one desiresto make a
statementaboutonly thesignal,andconsiderstheusefulpropertiesof �
�	� , onewill behard-pressedto
find amorerobustfrequentist-motivatedpresentationof resultsat thesearchfrontier. A secondcriticism
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is that �
�	� doesn’t correspondto any physicalensemble.This is certainlytrue if oneinsistson using
theensemblethatrendersthedistribution of ���	� uniform (between*,+ � and1) - this ensembledoesn’t
exist for experimentswith backgroundandcanonly be constructedin a Monte Carlo wherethe back-
groundeventsareartificially suppressed.TheapproachI advocate,however, is to stick to thephysical
signal� backgroundensembleandlive with thefact that ���	� is a conservative approximation.Onecan
form lessconservative approximationsto �
��� [8], but they have otherpropertiesthanthesimpleratio
advocatedhere.A third criticismis thattheratio ���	� lookslikeapoorsubstitutefor thelikelihoodratio
� asthe test-statisticandis not proved to be asoptimal as � . The p.d.f.’s of ����������o� arethe heart
of the methodand ���	� is not a substitutefor � ! What I arguedin [3] andshowed in detail in [9] is
thatif oneuses��� � to characterizethesignalconfidence,theoptimalseparationof signal� background
from backgroundexperimentswill beobtained(theprobabilityto correctlyexcludethesignalhypothesis
whenit is falseis maximizedfor a specifiedprobabilityto excludethesamehypothesiswhenit is true),
if oneusesthesamelikelihoodratio �p�q� ���r� ! �#"$��� ! � thatgivestheoptimalperformancesfor �
� �(' %
and �
�	% .
3 HIGGS SEARCH AT LEP

TheHiggssearchatLEPservesto illustratetheuseof theconfidencesdefinedin Sec.2 Thesepreliminary
resultsaredescribedin detail in [10]. As seenin Fig. 2 theglobal s]t fit to theworld’s electroweakdata
with theHiggsmassasfreeparameterhasa minimumof around100GeV anda 90%CL upperlimit of
about200GeV[11]. Theroleof thedirectsearchis thusto attemptto falsify this indirectevidenceup to
thesensitivity boundand,if thesensitivity boundis not reached,to testif theevidencefor theHiggs is
significant,i.e., thatalternative explanationsof thedatacanberejectedwith ahighdegreeof confidence.
Ratherthanrepeatingthe detaileddescriptionof the results,I focushereon two importantaspectsof�
��� thathave notbeenproperlyunderstoodbefore.

Theobservedminimumin ����������<�7uwv]�#� shown in Fig. 2 is at xuwv2�y0z0|{~}���� �Y�o"$��t . Thevalue0��:���&%�����}��,��� at xuwv canbe readoff from Fig. 2. This correspondsto about ,� , so the evidence
for Higgsproductionis not established.It is clearthat in thissituationthevalueof aconfidenceinterval
for u v is questionable,but to satisfycuriousreadersa confidenceinterval wasestimated.Dueto time
pressures,practicaldifficulties, and in the absenceof strongmotivation for doing a careful job, the
working groupchoseto reportthe poor but simpleapproximationof the interval given by an increase
of ������������ by 0 above the minimum (which correspondsto �w�7s t ����0 in the high-statisticslimit).
If therewerestrongerevidencethatwe observed theHiggsandnot simply a backgroundfluctuation,it
wouldbeappropriateto applyF&C to find theconfidenceinterval for u v } Why didn’t thegroupfind an
interval basedon �
��� ? After all, I arguedin [3] that �
�	� shouldgive confidenceintervalsapproaching
standardoneswhenthe signalbecomessignificant. The Higgs Working Grouptried this approach,in
fact, andwassurprisedby the pessimisticresults. Even the useof the frequentist��� �4' % did not give
reasonableresults.In retrospectit is obviousthatmy assertionin [3] waswrong2 for thesimplereason
thattheoptimallikelihoodratio for computingconfidenceintervalsis not � �����7uwv���� ! �#"$� � ! � , which is
optimalfor establishingthesignificanceor “distanceof hypothesisuwv from thebackground”,but rather
�����~�7u v �i� ! �#"$�����~��xu v ��� ! � , which is optimalfor testinghypothesisu v against xu v - this is precisely
the likelihoodratio onewould chooseto measurethe Higgs massandwhich F&C recommends.This
designlimitation of �
�	� , that it is not appropriatefor finding confidenceintervals, will be illustrated
evenmoreclearlyby thestudyof a toy neutrinooscillationsexperimentdescribedin Sec.4

Theinterval definedby ���	�|�7uwv�� is oftenmisunderstood.Theregion with �
���|�7uwv]� ����}���{ in
Fig.2 is not the95%CL confidenceinterval for uwv ; thequotationof aconfidenceinterval isafrequentist
statement(satisfyingthedemandsof coverageandrecommendedby F&C) which impliesthatthesignal
is well establishedandthebackgroundcanbeneglected.Theprobability that u v ��0z0���}�0
�Q�Y�o"$��t is
not 95%; this sortof statementis 6<�7�#��* �¢¡,£ ; ¤�¥ � ¥ � andis reserved for Bayesiananalyses.The interval

2Onecanfind exampleswhere f�gij givesthesameintervalsasothermethods,but this is not truein general.
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Fig. 2: Preliminaryresultsfrom the combinedHiggs searchat LEP. Upper left: Indirect evidencefor the Higgs from the

global electroweakfit. Upperright: Minus twice the log-likelihoodratio versusO P for the direct search.Lower left: The

approximatesignalconfidencef�gijUµ¶O
P~· andthederivedexclusioninterval. Lower right: The testof thesignalsignificance

via S.e>f�gihWµ¶O P · .

below 114.1GeV shouldratherbe calledan exclusioninterval. At any given point in the exclusion
interval (themassregion with ��� � �7u v �m8q{�¸ ) theprobabilityof having falselyexcludeda trueHiggs
at that uwv is lessthan5%. The smallerthevalueof �
���|�7uwvr� themoreconfidentwe canbe that we
haven’t missedobservingaHiggswith massuwv . No complementaryclaimsabouttheunexcludedregion
aremadeby thestatementof theexclusioninterval.

4 NEUTRINO OSCILLA TIONS

During the early daysof the Higgs Working Group, much was learnedabout the analysisof search
experimentsby applyingthevariousproposedmethodsto preciselythesametoy experimentsandtheir
typical results. In this spirit I madea small study of the toy neutrino-mixingresultsin [1], both the
exclusionanddiscovery aspects,but unfortunatelywithout knowing the specificresultsof the typical
signal� backgroundandbackgroundexperiments.

Despitethesupposedconservatismof ���	� , F&C’s sensitivity contour(in �>u t vs. � ¹�3 t ��,º�� ) for
exclusionis weaker thanthemedianexpectedexclusioncontourfor ���	� shown in Fig. 4. Theobserved
resultfor aparticulartoy backgroundexperimentis shown in Fig. 4 but asthis is unlikely to bethesame
asthe onein the F&C study, a direct comparisonwasnot possible. While the falseexclusionrateof
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Fig. 3: A studyof atoy neutrinooscillationsexperiments.Upperleft: Thefalseexclusionrate(for 95%CL) for f�g j�k h . Upper

right: Thefalseexclusionrate(for 95%CL) for f�g�j . Lower left: Theexclusionpotentialfor f�gij (for 90%CL). Lower right:

Theobserved eÌË�Í�Î~µ�Ï&· for thetestsignalexperiment(theupperright corneris cutoff at Ð&RÑeÌË�Í�Î�µ�Ï&·�RÒËcÓ but risessharply

to veryhigh values).

�
� �(' % is uniform over �>uwt vs. � ¹�3�tz��,º�� , thefalseexclusionrateof ���	� falls to zeroin theregion of
vanishingsensitivity asseenin Fig. 3. Theexclusionpotentialof F&C hasnot, to my knowledge,been
shown explicitly, but I expectit to resemblethepotentialfor �
�	� apartfrom thefeaturesthattheplateau
of minimumpotentialwill beat 0��Ô��� (i.e. 10%for 90%CL exclusion)insteadof zeroandthehigh
potentialregion to besmallerthanthatof �
��� .

ThetestsignalF&C studiedturnsout not to bea challengefrom adiscovery point of view. Anal-
ysedasa simplecountingexperimenttheexpectedsignificanceis morethan10 standarddeviations( � )
andwhenthe energy distribution is addedto the likelihoodfunction the expectedsignificanceis even
larger. The observed ������������ of a typical toy experimentwith the signalpresentis shown in Fig. 3.
Thereis a deepminimumwith a significancelarger than 0Y�z� but dueto the lack of resolvingpower of
theoscillationsthereis noclearglobalminimum.Theuseof ��� � leadsto anexclusionregion shown in
Fig. 4 whichrevealsthetruenatureof ���	� assomethingotherthanaconfidenceinterval. Thetruepoint
is within thebandwith ��}�0Y�wÕ?�
���QÕÖ��}�×,� , which is good,but thefact thata bandis obtainedinstead
of an islandor two shows that �
�	� doesnot distinguishwell between2 signalpointsif both arewell
separatedfrom thebackground.However, aswe have movedwell beyondexclusionanddiscovery and
into measurement,theappropriateapplicationof F&C would to leadto a confidenceinterval (possibly
two disjoint regionssimilar to the resultsin Fig. 12 of [1]) which really tells us somethingaboutthe
signalwhile therole of thebackgroundis negligible.
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closeto theexpectedresult(thesolid lines). Thegrey contoursshow eÌË�Í�Î~µ�Ï&· with thelower left region beingcloseto 0 and

theright upperregion having very largevalues(very background-like). Theexcludedregionsarein theupperright. Right: A
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solidanddashedlinesarethe90%and10%confidencelevel limits, respectively.

5 QUESTIONS AND ANSWERS

Therewereseveralinterestingquestionsraisedat theconference.Becausethey concernthepresentation
of searchresultsI proposeanswersto severalof themhere.

5.1 Shouldwe quoteboth confidenceand credibility limits?

D. Karlenpresentedaproposalto publishBayesiancredibility limits in additionto theconfidencelimits
or intervalscomingout of F&C for searches[12]. This is motivatedby thewell-known distastefor the
unintuitive resultsoneobtainswith F&C from asearchwhichobserveslessbackgroundthanexpected.I
agreewith Karlenthatthereaderneedsmoreinformationto form anopinionof theresultbut I disagree
with him that the Bayesiancredibility limit with a flat prior is a good,universalsolution. The Higgs
papersfrom LEP (should,I hope)have satisfiedreaderswith similar questionsby providing multiple
waysof examiningthequotedHiggsmasslimits:

1. Thevalueof �
�	% at themasslimit givesan indicationof how far out on the tail of theexpected
backgroundtheobservedresultis. For very low valuesoneshouldbeconcernedabouttheunder-
standingof thebackground(thesearched-forsignalis athigh �
�	% ).

2. Theexclusionpotentialaroundthemasslimits tells somethingabouttheprobabilityof obtaining
this limit in theabsenceof thesearched-forsignal.Obtaininga limit in a regionof smallpotential
alsowarnsof poorunderstandingof thebackground.

3. Similarly, onecanquotethemedianexpectedlimit (thevalueof themodelparameter(s)wherethe
exclusionpotentialis 50%). This is similar to the“sensitivity” thatF&C recommendspublishing
which is themeanconfidencelimit expectedfor anensembleof backgroundexperiments.

4. Finally, onecanpresenttheexpecteddistribution of ���	� at themasslimit (for practicalreasons
theLEP experimentspresentthemedianand â�0 and ,� contoursof thisp.d.f.) to seeif theresult
is surprisingor not. Again,a valueof �
�	� muchlower thanexpectedis to betakenasa warning
of backgroundproblems.

None of theseways of presentingthe resultsis independentof the others,sincethey all comefrom
preciselythe samepair of p.d.f.’s for a given hypothesistest, but togetherthey form a completepic-
ture andshouldallow the readerto make an informed judgmentof the resultbasedon frequentistor
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frequentist-motivatedquantities.All of thesequantitiesshouldbemadeavailableby any frequentistor
frequentist-motivatedanalysis.For example, �
�	% is equivalent to the confidencelevel obtainedwhen
theF&C confidenceinterval is expandeduntil it touchesthesignal-freepoint [13], e.g. u v �Öã for the
Higgssearchor either �w�7u t �9�=� or äWå�� t ��,º~�9�n� for thesearchfor neutrinooscillations.My recom-
mendationis to publishat leastoneandpreferablyall of the above quantitiesin additionto ����������o�
(which wasalreadyagreedto at thefirst of theseconferences)andtheexclusionor confidenceintervals
asappropriate.I do not seetheneedfor a Bayesiancredibleinterval in a frequentistpresentationof an
isolatedsearchresult.

5.2 Shouldwe correct confidencelimits with largeuncertainties?

R. Rajapresentedaproposal[15] to weakenconfidencelimits in caseswhereit is clearthatasmallfluc-
tuationin theobservationresultsin a largefluctuationof theexclusioninterval. Firstof all, aconfidence
or a confidencelimit is a bit like an observable in the sensethat onceyou have madethe observa-
tion (countedæ events,for example),thereis no uncertaintyin æ - you observed whatyou observed.
However, therearepotentialsourcesof uncertaintywhich would causefluctuationsin subsequent,iden-
tical experiments(statisticaluncertainty)or to deviatesystematically(experimentalor systematicuncer-
tainty). Weform bestestimatesof theseuncertaintiesandthey tendto betotally or partiallybasedonthe
observedvalue æ itself. A confidencehassimilarproperties.Thep.d.f.’swhichtheconfidencearebased
on exist (in principle) prior to the observation andtake into accountboth statisticalandexperimental
uncertainty. In the absenceof unpleasantsurprises,for examplediscovering that oneneglectedsome
Feynmandiagramsfor a cross-sectioncalculationwhich turn out to make asignificantcontribution,one
makes the observation, refersto the p.d.f.’s to computethe confidencesandassociatedquantitiesand
that’s it. It maybethatasmallchangein æ couldleadto a largechangein theestimateof or thelimit on
thephysicalconstant,but that’s life. Thesolutionis not to correcttheconfidenceby a pessimismfactor
(motivatedby e.g. the RMS of the expectedlimit distribution) to obtaina morepessimisticlimit but
ratherto show how theobservedandalsotheexpectedconfidenceschangewith thephysicalparameter
(in thedifficult casewediscussnow it wouldbealmostflat overawiderange)asis donein the ���	�|�7uwv��
plotsmadefor Higgssearchesat LEP asillustratedin Fig. 2. Theproblemis not with thebehavior of
theconfidenceitself but with our desireto summarizeit by a singlepoint - the limit - andthatwe then
tendto think of thatlimit asabrick wall. I recommendthefull presentationof theobservedandexpected
confidencesversusthephysicalconstant(proposedin [7]) or, equivalently, theexpectedrangeof results
(say â>0,çc,� asfor theHiggssearchesat LEP) which remindsusto think in termsof anexcitationcurve
ratherthanabrick wall. Onethencouldreadoff the90%and99%CL limits andpresentoneof themas
asummarystatementif it happensto bein a region with morestability.

5.3 Is there anything correspondingto goodness-of-fitin an unbinned lik elihood analysis?

K. Kinoshitashowed that a generalgoodness-of-fitestimatoris lacking for unbinnedmaximumlikeli-
hoodanalyses[16]. For the combinedHiggs searchat LEP the observed valueof �
� �(' %Y�èxu v � at the
valueof the Higgs masswhich maximizedthe likelihood wasusedasa good-of-fit estimator. As an
example,thecombineddata(all 4 LEPexperiments)andtheseparatecontributionsof ALEPH andDEL-
PHI areshown in Fig.5. Theseresultsshow that uwvÑ�é0z0|{~}���� �Y�o"$� t describesthecombineddatawell,
thatALEPH andDELPHI have pulls in oppositedirectionsbut neitherof thesepulls is largeenoughto
supporta claim of clearevidenceof problemswith the understandingof the data. A studyshouldbe
madeto seeif �
� �(' % canplayageneralroleasagoodness-of-fitestimatorfor unbinnedML analyses.

5.4 How do we distinguish no CP-violation from purely dir ect or purely indir ect violation?

B. Yabselyposedthis questionin his talk on statisticsissuesin theBelle experiment[17]. Likelihood-
ratiotestsof thevarioushypothesescanbeperformedand,dependingonthesensitivity of theexperiment,
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Fig. 5: Preliminaryresultsfrom the combinedHiggs searchat LEP. The p.d.f.’s of eÌË�Í�Î~µ�Ï&· for the backgroundhypothesis

(p.d.f.on right) andfor thebackgroundplusa S�S#V|X Zr[]\_^a`Wb#d Higgs(p.d.f.on left) togetherwith theobservedresults.

canrule out variousregionsof the parameterspacedueto inconsistency with observation, but we can
never prove, for example,that thereis preciselyno CP-violationsincewe cannever designor perform
anexperimentthatis sensitive to aninfinitesimalamountof CP-violation.If you insistyouwill improve
yourexperimentalsensitivity with afactor10,yourcolleaguemayreducetheCP-violationin hisfavorite
modelby thesamefactor. By thesameargumentwecanneverprovethatclearevidencefor CP-violation
is causedby purely indirect or purely direct effects. We have learnedto live with this limitation of
not knowing theotherphysicalconstantswith infinite precisionandmustdo soalsoin thecaseof CP-
violationparameters.

5.5 Shouldwe calculate“5 sigma” with a singleor double tail?

In P. Sinervo’s presentation[14] it wassaidthatthe {,� discovery thresholdcorrespondsto a probability
of abackgroundfluctuationof ~}�ï
ð�0Y�~+iñ while themajority of theLEPexperimentsandtheLEPHiggs
WorkingGroupusetwicethisvalue, {~}óòèðô0Y� +iñ . Thisis obviouslythedifferencebetweenincludingoneor
bothof thetails of a Gaussiandistribution beyond5 standarddeviations.For resultswith a significance
of õ�{,� , thepracticaldifferencein thedefinitionscorrespondsto about0.1� andis not a problem,but
whendiscussingthedifficult casesin the 
�ö�,� region thedifferenceis largerandit is worth theeffort
to understandthe factorof 2. The questionis whetherwe aresearchingfor a specificsignalwhich is
distinguishedfrom the backgroundin a well-definedway in a well-defineddirection. Two examples
shouldcover mostcases:

1. Neutrino counting at LEP: Todaywe areexceedinglyconfidentthat thereare3 andnot 2 or
4 light neutrinofamilies to which the ÷.ø decays,but we arealso interestedto know if thereis
new physicswhichmightcausetheobservednumberto deviateslightly from 3 in eitherdirection,
dependingon the model. In this caseit is appropriateto usethe two-tail test, i.e. 0����
�	%wÕ~}�ï�ð�0Y� +iñ or ���&%�Õ:~}�ï
ð�0Y� +iñ .

2. Higgs searchesat collider experiments: Evidencefor Higgs productionwould typically be an
excessof eventsof aparticulartypewith aparticularinvariantmassdistribution for theHiggscan-
didatesover thebackgroundof known StandardModelprocesses(andwhoknows,perhapsSUSY
backgroundsaswell). We would never claim discovery of Higgs if we saw a mass-concentrated
deficit of events.Wewould surelytry to understanda significantdeficit,andin caseexperimental
errorswereconfidentlyruledout onecould be temptedto postulatea sourceof interference,but
this would not betheHiggssignalwe setout to find. In this situationit is is thereforeappropriate
to usethesingle-tailtest,i.e. 0m�ö���&%1Õ:{~}óò ð�0Y� +iñ .

This freedomto definethe acceptanceregion for the significancetest is analogousto the freedomto
definetheacceptanceregion in theNeymanconstructionof confidenceintervals. A practicalcomment
is thatthesingle-tailtestfor agivennumberæoù of � correspondsto thechi-squaredprobability 6<�7s t ��úæ�ù~�4t,ç|01û�üzýc� .
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6 CONCLUSION

A searchimplicitly implies a duty to attemptto falsify a new physicshypothesisbeing tested. The
likelihoodfunction is a commonfoundationfor searchanalysesbasedon credibleintervals (Bayesian),
confidenceintervals (frequentist,e.g. F&C) or exclusion intervals (frequentist-motivated, e.g. ��� � ),
including all the stepsfrom attemptedfalsificationto measurement.The likelihoodfunction not only
implementsthe existing descriptionof the datausedto derive results,it motivatesa particularstyle of
searchanalysiswherecandidateeventshave continuous(or pseudo-continuous) weightsgiven by an
appropriatelikelihoodfunctioninsteadof thebrutalall-or-nothingweightsof cut-and-countanalyses.

Thevalueof a credibility or confidenceinterval in theabsenceof a significantsignalis question-
ableat best. The problemis that we misinterpretthe frequentistconfidenceinterval to be a statement
concerningthenew physicssignalin questionbut in thebackground-dominated regimethis is obviously
not thecaseandis not evena goodapproximation(contrastedwith thecaseof signal-dominatedresults
wheresuchmisinterpretationof the confidenceinterval is harmless).My suggestionis to reportonly
exclusionintervals basedon ���	� aslong asthereis no significantevidencefor a signalandto flip to
e.g.F&C only whentheevidenceis significantandtheconfidenceinterval will meansomethingapprox-
imately sensibleeven whenmisinterpreted.At the very least,extremecautionshouldbe taken when
reportingandinterpretingconfidenceintervalsnearthesensitivity bound.

Theexclusionto discovery framework I describe,including �
��� , hasconfrontedseveraldifficult
searchesat LEP, includingthesearchfor theHiggsbosonpredictedby theStandardModel. A demon-
strationof the applicationof the sameframework to searchesfor neutrinooscillationshasbeengiven
andsomeof therichnessof theavailableinformationfor interpretingtheexperimentalsensitivity andthe
observed resultshown. However, for thestepbeyonddiscovery to measurement,�
��� is inappropriate
for mostsearchesandconfidenceintervalsbasedone.g.F&C shouldbereported.

ACKNOWLEDGMENTS

I would like to thanktheconferenceorganizersfor their invitation, my colleaguesin DELPHI andthe
LEP HiggsWorkingGroupfor thestimulatingenvironmentin whichmy understandingof searchstatis-
ticshasmatured.Frequentpleasantdiscussionswith W. MurrayandL. Lyonswereinvaluablein helping
meto betterunderstandthesimilarity of the ���	� framework to F&C andthedifferencesbetweenthem.

References

[1] G. J.FeldmanandR. D. Cousins,Phys.Rev. 57 (1998)3873.

[2] Judd,C. M., Smith, E. R., andKidder, L. H., 1991.Research Methodsin SocialRelations, 6th
edition.Orlando:Holt RinehartandWinston,Inc.

[3] A. L. Read,1st Workshopon ConfidenceLimits, CERN,Geneva, Switzerland,17-18Jan2000-
CERN,Geneva,May 2000.[CERN-2000-005]- pp.81-101

[4] G. Zech,Nucl. Instr. andMeth.A277 (1988)608.

[5] O. Helene,Nucl. Instr. andMeth.212(1983)319.

[6] J.-F. GrivazandF. Le Diberder, Nucl. Instr. andMeth.A333 (1993)320.

[7] P. JanotandF. Le Diberder, Nucl. Instr. andMeth.A411 (1998)449.

[8] S.Jin andP. McNamara,1stWorkshopon ConfidenceLimits, CERN,Geneva, Switzerland,17-18
Jan2000- CERN,Geneva,May 2000.[CERN-2000-005]- pp.103-108.

20



[9] A. L. Read,DELPHI Collaborationnote97-158PHYS737(1997).

[10] ALEPH, DELPHI, L3 andOPAL Collaborations,LEPHiggsWorkingGroup,Search for theStan-
dard ModelHiggsBosonat LEP, hep-ex/0107029,17 July, 2001,LHWG Note/2001-03,3 April,
2002.

[11] TheLEPcollaborations,theLEPElectroweakWorkingGroup,andtheSLD Heavy Flavor Working
Group,A Combinationof PreliminaryElectroweakMeasurementsandConstraintsontheStandard
Model, CERNreportLEPEWWG/2002-01,May 8, 2002.

[12] D. Karlen,Credibility of ConfidenceIntervals, thisproceedings.

[13] B. Murray, privatecommunicationat theendof theconference.

[14] P. Sinervo, EstimatingtheSignificanceof Data, thisproceedings.

[15] R. Raja,ConfidenceLimitsandtheir Errors, thisproceedings.

[16] K. Kinoshita,EstimatingGoodness-of-Fit for UnbinnedMaximumLikelihoodFitting, thisproceed-
ings.

[17] B. Yabsely, Statisticalpracticeat theBelleexperiment,andsomequestions, thisproceedings.

21


