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Abstract

| describea framework for the presentatiorof searchresultswhich is moti-
vatedby frequentiststatistics. The mostwell-known useof this framevork
is for the combinedsearchfor the Higgs bosonat LEP. A toy neutrinoos-
cillations experimentis usedto illustratetherich informationavailablein the
framework for exclusionanddiscovery. | aguethatthe so-calledC L, tech-
niquefor settinglimits is appropriatdor determiningexclusionintervalswhile
the determinatiorof confidencentenals adwocatedby FeldmanandCousins’
methodis moreappropriateor treatingestablishedignals,i.e. going beyond
discovery to measurement.

1 INTRODUCTION

Why is it sodifficult for particle physiciststo agreeon a standardoresentatiorof the resultsof search
experiments?Bayesiancredibleintenals dependon a prior probability distribution which introduces
anelementof subjectvity in anexplicit, andsomewould sayarbitrary manner We frequentlywantto
summarizenvhata searchexperimentsawv or didn’t seewithout takinginto consideratiorwhat previous
or competingexperimentobsenred or themoreor lessspeculatie opinionsof colleaguesespeciallyin
delicatecaseswvherethe datacertainlydo not overwhelmthe prior probability Thusmary areattracted
to classicalor frequentiststatisticsasa framework for reportingsearclresults.But therearealsoprob-
lemswith frequentiststatisticsat the searchfrontier. Oneis limited to drawing conclusionsaboutthe
compatibility of the datawith theorywhile nearlyall physiciststendto misinterpretfrequentistresults
as statementsboutthe theory given the data. We know from experiencethat frequentistconfidence
intenalsandBayesiarcredibleintenalstendto converge whenthe statisticsarelarge andtheresultsare
dominatedby the signal,thusrenderingmisinterpretationiarmlessn practice.However, searchexper
imentstendto suffer from poor statisticsandrelatively large backgroundsthusthe misinterpretatiorof
frequentisistatementbecomes seriousssue.

FeldmamandCousing1] adwcatethe determinatiorof frequentistconfidencentenalsfor physi-
cal constantslsofor searchexperiments. Becausgheseconfidencentenalsappeato malke statements
aboutasignalwhile ngglectingthebackgroundapparentiyunintuitive resultsmaybeobtained.Themost
commonlyknown is theexampleof thetwo experimentswith identicalefficienciesandobserations,but
the experimentwith thelargestexpectedbackgroundjuotesthe strongestimit onthe physicalconstant.
Whatis evenmoredisturbingis thatthe experimentwith the largestexpectedbackgrouncdcanshav that
its potentialfor excluding falsesignalsreachego lower signalratesthanthe superiorexperiment.

Whenwe performsearchexperimentswe areasinterestedn confirmingnew theoriesor discor-
ering nev phenomenaswe arein excluding them. What doesa scientistmeanwhen he sayshe has
madea discovery? | recentlycameacrossa nice synthesisof thisin a book not written by naturalsci-
entists,but in a languagevhich we shouldbe well familiar with: “Scientistsultimately put confidence
in a hypothesisr atheoryif it hasbeenableto withstandempiricalor obserationalattemptso falsify
it” [2]. Oneof the preconditiondor a discorery is thatthetheoryor modelunderconsideratiormustbe
falsifiable- it shouldbe possiblefor the experimentto shav thatthe theoryor modelis wrong. It is not
agreatleapto extendthis thinking to measurement®n experimentmustbe sensitve to the parameters

| use*F&C” interchangeablyo referto the authorsG. FeldmanandR. P. Cousinstheir article on the unified, frequentist
treatmenbf smallsignals,andthe methoditself.
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of thetheoryor model.Confidencantenalsfor insensitve experimentsareuninformatve. It is our duty
to be scepticali.e. to try to falsify or excludeandthis is not the sameas, but rathercomplementaryo,
thedeterminatiorof confidencentenals.

In this article | will briefly review the C'L; methodandthe associatedramewvork for presenting
searclresults,llustrateits usein thesearcHor theHiggsBosonat LEP andin atoy neutrinooscillations
experiment. In addition| have taken the liberty to proposeanswers,sometimesn the spirit of the
CLs; methodandits associatedramewvork, to a numberof interestingquestionghatwereraisedat the
conferenceAlthoughl don't gointo ary technicalor numericaldetail,| pointoutsomeof thesimilarities
anddifferencedetweerthis framevork andF&C.

2 FROM EXCLUSION INTERVALS TO MEASUREMENTS

All the confidencesdiscorery and exclusion potentials,false exclusion rates, etc., that make up the
frequentist-motiated“ C' L, method”[3] arederived from the p.d.f’s of —21In(Q), where@Q = L(s +
b)/L(b) is theratio of likelihoodsfor thetwo hypothesesf interestfor theexclusionanddiscovery tests.
The null hypothesigs the backgrounchypothesis'b”, i.e. thatthe datacanbe understoodvith existing
physicsexplanations. The alternatve hypothesiswhich is favoredwhenthe null hypothesishasbeen
rejectedo asufiicientdegree,is thatwe neednew physicsto understanthedata.Sincethetypicalsearch
is not free of backgroundwe shouldcall the alternatve hypothesighe signak-backgrounchypothesis
“s + b". Fig. 1 shavs how the confidencesn thesehypothesesC'L, andC L, aredetermined.The
acceptanceegionsfor theexclusionanddiscorery conclusionsareexplicitly one-sidedsincetheprimary
goalsof themethodareto eitherestablishthatthe dataare consistentvith the backgrouncor thatthere
is a cleardeviation from the backgroundtonsistentvith the propertiesof the proposechew physics.

Theseconfidencearevalid frequentistprobabilities.Giventhatwe have somehw obtainedpre-
ciseandaccuratedescriptionf the true signalandbackgroundif oneperformsrepeatedxperiments
with no signal,the distribution of C'L, obtainedwill be uniform (betweena d-functionate=? for zero
candidatesindl) andif oneperformsrepeatedxperimentswith signak-backgroundhe distribution of
CLg, obtainedwill beuniform (betweene—(51) for zerocandidatesind1). It maybehelpful to recall
thatthe chi-squaregrobability distribution whenleast-squarestting a large ensembleof distributions
with the correcthypothesiss expectedo be uniform betweer0 andl.

2.1 Oirigins of CL,

Theoriginal motivationfor C L wasto identify a generalizatiorof Zech’s frequentist-motiatedderiva-

tion [4] of upperlimits for countingexperimentsin the presenceof backgroundhat correspondedo

the Bayesiarresultwith a uniform prior probability [5]. The generalizatiorwasneededo treatresults
of Higgs searchesvhereit wasclearthatthe reconstructednassandlater otherpropertiesof the Higgs
candidatesould be usedto improve the sensitvity of the searchesespeciallywith respectto setting
boundson the Higgs massitself. Several proposalsveremade[6],[7] for a confidencdevel which had
thesepropertiesbut thesemethodsadditionally madethe very conserative approximationthat all the
candidateshouldbeconsideredissignalandthuswereuselesgor makingadiscovery, i.e. therewasno
counterparpf 1 — C L. Theseconfidencestogethemwith Zechs resultsfor countingexperimentsyere
clearlyprototypesf C'L,. Zechcomputedheexpectedractionof signak-backgroundxperimentsvith

countsn,, lessthanthe numberof obsered countsn,, but only for thoseexperimentswith the contri-
bution from thebackgroundr, lessthanor equalto theobsered countsji.e. P(ng.p < nolny < n,). It

is straightforvard to shav thatthis expressioncanbe rewritten asthe ratio of two probabilitiesor con-
fidencesP(ns1p < mo)/P(ny < mn,). Substitutingthe likelihoodratio for countsto obtainan optimal
rankingof morecomplicatedexperimentsandassigninghamesC L, andC L, to thetwo probabilities
andC'L; to theratio completeshe generalization.
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Fig. 1: Left: Thep.d.f!s of the combinedHiggs searchat LEP for the backgroundright) andsignak-backgrounchypotheses
(left) for mg = 115.6 GeV /2. Thelight grey regionto theleft of the obserationis 1 — C'L, andthedarkgrey regionto the
right of the obserationis C'Ls4. Right: lllustration of the evolution of the p.d.f:s with falling searchsensitvity from (a) to
(c) asthe Higgsmasshypothesiss increasedndthe productioncross-sectiofalls.

2.2 Propertiesof CL,

Despitenot beinga true frequentistconfidenceor probability C L, hasvery usefulproperties someof
themquite Bayesian-lile. Unlike C'L;., the distribution of C'L, for signal-backgroundexperiments
will not be uniform afterthe §-function for zerocandidatesite~* which is the probability for observ-
ing zerosignal-onlycandidatesPurelyfrequentistconfidencesnuststartate (57 | i.e. the probability
for observingzerocandidates One seesthatfor zerocandidatest is an adwantageto have an inferior
experiment.Otherunintuitive featuresarethatan experimentcanbe a priori improved, or anexclusion
resulta posterioriimproved, by increasinghe backgroundexpectation.Becausegurely frequentistcon-
fidenceintervals arein fact statementgboutthe combinedsignal-backgroundchypothesisjn extreme
situationsof vanishingsignalratesthe sensitvity approachesvhatcouldbe achiered by throwing dice.
Statisticallycorrectfrequentistconclusiongnmay be reachedut they have essentiallynothingto do with
the signalhypothesisheing investigated. Thereare similar problemswhen experimentaluncertainties
aretakeninto account increasedincertaintyin the backgroundendsto improve the apparensensitv-
ity and canstrengtherthe obsenred exclusionfor frequentistconfidencesvhile for C'L, the changes
alwaysa decreasedensitvity andwealenedobsered exclusion.

Sowhatis C'Ls? | preferto think of it asanapproximateconfidencen thesignal-onlyhypothesis.
Whatthe physicistwants,in fact, is the exact confidencdn the signalhypothesisput aslong asthere
is backgroundn the experimentthis doesnt exist. If the signak-backgrounds well separatedrom the
backgroundasfor plot (a) ontheright sideof Fig. 1, thenCL, ~ C L, andthe misinterpretatiorwe
usuallymalke aboutfrequentisiconfidencentenals, thatthey arestatementsiboutthe signalratherthan
statements&boutthe data,is harmless.However, frontier experimentsnearthe sensitvity boundtend
to have highly overlappingp.d.fs asin plot (c) on the right side of Fig. 1. If we quotea confidence
interval for a physicalconstantwhenthe experimentaldataare highly contaminatedvith background
andinterpretthis asa statemenaboutthe signal,we make a seriousmistale of interpretation.

One criticism of C'L; is thatit is conserative. If one considersonly the signal-background
hypothesisandits compatibility with the datathis is undeniable. However, if one desiresto make a
statemenaboutonly the signal,andconsiderghe usefulpropertiesof C L, onewill behard-pressetb
find amorerobustfrequentist-motiatedpresentatiorf resultsatthe searchrontier. A seconccriticism
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is that C'L,; doesnt correspondo ary physicalensemble.This is certainlytrue if oneinsistson using
the ensemblehatrenderghedistribution of C' L, uniform (betweere=* and1) - this ensembleloesnt
exist for experimentswith backgroundandcanonly be constructedn a Monte Carlo wherethe back-
groundeventsareartificially suppressedThe approach adwcate,however, is to stick to the physical
signal-backgroundensembleandlive with thefactthatC L is a conserative approximation.Onecan
form lessconserative approximationgo C'L; [8], but they have otherpropertieghanthe simpleratio
adwcatedhere.A third criticismis thattheratio C' L, lookslike a poorsubstituteor thelikelihoodratio
@ asthetest-statisticandis not proved to be asoptimalas@. The p.d.f's of —21n(Q) arethe heart
of the methodand C'L; is not a substitutefor Q! What| arguedin [3] andshavedin detailin [9] is
thatif oneusesC L, to characterizéhe signalconfidencethe optimal separatiorof signal-background
from backgroundxperimentswill beobtainedthe probabilityto correctlyexcludethesignalhypothesis
whenit is falseis maximizedfor a specifiedprobabilityto excludethe samehypothesisvhenit is true),
if oneuseshesamedikelihoodratio @ = L(s + b)/L(b) thatgivesthe optimalperformancefor C'L,
andCL.

3 HIGGS SEARCH AT LEP

TheHiggssearchatLEP senesto illustratetheuseof theconfidenceslefinedn Sec.2 Thesepreliminary
resultsaredescribedn detailin [10]. As seenin Fig. 2 theglobal x? fit to theworld’s electraveak data
with the Higgs massasfree parametehasa minimum of around100GeV anda 90% CL upperlimit of
about200GeV [11]. Therole of thedirectsearchs thusto attemptto falsify thisindirectevidenceup to
the sensitvity boundand,if the sensitvity boundis not reachedfo testif the evidencefor the Higgsis
significant,i.e., thatalternatve explanationsof the datacanberejectedwith ahigh degreeof confidence.
Ratherthanrepeatingthe detaileddescriptionof the results,| focushereon two importantaspectof
C L, thathave notbeenproperlyunderstoodefore.

Theobsered minimumin —21n(Q(my)) shavnin Fig. 2 is at/y = 115.6 GeV/c2. Thevalue
1 — CLy = 0.043 atmy canbereadoff from Fig. 2. This corresponds$o about2o, sothe evidence
for Higgs productionis not establishedlt is clearthatin this situationthe valueof a confidencentenal
for my is questionablebut to satisfycuriousreadersa confidencdantenal wasestimated.Dueto time
pressurespractical difficulties, and in the absenceof strongmotivation for doing a careful job, the
working group choseto reportthe poor but simple approximationof the intenal given by anincrease
of —21n(Q) by 1 abave the minimum (which correspondso A(x?) = 1 in the high-statisticdimit).
If therewerestrongerevidencethatwe obsered the Higgs andnot simply a backgroundluctuation,it
would beappropriatdo apply F&C to find the confidencentenal for my. Why didn’t thegroupfind an
intenal basedn C'L,? After all, | aguedin [3] thatC L, shouldgive confidencantenalsapproaching
standardoneswhenthe signalbecomessignificant. The Higgs Working Grouptried this approachjn
fact, andwassurprisedby the pessimistiaesults. Even the useof the frequentistC L, did not give
reasonableesults.In retrospecit is obviousthatmy assertiorin [3] waswrong? for the simplereason
thatthe optimallikelihoodratio for computingconfidencentenalsis not L(s(mmu) + b)/L(b), whichis
optimalfor establishinghesignificanceor “distanceof hypothesisny from thebackground”put rather
L(s(mu) +b)/L(s(7u) + b), whichis optimalfor testinghypothesisny againstiy - thisis precisely
the likelihoodratio onewould chooseto measurdahe Higgs massandwhich F&C recommends.This
designlimitation of C'Lg, thatit is not appropriatefor finding confidenceintenals, will be illustrated
evenmoreclearly by the studyof atoy neutrinooscillationsexperimentdescribedn Sec .4

Theinterval definedby C L, (my) is oftenmisunderstoodThe region with CLs(my) > 0.05 in
Fig. 2is notthe95%CL confidencentenal for my; thequotationof aconfidencentenal is afrequentist
statementsatisfyingthe demand®f coverageandrecommendedy F&C) whichimpliesthatthesignal
is well establishedindthe backgrounctanbe neglected. The probability thatmy > 114.1 GeV/c? is
not 95%; this sortof statements P(theory|data) andis resered for Bayesiananalyses.Theintenal

20Onecanfind exampleswhereC'L, givesthe sameintenvalsasothermethodshut thisis nottruein general.
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Fig. 2: Preliminaryresultsfrom the combinedHiggs searchat LEP. Upperleft: Indirect evidencefor the Higgs from the
global electraveakfit. Upperright: Minus twice the log-likelihoodratio versusmu for the direct search. Lower left: The
approximatesignalconfidenceC' L, (mu) andthe derived exclusioninterval. Lower right: The testof the signalsignificance
vial — CLy(mn).

belov 114.1 GeV shouldratherbe called an exclusioninterval. At ary given point in the exclusion
intenal (the massregion with C'Ls(my) < 5%) the probability of having falselyexcludedatrue Higgs
atthatmpy is lessthan5%. The smallerthe value of C'Ls(my) the more confidentwe canbe thatwe
havent missedbservingaHiggswith massny. No complementarglaimsabouttheunexcludedregion
aremadeby the statemenof the exclusioninterval.

4 NEUTRINO OSCILLATIONS

During the early days of the Higgs Working Group, much was learnedaboutthe analysisof search
experimentsby applyingthe variousproposedmethoddo preciselythe sametoy experimentsandtheir

typical results. In this spirit | madea small study of the toy neutrino-mixingresultsin [1], both the

exclusionanddiscorery aspectsput unfortunatelywithout knowing the specificresultsof the typical

signal-backgroundandbackgroundxperiments.

Despitethe supposedonseratismof C L, F&C’s sensitvity contour(in Am? vs. sin?(26)) for
exclusionis wealer thanthe medianexpectedexclusioncontourfor C L shavn in Fig. 4. Theobsered
resultfor a particulartoy backgroundxperiments shavn in Fig. 4 but asthisis unlikely to bethe same
asthe onein the F&C study a direct comparisonvas not possible. While the falseexclusionrate of
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Fig. 3: A studyof atoy neutrinooscillationsexperiments Upperleft: Thefalseexclusionrate(for 95%CL) for CLs4s. Upper
right: Thefalseexclusionrate(for 95%CL) for C'L,. Lowerleft: Theexclusionpotentialfor C L, (for 90%CL). Lowerright:
Theobsered —21n(Q) for thetestsignalexperiment(theupperright corneris cutoff atz = —21In(Q) = 20 but risessharply
to very highvalues).

CL,. is uniform over Am? vs. sin?(26), the falseexclusionrateof CL; falls to zeroin the region of

vanishingsensitvity asseenin Fig. 3. Theexclusionpotentialof F&C hasnot, to my knowledge,been
shawvn explicitly, but| expectit to resemblehe potentialfor C' L, apartfrom thefeatureghattheplateau
of minimum potentialwill beat1 — CL (i.e. 10%for 90% CL exclusion)insteadof zeroandthe high

potentialregion to be smallerthanthatof C L.

ThetestsignalF&C studiedturnsout notto be a challengegrom adiscovery point of view. Anal-
ysedasa simplecountingexperimentthe expectedsignificancas morethan 10 standarddeviations (o)
andwhenthe enepgy distribution is addedto the likelihood function the expectedsignificanceis even
larger The obsered —2In(Q) of a typical toy experimentwith the signalpresents shavn in Fig. 3.
Thereis a deepminimumwith a significancdargerthan10c but dueto thelack of resolvingpower of
the oscillationsthereis no clearglobalminimum. Theuseof C L, leadsto anexclusionregion shavn in
Fig. 4 whichrevealsthetruenatureof C' L, assomethingtherthana confidencentenal. Thetruepoint
is within the bandwith 0.10 < CL; < 0.90, whichis good,but the factthata bandis obtainedinstead
of anislandor two shows that C'L; doesnot distinguishwell between2 signalpointsif botharewell
separatedrom the background However, aswe have moved well beyond exclusionanddiscovery and
into measurementhe appropriateapplicationof F&C would to leadto a confidenceanterval (possibly
two disjoint regions similar to the resultsin Fig. 12 of [1]) which really tells us somethingaboutthe
signalwhile therole of the backgrounds negligible.
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Fig. 4. A studyof atoy neutrinooscillationsexperiments Left: The exclusioncontourfor a typical backgroundexperimentis
closeto the expectedresult(the solid lines). The grey contoursshav —2 In(Q) with thelower left region beingcloseto 0 and
theright upperregion having very large values(very background-lik). The excludedregionsarein the upperright. Right: A

typical signa-backgroundxperimentwith A(m?) = 40 (eV /c?)? andsin?(20) = 0.006. Thegrey contoursshav —21n(Q)

but cut off to focuson the region of the global minima. The leftmostsolid line is the expectedimit from C L, therightmost
solid anddashedinesarethe 90% and10% confidencdevel limits, respectiely.

5 QUESTIONS AND ANSWERS

Therewereseveralinterestingquestionsaisedat the conferenceBecausehey concerrnthe presentation
of searchresultsl proposeanswergo several of themhere.

5.1 Shouldwe quote both confidenceand credibility limits?

D. Karlenpresente@ proposako publishBayesiarcredibility limits in additionto the confidencdimits
or intenvals comingout of F&C for searche$12]. Thisis motivatedby the well-known distastefor the
unintuitive resultsoneobtainswith F&C from a searchwhich obsereslessbackgroundhanexpected.
agreewith Karlenthatthe reademeedsmoreinformationto form anopinionof theresultbut | disagree
with him that the Bayesiancredibility limit with a flat prior is a good, universalsolution. The Higgs
papersfrom LEP (should,| hope)have satisfiedreaderswith similar questionsby providing multiple
waysof examiningthe quotedHiggs masdimits:

1. Thevalueof CL; atthe masslimit givesanindicationof how far out on the tail of the expected
backgroundhe obseredresultis. For very low valuesoneshouldbe concernedboutthe under
standingof the backgroundthe searched-fosignalis athigh C Ly).

2. Theexclusionpotentialaroundthe masslimits tells somethingaboutthe probability of obtaining
thislimit in theabsenc®f the searched-fosignal. Obtainingalimit in aregion of smallpotential
alsowarnsof poorunderstandingf the background.

3. Similarly, onecanquotethe medianexpectedimit (thevalueof themodelparameter(syvherethe
exclusionpotentialis 50%). This is similar to the “sensitvity” thatF&C recommendpublishing
whichis themeanconfidencdimit expectedfor anensemblef backgroundxperiments.

4. Finally, onecanpresenthe expecteddistribution of C L, at the masslimit (for practicalreasons
the LEP experimentgpresenthe medianand+1 and2¢ contoursof this p.d.f.) to seeif theresult
is surprisingor not. Again, avalueof C'L; muchlower thanexpectedss to be takenasa warning
of backgroundproblems.

None of theseways of presentingthe resultsis independenbf the others,sincethey all comefrom
preciselythe samepair of p.d.f!s for a given hypothesigest, but togetherthey form a completepic-
ture and shouldallow the readerto make an informed judgmentof the resultbasedon frequentistor
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frequentist-motiated quantities.All of thesequantitiesshouldbe madeavailable by ary frequentistor
frequentist-motiated analysis. For example,C L, is equivalentto the confidencdevel obtainedwhen
the F&C confidencantenal is expandeduntil it toucheghe signal-fregpoint[13], e.g.myu = oo for the
Higgssearchor either A(m?) = 0 orsin?(20) = 0 for the searchfor neutrinooscillations.My recom-
mendationis to publishat leastone and preferablyall of the abose quantitiesin additionto —2 In(Q)
(which wasalreadyagreedo at thefirst of theseconferencesandthe exclusionor confidencantervals
asappropriate.l do not seethe needfor a Bayesiarcredibleintenal in a frequentistpresentatiorof an
isolatedsearclresult.

5.2 Shouldwe correct confidencelimits with largeuncertainties?

R. Rajapresentec proposal15] to wealenconfidencdimits in casesvhereit is clearthata smallfluc-
tuationin the obsenationresultsin alarge fluctuationof the exclusioninterval. Firstof all, a confidence
or a confidencelimit is a bit like an obsenable in the sensethat onceyou have madethe obsenra-
tion (countedN events,for example),thereis no uncertaintyin NV - you obsered whatyou obsered.
However, thereare potentialsourcesof uncertaintywhich would causdluctuationsin subsequeniden-
tical experimentgstatisticaluncertainty)or to deviate systematicallyexperimentalor systematiaincer
tainty). We form bestestimate®f theseuncertaintieandthey tendto betotally or partially basednthe
obseredvalueN itself. A confidencéhassimilar properties.Thep.d.f.swhichtheconfidencearebased
on exist (in principle) prior to the obseration andtake into accountboth statisticaland experimental
uncertainty In the absenceof unpleasansurprisesfor examplediscorering that one neglectedsome
Feynmandiagramdor a cross-sectioralculationwhich turn outto make a significantcontrilution, one
malesthe obseration, refersto the p.d.fs to computethe confidencesand associatedjuantitiesand
that'sit. It maybethatasmallchangean N couldleadto alarge changen theestimateof or thelimit on
the physicalconstantput that's life. The solutionis notto correctthe confidenceby a pessimisnfactor
(motivatedby e.g.the RMS of the expectedlimit distribution) to obtaina more pessimisticlimit but
ratherto shav how the obsered andalsothe expectedconfidenceshangewith the physicalparameter
(in thedifficult casewe discussow it would bealmostflat overawide range)asis donein theC Ls(mp)
plots madefor Higgs searchesit LEP asillustratedin Fig. 2. The problemis not with the behaior of
the confidencdtself but with our desireto summarizdt by a singlepoint - thelimit - andthatwe then
tendto think of thatlimit asabrick wall. | recommendhefull presentationf theobseredandexpected
confidencesersusthe physicalconstan{proposedn [7]) or, equivalently the expectedrangeof results
(sayx1, 20 asfor theHiggssearchesit LEP) which remindsusto think in termsof anexcitationcurve
ratherthanabrick wall. Onethencouldreadoff the 90%and99%CL limits andpresenbneof themas
asummarystatemenif it happengo bein aregion with morestability.

5.3 Isthereanything correspondingto goodness-of-fiin an unbinned lik elihood analysis?

K. Kinoshitashaved thata generalgoodness-of-fiestimatoris lacking for unbinnedmaximumlikeli-
hoodanalyseq16]. For the combinedHiggs searchat LEP the obsered value of C L, () atthe
value of the Higgs masswhich maximizedthe likelihood was usedas a good-of-fit estimator As an
example thecombineddata(all 4 LEP experimentsandthe separateontritutionsof ALEPH andDEL-
PHIareshovnin Fig. 5. Theseresultsshaw thatmy = 115.6 GeV/c2 describeshecombineddatawell,
that ALEPH andDELPHI have pullsin oppositedirectionsbut neitherof thesepulls is large enoughto
supporta claim of clearevidenceof problemswith the understandingf the data. A study shouldbe
madeto seeif C'L,,, canplay agenerarole asa goodness-of-fiestimatorfor unbinnedViL analyses.

5.4 How do wedistinguish no CP-violation from purely dir ector purely indir ectviolation?

B. Yabselyposedthis questionin his talk on statisticsissuesn the Belle experiment[17]. Likelihood-
ratiotestsof thevarioushypothesesanbeperformedand,dependingnthesensitvity of theexperiment,
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Fig. 5: Preliminaryresultsfrom the combinedHiggs searchat LEP. The p.d.f!s of —21n(Q) for the backgrounchypothesis
(p.d.f.onright) andfor thebackgroundblusa 115.6 GeV /c? Higgs (p.d.f. on left) togethemwith the obseredresults.

canrule out variousregions of the parametespacedueto inconsisteng with obseration, but we can
never prave, for example,thatthereis preciselyno CP-violationsincewe cannever designor perform
anexperimentthatis sensitve to aninfinitesimalamountof CP-violation.If youinsistyouwill improve
yourexperimentakensitvity with afactor10,yourcolleaguenayreducethe CP-violationin hisfavorite
modelby the samefactor By thesameargumentwe cannever prove thatclearevidencefor CP-violation
is causedby purely indirect or purely direct effects. We have learnedto live with this limitation of
not knowing the otherphysicalconstantswith infinite precisionandmustdo soalsoin the caseof CP-
violation parameters.

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

In P. Sineno’s presentatioifl4] it wassaidthatthe 50 discorery thresholdcorresponds$o a probability
of abackgroundluctuationof 2.8 - 10~ while the majority of the LEP experimentsandthe LEP Higgs

Working Groupusetwice thisvalue,5.7-10~7. Thisis obviously thedifferencebetweerincludingoneor

both of thetails of a Gaussiardistribution beyond 5 standarddeviations. For resultswith a significance
of ~ 50, the practicaldifferencein the definitionscorresponds$o about0.1o andis not a problem,but

whendiscussinghe difficult casesn the2 — 3¢ regionthe differenceis largerandit is worth the effort

to understandhe factorof 2. The questionis whetherwe are searchingor a specificsignalwhich is

distinguishedfrom the backgroundn a well-definedway in a well-defineddirection. Two examples
shouldcover mostcases:

1. Neutrino counting at LEP: Todaywe are exceedinglyconfidentthat thereare 3 and not 2 or
4 light neutrinofamiliesto which the Z° decaysbut we are alsointerestedo know if thereis
new physicswhich might causehe obsered numberto deviate slightly from 3 in eitherdirection
dependingon the model. In this caseit is appropriateto usethe two-tail test,i.e. 1 — CL, <
2.8-1077orCL, < 2.8-1077.

2. Higgs searchesat collider experiments: Evidencefor Higgs productionwould typically be an
excesf eventsof a particulartypewith a particularinvariantmassdistribution for the Higgscan-
didatesoverthebackgroundf knowvn StandardModel processeéandwho knows, perhapsSUSY
backgroundsaswell). We would never claim discovery of Higgsif we sav a mass-concentrated
deficit of events.We would surelytry to understand significantdeficit,andin caseexperimental
errorswere confidentlyruled out one could be temptedto postulatea sourceof interference put
this would not bethe Higgs signalwe setoutto find. In this situationit is is thereforeappropriate
to usethesingle-tailtest,i.e.1 — CLy < 5.7-107".

This freedomto definethe acceptanceegion for the significancetestis analogoudo the freedomto
definethe acceptanceegion in the Neymanconstructionof confidencdantenals. A practicalcomment
is thatthe single-tailtestfor agivennumberN,, of o correspondso the chi-squaregrobability P(x? >
(N,)?%,1 dof).
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6 CONCLUSION

A searchimplicitly implies a duty to attemptto falsify a new physicshypothesisbeingtested. The
likelihoodfunctionis a commonfoundationfor searchanalysesdasedon credibleintervals (Bayesian),
confidenceintenals (frequentist,e.g. F&C) or exclusion intenals (frequentist-motiated, e.g. C'Ly),

including all the stepsfrom attemptedalsificationto measurementThe likelihood function not only

implementsthe existing descriptionof the datausedto derive results,it motivatesa particularstyle of

searchanalysiswhere candidateeventshave continuous(or pseudo-continuolisveightsgiven by an
appropriatdik elihoodfunctioninsteadof the brutalall-or-nothingweightsof cut-and-counanalyses.

Thevalueof a credibility or confidencentenal in the absencef a significantsignalis question-
ableat best. The problemis that we misinterpretthe frequentistconfidencentenal to be a statement
concerninghenew physicssignalin questionbut in the background-dominatl regimethisis obviously
not the caseandis not evena goodapproximation(contrastedvith the caseof signal-dominatedesults
wheresuchmisinterpretatiorof the confidencentenal is harmless).My suggestioris to reportonly
exclusionintenals basedon C'L; aslong asthereis no significantevidencefor a signalandto flip to
e.g.F&C only whentheevidenceis significantandthe confidencanterval will meansomethingapprox-
imately sensibleeven whenmisinterpreted.At the very least,extreme cautionshouldbe taken when
reportingandinterpretingconfidencentenals nearthe sensitvity bound.

The exclusionto discorery framework | describejncluding C L, hasconfrontedseveral difficult
searchesat LEP, includingthe searchfor the Higgs bosonpredictedby the Standardviodel. A demon-
strationof the applicationof the sameframewvork to searchegor neutrinooscillationshasbeengiven
andsomeof therichnessf theavailableinformationfor interpretingthe experimentakensitvity andthe
obseredresultshavn. However, for the stepbeyond discovery to measurementy L, is inappropriate
for mostsearchesindconfidencentenals basedne.g.F&C shouldbereported.
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