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Abstract

We apply a new prescriptionin confidenceinterval estimation,basedon the
frequentisimethodof strongConfidencd_evel (sC L), to make aninferenceon
neutrinooscillationparameterpasedn theresultof the CHOOZ experiment.
Limits areobtainedat90% sC L, whichincludealsoexactfrequentistreatment
of systematics.Neutrinooscillationsz, — 7, areexcludedfor Am? > § -
10~*eV? at maximummixing andsin?(20) > 0.17 at large Am? values.
Thesdimits shouldberegardedassaferthanpreviousquotedimits anddonot
needto be supplementethy any additionalsensitvity information. Resulting
limits are slightly looserthan the previously publishedvaluesthat usedan
approximatdreatmenbf systematics.

1 Intr oduction

We appliedtheconcepibof StrongConfidenceandStrongConfidence.imit [1] to theanalysisof thedata
of theCHOOZ experiment thefirst long baselinesearcHor neutrinooscillations operatedat 1 km from

two nuclearreactors Preliminary[2] andfinal resultsof this experiment3] have alreadybeenpublished.
Thereaderis referredto thosearticlesfor anintroductionto the problemof neutrinooscillations,for a

generaldescriptiornof theexperimentandfor adiscussiorof its dataanalysis.Previouslimits to neutrino
oscillationswerederivedfollowing the unifiedapproachNew limits arefoundto beslightly looserthan

previous onesbecausef two effects,aswill be discussedater: one,inherentin the strongconfidence
definition;the otherassociatedavith arigorousclassicakreatmenof systematics.

Let us briefly introducethe notationsusedthroughoutthis paper: we will call the obserable z
(neutrinoflux or contentof the variousenegy bins) and X the obserable space;u arethe oscillation
parametergsin® 26, Am?) to be determinecand B(z) the confidenceregion for a particularobsered
valuez.

2 The strong confidencemethod
The standardiefinitionof Confidencd_evel of a belt canbe written asfollows:

Vu p(z:B(z) # plp) <1-CL. (1)
A confidencebelt B is saidto have a strongConfidencd_evel[1] equalto sCL if

plz:x € x,B(z) # plp)
szpp(x 7 € X|p)

YuVx <1-sCL, (2)

wherey is a subsebf X, the setof all possibleexperimentaloutcomes.Compareto the definition of
“standard”CL, whichis obtainedputtingy = X in (2).

We don't wantto enterhereinto thedetailsandmotivationswhich led to formula(2) andreferthe
readetto reference$l] and[4], but we wantjustto stresssomefacts:
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¢ thepresencefthedenominatom formula(2), which descendfom therequirementhatthesetof
possibldimits mustdependnly onthe shapeof thelik elihoodfunction,assureshatevenunlikely
experimentalresultsare correctly weightedby taking into accounttheir maximum occurrence
probability;

¢ sCL < CL foragivenconfidencebelt (put y = X in (2)). In otherwordssC'L beltsare“good”
confidencebelts,yet overcoveringfor every valueof y;

o despitethe freedomin the constructionof the StrongBandwe candefinea “core” region of u-
valueswhich mustbelongto every band. This is obtainedputtingy = z in (2), implying thatall
valuesof y suchthat

G ISy 3)
sapp(x\u)

mustbelongto every B(z); asa consequencef this, it is impossibleto excludeary valueof the
parametewith alikelihoodcloseto its maximum.

3 Construction of the Strong Belt

The constructiorof the StrongBelt is ageneralizatiorof the constructiorof the Neymanbelt [5, 6]. We
dividethez — i spacean cellsandflagall the cellswhich accordingto (3) belongto the core. After that
for eachy we mustincludesomemorecellst to satisfythe“coveragerequirement’(2). Thiscanbedone
in a numberof waysandthereis the needof anadditionalprescriptionto supplementhe definition (2)
in orderto getrid of this arbitrariness.The mostnaturalchoiceis to includeat fixed ; the z—cells by
decreasindikelihoodratio (LR), for the coreregion is determinedby a cut on that samequantity (see
eg. (3)). For a givenvalue of the parameterevery obserable z outsidethe bandhasa LR lower than
every z in the band. The samepropertyholdsalsofor Feldman—Cousinsonstruction6], but herethe
LR thresholds determinedy eq.(2).

All possiblesubsetsy of non-flaggedcells including the highestLR cell are consideredandva-
lidity of eq.(2) is checled. In caseof failure this highest-rankcell is addedto the bandandthe entire
proceduras repeatedvith thenext-higherLR cell, until eq.(2) holdsdefinitely

3.1 Inclusion of systematicparameters

In reallife, the pdf often dependson additionalparameterge. g. the normalizationof absoluteneutrino
flux from reactors detectorefficienciesand calibrations),which we will call «, which are sourcesof
systematierrors.

A correctway of takinginto accountsystematicsn a purely frequentistramevork would corre-
spondto building a confidenceegionin thez — (i, @) spaceandthenprojectingtheregiononthez — u
spaceihis would assurehe propercoveragefor every value of a. This approachwhich is flaggedby
“correctsystematics’in whatfollows) is seldom(almostnever) followed in practice,dueto the heary
computationatesourcesieeded Thetwo mostcommonlyusedapproximatemethodsare:

1. Bayesiarintegrationover the systematigarameters;
2. replacemenbf thelikelihoodwith the one obtainedoy maximizingwith respecto « for every u
(profilelikelihood)[9, 10, 11].
In thefirst caseonemustassume prior distribution for «, which canthenbeintegratedout. However, a
classicatreatmentioesnotallow sucha Bayesiarcontaminationin fact,this proceduraisuallyleadsto

undercoverage.Thesecondnethoddoesnotassurgropercoveragefor everyvalueof « (thisis assured
only for that particularvalue that maximizesthe likelihood for the given value of x). In mary cases

In generathecoreis notitself a strongband.
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this doesnot lead to significantundercoverage,soit canbe considereda reasonableapproximation.
All publishedlimits on neutrinooscillationsderived by the unified approachwereobtainedin this way
[3,12 13].

Corversely the definition of stronglimits is easily generalizedo include nuisanceparameters
consistentlyandwithout approximations Whentaking systematicsnto account,eq. (2) is rewritten in
a straightforvard mannerby the substitutiony — (u, o). Furthermanipulationsallow usto write it in
amoreusefulandclearform which eliminatesthe dependencen «, sincewe areinterestedn quoting
limits on p:

e condition(u, ) ¢ B(z), Vo impliesthaty ¢ B, (x), B, beingthe projectionof the bandon the

1 space;

¢ sincetheinequality(2) musthold Ve, it is alsotruethat:

supp(z : ¢ € X, Bu(z) 7 plp, @)

. (6] —
ViVx: supsupp(z : = € x|, @) < 1-sOL (4)
J—

In usingthis formula, it is naturalto orderz-cellsby decreasingrofile likelihoodratio LR ,..¢, givenby

sup p(z|p, o)

LRprof = “ ; (5)
sup sup p(z|u, @)
u o«

asin eq.(3), acutonthis variableprovidesthe coreof the strongconfidencenterval. Therefore strong
beltswith inclusion of systematicsare obtainedby applying the proceduredescribedn the previous
subsectiorwith minor modifications®> The importantpoint is that the pdf is replacedby a new pdf’
whichis its maximizationwith respecto « thuspreservinghe dimensionalityof the problem,unlike the
“correctsystematicstasein which we addnew dimensiondgor «, build thebeltin adim(u) + dim(a) +
dim(z) spaceandonly in the endprojecteverythingbackon the y-space.This simplification,whichis
strictly relatedto the StrongConfidencaequirementyields a muchsimplerexact treatmenthanother
orderingprescriptions.

4 Strong limits for the CHOOZ experiment: total counting rate

As anapplicationof thedescribegrocedureve calculatedhe StrongLimits for theCHOOZ experiment.
SinceCHOOZis a disappearancgearchfor neutrinooscillations,a positve evidencewould resultboth
in a deficit on the 7, countingrate expected.andin a deformationof the 7, enegy spectrum.In this
papemwe dealonly with thetotal countingrate(“integral” analysis).The procedurénasbeengeneralized
in [4] to exploit theinformationcontainedn thewhole spectrum.

4.1 Lik elihoodfunction

Ourobserablez is choserto betheratio of measuredo expectedr,-flux, which givesadirectestimate
of the oscillationprobability The physicsparameterso beinferredarethe usualoscillationparameters
p = (sin?(20), Am?). The expectedflux in absencef oscillationsis known ata ogys; = 2.7% level
[3] which is of the sameorderof magnitudeasthe statisticaluncertainty(os,s = 2.8%). We arethen
forcedto introducean additional“nuisance”parameterx to accountfor our lack of knowledgeof the
absoluteflux. Othersystematiceffectsrelatedto the spectralshapeenegy calibrationfor instance)are

2Another point worth noting is that the abave orderingsomehe minimizesthe width of the confidenceregion in p, by
forcing the bandto expandin a-directionratherthanin p-direction.
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Fig. 1: 90% confidencebelts calculatedusing the integral of the spectrum. Threebelts are shavn: strongbelt (light solid
line), Feldman—Cousinbelt with “correct systematics'treatment(dashedine) and Feldman—Cousinbelt derived by profile
likelihoodratio ordering(darksolid line). In theinsetthe differencebetweerthe coreandthe whole strongbandis shavn.

nagligible. Thelikelihoodis thenwritten, apartfrom multiplicative factorsasfollows:

p(z|p, a) ocexp [—% (wy] X

Ostat

. 1 <a - 1)2

X 5 3

P 2 Osyst

P(u) beingthe survival probabilityaveragedover the enegy spectrum.

We consideredn obserablerangefrom 0.75 to 1.25 dividedinto 50 cells. The domainof oscil-
lation parameterg0 < sin?(26) < 1, 107* < Am? < 1eV?) wasdividedinto 100 x 100 cells (with
aconstanbinningin log Am?); therange0.95 < « < 1.05 wasdividedinto 10 cells’. We computed
B, (), T = 1.01 beingthe experimentakesult. It is notnecessaryo computeall the multi-dimensional
bandandto sliceit with thez = 7z layer but we directly built B,(Z) proceedingasfollows: for each
1 (sin?(26), Am? cell) we consideronly the z-cells with LR of(z) < LRpo(Z) anduseonly them
to form subsetgy on which we verify condition(4). If it fails for somey, theny € B,(Z). In factwe
shouldtake the highestL R, cell out of x andputit in the band,but the highestL R,;¢(z) is justT
which thereforebelongso the belt.

Theresultsof our computationareshovn in Fig. 1. Thelimits quotedareslightly looser asone
expectsfrom the definition of strongconfidence thanthoseobtainedby using the Feldman—Cousins

(6)

3We verified that valuesof o outsidethe consideredtangegive no further contritution to the projectionof the bandon
p-space.
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prescriptionwith the correctinclusion of systematicsat large Am? values,the strongupperlimit on
mixing is sin?(26) < 0.17 (0.16 for FC). It is alsoremarkablehat theselimits aresignificantlyhigher
thanthe oneobtainedwith the FC+profileprocedurgasymptoticallysin?(20) < 0.11) usedin [3].

5 Computational requirements

CPUtime requiredto performsuchcomputationss not so heary asonemight think, althoughonehas
to handlealargeamountof memory Most of thejob liesin numericalcomputatiorof the pdf, whenit is
not known analytically Of course dimensionalityandgrainingof bothobserableandparametespace
heaily affectsbothtime andmemory Sincecalculationof both pdf andstrongbandcanbe performed
independentlyfor eachvalue of the parameterit is possibleto spreadthe whole computationakffort
over differentCPU’s.

6 Conclusions

We derived 90% strongconfidencdimits on neutrinooscillationsin the disappearancenodev,— vy
basedon the completeCHOOZ datasample.No evidenceis foundin the oscillationparameteregion
with Am? > 8 - 10~* eV? at maximummixing andsin?(260) > 0.17 atlarge Am? values.Thesdimits
arelooserthanpreviously publishedonesbecausef two effects: one,inherentin thedefinitionof strong
confidencethe otherassociatedavith a classicallycorrecttreatmenbf systematics.
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