-

View metadata, citation and similar papers at core.ac.uk brought to you byji CORE

provided by CERN Document Server

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
CERN — SL DIVISION

CERN SL-2001-005 EA

On particle production for high energy neutrino beams

Bonesini M., Tabarelli deFatisT.
INFN, Sezione di Milano, Via Celoria 16, 1-20133 Milan, Italy

Marchionni A.
Fermi National Accelerator Laboratory, Batavia, I1linois 60510, USA

Pietropaolo F."
CERN, CH-1211 Geneva 23, Snitzerland

Abstract
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1 Intr oduction

A reneaved interestin the predictionsof absoluteflux, enegy distribution andflavour compositionof
neutrinobeamsproducedat acceleratorss motivatedby the long-baselineneutrinobeamsn construc-
tion at CERN (CNGS[1]) and FNAL (NuMI [2]) and derived from the decaysin flight of mesons
generatedy 400GeV/cand120GeV/cprotoninteractionson graphite respectrely.

The available experimentaldataon particle yields from high enegy proton interactionson light
nucleitamgets,suchasthe onesusedin the productionof neutrinobeamsarenot extensve andoneis
often facedwith the problemof extrapolatingto differenttarget materialsandshapesandto different
incidentprotonenegies.

Motivatedby the needto estimatethe neutrinoflux at the West Area Neutrino Facility at CERN
[3], a consistensetof measurementsf particleyields on Beryllium targetsof differentlengthswere
performedat CERN by the NA20 Coll. [4] and subsequentlyoy the NA56/SPY Coll. [5, 6], with
400GeV/cand450GeV/cincidentprotons respectiely. Secondanparticles(z*, ==, K+, K~, p, p)
weremeasuredn atrans\ersemomentunrangefrom 0 to 600 MeV/c, with the NA20 measurements
in the high momentunrange(60 GeV/c< p < 300GeV/c)andwith NA56/ SPY extendingto thelow
momentumregion (7 GeV/c < p < 135 GeV/c), thuscovering alsothe relevant kinematicrangeof
secondaryatrticlesfor the plannedong-baselindLBL) neutrinobeams.

In this work, in orderto make thesemeasurementsf generalapplicability, the measuredingle-
particleyields on Beryllium have beencorvertedto single-particlenvariantcrosssectionscorrecting
for targetefficiengy andtertiary particleproduction.Theresultingdatahasbeenempiricallyparameter
ized asa function of the trans\ersemomentum(pr) andthe scalingvariablezr = E*/E;, ..., defined
astheratio of the enepgy of the detectedparticlein the centre-of-momenturframeandthe maximum
enegy kinematicallyavailableto the detectedparticle,with a formulabasedon generalphysicalargu-
ments. The choiceof the variablesusedin the descriptionof the invariantcrosssectionis motivated
by the approximatescalingbehaiour of the invariantcrosssection,whenexpressedn termsof these
variables. A satishictory comparisorof this empiricalparameterizatiorhasedon datacollectedwith
400GeV/cand450GeV/cprotonswith invariantcrosssectionmeasurementsith 100 GeV/cprotons
showvsthatsuchapproachmight be usefulalsofor the predictionof the NuMI neutrinobeamat FNAL.

Extensionof the parameterizatioto target materialsotherthanBeryllium is possibleby the known
dependencef theinvariantcrosssectionontheatomicnumberasshovn in themeasurementsf Barton
etal. [7]. Thisis particularlyrelevantfor the plannedong-baselineneutrinoexperimentsat CERNand
FNAL, both planningto usea graphitetarget. Suchparameterizatiof the invariantcrosssection
for proton-nucleusnteractionscould be implementedn a full Monte Carlo simulationof the target
geometry On the otherhand,we show thatit is possibleto computeanalyticallyparticleyieldsfrom a
giventargetby takinginto accounthe geometryof thetargetandthe contribution of cascadg@rocesses.
BasedontheNA56/SPYmeasurementsf particleyieldsfrom targetsof differentlengthsanempirical
formuladescribingertiary particleproductionis derived.

This approachcoupledto the tracking of the producedsecondaryhadronsthroughthe neutrino
beam-lineelementgmagneticlenses collimatorsand decaytunnel), hasbeenimplementedn a fast
Monte Carlo for the explicit calculationof neutrinobeamfluxes. Effectsdueto reinteractionsn the
beam-linematerialhave beenparameterizedith goodapproximation A comparisorwith the neutrino
andanti-neutrinospectrameasuredy the CHARM Il experimentat CERN s shavn. Predictiongfor
the plannedCNGSlong-baselineneutrinobeamaregiven.

With respecto the standardapproachusingcomplex Monte Carlo simulationsbasedon hadronic
cascadeodes,suchasGEISHA [8] or FLUKA92 [9], asimplementedn the GEANT packagd10],
CALOR95[11], the stand-aloneversionof FLUKA [12] or MARS [13], a simpleempiricalparame-
terizationof particleyields as describecherehasthe adwvantageof a more transparenphysicalinput
to the calculations.Moreover, whencoupledto the trackingof the secondanhadronsrom thetamet,
it becomesa fastneutrinoMonte Carlo generatowith the obvious advantageof enhancedstatistics.



Detailedstudiesof systematieffectsduefor exampleto hornmisalignmentsn the neutrinobeam-line
aremadepossiblesvenwith limited computertime.

2 Parameterization of p-Be data

An empiricalformulafor particle production,basedon the yields from thick Be targetsmeasuredy
NAZ20, haslong agobeenproposedy Malensel14]. This hasalreadyofferedanalternatve approach
to neutrinobeamcomputationg15]. Extensionsof this parameterizatioto include effectsrelatedto
the targetgeometryhave beenproposed16]. Malenseks parameterizatiohowever, fails to describe
the particleproductionin the low momentunregion coveredby NA56/SPY measurementndcannot
be stretchedto consistentlyfit the whole set of available dataon p-Be interactions. An alternatve
parameterizatiof NA20 dataon particleyields, proposedoy NA20 [4], givesan evenlessaccurate
descriptionof the NA56/ SPY data. At variancewith theseworks, the particle yields measuredy
the NA20 andNA56/SPY collaborationshave beencorvertedto inclusive invariantcrosssectionsfor
particleproductionwhich have thenbeenparameterized.

2.1 Thedata

In Ref. [6], inclusive invariantcrosssectionsfor particle productionin the forward directionin p-
Be interactionshave beenreportedby the NA56/SPY Collaboration. We have usedthe samemethod
discussedn that paperto derive inclusive invariantcrosssectionat all enegiesand anglesfrom the
publishedNA20 [4] andNA56/SPY[5, 6] dataon particleyieldsin p-Beinteractions.The inclusive
invariantcrosssectionis relatedto the measuregieldsfrom targetsof finite lengthby:
d?o E A

T (100- Y)p?’ NopApF(L) @
whereY is theyield perincidentprotonpersr (Ap/p %); A, p, L theatomicmassnumbey densityand
lengthof thetarget; N, the Avogadros number;E andp the enegy andmomentunof the secondary
particle respectiely. Thetargetefficiengy F(L) canbeestimatec&ssumindhattheproducedsecondary
particlesif absorbedn thetargetdo notgeneratadditionalparticles.Underthis approximatiorandfor

forward productiononehas Ly
— [ 9E 2 x = (L-2) /s

F(L) = ; /\pe e (2)
representinghe cornvolution of theprobabilitythatthe primaryprotoninteractsetweern: andz 4 dz in
thetargetandthatthe producedsecondaryarticleescape$rom thetamget (), and )\, arethe effective
meanfree pathsof primary andsecondaryarticlesrespectrely). This modelneglectsthe production
of tertiaries.This effect canbe accountedor, in amodelindependentvay, by estimatingthe invariant
crosssectiondor varioustamgetlengthsandthenextrapolatingtheresultsto zerotamgetthicknesd6].

This procedurealsoallows to estimateat eachmomentunthe contrikution to the total yield from
finite targetsdueto tertiary particles.

For particleproductionat anglesdifferentfrom zero,the methodis easilygeneralisedby takinginto
accounthetargetgeometryin eq. (2). At anglesdifferentfrom zero,however, the NA56/SPY collab-
orationhasmeasuredhe productionyields only at a fixed target length. In orderto derive inclusive
invariantcrosssectionsfrom thosedatapoints, we have madethe additionalassumptiorthat the cor
rectionfor tertiary productionbe angleindependent.This hasbeenverified to be approximatelytrue
in the kinematicregion coveredby NA20 data,collectedwith a planartagetsetupidenticalto the one
adoptedn theNA56/SPYexperiment.In thiswaywe have derivedthesingle-particlenclusiveinvariant
crosssectionsat all availableenepgiesandproductionanglesirom NA20 andNA56/SPYdata. Table 1
summarizesur results.Errorsincludethe experimentakerrorsandthe uncertaintyon the extrapolation
procedure.
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and pr, wherep andp;,. arethe momentaof the detectedparticle and of the incidentprotonin the
laboratoryreferencdrame. Dataon single-particlanclusive productionyields of Ref.[6] andRef.[4],

with incidentprotonbeamsf 450 GeV/cand400GeV/crespectrely, have beenused.

Table 1: Inclusive invariantcross-sectiorior pBe — hX productionasa function of x4,



2.2 The parameterization of inclusive invariant crosssections

Oneof the goalsof this analysisis to adopta simplefunctionalform for inclusive particle production
whichwill beappropriatdor extrapolationto differentcentreof massnegiesand/orsecondaryarticle
momenta.

Feynmanhasspeculatedn very generakermsaboutthe shapeandenegy dependencef inclusive
processe§l?], suggestingan approximatescalingbehaiour of the single-particleinclusive invariant
crosssectionwhenexpressedn termsof the transyersemomentum(pr) andthe longitudinalvariable
xzp = 2p;/\/s, wherep; and,/s arethelongitudinalmomentunof the detectedarticleandthetotal
enegy in the centre-of-momenturframe. A factorizationin zr andp; of the invariantcrosssection
hasalsobeenadwcatedasanexperimentafact.

An alternatve scalingvariablezr = E*/E}, .., definedastheratio of theenegy of thedetectegar
ticle in the centre-of-momenturframeandthe maximumenepy kinematicallyavailableto thedetected
particle,wassuggestetly Yen[18] andTayloretal. [19] andshowvn to greatlyextendtherangeof valid-
ity of scalingat sub-asymptotienegies. As discusseadn section4.2,in thecomparisorof NA56/SPY
andNA20 datato pBe datacollectedatlower enegies,we have notobseredanimprovedscaleinvari-
ancewhenz, is used.Nonethelessye have adoptedhis variablebecaus®f two practicaladwantages,
whichtranslatesn a simpleranalyticalparameterizationt » is alwayspositive by constructiorandcan
never bezero,exceptfor infinite enegy in the centre-of-momenturframe.

Early phenomenologicanalyse®f pp data,basedontheconstituenguarkmodel,helpedclarify
thatin hadronicprocessethe producedparticlesreflectthe motion of the constituent$20]. In partic-
ular, in thefragmentatiorregion of the projectile,the longitudinalmomentundistribution of produced
hadrongeflectsthe momentundistribution of valencequarksinsidetheincidenthadron.This suggests
anx dependencef hadronproductionat large z * with a functionalform similar to the onedescribing
partondistributions. The functionalshapeof non-directformationprocessest small z, in which sea
quarksareinvolved,however, is not easilydescribedn this framework.

After sometrials andconsiderationsf the physicalprocessthe following empiricalparameteriza-
tion of theinclusive invariantcrosssectionsor positive signsecondaryneson(z*, K+) productionin
p-Beinteractionshasbeenfoundto give a suitabledescriptionof data:

d3c

(Exd—pg)

= Al —zg)*(1 4 Bzg)zg® x

(1+d'(zr)pr + V' (zg)pk)e @ @rlpr (3)

whered (zz) = a/z}, andV' (zz) = a?/225,.

Theseormulaassumeanapproximatdactorizedscalingformin z andpr. The(1 —z)* behaiour
atlarge z is theoreticallymotivatedon the basisof quarkcountingrules[21, 22]. Thez~# behaiour
empiricallyaccountdor the non-directhadronformationmechanisnat small .

Thepr behaiour is modelledwith the known exponentialfall of softinteractionsanda polynomial
behaiour to interpolatethe low p; part of the spectrum. The = dependencef o'(z) and¥'(zx) is
introducedto parameterizeéhe violation of pr invarianceobseredin the data. Modelsbasedon the
partonstructureof the hadronspredicta p;" dependencef the crosssectionat large pr, wherehard
scatteringprocessetake over. A reasonablparameterizatioof p-Bedatawith thisfunctionalform has
notbeenfound. Thepossibilitythatthe proposegarametridorm fail to describeparticleproductionin
the pr region not coveredby presentlatais acknavledged.

Theratior of positiveto negative data(r™ /7~ or K+ /K ™) hasbeeninsteadparameterizedith the
empiricalformulae:

r(m) =ro-(1+zr)" (4)
r(K)=ro- (1 —xzg)" (5)

At largezr, zF andz g areequivalent.



Theshapeof theseratiosis supportedy thephenomenologicanalysiof pp dataof Ref. [20], shaving
thatr(r) ~ 1 for x ~ 0 andrisesto about5 for z — 1, closelyfollowing thew/d ratio of valencequarks
in the projectileproton,while r(K) hasa (1 — z)~® behaiour for z — 1. NA56/SPYandNA20 data
only coverthefragmentatiomegion of theprotonatlargex andthecentralregion. At largex afunctional
behaiour similarto theoneexhibitedby pp datais expected.

In orderto keepthenumberof free parametermited, positve andnegatve mesonsareassumedo
have the samep distributions. This haslong beenknown to be only approximaten pp data[23].

Table 2 summarizeghe resultsof our best-fitto the data. As indicatedin the table, someof the
parameterfave beenfixedin thefitting proceduresincethey appearedo beredundantin the K+ fit,
0 = 2~ waschosermand B wassetto zero,sinceits fitted valuewasfoundto be consistentvith zero
within errors.

A B Q I} a b y 1) ro r1
(mb/GeV?) (GeVl) (GeV?)
™ 62.3 157 3.45 0517 6.10 - 0.153 0.478 1.05 2.65
K 7.74 — 245 0.444 5.04 - 0.121 2y 1.15 -3.17
D 8.69 123 - - 5.77 1.47 - - - -
D 5.20 - 756 0.362 5.77 - - - - -

Table2: Valuesof the parametersorrespondingo the best-fitof our empiricalparameterizatioof 7+
and K+ inclusive productionin p-Beinteractions Best-fitresultson protonandanti-protonproduction
dataarealsogiven(seetext for details).

Thecomparisorbetweertheempiricalparameterizatioandtheexperimentatlatais shovnin figure
1. The accuray of the parameterizatiomf the 7+ and K* datais displayedin figure 2, shaving
the relative discrepang betweenour parameterizatiomndthe experimentaldataasa function of z .
The proposedparameterizatiogivesan accuratdit of K+ datawith a reducedy? ~ 0.85, while the
reducedy? is somevhatlarger (x?/Ng4; = 77.1/37) for 7% data. This partly reflectsour difficulty to
parameterizénex dependencef thepr distribution, althoughabout1/3 of the x? is contritutedby the
two datapoints(onemeasuredby NA20 andtheotherby NA56/SPY)for positive pion productionin the
forwarddirectionatz = 0.3, which areabout30-40%off the best-fitprediction. A reducedy? around
1 is obtained|f arelative errorof 10% on eachexperimentalpointis assumedWe concludethatthe
proposecempiricalformulaeareadequatéo describeNA20 andNA56/SPYdatawith a 10%accuray.

Protonandanti-protondata,which areof lessdirectinterestfor neutrinobeamshave beenparame-
terizedwith the following empiricalformulae:

3
(E x %)wﬁpx = A(1+ Bzg)(1 — zg)"" x
CL2
(1+ apr + EpQT)e_“pT (6)
3
(E X Z?Z)pBe—WX = A(l —zp)z7’ x
CL2
(1+ apr + EpQT)e*“”T (7)

For anti-protonsa functional similar to the one givenin (3) hasbeenadopted,exceptthat an exact
factorizationin xz andpr hasbeenassumedsincethis wassufficientto give a reasonabldit to data.
For protonsthe “leading particleeffect” hadto betakeninto account.A reasonablét to datahasbeen

6
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Figurel: Invariantcrosssectionasafunctionof pr: (top-left) positive pions;(top-right)negative pions;
(bottom-left) positive kaons;(bottom-right)negative kaons. Datacollectedat the samez ., = p/pine,
wherep andp;,. arethe momentaof the detectedparticleandof the incidentprotonin the laboratory
referencdrame,aredisplayedwith the samesymbol. The best-fitobtainedwith the parameterization
describedn thetext is superimposed.
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obtainedby following the empirical obsenation that the longitudinalmomentumdistributions of the
leadingnucleonin pp collisionsis flat [24], which translatesnto a linearrise of theinclusive invariant
crosssectionasafunctionof zz. Thetransyersemomentundistributionis alsoaffectedby theleading
particle effect, resultingin an enhancedeadingparticle productionin the forward direction (seefor
example[19, 23]). In the protonfit, this is empirically accountedor by the term (1 — zz)*r. The
parameter, thatcontrolsthe shapeof the pr distribution for non-leadingoarticleproduction hasbeen
assumedo bethesamefor protonsandanti-protons.

Resultsof thesefits are alsogiven in Table 2 and the comparisornbetweenthe empirical param-
eterizationandthe experimentaldatais shavn in figure 3. Our parameterizatiogivesa satishctory
descriptionof protonandanti-protoninclusive productionwith areducedy? aboutl, in therangecov-
eredby NA56/SPY andNA20 data. At larger valuesof x, protonproductionby meansof diffraction
shouldoccur Thisis notdescribedy our parameterization.

3 Production of neutral Kaons

Theknowledgeof neutralkaonproductionin p-Beinteractionds importantfor the exactcalculationof
thev, backgroundn neutrinobeamsomingfrom K? decaysAs anexample,in the caseof the WANF
beamservingthe CHORJS andNOMAD experimentsthe estimatedcontribution to the v, contentof
thebeamdueto K? is around15%. In addition,theknowledgeof the neutralkaonproductionis alsoof
interestfor the experimentson CP-violationusingneutralkaonbeamsandit is particularlyrelevantin
searches$or rareneutralkaondecays.

A rathercompleteset of dataon K2 productionat anglesdifferent from zero was collectedby
Skubicetal. [26], usinga 300 GeV/cprotonbeamhitting Be targets. Measurementsf K2 production
in theforwarddirectionfrom 200 GeV/cprotonson beryllium wereperformedby Edwardsetal. [27].
Both theseexperimentshowever, coveredaregion of secondarynomentecorrespondindgo z > 0.25,
whichonly partially overlapsto the momentunregionimportantfor presentindfutureneutrinobeams.

Additionalinformationon neutralkaonproductioncanbe obtainedstartingfrom the availablemea-
surement®f chagedkaonproductionin p-Beinteractions Chagedandneutralkaonproductionrates
canberelatedin theframeof a simplequarkpartonmodel,in which valencequarks(q,) andseaquarks
(¢s) areconsidered.

In the simplestmodel,isospinsymmetrymay be assumedgiving u, /d, = 2, u; = U, = d, = d,
ands; = s, fromwhich onefindsthatthe productionof chagedandneutralkaonsshouldberelatedoy

N(K§) = N(K§) = 5 (Nic+ +3+ Ni-) ®)

Thismodelhasbeenshovn to provide anaccuratelescriptiorof theasymmetryof K°/K0 productionin

therangel.18 < zr < 0.36 in neutralkaonsbeam-line$25]. We have verifiedthatit alsoagreesithin

15%with directmeasurementsf K productionupto aroundz = 0.5. At largervaluesof z, i.e. in

the fragmentatiorregion of the proton,we find thata reasonablelescriptionof existing K, production
datarequiresa “dynamic” modelin which thew, /d, ratiois let to be z-dependenandestimatedrom

the 7+ /7~ productionratio, following the agumentsgiven by Ochs[20], who hasdemonstrated
remarkableempiricalsimilarity betweerther* /7~ productionratioin pp collisionsandthe u/d quark
ratio measuredn deep-inelastitepton-protorscattering.The exploitation of this modelis beyondthe
aim of this papef andneutralkaonproductionis alwaysestimatedrom eg. (8) in thefollowing.

%A similar “dynamic” predictionof neutralkaonproductionwasalreadyconsideredn ref. [28]. Thesemodelshowever
seemdessaccuratehanformula(8) in the descriptionof the K°/K0 productionasymmetryat small/intermediate .



4 Particle production for neutrino beams

4.1 Scalingto targetsof different materials

Beryllium targetshave beenusedin mostneutrinobeamslervedfrom protonbeamsextractedfrom the
SuperProtonSynchrotron(SPS)at CERN, but the useof graphiteastamget materialseemgromising
in view of operatiorwith shortspillsin fastextractedprotonbeams.n particular the useof agraphite
targetis foreseerin the designof boththe CNGSandthe NuMI beamd1, 2]. Prescriptiondo rescale
theinclusive invariantcross-sectionto differenttargetmaterialsaregivenin thefollowing.
InvariantcrosssectionsEdZ‘z’;A for hadron-nucleusteractionghA — h'X) dependon the mass

numberA of thetargetnucleusyia parameterizationsf thetype:

d3o.hA1 Al d3o.hA2

R ©)

wherea valuefor « = 2/3 would correspondo the casewhere particle productionoff a nucleusis

identicalto the productionoff a singlenucleonperinelasticcollision. In accordancavith the scaling
hypothesiso hasbeenfoundto be weakly dependenon the incidentbeammomentum.lt dependon

the incidenthadrontype ~ andit is a smoothfunction of pr andzy of the producedhadron. It has
morewer beenexperimentallyobsened that, in first approximation|t is independenof the detected
particletype,with perhapghe exceptionof anti-protong7].

A parameterizationf « asafunctionof xz hasbeenproposedy Bartonetal. onthebasisof their
andpreviousdataatpr = 0.3 GeV/c[7]. A pr dependencef a hasbeenclearlyobseredin K2 andA
productionby Skubicetal. [26]. A suitablerepresentationf thewhole setof datacanbe obtainedwith
the parameterization:

a(zp) = (0.74 — 0.55 - x5 + 0.26 - 2%) - (0.98 + 0.21 - p?) (10)

wherethez» dependencis takenfrom thefit of Bartonetal. atp; = 0.3 GeV/candthep; dependence
is fitted to Skubicet al. dataandnormalizedin sucha way thatit reducedo the parameterizatioof
Bartonetal. atpr = 0.3 GeV/c.

In conclusion,a conserative estimateof the uncertaintyin the extrapolationfrom beryllium to
carbondatasits (in the pr rangeof interestfor neutrinobeamsup to ~ 600 MeV/c) around5%, onthe
top of ameasuremerdrrorof 5—-10%,dependingpnthesecondarynomentumfor thecrosssectionson
beryllium. Theestimateof this systematiaincertaintyis basedothondatacollectedby Bartonetal. [7]
andonthe extensve compilationof J. Kuhnon nucleardependencéor pA — 7~ X interactiong30].

4.2 Scalingto differ ent centre of massenermies

The NuMI neutrinobeamat FNAL is plannedto be derived from a primary proton beamof 120
GeV/c momentum resultingin a centre-of-mas&negy abouttwo times smallerthanthat available
at NA56/SPYandNAZ20. Besidests generalinterest,a testof the scalinghypothesisof one-particle
inclusive invariantcross-sections thusrelevantto assesshe rangeof validity of the proposegaram-
eterization.This hasbeenstudiedby comparingour parameterisatioto availablepA datacollectedat
differentcentre-of-masenenpies.

In figure 4, our predictionfor one-particleinclusive invariantcrosssectionare comparedo data
collectedwith 100 GeV/cprotonson carbontarget[7], wherethe extrapolationfrom Be to C hasbeen
madeusingformulae(9) and(10). Asdiscussedborexzr = E*/E}, ., hasbeenusedasscalingvariable.
The agreemenbetweenpion datashawn in the figure and our empiricalparameterizatioms excellent
up to aboutz ~ 0.8. A goodagreements alsofound whenkaondataare consideredalthoughthe
precisionof kaondatafrom ref. [7] is poorer

Figure5 shavs a comparisorof our parameterizationvith one-particleinclusive productiondata
measuredavith 24 GeV/cprotonshitting aBeryllium target[29]. In thatwork, Lorentzinvariantparticle
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densitiesv(prq, #) Weremeasuredsa function of the particlemomentuny;,,, andproductionangle
0. Thesedatahave beencornvertedinto invariantcrosssectionausingtherelation

d3c 1
= _O-absw(pLaba 0) (11)

Ex2Y
><dp3 2

whereo,;, istheabsorptiorcrosssectionfor p Be [31]. A reasonablagreemenis obsenredin theshape
of thedistributionsfor 7+ and K, althoughthe estimatedproductionof 7 is about35 + 15%lower
thanthatmeasuredThisis alsotruefor negative pions,notdisplayedn thefigure,while theagreement
is somavhatworsefor theotherparticles.

Givenits generainterestwe have testedthe scalinghypothesison the samedataalsousingz» and
Zrab = P/Pine, thelatterdefinedastheratio of the momentunof the detectedparticlein thelaboratory
referencdrameto the momentunof theincomingproton,aslongitudinalvariables A betteragreement
with 7+ datais obtained,f z; is used,which however shovs a worseagreemento kaondat&. The
variableAy = ynqo—y, Wherey = 2 log((E+pr)/(E—py)) is therapidity of theproducedarticleand
Ymae 1S the maximumrapidity kinematicallyavailableto that particle,hasalsobeentried. At variance
with the previuoslongitudinalvariables Ay is Lorentzinvariantandscaleshe phasespaceat different
centre-of-masenegiesindependentlypf thereferencdrame. Althoughwe find a somavhatimproved
agreemento datain this case scalingto datacollectedwith 24 GeV/cprotonsis only approximateven
with this variable.

Still, in the centre-of-mas&negy rangeof interestfor presenthigh-enegy neutrinobeams,the
agreemenbetweerour parameterizatioscaledaccordingo zr andthedatais satisactory

4.3 Yieldsfrom finite length targets

With referencdo eq. (1), thedifferentialparticleproductionalongthetargetcanbe parameterizeds:

AY (B,pr,2) _ Noph?* [, d0
_ P gy 12
dz 100AE \" " dp 1(z) (12)

wheref(z)dz is the probability thatthe outgoingparticlebe producedat a depthz to z + dz insidethe
targetandthe otherquantitieshave beenintroducedn Section2.1.

In generalf(z) will alsodependntheproductionangleof thesecondaryarticle[16]. In thenaive
reabsorptiomodelintroducedn Section2.1,onehas:

f(z,0) = ie_z/)‘f"e_zl(z’a)/)‘S (13)
)‘P
which canbe obtainedby differentiatingthe tamget efficiengy F'(L) of equation(2), with 2/'(z, 0) rep-
resentingthe target lengththat the producedhadronhasto crossto escapdrom the target (L — z for
forward production).This nave modelis only adequatéo give afirst orderdescriptionof particlepro-
ductionfrom relatively thin targetsor atlarge x, but in generabparticleproductionby meanf cascade
processesannotbe neglected.

Sinceall typesof hadronsanbe producedvhenanenegetichadronof ary flavour interactsn the
target, the productionof particlesfrom atametof finite lengthis governedby a setof coupledtransport
equationghatdependnthepropertieof the particlestheirinteractionsandonthestructurglgeometry
andmaterial)of thetamget. Giventheircompleity, thesolutionof theseequationss in generabddressed
numericallywith hadroncascade/transpocbdes,calibratedon a large setof hadronproductiondata.
However, in thespirit of thiswork, themainfeatureof thecascad@rocessn needle-shapedrmgetslike
thoseusedfor neutrinobeamscanbe describedn a simpleparametridorm andtunedon NA56/SPY
dataonyieldsfrom tarmgetsof differentlengthandgeometry

3All thevariablesareoff roughly by the sameamountin the descriptiorof the K /7 productionratio.
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In hadronicinteractionsabouthalf of the availableenenpy is typically dissipatedn multiple par
ticle production(inelasticityk ~ 0.5) with averagetrans\ersemomentum(py) ~ 0.35 GeV/c. The
remaindeof theenegy is carriedby fastforward-going‘leading” particles.Only theseparticlesarere-
sponsiblgor the propagatiorof thecascadén thin andlongtargets,sincethey arealmostcollinearwith
the primarybeant andtheir enegy is large enoughto resultin a sizeableyield of additionalenegetic
particles.

In the collinear approximationand assuminghat leadingparticlesin pA interactionsare mostly
protonsthuscharacterizethy aneffective meanfree path )\, equalto thatof primaryprotonsthe nave
reabsorptiomodelof equation(13) canbeimprovedby the expansion:

£(2) = —e M [1 4 Ay(z) e 7O (14)
)‘P )‘P

wherethe secondermin bracletsaccountgor particleproductionby reinteraction®f secondaryarti-
cles(tertiary production) while higherrank contritutionsareneglected sinceneutrinotargetsaretyp-
ically of order2), andthelessenegeticis thereinteractingparticlethe lower is the yield of produced
particles.

In equation(14), A, (x) weightsthe probabilitythatreinteraction®f secondaryarticleswill result
in aproducechadronk of fractionallongitudinalmomentumz andis givenby:

M@= [ A5 G (@, 7)) O (2) (15)
U

whereG} ., (x, 2') is thepr integratedcrosssectionfor inclusive productionof A in 4’ interactionsand
@,/ (2') is theflux of b’ particles. Thus, A(x) is afunctionof x andh only. Its dependencen these
variableshasbeenderived from NA56/SPY measurementsf inclusive yieldsin the forward direction
from finite lengthtargets.

In the shorttargetapproximationyalid until thetamgetlengthis L << A A /(A5 — A,), integration
of equation(14) in the forwarddirection(i.e. 2’ = L — z) predictsthefractiont(L) of tertiary particle
productionto be approximatelya linearfunctionof L givenby:

L)y~ A L 16

t(L) ~ h(l‘)@- (16)

Thislinearbehaiour is in agreementvith experimentaldata,asshown figure 6-Left, wherethefraction

of tertiary productionasa function of targetlengthfor 7+ and K* asderivedfrom NA56/SPY datais
displayed andwasexploitedin section2.1to deriveinclusive invariantcrosssections.

Comparedo thenaive absorptiormodel,theexcessof particleproductionpresentn theNA56/SPY
dataincreasewvith decreasingnomentum.Figure6-Rightshows the fraction of tertiary particlespro-
ducedn theforwarddirectionfor al00mmtargetasafunctionof thefractionallongitudinalmomentum
Zrab = Prabv/Pine- Thecurvesshavn in thefigurerepresenthebest-fitof A, (x) to dataaccordingo the
empiricalparameterization:

Ap(Tra) = Ai”(l - xLab)b;LeT (17)
whereacommonvalueof Al andbi" hasbeenchoserfor positive andnegative particles.The best-fit
resultsarereportedn table3.

In this simplemodel,no pr dependencef tertiary particleproductionis predicted.Indeed,assum-
ing Feynmanscalingandthe (approximatefactorizationin z andpy of theinvariantcross-sectiorthe
pr distribution of tertiary particlesis expectedio be the sameasthatof secondaryarticles.It follows
that the divergenceof leadingparticleswith respecto the primary beamdirectionis in generalneg-
ligible ascomparedo the typical productionangleof lower momentumtertiary particles( collinear

4The divergenceof leadingparticleswith respecto the primary beamis typically (pr)/(1 — k)pin. ~ few mradfor
protonenegiesof theorderof afew hundredGeV.

13



[
o

05 - O m 10 GeV - o K10 Gev -
[ 2 mi15GeV 1] e K"15GeV ]
L & w40 Gev 1F * K" 40Gev ) \
| % m40GeV 10 % K 40 Gev 10 e 3

o
S
|
T
|
fraction of tertiary particle production

fraction of tertiary particle production

o
w
T
R G —
P I
L e
L
°
|
N
o
&

"0

Claa 3
200 300 0 - ‘ !
Target length (mm)

07\\\\‘\\\\“\\\\‘\\77\\\\‘\\\
0 100 200 300 O 100

XLab

Figure6: Left: fractionof tertiary particleproductionasafunctionof thetargetlength. Right: fraction
of tertiary particle productionin a 100 mm Be target as a function of z.,,. Dataare derived form
publishedNA56/SPYdata[6] andthe curvesrepresenthe best-fitdescribedn thetext.

approximation). Theseconsiderationsire supportedoy NA56/SPY datathat shav no p; dependence
of thetrans\ersemomentundistribution of tertiary particleproductionin a 300 mm Be needle-shaped
tagetoncemeregeometriceffectsareconsidereqseefigure 20 of Ref. [6]).

ter ter ter ter
A7r AK b'rr bK

0.80 156 7.3 10.1

Table3: Best-fitvaluesfor parametersf equation(17) to NA56/SPY data(seetext for details).

Equation(14) is valid for NA56/SPYandNA20 targets,but fails to give the correctpredictionfor
tertiary particle productionwhen the target lengthis of order Ayeor, = R - pi/(pr), WhereR is the
trans\ersedimension(radius)of thetamgetandp, = (1 — k) - pin. is thetypicalmomentunof theleading
particle.In thislimit, thereis a sizeablegprobabilitythatsomeof the leadingparticlesalsoescapdrom
thesideof thetargetbeforeinteracting.This canbeaccountedor, modifying equation(14) into:

e_z/’\p

f(z) =

1+ o) [ L] o (18
D 0 Ap

wherew, (y) is anacceptancéactot whichin generabdepend®nthe pr andenegy distributionsof the
leadingparticlesandon thetarmgetgeometry. For cylindrical symmetry onecanwrite:

1 max

wly) = s /0 " h(pr)prdpr (19)

wherep7®* ~ p,R/(z — y) in the collinear approximationand h(p7) is the py distribution of the
producedparticles.

5In equation(18), the collinearapproximatiorhasbeenagainadwcatecto factorizethe acceptancéactorandtherein-
teractionprobability of leadingparticles.
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In the simulationof neutrinobeamsgdiscussedn thefollowing, the computatiorof this acceptance
factorhasbeenperformedunderthe approximatiorthatleadingparticlescarry on averagehalf of the
primary beammomentumand that their transversemomentumdistribution is representedby a pure
exponentialof averagetrans\ersemomentum{pr). For cylindrical symmetrythis allows the analytical
integrationof equationg18) and(19). In caseof continuoudargetsof radiusR, theintegrationyields:

e—Z/Ap VA 7)\ /Z 721(29)/)\
f(z) = ;) 1+Ah(x)/\—(1—e geom/Z) | e W As (20)
P P

which reducego equation(14), predictinga linear increaseof the differential productionof tertiary
particlesalongthe tamget, until z << Agom (Shorttarget approximation). At larger depthinsidethe
taget, the differential productionof tertiary particleswill tendto saturateto a value proportionalto
Ageom//\p-

In caseof a sggmentedarget,madeof severalrodsinterleavedby air gaps asthatusedin the WANF
beamandconsideredor theforthcomingCNGSbeamat CERN,thedetailsof thetargetgeometryhave
to be consideredThe analyticalintegrationof equationg18) and(19) is still possibleunderthe same
approximationas that adoptedto derive equation(20) andit hasbeenusedin the evaluationof the
efficiengy of sgmentedargets.

In Figure 7 we presentpredictionsfor secondarymesonproductionat target level, basedon our
parameterizatiof the inclusive invariantcross-sectionsorrectedfor tamget efficieney. Momentum
spectrgtop), angulardistributions(middle)andexit point profiles(bottom)of thesecondarynesonsn
the caseof the CNGStamgetgeometryandfor anangularacceptancef 30 mrad(muchlargerthanthe
hornapertureof the CNGSbeam-linedescribedn thenext Section)areshovn. For sake of comparison,
the predictionsof a FLUKA basedull Monte Carloprogram[12, 1] arealsoshavn. Theagreemenis
remarkableprovidedthattertiary particleproductionis takeninto accounin theevaluationof thetamet
efficiengy, asdiscussedh this Section.

A slight disagreemenin the pr distributionsof all chaged particlesis visible mainly at large pr,
thattranslatesn a slightly moreforward pealed distribution of the exit pointsalongthe target. This
disagreemendgippearsn a kinematicregion not coveredby NA56/SPY and NA20 data. However, as
remarled in the next Section,neutrinobeampredictionsare only slightly affectedby this large pr
region, sinceit falls outsidethe momentumandangularacceptancselectedy thefocusingoptics. The
systematidifferencebetweerthetwo modelsis thusnegligible.

5 Simulation of neutrino beams

As it iswell known, a“classic”wide bandneutrinobeamis producedrom thedecayof mesonsiostly
m'sand K's. Mesonsarecreatedoy the interactionof a protonbeaminto a needleshapedaret, they
aresign-selecteandfocusedn theforwarddirectionby two large acceptancenagneticcoaxiallenses,
cornventionally calledat CERN horn andreflector andfinally they arelet to decayinto an evacuated
tunnelpointingtowardthe detectorposition.

In caseof positive chage selection the beamcontentis mostly v, from the decayof 7+ and K'+.
Smallcontaminationsf 7, (from thedefocusedr— and K ~) andv, (from three-bodydecayof K’sand
w's)arepresentatthe level of few percent.

As anexample,a schematidayoutof the future CERNto GranSassmeutrinobeam CNGS[1], is
showvn in Figure8. Its maincharacteristicselevantfor beamsimulationpurposesarelistedin Table4
togethemith thoseof theold WestAreaNeutrinoFacility (WANF) at CERNin theconfiguratiorsetup
for the CHARM Il experiment[3.

Theneutrinofluxesfor suchakind of beamarerelatively easyto predictoncethe secondaryneson
spectraare known, becausehe mesondecaykinematicsis well understoodandthe geometryof the
decaytunnelis quitesimple.
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Uncertainty in the estimation of the neutrino fluxes could arise because secondary mesons are se-
lected over a wide momentum range and over a wide angular acceptag0errad).

Re-interactions of secondary mesons in the target and downstream material contribute to reduce the
neutrino fluxes and increase the uncertainty in the calculations (mainly for the wrong sign and wrong
flavour contaminations). They are generally minimized using a target made of a number thin rods of low
Z material interleaved with empty spaces (to let the secondary mesons exit the target without traversing
too much material). In addition the amount of material downstream of the target (i.e. horn and reflector
conductor thickness) is kept to the minimum.

Beam line WANF CNGS
Target material beryllium graphite
Target rod length 10 cm 10 cm
Target rod diameter 3 mm 4 mm
Number of rods 10 8

Rod separation 9cm 9cm
Additional end—rod length - 50 cm
Proton energy 450 GeV 400 GeV

Proton beam focal point
Expected pot/year:

in shared SPS mode 4.5 x 10"
in dedicated SPS mode 7.6 x 10%°

50 cm from start of target

< 2x 10

Horn & Reflector focusing momenta 70-70 GeV  35-50 GeV

Horn & Reflector length 6.56 m 6.65m
Horn & Reflector current 100-120 kA 150-180 kA
Horn distance from focal point 11.5m 2.7m
Refl.distance from focal point 82.8m 43.4m
Horn acceptance ~10mrad ~ 20 mrad
Decay tunnel length 285m 992 m
Decay tunnel radius 0.6m 1.22m
Tunnel vertical slope +42 mrad -50 mrad
Pressure in decay tunnel 1 Torr 1 Torr

Table 4: Main parameter list of the WANF (CHARM Il set-up) and CNGS neutrino beam lines.
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The parameterizationf the secondarynesonproductionfrom protonsonto athin target, proposed
in this papey is thuswell suitedto be usedin neutrinobeamsimulationsboth becauset extendsits
predictionoverawide rangeof longitudinalandtrans\ersemomentaandalsobecaus¢he smallfraction
of tertiary productionfrom re-interactionsn the targetanddownstreanmaterialcanbe accountedor
with theapproximationglescribedn Sectior4.3.

A comparisorof the neutrinoflux predictionbasedon the proposedparameterizatiomnvith some
measuredpectrds thusaneffective estimatorof the quality of thesecondarynesongarameterization.
For this purposepur parameterizatiohasbeencoupledwith a neutrinobeamsimulationprogramable
to provide rapid andaccuratepredictionsof neutrinospectraat ary distance(i.e. shortandlong base
line). The comparisorhasbeenperformedboth with alreadypublisheddata(CHARM II) andwith
predictionsfor the future CNGSlong-baselineneutrinobeamgeneratedvith GEANT and/orFLUKA
basedVionte Carloprograms.

5.1 The simulation program

Theprogramis astand-aloneodedevelopedasatool thatallowsto vary andoptimizeall elementsand
thegeometry(in 3-D) of thebeamline providing theresultan termsof neutrinospectraanddistributions
at large distancewith high statisticsandin shorttime. As a by-product,the programprovidesalso
spectraanddistributionsof secondarphadronsandmuonsalongthe beam-lineandin themuonmonitor
pits afterthe hadronstopat theendof thedecaytunnel.

Theunderlyingideais thatin orderto producerapidly a neutrinospectrumat large distanceover a
small solid angle(typically d©2 ~ 10~ for the future LBL beamsof CERN andFNAL), onehasto
forceall the mesondo decayemittinga neutrino,andforce all neutrinosto crossthe detectorvolume.
A weightis thenassignedo eachneutrino,proportionalto the probability that this processactually
happened.

In practicethis methodis implementedy subdviding the simulationinto four subsequergtepsas
describedn detailin the following). The weight assignedo eachneutrinois the productof factors
originatedin eachsteptimesthe solid anglesubtendedby the detector:

Wtot = H I/Vianlet- (21)

5.1.1 Mesonsproduction alongtarget

Firstthetotal numberof secondarynesongr*, 7—, K™, K~ andK?) to begenerateds calculatedoy
integrationof theyield calculatedn our modelovertheinterestingrangeof longitudinalandtrans\erse
momenta.Thesenumbersobviously dependon target material,densityandlengthandon the number
of protonsontamet.

Secondarynesonsaregeneratedlongthetargetaccordingo the distribution of protoninteraction
points. The latter dependsn the protonbeamsize anddivergence on the taget thickness 7;,,,, and
onthe protoninteractionlength, \,, of the tagetmaterial. Momentumandangulardistributionsof the
mesonsaresampledrom the proposegarameterizationl heweightassociatedvith this stepis

Wi = (1 — e Ters/Ae)e =/ (22)

becaus@rotonsareforcedto interactin thetaget.

Mesontrajectoriesn thetargetarecalculatedandtheir length,z'(z, §) usedto estimatethe proba-
bility thatthe mesonsxit the targetwithout re-interacting:e%'/*, where), is the mesoninteraction
lengthin thetarmet.

Tertiarycontrikutionis addedollowing the parameterizatiodescribedn Sectior4.3:

Wy = e %/ ll + Ap(z) /OZ %wz(y)] (23)
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whereA,(z), w,(y) andtheapproximatiorrelatedto this approacthave beendiscussedbove. In case
of the sggmentedargetconsideredor the CNGSbeam this modelgivestheresultsof figure 7.

5.1.2 Mesontracking in the neutrino beam-line

The trajectoryof eachmesonin the beam-lineis calculated taking into accountthe trackingin the
magneticfield of hornandreflector until it hits the walls of the decaytunnelor the collimators. The
amountof materialcrossedy the particleis alsorecorded.

The mesonis forcedto decayalongits trajectory traj, accordinglyto its decaylength, \4... The
weightassociatedbo this processs

‘/I/3 = (1 _ e_t"'a'j/)‘dec)e_zint/As (24)

where Z;,; is the amountof materialcrossedup to the decaypoint and ), is the interactionlengthin
thatmaterial.

Contrikutionsdueto reinteractionof secondanyparticlesin the materialalongthe beamline are
takeninto accountwith a parameterizatiosimilar to that usedfor the target but in the “short target”
approximationThecorrespondingveightis:

bter Zint

=1 Ate’l‘ 1— ~wmt
W4 + h ( x) 2}\p

(25)
asderivedin formulae(16) and(17) of Sectior4.3

5.1.3 Neutrino production from mesons

For eachmesona neutrinois produced;ts flavour andits momentundistribution in the parentmeson
restframedependnthedecaymodeandbranchingatio, B.R.. Theneutrinodirectionin thelaboratory
frameis determinedequiringthatit crosseshedetectovolume.Theangle 6;,, betweerparentmeson
andneutrinodirectionsallows to calculatethe Lorenzboostof the neutrinofrom the mesonrestframe
to thelaboratoryframe. Thisin turnsallows to obtainthe neutrinomomentumin thelaboratoryframe.

Theweightassociatedo this processs proportionalto the probability that the neutrinois emitted
in the detectordirection. This is obtainedby simply boostingbackthe solid anglesubtendedy the
detectorin the mesorrestframe,wherethe neutrinois emittedisotropically;

W5 = B.R. x (m,/(E, — P,cosb,,))? (26)

wherem,, E; and P; arethemassgnegy andmomentunof the secondaryneson.

5.1.4 Neutrino production from muons

Muons are producedin the decayof secondarymesonstaking into accountthe correctkinematics
(branchingratio andpolarisation) Muonsarealsotrackedthroughthe neutrinobeamline andforcedto
decayto produceneutrinosin the detectordirection. An additionalweight, W5, (equivalentto WW; for
mesordecays)is introducedor theneutrino§rom muondecay A weightWs,, replacedV; accounting
for thethe muondecaykinematicqincludingpolarisation).

5.2 Statistical accuracy

Thestatisticalaccurayg of this way of simulatingneutrinobeamsiloesnotdependnuchonthedistance

betweerthe detectompositionandthe neutrinosourceasit is the casefor classicainweightednethods.
In the classicalunweightedcase only a fraction of the pions(typically 5-10%)decaybeforeinter-

acting (eitherin the beam-linematerialor in the decaytunnelwalls); in additionneutrinosarespread
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over awide solid angle(aboutl mradin the CNGScase)becausef the decaykinematics.lIt follows
that,to enhancestatistics at large distancehe neutrinospectraneedto be computecon a surfacemuch
wider thanthe actualdetectorarea,relying on the fact that the spectrashapesvariesslowly with the
radius.In the CNGScaseanaccurayg of afew percentanbeachiezedwith severalmillions protonson
tamgetif a detectorarealargerthan~ 10* m? is considered.

In theparameterizationase sinceall mesons- within thefocusingopticsacceptance areexploited
to produceneutrinosin the detectoy the statisticalaccurag is independentrom the detectordistance
and proportionalto the inverseof the squareroot of the numberof generatecpositve pions (for v,
beams)namelyaboutthe numberof generategbrotoninteractionson target. An accurag betterthana
percents thusobtainedwith lessthan10°® p.o.t.,for ary sizeof thedetectorsurface.

5.3 Simulationsof pastand futur e neutrino beams

In orderto give amorequantitatve appreciatiorof theaccurag thatonecanobtainin the simulationof
neutrinobeamsausingthe generatodescribedn the previous Sectionswe presenthe comparisorwith
thepublishedheutrinospectraneasureavith theCHARM Il detectof32] exposedatthe CERN-WANF
beam.

In additionwe presenthe comparisorbetweerthe CNGSsimulationbasedn our methodandthat
basedntheFLUKA stand-alon@rogramfor secondarynesorproductioninterfacedwith GEANT for
particletracking.

5.3.1 Comparisonwith CHARM Il data

The WANF neutrinobeamline at CERN, to which the CHARM Il detectorwasexposed,is well de-
scribedelsavhere[3]. Its maincharacteristichasbeensummarizedn Table4. The facility wasrun,
duringseveralyearsof operation githerselectingoositive chagedparticles(v, beam)or negative ones
(7, beam).Neutrino/anti-neutrinanteractionswerecollectedin the CHARM Il detectorandfully re-
constructed33].

In figure Figure 9—top, we shav the comparisorbetweenthe measuredeutrinofluxesin caseof
positve mesonsfocusing, (v, beamwith 7, contamination)and the simulation performedwith our
methodandbasedon 10° p.o.t.. On theleft handsidea logarithmicscaleis usedto make evidentthe
spectrabehaiour athighenegy aswell asthewrongsigncontaminationpntheright handsidealinear
scaleis usedfor a betterappreciatiorof the focusing/defocusingffect. In figure Figure 9-bottom, the
sameplotsareshavn in the caseof negatve mesorfocusing(z,, beamwith v, contaminations).

Theoverallagreemenis atthe percentevel, with at most10%disagreementn a bin perbin basis.

Thehigh enegy tails of thedistributionsaredominatedoy the productionof high enegy secondary
mesongpealed in the forward direction, and are practicallyinsensitve to the magneticfocusing. In
fact high enegy mesonswith smallangularaperture fravel mostlikely throughthe neckof the horn
wherethey arehardly deviated. The goodagreemenbetweensimulationanddataindicatesthat high
zr productionontarmgetis well simulatedandthatre-interaction®n the materialalongthe beam-lines
correctlytakeninto account.

In the focusing/defocusingnegy rangethe agreements anindicationthatlow z productionis
correctly generatecht leastup to ~ 10 mrad (the WANF optics acceptance).The fact that alsothe
wrongsigncontaminationn thesimulationbehaesasthedata,meanghattertiaryproductionin target
anddown-streanmmaterial(mainly the hornneck)is describedo a sufficientlevel of approximation.

5.3.2 The CNGSbeam-line

As mentionecearlier our neutrinobeamgeneratomwasoriginally developedto allow a rapid optimiza-
tion of LBL neutrinobeams.To testthe reliability of it, we have performeda detailedsimulationof
the CNGSLBL neutrinobeamfor anextensve comparisorwith thefull beamsimulationbasednthe
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Figure9: The WANF neutrino(top) andanti-neutrino(bottom) fluxesat the CHARM Il detector:the
dottedlines are experimentaldatafrom Ref. [33], the continuoudine is the beamsimulation. On the
left, logarithmicscaleis usedto enhancehe spectrabehaiour at high enegy aswell the wrong sign
contaminationpntheright, linearscaleis usedto appreciatéhe focusing/defocusingffect.
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FLUKA stand-along@ackagd12] for secondaryarticleproductionandon GEANT for trackingalong
thebeamline [1].

Apart from the tunnelgeometryandthe focusingoptics,the main differencef the CNGSbeam-
line with respectto the WANF arethe tamget material(carbon insteadof beryllium) andthe proton
beamenegy (400 GeV insteadof 450 GeV). Thesedifferenceshave beentaken into accountin our
simulationwith the scalinglaws proposedanddescribedn Section4.2and4.3.

Asremarledin Sectior4.3,theagreemenatthetargetlevel betweerourcalculatiorandthe FLUKA
basedull Monte Carloprogramis noticeableprovidedthattertiary productionis takeninto accounin
theformer case.Theslight disagreementisible in the p; distributionsof all chagedparticlesmainly
atlarge p translatesn aslightly moreforward pealeddistribution of the exit pointsalongthetarget.

Remarkablyenoughasfar asthe neutrinospectraat large distanceareconcernedthe discrepancies
betweenthe two modelsdo not propagatewith the samestrength(seeFigure10). This is becausen
the momentunrangeandangularacceptanceelectedy the focusingopticsboth particle production
modelsreproducerery well the availableexperimentabata.

Beforeconcluding,it is worth mentioningthat early simulationsof the CNGSbeamline basedon
GEANT stand-alonalisagreedvith thosepresentedere,beingtoo optimistic by morethan~ 20%.
OntheotherhandFLUKA stand-alongjivesresultsfully compatiblewith thosepresentedhere.
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Figure 10: The CNGS neutrinofluxes at Gran Sasso(732 Km from target). Comparisonbetween
FLUKA/GEANT simulation(thedottedlines)andtheparametrisedimulation(continuoudine) Onthe
left, logarithmicscaleis usedto enhancehe spectrabehaiour at high enegy aswell the wrong sign
contaminationpntheright, linearscaleis usedto appreciateéhe focusing/defocusingffect.
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6 Conclusions

Empiricalformulaefor single-particlanclusive invariantcrosssectionsn p-Be interactionshave been
derved,onthebasisof single-particlenclusive productiondatacollectedoy theNA20 [4] andNA56/SPY
[5, 6] experimentsTheseformulaereproducehe experimentaldatawithin a 10%accurag.

The hypothesisof Feynmanscalinghasbeenverified to hold with our parametrisatiorgiving a
suitablerepresentationf productiondatacollectedover awide rangeof primary protonbeamenegies
(from 24 GeVto 450GeV).

Prescription$o extrapolatethis parameterizatioto finite targetsandto targetsof differentmaterials
have beengiven.

Theresultsobtainechave beenusedasaninputfor thesimulationof neutrinobeamsA comparison
to datacollectedby the CHARM-II neutrinoexperimentat CERN hasdemonstratethe capability of
thisapproactio predictthe past.

Theseformulaecanbe of greatpracticalimportancefor fastcalculationsof neutrinofluxesandfor
designingnew neutrinobeam-linesThusthey maybeusedn fastsimulationsaimingattheoptimisation
of the long-baselineneutrinobeamsat CERN and FNAL. Predictionsfor the neutrinospectraof the
CNGSbeamfrom CERNto GranSassdave alsobeengiven.
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