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An analysishasbeenperformedof neutrinoandantineutrinointeractionswith protons and
neutronsin a deuteriumbubble chamber.The interactionsunder study are quasielasticneu-
trino—neutron scattering and one-, two- and three-pion production reactions. Results are
presentedon cross sections,effective mass distributions, resonanceproduction, momentum
transfer distributions and coefficients of the decay angular distributions. Where possible,
comparisonsare madewith existing theoreticalmodelsand predictions.

1. Introduction

In the presentpapera studywill be madeof severalexclusivechannelsin i-’/i

interactionswith protons andneutrons.The datawere obtainedfrom the WA25
experimentwith the CERNbubblechamberBEBC filled with deuterium,exposed

*NOw at KNMI, De Bilt, TheNetherlands.
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to high-energy v/i; beams at the CERN-SPS. The following interactionsare
studied:
(a) Quasielasticneutrino—neutronscattering:

v+n~~+p. (1)

(b) One-pionproductionin the baryonresonanceregion(W< 2 GeV/c2, where W
is the restmassof the secondaryhadronicsystem):

(2)

(3)

(4)

(5)
fl + ~

(c) Production of pions at low momentum transfer to the nucleon with W>

2 GeV/c2:

(6)

(7)

(8)

(9)

(10)

The cut in W at 2 GeV/c2 divides the reactions (which partly have the same
topologies)into classesin which differentproductionmechanismsareprevailing.

Severalexperimentshavestudiedone or moreof the abovegiven reactionsat
various incident energies.We quote refs. [1—5]for the quasi-elasticreaction,[2]
and [6—13]for single-pion reactionsand [11,141 for multi-pion reactions.In this
paperwe give the characteristicsof thesereactions in a simultaneousanalysis.
Someof the analyzedreactionshavenot beeninvestigatedbefore.Partof the data
hasbeenpresentedin previouspublications[15,16]. The presentpapercovers the
full statisticsof the experiment.

Sects.2—6 of this papercontainthedescriptionof theexperimentalmethodsand
the physical variablesto be obtained.In sect. 7 the cross-sectionmeasurementis
describedand the crosssectionsof the variouschannelsare presented.In sect. 8
an analysisis madeof the quasielasticv—n scattering.Sect.9 treatsthe production
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of the baryon resonancesdecayinginto a nucleon and a pion. Effective mass
diagrams and differential distributions of cross sections are presentedin this
section, togetherwith results on the decayangulardistribution. In sect. 10 one-,
two- and three-pionfinal statesare analyzedoutsidethe effective massregion of
the baryonresonances.

2. The experiment

The data were obtained from various exposuresof BEBC to neutrino and
antineutrinowide-bandbeams.In total, 75,000 pictureswere takenwith neutrino
and272,000with antineutrinobeamsetting.Protonsof 400 GeV were incident on

a Be targetof 60 cm (i’) or 110 cm (i;) length. The beamwas focussedby a horn
and reflector system.The meaneventenergyamountedto 54 GeV for ii and 40
GeV for i;. A discussionof the event energyspectrais given in ref. [171.The
fiducial volume of the chamberamountedto 18.14 m3, containing 2.52 tons of
deuterium.The bubble chamberwas equippedwith an ExternalMuon Identifier
EMI andduring partof the exposureswith an Internal Picket FenceIPF.Charged
current eventswere selectedby meansof the EMI by the identification of a
negativeor positive muon in the final state.The film was scannedtwice for all
topologies.In total, 27575 v and 16896 i; eventswereobtainedwith the two beam
settings. For most of the presentanalysis all eventswere used. However, the
cross-sectiondeterminationwasrestrictedto v/i; eventsobtainedwith the specific
v/i; beamsetting, as will be explainedin sect. 7.

A specialscanwasperformedto evaluatethe scanninglossof the2- and3-prong
topologiesrelevant to thispaper.

3. Kinematics

All eventswith topological multiplicity below 6 were passedthrough the kine-
maticsfit program.For reactions(1), (2), (4) and(6)—(10) a 3-constraintkinemati-
cal fit was required for the identification. The (anti)neutrino enteredthe fit
procedurewith an unmeasuredmomentum.The directionwas chosento be the
nominal beam direction with 1 mrad errors in the polar and azimuthal angles.

Special care had to be taken for the visible or invisible companion of the
interacting nucleon in deuterium. In all casesthe deuteronwas consideredthe
target particle. Visible spectator protons with a momentum larger than 150
MeV/c weremeasuredas outgoingparticles.Visible protonswith smallermomen-
tum were consideredinvisible since their measurementis not reliable. Invisible
spectatorswere enteredinto the fitting procedureas a proton or a neutronwith
nominally zeromomentumand momentumerrors z.lp in the x, y and z direction.
~ip wasset to 60 MeV/c for the neutronspectatorin odd-prongevents,where the
targetis a proton andto 30 MeV/c for the invisibleproton spectatorin even-prong
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events. The smaller value of ~ip was assignedin the second case, because
spectatorswith a large momentumare visible and measurable.Kinematical fits
with a probabilitybelow 1% were not accepted.

As a generalcheck and to recover some failures in the standardmethod, a
secondmethod of kinematical analysis was applied in parallel. Events of the
indicatedtopologieswereselectedas fitting candidates,whenthe total momentum
of the secondariestransverseto the nominal beam direction was below 0.30
GeV/c and the missing energywas between —0.20 and + 0.14 GeV. The limits
allow for the Fermi motion of invisible spectatorsand the uncertainty in the
neutrino direction. The separatestudyof momentumloss andenergy lossamong
others facilitates the recoveryof events that fail in the standardfit procedure
becauseof a large momentumof a neutron spectator.By meansof the second
methodthe eventsamplesare increasedby 5%. Fig. 1 shows themissing energy
distribution for the candidatesof reaction(1) thatsatisfy the transversemomentum

criterion. The applied energycuts are indicatedin the figure.
In cases,wherea fit with non-strangechargedparticleswasambiguouswith one

containing strangeparticles, the first one was preferred. All neutral particles,
includinggammas,that seemedto be connectedwith the primary interaction,were

fitted to the vertex. In the caseof a successfulfit the eventwas rejected,with the
exceptionof candidatesfor reaction (5a) where one or two fitting y’s were
accepted.No fits were acceptedwith massassignmentsdifferent from the ones
made on the basis of bubble density at the scanningtable. At low momentum

~2OO zJfl—),up

cc
C

Q)
,-.-~ 100

O~H~ -

-0.8 -Oh 0 ~ 0.1.

E,~
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Fig. 1. Missingenergy~ of candidatesfor reaction(1) with missingtransversemomentumbelow
0.3 GeV/c.The arrowsindicatethe appliedcuts.
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TABLE 1
Correctednumbersof eventsandpercentagesof appliedcorrections.

All correctionsarenegative(seetext).

Events Events
W< 2 w> 2 Corrections

Reaction # GeV/c
2 GeV/c2 accidental(%) spectator(%) background(%)

vn—~Lp (1) 552 1.2 —

(2) 615 3.7 1.5
(3) 981 — 26
(4) 620 9.3 —

(5a) 251 — 12
vn-n~r~ (5b) 277 — 14

up-pir~ (6) 92 5.5 1.0
(7) 158 2 —

vn-*~spir~- (8) 260 2 —

vp - p~i--~17- (9) 148 12 1
p~ ++~—~— (10) 163 6 < 1

protons can be recognizedwith nearly 100% efficiency. The efficiency decreases
for momentaabove0.75 GeV/c. Kaons can only be recognizedincidentally. For
particleswith momentumbelow 0.75 GeV/c that werenot recognizedasprotons,
no fit for that massassignmentwasaccepted.Table 1 showsthe numbersof events
passingthe final kinematicalcriteria.

Events with the proper topological multiplicity but with additional neutral

secondariesmay accidentallypassthe fit criteria. This backgroundis mostly dueto
eventswith a single neutral pion in addition. The backgroundhas beeninvesti-
gated in all 3-constraintchannelsby studying the class of eventswith the next
larger topologicalmultiplicity. Onepion was discardedand the kinematicalproce-
dure wasapplied to the remainingevent.The percentagesof this backgroundare
listed in the column “accidental” in table 1. The backgroundis different for the
various3-constraintchannels;it dependson the relativenumbersof eventsin the
observedandobscuringtopologyclasses.

No backgroundto 3-constrainteventsis expectedfrom eventswith more than
one neutralparticle, so that no correctionhasbeenappliedfor theseevents.

4. Spectators

Specialattention mustbe paid to eventswith a visible spectatorproton. For the
reactionsvn —~ ~t p and vn —~ ,a p~T (1 and 8) eventsfitting an hypothesis
with two outgoingprotonsare a genuinepart of the sample:

v+d—p.+p+p~, (11)

v +d -*~+p +p~+~+~-. (12)
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Most of theseeventsare spectatorevents:the proton doesnot participatein the
reaction but becomesvisible as p,~by its Fermi motion. It generally has a
momentumbelow 300 MeV/c and may be backwardwith respectto the beam
direction. Fits are also obtained for eventswhere the secondproton is not a
spectator,but results from rescatteringin the deuteron.Theseeventsare also
genuineexamplesof the reactions(1) and(8), althoughthe kinematicalquantities
may be distorted.

For reaction vp —~ ~ ~pir~ (2), reaction (11) contributesto the backgroundin
the casethe first proton is not recognizedon the scanningtable.This background
is estimatedby observing protons going backwardwith respect to the beam
direction.Since in a singleinteractionscatteringproductscanonly go backwardif
their mass is below that of the target, backwardprotons in the odd-prongevent
samples are consideredas genuine spectators(secondaryprotons of the v/i;
reactionsbeing directedbackwardsdue to Fermi motion in the deuteronare an
exceptionto this rule).

From the set of backward spectatorsa set of forward spectator events is
constructedby inverting the spectatordirectionandboostingthe eventsto the new
Lorentz frame. The constructedeventsobtain a weight factor

1—p1/E
w= (13)

1 +p1/E

where p1 is the (negative)momentumcomponentof the spectatorin the beam
directionand E is the spectatorenergy.With n = 2 the weight factor accountsfor
the differencein beamflux asseenby particlesmoving in oppositedirectionsand
for the linear dependenceof the total crosssectionon the beam energy.For the
quasi-elasticchannelsunderdiscussion,the crosssection is constantwith energy
and the exponentn = 1 is used.Table 1 shows the percentagesof eventsto be

subtractedfor this correction.

5. Neutrals in the final state

The reactions i;n —~ ~ (3), vn -~ ~xp~° (5a) and vn —‘ ~xnir~ (Sb) have
a neutralparticlein the final stateandcannotbe analyzedwith kinematicalfitting.
The reactionsare primarily recognizedby their topology.

5.1. P+n—~+n+ir

The event candidatesof reaction (3) are i; 2-prong eventswith or without a
spectatorproton, where the negativeparticle is not identified as a kaon or a

hyperon and where no neutral particles can be fitted to the primary vertex.
Forwardspectatorsmay be constructedfrom the backwardones,as discussedin
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sect. 4. The samplethen contains eventswith a backwardspectatorand events
createdfrom them. An alternativemethod is to acceptall forward protons with
momentumbelow300 MeV/c and all backwardprotons as spectators.Eventsthat
fit reaction (4) are not taken into account for the presentchannel. The two
methodsdo not yield significantly different results.

Estimatesof the backgroundweremadein two stages,using i; 4-prongevents:

(1) i; 4-prongsweretruncatedby rejectingthe positiveandonenegativehadron.A
hypotheticalneutronwas addedto the eventand the analysiswas performedas
describedbefore. Backgrounddistributionswere obtainedfor all relevantquanti-

ties.
(2) The normalizationof the backgroundwas obtained by meansof the Lund
Monte Carlo programby which deepinelasticeventsweregenerated[16,181. The
ratio wasdeterminedbetweenthe numberof 2-prongeventssatisfyingthe above
criteria andthe numberof 4-prongevents.This leadsto a correctionof 26% of the
numberof eventswith an effective neutron—pionmassbelow 2 GeV/c2.

5.2. v+n- i+p+~r°AND u+n-~+n+1r~

For reactions(Sa)and(Sb) an equivalenteventselectionandthe samespectator

procedurehavebeencarriedout as describedin the previoussection.Eventswere
rejectedwhen a fit without a neutral secondarycould be obtained.In addition,
eventswere rejectedif they had a missing transversemomentumlarger than 0.7
GeV/c. This cut doesnot affect genuineone-neutral-particleevents,but largely
reducesthe background.

The problemsof eventseparationandbackgroundsubtractionareconsiderably
moredifficult for the two channelsof this reactionthan for any other interaction
under investigation.First, a selection must be made of proton and pion tracks
beyondthe momentumlimit where the estimateof the bubbledensityis effective.
Failureof this selectionleadsto a proton—pionambiguity. Secondly,a background

subtractionmustbe applied to both channelsmaking useof measuredeventsthat
are againsubject to this ambiguity.

In order to improve the proton—pionselection,use is madeof the resultsof the
mass-dependentfit in the geometryprogram.The programgenerallysuppliestrack
reconstructionfits for proton and pion massesfor eachpositive track; the bestfit
maybe usedto choosethemass.The methodhasbeentestedwith particle samples
that hadbeenidentified by meansof a kinematicalfit.

For a numberof eventsthe pion hypothesiscouldbeexcludedbecausetheevent
showedoneor two secondaryphotons.With this argument,however,more-particle
backgroundeventswith a positive pion cannotbe excluded.For some events,the
~ channelcould be rejectedbecauseit would leadto a backwardgoing neutron.
To the remainingambiguousevents(25% of the total) a neutronor wasadded
andthey wereequally divided over the two channels.
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The backgroundsubtractionhasbeenperformedas before by meansof trun-
cated4-prong events. Two backgroundsampleswere obtainedby meansof the
beforementionedproton—pion separationmethod and by equally dividing the

ambiguousevents.The normalizationof the backgroundwas againobtainedfrom
Monte Carlo calculations,taking into accountthe transversemomentumcut.

The percentagesof backgroundsubtractionfor reactions(3) and(5) are listed in
table 1 in the column “background”.

6. Physical variables

All physical quantitiesto be presentedhavebeencorrectedbin-wisefor back-
groundas discussedin the previoussections.EMI acceptancecorrections,scanning
correctionsand(small) radiativecorrectionshavebeenappliedeventby event.The
following quantitiesareevaluatedfrom the data:

(a) The effective mass W of a nucleon—pion systemis obtained from the
momentaof the two particles.In reactions(3) and (5) the neutralparticleitself is
not measured.Its parametersare derived from the muon, from the measured
hadronand from the nominal neutrino direction. This leadsto a slightly inferior

experimentalresolutionaswill be seenlater in fig. 7b. The massdistribution of the
4 is wider than that of the 4 ~ A similar width as in fig. 7b canbe obtainedfor
reaction (2) when the outgoing proton is ignored and the effective mass is

calculatedfrom the remainingmeasuredquantities.
(b) The squared4-momentumtransferto the hadronicsystemQ2 is obtainedfor

all reactionsin restrictedareasof the effective mass.For reactions(6)—(10) the
4-momentumtransfersquaredt to the proton is calculated.

(c) For the decay-angleanalysis of nucleon—pionsystems, an expansionin
sphericalharmonicsis performedin the proton—pioncentreof masssystem.The

Fig. 2. Definition of the decayanglesin thep—ir cm. system.
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expansionis madein terms of the angle 0 betweenthe pion momentumandthe

z-axisand of the azimuthalangle~ of the pion momentum.The coordinatesystem
is definedaccordingto Adler [191(seefig. 2): 1. The z-axisis in the direction of the
momentumtransferto the hadronicsystem(direction of the heavyboson ~); 2.

The x-axis is the projection of the muon momentumon a planeperpendicularto
the z-axis; 3. The coordinatesystemis right handed.

Systematicalerrors are separatelymentioned,all other quoted errors are sta-
tistical.

7. Cross sections

The determinationof the crosssectionsfor reactions(1)—(7) was performedby
comparingeventsamplesfrom thesereactionswith the completechargedcurrent
interactionsamplesof the experiment.Thesewere then normalizedto the world
averagesof the v/i; nucleon crosssections[201.The total crosssection for an
interactionof a v/i; with a nucleon is proportional to the energy of the v/i;
whereasfor the reactionsjust specifiedthe crosssectionis independentof the v/i;
energy.At least this statementhasto beverified in the energyregion coveredby
this experiment.

Ntotai = flux x 0total X E X NfId vol (14)

Nexciusive = flux X 0exciusiveX 0.5 X Nftd~Ol, (15)

The left-handside of eqs.(14) and(15) are respectivelythe correctedtotalnumber
of eventsandthe correctednumberof eventsfor the reactions(1)—(7). The values
for O~,Otalare0.67 x 10—38 cm2 for v—N and0.34 x 1038 cm2 for i;—N [20]. Both
the v/i; flux and the numberof nucleonsin the fiducial volume are the samein

the two equations.The factor 0.5 in eq. (15) arisesfrom the fact that the target
particle for the exclusive reactionsis either a proton or a neutron, whereasthe
total crosssectionsarevaluesaveragedover bothnucleonsin the deuteron.

The corrected number of events is obtained from the available measured
numberof events by applying severalcorrections.Thesecorrectionsare not the
samefor the two categoriesNtotai and Nexciusive andare appliedwheneverpossible
on an eventper eventbasis.Somecorrections,however,canonly be appliedon a
statisticalbasis.The following correctionsweretaken into account:

1. Smearingcorrectionshavebeenappliedto Ntotai for the lossof eventsat the
lower cutoff value of the v/i; energyspectrumandfor the deformationof the y
distribution.Theseeffectsaredueto the uncertaintyof the eventenergydetermi-
nation. The statistically applied correctionsfollow closely the results obtained
previously in this experiment[171.

2. In order to avoid errors in the muon identification, the analysis has been
restrictedto eventswith a muonmomentumabove4 GeV/c. A correctionis made
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to Ntotai for this cut on a statisticalbasis.The correctionfor theexclusivechannels
is negligible.

3. Scanninglossesweredeterminedby comparingfirst andsecondareascanning
results.Since the resultsof areascansare hardly independent,dueto superposi-
tion of close tracks, badly illuminated regions in the chamber etc., a special
independenttrack scanwas performedon a restrictedsampleof the film. In this

scan, the leaving muon, as taken from the BEBC EMI and IPF information,was
followed backto verify if it camefrom an interaction.Indeed,the IPF scanshowed
that the traditional first-scan/second-scanprocedureunderestimatedthe lossesby
a factor 3. The correctionfor topology-dependentscanninglosseswasthen applied
to the completesampleon an eventby eventbasis,incorporatingthe factor3.

4. A passingratecorrectionis requiredfor eventswhich apparentlydo not obey
chargeconservation,could not be measuredwith sufficient accuracyor havea bad
eventdatastructure.The correctiondependson the batchof film measuredand
was applied on an eventby eventbasis.

5. The EMI geometrical acceptancecorrection dependsessentially on the
momentumand polar angleof the muonin the laboratorysystem.The correction
factorsare obtainedby averagingoverall vertexpositions andazimuthalorienta-
tions of the muon.The correctionis on an eventby eventbasis.

6. The EMI electronicinefficiencycorrectionaccountsfor the lossof CC events
dueto muonsthat fail to trigger the EMI. The correctionis appliedas a common
factorfor the whole sample.

7. The accidentalEMI hits correctionaccountsfor the probability that charged
hadronsleavingBEBC are recordedas if they hit the EM!. This yieldsa correction
of about — 1.5%. This effect not only stemsfrom hadronpunch-throughbut also
from spuriousassociation.For thereactions(1)—(S)this correctionwasnot applied

since the two causesresponsiblefor the effect arepracticallyabsent.The correc-
tion is appliedas a common factor for the whole sample.

8. Correctionsto the doubledifferentialcrosssectiond2o-/dxdy arecalculated
to accountfor the radiation of photonsby the muon. The relative differenceof
observedand true crosssectionsgives a weight to eacheventdependenton the
valuesof the scalingvariablesx and y.

9. The searchfor bare 1-prong events is not containedin the normal scanning
procedure.Theseeventsoccur in the i;—p interactions.In order to determinethe
contribution of thesebare 1-prongs, part of the antineutrino film was scanned
using a special procedureas describedunder point 3. This procedureyields
1-prong events (single p. ~) as well as many-prongeventscontaining a p. ~. This
correctionamountsto (11.8±0.8)% of the total amountof chargedcurrentevents.

Table 2 summarizesthe averagevaluesof the listed corrections.The systemati-
cal errorson thesecorrectionsareestimatedto be of the order of 20%.The errors
quoted in table 3 contain the statistical errors of the samplesof the exclusive
channels,obtained after the correctionshave been applied. For the cases the
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TABLE 2
Averagevaluesof thecrosssectioncorrectionfactors

Reaction Factor Reaction Factor

vN —*jsX total 1.35 6N -stsX total 1.44
un —*jsp (1) 1.44 1n —~~s~nir (3) 1.24
up —* /.tp~r (2) 1.23 . ~ (4) 1.19

(5a) 1.25
~ (Sb) 1.29

correctionshavebeenobtainedby meansof Monte Carlo calculations,the Monte
Carlo sampleswere largeenoughso as not to contributeto the errors.

For the total cross sectionsthe partition of the correctionsover the various
categorieshasbeenpublishedbefore[17]. For the exclusivechannelsit follows the
samelines, althoughsome correctionsareabsent(1-prongs,muonmomentumcut,
accidentalEMI hits). The scanningloss correctionis the most importantone. It
slightly varieswith the reactions.Sincecorrections1. and 2. dependon the energy
spectrumof the v/i; beams, the determinationof the v/i; cross sectionswas
restrictedto eventsproducedin runswith the equivalentbeamsetting.

TABLE 3
Total crosssectionsof one-pionproducingandquasi-elasticreactions.First line: this experiment;

Secondline: asdeducedfrom reference[10]; Third line:
Predictionsof Rein andSehgal[24,25], see text.

cr (10~cm
2)

1.1 GeV/c2< W< 1.4 GeV/c2< W<
Reaction Number 1.4 GeV/c2 2.0 GeV/c2 W> 2.0 GeV/c2

up ~p~i-~ (2)(6) 0.54±0.03 0.22±0.02 0.12±0.01
0.55 ±0.06 0.13±0.03 0.094 ±0.014
0.493 0.205 —

On —~ls~n~- (3) 0.53±0.02 0.25±0.02 —

0.441 0.238 —

,~~ (4)(7) 0.21 ±0.01 0.32±0.02 0.14±0.01

0.11 ±0.03 0.19±0.03 0.12±0.02
0.108 0.247 —

un —~~tp~-° (5a) 0.19 ±0.01 0.13 ±0.01 —

0.116 0.162 —

un sni~-~ (Sb) 0.18±0.01 0.20±0.01 —

0.0676 0.234 —

(1) 0.71 ±0.03
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Fig. 3. Crosssectionsfor reactions(2)—(5) asa functionof the incident u/O energy;W< 2GeV/c2.

The crosssectionsare shown in table 3 and figs. 3—5. In the table they are

comparedwith values obtained by Allen et al. [10] under similar conditions.
Remarkableis the crosssection for reaction(4) that is substantiallylarger in our
determinationthan in theirs.

Although the 3-constraintfitting procedureis more complicatedin deuterium

than in hydrogen, we do not ascribe this result to an experimentaleffect in
deuterium.Suchan effect shouldbefound in all fitted channelsandbepresentat

i/p —~ I~P~
~0.8

vp—*/~t’p7r

0.6

~0.4 ±
13 0.2

-4-
0. I 111111 I I I I 11111 I

10 E~
10 (GeV)

Fig. 4. Averagecrosssectionfor reactions(6) and(7) asa functionof v/P energy;W> 2 GeV/c
2.
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Fig. 5. Total cross section for quasi-elasticneutrino—neutronscattering as a function of neutrino
energy.The resultsof Belikov etal. [5] are shownby opencircles.Thecurveshowsthe parametrization

accordingto eq.(17)with MA = 0.94.

high- andlow-W values.However, the observeddiscrepancyis limited to the low
W-area in reaction (4) whereasat high W there is agreementbetweenthe two
experiments.This agreementalso existsin reactions(2) and(6) that aresimilar to
(4) and (7). Moreover,an experimentaleffect would generally lead to a loss of
events,not to an excess.

The resultsare also comparedwith the model predictionsof Rein and Sehgal
[25] which will be discussedin moredetail in sect. 9. The agreementis sometimes

good. For a few reactionsthe model underestimatesour measuredvalues,giving
nearly a factor 3 differencefor reaction (Sb) at low valuesof W (< 1.4 GeV/c2).

8. Quasi-elasticscattering

The total crosssection for quasi-elasticscattering(reaction(1)) is found to be
(0.71±0.03)X 10 38 cm2 (table3). The energydependenceof thiscrosssection is
shown in fig. 5. Fig. 6 shows the differential crosssection distribution for the
reaction. It has been corrected for scanninglosses obtained with the special
scanningprocedure,as discussedin the previoussection.Sincethe scanninglosses
are largest for events with a short proton track, the differential distribution
becomessteeperafter the correction.

The datahavebeen analyzedaccordingto the method proposedby Llewellyn-
Smith [21]. A number of simplifying assumptionshas been made: under the
assumptionof the validity of CVC and the absenceof secondclasscurrents,all
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Fig. 6. Differential crosssectionof quasi-elasticneutrinoscattering.Solid curve:Absoluteprediction
by meansof eq. (17) with MA = 0.94 GeV/c2, Dashed curve:The shapeof (17) with MA = 1.08,

normalizedto thedata.

form factorsare real. The form factors F~and F~areset to 0. The form factors
F.~and~ are related to the electromagneticform factors G~andG,~by means
of the isotriplet current hypothesis(~= — p.o, the difference between the
anomalousmagnetic moments).The contributionsof the order of m2 are ne-
glected (m is the muon mass).The electromagneticform factors have a dipole
shapewith M~= 0.84 GeV/c2.The axial form factor Fa is parametrizedaccording
to:

Fa(Q2) =Fa(0)(1 +Q2/M~)2, (16)

with Fa(0) = — 1.2546 as obtainedfrom ~3-decaymeasurements[201.Then, MA is
the only free variable.The differential crosssectionbecomes

do- G2cos2s~M2 s—u s—u 2

~= ~rE~ ~ , (17)

whereM is the nucleonmass.Actually, the form might be furthersimplified, since
the valuesof s — u = 4MEu — — m2 in the presentexperimentlargely suppress
the termswith A andthe B, leavingonly the third termbetweensquarebrackets
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with

1 Q2 ~

C=_(IFaI2+IF~2+~~~) (18)

as a prominentcontribution.
The differential cross section (17) has beenevaluatedfor the actualneutrino

energyspectrumof the measuredquasi-elasticevents.It then has beenfitted to
the dataas shown in fig. 6 in the Q2 regionaboveQ2 = 0.1 (GeV/c)2. The cut at
low Q2 has beenmadein order to reducethe influence of uncertaintiesin the

scanninglosscorrectionsand of nucleareffects in the deuteron.
The obtainedbestvalue is (MA = 0.94±0.07) GeV/c2, in agreementwith the

results of Belikov et al. [5] (1.00±0.04) GeV/c2, obtained at lower neutrino

energyin a similar way. The resultis shownby the solid curves in figs. 5 and6. In
addition, a separatetest hasbeen madeon the shapeof the Q2 distribution. A
maximum likelihood fit has been performed in the Q2 interval between 0.1
(GeV/c)2 andthe maximum Q2 of the events.This procedureyieldsa bestvalue

of (MA = 1.08±0.08)GeV/c2,resulting in the dashedcurve in fig. 6. Thisvalueis
in agreementwith the valuesobtainedwith deuteriumby Bakeret al. [81((1.07±
0.06) GeV/c2)andby Miller et a!. [4] ((1.00±0.05)GeV/c2).Theseinvestigations
only rely on the shapeof the Q2 probabilitydistribution, not on a measurementof
the crosssection.

The discrepancybetween the two values of MA found in our experiment,
indicatesthat accordingto eq. (17) the measuredvalueof the crosssectionwould
lead to a steeperQ2 distribution than actuallyobserved.

Various authors[22,231 haveproposedalternativefunctions of Q2 to replace
the electromagneticform factor.Such replacementsgiven no improvementin our
case,sincethey only make the form factor steeper.Assumingthat the electromag-
netic form factors arecorrect, we tend to the conclusionthat parametrizationby
meansof a single parameter,the axial dipole form factor, only leads to global
agreementwith the data, if both the cross section and the shapeof the Q2
distribution are taken into account.

9. One-pion production, baryon resonances

Fig. 7 shows the pion—nucleoneffective mass W in the various neutrino and
antineutrino channels.Figures a and b show that the channels(2) and (3) are
largelydominatedby the Li ~~1232) and 4 (1232)resonances.The two diagrams
are in striking agreement.The difference in experimentalresolution has been
explainedin sect. 6. A weak indication exists for the productionof I = reso-
nancesaround1.9 GeV/c2.
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The massandwidth of the 4(1232)~resonancehavebeendeterminedin the
mass interval between 1.10 and 1.35 GeV/c2 by meansof a likelihood analysis.
The results for the 391 particlesin this sampleare M

4 = 1.224 ±0.003 GeV/c
2

and F
4 = 0.090±0.007GeV/c

2.The mass,but moreso the width, are lower than
found in hadronicformation experiments(F = 0.110— 0.120 GeV/c2 [20]). This
may be due to the existence of higher-order production diagrams in strong
interactionsthat areabsentin weakproductionprocesses.

In the other channelsthe existenceof both I = ~ and I = ~ statesbecomes
evident.

The differential cross sectionsas function of Q2 are shown in fig. 8, for two
intervals of the effectivemass:1.1 — 1.4 and 1.4 — 2.0 GeV/c2. The distributions
are similar for the variousreactionsand are definitely steeperfor the lower than
for the highereffectivemassinterval.

For v—p and i;—p interactions, both Q2 and W distributions are in good
agreementwith those obtained by Allen et al. [10] and Barish et al. [6] at

comparableincident energiesin hydrogen. The curves in the figures show the
theoreticalpredictionsmadeby Rein[24] on the basis of the quarkmodel of Rein
andSehgal [25]. This model is an extensionof the relativistic harmonicoscillator
model of Feynmanet al. [26]. It allows for the existenceof various resonancesin
the different channelsinterfering with eachother with pre-assignedphases.In
additionthereis a non-resonantnon-interferingbackground.

All predictionsare calculatedfor an incident v/i; energyof 20 GeV with the
value MA = 0.95 GeV/c2 of the axial form factor parameter.The curvesin fig. 7
are normalizedto the numbersof observedeventsin the W interval between1.1

and 2.0 GeV/c2 those of fig. 8 are absolute predictions. There is excellent
agreementbetweenthe data and the prediction for the I = ~ channels.In the

otherchannelstheagreementis lesssatisfactory.In general,the dataare indicative
of a relatively strongerproductionof low-mass resonancesthan predictedby the
model,predominantlyof the 4(1232)resonance.This evidenceis also shownby the
crosssectionvaluesof table 3. There is generalagreementbetweenthe dataand
the absolutepredictionsfor the cross sectionsin fig. 8, with the exceptionof the
striking disagreementin the diagramsfor reactions (4) and (Sb) at low W. The
shapesof the Q2-distributionsare in global agreement,but the measuredcross
sectionsexceedthe predictedonesby a sizeableamount.

The decayangulardistributionsof the nucleon—pionsystemare investigatedby
meansof a sphericalharmonicsexpansion.For the ~ systemin reaction(2) the
resultsare shownin table4. All sperical harmonicsare in units of Y

0°= 1/ ~
The resultingspin densitymatrix elementsfor the p~ channelareshown in fig.
9, togetherwith the predictionsof Rein and Sehgal[24,25]. The matrix element
~ demonstratesthe predominanceof the Li ~~(1232)-resonancein the low-effec-
tive massregion. The fall-off of the curve at highermassis dueto the presenceof
other I = resonancesor, possibly,of a non-resonanceamplitude.The valuesfor
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TABLE 4
Meanvaluesof sphericalharmonicsfor thep—~r~systemin different W-intervals.

Theangles0 and 4 are definedin fig. 2.

W(GeV) 1.1—1.18 1.18—1.23 1.23—1.28 1.28—1.5 1.5—1.7 1.7—2.0

(Y,°) —0.22±0.11 —0.01±0.07 0.29±0.09 0.32±0.09 0.61±0.13 0.84±0.13
(Yr) —0.06 ±0.12 —0.13±0.07 —0.19±0.10 —0.08±0.09 0.49±0.15 0.80±0.14

~1RY,’) 0.21 ±0.09 —0.02±0.06 —0.20±0.08 —0.05 ±0.06 0.12±0.08 —0.03±0.07

K~Y,’) —0.09 ±0.08 —0.06±0.06 —0.06±0.08 0.01 ±0.06 —0.08±0.09 —0.17±0.09
(01Y

2
1) 0.26 ±0.08 0.05±0.06 0.02±0.08 0.00±0.06 0.09±0.07 —0.05±0.06

(~iY~’) 0.07 ±0.07 0.00±0.05 0.16±0.08 —0.01 ±0.06 —0.04±0.08 —0.03±0.07
(91Y~) —0.04±0.07 0.08±0.05 0.08±0.07 0.04±0.06 0.09±0.09 —0.08±0.09
K71Y~ —0.07±0.08 —0.07±0.05 —0.01 ±0.08 0.06±0.06 —0.15±0.08 —0.03±0.07

are ratherwell describedby the model of Rein. Those for f~3_1are systemati-
cally off the model predictions.

Table 5 shows the resultsof the expansionfor the p~r systemin reaction(4).
There is only global and qualitative agreementwith the previousresultsof Allen
et al. for the samereaction.Thereis a markeddisagreementfor the coefficient Y

1°
betweenthe two experiments.The agreementwith the predictionsof Rein is good

0.8 up :

0.6

p33
0.1.

02

:

-0.1.

1.0 I 1~5 I 2.0
W (GeV/c

2)

Fig. 9. Spin density matrix elements ~33 (squares),p~,(full circles) and i;
3, (open circles) for the p~r~

system as a function of W. Also shown are the predictions of Rein [24]: solid curve p~,dashedcurve
P31 and dashed—dottedcurve
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TABLE 5
Mean valuesof spherical harmonics for the proton—ii- systemin different W-intervals.

Theangles0 and 4 are definedin fig. 2.

W(GeV) 1.0—1.2 1.2—1.4 1.4—1.6 1.6—1.8 1.8—2.0

(Y,°) 0.20±0.13 0.26±0.11 0.36±0.12 0.35±0.07 0.68±0.06
0.10±0.14 —0.08±0.12 —0.07±0.12 0.10±0.08 0.43 ±0.07
0.02±0.09 —0.04±0.09 —0.05±0.09 —0.01 ±0.05 —0.04±0.04

(~3Y
1

1) —0.05±0.09 0.09±0.03 —0.26±0.09 —0.13 ±0.05 —0.15 ±0.04
(01Y~’) —0.07±0.09 0.04 ±0.09 —0.07±0.10 —0.02±0.05 —0.01±0.04

~/~YI) —0.02±0.09 —0.18±0.09 —0.01 ±0.10 0.01 ±0.05 0.12±0.04
(1JtYh —0.02±0.10 0.03±0.09 —0.05±0.10 —0.04±0.05 0.15 ±0.04
K~Y~) —0.04±0.09 0.20±0.09 —0.07±0.09 —0.01±0.05 —0.02±0.04

0.4 ~~‘> 0.2 , ~ 02 , ,,

1k~-a2 -0.2~~ -02~

02 I 0.2 I 02 ,, I ‘
0.~H-0.2H 02i~~H~ ~_

W (GeV/c
2)

Fig. 10. Averagevaluesof the sphericalharmonicsfor thep~- systemin reaction(4). Thecurvesshow
the predictions of Rein [24].
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for Y2
0, as it was for the previousreaction.The agreementis poor in the caseof

the othercoefficients,as shown in fig. 10.

10. Pion production at low momentum transfer

The mesonproductionreactions(6)—(10) are all 3-constraintchannelswith a
proton in the final state.For the one-pionproduction reactions (6) and (7) an
additional condition W> 2 GeV/c2 has beenimposed, in order to exclude the
previously discussedresonanceproduction. The eventsof the reaction samples
with more pions automatically fulfill this condition. However, resonancesof the
baryonwith oneof the pionsarestill presentin the selectedsamples.Fig. 11 shows
the distributionsof t, the squaredmomentumtransfer to the nucleon. For the
threereactions,the distributions fall off rapidly with increasing t, t being largely
restricted to valuesbelow 1 (GeV/c)2. As a consequence,the protons of the
eventscan be recognizedon the scanningtable and no proton—pion ambiguity
occursin the kinematicsprocedure.

In spite of the preferencefor low t-values as demonstratedin fig. (11), the

distributions are not steep enough to be explainedby a diffractive production
mechanismof the pion or the 3-pion system. Insteadof a slope parameterb

60 ‘ up ~ 60 60 vp

_8 ~

___________________ Q2 (GeV/c)2 ______________________

60 “P -—~ P~ Vfl 30 up —
- Op —. l~p7r+1r7r

~ _ __

t

Fig. 11. Q2 andt-distributionsof single-andmulti-pion production.
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9 (GeV/c? in do-/dQ2a exp(—bt), as expectedfor diffractive single-nucleon
reactions,b-valuesof 4.5 and2.7 (GeV/c)2areobtainedfor the 1-pion and3-pion

channelsrespectively.The t behaviourof the chargeexchangeinteraction (8) is
remarkable:it seemsto be indicative of a more complicatedproduction mecha-
nism, giving rise to a lessperipheralcollision than in the other channels.

Fig. 11 also shows the Q2 distributions for the three reactions.The t and Q2
histogramsfor the individual v and i; channelsof the one-pionand three-pion
productionare very similar. In order to obtain higher statistics, v/i; datahave

beencombinedfor this analysis.

10.1. ONE-PION PRODUCTION

The one-pion production has been investigated for the v- and i;-induced
channels(reactions(6) and(7)). The topology of reaction(6) is identical with that
of (2), but hereeventsare selectedwith an effectiveproton—pionmasslarger than
2 GeV/c2. In the sameway reactions (4) and (7) are equivalent. The fitting
procedure,eventselectionandbackgroundsubtractionare as discussedbefore.

The eventsin the two channelsare (0.35±0.04)% and (0.95±0.07)% of the
total v/i; chargedcurrent events.The individual crosssectionsare presentedin
table 3. As a function of v/i; energy the combined cross section is rising
throughoutthe whole investigatedenergyrange(fig. 4), with a possiblesaturation

at highenergies.The crosssectionvalues,the t andQ2 distributionsarecompati-
ble with the resultsof Allen et a!. [10]. Theseauthorshavealreadypointedout that
the t distribution may be explainedby the one-pionReggeexchange.

10.2. TWO-PION PRODUCTION

Fig. 12 showsthe effectivemassdistribution of the 2-pion systemfor the charge
exchangereaction(8). The figure shows copious production of the p°. There is
some evidencefor the presenceof the f(1270). The shapeof the background
behind the p°mesonwas estimatedfrom the smoothedtwo-pion effective mass
distribution of the reaction ~ ~ p. ~ This procedureis justified by the
inspectionof the pi~~ Dalitz plot that shows little overlapbetweenp°—pand
Li ~—~- candidates.The estimatedbackgroundand the superimposedresonance
are shown in the figure. After correctionfor the invisible decaysof the p°, the
numberof p°eventsis 75 ±18, correspondingto a crosssectionof (0.08±0.02)X

1038 cm2. The presenceof an important non-resonantbackground in fig. 12
indicatesthat morethanoneproductionmechanismis activein the channel.The t

distribution with its dip towardst = 0 supportsthis conclusion.

10.3. THREE-PION PRODUCTION

In reactions(9) and (10) the production of the axial vectormesonA1(1260) is
expectedto occur. In order to increasethe Al signalcomparedto the non-reso-
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Fig. 12. Two-pion effectivemassdistribution for reaction(8). The full curveshows the p°resonance
superimposedon theestimatedbackground.Thedottedcurveshowsthebackgroundalone.

nant 3-pion background,use is madeof the fact that the Al nearly exclusively
decaysinto p~[20]. A selectionof eventshasbeenmadewherethe effectivemass
of one of the i~-~r combinations satisfies the condition 0.47 <M~ < 0.78

(GeV/c2)2.The effective massdistribution of the 3-pion systemfor the reduced
sampleis shown in fig. 13. Inspectionof the Dalitz plot of the pir~rsystemshows
the presenceof a Li(1232)—ir signalin the channelthat partly overlapstheAl mass
region. If eventsin a bandof ±50 MeV/c2 aroundthe Li massare removed,the
3-pion effective masshistogramreducesto the shadedareain the figure. Indeed,
an Al signal becomesvisible after thesecuts havebeenmade.

Theweightednumbersof eventscorrectedfor the appliedcuts andfor kinemati-
cal effectsare 94 for v and 90 for i; (0.34±0.03)% resp. (0.53±0.06)% of the
total chargedcurrent v/i; events. This results in a combined cross section of
(0.18±0.04)x 10—38 cm2, averagedover the v/i; incident energyinterval.

A theoreticalestimateof theAl productioncrosssectionin neutrinoreactionsis
madeby Gai!lard et al. [27] on the basis of a diffractivevector mesondominance
model. If the initial assumptionabout the axial coupling constantof the Al to the
vectorbosonis replacedby a valueestimatedfrom T —~ v3~-decay[28], the mode!
predictsa numberof eventsconsiderablylarger than the observedvalue.However,

a comparisonseemsnot relevantsinceour experimentalresultsdo not complywith
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Fig. 13. 3-pion effectivemassdistribution for reactions(9) and (10). One M,~+
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someof the basicfeaturesof the model. In particular,if the observedeventsignal
is to be attributedto the A1(1260),this resonanceis notdiffractive!yproduced.For
the t distribution of the shadedeventsin fig. 13 below the effective massof 1.6

GeV/c2 a slopeparameterb = 3.4 (GeV/cY2 is obtained.Moreover,the experi-
ment showssaturationof the crosssectionat higher v/i; energy,which is not yet
incorporatedin the model.

Conclusion

Measurementshavebeenperformedon the crosssectionandQ2 dependenceof
quasi-elasticneutrino—neutronchargedcurrentscattering.A discrepancyis found
betweenthe experimentalresultsandthe common theoreticaldescription.

The production of nucleon—pionsystemshas beeninvestigatedin the various
v/i;—p/n channels.Effective masshistograms,Q2 dependenciesanddecayangu-
lar distributions have been obtained.At effective mass below 2.0 GeV/c2 the
reactionsare dominatedby the productionof baryonresonances,in global agree-
ment with theoreticaldescriptions,in particular thoseof Rein and of Rein and
Sehgal.Somespecific discrepanciesbetweenthe measurementsand thesepredic-
tions have been found. Values are presentedfor the mass and width of the
Li~(1232)resonance,different from the onesfound in hadronicexperiments.
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The productionof one- and more-pion systemswithout baryonexcitationpro-
ceeds at low momentum transfer to the target. Resonancesignals of p° and
A1(1260) areobservedin the final states.The momentumtransferspectraof the
reactionsexclude simplediffractive mechanismsandsimple one-pionexchangein
the two-pion productionchannel.

Crosssectionsat severalenergieshavebeenmeasuredfor all reactionsunder
study. Most crosssectionsare found to be independentfrom the incident energy
between5 and200 GeV.

The authorsare indebtedto the CERN stafffor running theSPSandBEBC and
to the scanningpersonnel in their home institutes. They thank Dr. D. Rein,
Aachen,for many illuminating discussionsandfor supplyingthe predictionsof his
model adaptedto the specialconditionsof this experiment.
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