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1 Quasi-Elastic Scattering

1.1 Introduction

Quasi-elasticscatteringmakesupthelargestsinglecomponentof thetotal � –N in-
teractionratein thethresholdregime �����
	 GeV. Precisionmeasurementof the
cross-sectionfor this reaction,includingits energy dependenceandvariationwith
targetnuclei,is essentialto currentandfutureneutrino-oscillationexperiments.

1.2 Form-factors in Quasi-elastic Scattering

MINER � A’s largequasi-elasticsampleswill probethe �� responseof theweak
nucleoncurrentwith unprecedentedaccuracy. The underlyingV-A structureof
thiscurrentincludevectorandaxial-vectorform-factors.Theessentialformalism
is givenin reference[1].

������� � �������� � � ����� � �"! # �$� � �"%'& �)( �* �,+ � �.-0/21 � � + �43 ( �* �5+ � �	76 -8& � &:9 (<; �5+ � �>=?# ����� �A@
(1)

where + !CB �ED BGF , 3 ! �,HJI DLK � D H�M , and 6 ! �5NOI - NPM �RQ 	 . Here, HJI andH�M aretheprotonandneutronmagneticmoments.Thepseudoscalerform factor
is not shown sinceit is smallfor � F .

Thevectorpartof thismatrixelementcanbeexpressedusing S I T �,+ � � , S M T �,+ � � ,S I U �,+ � � , and S M U �,+ � � . It hasbeengenerallyassumedthat the form-factors + �V
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dependenceis describedby thedipoleapproximation.S�X �,+ � �Y! KZ K�D + �6 �*\[ �
@ 6 �* !
]_^�` K � S�a)b Qdce� � @ (�; �5+ � �Y! f ;Z K�D + �6 �; [ �S I T ! S�X �5+ � �g@ S M T !L]:@ S I U ! HJI S�X �,+ � �A@ S M U ! H�M S�X �,+ � �A^

As discussedbelow, thedipole parameterizationis far from perfect. MINER � A
will be able to measuredeviationsof (�; from this form. In general,the axial
form-factor (�; �5+ � � canonly be extractedfrom quasi-elasticneutrinoscattering.
At low + � (below 0.1 � Sha)b QGc4� � , its behavior canalsobeinferredfrom pion elec-
troproductiondata.)

1.2.1 Vector Form-factors

ElectronscatteringexperimentsatSLAC andJeffersonLab(JLab)havemeasured
the proton and neutronelectromagnetic(vector) form-factorswith high preci-
sion. The vectorform-factorscanbe determinedfrom electronscatteringcross-
sectionsusing the standardRosenbluthseparationtechnique[2], which is sensi-
tive to (two-photon)radiativecorrections,or from polarizationmeasurementsus-
ing the newer polarizationtransfertechnique[3]. Polarizationmeasurementsdo
not directly measureform-factors,but ratherthe ratio S T / S U . Recently, dis-
crepanciesin electronscatteringmeasurementsof somevectorform-factorshave
appeared;studyof quasi-elasticreactionsin MINER � A mayhelp reveal theori-
gin thesediscrepacies.Figure1 shows theBBA-2003 (Bodek,Budd,Arrington
2003)fits to S I T QGi / �kjdl a . Thereappearsto be a differencebetweenthe two dif-
ferentmethodsof measuringthis ratio. Thenewerpolarizationtransfertechnique
yieldsamuchlowervalueat high �� andindicatesadifferencebetweentheelec-
tric charge andmagnetizationdistributions. The polarizationtransfertechnique
is believedto bemorereliableandlesssensitive to (two-photon)radiativeeffects
from two-photoncorrections.In addition,Figure1 shows thatdipoleamplitudes
provide only a first-orderdescriptionof form-factorbehavior at high � � . In gen-
eral, thesedeviationsaredifferentfor eachof the form-factorsandareshown in
reference[4] .

If theelectricchargeandmagnetizationdistributionsof theprotonareindeed
different,a testof the axial form-factor’s high-��� shapecanprovide important
new input to helpresolve differencesbetweenelectronscatteringmeasurements.
As discussedbelow, MINER � A will be ableto accuratelymeasurethe high-���
behavior of (�; .

To get thecorrectneutrinocrosssections[4], the input form-factorsmustbe
correct. The �� distribution as measuredin neutrinoscatteringis sensitive to
both the vectorandaxial form factors. However, usingan incorrectaxial form
factorto matchthethe ��� distributionin neutrinoscatteringto accountfor theuse
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Figure1: The(BBA-2003)fits to S I T Q S�X , usingcrosssectiondataonly (solid),
andwith both thecrosssectionandpolarizationtransferdata(dashed).Thedia-
mondsarethefrom RosenbluthextractionsandthecrossesaretheHall A polar-
ization transferdata.Note thatBodek-BuddandArrington properlydo thefit to
measuredcrosssections,ratherthanfitting directly to theextractedvaluesof the
Rosenbluthextractedvaluesof S I T shown in thefigure.

of incorrectold dipole vector form-factorscausesthe calculatedneutrinocross
sectionto beoff by 6-8%.Therefore,onemustusebothupdatedvectorandbetter
measuredaxial form factors.MINER � A will measurethe ��� dependenceof (<;
in neutrinoscatteringandcomparethecalculatedcrosssectionwith themeasured
crosssection.

1.3 Axial Form-factor of the Nucleon

Neutrino scatteringprovides the only practicalroute to precisionmeasurement
of theaxial form-factorabove �� !m]

andthe functionalform of (<; � �� � . The
fall-off of the form-factor strengthwith increasing��� is traditionally parame-
terized(approximately)using an effective axial-vector mass 6 ; . Uncertainty
in the value of 6 ; contributesdirectly to uncertaintyin the total quasi-elastic
cross-section.Earlier neutrino measurements,mostly bubble-chamberexperi-
mentson deuterium,extracted 6 ; usingthebestvectorform factorsandinputs
andmodelsavailableat thetime. Changingtheseinput assumptionschangesthe
extractedvalueof 6 ; . Hence,precisionextractionsof 6 ; and (<; requireus-
ing the bestpossiblevector form-factorsandcouplingconstants.The valueof6 ; is noK ^�]G] GeV

QGc � to anaccuracy of perhaps5%. This valueagreeswith the
theoretically-correctedvaluefrompionelectroproduction[5], K ^p] Krq"s ]:^�] Krt GeV

QGc � .
Thefractionalcontributionsof (<; , S I U , S M U , S I T , and S M T to the �� distribu-
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tion for quasi-elasticneutrinoandanti-neutrinoscatteringcrosssectionsin energy
rangeof theNuMI beamareshown in Figure2. Thecontributionsaredetermined
by comparingthe BBA-2003 cross-sectionswith andwithout eachof the form-
factorsincluded. MINER � A will be the first systematicstudyof (<; , which ac-
countsfor roughlyhalf of thequasi-elasticcross-section,over theentirerangeof�� shown in thefigure.

Figure2: Fractionalcontributionsof S I U , S M U , S I T , S M T , and (<; to the �� distri-
butionsfor quasi-elasticneutrinosamplesin theenergy rangeof theNuMI beam.
Becauseof interferenceterms,thesumof the fractionsdoesnot necessarilyadd
up to 100%.

1.3.1 Physics of Vector and Axial Form Factors

In deepinelasticchargedcurrentscatteringfrom quarks,thevectorandaxial cou-
plingsareequal(V-A). Similarly, in electronscatteringfrom quarks(vectorcur-
rent), thereis a well definedratio betweenelectricandmagneticscatteringfrom
point-like diracquarks.At low momentumtransfers,all of theserelationsbreak
down. For examplein quasielasticandresonanceproductionat very low momen-
tum transfers,the charge andanomalousmagneticmomentsof the neutronand
protonmeansthattheratio of electricandmagneticscatteringfor thevectorcur-
rent is not the sameas it is for free quarks. Similarly, from neutrondecay, we
know that fGu � � � !C]v�w! K ^ 	Gt ` insteadof 1.0, sovectorandaxial scatteringare
notequalat �� =0.

Therearecurrentefforts by latticegaugeprogramsto calculatedthe anoma-
lous vectorandaxial magneticmomentsof the protonandneutronand the ��

4



dependenceof all the form factorsboth the low andhigh � � regions. The nor-
malizationof the magneticform factorsat � � =0 areconstrainedto be equalto
thechargeandanomalous(vectorandaxial) magneticmoment.Theslopeat low�� is relatedto the meansquarecharge radiusof the protonandneutron. The
dipole form assumesthat the charge andmagnetizationdistributionsof the var-
ious typesof quarksand antiquarkshave an exponentialform. For ��� above
0.5-1.0 � S�a)b QGc4� � this non-relativistic picturebreaksdown. ThefactthattheratioS�a Q H S N is 1.0 at low � � implies that the charge and magnetizationdistribu-
tion of theprotonarethesame.Thefactat at higher �� theratio becomesmuch
smallerimpliesthatthispicturebreaksdown,andmoresophisticatedmodelsneed
to beused(e.g.latticegaugetheoriesetc.).Therefore,ameasurementof theaxial
form factorover a wide rangeof �� is of greatinterest.In this section,we show
thesensitivity of theMINERvA experimentto threedifferentmodelsof theaxial
form factor:

(1) Model1: A simpledipoleasis currentlyusedfor themagneticform factor
of theproton(exceptfor thefactthattheaxialandvectorradii aredifferent).This
is thecurrentstandardassumption.

(2) Model 2: A modelin which theratio to thedipoleof theaxial form factor
is thesameastheratio to dipoleof theelectricform factorof theprotonandgoes
down with �� .

(3) Model 3: A modelbasedon duality, which requiresthe axial andvector
partsfor xzy|{ uR},~$���� to be equalabove ��� =0.5 � S�a)b Qdce� � , and thereforeincreases
with ��� , asdescribedbriefly in thenext section.

1.3.2 Quark-Hadron and local Duality

In modernlanguage,theconceptof quark-hadronduality canrelatedto themo-
mentumsumrule in QCD,andvariousothermomentsof thestructurefunctions.
It hasbeenshown by BodekandYangthatwith theinclusionof targetmasscor-
rections,NNLO QCD describesDIS and the averageof resonancedataall the
way down to � � =0.5 � S�a)b QGc4� � . Theconceptof local duality impliesthat thein-
tegral of theQCD predictions(including targetmass)in the thresholdregion up
to pion threshold,shouldbeequalto the integral of the elasticpeak. Therefore,
sincefor QCD, thevectorandaxial contributionsto x � and x � areequal,local
duality predictsthatvectorandaxial partof thequasielasticform factorsshould
becomeequalaround � � =0.5 � Sha)b QGc4� � . This meansthat the dipole form must
breakdown for bothvectorandaxial form factors.

Thevectorandaxialcomponentsof x�y|{ uR},~$�$�� becomeequalat ���.� 0.5 � S�a)b QGc4� �
for bothBBA-form factorsanddipoleform factors.Therequirementthatthis ra-
tio of vector/axialremainsequalto 1.0 for higher �� yieldsa definiteprediction
that the axial form factor is a factorof 1.4 timesthe dipole predictionat higher�� .
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1.3.3 Measurement of the axial form-factor in MINER � A

Figure3 showsa typicalquasi-elasticevent,assimulatedin MINER � A.

Figure 3: A simulatedcharged-currentquasi-elasticinteractionin MINER � A.
Theproton(upper)andmuon(lower) tracksarewell resolved. In this display, hit
sizeis proportionalto energy losswithin a strip. Theincreasedenergy lossof the
protonasit slowsandstopsis clear. Notethatfor clarity theouterdetectorhasnot
beendrawn.

In � �z� H��v� , the outgoingprotoncarriesa kinetic energy that is approxi-
mately �� Q 	76�� . So for low ��� , thechallengeis identifying eventswith a very
soft recoil proton;for high �� , this protonis high energy andmayinteractin the
detector, makingparticleidentificationmorechallenging.Themainstrategiesof
thecurrentanalysisare:� At low � � , acceptquasi-elasticcandidateswith a single(muon)track,and

discriminatefrom backgroundby requiringlow activity in theremainderof
thedetector� At higher �� , reconstructboth theprotonandthemuon,andrequirekine-
maticconsistency with � ! K and�:� !L]
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Figure 4: The fraction of hits associatedwith the muon and the proton tracks
in quasi-elasticcandidates.The eventsfor the plot may have have oneor two
vertex tracks, passadditional kinematic requirementand are requiredto have]_^ K � Sha)b QGc4� � � �� � K\Sha)bh� .
Simplecutsderiving from theseideasallow for reasonableefficiency with good
purity, evenat high � � .

The analysisdescribedher usesthe NEUGEN generationand the hit level
MINER � A simulationandtrackingpackagein orderto simulatesignalselection
andbackgroundprocesses.

Theinitial event identificationproceedsby requiringoneor two tracksin the
activetarget.Oneof thesetracksmustbelongrange( q ]7] g/cm� ) asexpectedfrom
a muon. If a secondtrack forms a vertex with this track, it is assumedto be the
proton. No othertracksareallowedto beconnectedwith this eventvertex. The
muontrackmomentumis reconstructedwith a fractionaluncertaintyof betweenK ] –	 ]v� .

In the low ��� case,theprotontrack (if found)would beeffectively required
to loseenergy by rangesinceonly a limited amountof detectoractivity not as-
sociatedwith the primary tracksis allowed by the event selection. We attempt
to recover someof the lost efficiency at higher � � due to this cut by allowing
hits on tracksnearthe protontrack to be associatedwith the protontrack itself.
Figure4 shows thefractionof hits not associatedwith theleptonor protonin the
quasi-elasticeventsandin expectedbackgroundprocesses.For higher �� eventsa
similarrequirementcouldin principlebeapplied,but it is notparticularlyeffective
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norefficient.
Theenergy of theprotonfor thehigh � � case(wheretheprotonalmostalways

interacts)is reconstructedcalorimetricallywith anexpectedfractionalenergy res-
olution thatis well parameterizedby �v� ��Q:� � ���dj)��j � .

Although muonsareidentifiedby requiringa singletrack with a long range
in thedetector, no attemptwasmade(in this initial analysis)to improve particle
identificationby requiringa

i � QGi � consistentwith the muonor proton tracks.
This requirementis expectedto beparticularlyeffective for protonsof � � K � GeV
momentum1, andsucha requirementcanbeoptimizedto improve theanalysisin
thefuture. In addition,it maybepossibleto improvetheefficiency by allowing a
lower rangemuonwith a

i � QGi � requirementwithoutsacrificingpurity.
If a quasi-elasticinteractionis assumed,onecanreconstructthe event kine-

maticsfrom only themomentumanddirectionof thefinal stateH . Neglectingthe
bindingenergy of thefinal stateproton,

� �h�� ! 6���� F D������6���D�� F�- � F��e 7¡k¢eF ^
If a protontrackis requiredandits angleandenergy aremeasured,onecanaddi-
tionally requireconsistency with thequasi-elastichypothesis.Two constraintsare
possible,oneon the � of the reconstructedinteractionandoneon the �_� of the
observedfinal state.

If theinteractionis truly quasi-elastic,then � ! K , andtherefore� � ! 	76��?�
where� = ��£ u�¤ - 6 Me¥ � {py|¦ M , and ��£ uR¤ is theenergyof thehadronicfinal state.In this
analysis,we testthis by comparing�� reconstructedfrom the leptonkinematics
underthe quasi-elastichypothesisto 	76��?� andforming � � �F D�	G6�� � �§Q a �¨�Gj)�
where the dominantpart of the calculatederror for this term comesfrom the
smearingof hadronicfinal stateenergy. Figure5 shows this ��� differencesignif-
icancefor two trackquasi-elasticcandidateswith observed K � S�a)b QGc4� � � ��� �� � Sha)b QGce� � , for quasi-elastic,resonanceandDIS events. Note that this cut can
beappliedwithout identifying a protontrack if thevisible energy, lessthemuon
energy, is assumedto be � .

The ��� significance( � ) cut doesnot useinformationon theprotondirection,
and so we imposea secondkinematiccut on the � � of the final staterelative
to the incoming neutrinodirection. This selectionrequiresthat a proton track
is identifiedandwe cut on the significanceof the differencefrom �_� !©]

. We
imposeacutof � � Q a �d�dj¨�h� 2 exceptfor ��� � � � S�a)b QGc4� � , for which thecut is 3.
Notealsothat if we imposea � � cut first, the ��� differencecut still improvesthe
result,i.e. bothcutsareneeded.

In summary, theselectionrequirementsfor quasi-elasticcandidatesare:� Oneor two tracksfor � � � K � S�a)b Qdce� � andtwo tracksfor � � � KªS�a)b � .
1seeSection15.5.5of themainproposal
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Figure5: The significanceof the differencebetween��� from the quasi-elastic
hypothesisand � � from thefinal stateenergy� Onetrackmusthave q ]7] g/cm� range(muon).� � ���F D�	76�� �RQ � a �¨�dj¨� � � 	 .� �:� Q � a �¨�Gj)� � � 	 for � � � � � S�a)b QGc4� � and �_� Q � a �d�dj)� � � � for � � �� � S�a)b QGc4� � .� Hit fractionassociatedwith muonandproton

�±]:^�²
, for �� � ]_^ � � S�a)b Qdce� � ,

or
�

0.85,for
]_^ ��Sha)b�� � ��� � K ^p] S�a)bh� .

1.3.4 Results

Table1 shows the efficiency andpurity of the quasi-elasticsamplefor different�� bins after eachcut. Using theseefficiency andpurity, we have determined
uncertaintieson (<; to includeefficiency or backgroundeffects.

Figure 6 shows predictionsfor the crosssectionassumingthe BBA-2003
Form-factors,with the 6 ; = 1.00 � Sha)b QGce� � . The predictedMINER � A points
areshown alongwith their expectederrors. The MIPP experimentwill bemea-
suring the particleproductionoff the MINOS target. From this, we expect an
additionaloverall errorof 4% from theflux. Figures6 summarizecurrentknowl-
edgeof neutrinoquasi-elasticcross-sections.Amongtheresultsshown, thereare
typically 10–20%normalizationuncertaintiesfrom knowledgeof thefluxes.This
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Figure 6: The QE neutrinocrosssectionalong with datafrom variousexperi-
ments.Representativecalculationsareshown usingBBA-2003form factorswith6 ; ! K ^p]7] GeV

QGc � . Thesolidcurveusesnonuclearcorrection,while thedashed
curve [6] usesa Fermigasmodelfor carbonwith a 25 MeV bindingenergy and
220 Fermi momentum. The dottedcurve is the prediction for carboninclud-
ing both Fermi gasPauli blocking and the effect of nuclearbinding on the nu-
cleonform factors[7](boundedform factors). The predictedMINER � A points
areshown. The datashown in the bottomplot arefrom FNAL 1983[8], ANL
1977[9], BNL 1981[10], ANL 1973[11], SKAT 1990[12], GGM 1979[13],
LSND 2002[14], Serpukov 1985[15], andGGM 1977[16]. Thedatahave large
errorsandareonly marginally consistentthroughoutthe ��� range.
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H ( ���F D8	76�� � /err p� /err Hits��� bin Effic Purity Effic Purity Effic Purity Effic Purity
0.1-0.5 0.926 0.246 0.918 0.442 0.866 0.559 0.775 0.842
0.5- 1 0.775 0.199 0.765 0.410 0.624 0.486 0.528 0.685
1 - 2 0.600 0.199 0.541 0.416 0.397 0.555 0.338 0.598
2 - 3 0.456 0.146 0.400 0.375 0.344 0.554 0.278 0.676
3 - 10 0.689 0.123 0.600 0.310 0.467 0.420 0.311 0.700

Table1: Efficiency andpurity in � � binsfor quasi-elasticcandidates

Figure7: Estimationof (�; from a sampleof MonteCarloneutrinoquasi-elastic
eventsrecordedin theMINER � A active carbontarget. Here,a puredipole form
for (<; is assumed,with 6 ; ! K ^�] Krq GeV

Qdc � . The simulatedsampleander-
ror barscorrespondto four yearsof NuMI running. Also shown is (�; extracted
from deuteriumbubblechamberexperimentsusingthe

i 1 QGi + � from thepapersof
FNAL 1983[8] BNL 1981[10], andANL 1982[17]. Also shown is theexpec-
tationsfrom Model 2 (dashedline) andModel 3 (dottedline) for theaxial form
factor.
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Figure8: Extractedvaluesof (�; �5+ � �RQGi / �kj¨l a for deuteriumbubblechamberex-
perimentsBaker et al. [10], Miller et al. [17], and Kitagaki et al. [8]. For
MINER � A the projected results are shown for three different assumptions:(�; Q dipole=S I T Q dipolefrom crosssection(model1), (<; Q dipole=S I T Q dipolefrom
polarization (model 2) and the expectationfrom the model basedon duality
(model3). TheMINER � A errorsarefor a4 yearrun.
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plot shows thatexisting measurementshave largeerrorsthroughoutthe ��� range
accessibleto MINER � A andespeciallyin the thresholdregime which is crucial
to futureoscillationexperiments.

Figure 7 shows the expectedvaluesand errorsof (<; in bins of �� for the
MINER � A activecarbontarget,for a four-yearexposurein theNuMI beam.The
methodto extract (<; from

i 1 Qdi + � is givenin reference[19]. Clearlythehigh-���
regime,which is inaccessibleto K2K, MinibooNE andJ-PARCnu,will bewell-
resolvedin MINER � A. Figure8 show theseresultsasa ratio of (<; / (�; (Dipole),
demonstratingMINER � A’sability to distinguishbetweendifferentmodelsof (<; .
Weshow thethreedifferentmodels(describedearlier)for (<; asa functionof ��
. Model 2 is a factorof 5 lower at high ��� , asindicatedby S I T / S I U data,model
3 (basedon duality is a factorof 1.4 higher. MINER � A will beableto measure
the axial nucleonform-factor with precisioncomparableto vector form-factor
measurementsat JLab. Note that resolutioneffectsarestill not includedin this
extractionof (<; ; however, the typical � � resolutionfor quasi-elasticeventsat
high ��� is ¼� ]_^ 	 � Sha)b QGce� � which is smallerthanthebin size.

Figure7 and8 shows theextractionof (�; from Miller, Baker, andKitagaki,
using their plots of

i 1 QGi + � . Figure 8 shows that for � � � 2 � S�a)b QGc4� � there
is essentiallyno measurementof (<; . Eventhemeasurementsof (<; of � � below	 � Sha)b QGce� � havesignificanterror, henceonecannotassume(<; is adipolefor low�� . Themaximum�� valuesthatcanbeachievedwith incidentneutrinoenergies
of 0.5,1.0,1.5and2 GeV are0.5,1.2,2.1and3.0 (GeV/c)� , respectively. Since
K2K, MiniBooNE, andJ-PARCnu energiesarein the 0.7–1.0GeV range,these
experimentsprobethe low �� � K (GeV/c)� region wherenucleareffects are
large (seeFigures9 and11). The low �� ( ��� � K (GeV/c)� ) MiniBooNE and
K2K experimentshave begunto investigatethevariousnucleareffectsin carbon
andoxygen. However, the higher �� dataareonly accessiblein higher-energy
experimentslikeMINER � A, whichcanspanthe2–8GeVneutrinoenergy range.
MINER � A’s measurementof the axial form-factorat high �� will be essential
to a completeunderstandingof thevectorandaxial structureof theneutronand
proton.

1.4 Nuclear Effects in Quasi-elastic Scattering

1.4.1 Fermi gas model

Therearethreeimportantnucleareffectsin quasi-elasticscatteringfrom nuclear
targets:Fermimotion,Pauli blocking,andcorrectionsto thenucleonform-factors
dueto distortionof thenucleon’s sizeandits pion cloudin thenucleus.Figure9
showsthenuclearsuppressionversus��� from aNUANCE[20] calculation[6] us-
ing the Smith andMoniz[21] Fermi gasmodel for carbon. This nuclearmodel
includesPauli blocking andFermi motion but not final stateinteractions. The
Fermigasmodelusesa nuclearbindingenergy ½ ! 	G� MeV andFermimomen-
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Figure9: Pauli suppressionin a Fermigasmodelfor carbonwith bindingenergy½ ! 	7� MeV andFermi momentum
BvÀÁ! 	7	 ] MeV/c. A similar suppressionis

expectedfor quasi-elasticreactionsin MINER � A.

tum
BvÀÂ! 	7	 ] MeV/c. Figure10 from Moniz et. al.[21] shows how theeffectiveBvÀ

andnuclearpotentialbindingenergy ½ (within a Fermi-gasmodel)for various
nuclei is determinedfrom electronscatteringdata. The effective

BvÀ
is extracted

from thewidth of thescatteredelectronenergy distribution, andthe bindingen-
ergy ½ from theshiftedlocationof thequasi-elasticpeak.

1.4.2 Bound nucleon form-factors

Thepredicteddistortionsof nucleonform-factorsduetonuclearbindingareshown
in Figure11 asthe ratiosof ( � , ( � , and (<; for boundandfree nucleons.With
a varietyof nucleartargets,MINER � A will beableto comparemeasuredform-
factorsfor a rangefrom light to heavy nuclei. Figure6 shows thesuppressionof
the crosssectiondueto boundform factors. Figure1.4.2shows

i 1 QGi + � for an
energiesthat aredesignedto simulateMinibooneandK2K. The plot shows the
suppressionat low � � dueto theboundedform factors.

Also shown onFigure1.4.2is theeffectof requiringthevectorandaxial con-
tributionsfor x � to beequalfor ��� � ]_^ � � Sha)b QGce� � . As shown on theplot this
givesanothersuppressionof low �� relative to high ��� . Figure1.4.2alsoshows
theratio of

i 1 QGi + � for thevariousassumptionsto
i 1 Qdi + � calculatedwith dipole

form form factors.
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Figure10: Extractionof Fermigasmodelparameters,theeffectiveFermimomen-
tum

BvÀ
andnuclearbindingenergy ½ , from 500MeV electronscatteringdata[21].

Distributionsshown correspondto scatteringfrom (a) carbon,(b) Nickel, and(c)
Lead.

1.4.3 Intra-nuclear rescattering

In neutrinoexperiments,detectionof the recoil nucleonhelpsdistinguishquasi-
elasticscatteringfrom inelasticreactions.Knowledgeof theprobability for out-
going protonsto reinteractwith the target remnantis thereforehighly desirable.
Similarly, quasi-elasticscatteringwith nucleonsin thehigh-momentumtail of the
nuclearspectralfunctionneedsto beunderstood.More sophisticatedtreatments
thanthesimpleFermigasmodelarerequired.Conversely, inelasticreactionsmay
bemisidentifiedasquasi-elasticif afinal-statepionis absorbedin thenucleus.Be-
causeof its constrainedkinematics,low-energy neutrino-oscillationexperiments
usethequasi-elasticchannelto measurethe(oscillated)neutrinoenergy spectrum
at thefar detector;theuncertaintyin estimationof this backgrounddueto proton
intra-nuclearrescatteringis currentlyan importantsourceof systematicerror in
theK2K experiment.
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Figure11: Theratioof bound(in carbon)to freenucleonform-factorsfor ( � , ( � ,
and (<; from Ref [7]. Bindingeffectsontheform-factorsareexpectedto besmall
at higher � � (therefore,this modelis not valid for � � � K (GeV/c)� ).

Thebestwayto studytheseeffectsis to analyzeelectronscatteringonnuclear
targets(includingthehadronicfinal states)andtesttheeffectsof theexperimen-
tal cutson the final-statenucleons.MINER � A canaddressprotonintra-nuclear
rescatteringby comparingnuclearbindingeffectsin neutrinoscatteringoncarbon
to electrondatain similar kinematicregions. Indeed,MINER � A memberswill
be working with the CLAS collaborationto studyhadronicfinal statesin elec-
tron scatteringon nucleartargetsusingexisting JLabHall B data. This analysis
will allow theoreticalmodelsusedin both electronandneutrinoexperimentsto
betested.Otherwork in progress,with theGhent[22] nuclearphysicsgroup,will
developthetheoreticaltoolsneededto extracttheaxial form-factorof thenucleon
usingMINER � A quasi-elasticdataon carbon. The ultimate aim is to perform
nearlyidenticalanalysesonbothneutrinoandelectronscatteringdatain thesame
rangeof �� .

16



2
Ê

 (GeV/c)2Q
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

)2
/(

G
eV

/c
)Ë

2
cm

-3
8

   
(1

0
2

/d
Q

σ
d

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2
=0.7 GeVνÌ, E2

Ê
/dQ
Í

σd

Free dipole FF

Free BBA FF 

Bounded BBA  FF 

Bounded BBA FF, V = A, Q2>0.5 GeV 

2
Ê

 (GeV/c)2Q
0 0.2 0.4 0.6 0.8 1 1.2 1.4

)2
/(

G
eV

/c
)Ë

2
cm

-3
8

   
(1

0
2

/d
Q

σ
d

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2
=1.4 GeVνÌ, E2

Ê
/dQ
Í

σd

Free dipole FF

Free BBA FF 

Bounded BBA  FF 

Bounded BBA FF, V = A, Q2>0.5 GeV 

2
Ê

 (GeV/c)2Q
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

 r
at

io
 

2
/d

Q
σ

d

0.85

0.9

0.95

1

1.05

1.1
=0.7 GeVνÌ ratio, E2

Ê
/dQ
Í

σd
BBA FF/dipole FF

Bnd BB FF/dipole FF 

Bnd FF, V=A, Q2>0.5 GeV/dipole FF 

2
Ê

 (GeV/c)2Q
Î0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

 r
at

io
 

2
/d

Q
σ

d

0.9

1

1.1

1.2

1.3

1.4

1.5

=1.4 GeVνÌ ratio, E2
Ê

/dQ
Í

σd
BBA FF/dipole FF

Bnd BB FF/dipole FF 

Bnd FF, V=A, Q2>0.5 GeV/dipole FF 

Figure12:
i 1 QGi + � assumingvariousmodelsof form factors.We use 6 ; =1.014

GeV/c�
. The curve labeled”Free dipole FF” hasno correctionto dipole form Factors.
”FreeBBA FF” hasno correctionto BBA-Form Factors. ”BoundedFF” putsin
thebindingeffectson theform factorsfrom ref [7]. ”BoundedFF, V=A” shows
the duality predictionwith Boundedform factors. The top set of plots showsi 1 QGi + � , while thebottomsetof plotsshows the ratio of

i 1 QGi + � to
i 1 QGi + � with

dipolefreeform factors.The � � upperlimit on theplot is thekinematiclimit.
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