
0.1 Overview of the MINER � A Physics Program

The MINER � A neutrinoscatteringexperiment[1] in the NuMI beamoffers a uniqueopportunityto
studya broadspectrumof physicstopics.Of thephysicstopicsof interestin theMINER � A program,
severalhave not previously beenstudiedin any systematicway, while othershave only few resultsthat
arecompromisedby largestatisticalandsystematicerrors.ThecompleteMINER � A physicsprogram
will consistof high-statisticsstudiesof the following topics. Thesestudiesareimportantfor both the
elementaryparticlephysicscommunityaswell asthenuclearphysicscommunityfor which neutrino
reactionsprovide informationcomplementaryto JLabstudiesin thesamekinematicrange.

� Precisionmeasurementof thequasi-elasticneutrino–nucleuscross-section,including its
���

and��� dependence,andstudyof thenucleonaxial form factors.Over 300 K eventsareexpectedin
thefiducial volumein a four-yearMINER � A run.

� Determinationof cross-sectionsin theresonanceproductionregion for bothneutral-currentand
charged-currentinteractions,includingastudyof isospinamplitudes,measurementof pionangu-
lar distributions,isolationof dominantform factors,andmeasurementof theeffectiveaxial-vector
mass.A totalof 470 K one-andtwo-pioneventsmake up theresonancesample.

� Precisionmeasurementof coherentsingle-pionproductioncross-sections,with particularatten-
tion to targetA dependence.Coherent	�
 production,especiallyvia neutral-currents,is asignifi-
cantbackgroundfor next-generationneutrinooscillationexperimentsseekingto observe ����
����
oscillation. A sampleof 20 K CC eventsis expectedoff of a carbontarget. The expectedNC
sampleis roughly1/2 theCC sample.

� Examinationof nucleareffectsin neutrino-inducedinteractions,includingenergy lossandfinal-
statemodificationsin heavy nuclei,by employing targetsof carbon,iron andlead.Thesenuclear
effectsplay a significantrole in neutrinooscillationexperimentsthatmeasure��� disappearence
asa functionof

� �
. In addition,it hasrecentlybeenspeculatedthat,for thesameQ� , shadowing

with neutrinoscanoccurat muchlower energy transfer( � ) thanchargedleptonscattering.This
effect is in noneof the currentlyemployed event simulationMonte Carlos. With sufficient �
running,a studyof quarkflavor-dependentnucleareffectswill alsobe performed. Due to the
differentmix of quarkflavorsinvolved,this is anotherway in whichneutrinoandcharged-lepton
nucleareffectsdiffer. MINER � A will collect over 700 K CC eventsoff of both iron andlead
targetsin additionto thesampleoff carbon.

� Clarification of the role of nucleareffects as they influencethe determinationof ����� ����� via
measurementof theratioof neutral-currentto charged-currentcross-sectionsoff differentnuclei.

� Theclarificationof theW ( � massof thehadronicsystem)transitionregion whereinresonance
productionmergeswith deep-inelasticscattering.including testsof phenomenologicalcharac-
terizationsof this transitionsuchasquark/hadronduality. A sampleof 500 K multi ( � 2) pion
eventsis expectedwith W � 2.0GeV.

� With a sampleof over 1 million CC DIS events,a much-improved measurementof the parton
distribution functions,particularlyat largex ��� , will bepossibleusingameasurementof all three
� structurefunctions.Althoughwe expectover 100 K CC � eventsin thefour yearMINER � A
� run, anadditionaldedicated� run would be requiredfor the three � structurefunctionsto be
measuredwith similar precision.
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� Examinationof theleadingexponentialcontributionsof perturbative QCD.

� With nearly50 K fully reconstructedexclusive eventsexpected [2], precisionmeasurementof
exclusive strange-particleproductionchannelsnearthreshold,therebyimproving knowledgeof
backgroundsin nucleon-decaysearches,will be possible. Also, determinationof  "!�# , anden-
ablingsearchesfor strangeness-changingneutral-currentsandcandidatepentaquarkresonances
will be undertaken. Measurementof hyperon-production cross-sections,including hyperonpo-
larization,will befeasiblewith exposureof MINER � A to � beams.

� Improved determinationof the effective charm-quarkmass( $&% ) nearthreshold,andnew mea-
surementsof  %(' , )+*-,�. and,independently, )+*-,�. .

In addition to beingsignificantfields of study in their own right, improved knowledgeof many
of thesetopicsis essentialto minimizing systematicuncertaintiesin neutrino-oscillation experiments.
Following is a somewhat moredetaileddescriptionof thesetopics that illustrate the potentialof the
MINER � A experiment.

0.1.1 Low-energy Neutrino Cross-sections

This is a topic of considerableimportanceto bothpresentandproposedfuture (off-axis) neutrinoos-
cillation experiments.With thestatisticsnotedabove, MINER � A will beableto measurethesecross-
sectionswith negligible statisticalerrorsandwith the well-controlledbeamsystematicerrorsneeded
for theMINOS experiment

0.1.2 Low-energy Neutrino Cross-sections: Quasi-elastic Scattering

Charged-currentquasi-elasticreactionsplay a crucial role in bothnon-acceleratorandacceleratorneu-
trino oscillationstudies.Cross-sectionuncertainties- oftenexpressedasuncertaintyin thevalueof the
axial-vectormass- area significantcomponentin errorbudgetsof theseexperiments.Currentlyavail-
ablemeasurementsof this cross-sectionareclusteredbelow E

�
= 5 GeV with a few isolatedmeasure-

mentsoutto 12GeV. Themeasurementshavestatisticalerrorsof order(10-15)%plusanother(10-20)%
beamsystematicerror. A completesimulatedanalysisof the quasi-elasticchannelin MINER � A has
beencarriedout [3]. Theefficiency andpurity of thefinal sampleare / � dependenthowever, theaver-
ageefficiency was74%with a purity of 77%.Theresultingsampleis shown in Figure1 a. MINER � A
will measurethecross-sectionout to E

�
= 20 GeV with statisticalerrorsrangingfrom � 1%at low E

�
up to 7 % at E

�
= 20 GeV. The expectedbeamsystematicerror is (4-6)% dueto moreprecisemea-

surementsof hadronproduction,themajorsourceof uncertaintyin predictingneutrinoflux, from the
currentlyrunningMIPP experiment[4].

Therehave beenrecentadvancesin themeasurementof thevectorcomponentof elasticscattering
from SLAC andJeffersonLab. However, thereis still an uncertaintyin the large / � behavior of 021 3
with differing experimentalresultsdependingon whetherthe extraction is basedon cross-sectionor
polarizationtechniques.For theaxial-vectorcomponentof this channel,measurementof theneutrino
quasi-elasticchannelis themostdirectwayto improveourknowledge.MINER � A’sability to carefully
measure46587�4+/ � to high / � allows not only the investigationof the non-dipolecomponentof the
axial-vector form factor to an unprecedentedaccuracy, but also permitsdiscriminationbetweenthe
two alternative suggestedhigh / � behaviors discussedabove. Figure1 b shows theextractionof the
axial-vector form factor from the quasi-elasticevent sampleaccumulatedover a 4-yearMINER � A
run. The datapointsareplottedas a ratio of 9;: / 9;: (Dipole) with the indicatedassumptions.Also
shown are the currently available valuesof 9 : from early experiments. MINER � A will be able to
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Figure 1: On the left is the crosssectionmeasurementfor MINER � A assuminga 4-yearrun, sta-
tistical errorsonly, with < : =1.00 GeV and the Fermi gasmodel. On the right is the projected
resultsfor MINER � A for two differentassumptions:9 : 7 dipole=0 1 3 7 dipole from crosssectionand
9 : 7 dipole=0 1 3 7 dipole from polarization. Also shown arethe extractedvaluesof 9 : * ��� .=7�4?>A@CB�DFE for
deuteriumbubblechamberexperimentsBaker et al. [5] andKitagakiet al. [6].

measuretheaxial nucleonform-factorwith precisioncomparableto vectorform-factormeasurements
at JLab. CombiningtheseMINER � A measurementswith presentandfuture JeffersonLab datawill
permitprecisionextractionof all form factorsneededto improve andtestmodelsof thenucleon.

0.1.3 Low-energy Neutrino Cross-sections: Resonance Production

NeutrinoMonte-Carloprograms,trying to simulatethis kinematicregion, have usedearly theoretical
predictionsby ReinandSehgal[7] or resultsfrom electro-productionexperimentssinceexisting data
on neutrinoresonance-production is insufficient for the task. It is noteworthy that the theoreticaland
experimentalpictureof theresonanceandtransitionregionsarefar moreobscurethanthequasi-elastic
anddeep-inelasticscattering(DIS) regionswhich borderit. Sincethe event samplesof presentand
proposedneutrinooscillationexperimentsfall insidethispoorly-understoodresonanceregion,resonant
pion productionis animportantsourceof backgroundin neutrinooscillationsearches.This kinematic
regionwill becarefullyexaminedby MINER � A.

Analysisof resonanceproductionin MINER � A [8] will focuson several experimentalchannels
includinginclusive scatteringin theresonanceregion ( G HJILKNMPO ) andexclusive chargedandneutral
pionprocuction.Analysiseffortsthusfarhavefocusedonunderstandingtheperformanceof MINER � A
for inclusive resonanceprodcution[9], particularly nearthe QRESD-TVU�*XWYI[Z[I?. resonance.This analysis
indicatesthat the resolutionsof G is about100MeV in the region of the \ andthe / � resolutionis
betterthan20%.Despitethis resolutionsmearingandsmearingintroducedby fermi-motion,asmostof
thescatteringstakeplaceonboundnucleonsin carbon,the \ peakis still clearlyvisible in the G yield
spectrumwhenusingthereconstructedkinematics.

Analysismethodsarebeingdevelopedto usethetrackingcapabilityof MINER � A to improve the
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kinematicdeterminationof resonanceevents,which typically have low multiplicity. This is expectedto
helpthereconstructionof G in theneighborhoodof the \ resonanceaswell aspermitthereconstruc-
tion of exclusive resonanceevents.

0.1.4 Low-energy Neutrino Cross-sections: Coherent Pion Production

Both charged-andneutral-currentcoherentproductionof pionsresult in a singleforward-goingpion
with little energy transferto thetargetnucleus.In theneutral-currentcase,thesingleforward-going	�

canmimic anelectronandbemisinterpretedasa ��� event.Existingcross-sectionmeasurementsfor this
reactionareonly accurateto ] 35%andareonly availablefor a limited numberof targetnuclei in the
few-10 GeVregion [10].

TheMINER � A experiment,with its high statisticsandvariety of nucleartargets,will greatlyim-
prove our experimentalunderstandingof coherentreactionprocesses.A completesimulatedanalysis
of thecharged-currentcoherentproductionchannelhasbeencarriedout [11]. Thekinematiccutsem-
ployed reducedthebackgroundby threeordersof magnitudewhile reducingthesignalby a factorof
three.

Figure2ashowstheprecisionof theresultingsampleof theMINER � A measurementof thecharged
currentcoherentpion productioncross-sectionasa function of neutrinoenergy after projectedback-
groundsubtraction.The errorsarestatisticalonly. Hereit is assumedthat themeasuredvalueis that
predictedby Rein-Seghal[12]. Also plottedaretheonly currentlyavailablemeasurementsin thiskine-
maticregion showing their total errors.

The MINER � A sampleof charged currentcoherenteventscanbe usedto study the differential
crosssectionsfor coherentscattering.Comparionsof the overall ratesof neutralandchargedcurrent
production,aswell ascomparisonof thepionenergy andangulardistributionsfrom NC andCCevents
will alsoprovide usefultestsof thevariousmodels.For several recentmodels,the predictionfor the
NC/CCratio in coherentscatteringdiffersby around20%[12, 13].

Anothertaskfor MINER � A will becomparisonof reactionratesfor lead,iron andcarbon.TheA
dependenceof thecross-sectiondependsmainly on themodelassumedfor thehadron–nucleusinter-
action,andservesasa crucial testfor that componentof thepredictions[14]. No experimentto date
hasbeenableto performthis comparison.Figure2 b illustratesthe broadrangein A to be covered
by MINER � A’s measurementof the coherentpion cross-section.The shadedbandis the rangein A
coveredby existingexperiments.

0.1.5 Neutrino Induced Nuclear Effects

In mostneutrinoscatteringexperiments,including neutrinooscillationexperiments,massive nuclear
target/detectorsare necessaryto obtain useful reactionrates. Analysis of neutrinoreactionswithin
nuclearmediarequiresan understandingof certainprocesses,so-called“nucleareffects”. Thereare
two generalcategoriesof sucheffects:

� Theneutrinointeractionprobabilityon nuclei is modifiedrelative to that for freenucleons.Nu-
cleareffectsof this type have beenextensively studiedin deep-inelasticscattering(DIS) mea-
surementsof structurefunctionsusingmuonandelectronbeams,but have not beenstudiedwith
neutrinos.Dependingon thekinematicregion in question,thesenucleareffectsareexpectedto
be quitedifferentfor neutrinos.In particular, theshadowing phenomenais expectedto be very
differentfor neutrinosascomparedto muonor electroninducedinteractions[22]. As explained
in reference[26], for a given / � , thereductionin observedcross-section(shadowing) occursfor
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Figure2: On theleft is thecrosssectionmeasurementfor MINER � A assuminga4-yearrun,statistical
errorsonly, comparedwith existing publishedresults.On the right is the rangeof A-dependentmea-
surementsof thecoherent-pioncross-sectionto bemeasuredby theMINER � A experimentcompared
to therangeof exisitngdatashown by theshadedband.

muchlower energy transfer� in neutrinointeractionsthanfor chargedleptoninteractions.This
is animportantand,until MINER � A studiesthis,anunmeasuredeffect.

� The resultingfinal statemay undergo final stateinteractions(FSI), including re-scatteringand
absorption;theseinteractionsmay significantlyalter the observed final-stateconfigurationand
measuredenergy. Theseeffectsarelikely to be sizablefor neutrinoenergiesproducinga large
fraction of elasticand resonantfinal states[24] as in currentandplannedneutrinooscillation
experiments.

It is importantto notethat thehadronshower observed in neutrinoexperimentsis theconvolution
of thesetwo effects. TheFSI aredependenton theproducedfinal statethat,evenoff singlenucleons,
is different for neutrinoandcharged-leptonfinal states.In addition,the suppressionor enhancement
of the productionof particularinitial final statesby nucleareffects is againdifferent for neutrinosas
comparedto chargedleptons.For thesereasons,resultsof nucleareffectsstudiesusingchargedleptons
cannotbesimplyappliedto neutrinonucleusinteractions.

To studythesecombinednucleareffects in MINER � A, carbon,iron and lead targetswill be in-
stalledupstreamof thepurescintillatoractivedetector. To measuretheoverall resultof thesecombined
effects[23], theobserved hadronenergy andmultiplicity will bemeasuredoff of C, FeandPbtargets
asa functionof muonvariablesto determineanA,P� correctionfactorto beappliedto visible hadron
energy of CC events.

0.1.6 The Perturbative - Non-Perturbative Interface and Deeply Inelastic Scattering

Threedecadesaftertheestablishmentof QCD asthetheoryof thestrongnuclearforce,understanding
how QCD works remainsoneof the greatchallengesin elementaryparticleandnuclearphysics. A
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majorobstaclearisesfrom thefactthatthedegreesof freedomobservedin nature(hadronsandnuclei)
aretotally differentfrom thoseappearingin theQCD Lagrangian(currentquarksandgluons).Making
thetransitionfrom quarkandgluonto hadrondegreesof freedomis thereforethekey to our ability to
describenaturefrom first principles.

Experimentally, understandingthis transitionrequiresreliabledatain threekinematicregimes: in
thescalingdomainof high / � deepinelasticscattering;in thehadronicregionof resonancesandquasi-
elasticscattering;and,perhapsmost importantly, in the moderate/ � region betweenthe two, where
thetransitionis mademanifestmostdramatically. MINER � A is uniquelysituatedto addressthis com-
pelling topic for thefirst time with neutrinoswith measurementsthatwill spanall threeregimes,and
provide reliabledatain thecrucialtransitionregion [15].

Despitethe apparentdichotomybetweenthe partonicandhadronicregimes,in naturethereexist
instanceswherethebehavior of low-energy crosssections,averagedover appropriateenergy intervals,
closelyresemblesthat at asymptoticallyhigh energies,calculatedin termsof quark-gluondegreesof
freedom.Thisphenomenonis referredto asquark-hadron duality, andreflectstherelationshipbetween
confinementandasymptoticfreedom,andthe transitionfrom perturbative to nonperturbative regimes
in QCD.In electron–nucleonscattering,quark-hadronduality links thephysicsof resonanceproduction
to thephysicsof scaling,andis thefocusof subtantialrenewed interestin understandingthestructure
of thenucleon[16, 17, 19, 18]. For example,thereareover 10 approvedexperimentsat JeffersonLab
whichaddressthis topic.

Weakcurrentscanprovide complementaryinformationon thequarkstructureof hadrons,not ac-
cessibleto electromagneticprobes. In particular, neutrino-inducedreactionscan provide important
consistency checkson thevalidity of duality. While deepinelasticneutrinostructurefunctionsarede-
terminedby thesamesetof universalpartondistribution functionsasin chargedleptonscattering,the
structureof resonancetransitionsexcitedby neutrinobeamsis in somecasesstrikingly differentto that
excitedby virtual photons.Althoughongeneralgroundsonemayexpectthatadualityshouldalsoexist
for weakstructurefunctions[20], thedetailsof how this manifestsitself in neutrinoscatteringmaybe
quitedifferentfrom thatobserved in electronscattering.MINER � A specificallydesignedto measure
low-energy neutrino-nucleusinteractionsaccuratelyoverboththeresonanceanddeepinelasticregimes,
will beanexceptionaltool for thestudyof dualitywith theweakcurrent[21].

Oncein theperturbative QCD regime,theevolution of partondistribution functionstakeshigh-x���
pdf’s at low / � andevolvesthemdown to moderate-and-low , at higher / � . This meansthatoneof
the larger contributions to backgrounduncertaintiesat, for instance,LHC measurementswill be the
very poorlyknown high-x pdf’s at thelower / � valuesopento NuMI neutrinobeams.MINER � A will
sit in theoptimalkinematicregion andwill yield thenecessarystatisticsto startaddressingthis major
concern.

Finally, it is importantto notethat themomentsof structurefunctionsarea subjectof attentionin
latticeQCDsimulations.Comparisonsof theexperimentalmomentswith thosecalculatedonthelattice
over a range/ �Lf W –10GeV� will allow oneto determinethesizeof highertwist correctionsandthe
role playedby quark-gluoncorrelationsin thenucleon.For theexperimentalmoments,anappreciable
fraction of the strengthresidesin the nucleonresonanceregion. Therefore,while a broadrangein ,
is requiredat fixed / � valuesto obtain the moments,preciseresonanceregion dataare imperative.
Moreover, latticecalculationsarein momentsof pdf’s aswell asstructurefunctions,requiringflavor
decomposition.For all of thesereasons,MINER � A will alsoprovide a vital comparisonwith results
from latticeQCD.
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Figure3: Left: Fractionalsizeof the90%confidencelevel region at ����� � I � �=g�h W , assumingtheun-
certaintiesfor nucleareffectsarethosedescribedin thetext, andassuminga0.5GeVmuonmomentum
cut. Right: Statisticalerror, currentcrosssectionsystematicerrors,and post-minerva crosssection
systematicerrorson NO� A measurementof �i��� � I �?j g asa functionof ����� � I �kj g .

0.1.7 The Impact of MINER � A’s Results on Neutrino Oscillation Studies

The MINER � A study of both nucleareffects and low-energy neutrinocross-sectionshasdirect and
importantapplicationsto neutrinooscillationexperimentssuchastheMINOS ��� disappearanceexper-
imentandthefutureT2K andNO� A ��� appearanceexperiments.

For theMINOS experiment,for a givien initial stateneutrinoenergy, thefinal observed statemay
have a significantlylower visible energy [27, 28]. Sincethedeterminationof \�$ � dependson knowl-
edgeof the initial E

�
, understandingthis energy distortionis crucialfor a precise\�$ � determination.

For theT2K andNO� A ��� experiments,preciseknowledgeof thecoherentandresonant	�
 background
is essential.To betterunderstandhow MINER � A’sresultswouldhelpneutrinooscillationexperiments,
apreliminaryquantitative study[29] hasbeenperformed.

Figure3 shows two examplesof how MINER � A canhelp oscillationexperiments.The left plot
shows thestatisticalerrorfor MINOS on the \�$ ��=g measurementasa functionof \�$ � , aswell asthe
systematicuncertaintyassumingthecurrentminimalknowlegeof nucleareffectsin neutrinoscattering,
givenerrorsin bothpionabsorptionandrescatteringin thenucleus.Theright plot shows thestatistical
andsystematicerror on ����� � I �kj g for NO� A asa function of ����� � I �kj g . Two differentsystematicun-
certaintiesareshown: oneis assumingthecurrentsetof uncertaintieson crosssections,thesecondis
assumingtheuncertaintiesexpectedafterMINER � A runs.

It is clear from even thesepreliminary studiesthat the MINER � A experimentwill play a very
importantrole in helpingthecurrentandfutureprecisionoscillationexperimentsreachtheir ultimate
sensitivity. In orderto getthemostprecisevaluesof \l$ ��=g (which eventuallyis usedto extractmixing
anglesand the CP-violatingphase)we must must betterunderstandand quantify the processesthat
occurbetweentheinteractionof anincomingneutrinoandthemeasurementof outgoingparticlesin the
detector. Extractingthemixing parameterssuchas �kj g andultimately theneutrinomasshierarchyand
CPviolation requiresmuchbetterunderstandingof resonantcrosssections.Precisemeasurementsof
nucleareffectsandexclusive crosssectionswill lay an importantfoundationfor thestudyof neutrino
oscillationsthatis in themiddleof makingorderof magnitudeleapsin bothstatisticsandsensivitity.
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