0.1 Overview of the MINERrA Physics Program

The MINERvA neutrinoscatteringexperiment[1] in the NuMI beamoffers a uniqueopportunityto
studya broadspectrumof physicstopics. Of the physicstopicsof interestin the MINERvA program,
severalhave not previously beenstudiedin arny systematiavay, while othershave only few resultsthat
arecompromisedy large statisticalandsystematicrrors. The completeMINERvA physicsprogram
will consistof high-statisticsstudiesof the following topics. Thesestudiesareimportantfor boththe
elementaryparticle physicscommunityaswell asthe nuclearphysicscommunityfor which neutrino
reactiongrovide informationcomplementaryo JLabstudiesin the samekinematicrange.

e Precisionmeasurementf the quasi-elastimeutrino—nucleusross-sectionncludingits £, and
¢° dependenceaandstudyof the nucleonaxial form factors.Over 300 K eventsare expectedin
thefiducial volumein afour-yearMINERvA run.

e Determinationof cross-sections theresonanceroductionregion for both neutral-currenand
chaged-currentnteractionsijncludinga studyof isospinamplitudesmeasuremerdf pionangu-
lar distributions,isolationof dominantform factors andmeasuremerdf theeffective axial-vector
mass.A total of 470 K one-andtwo-pioneventsmalke up theresonancesample.

e Precisionmeasuremendf coherentsingle-pionproductioncross-sectionsyith particularatten-
tion to target A dependenceCoherentr® production especiallyvia neutral-currentss a signifi-
cantbackgroundor next-generatiomeutrinooscillationexperimentsseekingo obserev, — v,
oscillation. A sampleof 20 K CC eventsis expectedoff of a carbontarget. The expectedNC
sampleis roughly 1/2the CC sample.

e Examinationof nucleareffectsin neutrino-inducednteractionsjncluding enegy lossandfinal-
statemodificationsin heary nuclei,by employing targetsof carbon,ron andlead. Thesenuclear
effectsplay a significantrole in neutrinooscillationexperimentsthatmeasurey,, disappearence
asafunctionof E,. In addition,it hasrecentlybeenspeculatedhat,for the sameQ?, shadaing
with neutrinoscanoccurat muchlower enegy transfer(v) thanchagedleptonscattering.This
effect is in noneof the currently emplo/ed event simulation Monte Carlos. With sufiicient 7
running, a study of quarkflavor-dependentiucleareffects will alsobe performed. Due to the
differentmix of quarkflavorsinvolved, this is anothemway in which neutrinoandchaged-lepton
nucleareffectsdiffer. MINERvA will collectover 700 K CC eventsoff of bothiron andlead
tamgetsin additionto the sampleoff carbon.

e Clarification of the role of nucleareffects asthey influencethe determinationof sin? 6y via
measuremertdf theratio of neutral-currento chaged-currentross-sectionsff differentnuclei.

e Theclarificationof the W (= massof the hadronicsystem)transitionregion whereinresonance
productionmeigeswith deep-inelastiscattering.including testsof phenomenologicatharac-
terizationsof this transitionsuchasquark/hadrorduality A sampleof 500 K multi (> 2) pion
eventsis expectedwith W < 2.0GeV.

e With a sampleof over 1 million CC DIS events,a much-improed measuremerf the parton
distribution functions,particularlyatlarge x g;, will be possibleusingameasuremerudf all three
v structurefunctions. Althoughwe expectover 100 K CC 7 eventsin the four yearMINERvA
v run, anadditionaldedicated” run would be requiredfor the threew structurefunctionsto be
measureavith similar precision.



e Examinationof theleadingexponentialcontritutionsof perturbatre QCD.

e With nearly50 K fully reconstructe@xclusive eventsexpected [2], precisionmeasuremendf
exclusive strange-particle productionchannelsearthreshold therebyimproving knowledgeof
backgroundsn nucleon-decagearcheswill be possible. Also, determinatiorof V,,5, anden-
abling searchesor strangenesszhangingneutral-currentsind candidatepentaquarkesonances
will be undertaken. Measuremendf hyperon-productio cross-sectionsncluding hyperonpo-
larization,will befeasiblewith exposureof MINERvVA to 7 beams.

e Improved determinatiorof the effective charm-quarkmass(m,.) nearthreshold,andnev mea-
surement®f V.4, s(z) and,independentlys(z).

In additionto being significantfields of studyin their own right, improved knowledge of mary
of thesetopicsis essentiato minimizing systematiaincertaintiesn neutrino-oscillatio experiments.
Following is a somavhat more detaileddescriptionof thesetopicsthat illustrate the potential of the
MINERvVA experiment.

0.1.1 Low-energy Neutrino Cross-sections

This is a topic of considerablémportanceto both presentand proposeduture (off-axis) neutrinoos-

cillation experiments.With the statisticsnotedabore, MINERvA will be ableto measurghesecross-
sectionswith negligible statisticalerrorsandwith the well-controlledbeamsystematicerrorsneeded
for the MINOS experiment

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

Chaged-currenguasi-elasticeactionglay a crucialrole in bothnon-acceleratoandacceleratoneu-
trino oscillationstudies.Cross-sectiomncertainties oftenexpressedsuncertaintyin the valueof the
axial-vectormass- area significantcomponentin error budgetsof theseexperiments.Currentlyavail-
ablemeasurementsf this cross-sectiormreclusteredoelon E, = 5 GeV with a few isolatedmeasure-
mentsoutto 12 GeV. Themeasurementsave statisticalerrorsof order(10-15)%plusanother(10-20)%
beamsystematicerror A completesimulatedanalysisof the quasi-elastichannelin MINERvA has
beencarriedout [3]. Theefficiency andpurity of thefinal sampleareQ? dependenhowever, the aver-
ageefficiengy was74% with a purity of 77%. Theresultingsampleis shavn in Figurel a. MINERvA
will measurehecross-sectiomut to E,, = 20 GeV with statisticalerrorsrangingfrom < 1%atlow E,
upto 7 % at E, = 20 GeV. The expectedbeamsystematicerror is (4-6)% dueto more precisemea-
surement®f hadronproduction,the major sourceof uncertaintyin predictingneutrinoflux, from the
currentlyrunningMIPP experiment4].

Therehave beenrecentadvancesn the measurementf the vectorcomponenbf elasticscattering
from SLAC andJefersonLab. However, thereis still anuncertaintyin the large Q? behaior of G%,
with differing experimentalresultsdependingon whetherthe extractionis basedon cross-sectioror
polarizationtechniques For the axial-vector componenbf this channelmeasuremenaf the neutrino
guasi-elastichannels themostdirectwayto improve our knovledge. MINERvA’s ability to carefully
measuredo /dQ? to high @? allows not only the investigationof the non-dipolecomponentof the
axial-vector form factor to an unprecedentedccuray, but also permitsdiscriminationbetweenthe
two alternatve suggestediigh Q? behaiors discussedbove. Figurel b shavs the extractionof the
axial-vector form factor from the quasi-elasticevent sampleaccumulatecbver a 4-year MINERvA
run. The datapointsare plotted as a ratio of F4/F4(Dipole) with the indicatedassumptions.Also
shovn arethe currently available valuesof F4 from early experiments. MINERvA will be ableto
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Figure 1: On the left is the crosssectionmeasurementor MINERrA assuminga 4-yearrun, sta-
tistical errorsonly, with M4 =1.00 GeV and the Fermi gasmodel. On the right is the projected
resultsfor MINERvA for two differentassumptions:F4 /dipole=G¥, /dipole from crosssectionand
F4/dipole=G%, /dipole from polarization. Also shavn arethe extractedvaluesof F4(q?)/dipole for
deuteriumbubblechambeiexperimentBaker et al. [5] andKitagakiet al. [6].

measurehe axial nucleonform-factorwith precisioncomparabldo vectorform-factormeasurements
atJLab CombiningtheseMINERrvA measurementwith presentandfuture JefersonLab datawill
permitprecisionextractionof all form factorsneededo improve andtestmodelsof the nucleon.

0.1.3 Low-energy Neutrino Cross-sections. Resonance Production

NeutrinoMonte-Carloprogramsrying to simulatethis kinematicregion, have usedearly theoretical
predictionsby Reinand Sehgal[7] or resultsfrom electro-productiorexperimentssinceexisting data
on neutrinoresonance-prodtion is insuficient for the task. It is notevorthy that the theoreticaland
experimentabpictureof theresonancandtransitionregionsarefar moreobscurehanthe quasi-elastic
and deep-inelasticscattering(DIS) regionswhich borderit. Sincethe event samplesof presentand
proposedheutrinooscillationexperimentdall insidethis poorly-understoodesonanceegion, resonant
pion productionis animportantsourceof backgroundn neutrinooscillationsearchesThis kinematic
regionwill be carefullyexaminedby MINERvVA.

Analysis of resonanceroductionin MINERvA [8] will focuson several experimentalchannels
includinginclusive scatteringn theresonanceegion (W < 2 GeV) andexclusive chagedandneutral
pionprocuction.Analysiseffortsthusfar have focusednunderstandingheperformancef MINERvA
for inclusive resonanceprodcution[9], particularly nearthe Delta(1232) resonance.This analysis
indicatesthat the resolutionsof W is about100MeV in the region of the A andthe Q? resolutionis
betterthan20%. Despitethis resolutionsmearingandsmearingntroducedoy fermi-motion,asmostof
thescatteringsake placeon boundnucleonsn carbonthe A peakis still clearlyvisiblein the W yield
spectrumwhenusingthereconstructelinematics.

Analysismethodsarebeingdevelopedto usethetrackingcapabilityof MINERvA to improve the

3



kinematicdeterminatiorof resonancevents,which typically have low multiplicity. Thisis expectedo
helpthereconstructiorof W in the neighborhoodf the A resonancaswell aspermitthereconstruc-
tion of exclusive resonancevents.

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

Both chaged- andneutral-currentoherentproductionof pionsresultin a singleforward-goingpion
with little enegy transferto thetargetnucleus.In the neutral-currentase the singleforward-goingr®
canmimic anelectronandbe misinterpretedsar, event. Existingcross-sectiomeasurement®r this
reactionareonly accuratdo ~ 35% andareonly availablefor alimited numberof tamgetnucleiin the
few-10 GeVregion [10].

The MINERvA experiment,with its high statisticsandvariety of nucleartargets,will greatlyim-
prove our experimentalunderstandin@f coherenteactionprocessesA completesimulatedanalysis
of the chaged-currentohereniproductionchannehasbeencarriedout[11]. The kinematiccutsem-
ployed reduceathe backgroundy threeordersof magnitudewhile reducingthe signalby a factorof
three.

Figure2 ashavstheprecisionof theresultingsampleof theMINERvA measuremerdf thechaged
currentcoherentpion productioncross-sectioras a function of neutrinoenegy after projectedback-
groundsubtraction.The errorsare statisticalonly. Hereit is assumedhatthe measured/alueis that
predictedby Rein-Sghal[12]. Also plottedarethe only currentlyavailablemeasurements this kine-
maticregion shaving theirtotal errors.

The MINERvA sampleof chaged currentcoherenteventscan be usedto study the differential
crosssectionsfor coherentscattering.Comparionsof the overall ratesof neutralandchaged current
productionaswell ascomparisorof the pion enegy andangulardistributionsfrom NC andCC events
will alsoprovide usefultestsof the variousmodels. For several recentmodels,the predictionfor the
NC/CCratioin coherenscatteringdiffersby around20%/[12, 13].

Anothertaskfor MINERvA will be comparisorof reactionratesfor lead,iron andcarbon.The A
dependencef the cross-sectiomlependsnainly on the modelassumedor the hadron—nucleugter
action,andsenesasa crucial testfor thatcomponenbf the predictions[14]. No experimentto date
hasbeenableto performthis comparison.Figure 2 b illustratesthe broadrangein A to be covered
by MINERvA’'s measurementf the coherentpion cross-sectionThe shadedbandis the rangein A
coveredby existing experiments.

0.1.5 Neutrino Induced Nuclear Effects

In mostneutrinoscatteringexperiments,including neutrinooscillation experiments massve nuclear
target/detectorsaare necessaryo obtain useful reactionrates. Analysis of neutrino reactionswithin

nuclearmediarequiresan understandingf certainprocessesso-called‘nucleareffects”. Thereare
two generakateyoriesof sucheffects:

e The neutrinointeractionprobability on nucleiis modifiedrelative to thatfor free nucleons.Nu-
cleareffects of this type have beenextensvely studiedin deep-inelastiscattering(DIS) mea-
surement®f structurefunctionsusingmuonandelectronbeamsput have not beenstudiedwith
neutrinos.Dependingon the kinematicregion in question thesenucleareffectsare expectedto
be quite differentfor neutrinos.In particular the shadaving phenomends expectedto be very
differentfor neutrinosascomparedo muonor electroninducedinteractiongd22]. As explained
in referencg26], for a given Q?, thereductionin obsered cross-sectioifshadaving) occursfor
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Figure2: Ontheleft is the crosssectionmeasuremerfor MINERvA assuminga 4-yearrun, statistical
errorsonly, comparedwith existing publishedresults. On the right is the rangeof A-dependentnea-
surement®f the coherent-piorcross-sectioo be measuredy the MINERvA experimentcompared
to therangeof exisitng datashavn by the shadedand.

muchlower enegy transferv in neutrinointeractionghanfor chagedleptoninteractions.This
is animportantand,until MINERvA studiesthis, anunmeasureéffect.

e The resultingfinal statemay undego final stateinteractions(FSl), including re-scatteringand
absorption;theseinteractionsmay significantly alter the obsered final-stateconfigurationand
measurecenegy. Theseeffectsarelikely to be sizablefor neutrinoenegies producinga large
fraction of elasticand resonanftfinal states[24] asin currentand plannedneutrinooscillation
experiments.

It is importantto notethatthe hadronshaver obseredin neutrinoexperimentss the convolution
of thesetwo effects. The FSI aredependenon the producedinal statethat, even off singlenucleons,
is differentfor neutrinoand chaged-leptonfinal states.In addition, the suppressioror enhancement
of the productionof particularinitial final statesby nucleareffectsis againdifferentfor neutrinosas
comparedo chagedleptons.For thesereasonstesultsof nucleareffectsstudiesusingchagedleptons
cannotbesimply appliedto neutrinonucleusnteractions.

To studythesecombinednucleareffectsin MINERvA, carbon,iron andlead targetswill be in-
stalledupstreanof the purescintillatoractive detector To measureheoverall resultof thesecombined
effects[23], the obsened hadronenegy andmultiplicity will be measureaff of C, FeandPbtarmgets
asafunction of muonvariablesto determineanA,P,, correctionfactorto be appliedto visible hadron
enegy of CC events.

0.1.6 The Perturbative - Non-Perturbative I nterface and Deeply I nelastic Scattering

Threedecadesfterthe establishmendf QCD asthetheoryof the strongnuclearforce,understanding
how QCD works remainsone of the greatchallengesn elementaryparticle and nuclearphysics. A
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majorobstaclearisesfrom thefactthatthe degreesof freedomobseredin nature(hadronsandnuclei)
aretotally differentfrom thoseappearingn the QCD Lagrangian(currentquarksandgluons).Making
thetransitionfrom quarkandgluonto hadrondegreesof freedomis thereforethe key to our ability to
describenaturefrom first principles.

Experimentally understandinghis transitionrequiresreliable datain threekinematicregimes:in
thescalingdomainof high Q? deepinelasticscatteringjn thehhadronicregion of resonanceandquasi-
elasticscattering;and, perhapsmostimportantly in the moderate)? region betweenthe two, where
thetransitionis mademanifestmostdramatically MINERvA is uniquelysituatedto addresshis com-
pelling topic for thefirst time with neutrinoswith measurementthatwill spanall threeregimes,and
provide reliabledatain the crucialtransitionregion [15].

Despitethe apparentdichotomybetweenthe partonicand hadronicregimes,in naturethereexist
instancesvherethe behaior of low-enepgy crosssectionsaveragedover appropriateenegy intenals,
closelyresembleghat at asymptoticallyhigh enegies, calculatedin termsof quark-gluondegreesof
freedom.This phenomenois referredto asquark-hadron duality, andreflectstherelationshipbetween
confinementaindasymptoticfreedom,andthe transitionfrom perturbatie to nonperturbatie regimes
in QCD.In electron—nucleoscatteringguark-hadromuality links the physicsof resonancg@roduction
to the physicsof scaling,andis thefocusof subtantiakenaved interestin understandinghe structure
of thenucleon[16, 17, 19, 18]. For example,thereareover 10 appraed experimentsat JefersonLab
which addresghis topic.

Weak currentscan provide complementarynformationon the quark structureof hadronsnot ac-
cessibleto electromagnetigrobes. In particular neutrino-inducedeactionscan provide important
consisteng checkson the validity of duality. While deepinelasticneutrinostructurefunctionsarede-
terminedby the samesetof universalpartondistribution functionsasin chagedleptonscatteringthe
structureof resonancéransitionsexcited by neutrinobeamss in somecasesstrikingly differentto that
excitedby virtual photons.Althoughon generalgroundsonemayexpectthata duality shouldalsoexist
for weakstructurefunctions[20], the detailsof how this manifestdtself in neutrinoscatteringmay be
quite differentfrom thatobsered in electronscattering.MINERvA specificallydesignedo measure
low-enegy neutrino-nucleusteractionsaccuratelyoverboththeresonancanddeepinelasticregimes,
will beanexceptionattool for the studyof duality with the weakcurrent[21].

Oncein theperturbatre QCD regime, the evolution of partondistribution functionstakeshigh-xg;
pdf's atlow Q? andevolvesthemdown to moderate-and-® = at higherQ?. This meansthatone of
the larger contritutions to backgrounduncertaintiesat, for instance,LHC measurementwill be the
very poorly known high-x pdf’s at the lower Q2 valuesopento NuMI neutrinobeamsMINERvA will
sitin the optimal kinematicregion andwill yield the necessargtatisticsto startaddressinghis major
concern.

Finally, it is importantto notethatthe momentsof structurefunctionsarea subjectof attentionin
lattice QCD simulations.Comparison®f theexperimentamomentswith thosecalculaten thelattice
overarangeQ? ~ 1-10GeV? will allow oneto determinethe sizeof highertwist correctionsandthe
role playedby quark-gluoncorrelationsn the nucleon.For the experimentaimomentsanappreciable
fraction of the strengthresidesin the nucleonresonanceegion. Therefore while a broadrangein x
is requiredat fixed Q% valuesto obtainthe moments preciseresonanceegion dataare imperatve.
Moreover, lattice calculationsarein momentsof pdf's aswell asstructurefunctions,requiring flavor
decomposition.For all of thesereasonsMINERvA will alsoprovide a vital comparisorwith results
from lattice QCD.



0.3 »
K — 7.4e20 POT Q 0.014 --- Current o Errors
N &
025F N 7T 25e20 POT @ 0,012 o Errors after MINERVA
EoN. O (71 abs, 7 rescat) s
0.2 N 04t after MINERVA s 0.01 — Statistical (50kt*5yr)
g “ 0.008

o

N

o]
T

----------------- 0.006

o
=
T

0.004

©

o

5
T

0.002

PRI BRI RARIIN BRI Eoerr T L b b b b e e
0
2.2 2. 2.6 2.8 3 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Am? (x107%eV?) sin20,;

90% CL Fractional Error on Am?

-0
N
ol
N
0]
=

Figure3: Left: Fractionalsizeof the 90% confidencdevel region atsin? 26,3 = 1, assuminghe un-
certaintiedor nucleareffectsarethosedescribedn thetext, andassuminga 0.5 GeV muonmomentum
cut. Right: Statisticalerror, currentcrosssectionsystematicerrors,and post-minera crosssection
systemati@rrorson NOvA measuremertf sin? 26,3 asafunctionof sin? 26; 3.

0.1.7 Thelmpact of MINERvA’s Results on Neutrino Oscillation Studies

The MINERvA study of both nucleareffects and low-enegy neutrinocross-sectiondasdirect and
importantapplicationgo neutrinooscillationexperimentssuchasthe MINOS v, disappearancexper
imentandthefuture T2K andNOvA v, appearancexperiments.

For the MINOS experiment,for a givieninitial stateneutrinoenegy, thefinal obsered statemay
have a significantlylower visible enegy [27, 28]. Sincethe determinatiorof Am? depend®n knowl-
edgeof theinitial E,, understandinghis enegy distortionis crucialfor a preciseAm? determination.
Forthe T2K andNOvA v, experimentspreciseknowledgeof thecoherenandresonanir® background
is essentialTo betterunderstandhov MINERvA'’s resultswould helpneutrinooscillationexperiments,
apreliminaryquantitatve study[29] hasbeenperformed.

Figure 3 shavs two examplesof how MINERvA canhelp oscillation experiments. The left plot
shaws the statisticalerrorfor MINOS on the Am3, measuremerdsa functionof Am?, aswell asthe
systematiaincertaintyassuminghe currentminimal knowlege of nucleareffectsin neutrinoscattering,
givenerrorsin bothpion absorptiorandrescatteringn the nucleus.Theright plot shavs the statistical
andsystematicerror on sin? 26,3 for NOvA asa function of sin? 20;5. Two differentsystematiaun-
certaintiesareshawvn: oneis assuminghe currentsetof uncertaintien crosssectionsthe seconds
assumingheuncertaintiegxpectedafter MINERvA runs.

It is clearfrom even thesepreliminary studiesthat the MINERvA experimentwill play a very
importantrole in helpingthe currentandfuture precisionoscillationexperimentsreachtheir ultimate
sensitvity. In orderto getthe mostprecisevaluesof Am2, (which eventuallyis usedto extractmixing
anglesand the CP-violatingphase)we must must betterunderstandand quantify the processeshat
occurbetweertheinteractionof anincomingneutrinoandthe measuremerdf outgoingparticlesin the
detector Extractingthe mixing parametersuchas#, 3 andultimately the neutrinomasshierarchyand
CP violation requiresmuchbetterunderstandin@f resonantrosssections.Precisemeasurementsf
nucleareffectsandexclusive crosssectionswill lay animportantfoundationfor the studyof neutrino
oscillationsthatis in themiddle of makingorderof magnituddeapsin both statisticsandsensvitity.
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