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Abstract

We proposea precisionmeasurementat low momentumtransfer( ��� �����

���

�	�
� � GeV
�

) of the Gerasimov-Drell-Hearnintegral for the deuteronusing
the Hall B CLAS detector. By combiningthesedatawith the protondatataken
undersimilar conditions(approvedE03-006)we canextract theGDH integral on
the neutron. Thesedatawill provide a benchmarkfor neutronChiral Perturba-
tion Theory( � PT) calculations.Also, at thevery low

� �

of theproposedexperi-
ment,extrapolationto

�

��


� will permita checkof the(realphoton)GDH sum
rule. Due to thecomplexity of nuclearmediumeffects,extractionfrom both the
deuteronand � He is necessaryto have con�dencein neutrondataat very low

� �

.
An experiment[1] with thesamegoalsasthisproposal,but usinga � Hetargetwas
approvedin Hall A. In addition,asrecentlyemphasized[2], theGDH sumfor the
deuteronis a fascinatingquantityin its own right andpresentsa signi�cant testof
our presentunderstandingof the propertiesof few-body nuclei. The experimen-
tal conditionswill be thesameasthoseof approved experimentE03-006,except
for thecontentof the target cell. Thecombineddatasetwill thereforeprovide a
self-consistenttestof the Bjorken sum,which is believed to be the bestquantity
to measurein thecontext of linking thepartonicandhadronicdescriptionsof the
stronginteraction.To performthismeasurement,werequest30daysof beamtime.
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1 Intr oduction

Wepresenthereaproposalfor measuringtheextendedGerasimov-Drell-Hearn(GDH)
integral on theneutronanddeuteronat low ��� . In thefollowing pages,we ®rst de®ne
theGDH sumrule andbrie�y recall its theoreticalbasis.After a shortreview of GDH
experimentalstatus,we describetheextensionof theGDH integral to ®nite � � . Then
we discussthemotivationsfor sucha measurementat low Q � . We will endthis doc-
umentdescribingtheproposedmeasurementandthebeamtime requiredto meetour
goal.

1.1 The Gerasimov-Drell-Hearn SumRule

TheGerasimov-Drell-Hearnsumrule for realphotonscatteringat ��� 
 � is a funda-
mentalrelationthatreliesononly a few generalassumptions:

1. Lorentzandgaugeinvariancein theform of thelow energy theoremof Low [3],
GoldmanandGoldberger[4].

2. Unitarity in theform of theopticaltheorem.

3. Causality in the form of an unsubtracteddispersionrelation [5] for forward
Comptonscattering.

For a targetof arbitraryspin
�

, thesumrule [6] reads:
���

���	��

����������

�����
�

� �

�




�����

���

�! �"

#%$

� (1)

where



�

and



�

representthecrosssectionfor photoabsorptionwith thephotonhe-
licity parallelor anti-parallelto the target spin in its maximalstate. The integration
extendsfrom theonsetof the inelasticregion, throughtheentirekinematicrangeand
is weightedby thephotonenergy

�

. # and " representthetargetmassandanomalous
magneticmomentrespectively.

Experimentaldataandtheoreticalboundssuggestthat the integral converges[7],
and the only assumptionthat might be opento questionis the validity of the non-
subtractionhypothesis.

Eq. (1) re�ects the fact that the presenceof an anomalousmagneticmomentis a
clearsignatureof internalstructure.However, a very smallanomalousmagneticmo-
mentdoesnot necessarilyimply thattheparticleis nearlypoint-like. Thedeuteron,in
particular, hasquitesmall " dueto thecancellationof protonandneutronanomolous
magneticmoments,yet it hasa large spatialdistribution due to it' s relatively small
binding energy. If the GDH sumrule holds, than this cancellationmustbe also re-
�ected in the integral sideof eq. (1). Arenhovel et al. [8] point out the importance
of thethresholdphotodisintegrationchannelin satisfyingthedeuteronGDH sumrule,
concludingthat thedisintegrationchannelmustbeapproximatelyequalin magnitude
(but oppositein sign)to all otherinelasticprocesses.This strongcancellationis a fas-
cinating featurethat demonstratesa subtleconnectionbetweenthe coherentnuclear
behaviour at low energy andtheincoherentreactionsat largeenergy.
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1.1.1 Experimental Status

A dedicatedtestof the GDH sumrule hasbeenundertakenat the MAMI andELSA
facilities,andthecombineddataset[9, 10] indicatesthat theprotonsumrule is valid
to within 10%. Neutronanddeuterondatafrom a polarizedND

�

targetwerealsocol-
lectedby theabove collaborations,andanalysisis underway. At JLab,anexperiment
is scheduledin Hall B to measurethe(realphoton)GDH sumrule for theprotonus-
ing a frozenspin target [11]. An experimentwasapproved at SLAC to speci®cally
investigatethe convergenceof the GDH sum[13] but is not expectedto run dueto
theterminationof theSLAC ESA nuclearprogram.Thequestionof convergencecan,
however, beaddressedin partwith the12GeV upgradeof JLab.

At verysmall (but non-zero)momentumtransfer, theGDH sumrule canbetested
by measuringthe �	� -dependenceandextrapolatingto the real photonpoint. Hall A
experimentE97-110[1] measuredthe � � -dependenceof the GDH sumat very low
momentumtransferusingapolarized� Hetarget.Thatexperimentshouldshedlight on
thevalidity of theGDH sumrule for � He, andalsofor the neutronprovided that the
nuclearcorrectionsareundercontrol.

Checkingthe GDH sum rule for the proton aloneis not suf®cient to ensureits
validity. Thelow � behavior of thetwo nucleonsmaybeverydifferent

�

, whichshould
be consideredespeciallywhenwe realizethat the non-subtractionhypothesisis the
mostquestionableassumptionin thederivation.

1.2 The ExtendedGDH SumRule

Anselminoet al. [14] suggestedthat the GDH integral extendedto ®nite Q� would
illuminate the transitionfrom perturbative to non-perturbative QCD, andpointedout
the connectionbetweenthe extendedGDH integral and the Bjorken sum rule [15].
Thegeneralizationconsistsof replacingthephotoproductioncrosssectionsof eq.(1)
with the correspondingquantitiesfrom electroproduction.However, many possible
generalizations

�

exist, dependingon thechoiceof thevirtual photon�ux, andon the
way thespinstructurefunction �

�

is included.
Among the differentGDH extensions,the oneof Ji andOsborn[17] standsout

becauseit generalizesnot only theintegral sidebut thefull sumrule. Hence,it retains
the predictive power that is lost with otherde®nitions. In addition,the sameauthors
showedthattheBjorkenandtheGDH sumrulesaretwo limiting casesof their gener-
alizedGDH sumrule. For anarbitraryhadronictargetit is written:

�

�

�

��� �

�

�




�

�

�

�

���
	

�

�
�

�

��� �

�

�




�

�

�

�

� (2)

where��� is thefamiliar spinstructurefunctionand
�

� is theforwardComptonampli-
tude.In eq.2, theoverbarrepresentsexclusionof theelasticcontribution.

�

For example,thelow � behaviorsof thenucleonspinstructurefunctions��� � and ���
� areknown to differ.

�

For a review, see[16].
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TheforwardComptonamplitudesarepresentlycalculableusingchiralperturbation
theoryat low Q� , andthehighertwist expansionat largerQ� . Eventually, latticeQCD
calculationsshouldprovidecalculationsatany Q � . Letusnotethatmomentsof thespin
structurefunctionarequantitiesparticularlywell suitedfor latticeQCDcalculations.

For futurereference,we introducethequantity �

�

� �

�

:

�

�

�

�

�




���

�

�

�

�

�

�

�

�

�

(3)

whichwe will referto astheGDH integral.

1.2.1 Experimental Status

The CERN, SLAC and HERMES collaborations[18, 19, 20] have measuredI(Q � )
mainly in theDIS regimefor proton,deuteriumand � He targets.At JLab,experiment
E94-010measuredthe GDH integral on the neutron[89] and � He [22] down to �	�

= 0.1 GeV� , while in Hall B, the EG1 collaboration[23, 24, 25] performedsimilar
studieson theprotonanddeuterondown to ����
 ��� ��� GeV� .

The PAC in recentyearshasrecognizedthe importanceof extendingthesemea-
surementsto the lowestpossible�

� , approving E97-110with A � rating for 22 days
andE03-006for 20dayswith A rating.TheHall A experimentuseda � Hetargetdown
to a momentumtransferof 0.02GeV� in orderto test � PT andtheGDH sumrule for
theneutronandfor � He. It is expectedthatthemostdif®cult partof thatanalysiswill
beto understandthenuclearcorrectionsat low ��� well enoughto extracttheneutron.
In Hall B, experimentE03-006is scheduledto run in Spring2006,usinga polarized
NH

�

target down to � � = 0.01 GeV� . E03-006will determine� � from an absolute
(polarized)crosssectionmeasurement,therebyeliminatingthesigni®cantsystematic
uncertaintythat arisesfrom the target dilution factor. To this end, a new �Cerenkov
counteris beinginstalledin onesectorof CLAS to improvetheef®ciency at smallan-
gles.E03-006will takedataatbeamenergiesof 3.2,2.4,1.6,and1.1GeV, with ashort
runat 0.8GeV to studyradiativecorrections.

Thekinematicrangeof this proposalis wherenuclearcorrectionsareexpectedto
be themostdif®cult. But presently, only � He hasbeenusedto accesstheneutronin
this region. For everyotherregion (seetable1), both � He andthedeuteronhave been
utilized to ensurea full understandingof theneutronextractionsystematics.

2 Moti vations

We proposeto perform a precisionmeasurementof the GDH integral in the range
0.01<Q� <0.2 GeV� , usingan ND

�

targetandtheCLAS detectorasupgradedfor ex-
perimentE03-006. Apart from the target, this experimentwould have an identical
setupandsimilar beamenergy requirementsof E03-006.In thefollowing sectionswe
discussthemotivationfor performingthis experiment.
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Figure1: � � evolutionof theGDH integralon thedeuteronandneutron.

2.1 The Neutron ExtendedGDH Sum at Low ���

The extendedGDH sumcan be measuredandcomparedto calculationsat any �
� .

Henceit is a usefulquantityfor studyingthe transitionfrom thepartonicto hadronic
descriptionsof the stronginteraction. As such,the ��� dependenceof the extended
GDH sumhasbeenan importantfocusof theJLabexperimentalprogram[1, 26, 10,
89]. Theneutronis particularlyimportantbecauseof thelong-standingclaim that the
GDH sumrule is brokenfor theneutron,andtheaccessit providesto theBjorkensum
(discussedin section2.4). As discussedin section1.1.1,the veri®cationof the sum
ruleonprotondoesnotprecludeits violation for a neutrontarget.

The low- �

� domainfor the neutronis underinvestigationat JLab(via � He) [1].
However, the neutronextractionat low ��� is complicateddueto the increasingim-
portanceof nucleareffects[28, 8]. An experimentusinganothertarget for which the
nuclearcorrections,andthe relatedsystematicuncertainties,arecompletelydifferent
is crucial to establishcon®dencein the existing neutronresults. In appendixA, we
recall theproceduresusedfor neutronextractionin theDIS region and,for integrated
quantities,in the intermediate��� domain. To summarizethe appendix,the extrac-
tion of neutronmomentscanbeperformedwith a PWIA method(convolutionmodel),
which canbeapproximatedto a goodlevel by theDIS methodaccountingsimply for
the effective polarizationof the nucleonswithin the nucleus. The magnitudeof the
correctiongrows at low �	� , wherethereis no further justi®cationof theuseof effec-
tive polarizationsbesidethefactthat theresultsarecloseto thePWIA method.Since
PWIA is known to be unreliableat low ��� , both the convolution modeland the ef-
fective polarizationmethodscannotbe useda priori at low ��� . More sophisticated
modelsor calculationshave to be usedthat accountfor nucleareffects,suchas®nal
stateinteractions,mesonexchangecurrents,EMC effectsor Pauli-blocking. Work is
on going to include®nal stateinteractionsthatarebelievedto be the mostimportant
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at low � � [97]. Suchwork mustbe comparedto experimentalresultsfrom both the
deuteronand � Heto establishthereliability of neutronextraction.

Measurementsat forwardanglecanbedif®cult dueto increasingbackgroundsand
thegrowing importanceof radiativecorrections.Wenotethattheanalysisof thelowest

� � dataof experimentE97-110will be complicatedby the miswiring of the septum
magnetusedto detectthe forwardelectronsfor partof theHall A run. This problem
will increasethesystematicuncertaintieson the lowest ��� points[29]. Finally, sim-
ulationsshow that the lowest �	� reachablewith the combinationof CLAS and the
new Cerenkov is 0.01GeV� [26], a factorof two timeslower thanthelowest ��� point
coveredby E97-110.

It is not thegoal to thethis proposalto improveon themeasurementdonein Hall
A, asidefrom providing thenecessarydatato havecon®dencein theneutronextraction
method. It is dif®cult to competewith resultsfrom a polarized� He target given the
presentperformanceof polarizedND

�

targets. However, we canreacha comparable
precisionbelow �	���
���

�

GeV� wheretheneutronextractionmethodstartsto beunre-
liableandwhereacrosscheckis mostvaluable.Also, dueto thelow anglecoverageof
thenew CLAS Cerenkov detector, andto thefactthatthe � Heexperimentencountered
technicaldif®culties,an experimentin Hall B would provide betteraccuracy for the
very low � � pointsasillustratedin ®g 7.

2.2 Testing � PT

The JLAB resultson GDH at intermediateQ� [30, 23, 24, 89] triggereddiscussions
showing a largeinterestfor pushingmeasurementsto smallerQ � . It is clearfrom the
neutronresultson spinpolarizabilities[30], especiallyfor the longitudinal-transverse
polarizability ����� , thatmoretheoreticalwork is neededto understandthedataandthe
transitionfrom partonicto hadronicdegreesof freedomof thestronginteraction.Sim-
ilarly, preliminaryresultsfrom the1.6GeVEG1resultsontheprotonandthedeuteron
show consistency with � PT calculationsashigh as ��� = 0.1but only within the large
statisticalandsystematicuncertaintiesof the data(seeFig. 1). � PT calculationsare
theonly rigorouscomputationsavailablepresentlyfor I(Q � ) at low momentumtrans-
fer [31, 32]. However, thereareseveral theoreticalissuesregardingtheaccuracy and
domainof applicationof � PT. For example:

1. Thepredictionfor theslopeof I(Q � ) atthephotonpointchangessignwhengoing
from leadingorderto next to leadingorder, soit is not obviousthatthe®rst few
termsof thechiralexpansionaresuf®cientfor establishinga reliablyconvergent

� PT prediction.

2. The importanceandmethodof inclusionof the resonancesin � PT calculations
is still uncertain.

3. TheQ� rangeof applicabilityof � PT needsto betested.

Providing dataat the lowestpossible��� is crucial to constrainthe � PT calculations
andto addresstheseissues.
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A checkon � PT on the neutronwill necessarilybe lessaccuratethanits proton
counterpart.However, a satisfactoryunderstandingof � PT hasto includebothnucle-
onsevenif oneof themis harderto access.

2.2.1 GeneralizedSpin Polarizabilities

Thespinpolarizabilitiesarefundamentalobservablesthatcharacterizenucleonstruc-
ture andpresentoneof the besttestsof � PT calculationsat low ��� . Like the GDH
sum,they arerelatedto integralsof the nucleonexcitation spectrumandrely on the
samebasictheoreticalassumptions.At therealphotonpoint, theelectromagneticpo-
larizabilitiesre�ect the nucleon's responseto an externalelectromagnetic®eld. The
generalizedpolarizibilitiesrepresentanextensionof thesequantitiesto virtual photon
comptonscatteringat ®nite � � . The polarizabilitiesareexpectedto converge faster
thanthe®rst momentsandthusreducethedependenceof measurementsonextrapola-
tionsto theunmeasuredregionsat large

�

.

2.3 Extrapolation to the RealPhoton Point

MeasuringtheGDH sumruleby extrapolationfrom nearlyrealphotondatawouldpro-
videacompletelyindependentcross-checkof thetechniquespresentedin section1.1.1.
In particular, measuringtheGDHsumatthephotonpointdemandsdetectionof hadrons
while at®nite � � , asimplerinclusivemeasurementis suf®cient.Wepresentthreepos-
siblescenariosthatmaybeencounteredin anattemptto extrapolateto therealphoton
point:

1. The datais found to exhibit linear behaviour at low �
� . In this caseit will be

straightforwardto extrapolateto ����

� .

2. We ®nd a morecomplicateddependencewith � � that agreeswith � PT calcu-
lations. We may thenutilize the � PT calculationsto guide the extrapolation.
(We note,however, that the availablecalculationsall predictlinear behavior at
present.)

3. Thedataexhibits a complicated��� dependenceand disagreeswith � PT. This
would make the extrapolationdif®cult, but is perhapsthe mostinterestingand
exciting possibility as it would requirea seriousre-examinationof the funda-
mentalpreceptsof � PT.

We discussthesystematicuncertaintyof suchanextrapolationin section4.5.

2.4 The Bjork en Sum at Low � �

In combinationwith the E03-006protondata,we can form the difference���

�

�

�

which is predictedat the photonpoint by the GDH sumruleson the protonandthe
neutron.This is thebestquantityto extrapolateto thephotonpoint sinceits evolution
is smootherthanthe individual nucleonintegralsdueto thepartialcancellationof the
resonancecontribution [27]. For thesamereason,theBjorkensumis alsocalculable
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in � PT with a rangeof applicability that is expectedto be larger than for the GDH
integral. In fact, the upper ��� limit of � PT calculationsfor the Bjorken sumis ex-
pectedto approachtherangeof applicabilityof theHigherTwist Expansion.At large

�
� , theBjorkensumis theonly momentfor which theabsolutevalueis predicted,in

contrastfor exampleto theEllis-Jaffe sums.Furthermore,its ��� behavior at leading
twist is simpleranddoesnot involve gluondistributionsbecauseonly non-singletco-
ef®cientsenterin the operatorproductexpansion. Finally, sincethe Bjorken sumis
botha momentanda �a vor non-singletquantity, it is particularlysuitablefor Lattice
QCD calculations.Hence,it appearsthat the Bjorken sumis the perfectquantity to
providebenchmarkmeasurementsfor thethreetheoreticalframeworksthatareusedto
understandthetransitionfrom hadronicto partonicdegreesof freedom.It is therefore
amostimportantobjectto measureaccuratelyon theentire �

� range.
An experimentin Hall B underthesamecircumstancesasE03-006wouldminimize

thepoint to point systematicerrors. In fact, the ��� -evolution is oftenmoreimportant
than the absolutevalue of the sum sincecalculationsoften deal only with the �

� -
behavior. Examplesareanalyseswithin the OperatorProductExpansionframework
(extractionof higher twists [37]) or comparisonto � PT. Experimentsdoneon both
nucleonsunderthesameexperimentalconditionswouldprovidethebestconditionfor
anaccuratecomparisonto theories.

2.5 The Deuteron ExtendedGDH Sum at low ���

ThedeuteronextendedGDH sumrule is an intriguing quantityin its own right in ad-
dition to its utility to provide accessto the neutron. As in the caseof real photon
scattering,thedisintegrationchannelis expected[8, 2] to play a crucial role, provid-
ing a largenegative contribution thatvery nearlycancelsthesumof all contributions

10
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from mesonproduction.Arenhovel et al. predictthat theelectrodisintegrationchan-
nel contribution is largestfor �	� � � �

�

fm �

� which is nearthe low kinematicrange
of this proposal(see®g 2). The electro-disintegrationchannelof � He [38] and the
deuteron[39] have beeninvestigatedpreviously at JLabandmeasuringthe deuteron
GDH integral asa functionof ��� will provide a signi®canttestof presenttheoretical
understandingof thepropertiesof few-bodynuclei[2]. Furthermore,� PTcalculations
arebecomingavailablefor nuclei [40] without the issueof nuclearcorrections.The
logical choiceto checkthesenew calculationsis the deuteron,sinceit is the lightest
nucleus.We notethatat theproposedkinematics,thequasielasticreactionwill be in-
signi®cantcomparedto electrodisintigration,asdisplayedin ®gure3, soseparationof
thesetwo channelswill not presentany dif®culty. A completedeuteronmeasurement
will be challengingexperimentallybecauseof the dif®culty of separatingthe elastic
scatteringcontribution on the deuteronfrom the inelasticstates,beginning with the
breakupchannelat 2.2 MeV. However, we note that the previous EG1 experiments
werenot hinderedby the coherentelasticcontribution. Becauseof this, we believe
we cancertainlymake a cleandeuteronmeasurementat our largestfew proposed� �

points,a region that is still usefulfor a � PT test,andwe will make all our dataavail-
ableandwork with theoriststo determinewhetherwecanplaceany constraintson � PT
calculationson thedeuteron.

Sinceit is unclearatthemomentatexactlywhich ��� theseparationbetweenelastic
andelectro-disintegrationwill becomeproblematic,in the restof this document,our
estimateon deuteronquantitieswill includeonly the incoherentpartof �

�

���

�

, ie the
contribution beginningfrom thepion-productionthreshold.We notethatall previous
EG1experimentsanalyzedonly this partof theGDH integral.
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2.6 Experimental Considerations

Measurementsof inelasticreactionsatlow ��� arein generalharderto carryout. Thisis
dueto largeradiative correctionsandincreasingbackgrounds.A crosscheckof E97-
110 and this proposedexperiment,using completelydifferent targetsand detection
systems,is nota motivationin itself. However, it would provideadditionalcon®dence
in the measurements.It is also worthwhile to note that the CLAS detectorwill re-
dundantlymeasureseveralkinematicbins,but with differentanglesandbeamenergy
(seeoverlap in Fig. 4). Therewill thereforebe differentbackgroundsand radiative
corrections,andwill provideanimportantself cross-checkof ourmeasurement.
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Figure4: Proposedkinematiccoveragefor threeincidentenergies: 3.2, 1.6 and1.1
GeV. Not shown is theshort0.8GeVrun for radiativecorrectionstudies.

3 ProposedMeasurement

3.1 Kinematics

We proposeto cover thekinematicrange� displayedin ®gure4, which requiresthree
incidentbeamenergies: 1.1, 1.6 and2.2 GeV. This will allow us to evaluatethe � � -
evolution of the GDH integral from 0.01 to 0.2 GeV� . A short run with a 0.8 GeV
beam,not shown in the ®gure, will help reducethe systematicuncertaintiesarising
from theradiativecorrections.In ®gure4, any regionwheretheelastictail is expected
to beprohibitively big hasbeenexcluded,leadingto thecutoffs at low � � .

3.2 Experimental Setup

In orderto performanabsolutecrosssectionmeasurement,we planto usea modi®ed
setupwhich includesthenew �Cerenkov counterthat is beingcommissionedfor E03-
006.Thisdetectoris speci®callydesignedfor theoutbending®eldcon®gurationwhich
is necessaryto reachthe desiredlow �

� . This new detectorwill have a very high
electrondetectionef®ciency (of the order 99.9%) to allow the measurementof the
absolutecrosssectionwith minimal correctionsanda high pion rejectionratio (of the
order10�

� ). Theothercomponentsof CLAS will bein standardcon®guration.
�

Theproposedkinematicsaresimilar to experimentE03-006exceptfor the3.2GeV incidentenergy.
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We will usetheJLab/UVA ND
�

polarizedtarget[41] usedin previousCLAS spin-
dependentmeasurements.This target exploits the DynamicalNuclearPolarization
(DNP)techniqueto polarizethematerialwhich is maintainedin aliquid heliumbathat
1 K andin a 5 Teslalongitudinal®eld. This systemoperatedsuccessfullyin previous
CLAS runs,providing typical deuteronpolarizationsof 35%. Thedeuteronpolariza-
tion will be monitoredonline by an NMR systemand then extractedof�ine by the
analysisof quasi-elasticscatteringeventswhich arerecordedsimultaneouslywith the
inelasticeventsthanksto the large CLAS acceptance.This methodprovidesa more
precisemeasurementof theproductof beamandtargetpolarizationthandoesthe in-
dividual measurementsof the electronpolarizationusingthe Moller polarimeterand
the targetpolarizationusingthe NMR. The polarizedtargetwill be retractedby 1 m
upstreamto increasetheacceptanceat low ��� , by reducingtheminimal anglefor the
scatteredelectron,allowing to reach� � 
 ��� �

�

GeV� . Thetargetwill containtwo �

� C
insertsof differing thickness,andanemptycell in additionto theND

�

for background
measurements.Eachof thesecellscanbemovedinto thebeamvia remotecontrol. In
additionwe will usea solid nitrogentarget to checkthenitrogencontribution. There
will betwo ND

�

cups1 cm,and0.5cm in lengthrespectively. Both will be1.5cm in
diameter.

We will exploit the highly polarizedJLab electronbeam. Previous experiments
have shown thata typical polarizationof 80%canbeexpected.Beamcurrentsin the
rangeof 1-4 nA will beused.In theseconditions,no signi®cantheatingof thetarget
materialtakesplace. The beamwill be rasteredover the target surfaceto minimize
radiationeffects,usingtheexistingHall B raster. Dueto thelow beamcurrentandthe
rastering,radiationdamageto thetargetmaterialwill belimited, andannealingwill be
requiredonly onceper week. Thebeampolarizationwill be measuredby theHall B
Moller polarimeter, while asmentionedabove the®nal valueof the productof beam
andtargetpolarizationwill beextractedfrom thequasi-elasticdata.

We notethat theexperimentalsetupis thesameasfor experimentE03-006,apart
from thetargetcell used.E03-006is scheduledto runin 2006,andrequiresinstallation
of thepolarizedprotontargetanda new Cerenkov detector, currentlyunderconstruc-
tion atINFN. If theexperimentdescribedin thepresentproposalranjustafteror during
E03-006,onewould take advantageof this to minimizeboththebeamdown time and
theuseof manpower in Hall B.

We will trigger CLAS by requiring a coincidencebetweenthe electromagnetic
calorimeterandthenew INFN Cerenkov counter, which will be installedin only one
sector. We will not acceptelectrontriggersfrom othersectorsof CLAS. In fact, in
orderto maximizeourusefuldataratefor scatteredelectrons,wewill turnoff theother
®vesectorsof CLAS.

3.3 Extraction of ���

Theuseof absolutecrosssectiondifferencesis a robustway of extracting � � because
theunwantedunpolarizedcontributioncancelsout. Thisextractiontechniquemeetsits
full interestwith theND

�

targetwheretheamountof unwanted(non-deuteron)target
materialis necessarilylarge.
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Here �
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���� ��
����

, and �




�





���� � 
����

with the®rst superscriptindicating
the electronspin, while the secondrefersto the target spin orientation. The Hall B
polarizedtargetcanbepolarizedonly in the longitudinaldirectionat present,sothere
will besomeerror introducedby neglectingtheperpendiculartermin eq.4. We have
estimatedthis effect by evaluatingthecontribution of �




� to �
� usinga ®t to world

data[43]. Figure5 revealsthatat theproposedkinematics,theeffectof neglectingthe
�




� contribution is indeedquite small. Neglecting �




� entirely resultsin a maxi-
mum5% differencein

�

� at our highest �	� , andfalls to lessthan1% at �	� 
 � � �

�

GeV� . (Seetable2). Theseresultsarein generalagreementwith theEG1Bsystematic
analysis[44]. Thesystematiceffectwill besmallerthanthisof courseandwill depend
ontheaccuracy of themodelusedto estimatetheperpendicualarcontribution. Follow-
ing theEG1Banalysis,weassumeconservatively 50%uncertaintyonthemodelinput,
whichcanbereducedwith morecarefulstudiesin thefuture.

3.4 Ratesand BeamTime Estimate

Ostensibly, theratesandbeamtimerequestof thisproposalwill besimilar to approved
experimentE03-006.We musthoweveradjustfor thevariationof ratesdueto thedif-
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� � (GeV� )
� �

�

�

� Difference
0.01 -0.0070620 -0.0070220 0.6%
0.05 -0.0298287 -0.0292262 2.1%
0.10 -0.0456892 -0.0442065 3.4%
0.20 -0.0489075 -0.0464575 5.3%

Table2: Uncertaintyin � � dueto the lack of transversedata.
� �

�

representsthe ®rst
momentof eq.4 evaluated[43] assuming�




�


 � .

fering targetsandattainabletargetpolarizations,andalsofor improvementsin various
JLabinstrumentations.

The expectedcountingrates[26] for inelasticscatteringfrom proton were esti-
matedassuming:a � bin of 20 MeV, a ��� bin of 0.01GeV� , a polarangularinterval

��� of 18� for onemoduleof the �Cerenkov detector, a beamcurrentrangingrom 1 to
4 nA dependingon the energy, andbeamenergiesof 1.1, 1.6, and2.4 GeV. We as-
sumeda minimum electrondetectionangleof 5 degrees.A minimumenergy for the
outgoingelectronof 300MeV wasalsoassumedin integrationto obtaintheGDH sum.
Theunpolarizedinclusive electronscatteringcrosssectionwascalculatedbasedon a
parameterizationof thetwo structurefunctions� � and �

�

[43].
We assumea targetpolarizationof

�

��� , a beampolarizationof
�

��� , andan im-
provedDAQ rateof 6 khz. Taking into accounttheND

�

/NH
�

targetnucleonratio we
arrive at the beamtime estimatedisplayedin Table3 . We have excludedthe E03-
006 3.2 GeV incident energy and addeda very short run at 0.8 GeV to ensurewe
completelycontrolour radiative corrections.This energy settingwill bededicatedto
an unpolarizedmeasurementof the elasticradiative tail andassuchrequiresa small
amountof beamtime. Giventhisallotmentwecangather65%of thedataof theproton
measurement,which translatesto a 25%largerstatisticaluncertainty.

The expectedprecisioncanbe seenin ®gs 6 and7. In ®g. 7, we assumed20%
systematicuncertaintyon theprocedurefor neutronextractionfrom both � He andD.
However, asdiscussedin appendixA, no calculationsareavailablefor now. A com-
parisonof neutronresultsextractedfrom D to thoseextractedfrom � Hewould givean
estimateon thesizeof thenuclearcorrectionsandhencewould constrainto thesame
level theaccuracy of theneutronextractionprocedure.Adding in quadraturethesys-
tematicserrorson then from D andn from � He (ignoring the uncertaintydueto the
modelextraction)yield typically about20%(or 30%if theuncertaintiesareaddedlin-
early).This is thelevel to which theprocedurefor neutronextractionwill bechecked.

Let usnotethatthis numberis relevantonly to theparticularproblemof extracting
neutron.Nuclearmodelsthemselveswill befurtherconstrainedby directlycomparing
ourdoublypolarizeddatato modelpredictions.

3.4.1 Overhead

We presenttwo possiblescenarios:

1. If thecurrentproposalrunsin conjunctionwith E03-006,theoverheadis mini-
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Figure6: Expectedprecisionof deuteron
�

� . Thebandrepresentsthesystematicuncer-
tainty, while theerrorbarsonthepointsarestatisticalonly. Thecurvesfrom Bernardet
al. [31] andJi et al. [17] are � PT calculations.Thecurve from Burkert-Ioffe [47] and
Soffer-Teryaev [33] arephenomenologicalmodels. The preliminaryEG1B data[83]
areshown for comparison.

Energy (GeV) days current(nA)

0.8 0.3 1
1.1 9 1
1.6 10 2
2.4 10 4

Total 29

Table3: BeamRequestSummary.
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Figure7: Expectedprecisionof neutron
�

� . Theerrorbarcontainsbothstatisticaland
systematicuncertainty. We assume20%uncertaintyfrom theneutronextractionfrom
both � Heandthedeuteron.Theprojecteduncertaintiesfor thepresentproposalinclude
the error on the proton measurement.The relevant domainfor comparingneutron
extractingfrom � He andD is below �	��� ���

�

, wherethe known methodto extract
theneutronbecomeslessreliable.Thepointsathigher ��� areancillaryresultscoming
from thehigherbeamenergy runsnecessaryto expandthe � coverageof the lower

�
� points.See®g. 6 for a descriptionof theoreticalcurves.
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mal, namelythe replacementof theNH3 targetstick with theND3 targetstick
for eachkinematic.Thiswill requireapproximately8 hoursfor eachtargetswap.

2. If thecurrentproposalrunsindependently, thenthereareseveralnew overhead
requirements:We estimate2 hoursrequiredfor a passchange,andone8 hour
shift requiredfor linac change.Givenour kinematicrequestthis would require
20additionalhoursof beamtime.

Previous polarizedtarget runshave demonstratedthat the necessityto annealthe
target hasminimal impact on beamtime,as this procedurecan be scheduledduring
weeklybeamstudies.Furthermore,theannealingprocedurewill be requiredlessfre-
quentlydueto thelow currentusedin Hall B.

This bringsthetotal requestedbeamtimeincludingoverheadto 29.8days.

4 SystematicUncertainties

4.1 Polarized crosssection

One limiting factor in measuringquantitieswith the polarizedtarget is the precise
knowledgeof targetthickness.Measurementswill bemadeaftertheexperimentalrun
to measureit at the% level (for exampleby meltingtheammoniabeadsandmeasuring
thevolumeof ammonia).The total luminosity will be alsomonitoredby continuous
measurementof thequasi-elasticcrosssection.Suchmeasurementwill beusedaswell
to extracttheproductof thebeamandtargetpolarizations.

All in all, we expecta 5% systematicaccuracy [42] on theunpolarizedcrosssec-
tion measurementbeforeradiative corrections,and5% on theasymmetry. Thesetwo
quantitiesareusedto form thedifferenceof polarizedcrosssections.

4.2 Radiativecorrections

Radiative correctionsareneededto extract theBorn crosssectionfrom themeasured
one. This procedureis well establishedfor both unpolarized[45] andpolarized[46]
scattering.

At the low momentumtransferof this proposal,elasticradiative tails canlimit a
meaningfulextractionof � � from backgroundcontamination.We arepresentlystudy-
ing themagnitudeof theradiativetail effects,anddetailedcalculationswill beavailable
shortly. We expectto control the radiative tails systematicsuncertaintyfrom external
radiativecorrectionsby runningwith differenttargetthickness(0.5and1 cm). Together
with thissystematiccheck,ashortrunat0.8GeVbeamenergy will allow to minimize
the uncertaintyon the total (internalandexternal) radiative tails. Finally, datafrom
regionswheretheelastictail is large (crosssectiona few time larger thanthe inelas-
tic signal)will not be usedin theanalysis(seeFig. 4). Oneof themaineffect of the
radiative correctionsis to redistribute theeventsalongthe targetexcitationspectrum.
Sincewe areinterestedby the integral over theexcitationspectrum,theoverall effect
of the radiative correctionsis somewhat reduced.All in all, we assumea systematic
uncertaintyof 5%or better.
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Theoverlapof kinematiccoveragefrom differentincidentenergies(with different
radiativecorrections)will helpensurethatwe understandthesystematicto this level.

4.3 Lar ge
�

extrapolation.

An extrapolationto large
�

is neededto accountfor theunmeasuredhigh energy con-
tribution. The uncertaintyon the sumdueto this missingpart is not larger than2%.
This hasbeenestimatedin thefollowing way: we evaluatethetotal sum

���

�

usingthe
modelof BurkertandIoffe [47] which agreeswell theJLabdatatakenat intermediate
andlarge �	� (seefor example[48]). Thesizeof theunmeasuredpartof

���

�

is estimated
usingthe Bianchi-Thomasparameterization[49] basedon a Reggeform constrained
by thepolarizedworld data.A 50%uncertaintyon themagnitudeof themissingpart
wastaken astheuncertaintyon the total sum. In theabove calculation,the deuteron
wasformedusingtheprotonandneutronpredictionsaccordingto theformula:

���



� �

�

�

�

�

�

�

�

�

� ���

�

�

(5)

with �

�	�

� � � � .

4.4 Other systematicseffects

A largenitrogenbackgroundis presentwhenammoniapolarizedtargetsareused.This
backgroundis mostlyunpolarizedandcancelsout in thedifferenceof polarizedcross
sections.The slight remainingpolarizationof the ��
 N will needto be corrected.We
expect1 to 2%uncertaintyon thecrosssectiondueto thiscorrection.

Another systematicseffect in the measurementof polarizedcrosssectioncould
comefrom beamcharge asymmetry. We do not expect signi®canteffectssincethe
JLabbeamsourceis equippedwith parity violation quality monitoringandfeedback
devices.

4.5 Extrapolation to �
�
���

The expectederrorson the GDH sum rule at the photonpoint can be estimatedby
extrapolatingthemeasurementat our lowest ��� pointusing®ve� availabletheorypre-
dictionsnormalizedthedata.Thedispersionof theresultsgivessomeindicationof the
uncertaintydueto extrapolationthatwe mayexpect.Thelowest ��� point is well into
the domainwhereall availablecalculationspredict linear behavior. Thus,the uncer-
taintyon theextrapolationis dominatedby our experimentalsystematic.

Following this estimate,we expecta 9% uncertaintyon the incoherentdeuteron
GDH sum(i.e. thecontribution above thepion productionthreshold).Thestatistical
uncertaintyis negligible (0.9%). This accuracy is similar to theprecisionof theGDH
veri®cationmadeat MAMI andELSA ontheproton[9, 10].

�

Theslopepredictedby theGDH sumrule, � PTcalculationsfrom Ji et al. [17], andBernardetal. [31],
andthephenomenologicalmodelsof Soffer andTeryaev [33], andBurkert andIoffe [47].
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�	� (GeV� ) �
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�
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�
	

�




�
�

�

�

�

�

�

�

	���	

�

�

	

�����

0.01 1.6 0.3 8.9 9.0 1
0.02 2.2 0.7 8.9 9.2 2
0.05 1.5 1.1 8.9 9.1 5
0.10 1.1 1.7 8.9 9.1 9
0.15 0.2 2.2 8.9 9.2 16
0.20 1.1 2.7 8.9 9.4 22

Table4: Systematicuncertainty(in percent)on
� �

�

. For referencewe list theexpected
statisticalprecisionin the®nal column.

Theuncertaintyon theneutronGDH sumwould be25%,assuminga 20%uncer-
taintydueto theneutronextractionfrom thedeuteron.Thisuncertaintyshoulddecrease
with theoreticalprogressin thenuclearcorrections.An uncertaintyof 10%onneutron
extractionprocedurewould reducetheuncertaintyon theneutronGDH to 18%.

5 Total Uncertainty

Table4 givesthe uncertaintieson
� �

�

for different �	� points,which we describe
herein detail:

�

�

���

� : theuncertaintyon
� �

�

dueto theunmeasuredcontribution to theintegral
from � 
 ���

��� to � 
�� , assuminga50%accuracy of themodel. ���
���




�

�

�

GeV for all pointsexceptthe®rst, for which theupperlimit is 1.8GeV.

�

�������

�
	 : the uncertaintydueto the absenceof transversetarget spin data. This
erroris discussedin detail in section3.3.

�

�




���

�

� : the uncertaintyon the absolutepolarizedcrosssectiondifferenceaf-
ter radiative corrections.This includetheuncertaintieson absoluteunpolarized
crosssection,asymmetries,polarized��
 N backgroundandradiativecorrections.

�

�

�

�

�

	���	

�

: thetotal systematicuncertainty, addedin quadrature.

�

�

	

����� : thestatisticaluncertainty.

6 Summary

In summary, we proposeto measurethe extendedGDH integral on the neutronand
deuteronin therange0.01<Q� <0.2GeV� . Themaingoalsof this measurementare:

1. To measurethe neutronGDH integral extractedfrom the deuteron,which is a
necessarycomplementto thedataalreadytakenon � He(Hall A experimentE97-
110 [1]). The nuclearcorrectionsinvolved in the extraction of neutronfrom
a polarizednucleartarget are increasinglycomplex andsizableat low �

� and
mustbeveri®edfor differentnuclearmediums;
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2. To provideacheckof � PTcalculationsfor theneutron;

3. To measurethe Bjorken sumat very low ��� whencombinedwith protondata
from Hall B experimentE03-006[26]. Thesimilarexperimentalsetupof thetwo
experimentswill minimizeany relativesystematicuncertainty.

Additionally, sucha measurementwould provide:

1. A checkof the (real photon)GDH sum rule on the neutronand deuteronvia
extrapolationto �	��
 � ;

2. A benchmarkmeasurementfor Chiral PerturbationTheorycalculationsof the
deuteronat low Q� .

3. Insight into the role the disintegrationchannelplays in the satisfactionof the
deuteronGDH sumrule.

The proposedmeasurementis very similar to the approved protonGDH experi-
ment,E03-006. With 30 daysbeamtime we canreacha statisticalprecisionat the
level of theprotonmeasurementwith a similar systematicuncertainty.

A Extraction of Neutron Quantities fr om
�

He and D.

Neutron information is essentialto our understandingof the stronginteractionand
nucleonstructure. Many groupshave worked out extractionprocedures[93]-[112],
althoughthis list of referencesis not exhaustive. We will focusheremainly on the
work of Cio® Degli Atti andcollaborators.

In thedescriptionbelow, thelimitationsof theextractionprocedureswill beappar-
ent,thusdemonstratingtheneedfor experimentalresultsfrom bothD and � He. Tests
againstbothD and � He experimentalresultswill beneededto establishthereliability
of themoresophisticatedproceduresthatarenecessaryto extracttheneutron.

A.1
�

He

In ExperimentE97-110,neutroninformationhasto be extractedfrom � He data. The
� He nucleusis not in a pureS state.Theadmixtureof S� andD statescanreachabout
10%. This makestheprotonsof the � He nucleuscomeinto play. In DIS, this canbe
formalizedusingthe conceptof non-zeroprotoneffective polarization �

�

�


 � . For
thesamereasonpartof theneutronspin is pointing in theoppositedirectionthanthe

� Hespin(neutroneffectivepolarization�

���

�

). Othernuclearcorrectionsaccounted
for in this extractionprocedurecomefrom the Fermi motion and the binding. The
correctionmethodfor DIS datawas®rst workedout for � He by Friar et al. [93] and
thenby C. Cio® Degli Atti et al. [94]. Themethodwasthenappliedto theGDH sum
ruleby C. Cio® Degli Atti andS.Scopetta[95].

The protonandneutroneffective polarizationswithin the � He nucleusarecom-
putedeither using three-bodyFadeev calculationsor by integratingelementsof the
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matrix representingthespindependentspectralfunction(bothmethodsagree).With-
out any nucleareffectsotherthanthe admixtureof the S� andD states,the different
spinstructurefunctionswouldobey theequation:
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���
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�

�

�

�

�

�

�
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�

(6)

with �

�
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��� �

� ���

��� � �

�

and�
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 � �

�����

� � �

�

[94].
Assumingthatthespinstructurefunctionshavethesameform for aboundnucleon

anda freenucleon,thentheFermimotionandbindingeffectcanbetakeninto account
by integratingthestructurefunctionsover a shiftedenergy transfer, i.e., theseeffects
areaccountedfor by convoluting � � and �

�

with a quantityrelatedto the � He spec-
tral function [94] calculatedin the planewave impulseapproximation(PWIA). This
methodholds in principle for the quasi-elastic,resonancesandDIS domains. Cio®
Degli Atti et al. demonstratethat in the DIS region Eq. 6 is alreadya goodapprox-
imationandthe re®nementby theconvolution methodmodi®esthe resultby at most
4% (for �

�

���

�

) [94]. However in the resonanceregion Eq. 6 is not suf®cient for a
reliableextractionof theneutrondata[95] dueto Fermimotionandbinding.

SincethegeneralizedGDH integralis anintegrationoverthespinstructurefunction
�

� , themethodusedto extract thespinstructurefunctionson theneutroncanalsobe
appliedto thegeneralizedGDH integral. A comparisonof theextractionof theneutron
GDH integralusing,ontheonehand,only theeffectivepolarizationsmethod(cf Eq.6)
and,on theotherhandthePWIA method,shows that in bothcasestheGDH integral
is similar. Hence,for integratedquantities,in a domainwherePWIA is justi®ed,the
neutroncanbe extractedeitherby simply accountingfor effective polarizationor by
usingthe convolution method. However, PWIA doesnot accountfor nucleareffects
suchasFinal StateInteractionsandMesonExchangeCurrentswhich areknown to be
increasinglyimportantat low �

� . EMC effectsarealsonot included. Furthermore,
Pauli blocking is not includedin PWIA and it shouldplay an importantrole at low

� � , which mayexplain thestriking resultof experimentE94010which shows a large
positivetrendof theGDH sumon � Heatlow �	� , while thesumruleatthephotonpoint
hasa largenegativevalue(-498 	 barn)(see®g. 8) [113]. Theincreasingcomplexity of
theextractionat low �	� is re�ectedin theuncertaintyof thePWIA which is estimated
to rangefrom 5% at large �	� to 10%at � � 
 ���

�

GeV� . This estimateis obtainedby
comparingthePWIA andeffectivepolarizationresultsandassumingthatthedifference
is representativeof theneutronextractionuncertainty. Althoughaccountingfor nuclear
effectsappearsto be dif®cult at low � � , thereis on-goingwork to include®nal state
interactionsin thePWIA model[114].

A.2 Deuterium

In the DIS limit, a convolution methodbasedon the impulseapproximationis also
usedto extract the neutronfrom the deuteron[96]. The electron-nucleonscattering
amplitudeis convolutedwith the wave function of the nucleoninside the deuteron.
Themostimportantnucleareffects,for SSFin DIS, areFermi-motionandtheD-Wave
depolarizationeffect. Theconvolutioncanbeexpressedas:
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where
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is the“spin dependenteffective distribution of thenucleons”and �
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hasa sharpmaximumat �

�

�

� � andis normalizedto (1-1.5�

�

),
leadingto theusualapproximateformula:
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with �

� �

��� ��� from N-N potentialcalculations.Eq.8 becomesanexactconsequence
of Eq.7 if momentsareconsidered.

At ®nite � � and
�

, the integrationlimit of eq.7 and
�

	




�

�

�

�

become� -dependent,
so in principle Eq. 8 doesnot hold. In practice,correctionsaresmall (0.3%effect at

� � =1 GeV� ).
Justlike for � He, the simpleEq. 8 is not reliable in the resonanceregion dueto

Fermismearing,but canbeusedto a goodapproximationfor moments,aslong as � �
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is not too small. The changein normalizationof
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� � � � �
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with respectto
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leadsto a correctionterm ���
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� �
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thatcanbeinterpretedastheeffective numberof nucleonsseenby thevirtual photon.
Thecorrection� �

�

� �

�

grows at low � � : � �

�
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and � �

�

�	��

� �

�

�




�

� �

�

[96].
As for ���

� , nucleareffectsin deuterium,suchas®nal stateinteractions,that are
known to be importantat low �	� from unpolarizeddata,arenot includedin the ex-
traction model. Given the large numberof theory groupsinvolved in thesetopics,
deuteriumdataavailableat low ��� shouldpushthe calculationsbeyond the present
approximations.
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