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Figure 3.22: Simulated extraction of the form factor (thJi”;f)2 from Eq. 3.24compared
with theory[14 15], assumingstatistical accuraciesobtainedasin gure 3.21.

Q?. This hasbeenfed into the CLAS™ Monte Carlo simulator, to obtain detected
ewerts under the assumptionof a 2000hr run with a luminosity of 1 x 10* cm 2s 1.
The trigger consistedof the coincidenceof an electron, proton and the two decay
photons. Evenwith sud a restrictive trigger the result yields very favorable courting
rate over the ertire rangeof t and Q. Figures3.21and 3.22illustrate someof the
results of the simulation. With sud favorable statistics we can envision performing
L-T separatedt distributions over a large range of ¢.

3.2 Inclusiv e Nucleon Structure Functions

3.2.1 Overview

Polarizedand unpolarizedstructure functions of the nucleono er a uniquewindow on
the internal quark structure of stable baryons. The study of thesestructure functions
provides insight into the two de ning featuresof QCD | asymptotic freedom at
small distances,and con nemert and non-perturbative e ects at large distancescales.
From measuremets of structure functions we can infer the fraction of the nucleon
momertum and spin carried by quarks, and, via perturbative ewlution, by gluons.
After more than three decadesof measuremets at marny acceleratorfacilities
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worldwide, a truly impressive amourt of data has been collected, covering se\eral
orders of magnitude in both kinematic variables(z, the fraction of the nucleon mo-
mertum carried by the struck quark, and the momertum transfer squared,Q?). How-
ewer, there are still important regionsof the kinematic phasespacewhere data are
scarceand have large errors, where signi cant improvemens are possiblethrough
experimerts at Je erson Lab with an 11 GeV electronbeam.

One of the most interesting open questionsis the behavior of the structure func-
tions in the extremekinematic limit = — 1, wherenearly all of the nucleonmomerium
is carried by a singlequark. In this regionthe nucleonwave function is dominated by
valencequarks, which give the overall chargeand baryon number of the nucleon,and
e ects from the virtual seaof quark-artiquark pairs are suppressed.Understanding
of this region requiresdetermining relative sizeof the cortribution from «» and d va-
lencequarks, aswell asquarkswith spin parallel and antiparallel to the nucleonspin.
Simplephenomenologicamodels, like the spin- avor symmetric quark model, predict
signi cantly di erent behavior from perturbative QCD, or from quark models with
hyper ne interactions. Obsenablessud asthe neutron to proton structure function
ratio, Fy'/FY, and the polarization asymmetry A;, very sensitie at large = to the
details of the quark wave function in the nucleon,and provide excellem laboratories
for studying the systematicsof spin- avor symmetry breakingin the nucleon.

In addition to measuremets of valencequark structure at large x, the 12 GeV up-
gradewill allow a detailed study of the phenomenorof quark-hadronduality. Quark-
hadron duality refersto the obsenation, rst madeby Bloom and Gilman [61], that
the structure function in the resonanceregion, when suitably averagedover an ap-
propriate energyinterval, closelyfollows the scaling structure function measuredat
higher energieswhere the interaction is dominated by single quark scattering. The
phenomenorof quark-hadronduality hassofar only beenshawvn to existin the proton
structure function F¥, but has not yet beenstudied for neutrons. Duality in other
structure functions, sud asthe longitudinal structure function F',, or the spin struc-
ture functions ¢g; and g, is only just beginningto be explored. Understandingthe
duality betweendescriptionsof a nucleon using either quark or hadronic degreesof
freedomin di erent physical processesind under di erent kinematical conditionswill
provide an important key to understandingthe consequencesf QCD for hadronic
structure. Furthermore, both unpolarized and polarized structure functions are not
well known at low to moderate Q? and z. An improved data samplein this region
would allow oneto study issuedlike higher-twist cortributions to the structure func-
tions, and improve perturbative QCD analysesby increasingthe 2 range covered.

The CLAS** detector will allow signi cant cortributions to be made to these
studies, particularly in two cases:

e Measuremets of the neutron structure function F' in the region of very large
x, wherewe will employ a novel technique (recoil proton detection) to eliminate
cortamination from nuclear e ects, and
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e Measuremets of polarized structure functions of the proton and deuteronin
the region of moderate to high .

In both casesthe possibleluminosity of the experimert is limited by other factors,
sothat the relatively low luminosity of CLAS will be largely compensatedby its very
large acceptance.

3.2.2 Neutron structure function at large x
Valence quark distributions

Although a large body of structure function data exists over a wide range of = and
Q?, the regionz > 0.6 is not well explored. For z > 0.4 the cortributions from the ¢q
seaare negligible,and the structure functions are dominated by the valencequarks.

Knowledgeof the valencequark distributions of the nucleonat large « is vital for
seeral reasons.The simplestSU(6) symmetric quark model predictsthat the ratio of
d to u quark distributions in the proton is 1, howewer, the breaking of this symmetry
in nature leadsto a much smaller ratio. Various medanisms have been invoked
to explain why the d distribution is softer than «. For instance,if the interaction
between quarks that are spectators to the deepinelastic collision is dominated by
one-gluonexdange, the d quark distribution will be suppressedand the d/u ratio
will tend to zeroin the limit x — 1[62,63, 64, 65, 66,67]. This assumptionhasbeen
built into most global analysesof parton distribution functions [68], and has newer
beentested independenly. On the other hand, if the dominart reaction medanism
involves deep-inelasticscattering from a quark with the samespin orientation asthe
nucleon, as predicted by perturbative QCD courting rules, then d/u tendsto ~ 1/5
asz — 1[69]. Determining d/u experimertally would leadto important insights into
the medanismsresponsible for spin- avor symmetry breaking. In addition, quark
distributions at large x are a crucial input for estimating badkgroundsin seartesfor
new physicsbeyond the Standard Model at high energycolliders[70.

Becauseof the 4:1 weighting of the squaredquark chargesbetweenthe up and
down quarks, data on the proton structure function, FJ, provide strong constrairts
on the u quark distribution at large z,

» X, 4 1
Fy(@) = o ele@) +q(@) ~ o guz)+ 5d(z) . (3.25)

q

The determination of the d quark distributions, onthe other hand, requiresin addition
the measuremen of the neutron structure function, F;'. In particular, the d/u ratio
can be determined (at leading order) from the ratio of neutron to proton structure
functions:

Fy 1+ 4d/u

Y Avdu (3.26)
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provided z > 0.4 sothat seaquark cortributions can be neglected.

Up to now, data on F}' have beenextracted primarily from inclusive scattering
o deuterium. Unfortunately, theoretical uncertairties in the treatment of nuclear
corrections have led to ambiguities in the extracted F' at large x. In particular,
inclusion of Fermi motion and nucleono -shell correctionsin the deuteroncanleadto
valuesfor Fi'/F} that di er by 50%alreadyat = = 0.75[71, 72]comparedwith values
extracted assumingthe presenceof Fermi motion correctionsonly. The di erences
are even more dramatic if one extracts £’ on the basisof the nuclear density model
[73]. The taggedstructure function method for measuringF;' proposedhere on the
other hand virtually eliminatesthe uncertairties from nuclear models.

Resonance region

In addition to the deep-inelasticregion, it is alsoimportant to map out the neutron
resonanceegion,whereat presei there areessetially no data. Resonanceéransition
and elastic form factors provide fundamenal information on the structure of the
neutron, and thereforeare very interesting in their own right.

Measuremets [74, 75] at Je erson Lab of the unpolarized structure functions on
hydrogenin the resonanceaegion have previously beenusedto verify Bloom-Gilman
duality [61, 76]. These have inspired considerableinterest in quark-hadron duality
[77],and neutron data will add morevaluableinformation. Within a simpleharmonic
oscillator quark model, Closeand Isgur [78]found that the neutron structure functions
should exhibit systematicdeviationsfrom local duality, and that duality shouldoccur
at higher W for the neutron than for the proton. Understandingduality could prove
to be crucial for mapping the transition from hadronic to quark-gluon degreesof
freedom,and the measuremets proposedherewould allow oneto identify the basic
principles which underly this transition. Furthermore, if the systematicsof Bloom-
Gilman duality are understood quartitativ ely, duality could provide a powerful tool
for accessinghe large x region.

Although precisionelectron-protonscatteringexperimerts have beenperformedin
a straightforward mannerwith hydrogentargets, it hasbeennecessaryo infer exper-
imental information on the structure of the neutron from nuclear (typically deuteron)
data. The procedureof unfolding neutron data from inclusive nuclear crosssections,
via the subtraction of Fermi motion e ects and cortributions from various nuclear
constituerts, leadsto ambiguities dependert on the modelsand reaction methanisms
employed. This is particularly true for measuremets in the elastic and resonance
regionsat high = and moderate Q2.

To illustrate this, considerthe inclusive resonanceelectropraduction crosssec-
tion spectra shovn in Fig. 3.23. These data were obtained at Je erson Lab at
Q? = 1.5 (GeV/c)? for hydrogenand deuterium targets at matched kinematics. Al-
though the three prominert resonanceenhancemets are obvious in the hydrogen
data, only a hint of the rst (the (1232)) is identi able in the deuterium data. At
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Figure 3.23: Inclusive resonanceelectropraduction crosssectionsfrom Je erson Lab
at Q% = 1.5 (GeV/c)? [79. Crosssectionsare shavn as a function of invariant mass
squaredfor hydrogen(top) deuterium (bottom) targets at matched kinematics. The
hydrogenspectrum is plotted with global resonah and non-resonah ts.

Q?* > 2 (GeV/c) 2, no discernablestructure remainsin the deuterium data. Neutron
extraction from sud data requirescarefulmodeling of the resonam and non-resonah
componerts for the neutron (aswasdonewith the hydrogendata). Calculationsmust
account for the nuclear e ects of binding, Fermi motion, and nucleon o -shellness,
and the model-dependenceintroduced by ead of these stepsleadsto a substartial
uncertairty in the neutron resonancestructure functions. For this reasonvery little
neutron resonancdransition form factor data exist.

Tagged structure functions

The measuremenof the taggedstructure functions in semi-inclusie scattering from
the deuteronwith a slow recoil proton detectedin the badkward hemisphereg+ D —
e+ p+ X, will allow the structure function of the free neutron to be extracted
with minimal ambiguities assaiated with the nuclear model dependencd80, 81, 82].
Within the nuclear impulse appraximation, in which the deep inelastic scattering
takesplaceincohereily from individual nucleons,the di erential semi-inclusie cross
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section can be written as a product of the deuteron spectral function, S, and an
e ective (bound) neutron structure function, FQ"(eff) [82:
do 202, (1-v/E)
drdW2do,d*pp Q*

QapS(aap, pr) B3 “IW2 Q% p) . (3.27)

Here W2 = (pg+ q — p,)? is the invariant masssquaredof the unobsened hadronic
nal state, with p, the momenum of the spectator proton, p, the momerium of
the initial state deuteron, and p = p; — p, the momerium of the struck neutron.
The variable o, = (E, — p?)/M is the light-cone momertum fraction carried by the
Spectator pro&on and pr its momerium componert perpendicularto the direction of
¢, with £, = M? + p 2 the spectator proton energyand M its mass. The degreeto
which the struck neutron is o -shell is given by

M?—p? ~ 252+ 2Me, (3.28)

where ¢ is the deuteron binding energy In the limit p?> — M?, the e ective neu-
tron structure function Fy (W2, Q2 p?) — Fr(W?2, Q2 M?) = FMz, Q?), the free
neutron structure function. The p? dependenceof F;(eff) depends strongly on the
theoretical assumptionsmade about the o -shell behavior of the photon|b ound-
nucleon scattering amplitude. The ratio R, = Fy“/"(W2 @2, p?) /Fp(W?, Q?) of
the bound to free neutron structure functions in the relativistic spectator model of
Ref. [83 is shown in Fig. 3.24for seeral valuesof x, asa function of the momerium
of the spectator, |75 | = |p|. Although the e ect at low |p | is small, the deviation
from unity increasessharply with increasingmomertum, especially at larger values
of x wherethe EMC e ect is more pronounced. A similar behavior is obsened in
the non-relativistic model of Ref. [84], wherethe assumptionof weak binding in the
deuteronallows oneto calculatethe o -shell dependenceup to order p?/M? [84].

On the other hand, the color screeningmodel for the suppressionof point-lik e
con gurations (PLC) in bound nucleons[73], which attributes most or all of the
EMC e ect to a medium modi cation of the internal structure of the bound nucleon,
predicts somewhatlarger (by a factor of 2 or 3 [82]) deviations from unity than
those in Fig. 3.24. It is important, therefore, that the tagged structure functions
be measuredfor kinematics where the di erence p? — M? is as small as possible,
to minimize theoretical uncertairties ass@iated with extrapolation to the nucleon
pole. Sincethe deviation of the bound to free structure function ratio from the free
limit is proportional to 2p.* + 2Me, sampling the data as a function of 5. should
provide guidancefor a smaoth extrapolation to the pole. In practice, considering
a momernum interval of 70{200 MeV/c would allow the dependenceon p? to be
constrained. Existing 6 GeV data from experimert E94-102(E6) will help to study
the high-virtualit y behavior of the bound structure function.

Moreover, extrapolation from the minimum [p] ~ 70 MeV/c, where the bound
neutron is only around 10 MeV away from its mass-shell,should be relatively free
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Figure 3.24: The ratio R, = Fz”(eff)(Wz,QZ,pZ)/FQ"(WZ,QZ) of the bound to free
neutron structure functions as a function of the spectator proton momerum in the
model of Ref. [83.

of ambiguities. This is also supported by recen *He(e,e%) polarization transfer
experimerts at Mainz and Je erson Lab which indicate that the magnitude of the
o -shell deformation is rather small [85]. Theseexperimerts measuredthe ratio of
transverseto longitudinal polarization of the ejectedprotons, which is related to the
mediummodi cation of the electricto magneticelasticform factor ratio. Usingmodel
independen relations derived from quark-hadron duality, one can relate the small,
but non-zeromedium modi cation obsened in the form factors to a modi cation
at large x of the deepinelastic structure function of the bound nucleon[86], which
suggestsan e ect of < 3% for x < 0.8. The typical momerium of the knocked out
protons in the experimerts was ~ 50 MeV, although the results of the analysiswere
found not to depend strongly on the proton momerium [86]. Theseconsiderations
lead us to expect that the extrapolation of the bound neutron structure function to
the nucleon pole should introduce minimal uncertairty into the extracted structure
function of the free neutron.

In addition to determining the free neutron structure function, tagged structure
function measuremets on the deuteroncould allow oneto discriminate betweendif-
ferert hypotheseson the origin of the nuclear EMC e ect [82. In particular, one
may be able to distinguish between modelsin which the e ect arisesertirely from
hadronic degreesof freedom| nucleonsand pions, and modelsin which the e ect
is attributed to the explicit deformation of the wave function of the bound nucleon
itself. By comparingratios of semi-inclusie crosssectionsat di erent valuesof z,
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which further reducesthe dependenceon the deuteronspectral function [73, onecan
discriminate between models sud as the PLC suppressionand Q? rescalingmod-
els, which predict a fast drop with «a,, and nuclear binding models, in which the
o, dependenceis quite weak [82. Furthermore, these studieswould enableone to
test the validity of factorization in nuclearDIS, and determinethe boundariesof the
traditional cornvolution approad to describingnuclear structure functions.

Final state interactions

Another possiblesourceof uncertainty lies in the rescattering, or nal state inter-
actions (FSI), of the spectator proton and the deep-inelasticremnarts, X, of the
scatteredneutron. Extraction of the free neutron structure function is most reliable
in the kinematic region wherethe FSI e ects are small, and wheredi erent nuclear
models for the deuteron spectral function, S, lead to similar results. The choice of
badkward anglesis designedto minimize thesee ects. Production of badkward pro-
tons alsosuppressesortributions from direct processeswherea nucleonis produced
at the v N interaction vertex.

The magnitude of FSI e ects has beenestimated in Ref. [82 within the frame-
work of the distorted wave impulse appraximation (DWIA) [87]. Although a direct
calculation of the FSI cortribution to the crosssection requires knowledge of the
full dynamics of the spectator proton{neutron remnart system, which is currertly
unavailable, one can estimate the uncertainty introducedthrough neglectof FSI by
comparingwith the calculation of FSI e ects in the high-energyd(e, e%)n break-up
reaction [87]. The e ective p{ X interaction crosssection,o. s, can be appraximated
[88] by that extracted from soft neutron production in the high-energyDIS of muons
from heavy nuclei [89]. The e ect of the FSI is to modify the spectral function
S — SPWIA 187], where

2 3
SDWIA(asp,pT ~ O) -~ S(aspapT o 0)41 _ O-fo(Qja l‘) W)D(O‘spa < qu>)wD(O‘8p7 O)| 5
81 < T > S(awp pr = 0)/ By Ey(< pt >)

(3.29)

Here < rfm > is the average separation of the nucle%nswithin the deuteron, E,

is the spectator nucleon energy and E (< p% >) = M2+ ps 2+ < pZ > is the
energyevaluated at the averagetransversemomerium < p2. >1/2~ 200{300MeV/c
transferred for the hadronic soft interactions, with e ective crosssectiono.;;. The
steepmomerium dependenceof the deuteron wave function, | p(as,, < pr >)| <
|Yp(asy, pr = 0)], ensuresthat FSI e ects are suppressedn the extreme badkward
kinematics.

The e ects of FSI are illustrated in Fig.3.25, which shows the ratio of the light-
conespectral function including FSI e ects within the DWIA to that without [82].
At extreme badkward kinematics (pr ~ 0) one seesthat FSI e ects cortribute less
than ~ 5% to the overall uncertainty of the d(e, ¢%)X crosssectionfor o, < 1.5.
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Figure 3.25: Spectral function calculated with and without FSI e ects within the
DWIA [82]. The curvescorrespnd to di erent valuesof the spectator proton trans-
versemomertium (in GeV/c).

This number can be consideredas an upper limit on the uncertairties due to FSI.
At larger pr (> 0.3 GeV/c) and small a,, (= 1) the double scattering cortribution
(which is not presen for the extreme badkward case,seeEq. (3.29)) plays a more
important role in FSI [87].

At very large x values (x > 0.7) the factorization approximation itself breaks
down [83], and higher order correctionsto Eg. (3.27) must be included if one wants
accuracyto within a few %. To avoid theoretical ambiguities one should therefore
restrict the analysisto spectator momerta belov ~ 150— 200 MeV/c.

Of course,in order to identify any residual nuclear e ects, it would be ideal to
repeatthis experimen by detectingspectator neutrons. Comparingthe bound proton
structure function with the free proton structure function would then allow oneto
correct the bound neutron structure function for any remaining nuclear e ects.

Expected results

We have simulated the expectedresultsfrom a 40day (100%e cient) run at 11 GeV
in CLAS™* with the recoil detectordescribedin Section5.3. A minimum momenum
of 70 MeV/c was assumedfor proper detection of a proton moving perpendicular to
the detector axis, and accordingly more (due to energyloss) for protons at di erent
angles. A simple model is usedof the acceptanceof both CLAS** for the scattered
electronsand of the recoil detector for protons. To selectewerts wherethe neutron
is closeto on-shell,the recoilmomertum is requiredto be lessthan 180MeV/c. The
spectator proton is also required to make an angle of at least 110 degreeswith the
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Figure 3.26: Ratio of the neutron and proton structure functions, F3' and FY, as
a function of . The red and green vertical bars indicate the expected statistical
precisionof the proposedexperimert for two di erent bins in )2, basedon a 40 day
run with full reconstruction of the kinematics via detection of a badkward moving
spectator proton. The triangles indicate existing (deuterium and proton) data from
SLAC (with systematicand statistical error barscombined), analyzedin two di erent
ways, as explainedin the text.
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direction of the momernium transfer vector, q.

Under theseconditions, a total of 1.7 M coinciden ewerts is expected,and 700k
ewverts with recoil momertum belonv 100 MeV/c. The averagespectator light-cone
fraction for thesekinematicswill be a5, = 1.1. A rangein W from the elastic peak
to about W = 4 GeV will be covered. Restricting the kinematicsto W > 1.8 GeV
(whereresonam nal stateshavelittle in uence), data for = between0.1and 0.85will
be collected,with su cient statistics to bin in seeral Q2 bins from 1 to 15 (GeV/c) 2
and to study the dependenceon the recoil momenum.

As an example,we shav in Fig. 3.26the statistical precisionwhich canbe acieved
for the ratio F'/FY at high x. The estimatedsystematicerrors, which include experi-
mertal and theoretical uncertainties dueto FSI e ects and possiblemediummodi ca-
tions of the nucleonstructure function, are indicated by the band alongthe abscissa.
The arrows along the ordinate indicate predictions of di erent modelsfor the z — 1
limit, asdiscussedn Section, which cannot be excludedby preseit-day data dueto
the uncertainty in the nucleare ects [72]. The data shawvn, indicated by triangles, are
extracted from proton and deuteroncrosssectionsmeasuredat SLAC (with system-
atic and statistical error bars conbined), analyzedaccordingto di erent prescriptions
for subtracting the nuclear corrections. In one case(upward pointing triangles), the
deuterium data were corrected only for Fermi motion [71], while in the other case
(downward pointing triangles) a parameterization of the EMC e ect basedon ef-
fective inter-nucleon distancesextrapolated to the deuteron [73] was used. Clearly,
while the currernt data cannotdiscriminate betweenany of the theoretical predictions,
the F.'/F} data obtained using the new method will allow us (for the rst time) to
di erentiate unambiguously betweendi erent expectationsfor this ratio.

3.2.3 Spin Structure Functions
Measurement goals

While the behavior of the spin-averagedquark distributions at large x still awaits
de nitiv e resolution, our lack of understanding of the spin-dependen distributions
at large = is even more striking. For instance, there are a number of qualitatively
di erent predictions for the polarization asymmetry A, which (in lowest order in
perturbative QCD) is given by the ratio of the spin-dependen to spin-averagedquark
distributions,

" qla)
A(z) = _pM7 (3.30)
q €2 q(x)

wheree, is the quark charge. Argumerts basedon perturbative one-gluonexdange
suggestthat this shouldapproad unity asxz — 1 for proton, neutron and (neglecting
nuclear correction) deuteron targets [69]. In cortrast, nonperturbative models suc
asthose basedon SU(6) spin- avor symmetry predict that A4, = 5/9, A, = 0 and
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A = 1/3 [63, 64, 65. Presetly, the world data set is unable to determine the
veracity of thesepredictions.

Although SU(6) symmetry imposesstrict relations betweenthe individual quark
distributions, sudh as u« = —4 d, in nature this symmetry is strongly broken.
Nonperturbative models which break SU(6) symmetry typically involve a hyper ne
interaction, derived for instance from one-gluonexcangeor pion exdange, which
hasthe e ect of suppressinghe d quark distribution relative to the u [63, 64, 66, 67].
If the u quark is dominart asz — 1, the asymmetriesA,,, A;, and (in the absenceof
nucleare ects) A, will all tend to unity, and distinguishing betweenthe predictions
derived from perturbative QCD will require very accuratedata at + ~ 0.6 — 0.8.
On the other hand, the one-gluonexdange model predicts qualitatively di erent
behavior for the ratios of individual distributions ¢/q, especially for the d quark.
While the asymptotic x — 1 limit in perturbative QCD is d/d — 1, one-gluon
exdangepredicts d/d — —1/3 asz — 1, sothat ewen the sign of the predictions
di ers.

Theratio d/d canbe extractedfrom semi-inclusie measuremets of pionsin the
currert fragmenration region (seesectionon semi-inclusie processes)A program of
inclusive and semi-inclusie double spin asymmetry measuremets using an energy
upgraded CEBAF, in conjunction with polarized proton and deuteron targets, can
substarntially improve our ability to distinguish betweenthe various descriptions of
the nucleon.

The large acceptancecoverageof CLAS conbined with the high luminosity avail-
able at an energyupgraded CEBAF will allow accesgo a large range of » and Q2.
This will enableprecisemeasuremets to be made of momerts, or integrals, of the
g1 Structure function, and thereby tightly constrain theoretical descriptions of the
transition from low to high Q? [90, 91, 92]. Understandingthis transition is vital for
a number of reasons.Through the phenomenorof quark-hadronduality, asdiscussed
in the previous section, one can relate the physics of nucleonresonanceswhich are
descriked by coherem scattering from constituert quarks at low energy to the dy-
namicsof singlequark scattering which governsthe scalingstructure function at high
energy

While the phenomenonof quark-hadron duality has beenobsened in the spin-
independen F, structure function [74, 61], it hasnot yet beenestablishedfor spin-
dependert structure functions. Becausethe g; structure function is given by a dif-
ferenceof crosssections,which need not be positive, the workings of duality will
necessarilypbe more intricate for g, than for the spin-averagedr£; structure function.
Unlike the unpolarized structure functions, spin 1/2 and 3/2 resonancegortribute
with opposite signs. For xed Q? valueslessthan 1 (GeV/c)?, the (1232) resonance
pulls the ¢; structure function belowv zero,in cortrast to the positive value obsened
in DIS. This is also related to the physics which drives the dramatic variation of
the integral of the ¢, structure function from its large and negative value at Q% = 0
(where it is related to the Gerasima-Drell-Hearn sum rule) to a positive value at
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large Q? (where it is related to deepinelastic sum rules sud as the Bjorken sum
rule) [90]. Duality may be realizedfor polarized structure functions if one averages
over a completeset of resonance$78]. To achieve a more completeunderstandingof

duality it is necessaryo determinethe conditionsunder which duality occursin both

polarized and unpolarized structure functions.

In the context of QCD, onecanrelate quark-hadronduality to an operator product
expansionof momerts of structure functions [76]. According to the twist expansion,
momerts can be expressedn terms of a power seriesin 1/Q?, wherethe coe cien ts
of ead of the terms in the seriesare related to matrix elemens of quark and gluon
operators of a certain twist (which is equal to the di erence betweenthe massdi-
mensionand spin of an operator) [91, 92]. The leading, Q*-independen term is
related to matrix elemens of quark bilinear operators, and givesrise to the scaling
of the structure function. The higher order terms involve matrix elemeis of mixed
quark{gluon eld operators, and characterizethe e ect of badkground color electric
and magnetic elds on quarks [93]. Becauseof the 1/Q? suppressiongextraction of
the higher twist matrix elemers, which re ect the role played by quark-gluon cor-
relations in the nucleon, requires structure function momeris over a large range of
Q?, from ~ 0.5 (GeV/c)? to sewral (GeV/c)2. Measuremen of momers of the ¢
and ¢¢ structure functions using CLAS** would therefore signi cantly improve our
understandingof the workings of QCD at low energy

Future installation of a transverselypolarizedtarget will, in addition, allow mea-
suremems of the g, structure function, which is the cleanestexample of a higher
twist e ect in the nucleon. Although the g, structure function doesnot have a sim-
ple parton model interpretation, the z2-weighed integral of ¢, is directly related to
the color electric and magnetic polarizabilities of the nucleon[93]. In particular, the
2?2 momen of the conbination 2¢, + 3¢, givesthe pure twist-3 matrix elemen, d,,
which re ects the strength of nonperturbative quark-gluon correlations in the nu-
cleon. Furthermore, the large kinematic coverageof CLAS** (0.1 < z < 0.85) will
allow hitherto unveri ed sum rules involving g, [94, 99 to be tested accurately A
program of transversely polarized structure function measuremets would thus open
up awholeadditional averue for exploringthe transition betweenasymptotic freedom
and con nemert physics.

Experimental parameters

For the measuremets of spin structure functionsin CLAS at 11 GeV, we articipate
that a dedicatedpolarizedtarget similar to the existing EG1 target will be built (see
correspnding sectionsof the technical sectionof the CDR). It will cortain dynam-
ically polarized solid ammonia (\°NH; and ?ND;) at about 1K temperature in a
5 Tesla eld.

For longitudinal asymmetry measuremets, the magnetaxis will point alongthe
beamdirection. In this case,the acceptanceof the target will fully match the accep-
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tance of the upgradedCLAS. For transverseasymmetries the holding eld of 5 Tesla
will point sidevays. Assumingoptimized coil openings,we expect a maximum accep-
tance of 420 degreeshorizontally and + 35 degreesvertically. The M ller electrons
will be ejected sideways, where they can be cortained in massie shielding plates.
The electronbeamwill gothrough a chicaneof oneupbendingand two downbending
magnets,so that it will erter the polarized target pointing down and then be bert
into the normal beamline to the electrondump.

For the following rate estimates,we assume40 ideal runnning days (correspnding
to 3 calendarmonths) for eat target con guration and both NH3; and ND3, and a
beam polarization of 70% on average. We expect averagetarget polarizations of
80%for NH3; and 40%for NDj targets, in agreemeh with recernt experienceat JLab
and SLAC. The overall dilution factor (ratio of everts from polarized nucleonsto all
ewerts) for thesetargetsis about 0.13for NH; and 0.23for ND3, dueto the presence
of 1N in the ammoniaand liquid helium coolant aswell as ertrance and exit foils.
We will run with about 30 nA beamcurrent, rasteredover the surfaceof the targets
of length 1.5 cm, yielding an overall luminosity of about 10*> cm 2s !. Note that
this luminosity is only a factor 5 lower than the highestluminosity that cantypically
be achieved for solid state polarizedtargets. This makes CLAS a superior choicefor
measuremets with thesetargets, sincethe large solid angle (about one steradian)
compensatesfor the limited luminosity, and all kinematic points can be measured
simultaneously

Expected results

The precisionthat canbe achieved for the asymmetry A, is shavn in Fig. 3.27. These
data will clearly distinguish betweenthe SU(6) symmetric quark model prediction of
5/9 and the pQCD prediction of unity for the limit = — 1, and dramatically improve
our knowledgeof the proton's spin structure at high x. The di erence betweenthese
predictions is even more striking for the deuteron, where we will also be able to
signi cantly improve on existing data, asshown in Fig. 3.28. The high precisiondata
on both the proton and deuteronthat will be accunulated for seweral binsin Q? will
constrain the logarithmic and 1/Q? scalingviolations of the spin structure functions
g1, and determine their higher momerts, as well as allow duality for spin structure
functions to be studied in detail.

Finally, the structure function g,, will be determinedfrom data with transverse
target polarization. We will again improve signi cantly on the existing SLAC data,
with smallererror barsand ner binning in = and Q2. This will allow the ewlution of
this structure function to be studied and the twist-3 matrix elemen d, to be extracted
with three times smaller statistical error than at presei.
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Alp at 11 GeV with CLAS++
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Figure 3.27: Expected data with statistical errors for A,, from 40 days of running
with 11 GeV beam. Seeral bins in Q? are indicated by slightly o set error bars.
Existing SLAC data (from E130,E143and E155) are shovn aswell. The predicted
approad to the limit = = 1 for two di erent modelsis indicated.
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A, , at 11 GeV with CLAS++
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Figure 3.28: Expected data with statistical error bars for A,, for the deuteronfrom
40 days of running with 11 GeV beam. All symbols are asin Fig. 3.27.
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92 at 11 GeV with CLAS++
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Figure 3.29: Expectedstatistical error barson the structure function g, for the proton
from 40 days of running with 11 GeV beamwith transversetarget polarization.
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