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Figure 3.22: Simulated extraction of the form factor (t2Rπ0

A )2 from Eq. 3.24compared
with theory[14, 15], assumingstatistical accuraciesobtained as in �gure 3.21.

Q2. This has beenfed into the CLAS++ Monte Carlo simulator, to obtain detected
events under the assumptionof a 2000hr run with a luminosity of 1× 1035 cm� 2s� 1.
The trigger consistedof the coincidenceof an electron, proton and the two decay
photons. Even with such a restrictive trigger the result yieldsvery favorablecounting
rate over the entire rangeof t and Q2. Figures 3.21and 3.22 illustrate someof the
results of the simulation. With such favorable statistics we can envision performing
L-T separatedt distributions over a large rangeof t.

3.2 Inclusiv e Nucleon Structure Functions

3.2.1 Overview

Polarizedand unpolarizedstructure functionsof the nucleono�er a uniquewindow on
the internal quark structure of stablebaryons. The study of thesestructure functions
provides insight into the two de�ning features of QCD | asymptotic freedom at
small distances,and con�nement and non-perturbativee�ects at largedistancescales.
From measurements of structure functions we can infer the fraction of the nucleon
momentum and spin carried by quarks,and, via perturbative evolution, by gluons.

After more than three decadesof measurements at many accelerator facilities
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worldwide, a truly impressive amount of data has been collected, covering several
ordersof magnitude in both kinematic variables(x, the fraction of the nucleonmo-
mentum carriedby the struck quark, and the momentum transfer squared,Q2). How-
ever, there are still important regionsof the kinematic phasespacewhere data are
scarceand have large errors, where signi�cant improvements are possiblethrough
experiments 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 x→ 1, wherenearlyall of the nucleonmomentum
is carried by a singlequark. In this regionthe nucleonwave function is dominatedby
valencequarks,which give the overall chargeand baryon number of the nucleon,and
e�ects from the virtual seaof quark-antiquark pairs are suppressed.Understanding
of this region requiresdetermining relative sizeof the contribution from u and d va-
lencequarks,aswell asquarkswith spin parallel and antiparallel to the nucleonspin.
Simplephenomenologicalmodels,like the spin-
avor symmetricquark model, predict
signi�cantly di�erent behavior from perturbative QCD, or from quark models with
hyper�ne interactions. Observablessuch as the neutron to proton structure function
ratio, F n

2 /F
p
2 , and the polarization asymmetry, A1, very sensitive at large x to the

details of the quark wave function in the nucleon,and provide excellent laboratories
for studying the systematicsof spin-
avor symmetry breaking in the nucleon.

In addition to measurements of valencequark structure at largex, the 12GeV up-
gradewill allow a detailed study of the phenomenonof quark-hadronduality. Quark-
hadron duality refersto the observation, �rst madeby Bloom and Gilman [61], that
the structure function in the resonanceregion, when suitably averagedover an ap-
propriate energyinterval, closelyfollows the scalingstructure function measuredat
higher energies,where the interaction is dominated by singlequark scattering. The
phenomenonof quark-hadronduality hassofar only beenshown to exist in the proton
structure function F p

2 , but has not yet beenstudied for neutrons. Duality in other
structure functions, such asthe longitudinal structure function FL, or the spin struc-
ture functions g1 and g2, is only just beginning to be explored. Understanding the
duality betweendescriptionsof a nucleonusing either quark or hadronic degreesof
freedomin di�erent physicalprocessesand underdi�erent kinematical conditionswill
provide an important key to understanding the consequencesof QCD for hadronic
structure. Furthermore, both unpolarized and polarized structure functions are not
well known at low to moderateQ2 and x. An improved data samplein this region
would allow oneto study issueslike higher-twist contributions to the structure func-
tions, and improve perturbative QCD analysesby increasingthe Q2 rangecovered.

The CLAS++ detector will allow signi�cant contributions to be made to these
studies,particularly in two cases:

• Measurements of the neutron structure function F n
2 in the region of very large

x, wherewe will employ a novel technique(recoil proton detection) to eliminate
contamination from nuclear e�ects, and
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• Measurements of polarized structure functions of the proton and deuteron in
the region of moderate to high x.

In both cases,the possibleluminosity of the experiment 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 rangeof x and
Q2, the regionx > 0.6 is not well explored. For x ≥ 0.4 the contributions from the q �q
seaare negligible,and the structure functions are dominated by the valencequarks.

Knowledgeof the valencequark distributions of the nucleonat largex is vital for
several reasons.The simplestSU(6) symmetricquark model predicts that the ratio of
d to u quark distributions in the proton is 1

2
, however, the breakingof this symmetry

in nature leads to a much smaller ratio. Various mechanisms have been invoked
to explain why the d distribution is softer than u. For instance, if the interaction
between quarks that are spectators to the deep inelastic collision is dominated by
one-gluonexchange, the d quark distribution will be suppressed,and 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 never
beentested independently. On the other hand, if the dominant reaction mechanism
involvesdeep-inelasticscattering from a quark with the samespin orientation as the
nucleon,as predicted by perturbative QCD counting rules, then d/u tends to ≈ 1/5
asx→ 1 [69]. Determining d/u experimentally would lead to important insights into
the mechanismsresponsible for spin-
avor symmetry breaking. In addition, quark
distributions at largex are a crucial input for estimating backgroundsin searchesfor
new physicsbeyond the Standard Model at high energycolliders [70].

Becauseof the 4:1 weighting of the squaredquark chargesbetween the up and
down quarks, data on the proton structure function, F p

2 , provide strong constraints
on the u quark distribution at largex,

F p
2 (x) = x

X

q

e2
q(q(x) + �q(x)) ≈ x

� 4
9
u(x) +

1
9
d(x)

�

. (3.25)

The determinationof the d quark distributions, on the other hand, requiresin addition
the measurement of the neutron structure function, F n

2 . In particular, the d/u ratio
can be determined (at leading order) from the ratio of neutron to proton structure
functions:

F n
2

F p
2

≈ 1 + 4d/u
4 + d/u

, (3.26)
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provided x ≥ 0.4 so that seaquark contributions can be neglected.
Up to now, data on F n

2 have beenextracted primarily from inclusive scattering
o� deuterium. Unfortunately, theoretical uncertainties in the treatment of nuclear
corrections have led to ambiguities in the extracted F n

2 at large x. In particular,
inclusionof Fermi motion and nucleono�-shell correctionsin the deuteroncanleadto
valuesfor F n

2 /F
p
2 that di�er by 50%alreadyat x = 0.75 [71, 72]comparedwith values

extracted assumingthe presenceof Fermi motion correctionsonly. The di�erences
are even more dramatic if oneextracts F n

2 on the basisof the nuclear density model
[73]. The taggedstructure function method for measuringF n

2 proposedhereon the
other hand virtually eliminatesthe uncertainties from nuclear models.

Resonance region

In addition to the deep-inelasticregion, it is also important to map out the neutron
resonanceregion,whereat present there areessentially no data. Resonancetransition
and elastic form factors provide fundamental information on the structure of the
neutron, and thereforeare very interesting in their own right.

Measurements [74, 75] at Je�erson Lab of the unpolarizedstructure functions on
hydrogenin the resonanceregionhave previously beenusedto verify Bloom-Gilman
duality [61, 76]. Thesehave inspired considerableinterest in quark-hadron duality
[77],and neutron data will add morevaluableinformation. Within a simpleharmonic
oscillatorquark model, Closeand Isgur [78]found that the neutronstructure functions
shouldexhibit systematicdeviationsfrom local duality, and that duality shouldoccur
at higherW 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 measurements proposedherewould allow one to identify the basic
principles which underly this transition. Furthermore, if the systematicsof Bloom-
Gilman duality are understood quantitativ ely, duality could provide a powerful tool
for accessingthe largex region.

Although precisionelectron-protonscatteringexperiments havebeenperformedin
a straightforward mannerwith hydrogentargets, it hasbeennecessaryto 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 contributions from various nuclear
constituents, leadsto ambiguities dependent on the modelsand reaction mechanisms
employed. This is particularly true for measurements in the elastic and resonance
regionsat high x and moderateQ2.

To illustrate this, consider the inclusive resonanceelectroproduction crosssec-
tion spectra shown in Fig. 3.23. These data were obtained at Je�erson Lab at
Q2 = 1.5 (GeV/c) 2 for hydrogenand deuterium targets at matched kinematics. Al-
though the three prominent resonanceenhancements 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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Q2=1.5 (GeV/c)2,  E = 3.245 GeV, θ = 26.98o
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Figure 3.23: Inclusive resonanceelectroproduction crosssectionsfrom Je�erson Lab
at Q2 = 1.5 (GeV/c) 2 [79]. Crosssectionsare shown as a function of invariant mass
squaredfor hydrogen(top) deuterium (bottom) targets at matched kinematics. The
hydrogenspectrum is plotted with global resonant and non-resonant �ts.

Q2 > 2 (GeV/c) 2, no discernablestructure remainsin the deuterium data. Neutron
extraction from such data requirescarefulmodeling of the resonant and non-resonant
components 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 each of thesesteps leadsto a substantial
uncertainty in the neutron resonancestructure functions. For this reasonvery little
neutron resonancetransition form factor data exist.

Tagged structure functions

The measurement of the taggedstructure functions in semi-inclusive scattering from
the deuteronwith a slow recoil proton detectedin the backward hemisphere,e+ D →
e + p + X, will allow the structure function of the free neutron to be extracted
with minimal ambiguities associated with the nuclearmodel dependence[80, 81, 82].
Within the nuclear impulse approximation, in which the deep inelastic scattering
takesplaceincoherently from individual nucleons,the di�erential semi-inclusive 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, F n(eff)

2 [82]:

dσ

dxdW 2dαspd2pT
≈ 2α2

em(1− ν/E)
Q4

αspS(αsp, pT ) F n(eff)
2 (W 2, Q2, p2) . (3.27)

HereW 2 = (pd + q − ps)2 is the invariant masssquaredof the unobserved hadronic
�nal state, with ps the momentum of the spectator proton, pd the momentum of
the initial state deuteron, and p = pd − ps the momentum of the struck neutron.
The variable αsp = (Es − pzs)/M is the light-cone momentum fraction carried by the
spectator proton and pT its momentum component perpendicular to the direction of
~q, with Es =

q
M2 + ~p 2

s the spectator proton energyandM its mass.The degreeto
which the struck neutron is o�-shell is given by

M2 − p2 ≈ 2~p 2
s + 2Mε , (3.28)

where ε is the deuteron binding energy. In the limit p2 → M2, the e�ective neu-
tron structure function F

n(eff)
2 (W 2, Q2, p2) → F n

2 (W 2, Q2,M2) ≡ F n
2 (x,Q2), the free

neutron structure function. The p2 dependenceof F n(eff)
2 dependsstrongly on the

theoretical assumptionsmade about the o�-shell behavior of the photon|b ound-
nucleon scattering amplitude. The ratio Rn ≡ F

n(eff)
2 (W 2, Q2, p2)/F n

2 (W 2, Q2) of
the bound to free neutron structure functions in the relativistic spectator model of
Ref. [83] is shown in Fig. 3.24for several valuesof x, asa function of the momentum
of the spectator, |~ps | = |~p |. Although the e�ect at low |~ps | is small, the deviation
from unity increasessharply with increasingmomentum, especially at larger values
of x where the EMC e�ect is more pronounced. A similar behavior is observed in
the non-relativistic model of Ref. [84], wherethe assumptionof weak binding in the
deuteronallows oneto calculatethe o�-shell dependenceup to order p2/M2 [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 somewhat larger (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 p2 − M2 is as small as possible,
to minimize theoretical uncertainties associated with extrapolation to the nucleon
pole. Sincethe deviation of the bound to free structure function ratio from the free
limit is proportional to 2~p 2

s + 2Mε, sampling the data as a function of ~p 2
s should

provide guidancefor a smooth extrapolation to the pole. In practice, considering
a momentum interval of 70{200 MeV/c would allow the dependenceon p2 to be
constrained. Existing 6 GeV data from experiment 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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model of Ref. [83].

of ambiguities. This is also supported by recent 4He(~e, e0~p) polarization transfer
experiments at Mainz and Je�erson Lab which indicate that the magnitude of the
o�-shell deformation is rather small [85]. Theseexperiments measuredthe ratio of
transverseto longitudinal polarization of the ejectedprotons, which is related to the
mediummodi�cation of the electricto magneticelasticform factor ratio. Usingmodel
independent relations derived from quark-hadron duality, one can relate the small,
but non-zeromedium modi�cation observed 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 momentum of the knocked out
protons in the experiments was∼ 50 MeV, although the results of the analysiswere
found not to depend strongly on the proton momentum [86]. Theseconsiderations
lead us to expect that the extrapolation of the bound neutron structure function to
the nucleonpole should introduce minimal uncertainty into the extracted structure
function of the free neutron.

In addition to determining the free neutron structure function, taggedstructure
function measurements on the deuteroncould allow oneto discriminate betweendif-
ferent hypotheseson the origin of the nuclear EMC e�ect [82]. In particular, one
may be able to distinguish between models in which the e�ect arisesentirely from
hadronic degreesof freedom| nucleonsand pions, and models in which the e�ect
is attributed to the explicit deformation of the wave function of the bound nucleon
itself. By comparing ratios of semi-inclusive crosssectionsat di�erent valuesof x,
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which further reducesthe dependenceon the deuteronspectral function [73], onecan
discriminate between models such as the PLC suppressionand Q2 rescalingmod-
els, which predict a fast drop with αsp, and nuclear binding models, in which the
αsp dependenceis quite weak [82]. Furthermore, thesestudies would enableone to
test the validit y of factorization in nuclearDIS, and determinethe boundariesof the
traditional convolution approach 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-inelasticremnants, 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
backward anglesis designedto minimize thesee�ects. Production of backward pro-
tons alsosuppressescontributions from direct processes,wherea nucleonis produced
at the γ � N interaction vertex.

The magnitude of FSI e�ects has beenestimated in Ref. [82] within the frame-
work of the distorted wave impulse approximation (DWIA) [87]. Although a direct
calculation of the FSI contribution to the crosssection requires knowledge of the
full dynamics of the spectator proton{neutron remnant system, which is currently
unavailable, one can estimate the uncertainty introduced through neglectof FSI by
comparingwith the calculation of FSI e�ects in the high-energyd(e, e0p)n break-up
reaction [87]. The e�ective p{X interaction crosssection,σeff , can be approximated
[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 → SDWIA [87], where

SDWIA(αsp, pT ≈ 0) ∼ S(αsp, pT ≈ 0)

2

41− σeff (Q2, x)
8π < r2

pn >

|ψD(αsp, < pT >)ψD(αsp, 0)|
S(αsp, pT ≈ 0)/

q
Es Es(< p2

T >)

3

5 .

(3.29)
Here < r2

pn > is the average separation of the nucleonswithin the deuteron, Es

is the spectator nucleon energy, and Es(< p2
T >) =

q
M2 + ps 2

z + < p2
T > is the

energyevaluated at the averagetransversemomentum < p2
T >

1/2∼ 200{300MeV/c
transferred for the hadronic soft interactions, with e�ective crosssectionσeff . The
steepmomentum dependenceof the deuteron wave function, |ψD(αsp, < pT >)| �
|ψD(αsp, pT ≈ 0)|, ensuresthat FSI e�ects are suppressedin the extreme backward
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 backward kinematics (pT ≈ 0) one seesthat FSI e�ects contribute less
than ∼ 5% to the overall uncertainty of the d(e, e0n)X crosssection for αsp ≤ 1.5.
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Figure 3.25: Spectral function calculated with and without FSI e�ects within the
DWIA [82]. The curvescorrespond to di�erent valuesof the spectator proton trans-
versemomentum (in GeV/c).

This number can be consideredas an upper limit on the uncertainties due to FSI.
At larger pT (≥ 0.3 GeV/c) and small αsp (≈ 1) the double scattering contribution
(which is not present for the extreme backward 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 Eq. (3.27) must be included if one wants
accuracyto within a few %. To avoid theoretical ambiguities one should therefore
restrict the analysisto spectator momenta below ≈ 150− 200MeV/c.

Of course,in order to identify any residual nuclear e�ects, it would be ideal to
repeat this experiment by detectingspectator neutrons. Comparingthe boundproton
structure function with the free proton structure function would then allow one to
correct the bound neutron structure function for any remaining nuclear e�ects.

Expected results

We have simulated the expectedresultsfrom a 40day (100%e�cien t) run at 11 GeV
in CLAS++ with the recoil detectordescribed in Section5.3. A minimum momentum
of 70 MeV/c was assumedfor proper detection of a proton moving perpendicular to
the detector axis, and accordinglymore (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 selectevents where the neutron
is closeto on-shell,the recoil momentum is required to be lessthan 180MeV/c. The
spectator proton is also required to make an angle of at least 110 degreeswith the
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run with full reconstruction of the kinematics via detection of a backward 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 momentum transfer vector, ~q.
Under theseconditions, a total of 1.7 M coincident events is expected,and 700k

events with recoil momentum below 100 MeV/c. The averagespectator light-cone
fraction for thesekinematics will be αsp = 1.1. A range in W from the elastic peak
to about W = 4 GeV will be covered. Restricting the kinematics to W > 1.8 GeV
(whereresonant �nal stateshave little in
uence), data for x between0.1and 0.85will
be collected,with su�cien t statistics to bin in severalQ2 bins from 1 to 15 (GeV/c) 2

and to study the dependenceon the recoil momentum.
As an example,weshow in Fig. 3.26the statistical precisionwhich canbeachieved

for the ratio F n
2 /F

p
2 at high x. The estimatedsystematicerrors,which includeexperi-

mental and theoreticaluncertainties dueto FSI e�ects and possiblemediummodi�ca-
tions of the nucleonstructure function, are indicated by the band along the abscissa.
The arrows along the ordinate indicate predictions of di�erent models for the x→ 1
limit, asdiscussedin Section, which cannot be excludedby present-day data due to
the uncertainty in the nucleare�ects [72]. The data shown, indicated by triangles,are
extracted from proton and deuteroncrosssectionsmeasuredat SLAC (with system-
atic and statistical error barscombined), analyzedaccordingto di�erent prescriptions
for subtracting the nuclear corrections. In onecase(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 current data cannotdiscriminatebetweenany of the theoreticalpredictions,
the F n

2 /F
p
2 data obtained using the new method will allow us (for the �rst time) to

di�erentiate unambiguouslybetweendi�erent expectations for 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 understandingof the spin-dependent distributions
at large x is even more striking. For instance, there are a number of qualitatively
di�erent predictions for the polarization asymmetry, A1, which (in lowest order in
perturbative QCD) is givenby the ratio of the spin-dependent to spin-averagedquark
distributions,

A1(x) =
P
q e

2
q � q(x)

P
q e2

q q(x)
, (3.30)

whereeq is the quark charge. Arguments basedon perturbative one-gluonexchange
suggestthat this shouldapproach unity asx→ 1 for proton, neutron and (neglecting
nuclear correction) deuteron targets [69]. In contrast, nonperturbative models such
as thosebasedon SU(6) spin-
avor symmetry predict that A1p = 5/9, A1n = 0 and

73



A1d = 1/3 [63, 64, 65]. Presently, the world data set is unable to determine the
veracity of thesepredictions.

Although SU(6) symmetry imposesstrict relations betweenthe individual quark
distributions, such 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-gluonexchangeor pion exchange, which
hasthe e�ect of suppressingthe d quark distribution relative to the u [63, 64, 66,67].
If the u quark is dominant asx→ 1, the asymmetriesA1p, A1n and (in the absenceof
nuclear e�ects) A1d will all tend to unity, and distinguishing betweenthe predictions
derived from perturbative QCD will require very accurate data at x ∼ 0.6 − 0.8.
On the other hand, the one-gluonexchange model predicts qualitatively di�erent
behavior for the ratios of individual distributions � q/q, especially for the d quark.
While the asymptotic x → 1 limit in perturbative QCD is � d/d → 1, one-gluon
exchangepredicts � d/d → −1/3 as x → 1, so that even the sign of the predictions
di�ers.

The ratio � d/d canbeextractedfrom semi-inclusive measurements of pionsin the
current fragmentation region (seesectionon semi-inclusive processes).A program of
inclusive and semi-inclusive double spin asymmetry measurements using an energy
upgradedCEBAF, in conjunction with polarized proton and deuteron targets, can
substantially improve our abilit y to distinguish between the various descriptionsof
the nucleon.

The largeacceptancecoverageof CLAS combined with the high luminosity avail-
able at an energyupgradedCEBAF will allow accessto a large rangeof x and Q2.
This will enableprecisemeasurements to be made of moments, or integrals, of the
g1 structure function, and thereby tightly constrain theoretical descriptionsof the
transition from low to high Q2 [90, 91, 92]. Understandingthis transition is vital for
a number of reasons.Through the phenomenonof quark-hadronduality, asdiscussed
in the previous section,one can relate the physicsof nucleon resonances,which are
described by coherent scattering from constituent quarks at low energy, to the dy-
namicsof singlequark scatteringwhich governsthe scalingstructure function at high
energy.

While the phenomenonof quark-hadron duality has been observed in the spin-
independent F2 structure function [74, 61], it has not yet beenestablishedfor spin-
dependent structure functions. Becausethe g1 structure function is given by a dif-
ferenceof crosssections,which need not be positive, the workings of duality will
necessarilybe more intricate for g1 than for the spin-averagedF2 structure function.
Unlike the unpolarized structure functions, spin 1/2 and 3/2 resonancescontribute
with oppositesigns. For �xed Q2 valueslessthan 1 (GeV/c) 2, the �(1232) resonance
pulls the g1 structure function below zero, in contrast to the positive value observed
in DIS. This is also related to the physics which drives the dramatic variation of
the integral of the g1 structure function from its large and negative value at Q2 = 0
(where it is related to the Gerasimov-Drell-Hearn sum rule) to a positive value at
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large Q2 (where it is related to deep inelastic sum rules such as the Bjorken sum
rule) [90]. Duality may be realizedfor polarized structure functions if one averages
over a completeset of resonances[78]. To achieve a more completeunderstandingof
duality it is necessaryto determinethe conditionsunder which duality occursin both
polarizedand unpolarizedstructure functions.

In the context of QCD, onecanrelatequark-hadronduality to an operator product
expansionof moments of structure functions [76]. According to the twist expansion,
moments can be expressedin terms of a power seriesin 1/Q2, wherethe coe�cien ts
of each of the terms in the seriesare related to matrix elements of quark and gluon
operators of a certain twist (which is equal to the di�erence between the massdi-
mension and spin of an operator) [91, 92]. The leading, Q2-independent term is
related to matrix elements of quark bilinear operators, and gives rise to the scaling
of the structure function. The higher order terms involve matrix elements of mixed
quark{gluon �eld operators, and characterizethe e�ect of background color electric
and magnetic �elds on quarks [93]. Becauseof the 1/Q2 suppression,extraction of
the higher twist matrix elements, which re
ect the role played by quark-gluon cor-
relations in the nucleon, requiresstructure function moments over a large range of
Q2, from ∼ 0.5 (GeV/c) 2 to several (GeV/c) 2. Measurement of moments of the gp1
and gd1 structure functions using CLAS++ would thereforesigni�cantly improve our
understandingof the workings of QCD at low energy.

Future installation of a transverselypolarized target will, in addition, allow mea-
surements of the g2 structure function, which is the cleanestexample of a higher
twist e�ect in the nucleon. Although the g2 structure function doesnot have a sim-
ple parton model interpretation, the x2-weighted integral of g2 is directly related to
the color electric and magneticpolarizabilities of the nucleon[93]. In particular, the
x2 moment of the combination 2g1 + 3g2 gives the pure twist-3 matrix element, d2,
which re
ects the strength of nonperturbative quark-gluon correlations in the nu-
cleon. Furthermore, the large kinematic coverageof CLAS++ (0.1 ≤ x ≤ 0.85) will
allow hitherto unveri�ed sum rules involving g2 [94, 95] to be tested accurately. A
program of transverselypolarizedstructure function measurements would thus open
up a wholeadditional avenue for exploringthe transition betweenasymptotic freedom
and con�nement physics.

Experimental parameters

For the measurements of spin structure functions in CLAS at 11 GeV, we anticipate
that a dedicatedpolarizedtarget similar to the existing EG1 target will be built (see
corresponding sectionsof the technical sectionof the CDR). It will contain dynam-
ically polarized solid ammonia (15NH3 and 15ND3) at about 1K temperature in a
5 Tesla�eld.

For longitudinal asymmetry measurements, the magnet axis will point along the
beamdirection. In this case,the acceptanceof the target will fully match the accep-
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tanceof the upgradedCLAS. For transverseasymmetries,the holding �eld of 5 Tesla
will point sideways. Assumingoptimized coil openings,we expect a maximum accep-
tance of ±20 degreeshorizontally and ± 35 degreesvertically. The M�ller electrons
will be ejected sideways, where they can be contained in massive shielding plates.
The electronbeamwill go through a chicaneof oneupbendingand two downbending
magnets,so that it will enter the polarized target pointing down and then be bent
into the normal beamline to the electrondump.

For the following rate estimates,we assume40ideal runnning days (corresponding
to 3 calendarmonths) for each target con�guration and both NH3 and ND3, and a
beam polarization of 70% on average. We expect average target polarizations of
80%for NH3 and 40%for ND3 targets, in agreement with recent experienceat JLab
and SLAC. The overall dilution factor (ratio of events from polarizednucleonsto all
events) for thesetargets is about 0.13for NH3 and 0.23for ND3, due to the presence
of 15N in the ammonia and liquid helium coolant as well as entrance 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 1035 cm� 2s� 1. Note that
this luminosity is only a factor 5 lower than the highest luminosity that can typically
be achieved for solid state polarized targets. This makesCLAS a superior choicefor
measurements with thesetargets, since the large solid angle (about one steradian)
compensatesfor the limited luminosity, and all kinematic points can be measured
simultaneously.

Expected results

The precisionthat canbeachieved for the asymmetryA1p is shown 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 x→ 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 accumulated for several bins in Q2 will
constrain the logarithmic and 1/Q2 scalingviolations of the spin structure functions
g1, and determine their higher moments, as well as allow duality for spin structure
functions to be studied in detail.

Finally, the structure function g2p will be determined from data with transverse
target polarization. We will again improve signi�cantly on the existing SLAC data,
with smallererror barsand �ner binning in x andQ2. This will allow the evolution of
this structure function to bestudiedand the twist-3 matrix element d2 to beextracted
with three times smaller statistical error than at present.
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Figure 3.27: Expected data with statistical errors for A1p from 40 days of running
with 11 GeV beam. Several bins in Q2 are indicated by slightly o�set error bars.
Existing SLAC data (from E130,E143and E155) are shown as well. The predicted
approach to the limit x = 1 for two di�erent models is indicated.
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Figure 3.28: Expecteddata with statistical error bars for A1d for the deuteron from
40 days of running with 11 GeV beam. All symbols are as in Fig. 3.27.
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