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Abstract

We propose to measure the unpolarized cross seoﬁﬂﬁ, the parallel asymmetr&\ﬁ'*e and the

perpendicular asymmetvg{j“e to extract thegy structure function in the largeregion with good preci-
sion. We will use the longitudinally polarize&{= 0.80) CEBAF electron beam and a 40 cm-long high
pressure polarizetHe target. The measurement will be performed using two katengonfigurations:

e Epeam= 8.8 GeV, with the spectrometerstat +30.0°
e Epeam= 6.6 GeV, with the spectrometerstat +40.0°

The kinematic region involved in this proposal involve2 & x < 0.95 and 25 < Q% < 10Ge\?/c?

At each beam energy the BigBite spectrometer will be useddoise the asymmetry data (perpen-
dicular and parallel) while the left arm HRS spectrometdl be used to measure the absolute cross
section. Both spectrometers will be set to equal scattengles on each side of the incident beam line.
BigBite’s mode of operation is such that a single magnetid Setting will cover the entire kinematic
range at each beam energy. The left HRS central momenturbevitepped across the same kinematic
range to measure the absolute cross section as a functionTdfe target polarization orientation will
be set transverse or longitudinal to the beam with a valug ef0.50 while the beam helicity will be
reversed at a rate of 30 Hz. A beam current of1/AGcombined with a 30 cm long target (after cuts)
of density 12 amg provides a luminosity 06510°° cm~2s~1. We request 200 hours for the 6.6 GeV
kinematics and 400 hours for the 8.8 GeV setting. With théusion of an additional 100 hours for
overhead and calibration, the total beam request is 70Ghouroughly 29 days of beam.

The focus of the proposed measurement is two-fold:

1. precisely measuring th@* dependence of the neutrga for 0.5 < x < 0.9, something that has
never been done higk-high-Q? region; and

2. combine the proposed data with those of the lower endfgsmneasurement E04-016, to sig-
nificantly improve knowledge of th€@? dependence of thd, matrix element a? = 3.0 and

4.0GeV?/c?.

The quantityd) = folgz dx= f01x2(291+ 302) dxis related to the twist three matrix element in the
Operator Product Expansion (OPE) framework. It is a direedsure of the quark-gluon correlations
within the nucleon and reflects the response ofdbler electric and magnetic fields to the polarization
of the nucleon (alignment of its spin along one directiom)isTquantity has seen considerable study in
Lattice QCD and is one of the cleanest observables with wioitest the theory.

We would also like to comment on a “sister” experiment in Halthat has also been submitted to
the PAC30 board. The kinematic coverage of the Hall A measan has been specifically selected to
compliment the coverage of the Hall C proposal. BigBite irflHais ideally suited to map out the the
highx, high-Q? region is reasonable time and without tying up the highestgnHall. In contrast, the
SHMS/HMS in Hall C is uniquely suited to make a definitive maasnent of theQ? evolution ofd
due to its remarkably fla®? coverage per bin over.d < x < 1. BigBite is not able to match this feat
due to rate limitations were it moved sufficiently far fondarTogether, the two measurements would
provide a truly exceptional understanding of the structunetiong(x, @), d’z‘(QZ), and the associated
quark-gluon correlations within the nucleon.
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1 Technical participation of research groups

After thorough discussion with Hall A and JLab administwati Temple University, the College of William
and Mary, and the University of Kentucky will jointly comntid providing two full-time equivalent (FTE)
manpower to the upgrade of Hall A. The Chinese collaborafidg8TC and CIAE) intend to commit an
additional 1-2 FTE manpower. This effort will be devoted tmeessfully commissioning the following
base equipment items:

e the upgraded HRS DAQ systems,
e Moeller polarimeter, and
e the Compton polarimeter.

These personnel would be assigned to work in conjunctioh thié dedicated Hall A staff. Funding for
these FTE’s will come from existing DOE grants and the iostins involved and willnot constitute an
additional DOE funding request.

In addition, the Chinese collaboration (USTC and CIAE) miteo commit 1-2 FTE to help commis-
sioning

Beyond the baseline equipment, the polarizelé group will facilitate the development and installation
of the polarized 3He target for Hall A. This target has seem&ndous demand in Hall A in recent years
and will no doubt be an equally critical component for Hals A2 GeV program.



2 Introduction and Motivation

In inclusive polarized lepton-nucleon deep-inelastidtecig, one can access two spin-dependent structure
functions of the nucleong; andg,. In the last twenty five years, measurementgphave been used
to test Quantum Chromodynamics (QCD) through the Bjorkem sule and investigate the spin content
of the nucleon in term of its constituents. Whig can be understood in terms of the Feynman parton
model which describes the scattering in termsnagbherentparton scatteringg, cannot. Rather, one has
to consider parton correlations initially present in thegét nucleon, and the associated process is given a
coherentparton scattering in the sense that more than one partos pekein the interaction. Indeed, using
the operator product expansion (OPE) [6, 7], it is possibl@terpret theg, spin structure function beyond
the simple quark-parton model as a higher twist structunetfan. As such, it is exceedingly interesting
because it provides a unique opportunity to study the qgarkn correlations in the nucleon which cannot
otherwise be accessed.

In a recent review Filippone and Ji [8] explained that moghRi-twist processes cannot be cleanly
separated from the leading twist because of the so-calfearén renormalon problem first recognized by
t’Hooft. This ambiguity arises from separating quarks ahmbgs pre-existing in the hadron wave function
from those produced in radiative processes. Such a separtatins out to be always scheme dependent.
However, theg, structure function is aexceptionbecause it contributes at the leading order to the spin
asymmetry of longitudinally-polarized lepton scatterioig transversely-polarized nucleons. Thgs,is
among the cleanest higher-twist observables

Why does theg, structure function contain information about the quark ghobn correlations in the
nucleon? From the optical theoremp, is the imaginary part of the spin-dependent Compton angaifor
the procesy*(+1) + N(+1/2) — y*(0) + N(—1/2),

+1 0

%

Figure 1: Compton amplitude gf(+1) + N(+1/2) — y*(0) + N(-1/2).

wherey* andN denote the virtual photon and the nucleon, respectivelyth@ numbers in the brackets are
the helicities. Thus this Compton scattering involvesttbkannel helicity exchangel. When factorized in
terms of parton sub-processes, the intermediate partoasaaury this helicity exchange. Because chirality
is conserved in vector coupling, massless quarks in petivebprocesses cannot produce a helicity flip.
QCD allows this helicity exchange to occur in two ways (seg B): first, single quark scattering in which
the quark carries one unit of orbital angular momentum thnoitis transverse momentum wave function;
second, quark scattering with an additional transverpelgfized gluon from the nucleon target. The two
mechanisms are combined in such a way to yield a gauge-amtagsult. Consequentlg, provides a direct
probe of the quark-gluon correlations in the nucleon wavetion.
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Figure 2: Twist-two and twist-three contributions to vatlCompton scattering

2.1 The twist-three reduced matrix element

The piece of interesting physics we want to focus on in thigopsal is contained in the second moment in
x of a linear combination of; andg,, namely

B@) = [ @[2000T) + 30 P dx M
= 3 /O e [gz<x, Q) —gz"(x Qﬂ dx 0
_ 3/01x2 [g_z(x, QZ)]dx
whereg)’"V, known as the Wandzura-Wilczek [9] term, depends onlgpn
gz "' (x Q%) = —a1 (. Q°) + /X 1%;22)dy- (3)
and
G @)= [ VL [0+ @

is expressed in terms of the transverse polarization dehsii, Q%) function (Transversity) suppressed by
the quark mass over the nucleon masd and the twist-3 tern§ which arises from quark-gluon correla-
tions.

It is interesting to note that the quantiti also appears in the first moment @f when at largeQ?
Q> /\%CD) it is expressed in terms of a twist expansion [13, 12]:

: 1 > d 1 MZ 4d ¢ M4

rl(Q):/o 01(Q%, x)dx= an+9—Qz<az+ b+4 z>+0<§>, (5)
whereag is the leading twist, dominant contribution. It is deteredn apart from QCD radiative correc-
tions [14], by the triplega and octetg axial charges and the net quark spin contribution to thé moizleon
spin. These axial charges are extracted from measuremiethis neutron and hyperons weak decay mea-
surements [15]. Herey is a second moment of thgg structure function and arises from the target mass
correction [12]. The quantitied, and f, are the twist-3 and the twist-4 reduced matrix elements.s&he
matrix elements contain non-trivial quark-gluon inteiaics beyond the parton model. A first extraction of
f» has been carried by Ji and Melnitchouk in [16] using the wddth but with poor statistical precision be-
low Q2 = 1 Ge\2. Other investigations of higher twist contributions in thase of spin-dependent structure
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functions were performed and reported in Ref. [17, 18]. Reegtractions off, separately for the neutron
and the proton as well as the non-singlet combinafidr’ = ) — fJ have also been carried out combining
the existing highQ? world data with new lowQ? data from Jefferson Lab [19, 20, 21, 22]. The new data
helped gauge the size of higher twist contribution (beyamdtt4), thus checking the convergence of the
expansion, and providing for an improved precision in theaetion of f,.

In QCD, d, and f, can be expressed as linear combinations of the induced elelciric and magnetic
polarizabilitiesxg andxg [8, 23] when a nucleon is polarized. This twist expansion tayalid down to
Q? ~ 1 Ge\2 if higher order terms are small.

At large Q2 where an OPE expansion becomes valid, the quatititgduces to a twist-3 matrix element
which is related to a certain quark-gluon correlation.

doSHPUIPY = 25 (P Sy OF YR S ©
q
whereg is the QCD coupling constanEW = (l/Z)SWGBFaB, Fup are the gluon field operators, and the
parentheseg---} and[---] denote symmetrization and antisymmetrization of indicespectively. The
structure of the above operator suggests that it measurggrlkanda gluon amplitude in the initial nucleon
wavefunction [6, 7].
The twist-4 contribution is defined by the matrix element

1 _ o~
oM = 5% & (PSgly F'% WoPS (7)
q

whereF " is the dual gluon field strength tensds.can also be defined (generalized) in terms of the structure
functions:

1 rt
2(QF) = 5 [ 0x2(70:(0 Q) + 120p(x. Q) —~ 9(x. Q) ). ®)

whereg;s is the 3rd spin structure function, which has not yet beensorea but could be accessed by an
asymmetry measurement of unpolarized lepton scatterihg loingitudinally polarized target. With only
01 and g, data availablef, can also be extracted through Eqn. 5 if the twist-6 or higkems are not
significant.

The physical significance ak(Q?) has been articulated by Ji and we quote,

[W]e ask when a nucleon is polarized in its rest frame, howsdie gluon field inside of
the nucleon respond? Intuitively, because of the parityseoration, the color magnetic field
B can be induced along the nucleon polarization and the celectric fieldE in the plane
perpendicular to the polarization.

After introducing the color-singlet operatoBs = YgBy andOg = Y'd x gEy, we can define the gluon-
field polarizabilitiesxg andxg in the rest frame of the nucleon[10, 11]

(PSOgE|PS = XBE2M’S. 9)
Thend, can be written as
d2 = (Xe +2x8))/8 . (10)
Thusd, is a measure of the response of the color electric and magiielils to the polarization of the
nucleon. The reduced matrix elemednican be expressed also as a different linear combinatiorecfame
color polarizabilities
fa=(Xe —Xs)/3- (11)
Ultimately the color electric and magnetic polarizabétiwill be obtained fromd,(Q?) and f2(Q?)
when high precision data on both andg, become available. In this proposal we are aiming at mapping
out the(x, Q%) behavior ofg, and providing significantly enhanced data @rat largeQ?.
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2.2 Burkhardt-Cottingham Sum rule
Theg, structure function itself obeys the Burkhardt-Cottingh@) sum rule [25]

1
Mo(Q?) = /O 92(%, Q%) dx=0, (12)

which was derived from the dispersion relation and the asgtitgpbehavior of the corresponding spin-flip
Compton amplitude. This sum rule is true at@f and does not follow from the OPE. It is rather a super-
convergence relation based on Regge asymptotics as atéiduh the review paper by Jaffe [26]. Many
scenarios which could invalidate this sum rule have beetudged in the literature [7, 27, 28]. However,
this sum rule was confirmed in perturbative QCD at ommlewith a go(x, Q?) structure function for a quark
target [29]. Surprisingly a first precision measuremerd,dfy the E155 collaboration [24] & =5 Ge\?

but within the experimentally limited range &fhas revealed a violation of this sum rule on the proton at
the level of three standard deviations. In contrast, theraewsum rule is poorly measured but consistent
with zero within one standard deviation. New high precisientrong, data [30, 31] shown in Fig. 6 &2
below 1 GeV suggest that the BC sum rule is verified withinrstravhile a full test of the BC sum rule
cannot be performed within the limitedrange of this proposal, this measurement will provide Usddita

to further explore the large contributions to the sum rule in the neutréidg.



3 Experimental status ofd)"(Q?) and I'}(Q?) measurements

The early measurements of the spin structure function performed by the SMC [32] and E142, 4]
collaborations in the 90's were meant to reduce the systemaibrs when extracting; due tog,'s contribu-
tion to the measured parallel asymmetries. As the statlgtiecision ofg; improved, a better measurement
of g» was required to minimize the error @a. Therefore, in SLAC E143 [35], E154 [36] and E155 [37]
more data org, were collected and, was evaluated and published by these collaborations. Bo she
statistical errors of these experiments were still largkasithe interest in the physicsgfrose, a dedicated
experiment known as SLAC E155x [38] was approved to meagugd relatively largeQ? to investigate
the higher twist effects in the proton and deuteron. Thisttedn evaluation ofl, with much improved
statistical precision compared to what existed previot@iypoth the proton and the deuteron [38]. At lower
Q? another dedicated experiment known as JLab E97-103 [40pedermed at Jefferson Lab to look for
higher twists effects by exploring th@? evolution ofg} using a polarizedHe target fromQ? = 1.4 Ge\#
down toQ? = 0.6 Ge\? atx = 0.2. The statistical precision was improved by almost aeioof magnitude.
Two other JLab experiments, E99-117 [39] and E94-010 [3(), I¥dd the opportunity to measure thge
structure function in a non-dedicated mode while focusingaaneasurement of ttgf structure function.
The first one provided three data points in the valence quiskr&gion(x, Q?) = (0.33, 2.71), (0.47, 3.52)
and (0.6, 4.83) while the second one was carried out in ttenegge region ap? below 1 Ge\£.

Fig. 3 showsd, from SLAC E155X for the proton in the upper panel and the SLAGEK and JLab
E99-117 combined neutron result compared to several egions. The proton result is generally consistent
with the chiral quark model [61, 46] and some bag models [2716] while one to two standard deviations
away from the QCD sum rule calculations [48, 49, 50]. More am@ntly, the comparison with the recent
lattice QCD calculation of the QCDSF collaboration [51] wiscconsistency with the experimental datum
of the proton. However, it clearly indicates the need for mprovement on the experimental precision
for the neutron datum. In fact Jefferson Lab E99-117 measemn¢s ofg) at largex combined with SLAC
E155X have improved on the total error by almost a factor af.twt the same time the latest QCDSF
lattice calculation reported here has improved also by tofaaf two compared to their previous results
published in 2001 [52]. Of course it is difficult to guess th&t error on the lattice calculation but at this
time the neutrort, result is two standard deviations away from the experintemtae including the lattice
and chiral extrapolation errors. The experimental erroiidatill dominated by the statistical uncertainty.

The Lattice Hadron Physics Collaboration (LHPC) basedfédd®n Lab has plans to extract this matrix
element for the proton and the neutron [53] and provides fardifit check on the QCDSF collaboration
lattice calculations.

It is worth noting that, except for the QCD sum rule calcwatiall nucleon bag models or chiral soliton
models predict values consistent with the lattice QCD teslihe experimental result is thus Zaway
from zero all available calculations. In these modglss negative at large, therefore it is conceivable
that the poor precision (Fig. 5) of the data in this regionffecing the overall sign of the result. It is
important to note that from the point of view of a simple quar&del, thed, matrix element of the neutron
should be much smaller than that of the proton because of )3p{6-flavor symmetry. Thus, with the
present precision of the combined SLAC E155x and JLab E9O9rELtron data it is difficult to draw any
conclusions on the sign and size of the neutron higher twissttthree) contribution. However because
dy is a second moment ir of the linear combinatior{2g; + 3g;) the neutron data set can be improved
significantly at Jefferson Lab with a dedicated measurerfiestthe one proposed here. Due to tkfe
weighting, the contribution of the smatlregion is suppressed and thus using the existing world data t
cover the regiorx < 0.23 should be sufficient to complete the integral.

During JLab experiment E94-010 [30], which was aimed at meag the Gerasimov-Drell-Hearn ex-
tended sum, data ap were taken using a polarizééfie target across the resonance in the ranje<0Q? <
0.9 Ge\2. New results on two moments of the neutron spin structuretfoms, ' anddy, are now avail-
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Figure 3:d, SLAC E155X results of the proton and SLAC E155x combined witlab E99-117 results
of the neutron results compared to several theoreticallzions including lattice QCD (see text). Upper
panel is for the proton and lower panel is for the neutron.

able from this experiment. These I&@# results are shown in Fig. 4 along with the SLAC E155x and JLab
E99-117 combined results. The results published in [31g giglimpse of th&)? evolution of the quantity

dy which does not include the elastic contribution Xat 1) to the integral. However this contribution is
negligible aboveQ?= 3 Ge\? but dominate the quantitg, below Q%> = 1 Ge\?. Note that no comparable
data exist for the proton.

In the investigation of higher twists contributions an irrpot step has already been taken with JLab
experiment E97-103 [40], which has provided precision d@ditg; in the deep inelastic region and deter-
mined itsQ? evolution in the range .66 < Q% < 1.4 Ge\? for a fixed value ok ~ 0.2. The unprecedented
statistical accuracy achieved in JLab E97-103 was critiwgdrobe the size of higher twists contributions
by comparing directly the measurggl to the leading twist contribution ( the twist-two contrilmrt known

as gg(WW) [42]). The experiment has been completed and the resultéspal [40] showing a small but
finite size of higher twists a®? decreases below 1 G8VHowever, as the coverage was in the lowegion,
this experiment has little impact on the evaluation of daentegral. Note that this does not diminish its
importance for direct comparison between the measggeohd the leading twist piece gb.

Two other recently completed experiments, JLab experirg@it012 [43] which used a polarizétie
target, and JLab experiment E01-006 [44] which uses p@dridH; and ND; targets, will add to the
wealth of neutron spin structure functions dagd &énd g3) in the resonance region. However, the first
measurement emphasizes the investigatiog; ofhile the second provides data@t = 1.3 Ge\? for g
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Figure 4:dx(Q?) results of JLab E94-010 without the nucleon elastic coutidm are presented. The grey
band represents their corresponding systematic uncirtaithe SLAC E155 [38] neutron result is also
shown here (open square). The solid line is the MAID calougb5] while the dashed line is a H®PT
calculation[56] valid only at very lowQ?. The lattice prediction [51] a@? = 5 Ge\? for the neutrond,
reduced matrix element is negative but consistent with. A8@note that all models shown in Fig. 3 predict
a negative value or zero at lar@¥ where the elastic contribution is negligible. At moder@fethe data
show a positivel, and indicate a slow decrease w@A. The combined SLAC+JLab datum shows a positive
dy value but with still a large error bar.

with high precision but limited precision fa;.

We summarize the situation of the quality of the neuiggispin structure data in Fig. 5 where we report
the world data withQ? greater than 1 Ge¥/ the projected results of the approved JLab experimentEa6-
and show a comparison with some model calculations as WelﬂaaWandzura—Wilczelg‘éVW contribution
to go. The neutrorg, extracted from the proton and deuteron measurements oEdfbalso shown. The
statistical accuracy already achieved in JLab E97-103sjslayed for their highesp? kinematics point at
Q?=14Ge\?, x=0.2.

The proposed measurement is optimized to minimize the emdhe determination ag;. Obviously,
the ultimate statistical precision at eactialue will help for stringent comparison with modelsgdfx, ).

Finally, turning to the BC sum rule, the experimental sitbats summarized in Fig. 6 where we show
3 measured in E94-010 (solid circles) and, including thetiel@antribution (open circles) evaluated using
a dipole form factor forGy, and the Galster fit foGE. The positive light grey band corresponds to the
total experimental systematic errors while the dark negdiand represents an estimated DIS contribution
usingg‘é"w. The solid line is the resonance contributions evaluatathUdAID and the negative light-grey
band is the neutron elastic contribution added to the medstata to determinE. The results are quite
encouraging since the data show that the BC sum rule is wrifithin uncertainties over th@? range
measured. Our result is at odds with the reported violatfchis sum rule on the proton at high? (where
the elastic contribution is negligible) [24]. It is, howeyeonsistent with the neutron result of SLAC E155
(open square) which unfortunately has a rather large emar n light of our results, a high statistical
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Figure 5: Present worlg?g)) data forQ? > 1 Ge\? along with some model calculations ag§iV. SLAC
E155X neutron results are derived from measurements usilagized NH; and ND; targets as described
in Ref.[41, 24]. The JLab experiments used a polariZdé target in Hall A. We note the consistency
between the data. The solid curve is a quark model calculatycStratmann [47], the dashed line is a chiral
soliton calculation by Weigel and Gamberg [61]. The dotiad tepresent the evaluation gij’W using g
from the statistical model of the nucleon by Bourelly andf&of54].

precision measurement in the range 1 GeVQ? < 5 Ge\? would be very useful for both the proton and
neutron even if the range is limited.

® JLab E94-010
0.04L ¢ o JLab E94-010 + elastic fit
& JLab E94-010 + elastic fit +DIS|estimate
o SLAC E155x
‘—MAI

—~ 0 i ) TR, .
\ ! ¢ o ¢ g
—0.02
Elastic contribution
0 02 04 06 08 1 2 5 10

0’ (GeV?)

Figure 6: Results of} (open diamonds) along with the average of the world data 68 The theoretical
prediction for this quantity is zero (see text).

In the next section we shall describe how we plan to improviherstatistical precision of thg neutron
data at largex which, when combined with the anticipated E06-014 resulil result in a reduction of the
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statistical error bar ofl; by a factor of almost four as well as provide a reasonablecadid thed;, and BC
sum evaluations at Q* > = 3 and 4 GeV.
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4 Proposed Experiment

We propose to measure the unpolarized cross se(rﬁﬁb‘h the parallel asymmetr&xﬁ”e and the perpendic-

ular asymmetnAiHe to extract theg, structure function in the largeregion with good precision. We will
use the longitudinally polarized?{ = 0.80) CEBAF electron beam and a 40 cm-long high pressusgipet!
3He target. The measurement will be performed using two kat@nconfigurations:

e Epeam= 8.8 GeV, with the spectrometerstat +30.0°
e Epeam= 6.6 GeV, with the spectrometersat +40.0°

At each beam energy the BigBite spectrometer will be useddaiee the asymmetry data (perpendic-
ular and parallel) while the left arm HRS spectrometer waéllused to measure the absolute cross section.
Both spectrometers will be set at equal scattering anglesath side of the incident beam line (Fig. 7).
BigBite’s mode of operation is such that a single magnetid fetting will cover the entire kinematic range
at each beam energy. The left HRS momentum will be steppesgsatine same kinematic range to measure
the absolute cross section as a functiorx.ofThe target polarization orientation will be set transeeos
longitudinal to the beam with a value Bf = 0.50 while the beam helicity will be reversed at a rate of 20 H
A beam current of 1A combined with a 30 cm target (after cuts) of density 10 anayigles a luminosity
of 5x 10 cm2s7L.

HRS-L Spectrometer \Shower Caunter
Cerenkov
Drift Chambers

Moller Polarimeter

Target
Polarization: 50%

freshower

Scintillators )
»

| ;

Beam
BCM Magnet /02 Dump
/

Cerenkov
BigBite Spectrometer/
MWDC #2 / \

MWDC #3 \

Pre—shower
Shower AN
AN

N
N

Figure 7: Diagram of floor layout for this proposal showingBite and the LHRS at equal angles on either
side of the beamline.

4.1 Choice of Kinematics

The kinematics for this experiment were optimized in suchag that the the matrix elemedf can be
extracted at larg€®? and largexin a reasonable amount of running time. The data will be cemghtary to
those of the approved 6.0 GeV experiment E06-014. The cadhidata will allow us to make a confident
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evaluation of theQ? evolution ofg) for 0.5 < x < 0.7. Thex-range will be limited by the 6 GeV cut-
off in x. In addition, dy will be evaluated for different values @?. We plan to extract] andgj by
measuring parallel and perpendicular asymmetries. Tleetibns are defined relative to the momentum of
the incoming electron beam.

The usual method of extracting the spin structure functisrie use the following relationships for the
asymmetries:

_ 1 1-¢ n / Q2 n
1 1-¢ - n 2E
AT RR@vareRgy s OO e 4

Using Eqns. 13 and 14 for the extractiongjfandg} relies on the knowledge of the unpolarized structure
function F(x, Q?). This structure function is related ', Q?) (via the Callan-Gross relation) and has
been measured over a large kinematic range. A variety dfiegiparton distribution functions can be used
to reproduce thé&)' structure function well. At large values qF andx the nucleon resonances disappear
and global (and local) Bloom-Gilman duality is well estahkd.

However, another technique exists that is considerablyerdoect and provides a cleaner method of
extracting the spin structure functions. The addition & timpolarized cross section measurement taken
simultaneously by the LHRS to the asymmetry measurememts BigBite allow the direct extraction @f
andgj through the following expressions:

MQ? y 0
= 200 | A +tan-A 15
MQ? y? 1+ (1—y)cosh
= 200 A+ ———F—— 16
® = G A1y 2y 2 AT T ayysine A (10)

whereagy is the unpolarized cross sectid@? is the four momentum transfeax,the electromagnetic coupling
constantf the scattering angle and= (E — E’) /E the fraction of energy transferred to the targif.and
A, are the parallel and perpendicular asymmetries,

o'lﬂ _ O'MT O'lé _ O'Té

A= . A= (17

200 200

The quantityd, is obtained from the measurement of the linear combinatfdheospin structure func-
tions g; (x, Q%) andgy(x,Q?) and forming the second moment of this combination:

1 1.
(@) = | ¥201(x. Q) +302(x Q)] dx= [ () dx (18)

Equations 15, 16, and 17 are then used to rewrite the intdgrfly directly in terms of measured asymme-
tries and the unpolarized cross section:

db(x, Q%) = x2[201(x, Q%) +3g2(x, Q%] (19)

2 2 —
MQZ ey <31+(1 y)cose+ftan9>AL+<§—3>A|

402 (1-y)(2-y) (1-y)sin®@ y 2 (20)

13



Table 1: Parameters used for rate estimates

| kinematic setting|

beam energy 6.6 GeV 8.8 GeV
beam current 10 pA 10pA
beam polarization 0.80 0.80
scattering angle 4 4
momentum rangg 0.2 GeV— 2.37 GeV| 0.2 GeV— 3.85 GeV
z-acceptance 0.2m 0.2m
solid angle 50 msr 50 msr
efficiency 0.67 0.67
eff. target length 30cm 30cm
target polarization 0.50 0.50
eff. target density 10.3 amg 10.3 amg

Table 2: Kinematic bins and expected rates for BigBite sgtti The uncertainties for Aand A, are
statisticalonly and are based on 25 houfi§ &nd 175 hours{) of running time.

E Elent Q? X W |e rate| 1 rate| dA| dA |
[GeV] | [GeV] | [GeV?] [GeV] | [Hz] [Hz]

6.6 | 1.041| 3.213 | 0.308| 2.849 | 16.3 1189 [92-10*|35.10%
6.6 | 1.199| 3.702 | 0.365| 2.707 | 12.6 |591.7 | 1.0-102 | 4.0-10*
6.6 | 1.357 | 4.191 | 0.426| 2.558 | 9.3 257.1 | 1.2-10°%| 46-10*
6.6 | 1.516 | 4.680 | 0.490| 2.399 | 6.5 98.0 15.-102% | 55.104
6.6 | 1.674| 5.169 | 0.559| 2.229 | 4.1 32.8 18-102% | 69-10*
6.6 | 1.832| 5.658 | 0.632| 2.045 | 2.3 9.7 24.10°%|9.2.10*
6.6 | 1.991| 6.147 | 0.710| 1.843 | 1.1 2.5 36-103%| 14-10°3
6.6 | 2.149| 6.636 | 0.794| 1.616 | 0.35 | 0.58 6.3-10% | 24.-10°3
6.6 | 2.307| 7.125 | 0.884| 1.350 | 0.053 | 0.12 1.0-102 | 6.1-10°3
6.6 | 2.466| 7.614 | 0.981| 1.018 | 0.003 | 0.021 | 7.2-102|2.7-10°2

4.2 Rates and Statistical Uncertainties

The rates and statistical uncertainties were estimateg tise parameters listed in Table 1. The parametriza-
tion MRST2001LO [1] for parton distribution functions wased to construct the unpolarized structure
functions. The range of validity of this parametrizationeistimated to be .0 x 10~° < x < 1.0 and
1.25< Q? < 1.0 x 10’. Two additional parametrizations (CTEQ61 [2] and H12000[3]) were used
to study the variations in the counting rates (it was chedkedne kinematic setting). The agreement was
better than 10%. Table 2 summarizes the proposed binningxpetted rates for kinematic setting I. Note
that this corresponds to a single spectrometer setting iigBie and 10 settings for the HRS. The Big-
Bite coverage will be divided into 10 matching momentum koffine. Table 3 shows the expected rates
for kinematic setting Il. As with the 6.6 GeV kinematics,dtuorresponds to a single spectrometer setting
for BigBite and 10 settings for the HRS. The BigBite momenthite will be divided into 10 matching
momentum bins offline.

Figure 8 plots the BigBitéx,Q?) coverage for the two kinematics. The colored subdivisioftsin
each kinematic stripe reflect how the BigBite data will badid into bins offline. The HRS kinematics are
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Table 3: Kinematic bins and expected rates for BigBite isgtti. The uncertainties for Aand A, are
statisticalonly and are based on 40 houfl$ &nd 360 hours_() of running time.

E L eont Q? X W |e rate| Tt rate| dA| dA |
[GeV] | [GeV] | [GeV?] [GeV] | [Hz] [Hz]
8.8 | 1.111| 2.621 | 0.182| 3.565 | 55.9 7429 [53.-10%4]13-10%
8.8 | 1.412| 3.328 | 0.240| 3.382 | 44.3 | 2491 |54-10“%|14-10*
8.8 | 1.712 | 4.036 | 0.303| 3.188 | 34.2 739.4 |57-104|16-10%
8.8 | 2.012 | 4.744 | 0.372| 2982|253 | 1975 |6.2-10%|19-10*
8.8 | 2.312| 5.452 | 0.448| 2.761| 17.4 | 48.0 72.104 ] 23.10%
8.8 | 2.612| 6.160 | 0.530| 2.520 | 10.7 | 10.7 8.7-10%|3.0-10*
8.8 | 2912 | 6.867 | 0.621| 2.254 | 5.5 2.2 1.2-103% | 42.10*
8.8 | 3.213| 7.575 | 0.722| 1.951 | 2.0 0.4 1.9-102%| 7.0-104
8.8 | 3.513| 8.283 | 0.834| 1.592 | 0.48 | 0.07 43.10°|16-10°°
8.8 | 3.813| 8.991 | 0.960| 1.124 | 0.005 | 0.01 37102 | 15.-102

10— This proposal i)

E =8.8 GeV, 6 =30 degrees \
This proposal -

8 E =6.6 GeV, 0 =40 degrees

%
S 61
o
4 —
9 Coverage from E06-014 _]
! | \ | \ | !
0 0.2 0.4 0.6 0.8 1
XBj

Figure 8: The two upper stripes reflect the BigBiteQ?) coverage for the proposed measurement at 6.6 and
8.8 GeV. The colored subdivisions within each kinematipstreflect how the BigBite data will be divided
into bins offline. The HRS kinematics are chosen to match ¢meral (x, Q%) value for each of those bins.
The lower stripes reflect the coverage from the lower energgsurement E06-014.
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chosen to match the centriad, Q?) value for each of those bins. The lower stripes reflect ther@me from
E06-014 which will run in early—2008.

The electron rates quoted in Tables 2 and 3 are the rates®ifmonly. Additional rates from small
admixtures of the buffer gas nitrogen were checked and caredected. Scattering from the end windows
will be minimized using software cuts.

The parallel vs. perpendicular running times were estithatéwo independent ways: i) minimization
of the statistical uncertainty ig5, and ii) minimization of the statistical uncertaintyxf(2g; + 3g;). Both
methods yielded essentially the same time distributione fidguested beamtime includes 200 hours for
the 6.6 GeV kinematics, 400 hours for the 8.8 GeV setting,amddditional 100 hours for calibration and
overhead. The total is 700 hours, or roughly 29 days of beam.

4.2.1 Positron Contamination

Another source of background are electrons frohee pair creation. We assumed the positrons are gen-
erated from Dalitz decays af®’s and conversion of decay photons in the target and magesiarounding

the target. The positrons are then detected in the spedieamfereasonable approximation for this back-
ground estimate is taking the averagerof andt™ rates [4]. The cross sections were obtained from fits
by D. Wiser [5]. Our lowest momentum bin will be limited by tlmeasured) /e’ ratio. We anticipate

this limit to be aroundc = 0.2. We believe that we can easily resolve electron/positairs given the good
spacial (angular) resolution of BigBite. The events candmaved via software cuts. Measurement of
the positron production cross section during JLab E99-tibivs that it is less than 3% of the total cross
section at = 0.33 and scattering angle of 39n any case, we plan to measure the positron Cross sections
by reversing the field in the left HRS to confirm our procedures

5 Description of the Hardware

5.1 The Polarized Beam

In this proposal we shall assume that the achievable beaanization at CEBAF is 80% with a current
of 10uA  The polarization of the beam will be measured with the HalMaller and Green Compton
polarimeters.

The impact of radiation and heat load on the target cellsheilminimized by using the raster system to
steer the beam through a circular pattern with a diameteogppte to the target dimensions.

5.2 The Green Compton Polarimeter

The electron beam polarization can be measured in Hall AguSitmpton polarimetry. Because the Comp-
ton scattering asymmetry can be calculated exactly in Quaiiectro-Dynamics (QED), the electron beam
polarization can be extracted from the scattering asynynimttween the electron beam and a high power
laser. The current Compton Polarimeter in Hall A utilizesadify-Perot cavity operating at 1064 nm (IR)
laser with about 1.5 kW of intra-cavity power. Both scatteetectrons and photons are detected and the
beam polarization is extracted from the measured asymnoétejther electron-only events or electron-
photon coincidence events. The figure of merit (FQNA)?) is proportional tok? x E? with k the photon
energy and the electron beam energy. The present polarimeter progiggstematic uncertainty of about
3% for a 4 GeV beam.

Over the next a few years there are a few experiments apptovesh in Hall A which require higher
precision. To meet the requirement of these experimenigpgrade is being planned [80]. In it, the existing
Fabry-Perot cavity will be replaced by a 532 nm (green) gawith twice the power, resulting in a four-fold
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enhancement of the FOM for the Compton polarimeter. Assedtiemprovements to the electron detector,
the photon calorimeter, and data acquisition method areralpuired. These upgrades are expected to be
complete within the next couple of years and are crucial ihlthe upcoming experiments at 6 GeV and
future experiments after the 12 GeV Upgrade. For an 11 GeYhb&nce the magnetic chicane has been
upgraded to support an 11 GeV beam, it should be possiblehievecbetter than 1.5% absolute accuracy
for the measured beam polarization.

One author of this proposal is already heavily involved i@ @ompton upgrade which is on-going at
the Green Compton Polarimetry Lab in Jefferson Lab’s ARCding. We expect to continue this effort
and make significant contributions to the Green Comptonldpugent and commissioning at both 6 and
12 GeV.

5.3 The Polarized®He Target

The polarizedHe target at JLab is based on optical pumping of a vapor ofiai@ms and subsequent spin
exchange between the polarized atoms andHteenuclei.
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Figure 9: Typical layout of a polarizetHe target. Note that for simplicity, only one of the threesset
orthogonal Helmholtz coils shown.

Figure 9 shows the basic layout of the polariZéte target which currently exists for research in Hall
A [74]. The target holding field is provided by two sets of Haitz coils oriented normal to each other,
hence the target spin direction can be aligned either gh@lperpendicular to the electron beam. Fig. 10
shows a picture of a standard 40 cm long cell. The cells fadhexperiments consist of a two chamber
design. The upper spherical chamber contains the alkatiruahile the lower chamber is used for electron
scattering from the polarizetHe.

Approximately 100 Watts (total) of light from a set of 3-4 dmlasers is combined using an optical fiber
coupler and directed through a series of optics to producelerly polarized light at a wavelength ef795
nm. This light is used to polarized the alkali vapor througlical pumping. The polarized alkali transfers
its spin to the’He nuclei through collisions.

This target has been used by seven experiments in Hall A ff@®8 1o 2006 and is currently being
re-designed for a series of five experiments planned for 280shown in Figure 11. In addition to adding a
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Figure 10: A standard polarizetHe target cell. The cell consists of a spherical “pumpingnber,” a
cylindrical “target chamber,” and a “transfer tube” contireg the two chambers. The electron beam passes
through the 40 cm long target chamber as shown.

third set of Helmholtz coils to allow for polarization in thertical direction, the new system will incorporate
new design features allowing it to capitalize on the recewtsss of a similar target used for experiment
E02-013 [75]. So-called ‘hybrid’ target cells [76] contiaig a mixture of potassium and rubidium were
used to achieve over 50% polarization witp/8 of beam current. During E02-013 a single cell was used
with a beam current of gA for 6 weeks without rupturing. Beam currents up to.scould be used with

a degradation in polarization and cell lifetime.

The target polarization can be measured using two methoti#R Wnd EPR (Electron-Paramagnetic
Resonance). Each type of polarimetry can provide a rel@&¥eprecision. In this document we use a
polarization of 50% to estimate the expected uncertaiiesbeam time request. With a beam current of
10 pA and a typical target density of 12 amg under operating ¢, this provides a— i luminosity of
5x10®stcm2.

This target continues to be a flagship facility for the Hall fogram and will be relatively easy to
adapt for use at 11 GeV in Halls A and C. Polarized target ggaatpthe College of William and Mary
and the University of Virginia continue to produce targelisavith consistently-improving polarization.
Through the combined effort of these groups and the poldtarget groups and personnel at the University
of Kentucky, Temple University, Duke University and Jeffien Lab this collaboration has the necessary
experience and manpower for this polarized target system.

5.4 The Spectrometer Configurations

We plan to use the BigBite spectrometer in Hall A to take thi béithe data, and one HRS spectrometer,
the left arm, to perform cross section measurements artoratdins.

5.4.1 The BigBite spectrometer

BigBite is a non-focusing large momentum and angular aeceet spectrometer that was originally de-
signed and built for use at the internal target facility af taimPS ring at NIKHEF [77, 78]. The spectrom-
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Figure 11: Current design (side view) of the Hall A polarizedyet system for the series of experiments
planned for 2007-08. It is expected that this target systembe used with little modification for the 11 GeV
programs in Halls A and C. Though the target itself is weltesifor use in Hall A or C, a new mounting
system at the pivot, and accommodations for the lasersbeilieeded for use in Hall C.

eter consists of a single dipole magnet (maximum magnelit fi@ Tesla) and a detection system. The
original detector package included two sets of multi-wiré dhambers (MWDC), a plastic scintillator and
an aerogel Cerenkov detector. Since the arrival of the BegBpectrometer in Hall A, a series of highly
rated experiments has been approved to use this powerfidedeVhese experiments include the recently
completed Hall AGg, experiment (E02-013), E04-007, E05-009, E05-015, EOG-&0®-011, and E06-
014. To meet the high rate and high resolution requiremefrisese experiments a new detector package
for BigBite was constructed. This detector package indude

e Three Multi-wire Drift Chambers (MWDC) for tracking.
e A Gas Cerenkov counter for pion rejection.
e A double layer lead glass calorimeter for triggering on héglergy electrons and for pion rejection.
e A plane of scintillators.
The set of MWDC, calorimeter and the scintillators were sgetully used during th€g, experiment, with

the raw rates on the MWDC as high as 20 MHz per plane. The Gank®r counter is being designed now
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to be used for the neutrai®» experiment (E06-014) which is scheduled to run in early 2008

= s

==

Figure 12: An overview of the BigBite spectrometer with tGg, detector package. Shown (from left
to right) are the bending magneé®{,=1.2 T), three MWDCs, the scintillator plane and the showet a
pre-shower detectors. A Gas Cerenkov counter will be aduleditance the pion rejection capabilities.

To first order, the momentum of an electron detected by th&iBigspectrometer is inversely propor-
tional to the deflection angl®¢er) through the spectrometer. This was clearly verified inGagexperiment
where the momentum was found to follow the empirical retedfop

(0.306+ 0.018%end)

e pu—
Oqef

(21)

to the 1.5% level over more than 75% of the BigBite acceptaAsdhe sizes of the coefficients indicate, the
correction based OXhend (Xoend < 0.5m) (the position of the track at the bend plane of the spectrerét

at the 5% level.

For the Gg, experiment, the BigBite spectrometer was located &t 30l m from the target and the
distance between the first and the third MWDC was 0.7 m. Théitighfactor on luminosity for this ex-
periment was the high rate of low energy particle hits in th&/BPICs. As one would naively expect, the
background rate (and the resulting MWDC current drain) deapas the beam energy increased. During
Gg, the maximum operating currents for the 1.5 GeV and 2.6 GeYhbe@ergies were 513A and 7pA re-
spectively. For 3.29 GeV running, the reduced backgroumgldeallowed us to increase the current 128
A GEANT simulation, normalized t&g, background rates, indicates that BigBite spectrometeatéutat
30°, 1.5m from the target and 6 GeV Beam energy (conditions ®Hall A transversity experiment which
is scheduled to run in late—2007) can be operated with beararts up to 10.QA.

For the proposed measurement we plan to locate the BigBatetrepneter at 1.55 m from the target for
8.8 GeV beam energy running. Given the empirical evidencesamulation results above, we can expect
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to be able to run at beam currents higher thapAQnder these conditions. However, we are taking a
conservative approach in this proposal and have assumeg/Aald€am current for the rate estimates given
here

The maximum momentum of the electrons detected irGheexperiment was approximately 1.6 GeV.
In the proposed experiment we plan to double the momentuchrefBigBite with electron momenta
up to 3.2GeV. As a result, the bend angles for these electralhde about half of those for thé&g,
experiment. In order to account for this we will double thstaice between MWDC #1 and MWDC #3
in the BigBite detector stack from 0.7 m to 1.4 m. This will amamately double the angular resolution,
resulting in a 1.5% level momentum resolution for the 3.2 @#ttrons, similar to the resolution achieved
for 1.6 GeV electrons iisg,. The increased resolution for the proposed setup has be#iedeising the
BigBite GEANT simulation as indicated in the next section.

5.4.2 GEANT Simulation of BigBite

The package of programs for the simulation of the BigBitecspeneter characteristics was developed by
V. Nelyubin [79]. The results from this simulation for tit&:, configuration agreed very well with the
momentum resolution and the solid angle acceptance achéewéng theGg, experiment.

This simulation has been repeated for the conditions of tbpgsed experiment; electron momenta up
to 3.5 GeV, BigBite located at 1.55 m from the target, and i distance between the first and the third
MWDC increased to 1.4 m. The results of this MC study of theB#igg momentum resolution are shown in
Fig. 13, where the momentum resolution as a function of thetein momentum for a position resolution
of 0.2 mm (the resolution of the MWDC) are plotted. The expdqgtosition resolution on target along the
beam iso= 5 mm, and the expected angular resolution in both scagt@lemes iso=1 mrad.

4 position resolution Y
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Figure 13: BigBite momentum resolution as function of theceion momentum assuming a position res-
olution from the MWDCs of 0.2 mm (blue squares), and 1.0 mrd @iecles). These are the results of a
complete Monte Carlo study of the BigBite spectrometer atsing a gaseous helium target.

Additional MC studies were done to evaluate the parametietiseoproposed experiment. Figures 14

and 15 show line drawings of BigBite and the other experimlectmponents as they were defined in the
simulations.
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Figure 14: The top view of the experimental setup in the MCusaition. Dimensions are given in mm.
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Figure 15: Side views of the experimental setup in the MC &tian. Dimensions are given in mm.

22



The BigBite solid angle acceptance for different positiafeng the target is shown in Fig. 16, where
events were selected which had an electron momentum of 3/2c@ad scattering angles of 304°. The
target length can be represented as 30 cn@sin{he solid angle averaged over the 30 cm target length is
50 msr.
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Figure 16: The MC simulation of the BigBite solid angie the position on target along the beam direction.

5.4.3 The Field Clamp Configuration for BigBite

The operation of the polarizetHe target requires small magnetic field gradients (the gradiveraged over
the target volume must be below 30 mGauss/cm). When the Bgpectrometer was used at NIKHEF with
an internaPHe target, it was found that the a field clamp covering onlydbiés (see Fig. 12) was sufficient
to keep the gradient below 30 mGauss/cm for dipole excitatigp to 0.9 Tesla. Above this level the fringe
field of the saturated iron yoke created larger gradientss pitoposal has BigBite running at a higher field
(1.27T), but also has the magnet positioned further fromabget region (1.55 nas. 1.1 m) so we anticipate
the field gradient at the target would be comparable everibtth field clamp was used. Nevertheless, work
is underway to design an improved clamp that will limit thddigradient to below 20 mGauss/cm in the
target region.

5.4.4 BigBite Detector Package

For the proposed measurement, the BigBite detector pack@igmnsist of
e three Multi-wire Drift Chambers (MWDC) for tracking inforation,
e a gas Cerenkov counter between MWDC #1 and #2 for pion rejgcti

e a double layer lead glass calorimeter for triggering on reghrgy electrons and for pion rejection,
and

e a plane of scintillators.
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The detector package configuration for BigBite similar tattof theGg, experiment with the addition
of the gas Cerenkov counter that is being constructed fad#ileA neutrond, experiment (E06-014). Since
the proposed experiment is inclusive, the addition of thee@@leov counter for pion and proton rejection is
critical.

The MWDC package was constructed at the University of ViggiiThe package consists of three large
MWDC, each with three groups of wire-planes with wires oigehat +60 (u), -60° (v), and +90 (x). Each
group consists of two wire planes. The third group of windsallows unambiguous track reconstruction
in a high rate environment. Furthermore, the middle chanaliews the identification of multiple tracks
at high rates. The active area of the first chamber is 35ci#0 cm while the active area of the second
and third chambers is 50 cm 200 cm. During the5g, experiment these MWDCs performed very well in
a high rate environment where the rate of raw hits on each-plénee was as high as 20 MHz. All 2600
wires in the chamber were operational for almost continuansing during the 2.5 month long experiment
with no noisy or dead wires. The chamber resolution obtamh@ihg online analysis was approximately
300um, this is expected to improve to about 200 after further analysis. Figures 17 and 18 show the
vertex reconstruction and momentum resolution achievied ahline analysis of th&g, data.

Carbon Foils | foils
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Figure 17: The vertex reconstruction of tHe€ foil target from online analysis @®g, data.

The electron identification for this proposal will be prositiby the Cerenkov counter in combination
with the electromagnetic calorimeter. The latter is congpldsy of two sub-packages. The first a preshower
detector made out of blocks of TF-5 lead glass spanning aveaatea of 210« 74 cn? with 10 cm depth
(3 r.l.) along the particle direction. This is followed by laosver detector composed with total absorption
blocks of TF-2 lead glass covering an area of 285 cn? with 34 cm depth which should contain showers
with energies up to 10 GeV. The resolution of the calorimé&teabout 8%\f(E) leading to an expected
pion rejection of 100:1.

The Cerenkov counter we plan to use for this experiment iseatly being designed for the Hall A
neutrond, experiment at 6 GeV (E06-014). It will be located in the gapeen the first and second wire
chambers with dimensions of 200x60x60%nCerenkov radiation emitted by relativistic particles i
collected in 10 mirrors tiled in a 5x2 arrangement at the lEdke chamber. Each of those primary mirrors
focuses light into a 5" PMT by way of a flat secondary mirrordtex towards the front of the chamber. This
configuration allows the PMTs to be positioned away from tigBBe fringe field and provides a relatively
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Figure 18: Reconstructed momentusi scattering angle showing the momentum resolution for tfedd
elastic data frontsg, online analysis.

compact design that can be installed in the existing Big&&ector frame with minimal modifications.

Our preferred choice of Cerenkov radiator igHgp at 1 atm. This material is non-flammable, non-toxic,
odorless, and does not require special handling to remaasaigroom temperature. It is currently in use
in Cherenkov devices in both Hall B and Hall C at Jefferson. Libindex of refraction is 1.0015 giving
a pion threshold of 2.5 GeV/c. Assuming a 40 cm track lengtth@radiator, our calculations predicts a
mean PMT response of 13 measured photo-electrons (p.er’slgrtron with a conventional Burle 8854 5”
PMT. This estimate includes the PMT quantum efficiency, PMiAdew transparency, and is multiplied by
a factor of 0.7 to accommodate a cumulative 10% loss at eacbmaind the PMT surface (the latter may
be conservative). As a cross-check on the above calcu)atienperformance of the current Hall A short
Cerenkov (a similar design) was scaled to correct for tHemifit path-length and radiator gas. The resulting
estimate of 12 p.e.’s for the BigBite Cerenkov configurai®nonsistent with the earlier calculation.

The high number of registered p.e.’s allow a aggressivenertlireshold (3—4 p.e.’s) to be applied which
essentially removes all of the 1-2 p.e. background noiséeviiggering on> 98% of the electron tracks
(with a healthy margin of error).

We expect a pion rejection ratio of at least 1000:1 and, wtaipled with cuts on the shower/pre-
shower, we expect to achieve a total pion rejection of. 10his is more than adequate for the proposed
measurement. The pion asymmetry will also be measuredgitimsame experiment.

We also reserve the option of adding wavelength shifter ©0o0RMT surface to convert some fraction
of the far-UV photons to something in the PMT sensitivity elope. This typically results in a 20-30%
increase in the number of p.e.’s registered by the PMT, athaetting the coating ‘just right’ is a bit of an
art. This would allow us to switch to an alternate radiates giach as Freon12 & 1.0011 piesh— 3 GeV)
with a negligible impact on the Cerenkov performance.

5.4.5 Left High Resolution Spectrometer

The Hall A left High Resolution Spectrometer (HRS) will besimned on the opposite side of the beamline
at the same angle as BigBite. This will allow it to measurepalis cross sections in the sameange as the
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the BigBite spectrometer. We will use the left HRS with itarstard detector package for electrons which
consists of:

e two vertical Drift Chambers (VDCSs) for the measurement ohmeatum and production angle,
e a Threshold Gas Cherenkov counter for pion rejection,

e a set of scintillators for triggering on charged particlasd

e a double layer lead glass calorimeter for additional pigacten.

As the E99-117 analysis shows, the pion rejection factoh Wit Cherenkov counter and the lead glass
calorimeter are better thank1.0® with an electron detection efficiency of 98%. This is suffitiéor our
worst case scenario.

Specific advantages make the HRS spectrometer a well matobledr the proposed measurement.

e Good electron events in the spectrometer are, in princihle, only to electron scattering ofHe
nuclei since the target cell glass windows are outside tbetspmeter acceptance. However, excellent
target reconstruction by the HRS spectrometers allowsvien eetter background rejection.

e The excellent resolution of the spectrometer permits thasmement of elastic scattering éffle
needed for an absolute calibration of the detector in omlerdasure absolute cross sections.

26



6 Corrections and systematic uncertainties foig and d5

6.1 Radiative Corrections

The radiative corrections (RC) will be performed in two gsgFirst, the internal corrections will be evalu-
ated following the procedure developed by Bardin and Shkofh] for the unpolarized case and extended
to the spin dependent lepto-production cross sections lsidvish and Shumeiko[57, 58]. Second, using
these internally corrected cross sections, the extermegctoons (for thick targets) are applied by extending
the procedure developed for the unpolarized cross sedbipisai[59, 60] with modifications appropriate
for this experiment.

The present measurement is self sufficient to provide ingiat fibr the iterative unfolding procedure used
in the radiative corrections of these same data, excephéolowest momentum transfer region. However
previous measurements at JLab at 6 GeV provide for the reémgaimput data to complete this process with
no need for input models. This is important since we are ésted in providing for helicity dependent cross
sections not only in the deep inelastic region where woriddftstructure functions are available but also
the resonance region where modeling is still tentative @afpe for a nucleus like’He.

6.2 Spin Structure Functions: From3He to the Neutron

Because the deuteron polarization is shared roughly sgbativeen the proton and neutron, extraction of
neutron spin structure functions requires a precise kroigdef the proton spin structure, in addition to the
nuclear effects [62]. This problem is compounded by the tiaat the spin-dependent structure functions
of the proton are typically much larger than those of the meLtmaking extraction of the latter especially
sensitive to small uncertainties in the proton structurefions. In3He, however, the neutron carries almost
90% of the nuclear spin making polariz&de an ideal source of polarized neutrons.

The three-nucleon system has been studied for many yearsaaern three-body wave functions have
been tested against a large array of observables which {har retrong constraints on the nuclear models
[63]. In particular, over the past decade considerable ripee has been acquired in the application of
three-body wave functions to deep-inelastic scatteridg §5, 66].

The conventional approach employed in calculating nud&arcture functions in the region®< x <
0.8 is the impulse approximation, in which the virtual photoatters incoherently from individual nucleons
in the nucleus [67]. Corrections due to multiple scatteriy correlations or multi-quark effects are usually
confined to either the smatl{x < 0.2), or very largex (x > 0.9) regions. In the impulse approximation the
g1 structure function ofHe, in the Bjorken limit Q2,v — ), is obtained by folding the nucleon structure
function with the nucleon momentum distributidrfy (N = p,n) in 3He:

SHe _ 3% p n
g (X) = /X y {2nfy(y) gf(x/y) +Afa(y) gf(x/y)}, (22)

wherey is the fraction of the’He momentum carried by the nucleon, and the dependence st
@?, has been suppressed. The nucleon momentum distribulify(y) are calculated from the three-body
nuclear wave function, which are obtained by either solthgyFaddeev equation [68] or using variational
methods [65], and are normalized such that:

3
/odyAfN(Y) = PN (23)

where py is the polarization of the nucleon #He. While the full three-body wave function involves
summing over many channels, in practice the three lowetgsstaamely thé&, S andD, account for over
99% of the normalization. Typically, one fingg ~ 87% andp, ~ —2% [63, 64, 65, 66, 68].
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The smearing in Eqn.(22) incorporates the effects of Ferption and nuclear binding. Correctly ac-
counting for these effects is important when attemptingtcaet information on nucleon structure functions
from nuclear data at> 0.6, as well as for determining higher moments of structuretions, in which the
largex region is more strongly weighted.

The nuclear corrections to thgg structure function can be evaluated analogously to thasg]foOne
can estimate the order of magnitude of the effects by corisgidirstly the twist-2 part ofg}, which is
determined frong] through the Wandzura-Wilczek relation [42, 70]:

a0, , = —orw + [ Yy, 24)

tw—2

wheregiHe is given by Eqn.(22). The main effect numerically at modettat largex is due to the differ-
ence between the neutron attde polarizations, as the effects due to smearing peaks &\bkof a few
percent ak ~ 0.6. Similarly, the difference in the second momentagfé!i\e between the convolution results
using different®He wave functions is a few percent [68,69]. Moreover, sifee hain objective of the
experiment is to extract the second moment @ -8 297, namely [ dx »(3g)(x) + 297 (X)), the sensitivity
of the correction to variations of the integrand is reduced compared to a dirdcaeion of theg, or g;
structure functions themselves. degli Atti [65] showed thaclear binding effects are quite sizable §iin
the resonance region & values of 1 Ge¥/c® when extracted from polarizetHe. However, the nuclear
effects are smak 4% in the DIS region@? = 10 Ge\?/c?). Our own data, taken during the Bloom-Gilman
duality experiment (E01-012), show that the resonancetstres disappear f@? /gtrsim3 Ge\V?/c?.

While the nuclear model dependence of the nuclear correcppears to be relatively weak for the
twist-2 approximation in the Bjorken limit, an importaniegtion for the kinematics relevant to this experi-
ment is how are these effects likely to be modified at fiQif@ To address this question one needs to obtain
generalizations of Egns. (22) and (24) which are valid at @Ayand which can incorporate the twist-3
component ofy,. In fact, at finiteQ? one finds contributions frorg) to g; ¢, and fromg} to g;He. The
latter vanish in the Bjorken limit, but the former are finitdthough they depend on the Fermi momentum
of the bound nucleons. These corrections can be calculatedblking directly in terms of the (uninte-
grated) spectral functio8(p, E), wherep is the bound nucleon momentum aBds the separation energy,
rather than in terms of the momentum distribution functirig(y). Following Schulze & Sauer [66], it is
convenient to parametrize tRkle spectral function according to:

1 L. o 1, .
S(B,E) = §<f0+f10N'0A+f2 On- P Oa- P —30n UAD, (25)

wheredy andd, are the spin operators of the nucleon &hktd, respectively, and the functiorfg 1, are
scalar functions ofp| andE. The functionfy contributes to unpolarized scattering only, whileand f;
determine the spin-dependent structure functions. Ingefthese functions, at finit®? one has a set of
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coupled equations fay;e andgHe [72]:

Xge(x Q%) + (1— V)xg,™(x, @)

, 1 ., p, 202
_ /d3pdE ){{<1+%+M2> f1+<—§+p§+ gl\';’ +3|\F/)|2> fz} 29 (2,Q%)
2 1 Z
PP o (B -3) B SREd)] (26)

XG0 Q) + g3 (%, @)
— /d3pdE a- S [(1 B ) s (-2 2 1] g e
- an M m2) 3" 3wz) 2 ’
y

Kuhﬁ’((l z/x)) f1+(ﬁx—3 :,\F,’,qu 2/) - pf;) fz}z%z@z)}, (27)

with y = /14 4M2x2/Q2 a kinematic factor parametrizing the fini@ correction,e = §?/4M — E, and
z=x/(1+ (£+Yyp)/M). Equations (26) and (27) can then be solved to ohgaif andg,H explicitly. For
Q? — o Eqns. (26) and (27) reduce to simple one-dimensional cativol expressions, as in Eqn. (22). At
finite Q%, however, the smearing function effectively becomesd Q? dependent, so that the amount of
smearing in general will depend on the shape of the nucleantste functions.

The nuclear correction of most interest for this experimsrthat to theg, structure function. One
can test the sensitivity to the kinema@? dependence, as distinct from t8 dependence in the nucleon
structure function itself, by taking the same input neutstmicture function for all values @? at which
xnge is evaluated. One finds [72] that the effect of the kinem@falependence turns out to be rather small
atQ? ~ 1-4 Ge\#, and only becomes noticeable for I&@f ~ 0.2 Ge\?. Furthermore, at these values of
Q? the gy contribution togzHe is negligible compared with the lowest order neutron pa&tidn correction.
This confirms earlier analyses of the nuclear correctionthbyRome-Perugia group [73].

There was also an investigation in Ref. [71] into the roleh&fA(1232) in deep-inelastic scattering on
polarized®He and its effects on thgy neutron spin structure function extraction. The authotisnesed that
when taking the effect of th& into account the values of the first momenigfincreases by 6—8 %.

In summary, all of the nuclear structure function analykes have been performed suggest that both the
neutrong] andg} structure functions can be extracted fréhte data with minimal uncertainties associated
with nuclear corrections. Estimating all the correctionsd #eir uncertainties we come to the conclusion
that in this experiment the statistical error on the finaliteis still the dominant error.

6.3 Target Spin Misalignment

One item of concern was the effect of the target relative spisalignment between the transverse and
longitudinal direction measurements. Fig. 19 shows tHiscefat each value of on the integrand ofl,.
Calculations assuming a relative error dd0in the relative direction of the transverse versus pererali
results in a relative errakd,/d, = 0.15%. Using the Weigekt al. [61] model ofg, andg; we estimated
Ad,/ds to be of the order of 10 % and thus an absolute systematic taitagr of about 15- 103, Recent
implementation of a precision air compass (used duBggin Hall A) have reduced the uncertainty in the
target spin alignment measurement to better thdf €uggesting a more realistic (but still conservative)
estimate would be: 5x 1074,
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Figure 19: Effect of target relative spin misalignment by’ Metween the transverse and longitudinal mea-
surements

6.4 Summary of Systematic Uncertainties

To evaluate the remaining experimental systematic urinéiga for g5 andd; we used relative uncertain-
ties in the cross sections and asymmetries achieved in JRAWDED, E97-103 and E99-117. Table 6.4
summarizes these estimates.

With our improved projected statistical precision the ltatacertainty in the measured quantities will be
almost equally shared between the statistical and therag$iteaccuracy of the measurement.

An elastic scattering asymmetry measurement is plannemiva¢hergy (E= 2.2 GeV) using the HRS
spectrometer to calibrate our spin dependent absoluts sexgions. This quantity can be evaluated using
the measured electric and magnetic form factordHé. This measurement would actually determine the
polarization of the>He nuclei along the electron beam path. False asymmetrikdevichecked to be
consistent with zero by comparing data with target spingjposite directions.

Also contributing to the dilution of the asymmetry is therpeliectron contamination. This correction is
x dependent, and is relevant only in the Igwegion. This contamination will be measured in this expenin
by reversing the spectrometer polarity on the LHRS speatem
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Table 4: List of the systematic error contributionsgibandd?

Item description Subitem description

Relative uncertaint

Target polarization 1.5%
Beam polarization 3%
Asymmetry (raw)

e Target spin direction (0%) <5x10*

e Beam charge asymmetry < 50 ppm
Cross section (raw)

e PID efficiency <1%

e Background Rejection efficiency ~1%

e Beam charge < 1%

e Beam position < 1%

e Acceptance cut 2-3%

e Target density < 2%

e Nitrogen dilution <1%

e Dead time <1%

e Finite Acceptance cut <1%
Radiative corrections <5%
From He to Neutron correction 5%
Total systematic uncertainty (for both g3(x, Q%) and d»(Q?)) <10 %

; T 023 _

Estimate of contr|but|(_)ns tody / b dx 48 %104
from unmeasured region 0.003

Projected absolute statistical uncertainty ondy

Adp ~5x 1074

Projected absolute systematic uncertainty oy
(assuming dz = 5 x 1079)

Adp ~5x 1074

31



7  Summary

7.1 The Proposal in Hall A

In summary, we request 700 hours (29 days) of beam to medseinenpolarized cross sectimrgHe, the

parallel asymmetryb\ﬁ”e and the perpendicular asymmemsfe. The request involves 200 hours for the
6.6 GeV kinematics, 400 hours for the 8.8 GeV settings, anddalitional 100 hours for calibration and
overhead.

Those data will be used to extract tjpstructure function on the neutron in the langdargeQ? region
with good precision (Figures 20 and 21). In marked contmg@,ttheQ2 evolution ofg} is largely a mystery
for Q% > 1Ge\?/c?. The largeQ? coverage of the proposed experiment will allow a clean measent of
the Q? behaviorg)(x, Q?) for x > 0.5 for the very first time. Figure 22 is a plot of the kinemativeage
for this proposal.

The data from this measurement will also be combined witsehaf the lower energgl; measurement
E04-016 to evaluatel) for < Q> >= GeV?/c?. This will provide a measure of th@? dependence of
the d matrix element, again for the very first time f@? > 1Ge\2/c2. The quantityd) = /3, dx =
folxz(Zgl + 3g2) dxis related to the twist three matrix element in the Operatodict Expansion (OPE)
framework. Itis a direct measure of the quark-gluon coti@te within the nucleon and reflects the response
of the color electric and magnetic fields to the polarization of the noicléalignment of its spin along one
direction). This quantity has seen considerable study ttideaQCD and is one of the cleanest observables
with which to test the theory.

d; with BigBite
- ( JLab 11GeV, BigBite
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Figure 20:ngg(x) vsS. xpresenting the statistical errors expected from the pegposeasurement (green
squares) for the 6.6 GeV kinematics. Existing world datasdse shown. Note that these points reflect
a wide range ofQ? values. d, will be evaluated by combining the data at both kinematias ewolving
integrand to a commo®?, bounding the uncertainty introduced by the evolutiorgpby exploiting the
explicitly measured)? evolution.
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squares) for the 6.6 GeV kinematics. Existing world dataaése shown. As in Figure 20, these points reflect
a wide range of)? values.d, will be evaluated by combining the data at both kinematia$ erolving the
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bins. The lower stripes reflect the coverage from the lowerggnmeasurement E06-014.
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7.2 TheComplementary Proposal in Hall C

We would also like to comment on a “sister” proposal for Hal{@so requesting 700 hours) that has also
been submitted to the PAC30 board. The kinematic coveragigedflall A measurement has been specifi-
cally selected to compliment the coverage of the Hall C psapdigBite in Hall A is ideally suited to map
out the the highk, high-Q? region with excellent statistics in a modest time. In costirthe SHMS/HMS

in Hall C is uniquely suited to make @efinitivemeasurement of th@? evolution ofdy in the centralQ?
range due to its uniquely fl&@? coverage per bin overd< x < 1. This allowsd, to be explicitly evaluated

at severalQ? valueswithout evolving the integrand. An open geometry detector like BigBs not able to
match such kinematics due to rate limitations at forwardemd-igure 23 shows the combined coverage of
the pair of proposed measurement in Halls A and C and higisligtoposed lines of integration fds and
regions of study for th€? evolution ofg,. The information that could be extracted from such a contbine
effort is truly impressive.

10w T T T I I I T T T T T T
| | EEEE Hall A: BigBite @ 6.6 GeV, 8 =40
I Hall A: BigBite @ 8.8 GeV, 8 =30
9 H B Hall C: SHMS @ 11.0 GeV, 8= 11.0° p =75 GeV
[| EEEE Hall C: SHMS @ 11.0GeV, 8 = 13.3%, p, = 7.0 GeV
8 H Hall C: SHMS @ 11.0 GeV, 8 = 15.5°,p’)=6.3 GeV
|| Hall C: HMS @ ll.OGcV,0=13.5’,p0=4.26c\’
7 Hall C: HMS @ ll.DG:V,0=16.4°,p0=5.OGcV
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Figure 23: The combined kinematic coverage for the pair aigomentary experiments proposed in Halls
A and C. In addition to simply mapping ogi(x, Q%) over a very broad range afandQ?, the vertical lines
show thex values where a thoroug®? evolution study can be accomplished. The horizontal lifresvs
how the combined data could be binned to commiQ(@z) at almost constar®? for a broad range of?.
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