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1.1 PhysicsMativation
111 dJ: Quark-Gluon Correlationsin the Nucleon

To date, extensive work has been done investigating thesspinture functiorg; within the context of the Feynman
parton model and pQCD. However, far less is known abougilstructure function. It is known to contain quark-gluon
correlations. It follows from a spin-flip Compton amplituded may be written as:

92 (x,Q%) = g2 (x Q%) +32(x. Q7). (1)
wheregd’"V is the Wandzura-Wilczek term, which may be expressed éntiréerms ofg; [1]:
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wherehr is the transverse polarization density, @i a term arising from quark-gluon correlations. Herg,is
suppressed by the ratio of the quark maggo the target mass!. Therefore, a measurementgyfprovides access to
guark-gluon interactions inside the nucleon [2].

Additionally, a measurement of bothi andg, allows for the determination of the quantd, which is formed as
the second moment of a linear combinatiorgpindgy:

1 1
63 (Q?) = [ [201 (x @) + 302 (¢« Q)| dx=3 | G (x @) dx (4)
d) also appears as a matrix element of a twist-3 operator ingleator product expansion [3]:

(P.S|Wq(0)gG™ (0)y Wq(0) | P.S) = 2MPTPTS'd3, (®)

whereG™Y = % (B*—EY). We see from Equations 3-5 thditis a twist-3 matrix element that measures quark-gluon
interactions.

Recent work has shown [4, 5] that at hig8, d] is seen as a color Lorentz force averaged over the volumesof th
nucleon. This is given by the expression of the transverslei(cforce on the active quark immediately following its
interaction with a virtual photon:

V2

2PJr<
This theoretical interpretation reveals hgwand subsequentig will allow us to examine the color interactions of
the constituents inside the nucleon.

While bag and soliton model calculations & for the neutron yield numerical values consistent with éhog
lattice QCD, current experimental data differs by roughlyg standard deviations (see the high@tlata in Figure 1).
One of the goals of our experiment is to improve the expertalesrror on the value odl) by a factor of four. It
subsequently provides a benchmark test of lattice QCD klous, shown in Figure 1.

FY(0) = 52 (PS| 3 (0)9G™ (0)Y' g (0) | P.S) = —5M°c. ©)



d; World Data

0.012 —— MAID 2007

0.0 Lattice QCD

=

[
*
0.008 + E99117 (Comb.) N
O  E94010
A
°

RSS o {J ‘

E155x
ﬁ

o 0.006

E06014 (Comb.) on *He
0.004

0.002

-0.002

! | ! | ! T R B B

Q?[GeV?]

Figure 1: @ as a function ofQ?. All the data shown with the exception of the SLAC E155x data dominated

by resonance contributions. E06-014 data will observe imtis¢ deep inelastic scattering (DIS) contribution. The
projected error on from E06-014 [6] is shown, along with thitite QCD result [7]. The dashed green curve shows
the pQCD evolution from the lattice point [8] based on thecakdtions of [9, 10]. Data from JLab experiments E94-
010 [11] and RSS [12] are included in the plot. For comparisaime resonance contribution, a MAID model [13] is
plotted. Also plotted is the total, from SLAC experiment E155x [14].

1.1.2 A;: TheVirtual Photon-Nucleon Asymmetry

Another quantity of interest is the virtual photon-nucléamgitudinal spin asymmetr#. It provides insight into the
quark structure of the nucleon and can be defined as:

Ay (x, QZ) _ G1/2— cf3/27

01/2+03)2
where the subscript 1/2 (3/2) gives the projection of thaltepin of the virtual photon-nucleon system along the wirtu
photon direction corresponding to the nucleon’s spin patallel (parallel) to the virtual photon. Constituent dua
models (CQM) and pQCD models predit to be large and positive at large Figure 2(a) shows the current world
data compared to these models. It is seen that the CQM (ybléowl [15]) describes the trend of the data reasonbly
well. The pQCD parameterization with hadron helicity camagon (dark blue curve [20])—assuming quark orbital
angular momentum to be zero—does not describe the datakimilever, the pQCD model allowing for quark orbital
angular momentum to be non-zero (green curve [21]) dexthredata well, pointing perhaps to the importance of
quark orbital angular momentum in the spin structure of tkgeon.

CombiningAf data measured on a polarized effective neutron targewﬁtdi\ata measured on a polarized proton
target allows access t#u/u andAd/d. Recent results from Hall A [19] and from CLAS [22] showed grscant
deviation ofAd/d from the pQCD predictions, which have that ratio approagHtirn the limit ofx — 1 (Fig. 2(b)).

As part of the 12 GeV program, two approved experiments (ohéail A [23] and one in Hall C [24]) will extend the
accuracy and range of this measurement, but a measuremeA{ @it the kinematics of this experiment (E06-014)
will provide valuable support (or refutation) of prior JLabsults, while producing additional input for theoretical
models in advance of the coming experiments at 12 GeV.

()

1.2 TheExperiment

The experiment ran in Hall A of Jefferson Lab from Februariiarch of 2009, with two beam energiesibf= 4.73
and 589 GeV, covering the resonance and deep inelastic valerark gegions, characterized by20< x < 0.7 and
2 Ge\? < Q? < 6 Ge\2. The coverage in theandQ? plane is shown in Figure 3.

In order to calculatel], we scattered a longitudinally polarized electron beanmob#i 3He target, in two polar-
ization configurations — longitudinal and transverdge serves as an effective polarized neutron target sinaghipu
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Figure 2: Current data foh! andAd/d. (a): The current world data for the neutrén from SLAC E143 [16] and
E154 [17] and HERMES [18], along with JLab E99-117 [19]. Aldoown are CQM models and various pQCD

models; (b): the corresponding models and data from HERMtESIaab forAd/d.
86% of the polarization is carried by the neutron. This is thulhe two protons in the nucleus being primarily bound

in a spin singlet state [25, 26].
measured by the Left High-Resolution Spectrometer (LHR®B)le the asymmetries were measured by the BigBite

Spectrometer. The LHRS and BigBite were oriented at séattfangles 0B = 45° to the left and right of the beamline,

We measured the unpolarized total cross sectiprand the asymmetriesH andA;. The cross section was
Expressing the structure functions entirely in terms oséhexperimental quantities, we have the expression for

respectively.
8
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K 1+ {A-yjcosh iltan(e/z)) AL+ (3 - 3) A] dx,
wherex = Q?/2Mv, v = E — E' is the energy transfer to the targgt,is the scattered electron energy, and v/E is

(1-y)sin® y

the fractional energy transfer to the target. The asymeee#ie given by:

N — NTT N+= — NT=
A= and A = —————,
NUT+ NTT NI= + NI=
whereN is the number of electron counts measured for a given cotfiigur of beam helicity (single arrows) and

target spin direction (double-arrows).
While d was the main focus of the experiment, the measurement ostferaetries allowed for the extraction of
©)

Al, according to:
1 n rl An

A= ane N d@ g

whereD, n, £ andd are kinematic factors [27].
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Figure 3: The E06-014 kinematic coveragé&fandx. The lower band is the 4.73 GeV data set and the upper band is
the 5.89 GeV data set. The black dashed line shows W = 2 Ge\Wataeto the left and right of this line corresponds
to DIS and resonance data, respectively.

1.3 Beam Polarization

E06-014 used a polarized electron beam at energies of 40/3.88 GeV. The polarization of the electron beam was

measured independently through Compton and Mgller saadteDuring the running of E06-014, there were several

Mgller measurements performed while Compton measurementstaken continuously throughout the experiment.

Figure 4 shows the beam polarization as a function of BigBitenumber for the Mgller and Compton results. The

beam polarization data was split into four run sets and tkees@e polarization for each run period was then computed
by taking into account both the Compton and Mgller data. Tied fieam polarizations can be seen in Table 1 [28].

| Run Set| Beam Energy (GeV) P. from Compton| P from Mgller [ CombinedP. |

1 5.90 0.726+0.018 0.745+0.015 | 0.737+0.012
2 4.74 0.210+£0.011 - 0.210+£0.011
3 5.90 0.787+0.020 0.797+0.016 | 0.793+0.012
4 4.74 0.623+£0.016 0.628+0.012 | 0.626+0.010

Table 1: Final beam polarization for E06-014, correcteddeam fluctuations. For run set 2 there was no Mgller
measurement. [28]

1.4 3HeTarget Density

A complete understanding of the target density is essemsiiae the calculation of the target polarization from the
EPR and NMR measurements depends or’tie density. The number density 3fle was measured in both the
pumping and the target chambers. This measurement wasvadtig exploiting the fact that collisions wittHe
atoms broaden the D1 and D2 absorption lines of rubidium. [Z8e *He number density at room temperatung,
can be obtained by measuring the width of the D1 and D2 akisarfihes and subtracting a 1%Nontribution.

The full analysis to determine tiéle density may be found in [31].
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Figure 4: Final electron beam polarization from Mgller ar@h@pton measurements for E06-014. Note there was no
Mgller measurement for the second run set [28].

1.5 Polarized 3He Target

Knowledge of the target polarization is crucial when parfirg a double-spin asymmetry experiment. E06-014 used
the standard Hall A polarizetHe target with two holding field directions: longitudinalcatransverse in plane, with
respect to the electron beam direction. The target polkésizavas extracted through electron paramagnetic res@nanc
(EPR). The longitudinal polarization was cross checkedgisiuclear magnetic resonance (NMR) measurements.
EPR measurements were taken every several days duringgbgareent, while NMR measurements were taken every
few hours.

1.5.1 EPR Calibration

The frequency shift of potassium level transitions in thesence ofHe was measured using EPR. This frequency
shift Avepr can be related to the target polarizati®¥,:

4o dvepr
3 dB

whereyyg is the vacuum permeabilitys, is the magnetic momen&FE® is the derivative of the EPR frequency with
respect to the magnetic fieldp is the enhancement factor, angk is the pumping chamber number density. EPR
measurements give the absoldkée polarization in the pumping chamber. However, it istHe polarization in the
target cell that needs to be extracted. A polarization gradnodel is used in order to determine the polarization
between the two chambers. The change in polarization intbehambers is given by:

dPr

AVeEpr= KoMapeNpcPspes (10)

T =dp (Pr —Pp) +yse(Pro— Pp) — TpPp (11)
d
O = dr (Po—Py) 4 TP, (12)

wherePr prp is the polarization of the target chamber, pumping charfHerand rubidium atomd.t is the depolar-

ization rate of théHe; ysg is the spin exchange rate betwéigte and rubidium atoms, arth T are diffusion constants
that depend on the target cell geometries 3ifd density. Taking the equilibrium solution, we obtain apression

that relates the polarizations between the two chambers:

1
1+

The calculated diffusion constamty, is shown in Table 1.5.1 for both target spin directions. d@hpolarization
rate is a sum of various depolarization rates caused byreiffesources as shown in Equation 1€ 4 rvall gre
determined by measuring the target cell polarization liveet The depolarization rate due to the be&nf2™ was

Pr= Pe. (13)



Table 2:dy diffusion constant for both target spin directions.
Parameterl Target Spin| Value | Units | Uncertainty [%)]
dr Long. 0.892] hour?! 15.04
dr Trans. | 0.889| hour? 15.06

Table 3: List of parameters used to calculate

Parameter| Value | Units | Uncertainty [%]
rAerwal 1°0.0714| hour?! 35
rbeam —1°0.0794| hour?! 10.45
rAFP neg. | hour? neg.
r-B neg. | hour?! neg.

| It ]01508] ht | 36.53 |

found by using a model [30]r "B was calculated by measuring the gradient magnetic holdédsfiwhich polarize
the target, and were found to be negligitfé™P was also found to be negligible. Table 1.5.1 shows the resfithe
depolarization rates.

rT _ rHe+ rwall + rbeaer rAFP+ rDB (14)

During EPR measurements, a NMR measurement was done si@alisly, allowing us to calibrate NMR mea-
surements during production with the EPR measurementskirygtéhe ratio of the target polarization measured by
EPR,Pr, and the measured NMR amplitude,A conversion factoc’ can then be formed that allows NMR measure-
ments to be converted into an absoltitee polarization.

After applying thec’ factor to all NMR measurements, a linear interpolation waisedas a function of run time.
This allowed the extraction of a target polarization on alyrrun basis. The pumping and target chamber polariza-
tions were extracted via EPR measurements, shown in Figure 5

Target Polarization

100

90
80
70

Polarization [%]

@®0, NP0 q

° %m%. ‘\

A Target Chamber Polarization (EPR Calibration)

60
50

40
30
20

o Pumping Chamber Polarization
10

BlngI'[e Run Nu m%er

o

1 I 1 1 I 1 1 1 I 1
1400 1600 1800

Figure 5:3He polarization in the pumping and target chambers. Stheepolarization is lost while traveling between
the two chambers.



1.5.2 Water Calibration

In addition to calibrating the NMR using EPR measuremenidRNneasurements on a water sample can also be used
to calibrate’He NMR signals. The polarization of the protons in the watdren placed in a known magnetic field,
can be solved exactly. The water polarization was measwreetiorming NMR measurements on a target cell filled
with water. The water target cell was similar in geometryhieHe filled cells. The water NMR signal was detected
in two sets of pick-up coils that extended the length of thrgei(40 cm) on both sides. A NMR cross-calibration
factor needs to be applied when using the water calibraiecause the NMR measurement for the water celPted
target cell took place in two different locations and thensig were measured in two different pick-up coil sets. The
cross-calibration factor can be calculated by selectifigeatarget spin direction and then taking the ratio ofiHe
NMR signal measured in the pick-up coils at the water celitmsand theHe NMR signal measured at théle
target cell position during a production run. This could fimpiple be done for all target spin directions, longitualin
and transverse. Unfortunately, there was no transverse Nid&urements with thiHe in the water cell position;
as a result, there is a large systematic uncertainty on éims\erse target polarization. With this in mind, the water
calibration for the longitudinal direction is used to cradgeck the target polarization extracted from the longitat
EPR calibration.

Due to the fact that the polarization of water is small{x 10-°), a water polarization model was used in order to
fit the water NMR signal and accurately extract the NMR sidreght. The time evolution of the water polarization
can be described by the Bloch equations given as:

d:Tt(t) _ _Tisz(t) +Y(H(t) — Ho) Ry(t) + %le (19)
d'zyt(t) —  —y(H(t) — Ho) R(t) - %Py(t) +YH1PA(t) (16)
d'zzt(t) —yH1R,(t) %Pz(t) + %XH(t)v (7

whereP is the water polarization in a particular directidris the time;T; and T, are the longitudinal and transverse
spin relaxation timesHy is the resonance fieldi; is the transverse field componeit|t) = Ho + at is the field
componentalong the z-axis;= 1.2 G/s is the field sweep spegds the gyro-magnetic ratio of the proton:= “‘;:%O,
with pp v,0 being the magnetic moment of a proton in wateris the Boltzmann constant aiidis the target chamber

temperature.
Using the Bloch equations, an effective polarizatiBgy; = /P2 + P)%L P2, can be calculated and leads to the

integral equation shown in Equation 18. This equation wagesonumerically using Mathematica. However, an
analytic function is needed to fit the water NMR signal, soragjmmations toP.; were made. Figure 6 shows the
water NMR fit results for 6,189 NMR sweeps.

. 1t .
Peif(t) = e (t-1)/T [Peq(ti) + / e<“t')/T1Peq(u)du} (18)
1 Jt
While the geometries of the water afide cells are similar, they are not identical. To correct Fos tiscrepancy,
the ratio of the magnetic flux through tRide and water cells was calculated. With this informationasewrcalibration
constant can be formed, shown in Equation 19.

NLAYAST ﬁ)( Np®u ) bick—up 19
wr=(a) (o) (12 RS + i) | e, ) (19

wherew(p) means water target (protoje means’He targetP is the polarizationSis the NMR signal height ang

is the magnetic momenSick—up is the NMR signal with théHe target measured at the pick-up coil location where
the water NMR was doneSyrqg. is the NMR signal measured with tRele in the production position. Applying this
constant to the interpolated NMR measurements, a run-byHa target polarization can be extracted. By comparing
the longitudinal target polarizations extracted from tfREand water calibrations, both methods were found to give
consistent results.
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Figure 6: Presented are the sweep up and sweep down signtig fdownstream and upstream coils. The Y lock-in
channel is shown as red markers with water fit shown as a hilaekThe X lock-in channel is shown as a blue line.

1.6 The Left High-Resolution Spectrometer
1.6.1 Unpolarized Total Cross Sections

The Left High-Resolution Spectrometer (LHRS) was used tasuee the unpolarized total cross section. The analysis
for the extraction of the experimental cross sectmpg, for the E = 4.73 GeV and 5.89 GeV data sets is shown in [31].

1.6.2 Radiative Corrections

Electrons lose energy due to interactions with materials Tricludes the material before and after the target, and the
target material itself. These interactions will alter thecéron’strue incident energy and also itaie scattered energy.
This ultimately results in a different cross section thamttiue value. These effects are characterized by ionizédion
Landau straggling) and bremsstrahlung. There are alsehigtder processes at the interaction vertex that must be
considered. Collectively, the correction of these efféectsalledradiative corrections

A first correction that must be domeforecarrying out the radiative corrections is to subtract tlaestt radiative
tail, since it affects all states of higher invariant m#¢$32]. For these kinematics, the elastic tail is negligibhel a
was not subtracted from the data.

The®He quasi-elastic tail, however, has a larger contributimh@eeds to be subtracted. The tail was built up from
calculating theelastictail of the proton and neutron using ROSETAIL [33] and addingm together as2+ n, to
account for two protons and one neutroflte. The systematic effect of the subtraction on the reguttioss section,
Orad» Was< 0.5%.

In considering the effects mentioned above,rifeasureaross section is realized in terms of a triple-integral:

Es,Ep) = ! g = dE!. EE'PaxdEll Es, E. ELE) I (Ep,EL T — 20
Grad( S) p) - o T Jemin ES £ o] ( Sy svt) Or ( S) p) ( P> =p> t) ) ( )
S p

whereo,g is the measured (radiated) cross sectionjs theinternally-radiated cross sectionks is the incident
electron energyk, is the scattered electron energyEo, E,t) is the probability of finding an electron with incident
energyEg that has undergone bremsstrahlung with final enérgy a depth inside a material [32, 34].

In order tounfoldthe Born cross section, an iterative procedure is carri¢éhdRADCOR [35]. It amounts to an
“energy-peaking” approximation, resulting in the caldiga of:
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Figure 7: Unpolarized Born cross sections and P. Bosted=269 model [36] as a function of scattered electron
energy Ep) for beam energies of 4.73 (a) and 5.89 GeV (b). The errordrarthe in quadrature sum of statistical and
systematic errors determined thus far (Sect. 1.6.3).

oL = é {Grad/(...)oibldEg/(...)oibldE;)], (21)

where C and the two integrals are defined in Equation V.2 B}.[Bf‘b.is the Born cross section obtained for iffe
iteration of the codegaq is the radiated cross section to be correctgds then re-inserted into equation for the next
iteration. It was found that the calculation converges inithe first 3—4 iterations. Figure 7 shows the Born cross
sections.

In E06-014, we took data for only twigs values of 4.73 GeV and 5.89 GeV. However, we need enough data t
properly calculate the integrals above. Therefore, we asagitable cross section model [36] to fill in the rest of the
phase space for each data set.

1.6.3 SystematicErrors

Table 4 shows the systematic errors determined from theatatompared to the projected errors in the E06-014
proposal [6]. One large contribution comes from the cutshentarget variables; the cut on the horizontal scattering
angle,®, contributes at the- 2% level. This is not surprising since the Mott cross sectiomost sensitive to this
guantity. Another large contribution comes from the radétorrections. The source of this is due to the dependence
on the cross section model used and how accurately we knowadlexial thicknesses in the electron’s path before and
after scattering. These two radiative correction erroralgioe for an error ok 4%.

Type Proposal (%) | Experiment (%)
PID Efficiency ~1 1
Background Rejection Efficienc ~1 1
Acceptance Cut 2-3 2.7
Target Density 2-3 2.2
Dead Time <1 <1
Radiative Corrections <10 <4

Table 4: The systematic errors on the Born cross sectionlargest contributions come from the radiative corrections
and the target cuts. However, all values are within the $imjtecified in the proposal.



1.7 TheBigBite Spectrometer
1.7.1 The Double-Spin Asymmetries

The BigBite spectrometer was used to measure the paratigb@mpendicular double-spin asymmetries between lon-
gitudinally polarized electrons and a longitudinally cartsversely polarize8He target. These asymmetries were
then corrected for imperfect beam and target polarizati@esrections were also made for dilution effects due to the
presence of Nin the target [29]. The full details of this analysis may barid in [31].

1.7.2 Positron Contamination Correction

In addition to N contamination, pair-produced electrons can also contaimihe asymmetry. To remove this dilution,
thepositronasymmetry is measured on the BigBite spectrometer and tsasiied from the electron asymmetry as:

B Aaaw,e* _R A§+
e _ 22
A; TR (22)
NE"
R = Nra\r/)v,e* ’ (23)
n

whereA$ is the corrected electron asymmetAR™"€ is the uncorrected electron asymmetAﬁ;+ is the positron
asymmetry;R is the ratio of positron to electron events, serving as a teigctor to properly scale the positron
asymmetry. The subscript(p) refers to negative (positive) polarity. With BigBite ingetive polarity, electrons bend
up into the detector, whereas positrons bend downwards.

After applying this correction to the parallel and perpentir asymmetries, we obtain the values shown in Fig-
ure 8(a) for E = 4.73 GeV and Figure 8(b) for E = 5.89 GeV. Radkatorrections have not been applied.

1.8 Preliminary Physics Results

In this section, we present our preliminary physics res‘oktsasymmetryﬁ\i”eand the spin structure functiogs and

g2 on3He. These results are preliminary because work is being dorike radiative corrections to the asymmetries
along with a Geant4 simulation to further investigate tHéedeénce between the bend-up and bend-down acceptances
in the BigBite spectrometer.

The extraction oﬂgHe and d along with the neutron asymmet#}, and the spin structure functiogs; are also
underway; however, the extraction is model-dependentidiure experiments [19] have used Bissey et al.'s complete
model in the DIS regime [39]. However, E06-014’s data spasth the DIS and resonance regions. A consistent
treatment of both DIS and resonance data requires carefigideration of structure-function smearing [40]. We are
working with W. Melnitchouk to extract neutron quantitieg@ss our entire kinematic range.

1.8.1 TheVirtual Photon-Nucleon Asymmetry

Figure 9(a) and Figure 9(b) shows the preliminary resulﬂsp}e at E =4.73 and 5.89 GeV, respectively. Also shown
is world data from SLAC E142 [37] and JLab E01-012 [38] and H99 [19]. The red (blue) data points indicate the
DIS (resonance) data for this experiment. No radiativesmions have been applied to these data. The data from this
experiment are consistent with the world data across a veidge inx, despite the larger error bars in the resonance
region.

1.8.2 The Spin Structure Functions

En route to extracting?, the spin structure functiorng andg, can be obtained according to:

M@y
g = .2 (17y)(27y)00[AH+tan(9/2)AL] (24)
2 2 _
% - MQ y - *AH+1+(1 y)cosB (25)

402 (1-y)(2-y) (1—y)sin® L
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Figure 8: Physics asymmetries with positron correctiorige agenta line shows the DIS threshold, below which is
the DIS region. No radiative corrections. (a): E = 4.73 Getadéb): E = 5.89 GeV data.
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4.73 GeV data; (b): E =5.89 GeV data.
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Figure 10: Preliminary results for the spin structure fioresg; andg, on a®He target for E = 4.73 and 5.89 GeV
compared to the world data [14, 19, 37, 38, 45] and the DSSVetrjdd] and models from Weigel and Gamberg [42],
Bourelly and Soffer [43], and Stratmann [44]. (a) and (h)s:He andgz3He for abeam energy of E =4.73 GeV. (¢) and
(d): g:°"e andg,’He for a beam energy of E = 5.89 GeV.

whereM is the nucleon mass; is the electromagnetic fine structure constgnt;v/E, the fractional energy transfer
to the target;0 is the electron scattering anglep is the unpolarized total cross sectiofj (A,) is the parallel

(perpendicular) double-spin electron asymmetry.

The preliminary results fqyf“e andgz3He are shown in Figure 10, which compares the data to variousha L,
42, 43, 44] and the world data. Radiative corrections haea la@pliecbnly to the unpolarized total cross sections for
the data from this experiment.
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