1 EO06-014

A Precision Measurement of d3: Probing the Lorentz Color Force

S. Choi, X. Jiang, Z.-E. Meziani, B. Sawatzky, spokespesson
and
thed} and Hall A Collaborations.
Contributed by D. Flay.

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%) = g™ (x Q%) +32(x Q7). (1)
wheregdW is the Wandzura-Wilczek term, which may be expressed éntiréerms ofg; [1]:
2
WW (X, QZ) X Q2 / O1 yaQ ) (2)
The second term is given as:
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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:

d; (QZ) / [291 (%, QZ) + 393 (x, Q2 dx= 3/ X 5 (x QZ) dx. (4)

d) also appears as a matrix element of a twist-3 operator ingleator product expansion [3]:

(P.S|Wq(0)9G™ (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:

(0) =~ 222 (P.S| i (0)9G™ (0)Y Y 0) | P — —2M?c] (6)
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.
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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, 12] and RSS [13] are included in the plot. For congmarito the resonance contribution, a MAID model [14]

is plotted. Also plotted is the totab from SLAC experiment E155x [15].

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 [16]) describes the trend of the data reasonbly
well. The pQCD parameterization with hadron helicity camagon (dark blue curve [21])—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 [23]) 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 #w/u andAd/d. Recent results from Hall A [20] and from CLAS [24] showed grsficant
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 [25] and one in Hall C [26]) 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= 4.74
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 measure}, we scattered a longitudinally polarized electron bearotdPHe target, in two polarization
configurations — longitudinal and transverdde serves as an effective polarized neutron target singghtp86% of
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Figure 2: Current data fok], Ad/d andAu/u. (a): The current world data for the neutrApfrom SLAC E143 [17]
and E154 [18] and HERMES [19], along with JLab E99-117 [20lscAshown are CQM models and various pQCD
models; (b):Aq/q for the up (1) and down {) quarks. The dashed curves represent a prediciton fromeread
al. [21], while the solid curves show calculations by Avakgiral. [22]. The data shown is from HERMES, SLAC
and JLab.

the polarization is carried by the neutron. This is due taweeprotons in the nucleus being primarily bound in a spin
singlet state [27, 28].

We measured the unpolarized cross seatigand the double-spin asymmetrigésandA, . The cross section was
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 séat@ngles 0B = 45° to the left and right of the beamline,
respectively.

Expressing the structure functions entirely in terms oséhexperimental quantities, we have the expression for
dz:

_ [tme? X2y? 1+ (1—y)cosB 4 4
%= Jo a2 (1—y)(2_y)00K?’Werta”(e/Z))ALvL(93>A]dx, (8)

wherex = Q?/2Mv, v = E — E' is the energy transfer to the targgt,is the scattered electron energy, and v/E is
the fractional energy transfer to the target. The asymesetie given by:

A _NMT_NTTT d A _Nii_NT¢
= N NT an LT N AN

whereN is the number of electron counts measured for a given coufiigur of beam helicity (single arrows) and
target spin direction (double-arrows).

While d> was the main focus of the experiment, the measurement otheraetries allowed for the extraction of
A;, according to:

_ 1 _ n
M= BN d@eny ®)

whereD, n, & andd are kinematic factors [29].
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Figure 3: The E06-014 kinematic coveragé&fandx. The lower band is the 4.74 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 Data Analysis Progress
1.3.1 Summary of Completed Work

A number of analyses for E06-014 have been completed, imgjudktector calibrations for both the LHRS and the
BigBite spectrometer [33] and various background studiesife spectrometers corresponding to nitrogen dilution in
the target and pair-produced electrons [34, 35].

The experiment used a polarized electron beam at energiegdtind 5.89 GeV. The polarization of the electron
beam was measured independently through Compton and Mebg¢tering, and the analysis of these measurments
revealed a beam polarization ©f72% [35].

Knowledge of the target polarization is crucial when perforg a double-spin asymmetry experiment. E06-014
used the standard Hall A polarizéHe target with two holding field directions: longitudinaldatransverse in plane,
with respect to the electron beam direction. The targetrimsiion was extracted through electron paramagnetic
resonance (EPR). The longitudinal polarization was crb&sked using nuclear magnetic resonance (NMR) mea-
surements. During the running of the experiment, the prdéion of the target was 50% [35].

1.3.2 Unpolarized Cross Sections

The LHRS was used to measure the unpolarized cross sectlm arffalysis for the extraction of the experimental
Cross sectiong,,q, for the E = 4.74 GeV and 5.89 GeV data sets is shown in [34].

1.3.3 Unpolarized Cross Section Radiative Corrections

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

A first correction that must be dorefore carrying out the radiative corrections is to subtract tlaestt radiative
tail, since it is long and affects all states of higher ingatimas$V [36]. For these kinematics, the elastic tail is small
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Figure 4: The3He Born cross sections. The error bars indicate the statistirror, while the band indicates the
systematic error. (aEs = 4.74 GeV data; (b)Es = 5.89 GeV data.

and affects the lowest bins in scattered electron enEpgt the S 1% level. The elastic tail was computed using the
ROSETAIL code [37]. The model used for the elastie form factors were those from Amroun [38].

The3He quasi-elastic tail, however, is much larger. The quiste radiative tail was computed by utilizing an
appropriate model of thtHe quasi-elastic cross section [39] and applying radiatffects to it [40]. The tail was then
subtracted from the data. The model was checked againsingxigiasi-elastiéHe data covering a broad range of
kinematics.

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

Es,Ep) = ! g = dE! Eg]axdE/l Es, E! ELE) I (Ep,EL, T — 10
Grad( S5 p) = o T Jemn S £ p ( S5 s7t) Oy ( S p) ( ps Eps t) ) ( )
S p

whereo,q is the measured (radiated) cross sectionjs theinternally-radiated cross sectionks is the incident
electron energyk:, is the scattered electron enerdyEo, E,t) is the probability of finding an electron with incident
energyEg that has undergone bremmstrahlung with ené& @yt a depth inside a material [36, 40].
In order tounfold the Born cross section, an iterative procedure is carriedroRADCOR [41]. It amounts to
calculating:
i 1

Gb:—

. c,ad—/(...)dEg—/(...)dE;)], (11)

where C and the two integrals are defined in Equation V.2 Bj.[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 4 shows the Born cross
sections.

In E06-014, we took data for only twigs values of 4.74 GeV and 5.89 GeV. However, we need enough data t
properly calculate the integrals above. Therefore, we asagitable cross section model [42] to fill in the rest of the
phase space for each data set.

1.3.4 Unpolarized Cross Section Systematic Errors

There are a number of contributions to the systematic emoithe cross section calculation [35]. We will focus our
discussion on the radiative corrections.

The systematic errors corresponding to the radiative ctores include the elastic and quasi-elastic tail subtrac-
tion, material thicknesses in the electron’s path, and dégece on the input model used for the radiative correction
calculations.

The systematic error of subtracting the elastic tail from data is< 1%, determined by considering different
models for the elastigHe form factors.



In a similar fashion as the elastic tail, the systematicatfiéthe subtraction of the quasi-elastic tail was detegdin
by considering different quasi-elastic cross section rsilecompute the tail. We found that the erroris—6% for
the lowest bin irEp, and falling to~ 1% for all other bins for which we have data.

To determine the error related to the material thicknesséisa electron’s path, we varied the thicknesses in our
calculations by up to 10%, and saw a change in our resulting Bmss section of 1.5%.

The error corresponding to the input model used in the rizdiabrrection prodecure was determined by using
different models. The resulting Born cross section charnyeat most= 5% for the lowest bin irEp and dropped to
< 1% for all other bins.

1.35 TheDouble-Spin Asymmetries

The BigBite spectrometer was used to measure the paratigb@mpendicular double-spin asymmetries between lon-
gitudinally polarized electrons and a longitudinally cartsversely polarizedHe target. These asymmetries were
then corrected for imperfect beam and target polarizati@esrections were also made for dilution effects due to the
presence of Win the target [31], and contamination due to pions and paidpced electrons. The full details of these
analyses may be found in [34, 35].

1.3.6 Asymmetry Radiative Corrections

To compute the radiative corrections for asymmetries, \iieg@the radiative correction code RADCOR mentioned in
Section 1.3.3. To do this, we carry out the corrections oanmad cross section differencésy, related to asymme-
tries by:

Ao| | = 200A |, (12)

whereA, , indicates a radiated asymmetry where the target is pothgitber parallel|() or perpendicular () with
respect to the incident electron beam polarization. Theolamzed cross section isj, where ther indicates that
radiative effects have been added in. After the data have dm®/erted to polarized cross section differences, they ar
imported into the RADCOR code in a similar fashion as was donéhe unpolarized cross sections. The difference
here, however, is that a model for the polarized cross sedifterences is needed to complete the integrals mentioned
in Equation 11. This model consists of three componentsitisg different types of physics:

e DIS,
¢ the quasi-elastic region,
e and the resonance region.

The model used for the DIS region was the DSSV global anafyaiton distribution function (PDF) model [43],
which describes world data quite well in our kinematic regad interest. For the quasi-elastic region, we utilized
P. Bosted's nucleon form factors [44], smeared by a quasitiel scaling function [45] to simulate the nuclear effects
of 3He. Putting together the nucleon form factors and the smgéuinction yields a quasi-elaséiy which fits world
data well. For the resonance region, we used the MAID mod#| j&hich also does well describing world data.
Putting the DIS, quasi-elastic and resonance contribstiogether, we build up an appropridte that describes the
physics to a reasonable level, an example of which is showigure 5 where we compare our model to JLab E94-010
data[11, 12]. In the radiative correction procedure, thasipelastic tail was not subtracted first, but rather inetlish
the integration. The elastic tail was found to be very smad was not subtracted.

To minimize statistical flucuations in the radiative cotieas, the corrections were done to a model of our data set.
After obtaining the BormAo from RADCOR, the corresponding asymmetry was obtained bgrting Equation 12
(but using theBorn ap) to find A. Then, the size of the radiative correction at the asymmetgl was determined as:

whereAy, is the Born asymmetry and; is the radiated asymmetry. ThisA was applied to our data for both the
parallel and perpendicular cases as an additive correclibe size of the radiative correction as a functiorka$
shown in Figure 6. The gray band indicates the systematic,avhich is discussed in Section 1.3.7.
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Figure 5: Our model oo | as compared to JLab E94-010 data. Our model consists of camgta smeared version
of P. Bosted’s nucleon form factors to describe the quasstiel region and the MAID model for the resonance region.
The DIS region is modeled using the DSSV PDFs.

The Born asymmetries for our data and their systematic e shown in Figure 7. The error bars indicate the
statistical errors, while the colored bands indicate thetespatic errors, which were obtained by varying all of the
inputs needed to extract the asymmetries within reasofiatite’ and observing the change in the asymmetry.

1.3.7 Asymmetry Radiative Correction Systematic Errors

To investigate the systematic errors on the radiative ctioes, there are two main contributions to consider: niater
thicknesses and model dependence.

To address the thicknesses, they were changed b9% and the result was compared to the unmodified result.
The change was found to k5e1.5%, similar to what was seen for the unpolarized crossoect

The model dependence of the radiative corrections wasrdited as follows: the input spectra to the integrals
were variedat randomby + 10% for 30 trials, and the size of the correction changed 56 where the change was
seen to be the largest.

1.4 Preiminary Physics Results
1.4.1 TheVirtual Photon-Nucleon Asymmetry

Figure 8 shows the preliminary results fhi”e atE =4.74 and 5.89 GeV, respectively. Also shown is worlé diam
SLAC E142 [46] and JLab E01-012 [47] and E99-117 [20]. The(kdde) data points indicate our E =4.74 GeV (E =
5.89 GeV) data. The error bars on the world data are the inrgtuzr@ sum of the statistical and systematic errors, while
the error bars on our data are statistical only. The coloagdib at the bottom of the plot indicate the systematic errors
The systematic errors were determined by varying all ofnipeis to the computation @ﬁ“e to reasonable levels and
observing the change in the asymmetry. The gray band repisegarious global analyses [21, 43, 50, 51, 52, 53, 54].
The data from this experiment are consistent with the woald dcross a wide rangexndespite the larger error bars
in the resonance region, which corresponds t00.519(0.623) for E = 4.73 GeV (E = 5.89 GeV).

1Such quantities include the electron cuts, the nitrogartidit factor, beam and target polarizations, and pion airchpaduction contamination
factors.
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1.42 The Spin Structure Functions

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

MQ? 2
Q= 4;22 (1*y))(/27y)00 [A)+tan(8/2) A (14)
_oM@@ Y 1+ (1—y)cosd
“C Ty oy N T a ysme ) (15)

The preliminary results fogls"'e and gste are shown in Figure 9, which compares the data to various lsode
represented by the gray band [21, 43, 50, 51, 52] and the wlathl The systematic errors on our data were obtained
by varying all of the inputs needed to compgieandg, to reasonable levels and observing the change in the result.

1.5 Current and Future Work

At present, we are working on finalizing our analysis to eat#d) andA]. Additionally, fromd} we can extract the
color electric and magnetic forces [3, 4, 5]. From é{rdata, we can also perform a flavor decomposition to obtain
the quantitieg\u/u andAd/d.
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