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Abstract
The double spin asymmetries and absolute cross-sections were measured at large Bjorken x, in
both deep inelastic and resonance regions, by scattering longitudinally polarized electrons at beam
energies of 4.74 and 5.89 GeV from a transversely and longitudinally polarized 3He target. In this
dedicated experiment, the spin structure function go of >He was determined with precision at large
x, and the neutron di twist-three matrix element was extracted. Combining dj and the twist-four
matrix element, f3', the average color electric and magnetic forces were extracted and found to be

of opposite sign and of about 60 MeV /fm
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e Over the past 50 years, a wealth of information critical to our understanding of sub-
105 atomic matter was obtained by probing the electromagnetic and spin structure of the nucleon
10s through lepton (electron, muon an neutrino) scattering. More recently, the availability of
17 polarized lepton beams and targets enabled an intensive worldwide experimental program
s of inclusive DIS measurements focused on the investigation of the nucleon spin structure
0o function g;. This led to the test of the Bjorken sum rule[l, 2|, a fundamental sum rule of
1o QCD, and the determination of the quarks spin contributions to the total nucleon spin[3].
m Further investigation of the nucleon spin structure through QCD has shown that both spin
12 structure functions (g; and go) of the nucleon contain contributions from the elusive quark-
us gluon correlations[4-6] beyond the perturbative-QCD radiative corrections [7-9]. However,
us in stark contrast with the case of g; where these correlations emerge at a higher order in the
us perturbative expansion, and thus are suppressed by powers of the inverse of Q? (the virtual
s photon probe four-momentum transfer squared), in that of g they contribute at leading
uz order. These correlations manifest themselves in go, a deviation of the measured g, from the
s so-called Wandzura-Wilczek value gy3' W [10] expressed solely in term of the g; spin structure
uo function:
g2(z, Q%) = g2(2, Q°) —gngl(x, Q%); (1)
3w @) = (0. @)+ [ il @y, (2
120 where x is the fraction of longitudinal momentum garried by the struck quark in the DIS

121 process. At present there are no ab initio calculations of g, yet. However, using the operator

12 product expansion (OPE)[4, 6], the Q? dependent quantity

1 1
dy =3 / der’gu(z) = / da® [3gs(x) + 201 (2) 3)
0 0
123 is shown to be related to a specific matrix element of [ocal operators of quark and gluon
124 fields[17, 19] and is calculable in lattice QCD [26]. Insight into the physical meaning of dy was
15 articulated by Filippone and Ji [11] where dy is expressed in terms of a linear combination
126 of Yg and xp dubbed the electric and magnetic “color polarizabilities” respectively,

(P,S|q'&@ x gEq|P,S), (4)

XES = WE

(P,S|q'gBq|P, S), (5)

- 1
g —

XBS = one )

127 where P and S are the nucleon momentum and spin, ¢ and ¢ are the quark fields, F and

12 B the average color electric and magnetic fields seen by the struck quark, @ the velocity of



129 the struck quark and ¢ the strong coupling parameter.

o More recently Burkardt [12] identified dy as proportional to the instantaneous average sum
131 of the transverse electric F5(0) and magnetic F7(0) color forces the struck quark experiences
12 at the instant it is hit by the virtual photon due to the remnant di-quark system in the DIS
133 process. The net average force contributes in part to what is called the “color lensing”
14 effect in semi-inclusive DIS where the struck quark feels color forces along its path out
135 before turning into an outgoing hadron [12; 13]. The relations between color forces, color

136 polarizabilities and the matrix elements of quark-gluon correlations are given by:

F(0) = —MTXE = —MT E (2dy + f2)} ; (6)
FY(0) = —MTXB = —MT B (4dy — fZ)} , (7)

137 where f5 is the other quark-gluon correlations matrix element, known as the twist-4 matrix
13 element, and is related to the 22 moment of the g5 structure function. The twist-4 matrix
139 element has never been directly measured but rather extracted by taking advantage of the
1o Q% dependence of gy (x, Q?)[14, 15], since it appears as a higher order contribution suppressed
1 by 1/Q? in the first moment of g; namely I'; = fol drg (z, Q).

2 In fact, dy was calculated in different nucleon structure models [17, 18, 20-25] including
13 lattice QCD calculations [26]. Consistently the different calculations give either zero or a
s small negative value deviating from the world measured positive value by about 2 standard
s deviations from zero [27, 28]. At the primordial level the forces represented in ds are in
us part responsible for the confinement of the constituents, measuring them and confirming
17 our understanding of QCD is one of the important goals of hadronic physics. This situation

us called for a dedicated experiment in the case of the neutron.

1w The E06-014 experiment was performed at Jefferson Lab (JLab) in Hall A and ran from
150 February to March of 2009. The experiment consisted of inclusive scattering of a longi-
151 tudinally polarized electron beam off a transversely and longitudinally polarized 3He tar-
152 get [30, 31] at two incident beam energies 4.74 GeV and 5.89 GeV. The scattered electrons
153 with momenta ranging from 0.7 to 2 GeV /c were detected in both the BigBite spectrometer
15« (BBS) and the left high resolution spectrometer (LHRS) [30, 31] set at a scattering angle
155 of 45°. The double spin asymmetries (DSA) were measured over the full momentum range
156 at once using the BBS due to its large momentum and angular acceptance while the unpo-

157 larized cross sections were obtained from the well understood LHRS by stepping over the

7



158 same momentum range in discrete momentum steps. The longitudinal (transverse) DSA is

150 defined as
1 NE) — 1)

- 8
P,P,Dy, ({cos ¢)) NHE) 4 NT(=)’ (8)

10 Where N is the number of electrons, P, is the target polarization, P, is the electron polar-

Ajw

161 ization, Dy, is the nitrogen dilution factor, ¢ is the azimuthal angle relative to the electron
162 scattering plane, the single arrows refer to the electron’s helicity direction, and the double
163 arrows refer to the target’s spin direction. The orientation of the arrows are such that arrows
16« pointing to the right (left) represent spins that are transverse to the electron’s momentum
165 and arrows pointing up (down) represent spins being parallel (anti-parallel) to the electron’s
166 Mmomentum.

1z The incident electron beam polarization was measured using two independent polarime-
168 ters based on Mgller and Compton scattering, whose combined analysis yeilded an electron
160 beam polarization of 71.87% =+ 1.13% [32]. The residual beam charge asymmetry was deter-
1o mined to be smaller than 100 ppm through analysis of the Compton polarimeter data.

i A 40 em long polarized 3He [30] cell was filled at room temperature with ~ 8 atm of 3He
12 and ~ 0.13 atm of Ny (to reduce depolarization effects). The *He nuclei were polarized via a
173 double spin-exchange optical pumping of a Rb-K mixture. The polarization was monitored
17 by nuclear magnetic resonance (NMR) measurements approximately every 4 hours. The
15 NMR measurements were calibrated with electron paramagnetic resonance (EPR) measure-
176 ments and the longitudinal target polarization was cross-checked using known water NMR
177 measurements. The average target polarization achieved was 50.49% =+ 3.64%.

s The BBS consists of a large-opening dipole magnet in front of the detector stack, which
179 included three sets of multi-wire drift chambers for charged-particle tracking; a lead-glass
180 calorimeter divided into pre-shower and shower sections, used for electron identification; a
11 scintillator plane located between the pre-shower and shower layers, which provided addi-
1s2 tional electron identification; and a newly installed heavy gas Cerenkov detector [34] po-
183 sitioned between the second and third multi-wire drift chambers, which was used for pion
184 rejection. The optics software package used for the BBS was calibrated using various targets
15 at an incident energy of 1.2 GeV [34, 35]. The achieved angular and momentum resolutions
186 were approximately 10 mrad and 1%, respectively. To keep trigger rates compatible with a
17 high live time of the data acquisition (2 80%), the main electron trigger was formed from a

188 geometrical overlap between the total shower energy (with a threshold set to ~ 500 MeV)

8



180 and Cerenkov ADC sum (with threshold set to ~ 1.5 photoelectrons). Clean e~ identifica-
100 tion was achieved by placing cuts on the pre-shower energy, the scintillator energy, the ratio
1 E/p of the total shower energy to the momentum determined from optics reconstruction,
102 and Cerenkov timing. These cuts resulted in a pion rejection factor that was better than
103 10%:1.

ws  The LHRS detector package consisted of two vertical drift chambers used for charged-
105 particle tracking, two scintillator planes used for triggering and timing of charged particles,
s a light gas Cerenkov detector, and lead-glass calorimeter used for electron identification.
107 Optics calibrations [35] for the HRS used the same targets that were used to calibrate the
106 BigBite optics. The LHRS achieved a pion rejection factor better than 10°:1, and measured
100 the e~—2He inclusive cross section to better than 4%.

200  The two main sources of background contamination of the electron sample were due to
201 produced charged pions and pair-produced electrons resulting from photons of 7 decay. The
22 BBS 7% contamination was estimated from the analysis of the pre-shower energy spectrum
203 and found to be less than 3% (6.5%) across the entire useful momentum acceptance for 7~
20 (1), Weighting the measured 7% asymmetries by the pion contamination resulted in a
20s negligible 7% asymmetry contamination. The 7% contamination measured in the LHRS was
206 also found to be negligible.

207 The amount of pair-produced electron contamination was estimated through positron
208 Measurements. Assuming symmetry between the pair produced electrons and positrons,
200 the electron background was directly measured by reversing the BBS and LHRS magnet
210 polarities resulting in positrons, rather than electrons, being steered into the detectors. By
-n switching the magnet polarity both electrons and positrons see the same acceptance which
212 drops out when forming the e /e™ ratio . The positron cross section was measured with
213 the LHRS and subtracted from the electron cross section. We used the BBS measured and
2 fitted et /e™ ratios, along with statistically weighted positron asymmetry measurements to
215 determine the amount of pair production contamination in the electron sample. The final
26 electron asymmetry was then computed from Eq. 9, where ¢; is the 7~ /e~ ratio; ¢y is the
a7 1 /et ratio; cg is the et /e ratio; AT,H is the measured electron asymmetry defined in
218 Eigs. 8; and A‘f’” is the measured positron asymmetry determined from Eqs. 8.

A g AT
AJﬂH _ 7” 7” (9)

1—01—C3+0203.
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29 The electromagnetic internal and external radiative corrections were performed on the
20 unpolarized cross section o using the formalism of Mo and Tsai [36, 37]. The elastic [36] and
21 quasi-elastic [41] radiative tails were subtracted using form factors from [39] and [40]. The
222 inelastic corrections were evaluated using the F1F209 model [48] for the unmeasured cross
223 sections in the resonance and DIS regions. We followed the formalism of Akushevich et
24 al. [43] to perform the radiative corrections on Aoy and Ao, the polarized cross section
225 differences. Here, the exact elastic polarized cross section difference tails were found to be
26 negligible. The quasi-elastic [44, 45], resonance [46], and deep inelastic regions [50] were
207 treated together using input from their respective models. The size of the total corrections
25 in all cases did not exceed 45% of the measured oy, Aoy, and Ac,. This resulted in an
220 absolute uncertainty on the radiative corrections on ¢g; and gs, dominated by the input cross
230 sections models dependence and the knowledge of thicknesses related to the target, of less
2n than 5% at worst, thus smaller compared to their statistical uncertainty.

22 The DSA data were divided, in the Bjorken scaling variable x, into thirteen equally spaced
233 bins of 0.05 bin width, while the cross sections were measured in about the same range but
23 with different bin widths. The mean values of the z-bins ranged from 0.277 < z < 0.873,
25 covering a region from 0.25 to 0.90 in . The corresponding Q? values ranged from 2.04
2 GeV? < Q? < 4.88 GeV? and 2.63 GeV? < (Q? < 6.59 GeV? for incident beam energies of
237 4.74 GeV and 5.89 GeV, respectively. The Born cross sections were found to agree to within
23 6% with those of F1F209 cross section model [48] allowing us to obtain cross sections at the
230 same x values as those used for the asymmetries through interpolations and extrapolations
20 using the F1F209 model.

21 We show in Fig. 1 the polarized spin structure function g, on 3He formed from the

22 measured Born asymmetries and cross sections according to

MQ? y2o

3He 0

> = G 1=y (2 ) (19)
o 1+(1—y)cos€Ae_

T (1—y)sing =+

3 where o is the *He Born cross section, a the electromagnetic coupling constant, y = £ —
2a B'/F the fraction of the incident electron energy lost in the nucleon rest frame and 6 the
us electron scattering angle. Note the dramatic improvement of the statistical precision of our
25 data (in panel a) ) compared to the existing world data at large > 0.3. For clarity panel

27 b) is zoomed in by a factor of 10 and with most of the world data removed.
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. 3
xs  The measured DSAs and cross sections at each beam energy were used to evaluate d,™®

20 at two mean < Q% > values (3.21 and 4.32 GeV?) according to
0.90 2 2,2
M
d;He = / dx % T Y % X
0.25 40 (1-y)(2—y)

1+ (1—y)cos® 4 0 - 4 -
_ _ Ae _ e .
[(3 (1—y)sind +ytan2) L (y 3) ” }

20 The upper integration limit of x = 0.90 was chosen in order to avoid the quasielastic peak

(11)

251 and the A resonance. In addition to using Eq. 12, the Nachtmann moments [55] were also
252 used to evaluate d;He. The difference between the two approaches at our kinematics was
253 found to be an order of magnitude smaller than the measured d;He value, and so Nachtmann
s moments were not used in our analysis. The neutron information was extracted from the
255 d;He quantity through the expression

dJe — (2P, — 0.014) b

dr =
2 P, + 0.056 ’

(12)

26 where P, and P, are the effective proton and neutron polarizations in *He, and the factors
257 0.056 and 0.014 are due to the A-isobar contributions [33]. db in Eq. 12, was calculated from
xs various global analyses [47, 50-54] using the x range covered by E06-014 at average (Q?)
20 values of 3.23 and 4.32 GeV?2.

20 The df values measured during E06-014 represent only partial integrals. The full integrals
%1 can be evaluated by including the low and high x contributions. The low x contribution is
262 suppressed due to the 22 weighting of the d, integrand, but was calculated by fitting existing
263 g7 |49, 56-58] and g% [27, 56, 59] data. The fits to both structure functions extended the
264 T Tange to 0.02 < z < 0.25. The low z d} contribution was assumed to have the same Q?
265 value as our measured dj values. To account for the high x contribution, the elastic form
26 factors G, and G, were computed from the Galster parameterization [60] and dipole model,
267 respectively. The contributions used to evaluate the total d integral are listed in Table I.
s The total values of d results from this experiment are shown as a function of Q% in
260 Fig. 2 (left panel) along with the world data. We find that our dj results are in agreement
20 with lattice QCD prediction [26], as well as various bag [17, 22, 23] and chiral soliton
on models [24, 25], which predict a zero or a small and negative value of dj. Note the general
22 agreement in the sign of our measured dj compared to various model predictions. Given the
273 precision of our measurements, although not at the same Q? value, we find a much smaller

s dfy value than that reported by the SLAC E155 experiment.

11



TABLE I. Our measured dy, along with the low-x and elastic dj contributions, which were used in

evaluating the full d integrals.

(Q*) [GeV?] Measured Low x Elastic Total
3.21 -0.00261 0.00038 -0.00108 -0.00331
4.32 0.00004 0.00038 -0.00069 -0.00027

TABLE II. Our results for fJ', Fr and Fp compared to model calculations. The value for dj is

assumed to be zero in the Instanton model calculation, as it is much smaller than f3' [64].

Group Q? (GeV?) I3 Fr (MeV /fm) Fp (MeV /fm)
E06-014 3.21 0.07623 £ 0.00079 £ 0.04014 -51.85 £ 1.32 £+ 29.90 66.64 £ 2.43 £ 30.00
E06-014 4.32 0.07329 £ 0.00083 £ 0.04013 -54.18 £ 1.37 £ 29.90 55.39 + 2.53 £ 30.00

Instanton [64, 65] 0.40 0.038 -30.41 30.41
QCD sum rule [18, 19] 1 -0.013 £ 0.006 54.25 £ 15.52 79.52 £ 30.06
QCD sum rule [20] 1 0.010 £ 0.010 29.73 £ 16.62 81.75 £ 30.64

MIT Bag [17] 1 0.000 0.000 0.000

s To extract the average electric and magnetic color forces, f' needs to be determined
26 first. To this end we followed the analysis of fo described in [14] but with updated al and
o7 dy values as well as using data from JLab RSS experiment [62]. The singlet axial charge,
2 AY, was determined from values of I'T at Q* > 5 GeV? to be 0.375 4 0.052, in excellent
20 agreement with that found in [63]. A summary of our fJ' and average color force values,

280 along with comparisons to several models can be found in Table II.

21 In summary, we have measured the DSA and absolute cross sections from a polarized
o SHe target. This allowed for the precision measurement of the neutron dy at two (Q?)
263 values of 3.21 and 4.32 GeV2. We find that d% is in general small, and negative at lower
2 (%), while consistent with zero at our higher (Q?) measurement. In contrast with previous
265 results we find values consistent with the lattice QCD prediction [26], and various nucleon
266 structure models. We used our dj measurements to extract the twist-4 matrix element f3'
27 and performed a neutron average electric and magnetic color forces decomposition. Our

268 results show that f7' is much larger then df, leading to the electric and magnetic color forces

12



280 to be nearly equal in magnitude but with opposite sign in the neutron.
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FIG. 1. 2? weighted g;He plotted against x. Panel a) illustrates the increased precision of our
results compared to the world data [28, 49, 56, 58]. All error bars in the world data are statistical
and systematic uncertainties added in-quadrature. Panel b) is zoomed by a factor of 10 in the
vertical scale and excludes some of the world data for clarity. The error bars on the E06-014 data
are statistical only. The top (red) and bottom (blue) bands represent the systematic uncertainty
associated with the E = 4.74 and 5.89 GeV data sets, respectively. The yellow band shows the

;N W, He coverage from several global analyses [47, 50-54].
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FIG. 2. Panel a): World d3 (no elastic contribution) data plotted against Q2. The E06-014 measured
dy without (with) low the low x contributions added are represented by blue solid circle (solid red
up triangle) markers, and are offset in Q? for clarity. The inner error bar ticks on the E06-014
measurements represent the systematic uncertainty, while the outer error bar ticks represent the
statistical uncertainties. The world data [27, 28, 59, 61, 62] error bars represent the in-quadrature
sum of the statistical and systematic uncertainties. Panel b): Shows the effect of adding the elastic
contribution (z = 1 contribution already accounted for in the lattice QCD prediction). Panel c¢): dy
predictions from lattice QCD [26] (red up triangle markers are our final d2n values.), QCD sum
rules [18, 20, 21], bag models [17, 22, 23], and chiral soliton models [24, 25].
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