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The Spin Asymmetries of the Nucleon experiment (SANE) measured two double spin asymmetries
using a polarized proton target and polarized electron beam at two beam energies, 4.7 GeV and
5.9 GeV. A large acceptance, open configuration detector package identified scattered electrons at
40° and covered a wide range in Bjorken z (0.3 < z < 0.8). The twist-3 matrix element, d3, was
extracted from the measured spin structure functions, g7 and g5, that provides information on the
dynamical higher twists associated with quark-gluon correlations. Our results at Q? values from 1.0
to 6.0 GeV? were found to be in agreement with the two existing measurements and lattice QCD
calculations, however, the scale dependence indicates observation of an average color Lorentz force.

Quantum chromodynamics successfully describes
many observables in high energy processes where the
coupling is small and perturbative (pQCD) calculations
are applicable. Lattice QCD calculations continue to
mature and provide insight when the coupling is strong.
However, experiment and lattice calculations have had
a dichotomous existence; lattice QCD calculations have
great difficulty with experimentally-accessible observ-
ables, whereas, lattice easily calculates observables that
are, at present, practically impossible to measure.

When promoted from subject of experimental investi- *

gation to theoretical tool, precision pQCD calculations
are useful for unraveling the non-perturbative dynam-
ics of color confinement. An operator product expan-
sion (OPE) provides well-defined quantities which cod-
ify not only parton distributions, but also quark-gluon
correlations that lack a partonic interpretation. Perhaps
more importantly, a transversely polarized nucleon target
probed with polarized electrons yields an unique experi-
mental situation where non-trivial ab initio lattice QCD
calculations can be tested.

The nucleon spin structure functions, ¢g; and gz, pa-
rameterize the asymmetric part of the hadronic tensor,
which through the optical theorem, is related to the for-
ward virtual Compton scattering amplitude, 7},,. The
reduced matrix elements of the quark operators appear-
ing in the OPE analysis of T}, are related to Cornwall-
Norton (CN) moments of the spin structure functions.
At next-to-leading twist, the CN moments of give
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where a,, = G,—1/2 and d,, = Jn_1/2 are the twist-2
and twist-3 reduced matrix elements, respectively, which
for increasing values of n have increasing dimension and
spin.

If target mass corrections (TMCs) are neglected, the
twist-3 matrix element can be extracted from the n = 3
CN moments at fixed Q>

da :/0 x* (291(x) + 3g2(x)) da = 3/0 z°ga(w)dz (3)
where

2x) = ga(a) — g ()
—an0) - [ [ 2%y - u(w)]

The term in brackets is the leading twist piece of go
known as Wandzura-Wilczek (WW) relation [1], thus,
leaving go only containing higher twist contributions.
The d» matrix element is of particular interest be-
cause it can be interpreted as an average transverse color
Lorentz force acting on the struck quark the instant af-
ter being struck by the virtual photon[2, 3]. This can be
easily seen by explicitly writing the matrix element

. 1
dz = 2MP+2SI<

(4)

P,S|q(0)9G¥(0)y"q(0) | P, S). (5)
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where the proton is moving in the infinite momentum o
frame, i.e., ¥ = —cZ, and the field strength tensor be- o
comes 99

100

{E + U X B}y = E + B, \[G+y (6)101
102
and 103
\[ 104
FY = (P, S |q(0)G™¥ (0 )| P, S) 105
2P+ |q ( | (7)106

= —2M?d,

107

Furthermore, when considering higher twist matrix el
ements Burkardt [2] showed that the color electric and'”

. 110
magnetic forces can be separated by
111

_M?2 - . 112
FE = {4\4 |:2(2d2 + f2):| (8)113
a2 114
Fg = ]2\4 |: (4d2 — fg):| . (9)115

116
The twist-4 matrix element is defined as w
118

fo M2 5% = LS (P 5 g iy Gy 0 PS) (10)

2 i 120

121

and it can be extracted from the first moment of gi.1,
The next-to-leading twist contribution to I'y is written,;
in terms of the reduced matrix elements[4] 12
125

(11)126

127

2

pag = —— (512 + 4d, +4f2)7

where as is twist-2, Jg is twist-3, and fg is twist-4. Since'™
w4 does not enter at leading twist it must determined by
subtracting the, presumably well known, leading twist

129
130
131

(12)132

133

ATy =T — po

where the AI'; contains all higher twists. Therefore itis
should be clear that a clean determination of fg wouldiss
require precision data taken at high Q2 in order to makerss
sure all higher twists are suppressed. Then by movings
to lower Q2 the with matched precision in dy and és theiss
difference can be attributed to fy or even higher twists.is
Before this can be done, however, the leading twist termsuo
must be well determined by precision measurements atia
low x, where the integral of the first moment dominates,s
and large momentum transfers to ensure the absence ofis
higher twists. 144

It should be emphasized here that a measurement of gous
provides direct access to higher twist effects, i.e., withouts
complicating fragmentation functions that are found ins
SIDIS experiments. This puts polarized DIS in an en-is
tirely unique situation to test lattice QCD [5] and modelus
calculations of higher twist effects. 150

We conducted the experiment at Jefferson Lab in Hall-1s:
C during the winter of 2008-2009 using a longitudinallyis

polarized electron beam and a polarized proton target.
Production data was taken with two beam energies, 4.7
and 5.9 GeV, and with two target polarization directions:
longitudinal, where the polarization direction was along
the direction of the electron beam, and transverse, where
the target polarization pointed in a direction perpen-
dicular to the electron beam. The target angle for the
transverse configuration was 80° in order to accommo-
date electrons detection at similar kinematics for both
configurations. Scattered electrons were detected in a
new detector stack called the big electron telescope array
(BETA) and also independently in Hall-C’s high momen-
tum spectrometer (HMS).

The beam polarization was measured periodically us-
ing a Mgller polarimeter and production runs had beam
polarizations from 60% up to 90%. The beam helicity was
flipped from parallel to anti-parallel at 30 Hz and the he-
licity state, determined at the injector, was recorded for
each event.

A dynamically polarized ammonia target acted as an
effective polarized proton target and achieved an aver-
age polarization of 68% by using a 5.1 T polarizing field
and microwave pumped cryogenic target cells. NMR
measurements, calibrated against the calculable thermal
equilibrium polarization, provided a continuous monitor
of the target polarization. To mitigate its local heating
and depolarizing effects, the beam current was limited to
100 nA and a slow raster system moved the beam around
within a 2 cm diameter circle. In order to allow for con-
tinuous taking, alternating target cells were used and
swapped out of the beam when the polarization dipped
below 60%. Also by adjusting the microwave pumping
frequency the polarization direction was reversed. These
two directions, positive and negative target polarizations,
were used to estimate associated systematic uncertain-
ties, and by taking equal amounts of data under posi-
tive and negative target polarization directions, cancel
any correlated behavior in the sum. The initial data was
taken with the target polarizing magnet in the transverse
configuration then physically rotated into the longitudi-
nal configuration.

BETA comprised of four detectors: a forward tracker
placed close to the target, a threshold gas Cherenkov
counter, a Lucite hodoscope, and a large electromagnetic
calorimeter called BigCal. BETA was placed at a fixed
central scattering angle of 40° and covered a solid an-
gle of roughly 200 msr. Electrons were identified by
the Cherenkov counter which had an average signal of
roughly 20 photoelectrons[6]. The energy was determined
by the BigCal calorimeter which consisted of 1744 lead
glass blocks placed 3.5 m from the target. BigCal was
calibrated using a set of 7 — ~v events. The Lucite
hodoscope provided additional timing and position event
selection cuts and the forward tracker was not used in
the analysis of production runs.

The target’s 5.1 T polarizing magnetic field caused
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large deflections for charged particle tracks. In order tos
reconstruct tracks at the primary scattering vertex, cor-iss
rections to the momentum vector reconstructed at BigCaliso
were calculated from a set of neural networks that werezo
trained with simulated data sets for each configuration. 20

BETA’s large solid angle and open configuration al-20
lowed a broad kinematic range in x and Q? to be covered.zs
The data was grouped into four Q? bins to calculate thezos
moments at nearly constant Q2. The Q? bins had averagezs
values of 1, 2, 3.5, and 4.5 GeV?/c?. 206

The measured double spin asymmetries for longitudi-zor
nal and transverse target polarizations were formed byazos

changing the electron beam helicity and defined as 200
1 N+ - N_ 210

Ap(a) = 13

)= ey | N v-|

211

where o« = 180° or 80° for the longitudinal and trans-z:
verse target configurations respectively. The normalizedzs
counting rates are Ny = ny/(Q+Ly) where ny is thexs
raw number of counts, Q1 is the accumulated charge foras
the given beam helicity over the counting period, and L2
is the live time for each helicity, df (W, Q?) is the targeta
dilution factor, and the beam and target polarizationszs
are Pp and Pr respectively. 219

The target dilution factor takes into account scatteringzzo
from unpolarized nucleons in the target and is depends onzz
the electron scattering kinematics. The packing fractionzz
of the ammonia beads inside the target cell gives the
relative amount of ammonia to liquid He inside and is
crucial for an accurate determination of df. The packing??
fraction was determined by comparing the electron yields
measured by the HMS to a simulation and using a carbon2*
target with a well-known packing fraction to provide a
baseline and calibration point for the simulation.

The major source of background comes from the de-**
cay of m¥s into two photons which, subsequently, produce
an electron-positron pair that is then identified then as
a DIS electron. Pairs produced outside outside of the
target no longer experience a strong magnetic field and
travel in nearly the same direction. These events pro-
duced twice the amount of Cherenkov light and are ef-
fectively removed with an upper ADC cut[6]. However,
pairs produced inside the target are sufficiently deflected
causing BETA to observe only one of the pairs’ particles.
These events cannot be removed through selection cuts
and dominate the background events.

The background dilution and contamination was de-
termined by fitting existing data and running a simula-
tion to determine their relative contribution. This correc-,s,
tion only becomes significant at energies below 1.2 GeV
where the positron-electron ratio begins to rise. They,
background correction consisted of a dilution and con-,s;
tamination term defined as

9

Ap(a) = Am/ fec — Cre- (14)

The contamination term was small and only increases
to 1% at the lowest x bin. The background dilution
increases with decreasing values of x and becomes sig-
nificant (> 10% of the measured asymmetry) only for
x < 0.35.

After correcting for the pair symmetric background the
radiative corrections were applied following the standard
formalism laid out by Mo and Tsai [7] and the polar-
ization dependent treatment of Akushevich, et.al. [8].
The elastic radiative tail calculated from models of the
proton form factor [9]. The pair-symmetric background
corrected asymmetry was corrected with elastic dilution
and contamination terms

Ae(a) = Acor/,fel - Cel (15)
where f,; is the ratio of inelastic scattering to the sum of
elastic and inelastic scattering, and CY¢; is the elastic scat-
tering cross section difference over the total inelastic cross
section. The elastic dilution term remained less than 10%
of the measured asymmetry in the range x = [0.3,0.8]
for both target configurations. In the same range of
z the longitudinal elastic contamination remained less
than 10% in absolute value, whereas, the transverse elas-
tic contamination remained less than a few percent in
absolute units.

The virtual Compton scattering asymmetries can be
written in terms of the measured asymmetries

Al = m [Algo(l + x cot a) + Ago (X cse a)]
(16)
_ §—(x/n)cota 1
Az = D(1+nf) [A1so +4a (cosa — x sin a cos? (;5) ]
(17)

where 7, £, and x are functions of only the scattered
electron kinematic variables, and D which also depends
on the ratio of longitudinal to transverse cross section,
R=or/or.

The spin structure functions can be obtained from the
measured asymmetries by using equations 16 and 17 with

Fy
9 1+72( 1+ 2) (18)
= (Ao - 4 (19)
92 1442 2/ 1

where 72 = Q?/v2. The combined results for g} and gh
are shown in FIG. 1. These results significantly improve
the world data on ¢g5. Additionally, it provides much
needed data for both spin structure functions at high z.

When target mass corrections become significant ma-
trix elements of definite twist and spin cannot be ex-
tracted from the CN moments. Nachtmann moments,
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FIG. 1. The results for z2g? (top) and z%g} (bottom). (This
is a place holder figure that will be improved)

by their construction, select matrix elements of definite
twist and spin. At low Q?, Nachtmann moments should
be used instead of the CN moments as emphasized in
[10]. Definitons of the Nachtmann moments are found in
[10-12] and are related to the reduced matrix elements
through

Gp—1

Ml(n)(Q2) =an =5, forn=1,3... (20)255
n dn_
Mz( )(Qz) =dn, = 5 L for n = 3,5... (21) 256

257
where we use the convention of Dong[13]. When the tar-
get mass is neglected, i.e. M?2/Q? — 0, these equationsass
reduce to M{ =T'; and I = 2M3. 259

It is important to note that the moments include theso
point at x = 1 which corresponds to elastic scatteringze
on the nucleon. Using empirical fits to the electric andos:
magnetic form factors the elastic contribution to the mo-zs

ments is computed using the structure functions

Ge(Q*) +7Gu(Q%)

9 (2, Q%) = d(z — )G (Q?)

2(14+17)
(22)
951 (z,Q%) = 6(x — I)TGM(QZ)GE(Q2()1_+€§/I(Q )
(23)

where 7 = Q?/4M?. At large Q? the elastic contribution
is negligible. In some sense the elastic contribution, cigl,
is of little interest; it is the deviation from the elastic,
i.e. the inelastic part, which provides the insight into the
color forces responsible for confinement.

_ The results for the Nachtmann moment 2M2(3)(Q2) =
d2(Q?) are shown in FIG. 2 along with a comparison to
the existing measurements and lattice calculations. The
results around Q? = 5 GeV? are roughly in agreement
with the lattice calculations [5].

The two previous measurements of d5 are shown in
FIG. 2. The first dj measurement at Q> = 5 GeV?
was extracted from the combined results of the SLAC
E143, E155, and E155x experiments[14]. The measure-
ment from the Resonance Spin Structure (RSS) exper-
iment [15, 16], extracted a value dj value at Q®> =
1.28 GeVZ2. These two results are shown in Figure 2 along
with a lattice QCD calculation [17].

002
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FIG. 2. The results for d5.(This is a place holder figure that
will be improved)

The results given in table I are consistent with pre-
vious measurements and lattice calculations, however,
at intermediate Q2 dy is lower than the next-to-leading
power corrections predict. Interestingly, this result is
consistent with a recent neutron J;’ measurement [18]
which also observed a significantly more negative value
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at Q% = 3 GeV?, indicating that the forces observedas
are iso-spin independent. Interpreted as an average color2ss
Lorentz force, this observation agrees with simple model®*
that the proton and neutron, differing only by an iso-spin®®
rotation, have the same color-space wave-function, there—z02
fore, on average the struck quark will feel the same color,

force. 304

S
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305
, . .
In summary, the proton’s spin structure functions g; 206

and go have been measured at kinematics allowing for an,,
extraction of four ds values each at near constant Q2. s
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TABLE L.

Q? X Total Measured Elastic
GeV?/c? X

Q7 (total) (measured) (elastic)

Q? (total) (measured) (elastic)

Q? (total) (measured) (elastic)

Q? (total) (measured) (elastic)




