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Revealing Color Forces with Transverse Polarized Electron Scattering
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The Spin Asymmetries of the Nucleon Experiment measured two double spin asymmetries using a
polarized proton target and polarized electron beam at two beam energies, 4.7 and 5.9 GeV. A large-
acceptance open-configuration detector package identified scattered electrons at 40° and covered a wide
range in Bjorken x (0.3 < x < 0.8). Proportional to an average color Lorentz force, the twist-3 matrix
element, Zig , was extracted from the measured asymmetries at O values ranging from 2.0 to 6.0 GeV2. The
data display the opposite sign compared to most quark models, including the lattice QCD result, and an
unexpected scale dependence. Furthermore, when combined with the neutron data in the same Q7 range
the results suggest a flavor independent average color Lorentz force.
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Today, it is accepted that quantum chromodynamics
(QCD), the gauge theory of strong interactions, plays a
central role in our understanding of nucleon structure at
the heart of most visible matter in the universe. QCD
successfully describes many observables in high energy
scattering processes where the coupling among the con-
fined constituents of hadrons (quarks and gluons) is weak
and perturbative (pQCD) calculations are possible, taking
advantage of factorization theorems and evolution equa-
tions similar to quantum electrodynamics (QED). At the
same time, QCD offers a clear path to unravel the non-
perturbative structure of hadrons using lattice QCD, a
powerful ab initio numerical method that provides the best
insight when the coupling among the constituents is strong.

The most fascinating property of QCD is confinement,
which must arise from the dynamics of the partons inside
hadrons. A small window into this dynamical behavior is
offered by observables sensitive to quark-gluon correla-
tions (providing confining forces) inside the spin-% nucleon.
An operator product expansion (OPE) provides well-
defined quantities which codify not only the well-known
parton distributions in the nucleon, but also quark-gluon
correlations lacking a naive partonic interpretation. Taking
advantage of the spin-% nucleon, these quantities can be
measured in polarized inclusive deep inelastic electron
scattering experiments and calculated as well, using lattice
QCD (for review see Ref. [1]).

The principal focus of this Letter is the measurement of
the dynamical twist-3 matrix element d,, which is inter-
preted as an average transverse color Lorentz force [2] a
quark feels due to the remnant at the space-time point just
as it is struck by the virtual photon. Most importantly, a
transversely polarized nucleon target probed with polarized
electrons yields a unique experimental situation, where this
color Lorentz force can be directly measured and used to
test ab initio lattice QCD calculations.

This semiclassical interpretation of d, as an average
transverse color Lorentz force is valid in the infinite
momentum frame (IMF) of the proton, which is moving
with velocity 7 = —cZ. Using light-cone variables, the
component of the Lorentz force acting on a color charge g
moving in the IMF is

glE + 7% x B = g[E, + B,] = ¢G", (1)

where G is a component of the gluon field strength
tensor. Appearing in the definition of the local matrix
element, G connects d, to the semiclassical transverse
force interpretation

- 2,@ (P.S|g(0)G™(0)r"q(0)[P.S)

= —V2MP* 58, = —-M?d,, (2)

F¥(0) =

where the last equality is only valid in the proton’s
rest frame.

How do we access d,? The nucleon spin structure
functions ¢g; and g, parametrize the asymmetric part of
the hadronic tensor in inclusive electromagnetic scattering,
which through the optical theorem is related to the forward
virtual Compton scattering amplitude 7,,. The reduced
matrix elements of the quark operators appearing in the
OPE analysis of T, are related to Cornwall-Norton (CN)
moments [3] of the spin structure functions. At next-to-
leading twist, the CN moments give

2

1
/x”‘lgl(x,Q2)dx:an+o<%2), n=13..... (3)
0 0
and
/lx"_l (x Qz)dx—n_l(d —a,)+0O %2
0 g2 ’ - n n n Q2 )
n=35,..., (4)

where a, = d,_,/2 and d, = d,_,/2 are the twist-2 and
twist-3 reduced matrix elements, respectively, which for
increasing values of n have increasing dimension and spin.
The twist of an operator is equal to its dimension minus its
spin, and in QCD is a measure of the degree of interactions
between the constituents of hadrons, with higher twist
index representing increased correlations, e.g., the lowest
twist, twist-2, corresponds to asymptotically free quarks;
twist-3 is a quark-gluon-quark (ggq) correlation; twist-4 is
some permutation of gggg correlations, etc. See Ref. [1] for
areview. M is the nucleon mass and Q> = —¢?, where ¢* is
the four-momentum transfer.

Neglecting target mass corrections (TMCs), i.e.,
M?/Q? — 0, the twist-3 matrix element can be extracted
from the n = 3 CN moments

0= / ' 2Bgr(x) - gy (x)]dx, (5)

where gy = g; + ¢,. The equation above shows how
experimental access to d, is achieved through measure-
ments of the spin structure functions g; and g,.

The famous Wandzura-Wilczek (WW) relation [4]
@ (x) = —g1(x) + [L g1 (y)dy/y allows us to write

gr(x) = / D 6) + B, (6)

y

such that g, contains the higher twist contribution to the g,
spin structure function. In the limit of vanishing quark mass
(5) can be evaluated using Eqs. (3) and (4). In this limit, g,
contains only dynamical higher-twist contributions. At
finite quark mass the WW relation still holds [5]; however,
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gr picks up terms from the (twist-2) transversity parton
distribution. These transversity contributions are the sub-
ject of recent theoretical investigations [6,7].

Nachtmann moments should be used at low Q? instead
of CN moments as is emphasized in Ref. [8]. Definitions
of the Nachtmann moments M| and M} are found in
Refs. [8-10], where they appear as more complicated
versions of Egs. (3) and (4), which mix g; and ¢,. They
are related to the reduced matrix elements through

forn=1,3..., (7)

forn =3,5..., (8)

where we use the convention of Dong [11]. Nachtmann
moments, by their construction, project out matrix
elements of definite twist and spin, therefore, they do
not contain any O(M?/Q?) terms. When the target mass
is neglected these equations reduce to M} = J g1dx and
2M3 = [x*(2g; + 3¢,)dx.

Because both twist-2 and twist-3 operators contribute at
the same order in transverse polarized scattering, a meas-
urement of g, provides direct access to higher twist effects
[16] and thus the force we are seeking in this measurement.
This puts polarized DIS in an entirely unique situation to
test lattice QCD [17] and models of higher twist effects.

The Spin Asymmetries of the Nucleon Experiment
(SANE) was conducted at Thomas Jefferson National
Accelerator Facility (TINAF E(07-003) in Hall-C during
the winter of 2008-2009 using a longitudinally polarized
electron beam and a polarized proton target. Inclusive
inelastic scattering data in both the deep inelastic scattering
and nucleon resonance regions were 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 perpendicular to the electron beam. The polariza-
tion angle with respect to the electron beam was 80° for the
transverse configuration in order to match the acceptance
and kinematics of scattered electrons in the longitudinal
target configuration. Scattered electrons were detected in a
new detector stack called the big electron telescope array
(BETA) and also independently in the Hall-C high momen-
tum spectrometer (HMS). Here, we give a brief discussion of
the experimental apparatus and techniques, which are dis-
cussed in more details in an instrumentation paper [18].

The beam polarization was measured periodically using
a Mgller polarimeter and production runs had beam polar-
izations from 60% up to 90%. The beam helicity was
flipped from parallel to antiparallel at 30 Hz and the helicity
state, determined at the accelerator’s injector, was recorded
for each event.

A polarized ammonia target acted as an effective
polarized proton target and achieved an average polari-
zation of 68% by dynamic nuclear polarization in a 5 T
field. NMR measurements, calibrated against the calcu-
lable thermal equilibrium polarization, provided a con-
tinuous monitor of the target polarization. To mitigate
local heating and depolarizing effects, the beam current
was limited to 100 nA and a raster system moved the
beam in a 1 cm radius spiral pattern. By adjusting the
microwave pumping frequency, the proton polarization
direction was reversed. These two directions, positive and
negative target polarizations, were used to estimate asso-
ciated systematic uncertainties, since taking equal amounts
of data with alternating positive and negative target
polarization largely cancels any correlated behavior in the
sum.

BETA consisted 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 angle
of roughly 200 msr. Electrons were identified by the
Cherenkov counter, which had an average signal of roughly
18 photoelectrons [19]. The energy was determined by the
BigCal calorimeter, which consisted of 1744 lead glass
blocks placed 3.35 m from the target. BigCal was calibrated
using a set of 7° — yy 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 5 T polarized-target magnetic field caused large
deflections for charged particle tracks. In order to recon-
struct tracks at the primary scattering vertex, corrections to
the momentum vector reconstructed at BigCal were calcu-
lated from a set of neural networks that were trained with
simulated data sets for each configuration.

The invariant mass of the unmeasured final state is
W? = M? + 2Mv — Q?, where M is the proton mass, v =
E —E' is the virtual photon energy, and Q? = —¢g>
2EE'(1 — cos ). The scattered electron energy (E') and
angle (@) are used to calculate the Bjorken variable
x = Q?/2Mv. BETAs large solid angle and open configu-
ration allowed a broad kinematic range in x and Q7 to be
covered in a single setting.

The measured double spin asymmetries for longitudinal
(¢ = 180°) and transverse (@ = 80°) target configurations
were formed using the yields for beam helicities pointing
along (+) and opposite (—) the direction of the electron
beam,

Ap(a) =

1 N, (a) —N_(a)
FW. 05)PyPy (N+<a> TN <a>> - O

The normalized yields are N = ny/(Q.L. ), where n. is
the raw number of counts for each run (~1 h of beam on
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target), Q. is the accumulated charge for the given beam
helicity over the counting period, and L, is the live time for
each helicity, f(W, Q?) is the target dilution factor, and the
beam and target polarizations are Py and Py, respectively.
The target dilution factor, taking into account scattering
from unpolarized nucleons in the target and depending on
the scattered electron kinematics, is discussed in detail
in Ref. [18].

The dominant source of background for this experiment
came from the decay of z's into two photons which,
subsequently, produce electron-positron pairs which are
then identified as DIS electrons. A pair produced outside of
the target no longer experiences a strong magnetic field
deflection, and therefore the pair travels in nearly the same
direction. These events produced twice the amount of
Cerenkov light and are effectively removed with a cut in
maximum signal amplitude [19]. However, pairs produced
inside the target are sufficiently and oppositely deflected,
causing BETA to observe only one particle of the pair.
These events cannot be removed through selection cuts and
are treated through a background correction.

The background correction was determined by fitting
existing inclusive 7° production data and running a
simulation to determine their contribution relative to the
measured inclusive electron scattering yields. The correc-
tion only becomes significant at scattered energies below
1.2 GeV, where the positron-electron ratio begins to rise.
The background correction consisted of a dilution (fpg)
and contamination (Cgg) term defined as

Ap(a) = A, (@)/ s — Cig- (10)

The contamination term was small and only increases to
1% at the lowest x bin. The background dilution also
increases at low x and becomes significant (>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 [20] and the polarization
dependent treatment of Akushevich et al. [21]. The elastic
radiative tail was calculated from models of the proton
form factor [22]. The pair-symmetric background-corrected
asymmetry was then corrected with elastic dilution and
contamination terms

Ag(a) = Ap(a)/fa = Cas (11)

where f is the ratio of inelastic scattering to the sum of
elastic and inelastic scattering, and C, is the polarized
elastic scattering 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 to 0.8 for both target configurations. In the same
range of x, the longitudinal configuration’s elastic con-
tamination remained less than 10% in absolute value,

whereas, the transverse configuration’s elastic contamina-
tion remained less than a few percent in absolute units.

The last correction required calculating the polarization
dependent inelastic radiative tail of the Born-level polari-
zation-dependent cross sections, which form the measured
asymmetry. However, numerical studies [20,23] with vari-
ous models indicate the size of this radiative tail is small for
most kinematics, reaching a few percent only at the lowest
and highest E’ bins. More importantly, the contribution of
this radiative tail to the inelastic asymmetry remains within
the systematic uncertainties associated with the model
and numerical precision of our calculations. Therefore,
this correction was treated as a systematic uncertainty. This
situation can only improve with future precision measure-
ments of the polarization-dependent cross sections by
scanning beam energies at a fixed angle [20].

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

n E'siné@
BT (E+ Ecosd

1 E—FE'cos6
sina

AISO COSC!—’-AQ
"D\ E+F

(12)

and

A;

2
\/a <A180

_ / E — E'cos6 A]g()COSG‘l’Aa)’ (13)
2ED

E'sinfcos ¢ sina

with a = 80° and where A5y and Ag, are the corrected
asymmetries, D' = (1—-¢€)/(1+¢€R), e=[1+2(1+
v?/ Q%) tan?(0/2)]7" is the degree of polarization of the
longitudinal photon, and R = o, /o is the ratio of longi-
tudinal to transverse unpolarized cross sections. The
combined results for A; and A, versus W are shown in
Fig. 1. These results significantly improve the world data
on AJ. The spin structure functions can be obtained from
the measured asymmetries by using Egs. (12) and (13)
along with

F
= A A, ), 14
9 1+y2( | +7A7) (14)
Fy
= A —A), 15
9 1_1_]/2( Y44 1) ( )

where y> = Q?/1? and F, is the unpolarized structure
function.

Table I lists the measured moments and corresponding
integrated x ranges. The systematic uncertainties at
the lower part of this range are dominated by the
pair-symmetric background, which rapidly decreases
towards higher x, where the target polarization, target
dilution, and beam polarization uncertainties are most
significant. Estimates for the low and high x contributions
and their uncertainties were obtained from parton
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FIG. 1. The SANE results (circle) and existing data from
SLAC’s El143 (square)[24], E155 (filled up triangle) [25],
E155x (filled down triangle) [26], HERMES (up triangle),
[27], and RSS (down triangle) [28] experiments for the virtual
Compton scattering asymmetries A} (top) and AY (bottom). The
lower band shows systematic uncertainty. Note the A, data shown
are from experiments which measured both Aj and A .

distribution fits to data [29-31] and fits to data in the
resonance region [32]. In order to evaluate Ziz at a constant
Q?, evolution equations for g, [33] were used to estimate a
correction for each x point to provide g, at the same Q2,
these corrections were found to be less than 1% for nearly

TABLE 1. Results for d, = ZM% in units of x10~3 with their
statistical and systematic uncertainties. The low x, high x, and
elastic systematic uncertainties were obtained from models. See
text for details.

(0% =2.8 GeV? (Q?) = 4.3 GeV?

Xlow — xhigh 026—057 0.44-0.74

(Stat)  (Syst) (Stat.)  (Sys.)
Measured —4.77 +205 181 =322 +£1.56 3.57
Low x 1.86 0.13 2.47 0.54
High x -1.19 1.81 -0.49 0.72
Elastic -0.04 0.01 -0.25 0.02
Total —4.14 +205 256 —-149 <£1.56 3.68

all x points. It is important to note that the moments include
the point at x = 1, which corresponds to elastic scattering
on the nucleon. The elastic contributions to the moments
are computed according to Ref. [34] using empirical fits to
the electric and magnetic form factors [22]. At large Q2,
the elastic contribution becomes negligible.

The results for the Nachtmann moment 2M§3)(Q2) =
d>(Q?) are shown in Fig. 2 along with a comparison to
the two previous measurements, lattice QCD results, and
model calculations. The first measurement was extracted
from the combined results of the SLAC E143, E155,
and E155x experiments [26]. The SLAC and lattice results
are consistent with our result at Q? = 4.3 GeV2. The
measurement from the Resonance Spin Structure (RSS)
experiment (TINAF E01-006) [28], extracted at Q° =
1.28 GeV?, has a value Zlé’ = 0.0104 £ 0.0016, of which,
~1/3 comes from the inelastic contribution.

At both Q% = 2.8 GeV? and Q? = 4.3 GeV? our proton
db results are negative, although at Q% = 4.3 GeV? it is
consistent with zero. Interestingly, when considered
together with the world data, these results suggest a
nontrivial scale dependence of d,—positive at Q2 ~
1 GeV? as reported by RSS, becoming negative around
0? ~ 3 GeV? as indicated by this work, finally, increasing
slowly toward the positive SLAC measurement at
0? =5 GeV>—in contrast to the monotonic behavior
expected from twist-3 pQCD evolution [33,44].
Furthermore, with the exception of the QCD sum rules,

0.031 Proton Neutron Proton Models b 4 0.03
i ----elastic e elastic ¥  MITBag ]
r Lattice Lattice + CMBag
| ®  Chiral Soliton _| _
0.02f m RSS [J RSS % LowE 0.02
# SLAC O E9O-IIT4EISSx 4 g0 o +
i @® SANE O E06-014 (d2n) @ ]
0.01F> ® 1 vJoo
Lo L % ]

Oj ? # ] 0
-0.01F 1% q-001
. N T T T T T 1,

0.02 1 15 2 25 3 35 4 45 5 55 0.02

Q* [GeV?]

FIG. 2. The results for Ziz of the proton from this work (SANE)
and recent neutron results [35] with their systematic uncertainties
(displayed in the lower bands). Also shown are the lattice QCD
results [17], previous proton (neutron) measurements with closed
(open) symbols from SLAC [26], E99-117 and E155x [36], and
RSS [28,37] experiments. The dashed (dotted) lines show the
elastic contribution for the proton (neutron). The panel on the
right shows proton model calculations from QCD sum rules
[38.,39], the bag model [40], the center-of-mass (c.m.) bag model
[41], the chiral soliton model [42], and light-cone wave functions
(LCWF) [43]. The models are calculated at Q> = 5 GeV?, except
the sum rules and LCWF, which were evaluated at 9> = 1 GeV?>.
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all model calculations and lattice QCD give positive values
for the proton Elg. Intriguingly, our results complement a
recent neutron Ezg measurement [35,45], which shows a
sizable negative value at Q%> ~3 GeV?, equal to that of
the proton, as shown in Fig. 2. We note that while both
experiments where performed at Jefferson Lab they used
completely independent apparatus in two different Halls.
Our proton results in combination with the world neutron
results point to a flavor independent average color Lorentz
force that has a puzzling apparent scale dependence in
contrast with recent expectations [2].

In summary, the proton’s spin structure functions g,
and g, have been measured at kinematics allowing for an
extraction of d, at two different values of Q2. The present
results in combination with the world data suggest an
unexpected scale dependence of the average color Lorentz
force and a flavor independence. Furthermore, precision
measurements at 12 GeV Jefferson Lab with transversely
polarized proton and neutron targets are justified to confirm
this puzzling behavior [46—48]. Moreover, modern lattice
QCD calculations of d, without the quenched approxima-
tion, which include disconnected diagrams [17] and are
performed at the physical pion mass without chiral
extrapolation, are sorely needed for a complete under-
standing of our observation.

We would like to thank Vladimir Braun and Matthias
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process. We would like to express our gratitude to the staff
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successful end. This work was supported in part by the U.S.
Department of Energy, Office of Science, Office of Nuclear
Physics, under Contracts No. DE-AC02-06CHI11357,
No. DE-FG02-94ER4084, No. DE-FG02-96ER40950,
and No. DE-AC05-060R23177.
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