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Abstract The hypothesis of quark-hadron duality infers that physical observ-
ables of nucleons can be described by a complete set of basis states using either
hadronic or quark degrees of freedom. In the EG1b experiment in Hall-B at
Jefferson Lab, polarized electrons with energies of 1.6, 2.5, 4.2 and 5.7 GeV
were scattered from proton and deuteron targets (°NHs and *ND3 dynam-
ically polarized along the beam direction) and detected with CLAS (CEBAF
Large Acceptance Spectrometer). Nucleon spin structure functions ¢g; and go
were measured over a wide kinematic range (0.05 GeV? < Q? < 5 GeV? and
1.08 GeV < W < 3 GeV). These recently published data strongly constrain
parametrization of world data in the resonance region, allowing comprehensive
tests of Bloom-Gilman duality for polarized nucleons over a wide kinematic
range.
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1 Introduction and Concepts

A thorough treatment of the phenomenon of quark-hadron duality is far
beyond the purvey of these proceedings; here, a brief description of the phe-
nomenon is provided, as well as a description of how it is exhibited in structure
function data in the resonance region.

Many observables of the nucleon, including structure functions, can be
expressed in terms of either the composition and exchange mechanism of
hadronic (baryon and meson) degrees of freedom or partonic (quark and gluon)
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degrees of freedom [1]. Structure functions describing the unpolarized com-
position of the nucleon were first shown by Bloom and Gilman to exhibit
this behavior through comparison of inclusive electron-proton scattering cross-
sections in the resonance region to extrapolated fits of structure functions in
the “scaling” region (at high squared virtual photon energy Q?) [2]. One un-
polarized structure function of importance can be expressed, in the scaling
region, as

Fi(e) = 3 Y g3 r() (1)
f

where ¢y represents the charge of a constituent quark of flavor f, and f(x)
represents the probability of finding a quark at a given value of Bjorken-z
[t = Q?/(2Mv), where M is the nucleon mass and v is the exchanged vir-
tual photon energy]. The unpolarized structure functions F; (and the related
structure function F3) continue to be studied in the context of duality, with
many more recent results contributing to the overall understanding of this
phenomenon e.g. [1,3].

The results shown in these proceedings deal with the polarized structure
function g1, which, in the scaling region, can be expressed as

n(x) = 3 S a3 Af) e
f

with the spin-dependent Af(z) = fT(x) — f*(x) now describing the helicity
of a quark at a given value of Bjorken-z [4]. These simple expressions give a
description of the dynamics of the nucleon in the scaling region only, where
its properties can be described completely in terms of the partonic degrees of
freedom. Tests of quark-hadron duality hope to resolve the question of how
this conceptualization of these structure functions persists beyond the scal-
ing region into the lower-Q? and higher-z kinematic regions where resonance
behavior (and thus production of bound hadronic states) dominates the cross-
sections.

Bloom and Gilman first observed the manifestation of duality as a similar-
ity in the average of structure functions over the resonance region and their
scaling functions describing DIS (deep inelastic scattering) [2]. The scaling
function correlates to the “leading twist” term in the Operator Product Ex-
pansion (OPE) of moments of structure functions (integrated over z) in terms
of inverse powers of Q2 [5], describing the scattering of electrons from free
quarks. In addition, “truncated moments” integrated over limited regions of x
can explore the phenomenon of “local duality” in individual resonance regions
[1]. Over the last few decades, studies of both global and local quark-hadron
duality, comparing the average of structure functions at fixed Q2 to extrapola-
tions based on parton distribution functions (PDFs), have been done not only
for unpolarized structure functions, but also for polarized structure functions
[6], and even for parity-violating weak interactions [7].

In the EG1b experiment in Hall-B at Jefferson Laboratory, a longitudinally
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Fig. 1 The kinematic coverage of data in the EG1b experiment at each of the four nominal
beam energies. Note the thorough coverage of the resonance region between the solid and
dotted lines delineating W = 1.08 and 2.0 GeV, respectively. From Ref. [9].

polarized target was illuminated with a polarized electron beam at 4 differ-
ent beam energies (1.6, 2.5, 4.2, and 5.7 GeV). Data from this experiment
are presented in these proceedings, with a brief description of the experiment
and analysis, emphasizing the implications of the data for quark-hadron dual-
ity exhibited by the polarized structure function g;. EG1b experimental data
stands as the best available testing ground for global and local duality of the
g1 structure function, due to its rich coverage of this function in the resonance
region over a wide range in Q?, as seen in Fig. 1. Initial studies of duality
manifested in these data were previously published for two beam energies (1.6
and 5.7 GeV)[6], while final analysis of the complete data set at all four beam
energies, better constraining ¢g; in the resonance region, was only recently pub-
lished [8]. These results were the focus of the presentation at NSTAR2017 that
is summarized here.

2 The EG1b Experiment and Analysis

The EG1b experiment ran in CLAS in Hall-B at Jefferson Laboratory dur-
ing 2000-2001. A (nominally) 70% longitudinally polarized electron beam at
the four aforementioned beam energies was scattered from a longitudinally
polarized target cell of either '’NHs or '>ND3 with typical polarizations of
75% and 30%, respectively. 12C and LHe (liquid helium) target cells were also
periodically employed for subtraction of unpolarized nuclear background scat-
tering from the polarized proton and deuteron event data [10]. The CLAS de-
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Fig. 2 The double-spin asymmetry A, for the proton in a particular Q? bin at beam energy
E = 2.3 GeV. The data points show A data from EG1b with radiative corrections applied.
the blue(red) line shows a model comparison obtained from a fit to world data with(without)
radiative corrections.

tector consisted of six surrounding sectors of layered detector components with
complete azimuthal coverage over a large range of polar scattering angles [11],
including drift chambers for particle tracking and momentum reconstruction
[12], scintillation counters for time-of-flight measurement [13], gas Cherenkov
counters for segregation of low-momentum (p < 3 GeV) electrons from pi-
ons [14], and electromagnetic calorimeters for segregation of high-momentum
(p > 3 GeV) electrons from pions [15].

From the event data, the double-spin asymmetry between events with spins
aligned versus anti-aligned was measured as a function of Q? and Lorentz-
invariant mass W = /M2 + 2Mv — Q2 as

1 nt —n~
AW, Q%) = 3
H( ’Q) FDFPth’/PL‘Fn* ()

where nt(n~) is the count of electrons scattered in a given W, Q? bin in
which the beam and target polarizations are aligned(anti-aligned). Fpp rep-
resents a “dilution factor” for removal of scattering from unpolarized nuclei;
it equals the ratio of scattering events from the proton or deuteron over the
entire target. Fpp was determined as a function of W and Q? using nuclear
cross-sectional models applied to scattering count ratios between the aforemen-
tioned ammonia, carbon and liquid helium targets [8]. The product of beam
and target polarizations P, P; was determined by normalization of the elastic
peak double-spin asymmetry to that predicted by elastic form factor (Gg and
G ) measurements [16]. Minor corrections and/or systematic errors were also
incorporated for ®N nuclear polarization, e*e™ pair production background,
and residual 7~ contamination (not expressed here). Polarization-dependent
internal and external radiative corrections were then applied to Aj. A more
thorough discussion of all aspects of the analysis can be found in Ref. [8]. A
sample measurement of Aj showing the magnitude of radiative corrections is
shown in Fig. 2.
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Extraction of the structure function g; was then possible from Aj by ex-
ploiting the relation between these two quantities:

91211T<Ig+(7—77)A2)F1 (4)

Here, 7, v and 7 are kinematic factors that can be obtained directly from
electron beam energy FE, scattered momentum E’, and polar scattering angle
#. The previously mentioned unpolarized structure function F; was obtained
from a model fit to world data. The (considerably less well-constrained) virtual
photon asymmetry As was also modeled, but it makes only a small contribution
to g1. The “depolarization factor” D is given by

_1-FE'¢/FE
 1+4€R

where € is another kinematic factor and R, the ratio of longitudinally to trans-
versely polarized virtual photon scattering cross sections, is also modeled from
unpolarized structure function world data. The structure function g; was thus
determined for the proton [8] and the deuteron [9] over the full kinematic range
for the EG1b data. A sample plot of g; for the proton in a limited Q?-range
is shown in Fig. 3.

From there, the first moment of g; could also be determined by integration
over x:

(5)

I :/O 01 (2, Q¥)da (6)

As mentioned earlier, comparison of this moment to PDFs extracted from
world data form the basis for tests of global duality, as discussed in great
detail in Ref. [1]. Measurements of the first moment of g; for the proton and
deuteron have been published, as well as for the neutron, extracted from the
latter [8,9].

3 Results of Tests of Global and Local Duality

Tests of Bloom-Gilman duality involved evaluating the first moment of g;
(truncated within the range of the EG1b data) averaged over x:

(e, @)

T — L1

(91(@%) (7)
where z; and xj represent the low and high limits of integration. This value is
then compared to the result expected from the extrapolated PDF. NLO (next-
to-leading order) higher twist effects were included in the modeled PDF, as
these effects are present even in the deep inelastic region extrapolated for our
comparison [1]. Target mass corrections accounting for recoil of the target nu-
clei were also incorporated to adjust the PDF for a suitable comparison with
physical data; the prescription of Bliimlein and Tkbladzke [19] was employed.
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Fig. 3 The spin structure function g; for the proton in a particular Q2 bin (black circles)
shown against a model constrained by world data (red line). The blue dotted line represents
the same model at Q2 = 10 GeV?2, where resonance effects disappear. Other data points
show g1 data from EGla (squares) [17] and E143 (triangles) [18]. The green band at the
bottom represents the systematic uncertainty of the EG1b data.

Results shown here for the proton assume a 10% uncertainty; this is an esti-
mate of the effects of the high-x “resummation error” in the PDF calculation
[6].

Global duality was tested by averaging over x through the entire resonance
region between the limits corresponding to the pion production threshold at
W = 1.08 GeV and the DIS threshold at W = 2.00 GeV. Results of the
comparison between data and NLO PDF model are shown in Fig. 4. Above
Q? ~ 2 GeV?, resonance-averaged data agrees well with the PDF fit, indi-
cating a possible onset of global duality. However, below this value, the data
and model significantly differ, likely indicating that higher twist effects do not
completely cancel in the integration over x at these low Q2 values. It has been
suggested by Close and Isgur that including elastic contributions may improve
the comparison [20]. This was done by averaging in the elastic equivalent of
g1 expressed in terms of the well-known form factors Gg and G/ [16],

Q! Q* Gg
AM (4M?2 4 Q?) {1 SYe GM} G )

Jiel =

with the EG1b experimental values. However, it remains unclear at the lower
Q? values whether or not this lends an improvement to the comparison, as
the extrapolated PDF fit lies between the data with and without the elastic
contribution included.

Tests of local duality were made by truncating the average over x into
smaller subsets containing specific resonances and comparing to the NLO PDF
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extrapolations. Results of these tests for the proton over four W-regions are
shown in Fig. 5. Once again, in all cases, one sees a better agreement between
the averaged data and the extrapolations at higher Q? values, and it once again
remains unclear whether or not the inclusion of elastic scattering contributions
improves the fit.

Interpretation of the g; structure function as correlating to the asymmetry
between the cross sections of spin—% and spin—% final resonance states,

g1~ 01/2 —03/2 9)

we can obtain some possible insight into these results [6]. In the 1.08 < W <
1.38 GeV range, the A(1232), dominated by 03,2, is the principle resonance,
providing a plausible explanation of why the results (excluding the elastic
contribution) lie below the extrapolated PDF fit. Including the elastic con-
tribution from a proton (which obviously contributes to ¢;/2) then raises the
results considerably above the model. At 1.38 < W < 1.58 GeV, the principle
resonances are Pp;(1440), S11(1535), and D;3(1520), which (in most of the
shown % range) are dominated by o, /2, possibly explaining why the data
lie above the extrapolated model. At higher W-values, though, the picture
becomes less clear, as both cross-sections become dominant in an increasing
number of less well-established resonances as W increases.

While these results may elucidate a possible manifestation of Bloom-Gilman
duality at higher-Q? values with higher available precision than previously
available, this analysis remains largely qualitative. A more quantitative evalu-
ation of the manifestation of duality in the spin structure function g; remains
to be done. Also, a similar analysis of the most recently available g; data for
the deuteron (and that extracted for the neutron) is also yet to be completed.
Future analyses of the EG1b data may thus provide the opportunity to provide
greater insight into the phenomenon of quark-hadron duality in spin structure
functions.
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Fig. 4 The Q2 dependence of Q2(g1) averaged over the complete experimental range over
x in the resonance region for each Q2 bin, compared to the averages calculated from deep
inelastic NLO PDF fits [8]. Any agreement between data points and the cyan band is a
possible indicator of global quark-hadron duality. See the text for details.
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Fig. 5 The Q? dependence of Q?(g1) averaged over the complete over z for different parts
of the resonance region, compared to the averages calculated from deep inelastic NLO PDF
fits [8]. Any agreement between data points and the cyan band is a possible indicator of
local quark-hadron duality in specific resonance regions. See the text for details.
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