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We report on parity-violating asymmetries in the nucle@or@nce region measured using inclusive inelastic
scattering ob — 6 GeV longitudinally polarized electrons off an unpolarizéxliterium target. These results are
the first parity-violating asymmetry data in the resonamggan beyond theé\ (1232), and provide a verification
of quark-hadron duality — the equivalence of the quark- aautdn-based pictures of the nucleon — at the 10-
15% level in this electroweak observable that is dominatgddntributions from the nucleon electroweak
~Z interference structure functions. In addition, the resplovide constraints on nucleon resonance models
relevant for calculating background corrections to etaséirity-violating electron scattering measurements.

PACS numbers: 12.15.Ji, 14.20.Gk, 25.30.Dh, 25.30.-c



While QCD is the well-established theory of the strong nu-scattering or nucleon resonances), which provide predisti
clear force, it remains a challenge to describe the tramsiti for asymmetries that can be compared with the measured val-
from quark and gluon to hadron degrees of freedom. Measureses to either allow extraction of electroweak parametech su
ments of the structure functions in electron scatteringnfro assin? fyy, or to test models used in structure function cal-
nuclei, spanning from the low invariant mass regirfié € 2 culations. The first PVES experiment [18] provided the first
GeV) of resonance production to the deep inelastic scagieri measurement ofin” 6y, and established th&U/(2) x U(1)
(DIS) regime, aim to bridge this transition. Inclusive me&@&s  gauge model of Weinberg, Glashow, and Salam [19] as the
ments from nucleons have demonstrated a remarkable featucerrect theory for electroweak interactions. In the pasade,
called “quark-hadron duality”, first pointed out by Bloomdan with the increasing precision accessible to modern experi-
Gilman [1], in which the low-energy (few GeV) cross sectionsments [20], PVES has become a powerful tool to measure not
averaged over the energy intervals of the resonance stesctu only sin? 8y, but aISOgjf’V through DIS measurements [21],
resemble those of asymptotically high energies. Over tlse pathe nucleon strange form factors via elastic scattering 282
decade, duality has been verified in the unpolarized strectu (for a review see Ref. [27]), the weak charge and neutron den-
functionsF, and Fy, at four-momentum-transfer-squard sities of nuclei [28, 29], and possibly isospin symmetrylaio
values below 1 (GeV¥)? [2-6], the proton spin asymmetry tion in the parton distribution functions (PDFs) [30, 31ow#

A down toQ? = 1.6 (GeV/c)? [7], the spin structure func- ever, measurements of the PVES asymmetry in the nucleon
tion g; down toQ? = 1.7 — 1.8 (GeV/)? [8, 9], the helicity-  resonance region are scarce. The only existing data are from
dependent structure functioits, ;, 3/, [10], and for charged the GO experiment in which the asymmetry was measured
pion electroproductions in semi-inclusive scattering]{1t ~ from a proton target near th&(1232) region with statistical
was speculated that duality is a universal feature of quarkand systematic uncertainties of approximately each [32].
hadron transition that should be exhibited not only in etect Measurements of PVES asymmetries in the resonance re-
magnetic interactions, but also in weak interactions ofgbéd  gion will also help test our understanding of the nucleoon+es
lepton scattering [12], and perhaps other processes as wellance structures. In the resonance region, the PV structure
First attempts to understand duality from the first prinefpl functions can be described in terms of longitudinal, trans-
of QCD were made soon after it was first observed [13], andrerse, and axial PV response functions to specific resonance
is even more desired now with such solid experimental verstates, together with a non-resonant background. These ele
ifications. For a recent review of both the experimental androweak structure functions can be decomposed in terms of
theoretical status of duality, see Ref. [14]. Establishiing their isospin content, providing new and unique sensjtitot

ality, either experimentally or theoretically, also haagiical combinations of quark currents weighted by their electrave
advantages in our study of the nucleon structure. For exameouplings to the incident electrons [33]. The asymmetry for
ple, the valence quark structure which is typically difficial  the first nucleon resonance, thé — A(1232) transition,
explore due to the higtp? required in DIS, may be studied was first calculated by Cahn and Gilman [17]. Subsequently,
alternatively by averaging resonance data at lo@érval-  precise calculations in the resonance region have been per-
ues [5, 6, 10, 15, 16]. formed [33]. Based on these calculations, fhd 232) asym-

To study quark-hadron duality in weak interactions, it metry from the proton reported 0 was used to extract the
is natural to start with parity-violating electron scaiter  axial form factorG4 , [32].

(PVES) asymmetried py = (or — or)/(or + o), Where In this paper, we present parity-violating asymmetries for
or) 1S the cross-section for electrons polarized parallekscattering longitudinally-polarized electrons from ampalar-
(anti-parallel) to their momentum. The PVES asymmetry onized deuterium target at four combinations@t and invari-
a nucleon or nuclear target is dominated by the electrowea¥nt massiV spanning the whole nucleon resonance region,
vZ interference structure functions [17]: obtained during a recent experiment [21] at Thomas Jefferso
National Accelerator Facility (JLab). These results pdeva
Ao — (_ GrQ? ) (2 ey F1_72 e F3_M> test of local quark-hadron duality in the nucleon electrakve
pv=|—"—p— IaY1— +9vYs—5 | , (1) . .
421 Fy I ~Z interference structure functions, and are compared to the
theoretical models of Matsui, Sato, and Lee [34]; Gorchtein
whereGr is the Fermi weak coupling constant,is the fine  Horowitz, and Ramsey-Musolf [35]; and the AJM (Adelaide-
structure constant; andY; are kinematic factorsyy; 4, are  JLab-Manitoba) collaboration [36]. These results alswjot®
the e — Z° vector and axial couplings, anly;]”? are the constraints for nucleon resonance models relevant fouealc
electromagnetic and theZ interference structure functions lating background corrections to elastic PVES [35-40].
where theyZ functions depend also ojf, ,, the quark-Z° The experiment was performed in experimental Hall A of
vector and axial couplings. In the Standard Model, the elecdLab. A100 — 105.A polarized electron beam was incident
tron (quark) vector and axial couplings are related to the-el on aliquid deuterium target and scattered events weretgetec
tron’s (quark’s) quantum numbers and the weak mixing angldy the Hall A High Resolution Spectrometer (HRS) pair [41]
sin? fy. In reality, the structure functionEﬁQZ are calcu- in inclusive mode. The main goal of the experiment was to
lated using either parton distribution functions (for déep  provide precision PV asymmetries in the DIS region (PVDIS)
elastic scattering) or nucleon and nuclear models (fotielas as a test of the Standard Model [42] and to extract the quark
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weak axial charge€’,, [21]; those measurements will be re- or from calibration data collected during the experiment, i
ported in future publications. The results reported heraeo which the beam was modulated several times per hour using
from additional data collected in the nucleon resonance resteering coils and an accelerating cavity. The largest ef th
gion during this experiment: kinematics I-1V were centeagéd corrections was approximately4 ppm, and the difference
W = 1.263, 1.591, 1.857 and1.981 GeV, respectively. The between the two methods was used to estimate the systematic
Q? values were just below 1 (Ge¥P except for kinematics uncertainty in the beam corrections.
IV which was atQ? = 1.472 (GeVlc)?. The beam energies  The beam-corrected asymmetrig’, were then corrected
were 4.867 GeV for kinematics I-1ll and 6.067 GeV for IV.  for the beam polarization. The longitudinal polarizatidn o

The polarized electron beam was produced by illuminatinghe electron beam was measured by a Mgller polarimeter [41]
a strained GaAs photocathode with circularly polarizeédas intermittently during the experiment, with a result Bf =
light. The helicity of the electron beam was selected from a90.40 + 1.54)% for kinematics I-1ll and(89.88 + 1.80)%
pseudorandom [23] sequence every 66 ms, and reversed in the V. In both cases, the uncertainty was dominated by the
middle of this time window, forming helicity pairs. The data knowledge of the Mgller target polarization. The Compton
acquisition was gated by this helicity sequence. To reduceolarimeter [46] measure9.45 + 1.71)% for kinematics
possible systematic errors, a half-wave plate (HWP) was intV where the uncertainty came primarily from the limit in un-
serted intermittently into the path of the polarized lagdiich ~ derstanding the analyzing power, and was not available for
resulted in a reversal of the actual beam helicity while keepkinematics I-1ll. The Mgller and Compton measurements for
ing the helicity sequence unchanged. The expected sign fliggnematics IV were combined to gi &9.65 + 1.24)%. The
in the measured asymmetries between the two beam HWpassage of the beam through material before scatteringsaus
configurations were observed. The laser optics of the pola@ small depolarization effect that should be corrected.s Thi
ized source were carefully configured to minimize changes tavas calculated based on Ref. [47] and the beam depolariza-
the electron-beam parameters under polarization redjal  tion was found to be less thahl x 10~ for all resonance
A feedback system [44] was used to maintain the helicitykinematics.
correlated intensity asymmetry of the beam below 0.1 parts Next, the asymmetries were corrected for various back-
per million (ppm) averaged over the whole experiment. Thegrounds. The pair-production background, which resuttsfr
target was a 20-cm long liquid deuterium cell, with up- and=" decays, was measured at the DIS kinematics of this ex-
downstream windows made of 0.10- and 0.13-mm thick aluperiment by reversing the polarity of the HRS magnets and
minum, respectively. was found to contribute less thanx 10~2 of the detected

In order to count the up-to-600-kHz electron rate and rejectate. Since pion production is smaller in resonance kinemat
the pion photo- and electro-production backgrounds, a dat&s than in DIS, and based on the fact that pions were pro-
acquisition (DAQ) and electronic system was specially de-duced at lower)? than electrons of the same momentum and
signed for this experiment, which formed both electron andhence typically have smaller PV asymmetries, the relative u
pion triggers. Design of the DAQ, its performance on thecertainty on the measured asymmetries due to this backdgroun
particle identification (PID) as well as deadtime correusio Wwas estimated to be no more thiar 10~3. Background from
on the measured asymmetries, were reported elsewhere [43ie aluminum target endcaps was estimated using Eq. (1), wit
The overall charged piom~— contamination was found to con- structure functionﬂ’ﬂg for aluminum constructed from the
tribute less thad x 10~ of the detected electron rate. Using MSTW DIS PDF [48] extrapolated to the measuréxf) and
the measured asymmetries from the pion triggers, thevelati (W) values, and the latest world fit on the ratio of longitudinal
uncertainty on the measured electron asymmefxidg A due  to transverse virtual photon electromagnetic absorptiossc
to 7~ background was evaluated to be less thar 107%.  sectionsR = o /o7 [49]. Assuming that the actual asym-
Relative corrections on the asymmetry due to DAQ deadtimenetries differ no more than 20% from calculated values due
were(0.7—2.5)% with uncertaintief\ A/A < 0.5%. Regular  to resonance structure and nuclear effects, the relativeco
DAQ of the HRSs was used at low beam currents to preciselfion to the asymmetry is at thig — 3) x 10~* level with an
determine the kinematics of the experiment. This was redliz uncertainty ofAA/A = 0.4% for all kinematics. Target pu-
through dedicated measurements on a carbon multi-foiétarg rity adds about 0.06% of relative uncertainty to the measkure
which provided data to understand the transport function ohsymmetry due to the presence of a small amount of hydro-
the HRSs. gen deuteride. Background from events rescattering o#frinn

The number of scattered particles in each helicity win-walls of the HRS was estimated using the probability of such
dow was normalized to the integrated charge from the bearrescattering and adds no more than 1% relative uncertainty t
current monitors, from which the raw asymmetrids,, the measured asymmetry.
were formed. The raw asymmetries were then corrected for Corrections from the beam polarization in the direction
helicity-dependent fluctuations in the beam parametets, foperpendicular to the scattering plane can be described as
lowing AP¢ = A, — > ciAx;, whereAz; are the mea- JA = A, [—Sysin 6y, + Sy cos6,,] whereA,, is the beam-
sured helicity window differences in the beam position, an-normal asymmetrySy 5 1, are respectively the electron po-
gle and energy. The values of the correction coefficiepts larization components in the vertical, horizontal and liturg
can be extracted either from natural movement of the beamtinal directions, and,,. is the vertical angle of the scattered



electrons. During the experiment the beam spin components  Kinematics I T m v
were controlled tQSH/SLl < 27.4% and|SV/SL| < 2.5% E, (GeV) 4.867 | 4.867 | 4.867 6.067
and the value of;, was found to be less than 0.01 rad. HRS Left Left | Right Left
Therefore the beam vertical spin dominates this background 0 12.9° | 12.9° | 12.9° 15.0°
§A ~ A,Sy cosby, < (2.5%)P,A,, whereP, = Sy is the (G(;WC) w00 | 366 | 510 566
beam longitudinal polarization described earlier. Theugal 12)0 Gevinll o '950 0 '831 0 '757 ) '472
of A,, were measured at DIS kinematics and were found to (@) [(GeVie)T) 0. ) ’ ’
(W) (GeV) | 1.263 | 1.591 | 1.857 1.981

be consistent with previous measurements from electran ela e :
tic scattering from the proton and heavier nuclei [50], biase Measured asymmetries with beam-related corrections (ppm)

on which it was estimated that for resonance kinematigs, Ay —55.11|—63.75|—-54.38| —104.04
varies between-38 and—80 ppm depending on the value of (stat.) +6.77 | £5.91 | £4.47 +15.26
Q?, and its amplitude is always smaller than that of the cor- (syst.) +£0.10 | £0.15 | £0.24 +0.26

responding measured electron asymmetry. Therefore the un- Physics Asymmetry Results (ppm)

certainty due te4,, was estimated to be no more thag% of APhys
the measured asymmetries. g
Radiative corrections were performed for both the internal
and the external bremsstrahlung and ionization loss. Bater
radiative corrections were performed based on the proeedur

—68.97|—74.12|—61.80| —119.56
+A AP (stat.)| £8.47 | £6.87 | +5.08 +17.54
+AAPY(syst.)| £3.30 | £2.84 | +2.11 +5.62
+A AP (total)| +9.09 | £7.43 | +5.50 +18.42

first described by Mo and Tsai [51]. As inputs to the radia- Calculations (ppm)

tive corrections, PV asymmetries of elastic scatteringnfro Acalc [34]  |-89.10) - - -
the deuteron were estimated using Ref. [52] and those from Acale —88.941-70.29|-65.09] —124.74
quasielastic scattering were based on Ref. [24]. The simula  +AAc.c [35] | F298 | F116e | Tio6e T
tion used to calculate the radiative correction also takés i Acale —88.22|—69.63|—65.23| —124.75
account the effect of HRS acceptance and PID efficiency vari-  +AA . [36] | #5190 | +7.05 | +5.19 Lo
ation across the acceptance. DIS,CJ —75.631—66.72| —=61.59] —119.13

calc

Box diagram corrections refer to effects that arise when the
electron exchanges two bosongy( vZ, or ZZ box) simu-
taneously with the target, and is dominated by theand  TABLE I: Asymmetry results ore—2H parity-violating scattering
the vZ box diagrams. For PVES asymmetries, the box di-in the nucleon resonance region. The kinematics showndedie
agram effects include those from the interference betweeReam energys,, which HRS was used (Left or Right), central angle
Z-exchange and the~ box, the interference betweep and momentum settings of the HRS po, and the actual kinematics

averaged from the dat)?) and (). The beam-corrected asym-
exchange and theZ box, and the effect of thgy box on the metriesAPS, are shown along with their statistical precision and sys-

electromagnetic cross sections, and it is expected thag theematic uncertainties due to beam-related correctionsal Fesults
is at least partial cancellation among these three terme. Thyn the physics asymmetrie$?’* are compared with calculations
box-diagram corrections were estimated to be at the (0-1)%om three resonance models [34-36] as well as DIS estinmatis-
level [53], and 0.5 4 0.5)% relative correction was applied ing CJ [54] PDF fitsA2>“”.
to the asymmetries.

Results on the physics asymmezti‘é“}/s were formed from
the beam-corrected asymmetdpS, by correcting for the AJM model [36]. In addition, the structure functioﬁ%éz) in
beam polarization?, and backgrounds with asymmet# Eqg. (1) can be estimated using PDF fits obtained from DIS

and fractionf; using the equation data, extrapolated to the resonance region, along with the
. quark-Z° vector and axial couplingg!, , based on Standard
N (A]g% - > Aifi) Model values [42]. This approach provides DIS estimations
Apy” =~ S (2)  ADIS that can be compared to the measured asymmetries to

test quark-hadron duality. For these DIS estimations,-elec
When all f; are small with4; comparable to or smaller than troweak corrections were applied g , directly, and three

Abe one can defing; = f;(1 — A’gi P,) and approximate ~ PDF fits — MSTW [48], CJ [54] and CT10 [55] - extrapola_ted
rew to the measured?) and (W) values were used along with
 Abe B world data onR [49]. The uncertainty from each PDF fit was
AR ;_,aw I, (1+ fi) (3)  below a fraction of ppm and the differences among all three
b fits were below 1.5 ppm for all kinematics. From Tab. | one
i.e, all corrections can be treated as multiplicative. can see that the final asymmetry results agree very well with

Table | shows all kinematics, the beam-corrected asymmé?IS calculations, indicating that for th@* range covered by
tries AbS,, and the final asymmetry resulzﬁl’jgs compared these measurements, duality hold$@t- 15% level through-

to calculations from Matsui, Sato, and Lee [34] [fd(1232)  out the whole resonance region.
only]; Gorchtein, Horowitz, and Ramsey-Musolf [35]; anéth  In addition to the results in Tab. I, asymmetry results with



5

These results provide important constraints to nucleon res

% C E~4.867GeY E,=6.067GeV onance models relevant for calculating background correc-
O [ eDatal — - - TheoryA T tions to elastic parity-violating electron scattering s1ee-
© o 3 Datal = Theom @ T ments. The agreement with DIS-based calculations indicate
—_ [ |aDatalv—— T that quark-hadron duality holds for PVES asymmetries on the
é _50l- + T deuteron at the0 — 15% level throughout the resonance re-
E"é C T %ﬁ gion, for Q? values just below 1 (GeV)?. These results are
< — e T - comparable to the unpolarized electromagnetic structure-f
-1o0¢ T 1 tions data which verified duality at tHe— 10% level for the
B 1 proton and 15-20% for the neutron at simi@? values, al-
-150 + though the unpolarized measurements provided bettenresol
e TE T 551952 10 tion in W and covered a broader kinematic range [5, 6, 10].

We have therefore provided the first experimental support fo
the hypothesis that quark-hadron duality is a universabpro
erty of nucleons in both their weak and their electromagneti
interactions.

W(GeV)

FIG. 1: (Color onling W -dependence of the parity-violating asym-
metries ine—2H scattering extracted from this experiment. The
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