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The experiment was carried out in Hall A of the Thomaswherez is the Bjorken scaling variable = Q?/(2Mv) with
Jefferson National Accelerator Facility (JLab). B0 — M the proton mass and = E — E’ the energy transfer

105.A polarized electron beam was incident on a 20-cm-longrom the electron to the target; = v/FE = (E — E')/E

liquid deuterium target and scattered events were detégted s the fractional energy loss of the electroh,= 1 + f_j, and
the Hall A high resolution spectrometer (HRS) pair [1] in in- R'0%) (2, Q?) is the ratio of the longitudinal to transverse vir-
clusive mode. Data were collected at two DIS kinematics usy photon electromagnetic absorption cross sectiprs°

ing a 6.067-GeV beam: kinematics DIS#1 was takeftat= jnierference cross sections). To a good approximation eae h
0241, Y = 1.0, Y3 = 0.44 and(Q?) = 1.085 (GeVk)?,  py o g2 andY: (y) ~ 1.

and DIS#2 atlx) = 0.295, Y1 = 1.0, Y3 = 0.69, (Q?) =
1.901 (GeVic). Due to limitations in the HRS, DIS#1 was
taken on the left HRS (the HRS on the left side of the beamlin
when viewing downstream), and DIS#2 was taken on both lef;
and right HRS. Additionally, data were taken at four kinemat
ics in the nucleon resonance region for the purpose of rigdiat
corrections [2]. In the following we will review the formalin

of parity-violating electron scattering (PVES) asymnei

In the simplest process where the electron exchanges a sin-
gle photon or a singl&Z® boson with quarks inside the tar-
et, the measured parity violation can be decomposed imo tw
erms: one from the product of the vector Z° couplingg,
and the axial-vectog — Z° couplingg?, and the other from
the product of the axial-vectaer — Z° coupling ¢4 and the
vectorq — Z° couplinggy,. In this case, The, 3 terms are

describe in detail the experimental setup and the anabysik, ) . FQZ ) . F;Z
present the asymmetry results along with all corrections ap ar(z, Q%) = 29% P az(z, Q) = gv T ()

plied and the related systematic uncertainties. In the emd w

present calculations of the expected asymmetry valuesein thThe structure functions of the targEtg’;Z , can be interpreted

standard model. in the quark-parton model (QPM) as being related to the
quark couplings and the parton distribution functions (PDF

Qi(% QQ) and@'(% QQ):

1 _
Fl(@,Q%) = 5> e [0 Q) + a(= Q%) (6)
For electron scattering processes, the parity-violati?\g) ( 2z ) , o )
asymmetry describes the relative difference betweeneseatt ~ F1~ (%, Q%) = > _eqgi [a(z, Q%) + a(x,Q%)] , (7)
ing cross sections with right-handed electreng and that vz 20 i 2y - 2
with left-handed electronsy : B (@,Q7) = 226‘“% (2. Q%) ~ @i(=, Q)] - (8)

Formalism

op — Here the summation is over the quark flavos u,d,s---

R oL . . . .

Apv = P (1) ande,, is the corresponding quark electric charge. In this for-
R L malism, relevant to testing of the electroweak Standardéflod

For electron deep inelastic scattering off a nucleon orearcl are the electron’s and the quark’s axial and the vector weak

target, it can be written as [3] coupling constantgy 4 andgé/_’A in Egs. (5-8). In the stan-
) dard model, the weak axial coupling, equals to the parti-
Gr@Q 2 2 cle’s weak isospiris: = T3 = 1/2 for up, charm and
Aex = = ) Y, s Yy 3 94 3 P.
P 421 (1@, @i (4, Q) top quarks and-1/2 for down, strange and bottom quarks
+ as(z, Q) Ys(z,y,Q%)], (2) and electrons. The weak vector coupling is related to the

particle’sT; and electric charg®): gy = T3 — 2Q sin® Oy
whereGr is the Fermi constanty is the fine structure con- with 8y, the weak mixing angle. Itis also possible to describe
stant, and)? = —¢? is the negative of the four-momentum the PVES asymmetry using the effective weak coupling con-
transferred from the electron to the targeiquared. For scat- stantsC1, 24. In the above one boson exchange picture of the
terings with fixed target€)? = 2EE’(1 — cosf), wheref is  standard model:
the electron scattering angl&, and E’ are the incident and 1 4
the scattered electron’s energy, respectively. The kitiema Cre = 2949y = —5+3 sin? Oy 9)

factorsY; ; are 1
Couw = 20v94% = —3 + 2sin? Oy | (20)
2
~Z 1—%—(1—3;)2—y2[1—T—v}—:zcyM 1 2,
Y, = [11+ };7 ] 1+R2 i £ Cig = 2gjg§i, =573 sin? Oy | (12)
+ L+ (1= y)2 =2 [1 = 2| — oy 1,
(3) Coq = 297,94 = 3~ 2sin” Oy . (12)



When one considers interactions beyond the standarBor an isoscalar target such as the deuteron, neglectiecteff
model, however, the above factorization of the interadtidm  from heavier quark flavors and assuming the isospin symme-
ae — Z% and ag — Z° vertex is no longer possible. In this try thatu? = d", d? = u" [u, d*™ are the up and down quark
case, the coupling€’i, 2, could describe not only the pho- PDF in the proton (neutron)}, = 5, andc = ¢, the functions
ton and theZ® exchanges of the standard model, but also new:; 3(x, @) simplify to
e — ¢ contact interactions, electron and quark compositeness,
and leptoquarks.

To obtain an intuitive picture of the PVES asymmetryand (,Q%) = 6 [2C1u(1 + R.) — Cha(l + Ry)] . (15)

its decomposition in the standard model, more simplifica- 5+ Rs +4R,
tions of Egs. (5-8) are necessary. Definigg(z, Q?) = oy 6(20%, —Cag) R, 16
gi(z, Q%) + Gi(x, Q?), one has in the QPM a3(,Q%) = 5+ R.+4R, ' (16)
o ot 2
Gl(l’,QQ) _ 220116%% (va ) ’ (13) _

Ye2q(z,Q?)
02 Chieq,q; (7,Q%) .

whereR. = [2(c+¢)]/(u+u+d+d), R,

i+d+d)andRy = (u—u+d—d)/(u+u+d+d). The

az(z,Q?) = (14) asymmetry then becomes
s (2,Q%)
|
Aor — (3GFQ2) 2C1u[1 + Ro(z,Q?)] — C1a[l + Rs(x, Q%)] 4 Y3(2Cs, — Cag) Ry (2, Q%) (17)
v 2v/2ra 5+ Rs(z,Q?) + 4Rc(x,Q?) '
|

In addition, if one neglects sea quarks completely [],= expected sign flips in the measured asymmetries between the
R, =0, R, = 1, no PDF is involved (i.e. neglecting nucleon two beam HWP configurations were observed. The laser op-
structure) and tics of the polarized source were carefully configured to-min

6 6 imize changes to the electron-beam parameters under polar-
a1(z, Q%) = = (201, — C1a) , asz(x, Q%) = — (20, — Cyy) , ization reversal [8]. A feedback system [9] was used to main-
5 (18) tain the helicity-correlated intensity asymmetry of theime
which leads to below 0.1 parts per million (ppm) averaged over the whole
36102 experiment. The target was a 20-cm long liquid deuterium
- F cell, with up- and downstream windows made of 0.10- and
Apv = (10\/§7m) [(2C1 = Cra) + ¥5(2C2u = Caa)] - 0.13-mm thick aluminum, respectively.
(19) In order to count the up-to-600-kHz electron rate and re-
The magnitude of the asymmetry is in the ordernof4, or  ject the pion photo- and electro-production backgrounds, a
10? parts per million (ppm) af)?> = 1 (GeVic)>. Compar- data acquisition (DAQ) and electronic system was specially
isons between Eq. (2) and Eq. (19) provides information ordesigned for this experiment, and which formed both elec-
how much the input parton distribution functions affect thetron and pion triggers. A C9gasCerenkov detector and a
evaluation of the asymmetry. double-layered lead-glass shower counter were used te sepa
rate electrons from the pion background. The design of the
DAQ, along with its particle identification (PID) performea
Experimental Setup and Analysis Overview and the deadtime corrections to the measured asymmetries,
was reported elsewhere [10]. The overall charged pion
The polarized electron beam was produced by illuminatingcontamination was found to contribute less tdar 10~ of
a strained GaAs photocathode with circularly polarizeéidas the detected electron rate, with an electron detectioriexfity
light. The helicity of the electron beam was selected from aof 92% and 95% for DIS#1 and DIS#2, respectively. Using
pseudorandom [5—7] sequence every 66 ms, and reversed timle measured asymmetries from the pion triggers, thevelati
the middle of this time window, forming helicity pairs. The uncertainty on the measured electron asymmetxidgA due
helicity sequence controlled the data collection, andquisrof ~ to thenr— background was evaluated to be less than10—.
beam instability due to helicity reversal were rejectedrftbe  Relative corrections on the asymmetry due to DAQ deadtime
data stream. To reduce possible systematic errors, a laaié-w were (0.5 — 1.6)% with uncertaintiesAA/A < 0.1%. The
plate (HWP) was inserted intermittently into the path of thestandard HRS DAQ [1] was used at low beam currents to
polarized laser, which resulted in a reversal of the acteahi  precisely determine the kinematics of the experiment. This
helicity while keeping the helicity sequence unchangede Thwas realized through dedicated measurements on a carbon
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multi-foil target which provided data to determine the san small amountof hydrogen deuteride. Background from events
port function of the HRSs. rescattering off the inner walls of the HRS was estimated us-
The number of scattered particles in each helicity win-ing the probability of such rescattering and adds no mone tha
dow was normalized to the integrated charge from the bearfl.2% relative uncertainty to the measured asymmetry.
current monitors, from which the raw asymmetrids,, Corrections from the beam polarization in the direction
were formed. The raw asymmetries were then corrected foperpendicular to the scattering plane can be described as
helicity-dependent fluctuations in the beam parametets, fodA = A, [—Sy sin 0y, + Sy cos 0] whereA,, is the beam-
lowing AP, = Aexp — D ciAx;, whereAz; are the mea- normal asymmetrysSy, 1, are respectively the electron po-
sured helicity window differences in the beam position,lang larization components in the vertical, horizontal and itung
and energy. The values of the correction coefficientsould  dinal directions, and,, is the vertical angle of the scattered
be extracted either from natural movement of the beam @alleelectrons. During the experiment the beam spin components
the “regression” method), or from calibration data cokect were controlled tdSy/Sr| < 27.4% and|Sv /SL| < 2.5%
during the experiment, in which the beam was modulated sevand the value o®,, was found to be less than 0.01 rad.
eral times per hour using steering coils and an acceleratingherefore the beam vertical spin dominates this background
cavity (the “dithering” method). The largest of the correc-dA =~ A, Sy cosby, < (2.5%)P,A,, whereP, = Sy, is the
tions was approximately.6 ppm, and the difference between beam longitudinal polarization described earlier. Theigal
the two methods, in the range 0.07-0.16 ppm, was used as tlog A,, were measured at DIS kinematics and, based on which

systematic uncertainty in the beam corrections. it was estimated that the uncertainty due4p was no more
The beam-corrected asymmetrigl, were then corrected than2.5% of the measured asymmetries.
for the beam polarization. The longitudinal polarizatid e Radiative corrections were performed for both internal and

electron beam was measured intermittently during the expeexternal bremsstrahlung as well as ionization loss. Eatern

iment by a Mgller polarimeter [1]. For DIS#1 it measured aradiative corrections were performed based on the proeedur

polarization of(88.18 + 1.76)% averaged over the whole run first described by Mo and Tsai [18]. As inputs to the radia-

period. The uncertainty was dominated by the knowledge ofive corrections, PV asymmetries of elastic scatteringiftoe

the Mgiller target polarization. A Compton polarimeter [11] deuteron were estimated using Ref. [19] and those from guasi

was used for DIS#2, but was not available for DIS#1. The une€lastic scattering were based on Ref. [5]. The simulati@ulus

certainty of the Compton measurement came primarily fronfo calculate the radiative correction also takes into antthe

the limit in understanding the analyzing power. The Mgllereffect of HRS acceptance and particle identification efficje

and Compton measurements for DIS#2 agreed well and wenéariation across the acceptance.

combined to give88.89 & 1.51)%. The passage of the beam  Box diagram corrections refer to effects that arise when

through material before scattering causes a small depatari the electron simultaneously exchanges two bosens{Z,

tion effect that was corrected. This was calculated based ofr ZZ box) with the target, and they are dominated by the

Ref. [12] and the beam depolarization was found to be lessy and theyZ box diagrams. For PVES asymmetries, the

than2.1 x 10~ for all resonance kinematics. box diagram effects include those from the interference be-
Next, the asymmetries were corrected for various backtweeny-exchange and theZ box, the interference between

grounds. The pair-production background, which resuttsifr ~ Z-exchange and they box, and the effect of they box on

70 decays, was measured at the two DIS kinematics of thi¢he electromagnetic cross sections. Correction from tiierla

experiment by reversing the polarity of the HRS magnets anéo was estimated to be0.2% and —0.3% for DIS#1 and

was found to contribute less thanx 10~3 of the detected #2, respectively [20]. The uncertainty was estimated cense

rate. Since pions come from decay of nucleon resonance¥atively to be40.2% and=+0.3% respectively, i.e., a relative

which are produced at lowe&p? than electrons of the same 100% uncertainty. Effect from theZ box was taken into ac-

momentum and hence typically have smaller PV asymmecount as part of the electroweak radiative corrections and n

tries, the relative uncertainty on the measured asymnsetriey — Z correction was applied to the measured asymmetry.

due to this background was estimated to be no more than Results on the physics asymmetty;’* were formed from

3 x 10~%. Background from the aluminum target windows the beam-corrected asymmetr)s, by correcting for the

was estimated using Eq. (2), with structure functiéfi§ for ~ beam polarization, and backgrounds with asymmetry;

aluminum constructed from the MSTW2008 DIS PDF [13] and fractionf;, described above, using the equation

and the latest world fit on the ratio of longitudinal to trans- be

verse virtual photon electromagnetic absorption crostsser (%bw -2 Aifi)

1- Zl fz .

R = o1 /or [14]. The relative correction to the asymmetry is
for both DIS#1 and #2. Here the uncertainty is estimatedusinWhen all f; are small withA; comparable to or smaller than

AR = (20)

at thel x 10~ level with an uncertainty oA A/A = 0.24%

the observed nuclear effect on structure func#n[15-17],  AbS , one can defing; = f;(1 — A“%Pb) and approximate
which is estimated to be no more than 10% for our two DIS -

kinematics. Target impurity adds about 0.06% of relative un phys Abe _

certainty to the measured asymmetry due to the presence of a Apy” ~ P, IL; (1 + fi) ’ (21)
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i.e., all corrections can be treated as multiplicative. a scale for the size of PDF-related uncertainties. Valudiseof
Table | presents the measured asymmetries along with all; 3 terms of the asymmetries are presented in Table Il.
corrections and the final physics asymmetry results fontloet ~ As one can see from Table Il, differences among different
DIS kinematics. The dithering-corrected asymmetries meafits are below 1 ppm. This is a reasonable estimate of the
sured by the DAQ were used a®°'®V and the difference PDF-related uncertainties since the “no structure” vahles
between dithering and regression methods were used as theady do not differ from the results using PDFs by more than
systematic uncertainty of>¢raw, 2 ppm. Effect of possible differences betweBn? and R
were studied [24]: To account for a shift of 1 ppm in the asym-
metry, 7.7% and 4.5% differences betweR’ and R are
Calculation of Standard Model Expectations needed, forQ? = 1.085 and1.901 (GeV/c?), respectively.
Such large differences were considered highly unlikely and
In this section we explain how the Standard Model expecthe uncertainty in the asymmetry due to the possible differ-
tations of the PVDIS asymmetries were obtained. Based omnce betweer”? and R” was considered to be negligible
these calculations, the asymmetries were expressed irs terraompared to statistical uncertainties of the measurement.
of 204, — C14 and2Cs,, — Co4, allowing a simultaneous fit to The higher twist effects refer to the interaction between
these quantities that led to the main results presentedhifor t quarks inside the nucleon at lo@?, where renormalization
experiment. At the end we address the higher twist effect duef the QCD coupling breaks down. At a relative l&y# but
to quark-quark correlations inside the nucleon. not low enough for the effective QCD coupling to diverge,
Electroweak radiative corrections were applied to all cou-the higher twist effects introducelg Q*-dependence to the
plings used in the calculation of the asymmetry. The electrostructure functions in addition to the Q* perturbative QCD
magnetic fine structure constamtwas evolved to the mea- evolution. The higher twist effects oR” were estimated in
sured@? values fromagn|gz—o = 1/137.036 [4]. The Ref. [25] and the effect on the asymmetry is negligible. Pre-
evaluation takes into account purely EM vacuum polarizavious data on the higher twist effect of electroweak streeetu
tion. The Fermi constant i&r = 1.1663787(6) x 1075 functionsF]f are scarce. The only data that can be directly
GeV? [4]. The (1,2, were evaluated using Table 7 and applied toF;“ here are from the neutrino structure function
Eq. (114-115) of Ref. [21] at our measurgd values in the  HY [25]. If applying the observedl’ higher twistQ? de-
M S scheme using a fixed Higgs mal; = 125.5GeV. This  pendence td7y“ alone, one expects the asymmetry to shift
calculation includes the “charge radius effect” and ameste  py (.70 ppm and+1.2 ppm for the lower and the higher
of the interference betweepexchange andZ box, butnot (2 results, a less thah?% effect. Moreover, since the non-
the effect from theyy box. Effect from theyy box was ap-  perturbative interaction between quarks inside the nucleo
plied as a correction to the measured asymmetry as describgfould not depend on the force-mediating boson (photon or
In previous sections. Z%) exchanged between the quark and the incident electron,
To express the measured asymmetries in tern®6f, —  one expects a large, if not complete, cancellation between t
C1a @and2Csy, — Caq, e calculated alF';'# structure func-  higher twist terms of )% and 7, i.e. the numerator and the
tions in Egs. (2,5) based on parameterizations of partdri-dis denominator of both; andas terms. The PVDIS asymmetry
bution functions (PDFS) If calculations of the structunad- should therefore have very small h|gher twist effect.
tions from PDFs are not available, the quark-parton model The higher twist effect to PVDIS can be investigated
was used, as in Egs. (6-8). In this case, leading-order (LOprough a simultaneous fit to a higher twist coefficidt,
PDFs were Used Whenever possible. The most Suitable C%d2c’2u _ CQd using asymmetries measured at the two DIS
culation for our kinematics is from the CTEQ/JLab (“CJ”) fit kinematics during this experiment_ The expression
which provides structure functions at the next-to-leading
der. However, the CJ fit does not apply@3 values below EW BuT
1.7 (GeVic)?. To utilize theQ? = 1.085 (GeVic)? asymme- Apv = Apy (1 + 1- x)ng) (22)
try results, it was necessary to compare the CJ calculadion t
other PDF fits at9? = 1.901 (GeV/k)? and decide on the was used wheredZ}Y is the value calculated based on the
best PDF to use fo€)? values belowl.7 (GeV/k)2. Com-  Standard Model. The/Q? factor is based on the expected
parison was done among CTEQ-JLab (CJ) [22], CT10 [23]Q?-dependence of the higher twist term as mentioned above,
and MSTW2008 [13]. It was found that the leading-orderand the(1 — )3 term corresponds to the correlation probabil-
MSTW2008 fit gives the closest results to CJ. The variatiority among spectator quarks, although our two DIS measure-
among all three fits was found to be small, and was used aments have very similar values which minimizes the sensi-
an estimate of the uncertainty due to structure function caltivity to this term. Theus term ofAIED‘W contain2Cy,, — Cay,
culations. In addition, it is useful to evaluate the value ofwhile thea; term was fixed to the Standard Model values of
a1,3 assuming that the nucleon is simply made of valeace 2C;, — C14. The fit result is8gr = 0.02598 + 0.04723 and
andd quarks, i.e., using the “no structure” approximation of 2C5, — Coq = —0.0602 + 0.1090, with a correlation coeffi-
Eq. (19). The differences in the calculated asymmetriasgusi cient0.91817. Our result fgiy 7 is consistent with zero. This
PDFs and those using “no structure” approximations providéndicates that the extraction at”;,, — C14 and2C5,, — Cay
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Kinematics
DIS#1 |Left DIS#2|Right DIS#2
E, (GeV) 6.067 6.067
Bo 12.9° 20.0°
E} (GeV) 3.66 2.63
(Q?) data [(GeVIE)?]| 1.085 1.901
() data 0.241 0.295
(W)data (GeV) | 2.073 2.330
APS. (ppm) —78.45 | —140.30 | —139.84
(stat.) +2.68 | +10.43 +6.58
(syst.) +0.07 | +0.16 +0.46
Corrections with systematic uncertainties
P, 88.18% 89.29 88.73%
AP, +1.76% | +£1.19% +1.50%
1+ faepol 1.0010 1.0021
(syst.) <1074 <1074
1+ far 0.9999 0.9999 0.9999
(syst.) +0.0024 | £0.0024 | +0.0024
1+ fae 1.0147 | 1.0049 1.0093
(syst.) +0.0009 | £0.0004 | =+£0.0013
1+ frc 1.015 1.019
(syst.) +0.020 +0.004
1+ foabox 0.998 0.997
(syst.) +0.002 +0.003
Other systematic uncertaintiesMAhys/Aphys
Af.— +0.009%| £0.006% | +0.003%
A foair +0.04% | +0.3% +0.3%
Afa, +2.5% | £2.5% +2.5%
AQ? +0.85% | +0.64% +0.65%
rescatt bg <02% | €0.2% | < 0.2%
target impurity | £0.06% | £0.06% | =£0.06%
Asymmetry Results
Apnys (ppm) —91.10 —160.80
(stat.) +3.11 +6.39
(syst.) +2.97 +3.12
(total) +4.30 +7.12

TABLE I: Asymmetry results ore—2H parity-violating scattering from the PVDIS experimentJab. The kinematics shown include the
beam energyf;, central angle and momentum settings of the spectrongtedt), and the actual kinematics averaged from the dgd)
and(z). The electron asymmetries obtained from the narrow triggéne DAQ with beam dithering correctiond,”*™, were corrected for
the effects from the beam polarizatidh and other systematic effects including: the beam depattioia effectfi.,.1, the target aluminum
endcapfai, the DAQ deadtiméy; [10], the radiative correctioffi.. that includes effects from energy losses of incoming antieseal electrons
as well as the spectrometer acceptance and detector effeseand the box-diagram correctign, ... Other systematic uncertainties that
affected the asymmetries include: the charged pion andaingmduction background - and f,.i., the beam normal asymmetfy,, , the
uncertainty in the determination ¢f2, the re-scattering background, and the target impurityaiesults on the physics asymmetri&™s
are shown with their statistical, systematic, and totakutainties.



[(Q%) = 1.085, (x) = 0.241[(Q?) = 1.901, (z) = 0.295
Physical couplings used in the Calculation

arpm(Q?) 1/134.45 1/134.20
CPY' = —0.1887 — 0.0011 x 2In((Q?)/0.14GeV?) -0.1902 -0.1906
CFY' = 0.3419 — 0.0011 x =* In((Q?)/0.14GeV?) 0.3427 0.3429
205M — ofM -0.7231 -0.7241
CSM = —0.0351 — 0.0009 In((Q?)/0.078 GeV?) -0.0375 -0.0380
CSM = 0.0248 + 0.0007 In((Q?)/0.021 GeV?) 0.0276 0.0280
205M — o5 -0.1025 -0.1039
A(ar), A(as) terms in ppm
“no structure” —83.07, —-5.11 —145.49, —14.28
CTEQ/JLab (CJ) full fit, mid NA —147.37,-12.12
min —147.41,-12.99
max —147.40, —13.07
“PDF+QPM” MSTW2008 LO —83.61, —4.13 —146.43, —12.48
“PDF+QPM” CT10 (NLO) —84.06, —4.35 —146.64, —12.89
coefficients foC1, — Ci4, 2C2, — Caq In ppm

“no structure” 114.88,49.82 200.92, 137.51
CTEQ/JLab (CJ) full fit, mid NA 203.52,116.68
min 203.58,125.01
max 203.56, 125.78
“PDF+QPM” MSTW2008 LO 115.63, 40.26 202.22,120.08
“PDF+QPM” CT10 (NLO) 116.25, 42.41 202.51,124.08

TABLE II: Comparison of asymmetry calculation using diféet structure functions. Values faiz 1/ (Q?) were calculated usingza (Q2 =
0) = 1/137.036 andCt,, (Q?) were based on Table 7 and Eq. (114-115) of Ref. [21].
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