PHYSICAL REVIEW C 70, 065207(2004)

Precision measurement of the neutron spin asymmetries and spin-dependent structure functions
in the valence quark region
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We report on measurements of the neutron spin asymmetfiesnd polarized structure functions , at
three kinematics in the deep inelastic region, with0.33, 0.47, and 0.60 ar@?=2.7, 3.5, and 4.8GeV/c)?,
respectively. These measurements were performed using a 5.7 GeV longitudinally polarized electron beam and
a polarized®He target. The results fox] andg} atx=0.33 are consistent with previous world data and, at the
two higherx points, have improved the precision of the world data by about an order of magnitude. The new
Al data show a zero crossing arouxd0.47 and the value at=0.60 is significantly positive. These results
agree with a next-to-leading-order QCD analysis of previous world data. The trend of data aeligtes with
constituent quark model predictions but disagrees with that from leading-order perturbative REEID)
assuming hadron helicity conservation. ResultsAprand g) have a precision comparable to the best world
data in this kinematic region. Combined with previous world data, the modjenas evaluated and the new
result has improved the precision of this quantity by about a factor of 2. When combined with the world proton
data, polarized quark distribution functions were extracted from the glg®} values based on the quark-
parton model. While results foAu/u agree well with predictions from various models, results Aat/d
disagree with the leading-order PQCD prediction when hadron helicity conservation is imposed.
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[. INTRODUCTION the structure functions based on PQCD, but also because all
é:)revious data on the neutron asymmetfyin the regionx

prominent in the 1980s when experiments at CERNand =0.4 have large uncertainties and are consistent \&[lth
=<0. Furthermore, because balg sea and gluon contribu-

SLAC [2] on the integral of the proton polarized structure L NN . .
tions are small in this region, it is a relatively clean region to

function g} showed that the total spin carried by quarks Wast tth | K model and to study the role of val
very small, =(12+17% [1]. This was in contrast to the estihe valence guark mode: and to study the role of vaience

simple relativistic valence quark model predicti¢8] in qu%”e(z a?r?eltgsegircosﬁxtgﬁgm?gtlzg Stoster;ser(ljuglsec())r;] esp(l)r;.the
which the spin of the valence quarks carries approximaterlin P PIS)

Interest in the spin structure of the nucleon becam

75% of the proton spin and the remaining 25% comes fro ajor experimental tools to stu_dy the quark qnd gluon struc-
their orbital angular momentum. Because the quark model i ure of the nucleon. The formalism of unpolarized and polar-

very successful in describing static properties of hadrons, th'(ged DIS is summarized in Appendix A. Within the quark-

fact that the quark spins account for only a small part of thé:)arton modelQPM), the nucleon is viewed as a collection

nucleon spin was a big surprise and generated very produc(,)f noninteracting, pointlike constituents, one of which carries

tive experimental and theoretical activities to the presentfi fraction x of the nucleon's longitudinal momentum and

Current understandinjgt] of the nucleon spin is that the total ?hbesr?:gz itz:;eo\l'/]l(ratrlé:?\lt Zﬁ(r)‘;[]og?]t.hlhceror;licéizrt]iocrzgsfcs)rsjgtsl(t)i(r:] ;Séat-
spin is distributed among valence quarkg sea quarks,

their orbital angular momenta, and gluons. This is called th erng from'lnd|V|duaI chargeq pointlike partons.'Therefore
. . he unpolarized and the polarized structure functiBpsind
nucleon spin sum rule: . .
g; can be related to the spin-averaged and spin-dependent
$ S04 2= % B quark distributions a§6]

Where$‘ is the nucleon spinS] and LY represent, respec- Fi(x, Q%) = 12 elzqi(x,QZ) (2
tively, the quark spin and orbital angular moment(@AM), 27
and J¢ is the total angular momentum of the gluons. Only
about(20-30% of the nucleon spin is carried by the spin of and
the quarks. To further study the nucleon spin, one thus needs
to know more precisely how it decomposes into the three o 1o 5 5
components and to measure their dependence blerex is 9:(x,Q%) = 52 eAG(X,QY), 3)
the Bjorken scaling variable, which in the quark-parton !
model [5] can be interpreted as the fraction of the nucleon ) )
momentum carried by the quark. For a fixed target experiwhered(x,Q%)=q](x,Q%+q{(x,Q? is the unpolarized par-
ment one hax=Q?/(2Mv), with M the nucleon masQ?  ton distribution functionPDF) of the ith quark, defined as
the four-momentum transfer squared, anitie energy trans- the probability that theith quark inside a nucleon
fer from the incident electron to the target. However, due to~aTies a fraction of the nucleon’s momentum, when probed
experimental limitations, precision data have been collecteth @ resolution determined byQ? The polarized
so far only in the low and moderateregions. In these re- PDF is defined as\gi(x, Q) =q/(x,Q%)-q/(x,Q?), where
gions, one is sensitive to contributions from a large amoun@ (X,Q? [g;(x,Q?)] is the probability to find the spin of the
of g sea and gluons and the nucleon is hard to model. Moreith quark aligned parallglantiparalle} to the nucleon spin.
over, at large distances corresponding to the size of a The polarized structure functiag(x,Q?) does not have a
nucleon, the theory of the strong interaction—quantum chrosimple interpretation within the QPIB]. However, it can be
modynamics (QCD)—is highly nonperturbative, which separated into leading-twist and higher-twist terms using the
makes the investigation of the roles of quark orbital angulaoperator expansion methdgd]:
momentum and gluons in the nucleon spin structure difficult.

qu focus here is _the first precise neutro_n spin.structure 0,(x,Q%) = g\z"’w(x,Qz) +0,(x,Q). (4)
data in the largex regionx=0.4. For these kinematics, the
valence quarks dominate and the ratios of structure functiongegre g\z"’W(x,Qz) is the leading-twisttwist-2) contribution

can be estimated based on our knowledge of the interactiong,y can be calculated using the twist-2 component of

between qua_rks. More specifically, the virtual photon asymMy, (x,Q?) and the Wandzura-Wilczek relatid] as
metry A, defined as

0112~ 03/2

A(x,Q%) = (5)

o12F 032

1 2
9" (% Q) = - g (x Q) + f %dy-

X
(the definitions ofoy, 3,are given in Appendix 4 which at
large Q? is approximately the ratio of the polarized and the The higher-twist contribution tay, is given byg,. When
unpolarized structure functiong,/F;, is expected to ap- neglecting quark mass effects, the higher-twist term repre-
proach unity ax— 1 in perturbative QCOHPQCD). Thisisa sents interactions beyond the QPM, e.g., quark-gluon and
dramatic prediction, not only because this is the only kine-quark-quark correlationfd]. The moment ofg, can be re-
matic region where one can give an absolute prediction folated to the matrix element, [10]:
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1 1 one hasu"(x) =dP(x)=d(x), d"(x)=uP(x)=u(x) based on iso-
dzzf dx XT3g5(x, Q) +201(x, Q)] = 3] dx X'g(x, Q). spin symmetry. The strange quark distribution for the neu-
0 0 tron is assumed to be the same as that of the praftr)

(6)  =s"(x)=s(x). In the following, all PDF’s are for the proton,
unless specified by a superscript

Henced, measures the deviations gf from g5'V. The value -
2 of g2 In the case of DIS, exact §8) symmetry implies the

of d, can be obtained from measurementgypfandg, and

can be compared with predictions from lattice QEI}], bag ~ S@M€ shape for the valence quark distributions, Ue;)
models[12], QCD sum ruleg13], and chiral soliton models =2d(X). Using Eqs(2) and(A4), and assuming tha(x, Q°)
[14]. is the same for the neutron and the proton, one can write the

In this paper we first describe available predictionsABr ~ratio of neutron and protoR; structure functions as

at largex. The experimental apparatus and the data analysis FD u(x) + 4d(x)
procedure will be described in Secs. llI-V. In Sec. VI we R = —f) =
present results for the asymmetries and polarized structure Fy  4u(0 +d(x)
functions for both®He and the neutron, a new experimental Applying u(x)=2d(x) gives

fit for g7/F}, and a result for the matrix elemed§. Com-

bined with the world proton and deuteron data, polarized R =2/3. (11

quark distribution functions were extracted from ajvF] However, data on th&¥™ ratio from SLAC [18], CERN
resul';s. We conclude the paper by summarizing the resmtf'lg—zj] r;md Fermilat{22] disagree with this SUB)’ predic-
for A; and Ad/d and speculating on the; Importance of thetion. The data show thd&®"P(x) is a straight line starting with
role of quark OAM on the nucleon spin in the kinematic |Rnp| ~1 and dropping to below 1/2 1. In addition

H x—0"" as . ’
region explored. Some of the results presented here we&lj(x) is small at lowx [23-25. The fact thatR™|, o~1

published previously15]; the present publication gives full . )

details on the experiment and all of the neutron spin structur8'dY be exp!amed by the presence of a dommant amount of
Sea quarks in the low-region and the fact thatAf], ,~0

results for completeness. 1 .
could be because these sea quarks are not highly polarized.

. At large x, however, there are few sea quarks and the devia-
Il. PREDICTIONS FOR A;j AT LARGE x tion from SU6) prediction indicates a problem with the

wave function described by E¢7). In fact, SU6) symmetry

is known to be brokeii26] and the detail of possible $6)-

breaking mechanisms is an important open issue in hadronic

physics.

(10

In Secs. Il A-Il F we present predictions Af at largex.
Data onAjf from previous experiments did not have the pre-
cision to distinguish among different predictions, as will be
shown in Sec. Il G.

B. SU(6) breaking and hyperfine perturbed relativistic CQM

A. SU(6) symmetric nonrelativistic constituent quark model A possible explanation for the $8) symmetry breaking

In the simplest nonrelativistic constituent quark modelis the one-gluon exchange interaction which dominates the
(CQM) [16], the nucleon is made of three constituent quarksquark-quark interaction at short distances. This interaction
and the nucleon spin is fully carried by the quark spin. As-was used to explain the behavior Bf? nearx— 1 and the
suming SY6) symmetry, the wave function of a neutron po- ~300 MeV mass shift between the nucleon andAli232

larized in the £ direction has the fornjl7] [26]. Later this was described by an interaction term propor-
1 1 1 tional to 3-8153(@), with § the spin of theith quark, and
InT) = ,—§|dT(dU)ooo> + EW(dU)u& - §|dl(du)111> hence is also called the hyperfine interaction or chromomag-
\J \J

netic interaction among the quark®7]. The effect of this
1 VE perturbation on the wave function is to lower the energy of
_§|UT(dd)llO>+?|ul(dd)lll>v (7)  the S=0 diquark state, causing the first term of @),
|dT (du)gee", to become more stable and to dominate the
where the three subscripts are the total isospin, total Spin high-energy tail of the quark momentum distribution that is
and spin projectiorS, along the £ direction for the “di- probed asx— 1. Since the struck quark in this term has its
quark” state. For the case of a proton one needs to exchangein parallel to that of the nucleon, the dominance of this
the u and d quarks in Eq.(7). In the limit where SW6)  term asx— 1 implies(Ad/d)"—1 and(Au/u)"—-1/3 for
symmetry is exact, both diquark spin states w1 and the neutron, while for the proton one has
S=0 contribute equally to the observables of interest, leading
to the predictions Au/u— 1 andAd/d — - 1/3 asx — 1. (12

AP=5/9 andA" = 0: (8) One also obtains
R"™ - 1/4 asx — 1, (13

A — 2 A — —1/3.
ulu /3 andAd/d 3 © which could explain the deviation d®"P(x) data from the
We defineu(x) =uP(x), d(x)=dP(x), ands(x)=s"(x) as  SU(6) prediction. Based on the same mechanism, one can
parton distribution functions for the proton. For a neutronmake the following predictions:
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AP — 1 andA] — 1 asx — 1. (14) HHC is based on the assumption that the quark OAM is
o o zero. Recent experimental data on the tensor polarization in
The hyperfine interaction is often used to break(®U g|astic e2H scattering[32], neutral pion photoproduction
symmetry in the relativistic CQMRCQM). In this model, [33], and the proton electromagnetic form fact¢8%,35
the constituent quarks have nonzero OAM which carriegjisagree with the HHC predictioni86]. It has been sug-

~25% of the nucleon spif8]. The use of RCQM to predict gested that effects beyond leading-order PQCD, such as the
the largex behavior of the nucleon structure functions can beg,ark OAM [37-40, might play an important role in pro-

justified by the valence quark dominance, i.e., in the large ggses involving quark spin flips.
region almost all quantum numbers, momentum, and the spin
of the nucleon are carried by the three valence quarks, which

can therefore be identified as constituent quarks. Predictions D. Predictions from next-to-leading-order QCD fits

of Al and A} in the largex region using the hyperfine- In a next-to-leading-orde(NLO) QCD analysis of the
perturbed RCQM have been achieved. world data[41], parametrizations of the polarized and unpo-
) o _ larized PDF’s were performed without the HHC constraint.
C. Perturbative QCD and hadron helicity conservation Predictions ofg?/FP and g}/F} were made using these pa-
In the early 1970s, in one of the first applications of per-rametrizations, as shown in Figs. 1 and 2 in Sec. Il G.
turbative QCD, it was noted that as— 1, the scattering is In a statistical approach, the nucleon is viewed as a gas of

from a high-energy quark and thus the process can be treategassless partorigjuarks, antiquarks, and glugris equilib-
perturbatively[29]. Furthermore, when the quark OAM is rium at a given temperature in a finite volume, and the parton
assumed to be zero, the conservation of angular momentudistributions are parametrized using either Fermi-Dirac or
requires that a quark carrying nearly all the momentum oBose-Einstein distributions. Based on this statistical picture
the nucleon(i.e., x— 1) must have the same helicity as the of the nucleon, a global NLO QCD analysis of unpolarized
nucleon. This mechanism is called hadron helicity conservaand polarized DIS data was performgt®]. In this calcula-
tion (HHC), and is referred to as the leading-order PQCD intion Au/u=0.75,Ad/d=~-0.5, andA}"<1 atx— 1.

this paper. In this picture, quark-gluon interactions cause

only the S=1, S,=1 diquark spin projection component g Predictions from chiral soliton and instanton models

rather than the fulS=1 diguark system to be suppressed as

x— 1, which gives While PQCD works well in high-energy hadronic physics,

theories suitable for hadronic phenomena in the nonperturba-
Au/u— 1 andAd/d — 1 asx — 1; (15  tive regime are much more difficult to construct. Possible
approaches in this regime are quark models, chiral effective
theories, and the lattice QCD method. Predictions A§P
have been made using chiral soliton modé3,44 and the

o results of Ref.[44] give A]<0. The prediction thaA?<0
This is one of the few places where PQCD can make apas also been made in the instanton mdds).

absolute prediction for the dependence of the structure
functions or their ratios. However, how low inand Q? this
picture works is uncertain. HHC has been used as a con-
straint in a model to fit data on the first moment of the proton Based on quark-hadron dualif$6], one can obtain the

g, giving the Brodsky-Burkardt-SchmidBBS) parametri-  structure functions and their ratios in the largeegion by
zation [30]. The Q? evolution was not included in this summing over matrix elements for nucleon resonance transi-
calculation. Later in the Leader-Sidorov-Stamen®BS) tions. To incorporate S®) breaking, different mechanisms
[LSS(BBS)] parametrizatior{31], both proton and neutron consistent with duality were assumed and data on the struc-
A, data were fitted directly and th@? evolution was care- ture function ratioR"™ were used to fit the S{8) mixing

fully treated. Predictions foA] using both BBS and LSS- parameters. In this picturdy*— 1 asx— 1 is a direct result.
(BBS) parametrizations have been made, as shown in Figs. Ruality predictions forA7® using different Si6)-breaking

and 2 in Sec. Il G. mechanisms were performed in R§A7]. There also exist

3
RP— -, Al—1, andA] —-1asx—1. (16
7

F. Other predictions

TABLE I. Previous measurements Af.

2
Experiment Beam Target X (Ge?//c)2
E142([51] 19.42, 22.66, 25.51 Ge\&™ *He 0.03-0.6 2
E154[52] 48.3 GeV;e *He 0.014-0.7 1-17
HERMES[50] 27.5 GeV;e He 0.023-0.6 1-15
E143[25] 9.7, 16.2, 29.1 GeVe~ NH3, ND3 0.024-0.75 0.5-10
E155[53] 48.35 GeV;e~ NHg, LiDg 0.014-0.9 1-40
SMC [49] 190 GeV;u~ C4H10, CiD1 0 0.003-0.7 1-60
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A 1 p 1
1 b x E143[25] ! v HERMES [54]
. & E155[53] A SMC [24]
| o E142151] * EMC [23] —
A E154[52] I . 0.75 * E143[25]
- O SMC[49] S 1 s E155[53]
o5 | v HERMESISOI |[¥ 77| 4
i },//4;7: ',' ; > / / e 0‘5 -J,.- ‘_,...--.:.;x_n-;%}A
: Z /,/a ..... 1\
0 % e e 0.25 |
I N
_0'5 1 1 1 I Il £ 1 I i I_-I I 1 i I 1 1 1 I 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

FIG. 1. Previous data oA [25,49-53 and various theoretical FIG. 2. World data onA} [23-25,53,5% and predictions for
predictions: A from SU6) symmetry (solid line at zerp [17], df/FY at Q?=5 (GeV/c)? from the E155 experimental fitong-
hyperfine-perturbed RCQNshaded band[28], BBS parametriza- dash—dot-dottgd53] and a new fit as described in Sec. V{IBng-
tion atQ?=4 (GeV/c)? (higher solig [30], LSSBBS) parametriza- dash—dot-dot—dottedThe solid curve corresponds to the prediction
tion at Q%?=4 (GeV/c)? (dasheql [31], statistical model atQ?  for gj/F] from LSS2001) parametrization atQ?=5 (GeV/c)%.
=4 (GeV/c)? (long-dasheyl [42], quark-hadron duality using two Other curves are the same as in Fig. 1 except that there is no
different SU6)-breaking mechanismé&ash-dot-dotted and dash- prediction for the proton from BBS and L&BS)
dot-dot-dottegi[47], and nonmeson cloudy bag modéhsh-dottefl ~ parametrizations.

[48]; g]/F] from LSS2001 parametrization @?=5 (GeV/c)?

(lower solid [41] and from chiral soliton modelg43] at Qi the statistics. Data were collected at thxegoints as shown
=3 (GeV/c)® (long-dash-dottedand [44] at Q°=4.8(GeV/c)” iy Taple II. Both longitudinal and transverse electron asym-
(dotted. metries were measured, from whigh, A, g;/F;, andg,/F;
were extracted using EqeA22)A25).
predictions from bag mode[gl8], as shown in Figs. 1 and 2
in the next section.
A. Polarized *He as an effective polarized neutron

G. Previous measurements oA} As shown in Fig. 1, previous data of did not have
A summary of previousA! measurements is given in sufficient precision m_th'e If_;lrgxe region. Thls IS m?"”'.y due
to two experimental limitations. First, high polarization and

Table I. The data o\; and A} are plotted in Figs. 1 and 2 I . - :
. : : X . . luminosity required for precision measurements in the large
along with theoretical calculations described in previous sec-

fon. Sne e ependnce o 5 smal nG T e 10 ualeble retously Secon, e e
~A; in DIS, data forg]/F} andg}/F?} are also shown and all g g &Xp

d . O . ment, mainly because of the neutron’s short lifetime
ata are plotted without evolving iQ°. As becomes obvious . -
in Fig. 1, the precision of previoud! data atx>0.4 from (i886 9. Therefore polarized nuclear targets suctftdsor
SMC [49], HERMES[50], and SLAC[25,51,53 is not suf-  *He are commonly used as effective polarized neutron tar-
ficient to distinguish among different predictions. gets. Consequently, nuclear corrections need to be applied to
extract neutron results from nuclear data.
For a polarized deuteron, approximately half of the deu-
. THE EXPERIMENT teron spin comes from the proton and the other half comes
We report on an experimefis] carried out at the Hall A from the neutron. Therefore the neutron results extracted

of Thomas Jefferson National Accelerator Facilidgfferson from the deuteron data have a significant uncertainty c»oming
Lab, or JLab. The goal of this experiment was to provide from the error in the proton data. The advantage of udiigy
precise data oA in the largex region. We have measured is that the two protons’ spins cancel in the domin&rstate

the inclusive deep inelastic scattering of longitudinally polar-of the ®He wave function; thus the spin of thitle comes
ized electrons off a polarizetHe target, with the latter being mainly (>87%) from the neutron{56,57, as illustrated in
used as an effective polarized neutron target. The scatterddg. 3. As a result, there is less model dependence in the
electrons were detected by the two standard high-resolutioprocedure of extracting the spin-dependent observables of
spectrometer§HRS's). The two HRS'’s were configured at the neutron frontHe data. At large, the advantage of using
the same scattering angles and momentum settings to doukdepolarized®He target is more prominent in the case?df In
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TABLE II. Kinematics of the experiment. The beam energy was
E=5.734 GeV.E’' and # are the nominal momentum and angle of
the scattered electron&), (Q%), and(W?) are values averaged over
the spectrometer acceptance.

Left HRS

Cerenkov

/ / VBES \ Pa'glass
() 0.327 0.466 0.601 7 ; couriers
! Scintillators ~ \
E' 1.32 1.72 1.455 Compfon  Raster \\~ Pof.3He :
o o o Polarimeter ofer ,“Target !
0 35 35 45 &', Polarjmeter, - ‘ |
(@ (GeVic)? 2.709 3.516 agz v P FT\"' . i A
(WA (GeV)? 6.462 4.908 4.090 ARC | BOM P BPM “pEml O gl0z i
\ Q3 /
\ Pb glass/
\ Laser Hut counters
this region almost all calculations show thaf is much e /
smaller thanAY; therefore theA] results extracted from X, Right HRS i

nuclear data are more sensitive to the uncertainty in the prc
ton data and the nuclear model being used.

In the largex region, the cross sections are small becausc
the parton densities drop dramatically »ascreases. In ad-
dition, the Mott cross section, given by H#3), is small at
large Q2. To achieve a good statistical precision, high lumi-
nosity is required. Among all laboratories that are equipped

FIG. 4. (Color onling Top view of the experimental Hall fnot
to scale.

with a polarized®He target and are able to perform a mea-

The beamline starts after the arc section of the accelerator

surement of the neutron spin structure, the polarized electrofyhere the beam is bent into the hall, and ends at the beam

beam at JLab, combined with the polariZte target in Hall
A, provides the highest polarized luminosity in the world
[58]. Hence it is the best place to study the largleehavior
of the neutron spin structure.

B. The accelerator and the polarized electron source

dump. The arc section can be used for beam energy measure-
ment, as will be described in Sec. Il D. After the arc section,
the beamline is equipped with a Compton polarimeter, two
beam current monitorfCM’s), an Unser monitor for abso-
lute beam current measurement, a fast raster, the eP device
for beam energy measurement, a Mgller polarimeter, and two

beam position monitoré€BPM'’s). These beamline elements,
JLab operates a continuous-wave electron accelerator thedgether with spectrometers and the target, will be described
recirculates the beam up to five times through two superconin detail in the following sections.
ducting linear accelerators. Polarized electrons are extracted
from a strained GaAs photocathoffs9] illuminated by cir-
cularly polarized light, providing a polarized beam @0-
80)% polarization and=200 uA maximum current to ex- The energy of the beam was measured absolutely by two
perimental Halls A, B, and C. The maximum beam energyindependent methods: ARC and &0,63. Both methods
available at JLab so far is 5.7 GeV, which was also the beamgan provide a precision 0fEpean{ Epean2 X 1074, For the
energy used during this experiment. ARC method[60,62, the deflection of the beam in the arc
section of the beamline is used to determine the beam en-
ergy. In the eP measuremd®0,63 the beam energy is de-
termined by the measurement of the scattered electron angle
0. and the recoil proton anglé, in 'H(e,e’p) elastic scat-
tering.

D. Beam energy measurement

C. Hall A overview

The basic layout of Hall A during this experiment is
shown in Fig. 4. The major instrumentatig60] includes
beamline equipment, the target, and two HRS'’s.

E. Beam polarization measurement

Two methods were used during this experiment to mea-
sure the electron beam polarization. The Mgller polarimeter
[60] measures Mgller scattering of the polarized electron
beam off polarized atomic electrons in a magnetized foil.
The cross section of this process depends on the beam and
target polarizations. The polarized electron target used by the
Mgller polarimeter was a ferromagnetic foil, with its polar-
ization determined from foil magnetization measurements.

FIG. 3. An illustration of thé'He wave function. Th&, S, and ~ The Mgller measurement is invasive and typically takes an
D state contributions are from calculations using the AvV18 two-hour, providing a statistical accuracy of about 0.2%. The
nucleon interaction and the Tucson-Melbourne three-nucleon forcegystematic error comes mainly from the error in the foil tar-
as given in Ref[56]. get polarization. An additional systematic error is due to the

5%0)+ (o%0) + (6%

S’ state
(1.26%)

D state
(8.75%)

S state
(89.93%)
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fact that the beam current used during a Mgller measuremer
(=0.5uA) is lower than that used during the experiment.
The total relative systematic error was3.0% during this

experiment.
During a Compton polarimetdi60,64 measurement, the paq quqqqqqqqqq
electron beam is scattered off a circularly polarized photon

beam and the counting rate asymmetry of the Compton scat N
tered electrons or photons between opposite beam helicitie the;‘e"c”y a“elmates_ randomly
is measured. The Compton polarimeter measures the beal one pulse pair etween pulse pars
polarization concurrently with the experiment running in the /
hall.

The Compton polarimeter consists of a magnetic chicane
which deflects the electron beam away from the scatterec

photons, a photon source, an electromagnetic calorimetel —{ = 33ms

and an electron detector. The photon source was a 200 mV

laser amplified by a resonant Fabry-Pérot cavity. During thisDAQ FJ + FJTJ T JTFJ # H
experiment the maximum gain of the cavity reach@gy, i ! 5

=7500, leading to a laser power of 1500 W inside the cavity. FIG. 5. Helicity signal and the helicity status of DAQ in toggle
The circular polarization of the laser beam was greater thaﬂop) aﬁd -pseudorandom)ottonj modes

99% for both right and left photon helicity states. The asym- '
metry measured in Compton scattering at JLab with a , o )

1.165 eV photon beam and the 5.7 GeV electron beam useglectrons’ helicity states during each of the H+ and H-
by this experiment had a mean value=e2.2% and a maxi- pulses was confirmed by measuring a well known asymme-

mum of 9.7%. For a 1A beam current, one hour was [y and comparing the measured asymmetry with its predic-
needed to reach a relative statistical accuracy ofion, as will be presented in Secs. VB and V C.

(APp)stad Pb=1%. The total systematic error was

(APy)sy Pp~1.6% during this experiment. G. Beam charge measurement and charge asymmetry feedback

The average beam polarization during this experiment e peam current was measured by the BCM system lo-

was extracted from a combined analysis of 7 Mgller and 53,510 upstream of the target on the beamline. The BCM sig-
Compton measurements. A value @.7+2.94% was used 55 were fed to scaler inputs and were inserted in the data
in the final DIS analysis. stream.

Possible beam charge asymmetry measured at Hall A can
be caused by the timing asymmetry of the DAQ system, or

The helicity state of electrons is regulated every 33 ms apy the timing and the beam intensity asymmetries at the
the electron source. The time sequence of the electrons’ heplarized electron source. The beam intensity asymmetry
licity state is carried by helicity signals, which are sent togriginates from the intensity difference between different he-
experimental halls and the data acquisiti@®AQ) system. |icity states of the circularly polarized laser used to strike the
Since the status of the helicity sign@l+ or H- pulseshas  photocathode. Although the charge asymmetry can be cor-
either the same or the opposite sign as the real electron heacted for to first order, there may exist unknown nonlinear
licity, the absolute helicity state of the beam needs to befects which can cause a systematic error in the measured
determined by other methods, as will be described later.  asymmetry. Thus the beam charge asymmetry should be

There are two modes—toggle and pseudorandom—whickinimized. This was done by using a separate DAQ system
can be used for the pulse sequence of the helicity signal. Ipitially developed for the parity-violation experimer{B5],
the toggle mode, the helicity alternates every 33 ms. In theglled the parity DAQ. The parity DAQ used the measured
pseudorandom mode, the helicity alternates randomly at thenarge asymmetry in Hall A to control the orientation of a
beginning of each pulse pair, of which the two pulses mustotatable half-wave plate located before the photocathode at
have opposite helicities in order to equalize the numbers ofhe source, such that intensities for each helicity state of the
the H+ and H- pulses. The purpose of the pseudorandomfolarized laser used to strike the photocathode were adjusted
mode is to minimize any possible time-dependent systematigccordingly. The parity DAQ was synchronized with the two
errors. Figure 5 ShOWS the heI|C|ty Signals a.nd the hel|C|tyHRS DAQ Systems so that the Charge asymmetry in the two
states of the DAQ system for the two regulation modes.  different helicity states could be monitored for each run. The

There is a half-wave plate at the polarized source whicteharge asymmetry was typically controlled to be below 2
can be inserted to reverse the helicity of the laser illuminat- 1074 during this experiment.

ing the photocathode and hence reverse the helicity of the
electron beam. During the experiment this half-wave plate
was inserted for half of the statistics to minimize possible
systematic effects related to the beam helicity. To protect the target cell from being damaged by the ef-
The scheme described above was used to monitor thiect of beam-induced heating, the beam was rastered at the
relative changes of the helicity state. The absolute sign of thtarget. The raster consists of a pair of horizontal and vertical

F. Beam helicity

H. Raster and beam position monitor
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air-core dipoles located upstream of the target on the beam-
line, which can produce either a rectangular or an elliptical ADC sum (channels)
pattern. We used a raster pattern distributed uniformly over a
circular area with a radius of 2 mm. . :

The position and the direction of the beam at the targeFerenkov detec_tor without cuts,_ afte_r lead glass counters electron
were measured by two BPM's located upstream of the targef; 2nd after pion cut. The vertical line shows a cut of ADC sum

;. - - igher than 400 channels applied to select electrons.
[60]. The beam position can be measured with a precision o
200 um with respect to the Hall A coordinate system. Thejdentification of electrons from pions. PID for each HRS was
beam position and angle at the target were recorded for eacitcomplished by a CQhreshold gagerenkov detector and
event. a double-layered lead glass shower detector.

The twoCerenkov detectors, one on each HRS, were op-
erated with CQ at atmospheric pressure. The refraction in-
dex of the CQ gas was 1.000 41, giving a threshold momen-

The Hall A high-resolution spectrometer systems were detum of =17 MeV/c for electrons and=4.8 GeV k for pions.
signed for detailed investigations of the structure of nucleiThe incident particles on each HRS were also identified by
and nucleons. They provide high resolution in momentuntheir energy deposits in the lead glass shower detector.
and in angle reconstruction of the reaction product as well as SinceCerenkov detectors and lead glass shower detectors
being able to be operated at high luminosity. For each spe@re based on different mechanisms and their PID efficiencies
trometer, the vertically bending design includes two quadruare not correlatef67], we extracted the PID efficiency of the
poles followed by a dipole magnet and a third quadrupolelead glass counters by using electron events selected by the
All quadrupoles and the dipole are superconducting. Botierenkov detector, and vice versa. Figure 7 shows a spec-
HRS's can provide a momentum resolution better than Zrum of the summed analog-to-digital convert&DC) sig-

X 107* and a horizontal angular resolution better than 2 mrachal of the left HRS ga€’erenkov detector, without a cut on
with a design maximum central momentum of 4 Ge\y60].  the lead glass signal and after applying such lead glass elec-
By convention, the two spectrometers are identified as théron and pion cuts. The spectrum from the right HRS is simi-
left and the right spectrometers based on their position whetlar.

viewed looking downstream. Figure 8 shows the distribution of the energy deposit in

The basic layout of the left HRS is shown in Fig. 6. The the two layers of the right HRS lead glass counters, without
detector package is located in a large steel and concrete da-Cerenkov cut, and afteferenkov electron and pion cuts.
tector hut following the last magnet. For this experiment the Detailed PID analysis was done both before and during
detector package includéd) two scintillator planes S1 and the experiment. The PID performance of each detector is
S2 to provide a trigger to activate the DAQ electroni@;a  characterized by the electron detection efficiemgyand the
set of two vertical drift chamberé/DC’s) [66] for particle  pion rejection factorry, ;, defined as the number of pions
tracking; (3) a gasCerenkov detector to provide particle needed to cause one pion contamination event. In the HRS
identification (PID) information; and(4) a set of lead glass central momentum range of G8py,<2.0 GeVk, the PID
counters for additional PID. The layout of the right HRS is efficiencies for the left HRS were found to be
almost identical except for a slight difference in the geom- GasCerenkov:nwej> 770 at7,=99.9%,
etry of the gag"erenkov detector and the lead glass counters. Lead glass countersy,, .i= 38 at 7,=98%,

Combined: 7, >3X 10" at 7,=98%,
and for the right HRS were

GasCerenkov:7,, =900 at7,=99%,

For this experiment the largest background came from Lead glass counters), o~ 182 at7,=98%,
photoproduced pions. We refer to PID in this paper as the Combined:, > 1.6X 1C° at 7,=97%.

FIG. 7. (Color online Summed ADC signal of the left HRS gas

I. High-resolution spectrometers

J. Particle identification
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FIG. 8. (Color onling Energy deposited in the first layépre-

showey vs that in the second layg¢showey of lead glass counters FIG. 9. (Color onling JLab target cell; geometries are given in
in the right HRS. The two blobs correspond to the spectrum with amillimeters for cell 2 used in this experiment.
tight gasCerenkov ADC electron cut and with a pion cut applied.

The lines show _the boundary of the two-dimensional cut used tcihrough the spin exchange mechanig] during collisions
select electrons in the data analysis. between Rb atoms and tHele nuclei. Under operating con-
ditions the®He density is about 28 nuclei/cn? and the Rb
K. Data acquisition system density is about 1 atoms/cra.

We used the CEBAF Online Data Acquisitig@ODA) 10 minimize depolarization effects caused by the unpolar-
system[68] for this experiment. In the raw data file, data ized light emitted from decay of the excited electrons, N
from the detectors, from the beamline equipment, and fronPuffer gas was added to provide a channel for the excited
the slow control software were recorded. The total volume ofl€ctrons to decay to the ground state without emitting pho-
data accumulated during the two-month running period wa$ons [71]. In the presence of N electrons decay through
about 0.6 terabytes. Data from the detectors were processé&g@llisions between the Rb atoms angd iolecules, which is
using an analysis package called Experiment Scanning Préisually referred to as nonradiative quenching. The number
gram for Hall A Collaboration Experimentg&space [69].  density of N was about 1% of that oiHe.

ESPACEWas used to filter raw data, to make histograms for
reconstructed variables, to export variables inttuples for
further analysis, and to calibrate experiment-specific detector The target cells used for this experiment were 25-cm-lon
constants. It also provided the possibility to apply conditions . gd I lls Witk 130 P thick end wind 9
on the incoming data. The information from scaler evems;;ressunze glass Cells wi -«m-thick end windows.

e he cell consisted of two chambers, a spherical upper cham-
\t/iv:r"ssused to extract beam charge and DAQ dead-time CorreBer which holds the Rb vapor and in which the optical pump-

ing occurs, and a long cylindrical chamber where the elec-
tron beam passes through and interacts with the polarized
3He nuclei. Two cells were used for this experiment. Figure 9
Polarized®He targets are widely used at SLAC, DESY, isa picturg of the second cell with dimens!qns shown in mm.
MAINZ, MIT-Bates, and JLab to study the electromagnetic TaP!€ Il gives the cell volumes and densities.

structure and the spin structure of the neutron. There exist
two major methods to polariz#e nuclei. The first one uses
the metastable-exchange optical pumping technifju@.

A. Target cells

IV. THE POLARIZED TARGET

B. Target setup

. : Figure 10 is a schematic diagram of the target setup.
lhii :igﬁgg n;ezth?tdhss kt))ﬁ:?]ducs)g dogttgzl?;bp:mgg?spgg]d There were two pairs of Helmholtz coils to provide a 25 G

P 9€72]. ' main holding field, with one pair oriented perpendicular and
and was used here.

3 . the other parallel to the beamlitenly the perpendicular pair
The“Hetarget at JLab Hall A uses the same design as thes shown). The holding field could be aligned in any horizon-

SLAC >He target[74]. The first step to polarizéHe nucleiis  tal direction with respect to the incident electron beam. The
to polarize an alkali metal vapg@rubidium was used at JLab coils were excited by two power supplies in the constant
as well as at SLA¢Cby optical pumping71] with circularly  voltage mode. The coil currents were continuously measured
polarized laser light. Depending on the photon helicity, theand recorded by the slow control system.

electrons in the Rb atoms will accumulate at either Ehe The cell was held at the center of the Helmholtz coils with
=3, mg=3 or theF=3, mc=-3 level (hereF is the atom’s its pumping chamber mounted inside an oven heated to
total spin andmg is its projection along the magnetic field 170 °C in order to vaporize the Rb. The lasers used to po-
axis). The polarization is then transferred to tftée nuclei larize the Rb were three 30 W diode lasers tuned to a wave-
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TABLE llI. Target cell characteristics. Symbols axg, pumping chamber volume in dmv,, target
chamber volume in cfy V, transfer tube volume in ciV,, total volume in crd; Ly, transfer tube length
in cm; ny, *He density in amagats at room temperat(remagat=2.6% 10"%/cm?, which corresponds to
the gas density at the standard pressureTan@ °C); lifetime is in hours.

Name Vp Vi Vi Vo Ly No Lifetime

Cell 1 116.7 51.1 3.8 171.6 6.574 9.10 49

Cell 2 116.1 53.5 3.9 173.5 6.46 8.28 44
Uncertainty 15 1.0 0.25 1.8 0.020 2% 1

length of 795 nm. The target polarization was measured byop of the other on an optics table inside the laser hut. Each
two independent methods—NMRhuclear magnetic reso- optical line consisted of one focusing lens to correct the an-
nancg [60,73,7% and the EPRelectron paramagnetic reso- gular divergence of the laser beam, one beam splitter to lin-
nancg [58,60,73,7% polarimetry. The NMR system con- e€arly polarize the lasers, two mirrors to direct them, three
sisted of one pair of pickup coil®ne on each side of the cell dquarter-wave plates to convert linear polarization to circular
target chambgr one pair of RF coils, and the associated polarization, and two half-wave plates to reverse the laser
electronics. The RF coils were placed at the top and th@ehcny. Figure 11 shows a schematic diagram of one optics
bottom of the scattering chamber, oriented in the horizontaline: _ . _ o

plane, as shown in Fig. 10. The EPR system shared the RF Under the operating conditions for either longitudinal or
coils with the NMR system. It consisted of one additional RFtransverse pumping, the original beam of each diode laser
coil to induce light signal emission from the pumping cham-Was divided into two by the beam splitter. Tht_arefore there
ber, a photodiode and the related optics to collect the lightVere a total of six polarized laser beams entering the target.

and associated electronics for signal processing. The diameter of each beam was about 5 cm which approxi-
mately matched the size of the pumping chamber. The target
C. Laser system was about 5 m away from the optical table. For the pumping

] ) ) ) of the transversely polarized target, all these laser beams
The laser system used during this experiment consisted Qfent directly toward the pumping chamber of the cell

seven diode lasers—three for longitudinal pumping, three fo{hrough a window on the side of the target scattering cham-
transverse pumping, and one spare. To protect the diode la-

sers from radiation damage from the electron beam, as we 90%ine _
as to minimize the safety issues related to the laser hazar  Beamspliter: performance: {parpendicular:io tne:beamiine)
the diode lasers and the associated optics system were | p To target

cated in a concrete laser hut located on the right side of th lr .

beamline at 90°, as shown in Fig. 4. The laser optics ha s (left) (right)

seven individual lines, each associated with one diode lase
All seven optical lines were identical and were placed one ot

p

circularly
Three (four) To > 95%, R s> 99.8% }"a’ized
30W Diode |
Lasers (795nm) Holding posts ©=
polarizing polarizing
RF Drive Coil M4 M4 waveplate
rive Coi
= —— T B . o
o M2 Ihelici
| focusing lens : a2 waveplatgl 1 cgr:frlzl
i FL=8.83cm ~ """ 7T 7|"" "I Te =] -

-

?@, P D EPRoptics | laser fiber _
B ! 6 — K —
beam IS, — =
. -E ) E splitter g 3" mirror g
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cam o > . = V4 waveplate (back) 5
c S s Y 7 = O
k] & AT 5 o
] “ Pick—Ub Coi k] g F— o
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FIG. 11. (Color online Laser polarizing optics setugsche-
FIG. 10. (Color onling Target setup overviewschematig matic) for the Hall A polarized®He target.
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ber enclosure. For longitudinal pumping, they were guided __ Target Polarizations for E99-117 |
toward the top of the scattering chamber, and then were re 1 o EPR Measurements
flected twice and finally reached the cell pumping chamber ~ 50 o NMR Measurements

O
o

D. NMR polarimetry 40;4%%‘%
The polarization of théHe was determined by measuring g - : i
the ®He nuclear magnetic resonance signal. The principle o g 30—
NMR polarimetry is the spin reversal 8fle nuclei usingthe g [ L8
adiabatic fast passag@FP) [77] technique. At resonance % 203_ s
this spin reversal will induce an electromagnetic field and ¢ 5 “F 2
signal in the pickup coil pair. The signal magnitude is pro- B Cell 1 =2 Coll i
portional to the polarization of th#He and can be calibrated 10—
by performing the same measurement on a water sampl r
which measures the known thermal polarization of protons ir PN P E N EUE B DU Y PN A
0 10 20 30 40 50 60

water. The systematic error of the NMR measurement wa

about 3%, dominated by the error in the water calibration

[75]. FIG. 12. Target polarization, starting June 1 of 2001, as mea-
sured by EPR and NMR polarimetries.

Days Since Beginning of Experiment

E. EPR polarimetry

In the presence of a magnetic field, the Zeeman splittingheck for false asymmetry. Next, the DIS analysis and radia-
of Rb, characterized by the electron paramagnetic resonané@ corrections are presented. Finally we describe nuclear
frequencywepr is proportional to the field magnitude. When COITections which were used to extract neutron structure
3He nuclei are polarizedP~40%), their spins generate a functions from the’He data.
small magnetic fieldBsy, of the order of=0.1 G, superim-

posed on the main holding fieB,=25 G. During an EPR A. Analysis procedure

measuremenf76] the spin of the®He is flipped by AFP; The procedure to extract the electron asymmetries from
hence the direction dBs.is reversed and the change in the our data is outlined in Fig. 13.
total field magnitude causes a shift igpr This frequency From the raw data one first obtains the helicity-dependent

shift Svgpg is proportional to the®He polarization in the e€lectron yieldN* using acceptance and PID cuts. The effi-
pumping chamber. ThéHe polarization in the target cham- ciencies associated with these cuts are not helicity depen-
ber is calculated using a model which describes the polarizdent; hence they are not corrected for in the asymmetry
tion diffusion from the pumping chamber to the target cham-analysis. The yield is then corrected for the helicity-
ber. The value of the EPR resonance frequengycan also  dependent integrated beam cha@eand the live time of the

be used to calculate the magnetic field magnitude. The sy®AQ systemui;. The asymmetry of the corrected yield is
tematic error of the EPR measurement was about 3%, whicl€ raw asymmetri,,. Next, to go fromA,,,, to the physics
came mainly from uncertainties in the cell density and tem-2symmetriesA; and A, four factors need to be taken into

perature, and from the diffusion model. account: the beam polarizatidh, the target polarizatioR,,
the nitrogen dilution factof,\,2 due to the unpolarized nitro-
F. Target performance gen nuclei mixed with the polarizetHe gas, and a sign

o ] . . based on the knowledge of the absolute state of the electron
The target polarizations measured during this experimentgjicity and the target spin direction:

are shown in Fig. 12. Results from the two polarimetries are

in good agreement and the average target polarization in _ . Araw
beam wag40.0+2.4%. In a few cases the polarization mea- AL =% —fN PyP,
surement itself caused an abrupt loss in the polarization. This z
phenomenon may be the so-called “masing eff¢gt] due  The results of the beam and the target polarization measure-
to nonlinear couplings between thele spin rotation and ments have been presented in previous sections. The nitrogen
conducting components inside the scattering chamber, e.glilution factor is obtained from data taken with a reference
the NMR pickup coils, and the “Rb ring” formed by the cell filled with nitrogen. The sign of the asymmetry is de-
rubidium condensed inside the cell at the join of the twoscribed by “the sign convention.” The sign convention for
chambers. This masing effect was later suppressed by addifmgrallel asymmetries was obtained from the elastic scattering

17

coils to produce an additional field gradient. asymmetry and that for perpendicular asymmetries was from
the A(1232 asymmetry analysis, as will be described in
V. DATA ANALYSIS Secs. VB and V C. The physics asymmetrigsand A,

after corrections for radiative effects, were used to calculate
In this section we present the analysis procedure leading; andA, and the structure function ratiag/F;, andg,/F;
to the final results in Sec. VI. We start with the analysis ofusing Egs.(A22)«(A25). Then the last step is to apply
elastic scattering, th&(1232 transverse asymmetry, and the nuclear corrections in order to extract the neutron asymme-
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Elastic ! Sign L | A(1232)
analysis convention asymmetry
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Relative | o* ] |
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Radiative
corrections

l detector cuts

FIG. 13. Procedure for asymmetry analysis.

tries and the structure function ratios from tiée results, as N*Q*n+ = N/Q 71

will be described in Sec. VF. Araw= N /Q 7+ NQ 7
Although the main goal of this experiment was to provide T T

precise data on the asymmetries, cross sections were algfth Nt, Q*, and 7%, the helicity-dependent yield, beam

extracted from the data. The procedure for the cross sectiogharge, and live-time correction, respectively. The elastic

analysis is outlinefi in Fig. 14. One first determines the abasymmetry is

solute yield ofé-*He inclusive scattering from the raw data.

Unlike in the asymmetry analysis, corrections need to be el_ 4 Araw

made for the detector and PID efficiencies and the spectrom- == fn, foePoPy

eter acceptance. A Monte Carlo simulation is used to calcu- 2

late the spectrometer acceptance based on a transport moggth fn,=0.975£0.003 the N dilution factor determined

for the HRS[60] with radiative effects taken into account. from data taken with a reference cell filled with nitrogen, and

One then subtracts the yield efN scattering caused by the

N, nuclei in the target. The cleadHe yield is then cor- A

(18)

(19

rected for the helicity-averaged beam charge and the DAC "o.125 - combined asymmetry
live time to give cross section results. Using world fits for c simulation
the unpolarized structure functiotferm factorg of *He, one ot F * \ &/
can calculate the expected D(8lastig cross section from 0.075 E- #*41“4%; W 3 $ _____
the Monte Carlo simulation and compare to the data. LTT T TY TTH*‘*
0.05 [
0026 - . | ., | | |

B. Elastic analysis

237 . . . left arm run number
Data foré-°He elastic scattering were taken on a longitu-
dinally polarized target with a beam energy of 1.2 GeV. The
scattered electrons were detected at an angle of 20°. Tt
formalism for the cross sections and asymmetries is summe .1
rized in Appendix B. Results for the elastic asymmetry were E
used to check the product of beam and target polarization: 0075 f----f--¥--
as well as to determine the sign convention for different :

0.125 combined asymmetry

\si‘mulation

beam helicity states and target spin directions. 008 _
The raw asymmetry was extracted from the data by 0028 £ L
20460 20470 20480 20490
right arm run number
detector eff.
PID eff. N; data

subtract FIG. 15. (Color onling Elastic parallel asymmetry results for

l N2 Absolute Q bata the two HRS’s. The kinematics aks=1.2 GeV and¥=20°. Acutin
Data A ™ vield o ° the invariant mas$W-Ms,d <6 MeV was used to select elastic

events. Data from runs with beam half-wave plate inserted are

HRS
acceptance . shown as triangles. The error bars shown are total errors including a
o - . T .
struet. fune. Monte—Carlo Simulation e 4.5% systematic uncertglnt_y, which is domlr_lated by the error of th_e
HRS model ? (w/ radiation effects) A ) beam and target polarizations. The combined asymmetry and its
total error from=20 runs are shown by the horizontal solid and
FIG. 14. Procedure for cross section analysis. dashed lines, respectively, as well as the solid circle as lahg8d

065207-12



PRECISION MEASUREMENT OF THE NEUTRON SPIN PHYSICAL REVIEW C 70, 065207(2004)

o L AR L
o . : n extrapolated from
240 |- combined cross section 0.04 |- .
- L simulation i combined asymmetry E94010 data
3 i . /
} 220 | 0,02 [=rrmmmmmmmm N e
= g ' i ?
o 200 0
i _ [, . I . . . . | . .
180 ' 1 L L L L | L L L ' 1 ' ' L ' 1 0.02 1455 1456
1460 1470 1480 1490 left arm run number
left arm run number
260 , 002
) [ combined cross section Ay - combined asymmetry
> a0 L simulation 0 extrapolated from
8 L r £94010 data
st i * e
o) - _ R (R Y <
2 10 0.02 ¥ {
N— -
Py L
200 | -0.04 |-
- . . 1 . . . . 1 . .
PR R S B S S B S R S S 20455 20456
20460 20470 20480 20490 right arm run number

right arm run number

. . . FIG. 17.(Color onling Measured rawA (1232 transverse asym-
FIG. 16. (Color onling Elaft'c cross section risults for the tWo  etry with beam half-wave plate inserted and target spin pointing
HRS’s. The kinematics werB=1.2 GeV andf=20°. A systematic 5 the |eft side of the beamline. The kinematics &el.2 MeV,

error of 67% was assigned to each data point, which was dominateglz 20°, andE’=0.8 GeVk. The dashed lines show the expected

by the uncertainty in the target density and the HRS transport funcy, e obtained from previoude data extrapolated iQ?
tions [58]. '

o . the central momentum of the spectrometers was set to

Py and P, the beam and target polarizations, respectively. Ay g Gey k. The transverse asymmetry defined by EL5)
cut in the invariant maspV-Ms <6 (MeV) was used t0 | ~< aviracted from the raw asymmetry using ).
select elastic events. Within this cut there are a small amount A cyt in the invariant masgv-1234 < 20 MeV was used
of quasielastic events arfge>0.99 is the quasielastic dilu- {0 selectA(1232 events. The sign on the right hand side of
tion factor used to correct for this effect. Eq.(17) depends on the beam half-wave plate status, the spin

The sign on the right hand side of E49) depends on the  yrecession of electrons in the accelerator, the target spin di-
configuration of the beam half-wave plate, the spin precesrection, and in whichleft or righty HRS the asymmetry is
sion of electrons in the accelerator, and the target spin direGneasured. Since data from a previous experiniegt in a
tion. It was determined _by comparing the sign of the Measgimilar kinematic region showed thaﬁf<0 and A% >0
sured raw asymmetries with the calculated elastiq7g) A2 can be used to determine the sign convention of the
asymmetry. We found that for this experiment the electronyeasured transverse asymmetries. The 1232 trans-
helicity was aligned to the beam direction during H+ pulses g s asymmetry measured during this experiment was posi-
when the beam half-wave plate wast inserted. Since the 6 on the left HRS. as shown in Fig. 17, with the beam
electron_spin precession in the acc_elerator can be well calcyy it wave plate inserted and the target spin pointing to the
lated using quantum electrodynamics and the results showggy sige of the beamline. Also shown is the expected value

that the beam helicity during H+ pulses was the same for thg»ineq from previoudHe data extrapolated 92 Similar
two beam energies used for elastic and DIS measurementg, yhe |ongitudinal configuration, this convention applied to

the above convention als_o applies to the DIS Qata ana!ysisboth theA(1232 and DIS measurements.
A Monte Carlo simulation was performed which took into
account the spectrometer acceptance, the effect of the quasi-
elastic scattering background, and radiative effects. Results
for the elastic asymmetry and the cross section are shown in False asymmetries were checked by measuring the asym-
Figs. 15 and 16, respectively, along with the expected valuemetries from a polarized beam scattering off an unpolarized
from the simulation. The data show good agreement with théC target. The results show that the false asymmetry was
simulation within the uncertainties. less than 2 1073, which was negligible compared to the
statistical uncertainties of the measuféte asymmetries. To
estimate the background from pair productign-e +¢€",
the positron yield was measured &t 0.33, which is ex-
Data on theA(1232 resonance were taken on a trans-pected to have the highest pair production background. The
versely polarized target using a beam energy of 1.2 GeVpositron cross section was found to be3% of the total
The scattered electrons were detected at an angle of 20° aedoss section ax=0.33, and the positron contribution at

D. False asymmetry and background

C. A(1232 transverse asymmetry
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TABLE 1V. Total radiation lengthX, and thicknessd of the material traversed by incidefibefore
interaction and scatteredafter interactioh electrons. The cell is made of glass GE180 which Kgs
=7.04 cm and density=2.77 g/cm. The radiation length and thickness after interaction are given byiJeft
or right (r) depending on by which HRS the electrons were detected.

X 0.33, 0.48 0.61 0.61
6 35° 45° 45°
Cell 2 2 1
Cell window (um) 144 144 132
Xo (before 0.00773 0.00773 0.00758
d (g/cmz, beforg 0.23479 0.23479 0.23317
Cell wall (mm) 1.44(1)/1.33(r) 1.44(1)/1.33(r) 1.34(1)/1.43(r)
Xo (aften 0.0444(1)/0.0416(r) 0.0376(1)/0.0354(r) 0.0356(1)/0.0374(r)
d (g/cmz, aften 0.9044(1)/0.8506(r) 0.7727(1)/0.7293(r) 0.7336(1)/0.7687(r)

=0.48 and 0.61 should be even smaller. The effect of paithe unpolarized structure functiof, and two fits[86,87
production asymmetry is negligible compared to the statistiwere used for the ratiB. For the polarized structure function
cal uncertainties of the measuréide asymmetries and is not g, in addition to those used POLRAD 2.0[88,89, we fitted
corrected for in this analysis. to world ¢g}/F} and ¢g}/F] data including the new results
from this experiment. Both fits will be presented in Sec.
VI B. For g, we used boti‘g‘z"’W and an assumption thap
o ) ] =0. The variation in the radiative corrections using the fits
The longitudinal and transverse asymmetries defined bysted above was taken as the full uncertainty of the correc-
Egs.(A13) and(A15) for DIS were extracted from the raw tjgns.
asymmetries as For external corrections the uncertainty also includes the
contribution from the uncertainty in the target cell wall thick-
(20) ness. The total radiation length and thickness of the material
szPth traversed by the scattered electrons are given in Table IV for
gach kinematic setting. Results for the internal and external
radiative corrections are given in Tables V and VI, respec-

E. DIS analysis

where the sign on the right hand side was determined by th
procedure described in Secs. VB and V C. Thediution el
factor, extracted from runs where a reference cell was filledVel-

with pure N,, was found to bédy_=0.938+0.007 for all three By measuring DIS unpolarized cross sections 3”“' using
DIS Kkinematics. 2 the asymmetry results, one can calculate the polarized cross

. . sections and extragf; andg, from Egs.(A5) and(A6). We
Rad|at|;/ € correct3|ons were performed for tfie asym- used a Monte Carlo simulation to calculate the expected DIS
metries A" and A", We denote byA® the observed unpolarized cross sections within the spectrometer accep-
asymmetry,A®°™ the nonradiatedBorn) asymmetry,AA"  tance. This simulation included internal and external radia-
the correction due to internal radiation effects, @& the  tive corrections. The structure functions used in the simula-
one due to external radiation effects. One WES™=A  (ion were from the latest DIS world fit§83,87 with the
+AAT+AA for a specific target spin orientation. nuclear effects correctg®0]. The radiative corrections from

Internal corrections were calculated using an improveghe elastic and quasielastic processes were calculated in the
version ofPOLRAD 2.0 [79]. External corrections were calcu- peaking approximatioig_‘]_] using the world proton and neu-
lated with a Monte Carlo simulation based on the procedurgron form factor dat492—94. The DIS cross section results
first described by Mo and Ts#B0]. Since the theory of ra-  agree with the simulation at a level of 10%. Since this is not
diative corrections is well establish¢f0], the accuracy of g dedicated cross section experiment, we obtained the values
the radiative correction depends mainly on the structurgor g, andg, by multiplying ourg,/F; andg,/F; results by
functions used in the procedure. To estimate the uncertainty

. . . . 3 3
of both corrections, five different fit81-85 were used for TABLE VI. External radiative corrections t,"® andA . Er-
rors are from uncertainties in the structure functions and in the cell
3, 3, .
TABLE V. Internal radiative corrections t8," andA . wall thickness.
. 3H : 3H er,sHe 3 A er,3He 3
X AATHE (x1079) AATE (x1079) X AT (X107 Al (X107)
0.33 -5.77+0.47 2.66+0.03 0.33 -0.67£0.10 -0.05£0.11
0.48 -3.28+0.13 1.47+0.05 0.48 -1.16+0.15 0.80+0.46
0.61 —2.66+0.15 1.28+0.07 0.61 -0.39+0.03 0.29+0.04
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3 3 3 3,
TABLE VII. Results for *He asymmetriesA,"® and A" structure function ratiogg,"®/F " and

nge/ F31He, and polarized structure fun(:tiomiHe and nge. Errors are given as statistical+ systematic.
(X) 0.33 0.47 0.60
(Q? (GeV/c)? 2.71 3.52 4.83
AVTHe —-0.020+0.005%£0.001 —-0.008+0.005+0.000 0.007+£0.007+0.001
AiHe 0.000+£0.010+0.000 0.016+£0.008+0.001 -0.010+£0.016+£0.001
A31He —-0.024+0.006+0.001 —-0.019+0.006+0.001 0.010+0.009+0.001
AZHe -0.004+0.014+£0.001 0.020+0.012+0.001 -0.013£0.023+£0.001
giHe/ FiHe -0.022+0.005+£0.001 —-0.008+0.008+0.001 0.003+£0.009+0.001
QZHe/FiHe 0.010£0.036+0.002 0.050+£0.022+0.003 -0.028+0.038+£0.002
g31He —0.024+0.006+0.001 —0.004+0.004+0.000 0.001+£0.002+0.000
nge 0.011+0.039£0.001 0.026+0.012+0.002 —-0.006£0.009+£0.001
1 i i 3 3 3
e o e for iolrzed e iR B35 Eate- 264 A1 -0 0142y
P,F5(1 + 0.056P,)
F. From ®He to neutron (22)

Properties of protons and neutrons embedded in nuclei aréhe two terms 0.05&7, and 0.014/ 2, represent the correc-
expected to be different from those in free space because tibns to A! associated with the\(1232 component in the
a variety of nuclear effects, including those from spin depo-*He wave function. Both terms causg to increase in the
larization, binding, and Fermi motion, the off-shell nature of range of this experiment, and to turn positive at lower values
the nucleons, the presence of non-nucleonic degrees of freef x compared to the situation when the effect of §(&232
dom, and nucle.ar shadowing and antishadowing. A coherer?g ignored. ForF} and FzHe’ we used the world proton and
and complete picture of all these effects for fhie structure deuteronF, data and took into account the nuclear effects

3
function nge in the range of 10’<x=<0.8 was presented in [90]. We used the world proton asymmetry data A§r The

[97]. It gives effective nucleon polarizationB, , can be calculated using
e | | . 3He wave functions constructed from-NN interactions,
g, = Pugt + 2P,0f — 0.01497(x) — 4g7(x)] + a(x)g1(x) and their uncertainties were estimated using various nuclear
+b(X)gP(X) (21) models[56,57,98,99 giving
P,=0.86703°and P, = - 0.0287 004 (23

where P, (P,) is the effective polarization of the neutron
(proton inside®He [57]. The functionsa(x) andb(x) areQ?  Equation(22) was also used for extracting}, g;/F}, and
dependent and represent the nuclear shadowing and antishag/F|} from our *He data. The uncertainty iA] due to the
owing effects. uncertainties ifF9, in the correction for nuclear effects, in
From Eq.(A12), the asymmetryA, is approximately the ~Af data, and irP, , is given in Table X below. Compared to
ratio of the spin structure functiog, and F;. Noting that  the convolution approacf98] used by previousHe experi-
shadowing and antishadowing are not present in the large ments[50-52, in which only the first two terms on the right
region, using Eq(21) one obtains hand side of Eq(21) are present, the values &f extracted

TABLE VIII. Results for the asymmetries and spin structure functions for the neutron. Errors are given as
+ statistical+ systematic.

(x) 0.33 0.47 0.60

(@ (GeVic)? 2.71 3.52 4.83
Al -0.048+0.0243912 -0.006+0.0275-513 0.175+0.0483 555

A -0.004+0.0630-552 0.117+0.05% 532 -0.034+0.124551%
ol/F} -0.043+0.0223:9% 0.040+0.0353:01 0.124+0.0450:916

9o/ Fl 0.03420.1533919 0.207+0.1035:922 ~0.190+0.2043:927

af -0.012+0.0083:9%3 0.005+0.0043:5% 0.006+0.0023:9%

o 0.009+0.0435:503 0.026+0.0133:503 ~0.009+0.0083:3%
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TABLE IX. Experimental systematic errors for tiA¢ result. contribution toF, is less than 5%. The resonance asymmetry

was estimated using the MAID modg6] and was found to
Source Error  be approximately 0.10 atv=1.7 GeV. Since the resonance
structure is more evident at smallt;, we took this value as

Beam energyE, AEy/E,<5x 107 an upper limit of the contribution atv=2 GeV. The reso-
HRS central momenturmq AE/E,<5X10[103  pance contribution to oud? andg/F? results ax=0.6 was
HRS central anglej, A6;<0.1°[104  then estimated to be at most 0.008, which is negligible com-
Beam polarizatiorP,, AP,/P,<3%  pared to their statistical errors.

Target polarizatiorP; AP/ P;<4%

Target spin directiony, Agy<1®

VI. RESULTS

A. °H It
from Eq. (22) are larger by 0.01-0.02 % in the region 0.2 € results

<x<0.7. Results of the electron asymmetries forHe scattering,
3 3 3 3
A "¢ andA ¢, the virtual photon asymmetrigls™® andA,™,
3 3 3 3
G. Resonance contributions structure function ratiog, "/ F,"® andg,®/F,™, and polar-
; - He °He : ;
Since there are a few nucleon resonances with massé&ed structure functiong, ™ andg,™ are given in Table VII.

3 3
above 2 GeV and our measurement at the highgstint has ~ Results forg,s’ were obtained by multiplying thg,"s/F,™
an invariant mass close to 2 GeV, the effect of possible conresyits by the unpolarized structure functigaHe’ which

tributions from baryon resonances was evaluated. This Wagere calculated using the latest world fits of DIS di@,87

done by comparing the resonance contributiogjtaith that d with nuclear effect rrecté@ol. Results f rASHe nd

to F{. For our kinematics at=0.6, data on the unpolarized ap ue ea.e gc S correctg ]: esulls Tora, ~a

structure functionF, and R [95] show that the resonance 9; - are shown in Fig. 18 along with SLAE51,10q and
HERMES[101] data.

A3He
1 0.05 [ e This work [ n 1 -
o E142[51] A_| S . /. /_/,.,
F o HERMES[104] I This work /,./,., )
A E154[100] 1 . } | © E142[51]
o Lt [ | A E154[52]
o s i) ,»-‘7
{ | E 05 L HERMES [50] /,
~0.05 ! | i AT
o L _/ o]
I A A L,
0 02 04 06 08 0 A i S co————
X _\ ~ X 21T 1 | T
3He T
g 1 B
O ]- } e _O 5 1 1 1 | 1 1 1 | L 1 | 1 1 1 I 1 1 1
é } 0 0.2 0.4 0.6 0.8 1
X
—0.05 { FIG. 19. OurA] results along with theoretical predictions and
previous world data obtained from polariz&de targets50-53.
L Curves: predictions of\] from SU6) symmetry(x axis at zerp
-0.1 ® This work [17], constituent quark modéshaded band[28], statistical model
[ o E142[51] at Q?=4 (GeV/c)? (long-dashel[42], quark-hadron duality using
- i f E154 [1|00] two different SU6)-breaking mechanismsgdash-dot-dotted and
0 % 02 04 06 08 dash-dot-dot-dotted and nonmeson cloudy bag modétiash-
X dotted [48]; predictions ofg]/F] from PQCD HHC-based BBS

parametrization atQ?=4 (GeV/c)? (higher solig [30] and
FIG. 18. Results for théHe asymmetr)AiHe and the structure  LSS(BBS) parametrization aQ*=4 (GeV/c)* (dashed! [31], LSS
2001 NLO polarized parton densities @=5 (GeV/c)? (lower
solid) [41], and chiral soliton modelg}3] at Q?=3 (GeV/c)? (long-
dash—dottedand[44] at Q*=4.8 (GeV/c)? (dotted.

3
functions nge as a function ofx, along with previous data from
SLAC [51,100 and HERMES[101]. Error bars of the results from
this work include both statistical and systematic uncertainties.
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n
9, .
P ® This work
Fy [ x E143125)
s E£155 [53] ,

FIG. 20. Results fog}/F] along with previous world data from
SLAC [25,53. The curves are the prediction fof/F’ from the
LSS 2001 NLO polarized parton densities@t=5 (GeV/c)? [41],
the E155 experimental fit af?=5 (GeV/c)? (long-dash—dot—
dotted [53], and the new fit as described in the text
(long-dash—dot—dot—dotted

B. Neutron results

Results for the neutron asymmetrids and Aj, structure
function ratios g7/F] and g)/F], and polarized structure
functionsg) andgj are given in Table VIII.

The A}, g1/F}, andgj results are shown in Figs. 19-21,
respectively. In the region of>0.4, our results have im-
proved the world data precision by about an order of magni
tude, and will provide valuable inputs to parton distribution
function parametrizations. Our data »xat0.33 are in good
agreement with previous world data. For thgresults, this
is the first time that the data show a clear trend faturns
to positive values at large. As x increases, the agreement

PHYSICAL REVIEW C 70, 065207(2004)

TABLE X. Total uncertainties foA!.

(x) 0.33 0.47 0.60
Statistics 0.024 0.027 0.048
Experimental syst. 0.004 0.003 0.004
AADT 0.012 0.013 0.015
AATE 0.002 0.002 0.003
Fb, Fg 0.006 0.008 +0.005
-0.010
Nuclear effect 0.001 0.000 0.009
AD 0.001 0.005 0.011
Pn, Pp +0.005 +0.009 +0.018
-0.012 -0.020 -0.037

region. It also indicates thak] will go to higher values at
x>0.6. However, the trend of tha] results does not agree
with the BBS and LSE@BS) parametrizations, which are
from leading-order PQCD analyses based on hadron helicity
conservation. This indicates that there might be a problem in
the assumption that quarks have zero orbital angular momen-
tum, which is used by HHC.

The sources for the experimental systematic uncertainties
are listed in Table IX.

Systematic uncertainties for th&] results include that
from experimental systematic errors, uncertainties in internal
radiative correctiondA?" and external radiative corrections
AAT®" as derived from the values in Tables V and VI, and
that from nuclear corrections as described in Sec. V F. Table
X gives these systematic uncertainties for tAk results
along with their statistical uncertainties. The total uncertain-
ties are dominated by the statistical uncertainties.

We used five functional forme*P,(x)(1+3/Q?) to fit our
g}/ F} results combined with data from previous experiments
[25,53. Here P, is the nth-order polynomialn=1,2 for a
finite « orn=1,2,3 ifa is fixed to be 0. The total number of
parameters is limited to<5. For the Q° dependence of

between the data and the predictions from the constituen,/F, we used a term 18/Q? as in the E155 experimental
quark model becomes better. This is within the expectationit [53]. No constraints were imposed on the fit concerning

since the CQM is more likely to work in the valence quark

c_ 0.1
o L ® This work
r o E142[51]
0.05 + A E154[52]
F ¢ HERMES [50]
i %+ E155[53]
of I 1 fle
-0.05 F
O YR B E . T N EAER B
0 0.2 0.4 0.6 0.8 1

X

FIG. 21. Results fog] along with previous world data from
SLAC [51-53 and HERMES][50].

the behavior ofy;/F, asx— 1. The function which gives the
smallesty? value isg}/F}=(a+bx+cx?)(1+8/Q?). The new

fit is shown in Fig. 20. Results for the fit parameters are
given in Table Xl and the covariance error matrix is

1.000 -0.737 0.148 0.96
_[-0.737 1.000 -0.752 -0.58
7| 0.148 -0.752 1.000 -0.03p

0.960 -0.581 -0.039 1.00

Similar fits were performed to the proton world data
[25,53,54 and the functiorg}/F)=x%(a+bx)(1+8/Q?% was
found to give the smallesy® value. The new fit is shown in
Fig. 2 of Sec. Il G. Results for the fit parameters are given in
Table XII and the covariance error matrix is

1.000 0.908 -0.851 0.72

| 0.908 1.000 -0.967 0.40
"] -0851 -0967 1.000 -0.36p

0.723 0401 -0.369 1.00
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TABLE XI. Result of the fitg]/F}=(a+bx+cx?)(1+8/Q?). A" 0.4
2 .
® This work
a=-0.049+0.052 * BE155x [102]
b=-0.162+0.217 0.2
¢=0.698+0.345 I {
B=0.751+2.174 i
0 3 301
Figures 22 and 23 show the results Agrandxg}, respec- - T
tively. The precision of our data is comparable to that of the - | | | |
data from the E155x experiment at SLAD0Z], which is so =02 5502 06 08 1
far the only experiment dedicated to measurgpgvith pub- %

lished results.

To evaluate the matrix elemed§, we combined oug)
results with the E155x datfl02). The averageQ? of the
E155x data set is about(®&eV/c)?. Following a similar pro-
cedure as used in Refl02], we assumed thad,(x,Q?) is
independent ofQ? and g, (1-x)™ with m=2 or 3 for x
=0.78 beyond the measured region of both experiments. We
obtained from Eq(6)

FIG. 22. Results foA} along with the best previous world data
[102). The curve gives the twist-2 contribution @=4 (GeV/c)?
calculated using the E155 experimental58] andgy’" of Eq. (5).

Ad+Ad _ 4g)(1 +4R%Y) _h4+RY
d+d  15F1R 15FPRI

(26)

with R“'_“E (d+@/(u+ﬁ§. Results for(Au+Au)/(u+u) and
(Ad+Ad)/(d+d) are given in Table XIlII. As inputs we used

Compared to the value published previouglp?], the un-  our own results fogy/Fi, the world data orgt/F} [58], and
certainty ond; has been improved by about a factor of 2. Thethe ratioR% extracted from proton and deuteron unpolarized
large decrease in uncertainty despite the small number of otructure function datgl05]. In a similar manner as for Egs.
data points arises from thé weighting of the integral which ~ (25) and(26) and ignoring nuclear effects, one can also add
emphasizes the largekinematics. The uncertainties on the the world data orng/FlH to the fitted data set and extract
integrand have been improved in the regior 0.4 due to  these polarized quark distributions. The results are, however,
our g; results at the two highet-points being more precise consistent with those given in Table Xl and have very simi-
than that of E155x. While a negative value was predicted bYar error bars because the data on the deuteron in general
lattice QCD[11] and most other modelgl2-14, the new  have poorer precision than the data on the proton and the
result for dj suggests that the higher-twist contribution is neutron data from this experiment. The results presented here
positive. have changed compared to the values published previously
in Ref. [15] due to an error discovered in our fitting BfY

from Ref. [105]. The analysis procedure is consistent with
what was used in Refl15].

andAs(x) to be small in the regior>0.3, and ignoring any data on(Aq+Aq)/(q+q) obtained from recent results fdmg

Q? dependence of the ratio of structure functions, one cafnd Ag [106] by the HERMES Collaboration, and the
extract polarized quark distribution functions based on the

N=0.0062 +0.0028. (24)

C. Flavor decomposition using the quark-parton model

quark-parton model as

Au+ AU: 4904 +R™M) g1 +4RM)

“q " 0.06
g2 ® This work

0.04 < E155x [102]

u+u

and

TABLE XII. Result of the fitg}/F?=x*(a+bx)(1+8/Q?).

25
15FP 15F] (9

0.02 H

il

@=0.813+0.049
a=1.231+0.122
b=-0.413+0.216
3=0.030+0.124

_ i | I B
0.020’

FIG. 23. Results fokg) along with the best previous world data
[102]. The curve gives the twist-2 contribution @=4 (GeV/c)?
calculated using the E155 experimenta[5i8] andgy’" of Eq. (5).
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TABLE XIIl. Results for the polarized quark distributions. The three uncertainties are those due to the
g}/ F} statistical error, the}/F} systematic uncertainty, and the uncertainties ofghe} data, theR? fit,
and the correction fos andc quark contributions.

(x) (Au+AU)/ (u+0) (Ad+Ad)/(d+d)
0.33 0.545+0.004+0.008%22 -0.352+0.035+0.014 537
0.47 0.649+0.006+0.002 025 -0.393+0.063+0.02§ 341
0.60 0.728+0.006+0.002114 -0.440+0.092+0.0381%7

CTEQ6M unpolarized PDF107]. To estimate the effect of dictions, which are given for valence quarks, the difference
the s ands contributions, we used two unpolarized PDF sets betweenAqy/qy and (Ag+Aq)/(gq+q) was estimated using
CTEQ6M [107] and MRST2001[108], and three polarized the two unpolarized PDF sef$07,108 and the three polar-
PDF sets, AAC2003109], BB2002[110], and GRSV2000 ized PDF set§109-11] and is shown as the shaded band
[111]. Forc andc contributions we used the two unpolarized near the horizontal axis of Fig. 24. Herg (Aqy) is the
PDF sets[107,10§ and the positivity conditions that unpolarizedpolarized valence quark distribution fau or d
|Ac/c|=<1 and|Ac/c[<1. To compare with the RCQM pre- quark. Results shown in Fig. 24 agree well with the predic-
tions from the RCQM 28] and the LSS 2001 NLO polarized
parton densitie$41]. The results agree reasonably well with
the statistical model calculatiof#2]. But results for thed
quark do not agree with the predictions from the leading-
order PQCD LS8BS) parametrizatiorj31] assuming had-
ron helicity conservation.

1

o
o

VII. CONCLUSIONS

(Au+Al) /(u+U)

We have presented precise data on the neutron spin asym-
metry A} and the structure function ratigh/F} in the deep
inelastic region at largex obtained from a polarizedHe
target. These results will provide valuable inputs to the QCD
1 — parametrizations of parton densities. The new data show a
® This work Pt clear trend thatA] becomes positive at large Our results
¢ HERMES [106,107] o for A7 agree with the LSS 2001 NLO QCD fit to the previous

S data and the trend of thedependence oA] agrees with the
.,.-" 4 hyperfine-perturbed RCQM predictions. Data on the trans-
A verse asymmetry and structure functidhandgj were also
A obtained with a precision comparable to the best previous
. world data in this kinematic region. Combined with previous
world data, the matrix elemenf was evaluated and the new
value differs from zero by more than two standard devia-
tions. This result suggests that the higher-twist contribution
is positive. Combined with the world proton data, the polar-
e e ized quark distributiongAu+AT)/(u+) and (Ad+Ad)/(d
X +d) were extracted based on the quark-parton model. While
results for(Au+Au)/(u+u) agree well with predictions from

FIG. 24. Results fo(Au+Au)/(u+U) and (Ad+Ad)/(d+d) in  various models and fits to the previous data, results for
the quark-parton model, compared with semi-inclusive data fromAd+Ad)/(d+d) agree with the predictions from RCQM and
HERMES[106] and CTEQ unpolarized PDF07] as described in  from the LSS 2001 fit, but do not agree with leading-order
the text, the RCQM predictioniglash-dotteyi[28], predictions from  pocp predictions that use hadron helicity conservation.
LSS 2001 NLO polarized parton densities @F=5(GeVI)?®  gince hadron helicity conservation is based on the assump-
(solid) [41], the statistical model &Q*=4 (GeV/c)? (long-dashell o that quarks have negligible orbital angular momentum,
[42], the PQCD-based predictions with the HHC constrainty o hew results suggest that the quark orbital angular mo-

(dashegl[31], the duality model using two different $6)-breaking I
mechanisms(dash-dot-dotted and dash-dot-dot-doft¢d7], and mentum_, or other eﬁec.ts b?yo.nd Iea(_ilng O_rder PQCD, may
play an important role in this kinematic region.

predictions from chiral soliton model §2=4.8 (GeV/c)? (dotted
[44]. The error bars of our data include the uncertainties given in ACKNOWLEDGMENTS

Table XIll. The shaded band near the horizontal axis shows the
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(A3)

APPENDIX A: FORMALISM FOR ELECTRON DEEP Fo(x, Q) (1 +92)

INELASTIC SCATTERING Fi(x,Q%) = 21 +RX.OD] (A4)

The fundamental quark and gluon structure of stronglyWith 2=(2Mx)2/ Q2. HereR s defined aR= o,/ o with o,

interacting matter is studied primarily through experiments d o~ the lonaitudinal and transverse virtual bhoton cross
that emphasize hard scattering from the quarks and gluons gpaor ng . P

. : . . . Sections, which can also be expressed in ternis,andF,.
sufficiently high energies. One important way of probing the . .

C . o . Note that for a nuclear target, there exists an alternative
distribution of quarks and antiquarks inside the nucleon is leondefiniti di hich i
electron scattering, where an electron scatters from a singrOer nucieon eflnltlpr)_(e.g., as used in Ref83]) w ICh 1S

' T/A times the definition used in this paper; hekeis the

quark or antiquark inside the target nucleon and transfers 8umber of nucleons inside the target nucleus.

large fraction of its energy and momentum via exchanged A review of doubly polarized DIS was given in Ref.

photons..ln the smgle photon exchange approximation, thfllZ]. When the incident electrons are longitudinally polar-
electron interacts with the target nucleon via only one pho-

ton, as shown in Fig. 256], and probes the quark structure ized, the cross section difference between scattering off a

of the nucleon with a spatial resolution determined by thetarget with its nucleaor nucleon spins aligned antiparallel

four-momentum transfer squared of the phot@=—d? and parallel to the incident electron momentum is

Moreov%r, ifha polarized eIectrofn bheam alnd a Eolarized target Roy,  Roy  4aPE

:irsleuse , the spin structure of the nucleon becomes acces- d0dE  dOdE  JEQ
In the following we denote the incident electron energy by - 2Mxg,(x,Q%)], (A5)

E, the energy of the scattered electroniy(thus the energy 5 5 .

transfer of the photon is=E-E’), and the three-momentum Where g;(x,Q%) and g,(x,Q°) are the polarized structure

transfer from the electron to the target nucleusiby functions. If the target n_ucleons are 'transversely polarized,
then the cross section difference is given by

X [(E+E’ cos6)g;(x,Q?)

1. Structure functions

; ; d’o d’o 40°E'?
In the case of unpolarized electrons scattering off an un- | _ | _
polarized target, the differential cross section for detecting dQdE dQdE  vEQ
the outgoing electron in a solid angt#) and an energy IME
range(E’, E’ +dE’) in the laboratory frame can be written as + ——0gu(X, Qz)} . (AB)
14

sin @ x [gl(x, (o))

o <do> {1 2 0
=\ == X |=F(xQ)+—Fy(x,Qtar? - |,
d0dE \da),, | 5T Q)T Rt

(A1) 2. Bjorken scaling and its violation

where 6 is the scattering angle of the electron in the labora
tory frame. The four-momentum transfér is given by

A remarkable feature of the structure functidns F,, gy,

“and g, is their scaling behavior. In the Bjorken limit13]
(Q?°— = andv— = at a fixed value ok), the structure func-
tions become independent & [114]. Moreover, in this
limit o, vanisheg[6]; henceR=0 and Eq.(A4) reduces to
F»(x)=2xF4(x), known as the Callan-Gross relati¢hl5].

At finite Q?, the scaling of structure functions is violated
due to the radiation of gluons by both initial and scattered
quarks. These gluon radiative corrections cause a logarithmic
Q? dependence in the structure functions, which has been
verified by experimental dafd16] and can be precisely cal-

FIG. 25. (Color onling Electron scattering in the one-photon culated in PQCD using the Dokshitzer-Gribov-Lipatov-
exchange approximation. Altarelli-Parisi (DGLAP) evolution equation$117).

E
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3. From bjorken limit to finite Q? using the operator 5. Electron asymmetries

product expansion In an inclusive experiment covering a large range of ex-

In order to calculate observables at finite valuesQéfa  citation energies the virtual photon momentum direction
method called the operator product expansiORE) [7] can  changes frequently, and it is usually more practical to align
be applied to DIS, which can separate the nonperturbativéhe target spin longitudinally or transversely to the incident
part of an observable from its perturbative part. In the OPEglectron direction than to the momentum of the virtual pho-
whether an operator is perturbative or not is characterized bion. The virtual photon asymmetries can be related to the
the “twist” of the operator. At larged? the leading-twistt measured electron asymmetries through polarization factors,
=2 term dominates, while at small’ higher-twist operators kinematic variables, and the ratiddefined in Sec. A 1. The
need to be taken into account, which are sensitive to interadengitudinal electron asymmetry is defined [i20]
tions beyond the quark-parton model, e.g., quark-gluon and
quark-quark correlationgo]. A,

2

- 1-eM?3
_op-og_ (1-¢ (E+E cosa)gl—ggz ,
14

| oh | O-J,D+O-TD_(1_6R)VF1
4. Virtua oton-nucleon asymmetries
P y (A13)

Virtual photon asymmetries are defined in terms of a he- ) ) )
licity decomposition of the virtual photon absorption crossWherea i (o) is the cross section of scattering off a lon-
sectiong[118]. For the absorption of circularly polarized vir- gitudinally polarized target, with the incident electron spin
tual photons with helicity +1 by longitudinally polarized aligned antiparalle{paralle) to the target spin, and is the

nucleons, the longitudinal asymmet#y is defined as magnitude of the virtual photon’s longitudinal polarization:
(x,0?) = Zu2= a2 A7) e=[1+2(1+ 1A tarf(0/2)] L. (A14)
A(x,Q%) = ——, A7
' O12% 032 Similarly the transverse electron asymmetry is defined for a

where o1 i the total virtual photoabsorption cross sec.target polarized perpendicular to the beam direction as

tion for the nucleon with a projection of 1/@/2) for the _opg-opg _ (1-¢oE'M?
total spin along the direction of photon momentum. AL = oo ton (1-eR)F, G+~ 9z |COSO,
A, is a virtual photon asymmetry given by . ! (AL5)
2 . . .
A x,Q%) = L, (A8)  whereo|; (oy5) is the cross section for scattering off a
012 0312 transversely polarized target with incident electron spin

whereoy 1 describes the interference between transverse arddigned antiparalle(paralle) to the beam direction, and the
longitudinal virtual photon-nucleon amplitudes. Because ofscattered electrons are detected on the same side of the beam

the positivity limit, A, is usually small in the DIS region and as that to which the target spin is pointifith]. The electron

it has an upper bound given §g19] asymmetries can be written in termsAf and A, as
R A =D(Ar + Ay (A16)
An(x, Q) = [ S[1+A(x,Q)]. (A9)
2 and
These two virtual photon asymmetries, depending in gen- A =d(A,- £A), (A17)
eral onx and Q?, are related to the nucleon structure func- ) o o
tions gy (x, Q?), gx(x,Q?), andF4(x,Q?) via where the virtual photon polarization factor is given by
_ 1-(1-y)e
o _ 91X, Q? 3’292(X, Q? D=— - "Y€ A18
Ad(x,Q%) = F.xO) (A10) 1+eR ' (A18)
and with y=v/E the fractional energy loss of the incident elec-
e (xO?] tron. The remaining kinematic variables are given by
O1 X!Q + 02 XvQ —
Ax(x,Q?) = F.0 Q) : (A11) 7= (eXQDIE-E'e), (A19)
At high Q?, one hasy’<1 and £= (1 +e)l(26), (A20)
2\ gl(xaQZ) —_—
M) = ) (A12) d=D\2e/(1+e). (A21)

In QCD the asymmetny, is expected to have les®?
dependence than the structure functions themselves because
of the similar leading-orderQ? evolution behavior of
01(x,@% andFy(x,Q?). Existing data on the proton and the  From Egs.(A16) and (A17) the virtual photon asymme-
neutron asymmetrie&? andAf indeed show littleQ? depen-  tries A; and A, can be extracted from measured electron
dence[53]. asymmetries as

6. Extracting polarized structure functions from
asymmetries
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1 n \
A= - A A22
b daep AP
and
¢ 1
A= A+ A A23
arrsrahrTret
If the unpolarized structure functiorg (x, Q%) andR(x, Q%)

are known, then the polarized structure functions can be ex-
tracted from measured asymmetrigsandA, as[112]

F (x QZ)
2 1
Q(xQ)=—S—[A+A tan6/2)] (A24) FIG. 26. (Color onling Polar and azimuthal angles of the target
spin.
and
. YF1(x,Q ?) E+E' cosd ) section,#* is the polar angle, ang* is the azimuthal angle
92(x,Q%) = D singl ™ B —Aysing|, of the nucleon spin direction, as shown in Fig. 26. We write
them explicitly for a target with spin parallel to the beam
(A25)  (direction as[122]
with D’ given by
l-¢(2- -
= M (A26) cos¢* = (E-E' cos6)/|d, (B5)
y[1+eR(x,Q%]

APPENDIX B: FORMALISM FOR e-3He ELASTIC
SCATTERING ¢* =0. (B6)

The cross section for electron elastic scattering off an un-
polarized®He target can be written as
The helicity-dependent part of the cross section can be writ-

<d0>”_UMon Q? O+ '“3H9 1Q ten as
o/ 1-7 ||ch 2|G2
do h=+1 do h=-1
- tanz(G/Z)} F2(Q) (B1) <@> - (E) = — ool V'R (Q?)cos 0 *
where 7= Q?/(4M?)=v/(2M,) is the recoil factorM, is the + VR (Q9)sin 6% cos ¢ * ],
target(®*He) mass,Q? is calculated from Eq(A2), § is the (B7)

three-momentum transfes, is the>He magnetic moment,
andF, andF, are the®He charge and magnetic form factors,
which have been measured to a good precigi®2l]. The
Mott cross sectiomry,; for a target of charg& can be writ-

with kinematic factors

ten as
do Z%a? co(612) E' 7
7o = (E)Mw: sE2sifg2) E B2 VTr—tanz |2|2 tanzg (B8)
with E’ the energy of the outgoing electrons:
E'= = . : (B3) and
1 + (2E/Mt)sir?(6/2)
The elastic cross section for a polarized target can be
written as[122) Q? P
(d_0>h:<d_a>u+hA(0*-¢*,E,0,Q2), (B4) BT )

dQ dQ

where h is the helicity of the incident electron beam,
A(6*, ¢* E,0,Q% describes the helicity-dependent crossRy/, Ry, can be related to théHe form factorsF., F, as
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27E’
Rp = ?(ﬂaHeFm)z (B10)
and
—
2271+ 7)E’
Ry = T(ZFC)(MHeFm)- (B11)

The elastic asymmetry, defined by

PHYSICAL REVIEW C 70, 065207(2004)

(ot e
e

can therefore be calculated from E&1) and(B7) as
f=-(1-7
(V/Ry cos@* + Vo /Ry sin@* cos¢*)
X .
{(QYAPFE+ (12QY2MA[Q2/G]? - tarf(6/2)JF 7}
(B13)

do
dQ dE’

do
dQ dE’

do
dQ dE’

do
dQ dE’

.

(B12)
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