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Spin asymmetriesA1 of the proton and the deuteron in the lowx and low Q2 region
from polarized high energy muon scattering
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We present the results of the spin asymmetriesA1 of the proton and the deuteron in the kinematic region
extending down tox5631025 andQ250.01 GeV2. The data were taken with a dedicated lowx trigger, which
required hadron detection in addition to the scattered muon, so as to reduce the background at lowx. The
results complement our previous measurements and the two sets are consistent in the overlap region. No
significant spin effects are found in the newly explored region.@S0556-2821~99!02617-X#

PACS number~s!: 13.60.Hb, 13.88.1e
0556-2821/99/60~7!/072004~9!/$15.00 ©1999 The American Physical Society60 072004-1



a
n

m
un
pe
ua

te

tec-
re-

ic

of
e

rd

vir-

ra-

tries

re-
e

t
the

erve

fore
of-

w

ic
21

ics

T

40

v

6.
e

ed

N

ing

en

R

cl

pa
se

a

a

e

te

u

00

se

, T

B. ADEVA et al. PHYSICAL REVIEW D 60 072004
I. INTRODUCTION

Polarized deep inelastic lepton-nucleon scattering is
important tool to study the spin structure of the nucleo
Measurements with polarized proton, deuteron, and heliu
targets have determined the spin-dependent structure f
tions of the nucleon in a wide kinematic range. In this pa
we present results for the virtual photon-proton and virt
photon-deuteron cross section asymmetriesA1

p and A1
d ob-

tained from inelastic muon-proton and muon-deuteron in
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actions at 190 GeV, at very lowx and Q2, extending our
measurements down tox5631025. The data were collected
with a ‘‘low x trigger’’ in which both a minimal energy
deposit in the hadronic part of the calorimeter and the de
tion of a scattered muon were demanded. The hadron
quirement reduces the background at lowx, which is domi-
nated by contamination from muon scattering off atom
electrons atxme5me /M p and by radiative events.

The physics of high parton densities, i.e., at low values
x, is being studied intensively@1#. The measurements at th
DESY ep collider HERA show@2# that the rise of the spin-
independent structure functionF2 with decreasingx is
present even at the smallest values ofQ2, Q2;0.1 GeV2.
For Q2*1 GeV2, that rise can be described by the standa
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi:~DGLAP! QCD
evolution. In the nonperturbative region (Q2&1 GeV2! sev-
eral approaches have been proposed@1,3# to join leptopro-
duction to photoproduction (Q250 GeV2!.

Our new data cover the kinematic range 631025,x
,0.15 and 0.01,Q2,20 GeV2. They provide the first val-
ues of spin asymmetries belowx5831024 and complement
our recently published measurements@4# that were obtained
in the region 831024,x,0.7 and 0.2,Q2,100 GeV2.

II. SPIN ASYMMETRIES

The virtual photon-proton~-deuteron! asymmetriesA1
p,d

are defined as follows~see Ref.@5# for details!:

A1
p5

s1/22s3/2

s1/21s3/2
, A1

d5

1
2 ~s02s2!

1
3 ~s01s11s2!

, ~1!

wheresJ is the absorption cross section of a transverse
tual photon by a proton~deuteron! with total spin projection
J in the photon direction.

In the spin muon collaboration~SMC! experiment, cross
section asymmetries for parallel and antiparallel configu
tions of longitudinal beam and target polarizations,

Ai
p,d5

s↑↓2s↑↑

s↑↓1s↑↑ , ~2!

are determined. They are related to the spin asymme
A1

p,d andA2
p,d in the following way@5#:

Ai
p,d5D~A1

p,d1hA2
p,d!, ~3!

whereD is the depolarization factor andh depends only on
kinematic variables. In the kinematic region of our measu
ments,h is small. This together with small values of th
asymmetriesA2

p,d published in Ref.@6# allows us to neglect
the second term in Eq.~3! and to account for it only in the
systematic error estimate.

The definition of the depolarization factorD requires care.
The present measurements extend toQ2 values close to the
kinematic limit Qmin

2 'mm
2y2/(12y), where the scattering

angle is zero@y5(E2E8)/E5n/E#. In this case one canno
neglect terms proportional to the muon mass squared in
expression for the cross section. One should also obs
that in the relation~3! betweenAi , D, andA1,2, only Ai is an
observable, directly connected to the cross section. There
the muon mass term can be included in the definition
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FIG. 1. The detectors used for the definition of the lowx trigger: the view is in the bending plane of the magnet. The detector planes
the beam holes within60.5 m from them1-beam axis are indicated. The vertical scale is expanded by factor of 10 with respect
horizontal one.
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either D or A1,2, provided their product,Ai , remains un-
changed. We have chosen the former option in order to k
the definition ofA1 consistent with the one used in our pr
vious publications, so that the depolarization factorD is de-
fined as in Ref.@5#:

D5
y~22y!~11g2y/2!

y2~11g2!~122mm
2 /Q2!12~12y2g2y2/4!~11R!

,

~4!

whereg5AQ2/n andR5sL /sT is the ratio of the absorp
tion cross sections for longitudinal and transverse virt
photons. With this definition,D becomes larger than unity a
Q2 close toQmin

2 and can no longer be interpreted as t
fraction of the incident muon polarization carried by the v
tual photon.

III. EXPERIMENTAL SETUP

The experiment was performed at the high energy m
beam@7# at CERN. The setup consisted of~i! a large cryo-
genic target@8# with two cells containing target material po
larized in opposite directions,~ii ! an open magnetic spec
trometer @5# for the measurement of scattered muons a
produced hadrons, and~iii ! a beam polarimeter@9#. The
beam polarization wasPm520.79560.019 for an average
muon energy of 187.4 GeV. For the polarized proton a
deuteron targets, the materials used were ammonia (N3)
and deuterated butanol (C4D9OD!, respectively. The averag
proton and deuteron polarizations were 0.89 and 0.50
were measured with relative accuracies of 2.7% and 2.
respectively. Events originating from both target cells we
recorded simultaneously, and the target spin orientati
were reversed every 5 h.

A dedicated lowx trigger was used during data taking
1995 and 1996. In addition to a scattered muon it require
hadron detected in the large calorimeter H2@10#, situated
downstream of the spectrometer magnet~see Fig. 1!. The
07200
ep
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d

d

d
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s

a

low x trigger,

trigger5H1H3H2had3~H3VøH3C)3(VETO, ~5!

was defined by the coincidence of signals from the scinti
tor hodoscope H1H, the hadronic part of the calorime
H2had, the scintillator hadoscopes H3V or H3C, and
anticoincidence with SVETO. The coincidence
H1H3H2had selected the charged hadrons, a hit in eit
one of H3V or H3C selected scattered muons and the a
coincidence with SVETO prevented signals from hal
muons already detected upstream of the target. The calo
eter H2, extending from 8.7 to 10.2 m from the magnet, h
a beam hole of 20 cm diameter, while the hodoscope H
was located at 13 m from the magnet and had a beam ho
23 cm.

FIG. 2. Contours of the kinematic acceptance in the (x,Q2)
plane for the standard triggers~dotted line! and for the lowx trigger
~solid line!.
4-3
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FIG. 3. ~a! Event distributions as functions ofx for the lowx trigger without~solid histogram! and with the requirement of a reconstructe
hadron~dashed histogram! and after kinematic cuts discussed in the text~dotted histogram!. ~b! The ratio of the particle momentump to the
momentum transferq5upW m2pW m8 u vs x for the low x trigger events with only one negative particle detected. Events within the box ar
p/q51 were removed from the sample.
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The threshold for the calorimeter signal was on aver
10 times the pulse height for muons. Nevertheless, so
contamination of the trigger by events without hadrons w
observed. This was presumably due to electron showers
duced by the beam scraping the sides of the calorimete
the absorber hole. The rate of the lowx triggers was abou
500 events per beam spill of 4.53107 muons. They were
prescaled by a factor of 8 for the deuteron run and a facto
4 for the proton run. Very small muon scattering angl
including zero, were accepted for large energy transfersn
.110 GeV, because the outgoing muons were deflec
from the beam by the spectrometer magnet (*B dl
54.4 Tm) and subsequently detected in H3V or H3C. T
allowed the registration of events with values ofx as low as
1025, extending the range of the standard triggers used
our previous analyses@4#. Those standard triggers wer
based exclusively on the detection of scattered muons
optimized for events withx.1023 to avoid background
from me scattering.

The kinematic ranges inx and Q2 covered by the lowx
trigger data and those from the standard triggers@4# are
shown in Fig. 2. For the new data most events havex
,0.01. As for all the fixed target experiments, the data
low values ofx also have low values ofQ2.

IV. EVENT SELECTION

For the event selection, in addition to the criteria on t
scattered muon~discussed later!, the presence of additiona
particles with reconstructed tracks was required. For at le
one such particle per event, a minimum of 20% of its ene
was required to have been deposited in the hadronic pa
the calorimeter and this deposit was demanded to be la
than 1 GeV. This eliminated most of the electrons from
sample. The tracks had to be associated with the prim
interaction vertex or with a secondary vertex formed by
07200
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decay products of neutral hadrons.
The x distributions for all events from the lowx trigger

and for the subsample with at least one track satisfying
above criteria are compared in Fig. 3~a!. The peak atxme
5me/Mp55.4531024 corresponds to elastic scatters
muons off atomic electrons. This contamination was redu
by the event selection described above. To reduce it fur
an additional cut was applied to the class of events w
exactly two tracks, a muon and a negatively charged parti
Figure 3~b! shows the ratio of the particle momentump to
the momentum transferq5upW m2pW m8 u as a function ofx for

FIG. 4. The effective dilution factorf 8(x) for the ammonia
target for events with hadrons~solid line! and for inclusive events
~dotted line!.
4-4
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SPIN ASYMMETRIESA1 OF THE PROTON AND THE . . . PHYSICAL REVIEW D 60 072004
these events. HerepW m and pW m8 denote incident and scattere
muon momenta. The cluster of events aroundp/q51 and
x5xme corresponds tome scatters and was removed by cu
consistent with me reaction kinematics: 3.5531024,x
,8.9031024 and 0.63,p/q,1.27. The remaining admix
ture of me events@cf. Fig. 3~a!#, in particular those accom
panied by a photon radiated by the electron, was estimate
be (561)%.

The analysis is limited to the kinematic regionx.

FIG. 5. Distribution of the reconstructed vertex positions alo
the beam direction for events after kinematic cuts, in the lowex
interval (631025,x,1531025): ~a! distribution of vertices re-
constructed using only incoming and outgoing muon tracks and~b!
distribution of vertices reconstructed using hadron tracks, too.
shaded boxes indicate the positions of the target cells. In betw
there is also a substantial contribution of events originating from
helium cooling liquid.
07200
to

631025 andQ2.0.01 GeV2. The remaining cuts, listed be
low, are the same as those in the analysis of Ref.@4#. The
momentum of the scattered muon was restricted topm8
.19 GeV to avoid contamination by muons from the dec
of pions and kaons produced in the target. The cut on
energy transfer to the nucleon,n.15 GeV, rejects events
with poor kinematic resolution, while the cuty5n/E,0.9
removes events which would require large radiative corr
tions. Cuts on the vertex position were used to select in
actions from the target material. A few percent of the d
were discarded because of instabilities in the beam inten
detector efficiencies, and low target polarization. Effective
the above cuts removed about 50% of the data. The fi
samples of the lowx trigger events consisted of;4.53106

events for polarized protons and;1.43106 events for po-
larized deuterons. In the newly explored range 631025,x
,831024, this amounts to 1.43106 and 0.53106 events
for the proton and the deuteron, respectively.

V. ASYMMETRY DETERMINATION

In order to determineAi accurately, in particular when its
values are small, the counting rate asymmetryAi

measis evalu-
ated by combining data sets taken before and after a reve
of the target polarization@5#. The measured asymmetry
related to the cross section asymmetryAi by Ai

meas

5 f PtPmAi . The determination ofAi thus requires knowl-
edge of the incident muon and target nucleon polarizatio
Pm andPt , respectively, and the dilution factorf which ac-
counts for the fact that only a fraction of the target nucleo
is polarizable.

The presence of hadrons in the final state of the inter
tion reduces the number of events which do not carry inf
mation on the internal structure of the nucleon. There are

e
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TABLE I. Contributions to the systematic error onA1
p(x) from the uncertainties in the false asymmet

DAfalse; the target and the beam polarizationsDPt andDPm ; the effective dilution factorD f 8; the radiative
correctionsDrc; the neglect ofA2 , DA2 ; the ratioR, DR; and the background from polarized14N in the
ammonia target,DPbg.

^x& DAfalse DPt DPm D f 8 Drc DA2 DR DPbg

0.00010 0.0009 0.0005 0.0004 0.0014 0.0008 0.0000 0.0076 0.00
0.00022 0.0011 0.0004 0.0003 0.0011 0.0006 0.0001 0.0045 0.00
0.00039 0.0013 0.0001 0.0000 0.0001 0.0006 0.0001 0.0005 0.00
0.00063 0.0014 0.0001 0.0001 0.0002 0.0006 0.0002 0.0009 0.00

0.0010 0.0014 0.0006 0.0005 0.0008 0.0007 0.0003 0.0048 0.00
0.0016 0.0014 0.0014 0.0011 0.0014 0.0007 0.0005 0.0096 0.00
0.0025 0.0015 0.0005 0.0004 0.0006 0.0007 0.0008 0.0036 0.00
0.0043 0.0018 0.0002 0.0002 0.0002 0.0008 0.0008 0.0003 0.00
0.0078 0.0018 0.0009 0.0007 0.0006 0.0008 0.0010 0.0011 0.00
0.0143 0.0019 0.0027 0.0021 0.0018 0.0007 0.0012 0.0033 0.00
0.0245 0.0020 0.0022 0.0017 0.0015 0.0007 0.0003 0.0043 0.00
0.0346 0.0020 0.0032 0.0025 0.0022 0.0007 0.0003 0.0050 0.00
0.0487 0.0020 0.0009 0.0007 0.0006 0.0008 0.0004 0.0013 0.00
0.077 0.0020 0.0074 0.0058 0.0048 0.0009 0.0004 0.0114 0.00
0.121 0.0020 0.0104 0.0081 0.0068 0.0010 0.0004 0.0129 0.00
4-5
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TABLE II. Contributions to the systematic error onA1
d(x), with the same explanations as for Table

except thatDPbg now refers to the contribution from protons in the deuterated butanol target.

^x& DAfalse DPt DPm D f 8 Drc DA2 DR DPbg

0.00010 0.0028 0.0001 0.0002 0.0007 0.0009 0.0000 0.0033 0.00
0.00022 0.0034 0.0010 0.0011 0.0035 0.0007 0.0001 0.0146 0.00
0.00039 0.0038 0.0005 0.0006 0.0015 0.0007 0.0001 0.0069 0.00
0.00063 0.0041 0.0009 0.0010 0.0023 0.0007 0.0002 0.0103 0.00

0.0010 0.0041 0.0006 0.0007 0.0011 0.0008 0.0003 0.0069 0.00
0.0016 0.0043 0.0011 0.0013 0.0015 0.0008 0.0005 0.0113 0.00
0.0025 0.0045 0.0002 0.0003 0.0003 0.0008 0.0008 0.0024 0.00
0.0043 0.0052 0.0002 0.0002 0.0002 0.0009 0.0007 0.0004 0.00
0.0078 0.0055 0.0008 0.0009 0.0008 0.0009 0.0008 0.0015 0.00
0.0143 0.0057 0.0020 0.0023 0.0020 0.0009 0.0010 0.0035 0.00
0.0245 0.0060 0.0002 0.0002 0.0002 0.0009 0.0015 0.0005 0.00
0.0346 0.0061 0.0003 0.0003 0.0003 0.0009 0.0015 0.0006 0.00
0.0487 0.0062 0.0012 0.0014 0.0012 0.0010 0.0016 0.0025 0.00
0.077 0.0063 0.0014 0.0017 0.0013 0.0012 0.0004 0.0033 0.00
0.121 0.0062 0.0000 0.0001 0.0000 0.0014 0.0004 0.0000 0.00
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classes of such events. The first class consists of events
elastic scattering of muons off atomic electrons. The sec
class contains radiative events in which~quasi!elastic scat-
tering on target nuclei is accompanied by the radiation o
hard photon. These radiative events dilute the asymm
similarly to the interactions on nonpolarizable target nuc
The effective dilution factorf 8,

f 85
s1g

p,d

sp,d f 5
np,ds1g

p,d

(AnAsA , ~6!

accounts for these diluting sources. The sum runs ove
target nuclei including protons or deuterons,np,d,A are the
numbers of nuclei of a given type in the target,s1g

p,d are the
one-photon-exchange~Born! cross sections, andsp,d,A are
the sums of cross sections for all processes contributin
the selected sample of events. The sum in the denominat
smaller for muon scattering with hadron production than
the inclusive muon scattering. Therefore the effective d
tion factor for events with hadrons is larger than for t
inclusive sample, in particular at lowx, as can be seen in Fig
4. To obtainf 8 the cross sections were taken from the m
surements of the structure function ratios of Refs.@11,12#
and the calculations of Refs.@13,14#. In addition, for the bin
531024,x,831024, the effective dilution factor is re-
duced by 5% to account for the admixture of them-e elastic
scatterings.

The finite resolution in the vertex position affects t
separation of events originating from oppositely polariz
target cells and results in more dilution. The vertex reso
tion depends on the scattering angle, thus onx, and is im-
proved by the use of additional tracks for the vertex de
mination. The improvement is particularly important at lo
x. If only muon tracks were used to determine the ver
position for very small scattering angles~going down to
zero!, the uncertainty in the position would be very large,
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can be seen in Fig. 5. As a result of the improved ver
resolution given by the hadrons, the separation of the
target cells becomes possible even for the smallest scatte
angles. The probability of an incorrect assignment—for e
ample, the association of the vertex to the wrong tar
cell—was estimated in bins ofx by a simulation@15#. The
resulting reduction of the effective dilution factor, the vert
smearing correction, ranges from about 2% in the highes
15% in the lowestx bin.

TABLE III. The asymmetryA1
p(x) for the low x trigger data at

the averageQ2 of eachx bin. The first error is statistical and th
second is systematic. The first four bins are in the newly acces
kinematic region, while the remaining ones overlap with the st
dard triggers. The percentage of events overlapping with the s
dard triggers is given in the last column.

x range ^x& ^Q2&
~GeV2!

A1
p %

0.00006–0.00015 0.00010 0.02 0.01660.01660.008 0
0.00015–0.00030 0.00022 0.06 0.01560.01560.005 0
0.0003–0.0005 0.00039 0.10 0.00260.01860.002 0
0.0005–0.0008 0.00063 0.1720.00460.02060.002 0

0.0008–0.0012 0.0010 0.26 0.02160.02360.005 12
0.0012–0.0020 0.0016 0.40 0.04560.02260.010 21
0.002–0.003 0.0025 0.63 0.01860.02660.004 29
0.003–0.006 0.0043 1.0920.00760.02460.002 35
0.006–0.010 0.0078 1.85 0.02860.03060.003 34
0.010–0.020 0.0143 3.15 0.09060.02760.006 31
0.020–0.030 0.0245 5.10 0.07360.03960.006 32
0.030–0.040 0.0346 7.0 0.10760.05260.007 37
0.040–0.060 0.0487 9.7 0.02960.04960.003 46
0.060–0.100 0.077 14.8 0.24860.05460.016 61
0.100–0.150 0.121 23.1 0.34560.07860.020 77
4-6
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Virtual photon asymmetriesA1
p,d for the proton and the

deuteron were determined fromAi
p,d , according to Eq.~3!,

and subsequently corrected for the radiative backgro
@13#. Since the presence of a hadron in the final state
required, only contributions from inelastic processes w
retained in the calculation, as for the cross sectionss in Eq.
~6!.

To obtain the asymmetriesA1 information about unpolar-
ized structure functions is required. The dependence ofA1 on
R5sL /sT enters through the depolarization factorD and
through the radiative corrections. Forx.0.003 we used the
same parametrization ofR as in our previous analysis@4#.
For x,0.003 andQ2,1 GeV2, whereR has not been mea
sured, we used the parametrizations ofsL and sT @16# ob-

TABLE IV. The asymmetryA1
d(x) for the low x trigger data at

the averageQ2 of eachx bin, with the same presentation as f
Table III.

x range ^x& ^Q2&
~GeV2!

A1
d %

0.00006–0.00015 0.00010 0.0220.00760.03460.004 0
0.00015–0.00030 0.00022 0.06 0.04860.03360.015 0
0.0003–0.0005 0.00039 0.10 0.02760.03960.008 0
0.005–0.0008 0.00063 0.17 0.04360.04360.011 0

0.0008–0.0012 0.0010 0.26 0.03060.04860.008 15
0.0012–0.0020 0.0016 0.4020.05460.04560.012 23
0.002–0.003 0.0025 0.6320.01260.05460.005 31
0.003–0.006 0.0043 1.0920.01060.05160.005 36
0.006–0.010 0.0078 1.85 0.03960.06260.006 34
0.010–0.020 0.0143 3.1520.09860.05760.008 32
0.020–0.030 0.0245 5.09 0.01060.08160.006 32
0.030–0.040 0.0346 7.0 20.01360.10760.006 36
0.040–0.060 0.0487 9.6 20.05960.10260.007 44
0.060–0.100 0.077 14.7 0.07060.11360.008 59
0.100–0.150 0.121 22.9 20.00260.16560.006 75
07200
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tained from a fit to the lowQ2 total electron-proton cross
section measured at HERA. In the calculation of radiat
corrections, in addition toR, the structure functionF2 down
to Q250 is also needed. ForQ2.0.2 GeV2 we used the
same parametrization ofF2 as in Ref.@4# and below that
value the model of Ref.@17#.

It was shown in Ref.@4# that the inclusive asymmetryA1
can be obtained from the sample of events with hadron
the energy available for the hadronization,W, is large
enough. Indeed, the bias on the asymmetry, because o
loss of inelastic events by the limited acceptance of the sp
trometer, was estimated to be smaller than 0.001 fo
sample withW.12 GeV. In the sample analyzed here,W is
comparable and in particular forx,0.002 it is larger than 15
GeV. For this reason we expect that losses are of the s
order as in Ref.@4#, i.e., a few percent, and that the bias o
the asymmetryA1 introduced by the hadron requirement c
be neglected.

VI. SYSTEMATIC UNCERTAINTIES IN A1

In our experiment asymmetries are obtained by comb
ing the data taken before and after the reversal of the s

TABLE V. The spin-dependent structure functiong1
p(x) for the

low x trigger data at the averageQ2 of each x bin for Q2

,1 GeV2. The first error is statistical and the second is systema
which does not include the uncertainty onF2 . The value ofF2

taken from the model of Ref.@17# is listed in the last column.

^x& ^Q2&
~GeV2!

g1
p F2

p

0.00010 0.02 2.262.260.3 0.028
0.00022 0.06 2.062.160.4 0.059
0.00039 0.10 0.262.360.2 0.099
0.00063 0.17 20.462.260.2 0.140
0.0010 0.26 1.962.160.4 0.184
0.0016 0.40 3.261.560.6 0.233
0.0025 0.63 0.961.460.2 0.278
rrors.

FIG. 6. The asymmetryA1 for the proton and for the deuteron as a function ofx at the measuredQ2 obtained with the lowx trigger~solid

circles! together with those for standard triggers@4# ~open circles!. The shaded bands indicate the size of the respective systematic e
4-7
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orientation in the two target cells@5#. This method leads to a
significant reduction of the systematic uncertainties since
muon flux and the spectrometer acceptance need no
known, provided that the ratio of acceptances for eve
from the two target cells is the same before and after po
ization reversal.

A potentially significant contribution to the systematic e
ror is due to false asymmetries generated by instabilities
this acceptance ratio. The time dependence of the efficien
of different parts of the detector was studied both for
scattered muon and the produced hadrons according to
method described in Ref.@5#.

Another possibly important contribution to the systema
error in A1 for x,0.003 is due to the uncertainty in th
function R. To estimate this contribution the lower limitR
50 and the upper limitR50.5, consistent with results of th
H1 measurements@18# at low x andQ2 about 10 GeV2, were
used. Forx.0.003 the uncertainty inR was calculated as in
Ref. @4#. The effects due to uncertainties inR andF2 in the
computation of the radiative corrections were found to
negligible.

To evaluate the systematic uncertainty in the effective

TABLE VI. The spin-dependent structure functiong1
d(x) for the

low x trigger data at the averageQ2 of each x bin for Q2

,1 GeV2 with the same presentation as for Table V.

^x& ^Q2&
~GeV2!

g1
d F2

d

0.00010 0.02 21.064.760.4 0.028
0.00022 0.06 6.464.361.4 0.059
0.00039 0.10 3.364.860.9 0.098
0.00063 0.17 4.764.661.1 0.140
0.0010 0.26 2.764.360.7 0.183
0.0016 0.40 23.863.260.8 0.232
0.0025 0.63 20.662.860.3 0.276
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lution factor f 8, we considered contributions from the fo
lowing sources: the uncertainty in the target composition,
limited precision of the measurements of the structure fu
tion ratiosF2

A/F2
d @11#, F2

d/F2
p @12# and of their extrapolations

to the lowx region, the precision of the cross sections in E
~6!, and the uncertainty in the contamination byme events
and in the vertex smearing correction. As an estimate of
precision of s1g

p,d/sp,d in Eq. ~6!, we took the difference
between results obtained with two calculations@13,14#. Its
maximum value is about 5% in the lowestx bin and below
1% for x.831024. The contribution tosp,d from inelastic
scattering with hard photon emission was reduced due to
effective momentum cut in the acceptance for hadrons
30% uncertainty was then assigned to this contribution, le
ing to an additional few percent uncertainty in the ra
s1g

p,d/sp,d.
Other contributions to the systematic uncertainties, n

negligible at higherx, are the same as in Refs.@4,5#. The
individual contributions to the systematic errors inA1

p,d are
presented in Table I for the proton and in Table II for t
deuteron.

VII. RESULTS

The values of the asymmetriesA1
p,d are given in Tables III

and IV as functions ofx at the averageQ2 in each bin. The
total systematic error inA1 has been obtained by combinin
in quadrature the individual contributions described in S
VI. In the last column of the tables the percentage of the l
x triggers, simultaneously satisfying at least one of the st
dard triggers, is given. The overlap increases with increas
x; thus, the new data give new information mainly in the lo
x and lowQ2 region.

The results onA1
p,d are presented in Fig. 6. Forx,

831024 these are the first measurements of the spin as
ere

FIG. 7. The values ofxg1 for the proton and for the deuteron as a function ofx at the measuredQ2 obtained with the lowx trigger ~solid

circles! together with those for standard triggers@4# ~open circles!. The low x trigger results are presented in the kinematic region wh
Q2,1 GeV2. The shaded bands indicate the size of the respective systematic errors.
4-8
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metries and are found to be consistent with zero within
rors. For larger values ofx the asymmetries from our prev
ous measurements with standard triggers@4# are also shown.
In Ref. @4#, for x,0.02, the presence of a hadron in the fin
state was required on the off-line level. Taking into acco
correlations, the two data sets are consistent in the kinem
region of overlap (x2/nDF512.6/11 and 5.5/11 for the proto
and deuteron data, respectively!.

The spin structure functionsg1 were calculated only for
x,0.003 andQ2,1 GeV2 from the results on the asymme
tries A1 using the relationg15A1F2 /@2x(11R)#. Here the
same values ofR as used in Sec. V have to be taken to
consistent with theA1 determination; see Eqs.~3!,~4!. The
structure functionF2 was taken from the model of Ref.@17#.
The values forg1 are given in Tables V and VI with the
systematic errors resulting from propagation of the error
R and of the other individual contributions to systematic u
certainties onA1 . No uncertainty was associated withF2 .
The results forxg1

p,d are presented in Fig. 7 together wi
those from Ref.@4#. No significant spin effects are observe
in the newly accessed kinematic region.

At small x, our data cover only very narrow interva
of x ~or W! for fixed values ofQ2; cf. Fig. 2. Therefore they
cannot be compared directly, without additional assum
tions about theQ2 dependence ofg1 , with the Regge mode
which predicts smallx behavior ofg1 at fixed Q2. How-
ever, these data can be compared with models predic
both thex and Q2 dependence at low values ofx and Q2;
see@19#.
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VIII. CONCLUSIONS

We have presented measurements of the longitudinal
asymmetryA1 for the proton and for the deuteron based on
dedicated lowx trigger involving a hadron requirement. Th
method strongly reduces the background at lowx and pro-
vides the possibility to investigate for the first time the ran
631025,x,831024,0.01,Q2,0.2 GeV2.

We do not observe any significant spin effects in th
kinematic region, while at largerx the measured asymmetrie
are in good agreement with our results in Ref.@4#.
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