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Polarized parton distributions in the nucleon
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The distribution of the spin of the nucleon among its constituents can be parametrized in the form
polarized parton distribution functions for quarks and gluons. Using all available data on the polarized struc
functiong1(x,Q

2), we determine these distributions at both leading and next-to-leading order in perturba
theory. We suggest three different, equally possible scenarios for the polarized gluon distribution, whox
dependence is found to be only loosely constrained by current experimental data. We examine various
bilities of measuring polarized parton distributions at future experiments.@S0556-2821~96!01811-5#

PACS number~s!: 13.60.Hb, 13.60.Le, 13.88.1e
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I. INTRODUCTION

Understanding the spin structure of the nucleon is one
the most important questions in strong interaction phys
today. There has been renewed interest in recent ye
largely as a result of a series of high-precision polarized de
inelastic scattering experiments. So far, the bulk of the info
mation comes from measurements of the spin-depend
structure functiong1(x,Q

2). From such measurements, spin
dependent parton distributions can be extracted and co
pared with theoretical models, or used to make predictio
for future experiments. Several theoretical issues have
ceived particular attention: the predictions of various su
rules and the measurement ofas , the magnitude of the po-
larized gluon distribution, and the behavior of the polarize
parton distributions at smallx.

In a previous study@1# we performed a global analysis o
all available deep inelastic polarized structure function da
in the context of the QCD-improved parton model at leadin
order. We supplemented the experimental information w
theoretical assumptions about the flavor content and the fo
of the distributions at large and smallx. In particular, we
presented three different sets of parton distributions char
terized by qualitiatively different polarized gluon distribu
tions, and suggested further experiments which could d
criminate between them.

Since the work of Ref.@1# there have been several impor
tant advances. More precise polarized structure function d
have become available. Both the SMC@2# and SLAC-E143
Collaborations@3# have measured the structure functiong1
of the deuteron, supplementing their previous proton tar
measurements, and the SLAC-E143 Collaboration has a
measured the structure functiong2 on proton and deuteron
targets@4#. The newg1 data are particularly important for
determining the polarizedu- andd-quark distributions sepa-
rately.

A second advance has been the theoretical calculation@5#
of the next-to-leading order contributions to the polarize
splitting functionsDPi j (x,as) which determine theQ2 evo-
lution of the distributions. This not only improves the prec
sion of the phenomenology, but also allows for the first tim
a consistent factorization/renormalization scheme dep
dence to be imposed on the analysis.

In this study we repeat the analysis of@1# using the new
531/96/53~11!/6100~10!/$10.00
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polarized structure function data, but now at both leadin
and next-to-leading order in perturbation theory. Our aim,
before, is to derive a consistent set of polarized parton d
tributions. At the same time we can check that theQ2 de-
pendence seen in the data is consistent with the predicti
of perturbative QCD. We discuss in detail the constrainin
power of the various data sets, the role of the polarized glu
distribution, and the prospects for future measurements.
similar analysis of polarized structure functions has been
ported recently in Ref.@6#, using the ‘‘dynamical parton
model’’ approach in which the distributions at smallx are
generated dynamically from valencelike distributions at
small startingQ0

2 scale. A reasonable description of the da
is obtained. Our approach, in contrast, is to constrain t
small x distributions from the data, without prejudice as t
the origin of the observed behavior. This is in the same sp
as the unpolarized analysis of Refs.@7,8#.

We begin by reviewing the basic theoretical input to th
analysis. The fundamental quantity of interest is the structu
functiong1 which, in analogy with the unpolarized structure
function F1 , can ~in the QCD-improved parton model at
leading order! be expressed in terms of the probability dis
tributions for finding quarks with spin parallel or antiparalle
to the longitudinally polarized parent nucleon:

F1~x,Q
2!5

1

2(q eq
2@q~x,Q2!1q̄~x,Q2!#, ~1!

g1~x,Q
2!5

1

2(q eq
2@Dq~x,Q2!1Dq̄~x,Q2!#, ~2!

where

q5q↑1q↓ , Dq5q↑2q↓ . ~3!

The first moment ofg1(x,Q
2) measures the expectation

value of the axial-vector current between two identic
nucleon states:

G1
p,n56

1

12
a31

1

36
a81

1

9
a0 , ~4!
6100 © 1996 The American Physical Society
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53 6101POLARIZED PARTON DISTRIBUTIONS IN THE NUCLEON
where the conserved nonsinglet axial-vector currents
known from the hyperon decay constants~the Ellis-Jaffe sum
rule @9,10#!:

a35F1D,
~5!

a853F2D.

In contrast, the singlet axial-vector currenta0 is noncon-
served due to the axial anomaly. It cannot be related to a
other experimental quantity, although several mod
dependent estimates of it can be found in the literature. T
naive quark-parton model without QCD corrections iden
fiesa0 with the total helicity of quarks in the nucleon.Based
on this model, one findsa051 if the total nucleon spin is
carried only by quarks; if the strange quark sea in t
nucleon is unpolarized thena05a8'0.579@10#. Both these
estimates are clearly ruled out by experimental measu
ments @2,3,11#, which find a0'0.15–0.3 in the range
3 GeV2,Q2,12 GeV2.

In the QCD-improved parton modelg1 is expressed in
terms of parton distributions for the polarization of quark
and gluons,

g1~x,Q
2!5

1

2(q eq
2E

x

1dy

y
@Dq~x/y,Q2!1Dq̄~x/y,Q2!#

3H d~12y!1
as~Q

2!

2p
DCq~y!1•••J

1
^eq

2&
2 E

x

1dy

y
DG~x/y,Q2!

3H nf as~Q
2!

2p
DCG~y!1•••J . ~6!

The variation of these polarized parton distributions wi
Q2 is determined by the Gribov-Lipatov-Altarelli-Paris
~GLAP! evolution equation@12#:

]

] lnQ2 S Dq

DGD ~x,Q2!

5
as~Q

2!

2p E
x

1dy

y S DPqq DPqG

(
q

DPGq DPGG
D ~y!

3S Dq

DGD ~x/y,Q2!. ~7!

For a consistent theoretical description ofg1(x,Q
2), the

coefficient functions in~6! must be truncated at the sam
order in perturbation theory as the splitting functions in~7!.
Although theO(as) corrections to the coefficient functions
DCq(y) @13# andDCG(y) @14# have been known for a long
time, a next-to-leading order study was not possible un
very recently, as theO(as) corrections to theDPi j (y) were
not known. These have now been published for the first tim
in Ref. @5#.

Using the next-to-leading order evolution equations@15#,
the unpolarizedparton distributions can be determined to
are
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high level of accuracy~see for example Refs.@7,8,16#! using
a wide variety of high-precision experimental data from di
ferent processes. As the only data available on the spin str
ture of the nucleon are the structure function measureme
of Refs. @2,3,11#, we are still far from obtaining a similar
level of precision on the polarized distributions.

The appropriate choice of scheme forg1 in the QCD-
improved parton model has been a matter of discussion o
the last few years~see, for example,@17# for a recent re-
view!. The main issue is the treatment of the gluonic contr
butions to the Ellis-Jaffe sum rule. While the nonsinglet co
tributions to this sum rule can be related to conserve
currents and are unambiguously defined, there is an arbitr
ness in the decomposition of the singlet contribution@14,18#,
depending on the absorption procedure used for the ax
anomaly. In theMS scheme, this anomaly is absorbed int
the next-to-leading order~NLO! pure singlet quark-to-quark
splitting function@19#. Another possible procedure is to al
low for an anomalous gluonic contribution to the Ellis-Jaff
sum rule, which is absent in theMS scheme. The appropriate
scheme transformation@20# then yields conservation of the
quark contribution toa0 . In the present study we will work
entirely in theMS scheme,1 which allows us to use our dis-
tributions in conjunction with a broad range of unpolarize
distributions, the majority of which are defined in this
scheme. For reference, theMS scheme coefficient functions
in ~6! are

DCq~y!5CFH 2S ln~12y!

12y D
1

2
3

2 S 1

12yD
1

2~11y!ln~12y!2
11y2

12y
lny121y

1d~12y!S 22z~2!2
9

2D J ,
DCG~y!5TRH 2~2y21!lnS 12y

y D12~324y!J . ~8!

In the following section we will present the results of ou
leading and next-to-leading order parton model analyses
polarized structure function data. Section III discusses t
prospects of various future experiments on polarized nuc
ons and Section IV contains a brief summary and our co
clusions.

II. POLARIZED PARTON DISTRIBUTIONS IN LEADING
AND NEXT-TO-LEADING ORDER

We adopt a similar approach to the global analysis
unpolarized parton distributions in the nucleon@7# by param-
etrizing the polarized distributions at the starting scale in t
form

1A NLO analysis of polarized deep inelastic scattering data in t
so-called Adler-Bardeen scheme, which displays different factoriz
tion properties, has recently been carried out@20#. In Ref. @20# the
emphasis is on the determination of the singlet axial chargea0 and
the first moment of the polarized gluon distribution.
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6102 53T. GEHRMANN AND W. J. STIRLING
xDuv~x,Q0
2!5huAux

au~12x!bu~11gux1rux
1/2!,

xDdv~x,Q0
2!5hdAdx

ad~12x!bd~11gdx1rdx
1/2!,

~9!
xDq̄~x,Q0

2!5h q̄Aq̄x
aq̄~12x!bq̄~11g q̄x1r q̄x

1/2!,

xDG~x,Q0
2!5hGAGx

aG~12x!bG~11gGx1rGx
1/2!,

where we takeQ0
254 GeV2. The normalization factors are

Af
21~ f5q,G!5S 11g f

af
af1bf11D G~af !G~bf11!

G~af1bf11!

1r f

G~af10.5!G~bf11!

G~af1bf11.5!
~10!

which ensures that the first moments of the distribution
*0
1dxD f (x,Q0

2), are given byh f .
Various experimental measurements of unpolarized le

ton (5e,m,n) nucleon and unpolarized Drell-Yan cross se
tions yield a reasonably precise flavor decomposition of t
light quark (u,d,s) sea. Such a decomposition is not ye
possible for the polarization of the light quark sea, as me
surements of the structure functiong1 are only sensitive to
the charge weighted sum of all quark flavors, not to the
dividual distributions. We therefore assume an SU~3!-
symmetric antiquark polarizationDq̄(x,Q0

2)5Dū(x,Q0
2)

5Dd̄(x,Q0
2)5D s̄(x,Q0

2). This ad hoc assumption is only
justified at the present level of experimental knowledge, a
is furthermore immediately broken by next-to-leading ord
evolution @21#.

The first moments of the polarized quark distributions c
be determined from the measured values of the Ellis-Ja
sum rule. Imposing SU~3! symmetry atQ0

2 , this sum rule
reads

G1
p,n~Q0

2!5S 12
as~Q0

2!

p D S 6
1

12
a31

1

36
a81

1

9
a0~Q0

2! D
~11!

with

a35hu2hd5F1D,

a85hu1hd53F2D, ~12!

a0~Q0
2!5hu1hd16h q̄~Q0

2!.

In this approach, the first moments of the valence quark p
larizations are obtained from the nonsinglet axial-vector cu
rent matrix elements@22#, while the first moment of the sea
quark distribution is inferred from the measured value
G1 . For the leading-order~LO! distributions, we correct the
normalization ofhu andhd by theO(as) coefficient func-
tion in ~11! @1#. The first moments obtained by this procedu
are listed in Table I. Note that the Ellis-Jaffe sum rule is
(Q2-independent! constant at leading order in perturbatio
theory, as the leading-order coefficient functions are on
expanded up toO(as

0) and scaling violations inh q̄(Q
2)

arise only from the splitting functions at next-to-leading o
der.
s,
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The polarized gluon distribution entersg1(x,Q
2) at next-

to-leading order.2 It is only very weakly constrained so far,
as no experimental data are available on gluon-initiated p
cesses such as directg or heavy meson production. The po
larized gluon distributionDG(x,Q2) is therefore not well
determined by a fit to theg1 data alone, and so additiona
theoretical constraints have to be applied. It follows from th
structure of the polarized splitting functions that the sma
x behavior of the gluon and sea quark distributions is close
correlated, which justifies the assumptionaG5aq̄ in ~9!. In
the regionx.0.1, structure functions and their evolution ar
dominated by valence quark contributions, and the impact
the gluon is completely negligible. In Ref.@1# we explored
various possibilities for the form ofDG(x,Q2) at largex:
hard and soft distributions with the spin aligned with that o
the parent hadron, and a distribution with the spin an
aligned. All three choices give equally good descriptions
the structure function data, but would be relatively easy
discriminate if data on polarized gluon-initiated process
were available. We adopt the same procedure here, i.e.,
consider three equally possible scenarios for the behavior
DG(x,Q0

2), which can be parametrized as follows:

Gluon A:gG50, rG50,

Gluon B:gG51, rG522, ~13!

Gluon C:gG50, rG523.

Due to the introduction of the additional parameterrG in the
starting parametrizations~9!, these distributions look slightly
different from the ones presented in@1#.

The normalizationhG of the gluon distribution can only
be determined consistently from the experimental data in
next-to-leading order analysis, where it still has a large err
At leading order, we can estimatehG by attributingall the
violation of the Ellis-Jaffe sum rule to a large gluon polar
ization and vanishing sea quark polarization. In this way w
obtainhG51.9, only slightly different from the value 1.971
obtained in Ref.@1#. Note, however, that at leading order th
apportioning of the singlet contribution toG1 between gluons
and sea quarks is completely arbitrary@19#. In fact, we shall

2The leading-order distributions of@1# contain an anomalous glu-
onic contribution in order to satisfy the Ellis-Jaffe sum rule. W
refrain from this procedure in the present study, as it yields anom
lous contributions to all quark-initiated hard scattering process
We will work with a nonzero sea quark polarization instead.

TABLE I. Fixed parameters in the LO and NLO (MS) polarized
parton distribution fits.

LO NLO

hu 0.823 0.918
hd 20.303 20.339
hG 1.9
h q̄ 20.0495 20.060
bu 3.73 3.96
bd 4.73 4.96
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53 6103POLARIZED PARTON DISTRIBUTIONS IN THE NUCLEON
see below that a consistent NLO treatment gives a value
hG somewhat less than our estimated leading order val
and similar to the range of values found in Ref.@20#.

If parton distributions are interpreted in the probabilist
picture of the naive parton model, the magnitude of the p
larized distributions cannot exceed the unpolarized distrib
tions, in order to guarantee positive probabilities for the i
dividual polarization states, i.e.,

uD f ~x!u, f ~x!~ f5q,G!. ~14!

This is in fact only a rigid constraint at leading order, sinc
parton distibutions at higher orders are only schem
dependent constants of renormalization and not strict pr
ability densities. The fundamental constraint at arbitrary o
ders in perturbation theory is the positivity of physical cro
sections for all possible helicity configurations, which do
not necessarily imply the positivity of the distributions.

Positivity of the polarized distributions is achieved b
constraining the parameters of the starting distributions
Q0
2 such that

uD f ~x,Q0
2!u, f ~x,Q0

2!~ f5q,G!. ~15!

Perturbative evolution preserves the positivity of the ind
vidual helicity distributions; hence~14! is fulfilled at any
Q2.

In our leading-order analysis, we use the unpolarized d
tributions from@16# for reference. AtQ0

254 GeV2 these are

xuv~x,Q0
2!53.221x0.564~12x!3.726~120.6889x0.20012.254x

11.261x3/2!,

xdv~x,Q0
2!50.507x0.376~12x!4.476~111.615x0.55313.651x

11.299x3/2!,

x~ ū1d̄!~x,Q0
2!

5@x0.158~0.73820.981x11.063x2!~2 lnx!0.037

10.00285exp~A24.010lnx!#~12x!6.356, ~16!

xs~x,Q0
2!50.0034~2 lnx!21.15~122.392x1/217.094x!

3~12x!6.166exp~A26.719lnx!,

xG~x,Q0
2!5@x0.731~5.11021.204x21.911x2!~2 lnx!20.4718

10.0527exp~A24.584lnx!#~12x!5.566.

The reference unpolarized distributions at next-to-leading
der are theA8 set of @7#, which are parametrized atQ0

254
GeV2 as

xuv~x,Q0
2!52.26x0.559~12x!3.96~120.54x1/214.65x!,

xdv~x,Q0
2!50.279x0.335~12x!4.46~116.80x1/211.93x!,

~17!
xSea~x,Q0

2!50.956x20.17~12x!9.63~122.55x1/2111.2x!,

xG~x,Q0
2!51.94x20.17~12x!5.33~121.90x1/214.07x!.
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Note that the choice of unpolarized distributions is not cr
cial for the present analysis. All the widely available leadin
and next-to-leading order distributions provide very good fi
to the unpolarized structure function data, and the small d
ferences between them are much smaller than the precis
with which the polarized distributions are currently dete
mined. The flavor decomposition of the unpolarized se
quark distributions is also unimportant for our present ana
sis and will therefore be disregarded. The starting sea qu
distribution of Ref.@7# contains a very small charm quark
contribution which can safely be ignored in the prese
analysis. To be consistent with the evolution of the unpola
ized distributions, we take

LLO
nf54

5200 MeV @16#, LNLO
nf54

5231 MeV @7#.
~18!

These correspond to as(MZ
2)50.123 ~LO! and

as(MZ
2)50.112~NLO!.

The parameters most affected by the positivity constrain
are the largex exponentsbf . For the valence quarks, we fix
bu5bu(unpol.) andbd5bu(unpol.)11, motivated by count-
ing rule estimates@23#. The parametersbG andbq̄ are con-
strained to be at least as large as their unpolarized coun
parts in the fit, but this constraint has only minimal impac
We find that only theDdv(x) distribution tends to saturate
positivity, requiring the combinationgd1rd to be limited in
the fit.

The data currently available ong1 are not able to test the
various theoretical model predictions for the smallx behav-
ior of the polarized parton distributions@24#, which are only
expected to apply at much lower values ofx @25#. The pa-
rametersaf are therefore only effective exponents valid ove
some finite interval inx. It therefore makes no sense to pos
tulate positivity forx→0 by constraining theaf .

The contribution of charmed quarks tog1(x,Q
2) is neg-

ligible at present experimental energies@26# and will not be
considered in this analysis. We therefore adopt the evoluti
procedure of Ref.@16# and fix the number of flavors in the
splitting functions atnf53, while the number of flavors in
as increases at each mass threshold,

mc51.5 GeV, mb54.5 GeV, mt5180 GeV, ~19!

andL(nf) is determined by requiringas to be continuous
across each threshold.

Rather than measuringg1(x,Q
2) directly from absolute

cross section differences, it is the relative asymmetry

A1~x,Q
2!.

g1~x,Q
2!

F1~x,Q
2!

~20!

which is determined experimentally. The structure functio
g1(x,Q

2) is then inferred using a particular parametrizatio
of F1(x,Q

2). Some experimental groups assumeQ2 scaling
of A1(x,Q

2) in their extraction ofg1(x,Q
2). In order to have

a consistent set of data, we have instead used the meas
values ofA1(x,Q

2) quoted by the experiments and reevalu
atedg1(x,Q

2) from Eq. ~20!, constructingF1(x,Q
2) from

the parametrizations ofF2 @27# andR @28# which were used
in the most recent measurements.
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TABLE II. Fitted parameters in the LO and NLO (MS) polarized parton distributions atQ0
2 . The x2

values are with respect to the 110 data points included in the global fit.

A ~LO! B ~LO! C ~LO! A ~NLO! B ~NLO! C ~NLO!

au 0.578 0.585 0.582 0.512 0.504 0.471
gu 9.38 9.31 9.50 11.65 11.98 13.14
ru 24.26 24.28 24.28 24.60 24.61 24.90
ad 0.666 0.662 0.660 0.780 0.777 0.809
gd 10.46 10.91 11.04 7.81 8.18 6.73
rd 25.10 25.09 25.06 23.48 23.61 21.99
hG 1.71 1.63 1.02
aG 0.520 0.524 0.456 0.724 0.670 0.425
bG 9.45 6.87 8.72 5.71 5.34 11.05
bq̄ 15.06 15.96 11.82 14.40 18.06 16.40
g q̄ 2.30 2.42 2.11 4.63 5.30 22.67
r q̄ 22.00 22.00 21.95 24.96 25.25 23.08
x2 98.3 97.7 100.0 89.7 91.0 93.4
d

ch

l

-
d

s

Applying the constraints outlined above, we have used
available world data onA1

p,d,n(x,Q2) @2,3,11# to fit the po-
larized quark and gluon distributions with the paramet
forms of ~9! imposed atQ0

254 GeV2. About 35% of these
data were taken atQ2,Q0

2 . To have sensible constraints o
the distributions, in particular forx,0.02, we include these
data points in the global fit. The distributions in the regi
1 GeV2,Q2,Q0

2 are obtained by inverting the evolutio
matrix, which is straightforward inN-moment space.

A problem with using low-Q2 data points in the fit is the
possible contamination by higher-twist contributions. W
have tried to estimate the magnitude of such contribution
g1 using the parametrization ofF2

HT from Ref. @29# and as-
suming g1(x,Q

2)HT'g1(x,Q
2)LT@11CHT(x)/Q2#. The

higher-twist contributions estimated in this way are found
be small for all data points apart from the two lowest-x bins
of the SMC experiment.

The global fit is performed using GLAP evolution algo
rithms inN-moment space@30#. The distributions and struc
ture functions are then restored by a numerical inversion i

FIG. 1. Leading order polarized parton distributions as d
scribed in the text atQ0

254 GeV2 compared to the unpolarized
distributions of@16#.
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x space. The results of the global fit using the leading an
next-to-leading order (MS) expressions for the splitting
functions and theg1 coefficient functions are listed in Table
II. The resulting distributions atQ0

2 are shown in Figs. 1
~LO! and 2~NLO!.

The resulting parameters are not independent of ea
other. In particular,au , ad , andaG5aq̄ are strongly corre-
lated. Theai of the valence distributions are anticorrelated
with the correspondingg i , reflecting the fact thatai is only
an effective exponent for a finite range inx. Theg i andr i
are also anticorrelated. Thex2 distribution is very flat around
the local minima found by the global fits, especially with
respect to the gluon and sea quark parameters.

The three gluon scenarios give fits of almost identica
quality, reflecting the small impact of the gluon distribution
on g1(x,Q

2) at large and mediumx. Thex2 obtained in the
NLO fits are systematically lower due to the additional de
gree of freedom given by the normalization of the polarize
gluon distribution. All fits give very good descriptions for
the polarized structure functionsg1

p,n,d(x,Q2). This is illus-

e- FIG. 2. Next-to-leading order polarized parton distributions a
described in the text atQ0

254 GeV2 compared to the unpolarized
distributions of@7#.
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trated in Fig. 3, which shows the NLO description of th
variousg1 measurements using gluonA. The curves corre-
spond toQ251, 4, 10, and 50 GeV2, reflecting the spread in
Q2 values of the different data sets. There is a systema
decrease in theQ2 values of the data points from largex to
small x.

The contributions ofuv(x,Q
2) anddv(x,Q

2) to the neu-
tron structure functiong1

n(x,Q2) are almost equal in magni-
tude but opposite in sign. The neutron structure function
therefore much more sensitive to the sea quark polarizat
thang1

p(x,Q2) andg1
d(x,Q2). It displays a clear double-peak

structure, as the sea quarks are dominant in a differenx
region than the valence quarks. A precision measuremen
g1
n(x,Q2) @31# will therefore be able to provide vital new
information on the shape of the sea quark polarization.

From a consideration of the size of the errors on the va
ous fitted parameters, it is apparent that the world data

FIG. 3. Structure function measurementsxg1(x,Q
2) of the pro-

ton, deuteron, and neutron compared to the next-to-leading or
predictions obtained using gluonA.
e
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t
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g1(x,Q
2) really only constrain the polarized valence quar

distributions and, to a lesser extent, the overall magnitude
the sea quark polarization. The flavor decomposition of th
polarized sea is still completely unknown. Only dedicate
experiments, such as the production of Drell-Yan lepto
pairs or the flavor tagging of final-state hadrons in polarize
deep inelastic scattering, will be able to provide further in
formation. Most important of all, thex dependence of the
polarized gluon distribution is almost completely undeter
mined, as its impact on the polarized structure function
less than the present experimental accuracy.3 The variation
between our three gluon sets certainly underestimates
true uncertainty in the distributions.

III. PROSPECTS FOR FUTURE MEASUREMENTS

There are several measurements which could be feasi
in future experiments and which yield additional information
on the polarized gluon distribution. In this section we prese
some representative predictions for two of these: theQ2 de-
pendence ofg1(x,Q

2), and an asymmetry inJ/c photopro-
duction. We also briefly discuss the prospects of a measu
ment of polarized structure functions at the HERA collider

The derivative ofF2(x,Q
2) with respect toQ2 has been

used to measure the unpolarized gluon distribution in fixe
target experiments@32# (0.008,x,0.5) and at HERA@33#
(231024,x,331022). The method is particularly power-
ful at small x, where the gluon distribution dominates the
Q2 evolution, ]F2(x)/] lnQ

2;PqG(y)^G(x/y). In the same
way, we can use our three sets of distributionsA, B, and
C to explore the sensitivity of the polarized structure func
tion evolution toDG(x,Q2). Figure 4 shows the predictions
for the asymmetryA1(x,Q

2) as a function ofQ2 in the ki-
nematic range representative of current fixed-target expe
ments. The asymmetry is obtained from Eq.~20! with g1
calculated using our polarized distributions andF1 calcu-
lated using the NLO unpolarized MRS(A8) distributions of
Ref. @7#. The latter are extrapolated to lower values ofQ2,
which reproduces the full backwards evolution to within a
few percent. At large x, there is no sensitivity to
DG(x,Q2)—the evolution is completely dominated by the
quark contribution. At smallx, on the other hand, we see
some dependence on the gluon. In this regio
DPqG(y)^ DG(x/y),0, and so the derivative]A1 /] lnQ

2 is
more negative for the sets that have a larger gluon polariz
tion above thex value considered. In particular, we see tha
at x;0.01 the proton asymmetry is almostQ2 independent
for setC, but decreases with increasingQ2 for setsA and
B. Unfortunately, the sensitivity of the present experimen
is much worse than the differences between the various se
To illustrate this, we have included two data points a
x50.035 from the recent SMC and E143 measurements. F
the deuteron, the quark contribution to the structure functio
is smaller, and so the dependence onDG(x,Q2) at smallx is

3Working in the Adler-Bardeen scheme, the authors of@20# were
able to constrain the first moment of the polarized gluon distributio
to behG51.5460.74 atQ0

251 GeV2, which is consistent with our
results ~Table II!. As in our analysis, thex dependence of
DG(x,Q2) was found to have only a weak impact ong1(x,Q

2).

der
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FIG. 4. Q2 dependence of
A1
p,d(x,Q2) in next-to-leading or-

der using the gluonsA, B, and
C. To illustrate the sensitivity of
current experiments, we show the
x50.035 data points from the re-
cent SMC and E143 measure-
ments.
o

ne

g

f

de
-
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e

somewhat enhanced. Considering the large errors on
present data, it seems doubtful that a measurement of
polarized gluon distribution from theQ2 variation of
A1(x,Q

2) is feasible for values ofQ2 where perturbative
expressions can be safely applied. Future high-statistics
periments at higher beam energies@34# will clearly improve
this measurement. It still has to be kept in mind that a det
mination of DG(x,Q2) from the Q2 dependence of
A1(x,Q

2) can never reach the quality of the correspondin
unpolarized measurement, as the gluonic contribution is
as dominant in the evolution of polarized parton distributio
as it is in the unpolarized evolution@25#.

Inelastic J/c production from a nucleon target directly
probes the gluon distribution via the photon-gluon fusio
subprocessg!1g→(cc̄)1g, which can be described in the
color-singlet model of Ref.@35#. Depending on the virtuality
of the photon, one can distinguish two different classes
events: photoproduction (Q2'0) and leptoproduction
(Q2@0). The EMC@36# and NMC experiments@37# have
obtained measurements of theunpolarized leading order
gluon distribution in the rangex;0.05–0.25 from this pro-
cess. The results agree well with gluon distributions e
tracted from other processes, for example, largepT direct
photon production. The corresponding cross section forpo-
larized J/c leptoproduction has been calculated in Ref.@38#.
Taking the photoproduction limitQ2→0, one obtains

dslh
gN~Eg!

dpT
2dz

5
2p

a
hGl~h,MJ/c

2 !
8as

2MJ/cGJ/c→e1e2

3

3
z~12z!

@MJ/c
2 ~12z!1pT

2#2

3@A~z!1hlC~z!#F ~pT
2 ,z!, ~21!

with

F ~pT
2 ,z!5

z2~12z!2

@pT
21~12z!2MJ/c

2 #2
1

~pT
21MJ/c

2 !2
,

A~z!5
MJ/c

2

2
$z2~MJ/c

2 2zsgN!2

1~12z!2@MJ/c
2 1~12z!sgN#21~sgN2MJ/c

2 !2},
the
the

ex-

er-

g
not
ns

n

of

x-

C~z!5~12z!~MJ/c
2 2zsgN!@zMJ/c

2 ~MJ/c
2 2zsgN!

1~z22!MJ/c
2 sgN#,

sgN52MNEg ,

h5
pT
21~12z!MJ/c

2

z~12z!sgN
,

z5
EJ/c

Eg
,

l5gluon helicity,

h5 lepton helicity.

The polarized~unpolarized! cross sections are obtained by
taking the difference~sum! over the helicity states. The
polarized cross section is then proportional to
DG(h)5G1(h)2G2(h) and depends only onC(z), while
the unpolarized cross section is proportional t
G(h)5G1(h)1G2(h) and depends only onA(z). Taking
the cross sections integrated over one of the variables, o
can define two physics asymmetries:

A~z!5
dDsgN~Eg!

dz YdsgN~Eg!

dz
, ~22!

A~pT
2!5

dDsgN~Eg!

dpT
2 YdsgN~Eg!

dpT
2 . ~23!

With a photon beam of energyEg545 GeV and cuts on
pT
2 and z (pT

2.pTmin
2 50.25 GeV2, z,zmax50.9, as pro-

posed in@39#!, one gets significantly different asymmetries
for the three gluon distributionsA, B, andC. Predictions for
the asymmetryA(z), calculated using the three leading or-
der distributions in combination with the unpolarized leadin
order gluon distributions of Ref.@16#, are shown in Fig. 5.
Note that smallz corresponds to largeh, and the ordering of
the asymmetry in this region simply reflects the ordering o
the differentDG(h) at largeh. Due to the relatively large
asymmetry of up to 15%, such a measurement could provi
vital information on the leading order polarized gluon distri
bution for 0.1,x,0.35 andQ2'MJ/c

2 .
In the foreseeable future, the HERA collider may be ab

to accelerate polarized protons@40#. This would offer the
unique opportunity of measuring the polarized structur
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functiong1
p(x,Q2) far beyond theQ2 range of present fixed-

target experiments. In order to judge the quality of the ne
information gained from such a measurement, an order-
magnitude estimate of the statistical errors is crucial@41#.
The structure functiong1

p(x,Q2) is extracted from a mea-
surement of the asymmetry

Ai~x,Q
2!5lelpD~y!

g1
p~x,Q2!

F1
p~x,Q2!

, ~24!

wherele (lp) denote the polarizations of the electron~pro-
ton! beam and

D5
2y2y2

2~12y!~11Rp!1y2
~25!

is the kinematical depolarization of the photon. The statis
cal error onxg1(x,Q

2) is therefore@41#

d@xg1
p~x,Q2!#

5
1

2lelp

11~12y!2

12~12y!2 F2xF1p~x,Q2!

1
2~12y!

11~12y!2
FL
p~x,Q2!G

3SL intE @d2s~unpol.!/~dxdQ2!#dxdQ2D 21/2

3A12Ai~x,Q
2!, ~26!

where the unpolarized differential cross section is integra
over the bin used in the measurement.

To study the accuracy of a measurement ofg1
p(x,Q2) in

the collider mode of HERA, we have evaluated the abo
expression using the unpolarized parton distribution set M
(A8) from Ref. @7# with the next-to-leading order polarized
parton distribution setA described in Sec. II. We apply the
following cuts to the HERA phase space@42#:
0.1,y,0.95,Q2.1 GeV2, Qe8,176°, andEe8.5 GeV,
and consider two scenarios for the beam energies:

FIG. 5. Predictions for the asymmetryA(z) @Eq. ~22!# in polar-
izedJ/c photoproduction atEg545 GeV, using the different lead-
ing order polarized gluon distributions.
w
of-

ti-

ted

ve
RS

~a!:As5300 GeV with Ee527.44 GeV, Ep5820 GeV,

~b!:As5150 GeV with Ee518.75 GeV, Ep5300 GeV.
~27!

The expected errors for an integrated luminosity of 6
pb21 at le5lp50.8 in these two scenarios are shown in
Fig. 6. We take two bins per decade inx and only one bin in
Q2. These results are consistent with the leading order es
mates of@41#, bearing in mind the different cuts applied. In
particular, we estimate smaller errors in the smallx region,
as we apply no cuts on the hadronic final state.

The averageQ2 values probed at HERA range from 2
GeV2 (x'631025) to 1060 GeV2 (x'0.05) forAs5300
GeV and from 1.7 GeV2 (x'231024) to 270 GeV2

(x'0.05) forAs5150 GeV. For reference, we also show in
Fig. 6 a parametrization ofg1

p(x,Q2) obtained from the NLO
setA. To illustrate the impact of a measurement at HERA
we include the three lowest data points reported by the SM
experiment @11#, corresponding toQ2 values around 1.5
GeV2. It is apparent that a measurement at lower beam e
ergies will yield data of higher statistical quality. In contrast
the higher beam energies yield a measurement at smallerx.

A measurement ofg1
p(x,Q2) at the HERA collider will

evidently not provide a large number of precision data on th
x andQ2 dependences of this structure function. Hence,
will not provide sufficient information for an indirect deter-

FIG. 6. Expected errors for a measurement ofg1
p(x,Q2) at the

HERA collider withAs5300 GeV andAs5150 GeV.
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mination of the polarized gluon density.4 The important
physics result of such a measurement is the determination
the smallx behavior ofg1

p(x,Q2), for which various, signifi-
cantly different predictions exist@24#. It is important to stress
that a measurement ofg1

p(x,Q2) at smallx will reduce the
experimental uncertainty on the Ellis-Jaffe sum rule. The im
pact of the smallx region can be easily seen in Fig. 6, as th
Ellis-Jaffe sum rule is proportional to the area enclosed
xg1

p(x,Q2) and thex axis.
A final remarkable point on the measurability o

g1
p(x,Q2) at HERA is the impact on the statistical error o

the minimum cut ony. As the photon depolarizes for sma
y, a small cut ony ~such asy.0.01) diminishes the statis-
tical accuracy, even though more data are included in
bin. We find that a minimal cut ony between 0.1 and 0.2
yields the optimal accuracy.

IV. SUMMARY AND CONCLUSIONS

We have performed leading and next-to-leading ord
QCD fits to the world data on theg1 polarized structure
function measured with proton, neutron, and deuteron t
gets. The quality of the fits is excellent, and from them w
obtain sets of polarized parton distributions5 which can be
used for further phenomenological analyses. The experim
tal precision is highest for the proton and deuteron data, a
together these constrain the shapes of the valenceu and d
distributions. The sea quark and gluon distributions are s

4Recall that a determination ofDG(x,Q2) requires a precise mea-
surement of theslopeof g1 as a function ofQ2.
5TheFORTRAN code for the various sets described in this paper

available by electronic mail from T.K.Gehrmann@durham.ac.uk
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largely undetermined. There is a weak constraint on t
overall size of the former, but almost no information at all o
the flavor decomposition of the sea. Following our earlie
work, we have presented three qualitatively different gluo
distributions, characterized by different behaviors at larg
x.

It seems that further progress in the determination of p
larized parton distributions will require measurements oth
thang1 at fixed-target experiments. InelasticJ/c photopro-
duction in lepton-hadron scattering has already proved c
pable of measuring the unpolarized gluon distribution, and
similar measurement with a polarized beam and target wo
provide the first real information onDG(x,Q2). A measure-
ment of theQ2 dependence ofA1(x,Q

2) can help to estimate
the overall amount of gluon polarization at higher and m
dium x. Althogh present experiments cannot provide such
measurement due to low statistics or too low values ofQ2,
first information can be expected from the next generation
fixed-target experiments. We have also studied the accur
of a measurement ofg1(x,Q

2) at the HERA collider with
polarized beams. Such a measurement will help to discrim
nate between various predictions for the behavior
g1(x,Q

2) at smallx, and will reduce the uncertainty on the
Ellis-Jaffe sum rule from the extrapolation to smallx.
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