
PHYSICAL REVIEW D, VOLUME 62, 094012
QCD analysis of polarized parton densities
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We present the results of QCD fits to global data on deep-inelastic polarized lepton-hadron scattering. We
find that it is possible to fit the data with strongly broken SU~2! flavor for the polarized sea densities. This can
be tested inW production at the polarized BNL RHIC. The data fail to pin down polarized singlet sea quark
and gluon densities. We explore the uncertainties in detail and show that improvement in statistics, achievable
at the polarized DESY HERA for measurement ofA1 at moderately low values ofx, have large payoffs in
terms of the improvement in measurement of gluon densities.

PACS number~s!: 13.60.Hb, 13.88.1e, 14.20.Dh, 14.80.Mz
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I. INTRODUCTION

It is now more than a decade since the first polarized d
inelastic scattering~DIS! experiments@1# discovered the
strong breaking of an SU~6! quark model based sum rule@2#,
and precipitated the ‘‘proton spin crisis.’’ Since then ma
polarized deep-inelastic scattering~DIS! experiments have
reported measurements of the virtual photon asymmetry

A1~x,Q2!5
g1~x,Q2!

F1~x,Q2!
~1!

on different targets~the structure functionsg1 and F1 are
defined later!. A polarized proton collider at the BNL Rela
tivistic Heavy Ion Collider~RHIC! will soon begin to con-
strain the unknown polarized parton distributions even m
strongly. Current and future interest in this topic stems pa
from the history of the ‘‘spin crisis.’’

However, polarized parton densities are also interes
because of the role they might play in future polarized h
ron collider searches for completions of the standard mo
Essentially, a large variety of physics beyond the stand
model plays with chirality. Some of this freedom can eas
be curtailed by polarized scattering experiments, if the po
ized parton densities are known with precision. We exp
that by the end of the polarized-RHIC program this go
should be reached.

The longitudinally polarized structure functiong1 is de-
fined by

g1~x,Q2!5 C̃q^
1

2 (
f

ef
2@ q̃f1 q̃̄ f #1

1

2 S (
f

ef
2D C̃g^ g̃,

~2!

which is a Mellin convolution of the quark (q̃f), antiquark

( q̃̄ f), and gluon (g̃) longitudinally polarized distributions
with the coefficient functionsC̃q,g . The indexf denotes fla-
vor, andef is the charge carried by the quark. The unpol
0556-2821/2000/62~9!/094012~12!/$15.00 62 0940
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ized structure function is given by a similar formula in term
of the corresponding unpolarized densities and coeffic
functions.

These coefficient functions and the splitting functio
~which determine the evolution of the densities! are comput-
able order by order in perturbative QCD. The former a
crucial for the Bjorken sum rule@3#, connecting the proton
and neutron structure functions,g1

p and g1
n , to the neutron

b-decay constantgA , and are known to next-to-next to lead
ing order~NNLO! @4#. This makes it possible to use this su
rule for precision measurement of the QCD scale@5#. The
polarized splitting functions are known only at NLO@6#.

In this paper we analyze the currently available inclus
DIS data in QCD and extract polarized parton distributio
from them. In this respect our work is similar to that of@7#.
However, our analysis differs in several ways. For one, so
of the data we use is more recent than the older fits. M
importantly, we relax some of the assumptions which nee
to be made in analyzing the older data. We allow for flav
asymmetry in the polarized sea quark densities, and let
first moment of the gluon density vary freely in the fit. Fu
thermore we make a detailed investigation of the uncerta
ties in these polarized gluon and sea quark densities.

The uncertainty in gluon densities may seem puzzling
view of the fact that theQ2 dependence of the structur
function g1 involves the gluon strongly. In fact, at LO w
already have

]g1

] logQ2
5

aS

2p
@ P̃qq^ g11 P̃qg^ g̃#, ~3!

where P̃qq and P̃qg are polarized splitting functions. Sinc
aS is now very strongly constrained by measurements at
CERNe1e2 collider LEP and through unpolarized DIS, on
might expect that data ong1 constrains the polarized gluo
densities. Unfortunately, errors ong1 are large in the low-x
region, where the contribution of the gluons dominate, p
marily because the asymmetryA1 is small at low-x. For the
same reason the flavor singlet sea quark density is also ra
loosely constrained by data. We investigate the statistics n
©2000 The American Physical Society12-1
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essary to improve these constraints through DIS meas
ments ofA1 at the polarized DESYep collider HERA.

The plan of this paper is the following. In the next secti
we discuss the various technicalities that distinguish differ
global analyses. This section also serves to set up the n
tion. This is followed by a section that discusses our cho
of data used in the fit. The next section contains our res
for the LO and NLO fits, and a detailed consideration of t
parameter errors. A section on some applications of our
rametrizations follows this. The final section contains a su
mary of our main results.

II. CONSTRAINTS ON PARTON DENSITIES

A. Parton densities and structure functions

With Nf flavors of quarks, we need to fix 2Nf11 parton
densities. These are for the 2Nf flavors of quarks and anti
quarks and the gluon. For protons or neutrons, the quark
antiquark densities for the strange and heavier flavors
equal. We work with the two~flavor nonsinglet! polarized
valence quark densities,Ṽu andṼd , corresponding to the up
and down flavors. The other nonsinglet densities we use
those corresponding to the diagonal generators of SU~5! fla-
vor:

q̃3[2~ ũ̄2 d̃̄!, q̃8[2~ ũ̄1 d̃̄22s̃̄!,

q̃15[2~ ũ̄1 d̃̄1 s̃̄23c̃̄!, q̃24[2~ ũ̄1 d̃̄1 s̃̄1 c̃̄24b̃̄!.
~4!

The initial conditions for evolution are that below and
each flavor threshold, the density for that flavor of quarks
zero. Thus, below the charm threshold we haveq̃245q̃15

5q̃0 and below the bottom threshold we setq̃245q̃0. For the
singlet quark density, we use

q̃0[2(
f

q̃̄ f5S̃2(
f

Ṽf , ~5!

in preference to the usualS̃ ~which is the sum over quark
and antiquark densities of all flavors!. The evolution equa-
tions coupleq̃0 to the gluon densityg̃. We also define similar
unpolarized quark and gluon densities.1

Finally, the structure functionsg1
p andg1

n , for the proton
and neutron, are given by Eq.~2!. The unpolarized structure
functionsF1

p,n are given by the analogous expression wh
the polarized parton densities are replaced by the unpolar
densities. An isospin flip, interchangingṼu and Ṽd and
switching the sign ofq̃3, relatesg1

p andg1
n . After correcting

for nuclear effects, the normalized structure function for d
terium isg1

d5(g1
p1g1

n)/2, and a similar expression forF1
d .

We shall have occasion to use the first moments of v
ous polarized parton distributions. We introduce the notat

1Our convention is that polarized quantities are distinguished fr
the corresponding unpolarized ones by a tilde.
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Gu~Q2!5E
0

1

dx Ṽu~x,Q2!, Gd~Q2!5E
0

1

dx Ṽd~x,Q2!,

~6!

G i~Q2!5E
0

1

dx q̃i~x,Q2!, Gg~Q2!5E
0

1

dx g̃~x,Q2!.

~7!

We will also use the notationGV
05Gu1Gd and GV

35Gu

2Gd . The notation

G1
n,p~Q2!5E

0

1

dx g1
n,p~x,Q2! ~8!

is fairly standard. We shall use it in the text. We also use
notationG ū , etc., to denote the first moments of the flavor
sea densities.

B. The fitting strategy

We use experimental data on the asymmetriesA1
p , A1

n ,
and A1

d , measured on proton, neutron (3He) and deuterium
targets to constrain the polarized parton densities. We
sume full knowledge of the unpolarized parton densities
given by some global fit, so that the structure functionF1 can
be reconstructed using appropriate NLO coefficient fu
tions. Then the data onA1 can be converted tog1. We prefer
this method to taking theg1 values presented by exper
ments, since different experimental groups may make dif
ent assumptions about the unpolarized structure functio
Such effects would lead to additional normalization unc
tainties in any global fit.

We have chosen to use the CTEQ4 set of parton dens
@8# in our work. We do not expect this choice to affect o
conclusions strongly since the unpolarized parton dens
now have smaller errors than data on the polarization as
metry A1. However, with this choice we are constrained
follow some of the assumptions made by the CTEQ grou

~1! We work in the modified minimal subtraction (MS)
scheme, since the CTEQ group does that. Other possibil
would have been to work in the Adler-Bardeen~AB! @9# or
the so-called JET@10# schemes, but then we would have h
to transform the CTEQ distributions. We prefer to avoid th
procedure, since the best fit parton densities in one sch
do not necessarily transform into the best fit densities
another scheme.

~2! We retain the CTEQ choice for the charm quark ma
being 1.6 GeV and the bottom quark mass to be 5.0 GeV
each mass threshold, we increase the number of flavor
one, and treat the newly activated flavor as massless im
diately above the threshold. Parton distributions andaS are
continuous across these thresholds@11#.

~3! We are constrained to use theLQCD values used in
@8#.

~4! We takeQ0
252.56 GeV2 in order to avoid having to

evolve the unpolarized parton densities downwards.
In future we plan to study the results of relaxing one

more of these restrictions.
We follow the parametrization of CTEQ4 and write
2-2
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QCD ANALYSIS OF POLARIZED PARTON DENSITIES PHYSICAL REVIEW D62 094012
f̃ ~x,Q0
2!5a0xa1~12x!a2~11a3xa4!, ~9!

for all densities apart fromq3, which is parametrized as

q̃3~x,Q0
2!5a0xa1~12x!a2~11a3Ax1a4x!. ~10!

We have made the choice that the large-x behavior of any
polarized density is the same as that of the unpolarized d
sity; in other words, the parametera2 is the same for the
corresponding polarized and unpolarized densities~this as-
sumption is sometimes given the name ‘‘helicity retenti
property’’ @12#!. For simplicity we have also equated th
polarized and unpolarized values ofa4 when this paramete
is a power.

Finally, at Q0
2 we have extended some of the CTEQ a

sumptions for unpolarized parton densities to polariz
These include equating the values ofa1 for Ṽu , Ṽd and q̃3,
takinga451 for q̃0, equating the values ofa2 for q̃0 andq̃3.

We also retain the choiceh[2s̃/( ũ̄1 d̃̄)51/2 in some of our
fits, but let it vary in others. Although these assumptio
seem overly restrictive, the quality of the data does not al
us to fit many of these parameters. We discuss some of t
points later in this paper.

The main difference between our parametrization and p
vious ones is that we explicitly include a nonzeroq̃3(x,Q0

2)
and break SU(2) flavor symmetry in the polarized sea. T
part of the sea density is actually quite well constrained,
plays a crucial role in our fits.

C. Sum rules

In a three flavor world, we can write down the followin
sum rule for the first moments of the nucleon structure fu
tions in NLO QCD:

G1
p,n5S 6

1

6
g31

1

18
g81

1

9
g0D H 12

aS

p J . ~11!

The anomalous dimensions on the right-hand side of
equation have been calculated in theMS scheme@4#. Two
facts used are that in theMS scheme the first moment of th
NLO quark coefficientC̃q

(1)522, and the first moment of the

gluon coefficient function isC̃g
(1)50. The upper and lowe

signs belong to protons and neutrons, respectively.
quantitiesg3 , g8, andg0 are baryonic axial couplings. The
are defined as matrix elements of axial vector currents
tween baryon states. Due to the axial anomaly, the sin
axial-vector current is not conserved. As a result,g0 picks up
a Q2 dependence@13#. Hence,g0, the moments, andaS have
to be evaluated at the sameQ2 in Eq. ~11!.

It is not easy to extractg0 from low-energy hadron data
although there have been some attempts to do this u
elasticnp scattering@14#. This givesg050.1460.27. Lattice
computations@15# and QCD sum rules@16# also give similar
numbers, but have systematic uncertainties which have t
removed in the future. The quantityg351.267060.0035
@17# is obtained from the neutron beta-decay constant.
coupling g8 is extracted from the decay of strange to no
09401
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strange baryons.SU(3) flavor symmetry is used crucially in
this extraction@18#. The Particle Data Group~PDG! result is
g850.57960.025@17#.

Using the coefficient functions in theMS scheme, the
moments of the structure functions can be expressed as

G1
p,n~Q2!5H 12

aS

p J F 5

18
GV

0~Q2!6
1

6
„GV

3~Q2!1G3~Q2!…

1
1

18
G8~Q2!1

2

9
G0~Q2!G , ~12!

where the upper~lower! sign is for the proton~neutron!.
Apart from Eq.~2!, we have used the definitions of the no
singlet densities in Eq.~4! and the singlet parton density i
Eq. ~5!.

There are two sum rules which can be obtained by eq
ing the right-hand sides of Eqs.~11! and~12!. Alternatively,
we could use some linear combinations. The only one t
removes the couplingg0 is the differenceG1

p2G1
n , and gives

the Bjorken sum rule@3#. At NLO this is

GV
31G35g3 . ~13!

Note that the first moments of nonsinglet densities are in
pendent ofQ2 order by order to all orders. As a result, th
equation is also valid in this form to all orders. We impo
this form of the Bjorken sum rule on our fits.

The sum of the two gives the Ellis-Jaffe sum rule wh
the additional assumptiong85g0 is made. This cannot be
correct in QCD becauseg0 is Q2 dependent andg8 is not.
Moreover, in the absence of a real measurement ofg0(Q2),
an Ellis-Jaffe-type sum rule cannot constrain the parton d
sities as the Bjorken sum rule does. Hence, we use su
sum rule to extractg0 rather than to impose it as a constrai
on parton densities.

D. Positivity

Polarization asymmetries are the ratios of the differen
and sum of physically measurable cross sections. Since c
sections are non-negative, asymmetries are bounded by u
in absolute value. In the parton model or in LO QCD, the
cross sections are directly related to parton densities. He
positivity of cross sections imply

U f̃ ~x,Q2!

f ~x,Q2!
U<1 ~14!

for the ratio of each polarized and unpolarized density
leading order in QCD. In our LO fits, we impose these
strictions.

At NLO and beyond, this simple relation between part
densities and cross sections no longer holds. Parton dens
are renormalization-scheme-dependent objects; although
versal, they are not physical. Hence they need not sat
positivity @19#, instead one must impose positivity on th
actual cross sections. This is numerically difficult and
quires knowledge of a variety of cross sections evaluate
2-3
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DILIP KUMAR GHOSH, SOURENDU GUPTA, AND D. INDUMATHI PHYSICAL REVIEW D62 094012
NLO. Since this knowledge is lacking, and for numeric
simplicity, we have instead imposed Eq.~14! on all our par-
ton density fits.

E. Choice of numerical techniques

Our numerical goal is to evolve parton density functio
with absolute errors of at most 1023. If this design goal were
reached, then numerical errors would lie at least an orde
magnitude below all other errors. We integrate the evolut
equations using a fourth-order Runge-Kutta algorithm. T
Mellin convolutions required in the evaluation of the deriv
tive are computed using a Gauss-Legendre integral. The
ton densities are evaluated on a grid and interpolated usi
cubic spline method. All the numerical algorithms may
found in @20#.

The knot points of the cubic spline are selected to give
accuracy of 1025 in the evaluation of the parton densitie
The Mellin convolutions are also accurate to this order. W
require the Runge-Kutta to give us integration erro
bounded by 1024. This gives us the error limits we require
We can test these estimates by checking that all sum r
are satisfied to within 1023. On a 180 MHz R10000 proces
sor, the program takes about 0.15 CPU seconds to evolve
parton densities byDQ251 GeV2.

III. SELECTION OF DATA

Experiments do not measure the asymmetryA1 directly;
they measure the asymmetry between the cross section
lepton and longitudinally polarized hadrons being para
and antiparallel:

AL5
ds~↑↑ !2ds~↑↓ !

ds~↑↑ !1ds~↑↓ !
, ~15!

or a similar asymmetryAT , with transversely polarized had
rons. These asymmetries are related to the two that we
quire by

AL5D~A11hA2! and AT5d~A22jA1!, ~16!

whereD andd are depolarization factors for the virtual ph
ton andj andh are essentially kinematic constants. In term
of the ratio of the Compton scattering cross sections
transversely and longitudinally polarized virtual photons,

R5
sL

sT
5

F222xF1

2xF1
, ~17!

we can write

D5
y~22y!

y212~12y!~11R!
, and h52g

12y

22y
. ~18!

Here g52Mx/Q!1. Using the degree of transverse pola
ization of the virtual photon,

e5
12y

12y1y2/2
, ~19!
09401
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we can write

d5DA 2e

11e
, and j5h

11e

2e
. ~20!

Since g is very small in the DIS region, the relationsAL
5DA1 andAT5dA2 are actually satisfied to high accurac
We then use the further relations

A15~g12g2g2!/F1 and A25g~g11g2!/F1 , ~21!

to obtain Eq.~1! when g!1. It is clear from the second
equation thatg2 is difficult to measure.

The main theoretical uncertainty in measurements ofA1 is
in the values ofR used. In fact, many experiments useR in
two ways. First, it enters the expression forD and d, and
hence is used to compute QED corrections for initial-st
radiation2 and to constructA1 andA2 from AL andAT . Next,
it is used along with measurements ofF2 to computeF1 and
thus relateg1 to A1. We bypass this second use ofR by
utilizing experimental data onA1 instead ofg1. We are
forced, however, to accept the first use ofR. In any case,
differences between experiments in their estimates ofD
should be factored into the overall normalization errors.

The Spin Muon Collaboration~SMC! has data from muon
scattering off both proton and deuterium targets. Data w
taken in separate runs in 1993 and 1996. The most re
publication for A1 is @21#; this supersedes previously pub
lished data. The E-143 experiment at SLAC has data fr
electron scattering off proton, deuterium, and3He targets.
Their most recent publication is@22#, which supersedes al
previous published data onA1(x,Q2) by this collaboration.
The E154 experiment at SLAC has data from electron s
tering off 3He targets@23#. The HERMES Collaboration in
DESY has data from positron scattering off protons and3He
@24#. We have also used data on DIS from3He taken by the
SLAC E-142 collaboration@25#. We have chosen not to uti

2We thank Abhay Deshpande for drawing our attention to t
point.

TABLE I. The contribution tox2 from different data sets. The
parameter sets marked S impose SU(2) flavor symmetry on the

whereas the sets marked S¯do not.

Experiment Points LO S LO S¯ NLO S NLO S̄

SMC ~p! 48 46.6 48.4 43.4 42.1
SMC ~d! 53 53.5 53.7 54.3 50.0
E143 ~p! 43 48.2 47.8 48.7 50.2
E143 ~d! 43 62.1 60.3 61.0 57.0
HERMES ~p! 9 23.8 18.8 12.6 15.1
HERMES ~n! 4 1.7 1.6 1.5 1.7
E142 ~n! 15 15.9 16.8 18.7 21.1
E154 ~n! 8 22.9 16.7 3.3 2.3

Total 224 274.6 264.0 243.7 239.4
2-4
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QCD ANALYSIS OF POLARIZED PARTON DENSITIES PHYSICAL REVIEW D62 094012
lize data taken by the older European Muon Collaborat
~EMC! and the E-140 experiments at SLAC.

Deuterium is a spin-1 nucleus with thep andn primarily
in a relatives-wave state. Thed-wave probability is esti-
mated to bevD50.0560.01@26#. This is used in the relation
between the structure function of deuterium and those op
and n— g1

d5(123vD/2)(g1
p1g1

n)/2. In 3He, the two pro-
tons are essentially paired into a spin singlet, and the as
metry is largely due to the unpaired neutron. Corrections
to other components of the nuclear wave function are sm
@27#. More details are available in@28#.

From the chosen experiments, we have retained only
data onA1(x,Q2) for Q2>2.56 GeV2. While this does re-
move some of the low-x data, the error bars in the remove
data are pretty large. We have checked by backward ev
tion that the data which is removed would not have co
strained the fits any further. The total number of data po
used in our analysis is 224.

In most fitting procedures the statistical errors on m
surements are combined in some way with the system
error estimates. Both sets of errors are usually reported in
literature in each bin of data. Whereas this procedure is
ceptable for statistical errors, it oversimplifies the nature
systematic errors. These latter are correlated from bin to
and one must use the full covariance matrix of errors in

FIG. 1. Data and fits forA1
p . The data are at differentQ2, but

the curve is the asymmetry from NLO S¯ set calculated at fixed
Q0

255 GeV2.
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analysis. In the absence of published information on the
variance matrix, one may make the simplifying assumpt
that the bin-to-bin correlation vanishes, and add the stat
cal and systematic errors in quadrature. This overestim
the errors on data and hence the errors on the param
determined by fitting. We have made a different extrem
assumption of neglecting the systematic errors altoget
This procedure almost certainly leads us to underestimate
parameter errors—a point to be borne in mind when we d
cuss large errors and uncertainties in the fits. In summ
our choice of error analysis is deliberately conservative.

Sinceg2 contains a possible twist-3 contribution, whic
cannot be written in terms of parton distributions, we can
utilize data ong2 for our fits. However, the twist-2 part is
completely determined byg1. In a later section, we report a
attempt to limit the extent of the twist-3 term using our fitte
polarized parton densities. For this we have utilized data
proton target from SMC and the E143 collaboration at SLA
@29#, on deuterium target from SMC, E-143 and SLA
E-155@30#, and on neutron target from the E-143 and SLA
experiment E-154@31#. In all cases, we have used the mo
recent data set and analysis from each collaboration.
quality of data ong2 is poorer than that forg1. This is be-
causeA2 is small, and extraction ofg2 from A2 requires the
subtraction ofg1, which itself has significant measureme
errors. The errors are dominated by statistical uncertaint

FIG. 2. Data and fits forA1
n . The data are at differentQ2, but

the curve is the asymmetry from NLO S¯ set calculated at fixed
Q0

255 GeV2.
of the

TABLE II. The NLO S̄ fits for the parameters in Eqs.~9!, ~10! at Q0

252.56 GeV2. The error estimates
shown in the brackets apply to the last digit of the estimated value. In case of asymmetric errors, if one
errors is zero it indicates that the parameter is at the limit of positivity. The parameters marked~a! are set
equal to some other in the same column,~b! are fixed to the value taken by the unpolarized densities, and~c!
are fixed by the Bjorken sum rule.

Density a0 a1 a2 a3 a4

Ṽu
0.61529

17 20.32 (62) 3.689b 12.2 ~62! 0.873b

Ṽd
20.61 (62) 20.32a 4.247b 2.2 ~61! 0.333b

q̃0
0.009 ~69! 20.222

1` 8.041b 8 (616) 1.000b

q̃3
20.22c 20.32a 8.041b 0b 7 (65)

g̃ 21.024
13 20.721

12 4.673b 2522
14 1.508b
2-5
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There remains data from semi-inclusive DIS taken by
SMC @32# and HERMES@33# experiments. Analysis of thes
require fragmentation functions and theirQ2 evolution.
Since such analyses are still to reach the stage that pa
densities have, utilizing parametrizations for fragmentat
functions would introduce larger errors into our fits. For th
reason, we have chosen not to use such data in this wo

IV. RESULTS

We have made four full analyses—two LO and two NL
each with and without SU(2) flavor symmetry~denoted S
and S̄, respectively! for the sea quarks, and with fixedh
50.5. In addition, we have made a set of fits with SU~2!

symmetric sea (q̃350) but h allowed to vary freely. At LO
this had no effect on the fit—h50.5 gave the best fit and th
remaining parameters were identical to LO S. At NLOh
moved to 0.6, but the parameters remained close to the
NLO S. The goodness of fit improved only marginally wh
h was allowed to float. Given the uncertainties in the rema
ing parameters we retain the choiceh50.5 in the main work
reported below.

The goodness of fit, and the constraints imposed by e
set of data are summarized in Table I. The values ofx2 favor
the NLO sets slightly. The HERMES proton and the E1
neutron data~see Figs. 1, 2! express the strongest preferenc
for the NLO fits; almost the entire change inx2 in going
from LO to NLO comes from these two data sets. It is pro
ably no coincidence that these two data sets also have
smallest error bars.

The parameters and their error estimates are show
Tables II–V. It is worth noting that the NLO S¯densities lie
well within the limits allowed by Eq.~14!, as do all the

TABLE III. The NLO S fits for the parameters in Eq.~9! at
Q0

252.56 GeV2. Asymmetric errors and superscripts on the nu
bers have the same meaning as in Table II.

Density a0 a1 a2 a3 a4

Ṽu
1.74 (61) 20.14923

14 3.689b 3.9123
16 0.873b

Ṽd
20.75c 20.149a 4.247b 1.6 (61) 0.333b

q̃0
20.26 (62) 20.08 (64) 8.041b 6.5 (67) 1.000b

g̃ 20.320
11 20.622

13 4.673b 21720
115 1.508b

TABLE IV. The LO S̄fits for the parameters in Eqs.~9!, ~10! at
Q0

252.56 GeV2. Asymmetric errors and superscripts on the nu
bers have the same meaning as in Table II.

Density a0 a1 a2 a3 a4

Ṽu
1.6520

12 20.15926
10 3.465b 4.320

11 1.146b

Ṽd
20.7522

10 20.159a 4.003b 2.020
11 0.622b

q̃0
20.21 (62) 0.0124

15 6.877b 0.626
17 1.000b

q̃3
0.81c 20.159a 6.877b 0b 23.520

14

g̃ 20.1620
15 21.020

11 3.666b 21520
113 1.968b
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densities for NLO S except the gluon. The parametersa0 and
a3 for g̃ in NLO S are at the limit of positivity. The quality
of the NLO S̄fit is shown in Figs. 1–3. We recommend th
the NLO parametrizations be used with the CTEQ4M set
unpolarized parton densities and the LO with the CTEQ
set @8#, and with appropriate values ofLQCD .

For the S̄densities, the normalization ofq̃3 inherits its
error from the valence parameters and the couplingg3. It is
the best constrained among the parameters describing
sea. Similarly, for the twoSdensities the normalization ofṼd
is fixed by the Bjorken sum rule and its error is inherit
from the remaining valence parameters.

In Fig. 4 we have shown the variation of

Dx25x22xmin
2 , ~22!

when one of the parameters ing̃ is varied for fixed values of
all the other parameters in the set. The minimum of th
curves fixes the best-fit value of the parameter, and the po
whereDx251 give the 68.3% confidence limits on this p
rameter. Uncertainties in the gluon density are shown
greater detail in Fig. 5. This shows contour lines ofDx2

52.3, which encloses the area with 68.3% probability
giving a good description of the data. Also shown in t
figure are lines of constantGg(Q0

2). Although 1s contours
give negative values ofGg , we note that 3s contours in-
clude positive values as well. Note that our error bars
deliberately conservative, due to our neglect of system
errors. Since systematic errors are as large as the statis

-

-

TABLE V. The LO S fits for the parameters in Eq.~9! at Q0
2

52.56 GeV2. Asymmetric errors and superscripts on the numb
have the same meaning as in Table II.

Density a0 a1 a2 a3 a4

Ṽu
1.91 (61) 20.150 (63) 3.465b 3.4427

16 1.146b

Ṽd
21.22c 20.150a 4.003b 0.523

14 0.622b

q̃0
20.20 (62) 0.0324

15 6.877b 2.225
10 1.000b

g̃ 20.1620
11 21.020

12 3.666b 21520
125 1.968b

FIG. 3. Data and fits forA1
d . The data are at differentQ2, but

the curve is the asymmetry from NLO S¯ set calculated at fixed
Q0

255 GeV2.
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FIG. 4. Plots ofDx2 against the parametersa0 anda1 for g̃ in the two NLO sets. In the set NLO S,a0 is at the boundary of positivity.
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d by
errors, the naive procedure of summing them in quadra
would have led us to believe that at NLO positiveGg is
allowed at 1.5s.

The huge uncertainties in the gluon distribution due
these parameter variations are illustrated in Fig. 6. Ax
50.01 the polarized gluon density at NLO can lie anywhe
in the range from210 to 250. This uncertainty at low-x
prevents us from investigating this theoretically interest
region. The situation is worse at LO whereg̃ is at the limit of

FIG. 5. The covariance of the fitted parametersa0 anda1 for g̃
for the two NLO sets witha3 kept at their respective best-fit value
The crosses show the best-fit points, and full lines are the cont
enclosing the 68% confidence limits. The reference points A an
are used to quantify the variation in gluon densities in Fig. 6. Alo
the dashed linesGg521/2n, for the values ofn marked. The grey
patch is the region allowed by the faked data discussed later.
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integrability, sincea1'21. ThusGg is essentially undeter
mined.

This large uncertainty ing̃ comes because the only con
straint on gluon densities at present are the data onQ2 varia-
tions of g1. Furthermore, the data atx,0.1 are most effec-
tive in constrainingg̃, and in this range, the data have lar
errors. We have quantified this in Fig. 7, where we sh
selected data ong1 in different bins ofx as a function ofQ2

~the normalization has been made arbitrary for ease of vi
ing!. As the bands of variation due tog̃ ~in the NLO S̄set!
show, the data does not constrain the gluon density well

A few qualitative statements are in order. It is clear that
a scaling theory, DIS data with nucleon or nuclear targ

rs
B
g

FIG. 6. The absolute values of the polarized valence quark d

sities are shown along with the range of allowedug̃u in the NLO S̄
set. The gray band showing this uncertainty is the band enclose
the densities obtained at points A and B marked in Fig. 5.
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can at most fix two linear combinations of quark densiti
However, DIS structure functions areQ2 dependent. Hence
in principle, data of arbitrarily high accuracy fixes these tw
linear combinations at eachQ2—i.e., an infinite number of
functions. In QCD there is a more economical description
this Q2 dependence involving the set of parton densit
given in Sec. II. Of course, in the real world data are ne
infinitely precise, so the question is how accurately doesQ2

evolution fix these densities. Some part of the answer is c
from Fig. 7—improved data at lowx will constrain g̃ much
better andg1

d , being isosinglet, would present the best co
straint.

We investigated this question quantitatively by generat
fake data atx,0.1 from the NLO S set. The values ofA1

p so
generated were smeared randomly over a 10% band to s
late noise in the data, and error bars of 20–30 % were
signed to each such data point. This faked set is mean
mimic data that could possibly come from a future polariz
HERA experiment. We redid our fits with this faked data s
replacing all data onA1

p for x,0.1. This data brings down
the error bars in the parametera0 appearing ing̃ by a factor
of 4, and improves the errors ina1 by a factor of 2–3. The

FIG. 7. We showg1(x,Q2) in selected bins ofx as a function of
log(Q2/L2). The data ong1

p from SMC are shown by open circle
and from E143 by filled circles; ong1

d from the same experiment
by open and filled triangles respectively, and ong1

d from E142 by
open squares and from E154 by filled squares. The bands ar

uncertainty ing1 induced by the uncertainty ing̃ shown in Fig. 6.
Data in different bins ofx are offset vertically for visibility.
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error estimates obtained with the fake data set are show
Fig. 8. The region of parameter space allowed by this fa
data is shown as the gray patch in Fig. 5. Taking data ax
,0.01 or over a larger range ofQ2, both of which would be
feasible at polarized HERA, would constraing̃ even better
@34#. The ability of RHIC to fix the gluon densities is, o
course, well appreciated. However, if DIS experiments c
fix the gluon densities better, then polarized RHIC can
used as a discovery machine.

V. APPLICATIONS

A. Flavor asymmetry

Unlike previous fits of parton densities which had built

the constraintd̃̄' ũ̄ @7#, we have allowed for sea quark den
sities that violate flavor SU~2! symmetry. The fits show tha
the data tolerate, and even prefer, strong flavor symm
violations. This is easily seen in the first moments of vario
densities~Table VI!. SinceG0 and G8 are small, it is clear
that the patternuGsu!uG ūu andG d̄'2G ū must follow when-
everG3 is large.

It has been suggested@35# that SU~2! flavor asymmetry in
the sea be observed through two combinations of cross
tions for production ofW6 in longitudinally polarizedpp
scattering:

As,d5
s~W1,↑↑ !6s~W2,↑↑ !2s~W1,↑↓ !7s~W2,↑↓ !

s~W1,↑↑ !6s~W2,↑↑ !1s~W1,↑↓ !6s~W2,↑↓ !
,

~23!

whereAs (Ad) is defined with the upper~lower! signs. At
LO these asymmetries can be written as the ratio of cer
combinations of polarized and unpolarized parton densit
At LO the asymmetryADY for Drell-Yan pairs can also be
written in terms of the parton densities. At zero rapidity,ADY

is a function ofAt5M /AS, whereM is the mass of the pairs
andAS is the center of mass energy of the colliding proton
For W6 production at zero rapidity, the parton densities ha
to be evaluated atM5MW , and henceAS5MW /At.

In Fig. 9 we have shown these asymmetries at zero ra
ity as a function ofAS, or equivalently ofAt. It is clear that
at AS appropriate to RHIC, the isotriplet spin asymmetr
Ad , is best suited to distinguish the LO S densities from L

the
s
FIG. 8. Plot ofDx2 against the deviation from the best fit value of the gluon parametersa0 anda1 using faked data with 20–30 % error
in measurements ofA1 for x,0.1.
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TABLE VI. Moments of various densities atQ0
252.56 GeV2. By our initial conditionsG852G0/5. The

numbers in brackets are the errors on the last digit of the central value.Gg is essentially undetermined at LO

LO S LO S̄ NLO S NLO S̄

Gu 0.875 ~65! 0.829 ~61! 0.909 ~68! 0.85 ~63!

Gd 20.40 (64) 20.338 (66) 20.36 (61) 20.52 (63)
G0 20.029 (63) 20.028 (63) 20.058 (66) 20.003 (63)
Gg 20.226

12 21.661.0
G3 0.107 ~63! 20.10 (62)
2G ū 20.0059 (66) 0.0212 ~69! 20.012 (61) 20.024 (66)
2G d̄ 20.0059 (66) 20.0323 (69) 20.012 (61) 0.024 ~66!

2G s̄ 20.0029 (63) 20.0027 (63) 20.0058 (66) 20.0003 (63)
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S̄. Experimentally studying the dependence ofAd onAS over
even a limited range belowAS5500 GeV would be very
useful.ADY is the least suitable measurement for making t
distinction.

We have already pointed out that the LO fit is unable
decide on the sign ofGg , and that the NLO fits yield a
negativeGg , although positive values are not ruled out. A
though previous fits have seen overlapping ranges of allo
Gg , the theoretical bias has been to take large and pos
values ofGg . This sign can be easily fixed by various e
periments at RHIC or in charm production measurement
HERA @36# or the COMPASS experiment in CERN@37#.

We would like to caution that parton densities a
renormalization-scheme-dependent~and hence unphysical!.
They are universally applicable to all experiments, as long
each experiment is treated in the same scheme@38#. Our
determination of these densities are in theMS scheme, and
statements about their moments are therefore also restr
to this scheme. When interpreting the moments of unphys
parton densities, their scheme dependence must be he
mind.

B. Structure functions and couplings

It is possible to construct physical quantities out of t
unphysical first moments of the parton densities. For the
moments of the structure functions as given in Eq.~12!, we
obtain the values

G1
p50.13660.008, G1

n520.05360.008 ~NLO S̄!,

G1
p50.15760.006, G1

n520.03260.006 ~NLO S!
~24!

at Q0
252.56 GeV2. These values are within 1.5s of each

other and they compare well with values deduced from
periments@1,23,25#.

We can also use Eq.~11! to extract the value ofg0. Using
as input the above values ofG1

p,n derived from our fits and
the PDG value forg8, we find

g0~Q0
2!5H 0.1360.20 ~NLO S̄),

0.3560.15 ~NLO S!.
~25!
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Sinceg0 is a physical quantity, it is only to be expected th
our determination ofg0 should agree with other analyse
such as@9#, even if they use some other scheme to arrive
the same result. We will, of course, disagree with them
any scheme-dependent quantity, such asDS5Gu1Gv1G0.
Our maximally flavor symmetry violating fits give physicall
reasonable results.

C. The structure function g2

Wandzura and Wilczek@39# have derived a sum rule re
lating the twist-2 part ofg2 to g1:

g2
WW~x,Q2!52g1~x,Q2!1E

x

1g1~y,Q2!

y
dy. ~26!

An additional twist-2 contribution tog2, suppressed by the
ratio of the quark to the nucleon mass@40#, is ignored here.
Predictions for the twist-3 contribution have been made
ing bag models@41#, QCD sum rules@42# as well as from
nonperturbative lattice QCD computations@43#. Since some

FIG. 9. The asymmetriesADY and As and Ad @defined in Eq.

~23!# computed at LO. The full lines are obtained with LO S¯and the
dotted lines with LO S. The bottom scale is forAd,s as a function of
AS and that at the top forADY as a functions ofAt. The vertical
band marks out the range 200 GeV<AS<500 GeV.
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FIG. 10. Data on the structure functiong2 compared with the twist-2 predictions of Eq.~26! evaluated with our NLO S̄parametrization
evolved toQ255 GeV2. From left to right, the figures are forg2
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computations predict large twist-3 contributions to mome
of g2, it becomes interesting to check whether the data ong2
allows such contributions.

Figure 10 shows our ‘‘prediction’’ for the twist-2 part o
g2 and compares it to measurements of this structure fu
tion. Clearly the data is compatible with the NLO twist
prediction ~and also with the parton model result,g250).
Between the prediction and the data, there is little room fo
twist-3 contribution. Statistics have to be improved vastly
order to study higher-twist effects. In fact,COMPASShopes to
make this measurement@37#.

Since the statistical errors are smallest forg2
d , it seems

that this is the best candidate in which to look for twist
effects. However the data quality needs improvement e
here. There is considerable scaling violation in the twis
part ofg2, but the large errors prevent any analysis of theQ2

dependence.

D. The valence densities

Recently the HERMES collaboration has used se
inclusive polarized DIS data to extract valence and sea qu
densities@33#. We have not used these in our fits because
analysis is performed with parton model formalas. Nevert
less, it is interesting to compare our fits with these numb
We display this comparison in Fig. 11. The rough agreem
is heartening, but the small systematic differences betw
the fit results and the HERMES extraction of the valen
densities shows the need for a more accurate QCD ana
of the experimental data, taking into account properly theQ2

dependence through NLO evolution.

E. Axion-matter coupling

We present an example of the application of polariz
proton scattering to physics beyond the standard model.
Peccei-Quinn solution to the strongCP problem postulates a
global symmetry whose spontaneous breakdown genera
~nearly! massless pseudo-Goldstone boson called the a
@44#. There is a variant of the original model which is st
viable@45#. The axiona whose decay constant isf a , couples
to fermions,c f , of massmf by the term

Lint52 ig f c̄ fg5c fa. ~27!

The couplinggf5Cf(mf / f a). The effective Peccei-Quinn
charge,Cf5Xf /N, appears in the coupling instead of th
actual chargeXf . Here,N is given by(Xf . There have been
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several studies@46# of the effective Peccei-Quinn charge o
the proton. For three flavors, the LO expression can be w
ten as

Cp,n5(
f

~Cf2m f !@G f1G f̄ #, ~28!

wherem f5M /mf with 1/M5(1/mf @47#. Cf for quarks and
leptons is highly model dependent. In the so-called KS
@48#, and other hadronic axion models,Cu5Cd5Cs50. Us-
ing quark mass ratiosmu /md50.56860.042 andmu /ms
50.029060.0043, obtained by chiral perturbation theo
@49#, and our LO S̄fits, we find that

Cp520.402 ~2! and Cn520.058 ~4!. ~29!

The statistical errors in this coupling are dominated by
errors in the fits to polarized parton densities. The unc
tainty in the quark masses give smaller contributions to th
errors. However, the real source of uncertainty comes fr
higher loop corrections. An estimate of this theoretical u
certainty can be obtained by inserting the NLO results
various moments into Eq.~28!. This changesCp by 25% and
Cn by 100%.

The chiral couplings of neutralinos and charginos in g
neric supersymmetric extensions of the standard model

FIG. 11. The asymmetries (ũ1 ũ̄)/(u1ū) ~boxes! and (d̃

1 d̃̄)/(d1d̄) ~pluses! extracted by a parton model analysis of e
perimental data@33# ~the two overlapping points atx50.35 have
been separated for clarity! compared to our NLO fits atQ2

55 GeV2. NLO S̄ is the full line and NLO S is the dotted line.
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QCD ANALYSIS OF POLARIZED PARTON DENSITIES PHYSICAL REVIEW D62 094012
give rise to effective couplings with matter which depend
the moments of the parton densities. Such couplings are
ten needed in astrophysical contexts. Unless these coup
are examined to two-loop order, they should not be evalua
with the NLO moments.

VI. CONCLUSIONS

We have made global QCD analyses of data on the as
metry A1 from polarized DIS without making overly restric
tive assumptions about the flavor content of the sea. We h
extracted polarized parton densities which can be used
the CTEQ4 set of unpolarized densities. Our NLO analy
~in the MS scheme! yield the parameter sets given in Tabl
II and III, and the LO analyses give the sets displayed
Tables IV and V. Strong SU~2! flavor symmetry violation in
the sea is supported by the sets of densities in which the
moment of the singlet sea quark density is much smaller t
that of the triplet sea quark density. We also found in
NLO fits that the first moment of the gluon density is pre
erentially negative, although positive values are within 2
s of the best fits. The LO fits, to the contrary, prefer a po
tive sign for Gg(Q0

2), although negative values are allowe
within 2–3 s of the central values. All physical quantitie
obtained from the first moments of our fitted densities ha
completely sensible values, as they must have.

We have shown that the polarized HERA option m
,

. B
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yield highly accurate measurements of the polarized glu
densities if measurements ofA1 in the rangex<0.125 can be
performed with errors of about 25%. Measurements of
asymmetry in the isotriplet part ofW6 production at RHIC
are likely to be able to pin down the flavor content of the s
Measurements at future facilities for spin physics thus nic
complement each other.

We have checked that our parametrizations are roug
consistent with semi-inclusive DIS data, although a full QC
analysis of this data remains to be performed. We have
shown that these parametrizations, when used to determ
the twist-2 part ofg2 leave very little room for a twist-3 par
to this structure function. Finally, we have determined t
coupling of hadronic axions to matter—an input into seve
astrophysical constraints on the invisible axion.

In a future publication we plan to make a more detail
study of several issues, including the proper inclusion of s
tematic experimental errors into the analysis and sev
other technical issues concerning NLO QCD global fits.
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