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Models for the polarized parton distributions of the nucleon
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Polarized deep inelastic scattering~DIS! data are analyzed in leading and next-to-leading order of QCD
within the common ‘‘standard’’ scenario of polarized parton distributions with a flavor-symmetric light sea
~antiquark! distribution dq̄, and a completely SU~3!f broken ‘‘valence’’ scenario with totally flavor-

asymmetric light sea densities (dūÞdd̄Þd s̄). The latter flavor-broken light sea distributions are modeled with
the help of a Pauli-blocking ansatz at the low radiative or dynamical input scales ofmLO~NLO!

2

50.26 (0.40) GeV2 which complies with predictions of the chiral quark-soliton model and expectations based
on the statistical parton model as well as with the corresponding, well established, flavor-broken unpolarized

sea (d̄.ū). Present semi-inclusive DIS data cannot yet uniquely discriminate between those two flavor-
symmetric and flavor-broken polarized light sea scenarios.

DOI: 10.1103/PhysRevD.63.094005 PACS number~s!: 12.38.Bx, 13.88.1e
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I. INTRODUCTION

The polarized parton distributions of the nucleon ha
been intensively studied in recent years@1–14#. The conclu-
sion has been that the experimental data dictate a negat
polarized antiquark component, and show a tendency tow
a positive polarization of gluons. Presently we possess a
of precise data@15–24# on the polarized structure function
of the nucleon, some of them very recent@23,24#, which
justify a renewed investigation of the aforementioned iss
This alone, however, does not provide the main motivat
for this project, rather the improved understanding in rec
years of the situation in theunpolarizedparton sector@25–
28# provides important insights for the correspondingpolar-
izedparton densities. In particular, one notes that the un
larized sea~antiquark! distributions are flavor asymmetri
(d̄.ū), which can be understood in terms of flavor ma
asymmetries and Pauli-blocking effects@29,30#. The main
objective of the present paper is to transcribe these insi
into the polarized parton sector as will be described in S
III. In Sec. II we shall, for completeness, present an analy
within the framework of the simplified SU~3!f symmetric
‘‘standard’’ scenario in which the flavor asymmetries in t
polarized antiquark sector are neglected. This is done in v
of the fact that in many situations these flavor asymmet
are unobservable as is the case for~most! presently available
data which cannot provide any reliable information conce
ing this issue.

Measurements of polarized deep-inelastic lepton nucl
scattering yield direct information@15–24# on the spin asym-
metry

A1
N~x,Q2!.

g1
N~x,Q2!

F1
N~x,Q2!

5
g1

N~x,Q2!

F2
N~x,Q2!/$2x@11RN~x,Q2!#%

,

~1.1!

N5p, n andd5(p1n)/2 where in the latter case we hav
used g1

d5(g1
p1g1

n)@123vD/2#/2 with vD50.058, R
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[FL/2xF15(F222xF1)/2xF1 and subdominant contribu
tions have, as usual, been neglected.

We emphasize that, as in our original analysis@1#, we
computeboth g1 and F1 entirely in leading-twist QCD. In
particular, in order to obtainF1 , we use the parton densitie
of Glück, Reya, and Vogt~GRV98! @25# along with leading
order ~LO! ~note thatR50 at leading order! or next-to-LO
~NLO! coefficient functions forF2 and R in Eq. ~1.1!. An
alternative, frequently adopted@3,4,5,9,10,13# approach is to
take F2(x,Q2) and R(x,Q2) from experimental measure
ments, which is motivated by the fact that leading-twist c
culations ofF2(x,Q2) andR(x,Q2) do not agree very well
with experimental determinations in the region of lowQ2

andW25Q2(12x)/x. These regions are affected by powe
suppressed contributions and are therefore excluded from
unpolarized deep inelastic scattering~DIS! analyses. The
presently available data in the polarized case, however
not allow to impose similarly ‘‘safe’’ cuts~Q2>4 GeV2,
W2>10 GeV2! without losing too much information. On th
other hand, theQ2 range accessed so far in polarized D
does not allow for extracting the magnitude and shape
power-suppressed contributions reliably. To study the is
further, we performed fits to theA1 data in both possible
ways, i.e., with leading-twist calculations ofF2 andR as well
as with their experimental results, admitting at the same t
an ‘‘effective higher-twist’’ contribution toA1 in terms of a
factor @11A(x)/Q2# with A(x) to be determined by the
data. The outcome of this analysis was thatA(x) is consis-
tent with zero if we use leading-twist QCD forF2 andR, but
that it is sizeable and important in the fit ifF2 and R are
taken from experiment. We take this as an indication that
preferred approach is more consistent and less liable
modifications by higher-twist terms. This view is also co
roborated by the fact that the deep inelastic scattering~DIS!
A1 data show only a very mildQ2 dependence, even towar
low values ofQ2. The consistency of the polarized parto
densities as extracted from DIS data at comparatively
values ofQ2 with measurements of other hard processes
©2001 The American Physical Society05-1
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higher scales can be studied soon at RHIC and perhaps i
future at a polarizedep collider.

In NLO, g1
N(x,Q2) is related to the polarized~anti!quark

and gluon distributionsd f (x,Q2)[ f 12 f 2 in the following
way:

g1
N~x,Q2!5

1

2 (
q

eq
2FdqN~x,Q2!1dq̄N~x,Q2!

1
as~Q2!

2p S dCq* ~dqN1dq̄N!1
1

f
dCg* dgD G

~1.2!

with the convolutionsdCf* f being defined in the usual way
The modified minimal subtraction scheme~MS! coefficient
functions dCf(x) can be also found in Ref.@1#, where all
necessary ingredients for theQ2 evolution have been formu
lated as well. A similar expression holds for the unpolariz
structure functionF1

N(x,Q2) with its spin-averaged parto
distributions f (x,Q2)[ f 11 f 2 and the unpolarized Wilson
coefficients can be found, for example, in Ref.@31#. The LO
and NLO (MS) input scales, running coupling constants a
parton distributions, employed in the positivity constrain
ud f u< f , will be adopted from GRV98@25#. Furthermore we
shall, as always, use the notationdqp[dq and qp[q, and
neglect the marginal charm contribution tog1

N stemming

from the subprocessgW * gW→cc̄ @32#. The charm contribution
to F1

N is also small in the kinematic range covered by pres
polarization experiments.

The total helicity of a specific partonf 5u, ū, d, d̄, s, s̄,
g is given by the first (n51) moment

D f ~Q2![E
0

1

dx d f ~x,Q2!. ~1.3!

Thus, according to Eq.~1.2!,

G1~Q2![E
0

1

dx g1~x,Q2!5
1

2 (
q

eq
2@Dq~Q2!1Dq̄~Q2!#

3S 12
as~Q2!

p D ~1.4!

sinceDCq523CF/2522 andDCg50. Therefore we have
in general

G1
p,n~Q2!5F6

1

12
Dq31

1

36
Dq81

1

9
DS~Q2!G S 12

as~Q2!

p D
~1.5!

with the flavor-nonsinglet components

Dq3[Du1Dū2Dd2Dd̄, ~1.6!

Dq8[Du1Dū1Dd1Dd̄22~Ds1D s̄! ~1.7!

being conserved, i.e.,Q2 independent, and the flavor-singl
component is given by
09400
the

d

d

t

DS~Q2![ (
q5u,d,s

@Dq~Q2!1Dq̄~Q2!#5Dq813@Ds~Q2!

1D s̄~Q2!#. ~1.8!

These quantities will be subject to various constraints~de-
rived from hyperonb decays! depending on the specifi
model scenarios under consideration to which we shall t
in the next two sections.

Finally, the fundamental helicity sum rule reads

1

2
5

1

2
DS~Q2!1Dg~Q2!1Lq1g~Q2!, ~1.9!

whereLq1g refers to the total orbital contribution of all~an-
ti!quarks and gluons to the spin of the proton.

II. SU„3…f SYMMETRIC ‘‘STANDARD’’ „UNBROKEN-SEA…

SCENARIO

As stated in the Introduction, present data do not prov
sufficient information concerning the flavor asymmetries
the polarized sea distributions. Thus present day stu
must, as a first approximation, neglect this issue unless on
willing to adopt some models for the flavor asymmetries
will be done in Sec. III. Here we follow the procedure pr
sented by Glu¨ck, Reya, Stratmann, and Vogelsan
~GRSV95! @1#. The searched for polarized NLO~as well as
LO! parton distributionsd f (x,Q2), compatible with presen
data@15–24# on A1

N(x,Q2), are constrained by the standa
sum rules

Dq35F1D5gA51.2670 ~35!, ~2.1!

Dq853F2D50.5860.15, ~2.2!

where the updated values forF andD have been taken into
account@33# and the error estimate in Eq.~2.2! is due to Ref.
@34#. Thus Eq.~1.5! becomes

G1
p,n~Q2!5F6

1

12
~F1D !1

5

36
~3F2D !1

1

3
@Ds~Q2!

1D s̄~Q2!#G S 12
as~Q2!

p D , ~2.3!

i.e., one needs here a finite sizeable strange sea polariz
Ds(Q2),0 in order to achieve the experimentally requir
reduction of the Ellis-Jaffe LO expectation@35#

G1,EJ
p 5

1

12
~F1D !1

5

36
~3F2D !.0.186. ~2.4!

Furthermore, in the standard scenario one assumes an u
ken SU~3!f symmetric sea,

dq̄~x,Q2![dū5dusea5dd̄5ddsea5ds5d s̄. ~2.5!

For the determination of the NLO~LO! polarized parton dis-
tributions d f (x,Q2) we follow our original analysis@1# by
relating the polarized input densities to the unpolarized on
5-2
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MODELS FOR THE POLARIZED PARTON . . . PHYSICAL REVIEW D63 094005
using some intuitive theoretical arguments@36# as guide-
lines. We employ the following ansatz for the LO an
NLO~MS! polarized parton distributions at an input sca
Q25m2 @37#:

du~x,m2!5Nuxau~12x!buu~x,m2!GRV,

dd~x,m2!5Ndxad~12x!bdd~x,m2!GRV,

dq̄~x,m2!5Nq̄xa q̄~12x!b q̄q̄~x,m2!GRV,

dg~x,m2!5Ngxag~12x!bgg~x,m2!GRV, ~2.6!

with the LO and NLO unpolarized input densities referri
to the ones of GRV98@25# and q̄[(ū1d̄)/2 should be con-
sidered as the reference light sea distribution for the stan
unbroken-sea scenario in Eq.~2.5!. The parameters of ou
optimal LO densities atmLO

2 50.26 GeV2 and the ones of the
NLO~MS! densities atmNLO

2 50.40 GeV2 are given in Table
I. These optimal LO and NLO~MS! fits correspond to ax2

per degree of freedom (xDF
2 ) of xDF,LO

2 50.84 and to
xDF,NLO

2 50.81. The polarized gluon density in Eq.~2.6! is, as
usual, rather weakly constrained by present data. Althoug
fully saturated ~via the positivity constraint! gluon input
dg(x,m2)56g(x,m2) is disfavored, a less saturate
dg(x,m2)56xg(x,m2) input or even a vanishing~purely
dynamical! input dg(x,m2)50 are fully compatible with
present data. The latter choice, however, seems to be
likely in view of dq̄(x,m2)Þ0.

In Fig. 1 our NLO results are compared with the data
A1

N(x,Q2) as well as with our old original NLO~MS! fit @1#.

TABLE I. The parameters of the LO and NLO input parto
distributions, as defined in Eq.~2.6!, at mLO

2 50.26 GeV2 and
mNLO

2 50.40 GeV2, respectively, for the standard scenario as o
tained from fits to the data in Refs.@15–24#.

Standard scenario

LO NLO

Nu 0.851 1.019
au 0.45 0.52
bu 0 0.12

Nd 20.734 20.669
ad 0.49 0.43
bd 0.03 0

Nq̄ 20.587 20.272
a q̄ 0.68 0.38
b q̄ 0 0

Ns 1 1

Ng 1.669 1.419
ag 1.79 1.43
bg 0.15 0.15

x2/209 data pts. 174.9 169.8
09400
rd

a

n-

n

The differences between these two results are small, ex
perhaps forA1

n in the large-x region. Our new LO fit is simi-
lar to the NLO one shown in Fig. 1 by the solid curves. T
Q2 dependence of our LO and NLO standard scenario fit
various fixed values ofx is shown in Fig. 2 and compare
with all recent data ong1

p(x,Q2), including the most recen
E155 proton data@24#. The main reason for our LO result
being larger than the NLO ones in the small-x region is due
to the vanishing ofRp(x,Q2) in LO in Eq. ~1.1!. The corre-
spondingx dependence ofg1

N(x,Q255 GeV2) is shown in
NLO in Fig. 3 where the expected extrapolations into the
unmeasured small-x region down tox51023 are shown as
well. The solid curves refer to our optimal NLO fit~with the
input given in Table I! and allowing our optimal totalx2 in
Table I to vary by one unit,dx2561, gives rise to the
shaded areas due to different choices of the polarized g
input at Q25mNLO

2 in Eq. ~2.6! such asdg56xg, etc. In
particular, a vanishing polarized gluon inputdg(x,mNLO

2 )
50, is for the time being entirely compatible with all prese
data as shown by the dashed curves. On the other hand,
saturated ~via the positivity constraint! gluon inputs
dg(x,mNLO

2 )56g appear to be disfavored by present data
shown by the dotted curves in Fig. 3. It should be furth
more noted that the shaded bands in Fig. 3 contain polar
gluon densities which correspond to first momentsDg(Q2

55 GeV2) between20.81 and 1.73, according to input mo
ments betweenDg(mNLO

2 )520.45 and 0.7, respectively
i.e., even negative total gluon polarizations are compat
with present data. The same results hold of course als
LO. Future dedicated polarized small-x measurements an
upcoming determinations ofdg(x,Q2) should be useful in
removing such extrapolation ambiguities caused by
present poor knowledge ofdg(x,Q2).

Our corresponding LO and NLO parton distributions
the respective input scalesQ25mLO,NLO

2 in Eq. ~2.6! with the
standard scenario fit parameters given in Table I are sh
in Fig. 4. The main differences between our new input d
sities and our old GRSV95 ones@1# are somewhat harderdd
~due to the new neutron data! anddg distributions although,
as discussed above, the polarized gluon distribution in Fi
is only slightly preferred by our ‘‘optimal’’ fit to presently
available data. The polarized input densities in Figs. 4~a! and
4~b! are compared with our reference unpolarized valen
like LO and NLO dynamical input densities of Ref.@25#
which satisfy, of course, the positivity requirementud f u< f
as is obvious from Eq.~2.6!. It should be nevertheless em
phasized that the parameters, resulting from our rather g
eral LO and NLO fits, are always such that these positiv
conditions are automatically satisfied, i.e., there is practic
no need to impose them separately. The distributions
Q255 GeV2, as obtained from these LO and NLO inputs
Q25m2, are shown in Fig. 5 where they are also compa
with our old NLO GRSV95@1# results. It should be noted
that the substantially harder input polarized gluon dens
xdg(x,m2), in particular in LO, in Fig. 4~a! as compared
to our old GRSV 95 fit, causes the sea densityxdq̄(x,Q2) to
oscillate~slightly! in the large-x region atQ2.m2 as shown
in Fig. 5 @38#.

-

5-3
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FIG. 1. Comparison of our NLO results fo
A1

N(x,Q2) as obtained from the fitted input a
Q25mNLO

2 for the standard SU(3)f flavor-
symmetric sea scenario@Eq. ~2.6! and Table I#
with present data@16–24#. The Q2 values
adopted here correspond to the different valu
quoted in Refs.@16–24# for each data point start
ing at Q2>1 GeV2 at the lowest availablex bin.
Our old NLO GRSV95 fit@1# is shown for com-
parison as well~dashed curves!. Our present LO
fit is very similar to the NLO one shown by th
solid curves.
in
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Next let us turn to the first moments~total polarizations!
D f (Q2) of our polarized parton distributions, as defined
Eq. ~1.3!, and the resultingG1

p,n(Q2) in Eq. ~1.5!. It should
be recalled that, in contrast to the LO, the first moments
the NLO ~anti!quark densities do renormalize in theMS
scheme, i.e., areQ2 dependent~see, e.g., Ref.@1#!, whereas
the gluon polarizationDg(Q2) renormalizes in both cases
Our LO standard fit implies

Du50.871, Dd520.396, Dq̄5Ds5D s̄520.054,

Dg~mLO
2 !50.190, Dg~5 GeV2!50.684,

Dg~10 GeV2!50.802, ~2.7!

which result inDS50.259 and

G1
p50.151, G1

n520.061. ~2.8!

Our NLO results are summarized in Table II at some typi
values ofQ2. Both our LO and NLO results forG1

p,n(Q2) are
in satisfactory agreement with recent experimental deter
nations@17–24#. Furthermore, due to the constraint~2.1!, the
Bjorken sum rule@39# holds manifestly in LO and, accordin
to Eq. ~1.5!, the NLOas-corrected sum rule reads
09400
f

l

i-

G1
p~Q2!2G1

n~Q2!5
1

6
gAS 12

as~Q2!

p D . ~2.9!

It is also interesting to observe that at our low input sca
Q25mLO,NLO

2 50.26,0.40 GeV2 the nucleon’s spin carried by
the total helicities of quarks and gluons amounts only to

1

2
DS1Dg~mLO

2 !.0.32,

1

2
DS~mNLO

2 !1Dg~mNLO
2 !.0.35, ~2.10!

which implies for the helicity sum rule~1.9! already a size-
able orbital contributionLq1g(mLO,NLO

2 ).0.18,0.15 at the
low input scales. Although this is in contrast to our som
what more intuitive previous GRSV95 result@1#,
Lq1g(mLO,NLO

2 ).0, it should be kept in mind that, for th
time being,Dg(Q2) is rather weakly constrained by prese
data as was discussed above.

Finally, for completeness we have also performed a N
analysis in a different factorization scheme, the so-cal
chirally invariant ~CI! or JET scheme@8,40,41#, but any
other choice would do as well for studying the scheme
5-4
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MODELS FOR THE POLARIZED PARTON . . . PHYSICAL REVIEW D63 094005
pendence of ourMS fit results. Here, among other thing
@8,40,41#, the total helicity of quarks,DSCI , is conserved,
i.e., Q2 independent, and is related to ourDS in the MS
scheme via

DS~Q2!5DSCI23
as~Q2!

2p
Dg~Q2!CI . ~2.11!

Similarly agreeable fits as the ones in Figs. 1–3 can be
tained in this scheme, e.g., by choosing a large posi
gluon density with a total~input! helicity Dg(mNLO

2 !CI

.0.6– 0.7 being about three times larger than in Table II a
the sea densitydq̄CI(Dq̄CI) turns out to be roughly 50%
smaller than the one of our best fit in theMS standard sce
nario; here the total quark helicity increases toDSCI.0.4.

III. SU „3…f BROKEN ‘‘VALENCE’’ „BROKEN-SEA…

SCENARIO

The assumption of the flavor symmetric standard scen
with its unbroken sea density in Eq.~2.5! is expected to be
unrealistic, following our experience in the unpolarized ca
where a suppression of the strange sea component is
quired, as accomplished by the vanishing inputs(x,m2)
5 s̄(x,m2)50 in GRV98 @25#, in order to comply with ex-
perimental indications@42,43# of an SU~3!f broken sea, and
the positivity constraintds<s. Thus in GRSV95@1# we also
considered a valence scenario where, in contrast to Eq.~2.5!,

FIG. 2. Comparing theQ2 dependence of our LO and NLO
standard scenario results with recent data@16–18,21,24# on
g1

p(x,Q2). To ease the graphical representation we have multip
all results at the various fixed values ofx by the numbers indicated
in parentheses.
09400
b-
e

d

io

e
re-

dq̄~x,m2![dū5dd̄5dusea5ddsea,

ds~x,m2!5d s̄~x,m2!50. ~3.1!

Furthermore, the full SU~3!f flavor symmetry, giving rise to
the constraints~2.1! and ~2.2!, is broken in the valence sce
nario to the extent@44# that the flavor-changing hypero
b-decay data fixonly the total helicity of valencequarks
Dqv[Dq2Dq̄:

Duv~m2!2Ddv~m2!5F1D ~3.2!

Duv~m2!1Ddv~m2!53F2D, ~3.3!

i.e., Dq35Duv2Ddv and Dq853F2D14Dq̄ at Q25m2

@1# according to Eq.~3.1!. Therefore a light polarized se
Dq̄,0 suffices here to account for the reduction of the Ell
Jaffe estimate~2.4!. This is the reason for our simplifying
assumption of a maximally broken SU~3!f strange sea inpu
in Eq. ~3.1! in order to reduce the number of input distrib
tions to be fitted to the rather scarce available polarizat
data, which are now sufficient for fixing these input distrib
tions. @Future high-statistics data should allow us, at leas
principle, to extract the total strange sea polarization with
employing any simplifying assumption, as, for examp
from Eq. ~1.8!, D(s1 s̄)5(DS2Dq8)/3#. The quality of the

d
FIG. 3. Thex dependence ofg1

N at Q255 GeV2 in the NLO
standard scenario. Different choices of the gluon inputdg(x,mNLO

2 )
in Eq. ~2.6! are shown by the dashed and dotted curves as indica
Allowing our optimal totalx2 to change by one unit,dx2561,
results in the shaded areas shown. The data are taken from
@17#, @18#, @20#, and@22–24#.
5-5
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fits obtained is comparable to that of the standard flav
symmetric scenario discussed and presented in the prev
section, cf. Fig. 1. We refrain, however, from presenti
these results here explicitly because the assumed rema
flavor-isospin symmetry of the light sea components in E
~3.1! appears to be somewhat artificial and unnatural in v
of the flavor-asymmetric unpolarized light sea distributio
d̄(x,Q2).ū(x,Q2) @25–28#.

Turning now to the presumably more realistic scena
where also theflavor-isospin symmetry of the polarized s
is broken, we note, as already pointed out in the Introductio

FIG. 4. ~a! Comparison of our fitted standard LO input distrib
tions in Eq.~2.6! and Table I atmLO

2 50.26 GeV2 with our previous
old GRSV95 fit @1# and with the unpolarized dynamical GRV9
input densities of Ref.@25#. ~b! The same as in~a! but for the NLO
input densities atmNLO

2 50.40 GeV2.
09400
r-
us

ing
.

s

o

,

that some model assumptions are needed for the corresp
ing input distributions. The analysis of the unpolarized stru
ture functions yields

d̄~x,m2!/ū~x,m2!.u~x,m2!/d~x,m2!, ~3.4!

which holds to a rather good accuracy for the GRV98 dis
butions@25#. This proportionality relation is expected to ho
approximately at least for 0.01&x&0.3 where the breaking
of the light sead̄.ū is directly tested experimentally via
Drell-Yan dilepton production inpp and pd collisions @45#
and semi-inclusivep6 production in ep and ed reactions
@46#. The relation~3.4! may be considered@30# as a mani-
festation of the Pauli-blocking effect@47# which should be
relevant also in the polarized parton sector. We theref
estimate the flavor-symmetry breaking of the polarized se
be given in a first approximation by@30#

dd̄~x,m2!/dū~x,m2!5du~x,m2!/dd~x,m2! ~3.5!

together with the previously advocated

ds~x,m2!5d s̄~x,m2!50. ~3.6!

According to the unpolarized case above, we expect the
portionality relation~3.5! to hold approximately at least fo
0.01&x&0.3.

FIG. 5. The polarized LO and NLO~MS! distributions atQ2

55 GeV2 in the standard scenario, as obtained from the input d
sities atQ25mLO,NLO

2 in Fig. 4. Our old NLO results@1# are shown
for comparison.
ces

TABLE II. First moments~total polarizations! D f of polarized NLO parton densitiesd f (x,Q2) and

g1
p,n(x,Q2), defined in Eqs.~1.3! and ~1.4!, as obtained in the standard scenario. The marginal differen

betweenDū andDd̄ at Q2.m2, generated dynamically by the NLO evolution, are not displayed.

Q2 (GeV2) Du Dd Dq̄ Dg DS G1
p G1

n

mNLO
2 0.863 20.404 20.062 0.240 0.211 0.119 20.054
1 0.861 20.405 20.063 0.420 0.204 0.127 20.058
5 0.859 20.406 20.064 0.708 0.197 0.132 20.062
10 0.859 20.406 20.064 0.828 0.197 0.133 20.063
5-6
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It should be re-emphasized that, in complete analogy
unpolarized DIS, data on inclusive polarized DIS in kin
matical regimes where only photon exchange is relevant g
information only on the sums of quark and antiquark pol
izations for each flavor,dq(x,Q2)1dq̄(x,Q2), appearing in
g1(x,Q2) in Eq. ~1.2!. This implies, in particular, that the
amount of flavor-SU~2! breaking in the polarized sea cann
be determined from such data since one can always ch
the parton densities bydq→dq2dfq and dq̄→dq̄1dfq
for any arbitrary functionsdfu(x) and dfd(x) without af-
fecting at all the measured structure functionsg1

p,n,d(x,Q2).
Restrictions ondfq(x) occur only in our valence scenari
whereDfd52Dfu for the first moments, as in general im
plied by our modified (DūÞDd̄) valence scenario con
straints~3.7! and~3.8! below, and which have to even vanis
for the ‘‘unbroken’’ (Dū5Dd̄) constraints~3.2! and ~3.3!.
Therefore, for the time being, one has to resort to some
far as possible, general and not too restrictive model assu
tions concerning the breaking of the flavor- symmetry of
polarized light sea (dūÞdd̄), such as the proportionality
~3.5!. Only future polarizedpW pW and pW dW Drell-Yan m1m2

pair and weak vector boson production experiments@48# as
well as polarized semi-inclusive DISeWpW (dW )→e(p,K)X ex-
periments@49,50# can provide us with direct measuremen
of the individualdū(x,Q2) anddd̄(x,Q2) distributions.

We now have, instead of Eq.~3.2!,

Dq35Duv~m2!2Ddv~m2!12@Dū~m2!2Dd̄~m2!#5F1D,
~3.7!

and on account of Eqs.~3.3! and ~3.6!

Dq8~m2!5Duv~m2!1Ddv~m2!12@Dū~m2!1Dd̄~m2!#,

53F2D12@Dū~m2!1Dd̄~m2!#,

5DS~m2!, ~3.8!

where the imposed constraint~3.7! guarantees that th
Bjorken sum rule~2.9! holds manifestly. Thus Eq.~1.5! be-
comes

G1
p,n~Q2!5F6

1

12
~F1D !1

5

36
~3F2D !1

10

36
@Dū~Q2!

1Dd̄~Q2!#G S 12
as~Q2!

p D ~3.9!

apart from a marginal contributionDs(Q2)5D s̄(Q2),0
which is generated dynamically via the NLO evolution
Q2.mNLO

2 even for the vanishing input in Eq.~3.6!. Thus, in
this case, only thetotal light-quark sea contribution in Eq
~3.9! has to benegative, Dū(Q2)1Dd̄(Q2),0, in order to
achieve the experimentally required reduction of the El
Jaffe expectation~2.4!.

Our resulting input distributions can be parametrized a
Eq. ~2.6! where now, instead of the unbrokendq̄ sea, we
have a similar parametrization fordū(x,m2) and dd̄(x,m2)
09400
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e
-

ge
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which are constrained by Eq.~3.5! @51#, together with the
respective flavor-broken unpolarized input densitiesū(x,m2)

and d̄(x,m2) taken from Ref.@25#. The parameters of ou
optimal LO densities atmLO

2 50.26 GeV2 and the ones of the
NLO~MS! densities atmNLO

2 50.40 GeV2 are given in Table
III. These optimal fits correspond toxDF/LO

2 50.823 and
xDF,NLO

2 50.816 similarly to the standard scenario in Sec.
The quality of these LO and NLO fits toA1

N(x,Q2) in the
broken valence scenario is practically identical to our new
in the standard scenario shown in Fig. 1 by the solid curv
The same holds true also forg1

p,n,d(x,Q2) shown in Figs. 2
and 3. The corresponding LO and NLO parton distributio
at the respective input scalesQ25mLO,NLO

2 in Eq. ~2.6! @51#
with the valence scenario fit parameters given in Table III
shown in Fig. 6, which are also compared with our referen
unpolarized valencelike dynamical input densities of R
@25# which satisfy the positivity constraintud f u< f . The po-
larized gluon densities turn out to be somewhat larger h
in particular in NLO, than the ones in the standard scena
shown in Fig. 4. It should be furthermore emphasized t
we always expect for the broken light-sea input densities
have apositivedū and anegativedd̄ with udd̄u.dū, i.e.,
dū2dd̄.0 anddū1dd̄,0.

In Fig. 7 we present the flavor asymmetryx(dū

2dd̄)(x,m2) separately, as obtained from Fig. 6, which com
pares favorably with predictions of the relativistic field th
oretical chiral quark-soliton model@52,50#. Similar results
have been obtained by a recent analysis@53# based on the
statistical parton model which are supposed to hold a

TABLE III. The parameters of the LO and NLO input distribu
tions, as defined in Eq.~2.6!, with q̄ to be identified withū, at
mLO

2 50.26 GeV2 andmNLO
2 50.40 GeV2, respectively, for the va-

lence scenario. We have fit the broken light-sea input den

dū(x,m2) and fixeddd̄(x,m2) via Eqs.~3.5! and ~3.4! @51#.

Valence scenario

LO NLO

Nu 1.297 2.043
au 0.79 0.97
bu 0.27 0.64

Nd 22.496 22.709
ad 1.17 1.26
bd 1.31 1.06

Nū 2.005 1.727
a ū 0.79 0.73
b ū 1.93 2.00

Ns 0 0

Ng 6.637 20.45
ag 2.00 2.92
bg 1.50 1.68

x2/209 data pts. 172.0 170.5
5-7
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somewhat larger input scaleQ0
25M p

2.0.9 GeV2. We note
furthermore that the predictiondg(x,M p

2)50 of this latter
model is consistent with the results of the present anal
which donot exclude this possibility, cf. Fig. 3. The resul
ing NLO distributions atQ255 GeV2 are shown in Fig. 8
where they are also compared with our new NLO resu
obtained in the standard scenario as shown by the s
curves in Fig. 5.

The first moments~total polarizations! D f (Q2) of the po-
larized parton distributions of our fully flavor-broken valen
scenario and the resultingG1

p,n(Q2) are in LO given by

Du50.664, Dd520.248, Dū50.093,

Dd̄520.261, Ds5D s̄50,

Dg~mLO
2 !50.300, Dg~5 GeV2!50.963,

Dg~10 GeV2!51.122 ~3.10!

which result inDS50.248 and

FIG. 6. ~a! Comparison of our fitted fully broken valence sc
nario LO input distributions in Eq.~2.6! @51# and Table III atmLO

2

50.26 GeV2 with the unpolarized GRV98 input densities of Re
@25#. ~b! The same as in~a! but for the NLO input densities a
mNLO

2 50.40 GeV2.
09400
is

s
lid

G1
p50.140, G1

n520.071. ~3.11!

Our NLO results are summarized in Table IV at some typi
values ofQ2. The nucleon’s spin is carried almost entire
by the total helicities of quarks and gluons at the LO a
NLO input scales

1

2
DS~mLO,NLO

2 !1Dg~mLO,NLO
2 !.0.42, 0.48 ~3.12!

which is larger than the standard scenario results~2.10!, and
thus a very small orbital contributionLq1g(mLO,NLO

2 )
.0.08,0.02 is required at the low input scales in order
comply with the sum rule~1.9!. This is somewhat similar to
our previous results@1#, but againDg(Q2) is not strongly
constrained by present data. Nevertheless it is intuitively
pealing that this nonperturbative orbital~angular momentum!
contribution to the helicity sum rule~1.9! vanishes at our low
input scales,Lq1g(m2).0. This is in contrast to larger scale
Q2.m2 where hard radiative effects give rise to sizeab
orbital components due to the increasingkT of the partons,
which eventually have to compensate in Eq.~1.9! the
strongly increasing gluon polarizationDg(Q2);as

21(Q2):
in both scenarios we obtain, for example,Dg(10 GeV2)
.1.

Finally let us conclude with a few remarks concerning t
flavor-symmetry breaking which was implemented in o
broken valence scenario via the entirely empirical relat
~3.5!. On rather general grounds one expects the produc

dq~x,m2!dq̄~x,m2![P~x! ~3.13!

to be a universal flavor-independentfunction P(x), since
the effect of Pauli blocking is only related to the sp
~helicities! of quarks and antiquarks irrespective of the
flavor degree of freedom. This impliesdu(x,m2)dū(x,m2)
5dd(x,m2)dd̄(x,m2), i.e., Eq.~3.5!. Furthermore, we have
seen that the data select, within our valence scenario with

FIG. 7. LO and NLO results for the difference of the broke

light-sea input densitiesdū(x,m2) and dd̄(x,m2) in the valence
scenario as obtained from Fig. 6. The prediction of the chiral qua
soliton model is taken from K. Goekeet al. @52#.
5-8
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FIG. 8. The polarized LO and NLO~MS! dis-
tributions at Q255 GeV2 in the fully flavor-
broken valence scenario, as obtained from the
put densities atQ25mLO,NLO

2 in Fig. 6. For
comparison the new NLO results of the standa
~unbroken sea! scenario are shown as well by th
dashed curves~which coincide with the solid
curves of Fig. 5!.
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totally flavor-broken polarized light sea densities in Eq
~3.5! and ~3.6!, the solution of Eq.~3.5! which satisfies
P(x).0 in Eq. ~3.13! for q5u,d as can be seen in Fig. 6
This can be understood@30# as a consequence of the e
pected predominantpseudoscalarconfiguration @29,54# of
the quark-antiquark pairs in the nucleon sea. In fact, the
relationsuū.dd̄ and dudū5dddd̄ at the input scaleQ2

5m2 can be rewritten as

Pp~x![u1ū11u2ū2.d1d̄11d2d̄2 ,

Pa~x![u1ū21u2ū1.d1d̄21d2d̄1 ~3.14!

with P5Pp2Pa in Eq. ~3.13! and the common helicity den
sities being given byqh65( qh6d qh)/2 where for brevity we
have dropped thex dependence. A predominant pseudosca
configuration of (qq̄) pairs in the nucleon sea implies, v
Pauli blocking, that the aligned quark-quark configuratio
q1(q1q̄2) and q2(q2q̄1) are suppressed relatively to th
antialignedq1(q2q̄1) and q2(q1q̄2) ‘‘cloud’’ configura-
tions, i.e., Pp(x).Pa(x) which implies P(x).0 in Eq.
~3.13!. The result forPp /Pa , corresponding to our optima
fit, is shown in Fig. 9: clearly, this ratio will be maxima
where xq(x,m2) and xdq(x,m2) are maximal at x
.0.2– 0.4, cf. Fig. 6, i.e., where the Pauli blocking, E
~3.13!, is most effective which is nicely exhibited in Fig. 9 i
LO and NLO.
09400
.
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It is interesting to mention that some of these expec
tions, which derive mainly from our light-sea flavor breakin
relation ~3.5!, have been already confirmed by a recent e
tirely independent simultaneous analysis@14# of polarized
DIS and semi-inclusive deep inelastic scattering~SIDIS!
asymmetry data. In particular the more recent high precis
SIDIS HERA-HERMES data@55# on h1 production ~h
5p,K dominantly! off a proton targeteWpW →eh1X, seem to
play a decisive role in favoring flavor-broken light sea de
sities dū(x,Q2)Þdd̄(x,Q2), despite the fact that thes

asymmetry data onA1p
h1

refer to rather small scalesQ2

*1 GeV2. The reason for this discriminative power is, whe
combined with the data from inclusive DIS, due to the fa
that A1p

h1 is proportional@14#, besides to the dominant va

lence contribution, also todd̄24dū, multiplied by a ‘‘fa-
vored’’ fragmentation function, which is significantly mor
sensitive todū than todd̄. A clear preference for apositive
dū has been observed@14#, which is very similar to our NLO
dū shown in Fig. 6~b!, and a flavor symmetric standard ligh
sea scenario seems to be strongly disfavored.

We have calculated at NLO the spin asymmetries
semi-inclusive DIS using the well-known theoretical SID
framework@56,14# together with our results for the polarize
parton distributions of the standard and valence scen
with their flavor-symmetric and flavor-broken light sea de
sities, respectively, employing the fragmentation functions
he

TABLE IV. First moments ~total polarizations! D f of polarized parton densitiesd f (x,Q2) and

g1
p,n(x,Q2), defined in Eqs.~1.3! and ~1.4!, as obtained in the fully flavor-broken valence scenario. T

marginal finiteDs5D s̄(Q2.mNLO
2 ) are generated dynamically by the NLO evolution.

Q2 (GeV2) Du Dd Dū Dd̄ Ds5D s̄ Dg DS G1
p G1

n

mNLO
2 0.693 20.255 0.087 20.232 0 0.330 0.293 0.119 20.053
1 0.691 20.257 0.086 20.234 21.9531023 0.579 0.282 0.127 20.058
5 0.689 20.258 0.085 20.235 23.3131023 0.974 0.273 0.132 20.062
10 0.688 20.258 0.085 20.236 23.6431023 1.140 0.272 0.133 20.062
5-9
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Ref. @57#. ~We did not use the alternative set of recent fra
mentation functions suggested in Ref.@58#, since they refer
to scalesQ2 larger than 2 GeV2.! The results for the relevan

SIDIS asymmetryA1p
h1

are shown in Fig. 10. Although th
high precision HERMES data@55# seem to favor slightly the
valence scenario with its flavor-broken light sea, the res
of the standard scenario with its flavor-symmetric light s
cannot yet be ruled out. Both scenarios in Fig. 10 give rise
a comparablex2/~9 data points! of 7.6 and 8.5 for the va-
lence and standard scenario, respectively.

IV. SUMMARY AND CONCLUSIONS

All recent polarized DIS data, including the most rece
SLAC-E155 proton data@24#, have been analyzed and stu
ied within the standard and valence scenario in LO and N
of QCD. The standard scenario, characterized by Eqs.~2.1!
and~2.2!, refers to the common simplified, but probably u
realistic, assumption of an SU~3!f flavor-symmetric polar-
ized light sea. The original valence scenario@1#, character-
ized by Eqs.~3.2! and~3.3!, is now modified by employing a
totally SU~3!f asymmetric polarized light seadūÞdd̄Þd s̄
which leads to the modified constraints~3.7! and~3.8!. Since
inclusive polarized DIS data cannot fix the flavor-broken s
densities, we have modeled the flavor-asymmetric light
densitiesdūÞdd̄ using a Pauli-blocking ansatz@30# in Eq.
~3.5!, because similar ‘‘blocking’’ effects can also expla
the flavor asymmetry of unpolarized sea densities (d̄.ū).
All our resulting polarized parton distributions respect t
fundamental positivity constraints down to the low resoluti
scalesQ25mLO

2 50.26 GeV2 and mNLO
2 50.40 GeV2. The

polarized gluon distributiondg(x,Q2) is weakly constrained
by present data in both scenarios. In particular, a vanish

FIG. 9. The ratio ofPp(x) andPa(x), defined in Eq.~3.14!, at
the LO and NLO input scalesmLO,NLO

2 which demonstrates the Pau
blocking of the disfavored antiparallelq6q̄7 configurations relative
to the favored parallelq6q̄6 configurations as discussed in the te
09400
-

ts
a
o

t

a
a

g

gluon input dg(x,m2)50 is equally compatible with all
present measurements ofA1

N(x,Q2) or g1
N(x,Q2). Only a

fully saturated ~via the positivity constraint! gluon input
dg(x,m2)56g(x,m2) appears to be disfavored by prese
data.

The presumably more realistic valence scenario with
flavor-broken light sea quark distributionsdūÞdd̄(Þd s̄
5ds.0) leads to apositivedū(x,Q2) density and a size-
ably larger negativedd̄(x,Q2). These results are supporte
by a recent combined analysis@14# of polarized DIS and
semi-inclusive DIS data and agree with predictions of
relativistic field theoretical chiral quark-soliton mod
@52,50# and of the statistical parton model@53#. Present high
statistics HERA-HERMES data@55# on semi-inclusive

asymmetriesA1N
h6

for h6 production off nucleon targets can
not, however, yet uniquely discriminate between our vale
scenario with flavor-broken polarized light sea densities a
the common standard scenario with a flavor-symmetric li
sea-quark distribution.

A FORTRAN package containing our optimally fitted sta
dard and fully flavor-broken valence NLO~MS! as well as
LO distributions can be obtained by electronic mail.
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