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Polarized parton distribution functions reexamined
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The hard-gluonic contribution to the first moment of the polarized proton structure furgtiai is depen-
dent on the factorization convention chosen in defining the quark spin density and the hard cross section for
photon-gluon scattering. Two extremes of interest, namely, gauge-invariant and chiral-invariant factorization
schemes, are considered. We show that in order to satisfy the positivity constraint for sea and gluon polariza-
tions, the polarized valence quark distributions should fully account for the obsgiyg}l at x=0.2. This
together with the first-moment and perturbative QCD constraints puts a pertinent restriction on the shape of
Au,(x) andAd,(x). The spin-dependent sea distribution in the gauge-invariant factorization scheme is ex-
tracted from the data a§f(x). It is shown in the chiral-invariant scheme that it is possible to interpret the
gh(x) data with anomalous gluonic contributions, yet a best lgdsfit to the data implies a gluon spin
distribution which violates the positivity conditiod G(x)|<G(x). We then propose a more realistic set of
parton spin distributions with sea polarization and with a moderate valig>ofThe polarized parton distri-
butions in this paper are presented in the next-to-leading order of QCD at theQealtd Ge\2. Predictions
for the polarized structure functiorg(x) of the neutron an@‘l’(x) of the deuteron are given.

PACS numbgs): 13.88+e, 12.38.Bx, 13.60.Hb

I. INTRODUCTION lowing way. First, one makes some parametrizations for

spin-dependent parton densities based on some plausible

In the _patit fe;/v dyeafrs v;/e.ha(\j/eh v(\;nnessted ta rePa”:_""blgode) constraints. Then fitting these parametrizations to
progress in the study of polarized hadron structure functiong " 1o 0fg?(x), etc., one obtaingi) a best fit ofAu(x),

and the related proton spin issue. Experimentally, new meaAd(X), andAs(x) at fixed Qé by assumingAG(x,Q§)=0

surements O.f the Iongltud_lnal splrj-depender!t structure funCc')r (ii) a best fit of AG(x) and the polarized valence distri-
tions on various targets in polarized deep inelastic leptong

: . . butionsAu,(x), Ad,(x) with no sea polarization.
hadron scattering became available. The polarized structure However, most of the parton spin densities presented in

functionsg?(x) of the proton(1,2], gi(x) of the neutrorf3],  the jiterature are problematic. First, model-independent QCD
andgf(x) of the deuteroifi4,5] have been measured recently. constraints on the valence spin densitidsi,(x) and
The original European Muon CollaboratidBMC) experi-  Ad, (x) at x—1 are not respected in many existing param-
ment ong®(x) [6], which has triggered a great deal of inter- etrizations. Second, most authors fail to employ a correct
est in the proton spin structure, is confirmed by the newkernel Ac?6(x), the hard cross section for photon-gluon
high-statistics experimental data. Theoretically, a direct firstscattering, to evaluate the gluonic contribution to the proton
principles lattice QCD calculation of the proton matrix ele- structure functiorgf(x). As we are going to stress in Sec. Il
ments of the axial vector current, which is free of theand ~ whether or not gluons contribute i is purely factorization
related problems encountered befpré also became avail- dependenf1l]. Once a factorization scheme is chosen, the
able very recently8,9]. The calculated quark spin is consis- “hard” kernel is completely fixed up to the factorization
tent with experiment. It is also evident from the lattice cal-scaleu,. A determination of parton spin distributions us-
culation that it is the disconnected diagram, which ising any other kernels, for instance, thekernel, is certainly
presumably dominated by the axial anomaly, that explain§ot trustworthy.
why the total spin carried by the quarks in a polarized proton In this paper we shall give a critical analysis of the polar-
is smaller than naively expected. ized parton distributions. We first give a prief overview_in
In spite of the aforementioned progress, the extraction obec. Il on the role of.the hard-gluonic contnbunpn to the first
spin-dependent parton distribution functions, especially fofnoment of the polarized proton structure function. Based on

sea quarks and gluons, from the measured polarized hadr(giﬁe gauge-invariant and ~chiral-invariant .fact'orllzatpn
structure functions remains largely ambiguous and Contro§chemes, we then proceed to extract parton spin distributions

p ) . :
versial. One main issue has to do with the debate of whethdf®™ theg; (x) d_ata n Sec_s. ltand IV, resp(_actlvely. Sections
. P . P and VI contain discussions and conclusions.

or not gluons contribute td'y, the first moment oBf(x).

Depending on the interpretation on the discrepancy between
experiment and the naive expectation o (i.e., the Ellis-
Jaffe sum ruld10]), two different sets of polarized parton  The sea-quark or anomalous gluonic interpretation for the
distributions are often presented in the literature in the folviolation of the Ellis-Jaffe sum rule depends on the factor-
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53 POLARIZED PARTON DISTRIBUTION FUNCTIONS REEXAMINED 2381

ization scheme defined for the quark spin density and the 2
cross section for photon-gluon scattering. Much of the fac- AG’AR(X):(l_ZX)<InW+InT_1) —2(1-x),
torization scheme dependence and the related issues are al- (5)
ready addressed by Bodwin and QiLL]. To set up the no-
tation and the results necessary for our purposes we willq (iii) dimensional regularizatiér12],
recapitulate the main points in RéfL1].
The general expression of the proton structure function in
the presence of QCD corrections to orderis Aog(X)=(1-2x)

L Q° . Y
e TF 4 uis

13 1dy X —2(1-x), (6)
oh(x.Q%) =52, e —(Aqi(y,Q%[a(l— —)
i=1 x Y y . . .. .
where uys is a regulated scale in the minimal-subtraction

N ay(Q?) Af X scheme. For the first moment Ao (x), it is easily seen that
27 qdly . .

B ag(Q?) AUharu(f AG( QZ)} W fo AO’CCM(X)dX:].,fo Ao ar(X)dx= fo Aog(xX)dx=0.
27 y Y, ' (7

where Af, depends on the regularization scheme chosenlhe result(7) can be understood as follows. Any term which
Since the unpolarized parton distributions are usually paramis antisymmetric undex— 1—x, for instance, terms propor-
etrized and fitted to data in the modified minimal subtractiontional to consk(1-2x), makes no contribution to
(MS) scheme, it is natural to adopt the same regularizatiod 0A@(X)dx, a consequence of chiral symmetry or helicity
scheme for polarized parton distributions in which conservation, recalling that the gluon splitting function is of

Afo(x)=f4(x)—4/3(1+x) and(see, e.g.[12]) the form APqG(x)=(2x—1)/2. quever, therg is a chiral-
symmetry-breaking term proportional to {X) in the mass-
4 In(1—x) 3 1 regulator and dimensional regularization schemes, which
fq(x)= 3 (1+x2) 1—) BT compensates the hard contribution arising from the region
X + (1=x)+ kf~Q2, wherek| is the transverse momentum of the quark
in the photon-gluon box diagram.
1+x2 2 : : : byt
- INX+3+2Xx—| =+ —| 8(1—x) Now, in order to consider hard-gluonic contributions to
1-x 2 3 g8(x) (by “hard,” we mean contributions withk?=u2 ),

@) one has to introduce a factorization scalg to subtract the
unwanted soft contribution, i.e., the contribution arising from
the distribution of quarks and antiquarks in a gluon:

Ao x,Q% uZ ) =Ac(X,Q%) — Ac™(x, ute). (8

where the “+" distribution is given by

1 1 —

f g(x)(m) dx:f f(x)wdx. (3) , ) i
0 1-x/, 0 1-x In practice, one makes an approximate expression for the
box diagrams that is valid fd® <Q? and then introduces an

The first moment of ,(x) andAf(x) is 0 and—2, respec- ultraviolate cutoff on the integration variable to ensure
tively. The parton spin densities in E¢l) are defined by that only the regionk? =< uf,. contributes to the soft part
Aq(x)=q'(x)+q'(x)—g'(x) — g*(x) and AG(x) [11]. The choice of the regulator specifies the factorization
=G!(x)—G!(x). It is known that a direct calculation of the convention. When the ultraviolet cutoff is gauge invariant, it
polarized photon-gluon scattering box diagram indicates thaereaks chiral symmetry due to the presence of the axial
Aco(x) has collinear and infrared singularities when anomaly and hence makes a contribution@**". Using the
m?=p?=0, wherem is the quark mass anp? is the four-  dimensional regulator for the ultraviolet cutoff it follows that
momentum squared of the gluon. Depending on the choice df.1]
the soft cutoff, one obtaifgi) m?=0 andp®#0 [13],

Qz 1 2The last term-2(1—x) in Egs.(5) and(6) was neglected in the
Aocem(X)=(1-2x)| IN—=5+In—5—2], (4)  original work of Altarelli and Ros$14] and of Raitcliffe[12], re-
~-p X spectively. It arises from chiral symmetry breaking due to rife
#0 cutoff in the mass-regulator scheme and the violation of the
(i) m*#0 andp®=0 [14], identity {vy,,ys}=0 in the dimensional regularization scheme
when €#0. One may argue that this contribution is soft, for ex-
e ample, in the mass-regulator schemenft< u2 ., and hence it does
Yt is known thatf(l)Aa(x)dx:O in the MS schemd 11]. How- not contribute to “hard” Ac. However, the cancellation of the
ever, the “hard” part of Ao (x) is dependent of the factorization In(Q?/m?) term, which depends logarithmically on the soft cutoff,
scheme chosen, as elucidated below. For this reason we shall disem different x regions is not reliable because chiral symmetry
cuss various soft cutoff schemes. may be broken at some hadronic scale.
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1 A plys and [JAGMYx)dx=1 for u?>p? m? In this chiral-
A soft X)=(l—2X) _ - +In . . . . . .. . .
oceml c YE 02 invariant factorization scheme, the quark spin distributions in
a gluon are obtained by a direct cutoff on theintegration:

+2(1—x),

+|n _1 2 /,sz 2 G
X(1—x) AQ'C(x, b= | Pd%k, AQC(x,K,); (15)
0

2
47 s

Agi%ﬂ(x) =(1— 2x)( - E — ye+In—m— that is, all the quarks witk? < u2,,in the gluon distribution
€ m

are factored into the quark spin distribution. Contrary to the
first schemeAq’EféAq’(x)dx cannot be written as a ma-

AUrS:aOﬂ(X):O, 9 trix element of a gauge-invariant local operatdout it is
, Q? independent as the gauge-variant ultraviolet cutoff in this
for various soft cutoffs, and hence scheme does not flip helicity; it is thus close and parallel to

the naive intuition in the parton model that the quark helicity

fleé%tM(x)dx=1,f1AaZ‘§(x)dx=flAaSéOf‘(x)dx:O. is not affected by gluon ~emissions. Replacing}_(x) by
0 0 0 Aq'(x) andAc™qx) by Ag"q{x) in Eq. (1), we find
(10

1 1 o o
In the mass-regulator and dimensional-regulator schemes, fo gi’(x)dx=§<1—§)2 eé(Aq’—ﬁAG). (16)
the original soft contributions i(5) and(6) are canceled by
the contribution from chiral symmetry breaking introduced ConsequentlyAq andAq’ are related by
by the ultraviolet cutoff. Therefore, in the gauge-invariant
factorization scheme ag
Ag=Aq — =—AG. 17
Q2 _ 27T
Ao x)=(1-2x)| In— +InT—1> -2(1-x),

fact

Finally, we notice that it is also possible to choose an
(11 intermediate ultraviolet cutoff scheme which is neither gauge
nor chiral invariant, so in general Ag=Aq’
where ul=4mufexp(—ye—1/e). It follows that —\(as/27)AG for arbitraryh (A\=0 and\ =1 correspond-
JsA"™qx)dx=0. Note thatAo"{x) is independent of ing to gauge- and chiral-invariant factorization schemes, re-
the choice of soft and ultraviolet regulators. In this schemespectively [17]. It is clear that the issue of whether or not
the quark spin has a gauge-invariant local operator definigluons contribute td'} is purely a matter of the factorization
tion: scheme chosen in defining the quark spin density and the
_ hard gluon-photon scattering cross section; a change of the
S#Aq=<P|QYM75CI|IO>, (12 factorization convention merely shifts the contribution of
Aq(x) andA¢"™qx) in such a way that the physical proton-
wheres,, is the proton spin vector; it iQ? dependent be- photon cross section remains unchanged. Although this con-
cause of the nonvanishing two-loop anomalous dimensiofroversy was resolved sometime ago by Bodwin and[Qiil
associated with the flavor-singlet quark operator. The factsee also Manohdd.8], Bass and Thomdd6)), it is consid-
that gluons do not contribute 0 is in accordance with the  erably unfortunate that many of recent articles are still biased
operator product expansi¢@PE analysis in which only the  on the anomalous-gluonic interpretation of thi(x) data
quark operator contributes 6} at the twist-2, spin-1 level and that the work of Bodwin and Qiu is either overlooked or
[15]: not widely recognized and well appreciated in the literature.

1 1 a
P(x)dx= — _(1_ _5)< T e2q T>S“ I1l. POLARIZED PARTON DISTRIBUTIONS IN THE
fo 93(%) 2 ™ P 2 q47u7sq/P GAUGE-INVARIANT FACTORIZATION SCHEME
1 ag 1 1 This section is devoted to studying the spin-dependent
=5|1-—||gAutgAd+gas), (13  yalence and sea distributions based on ghex) data. We
shall see that the positivity conditidiAs(x)|<s(x) due to

whereAq=[Aq(x)dx. the positivity of unpolarized parton distribution puts a very

By contrast, it is also possible to choose a chiral-invariant

but gauge-variant ultraviolet cutoff, so tHdt1]
30Other main disparities betweety andAq’ are as follows(i) It

Q2 is perhaps less known thgi6] the spin-dependent Altarelli-Parisi
evolution equations apply directly only to tigauge-invariantpar-
ton spin distributions. To evaluate tig? evolution ofAq’(x) and
1—X 2m?—p2x(1—2x) Aq’, one has to first apply Eq36) for example.(ii) In principle,
+ InT - 1) —(1-%x)— = pPx(1—x) Aq’ andAG have a simple partonic definition: the form@atter)
Hiact P can be identified in one-jétwo-jet) events in polarized deep inelas-
(14 tic scattering 13].

Aohadx)=(1-2x ( In
d( ) ( ) :“fzact"_mz_pzx(l_x)
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useful constraint on the shape of the polarized valence quarrder to ensure the validity of the positivity condition
distributions. The presence of the gluon polarization will af-|Aq,(x)|=<q,(x), we choose the Martin-Roberts-Stirling set
fect the shape oAs(x), but not its first moment. A'[MRS(A")] [23] parametrized in theMS scheme at

To begin with, the combination of all EMC, Spin Muon Q2?=4 GeV? as unpolarized valence parton distributions:
Collaboration(SMC), E142, and E143 data fdr} together

with the SU3) parameter§19] F+ D= 1.2573+0.0028 and u,(x,Q%=4 Ge\?)=2.26¢" 21— x)3941-0.54/x
3F—-D=0.579+0.026 yields, a{ Q%)=10 GeV? [20], T 4.65)

Au=0.83+0.03, Ad=—0.43+0.03,
d,(x,Q?=4 Ge\?)=0.27% %831 —x)*4q1+6.80\x

As=-0.10+0.03, (18) +1.9%). (22)

and, hence, Accordingly, we must employ the sanMS scheme for po-

AS=Au+Ad+As=0.31+0.07. (19) larized parton distributionsee Eq(1)] in order to apply the
positivity constraint. For the spin-dependent valence distri-

DecomposingAq into its valence and sea componentsbutions we assume that they have the form
Agq=Aqg,+Aqs, we shall follow Ref.[21] to assume that 15
sea polarization is S@3) invariant, i.e., Au;=Ads=As. Ag,(x)=x*(1-x)f(a+bx+cx+dx™9, (23
This assumption is justified since it leads to
Au,+Ad,=0.60 from Eq.(18), which is very close to the
naive expectation that> =3F—D=0.579 in the absence of he ab h .
sea polarization. The sea polarization is also found to bé e above three copnstralnts._
SU(3) symmetric within errors in the lattice calculatif®,9]. For the data of3(x), we will use the SM( 1] and EMC
This is understandable since the disconnected insertfons [6; results, 2b°th being measured at the mean value of
a definition of connected and disconnected insertions, sego=10 GeV". Following the SMC analysis we have used
[8,9]), from which the sea-quark polarization originates, arethe newF;(x) structure function measured by NM@4],
presumably dominated by the triangle diagram and hence aMhich has a better accuracy at low to update the EMC
independent of the light quark masses in the Iddjnis ef-  data(see Fig. 1 The best leasy? fit to gf(x) atx=0.2 by
fect is absent in unpolarized distribution&herefore, for  (23) is found to bé
SU(3) symmetric sea polarization, we obtain frqd8) that

with @ and 8 given by Eq.(22). We find that an additional
term proportional tox*® is needed in23) in order to satisfy

Au,(x,Q2)=x"2%Y1-x)390.928+ 0.149/x— 1.14X

Au,=0.93, Ad,=-0.33. 20
o v 20 +11.61%%9),
The Monte Carlo computatiofB,9] shows that the magni- ) o6 »
tude of valence quark polarizations arising from the con- Ad,(x,Q8)=x"%%%%1—x)**§ —0.038-0.43/x—5.26(
nected diagram is close to that given (20). 15
In terms of valence and sea spin distributions, @g.can +8.4437, (24)

be recast to the form

1(id
gB(x, Q%) = EJVV{

at Q3=10 Ge\?, which satisfies all aforementioned
4 1 constraints. SinceAd, is negative whileAd, (x) is positive
—Au,(y,Q9)+ = Y, asx— 1, it means that the sign dfd,(x) flips somewhere at
gA v 2) 9Adv( 2) 1,i hat the sign dfd,,(x) fli h
X=Xq [25]. We find thatx,=0.496 in our case.

2 x| ag(Q?) X It is evident from Fig. 1 that a negative sea polarization is

- 2 o = z
+ 3As(y,Q )Hé(l y + o qu<y>

required to explain the observed(x) at smallx. Assuming
AG(X,Q3)=O at this moment, we find fronf21), (24), and

ad(Q?) Ld X 2 ) the data ofy}(x) that the polarized strange quark distribution
—— Ao ar in: AG(Y,Q9) ;. (21) s determined to be

M fact

Recall that in the gauge-invariant factorization scheme, glu- As(x,Qg)=—x +(1-x)%%%0.013x+0.86

ons contribute t@f(x), but not tol'}. In general, both sea —1.18&19), (25)
quarks and gluons contribute to the polarized structure func-

tion, but we will begin with the extreme case As(x)#0,
AG(x)=0. Since the unpolarized sea distribution is small at 4 \as assumed in Ref[21] that Au,(x)=a(x)u,(x),
x>0.2, the positivity constraintAs(x)|<s(x) implies that Ad,(x)=B(x)d,(x) with a(x), B(x)—1 asx—1 and a(x),
the data ofgf(x) atx>0.2 should be almost accounted for g(x)—0 asx— 0. However, the constraint at=0 is not a conse-
by Au,(x) and Ad,(x). Therefore, the shape of the spin- quence of QCD. In the present work we find that
dependent valence quark densities is nicely restricted by thgu, (x)/u,(x)=0.41 andAd,(x)/d,(x) = —0.136 atx=0. As a re-
measuredgf(x) at x>0.2 together with the first-moment sult, |Aq,(x)| is usually larger thafAs(x)| even at very smalk
constraint(20) and the perturbative QCD requiremd22]  (see Fig. 5 beloyw

that valence quarks at=1 remember the spin of the parent Swe have evoluted,(x,Q?) from Q?=4 GeV? to 10 Ge\? in
proton, i.e.,Au,(x)/u,(x), Ad,(x)/d,(x)—1 asx—1. In  order to compare witiq,(x,Q3).




2384 HAI-YANG CHENG, HUNG HSIANG LIU, AND CHUNG-YI WU 53
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+ ¢ 0.25 | .
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FIG. 1. The theoretical curve ofgi(x) fitted to the EMC and FIG. 2. The polarized strange quark distributiem\s(x) fitted
S.MC data atx=0.2 ywth the polarized valence. qugrk distributions 5 the data of?(x). Also shown is the unpolarized strange quark
given by (24) and without sea and gluon polarizations. distribution evaluated @2=10 Ge\? using the MRSA’) param-

) etrization[23].
with As=—0.109 andy?/Npg=12.24/22, where uses of
a1 GeV andQ?=Qj=10 GeV? have been made. Itis neutrino experiments and on the positivity constraint. How-
easily seen from Fig. 2 that the positivity condition ever, this argument is quite controversiaB]. We note that
|As(x)/s(x)|<1 is respected. since the strange quark distribution parametrized by MRS
To illustrate the importance of having a leggt fit of (A") [23] yields J gxs(x)dx=0.0182 for the strange sea mo-
gh(x) atx=0.2 by Au,(x) andAd,(x), let us consider an- mentum, it is consistent with the boundixs(x)dx
other parametrization as an exanfple <0.048+0.022 extracted from the neutrino-nucleon experi-
_ ment [29]. Hence, ourAs(x) does satisfy all known con-
Au, (x)=0.3588 **{1—x)**{1+18.360), strainEs. ]More importangly), a sea pofl)(/a\rization of order
Ad,(x)=—0.155% %54 1—x)*6{1+18.36), (26) I;t?oi[lg ;Te polarized proton is confirmed by lattice calcu-

with Au,=0.93 andAd, = —0.33. Itis evident that, contrary !N @ realistic case, it is very unlikely thAtG(x,sz) van-

to Fig. 1, this parametrization gives a reasonable eye-fit téShes at some scalQ; for all x. Even if AG(x,Qp) =0 at

the data(though x2/Npe=30/22) even at smalk, as de- Q?=Qj, it can be radiatively generated @>Q3. In the
picted in Fig. 3. One cannot tell if there is truly a discrepancyabsence of any information on the shape of the magnitude of
between theory and experiment unless the first moment ddluon polarization except for the restrictiopAG(x)/
g?(x) is calculated and compared with data, i.e.,G(X)|<1, we first take

(T®)theor=0.176-0.006  versus I[P)ep=0.142+0.008
i0.0llﬁl]. Following the same procedur’; as before, we find AG(X*Q?J) = 25AG(1_X)7'44' (27)
that the sea polarization necessary to fit the data violates the

e " . . —~ “with Ag=8.44 andAG=2.5, as an illustration. This param-
positivity condition wherx>0.2. This example gives a nice 2 Co T
demonstration that an eye-fit to the data can be quite mi etrization is taken from the sét of gluon distribution in Ref.

leading. Therefore, we conclude that in order to satisfy thiii] f?g:nwl':tih afﬁgfﬁé g?fggfgiatggrfg dou{ugﬁrspiossted \S/:/.Ie-
positivity constraint due to sea polarization, valence quarkS 9. P 9 P

. o ress gf(x) at x=<0.01 and enhancegf(x) at
spin densities should fully account for the obsergé(ix) at P L o P ! .
x=0.2. As a consequence, a deviation of theory from experip'Ol<X<o'15 so that the net contribution 10, vanishes;

_ _ _ ) . D
ment for the polarized structure function should manifest afhat is, hard gluons contribute g§(x) but not toI'} in the
small x. gauge-invariant factorization scheme. Since a realistic polar-

It has been argued that a bound abs, namely ized gluon distribution ought to have its first moment lie
|As|<0.052"%923 [27], can be derived based on the infor- SOMewhere between 0 and 2.5, we take
mation of the behavior o§(x) measured in deep inelastic AG(x,Qg)=0.199<*1-17(1—x)5-33(0.03— 1.71\/§+3.0]x

+43.519), (28
5This parametrization is taken from R&26] expect that we have

made a different normalization in order to satisfy the first-momentas determined below for casi). The first moment of this
constraint(20). gluon spin density iAG=0.5. The presence &XG(x) will
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0.08 . T 0.35 T T T T T T T T T
zg}(2) . i
0.07 [ EMC +o— B
SMC )

0.03

0.02

0.01

-0.01 : ' —
0.001 0.01 0.1 1

FIG. 3. The predicted curve ofg?(x) arising from the spin- FIG. 5. Parton spin distributions for casg) parametrized at
A . . Q?=10 Ge\2.
dependent valence quark spin distributions given(2§ without

sea and gluon contributions. At first sight, it appears to give a rea-
sonable eye-fit to the data. IV. POLARIZED PARTON DISTRIBUTIONS IN THE

CHIRAL-INVARIANT FACTORIZATION SCHEME

affect the shape aks(x) but not its first moment. Following As elaborated on in Sec. II, in the chiral-invariant factor-
the same extracting procedure as beforeXefx), we find ization scheme the quark sping’ is Q2 independent, and
5 117 06 gluons contribute to the first moment of the polarized proton
As(x,Qf)=—x"(1-x)9%40.014/x+0.865¢ structure function. SinceAq’ =Aq+ (as/27)AG and
~1.18%5) (29) As,=0, it is obvious thatAq,=Aq, for SU3) symmetric
' ' sea polarization. We shall follow Ref21] to assume that
this is also true for their x dependence, i.e.,
Aq,(x)=Aq,(x). SinceAG(x) is also independent of the
factorization chosen, we thus have

with As=—0.11 andy?/Npg=11.75/22. The parametriza-
tions (28) and (29) are regarded as the representative spin
dependent parton distributions for ca@e, as exhibited in
Fig. 5.

1(idy(|4 1
p y=_1 Z!|= 2y4 = 2
R0 =5 y[ SAUL(Y,.Q)+ 5 Ad,(y,Q)
0.08 I , : :
zgf (=) 2 X X\  as(Q?) X
0.07 Es)ﬁg E +§AS (y,Q )Hé(l_y) +?qu(§)

0.06 2 2
- %A&ham(i-—z—) AG(y.QZ)] ., (30

0.05 fact

0.04 with Aa"being given by(14). We note that several differ-
ent expressions for the kernel have been employed in the
literature. For exampleAo(z)=8(1—2z) was used by Al-
tarelli and Stirling [30], Ao(2)=(1—-22)In[(1—-2)/Z] by
Ellis et al.[31]. and by Ross and Robefft32]. However, as
we have stressed in Sec. Il, a correct procedure of subtracting
the soft contribution fromAa(z) will yield a unique
A" qz) up to the factorization scalg,, which is inde-
pendent of the choice of soft and ultraviolet regulators.
o0 07'01 Ofl ) We first discuss the extreme case, nameljij)
z As’'(x)=0 and AG(x)#0, which is just opposite to the
other extreme casg). It has been advocated th@3,13 a
FIG. 4. Two theoretical curves forgf(x). The solid line is the ~ total absence of sea polarization and an anomalous gluonic
predicted curve for cas@) with y%/N p=12.24/22 and the dotted contribution might offer an attractive and plausible solution
curve with y?/N pp=14.95/22 is for casdi) plus the polarized to the so-called “proton spin crisis” by accounting for the
gluon distribution given by(27). discrepancy between the Ellis-Jaffe sum rule and experiment

0.03

0.02

0.01
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for T'}. It follows from (18) that A3’ =0.58 with As’ =0,
consistent with what expected from the relativistic quark
model. To implement a largA%,’ and a vanishing\s’ de- 9
mands a large gluon polarizatiohG= — (27/as)As=2.5

at Q=10 Ge\?. Can the data o§f(x) be explained solely
by Au,(x), Ad,(x), and AG(x) without sea polarization? T 7
To examine this issue we note that the gluon polarization is
subject to the constraint

dy . [(x Q?
J(X, —ZA har
( Q )= 677 y 7 y Mfact

10 ———ry ————ry

s

AG(Y,Q%), (3D

where

1dy

J(x,Q%)=0gi(x, Qz)—— — 0
y Y

0.001 0.01 0.1 1
T

4 2 1 2
x| gAu,(y.Q)+ §Adv(y,Q )
FIG. 6. The polarized gluon distribution extracted from a best
x| ay(Q?) least x? fit to the data ofgf(x) by assumingAs’(x)=0. Also
1 y 24 Af y ) (32 shown is the unpolarized gluon distribution evaluatedQ&t=10
GeV? using the MRSQ') parametrizatiorf23].

X| 8

Apart from the positivity constraints, can one tréad, (x),
Ad,(x), andAG(x) as free parameters and fit them to the
measurecgp(x)'> The point is that when one works in the sue.

auge-invariant factorization scheme, the shape of the oIaE
gaug P P There exist in the literature various parametrizations for

ized valence quark distributions, which is factorization
scheme independent, is constrained by the positivity condipc.’l"’l.r'zed parton distribution functpns ﬁtted to the (_jata
tion |As(x)|=s(x) in particular in the regionx=0.2 within the framework of the chiral-invariant factorization

Therefore, the left-hand side 1) is basically fixed by the scheme. However, most of them are not reliable or trustwor-
data of g'p(x) and the phenomenologicahu,(x) and thy owing to the incorrect use of the hard cross section
1 v

~ hard 1 ;
Ad,(x) given by (24). The polarized gluon distribution can Ag T or photon-gluon scattering, among other things. For
be extracted from the Mellin transformation (1) (for a
detail of the procedure, see RE21)).
The best least squares fit we fouridee Fig. & for
Ui~ 1 GeV andQ?=Q3=10 Ge\? is

tion violating the positivity constraint. Needless to say, we
have to await high-quality data in the future to pin down the

AG(x,Q2)=x""1-x)53%0.03- 1.71/x+ 3.01x
+43.519) (33

with x?/Npg=10.4/22 andAG=2.51. There are two salient
features with this spin-dependent gluon dengityA G(x) is
negative at very smakl, x<<0.025. This is because the best
x> fit to J(x) is positive at smallx. We find that
AG(x)=0 corresponds to a maximumJ(x) occurred at
x~0.025. Consequently, a negative behaviorAdb(x) at
very small x is natural. (ii) the positivity constraint
|AG(x)|<G(x) is violated atx>0.15 (see Fig. 6. Hence,
this AG(x) is physically unacceptable. However, we note L
that a fit to theg}(x) data with the polarized gluon distribu- 0.001 0.01 0.1 1
tion (27), which does respect the positivity condition, is
qua"y accgptable withy?/Npp=14.13/22 (Se_e _the_thick FIG. 7. Three theoretical curves faigf(x). With (27) for the
solid curve in Fig. 7. We thus conclude that it is still pos- polarized gluon distribution, the thick solid curve is calculated us-
sible to reproduce the data gf(x) with anomalous gluonic  ing (24) for valence quark spin distributions afith) for the kernel,
contributions(of course, the shape of the gluon spin distri- while the solid and dotted curves are based28) for Ag,(x) and
bution is basically arbitrajy yet a best leas? fit to data  the A kernel Ao (x) = 8(1—2) for the former curve and the kernel
with x2/Npp=10.4/22 demands a polarized gluon distribu- (14) for the latter.
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example, the predictegf(x) using(26) for Aq,(x), (27) for

AG(x) together with thes kernel A" z) = 5(1—2) fits el I YRR

the data very well with?/Npg = 11.9/22(see the solid curve Eli; 1o

in Fig. 7). But the same set of parton spin distributions fails .06 - 2 T
to fit the data at smalk, x<<0.01, when the correct kernel case (i) -+~

case (ii) —

(14) is employed(shown by the dotted curve in Fig. 7 with 0.04 4
x%INpe=18.3/22). This is because gluon contributions at
smallx gain more weight via the convolution with the non-
6 kernel. Recall that the same set of polarized valence quark
distributions also leads to an unacceptable sea polarization

0.02

when fitted to the datésee Sec. I). Therefore, we believe 0
that our valence quark spin distributions parametrized by
(24) are more sensible than any others. 0.02

Since in a realistic case it is likely that sea polarization is
nonvanishing and the value AfG is between 0 and 2.5, this
leads to the more realistic cagg) As’'(x)#0 andAG(x)
#0. If we assume that the shape®dt(x) remains the same
as that of(33), the positivity condition of the gluon distribu- -0.06 ' :

-0.04

tion requires that o001 oot T ot '
AG(x,Q2)=0.19%+(1-x)53%0.03- 1.71/x+ 3.01x FIG. 8. The predicted polarized structure functig(x) of the
15 neutron aQ?=10 Ge\? using the parton spin distributions in cases
+43.5), (34 (i) and(ii). Also shown are the E142, E143, and SMC data at the

averageQ? of eachx hin.
corresponding tAAG=0.5. Substituting this into Eq(30)
determinesAs’ (x), which we find can be parametrized as 2 ‘
gl(x)+g7(x)= 1155 91X, 37
As'(x,Q2)= —x~ 11— x)%%40.01/Xx+ 0.6%— 0.94%"9) ~>*D

(39 with wp=0.058 being the probability that the deuteron is in

with As’ = —0.087 andy?/Npe=11.8/22. aD state. We find

I'}=-0.053, I'{=0.040, aQ?=10 Ge\?, (38
V. DISCUSSIONS

while, experimentallyf 1-6],
In Secs. Il and IV we have considered four different P M1-6]

cazes ;‘]Qr pqularizgd pa;rton c-iistr.ibutionrs]: in ter;e) gzu?e)-in\éariant —0.022£0.007-0.009, E142 atQ?)=2 Ge\?,
and chiral-invariant factorization schem s(x)#0, .
AG(x)#0, and(iv) As’(x)#0, AG(x)#0. Since the value —0.063-0.024-0.013, SMC atQ? =10 Ge\?,
of AG ought to lie somewhere between 0 and 2.5, it appears (39
to us that casé€ii) or case(iv) is more realistic. Note that
casegqii) and(iv) are not totally independent. This is because@nd
for a givenAG(x), which is factorization scheme indepen- 2 _
dent, the sea quark spin distributiohg (x) andAqgy(x) are F‘1’= 0.034+0.003=0.006,  SMC a(Q2> 10 GeV,
not independent and they are related [24] (see also Eq. 0.042£0.003+0.004, E143 afQ*)=3 GeV’.
(57) of [16]) (40

Shown in Figs. 8 and 9 are the predicted polarized structure
AG(y), (36) functions xgl(x) and xgd(x), respectively, atQ?=10
GeV? using the parton spin distributions in caggsand(ii).
derived from Eqs(1), (1), and(14), where the assumption We see that although our predictions are consistenc'g in gross
Ag/(x)=Aq,(x) has been madé&ee Sec. Y. Clearly, its x:?f} (ragf;i):égnggésdr::w measurementsgﬁ‘(x) and g;(x)
v vt ; . y are certainly needed. Note that the
first moment is precisely E17), as it should be. We have 2 gependence of polarized structure functions is not dis-
explicitly checked that\s(x) of (29) andAs’(x) of (35) do  yssed here since our parton spin distributions are param-
satisfy the relation36). The spin-dependent parton distribu- etrized atQ§= 10 Ge\? and it is known that onlp2>Q§
tions in this work are presented in théS scheme in the ayo|ytion is governed by the Altarelli-Parisi equations.
next-to-leading order of QCIfor a similar work, se¢34]).

It is straightforward to compute the polarized structure
functionsgj(x) of the neutrong‘lj(x) of the deuteron, and
their first momentsl'] and I'{, respectively. The various The fact that the size of the hard-gluonic contribution to
polarized distributions satisfy the relation szf(l)gﬁ’dx is purely a matter of the factorization conven-

AG(x) = A asfldy 1 X
gs(X)= QS(X)"_? YTy

VI. CONCLUSIONS
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leading order of QCD at the scaf@®=10 GeV?.

Based on the chiral invariant scheme and the aforemen-
tioned valence quark spin densities, we have found that it is
possible to explain the measurementgPfx) with anoma-
lous gluonic contributions, yet a leagt fit to the data indi-
cates that the best fitted gluon spin distribution violates the
positivity condition|AG(x)|<G(x). We have considered a
more realistic set of parton spin distributions with a moderate
value of AG=0.5 and with a nonvanishing sea polarization.
Many parametrizations of polarized parton distributions pre-
sented in the literature are not trustworthy due mainly to the
use of an incorrect hard cross section for photon-gluon scat-
tering.

In principle, the choice of the set akq(x), AG(x),
Ad"™qz) or of Aq'(x), AG(x), Ac"Yz) to describe the
polarized hadron structure function is a matter of convention.
In fact, for a givenAG(x), Aq'(x) andAq(x) are related
via Eq. (36). In practice, the gauge-invariant quantity is
probably more convenient and natural to use since it can be
expressed as a nucleon matrix element of a local gauge-

FIG. 9. Same as Fig. 8 except for the deuteron. The SMC data dhvariant operator. It is calculable in lattice QCD and, more
gy(x) are evaluated &@?=10 Ge\?, while E143 data at the aver- jmportantly, itsQ? evolution is directly governed by the po-
ageQ? of eachx bin. larized Altarelli-Parisi equations, which is not the case for
) ) o S Aq' andAq’(x) [see footnote 3 after E415)].
tion chosen in defining the quark spin distribution promotes ¢ course, inclusive polarized deep inelastic scattering ex-
us to consider four different possibilities of polarized parto”periments alone cannot reveal the magnitude and shape of
distribution functions in two extreme factorization schemesie gluon spin distribution, and one has to await measure-
gauge-invariant and chiral-invariant ones. One cannot tellyents ofAG in independent processes in order to fully un-
experimentally whether or not gluons contributeltp. We  derstand the proton spin structure. Nevertheless, there does
stressed that the hard cross section for photon-gluon scattesxist a truly theoretical progress since the EMC measure-
ing is unique up to the factorization scalg,; and is inde-  ment of g?, namely, the lattice calculation of the proton
pendent of the choice of the soft and ultraviolate regulatorsqatrix elements of the axial currefig,9]. The empirical

Owing to the positivity constraints for sea and gluon po-g\y3) invariance observed by lattice QCD for the sea polar-
larizations,g(x) atx=0.2 should receive almost all contri- jzation manifested in the disconnected insertion strongly sug-
butions from polarized valence quark distributions. This tO'gestS that it is the axial anoma]y which is responsib]e for the

gether with the first moment and perturbative QCDnegative sea polarization and which explains the smallness
constraints puts a very nice restriction on the shape 0pf the quark spin content of the proton.

Au,(x) and Ad,(x). Equation(24) is our best result for
valence quark spin distributions at averag@®?)=10
GeV2. Working in the gauge-invariant factorization scheme,
we have extracted the polarized sea distribution function One of us(H.Y.C.) wishes to thank K. F. Liu and X. Ji for
from the EMC and SMC data aff(x) with the result25) many helpful discussions. This work was supported in part
and (29) for cases(i) and (ii), respectively. All polarized by the National Science Council of ROC under Contract No.
parton distributions in this work are presented in the next-toNSC85-2112-M-001-010.
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