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Polarized parton distribution functions are determined by using world data from the longitudinally polarized
deep inelastic scattering experiments. A new parametrization of the parton distribution functions is adopted by
taking into account the positivity and the counting rule. From the fit to the asymmetnAdatae polarized
distribution functions ofu andd valence quarks, sea quarks, and gluons are obtained. The results indicate that
the quark spin content A%, =0.20 and0.05 in the leading ordegiLO) and the next-to-leading-ordéNLO)

MS scheme, respectively. However, if tkedependence of the sea-quark distribution is fixed at smbal
“perturbative QCD" and Regge theory, it becom& = 0.24-0.28 in the NLO. The sail-x behavior cannot

be uniquely determined by the existing data, which indicates the importance of future experiments. From our
analysis, we propose one set of LO distributions and two sets of NLO ones as the longitudinally polarized
parton distribution functions.

PACS numbds): 13.60.Hb, 13.88te

I. INTRODUCTION such improvements in the data precision, new programs are
For a long time, deep inelastic scatterif@S) of leptons  underway or in preparation at SLAC, the Brookhaven Na-
from the nucleon has served as an important tool for studytional Laboratory relativistic heavy ion collidéBNL-RHIC)
ing the nucleon substructure and testing quantum chromody8]. the European Organization for Nuclear Research
namics(QCD). Structure functions of the nucleon have been(CERN [7], etc., and results are expected to come out in the

measured with this reaction to great precision, which ofterfheear dfetj\:glrgbrggntth(e;fottl’kl‘eernhe?(t[]ibflheil%riﬁg?g:(?ﬂg;cgscsgCh as

proyu_jes a firm b_a_5|s of a sea_rch for new physics in haOIror(1,alculations of polarized splitting functiori8,9] stimulated
collisions. In addition, the bgsm parameters of QCD such @hany works on the QCD analysis of polarized parton distri-
a5 O Agcp have been obtained from ti@® dependence of pytion functions(PDF's) [10-16. There is an attempt to
the structure functions. Consequently, hadron-related reagbtain next-to-next-leading ordéXNLO) splitting functions
tions at high energies are described by the parton model arjd7] and we can expect further progress in the precise analy-
perturbative QCD with reasonable precision. sis of polarized PDF's.

The measurement of the polarized structure function In this paper, we presen.t an analysi_s of world data on the
g?(x,Q?) by the European Muon CollaboratigiEMC) in ~ Cross section asymmet#y, in the polarized DIS processes

1988[1] has, however, revealed the more profound structurdo! the p{f’tgqﬁ, niutron, atnd g\eu'lterpnéahg%ts. \tNe fc(J:rmed a
of the proton, which is often referred to ashé proton spin group called the Asymmetry Analysis CollaboratithAC),

. . . X 2
crisis.” Their results are interpreted as a very small quarkand our goal is to_determme polarized PDRE;(x,Q%),

contribution to the nucleon spin. Then, the rest has to bgvherehifu,d,s,u,d,s, .-, andg. A]:noth_er pOSSiB'e ap-
carried by gluon spin and/or by the angular momenta of'%ach 1 tgdpara;r)e;rlze sgructure ungtlog%,(x,Q ) (Nb'
quarks and gluons. Another consequence of their measug{a?—oa’ n, andd), which can be expressed as linear combina-

ment was that the strange quark is negatively polarize s of th_e PDF’s. In the_ analy5|_s and predictions of the_
which was not anticipated in a naive quark model. ¢ross section asymmetry in polarized hadron-hadron colli-

The progress in the data precision is remarkable in post?'ons’ however, what we need are polarized PDF's rather

EMC . ts. The final Its of the Spin M Col han structure functions, because the contribution of each
experniments. The final results ot the Spin viuon .O'quark flavor is differently weighted in, e.gg,g—gq from
laboration(SMC) experimen{2] have been reported, and its DIS where each flavor is weighted by electric charge

value ofAf at the lowesk has decreased in comparison with squared.

their previous on¢3]. The final results of high-precisioA? We chooseA; as the object of the analysis, since it is
andA{ data have been presented by the Stanford Linear Aceloser to the direct observable in experiments than
celerator CentefSLAC) E143 Collaboratior{4], and they  g'(x,Q?). Theg!(x,Q?) data published by the experiments
consist of more than 200 data points. Moreover, the measuretepend on the knowledge on the unpolarized structure func-
ment of g§(x,Q?) with the pure hydrogen target has beentions at the time of their publication. By choosiAg as the
carried out by the HERMES Collaboratih]. In addition to  object of the analysis, we can extend the analysis to include
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33’; 22‘; of data easily without any change in the previous (.0 2001 - y[91(%,Q2) +g5(x,Q%)]
. »(x,Q%) = = .
As explained in Sec. II, we parametrize the polarized par- oT12t 0T 32 F1(x,.Q%)
ton distributions at small momentum transfer squa@d (2.9

=1.0 GeV* (=Qp) with a special emphasis on the positivity Here o1 1, and o7 3, are the absorption cross sections of

agﬁ,tgua\,rvlﬁgfeurmgg er>l<Jleéri-r;heer?télthggt:n\—i‘V(SXeOht/aeSe;oQtfe th virtual transverse photon for the total helicity of the photon-
P ’ P » BY T cleon system of and 2, respectivelyr, 1 is the interfer-

. > ; X
ek hon rOJa US £nce e betweer th iransvrse and ongtuinalproor
constructA, as " "hucleon amplitudesE(x,Q?) is the unpolarized structure

! function of the nucleon. If we measure both andA, , we

can extract botfy, (x,Q?%) andg,(x,Q?) from experimental

) 01(x,Q?) data with minimal assumptions. OtherwisgA, should be
A1(x,Q )ZW= (1.9) neglected in Eq(2.2) to extractA;. This is justified since
ne nA, is much smaller thai\; in the present kinematical re-

) ) ) gion. However, its effect has to be included in the systematic
to compare with the experimental data. The polarized partoR,.o; |n the smalk or largeQ? region, 2 is the order of

distributions at the initian are determined by &2 analy- 10-3—10"2. An absolute value of,(x,Q?) has been mea-

SIs. _ . o sured to be significantly smaller thay (x,Q?). Therefore,
In Sec. Il, we describe the outline of our analysis with thethe asymmetry in Eqi2.3) can be expressed by
necessary formulation and the data set used in the analysis.

Section Il is devoted to the explanation of the LO and NLO 91(x,Q2)
Q? evolution programs which we developed for our fit. The A(x,Q%)= —2 (2.5
parametrization of the polarized parton distribution functions F1(x,Q%)

at the initial Q3 is described in Sec. IV, and the fitting results L : .
are discussed in Sec. V. The conclusions are given ifo good approximation. Since the structure function usually
Sec. VI. extracted from unpolarized DIS experimentsFis(x,Q?),

we useF,(x,Q?) instead ofF ;(x,Q?) by the relation

Il. PARTON MODEL ANALYSIS OF POLARIZED Fz(X;Qz)

DIS DATA Fi(x,Q%)= (2.6

2x[1+R(x,Q)]
In the experiments of polarized deep inelastic scattering
(DIS), direct observables are the cross-section asymmetriéBhe functionR(x,Q?) represents the cross-section ratio for
A andA, , which are defined as the longitudinally polarized photon to the transverse one,
o lor, which is determined experimentally in reasonably
oo T wide Q? andx ranges in the SLAC experiment of R¢1.8].
=) A=——7-—. (2.1 Recently published data dR(x,Q?) by the New Muon Col-
opton ot o laboration(NMC) [19] showed slightly different values from
the SLAC measurement but mostly agreed within experi-
The oy, ando;| represent the cross sections for the leptonmental uncertainties. Therefore, we decided to use SLAC
nucleon scattering with their parallel and antiparallel helicitymeasurements to be consistent with the most of the analyses
states, respectively. On the other hand,dhe, ando|_, are  of polarized DIS experiments.
the scattering cross sections for transversely polarized The structure functiodF, can be written in terms of un-
nucleon target. We suppress the dependenca and Q>  polarized PDF’s with coefficient functions as
where it is evident hereinafter. The asymmetrigsandA, ,

Al

are related to the photon absorption cross section asymme- N _
tries, A, andA,, by Fa(x,.Q%)= 2 efx{Cq(x as) @[ a(x,.Q%) +&(x,Q%)]
i=
A=D(Ai+7A), A =d(A,—(A), (2.2 +Cy(X,a9) @9(X,Q%)}. 2.7

whereD represents the photon depolarization factor grig Hereq; anda are the distributions of quark and antiquark of

approximated ag(1—y)/(1—y/2) with y=2Mx/ Q2. The flavor i with electriczchargeei. The .gluon_ distrjbution is
d and ¢ are other kinematical factors. The asymmetrieg, ePresented bg(x,Q). The convolutions is defined by

andA,, can be expressed as
a(y). (2.9

idy [x
fummw=L§4@
0112~ 01302 _ 01(x,Q%) — ¥°g2(x,Q?)

01127071312 F1(x,Q?)

Ai(x,Q%)=

The coefficient functionsC, andCgy, are written as a series
(2.3  in ag with x-dependent coefficients:
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» k
Clxa)=, (“—) CM(x). 2.9
k=0 \2m
The LO coefficient functions are simply given by
CPx=81-x, cP=0. (2.10

In the same way, the polarized structure functigx,Q?) is
expressed as

10
0:(x,Q%) =5 2 ef{ACq(x,as)@[A0;(x,Q7)
+A0i(x,Q?)]+AC(x, a9 ®Ag(x,Q?)},
(2.11)

where Agi=q/ —q/ (i=u,d,s, ...) represents the differ-

ence between the number densities of quark with helicity
parallel to that of parent nucleon and with helicity antiparal-

lel. The definitions oan andAg are the same. The polar-

ized coefficient functiona C, andAC, are defined similarly
to the unpolarized case.

Another separation of the quark distribution can be don

by using flavor-singlet quark distribution3 (x,Q?) and

flavor-nonsinglet quark distributions for the proton and the

neutron,AqR<(x,Q?) andAqp«(x,Q?), respectively. Those
can be expressed with polarized PDF’s as follows:

A3 (X)=ag(X)=Aut(x)+Ad*"(x)+AsT(x),

3 1
AgRd'(x)= izag(x) + Zag(x)

=+ 2[AU7 ()~ Ad" ()]
1
+Z[Au*(x)+Ad*(x)—2As*(x)],
(2.12
where Au*(x)=Au(x)+Au(x) and similarly for Ad*(x)

and As™(x). Analyses in Refs[12] and [15] utilized this
separation. Such separation is usefulQif evolution, and it

PHYSICAL REVIEW 2 034017

Of course, we already know that unpolarized sea-quark
distributions are not flavor symmetri20] from various ex-
periments including Drell-Yan production of lepton pairs in
pp andpd collisions. Therefore, this assumption is only jus-
tified as an approximation due to limited experimental data.
In principle, charged-hadron production data could clarify
this issue. Although ay? analysis for the SMC and

HERMES data seems to suggest a slightexcess oveAd

[21], the present data are not accurate enough for finding
such a flavor asymmetric signature. Future experiments with
charged current at RHI22] and polarized option at HERA
will be very useful in improving our knowledge on the spin-
flavor structure of the nucleon. Furthermore, as it has been
done in the unpolarized studies, the difference between the
polarizedpp and pd cross sections provides a clue for the
polarized flavor asymmetrj23] although actual experimen-
tal possibility is uncertain at this stage.

The parametrization models studied so far have various
differences in other aspect&@) the choice of the renormal-
ization scheme(b) the functional form of the polarized par-
ton distributions due to different physical requirements at
QS, and(c) the physical quantity to be fitted. In the follow-

eing, we describe our position on these issues.

A. Renormalization scheme

Although the parton distributions have no scheme depen-
dence in the LO, they do depend on the renormalization
scheme in the NLO and beyond. In the polarized case, we
have different choices of the scheme due to the axial
anomaly and the ambiguity in treating thyg in n dimensions
[16]. In the NLO analysis, the widely used scheme is the
modified minimal subtractionMS) scheme, in which the
first moment of the nonsinglet distribution @2 indepen-
dent. It was used, for example, by Mertig and van Neerven
[8] and Vogelsand9]. However, the first moment of the
singlet distribution isQ? dependent in this scheme and thus
it is rather difficult to compare the value of3 (x,Q?) ex-
tracted from the DIS at larg®? with the one from the static
quark model at smalD?. To cure this difficulty, Ball, Forte,
and Ridolfi[24] used the so-called Adler-Bardeen scheme, in
which the first moment of the singlet distribution becomes
independent 0fQ? because of the Adler-Bardeen theorem
[25]. In those schemes, however, some soft contributions are

is also natural when one wants to obtain quark contributiorincluded in the Wilson coefficient functions and not com-

to the proton spin/gAS (x)dx.

pletely absorbed into the PDF’s. Another scheme called the

On the other hand, when we try to calculate the crosseT scheme[26] or the chirally invariant schemg27] has
section for polarizeghp reaction, e.g., Drell-Yan production been recently proposed. All the hard effects are absorbed into

of IEpton pairs, we need the combination afg;(x;)
X AQi(Xy) (multiplied by electric charge squared o allow

the Wilson coefficient functions in this scheme.
Although we choose th#®IS scheme in our analysis, the

such calculations with the above separation, we need furthétolarized PDF’s in one scheme are related to those in other
assumption on the polarized antiquark distributions, e.g., flaschemes with simple formuld46].

vor symmetric sea,AUg{X)=AU(X)=Aded{X)=Ad(X)

= As(x)=As(x). With such an assumption, the above sepa-
ration becomes equivalent to the PDF separation in a sense

B. Functional form of polarized PDF and physical
requirements

that one description can be translated to another by a simple Different functional forms have been proposed so far for

transformation.

the polarized PDF’s by taking account of various physical
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TABLE I. Summary of published polarized DIS experimental data on the spin asym#getiihe listed
are the number of data points aba@é=1 Ge\?.

Expt. X range Q? range No. of data A,/g,(x,Q%) R(x,Q?  Ref.
contribution
EMC (p) 0.015-0.466 3.5-29.5 Ge¥/ 10 Neglected  Q?-indep  [1]
SMC (p) 0.005-0.480  0.25-72.07 G&V 12 Neglected R1g90 [2]
E130(p) 0.18-0.70 3.5-10.0 Ge¥/ 8 Neglected constant [31]
E143(p) 0.022-0.847  0.28-9.53 Ge&¥ 81 Measured R1990 (4]
HERMES (p) 0.021-0.85 0.8-20.0 Ge¥ 19 E143/SMC R1990 (5]
SMC (d) 0.005-0.480 1.3-54.4 Ge¥/ 12 Neglected R1990 (2]
E143(d) 0.022-0.847  0.28-9.53 GeV 81 Measured R1990 [4]
E155(d) 0.01-0.9 1.0-40.0 Ge¥ 24 g RigodNMC  [34]
E142(n) 0.035-0.466 1.1-5.5 Ge¥/ 8 Neglected R1g90 [32]
E154(n) 0.0174-0.5643  1.21-15.0 G&V 11 Measured R1990 [33]
HERMES(n)  0.033-0.464  1.22-5.25 Ge&V 9 Neglected R1990 (5]
conditions. We choose the functional form with the special C. Physical quantities to be fitted

emphasig on the positivity con_d_it?on and _q_uark CO‘_J”_“”Q rule In most of the polarized experiments, the data have been
[28] at Q§=1.0 Ge\f. The positivity condition is originated presented forA;(x,Q%) and g,(x,Q%). Some analyses

in a probabilistic interpretation of the parton densities. Th 12141 h 2 | hil h-
polarized PDF’s should satisfy the condition 112,14,15,3 used t €01(x, Q%) a; data samples, while ot
ers[10,11,13,16 used theA;(x,Q%). It should be, however,
|Af,(x,Q2)|<f,(x,Q2). (2.13  noted thagl(x,Qz)_ is obtained by multiplying&l(x,QZ) by
F1(x,Q?), so that it is not free from ambiguity of the unpo-
This is valid in the LO since we can have the completelarized structure functiorf: 1 (x,Q?). Thereforg, we consider
probabilistic interpretation for each polarized distribution that it is more advantageous to use thgx,Q<) as the data
only at the LO. Even in NLO, however, the positivity con- samples not only for the current work but also for the con-
dition for the polarized cross sectiaho with the unpolar-  venience in expanding the data set to include new data set
ized cross sectiomr, from SLAC, DESY (German Electron SynchrotrgrCERN,
and RHIC.
|Ao|<o, (2.19 Another important quantity which we should carefully
consider is the cross-section raf§x,Q?)= o /o, where
should still apply for any processes to be calculated with ther, and o are absorption cross sections of longitudinal and
polarized PDF's to the order @(«s). Since it is very dif-  transverse photons, respectively. In principle, nonzero
ficult to calculate the polarized and unpolarized cross secr(x,Q?) is originated from radiative corrections in perturba-
tions of the NLO for all the possible processes, it is nOttive QCD' h|gher twist effects, and target mass effects.
realistic to determine the polarized NLO distributions by theHigher twist contribution tdR(x,Q?) is expected to be small
positivity condition of Eq.(2.14). In our analysis, we simply i, the largeQ? region. So far, some analyses employed non-
require that Eq(2.13 should be satisfied in the LO and also ,¢,q R(x,Q?), while other analyses assum&{x,Q?) =0
2 . . 1 1 y .
NLO at Qg. It is shown in Ref[29] that the NLOQ? ev0-  However, the latter is not consistent with the experimental
lution should preserve the pOSlthl'ty maintained at IHI(@. ana|ysis procedure, SinNX,QZ) is also used for the evalu-
In many cases, Regge behavior has been assumed foration of photon depolarization fact@. Indeed our analysis
—0, and the color coherence of gluon couplings has beeshows that world data prefé(x,Q%) #0: the x? increases
also used ax=0 [30]. Furthermore, it is an interesting guid- significantly withR=0. Therefore, we use nonzeR{x,Q?)
ing principle that the polarized distributions have a similarin fitting the data ofA;(x,Q?).
behavior to the unpolarized ones in the lasgeegion[16]. Table | summarizes experiments with published data on
Since the behavior of the distributions at larges deter-  the polarized DI§1-5,31-34 These measurements cover a
mined by the term (% x)# in the functions, whereg is a  wide range ofx and Q2 with various beam species and en-
constant, we simply require that the polarized distributionsergies and various types of polarized nucleon target
should have the same {1x)” term as the unpolarized ones. shown in the table The listed are the number of data points
Those physical requirements and assumptions have to kghoveQ?=1.0 Ge\#, and the total number of data points are
tested by comparing with the existing experimental data. 375,
As for the choice oRZ, it has to be large enough to apply ~ We use the data with minimal manipulation to analyze
perturbative QCD, but it should be small enough to maintairthem in our framework so as to be consistent with §re
a large set of experimental data. We figd=1.0 Ge\? tobe  evolution, the unpolarized parton distributions, and the func-
a reasonable choice in our analysis. tion R(x,Q?). For example, the E143 provides the proton
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data which are obtained by combining the results of differen{CTEQ) [37] at Q?=5 Ge\? in the x range 0.00% x<0.7.
beam energies using the weights based on the unpolarizethe differences between these distributions are merely less
cross sectionf4] (28 pointg, in addition to “raw” data for  than about 3%. The differences depend onxhegion; how-
each beam enerdg1 points alQ?>1 Ge\?). Such weights ever, we find no significant systematic deviation from the
depend on the choice of the unpolarized structure functiong3RV distribution.
which are being updated. To localize dependence on the un- We calculate the GRV unpolarized distributions Q¢
polarized structure functions in the final manipulation for=1 Ge\? in Ref. [35].! The distributions are evolved to
getting g,(x,Q?), i.e., A;(x,Q?) multiplied by F;(x,Q?), those atQ? by the DGLAP equations, then they are convo-
we decided to use therdaw” data in our analysis. luted with the coefficient functions by E.7). Because the
Table | also includes analysis methods. One of the majounpolarized evolution equations are essentially the same as
differences in the analysis is the treatment of &gx,Q?) the longitudinally polarized ones in the following, except for
and g,(x,Q?) contributions to theg;(x,Q%)/F(x,Q?). the s_plitting functions, we do not discuss them in this paper.
Some of SLAC experiments measured béthand A, to The interested reader may read, for example, (3.

enable direct extraction af,/F, andg,/F,. Other experi- The polarized PDF's are prmgided at the init@f; there-
ments included a possible contribution g, in their esti-  fore, they should be evolvzed " by the DGLAP equation
mation of systematic errors. in order to obtaing,(x,Q“). The DGLAP equations are

As mentioned above, the choice of the functiR{x,Q?) coupled integrodifferential equations with complicated split-
potentially affectsA,(x,Q?), thus final results on polarized ting functions in the NLO case. Both the LO gnd NLO .cases
PDF’s, since the function affects the photon depolarizatiorf@n be handled by the same DGLAP equation form; how-
factor D. While it was assumed to be constant in the analy-£ver, the NL(,‘? effects are included in the running coupling
ses of the early days, its dependence an@? dependence Cconstanta(Q) and in the splitting functiona P;; (x).

have been found to be significafits]. To reflect the most In solving the evolu_tion equations, it is more convenient
updated knowledge oR(x,Q?) on our analysis, we have © Use the variabledefined by
reevaluated the E130 and EMC data by usRigodx,Q?) t=InQ?, 3.

[18], which most of the experiments employed. However, we
found changes of a few percent in EMC data and about 10%stead of the variableQ?. Then, the flavor nonsinglet
in E130 data: both of them are smaller than experimentaDGLAP equation is given by
errors.

d ag(t)
EAqNs(x,t):—APq¢’N§X)®AqN§x,t), (3.2

Ill. Q2 EVOLUTION 2m

) where Aqyng(x,t) is a longitudinally polarized nonsinglet

In our framework and in most of the analyses of structureparton distribution, and P+ ys is the polarized nonsinglet
functions in the parton model, the polarized parton distribu-sp|itting function. The notatiom™ in the splitting function
tions are provided at certai@2(=Q02) with a number of indicates a ‘Aina type” distribution E»a(Aq-iAa)
parameters, which are determined so as to fit polarized Svherea; is given constant with flavor. Thle Isingllet evé)l,u-
perimentgl datza. The experimentfal data, in ggne_ral,_rangﬁon is Imore complicated than the nonsinglet one due to
over a wideQ® region. Tzhe polarlged Pparton distributions o, participation in the evolution. The singlet quark distri-
have to be evolved fro@o tq the@ pomt_s, where expert- bution is defined by 3, (x,t) ==;N(Aq; +AE) and its evo-
menta.I dgta were obFa|ped, in the r;malysg. n calzculatmg lution is described by the coupled integrodifferential equa-
the distribution variation fromQg, to given Q< the tions
Dokshitzer-Gribov-Lipatov-Altarelli-Paris{DGLAP) evolu- ’
tion equations are used. J (Az(x,t)) ag(t) ( AP44(X) Aqu(x)>

To compare our parametrization with the data, we need to —
P P at\ Ag(x,t) 27 | APgq(X)  APgg(X)

construct A;(x,Q?) from the polarized and unpolarized
PDF’s. Since the determination of the unpolarized PDF's is
not in our main scope, we decided to employ one of the ®(AE(X’U)
widely used sets of PDF’s. Although there are slight varia- Ag(x,t) ]’
tions among the unpolarized parametrizations, the calculated ) ) ) ) _
F.(x,Q?) structure functions are essentially the same be- Thg numgrlcal solution of these integrodifferential equa-
cause almost the same set of experimental data is used in tH&NS is obtained by a so-called brute-force method. The vari-
unpolarized analyses. The ®k+Reya-Vogt(GRV) unpolar- ~ ablest andx are divided into small stepst; and x;, re-
ized distributiond35] have been used in our analyses; how-SPectively, and then the integration and differentiation are
ever, the parametrization results do not change significantiglefined by

even with other unpolarized distributions. We checked this

point by comparing the GR\F,(x,Q?) structure function

with those of Martin-Roberts-Stirling-Thorn@IRST) [36] IActual calculation has been done by tRerRTRAN program,
and the Coordinated Theoretical-Experimental Project ofvhich was obtained from the www site, http://durpdg.dur.ac.uk/
QCD Phenomenology and Tests of the Standard ModeHEPDATA/PDF.

(3.3
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df(x)  f(Xmy1)—F(Xm) 0.07
_ m+1 m ' (3.4)
dx OXm 006{ ---- Lo
N 005 — NLO
f f(x) dx= 2, %pf(Xm). (3.9 0.04
m=1 a
Egc 0.03 60 GeVz
The evolution equation can be solved numerically with these ;]
replacements in the DGLAP equations. This method seems Q%=1 GeV?
to be too simple; however, it has an advantage over others %0
not only in computing time but also in future applications. IS et
For example, the evolution equations with higher-twist ef-
fects cannot be solved by orthogonal polynomial methods. It~ -¢lo ool o1 1

is solved rather easily by the brute-force mett88é]. An-
other popular method is to solve the equations in the moment
space. However, thedistributions are first transformed into ~ FIG. 1. Q* evolution results for the proton structure function
the corresponding moments. Then, the evolutions are nLglp' The initial LO and NLO-1g; structure functions are evolved
merically solved. Finally, the evolved moments are agairio those at 60 Ge¥by the LO and NLO DGLAP evolution equa-
transformed into thex distributions. If the distributions are tons.

simple enough to be handled analytically in the Mellin trans-

formation, it is a useful method. However, if the distributions these refinements, the evolution equations are solved signifi-

become complicated functions in future or if they are givencantly faster, and the subroutine can be used in the param-
numerically, errors may accumulate in the numerical Mellinggrization study.

and inverse Melli_n transforr_nations. Therefore_:, our mef[hod IS \We show theQ? dependence in?(x,Q2) andAP(x,Q2)
expected to provide potentially better numerical solution al
though it is very simple.

X

“as a demonstration of the performance of our program. The
The employed method is identical to that in RES8] in numerical calculations are done such that the accuracy be-

its concept, but we had to improve the program in its com-cOMEs better than about 2% in the aymm@tfy_ The. LO
puting time, since the evolution subroutine is called a few@Nd NLO (set NLO- parton distributions obtained in our
thousand times in searching for the optimum set of polarize@nalyses are used. The details of these distributions are dis-
distributions. There are two major modifications. The firstcussed in Sec. V. The initial structure functiogs at Q

one is to change the method of the convolution integrals, andr 1.0 GeVF are evolved to those &°=60.0 Ge\f. Most of

the second is to introduce the cubic spline interpolation fothe usedA; data are within thi©? range. The LO and NLO
obtaining the parton distributions during the evolution calcu-results are shown in Fig. 1 by the dashed and solid curves,
lation. Previously we calculated the convolution integral byrespectively. The LO distributions tend to be shifted to the
Idyly) AP(x/y)Aq(y,t). In this case, we had to calculate smallerx region than the NLO ones. There are two reasons
the splitting functions for eack value in the numerical in- for the differences between the LO and NLO distributions.
tegration, since the integration variable and the argument dDne is the difference between the LO and NE@structure

the splitting function are different. Because the NLO split- functions for fitting the same data setAf, and the other is
ting functions are complicated, this part of calculation con-the difference inQ? evolution.

sumed much time. In the present program, we evaluate the |n Fig. 2, ourQ? evolution curves ax=0.117 are shown
integral by[(dy/y) AP(y)Aq(x/y,t), which is mathemati-  with the asymmetrya, data by the SM2], SLAC-E143
cally equivalent to the above integral, and thus, we only neegl4] and HERMES[5] collaborations. The initial distribu-

to calculate the splitting functions at a fixed setx¥alues  tions are our LO and NLO parametrizationsQi=1 Ge\2.
once before the actual evolution. For example, the nonsinglefhe dashed and solid curves indicate the LO and NLO evo-
equation, Eq(3.2), becomes lution results, respectively. In the larg? region, bothQ?

N variations @A, /Jin Q%) are almost the same; however, they
Adne(Xeti 1) = Agua X t)+ ot ag(t) i % differ significantly at smallQ?, particularly in the region
NS+ NS 27 2k Xm Q%<2 Ge\2. As theQ? becomes smaller, the NLO contri-

butions become more apparent. We find that the theoretical
X APg= ns(Xm) AQNS(ﬁ:tj)- (3.6 asymmetry.hasg2 dependence although it i§ not largexat
Xm =0.117. It is often assumed that the experimental asymme-
try A;(x,Q?) is independent ofQ? by neglecting theQ?
If the initial distributionAqNs(xk/xm,t0=0) is provided, the  ayolution difference betweegy (x,Q?) andF4(x,Q?) in ex-
next distributionAq (Xx,t;) is calculated by the above tracting theg;(x,Q? structure functions. The assumption
equation. ThenAqys(X«/Xm.t1) is calculated by the cubic has no physical basis. For a precise analysisQhalepen-
spline interpolation. Repeating this stp— 1 times, we ob- dence in the asymmetry has to be taken into account properly
tain the evolved nonsinglet distributiquS(xk,tNt). With  and our framework is ready for such precision studies.
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o4 1o Afi(x,Q8) =hi(x) fi(x,QF), 4.2

| — NLO
0.35 it . El43 where

xX=0. s SMC ) X h
0.3] o HERMES hi(x)=A; x4 (1—x)Pi (1+ y, xN), 4.3
:— 0.25] at the initial scaIeQS. Therefore, the positivity condition can
be written as
0.2
| hi(x)|=1. (4.9
0.151 o )
Furthermore, taking into account the counting rule men-

o1 : , tioned in Sec. Il, we reduce E@.3) to

05 1 10 100

QXGeV? hi(x)=A; X% (149 XM), (4.5

FIG. 2. Calculated LO and NLO spin asymmetrigg for the ~ Sec. we have the following functional form of polarized
proton are compared with the experimental results by the SMCppDFE'’s ath;
SLAC-E143, and HERMES collaborations »#0.117. The theo-
retical curves are obtained by using our LO and NLO-1 fitting re- Afi(x,Q3)=Ai X4 (1+ ; xM) fi(x,Qg)_ (4.6
sults atQ?=1 Ge\~.
Thus, we have four parametet;( «;, y;, and\;) for each
IV. PARAMETRIZATION OF POLARIZED PARTON i.

DISTRIBUTIONS We further reduce the number of free parameters by as-
suming the S(B) flavor symmetry for the sea-quark distri-
butions atQé. As mentioned in Sec. Il, this is simply a
compromise due to a lack of experimental data. It should be
noted that the sea-quark distributions are not(3Ulavor
mmetric atQ?> QS even with the symmetric distributions
the initial Q2.

When we assume this $8) flavor symmetric sea, the
first moments ofAu,(x) andAd,(x) for the LO, which are
written as Mu, and 74, respectively, can be described in

terms of axial charges for octet barydghandD measured in

Now, we explain how the polarized parton distributions
are parametrized. The unpolarized PDIFi’sx,Q%) and po-
larized PDF'sAf;(x,Q3) are given at the initial scal®j.
Here, the subscript represents quark flavors and gluon. s
These functions are generally assumed to be in a factorizeé{
form of a power ofx inspired by Regge-like behavior at
small x, a polynomial ofx at mediumx, and a power of (1
—X) expected from the counting rule at large

fi(x,QQ) = Ci x“1i (1-x)*2 1+ ay j XA hyperon and neutrog decays as follows:
j :
(4.13 7, ~ 14, =F+D,
+nq =3F—-D. 4.7
Afi(X,Q(Z)) =D;xP1 (1—x)P2 | 1+ E Bsi Xﬁ4i,j) ’ Tu, * 7d,
I

(4.1  Note that Eq.(4.7) is also used for the NLOMS) case.
Recently, since thg3-decay constants have been updated
[39], we reevaluatd= and D from the x? fit to the experi-
mental data of four different semileptonic decags>p, A
From the best fit to all the experimental data of the polar-~P: =—A, and%—n, by assuming the SB); symmetry

ized DIS including new data, we can determine, in principle,for the axial charges of actet baryon. Wigf/d.0.1.=0.98,
the parameters in Ed4.1b. In practice, however, some of e F andD are determined as

where C; and D; are normalization factors and;;, ay;,
@sij, 4 j, Biis Bais Bsij, and By ; are free parameters.

the parameters highly correlate each other and it is difficult _

to determine all the parameters independently. Therefore, it F=0.463=0.008,

is desirable to reduce the number of parameters by applying D=0.804+0.008 4.8
physical conditions instead of leaving all these parameters ' ' ' '
free. which lead to 7, =0.926:0.014 and 7y =-0.341

In the present analysis, to constrain the explicit forms of . . .
polarized PDF’s, we require two natural conditioiig: the io.t01|8. Iln this V\;ﬁy’t twe fix these two g;)mentsda: their
positivity condition of the PDF’s andii) the counting rule ce_n raf values, SO_ attwo parametégs andAq, are deter-
for the helicity-dependent parton distribution functions. ~ Mined by these first moments and other parameter values.

In order to make the positivity condition of E(R.13 be Thus, the remaining job is to determine the values of remain-
tractable in the numerical analysis, we modify the functionaling 14 parametersiy, Aq, ai, 7, A (i=u,,d,,d,9), by
form of the polarized PDF as a x? analysis of the polarized DIS experimental data.
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TABLE II. Obtained parameters =1 Ge\? in the leading-ordey? analysis.

Distribution A @ y N
Au, 0.404+0.054 0.06:0.01 1.470.20 1.410.46
Ad, —0.274-0.056 0.06:0.01 2.65-0.54 1.25-0.28
Aa —0.680:0.373 0.5%0.94 —2.47x0.82 4.06:1.14
Ag 47.5+4.1 1.44-0.73 —0.986+0.002 0.06-1.05
V. NUMERICAL ANALYSIS h;(x). The technical details are discussed in Appendix A.

The results are presented in Table Il for the LO with
2/d.0.f=322.6/360 and in Table Il for the NLO with

éz/d.o.f.: 300.4/360. We show the LO and NLO fitting re-
sults for the asymmetrj,; together with experimental data
in Fig. 3. The theoretical curves are calculatedQft="5
Ge\?. The asymmetries are shown for tk@ proton, (b)
neutron, and(c) deuteron. As the experimental data, the
E130, E143, EMC, SMC, and HERMES proton data are
shown in Fig. 8a); the E142, E154, and HERMES neutron
Yata are inb); the E143, E155, and SMC deuteron data are
Lata . in (c). Kinematical conditions and analysis methods of these
MINUIT [40], whereAA " represents the error on the experi- experiments are listed in Table I. We find from these figures

mental data including both systematic and statistical eITOrShat the obtained parameters reproduce well the experimental

Since some of Fhe systematic errors are correlated,'n leads H)ata ofA, in both LO and NLO cases. However, there are
an overestimation of errors to include all systematic errors,

On the other hand, if we fully exclude them, the uncertaintiesSllght differences between the LO and NLO curves in Fig. 3,

in the experimental data are not properly reflected in theand three fa_ctors contr|bute to the @ffgrences. First, the. most
portant difference is the contribution of the polarized

analysis. Because of our choice to include the systematign o o :
errors, they? defined in our analysis is not properly normal- gluon distribution through the coefficient function. Second,

ized. The minimumy? divided by a number of degree-of- the LO' E}nd NLO.evolutions are different because not only
freedom achieved in the analysis is often smaller than unityth® SPlitting functions but also the scale parameters are dif-
Consequently the? in our analysis should be regarded asferent. Thlr(_j, the LO ar_1d _NL(_) expressions are different in
only a relative measure of the fit to the experimental data. I{he unpolarized GRV distributions.
addition, the parameter errors are overly estimated. We have
confirmed that inclusion of only statistical errors in té
analysis does not change the results significantly except a
change of they? by 7%, which is consistent with the change
of the error size.

In evolving the distribution functions wit®?, we neglect

A. x? analysis

We determine the values of 14 parameters from the be
fit to the A;(x,Q?) data for the protong), neutron ), and
deuteron ). Using the GRV parametrization for the unpo-
larized PDF’s at the LO and NL{B5] and the SLAC mea-
surement oR(x,Q?), we construcA$¥{(x,Q?) for thep, n,
and d. For the deuteron, we usgi=3(gP+gN)(1-wp)
with the D-state probability in the deuteranp=0.05.

Then, the best parametrization is obtained by minimizin
X*=S[ATx,Q%) — AP(x, Q) IPI[AAF*(x,Q)]*  with

B. Comparison of LO and NLO analyses

Comparing the value of?/d.o.f. for the LO with that for
the NLO, we found a better description of the experimental
loutl A data with the NLO analysis. The value gf/d.o.f. is im-
the charm-quark contributions ®,(x,Q%) and take the fla-  proved by 7%. This implies that it is necessary to analyze the

— 2 i _ . . .
vor numberN;=3 because th@Q“ values of theA, experi-  gata in the NLO if one wants to get better information on the
mental data are not so large compared with the charm threslpiny structure of the nucleon from the polarized DIS data.
old. To be consistent with the unpolarized, we use the same The 2 contribution from each data set is listed in Table

values as the GRVAS%DiZO“ MeV at LO andAS?;D IV. The improvement is significant especially for the
=299 MeV at NLO in theMS scheme. The NLO scale pa- HERMES proton and E154 neutron data. The resulig, it
rameter leads to the value @fS(M§)=O.118. In order to the LO and NLO are shown in Fig. 4 and Fig. 5, respec-
obtain a solution which satisfies the positivity condition, wetively. The “experimental”g, data are calculated by using

make further refinements to the parametrization function€gs.(2.5 and(2.6) together with the raw data for the asym-

TABLE lIl. Obtained parameters &@°=1 Ge\? in the next-to-leading-ordey? analysis(set NLO-1).

Distribution A o y N
Au, 0.356+0.047 0.0@:0.00 1.54-0.20 0.88%-0.058
Ad, —0.502+0.031 0.1530.065 0.992-0.062 2.480.27
Aq —0.269+0.107 0.32:0.22 —4.72+1.48 3.20:0.47
Ag 249.2+8.3 2.15-0.11 —1.0040+0.0002 0.03%0.152
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TABLE IV. x? contribution of experimental data compared with

08 LO o -5Gev’ the number of data points. Here, the NLO indicates the set
— NLO NLO-1.
s E130
061 L1 Experimental No. of data 2
° EMC data ©Q?%>1.0 GeV) LO NLO
o 04 «SMC
< = HERMES EMC (p) 10 5.2 4.6
0.2 SMC (p) 59 55.0 53.7
r i E130(p) 8 5.1 5.2
PN PRIGS R E143(p) 81 65.0 60.8
¥ { ' HERMES (p) 19 23.1 17.2
02 : ‘ SMC (d) 65 56.6 54.0
@ 0.001 0.0t 0.1 1 E143(d) 81 79.1 81.2
X E155(d) 24 20.0 17.1
E142(n) 8 3.5 2.4
O T, C=seeV E154(n) 11 7.5 1.8
osl 12 HERMES (n) 9 2.6 2.3
 E154 Total 375 3226 300.4
041 o HERMES
=<n” and 8b). Furthermore, the proton, neutron, and deuteron
data at largex agree with the LO and NLO curves &
=20 Ge\?. There are correspondences of the data to the
theoretical results because the smaliata are typically in
the smallQ? range Q?=1~ a few GeVf) and the largec
04 | | data are in the larg®? range Q?=10 Ge\?).
0.001 0.01 0.1 1 As seen in Figs. 4 and 5, the L@P is slightly larger at
(b) x smallx in comparison with the NL@, while the LOg," is
smaller than the NLQg,' in the range 0.0&£x<0.2. The
087 . L0 Q*=s5GeV’ / NLO fit agrees better with the data. Thé improvement in .
] the NLO for the HERMES and E154 data in Table IV is
0.6 explained as follows by using Fig. 3. In comparing the the-
oretical curves with the data, we should note that the theo-
0.4 retical asymmetries are given at fix@f (Q?=5 Ge\?),
i 02l whereas the data are at varioQ$ values. However, as it is
) found in Fig. 3a), the LO curve is slightly above the NLO
N one and also the HERMES data. It makes fRevalue larger
in the LO analysis. In Fig. ®), it is clear that the LO curve
-0.2 deviates from the E154 neutron data, so that ¢Recontri-
bution becomes larger from the E154 data. It is well known
Y ool o 1 that the difference between the NLM$ schemgand LO
(©) x originates from the polarized gluon contribution to the struc-

ture functiong, via the Wilson coefficient. Accordingly, the
FIG. 3. Comparison of our calculations with the experimentalresylt that the NLO fit is better than the LO implies that the
asymmetryA;(x,Q?) data for the(a) proton, (b) neutron, andc)  polarized gluon has a nonzero contribution to the nucleon
deuteron. Our results are obtained@t=5 Ge\? with the optimum spin, i.e.Ag+0 atQ2. Furthermore, we find in this analysis
parameters in Tables ILO) e_md - (NLO'l).‘ The NLO a_nd LO " that the NLO fit is more sensitive to the polarized gluon
results are shown by the solid and dotted lines, respectively. distribution than the LO one. Therefore, we can conclude

) o that the NLO analysis is necessary to extract information on
metry A; and the GRV unpolarized distributions. The theo-the polarized gluon distribution.

retical results are shown by the dashed, solid, and dotted
curves atQ?=1, 5, 20 Ge\. As already shown in Fig. 1,
the g, structure function shifts to the smallrrregion asQ? ) ) o
increases. It is rather difficult to discuss the agreement with We show the behavior of polarized parton distributions
the deuteron data in Figs(e} and Sc) because of the large XA fi(x,Q?) as a function ok atQ?=1 Ge\* for the (a) LO
experimental errors. However, the proton and neutron data &nd(b) NLO cases in Fig. 6. The first moment fawu, (x) is
small x tend to agree with the theoretical curves@t=1  fixed at the positive value 7f, =0.926) and the one for
Ge\2. It is particularly clear in the neutrog, in Figs. 4b) Ad,(x) is at the negative value;y(jvz —0.341), so that the

C. Behavior of polarized parton distribution functions
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FIG. 5. Experimental data ofg;(x,Q?) are compared with our
NLO-1 results for thea) proton,(b) neutron, andc) deuteron. The
notations are the same as those in Fig. 4.

FIG. 4. Experimental spin-dependent structure functions
xg;(x,Q?) are compared with our LO results for tk@ proton, (b)
neutron, and(c) deuteron. Our fitting results are calculated at
Q?=1,5,20 GeV by using the LO evolution equations with the
optimum parameters in Table Il, and they are shown by the dashed,he gluon distribution cannot be determined well by only the
solid, and dotted curves, respectively. The experimental data afepton scattering data. In particular, the gluon distribution
obtained from the\;(x,Q?) data and thé& ,(x,Q?) calculated with  plays a role ing, only through theQ? evolution in the LO,
the unpolarized GRV distributions arR}ged X, Q). so thatAg(x) cannot be uniquely determined. Even if it is

neglected in the analysisf\g=0), the y? difference is not
obtained distributiond\u,(x) and Ad,(x) become positive so significant in the LO. The NLO effects are apparent by
and negative, respectively. In the same way as the otheomparing Fig. €a) with Fig. 6b). In the NLO, the gluon
x2-analysis results, the antiquarigluon) distribution be- distribution contributes taq, additionally through the coef-
comes negativépositive at small- and medium-regions. ficient function; therefore, it modifies the valence-quark dis-
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FIG. 6. Obtained LO and NLO-1 polarized parton distributions . .
xAf,(x,Q2) atQ2=1 Ge\? in (a) and(b), respectively. FIG. 7. Our LO ratiosAu, /u, andAd, /d, are compared with

the SMC data irfa) and(b), respectively. Our results are calculated

at Q2=10 Ge\? by using the polarized distributions in the LO.
tributions (particularly theAu,) and the antiquark distribu-

tion. The NLO distribution Au, becomes significantly D. Smallx behavior of polarized antiquark distributions
smaller than the LO one at smalland the NLO distribution As we obtained in the? analyses, the smak-behavior
Aq becomes a more singular functionas-0. Because of Of the parton distributions is controlled by the parameter
more involvement of the gluon distribution @y, the deter- It is obvious from Tables Il and Il that the smadlbehavior
mination of Ag is better in the NLOy? analysis. cannot be determined in the antiquark and gluon distribu-
Recently, the measurement of polarized parton distribulions. For example, the obtained parameter is listed as
tions of each flavor has been carried out by the SMC inq(NLO) =0.32+0.22 with a large error. It suggests that the

semi-inclusive processes of the polarized 4g]. Although smallx part of the antiquark distribution cannot be fixed by

we did not include the semi-inclusive date in our analysisthe existing data. In order to clarify the situation, we need to

from the consideration of the data precision and the analysigg\{_'el gl[ig]er-energy faciliies such as polanzed-HERA and
framework, it is still possible to compare our polarized X h : I d hf
PDF’s with their analysis. In order to compare with the SMC Because the present experimental data are not enough for
data. the LO initial di t'b i lved to thoseCst determining the smabl-behavior, we should consider to fix

ata, the initial-distributions are evolved 1o thos . the parametew for the antiquark distribution by theoretical
=10 Ge\? by the LO evolution equations. Then, the ratios

. ) ideas. The gluon parametesy cannot be also determined.
Au,(x)/u,(x) and Ad,(x)/d,(x) are shown in Fig. 7 t0- powever, we leave the problem for future studies because
gether with the SMC data. The theoretical ratios are roughlyne |epton scattering data are not sufficient for determining

constants in the smak-region x<0.1) andAu,(x)/u,(X)  the gluon distribution in any case. Some predications are
approaches- 1 asx—1 whereasid,(x)/d,(x) approaches made foray in the following by using the Regge theory and
—1. We find that our LO parametrization seems to be conthe perturbative QCD.

sistent with the data. However, it is unfortunate that our According to the Regge model, the structure functign
NLO parametrization cannot be compared with the datan the smallx limit is controlled by the interceptsa() of
since the SMC data are analyzed only for the LO. a,(1260), f1(1285), andf(1420) trajectories:
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TABLE V. Obtained parameters =1 Ge\ in the NLO x? analysis with fixeduy.

Distribution X2 A a y \
(ag=0.5) 300.7
Au, 0.357+0.093 0.006-0.001 1.55-0.40 0.90&:0.335
Ad, —0.512+0.098 0.159-0.227 0.9520.181 2.65-0.66
Aa —9.50+10.07 0.5(fixed) —0.980+0.060 0.0102-0.0394
Ag 148.5-7.4 2.110.26 —1.0067-0.0005 0.05%*0.337
(ag=1.0) 305.8
Au, 0.589+0.055 0.126:0.090 0.632-0.059 1.62-0.27
Ad, —0.279+0.086 0.006:0.001 2.58-0.80 1.32:0.31
AE —47.79.7 1.0(fixed) —1.0065+0.0056 0.02040.0707
Ag 173.8-17.3 2.14-0.19 —1.0058+0.0007 0.045:0.253
(ag=1.6) 3235
Au, 1.356+-0.132 0.335:0.120 —0.477+0.046 0.31%0.209
Ad, —0.321+0.097 0.00a&:0.000 2.12-0.64 2.21+0.17
Aa —119.6+11.8 1.6(fixed) —0.9976-0.0071 0.033:1.304
Ag 176.6-9.3 2.770.38 —1.0057+0.0004 0.057%0.547
01(X)~x"¢ as x—0. (5.0 above equation numerically by the functional formxof* at

small x. Then, the obtained function is in the range,
However, not only the, intercept but also thé, intercepts  x(~%12-999) Because the unpolarized distribution is given
are not well known. It is usually assumed ag =—0.5  py x g~x 24 the perturbative QCDwith the assumption
~0 [43]. Therefore, we expeaiq~x(©225) wherex(©005)  of the aboveQ? rangé suggests
indicates that the function is in the range froth® to x°°,
Since our parametrization is provided for the function hR2C0(x) ~x10 (5.9
h;(x)=Af;(x)/f;(x), we should find out the smak-behav- K
ior of the unpolarized distribution. According to our numeri- This function falls off much faster than ours at small

cal analysis, the GRV distribution has the propery) In this way, we found that the perturbative QCD and the
~x '*atQ?=1 Ge\~. Taking these smal-functionsinto  Regge theory suggest the smualldistribution as hy
account, the Regge prediction is ~x(1-016) Because the smaX-behavior cannot be deter-

mined by they? analyses in Sec. V A, we had better fix the

power ofx by these theoretical implications. In this subsec-
tion, the NLO x? analyses are reported by fixing the param-
! Y s : eter ata;=0.5, 1.0, and 1.6. The middle value is the pertur-

fits result inx™> and x™~ respectively, ax—0. These pative QCD estimate, and the latter two ones are roughly in
functions look very different from Ec(5.2); however, they  the Regge prediction range. The first one is taken simply by
are not inconsistent if the errors of Tables Il and Il are takerbonsidering a slightly singular distribution than these theo-
Into account. retical predictions.

The perturbative QCD could also suggest the smdie- The obtained parameters and are listed in Table V.
havior. In the smalk limit, the splitting functions are domi- Considering the NLO valug?=300.4 in Table IV, we find
nated by the most singular terms. Therefore, if we can asgat they? change is 0.1%, 1.8%, and 7.7% fgr=0.5, 1.0,
sume that the singlet-quark and gluon distributions areyng 1.6, respectively. Thg? changes are so small iag
constants at certai® (=Q3) in the limit x—0, their sin-  —0 5 and 1.0 that they could be equally taken as good pa-
gular behavior is predicted from the evolution equations. ACyametrizations in our studies. Using the obtained distribu-
cording to its results, the singlet distribution behaves liketions with fixed ay, we have the first moments and spin

[44] contents in Table VI. Because of the smalialloff for larger
5C I ay, the antiquark first moment and spin content change sig-
2y L [2=A 2\ [ nificantly. If the perturbative QCD and Regge prediction
AZ(x.Q% exp{z Bo Q9 Inx ' 53 range @g=1.0 and 1.6is taken, the calculated spin content
is within the usually quoted values3 =0.1-0.3. The ob-
where £(Q?)=In[afQ)/as(Q)], Ca=3, and By=11 tainedy? value suggests that the;= 1.0 solution could be
—2N;/3. The problem is to find an appropridD?{ where the  also taken as one of the good fits to the data. In this sense,

singlet and gluon distributions are flat at snallChoosing  our results are not inconsistent with the previous analyses.
the rangeQ?=0.3~0.5 GeV? andQ?=1 Ge\?, we fit the  However, the results indicate that a better solution could be

hdegg%X)"‘X(l'l'l'e)i (5.2

if the theory is applied aQ?=1 Ge\2. Our LO and NLO

034017-12



POLARIZED PARTON DISTRIBUTION FUNCTIONS IN . .. PHYSICAL REVIEW 2 034017

TABLE VI. Obtained first moments and spin contentsGt

practical applications in calculating other cross sections in
=1 Ge\? in the NLO analysis with fixedy;.

the sense that we always need both our parametrization re-
sults and the GRV unpolarized distributions@tt=1 Ge\~.

Distribution a=0.5 a=1.0 a=16 Furthermore, it is not convenient that the analytical GRV
- . . . 2_ .
Aq 0077 0057 0051 dlstr|but|ons_are not given a@M%=1 Ge\2. In Appgnd'|x B
A 0.550 0.533 0.204 we supply simple functions for the three AAC distributions
9 : . : without resorting to the GRV parametrization for the practi-
A3 0.123 0.241 0.276

cal calculations.

. . E. Spin contents of polarized quarks and gluons
obtained for smallew, so that the spin content could be

smaller than the usual valuas, =0.1-0.3. At least, we can ! 5 ' :
state that the present data are not taken at small enquggh ~ the integratedy; at Q°=1, 5, and 10 cge'%/ are given in
that the spin content cannot be determined uniquely. Table VII for the LO and NLO. AtQ?=1 Ge\?, the

We found that thexg=0.5 and 1.0 results could be also amounts of quarks and gluons carrying the nucleon spin are
considered as good parametrizations to the experimental

The first moment of each polarized parton distribution and

data. They? is so large in thevy= 1.6 analysis that its set A3 =0.201, Ag=0.831, inthelLO,

cannot be considered a good fit to the data. Becauseghe

=0.5 results are almost the same as the NLO ones in Sec.

V B, it is redundant to take it as one of our parametrizations. A% =0.051, Ag=0.532, inthe NLO-1, (5.9
Therefore, we propose the LO and NLO distributidssts:

LO and NLO-J in Sec. V B together with ther=1.0 dis- A3 =0.241, Ag=0.533, inthe NLO-2.

tributions (set: NLO-2 as three sets of the AAC parametri-

zations. These results confirm that the quarks carry a small amount of
Although the parametrization fakf;/f; is necessary for the nucleon spin. The first moments of the structure func-

imposing the positivity condition, it is rather cumbersome fortions atQ?=1 Ge\? are

TABLE VII. Obtained first moments.

Distribution Q? LO NLO-1 NLO-2
1 GeV?
Au, 0.926 (fixed) 0.926 (fixed) 0.926 (fixed)
Ad, —0.341 (fixed) —0.341 (fixed) —0.341 (fixed)
Aq —0.064 —0.089 —0.057
Ag 0.831 0.532 0.533
gt 0.144 0.110 0.128
a7 —0.067 —0.069 —0.051
gs 0.036 0.019 0.036
5 GeV?
Au, 0.926 0.931 0.930
Ad, —0.344 —0.343 —0.344
Aq —0.067 —0.089 —0.059
Ag 1.314 0.863 0.920
ol 0.143 0.118 0.137
gl —0.068 -0.075 —0.056
b 0.035 0.020 0.038
10 GeV
Au, 0.924 0.932 0.931
Ad, —0.345 —0.343 —0.345
Aq —0.068 —0.089 —0.059
Ag 1.524 0.999 1.077
ab 0.143 0.120 0.139
gl —0.068 -0.076 —0.057
gl 0.035 0.021 0.038
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FIG. 8. The antiquark distributions of transformed SMC  FIG. 9. Thexy, dependence OAS (Xmin) =S+ A3 (x)dx is
(*SMC” ) and LS$1999 are compared with our NLO-1 distribu- compared with the recent parametrizations of SMC and(L9%9)

tion atQ?=1 Ge\2. atQ?=1 Ge\2.
r'(Q?=0.144, I'1(Q*)=-0.067, saturate even at=10"* although ourAY still decreases in
4 2 ) this region. The difference simply reflects the fact that the
I'1(Q%)=0.036, inthe LO, accurate experimental data are not available at srmalhe
0 2y N parametrization results with fixedl; are also shown. As the
I'}(Q%)=0.110, I';(Q“)=-0.069, antiquark distribution becomes less singular, the spin content
d) o . becomes larger. As mentioned in the previous subsection, the
I'1(Q9)=0.019, inthe NLO-1, (5.6 aq= 1.0 results could be taken as a good fit. The spin content
Dy 2 N2 is 0.24 in this case and it is completely within the usual range
ri(Q<=0.128, I;(Q°)=-0.051, AS=0.1-0.3.
d) ~on _ The smallx issue has been discussed in other publica-
I'1(Q%)=0.035, inthe NLO-2. tions. The idea itself stems from the publication of Close and

Robertd45], and it is also noted in the numerical analyses of
Altarelli, Ball, Forte, and Ridolf(ABFR) [12]. In the ABFR
parametrization, various fits are tried by assuming the small-

Because the first moment afu, — Ad, is fixed by Eq.(4.7),
the Bjorken sum rule is satisfied in both LO and NLO at any

Q* within the perturbative QCD range. X behavior, and they obtain the first moment &f(x) as

It should be noted that oux>, in the NLO-1 seems to be - L )
considerably smaller than the usual values published so far i%‘?;]o'r?z._o'li. Therle;ore,hourr] NLO-1 analysis is con3|stetr)1t
many other papers. In fact, the recent SMC and LeaderwIt ”t e|rr] stuhles atl ough the splnh_content seems to be
Sidrov-Stamenov(LSS) parametrizationd 15,16 obtained sma} ert an tl e usual 0ri6.1-0.3. l.?ft IS W?y’ our NLO'lh
AY=0.19 and 0.28, respectively, @=1 Ge\2. The dif- analysis result may seem very different from many other

ference originates mainly from the smallbehavior of the publications, it is essentially consistent with them. It indi-
105
antiquark distribution. We compared our NLO-1 distribution cates that the sma{~10 ) data are absolutely necessary

- o ) —— for the determination of the spin content.

Aqg, which is denoted as AAC, with the oth&tS distribu-
tions in Fig. 8. The LS&999 antiquark distribution is di- _ _ o
rectly given in their parametrization, whereas the SMC dis- F. Comparison with recent parametrizations
tribution is calculated by using their singlet and nonsinglet Wwe have already partially discussed the comparison with
distributions. Because the antiquark distribution is not di-the recent parametrization results in the previous subsection.
rectly given in the SMC analysis, we may call it as a trans-However, the detailed discussions are necessary particularly
formed SMC("SMC" ) distribution. The transformed SMC on the differences between these analyses in order to clarify
has peculiax dependence at medium and largehowever,  the difference in the physical basis.
all the distributions agree in principle, in the region (0.01  First, we discuss differences between our parametrization
<x<0.1) where accurate experimental data exist and thand the LSS. Before the detailed comparison, we used their
antiquark distribution plays an important role. On the othery2-fitting procedure in our program and confirmed their nu-
hand, it is clear that our distribution does not fall off rapidly merical results. It indicates that both fitting programs are
asx—0 in comparison with the others. This is the reasonconsistent although evolution methods and other subroutines
why our NLO-1 spin content is significantly smaller. are completely different.

In order to clarify the difference, we plot the spin content  Qur parametrization functions are similar to theirs. In fact,
in the region betweemy,, and 1 by calculatingAX(xmin)  both methods use the parametrization for the ratio of the
=fimmA2(X)dX in Fig. 9. Because the LSS and SMC dis- polarized distribution to the unpolarized opaf;(x)/f;(x)

tributions are less singular functions xftheir spin contents =h;(x),i=u, ,d, ,0,9]. The LSS parametrization employed
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a very simple functiorh;(x)=A;x“, and we used a more ity violating asymmetryA, for its production is very useful

complicated ondn;(x) =A;x*(1+ y;x"). This may seem to in elucidating spin-flavor structure of the nuclef@t6]. With

be insignificant; however, the extra parameters provide widguch direct measurement, the uncertainty in the polarized

room for the functions to readjust in th& analysis. Accord- sea-quark distribution will be much reduced.

ing to our studies, the minimumg? cannot reach anywhere Common differences from the SMC and LSS are that a

close to our minimum point if the LSS function is used in |large set of data tables is used f&5 rather than theQ?

our fit. Therefore, although it is a slight modification, the averaged one. Although the present data may not have the

outcome has a significant difference. Furthermore, the LS&ccuracy to discuss th@? dependence, it is desirable to use

gluon distribution fails to satisfy the positivity condition at the large table if one wishes to obtain better information on

large x although it does not matter practically at this stage. the gluon distribution. Furthermore, an advantage of our re-
Another important difference is how to calculate the spinsults is that the positivity condition is strictly satisfied, so

asymmetryA; from the unpolarized distributions. There are that our parametrizations does not pose any serious problem

two issues in this calculation procedure. One is that LSS keph practical applications.

the factor H4M2x%/Q? in handling the SLAC data,

whereas we neglected. Another is that LSS calculated the VI. CONCLUSIONS

structure functior, directly from the unpolarized distribu- . .

tions, whereas we calculated it by Eg.6). As for the first We have analyzed the experimental data for the spin

point, we have checked that inclusion of the factor has n@sy_mmletryAl of the_ prf’to”f* netj]tron, _and (:eutlerqn t()jy using
significant impact on the results. It is partly because the fac SIMP!e parametrization for the ratios of polarized parton

tor 1+ 4M2x2/Q? modifies the asymmetnj, at largex but distributions to the corresponding unpolarized ones. We dis-

the Q2 values are generally large in suchxaegion. The cussed the details on physical meanings behind our param-

. B 2 . _
second point is more serious. Their method is right in theetnzatlon and also on oup~ evolution method. As a conse

. . found that the asymmetd,; could have
light of perturbative QCD. However, thé, structure func- quence, we2 . 5t 2
tions are generally used rather thep in obtaining the un- significantQ” dependence in the smal* region Q°<2

2 . .
polarized PDF’s. If there were no higher-twist contributions,Gev ), s that frequently used assumption of (& inde-

it does not matter whethd¥, is calculated directly or Eq. pendence inA, cannotzbe Justified in a precise anallysis.
(2.6) is used. However, it is well known that the higher-twist From the LO and NLOy” analyses, we obtained good fits to

effects are rather large as obvious from the funcigr,Q?) the experimental data. Because the Nx®is significantly

in the SLAC-1990 analysigl8]. It modifies the asymmetries smgller than_ that of LO, the_ NL.O analy_sls should be neces-
as large as 35%, and the modification is conspicuous in thgarlly used in the parametrization studies. An advantage of

wholex region. In the LSS analysis, perturbative QCD con-our analysis is that the positivity condition is satisfied in the
tributions to the functionR are ’included due to the Wholexregion. Animportant consequence of our analyses is

L - : that the smallk behavior of the sea-quark distributions can-
coefficient-function difference betwedn, andF,, but they : .
are small in the small- and mediumfegions. This differ- not be uniquely determined by the present data, so that the

ence in handlind-, creates the discrepancy between the sz'sual spin content 2 =0.1-0.3 could be significantly modi-
I

: . PSR o - Jied depending on the future experimental data at small
and our polarized antiquark distributions, and it is especial 1€ 5 =
important for determining their smaki-behavior. (~107"). Our LO and NLO analyses suggestad, =0.20

Next, we discuss comparison with the SMC parametriza—and .0'05’ reﬁpectively._ Howeve”r, if we take theoretical sug-
tion. Our x? analysis is different from theirs in the param- gglsatlr(i)znes d bgntiziglrjlibcﬁg;/r?bai%? atar;%;f?h%e;Siiogér?t)éntthe
etnzauon_functlons. Wg para}metrlzed the ratmsi(fi (i becomesAS = 0.24—0.28 in the NLO. The obtained gluon
=U,,d,,q,9). As mentioned in Sec. II, the analysis by the yisiributions are positive in both LO and NLO, but it is par-
SMC in Ref.[15] utilized the separation of the polarized i jarly difficult to determineAg in the LO. From these
quark distributions int AX(x), AdRg(x), and Aggs(X)]  analyses, we have proposed one LO set and two NLO sets of
which can in principle, be transformed intdu”(x), parametrizations as the AAC polarized parton distribution
Ad™(x), andAs™(x). functions.

When we do this transformation of SMC results to com-  Note added in proofThe papers in Ref47] also studied
pare with the polarized sea-quark distributions from ourthe polarized PDFs.
analysis and LSS, we find that the polarized strange-quark
distribution [As(x)] from the “transformed SMC” oscil-
lates as shown in Fig. 8. However, this simply implies that ACKNOWLEDGMENTS
the conventionally used functional form has a limitation and
the distribution functions obtained from different separations The authors would like to thank A. Blitu M. Grosse-
can be quite different. The uncertainty of the sea-quark disPerdekamp, V. Hughes, R. L. Jaffe, K. Kobayakawa, and D.
tribution was also pointed out in the analysis by Gordon,B. Stamenov for useful discussions. This work has been done
Goshtasbpour, and Ramsg¥4]. We should re-emphasize partly within the framework of RIKEN RHIC-Spin project,
that direct measurement of the sea-quark polarization is vergnd it was partly supported by the Japan Society for the
important. At the highest energy of polarizpg collisions at  Promotion of Science and also by the Japanese Ministry of
RHIC, the weak bosons are copiously produced and the pai&ducation, Science, and Culture.
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APPENDIX A: TREATMENT OF POSITIVITY CONDITION condition—1<§,<+1 is applied. However, iX is smaller

IN OUR x* ANALYSIS than one, the situation is slightly complicated. Because the

Additional modification of the functio;(x) is desirable ~first and second terms have the same functional form in the
in the actualy? fitting. Although Eq.(4.5) is a useful func- first equation of Eq(A1), we can have eitheg; <v; or u;
tional form, it is not very convenient for the? analysis in > ¥i- Therefore, the conditiop<w; is taken (practically
the sense that the positivity condition is rather difficult to beonly for Ag andAg) in the following analysis without losing
satisfied. In fact, running oug? program, we obtain a solu- generality. From Eq(A1), we find that the extreme value is
tion which does not necessarily meet the positivity requiredocated at
ment. In order to take into account this condition, the func-

tion is slightly modified although it is equivalent, in | ki) T Ad)
principle, & '
hij(X) = & X"+ Kk;xMi= §, X" — k; (X" — xHi), where ;= u;/v; (0<{;<1). It is in the range 8X<1 if
the condition O<— k¢ /&<1, namely,
i=u,,d,,q,9, (A1) s
i
) o ——<K; for 0<k;,
where §,= &+ k; . It can be seen why this function is more 1-¢;
suitable atx=1 by the following simple example. The origi- S5
nal function is given by two parameterl;(x=1)=A; (1 1_' > K for k<0, (AB)
+7;); however, the modified one is by only one parameter ¢

hi(x=1)=6,. Therefore, it is easier to restrict the function
h;(x) within the positivity-condition range. There is another
advantage that the parameters are rather independent of each

other. For example, the parameteris strongly correlated hi(X) =
with «; (A= — «;) if we would like to avoid singular behav-

ior asx—0. In this way, the functional form of EqAl) is  Using the positivity conditionh;(X)|<1, we obtain the fol-
used in the actuaj(2 fitting although it is mathematically |owing constraint on the parameters:

equivalent to Eq(4.5).

Although we could perform thg? analysis with the sup- 9" (k)=k;— 6— k([ ki(1—¢)]E"94i=0, (A7)
plied information, it is not straightforward to obtain a solu- ]
tion which satisfies the positivity condition. We describe thein the casex;>0 [0<h;j(X)=<1]. Because the function
details of the analysis procedure. First, it was already men@ " (i) has a positive curvature, we try to find/q point
tioned that the first moments dfu, andAd, are fixed by (=«{), which satisfieg” («{)=0. There is only one solu-
the F and D values, and they are given by tion for negatives; and two solutions for positivé; . In any

case, we seek the solutioff which is larger than the ex-
([t b . . . treme pointx;=1/(1—-¢;) by Newton’s method. Then, the
= JO dX[ X" = i (X =XEN i) (1=, ,dy). parameter; is redefined as¢;=o;«{ . The parameters;
(A2) are used in the/? analysis for the antiquark and gluon dis-
tributions within the range € o<1, so that the actual func-
Then, the parameters, and Ky are determined by tional form is

is satisfied. The extreme value is then obtained as

Ki {i
5i_Ki

GiI(1=¢)
Ki(1=¢p). (A6)

5inXXVifi(X)_77i hi(X)= 8x*i— k] (x*i—x“i))  for i=q,9. (A8)

(A3)  On the other hand, we find

Ki

dx (X¥i—=xH)fi(x
J ( heo 9 (k)=xK— 86— K G[— Kxi(1=¢]E94a=<0, (A9)
As we explained in Sec. V D, theory suggests the functionsn the casex;<0 [—1=<h;(X)<0]. A similar analysis is
h; should not be a singular function afin the smallx re-  done for the functiom~(«;) in order to satisfy the positivity
gion. Therefore, we try to find a solution in the parametercondition. With these preparations, we can perform e
rangeu;,v;i=0. analysis.

Next, we discuss the positivity condition. If the signs of
the parameter§, andk; are the same, the functidn(x) is a
monotonically increasing or decreasing function, so that
h;(x=1)= &; should be within the range 1<6;<+1 due
to the positivity requirement. On the other hand, if the signs Our polarized parton distributions are given in the param-
are different, the function could have an extreme value aetrized functionsh;(x) multiplied by the GRV unpolarized
certainx (=X). If Xis larger than one, the function could be distributions. For practical applications, we supply the fol-
a monotonic one in the range €x=<1). Then, the same lowing three sets of simple functions, which reproduce the

APPENDIX B: PRACTICAL POLARIZED PARTON
DISTRIBUTIONS
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x? analysis results in Sec. V, as the AAC distributions at

Q%=1 GeV:
Set: AAC-LO

XAu,(X)=0.494K%4q1—x)2841+9.60x123),

xAd,(x)=—0.2040x°*71—x)*7(1+14.6x"%),

XAE(X) P 0_1146)(0.536(1_ X)10.5(1+ 39_4(1.93),

XAg(x)=2.738x%% 1 —x)56(1+12.3x*69), (B1)
Set: AAC-NLO-1
XAu,(x)=0.402K°4"q1-x)*§ 1+ 15.1x*%%),  (B2)

PHYSICAL REVIEW 2 034017

XAd,(X)=— 0.2221)(0'568( 1— x)3-92( 1+ 9.46X0'813) ,

XAQ(x)=—0.0324%°?391—x)" 71+ 3.65x°883),
XAgQ(x)=8.844x17(1—x)%2Y(1+13.6x"3Y),
Set: AAC-NLO-2
xAu,(x)=0.4353x"4631—x)%%4 1+ 8.98x°9%9),

XAd,(x)=— 0.1850)(0'47]( 1— x)3-89( 1+ 14_0X1.11) ,

xAq(x)=—0.245%°7541—x)813

XAg(x)=8.895x>7(1—x)5?{ 1+ 13.6x*5Y).
(B3)
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