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QCD analysis of polarized parton densities
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We present the results of QCD fits to global data on deep-inelastic polarized lepton-hadron scattering. We
find that it is possible to fit the data with strongly broken(8)flavor for the polarized sea densities. This can
be tested inV production at the polarized BNL RHIC. The data fail to pin down polarized singlet sea quark
and gluon densities. We explore the uncertainties in detail and show that improvement in statistics, achievable
at the polarized DESY HERA for measurementfof at moderately low values of, have large payoffs in
terms of the improvement in measurement of gluon densities.

PACS numbgs): 13.60.Hb, 13.88te, 14.20.Dh, 14.80.Mz

[. INTRODUCTION ized structure function is given by a similar formula in terms
of the corresponding unpolarized densities and coefficient
It is now more than a decade since the first polarized deefunctions.
inelastic scattering(DIS) experiments[1] discovered the These coefficient functions and the splitting functions
strong breaking of an Si8) quark model based sum rl2],  (which determine the evolution of the densiliese comput-
and precipitated the “proton spin crisis.” Since then manyable order by order in perturbative QCD. The former are
polarized deep-inelastic scatterii®IS) experiments have crucial for the Bjorken sum rulg3], connecting the proton
reported measurements of the virtual photon asymmetry and neutron structure functiongj andg?, to the neutron
[B-decay constarg,, and are known to next-to-next to lead-
9.(x,0?) ing order(NN_LQ) [4]. This makes it possible to use this sum
Ay(x,Q2)= R S (1)  rule for precision measurement of the QCD scdig The
F1(x,Q%) polarized splitting functions are known only at NL®].

In this paper we analyze the currently available inclusive
on different targetsthe structure functiong, and F, are DIS data in QCD and extract polari_zed_parton distributions
defined later. A polarized proton collider at the BNL Rela- {fom them. In this respect our work is similar to that[Gj.
tivistic Heavy lon Collider(RHIC) will soon begin to con- However, our analysis differs in several ways. For one, some

strain the unknown polarized parton distributions even mor®' the data we use is more recent than the older fits. More
strongly. Current and future interest in this topic stems parthyMPortantly, we relax some of the assumptions which needed
from the history of the “spin crisis.” to be made_m analyzmg the older data. We _qllow for flavor
However, polarized parton densities are also interestin@SYmmetry in the polarized sea quark densities, and let the
because of the role they might play in future polarized hagli'St moment of the gluon density vary freely in the fit. Fur-
ron collider searches for completions of the standard modefhermore we make a detailed investigation of the uncertain-
Essentially, a large variety of physics beyond the standar{®S in these polarized gluon and sea quark densities.
model plays with chirality. Some of this freedom can easily . 1 N€ uncertainty in gluonzdensmes may seem puzzling in
be curtailed by polarized scattering experiments, if the polarYi€W of the fact that theQ” dependence of the structure
ized parton densities are known with precision. We expecfunction g, involves the gluon strongly. In fact, at LO we
that by the end of the polarized-RHIC program this goal@lready have
should be reached.

The longitudinally polarized structure functian is de- 991  as - - -
fined by T10gQ% 5 [Paa®91+ Pgg®0], ©)

where P, and P4 are polarized spliting functions. Since
ag is now very strongly constrained by measurements at the
(2 CERNe'e™ collider LEP and through unpolarized DIS, one
might expect that data og, constrains the polarized gluon
densities. Unfortunately, errors an are large in the lows
- - region, where the contribution of the gluons dominate, pri-
(ar), and gluon @) longitudinally polarized distributions  marily because the asymmet#y is small at lowx. For the
with the coefficient functiong, ;. The indexf denotes fla- same reason the flavor singlet sea quark density is also rather
vor, ande; is the charge carried by the quark. The unpolar-loosely constrained by data. We investigate the statistics nec-

Cy®0,

~ 1 ~ =1
0:(x,QY)=Cq@ 5 2 efartarl+3

3o

which is a Mellin convolution of the quarkﬁ(), antiquark
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essary to improve these constraints through DIS measure- 1 1
ments ofA; at the polarized DESp collider HERA. 1“u(Q2)=J dx V,(x,Q%), Fd(Qz):f dx Vg(x,Q%),
The plan of this paper is the following. In the next section 0 0 ©6)
we discuss the various technicalities that distinguish different
global analyses. This section also serves to set up the nota- 1 1
tion. This is followed by a section that discusses our choice Fi(Q2)=f dx g(x,Q?), Fg(QZ):f dx g(x,Q?).
of data used in the fit. The next section contains our results 0 0
for the LO and NLO fits, and a detailed consideration of the @)
parameter errors. A section on some applications of our pag/e will also use the notatioﬁS=Fu+Fd and F\3/=Fu
rametrizations follows this. The final section contains a SUM-_T  The notation
. d .
mary of our main results.

1
Il. CONSTRAINTS ON PARTON DENSITIES rPQ%= fo dx g°(x,Q% ®
A. Parton densities and structure functions . . -
is fairly standard. We shall use it in the text. We also use the

With N; flavors of quarks, we need to fix\g+1 parton  notationI';, etc., to denote the first moments of the flavored
densities. These are for the\2 flavors of quarks and anti- sea densities.
guarks and the gluon. For protons or neutrons, the quark and
antiquark densities for the strange and heavier flavors are B. The fitting strategy
equal. We work with the twdflavor nonsinglet polarized

h f . o n
valence quark densitie¥,, andV,, corresponding to the up Wed use experimental data on the asymmetigs A_ ’
and down flavors. The other nonsinglet densities we use ai@'dA1, measured on proton, neutrorHe) and deuterium

those corresponding to the diagonal generators aBSfla- targets to constrain the polarized parton densities. We as-
vVor: sume full knowledge of the unpolarized parton densities as

given by some global fit, so that the structure funcigncan
AP s N PN S be reconstructed using appropriate NLO coefficient func-
Ga=2(u—d), gg=2(u+d-29), tions. Then the data of; can be converted tg,. We prefer
~ — e e e — e e e e this method to taking they,; values presented by experi-
dis=2(u+d+s—3c), 0gx=2(utd+s+c—4b). ments, since different experimental groups may make differ-
) ent assumptions about the unpolarized structure functions.
t Such effects would lead to additional normalization uncer-

The initial conditions for evolution are that below and at>>*'" =" ¢
ainties in any global fit.

each flavor threshold, the density for that flavor of quarks id .
We have chosen to use the CTEQ4 set of parton densities

Zero. Thus, below the charm threshold~we szqﬁ [8] in our work. We do not expect this choice to affect our
= 0o and below the bottom threshold we sgt=0o. Forthe  conclusions strongly since the unpolarized parton densities

singlet quark density, we use now have smaller errors than data on the polarization asym-
metry A,. However, with this choice we are constrained to
Yo=2>, E:i_z v, (5)  follow some of the assumptions made by the CTEQ group.
f f

(1) We work in the modified minimal subtractioMS)
- scheme, since the CTEQ group does that. Other possibilities
in preference to the usud@ (which is the sum over quark would have been to work in the Adler-Barde&kB) [9] or
and antiquark densities of all flavorsThe evolution equa- the so-called JET10] schemes, but then we would have had
tions coupleg, to the gluon densitg. We also define similar  to transform the CTEQ distributions. We prefer to avoid this
unpolarized quark and gluon densitfes. procedure, since the best fit parton densities in one scheme
Finally, the structure functiong? andg?, for the proton do not necessarily transform into the best fit densities in
and neutron, are given by E(@). The unpolarized structure another scheme. .
functionsF?" are given by the analogous expression where (2) We retain the CTEQ choice for the charm quark mass

the polarized parton densities are replaced by the unpolarize?£ing 1.6 GeV and the bottom quark mass to be 5.0 GeV. At
densities. An isospin flip, interchangin@u and Vd and each mass threshold, we increase the number of flavors by

T . ~ b N i one, and treat the newly activated flavor as massless imme-
switching the sign ofys, relatesg; andg; . After correcting  giately above the threshold. Parton distributions ardare
for nuclear effects, the normalized structure function for deu+gntinuous across these threshdlilg].

ium isqd= imi i . :
terium isgi=(g+g7)/2, and a similar expression f6f}.  (3) we are constrained to use thescp values used in
We shall have occasion to use the first moments of varifg].
ous polarized parton distributions. We introduce the notation (4) We takeQ§=2.56 GeV in order to avoid having to
evolve the unpolarized parton densities downwards.
In future we plan to study the results of relaxing one or

Our convention is that polarized quantities are distinguished fronmore of these restrictions.
the corresponding unpolarized ones by a tilde. We follow the parametrization of CTEQ4 and write
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T(x,Q§)=a0xal(1—x)a2(1+a3xa4), (9) strange baryonsSU(3) flavor symmetry is used crucially in
this extractior{18]. The Particle Data GrouPDG) result is
for all densities apart fronys, which is parametrized as gs=0.579£0.025[17]. o
Using the coefficient functions in th®1S scheme, the

a3(x,Q§)=aoxa1(1—x)32(1+a3\/§+ asX). (10 moments of the structure functions can be expressed as

We have made the choice that the lasgbehavior of any as

polarized density is the same as that of the unpolarized den-T'5"(Q%) =11~ ?]

sity; in other words, the parametey, is the same for the

corresponding polarized and unpolarized densittbs as- ) )

sumption is sometimes given the name “helicity retention +1gl8(Q)+ gle(QY) . (12

property” [12]). For simplicity we have also equated the

polarized and unpolarized values ®f when this parameter where the uppelower sign is for the proton(neutron.

IS a power. Apart from Eq.(2), we have used the definitions of the non-
Finally, at Q3 we have extended some of the CTEQ as-singlet densities in Eq4) and the singlet parton density in

sumptions for unpolarized parton densities to polarizedEgq. (5).

These include equating the valuesagffor V,, V4 andqs, There are two sum rules which can be obtained by equat-

takinga,= 1 for g, equating the values af, for g, andqs. ing the right-hand sides of Eq&l1) and(12). Alternatively,

| in the choice= 25/(tt ) = 1/2 | ¢ we could use some linear combinations. The only one that
¥¥e 5:)5? lretta_ltnt ecl O'Cﬁ]z S E:l:;] )_hl thm SOMe o OLtJ_r removes the coupling, is the differencd™}—T'], and gives
its, but let it vary in others. ough these assumptionsy,. ginen sum rulé3]. At NLO this is

seem overly restrictive, the quality of the data does not allow
us to fit many of _these parameters. We discuss some of these F§,+F3= 9s (13)
points later in this paper.

The main difference between our parametrization ar21d P'®ote that the first moments of nonsinglet densities are inde-
vious ones is that we explicitly include a nonzerg(x,Q3)  pendent ofQ? order by order to all orders. As a result, this

and break SU(2) flavor symmetry in the polarized sea. Thisquation is also valid in this form to all orders. We impose
part of the sea density is actually quite well constrained, anghis form of the Bjorken sum rule on our fits.

5 1
T8I VQ) +5 (TYQY) +T'5(Q%)

plays a crucial role in our fits. The sum of the two gives the Ellis-Jaffe sum rule when
the additional assumptiogs=g, is made. This cannot be
C. Sum rules correct in QCD becausg, is Q° dependent andg is not.

Moreover, in the absence of a real measuremerj,692),

In a three flavor world, we can write down the following
an Ellis-Jaffe-type sum rule cannot constrain the parton den-

sum rule for the first moments of the nucleon structure func<

tions in NLO QCD: sities as the Bjorken sum rule does. Hence, we use such a
sum rule to extracg, rather than to impose it as a constraint
1 1 1 @ on parton densities.
PE=| £505+ 759+ 59 [1_—] 11

D. Positivity

The anomalous dimensions on the right-hand side of this Polarization asymmetries are the ratios of the difference
equation have been calculated in S scheme4]. Two  4ng sum of physically measurable cross sections. Since cross
facts used are that in tI‘MS scheme the first moment of the sections are non- nega“ve asymmet”es are bounded by un|ty
NLO quark coefﬁmentf(l)— —2, and the first moment of the in absolute value. In the parton model or in LO QCD, these
gluon coefficient funct,on |3;»(1)_0 The upper and lower Cross sections are directly related to parton densities. Hence

signs belong to protons and neutrons, respectively. Th@OSitivity of cross sections imply
guantitiesgs, gg, andgg are baryonic axial couplings. They )
are defined as matrix elements of axial vector currents be- f(x Q )

f(x,Q? )

tween baryon states. Due to the axial anomaly, the singlet
axial-vector current is not conserved. As a resyitpicks up
aQ? dependencfl3]. Hencego, the moments, ands have  for the ratio of each polarized and unpolarized density to
to be evaluated at the sar@¥ in Eq. (11). leading order in QCD. In our LO fits, we impose these re-

It is not easy to extraag, from low-energy hadron data, strictions.
although there have been some attempts to do this using At NLO and beyond, this simple relation between parton
elasticvp scatterind 14]. This givesgy=0.14+0.27. Lattice  densities and cross sections no longer holds. Parton densities
computationg15] and QCD sum rulegl6] also give similar  are renormalization-scheme-dependent objects; although uni-
numbers, but have systematic uncertainties which have to begersal, they are not physical. Hence they need not satisfy
removed in the future. The quantity;=1.2670-0.0035 positivity [19], instead one must impose positivity on the
[17] is obtained from the neutron beta-decay constant. Thactual cross sections. This is numerically difficult and re-
coupling gg is extracted from the decay of strange to non-quires knowledge of a variety of cross sections evaluated to

(14)
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NLO. Since this knowledge is lacking, and for numerical
simplicity, we have instead imposed Ed4) on all our par-
ton density fits.

HI PHYSICAL REVIEW D62 094012

TABLE I. The contribution toy? from different data sets. The

parameter sets marked S impose SU(2) flavor symmetry on the sea,
whereas the sets markedd8 not.

E. Choice of numerical techniques

Our numerical goal is to evolve parton density functionsSMC (p)
with absolute errors of at most 18 If this design goal were SMC (d)
reached, then numerical errors would lie at least an order af143(p)
magnitude below all other errors. We integrate the evolutiore143(d)
equations using a fourth-order Runge-Kutta algorithm. TheHERMES (p)

Mellin convolutions required in the evaluation of the deriva-

tive are computed using a Gauss-Legendre integral. The pag142 (n)

ton densities are evaluated on a grid and interpolated using

cubic spline method. All the numerical algorithms may be
found in[20].

The knot points of the cubic spline are selected to give ar
accuracy of 10° in the evaluation of the parton densities.

The Mellin convolutions are also accurate to this order. We/Ve can write

require the Runge-Kutta to give us integration errors
bounded by 10%. This gives us the error limits we require.

We can test these estimates by checking that all sum rules

are satisfied to within 10°. On a 180 MHz R10000 proces-

Experiment Points LOS LOS NLOS NLOS

48 46.6  48.4 434 42.1

53 535 537 54.3 50.0

43 482 478 487 50.2

43 62.1 603 610 57.0

9 238 188 12.6 15.1

HERMES (n) 4 1.7 1.6 15 1.7

15 159 168 18.7 21.1

154 (n) 8 229 167 3.3 2.3

Total 224 2746 2640 2437  239.4

T

d=D 2€ d 1+e€ 20
=D\/—/—,2 and é=n——.

1+€ £=7 2€ (20

sor, the program takes about 0.15 CPU seconds to evolve ti8ince y is very small in the DIS region, the relatiors

parton densities bAQ?=1 Ge\~.

Ill. SELECTION OF DATA

Experiments do not measure the asymmeXyydirectly;
they measure the asymmetry between the cross sections
lepton and longitudinally polarized hadrons being parallel
and antiparallel:

o _do(11)=do(1])
T do(1D)+do(1])

or a similar asymmetnA+, with transversely polarized had-

(19

f

=DA; andA;=dA, are actually satisfied to high accuracy.
We then use the further relations
A1=(91~¥°d2)/F1 and A= y(g:1+92)/Fy, (21)

Y obtain Eq.(1) when y<1. It is clear from the second
equation thag, is difficult to measure.

The main theoretical uncertainty in measurement& o
in the values oR used. In fact, many experiments ugen
two ways. First, it enters the expression @rand d, and
hence is used to compute QED corrections for initial-state
radiatiorf and to construch; andA, from A, andA;. Next,

rons. These asymmetries are related to the two that we rd-iS used along with measurementsfof to computer; and

quire by
A =D(A1+7A;) and Ar=d(A,—§&A,), (16)

whereD andd are depolarization factors for the virtual pho-
ton and¢ and » are essentially kinematic constants. In terms

thus relateg, to A;. We bypass this second use Rfby
utilizing experimental data om\; instead ofg,;. We are
forced, however, to accept the first use RfIn any case,
differences between experiments in their estimatesDof
should be factored into the overall normalization errors.
The Spin Muon CollaboratiofSMC) has data from muon

of the ratio of the Compton scattering cross sections fokcattering off both proton and deuterium targets. Data were

transversely and longitudinally polarized virtual photons,

F,—2xF
_IL_ T2 e 17)
oT 2XF1
we can write
2_ _
= y(z=y) , and 77=2y—y. (18
y2+2(1-y)(1+R) 2-y

Here y=2Mx/Q<1. Using the degree of transverse polar-
ization of the virtual photon,

1-y

=—) 19
1-y+y?/2 19

€

09401

taken in separate runs in 1993 and 1996. The most recent
publication forA; is [21]; this supersedes previously pub-
lished data. The E-143 experiment at SLAC has data from
electron scattering off proton, deuterium, afie targets.
Their most recent publication {®22], which supersedes all
previous published data of;(x,Q?) by this collaboration.
The E154 experiment at SLAC has data from electron scat-
tering off *He targetg23]. The HERMES Collaboration in
DESY has data from positron scattering off protons dHi
[24]. We have also used data on DIS frofHe taken by the
SLAC E-142 collaboratio25]. We have chosen not to uti-

2We thank Abhay Deshpande for drawing our attention to this
point.
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1.2 T 0.8

+SMC +HERMES
4| oE-143 0.6} aE-142
I | «E-154
« HERMES 0.4l
08} j
{ 0.2} [d/
o6t . ::>E 0 1
R <
0.4 0.2} l
02 & 0.4l
0.6
oll gy Bi 1{?
#’1———-—1 T 0. ) X
I 0-8 o1 0
, X
0-2 557 04
X FIG. 2. Data and fits foA]. The data are at differer®?, but
FIG. 1. Data and fits foA?. The data are at differei@?, but ~ the curve is the asymmetry from NLO $et calculated at fixed
the curve is the asymmetry from NLO $et calculated at fixed QO 5 GeV.

Q3=5 Ge\2.
analysis. In the absence of published information on the co-

lize data taken by the older European Muon Collaboratiorvariance matrix, one may make the simplifying assumption
(EMC) and the E-140 experiments at SLAC. that the bin-to-bin correlation vanishes, and add the statisti-

Deuterium is a spin-1 nucleus with tipeandn primarily ~ cal and systematic errors in quadrature. This overestimates
in a relatives-wave state. Thel-wave probability is esti- the errors on data and hence the errors on the parameters
mated to bevp=0.05+0.01[26]. This is used in the relation determined by fitting. We have made a different extremal
between the structure function of deuterium and thosp of assumption of neglecting the systematic errors altogether.
and n— gf=(1—3wD/2)(gF1’+ g7)/2. In 3He, the two pro-  This procedure almost certainly leads us to underestimate the
tons are essentially paired into a spin singlet, and the asynparameter errors—a point to be borne in mind when we dis-
metry is largely due to the unpaired neutron. Corrections dueuss large errors and uncertainties in the fits. In summary,
to other components of the nuclear wave function are smalbur choice of error analysis is deliberately conservative.
[27]. More details are available ir28]. Sinceg, contains a possible twist-3 contribution, which

From the chosen experiments, we have retained only theannot be written in terms of parton distributions, we cannot
data onA;(x,Q?) for Q=256 Ge\f. While this does re- utilize data ong, for our fits. However, the twist-2 part is
move some of the low-data, the error bars in the removed completely determined bg,. In a later section, we report an
data are pretty large. We have checked by backward evolwattempt to limit the extent of the twist-3 term using our fitted
tion that the data which is removed would not have con-polarized parton densities. For this we have utilized data on
strained the fits any further. The total number of data pointgproton target from SMC and the E143 collaboration at SLAC
used in our analysis is 224. [29], on deuterium target from SMC, E-143 and SLAC

In most fitting procedures the statistical errors on meaE-155[30], and on neutron target from the E-143 and SLAC
surements are combined in some way with the systematiexperiment E-15431]. In all cases, we have used the most
error estimates. Both sets of errors are usually reported in theecent data set and analysis from each collaboration. The
literature in each bin of data. Whereas this procedure is agjuality of data ong, is poorer than that fog,. This is be-
ceptable for statistical errors, it oversimplifies the nature ofcauseA, is small, and extraction aj, from A, requires the
systematic errors. These latter are correlated from bin to birsubtraction ofg,;, which itself has significant measurement
and one must use the full covariance matrix of errors in theerrors. The errors are dominated by statistical uncertainties.

TABLE Il. The NLO Sfits for the parameters in Eq€9), (10) at Q§:2.56 Ge\f. The error estimates
shown in the brackets apply to the last digit of the estimated value. In case of asymmetric errors, if one of the
errors is zero it indicates that the parameter is at the limit of positivity. The parameters ntarked set
equal to some other in the same colurtiy,are fixed to the value taken by the unpolarized densities(@nd
are fixed by the Bjorken sum rule.

Density ag a; a, as ay

v, 0.6157) -0.32 (x2) 3.689 12.2 (+2) 0.873
Yy —0.61 (£2) -0.32 4.247F 2.2 (*1) 0.332
% 0.009 (+9) -0.2'5 8.04P 8 (+16) 1.006
Us -0.2Z -0.3% 8.04F 0° 7 (£5)
9 -1.03 -0.72 4673 -5%3 1.508
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TABLE lll. The NLO S fits for the parameters in Eq9) at TABLE V. The LO S fits for the parameters in E() at QS
Q§=2.56 GeV. Asymmetric errors and superscripts on the num-=2.56 Ge\f. Asymmetric errors and superscripts on the numbers
bers have the same meaning as in Table II. have the same meaning as in Table II.

Density ag a; a, as ay Density ag a; a, as ay

v, 174 (x1)  -0.149; 3689 391'f 087F 1.91 (+1) —0.150 (+3) 3.46% 3.44°% 1.14@
2 -0.75 —0.14¢ 4247 16(x1) 0333 ¢, —1.2% -0.15¢ 4.009 053 0622
% —-0.26 (+2) —0.08 (+4) 8.04f 6.5(x7) 1.000 TG, —0.20 (£2) 0.03"3 6.877 2.2 1.000
9 -0.3"3 -06"3 4673 1775 1508 G —0.16"5 -1.0°2 3666 —15'3° 1.968

There remains data from semi-inclusive DIS taken by thedensities for NLO S except the gluon. The paramedgrand
SMC[32] and HERMEY33] experiments. Analysis of these a; for g in NLO S are at the limit of positivity. The quality

require fragmentation functions and the@® evolution.  of the NLO Sfit is shown in Figs. 1-3. We recommend that
Since such analyses are still to reach the stage that partqRe NLO parametrizations be used with the CTEQ4M set of

functions would introduce larger errors into our fits. For thisset[g], and with appropriate values & ocp-

reason, we have chosen not to use such data in this work. For the_Sdensities, the normalization 613 inherits its

error from the valence parameters and the coupdinglt is
IV. RESULTS the best constrained among the parameters describing the

s—two LO and two NLO. S€&. Similarly, for the tw&densities the normalization A
"is fixed by the Bjorken sum rule and its error is inherited
from the remaining valence parameters.
In Fig. 4 we have shown the variation of

We have made four full analyse
each with and without SU(2) flavor symmetfgienoted S

and S respectively for the sea quarks, and with fixeg
=0.5. In addition, we have made a set of fits with (83U

symmetric seads=0) but » allowed to vary freely. At LO AX*=x*— X2 (22)

this had no effect on the fit—=0.5 gave the best fit and the 5

remaining parameters were identical to LO S. At Nl®  when one of the parametersgnis varied for fixed values of
moved to 0.6, but the parameters remained close to the sell the other parameters in the set. The minimum of these
NLO S. The goodness of fit improved only marginally when curves fixes the best-fit value of the parameter, and the points
7 was allowed to float. Given the uncertainties in the remainwhereA y?>=1 give the 68.3% confidence limits on this pa-
ing parameters we retain the choige= 0.5 in the main work  rameter. Uncertainties in the gluon density are shown in
reported below. greater detail in Fig. 5. This shows contour lines f&of?

The goodness of fit, and the constraints imposed by eack2.3, which encloses the area with 68.3% probability of
set of data are summarized in Table I. The valueg®favor ~ giving a good description of the data. Also shown in the
the NLO sets slightly. The HERMES proton and the E154figure are lines of constarﬂg(Qﬁ). Although 1o contours
neutron datdsee Figs. 1, Pexpress the strongest preferencesgive negative values of 4 We note that & contours in-
for the NLO fits; almost the entire change ¥t in going  clude positive values as well. Note that our error bars are
from LO to NLO comes from these two data sets. It is prob-deliberately conservative, due to our neglect of systematic
ably no coincidence that these two data sets also have th&rors. Since systematic errors are as large as the statistical
smallest error bars.

The parameters and their error estimates are shown in 1.4

= +SMC

Tables 11-V. It is worth noting that the NLO 8ensities lie 1.2} JE-143
well within the limits allowed by Eq.(14), as do all the 1.0}

_ 0.8

TABLE IV. The LO Sfits for the parameters in Eq&), (10) at 0.6
QS=2.56 Ge\f. Asymmetric errors and superscripts on the num- _g_?, M
bers have the same meaning as in Table II. <04¢
0.2} i
Density ag a, a, asz ay ()T SRS S . & ik A
e :
v, 1.65'3 —-0.1590 3.46% 43" 1.148 02}
2 -0.75'9  -0.159¢ 4.00% 2.0} 0622 0.4 by pre .
% -0.21(*2) 0.01'; 6877 06, 1.000 X
Us 0.81° -0.15¢ 6877 0° -357% FIG. 3. Data and fits foA?. The data are at differer®?, but
9 -0.16; -1.0°7 3666 -15'1 1.968& the curve is the asymmetry from NLO &t calculated at fixed
Q%=5 Ge\~.

094012-6



QCD ANALYSIS OF POLARIZED PARTON DENSITIES

PHYSICAL REVIEW B2 094012

150 15 \ /
o QN \
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0.5} 05}
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3
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FIG. 4. Plots ofA 2 against the parameteag anda, for g in the two NLO sets. In the set NLO 8y is at the boundary of positivity.

errors, the naive procedure of summing them in quadraturentegrability, sincea;~—1. Thusl' is essentially undeter-
would have led us to believe that at NLO positiVg is  mined.

allowed at 1.5. S o This large uncertainty iy comes because the only con-
The huge uncertainties in the gluon distribution dué tOstraint on gluon densities at present are the dat@bwaria-

these parameter variations are illustrated in Fig. 6.XAt ions ofg,. Furthermore, the data at<0.1 are most effec-

=0.01 the polarized gluon density at NLO can lie anywheretive in constrainingg, and in this range, the data have large

e o st e sty o TEIS. We Tave quantied s n Fg. 7. were we show
P ) ) o gating ~ y o Yselected data 00, in different bins ofx as a function ofQ?
region. The situation is worse at LO whegés at the limit of

(the normalization has been made arbitrary for ease of view-
ing). As the bands of variation due Ep(in the NLO Sse)

0 show, the data does not constrain the gluon density well.
A few qualitative statements are in order. It is clear that in
02 a scaling theory, DIS data with nucleon or nuclear targets
1 e
5| 100
0.4 3
— 0
@ 3| - _|9|
0.6} ¢
1 -2l
1/ g f
-0.8 \ ol 3
- 8 o1
X — T'00 050 oo
20 Ty
FIG. 5. The covariance of the fitted parametegsanda, for g 0.004 § o

for the two NLO sets witlaz kept at their respective best-fit values. %

The crosses show the best-fit points, and full lines are the contours

enclosing the 68% confidence limits. The reference points A and B FIG. 6. The absolute values of the polarized valence quark den-
are used to quantify the variation in gluon densities in Fig. 6. Alongsities are shown along with the range of aIIOV\@j in the NLO S

the dashed line§',=—1/2", for the values oh marked. The grey set. The gray band showing this uncertainty is the band enclosed by
patch is the region allowed by the faked data discussed later.  the densities obtained at points A and B marked in Fig. 5.
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1000 : . . error estimates obtained with the fake data set are shown in
04 neutron, x=0.12 Fig. 8. The region of parameter space allowed by this fake
100} deuteron, x=0.12 3 data is shown as the gray patch in Fig. 5. Taking data at
L 7 I <0.01 or over a larger range @, both of which would be
iy ~
10F ! o o 1 | feasible at polarized HERA, would constragneven better
_ o proton, x=0.12 ® [34]. The ability of RHIC to fix the gluon densities is, of
s 1 ] j course, well appreciated. However, if DIS experiments can
I fix the gluon densities better, then polarized RHIC can be
0.1 - deuteron, x=0.023 ; used as a discovery machine.
0.01] $ ]
i) proton, x=0.023 V. APPLICATIONS
0.001 % A. Flavor asymmetry

| 82//\2

0g . . ) o . .

Unlike previous fits of parton densities which had built in

F'?' Z We shOV\gl(x,SZ) in selected bins ok as a function of o constraind~u [7], we have allowed for sea quark den-
log(Q7A%). The data orgy from SMC are shown by open circles  gjiag that violate flavor S(2) symmetry. The fits show that

gnd from Eidf’”bg I”.Ied f'rdes’ Ogi.frolm ch;%Te exgﬂ;nﬁms the data tolerate, and even prefer, strong flavor symmetry
y open and Hiec frangies respectively, an rom Y violations. This is easily seen in the first moments of various

open squares and from E154 by filled squares. The bands are ﬂeleensities(Table V). Sincel’y andT'g are small, it is clear

uncertainty ing, induced by the uncertainty ig shown in Fig. 6. —— _T— )
Data in different bins ok are offset vertically for visibility. g:/sgrtpj iFs)algregri.FS| < |FU‘ andT’y T’y must follow when

It has been suggestg85] that SU2) flavor asymmetry in
the sea be observed through two combinations of cross sec-
tions for production ofW= in longitudinally polarizedpp
scattering:

can at most fix two linear combinations of quark densities
However, DIS structure functions a€¢? dependent. Hence,
in principle, data of arbitrarily high accuracy fixes these two
linear combinations at ead@?>—i.e., an infinite number of
functions. In QCD there is a more economical description of + . - _ + — -
this Q* dependence involving the set of parton densitiess = oW1 2a(W-,T1)—a(W", 1)+ o(W ,Tl),
given in Sec. II. Of course, in the real world data are never ~~ o(W",11)xa(W™,T1)+a(W",T[)=a(W™,1])
infinitely precise, so the question is how accurately d9és (23)
evolution fix these densities. Some part of the answer is clear
from Fig. 7—improved data at low will constraing much ~ whereA,, (As) is defined with the uppefiower) signs. At
better an(b‘f, being isosinglet, would present the best con-LO these asymmetries can be written as the ratio of certain
straint. combinations of polarized and unpolarized parton densities.
We investigated this question quantitatively by generatinght LO the asymmetryApy for Drell-Yan pairs can also be
fake data ak<0.1 from the NLO S set. The values AF so  Written in terms of the parton densities. At zero rapidAy,y
generated were smeared randomly over a 10% band to simi$ @ function ofy'7=M//S, whereM is the mass of the pairs
late noise in the data, and error bars of 20—30% were a®indy/S is the center of mass energy of the colliding protons.
signed to each such data point. This faked set is meant tbor W= production at zero rapidity, the parton densities have
mimic data that could possibly come from a future polarizedto be evaluated a¥l=M,,, and hence/S=M,/ /7.
HERA experiment. We redid our fits with this faked data set In Fig. 9 we have shown these asymmetries at zero rapid-
replacing all data o\} for x<0.1. This data brings down ity as a function of{S, or equivalently of\/z. It is clear that
the error bars in the parameta appearing irg by a factor ~ at /S appropriate to RHIC, the isotriplet spin asymmetry,
of 4, and improves the errors &y by a factor of 2—3. The Ag, is best suited to distinguish the LO S densities from LO

3 T . - 3
2 2|
ol (]
&) )
1 1
05 005 & 01 .75 0.2 ST om0 @00 0T 015 02

FIG. 8. Plot ofA y? against the deviation from the best fit value of the gluon paramateasida, using faked data with 20—-30 % errors
in measurements o&,; for x<0.1.
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TABLE VI. Moments of various densities §3=2.56 Ge\f. By our initial conditionsI'g=2T"y/5. The
numbers in brackets are the errors on the last digit of the central Ja|us.essentially undetermined at LO.

LOS LOS NLO S NLO S
Iy 0.875 (+5) 0.829 (+1) 0.909 (+8) 0.85 (+3)
Iy —0.40 (+4) ~0.338 (+6) ~0.36 (+1) ~0.52 (+3)
T, ~0.029 (+3) ~0.028 (+3) —0.058 (+6) ~0.003 (+3)
r, -0.2"% —-1.6+1.0
s 0.107 (+3) ~0.10 (+2)
2T, —0.0059 (=6) 0.0212(+9) —-0.012 (+1) —0.024 (+6)
2Ty —0.0059 (=6) -0.0323 (+9) ~0.012 (+1) 0.024 (+6)
2r's —0.0029 (3) ~0.0027 ¢3) —0.0058 (6) —0.0003 (3)

Sincegy is a physical quantity, it is only to be expected that
our determination ofg, should agree with other analyses,
ssuch ag9], even if they use some other scheme to arrive at
the same result. We will, of course, disagree with them on
any scheme-dependent quantity, such\as=T",+T,+T.

Our maximally flavor symmetry violating fits give physically
reasonable results.

S. Experimentally studying the dependencedgfon /S over
even a limited range below/S=500 GeV would be very
useful.Apy is the least suitable measurement for making thi
distinction.

We have already pointed out that the LO fit is unable to
decide on the sign of’y, and that the NLO fits yield a
negativel'y, although positive values are not ruled out. Al-
though previous fits have seen overlapping ranges of allowed
I'y, the theoretical bias has been to take large and positive C. The structure function g,
vaIL_Jes ofl’y. This sigr_l can be easily fi_xed by various ex- Wandzura and Wilczek39] have derived a sum rule re-
periments at RHIC or in charm production measurements %tin the twist-2 part ofy, to gy
HERA [36] or the COMPASS experiment in CER[S7]. 9 P 21091

We would like to caution that parton densities are 19,(y,Q?)
renormalization-scheme-dependdand hence unphysidal g‘Z’VW(x,Qz)z—gl(x,Qz)Jrf ——dy.
They are universally applicable to all experiments, as long as X y
each experiment is treated in the same sch¢a&. Our
determination of these densities are in 18 scheme, and An additional twist-2 contribution t@,, suppressed by the
statements about their moments are therefore also restrictedtio of the quark to the nucleon mgs¥], is ignored here.
to this scheme. When interpreting the moments of unphysicdPredictions for the twist-3 contribution have been made us-
parton densities, their scheme dependence must be held iimg bag model§41], QCD sum ruleg42] as well as from

(26)

mind. nonperturbative lattice QCD computatiof#3]. Since some
B. Structure functions and couplings V1
_ _ _ N 0.10.8 0.08 0,008
It is possible to construct physical quantities out of the o
unphysical first moments of the parton densities. For the first
moments of the structure functions as given in E), we o
obtain the values N
— >
I'?=0.136-0.008, I'}=-0.053-0.008 (NLOS), s 01
S
I'?=0.157+0.006, I'{=-0.032-0.006 (NLO S) ?-0.2- S
(24)
) " 03
at Q5=2.56 Ge\f. These values are within ls50f each s
other and they compare well with values deduced from ex- Central rapidity
perimentg 1,23,24. -0. ST 103 104
We can also use E@l1) to extract the value af,. Using VS (GeV)

as input the above values 6" derived from our fits and

the PDG value fogg, we find FIG. 9. The asymmetriedpy and A, and A; [defined in Eq.

(23)] computed at LO. The full lines are obtained with Laasd the

= dotted lines with LO S. The bottom scale is # , as a function of

9o(Q3) = 0132020 (NLOS), (25) VS and that at the top foApy as a functions of/r. The vertical
0.35+-0.15 (NLOS). band marks out the range 200 Ge\(S<500 GeV.
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04 [~ s E—-143 5

wl | EEi‘%éE‘ o

i BRI |
BB N i s

x 0.1 ‘ ‘ ‘ B 1 x
FIG. 10. Data on the structure functign compared with the twist-2 predictions of E&6) evaluated with our NLO_$>arametrization
evolved toQ?=5 Ge\2. From left to right, the figures are f@?, g5, andgg.

computations predict large twist-3 contributions to momentsseveral studief46] of the effective Peccei-Quinn charge of
of g,, it becomes interesting to check whether the datgon the proton. For three flavors, the LO expression can be writ-
allows such contributions. ten as
Figure 10 shows our “prediction” for the twist-2 part of
g, and compares it to measurements of this structure func- _ -
tion. Clearly the data is compatible with the NLO twist-2 Cp*“_z (Cr=ppll's T, (28)
prediction (and also with the parton model resuif;=0).
Between the prediction and the data, there is little room for avhereu;=M/m; with 1/M =X 1/m; [47]. C; for quarks and
twist-3 contribution. Statistics have to be improved vastly inleptons is highly model dependent. In the so-called KSVZ
order to study higher-twist effects. In factompPAasshopes to  [48], and other hadronic axion mode3,=C4=Cs=0. Us-
make this measuremef&7]. ing quark mass ratiosn,/my=0.568+0.042 andm,/mq
Since the statistical errors are smallest ggr, it seems =0.0290+0.0043, obtained by chiral perturbation theory
that this is the best candidate in which to look for twist-3[49], and our LO Sfits, we find that
effects. However the data quality needs improvement even

here. There is considerable scaling violation in the twist-2 Cp=-0.402 (2) and C,=—-0.058 (4). (29
part ofg,, but the large errors prevent any analysis of@fe
dependence. The statistical errors in this coupling are dominated by the
errors in the fits to polarized parton densities. The uncer-
D. The valence densities tainty in the quark masses give smaller contributions to these

v th laboration h d _errors. However, the real source of uncertainty comes from
Recently the HERMES collaboration has used seMiyjgher |oop corrections. An estimate of this theoretical un-

inclusive polarized DIS data to extract valence and sea quar&‘ertainty can be obtained by inserting the NLO results for
densitied 33]. We have not used these in our fits because thig 4 0 1s moments into E@29). This change€, by 25% and
analysis is performed with parton model formalas. Neverthes by 100% ' P

n :

less, it is interesting to compare our fits with these numbers. The chiral couplings of neutralinos and charginos in ge-

We dlsplay this comparison in Fig. 11..Th(.a rough agreement e supersymmetric extensions of the standard model also
is heartening, but the small systematic differences between

the fit results and the HERMES extraction of the valence 1
densities shows the need for a more accurate QCD analysis
of the experimental data, taking into account properly@e
dependence through NLO evolution.

ot
wn
.

E. Axion-matter coupling

o
T

We present an example of the application of polarized
proton scattering to physics beyond the standard model. The
Peccei-Quinn solution to the stro@P problem postulates a
global symmetry whose spontaneous breakdown generates a 05t
(nearly massless pseudo-Goldstone boson called the axion
[44]. There is a variant of the original model which is still
viable[45]. The axiona whose decay constantig, couples 1 —ou03 0.7 U5
to fermions,;, of massm; by the term X

Asymmetry

Lini=—i0; drysihra. 27 _FIG. 11. The asymmetriesuf-u)/(u+u) (boxes an_d d
+d)/(d+d) (pluse$ extracted by a parton model analysis of ex-
The couplinggs=C;(m;/f,). The effective Peccei-Quinn perimental dat433] (the two overlapping points at=0.35 have
charge,C;=X;/N, appears in the coupling instead of the been separated for clarjtycompared to our NLO fits aQ?
actual chargéX; . Here,N is given by=X; . There have been =5 Ge\2. NLO Sis the full line and NLO S is the dotted line.
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give rise to effective couplings with matter which depend onyield highly accurate measurements of the polarized gluon
the moments of the parton densities. Such couplings are ofiensities if measurements Af in the rangex<0.125 can be
ten needed in astrophysical contexts. Unless these couplingerformed with errors of about 25%. Measurements of the
are examined to two-loop order, they should not be evaluatedsymmetry in the isotriplet part &= production at RHIC
with the NLO moments. are likely to be able to pin down the flavor content of the sea.
Measurements at future facilities for spin physics thus nicely
complement each other.

We have checked that our parametrizations are roughly
We have made global QCD analyses of data on the asymsonsistent with semi-inclusive DIS data, although a full QCD
metry A, from polarized DIS without making overly restric- analysis of this data remains to be performed. We have also
tive assumptions about the flavor content of the sea. We havg,own that these parametrizations, when used to determine

extracted polarized parton_densities_yvhich can be used Witthe twist-2 part ofy, leave very little room for a twist-3 part
the CTEQ4 set of unpolarized densities. Our NLO analyseg, this structure function. Finally, we have determined the
(in the MS schemgyield the parameter sets given in Tables coupling of hadronic axions to matter—an input into several
Il and Ill, and the LO analyses give the sets displayed inastrophysical constraints on the invisible axion.

Tables IV and V. Strong S@) flavor symmetry violation in In a future publication we plan to make a more detailed
the sea is supported by the sets of densities in which the firgudy of several issues, including the proper inclusion of sys-
moment of the singlet sea quark density is much smaller thagematic experimental errors into the analysis and several

that of the triplet sea quark density. We also found in thepther technical issues concerning NLO QCD global fits.
NLO fits that the first moment of the gluon density is pref-

erentially negative, although positive values are within 2—3
o of the best fits. The LO fits, to the contrary, prefer a posi-
tive sign fong(Qg), although negative values are allowed We would like to thank Willy van Neerven for several

within 2—-3 o of the central values. All physical quantities discussions and clarifications. We also thank the organizers
obtained from the first moments of our fitted densities haveof the 6th Workshop on High-Energy Physics Phenomenol-
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completely sensible values, as they must have.
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We have shown that the polarized HERA option maycompleted.
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