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What we can learn about nucleon spin structure from recent data
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We have used recent data from the CERN and SLAC to extract information about nucleon spin structure.
We find that the SMC proton data q’@g‘l’dx, the E142 neutron data q’réggdx, and the deuteron data from
the SMC and E143 give different results for fractions of the spin carried by each of the constituents. These
appear to lead to two different and incompatible models for the polarized strange sea. The polarized gluon
distribution occurring in the gluon anomaly does not have to be large in order to be consistent with either set
of experimental data. However, it appears that the discrepancies in the implications of these data cannot be
resolved with any simple theoretical arguments. We conclude that more experiments must be performed in
order to adequately determine the fraction of spin carried by each of the nucleon constituents.
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I. INTRODUCTION It is assumed that the transverse structure functgénis
small and tha#\, is relatively independent a2, which has
One of the important questions in high-energy physics isseen verified by experimental measurements. The extrapola-
how nucleon spin is related to the spins of the quark andign of the EMC data fog? to lower Bjorkenx led to im-
gluon constituents. Significant interest in high-energy pOIar'pIications that, although the Bjorken sum r¢BSR) of QCD
ization was piqued a few years ago when the Europeafy) \yas satisfied, the Ellis-Jaffe sum ry8], based on a
Muon Collaboration(EMC) [1] analyzed polarized deep- simple quark mO(,jeI was violated Recently, the Spin Muon
inelastic scatteringDIS) data which appeared to contradict Collaboration(SMC),group from CERN[4] a’nd the E142

theoretical predictions, creating the “spin crisis.” Since : )
then, a flurry of theoretical and experimental work has beer‘?lnd E143 experimental groups from SLAG] have mea

p P
performed to address this “crisis” and further investigate theSUredA; anggl to even lowerx values and have added the
spin properties of the nucleons. corresponding neutron and deuteron structure functidhs
The spin-dependent asymmetry in the deep-inelastic scag} . A]. andgj. These groups have also improved statistics
tering of longitudinally polarized leptons on longitudinally and lowered the systematic errors from the original data.

polarized nucleons is given by The DIS experiments with Eq$1.2) and (1.3) can pro-
vide a means by which we can extract the polarized quark
o(——)—o(—<) distribution functions. We can check the consistency of these

= o(——)to(——) ~D-Aq, (1.7 distributions by comparing proton data}), neutron data

(9}), and deuteron dategﬂ) via sum rules. There are many
possibilities for models of the polarized quark and gluon

where the arrows refer to the relative longitudinal spin dlrec-d.Stributions which are consistent with sum rule and data

:lr?rlsAof_the belzlam_and _tta_rgit, rezpzctlve_ly,_an/d It IIS ?ssume onstraints. The motive here is to point out some of these
atA, is small, since it is bounded by= Vo, /oy Infor- possibilities and compare our analysis to those of others. For

mation about t_he polarized quark distributions can be ex'example, Close and Robef8] have done an analysis of the
tracted from this asymmetry by proton and neutron DIS data with an emphasis on the inte-
5 grated distributions and the overall flavor contributions to
_ ZiefAqi(x) nucleon spin. Ellis and Karlinef7] have done a similar
1= gie?i qi(x) 12 analysis which includes higher-order QCD corrections. We
have done a more detailed flavor-dependent analysis includ-
ing the QCD corrections and the effect of the gluon anomaly.
SWe will proceed by assuming that the polarized gluon distri-
bution is of moderate size and find that the resulting polar-
ized quark distributions are consistent with data and the ap-
5 propriate sum rules. Our approach to this analysis consists of
oo ~2n_ A1X)Fa(x,Q%) 13 three parts(1) separating the valence and sea-integrated par-
9106, Q%)= 2x(1+R) (1.3 ton distributions for each flavor using different data sets as a

where the sums are over all quark flavors. The proton stru
ture functiong! can be extracted from the asymme#y by
using
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basis to perform the analys€g) discussing similarities and mp  2(Au,)—(Ad,) 3
differences between the phenomenological implications of T o AA . AN T 5 2.9
i ; . Mn 2(Ad,)—(Au,) 2
the experimental results, arfd) suggesting a set of experi-
Dutions 10 he proton Spin. OLr analysis ffes flom thase of /I _0Ur _values (Au,)=1.00:001 and (Ad,)
' =—0.26£0.01, both the BSR and magnetic moment ratio

the experimental groups in that we use sum rules in conjuncgre satisfied. This also yields a spin contribution from the
tion with a single experimental result to extract the spin in- ' y P

formation, while they use data from multiple experiments in}[/rzlzt?rﬁeen?sugﬁﬁeesquiﬁl Jgn?éffé?z’ugﬁg 'iélen.f_hvg'thug:ggr
order to check the validity of the sum rules. In addition, they P 9 o q

assume a flavor-symmetric sea and ignore anomaly contrib 1 Ors arse from data errors ga/gy, and from the differ-

tions. However, there is a relatively good physics agreemen nces in ChO‘C? of the unpolarized d.istr.ibut.ions used tq gen-
between our results and those of the experimental groups.erate the polarized valence quark distributions. The original

The paper is structured as follows. In Sec. I, we discuss‘";m"inSiS by Qitet al. [8] effectively reached the same con-

: : o ; - _Clusion.
he theoretical is for rmining th lariz rton dis- o .
the theoretical basis for dete g the polarized parton dis The polarization of the sea occurs by gluons that are emit-

tributions and the assumptions we have made to generaLed bv aluon bremsstrahluna and b rk-antiquark pair
them. In Sec. lll, we discuss our phenomenological analysi ed by giuo emsstraniung a y guark-antiquark pa

of the existing data and the consistency of the various modgreation. The corresponding integrated polarized sea distri-

els. Section IV is a discussion of the experiments which carli)m'on is defined as
be performed with existing accelerators to further our knowl-

edge of the spin content of nucleons. (AS(Q?))=([Aug(Q?) +Au(Q?) +Ady(Q?)

Il. THEORETICAL BACKGROUND +Ad(Q)+AS(Q)+AS(Q)]), (2.4

A. Polarized quark distributions . .
where the polarized sea flavors are defined analogous to the

'Fundamentally, we assume that the nucleons are complence quarks. It is assumed that the lightest flavors domi-
prised of valence quarks, whose polarized and integrated digpate the sea polarization, since the heavier quarks should be
tributions are defined by significantly harder to polarize. Thus, we assume that the

N - 2 quark and antiquark flavors are symmetric, but break the
Aq,(x,Q%)=q, (x,Q%)—q, (x,Q%), SU(6) symmetry of the sea by assuming that the heavier
strange quarks will be less polarizg8l. Then, the sea dis-

1 ; ; .
Aq,(Q? Ef Ag,(x,Q2)dx, 2q) tributions are related as follows:
(40,(Q%))= | 'Aq,(x,Q%) (2.1
Ty O2) — 2 Adiy O2)— 2
where +(—) indicates the quark spin alignddntialigned Au(x,Q%)=Auy(x,Q%) =Ad(x,Q%) = Ads(x,Q%)
with the nucleon spin. In order to construct the polarized —[1+ €]As(x,Q2)=[1+ €]As(X,Q?).
quark distributions from the unpolarized ones, we can start
with a modified three-quark model based on an@Wvave 2.9

function for the proton. This model is based on flavor sym-

metry of theu andd sea and constructs the valence distri-The ¢ factor is a measure of the increased difficulty in po-
butions to satisfy the Bjorken sum ru[@]. The valence larizing the strange sea quarks.

quark distributions can be written in the form In terms of the proton wave function, we can write the

integrated distributions as
AUU(X,QZ):C()SgD[UU(X,Qz) - % dU(X,QZ)],

Ad, (x,0%) = — Lcopd, (x,02). 2.2 (Ag;s*)=(ps|qy*ysai|ps)/2m, (2.6

where co$p, is a “spin dilution” factor which vanishes as Wheres*(p) is the axial four-vector which characterizes a
x—0 and becomes unity as—1, characterizing the valence Spin z particle andm is the mass of the particle. The inte-
quark helicity contribution to the protdi8,9]. Normally, the  grated polarized structure functioh?™= [3g?™(x)dx, is
spin dilution factor is adjusted to satisfy the Bjorken sumrelated to the polarized quark distributions by

rule and to agree with the deep-inelastic data at large

To generate the valence quark distributions, we use the 1 A(1) 1(4)
higher-order set of Gluck-Reya-VogGRYV) [10] unpolar- |PM=Z(1— %" <[—Au + " Ad
ized distributions, evolved to th@? scales of each experi- 2 * 9 " 9 7
ment. These agree with the Martin-Roberts-StirlihgRS) A1) 1(4)

[11] distributions forx=0.05. The spin dilution factor in Eq. + T(Aus+ AU+ (Adg+ Ad)

(2.2) was determined from the BSR, which we have assumed
valid. The consistency of the resulting polarized valence dis-
tributions was checked by comparing with the value for the
ratio of proton and neutron magnetic moments:

9

+%(AS+AS_) > 2.7
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The QCD corrections, characterized ®§" have been calu- o com -1 (% p 1, 3,
clated toO(«a?) and are[14] a=9(1-ag) fo 91(x)dx—za°— ya’. (212
Qs o) 2 as)® as) ¢ Thus, the equations for the axial-vector current coefficients
al"~| | +3.5833 —| +20.2153—| +130 —| , nus, q \ rrent ©
T T T T give constraints to the polarized quark distributions, from

(2.8  which we can attempt to extract specific information about
i i i ) . individual contributions to the overall proton spin. Shortly
where the last term is estimated. The higher twist correctiongfier the EMC experiment, there were a number of theoreti-
calculzated by Steiet al.[15] are small enough to neglect at 5| calculations which isolated the contributions of each of
the Q® values of the data. The QCD corrections have a muche flavors of the polarized sea to the proton dirig]. All
more significant effect in extracting information from the f these arrived at the conclusion that the sea is negatively
data and sum rules. In fact, although the last correction termo|arized, which is reasonable when one analyzes the spin-
in Eq. (2.8) is estimated, its effect on the extracted numbersyependent forces which cause polarization of the sea from
is less than the significant figures which we report. valence quarks and gluons. Updated values for the flavors of
Thus, the data og, allows the determination of a linear ojarized distributions can be determined from the recent
combination ofe and the overall size of the polarized sea. spmc and SLAC dat44,5].
This is not enough, however, to determine all of the sea (onpe can impose theoretical constraints on the polarized
parameters. Additional constraints are provided by the axialsirange sef8] by assuming that
vector current operatorA\k whose matrix elements for the
proton define the coefficients‘ as[16]

1 11 __
U As(x)dx sgf XS(x)dx=~0.005. (2.13
0 0

(pslA|ps)=s,a¥, (2.9

This “valence-dominated model'(VDM) is based on a
mechanism where sea quarks obtain their polarization
. ) : .~~~ through a localized interaction with the valence quarks. This
elements give relations between the polarized dlstrlbutlonlshodel provides a more restrictive limit on the size of the
and the measura_\ble coefficierdS. The Bjorken sum ru_Ie polarized strange sea than that by the positivity constraint
relates the polarized structure functign(x), measured in discussed by Preparata, Ratcliffe, and Softei]. The VDM

p‘g'a“zed deep_'if‘e'as,}i‘? scattering, to the axial-vector currenh,,ye| can pe compared with the integrated distributions ex-
A, . The coefficienta® is measured in neutron beta decay ;o ted from the data to check for its validity.

and this sum rule is considered to be a fundamental test of
QCD. In terms of the polarized distributions and our assump-
tions about the flavor symmetry of the and d-polarized
sea, the Bjorken sum rule can be reduced to the form The gluons are polarized through bremsstrahlung from the
quarks. The integrated polarized gluon distribution is written
as

where thea® are nonzero fok=0, 3, and 8. These current
operators are members of an @U octet, whose nonzero

B. Polarization of gluons

fl[AuU(x,Qz)—Adv(x,Qz)]dx=a3, (2.10
0

1 1
(AG)= AG(X,QZ)dX=f [G*(x,Q%)—G(x,Q%)]dx,
which enables us to determine the valence distributions, as 0 0
previously mentioned. Furthermore, since the BSR relates (2.19

g} andg’, the DIS data om, (for p, n, andd) can be used

to set constraints on the polarized sea distributions. ’ or .
The coefficienta® is determined by hyperon decay, re- nucleon, as in the quark distributions. We cannot determine
flecting the other baryon axial charges in the symmetry. apriori the size of the polarized gluon distribution in a proton

- 2 . . _
traditional analysis of hyperon decays yields two empiricalf'it a givenQ® value. The evolution equations for the polar

constantsD and F [6], which are related to the polarized ized distributions indicate that the polarized gluon distribu-

quark distributions bya®. This relation can be written as tion Increases W'ﬂ.Q and that_lts evolution is directly re
lated to the behavior of the orbital angular momentum, since

8 — - — the polarized quark distributions do not evolveQA in lead-
a°=([Au,+Ad,+Aug+Au+Ads+Ad—2As—2As]) ing order[20]. Thus, one assumes a particular form for the

=3F—D~0.58+0.03. (2.1 polarized gluon distribution for a give®? and checks its

consistency with experimental data which are sensitive to

Lipkin has pointed out that one must proceed with caution inAG(x,Q?) at a particulang. Initial analyses of the EMC
using hyperon spin structures, however, without a suitablelata[18] led to speculation that the integrated gluon distri-
hyperon spin mode[17]. Fortunately, our analysis is not bution may be quite large, even at the relatively small value
highly sensitive to the value af®. of Q?=10.7 Ge\~.

The factora® is related to the total spin carried by the ~ The model ofAG that is used has a direct effect on the
quarks in the proton. Assuming that theandd flavors are  measured value of the quark distributions through the gluon
symmetric in the polarized sea, we can relate the nonzeraxial anomaly[21]. In QCD, the U1l) axial-vector current
axial-vector currents and the structure functigh in the  matrix eIemenAfL is not strictly conserved, even with mass-
flavor-independent form less quarks. Hence, at two-loop order, the triangle diagram

where the+ (—) indicates spin alignethntialigned with the
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between two gluons generatesgé—dependent gluonic con- TABLE I. Experimental parameters for the integrated structure
tribution to the measured polarized quark distributions. Thigunctions are shown with errors, avera@é, and corresponding
term has the general form as values.
Niag(Q?) (1 Quantity SMC (P) SMC (1%) E142 (™ E143 (9
rQ¥)=———"— f AG(x,QYdx, (219
m 0 | exet 0.136 0.034 -0.022 0.041
. Stat. err. +0.011 *0.009 *0.007 =*0.003
where N; is the numbgr qf quark' flgvorg. Thus, for each ys. err. 40011  +0006 +0006 +0.004
flavor of quark appearing in the distributions, the measure vg. O (GeV?) 10.0 10.0 20 3.0
polarization distribution is modified by a factor: g 5 : : : |
ay(Q?) 0.27 0.27 0.385 0.35

(Ag;))—T(Q?)/Ns. In order for us to determine the quark
contributions to the spin of the nucleons, it is necessary for
us to know the relative size of the polarized gluon distribu- . , ,
tion. If we base our analysis solely on the naive quark modele Will assume that this overall effect &%, on g1 will not
thenSAq—1 andAG may be quite large to be consistent alter the integral by any more than.the_ present experimental
with EMC data. This is surprising, since there are no high-€mors- We use the_ unpolan_zed distributions of MRS and
spin excited states of nucleons which create such a larggRV in Sec. Il B since they include the smalldata from
AG. If we consider the polarized distributions of Qetal,  HERA. The shape of the polarized gluon distribution at

a reasonably sized G is possible if the sea has a suitably Smallx affects the anomaly term, and thus the overall quark
negative polarization. contributions to the integrals. Future experiments can shed

We have considered two possible models A light on the size of this effect, a detail we will discuss in Sec.
IV. We believe that the present data show that anomaly ef-
fects are limited and the overall integrated polarized gluon
distribution is not very large at these energies. This point is
discussed in the next section.

The first implies that the spin carried by gluon is the same as

(DAG(X)=XxG(x), (2)AG(X)=0.  (2.16

its momentum, motivated by both simple perturbative QCD ll. PHENOMENOLOGY

(PQCD constraints and the form of the splitting functions

for the polarized evolution equatiorj€0,22. The second A. Assumptions and analysis using new data

provides an extreme value for determining limits on the val-  We consider recent SM{!] and E142 or 1435] data to
ues of the polarized sea distribution. extract polarization information about the sea. The SMC ex-

Another natural constraint to the polarized distributionsperiment, which measured 5gbdx, consisted of deep-
lar momentum of the constituents. Because ¢2)Anvari- i, the kinematic range 0.083x<0.7 and 1 GeV<Q?< 60
ance, a proton with momentum and spin in thelirection  Gey?2 The data were then extrapolated to yield the inte-
will conserveJ, . This total spin sum rule can be written in grated value of the structure function. In the other SMC ex-
terms of the polarized distributions as periment, the polarized proton target was replaced by a po-

larized deuteron target anhgddx was extracted from data
J,=3=3(Aq,)+ 3(AS)+(AG)+L,. (2.17) in the kinematic range 0.083x<0.7 and 1 GeV¥<Q?< 60
GeV2. The E142 experiment extractggdg;dx from data in

. . . the kinematic range 0.88x<0.6 and 1 GeV¥=Q’< 60
The right-hand side represents the decomposition of the COons /2 by scatterin% polarized electrons off of?a polarized

stituent spins along with their relative angular momentum . Ny

L,. Although this does not provide a strict constraint on 3He target. The E143 experiment me;suy’é%gldx n tr\]f

eitherAq,,; or AG, it does give an indication of the fraction klnemat|c.range 0'.03X<0'8 and 1 Ge g.Q = 1.0 Ge

of total spin due to the angular momentum component ag)y scatterlng_ pglarlzed electrons _offasolld polarlzed_deuter-

compared to the constituent contributions. ated ammonia®ND 5 target. The mtegra}ted r'esults with er-
rors and averag®? values are summarized in Table I.

We can write the integrals of the polarized structure func-

C. Interpolation of data at small x tions fégildx in the terms of the coefficien&s* [6]:

All sets of data are limited in the range of Bjorkgrand

thus, the integrals must be extrapolatedxte 0. Thus, the 1 ad a8 al
possibility of existence of a Regge-type singularityxat 0 IPEJ gi(x)dx=|—+ =+ —[(1—a"),
is not accounted for in the analyses. A significant singularity 0 1236 9
could raise the value off towards the naive quark model
value and could account for some of the discrepancy be- 1 8 a% a°

i : I"= [ gi(x)dx=| — =+ 5=+ —=|(1—a"
tween the original EMC data and the Ellis-Jaffe sum {Gle ! 1236 9 s )
In light of the recent HERA datf23], there is the possibility
that the increase iF, at smallx, even at the loweQ? 8 .0
values of the E142 or E143 data, could indicate a change in  jd_ flgd(x)dx= a_+ a’ (1_acorr)( 1— §w )
the extrapolated values of these integrals. These possibilities 0t 36 9 s 27°P)

are a topic for future study. For the purposes of this paper, (3.1
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where wp is the probability that the deuteron will be in a B. Results for the polarized distributions

D state. Using\-N potential calculations, the value op is The analysis for each polarized gluon model proceeds as
about 0.0584,24]. The difference (°P—1") is the Bjorken follows. y P g P

sum rule, which is fundamental to the tests of QCD. There (i) We extract a value df° either directly from the data or

seems to be an agreement in the experimental papers that the , )
data from each substantiates the Bjorken sum rule, to within & the BSR using Eq(3.1). Then, Eq.(2.19 s used to

the experimental errors. We have assumed that the BSR gtlractao. Trebanohmaly delpl)ender?ses. on bo;h S|desk of .Eq'
valid, and have used it as a starting point for extracting an“ 2 cancel, but the overall contribution to the quark spin,

effectivelP value from neutron and deuteron data. The com{2 %y =280+ T, includes the anomaly term. The valag
parison of the effectivel® values gives a measure of the oM the hyperon data with Eq€2.11) and(2.12 are then
consistency of the different experiments to the BSR. used to extracAs for the strange sea. The total contribution
Considerable discussion regarding results of these medom the sea then comes fro(d gy =(Aq,) +(AS). The
surements focuses on the Ellis-Jaffe sum @SR [3],  factor e and the distributiongAu)ge=(Ad)seqare then de-
which predicts the values @f, andg? using an unpolarized rived from Egs.(2.4) and (2.5). Finally, theJ, = 1/2 sum

strange sea. This has the form rule [Eq. (2.17] givesL,.
(i) Since the VDM model is based upon the chiral distri-
IP= L[9F—D](1— ™" butions, we calculate the corresponding results in Table
S 1

I1(b), where the anomaly term is zero. Hess comes from
the VDM assumption for the strange dezg. (2.13)]. Then
I"=75[6F —4D](1— ™), (3.2  (AQ)=ap can be extracted from,—ag=6(As). Finally,
g} comes from Eq(2.12, and the other sea information can

whereF andD are the empirically determineg-decay con- P€ extracted. This provides a theoretical limit on these quan-
stants, constrained so that their sufnt D=g, /gy satisfies  Uti€s, based upon a restricted strange sea polarization.

the Bjorken sum rule. Using the approximate valjié$ The overall results are presented in Table@ll
F~0.46+0.01 andD~0.80+0.01, this sum rule predicts (AG=xG) and Table l{b) (AG=0). The E143 proton data
that IP=0.161 andl"= —0.019. These values ¢ and D [5] gives virtually the same numbers as the deuteron data
also yield shown in these tables.

From Tables I(a) and II(b), it is obvious that the naive
quark model is not sufficient to explain the characteristics of
nucleon spin. However, these results have narrowed the
range of constituent contributions to the proton spin. The
Clearly, the E1421(") data are consistent with this sum rule, following conclusions can be drawn, which lead to a modi-
while the other data are not. Higher-order corrections to thdied view of the proton’s spin picture.

EJSR have been calculatg2b], but amount to about a 10% (1) The total quark contribution to the proton spin is be-
correction to the values of the integrals and are not enough toveen; and 3, as opposed the quark model value of one, or
account for the discrepancy with the SMC data. Higher twisthe extracted EMC value of zero. The errors in determining
correctiong 26] are only significant at the low&? values of  the total quark contribution are due to experimental errors
the E1421" data, where there is an agreement with the EJSR(Table ), the uncertainty in the value fdf (~+0.04) and
The point thus focuses on the discussion of the size of théheoretical uncertainties#(0.01). These values, including
polarized sea, which differs in analyses of these data. Werror bars, are shown in Fig. 1. Our values b, are
address this in detail later. consistent with the prediction thatg,, does not evolve with

The experimental values ¢f* for the proton, neutron, Q?, assuming leading order evolution. However, these values
and deuteron, combined with the valueAd, determined in  of Aqg,, have a similarQ? dependence as that of(Q?).

Sec. Il, can be used to determine the polarization of each ofhis may indicate that higher-order GLAP equations may be
the sea flavors. With anomaly correction, the total spin carmore appropriate, since higher twist effects are not large
ried by each of the flavors can be written as enough to account for the differendds]. For a given gluon
model, however, the differences in values are within one
w standard deviation of each other. Note that the error bars in
<AQi,va|+ AG; et AQi— Z—SAG> =(AQp- (3.4  Fig. 1 are sensitive to experimental values because of the
™ multiplicitive factor in Eq.(2.12).
Models, which depend strongly on the valuesFofand
The anomaly terms included in the quark distributions haved (ag in particulay, used to determinA g, have been criti-
the form of Eq.(2.15 using both models of the polarized cized[17]. Although it is not clear to what extent the hy-
glue from Eq.(2.16. peron decay data can be relied upon to mirror hyperon struc-

Since the anomalous dimensions for the polarized distriture, our values foAq,,; depend on the fundamental BSR
butions have an additional factor fcompared to the unpo- and are not sensitive tg. Our direct use ofg in determin-
larized case, early treatments of the spin distributions asing As, however, could lead to uncertainties in these values.
sumed a form oA q(x)=xq(x) for all flavors[22]. We have This analysis implies that the total sea, and hence the
compared this form of the distributions to those extractedstrange sea, has a smaller polarization than that originally
from the recent data, using the defined ratiothought after the EMC experiment. The results for the
7=(A0seq expt! {XUsea calc fOr €ach flavor. strange sea in the proton and deuteron data are still larger

a®=3F-D=0.58+0.03. (3.3



55

TABLE II. (a) Integrated polarized distributions by flavor are
shown whereAG=xG. Other model parameters, defined in Egs.
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(2.5 and (2.195 and after Eq{(3.4) are also given(b) The same
polarized distributions and parameters as (&, except with

AG=0.

Quantity SMC (P) SMC (1% E142 (")? E143 (9

<Au>sea
(As)
(AU) ot
(Ad)or
(AS)ior
Tu= Td
s

r

|P
(AQ)or
(AG)
L,

-0.077
-0.037
0.85
-0.42
-0.07
-2.4
-2.0
1.09
0.06
0.136
0.36
0.46
-0.14

-0.089
-0.048
0.82
-0.43
-0.10
-2.8
-3.0
0.84
0.06
0.129
0.29
0.46
-0.11

a

-0.040
0.000
0.92
-0.34
0.00
-1.2

0.0
[ee]
0.04

0.137
0.58
0.24
-0.03

-0.068
-0.028

0.87
-0.40
-0.06
-2.1
-1.6

1.41

0.08
0.131
0.41
0.44
-0.15

Quantity SMC (P) SMC (1% E142(™ 2 E143 (% VDM

<A u)sea
(As)
(Auie
(Adioy
(Asiep
Tu= Md
s

r
1P

(AQ) ot
L,

-0.087
-0.047
0.83
-0.44
-0.09
-2.7
-2.4
0.86
0.00
0.136
0.30
0.35

-0.099
-0.058
0.80
-0.45
-0.12
-3.2
-3.7
0.70
0.00
0.129
0.23
0.39

b

-0.047
-0.007
0.91
-0.35
-0.01

-15
-0.3
5.64
0.00
0.137
0.54
0.23

-0.082
-0.042
0.84
-0.43
-0.08
-2.6
-2.5
0.96
0.00
0.131
0.33
0.35

-0.045
-0.005
0.91
-0.35
-0.01
-1.4
-0.3
8.00
0.00
0.152
0.55
0.23

8Using the prescription outlined by our model, the valueAaf,,
would be 0.62 with the anomaly terini=0.08 in (a). Since this

value is greater than the value &, this implies thatAs would be g |
positive, while Aug and Ad, are negative. There is no apparent Jaffe sum rule reduces to the question of the size of the

reason to explain why the heavier quarks in the sea would be ogRolarized sea. It also addresses the assumptions made by the
positely polarized from the lighter ones. Thus, we haveAsst 0 -
as a minimum condition for the strange sea, which then limits the® @ Simple SU5) model for the proton. The sea results, the
value of the anomaly term to 0.84.02, reflecting the experimen- deviation ofe from zero, and the differences ip from one,

tal error in determinin@g. This in turn limits the value ofAG) to

0.24+0.12.
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FIG. 1. The extracted values 0Aq),, are shown as a function
of averageQ? for the experiments listed in Table I. The values are
taken from Table lla) using the error bars explained in the text.
The two points aQ?>=10 Ge\? have been separated for readabil-
ity.

range of possibilities has been substantially decreased by
these experiments. Specifically, the up and down contribu-

tions agree to within a few percent. The main differences

remain are the questions of the strange sea and gluon spin
content.

(2) Despite the differences, there are similarities among
these sets of data. All of the extracted valueslfoare well
within the experimental uncertainties, indicating a strong
agreement about the validity of the Bjorken sum rule. We
have arrived at this conclusion by using the BSR to extract
IP, as opposed to the experimental groups, which used data
to extract the BSR. There seems to be a general agreement as
to the consistency of these results.

(3) As we mentioned in Sec. Il, the validity of the Ellis-

naive quark model and early polarization calculations based

all indicate that the models for quark polarizations must be
modified to account for the experimental results. The physi-
cal conclusions aréi) that the sea is polarized opposite to
that of the valence quarksee Ref[8] for interpretationy

than the positivity bound of Preparata, Ratcliffe, and Soffer(ii) that the strange quarks must be treated separately in de-
[19]. There is an implication here that their positivity bound termining their contribution to the proton spin due to mass
value is too small, since it is based entirely on unpolarizeceffects, and(iii) that polarized distributions for each quark
data. Nevertheless, all data imply that the strange quark spiftavor must be modified so thatq;~ 7;xq;, where 7 is
contribution is much smaller than that of the lighter quarks.extracted from data and is likely different from unity. Thus,
The flavor symmetry is broken by the large valueseof
namely, 0. e<wx, as opposed te=0. It is also interesting
to note that the results obtained from the SMC proton data (4) This analysis implies that the role of the anomaly cor-
are consistent with a recent lattice QCD calculation of therection is significant only in the sense that minimizing errors
polarized quark parametef$2]. Although the flavor contri-
butions to the proton spin cannot be extracted exactly, then determining the size of the polarized glue. By comparing

the relation between unpolarized and polarized distributions
is likely more complex than originally thought.

in specifying spin contributions from quark flavors depends
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the results given in Tables(d) and li(b), where analysis of TABLE lll. Comparison of values for the flavor dependence of
the data is done with both a zero and a small anomaly corthe polarized sea extracted from data.

rection, we see the key results and conclusions are not sig-

nificantly different. In fact, the zero anomaly results agree Model A= Adir AStor
(except for SMCIY) with the analysis of Close and Roberts HJL (EMC) -0.27 +0.00
[6]. Further, even if there are higher twist corrections to the GR (IM -0.08 +0.00
anomaly at smalQ?, this will not reconcile differences in VDM (theory -0.09 -0.01
the flavor dependence of the polarized sea. The anomaly CR (IM 012 -0.03
term does not vary significantly enough for @& range of GR (E1431%) 014 0.06
the data to explain any differences. However, the analysis of o ' '

I" with the anomaly in Eq(3.4) does imply that the polar- GR (%) d 015 0.07
ized glue may be limited in size. If the integrated polarized GR (SMC1%) -0.18 -0.10
gluon distribution were greater than about G112, the EK (SMC£E143 -0.17 -0.10
strange sea contribution in th€ column of Table I{a) CR (I) -0.20 -0.11
would be positive, while the other sea flavors would be nega- CR (1) -0.21 -0.12
tively polarized. There is no apparent reason why these fla- QRRS(EMC) -0.24 -0.15
vors should be polarized in a different direction. One impli- BEK (EMC) -0.26 -0.23

cation of this analysis is that the size of the anomaly, and
thus the size of the polarized glue, is strongly limited. An-
other possible interpretation is that the choice of factorizamggdel by Brodsky, Ellis, and Karlingf18].

tion of the quark spin content involving the hard gluonic  pjsparities between these models depend on theoretical
contribution[Eq. (3.4)] is not correc{27]. In this case Table assumptions as well as experimental data. These models can
II(b) could be interpreted as containing the more accuratge divided into two categories: those which satisfy the
values of quark spin content. Still, a third possibility is that strange sea positivity constraint are listed above the dotted
the present neutron data give a valueldtoo small in ab-  |ine, while those which violate this bound are below. Note
solute value to be consistent with the implications of theihat the valence-dominated model and tRedata yield re-
other experiments. Further analysis of the neutron data coulglits that are above the dotted line and the proton and deu-
give a slightly different value fol™. In any case, experi- teron data are below. Thus, there is a consistency among the
ments which are sensitive to the polarized gluon d|stributiorproton or deuteron resulténcluding the EMC data which
can shed considerable light on this topic, as well as analysi§|| gccur above the? values of the neutron results. It is
of more experiments involving polarized DIS with neutrons.possib|e that future data and analysis [@nwould yield a
(5) Finally, the.orbital angular momentum extracted f“?m“world average” value so that it would become more con-
the J; sum rule is much smaller for all data than earlier sistent with proton and deuteron data. It is clear that more
values obtained from EMC dafd8]. If the polarized gluon  tests are necessary. As pointed out by @ital. and others
distribution is small enough, then botiAg)i: and (AG)  [g 28], the most direct experiment to determine the size of
decrease enough so that must be positive to account for the polarized sea is lepton pair productitBrell-Yan) in
the total spin of nucleons, as seen in Tabl@)li Thus, both  polarized nucleon scattering experiments. Only then will
positive and negative values fdr, appear to be possible. there be enough information to tell which assumptions about
Naturally, this opens up the possibility that the angular mothe polarized sea are appropriate.
mentum  contribution is negligible, contrary to the naive Thys, existing data provide valuable information regard-
Skyrme model. _ ing the proton spin puzzle, but as a whole, are not definitive
Clearly, these experiments have shed light on the protogh jsolating the key contributions to the proton spin. We
spin picture. The major unanswered questions appear t0 bgress that more experiments must be performed to determine
related to the strange sea spin content and the size of thge relative contributions from various flavors of the sea and

polarized gluon distribution. These can only be reconciled bythe gluons. This is addressed in detail in the next section.
performing other experiments which are sensitive to these

guantities. To put the strange sea picture in perspective, we IV. POSSIBLE EXPERIMENTS

can compare various results for the polarized strange sea

distributions with those from other models in the literature, There are a number of experiments which are technologi-
based on various data. These are summarized in Table ligally feasible that could supply some of the missing infor-
whose numbers represent the total contributions for each flanation about these distributions. In this section, we will dis-
vor (quarks and antiquarksThe models are listed in order of cuss those experiments which have been proposed and would
increasing strange sea contributions and refer to the expergiive specific information necessary for determining the con-
ments from which they were extracted. The references artributions of the sea and gluons to the overall proton spin.
keyed as follows:(i) HIL (Lipkin) [17]; (i) VDM (the Detailed summaries can be found in R429,3(. Table IV
valence-dominated model outlined in Seg; (i) GR[mod- is extracted from Ref29] and gives information on the spin

els presented hefgith anomaly term and higher-order QCD observables which can be measured to extract the appropriate
correction$]; (iv) CR (models by Close and Rober{$]; (v) polarized distributions. The average luminosity of these ex-
EK (recent analysis by Ellis and Karlinef7], which incor-  periments is approximately»10*? (cm~2s™1) or greater.
porate the higher-order QCD correctiofd) QRRS(models  Furthermore, the success of Siberian Snakes makes them all
by Qiu, Ramsey, Richards, and Sivef8]; (vii) BEK (the feasible. The following discussion details the contributions
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TABLE IV. Proposed polarization experiments to measure ancthe wide range of energies and momentum transfers could

determine spin distributions in nucleons yield a wealth of Drell-Yan data over a wide kinematic
- ~range. Thex dependence of the polarized sea distributions
Experiment Proposed Type Measured Quantities oo then be extracted to a fair degree of accuracy.
HERMES Deep-inelastic scattering AP g? Aq, There has been considerable discussion about performing
SPIN Inelastic: jets AG:Aay ,Aun,ALL polarization experiments at the Large Hadron Collider
RHIC Inelastic jetr, y AG:Aa, AL (LHC) at CERN[34]. Depending on the approved experi-
RHIC Drell Yan AS ments, there is the possibility of probing smalnd doing
LISS Inelastic oL,01,A0 ,AG other polarized inclusive experiments to measure both sea
LHC Inelastic Any AL, Auns ALL and gluon contributions to proton spin. These could be made

in complementary kinematic regions to those listed in the
other proton accelerators.

and advantages which each experiment can give in extracting
the appropriate spin information. C. Determination of the polarized gluon distributions

A. Extrapolation to lower x The SPIN Collaboration proposes a set of experiments,
hich are in the kinematic region where the measurement of

The E154 and E155 deep-inelastic scattering experiment . o . .
ouble spin asymmetries in jet production would give a sen-

have been approved at SLAC, with the former presently in".". X TR
progress. Thgge experiments are designed to r?robe sliéh ive test of_ the polarized gluon distribution’s sig&5,36.
smallerx, while improving statistics and systematic errors. Naturally, this measurement has an effect on hd@ and
The latest proposed experiment at HERA in Hamburg planéhe anomaly term appearing in the polarized quark distribu-
to accelerate a large flux of polarized electrons from the storl/Ons.

age ring and collide them with a gaseous tar@d]. The The STAR detector at RHIC is suitable for inclusive re-
HERMES detector at the DES¥p collider HERA is de- actions involving jet measurements, direct photon produc-
signed to take data from the deep-inelastic scattering expertion, and pion production. All of these would provide excel-
ment at a large range of values, down to 0.02, in contrast lent measurements of ti@” dependence ok G since all are
with 0.03 in the E143 experiment at SLAC, thus expandingsensitive to the polarized gluon density at differi@g val-

and reinforcing the SMC and E142 or E143 data. The gasues[28,36.

eous target should eliminate some of the systematic errors Recently, a proposal for a new light ion accelerator has
characteristic of solid targets, which were used in the othebeen announced, which will specialize in polarization experi-
experiments. With lower error bars at smellthe extrapola- ments[37]. The Light lon Spin Synchrotro(LISS) would be
tion of the integrals should enable these experimental groupgcated in Indiana, and would perform a variety of polariza-
to achieve a more accurate value fBr Thus, comparison of tion experiments for both high-energy and nuclear physics.

data to the sum rules and the integrated polarized sea valué§e energy range would be lower than most other experi-
will be more accurate. ments, complementing the kinematic areas covered. Further-

more, both proton and deuteron beams could be available to

perform inclusive scattering experiments. They propose to

) ) measure cross sections and longitudinal spin asymmetries
The SPIN Collaboration has proposed to do fixed targejyhich are sensitive to the polarized gluon distributicee

pp andpp experiments at energies of 120 GeV and 1 TeVTgple |V).

[32]. The proposal also includgep collider experiments at 2 Tests of the valence quark-polarized distributions can be

TeV. The luminosity at the lowest energies would be largermade, provided a suitable polarized antiproton beam of suf-

than the stated average. One of the crucial contributions thagjent intensity could be develop¢d5]. This would provide

this set of experiments can make is the extremely large rangg good test of the Bjorken sum rule via measurement of

of high pt that can be covered. If this set of experiments<Aqv> [36] and the assumption of a flavor symmetric up and

includes polarized lepton pair productiofrell-Yan) then  gown sea. This should be an experimental priority for the

measurement of the corresponding double spin asymmetriggin community. Polarization experiments provide us with a

[8,28] would give a sensitive measure of the polarized seqnique and feasible way of probing hadronic structure. Ex-

distribution’s size. _ isting data indicate that the spin structure of nucleons is non-
The Relativistic Heavy lon Collider (RHIC) at  trjvjal and has led to the formulation of a crucial set of ques-

Brookhaven is designed to accelerate both light and heavjjons to be answered about this structure. The experiments

ions. The high energy community has proposed that polargiscussed above can and should be performed in order to

ized pp and pp experiments be performed, due to the largeshed light on the quark and gluon spin structure of nucleons.

energy and momentum transfer ranges which should be

available[33]. This energy range will be covered in discrete

steps of about 60, 250, and 500 GeV, but the momentum ACKNOWLEDGMENTS
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