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New data from the European Muon Collaboration (EMC) on the spin-spin asymmetry in

deep-inelastic lepton-proton scattering suggests that the total spin carried by valence quarks in a
polarized proton may be approximately canceled by a strong negative polarization of the sea of qq
pairs. The evolution in Q of the fraction of proton spin carried by gluons depends on the initial

spin fractions and it is possible to avoid the introduction of large orbital angular momentum by
adopting a "hybrid" quark-Skyrme picture of the proton suggested by the EMC results.

Recent data from the European Muon Collaboration'
(EMC) on the small-x behavior of the deep-inelastic
scattering asymmetry for polarized leptons and polarized
protons suggest an aspect of proton structure not easily
understood in terms of traditional quark-model ideas.
These data can also have significant implications for many
other processes involving polarized protons and their im-
pact on our ideas of hadron structure can be demonstrated
by a simple exercise involving Q evolution of parton spin
fractions and orbital angular momentum.

For a proton with large momentum and positive helici-
ty, it is possible to define the spin-weighted constituent
distribution functions

Wq'(x, g') -q'+i+(x, g') —q'-I+(x, g'),
t =Q",d', u', u, d', d, S,S, . . . ,

~G(x, g') =G+I+(x,g') —G I (x,g').
The spin-weighted distributions enter into the spin-spin
asymmetries of processes involving protons of definite heli-
city. For example if we adopt a "process-independent"
definition of the h,q;, the structure function measured in
leptoproduction with polarized leptons and a polarized
proton target is given by

The Q evolution of the hqt (x,Q ) is calculable using the
Altarelli-Parisi formalism and has been discussed by
many people. ' One result, which appears in the study of
the Q

z evolution of these functions and tells us a good deal
about hadron structure, involves the orbital angular
momentum of the partons.

To understand constituent models, it is frequently con-
venient to write sum rules involving conserved quantum
numbers. For a proton with momentum and spin in the z
direction, O(2) invariance gives the conservation of J,.
Writing J, =

2 in terms of the parton distributions
defined above gives the sum rule

—,
' = —,

' g(&~q;"")+&~q;"'+~q;))+(~G&+(L,), (3)

where (Aq;) JtIdxhq;(x, g ), etc. , can be interpreted as
the net z component of spin carried by the various constit-
uents and (L, ) is the total z component of orbital angular
momentum. The term involving orbital angular momen-
tum arises because there is no guarantee a priori that the
z-component parton spins should sum to —,'. In fact, a
quick study of the evolution equations suggests that orbit-
al angular momentum is necessary. To see this we can
write the evolution of the individual terms involving the
constituents using the moment equations

gf(x, g') =ge2aq;(x, g') I+ ' r(x, g')+

(2)
where the r(x, Q ) is a calculable hard-scattering factor.

(bq;) ~hPqlv(hqt)+APq(6(hG),
t

&aG) =p~P Jp, &~q, &+~Pg)G(~G),
t

(4)
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where t (I/bp)in[a, (Qp)/a, (Q)], bp = —", C2(G)
——', T(R). The AP;~j~~ are the first moments of the
Altarelli-Parisi kernels. To lowest order these are

APqtq =0, APG'tq =
2 C2(R),

AP,')h =0, APot'tk=bp.
(5)

The vanishing of (ti/Bt)&Aq;) can be understood in terms
of the chiral properties of the theory with massless quarks.
The equations for the amount of spin carried by the
gluons is more complicated. Its solution depends on the
values of the spin fractions on the right-hand side (RHS)
of (4). Consistency of Eq. (3) requires (ri/8t )&L, )

—(ri/Bt)&AG), and we see that orbital angular momen-
tum cannot be completely absent. The idea of increas-
ing &L, & has been considered controversial. As presented
above, there is no definition of the operator which defines

&L, ) and the increase of &L, ) with resolution is inferred
from the growth of &AG). To avoid the growth of &L,), a
modification of the Altarelli-Parisi kernels has been sug-

gested. This suggestion, in its original form, can be re-

jected for a number of reasons. However, the necessity
for large orbital angular momentum can inAuence our pic-
ture of hadronic structure. Ratcliffe has recently exam-
ined this problem and defined a measure of &L,). Within
this formalism, he was able to derive the evolution of &L, )
without reference to the J, =

2 sum rule.
There is one way to avoid &L, ) ~. If we write

&L, ) — —' C2 (R)g&Aq; &+bp&AG) (6)

we see that the growth of orbital angular momentum is

strongly connected to the net spin carried by the constitu-
ents and it is possible that the RHS of (6) vanishes.

We have, as yet, no direct or indirect experimental evi-
dence concerning the polarized gluon distribution. We do,
however, have some information concerning the spin frac-
tions of the quarks in (6) from weak baryonic decays and
from asymmetry measurements in electroproduction. Let
us summarize this information in a simple parametriza-
tion. If we define

&Au) -&Au"')+ &Au'&,

&Ad& =&Ad')+ &Ad'),
(7)

then for the average polarization of the sea we can write

&Ad'+Ad) =&Au'+Au& -(I+a)&As+As&, (8)

where e is a parameter which measures the SU(3) viola-
tion. In the nomenclature of (7) and (8) we get two im-

portant constraints from the weak decays of baryons: ' "
A3 &Au"' —Ad"') =gg =1.258 ~ 0.004,

As &Au"'+Ad"')+2e&As+As) =0.54+ 0.10,

so that

&Au„) = —,
' (W, +W, ) —~&As+As&,

&Ad, , ) = —,
' (As —A3) —a&As+As) .

6f = 3'6 (5As+3Ai)+ —,
' &As+As) .

One can use data on the asymmetry A~ =g~/F~ to esti-
mate the above integral. Using the extrapolation quoted
by the experimenters, ' and a value of a, =0.24, we obtain

Gf =0.123 ~ 0.013(stat) + 0.028 (syst) .

Inserting the values for As and A3 from weak decays into
Eq. (11)gives

Gf =0.180+'0.014+SGJ,

BGt'—= —,
' &As+As) .

(i2)

Comparing Eq. (12) with the experimental determination
of Gf we find

RGB = —0.057+ 0.020(stat) ~ 0.029(syst) .

The result is sensitive to the extrapolation of gf(X, Q2)
to small x. This point has been addressed in the analysis
of Close and Roberts. " To illustrate the sensitivity, we
assume that for x (xp we can approximate

g

gf(x) =-gf(xp) (i 3)
Xp

for which the contribution to Gf from the small-x regime
is given by

t X0 xpgf (xp)
I(xp) =

I
gq(xp)dx=gl p 1 —a

(i4)

The extrapolation uncertainty is then controlled by the
measured value of gt'(xp) and the unknown power behav-
ior as X~0. Regge-pole arguments suggest a=a~, (0)
=- —0.1 which is close to the value a =0 assumed in the
experimental analysis. ' Even if one is wary about apply-
ing t-channel, coherent arguments on parton distributions,
the assumption that Aq„(x, Q )/q, (x,Q ) vanish and
Aq, (x,Q )/Aq„, (X,Q ) be bounded at x=O gives the
bound a ( —,

' in (13) because of the observed small-x be-
havior of unpolarized nonsinglet distribution. This can be
combined with EMC small-x measurements in (14) to
give an upper limit of +0.02 to the extrapolation uncer-
tainty. ' The behavior assumed in (13) is subject to
modification from the evolution of the quark densities
with Q . However, a study of the small-x behavior of the
nonsinglet evolution equation shows the modification to be
negligible in the energy range of the EMC data. ' The
two spin fractions

f,, =~, eaG( =&Au" +Ad'—),
(is)

f, =(9+et)8'Gf =&Au'+Au+Ad'+Ad+As+As&,

are shown plotted vs 8'Gf for c =0, e = —,', and e =1 in Fig.

We can then incorporate the information concerning
the weak decays into the integration of gf (x,p ), as pro-
posed by Ellis and Jaff'e. ' With the changes introduced
into the formalism above, we define

a, (p')
Gf= 1+ J dxgf(x, p ),
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1. Also shown is the sum

f„+f,=g&hq;& =As+98Gf, (i6)

which enters into the evolution equation for (L,).
It is clear that for reasonable values of the SU(3)-

breaking parameter, the data on bG f suggest that f„and
f, are both large and of opposite sign. They approximate-
ly cancel to produce an estimate for (hq;& which is small
and independent of e. Such a cancellation is suggestive of
that which occurs in a hybrid bag+Skyrme model ap-
proach to proton structure in which

Jval ~ (Jsea+ JSkyrme)

This type of model has been proposed' as a way of under-
standing the behavior of proton structure in which the
same low-energy property of the proton, such as pp, can
be explained either as a property of the valence quarks or
as a property associated with the Skyrme solution. The
dual requirements J,"'+J,"'=-0 and J,"'+J, """ '=-0 al-
low each type of approximation to be valid. The fact that
g;(d,q;&—=0 in (i6) is consistent with the Skyrme model
has been suggested by Brodsky, Ellis, and Karliner. ' The
hybrid scenario allows us to reconcile this observation
with the strong quark polarization measured at large x.

It is premature to completely adopt the hybrid scenario
based on the EMC data because of the large statistical
and systematic uncertainties. It is interesting to compare
the Q evolution of spin fractions under the hybrid
scenario described above, with that of an "old-fashioned"
or conventional quark-parton picture in which the polar-
ization of the sea is small. We emphasize that we have no
specific information about the makeup of the spin deficit,
that is, the fraction of the proton's spin not carried by
quarks. Perturbative QCD allows us to distinguish be-
tween the spin information being carried by polarized
gluons and the presence of orbital angular momentum.
The gluon polarization enters into measurable hard-
scattering symmetries such as ALL(pp yX). As not-

ed above, the starting value of the spin fractions also
enters into the evolution equations for (5G& and (L,&. The
solutions to (AG(g )) and (L, (Q )& can be written

&AG(Q )& &b,G(go)&[a, (go)/a, (g )1

+g— '
&~q;(g,')&[a, (go)/a, (g') —I1,

i o
(18)

&L„{g')&--,' ——,
' g(~q;& —&~G(g')&.

We demonstrate these by plotting the solutions for
(bq'+Aq'&) 0 in Fig. 2(a) and (Aq"'+dq'&=0 in Fig.
2(b). In each plot we include two possible initial condi-
tions, (dG(go)& 0 and &L, (go~)& =0. It is interesting to
note that the starting configuration

g&~q, &=-0, &~G(go')&=-0, &L,(g.')&=- —,
'

is stationary with respect to the Q evolution. In view of
the controversy involving the introduction of (L,)
as Q, ~, the possibility that nature adopts this evasive
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FIG. l. The spin fractions f, (solid line) and f, (dashed line)
are shown as a function of 86$ for e 0, e 2, and e 1. The
dot-dashed line shows the total spin fraction f, +f, which enters
into the evolution equation for t'L, &. The shaded area denotes
the values of 8Gf covered by the statistical error.

FIG. 2. The spin fractions carried by the valence quarks, sea
quarks, gluons, and orbital angular momentum are shown

against [a,(Q2)l ' for the cases (hq" +hq'& )0 (a), and
4Lq'+hq'& )0 (b). The dashed and dot-dashed line correspond
to the initial conditions (L, (Q))& 0 and (LEG(Qg)& 0, respec-
tively.
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approach to orbital angular momentum is worthy of care-
ful consideration.

Although the spin fractions may be Q independent in
this final hybrid scenario, the full Altarelli-Parisi equa-
tions show that there is substantial structure in the x-
dependent spin-weighted structure functions because of
the strong correlation between the quark spin and the pro-
ton spin at large x. Model distribution functions embody-
ing the large range of conjectured initial conditions will be
given in a separate paper. ' These distribution functions

will be used to evaluate the diA'erent experimental mea-
surements which may decide between the alternate models
of the proton spin structure.
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