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We present models for the spin-weighted quark and gluon distribution in a longitudinally polar-
ized proton. The models embody different underlying concepts concerning the application of spin-
dependent forces in the nonperturbative or “soft” regime of chromodynamics. The different spin
densities are used to investigate a possible long-range experimental program for measuring various

hard-scattering processes using polarized protons.

I. INTRODUCTION

The measurement of spin-related observables in pro-
cesses involving polarized protons provides an outstand-
ing opportunity to enhance our knowledge of chromo-
dynamics. Within the framework of the QCD-aided par-
ton model, the well-known spin structure of various
hard-scattering subprocesses can be used to probe corre-
lation between the proton spin and the spin of its constit-
uents. Several papers' ~* have provided phenomenologi-
cal estimates for spin-weighted inclusive scattering pro-
cesses based on simple models for the parton spin densi-
ties. Until recently, however, little attention had been de-
voted to the question of what a measurement of a spin-
weighted parton distribution tells us about proton struc-
ture.

The situation has now changed dramatically. The
measurement of the longitudinal spin-spin asymmetry in
deep-inelastic leptoproduction’ has recently been extend-
ed to small values of the Bjorken-x variable by the Euro-
pean Muon Collaboration® (EMC). The EMC results
suggest a strong negative polarization for the sea of qg
pairs and have generated a spate of theoretical pa-
pers.” 13 The theoretical attention serves to emphasize
the importance of understanding how the angular
momentum of the proton is shared among the spin of its
constituents and orbital angular momentum.

The polarization of the gluons in a longitudinally po-
larized proton has received particular attention. Many of
the possibilities discussed theoretically raise new experi-
mental possibilities. It now becomes important to assign
a high priority to a comprehensive experimental program
involving polarized protons aimed at answering the many
questions raised by these new results.

We would like to discuss the information gleamed from
the EMC experiment in terms of a future experimental
program aimed at separately determining the polariza-
tion of the valence quarks, the gluons, and the sea. In
planning a new generation of spin-asymmetry experi-
ments, it is useful to have available models for the spin
transfer densities which encompass a reasonable range of
variation. These models will allow experimenters to as-
sess the precision required to extract the necessary infor-
mation. For this purpose we have constructed simple
model distributions which represent different theoretical
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scenarios. We have used existing leptoproduction data
plus some simple assumptions to constrain the distribu-
tion functions.

Definitions

At this point it is useful to establish our conventions
and to introduce the specific definitions we will use for
the spin-weighted quark and gluon distributions.

We will initially adopt a process-independent set of
definitions for the spin-weighted quark and gluon distri-
butions. The factorization prescription will be specified
by initially demanding that the distributions evolve in Q2
with the lowest-order Altarelli-Parisi kernels.!* In gen-
eral, the connection of these process-independent distri-
butions to the distributions ‘“measured” in a specific
hard-scattering process will involve a correction factor
calculable in perturbative QCD. The choice of a factori-
zation scale, the scale at which the distributions will be
used in the calculation of various inclusive processes, will
be briefly considered when we present our phenomeno-
logical projections.!’

The language of this paper will be specific to the case
of longitudinally polarized protons. We will not attempt
to address the question of transverse polarization
which—in QCD —raises a number of unanswered ques-
tions.

We assume that a proton is polarized along its direc-
tion of motion and we neglect the transverse momentum
of the quarks and gluons so that their momenta are
aligned with the proton’s spin. We also neglect quark
mass parameters. With this approximation we can iden-
tify helicity and the longitudinal component of spin in a
straightforward way. From the structure of the
Altarelli-Parisi equations, and for the purpose of compar-
ing different processes, it is convenient to allow a distinc-
tion between the “valence” and the “sea” quarks of the
proton. For the up- and down-quark number densities,
we will therefore write

u(x,02)=u,(x,0)+u,(x,0% ,

(1.1)
d(x,02)=d,(x,0*)+d,(x,0%) .

The valence distributions are the flavor-nonsinglet com-
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ponents of the quark distributions in the proton and are
normalized so that

foldx uu(x,Q2)=2 R

1 (1.2)
fodx d,(x,0)=1.

All other flavor components will be included in the sea.
In general, these distributions will be denoted by their
flavor quantum numbers: 7(x,0%), J(x,QZ), s(x,Qz),
5(x,Q?%), etc. When we want to write an equation valid
for all flavor quantum numbers, we will use the distribu-
tion ¢(x,Q?). For a proton with its spin aligned in the
+z direction (along its momentum), we will parametrize
the quark spin-weighted densities:

g’ /4 (x,01)=cos’[16,(x,0V)]g(x,@?) ,
qi—/+ (X, Q2)=Sin2[%9,‘()€, QZ)]qi(xa Qz) ’

i=u,,d,ud,u,d,s5s,. .. .

(1.3)

From the parity invariance of the strong interactions we
have

" ,_(x,0")=q" 4 (x,0%),

. . (1.4)
g, (x,0)=q" ,, (x,0%) .
With these definitions, the difference
Aqi(x,Qz):ql;LH (x,Qz)_qi—/+ (x’Qz)
=q¢" ,_(x,01)—q", ,_(x,0%)
=cosf,(x,0%)q'(x,0?%) (1.5)

appears in the calculation of spin-weighted observables
for various hard-scattering processes involving polarized
protons. The longitudinal polarization or spin-transfer
density for a given flavor of quark is given by the angle
6;(x,0%):

i 2

cos6,(x,0%) = 2L %D
q'(x,Q°)

For the valence distributions uv(x,Qz) and dv(x,Qz) we

will also define another, more model-dependent angle.

Taking a simple SU(6) picture of the valence-quark struc-

ture, we will assume that, as x — 1 (see the discussion in
Appendix A),

lim Auy(x,0%)~u,(x,0%)—2d,(x,0?) ,

(1.6)

(1.7
lim1 Ad,(x,0%)~ —%dv(x,Qz) .

We will therefore define a valence spin-dilution angle 6,
which measures the deviation of the observed valence
spin-weighted distributions from this SU(6) ideal:

Au,(x,0%)=cosO(x,0%)[u,(x,0?)—2d,(x,0?)] ,

(1.8)
Ad,(x,0%)=—1cos0,(x,02%)d,(x,0?) .

These spin-dilution terms, which approach 1 at large x in
our models, were first introduced in this form by Carlitz

and Kaur'® who hypothesized a specific form for them.
We will use the Carlitz-Kaur ansatz as a reference point
in our construction of new models. In Sec. II we will
present an alternative approach to the valence spin-
dilution angle which emphasizes its connection to a possi-
ble nonperturbative polarization of the sea and the glue.

For the quarks and antiquarks in the sea, the
specification of spin-weighted distributions involves new
issues concerning the choice of a factorization prescrip-
tion which need explicit discussion. The general form of
factorization in QCD requires that one specify a factori-
zation prescription which separates the “hard” perturba-
tive process from the “soft”” hadronic dynamics. Because
of the chiral properties of QCD with massless quarks,
there exist two distinct approaches to the problem. In
analogy to the definition of valence-quark distributions,
one could define for sea quarks and antiquarks, distribu-
tions AgS(x,Q?) and A7.(x,Q?) (suppressing the flavor
index i) which obey the lowest-order Altarelli-Parisi
equations. With this abstract definition, the net helicity
associated with each flavor of quark or antiquark in the
sea, would not evolve with Q2. However, there are po-
tential problems with this factorization scheme.!””!* A
more physical definition of these distributions which we
will label Ag$(x,Q?) and A7 $(x,Q?) involves the observ-
able axial-vector current. Because the axial-vector
current in QCD receives a contribution from polarized
gluons due to the ‘“anomalous” current,

as v o o
='_T—T'E#Vpgtr[A (FP —%—APA )], (1.9)

5
ko2

the relationship between these two possible definitions,
can be written (for each flavor)

, AT LN R
Aqi(x,Q0°)=Aq)(x,0°)— o Y(x)®AG(x,Q7) ,
(1.10a)

_ A , o a(Q%) )
Ags(x,Q°)=Ag,.(x,Q°)— o P(x)®AG(x,0°) ,
(1.10b)

where #(x) is convention dependent and a choice of re-
normalization prescription for a; must be made. We will
discuss the specific choice of #(x) in Sec. II. At this
point we want to emphasize that either type of prescrip-
tion choice is possible but that physical observables are
more directly related to Ag§ or Ags than to their ¢ coun-
terparts.

As indicated above, we must also consider gluon distri-
butions. In this paper, the unpolarized gluon distribution
in a proton will be denoted G (x,Q?2). For gluons in a
proton with helicity aligned along the +z direction, we
must allow for the possibility of “scalar’” vector-gluon po-
larization which corresponds to a vector particle with
spin projection s,=0. The longitudinal spin-weighted
distributions can then be parametrized in terms of two
angles:
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2
G, 4 (x,0H)= Ll—_c_;_& cos®6,
[ 1—cos®; : 5 5
— sin“6, |G(x,0°),
Go/4 (x,QY)=1sin’®, G(x,0?), (1.11)
2
G_/+(x,Q2)= EE;JS—(DI:— sin20g
ll—cosCI)L 2 ) )
——— | cos“6, |G(x,Q7) .

For massless, “on-shell” gluons traveling parallel to the
direction of parent proton ®; —0, so that with our ap-
proximations the scalar polarization density vanishes. In
this paper, we will not discuss experimental observables
sensitive to the scalar polarization density of the gluons
but will retain the full complexity of the notation in (1.11)
in order to be compatible with more general treatments
of vector polarization. From the parity invariance of the
strong interactions,

G_,_(x,0)=G, ,,(x,0%),
Gy, - (x,01)=G,,, (x,0%),
G,,_(x,0H)=G_,, (x,0Y).
The difference
AG(x,0)=G, ,, (x,0)—G_,, (x,0?)
=G_,_(x,0)—G, ,_(x,0%)
=cos¢L(x,Q2)c05293(x,QZ)G(x,QZ)

(1.12)

(1.13)

appears in the calculation of spin-related observables in-
volving polarized protons in the same manner as the
Aq,-(x,Qz). As we shall see, this distribution also occurs
in the evolution equations for Ag;(x,Q?). The ratio

2
AG(;((x;zz)) =cos®, (x,0%)cos26,(x,0%)
X,

will be called the gluon polarization or gluon spin-
transfer distribution.

Equations (1.10a) and (1.10b) above show that the
gluon spin-transfer density can affect the relationship be-
tween the “observable” quark and antiquark spin densi-
ties Ag$(x,0?%) and Ags(x,Q?) and the abstract densities
Agi(x,Q?%) and Ag,.(x,Q?) which have simple chiral prop-
erties in the limit m,—0. Although the contribution of
the polarized gluons is formally of higher order in pertur-
bation theory, the QCD evolution equations suggest that
(4m) " 'a,(Q?)AG (x,Q?) need not be small at large Q2
(Refs. 1, 10, and 13). The suggestion has been made'®
that a large contribution from polarized gluons in (1.10a)
and (1.10b) would help reconcile the EMC data with cer-
tain theoretical ideas for proton structure based on the
quark model. It is therefore important to attempt to
measure AG (x,Q?) in some process.

The remainder of this paper is organized as follows. In

(1.14)

Sec. IT we will discuss some simple dynamical assump-
tions that will guide us in constructing the polarized par-
ton distributions. Section III will begin with a discussion
of the phenomenological and theoretical constraints on
the spin-weighted parton structure functions. We will
then present a range of models for the spin structure of
the proton, and compare them to the data on electropro-
duction. Finally in Sec. IV we shall discuss some experi-
ments which can help to complete our knowledge of the
spin-weighted distributions.

II. SIMPLE EXPECTATIONS

For unpolarized distributions, there presently exists a
large body of phenomenological knowledge concerning
the various parton densities. This knowledge has been
compiled into various sets of models. The range of
difference between the different parametrizations of the
unpolarized distributions is quite small compared to the
uncertainties in the spin-weighted distributions discussed
here. For our purposes, therefore, it is convenient to pick
one set of unpolarized distributions and stick with them.
We will primarily formulate our models in terms of spin-
transfer densities, (1.6) and (1.14), or the valence spin-
dilution angle (1.8). The spin-transfer densities thus ob-
tained can be used with other sets of unpolarized distri-
butions with little or no modification.

The usual application of the QCD-parton model as-
sumes that the appropriate distributions are measured in
one set of processes. Predictions are then made for other
processes by using factorization. For the purpose of es-
timating the impact of possible experiments, it is con-
venient to have model distributions which represent an
informed guess concerning the allowable range of distri-
butions. We will, in general, call a class of possible mod-
els which embody a certain physics assumption a
scenario. In the next section we will introduce models
which represent an old-fashioned scenario with small sea
polarization for quark distributions and models which
represent an EMC-motivated scenario in which the polar-
ization of the sea is strongly negative. In each case, we
will consider a large range of possible behavior for the
spin-weighted gluon distribution.

The two basic ideas which will help us in constructing
models are the following.

(1) There is a strong connection between the spin of the
valence quarks and the spin of the proton.

(2) There are spin-dependent forces between the con-
stituents in the proton which influence the shape of the
spin-weighted distributions.

The idea that there is a strong connection between the
spin of the valence quarks and the spin of the proton is
supported by the theoretical predictions® of the quark-
gluon model of hadrons and by the existing experimental
data®® on the spin-spin asymmetry in deep-inelastic lep-
toproduction. For the low-lying baryons, the magnetic
moments can be written?!

up= 2 (e;/m;)g;s, ,

i

where the sum is over the valence, constituent quarks. A
successful description of the baryons within the frame-
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work of the “naive” constituent-quark model suggests
strongly that, in some approximation, the spin of the pro-
ton is associated with its valence quarks.??

The observation that there are significant spin-
dependent forces between the constituents in the hadrons
is supported by the success of the hadron mass formula?®

M,=3m+ 3 s;'s;v;, 2.1
i i>j
where, again, the summation is over valence quarks. The
m; are effective-mass parameters and v;; Tepresents an
effective hyperfine interaction. Such spin-dependent
forces also have been found in simulations of QCD on a
lattice.?*

A. Spin-dependent forces and spin dilution

We shall now examine the influence that such soft,
nonperturbative, two-body forces can have on the spin-
weighted quark and gluon distributions. In this subsec-
tion we shall, unless otherwise stated, suppress flavor la-
bels in order to simplify notation. We intend to consider
the consequences of a general two-parton process of the
type shown in Fig. 1. For two-body interactions involv-
ing only valence quarks, we assume the flavor and spin
dependence of such interactions can be taken into ac-
count by specifying an approximate SU(6) wave function
for the valence quarks of the proton. Before allowing for
the same type of spin-dependent forces involving the oth-
er constituents, the spin-weighted valence-quark distribu-
tions are assumed to be related to the spin-averaged dis-
tributions as given in Eq. (1.7). If we now turn on adia-
batically such spin-dependent forces we can observe two
related effects: (1) the dilution of the valence-quark dis-
tributions from the original SU(6) limit, and (2) the polar-
ization of the gluons and the ¢g pairs in the sea.

We believe that such effects are inevitable conse-
quences of spin-dependent forces and that they must be
taken into account in constructing realistic models. In
order to obtain a feel for the manner in which spin can be
transferred from the valence quarks to other constituents
we can formulate a specific model calculation. We will
first concentrate on the interaction of valence quarks and
gluons. In the absence of two-body forces, we label the
quark and gluon densities of definite spin by ¢2(x) and
GP(x), respectively. The inclusion of the two-body spin
force of Fig. 1 modifies these distributions to ¢)(x) and
G,,‘(x). We assume that long-distance, coherent effects
are responsible for the spin rearrangement and, in the di-
agram of Fig. 1, we will neglect the momentum transfer
between the interacting partons. We will also require
that these two-body forces not change the spin-averaged
distributions. Taking account of the interaction of
quarks and gluons as shown in Fig. 2(a), we therefore
have

g/ (x)=~q0(x)+ > fdx,dx25(x]+x2—-x—x’)qso(x,)
slis,hl !
XGR (X2)R; p s(X1,%55%)
-3 fdx'ldx28(x +x,—x1—x")gd(x)
hy,s|#s

><G,(,)l (xz)Rs,h];s,l(x,xz;x',) , (2.2)

Sy
X, xl
X x
Sy 53 5
(a) ! B2
(b)
S‘ ;1
r«g‘“
@ " B =
¢ (d)
h, 5,
% % s s,

(e) (f)

FIG. 1. The scattering diagrams for the flavor-independent
processes which contribute to the spin-weighted parton distri-
butions. (a) Quark-gluon spin-flip processes characterized by
helicities s,,s,,h and momenta x,x,,x,x’. This process con-
tributes to the R terms in Egs. (2.3)-(2.5). (b) Spin-dependent
quark-antiquark process contributing to the parameter Q in
Egs. (2.12) and (2.13). (c) and (d) Gluon-quark and quark-gluon
processes which contribute to the spin-flip terms P in Egs. (2.8)
and (2.9). (e) and (f) Antiquark spin-flip interactions which con-
tribute to the Q terms of Egs. (2.15) and (2.16).

where the summation of s, or s} is over + 1 and — 4, and
that of hy=+1,—1. The function R, j .(x},X;,x)

represents the interaction between the two participating
partons due to the two-body spin force.

Equation (2.2) can be interpreted as follows: the
change of the valence-quark density of spin s due to the
effective spin force between quarks and gluons is equal to
the sum of a “‘gain” term and a ‘““loss” term. The “gain”
term includes all possibilities to have a quark of spin s, to
turn into a quark of spin s through the effective quark-

sy St

sy 5, N 82
(a) (b)

FIG. 2. The scattering diagrams which contribute to the
flavor-dependent interactions which determine the O” terms in
Eqgs. (2.12)-(2.15).
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gluon spin force, while the “loss” term includes all possi-
bilities to have a quark of spin s to turn into a quark of
spin not equal to s. To simplify our analysis we can use
the assumption of the long-distance nature of the nonper-
turbative interaction to approximate Eq. (2.2) as

g 0)=g%x)+ 3 [dxq% (x)G] (x;)

s #s,h,
stl,hl;s(x,xZ;x)
— 3 [dx;,q%0)G) (x3)R;p o (x,x55x) .
hl,s'ﬁﬁs
2.3)

Although it is assumed that the momentum transfer be-
tween two interacting partons is small, the function R
can still depend on x and x, through the flux factor. Be-
cause of parity conservation, we have only two indepen-
dent spin-flip interaction functions:

R0, 41,-12(6X5X)=R_1 5 1. 412(%,X93%)
(2.4)
Ry, —1,-12(%X5X) =R _ ;5 41, 412(%,X25%) .
By defining
R=R  +1,-12X5X) TR 10, —1;-1206X23X)
(2.5)
AR=R +1/2,+1;_1/2(x,xz;x)—R+1/2,—1;—1/2(x:x2;X) )
we can rearrange terms to write
Aq'(x)=8g°%x)— [ dx,[Ag°(x)G%x;)R (x,%5;x)
+¢°%x)AG%x,)AR (x,x,;x)] .
(2.6)
Note that we also have
q'(x)=¢%=x) , 2.7)

so that we have satisfied our requirement that the spin-
averaged parton distributions be unchanged by these
long-range interactions. '

The interaction specified in Fig. 1 can also transfer spin
from the valence quarks to the gluons. To emphasize
that the final gluon helicity and quark helicity are not
necessarily constrained, we will define Phl,s,; h,l(x,xz;x)

to parametrize the dependence of the interaction on
gluon helicities. Using the parity invariance of the strong

J

interactions, we can then define
P(x,x3%)=P oy 412106, X5%)FP oy g —1(X,X95%),

(2.8)
AP(x,x5;X)=P 11 415 —1(X,X2;X)

=Py —1m—1(XX05%)
and write in analogy to (2.6) an estimate for the change in
the gluon asymmetry

AG(x)~AG%x)

- % fdxz[AGo(x)q})(xz)P(x,xz;x)

+G%x)AgN(x,)AP(x,x5;%)] ,

(2.9)
where f runs over quark flavors.
Note that if we now assume
A 0(x)=A l)SU(6)(x) ,
o 9 (2.10)
AG%x)=0,
we obtain
Aqul(x)quUSU“’)(x)— fdxz[AqUSU“”(x)Go(xz)
XR(x,x,;x)],
(2.11)

AGHx)=— [dx,G%x) 3 Ag) (x;)AP(x,%53%) ,
f

which demonstrates both of the features mentioned
above: dilution of the spin carried by valence quarks and
transfer of spin to the gluons.

To complete the discussion, we must also incorporate
two-body interactions involving sea quarks and anti-
quarks. These interact with the valence quarks, the
gluons, and with each other. The total number of com-
binations for two-body spin-dependent interactions in a
proton can become large. Using notation similar to (2.6)
and (2.9), we denote the two combinations of quark-
antiquark interactions by Q(x,x,;x) and AQ(x,x,;x).
Because of identical particle effects, the interaction in-
volving quarks is necessarily flavor dependent. We
denote the flavor dependence by keeping labels on
0Y(x,x,;x) and AO"(x,x,;x). Accounting for all possi-
ble two-body interactions gives

Aqv‘i(x)qug(x)-—fdxz [2[Aq,g(x)qf(xz>o"f'(x,x2;x)+q,‘,j,(xmq;’<x2)Ao"f(x,xz;xu
J

+A4gy (x)g;(x2)Q(x,x2;x)+4,) (X)AF;(X)AQ(x,%2;x)

+Aq,?i(x)G°(x2)R(x,xz;x)+q,?‘_(x)AGo(xZ)AR(x,xz;x) .

The polarization of the quarks in the sea is then given by

(2.12)
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Aqil(x)qu,-O(x)—fdxz [2[Aq,-o(x)qj(-)(xz)Oij(x,xz;x)+q,-‘)(x)Aq}’(xz)AOij(x,xz;x)]
j

+Ag2(x)G%x,)R (x,x5;x)+g2(x)AG (x,)AR (x,x,;x)

+Ag2(x) 3 7 (x,)Q(x,x,;x)+¢2(x) 3, AT Ux,)AQ(x,x,;%)
j J

The impact on the gluon polarization is given by

AG'(x)~AGx)— [ dx,

Finally, the polarization of the antiquarks can be written

(2.13)

AG%x) 3 [q%x,)+3 %x,)]P(x,x5;x) +G%x) 3 [Aq%x,)+ AF %x,)]JAP(x,x,;x)
f

f
(2.14)

Aq}(x):A(j?(x)—fdxz [2[Aq?(x)qj?(x,_)o"f(x,xz;x)+q§?(x)m7§.’(x2)Ao"f'(x,xz;x)]
j

+ A7 %x)G%x,)R (x,x,;x)+7 Ax)AG (x, ) AR (x,%,;x)

+A7 %0x) 3 400,006, x53%)+7 Ax) T AgPx, )AQ(x,x5:%)
J J

These equations can be simplified considerably by mak-
ing the assumption [as in (2.10)] that the initial polariza-
tion of the sea quark and antiquark distribution vanishes:

Agl(x)=Ag %x)=0. (2.16)
At this point, we will make the further assumption that
the interaction kernels, R (x,x,;x),Q(x,x,;x) and
0%(x,x,;x) are sharply peaked at x, ~x (low subenergy)
so that we can approximate the integrations in (2.15) by
an algebraic factor. We can then write

Ag, ~A8g;"%(x) [1—xRGx)

— > (xQg; +x0';) | ,
J
AG'(x)=—xAPG%x) Y AgSV® |
i ! (2.17)
Ag ll(x): —xAQq ?(X) 2 AqUSJUm) ’
J

Agl(x)~—xA0"g(x) AqUSIU“’) )
J

These simple equations can now be used to provide a
rough estimate for the polarization densities.

It is worthwhile to try to estimate the sign of the terms
in Eq. (2.17). For sea quarks and antiquarks, the assump-
tion that the spin-dependent forces enhance the probabili-
ty that a sea antiquark will combine with a valence quark
to form a pseudoscalar (¢g) meson implies’ Ag '(x) <0.
For the sea quarks, the enhancement of the S =0 diquark
configuration also leads to Agl,(x)<0. These signs are
consistent with baryon and meson spectroscopy and with
the spin-dependent forces observed in lattice simulations.
We have no good phenomenological information about
the sign of AP. One consistent assumption is to take
AP =0 so that there is no gluon spin density generated at
this heuristic nonperturbative level. However we shall
see in the next subsection how, at the perturbative level,
the bremsstrahlung from the valence quarks will generate
a positive AG.

The structure of the spin-dilution implied by (2.17) is
quite close to that of the Carlitz-Kaur model.'® The as-
sumption of valence dominance which leads to (2.17) is

(2.15)

l
suggestive of the picture of constituent quarks are as-
sumed to consist of a valence-quark ‘“‘core” surrounded
by gluons and ¢g pairs in the sea. The connection be-
tween constituent quarks and current or ‘“parton-level”
quarks has been recently discussed within the context of
the EMC data in Refs. 25 and 26.

The more general structure of (2.12)-(2.15) is impor-
tant to keep in mind if more complicated spin-dependent
forces are considered. For example, it is interesting to
consider putting in a nontrivial initial gluon polarization
AGY(x) to explore its impact on the other distributions.

B. Q? evolution and the J, =1 sum rule

The nonperturbative dynamical processes described in
the preceding section leave the momenta of the interact-
ing partons unaltered. We must consider them as provid-
ing start-up distributions at low values of momentum
transfer. To account for the evolution of the polarized
distributions with increasing Q2 we must turn to pertur-
bation theory and consider the Altarelli-Parisi'* equa-
tions for the spin-dependent distributions. If we define

2 a,(Q5)
t=—In
Bo a,(Q?)
with

the Altarelli-Parisi equations take the form
9 [ 8gi(x,)]= AP, (x)@ Agi(x,1)
dt[ 9,(%,1)]= APy, (x)® Ag,(x,1) ,

d i i
E[ch(x,t)]=Aqu(x)® Ag/(x,t)

+APG(x)®AG(x,1) , (2.18)
2 [a6(x,0]1= 3, APgy(x)® Ag/(x,1

+APg;(x)®AG(x,t) ,
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with
Po0(x0= [ LPai0w /230 .

The leading-order probability kernels AP;;(x) are given
by

1+22
AP, (z)=%|——| ,
9 Sil=z |,
APG(2)=1(2z—1),

(2.19)
APg,(2)=4(2—2),
4

APeo(2)=3 | |12 | +(3=3z+22+2%)

1—z |,

—18(1—2)| .

The evolution equations (2.18) and (2.19) and their behav-
ior have been discussed by Einhorn and Soffer in Ref. 3.
Other discussions of the implications of these evolution
equations can be found in Ref. 4. The small-x behavior
of these equations is discussed in Appendix B. We can
see from these equations that even if there is no gluon po-
larization generated from the nonperturbative mecha-
nisms discussed above, the strong positive polarization of
Au,(x,Q3) observed at large x will generate a positive
AG (x,Q?) since APg,(x) is everywhere positive. More-
over, the positive AG (x,Q?) will tend to give a positive
polarization to the large-x tail of the sea distributions.
However, since the first moments of AP, (x) and
AP ;(x) vanish, the first moment for each flavor

(Ag;)= foldx Ag;(x,1) (2.20)

will be constant in ¢.

It is interesting to consider the impact of these results
on angular momentum conservation. For a proton with
momentum and spin in the z direction, O(2) invariance
gives the conservation of J,. Writing J,=1 in terms of
the integrals of the parton densities and angular momen-
tum gives the sum rule

3> 1(Ag)+1(Ag/+Ag ) +(AG)+(L,)=1.

(2.21)

Taking the ¢ derivative of this sum rule, we find

d d

i (AG) o (L,) . (2.22)
Since the first moments of APg, and APgs are positive,
the net spin associated with gluons will grow with in-
creasing ¢ and will be balanced by orbital angular
momentum. This was first discussed by Babcock et al.!
and has been elaborated upon by many others.?” '

In the discussion above we have used the ¢ or “chiral”
distributions for the g and g in the sea. To consider the
evolution of the physical 5 distribution, we must also in-
clude a contribution

4 gt - aghinn="4 |~ o ea60
dt 5 qc X, dz . Y(x)® x,t) | .
(2.23)
Consistent with Berger and Qiu,?® we choose
P(x)=—(1—2x)2Inx —3) (2.24)

to specify the relationship between the 5 definition and
the ¢ definition of the sea distribution and will use (2.19)
and (2.23) to evolve the 5 distributions. Note that the
first moments of the 5 distributions are not ¢ independent:

E(Aq,-)

—Bt/2
e 10

d pgiy=—L
i (Agf) yo . (2.25)

As Jaffe’ has pointed out, this equation is responsible for
the flavor-singlet moment of the structure function being
multiplicatively renormalized. To this order in «,, the
net-spin difference associated with the alternative
definitions

: . Niat)
T()=3 (Agi—Agi(t))=—L2"(AG(1) (2.26)

27

goes asymptotically to a constant. We have to measure
AG (x,Q?) for a range of x at large Q? in order to find out
the magnitude of this constant and judge whether it is
phenomenologically significant. For some applications it
may be necessary to go beyond the ‘“leading-order”
Altarelli-Parisi equations discussed here in order to get a
consistent picture of the impact of polarized glue.

The small-x behavior of the valence spin-dilution angle
cos©) can be investigated by using the nonsinglet
Altarelli-Parisi equation in the form?

d —_ 1 ridy, [x|q)
dt(cosGD) 271'Bofx quq ol e

Agq(y)  Ag(x)
q(y) q(x)
We will assume the small-x behavior of the unpolarized
[¢(x)] and polarized [Ag(x)] quark densities to be
governed by Regge behavior. Thus, g(x)~x "% and

X (2.27)

4y

Ag(x)~x . Equation (2.27) can therefore be written
as

d _4ax e 14+ (x2?)

dt(cosGD) Y7 fx dy Ty .

(1[)"(1

a _
X(p M=y % " My (228

If we take a,~; and a, =0, we can evaluate the in-

tegral explicitly:

—d~(cosGD) ~ x"n (2.29)

~cosfpln
dt x—0 b

This is an expected result, since a higher-Q? probe reveals
the small-x behavior of the constituents. It is also com-
patible with the moment treatment of Einhorn and Soffer
in Ref. 3.

A similar analysis can be done for the gluon distribu-
tion. If we assume AG =xG and AS ~0 at some Q3, then



72 QIU, RAMSEY, RICHARDS, AND SIVERS 41

3AG _, ~(xG)
2 [ac |_ "9 A9y
o | xG (xG)?
:—A—L(—;_[(APGG_XPGG I®AG] . (2.30)
Using the usual forms for APs; and Pgg, we get
B |AG |_ 6 i a3 e
ar | xG AG{[I x“+x'—28(1—x)]®AG} .

(2.31)

The convolution in (2.31) brings in an incomplete beta
function B, (a,f+1). At small x,

Bx

Bx(a,B+1)’:x m

1_

b

where I'(1+a) is the I function. Using this expansion
with a=—1 and B=6 for the polarized gluon distribu-
tion, we get the correction

Jd | AG

~—12.75+33
at | xG x

(<0 for x <0.38) .

(2.32)

For further discussion of the small-x behavior we refer
the reader to Appendix B.

III. MODELS FOR THE SPIN-WEIGHTED
DISTRIBUTIONS

We have studied some of the dynamical assumptions
that can help us formulate models of the spin structure of
the proton. In this section we shall examine some of the
theoretical and phenomenological constraints that have
to be satisfied, and present some explicit models for the
spin-weighted parton distributions. We do not intend in
this paper to give an exhaustive parametrization of the
various possibilities, but rather to illustrate a range of al-
lowed behavior for these basic functions. We will address
the question of completing the specification of these dis-
tributions using new experimental tests in Sec. IV.

The basic sources of information for fixing the parame-
ters in our models are data on the longitudinal spin-spin
asymmetry in deep-inelastic lepton-proton scattering and
the sum rules involving the polarized parton distribu-
tions. In QCD, the structure function g4(x,Q?) is given
by

+...,

aS
g5(x,0%)=1 3 e?Aq;(x,0%)® 1= —7(x) e

(3.1)

where 7;(x) is a calculable correction factor, which de-
pends, in general, on the factorization prescription used.
In our prescriptions, the first moment of 7;(x) is one. In
one scenario, we use the integral of g4 to constrain our
parameters. In the other, it is used as an experimental
comparison to the theoretical model which limits the po-

larization of the strange sea. As discussed previously, we
distinguish between valence and sea contributions. In
analyzing the QCD corrections in Eq. (3.1) it can be seen
that the sea components of g4(x,Q?) receive a contribu-
tion from the anomaly discussed earlier. Since g% is mea-
sured by experiment, the parton density expansion in
(3.1) is most conveniently given in terms of the Ag} distri-
butions, so that the gluon contribution is absorbed in the
sea. For numerical work, we will use (3.1) with 73(x)=~1.
Defining the first moments of the parton densities as in
Sec. II, the polarized gluon distribution relates the mea-
sured spin densities to the chiral densities (satisfying the
lowest-order evolution equations) by

. . Nya,(Q?)
2((Aq‘5)—(ch’))=—f%w—Q——<AG(Q2))EI‘(Q2),

(3.2)
which may or may not be large.
The first of three sum rules we will use to fix some of
the model parameters is the Bjorken sum rule:?®

5= [ ldx[8u,(x,07)—Ad, (x,0)],

=1.258+0.004 . (3.3)
The value of A4, is determined from neutron f3 decay.
Since the anomaly terms cancel in the difference, the dis-
tributions used can be either the measured or the chiral
ones. For now, we will use the chiral distributions. The
second sum rule we use involves an SU(3) rotation of the
Bjorken sum rule which involves hyperon decay and re-
lates the valence-quark integrals to the strange quarks in
the sea. A traditional SU(3) analysis of hyperon decays
determines two empirical constants D =0.795+0.009
and F =0.46610.009 (Ref. 30), and gives

Ay= [ dx(Au, +Ad, +Au,+Ad,
0
+ AT +Ad —2As —2A7),

=3F—D=~0.601+0.02 . (3.4)
The anomaly terms also cancel from this integral, so that
the sum rule in this form restricts the chiral distributions.
The third sum rule represents the total spin carried by all
quarks and antiquarks and is just the matrix element of
the singlet current A, given in terms of the chiral distri-
butions by

(Ao)c=foldx(AuU+Adv+AuS+Ads

+Aa+Ad +As+A3), . (3.5)

Since the anomaly terms do not cancel in this sum rule,

there is a difference between the chiral (4,). and the
value of A4, determined from the data: namely,

(4g)s=(4,).—T(Q%), (3.6)

with ['(Q?) given by Eq. (3.2). To compare the theoreti-

cal models with data, we can express A4, in terms of 4,,

Ajg, and the measured value of the integral of xg# as fol-
lows:

= % 1 P 1 3
(Ag)e=9 |1+— fo dx gh(x)—1A3—2A5+T .

(3.6a)
From (3.5) we can relate this to the fraction of the
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proton’s helicity carried by quarks
(AO)cEfu+fsEfu+f~x+r .

Here, f, and f; are the fractions of the proton spin car-
ried by the valence and sea quarks, respectively, given by
the chiral distributions. Only f| is modified by the anom-
aly as f,=f,+T. In the rest of this section, all polarized
distributions given in the models will be assumed to be
the chiral ones, unless otherwise noted.

For calculations of our valence-quark distributions, we
start with the simple SU(6) wave functions described in
Appendix A [Egs. (A12) and (A13)]. We will use the un-
polarized parton distributions given by Gluck, Hoffmann,
and Reya,’! evaluated at Q3 =10.7 GeV%

xu, (x,Q8)=1.39x"419(1 —x 1:94)340

(3.7

(3.8)
and
de(X,Q(Z) )=0.65X0‘361( 1—x 1.94)5.11 .

We can then evolve the polarized distributions via the
Altarelli-Parisi equations.”? Defining the evolution pa-
rameter ¢ to be
2
t=—1In

Bo

with A=0.2 GeV, the total polarized valence-quark dis-
tribution can be parametrized as

x Au,,(x,tH-x Adu(x,t)=2x 1.05(1—31)(l_x)3.l(l+l.3t)

In(Q2/A?)
In(Q3/A%)

X[142.7(1=50)x] . (3.9)

The other available parametrizations of the quark and
antiquark distributions differ by only a few percent in the
range 5 GeV2<Q?<500 GeV2 Hence, our models for
cosOp can be used with these distributions without
modification.

We shall consider two forms for the spin-dilution an-
gle. The first is that proposed by Carlitz and Kaur'®
(CK) using statistical arguments, and takes the form

cos®p =[1+Hy(Q?)1—x)*/Vx 17! (CK model) .
(3.10)

The second is derived from the spin-flip (SF) model de-
scribed in Sec. II, with cosO, given by

cos®, =[1—RxG%x)] . (3.11)

At low x, xG%x) becomes large. However many of the
dynamical assumptions underlying the SF model lose
their validity at very small x; in particular there is sub-
stantial shadowing,>® and multiparton processes becomes
important. To account for these effects, we replace Eq.
(3.11) by

cosOp, =[1+R(QH)xG(x,0%)]™! (SF model), (3.12)

which is well behaved at small x, and may be viewed in
the spirit of “resumming” the multiparton interactions.
For the unpolarized gluon distribution occurring in the
spin-dilution factor of Eq. (3.12), there is a wide range of

uncertainty, especially at small x. Since the spin-flip
model dilution factor contains the gluon distribution,
which is large at small x, we can more closely match the
data by adjusting the power of x in G (x,Q?). This power
is subject to constraints in the unpolarized data used to
determine the gluon distribution at the appropriate Q2.
We choose the unpolarized gluon distribution to be
parametrized as

G(x,00)=Ax “*(1+y,x)(1—x)% . (3.13)

Then, at small x, our spin-dilution factor has the form

a, —1

x & . (3.14)

I—a,
cos®p=(1+RA4,x ¥) I~ RA,
The Carlitz-Kaur form for cos©, is numerically
equivalent to choosing a,=1.5 when using the EMC
data to fix the sea parameters. If this value is decreased,
as has been suggested by other models,* the theoretical
values may match the data very well at all x. See Figs. 3
and 4.

It should be noted that in both models the spin-dilution
angle is flavor independent, and thus can be determined
by the Bjorken sum rule

A= foldx[uv(x,Qz)—%du(x,Qz)]Coseb(x’Qz)

=1.258+0.004 . (3.15)

In particular, evaluating the integral at Q2=10.7 GeV?,
we obtain H,=0.10 for the CK model, and R =0.18 for
the SF model. For both models, the fraction of the pro-
ton spin carried by the valence quarks, f,, is about 78%.
It is interesting to note that this result is consistent to
within ten percent of the naive SU(2) flavor constraint on
the ratio of the proton and neutron magnetic moments,
given by

2(Au,)—(Ad,)
Lor Bk el o3 (3.16)
w, 2¢(Ad,)—{Au,) 2
N
075 | ~
050 % -
_ 025 [ {,’ =
< i 2 ]
0.00 FX7 T TF T -
—025 [~ -
-050 * SR ]
0.02 01 02

FIG. 3. The proton asymmetry Af as a function of Bjorken x
using the parton distributions motivated by the EMC data. The
solid line corresponds to @, =1.5 and the dot-dash line to
a, =1.2 in the valence spin-dilution factor of Eq. (3.12).
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FIG. 4. The structure function xg?# is shown as a function of
x using the EMC-motivated parton distributions. The a, fac-
tors are the same as those in Fig. 3.

Having determined a suitable form for the polarized
valence distributions, we now consider the polarized
gluon distribution. Traditionally, this distribution was
thought to be small at accessible values of Q2 limited by
the gluon’s momentum. However, recent attention to the
ys anomaly'® has allowed speculation that the polarized
gluon distribution may be significantly larger and that
large positive values of AG (x,Q?) are needed to fit the
data. Possible models for cos®,cos26, fall into three
basic categories. The first is an extreme version, which
assumes cos®, cos26, =0 at some value of Q3. In this
model one can then generate the polarization of the
gluons using the Altarelli-Parisi equations. This model of
the gluon polarization is consistent with the Skyrme ap-
proach to the proton structure. As we pointed out in
Ref. 10, it is possible to avoid the growth of (AG(Q?))
and (L,(Q?)) using this starting point. The Altarelli-
Parisi equations still generate a positive AG(x,Q?%) at
large x.

A second starting point assumes cos®, c0s20, ~x at
Q3~10.7 GeV?. With this assumption, the net spin car-
ried by gluons is approximately equal to the fraction of
momentum carried by the gluons: (AG(Q3))
~ [ 4dx xG (x,0%)=0.50. Depending on the form for
the Ag;(x,Q?), this starting point is relatively stable un-
der the Altarelli-Parisi evolution equations. This model
can be compatible with either the EMC-motivated quark
distributions or with theoretically motivated distribu-
tions. In this model, ['(Q?), the difference between the
process-independent spin fraction carried by the sea f;
and the measured spin fraction £, is about 0.06.

Finally, one can assume that the spin-spin forces dis-
cussed in Sec. II lead to a saturation of the gluon polar-
ization and cos2® cosf, ~1 at large x. This dramatic
possibility is suggested by the discrepancy of the EMC
data with certain theoretical estimates on the amount of
sea polarization allowed. It is compatible with what little
we know about nonperturbative spin-spin forces. One ex-

plicit parametrization is

cos2®P cosb :L’ x <xq,
£ x,
(3.17)
congZI, x>Xxq,

with the further evolution of the structure function given
by the Altarelli-Parisi equations. Note that the second
starting point discussed above corresponds to x,=1 in
this model. If we choose x, at the other extreme, say at
the smallest value of x in the EMC data, then x,~0.04
and (AG(x))=5.0, which implies that ['(Q?)=~0.65.
Thus, if we use this model for the gluon polarization
there is considerable difference between the measured and
calculated values of the spin fraction of the proton car-
ried by the sea.

In order to complete our specification of the spin-
weighted parton distributions, we now turn to the sea dis-
tributions. As discussed in Sec. II, there exist good
theoretical reasons to believe ab initio that the quarks
and antiquarks in the sea are polarized. As we will see,
the baryon decays and the EMC data suggest strongly
that the sea pairs are polarized in a direction opposite to
the proton’s spin. However, the experimental errors and
theoretical ambiguities in the ihterpretation of the data
leave a good deal of uncertainty concerning the magni-
tude of polarization.

The polarized sea distribution consists of the chiral
parton distributions:

AS (x)=Au (x)+Au(x)+ Ad(x)

+Ad(x)+As(x)+As(x) . (3.18)

In order to construct our models for the process-
independent distributions, we make the following as-
sumptions relating the various components of quarks in
the sea. Since the spin-spin forces are different in ¢g and
qq channels, we make the distinction that

AG(x,Q3)=c(x)Aq,(x,Q3) , (3.19)

at some Q3 for each flavor. The parameter c(x)
represents the enhancement of antiquarks over quarks in
the sea. As a first approximation, we let ¢ (x) be constant
and flavor independent. We have implicitly assumed that
the quark and antiquark distributions have the same x
dependence. Additionally, we assume isospin invariance
of the sea with respect to the up and down quarks, but a
broken-flavor-SU(3) sea so that

Au,=Ad,=[1+¢€(x)]As . (3.20)
The symmetry-breaking parameter € indicates the
difficulty in polarizing the strange quarks due to their
larger masses. The x dependence of € is most likely relat-
ed to the quark masses, but as a first approximation, we
assume a mild mass dependence, so that € is almost con-
stant over the important kinematic range. Although the
sea quark and antiquark distributions are distinct, we will
require the same relations between flavors for the anti-
quarks as in Eq. (3.20): namely,
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Au=Ad=[1+&x)]AT . (3.21)

Since we have assumed that c is flavor independent, it is
reasonable to conclude that e=¢€.

With these assumptions we can write all of the sea
components in terms of A&, which is the dominant distri-
bution of the sea within the proton. The values of A«
and its integral over x give an accurate indication of the
contributions of the sea polarization to the proton spin.
Then,

as=| |[L4p[]|3E2e
c 1+e€
and
Au=cAu;=Ad=cAd,=(1+&)A5=c(1+€)As . (3.22)
Now we can rewrite the A4 sum rule in the form
Ag=(Au,) +(Ad,) + |2 | 1+1 [(am)
v’c vic 1_+_€ c [
(3.23a)

Using an SU(3)-flavor analysis of data on hyperon decays
gives a value

Ay=0.60+0.02

A
(1——_
™

(3.23b)
J

-1

2f O‘dx g%(x)=0.27240.037

since the Bjorken sum rule plus our assumption concern-
ing the isospin independence of cos®, fixes

(Au,),+{Ad,),=0.7840.01 . (3.23¢)

The A sum rule requires that the total spin carried by a
sea of ¢7 pairs, f,, be negative, but allows a considerable
range in the magnitude of that contribution, due to the
experimental error and the theoretical uncertainty in €.

This estimate is independent of the EMC data. Any
anomalous contribution from the gluons cancels in 44 so
we have an estimate for

2€
1+e€

directly from symmetry arguments applied to baryon de-
cays.

If we accept SU(3) flavor as a good symmetry for
baryon decays we can use the parton model expression
for the integral of g% and the A4 sum rule to set reason-
able limits on the polarized gluon distribution. The latest
analysis of the EMC data®® gives a value for the integral:

fo’dx g2(x)=0.12620.010(stat)£0.015(sys) . (3.25)

(Au+Am),=—0.18+0.01 (3.24)

(Note that this differs from earlier numbers.) Combining
statistical and systematic errors and using a,=0.27 we
can then write the integral with the QCD correction as

=4(Au,)+1{Ad, ) +£(Au, + A7 ) s+ 1(Ad, + Ad +As +AF )

=3(8u, ) +5(Ad, ) +—

The value of ['(Q?) obtained from this exercise depends
on the amount of SU(3) breaking in the sea polarization.
Using (3.15) and (3.22) we can write this in the form

1
—1.39£0.33= |5+ ——
+

The (Au,+Am) . —2T .

From (3.24), we have, for e=1,
r(Q?%|.~,;=0.202+0.180

and (using a, =0.27)
(AG)=(1.57%1.39) .

We will not use these arguments to constrain the value of
(AG) in our models but will keep the flexibility men-
tioned above.

In the two major scenarios which follow, the first uses
the EMC data to fix the sea parameters via the A3 and
A, sum rules and the second uses theoretical arguments
and the A sum rule to restrict the size of the polarized
sea. The first scenario we consider assumes a small
(AG) and uses the EMC experimental determination of
f (‘)dx g%(x,Q?%) to fit the parameters. After choosing a

6+ 5S¢

(As+As), —1T .

(3.26)

r

suitable value for the parameter ¢, we find (4,), from Eq.
(3.6a) and then € using Eqgs. (3.4) and (3.5). The A5 sum
rule will then determine { A% ), with the other sea param-
eters to follow. Using a,~0.27, this fixes the value of the
spin fractions f,+f; to be 0.14%0.18, which is con-
sistent with the conjecture that the net quark contribu-
tion to the proton spin is small. From the 43 sum rule,
Eq. (3.4), we find that €=0.6+0.4 and the total spin car-
ried by each of the quark flavors, including valence and
sea, is

(Au,)+{Au,+A7)=1.02+(—0.24)=0.78 ,
(Ad,)+(Ad,+Ad)=—0.25+(—0.24)=—0.49 ,
(As+AF)=—0.15 . (3.27)

The total contribution from all flavors of sea quarks in
this scenario is calculated to be —0.63%0. 60.

If we assume that the polarized gluon distribution is
large, say (AG) =5, then when the above results are
translated into parton model language, we find that

aS
foH f=f+ T+ N 5= (AG)=0.79+0.25 (3.28)
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consistent with the naive quark model. A theoretical
concern with this scenario is that the spin carried by the
sea-quark pairs is much larger than the corresponding
momentum. This is easily seen by comparing the in-
tegrals over x of the unpolarized and polarized sea. Us-
ing the EMC data, [dx AS=—0.81, while [ dx xS
=~0. 15 for typical models of the unpolarized sea.’!

To resolve this discrepancy, we introduce a theoretical-
ly motivated model in which the sea quarks obtain their
spin through a localized interaction with the valence
quarks. In this valence-dominated model (VDM), the
spin-transfer density of the sea antiquarks is limited by
AF(x)=~—{x5(x). For simplicity, we assume that the po-
larized strange quarks are similarly limited by
¢ As(x)=~—1xs(x). Then, for the process-independent
sea distributions,

AS _ (3+2e)(cAs +AF) _ _ 3+2e
S 5(s +7) 15

Here, we have used the conjecture that the unpolarized
strange quarks comprise about 20% of the unpolarized
sea.” Then the total spin carried by the sea is related to
the total momentum of the sea by

3+2e
15

Typical values of the last integral range from 0.10 to 0.15
(Ref. 20). Using the larger value for this integral and the
Ag and A, sum rules, the values of the sea parameters
become

(3.29)

1 1
fi= [ dxas=— J dxxs . (3.30

€=12+1.8 ,
L(QY)
fv+j;=o.56¢o.o7—Nfazf (AG(QY), (331
s(0%)
[ !dx gf=0.170£0.008— (0. 1)N, = 2 (aGoM) .
0 2

For a small polarized gluon distribution, the integral of
g/ falls outside the error bars of the EMC value. The
large value of € implies that the strange sea is much hard-
er to polarize, possibly due to mass differences of the
quark flavors. We compare the VDM-based functions
A?f and g (versus x) to data in Figs. 5 and 6. The frac-
tion of spin carried by all quarks in this model is about
one-half of the total spin of the proton, which is
significantly greater than that implied by the model
which directly fits the EMC data. These conclusions are
similar to other theoretical models.” Preparata and
Soffer’® have analyzed the EMC data and have made
some reasonable assumptions concerning the small-x be-
havior of the polarized distributions. Their analysis leads
to the bound

(As+A5) <0.072+0.030 . (3.32)
Our valence-dominated model includes a smaller nega-
tively polarized sea contribution consistent with the
above analysis and indicates a very large symmetry-
breaking effect (e~12.0). Here, the spin carried by the
quark flavors is
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FIG. 5. The proton asymmetry A{ plotted as a function of x
using the parton distributions obtained from the valence-
dominated model (VDM) discussed in the text. The a, factors
are the same as in Fig. 3.

(Au,)+{(Au,+Aa)=1.02+(—0.10)=0.92 ,
(Ad,)+(Ad,+Ad)=—0.25+(—0.10)=—0.35 ,

(3.33)
(As+A5)=-0.01,

indicating that the quarks carry a larger fraction of the
proton’s spin than in the EMC-motivated model. We
note that introducing a large polarized gluon distribution
on the order of {(AG )=3.5 in this model yields a value
for the integral of g% in agreement with the EMC experi-
mental value. This is consistent with the limits on {AG )
given by Eq. (3.26).

The EMC-motivated model has a significantly larger
negatively polarized sea and less SU(3)-flavor breaking
(small €) than the valence-dominated model (VDM). The
larger value of (As +A5) has been connected to the

0.06

P
Xgy
o
o
£

0.00

FIG. 6. The structure function xg{ shown as a function of x
calculated from the VDM distributions, as in Fig. 5.
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large value of the o term in 7N scattering, which also
suggests a large amount of strangeness in the proton. It
has also been suggested that the weak neutral-current
data vp —vp and Vp — Vp support this result by providing
an estimate ( As +A5)=—0.151£0.09. On the other ex-
treme, the VDM with a smaller polarized gluon contribu-
tion is more consistent with a Skyrme model of the pro-
ton. Only a comprehensive experimental program in po-
larized beams can help to distinguish the accuracy of
these theoretical models.

IV. A PROSPECTIVE EXPERIMENTAL PROGRAM

We have discussed a range of possible models for the
spin-weighted parton distributions. As we have seen, the
valence-quark distributions can be determined with some
confidence from existing data on the longitudinal asym-
metry in deep-inelastic lepton-proton scattering. Addi-
tional experimental information is needed in order to
determine the spin-weighted gluon and sea distributions.
Only when these distributions have been measured can
we proceed to formulate tests of QCD using spin-related
observables. In this section, we will discuss a specific set
of experiments in terms of the models introduced in Sec.
III. This will enable us to estimate the sensitivity of the
distributions to new experimental data.

A complete set of measurements of this type will re-
quire high-energy beams of polarized protons. There
have been important technical developments along this
line which mean that hard-scattering processes with po-
larized protons can be measured in kinematic regimes
where QCD perturbation theory can be valid.>? Further
progress should vastly improve the ability to do measure-
ments of this type. For example, recent progress in the
development of Siberian snakes may allow the accelera-
tion of high-energy polarized proton beams and the
design of polarized colliding beam facilities.”’ For this
paper, however, we will concentrate on measurements
which can be done with existing facilities. We shall con-
sider in turn experiments which are primarily sensitive to
valence-quark distributions, to the antiquark distribution,
and, finally to the gluon distribution.

The interest generated by the measurements of the
EMC group has served to emphasize the need for further
precision measurements of the lepton-scattering asym-
metry. Measurements at small x can serve to reduce the
uncertainties in the extrapolation of the integral of
g%(x,Q?%) mentioned by Close and Roberts.® A natural
extension of the work on the proton involves a measure-
ment of A¢". A set of measurements of 4{" would allow
an experimental test of the Bjorken sum rule. Using
Crewther’s relation,*® the perturbative corrections to this
sum rule are known>® and the sum can be written in the
modified minimal-subtraction (MS) prescription

2 )2
LAV I

a
1+ —(Q%)+c,
T

X [dx[gh(x,01)—g}(x,00)]=g, , @1

where the coefficients on the left-hand side of (4.1) are the
same as those in Re+e_. All of the models we consider

treat the Bjorken sum rule as inviolate but we recognize
that it is crucial to test it experimentally. In particular,
Gianelli, Nitti, Sforza, and Preparata40 and Preparata,
Ratcliffe, and Soffer* have examined the possibility that
our basic understanding of QCD may be flawed in such a
way to allow a violation of the Bjorken sum rule.

In addition to allowing a test of the Bjorken sum rule,
en data provide significant additional information con-
cerning nucleon structure. Because of charge factors,
g7 (x,Q?) will be more sensitive to the polarization of the
sea than is g£(x,Q?). Predictions for 4{" using both the
EMC- and VDM-motivated models are shown in Fig. 7.
In Fig. 8 we show the possibility for 4¢? using the EMC
and VDM models, with the assumptions that the deute-
ron is an incoherent superposition of proton and neutron,
and that the “contamination” from a small component of
D wave in the deuteron wave function can be ignored.

Semi-inclusive processes involving the associated pro-
duction of new flavors offer an alternate mechanism for
probing the sea. For example, many analyses of the
EMC data suggest that a substantial (negative) com-
ponent of the spin proton can be ascribed to the strange
sea. It is thus tempting to look for other quantities that
may be sensitive to the spin-weighted distributions of
heavy quarks. A promising candidate is the semi-
inclusive electroproduction of strange and charmed
quarks. We expect the ratio of charmed to strange
quarks in the proton sea at a scale Q7 to be given by

do(c+e) _me+Q mis o
da(s+5) mi+Q* m} 5 ’

(4.2)

at Q*~m3j. Thus in this picture the charmed sea
comprises about 4% of the total sea. It is presumably
more difficult to polarize a charmed quark than a strange
quark. Nevertheless the polarized charmed sea could
also be a few percent of the polarized sea, and it may be
instructive to measure the asymmetry

Ao (pup —cT)
ACE—L’—_— , (4.3)
o (up —ct)
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FIG. 7. A prediction for the neutron asymmetry 4 from the
parton distributions motivated by the EMC data (solid line) and
the VDM model (dot-dash line).
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FIG. 8. A prediction for the deuteron asymmetry A? using
the same distributions as those in Fig. 7.

with a polarized muon beam on a polarized proton target.
The sign and size of this asymmetry could give insight
into the flavor composition of the polarized sea.

The Drell-Yan process allows the most direct probe of
the polarization of the antiquarks in the sea (see Fig. 9).?
After integrating over transverse momentum, the spin-
spin asymmetry for the production of lepton pairs in pp
collisions can be given, in lowest order, by
-1/2

ardo_ 4ma® 1

— 2
iMdx,  aM?3 2

x§+

4M?
S

X[Aq(x,)Ag(x,)
+Ag(x,)Aq(x;,)], (4.4)

where

FIG. 9. The Feynman diagrams are shown for lepton pair
production: (a) g diagrams and (b) quark-gluon diagrams.

172
+XF

>

—Xg

To the extent that the quark spin transfer density is dom-
inated by the valence contribution this gives a straight-
forward measure of the amount of polarization of the an-
tiquarks. Figures 10 and 11 show our model estimates
for the Drell-Yan asymmetry. The dominant contribu-
tion in (4.4) involves the distribution AZ(x,Q?). In terms
of our model parameters, these types of measurements
will therefore allow us to constrain the SU(3)-breaking
parameter € as well as the parameter ¢ which distin-
guishes the polarization of antiquarks and that of sea
quarks.

The production of jets and hadrons at large transverse
momentum using polarized beams and targets presents a
wide range of experimental opportunities. The funda-
mental asymmetries for the 2—2 processes are known
from perturbation theory' and can be used to determine
the polarized distributions.?

It is very interesting to explore experimental observ-
ables which are sensitive to the gluon polarization. It has
been known for a long time"? that QCD perturbation
theory leads to strong polarization of the gluons,
cos®; cos26, — 1, at large Q2. The deep-inelastic lepton
scattering data constrain the gluon polarization only if
one accepts speculative theoretical arguments. It is
therefore important to measure AG(x,Q?) as directly as
possible by looking for hard-scattering processes where
gluons are involved.

We shall consider here the process a;; do(pp —jet +X)
with polarized beam and target and the integrated hard-
scattering process* Ao (pp;po,V's ). At large c.m. ener-

06 T 1 7T

Apy

P A I I B
10 20 30 40 50 60

QZ

FIG. 10. The Drell-Yan asymmetry 4PY for Vs =14 GeV
and x=0. The asymmetries with EMC sea distributions are
represented by solid (c =3) and dashed (c =1) curves, while the
VDM-motivated asymmetries are represented by dot-dash
(c =3) and dotted (c =1) curves, respectively.
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FIG. 11. Identical to Fig. 10, except V's =20 GeV.
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gies, jet production is dominated by gluon-gluon scatter-
ing processes. It might be expected, therefore, that a
measurement of jet production with polarized beam and
target would be sensitive to the gluon polarization. Our
explicit calculations show that this expectation is reason-
able.

In Fig. 12, we show estimates for the polarized jet cross
section Adf'(pp;py,V's ) at Vs =14 GeV. We use both
the large and small polarized gluon distributions dis-
cussed in Sec. III and use the EMC and VDM models for
the polarization of the sea. The predictions are very sen-
sitive to the gluon polarization and so a measurement of
Ao’ should provide important early clues to the magni-
tude of AG (x,Q3).

In order to disentangle the contribution of the gluon-
gluon subprocess from those involving sea quarks and an-
tiquarks, it is important to consider different subenergies
and jet momenta. Should the polarized sea be large and

20
L | i

L - -

L = i

L \ -

15 — \ —

L - 1

L . ]

I \ ]

\

= 10 — \ —
3 \ -
3 i \ 7
'y r A )
Q 8 N ]
5 . ]

F \ J

- N 4

N

L N _

°C T T

2 2.5 3 3.5 4

po(GeV)

FIG. 12. The polarized jet cross section Ao as a function of
momentum cutoff for distinguishing a jet, po with V' s =14 GeV.
Key: solid curve=EMC sea, small AG; dot-dash curve=VDM
sea, small AG; dotted curve=EMC sea, large AG ((AG ) ~5);
dashed curve=VDM sea, large AG.
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FIG. 13. Identical to Fig. 12, except Vs =20 GeV.

negative, as suggested by the EMC data, the positive con-
tribution to the jet cross section would be decreased.
However, a large polarized gluon distribution would
make the positive contribution significant. Figure 13
shows the same set of curves at V's =20 GeV. The pre-
dictions made by the curves in Figs. 12 and 13 can be
tested with the polarized proton beam at Fermilab. With
the appropriate calorimeters, it may be possible to mea-
sure the total cross section Ao, as a function of momen-
tum cutoff, py, and extract the jet cross section Ac’f' by
an appropriate assumption about the Regge behavior of
the soft part. By boosting the beam energy and measur-
ing the cross section at V's =20 GeV, the differences in
model predictions are enhanced (Fig. 13) and the relative
size of the gluon polarization could be confirmed.
Perhaps the cleanest method for determining the gluon
polarization is through direct photon production from a
polarized beam on a polarized target. The process re-
ceives contributions from diagrams in Fig. 14 and are ex-

g q
H
q 7 I
9 4
(a)
’ LT B 7

FIG. 14. The scattering diagrams contributing to direct pho-
ton production are shown: (a) diagrams with a quark in the
final state and (b) diagrams with a gluon in the final state.
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pected to be dominated by the quark-gluon diagrams.
This type of measurement would be interesting. The dis-
cussion of Berger and Qiu?® shows the importance of
measurements in the small-x region where the polarized
gluon distribution would be sufficiently large. At this
point, it seems that the immediate aim should be to do a
variety of experiments to get an indication as to the size
of the polarized gluon distribution and thus, the anomaly
term. With this knowledge, we may begin to understand
the constituent contributions to the spin of the proton.
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APPENDIX A: VALENCE-QUARK DISTRIBUTIONS
FOR THE BARYON OCTET AND DIQUARKS

To elucidate the spin and flavor content of the baryon
octet, it is frequently convenient to use a language based

i

lp;(+))=Cof o(x)|Dg0,00)®u(+))+C f(x;)

where C3+C?=1 while fy(x,,x,,x3) and f(x,x;,x3)
are functions of the momentum fractions. Using the fact
that all the momentum dependence is contained in f,

2 V2
§|D1,+1;1,+x>®|d(_)>—'3_~

on the decomposition of the three quarks in the proton
into a “bachelor” or “spinster” quark and two quarks
bound together to form a diquark. From this point of
view, the probability density as a function of x for a
quark can be decomposed

Pq/B(x)

where P, p(x) is the probability density of the bachelor
quark and

q/B(x)+PD/p(x)®Pq/D(x) , (A1)

Ppp(x)8Pyp(x)= [ 'dy dz P, (9P, p(2)8(x —y2)

, (A2)

1dy
=| —=P,, ()P
fO y D/p y q/D

gives the density of a quark within the diquark. To take

account of the spin and flavor content of the diquark, we

will use the notation D, .;,. We can decompose the
w50,

valence-quark proton wave function in terms of the direct
product of a quark and a diquark:

|Dyg14+10®1d(+))

— 22D, ii0)elu =)+ 11D g0 e lu(+) |, (A
[
u,(x)=C3[Dy(x)®q,(x)+q8(x)]
+C3[iD,(x)®q,(x)+1gf(x)],
(A5)

and f, both the quark distributions and the spin-
weighted quark distributions for quarks in the diquark
are easy to read off from the quantum numbers of the di-
quarks:

Pq/D(O,O;OO): u(x)=q0(x), d(x)qu(.x),
Au(x)=0, Ad(x)=0
Pq/D(1,+1;l,+l): u(x)=2q,(x), d(x)=0,
Au(x)=2q,(x), Ad(x)=0
Pyp, 11,00 #(x)=gq,(x), d(x)=gq,(x),
Au(x)=gq,(x), Ad(x)=gq,(x); (A4)
Pq/D(l,O;l,l): u(‘x)=2QI(x)’ d(x)=0
Au(x)=0, Ad(x)=0
Pq/D(l,O;l,O): u(x)qu(x), d(x)qu(x) y

u(x)=0, Ad(x)=0

where g,(x) and gq,(x) are two distinct quark distribu-
tions normalized to unity. From (A1), (A3), and (A4) the
valence-quark distributions can be written

dv(x)———C(z)[Do(x)@qo(x)]

Ci[iD,(x)®q,(x)+2gP(x)],
where the “bachelor” distributions are also normalized to

unity. Note that for any mixture of C, and C; we have
[laxu,x)=2, ['dxd,(x)=1. (A6)
0 0

In the same way, it is also possible to write the spin-
weighted distributions from (A3) as

Au,(x)=C3[q8(x)]+CI[LD,(x)®q,(x)—1gf(x)],

(A7)
Ad,(x)=C2[2D,(x

x)®q(x)— gql(x)]

The assumption of a quark-diquark decomposition in
(A3) which appears to be quite general, in fact, leads
directly to the constraints
[ ldx Au,(x)=
0

J ldx Ad,(x)=0, (A8)

independently of the ‘‘dynamics”
shapes of Dy(x), D,(x); go(x), g,(x); g&(x); or the mix-
ture C,y, C,. This string implication of the diquark pic-
ture for spin-weighted quark distributions was pointed
out by Babcock er al.! We can make the further assump-
tion of “weak correlation”

represented by the



D,(x)®q,(x)=Dy(x)®gy(x)=¢q(x) ,

(A9)
g2 (x)=¢8(x)=g(x),
which leads to
u,(x)=2¢q(x), d,(x)=q(x),
(A10)

Au,(x)=q(x), Ad,(x)=0,

which is the explicit representation of the quark-diquark
“model” discussed in Ref. 1.

An alternate assumption is also informative. If we as-
sume D;(x)®¢;(x) <<gg(x) except at small x where the
whole picture might break down for other reasons, we get

C2
u,(x)=Cigd(x)+ 5P (x) ,

2
du(x)=quf(x) ,
Au,(x)=C3q8(x)—9C3q5(x),
2

2%,
Ad,,(X)=——‘9—"q1 (x) .

In this limit, the spin-weighted distributions can be ex-
pressed in terms of u,(x) and d,(x),

(A1)

Au,(x)=u,(x)—1d,(x) ,

(A12)
Ad,(x)=—1d,(x),

which comprise the starting point for the valence-quark
distributions discussed in the text.

In our numerical work in Sec. III we follow Carlitz and
Kaur and modify the ratios in (A12),

Au,(x,0%)=cosOp(x,0%)[u,(x,0*)—2d,(x,0))],
(A13)
Ad,(x,0%)= —1cosO,(x,0%)d,(x,07) ,

by an x-dependent, Q2-dependent dilution factor. More
details on the numerical form used can be found there.

APPENDIX B: POLARIZED VALENCE-QUARK
DISTRIBUTIONS AT SMALL x

The small-x behavior of the polarized valence-quark
distributions is modified with increasing Q2 according to
the Altarelli-Parisi equations. To investigate this behav-
ior further it is easiest to work with the moments of the
quark distributions where the Mellin moment f(n) of a

Aq(x,t)=—l- c+ioo

. 1
el S dn Ag,(n,ty)exp ‘lnx

The stationary point n, of the exponent occurs at

|

we,(R) |

In(1/x) +o

n0=

lnl
x

~ 1
+(t—t AP 2
n+(t —t5)AP,(x) llnx
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function f (x) is defined by
— 1 n—1
Fimy= [ dxx"~'f(x) . (B1)

The inverse Mellin transform is then
f(x)=31;'—,fcdnf(n)x_", (B2)

where ¢ is a contour running parallel to the imaginary
axis to the right of all the singularities of f. It is the
rightmost singularity in f(n) that governs the leading
small-x behavior of f(x).

The nonsinglet polarized quark distributions evolve ac-
cording to

o) 1
3780, (% 0= [ dzap, | > 180,20, (B3)

x
z

where AQ,(x,1)=xAq,(x,t). The corresponding equa-
tion for the moments is

20g,(n,01=AP (A, (1), (B4)
with
AP, (m=Cy(R) |2 =2y~ ——L—2yn+1) | .
2 n n-+l1
(BS)
Equation (B4) has the solution
Ag,(n,t)=exp[ AP (n)(t —15)]Ag,(n,tg) . (B6)

We will assume the following simple form for the starting
polarized valence-quark distributions

Ag,(x,t5)= Ax%(1—x)P . (B7)
The Mellin transform is
Ag,(n,ty)=AB(n +a,1+pB), (B8)

which has its rightmost pole at n = —a. Since we expect
a>0, Ag,(n,ty) has all its poles in the left half plane.
Thus the leading contribution to Ag,(x,?) at small x is
controlled by the pole in Af’qq(n) at n =0. We can quan-
titatively investigate this contribution using the method
of steepest descent.

We begin by inverting Eq. (B6) and writing the solution

in the form
-1
} ] . (B9)

(B10)

and approximating the contribution to the integral about n =n, by a Gaussian yields
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1/21-1/2

In(1/5)

4
T 1'at C,(R)

Ag,(x,t) ~0 AB(a,1+)

exp |2

172
(B11)

1
lnx(t t,)C,(R)

The form of (B11) is similar to that obtained by Einhorn and Soffer.’ However, here the coefficient of the exponent is
suppressed by powers of In(1/x), and is negligible over the range of x and Q? appropriate to the data.
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