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Valence spin observables in hard-scattering QCD and the measurement of the gluon spin density
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To test the validity of the QCD-based hard-scattering model for spin-dependent measurements, it
is useful to define observables which depend only on the valence-quark spin distributions. If theory
proves an eA'ective guide to these "valence" observables, the valence-quark contribution to other
spin-dependent large-pT processes can be specified with similar accuracy. We can then formulate
large-pT measurements which determine the gluon spin density in a polarized proton.

I. INTRODUCTION

Results from the European Muon Collaboration
(EMC) experiment' continue to focus interest on the
question of the spin content of the proton. Comparing
the data to the Ellis-Jaffe sum rule, one obtains the
surprising inference that the net spin carried by the
quarks and antiquarks comprises only a small fraction of
the total proton spin. Since the EMC data were first
presented, a number of diverse models have been devised
to explain this observation. Because of the diversity
of theoretical opinion it is now important to clarify the
question of the proton spin composition experimentally.

The extraction of the necessary spin information re-
quires a broadly based experimenta1 program. As a first
step, remeasurement of g~&(x, Q ) in deep-inelastic lepton
scattering along with the measurement of g &

(x, g ) will
allow an experimental test of the Bjorken sum rule.
However, in order to address directly the question of the
gluon polarization density it is necessary to go beyond
deep-inelastic lepton scattering. The determination of
the spin-weighted gluon density b.G(x, Q ) necessarily
involves the measurements of such two-spin asym-
metries as aLLd o (pp ~AX), aLL do. (pp ~jet, X), ' or
aLz do. (pp~yX) for large transverse-momentum pro-11

duction with polarized proton beams and targets. The
asymmetry aLL is defined to be the cross section for ini-
tial helicities the same minus the cross section for helici-
ties opposite divided by the sum of the two cross sections,

the validity of the model at any given value pT. ' As an
example of this uncertainty, we note that there remains a
large ambiguity the determination of the unpolarized
gluon distribution, ' in spite of a large amount of data.
These limitations are very important in the analysis of
polarized-beam experiments. Because the luminosity of
polarized beams is low compared to that of unpolarized
beams, experimental constraints dictate that asymmetry
measurements will not be available over the maximum
range of kinematic variables in which the spin-averaged
inclusive cross sections can be measured.

In order to determine the gluon spin density b, G(x, Q )

with sufficient accuracy to discriminate between models
of proton structure, it is important to have assurance that
the spin-dependent data are free from possible nonfactor-
izing, higher-twist corrections which would distort the
theoretical interpretation. We believe that the best way
to obtain the necessary confidence in the underlying
theoretical formalism is to form flavor-nonsinglet quanti-
ties from the experimental data. These quantities can be
calculated in hard-scattering QCD from valence quark-
spin distributions which are comparatively well deter-
mined from the deep-inelastic lepton scattering experi-
ments. Comparison of theoretical predictions with exper-
imental data can therefore be used to validate or to rule
out the use of the QCD hard-scattering model within a
given kinematic regime.

Two examples of the type of nonsinglet observables
which can provide the desired calibration are

i.e.,

cr(~ ~ )
—cr( ~~)

cr( —+ ~ )+ cr( ~~)
and

aLLdo(pp ~sr X) aLLdo (pp ~sr —X)
g Dv( 0)

do(pp~w X) der(pp~—rr X)
(l. la)

Its use as a probe of hard-scattering dynamics is dis-
cussed in Ref. 10.

These high-pT production experiments raise a set of
theoretical questions of their own. The use of perturba-
tive QCD in the context of a hard-scattering model has
made possible a number of important predictions. How-
ever, because of large correction factors in the formula-
tion of the QCD-based parton model, it is hard to specify

aLL d o (pp ~yX )
—

aLL d o.(pp ~@X)
(y)=

do (pp ~yX) —do (pp —+@X)
(1.1b)

In this paper, we will give predictions for these ratios
based on the valence-quark spin densities extracted from
our analysis' of the deep-inelastic lepton scattering data.
When data from forthcoming experiments using polar-
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ized beams are compared with these calculations, we can
expect that uncalculable spin-dependent forces will give
higher-twist effects which will cloud the comparison at
low values of pz. but that the agreement will improve as
pz. and &s are increased. We hope that at some point
there will exist a range of p~ for which the hard-
scattering @CD parton model is providing a quantitative
description of the data. This will then define the value of
transverse momentum for which spin observables involv-
ing other parton densities become interesting. We have
no way of specifying a priori when this will occur but one
can hope that experiments now underway with polarized
p and p beams will have some impact on the issue.

When there exists a region of pr and &s where the
hard-scattering QCD formalism is known to be a valid
approximation to ALL (~ ) or ALL (y ), it also becomes
possible to estimate the valence-quark contribution to a
large number of other two-spin asymmetries and to
separate processes involving gluons. Therefore, it is pos-
sible to determine the sensitivity of a particular measure-
ment to the polarization of the gluons. We describe this
process for the observable a&L (pp~m X). In doing this
exercise, we find that aLL(pp ~m. X) should be very large
if the gluons in a proton are fully polarized with
AG(x&, pz. )/G(x, pz. )=1 for x ~0.04 as is suggested by
some recent theoretical speculation. ' ' Therefore, if up-
coming experiments support the QCD hard-scattering
prediction for ALL (~ ), they may also be able to confirm
or to rule out these speculative suggestions concerning
the gluonic spin component.

A more stringent test is to see whether data on this
process can be used to distinguish the possibilities
bG(x, pz )/G(x, pz ) -=x and bG(x, pz )/G(x, pr ) —=O. We
will see that potential experimental errors for the various
components in the puzzle would have to be quite small in
order to have a measurement of the gluon spin density at
this level of accuracy. Without significant improvement
in experimental techniques (such as the storage of polar-
ized proton beams in colliders) we believe it will prove
dificult to obtain a measurement of b G(x,pr ) which will
confront traditional ideas of hadron structure.

In this paper we will also discuss calculations for the
quantity b,o'L'(&s, po). ' This observable has previously
been shown to be sensitive to the existence of strongly po-
larized gluons. ' The jet cross section provides a good
starting point for the consideration of uncertainties asso-
ciated with higher-order perturbative corrections and
with the existence of possible higher-twist dynamics.

We begin our efforts with a discussion in Sec. II of the
spin-weighted parton distributions. This section serves to
fix our definitions and introduces some of the conventions
used to discuss the "valence" asymmetries given in Sec.
III. Section III is almost self-contained and can be con-
sidered independently of our models. Section IV gives
some specific calculations which serve to demonstrate our
basic points.

II. PARTON SPIN DENSITIKS

The application of factorization theorems in perturba-
tive QCD (Ref. 19) assures that it is possible to determine

a set of parton distributions by measuring some basic
processes and then to use these distributions in calcula-
tions which predict a large number of other observables.
Although there are a number of qualifications which pru-
dence suggests should remain attached, a claim of success
for the structure of the QCD parton model now seems
warranted. We note here that the parton-model factori-
zation can be carried out for hadrons in a definite longi-
tudinal spin state. Using the spin-dependent properties
of the constituent hard-scattering processes calculated in
perturbation theory, ' it is possible to take measurements
of spin-weighted parton densities and make predictions
for various two-spin asymmetries.

However, any such predictions are limited by the pro-
cesses in which the spin-dependent parton distributions
are measured. In analogy to spin-averaged quantities, the
natural place to determine the quark distributions is in
the deep-inelastic scattering of a polarized lepton with a
polarized hadron target. We will not dwell here on the
analysis of deep-inelastic muon scattering experiments
but will summarize the determination of the parton den-
sities found in our work in Ref. 14. We define process-
independent parton distributions wvhich obey lowest-
order Altarelli-Parisi equations. For the up and down
quarks we distinguish between valence and sea com-
ponents

u(x, g )=u, (x, g )+u, (x, g ),

d(x, g2)=d, (x, g )+d, (x, g ) .
(2.1)

For each fiavor (i =u„d„u„d„u,d, s, s, . . . ) of quark
we have the spin-weighted difference

b,q'(x, Q ) = q'+ &+ (x, Q ) —q
'

&+ (x, Q ), (2.2)

where OD is a valence quark-spin-dilution angle which
measures the deviation of the spin-weighted distributions
from the SU(6) limit. Measurements in deep-inelastic
scattering indicate that

lim cos8D(x, g )=1 .
x~1 (2.4)

Just as measurements of spin-averaged deep-inelastic
scattering enable us to extract reasonably stable estimates
of u„(x,g ) and d„(x,g ), the longitudinal asymmetry
2

&
measured in lepton scattering allows us to determine

b,u, (x, Q ) and b,d, (x, Q ) with an uncertainty compara-

where the plus and minus refer to the Z component of
quark and proton spin, respectively. This density appears
in the calculation of spin-weighted observables for vari-
ous hard-scattering processes.

Following Carlitz and Kaur and Ref. (14) we will
parametrize the polarization of the valence quark distri-
butions in the form

b, u„(x,g )=cos8D(x, g )[u, (x, g ) ——',d, (x, g )],
(2.3)

b,d, (x, Q ) = —
—,
' cos8D(x, Q )d„(x,Q ),
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EG(x&g ):G+g+ (x&g ) G y+ (x~g ) (2.5)

for gluons in a spin- —,
' proton. We can parametrize the

three possible spin projections of the gluon along the z
axis in terms of two angles 4L and 0, whereby

G + y+ ( qxg ) =
1+cos+I

cos Og

2
1 —cos+I

sin 0 G(x, g ),

Go~+(x, g )= —,'sm 4r G(x, g ),
2

1+cos@L
2

sin OgG ~+(x, g )=

(2.6)

2

L1 —cosN

2
cos Hs G(x, g ) .

For "on-shell" gluons with no transverse momentum,
@I =0 and the scalar polarization density Go&+(x, Q )

vanishes. Polarized gluons contribute to the spin of the

ble to the underlying experimental error. The model of
Ref. 14 gives the spin-weighted distributions, hu, (x, g )

and hd, (x, Q ) and the unpolarized valence quark distri-
butions u, (x, g ) and d, (x, g ) shown in Fig. l. Al-
though the uncertainties in the determination of these
spin-weighted distributions are large compared to those
on the spin-averaged valence distributions, they are tract-
able in that they provide testable predictions for other
two-spin asymmetries. The nature of these uncertainties
will be discussed in Sec. IV in terms of our model fits to
the deep-inelastic data.

By way of contrast, we have absolutely no information
on the spin-weighted gluon distribution

proton but the spin-weighted distribution b, G(x, Q ) in
(2.5) is not measured directly by deep-inelastic lepton
scattering asymmetries. In Sec. IV, we will return to the
discussion of those processes in which, in principle, it can
be determined.

Much of the interest in the gluon distribution (2.5) has
been generated by some theoretical speculation. Altarelli
and Ross' as well as Carlitz, Collins, and Mueller' have
formulated an indirect argument for a large polarization
of the gluons. The argument parallels the treatment of
chiral symmetry in current algebra. Recasting the
Aavor-singlet axial-vector current in the form

J„=J„'+nfl„,

E„= e„, A;(d~A, ,'gf b, A—f—A, ),
(2.7)

where @ denotes convolution, y(x) is convention depen-
dent, and a renormalization prescription for a, ( Q ) must
be specified. The chiral distributions b,q,'(x, Q ) and
b, q (x, Q2) are chosen to obey the lowest-order Altarelli-
Parisi equations so that their first moments do not
evolve with Q in the chiral limit, i.e.,

where nf is the number of flavors, we recall that the
current J„ is conserved in the chiral limit when quark
masses vanish. The divergence of the physical current,
J„ is entirely associated with the "anomalous" gluonic
contribution. The separation in (2.7) is not gauge invari-
ant but many matrix elements are well defined and the
split-up provides important insight. '

For the quarks and antiquarks in the sea, we can en-
vision a similar split-up of the spin-weighted distributions

a, (g')
y(x)b, G(x, g ),

(2.8)
a, (g')

aq, (x, g') =~q, (x, g') — y(x) «(x, Q'),

.80.

0.6

a
, (aq,') =0,

8 lnQ

(Aq,') = I dx hq,'(x, g ),
0

(2.9)

0 4
U'

0.2

while b q 5 (x, Q ) and b q ~ (x, Q ) are defined in a deep-
inelastic-scattering (DIS) scheme. At next-to-leading or-
der in perturbation theory, the Q evolution of the first
moment of b,q~(x, g ) can therefore be identified with
the Q evolution of the quantity'

0.0
')

1.(g')=+ ' (~G(g')) .
4m

(2.10)

p i » t I—0.
0.2 0.4 0, 6 0.8

FIG. 1. The unpolarized valence-quark distributions xu, (x)
(upper solid curve) and xd, (x) (lower solid curve) and the polar-
ized valence quark distributions xAu„(x) (upper dashed curve)
and x Ad, (x) (lower dashed curve), as a function of x at
Q'—= 10.7 GeV'.

In this framework, a large negative polarization of the sea
quarks and antiquarks as suggested by the EMC data can
perhaps be reconciled with the nonrelativistic quark
model and a small, unpolarized sea for the proton at
small Q by allowing for significant Q dependence of
I (Q ) between Q =—I and Q =—10 CxeV (the average
value of Q in the EMC experiment).

In focusing on the anomaly, this argument neglects
other, nonperturbative, dynamics ' which can lead to



2864 GORDON RAMSEY AND DENNIS SIVERS 43

the negative polarization of the sea. Taken at face value
and combined with the EMC data the argument can lead
to a surprisingly large amount of spin,

(2.1 1)

8 I

I

1 I I I

associated with the gluons in a polarized proton. This
large value is somewhat counterintuitive but since it is al-
ready known' ' ' that perturbative QCD implies

lim (bG) = ~,
Q ~oo2

(2.12)

it is not outside the realm of possibility.
These complex arguments have certain problems. For

example, Bodwin and Qiu have shown that the regula-
tors used in Refs. 15 and 16 to make separation in (2.8)
have problems either with gauge invariance or analytici-
ty. To first order in n„a satisfactory regulator will give
a vanishing contribution to the first moment of g~& from
polarized gluons. Hence, the split-up in (2.8) is justified
only by the presumed Aavor dependence of the quantities
involved rather than by a well-defined factorization pro-
cedure. Jaffe and Manohar have expressed similar
reservations phrased in the language of the operator-
product expansion and at this time the suggestion that
the EMC data lead to (2.11) remains highly speculative.

We do not intend to comment further at this point on
the theoretical issues except to note that their thrust is to
suggest (rather than compel) a possible strong polariza-
tion of the gluons. This possibility is worthy of con-
sideration in the context of an experimental program to
measure spin-dependent observables. Certain of these ob-
servables are sensitive to the gluon polarization. Includ-
ed among these are the spin-weighted cross sections in jet
production' and the asymmetries in ~ or y production"
from pp and pp scattering.

For purposes of testing the spin-weighted distributions
based on a QCD-aided parton model, we have construct-
ed three models of the polarized glue. These represent
extreme situations, ranging from no polarization to a
maximum polarization suggested by the theoretical argu-
lnents mentioned above. The three parametrizations are

P 1

0.2 0.4 0.6 0.8

FIG. 2. The polarized gluon distribution models as a func-
tion of x. The dashed curve represents the small gluon polariza-
tion [Eq. (2.13), No. (2)] while the solid curve shows the large
gluon polarization [Eq. (2.13), No. (3)].

u, (x, g )=u(x, g ) . (2.14)

However, because the spin-spin forces are not even under
charge conjugation, there is generally no analogous rela-
tion for the spin-weighted distributions. In fact, specific
models of two-body spin-dependent forces such as those
examined in Ref. 14 suggest that the antiquarks may be
more strongly polarized than the sea quarks. In general,
we expect that

rametrizations of the polarized sea distributions which
represent a considerable range in the sea contribution to
the spin of the proton. The polarized sea, however, does
have an implicit bearing on the interpretation of the
valence-quark polarization. For unpolarized distribu-
tions, the familiar assumption that the sea is even under
charge conjugation gives

( 1 ) no polarization: b G /G =0,
(2) small polarization: 4G/G =x, (2.13)

c ib, u, (x, Q')
I

-=lb, u (x, g') i, (2.15)

12.5x, x ~0.08,
( 3 ) large polarization: b, G /G '

11, x)0.08 .

The second model in (2.13) above is suggested by con-
P Alventional Regge arguments which give AG/G =x

The form of the third model was chosen so that
Jodx b, G(x)—:(b,G(x)) =5.0, an order of magnitude
larger than the second parametrization. This third model
is characteristic of those gluon distributions which have
been considered in the post-EMC era to estimate two-
spin asymmetries. These models are shown as a func-
tion of x in Fig. 2. The Q evolution for different forms
of AG can be found in Ref. 14.

The spin-spin asymmetries we will discuss are not very
sensitive to sea distributions. In Ref. 14 we gave two pa-

b ui( ,xQ)=b, u(x, g ) —b, u(x, gz) . (2.16)

This will differ from the parametrization of Eq. (2.3),

bu„(x, g )=cosOD[u, (x, g ) ——', d, (x, g )], (2.17)

which has no particular charge-conjugation symmetry by

with c +1 and the relative magnitude of the two will
afFect the interpretation of the valence-quark contribu-
tion to the proton spin. We can define a charge-
conjugation-odd form of the polarized valence-quark dis-
tribution in the usual way by subtraction:
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a small amount. Since the b, u(x, g ), in Eq. (2.16) con-
tains both the valence and sea contributions, the particu-
lar model used to define the relative size of the polarized
sea quarks to the polarized sea antiquarks will necessarily
affect the definition of Au„~. As the parametrization of
bu, in Eq. (2.17) is fixed by the Bjorken sum rule, the
distinction between Au„~ and hu, depends on the model
of the polarized sea which is used to calculate the spin
observables. In Sec. III, we will form charge-
conjugation-odd valence quantities by taking differences
of quantities measured in proton beams and antiproton
beams, thus using Au„j. In Sec. IV, where appropriate,
we will plot the spin observables using two models of the
sea polarizations to illustrate the range of interpretation
of the valence-quark contributions to these quantities.

III. VALENCE QUANTITIES IN SPIN-DEPENDENT
I ARGE- TRANSFER-MOMENTUM PRODUCTION

In order to focus on the dynamics of the QCD hard-
scattering model, it is often convenient to form Aavor-
nonsinglet quantities in which the contribution of many
constituent subprocesses cancel out. An example of such
a quantity is

Edo. 0 Edo.
(pp —+~ x )

— (pp ~~ x )
—= (ri ),

DV

d p d p d p

(3.1)

where the production of the ~ is at large transverse
momentum. For the spin-averaged pp process, we can
write

E do.
(pp ~m. x ) =—p dx, dxb G, / (x„p )Gb/ (xb, p )

—D / (z„p ) (ab ~cd;s, t )
0 1 de

d p
(3.2)

where the sum over all subprocesses is indicated. When we take the difference between pp and pp initial states, all sub-
processes involving initial sea quarks or gluons cancel. In addition, since in lowest-order perturbation theory we ob-
serve

do do
(ud ~ud) = (ud ~ud ),

dt dt
(3.3)

these processes also cancel in the difference. Using isospin invariance we have equality among the different decay distri-
butions

D 0/„(z, p' )=D 0/d (z,p' ) =D 0/d(z, p') =D 0/ (z,p' ) (3.4)

so that we can combine up and down contributions. (We will neglect the contributions of heavy quarks. ) The "annihi-
lation" cross section into final-state quarks can be defined as

do'" do do do. — do — do.
(s, t): (uu ~—uu )+ (uu ~uu )+ (uu ~dd )+ (uu —+dd ) — (uu ~uu)

dt ' dt dt dt dt dt
(3.5)

Combining the lowest-order expressions for the different cross sections' gives

do'" ~ 16 t +u2
s +t +u

(s, t, u)=2
dt ''

s
i

9 s~ stu
8

27

do-uu ~GG

In addition, we must consider the annihilation of quarks into final-state gluons:

~~s 8 t +u 32 t +u
(s, t, u)=2 —— +

dt '' s 3 27 ut

(3.6)

(3.7)

After the subtractions, therefore, we can write the nonsinglet spin-averaged observable (3.1) in the form

Ed
(m )=—J dx, dxb[u„(xg&p )u, (x bp&)+d, (x, &p )d, ( xpb&)]

p

X Do (z, ) (—s, t, u )+ Do (z, ) (s—, t, u ) [1+O(a, /~)],1 da'" 1 do
z, ~/& '

dt
' '

z, ~/G (3.&)

which depends only on the valence-quark distributions u, (x,p ) and d, (x,p ). In order to isolate a spin-dependent
valence observable we can start with

aLL 3 (pp~vr x)—=—g dx, dxi, bG, /z(x, ,p )bGb/z(xb, p, ) D 0/ (z„p ) aLL (ah~cd)E do. 0 1 1 2 do
d p ab ~cd

~ //c dt
(3.9)

as in the spin-averaged case. Taking the difference between pp and pp initial states picks out the "annihilation spin
asymmetry at the quark level,
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do do do
aLL (s, t)= aLL (uu~uu)+aLL (uu~uu)+aLL (uu~dd)

dt ' dt dt dt

do — do
+aLL (uu ~dd ) aLL— (uu ~uu)

dt dt

r

VT'A—2 +u 8 s+t +u
2

+
9 s' 27 stu

(3.10)

dt

which vanishes at 0, =90 . The spin asymmetry for the annihilation of qq into gluons is

do "" G 2~&$8 t +u 32 t +u
aLL (s, t, u)= — —— +

s 3 s 27 ut
(3.11)

corresponding to annihilation taking place only in the + —helicity configuration. Taking the difference between pp
and pp collisions then gives the expression

aLL (pp rr x)—aLL (pp vr x)=— dx, dxb[bu„&(x„p )bu„,&(xb,p )+Ed„,~(x, ,p )bd„,~(xb, Q )]
Edo. 0 E do. 0 1

d p d p vr

1 do
X Do (z, )—aLL (s, t, u )

2 /" dt

1 d~uu~GG
+ D o (z, )aLL (s, t, u ) 1+0 (3.12)

Taking the ratio of (3.12) and (3.8) we get

aLLdo(pp ~ x)—aLLdo(pp m x)
A Dv( 0)

drr(pp ~rr x ) do(p—p ~sr x )
(3.13)

entirely in terms of valence quantities. Figure 3 shows the estimate for this ratio using the distribution functions given
in Sec. II. As mentioned there, because of the method used in determining the distribution b, u„,~(x, p ) from the models
in Ref. 14, there is some dependence on the assumptions concerning the polarization of sea quarks. This ambiguity is
indicated by the difference in the two curves in the figure.

The same arguments can be repeated for other processes including the production of direct photons. We will not go
into the procedure in detail because the basic form can be deduced rather easily. Taking the difference between
pp —+yX and pp ~yX cancels the contribution of the qG ~yq and qG ~yq subprocess. This isolates the qq ~yG an-
nihilation subprocess, with the cross section

doqq rG ~ma, 8 t +u
(3.14)

dt s 9 ut

Helicity conservation gives the spin-weighted cross section

qq~rG
' qq-rGao

(3.15)

and we have the difference between pp —+yX and pp ~yX in the form

Edo. 1 XgXb(y)= — dx,
d p min +a +T

0- qq

[4u, (x,p )u, (x,p )+ ,'d, (x,p )d,—(x,p )] (s, t, u) (3.16)

where we have pulled the quark charge factors into the
distribution. With a similar expression for the spin-
weighted difference we can take the ratio to produce the
curves in Fig. 4. Again, the separate curves show the re-
sidual dependence on polarized sea distributions.

The experimental determination of the asymmetries
ALL (m. ) and ALL (y) requires a polarized proton target
as well as polarized beams of both protons and antipro-

tons. It is obviously a nontrivial experimental challenge
to assemble these elements in a single experiment, to con-
trol the systematics, and to collect meaningful data. The
payoff seems purely theoretical in that, using the usual
factorization properties, the observable can be compared
with a QCD-based hard-scattering calculation involving
only valence-quark distributions. Effects associated with
the unmeasured gluon polarization and with the poorly
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—0.4
production of high-pT hadrons have been found to be
large. Of course, the size of the corrections depends on
the factorization and renormalization prescription em-
ployed in the calculation. However, a short exercise
can show the main advantage of calculating a spin asym-
metry. If we write the next-to-leading-order calculation
for a process such as qq ~qX in the form

—0.8

do(++)=do'++ 1+ K+ 5K+
(3.17)

der(+ —) =do'+ 1+ K—o's 5E+

—1.0

pT(GeV)

examination of the appropriate diagrams shows that the
major part of the correction is independent of the initial
quark spins. For a convenient choice of prescriptions, we
have therefore

FIG. 3. A prediction for the asymmetry ALL (m ) represent-
ing the difference between the (pp) and (pp) asymmetries for
pion production, as a function of pT. The distinction between
curves is an indication of the difference of interpretations in the
valence-quark distribution as discussed in Sec. II of the text.
Figures 3 and 4 are shown at &s =20 GeV.

Then, the spin asymmetry is given by

do(++ ) —do(+ —)

do(++ )+do(+ —
)

(3.18)

determined polarization of the sea quarks are canceled in
the difference. In the framework of QCD, the lack of
agreement between the measurement can therefore be at-
tributed either to higher-twist effects or to the presence of
very large higher-order terms in the perturbative expan-
sion.

In fact, the chiral properties of QCD provide consider-
able aid in estimating the size of higher-order perturba-
tive corrections to two-spin asymmetries. They turn out
to be better controlled than the higher-order corrections
to spin-averaged cross sections. This is important since,
in general the higher-order corrections to the inclusive

—0.4

—0.6

(3.19)

where 3"is the lowest-order asymmetry and

6K
1+(a, !rr )K

(3.20)

This means that if we choose a set of conventions with K
large so that (a, l~)K cannot be ignored in the calcula-
tion of the spin-averaged cross section, we still have
reason to take seriously the Born term estimate for the
two-spin asymmetry. For a valence quantity such as
APz (~ ), if we stay away from the edges of phase space,
the theoretical uncertainties in the hard-scattering calcu-
lation are commensurate with the errors associated with
the specification of the parton distributions.

Of course, at a given pT and s, coherent effects or
higher-twist corrections may make the comparison be-
tween theory and experiment unreliable. The hope is that
we can go to a kinematic region where these effects are
small. If they are small for ALL, there arises the addi-
tional hope that they are small for the individual asym-
metries separately. We can then look at measurements of
aLLdo(pp~vr X) or ail do(pp~yX) at these values of
pT as measurements" of the spin-weighted gluon distri-
bution.

—0.8
IV. SENSITIVITY TO THE POLARIZED GLUON
DISTRIBUTION FOR TWO-SPIN ASYMMETRIES

—l.0 i I I I t I I I I I I

2 6 8
I

4
p T(GeV)

FIG. 4. The asymmetry 3L I ( y ) for direct photon produc-
tion, representing a similar difference as that shown in Fig. 3.

The valence-dominated processes discussed in Sec. III
allow one to sidestep the unknown contributions from
polarized gluons and to focus directly on the question of
the overall validity of the hard-scattering QCD model for
spin-weighted observables. In the absence of such experi-
mental cross-checks, an effect observed in ALI (pp ~vr X)
which should be associated with subasymptotic, higher-
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twist connections, might erroneously be attributed to po-
larized gluons. However, as mentioned above, interest in
the spin structure of the nucleon compels an experimen-
tal program with the goal of "measuring" gluon polariza-
tion.

It would be convenient if it were possible to experimen-
tally isolate polarized gluons in a number of different pro-
cesses. The production of direct photons provides the
best opportunity to do this in that one can find a kine-
matic region where the subprocess qG ~qy is dominant.
Hidaka" first emphasized the advantages of measuring
the gluon polarization by means of AILdcr(pp ~yX) and
this has been reiterated by a number of authors. ' ' An
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FIG. 6. The direct photon asymmetries at &s =200 GeV, an
energy possibly attainable at RHIC. Dashed curves correspond
to the large gluon polarization, the solid curves represent the
small gluon polarization and the dot-dashed curves no gluon po-
larization.

additional bonus for direct photon production is that the
next-to-leading-order calculation has been done for the
spin-averaged cross section. Examination of the dom-
inant corrections confirms that they are independent of
the initial spin configurations so that the condition (3.18)
should be met. There is, of course, the problem that be-
cause direct photon production is electromagnetic, the
cross section is small and is difficult to get to large values
of pT. At values of pT accessible in fixed-target experi-
ments it will be difficult to separate higher-twist effects.
Measurement of All (y) as advocated in Sec. III will
provide some handle on the problem. The possibility of
polarized beams injected into pp colliders such as the

, 50,

0 6
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2 4 6
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0.3
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0.2

0.1

FIG. 5. The asymmetries for direct photon production at
&s =20 GeV. (a) shows the asymmetry for pp scattering, while
(b) illustrates the asymmetry for pp scattering. The dot-dashed
curves are the asymmetries for the large gluon polarization,
given two difFerent models for the polarized sea distribution.
The solid curves similarly represent the asymmetry with the
small gluon polarization and the dashed lines with no gluon po-
larization.

6
p, (GeV)

FIG. 7. The asymmetries for pion production (pp~~ +X)
at &s =20 GeV. The curves represent the same gluon models
as those in Fig. 5.
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I I I i0. I I f I from the valence-quark processes can be reliably estimat-
ed provided that there are no incalculable higher-twist
effects. In Fig. 7 we show our calculation for
ALL(pp~m x) at &s =20 GeV for the three different
gluon distributions. Figure 8 shows the same curves for
AII (pp~vr x). There is good discrimination between
the curves for strong gluon polarization and the other
two possibilities. However, given the theoretical error as-
sociated with the quark polarizations, it would be very
difficult to measure ALL(pp~rr x) with the accuracy
necessary to discriminate the "weak polarization" and
the "no-polarization" models for the gluon spin density.

Figure 9 shows the calculation for ALL (pp~~ x) at
&s =200 GeV. The Q evolution of the parton distribu-
tions provides the difference between this graph and Fig.

FIG. 8. The same asymmetries as in Fig. 7 shown for
(pp ~~ +X) at +s =20 GeV.

I

f

I I l 1
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I

BNL Relativistic Heavy Ion Collider (RHIC) should al-
low an opportunity to measure this asymmetry at large
values of pT where subasymptotic corrections can be
negligible. In Figs. 5(a) and 5(b) we show plots of
AIL (pp~yX) and Ail (pp —+yX) for the three different
models of the gluon polarization discussed in Sec. II.
Note that it is dificult to discriminate between the case of
weak gluon polarization and no gluon polarization.

Figure 6 shows ALI (pp~yX) for &s =200 GeV (an
energy which might be accessible at RHIC). At this en-

ergy, the asymmetries are small, but well separated by the
various gluon models.

The individual measurements ALr (pp ~~ x ) and

AIL(pp —+sr x ) should also be sensitive to the gluon po-
larization density. For these processes the contribution
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FIG. 9. The asymmetries for (pp~m +X) at &s =200 GeV.
The curves represent the same polarized gluon models as those
in Fig. 6.

FIG. 10. (a) The polarized jet cross section bo."I' as a func-
tion of &s for a momentum cutoA' for distinguishing a jet,
po=2. 5 GeV; (b) the same jet cross section as a function of po at
&s =20. Solid curves, small hG; dashed curves, large hG; dot-
dashed curve, h, G=O. A11 are plotted with the two polarized
sea models mentioned in the text.
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7. From these figures we see that both direct photon pro-
duction and m production have the feature that the lon-
gitudinal spin-spin asymmetry can support or rule out the
idea of very strong polarization of the gluons in a polar-
ized proton. In order to distinguish gluon-originated
asymmetries from higher-twist effects, measurements of
ALI (vr ) or ALL (y) can provide a crucial calibration of
the underlying theoretical framework.

It remains an open challenge to design an experiment
with the precision necessary to distinguish the possibili-
ties

bG(x, p ) =X
2G (x,p ) &'= io o~v'

b, G(x,p )

G(x~9 ) p =10 Gev

which define a reasonable range of "conventional"
dynamical mechanisms for gluon polarization. To do
this, both control of valence quantities (using measure-
ments of AIL ) and high luminosity seem to be necessary.
Polarized beams in future storage rings (such as RHIC,

the CERN Large Hadron Collider, or the Superconduct-
ing Super Collider) provide the potential for such mea-
surements.

As a final quantity which can provide an estimate of
the gluon polarization, we consider b,erg"(pp;po, &s ).
This cross section was discussed in Ref. 17. In Ref. 18 we
pointed out that it could provide an early signal for a
large EG(x, Q ). Since this type of observable is particu-
larly well suited for experiments in colliding beams, we
give in Fig. 10 a set of plots of b, o'L' as a function of &s
at fixed po and b,oil" as a function of po at fixed &s, for
our three models of the gluon distribution. These curves
can give a feel for the type of experimental precision
needed in future experiments.
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