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Quark and gluon spin densities in a proton are phenomenologically parametrized based on the
European Muon Collaboration (EMC) data and on some plausible theoretical arguments. Four
different characteristic values of gluon and sea polarizations suggested by various theoretical conjec-
tures are considered The sea polarization in a proton is probed by measuring the spin-spin asym-
metry APY in the Drell-Yan process, while the helicity asymmetry A7, in direct photon production
at high pr is employed to test the gluon spin content Helicity asymmetries in both processes are
quite sizable. APY is positive and of order 107! if the sea is polarized opposite to the proton spin, as
suggested by the EMC data. However, even in the absence of the sea polarization at the EMC ener-
gies, we find 42 to be large and negative. Experimental measurements of AP and A}, together
will not only prov:de a clean probe of sea and gluon polarizations, but also test whether the com-
bination As —(a,/47)AG inferred from the EMC data is valid, i.e., whether gluons contribute to
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the spin-dependent structure function g£(x,Q?) via the triangular anomaly.

I. INTRODUCTION

The recent measurements of the proton polarized
structure function by the European Muon Collaboration'
(EMC), when combined with the data of neutron and
hyperon 8 decays, imply the existence of a substantial
negative polarization of sea quarks and/or a sizable net
spin carried by the gluons in a polarized proton.? In or-
der to know the spin content of the proton it is very im-
portant to measure the relative weight of spin densities of
sea quarks and gluons. We propose in the present paper
various schemes for the parton spin densities. We then
proceed to study the longitudinal spin asymmetry in the
Drell-Yan process and in direct photon production at
large transverse momentum in pp collisions with polar-
ized beams and targets to test the polarization of gluons
and sea quarks.

In deep-inelastic polarized lepton scattering off polar-
ized protons, the first moment of the spin-dependent
structure function is related to the proton matrix ele-
ments of the axial-vector currents via the operator-
product expansion (OPE):

MR(QY= [ dx gh(x,0?)
N AR}

12 T
X((p'143]p")
+4(p"ablp")+4(p"Ap")),=

with
Ap=ayysu—dy,ysd ,
Ap=ay,ysu+dy,ysd —25y,7ss (1.2)
Ay =uy,ysutdy,ysd+5y,rss ,
a1

where the proton is polarized in the z direction. It should
be stressed that the matrix elements {p|A4[p) in Eq.

(1.1) are evaluated at u?>=Q? (Ref 3) and have the follow-
ing parton-model mterpretatlon

Ag+AG,— = AG={p|Gvrsailp ") (1.3)
i i 2 ir37s4i ’

where we have dropped ¥y 3y s for convenience,

Aq=foldx[qt(x —glx)]= foldx Ag(x)

is the helicity of the quark ¢ in the infinite-momentum
frame of the proton with positive helicity,’ and

A6 =['ax[G'(x)=G'x)])= [ 'dx AG(x)

is the net spin carried by the gluons. A nice feature of
the OPE is that if the anomalous dimensions of A4}, van-
ish, then the first moment of g% at high Q? attributed
from A, are related to the low-energy axial charges

=<p‘fd3x Ag(x,t).p> .

There are two arguments indicating that the matrix
element {p'|gy,vsq¢lp') and hence M% should include
anomalous gluon contributions. In the OPE approach,
we notice that A2 has an anomalous dimension which
first occurs at two-loop order.® On the one hand, since
Aq is not affected by gluon emissions’ {p|47|p) should
not be just identified with the quark’s helicity since the
former evolves with Q2. On the other hand, although
there are no twist-two gluonic operators contributing to
ME, the matrix element (G| A2|G) does not vanish at
order a; due to the triangular anomaly. To be more
specific, we decompose the axial-vector current in the
form (n; being the number of quark flavors)

(1.4)
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(1.5)

P
y_zﬂeuvaﬁ a
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49— 7 AgA?
so that the gauge-noninvariant current 4  is conserved

in the chiral limit. The proton matrix elements are thus
identified with®

_ 4
(p11AYp")=A3=3 (Aq,+A7) ,
(1.6)

aS
(p'IK;lp"y=—AT=— —AG .

As pointed out by Altarelli and Ross,® though the current
K, is gauge variant, its diagonal matrix elements are

=1 1d}’2nf 2 2
fx,@h=7 [ S3 e 18air,07) |8

The quantity Af; has been computed by Ratcliffe!! and
subsequently by many authors.®!? It depends on the reg-
ularization adopted for the infrared divergence and on
the renormalization scheme. For example, using dimen-
sion regularization Ratcliffe obtained

(2x—l)ln

Afg(x) X _a(2x—1)

=1
2

1

——AP(x) (1.9)

where the polarized kernel AP ;(x) is given by 3(2x —1),
and the regularization-dependent term a(2x —1) stems
from the definition of €***# in 2—e dimensions. Never-
theless, the first moment of Af;(x) is well defined and is
independent of the renormalization scheme chosen:

[ ax Afglx)=—14

This together with the result f(')dx Afy(x)=—2 (Ref. 11)
leads precisely to Eq. (1.7) (Ref. 13). Note that for the
unpolarized structure function F,(x,Q?2), the first mo-
ments of fg(x) and f,(x) vanish.'" As a consequence,
there is no gluon contribution to the first moment of
F,(x,Q?), contrary to the spin-dependent structure func-
tion g&(x,Q?). Since only the first moment of the polar-
ized quark densities has been precisely defined, we will
follow Ref. 14 to fix the high moments so that the gluon
contribution takes the simplest form

aS(QZ)

™

(1.10)
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a(Q)

gauge invariant as the gauge-dependent part of K, can be
recast as a four-divergence. It follows from Eq. (1.1) that

21 _a(@?)
107 22 ‘ T
a,(Q?)
Ag; +Ag, — 22 AG(Q?) (1.7)

The next crucial observation, as first pointed out by
Ratcliffe’ and stressed by Altarelli and Ross,® is that
AG(Q?) increases logarithmically with Q2 and hence
a,AG is conserved to the leading QCD evolution; that is,
a,AG is really of order (a,)° rather than a;.
In the parton model, the spin structure function of the
proton at order a, reads!®
} . (1.8)

Now the polarized quark and gluon densities are relat-
ed to the axial charges g4 via Egs. (1.2) and (1.3) by

gi=Au+Au—Ad—Ad,
gi =Au +A7+Ad +Ad —2As —2A5 ,

nf

gy =23 (Ag; +Ag;

i

Ay |5 || +a60,07

a,(Q?)
. Afg

(1.12)

The SU(3)-nonsinglet couplings g and g¥ are Q? in-
dependent and thus can be related to the usual F and D
parameters determined from low-energy neutron and
hyperon beta decays by means of SU(3)-flavor symmetry

gy=F+D, g{=3F-D. (1.13)

The isoscalar coupling g?,, however, cannot be deter-
mined by SU(3) symmetry alone. Nevertheless, it can be
extracted from the recent EMC data. The first moment
of the spin structure function g4 was measured by EMC
(Ref. 11) to be [ jdx g4(x,Q%yc)=0.114£0.012+0.026
at QZc=10.7 GeV2. The total error can be reduced by
combining the older SLAC data'®> over the region

0.1=x=<0.7 with the EMC points at low x
(0.01 <x <0.1); this yields'®
fo‘dx g8(x,0%c)=0.116£0.009+0.019 .  (1.14)

When combined with Egs. (1.12) and (1.13), the EMC
measurement (1.14) leads to

Du=0.75+£0.07, Dd=—0.51%0.07,

Ds=—0.221+0.007 , (1.15)
=Du +Dd +Ds=0.02+0.21 ,
at Qiyc=10.7 GeV?, where Dg=Aq+A7 —(a,/

27)AG, and uses of F+D=1.259+0.004 (Ref. 17)
and F/D =0.61-0.64 have been made.
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The EMC result (1.15) looks bizarre at first glance
since it indicates that the proton spin cannot arise solely
from the valence quarks even if sea quarks and gluons are
unpolarized. Moreover, the helicity of the quark-
antiquark sea and gluons are intimately correlated. How-
ever, it should be stressed that the SU(6) nonrelativistic
quark model (NQM) does not really predict what is the
net helicity carried by the current (QCD) quarks in the
proton. First, the naive SU(6) NQM prediction
AU+ AD =1 refers to the constituent quarks Q; rather
than the current quarks g;. Second, NQM applies only to
the low-energy nucleon. Nevertheless, if the Ellis-Jaffe
ansatz'® As=0 is made at the EMC energies, then
Au+Ad~0.70 and M%~=0.18 are inferred from Egs.
(1.12) and (1.13). The result Au + Ad ~0.70 is usually re-
garded as the “standard prediction” of NQM for the po-
larization of the valence quarks in a proton. In fact, if
the sea polarization is SU(3) invariant, i.e., Au,=AH,
=Ad,=Ad,=As=A5 (the subscripts v and s denote
“valence” and “‘sea,” respectively), it is easily seen from
Eq. (1.15) that, irrespective of the value of AG,

Au,+Ad,=0.68 ,

in accord with the “NQM’s” prediction Au,+Ad,
=~0.70.

What is the magnitude and sign of the gluon spin com-
ponent in a polarized proton is a subject of hot controver-
sy at present. The EMC leptoproduction data are not
adequate to determine the helicity carried by the gluons,
but they do provide a useful correlation between As and
AG: namely, As +A5—AI'=—0.2210.07. Three major
possibilities for the gluon contribution have been con-
sidered in the literature.

(i) The polarized proton does not contain polarized
strange quarks at the EMC energies. As a result,
AT'=0.22 or AG=5.5 for a;=0.25. Since AG grows
logarithmically with Q2, a large AG ~5-6 is conceivable.
However, the spin sum rule for the proton

+=3A3+AG+(L,),+H(L,)q (1.16)
indicates that a large negative orbital angular momentum
of order —5.3 due to quarks and/or gluons is required to
balance AG. In the absence of the sea polarization, the
discrepancy between theory based on the Ellis-Jaffe an-
satz and experiment for M4 arises entirely from the
anomalous gluon spin contributions.?

(ii) It has been shown that AG is very small in some
particular versions of the Skyrme model.!” Consequently,
As+A5~=—0.2210.07 and most of the proton spin
comes from the orbital angular momentum, inferred from
Egs. (1.15) and (1.16). We caution that the result AG =0
is derived at Q2=0 and is not necessarily valid at the en-
ergies 02=10.7 GeV2.

(iii) From the anomalous divergence of the axial-vector
currents and from the smallness of the pseudoscalar ma-
trix element {p|a@iysu+diysd+3iyss|p) owing to the
decoupling of a singlet Goldstone boson from the nu-
cleon, we find® (pl(a,/87)G;,G *|p)~268 MeV.
Sinc;al K, =(a, /47T)GZ,,G amv_ it follows from Eq. (1.6)
that

s 1 ag ~
% pgm 11| Zgs ey,
. G my <p 8 G#VG p 0.29

(1.17)

This striking result derived at zero momentum transfer
implies a large but negative gluon spin contribution at
moderate Q?=10.7 GeV2. The sea-quark polarization
2As is of order —0.5 and hence deviates even further
from the naive-quark-model expectations.?!

Several processes in which the gluon polarization can
be extracted directly from experiment have been suggest-
ed in the literature. These include heavy-quark pair pro-
duction in the polarized photon-gluon fusion process
(e.g., the photoproduction?? yp—J /¥+X, and the lep-
toproduction?® up —u+J /9+X), high-pr jet production
in polarized deep-inelastic lepton scattering,?* gluon jet
oblateness,?® and direct photon production at large p in
polarized proton-proton collisions.?®?”!2 In the present
paper we shall study the spin-spin asymmetry in the
Drell-Yan process and in prompt photon production at
large transverse momentum with polarized proton beams
and proton targets. It has been known that the former is
sensitive to the sea polarization,?” whereas the latter de-
pends strongly on the gluon spin densities.?%?"12

This paper is organized as follows. We shall present in
Sec. II several phenomenological parametrizations of par-
ton spin-weighted distributions based on the EMC data
and on some plausible theoretical arguments. We then
proceed to compute the polarization asymmetry in the
Drell-Yan process and in direct photon production at
high p in Secs. III and IV, respectively, for four different
characteristic values of AG and As. Conclusions are
given in Sec. V.

II. POLARIZED DISTRIBUTIONS

In this section we shall elaborate on the spin densities
of quarks and gluons in a polarized proton. To begin
with, it is convenient to write Ag in terms of valence and
sea contributions

Ag=Ag,t+Ag;, .
Let
Au,=AG,=Ad,=Ad,=(1+€)As=(1+¢€)AT ,

2.1

(2.2)

where the parameter € characterizes the degree of SU(3)
breaking. It is easily seen from Eq. (1.15) that when €=0,
Au,+Ad, =0.68 irrespective of the value of AG. Obvi-
ously, the net spin carried by the valence quarks is very
close to what is expected from the NQM in conjunction
with the Ellis-Jaffe ansatz. Therefore, we will assume
that the sea polarization is SU(3) invariant (unpolarized
sea distributions for s and u or d quarks are known to be
different, however) and Agq, are those predicted by the
NQM: namely,

Auuzfoldx Au,(x)=0.98 ,

1 (2.3
Ad,= [ dx Ad,(x)=—0.28 .
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To proceed further we follow Ref. 28 assuming that the
polarized and unpolarized valence-quark distributions are
related via

Au,(x)=a(x)u,(x), Ad,(x)=B(x)d,(x) .

v

(2.4)

As x —1 it is desirable to have a(x), B(x)—1 to reflect
the argument? that the valence quark at x =1
remembers the spin of the parent proton as supported by
the perturbative QCD suggestion.*® By contrast, the re-
gion near x =0 is expected to be dominated by the sea so
that the spin of the parent proton would no longer be
reflected in the valence quarks. This suggests that a(x),
B(x)—0 as x —0. Since Ad, is negative, the boundary
condition B(x)—1 as x —1 implies that Ad,(x) changes
sign as a function of x. Hence, 3(x) can be taken as?!

X —Xg

B(x)= x? (2.5)

1—xg

so that the sign of Ad,(x) is flipped at x =x, when p is
positive.

In the following analysis we will use the “average” set
of the unpolarized parton distribution functions given by
Diemoz, Ferroni, Longo, and Martinelli*> (DFLM):
namely,

xu,(x)=2.26x%%%(1—x)>*
X[1—1.617(1—x)+3.647(1 —x)>
—1.998(1—x)%],
xd,(x)=0.57(1 —x)xu,(x) ,
x5(x)=0.4x7(x)=0.4xd (x)

=0.1(1—x)%°
X(1—4.18x +20.3x2—15.3x3) ,
xG(x)=3.34(1—x)>%(1—0.177x)

extracted at the reference scale Q2=10 GeV? from
several experiments. Note that the gluon distribution
functions of DFLM, supported by the large-p, direct
photon experiments,®® are substantially larger than those
given by Duke and Owens** and by Eichten, Hincliffe,
Lane, and Quigg®’ at the small-x region, x <0.1. We find
that the simple parametrization

0.26

Au,(x)=x""u,(x) (2.7)

satisfies all constraints mentioned above. For Ad,(x), x,
must be greater than 0.31 in order for p to be positive.
Treating x as a free parameter, we get

0.08 at x,=0.35,
p=1{0.31 at x,=0.50,
0.84 at x,=0.75.

(2.8

According to the Carlitz-Kaur model,*® interactions
between the valence quark and the sea or gluons cause a
spin dilution of the valence quark.’” Therefore, a spin-
dilution factor

1
1+H(x)N(x)

is introduced, where N (x) denotes the density of gluons
relative to the valence quarks (sea-quark effects can be
neglected as gluons carry ~50% of the proton momen-
tum) and H (x) is the probability of interaction between
the valence quark and gluons. The spin-dilution factor is
taken to be

cos20= (2.9)

cos26= (2.10)

by Carlitz and Kaur, where the free parameter H, is fixed
by Eq. (2.3). A fit to Au,=0.98 yields H,=0.31. It is
easy to check that this spin-dilution factor is actually
quite similar to our a(x)=x%2°. However, the d-quark

spin density

Ad,(x)= —1cos26d,(x) (2.11)

proposed in the SU(6) Carlitz-Kaur model does not satis-
fy the perturbative QCD result B(x)—1 as x —1. Hence,
we will confine ourselves to the polarized d-quark distri-
butions given by Egs. (2.5) and (2.8).

We next turn to the spin densities of the sea and
gluons. it is clear from Eq. (1.15) that the net spin car-

ried by the sea quarks and gluons at energies
Q2 =10.7 GeV? is correlated by the relation
aS
As——AG=—0.111+0.03 . (2.12)
4

For the purpose of illustration, four different characteris-
tic values of AG and hence As are chosen in the present
paper: (a) AG=5.5, As=0, (b) AG=3.0, As=—0.05, (¢)
AG=0, As=—0.11, and (d) AG=—4.5, As=—0.20.
Cases (a), (c), and (d) were already discussed in Sec. I.
For completeness we also consider case (b) which is be-
tween cases (a) and (c). As elaborated on in Sec. I, case
(d) that both gluons and sea quarks are polarized in oppo-
site direction to the proton spin deviates mostly from the
expectations of the naive nonrelativistic quark model.

In order to ensure the positivity constraints
|As(x)/s(x)| <1 and |AG(x)/G(x)| <1 be satisfied for
all x between O and 1, we write the polarized sea-quark
and gluon distributions as

As(x)=—x"s(x), AG(x)=x"°G(x)

(2.13)
with v, 74 >0 [AG(x)=—x"%G(x) for case (d)]. The
parametrization of gluon spin densities given by Eq.
(2.13) is justified on the grounds that according to the
perturbative QCD calculation AG | (x) is suppressed rela-
tive to AG '(x) by a factor of (1—x)? at large x (Refs. 30
and 38), while AG(x) at small x does not increase as rap-
idly as G(x). For the polarized sea densities, the more
appropriate parametrization is As(x)/s(x)=— Ax™(1
—x)" with 4 ~1 and m,n > 0 so that the nonvalence po-
larization As(x) vanishes when x —1. However, we find
that it makes no practical differences as to which parame-
trization for the sea spin densities is employed. Fitting
(2.13) to the above four different cases of proton helicity



41 SPIN ASYMMETRY IN PROTON-PROTON COLLISIONS AS A ... 95

FIG. 1.
As(Qimc)=—0.05. For Ad,(x), the parameter x,=0.50 is
used [see Eq. (2.8)].

Parton spin densities with AG(Q%yc)=3.0 and

contents AG and As gives
(a) y=0.31, (b)y,=0.51, y5=0.45,
(c) y,=0.35, (d) y,=0.25, y3=0.35.

(2.14)

The spin-dependent quark and gluon distributions for
case (b) are plotted in Fig. 1. The proton polarized struc-
ture function xg4(x) vs x is displayed in Figs. 2 and 3, re-
spectively, for cases (b) and (d). [The spin structure func-
tion xg#(x) for (a) and (c) is very close to that of case (b)
and hence is not shown.] It is evident that the EMC data
of xg#(x) are well fitted for AG R0 (Ref. 39). This im-
plies that if gluons inside the proton are polarized, they
prefer to polarize in the same direction as the proton
spin.

Once the parton helicity content of the proton is
known, it is expected that the neutron polarized structure
function xg7(x) can be immediately determined by the
relation

0.09 - 1

0.07

0.05

xg1"(x)

0.03

0.01 =7

-0.01
10 10" 1

FIG. 2. Predicted spin-dependent structure function
xg%(x,0?% of the proton for case (b) described in the text.
Curves for cases (a) and (c) are quite similar to that of (b) and
hence are not shown here. The dashed line is the contribution
from valence quarks only.

0.09 1

0.07

0.05

x94"(x)

0.03

0.01

-0.01 1 L [ A | 1 1 1
10 * 10 1

FIG. 3. Predicted spin-dependent structure function
xg%(x,Q?) of the proton for case (d) described in the text.

+Ad,(x)+ FAu,(x)

nf as
g{’(x)=%2 1—?

1

+%As(x)—iAG(x) (2.15)
3w
as depicted in Fig. 4. However, it should be stressed that
Eq. (2.15) is obtained from Eq. (1.11) via isospin symme-
try argument. It has been known for some time that nu-
cleon matrix elements of the anomaly term o, TrGG are
far from isoscalar.*® Consequently, AG measured in a po-
larized neutron is substantially different from the gluon
component seen in the proton.*! The large isospin viola-
tion of AG, however, does not affect the validity of the
Bjorken sum rule for spin-dependent electroproduction:
the isospin-violating effects due to the quark mass
difference of u and d quarks conspire with the isospin
symmetry breaking of the anomaly operator to render all
matrix elements of the axial-vector currents free of large
isospin violation.** Of course, the x dependence (but not

0.02 T T T T T T T T T T T T T T

0.01

0.00

xg1"(x)

-0.01

-0.02

-0.03
10 10~ 1

FIG. 4. Predicted spin-dependent structure function
xg"(x,0Q?) of the neutron under the assumption of isospin sym-
metry for four different cases of AG and As described in the
text.



96 HAI-YANG CHENG AND SHENG-NAN LAI 41

the first moment) of g{(x) may still exhibit considerable
amount of isospin nonconservation. Hence, any substan-
tial deviation from the isospin predictions presented in
the Fig. 4 will signal the breakdown of isospin symmetry
for AG and Ag.

Thus far all parton spin distributions are determined at
(Q2%)=10.7 GeV% Their Q2 evolutions are governed by
the Altarelli-Parisi (AP) equations

dAg,(x,t)

= ['d x
" —fx ~AP,(2)Ag, | ot |
dA3(x,t) _ ri1dz X
dt fx z APq(2)A2 z’tl
+2n,AP,5(2)AG frH . (2.16)
dAG(x,t) _ p1dz x
2 J < |APg,(2)A3 z’t‘
X
+APGG(Z)AG —;yt]‘ ’
where
2 /A2 33—2n
=Ly | Q/AD |y 2T (2.17)
b | In(Q§/A%) 6

To the first order in a;, the polarized AP kernels read!®

4 | 1+x?

AP, (x)=— ,
9 3|1 1—x |,
APqG(x)=§(2x -1),
(2.18)

APGq(x)=%(2—x) ,

_ 4 |1 1
Apcg(x)—3 (1+x ) —+

X (1-—-x)+

_ 3
XY s —x) .

The next-order polarized kernels have not been complete-
ly worked out, but their first moments are known.*
Since

J'ax APy ()= [ dx APy (x)=0,

1 (2.19)
fodxAPGG(x)=b
it follows from Eq. (2.16) that
Ag,(QY)=Ag;(Q3),
(2.20)
a,(Q3)
AG(QH)=AG(Q3)
Q 2 a,(Qh)
9 asion @20
+2bAE(QO)[aS(Q2) 1

T

10 GeV' -
100 GeV?,
1000 GeV;
5000 GeV?

wunu

FIG. 5. The evolution of gluon spin densities at various
values of Q2 with AG(Q%yc)=5.5.

We see that the net helicity of each quark flavor is con-
served as it should be and a,(Q2?)AG(Q?) is independent
of Q? to the leading order in a;.

Figures 5-8 exhibit the Q? evolution of the polarized
gluon and sea-quark densities with the initial parton spin
content given by cases (a) and (c) (Ref. 43). From Fig. 6
we see that even if the strange sea quarks are initially un-
polarized at Q%yc=10.7 GeV?, a positive As(x,Q?) is
nevertheless dynamically generated when Q%> Q% and
x >0.01. Moreover, the degree of gluon-induced sea po-
larization is comparable to that evolved from initially
nonzero As (see Figs. 6 and 8). Of course, the first mo-
ment of As(x,Q?) in case (a) must vanish as we did check
explicitly. Likewise, shown in Fig. 7 is the x behavior of
the nonvanishing spin-dependent gluon densities generat-
ed from the bremsstrahlung of the quarks with
AG(x,Q%yuc)=0. Notice that the quark-induced AG is
small in magnitude (see Figs. 5 and 7). We should also
mention that sea quarks polarize positively at large x
even if As(x) is initially negative (though we cannot tell
this from Fig. 8 since sea densities are very small at large
x). This feature will explain the sign change of spin-spin

0.020 —~ . . -
~ —— Q= 10 GeV’,
0015 H \ e Q2 = 100 GeV? =~
R ---- Q= 1000 GeV;
,,’ W — — - Q" = 5000 GeV
0.010 1+ .
~ ’ - N\
x | NN
~—r i SN
@ 0.005 SN ]
< ! N
x ; N
~\§
0.000 =
-0.005 | .
-0.010 L = L 1
0.0 0.2 0.4 0.6 0.8 1.0
X

FIG. 6. The evolution of polarized sea densities at various
values of Q2 with As(QZyc)=0.
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é_l—
0.06 T
—— @} = 10 GeV*,
N T Q? = 100 GeV?,
0.05 - ---- Q= 1000 GeV: ]
J o\ —— - Q" = 5000 GeV}
0.04 /' ~\ T
FERN
= 0.03 ‘\\\ 1
<1 N NN
< |/ N
x 0_02 T," \\\ 4
B \‘\
0.01 NN 1
f RN
; —~
0.00 —
-0.01 L ' L +
0.0 0.2 0.4 0.6 0.8 1.0

FIG. 7. Same as Fig. 5 but with AG(Q%yc)=0.

asymmetries in the Drell-Yan process as we are going to
discuss in the next section.

Following Ref. 14 we have also numerically checked
various sum rules derived from the AP evolution equa-
tions. The x-integrated distributions AG, AX, and f g%
are depicted in Fig. 9 as a function of Q? for case (a).
Evidently, AG increases linearly with InQ? while AT and
the first moment of g£ are independent of Q2, as it should
be. The same quantities but integrated over the range
0.01 <x <1 are also presented in the same figure. We see
a drastically different Q2 behavior as first noticed in Ref.
14: the integrals of AZ(x,Q?) and g% (x,Q?) over the re-
stricted x region increase with InQ?, whereas AG remains
virtually unchanged. This indicates that when integrated
over the range 0 <x <0.01, AG increases logarithmically
with Q2, while As rises negatively with Q2, as we have al-
ready shown in Figs. 5 and 8, respectively. Quantitative-
ly, Altarelli and Stirling'* obtained [g£=0.20 and
AZ=1.1 (integrated over the range 0.0l1<x <1) at
Q2?=1000 GeV?, whereas we get 0.17 and 0.83, respec-
tively, at the same Q2. This attributes to the different pa-
rametrizations of polarized parton densities employed in
the present paper and in Ref. 14. At any rate, the in-
tegrals [ ,85dx and [J°'gfdx are sensitive to the way
of fitting the polarized EMC data. For example, our fit to
g4 (x) shown in Fig. 2 gives the respective values 0.136
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0.00
~~
x
71
4 -0.01 .
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Q; = 100 GeV’,
Q; = 1000 GeV3
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FIG. 8. Same as Fig. 6 but with As(Q%yc)=—0.11.
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FIG. 9. The x-integrated distributions AG, AZ, and f ghdx
as a function of Q? with AG(Q%yc)=5.5 and As(Q%yc)=0.
Dashed lines are the same quantities integrated over the range
0.01<x<1.

and —0.018 calculated at the EMC energies. On the oth-
er hand, one can adjust the spin densities of gluons and
sea quarks at the small-x regime in such a way that a best
“EMC fit” to the data (as presented in the original EMC
paper') implies a negligible contribution of g% over the re-
gion 0<x <0.01.

II1. SPIN-SPIN ASYMMETRIES
IN THE DRELL-YAN PROCESS

From the EMC data we learn that the net spin carried
by gluons and the sea of gq pairs is constrained by the re-
lation As—(a,/47m)AG=—0.1110.03. This suggests
that gluons and/or sea quarks are strongly polarized in a
polarized proton. To test various proposed schemes for
As, the Drell-Yan experiments with polarized proton
beams and targets are suitable for this purpose since the
sea polarization dominates over the gluon contribution
for the Drell-Yan spin asymmetry.

The longitudinal spin-spin asymmetry in the Drell-Yan
process is defined by

4DY— dAo/dQ* _do''/dQ*—do''/dQ?
o dos/dQ*  do''/dQ*+do't/dQ?’
where Q2 is the invariant mass squared of lepton pairs,
do'" (do™) denotes the Drell-Yan cross section for the
configuration where the incoming proton spins are paral-

lel (antiparallel). The cross section do /dQ? to next-to-
leading order reads*

(3.1
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do 47ra fldxl dx,

40 ' 9502 E‘-’ q:(x1,0%)g;(x,,0%)

an

where z=Q?%/(sxx,)=7/(x,x,), and

w_(z)=— (1+%1rz)8(1—z)+

e (1—2z)4

+2(1+2?) —6—4z

+

b

In(1—2)
1

—2Z

w,6(2)=1[(222=2z+ DIn(1—2)+ 322 —5z+ 3] .

Because of the large coefficient of the 8(1—z) term, it has
been known for some time that the first-order corrections
are quite sizable. The issues of how to sum over the large
next-to-leading order corrections and how to tackle with
all “plus” contributions in w lﬁ(z) were addressed recently
in Ref. 45. The spin-weighted cross section d Ao /dQ? is
obtained from —do /dQ? (notice a sign flip) with the re-
placement'!

G—-AG ,
w‘—+Aw_=w_+£(1+z) s

q—Aq, g—Ag,
(3.4)

Wy —Awyg =1[(2z —In(1—2)—3 2+3z—‘]

‘The resulting spin-spin asymmetries*® calculated at
Vs =27,100 GeV for four different characteristic values
of AG and As [i.e., Eq. (2.14)] are presented in Figs. 10
and 11. The main results are summarized in the follow-
ing.

(i) A priori it is expected that both sea and gluons are
equally important for the spin asymmetry since
(a; /4w)AG and As are of the same order of magnitude.
However, owing to the smallness of Aqu it turns out

0.6 : ; . : : :
0.4
0.2
0.0

a
4
< _0.2

-0.4

~0.6 L I 1 1 1 L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
T

FIG. 10. Predicted Drell-Yan spin asymmetry APY as a
function of 7(=Q?/s) at V's =27 GeV for four different values
of AG and As described in the text.

8(1—2z)+

ze q,(x,,0%G(x,,0%

a,(Q?)
2w

61—z )w‘ﬁ(z)

6(1—2z)

,(Q?)
] > Wog(2)+(12)

—

that the sea polarization plays a dominant role in A5
Figure 11 demonstrates clearly that the gluon contribu-
tion is small at the experimentally accessible region of 7
(r<0.5). This means that the sign of A2 is determined
by the behavior of As(x).

(ii) The main QCD corrections to the (polarized and
unpolarized) cross sections arise from the 6(1—z) term
which has a large coefficient. The next-to-leading correc-
tions are, however, less important for helicity asym-
metries.

(iii) The polarization asymmetry is negative in the ab-
sence of initial sea polarization at Q%yc (Ref. 47). This is
attributed to the fact that dynamically generated As is
positive when x >0.01, as elaborated on in the previous
section. It is also obvious from Fig. 10 that A7 is of
positive sign in the range 7<0.5 if sea is initially polar-
ized in the direction opposite to the proton spin. Hence,
even a measurement of the sign of ALY will be very valu-
able: it will tell us whether the sea quarks of the proton is
unpolarized or polarized negatively at the EMC energies.

(iv) The polarization asymmetry is of order 10! and
changes sign at 7=0.5, 0.7, and 0.77, respectively, for
cases (b)—(d). This stems from the fact, as discussed be-
fore, that the sign of As flips at large x. For example, As
changes sign at x=0.65,0.81,0.88, respectively, for

As(Q%ymc)=—0.05,—0.11,—0.20.
(v) The relation for the nonvalence quarks
0.4 (x)=0.4d(x)=5(x) [see Eq. (2.6)] is no longer held

at large Q2. As a consequence, | 45| is not bound to be
less than 0.4.
To conclude, the spin-spin asymmetry in the Drell-Yan

-0.4 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
T
FIG. 11. Same as Fig. 10 but for V's =100 GeV. Dashed

curves are the helicity asymmetries without gluon contribu-
tions.
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process is sizable (of order 107!) and it provides the
unique advantage: a measurement of ADY will supply
valuable information on the importance of the sea polar-
ization in a polarized proton.

IV. SPIN-SPIN ASYMMETRY
IN HIGH-P; PHOTON PRODUCTION

In the previous section we saw that the sea polarization
plays an essential role in determining the spin asymmetry

J

in the Drell-Yan process. We shall use in this section
direct photon production in proton-proton collisions at
high pr as a probe of gluon polarization. At leading or-
der, prompt photons are produced at the parton level via
Compton scattering ¢G —yq and annihilation ¢g—yG.
Since the Compton subprocess dominates over annihila-
tion (see below), the spin asymmetry in this process de-
pends strongly on the spin densities of the gluon.

The unpolarized invariant cross section for the reac-
tion p +p — 7y + X has the form?®

d’o _ aa fr dx L Ee[ x,00)7,(x,,00)+(12) ]-— —7G)
ydpy s X 1 X 1%, (x 15 +11) q:(xy, g, (x5, q9q —y
H2F (51,0116 (52,097 (46 —1q 1426 (x1,Q)F (%, 0122 (Gg 7).
1
4.1)
where 2p, 2pr
Xyt ) xF=———‘/; y Xp= bVl 4.7)
X, = s Xmin— ’
2 xst+u s+t “2) one has
2F,(x,0%)=Selq,(x,0?) '
1%, Q E %(x,Q t=—1s[(xf +x )2 — —xg],
and d & /dt is the parton-parton cross section given b (4.8)
P P g y u=—Lts[(xF+x3)""2+x] .
%(qtj—»yG)=— £+% ,
u
We choose Q*=p#/2 in practical calculations.!> The
d_ﬁ( G—yg)=—1 7 + 3 4.3) helicity asymmetry A4/, is defined as in Eq. (3.1).
dt e ve s 7T’ ) Since (a, /4m)AG is of the same order of magnitude as
As, one should in principle include higher-order correc-
i@( Ga—ya)=— 1|u 13 tions to E,d’A o /dp; to take into account contributions
dr 9=ve 31 o’ from a,AG terms. Unfortunately, next-to-leading-order

with 3,%,7 being the Mandelstam variables for the parton
subprocess

A

§=x,x,s, T=x,t, i=x,u . (4.4)

The polarized cross section E,d’Ac /dp; is obtained
from Eq. (4.1) with the replacement

q—Agq, §—A7, G—-AG, Fl——>g‘1’ 4.5)
and d& —d A&, where

dA & 8|7 , 1

——(qq G)=——|—+—1,
a4 qq9 —Y 912 " 7

dA & 1 §

—(qG )=—=\|—-=+=1, (4.6)
a4 90 —vq 3 5 ’t\]

dA & 1 u, 3

—(G )=—=|——+=
@ VTR T g

In terms of the longitudinal and transverse momenta of
the photon

terms have been worked out only for unpolarized pp col-
lisions*® but not for polarized ones. Nevertheless, we will
follow Ref. 12 assumming that contributions to
E,d’A o /dp; up to second order in a, amount to replac-
ing Aq by Aq'=Aq—(a,/4m)AG, as in the polarized
deep-inelastic scattering [cf. Egs. (1.8)—(1.11)]. Since the
final expression of higher- order corrections to the unpo-
larized cross section E,d 30 /dp? is rather lengthy and
complicated,*® we will not include them here as they will
not affect the main features of the spin asymmetry we are
interested in.

Figure 12 presents the resulting helicity asymmetry for
various gluon and sea spin densities at the energy
Vs =100 GeV and x=0 (i.e., 8, ,, =90°, 6_,, being the
c.m. production angle). We find that even at 6., =90°,
the annihilation contribution to A/, is at most 10% of
the Compton scattering. Since A}; depends predom-
inately on AG, the behavior of spin asymmetry shown in
Fig. 12 is rather obvious: it is positive for AG >0 [curves
a and b correspond to AG(Q%yc)=S5.5, 3.0, respective-
ly], but very small for AG(Q%yc)=0, and negative if
gluons are initially polarized opposite to the proton
spin. We notice a main difference between the case
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FIG. 12. Predicted direct photon spin asymmetry A/, at
8. . =90° as a function of x7 at V's =100 GeV for four different
values of AG and As described in the text.

AG(Q%mc)=0 in Fig. 12 and As(Q%yc)=0 in Fig. 10:
bremsstrahlung-induced (a,/47)AG is very small com-
pared to the gluon-induced As. Consequently, A}; in
case (c) is relatively small compared to A5 in case (b).

Shown in Fig. 13 is the spin asymmetry as a function of
xp at fixed pr=>5 GeV (or x;=0.1). Evidently, 4},
grows with x at fixed x. This is understandable as fol-
lows: polarization asymmetry due to the annihilation
subprocess alone is — 1 as a result of helicity conservation
owing to the vector coupling of gluons. As xj increases
(i.e., away from 90°), annihilation contribution becomes
weaker and weaker and hence asymmetry is enhanced.

A correlation between A2 and A4}; should also be
noticed. For example, the curve d in A}, (Fig. 12) with
negative gluon polarization must have a large and posi-
tive APY, and vice versa for curve a. Curve c¢ with
gluons unpolarized initially must have a negative A},
but positive 45Y. These correlations exist since As and
AG are bound by the constraint Eq. (2.12). Hence, mea-
surements of A}, and ADY will not only provide a valu-

_o 1 - ~ -~ - 4
-~-d
02 | T T -
_0.3 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5
XF

FIG. 13. Predicted direct photon spin asymmetry A[; at
pr=5 GeV as a function of x; at V's =100 GeV for four
different values of AG and As described in the text.

able probe of AG and As, but also test if gluons contribute
to the spin-dependent structure function g¥(x,Q?) via the
triangular anomaly.

V. CONCLUSIONS

In order to determine the spin content of the proton
due to gluons and sea quarks, we study in the present pa-
per the helicity asymmetry in the Drell-Yan process and
in prompt direct photon production at high py. The
former is sensitive to the sea polarization, whereas the
latter depends strongly on the gluon spin densities.

At the next-to-leading-order level of the parton model,
there is one crucial difference between the first moments
of unpolarized structure function F,(x,Q?) and of spin-
dependent structure function g’l’(x,Qz): gluons contrib-
ute to the first moment of the latter but not to the former.
Moreover, [a (Q?)/27]AG(Q?) is of order (a,)° rather
than a,. The recent EMC measurement determines the
combination As—(a,/4m)AG. Theoretical arguments
for AG (and hence As), however, vary vastly, ranging
from 5.5 to —4.5. We consider in this paper four
different characteristic values of gluon and sea polariza-
tions suggested by various theoretical conjectures.

To prove the polarizations of sea quarks and gluons,
we need to know the evolution of parton spin densities.
We have parametrized the quark polarized densities in
such a way that they are consistent with the perturbative
QCD suggestion and the constraint of positivity. Com-
paring with the EMC measurement of xg#f(x), we find

that AG R 0 is preferred, though the case AG <0 is not
excluded. Based on isospin symmetry, predictions of
spin-dependent polarized structure function for the neu-
tron are presented in Fig. 4. Any substantial deviation
from the theoretical curves of Fig. 4 will signal the break-
down of isospin symmetry for AG and Ag.

The Drell-Yan process is an ideal place for testing the
sea polarization: first, the helicity asymmetry AJY is
sensitive to the sea spin densities; second, contributions
from the gluon component are negligible for most values
of 7. For As(QZyc) <0 as suggested by the EMC data,
ADY is positive and of order 10~!. However, even if the
sea is initially unpolarized, the spin asymmetry turns out
to be negative and large due to an appreciable amount of
As evolved from large AG. Hence, a measurement of
ADY will test if the sea is unpolarized or polarized oppo-
site to the proton spin.

Contrary to the dilepton process, the spin asymmetry
A/, in the direct photon production at high p; depends
strongly on the polarization of gluons as the Compton
subprocess dominates over gg annihilation, reflecting by
the fact that A}, grows with x at fixed pr. The sign of
AG is directly and unambiguously determined by the heli-
city asymmetry.

To conclude, experimental measurements of both 42
and A}, will provide a clean probe of sea and gluon po-
larizations. Moreover, they will test whether the com-
bination As —(a, /47)AG inferred from the EMC data is
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valid, i.e., whether gluons contribute to the first moment
of spin-dependent structure function of the proton g£ via
the triangular anomaly. Finally, isospin-symmetry break-
ing in AG can be tested by measuring the gluon spin com-
ponent in the neutron.
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