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Theoretical analyses of polarized leptoproduction data suggest that the polarized gluon structure
function might be large, but there has been no independent measurement of this quantity. Measure-
ments of single-spin asymmetries in the production of muon pairs from the scattering of two protons,
one of which is longitudinally polarized, can be interpreted in terms of polarized gluon, quark, and
antiquark structure functions. We develop this interpretation in detail and compute the size of the
asymmetries that might be expected for this process.

PACS number(s): 13.88.4+, 12.38.Bx, 12.38.Qk, 13.85.Qk

I. INTRODUCTION

Polarized leptoproduction experiments [1, 2] have
shown that a polarized proton has an interesting spin
substructure. Quarks carrying a large fraction of a longi-
tudinally polarized proton’s momentum are found to be
highly polarized. The degree of polarization varies with
the longitudinal momentum fraction and differs for differ-
ent flavors of quarks. Recent experiments [2] have shown
that the simple assumption [3, 4] that only up and down
quarks should carry the proton’s spin cannot be correct.
This suggests that either the strange quarks should carry
a significant fraction of the proton’s spin or that the glu-
ons within the proton should be highly polarized [5].

The first alternative might seem improbable [6], since
it would require the strange quarks in the proton to be
highly polarized down to rather small values of the lon-
gitudinal momentum fraction z. The second alternative
might also seem improbable since it would require [7] the
gluons to be highly polarized down to small values of
z, but there is no data which directly contradicts this
idea. Furthermore, the expectations of quantum chro-
modynamics (QCD) [8] are that the gluon spin fraction
should grow indefinitely as one increases the momentum
scale on which one probes the proton’s structure. (A
gluon spin fraction greater than 1 is accommodated in
QCD by a large and oppositely oriented component of
orbital angular momentum.)

High-energy hadron colliders offer the possibility of ex-
ploring partons at increasingly small longitudinal mo-
mentum fractions for a given value of the transverse
momentum (or partonic scale). At these small momen-
tum fractions the parton densities become large, either
through the mechanism of gluon bremsstrahlung as em-
bodied in the evolution equations of Altarelli and Parisi
[10] or through an intrinsic component associated [9] with
the structure of the Pomeron in QCD. In this sense new
hadron colliders provide gluon beams of high intensity.
From the viewpoint of the strong interactions, then, the
question of whether these colliders should accommodate
polarized beams is simply a question of whether these
gluons would be highly polarized.

We see that one’s interpretation of current leptopro-
duction data may have an important influence on the
design of new hadron colliders. For this reason—and for
a better understanding of the substructure of the polar-
ized proton—it is important to resolve the question of
whether the gluons in a polarized proton are themselves
highly polarized. This is not a question which can be re-
solved from inclusive leptoproduction data alone. Indeed
the first moment of the polarized structure function can
always be written as a sum of terms

/Gl(:c,q"’)d:c: FAUW + $Ad + FAS. (1.1)
Each of these terms corresponds to a matrix element of
a component of the axial vector current, e.g.,

< p,sluyuvsulp, s >= su(p)Au’. (1.2)

Within the context of leptoproduction data there is
no way to distinguish between the naive interpretation,
which identifies Au’ with the spin fraction carried by the
up quark, and an interpretation [5] which identifies Au’
as

Ad' = Au— (ag/27)AG. (1.3)

Here Au denotes the spin fraction carried by the up quark
and AG the gluon spin fraction, which enters the matrix
element of the axial vector current (1.2) as a consequence
of the axial anomaly.

If one wishes to isolate the up-quark and gluon contri-
butions to (1.3) separately, it is necessary to examine ex-
perimental quantities which are directly sensitive to the
gluon spin fraction—quantities for which AG does not
have the formal structure of a higher-order correction to
Au. If AG makes a contribution of any significance to
Eq. (1.3), then its contribution to these other processes
will be extremely large, since the relative suppression fac-
tor of ag/27 will no longer be present. This makes an
experimental search for AG much easier to undertake.

Unfortunately the experimental situation is by no
means simple or obvious. Experiments which require po-
larized beams and targets are technically difficult, long,
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and expensive. In leptoproduction experiments it is pos-
sible to separate the quark and gluon contributions to
the g, if one identifies [11] one or two hadronic jets
in the final state. The single-jet events correspond to
quark-initiated processes; two-jet events are either ra-
diative corrections to these quark-initiated processes or
gluon-initiated processes. The latter are dominant for
large-transverse-momentum jets. This is not a simple
experiment to carry out. The optimal facility for such
a measurement might be a lepton-hadron collider such
as the DESY e-p collider HERA, but HERA lacks any
provision for a polarized proton beam.

The availability of high-energy colliders with polarized
proton beams would allow one to carry out a number of
experiments [7, 12] which are sensitive to the polarized
gluon component of the proton. No such machines ex-
1st at present, although an option of this sort exists for
the BNL Relativistic Heavy Ion Collider (RHIC). The
upgrade of any present hadron collider to accommodate
polarized beams seems unlikely at present. Hence one
would have to work with extracted tertiary beams and
external polarized targets. The massive effort for such an
experimental program also makes it unlikely at present.

This leaves the possibility of using processes for which
only a polarized beam or a polarized target would be
required. Measurements of the“single-spin asymmetries”
that might be detected in such an experiment form the
subject of the present paper. We consider the specific
process

Pl4p—put+pu +X (1.4)

as typical and as a process which should be relatively
easy to examine experimentally. The required experi-
mental setup would involve either an extracted (unpolar-
1zed) beam and a polarized external target or an (unpo-
larized) internal beam and a polarized internal storage
cell [13].

If one is interested in finding asymmetries for longi-
tudinally polarized protons, and if one is dealing with a
parity-conserving amplitude, then it is necessary to mea-
sure the momentum of at least two particles in the final
state. Indeed, the spin vector for the polarized proton in
the initial state must be correlated with some axial vector
defined by the various measured momentum vectors. If
only one particle is measured in the final state, then the
only such axial vector would be the normal to the plane
defined by this momentum and the collision axis of the in-
cident particles, and the only possible asymmetry would
have to involve transverse components of the initial spin
vector. If the momenta of two particles are measured in
the final state, then their cross product defines an ax-
1al vector which can have a longitudinal component. For
the process (1.4) these two momenta are the momenta
q* and q~ of the ut and pu~ particles. The transverse
momentum of the pair,

Qr=4qf +4q, (1.5)

must also be nonzero for the longitudinal spin asymmetry
to be nonvanishing (since otherwise q* x q~ would have
no longitudinal component).

The longitudinal spin asymmetry for the process (1.4)
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is proportional to the quantity s-q* x q~, where s denotes
the proton’s spin. This quantity is odd under time rever-
sal. Hence the asymmetry must arise from the imaginary
part of the muon pair production amplitude. It follows
that there is no asymmetry at the tree level in quan-
tum chromodynamics, and that the asymmetry at order
ag is determined by the structure of one-loop contribu-
tions to the production amplitude. In essence, the goal
of this paper will be to calculate the coefficients of ag
that occur in the various partonic subprocesses that con-
tribute to the hadronic process (1.4). If these coefficients
are not small, then it should be practical to measure the
polarization asymmetry for moderate values of Q?, say
Q* ~ 10-25 GeV?.

We find this to be the case and identify the regions
of phase space where the contributing parton subpro-
cesses have relatively large asymmetries. These results
indicate that experiments which focus upon the process
(1.4) should be feasible to carry out and should provide
significant data on the magnitude of the gluon spin com-
ponent of the proton. We feel [14] that these experiments
may offer the best way of obtaining this information with
the use of any existing particle accelerators.

The following two parton subprocesses and their charge
conjugates contribute to muon pair production:

g+ q—ptp” +G, (1.6)

G+q—ptp™ 44 (1.7)
A third process,

G+G—ptp” +q+4, (1.8)

can also contribute to muon pair production, but this
process is of higher order in perturbative QCD than ei-
ther of the processes (1.6) and (1.7) and is thus relatively
less important at large Q2. In the present paper we shall
only discuss the contributions of the leading-order pro-
cesses, (1.6) and (1.7). In the next section of this paper
we discuss the kinematics common to these two process.
In Sec. IIT we discuss the process (1.6) in detail, con-
sidering both the unpolarized cross section and the cross
sections for polarized quarks or antiquarks. In Sec. IV we
consider the gluon-quark process and evaluate the asso-
clated single-spin asymmetries for this process. Section
V discusses the relevance of these parton processes in
proton-proton scattering experiments. Section VI sum-
marizes our results, discusses their consequences for ex-
periment, and lists related processes which might be con-
sidered in a similar vein. Details of the calculations of
Secs. IIT and IV may be found in Appendix A and a set
of tables. In Appendix B we discuss the relation of the
current work to previously published results.

II. KINEMATICS

The parton-level kinematics are the same for any of the
processes that we will discuss in this paper. In each case
two incident partons collide to produce a virtual photon
and an outgoing parton. The incident partons arise from
each of the colliding hadrons, the virtual photon decays
into a p+pu~ pair, and the outgoing parton materializes
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as a hadronic jet. We label the momenta of the incident
partons by p; and p»; @ denotes the momentum of the
virtual photon, and K the momentum of the outgoing
parton or jet. The individual muons have momenta qt
and ¢~ , but it will frequently be more convenient to use
the linear combinations

(2.1)
(2.2)

Qu=q; +4q,
w=q, —q -

If Q2 > mz, we can ignore the muon mass m, and use
the approximations

q-Q =0, (2.3)

¢~ —-Q>. (2.4)

We will denote the invariant momenta formed from the
parton variables by

§=(p1 +p2)%, (2.5)
t=(K-p2)?=(Q-p1)% (2.6)
a=(K-p)?=(Q—-p2)* (2.7)

In the center of momentum of the parton scattering
process the parton momenta have the explicit forms

Py =(P,0,0,P), (2.8)
p‘Z‘ = (P,0,0, _P)y (29)
Q* = (E',q'sin8,0, ¢ cosb), (2.10)

¢* = (¢’ cosa,@Qsin acos fcosd + E’ cos asin b,

Qsinasin B, E' cosa cosf — @ sin a cos fsin §),

(2.11)
with
P:%\/S, (2.12)
,_s+Q°
= (2.13)
¢ == Q. (2.14)

Equations (2.8)—(2.11) display the components of each
vector in the form z# = (¢, z,y, z). The momenta of the
incident partons thus define the z axis, while the direction
of the virtual photon defines the z-z plane. The angles
« and B describe the decay of the virtual photon relative
to these axes in the rest frame of the photon [where,
according to Eq. (2.3), ¢° = 0]. The phase space for the
decay of the virtual photon has the form

1 d3¢*td®
G aF g~ @)= s Sl )
8(2 E sin ada df3.
(2.15)

We will denote the signs of the helicities of the incident
partons by s; and s and the sign of the helicity of the
outgoing parton by s. Thus s has the values +1 for an
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outgoing quark of helicity :t%. If the outgoing parton is
a gluon, the values s = +1 refer to helicities +1. The
corresponding symbols for the lepton helicities are s*. If
one does not observe the spin orientations of any of the
produced particles, then the parton cross section has the
form

1 ody Bqt d3q~ &K
25Q% 2m3 2q3‘ 29y 2K
x84 (gt + 97 4+ K — p1 — p2)W*(s1,52) Loy
(2.16)

The tensors WH¥ and L,, are constructed from hadron
and lepton variables, respectively. If the produced muons
are relativistic, then one can ignore the muon mass and
write

L;w = Q(QuQu - gu,,Qz

Equation (2.16) applies to the annihilation of partons
with helicities of signs s; and sp. If the initial parti-
cles are unpolarized, or if only one of them is polarized,
then one must construct appropriate spin averages of the
quantity W#¥(s1,s2) Ly, .

Of particular interest in this paper is the case where
one of the initial partons is polarized, with s; = =*1.
We will designate the differential cross section for this
process by déoy. The unpolarized cross section is given
by (d64 +d&_)/2 and is obtained by replacing the factor
WH¥(s1,82)L,y in Eq. (2.16) by an average over initial
spin orientations %E“M WHY(s1,82)Lyuy. Similarly, we
can construct a cross section difference déy — do_ if we
replace the factor W#¥(sy,s2)L,, in Eq. (2.16) by the
quantity

do =

"‘quqy)~ (2.17)

1 v
AW = 531_;.32 S,'Wu (S],SQ)L,_“/ (218)
The ratio
doy — do_
= g (2.19)

defines the single-spin asymmetry that we seek to de-
scribe in this paper. In terms of the quantities just dis-
cussed this asymmetry has the form
AW
A= ” . (2.20)
2 Zsl,sg Wk (Sl’ SZ)L}“’

We will denote by AWU! the contribution to AW of
a given Feynman graph, j. Each such contribution may
be written in the form

—e2gtcl]
T

AW = (AVg . py + AUl . py)

b_vAe, o
Xfuup0p1p2Q )

(2.21)

which involves a color coefficient CU! and two invariant
functions A1] and A[é’]. The totally antisymmetric tensor

€uvpo is defined to have
€0123 = +1. (222)

The common factor g in Eq. (2.21) refers to the strong
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coupling (with g2/47 = ), while e; denotes the charge
of the participating quark in units of e, the proton’s
charge.

It is convenient to reexpress the functions A&'] and Ag}

in terms of other invariant functions [15] TQ[{]_I and TL,UE_Q.
These functions are defined by a decomposition

. —eXgicll : !

N 2—W(T2[J,]_1q - Z+ TZ[{}_QQ - X)

X€urpo Py P5Q7G . (2.23)

The vectors Z and X are an orthogonal pair of spacelike
vectors each of which is orthogonal to the vector Q. In
the parton center-of-momentum frame Z lies along the
direction of the incident particles, while X and Z define
the scattering plane for the process ¢ + § — v* + G.
Thus Z is constructed from the momenta of the incident
partons, while X involves these momenta and the mo-
mentum Q. The explicit forms of Z and X are

Zy = (Q* — W)p1u — (@ — Dpay, (2.24)
Xu =(Q% — @)p1y + (Q* — {)pay
—(Q* - 1)(Q* — 1)Q,/Q* (2.25)

The relation of the functions 75 _; and 75 _, to A; and
Asq is given by

Ty 1= A1 /(Q% — @) — A2/ (Q% — 1), (2.26)

To—o = A1/(Q% — ) + A2/(Q* - 1). (2.27)

In terms of the angles o and § which characterize the

lepton momenta in the rest frame of the virtual photon,
the dot products ¢ - p; and ¢ - p» have the explicit forms

QM- VQ2%stu
q p1_2(§_Q2) cosa + FRor sin « cos f3, (2.28)
25 _ an /N2 244
q-p2= -Q—Q(—gt_% cosa — —;%Esinacosﬁ. (2.29)

Hence the products ¢ - Z and ¢ - X in Eq. (2.23) may be
written

25(i — 1 5 2 -
q.Z:M——-——)cosa-i- sth\/Qzétﬂsinacosﬂ,

- Q? 2
(2.30)
. .
X = (jng) ficos o + gt_ S2Msinac085,
(2.31)

while the cross product which appears in Eq. (2.23) can
be written as

-1 "

€uvpoPiPHQP % = < @23t sin asin B, (2.32)

Owing to the dependence of Eq. (2.23) upon the vector

q, the asymmetry A defined by Eq. (2.20) alternates in

sign in quadrants defined by the relative orientation of ¢

with the vectors

Co =T 12, +T5_2X, (2.33)
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and

Xo = fpupap;fp;Qp' (2'34)

If we average the absolute value of doy — d6_ over the
possible decay directions of the muon pair and divide by
the corresponding average of do +d&_, we obtain a func-
tion A which depends upon two dimensionless variables,
Q?/5 and @2 /4. Denoting this averaging procedure by
the symbols < --- >, we define the average asymmetry
A by

= A
A= < AW >

(3 %1y W (s1,52) L)

In the rest frame of the virtual photon the vector ¢ has
components

q = (0,@sin acos B, @sin asin 3, Q cos ).

In that frame the ¢ dependence of AW can be written in
the form

(2.35)

(2.36)

q-Cgy- (2.37)
The maximum value of this expression is Q|(|/2, but the
resolution of any given detector requires one to average
over some region of phase space. To get an idea of the
effects of this averaging, consider an average of Eq. (2.37)
over the quadrant defined by ¢, > 0,q-¢ > 0. The result
is 2Q|¢|/3m or 4/3w times the maximum value.

Although we will quote polarization asymmetries at
the parton level to give a rough idea of asymmetries
that might be expected experimentally, there are several
other factors that one must consider in order to make a
more precise estimate. We have computed the parton-
level asymmetries by taking the ratio of the lowest-order
computation of the difference and sum of the various
helicity cross sections. The lowest-order results for the
unpolarized cross section are known to be modified by
higher-order corrections, which yield a “K factor” of or-
der 2. This factor would reduce our estimates of the
parton-level asymmetry by a corresponding factor, as-
suming that there is no analogous effect for the cross
section difference.

The most accurate estimate of the expected experi-
mental asymmetry would involve computing the cross
section difference using the parton-level expressions given
in this paper, introducing model expressions for the var-
ious parton distribution functions (introduced in Sec. V
below) and accurately modeling the acceptance of the de-
tector that is to be used in the experiment in question.
An appropriate expression for the cross section sum could
be taken from calculations which reproduce the K factor
or from experimental data.

III. QUARK-ANTIQUARK ANNIHILATION

In this section we will discuss the process

g+7—ptp +G (3.1)

illustrated in Fig. 1. The quark carries a momentum
p1 and the antiquark momentum py, while the outgoing
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P, .
FIG. 1. Annihilation of a quark and antiquark to form a

virtual photon and a gluon.

gluon has momentum K. At the tree level there are two
Feynman diagrams which contribute to this process as
shown in Fig. 3. For arbitrary polarization states of the
initial partons, the muon pair production amplitude has
the form

4W0EM5(P2,32)ES)*MWU(P1 s51)
tost). (3.2)

J

x0? U(q 57 )ruv(g™,

2
< Z WH(s1,82) Ly = —55 (g 1)2

31'32

[(Q2 )? +
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We have suppressed the color indices of the quark and
antiquark; these indices must coincide for annihilation to
take place. Neglecting quark masses, we can write the
hadron tensor W#¥ as a trace in Dirac and color space

1- 5275 pa
(—2 ) oM

x (ﬁgﬁ—s) ,51/\“4"0]. (3.3)

1
W‘“’(sl, 32) = ——N—ETI‘

The factor 1/N? (where N is the number of colors) refers
to an average over the possible colors for the colliding
quark and antiquark. This is appropriate if these partons
arise from color-singlet hadrons, as we shall discuss in
Sec. V of this paper. If the initial quark and antiquark
are unpolarized, then at the tree level one can average
over the initial quark helicities to obtain

(@ — )%+ 4(p1 - 9)* + 4(p2 - 9)*]- (3.4)

If one replaces the factor W#¥(sy,s2)L,, in Eq. (2.16) by the averaged expression, Eq. (3.4), then one obtains the
muon production cross section for unpolarized quarks and antiquarks. In terms of the angles « and 8 Eq. (3.4) may

be written as

1 NZ - 2Q . .
1 Z WH”(s1,82) Ly = N (g ,)2 (t"z+u2+2st
1,82
1)(§2 4 42) — 4Q25¢ 254
(3 +Q%)( ) QSU §2 + SQSU sin? o cos? 3
(8- Q%)? - Q?)?
2(a—t 2 o
_(1‘_(___)%2“;2_@2) Q25tt sin 2« cos ﬂ) (3.5)
The average value of this expression over the phase space b, a
of the muon pair produced by the virtual photon is a
27 a+
E dﬁ/ dasin a— Z WH#(sy,52) Ly
31,’2
Pt VY. (i) ek (k)i SRS "2 .
gN2z I 3a(s — Q2)? S
(a)
These unpolarized cross sections serve to normalize the
polarized cross sections that we shall compute below.
Pz a q
Py q°
q*
Q
q*
91 K
Pz K
(b)
FIG. 2. Gluon scattering from a quark to produce a vir- FIG. 3. Lowest-order graphs contributing to quark-

tual photon.

antiquark annihilation.
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We are interested in the cross-section difference that
arises when one of the initial particles in the process (3.1),
say the quark, is prepared with either positive or negative
helicity and the other particle is unpolarized. Since the
helicity projector is (1 & v5)/2, this cross-section differ-
ence will involve a Dirac trace with a single factor of vs.
Note that, since all terms in M#® contain odd numbers
of v matrices, the helicities s; and s, must be opposite.
Hence the asymmetry arising from polarized antiquarks
will differ from that for polarized quarks only by a sign.
The Dirac trace with one factor of y5 will yield an imag-
inary coefficient, owing to the identity

Tr(ys d ¥ ¢ d) = i€y poatbc?d’. (3.7)
Our Dirac matrix vs is defined by the expression
75 = iy’ (3.8)

Since the cross section difference is itself a real quantity,
it follows that the amplitude M*#* must involve a non-
vanishing imaginary part to contribute. This amounts to
an explicit demonstration of the time-reversal argument
given in Sec. I. In the context of perturbative QCD, this
observation implies that one must compute one-loop con-
tributions to the muon pair production amplitude. These
contributions are illustrated in Fig. 4. Since we are in-
terested only in the imaginary part of these one-loop am-
plitudes, not all of the graphs in Fig. 4 will contribute.
Given that the momenta p; — @ and p, — @) are space-
like, it is easy to see that graphs 4(d), 4(e), and 4(f) have
no imaginary parts and need not be considered in what
follows.

The real parts of the graphs in Fig. 4 contain ultra-
violet divergences, but the imaginary parts are finite.

—
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f

@ ®
\AANAN
P
© @
(e) ®
FIG. 4. One-loop corrections to the virtual photon pro-

duction amplitude. Each diagram other than (c) depicts two
possible processes, since each incoming line can specify either
a quark or an antiquark.

Therefore it is convenient to extract the discontinuities
of these graphs before evaluating the internal momentum
integrals. This reduces those integrals to the form of sim-
ple and ultraviolet-convergent phase-space integrals. In-
dividual graphs exhibit infrared divergences for massless
quarks, but these divergences cancel in the observable
asymmetries. We have chosen to evaluate each of these
integrals in the center-of-mass frame of the particles re-
sponsible for the discontinuities and then to reexpress
these results in a covariant form.

The specific discontinuities that contribute to the po-
larization asymmetry are shown in Fig. 5. Figure 4(a)
has a nonvanishing s-channel cut, as shown in Figs. 5(1)
and 5(1x). All the other graphs of Fig. 5 involve a cut
through the quark and antiquark which combine to form
the virtual photon. The contribution to the cross section
difference from graphs 5(1) and 5(1x) must combine to
yield a gauge invariant, infrared finite result—as must
the contributions of the remaining graphs.

After evaluation of the phase space integrals, the con-
tribution of any of the graphs of Fig. 5 to the polarization
asymmetry may be written in terms of a quantity

AW = — S T [polm(MEI)ys AMUEILS (3.9)

which involves the interference of an amplitude MH(]Y
with the tree amplitude MU depicted in Fig. 3. If
one replaces the factor W#¥(sy, s2)L*¥ in Eq. (2.16) by
AWU] then one obtains the contribution to the differ-
ence in cross sections for positively polarized quarks and
negatively polarized quarks.

I
1 T~
o | o
e ! g
<] Il o Q
A |
m (10
\ N NJ\,J
o
o A N
/‘/‘7 < QQ%
@ @
‘Piw S A
N ;2 N
53] (tx)
> AAANAN
N
®
FIG. 5. Cut graphs contributing to the single-spin asym-

metry.
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As discussed in the preceding section, AW may be
written in terms of two invariant functions, T5_; and
T5,_2. By construction the function T3 _; is odd under
the interchange ¢ «— @, while the function Ty, is even.
To reduce the likelihood of algebraic error in our compu-
tations we have evaluated the momentum integrals, the
transformation to relativistically invariant variables and

the Dirac traces using the computer program MATHE-
J
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MATICA [16]. In Appendix A we tabulate the quantities
Tz['fll and T2[{]_,_, and the color coefficients CU! for each
individual Feynman graph. If we combine graphs which
correspond to the same physical discontinuity, then we
obtain functions which are infrared finite, gauge invari-
ant and physically realizable. Combining all graphs we
arrive at our final results for the asymmetry associated
with quark-antiquark annihilation,

T, = QW - ( (V2 = 1)@+ §)(a =) _ (@ ~1)/8)  Ml(Q— «})A/s]), (3.10)
tanN® (Q* - )XQ* - 4)? (Q*—1t)a (@ —a)t
e -nf, s ( 1 ) Q*(Q% - 3) — 2u
T2 = " [‘N N -y Te-o) e e -
_ 25In[(Q® —1)/5) _ 25In[(Q® — @)/3] (3.11)
@ - D @-oe |
[
In the kinematic region —f < §, Egs. (3.10) and (3.11) {~ —0.65Q° (3.17)
simplify to the forms with a maximum value of
o 2Q3(NF - 1)° o N2 =1
Ty _y =~ NG (3.12) Amax = 0.30———as. (3.18)
—-Q*(N?%-1)2 Another indication of experimental expectations is
T2 o~ ——— (3.13)

= NEH(Q2 -0

The symmetry properties of T2 _; and T2 _» under { < @
provide correspondingly simple expressions for the kine-
matic region —i < §. For fixed values of Q2, {, and 3,
the cross section difference will depend upon the lepton
momentum difference ¢ through the factors indicated in
Eq. (2.37).

Consider now the asymmetry A defined by Eq. (2.20).
We can get an idea of the magnitude of this asymmetry
if we maximize this expression over possible values of the
lepton decay angles. In the limit

-1 <3, (3.14)

our expression for A is a function only of the ratio

r=—1/Q> (3.15)

and the angles which specify the orientation of the lep-
tons. In terms of the angles a and 3, the ratio .4 assumes
the form

N2 -1
2N
N VT sinasin B[(2 + ) cos a — /7 sin « cos 3]
(14 7)2(1 + cos? a)

A=

ag

)

(3.16)

Note that this expression vanishes in the limits 7 — 0
(where there are no longer two independent transverse
momenta in the final state) and 7 — oo (where the vir-
tual photon is massless and its decay products are neces-
sarily collinear). If we maximize A with respect to these
angles, we obtain the function A(7), which is plotted in
Fig. 6. We see that .A is maximal for

provided by the average asymmetry A of Eq. (2.35). In
the limit —¢ <« §, A assumes the form

- N2 —las [r(r+4)
A(r) = TN 2 0t (3.19)
This quantity is maximal for
T=v13-3~0.61, (3.20)
where it assumes a value
- N2 -1
Amax >~ 0.137\[—&5‘ (321)

The relative size of Apay and Amay is roughly the factor
4/3m mentioned previously.
In the kinematic region

—4 <, (3.22)

0.35 T T T T T T T T T
0.3
0.25

0.2

0.1 -

0.05 - .

FIG. 6.
r=—1/Q*

Polarization asymmetry as a function of the ratio
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the asymmetry A assumes the form

N? -1
A=y o
N Vwsinasin B[(2 + w) cos a + /w sin a cos S
(1 +w)2(1 + cos? @) '
(3.23)
where
w=—u/Q%. (3.24)

This result is essentially the same as Eq. (3.16). In partic-
ular, the maximum value of the asymmetry in this region
has the same value as that given in Eq. (3.18), and the
average asymmetry has the same structure as Eq. (3.19),
but with the variable w replacing 7.

Equations (3.16) and (3.23) refer to asymmetries for
polarized quarks. The minus sign in the antiquark helic-
ity projector in Eq. (3.3) implies that the cross section
difference for polarized antiquarks is obtained by replac-
ing the factor of vs5 in Eq. (3.9) by —75. Hence the sign
of the cross section difference changes for the antiquark
case. Note, however, that for the quark case the polar-
ized parton is the one with momentum p;, while for the
antiquark case the polarized parton is the one with mo-
mentum p,. This distinction will affect the sign of the
result derived in Sec. V below, where we consider partons
within a polarized proton.

In experiments that observe a jet recoiling against the
produced muon pair, it is possible to restrict events to
one of the kinematic regions specified by Egs. (3.14) and
(3.22). More generally, when one detects the muon pair
and no other particles, one must integrate over a larger
region of phase space. Hence we really need to know
the form of the asymmetries for all values of s, {, and
@. The analytic form for these asymmetries is given by

0.25\
\

2 /5
1/

\
\
\
N\
\
0.2 \
80 N\
60 N\
0.0
40 N
20 N
~
0.2 0.4 0.6

0.3 z
Q2/§
/

FIG. 7. Asymmetries for ¢'¢ annihilation. Labeled re-
gions show where the asymmetry is 80% of its maximum
value, 60-80 % of maximum, etc.

w
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Eq. (2.35), and in Fig. 7 we display this quantity as a
function of Q%/§ and Q2 /3. The transverse momentum
of the virtual photon is related to the other parton-level
relativistic invariants by

QI = tu/s.
The curves in Fig. 7 indicate the contours where A
achieves 80% of its maximum value, 60% of its maximum,
etc. The numbers 80, 60, etc. label the regions where A
is 80-100 % of its maximum, 60-80% of its maximum,
etc. The overall maximum occurs in the lower left corner

of the contour plots, where Q? < § and @3 < § and the
average asymmetry takes the form (3.19).

(3.25)

IV. GLUON-QUARK SCATTERING

Let us turn now to a second source of muon pair
production—the scattering of a gluon from a quark (or
antiquark),

G+q—ptp +yg, (4.1)

illustrated in Fig. 2. The tree-level Feynman diagrams
which contribute to this process are pictured in Fig. 8.
For arbitrary polarizations of the gluon and quark, the
muon production amplitude has the form
o r .
47raEMu(I\’,s)M“°ch‘)u(pg,32)@11((1 87 )yuv(gt,st).
(4.2)

If one does not observe the spins of the produced
particles, then the cross section assumes the form of
Eq. (2.16). For the scattering of massless quarks and
gluons W#¥(s1,s2) may be written as

()

()

FIG. 8.

scattering.

Lowest-order graphs contributing to gluon-quark
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v _ 1 o f1+3527s “wB| (s1) (51)*
WHY (s1,89) = m’h‘ [KM” (T PaMYP | e Cﬁl . (4.3)

The factor 1/[N(N? — 1)] refers to an average over the color degrees of freedom for the colliding quark and gluon,

which are assumed to originate from color-singlet hadrons.

At the tree level an average over the helicities and colors of the initial particles gives the expression

1

7 S W2 L = (e (5 - Q1) 4 (@ — )7 + 4(pa - 0)” + 4(K -0)7)

2N

81,82

In terms of the muon angles o and 3 one has

QY —sa V@Q35tu
p2-q= 2(§ — Q’*’) CcOoS « i—0° sin « cos 3, (4-5)
& _ 2
K.q=2 2Q cos . (4.6)

If one replaces the factor W#”(s1,s2)L,, in Eq. (2.16) by
the average value (4.4), one obtains the muon pair pro-
duction cross section for unpolarized quark-gluon scat-
tering.

We are interested in the single-spin asymmetries that
result from either a longitudinally polarized quark or
gluon. In either case the asymmetry must involve the
imaginary part of the amplitude M,,. If the initial
quark is polarized, then the argument is the same as was
given in the preceding section: the asymmetry involves a
trace with a single factor of v;5, and such a trace yields
a factor of ¢. This factor combines with the imaginary
part of M to yield a real contribution to the cross section
difference.

The graphs that contribute at the one-loop level to
muon pair production in gluon-quark collisions are shown
in Figs. 9 and 10. Each of the graphs in Figs. 9 and 10
is a crossed version of one of the graphs of Fig. 4. Ex-
cept for Fig. 4(c), each graph of Fig. 4 has two corre-

. ox

AL

©

LEEI]

"\'\,\%

(e)

FIG. 9. A portion of the one-loop corrections to virtual
photon production in gluon-quark scattering.

(4.4)

[
sponding graphs in Figs. 9 and 10. Graphs 10(d)-10(f)
have no imaginary parts in the physical region for gluon-
quark scattering and need not be considered further. The
specific discontinuities of the remaining graphs which do
contribute to the single-spin asymmetry are shown in
Figs. 11 and 12.

If the incident quark is polarized, then the contribution
of the jth graph of Figs. 11 and 12 to the polarization
asymmetry may be written in terms of the quantity

Awll = Tr[KIln(MH]a)75 P2 M| LA

TN(NZ-1)
(4.7)

In Appendix A we tabulate the color coefficients CU!

and the contributions TQLfl_l and Tz[{l—z for each of the
graphs of Figs. 11 and 12. Combining these results, we
arrive at the following functions to describe the asym-
metry for polarized quarks in the gluon-quark scattering
process:

e

(@)

©
(e)
FIG.10. The remainder of the one-loop corrections to vir-
tual photon production in gluon-quark scattering.

®)

<

@

o



2332 ROBERT D. CARLITZ AND RAYMOND S. WILLEY 45

_ @ (WP-nE-2) , QU@ -D+si  20h[(Q*—i)(Q* — i)/t
o S ((QZ TH@ e R @ Q- 9) ) o

Ty _o =

SUNZ\ (Q2 —D)(Q?—0)?  ~a(Q? —1)2(Q? — ) u? 5(Q% — 1)

Insofar as we neglect quark masses in our calculations, the corresponding result for polarized antiquarks would be the
same.

Let us now consider these expressions in the kinematic region Q% <« 5. Owing to the factor of 1/ in the unpolarized
cross section (2.16), this cross section is much larger for small values of @ than for small {. Hence we will consider the
limit —a < §, where Egs. (4.8) and (4.9) take the approximate form

o ((NQ—I)(§+‘2Q2)+2 Q' - iQ -~ w _len[(cz?—i)/é]+21n[(cz2—f)<@2—a)/fa]). 49

L _2Q*(N? -1
T2.—1 _m, (410)
Ty g Q(N" - 1) (4.11)

N250(Q? — u)?’
In terms of the ratio
w=-u/Q, (4.12)

we obtain the following expression for the polarization asymmetry

N? -1 Jwsinasinf[(2+w)cosa + /wsina cos ]
A=- ag = . (4.13)
2N (1+w)?(1+ cos? a)
[
Comparing this expression with the corresponding ex-  function of Q?/% and Q2% /3 throughout the region where
pression, Eq. (3.23), for the quark-antiquark annihila- —t > —u. The curves in Fig. 13 indicate the contours
tion process, we see that the magnitude of the single-  where 4 achieves 80% of its maximum value, 60% of
spin asymmetry for the present process—gluon-quark its maximum, etc. The numbers 80, 60, etc. label the
scattering—is exactly the same in this kinematic region. regions where 4 is 80-100% of its maximum, 60-80 %

If one does not observe the momentum of the gluon of its maximum, etc. As in the quark-antiquark case the
jet, then it is not possible to restrict experimental data maximum values of the asymmetry occur for small values
to lie in the region —u < $. Hence it is necessary to  of Q?/$ and Q? /8, where Eq. (4.13) applies.
examine the structure of the asymmetry over all of phase Let us now turn to the case where the incident gluon
space. Figure 13 shows the average asymmetry A as a

i T~
LXK N
| AN
; L\_L\—‘ {‘(“4 |
(tx1)
N e @
|
5655/ ﬁ—‘_w . ’\/\N\,\
I
N ; 1 N
> | 99.21&3.5&.
WM ! \ \
(t1) (1)
2x) @)
N I
AN
|
|
(t2) (tx2) ®)
FIG. 11. A portion of the cut graphs contributing to the FIG. 12. The remainder of the cut graphs contributing to

single-spin asymmetry for gluon-quark scattering. the single-spin asymmetry for gluon-quark scattering.
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is polarized. The single-spin asymmetry in this case in-
volves the difference

1)= - —-1)*
Sap = egl)eg,) — € 1)€(ﬁ 2 (4.14)
In the center-of-mass frame we can choose
1
D = — (0,1,+4,0 4.15
€ 1, +1, .
5 (0.1,%0,0) (@.15)
so that
00 00O
0 0 —2 0
Sop = 0 i 00 (4.16)
00 00O

Here again one obtains an imaginary coefficient which
must combine with the imaginary part of M to yield a
real value for the difference of cross sections with s; = +1.
This verifies the time-reversal argument of Sec. I for this
particular subprocess.

Equation (4.16) gives the form of S,z in the parton
center-of-momentum frame. More generally, we can write
2t

Saﬂ = ?faﬂpaplpp&f- (4~17)
When the initial gluon is polarized the contribution to
the polarization asymmetry of the jth graph of Figs. 11
and 12 may be written as

Awl] Te[K Im(MUL) goMETse]LrY 6.

(4.18)

TNWNToD)

If we use Eq. (4.17) to rewrite Sap in terms of the
antisymmetric tensor €,p,,, we can express AWUl in
terms of invariant functions 75 _; and T3 _, exactly as
in Eq. (2.23).

Appendix A gives the color factors CU] for each of the
graphs of Figs. 11 and 12 and their contributions to Ty _;

Q%/3

FIG. 13. Asymmetries for ¢'G scattering. Labeled re-
gions show where the asymmetry is 80% of its maximum
value, 60-80 % of maximum, etc.
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and T5 _3. The net contribution to the asymmetry for a
polarized gluon scattering from an unpolarized quark is
found to be

T = Q* [ (N?2—1)(a—2i)
P SN\ (@2 - (@ - ap
Q*(Q* 1) - 8(25 +1)
@@ -
_ 20I[(Q? — §)(Q? - @)/i]
2Q7 - %) !
(4.19)
oo @ ((N-D(E+20Y)
P SN (@2 - D(Q - ap
Q2 - Q%) +4(Q* — @)
e e -
+21n[(cz;— )/3]
2In[(Q? — 1)(Q? — w)/ii]
+ Q- ) (4.20)

The asymmetry for a polarized gluon scattering from
an unpolarized antiquark would have precisely the same
form insofar as we neglect quark masses in our calcula-
tions. In the limit —4 < §, these expressions simplify to
the approximate forms

L 2Q°(N? - 1)
Ty _ ~ ERTGEEE (4.21)
Ty o=~ Q'(N*— 1) (4.22)

N25a(Q? — a)?

These results are precisely the same as those of

0.25

Q?*/3

FIG. 14. Asymmetries for G'q scattering. Labeled re-
gions show where the asymmetry is 80% of its maximum
value, 60-80 % of maximum, etc.
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Egs. (4.10) and (4.11). Hence in the region —u < § the
polarization asymmetry for polarized gluons is identical
with the result, Eq. (4.13), for polarized quarks.

Figure 14 shows the structure of the average asymme-
try A in the larger region of phase space, —u < —t. The
curves in Fig. 14 indicate the contours where A achieves
80% of its maximum value, 60% of its maximum, etc.
The numbers 80, 60, etc. label the regions where A is
80-100 % of its maximum, 60-80 % of its maximum, etc.
Once again the maximum occurs for small values of Q*/s

and Q2 /s, where Egs. (4.21) and (4.22) apply.

V. PROTON-PROTON SCATTERING

In the preceding sections we have computed single-spin
asymmetries at the parton level for the production of
muon pairs. In this section we discuss how to apply these
results to the physical hadronic process

pl+p—putu” +jet+ X (5.1)
The kinematics for this process are illustrated in Fig. 15.
If one measures the momentum K of the recoil jet, then
one can fix the longitudinal momenta of the two initial
partons. Therefore, if one measures the spin asymmetry
for the process (5.1) and uses the theoretical expressions
of Sections 111 and 1V, one can extract information on
the distribution of polarized partons within the polarized
proton.

In principle, analysis of the decay products of the jet
which recoils against the virtual photon could allow one
to distinguish quark-antiquark annihilations from gluon-
quark scattering processes. In practice, this is not eas-
ily done, and any practical experimental measurements
would necessarily involve linear combinations of polarized
quark, antiquark, and gluon structure functions. In this
section we display the explicit combination of polarized
parton distribution functions that enters a description of
the process (5.1). Using known properties of the unpo-
larized parton distribution functions one can effectively
isolate certain terms in these expressions. We will dis-
cuss this in more detail in the following section. One can
also exploit the symmetry of the quark-antiquark pro-
cess to eliminate it from certain linear combinations of
experimental measurements. In this manner it is possible
to pick out the contribution to the single-spin asymme-
try of gluon-quark scattering events, even without being
able to distinguish gluon and quark jets on an event by
event basis.

P1 q
a
qt
P2 K
FIG. 15. Inclusive production of a muon pair and a jet in

the scattering of two protons.
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In this section we will assume that it is possible to re-
solve the kinematics of the process (5.1) completely by
measuring not only the momenta of the produced muons
but that of the recoil jet as well. Such measurements
would allow for a detailed analysis of the process in terms
of the polarized (and unpolarized) parton distribution
functions. Unfortunately the practicality of such mea-
surements is questionable. A principal virtue of muon
pair production experiments lies in the possibility of fil-
tering hadronic components out of the profusion of pro-
duced particles and concentrating on muon pairs alone.
This allows one to operate the experiment at very high
luminosities and effectively overcome the factor of ay,
intrinsic to the process under consideration. If one at-
tempts to reconstruct hadronic jets, the high event rates
would become a handicap. Nonetheless it is useful to
sort out the theoretical details of the process (5.1), as we
shall do in this section. In the following section we will
discuss the more practical experimental situation, where
one does not observe the recoll jet. The expressions of the
present section all apply, but one must integrate over pos-
sible values of the jet momentum. This makes it harder
to extract the contribution of individual parton distri-
bution functions to the measured single-spin asymmetry,
but this can be overcome to some extent by a judicious
choice of the kinematic region in which to work. Details
of this discussion [14] will appear in Sec. VI.

As illustrated in Fig. 15, the momenta of the incident
protons will be denoted by P, and P;. The invariant
momentum transferred from protons 1 or 2 to the virtual
photon is given by

t=(P - Q)% (5.2)

u=(Py— Q) (5.3)
while the invariant energy is

s= (P + P»)?%. (5.4)

The relation of these variables to the parton variables s,
t, and @ introduced in Secs. III and IV will depend upon
which species of partons are identified as components of
protons 1 and 2. Let the momenta of these components
be denoted by z; P; and z5Ps. Then the invariant energy
for the parton subprocess is given by

(5.5)

S = 2X2S.

The definitions (2.6) and (2.7) specify t and u in terms
of the momentum transferred from the initial quark and
antiquark to the virtual photon. Hence, if a quark from
proton 1 annihilates with an antiquark from proton 2,
then the kinematics at the parton level are defined by

pr=a1 P, (5.6)

po =29 Py, (5.7)

K=pi+p—Q. (5.8)
The parton cross section (3.4) applies with

t=t. = a1t + (1 — 21)Q%, (5.9)

u=i, = zou+ (1 — 22)Q% (5.10)
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The constraint

S+t+u=Q? (5.11)

is assured by the requirement that the recoil jet be mass-
less, i.e.,
1(2 = (1,’1P1 + .’L'QPQ — Q)2
=z,(t — Q%) + za(u— Q) + z1225 + Q* = 0.
(5.12)

If an antiquark from proton 1 annihilates with a quark
from proton 2, the parton kinematics are defined by

p1 =22 P, (5.13)
p2=2x1P1, (5.14)
K=p +p2—Q. (5.15)

The invariant momenta { and @ which appear in Eq. (3.4)
are defined by

i, (5.16)
. (5.17)

¢
u

For gluon-quark scattering we must consider the pos-
sibility of a quark from proton 1 interacting with a gluon
from proton 2 or a quark from proton 2 interacting with
a gluon from proton 1. In the first case the parton kine-
matics are defined by

p1=z2Ps, (5.18)
p2=x1 P, (5.19)
K=p +p2-Q. (5.20)

The invariants ¢ and % of Eqgs. (2.6) and (2.7) are therefore
given by Egs. (5.16) and (5.17). In the second case, the
parton kinematics are defined by

p1=z1P, (5.21)
p2:132P2, (522)
K=p1+p2—-@Q, (5.23)

J

1 d3¢t d3%¢~ d®°K
(27)5 2¢F 2¢5 2K°

8 (p1+p2—Q— K)

1
T 4(2m)%sKO
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and Egs. (5.9) and (5.10) serve to define { and 4.

At the parton level we have partons of momenta z; P,
and z, P, interacting to form a muon pair with total mo-
mentum @ and a recoil jet with longitudinal momentum
K3. If one neglects the transverse momenta of the initial
partons, the transverse components of K, are fixed to
have the values

Ki=-Q..

The cross section at the parton level, Eq. (2.16), in-
volves five independent variables. Two of these vari-
ables, defined as o and B in Sec. II, refer to the de-
cay of the virtual photon. The differential cross section
K°do/d*Q d2(a, B)dK3 for the process (5.1) constrains
the parton momentum fractions z; and z» to fixed val-
ues. These values are most easily stated in terms of the
light-cone coordinates

(5.24)

pi:poips
\/.2. .

If we neglect the proton’s mass (relative to \/s), then in
the center-of-mass frame we have simply

(5.25)

P =P =0, (5.26)
Pt =Py = \/s/2. (5.27)
From Egs. (5.2) and (5.3) it follows that
Q*-t=V2sQ", (5.28)
Q- u=V2sQ%. (5.29)
Momentum conservation at the parton level requires that
z1Py+ 2P =Q+ K, (5.30)
and hence
v =(QY+ K%)/Pf, (5.31)
z2=(Q™ +K7)/P;. (5.32)

The phase space for the jet and the muon pair may be
conveniently written as

d*QdQ dK?§ (x, + 2o M) 5 <x1 2y M) . (5.33)

75 75

The cross section for muon pair production from the collision of unpolarized protons may then be written in terms of

parton cross sections as follows:

Ko

1 N2 —1{ 0o,
QR0 - 307 Zi:@?—N— (’Nqi[qi(l‘l)ﬁi(fz) + i(z1)gi(x2)] + Niqf (2 (1) + Gi(21)]G(=2)

+—UG‘L‘G(1’1 Nai(z2) + ‘ii(:c?)]) .

NZ2 -1

The functions g¢;(z), ¢:(z), and G(z) describe the distri-
bution of quarks, antiquarks, and gluons in an unpolar-

ibzed proton. The factors 045, 046, and og, are given
Y

1

(5.34)

T
()

[(Q%—1)?+(Q% — w.)? +42}(P; - )?

+4z3(P2 - q)%,

O, = =
9T T

(5.35)
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0Gg = —2[ (5 — Q%)% + (Q2 — i)?

§tts
+8z5(P2 - q)° + 4z}(Py - q)*
+8z122( Py - ¢)( P2 - q)),

".;’”[ (5- Q%) +(Q*~ L)
S *
+82%(Py - q)? + 423(Ps - ¢)*

+8z12o( Py - q)(Pa - q)],

(5.37)
with

2
Q5AEM

Og = ~
8723

(5.38)

In the kinematic region where —t < 5 and Q? < s,
Eq. (5.12) implies that

Q% -

S

Qt = , (5.39)

(V)

Q = (5.40)

Similarly, one finds a large X'~ for =t <« s and a large 't
for —u < §. In these limits, therefore, z; and 2, assume
the values of the longitudinal momentum fractions of the
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virtual photon and jet. Specifically, for —t < § we have

ry >, (5.41)

Ty~ wjey = 2|K3|/\/s (5.42)
while for —u < s

Ty X e, (5.43)

Ty .. (5.44)

In either of these limits the parton cross sections also
simplify. For —t <« $ the quark-antiquark expression
(5.35) assumes the form

S .
O = cp——(1+ cos? ). (5.45)

ke

The corresponding expression for quark-gluon scattering,
Eq. (5.37), has the same value in this limit,

Uq(; ~ qu’.

(5.46)

The expression for gluon-quark scattering, Eq. (5.36), is
negligible in this limit, owing to the factors of @, and s
in the denominator.

It follows that in the limit —t < §, the cross section
for the muon pair production from unpolarized protons
may be written as

do —-008 2N2 -1 9
= - : 1 :
PQdze dQ ~ sQ.zye 2 1 N (1+cosTa)
% { (20 (22) + = (2005 (22) + o [a(21) + Gi(21)]G(22) 5.47
IV% (L1)q:i(T2 i,qu\ll qi (T2 N2 — 1 il 7:(Z1 L2 . (< . )

The functions ¢;(z), ¢i(x), and G(z) describe the distribution of quarks, antiquarks, and gluons in the unpolar-

ized proton. In the limit —u < § one obtains similarly

do —00§ 2 N’“’ -1 9
= £ 1 <
diQ dzje; dQ stﬂ*l'jet 2; €; N (1 + cos® a)

1 1 1
X (};qﬂlh)@($2)*‘?yﬁﬂlﬂ)%($2)+'}f?jTIG%$1HQK$2)+‘@($2H)-

For the unpolarized case one cannot distinguish the
two protons. For the process

Pl4p—ptu” +jet+ X (5.49)
we denote the momentum of the polarized proton by P,
and that of the unpolarized proton by P;. At the parton
level the cross-section asymmetry is given in terms of the
product of invariant functions 75 _; and 7% _», which
multiply the dot products Z - ¢ and X - q, respectively.
The invariant functions depend on the parton variables s,
t, and @, which can be related to the invariant momenta
at the proton level (s, ¢, and u) by Eq. (5.5) and either
Egs. (5.9) and (5.10) or Egs. (5.16) and (5.17).

Where Eqs. (5.6) and (5.7) apply, the vectors Z, and
X, can be written in the form

(5.48)

Zy = 2z129[(Poy - Q)Pry — (P1 - Q) Payl,

‘X’H = 21‘12}3[ (P? : Q)Plﬂ + (Pl 'Q)P'.Zu
~2(P1 - Q)(P> - Q)Q,/Q%. (5.51)

Hence for the parton process

¢ +q—putu +G (5.52)
we have

Z-q=rzizoa, (5.53)

X -q=x1200a9, (5.54)

where
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a1 =2[(P2-Q)(P1-q) — (P1-Q)(P2-9q)], (5.55)

az=2[(P2- Q)(P1-¢) + (P Q)(P2- )] (5.56)
Similarly, for the parton process

' +q—-ptp” +G (5.57)
Egs. (5.13) and (5.14) apply, and we find

Z -q=—zz201, (5.58)

X -qg==z12505. (5.59)
The parton process

AT+ G-t +g (5.60)

is described by the kinematics of Eq. (5.19)-(5.20). It
follows that Z - ¢ and X - ¢ for this process are given
by Egs. (5.58) and (5.59). Finally, we have the parton
process

Aoc=A Zelexg{ Aqi(zl)tji(:cz)[alTz[q_il(s,f.,

Gl+q—-ptu +¢q (5.61)

with kinematics specified by Egs. (5.22)-(5.23). The fac-
tors Z - ¢ and X - ¢ for this case are given by Eqgs. (5.55)
and (5.56).

Combining this kinematic information with the results
of Secs. IIT and IV, we can construct the cross-section
difference for muon pair production with protons of he-
licities :}:%. We define

Ko (p'p — ptp~ +jet + X)
d*Q dQ dK3
K% o(p'p — ptu~ +jet + X)
- d*Q dQdK3 ‘

Then, in terms of parton distribution functions ¢(z) and
G(z) for the unpolarized proton and the corresponding
functions Ag(z) and AG(z) for the polarized proton, we
have

Ao =

(5.62)

) + a7 95, 6, )

+AG (1) () [~ T, B, £2) + a2 THLD(3, 0, )]
1 -
+[Agi(x1) +Aqi(xl)]c(xz)[alT[q_f1(§ ita,12) — 02T $)(3, 0, 1.)]

+AG(21)[gi(22) + Gi(22))[ar T3 s (S ta, ) + aszE‘i; (5,1, 4.)]}

with

_ —asf’EM

= et Pl PL Q0

(5.63)

(5.64)

Using the symmetry properties of T[""ﬂ, we can write Ao in the form

T3 19, - .
Ao =AY etziza{[Ag(21)Gi(22) + AGi(z1)ai(z2)laa TH_V(5, b, i) + a2 T (5,4, )]

i

+[Agi(21) + AGi(20)]G(22) [ TES) 3, i 1.) — as T (5, 4, £.)]

+AG(21)[gi(22) + G (22)][ar TE (5

8,6, i) + a2 TE0 (3, 1., )]} (5.65)

In the limits —t <« § or —u < § the cross-section difference simplifies. Owing to the identity

for —t <« § and

Q1 ~ —i.

(5.66)

(5.67)

(5.68)

for —u < 5. The cross-section difference A¢ thus assumes the form

Ao = AO’forward Ze ( [Aq.(zl)q,(:cz) + Aq;(l'l)‘h($2)] +

for —t <« § and

Ao = Ao'backward Ze ( [Aq,(n)q;(ﬁ) + qu(m)%(xz)]

—7[84i(21)G(z2) + Aqs(-’b‘l)G(ﬁ)]) (5.69)

[AG(xl)qz(-’cz) + AG(:m)q,(n)]) (5.70)
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for —u < 5. The subprocess-independent part of the
cross section difference is given by

A _ —A(2a —ay) (N2-1\" @S
Oforward — SQ_ZL < N ) (QZ + Qi)?
or (5.71)
A _ —A(2a1 +ap) (N2-1\> QS
Obackward — SQi ( N ) (Q2 + Qi)?

(5.72)

in the respective kinematic regimes —t <« § and —u < 5.
The region —t < § corresponds to the production of a
virtual photon moving forward along the direction of the
polarized proton. Similarly, the region —u < § involves
the production of a virtual photon moving opposite to the
direction of the polarized proton (in the center-of-mass
frame for the proton-proton scattering process).

Note how the symmetry of the quark-antiquark an-
nihilation process affects the structure of the forward
and backward cross-section differences: the same com-
bination of quark and antiquark structure function,
Aq(z1)q(z2) + Aq(z1)q(x2), enters in both cases. The
gluon-quark scattering process has no such symmetry.
Only polarized quarks contribute to the forward produc-
tion process, and only polarized gluons contribute to the
backward production process. If one were to measure
cross-section differences for both forward and backward
production, one could extract a combination of structure
functions

[Ag(z1) + Aq(1)]G(22) + AG(z1)[g(z2) + 4(22)]
(5.73)

associated only with the gluon-quark scattering subpro-
cess. In this manner one can isolate events associated
with quark jets—even without having identified these jets
through their decay products.

VI. EXPERIMENTAL CONSEQUENCES

In the preceding section we worked out expressions
which describe the cross-section difference for muon pair
production in the idealized case where one would mea-
sure the momenta of the outgoing muons and the recoil
jet. We have argued that this may not be practical due to
the experimental demands imposed by the constraint of
jet reconstruction. In this section we consider the more
realistic case [14] in which one does not observe the re-
coil jet. The expressions of Sec. V still apply, but one
must integrate over possible values of the longitudinal
momentum of the recoil jet, K3. [The value of the jet’s
transverse momentum is fixed by Eq. (5.24).]

In the proton center-of-momentum frame we will let
J
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z, and = denote the longitudinal momentum fractions
of the virtual photon and recoil jet, respectively. If the
longitudinal momentum of the virtual photon follows the
direction of the polarized proton, we write

$7:Q+/P+,
e=K~/P-.

(6.1)
(6.2)
If, on the other hand, the longitudinal momentum of the

virtual photon follows the direction of the unpolarized
proton, we write

Z"Y:Q—/P-—a
z=K%/Pt.

(6.3)
(6.4)

If z., is large enough that the virtual photon is relativis-
tic, then the relation between the observables z, and z
and the parton variables z; and z. is very simple. If
the virtual photon is produced in the forward direction
relative to the polarized proton, then one has

x'y =T,

(6.5)
(6.6)

=T,

and if the virtual photon is produced in the backward
direction relative to the polarized proton, then

Ty =122,

(6.7)
(6.8)

rT=2.

Both cases are of potential interest experimentally. In
the first case measurement of the longitudinal momen-
tum of the virtual photon suffices to fix the momentum
fraction of the polarized parton. Hence an experiment
which focuses upon this kinematic region will be able
to map out the z dependence of the polarized parton
distribution functions. In the second case the measured
longitudinal momentum of the virtual photon fixes the
momentum fraction of the unpolarized parton. This al-
lows one to choose the value of z, so as to emphasize
the contribution of a particular parton subprocess to the
cross-section difference Ac.

In either case, if one does not observe the longitudi-
nal momentum of the recoil jet, one must integrate over
possible values of . The kinematical constraint

5> Q2 (6.9)
fixes z to lie in the region
2
z>—. (6.10)

STy

With this information we can now display the results for
Agc. Using Eq. (5.63) we find the following expression for
a virtual photon moving forward relative to the polarized
proton.

1 15 ~ a1, ~ 5 =~
Ao =AY eiz, / de{ [Agi(22)d:(2) + AGi(2y)a (@[ T D50, i) + a2TH_D (50, 8, )]

Q3 szy

1 R . ~ 1 R ~ ~
+[Ag(2y) + AGi(24)]G(@) a1 T T (50, a1, 1) — a2 TE G (B0, s, )]

~ T A A
+AG(2,)[gi(2) + G T DG i, i) + T P 60 £, 1)),

(6.11)
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with
S, =zxy8,
i, = z,t+ (1 - z,y)Qz,
i, = zu + (1 — 2)Q°.
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(6.12)
(6.13)
(6.14)

The corresponding expression for a virtual photon which is produced in a direction opposite that of the polarized

proton is

1
Aa:/lz:e?:c.,/q2
i

[szy

13, . ~ . 17, . R
dz{ [Agi(2)di(2) + AGi(2)qi (2 TE_D (5, £, ) + a2 TE D (50, 80, 04)]

1 S 1 " A2
+[Agi(z) + Ag(2)]G(e) a1 TE-D (5., ) — a2 T (54, 84)]

1 ~ 1 ~
+AG(2)[gi(27) + G2 ) T P (3, ) + 2T P (30, 6, )]},

with
Sy« = xS, (6.16)
o=zt + (1 - 2)Q?% (6.17)
G = zqu+ (1 — 24)Q% (6.18)

A promising application of this result has been dis-
cussed briefly in a recent paper [14]. We have sug-
gested using either an external polarized target or an
internal polarized storage cell at the Fermilab Tevatron.
If one selects forward-moving events in the laboratory
frame, this corresonds to a virtual photon which is mov-
ing opposite that of the polarized proton in the center-of-
momentum frame (since the polarized proton in the pro-
posed experiment is stationary in the laboratory frame).
Hence Eq. (6.15) applies. By selecting events with .
in the range 0.2-0.4, one assures that valence quarks
from the unpolarized proton should dominate. It follows
that the dominant contributions in Eq. (6.15) should be
those involving the combination of distribution functions
Ag;(z)gi(zy) and AG(z)gi(zy). Thus the proposed ex-
periment is sensitive to a linear combination of the po-
larized antiquark and polarized gluon distribution func-
tions.

If one does not detect the recoil jet, then the polarized
distribution functions in Eq. (6.15) are necessarily inte-
grated over z in a manner characteristic of inclusive muon
pair production experiments. It is possible to perform an
experiment which would select events in which the vir-
tual photon is moving forward relative to the polarized
proton. In such an experiment, the measured value of
z, would correspond to the argument of the polarized
distribution function, so one could map out the z de-
pendence of these functions. To describe such an exper-
iment one would employ Eq. (6.11), which involves an
integral over the longitudinal momenta of the unpolar-
1zed quarks, so one could not select a particular subset of
the contributing terms in Eq. (6.11) as we have suggested
for Eq. (6.15). Furthermore, if one is using a stationary
polarized target, muon pairs described by Eq. (6.15) are
moving rapidly forward in the laboratory frame and are
thus well-collimated. This means that a smaller detector
would suffice to capture these particles efficiently. If one
were working with polarized beams rather than polarized
targets, the kinematic situation would be reversed, and

(6.15)

I
muon pairs described by Eq. (6.11) would be the easiest

to measure.

The calculations of this paper could be extended to
other processes of possible experimental interest. Among
the possibilities that one might consider are

pT+p——>jet+jet+X,
pl 4+ p—7y+jet+ X.

(6.19)
(6.20)

Experimentally these processes are more difficult to mea-
sure, since jet reconstruction is required in each case. The
two-jet process does not involve any factors of agym, so
there would be no insurmountable problems with event
rates for that process.

On the theoretical side both of these processes are con-
siderably more difficult to compute than the process con-
sidered in the present paper. This is because the mea-
sured final-state particles must include two independent
transverse momenta. Therefore, at the parton level one
must deal with three-particle final states. In the case
of Eq. (6.19) the final state involves three partons, e.g.,
g+ ¢ — G+ G+ G. In the case of Eq. (6.20) the fi-
nal state would involve a photon and two partons, e.g.,
¢+ q — v+ ¢+ ¢. The kinematics are relatively simple,
since all the particles involved are massless, but the com-
binatorics of a 2 — 3 amplitude are such as to make the
computation tedious at best.

Another application of the techniques employed in the
present paper might be in the investigation of single-
spin asymmetries involving transversely polarized pro-
tons. Experimentally such processes are simple to mea-
sure, since one need look at only one particle in the final
state. Theoretically they are more complicated to de-
scribe, since they involve operators of nonleading twist.
Such operators lack a direct interpretation in terms of
probabilities but may offer useful insights into the de-
tailed structure of the proton and its proper description
in the framework of QCD.
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APPENDIX A: CONTRIBUTIONS
OF INDIVIDUAL GRAPHS

In this Appendix we provide further details of the com-
putations described in the text. This information is given
in a series of tables. Each set of tables refers to one of
the three processes discussed in the text:

' +q—ptu +G, (A1)
'+ Goptu +yg, (A2)
g+Gl—ptu + g (A3)

Here the arrow (1) indicates which of the initial partons
is polarized.
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The cut graphs which contribute to the quark-
antiquark annihilation process (Al) are pictured in
Fig. 5. The contribution of each graph to the invariant
function T _; is listed in Table I, and the contribution to
T,,—2 is given in Table II. The entries in Tables I and II
do not include color factors, which are listed separately
in Table III. Equations (3.10) and (3.11) give the final
results for an SU(N) color theory. The corresponding
results for a U(1) theory (QED) are given in terms of
a decomposition of the quantity AW [Eq. (2.18)] in the
form

AW = —8n%af\(T2,-19" Z + T,— 20 X) €40 P P4 Q74°.
(A4)

This decomposition replaces that of Eq. (2.23), which was
appropriate for the SU(N) theory. The functions T _
and T3 _» for the QED case have the form

TAhBLE I. Invariant functions for quark-antiquark annihilation. See Fig. 5 for identification of
graphs.
Graph taT,,
. 4n(é+Q°) | 8Q7In[-#/(3 - Q%)
(@ -)(Q*-4) (@ -1)a
_2(Q° - 11Q%5 4 9Q%3% + 8° — 4Q*E + 12Q%5t — 45%1)
(@ -3)*(Q* - 1)(Q* - 4)
x —4n(3+Q%) _ 8Q%In[-4/(3 — Q)]
(@2 - )(Q? —4) YQ? - 4)
+2(Q6 — 7Q*5 +5Q%5% + &° — 4Q*T + 4Q%3 — 43%1)
(@ - 8)%(Q* - 1)(Q* - 4)
9 —87Q° | 8Q°In[(Q® — §)(Q° —§)/si]
(@ —i) (Q* -
_4Q%(Q° +3Q%5 —4Q%3 — 3Q*t — Q%51 + 25%1 + 258%)
(Q? - 8)%(Q? - 1)2(Q? - 4)
o 8nQ° 8Q° In[(Q* — §)(Q* — a)/34]
(@ —a)? Q2 - 4)
_4Q°(2Q° - 1Q%5 +5Q%5% — 1Q*1 + 11Q% 51 — 65%1 — 23%)
(Q% - 3)%(Q* - 1)(Q? — @)?
. 89Q°  4Q*(Q’ + 25 + 3i)
(@2 -9 (Q-1)%Q?-4a)
ix —-89Q° | 4Q°(4Q° -5 - Ti)
(QP—a)? * (Q-)(Q* —a)y
g Q73+ QY)(—4)  8Q%(Q" — Q%3 — 4Q% +2#%)

(@ - 9*(Q* - a)?

Q% —1A(Q2 - a2
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(n— NQV%‘w -:0)

(126 — 358 — 3,0 + 5—-) .08 ?
A2 = 20)3 - D) X1
() +s+ ,0).07
(»— GQVNCINOVI )
()2 +5+,0).0v
o(? - NQXC = 20)(8 — :0) _ (2= 20)z2 xg
(282 — 3,00+ 38,0 + 1,0 +1,8,0¢ + 15,08 — 1,07 + 5,00 — §,00),0v  [25/(2 — ,0)(s — ,O)]us,08
(n— NQVSQ = 20)(s = :0) _ (3= 20)em .
(5T + 1,00 — 2,59+ 45,011 — 3,0L + 1,59 +1,5,06T — 15,081 + 1,09 — 5T+ (5,00 — 5,08 + ,0),0v s/t — ,0)(s — ,D)]uis,08
(2= 20)Hz — 0)e(s — 0) n (2~ 20)z2 " (2= 20)3 - :0) -
(22259 — 35,08 + ;1,07 — 1.5 = 1,5,06 +15,06 — 1,05 + 5,00 —s,00)c ~ [(,O — §)/n—]uis, 08 (n — by
(n— NQV@@ — ¢0)e(s = 20) _ Nim - 0) n (n— NQVQ - ¢0) .
(2289 + 225,08 — 2,07 + 2:5L + 18,081 — 15,081 + 1,08 — 8 + 5,07 — 5,001 + 5,001 — )T [(,O — §)/3—]uis 08 (3—-n)y
ul.mrﬁ@m aadumu

‘uorye[yiuue yrenbryub-yreunb 10y suonouny jueureauy [ 4TIV.L
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TABLE III. Color factors for quark-antiquark annihilation.
Graphs SU(N) QED
1, 1x, 2, 2x —(N?-1)/4N? 1
t, tx (N? —1)?/4N?® 1
g —(N? —~1)/4N 0

- 1:8462’4’( (@ +3)(u—0)

ST\ @ - 0r@ - ey
In((Q? — §)/3] _ In[(@? — ¥)/3]
Qb (@ -t )’(A5)

@1
T ota \(Q2—1)?  (Q*-ua)?

9 Q*(Q?*-3) —2tu  25In[(Q? —1)/8]

W@ - Q-1 | (@ -
25 In[(Q? — @)/3]
+ GG ) (A6)

Although the final results are infrared and ultravio-
let finite, the contributions of the individual graphs are
infrared divergent. To deal with this problem we have
evaluated each graph in d space-time dimensions. Using
the Dirac algebra appropriate to d dimensions, we have
reduced the various traces to the form (3.7). The ex-
pressions in Tables I and II retain a formally divergent
factor
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2
17 = —— + constant, (A7)

d—4
which cancels when one forms the physically observable
differential cross sections. This cancellation provides a
partial check of the validity of our calculations.

The gluon-quark scattering process (A2) is described
by the entries in Tables IV-XI. The labels for the vari-
ous cut graphs represented in these tables are defined by
Figs. 11 and 12. Tables IV-VII describe the scattering
process (A2) which involves an initially polarized quark,
while Tables VIII-XI describe the case (A3) of an initially
polarized gluon. The color factors associated with the
graphs of Figs. 11 and 12 are given in Table XII. Com-
bining these color factors with the entries of Tables IV~
VII, one arrives at the invariant functions (4.8) and (4.9)
for an SU(N) color theory. The corresponding results for
QED would be

- 4Q* (4 — 2t) QHQ% —1) + st
BT @ - D@ —w)? Q2 —1)%Q —a)
2 In[(Q? — {)(Q? — ) /4]
* Q2 —a) !
Ty -2 = = < i) -2

(A8)

Q' — 1(Q* — )
W(Q? - 1)%(Q? — 1)

su \ (@ - D@ - w?
LR
_2In[(Q* — )(Q* — w)/t]

(@2 |

(A9)

TABLE IV. Invariant functions for gluon-quark scattering.
Graph Polarized quarks: $a7%,-;
) -8nQ% 2(7Q°% — 10Q*5 + 3Q?3% — 13Q*T + 14Q% 5t + 351 + 8Q*#* + 431%)
(Q* - 3)2(Q* - 1) (@2 —3)2(Q* —1)(Q* — a)
5 8nQ%t _4Q°(5Q° —10Q*5 + 7Q%5° — 25° — 12Q% + 18Q% 5t — 43%1 + 12Q% {2 — 831° — 61°)
(Q? - 3)2(Q2 1) (@ —3)2(Q* - 1)2(Q? — )
5 —8nQ°t 8Q%1In[(Q* — 1)(Q* — a)/td]
X S - ~
(Q* —t)(Q* — u)? #2(Q* —a)
_4Q%(—2Q's + Q%8% +28° +2Q"i + 3Q%51 + 48%1 — 2Q%1* 4 251%)
3(Q? - )2(Q? — a)?
gl 29(2Q° — 7Q*5 + 8Q%5% — 35° — 5Q*1 4 14Q° 3t — 53%1 + 4Q*1?)

(Q? —3)2(Q2 - )(Q? — )

_4(2Q° —4Q*3 +2Q%3% — 7Q*1 +6Q%3t + 3321 4 4Q%? 4 2517)
(@2 —35)2(Q* —1)(Q* —a)
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Similarly, if one combines the color factors of Ta-
ble XII with the entries of Tables VIII-XI, one arrives
at Eqgs. (4.19) and (4.20) for the gluon-quark scattering
process in an SU(N) theory with initially polarized glu-
ons. The corresponding QED result would be

4 2
Ty 1 = Ai(

su

(4 — 2t)
(Q? - 1)(Q? — u)?
@U@= 1) = (25 +1)
3(Q% —H)2(Q*—4)
L 2((QF - (@ - ﬁ)/{ﬁ]), (A10)

82(Q* — )

APPENDIX B: COMPARISON
WITH PREVIOUS CALCULATIONS

Previous literature [17] on the quark-antiquark process
(1.6) suggested an interesting possibility with regard to
measuring the polarized gluon structure function. There
are two classes of partonic processes which contribute
to (1.4). One involves the annihilation of a quark and
antiquark to produce a gluon and a virtual photon, as il-
lustrated in Fig. 1. The other, which is simply a crossed
version of this process, involves the scattering of a gluon
from a quark or antiquark to produce a virtual photon
plus a quark or antiquark. This process is illustrated in
Fig. 2. In Ref. [17] only the quark-antiquark annihila-
tion process was considered, and it was argued that the
resulting polarization asymmetry should be small—the

3 2
Ty _o = _{1&2 (3 r*' 2Q7) consequence of a small color factor for the graphs claimed
- su \ (Q% —t)(Q?* —u)? to dominate this process. The authors of Ref. [17] did
295 _ )2 A2 g not consider the gluon-quark process, since they assumed
_2Q (A2u 5 Qn)2+ t2(Q - %) that the gluon spin fraction should be small.
wQ? -1)%(Q? - 1) Given that the gluon spin fraction might not be small,
2In[(Q? - 1)/3] the results of Ref. [17] raised a very interesting possi-
- 02 bility. If the contribution of the quark-antiquark process
2 DNO2 i to the polarization asymmetry is small and the contribu-
_QIH[(Q . tg(Q - w)/td) . (A11)  tion of the gluon-quark process is not small, then mea-
5(Q* —a) surements of the polarization asymmetry for muon pair
TABLE V. Invariant functions for gluon-quark scattering.
Graph Polarized quarks: §a7%,_;
g2 8nQ%(a —3)IQ* +1)  8Q°(2Q° —7Q*5 +8Q%3° —35° — 3Q*i + 10Q%5i — 8571 + 4Q%1* — 851% — 31°)
(@2 = 3)%(Q? - t)(Q* — a)? (@ - 38)2(Q* —t)(Q* —a)?
0 87Q°1 _2(5Q° —6Q*3 — Q%57 +25° — 11Q* 1+ 10Q% 5 + 75°1 + 10Q*#* + 45i°)
(@ -3)*(Q*-1) (Q% - 39)%(Q* -1)(Q* - a)
" —8nQ%t 4Q%(3Q* — 5Q%5 + 25% — 7Q%*1 + 105t 4 74)
(@2 - 5)2(Q2 —1) (@Q* - 3)(Q* - i)(Q? - 4)
-2
tx1 7 — %
o2 Q% _4Q°(3Q° - 23)
(@ —-9(Q*—a)* (@ —-1)(Q*-4a)
gt -29(2Q* —35—5{) 4
(@ -i(Q*-a) Q-1
b —2(Q* — 25 — 3%)

(@ - )(Q*-4)
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(= 20)3 - ¢®)e(s — 20)

2= 0)(1 - 0)es — 0)

(
_ 3
(1,5 +15,00-1,0— ;5,09—5,00+ 000y (5s+1,0t— 5¢+5,0L—,00(,0+95) !
o(n — :0)e(3 = :0) _ (- :0)s _ 2= 20)1 - :0) <
(1,08 — st — 5,0t — ,00),0v  [m/(n—,0) - O DOs ,0ls .
(n— O)n (2 — 0)(s — :0) _
(352 — 3,00 — 3,59 — 35,00+ 3,08+ 159 —1,5,001 + 15,00 + 1,06 — 50— 5,0L+ ,5,0¢ — §,0L — 09), 0
AL n C = 20)(s = :0) .
15/ = .0)(s — D) 08 ,Olg— ¢
(2= 20)2(2 = D) (s — D) n
(e85 + 35,09+ 2,08 + 1,5 +1,5,001 + 15,08 + 1,001 — 5,08+ 5,08 — 5,06 — ;OL)C
A4 + C = 20)(s = 20) ﬁ
[(:0 —5)/1—]ul D8 ,Ols
¢=‘zrns :syrenb pazurejog ydein)
"8ui1ayyeds yIenb-uon(3 10} suorpouny juwenreau] [A ATAVI
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TABLE VII. Invariant functions for gluon-quark scattering.
Graph Polarized quarks: 3a75%,_2
o2 8nQ* (3 — 4)(Q* +1)
(@ - 3)%(Q? - 1)(Q* — 4)?
+8Q2(Q6 —2Q%* +3Q%% —33° + Q*t: — 2Q%51 — 33%1 — 2Q%* 1% — it?)
(Q% —3)%(Q* —1)(Q* — 4)?
‘1 —87Q* _2(5Q° —4Q%s 5Q25% — 23° — 9Q* — 4Q%3t — %)
(Q* - 38)2(Q*-1) (@ - 3)*(Q2 - i)(Q* - a)
‘o 8nQ* 4Q%(3Q* — 4Q%5 — 23% — 6Q°1 — i)
(@2 - 8)%(Q* - 1) (@2 —3)(Q? - 1)(Q* — @)
-2
tx1 7 -a
tx2 —8nQ"* + 1Q°(4Q* — 25 - )
(@ —-)(Q*—a)>  (Q*—1t)(Q*—1a)
. -29(2Q* +33+%) 4
& @-h@ -9 @-u
b —2(Q* +2541)
(Q* - 1)(Q* - 4)
TABLE VIII. Invariant functions for gluon-quark scattering.
Graph Polarized gluons: §47% _;
) _2(=3Q° +9Q%5 — 7Q%3% + 3° 4 8Q* — 12Q°31 4 25%1 — 2Q° )
(@2 - 8)2(Q* - 1)(Q* - 4)
) _4Q°(3Q° —9Q*5 + 8Q%8% — 23° — 7Q* 14 13Q%81 — 55°1 + 4Q° P — 43#* — )
(@ - 3)%(Q* - 1)*(Q* — a)
- —8nQ%{ 8Q%{In[(Q* — )(Q® —a)/ia]  4Q*(—28° +2Q*i — 2Q°35i — 351 — 2Q° + i)
(@ - (@ - oy 2@ ) (Q* - D75(@7 —ap?
gl an(d — 1) _4Q%(Q' - Q%3 - Q%4231+ )
(@ -1)(Q*-a) (Q* - 3)%(Q* - 1)(Q* - 4)
@2 8nQ%i _4Q°(2Q° —7Q%5 +7Q%8% — 28° — Q1 + 2Q%51 — 28°1 4+ Q°F* — 358 — )

(@2 - )(Q? - 4)? (Q? - §)2(Q2 - )(Q? — @)?
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TABLE IX. Invariant functions for gluon-quark scattering. production might be a particularly easy way to isolate
the polarized gluon structure function. This was a prime

Graph Polarized gluons: 4T3, motivation for the present work. Our new calculation of
the quark-antiquark contribution fails to confirm the re-

u —2(Q% + 3)(a — 1) sults of Ref. [17] in detail, but the order of magnitude
(Q* — §)(Q2 - )(Q2 — ) of our result is the same. We ﬁnd. futher that the quz?.rk-

4Q% (i - i) antiquark and gluon-quark contributions to the polariza-

t2 GG ) tion asymmetry are comparable at the partonic level. If
S the polarized gluon structure function were of the same

tx1 —Z(t:i— order of magnitude as the polarized antiquark structure
(@ - t)(QQ‘ - ) X functions, this fact would make it difficult to isolate the

X2 ShﬂQ% _ 4Q2(Q‘2 — §+3t) polarized gluon structure function experimentally, since
(@ =) (@ —a)? (Q*—1t)(Q?—a)? the effects of quark-antiquark annihilation would first

an(i —a) have to be subtracted from the measured asymmetries.

gt m But if, as may be the case, the polarized gluon structure
. 20i - @) functions are larger than the polarized antiquark struc-

ture functions, the experimental situation will be cleaner
and easier to measure.

Equation (3.10) may be compared with the result of
Ref. [17],

(@2 —i)(Q2 —4)

Ty, = 2Q°(NV? - 1) ( —4(@*+38)(u—1)  3(Q*—35)[Q*Q*—3) — (I —a)*)(a—1)

aNs \ (- Q2a— Qo) P - Q- )a- QY
n[(Q* = /5] In[(Q? — @)/3]
@ -Di (@ -wi ) D

While the logarithms in Egs. (3.10) and (B1) have the same form and the same coefficients, there is a discrepancy in
the remaining terms. These terms appear with a color coefficient (N2 — 1)2/N3 in Eq. (3.10), while in Eq. (B1) there
is only a factor of (N2 —1)/N3. This coefficient was emphasized by the authors of Ref. [17], as we shall discuss below.
Furthermore, Eq. (B1) has a term with an analytic structure which differs from that of any of the other terms in
Eq. (3.10). The denominator §2Q?(5 — Q*)(f — Q*)(u — Q?) gives rise to singularities at § = 0, @*> = 0, and § = Q2.
These singularities have no corresponding particles in any of the Feynman graphs of Figs. 3 or 5 and can be excluded
by a direct analysis of the contributing helicity amplitudes. Suppose that we were to consider the asymmetry A’ that
would result if one used the expression (B1) of Ref. [17] and assumed that T3 _5 were to vanish. One would have

TABLE X. Invariant functions for gluon-quark scattering.

Graph Polarized gluons: §472,_2

—8Q%In[-1/(s — Q*)] 2(3Q° +8Q°3 —6Q%3° + §* + 7Q°% — 7Q*31 — 3Q?5% + $*1 — 4Q4? 4 2Q%51%)
a? (Q? - 3)%(Q* — D)a(Q? — )

) ~8Q” In[(Q? - §)(Q? — 1)/5)

a2
4Q%(3Q° — 11Q%5 +10Q*8® — 2Q%3° — 9Q°% + 19Q* 51 — 10Q23%1 4 3°F + 8Q*#* — 10Q?%5i° + 25°F — 2Q°1° + 31°)
(@2 —35)2(Q* — 1)24(Q? — 4)

ox 8nQ* _8Q°In[(Q° — I)(Q* —a)/ia]  4Q%(2Q* — 2Q%5 — 2Q% + 341 + %)
(@ - 1)(Q* —a)y 3@ - ) (Q2 — (@2 — @)
gl an(Q*+3)  4Q%(Q* —2Q% —2Q%1 + 3i)

(@ -9)(Q*-a) (Q*-3)*(Q?-1)(Q* —4)
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TABLE XI. Invariant functions for gluon-quark scattering.
Graph Polarized gluons: 34713, _»
) —87Q* 4Q%(2Q° — 5Q% +4Q%3% — 23° 4 Q' — 4Q%5i + §%1 — 2Q%# + 51%)
: @ - 9@ —ap (@ —92(@ - (@ - 07
. —2(Q” + 8)°
(@2 - 3)(Q? - $)(Q* - @)
" 4Q*(Q" +3)
(@2 - §)(Q* - )(Q? ~ 4)
tx1 M
(@ -)(Q*-1)
tx2 —81Q" 41Q°(4Q° - §)
(@2 -1)(Q* —a)?  (Q*—)(Q?-4)
at —4n(3 + Qz)A
(@ —1)(Q* —4)
b '_2(‘§ + Q2)
(@2 - 1)(Q? - a)
A= oS VTsinasin B[(1 + 2)(7 + 3) cosa — 2(5 + 7)/T sin a cos f3] (B2)

4N (1 4+ 7)%2(1 + cos?a)

In the limit 7 — oo this expression grows indefinitely—a
consequence of the factor of Q2 in the denominator of the
second term of Eq. (B1). This is an unphysical result.
Because of the discrepancy between our results and
those of Ref. [17] we performed a second, independent
calculation of the quark-antiquark process. Our second
approach employed the spinor helicity method [18], which
simplifies the computation to the extent that one can
compute all of the contributing Feynman graphs by hand.
We verified that these manual calculations agreed with
our machine results quoted in Sec. III. We will reserve
details of this approach for a separate publication, where

TABLE XII. Color factors for gluon-quark scattering.
Graphs SU(N) QED
1, 2, 2x, tx1 —1/4N? 1
b, t1, t2, tx2 (N? —1)/4N? 1
gl, g2, gt —1/4 0

[
we will also perform a check of the quark-gluon processes
considered in the present paper.

The authors of Ref. [17] did not compute the function
T5,_9, arguing that it would be relatively unimportant in
the kinematic region

Q< (B3)

where the unpolarized cross section (3.4) is largest. In
terms of relativisitic invariants one can write

5Q% =tu (B4)
or

$(Q1 + Q%) = (Q* - )(Q° - ). (BS)
Hence the region (B3) corresponds to

i< (B6)
or

-4 < 3. (B7)

Inspection of Egs. (3.10) and (3.11) shows that 75 _; and
T,,—2 are of the same order of magnitude in this region.
Owing largely to the form of the color factor Eq. (B1),
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the authors of Ref. [17] argued that the polarization
asymmetry associated with quark-antiquark annihilation
should be very small. This observation formed part of
the motivation for the present work, since a process in
which the quark-antiquark contribution to the polariza-

ROBERT D. CARLITZ AND RAYMOND S. WILLEY 45

tion asymmetry would be small might be a process in
which it is particularly easy to extract the structure func-
tions for polarized gluons. Since our results differ consid-
erably from those of Ref. [17], we have had to reconsider
their analysis completely.
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