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A novel means of producing a hadronic state evolving entirely from gluons is discussed. The gluons are
generated by the collision of two virtual photons which couple to an intermediate quark loop. The rate for
the process is calculated in the effective-photon approximation using'the known QED cross section for
photon-photon scattering, It is found that the two-gluon production process is about 8% as large as the
basic two-photon process which creates a quark-antiquark pair. The cross sections are calculated as a
function of the transverse momentum of the produced jet. At a center-of-mass energy squared for the

incident electron and positron of s = 900 GeV, the two-gluon production rate is about 0,02 units of R (one
unit of R is the point cross section for e+e ~p, +p. ), if the jets are required to have at least 3 GeV/c of
momentum transverse to the beam direction. At s = 10000 GeV', the corresponding .rate is about 0.8 units

of R.

INTRODUCTION

Quantum chromodynamics (QCD) is the theory of
strong interactions in which the fundamental quanta
are colored quarks and gluons. Since these par-
ticles are not observed directly, verification of
QCD requires indirect tests. The study of e'e
annihilation into a single photon and subsequent
conversion into a quark-antiquark pair provides
a uniquely simple means of probing the pointlike
quark structure and the hadronic materialization
of a quark "jet." Analogous means for studying
the gluons are more difficult to find. One pos-
sibility is the decay of a heavy qq resonance into
two or three gluons. ' This technique is, of
course, limited by the availability of sufficiently
heavy resonances.

Here we shall discuss a novel means for pro-
ducing gluons and studying the hadronic develop-
ment of a gluon jet: the "two-photon" process,
e'e - e'e +gluon-gluon. In a "two-photon" pro-
cess the incident electron and positron each emit
a virtual photon and the two virtual photons col-
lide to produce the final hadronic state. The sim-
plest two-photon mechanism, ' shown in Fig. 1(a),
is yy- quark-antiquark. (For our purposes, the
virtual photons may be regarded as real, to a, very
good approximation. )' The reaction e'e - e'e
+ gluon-gluon is mediated by quark loops, one dia-
gram for which is shown in Fig. 1(b). In both
cases, the final state consists of two hadronic
jets. If gluon jets are, in practice, indistinguish-
able from quark jets, these processes cannot be
disentangled; the gluon-gluon reaction will simply
lead to an apparent increase in the cross section
for the more frequent process of quark-antiquark
production. A much more exciting possibility is
that the gluon jets are quite different from quark
jets and can be separated from them on an event-

by-event basis, at least in a reasonable fraction
of the events. Then, since the gluons are well-
defined dynamical objects, it should be possible
to demonstrate that their appearance in two-photon
events is the same as in heavy-resonance decays
(should the latter be observed).

The existence of the process e'e - e'e +gluon-
gluon is a direct test of QCD. The process arises
at order n, ', where n, is the strong coupling con-
stant of QCD, and thus tests QCD at a detailed
level much as the radiative processes of order e,
do, such as e'p - qq+gluon, discussed by Ster-
man and %einberg and others. ' If gluon jets are
sufficiently distinctive, the existence and dynam-
ics of the two-jet process discussed here may be
easier to verify and provide a "cleaner" test of
QCD than is possible for the above three-jet,
single-photon annihilation-channel radiative pro-
cess. Of course, it is crucial to note that exact
predictions in QCD for short-distance processes
of the types e'e - e'e +gluon-gluon and e'e- e'e +qq can be given, just as it is possible for
e'e - qq+ gluon. The well-determined predi. c-
tions for all these processes are to be contrasted
with those for hadronic collisions where "bound-
state" effects often obscure the simple pointlike,
short-distance subprocesses. In the present case,
the prediction of QCD is the same as that of the
lowest-order pointlike calculation based on yy
—gluon-gluon (via, a quark loop) with the addition-
al instruction to use the moving coupling constant

g, (Q') at the gluon vertices. To avoid vector-
dominance backgrounds, we will require that the
gluons be produced at high transverse momentum,

p~, relative to the e'e beam directions: "Q"'
is then -4p~', and vector-dominance backgrounds
to yy qq and yy- gluon-gluon are suppressed'
by about an order of magnitude for Pr) 3 GeV/c.

The process e+e —e+e + gluon-gluon would be
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FIG. l. (a) A diagram contributing to the process
yy -qq. (b) A diagram contributing to the process yy

gluon-gluon. Other permutations of the attachments
of the photons and gluons to the quark loop contribute
also.

only a curiosity if the rate were so low that it
could not be observed. In fact, as we show in de-
tailed calculations below, this process will ac-
count for about 0.02 units of A [one unit of A is the
cross section for e'e - p, 'p, = 4nn'/(3s) = 87 nb/
s (in GeV')] at the PETRA/PEP energy, s=900
GeV', which -may be crudely converted into 4
events per day. At s =10000 GeV', a reasonable
value for the next generation of e'e machines, the
rate is about 0.8 units of 8, or about 100 events
per day. Here we have required that the produced
gluon jet have at least 3 GeV/c of momentum
transverse to the e'e beam directions.

That the quark jets and gluon jets may be dis-
tinguished from each other has not been estab-
lished experimentally. Theoretical studies' sug-
gest that the gluon jets will have a significantly
higher hadronic multiplicity for a given jet mo-
mentum. Since the process discussed here has
a calculable cross section, it will be possible to
test these speculations by searching for the ap-
propriate number of higher-multiplicity events
among the two-photon events observed.

A prior, the two-photon production of the
gluon-gluon final state might be expected to be
negligible. The cross section contains two more
powers of the strong coupling constant n, than
does the cross section for the simpler process,
e'e -e'e +qq, and it is reasonable to expect that
the analytic expression would actually involve
(n, /m)'. However, it turns out that if we compare
the leptonic analogs for the intermediate process-
es yy- p. 'p, and yy- yy, the differential cross
section at 90' for the yy- yy process is numerical-
ly about ten times larger than the above guess. '
The color and charge factors enter differently for
the qq andgg jet processes, resulting in a rela-
tive enhancement of the two-gluon final state by

a factor of 2. However, since the q and q are dis-
tinguishable while the gluons are not, there is a
compensating factor of 2. Altogether then, one es-
timates that the two-gluon final state is about 10%%u~

as common as the qq final state [the factor being
approximately 10X (n, /r)']. More accurate cal-
culations show that the ratio is nearer 8/p for o.',
= 0.3.

In single-photon annihilation processes, the QED
process e'e - p.

'
p, furnishes an appropriate

reference cross section. For two-photon physics,
a possible standard is e'e -e'e + g'p, . Here,
however, we must specify an additional variable.
One possible choice is the invariant mass of the
muon pair. The cross section for the two-photon
process decreases very rapidly as a function of
the muon-pair mass, at fixed incident e'e energy.
A more convenient variable is the transverse mo-
mentum of the muon relative to the incident beams
(in the effective-photon approximation in which we

work, the produced virtual photons have momen-
tum along the beam direction, and thus the trans-
verse momenta of the produced muons must just
balance each other).

The importance of two-photon processes may be
measured, by asking, at a given value of s (the
square of the e'e energy): How many units of It

appear in the reaction e'e - e'e + p,'p, if the muons
are required to have transverse momentum great-
er than a certain value p~? This question can be
answered rather simply and will provide a scale
for the other reactions of interest. The result is
simple because we can ignore the mass of the
muon.

In Sec. II, we shall consider the process e e- e e +gluon-gluon in the limit in which the quarks
in the closed loop, to which the gluons and virtual
photons are attached, are treated as massless.
At the same time, we shall examine the basic pro-
cess e'e -e'e +qq for massless quarks. Of
course, this cross section is a simple multiple of
the QED cross section e'e -e'e,+g'g . The
absence of quark masses will generate certain
scaling relations between cross sections at differ-
ent energies. Roughly speaking, cross sections
expressed in dimensionless terms (units of B with

2prs '~' greater than a fixed amount) will scale
except for. a weak dependence on the initial energy
[In'(s/4m, ')]. This means it is quite easy to esti-
mate the energy dependence of cross sections.

In Sec. III we shall reexamine the processes
above, including quark masses and extending the
list of quarks considered to include the b and hy-
pothetical t quark. This is done by using the ap-
propriate QED cross sections and inserting mass-
es directly. The result is that the charmed quark
enters with somewhat reduced strength, and the
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h and t quarks contribute negligibly (and in some
cases destructively). A discussion of the results
and a review of some techniques which might be
used to isolate the gluon events are given in Sec. IV.

II. MASSLESS-FERMION LIMIT

The two-photon process e+e e+e +X is most
easily treated in the equivalent-photon approxima-
tion, which relates the cross sectionfor thispro-
cess to the cross section for yy-X. A convenient
relation is'

1
do +. .., „«(s)= q' d~ f(&u)do & «(&us), (1)

-'hres hol P

where

(s, pr)
(do
(4 T (g+e -+g+g +X)

8wn' -x/2 /x 2

du co ap 2
—1 gxr' T

(7)

It is easier to compare the two-photon cross sec-
tions with the ba,sic single-photon annihilation pro-
cess if the result is expressed in units of R, that
is, units of the cross section for e'e - g'p. :
o „=4mo. '/3s. In this way we obtain a dimension-
less expression (now writings for o/o', )

(s,pr)
dR

t' s .) (2)

(~='g 3 G(d(d (d 2
—1 g

"T'

(8)

dg 8m s ''da
(s,pr) =,/» —1 (s, pr) .

pr s T
(4)

(A factor of 2 enters because, for fixed azimuthal
angle, two values of 8 contribute to the same pr. )
In Eq. (4) we have taken X to be a two-body sys-
tem and pT represents the transverse momentum
of one of the two outgoing particLes.

If there is no intrinsic mass scale for the pro-
cess yy-X (as, for example, in yy- p, 'p, , where
the p, mass can be ignored at high energies except
in the very forward direction}, then, if we intro-
duce the dimensionless variable

xr = pr/(Ms/2), (5)

the differential cross section can be written in the
form

4g Q
(s,pr) = g(xr') . (6)

From Eqs. (1), (4), and (6), it follows that

(in the absence of triggering on the final e' and
e )and

f(&o) = [(2+&v)'In(1/co) 2 (1 —+)(3+v)]/e . (3)

The function f(~) represents an effective luminosity
in the photon-photon channel for an invariant mass
square'd of the photon pa. ir equal to a fraction &
of the overall e'e center-of-mass energy squared.
In this effective-photon approximation, the virtual
photons are treated as if they were on-sheLL.
Equation (1) applies not only to total cross sec-
tions, but to other appropriately defined cross
sections as well. Specifically, it can be used so
long as the cross section employed is invariant
under boosts along the beam direction. A suitable
differential cross section is

As can be seen, this result is nearly independent of
s for fixed xT. The only s dependence comes from
q, Eq. (2). The factor g' is 5.8 && 10 4 at s = 900
GeV', 7.1X10 at s=10000 GeV', a,nd 7.6&&10

at s = 20000 GeV', when neither the outgoing e+

nor e is triggered on.
Before calculating the two-gluon production, let

us consider a simpler application of Eq. (8) which
is of interest as a general measure of the impor-
tance of two-photon processes. For the purely
leptonic process, the subprocess yy- p, 'g has the
differential cross section

do n' s
dn' p'=

~ 2p, -') (9)

We can then calculate the differential cross sec-
tion

(+=g*3
I~I

d~~-'~*f(~)~, —1,—I)XT'

=g h»(xr)

and, integrating this, we obtain

dR 1

BENT
—g APP &T Cf&T

T
"T "T

=- q'a„„(x,) .

(10a}

(10b)

(11a)

(11b)

This latter expression determines the number of
units of R for the process e'e - e'e + p, 'p, when
the p, ', say, is required to have 2pTs ' ' greater
than xr. Thefunction h»(xr) and H»(xr) are
shown in Figs. 3 and 4. (Approximate analytic ex-
pressions are given in the appendix. ) For example,
the cross section for producing a p,

' with pT & 3
GeV/c when s = 900 GeV' is (5.8X10 ~)x (2.7X10 )
=0.16 units of R. If the same pT is required, but
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s = 10000 GeV', the result is (7.1x10 ') x (1.25
&& 104) = 9 units of R.

The simplest process for hadronic production in
two-photon collisions is obtained by replacing the
muons with quarks. If the quarks are treated as
massless and if, as usual, point couplings are
used, the cross section is simply related to that
for muons, Eqs. (10) and (11). The only modifica-
tion is multiplication by the sum of the' fourth pow-
ers of the quark charges. If only u, d, and s
quarks are included, the factor is 3X (~8, ++, ++)

3 If the c quark is inc luded, the factor is ~»

For most kinematic regions of interest, the c
quark contributes, but not as strongly as it would
were it massless. Since unity is about halfway in-
between, and», the muon-pair cross section is
similar in magnitude to the qq cross section. A
detailed discussion is given in the next section.

If the cross section for quark jets computed in
this way is taken to include either a quark jet or
an antiquark jet, there is an additional factor of
2 which must be included. If the cross section is
taken to mean events rather than jets, this factor
of 2 need not be included. Ne express our cross
sections for events.

An analogous procedure can be used for the
gluon-gtuon production. The leptonic analog is
yy- yy, a process which is generated by a charged

IO3

I02-

fermion loop. Light-by-light scattering has been
carefully studied in quantum electrodynamics, al-
though it has not been directly measured. Related
diagrams do play an important role ing-2 cal-
culations and in vacuum polarization in heavy
muonic atoms. The full scattering amplitudes
were calculated by Karplus and Neumann. ' They
were recalculated (and verified) by de Tollis, '
who employed the Mandelstam representation.
The forms given by de Tollis are easier to work
with than those of garplus and Neumann, and we
have used de Tollis's expressions throughout our
work.

For center-of-mass energies much higher than
the mass of the fermion in the loop, and for scat-
tering angles not too near the forward direction,
the cross section for photon-photon scattering
becomes independent of the fermion mass, and a
form analogous to Eq. (6) may be written'.

4

g(xr'= sin'0),
S

(12a)

g=, [~ 1 —2C, (sin'8/2) I'+
~
1 —2C,(cos'8/2) ['

+ (1-2C,(tan'0/2) ('+ 5],
1+x \

C,(x) =-— ~(in +fr)
2 1-x)

(12b)

1+ 2

, [(lnx)'+ 2mi lnx], (12c)

1 x-11 1 1+g'
C,(x) =—

~
lnx ——,[m'+ (lnx)']. (12d)

2 x+1i 4 (1+x)'

Here 0 is the center-of-mass scattering angle.
The cross section given here is helicity averaged.

To compute the cross section for gluon-gluon
production in the limit in which the quark masses
are ignored, two powers of n are replaced by two
powers of the strong coupling constant n, . In ad-
dition, there is a color and charge factor associat-
ed with the various vertices. It is easy to see that
this factor is

10—

= (9+.a~. +-.&-its)'2. (13)

I I I

O.OI 0.02 0.04 O. I 0.2 0 4 I.O

XT

FIG. 2. The dimensionless functions which describe
the differential cross sections for yy p, 'p and yy

The solid line gives the function g(x &) for yy—p, 'p '. See Eqs. (5), (6), and (9). The dashed line
gives the function g(zz) for yy py. See Eq. (12).

The number of quark flavors with charge 3 is
g/ 3 and the number of flavors with charge 3

is N, ~,. Using the same notation, the factor
which relates muon-pair production to qq produc-
tion is

(14)

If just u, d, and s are included, E = ~3 and F = ~9.
If the c quark is included as well, I' =~» and I'
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FIG. 3. The dimensionless functions which give the
cross sections for jet production in the limit of mass-
less fermions. The solid curve is h»(xz). See Eq.
(10). The dashed curve is h«(xz). See Eq. (15).

~nn
81
Using Eqs. (8) and (12) we can form expression

analogous to those in Eqs. (10) and (ll):
dR~~ =-,'n, g'F3 da ~u

'~ y((u)

FIG. 4. The dimensionless functions which give the
cross sections for the production of jets with x & greater
than a given amount. The solid curve is H»(x Q. See
Eq. (11). The dashed curve is H«(x z). See Eq. (16).

minimum value of ~ where f(~) is greatest. Thus,
in the massless quark limit, the cross section for
gluon-gluon production is the same as for muon-
pair production with the same transverse momen-
tum, except for an additional factor —,'a, 'E. The
ratio of events for gluon-gluon production to qq
production is ,' n, 'F/F wh—ich is about (-,') x (0.3)'

&& (, ) = 0.06 if only u, d, and s are included and
(~2) x (0.3)'x (",,' ) = 0.09 if the c quark is included
as well. We employ n, (Qr') = 0.3 for pr a 3 GeV/c.

=-,'n, 'q'FI „(x,),
1

; dx', = ,'n, 'q'F —a„(x'„)dx,'
"d ~dx'

T

=-,'n, ail'FH„(x, ) .

(15a)

(15b)

(16a)

(16b)

We have introduced a factor of —,
' into Eqs. (15) and

(16) since we want the expression for R, to repre-
sent the number of events containing gluon jets '

of a certain transverse momentum, and each event
contains two jets which would otherwise be counted
separately The functio. ns g(xr), g(xr), h,~(xr), and

H„(xr) are shown in Figs. 2-4. It can be seen
from the figures that the curves for h»(xr) and

h„(xr) are quite similar, and consequently, so are
the curves H»(xr) andH„(xr). This is simply a
reflection of the near equality of g(xr) and g(xr)
near x~ = 1. This region dominates the integrals
in Eqs. (10a) and (15a) since it corresponds to the

III. FINITE QUARK MASSES

We can incorporate the quark masses into our
calculations in the following plausible manner.
The underlying cross sections are calculated fixing
the final state momenta, but inserting phenomeno-
logical quark masses into the exact expressions
for the cross sections obtained from lowest-order
perturbation theory. Essentially, the QED cross
sections are used with phenomenological masses.
While this is only an approximate treatment, it will
clearly have the proper general features. The
scaling relations which followed from Eq. (6) will
no longer hold true since the cross sections can
now depend on, say, the ratios of the quark mass-
es squared to s. As a consequence, the s depen-
dence of the cross sections will have to be displayed
explicitly in this section.

For the simple qq production process, the final-
state phase space is affected by the quark masses.
For the gluon-gluon production, the quark masses



2258 ROBERT N. CAHN AND JOHN F. GUNION 20

enter only through the loop calculation. It is in-
tuitively clear that the introduction of a mass for
the charmed quark will reduce the cross section
for cc production. Since the gluon-gluon produc-
tion receives coherent contributions from the vari-
ous quarks; it is not predetermined what the ef-
fect will be, but it is not surprising that it also
decreases the cross section. Similarly, the ad-
dition of b and t quarks must certainly increase
total qq production. However, their introduction
in some cases decreases the gluon-gluon produc-
tion.

We have chosen the following quark masses for
our calculations:

10—

I.O-

O, I-

I I I
I

m„=m„= 0.3 GeV,

m, =0.5G V,

m, =1.5 GeV,

m =4.5 GeV,

m, =15 GeV.

(17)

Our final results are not sensitive to small changes
in these assignments. The massless limits of the
differential cross sections, Eqs. (9) and (12), ha«
been replaced with the full mass-dependent expres-
sions.

The results of these calculations are shown in

Figs. 5-8. Even at s=10000 GeV', the b and t
quarks contribute negligibly. The b quark is unim-
portant because of its small charge (which enters
as the square or fourth power) and the t quark be-
cause of its large mass.

For yy- gluon-gluon we have employed a con-
stant value Io.,(4p„)= 0.3] for the coupling con-

0.01 I I I I I I

2 4 6
p (GeV )

I I )

8 IO

stant; 0., is in fact very slowly varying above
"Q"/A'= 4pr'/A'= 144 (for A = 0.5 GeV). Using
the differential results dR„/dpr the reader can
incorporate any desired variation of n, . The
scale A' is, as usual, not well determined, rela-
tive to the scale appropriate to deep-inelastic
scattering QCD predictions, without a higher-
order (n, ') calculation. We have not attempted
this.

For the circumstances of this section we can
define quantities analogous to those introduced in
Eqs. (lib) and (16b):

FIG. 6. The differential cross section dR/dp & in
(GeV/c)" as a function of p z in (GeV/c), for s =10 GeV .
The solid line gives the cross section for qq production.
The dashed curve gives the cross section for gluon-gluon
production multiplied by 10.

IO-
I I I I I I I

IO '

C9

C

b CL~ IO
hJ ~

Q.
II

s*IO'eeV~

O. I

0 2 4 6
s (IO' GeV')

IO

FIG. 5. The cross section, in units of R, for pro-
ducing an event with a jet with transverse momentum
greater than 3 GeV/c as a function of the e'e center-
of-mass energy squared s. The solid curve is for qq
production. The dashed curve gives the cross section
for gluon-gluon production multiplied by 10.

10-2
0

I )

4 6
»(Gev)

FIG. 7; The differential cross section Z at @~=0, as
a function of p z for two values of s. Solid curves refer
to qq production. Dashed curves refer to gluon-gluon
production multiplied by 10.

10
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FIG. 8. The differential cross section Z for p&
= 3 Gev/c at s =10000-Gev, as a function of x&. The
solid curve refers to qq production. The dashed curve
refers to gluon-gluon production multiplied by 10.

with the earlier results for quark-antiquark pro-
duction of Ref. 2, where the quark masses were
neglected. For convenience we actually plot Z
=p„'E(dg/d'p). In Fig. 7 we exhibit Z as a func-
tion of pr at x» = 0 (90' c.m. ) and in Fig. 8 we pre-
sent Z as a function of x» at pr = 3 GeV/c.

From the latter graph, we see that the ratio of
gluon-gluon production to quark-antiquark produc-
tion is a very slowly increasing function as ~x»~- 0. The former graph illustrates the slow varia-
tion of Z with p~. By comparing the results at
s = 900 GeV with those given in Hef. 2, it is seen
that only a modest decrease (15% maximum at the
lowest pr) 'has occurred as a result of including
masses for the u, d, s, and c quarks.

''cB-
It„-(pr = 3 GeV, s) = "dpr, (18a)

0 d'PT

B„(8„=3 GeV, s)= f "dd„. (188)
Pg

It is apparent from Fig. 5 that both 8„-and 8„
- are rapidly increasing functions of s. From the
arguments of the appendix, we expect them to
increase faster than s for large s. In fact, be-
tween s = 1000 Ge V and s = 10000 Ge V' the cross
sections increase by about 40, so that at this lat-
ter energy, jets with more than 3-GeV transverse
momentum are much more important than single-
photon annihilation (unless there are many more
quarks to be discovered). Even the gluon-gluon
cross section is almost one unit of A, that is,
as common as single-photon annihilation into
muon pairs. Kith n, = 0.3, the integrated gluon-
gluon cross section is about 8/0 as large as the
two-photon qq production.

The addition of the c quark to the u, d, g quarks
increases the qq production by a factor ~9 1 9
in the massless limit. The more complete cal-
culations of this section give an increase of about
1.7. Similarly, for the gluon-gluon production,
the massless limit gives an increase of ~~ =2.8
while the actual calculations show an increase of
about 2.4. As mentioned above, the b and t quarks
contribute negligibly (and even negatively for gluon-
gluon production).

The differential cross section dB/dp~ is shown
in Fig. 6 for s =10~ GeV'. As expected, the spec-
trum falls very rapidly with increasing p~. The
gluon-gluon cross section is approximately 8% of
the quark-antiquark cross section.

Finally, we may examine the fully differential
cross section E(dg/d'p) as a function of pr and x»,
where the latter is jet momentum parallel to the
beam direction, divided by its maximum possible
value, Ms/2. This allows direct comparison'

l(~) ~(k ) jo'(Q/2) ""'
dk, ~ k, (~(k,)

(19)

where I is a function of e =A&a/Q, the fraction of
the quark or gluon jet energy emitted outside two
oppositely directed cones of maximum transverse
momentum kr'"= Q5/2, defined by half angle 5
and jet momentum Q/2. The distribution applies
for hadrons with kr & kr'". The function I(e) de-
pends on whether the jet is a quark or gluon jet:

I,, (x:C»iln2e i+0(l), — (20a)

I N(x~lnc2e)+O(1), (2ob)

so that the ratio I„/I,, is again controlled —infirst
approximation by the group-theoretical factor
Nc/C~ =~4. The average value of kr

Ivd DISTINGUISHING GLUON AND QUARK JETS

From the preceding figures, it is apparent that
the qq and gluon-gluon production processes have
similar kinematic dependences. They will cer-
tainly not be distinguishable on this basis. One
must hope that a gluon jet really has a very differ-
ent structure from a quark jet. Numerous theore-
tical arguments support the view that once the jet
momentum is substantial, the following charac-
teristics of gluon jets should become apparent:

(a) The multiplicity should be ~~ (=Pc/C», a color
group factor) times the multiplicity of a quark jet
of the same momentum, on the average. '

(b) The distribution of single hadrons in the gluon
jet should be steeper by a single power in (1-x),
where x =P„,~„„/P;„. This prediction derives from
the quark-counting rules. "

(c) The distribution of hadrons in the jet as a
function of their transverse momentum relative to
the jet axis should be broader for a gluon jet than
for a quark jet '; typically, quantum chromodynam-
ics predicts a normalized distribution
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(k„)= J k„dk„ l(»)n(Q/2) I)'+0,)
1

T in@'

(21)

grows almost linearly with Q'.
In summary, the gluon jets, on the average,

should have higher multiplicity and should be
shorter and broader than their quark jet counter-
parts with the same momentum.

Additional backgrounds. will be generated by the
processes discussed in Ref. 2. An example is
yy- qq+gluon. However, the most common con-
figuration would have either the q or the q jet lying
near the e'e axis. A forward jet veto could be
used to eliminate this and many other backgrounds

with three or more jets.
Those events which are established as two-phot-

on events and which have a two-jet structure"
should be isolated and studied to determine whether
they are in fact composed of two groups of events:
one group with quark jets, such as those seen in
single-photon annihilation events, and a second
group about 8% as large with jets having a higher
multiplicity and broader structure which would
characterize the gluon jets.
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APPENDIX

We give here expressions for h»(x„) and H»(xr), Eqs. (10) and (ll), accurate in the limit xr-0. From
Eq. (10),

3 1
h (x ) =, dzz ' '(z-1) '~'(2z -1) 4ln —+41n, —6 l+x ' 4z ln—+4z ln +4z

lPP T z xr'
&

r z x ' j

+xr'lz'ln —+z'ln, +2z (Al)

She term containing the next to the last large
parentheses has an integrand which goes as 1/z
for z- ~, so this term is smaller than the term
in the first large parentheses by -xT'. A similar
analysis applies to the third large parentheses.
Thus we consider the approximation

h „„(xr)=, dz z '~'(z -1) '~'(2z —1)
XT j.

x 4ln—+4ln, —6 . A2
1 1
z XT'

(20 ll—

31
d»». 'In»(2» —1))1+——+—,+ ").2z 8z

Since

J 1
dz z lnz

we have

(A5)

Now using

dye (@+1) 5~2(2M ) 2+M 2~2) =~
Jp

we have

I „„(x,)=,—41, -6)8

XT 3 . XT )

(A3)

f—(2 x)+x(M x) ~M(M ~)+. ..
= 2.02.

Altogether then

5„„(»„)—= , 52in, —72);
1 1

(A6)

(A7)

12
dzz ' '(z —1) ' '(2z —1) lnz

XT

This is an excellent approximation for xT s 0.2.
From Eq. (A7) we obtain the approximation

The final definite integral is

(A4) 16 1 1II«(» ) (n —52 —
I=) .

XT XT XT
(A8)
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