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ABSTRACT 

Photon-photon collisions will be a copious source of jets and single 

particles produced with large transverse momentum in e+e- storage rings. 

These jets and single particles have topological properties which allow 

them to be easily distinguished from e+e- annihilation events. They 

arise from several sources: a) quark exchange in yy -f qi, b) QCD in- 

duced processes such as yl + qq, y2 + qq, with qq scattering via vector 

gluon exchange, and c) differential cross sections proportional to pi6 

-8 
and pT at fixed x = T 2pT/& and fixed Bc m characteristic of the con- . . 

stituent interchange (CIM) picture. In particular, we predict 

Edo/d3p(e+e- 3 e+e- jet X) 'L 0.03 (l-XT) pi4 nb-GeV -2 
for pT > 4 GeV/c, 

characteristic of the simplest quark exchange process, and 

Edo/d3p(e+e- -+ e+e-7iX) Q (l-xTj2 pi6 nb-GeV4 for pT > 2 GeV/c character- 

istic of the CIM subprocess yq -+ vq. Remarkably, the jet trigger cross 
n 

sections Edo/d5p(yy + jet +X) turn out to be asymptotically scale-free 

and independent of ac(pG) when perturbative QCD contributions to all 

orders are included. 
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I. INTRODUCTION 

It is well known that photon-photon inelastic collisions in e+e- 

storage rings become an increasingly important source of hadrons as the 

center-of-mass energy 6 = 2Ee is raised.' The dominant part of the 

+- cross section for e e -+ e+e- + hadrons arises from the annihilation of 

two nearly on-shell photons emitted at small angles to the beam. The 

resulting cross section increases logarithmically with energy 

( mf/s + 0, s >> 4) 3 

2 2 

do e+e-te+e-x(s)/d~ 2% 1% 2 s OYY %- log s i ) 

2 ?l m e it 4 

(-1.1) 

where % is the invariant mass of the produced hadronic system. In con- 

trast, the e'e- annihilation cross section decreases quadratically with 

energy. For example, at the beam energy of Ee = 15 GeV, the standard 

vector dominance estimate for o 2 
YY "H ( ) 

gives o<e+e- +- e+e- hadrons) 2 15 

nb for %- > 1 GeV, compared to the annihilation cross section 

Oe+e-+y+hadrons - Roe+e-q+u+,,- 2 cog1 nb)R’ 

If the hadronic interactions of a real photon are the same as those 

of a vector meson, then high energy photon-photon collisions will be 

qualitatively similar to high energy hadron-hadron collisions, with most 

hadrons produced with small momentum transverse to the beam direction. 

The study of such photon-photon reactions is of considerable interest 

since the entire range of hadronic phenomena can be studied for two in- 

cident spin-one bosons, whose mass and even linear polarization can be 

individually 
+ 

"tuned" when the e and e- are both tagged. Reviews of the 

various hadronic channels and theoretical predictions which can be 

probed in yy collisions are given in Ref. 1. 



-2- 

Although vector-meson-dominance model ideas are useful for low 

momentum transfer reactions, the production of hadrons at large trans- 

verse momentum is sensitive to processes where the photon's point-like 

coupling to the quark current will dominate. In fact, because of the 

special role of the photon in quantum chromodynamics (QCD), we find that 

cross sections expected for jets of hadrons at large pT are sizeable, 

and are much larger than the extrapolation from hadron-hadron collisions. 2 

For example, for Ee = 15 GeV, the total cross section for the production 

J of jets with pT _ > 3 GeV/c turns out to be of the order of 0.05 nb; i.e., 

the equivalent of l/2 unit of R. 

This paper is devoted to a detailed study of high pT jet and single 

particle production processes in yy collisions, assuming ,the validity 

of QCD perturbation theory. In addition to being a pervasive background 

to e+e- annihilation studies at high energy storage rings' such as PEP 

and PETRA, there are a number of important theoretical reasons why these 

reactions merit intensive study: 

1. The elementary reaction yy -+ qi -+- hadrons, yields a scale- 

invariant two-jet cross section at large pT which is proportional to the 

fourth power of the quark charge. The corrections from higher order QCD 

diagrams are of relative order cx 4~; . 
( ) 

The observation of a two-jet 
C 

scale-invariant cross section at the level predicted here will directly 

test the scaling of the quark propagator # 
-1 

at large p 
2 in the yy + qi 

subprocess. 3 

2. QCD processes which involve the large pT scattering of quark 

or gluon constituents are sensitive to the structure functions of nearly 

on-shell photons. Remarkably, as was first shown by Witten, 
4 the photon 
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structure function has a perturbative component which can be computed 

2 4,5 from tirst principles in QCD. At large q , 

G q/y(xy42) = a2 f(X) + O(a2) 

a$ > 

(1.2) 

Thus, aside from an overall logarithmic factor, the direct y -t q distri- 

bution displays exact Bjorken scaling. This result is accurate to all 

orders in ac(q2) (keeping only leading logarithms), and is in striking 

contrast to the pattern of scaling violations predicted in QCD for 

hadronic structure functions. 

An important consequence of this result first discussed by Llewellyn 

Smith, 5 is that processes such as yl -f 9141, y2 + q2G2 with q1+q2 -f q1+q2 

scattering at large pT via gluon exchange leads to scale-invariant large 

pT jet cross sections; in fact, we shall show that the dependence on 

ac Pi ( ) cancels out in the asymptotic cross section! This result is also 

true for the contribution of yq -+ gq subprocesses. 

3. The QCD analysis of large momentum transfer reactions for 

hadron-hadron collisions is subject to uncertainties due to possible non- 

perturbative effects, wee interactions, etc. 6 Such corrections are pre- 

sumably absent when the direct point-like couplings of the incident 

photons are involved. 

4. In the case of single-particle production at large pT, we 

predict that "higher twist" subprocesses such as ylfq2 -t meson i- q 

dominate over fragmentation reactions such as y-t-y -+ q+i with q + M-l-q' 

until very large pT. The yq + Mq subprocesses is characteristic of the 

constituent interchange model (CIM)7 and breaks scale invariance by a 

power of pG2. 
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5. The yy process allows a study of the interplay between pertur- 

bative QCD processes and non-perturbative VDM contributions, and (by 

utilizing tagged leptons at large angles) the transition between real y 

and virtual y reactions, including deep inelastic scattering on a photon 

target. Furthermore, the onset of charm and other heavy quark thres- 

holds can be studied once again from the prespective of yy induced 

processes. 

Thus the study of yy collisions at large pT provides a detailed 

laboratory for the study of QCD dynamics at short distances. We empha- 

size that the dominant hard scattering processes in yy collisions arise 

from the elementary field nature of the photon and are particular to 

y-induced reactions. The observation of such processes will provide 

unique and important tests of the basic subprocesses which govern large 

transverse momentum processes. While it is not proven that the pertur- 

bative component and couplings of the real photon survive in the presence 

of confinement, we believe it is very likely. In vector dominance lan- 

guage these contributions are represented by an infinite spectrum of 

8 
massive vector mesons. Here we shall approximate the hadronic interac- 

tions of the photon by combining the contributions of the lowest vector 

mesons (p , up 4) with the point-like perturbative contribution. No 

serious double-counting error should occur since the point-like inter- 

action is equivalent to only very heavy vector mesons. 

Jets induced by yy reactions will show unmistakable signatures in 

colliding beam experiments. Since the probability for y-emission by an 

electron into a given rapidity interval is essentially flat, the dis- 

tribution of jets per rapidity interval will also be approximately flat 



-5- 

and energy-independent away from the edge of phase space. Momentum 

conservation demands that a large pT jet on one side of a reaction must 

be balanced by one or more large pT jets on the away side. For the 

yy -+ qq process one expects the production of two "SPEAR''-like jets each 

with total energy less than the c.m. energy A/2. Because the rapidity 

of the yy system is in general not zero, the jet events range from nearly 

back-to-back jets to a "V" configuration with a small opening angle 

along the beam axis. In all the other subprocesses the high pT jets are 

accompanied by additional jets of low pT hadrons from spectator particles 

which do not participate in the hard scattering reaction. 

Even without tagging the photon energies, the different contribut- 

ing hard scattering subprocesses can be distinguished by their topo- 

logical jet structure; i.e., the number n jet of hadronic jets observed 

in an event reflects the number of quark or gluonic systems initially 

separated. Specific examples are n jet=2 for y1+y2 -f q+a; n. 
Jet 

=3 for 

yl+q + g+q, yl+g + qq (where the incident quark or gluon is a constituent 

of y2); n jet=4 for qq -t qq, gq + gq, etc. Gluon jets, quark jets, or 

hadronic resonances may be distinguishable by their leading particle 

structure and central region multiplicity density. In the case of 

yy -+ qi, the multiplicity should be nearly identical to that for 

+- - e e + qq at the same invariant qq energy. 

In practice one will probably wish to reduce the background from 

the single photon process by demanding that at least one lepton be 

observed at small angles in the final state. It will also be useful to 

have jet-tagging capability at small angles to differentiate between 

reactions which produce jets along the beam axis in addition to large 

pT jets. 
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It is instructive to compare photon-photon large pT processes with 

the corresponding reactions in hadron-hadron collisions. In the latter 

case, spectator particles are generally present so n. > 4. 
Jet - 

The domi- 

nant contribution to the jet cross section in hadron-hadron collisions 

is expected to arise from quark or gluon scattering via gluon exchange 

and to dominate non-scaling CIM (higher twist) contributions for 

pT > 4 GeV/c. 739 The cross section will be modified by logarithmic 

scale breaking from both ct 2 
( ) 4p c T and the hadronic structure functions. 

In contrast, we find in photon-photon collisions that the jet cross section 

is dominated by the n. 
Jet 

=2 subprocess for pT ~4 GeV/c, and is asymp- 

totically scale invariant. In hadron-hadron collisions, the single pion 

-8 cross section falls as pT at fixed x = T 2pT/& and fixed 8 for c.m. 

2 6 pT $ 8 GeV/c, 20 ,$ & 2 60 GeV2. On the other hand we expect 

single meson cross sections for photon-photon collisions'to behave as 

PT6 f(xT'Bc m > for I z p < 10 GeV/c, at PEP and PETJ3.A energies. T'L The . . 

observation of py6 behavior in this domain for the yy + TX cross section 

is of particular interest since it would provide an important confirma- 

tion of the magnitude of the CIM contribution. 

As the reader might imagine, a large number of different sub- 

processes are equally a priori important in generating large pT jets or 

mesons. We have had to develop a fairly general machinery for dealing 

with them, first introducing the parton model as a modus operandi, and 

then employing the hard scattering expansion to group portions of 

Feynman graphs into hard scattering subprocesses or into fragmentation 

functions. We then write down all possible hard scatterings and compute 

their (assumed to be incoherent) contributions to jet and single particle 
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cross sections. We can normalize all contributions since all coupling 

constants (a, ac, and aM, the q;M coupling in the CIM) are known or 

have beendetermined elsewhere at least to within a factor of 2 or 3. 

We conclude the introduction by summarizing the remainder of this 

paper. In Section II we introduce the theoretical framework which is 

necessary for describing jet or single particle production at large pT. 

Some details of the calculation are relegated to an Appendix. In 

Section III we enumerate the many subprocesses which contribute to large 

pT production, and quote both analytical expressions and approximate 

numerical estimations of their magnitude. In Section IV we combine all 

these results to present our predictions for jet and single particle 

cross sections at & = 30 GeV, ec m = 90°. Finally, Section V contains . . 

our conclusions. Appendix B contains a detailed discussion on the QCD 

perturbative contribution to the photon structure function. 

II. FORMALISM 

A. Equivalent Photon Approximation and the Hard Scattering Expansion 

We will calculate the differential cross section for the scatter- 

+- +- 
ing e e 

+- +eeyy+ee (jet or vf)X via the equivalent photon approxi- 

mation. 10 This technique is a useful method for obtaining the leading 

high energy behavior of electroproduction cross sections where the scat- 

tered electron is either undetected or detected only if it is scattered 

into a small forward angle. The approximation consists of assuming 

that the emitted photon, which tends to emerge at small angle to the 

electron and with low invariant mass, is nearly massless, so that one 

can relate electroproduction cross sections to photoproduction cross 

sections. The cross section for the process ee + eeX in the equivalent 
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photon approximation is 

& e+e-je+e-X(s,W~ = f dxl j1 
0 0 

dx2 N(xl)N(x2) 

* da yyjx(5=x1x2s) :=x1 t, O=x2u) (2.1) 

where N(x) is the equivalent photon energy spectrum and da 
YY-tx 

is the 

differential cross section for the scattering of two oppositely directed 

unpolarized photons (of energy x1 G/2, x2 G/2 in the e+e- c.m. system) 

into a final state X. When x1 and x2 are computed as light-cone momen- 

tum fractions (see below), then Eq. (2.1) is invariant for Lorentz 

transformations along the beam direction. 

The validity of the equivalent photon approximation as compared 

to exact calculations has recently been examined by Ref. 11. When 

the full form of the equivalent photon energy spectrum N(x) is used the 

double equivalent photon approximation was found to be a very good 

+- 
approximation for the process e e + e+e-u+p-. For our purposes here 

we use the approximate form 

N(x) % 1 + (1-x>2 
(2.2) 

X 

where only the dominant logarithm is retained. The equivalent photon 

2 
approximation (2.2) is exact in the limit me/s -t 0 to lowest order in a. 

The next ingredient which we will use in our calculations is the 

hard scattering expansion, which is a technique for evaluating Feynman 

diagrams in large momentum transfer processes. 
12 In a given Feynman 

graph, when a large pT particle is produced, there are generally many 

paths along which large momentum can flow. The hard scattering expan- 

sion consists of isolating the portion of the graph in which the major 
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part of the hard scattering occurs and labeling it as a scattering sub- 

process, while lumping the rest of the diagram, where only small 

momentum transfers occur, into fragmentation functions. This process 

is carried out while isolating all possible regions where the hard scat- 

tering may occur resulting in a sum of terms. For model field theories, 

the application of this procedure has been shown to reproduce the 

results of specific Feynman-graph calculations to within about 90 per- 

12 cent accuracy. 

Consider a contribution to the hard scattering expansion where the 

constituents a and b of the initial particles A and B, respectively, 

undergo a hard scattering to produce a particle or jet C at large trans- 

verse momentum. A simple parton formula holds for each such contribu- 

tion: 

= (LIB 
d3p 

+ CX) = a/AcXl) Gb/B(X2' 

x * (ab + Cd) k S(s+c+;) dt , (2.3) R 

where the fragmentation function G i/I(xi) g ives the probability of 

finding a parton i of light-cone momentum fraction xi- (p~+p2)/(PoI+p:) 

in the particle I. The invariants are 

2 
s - (PA+PB) , t = (PA-Pc12, u = (P,-PC) 

2 
(2.4) 

and 

zi : (pa+p,12 % x1x2s 

; 5 (pa-pc)2 % xlt 

ii s (pb-PC)2 k x2u 

(2.5) 
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Here the particles A and B are the initial e+ and e-. In the case 

that a and b are photons, Eq. (2.3) is identical to Eq. (2.1) where 

G y,e(X) = N(x). However, generally the partons a and b participating 

in the hard scattering may be constituents of the photons rather than 

the photons themselves. In this case G a/e is obtained from the convol- 

ution of G 
v/e 

with the probability of finding the given constituent in 

the photon. Many different fragmentation functions and subprocess 

differential cross sections may in principle be important. Our task 

will be to elucidate precisely which of them are, in fact, most im- 

portant. 

B. Fragmentation Functions 

We now discuss the fragmentation functions which we will use in the 

convolution integral, Eq. (2.3). This is most easily done by discussing 

the simplest fragmentation functions separately and building the more 

complicated ones from them by the convolution formula 

G a,c(x) = f $ G,,,c(z) Ga,b(f$ (2.6) 

For ease in evaluating the convolution integral it is convenient to 

normalize a fragmentation function as 

,(i) 

xG a/b(x) = c Ai (1 -I- g;i))(l-x) a 
i 

(2.7) 

and quote values for A. 

The simplest fragmentation functions are those for photon emission 

by electrons and for photon annihilation into an electron-positron pair. 

In the leading-logarithmic approximation to the equivalent photon 

approximation, the probability for an electron to emit a (transversely 



- 11 - 

polarized) photon with transverse momentum zT and longitudinal momentum 

fractS63n x is 

dN 

dxd2kT 
3G 

,/e(XJT) l + (:-x)2 

or integrating on ZT, 

G y,e(X) = $ In n ’ + blex) 2 
( 1 

(2.8) 

(2.9) 

where n = s/4mz if the electron is not tagged, and 8 iax/Oiin if the 

electron is constrained to lie in an angle 0 between emax and emin, in 

the e+e- c.m. frame. The fragmentation function for a muon emitted 

from a photon can be obtained from (2.9) by the Gribov-Lipatov relation 13 

G ,,,,$x) = xG _ 

and the distribution for muons from an electron by convolution: 

G p,e(X) 2% In A -% ln --% e 
4m2 27r 4m2 [ 1 

e 1-I 

(2.10) 

(2.11) 

If we could rely on only the Born diagrams in QCD, then the distri- 

bution of quarks in a photon would be given directly from (2.10) 

G$p(x) = & ei ln 5 [x2 + (1-x)2 
4M I (2.12) 

for a quark of each color. We have assumed that the region-of kc < M2, 

where M % 0 (300 MeV) is represented by a separate vector meson contri- 

bution which we compute below. 

As first shown by Witten, the corrections to (2.12) due to gluon 

bremsstrahlung can be computed to all orders in 01~) keeping leading 
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logarithms in each order. The simplest method is to use the convolution 

formul&l 

G qjy(x,Q2) = -& ei c' $ l1 $ [Z2+(1-d2] Gq,,,(x,Q2,k2) 

(2.13) 

where G q,,q(x,Q2,k2) is the distribution of quarks (at spacelike mass 

squared Q 2 ) 2 in a quark (at mass squared k ) allowing for gluon brems- 

strahlung to all orders. To the accuracy required here it will be suf- 

ficient to only consider q' and q of the same flavor and disregard the 

g + (I'? mixing terms. Also, to the leading logarithmic accuracy we 

can identify (k2) max 
= Q2 = -sx/(l-x) with s. Using the moment analysis 

discussed in Appendix B, we find for asymptotic s 

XGqlY (X,S)=a - 2 f(x) 
2Tr eq +J (2.14) 

which is to be summed over quark color and flavor. The scaling function 

f(x) is plotted in Fig. l(a) (see also Ref. 5). A comparison with the 

Born approximation (2.12) is also shown. When l-x is small, we can 

useI 

f(x) 2 
4r 

4Tb- (3-4yE)C2 + 4C2 In -$-x 
(2.15) 

where yE is Euler's constant, C 2 = (N2-1)/2N = 4/3 for SU(3) color, and 

4xb = 3(11-2/3 nf) 2 27 characterizes the asymptotic behavior of the 

running coupling constant, ac(Q2) + l/(b log Q2/n2). A comparison of 

f(x) with the asymptotic form (2.15) is also shown in Fig. l(a). 
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The convolution of G 
4/Y 

and G 
Y/e 

then gives for each quark of given 

color$nd flavor, 

xG~,~(X'S) 2 (%)2 ei * (1-X) l(X) 
C 

(2.16) 

where T(x) is shown in Fig. 1 (b) w For l-x small, '4(x) also has the 

limiting form described by (2.15). 

A remarkable fact is that when we compute high pT jet cross sections 

at fixed p,/& from the qq + qq and yq -t gq subprocesses using Eq. (2.3), 

the scale violation from the factors of a 
C 

in the subprocess cross 

sections cancel to leading logarithmic order the lloc factors in the 

q/y distribution functions. Thus, aside from the log factors in the 

equivalent photon approximation, the jet cross sections for the yy- 

processes actually Bjorken-scale in the asymptotic limit. 

For the non-perturbative part of the photon structure functions, 

we shall use the vector meson dominance model. The distribution of 

virtual vector mesons in the electron is then given by 

Gv,,(x) = 5 G y/ecx) 
V 

(2.17) 

where fz/4n = 2.2 for the p. For the distribution of quarks in the 

meson we take the simple form xG 
q/V(x) = Cv(l-x) where Cv= 0.5 corre- 

sponds to each quark carrying l/4 of the total momentum. Then for each 

quark color and flavor 

c 
xG rql;z-Pert(x) cv log 11 

q=u,d 

* 
[ 
(1-x)2+ +(1-x)3+ . . . 1 (2.18) 
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(This should be summed over color and vector mesons when the total 

color and flavor contribution is required.) The distributions (2.16) 

and (2.18) taken together should give a reasonably accurate represen- 

tation of the effective quark distributions. 

Finally, in order to obtain single particle cross sections from 

subprocesses involving a large transverse momentum quark we need the 

probability of finding a meson in a quark. The fragmentation function 

for n+' s out of quarks may be fit from e+e- data.16 Assuming 

Gti,,# = Q+x> = Ga+/a (x) = GT-,d (x) , a reasonable fit (though not 

a unique one) is 

xG ~+,p) = 0.5 ((l-x) + (l-x)3) . (2.19) 

In the calculations to be described below, we include only the (l-x) 

piece of (2.19) and neglect all "unfavored" fragmentation (G T-,u(x) = 0, 

for instance). All these fragmentation functions are tabulated in 

Table I. 

C. Generic Forms of Reaction Cross Sections 

Next, we shall collect some approximate formulas which will be of 

help in estimating the sizes of various differential cross sections. 

Exact formulas and their derivation are given in Appendix A and in 

Refs. 7 and 17. (The calculations we show later on are the results of 

numerical integration over these exact formulas.) 

If we parametrize a fragmentation function as 

xG a/A(X) = O+g,) na,A(l-x)ga 

and the differential cross section for the subprocess as 

do ~=ITDS -(N-T-U)(+-T (-u)-U 

(2.20) 

(2.21) 
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then Eq. (2.3) reduces to 

Edo (AB -+ cx) 
d3p 

= 5 ($FT (y)- 

x (1+g,) (l+gb) A a/A 'b/B D 

gb 
X 

I- 
dxldx2 (I-xljga (l-x2) 

x (x1) 
U-N-1 Cx2jT-N-1 

) 
. 

Now we write 

XR 
- l-& = 21PC/ 6 

2prl 

XF -r 

so that 

-t - = +-x$ -U 

S 

- = ++xF) 
S 

and 

4P; 4P; 
s=---= 

2 
XT 

(1-E-Q cl-&+xF) l 

(2.22) 

(2.23) 

C-2.24) 

(2.25) 
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We can then perform the integrals in (2.22) and write2 

=(AB DEF 
f+f 

d3p 
-f cx) = ~ 'a/A 'b/B 2” - 

X 

r @+g,) r c2+g,,) 
r (2+ga+gb) 

-f+ 
-f 

x (l--E-xF) (l-&+xF) - ? 

where 

-f -- 
gb l+xF+&w i 1 l-xE-&W r 1 

-f+ 

dw(l+w)ga (1-w) l+xF-E l-xF-E 

dw(l+w)ga (1-w) 
'b (2.28) 

(2.26) 

(2.27) 

and 

F= ' + ga + gb 

f+ =T+l+gb-N 

f-=U+l+ga-N 

Similar expressions are obtained for the case of a final state fragmen- 

tation as well, and are given in Appendix A. 

These expressions are still an exact representation of Eq. (2.22), 

but the approximate evaluation of ? by its value at E=O, ?(s=O)=l, pro- 

vides a useful approximation valid for small E, near the edge of phase 

space. 

D. Some Counting Factors 

We must now face the task of enumerating all the different contri- 

butions to the jet or single-particle cross section. In order to 
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facilitate matters, we will discuss some multiplicative factors which 

are comon to all subprocesses. To do this, we define 

J 
1 

F(a,b,da/dt) = dxadxb Ga,A(~a)Gb,B(~b) 2 + 6(6+;+6) (2.29) 
0 

and (see Eq. (A9)) 

I- 
1 

F(a,b,C,do/dt) s 
0 

dx,dy, 3 Ga,A(~a>Gb,B(~b>GC,c(Xc) .+$ 

C 

x ; 6(.2i+f+Q) (2.30) 

the "bare" convolution formulas for the differential cross sections. 

Multiplicative factors which we shall frequently encounter are: 

1. Beam-target symmetrization. A process in which the electron 

emits a parton of type (a) which scatters from a parton of type (b) 

emitted by the positron is as likely as a process in which "b" came 

from the electron and "a" from the positron. To include both these 

reactions, we introduce a symmetrized differential cross section 

FS(a,b,$ = $(F(a,b,$$ + F(b,a,$$) (2.31) 

(and similarly for Fg(a,b,c,do/dt))where if da/dt = f(t,u), do/du = f(u,t). 

Our normalization is such that if afb, a given process will be weighted 

by an additional factor of 2, which we will refer to in the next section 

as a "beam-target symmetrized factor." 

2. In the case of jet cross sections, the jet can be either of 

the two groups of particles at large pT. To include this we write a jet- 

symmetrized cross section 

FJ(a,b,$) = F(a,b,i ($-t-z)) (2.32) 
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(normalized so that jet cross sections are given by 2FJ). We may com- 

bine jet and beam-target symmetrization to write . 

FSJ (a,b,$) =[i F(a,b,i ($-2)) 

~~-!-~ ))I . (2.33) 

The total jet cross section is then given by 4FSJ. 

3. Finally, we will show explicitly all color and charge factors, 

wave function normalizations, and the like. 

III. HARD-SCATTERING SUBPROCESSES FOR yy-COLLISIONS 

The number of different scattering subprocesses which may, in 

principle, contribute to jet or single particle production is large. 

To facilitate out discussion of them in a coherent way, we will classify 

them according to their pT-behavior at large pT. It happens that 

-N 
all of the important subprocesses which we consider vary-as pT , where 

N = 4, 6, or 8. We discuss each of these classes separately in 

Sections III.A, III.B, and 1II.C. 

A. 2i4 Subprocesses 

These reactions exhibit the underlying structure of a scale- 

invariant point-like coupling and from that standpoint are the most 

interesting and fundamental of any of the interactions which may be 

studied in yy collisions. 

1. YY + 44. The simplest reaction we may consider is shown in 

Fig. 2(a), the production of a single pion or a hadronic jet via quark 

fragmentation.3 The subprocess cross section is 

3 (!&+s!LJ = zf$ (; +.;) (3. 1) 
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whence 

Edo(jet) = 

d3p 
2.3 c 

i=udsc 
e: FJ(~,~,i (g-+-E)) 

EWr+) = 
d3p 3c 

i=u,d 

(3.2) 

(3.3) 

The factor of 2 is from jet symmetrization and the factor of 3 is from 

color. This reaction admits to a new constant of proportionality with 

relation to the reaction e+e- -+ e+e-p+u-: Eq. (3.2) implies 

Edo + - -(e e -t e+e- jet X) = 2R -(e e -t e+e-p+p-) Edo + - 

d3p 
YY 3 

(3.4) 
dp 

where 

R = 3 l&udsc e4 = g yy - 
(3.5) 

Evaluation of (3.2) and (3.3) yields the approximate forms 

Edo(jet) ,,, .03 
u-q 

d3p 4 nb-GeV2 (3.6) 

PT 

Ed&+) s 6.3010 
-4 

d3p PT 

C.3.7) 

at & = 30 GeV. These results are accurate for xR+l at all Bc m . . 

There will also be calculable corrections of order uc p; ( ) 
due to 

the R yy from higher QCD corrections to the yy -+ jet f X scaling cross 

section. There are no corrections of order oc p; 
( ) 1% P; since 

a> infrared gluon mass singularities cancel for the 

inclusive jet cross section, and 

b) there is no quark mass singularity since the gluon 

corrections to the yy + qi amplitude (not already 
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canceled by renormalization terms) connect quark 

lines of different momentum. (This is a sufficient 
CI 

condition for absence of mass singularities if one 

uses an axial or Coulomb gauge.) 

The perturbative corrections to yy -f qq are thus of the same form as 

that for e+e- - -t qq and are expressible as a power series in c1 2 
c 'T ' ( ) 

The observation of a pi4 distribution in the jet or single particle 

cross section will also be an important confirmation of the idea that 

the quark propagator has a l/ti component which may be seen at large 

momentum transfer-- and the reaction yy + qq may be the first one in 

which that part of the quark propagator will be clearly exposed. 

The value of R yy given by Eq. (3.5) is an asymptotic form, as 

and m2/p2 + 0. 
q T 

It will be interesting to study the approach of 

R yy from 3 C 
i=uds 

e4 to 3 C 
i=udsc 

e4 as a function of s and pT. 

2. YY + Gii. These reactions, shown in Fig. 2(b), involve 

explicit gluon exchange (or q< annihilation into gluons) as the source 

of the high-pT events. They are four-jet events, since one of the 

quarks in each photon is a spectator to the large-pT reaction, and forms 

its own jet along the beam axis, following the photon's original line of 

motion. 

The various subprocesses (qq -+ qq, qi + gg, etc.) which are to be 

included in the large-pT reaction have been computed by many authors 18 

and it is most convenient to adapt their results to our needs. The 

various symmetrizations which must be performed make this a delicate 

process, however. For instance, a jet trigger occurs whenever one de- 

tects any high-pT particle produced in the reaction. Thus, for jet 
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triggers, one must (generally) include a particular subprocess plus the 

t 2 uncrossed subprocess, corresponding to triggering on the other jet. 

For example, in yl -+ qlil, y2 + q2q2, followed by qlq2 scattering 

(q1#q2) 9 we compute Eda/d3p (e+e- -+ qlX) using the subprocess 

doldt (q1q2 -t q1q2) and add it to Eda/d3p (e+e- -+ q2X) using the sub- 

process da/dt (qlq2 -t q2ql). If non-identical particles scatter, one 

must also explicitly include cases y1 + q2i2 + y2 + qlil followed by 

q2ql scattering. If identical particles scatter, however, one has 

already "included the crossed terms" in the full expression (including 

interference as required by quantum mechanics) for the scattering sub- 

process. Similarly for the V+ spectrum, we assume that only a u or a 

d quark can fragment into a fast r+. But the u(d) quark may be pro- 

duced via reactions where the u(z) quark originates from y _ 1 (-say>, 

do/dt(e+e- -t u(a)X), or by the crossed reactions in which the u(8) orig- 

inates from y 2, do/du(e+e- -f u(;i)iT). The relevant quark-quark scatter- 

ing terms are shown in Table II. 

After summing over all possible contributions (using the fact that 

all initial q's and q's from each photon y1 and y2 are equally likely) 

we may express our result in terms of an "effective" subprocess cross 

section 

$ (C all q or 4 + C all q or 4 -+ any trigger q or i 

f balancing q or c) (3.8) 

for jet production and 

z (C all q or 4 + c all q or s + u(z) + balancing q or 4) C3.9) 
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for r+ production. These "subprocesses" include all crossing and other 

factor% and are to be folded with the G 
s/e 

forms of Section II, where 

we again recall that G 
de 

= G- 
s/e 

for all quark types to first approxi- 

matfon. The effective cross section forms appear in Table III. The 

color sums are already included in these cross sections. 

In order to obtain simple analytic expressions for the inclusive 

cross sections, let us first approximate G 
de 

in Eq. (2.16) by the simple 

form 

xGqle (x> = ei ($ In n) ($ FQ) (1-X) (3.10) 

S 
for each quark flavor and color, where roughly F 'L In - 

Q= 4M2 
if we use the 

simple Born graphs for y -+ q<, and FQ = Q (l/ccc(s)) C?(X)> ' if we use the 

full QCD result. For a rough estimate we shall take uc 

The vector-meson dominated contributions will be considered separately. 

Using (3.10) we then find 

Edcr + - 
-t.e e 
d3p 

+ e+e- jet X) 

% 1.7 ' lo-2 (l-xR) 3 pG4 nb-GeV2 (3.11) 
XR" 1 

8 c.rn?"' 

qe+,- -+ e+e-,+X) = F do 
eff 

d3p 
q,q,7F,--- dt 

(l-x I5 
1.3 l 1o-4 4R nb-GeV2 

PT 
6 c.mY 'O" 

(3.12) 
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at & = 30 GeV. The charge structure of the various contributing terms 

are displayed in Eq. (3.11). The numerical coefficients in (3.11) and 

(.3.12) are the result of a numerical integration of Eq. (2.3). Equa- 

tions (3.11) and (3.12) are useful as phenomenological approximations 

in that they display the approximate analytic and quark charge depen- 

dence of the inclusive cross sections. 

We have also directly computed the e+e- -t e+e-jet + X cross section 

from (2.25) using the full QCD form (2.16) for the quark distribution 

in the electron G ,,,h, s> , allowing for gluon bremsstrahlung to all 

orders. 2 2 Again we note the asymptotic cancellation of the ~1~ pT factor ( 1 
-1 2 from do/dt (qq -+ qq) and the oc pT factors in G ( ) q,e(x,s) at fixed xT. 

The resulting (four-jet) cross section has the asymptotic scaling 

form 

=(.ee 3 jet + 
d3p 

A comparison of cross sections using the full QCD and Born contri- 

butions for G 
q/e' 

and specific results for PETRA and PEP energies are 

given in Section IV. 

3. YP -+ qqqq and PP + qqqq (Fig. 2 (c-d) 1. The latter vector 

dominance contribution is the yy analog of pp scattering mediated by 

gluon exchange. 19 It is quite small with respect to either yy -t qi or 

yy -t qiqi perturbative contributions, the change in size being due mainly 

to the small probability for the sequential transition y-fp +qG. We 

can obtain an estimate of the contribution by considering only qq scat- 

tering via gluon exchange (this neglects the small identical particle 
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and annihilation effects) 

da -=-a 
dt 9 c 

whence 

( 
do . 2 FJ q/P,dP, dt 

% 1.1 l 10 
-5 (1-xR)5 

4 nb-GeV2 - 
pT 

(3.14) 

(3.15) 

at & = 30 GeV, Bc m = 90°, 1-5 small. The 3's are color'traces and 
. . 

4's and 1/2's the meson flavor sums and wave function normalizations. 

The inclusive r+ cross section is also quite small. 

The yp -+ qiqi cross sections are somewhat larger. Using the same 

technique (_i.e., neglecting small identical particle and annihilation 

contributions by using Eq. (3.1411, we have 

(3.16) 

= 4.6 l lO-4 (3.17) 

pT 

at & = 30 GeV, 8 = 9o", small 1-xk. The 112.4 corresponds to the 
c.m. 

p wave function factor and 4 flavor choices; the 32 is the sum over 

colors of colliding quarks; the 2C. e: is the choice of any q or i from 

the photon distribution; the 4 is the standard jet beam target symmetri- 

zation. The result is less than 3% of the perturbatfve yy +- qbqi con- 

tribution and thus is also neglfgible. One might also consider 
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interference between, say, YP -+ qiqi and yy -t q;qq; this corresponds to 

a non=.+agonal quark distribution function where in the square, the scatter- 

ing quark arises from a p but is reabsorbed by a y. Inclusion of such 

diagrams correspond to off-diagonal VDM in that it presumes overlap of 

the low mass p region with the high mass bare region corresponding to 

high mass vector mesons. We neglect this possibility. Note that we 

have implicitly assumed that it is not necessary to include explicitly 

the contributions of massive vector mesons as these are to a great 

extent already included in the perturbative contribution. 

4. Other pi4 reactions. In addition to the subprocesses of 

Section III.A.l-3, one may consider more complicated QCD processes. 

These processes may be categorized into two classes. First one may 

consider radiative corrections to already-calculated processes. If 

QCD perturbation theory calculations have any meaning, higher order in 

a c contributions to cross sections which have the same topological 

(number of jets produced) and charge structure will not appreciably 

alter the size and shape of the lowest order cross section. 

We must, however, consider higher-order in c1 contributions when 
C 

they lead to configurations with a topology different from that of lower 

order results. An example of this criterion is the inclusion of the 

CX% four-jet events of Section III.A.2. Another example of a new contri- 

bution is the O(ac> process of Fig. 2(c), yy + qqg, where we require 

that the hard scattering be yq -+ gq. These events have nJ=3, one of the 
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large pT jets being a gluon jet. We find, using (3.10) 

Eda + - + - lTr%a 
-(ee -tee 
d3p 

jet X) = 3.4*2.FS.,cy,q,-$i ---$(i+z)) 
S 

(3.18) 

Nat ‘(5 In n)2 G FQ (1-2'2 1 e$40) 2 .038 nb GeV2 (l-2)' (3.19) 

pT pT 

at !&= 30 GeV 8 c m = 90' and 1-XR small. In (3.18) in addition to the . . 

factor of 3 for color, one factor of 4 is the standard total jet factor 

(including beam target symmetrization)and the factor of 2 counts 

Y4 -+ gq + Y4 -t gi. This rate is 0 (l-xR) 
( ) 

ach F 
Q 

times the rate for yy-fqq. 

We also have computed the yq+gq subprocess contribution to the 3 jet 

cross section using the full QCD structure G q,e(x,s) given in (2.16) In 

the asymptotic limit the factor of c1 2 c pT in do/dt (yq+gq) is canceled by 
( ) 

the as'(s) in G 
q/e 

and asymptotic scale invariance at fixed x T is again 

obtained for the yy-fjet + X cross section. A comparison of the Born term 

calculation and the full QCD contributions to ee+jet -I- X at PETRA and PEP 

energies is given in Section IV. 

Finally, we note that diagrams such as that of Fig. 2(f) where the 

hard subprocess is yq+gq and the other gluon is at low transverse mo- 

mentum relative to the 4 spectrum are already included in our calcula- 

tions when the full QCD structure function (2.16) is used. 

B. 2g6 Reactions 

We now turn to classes of reactions in which the underlying point- 

like constituents of the initial or final state particles are not com- 

pletely exposed. Such reactions should not be expected to exhibit 

-4 canonical pT scaling. 
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We analyze such reactions from the standpoint of the constituent 

interchange model (.CIM).7yg This approach has the advantage that it 

allows us to normalize the magnitude of these non-scaling contributions 

via comparison with cross sections measured in inclusive and exclusive 

hadron-hadron large pT reactions (where the CIM has been shown to pro- 

vide a consistent parametrization of the data for pT < 8 GeV). At this 

stage it is also worth pointing out that it is not inconsistent to in- 

clude both QCD and CIM contributions; the CIM is contained within QCD 

on the level of internal bound state systems which participate in sub- 

processes within the reaction and can be identified as "higher twist" 

QCD contributions. The normalization of CIM processes is related to 

the analysis of Bethe-Salpeter wave functions at short distances in QCD, 

and is determined empirically from elastic large pT cross sections. 739 

The CIM contributions of importance here naturally divide them- 

selves into two classes: those in which Eda/d3p % py6, where either 

one photon vector dominates or where the final state hard scattering 

involves the production of one hadronic resonance at large pT, and those 

in which Edo/d3p % pi8, where both photons vector-dominate before scat- 

tering or several resonances at large pT are produced, or some combin- 

ation of processes occurs. 

We discuss first the pT6 subprocesses. As we noted in the intro- 

duction, the pi6 contributions are distinctive features of photon- 

induced processes predicted by the CIM. Their observation at the levels 

we calculate below would provide important confirmation of the CIM. The 

existence of such unique contributions for processes involving photons 

is supported by model calculations in two-dimensional QCD. Backward 
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scattering in cases where Regge exchanges are absent provides a two- 

dimenskonal analog of wide angle scattering and it was found that meson- 

meson elastic scattering decreases with a power very similar to that 

predicted by the CIM (A % s -2 ) (slight modification for light mesons of 

the integral power law was found due to confinement). 20 We have studied 

photon + photon -+ meson + meson in this model and find again a power 

very similar to that predicted by the CIM due to the elementary nature 

of the photon but again with slight modifications for light mesons due 

to confinement. 

Here the relevant subprocess is yq -f Mq, where M is a pseudoscalar 

meson resonance. With the direction of particle flow as indicated in 

Fig. 3(a), one finds7'17 using the minimally-connected Born diagrams in 

QCD, 

$(yq -f Mq) = ~c1 
2 2 s +u t A ; 

(3.20) 

No wave function or color sums have been performed. ei and e. are de- 
J 

fined in Fig. 3. $ g2/4n is th e CIM qiM coupling constant c1 which has 
M 

been determined phenomenologically7 to be ~2 GeV'. We will treat the 

production of a pseudoscalar M as the spin-averaged rate for production 

of a vector meson of the same flavor assignment. 

To compute yp + qt we cross (3.20) and find (Fig. 3(b)) 

(3.21) 

The factor of 2 converts an average over quark j's spin into a sum. 
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We have found three important types of pi6 events. 

h YP -t qi (Fig. 4(a)). There is a finite probability that one 

photon will vector-dominate and that the other photon will scatter off 

the quarks in the bound state wave function of the P. Of course, these 

events form two hadronic jets. The jet cross section is 

EWjet) = 2 . 1 . 3 . 2 C 
d3p 

2 i=u,a 
et FJs(P,Y$) 

with 

ig = 24$) t2+T2 (+ + ;) 
S 

(3.22) 

C3.23) 

In Eq. (3.22) one factor of 2 is for yp vs. py scattering, the other for - 

triggering on either q or 4 jet (no third factor of 2 for q or 4 ex- 

change since both pieces are included in the gauge invariant cross sec- 

tion). There is also a factor of l/2 for the p wave function, and a 

factor of 3 for the color sum. Similarly, the single r+ cross section is 

Edo(n+)=2.1- 3 c 

d3p 
2 * i=u,a 

ei FS 
+ do 

P,Ypn ‘dt > 

with da/dt given above. At &= 30 GeV, ec m = 90°, we obtain . . 

Edo(jet) ~ 4 5 

d3p 
. nb-GeV4 

pT 

Ed&+) ,,, 1 06 

d3p 
. * 1o-3 6 

nb-GeV4 

pT 

(3.24) 

(3.25) 

(3.26) 

At this point one must also note the possibility of interference 

between the processes yy -t qi and yp + q< since both have identical jet 

structure (including quantum numbers for a given qq choice). We have 

not explicitly calculated this interference but expect it is close to 
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being maximal. Thus we estimate 

- 
Edo interference 

Cj4 

d3p 

Hence 

Eda interference(.et) 

d3p 

EdoyY(jet) 

d3p 

2 .036 

PZ 
WR) 

= 

J. 

1.2 - GeV 
PT 

(3.27) 

(3.28) 

or approximately 30 percent at pT = 4 GeV. It will turn out that the 

third interfering process pi8 
( > 

pp - qi is sufficiently small that we 

need not even consider its interference with those larger amplitudes. 

2. yy -f Mqq (Fig. 4(b)). This is a reaction with-nJ=3, one jet 

being a meson resonance. To calculate the jet cross section, we sum 

over all qi and i j br Gi and qj) to find (including charge factors for 

both the bremsstrahlung and interacting M quark) 

c3 .2 9) 

which neglects charm containing mesons. 

Eda(jet) = 

d3p 
3 ' 4 - 4 F&q.$i) 

I-- 

1.1 (J-X$ 
2 

6 nb-GeV4 (3.30) 

PT 

= 9o". One factor of 4 is a beam target + either at I/s = 30 GeV, 0 c.m. 

jet symmetrization, the factor of 3 is from the color sum, and the other 

factor of 4 is due to the spin sum over M. The sum over all quarks and 
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and their spins is equivalent to allowing the whole 35 + 1 of pseudo- 

scalar;^and vector mesons to contribute to M. The T 
+ cross section is 

found to be 

Eda(prompt a+) = 2 . 

d3p 
3 FS(Y ,q,$) 

(l-xR)2 
'L .031 6 nb-GeV2 

with 

(3.31) 

(3.32) 

Inclusion of "non-prompt" IT'S from resonance decays can double this ans- 

wer. 

3. YP +- f&i. Finally, one photon may vector dominate, decay into 

quarks, and scatter from the other photon (Fig. 4(c)). The calculation 

is identical to Section III.B.2 except for the p wave function and dif- 

ferent charge structure. 

For jets (neglecting charm meson production) we have 

Edo(jet) = 4 . 4 . 
d3p 

3 FJS(y,qh 3%) 

(1-xR)3 
=.13 6 nb-GeV4 

pT 

(3.33) 

(3.34) 
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For r+'s 

Eda (prompt ss> = . oo51 WXR) 3 

d3p 
6 nb-GeV4 

pT 

(3.35) 

(3.36) 

These pi6 processes yy -f Mqi and yp -+ Mqq again do not interfere 

in our diagonal approximation in which there is no overlap between dis- 

tribution function quarks coming from a p versus the bare y. Without 

such interference it is clear that the yp contributions are of order 

10 percent of the yy pF6 contribution. 

C. -pi8 Contributions 

Finally, we turn to the class of large-pT scatterings which most 

nearly resemble those of purely hadronic reactions. The relevant cross 

section is that for quark-meson scattering, as displayed in Fig. 5. 

1. PP + 94. (Fig. 5(a).) Both photons may vector dominate be- 

for scattering via quark exchange. 

Eda(jet> = 3 . 2 

d3p 
*($2 +34~,uJ(+&j&) , (3.37) 

Which is valid neglecting interference effects. One factor of 3in(3.37) 

is from the color trace; one factor of 2 corresponds to looking at 

either q or 4 jet; one factor of 2 is a flavor sum (u or d exchange; 

one factor of 2 for q or < exchange; and factors of l/2 for each p wave 

function. 

Edo(jet) 2 2 x 10 -2 

d3p 
cob 

(l-xR) nb Gev6 
8 - 

pT 

(3.38) 
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The extra factor Zcoh comes from the fact that there are really 

two coherently adding amplitudes in the pp -+ qq cross section (as in 

Compton yy+qq). At 90° the net result is an increase of (3.37) by a 

factor of 2. 

The n 
+ cross section is given by a similar formula, except that no 

flavor sum on the exchanged quark is allowed, and (as in yy -t qi), do/du 

must be included to make sure that the "away" quark can fragment into 

(3.39) 

Since these contributions are so very small compared to yy -+ qq their 

interference with the latter is also negligible. 

2. yy + q$@ (Fig. 5(b)). Here the quarks scatter.into meson 

jets in the final state. Two additional jets along the beam directions 

also accompany these large-pT jets. We must sum over flavors u,d,s on 

quark (antiquark) i and over antiquark (quark) j. 

Edu(jet) = 2 . 
2 

d3p 
.3*3*S F,,(q.q,g) 

Eda(prompt 

d3p 

(3.40) 

(3.41) 

In the jet cross section (3.40), one factor of 2 counts qi;ij+q.i., another 
13 

factor of 2 is for observing a meson or quark jet, one factor of 3 is from 

a flavor sum over k, and S(S') are spin sums over i, j, and k. The easiest 

way to compute S and S' is to simply count 2 spin states per quark: S=8 

and S'=4 (since in that case two spins are constrained to be antiparallel 

for n+ production). 
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At e 
c.m. 

= 90°, l-xB small, 

- 
Edo(jet) = -24 (1-xR)3 

nb-GeV 6 

d3p 
8 

pT 

Edo(prompt a+) = 1 7 WXR13 

d3p 
l - 1o-2 8 nb-GeV6 . (3.42) 

PT 

3. PP + Mqq W-g. 5(c)). This reaction is the one which is most 

similar to the processes which occur in pp -+ ?rX. Both u- and s-channel 

quark exchange are possible: counting flavors, one finds 

da(jet) _ 
dt - 8 x (u-channel exchange) + 12 x (s-channel exchange) 

ddn+) = 
dt 2 x (u-channel exchange) + 2 x (s-channel exchange) 

(3.43) 

where do/dt (qM+qM) =rui / su3 for the u-channel exchange diagram, whence, 

Edo(jet) = 4 . 1 ‘. 3 . 
d3p 

0 2 4 Q(P ,dP 3%) 

(3.44) 

J. 

where the factor of 4 is a beam target jet symmetrization factor, the 

factor of (l/Z)' is from the p wave function, the factor of 3 is from 

the color trace, and the factor of 4 is due to a spin sum. 

Edo(prompt a+) = 2 . 1 '. 3 

d3p 
0 2 

( l-XR) 
3 

= 6.7 - lO-4 8 nb-GeV6 . 

pT 

(3.45) 
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These reactions produce three jets, two at large pT and a third along 

the beam direction. Both cross sections are much smaller than, and do 

not interfere (in the distribution function diagonal approximation) 

wi?h, the following py + Mq; contributions. In each case we take 

"M f l/3 g2/47T = 2 GeV'. 

4. PY + Mcli 0%. 5(d)). The Feynman graph for this process is 

identical to that for the reaction of Fig. 4(c). However, we assume 

that the hard scattering takes place in a different place in the graph 

when in that reaction. If we are to follow the precepts of the hard 

scattering expansion we must include this contribution in addition to 

the former one. It is the sum over all hard scatterings which saturates 

the Feynman graph. 

The calculation is similar to that for the contribution just shown 

above. We find 

Q(jet) = 
dt (u-channel exchange) 

+6x e2 i (s-channel exchange) 
i=u,a 

d&+1 = c 
dt et ( u-channel 

i=u,J 
exchange + s-channel exchange) 

(3.46) 

Edo(q or M jet) 

d3p 
= 4 x($) x3x4F 

= .18 
&xR)’ 

nb-GeV' 

Eda(prompt a+) 

d3p 
= 2 x($)x 3 F&q,$) 

= 7.2 - 10 
-3 (1-xR)2 

8 nb-GeV6 

PT 

(3.47) 

(3.48) 
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where the factor in (3.47) 4 is a beam target jet symmetrization factor, 

the factor of l/2 is from the wave function normalization, the factor of 
* 

3 is a color trace, and the factor of 4 is from a spin sum. 

This contribution, though it has the same Feynman graph structure 

-6 as the pT yp + Mqq contribution of Fig. 4(c), does not interfere with 

the latter in the diagonal distribution function approximation. However 

it does interfere with the p G6 subprocess yy -t Mqq. The interference 

is not quite maximal but we may obtain an upper bound by using maximal 

interference: 

Edo(jet interference) = o 5 (1-xR>L 
nb-GeV 5 

d3p 
. 7 

pT 

or 

Edo(interference) 

d3p = 0.5 GeV 
Eda(yy -t Mq;) PT 

2 

(3.49) 

(3.50) 

which is small. 

IV. RESULTS 

As we have discussed in Section III, there are many contributions 

to jet and single-particle production in yy collisions, even though this 

is perhaps the simplest hadron-hadron reaction to consider in QCD. We 

will generally classify contributions according to their topological jet 

structure and nominal scaling power of pqn at fixed xR and Bc m . For . . 

convenience in making predictions for experiments at PETRA and PEP we 

will generally give predictions at & = 30 GeV, and Bc m = 90'. The . . 

results for other kinematics can be obtained from the scaling laws given 
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in Sections II and III. When the cross sections for ee -+ jet + X or 

ee + H + X are written in terms of pT and * x R = 2p trigger/&, the addi- 

tional dependence on 0 
c.m. is not very dramatic. The choice of 

e c.m. = 90' is convenient for detectors which surround the interaction 

region in a e+e- colliding beam experiment but have poor detection 

efficiency at small angles to the beam. For clarity we will plot 

p; Edo/d3p for each inclusive reaction. 

The jet cross sections which nominally scale as pq4 at fixed 8 c.m. 

and xR are shown in Fig. 6. The dominant cross section is predicted to 

be the two-jet yy -t qi channel. As we have noted, the magnitude and 

scaling properties of this cross section (curve 6(a)) are crucial tests 

of QCD at short distances, checking the asymptotic approach to scale- 

invariance as well as the color and e 4 factors in R 
9 YY 

(see Eq. (3.4)). 

It is most advantageous to compare the e+e- -+ jet + jet + e+e- rate with 

+- +-+- e e -tvvee since corrections due to the two-photon tagging effi- 

ciency and the equivalent photon approximation tend to cancel. 

Curves 6(b) and 6(c) give the jet cross sections from the 3-jet 

and 4-jet QCD subprocesses, respectively, as computed using the naive 

form of G 
de 

given in Eq. (3.10) with an initial normalization choice 

ac p; FQ = 1.2. 
( > 

The full QCD form allowing for gluon bremsstrahlung 

to all orders along the incident quark directions gives the cross sec- 

tions shown in 6(e) and 6(f) for the contributions of the 3-jet (yq + gq, 

etc.) and 4-jet (qq -+ qq, etc.) subprocesses. We see that the full QCD 

form and the simplified Born calculations would be in fairly good agree- 

ment if we choose c1 
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We also show the 4-jet contribution to the jet cross section from 

thep-dominance contribution, pp -+ q<qi with qq -+ qq scattering, in 

Fig. 6(d). This contribution is negligible compared to the perturbative 

QCD contributions. 

The various contributions to p: Edo/d3p (ee -t 71+X) from pG4 reac- 

tions as computed in Section III are shown in Fig. 7. The pG6 scaling 

CIM contributions are shown in Fig. 8 for jets and Fig. 9 for single 

+ triggers. The pi8 scaling cross sections for jets and single T + 7r 

triggers are graphed in Figs. 10 and 11, respectively. 

The single r+ trigger cross sections are more than an order of 

magnitude smaller than the jet trigger rates. For pT smaller than 

% 8 GeV, and & = 30 GeV, pi5 contributions such as yq -+ nq where the 

pion is produced directly in the subprocess is predicted to dominate 

over the pi4 processes. This is the result of the "trigger bias" 

effect'l: the scale-invariant reactions produce fast quarks in the 

final state which fragment into slower-moving pions. Since the G 
r/q 

spectrum falls rapidly, the quark pT is significantly larger than the 

trigger pT and the resulting pi4 production cross section turns out to 

be suppressed by about two orders of magnitude. The reaction yq -+ Irq 

produces the pion directly without the need for cascade and this has no 

trigger bias suppression factor. We present our predictions for the 

inclusive ?T + spectrum in Fig. 12, together with the single-y .+ inclu- 

sive cross section as a comparison. Note that, in the absence of tagging, 

the yy reaction is a dangerous background to the single-y inclusive-n 

spectrum at 90' for xT < 0.2, & = 30 GeV. 
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We can now plot differential jet cross sections as they might be 

see& in various sorts of detection schemes. 

1. No tagging, central detector. Detectors of this type will be 

unable to differentiate between large pT events without hadronic jets 

along the beam direction and those events with accompanying jets. 

Figure 13 shows the expected jet cross sections which will be observed 

by such a detector, taken from the largest subprocesses of the pro- 

ceeding figures, and the resulting envelope of the sum of all contribu- 

tions. The jet spectrum will show a pi6 falloff up to about pT = 4.5 

GeV/c at which point it will "bend" into a pi4 (I-xT) shape. Essentially 

no contributions from gluon jets or gluon exchange are visible. 

2. Use of forward photon and hadron tagging with a central 

detector. Experiments of this type have the great advantage that one 

can, in principle, trigger on events with a particular number of small- 

pT jets in addition to large-p?, jets. This considerably simplifies the 

problem of differentiating the various types of hard scattering reac- 

tions which occur. The useful quantities to present here are inclusive 

jet cross sections with two, three, or four hadronic jets, shown in 

Figs. 14, 15, and 16, respectively. (No corrections for tagging effi- 

ciency for either electrons or hadrons have been included.) 

The ability to differentiate subprocesses is dramatically improved 

by the inclusion of a forward detector. The two-jet reaction is domi- 

nated by the process yy + qi for pT > 2 GeV/c. The four-jet cross sec- 

tion is dominated by the pi4 process yy + qqqq for pT > 2 GeV. The 

three-jet cross section is dominated by the pi6 reaction yy + Mqq out 

to PT = 2 GeV, but remains important for the entire range of momenta 

accessible to experiments at & = 30 GeV. 
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The jet cross section integrated over transverse momenta is quite 

large, even for the single particular subprocess yy -f qi (which we ex- 

pect will dominate at large pT). The integrated cross section for jets 

min 2 with trigger momentum larger than p 
T 

is 

d2pT 
s 

dy y(e+e- 3 e+e-+q$or ?q) (4.1) 
dp 

log s 19 

0) 
min 2-6 

@ 321T a2 PT 
3 (4.2) YY 

(which is the result of an analytic integration assuming xG 

or about 0.5 nb-GeV2/(pyin)2 at & = 30 GeV. Jets with pT > 4 GeV con- 

tribute 0.3 more units of R to the e+e- total cross section at I& = 30 

GeV from this process alone. 

We emphasize that yy + qq events will be observed in central detec- 

tors even in the absence of electron tagging. These hadronic events will 

appear as two "short" jets (visible energy much less than EC m ), which . . 

are coplanar, roughly balanced in transverse momentum, and, in general are 

not back-to-back in angle. As we have noted, single hadrons arising 

from yy collisions at high pT will be a serious background to single- 

hadron e+e- annihilation physics for x R below about 0.2 but are negligible 

above that value. A good way to reduce contamination of one-y physics 

from 2-y processes will be to require the observati'on of at least one 

hadron in the former reactions with xR > 0.2 or so, or require a calori- 

metric trigger with E vis % EC m . . . 

Of course, the best way to study yy events is with an electron- 

hadron forward tagging detector, used not so much to measure the energy 
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of the electrons or hadrons, as to simply indicate that a yy interaction 

has taken place. A single tagged electron will suffice for such a trig- 

w , although double tagging may be necessary to remove machine-related 

backgrounds. If one is then left with a clean enough sample of events, 

one can then sift them to analyze separate multi-jet contributions to 

the jet and single particle cross'sections. 

V. CONCLUSIONS AND DISCUSSIONS 

We conclude by summarizing our predictions: 

1. The cross section for producing jets at large pT from yy 

collisions is large: u(pT > 3 GeV) 21. 0.05 nb at & = 30 GeV. 

2. The dominant contribution to the e+e--+e+e- jet cross section 

at pT > 4 GeV/c is the point-like reaction yy + qi, whose magnitude is 

+- 
absolutely normalized to be proportional to the yy -t 1-1 1-1 cross section. 

The constant of proportionality is R = 3 Xe4. Observation of this 
YY 1 

reaction and its characteristic scale-invariant behavior will represent 

the first direct verification of the l/$ shape of the quark propagator. 

It will also be interesting to study the logarithmic approach to scaling 

predicted by quantum chromodynamics and the effects of heavy qi thres- 

holds. 

3. The single r cross section has a behavior Edo/d3p <e+e- -+ e+e-X) 

u-xR12 Pi6 and represents a sizeable background to single photon induced 

hadroproduction for x < 0.2. 
R 

The magnitude of the leading contribution 

is fixed by the constituent interchange model and its measurement is a 

check of that model. 

4. A rich jet structure--two, three, and four hadronic jets, will 

be exposed to detectors and tagging counters aligned at small angles to 
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the beam. In particular, the four-jet cross section holds the possi- 

bility of seeing quark-quark scattering by vector gluon exchange. The 

even larger three-jet cross section allows the study of gluon jets and 

the QCD Compton process yq -f gq. 

5. Processes in which the photons vector dominate into low-mass 

states before scattering are essentially a negligible component of the 

large-pT cross section although they give the dominant contribution for 

small pT. 

Since these reactions are not small and since they represent such 

a rich laboratory for the investigation of quark and hadron dynamics, it 

is important that a considerable effort be made to study them. The 

simpler form of 4~r solid angle detectors will be able to elucidate the 

general features of these reactions. Detailed dynamical questions, such 

as the number of jets produced in a given interaction, require infor- 

mation which is most easily obtained from a forward tagging system used 

in conjunction with a central detector. 

We must emphasize that this work represents only a first survey of 

the field of yy-induced jet reactions. Many interesting problems remain 

to be studied. On the side of phenomenology, for instance, tagging the 

electrons provides information on the scattering of polarized photons 

- into jets--for which the simplest process yy 3 qq will give unique pre- 

dictions. One may study quantum number correlations between fast hadrons 

in one large pT jet and fast hadrons in the other jet, which will differ 

in yy + qi from the correlations seen inY 
* - 

-+ qq because of the different 

charge structure. 
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The occurrence of yy reactions at an experimentally observable 

leve& implies that the entire range of hadronic physics which can be 

studied, for example, at the CERN-ISR can also be studied in parallel 

+ - 
in e-e machines. Although low pT yy reactions should strongly resemble 

meson-meson collisions, the elementary field nature of the photon implies 

dramatic differences at large pT. This region can be a crucial testing 

ground for QCD since not only are a number of new subprocesses accessible 

(YY -t cl;, yq -t gq, yq + Mq, etc.) essentially with no free parameters, 

but most important, one can make predictions for a major component of 

the photon structure function directly from QCD. We also note that 

there are open questions in hadron-hadron collisions, e.g., whether non- 

perturbative effects (instantons, wee parton interactions) are important 

for large pT reactions.6 Such effects are presumably absent for the 

perturbative, p oint-like interactions of the photon. We also note that 

the interplay between vector-meson-dominance and point-like contribu- 

tions to the hadronic interactions of photon is not completely under- 

stood in QCD, and yy processes may illuminate these questions. 

As a final point, we wish to remark that even though we have been 

mainly concerned with e+e- colliding beams in the G = 30 region, the yy 

processes become even more important as the center-or-mass energy is in- 

creased. There has already been some talk of construction of an e+e- 

storage ring with &%200 GeV. At this energy, one unit of R of cross 

section is about 2.25*10-' nb, whereas the integrated cross section for 

+- +-- 
the process e e +e e qq, with p T > 10 GeV is %.02 nb, or about 9 units of 

R. These estimates speak for themselves: very energetic e'e- colliding 

beam machines are more nearly laboratories for yy scattering than they 

are for e+e- annihilation. 
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APPENDIX A. DERIVATION OF CONVOLUTION FORMULA 

We consider the process shown in Fig. 17 where the fragments a and 
- 

b of particles A and B undergo a hard scattering to produce the parti- 

cles c and d. The particle c subsequently fragments to form C. In the 

+ applications discussed in this paper A and B are the incident e and e-, 

C is an observed meson, and a and b can be either photons, rho mesons, 

or quarks. The relevant fragmentation functions and cross sections 

da/dt are given in the text. 

We first derive7 the inclusive cross section Edo/d3p for the pro- 

cess A + B -t C + X and then specialize it to the case where the frag- 

mentation of c is absent. 

Cross sections are conveniently derived using the notation of Ref. 

3. We assume throughout that all particles are ultrarelativistic 

(Ei" l~il). We define the momentum fractions in the c:m. frame of A 

and B 

and 

t _ (pA-pC~=$ cx -x 
Xt=--S=- 

(PA+PB)~ R F 

) 

x z-v+ 
U 

h-PC)1 = 3 (xR+xF) 

' (p~+pB)2 

Similarly for the subprocess we define 

(Al) 



- 46 - 

;1 (pb-pc)2 2 =--= 
u- h 

' (pa+pb)2 

,. 
2 I$,1 

XE----- (A31 
dii 

Following Ref. 3 the probability of the whole process is given by the 

product of the probabilities of the subprocesses. Writing the proba- 

bility of finding a constituent a in A with (light-cone/infinite momen- 

tum frame) momentum fraction between xa and xa + dxa as G a/A(Xa) dxa 9 We 

have 

do = dxa G a,A(Sa> dxb G,,,B(xb) 

where 

Since rni 
h 

c-c G, x 
U 

+ Gt 2 1 and 

do = ;* 6(1-;; -2 ) 
diitdicu d"t 

t u l 

Furthermore it is easy to show' that 

h 1 1 

Xt 

z-x 

XCXb t 
, 2 z-------x 

U XCXa u 

and 

ditdGu = 2 1 dxtdxu = 2 1 1 d3pc - - TS E . 

xC XaXb xC XaXb C 

(A5) 

(A61 

(A71 

(A81 
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Inserting these in (A4) gives3 

dxadx G 
; do 

b a/A(Xa) Gb/B(xb) ?rd; 

X 
GC/c(xc) 

2 dxC 8(1-xc) (A91 

xC Xt xu xc-+- 
' Xb xa 

We now assume explicit simple forms for the fragmentation functions: 

(1-xi) 
gi 

G i/I(xi) = ('+gi) 'i/I (AlO) x 
i 

and 

da = TD ;-N(; )-T(E; )-’ 

d: 
t U 

Inserting (AlO) and (All) in (A8) we obtain 

-T -u 
do Xt xu EC 3 = 

SN 
DAa/AAb/BAC/c (l+gaHl+gb) (l+gc) 

d PC 

X dxadxb(l-Xa)ga ( l-xb) 
gb ,U-N-l 

a 

(All) 

(A121 

Equation (A12) can be put into a more convenient form by changing vari- 

ables so that the triangular integration region becomes the unit square: 

(A13) 
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We thus obtain 

-dcs E 
ga+g,,+gC+2 

EC 3 = DA 

d PC 
a/AAb/BAC/c 

--g +gb+T+Uf2-2N 
x (l+ga)(l+gb)(l+gc) 2 a 

11 
X JJ dzdy z 

g,+gb+ ' 
(l-z)gc yga (1-Y) 

gb 

0 0 

x(1 - E(l-z))T+U-2 (1 + XF - c(l-2zy)) 
N-U-ga-1 

X(1 - x 
N-T-gb- 1 

F - &(l-2 z(l-y)) (A14) 

This is the basic formula we use in our numerical calculations. We note 

that for small E the final three factors in the integral are approxi- 

mately unity and7 

do 
ga+g$gc"2 

EC 3 
E 'L 

d pc s-t0 
DAa/AAb/BAC/c 

x2 
ga+gb+TtU+2-2-l r(g,+2) r(gb+2) r(gc+2) 

r ( 3+ga+g,,+gc) 
(Al5) 

If ga and gb are large while g, is small, y % l/2 and z % 1 will dominate 

in (A14) and the final factors are approximately 

(1+x$ 
N-U-ga-1 

(1-y) 
N-T-gb- 1 

but this is not the situation encountered here. 
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When the fragmentation of c is not present, the analog of (Al2) is 

-T -U 
do Xt "u DA EC - = 

d3p SN 
a/A'b/B ( 1+g,) ( l+gb) 

C 

dxadY, (l-x,) 

(A16) 

which using (A13) gives 

do E 
ga+gb+’ 

EC - = 
d3p 

DAaIAAb,B(l+ga) (-l+gb) 

C 

x 2 
ga+gb+T+U+2-2N 

1 ga N-U-g61 
X dy Y (l-y)gb Cl + XF - E(1+7)) 

x (1 - XF + ECl-2y)) 
N-T-gb-1 

. (Al7) 

For E + 0, we have 

Eda E 
ga+gb+l r U+g,) r c2+gb) ga+gb+T+u+2-2N 

-% 
d3p 

a/A'b/B r c2+ga+gb> 2 
(Ala 

This is actually exact for the dominant term in CIM process yq + qM 

(a=y, b=q, c=M, d=q) since N-U-ga-1 = N-T-gb-1 = 0. For small xF and 

E the integrand of Eq. (A17) can be expanded. For example, this leads 

to corrections to (A18) of 

[ 
1 f 2xF + + + $ c2 + 0(c3,c2xF,$,etc. )I 

for the QED process (a=b=y, c=d=q). 
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APPENDIX B. QCD EFFECTS IN yy COLLISIONS 

Perturbative corrections modify Born approximation calculations 

for yy collisions such as the qq -+ qq and yq + gq subprocesses in two 

mtually compensating ways. First, the running coupling constant asymp- 

totically varies with the pT of the subprocess as 
22 

@I) 
1 

b log(p;/A2) 

where 4nb = 11 - $ nf for color SU(3) and nf flavors. Second the dis- 

tributions of quarks in photons (and electrons) are modified, as was 

first discussed by Witten. 495 For our purposes it will be sufficient 

to retain only the "non-singlet" contributions to the photon structure 

functions, analogous to the valence quark contributions of the proton. 

The approximation is justified for our large pT applications because the 

singlet or quark sea contributions (from gluon bremsstrahlung and pair 

production) vanish two powers faster in (l-x). This is an especially 

useful approximation because it obviates the need to perform operator 

mixing or to redo the complicated quark charge counting of Section II. 

Within the valence approximation we can use the convolution form 

(see also Ref. 15). 

G q,y(.x,Q2) 3a ei/y $1' $ [z2+ (J-z)~] Gq,q(t,Q2,k2) = g (B2) 
1-1 

where G 
q/q 

is the standard non-singlet distribution for quarks in a 

target quark of mass k2 being probed at four-momentum squared Q2. The 

factor of 3 includes the sum over color. We shall assume that the 

contribution from k2 < p 2 is accounted for by the vector-meson- 

dominance contributions. Taking moments, we have 



G ,,,(j,Q2) = ff et f(j) Gq,q(j ,Q2,k2) 

where 

and 

s 

1 
G(j) s dx xj-1 G(x) 

0 

1 
f(j) = J dz zj-' 2 

0 
3 

1 2+2 =--- - 
j j+l j+2 

(B3) 

(B4) 

(B5) 

(B6) 

The dj are the standard valence anomalous dimensions, as defined in 

Ref. 23. Performing the kL integral in (B3) yields 

G ,/,(j,Q2) = -& ei a 2 $$-$- 
c$Q ) [ 1 j (B7) 

This exhibits the remarkable scaling features of the photon structure 

function discussed in Section III. 

It is easy to invert the moment equation (B7) via the method of 

Yndurian. 24 A graph of xG 
q/u( ) 

x calculated in valence approximation in 

QCD and in the parton model is given in Fig. l(b). Good agreement is 

obtained with the exact (.valence plus singlet) results of Llewellyn 

Smith' over nearly the entire range of x. 

The x near 1 behavior of G 
dY( ) 

x can be obtained more directly 

from a direct integration of (B2), using the x + 1 form for the quark 
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structure function 
15 

4 
G q,q(x,Q2,k2) = exp 13-4~~) 5 C2](l-xI 

4c,s-.l 
/r w25) 

where yE = 0.577... is Euler's constant, C2 

E= &ln$ 

We then obtain, 

= (N2-1)/2N=4/3, and 

038) 

(39) 

G q,y b,Q2) = &- e2 a 2 
47r 

x+-l 2.x Q 
(BlO) 

cxc(Q ) 4vb-(3-4yE)C2+4C21n& 

This result is numerically accurate only for x z 0.97 but is off by no 

more than a factor of 2 for x > 0.1 (see Fig. 1). 

Finally, as we are interested in electron-electron scattering, we 

must convolute Gq,y (x) and G y,ec.x> * That is most easily done, once again, 

by taking moments and using Yndurian's method. We find 

G q/U/e(X9Q2) = 3(g) 
2 2 

e 
lnrl *ycxl 

' ac(Q2) x 
W1) 

where ?Cx) is shown in Fig. l(d). The x-t 1 behavior of ax, is given 

in Section III. 
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A a g(l) *(l) 
a a 

gw 
a 

,cz) 
a 

e Y 0 2.37 - 1O-2 2 0.79 l 1o-2 

Table I. Fragmentation Functions 

. 

xG~,~(x) = F A; (l+g;)(l-x)" 
i 

e P 0 

e 4 1 

e (p+d)/p 2 

7.86 l 1O-5 2 2.62 l 1O-5 

1.1 l 1o-4 

2.2 ' 1o-6 3 1.1 l 1o-6 

4 7r 1 0.25 

All fragmentation functions are per color and for unit charge quarks, 

and are evaluated at & = 30 GeV, with 

f2 
g= 2.2 

In 17 = Ins = 
4m2 

20.4 

e 
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Jable II. Table II. QCD differential cross sections, summed over initial QCD differential cross sections, summed over initial 

colors, have a generic form colors, have a generic form 

i& (ij 
41Ta2 4lTa' 

-+ ka) = - s2c c 

where 

C(i=qi - 01: 4i) j=q 
s2 + u2 

j or Gj, i#j> = t2 

C(qiqi + qiqi or 9i4i + 4i~i) = 
s2 + u2 + s2 + t2 2 s2 

t2 
u2 -zitu 

C(si4i -f qi~i) = 
s2 + u2 

t2 

+ t2 + u2 2 u2 
2 -3st 

S 

C(qiii -t qjij, i#j) = t2 +2u2 

= 9 (s + f) : 6(f2 :T2) 
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Table III. yy -+ qiqi jet and IT 
+ 

effective cross sections. 

-+ final state quarks or antiquarks) 

2 2 s +u 2 2 

t2 

+s +t 

I 

2 

2 
U 

+ Nf 

Nf = number of quark flavors 

doj et 
dt (49 -+ final state gluons) 

_ 4,;: ($ (+ + F) - 6(t2;;2)) 2Xet . 

+ 

do' dt (qq + q4 + 4q + 44 -+ uX or ;iX> 

+ 4 C 
i=udsc 

The cross sections are summed (but not averaged) over color. 
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FIGURE CAPTIONS 

l . 'fhe structure function of the photon f(x) = XG q,y~x,Q2) / 

[ 
(d2~) et/ac(Q2) I , as computed in perturbative QCD, (a) the Born 

approximation from Eq. (2.12): fBorn (x) = x[x2+ (1-x)2],b. 

(b) The non-singlet (valence) structure function f(x) computed 

from QCD to all orders. See Eq. (2.14) and Appendix B. (c) The 

asymptotic form for f(x) given in Eq. (2.15). (d) The structure 

function y(x) for Gq,e as defined in Eq. (2.16). 

2. Graphs for yy inclusive cross sections proportional to pi4. A box 

encloses the hard scattering. (.a) YY -+ sn; (b) YY + q&q, q&s; 

(cl YP -t qiqi; (-4 PP -f &ii; (e) yy + qig; and (f) a radiative 

correction to the three-jet topology. 

3. The subprocesses which generate pi6 cross sections. The arrows 

on the labeled quark lines denote the direction of flow from which 

the quark's charge is to be read off. 

4. Diagrams for pi6 inclusive cross sections (a) w -+ 49, 

(b) YY -t Mqi, tc) YP -f Mqi. 

5. Diagrams for pi8 inclusive cross sections (a) PP -+ 94, 

(b> YY + q$%, Cc) PP -f Mqi, (d) yp + Mq;. 

6. Inclusive jet cross sections which scale as pi4 : Cd yy -+ qS 

(b) YY + qig, (c) YY -+ qqq< and qqgg, (d) pp -+ qiqq, multiplied 

by 103. Curves (e) and (f) give the results of calculating (b) 

and (c) respectively with the full QCD perturbative structure 

function G 
q/Y * 

7. Single 7;+ inclusive cross sections which scale as -4 p T : (4 yy -+ 44 

(b) YY + q&i. 
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8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

-pi6 jet cross sections (a) yp -f 44, (b) yy -+ Mqi, (c) yp -+ Mqi. 

-6 T+ +- 
pT 

cross sections (a) 10 x yp + qi, (b) yy + IT qq, 

(cl YP -t "+& 

pi8 jet cross sections b) PP -t qs, (b) YY + q&& Cc) PP + Mqq, 

td) YP -z M&i. 

-8 r+ 
PT cross sections (.a) 10 x PP + 49, (b) YY -f @fqq, 

td 10 x PP + n&i, (d) YP + "4;. 

Combined inclusive *+ cross section, showing only the most 

important terms, which are the pi6 (a> YY + xqi and (b) YP -+ vq 

contributions. Their envelope is given by the dotted line. Also 

shown is (c) the e+e- 
-I- 

-t y + r X inclusive cross section for com- 

parison. Again, & = 30 GeV, ec m = 90'. . . 

Jet inclusive cross sections as they would be observed in a central 

detector without tagging additional forward/backward hadronic jets. 

The dotted line is the envelope of the most important terms 

(4 YY -t qi, 6) YY + Mqq, (4 YY + 448, Cd) YY + s&h, Ce) YP + 44, 

(0 yy -t MMqq. 

Dominant jet inclusive cross sections with a two-jet topology 

(a> YY +- qig, (b) YP -t 44. 

Jet cross sections, three-jet topology (a) yy + qpg, (b) yy -+ Mqq, 

Cc> YP + M&i, Cd) YY + ig, computed with the full perturbative 

, structure function Gsly. 

Jet cross sections, four-jet topology (a) yy + qiq{ (Born approxi- 

mation) (b) yy +- 44w (4 YY + GiGi, computed with the full 

perturbative structure function G 
q/y - 

The standard hard scattering parton model diagram for AB + CX. 
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