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JETS IN HADRONIC REACTIONS

Frank E. Paige
Brookhaven National Laboratory, Upton, NY 11973

ABSTRACT

Recent experimental data on the properties of jets in hadronic
reactions are reviewed and compared with theoretical expectations.

I. INTRODUCTION

The study of jets in high p T hadronic reactions has a long
history, but only recently has the evidence for jet structure become
dramatic. The first theoretical discussion was given by Barman,
Bjorken, and Kogut In 1971. They observed that the parton model
implies that hadronic cross sections can not forever decrease
exponentially at high p T. For some p T the hard scattering of
partons must dominate, giving a power law behavior. Since strong
interactions are strong only at low transverse momentum, the
scattered partons should form jets with small k-p relative tc the
parton direction. Thus a high p T event should contain two high
Pj jets of hadrons plus low p̂ . spectators. With minor
modifications this picture is still believed to be correct.

The experimental study of high pj hadronic reactions began
with measurements of the single particle cross sections at the ISR
in 1973. These cross sections were found to be much larger at high
p T than would have been expected if there were no hard scattering
of partons. Since then, many detailed measurements have been made of
events selected with high-pT single-particle triggers. These
results have been compared with QCD based jet models, and good
agreement has been found .

j.

Unfortunately, single particle triggers are strongly biased .
Because the jet cross section falls rapidly with pj> such triggers
select those rare events in which one particle carries most of the
momentum of a jet. Single particle triggers do give some unique
information about quantum number dependence, but they do not select
typical high pj events. To see whether in fact jet events dominate
at high pj, one must find a less biased trigger.

Recently several groups have constructed large aperature hadron
calorimeters and have used them to trigger on the total transverse
energy

E T = I E. sin 6.
ieAfi

in some solid angle Afl. This trigger gives the least possible bias



while still separating the desired events from the much larger total
cross section. Results have been reported at /s = 24 GeV from the
SPS and FERMILAB6, at /s = 63 GeV from the ISR , and at /s = 540
GeV from the SPS Collider. At /s = 24 GeV the Ej trigger shows no
evidence for jets; instead the cross section is dominated by the
high-multiplicity tall of low-p^ events. By •'e = 63 GeV, jets
start to emerge from this tail; at /s = 540 GeV they are dominant.

This talk will review the available data taken with E?
triggers and compare them with theoretical models based on
perturbatlve QCD. Generally the data are consistent with the
theoretical expectations, however, there Is a large uncertainty in
the theoretical models, so no precise test of perturbative QCD can
yet be made.

II. OBSERVATION OF JETS

The basic prediction of perturbatlve QCD (or indeed of the
parton model) for high pj- hadronic reactions is that they should be
dominated by parton-parton scattering and so should contain two high
PT jets. The first evidence for such jet structure came from data
taken with single particle triggers. Then the jet model predicts
that on the side towards the trigger particle there should be
additional high p^ particles with small k-j relative to the
trigger. On the away side the high pp particle should form a jet
with small relative fcp and approximately coplanar with the trigger
particle. All of these features are observed in the data, which are
In general agreement with QCD based models.

A single particle trigger is intrinsically biased, selecting
events in which one particle carries most of the momentum of a jet.
A much less biased selection of high pp events is provided by a
trigger on the total transverse energy. Ef in some large solid
angle AH. This requires a large aperature hadron calorimeter. Such
calorimeters have become available in the last few years and have
made possible a new generation of jet experiments.

The first of these new experiments was NA5, which studied pp
••••* irp interactions at 150 GeV/c and 300 GeV/c at the SPS. The
calorimeter covered - 0.88 < y < 0.67 and the full azimuth. To
search for jets, a plane is selected for each event which maximizes
the planarity

P = max
T in T out

lip I + Zip
! Tin1 'Tout



here py j n and p-p o u t are respectively the components of p.j in

and out of the plane. Hence P = 0 for an isotopic event and P = 1
for an idealized two jet event. The NA5 result is that the planarity
distribution shows no change as E T is increased; see Fig. 2.1.
There is no evidence for dominance of jet-like configurations even at
the highest Ef. Similar results have been found by E557 at

FERMILAB.

The cross section do/dET observed by these experiments is
substantially larger than the jet cross section calculated from
perturbative QCD. The distributions can be fit by a model including
only low p T particle production with large multiplicity
fluctuations as expected from KNO scaling . Thus the results are
consistent with the idea that the high multiplicity tail of the non-
perturbative strong interaction cross section dominates the
perturbative QCD jet cross section at /e = 24 GeV. This should have
been anticipated, since the multiplicity distribution was measured
over ten years ago, but it was overlooked.

An alternative view is that the Ej. distribution can be
described by perturbative QCD but that higher order processes must be
taken into account. Then the dominant processes in the NA5 energy
range would be quark and gluon scattering the pj substantially less
than ET/2 and with the emission of several extra gluons. These
will form soft jets, giving a rather isotropic event. Such soft
gluon emission must be present should should correctly describe some
kinematic regions. However, there seems to be no reason why
perturbative QCD should be quantitatively applicable to particle
production at transverse momenta of a few hundred MeV. Clarification
of this question really requires a better understanding of
non-perturbative QCD.

The calculated QCD jet cross section increases rapidly with
energy, while the cross section for low pj particle production
changes only slowly. Thus even if jets are not seen at /s = 24 GeV,
they should be become visible at higher energies.

7—9
Experiment R807 has studied jets in pp collisions at /s = 45

and 63 GeV at the ISR. The detector includes an axial field magnetic
spectrometer and a uranium calorimeter covering - 0.9 < y < 0.9 and
A<f> = 2ir; the latter provides an Ej. trigger. The jet analysis uses
thrust, defined by

T = max
n

where n is an axis chosen for each event to maximize the momentum
projected along it. Thus an idealized jet event gives T = 1.
Fig. 2.2 shows the thrust distributions at /s = 63 GeV taken with
various E T triggers in one wall of the calorimeter (A$ = TT/2). For



low Eyf the distributions show little E T dependence, but above
Ey = 10 GeV a clear peak develops near ' 1 = 1 . A similar peaking is
seen in the data, Fig. 2.3, triggered with the full calorimeter .
This peaking is direct evidence for the dominance of jet-like events
at high Ej» At /s = 45 GeV some peaking is also seen, but it is
less convincing.

Even in the highest Ej bin there is still a substantial
background of low-thrust events. Thus extracting a jet cross section
requires a detailed model. R807 assumes that the data are described
by an incoherent sum of high multiplicity, low p-p events plus hard
scattering events containing QCD jets and low py spectators. This
is probably an oversimplification - it excludes, for example,
multiple soft jets - but it seems a reasonable first assumption.
Both classes of events are simulated by a Monte Carlo program, either
ISAJET or the Lund program1 . A detector simulation program is
then used to calculate the shape of the thrust distribution which
would be observed for each class separately, and the data are fit
with these shapes to determine the jet cross section. Obviously,
this analysisis sensitive to many detailed assumptions built into the
event simulation. There are also substantial uncertainties in the
predicted jet cross sections. Therefore, the agreement between the
measured cross section anc? the QCD prediction, Fig. 2.4, must be
regarded as somewhat fortuitous. Nevertheless, it seems fair to
conclude that R807 has observed jets with at least approximately the
expected cross section.

At the SPS Collider, both UA1 1 0" 1 1 and UA2 1 2 have studied jets
in pp reactions at -/s = 540 GeV. UA1 has a large magnetic spectrom-
eter and almost complete calorimetric coverage. UA2 has no magnet
and a smaller calorimeter covering - 1 < y < 1, but it has somewhat
better segmentation. At this energy no complicated analysis is
needed to extract jets: they stand out dramatically from the low-pj
background. Fig. 2.5 shows a three dimensional plot ("Lego plot") of
the energy flow vs. 6 and <j> for the highest Ej published event.
There can be no doubt that two jets dominate!

To be more quantitative, both UA1 and UA2 use cluster
algorithms, associating nearby calorimeter cells above some minimum
energy into clusters which are identified with jets. Because the
jets are so well, separated from the background, the results are not
very sensitive to the details of the algorithm. Of course there is
an intrinsic anbiguity from the treatment of soft particles, but this
becomes less important at high Ê * because the cross section falls
like a power of Ey rather than exponentially.

Fig. 2.6 from UA2 1 2 shows the fractions of the total E T

carried by the highest cluster and by the highest two clusters.
Above 10<J0GeV, these are about 452 and 852 respectively. Fig. 2.7
from UA1 shows the fractions of events in which the cluster
algorithm finds 1, 2, or 3 jets with E T > 15 GeV. About 85% of all
events contain two jets, and most of the rest contains three jets,
presumably from higher order QCD processes.



The UA1 and UA2 jet cross sections10"12 as defined by the
cluster algorithms are shows in Figs. 2.8 a,b. The two measurements
are quite similar, although there seems to be about a 30% overall
normalization difference, with UA2 being higher. A very rough
parameterization of the data is

2 nb/GeV

Thus a 30% difference in normalization corresponds to only a 3.5%
difference in the Ej. scale. This is remarkablv good in view of the
ambiguity in defining a jet. As is evident from the range of QCD
calculations ~ shown on the plots, the theory is far from this
sort of precision.

III. JET CROSS SECTION IN QCD

We would like to calculate the jet cross section in QCD assuming
nothing except

L = - i- Tr(F2) + if(iY'D-M)^.

Unfortunately, we do not understand very well even the first step,
namely deriving the existence of the incoming hadrons. Perturbative
QCD evades this problem by describing the incoming hadrons by the
parton model, that is, as collections of almost free partons—quarks
and gluons. The probability of finding a parton i with momentum
fraction x is given by a universal, nonscaling structure function
fj(x,Q ) , which must be determined phenomenologically. To make
jets at high py, the partons must undergo a hard scattering with a
momentum transfer Q B Px • This scattering occurs at short dis-
tances and by asymptotic freedom can be calculated perturbatively.
Finally, the scattered partons must turn back into hadrons. It is
assumed that they do so by forming the observed jets with unit
probability.

Thus in perturbative QCD the physics is separated into long-
distance parts described phenomenologicaly by structure functions or
jet fragmentation functions and short-distance parts calculated
perturbatively. The perturbative calculations use the ordinary
Feynman rules and treat the quarks and gluons as physical particles.
The long-distance parts are universal, so different processes can be
related. For these ideas to be consistent, it is necessary that
higher order terms in the perturbation theory do not introduce any
sensitivity to small, nonperturbative mass scales. This is true for
the first order corrections provided that scaling violations are
included in the structure functions .



To lowest order in as, only two-body parton scattering
processes can contribute, so there are only two-jet events. The
cross sections for all these processes have been calculated to lowest
order in QCD perturbation theory . For example, the cross section
for qi + q2 * <Ji + q2 with non-identical quarks is

2

da _ s k_ i-s + u •)
,+ ' +2 3 l A2 >
it s t

where s, t, and u are the usual invariants for the two-body hard
process. The connection between dc/d£ and the hadronic jet cross
section is made using the structure functions. If the transverse
momenta of the initial partons are neglected, then the cross section
depends on three variables, say the p-p of either jet and the
rapidities yt of both, and22"23

., A do*. n n1 i ?
where

x. = -i— fe + e )
± /s *• '

are the momentum fractions carried by the initial partons. ,The
momentum transfer Q in the structure functions and in <*S(C ) is
not precisely specified; popular choices are Q « pj and ~

Q2 _ 2 % t u
" T To o" •

Different choices of Q2 lead to different higher order corrections.

All of the QCD jet cross sections shown in the figures of
Sec. II have been calculated using the leading order QCD formulas
given above. For the SPS Collider the results differ by almost an
order of magnitude. Most of the differences can be traced to
different choices of the gluon structure function f g(x,Q

2). While
the quark distributions are well measured in deep inelastic e, u, and
v scattering, fg(x,Q ) has to be obtained indirectly, e.g. by
studying the scaling violations. This leaves a large uncertainty,
but for any reasonable choice gluon jets dominate the present SPS
data. Perhaps these data should be viewed as a measurement of
f_(x,Q ) . For the ISR, quark jets dominate, and the uncertainties
are much smaller.

If the jet cross section is used to determine the gluon
structure function, then we need another measurement to test the QCD
predictions. One possibility is to compare the pj dependence with



the dependence on the rapidity y of the jet-jet center of mass. Both
must be given by the same fg(x,Q ).

o
There are also uncertainties arising from the choice of Q and

from the value of the QCD scale A. Ac the SPS Collider these are not
very important since the range of

is such that scaling violations are minimal.

The lowest order term in the perturbative QCD cross section is
well understood conceptually, even if some elements such as the gluon
structure functions are uncertain. What about higher orders?
Certainly we can calculate the parton cross section as a series in

b0 *(Q2/A^) ° 3 f3 f

9

which is small for sufficiently large Q . However, the individual
Feynman graphs give one c~ more powers of In Q for each power of
as(Q ) , and as(Q )Jln Q never becomes small. Politzer showed
that for the first order corrections these as(Q )to Q terms either
cancel or can be absorbed into universal structure functions. In
fact they are just what is needed to give the familiar QCD scaling
violations. Subsequently, several authors claimed to give proofs
that this universal factorization holds to all orders. It now seems
that these proofs were incomplete.

The factorization problem for the jet cross section is
essentially the same as for the Drell-Yan cross section, which
technically is somewhat simpler. We therefore will discuss only the
latter. If there is only one large mass scale Q , then logarithms
can arise in perturbation theory only from singularities of the
Feynman integrals as particle masses go to zero. There are several
distinct types:

Infrared Logs: These arise from massless gluons whose momenta
sh. For examp

propagator becomes

sless
vanish. For example, in Fig. 3.1c if p' = m and q' + 0, then the

t i ^ 2 2 2p' • q1
(p1 ~ q1) - m r ^

which is singular. This singularity produces a logarithmic singular-
ity in the total rate, which however is exactly canceled by a
singularity from the virtual graph, Fig. 3.1e. The cancellation of
infrared singularities between real and virtual graphs holds to all
orders in QED . The earlier proofs assumed that it also holds for
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QCD, but Taylor and Frankel have found a two-loop counterexample.
It is suppressed by m /Q , so it does not invalidate the leading
twist calculations but it does show that QCD is more complicated.

Collinear Logs: These arise from the emission of an energetic
gluon parallel to JJ massl^ss quark. In Fig. 3.1.;, if g* = 0,
p' = a + 0, and p1 and q1 are parallel, then (p'-qf) + 0. Again
the propagator is singular, giving a log (Q /m ) term in the rate.
This log is not cancelled, but exactly the same log is found in the
corrections to deep inelastic scattering, Fig. 3.2d. Since the log
arises from the quark propagator going on shell, we should not be
surprised that the result factorizes: the bottom halves of Fig. 3.1c
and Fig. 3»2d are identical, and the top halves are the lowest order
graphs for Drell-Yan and for deep inelastic scattering respectively.
We believe that the earlier proofs correctly generalized this
argument to all orders.

Soft Logs: Finally, logarithms can arise from the exchange of
soft gluons between active and spectator quarks. To one loop order,
such logs do not appear in the rate but only in the analog of the
Coulomb phase. Bodwin, Brodsky, and LePage pointed out that
certain two-loop graphs do give such logs in the rate. They
conjectured that these logs provided a long range 0(as(Q )£n Q )
color correlation which invalidated perturbative QCD.

p Q

Subsequently, Lindsay, Ross, and Sachradja carried out the
difficult calculation of all log terms to two-loop order. They used
scalar quarks, which simplify the algebra and, more important, allow
them to use a 4> coupling of a scalar hadron to two scalar quarks as
a gauge invariant model of a soft hadronic wave function. There is
no reason to think that the results for spin 1/2 quarks would be
different. They find that when all the graphs are summed the log Q
terms do cancel. Unfortunately, the cancellation occurs among
apparently unrelated graphs, at least in Feynman gauge. The authors
therefore describe the cancellation as "miraculous", and they are
unable to generalize it to higher order.

The results of Lindsay, Ross, and Sachrajda are very encouraging
evidence that QCD perturbation theory can be used to calculate
hadronic cross sections, but a general proof or a counterexample is
still needed. If a counterexample were found, it would of course not
disprove QCD as the theory of strong interactions. It would simply
show that QCD does not imply the parton model.

We assume henceforth that perturbative QCD is correct. Then the
leading order term for any hard scattering process is given by the
leading order QCD cross section multiplied by the appropriate non-
scaling structure functions. To calculate the next order correction,
we must calculate the next order QCD graphs both for the process of
interest and for deep inelastic scattering, which is used to define
the structure functions. That is, we take as a definition of



fjCxjQ2) to all orders in perturbation theory

vW2(x,Q
2) = I B±

2 f^x.Q2) .

After cancellation of the infrared logs, these calculations give
universal O(as(Q H n Q ) terms which produce the QCD scaling
violations in fjCx.Q2). There are also 0(os(Q )) terms which
give the desired next order QCD correction.

The next order QCD corrections have been calculated in this way
for several cases. The 0(as) graphs for the Drell-Yan cross
section are those shown in Fig. 3.1 plus those with a gluon in the
initial state; the corresponding corrections to deep inelastic
scattering are shown in Fig. 3.2. Calculating these graphs and
expressing the Drell-Yan cross section in terms of the corrected VW2,
one finds that the as(Q )£n Q terms cancel as expected but that
the remaining as(Q ) terms are large . For /s = 27 GeV,

da

2 I
dQ I 0(1) + 0(«g)

^ = do j " 2'

I
A similar result is found for the Drell-Yan cross section at high
p T.

3 0 For high p T jets there are many more graphs, so the
calculation is quite difficult. Only the corrections to non-
identical quark-quark scattering have been computed . The result
is again a large correction; for /s = 27 GeV

do I

d p T \ •> 5T ' 0(as
2) + 0(as

3)

4 I 0(as
2)

29
The origin of the large correction to the Drell-Yan cross

section can be traced to the fact that the vertex graphs, Fig. 3.1e
and Fig. 3.2e, gives respectively £n (-Q ) and An (Q ) terms, and

Re[>n2(Q2) - An2(-Q2)] = IT2 « 10.

Unfortunately, the corrections to other processes do not seem to have
any such simple source • Even if perturbative QCD is formally
correct, therefore, the perturbation series converges very slowly,
and we can not expect to have precise tests of the theory.



IV. PROPERTIES OF JET EVENTS

We turn to more detailed properties of jet events. The jet-jet
mass distribution at /s = 540 GeV, obtained by calculating the
effective mass of the two highest Ej clusters in each event, is
shown12 in Fig. 4.1. Both UA1 and UA2 agree that the mass distribu-
tion is within the range expected from QCD calculations. The largest
uncertainty in the calculations is again the gluon structure
function. There is no evidence for structure at the W mass. This ie
as expected : even with a soft gluon distribution and with perfect
resolution the cross section for W • qq is below the QCD jet cross
section, as can be seen in Fig. 4.2. Both UA1 and UA2 have energy
resolutions of about 70%//E, giving mass resolutions about five times
the W width. It might be possible to detect W •>• tb by looking for
fat jets, but there is a substantial background of fat QCD jets from
gluon bremsstrahlung.

While the hadronic cross sections depend on the structure
functions, the parton cross sections are given purely by perturbation
theory. The center-of-mass parton scattering angle cos9* is easily
determined from the outgoing jets provided that the initial trans-
verse momenta are negligible. The calculated cos6* shapes shown in
Fig. 4.3 are quite similar for the various processes . UA1 has
assumed that the shapes are identical and normalized the various
terms to their 1/t poles, obtaining

*2 _ = F(Xl,Q
2)F(x2,Q

2) - i 2 _ -
dxi dx2 d cos8 d cos8

where

F(x,Q2) = f (x,Q2) + £ [f (x.Q2) + f (x,Q2) + f.Cx.Q2) + f (x,Q2)
g * u u d 1

and da/dcosS* is the gg * gg cross section. This factorization is
only approximate, but that does not matter much since gg •*• gg
dominates. The preliminary result for the acceptance corrected
cos8 distribution is shown in Fig. 4.4 and agrees well with the
QCD prediction. The results for F(x,Q ) agree rather well with the
CDHS distributions extrapolated to the appropriate Q . UA2 has a
similar result for the cos6* distribution; see Fig. 4.5. There
is clear evidence for a strong peaking at large cosB* as expected
for massless gluon exchange.

The fragmentation of a jet into hadrons involves nonperturbative
physics, but the fragmentation functions
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Njet

Ei +

Ejet

dN±
dz

P
L,i

+ Piet

should be universal. QCD perturbation theory gives In Q terms from
the collinear singularities of outgoing partons, but these can be
absorbed into D(z,Q ). Of course D(z,Q ) will depend in general on
the jet type. At the ISR quark jets dominate, so the charged
particle fragmentation function should be similar to that measured in
e e~ reactions at a similar 0 . The straightforward measurement of
Dcn(z,Q ), Fig. 4.6a, is considerably softer than that found by
TASSO. However, when a correction is made for the difference between
the observed and the actual s, good agreement with TASSO is found;
see Fig. 4.6b. Obviously, the size of the correction means that the
result is sensitive to details of the model.

At the SPS Collider gluon jets dominate. UA1 has measured11 the
charged particle fragmentation function; as Fig. 4.7 shows, the
result is very similar to the TASSO result for quark jets. The
degree of similarity is surprising. QCD predicts scaling violations
in D(z,Q ) similar to those in the structure functions . For
Jin Q + » the scaling violations imply that quark and gluon jets must
be different, with

9 -
gluon ~ 3T quark

(The factor of 9/4 is just the ratio of the color charges.) At fixed
Q there are no definite predictions but some models suggest
differences. For example, the Lund model represents a gluon jet as
two strings, so at least naively it should have higher multiplicity
and a softer distribution at large z.

The fact that gluon and quark jets are so similar, and similar
to low p T beam jets, must mean that the process of multiparticle
production is universal and independent of the source of the jet.
Low p-n jets do show some differences, e.g. the existence of
forward-backward correlations, but these seem related more to
unitarity corrections than to the basic process. What is needed,
therefore, is a mechanism for particle production which is
short-range in rapidity like the multiperipheral model. We do not
yet understand how to describe this in the framework of QCD.

The simplest model of a high p r jet event consists of two high
p T jets plus beam jets identical to a minimum bias event. QCD
complicates this simple picture by adding additional jets from gluon
bremsstrahlung. To test such models, UA1 has selected events having
a jet with p T > 35 GeV and has studied

10 the particle flow on the
same side, &tj> = ± 90°, as a function of the rapidity y from the jet



axis. The charged multiplicity flow dn/dy and the transverse energy
flow dET/dy are shown in Fig. 4.8, 4.9. The dotted curves are a
simple model with two high p T jets with limited internal kp plus
two beam jets. This can be tuned to fit the multiplicity flow, but
then the energy flow is too narrow. The solid curves are from
ISAJET, a QCD-based Monte Carlo program which includes gluon
bremsstrahlung from the final partons but not from the initial ones.
With no tuning of parameters this fits both distributions reasonably
well near the jets. It is too low far from the jets, presumably
because gluon bremsstrahlung from the initial partons is neglected.

V. MULTIPLE JETS IN QCD

To describe high Ef events in detail, it is necessary to go
beyond leading order QCD and include multiple jet processes. For
e+e~ reactions this is usually done by calculating the cross sections
for 3 and 4 partons explicitly and then using a model to hadronlze
them. Of course these cross sections have singularities when two of
the partons are collinear, so suitable cutoffs must be made. For
hadronic reactions even the calculation for three jets is not
trivial: there are 25 Feynman graphs for gg + ggg. The three jet
calculation has been done. .While the original answers were quite
complicated, Berends et al.^ have cast them into a much simpler
form. The explicit calculation for four or more jets lookt
prohibitively difficult.

The three jet cross section can be used to calculate the thrust
distribution in hadronic reactions. The answer when all three jets
lie in the transverse plane, y = 0, is shown in Fig. 5.1.
Hadronization effects have not been included. The relative cross
section for low thrust events is larger than in e+e~: the gluon has a
larger color charge than a quark, and there are just more Feynman
diagrams.

UA1 has studied three jet events by fitting a best jet-jet
plane to each event and then computing

p = J
out J |ri,out

the total momentum out of the plane. The results are shown in Fig.
5.2. Clearly Pout is larger than in a simple two jet model. The
full three jet cross section has not been combined with
hadronization, so UA1 compares it with the Pout distribution
calculated keeping only clusters with Ey > 5 GeV. The agreement is
quite good, although hadronization effects clearly need to be
studied.

The branching approximation introduced by Fox and Wolfram is
an alternative approach which includes an arbitrary number of jets
but with an approximate matrix element. The approximation is based



on the Altarelli-Parisi equations . These describe scaling
violations in jet fragmentation or in structure functions by
summing up the leading series in a8(Q )JW Q , which arises from the
singularities that occur as partons become collingar. The
singularity for i •*• j+k occurs when (pj+Pj^) = Pi • 0» an(* it
contributes to the cross section a factor

Here P,-.*.-̂  is the appropriate Altarelli-Parisi function, reflecting

the structure of the corresponding QCD vertex, Fig. 5.3:

(z) = | [z2 + (1-z)2]

(1-z)]
g-*gg

The branching approximation uses for the cross section just the
product of these singular terms, but it keeps exact kinematics. This
means that it describes well scaling violations and jets which are
nearly collinear. For widely separated jets the kinematics is
handled correctly; the matrix element is qualitatively right but
wrong in detail.

The factorized approximation to the cross section means that
multiple jet emission can be described as a classical evolution with
a probability Fi+jk for each parton i in the cascade to branch to
j+k. Thus the scheme can be implemented very naturally by a Monte
Carlo program » . It is of course necessary to cut off the
branching when the partons reach some minimum mass p c. The more
conservative approach is to choose uc to be several GeV, where
perturbation theory should still be valid. Then the partons must be
fragmented into hadrons using something like the Field-Feynman jet
algorithm . A more ambitious approach is to continue the parton
cascade down to iic « 1 GeV and to use phase space for the hadroni-
zation. This works surprisingly well, at least for many features.

At very high energies multiple jets must become more important.
The typical opening angle of a Field-Feynman jet decreases like 1/p,



whereas QCD implies that the opening angle should decrease only like
1/X.np. These can be made consistent only if the QCD jet consists of
multiple subjects from gluon radiation. To see what might happen at
very much higher energies, 1SAJET vas used to generate events at
/s = 10 TeV and pT = 1 TeV. Lego plots for 2 of the first 10
events are shown in Fig. 5.4. One event looks like seven jets. Of
course this should not be taken too seriously, but it does illustrate
the trend.

VI. CONCLUSION

Jets are clearly established as the dominant process for high
E T events in hadronic reactions. The cross section and the other
properties of these events are in qualitative and even semiquantita-
tive agreement with expectations based on perturbatlve QCD. However,
we can not yet make precise tests of QCD, primarily because there are
substantial uncertainties in the theoretical calculations.
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Fig. 3.1 0(as) graphs for the Drell-Yan cross section
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Fig. 3.2 0(as) graphs for deep inelastic scattering.
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Fig. 5.4b Another simulated event with p_ = 1 TeV.


