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A general review is given of the data on hadronic jets obtained in experiments at e "e ™, e p

H

and pp colliders. The phenomenological and theoretical approaches to describing the

parton fragmentation mechanism and the various experimental variables used in jet analysis are
discussed first. Then the algorithms for jet searches in e "¢~ annihilation are compared

and some of the physical results obtained by analyzing the structure of multijet annihilation events
are presented. Special attention is paid to the experiments at the CERN and FNAL pp

colliders. The general features of detectors with 47 geometry and the jet search procedures are
described, and the data on inclusive and multiple jet production are presented and

interpreted. The preliminary experimental results obtained at the HERA collider are also
reviewed; these indicate the multiple production of jets in ep interactions. It is shown that all the
available experimental data are completely consistent with the predictions of perturbative

QCD. The first examples of the use of the jet spectroscopy technique in collider experiments are
presented, and the possibility of using jet spectroscopy for studying heavy particles at

colliders of the next generation is discussed.

1. INTRODUCTION

The new theoretical ideas and experimental discoveries
leading to the formulation of quantum chromodynamics
(QCD) in the 1970s (Ref. 1) have considerably changed our
ideas about the nature of strong interactions. However, the
construction of a complete theory of hadron interactions is
still far from finished even for deep-inelastic processes
(DEPs), for which the most impressive results have been
obtained using perturbation theory (PT) for small (at short
distances) QCD coupling constant «; . If the spacetime pic-
ture of DEPs is used as the foundation, then a sufficiently
rigorous theoretical description has been obtained only for
pointlike interactions (so far up to ~1.4x10"'7 cm) of par-
tons and the evolution of separating partons up to distances
of only 510" c¢m from the interaction point. However, the
process of the transformation of virtual partons into the ob-
servable hadrons of the final state, which appear at distances
of (0.5-1.0)X10™"* cm from the interaction point, does not
yet have a unique interpretation and is the subject of active
theoretical and experimental research.

The main results obtained in the study of parton evolu-
tion at distances of 107 "*~10""* cm are the discovery of
hadronic jets, i.e., isolated groups of hadrons populating re-
stricted regions of phase space, and the explanation of their
production mechanism at a semiquantitative level.

In modern high-energy physics hadronic jets are, on the
one hand, a new object for detection taking the place of the
individual hadrons which were formerly the main object of
detection in experiments at lower energies. On the other
hand, it has already become apparent that the process of
parton fragmentation into hadronic jets is actually related to
fundamental ideas in QCD, so the detailed study of jet struc-
ture is of great interest in itself.

This review is devoted to the history of the development
of this new area in high-energy physics using as examples
the experimental studies at e "¢~ and hadronic (hh) collid-
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ers, where the most important results have been obtained.

2. PHENOMENOLOGICAL AND THEORETICAL
APPROACHES TO THE DESCRIPTION OF PARTON
FRAGMENTATION

The concept of a hadronic jet as an observable form of
high-energy parton arose at the phenomenological level in
the first half of the 1970s and was definitively confirmed
with the completion of the basic theory of QCD. Among the
stimuli which prodded physicists to develop the concept of
this new hadroproduction process were the following two
important ones. First, to explain the unobservability of
quarks it was necessary to introduce a new form of field
possessing a property which later became known as ““asymp-

totic freedom.” Second, the experimentally measured depen-
dence ~p, ® of the hadron spectrum at large p, instead of the

dependence ~p, * expected for hard parton scattering® made
it necessary to assume the existence of an additional inter-
mediate mechanism of redistribution among several hadrons
of the momentum of a parton undergoing hard scattering.

One of the first to suggest the possibility that a hard
parton makes a transition into a hadronic jet in a field pos-
sessing high vacuum polarizability was J. D. Bjorken. The
corresponding one-dimensional problem was solved in Ref.
3 using the formalism of quantum electrodynamics, which
aided the development of this idea. In particular, it was
shown that after the creation of a pair of charged fermions
with momenta Q/2, for a certain vacuum polarizability as the
fermions separate the fermion charge is more and more
screened by the induced charge, which after a time t=Q/m?
leads to the annihilation of the initial charges with the in-
duced charge and the production of bosons of mass m.

In that study it was concluded that in the direction of a
“knocked-out™ parton a jet of hadrons should appear, with
the hadron multiplicity growing as the logarithm of the
square of the transferred 4-momentum.
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FIG. 1. (a) Schematic depiction of parton fragmentation in the FFM. (b)
Schematic depiction of the gluon cascade in QCD.

2.1. Phenomenological models of independent
fragmentation

Because techniques for QCD calculations were initially
undeveloped, the initial attempts to describe the mechanism
of distribution of the momentum of the fragmenting parton
among the jet hadrons at the quantitative level were based on
phenomenological models of independent fragmentation.

One of the first and most popular of these was the
Feynman-Field model (FFM; Refs. 4 and 5), in which many
fundamental principles of hadronic jet production by fast
partons were first introduced. The development of this for-
malism to a level at which it could be used directly in Monte
Carlo (MC) calculations and the suitable parametrization of
the distribution functions introduced in the model ensured
the extensive use of this model for analyzing experimental
data in the first stage of research on jet production. The ideas
of Feynman and Field played such an important role in es-
tablishing new ideas about hadron production mechanisms
that to this day they are worth at least a brief study, although
the imperfections of this model are now obvious.

The FFM is based on a simple quark—meson—quark cas-
cade occurring owing to the successive recombination of
quarks from gq pairs created in the color field of the initial
quark a. The “hierarchy” of created mesons (baryons were
not considered in the original FFM) is shown in Fig. 1a.
According to this picture, the kinematical characteristics of
the “direct” meson produced (which can be a resonance) are
essentially determined by its place in the chain of successive
quark—meson—quark transitions (referred to as the meson
rank in Ref. 5). In that study it was assumed that in the jet
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produced by such a cascade the longitudinal-momentum dis-
tribution of the particles is determined by the phenomeno-
logical generating function f(7), which gives the probability
that a rank-1 meson containing the primary quark a imparts
to the rest of the cascade a relative fraction of the initial
momentum 7=1—z, where z; =§,/W,, § is the longitudi-
nal momentum of the rank-1 meson, and W, is the primary
quark momentum. In this notation the probability that a
rank-1 meson has momentum §; in the interval d¢, will be
f(1—&,/Wy)dE /W, the probability that a rank-2 meson
has momentum & in the interval dé§, will be
fQAA—=&/W)dEyW,, where W, =W,—§&,, and so on. In the
end the probability for the appearance of a cascade of suc-
cessively produced mesons in which the kth meson will have
longitudinal momentum &, in the range d £, can be written as

P(&1,&r,nbps )dEdE,..dE ... =] f(n)dn,.

i=1

(1)
where 7,=§&;/W,;_,. This leads to the recursive integral
equation

1
F(Z)=f(1—2)+f f(mF(z/p)dn/, 2)

where F(z) is the probability for a direct meson of any rank
with relative longitudinal momentum z to appear in the
quark jet.

After taking into account the various quark flavors, the
experimentally observed fragmentation function Dz(z) of
primary mesons & produced in the fragmentation of this
quark takes the form

Dl(z)=Alf(1-2)+B"F(2). 3)

In this expression the function F(z) specifying the probabil-
ity for the appearance of any primary meson of rank higher
than one with relative longitudinal momentum z is calculated
in terms of the function f(7), and the coefficients AZ and
B" = %’quf', are expressed in terms of the constants vy, deter-

mining the probability of producing gg pairs of various fla-
vors. Equation (3) can easily be generalized to take into ac-
count the production of vector resonances as primary
mesons.

The following simple parametrization for light-quark
fragmentation was suggested on the basis of physical consid-
erations and analysis of the experimental data carried out in
Ref. 4:

f(m)=1—a+a(b+1)7’, @)

where a is a constant chosen in fitting the experimental data
(it is usually taken to be a=0.77) and b=2. Later the func-
tion f(7)=(b+1)(1— 7)®, where b=0, 2, and 4 for ¢, b,
and ¢ quarks, respectively, was proposed for heavy quarks.
The meson transverse-momentum distribution is intro-
duced into the FFM also on the basis of the assumption of
local conservation of the transverse momentum in g;q;-pair
production. The absolute value of the transverse momentum
of this quark and antiquark gq,; obeys a Gaussian distribution
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P(q})=exp(—qp/207)dq,; (5)

In this case all mesons of rank higher than one have the
same p, distribution with average (p?)=20", where o=V2ao,
(the fit to the experimental data gave =350 MeV/c).

Experience in using the FFM to describe the inclusive
spectra of particles produced in jets has shown that it cor-
rectly reproduces the main features of quark jets, especially
in the region of fast particles. However, this model has a
number of obvious defects. Since in it massless partons frag-
ment into hadrons possessing a mass, energy and momentum
conservation are achieved artificially after completion of the
shower-modeling procedure. In addition, the FFM does not
reproduce the scaling violation due to the Q dependence of
the fragmentation functions.

Some of these defects of the FFM were remedied in the
work of Ali et al.® on the basis of the QCD formalism. In
particular, they defined a Q dependence of the function f(7)
which led to decrease of the population of the large-z region
with increasing Q. In that study an attempt was made to
obtain the gluon fragmentation function using the assump-
tion that the gluon is initially converted into a gq pair.

The FFM was developed further in the work of Meyer,7
who introduced a baryon cascade production mechanism
based on diquark pair production (qgq — qq), which how-
ever led to the appearance in the model of additional param-
eters which need to be fine-tuned.

2.2. The Lund string fragmentation model

Another fragmentation model which was very popular in
the 1980s was the so-called Lund string fragmentation model
(LSM; Ref. 8), which was developed by theoreticians at
Lund University. The LSM is based on the color confinement
mechanism described above (see, for example, Ref. 3). In
QCD the lines of force of the gluon field between two color
charges (partons) are collimated to form a narrow color tube
which can approximately be regarded as a string. In the LSM
it was postulated that as the charges separate the string,
whose energy is K=~1 GeV/F, is “stretched.” It breaks at a
charge separation of several Fermi, which leads to the ap-
pearance of gq pairs, since the energy release is sufficient to
generate their mass. This corresponds to the appearance of
two color strings with newly created g and g at their ends,
which can in turn be stretched and break, giving rise to a
parton cascade. The remaining string fragments which no
longer have sufficient energy to break further correspond to
ordinary hadrons. It was shown that with the assumption of a
uniform energy density distribution of the field along the
string this process is described by the integral equation (2) of
the FFM with generating function f(z)=1, where z=1—7.
The subsequent process of collinear gluon emission, which
in the LSM formalism is represented as a “kink” in the color
string, leads to the function f(z)=z"1'-(1-2)°, where
¢=0.3-0.5. The transverse momentum of the cascade par-
tons in the LSM is modeled as in the FFM. This model
possesses relativistic invariance and ensures energy and mo-
mentum conservation. Further development of this model’
led to the introduction into it of a parton cascade stage cal-
culated using QCD. The distinctive feature of the LSM is the
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appearance in it of correlations between two hadronic jets
produced from a single string, for example, in e e~ annihi-
lation.

The latest version of the model gives a good description
of the data on e e annihilation at high energies, but it is
loaded down with mathematical refinements and contains a
large number of constants to be tuned.

2.3. The description of parton fragmentation in QCD

A deeper understanding of jet production mechanisms
has been obtained in recent years owing to the development
of techniques for perturbative QCD calculations. The most
correct method for carrying out perturbative QCD calcula-
tions is to obtain the matrix elements for Feynman diagrams
with increasing power of «,. However, at present such cal-
culations exist, with some exceptions,m only in next-to-
lowest order PT for the emission at large angles of hard
gluons which give rise to hadronic jets. For e e~ annihila-
tion this corresponds to the O(a;) approximation, which de-
scribes the final state with four partons in a configuration
which allows “collinear” (due to parallel parton momenta)
and “infrared” (due to parton momentum tending to zero)
divergences to be avoided. The further use of the formalism
of perturbative QCD to describe parton fragmentation is
fraught with technical difficulties, in particular, the fact that,
in addition to the initial large scale parameter Q whose in-
troduction into renormalizable theories makes it possible to
avoid the problem of divergence of integrals over Feynman
diagrams containing “loops” (usually taken to be Q
= \/§/2 for e*e” annihilation), smaller scale parameters
arise (for example, the invariant jet mass Q;).

Therefore, for describing the parton hadronization pro-
cess special rules have been formulated for calculating a
QCD cascade (jet-calculus rules) described by “branching”
diagrams. These rules are based on the Altarelli—Parisi evo-
lution equation.'' The method was originally based on the
leading-log approximation.'?

In this approach the development of hadronic jets can be
represented as a process occurring in two successive stages.
In the first stage the initial parton possessing large virtual
mass evolves, emitting gluons, which in turn emit gluons of
the second generation and so on, until the created gluons
reach sufficiently small virtual mass, which in the calcula-
tions is specified by an effective gluon evolution cutoff pa-
rameter A.g. Gluon splitting, in which the gluon longitudinal
momentum is divided asymmetrically, also dominates in this
stage. As shown in Ref. 13, the cascade gluons produced are
easily arranged in colorless singlets. During the second stage
corresponding to “‘large distances” the development of the
parton system concludes with hadron production, which can
no longer be described using QCD. However, in the leading-
log approximation the problem of “infrared’”” divergence re-
mains.

Further progress in calculations of the first stage of evo-
lution of the quark—gluon cascade was achieved after the
studies of Refs. 14, 15, and 16, whose authors gave a rigor-
ous foundation for the decrease of the gluon emission angles
along each “branch” of the parton cascade owing to coher-
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ence effects leading to destructive interference. This made it
possible to describe quark—gluon cascades as the product of
probabilities of independent parton decays into successively
narrowing cones. On this basis in Refs. 14 and 15 it was
shown that in the so-called doubly logarithmic
approximation'” it is possible to obtain a divergence-free ex-
pression for the matrix element of gluon multiple production
in a jet by choosing the regions of phase space in which
irreducible Feynman diagrams give double logarithms.

To illustrate this approach, in Fig. 16 we show part of a
cascade in which a gluon with momentum p decays into
gluons k, and p—k,, after which the gluon k, decays into
gluons k and k;—k. In the double-log approximation
k,>k>K, where K is the “mass” of the gluon k. The con-
dition of strong angular ordering of the gluons'* arising ow-
ing to coherence of the soft bremsstrahlung requires that
6/6,<<1. In this case the probability for emitting gluon k by
gluon k, takes the form'®

ak?) dk d&?
R

P(ky—k)=N,-

where N, is the number of “colors” and k, is the transverse
momentum of the gluon k.

In Refs. 19 and 20 the inclusive spectra of partons in a
jet were calculated on the basis of the rule of strong angular
ordering of the gluons and it was shown that the maximum
value of the rapidity distribution y=3-In[(E +p,)/(E—p,)]
is reached for y~1/2-1n(Q/2A.¢). This “peaked plateau” ef-
fect implies that in e*e™ annihilation the inclusive hadron
rapidity distribution should have a dip in the central region.
The authors of Ref. 16 also obtained the well known ratio
N,/N,=9/4 for the gluon multiplicities in gluon and quark
jets.

However, as shown in Ref. 21, the double-log approxi-
mation, which correctly reflects the qualitative features, is
inadequate for a quantitative description of a parton system
with controllable accuracy. The authors of this study devel-
oped a modified leading-log approximation which com-
pletely takes into account both double-log and single-log ef-
fects in the evolution of the parton system. The gluon
distribution in In(1/x), where x=F ¢/Ej, calculated in this
approximation also manifests a peaked plateau, and for as-
ymptotic energies in the region near the maximum it can be
described by a Gaussian®?

1 do
o dIn(1/x)

7Y Y372 ’
(6)

with maximum at In(1/x¢)=(Y/2)+c, VY + O(1), where
¢y = V36N./b; ¢, = By\b/16N_ Y=In(Q/2A);
b=(11N_./3)—(2N/3); B=(1/b)[(11N6/3)+(2Nf/3Nf)];
N and N; are the number of colors and flavors, respectively.
The term O(1) describes higher-order corrections and for
Q— it should be constant. The factor N(Y) corresponds to
the calculated gluon multiplicity at the end of the cascade. It

NN(y)( clm)‘”e [—cl((ln(l/x)—]n(l/xo))z
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has been proposed on the basis of local parton—hadron
duality® that it corresponds to the hadron multiplicity up to a
normalization factor K(Y).

The inclusion of higher-order perturbative corrections
done in Ref. 24 showed that the distribution in In(1/x) devi-
ates from a Gaussian and includes two higher moments

s=((§-&)%)/0%, k=((£-&*/0*-3,

in the form

1 do _N(Y) k sé (2+k)52+s53 ko*

gdiné 2x P82 T 4 6 24/
(7)

where §=(&—&)/o, o={(é— 6", and £=In(1/x).

A number of other specific predictions for various kine-
matical regions of the parton cascade have also been ob-
tained in perturbative QCD. For example, at small x with the
condition of strong ordering in x; (i.e., x;>x,>...x,), but
without significant restrictions on k'2,-’ the authors of Refs. 25

and 26 obtained a different asymptotic solution for gluon
multiple production, which indicates the possible appearance
of “hot spots,” i.e., regions of phase space limited in k, with
very high gluon density [dn/d In(1/x)~1/a,], with the glu-
ons interacting with each other in rapidity space at distances
of order unity.?’

The authors of Ref. 28 have performed calculations for
the two-particle correlation function R(x,,x,,Q) indicating
the existence at small x; of positive short-lived correlations
due to coherent gluon emission. However, the results of the
calculations proved to be very sensitive to corrections to the
leading-log approximation and therefore are actually semi-
qualitative.

All the results mentioned here pertain to light-quark
fragmentation. The QCD analysis of heavy-quark fragmenta-
tion has predicted significant differences in the cascade-
gluon spectra. In particular, soft gluon emission is sup-
pressed in this case, and a ““dead cone” appears in the region
x—1 (Refs. 28 and 29).

We conclude this section by noting that, on the whole,
the technique of calculating the evolution of gluon systems
using perturbative QCD has already reached an accuracy suf-
ficient for experimental verification at the quantitative level.

3. PROGRAMS FOR THE MONTE CARLO MODELING
OF PROCESSES INVOLVING JET PRODUCTION

As shown in the preceding section, the process of parton
transformation into hadronic jets is probabilistic in nature, so
it is appropriate to use the Monte Carlo method to calculate
various jet characteristics at a level allowing direct compari-
son with experimental results. However, in general, such
comparison requires the jet production mechanism to be
taken into account. This problem can be solved relatively
simply only for low-energy e * e~ annihilation. However, the
correct representation of deep-inelastic lepton—hadron and
hadron—hadron collisions is just as difficult computationally
as describing post-interaction parton fragmentation, since it
must include a picture of the evolution of the initial partons.
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Therefore, to obtain theoretical predictions for hard pro-
cesses accompanied by jet production, work began in the
1980s on writing computer superprograms which completely
reproduce all the details of the theoretical description of such
processes known at a given time.

These programs are usually supported and constantly re-
vised by a group of authors, so that there is an entire series of
different versions of them. Here we shall describe recent
versions of some of these programs.

3.1. The ISAJET program

One of the first programs of this type is ISAJET (Ref.
30), created at Brookhaven National Laboratory (USA) for
the MC modeling of hard subprocesses in pp and pp colli-
sions. The ISAJET calculations of all the related effects are
organized in the following stages.

3.1.1. First, hard-interaction subprocesses are simulated.
These include parton two-particle scattering, single and pair
production of vector gauge bosons, creation of supersymmet-
ric particles, and so on.

These calculations are performed in lowest-order pertur-
bative QCD.

3.1.2. The evolution of the produced partons is described
up to A.5=6 GeV using the leading-log approximation of
QCD (Ref. 31) neglecting coherence effects. The final had-
ronization of the final-state partons is realized using the FFM
with (g,)=0.35 GeV/c.

3.1.3. Gluon emission by the primary parton with space-
like virtual mass is modeled by ISAJET using the method
proposed in Ref. 32, where the evolution of the initial parton
is done in the reverse direction after the hard interaction of
partons of the needed type at maximum 0? with the virtual
masses of the emitted gluons ordered by hand.

This program has been used extensively to analyze the
experimental data at existing pp colliders. On the whole it
has provided a good description of these data, but for the
process pp— W+ n(jet) at Js = 1.8 TeV it has been found
that ISAJET significantly underestimates the cross sections
for n=2 (Ref. 33).

3.2. The HERWIG program

This program® has been designed by a collaboration
headed by B. R. Webber at Cambridge University. He is one
of the most active theoreticians working on developing
QCD, and from the theoretical point of view this is one of
the most complete of all programs of this type. The HER-
WIG program is primarily distinguished by its systematic
inclusion of coherence effccts,” and it incorporates the basic
forms of DEPs.

3.2.1. In the modeling of hard lepton-lepton, lepton—
hadron, and hadron—hadron processes this program includes
the color structure of the subprocess, since the interference of
the gluons emitted from different color configurations re-
stricts the phase space for the first soft gluon emitted by a
hard parton.35 This causes the size of the cone for the first
emission of a gluon by a parton i to depend on the emission
angle of its color partner j.

3.2.2. The final-state parton evolution is modeled taking
into account coherence effects in the form of strong angular
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ordering, as described in Sec. 2.3. The program also includes
the azimuthal correlations between jets arising both from in-
terference effects and from gluon polarization. After the
modeling of the gluon cascade each gluon gets a virtual mass
Q, (which must be greater than twice the light-quark mass)
and gluons are converted into gq pairs. Colorless ““preclus-
ters” with an average mass of about 3Q, are formed from
these quarks. If such a precluster is too light to decay into
two hadrons, it gets the mass of the lightest hadron with the
given quark content. Heavier preclusters decay into two had-
rons or cascade-fashion into a larger number of hadrons. The
program includes the possibility of gluon decay into diquarks
and processes of heavy (b and ¢) quark production.

3.2.3. The evolution of the initial partons in the HER-
WIG program is modeled on the basis of the rules formu-
lated in Ref. 34. In particular, the quantity Q; = E; \/f_, is used
as the cascade variable for a space-like cascade; here
¢&=pXq/Ew,, and p, E and q;, w; are the 3-momenta and
energies of the cascading and emitted partons. The evolution
of the primary hadrons is modeled in the reverse direction
after simulation of a hard subprocess.

The HERWIG program is widely used to interpret the
data from experiments at e “e~ and hh colliders.

3.3. The JETSET program

This program was designed specially for describing mul-
tijet events in e *e” annihilation.*® It uses an algorithm for
parton cascade development which includes coherence ef-
fects with additional constraints such that hard-gluon emis-
sion at large angles occurs according to a prescribed matrix
element calculated in second-order perturbative QCD. The
parton cascade development in JETSET ends at A.4=1.5
GeV, and the hadronization of the produced partons is treated
using the LSM.

There is a series of similar programs (COJET,”
EUROJET,*® and so on) which differ from the programs de-
scribed above in the details of the algorithms for modeling
parton cascades and which use one of the fragmentation
schemes described above.

4. JET PRODUCTION IN e*e~ ANNIHILATION

The cleanest conditions for studying hadronic jets occur
in e* e~ annihilation into two quarks

ete —qgq, (8)
so the first experiments to seek hadronic jets and study their
characteristics were carried out in e*e” colliding beams.
However, at the relatively low energies of the e *e ™ storage
rings existing in the middle 1970s it was practically impos-
sible to experimentally detect individual jets even in the re-
action (8). Since in the quark-parton model events of reac-
tion (8) should have two hadronic jets in opposite directions,
for detecting this effect and measuring the direction of the jet
axis methods were developed for analyzing the shape of the
event as a whole using so-called collective variables. This
approach was later used to analyze events of more compli-
cated form, which lead to a wider range of collective vari-
ables. Below we shall consider the most useful ones.
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4.1. Collective variables

The first of the variables used to analyze the shape of an
event in phase space were those used to describe axially
symmetric events. These are the sphericity and the thrust,***
defined as

N N
S=| min X, (p)? > ()

i=1 i=1

N N
r=|max X (pph| / 2 b\,

i=1 i=1

where the summation runs over all charged particles, p! is
the transverse momentum relative to the axis for which =N
(p;')2 has the minimum value, and p; is the longitudinal
momentum of a particle relative to the axis for which =X,
|p| has the maximum value. For two-jet events S tends to
zero and T to unity as the jet narrows; for completely spheri-
cal events S=1 and T=0.5. The axes determined by calcu-
lating S and T are a good approximation to the axes of a
two-jet event.

A defect of the variable S is the impossibility of com-
puting it exactly in QCD owing to the “infrared” divergence.
Therefore, the T distributions are used for comparison with
QCD predictions.

The sphericity tensor made up of the components of the
momenta of all secondary particles i has been proposed for
analyzing events of more complicated shape:**!

N
MaﬂZE p;plﬁ, aaBZX,y,Za

i=1
which is diagonalized for each event. The eigenvectors n i
and associated eigenvalues \; of this tensor are sometimes

referred to as the “principal axes” of the event. The normal-
ized eigenvalues

3
Q;=\;1 2 N
j=1

when ordered as Q@ <Q,<Qj; respectively denote the thick-
ness, width, and length of the event. In this notation
S=%Q,+Q,). In addition to the sphericity, other possible
independent-variables are the planarity

P=(0,-0,)

and the flatness of an event

F=1-0,/0,,

which for flat events has the value F=1.

A quantity sometimes used which is equivalent to the
sphericity variable and whose distribution can be compared
to QCD calculations is the spherocity,*? which has a some-
what more complicated definition.

Using the “principal-axis” method it is possible to find
the deviation of the shape of an event from a two-jet con-
figuration, but here the vector n5 gives the direction of only
the event axis averaged over more than two jets. In order to
determine the axis of each of the three possible jets a special
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method* was developed which already approaches the algo-
rithms for finding each jet individually. In this method all the
final-state particles with 3-momenta p,,p,...py are grouped
in three nonempty subsets C;,C,,C5 with total 3-momenta
P(C)Zicc, = pi» 1=1,2,3. These vectors are used to con-

struct a variable called the triplicity

max {|I;(C1)|
C‘ ,C2,C3

N
T3=(1 > |pi )
i=1
+|P(Cy)|+|P(C3)|}.

This variable has value T;=1 for configurations of three
isolated jetsand T3 = 3 V3/8 = 0.65 for completely spherical
events. The subsets C;* ensuring the maximum value of T,
are identified as hadronic jets having 3-momenta P(C;). Ow-
ing to momentum conservation, these vectors must be copla-
nar. The angles between the jets in this “triplicity plane” can
be interpreted as the angles between partons.

For determining the shape of more complicated events,
the authors of Ref. 44 proposed variables usually referred to
as the Fox—Wolfram moments:

lpillp;l
H=2 —'S !

i,j

-P(cos Soij),

where the summation runs over all the particles of each
event, P, is a Legendre polynomial, and ¢;; is the angle
between the 3-momenta of particles i and j. The even mo-
ments are used to describe the shape of symmetric events,
and the odd ones reflect the degree of asymmetry of an event.
In particular, for spherical events all the moments with /=2
are equal to zero, and events with two collinear jets give
H,=1 for even [ and H,=0 for odd /. For symmetric three-jet
events the moments H, and H; have the maximum values
1/4 and 5/8, respectively.

The authors of Ref. 45 considered a more general invari-
ant method of distinguishing multijet events in the space of
four-dimensional relative velocities u;=p;/m;, where p; are
the particle 4-momenta and m; are their masses. However,
this method has not yet been used for analyzing the experi-
mental data in collider experiments.

In studies at e “e ™ colliders at large Vs and particularly
in experiments at sk colliders it is necessary to isolate events
containing jets with large transverse momenta. However, at
detectors with 47 geometry in colliding beams only the
angles and energy of such jets are measured using sectioned
calorimeters. Therefore, the concept of the transverse energy
E,=E;sin §;, where 6, is the emission angle of particle i
relative to the beam axis, has been introduced, and a new
collective variable, the total transverse energy of the event
3E,;, has been defined. For seeking events with hard neutri-
nos (from heavy-particle decays) it has become usual to use
a collective variable referred to as the missing transverse
energy:

1/2

2 2
E;“iSSi"gz[(E E,; cos <p,-) +(2 E,; sin ‘Pi) } ,
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where ¢; is the azimuthal angle of particle i. This variable
serves as a measure of the imbalance in the transverse mo-
mentum.

4.2. The detection of quark and gluon jets

The first data on the jet structure of hadronic final states
in e*e” annihilation were obtained using the SLAC-LBL
magnetic spectrometer at the SPEAR storage rings and were
published in 1975 (Ref. 46). In this experiment it was shown
that as the total c.m. energy \/E increases from 3.0 to 7 GeV
the quantity (S) significantly decreases. Confirmation of the
theoretical prediction that the quark spin is 1/2 was first ob-
tained from the distribution in the-angle between the axes of
two-jet events and the colliding-beam axis, which corre-
sponds to the angular distribution of gg-pair emission. These
important data, which were later refined in experiments at
the PETRA e~ storage rings for Vs in the range from 14 to
34 GeV, were in good agreement with the main ideas of the
quark—parton model, which associated the constituents of the
static quark model with the partons observed in deep-
inelastic scattering experiments.

Even more fundamental results were obtained at the PE-
TRA storage rings in 1979, when events with three jets were
first distinguished in all four experimental setups located at
the e*e ™ intersection points in this collider.

It is interesting to observe that the first hints of the ex-
istence of three-jet events came from the visual scanning of
the angular distributions of the energy flux. To quantitatively
confirm the presence in high-energy multihadron
et e -annihilation events of a third jet corresponding to a
gluon emitted by one of the quarks of a qq pair, in the
PETRA experiments the distributions in certain collective
variables were compared with the results of calculations us-
ing the quark-parton model for the process (8) and the QCD
calculations for the process

ete”—qqg. )

In Fig. 2 we show the distribution in the planarity P for
multihadron events recorded by the JADE detector®’ at
\/; =27.7 and 30 GeV. It follows from this that calculations
using the quark—parton model with the value of o,, which
determines the distribution in the transverse momentum g, of
the quarks in the hadronization cascade according to the
FFM (see Sec. 2.1), even significantly greater than the value
0,=250 MeV/c found at low energies cannot reproduce
these experimental data. Conversely, the QCD calculations
for reaction (9) are in good agreement with the experimental
results.

In the experiment at the PLUTO detector*® after the se-
lection of multihadron events according to the value of the
thrust T assuming that the events are two-jet ones, the jets
were classified as narrow (with smaller (p,)) and broad (with
larger (p,)). In such a selection an additional gluon jet can
form part of a broad jet. In fact, it was shown that the weak
energy dependence of (p?) for narrow jets observed in the
range 13-30 GeV is reproduced well by both the quark—
parton model and QCD, but the more significant increase of
(p?) observed for broad jets arises only in QCD as a result of
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FIG. 2. Distribution in the planarity P=0,—Q, of multihadron events

from e e~ annihilation at \/;~30 GeV. The dashed and dot-dashed lines
correspond to the FFM results, and the solid lines show the QCD results for
the process (9).

emission of a bremsstrahlung gluon by one of the quarks. In
this experiment events with markedly three-jet configura-
tions were selected by means of cuts in the triplicity 7, the
thrust 7, and the sphericity S. The number of such events is
in good agreement only with the QCD calculations for reac-
tion (9). Similar results confirming that at high energies in
e e -annihilation events a third parton appears which can
be identified with the gluon predicted by QCD have been
obtained using the TASSO (Ref. 49) and MARK-J (Ref. 50)
detectors.

However, for definitive confirmation of the fundamental
prediction of QCD regarding the existence of gluon fields it
was necessary to obtain experimental proof that the spin of
the third parton appearing in e *e~ annihilation is equal to
unity. Therefore, in the early 1980s many studies were car-
ried out of the possibility of determining the gluon spin in
high-energy e e~ annihilation.’'>* In particular, in Ref. 51
it was shown that the distribution in cos 6, where 6 is the
angle in the plane of a three-jet event between the direction
of the jet with maximum energy and the direction of the two
other jets in their rest frame depends significantly on the
value of the gluon spin. In Fig. 3 we show the distribution in
cos 6 obtained in Ref. 55 using data from the TASSO detec-
tor for the energy range 27.4< Vs<36.6 GeV. In this study
“collective” variables were use to carefully select 248 three-
jet events with relative energy of the hardest jet
X, =E/E¢amn<0.9. The results of the first-order perturbative
QCD calculations shown in Fig. 3 and the analogous calcu-
lations using the scalar-gluon model*® show that the first ver-
sion is clearly favored. Even more convincing proof that the
gluon spin is unity was obtained by comparing the experi-
mental value {cos EI)E=0.34910.013 with the calculated val-
ues (cos 0),=0.341*+0.004 and (cos 9>S=0.292i0.003.

The theoretical calculations carried out in Ref. 52
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FIG. 3. Distribution in cos @ for three-jet events from e *e ™ annihilation at

\/; =30 GeV. The solid line shows the QCD calculations and the dashed
line shows the calculations using the model with scalar gluon.

showed that the value of the gluon spin also affects the shape
of the x, distribution. The analysis of this distribution in the
range 0.7<x,<0.95 carried out in Ref. 57 using data from
the PLUTO detector at energies of about 30 GeV confirmed
the fact that the hypothesis that the third jet has spin s=1 is
the most probable. The physicists working at the CELLO
detector at the energy Js = 34 GeV later arrived at the same
conclusion.’®

4.3. Algorithms for isolating individual hadronic jets
at intermediate energies

Although the use of collective variables for analyzing
e*e” interactions made it possible to effectively distinguish
two- and three-jet events and to obtain fundamental physical
results providing important experimental confirmation of the
correctness of the main ideas of QCD, by the beginning of
the 1980s the possibilities offered by this technique for pro-
cessing the experimental data had largely been exhausted.

To check the predictions of QCD further it was neces-
sary to obtain data on annihilation events involving four and
more jets, and to check parton fragmentation models it was
necessary to carry out a detailed study of the structure of
single jets. Moreover, the energy \/; =35 GeV reached at the
PETRA storage rings already ensured that the hadronic jets
were well separated in the detector, which made it possible to
pose the question of the isolation of individual jets by means
of special algorithms.

One of the first to be proposed was the “angular” jet
algorithm,*® in which a jet is isolated using the fact that the
parton fragmentation products are collimated relative to the
direction of the parton momentum. This algorithm includes
the following steps:

* First the fastest particle is picked out, and all the other
particles in the angular range A#<a are added to it, forming
a ““precluster.”” A similar operation is performed successively
for all the other particles. The direction of the precluster axis
is obtained by summing the 3-momenta of all the particles
involved in it.
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* All preclusters with angles between their axes less than
Af=p are combined into clusters, and their energies and
3-momenta are determined by summing those of all the par-
ticles involved in them.

* Clusters with E =E ;, and n,,,=>n are assumed to be
jets.

 All the jets in an event are assumed to be correctly

”C
identified if the condition £ E > E (1 — €) is satisfied,
i=1
where e<1 is the part of the energy E;, deposited in the
detector which can belong to particles not forming part of the
jet.

This relatively simple algorithm has been used as an
additional method of distinguishing three-jet events in some
of the studies on the gluon spin referred to above. For ex-
ample, in Ref. 57 it was used successfully with the following
parameter values: a=30°, B=45°, E ;,=2 GeV, and €=0.1.

The technique of distinguishing jets on the basis of re-
strictions of the “relative differences” of the kinematical
variables of the particles involved in the jet has been actively
developed further. One example of this approach is the LU-
CLUS algorithm,% in which particles with relative transverse
momentum not exceeding a specified value are combined to
form a jet.

However, until recently the type of algorithm first pro-
posed by the JADE Collaboration has been most practical for
application in studies of e *e~ interactions. This is related to
the fact that perturbative QCD calculations in O(a?) have
been performed only for massless partons. Therefore, when it
is necessary to directly compare the data with analytic QCD
calculations, for experimental jet selection it is necessary to
use an algorithm which could also be used for performing
the corresponding operations in calculations involving mass-
less partons in QCD.

The original JADE algorithm®® is organized as follows:

* First the invariant masses m;; of all pairs of “particles”
in the selected event are calculated. Here a ““particle”” can be
a real particle which hit a single cell of the calorimeter or a
“pseudoparticle,” defined below. The invariant mass is cal-
culated assuming that particles i and j have zero mass

m;,=2EE(1—cos 6;),

and the energy and 3-momentum of the pair are obtained by
adding these quantities for the individual particles
E;=E,+E;
I;Ijzﬁl+I;] .
* The invariant mass m;; calculated in this manner is
used to determine the dimensionless quantity
2
ij

.Yijo’

>

sometimes referred to as the “jettiness,” where s is the
square of the total energy in the c.m. frame.?

The pair of particles with the smallest value of y;; is
called a pseudoparticle, and these two particles are replaced
by such a pseudoparticle in the rest of the analysis.

A. M. Moiseev 503



* The procedure is repeated until all the y;; begin to
exceed some maximum value y_,.

* All the pseudoparticles produced in this stage are as-
sumed to be jets.

However, algorithms of this type possess an ambiguity,
often referred to as the ‘‘recombination-scheme uncertainty,”
because the results obtained significantly depend on the de-
tails of the procedure for redefining the kinematical variables
used to ensure that the final-state hadrons combined to form
the jet are similar to the massless partons in the QCD calcu-
lations.

By now several recombination schemes have been stud-
ied in order to find the one for which the analytical pertur-
bative QCD calculations in O(a?) are most suitable for di-
rect comparison with the experimental data, i.e., the one for
which the hadronization corrections are sufficiently small.
The main ones are the E, EO, P, and PO schemes.”? They
differ from each other in how the pseudoparticle
4-momentum is formed from the 3-momenta and energies of
the initial particles (or pseudoparticles).

However, the increasing accuracy of experiments at
e*e” colliders and the improvement of techniques for per-
turbative QCD calculations revealed defects in this approach.
The main one is the possibility of forming a pseudojet from
soft bremsstrahlung gluons, which should actually be in-
cluded in the jets associated with the partons emitting these
gluons. In fact, for E;<< Vs and E; < Vs the value of yij can
be a minimum even when particles i and j are produced in
the fragmentation of soft gluons emitted by different partons,
and their 3-momenta are separated by a rather large angle.
The production of such soft pseudojets cannot be taken into
account sufficiently accurately in second-order perturbative
QCD calculations, which means that for small y;; there are
large corrections from higher orders. Therefore, several new
algorithms have been proposed for isolating jets in
et e -annihilation events which would preserve the weak
dependence on the hadronization model present in algo-
rithms of the JADE type, but which would make it possible
to decrease the corrections from higher orders for the corre-
sponding QCD calculations.

The most successful of these proved to be the &, or the
Durham algorithm,*® in which the sequence of operations of
the JADE algorithm is retained, but the relative transverse
momentum rather than the invariant mass is used as the vari-
able on which the jet isolation is based. The jettiness in the k,
algorithm is defined as

yij=2(1—cos @ij)min(E,;,E,Z)/5>

which for small ©;; corresponds to the minimum transverse
momentum in the jet. The use of this algorithm makes it easy
to include higher-order corrections in perturbative QCD cal-
culations and to avoid the problems of pseudojets of soft
particles emitted at large relative angles.* Detailed study of
this scheme for modeled events has shown that it has advan-
tages compared to the algorithms used earlier, at least in the
calculation of the cross sections for annihilation events at
small y;; .
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FIG. 4. Dependence on y, of the relative cross sections R, for multijet
production in e “e~ annihilation at Vs=54—61.4 GeV. The curves show the
results of analytic QCD calculations.

4.4. Cross sections for events with several jets

The technique described above for experimentally distin-
guishing individual jets in e " e~ annihilation events ensures
the possibility of correctly comparing the results of QCD
calculations with experimental estimates of the relative cross
sections R, =a,/0,,, where o, is the total cross section for
e*e” annihilation into hadrons and o, is the cross section
for annihilation interactions leading to the production of n
jets in the final state. Actually, in the O(af) approximation
of perturbative QCD the quantities R, can be represented as
an expansion in powers of a,(u) (Ref. 65):

R2: 1 +C2,1(ycut) : as(lu')+c2,2(ycu(’f ) * C!?(,LL),
R3=C31(Yeu) @s(1) +C32(Yeuf ) @2(p), (10)

R4:C4.2(ycul) : a?(lu')’

where u is the renormalization scale at which «; is defined
and f=pu%/s.
Here
127
*$)= 33 22%N,) - In(u/Agrg)””

and A7z is the QCD scale constant, found from experiment.

The coefficients C,, ;, incorporating the explicit depen-
dence on y, can be calculated in perturbative QCD for dif-
ferent recombination schemes.

In Fig. 4 we show the y ., dependence of the cross sec-
tions R, measured at the TRISTAN e*e™ collider at ener-
gies Js=54-61.4 GeV (Ref. 66), isolated using the JADE
algorithm. We see that even at such high energies it is im-
possible to uniquely determine the absolute values of R,
since they depend strongly on y,,, especially for n=3. How-
ever, this should not be considered a defect of this algorithm,
since the introduction of a y_, dependence of R, is one of
the methods of resolving the real ambiguity in jet definition
related to the presence in jets of soft hadrons emitted at large
angles to the jet axis. This approach makes it possible to
avoid a number of complicated methodological problems
such as jet overlap and background from events with incor-
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FIG. 5. Dependence on y,, of the relative cross sections R, for multijet

production in e "e” annihilation at Vs=91 GeV obtained at the OPAL de-
tector. The curves show the results of calculations using the JETSET pro-
gram.

rectly determined jet multiplicity, and it ensures the solution
of many physical problems. Actually, the results of the
O(a?) perturbative QCD calculations shown in this figure,
which include the parton hadronization process and also
detector-related effects, give a good description of the ex-
perimental data on R,, in a wide range of y ., after optimiza-
tion of the value of a,(u).

The most careful measurements of R, have been made at
the LEP e* e collider at y's=M . In Fig. 5 we show the
¥t dependences of R, obtained at the OPAL detector®’ us-
ing the &, algorithm, which made it possible to compare the
results with the QCD calculations for values of y_,, consid-
erably smaller than in Fig. 4. The curves shown in Fig. 5
were calculated using the JETSET program. The dashed lines
show the results of the calculations performed at the parton
level, and the solid lines show the results of calculations at
the hadronization level. It follows from these data that the
hadronization corrections are important only for y,,<0.003.
Comparison of these results with those obtained earlier on
the basis of recombination schemes for the JADE
algorithm®® indicates that the k, algorithm leads to smaller
corrections for hadronization.

4.5. Some results obtained in the study of multijet
events

As shown in Sec. 4.2, the isolation of three-jet events
and study of their structure led to the discovery of the vector
nature of the gluon. Further study of multijet events at the
e e colliders TRISTAN, SLS, and LEP made possible the
detailed experimental verification of calculations including
higher orders of perturbative QCD. However, the analysis of
all the physical results obtained at these colliders lies outside
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the scope of this review, and here as an example we shall
give the results of measurements of a number of fundamental
QCD constants.

4.5.1. Measurement of a,

Among the numerous ways of experimentally determin-
ing a; (see, for example, the review of Altarelli®®), one of the
most accurate is measurement of this quantity from the ratio
of the yields of three- and two-jet events. Actually, first-order
perturbative QCD calculations give a,/ for this ratio. The
inclusion of second-order terms leads to Eq. (10), which is
used for the more accurate determination of the QCD scale
constant Azs.

At all the experimental setups at LEP except for L3, the
method proposed by the OPAL Collaboration™ was used to
determine the constant Azs. In this method the differential
distribution

Ry(y)—Ry(y—Ay)
Ay ’

is measured, where y =y, where the event classification
changes from three-jet to two-jet. The first series of measure-
ments of Ajs were made using the various recombination
schemes of the JADE algorithm. Although the experiments
carried out at different LEP setups (Refs. 70—73) differed in
many details of their analysis (in particular, some were car-
ried out only with charged and neutral hadrons separately,
while others used them together), they gave consistent re-
sults. Averaging over the four experiments gave the value
ay(Mz) = 0.119 * 0.008. However, it turned out that
the quantity Azs determined in this way significantly de-
pends on the renormalization parameter u, and its value ob-
tained from a fit to the experimental data was too small. For
example, according to the OPAL data,”’ the value of Az
found as a result of approximating the D(y) distribution at
the fixed value f=1 turned out to be 330 MeV, while when
A5 and f were determined jointly the values 147 MeV and
0.0052, respectively, were obtained. The existence of this
dependence of Az on the scale parameter indicated the ne-
cessity of including higher-order terms in the perturbative
QCD calculations. Further analysis showed that a lower
value of u resulted from a fit of the data at small y,;, where
the perturbative QCD calculations were least accurate, be-
cause the form of the variable y,; in the JADE algorithm did
not permit use of the technique of resumming the leading-log
terms.”*” This defect was eliminated by going to the k, al-
gorithm, which permits resummation for small y;; not only
of the leading-log terms, but also of all the higher-order
terms. Processing of the OPAL data using the k, algorithm®’
led to the values Azz = 244t}§ and f=0.25. After such re-
processing of the data from the other LEP detectors the new
average value became a (M,)=0.123+0.005 (Ref. 69),
which, however, coincides with the earlier value within one
standard deviation.

Another source of systematic discrepancy in comparing
the experimental data and the analytic QCD calculations is
the effect of the hadronization process, which can be in-
cluded only on the basis of MC calculations. As a result of
such calculations it was shown that for the EO scheme the

D(y)=
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FIG. 6. Energy dependence of the coupling constant a; calculated from R,, .
The solid line shows the results of analytic calculations in lowest-order
perturbative QCD, the dashed line corresponds to a;=const, and the dotted
line shows the energy dependence of the coupling constant a, in the Abelian
vector theory.

uncertainty in measuring the relative yields of events with
different numbers of jets due to the hadronization process
was less than +2% for s in the range from 25 to 100 GeV.
Therefore, study of the energy dependence of the cross sec-
tions for events with n jets at fixed y ., is a reliable method
of determining the energy dependence of a;. In Fig. 6 we
show the data on R3(y.,=0.08) for Vs in the range from 22
to 91 GeV (Ref. 76), obtained at the PETRA, PEP,
TRISTAN, and LEP colliders using the EO recombination
scheme, which permits them to be compared with analytic
perturbative QCD calculations at order O(a?). The solid line
in Fig. 6 corresponds to the results of approximating the
experimental data by the analytic expression for R; with
scale coefficient f=1. The dashed line in this figure corre-
sponds to the hypothesis that the constant « is independent
of the energy. These data suggest that the existing experi-
mental results reliably exclude the hypothesis that ay is in-
dependent of the energy, while the same results are well de-
scribed by the O(a?) approximation of perturbative QCD,
which is convincing evidence in favor of a “running” a,
i.e., the non-Abelian nature of the theory of strong interac-
tions.

In Fig. 6 we also show the energy dependence of R;
following from Abelian gauge theory (AGT; Ref. 77), which
does not contain the gluon self-interaction and does not pre-
dict confinement. We see that AGT with rapidly growing
coupling constant a, completely disagrees with the experi-
mental data.

4.5.2. Measurement of the coupling constant of the
three-gluon vertex

An important feature of QCD as a non-Abelian gauge
theory is the gluon self-interaction due to the fact that the
gluon carries a color charge. This leads to the appearance of
three-gluon vertices which, for example, must make a sig-
nificant contribution to the production of four-jet events in
e’ e annihilation, described by the graphs in Fig. 7. Al-
though it is impossible to uniquely determine experimentally
in which of these processes each individual four-jet event
was formed, this can be done by statistical methods for a
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FIG. 7. Feynman diagrams describing the production of 4-jet events in
e’ e annihilation.

certain event sample after ordering of the jet energy in the
form E,=E,=E;=E, on the basis of the specific structure
of the jet from the three-gluon vertex.”® One of the variables
in which the distribution is different for the final states ggqq
and gggg is the angle Oy between (p,—p,) and (p3—p4)
(the Nachtmann—Reuter angle; Ref. 79). It has been sug-
gested that the angle as, between the two jets with smallest
energy be used to distinguish gggg states produced as a
result of double gluon bremsstrahlung (graphs a and b in Fig.
7) from the states produced in the process with a triple gluon
vertex (graph d).%

In Fig. 8 we show the distribution in cos @Yy obtained
using the data from the L3 detector together with the pertur-
bative QCD and AGT calculations.”’ The significant differ-
ence between the distributions of four-jet events in cos ONg
predicted by these models is due to the fact that for
Y.=0.01 QCD gives only 4.7% four-jet final states gqqq,
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FIG. 8. Distribution of 4-jet events in cos @y obtained at the L3 installa-

tion in e*e™ annihilation at Vs=91 GeV. The curves correspond to the
results of calculations using QCD and the Abelian vector theory.
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while AGT predicts 31.3% such states, because the graph
with the three-gluon vertex does not exist in it.

The DELPHI Collaboration approximated the two-
dimensional four-jet distribution in cos Ofg vs. as, by a de-
pendence obtained in second-order perturbative QCD in
which the ratios C,/Cr and No/N, (where C, and Cf are
the coupling constants at the ggg and qgq vertices, respec-
tively, and N and N, are the numbers of color charges of
the quark and gluon) were taken as free parameters. In this
study four-jet events were selected using the LUCLUS
algorithm;® the background arising from falsely interpreted
two- and three-pronged events was taken into account by
MC modeling. A complicated analysis including all detector-
related  effects®! gave C4/Cp=2.12%+035 and
N¢/N,=0.46+0.19, which are consistent with the corre-
sponding values of 2.25 and 3/8 obtained in QCD.

The presence of a contribution from the three-gluon ver-
tex was also established in analyzing the data of the ALEPH
detector.®?

4.6. Main characteristics of hadronic jets

Although e*e™ annihilation presents ideal conditions
for studying the structure of hadronic jets, owing to the fea-
tures of gluon cascade development the determination of in-
dividual jets from quark fragmentation and, to an even
greater extent, from gluon fragmentation at low energies is
not completely unique. Therefore, up to LEP energies it is
not the characteristics of individual jets that are usually stud-
ied, but those of annihilation events as a whole, assuming
that two-jet events give the dominant contribution.

A detailed study of the structure of annihilation events in
the range Vs=14-34 GeV has been carried out at the
TASSO setup.®® The analysis of the energy dependence of
the average charged-particle multiplicity that they per-
formed, in which data at lower energies were also used,
showed that it is described well by a dependence of the type
(ngy=a+b explc(In(s/QF))"?], with Qy=1 GeV, obtained
in the leading-log approximation of perturbative QCD. The
values of {(n.)/D (where D is the dispersion of the n, dis-
tribution) for charged particles emitted into opposite hemi-
spheres relative to the sphericity axis which were found in
Ref. 83 turned out to be about v2 times smaller than for the
complete events, which indicates the absence of strong cor-
relations between jets. The momentum distributions of the
particles in the jet were analyzed assuming that the axes of
the quark jets coincide with the thrust axis (see Sec. 4.1). It
has been found that as /s increases the number of particles
emitted at small angles « to the jet axis grows rapidly, but for
a>40° it is practically independent of the energy. The
strengthening of the jet collimation with increasing jet en-
ergy is confirmed by the distributions of the normalized
charged-particle momentum flux:

dP 1 p d*N
da N pr, dpda’

which are shown in Fig. 9. It was found that the average
transverse momentum of the charged particles relative to the
jet axis depends nearly linearly on p; for p; >0.5 GeV/c.
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FIG. 9. Dependence of the charged hadron momentum flux on the angle a
to the jet axis in two-jet events from e* e~ annihilation.

However, the most impressive confirmation of the QCD
predictions regarding parton fragmentation mechanisms was
obtained in studying the distribution (1/a,)(do/d In(1/x,)),
where x,=2p/ \/AT in which the “peaked plateau™ predlctcd
in Refs. 19 and 22 was found. This feature of the distribution
in In(1/x,) was later confirmed at LEP energies using the
OPAL detector.** In Fig. 10 we show the distribution in
ln(l/xp) obtained using this detector, together with the results
of calculations using Egs. (6) and (7). We see that the distri-
bution deviates from a Gaussian, but the region of large x, is
described poorly by both equations. On the other hand, as
shown in that study, the shape of this distribution completely
reproduces the curve calculated using the HERWIG pro-
gram. A joint analysis of the data obtained at the TASSO and
OPAL detectors showed that the shift of the maximum with
energy is consistent with the dependence following from Egq.
(6), which confirms the presence of coherence effects in the
development of the gluon cascade.
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FIG. 10. Distribution in ln(l/x,,) of charged hadrons in e *e ™ annihilation at

\/; =91 GeV. The dashed line shows the result of calculations using Eq. (7)
and the dotted line is the Gaussian distribution (6).
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At present, studies of correlations between the kinemati-
cal variables of two and more hadrons belonging to the same
jet are at a less advanced stage (from the viewpoint of both
theory and experiment).

The positive short-range correlations between the rapidi-
ties of two hadrons with small x;=E,/E; predicted for the
gluon cascade (see Sec. 2.3) were in principle discovered at
the OPAL detector.®®> However, the experimental results dif-
fer considerably in details from the theoretical predictions
made at a semiqualitative level.

In several experiments (see, for example, Ref. 86) strong
negative short-range correlations between the charges of two
hadrons have been found, indicating a local charge cancella-
tion. On the other hand, the presence of a local cancellation
of the transverse momentum has not been established.

4.7. Results of searches for differences in the
structure of jets from gluon and quark fragmentation

As shown in Sec. 2.2, one of the most important predic-
tions following from the QCD approach to strong interac-
tions is the important difference between the quark and gluon
hadronization processes owing to the larger color charge of
the gluons. Therefore, right after the discovery of the gluon
the structure of hadronic jets from gluon and quark fragmen-
tation became the object of careful experimental study.
Events of reaction (9), which possess the simplest parton
structure, are usually used for this purpose. However, even in
this case at the PETRA and PEP energies problems arose
with the identification of jets from quarks and gluons, so
different indirect methods of comparing them were used.

Although the studies carried out at these colliders gave
conflicting results,®”~* on the whole for \fgs 35 GeV they
indicated the absence of the significant difference between
the gluon and quark fragmentation processes predicted by
“naive” QCD.

This conclusion was confirmed in subsequent experi-
ments carried out at higher energies. In the experiment car-
ried out using TRISTAN at \/E =50 and 60.8 GeV (Ref. 91),
the jet of lowest energy was selected as the gluon jet in 3-jet
events, and the characteristics of the other jets (by assump-
tion, produced by quarks) in 3-jet events were, as a control,
compared to those of jets in 2-jet events selected in the same
experiment. There was found to be a significant difference
between the jets from quark and gluon fragmentation defined
in this way in the dependence on the jet energy of the frac-
tion of jet energy lying inside a narrow cone about the jet
axis, the average rapidity of the leading particle in the jet,
and the angular correlations. The difference that was ob-
served qualitatively corresponded to the results of calcula-
tions using the JETSET program, in which the difference in
the description of the quark and gluon fragmentation pro-
cesses was taken into account.

The first attempt to make quantitative measurements of
the difference in the structure of quark and gluon jets was
made at the OPAL setup at \'s=M o (Ref. 92). The OPAL
Collaboration recently published improved data on this
question.”®> Roughly 23 thousand 3-jet events of reaction (9)
were used in this experiment, which is more than an order of
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magnitude greater than the statistics used in the previous
studies of this problem. The 3-jet events were selected using
the k, algorithm.

The large statistics made it possible to efficiently use the
technique of quark jet tagging using the secondary vertex
from the decay of ¢ or b quarks. Here one of the quark jets
was taken to be the fastest jet whose energy was at least 8
GeV higher than the energy of any of the slower jets. Then
events were selected in which the remaining quark and gluon
jets had similar energies (about 24 GeV), and the constraint
,:=(150°%=10°) was imposed on the angle ¥,; between the
axis of the fast-quark jet and the axis of the i jet. In addition,
it was required that one of these jets contain a secondary
vertex lying close to the e * e~ -interaction vertex. These cri-
teria were used to select 1175 events with a tagged quark jet.
By means of modeling it was found that the untagged slow
jet was, with (80+5%) probability, a jet from gluon fragmen-
tation. The 20% contamination of the sample by quark jets
was corrected for in the rest of the analysis.

However, since the jet tagging process led to the selec-
tion of jets with heavy-quark production, the obtained distri-
bution in the energy flux in the slow-quark jet must differ
from the same distribution for random quark jets and it can-
not be directly compared to such a distribution for gluon jets.
Therefore, a second sample of 3-jet events with similar kine-
matical configuration but without tagged jets was used in this
experiment. In this sample the set of slow jets appeared to be
an equal mixture of gluon and quark jets, and the parameters
of the slow-quark jet were obtained by subtracting the gluon
jets from the first sample. In Fig. 11a we give the final dis-
tribution of the energy flux in the angle ¢,; for jets from
quark fragmentation obtained for the sample containing
tagged jets, and in Fig. 11b we show the analogous distribu-
tion for jets from gluon fragmentation. The solid-line histo-
grams in these figures show the results of modeling using the
JETSET program. It follows from comparison of the distri-
butions in Fig. 11 that the energy flux of the quark jet inside
the jet “core” (135°<¢,;<165°) is considerably higher than
in the gluon jet. In Fig. 12 we show the ratio of the normal-
ized inclusive distributions (1/n,,)(dn/dxp) of particles from
gluon and quark jets, where xy=E/E;. We see that soft par-
ticles dominate in a gluon jet. In this study it was reliably
established for the first time that the average particle multi-
plicities in the range of jets (120°<4,,;<180°) from gluon
and quark fragmentation differ considerably:

<ntot>g
(nlot>q

n
{en)s _ ) 326+0.054 stat.=0.073 sys.
(nch>q

=1.267%+0.043 stat.+0.055 sys.,

5. JET PRODUCTION IN HADRON-HADRON
INTERACTIONS

Experiments to seek hadronic jets in hk interactions
were begun at the same time as the analogous experiments in
et e annihilation. However, the first reliable data on the
observation of jets in pp interactions were obtained at the
Intersecting Storage Rings (ISR) at CERN considerably later
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FIG. 11. Distribution of the energy flux as a function of the angle ¢, (see
the text) for charged particles from three-prong events from e*e ™ annihila-

tion at \/; =91 GeV:
(a) For jets from quark fragmentation;
(b) For jets from gluons.

than at e “e~ colliders. The delay was caused by the fact that
the problem of distinguishing jets in k4 interactions is more
difficult experimentally than in e “e~ annihilation owing to
the presence of several quarks in the initial state. Up to now
the main reaction used to study jets in hh interactions has
been the hard scattering of two partons:

hi+hy=q,+q,[+(n—2)q4]—q,+q,+ X,
hi+hy=q+g[+(n—1)gu]l—qg+g+X, (11)

hit+h;=g+g:[+(n)gpl—g1+82+ X5,
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FIG. 12. Ratio Ry, of differential cross sections (1/n,,)(dn/dx) for quark
and gluon jets.
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where n is the number of valence quarks in the colliding
partons, leading to the appearance in the final state of two
jets emitted at large angles to the primary hadron direction,
and two beams of superimposed jets from the other spectator
quarks g, emitted in the direction of the colliding beams,
which in reaction (11) as written above are included in the
system X .

At ISR energies the cross section for this process is
small, so the main problem was to set up a trigger allowing
the selection of events with two jets emitted at large angles
in a background of soft interactions exceeding the effect of
interest by several orders of magnitude. In addition, in con-
trast to e “ e~ annihilation, the jets produced in reaction (11)
are not collinear in the c.m. frame of the colliding hadrons,
since the interacting partons carry different fractions of the
primary hadron momentum and have different values of the
initial transverse momentum k,. Moreover, along with the
two jets from parton hard scattering in the final state of re-
action (11), additional jets can appear from the gluons emit-
ted by partons of the initial and final states, as shown in Secs.
2 and 3.

Hints of the possible existence of the process (11) were
seen at the ISR even in the early 1970s, when it was discov-
ered that the measured cross section for hadron production at
large (=1 GeV/c) transverse momenta significantly exceeds
that expected on the basis of simple extrapolation of the data
from the region of smaller \/;(Ref. 2). The first convincing
data on the production in pp interactions at the ISR of two
hadronic jets from the fragmentation of partons produced in
the reaction (11) were reported at the Twenty-First Interna-
tional Conference on High Energy Physics in 1982 (Ref. 94).
It is interesting to note that at the same conference the UA2
Collaboration presented preliminary results on the discovery
of jets at the CERN pp collider at \'s=540 GeV, where this
effect was much more pronounced.

5.1. Jet identification at ISR energies

The most detailed studies of reaction (11) at ISR ener-
gies were carried out using the Axial Field Spectrometer
(AFS; Ref. 95), which already offered many of the possibili-
ties of the experimental setups with 47 geometry later used
at more powerful hadron colliders. In particular, the AFS had
a precision sampling calorimeter with an absorber made of
uranium and copper plates alternating with scintillating ma-
terial, which covered the entire azimuthal angle ¢ in the
rapidity range |y|=<0.9. This made it possible to accurately
measure the total transverse energy 2E, and to set up a hard-
interaction trigger using the calorimeter data.”® In the AFS
the regions of the calorimeter hit by particles from jets were
distinguished using a LUCLUS-type algorithm.*’ Prelimi-
nary selection of two-jet events of reaction (11) was accom-
plished using the circularity C, a collective variable which is
the two-dimensional equivalent of the sphericity S defined in
Sec. 4.1.

It was shown that for £E,>25 GeV, the event distribu-
tion in the circularity contains a peak at small values of C,
which becomes dominant in distributions of events with
2F,>35 GeV. This feature of the distributions of the variable
C in the range 30< Vs<63 Gev depends weakly on the
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energy, but the number of events with large values of 2E,
grows rapidly with increasing \/; . It was also shown that two
jets distinguished in events with C<<0.4 by means of the
cluster algorithm are emitted in opposite directions in the
azimuthal angle ¢ [for 3E,>44 GeV, (Ap)=(174=1)"], as
should occur in the case of hard parton scattering. The mea-
sured cross sections of events with two jets in the range
\/; =30-63 GeV are also consistent with the results of cal-
culations in lowest-order perturbative QCD.

In studying jet structure at the AFS setup it was estab-
lished that the distribution of charged particles included in
the jet in the quantity x, = 2p/ Vs, where s’ is the energy of
the colliding partons in the c.m. frame and for Js=63 GeV
was (\/s_' } = 32 GeV for the selected events with 2E,>33
GeV and € <<0.4, is in good agreement with the analogous
distribution measured for two-jet events from e “e~ annihi-
lation at \'s=34 GeV at the TASSO setup.®

To determine the nature of the partons producing jets
with large p,, the dependence of the ratio of the numbers of
positive and negative particles in the jet as a function of their
x, was studied. The significant increase of this ratio with
increasing x,, was interpreted as evidence that the fragment-
ing objects are mainly valence quarks which have undergone
hard scattering.

Similar results were obtained at \s=63 GeV by the
CMOR Collaboration”’ at a setup having an electromagnetic
calorimeter covering 90% of the range of ¢. In this experi-
ment the trigger was set up using the total transverse energy
SEY of the neutral particles (mainly 7° mesons). The jet
search algorithm was based on the assumption that the data
from electromagnetic calorimeters contain only two clusters
lying in the two different hemispheres. The jet size was then
defined as the opening angle of the cone about the jet axis
(6,<30°). In this experiment, on the basis of the fact that the
number of events in which both leading particles are posi-
tively charged increases with increasing SE7, it was also
concluded that the fragmenting partons are primarily u
quarks.

5.2. Main results of jet studies at pp colliders

More detailed studies of hadroproduction of jets and
their characteristics were carried out after the pp colliders at
CERN and FNAL with energies of \/; =540-630GeV and
800 GeV, respectively, came into operation. In this new en-
ergy range the cross sections for hard parton scattering pro-
cesses rose sharply (for example, the cross section at
Js=540 GeV turned out to be three orders of magnitude
larger than at the maximum ISR energy), which ensured that
they could be very clearly distinguished on the background
of soft hadron interactions.

Hard processes at the CERN pp collider were mainly
studied using two experimental setups, called UA1 and UA2
(from Underground Area) after the two underground areas in
which they were located.

These two very different setups became famous because
they were the ones to discover the vector gauge bosons w*
and Z°. But these setups also proved to be very effective
tools for studying hadronic jets. Since in the hadronic jet
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studies carried out at them the jet identification algorithms
differed considerably from the ones described above for
e e colliders and took into account the special features of
these detectors, here we shall describe their main character-
istics.

The UA1 setup (Refs. 98—100) used a dipole electro-
magnet of the closed type with H=0.7 T, constructed ini-
tially for ISR experiments, in which the nearly hermetic
yoke, interleaved with layers of plastic scintillator, served as
a hadronic calorimeter (HC) covering the region |7<3,
where the pseudorapidity #=—In[tan(®/2)]. In the trans-
verse direction the HC was segmented into 360 cells with
independent information readout. Inside the yoke was a sam-
pling (lead/scintillator) electromagnetic calorimeter (EMC)
and a central cylindrical drift chamber 5.8 m long and 2.3 m
in diameter. The calorimeters and track detectors were also
used to cover small angles (3<|7|<4). The magnet was cov-
ered on the outside (except for its faces) by an additional 60
cm of iron filter and two layers of wire detectors for muon
detection. This UA1 setup operated until the conclusion of
research at the pp collider, and during that time only under-
went some minor improvements (for example, the muon fil-
ter was enhanced).

In 1986 work began on replacing the EMC and enhanc-
ing the HC by placing inside the magnet a new combined
(EMC+HC) calorimeter of the ionization type with uranium
plates, in which the “warm” organic liquid tetramethylpen-
tane (TMP) was used as the active medium. It was not pos-
sible to finish on time owing to problems with purifying the
TMP, although interesting methodological results were ob-
tained in this process.'?!

The UA2 detector, which was more modest in size and
did not have a magnet, was successfully modernized in the
mid-1980s and transformed into one of the most effective
devices for studying hard processes. In the initial configura-
tion, the main part of the UA2 detector was a set of central
spherical sampling HCs (iron/scintillator) and EMCs (lead/
scintillator) covering the region |7<1 and hermetic in ¢.
These were broken up into 240 towers (cells) possessing pro-
jective geometry (i.e., “pointing” toward the center of the
beam intersection region) and having transverse dimensions
A7n=0.1 and Ap=15° (Ref. 102). A vertex detector 2 m long
and 0.7 m in diameter made of cylindrical proportional and
drift chambers was located inside the calorimeters (Ref.
103). Each end (1<|7|<1.7) was equipped with 12 small
magnetic spectrometers made of toroidal magnets, wire
chambers, and EMC blocks.!*1% However, this exotic
structure did not justify itself in actual operation, and the
main results during the first phase of study at the CERN pp
collider (1982-1985) using the UA2 setup were obtained
using central calorimeters and a track system with accep-
tance in |7 considerably smaller than that of UA1L, so that
larger statistics were required. Therefore, the first results on
jet production processes are usually attributed to the UA1
Collaboration. In the course of modernization of the UA2
detector the end spectrometers were replaced by simple end
calorimeters: EMCs (lead/scintillator) and HCs (iron/
scintillator) covering the region 1=<|7<3. The new central
drift chamber of the “jet” type'®® was surrounded by two
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cylindrical layers of silicon detectors with a pad structure.'”’

The electron identification was improved by adding a cylin-
drical detector of transition radiation'®® and a preradiator
with a coordinate detector composed of 60 thousand scintil-
lating fibers 1 mm in diameter.'®

These improvements during the final stage of investiga-
tions using the new Antiproton Collector (ACOL; 1988—
1990) transformed UA2 into the main detector at the CERN
pp collider, in spite of the fact that it did not contain a muon
spectrometer.

The experience gained in using these detectors was put
to use in the development of an experimental base for the
FNAL pp collider, where two large calorimetric detectors
were also developed.

The first of these is the Collider Detector at Fermilab
(CDF; Ref. 110), which was put into operation in 1985.

The construction of this detector, which was the first of
the second generation of collider detectors, represented a
new stage in the development of techniques for research in
colliding hadron beams at high energy. CDF is a classic de-
tector with 47 geometry. Its calorimeters cover a pseudora-
pidity range of |7/<4.2 and are hermetic in ¢. Inside the
calorimeters are a central magnetic spectrometer, including a
superconducting solenoid 5 m long and 1.5 m in radius trans-
parent to radiation, which induces an axially symmetric mag-
netic field of strength H=1.4T, a central track system of 84
layers of cylindrical drift chambers, and a small vertex cham-
ber of the time—projection type around the interaction region.
This spectrometer ensures an accuracy of measuring the
transverse momentum of a charged particle p,/pf%0.00lS
(GeV/c)™ " in the region |7/<1.2. The central EMCs and HCs
of the sampling type on the scintillator, which cover a range
|71<1.1, have transverse segmentation with projective geom-
etry; A77><A<p=0.1><150, and the face and side calorimeters
on the proportional gas tubes have cells of dimension
AnxAp=0.1x5". In the central part of the setup behind the
HC is a layer of drift chambers of the muon system and the
yoke of a magnet of thickness 60 cm. Muons at smaller
angles are measured by muon spectrometers located behind
the front calorimeters. Each of these spectrometers consists
of two magnetized iron toroids about 7 m in diameter sur-
rounded by drift chambers.

This detector may also become a part of the history of
physics, since it may be used to discover the ¢ quark in the
near future.'"!

The second detector used since 1992 in the colliding
beams of the pp collider is a large calorimetric spectrometer
without a magnet, the DO, named for the beam intersection
site at which it is located.!'> The distinctive feature of this
detector is the liquid argon calorimeter with absorber of ura-
nium and copper plates containing EMC and HC sections,!?
and its muon spectrometer, which is more powerful than that
of CDF.

In all these setups the calorimeters play the fundamental
role in studying jets, and one of the main methodological
problems is that of reliably distinguishing the calorimeter
cells struck by hadronic jets in the background of hadrons
from the fragmentation of spectator quarks and bremsstrah-
lung gluons. Therefore, for analyzing the data here it was
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necessary to have more efficient algorithms for individual jet
recognition based on the data on the jet structure obtained at
e’e” colliders.

In the first stage of jet studies at the CERN pp collider
the main problem was the verification of the fundamental
ideas of QCD by comparing the experimental data with cal-
culations carried out in lowest-order perturbative QCD. Such
calculations for 2—2 processes were carried out in O(a?)
already in the late 1970s (Refs. 115 and 116). The matrix
elements for 2—3 processes were calculated in the O(a?)
approximation in the early 1980s (Refs. 117 and 118):

qq9—qqg
q9(q9)g—q(q)gg (12)

81827818283,

which had physical meaning only for certain configurations
of three-parton states. Since at the time experiments at the
CERN pp collider began the technique for perturbative QCD
calculations allowing the inclusion of higher orders in a; had
not yet been developed for inclusive jet production, at that
time no special requirements were imposed on the procedure
for jet recognition in A4 interactions like the requirements on
the jet recognition algorithms in e * e~ interactions discussed
in Sec. 4.3. Therefore, several algorithms were developed for
isolating individual jets with high energy taking into account
the features of the detector.

For the UA1 detector, in which the magnetic field was
perpendicular to the colliding beams, a cone-type algorithm
was designed and used successfully.!"® It consists of the fol-
lowing sequence of operations:

* Each calorimeter cell is assigned an energy “vector,’
the absolute value of which is equal to the energy release in
the cell, and the direction of which is the average direction
from the interaction point to the centers of the energy release
in the electromagnetic and hadronic parts of the calorimeter;

* All cells j with E] > E™ (actually, EI™ = 2.5 GeV was
used first, but then this threshold was lowered to 1.5 GeV)
are assumed to be ““initiating” cells and are arranged in order
of decreasing E, .

* The cell j, with the maximum E/ is taken to be the
center of the first jet.

* The energies of all the initiating cells j located a dis-
tance R = JA@>’+A7* < R, from it, where Ap = ®;,
- @ (¢ ig in radians) and Ay = nj, — mj, are vectorially
added to E, (it was determined experimentally that Ry=1).

>

* The initiating cell with the maximum of the remaining
E} located outside this region is taken to be the center of the
new jet. '

* This procedure is repeated until all the initiating cells
are included in one of the jets.

* At the conclusion of the procedure the energies of cells
i with E}; < E;™ are added to those jets relative to whose axes
they have p,<1 GeV/c and angle 0 less than 45°.

The UA2 Collaboration has developed a cluster-type al-
gorithm in which no a priori restrictions are imposed on the
size and shape of the jet.'*

A. M. Moiseev 511



The initial stages of operation of this algorithm, includ-
ing the isolation of the initiating cells, were the same as for
the UA1 algorithm described above. However, later all the
adjacent cells (i.e., cells touching it on one side) with energy
release E™ = 0.4 GeV were added to the first initiating cell.
To the adjacent cells in turn were added the cells adjacent to
them with E™ > 0.4 GeV, and this process was continued
until no such cells remained. Assuming that such a cluster of
cells with increased energy release corresponds to a jet ab-
sorbed in the calorimeter, its energy and direction were found
by adding together the “vectors™ E/ of all the cells included
in the cluster. After this the new “embryo” of a jet was taken
to be the one cell remaining outside the cluster of initiating
cells whose E, was a maximum, and the procedure was re-
peated. It turned out that jets with E,=2 GeV selected in this
manner occupy 3 cells on the average, while jets with E,=40
GeV occupy about 10 cells. Clusters having a pair of local
maxima separated by a “valley” of depth greater than 5 GeV
were split into two. Although the UA2 algorithm we have
described ensured good two-cluster resolution and has been
used successfully for analyzing multicluster events, it under-
went constant development as it was used. In particular, it
was found that to take into account the parton energy loss
due to gluon bremsstrahlung, it is necessary to add to the
3-momentum of a cluster with £,>10 GeV the 3-momenta
of all clusters with E,>3 GeV which have small angles rela-
tive to the direction of the 3-momentum of this cluster (cos w
>0.2). This procedure raised the E, of the cluster by 15%.

The use of the jet recognition algorithms described
above made it possible, even for the limited statistics ob-
tained at the pp collider in the 198182 runs with integrated
luminosity fLd¢t=14 nb~, to obtain convincing proof of the
existence in events with 2E,=40 GeV of two hadronic jets
emitted in opposite directions in azimuthal angle and pos-
sessing the dominant part of 2E, (Refs. 121 and 122).

The experience gained in jet recognition at the UA1 and
UA2 setups was used in developing a jet search algorithm
using the data from the CDF calorimeters. The CDF algo-
rithm can be divided into the following three functional
stages.'??

A. Precluster creation

As in the UAL1 algorithm, in the initial stage the initiat-
ing cells with energy release E! > E *r are found and arranged
in order of decreasing E/ (usually E™ = 1 GeV is taken).
During this procedure the cells in the end and side calorim-
eters are combined into groups of three in the coordinate ¢
so as to ensure that they have the same size as the cells of the
central calorimeter. The preclusters were formed from a con-
tinuous chain of initiating cells falling in a “window” of
7X7 cells. The initiating cells falling outside the window
were used as the start of the next precluster. The procedure
was repeated until the full list of initiating cells was ex-
hausted.

B. Cluster formation

Cells of natural size (i.e., without combining them in ¢)
were used again during the stage of cluster formation. For
each precluster the coordinate of its center was calculated as
the energy-weighted average of the coordinates of the centers
of the cells included in it, and a circle of radius R was drawn
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around it. Then all the cells with energy release greater than
0.1 GeV falling inside this circle were included in the cluster,
the coordinates of its center were recalculated, a new circle
was drawn around it, and this iterative process was continued
until complete convergence occurred.

C. Isolation of individual jets

Since part of the clusters created using the above proce-
dure overlapped, i.e., the same cell could be included in two
or more clusters, the CDF Collaboration formulated the fol-
lowing criteria for isolating individual jets. For two overlap-
ping clusters the fraction of the energy of the smallest of the
clusters located in the overlap region was determined. If this
fraction turned out to be smaller than a given threshold (usu-
ally 75%), the overlapping clusters were split into two indi-
vidual jets, and the cells in common were redistributed be-
tween the clusters according to the principle of smallest
distance from the center of the jet. If the overlap turned out
to be larger than the threshold value, the clusters were
merged, which led to repetition of the iterative procedure for
isolating a jet using all the cells. Finally, the transverse en-
ergy of the jet EJ was determined by summing over all the
calorimeter cells assigned to the cluster, and the coordinates
of the jet axis 7 and ¢ were calculated as the average of the
corresponding coordinates of these cells weighted by E, .

At the time the CDF experiments began, the first calcu-
lations of the cross section for the inclusive hadroproduction
of jets using perturbative QCD including the next-to-leading
order appeared.'® In these calculations of the inclusive cross
section using the three-parton matrix element it was neces-
sary to introduce procedures for distinguishing a jet from two
partons in the case of small spatial separation analogous to
those used in the experiment. Since in the theoretical calcu-
lations it was natural to describe a jet in the form of a cone,
it was necessary to find a definition for the size of this cone
consistent with that of the experimentalists. In 1990 this
problem became the subject of special discussion at the Sum-
mer School on High Energy Physics at Snowmass (USA). As
a result, it was agreed that in studying inclusive jet produc-
tion at the energies of existing pp colliders the standard
would be the definition of a jet as a cone with R=0.7 in the
variables 7—¢. This definition was suitable for the FNAL
energy both from the viewpoint of the magnitude of the
background from hadrons not belonging to the jet but falling
inside the cone, and from the viewpoint of the loss of frag-
mentation particles falling outside the cone. However, the
main argument in favor of this jet definition was that in per-
turbative QCD calculations in O(a?) for this cone size the
dependence of the calculated results on the renormalization
scale parameter w is minimal.

5.2.1. Cross sections for inclusive jet production
The features of inclusive jet production in the reaction
pp—jtX (13)

have been studied by the UA1 and UA2 Collaborations over
several years with gradually increasing integrated luminosity
(Refs. 122, 124, and 127). Measurements of the differential
cross sections for inclusive jet production do/dE!dn have
been made up to E/~150 GeV using the experimental data
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FIG. 13. Inclusive distribution do/dE, of jets at Vs=540 and 630 GeV.
The dashed and solid lines show the results of the calculations in lowest-
order perturbative QCD for these energies.

obtained at \s=540 GeV in the 1983 run with integrated
luminosity ~120 nb~! and for Vs=630 GeV in the 1984
run with integrated luminosity ~310 nb~!. The statistics in
these runs were collected either using a trigger based on
increased total transverse energy, 2E,>40-60 GeV, or a
trigger based on an increase in the local energy release in a
limited region of the calorimeter. The systematic error in the
measurement of the absolute cross section of reaction (13) at
the UA1 and UA2 detectors was about 50%. The main
source of systematic error was the large (~35%) uncertainty
in the model-dependent calculations of the acceptance of the
detector for one and two jets. The systematic error arising
from the uncertainty in the calibration of the energy scale of
the calorimeters was +20%, and the integrated luminosity at
the beam intersection points was measured with about the
same accuracy.'?

Since some of these uncertainties disappear when com-
paring measurements made at a single detector, at the UA2
setup it proved possible to successfully determine the energy
dependence of the cross section do/dE}d 7 from the mea-
surements made at \/; =540 and 630 GeV (Ref. 128). The
results of these measurements, shown in Fig. 13, indicate a
significant (by a factor of two) rise of the cross section for
inclusive production of jets with E{>60 GeV in this region
of \/E

The approximation of these cross sections by the stan-
dard expression for hard parton scattering,

Edo/dp*=p;"f(x), f(x)=A(1—-x)"/x2.  (14)

where x,=2p,/ Vs, gave the parameter estimates n=4.5+0.3
and m=7.3%+0.2.

The results of the perturbative QCD calculations shown
in Fig. 13 qualitatively agree with the experimental data.
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The final analysis of inclusive jet production at
Js=630 GeV (Ref. 129) was carried out by the UA2 Col-
laboration for statistics of 7.5 pb~!, obtained in 1988—89
using the modernized setup, which made it possible to ex-
tend the acceptance in the pseudorapidity to |7]<2. The ab-
solute accuracy of measuring the jet production cross section
was raised to 32%. The use of Eq. (14) to approximate these
new experimental data on Eda/dp® together with the data
on the inclusive jet cross section at ISR energies and the
preliminary data obtained at CDF for \s=1800 GeV gave
improved estimates of the parameters: n=4.92+0.11 and
m=6.04*0.28.

A quantitative test of the QCD predictions for hadropro-
duction of jets in a range of £ broader than at the CERN pp
collider has been performed at the CDF setup. The successful
operation of the pp collider at FNAL made it possible for
CDF to collect statistics of 45 pb~! during the 1988—89 run.
These data were obtained with a trigger to select events hav-
ing a cluster with transverse energy greater than E¥ in the
calorimeters. In order to increase the statistics for jets with
large E,, three values of the transverse energy (20, 40, and
60 GeV) were used in the trigger.

The cross section for inclusive jet production was mea-
sured at CDF in the range E}=35-450 GeV, where its value
falls by seven orders of magnitude. The accurate calibration
of the calorimeters by simultaneous measurement of the
charged-hadron momenta in the central magnetic spectrom-
eter of the CDF and detailed modeling of the influence of the
limited energy resolution in EJ on the shape of d(rj/dE{
made it possible to decrease the systematic error in measur-
ing the cross section for EJ>80 GeV to 22% (Ref. 130).
Together with the 10% increase of the accuracy of the per-
turbative QCD calculations owing to the inclusion of the
order—a']3 term, this made it possible to perform for the first
time a detailed study of the suitability of the different param-
etrizations of the parton structure functions in the nucleon for
describing the hard scattering of partons of very high energy.
In particular, it was found that form B of the structure-
function parametrization in Ref. 131 [version HMRC(B)] is
in good agreement with the experimental data over ten orders
of magnitude variation of the cross sections.

One of the main goals of Ref. 130 was to check the
composite-quark hypothesis.'*> The existence of unknown
superstrong interactions binding the elementary constituents
inside the quark should lead to a finite value of the constant
A, in the approximation of do/dE, by the theoretical depen-
dence obtained in Ref. 132 for “extended”” QCD incorporat-
ing this effect. An infinitely large value of A, would corre-
spond to “pure” QCD. In Ref. 130 it was found that at the
95% confidence level A.=845 GeV, i.e., quarks can be as-
sumed to be noncomposite objects down to 1.4xX107* F.

The CDF Collaboration has also studied the problem of
violation of x, scaling predicted by QCD in inclusive jet
production in the range Vs=546-1800 GeV. In Fig. 14 we
show the x, dependence obtained in Ref. 133 of the ratio of
the corresponding inclusive cross sections, made dimension-
less by multiplying by E;, together with the O(a’) QCD
calculations with the structure functions in the HMRC(B)
parametrization (Ref. 131). We see that for x,<<0.17 the ex-
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FIG. 14. Ratio of the cross sections (E,)*do/dE d 7 at \/;=546 and 1800
GeV. The solid line is the result of perturbative QCD calculations including
the O(a?) term with the structure function in the HMRS(B) parametriza-
tion, u=F /4, and including jet superposition. The dot-dashed line is the
same with correction of the jet energies for background hadrons.

perimental data not only demonstrate the absence of pure x,
scaling, but they differ considerably (by more than two stan-
dard deviations) from the QCD predictions. It should be
noted that the disagreement of the experimental cross sec-
tions da;/dE  at each of these energies with the calculations
of O(a?) perturbative QCD are not as important when ratios
of them are considered owing to the large systematic errors,
which partially cancel out. Additional studies have shown
that this discrepancy cannot be eliminated by choice of the
parton structure functions, but it can be decreased if the cal-
culations more fully take into account the corrections for jet
contamination by background hadrons for the jets isolated
experimentally using the CDF algorithm.

5.2.2. Main characteristics of jet pair production
Studies of the inclusive process
pp—ji+i+X, (15)

performed using the data obtained at the CERN pp collider
in the 1982 and 1983 runs by the UA1 and UA2 collabora-
tions confirmed the earlier observation'?? that events with
2E,>40 GeV have two clearly expressed leading jets in the
central region which carry most of the transverse energy.
The appearance of two leading jets with large E, can
only be due to hard scattering processes (11) with the subse-
quent fragmentation of two partons,'>* so the effective detec-
tion of two-jet events at the UA1 and UA2 setups revealed
the possibility of studying subprocesses (11) in a new energy
range. However, it was necessary to introduce a number of
important corrections to the experimental results in order to
evaluate the parameters of the scattered partons sufficiently
accurately on the basis of the kinematical characteristics of
the jets measured by the calorimetric method. Among these
corrections are ones for the losses arising in isolating the jet
using the algorithms described above from the fraction of jet
particles emitted at large angles to the jet axis; there are also
energy-dependent corrections taking into account the nonlin-
earity of the calorimeter, leakage of part of the cascade from
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it, edge effects, and the presence of a dead zone (due to the
mountings, the cable routings, the light guides, and so on).
These corrections to the energy measured by the UA1 calo-
rimeters were ~10% for hard jets. In addition, corrections
were introduced for bremsstrahlung gluon emission by final-
state partons (~12%) and a number of smaller corrections.
As a result, the average energy resolution in the jet measure-
ments in UA1 was 6E/E=*26%. Modeling showed that for
UA1 the experimentally measured direction of the jet
3-momentum coincides with the direction of the vector sum
of the momenta of particles from parton fragmentation with
accuracy 0,=6° and 0,=0.04 (Ref. 135).

An example of the analysis of two-jet events is that of
Ref. 136, performed for the UA1 data, in which the usual
formalism of quasi-two-particle parton scattering was used.
The differential cross section for the subprocesses (11) as a
function of the scattering angle @ in the c.m. frame was writ-
ten as

xx,d30

W—F,(xl)-ﬂ(xz)da'u/d cos 0 (16)
where F;(x,) and F;(x,) are structure functions representing
the density of the corresponding partons in the hadrons as a
function of the relative longitudinal momenta x; and x, of
these partons, and o;; is the cross section for quasielastic
scattering, which corresponds to the calculations of lowest-
order perturbative QCD. Since in QCD all processes occur
via vector gluon exchange, they all have a complicated an-
gular dependence, which for cos #—1 tends to (1—cos 6) 2.
Assuming that two-jet production is dominated by quasielas-
tic processes having identical angular dependence, the cross
section for this process can be represented as (16), where the
F(x) become the effective structure functions for several
types of parton. In particular, if do/d cos 6 is taken as the
differential cross section of gluon—gluon scattering

do/d cos 0=9/8(mwa’/2x,x,5)(3+cos?0)*(1—cos’ 6) 2,
(17)

where s is the square of the total energy in the c.m. frame,
then F(x) can be written as

F(x)=G(x)+4/9[Q(x)+Q(x)], (18)

where G(x), Q(x), and Q(x) are respectively the structure
functions of the gluon, the quark, and the antiquark.

The distribution in cos 6 obtained in Ref. 136 is in good
qualitative agreement with the results of the perturbative
QCD calculations carried out in O(a?), but in complete dis-
agreement with the form of the angular dependence follow-
ing from the Abelian theory with scalar gluons."*” The ap-
proximation of the data in the region |cos 6>0.4 by a
dependence ~(1—cos )" gave n=2.38+0.10. In determin-
ing the structure functions F(x) it is important to bear in
mind the fact that the actual cross section for two-jet produc-
tion must receive a contribution not only from Eq. (16), but
also from higher orders of perturbative QCD. At the time the
study of two-jet events was being performed by the UA1l
collaboration there were no accurate calculations of these
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FIG. 15. Structure function F(x) reconstructed from the UA1 data. Dashed
line 1 is the result of approximation by an exponential; curve 2 is F(x) for
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the same structure function recalculated for Q*=2000 GeV?; curve 4 is the
structure function for quarks (4/9)(Q(x)+Q(x)).

corrections, and a multiplicative factor K was introduced for
including them; according to several estimates, K~2 (Ref.
138).

The structure function F(x) shown in Fig. 15 was ob-
tained in Ref. 136 assuming the factorization of the cross
section in x,; and x,. In calculating this function it was as-
sumed that Q?= —1, where {=(p; —p3)? is the squared dif-
ference of the 4-vectors for the primary parton and the final-
state parton having the largest energy. In the range 0.1<x
<0.8 this function was described well by an exponential
dependence F(x)=6.2 exp(—9.5x) (dashed line in Fig. 15).
For comparison with the structure function F(x) obtained in
the UA1 experiment, in Fig. 15 we show the structure func-
tion (18) for Q?=20 GeV, based on the parametrization of
the CDHS experiment,'*® and the same function calculated
for 0?~2000 GeV, which corresponds to (Q?) for the UA1
experiment. The curve shows the structure function calcu-
lated only for the quark and antiquark. It follows from these
distributions that the UA1 data indicate the presence in the
proton of a high density of the gluon component at small x
and demonstrate scaling violation at large Q2.

These conclusions were later confirmed by studies car-
ried out by the UA2 Collaboration'*’ using data obtained in
the 1983 run.

Studies of two-jet events for the purpose of determining
the nucleon structure function have been carried out at the
energy \/:v_ =1800GeV at the CDF setup using a much larger
amount of data.

Because the experimental data on this process were com-
pared to the results of the O(a?) perturbative QCD calcula-
tions existing at that time, the cone size was chosen from the
requirement of obtaining the best agreement with the experi-
mental data. It was found from analysis of the data on the
two-jet invariant-mass distribution M (2j) that most param-
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etrizations of the structure functions give a better description
of the distribution do/dM(2j) obtained when jets with
R=0.1 are selected (Ref. 141). Therefore, a cone with
R=1.0 was used for describing jets in all the CDF studies in
which the experimental results were compared to the O(ag)
perturbative QCD calculations. In order to decrease the ef-
fect of processes of higher order in a;, using the imbalance
of p, of the two leading jets as the basis, the smearing of the
distributions in various variables owing to gluon bremsstrah-
lung was calculated (the E, smearing function had the form
of a Gaussian with width depending on E?), and the results of
the O(a?) perturbative QCD calculations were modified us-
ing these functions. This technique was used in particular for
analyzing the differential cross sections for two-jet produc-
tion d>a/dE ,d7,d n, obtained by the CDF Collaboration in
Ref. 142. In that study one jet lying in the region |7;|<0.6
had to have energy not less than E :h', and the second leading
jet with EJ>2 GeV could lie in the pseudorapidity range
|7,]<<2.8. The differential cross sections in 7, averaged over
the range |7;/<0.6 for six ranges of E, from 45 GeV to 225
GeV turned out to be especially critical for checking the
structure functions in the range 0.04<x=<0.3, where the
gluon component plays the dominant role. The results of
QCD calculations using 12 different forms of structure func-
tion giving 36 combinations were fitted to these experimental
data by the least-squares method; some of these combina-
tions proved to be inapplicable for describing the experimen-
tal distributions according to the »? criterion.

5.2.3. Results of studies of multijet final states

Already for the first sets of events with high-energy had-
ronic jets obtained at the UA1 and UAZ2 setups it was found
that, in addition to the two leading jets, 10-15% of the
events have additional jets with EJ>15 GeV (Ref. 127). The
presence of such jets was attributed to gluon bremsstrahlung
by partons of the initial or final state.'*> However, the reli-
able separation of final states with three and more jets be-
came possible only after the data processing techniques for
these detectors had become well developed and sufficient
data had been obtained.

Detailed studies of three-jet events have been carried out
at the UA2 setup at sqrts =630 GeV (Ref. 120). In isolating
three-jet events on the basis of the information obtained from
the central calorimeters of the UA2 setup it was assumed that
the two leading jets from fragmentation of the scattered par-
tons are oriented in opposite directions in azimuthal angle,
and that jets from bremsstrahlung gluon fragmentation must
have lower energy and can be located near one of the leading
jets. Therefore, to improve the two-cluster resolution a sec-
ond phase was added to the cluster-search algorithm de-
scribed above. This phase consisted of repeating the jet iden-
tification procedure another time using as the initial
approximation the jet 3-momenta found in the first phase.
However, here the threshold value was taken to be E:h'j
= 0.0SE{, which for high-energy jets was considerably
greater than the initial choice E™ = 0.4 GeV. The cells of the
initial clusters whose energies were smaller than the new
value E™ were redistributed in the second phase between the
nearest new clusters. Methodical investigation showed that
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by using the improved algorithm it was possible to isolate
more than 80% of the jets for which the angle between their
axes was w=40°. After completion of the cluster selection
they were ordered in EJ (the cluster with smallest E} was
taken first, and so on). Three-jet events were selected using
the following criteria: E! + E>+E?>70 GeV; E}>10 GeV,
E?#<10 GeV; |7,|<0.8; i=3. To further clean the data of
events with more than three jets the condition Sp/<20 GeV
was imposed so that the 3-momenta of the three jets would
fairly accurately cancel each other out in the transverse
plane. In this way practically exclusive sets of 3-jet events
were obtained.

The final analysis of 3-jet events was carried out in the
rest frame of the three jets, in which their positions can be
described by six variables, for example, the three angles
specifying the spatial location of the plane in which the
3-momenta of the three jets lie and the angles determining
the configuration of the 3-jet system in this plane.

The first two angles are usually taken to be the polar and
azimuthal angles #* and ¢**' between the 3-momentum of
the jet with maximum energy, p; , and the direction of the
primary beam. These are calculated using the rules formu-
lated in Ref. 144. The additional angle characterizing the
orientation of the two other jets is usually taken to be the
angle y* between the plane containing their 3-momenta and
the plane containing p} and the beam 3-momentum

cos 4= (ppXp1)(p3 X p3)/Ps X pTIX P35 X P31

It was found that the distribution in cos 6* is in good agree-
ment with the O(a’) perturbative QCD calculations and
with the analogous distribution obtained by analyzing two-jet
events.'*" The distribution in * also agreed with the QCD
calculations carried out for unpolarized beams. Study of the
internal structure of the 3-jet system gave convincing evi-
dence in favor of the existence of gluon bremsstrahlung
processes. e

Similar agreement with the structure of the three-jet sys-
tem predicted by QCD and the good QCD description of
two-jet processes obtained earlier in the UA1 and UA2 ex-
periments made it possible to measure the constant «; on the
basis of the ratio R=0(3j)/0o(2j). This was done by select-
ing the value of a; that would make the ratio Rqcp, calcu-
lated by the Monte Carlo method in QCD taking into account
the features of jet identification in the UA2 detector and the
technique of three-jet selection, equal to the ratio measured
experimentally. The additional constraints described in Ref.
120 were imposed to make it easier to compare these ratios
for sets of 2- and 3-jet events. The resulting experimental
value was

Rexy=0.177+0.04.

However, when this experiment was carried out the two- and
three-jet cross sections had been calculated only in lowest-
order perturbative QCD, and the K factor was introdueed to
take into account the higher-order terms contributing to these
cross sections. Therefore, only an estimate was actually ob-
tained in this experiment:

a,XK3/K,=0.23+0.01+0.04,
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where the second error is the systematic experimental error.
In these calculations the square of the maximum transverse
momentum of one of the jets, Q°=[max(p!) T, was taken as
the variable Q2. This estimate agrees well in magnitude with
the result obtained earlier by the UA1 Collaboration.'*
However, extrapolation of the estimate of «, obtained earlier
in e*e -annihilation experiments for \/§<35 GeV (Ref.
146) to the average energy of collider experiments Vs=~90
GeV gave a result ~30% smaller than the one quoted above.
This might arise both from K;/K, being different from unity,
and from uncertainty in the choice of the variable Q2 for
two- and three-jet events.'®

The UA2 collaboration also analyzed the structure of
multijet events for \/E =630 GeV with 2E, in the range
15-210 GeV in terms of collective variables.'*’ This analy-
sis again made use of information from the central calorim-
eters, which recorded secondary hadrons only in a restricted
part of the central region (|7=<1). The Fox—Wolfram
moments* described in Sec. 4.1 were used to isolate sets of
events with two and three jets without imposing any kine-
matical constraints on E, of the jet. It was found that events
with sufficiently large H, or H, (for example, H,>0.7 and
H;>0.22) respectively have a clearly expressed two- and
three-jet configuration, and the ratio of the numbers of them
for 2E,>100 GeV is R=N3/N,=0.2, which coincides with
the above-described results of the study performed by the
UA2 Collaboration, who used a different method. The polar
graph of the transverse-energy flux in three-jet events was in
good agreement with the graph of three-jet events in e*e”
annihilation.

Events with 2F,=120 GeV having no less than three jets
with E/>15 GeV and with 3-momenta lying in the region
|71<3.5 and separated by AR>0.85 in the 7—¢ plane were
selected in Ref. 150 for studying 3-jet events at Js=1800
GeV at CDF. About 4800 events remained for the final analy-
sis after this selection. These states were analyzed as earlier
in Ref. 120 in the rest frame of the three jets having the
largest EJ. Since owing to the difference between the quark
and gluon spins and the coupling constants at the gg and gg
vertices the QCD predictions differ for different types of
interacting parton, the distributions obtained at CDF in the
angles 6* and /* defined above and in x;=2EJ;/M(3j) were
used to find the contribution of various initial partons to
2—3 processes. For this the contributions of the six indi-
vidual subprocesses of the 2—3 type with cross sections ob-
tained using the parametrization of the parton structure func-
tions of Ref. 148 were calculated separately. The matrix
element for the 2—3 subprocess calculated in perturbative
QCD for graphs without virtual corrections'*® were used in
these calculations. In addition, the contribution of the initial
qq state, @,;, was taken as a separate parameter and inde-
pendently determined by fitting the distributions from all
processes (with fixed contributions aside from the process
qgq—qqg) to the experimental data. The resulting estimate
g = 0.03tg:8§ confirmed the predictions that Js=1800
GeV dominates hard gluon scattering. For example, in Fig.
16 we show the experimental distribution in the angle ¢*
together with the results of the calculation using “complete”
QCD (i.e., including all 2—3 subprocesses) and for the sub-
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FIG. 16. Distribution in the angle * of three-jet events from pp interac-
tions at \/§= 1.8 TeV.

process gg—qqg. We see that the accuracy attained at CDF
unambiguously indicates that the contribution of the latter
subprocess is small.!*

The data on events with =4 jets in pp interactions at the
energies of the CERN and FNAL colliders are so far very
limited owing to technical problems in isolating such events.
An attempt was made at the UA2 setup at Vs=630 GeV to
measure the cross sections for events in which four, five, and
six jets with energy EJ>15 GeV were produced at |77]-|<2.0.
Altogether, 9947 four-jet events, 281 five-jet events, and 7
six-jet events were isolated, which with ~60% uncertainty
gave cross sections 0y~1.31 nb, 05=0.037 nb, and
05;=0.009 nb (Ref. 151). Since these cross sections coin-
cided with the estimates obtained using higher orders of per-
turbative QCD, it was concluded in that study that double
hard parton scattering is absent.

5.2.4. The structure of hadronic events at large E}

The possibility of fairly cleanly isolating individual had-
ronic jets with £,>20 GeV in experiments at pp colliders
made it possible to study the structure of these events and
compare the distribution of secondary particles inside high-
energy jets with the analogous distributions obtained at
e"e” colliders. Since at the energies of the CERN and
FNAL pp colliders partons undergoing hard scattering must
represent a mixture of quarks and gluons, while at large
angles gluons should dominate over quarks,'?? such a com-
parison is important for checking the differences predicted
by QCD between the gluon and quark fragmentation
processes.!>? It was found that as E! grows the halfwidth of
the transverse-energy flux at half-max drops significantly;
i.e., the jets become more collimated. On the other hand,
study of the distribution of the charged-particle multiplicity
flux inside the jet did not reveal any clear maximum at the
center, i.e., in the jet core there is a limited number of lead-
ing hadrons carrying most of the EJ, and they become more
important as EJ grows.

517 Phys. Part. Nucl. 25 (5), September—October 1994

- o CDF 0,02<2<005
1000 L ¥ TASSO -0—0-0-000— |
/,Lv—'—-'—' 0,05<2<0,1
W '
v 01<2<02
p— - kel [, 3
10,0 =9 9 0—0-0-0g-0— I
S F
k- A e & O 02 <2<03
--—0o-00Q0_ _
%n M v v o I
=z
E 10 |- v Wzd).l.
H ?—V\H-wv\ I
(=] L
i 04 <z<0,5
0.1 11 lllllll I | lllllll 1.4 11011
10’ 10* 10°

Q?(s or M) (GeV?)

FIG. 17. Q? dependence of the fragmentation function D(z) of jets from pp
interactions at \/; =1.8 TeV. The results of the measurements are shown
only with their statistical errors. The systematic errors of the measurements
are shown on the right. For comparison, in the same figure we show the
analogous distributions measured at smaller @ in e*e™ annihilation.

The fragmentation function D(z)=1/N,-dN ,/dz in the
range 0.02<<z<<0.6 reconstructed in Ref. 154 is on the whole
in good agreement with the analogous distribution obtained
in e e annihilation at \'s=34 GeV (Ref. 83). On the basis
of this it was concluded in Ref. 136 that the gluon and quark
fragmentation functions do not markedly differ.

The multiplicity distributions of charged particles in a jet
and the energy flux distribution inside a jet were studied in
more detail somewhat later by the UA2 Collaboration for
~3x10* jets."® Comparison of the dependence of ni, on
M(2j) that was found with the e*e -annihilation data at
lower values of the c.m. energy and the parton-model calcu-
lations based on QCD'*® showed that the data on the (n/,)
dependence on M (2)) in jets recorded in pp interactions at
Vs=540 GeV are closer to the theoretical predictions for
gluon jets. The distributions of the transverse energy flux in
A¢ obtained for various ranges of EJ lay between the theo-
retical curves for gluon and quark jets and were considerably
broader than the distributions obtained using the FFM with
q,=350 MeV/c.

Measurements of the fragmentation function of high-
energy jets and its dependence on the two-jet invariant mass
M (2j) were continued at CDF. In Ref. 158 the fragmentation
function was studied for statistics corresponding to inte-
grated luminosity ~26 nb~!. Events with two leading jets in
the range |7]<0.8 and pointing in opposite directions in azi-
muthal angle (Ap=180°*30°) in which there was no third
jet with E/>20 GeV were selected for these studies. The
value R=1.0 was used for jet selection. The z distribution of
the charged particles obtained after these corrections was
corrected for smearing effects related to the limited resolu-
tion of the magnetic spectrometer.

In Fig. 17 we show the distributions D(z,Q?) for vari-
ous ranges of z as a function of the squared invariant mass
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FIG. 18. Distribution in r of the function F(r,R=1, E,=100 GeV) for jets
identified at the CDF setup. Curve 1 is the result of perturbative QCD
calculations including the o} term and u=E /4; curve 2 is the same with
u=E/2; curve 3 is the same as curve 1, but with an improved procedure for
the merging of close-lying jets.

M?(2j), which was taken as an estimate of Q2. For compari-
son, in the same figure we give the s dependence of the
fragmentation function obtained in e’ e annihilation at the
TASSO setup.®® We see that the two experiments display the
same trend, indicating an increase in the number of particles
with small z occurring with increasing 0?2, which is in quali-
tative agreement with the QCD evolution of D(z,QZ) (see,
for example, Ref. 158).

Theory predicts that for Js=1.8 TeV the ratio of gluon
to quark jets near E{~50 GeV must be 3:1 and must de-
crease slowly with increasing EJ (Ref. 148). The too high
values of D(z,Q?) for z<0.1 obtained at CDF may indicate
a difference between the fragmentation functions of gluon. (at
CDF) and quark (TASSO) jets. Comparison of the fragmen-
tation function D(z,Q?) with the results of modeling using
the HERWIG program showed that this program gives a
good description of the fragmentation process in the entire
range of z studied.

The CDF Collaboration also carried out a detailed com-
parison of the distribution of the flux E in the jet inside the
cone described by radius R with the results of theoretical
calculations. For this the function F(r,R,E%), which repre-
sents the r dependence of the fraction E}) contained in the
inner cone with r <R, was calculated for jets of fixed energy
E). The distribution F(r,R=1, E;=100 GeV) obtained in
Ref. 159 is shown in Fig. 18. We see that it is in good
agreement with the results of the perturbative QCD calcula-
tions including the a’ term. In performing this analysis it
was found'®® necessary to augment the theoretical descrip-
tion of a jet as a cone with axis along the momentum of the
fragmenting parton, which was used in the perturbative QCD
calculations on the basis of the Snowmass convention, by a
procedure for separating two overlapping jets, similar to that
used in the CDF algorithm described in Sec. 5.2.

Let us conclude this section by noting that from the
viewpoint of a number of theoreticians the technique for iso-
lating hadronic jets at pp colliders of the next generation
(UNK, LHC) will need to be developed further, and the pos-
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sibility of extending to hh interactions a technique similar to
the k, algorithm for e*e ™ interactions is under active study
at the present time. For this, Catani et al.'®! have proposed
the introduction of a stage of preliminary identification of
“protojets,” which will allow the identification of groups of
hadrons related to spectator quark fragmentation, after which
a modified k, algorithm must be used for the final separation
of all jets from hard subprocesses. Ellis et al.'® have pro-
posed a recursive procedure for jet identification as a func-
tion of the variable d;,, a measure of the nearness of two
“protojets,” which combines several features of the JADE
algorithm and the cone algorithm. This procedure makes it
possible to include the effect of jet superposition in a manner
which is easily reproduced in the calculation of the cross
section for inclusive jet production using perturbative QCD
taking into account higher-order terms.

6. JET PRODUCTION IN ep COLLISIONS

Since the startup in May 1992 of the ep collider HERA
with colliding beams of energy 30 GeV (e)+820 GeV (p)
(Vs~300 GeV) at DESY (Hamburg, Germany), jet produc-
tion in deep-inelastic ep collisions has been studied inten-
sively. Two large magnet detectors with 47 geometry have
been built for this. One of them, ZEUS,'® has precision
sampling calorimeters made of uranium plus scintillator and
a small central solenoid with a tracking system. The other,
H1,'" has liquid-argon calorimeters with iron plates and an
internal tracking system located inside a large superconduct-
ing solenoid. We shall briefly describe the preliminary results
on hadronic jet formation obtained for statistics of about 25
nb~! collected by each of these detectors during the 1992
run.?

In lowest-order perturbative QCD deep-inelastic lepton—
proton scattering leads to the appearance of a single jet with
large p, corresponding to a quark knocked out by a lepton
and a narrow ‘“beam” of secondary hadrons from the frag-
mentation of the remnants of the proton making a large angle
with the initial direction of the proton, which in the ep col-
lider falls mainly inside the vacuum chamber. In going to
higher orders of perturbative QCD two types of mechanism
arise for the production of additional partons, as illustrated in
Fig. 19.

In one case the photon interacts directly with a charged
constituent of the target (i.e., the interaction is induced by a
direct photon), and an additional parton is produced via QCD
Compton scattering (Fig. 19a) or in boson—gluon fusion
(Fig. 19b). In the second case the photon before interaction
fragments into its constituents, one of which undergoes hard
scattering on a parton of the target (this process is also re-
ferred to as interaction of a resolved photon). Here the con-
cept of the photon structure function arises; it describes the
probability of finding in the photon a parton carrying a frac-
tion x., of its momentum. The photon structure function has
two components: one arising from the pointlike coupling to
the gq pair (Fig. 19¢c) and the second arising from the pos-
sibility of the photon making a transition to a bound gq state
corresponding to a vector meson (Fig. 19d). This formalism
is described in more detail in, for example, Ref. 165.
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FIG. 19. Feynman diagrams for hard ep collisions described in the O(a?)
approximation of perturbative QCD.

The structure of hadronic final states was studied for
statistics of 3808 events with —Q%=(p,—p,')?>4 GeV?
and y;p=(1/2)-E,-3,E;(1—cos 0,)=0.02, (where p, and
p.' are the electron 4-momentum before and after the scat-
tering), selected from the 4Xx10° triggers recorded by the
ZEUS detector.'® Jets were isolated using a cone-type algo-
rithm with R=1.0 and the additional restrictions E£;>4 GeV
and ©;>15°. It was found that the percentages of events
with 0, 1, 2, and 3 jets which did not contain jets from the
fragmentation of proton fragments were 76%, 20%, 2.9%,
and 0.5%, respectively. This result was in good agreement
with the results of MC modeling in which processes of first
order in perturbative QCD were described by the exact ma-
trix element for the graphs in Figs. 19a and 19b, and higher
orders were effectively included by the gluon cascade de-
scribed in the leading-log approximation. The large number
of hadron events without a hard jet was a consequence of the
kinematical constraints imposed on the event selection. It
was concluded in that study that in QCD the production of
two jets with large transverse energy mainly occurs via
Compton scattering and boson—gluon fusion. Processes with
a resolved photon were not taken into account in this study.

Events from hard yp scattering were also recorded at the
H1 setup. In the data analysis the H1 Collaboration from the
start took into account processes with a resolved photon. The
existence of a contribution from these processes was estab-
lished already for the limited data processed by the end of
1992 (Ref. 167). In particular, the distribution of the energy
flux in the polar angle O relative to the primary proton di-
rection constructed for events with two jets and ©;<100°
showed that a significant fraction of the flux lies in the range
140°<0O<180°, in which direct photons make practically no
contribution. In Fig. 20 we show the event distribution in the
fraction of momentum of the resolved photon x, carried by
the parton participating in hard scattering on a constituent
parton obtained for a set of about 800 events with two jets
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FIG. 20. Preliminary data on the photon structure function obtained at the
H1 setup.

having E{>5 GeV (Ref. 168). In the same figure we show
the results of the calculation using the photon structure func-
tion in the GRV parametrization'® (solid line) and the LAC3
parametrization”‘J (dashed line), which were obtained from
analysis of yy interactions at e*e” colliders. As is well
known, this type of interaction permits reconstruction of the
quark distribution in the photon, but gives little information
about the gluon distribution. Therefore, the parametrizations
of the gluon distributions obtained by different authors in
analyzing vy collisions differ considerably. For example, the
LAC3 parametrization assumes a large gluon component for
x,~>0.2, which clearly contradicts the experimental distribu-
tion. On the other hand, the assumption that the gluon com-
ponent in the photon is completely absent also disagrees with
experiment. Therefore, the preliminary data on the x,, distri-
bution obtained in the H1 experiment at least indicate that
the gluon component of the photon can be measured accu-
rately in hard yp collisions.

The H1 detector also saw events in which between the
hadronic jets and the primary proton direction there is a large
(7>1.8) pseudorapidity interval not containing hadrons with
energy greater than 0.4 GeV (Ref. 168). These events can be
produced in hard photon—Pomeron interactions, which can
give information about the Pomeron structure function.!”!

7. JET SPECTROSCOPY

The experimentally established fact that the kinematical
parameters of the generating partons can be fairly accurately
reconstructed from measurements of jets with large E/ makes
it possible to use jets for reconstructing the invariant mass of
two and more partons. This possibility attracted the particu-
lar attention of experimentalists, when the problems of accu-
rate measurement of the W-boson mass, for which the had-
ronic decay mode is dominant (67.6%), and of searching for
new particles decaying into W* arose. Although the tech-
nique of determining the masses of new particles from the
peak in the invariant-mass spectrum of their decay products
has been used in high-energy physics already for several de-
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cades now and has been studied carefully, going from the
calculation of the invariant masses of several individual had-
rons (or leptons) to the analogous calculations using jets re-
quired additional technical studies. This nascent field, re-
ferred to as jet spectroscopy, has survived its birth and the
main results given below have been obtained for modeled
events in preparation for experiments to be carried out at the
next generation of e *e” and hh colliders.

7.1. The jet spectroscopy of vector gauge bosons

7.1.1. Measurement of the W-boson mass in e*e”
annihilation

The problem of measuring the W-boson mass using its
hadronic decay products was first studied in 1978 (Ref. 172)
in preparation for the research to be carried out at LEP II. It
was noticed that in W-boson pair production via the reaction

ete —WW- (19)
for the accurate measurement of my, it is preferable to use
the 4-jet final state from the hadronic decays of two Ws,
since the absence of other sources of jets in (19) makes it
possible to use kinematical constraints. The problem of the
kinematical analysis of four-jet final states in e*e ™ annihi-
lation was studied in a more general form by Wu.!” Detailed
modeling of the accuracy of reconstructing my, in reaction
(19) for the existing experimental setups at LEP II (Ref. 174)
showed that when the direct results of measurements of the
kinematical jet parameters using calorimeters are used to cal-
culate the invariant mass M (2j), the W boson peak is shifted
by several GeV to smaller masses owing to loss of the part of
the jet energy carried by u mesons and neutrinos, and also
owing to the finite size of the cone describing the jet. How-
ever, if, neglecting radiation losses of W bosons, a kinemati-
cal fit is made of the parameters of four (or five in the case
where quarks from W-boson decay emit a bremsstrahlung
gluon) jets imposing the condition that within the energy
resolution of the calorimeters the total 3-momenta of two
combinations of two (three) jets balance each other and the
total jet energy is equal to the energy of the colliding beams,
the accuracy of determining m, is raised to 100 MeV. It has
also been established that the uncertainty in reconstructing
my, using this procedure depends rather weakly on how ac-
curate the calorimeters are. However, accurate measurement
of the W-boson width from the peak in the invariant-mass
spectrum is impossible even at e e~ colliders.

7.1.2. The technique of identifying gauge bosons
using their hadronic decay modes at hh colliders

The need to identify the W boson at hadron colliders
from the invariant mass M (2j) of the jets from their decay is
dictated by the requirements of using the jet spectroscopy
technique to isolate the signal from heavier objects decaying
into W bosons (primarily t— Wb and H°—W*W") under
very complicated background conditions. However, at had-
ron colliders the problems of jet spectroscopy are made con-
siderably more complicated by the two following factors.
First, the cross section for jet production in parton hard-
scattering subprocesses is several orders of magnitude
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greater than the cross section for W-boson production, which
generates a large background in the M (2j) spectra. Second,
the complexity of the final state with a W boson or with
another heavy particle having hadronic decay modes makes
it impossible to use constraints which improve the accuracy
of the resolution in the invariant mass of two and more jets.
Therefore, in designing detectors for hadronic colliders of
the next generation care has been taken to understand the
requirements on their characteristics which will ensure a
resolution in the W-boson invariant mass M (2j) adequate for
seeing a peak in the M (2j) spectrum under the conditions of
high background from the processes (11). Here wide use has
been made of the experience gained in the successful isola-
tion of the W and Z° signal in the M(2j) spectrum in the
UA2 experiment for Vs=630 GeV, which will be studied
below.

The first indications of the existence in the M (2j) spec-
trum of a signal from the hadronic decay of the W and z%in
this setup were obtained already at the initial stage of pro-
cessing statistics of 0.73 pb™! (Ref. 175). The definitive re-
sults were obtained using the modernized setup for statistics
of 4.7 pb~! (Ref. 176). In this study the M (2j) spectrum was
analyzed by selecting events with the two jets of highest
energy lying in the range |7|<<0.6, for which the transverse
energy of any of the additional jets is not greater than 20
GeV. The results of the modeling showed that the best reso-
lution in M (2j) is obtained when the jet is described by a
cone with R =0.8. The resulting distribution do/dM (2j) was
approximated by a smooth function describing the shape of
the background from processes (11) and the sum of two
Gaussians to take into account the peaks from W- and
Z°-boson decay. In the approximation m, was assumed to be
a free parameter, and m;=1.13my, on the basis of accurate
measurements of the masses of the vector gauge bosons
made by the UA2 Collaboration.!”” The cross section for
W-boson production was also determined by a fit, and the
ratio of the signals W/Z was taken to be 0.397 on the basis of
the measured cross sections of these bosons and the model-
ing of the detector acceptances. The approximation gave the
following estimate of the cross section: o-B(W,Z—qq)
=9.6+2.3 (stat.)+ 1.1 (syst.), which is 1.6 times greater than
the cross section calculated in O(a?) perturbative QCD. The
estimate obtained for the resolution in the invariant mass
(9.9%+2.5)% is in good agreement with that expected from
the modeling (10.7+1.8)%.

In Fig. 21 we show the distribution in M(2j) in the re-
gion of the W and Z bosons obtained after subtraction of the
smooth background. We see that the experimental resolution
of UA2 is insufficient to distinguish the peaks from the W
and Z° bosons. However, this distribution permits a fairly
accurate estimate of the W-boson mass: my,=79.2+1.7 GeV.

Using the complete statistics of the experiment, 10.9
pb~!, the UA2 Collaboration carried out a search for heavy
vector gauge bosons according to their decays into two jets,
Wgr—qq and Z'—qq. A technique analogous to that de-
scribed above was used to seek their signals in the invariant-
mass spectrum M (2j). It was found that at the 90% confi-
dence level M(Wg)>251 GeV and M (Z')>237 GeV (Ref.
114).
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FIG. 21. Distributions in M (2j) near the W and Z” bosons obtained at the
UA2 setup after subtracting the smooth background function. The solid line
shows the result of the approximation by the sum of two Gaussians (dashed
lines) for the W and Z" bosons.

In designing calorimeters for setups with 47 geometry at
the energies of the next generation of colliders it has become
common to optimize such calorimeters in the width of the
invariant-mass peaks of the two jets from hadronic decays of
W and Z° bosons. The authors of Ref. 178 carried out a
detailed study of the effects influencing the resolution in the
invariant mass of the W boson at \/E =40 TeV. Events of the
reaction

pp—W+nj+X (20)

were modeled using the ISAJET program. Additional uncer-
tainties mimicking the results of measurements using calo-
rimeters with various accuracies were introduced into the
kinematical parameters of the modeled jets from hadronic
decays of the W, which were described by a cone with
R=0.7. It was shown that the resolution in the W mass de-
pends weakly on the energy resolution of the calorimeters,
but rapidly worsens with cell dimensions greater than
Ap-An=0.1-0.1. It was also shown in this study that an
axially symmetric magnetic field of strength H=3T in the
central region of the calorimeter significantly (by a factor of
1.5) worsens the resolution in the W mass. This resolution
also falls significantly when several “soft” background
events are superimposed on an event containing a W boson,
which is unavoidable in hadron colliders with high luminos-

ity.

7.2. Problems in measuring the t-quark mass

The partner of the b quark in the SU(2) doublet, the ¢
quark, is now obviously the last undiscovered quark. Al-
though there is already a great deal of indirect experimental
data'”*!8 providing evidence of a heavy (i.e., with m,>m )
t quark, the direct discovery of the ¢ quark from its decay
products and the accurate measurement of m, are among the
most important problems in high-energy physics. Since in
the minimal standard model (i.e., the model not containing
charged Higgs bosons) the ¢ quark always decays with the
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emission of a real W boson, the three following final-state
configurations from ¢z-pair decay are possible depending on
the W decay mode:

ti— (1" vb)(I” vb) (21
ti—(qqb)(1~ vb) (22)
(plus the charge-conjugate configuration)

tt—(qqb)(qqb). (23)
The probabilities of these configurations obey the ratio 1:4:4.

7.2.1. Accuracy of measuring the invariant mass of
the t quark at e*e~ colliders

Since t-quark decay involves a W boson, the accurate
reconstruction of its invariant mass at the e*e™ collider is
made easier by the factors described in Sec. 7.1.1. Discovery
of the t quark in e*e™ annihilation is possible only at the
future linear e e colliders with \s=500 GeV (VLEPP,
JLC), and a great deal of attention has been paid to this
problem in developing a program for research for the new
generation of colliders. The analysis of the background con-
ditions carried out in Ref. 181 showed that for m,~150 GeV
the main source of background is W-boson pair production,
the cross section for which at \/; ~400 GeV is about 10 times
greater than the cross section for ¢Z-pair production. How-
ever, this background can easily be eliminated using the stan-
dard technique of kinematical fitting. In that study a mea-
surement accuracy of o(m,)=<<0.5 GeV was obtained. This
accuracy was later confirmed in Ref. 182 on the basis of
detailed modeling of the process (23).

However, the main hopes for precision determination of
the r-quark mass at e*e™ colliders are related to measure-
ment of the energy dependence of o(¢f) in the near-threshold
region,'® so the technique of string spectroscopy is viewed
as auxiliary.

7.2.2. Possibilities of measuring the t-quark mass at
hadron colliders

Detailed study of the possibilities of finding the ¢ quark
at FNAL energies'®* has shown that detection of its decay
signal in the strong background of other hard interactions is
possible using (eu) pairs from the state (21) or by the se-
lection of events with a hard isolated lepton and with three or
more jets from the state (22). The purely hadronic decay of
the ¢f pair cannot be distinguished owing to the background
of multijet events from hard scattering of partons, the pro-
duction cross section for which exceeds the cross section for
tt-pair production by several orders of magnitude. Therefore,
the hopes of measuring the ¢-quark mass at hadron colliders
of the new generation are usually pinned on the state (22),
for which the leptonic decay of the ¢ quark can be used to
isolate events containing a ¢¢ pair from the background, and
the ¢-quark mass can be calculated using hadronic decay.

A detailed study of the accuracy of measuring m, which
can be attained at a hadron collider for \/E =6 TeV has been
carried out in Refs. 185, 186, 187, and 188 as part of the
development of a program of scientific research for the UNK
collider. In Ref. 186 the program ISAJET was used to model
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5000 events of reaction (22), of which only 2450 passed all
the selection criteria applicable in an experiment to isolate
this final state (SE,>150 GeV, E™SI" > 20 GeV, an isolated
lepton with £,>20 GeV, n;>3 for E}>20 GeV). Detailed
study of the properties of bremsstrahlung gluon emission has
shown that in each event an average of five gluon jets with
EI>5 GeV appears, where four of these are emitted by par-
tons of the initial state. In selecting hard jets with EJ>20
GeV an average of 1.6 gluon jets remain per event, and for
those with quark jets about 5 hard jets remain, which in-
creases the combinatorial background. Combined with the
low energy resolution in the invariant mass M (qqb) of the
products of z-quark decay induced by gluon emission of
final-state partons, underestimation of the jet energy owing
to muons and neutrinos undetected by the calorimeters and
also the superposition of jets and hadronic background from
spectator parton fragmentation, this leads to a signal-to-
background ratio which makes it impossible to isolate the
t-quark peak in the invariant-mass spectrum M (3j) (Ref.
187).

In Ref. 188 it was shown that the relative contribution of
the effects listed above varies as the radius R of the cone
used to describe the jet is changed, which makes it possible
to optimize the resolution in M (3j) by selecting the value of
R. In Fig. 22 we show the distributions in M (qqb) for the
set of modeled events described above obtained for three
values of R. The solid-line histograms correspond to the dis-
tributions obtained by including only particles from quark
fragmentation (tagged in ISAJET) which fell into the cone,
and the dashed-line histograms correspond to the distribu-
tions obtained including all the particles in the cone. Al-
though these distributions were constructed neglecting the
distortions introduced by the calorimeters, the widths of the
distributions are considerably larger than the width I',=0.7
GeV obtained in the modeling of ¢ quarks. As R increases the
M(2j) distribution for the fragmentation particles narrows
and its peak approaches the value obtained in the modeling
m,=130 GeV, but the distribution corresponding to the ac-
tual definition of the jet is shifted to the right and for R>0.6
begins to broaden. Additional analysis showed that the shift
of the maximum of the distribution is due to the contribution
of the background of soft hadrons nearly uniformly distrib-
uted in 77— ¢ space, and the broadening of the distribution is
related to large fluctuations in the measured value of m, in-
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FIG. 22. R dependence of the distributions in the invariant mass
M (qqb) for various jet identification procedures (see the text).

duced by superpositions of fairly hard gluon jets. At the en-
ergy studied the probability of such superposition for jets
from quarks g,q from t-quark decay is 40%. Therefore, in
invariant-mass studies at hadronic colliders with \/; =6 TeV
it is necessary to use a new jet recognition procedure which
minimizes cases of overlap.

A version of such an algorithm has been developed and
tested for modeled events in Refs. 186 and 188. For brevity
we shall refer to this as the KM algorithm, from the names of
its authors. The special features of the KM algorithm com-
pared to the algorithms described above for the recognition
of individual jets are the following;:

* First the distance d, between the centers of the two jets
at which the jets first become distinguishable is introduced; if
d<d, the jets from two partons are combined to form a
single jet;

* Distinguishable jets are assumed to be overlapping if
d<2R; otherwise the jets are assumed to be isolated (an i.j.).
Overlap of only two jets (t.j.) and three jets (th.j.) is allowed
for. Events with four or more overlapping jets are rejected;

e The invariant mass of the ¢ quark is calculated for
configurations t—3(i.j), t—(i.j.)+(¢.j.), t—(th.j.); the
energy and 3-momentum of the two- and three-jet configu-
rations are determined from the particles (or calorimeter
cells) falling in the region bounded by superimposed circles
of radius R, i.e., without real resolution of the overlapping
jets.

Thus, instead of criteria for separating jets, the KM al-
gorithm contains criteria for distinguishing them, so that to
calculate the invariant masses of n jets it is necessary only to
be able to determine the number of jets and the calorimeter
region occupied by them.

In Fig. 23 we show the R dependences of the widths of
the peaks in the effective-mass spectra of the W boson and ¢
quark obtained by approximating these peaks by an asym-
metric Breit—Wigner function for the cases described above
of taking into account all particles falling into the cone, and
only for daughter particles. We see the above-noted tendency
for the peak to broaden with increasing R in the first case,
and for it to narrow significantly in the second. The open
circles in this figure show the R dependences of the widths
obtained for a sample of individual and overlapping jets se-
lected using the KM algorithm. The procedure proposed for
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processing overlapping jets leads to a noticeable (by one and
a half times for R=0.7) improvement of the resolution in the
invariant mass. A noticeable peak from the ¢ quark has ap-
peared as a result of this and the decrease of the combinato-
rial background in the invariant-mass distribution M (3j). Ap-
proximation of this peak by an asymmetric Breit—Wigner
function plus a smooth function obtained in the approxima-
tion of the modeled combinatorial background for various
accuracy characteristics of the calorimeters at several values
of R has shown that the energy resolution of the calorimeters
is not especially important for the resolution in M (3j) near
the ¢-quark peak. As a result of analysis of the R dependence
of the estimate of m, in Ref. 188 it was concluded that in
hadron colliders the ¢-quark mass cannot be measured with
an error of less than 3 GeV.

The study of the accuracy of measuring m, from the
invariant mass M (3j) carried out in Ref. 189 for the LHC
energy gave the estimate Am,~8 GeV. Therefore, in Ref.
190 it was suggested that the “toponium” mass be measured
at LHC using its decay into 27, which makes it possible to
estimate m, with an accuracy of up to ~100 MeV. However,
these measurements are possible only for m, <120 GeV.

8. CONCLUSION

During the last 15 years the study of hadronic jets arising
in DEPs has become an entirely new area in high-energy
physics. This area began to develop especially rapidly after
the construction of high-energy e *e™ and hh colliders. The
results of numerous studies in jet physics carried out at these
colliders have impressively confirmed the correctness of the
fundamental ideas of QCD.

It follows from the experimental data that we have dis-
cussed in this review that the cleanest conditions for studying
jets exist at e “e~ storage rings. Unfortunately, this accelera-
tor technology has strong energy limitations, and for the next
generation of e e colliders (VLEPP, JLC) there are plans
to use the technology of linear colliders, which means that
some of the advantages of e *e ™ storage rings are lost. How-
ever, even at these e e~ colliders the technique of jet spec-
troscopy ensures an accuracy in measuring the masses of
new heavy particles considerably better than that obtainable
at hh colliders. But still, from the viewpoint of going to
higher energies, the real hopes are pinned on pp colliders of
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the next generation (UNK, LHC), where jet physics will be-
come the testing ground for detailed verification of the
higher orders of perturbative QCD, and the technique of jet
spectroscopy will be used as a tool for searching for new
heavy particles.

"The name of the program is an abbreviation of Hadron Emission Reactions
With Interfering Gluons.

DThere is also a modification of this algorithm in which EZ,, is used instead
of 5.

These statistics were increased by a factor of 20 in the 1993 run.
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