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Abstract. The observation of quark and gluon jets has played a crucial
role in establishing Quantum Chromodynamics [QCD] as the theory of
the strong interactions within the Standard Model of particle physics.
The jets, narrowly collimated bundles of hadrons, reflect configurations
of quarks and gluons at short distances. Thus, by analysing energy and
angular distributions of the jets experimentally, the properties of the
basic constituents of matter and the strong forces acting between them
can be explored. In this review we summarise the properties of quark
and gluon jets and the impact of their observation on Quantum Chro-
modynamics, primarily the discovery of the gluons as the carriers of the
strong force. Focusing on these basic points, jets in eTe™ collisions will
be in the foreground of the discussion. In addition we will delineate the
role of jets as tools for exploring other particle aspects in ep and pp/pp
collisions - quark and gluon densities in protons, measurements of the
QCD coupling, fundamental 2-2 quark/gluon scattering processes, but
also the impact of jet decays of top quarks, and W*, Z bosons on the
electroweak sector. The presentation to a large extent is formulated in
a non-technical language with the intent to recall the significant steps
historically and convey the significance of this field also to communities
beyond high energy physics.

1 Introduction

Quantum Chromodynamics [QCD], the theory of the strong interactions within the
Standard Model of particle physics [1I2], describes the building blocks of strongly
interacting particles, like proton, neutron and many others, and the forces acting
between them. The fundamental building blocks of these particles are the spin-1/2
quarks ¢ [3], which come in three families. Their masses cover a large range [4]. The
three lightest quarks u, d, s weigh only a small fraction of the proton mass, the charm
quark ¢ just about the proton mass while the two heavy quarks b, ¢ weigh more than
5 and 180 times the proton mass, respectively. Baryons, like proton and neutron,
are composed of three quarks ggq, while mesons, like pions, are bound states gq of
quark-antiquark pairs.

Since the spin and the spatial S-wave functions of the lightest baryons are sym-
metric under the exchange of quarks, the Pauli principle demands the quarks to be
labelled by new charges, called colours, which discriminate between the three com-
ponents of the baryons [5]. Rephrased within the SU(3)¢ symmetry group for three

* In Memorium: Hans Joos


http://arxiv.org/abs/1012.2288v1

colour degrees of freedom, the colour wave function is antisymmetric. This three-
fold antisymmetric combination of colours renders baryons non-coloured, i.e. they
are white SU(3)¢ singlets; summing up the quark colours symmetrically in mesons,
these hadrons are white too. By reducing the lifetime of the neutral pion by a factor
32 = 9, the three-colour extension reconciles the prediction of the quark model with
the experimental measurement, a crucial point in establishing the colour charges.

Equivalently to the electric charges in electrodynamics, the colour charges of the
quarks can serve as sources for force fields, which bind the quarks within the mesons
and baryons [6]. Eight such gluon fields g are predicted by the non-abelian gauge group
SU(3)¢. Like the photon field they are vector fields with spin = 1, but in contrast
to the photon they carry colour charges themselves, mediating colour flips of quarks
by absorption or emission. This theory, Quantum Chromodynamics, is theoretically
described by a non-abelian Yang-Mills gauge theory [7]. Gluons couple to each other,
giving rise to three- and four-gluon interactions. These self-interactions of the gluons
have profound consequences for the QCD coupling. While virtual fermionic quarks
render the vacuum colour-diamagnetic, the large contribution of virtual bosonic glu-
ons renders the vacuum finally colour-paramagnetic. Thus, in contrast to the electric
coupling, the QCD coupling decreases with decreasing distance and the quarks and
gluons become asymptotically free [2]. Quarks and gluons therefore interact weakly at
short distances while the strength of their interactions grows with increasing distance,
suggesting the permanent confinement of particles carrying non-zero colour charges
[8].

Quarks can be seen in the scattering of electrons or neutrinos off nucleons. The
final-state pattern of these processes reveals that the leptons scatter off point-like,
nearly massless spin-1/2 constituents of the nucleons which carry the electric and
weak charges of the quarks. Gluons inside nucleons, which do not carry electric nor
weak charges, manifest themselves only indirectly. Half of the momentum of fast
moving nucleons cannot be accounted for by the spectrum of the quarks alone, and
it must be attributed to gluons as flavour-neutral constituents [9]. In addition, the
quark spectrum is modified by gluon bremsstrahlung if the energy of the impinging
leptons is raised from low to high values [10].

However, QCD suggests another method to unravel its basic constituents. As a
result of asymptotic freedom, quarks and gluons move as quasi-free particles, called
partons [11], at short distances. When these coloured objects are accelerated in scat-
tering processes, they develop bremsstrahlung cascades of narrowly collimated gluons
and quark-antiquark pairs, which finally transform to equally well collimated hadrons
at distances at the colour confinement radius of about 1 fm [107!3 c¢m]. Thus, the
quarks and gluons at small distances map themselves into jets of hadrons at large
distances. Since the quanta associated with the confinement forces are soft, their im-
pact on the energies and momenta of the jets is small so that the configurations of
high-energy quarks and gluons at short distances are truly reflected in the energy and
angular distributions of the jets. Since these jets can be observed experimentally, the
properties of quarks and gluons can be determined experimentally by jet analyses,
such as their spins, flavour and colour charges, and their basic interactions.

Quite early, the final states in e¥e™ annihilation to hadrons had been predicted
to consist [primarily] of two jets evolving from a quark-antiquark pair produced in
the collision process [12]:

+

eTe” — qf — 2jets. (1)

Experimental evidence for these quark jets was first provided at the ete™ collider
SPEAR [13] by demonstrating that the hadrons in the final states were not isotropi-
cally distributed but accumulated near the central event axis specified by the momenta
of the quarks [I4]. At PETRA energies (12 < /s < 46.6 GeV) the two jets could be
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Fig. 1. Observation of (a) 2-jet final states in electron-positron annihilation to hadrons:
ete™ — q@ — 2jets (TASSO in [16]); and (b) 3-jet final states in gluon bremsstrahlung off
quarks in eTe™ annihilation: e*e™ — qGg — 3 jets in the TASSO detector [17].

recognised without any sophisticated analysis, cf. Figlll (left-side frame). Angular dis-
tributions and charge analyses finally proved the jets to be associated with spin-1/2
quarks indeed.

First indirect evidence of gluons was provided by the PLUTO collaboration at
the ete™ collider DORIS [15] from the decay 1'(1S) — ggg. However, as 7'(15) has a
mass of 9.46 GeV, the perturbative QCD dynamics was not easy to extract from the
hadronic final states which had significant non-perturbative contributions due to the
g* — hadrons fragmentation. These had to be modelled and the PLUTO data were
in agreement with the gluon fragmentation model built on the underlying process
T(1S5) — ggg. Gluon jets were later discovered unambiguously at the ete™ collider
PETRA [16] running at higher energy (typically 30 GeV). A 3-jet event from the
very early PETRA data [I7] is shown in Fig. [l (right-side frame). Such events had
been predicted theoretically [I8] for configurations in which the quark pair produced
in ete™ annihilation radiates a hard non-collinear gluon:

ete” — qdg — 3jets. (2)
This bremsstrahlung mechanism is characteristic for gauge theories and it is familiar
from electrodynamics where charges accelerated in collision processes emit photons, as
in electron-positron scattering ete™ — eTe™ 7, for example. Bremsstrahlung gluons
in QCD which transform to hadron jets generate characteristic patterns in the final
states which allow to prove the existence of gluons: With increasing energy the pri-
mary quark jets become narrower; the events become flat and “Mercedes-Star-like”
(Y-shaped); and finally three well separated jets emerge. Monte Carlo simulations
[19/20] were necessary to relate the emerging jet distributions to the predictions de-
rived from gluon bremsstrahlung in QCD. In this way the properties of the gluons
could be established. Dedicated experiments at PETRA and PEP and theoretical
progress in the 80’s greatly consolidated jet physics and led to quantitative tests of
QCD.

The program to establish QCD in studying quark and gluon jets was naturally
continued at the eTe™ collider LEP, see, for example, [21], where the increased energy
could be exploited to measure the gluon self-interactions in multijet events,

+

ete” = qqq'd and qggg — 4 jets, (3)



with the production amplitudes dominated by the qggg states, which included the
virtual gluon splitting, e.g. ¢* — ¢gg. By measuring energy and angular distributions
of these 4jet-events the colour charge of gluons could be determined, the crucial
element for generating asymptotic freedom in QCD. Correspondingly, the variation
of the quark/gluon coupling could be examined for a large range of energies, though
experiments at PEP, PETRA and TRISTAN had already confirmed the running of
as(Q?) in agreement with the renormalisation group (RG) equation.

The quark/gluon jet phenomena were also indicated at the pp collider ISR [22],
before high-energy jets were unambiguously isolated at the SppS [23]. Since then,
jets in hadronic collisions have become precision tools in not only testing QCD and
the electroweak physics at the highest available energies (such as at the Tevatron and
the LHC), but also in searching for phenomena beyond-the-Standard-Model (BSM),
such as dijet resonances and quark substructure. By the same token, jet phenomena
observed at hadron-hadron and lepton-hadron colliders have provided fundamental
information on the quark and gluon densities (parton distribution functions) of the
proton. We shall review this towards the end of this paper, but for now concentrate
on the general development of jet physics and QCD which took place in the context
of eTe™ colliders.

Quark and gluon processes at short distances can be treated, due to asymptotic
freedom of QCD, in perturbative expansions for the weakly interacting fields. There-
fore the basic short-distance processes as well as the evolution of the quark/gluon
cascades are well controlled theoretically. However, the final transition from the
quark/gluon configurations to hadrons is a long-distance process governed by large
values of the QCD coupling which cannot be treated in perturbation theory and
which, so far, cannot be analysed rigorously. Instead, QCD-inspired models have been
developed which parametrise the transition phenomenologically. Two alternative ap-
proaches have been worked out in detail. In the first picture a quark moving out of
the short-distance regime generates a string-like gluonic flux tube which breaks up re-
peatedly by spontaneous quark-antiquark creation when its length approaches about
1 fm. This mechanism generates a jet of collimated hadrons with energy and direction
corresponding to the initial high-energy quark [24]. Gluons had been treated analo-
gously [19120], or they were assumed to generate kinks, local depositions of energy
and momentum in the strings stretched between quarks and antiquarks [25]. Alterna-
tively in cluster fragmentation, after splitting all final gluons in a quark/gluon cascade
to quarks and antiquarks, ¢ pairs with low invariant masses transform to hadronic
resonances which eventually decay to the standard low-mass mesons and baryons [26].

After the important work of Ref. [27] (see, also [2829]), numerous methods have
been proposed, with steadily increasing refinement, to reconstruct the jets experimen-
tally. One class consists of algorithms based on sequential jet recombination. Particles
are sequentially combined if their distance in momentum space falls below a pre-set
minimum. Typical examples are the JADE algorithm [30], where the distance is de-
fined by the invariant mass of pairs, developed later to algorithms based on transverse
momenta k;. A second class is built by cone algorithms in which particles belonging to
pre-defined cones are grouped into jets. Originally introduced to regulate singularities
in infrared and collinear quark-gluon configurations [31], they have been developed
to a standard method in hadron collider analyses.

The original jet analyses at PETRA were based on independent-jet fragmenta-
tion [T9120], providing a valid tool for reconstructing the quark/gluon configurations
at small distances in ee™ annihilation. Subtle effects observed later in the hadron
distributions between jets, were interpreted as string effect [25]32], or explained al-
ternatively by additional soft gluon radiation with angular ordering [33]. PYTHIA
[34], HERWIG [35] and SHERPA [36] are modern versions of Monte Carlo programs
which are used in present jet analyses.



The connection of jets with QCD has been extensively treated in the literature
under theoretical and experimental aspects, see e.g. [37]-[39]. This review will sum-
marise the basic concepts of jet physics, intended to describe how jet physics has
been exploited to establish QCD as the non-abelian quark/gluon gauge field theory
of the strong interactions. Addressing also communities outside high energy physics,
the review is presented mostly in a non-technical language, giving a qualitative ac-
count of theoretical and experimental developments which have dramatically changed
the earlier picture of the strong forces in particle physics. In doing this, we have in-
cluded some landmark measurements in a chronological order as they were reported.
The picture now is based on a few fundamental principles summarised succinctly in
Quantum Chromodynamics.

The topics on which we concentrate are the non-perturbative and perturbative
elements of quark/gluon jets, including experimental and phenomenological methods
to define the jets. Early evidence and indirect indications of quark and gluon jets in
eTe™ annihilation to quarks at SPEAR and 7" decays to gluons at DORIS will be
reviewed. In the central core of this paper, we will describe the theoretical basis of the
discovery of gluons in the three-jet events at PETRA and the measurement of their
properties. The picture will be completed with LEP. Finally we will demonstrate
in a few examples how jets can be used as tools for measuring other parameters
and fundamental processes of QCD, the gluon content of nucleons, QCD Rutherford
scattering, etc., but also how to exploit jets for identifying electroweak W, Z and
Higgs bosons and search for new phenomena, in particular possible substructure of
partons. Such problems have been addressed at HERA and the Tevatron, and they
will play an important role at LHC.

This paper is organised as follows: Fragmentation properties of quarks and gluons
(section 2), discovery of quark jets at SPEAR (section 3), gluon jets in 7" decays
(section 4), jets in QCD and at PETRA and PEP (section 5), jets and QCD studies
at LEP (section 6), jets as tools (section 7). A brief summary will conclude the review.

2 The fragmentation of quarks and gluons

Quarks and gluons move, due to asymptotic freedom of QCD, as quasi-free particles
at short distances of the order of 10™!° cm in the femto-universe. When these coloured
objects separate to more than of the order of 1 fm, confinement forces become effective
which bind the quarks and gluons in hadrons. The hadronization proceeds through
the formation of jets in high energy processes which is driven by two dynamical
mechanisms. These mechanisms can be explicated most easily in eTe™ annihilation
to hadrons, ete™ — ¢4, 4qg, ..., ¢f- Figll (i) Quarks which are suddenly accelerated
in the production process at short distance and time of the order of 1/E <« 1 fm,
will radiate gluons preferentially into a cone of small aperture, dN/dO? ~ 1/62.
Subsequently the gluons may split into two gluons or quark-antiquark pairs, and,
repeatedly, quarks and gluons again into quark and gluon pairs, so that the original
quark fragments finally into a quark/gluon cascade within a narrow cone. (i) When
the coloured quarks on the way out of the femto-universe to large distances separate
to more than 1 fm, a gluonic flux tube of narrow transverse dimensions builds up
which fragments into ordinary hadrons. Similar mechanisms lead to the hadroniza-
tion of gluons. In total, the perturbative quark/gluon cascade as well as the partons
fragmenting non-perturbatively into hadrons generate jets of particles preserving, in
momentum and energy, the original kinematic characteristics of their parent partons.
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Fig. 2. (a) Quark fragmentation to hadrons induced by confinement forces; (b) Quark/gluon
cascades at high energies in QCD.

2.1 Quark fragmentation

When quarks and antiquarks in high energetic processes, like eTe™ — ¢, separate
from each other, a linear gluonic flux tube is expected to build up, with energy density
of about 1 GeV/fm and small transverse size, which will confine the two coloured ob-
jects. For sufficiently large separations R ~ 1 fm, enough energy will be accumulated
in the flux tube so that new quark-antiquark pairs can be created spontaneously and
the flux tube breaks up. This expectation is borne out by lattice analyses [40] which,
in static approximation, support this picture qualitatively. Beyond the short-distance
regime, the potential between heavy quarks rises linearly with distance, V(R) = ocR
with o &~ 1 GeV/fm. However, when the distance between the heavy quarks exceeds
a value of about 1.2 fm, light quark pairs ¢ are created and the heavy-quark [QQ)]
system breaks up into two separate mesons [Qg] and [Qq].

Repeating this break-up process, adjacent quarks and antiquarks coalesce to hadrons
with small transverse momenta of the order of 350 MeV so that narrow jets of colli-
mated hadrons are generated [24]25]. If the partition of energies in ¢ — hy,q+¢’ scales
with the energy of the primary quark, the number density of hadrons D(z) observed
with energy z = E"/E, obeys, for a single species, the recursion formula [24]

D(z) = f(1-2) /f z/n (4)

with f({) denoting the break-up probability for fractional energy ¢. This equation
states that the primary meson might be the first in rank primary meson, with prob-
ability f(1 — z)dz, or if not, then the first-rank primary meson has left a momentum
fraction n with probability f(n)dn, and in this remaining cascade the probability to
find z in dz is F(z/n)dz/n, by the scaling principle. Dividing out by dz gives the above
equation. The probability f(¢), which must be determined experimentally, is generally
parametrised as a polynomial ~ (1—¢)? or as an exponential ~ ¢! (1—¢)? exp[—a/(]
in string fragmentation.

From this picture two important consequences can be derived.

(i) Solving the evolution equation generates a pole in z — 0, most easily seen for
polynomial probabilities,

t
for z—0. (5)

Thus the fragmentation mechanism predicts a large number of wee hadrons in the
jets, i.e. a long constant plateau in the rapidity y = log z~*.

(#) Summing up the hadron charges in the jets reflects the charge of the parent
quark. If u,d, s quark pairs were created in the flux tube spontaneously with equal
probabilities, the sum would measure the charge exactly. However, since s-quarks



weigh a little more than u- and d-quarks, the probabilities for spontaneous quark-
pair creation deviate from 1/3 by a small amount and a small fraction of the charge

leaks into the plateau:
Q)= "=e—7. (6)

hejet

In practise [24] one finds v =~ 0.067, i.e. (Q,) = 0.60, (Qq) = (Qs) = —0.40. The close
relation to the ideal values +2/3 and -1/3 therefore allows the efficient tagging of the
parent quark charges in the jets.

The light quark fragmentation to mesons can effectively be described by the frag-
mentation function

D(z) = (1+ﬂ)%(1—z)ﬁ with 8~ 0.2, (7)

for small jet energies ~ 7 GeV. For higher energies QCD predicts a stronger fall-off
of the spectrum. [For a detailed overview of quark fragmentation to various types of
mesons and baryons see [41142].]

The fragmentation function of the heavy c, b-quarks behaves rather differently.
Due to the inertia of the heavy quarks most of the energy is transferred from the
quark to the meson formed by the heavy quark and a light quark [43]. Estimating
the size of the transition amplitude by the energy transfer in the break-up process
Q — hjgg + ¢, the fragmentation function is predicted to behave universally as [44]

1
Dg(z) ~ 5 with eq ~ A%/M, (8)

z[l—%— GQ}

1—=

with A ~ 200 MeV denoting the strong interaction scale. The spectrum develops a
narrow maximum near zo ~ 1 —,/€g. This form describes, without adjusting param-
eters, the essential characteristics of the hard spectra of Q-flavoured mesons in the
heavy ¢, b jets with M. ~ 1.5 GeV and M}, ~ 4.5 GeV [see [45l[46] for experimental
analyses and [4] for other phenomenological parametrisations.

After the discovery of quark jets in 1975 in ete™ — q7 at SLAC, detailed studies in
understanding the hadronization process, and hence the energy-momentum profiles
of the quark jets, were initiated in 1977 by Feynman and Field [24]. In their ap-
proach, the initial quarks and antiquarks produced in e*e™ annihilation fragmented
independently in a cascade process, ¢ = ¢ + (7'q') — h(4g) + ¢, conserving the
charge and other flavour quantum numbers at each step of this cascade. To deter-
mine the energy-momentum profile, light-cone variables p = (p4, p—, pr) were used
with p_ < py, where p; = £ + p)|, implying an infinite momentum frame. The frag-
mentation ¢ — h + ¢’ is then affected through a primordial fragmentation function

. Y _ (E+ppn
f;(z)—l a+ 3a(l — 2)*, Z_(E-f-pn)q’ 9)

with a an adjustable energy-independent parameter, fixed by data. As already dis-
cussed, this gives rise to an scale-invariant longitudinal energy distribution of hadrons
in a jet. Heavy quark fragmentation (for example of a charm quark into a D me-
son) is encoded by a different primordial ¢ — D fragmentation function, as already
discussed in this section above. The pp-distribution (pr is the transverse momen-
tum measured with respect to the jet-axis) was implemented in terms of a Gaus-
sian function, characterised by o, ~ 0.35 GeV, also determined phenomenologically:

g(p%) = (203)*16_17%/2‘73. Like the flavour quantum numbers, pr is locally com-

th

pensated, implying that an r*-rank primary meson has a momentum kz(r), with



kr(r) = qrr — dp(r—1). The striking feature of the Feynman-Field jet is its simple
algorithm with the phenomenological profile determined in terms of a few parame-
ters, which provided an adequate description of the non-perturbative aspects of jets
initiated by quarks.

2.2 Gluon fragmentation

The fragmentation of gluon jets follows rules similar to quarks. Two paths had been
chosen in the analysis of PETRA jets. The properties of g-jets may be described
either as a nearly flavour-neutral average [19] of u,d and, with reduced probability,
s-quark jets, or, alternatively, gluon jets may be reinterpreted as a superposition
of quark and antiquark jet pairs [20] with the spectra derived from the g — ¢g@
splitting function. In any case, the transition from gluons to quarks g — ¢q in creating
the leading particle will soften the gluon fragmentation compared with the quark
fragmentation, accounted for effectively by raising the power fall-off towards z — 1
of the fragmentation function of the order of ~ 1.5.

2.3 Hadronization Models

Quark and gluon configurations created at small distances must transform to bundles
of hadrons due to confinement at large distances. The transformation requires non-
perturbative mechanisms and, therefore, cannot be treated rigorously at the present
time. Instead, models have been developed which describe this step at various levels
of sophistication.

2.3.1 Independent jet fragmentation

Gluonic flux tubes, built up when coloured objects separate, may hadronize into a
jet of collimated hadrons as argued earlier. While the basic picture had first been
described for quark jets [24], gluon jets can be analysed similarly when the gluons
are either treated globally as partons [I9] or split into quark-antiquark pairs, frag-
mented incoherently again [20]. The discontinuous merging of two nearly collinear
jets into one jet is an unsatisfactory element of the model. Nevertheless, independent
jet fragmentation has a simple and transparent structure including a small number of
parameters. The picture could account quite successfully for the essential properties
of two- and three-jet events in e*e™ annihilation at PETRA and PEP. Thus, it had
initially been the right theoretical tool for proving experimentally the gluonic nature
of the third jet in three-jet events.

2.3.2 String model

Apart from the different choice of the primordial splitting function f(¢), motivated by
covariance and side-independence of the beginning of the break-up sequence, quark
jets in the string model [25] are not very different from independent fragmentation
schemes. However, gluons are incorporated quite differently. They generate kinks
which locally transfer energy and momentum to the strings stretched between quarks
and antiquarks. A small number of hadrons is boosted from the segment between
quark and antiquark jets to the segments between quark or antiquark and gluon jets.
This string effect has been observed experimentally as reshuffling of hadrons between
jets.



2.3.3 Cluster hadronization

Quite a different hadronization mechanism is based on colour pre-confinement [47].
Neighbouring coloured partons in cascades arrange themselves in colour-neutral is-
lands with preferentially small invariant masses. In practise, the quark/gluon par-
tons in cascades are evolved down to low invariant masses of the order of several
Aqcep = O(200 MeV). Splitting the gluons in the final step into ¢ pairs, neighbour-
ing quarks and antiquarks form the colourless clusters which may finally decay to
standard hadrons according to phase space rules [26]. The reduced number of radi-
ated gluons off heavy quarks and the small number of large invariant masses in the tail
of the distribution of the colour-neutral clusters can be covered by non-perturbative
string-type compliments to the cluster hadronization scheme.

Based on these schemes QCD event generators have been constructed which de-
scribe hadron spectra at a high level of accuracy. While the prototypes had orig-
inally been developed for hadron production in eTe™ annihilation, the event gen-
erators have been expanded to proton-(anti)proton collisions and complimented by
programs for lepton-nucleon collisions. The modern versions of PYTHIA [34], HER-
WIG [35], SHERPA [36] and others involve the cascading of quarks/gluons in the
final and the p/p initial states, and string or cluster hadronization in the final states.
For multijet final states, frequently produced at high energies in colliders, elaborate
techniques have been developed, based on the relation [48] PS(Q?) = ME(Q?) x
Sudakov factor [Q?,,. — @?], to accomplish smooth transitions between quark/gluon
parton showers PS and well separated multijet final states M E described by fixed-
order perturbation theory matrix elements squared.

2.4 Inclusive jet measures

In this section we discuss some inclusive jet measures which have played an important
role in the quantitative tests of QCD. The first of these is the observable called
sphericity which played a central role in the discovery of quarks jets at SPEAR. In
its tensorial form it is defined as follows [14]:

Zipmpw
Saﬁ = W ) (10)

which can be diagonalised obtaining the principal axes nj,n2 and ng with corre-
sponding eigenvalues @1, Q2 and Q3. The @; can be ordered Q71 < Q2 < Q3 and
normalised so that Q1 + Q2 + Q3 = 1. Then the squares of the transverse momenta
are minimal with respect to the axis ng and the sphericity S is given by

3

=3

(1-Qs) = 5(@1+@2). (1)
with the sphericity axis equal to ng. For events with two particles with equal and
opposite momenta (ideal two-jet event) we have S = 0 and S — 1 for completely
isotropic events. Because of the normalisation @1 + @2 + @3 = 1 only two of the
eigenvalues are needed to characterise an event. For example one can take in addition
to S the so-called aplanarity Ap, which is

§ Zi |piT,out|2
2 ZZ pi2 .

The aplanarity Ap minimises the transverse momenta with respect to a plane. Events
with small Ap are almost planar. The jet variables of an event, @1, Q2 and QX3 can be

3
Ap= Q1 =

=3 (12)
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Fig. 3. Distributions of the e"e™ — hadron events as a function of aplanarity and sphericity
defined in the text for the low (a) and high (b) energy PETRA data (TASSO in [I6]).

plotted inside a triangle as shown in Fig.[Bl in which events obtained by the TASSO
Collaboration at PETRA are shown. In this plot planar events are found in the strip
with small Ap, 2-jet events have in addition also small S. Alternatively, sphericity
can be defined as [14]

S:§min7"2. (13)

Here, pjT are the transverse momenta of all produced hadrons in the final state event
relative to an axis chosen such that the numerator is minimised.

The method based on the sphericity tensor, first applied to the analysis of the
3-gluon decay of the 7" resonance [49] and to the analysis of ¢Gg events [27], has the
advantage that the eigenvalues ; and the principal axes n; and from this S and
Ap can be calculated quite easily. Since in these jet measures the momenta enter
quadratically, the high momentum particles are weighted stronger in the calculation
of S and Ap. Also, these variables are not invariant against clustering of particles
and depend strongly on details of the fragmentation of quarks (and gluons) into
hadrons. This has, for example, the effect, that the sphericity changes if a particle
momentum splits up by decay, as for example, p° — 7+~ or by fragmentation, for
instance ¢ — ¢’ + meson into two or more momenta. Therefore these variables are
also sensitive to the emission of soft or collinear gluons. In other words, they are
infrared-sensitive.

There exist other variables which are infrared safe and which depend on linear
sums of momenta. Known examples are thrust 7" and acoplanarity A which are defined
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by
Zi |piL|
Zi |pi| ’

2
A = 4min (721 |plT’°m|) . (15)
Zi |pi |

For thrust T', which was introduced in [50], the thrust axis n is obtained by maximising
the longitudinal momenta pjr, along it. T varies in the range 0.5 < T" < 1.0, where
the lower limit corresponds to isotropic events and the upper limit to completely
collinear configurations. In a similar way for spherocity S’ the |pijr| is minimised. It
lies between 0 and 1 for configurations from collinear to fully isotropic events. Similar
to Ap the acoplanarity is obtained in such a way that the piT out is minimal with
respect to a plane. Planar event must have small A values. For massless particles A
varies between 0 and 2/3.

Various other jet measures have been proposed: For example a generalisation of
thrust to three clusters instead of two, called triplicity [51] or jettiness [27]. A variable
introduced for the analysis to verify the existence of four-jet events is the variable
tripodity D3 [52]. These and other jet variables will be defined explicitly when they
are used to interpret specific final state data in ete™ annihilation in later sections.

T = mazx (14)

2.5 Jet algorithms

Classifying multi-particle final states qualitatively in jets with high energies is straight-
forward for a coarse picture. However, when the picture is refined to a high level of
precision, algorithms must be employed which define the jets in a rigorous way. In
addition, when experimental measurements are compared with theoretical predic-
tions, the algorithms used in the experimental analyses must be conform with the
algorithms adopted in the theoretical analyses.

A multitude of algorithms [53] has been developed to describe jets at high en-
ergies. A few representative examples should characterise the two classes, sequential
recombination and cone algorithms. Recombination algorithms have been introduced
originally in eTe™ annihilation, while cone algorithms have been used frequently at
hadron colliders so far. We shall discuss some of these algorithms later while discussing
jets in hadronic collisions.

2.5.1 Sequential recombination algorithms

The JADE algorithm [30] is a prominent representative for recombination algorithms
applied in ete™ annihilation. Particles are clustered in a jet iteratively so long as their
distance remains less than a prescribed cut-off value. The distance of two particles is
defined by the invariant mass of the pair:

yij = 2E;E;(1 — cos0;;)/E2,, . (16)

If the criterion y;; < yeu: is fulfilled, the particles ¢ and j are combined to a compound
by adding up energy and momentum, for instance, and the recombination continues
by pairing the compound with the next particle k. The procedure stops after all
particles are associated with jets. The cut-off value y.y,: is generally chosen in the
range from 10~! down to 1073,

To suppress counter-intuitive particle configurations within jets, the algorithm has
been improved by substituting F; F; — min[E7, E?] in the DURHAM algorithm [54].
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This amounts to defining the distance by the minimal transverse momentum k; of
the particles in nearly collinear pairs.

The concept has been transcribed to hadron colliders, where the total sub-energy is
experimentally not well defined, by switching to un-normalised measures and replac-
ing the angles between particles by the differences of the rapidities y = 1/2log(F +
p.)/(E —p.) along the beam axis and the azimuthal angles ¢ in the plane transverse
to the beam axis,

di; = minlp;f, o7 (i — y;)* + (&5 — 6,)°1/ R, (17)

with py;(;) denoting the transverse momenta of the particles with regard to the beam
axis. The jet parameter R is chosen of the order of one. This distance measure is longi-
tudinally invariant. Recombination with the beam jets is controlled by the observable
dip = pff , included parallel to the measure d;; when recombining all the particles to
jets with non-zero transverse momenta and beam jets. Originally, the power param-
eter p had been chosen 1 in the k; algorithm [54] and 0 in the Cambridge/Aachen
algorithm [55]. However, clustering involving hard particles are favoured by choosing
p = —1 in the anti-k; algorithm [56]. This algorithm, which makes jets grow outwards
from hard seeds as intuitively expected, is the preferred tool for LHC analyses.

2.5.2 Cone algorithms

Cone algorithms had been introduced in QED to tame infrared and collinear singu-
larities encountered in photon radiation off charged particles. The concept has been
translated to QCD in formulating the Sterman-Weinberg jets [3I]. Defining 2-jet
events as hadron configurations in which all but a fraction € of the total energy is
contained in cones of half-angle § around the central event axis, the ratio

) 32 ay 1 1
22 122 10g = log - 18
o 3 27 0g5 Oge (18)

describes the 2-jet fraction of hadronic events in eTe™ annihilation in the leading
logarithmic approximation.

The transition to hadron collisions has been formulated again by adopting the
definition of distances based on rapidities and azimuthal angles. The clustering re-
quires a seed location; the 4-momentum of the cluster is determined by summing
the 4-momenta of all the objects within a distance R = \/(y — yc)2 + (¢ — &¢)2
from the seed (y¢, ¢.). In one variant, used in the analysis of the Run II Tevatron
data, the 4-momenta are summed using the so-called E-scheme [57], (E, py, py,pz) =
> (E,pz, Py, p-)i, and the various variables are defined as

1 E+p, _
pr =[P +pi, y§ln<E_pz) , ¢ =tan"'(py/ps) - (19)

This differs from the Snowmass clustering algorithm [58], used in the analysis of
the Tevatron I data, in which the clustering centroid was defined as the Ep-weighted
averages of the rapidity y and the azimuthal angle ¢. The cones are either centred
around seed particles, an approach which is not infrared safe, or they are defined
by grouping all particles into subsets such that the subsets correspond exactly to
pre-defined cones.
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Fig. 4. Born diagram for eTe™ = v — ¢q.

3 Discovering quark jets
3.1 Quark jets at SPEAR

The notion of jets in ete™ annihilation is closely connected with the discovery of
Bjorken scaling in deep-inelastic electron-nucleon scattering in 1968 at SLAC. As
mentioned in the introduction, inelastic electron scattering on protons and neutrons
at large spacelike (¢> < 0) momentum transfer and large inelasticity v can very
well be described in terms of an interaction of the spacelike virtual photon with the
pointlike constituents of the nucleon, the partons, identified as the u and d quarks
inside the proton and neutron [59]. The analogous process with a timelike (¢ >
0) virtual photon is eTe™ annihilation into a quark-antiquark pair, ete™ — ¢, as
shown in Fig. d where ¢ stands for the quarks u,d, s, ¢, b. As explained already in the
introduction, in this simple model the virtual photon from the annihilating electron
and positron creates a quasi-free quark and antiquark. The occurrence of real quark
and antiquark particles in the final state is prevented by the the fact that they carry
non-trivial colour quantum numbers. The quarks and antiquarks transform themselves
into hadrons with unit probability under the confinement forces, which act at much
later times ¢t ~ 1 GeV ~!. These hadrons should appear in the final state aligned
roughly along the momentum direction of the original ¢ and g, so that two distinct
hadron jets with oppositely directed momenta appear in experiments. This simple
model [I2] was supported by the fact that the total annihilation cross section for
hadron production o(eTe™ — hadrons) is given by the square of the quark charges
Q¢ multiplied with the number of colours N¢ of each quark ¢

4 _ 4o 2
o(eTe™ = hadrons) = og = 35 N¢ zf:Qf ) (20)

where the sum over ’'f’ is over all active flavours which can be produced at a given

center-of-mass energy /s; « is the fine structure constant o ~ e2/137. Dividing by
the cross section for the production of a u*u~ pair, o(ete™ — pu*p™), one obtains
the famous Drell-ratio R, defined as

o(eTe™ — hadrons) 5
R= = N, 21
olete™ = ptp~) “ zf:Qf ’ 2D

which has the numerical value 2 (for f = u, d, s), and assumes the values 10/3 (for f =
u,d, s,c) and 11/3 (for , f = u,d, s, c,b), as the threshold for the processes ete™ —
cé and ete” — bb are crossed. A recent compilation of the hadronic cross section
o(eTe™ — hadrons) and the corresponding ratio R is shown in Fig. [Hl (taken from the
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Fig. 6. The process e"e~ — q@ — jets, with the jets defined using the jet-cone angle 9,
arising from limited pr of the hadrons.

Particle Data Group [4]) where the various resonances (p,w, ¢, J/1, ...) encountered
in ete™ annihilation and the transition regions are clearly visible. Away from the
resonances, the ratio R is almost flat, increasing as a new quark-antiquark threshold
is crossed in agreement with the values quoted above. Note that the ¢ threshold (at
around 350 GeV) lies beyond the energies of the ete™ collider rings operated so far.

The production of hadron jets in eTe™ annihilation as a signature of the process
ete™ — qq was suggested by Bjorken and Brodsky already in 1970 [14]. However, it
was not until 1975 that they were discovered experimentally at SLAC’s eTe™ storage
ring SPEAR by the SLAC-LBL Collaboration using the MARK I detector [13] when
high enough centre-of-mass energies /s became available. At low energies, for example
at the ADONE ring at Frascati or the original DORIS ring at DESY, it was not
possible to see jets because the jet cones were too broad. This is easy to understand
if we assume that the transverse momentum pr with respect to the jet direction
(which, theoretically is the momentum direction of the original quark ¢ or antiquark
q ), which are emitted back-to back in the c. m. system, is limited and that the hadron
multiplicity < n > increases only modestly with v/s. The jet cone becomes narrower
with increasing /s, characterised by the mean half angle < § > of the jet cone (see
Fig. ). At /s = 4 GeV the particle multiplicity is about 6, so that with < pp >~
0.35 GeV the half-angle of the jet-cone < § >~< pr >< n > /y/s ~ 0.53 ~ 30°. This
shows that at this energy each of the two jets is broader than 60° on average.

For establishing the jets it is necessary to determine the jet axis along which
the transverse momenta of the produced hadrons are minimised, In the early work
of the SLAC-LBL collaboration, the jet axis was defined in terms of the sphericity
variable defined earlier. In the SLAC-LBL experiment the mean sphericity was found
to be approximately constant as a function of the total eTe™-energy E..,,. = /s up to
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Fig. 7. Observed sphericity distributions for data from MARK I detector, jet model (solid
curves), and phase-space model (dashed curves) for (a) Ec.m. = 3.0 GeV, (b) Ec.m. = 6.2
GeV, and (¢) Ec.m. = 7.4 GeV. (From Ref. [13].)

4 GeV and then it decreases with increasing F. ... A detailed comparison is shown in
Fig. [l in which the measured sphericity distributions do/dS at E.., = 3.0, 6.2 and
7.4 GeV are compared with the calculated distributions based on a two-jet model
and the phase-space. At 3.0 GeV there is no distinction between the two models
and the data agree with both. At 6.2 and 7.4 GeV the S distributions are peaked
towards low S favouring the jet model. But the S distributions are still very broad.
This comparison shows quite clearly that (i) the E.,, must be high enough to see
the production of jets in eTe™ annihilation, and (ii) that even at the higher E. .
energy range of the SPEAR storage ring, the jet structure is visible only through
a detailed comparison with the prediction of an appropriate jet model. Observing
the jet structure was easier at PETRA energies, where most of the events have a
two-jet topology, which, because of the higher energy had much narrower angular
jet-cones. An example of such an event measured by the TASSO collaboration at
E.m. = 31.6 GeV, is shown in Fig. [l (left-hand frame).
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Further tests of the underlying quark structure of the jets in eTe™ annihilation
were undertaken at SPEAR. One such test is the measurement of the angular distri-
bution do/d cos 8 of the jet axis with respect to the beam direction. This distribution
for the production of massless spin 1/2 particles is [60]

do
dcosf

The first data came from the SLAC-LBL Collaboration at SPEAR. They did the
measurement with transversely polarised et and e~ beams available at the lower
c.m. energies of the SPEAR ring. With transversely polarised beams the angular
distribution has the following form

~1+cos?h . (22)

d
% ~ 1+ acos?f+ aPyP_sin?6 cos2¢ , (23)

where ¢ is the azimuthal angle of the jet axis with respect to the storage ring plane
and P, and P_ are the polarisations of the e™ and e~ beams, respectively. The
measured ¢ distributions (averaged over 6) for 6.2 and 7.4 GeV are seen in Fig.[§ At
6.2 GeV the beam polarisations are Py = P_ = 0 and therefore the ¢ distribution
is isotropic. At 7.4 GeV, where Py P_ = 0.5 the characteristic cos2¢ behaviour is
observed. From this measurement at SPEAR, the value a = 0.97 £ 0.14 [I3] is in
agreement with the expectation for spin 1/2 quarks, a = 1.

Similar, but less accurate, results were obtained by the PLUTO Collaboration at
DORIS for E.,, = 7.7 and 9.4 GeV [61]. Measurements of the angular distribution
of jets at higher energies were also performed at the ete™ storage rings PEP and
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PETRA. Although the beam energies were much higher, yielding a much better de-
fined jet axis, the result & = 1.04 + 0.16 [62] does not have a better accuracy than
the SPEAR measurement, which had the benefit of polarised beams. This test of the
spin 1/2 nature of the quarks produced in eTe™ annihilation is very much the same
as the verification of the Callan-Gross relation [63] in deep inelastic lepton-nucleon
scattering: Fy(x) = 22 F;(x), which is also very well satisfied experimentally.

3.2 Sterman-Weinberg Jets

The existence proof of jets in QCD was provided by Sterman and Weinberg [31]. As
already noted, they calculated the cross section oa_jet(€,d) for the process ete™ —
2 — jets, where the jets are defined by two cones in opposite hemisphere with half-
angular size , having all but a fraction € of the total c.m. energy. In the general field
theory context, jets were anticipated due to the Lee-Nauenberg theorem [64], which
states that the transition probability in a theory involving massless particles is finite
provided summation over degenerate states is performed.

The Feynman diagrams which contribute in order as(Q?) are shown in Fig. @ For
small € and §, and to leading order in as(Q?) one has

2 2
o2—jet(€,0) = 0o {lJrC’FM (411126111531115 Ty > + O(e) +O(5))] ,

™ 3 2
(24)
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where o is the lowest order cross section given in eq. 20), Cr = 4/3 and a,(Q?) is
the QCD coupling constant defined in the lowest order

2 127
@) = e (25)

where n is the number of quark flavours. The terms O(e), O(9) neglected by Sterman
and Weinberg are all finite, essentially proportional to the phase space and have
been subsequently worked out [65]. Here A is a scale parameter, to be determined
experimentally, typically of O(200) MeV. As Q? — A2, as(Q?) — oo, signaling the
breakdown of perturbation theory. The above expression for a,(Q?) also states that
as(Q?) — 0 as Q? — oo, implying that QCD is an asymptotically free field theory.
In the range of Q? where a,(Q?)/7 < 1, one has a controlled perturbative region.

Since, in leading order in a,(Q?), the inclusive hadronic cross section for ete™ —
~ — hadrons is

2
o(ete”™ — 4 — hadrons) = oo(1 + M) , (26)
7r
the complement of oa_jet (€, d) is the 3-jet cross section
s 2 2 7
03—jet(€,0) = 00@0}7 <41n261n5 +3Iné + % 1 + O(e) + O(5)> (27

This implies that for typical jet resolutions, a small fraction of hadronic events should
consist of three-jets. They were found subsequently in e*e™ annihilation at PETRA
and we shall discuss them later quantitatively.

Another example of a jet measure which can be used with ease to characterise jets
is in terms of the invariant mass of the partons emerging from a hard process

(pi + p;)? , 2EE;
S S

(1 —cosby;) , (28)

where the right most expression above corresponds to neglecting the parton masses.
Requiring yi; > Ymin > 0, one avoids both infrared and collinear singularities in
a perturbative calculation. The first of such yuni,-dependent 2-jet cross-section was
calculated in [37)], yielding (ymin = ¥)

2 2
T2 jet = 00 {1+CF%§) (21n2y31ny+4ylny 1+ % +O(y)>] . (29)

The O(y) terms have been derived in [66].

The two prescriptions just discussed have been used extensively in the experi-
mental analysis of data concerning jets. Thus, for example, the widely used JADE
algorithm [67] is based on the ymin-prescription, which can be used to classify also
muli-jet events. The cone-prescription [31] is widely used in the analysis of jets in
hadroproduction processes.

4 Gluon jets in Upsilon decays

The 7 meson first produced in proton-nucleus collisions at FERMILAB [68] and
identified by the T — u™p~decay was later observed as a narrow resonance with mass
my = 9.46 GeV and width I'r = (4075*) KeV in the process ete™ — T — hadrons
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[69]. This resonance is a bb bound state and has the quantum numbers J7¢ = 17,
As the BB threshold lies above my, the 7(9.46) state is predicted to decay into
3 gluons g in QCD, the massless colour-octet vector particles [TOJ71] in complete
analogy with the decay of orthopositronium into 3 photons [72]. While 7" — ggg
is the dominant decay mode, with 3% probability it can decay also into a photon
and 2 gluons, " — ~gg. If one wants to verify the 77 — ggg decay through the
appearance of three jets in the final state one has to keep in mind, that every jet has
on average an energy of approximately 3 GeV. As we observed in connection with
the discussion of g7 jets at SPEAR, this energy should be large enough to distinguish
the jet decay from a pure phase-space interpretation of the final state. Similar to
the SPEAR data for establishing the 2-jet structure, also for the T — ggg decay,
detailed Monte Carlo model studies had to be performed to search for evidence for
the underlying three-gluon decay. This had the consequence that quantitative studies
were subject to substantial hadronic uncertainties. Also, as as(Q?) is larger at this
energy, higher order corrections were not small either.

The contributions to the multi-hadron events from the 7" mass region originates
from three sources [73]: the non-resonating continuum, the 7* decay through the vac-
uum polarisation (one-photon decay) and the 7 direct decay one is interested in.
Therefore the other two sources have to be subtracted via the relation [15]

oon _ Uoff
o_dll‘ — " _ O_off —ogVP = gon _ O_off o O_off M =7 LU 7 (30)
O
where 09" is the 7 direct decay cross section, o°® and o°T are the measured cross

sections at the 7" mass and at 9.4 GeV and ¢'P is the vacuum polarisation contri-
bution. Using (o}, — UZ%)/UZ% = 0.24 + 0.22 [I5] and the number of events in the
two energy regions, the 1" direct decay cross section is given. This is evaluated as a
function of sphericity S. The results are shown in Fig. [0 a, b, ¢, separately for the
off-resonance data, the data at the 7" resonance and the subtracted distribution for
the T direct decay. These experimental results are compared to the two-jet model
based on the Feynman- Field model, already discussed (dash-dotted line in Fig.[I0 a)
and the predictions of the phase-space model in Fig.[[0 ¢ (dashed line) together with
the three-gluon decay model (solid line). The off-resonance data are well described by
the two-jet model in agreement with the earlier findings at SPEAR. The distribution
for the direct decay is shifted to larger sphericity values and is best reproduced by
the three-gluon decay model.

The 7" meson is produced at rest. Therefore, the scaled momenta x; = 2k;/my
obey the relations (z; = |xi|): x1 +x2 +x3 =0, z1 + 22 + 23 = 2.

Another possibility to describe the configuration of the final state uses the angles
between the gluons. For massless gluons the relation between the z; and the angles

This relation allows to characterise the final gluon configuration in the corners
of the Dalitz plot (x1 = z2 = x3 = 2/3 is the "Mercedes-Star”-like configuration,
x1 = 92 = 1,23 = 0 is a two-jet configuration with the third gluon perpendicular to
the direction of the first two and 1 = 1,22 = 3 = 0.5 is the configuration, where the
fastest jet recoils against the two others with 29 = x3). The momentum distribution
of the gluon as calculated in leading-order (LO) QCD is [7]]

1 d%c 6

odridrs (72 — 9)zix2a3 (z1(1 = 21)? +23(1 —22)” + 23(1 — 23)%) . (31)
1+2+3

The above cross section formula is the basis for Monte-Carlo model calculations men-
tioned above. In these models the hard cross section for 7 — 3¢ must be supplemented
with the additional fragmentation of the 3 gluons into hadrons.
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represent respectively phase-space and the three-gluon decay models. The dash-dotted line
in (d) is proportional to 14 cos? # and the solid line in (f) to 1+0.39 cos? @ (from Ref. [15]).

To compare the decay " — 3¢ with vector gluons as follows from QCD, also models
with scalar gluons have been considered. The momentum distribution corresponding
to scalar gluons was derived in [74] leading to the result that they peak at the corners
of the Dalitz plot and have zeros in the middle of each boundary. In contrast, vector
gluons populate nearly uniformly the Dalitz plot. As the majority of the events have
one gluon with very low energy, a 2-jet structure is expected for scalar gluon theories
[75].

The distribution of the three gluons directions in space is essentially determined
by the QCD theory [71]. For vector gluons QCD predicts

W(cosf) ~1+0.39cos® 6 , (32)
where 6 is the angle between the most energetic gluon and the momentum of the

incoming initial electron (see Fig. [[0)). Scalar gluons would give rise to the angular
distribution [74]

W(cos) ~ 1 —cos? 6 . (33)
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Fig. 11. Corrected experimental distribution in | cos 8| from the decays 7" — hadrons by the
PLUTO collaboration, where 0 is the angle between the thrust axis and the beam axis. The
curves are theoretical distributions for 7-decay into vector (solid curve) and scalar (dashed
curve) gluons, respectively (from Ref. [73]).

The PLUTO collaboration [73] has measured a number of observables to strengthen
the 3-gluon interpretation of the hadronic 7" decay. The test of vector gluons versus
scalar gluon has been done using the angular distribution in cosf, where 6 is the
angle between the thrust axis and the beam momentum. Theoretical distributions
predicted for 7" decay into vector and scalar gluons, respectively, are shown in Fig. 1]
compared with the PLUTO measurements [73]. The data clearly prefer the vector
gluon decay. Similar conclusions have been reached by the LENA collaboration on
the basis of their measurements [76].

Further comparisons with the 3-gluon model presented in [73] consist of topological
tests with the jet variable thrust, defined earlier, and the variable triplicity T3 [51], an
extension of thrust to 3-jet configurations, where the final state particles are grouped
into 3 classes with total momentum P(C;), I = 1,2, 3. The values of triplicity vary
between T3 = 1 for a perfect 3-jet event and T3 = 3+/3/8 for completely spherical
events. PLUTO data have been analysed also in terms of the fractional energies
x; of the jets, where the jet axes are obtained from the triplicity analysis. If the
three jets would be completely separated in space the fractional energies would be
independent of the fragmentation of the gluons and would depend only on the QCD
matrix element W (x1, z2,23) given above (see eq. BIl). In Fig. [[2] the projections of
the two-dimensional histograms, spanned by the axes z3 and (z; — x2)/v/3, on the
27 axis is shown (this is also the distribution of the most energetic triplicity jet). The
prediction of the 3-gluon Monte Carlo model is compared to the data and impressive
agreement is obtained, whereas two versions of the phase-space Monte Carlo model
fail to do so. (See [77] for a recent reappraisal of the PLUTO experimental analysis).
All this information taken together demonstrates that the 7-direct decay data are
very well reproduced by the 3-gluon model while all the other models disagree with
T-direct data. These findings were further backed up later by the CLEO collaboration
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compared to Monte Carlo calculations for various models (from Ref. [73]).

at the CESR storage ring at Cornell [78] and the ARGUS collaboration at the DORIS
ring at DESY [79].

5 Jets in QCD and at PETRA and PEP
5.1 Jet-like distributions from the weak decays of heavy quarks

The process ete™ — qgg leads to ppr-broadening of the quark jets, leading even-
tually to three-jet topologies as the centre-of-mass energy increases. There is an-
other source of py-broadening in e*e™ annihilation due to the production of a heavy
quark-antiquark pair ete~™ — QQ, and the subsequent weak decays of the heavy
quarks/hadrons. For the centre-of-mass energies available at the eTe™ colliders PEP
and PETRA, the heavy quarks whose production and decays had to be correctly
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taken into account were the charm-anticharm (c¢) and bottom-antibottom (bb) pairs.
Sampling the theoretical predictions of the top quark mass in the PEP and PETRA
era, most guesses put it around 10 - 15 GeV [80I81]. Hence, the production of a top-
antitop pair was widely anticipated at these colliders [82J83], and their characteristic
jet topologies were worked out in the context of the Cabibbo-Kobayashi-Maskawa
(CKM) 6-quark model [84I85]. However, as subsequent developments showed, there
were no top quarks to be seen at PETRA and PEP (or at LEP). Thanks to the
Fermilab-Tevatron [86], the top quark has a measured mass of about 173 GeV.

The event topology in ete™ annihilation is sensitive to the onset of QQ threshold.
The data in the center-of-mass energy in the range 9.4 GeV < /5 < 17.0 GeV was
analysed [87] in terms of the measures of jettiness, (S) and (1 — T'), which showed
a clear step as the BB threshold is crossed. The data taken by the PLUTO col-
laboration [88] at 9.4 GeV at DORIS, and at 13.0 and 17.0 GeV at PETRA by
the PLUTO [89] and TASSO [90] collaborations were well described by a theoreti-
cal Monte Carlo [91] taking into account the production processes eTe™ — c¢ and
ete™ — bb, with the subsequent non-leptonic decays ¢ — sud and b — cid, following
the CKM theory of weak decays.

The effects of heavy quark production and decays above their respective thresholds
on the jet distributions are taken into account by a three-step modifications of the
light quark pair production and subsequent fragmentation [91]. The heavy quark mass
enters the Lorentz-invariant density matrix for ete™ — QQ (here Q? = s):

a2

(M2 = ZZ[(€ep)(E-p2) + (Erpa)(E-p1) + mGQ%/2] (34)

where ¢_(¢,) is the electron (positron) momentum and p;(p2) is the momentum of
Q(Q), and the quark mass is denoted by mq. In the second step, the heavy quark
(antiquark) fragments into a heavy hadron and a number of light hadrons, determined
by a function fg (2), which peaks increasingly near z — 1, as m( increases. In the
third step, the heavy hadrons decay, dominantly non-leptonically, modelled on the
quark transitions Q(p) — q1(q1) + G2(q2) + ¢3(g3) [92]. These effects are important
quantitatively for jet physics for the lower PETRA energies (typically < 30 GeV).

5.2 3-jet events and cross sections at PETRA

As discussed earlier, the characteristic feature of the process ete™ — ¢ with the
subsequent fragmentation of the quarks and the antiquarks into a jet of hadrons is
that it leads to a two-jet configuration. In QCD, the diagrams shown in Fig. 0l mod-
ify this picture. These corrections being proportional to a,(Q?), the QCD coupling
constant at the scale 2, are small. However, the process ete™ — ¢gg may reflect
itself in a structure of the final states that topologically is different from the dominant
process ete™ — ¢g. The radiated gluon provides a new (non-local) mechanism for
producing large-pr hadrons, which, unlike the pr of the hadrons generated in the pro-
cess eTe™ — qq, is expected to increase with the eTe™ centre-of-mass energy. Thus,
broadening of the transverse momentum of the hadrons with increasing centre-of-mass
energy is a consequence of gluon bremsstrahlung. It was argued in [I8], that a corol-
lary of this phenomenon is that a third jet should exist in the direction of the large pr
particle. In particular, if there is enough phase space available, i.e. for large enough
@, a three-jet topology in the shape of “Y” (Mercedz-Benz symbol) should emerge,
clearly distinguishable from the (dominant) oblate cigar topology corresponding to
two-jet events.
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The calculation for the process ete™ — q(p1) + q(p2) + g(p3), shown in the upper
two Feynman diagrams in Fig. @ leads to the following (Dalitz) distribution:
1 d*o _ as(QQ)CF z3 + 23 , (35)
oo dr1dxs 2 (1—21)(1 —x2)
where Q? = 4E?% x; = E;/E = 2E;/Q, and E; are the energies of the quark, anti-
quark, and gluon, with z; + x2 + x3 = 2, and og is the lowest order eTe™ — hadron
cross section given in eq. (20). The differential cross section in Eq. (B3] diverges near
the end-points x; 2 — 1, and indeed has infra-red and collinear divergences. We shall
discuss finite 2-jet and 3-jet cross sections in the next subsection, but for the present
discussion these divergences can be removed by a reasonable cut-off procedure, such
as a cut-off Q% on the invariant masses si3 = Q2(1 — x9) and s3 = Q2(1 — 1),
yielding a finite lowest order three-jet fraction.

5.3 Experimental evidence of three-jet events at PETRA

While valuable tests of QCD were performed in studies of the 7" decays, based on
the underlying mechanism 7" — 3¢ and the subsequent fragmentation of the gluons,
three-jet events were first observed in ete™ annihilation at PETRA in 1979 [16] by
the four experimental collaborations: TASSO, MARK-J, PLUTO and JADE. The
process ete™ — ¢gg leads to planar events, the search of three-jet events in these
experiments was concentrated mainly in demonstrating the excess of planar events
compared to the estimates based on the 2-jet final states around /s = 27 GeV, where
most of the early experiments at PETRA were carried out. Such quantitative analyses
were backed up by topologically well separated 3-jet events. Fig. [[3]shows momentum-
space representation of a representative two-jet and three-jet event measured by the
TASSO collaboration, analysed on the basis of sphericity tensor and jettiness [27].

The MARK-J measurement of the distributions in oblateness at /s = 17 GeV
and at higher energies (27.4 + 30 4+ 31) GeV are shown in Fig. [[4|a) and Fig. 14l (b),
respectively. For this measurement, the coordinate system is defined by the thrust
axis ej, the major axis ez, which is in the plane perpendicular to e;, and is in the
direction along which the projected energy in that plane is maximised, and the minor
axis, eg, which is orthogonal to both e; and es. Oblateness is then defined as

0= Fmajor - Fminor P (36)
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Fig. 14. Left-hand frames: Normalised Oblateness distribution at /s = 17 GeV (a), and at
V6 =27.4 - 31.6 GeV (b). The solid curves are the predictions based on a QQg model and
the dashed curves are based on the QQ model with (pr) = 325 MeV, The dashed-dotted
curve in (b) is the QQ model prediction with (pr) = 425 MeV (Q = u, d, s, ¢, b). Right-hand
frames: Energy flow in the event plane defined by (a) the thrust abd the major axes, and
(b) by the thrust and the minor axes (From MARK-J in Ref. [I6]).

where Fiajor = D ; Pi-€2/ >, |pil and Fuinor = >, Pi-€3/ Y, [pi|.- The two frames
on the r.h.s. of this figures show the energy flow in the event plane defined by the
thrust and major axes (upper frame) and by the thrust and the minor axes (lower
frame). These measurements were compared with the ¢g (two-jet) and ¢gg (three-jet)
Monte Carlo models [T9/20], and clearly favoured the ¢gg description, in a statistically
significant way.

PLUTO studied the averages of the momenta of the charged particles (p)), where
p| is the longitudinal momentum, (p,) and (p% ), measured relative to the thrust
axis of the event as a function of the c.m. energy. Their analysis showed that the
quantities (p) and (p1) are not very discriminative between the ¢ and qgg, but the
energy dependence of (p?) is better described if gluon bremsstrahlung is included.
To study this effect in more detail, they distinguished for every event the two jets
which are separated by a plane perpendicular to the thrust axis. The jet with the
lower (higher) average (p, )is called the slim (fat) jet. Fig. [5(a) shows (p?) of the
charged particles as a function of the c.m. energy, where the average is taken over the
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(default value) and the dash-dotted curve to o4 = 0.35 GeV. (From PLUTO in Ref. [16]).

the c.m. energy (a). Sea-gull plots ((p%) as a function of £, = p/pveam, Where p =

charged hadrons in all slim (fat) jets. For the slim jet the ¢ and gdg predictions from
the Monte Carlos are very similar and the data are in agreement with both. For the
fat jet, however, the data clearly favour ¢gg, and ¢q is ruled out. Fig. [3l(b) and [I5c)
show the so-called “sea-gull plot”, obtained by plotting the variable x, = p/Pheam
and (p? ), at lower c.m. energies 13 and 17 GeV and at higher energies 27.6, 30 and
31.6 GeV, respectively. At the lower energy (Fig.[I5(b)), there is very little difference
between ¢¢ and ¢gg predictions. For the higher energies(Fig. [[8lc)), ¢gg predicts a
genuine one-sided jet broadening caused by the gluon jet; the effect is quite dramatic,
especially at high x,. TASSO collaboration [16] has done a very similar analysis.
The JADE analysis is based on the normalised sphericity tensor S,g and the re-
sulting eigenvalues @1, @2, Q3 obtained by diagonalising this tensor on an event by
event basis. The variables which play a central role in this analysis are the sphericity
= 3/2(Q1 + Q2) and planarity = (Q2 — Q1). Fig. [[0] shows the palanarity distribu-
tion dN/d(Q2 — Q1) measured by JADE at /s = 27.7 and 30 GeV. Their data are
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Fig. 16. The planarity distribution compared with the model predictions for eTe™ — ¢
and ete™ — qgg at /s = 27.7,30 GeV. (From JADE in Ref. [16]).

compared with a ¢g model, with o, = 250 MeV and 350 MeV, both of which fail to
describe the data. The ¢gg model describes the data well.

The results reviewed in this section were the first measurements through which the
effect of a third (gluon) jet was convincingly established in eTe™ annihilation. This
is an important milestone in the confirmation of QCD in which jet physics played
a central role. From a theoretical point of view, observation of the gluon jet was
inevitable. Like many other discoveries in particle physics, this discovery needed high
energy eTe” beams, particle detectors well equipped to measure the characteristics
of the hadrons, and data analysis techniques. This was the work of dedicated teams
of machine builders and experimental physicists who should be credited with the
discovery. For the interested readers we refer to individual accounts leading to the
discovery of the gluon jets [931941959697/98/77], but stress that this list of references
is by no means exhaustive.

5.4 Quantitative studies of QCD at PETRA and PEP

Subsequent to the discovery of the gluon jet, the four PETRA collaborations, JADE,
Mark-J, PLUTO (later replaced by CELLO) and TASSO collaborations made many
more measurements in eTe™ annihilation to hadrons, in which further evidence for
the gluon jet was presented, These prompted quantitative studies of QCD for inclu-
sive jet-observables, like thrust and the Fox-Wolfram shape variable C' etc., and for
jet topology, like the 2-jet and 3-jet rates etc. Also the gluon spin was determined,
following a suggestion in [99]. One important issue was the universality of the quark-
gluon coupling as(Q?), i.e. to check whether the same value is obtained independent
of the observables and the measurements of a,(Q?) at various values of s = Q2
were consistent with the evolution anticipated by the renormalisation group. These
attempts to obtain as(Q?) required the calculation of next-to-leading order correc-
tions to the topological jet-rates and inclusive jet-observables, and also required a
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better understanding of the non-perturbative models used to interpret the experi-
mental data. These theoretical and phenomenological studies often took the form of
detailed Monte Carlo programs without which no realistic comparison of theory and
experiment was possible. In fact, since the days of experimentation at PETRA and
PEP, Monte Carlo based theoretical frameworks have become indispensable for the
quantitative analysis of data, as witnessed later at LEP, HERA and the Tevatron,
and now at the LHC. Despite this success, it should be mentioned that these event
generators do not obey quantum mechanics, as they work with probabilties and not
with the matrix elements.

In O(as(Q?), 2-jet cross sections defined by a jet-resolution criterion, such as the
Sterman-Weinberg jet-cones or the jet invariant mass, receive contributions from the
virtual corrections to the process e™e™ — ¢g, and soft or collinear configurations from
the processes ete™ — ¢gg. In O(a?(Q?)), the 3-jet cross sections receive contribu-
tion from the virtual corrections to eTe™ — ¢gg and soft and collinear configurations
from the 4-parton processes eTe™ — qggg and eTe~ — gdqq. The hard and non-
collinear configurations in the 4-parton processes give rise to 4-jet cross sections, with
the leading contribution arising in O(a?(Q?)), whose rates were calculated in [100]
including the quark mass effects. They were important to check the non-abelian char-
acter of QCD, as discussed later. The first complete next-to-leading order correction
to event shapes up to order a? were undertaken by Ellis, Ross and Terrano [101].
They presented their results in terms of the tensor

07 => " (pipl)/Ipal) O Ipal) (37)

where p! are the components of the centre-of-mass three-momentum of hadrons a,
and the sum runs over all hadrons. The eigenvalues of 6 are determined by the char-
acteristic equation

1
/\3—>\2+§C/\7D/27:0, 0<C,D<1. (38)

The quantities C' and D are symmetric functions of the eigenvalues, defined as

C= 3()\1)\2 + )\2A3 + )\3)\1), D= 27)\1A2>\3 y (39)
Integrating %g—g in the range % < C < 1 yields
10 do as(Q?) as(Q?)
— dC— =C1————=(1+ Co———=) . 40
o0 Jo.s dC S (1+C, T ) (40)

Numerically, C; = 2.8 and Cy = 18.2 £+ 0.7 for five quark flavours [I0I]. Thus, large
corrections are obtained for the Fox-Wolfram shape variable, C' [102].

Another, and experimentally widely studied, example of an inclusive distribution is
thrust. In O(a?), this was first calculated by Vermaseren, Gaemers and Oldham [103],
and verified subsequently by Ellis and Ross [104] and by others [T05T06/107], using
the earlier work reported in [101], In NLO, thrust-distribution in ete™ — hadrons is
given by the following expression

90— a2 gy @Dy (a1)

where the functions Ag(T") and A;(T) are shown in Fig. [[7 (note that the variable ¢
used in these plots is the same as T used in the text). The shapes of Ag(T") and A1 (T)
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are rather similar, but the O(a?(Q?) corrections to the thrust-distributions are also
numerically large. Integrating the distribution in Eq. [ up to T = 0.85 yields

1 (%% do as(Q?) as(Q?)
— T— =K 1+ Ko—=2) . 42
00 Jos d dr o (1+ K 7r ) (42)

Numerically, K1 = 1.156, K = 17.6 £ 0.3 for five quark flavours, which for as(Q?) =
0.13 at /s = 35 GeV yields a correction of about 70%. Theoretical calculations
from [10I] were later implemented in the independent jet Monte Carlo [20] and used
to determine as(Q?) from the inclusive measurements. The first such determination
using the thrust and oblateness distributions, measured by the TASSO [I08] and
MARK-J [I09] collaborations, respectively, yielded [107] as(Q = 35GeV) = 0.128 +
0.013 from the TASSO data and a4(Q = 35GeV) = 0.120 £ 0.010 from the MARK-J
data.

Subsequently, an enormous effort has gone into estimating the effects from the
jet resolutions, choice of jet variables, and fragmentation models. Also, the statistical
significance of the data from the experiments at PETRA and PEP increased enor-
mously over the time. An observable studied intensively in theory and experiments at
PETRA is the energy-energy correlation (EEC) and its asymmetry (AEEC). EEC is
a measure of the energy flow involving two calorimeters subtending solid angles {2 and
2" with respect to the incoming ete™ axis. Keeping the orientation between the two
calorimeter cells fixed (= ), the differential distribution in cos x can be expressed as

1dxEEC 1 do
— =— ——x;xidrdr; 43
o dcosy o Z/ dacidxjdcosxx Tyt (43)
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where z; are the scaled energies in terms of the c.m. energy /s. The experimental
configurations with fixed angle between the calorimeters x and the polar angle of one
of the calorimeters 6 are calculable in perturbative QCD [I10]. However, most experi-
mental measurements were carried out for the averaged EEC, obtained by integrating
over cos, for which perturbative QCD yields the following expression (for mq = 0)

idzEEC 7 Ols(QQ)

og dcosy 0w Fe), (44)
where £ = H% and F(€) is given by [110]
_ (8-29 B 2 _ _
F(¢) = 61— 6 [2(3 — 66 +26%) +In(1 — &) +3£(2 - 3¢)] . (45)

The averaged (over cos x) AEEC cross section has an obvious definition

1 dEAEEC B idEAEEC(ﬂ'—X)

1 dEAEEC (X)

o9 dcosy oy dcosx o9 dcosy
=@ pa g re)= 2 Pae.

Effects of quark masses in the EEC and AEEC cross sections were calculated in [TTTITT2/TT3].
The O(a?(Q?) corrections to these distributions were calculated numerically [TT1J114].
Restricting the angular range to —0.95 < cosy < 0.95, where the non-perturbative
effects are relatively small, the NLO corrections to the EEC cross-section were found

to be moderate, typically O(35%), but the corresponding corrections to the AEEC

were small, typically O(10%), giving reasons to be optimistic about the convergence

of perturbative QCD in these variables, particularly the AEEC.

Measurements of the EEC and AEEC were undertaken by all four experiments
at PETRA: JADE, MARK-J, TASSO, and PLUTO. The AEEC measurements have
been used to determine as(Q?) by comparing them with the NLO expression[TT1].
The extracted values of a,(Q?) are found to be: as(Q? = (34 GeV)? = 0.115 &
0.005 [JADE] [115], as(Q? = (34 GeV)? = 0.13 [MARK-J] [116], a5 (Q? = (34.8 GeV)?)
= 0.12540.005 [TASSO] [I17], and a(Q? = (34.6 GeV)?) = 0.12540.005 [PLUTO] [L18].
Within errors, these values of a(Q?) are consistent with each other, and with the
ones from oblateness and thrust distributions, given earlier. Representative distribu-
tions from the JADE [I15] and [TASSO] [I17] collaborations are shown in Fig. [I8]
in which A(6) vs.  and 1/0dX* /dcosx vs. 1 — cos x are plotted, respectively. These
measurements are compared with the perturbative QCD expression, calculated to
O(a?(Q?)) and the agreement is impressive for (0,x) > 30°. For (,x) < 30°, one
needs to implement non-perturbative effects.

A lot of experimental effort went also in studying the topological cross sections
(jet multiplicity) in eTe™ annihilation experiments at PETA, PEP, TRISTAN and
later at LEP. Theoretical distributions to these topologies were calculated in a series of
papers [IT9T20/12T12266]. Making use of this theoretical work, the JADE collabora-
tion measured as(Q?) in a limited range of /s using the three-jet rate and established
the running of as(Q?). Defining the fractional three-jet rate R3 = 03_jet/0tot as a
function of ymin, which is a cut-off parameter such that y;; > ymin for any pair of
partons ¢ and j and y;; = Mf] /s, the measured jet-rate was fitted to the expression

R3(ymin) = C104(Q%) + C2a3(Q%) , (47)

where C7 and C3 are ymin-dependent constants calculated by Kramer and Lampe
(called KL below) in [12I]. The JADE measurements for Rs3(ymin) as a function of
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Fig. 18. The asymmetric part of the energy energy correlation cross section measured
by the JADE [115] and [TASSO] [II7] collaborations at PETRA and comparison with the
perturbative QCD calculations including O(a2(Q?)) corrections from [I11]. The distribution
in the upper left-hand frame from the JADE collaboration shows the corrected asymmetry
A(0) vs. 0, measured at /s = 14,22 and 34 GeV. The upper right-hand frame from TASSO
shows the measurements at /s = 43.5 GeV and comparison with the perturbative QCD
(solid curve).

V/s in the range 20 < /s < 44 GeV are shown in Fig. (left-hand frame) [123].
They follow nicely the RG-prescribed running of o, (Q?) with Az = 205 GeV for
0.04 < Ymin < 0.12 using KL, with almost the same value AM—S = 210 MeV using
a calculation by Gottschalk and Shatz (called GS) [I124]. An even more convincing
measurement of the running of as(Q?) was presented by the MARK II collabora-
tion [125] at PEP and SLC. They determined as(Q?) from the differential three-jet

rate g3(¥3)|ys=yeus = % f2(Yeut), where fo(yeut) is the fraction of two-jet events

defined by the jet resolution yeut. Their result for gs(ys) is shown as a function of
y3 in Fig. 09 (right-hand frame) for two values /s = 91 GeV (SLC) and /s = 29
GeV (PEP). The three curves shown are the predictions of KL [121] for three dif-
ferent values A3z = 0.1,0.3 and 0.5 GeV. These measurements yielded as(Q?) =
0.123 £ 0.009 £ 0.005 at Q = /s = 91 GeV and as(Q?) = 0.149 4 0.002 4 0.007 at
Q = /5 =29 GeV, The running of a,(Q?) is clearly established. A comparison with
the values of as(Q?) determined from the measurements of the AEEC cross section at
PETRA energies, discussed earlier, also shows that non-perturbative effects at these
energies are observable dependent and not negligible.

These investigations were extended to jet rates of higher multiplicity, i.e. four-jet
and five-jet. An earlier paper along these lines is due to the JADE collaboration, in
which n-jet rates (n = 2,3,4,5) were presented [67]. At this time, NLO corrections
to the 4-jet rates and even LO predictions for the 5-jet final states did not exist.
The data were compared with the leading-logarithmic- approximation (LLA) model
. Similar studies based on the MARK II data at PEP (y/s = 29 GeV) are found
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Fig. 19. Left-hand frame: Three-jet event rates measured by the JADE collaboration [123]
as a function of the c.m. energy Fcm [GeV] for the indicated values of the jet resolution
parameter Yeut, together with the predictions of the order a? perturbatve calculations by
Gottschalk and Shatz (GS) and Kramer and Lampe (KL). Right-hand frame: Experimental
distribution g3(ys) as a function of ys at (a) /s = 91 GeV and /s = 29 GeV measured by
the MARKII collaboration [125]. The y3 range used in the fit for the determination of s is
defined by the two dashed lines. The curves are second order perturbative calculations with

the indicated values of Az

in [126] and [127] using the so-called “optimised perturbation theory”, i.e., by fitting
the scale.

An earlier attempt to establish the non-abelian nature of QCD from a study of
multijet events was made by the AMY collaboration at the TRISTAN ete™ storage
ring at the KEK laboratory [128]. Their data showed a clear preference for QCD in
contrast to an abelian model. In addition, they showed the running of as(Q?) by
measuring the 3-jet rate Rz at /s = 50 to 57 GeV by comparing their measurements
with those of the JADE collaboration [123] and the TASSO collaboration [129] at
PETRA taken at lower c.m. energies. Other publications towards a determination of
as from PEP and PETRA are for example by MARK II [I30] and CELLO [131].

5.5 String- and String-like effects in Jets

The data taken by the experimental collaborations at PEP and PETRA have been
used also to investigate non-perturbative effects in the jet profiles with the view of
testing various phenomenological models available in the 1980’s. This was important,
since depending on the observables considered, non-perturbative effects influenced
also the measurement of 5. Several groups [I32JT33[T34/T35] have used three-jet (¢gg)
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Fig. 20. Left-hand frames: (a) The normalised energy flow 1/EdE /df in the three-jet events
compared with two model predictions. (b) The normalised charged particle flow 1/ndn/df.
(c) 1/ndn/df with p?* > 0.3 GeV. Here n is the total number of particles used in each plot
(JADE collaboration [133]). Right-hand frames: Ratios of particle densities in the angular
gaps between the jet axes, defined by 0.25 < ¢j < 0.75 as a function of zin. The calculation
of the 1J (¢ = ¢) and of the LUND models are shown as shaded bands. a) N(2)/N(3) and
b)N(1)/N(3) for the three-jet event sample (TASSO collaboration [135]).

events to study the impact of hard gluon bemsstrahlung on the hadronization process.
In these studies they observed the so-called string effect [32], predicting a depletion
of particles in the angular region between the quark and antiquark jet relative to the
particle flow in the regions between the quark and gluon jets and the antiquark and
gluon jets. In Fig. 20 (left-hand frames), we show the measurements of the normalised
energy flow (1/E)dE/df in planar three-jet events and the normalised charged particle
flow in these events undertaken by the JADE collaboration [I33] between /s = 30
GeV and 36 GeV at PETRA. These distributions allowed to distinguish between
a hadronization model [I9] in which the fragmentation proceeds along the parton
momenta (the independent jet IJ model) and the model in which the fragmentation
takes place along the colour-anticolour axes (the LUND string model [25]), discussed
earlier. Only the leading order (Of(as)) matrix elements were taken into account
for the gluon bremsstrahlung process (ete™ — ¢dg), which were encoded in these
fragmentation models. As seen in this figure, JADE data on the energy and charged
particle flow are better reproduced by fragmentation along the colour axes [25].

A similar analysis was undertaken somewhat later in 1985 by the TASSO collab-
oration [I35]. In this case, the three-jet events produced in ete™ annihilation into
hadrons at 34.4 GeV were compared with the O(a?) perturbative QCD calculations
convoluted with two different models of fragmentation (IJ and Lund). The analysis
was undertaken in terms of the “reduced azimuthal angles” w; and Zin = Pin/ Foeam,
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where p;,, is the particle momentum projected into the event plane. The 1/15 are defined

as

Y = ﬁ .4, 5,k =1,2,3 and cyclic , (48)
where the particle under consideration is located between jets i and k (9; < ¢ < Py).
The reduced angles 1/15 run from 0 and 1. The subscript j denotes the angular region
opposite to the jet j. The analysis was restricted to z;, < 0.1 and the data were
divided in two samples z;, < 0.04 and 0.04 < zj, < 0.1. The result of the TASSO
analysis is displayed in Fig. (right-hand frames) showing that the distribution of
low energy (soft) hadrons in the 3-jet plane is better described by the LUND colour
fragmentation model than by the independent jet model. The opposite is true for
more energetic particles flowing between the 3 jets.

The “string effect” was subsequently attributed to the coherence of soft gluon
emission from the ¢gg system — a characteristic feature of the non-abelian nature of
QCD [33]. This is illustrated by contrasting the case of a soft gluon emission (assumed
here as g(p2)) in eTe™ — q(p+) +q(p—) + g(p1) + g(p2) from the process in which the
gluon g(p1) is replaced by a photon, i.e., ete™ — q(p+) + @(p-) +v(p1) + g(p2). The
angular distribution of the soft gluon (antenna pattern)in the case of ete™ — ¢gv is
given by

Wi_(¢2) =2Cras_V(a, ) =

4Cray— <7ra ﬂﬂ) , (49)

cosa—cosf \ sina sin 8
where @ = ¢ and 8 = 0,_ — ¢2 (see the kinematics shown in the upper left-hand
frame in Fig. 20); a;x = 1 — (n;.ng), with n; being the unit vector in the direction
of p;, and 04 _ is the angle between the ¢ and ¢ directions. Replacing ~v(p1) with a
gluon g(p1) changes the angular distribution essentially due to the antenna element
g(p1) participating in the emission as well. One now obtains (y = 041 + ¢2):

Wii(p2) = Nelay1V(a,v) + ar-V(a, 7)) + (2Cr — Ne)at-V(a, B) . (50)

The (soft) particle flow according to these two configurations is illustrated in Fig. 21]
(upper right-side frame) showing that the flow opposite to the direction of n; is
appreciably lower for the case of a gluon than for a photon due to the destructive
interference in the case of QCD (¢ggg).

This phenomenon can be qualitatively understood . Omitting the small contri-
bution from the second terms in eq. (B0), one reduces this equation to the sum of
two independent quark antennas (+,1) and (—, 1). Therefore, in this approximation,
the total particle flow can be obtained by the simple incoherent composition of two
“annihilations” ete™ — qg, boosted from their respective rest frames to the over-
all ggg c.m. frame. It is clear that the angular region between the ¢ and g§ will be
depopulated as it is opposite to the boost direction of both two-jet configurations.
This perturbation theory based scenario (3 = 2 + 2 + Lorentz boost) then coincides
with the fragmentation of the gluon in the process ete™ — ggg events in the LUND
fragmentation model. The independent jet model misses this, as the gluon fragments
independently on its own. Consequently, the Lorentz boost effect is absent.

The colour coherence study of ete™ jets by Azimov et al. [33] suggested an inter-
esting experimental test in the form of particle flows in three-jet (¢gg) and radiative
two-jet (¢gy) events by observing the negative contribution of the third antenna. This
test was carried out by the MARK II collaboration at PEP at /s = 29 GeV [136]
with the result that in the angular region between the quark and antiquark jets fewer
charged tracks were observed in the two-jet events than in the radiative three-jet
events. Their result is shown in Fig. 211 (lower two frames).
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Fig. 21. Upper left-hand frame: Kinematics of non-jet radiation in three-jet events; Upper
right-hand frame: Directivity diagram of the soft particle flows, projected on to the qgvy
(dashed lines) and ¢g@g (solid line) event planes. Dotted circles show the constant levels of
density flow [W(¢) = 1,2,4] (from Azimov et al. [33]). Lower frame: The charged-track
density as a function of the event-plane angle ¢. The angular region between ¢ = 0° and
¢ = 150° separates the g and ¢ for the ¢gvy events and for 65% of the gGg events (from the
MARK II collaboration [136]).

To end this review of the studies of jets at PETRA and PEP, we briefly discuss
the angle ordered perturbation theory, as this approach has been used to develop
a parton shower Monte Carlo [26]. In this approach, the phase space of soft gluon
emission is restricted using an angle ordering criterion, which allows to take into ac-
count the interference (colour coherence) approximately, and hence it reproduces the
string and string-like effects discussed above. Both the LUND fragmentation model
(PYTHIA in its modern incarnation) and the parton shower Monte Carlo models



36

q q g

Fig. 22. The three basic splitting processes of quarks and gluons into pairs of quarks and
gluons.

(such as HERWIG) describe the ete™ data adequately. However, the main drawback
of these models is that they do not (easily) match with the fixed order perturba-
tion theory in next-to-leading and higher orders. The main obstacle is that fixed
order perturbation theory has soft and collinear singularities that give rise to loga-
rithmic enhancement of higher order contributions. These enhanced terms should be
summed to all orders. However, there is no unique way of doing this. For example,
the pr-ordered and the angular ordered showers can both be arranged to resum these
logarithms. Matching with a fixed order perturbation theory is more easily achieved
in pp ordered showers which, however, do not have the colour coherence needed by
the low-energy eTe™ data. It is the other way around with the angle-ordered showers.
We will discuss these aspects further in the next section.

6 Jets in QCD and at LEP

In this section we review the salient features of jets at LEP which were helpful in
testing some of the basic elements of QCD more precisely.

6.1 Quark/Gluon cascades

Electric charges which are accelerated, reduce their energy by radiating photons pref-
erentially collinear with the flight direction of the charge. This is a general feature
of gauge theories and, specifically, collinear radiation is predicted in QCD processes
in which quarks and gluons are produced with high energies. If the observed partons
carry away a fraction z of the parent partons, the splitting functions [137], ¢f. Fig.[22]

s 14+ (1—-2)%  dQ?
dp[q%ﬁg(z)]:g_ﬁ@%dzﬁ,
2
dP[9—>fJ(Z)+¢?]=%TR [z2+(1—z)2]dde%,
. — 212 dO?
4Plg = 9+9(:)) = 57 A%W%, (51)

universally predict collinear splittings, with Q2 ~ z(1—2)E?©? denoting the invariant
mass of the final parton pair. The splitting function dP[q¢ — ¢(z)+g] is obtained from
the first equation by replacing z — 1 — z; the bremsstrahlung splittings ¢ — gg and
g — gg preferentially generate soft radiation spectra in the limit z — 0. The group
characteristics are Crp =4/3, C4 = 3 and T = 1/2 for SU(3)¢ of QCD.

Repeated splittings generate cascades of collimated quarks and gluons. Since the
lifetime of the final-state pair in the splitting processes is long, 7% ~ E/Q?, the cascade
is expected to be described by a sequence of probabilities and not by interfering
quantum-mechanical amplitudes. If the branching occurs at a value Q? without any

radiation between the initial maximum value Q2 ,, and Q?, the probability is given
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by

2 Q2 .u /2

APoy—spe = g—; Pa-}bc(z) dde% exp —;/2 Cg% /dz' % Pa—>b’c’(2/) ’
,C

(52)

where the exponential Sudakov factor [48] accounts for the non-radiation probability.

However, the branching probability Eq.(52) is refined by an important coherence
effect. If in electrodynamics a photon splits into an electron+positron pair, the pair
can emit photons only at angles less than the angle between the charged pair as
photons propagating at larger angles would see coherent electron+positron states
which, being neutral, cannot radiate. As a result, the emission angles are ordered
in the sequence ©1 > O3 > ... This effect is also predicted in QCD [26]. The only
difference arises from the fact that the coherent superposition adds up the colour
charges of the daughter partons to the non-zero values of the parent colour charge so
that wide-angle splitting is generated at a non-zero rate. In addition to the angular
ordering, non-resolved infrared radiation restricts the energy fractions of the partons
in the cascades. These restrictions on energies and angles can be mapped into the
boundary values of the Sudakov integral after re-expressing the invariant mass by the
angle between the momenta of the daughter partons.

The cascading of the primordial quarks and gluons affects the observed hadron
distributions within the jets. In particular, energy spectra are softened through the
cascading mechanism, multiplicities increase strongly with energy, and quark and
gluon jets will develop different profiles. Formulated for simplicity by neglecting the
change in k7, and restricting to one parton species, the energy dependence of the
fragmentation function is described by the DGLAP equation [I37/138]:

dD(z,Q?%) _ as(Q?) Lac . z
Tog /2~ ax ). ¢ WP (Z’QQ)' (53)

The splitting function P consists of two parts. The first part P describes the standard
component and accounts for the accumulation of particles at z generated by the
splitting of partons at { > z, the second part accounts for the loss of particles at z
due to splitting to smaller energy values. The solution of the equation leads to striking
effects which modify the predictions of the scale-invariant parton model:

(i) For large z values beyond 0.2 the spectrum decreases with increasing energy
while the particles accumulate at small z. The loss of particles by splitting at large z
is bigger than the gain by splitting from yet higher ¢ values. This is naturally opposite
at small z values.

(#1) The constant plateau in the parton model generates a multiplicity of particles
which increases logarithmically with the length of the plateau ~ log /s/my,. Multiple
splittings raise the multiplicity much more strongly. Solving Eq.([53)) for the multi-
plicity, given by the integrated fragmentation function, predicts a rise with energy
stronger than exponential:

n(s) ~ expag V/?(s) ~ explog'/?s/A%. (54)

In addition, the flat plateau in log 2! is deformed to a humpback of Gaussian char-
acter [140], with centre [log 2™ Ymaz ~ logs/A% and width o ~ log®/*s/A2. Experi-
mental proof for the energy dependence of the fragmentation function D(z, Q%) and
the formation of the humpback at small z is presented in Fig[2Z3l

(i4i) While the first splitting of a quark jet ¢ — ¢g is determined by Cr = 4/3,
the first splitting of a gluon jet g — gg is determined by the bigger Casimir invariant
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Fig. 23. (a) Scaling violations in quark and gluon jets (using the DURHAM algorithm). The
solid curves show the DGLAP evolution and the dotted parts of the curves are extrapolation
outside the fit range [DELPHI [139]]. (b) Measurements of the In(1/z,) distributions for the
center-of-mass energies between 14 and 91 GeV and comparison with the MLLA [140] and a
Gaussian [I41]. This figure is referred as the Humpback plateau of the gluon fragmentation
function for small x values in the text [OPAL [142]].

C4 = 3. Thus, the large average colour of gluons compared with quarks should
increase the multiplicity of gluon jets with regard to quark jets asymptotically in
the ratio C4/Cr = 9/4. Similarly, since dNy/q ~ C4/p dlog®, the angular widths

of quark and gluon jets are different, ©, = @qc v/ CA, viz. gluon jets are wider than
quark jets. Even though the asymptotic limit has not been reached yet, the particle
multiplicities in gluon jets have been shown significantly larger than in quark jets
[143): ng/ng > 3/2.

(iv) Small-angle gluon radiation off heavy quarks @ = ¢,b is suppressed com-
pared to light quarks [144], and the logarithmic enhancement of the particle yield is
restricted to infrared gluon configurations.

6.2 Multijets at LEP

Increasing the energy from the PETRA regime of about /s = 46 GeV to the LEP
regime by factors of two and five in the two phases of LEP, Z-boson runs with /s =
91 GeV and beyond with /s up to 206 GeV, provided two opportunities: the ex-
perimental analysis of multijet final states [2I] and the study of the jet properties
over a large range in energy [145]. This allows to more precisely measure two funda-
mental characteristics of QCD [I46], the running of the QCD coupling with energy
as predicted by asymptotic freedom, and the three-gluon coupling, a fundamental
ingredient of asymptotic freedom. We discuss these measurements below in turn.

6.3 Inclusive jet observables and determination of a,(Mz) at LEP

All four experiments at LEP, DELPHI [147], OPAL [148], L3 [149], and ALEPH [150],
undertook measurements of the inclusive jet (or event shape) variables and their mo-
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ments. In these analyses, the next-to-leading order (O(a?)) perturbative QCD cal-
culations for the inclusive observables and event shape distributions, discussed in
the context of three-jet events at PETRA, were augmented by theoretical estimates
in the next-to-leading-log approximation (NLLA) [I51JI52] and others in which the
O(a?) and NLLA schemes were combined [153]. For the hadonization effects, either
the Monte Carlo based hadronization models, PYTHIA [34], HERWIG [35] and ARI-
ADNE [I54] were used, or, alternatively, non-perturbative power-correction formu-
lae derived in [I55II56I157] were employed. This latter ansatz provides an additive
term to the perturbative QCD estimate in mean event shape variables. Studying the
energy-dependence of these mean variables (f), defined as

f) = = / P o+ o) | (55)

Otot do

yielded a measurement of a(p) and ag, the non-perturbative parameter character-
ising the power corrections. We have discussed the O(a?) calculations of fpere for
several observables (thrust, the Fox-Wolfram shape variable C, etc.) in section 5.4.
Explicit formulae for fpow are given by Dokshitzer et al. [I55I156/157], and can also
be seen, for example, in the DELPHI analysis [147] of the LEP 2 data. A typical
measurement along these lines is shown in Fig.[24] in which the measured mean val-
ues of (1 — T, and the scaled heavy jet mass (M?/E? are shown as a function of
the center-of-mass energy together with the results of the fits. The dotted curves in
these figures show the perturbative QCD part only. It is obvious from this figure that
even at the highest LEP 2 energy, non-perturbative power corrections are not small.
The fits yield as(Mz) = 0.1191 £ 0.0015 £ 0.0051 from (1 — T') and a very consis-
tent value from the other observable (M?/EZ ). However, the value of ag(2 GeV),
the measure of power corrections, differs by about 20% from the two measurements,
showing considerable non-universality in the parametrisation of fpow by Dokshitzer
et al. [I55I56/157]. Along the same lines, the L3 collaboration measured the mean
values of several global shape parameters. For all these variables, the same theoretical
frameworks [I5TJT52I153] as discussed above in the context of the DELPHI measure-
ments were used. To compare these calculations at parton level with the experimental
measurements, the effects of hadronization and decays were corrected for using the
JETSET PS (parton shower) Monte Carlo programme. We display in Fig. 25 the mea-
sured distributions in thrust and the variable C' at /s = 206.2 GeV and comparison
with the QCD fits, showing excellent agreement. To determine a at each energy, the
formalism in [I53] is used, which yielded a,(Mz) = 0.1227 £ 0.0012 4 0.0058 [149].

6.3.1 Jet rates

Due to the high energy at LEP1, up to four jets could be resolved experimentally.
The number of resolved jets depends strongly on the criterion by which the jets are
defined. Early definitions had used the JADE recombination scheme which combined
particle pairs on the experimental side, and equally quark/gluon parton pairs on the
theoretical side [T21], for scaled invariant masses MJ/s = y below a cut-off value
< Yeut- In the DURHAM scheme [54] the invariant mass was replaced by ij =
2 min(E7, E3) [1—cos 6], essentially the transverse momentum between the particles
or partons for small angles. The cut-off value y...; was chosen typically from 10! down
to 1073, Small values of y.,; naturally lead to large numbers of jets while the number
of jets is reduced if y.,+ is increased. The cross section for 3-jet events,

o3ly] = (%) 031 + (%)2032 + (%)3033, (56)



40

= - . —
2 f .
2 +f @ DELPHI ¥ AMY
E pert. * pow W ALPPH A TAssO
I fpert. 4 OPAL ¢ PLUTO
zlor T dh  CELLO ]
§ ST Q swp * MKII
5 8T O Topaz % HRS
| .
2
et
$
857

4 -

3 -

2 L

1 - —]
09

0.8

| DELPHI

06

05 Lo o1 . . ] .

10 10> E_ [GeVl

Fig. 24. Measured mean values of the observables (1 — T) and (M7?/EZ2,) as a function

of the center-of-mass energy. The solid lines present the results of the fits including power
corrections and the dotted lines show the perturbative part only. (From DELPHI [147]).

has been calculated up to third order in the QCD coupling [I58]. NLO corrections
to the four-jet rates in the process ete™ — v*, Z — 4 jets were done around 1996
by Dixon and Signer [I59/T60] and subsequently by Nagy and Trocsanyi [161]. The
experimental number of jets in Z decays is displayed in Fig. 26l and compared with a
parton shower Monte Carlo prediction (Jetset partons), and including hadronization
effects (Jetset hadrons). Evidently, for y..; below 1072 up to four jets can clearly
be identified at LEP1 [162]. A dedicated effort to test QCD and determine a, was
undertaken by the combined JADE (at PETRA) and OPAL (at LEP) collabora-
tions [148)], giving a considerably larger arm in energy from 35 GeV to 189 GeV. The
observables used in this (JADE 4+ OPAL) analysis are exclusively based on the mul-
tiplicities of hadronic jets. The n-jet fractions, R,, were defined using the JADE [30],
Durham [54] and Aachen/Cambridge[55] algorithms. We show in Fig. 27 the three-jet
fraction R3 obtained with the JADE and Durham jet algorithms versus the center-of-
mass energy. (The result from the Aachen/Cambridge algorithm can be seen in [148§].)
Here, the data from PETRA and LEP are compared with the O(a?) prediction. The
renormalisation scale dependence is shown by the scale parameter z,, = p/\/s, with



41

—
o

1/N,,, dN/AT
1/N,,, dN/dC

[}
—r

—
o
T
—
o
T

0.5 06 0.7 0.8 09 1 0 02 04 06 08
T C

Fig. 25. Measured distributions of thrust, T, (left-hand frame) and the C-parameter in
comparison with QCD predictions at /s =206.2 GeV [From L3 [149]].

100

emxa Data
--------- Jetset partons
[P, b —— Jetset hadrons

|||||||f

Ycut

Fig. 26. Relative production rates of n-jet events defined in the Durham jet algorithm
scheme [54] as a function of the jet resolution parameter yc.:. The data are compared
to model calculations before and after the hadronization process as indicated on the fig-
ure [OPAL[I62]].

the solid lines corresponding to a fixed value z, = 1, and the dashed lines are the
results obtained with a fitted scale, indicated on the figure. This and related anal-
yses reported in [148] yield a rather precise value for the QCD coupling constant
as(Mz) = 0.1187%9% 0. At LEP2 (up to /s = 206 GeV), the highest jet multi-
plicity measured is five, obtained using the variable y.,t, and inclusive measurements
are available for up to six jets. To match this data, NLO QCD corrections to five-jet
production at LEP have been carried out by Frederix ét al. [163], and the fixed-order
perturbative results have been compared with the LEP1 data from ALEPH [150].
Two observables have been used for this comparison:
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Fig. 27. Measured 3-jet fraction as obtained with the JADE (left-hand frame) and Durham
schemes (right-hand frame) at parton level versus the c.m.s. energy /s. The data shown are
from the JADE and OPAL collaboration, and the curves are the O(a?) predictions at a fixed
scale (solid lines) and for the fitted values of the scale (dashed lines). [From OPAL [148].]

(i) Differential distribution with respect to the five-jet resolution parameter y,s5, the
maximum value of y.u¢ such that a given event is classified as a five-jet event by the
DURHAM jet algorithm [54]:

1
do 5—j
_ —jet
/ dy45d— = Tincl (yCut) ’ (57)
Yeut Yas
where afn_cfet is the inclusive five-jet production cross section in e*e™ annihilation.

(ii) Five-jet rate Rs(ycut), defined as follows:

0—57j16t (ycut>
RS(ycut) = =X ) (58)
Otot
where UZ’):leet (Yeut) is the exclusive five-jet production cross section. This is also cal-

culated using the Durham jet algorithm by requiring that exactly five jets are recon-
structed. Both observables, o,.tdo/dIny;s" and Rs(yeut), can be written as a series in
as (1), with the leading contributions starting in O(a?). A comparison of the leading
order and next-to leading order predictions for (1/0)do/dInyss vs. In(yss) and the
exclusive 5-jet fraction Rs vs. In(yeut) is shown in fig. with the ALEPH data in
a limited range of these variables (perturbative regime). Hadronization effects have
been estimated using the SHERPA MC [36]. As is typical of NLO calculations, scale
dependence is significantly reduced compared to the LO calculations. Agreement be-
tween data and NLO theory is impressive and has been used to extract a value of a,
obtaining as(Mz) = 0.1156)0031, which is in excellent agreement with the world-
average discussed below. The limitation of using fixed-order perturbative QCD in
describing the eTe™ data can be seen in the ALEPH data shown in fig. 29 which
show a characteristic turnover shape around —Inyys ~ 7.5. In this region, pertur-
bation theory fails and a resummation (equivalently showers) have to be included to
describe the data. This underscores the importance of having MC generators which
include showers.
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by varying the scale in the interval 0.156Mz < p < 0.6Mz, and the solid lines refer to NLO
QCD evaluated at as(Mz) = 0.118 and p = 0.3Mz. [From Ref. [163]].

In fig. 29 the ALEPH LEP1 data for o, {do/dIn y;sl are compared with the
hadron level predictions of three event generators, PYTHIAG.1 [164], HERWIG6.1 [165]
and ARTADNEA4.1 [154]. Agreement between data [I50] and these MCs is generally
good. However, as shown in the upper frame of fig. 29] hadronic corrections are large,
varying from 0.5 to 1.5 in this range. In addition, differences between hadronization
corrections among the MCs are as large as 25%. This deficiency can be overcome to
some extent by matching the parton shower and high multiplicity matrix elements,
as, for example, proposed in [166]. This matching procedure has been implemented
in the SHERPA event generator [36] and results in improved agreement between the
MC and fixed-order perturbative description.

6.3.2 The gluon self-coupling

The study of the three-gluon coupling in gluon splitting to two gluons requires four
(or more) jets in eTe™ annihilation. A variety of angular correlations and energy
distributions, see [167]-[169], can be exploited to signal the three-gluon coupling of
QCD.

The sensitivity to angular distributions may be illustrated in a transparent ex-
ample [I67]. A virtual gluon, radiated off the quarks in the process ete™ — qgg*, is
polarised preferentially in the production plane. The subsequent splitting of the vir-
tual gluon into two real gluons or a quark-antiquark pair is sensitive to the azimuthal
angle ¢ between the g* polarisation vector and the decay planes:

Ngg = % +2(1—2) cos2¢ ,
Ngg = % [2° + (1= 2)*] = 2(1 — 2) cos2¢. (59)

As a result, the polarisation vector and the decay plane tend to be aligned in gluon
splitting to two gluons. In contrast, if the gluon splits to a quark-antiquark pair, the
decay plane tends to orient itself perpendicular to the polarisation vector.

The azimuthal distribution can be studied experimentally by measuring the angle
between the planes spanned by the two hardest and the two softest jets. In an abelian
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between data and event generator predictions. [Figure attributed to H. Stenzel in Ref. [I63]].

theory the ¢ asymmetry is large and the two planes would orient themselves perpen-
dicular to each other. By contrast, since the ¢-independent term in gluon splitting
to two gluons in QCD is large, the azimuthal asymmetry in this process is predicted
to be small, but the two planes should have a tendency to orient themselves parallel
rather than perpendicular. This is borne out by experimental analyses [I70] indeed,
as demonstrated in Fig.

Quite generally, four jets are produced in eTe™ annihilation by three mechanisms:
double gluon bremsstrahlung, gluon splitting to two gluons, and gluon splitting to a
quark-antiquark pair. The cross section [I00] can be decomposed accordingly:

Qs

2
o4 = (?) Cr [CFUbb + CAO'gg + TLfTRO'qq] . (60)

The first term accounts for double gluon bremsstrahlung ¢ — qg and ¢ — g, the
second for gluon splitting to two gluons g — ¢gg, the third for gluon splitting to
ny quark pairs ¢ — ¢g. The Casimir group characteristics of the splitting vertices
are [Cp,Ca,Tr] = [4/3,3,1/2] in QCD, while the corresponding characteristics are
[1,0,3] in an abelian theory. Measurements of their ratios yield [171]

C4/Cr = 2.29 £ 0.06[stat.] £ 0.14[syst.] ,
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Tr/Cr = 0.38 4 0.03[stat.] + 0.06[syst.], (61)

compared with the theoretical predictions C4/Cr = 9/4 and Tr/Cr = 3/8 in QCD.
Again we observe a strong signal of the three-gluon coupling in C4, far away from
zero in the abelian theory.

6.3.3 QCD coupling and asymptotic freedom

A large range of energies can be covered in the measurement of the QCD coupling
as(Q?), extending from 29 GeV (at PEP) to 46 GeV (at PETRA) up to about 206
GeV at LEP; the lever arm can be elongated down to 1.8 GeV by including 7 decays.

The QCD prediction for the running coupling s (Q?) has been determined up to
the 5th power [I72]. Keeping terms up to 2nd order leads to the following expression

B 1 _ filoglog (Q*/4%)
 Polog (Q2/42) 3 log” (Q2/42)

with 8y = (33 — 2nys) /127, B1 = (153 — 19ny) /2472, ... and A ~ 200 MeV denoting
the QCD scale at which the coupling grows indefinitely. An ensemble of observables

Qs (QQ)

¥ (62)
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011

has been calculated in perturbative expansions in next-to-leading order NLO up to
N3LO. Most accurate are the totally inclusive observables, like total cross sections,
followed by jet cross sections and hadronic shape variables, like thrust. The estimates
still depend significantly on the models used for calculating the shape variables in the
non-perturbative region, see [I73], for instance.

Combining the experimental measurements with the theoretical apparatus, the
knowledge of the QCD coupling and its evolution with the energy is summarised in
Fig. BTl The lever arm extends from the hadronic 7 meson throughout the PETRA
range up to the highest energy values in the second phase of LEP. Including deep-
inelastic lepton-nucleon scattering and jet production in hadron collisions, all the
analyses are in remarkable agreement with the theoretical expectation from asymp-
totic freedom [2]. It has become customary to quote the value of os(u) measured in
experiments by scaling the result to the scale u = My using the RG equation. This
yields the current world average [174]

as(Mz) = 0.1184 + 0.0007 . (63)

This ends our discussion of jets in eTe™ annihilation experiments and in QCD. In
summary, essential parts of QCD jets can now be controlled at the level of typically ten
percent (as(Mz) is known better than 1%). Notabene the basic interactions and the
strength of the quark-gluon coupling are proven to be asymptotically free. The high
level of accuracy achieved in measuring the gauge couplings - weak, electromagnetic
and QCD - is now a diagnostic tool to probe physics at scales as high as the the grand
unification scale.
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7 Jets as tools

In the preceding sections, we discussed the impact which jet physics in eTe™ annihila-
tion experiments had in establishing QCD quantitatively. This progress owes itself to
some extent to the fact that in eTe™ annihilation the initial state is precisely known.
This is not the case in other high energy collisions, such as the electro- and photo-
production processes ep and ~yp, as well as the gamma-gamma and hadron hadron
collisions, v, pp and pp. Here, jets could be used as powerful tools for studying other
aspects of high energy collisions. Examples are the partonic composition of the proton,
i.e., quark and gluon densities of the proton (and antiproton), the parton distribution
functions (PDFs) of the photon and the QCD coupling at HERA, Tevatron and the
LHC. Yet other applications of jet physics include analyses of the electroweak sec-
tor and searches for new heavy particles in many extensions of the Standard Model,
ranging from supersymmetry to compositeness and extra space dimensions. Thus the
prominent role of jets in studying QCD phenomena extends to quite different areas
in particle physics.

Before we embark upon illustrating the use of jets as tools in ep, vy, pp and pp
collisions, it is worth pointing out that in these processes, QCD is at work in both
the initial and the final states as opposed to the eTe~ annihilation processes, where
it influences only the final state distributions and rates. As seen in Fig. for the
DIS process, the cross section depends on three components: (i) the probability of
finding a parton in the proton having a fractional longitudinal momentum z (or zg;),
(ii) the interaction between these partons and the photon, and (iii) the transition of
partons to jets, which theoretically involved the recombination of two partons into
one jet. While perturbative QCD provides a framework to evolve the PDFs and the
fragmenation functions FFs from a low scale u? = Q% to a high scale u? = Q2, non-
perturbative inputs for the PDFs and FFs are required at the lower scale. This is
obtained by parametrising the data at lower scale.

7.1 ep Collider

Jet production in neutral current (NC) deep inelastic scattering at the HERA collider
at DESY provides an important further testing ground for QCD. While inclusive DIS
gives indirect information on the strong coupling via scaling violations of the proton
structure functions, the production of jets allows a direct measurement of the strong
coupling constant «s. The Born contribution to DIS (Fig.[B2h) generates no transverse
momentum in the v*p centre-of-mass frame, where the virtual boson and the proton
collide head on. Significant transverse momentum in the «*p frame is produced at
leading order (LO) in the strong coupling « by the QCD-Compton (Fig. B2b) and
the photon-gluon fusion (Fig. [B2c) processes. In LO the momentum fraction of the
proton carried by the parton is given by & = xp;(1 + M%/Q?), where zp; is the
Bjorken scaling variable zp; = Q?/(Q* + W?). Here W is the total c.m. energy
W? = (q + P)?, ¢ = is the momentum of virtual photon, Mz is the invariant mass
of two jets of highest pr and Q2 is the negative four-momentum transfer squared of
the ingoing and outgoing electron. In the kinematic region of low Q2, low pr and
low &, the v*-gluon fusion dominates the jet production imparting sensitivity to the
gluon component of the parton density functions (PDFs) of the proton, whereas the
contribution of the QCD-Compton process yields information on the various quark
(antiquark) components of the proton.

In order to make theoretical predictions on jet productions in neutral current DIS
scattering one needs the PDF's of the proton, provided mostly by the global analysis
collaborations, such as CTEQ [I75] and MSTW [I76]. In addition one must have
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(b) (©

Fig. 32. Deep-inelastic lepton-proton scattering at different orders in as: (a) Born contri-
bution O(1), (b) example of the QCD Compton scattering O(a.) and (c) boson-gluon fusion
O(as).

infrared and collinear safe parton cross sections, which are known now up to NLO in
as [I77). An example of the inclusive DIS measurements at HERA together with data
from lower energy fixed target experiments is shown in Fig. B3l A striking feature of
the HERA data is the dramatic rise of the proton structure function F(x,Q?) for
low values of x (typically z < 1072). Almost all of this rise of Fy(z, Q?)is due to the
gluon density in the proton g(x, @?). This has profound consequences for high energy
pp (at the Tevatron) and pp collisions (at the LHC).

DIS jet production depends in general on two large scales @) = \/@ and the pr of
the produced jets. The ep jet data were collected by two detectors at HERA: H1 and
ZEUS, resulting from the collision of electrons or positrons with energy E. = 27.6
GeV with protons of energy E, = 920 GeV, providing a center-of-mass energy of
Vs =~ 320 GeV. In the more recent analysis the inclusive kr jet algorithm [I79)
is used to combine the particles in the hadronic final state into jets. Theoretical
predictions (at next-to-leading order) have been corrected for hadronization effects,
which are calculated via Monte Carlo Models with parton showers. The most recent
publication on jet production in DIS comes from the H1 collaboration at HERA,
where data up to 2007 are included and Q2 spans the range 150 < Q2 < 15000 GeV?
[180]. Inclusive jet, 2-jet and 3-jet cross sections, normalised to the NC deep inelastic
scattering cross section, are measured as functions of @2, jet transverse momentum
and proton momentum fraction. We show in Fig. 4] the normalised inclusive jet cross
section as a function of the jet transverse momentum pr in the Breit frame (defined
as the frame in which 2zp 4+ q = 0, where p and q are the 3-momenta of the proton
and virtual photon, respectively) for two ranges of @2, 700 < Q2 < 5000 GeV?
(shown in the left-hand frame) and 5000 < Q% < 15000 GeV? (shown in the right-
hand frame). Agreement between data and theoretical predictions [I77] is excellent.
The ratio R (of data over theory) lies near 1 (shown at the bottom of these frames).
Similar plots for bins with smaller Q% can be seen in [I80]. HERA data on inclusive
jet production in DIS [I8TIT82JT83] have constrained the gluon density in the range
0.01 < x < 0.1 The strong coupling as(Q?) has been determined and translated
into as(Mz) = 0.1168 & 0.0007(exp.) 50935 (theor.) + 0.0016(PDF) using the usual
renormalisation group equation. This result is competitive with those from eTe™ data
and is in good agreement with the world average [178].

A similar recent analysis of the ZEUS collaboration has less integrated luminosity,
as it is based only on the data taken from 1998- 2000. However, their data include
also results for rather large Q2. The analysis is done in a similar fashion as that of
the H1 collaboration described above. They also studied the inclusive one-jet cross
section as a function of Q% and EJTSE; (the transverse energy of the jet in the Breit
frame). In addition they also measured this cross section for three different radii,
R = 0.5,0.7 and 1.0, used for combining hadrons into jets with the help of the
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inclusive kr cluster algorithm [I79]. The results are shown in Fig. for do/dQ?
for B}, > 8 GeV as a function of Q2. The NLO QCD predictions with scales

UR = E]TftB, pr = @ are compared with the measurements [I84]. The calculations
reproduce the measured differential cross section quite well for all three jet radii
considered. In this work also as(Q?) has been determined. The result is o (Mz) =
0.1207 4 0.0014(stat.) T 5035 (exp.) T boas (theor.), which is also consistent with the
world average.

We now turn to photo-production. At HERA the largest cross section is due to
photo-production, where the beam (electron or positron) interacts with the proton
via the exchange of a virtual photon with a small virtuality Q2 ~ 0. The spectrum of
the ingoing virtual photon can very well be described by the well-known Weizsacker-
Williams formula [185].

The photo-production of single jets, dijets and triple jets with high transverse
momenta can be calculated also within perturbative QCD if the transverse momentum
of the jets is large enough to provide the hard scale. Besides the larger cross section,
as compared to the DIS jet production, the photo-production of jets does not depend
on the additional scale Q. The contributions to the theoretical cross sections which
have been calculated up to NLO come from two processes: (i) the direct process in
which the photon enters the hard sub-processes directly by coupling to the quarks, in
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the same way as in deep-inelastic ep scattering (see Fig.[B2b, c¢ in LO), and (ii) the so-
called resolved process in which the photon fluctuates into partons, quarks or gluon,
and one of them participates in the hard parton-parton scattering process [I86I187].
This latter process is equivalent to jet production in hadron-hadron collisions, of
which the LO hard scattering cross sections for q¢’ — q4¢’, g9 — gg and gq — gq are
written below. The only difference is that the PDF's of one of the hadrons is replaced
by the photon PDF. This process, therefore, is sensitive to the parton structure of
the proton and the photon. It is one of the few processes which can give information
on the gluon content of the photon.

The basic y-parton processes which enter the calculation of the direct process in
LO are the following: QCD Compton process: yg¢ — gq, and the photon-gluon fusion:
vg — qqG. These y-parton cross sections have the following simple forms

do g 14 U8
S gq: S e S (- 64
I qeosor T i w59 ( 5 d> ’ (64)
do saas 1 (u ¢t
g 2 22 2 (U 65
19T T eoser T % 1 2s (t + 12) ’ (65)

where e, is the charge of the quark with flavour ¢, § = 4, t = —2(1 — cos0*), @ =
—2(14cos8*) and 6* is the angle of the dijets in their centre-of mass system. | cos 6*|
is related to the pseudo rapidities of the two jets, 71 and 72 by

|cos 6| = | tanh (i — 12)/2)] - (66)

There are many observables which have been measured and which can be used to test
the basic parton-parton cross sections for the direct and resolved process up to NLO
[188]. We shall present only a few taken from the most recent H1 [I89] and ZEUS
[190] publications. The do/d| cos8*| distribution has been studied as a function of
| cos0*| by the H1 collaboration [I89] with and without an additional cut on the
invariant mass of the two jets M,; for the direct (resolved) enhanced contribution.
This analysis is done in terms of a variable z, defined by,

Ty = o Z ET,ie_m N (67)

where Er; and E7 > are the transverse energies of the two jets with the two largest
E7’s. In LO the direct contribution is at 4, = 1 and the resolved contribution has
x < 1. Therefore, by selecting events with x, > 0.8 (x4 < 0.8) the direct (resolved)
parts of the cross sections are dominant. The results of the H1 analysis are shown
in Fig. for the two bins of z, as a function of cos*, with the upper two frames
without a cut on M;; and the lower two frames with M;; > 65 GeV.

The cross section do/d| cos6*| with the M;; cut is sensitive to the dynamics of
the underlying ~-parton and parton-parton hard interactions. The cross section in
the resolved sample z, < 0.8 rises more rapidly with |cos#*| than that in the direct
sample due to the dominance of the virtual gluon exchange in the resolved processes
(see formulae for parton-parton cross sections below). The dependence on | cos 8*| and
also the absolute normalisation are well predicted by the NLO calculations. Similar
results have been presented by the ZEUS collaboration [T91] by varying the dijet mass
M;; and their results are given in [I92] Another example is the cross section do /dEr,
where Er is the mean transverse energy of the two jets

Er = (B + EI?) . (68)

N =
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Fig. 37. Measured cross-section do /dEr for (a) z3" > 0.75 and (b) 25" < 0.75 compared
with NLO QCD predictions using the AFG04 [I93] (solid line) and CJK [194] (dashed line)
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tainties (shaded histogram). The ratios to the prediction using the AFG04 photon PDF are
shown at the bottom of the figure. (From ZEUS Collaboration|[I90]).
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An example of such a cross section for z, > 0.75 and x, < 0.75, respectively, as
presented by the ZEUS collaboration [190] is shown in Fig. [37l The cross section is
measured up to Er ~ 80 GeV, i.e. further out in F7 than in DIS jet production. In this
figure also results for two different photon PDFs (namely, the so-called AFG04 [193]
and the CJK [194]) are shown. The most sensitive cross section concerning direct and
resolved separation is the cross section do/ dmﬁbs, where xi’ybs is the x., defined above
with the sum over the two jets (therefore ”obs” in the notation of x. since not all
jets are included in the sum). The result from the ZEUS collaboration is shown in
Fig. B] from which one can see how the data compare with different photon PDFs
assumed in the NLO prediction. An appreciable dependence on these PDF's is seen in
the small z., region as one would expect. In an earlier analysis the ZEUS collaboration
determined also the strong coupling ay, just from jet production in ~yp interactions
alone. The result is as(Myz) = 0.122440.0001(stat.) 75 9078 (exp.) T0-90%7 (theor. ) [195],

and the variation of o, with the scale E7 has been found in good agreement with the
running of «; as predicted by QCD.

Summarising the DIS and photo-production processes at HERA, we see that QCD
and jets have made very significant impact on the profile of the proton and the photon
in terms of their respective PDFs; which determine the luminosity functions of the
parton-parton scatterings at high energies and hence the hard scattering cross sections
of interest. Detailed studies of F(z,Q?) at HERA have also rekindled theoretical in-
terest in the small-z region. The evolution in In(1/x) at fixed value of Q? is governed
by the so-called BFKL equation [199]. Originally developed to study Regge processes
in high energy scatterings and the Pomerunchuk singularity (the QCD Pomeron), it
can be combined with the DGLAP equation (for evolution in Q?) to provide a quan-
titative description of the DIS structure functions over an enlarged (z,@?) domain.
Several proposals in carrying out the small-z resummation have been considered in the
literature, which are comparatively discussed in a recent working group report [200].
In addition, the evolution in In(1/z) leads to soft gluon enhancements, generating a
dense gluonic system over a limited range of the nucleon wave function (hot spots).
As the gluon occupation number becomes of order 1/as, non-linear effects present
in the QCD Lagrangian become important, leading eventually to the saturation of
the gluon density in the nucleons in high energy collisions [201]. This picture of high
energy nucleonic wave functions (a high density, nonperturbative gluonic system with
a weak coupling constant) is called the Color Glass Condensate[202], and is of great
interest in understanding the QCD aspects of heavy ion collisions, such as at RICH
and the LHC [203].

7.2 v~ collisions

Another area in which jet production has been studied experimentally and theo-
retically is photon-photon collisions in the LEP-2 energy range. The two incoming
photons are produced in ete™ collisions in the anti-tagged mode, i.e. when both
the scattered electron and the positron escape detection. This is kinematically anal-
ogous to the photo-production process in high energy ep collisions at HERA. In
vy — hadrons, four classes of events have to be distinguished (see, Fig. Bd)). The
variables used in the classification of these events z and x-, which are analogues of
the variable z., in yp collisions, are defined as follows:

+ Zjets(Ejet +pz,jet)
T Zpart(Epart +pz,part) ’
- — Zjets(Ejet _pz,jet)
! Zpart (Epart - pz,part) ,

xT
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where 'part’ corresponds to all detected particles and Eje; and p, jer are the two hard-
jets energy and the component of jet momentum along the z-axis, respectively. The
four classes are:

1. Hadron production via vector meson interactions (VDM-like) (Fig. B%).

2. The direct domain, where both xjy‘ and a7 are close to 1. This domain is mostly
populated by the quark-parton model like events vy — ¢ + ¢ (Fig. B9b).

3. The single resolved domain, with the presence of a remnant jet, where only one of

the 21 and 27 is close to 1 and the other is shifted to some lower value (Fig. B%).
4. The double-resolved domain, where both 2 are shifted to values below 1 (Fig. B3d).

Due to the appearance of the double resolved region, jet production in -y collisions has
increased sensitivity to the gluon content of the resolved photon. This has enormous
significance for future high energy v —  collisions, being entertained in the context
of a high energy linear ete™ collider.

In the past, dijet production in 7 collisions has been studied experimentally
at /See from 189 to 209 GeV by the OPAL [204] and DELPHI [205] collabora-
tions at LEP. To that end a number of observables (differential distributions) have
been measured by introducing z=-cuts at 0.75 (OPAL) and 2 = 0.85 (DELPHI).

These distributions include, among others, dogijet/ dE%?t, with E_’%?t = E%?fl —i—EJT?t2 and
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p.®,0

Fig. 39. Main diagrams corresponding to the hadron production in y+y collisions via vector
meson interactions (VDM-like, a), point-like interactions (QPM-like, b) and with one (c) or
both (d) photons resolved into partons. (From [205]).

dogijet/dz~. The data from both collaborations have been compared with the NLO
QCD calculations based on the work of [206] and are found to be in good agreement.

This is shown in Fig. @0l for the differential distribution fdo/ dE'%?t, where the factor
f is used to visibly separate the three measurements. Inclusive jet production in v —-y
collisions has also been measured by the L3 [207] and OPAL [208] collaborations at
LEP.

7.3 Proton colliders
7.3.1 Fundamental QCD scattering processes

In parallel to electron and photon processes in QED, a large number of 2 — 2 scat-
tering processes involving quarks and gluons are predicted in QCD, see e.g. [39].
Most interesting are the fundamental abelian processes in QED transcribed to the
non-abelian extensions in QCD, like

Rutherford quark scattering : qq' — qq’,
Rutherford gluon scattering : gg — gg ,
Super — Compton process : gqg — gq.

Representative scattering diagrams are depicted in FiglIl The associated cross sec-
tions scale in the energy squared s for massless initial and final-state quarks, while
the angular distributions are given by

s ad do (a5)214§2+ﬂ2
949 4 = s o /) s9 {2
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Fig. 40. The dijet cross-section in ¥ collisions at LEP as a function of the mean transverse
energy EJ;t of the dijet system, for the three regions in xi — ), -space given in the figure.
The factor f is used to separate the three measurements in the figure more clearly. The
prediction of the LO program PYTHIA is compared to the data. The NLO calculation is

from [206]. (From OPAL [204]).
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and the variables §, 4 and 4 have been defined earlier. One should notice the three-
gluon coupling already in LO. These amplitudes generate the expected Rutherford
singularities ~ df*2/0** for forward scattering £ — 0, and analogously for backward
scattering 4 — 0.

Calculating the experimentally observed cross sections at hadron colliders requires
three essential steps, which we have already outlined in the context of calculating the
DIS cross sections, namely (i) the hard 2 — 2 scattering processes, including NLO
QCD corrections, (ii) flux of the incoming partons, determined in terms of the PDF's
of the protons (and antiprotons), discussed earlier in the context of DIS scattering
at HERA, and (iii) hadronic (non-perturbative) corrections. Here also QCD plays an
important role in terms of the scale dependence of the PDFs and FFs.
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Fig. 41. Representative Feynman diagrams for fundamental QCD processes in hadronic
collisions.
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Fig. 42. Left-hand frame: Transverse energy distribution of jets at the Tevatron [209]. Right-
hand frame: Comparison between the measured pr spectra by the CMS collaboration at the
LHC and theory predictions for calorimeter jets [210]. For better visibility the spectra in
both frames are multiplied by arbitrary factors indicated in the legend.

7.3.2 Jets in hadron colliders and tests of QCD

An example for inclusive jet production at the Tevatron is shown in Fig. (left-
hand frame). The dominant contribution at small p7 can be traced back to Rutherford
gluon scattering gg — gg. This result is naturally expected since, on average, the gluon
colour charges are significantly larger than the quark colour charges and, as discussed
earlier, the gluon flux for low values of x by far exceeds the quark flux of high-energy
protons. These jet cross sections can be exploited to determine the gluon distribution
of the proton and to measure the QCD coupling [2I1]. By combination with other
measurements the two observables are disentangled in the Tevatron measurements.
The gluon flux extracted this way is large, as anticipated, and the QCD coupling is
compatible with the world average. This [209], and related measurements [212/213]
impact on the proton PDFs and have been used in updating this information [I75/T76].
In particular, they provide constraints on the gluon (and quark) distributions in the
domain 0.01 < z < 0.5.

Very soon, similar but more sensitive analyses will also be undertaken at the
LHC and a beginning has already been made. In Fig. (right-hand frame), we
show a comparison between the measured pr spectra by the CMS collaboration [210]
at the LHC with /s = 7 TeV and an integrated luminosity of 60 nb~! for the
calorimeter jets and theory predictions at the next-to-leading (NLO) order accuracy,
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using an anti-kr jet algorithm with R = 0.5. Data are divided in several intervals
of rapidity y bins. Theory predictions are based on NLOJET++ [214] with CTEQ-
6.6 [175] sets of parton distribution functions (PDF). The non-perturbative (NP)
corrections are estimated using two different hadronization models, PYTHIA [164]
and HERWIG++ [215], with the mean of the two predictions taken as the correction.
Despite currently modest LHC luminosity, jets having transverse momenta up to 800
GeV are measured and the agreement with QCD is excellent.

Experiments at the LHC have opened a window to sub-energies in the TeV range
for studying jet phenomena in QCD, enabling searches for physics beyond-the-SM in
a number of such extensions. Both ATLAS and CMS have searched for new heavy
particles, which manifest themselves as narrow resonances in their data collected at
the LHC at /s = 7 TeV. Such new states may include an excited composite quark
q*, expected in theories with quark substructure [2T62T7I2T8]; an axigluon predicted
by chiral colour-models [2T9/220]; a flavour-universal colour-octet coloron [22T1222];
or a colour-octet techni-p meson predicted by models of extended technicolor and
topcolor-assisted tecnicolor [223224225226].

The dijet invariant mass (mj;) is an observable which is particularly sensitive
to such new objects. This was studied already at the Tevatron in pp collisions with
negative results, exemplified by the CDF limit on the mass of the excited quarks ¢* in
which a mass range 260 < mg~ < 870 GeV was excluded at 95% C.L. [227]. ATLAS
has extended this exclusion range to higher ¢* masses, with the range 0.40 < mg- <
1.26 TeV now excluded using pp collisions [228]. Fig. [43] shows the predicted signal
for ¢* masses of 500, 800, and 1200 GeV satisfying all event selection cuts. No signal
of ¢* is found and the data are in excellent agreement with the background estimates
based on the SM.

Similar measurements of the dijet invariant mass spectrum and search for new
particles decaying to dijets have been performed by the CMS collaboration [229].
The highest observed dijet mass by CMS at /s = 7 TeV is 2.13 TeV. No deviations
are found from QCD up to this dijet mass. In particular, string resonances with a
mass less than 1.67 TeV have been excluded by the current CMS measurements at
95% C.L. The sensitivities to the narrow resonances in the dijet mass will increase
substantially with the increase in the LHC luminosity and energy. For example, for
the anticipated luminosity of 1 fb~! at \/s = 7 TeV, the expected limits are all in the
range of 2.5 to 3.5 TeV.

7.3.3 Physics of the top quark and (W*,Z) bosons using jets

Inclusive jet production in pp and pp collisions in association with a Z/v*/W boson
provides a stringent test of QCD. As these final states are also of great importance in
the search of the SM Higgs boson arising from the process pp(p) — W/Z + H(— bb),
and in the search of supersymmetry in missing Er + jets channel, the processes
pp(p) = W/Z/~*+ jets have received a lot of theoretical and experimental attention.
In particular, theoretical predictions for vector boson production recoiling against a
hadron jet at next-to-leading order were presented in [23002311232]233]. The processes
p+p— W/Z/~v* +2 jets to the same level of theoretical accuracy were calculated for
the Tevatron in [234] and the corresponding processes p + p — W/Z/~* + 2 jets for
the LHC in [235]. Vector boson production in association with n-jets for n < 4 was
calculated in [236l237]. A parton-level event generator, called MCFM [238], which
gives theoretical predictions for a large number of processes containing W, Z and H
bosons and jets (including heavy quark jets) is available for the Tevatron and the LHC
colliders. Similar theoretical tools have been developed which give predictions for the
transverse momentum distributions of the Z/v*/W produced in hadron collisions,
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Fig. 43. The data (D) dijet mass distribution (filled points) fitted using a binned back-
ground (B) distribution described in the text (histogram). The predicted excited quark ¢*
signals for excited quark masses of 500, 800 and 1200 GeV are overlaid, and the significance
of the data-background difference is shown (from ATLAS collaboration [228]).

based either on fixed order perturbation theory, such as [239] and [240], or based on
soft gluon resummations valid at low pr [241], such as RESBOS [242]. They have been
used in conjunction with the PDFs [I75] in the analysis of the Tevatron data [2431244],
and we show below representative measurements from the CDF Collaboration in
Figs. 4l The NLO pQCD MCFM framework describes the data rather well over a

large range of qu'ft, as well as the jet-multiplicity.

The production of heavy gauge boson pairs (WW, W Z, ZZ) in pp and pp collisions
provides tests of the self-interactions of the gauge bosons and hence deviations from
the SM-based predictions for the production rate could indicate new physics. Since,
topologically diboson production is similar to the associated Higgs boson production
pp(p) = VH+ X (V =W, Z), the experimental techniques developed in pp(p) — VV
are important for the Higgs boson searches as well. The process pp — V'V with
both the vector mesons decaying into lepton pairs (W* — ¢*1,; 2% — ¢+¢) has
been observed at the Fermilab Tevatron experiments by CDF [245] and DO [246].
Diboson production has not been conclusively observed in decay channels involving
only hadrons. However, evidence for diboson decays into a mixed ¢7yqq final state
(¢ = e,u,7;9 = u,d,s,c,b) has been presented by DO [247] and CDF [248]. The
experimental analyses involve large transverse momentum imbalance (due to the es-
caped neutrino) and two jets whose invariant mass can be reconstructed. Because of
the limited resolution in the dijet invariant mass, decays of W+ — 2 jets and Z° — 2
jets are not distinguished separately. The most significant backgrounds to the diboson
signals are W (£0)+ jets, Z°(vi)+ jets and QCD multijet production.
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Fig. 44. Left-hand frame: (top) Inclusive jet differential cross section measured by the
CDF collaboration as a function of pit* in Z/y*+ > 1 jet events (black dots) compared to
NLO pQCD predictions (open circles). (bottom) Data/Theory versus pl*. Right-hand frame:
(top) Measured total cross section for inclusive jet production in Z/v* — u™u~ events as a
function of Nje¢ compared to LO and NLO pQCD predictions. (bottom) Ratio of data and
LO pQCD predictions versus Nje. (From [244]).

In Fig. 48] we show the dijet mass distribution from the erqq and urqq channels
for the DO data [247] and MC predictions. A clear diboson signal in the dijet invariant
mass is seen in the lower frame. The resulting cross section o(WV') = 20.2 + 4.5 pb
is consistent with the SM prediction o(WV) = 16.1 £ 0.9 pb at /s = 1.96 TeV [249)].
Fig. [0 shows the corresponding measurements by CDF [24§]. This yields a combined
WW +WZ + ZZ cross section in pp collisions at /s = 1.96 TeV: a(pp — VV) =
18.0 £ 2.8(stat) & 2.4(syst) £ 1.1(lumi) pb, consistent with the SM prediction.

At the Fermilab Tevatron, top quarks are produced mostly in pairs pp — tt+X. In
the SM, top quarks decay into a W boson and a b quark almost 100% of the time. The
topology of the final states resulting from the ¢ production depends on whether the
W boson decays leptonically W — fv,, or hadronically W — ¢q’ leading to two jets.
Following this, ¢ events have been measured in dilepton /*¢~+ X, single lepton £* +4
jets and also in the non-leptonic mode with no energetic leptons. The non-leptonic ¢t
final state has the advantage of a large branching ratio (~ 4/9). The major challenge
of this channel is the large background from QCD multijet production. To increase
the purity of the candidate sample, methods based on artificial neural networks are
applied to the data. Further improvement is then obtained from the requirement of
at least one jet identified as originating from a b quark using a secondary vertex b-
tagging algorithm. These techniques have allowed to measure the top quark mass and
the tt cross section in spite of the overwhelming QCD multijet production.

To these ends, a reconstructed top quark mass, m;®, is determined by fitting the
kinematics of the six leading jets from the process pp — tt+X — 6 jets. There exists a
strong correlation between m;°¢ and the jet energy scale JES. However, the JES can be
calibrated using a selected sample of ¢t candidate events, where a second variable m}§*
is reconstructed from the jets assigned to the W boson. The variable mj; is related
to the W boson mass, which is known accurately. Relating m!*® and m!$¢ to match
the experimental data (in situ calibration) reduces significantly the systematic errors.
Further improvement comes by using a multivariate approach taking advantage of the

distinctive features of the signal and background events through a neural network.
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Fig. 45. (a) The dijet mass distribution from the combined erqq and prqq channels for
data from the DO collaboration at the Tevatron and MC predictions. (b) A comparison of
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points and the extracted signal, divided by the total uncertainty, is shown at the bottom

[DO [247]].

Fig. 41 shows the histogram of m°° as obtained in the data and compared to to the
distributions in the so-called 1-tag and > 2-tag events from signal and background
corresponding to Mo, = 175 GeV. The best estimates of the top quark mass from
this analysis is [250]

Miop = 174.8 + 2.4(stat + JES) GeV . (71)

The procedure used to measure the top quark mass also returns the average number
of signal events expected, given the selected data samples. These results can be turned
into a measurement of the tt cross section, and yield

o = 7.2 £ 0.5(stat) £ 1.0(syst) £ 0.4(lum) pb . (72)
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Fig. 46. Top: Comparison between data in pp — VV + X) (V = W¥, Z°) from the CDF
collaboration at the Fermilab Tevatron at /s = 1.96 TeV and the fitted background only
in the Dijet invariant mass. Bottom: Comparison of the diboson signal (solid line) with
the background subtracted data (points). The dashed lines represent the +1o statistical
variations on the signal [CDF [248]].

7.3.4 Searches for the Higgs particles

We have discussed numerous electroweak processes at the Tevatron in which jets play
an essential role in the analysis. In particular, W= and Z gauge bosons and top quarks
have been measured using jets. The last and the most-prized on this list is the Higgs
boson. This is being searched for at the Tevatron feverishly. For my < 135 GeV, the
dominant decay mode is H — bb [251]; analyses of this decay mode open a powerful
new Higgs discovery channel [252]. The dominant production modes are gg — H and
qq — H. The bb signal in this channel is overwhelmed by the QCD bb production. A
promising production and search strategy is the production of a Higgs boson decaying
to a pair of bottom quarks in association with a vector boson V' (W or Z) decaying to
quarks or leptons, resulting into a four-jet or a charged lepton + two-jet final states.
In either case, two of the jets are required to have secondary vertices consistent with
B-hadron decays. So far Tevatron Run II searches have used signatures where the
V' decays to leptons (see, for example Refs. [2531254]). Recently, also searches in the
four-jet channels have been reported [255]. Using an integrated luminosity of 2 fb=1,
Higgs boson searches in this channel provide a weak upper bound. For example, for
mpy = 120 GeV, CDF is able to exclude a Higgs production cross section larger
than 38 times the SM prediction! Hence, establishing the Higgs signal in this channel
requires much more statistics, but also some fundamental progress in jet algorithms
to be more efficient in Higgs (and other similar particle) searches.

New opportunities are offered by observing b jets in Higgs decays at the LHC.
The key technique is the 2-jet splitting of a fat bb jet generated in events in which the
Higgs boson is boosted to large transverse momenta in the processes pp — W+ H and
Z H . If the fat jet is characterised by a jet radius R = Ry, ~ My /pr, the clustering is
partially undone by shrinking the radius R until the fat jet R,; decomposes into two
slim Ry subjets with significantly lower mass, each containing a b quark. Additional
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Fig. 47. Histogram of m;*° from the CDF data (black points) for 1-tag (upper plot)
and > 2 tag events (lower plot) compared to the distributions from signal and background
corresponding to m.p = 175 GeV. [CDF [250]].

criteria will reduce the contamination by standard QCD processes. Though the boost
will strongly reduce the event rate, the significance will nevertheless be raised to such
a level that light Higgs events can clearly be isolated above background. Extending
the method to the channel pp — ttH — ttbb, the crucial ttH coupling, apparently
not accessible at LHC otherwise, can be measured in the light Higgs sector [256].
The concept is useful also for the analysis of other processes, for example, the
search for supersymmetric particles decaying to jets from the hadronic decays of
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the electroweak and Higgs bosons [257], or for detecting strongly interacting W=, Z
bosons [258], or the search for heavy resonances in decays to top-quark jets [259].

8 Summary

Quantum Chromodynamics has been established experimentally in the past four
decades as the microscopic theory of the strong interactions, formulated as a non-
abelian gauge theory for coloured quarks and gluons within the Standard Model of
particle physics. Jet physics has been a crucial instrument for achieving this funda-
mental result. The beginning was made at SPEAR with the observation of quark jets
in ete™ annihilation by the SLAC-LBL collaboration [13]. Subsequent studies un-
dertaken, in particular at DORIS, PEP and PETRA, involving higher center-of-mass
energies largely consolidated the phenomenological profile of the quark jets (see [38]
for a review). In fact, jets provide an irrefutable case for the existence of quarks as dy-
namical entities directly observable in particle detectors, despite colour confinement,
convincing even the most die-hard skeptics about the reality of quarks. Moreover,
making use of the larger masses of the b- and c-quarks, relatively long half-lifes of
the corresponding hadrons and their characteristic decay patterns, one can efficiently
flavour-tag the heavy quark jets. In the meanwhile, these techniques have been de-
veloped to the level of a diagnostic tool to search for new phenomena in which heavy
quarks play a role. The decays t — bW and H — bb are two good cases in point.

Theoretically, the existence proof of quark jets in perturbative QCD was provided
by Sterman and Weinberg [31] using a jet-cone definition which coincided with the
actual process of detection of hadrons in finite segments of hadron calorimeters. Phe-
nomenologically, quark jets follow from the observation that the transverse momenta
of the hadrons produced in the fragmentation ¢* — hadrons is limited, whereas the
longitudinal components of the hadron momenta scale with energy. A very intuitive
and largely accurate quark jet fragmentation model was developed along these lines by
Field and Feynman [24], which played an important role in the quantitative analysis
of jet data.

Gluon jets were discovered in 1979 at DESY [16] soon after the ete™ collider
PETRA assumed its regular run around /s ~ 30 GeV. Interpretation of the decays
7'(9.46) — hadrons by the PLUTO collaboration [15] working at DORIS had already
hinted at the underlying perturbative process 1°(9.46) — ggg. However, quantitative
analysis of the PLUTO data depended significantly on the assumed hadronization
model as jets at these low energies were not observed as distinct bundles of hadrons.
The discovery of gluons as well-collimated jets in the same sense as the quark jets is to
be traced back to the break-through observation of the PETRA jets. Just like quark
jets, also gluon jets are expected in QCD following from the process eTe™ — qgg — 3
jets, and their discovery at PETRA in 1979 followed detailed theoretical predictions
made earlier [I8T920]. Theoretical proofs of the existence of three-jet topologies, in
the Sterman-Weinberg sense, were provided in 1981 (and somewhat later) in terms
of the next-to-leading order calculations of the three-jet cross sections. This was
done for inclusive jet distributions (such as the Fox-Wolfram shape variable [I01],
thrust [I03J104] and energy-energy correlations[I11J1T4]) and in terms of topologi-
cal jet cross sections [TTOT20/T2TIT22I124]. Confirmation of the non-abelian charac-
ter of QCD in jets [167/T68/169] in the four-parton processes ete™ — qggg came
from experiments at LEP [I70JI71]. In the meanwhile, multijet physics has developed
enormously, with the NLO calculation of ete™ — v, Z — 4 jets [I59/160] completed
around 1996, and the NLO calculation to five-jet production at LEP reported re-
cently [163].
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The properties of gluon jets have largely been determined by experiments at PE-
TRA and subsequently at LEP. The fragmentation of gluon jets was initially conceived
by treating them as independent partons [19], or implemented by the perturbative
process g* — ¢ as the first step followed by incoherent quark fragmentation [20]
(IJ models). The resulting picture could largely account for the essential proper-
ties of the two- and three-jet events seen at PETRA and PEP, and they helped in
the discovery of three-jet events (and hence, of gluons) at PETRA. However, anal-
ysis of the PETRA jets saw the emergence of an alternative fragmentation scheme
for the ete™ — ¢gg events - the LUND string model [25] - in which hadronization
was implemented in terms of two strings stretched along the colour-anticolour axes
which then fragmented very much like the quark-antiquark string in eTe™ — 2-jets.
This model provided a better phenomenological description of data, in particular
the particle flow between the quark, antiquark and gluon jets [I32IT33IT34/135]. The
LUND-string effect was subsequently understood in perturbation theory in terms of
the antenna radiation pattern of QCD [33], reflecting the colour coherence effect of
the non-abelian character of this theory. Detailed fragmentation models were built
along the angle-ordered perturbation theory, which preserve the colour coherence in
QCD, and in which parton showers were included in the form of cascades. which then
finally fragmented as hadron clusters according to phase space (cluster hadronization
models) [26]. These Monte Carlo models developed for the PETRA jet analysis have
played an important role in the analysis of all high energy data involving jets. The
modern incarnation of these fragmentation models are PYTHIA [34], HERWIG [35]
and SHERPA [36] , which differ in details on how the parton showers are matched
on to the fixed order perturbative QCD matrix elements and in the hadronization
schemes. A central role is also played by the jet algorithms, which starting from the
JADE scheme [30] have now evolved as trustworthy tools in the definition of jets,
with the modern versions called the kr [54] (mostly in ete™ annihilation processes)
and anti-kr jet algorithms [506].

Another large application of QCD is in studying DIS, photo-production and -~y
collisions. In these cases, initial states are not so well known as in eTe™ annihilation.
Jets and QCD have played a central role in mapping the PDFs of the proton and
the photon. We have summarised some of the highlights in this article. In particular,
DIS measurements at HERA [I78I80/I8TIT82/T83I184] have firmly established the
rise of the structure function Fy(x,Q?), which is due to the rapid growth of the
gluon density g(z,Q?) for low values of x as Q% increases. Likewise, high energy pp
collisions at the Tevatron, in particular the Tevatron Run II data on inclusive jet
production [209/2T2I2T3], have led to greatly firming up the PDFs of the proton.
On the theoretical side, the complete next-to-next-to leading order (3-loop) parton
splitting functions have been derived by Moch, Varmaseren and Vogt [260/261]. They
have been used in working out the the proton PDFs by the CTEQ [I75] and the
MSTW [I76] collaborations. Thus, the HERA and the Tevatron measurements and
the progress in the QCD splitting functions will prove to be an asset in understanding
the forthcoming LHC data.

In the meanwhile, a fundamental change of paradigm has taken place concerning
Jets and QCD. The theory (QCD) is so well controlled (in particular, as(Mz) is known
to an accuracy of better than 1% and the crucial property of asymptotic freedom is
now fully established) that jet-physics can serve as a tool to chart out new territories
in high energy physics. We have reviewed here some applications of jet techniques in
quantifying the properties of the top quark and the electroweak gauge bosons (W, Z).
They have already played a significant role in determining the properties of the SM
particles in experiments at the Tevatron and they will play an even more important
role in the analysis of data from the experiments at the LHC. For example, jets are
now increasingly used in developing search strategies for the Higgs boson, and even
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particles suggested in theories beyond the Standard Model. New jet techniques, such
as the 2-jet splitting of a fat bb jet will be required to disentangle the decay H — bb
from an overwhelming QCD background in hadron colliders.

One problem in jet physics however remains unsolved up to now. While, due to
asymptotic freedom, the dynamics of quarks and gluons can theoretically be described
with high accuracy at short distances, matched by numerical lattice calculations for
static properties of hadrons, the transition from small to large distances in the evolu-
tion of jets is theoretically not understood. However, a bridge is built, at the present
time, by intuitively formulated models, which are constrained experimentally so strin-
gently that hadron jets can be exploited to draw a valid picture of quarks and gluons
and their interactions at short distances. New theoretical methods may help solve
this multi-scale problem rigorously in the future.
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