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overview, the theoretical framework is sketched. The main emphasis of the paper is on new
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1. Introduction

High py physics refers to the study of hadron-hadron collisions at high energy which
give rise to pariicles at large transverse momentum, py, with respect to the collision axis.
By large p; one typically means pp 2 1-2 GeV/c, i.e. the py region where the inclusive
cross section rises significantly above the thermal spectrum

(Edo|d®p oc e™%", b~ 6GeV™H

which is characteristic of the bulk of the particle production. It is the hope, and the current
belief, that high p; physics provides a window to see in a rather direct way interactions of
hadron constituents, the quarks and gluons, and this is what gives it its important status
in the study of strong interactions. Indeed, the power laws observed already 10 years
ago for the shape of the inclusive particle spectra at large py, already indicated that the
high py particles originate in collisions of point like subparticles of the colliding hadrons.

When collisions giving rise to a particle at large py were studied more fully, it was
soon confirmed that the basic event configuration had a four jet structure, with two jets
at large py emerging from the “background” of the two “beam jets”. By a jet, one means
a collimated set of hadrons with exponentially damped momentum components transverse
to a common direction. Over a period of several years, this picture was more firmly estab-
lished, and more and more details of the event structures were studied.

Following the early developments of the field, which will be briefly reviewed below,
it was also thought interesting to study in a general way hadron-hadron collisions in the
limit of large inelasticity, as measured by the radiation of a large transverse energy, 3 Er,
inside a restricted rapidity interval (usually around y = 0).

Such an azimuthally symmetric selection criterion for the events obviously does not
in itself impose any structure on the azimuthal distribution of particles, and in particular
does not require that the particles be concentrated in some limiced regions of azimuth
and rapidity smaller than the region used in the defining requirement. It was, however,
expected that hard collisions of constituents, giving rise to high p; jets of hadrons, would
become the dominating processes at. large values of Y. Ey. With the aid of hindsight one
may add that also the collision energy, 4/s, must be large for this to occur.

After a period of rather slow progress (see e.g. [1]) the last couple of years has brought
a wealth of new information largely due to new calorimeter experiments at the ISR and
the start of the SPS pp collider, but also due to ‘experiments following the classical lines
of development in the field. At the same time significant theoretical advances have taken
place. The aim of these lectures is to review these recent developments. The main emphasis
will be put on the experimental results that have become available since th: Paris confer-
ence [2].

Several other excellent reviews from recent years are available ([3-6]). In addition
the interested reader is referred to the forthcoming proceedings of the recent study con-
ference on jet properties [7].

The paper is organized as follows: After a brief historical review (Section 2), the theoret-
ical framework is sketched in Section 3. Section 4 deals with new results based on single
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hadron and symmetric pair triggers and contains a short discussion of some recent results
on direct photons at large py. Section 5 deals with high transverse energy triggers and the
inclusive cross section for jet production.

Evidently the presentation deals with high pr physics from the personal vantage
point of the author, who is a member of the Axial Field Spectrom:ter Collaboration at
the ISR.

2. A short historical survey

In this section some key points in the development of the field of high p; physics
will be listed, and briefly commented upon. A fuller historical survey of the progress
achieved during the last decade can be found in [4].

After the development of the parton model in the late sixties [8, 9], originally in the
context of lepton-hadron scattering at high momentum transfer (so-called deep inelastic
scattering), it was soon realized that incoherent collisions of individual partons in hadron-
-hadron collisions at high energy would give rise to hadrons at large transverse momentum
[10]. By this one means that beyond a certain pythe production rate becomes large compared
to the sharply cut off “thermal” spectrum (e”°?T) characteristic of the majority of the
produced particles. From electromagnetic interactions of partons alone this transition
was estimated to occur around p; = 4 GeV/c, but it was conjectured that strong interac-
tions might give rise to a significant departure from the exponential spectra already at
much lower py. The application of the parton model to high p; scattering will be described
in more detail in the next section, as it is still at the basis of much of the understanding
that has been gained.

In 1972 three groups [11- 13] working at the newly started ISR discovered that the
particle yields in the py region above 1-2 GeV/c were much larger than expected from
a direct extrapolation of the exponentially damped cross sections at low pr. Furthermore,
it was soon found that, whereas the inclusive spectfa at low pp vary only slowly with
the collision energy (/s), the spectra at large py show a strong energy dependence. Also
the particle composition was found to vary with py, showing a transition-like behaviour
at 1.5-2 GeV/c [11b, 14}

From the parton model one could expect that the inclusive cross section for the pro-
duction of a hadron c at large pr in collisions of hadrons hy, h,, scales like

d A
ES(by+h; - c+X) = —f(xr, 6), o
d P Dr

where xy = 2pT/J§ and 6 is the emission angle, when the masses of the involved hadrons
can be neglected. As the partons are assumed to be point-like, the only momentum scales
in the problem are pr and JE, and for dimensional reasons one expects to find N = 4
(as in Rutherford scattering).

The ISR data do indeed fit the form (1) well, but instead of the power of 4 one found

N =~ 8!, which showed that the production mechanism is not as simple as one had first
expected.

! This holds for pions and kaons. For .protons and antiprotons one found N ~ 12.
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Data on n° production at the ISR reaching py values of ~ 16 GeV/c {15, 16], and also
recent data on charged pion production [17), indicate that the power N may decrease
towards values of 6-7 at large x;r. When the direct production of high p; photons is taken
into account in the analysis of the n° data (where one could not at first distinguish between
n%s and y’s) the evidence for a change in N is, however, not strong.

A more recent comparison of data from the SPS pp collider with data from the ISR
is shown in Fig. 1. The p; range covered at the collider is still too small to allow an overlap
in xg with the high p; region at the ISR, and hence to get a reliable estimate of N for this
energy range. It is gratifying, however, to see the good agreement with a calculation re-
presenting the present state of the art understanding of QCD [18].

The large value of the power N, and in general the systematics of the single particle
spectra, brought into attention the so-called constituent interchange model (CIM) [19],
in which it is assumed that the scattering of quarks on mesonic partons is the dominant
subprocess at moderate py. The pr dependence of the meson form factor now gives rise
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Fig. 1 Inclusive spectrum for charged hadrons at A5 = 540 GeV compared with data on charged hadron
and =° production at the ISR. The lines show the results of a recent QCD calculation, which includes soft
gluon bremsstrahlung effects [18]
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to an extra power of 2 in the matrix element, so that the scaling law (1) follows with N = 8
(N = 12 for baryon production). Combined with the so-called dimensional counting
rules [20, 21] the CIM lead to a large number of successful phenomenological predictions
{19, 22]. It ran into serious problems, however, in confronting data on charge ratios in
np — n* + X reactions [23], and is also not able to describe the recent data from the ISR
on high p; production in pp collisions (see Section 4.1).

In the parton model, the scattered partons do not appear directly in the final state
(except for directly produced mesons and photons), but are transformed into narrowly
collimated bunches of hadrons, so-called jets. The first experimental observation of corre-
lations of the type expected from jets, among the high p particles emitted in pp collisions
in association with a high p; “trigger” particle, came in 1975 [24]. It was followed in the
years after by quite extensive investigations of the structure of the events giving rise to
single high p; particles [25-27]. By the time of the 1978 Copenhagen meeting on Jets in
High Energy Collisions [28] the major features of the event structures were known and
the jet picture firmly established [25c, 29-31].

During the same period, also the theoretical understanding of the phenomena advanced
significantly, and there was a strong interplay between theory and experiment. Bjorken
[32], and Jacob and Landshoff [33] discussed the so-called “trigger bias” effect, for exper-
iments triggered by a single particle at high pr. In this situation the competition between
the fragmentation process and the steeply falling p;-spectrum leads to a balance, where
the high pr particle required by the trigger condition often takes a large fraction of the
momentum of the jet it belongs to. The effect will be discussed more generally in Section
3.4. In consequence of this a triggsr designed to collect a whole jet should have a rate
2-3 orders of magnitude larger than the corresponding rate for single particles at the
same pr. This large factor was indeed observed in calorimeter experiments at Fermilab
[34]. Furthermore it was found that the trigger bias effect could in general fully account
for the dissimilarity between the jet accompanying the trigger particle, and the recoil jet,
thus reducing the need for the direct production of mesons at high pr expectzd from the
CIM.

At this time Feynman, Field and Fox [35-37] and independently the Bielefeld group
[38] started a phenomenological analysis of large amounts of data from deep inelastic
lepton hadron scattering, e*e~ annihilation and large p; hadron physics, in order to deter-
mine the form of the parton parton scattering cross section. One found that a form do/dt
oc 1/st3 could adequately describe the data, provided one introduced internal transverse
momenta ky of the incoming partons in the model. The values of (k1> needed were,
however, quite large, around 800-900 MeV/c.

A major step was taken with the realization [39-41] that most high p; results, both
regarding inclusive spectra and correlations, were not inconsistent with lowest order QCD
expectations, once one took into proper account the various effects due to scale breaking
of the structure functions and fragmentation functions, and admitted the large values of
k¢ mentioned above.

Terms involving more than the minimum number of fields, similar to the CIM, (so-
-called higher twist terms) are also expected in QCD [42], and may be emphasized by
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certain triggering conditions, e.g. single particle triggers at moderately large pr. Their
relative importance is not clear at the moment, neither theoretically nor experimentally.

1: was also realized [43] that directly produced photons at high pr could be very
discriminating between models. In particular, in lowest order QCD one expected substantial
photon yields at high p; (e.g. y/n° ~ 1 at py &~ 14 GeV/c at the ISR). The experimental
finding [44] of a direct photon yield in the p range of 3 to 8 GeV/c of the expected magni-
tude was a major breakthrough in the field.

The trigger bias effect discussed above, and the realization that also experiments
triggering on jets with small solid angle calorimeters might pick a rather special class of
events, lead to the consideration of large solid angle calorimeters to investigate highly
inelastic hadron-hadron collision in a supposedly bias-frec way [45]. The results of the
first experiment, NAS at the SPS [46], using a calorimeter covering the full azimuth to
trigger on high transverse energy, were discouraging, however. In the experiment n-p
collisions at 150 and 300 GeV/c, and pp collisions at 300 GeV/c were investigated. The
cross section for emission of a large transverse energy £y in the rapidity range —0.88 < y
< 0.67 (corresponding to scattering angles from 54°-135°) was found to be ~ 10 times
largzr than the cross section predicted from a first order QCD model, and the events did
not show a predominant two jet structure, even for events with an E; of more than 2/3
of /s.

In Section 5 we shall return to the topic of total transverse energy triggers and see
how the dilemma has been resolved as data from higher energies have become available.

3. Theoretical framework

Before discussing the data, we shall in this section describe the major theoretical
models of high p, reactions in current use, emphasizing the underlying physical ideas.
All models are hard scattering models, supposedly based on QCD. It is in general not
possible in this field to escape from the difficulties associated with the unsolved problems
of confinement in QCD. Therefore all the models contain essential elements of phenom-
enological nature, in order to deal with the structure of the colliding hadrons, and with
the formation of the final state hadrons.

3.1. The parton model

In the parton model [9] the wave functions of the colliding hadrons are described
in terms of weakly interacting subfields, partons. A high pr reaction is thought to proceed
via a hard binary collision of partons, followed by the formation of hadrons from the struck
partons and from the left-over spectator partons. A central assumption is the separation
of the time scale associated with the hard collision and the much slower time scales asso-
ciated with the initial state interactions ot partons, and with the final state hadronization,
whereby quantum numbers (colour, non-integer charges) are redistributed and hadrons
are formed.

The essential ingredients in the model are shown symbolically in Fig. 2. The structure
functions Gg.,(x) determine the probability that a parton of type j is found in the hadron
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B with a fraction x of its momentum. They are generally obtained from the analysis of
deep inelastic hadron scattering.

The fragmentation functions F{(z, g7) similarly d:termine the probability that a hadron
Cis emitted from a scattered parton 1 with a longitudinal momentum fraction z, and a trans-
verse momentum gy relative to the parton direction. These functions are generally obtained
from the analysis of ete~ annihilation into hadrons.

Gg., ) e FC(z,qp)

Fig. 2. Basic ingredients of the parton model for high pr reactions

Finally do/dt (ij — kl) is the differential cross section for scattering of partons i, j to
k,1. This is in most cases obtained from perturbative QCD taken to lowest or second
order (i.e. including hard gluon bremsstrahlung). 1t is, however, also possible to describe
the CIM and/or other higher twist subprocesses in this scheme, by admitting also mesonic
partons in the initial and/or final state, and introducing the appropriate differential cross
sections, although in this case a special difficulty arises in establishing the correct relative
normalization of the mesonic part of the structure functions.

Notice that this approach, as well as the two following, is essentially classical, in that
the structure functions and ftagmentation functions are just probability distributions, and
all interference effects are neglected.

As already stated in the previous section, several refinements were found necessary
to achieve good agreement with experiments, and/or consistency with theoretical pre-
judices based on QCD. They involve:

1) scale breaking of the structure functions and fragmentation functions, i.e. Gg.,;(x)
and F{(z, ¢) are allowed to depend also on the squared momentum transfer, 02, in the
hard process;

2) allowing the partons to have a transverse momentum k- in the initial state;

3) going to higher order in the hard scattering, viz. allowing hard gluon bremsstrah-
lung. The higher twist terms are other examples of this kind. When scale breaking is
introduced, it is not inherently clear how to choose the scale Q2. A popular choice is to
take [41]

AR

2 2stu
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where 5, f and 4 are the Mandelstam variables in the hard subprocess.
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The so-called primordial transverse momentum, k;, needed if the parton model,
with do/dt taken from lowest order QCD processes, is to fit the data, is quite large, <k
= 800-900 MeV. This value is constrained in particular by the softness of the away side
transverse momentum distributions, and the substantial imbalance in the transverse mo-
menta of the two high p; jets. The value needed seems uncomfortably large. A similar
value is, however, nceded to understand the pr distribution of heavy lepton pairs in had-
ron-hadron collisions.

The effects of hard gluon bremsstrahlung have not been convincingly demonstrated
in high p data yet, although tantalizing glimpses have been seen both at the SPS collider
[47, 48] and at the ISR [49].

Possible “K-factors”? different from one have so far been neglected in most calcula-
tions. As an exception, it is shown that reasonable agreement of the spectra shown in
Fig. 1 with lowest order QCD without gluon bremsstrahlung effects can be achieved using
K factors of 2-3.

3.2. The Lund model

The Lund model [51] is basically a model for hadron formation, based on the concept
of relativistic strings. In its present implementation for high p; physics [52] standard para-
metrizations of the structure functions [53, 54] are used, and the hard cross section is
calculated to second order in «,. The hadron formation is assumed to take place in the
force field spanned between the scattered constituents. This field is modelled by the massless
relativistic string, and only colour triplet strings are recognized. Colour octet objects
(e.g. gluons) are treated as kinklike excitations of the string. The various topologically
different string configurations are treated separately and are added incoherently. It has
been speculated that different string topologies may actually correspond to different
values of an underlying topological quantum number in QCD [55], with the implication
that interferences between different string configurations would vanish.

In the model the string is allowed to break up not only into quark-antiquark pairs,
but also in diquark-antidiquark pairs, thus leading to a possible description of baryon
pair production.

A conceptual difficulty in the model is the need for very long colour strings in some
reactions. This may be viewed, however, as an effective parametrization of the higher
order effects neglected in the calculation of the parton process.

In the Lund model the emphasis is most naturally put on the structure of complete
events, whereas the jets are fuzzy objects, with no sharp separation from the background
event,

3.3. The parton shower approach

The non-observation of a dominant jet structure in events with a large transverse
energy in the NAS experiment led to the realization that gluon bremsstrahlung might
play a much more important role than had previously been recognized.

2 Normalization constants applied to a low order calculation to take into account the effective con-
tribution of the higher order terms.
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Fig. 3. a) The QCD parton shower approach applied to high py hadron-hadron collisions. b) Illustration
of the procedure used to form colour neutral clusters
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Models were developed [56, 57] in which both the initial state and final state partons
are allowed to emit gluons, according to perturbative QCD in the leading log aporoxi-
mation, until mass scale of typically \/t = 1-2 GeV are reached (see Fig. 3a). At this
point the coupling a, becomes so large that confinement effects must set in, and a pertur-
bative treatment can certainly no longer be trusted. In the branching, full off shell kine-
matics is used. The radiated gluons may themselves emit more gluons, producing a showzr
of partons in both the initial and final states. In [57] the Feynman Field fragmentation
model is used to convert the final state quarks and gluons into hadrons. In [56] it is argued,
however, that a new hadronization scheme is needed for the not very energetic quanta -
that typically emerge from this approach. As illustrated in Fig. 3b, on. keeps track of the
flow of colour indices, and forms colour neutral clusters by forcibly splitting all gluons
in the parton level final state into qq pairs. The masses of these clusters are typically in
the range 0-2 GeV, with a strongly damped mass spectrum. They are allowed to decay
according to a simple phase space model. Baryon pairs can be produced by heavy clusters,
but because of the damping of the cluster mass spectrum, they are strongly suppressed.

As in the Lund model, there is no longer a simple, direct connection between a scatter-
ed parton and a hadron jet, and one is naturally lead to consider more global event charac-
teristics, such as the spectrum of transverse energy, energy flow distributions vs Ey, etc.

In a first step beyond the classical approximation, it has recently been pointed out
that interference effects are important in the treatment of soft gluon radiation [58], implying
the use of a form factor of the Sudakhov type for the partons. This leads io a depletion
of particles near z = 0 in the jet, and may be an important effect in the structure of very
high energy jets, e.g. at the SPS pp collider, and in e*e~ annihilations at LEP.

As we shall see in Section 5, the parton shower approach is quite successful in describ-
ing the recent calorimeter results at high E;. In view of the sophistication now reached
in the analysis, it seems surprising, however, that the possible role of multiple (hard)
scattering of partons has so far received only little attention [59].

34 Trigger typés and “trigger bias”

Whereas the first generations of high p; experiments were based on the sclection of
events which contained a single particle of large transversc momentum (single particle
trigger), current experiments exploit a variety of additional triggers, mostly using calori-
meters. Because the structure of the events selected are governed by several conflicting
effects, it is important to be aware of the various types of selection bias imposed by the
different triggering conditions. The discussion of the various effects can be based on the
trivial observation that when you impose certain requirements on the events, they are
fulfilled in the cheapest way, i.e. the way that is most easily accessible to nature, and which
therefore occurs most frequently.

The first example of such an effect is the trigger bias effect for the structure of events
triggered on a single particle [33], briefly discussed above. Since the inclusive parton (jet)
cross section is a steeply falling function of pr, the requirement of a certain pr on a single
particle is most easily fulfilled by jets having only little more transverse momentum than the
trigger particle itself. The distribution of the fractional jet momentum, z,,, taken by the
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trigger particle is determined by the competition between the cross section and the frag-
mentation function, F(z), which is a falling function of z. Whereas {z) of the fastest par-
ticle in the jet in general is around 0.3 for e*e~ jets in the current momentum range, {z,;,>
is typically around 0.8-0.9. As an example Fig. 4 shows a recent measurement by the
CCOR collaboration [60] of (z,;,> for inclusive n° production as a function of xy in pp
collisions at three 1SR energies. One finds that {z,,;,> is to a good approximation a function
of xp, rather than py (trig).
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Fig. 4. <{zirig’ vs. x1 for inclusive =° production in pp collisions at 4/s = 31, 45 and 63 GeV. Data from
CCOR {60]

When one studics the away side particle distributions in high pr events one finds
that the trigger sidc jet is only partially balanced in momentum by the away side jet. In
the framework of the parton model this is interpreted as a result of another bias, in which
the trigger condition selects predominantly events where the intrinsic transverse momentum
of the partons undergoing the hard scattering, are already pointed in the direction of the
trigger particle.

As pointed out several years ago [38], this type of trigger bias can be avoided by
triggering on (wo particles balancing each other in transverse momentum (symmetric
pair trigger).

The first bias can be avoided by triggering on complete jcts by means of a calorimeter
covering a suitable solid angle (~ 1 sr). This procedure gains a factor 10?-10° in rate at
a given p;°. In view of results of the investigations of the parton shower model (Section

3 There is an inherent uncertainty by a factor ~ 10 in this prediction, depending on whether one
chooses to compare at fixed pr or Et.
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3.3), distortions still arise from gluon bremsstrahlung effects, and evidently the effects
of the intrinsic transverse momentum of the partons discussed above will influence any
asymmetric trigger condition.

Azimuthally symmetric triggers on total transverse energy, Er, in a given range of
scattering angle, were introduced mainly to avoid any bias as to the jet structure of the
final state. The expectation was that events with a large value of E; would nevertheless
be dominated by hard scattering giving rise to jets.

In the NAS experiment at the SPS this was found not to be the case, and from the
discussion of the parton shower model it appears that this trigger predominantly picks
events where a large amount of gluon bremsstrahlung helped to build up Ey. The events
have large multiplicities, a somewhat elevated {py), but the jet structure from the hard
subprocess is efficiently masked. Recently it has been found that at larger collision energy
and larger E; the jet structure does emerge. This will be discussed in detail in Section 5.

If one uses an azimuthally symmetric trigger that picks only charged particles [61]
or mainly neutral particles [62], this again imposes a bias on the event structure selecting
events that have few neutral or charged particles respectively.

It appears that a comparative study of various event characteristics (such as energy
flow vs. azimuth in bins of E; etc.) for widely different trigger conditions may be a powerful
tool in distinguishing between models.

4. New results based on single and symmetric pair triggers

The use of single particle triggers and symmetric pair triggers at large p; has reached
a high level of sophistication. In this section some of the newest results, all coming from
the ISR, will be discussed. They concern the comparison of inclusive particle spectra
in pp and pp collisions, new measurements of particle ratios at high pr, mesurements
of the parton cross section exploiting a symmetric pair trigger, and investigations of the
charge structure of the trigger side and away side jets. Also the beautiful analysis of the
CDHW collaboration concerning the relative importance of various parton subprocesses
will be briefly discussed. The recent measurements of inclusive hadron production at
large py at the SPS pp collider have already been discussed above.

4.1. Comparison of pp and pp collisions

Whereas the bulk of particle production in pp and pp collisions is supposed to differ
only at the few per cent level at ISR energies, the particle yield at large p; may show sub-
stantial differences. For example, whereas direct y production at high p; in pp collisions
(discussed in Section 4.6) is dominated by the gluon-Compton process, qg — qy, the
annihilation process, qq — gy, may become dominant in pp collisions, resulting in much
larger rates for direct y’s. The QCD Born diagrams lead to a substantial increase in the
yield of hadrons only at very large pr, where qq (qq) scattering is expected to dominate,
but if higher order processes like qq — MM are important, as in the CIM, the difference
between pp and pp collisions might be substantial also at moderate values of pr.
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So far — and indeed for quite some years into the future — the highest energy for
which a direct comparison of pp and pp collisions is possible, has been obtained at the ISR.

Although the luminosity achieved in pp collisions in this machine has so far limited
most investigations to a study of “In s physics”, recently two experiments have succecded
in reaching p; values of 6-8 GeV/c triggering on single hadrons [63, 64], and with the
coming, last pp run with the machine, one may foresee jet physics extending to pp ~ 12—
-14 GeV/c.

The Axial Field Spectrometer is shown in Fig. 5. For the study reported on here
only three of the four calorimeter walls were installed. The calorimeter was used to trigger
on single hadrons. Electromagnetic showers were strongly suppressed by requiring that

OUTER VERTICAL _ROOF CALORIMETER
ONE
TOWER
a— 3 ~ i /{/ »
=1 i%’? BRI R e 15t 2
[ ' R -7 W
[ é : Vot g L4
= _T—-*-—L— 1-'!'—— -:—— r‘—}-—{«" = A //LC :/’/
r it - -t Pai%g
-+ : C i . 7 /// ////
AU R - i:2gs8e2yslss
L. .. --_&. ‘ ‘ ' )‘:///:,M:/ :C
- Y, Z i’ %/{/ T
L _;_ y/ "’ R : //// L
E—— S Lum— 0% gl 1]
SR | P — D - —— L
T b
SERREERREN /KINNER
AL ~ VERTICAL WALL
e “_“INNER HODOSCOPE
FLOOR CALORIMETER DRIFT CHAMBER

Fig. 5. The Axial Field Spectrometer at the CERN ISR, used by experiments R807 and R808. The vertex

detector for charged particles covers the full azimuth except for two wedges of AD = 16°. The calorimeter

consists of Uranium, Copper and scintillator plates, and is read out by two wavelength shifter bars per

stack for the front end (electromagnetic part) and two for the back end (hadronic part). The Axial Field
Magnet is not shown

the energy deposit in the front part of the triggering elements was less than 30% of the
total energy deposit in the cluster of calorimeter cells. This was done in order to avoid
difficulties in the interpretation of the results due to a possible direct y component. Using
in addition the drift chamber information available for charged tracks, it was found that
~ 909 of the reconstructed energy clusters in the calorimeter which satisfy the trigger
threshold and additional cuts contain only one hadron.

The ratio between the inclusive spectra in pp and pp collisions is relatively free from
systematic errors, and is shown as a function of pr in Fig. 6 for two ISR energies. It is
consistent with 1.0 for both energies.
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The ratio is sensitive to the presence of CIM terms, in particular the qq fusion meq-
tioned above. The solid lines show calculations by Chase and Stirling [65] of various highr
order processcs that could be dominant contributions to n production. (Neither the diquark
curve, DQ, nor the quark fusion, QF, would be expected to apply separately, but rathcr
some mixture of them, as in the curve labelled 1/3 DQ+ QF.) None of the proposcd
mixtures of terms are in agreement with the data, showing that these higher order processcs
are not very important even at the rather moderate values of p; investigated.

A similar conclusion was reached from comparison of n~ and n* production in n-p
collisions at Fermilab [23]. In this case the measured ratio n-/n* is close to one, whereas
the CIM prediction is an order of magnitude higher.

The data also do not agree with a perturbative QCD calculation including higher
twist terms (QCD + HT) [66], whereas a lowest order QCD calculation by the same authors
is in good agreement with the measured ratio.

The CMOR collaboration was able to do a similar study on neutral particles (n° 7, y)
[67]. They also see no significant deviation in the ratio pp/pp in the py range from 1-8 GeV/c.
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of 7°=° invariant mass [68c], with an overall arbitrary normalization factor applied

A further test of the presence of higher order differences between pp and pp collisions
was possible in the AFS experiment [63], sclecting symmetric pairs of hadrons with
py > 2 GeVJ/c (statistics extended to ~ 4 GeV/e). The mass spectrum of the high-p,
pairs (assuming a © mass for the particles) is shown in Fig. 7 at the two energies. No sig-
nificant differcnces are seen between pp and pp collisions, indicating in particular that
the quark fusion process qq — MM cannot contribute strongly in this py region. The
increase by a factor ~ 5, going from /s = 31 to 63 GeV is predicted by QCD [68].

In summary, the ratios of m-/n* in n-p scattering and of single particle inclusive cross
sections in pp/pp scattering are in agreement with lowest order perturbative QCD calcu-
lations, and do not allow large contributions from higher order subprocesses like CIM,
quark fusion or diquark scattering.

4.2. Particle ratios at large py

Whereas the inclusive spectrum of n%s* was measured quite early at the ISR to sub-
stantial values of py, the inclusive spectra of (identified) charged hadrons have been much

4 «70"°g in this context has generally been taken to mean the sum of all neutral particles giving rise
to ‘electromagnetic showers in a calorimeter, i.e. ©°, 7, 7. Resolved signals for =° and y’s at large pt have
only been obtained in recent years (See Section 4.6).
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harder to obtain. This is basically due to the fact that the resolution, 4E/E, for electromag-
netic calorimeters (e.g. lead glass) goes down as E™*/?, whereas 4p/p for a magnetic spectro-
meter is proportional to p. Furthermore several of the early experiments on charged parti-
cles were limited by the solid angle available for triggering, and hence in the statistics that
could be obtained.

Recently new data have become available on the spectra of charged pions [17, 69],
and on particle ratios at ISR energies [70, 71]. The charged pion spectra now ¢xtend
to pp~ 12 GeV/e at /s = 63 GeV at a production angle of 6 ~ 50°.

20—

?
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k }2{2’.’,’,’" ?ﬂf ,,,/mﬂ” ‘ l + |
S AL N i
k i
or | aco
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| v [s = 27GeV, 8 = 90°
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X% 2P/ /s
Fig. 8. Ratio of the production rates of =+ and = in pp collisions at 4/s = 27 GeV [72}and at s =
and 63 GeV [17]. Also shown is the result of a first order QCD Monte Carlo calculation [17]

Fig. 8 shows the ratio of n* and n~ spectra as a function of x;. Also shown are results
from the classical measurements of the Chicago/Princeton Collaboration [72] at Fermilab.
Due to the rather large overall systematic errors the seeming deviation between the results
at the different energies and directions should not be taken seriously.

The ratio approaches the value 2 at large x1, which is in qualitative agreement with
the expectations from the quark composition of the proton. Naively, for larg: p; the
n+t mesons are expected to be produced mostly from scattered valence u quarks and n-
mesons from scattered d quarks. A first order QCD Monte Carlo calculation [17}, also
shown on the figure, agrees well with the data. It is close in spirit and phenomenological
input to the Feynman, Field and Fox analysis [42] of the application of QCD to high
pr physics.

Fig. 9a, b show a break-down of the yields of positively and negatively charged par-
ticles respectively, in fractions of n, K and p’s [70, 71].
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In contrast to the situation at low p;, where pions account for ~ 90%; of the long-
-lived particles, the nt+ fraction at large py (4-9 GeV/c) is rather constant at ~ 629, K+'s
show a slight increase, and p’s a decrease with p;.

The n— fraction increases from ~ 70% to ~ 909, in the same p; range, reflecting
falling fractions of K~’s and p’s. In this context it is worth remembering that K- and p
have no valence quarks in common with protons, and cannot therefore be produced as
first rank particles in the fragmentation chain of a scattered valence quark, whereas this
is quite possibly a dominant source of high-p; n’s.

The increase in both the fractional p and p yield when going from 6 ~ 50° to § = 90°
may reflect a stronger baryon pair production near 90°. From the variation of the proton
fraction with angle [71], this implies that there is a minimum in the inclusive proton cross
section somewhere in the interval 50° < 6 < 90°,

4.3. Symmetric pairs at large py

In a beautiful analysis [60], following the lines suggested by Baier et al. [68], the
CCOR collaboration has exploited pairs of n%s at high py produced in pp collisions
at 45 and 63 GeV to determine the angular dependence of hard constituent scattering.

The n%s have transverse momenta in the range 2.5-8 GeV/c and are required to be
roughly back-to-back, and have a total p; < 1 GeV/c.

Because of the trigger bias effect (see Section 3.4) the n%s each carry most of the
momentum of their parent jets, and their momenta are used to estimate the parton mo-
menta, Furthermore, because of the approximate symmetry of the trigger condition,
the pair cross section should be relatively insensitive to effects of the primordial transverse
momentum of the partons. Hence, in this approximation, the (average) scattering angle,
6*, in the longitudinal rest frame of the two pion system, measures directly the scattering
angle in the hard parton collision.

In a scaling model, the n°n® spectrum must have the form

d___45 (-"1) f(cos 6%), 3)

dmdcos0* m" \|/s

where m is the mass of the n°n® system, and n = 3 for dimensional reasons. A fit to this
form gives n = 6.51+0.5.

The distribution in cos 6* is shown in Fig. 10 in bins of m at \/s = 63 GeV. It appears
that the angular distribution is independent of m to a good approximation. This is borne
out by fits to the form

do A 1 1
dmdcos0* m" GOml\/s) [(1 Toos 0% T (1—cos 0*)“] @

resulting in values of @ which do not depend significantly on m. A global fit gives a = 2.97
+0.05.

It is difficult to compare this result directly with predictions from QCD, because
several subprocesses with different angular dependence are expected to contribute to
the reaction studied. The group therefore used a Monte Carlo simulation, based on the
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first order QCD subprocesses in a standard way. Whereas the description of the mass
dependence obtained is only tolerable, the angular dependence observed is reproduced
very well.

A somewhat similar analysis was used by the CDHW collaboration [73] in an attempt
to determine the spin of the gluon. Their analysis is based on a sample of pp collisions at
/s = 63 GeV triggered by a + with py > 4 GeV/c at § = 40° (corresponding to y = 0.8),
obtained at the Split Field Magnet. They study the rapidity distribution of particles on the
away side (140° < ¢ < 220°) with xg = py/Pryig > 0.5 (see Fig. 11).

AWAY SIDE
4 < pT"ig <6 GV , Xg>05
T T T T T
- l -
|
0.6} ' -
scalar gluon
vector gluon
> T \ .
©
~
Z 041} =
° |
~ K)
Zz - .
> |
o2} | .
|
. | _
|
° | |®
0 -2 -1 0 | 2
Rapidity ,y

Fig. 11. Rapidity distribution of away side particles with xg > 0.5. The data are from pp collisions at
4/s = 63 GeV with a 7+ with 4 < pr < 6 GeV/c at 8 = 49° [73]. The lines show model calculations by
the authors

The distribution is clearly shifted away from y = 0, towards negative y. This is taken
as a reflection of the spin of the exchanged quantum in the contributing hard subprocesses.
Indeed, a standard lowest order QCD model by the group (referred to above, Section
4.2), which of course has vector gluons, gives a fairly good description of the data, whereas
a mutilated version of the model in which the gluon spin is assumed to be zero is in definite
disagreement with the data.

Thus the angular distributions of hadron pairs at large p; support the conclusion
that gluons have spin 1, and give a first experimental determination of the angular depend-
ence of the hard subprocesses.
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4.4. Charge structure of the trigger side jet

The motivation to study in more detail the structure of the jets high p; hadron reac-
tions is at present two-fold. Firstly, it evidently provides a testing ground for jet formation
physics comparable to ete~ annihilations and deep inelastic lepton scattering experiments,
but with the special feature that gluon jets are expected to be abundantly present. Secondly,
a detailed investigation of the structure of jets may allow one to disentangle to some
degree the various contributions to high py scattering at the parton l:vel, and thereby
perform more stringent tests of theoretical predictions (in particular perturbative QCD).

Whereas the momentum distributions in high-py jets have been studied in some detail,
information has been more meager on the distribution of charges and other quantum
numbers (see €.g. [25b, 74, 75]). New information has recently become available from two
ISR experiments.

The AFS Collaboration has analysed events with an identified charged particle at
high py near 90°, and studied charge correlations between this particle and other identified,
charged particles in the event [70]. The trigger particle had py > 3.0 GeV/c ({pr) = 4.1
GeV/c), and could be identified by means of a set of threshold Cerenkov counters covering
the polar angle from 45° to 135°, and with an azimuthal coverage of 49 = 45°. It could
be identified as a n¥, or heavy (h* = K* or p/p) for py up to 5.3 GeV/c and as a n¥, K*,
p or p above this value. In addition some K’s could be identified in the p,,;, interval 2.0-
3.5 GeV/c. Secondary particles could be identified by means of the Cerenkov counters
in three momentum intervals inside the angular regions specified above, and at low pr
by the measurement of dE/dx in the central drift chamber.

In the analysis the trigger side jet axis was found by a jet algorithm [76], using the
charged tracks with py > 0.3 GeV/c. Due to the trigger bias effect, this axis is in most
cases given by the direction of the trigger particle to within a few degrees.

Measuring rapidities along the jet axis, the charge compensation A(y) is now defined
by

Ymax

Ymax
Ay) = ;V (Copp(Vs )= Caame(¥, Y)Y’/ yf e(y, y)dy', ()
0 0

where gqp(¥, ¥') and @ume(, ') are the two particle densities for pairs of particles with
opposite and like charges at rapidities y and y’, and ¢(y, y') is their sum. In the AFS anal-
ysis, integration limits are chosen as y, = 2, and y,, = 5.

An equivalent expression for A(y) can be obtained if one introduces the charge asym-
metry A(y, ') = 2P(y, y')—1, where P(y, y’) is the differential probability that two par-
ticles at y and ¥ have opposite charges. Then

~ Fmax , , Ymsax , ,
Ap)= | AD, Y)Y e, Y)Y | ey, y)ay'. (©
Yo Yo
A(y) ranges from —1 to +1, and measures the strength of the compensation of the charge
of a test particle in the rapidity interval yo— yma,., per secondary particle at rapidity y.
Fig. 12a shows A4(y) as a function of y for positive and negative trigger particles.
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The charge compensation on the trigger side is clearly larger for negative trigger particles
than for positive trigger particles. The effect also extends to the away side, but here 4(3)
is roughly symmetric around zero for positive and negative trigger particles, indicating that
the effect is mainly a consequence of the overall larger density of positively charged par-
ticles. The following figures demonstrate that this is not the major contribution to the
difference in A(y) on the trigger side.

Fig. 12a also shows A4(y) for jets in e*e collisions [77, 78). Here the “trigger particic”
has y' > 1.5, and the two charges are averaged. The ete~ data are well described by a cal-
culation [78] using the Feynman-Field model for the mixture of quark types expected.

The average strength of A(y) for positive and negative triggers in pp collisions is
almost two times larger than the e*e~ results for y > 2, however. From Monte Carlo
studies it seems, that the most important source of this difference is due to the trigger
bias effect, which means that jets of low multiplicity are primarily selected. Another
contribution to the difference could be due to the different mixture of parton types available
in pp collisions. In particular one expects the charge compensation to be large in gluon
jets.

The result of a Monte Carlo simulation using the Lund model [52], is also shown
on Fig. 12a. The general trend of the data is well reproduced, but the strength of A(»)
achieved in the trigger side jet is somewhat lower than in the data. This may in part be
related to the fact that the model, with the choice of parameters given in [52], does not
reproduce the particle ratios discussed in Section 4.2 (Figs. 9a, b) very well, especially for
the heavy particles. It predicts constant ratios (nt/K+/p = 0.65/0.175/0.175 and n~/K-/p~
= 0.70/0.15/0.15) over the pp range studied. As we shall see, different trigger particles
have different strengths of 4(y), so that a wrong mixture of particle types will lead to an
error in A(y) for the general case.

Fig. 12b shows 4(y) as a function of y when the trigger particle is identified as n* or
heavy* (h = non—mn). It shows that the charges of h+ and h- triggers are compensated
with the same strength as the charges of n*+ and =~ triggers.

A similar observation is due to the CDHW coilaboration [80]. They compare the
fractional momentum distributions in jets with a «* and a h~ (called a K-) leading particle,
and conclude that the h- jets are more neutral than the 7+ jets. From the AFS investigation
we see that this is mainly due to the different charges of the two trigger particles.

Figs 13a, b, ¢ and d show A(y) as a function of y for the four cases when the trigger
particle is identified as & or heavy particle, and the secondary particle, at rapidity y with
respect to the jet axis, is also identified as a © or a heavy particle. In this case the away
side is only covered to y = —2.5 for n’s and y = —1.5 for heavy particles, due to the
limited range of momenta where dE/dx identification can be applied.

Figs. 13a, b show that the charge compensation from secondary =’s is about equal
for positive and negative triggzrs. This is expected from isospin invariance. The slightly
larger values of A(y) for negative than for positive triggers, which may be noticed at close
scrutiny, is probably a reflection of the overall excess of positive charge in the events,

A comparison of Fig. 13b and 13c, showing the compensation of the charge of heavy
trigger particles by n’s and of the charge of = triggers by heavy particles, indicates that the
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o neg trigger pp, 63GeV, y'>2
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y (along jet axis)

Fig. 13. Charge compensation Z(y) for a) w triggers, w secondaries, b) heavy (= non =) triggers, 7 second-
aries, ¢) = triggers, heavy secondaries, d) heavy triggers, heavy secondaries. The trigger particie has y” > 2.
Data from the AFS [70]. The lines show the prediction of the Lund model [52]

ordering of the particles in rapidity is decisive for the charge compensation. For n* triggers
the charge compensation by heavy particles is close to zero, whereas it is strong for -
triggers.

The charge compensation of heavy particle triggers by other heavy particles is strong
for both signs, but substantially larger for negative than for positive triggers (Fig. 13d).

These features can be understood at a qualitative level from simple considerations of
the ‘‘fragmentation” chains of scattered valence quarks or gluons, neglecting at first baryons
and antibaryons.

Consider, as an example, the case of © triggers compensated by K’s, A n* (ud), contain-
ing a scattered u quark, can only be followed by a K° (ds) in the chain, whereas a n-(du)
is most likely to be followed by K+(us), leading to the qualitative difference in the strength
of A(y) seen in Fig. 13c.

In the case of K triggers compensated by K’s, one would expect roughly equally strong
charge compensation for K+ and K- triggers originating from scattered valence quarks.
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A K+(us) trigger can contain a scattered valence quark, and can be followed in the chain
by a K°® or a K-. A K-~(us) trigger has no valence quark in common with the protons,
but can be a promoted second rank meson following a K+(us) or a K°(ds) in the chain
(in agreement with the fact that the K-/K* ratio is a falling function of py at large py).

Also for K’s originating in gluon jets, one would expect about equally strong com-
pensation of the charge of a leading K* or K-. Because the gluon jets are neutral, one
expects a stronger charge compensation than in the case of quark jets. If, as has been
suggested [80], K- triggers preferentially originate from scattered gluons, this could lead
to a larger value of A(y) for K- triggers than for K+ triggers.

All of the features seen in Fig. 13a-d are reproduced rather well by the Lund model,
as shown by the lines on the figures. The only noticeable difference from the data is a syste-
matically too low value of A(y) for positive trigger particles and y > 2.

The points discussed can be elaborated further on the basis of the data shown in
Fig. 14. With some loss of statistics, heavy particles can be further identified as K or p/p.
Figs. 14a-h show A(») vs. y for x triggers with associated K’s and p/p’s, and for K and p/p
triggers with associated m’s, K’s and p/p’s.

Figs. 14a and 14c are in agreement with the interpretation of Figs. 13c and 13d given
above, but with less statistical significance.

The compensation of the charge of n and K triggers by p/p’s (Fig. 14b and d), show
at first sight strong effects. 4()) seems to be independent of y, however, and the values
can be understood simply from the observation that in these events the p/p ratio at low py
in the central region is close to the value 1.6 observed in minimum bias events [79]. This
in itself gives rise to constant contributions to A(y) at —0.24 for =+ and K* triggers, and
at +0.24 for n- and K- triggers, and these values arc roughly consistent with the data.

Associated production of K’s with hyperons will in general give negative contributions
to A(y) for Kp and pK (Fig. 14d and h). Since this production mechanism is more important
for K+ than for K- in pp collisions, the effect should be most noticeable for positive triggers
(whether K+ or p). Although no evidence is visible for this effect in the data of Fig. 14,
it could still give a contribution to the difference in the strength of the charge compensation
of h* and h- by h seenin Fig. 13d.

The Lund model predicts very strong K*K- and pp correlations. Although the data
may follow this trend (Figs. 14c and h), the effect does not seem so strong. For the pp case
this is brought out clearly when one considers the p/p ratio at low p; with p or p triggers.
This is found to be 1.13+0.25/1.30+0.30 with a high p; p/p trigger whereas the mod:l
predicts values of 0.40+0.04/5.740.7.

The qualitative features observed in the chaige stiucture of the trigger side jet cannot
be understood simply in terms of correlations stemming from resonance production at
hight p;. This is in particular the case for the compensation of the charge of = triggers
by K’s, which from resonance effects would be equally strong for positively and negatively
charged triggers.

Another example of the strong local compensation of quantum numbers in the trigger
side jet is shown in Fig. 15 [80]. It shows the ratio of K9’s to charged particles as a function
of the fractional momentum component z; along the trigger particle direction
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tzg = p- E‘,i,/pf,ig), for K and n triggers near § = 50°. The larger K/charged ratio in K
(riggered events indicates a local conservation of strangeness in the event.

These observations constitute evidence for the cascade picture of jet formation,
or for a similar mechanism leading to a rank ordering of the produced particles. This
is exemplified in the good overall agreement with the predictions of the Lund model,
which in this context may be taken as a representative cascade model for the jet formation.

The Lund model, with the set of parameters used, seems to have some difficulties with
the baryon production, both at low and high py.

4.5. The away side jet

In an interesting analysis [80], the CDHW collaboration uses data obtained at the
Split Field Magnet to discuss the general structure of events with a high py particle. They
focus in particular on the possibility of using an identified high p, particle (n+, K-, etc.)
as a tag to disentangle contributions from various hard parton subprocesses. Only a few
points from the analysis will be mentioned here.

Fig. 16a shows the rapidity distributions of same side (|@| < 25°) and away side
(Ip—180° < 25°) particles with p; > 1 GeV/cin pp events at /s = 62 GeV, with a trigger
particle (unidentified) of pr = 2,4 and 6 GeV/c. As py of the trigger particle is increased,
the broad away side enhancement, averaging the away side jets which fluctuate in direc-
tion, becomes larger, and a pronounced asymmetry around y = 0 develops. This is not
just a consequence of kinematics, as shown by Fig. 16b, which demonstrates that the
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Fig. 16. a) Rapidity distribution on the toward (lp{ < 25°) and away ({¢—180°| < 25°) side of particles

with pr > 1GeV/c, in bins of 1.)%"3. b) Difference ,'bvetween the away side rapidity distributions for
a nn* and a K- trigger with p¥"3 >4 GeVjc. Data for pp collisions at 4/s = 62 GeV, from [80}

away side rapidity distribution is different for a n+ and a h- (called K-) trigger with
Pri® > 4 GeV/e.

From a comparison of the zp distributions of positive and negative particles in the
trigger side jet with the Feynman-Field fragmentation model [36] the group concludes
that their n* triggers originate from scattered u quarks.

If their K- triggers similarly originate predominantly from scattered gluons, the
different away side rapidity distributions for n+ and K- triggers can then be understood
rather simply. Because the gluon x-distribution is more narrow than the valence quark
distributions, and because quark-gluon scattering is expected to be an important part
of the cross section at the x; values obtained, selecting a gluon jet will more often select
events of the “back-to-antiback” configuration (i.e. with the same sign for the rapidity
of the trigger side jet and the away side jet), than selecting a quark jet.

Thus the asymmetry seen in Fig. 16b is taken as evidence, together with several other
arguments, that K- triggers at 50° select gluon jets with high efficiency.
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for =+ and K- triggers at 0 = 50° with 38 = 4 GeV/c. Data for pp collisions at 4/s = 62 GeV, from (80]
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The charge ratio, R(+/—), in away side jets is shown in Fig. 17 as a function of xg
(here defined as p./p'®), for secondaries with y < 0 (“back-to-back™) and y > 0 (*“back-
-to-antiback”) [80]. In the back-to-back configuration, R(+/—) is about equal for rn*
and K- triggers, and increases towards R(+/—) = 2 for x — 1, consistent with the expec-
tation for scattered valence quarks.

In the back-to-antiback configuration, R(+/—) for n* triggers is significantly smaller,
although still larger than unity. This could be due to a larger admixture of gluon jets,
which would be more favoured kinematically.

For K- triggers, R(+/—) in the back-to-antiback configuration is significantly larger
than for n* triggers showing that processes other than quark-quark scattering via gluon
exchange must contribute. Furthermore the value of R(+/—) suggests that scattered
valence quarks are a major source of the away side jets. This indicates, on a kinematical
basis, that the parton yielding the trigger particle has a softer structure function than
quarks, pointing again to gluons as a major source of K- triggers.
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The CDHW analysis shows that the interplay between kinematics and different
structure functions for the different constituents can generate quite subtle effects, when
coupled with different trigger requirements.

In order to be able to appreciate more fully this nice analysis of the origin of the trigger
side and away side jets under different conditions, one would, however, like to have a more
systematic comparison of the various types of trigger particle, i.e. including also n—, K+
and possibly p, p.

4.6. Direct photons

In lowest order QCD, the basic mechanisms giving rise to direct photons at high
pr are the so-called gluon Compton scattering (Fig. 18a) and quark-antiquark annihila-
tion into yg (Fig. 18b) [43]. In addition, electromagnetic bremsstrahlung of a photon from
a quark may of course contribute (as e.g. Fig. 18c¢).

q el

{a) (b) (c)

Fig. 18. Some diagrams contributing to direct photon production at high pt

The importance of dirzct photon production in hadronic interactions stems from the
fact that the photon comes directly from a (calculable) subprocess at the parton level,
thus bypassing the need for phenomenological models of hadronization to treat the process.
Furthermore it enters into the process with a known coupling.

The predicted cross section for gluon Compton scattering — which is expected to be
the dominant source of direct photons at large angles in pp collisions — is much smaller
than the cross section for parton-parton scattering giving rise to jets. Nevertheless, the
y/n° ratio is predicted to be large, of order 0.1-1 in the py range 4-12 GeV/c. This is because
n° is normally the fragmentation product of a parton which therefore has to be produced
at a higher momentum, whereas the photon momentum does not undergo this degrada-
tion.

The first measurements [44} of single photon production suffered fromi nstrumental
biases, which permitted only the ratio y/n® to be extracted.

For the ABC collaboration at the ISR [44a] this included a cut on unassigned energy
in their calorimeter, and a requirement that no additional shower was detected in the
calorimeter. Last year, the collaboration used information from the AFS central drift
chamber, which was installed at the same ISR intersection for the last part of their data
taking, to evaluace the effcct of these biases and extract the inclusive cross section for
single y production in pp collisions at \/E = 63 GeV [81]. This is shown in Fig. 19, which
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Fig. 19. The inclusive cross section for single y and =° production in pp collisions at 4/s = 63 GeV and
6 =~ 90°, as functions of pr [81). The line represents a calculation of the single y cross section in lowest
order QCD, including various corrections [82]

also shows the inclusive n° cross section in the same p; range (3-12 GeV/c), now obtained
for n%s where the two photons are fully resolved.

Calculations based on the CIM model [43f] are in disagreement with these data,
predicting a higher y/n° ratio at low py than observed. Also the first QCD calculations
[e.g. 43¢] were only in qualitative agreement with the data. In a more recent calculation
[82], which includes effects of soft gluon radiation, the authors find that a normalization
factor of K’ = 1.7 has to be applied to the lowest order calculation. The result is shown in
Fig. 19, and describes the data well.

The correction procedure used to obtain the single inclusive cross section from the
y/=° ratio could not be applied at ISR energies different from 63 GeV because the drift
chamber had not been installed during the data taking at these energies. If one assumes
however, that the correction at /s = 45 GeV is similar to that at 63 GeV, it is possible
to extract the inclusive cross section at this energy from the measured y/r° ratio and the n°®
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cross section [83]. Assuming a form as Eq. (1), one finds that scaling is well satisfied with
N = 6. This is demonstrated in Fig. 20, which shows the cross sections at the two energies,
multiplied by p$, as functions of x1. A recent experiment at Fermilab [84] also finds clear
evidence for direct photons in pC and =n*C collisions, and finds that the energy dependence
when compared with ISR results can be parametrized as Eq. (1), with N = 6.6+0.3.
These results suggest that the deviation of the power N = 8, found for n production
at large p, from the naively expected N = 4, is not only caused by scale breaking of the

] T

0y=90°
29| Pp—y +X

* [5=63 GeV

{{H{é s J3=45GeV

-3l ‘ I
0 o] 0.2 03 04

X1
Fig. 20. Inclusive cross sections for single ¥ production at 4/s = 45 and 63 GeV multiplied by p%, as
functions of xt [83]

structure functions, and the smearing due to the parton transverse momentum, kr, but also
by scale breaking in the fragmentation process.

Notice also, that N = 6 is the expectation from the simplest CIM type process giving
rise to direct y’s, Mq — qy, even though the CIM does not predict the y/n° ratio correctly.

Earlier measurements of direct y production have all been at 8 ~ 90°. Recently the
/n® ratio has been measured at @ = 11° in pp collisions at 63 GeV [85], at a value consistent
with measurements at 90° up to py = 4-5 GeV/c.

New data on the structure of events with a single proton have come from the AFS
collaboration [86]. In such events, several distinct signatures are expected [87]. 1) As con-
tributions from bremsstrahlung (Fig. 18¢) are expected to be small, the photon will most
often not have an accompanying jet. 2) In pp collisions the dominant subprocess is expected
to be gluon Compton scattering (Fig. 18a). Because the photon couples more strongly
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to a u quark than to a d quark, the away side jet is expected to be mostly initiated by
u quarks, and hence have a larger +/— ratio than in events with a n° trigger.

The charged particle density as a function of A from the trigger particle (y or n°)
is shown in Fig. 21. On the away side (d¢ > n/2) the densities are about equal for n°
and y triggers, whereas the density on the trigger side (d¢ < n/2) is significantly lower
for events with a y than for events with a n°. In the y events, the particle density is consistent
with being independent of 4¢ up to 4¢ = n/2. This is in agreement with the expectation

Recoil jet o7 oy
T T T T T

LO% ¢ g)% ’
i

TRIG. 1t 1

0)35<P "< 45Gevk b) P?"G > 4.5 GeV/c

- N | . . J
OO 1 3 3 101 3 5 |

X
E
Fig. 22. R*/- for away side particles within |y} < 0.8 as a function of xg in events triggered by ay or a n°

(86]. The full lines represent a calculation by Halzen et al. [87] for y triggers with pr = 6 GeV/c, and the
broken -lines represent a calculation by Benary et al. [88]

[116] of 30% (20) for the relative importance of bremsstrahlung from a scattered quark as
a source of the direct y’s.

The positive to negative ratio, R*/-, on the away side in events with a high py y or n°
is shown in Fig. 22 as a function of xp. The data do show systematically larger valuzs
of R+/- for y triggered events than for n° triggered events, but with marginal statistical
significance. This is an example of an important measurement which will unfortunately
not be improved in the foreseeable future due to lack of running time before the ISR is
closed down by the end of this year.

The lines show lowest order QCD calculations by Halzen et al. [87] and a more recent
calculation by Benary et al. [88]. While the latter agrees reasonably well with the data,
the large difference between the calculations shows that the result is quite sensitive to the
details of the fragmentation model used.

As stated earlier, a comparison of direct y production in pp and pp collisions would
be very interesting.
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5. Large transverse energy and jets

In this section we shall address the question of the shape of highly inelastic events,
and review the recent measurements of the inclusive cross section for high py jet production
at the ISR and SPS pp colliders. '

Highly inelastic hadron collisions, defined as collisions where a large transverse energy,

YEr =Y N) pi4+m?, is emitted, are of interest in the systematic investigation of hadronic
many body reactions. Their topical interest at present comes from the expectation that
they might provide a particularly unbiassed way of studying hard constituent interactions.

In experiments based on large solid angle calorimeters, )’ E; is often denoted Ej
(for no good reason).

5.1. The shape of highly inelastic events

Let us start by briefly reviewing the NAS results [46] alluded to in Section 2. The
cross section for emission of a transverse energy Ey into the rapidity range —0.88 < y < 0.67
in pp collisions at 300 GeV/c (’\/E = 24 GeV) is shown in Fig. 23 as a function of Ej.
Three different ranges of azimuth are selected: 4¢ = =2 (“jet trigger™), two back-to-back
regions of each 4¢ = 7n/2, and 4¢ = 2n. In the analysis of NAS it was found that a simple
two-constituent scattering model (see Section 3.1), although it agreed within a factor
2 with the cross section observed for the first two triggers, failed by an order of magni-
tude to explain the Ap = 2r cross section. A low p; cluster model agreed quite well with
the data to substantial values of Ey, however, as shown by the dashed lines on the figure.

Also the event shape did not agree with expectations from the jet model (nor with
the low p; cluster model). The event shape can be studied e.g. in terms of a quantity P,
called planarity, which is defined as

_a-b 7

T a+b’ M
where a and b are the sums of the squares of the components of the transverse momenta
along the major and minor principal pr-axes (see Appendix A). The planarity measures
the shape of the distribution of the momentum vectors in the transverse plane, and is
~ 0 for an isotropic distribution, and ~ 1 for narrow, back-to-back jets. Fig. 24 shows
the planarity distribution for E; > 10 GeV, together with predictions from the low pr
cluster model and the two-constituent scattering model by NAS. Both models disagree
with the data.

Also the shape of the events selected by the 4¢p = n/2 trigger differs from the predic-
tions of the hard scattering model, although the cross section is well reproduced. In par-
ticular, the particle density at 90° to the trigger direction in azimuth is larger than expected.

Both the cross section and the planarity distributions are quite well described by the
QCD shower model of Ref. [56], when hadronization is taken into account. This is shown
in Figs. 23 and 24. Fig. 23 also shows that the cross section in the model without hadro-
nization (but still including gluon bremsstrahlung) is a factor ~ 10 below the data for
A = 2n. This illustrates the fact that in the model, transverse energy. is built up in all
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phases of the interaction, when a large solid angle trigger is employed. Within the framework
of this and similar [57] models, the large solid angle trigger at this collision energy and Ey
essentially selects events which have had a lot of gluon bremsstrahlung, leading to a large
multiplicity of hadrons, with a fairly isotropic distribution in the transverse plane.

T T T T T
;o“_’&. NAS  pp 300GevV _
‘}\o' -088<y<0.67
\v\(iO\\."
\
A e ° O
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Fig. 23. Cross sections do/dEy vs. transverse enelgy Er in the interval —0.88 < y < 0.67 for three regions

of azimuthal acceptance in 300 GeV pp reactions [46]. The dashed lines show the results of a low pr cluster

model calculation by NAS. The full lines show the result of a QCD shower model {56] with hadronization.
The dotted line shows the result of the same model at the parton level for the 49 = 27 case

Over the last year or so, it has, however, become clear that the expected dominance
of jet production in highly inelastic collisions is indeed seen, when the required transverse
energy and the collision energy are sufficiently large. Jets have been clearly observed as
dominant structures at both ISR and pp collider energies.

As an illustration, Fig. 25 shows an event from the 1981 collider run. This was the
highest transverse energy event in the UA2 experiment at the time of the Paris conference
[89]. The total Ey in a (47, 4¢) range of (2,300°) is 127 GeV, out of the CMS energy
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J s = 540 GeV, and the two jet structure is evident from the display of the event®. We shall

return to the collider results below.

At the ISR, the first calorimeter based investigation of events at large E; used the top
quarter of the AFS Uranium/scintillator calorimeter (see Fig. 5), covering a (y, ¢) range
of |y| < 0.93, 49 = 69° [90]. The raw (i.e. uncorrected for resolution etc.) E; spectrum

observed in ~ 7 hrs of running covers almost 8 orders of magnitude at /s = 63 GeV,
and is shown in Fig. 26 in cross section units.

. NAS 300 GeVv pp
————— Phase Space (NAS)

'r\ ----------- 4 JET (NAS)
QCOD with Bremsstr. and
hadronized

Fig. 24. Distribution of planarity, P, for particles with a total transverse energy Et > 10 GeV in the rapidity

interval —0.88 < y < 0.67. Data from NAS [46]. Also shown are the predictions of the NAS5 low pt cluster

model, of their simple two-constituent hard scattering model (*‘4-jet”), and of the QCD shower model
of R. Field et al. [56]

After timing cuts to reduce overlapping events and other background, and the require-
ment that a primary vertex could be formed by the charged tracks recorded in the central
drift chamber, the remaining events (~ 70%) were analysed in the following way: Clus-
ters of energy deposition in the calorimeter (each typically corresponding to O(1) incident
particle) were ordered in Er, and clusters with Ey < 0.025 GeV were rejected. The vector
sum, E’, was formed of the ordered clusters making up 809 of the total Ey in the calori-
meter wall, E’ was required to point inside a fiducial region (j¢— g(centre)| < 25°,

5 At the time of writing, the highest Et event recorded by UA2 has Ey = 250 GeV (CERN Courier
Oct. 1983).
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Iyl < 0.5) to avoid edge effects in the calorimeter. Finally a quantity T was calculated:

-

T =Y |E" E|Y\E'- |E} ®

using all the clusters, with energy vectors E'i defined by their energy deposition and direc-
tion. T is closely similar to the thrust variable (see Appendix A) used in ete- analysis, but

¥ H T i T

0ol 15-3Gev 9 {1 8.5-100Gev &)
’ 749 events 644 events
Q.- } 41
4
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Q= 1 L ‘ LLe_e
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0.2k ; 4 b
0.1k 4F

(i/N) (dn/dT)
O

.L.+ ) ~¢ lLe—e.
6-7.5 GeV c) H-12 Gev g
0.2t 408 events 1t 556 events

fL o 0

7.5-8.5 Gev d} 12-14 Gev

268 events 241 events
Q.2 1+

collisions at 4/5 = 63 GeV [90}. The curves and shaded areas refer to a fit described in the text
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is not maximized explicitly by variation of the E' direction. For the solid angle covered
by the calorimeter, 7 can take values between 0.7 and 1.0, being close to 1.0 for a narrow
jet.

The distribution of T is shown in Fig. 27 in bins of the total E;. For low Eg the distri-
bution is wide, peaking around T = 0.85, which corrésponds to a wide, unstructured
particle distribution. For Ey 2 8 G:V a clear change in the distribution occurs, and at the
highest Er, it is dominated by a narrow peak between 0.9 and 1.0. This change in the T
distribution is interpreted as evidence for the emergence of jets at high Fy. Indeed, a “typi-
cal” event with an E; in the calorimeter wall of 14 GeV, shown in two projections in Fig. 28,
illustrates nicely the quality of the jets now seen at the ISR.

CHARGED PARTICLE MOMENTUM VECTORS
TRANSVERSE VIEW SIDE VIEW

. . . . L . , . . R
-2 0 2 -2 0 2
Py P,

Fig. 28. Charged particle momentum vectors of an event with E1 = 14 GeV into a wall of the AFS calori-
meter covering 55° < ¢ < 125° and ¥} < 0.93 [90]. It has T(roof) = 0.97. Tracks with |y! Z 1 are not
recorded

The conformity of this interpretation with the knowledge about jet structures gained
carlier at the ISR has been checked by a study of the distribution of the charged tracks
registered in the central drift chamber in the events with large £y [90b]. As an example,
Fig. 29 shows the so-called transverse energy “flow”, i.e. the azimuthal distribution (meas-
ured from the E; axis) of the transverse energy carried by charged particles, plotted in bins
of the Er in the calorimeter wall. The narrow peak at 4¢ = 0° corresponds to the trigger
jet. Another somewhat wider peak develops at Ap = 180°, corresponding to the recoil
jet, which at high E; is often inside the acceptance of the apparatus. At 4g ~ 90° the
distribution is flat, and decreases with Ep, consistent with a small, roughly constant con-
tribution from the rest of the event. _

The T distributions shown in Fig. 27 could be understood to some extent in the frame-
work of a rather standard 4-jet model for high p; scattering, implemented in the Monte
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Carlo program ISAJET [91]. In the model, the basic parton parton scattering is described
by lowest order QCD, and the scattered partons may emit hard gluons. The fragmentation
of the scattered partons (including the spectators) is treated in the Feynman-Field parame-
trization. For the purpose of this analysis, the program was modified to inciude a primordial
ky of 0.88 GeV/c (FWHM) of the incoming partons. ISAJET also provides a model for
minimum bias events which contains leading baryons, short range rapidity correlations
(through resonances) and approximate KNO scaling of the hadron multiplicity distribu-
tion. It has been tuned to reproduce the observed ISR and SPS collider multiplicities.

At low Eq, the ISAJET model for minimum bias events described the T distribution
well, as shown by the line in Fig. 27a. At higher E;, the 4-jet model described the peak
at high T well, as evidenced by the shaded areas in Fig. 27, but it failed to account for the
full distribution. A sum of two contributions, a minimum bias-like, and a hard scattering
part, gave a good description of the data, however. (Full lines in Fig. 27.)

Such a two component model has little theoretical justification, but may be used as
a convenient parametrization, in part suggested by the data, to extract the cross section for
jet production. The result of this will be discussed in the next section. At the same time
it is clear that a better understanding of the full shape of the T distributions would be very
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Fig. 30. Spectrum of detected neutral transverse energy, EY, in pp collisions at 4/s = 63 GeV. For the
(@, ¥) coverage, see text. The spectrum is uncorrected for resolution, etc. [92]
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welcome. At present it does not seem unlikely that the parton shower model is capable of
this.

Results on the shape of events with large E; in calorimeters covering 4¢ = 2n have
come from two ISR experiments.

The COR collaboration uses arrays of lead glass blocks and shower counters to
select events with a large EY mostly carried by 7’s or neutral particles with electro-
magnetic decay (n°, 7, ...) [92]). The (¢, y) coverage is somewhat uneven, the four shower
counter modules each covering (50°, 4-1.1) and the two lead glass arrays each covering
(57°, £0.6).

The spectrum of detected EY (uncorrected for resolution, etc.) is shown in Fig. 30.
It is close to an exponential, with a slope of —0.89 GeV-!, at low E2, but deviates from
this shape for E7 > 20 GeV. The charged transverse energy, Ef, was measured by the
central drift chambers. E5/E] decreases from about 0.5 to 0.25 over the EJ range, illustrating
the trigger bias on the charSed/neutral ratio imposed by triggering on neutral energy alone.

In order to study the shape of the events, the COR collaboration uses a variable S,
which is similar to sphericity. One finds the hemisphere (I) with the large ) p, and let
this vector sum determine an axis (i.e. the thrust axis). Y, p in the other hemisphere (II)
determines a second axis. S is then calculated as

§=3 ; a2 ; pi+3 IZI %2 % pi, ©)

where the gy; are the transverse momenta with respect to the two axes, respectively. For
the limited y-range used, S is rather similar to the circularity discussed in Appendix A.

The distribution of S changes from a broad distribution centered at S = 0.5, to a nar-
row distribution peaked at 0 as E2 increases from 10 to ~ 25 GeV. Fig. 31 shows the dis-
tribution of S in two intervals of EY, and <{S) as a function E?, showing a rather smooth
decrease over the range covered. This again is clear evidence for the emergence of jets
at high transverse energy.

In the fully installed AFS calorimeter, the toial transverse energy, Ey, can be measured
within a rapidity coverage varying from |y| < 0.6to |y' < 1.2, with an average of |y} <0.9.
Uncorrected Eg spectra are shown in Fig. 32 for pp collisions at three ISR energies [93].
At /s = 63 GeV, the spectrum now extends to Ep = 45 GeV.

The /s dependence of the spectrum is small at low values of Ey, Er < 12 GeV,
consistent with the expectation from approximate Feynman scaling. In this region, the
dominant source of transverse energy comes from fluctuations in the multiplicity and
pr of the particles [94], and the events show a rather isotropic particle distribution, con-
sistent with the NAS findings at lower ./s.

At higher Ey there is a strong /s dependence — thus at Ey > 20 GeV, the cross sec-
tion increases by about two orders of magnitude when going from /s = 30 GeV to
Js = 63 GeV.

As Er gets large, a clear change of event structure is seen. Fig. 33 shows the distribution
of circularity C, which is the two dimensional analog of sphericity, defined from the trans-
verse momenium vectors (see Appendix A for a definition). C is simply related to the
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planarity P, by C = 1 —P. For Ey > 25-30 GeV a peak near C = 0 develops, charac-

teristic of the emergence of high py jets.

A plot of {(C) vs Ep, Fig. 34a, shows that this transition to jet dominance seems to
be relatively independent of /s (and thus the clear jet signal is not seen at /s = 30 GeV,
because the collision energy is not sufficiently large to reach the transition Ey), and further-
more there is an indication that it is rather sharp in Ey.

g E5 10-11 Gev £% 24-28 GeV

S50t

L0

Number of events
Number of events
[¥9)
=1

05 10 0 05 10
Sphericity Sphericity

Mean Sphericity (S)

GL I I i 4 $ A 4 . P

10 12 LU [ 18 20 22 24 26 28
34 {GeV}

Fig. 31. Distribution of “sphericity”, S (sec text), in two intervals of E¥, from pp collisions at /5 = 63 GeV.
Also shown is <S> as a function of EY [92]

Fig. 34 also shows a number of other observables, characterizing the events, as func-
tions of Ey. They are: b) the fraction of events with C < 0.2, c) the fraction of events with
more than 609, of E in two non-overlapping clusters (“jets”) of Ap = 60° and 4y = 1,
and d) estimate of the total multiplicity (charged + neutral). The latter is obtained by
dividing the total E; with the average Er of a charged track for each bin of total E¢, thus
assuming this to be the same for charged and neutral particles. The multiplicity rises strongly
with E; up to 25 GeV, then seems to saturate, so that increasing Fr results in higher py
particles.
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Fig. 33. Circularity distributions in bins of Er in pp collisions at threc values of /s [93]

A comparison of these results with predictions of the QCD shower model (see Scc-
tion 3.3) shows rather good agreement [95}, but a detailed comparison must take inlo
account the full corrections to the data for effects of acceptance and resolution.

A discussion of the transition from the unstructured events dominated by multiplicity
fluctuations to the events dominated by jet production at large E; can be found in [96].
It is based on the Lund model for high py collisions, and a rather primitive model for the
effects of multiplicity and p; fluctuations in low pg events. The authors conclude that the
transverse energy at which jet production starts to dominate is rather independent of /s,
and roughly a linear function of the (4¢, 4y) intervals included. This is in qualitative
agreement with the findings here.
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At the SPS collider, the clarity of the jet signal seen at large Ey (see Fig. 25) makes
it possible to make similar studies on the basis of rather simple cluster algorithms.

The UALl calorimeter, shown schematically in Fig. 35, has a cell granularity roughly
given by (dn, 4¢) = (0.3, 15°) for the hadron calorimeter, and (dn, 4¢) = (0.08-0.16,
180°) for the e.m. calorimeter, but ¢, can be further resolved to Ag., ~ 17"/\/E (Ein
GeYV).

In the UALI cluster algorithm [97], an energy vector is associated with each calori-
meter cell. Cells with Ep > 2.5 GeV are grouped if their distance in (, ¢) space,

UA1 Central calorimetry

b4
g-25° * g=155°
N=15 ] | i 7 m=-15
h % Y
o) ~ l // p
x<E--—- _.8..?_\_\4,4./_.__ - P

a) Horizontal cut

Calorimeters

Haodron

¥ et

% im

'N

MAMINN
[R:p
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b) Cross cut

Fig. 35. The UA1 central calorimeters [97]: a) horizontal cut, b) cross cut. Hatched areas represent the
calorimeter cells used for the jet analysis
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d= \/An2+A ¢* (¢ in radians), is smaller than 1. Vectors with Ey < 2.5.GeV are then
associated with the closest cluster, if they make an angle relative to the cluster axis smaller
than 45°, and a transverse energy relative to the cluster axis less than 1 GeV.

The UA2 calorimeter, shown in Fig. 36, has a basic cell size (40, 4¢) = (10°, 15°).
In the UA2 cluster algorithm [98], cells with E; > 0.4 GeV are first joined if they have
a common side, and clusters are then split if they have two or more local maxima separated
by a valley deeper than 5 GeV.

TUNGSTEN CONVERTER

AND CHAMBER (s VERTEX DETECTOR

TOROID COILS CONVERTER

FORWARD (ALORMETER ’4v V., M PROP TUBES
ORIFT cnmssnstz/ %§
- im . FORWARD CALORMETER

Fig. 36. Schematic drawing of the UA2 set-up [98], in a longitudinal cut. The detector is rotationally
symmetric around the beam axis, except for a wedge of 4¢ = 60°, used for a single particle spectrometer

To illustrate quantitatively the dominance of the two-jet configuration at high trans-
verse energy, UA2 plots the fractions of the total ) E; taken by the highest Ey cluster
(h, = EYE;) and by the two highest Ey clusters (b, = (E;+E3)/Y. Ey) as functions of
3" E; (Fig. 37). An event containing only two jets of equal transverse energies would have
hy = 0.5and h, = 1.0. At high Y E; a large fraction of )’ E; is shared by two clusters only.

Not surprisingly, the azimuthal angle between the two highest transverse energy
clusters peaks sharply at 180°.

The transition from “unstructured” events to events dominated by two high py jets
occurs at ), Ey = 50-80 GeV at this \/s. This is only a factor ~2 higher than at the ISR,
although the collision energy is increased by almost an order of magnitude. This again
illustrates the relatively slow change of the transition, which is governed by the balance
between the slow increase in particle yield and {pr) for the minimum bias type of events,
and the strong increase in jet yield at fixed pr.

For the UA1 data, a similar conclusion is reached. For both data samples, direct
inspection of events with large Ey confirms the dominance of the two-jet configuration
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Fig. 37. Fractions of total XEy taken by the highest £t cluster (h, = Et/ZE7), and by the sum of the two
highest Et clusters (k, = (E} + E)/SEr), as functions of ZEr. Data from pp collisions at 4/5 = 540 GeV [98]

(+ two forward jets), but also indicates that the events are occasionally more complicated.
There are strong indications for the presence of radiative jets (hard gluon bremsstrahlung),
as will be discussed in the next section, giving rise to a three-jet event topology. Also
four-jet events have been seen, which are possible candidates for double hard parton
collisions [99].

5.2. Jet properties®

After the demonstration of the dominance of clear jet structures in highly inelastic
pp and pp events, a first round of results on jet properties have recently become available.

Fig. 38, from the UA2 experiment [98b], shows the azimuthal distribution, g(4¢)
= dnjdd, of charged tracks in events which have two clusters with Ex > 15 GeV and
a separation Agp,, > 150°. 4¢ is measured from the direction of the largest energy cluster
in the event. The tracks are registered in the vertex detector, which covers polar angles
down to 6 = 20°. ’

The narrow enhancements at 4¢ = 0 and 7 correspond to the two jets. Around
Ap = nf2 the distribution is rather flat, at a level, go, which is ~ 2 times as large as dn/dg
in minimum bias events. If one assumes that particles not associated with the jets are
distributed uniformly in 4¢7 at a level 1g, (0 < 4 < 1), the mean multiplicity of charged
particles in jets, (#%'>, can be obtained simply from integrating g(4p)—A4g,. For 4 = 1,

¢ ‘This section is based on material that has become available after the School.
7 Within the framework of the parton shower model (see Section 3.3) this assumption is questionable.
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one obtains a lower bound for {n,», which would apply if the jets had no associated parti-
cles at 90° to the jet axis (this is e.g. not true for jets in e*e~ annihilation). The resuits are
shown in Fig. 39a as a function of the two-jet mass, my;, together with results from ete-
jets at lower /s, which are analysed in the same way [100].

The UAL1 group prefers to study the pseudorapidity profile of the jet, as shown in
Fig. 40 for jets with Ex > 35 GeV. At small 4z there is a strong peak arround the recon-
structed jet direction, whereas the A»n distribution is rather flat for |4n| > 1. The level is
about twice the “plateau height” in minimum bias events (40 9 higher if only “pure two-jet
events” are used). If one assumes a flat An distribution at the level observed for 1 < |4n} < 2,
one arrives at the estimates of {#%'> shown in Fig. 39a [101]. They are roughly consistent
with the UA2 results, and both sets of points are close to a logarithmic extrapolation
from the ete~ results.

Since these estimates are obviously lower bounds, both groups try to correct the
results, using models to estimate the loss of jet particles.

In the case of UA1, both the high py jets, and the “spectator” jets are parametrized
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Fig. 40, Charged multiplicity in jets with Fr > 35 GeV as a function of pseudorapidity difference, 41,
from the jet axis. Also shown are calculations using the ISAJET model [91], and a cylindrical phase space
model. Data from pp collisions at 4/5 = 540 GeV [97b]
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according to cylindrical phase space, and the number of jet particles missed in the region
ldn} > 1 is evaluated in the model.

In the case of UA2, a more sophisticated approach based on the parton shower
model in the formulation of B. Webber [58] is used to estimate 4, and thereby (nif').

The results are shown in Fig. 39b, together with results at lower \/E from jets in ete-
and pp collisions, The results from UA1 and UA2 are seen to disagree by almost a factor
two. The origin of this disagreement must primarily be in the different model assumptions
made.

From the UA2 results, one concludes that jets at low xy, which are expected to be
mainly gluon jets, have a higher multiplicity than quark jets at a similar p, as extrapolated
from et+e- collisions. At higher x, the collider results seem to get closer to an extrapolation
of the e+e results. These findings are in agreement with recent calculations of gluon frag-
mentation [58d].

The difficulty in (impossibility of) assigning large angle jet fragments “correctly”
is of less importance when one considers energy flow, and the jet may be more precisely
defined in terms of the energy distribution around the jet axis [97, 98). The transverse
energy density in the residual event is found to be substantially higher in jet events than
in minimum bias events (roughly a factor two if events with just two high pr jets are consid-
ered [98]).

The fragmentation function of jets is studied by UALl for charged particles in terms
of the variable z = p,/E;, [102]. p, is the momentum component of the charged particle
along the jet axis, and Ej,, is the jet energy, obtained by summing vectorially the energy
deposits in the calorimeter belonging to the jet according to the cluster analysis. Only
jets with Ej, > 30 GeV are studied.

The distribution D(z) = 1/N;(dNp/dz) is shown in Fig. 41. Only particles inside
a cone with half opening angle 35° are used. The loss of low z particles with large emission
angles (less than 5% for z > 0.07, but substantial at lower 2), and the background from
particles uncorrelated with the jet has been obtained using the cylindrical phase space
model described above. Furthermore, D(z) has been corrected for smearing due to the
limited momentum resolution. Smearing due to the measur:ment of Ej, (~ 15%) has,
however, not been corrected for.

The distribution is compared to the similar distribution of x; = p;/Ppe.n Obtained by
the TASSO collaboration [100, 103] for jets in 34 GeV e*e~ collisions, where the jet axis
is found by minimizing the sphericity. There is good agreement, and because the scaling
violations in e*e~ jets are known to be small at large z, one concludes that the fragmentation
functions for jets initialized by quarks and gluons are very similar as functions of z. This
is not in disagrezment with the conclusion reached above for the charged particle multiplic-
ities, as the distributions may still disagree at low z, where a large fraction of the multiplic-
ity is located. '

A direct comparison between gluon dominated jets at the collider and light quark
dominated jets, as observed at the ISR (or in deep inelastic lepton scattering), would be
interesting, and could potentially clarify the situation, although the low z region is even
more difficult to treat at the lower collision energy.
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As a first step in this direction, we may look at the fragmentation function obtained
by the AFS collaboration at the ISR from events with Ep > 33 GeV at /s = 63 GeV
[104]. These events are dominated by two jets, as shown in the previous section, and the
clean two jet part of the sample is selected for further investigation with a (rather loose)
cut on circularity, C < 0.4.

In this case one has chosen to study the x, distribution, where x, = 2p/\/§. This
requires, on an event to event basis, a determination of which particles to include in the
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Fig. 41. Charged particle fragmentation function as a function of z = py/Eje, for Ejet > 30 GeV. Data
from pp collisions at 4/5 = 540 GeV [102] are compared with data from e*e~ annihilations at 4/s = 34 GeV
{100, 103]

jets, both in order to calculate 5, and to decide which particles to include in the fragmenta-
tion function. In order to reduce ambiguities inherent in this choice, events were selected
with two jets centrally in the calorimeter, and the two jet mass, W, was calculated from
clusters in the calorimeter with Ey > 1 GeV/c. A Monte Carlo simulation was used to
establish the relation between W and +/ s, and a corrected two jet mass, W’, was calculated.
From both the Lund model [52] and the ISAJET model [91], one finds that Js is about
20% higher than W at the values of pi* studied ((p’*) = 13 GeV/c).

The resulting x, distribution is shown in Fig. 42, together with a representation of
data from e*e- collisions at a CMS energy of 30 GeV [105], close to { W’), which is 32 GeV
for the sample used. In the region x, > 0.05, where the comparison is meaningful, there is
an excellent agreement between the two sets of data.

To study the width of the jets, one must reconstruct the jet axis. In the AFS analysis
referred to, this is done by means of a cluster analysis [106], which basically operates by
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iteratively joining the pair of momentum vectors in the event with the smallest relative
transverse momentum (= 1Py % D2l 1514‘52 N, until this exceeds a given value, g5". In this

cut

way a number of clusters, dependent on the value of ¢g7", is found. For the high E; events
q7" was chosen so that nearly always two clusters were found. The jet axis is then given
by the sum of the momentum vectors in each cluster. From the Lund model [52], the

resulting jet axis is oa the average 4° from the direction of the scattered parton.
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Fig. 42. Distribution of x, = 2p/W’ in jets from pp collisions with Er > 33 GeV at 4/5 = 63 GeV [104],
compared with e*e~ data [105]. W’ is the total two jet mass, obtained from- the total mass of particles with
pr > 1 GeV/e in the detector (see text), applying a correction obtained from ISAJET [91]

Fig. 43 shows the resulting values of the average transverse momentum with respect
to thie jet axis, {gq), as a function of z = 2¢q,/W’. The figure also shows predictions of the
Lund model with two different values of a parameter { Qr), which determines the average
transverse spread of the quark-antiquark (or diquark-antidiquark) pairs in the fragmenta-
tion. The data are consistent with the rather high value of 0.65 GeV/c.

This value is, however, in good agreement with ete~ data at /s ~ W’ if all events
are analysed as two-jet events. The large effective. (@) may therefore represent the ex-
pected jet broadening due to hard gluon emission. A more detailed analysis is needed to
establish this.

The values found are consistent with the results of a similar analysis by the UAl
collaboration. [102], whereas the UA2 collaboration [98b] finds a somewhat lower value of
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{g1> (0.424+0.04 GeV/c for z > 0.1). It is, however, based on particles with small values
of gy (g% < 0.5 GeV?/c?) alone, and must therefore be rather insensitive to effects of gluon
radiation.

In conclusion jeis found in events with large transversc energy at the ISR and SPS
collider show a fragmentation structure quite consistent with jets found in efe~ annihila-
tions at PETRA. Jets at low x; in pp annihilations at the collider may show differences

<0qr> (GeV/c)

OOO 0.2 04

Fig. 43. Mean transverse momentum, {¢t>, in jets from pp collisions with Fr > 33 GeV at \/E = 63 GeV

[104] as a function of z, when all events are analysed as two jet events. The data are compared with predic-

tions from the Lund model [52], assuming an internal transverse momentum of the qg pairs in the jet
fragmentation of {Q1> = 0.40 GeV/c and 0.65 GeV/c

at low z, as indicated by the first results on charged particle multiplicities in the jets. This
would then mean that gluon jets at the collider give rise to more hadrons than quark jets.
The transverse structure of the jets gives hints of the expected jet broadening effects due
to gluon radiation, but firm conclusions on this must await further analysis.
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5.3. The jet cross section

The inclusive cross section for jet production is a meaningful quantity only to the
extent that jets are well defined objects. As we have seen, this is more easily fulfilled the
higher the energy, and is difficult below ISR energies. In the framework of the parton model
this cross section has a simple interpretation as the inclusive cross section for parton pro-
duction, summed over all parton types. In the more sophisticated parton shower models,
such a direct interpretation is not possible, but the jet cross section may still be regarded
as an observable which is related rather closely to the fundamental hard scattering. In
this context, the emphasis tends to shift, however, to more directly obtainable event charac-
terizations, such as the cross section for emission of a certain (tranverse) energy into
a certain solid angle, £, as a function of E; and Q.

In the analysis of event shape as a function -of E; by the AFS collaboration, the in-
clusive jet cross section was obtained from the two component fit discussed in Section 5.1.
The hard scattering part is indicated in Fig. 27 by the shaded areas, and is in the range
of 20-809; of the events in a given E; bin (Ey is here the transverse energy into a calori-
meter wall of ~ 1.7 sr). Corrections for geometrical jet acceptance, contributions from
particles uncorrelated with the jet, energy scale and the effects of cnergy resolution were
obtained from Monte Carlo calculations using the ISAJET model [91].

For e.g. a 10 GeV constituent directed into the centre of the calorimeter an average
of 8.4 GeV was detected. This could be broken down as 7.4 GeV from the fragments of
the parton, 0.9 GeV from the beam jets and 0.1 GeV from the recoil parton.

A similar analysis was performed on data obtained at /s = 45 GeV [107], and the
results are shown together in Fig. 44. The data are compared to predictions from the
ISAJET model, using in the model the fit to the proton structure functions by Baier et al.
[108]. The agreement is very good.

Using the fit to.the structure functions by Owens and Reya-{54], which has a consid-
erably softer gluon distribution, also gives-a reasonable fit [90]. In the first case, quark-
-quark collisions are the dominant contribution to the jet cross section in the pr range
studied (6-14 GeV/c), in the second case quark-gluon collisions dominate.

Since data are obtained at two energies, one can make a fit to the scaling form (1).
Parametrizing f(x1) as A(1=xp)", one finds:

A= (1.6+10)-10"*cm?GeV*"?, m=106+10 and N =53+0.2.
Only the statistical errors are included in the fit. The value of N is considerably lower
than that found for inclusive pion production, whereas the values of m are quite similar
in the two cases [14]. N is not far from the value (6) found for single y production (see
Section 4.6). This suggests that part of the scaling violation (i.e. the deviation from the
simple N = 4 rule) is associated with the jet fragmentation, whilst f(x1) describes the
convolution of the proton structure functions.

The jet cross section found at /s = 63 GeV is about a factor 1000 larger than the
inclusive cross section for n°’s at the same energy [15]. This is a direct confirmation of the

trigger bias effect, which is an important prediction of jet fragmentation models (see Sec-
tion 3.4).
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At the SPS collider, the cross section for jet production has been measurcd by the
UAL [97] and UA2 {98] coliaborations. The UA1 experiment used a localized transverse
energy trigger, requiring E; > 15 GeV in an aperture of roughly 4n = 0.75, 4¢ = =,
whereas the UA2 experiment has based the measurement on their total Ey trigger. In both
cases the cross section determinations are based on the cluster algorithms for isolating the

o pp—>JET+X, [5=63 GeV
103, o pp—rJET+X, /S =45GeV —
.
N, i a pp—mwOeX, ﬁ =63GeV
?\ ——-={SAJET
Md N
‘3\ N ,
2l -
10 \ ‘T\
\'é N
R \ \i\
3 N
) R )
g I N
- AN
i AN
4 \\ * \\
(@] 34 \ ]
5 10 \ ‘é\
= \i
Q
Sl ¢ N
w
(o had N 1
4
D—SG — o
|0-37 i L i l i I i
6 8 10 12 14
Pr (GeV/i)

Fig. 44. The inclusive cross section for jet production at y = 0 in pp collisions at 4/s = 45 GeV and
63 GeV measured by the AFS [107]. Also shown are the predictions of the ISAJET model {91], using the
fit to the proton structure functions of [108], and data for the inclusive z° spectrum at \/_ = 63 GeV {[15]

jets described in Section 5.1. The jet acceptances are found by Monte Carlo simulations
of the detectors and effects of the analysis cuts.

The results are shown together in Fig. 45. They agree in normalization within a factor
~ 2, which is consistent with the quoted systematic errors.

Due to the cleanness of the jet signal, the acceptance does not depend strongly on the
fragmentation model assumed. The major contribution to the systematic uncertainty comes
from the overall uncertainty in the energy scales, which are quoted as 7.5% for UA1 and
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6%, for UA2. The total systematic uncertainties in the jet cross sections are estimated to
be a factor 1.65 (UAL) and 409, (UA2).

The results are at a level compatible with QCD calculations. In particular the cross
section is a factor ~ 1000 higher than at the ISR at fixed p;®, as predicted by early cal-
culations [109]. The experimental confirmation of this large ratio is a major success for
perturbative QCD. It is mainly due to the rapid increase in parton density encountered,
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Fig. 45. The inclusive cross section for jet production in pp collisions at 4/s = 540 GeV [97, 98]. Also

shown are recent QCD calculations {110} based on the parametrizations of the proton structure functions

by Owens and Reya [54] (A) and Baier et al. [108] (B). The open circles indicate the cross section for isolated,
electromagnetic clusters in the UA2 experiment {98]

when going to smaller x. The lines on the figure are from a recent calculation [110}, using
the two different parametrizations of the proton structure functions mentioned above.

The UA2 collaboration has also measured the cross section for isolated electromagnetic
showers, consistent with the conversion of at most two photons in their 1.5 radiation
length Tungsten converter. These are expected to represent 1/3-1/2 of the combined in-
clusive cross section for y and =%’s. The comparison with the jet cross section confirms the
single/jet ratio of ~ 10~ discussed above.

8 The 1981 data from UA2 go down to ET = 15 GeV, but need a rescaling of the energy by a factor
1.33 to agree with later data [98].
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The combined data of the AFS at /s = 63 GeV and the UA2 at /s = 540 GeV
can be fitted to the scaling form of Eq. (1). With f{xy) = A;(1—x)", one finds 4, = 1.5 -
- 10* ub GeV¥ 2, m = 13.3+0.6 and N = 4.840.1. A slightly better fit is obtained with
flx) = A,e ™, giving A, = 2.5-10* ub GeV¥ "%, b = 18.240.8 and N = 4.7+0.1.
The cross sections scaled with pt7, are shown in Fig. 46 as functions of xy, together with
the result of the exponential fit.

P e e N
H
p{plep—=jet + X
[ o AFS 45Gev
. J * AFS 63Gev
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)
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Fig. 46. The inclusive cross sections for jet production in pp and pp collisions, scaled with p%7, as functions
of xt. The line is the result of an exponential fit (see text). Data from the AFS [107] and UA2 [98]. Only
the ISR data at 63 GeV and the UA2 data from 1982 were used in the fit

The UA2 measurements, based on their 1981 data, are also plotted, but were not used
in the fit.® They extend to very low xq, and indicate a rise above the exponential (and
even more above the (1 —x;)” form) for xp < 0.1.

In the range x; covered by the two experiments there is thus good evidence that the
data follow the scaling form (1), with a power N close to 5. :

The measurement at the ISR of both the inclusive jet cross section and the inclusive
direct y cross section (Section 4.6), makes it possible to form the ratio yfjet [83]. This is
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shown in Fig. 47 as a function of p;. Within the rather large errors, the ratio is constant
with pg, at a level about 4 - 10-4.

This ratio is in principle a good test of theory, as it is calculable in perturbative QCD
with relatively little phenomenological input.

Naively one may wonder why it is not just ojo; ~ 4.10-*. Consider, however, as an
example the subprocesses qg — qg and qg — yq, where the latter is expected to be the
dominant source of direct y’s.

pp—Y + X :
8 pp—=Jet +X
fs' = 63 GeV
i 6 » 90°
o |
. | '
o I
L - \
» i T [
- | + ]
L4 |
=
5 [
2+ 'Y
o i [ 1 l i
3) 8 10 12
Py (GeV/c)

Fig. 47. The ratio between the inclusive cross sections for direct y's and jets near 6 = 90° in pp ccilisions
at 4/5 = 63 GeV [83]. Data from ABC [81] and the AFS [90]

The cross sections are [40]:

do nod s H+u? st4u?

d 2 2 2
%(qg - yq) = m;”e“' [— s tu ] (11
S
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where ¢, is the quark charge and s, ¢, v are the Mandelstam variables in the subprocess.
At 6 = 90°, this gives:

pp>y+X o
pp -~ g+X o(pD)

(12)

22
independent of structure functions etc. As both the quark and the gluon give rise to jets,

and as qq and gg scattering contributes about as much as qg scattering in the py range
considered, we may expect

_ o
yljet =~ gy —5. = 4-107* (13)
<xs(pT

taking o, = 0.2. This isin good agreement with the observed value.®

Studies of correlations between jets are in progress, and a first set of results are available
in recent papers by the UA1 and UA2 collaborations [97, 98, 111, 112]. They include
observations of a rather large transverse momentum of the two-jet system P
= 5+2 GeV/c, UA2), studies of the angular distribution of the two jets from which one
attempts to measure the angular distributions in parton parton scattering, and evidence
from the study of p,,(UA1), or angular correlations between three clusters (UA2) on the
presence of radiative jets. The UA1 collaboration has extracted an effective structure
function from the data, and finds that it is in good agreement with extrapolations from
quark and gluon distributions obtained in deep inelastic scattering experiments. For
details the reader is referred to the original papers.

6. Conclusions

Following Altarelli [113], we may broadly classify the predictions of QCD in three
groups: 1) topological signatures in the event structures, 2) estimates of rates and cross
sections at the order of magnitude level and 3) precise, quantitative predictions.

In the first class we may place the expectations of two high py jets + two low py
jets in events triggered by a single high p; hadron, or a large total transverse energy, a struc-
ture for which there is now very good evidence. Also some evidence has been seen for the
occasional occurrence of a third (radiative) jet. A specific point is that single y’s at high
pr should not be part of a hadronic jet. This seems to be fulfilled.

Early calorimeter experiments at SPS and Fermilab energics, which did not see the
characteristic four jet pattern, have triggered important theoretical developments, which
lead to the realization of the importance of a correct treatment of the effects of gluon
bremsstrahlung. Thus for high E; events, the dominance of the four jet structure is expec-
ted, and indeed seen, only at ISR energies and above.

In general event structures are expected to depend on the specific requirements made
at the trigger level (single particle, symmetric pair, jet trigger, Ey trigger, etc.). Compari-

° I thank D. M. Scott for a discussion on these points.
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sons of data obtained with different trigger requirements may be a powerful tool to test
models.

The second class of predictions concern some large ratios that had to come out right,
or QCD would be in deep trouble. They are the jet/r ratio, predicted to be 10°~10° (depend-
ing on xq), the y/jet ratio (4 - 10-%), and related to these the y/n ratio predicted to be
0(0.1-1) at large pr. One may add the prediction that going from the ISR to the SPS
collider at a p accessible to both (a factor 10 in \/5), the jet yield should increase by a fac-
tor ~ 103,

The fact that these order of magnitude predictions all come out right implies that
the basic analysis in terms of hard scattering of quarks and gluons is correct.

As far as predictions from the third class — quantitative results aimed at a detailed
numerical confrontation with data — are concerned, one may say that models now repro-
duce and predict data fairly well, as evidenced e.g. by the fact that most of the results from
the SPS collider, impressive as they are, could be predicted rather well. But the models
still need substantial phenomenological input, and are basically classical, in that they rely
on incoherent probability distributions in the description of the wave functions.

Thus at this level, if a specific model disagrees with data in quantitative details, it
probably does not mean that QCD is wrong, but that our undertanding of QCD must be
modified.

With the new experimental developments in the field, opened up by the pp collider,
and by new instrumentation at the ISR, it is quite possible that high py physics will soon
start to contribute to the testing of QCD at the quantitative level. Let us hope that the
untimely closure of the ISR will not hamper the progress in the field too much.

It is a pleasure to thank the organizers, and in particular A. Bialas and K. Zalewski
for their hospitality and the warm atmosphere at the School.

APPENDIX A
Shape variables in the transverse plane

In high p; collisions, the CMS system of the partons in a hard subprocess is in general
not the same as the CMS system of the colliding hadrons. Furthermore, the subprocess
occurs in the complicated environment of a hadronic interaction, and a clear separation
of the subprocess from the rest of the event is in principle not well defined (although at
high E; at the SPS collider the separation can be fairly good).

Therefore the shapes of high py events are ofien most easily studied in the transverse
plane. We collect here a few definitions of the more commonly used shape variables uscd
in this kind of analysis. For a more complete survey of shape variables used in ete and
high p; collisions sec e.g. [114].

Circularity, C, is the two dimensional analog of sphericity. If @ and b are the major
and minor eigenvalues of the transverse momentum tensor,

n
- P
T = 2 PTi* Pre-
i=1
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C is defined as

C= 2b (A1)
T a+b
and the circularity axis is the major axis of 7°. This is easily calculated by making a linear
fit through (0, 0) to the end points of the p; vectors, and utilizing
YRV 2 2

C =2-Min \; q’l‘i/; Pri» (A2)

where gq; are the transverse momenta (in the plane) with respect to the axis. For a linear
distribution (2 back-to-back narrow jets) C — 0, and for an isotropic distribution of many
particles C — 1. The greatest merit of C is that it can be calculated easily analytically.

Planarity, used e.g. by NAS [46], P is simply related to circularity:
a—b

P=1-C=—, A3
a+b (A3)

Thrust, T, is easily restricted to two dimensions, and is defined as:

T =2max Y |ql/YIpl, (A4)
qrL >0
where gy are the projections of the py vectors on the thrust axis. In practice, one finds
the half plane n with maximum Y p;, and gets
T

T =Y pr/Y. Ipal- (AS)

In this formulation, one sees that for relativistic particles, = f§ of the particles in 7.
For a linear distribution (pencil-like jet) T — 1 and for an isotropic distribution of many
particles T — 2/n. Because T is linear in the momenta, it is relatively insensitive to the
emission of low momentum gluons, resonance decays, etc., and also to instrumental
problems such as splitting or merging of energy clusters in a calorimeter.

As an aside we remark that the relation 7'~ f above implies that a cluster analysis
based on invariant mass as a measure of distance between particles, is equivalent to a thrust
analysis in the case where two clusters are found. Such a cluster analysis may be an inter-
esting generalization of th: thrust analysis in cases with more than two jets (e.g. 3-jet
events in e*e~ collisions), having the special advantage of being Lorenz invariant.

Fox-Wolfram moments [115] are rotationally invariant moments characterizing event
shapes. In the two-dimensional case, one may use

Cm = L cos 'n(<pi_‘pk)s m=0,12,.. (A6)
S

ik

One finds C, = (. E;)%/s = x% and C, = 0 if there is transverse momentum balance
among the detected particles. For an. isotropic event with high multiplicity C,/C, —» O
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for all m > 0; for 2-jet evenis C,,/C, — 1 for m even, 0 for m odd; for 3-jet events C,;/Cy
is large, etc. The set of C’s gives a description of the event shape which is independent
of any determination of jet axes. It is, however, difficult to visualize the shape of an event
from the set of C’s, and this constitutes a minor difficulty, which may be the reason they
have not yet been used to any large extent.
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