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1. NTRODUCTION

In hadronic collisions, the average transverse momentum of the particles produced is
limited, even at high energies. These small momentum-transfer mechanisms that are
operating in hadron production will only be sensitive to the smeared propernes of a hadron.
This follows since small momentum corresponds to large distance in the usual quantum
mechanical way. Effects of any detailed structure within hadrons and of any underlymg
constituents will not be apparent in such soft scattering processes.

Experimentally it is, however, possible to select events in which a large momentym is

transferred to a hadron. These events are comparatively rare but can nevertheless be studied
in considerable detail in contemporary experiments. Particularly well studied are many
particle-production events at high energy in which one produced particle has a large
‘transverse momentum relative to the incoming hadron directions, The spectrum of
momentum of this one produced particle, disregarding all the others, is called the inclusive
distribution or single particle-production distribution. This large transverse-momentum
selection allows the possibility that short-distance behaviour within the hadrons may be
resolved.
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In order to probe short-distance behaviour, the large transverse-momentum particle must
have been produced in a single large momentum-transfer process rather than in a succession
of small momentum-transfer processes. This can be investigated experimentally by studying
the momentum-transfer balance in the event. Thus a single large momentum-transfer
subprocess will give rise to two particles with equal and opposite transverse momentum. A
many-step mechanism, on the other hand, will result in the large transverse-momentum
particle being balanced by many particles which share the transverse-momentum recoil
among themselves.

Such simple criteria for a smgle hard scattering mechanism or a multiple soft scattering
mechanism are unfortunately obscured by several effects. For a hard scattering subprocess,
it is possible that the constituents that undergo the hard scattering are quarks (or
antiquarks). The resultant large transverse-momentum quarks must then fragment to
hadrons since no quarks are observed experimentally. This quark fragmentation gives rise to
what is termed a jet. The jet is a collection of hadrons travelling in a similar direction. An
example of a jet is the beam (or target) fragments in a typical hadronic collision. The data on
e*e” annihilation to hadrons also shows evidence for two collinear hadronic Jets in the final
state. Thus rather than an isolated hadron at large transverse momentum, one may expect a
group or jet of hadrons which can be thought of as fragments of the system produced in the
hard scattering subprocesses. In the case of a many-step process producing large transverse
momentum, the system produced may likewise fragment into several observed hadrons. One
familiar example is the production of a resonance which then decays. As well as these
extreme possibilities of single hard scattering and of multiple soft scattering, there are, of
course, intermediate configurations. For example, the large p, particle may be balanced by
two systems which each carry a substantial fraction of the recoil. If the possibility that each
of these systems fragment is included, this would yield three transverse jets in the final state.

Returning to the topic of elementary constituents inside a hadron, the primary evidence
comes from using short-distance electromagnetic and weak currents as a probe. These data
indicate that a hadron may be viewed as a distribution of constituents, or partons as they are
called in this context. In short-distance phenomena, this distribution is sampled in-
coherently, so that a probability distribution of partons for different momenta may be
defined. The quantum numbers carried by these partons are consistent with the assumption
that they are quarks and antiquarks. A constituent which has no electromagnetic or weak

“interaction is also necessary and this is commonly identified with the gluons that provide
bmdmg between quarks.

The simplest approach to large p, productionina parton framework is then to consider a
hard (or elementary) scattering of a parton from one incoming hadron with a parton from
the other incoming hadron. The resulting large transverse-momentum partons-will then
fragment into two jets. Data gives encouragement to this picture and many specific models
have been developed. A discussion is given in Section 4.3. One of the crucial features is the
nature of the parton—parton subscattering. This should be calculated from the underlying
field theory.

The only class of field theories which reproduces the observed effects in current-induced
short-distance phenomena is the class of asymptotically free theories. In these theories, the
effective coupling of the constituents to each other become smaller as the distance scale
decreases (and hence as the momentum scale increases). Thus, asymptotically in momentum,
the constituents behave as free elementary particles and the parton distribution approach
will be vaiid. The most attractive theory of quarks which is asymptotically free is quantum
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chromodynamics (QCD). In QCD, the gluons are elementary massless vector particles which
are in an octet representation of the SU(3) colour group. The quarks and antiquarks are
coupled to these gluons and there are also explicit multiple gluon couplings. If only colour
singlet states are assumed to be able to exist independently, the quarks and gluons are
confined within hadrons. At present hadronic states cannot be calculated in this theory since
only small-distance phenomena are amenable to calculation because the effective coupling is
then weak. Ore of the main uses of QCD is to provide a field theoretic basis to the naive
parton model approach. ' -

Returning to the parton—parton scattering subprocess, in QCD quark—quark elastic
scattering (also ¢4 elastic scattering) by one gluon exchange can be evaluated explicitly for
large momentum transfers. The result is a dependence like p; ¢ on the transverse momentum
pyof the produced jet. This is in conflict with the observed single particle distribution which
behaves more like p; 8. A range of corrections can be calculated and the QCD inspired
estimate goes some way towards explaining the observed spectrum. This is discussed in
Section 4.3.

A feature of some interest recently is the parton transverse momentum (k). In a naive
parton model approach, this should be small with {k;>~0.3 GeV. Considering hadron—
hadron collisions in terms of a parton—parton subsystem scattering then implies that the
parton—parton centre of mass can differ by ~ kin transverse momentum from the hadron-
hadron centre of mass. An analysis of data implies that (k> ~0.6 GeV when so estimated
from the distribution of the hard scattering centre of mass. In a field theoretic approach, such
as QCD, such a r¢latively large value of k- can be understood since additional large p, gluons
may always be produced and these simulate a large value of k. Put another way, the quark
from the beam hadron which is going to partake in the hard scattering subprocess may first
radiate gluons and this will modify its transverse momentum. These considerations are quite
close to those conventional models for typical hadronic processes.

It is important to study average transverse momentum phenomena at the same time as
large momentum phenomena in order to appreciate the differences. From the point of view
of a field theory of elementary constituents, the surprise is not the presence of large
transverse-momentum production processes, but rather the surprise is that the average
transverse momentum is so small in hadronic collisions! Typical hadronic production can be
visualized as a sort of bremmstrahlung of soft gluons in an approach such as QCD. These
gluons then convert into quark-antiquark pairs which, in turn, recombine into colour singlet
combinations to make mesons, some of which may subsequently decay to several mesons.
This complicated scenario ensures that the mesons finally produced are almost independent
of any underlying field theoretic production process. Indeed a statistical approach is very
appropriate since so many degrees of freedom are available. Conventional models of
hadronic production take no account of any elementary substructure and yield a p,
dependence which is a'gaussian or an exponential. ’

Since experimentally there is no sharp transition between average p, phenomena and large
Pr phenomena, it is clearly desirable to have a model which bridges both régimes. One
starting-point. is a conventional hadronic production model which is modified to take
account of the underlying field theoretic structure at short distance. As an example consider
the independent emission of gluons. Soft gluons produced by small momentum-transfer
processes will dominate as discussed above. There is always, however, the possibility of
producing a large transverse momentum gluon with a probability which will depend on an
inverse power of its transverse mome ttum. This large transverse momentum could either be
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balanced by another large p, gluon or by niany soft gluons. In Section 3.2a prototype model
of this class is studied where the gluonic jets are identified with hadronic clusters. Of
particular interest is the nature of the event structure as it changes from a balance by many

clusters at small pr to a preponderance of the two jet configurations at large p;. Effects .

previously ascribed to a parton & are naturally reproduced in this approach because the
production of all particles, not just a subsystem, is described.

There is an intimate connection between the production of a massive state of mass m and
of a large p; particle. At the most obvious level, the massive particle can decay to give
particles of considerable transverse momentum (pr<m/2). In a hard scattering approach, a
parton from each incoming hadron can combine to make a massive system as discussed in
Sections 4.2 and 4.4. This is a very similar mechanism to their scattering to produce large p,
jets. In a hadronic approach, the natural quantity to consider turns out to be the transverse
‘mass my=(m? + p3)'/? and this relates m and p, dependences as discussed in Section 3.3. The
massive systems that are of interest experimentally include the weak vector bosons W* and
Z° and a dilepton pair (u*u~ or e*e™) of large invariant mass which is produced from a
virtual massive photon. The relationship between the production of weak and elec-
tromagnetic systems of the same mass is, of course, given explicitly by a unified model of
weak and electromhagnetic interactions. This enables estimates of weak vector boson
‘production to be made. The other class of massive system that is of considerable interest is
that of hadrons which contain heavy quarks: the y family of ¢ mesons with mass above
3.1GeV, the D family: of cg mesons with mass above 1.9 GeV and possible states made of yet
heavier quarks such as the I' at 9.5 GeV. A QCD approach to the decay of the  meson is able

. to explain the narrow width since gluons with large momentum transfer are involved and -
these have smaller effective coupling. This gives encouragement that a parton model.
approach to L4 producnon should also be worth investigating. This is dnscussed in Sectxon :

44.

. production on each individual nucleon. This gives-a dependence on the nucleon number as
_ A‘_ °. Data indicate a dependence which rises faster than this (as much as A!-®). Within a

If an incoherent hard scattering process is responsible for the productlon of - large Pr
hadrons, then the production on a nuclear tatget should just be equal to the sum of the

s} approach there can be additional effects due to the extra virtual mesons which .

‘binda lam e nucléis.: :These effects do not segm to explain the data satisfactorily. A mumpie

';c;item;g &pproaclris able to give an adequate description. These matters are dnscuswd in
_ ion A

There have been many - reviews. recently . on theories of large p, phcno-
mena®4 67:46.44.78.82,40) ypicp enable the'reader to trace the full literature, and I shall thus
- give refrence predominantly to recent work, Smce I am aware that data quickly becomes
superseded, I recommend a. studyof confmme revu:ws to updat¢ mformanon on the results
of recent expenments

2. SALIENT FEATURES OF DATA
A summatry of data on large transverse momentum and on large mass producnon in
hadronic collisions is presented. This will provide a framework for the- discussion- of
theoretical models in Sections 3and 4. Discussion of certain expenmental results which are
of pamcular relevance ta specific models wi!l be postporied to later sections.

o
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2.1. Large transverse momentum

Inclusive spectra. The distribution of transverse momenta of particles produced in hadronic
collisions was known to be approximately exponential at lower energies. The first evidence
for a substantial departure from this behaviour came from the ISR experiments2-!:® which
detected n production at large centre of mass angles in proton-proton collisions. They found
an excess of events at larger transverse momentum (pr) compared with an exponential -
behaviour and, moreover, this excess became relatlvely larger at higher energies. A
compilation of data illustrating this effect is shown in Fig. 1. This observed rise with energy.
immediately introduces the question of what the asymptotic p, dependence migh¥ be. This
can be investigated by parametrizing the data at several energies and hence extrapolating to
higher energies. A popular parametrization of the single particle-inclusive spectrum at fixed
angle is to express the invariant cross-section as

d3 _ '
Ed—p‘3=cP1 f(xr) (2.1

. where x;= 2pr/\/; (or pr/pr max may be used). A typical choice of functional form (in GeV
units) for n production at 90° with p,> 3 GeV gives n=8.6 with f(x;)=exp(—12.5x,) and

Pep-® WX

E do/dp mb/GeV?

1 1 i 1. ' ! i
[ t 2 3 4 5 [ 7

R GeV

FiG. 1. The invariant inclusive n* production spectrum in pp collisions at 90° in the centre of mass and at total

cnergy /s asa function of the transverse momentum p,. Data from refs. 3, 5, 20, and 51. The curves, which serve to
guide the eye, are from ref. 76. .
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C=9.0mb.2? Other analyses of inclusive = production data also lead to a value of n of
between 8 and 9.-5 Present data by no means necessitate an asymptotic inverse power law

dependence on pyr, and forms such as exp (— b,/p;) can also reproduce data.®® Inclusive
spectra for other particles than pions will be discussed in Section 2.2.

Event structure. Having established an interesting energy-dependent excess of inclusive
production at large pr, the next step is to study the nature of the events in which these large p,
particles are produced. Experiments were devised to trigger on a large p; particle at a large
centre of mass angle (usually at 90°) and then the associated produced particles were studied.
The resulting picture emerged slowly but for clarity I shall describe the present con-
sensus, 2% 7%:30.31.14) Schematically this is illustrated in Fig. 2. The word jet is used to mean
a group of particles travelling in a very similar direction. The presence of a dynamically
significant jet is revealed by a large positive correlation among pairs of particles close in
direction and thus close in rapidity. For particles of small transverse momentum ( $0.3 GeV)
there is considerable uncertainty in assigning these to the away-side jet, the same side jetor
the background. : :

Away side Jet

Pour Pyy
P1a Prx

R E-Xe P

D

I}
Z

M

Ya

Same side Jet

Pr
Trigger particte.
FI1G. 2. A schematic representation of the distribution in longitudinal rapidity y and in transverse momentum p,. of
a typical event with a trigger particle of large transverse momentum Prz- The away-side transverse momentum p,, is

resolved into the component p, in the plane containing the trigger particle and incoming hadrons, and the
component p,,, perpendicular to this plane.

Away-side jet. Event-by-event the away-side jet contains a group of particles of moderately
large transverse momentum which are rather close to each other in rapidity (within 1 unit).
This isillustrated in Fig. 3. However, in different events, the central ra pidity of this away-side
jet varies over most of the kinematically allowed range and, moreover, is substantially
independent of the trigger rapidity. Thus the away-side distribution averaged over many
events is very broad in rapidity; this is termed the away-side fan. The multiplicity in the
away-side region increases approximately as 2(p;~') as the trigger momentum p, in-
creases.”’ The away-side jet is typically composed of many particles with relatively few
having a large fraction of the total p,; for,example, ~ 7% of away-side jets have a charged
particle with a transverse momentum greater than one-half of the net jet momentum.®? In
detail, the distribution of away-side particles with respect to a trigger particle is
conventionally analysed in terms of x, and p,,, which are defined in Fig. 2. In naive hard
scattering models, the x, and p,,, distributions -should be independent of the trigger
momentum (i.e. should scale) and the average value of Pow should be ~0.3 GeV. Present
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data with p; of 2 to 4GeV show substantial deviations from x, scaling (see Fig. 4) and a
broad p,, distribution With {pu> ~0.6 GeV.3%14 g

®

Away secondaries 45° trigger, towards secondaries -

with p'>0‘.8 Gev/c with qﬂ?ev/c
T r— T T T 2 LI
y(+ldrvest p')>0.5 J . "o lsdel-0) + §
( * ++ g ° (.v).(-.—)
e 7T % 1 3 |
s * . FalliFt S + 4
2 1 5 5 + W
L =
b ol L | T L i > -05 ;> . +
“ y(largest g )< -0. 7
3l A . 1z 4 ]
g 4 ' > +
- J ¢ 1 3 g
& ¢ g '#¢ % 7
™ 4 ‘ @é 4,
4 ‘& RS .
A R » w
[ " st f——y %
Rapidity y Rapidity y-y™

F1G. 3. The particle density in rapidity of secondary particles associated with a large p, particle. On the away side,
the rapidity of the largest p, particle (with p,> 1.0 GeV /c) s selected and then the density of other produced particles
(with p;>0.8 GeV/c) is plotted. This shows a strong tendency for these secondaries to be produced at a rapidity
close to that of the largest p particle. The curve is an estimate of the background expected. On the towards side (also
called same or trigger side) the rapidity difference y-y between the trigger particle and a secondary towards-side
particle (with p,>1GeV/c) is also shown to be peaked strongly at small values. Data are from the CCHK

collaboration®®® with pp collisions at /s =53GeV and triggers at centre of mass angles of 45° and 20°.

Away side charged multiplicity
with x.>0.5

g
02 . . -1

0.1+ -

/S =53 GeV
¥ CCHK
® BFS
0.0 i 1
20 30 40

GeV

PrriceeR

FiG. 4. The multiplicity of away-side charged particles with Xg=|p./Prgl >0.5. Data at J; = 53 GeV are from
CCHK®? and BFS."* The data from BFS are from the restricted region Jy| <1 and |pyyl =2 0.5 GeV and have been
renormalized arbitrarily. A decrease of this multiplicity with increasing trigger momentum is seen although an
approach to a constant (as expected from scaling of the dn/dx distribution) is not ruled out.
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Background particles. Also of interest are the beam anc target fragments which are also
illustrated in Fig. 2. Since the trigger particle and the away-side jet take away a substantial
fraction of the initial total energy \/; , one would expect the beam and target fragments to be
less energetic with a large p; trigger. One hypothesis is that the background of particles that
accompanies the two jets (S and 4) behaves as in a normal low pevent but with the reduced
energy of (/s — Es— E,) and with a centre of mass momentum — (pg+p,). This is in partial
agreement with data for the leading particle distribution.*® All of these fragments of the
incoming particles also participate in the transverse-momentum balance and one finds an
average transverse-momentum shift per particle of ~0.1 GeV in the away direction.!¥
Thus the beam and target fragments can easily provide 21 GeV of transverse-momentum
balance. This effect arises in parton models as a consequence of a broad parton transverse-
momentum (k) distribution in a hadron.

Same-side jet. The trigger particle is accompanied by ~1 particle of smaller transverse
momentum but close (<4 unit) in rapidity (see Fig. 3). This difference in the composition of
. the same side jet and the away-side jet arises from the effect of trigger bias. The inclusive

cross-section to produce a jet of total transverse momentum p7 decreases with increasing p.
It is thus favourable to produce a particle of a given p, from a relatively rare decay of a jet
which produces a substantial fragment (p;~ 0.9p7) rather than as a more typical fragment
(pr~0.3py) of a jet of considerably higher initial transverse momentum prwhich would thus
have a much lower production rate. Data on the same-side jets indeed show that p,/p%~ 0.9
‘on average‘'¥.

Jet triggers. There is considerable theoretical interest in the inclusive production of jets. The
experimental problem is to devise a trigger which selects the net transverse momentum of jets
of particles close together in angle. Calorimeter triggers have been devised!® and these
register the energy of the charged particles and of most of the neutrals that enter. For
particles produced at a lab. rapidity y,, the energy in the laboratory frame is E=m,cosh Vi
Since the calorimeter is centred at a fixed angle 6, in the lab. frame, then the rapidity of
particles entering the calorimeter is related to 6, by p,/(m sinhy,)=tan#,. For high
energies and large-angle production in the centre of mass system, y, will be large, hence
sinh y, ~cosh y,, and thus the energy available Eis p,/tan 6, . The calorimeter energy sum is
thus proportional to Y |p;| and if the azimuthal angle subtended is small this will
approximate 3’ p;. Another approach is to collect unbiased events in the central region and
to analyse them subsequently (a sofiware trigger) to look for jet-like combinations.!4-31)

The difficulty in interpreting such data lies in discriminating between a random fluctuation
in the multiplicity density which can lead to several particles close in rapidity and in azimuth
and an intrinsic jet signal. The average central region rapidity density is about 3
particles/rapidity unit. Thus in a range of Ay=1 and of 30° in azimuth, only ~0.25
particles/event are expected. Among charged particles in this narrow cone there is little
evidence for any extra jet effect on top of an uncorrelated emission of particles.** The
FNAL experiment with a calorimeter trigger is able to register neutral energy as well as
studying charge particles and they claim a significant jet signal. They obtain a jet to single
particle inclusive cross-section ratio of 2100 at p,~3 to 5GeV."'S The distribution of
charged particles in the trigger jet is shown in Fig. 5. i

Data on different large p; triggers are consistent with each other if a large p; jet is
comprised completely of charge particles at a ratg of ~10% and is comprised solely of a
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TRIGGER SIDE
FRACTION OF JET MOMENTUM CARRIED
BY INDIVIDUAL CHARGED PARTICLES

100

HADRON JETS:
® (this expt: all p,> 2.6 GeV/c)
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FiG. 5. Datafrom an inclusive jet trigger experiment on p-nucleus collisions at p,,;, = 150 Gev/c.!  The distribution
of fractional transverse momentum z of a trigger-side particle to the triggered jet momentum is plotted. This is

. compared with data on the fractional momentum distribution of jets produced in neutrino interactions and in e* e~
annihilation. A similar dependence is seen in each case.

single particle at a rate of 1 9. Data on the composition of the away-side jet is consistent
with this fraction of 51 for single particles having x, 2 1.°" Indeed the away-side jet seen
in single particle triggers has a very similar composition to both the away-side and same-side
Jéts observed in jet triggered experiments."> Even with an inclusive jet trigger, there is a
residual trigger bias since the net transverse momentam of the beam and target fragments, as
discussed above, will be opposite to the trigger direction so that the away-side jet will have
smaller transverse momentum than the triggered jet.

Charge ratios. There exist many data on the distribution and correlation of charge at large
Pr- In pp collisions, the n*/n~ inclusive production ratio is found to increase from ~1 to
~2 as princreases'® as shown in Fig. 6. Another relevant ratio is the large p, production of
=° from n* p collisions compared to pp. This ratio is less than 1 at small x, and rises to 2-3 at
x7~0.5%% as shown in Fig. 7. Concerning the charge distribution in individual events, the
most striking result is that the charge composition of the away-side jet is independent of the
charge or nature of the trigger particle (except for g or X triggers).1¥ The charge ratio of
leading particles in the away-side jet is also found to be ~2, independent of the trigger
charge.32:19),

2.2. Large mass

The average transverse: momentum’ of heavier states is found to be larger than for =
production. Put another way, at increasing transverse momentum, the fraction of heavy
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FIG. 6. The ratio of #* to 2~ production in pp collisions at different lab. momenta, near 90° in the centre of mass
and varying transverse momentum p,.® The curve is the result of the model of ref. 42 based on ‘a quark-quark
scattering mechanism. ’

T T T 1 T T T
20l Beam Ratio o (pp—=mOX)/ o (mp-=u°X) N
‘ $ 100 Gev/e

1.5 % 200 Gev/c

1.of ﬂ
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Xy
FiG. 7. The ratio of inclusive n° production near 90° in the centre of mass from pp collisions relative to np

collisions®# for varying x=2p,/\/s. The solid curve is the result of the model of ref. 42 based on quark—quark
scattering and adjusting the pion structure function appropriately. The dashed curve is for a different pion structure
~ function. The dotted curve is the expectation from using a ¢§ annihilation subprocess.

states produced will be progressively enhanced. This effect can be discussed to advantage
in terms of the transverse mass m,=(p2+m?)'/? of the state produced. It transpires that
* the m; dependence of production spectra is fairly universal,® see also Fig. 8. For instance,
the K*/n* ratio®®"* is found to be constant at ~0.5 when plotted versus m,.”® Data on
the #°/x° ratio are likewise consistent with a constant value of 0.55+0.11.1% Data on the
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T —T
pp EAB= 300 Gev

1000

3
S
T

(1+5 m2)* E do/dp’ mb/GeV’
‘o];
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TRANSVERSE MASS m, GeV

FiG. 8. The inclusive distribution of various particles at 90° in the centre of mass is plotted against the transverse
mass my=(p3+m?)"/2. A substantial part of the observed m, dependence has been absorbed by multiplying the
invariant inclusive cross-section by (1+5m?2)*. Data are from refs. 51 and 5 and are at p),;,; =300GeV in pp
collisions. The curves represent the trends of the experimental data points. The ratio of n* /K * is seen to be constant
at ~0.5 over the whole range of m,..

p/m~ and K™ /r” ratio in pp collisions'® show a strong decrease at large m, reflecting the
difficulty .of producing a p or K~ which arises in part from the need to produce an
additional baryon or strange particle to conserve quantum numbers. A comparison of vector
meson production including y production is shown in Fig. 9.7")

Of particular interest are, dataony and v productlon at various energies and from various
beams. The energy-dependent rise of the central region ¥ productlon is well studied.'*¥ Data
at lower energies show that y production from various beams is different with np and pp
being more productive than pp.*> Concerning the event structure of ¢ production, it is
known that Y DD is not the dominant process.!”” Whether radiative cascade decays from
higher charmonium states (e.g. y—yy) are an important source of Y particles is not
established.

Another large mass system on which there is hadronic production data is dilepton pairs. In
the higher mass region, the contributions to the dilepton spectrum from the decay of ¥, ¥’
and Y states should be considered separately. The continuum production, at invariant
masses between these discrete states, can be considered as the production of a massive virtual
photon. There is extensive data on the dependence of the production on the invariant

dilepton mass m, the incident energy \ﬁ , and the longitudinal and transverse momentum of
the dilepton pair. Data in the mass range of 7-11 GeV are consistent with a scaling form of
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F1G. 9. The inclusive distribution of pions and of different vector mesons at 90° in the centre of mass is plotted
against the transverse mass m,=(p3+m?)"/2. Data is from pp collisions at ~200 GeV."*:16:51.7) The curves
represent the trends of the experimental data points. For the vector mesons, the curves correspond to single
exponentials in p, and some data points are plotted to indicate the trend of the underlying data.

the production cross-section of do/dm*dy|,-,=cm™*exp(—18m?/s).® Fhe transverse
momentum dependence of dilepton production is of considerable interest. Data suggest that
{pr) increases with increasing m up to a constant value of ~ 1.3 GeV-at m>3GeV.37-6-69
The {pr)> values for ¥ and Y production are found to be the same as those from the
continuum regions on either side in mass m of the resonance peaks (see Fig. 10). A
compdrison of data with different beams shows that 'm-nucleon collisions are more
productive than proton-nucleon collisions. The ratio of production from a #* /z~ beam is
less than one, except at m ~ 3 GeV where ¥ production dominates and hence the ratio is one
from isospin invariance.®

3. HADRONIC MODELS

The first subsection contains a brief résumé of average pr physics. This allows the
subsequent discussion of extensions to larger p; to be put in context.

3.1. Résumé of low p, models

(a) Data. Before discussing theoretical models, a very condensed account of the salient
features of typical high-energy multiparticle production is given.*>

(1) Multiplicity. Many particles are produced on average and they are predominantly
pions. The average multiplicity {n) depends on the energy available for particle production
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FiG. 10. The average transverse momentum of different systems of invariant mass M produced near 90° in the

centre of mass in pp and p nucleus collisions at high energy (J s ~20GeV). The data on 7, K and j production are

taken from ref. 83. The dashed curve gives the trend of data on the production of 4x and 6x systems as determined by’

ref. 86. The other points are fogdilepton pair production from refs. 6, 16, 57 and 69. The solid curve represents the
"multofeqn (37) .

) (\/— ) butis broadly{ihndependent of the nature of the system that produces this energy. The
traditional app: ximationr is that the multiplicity distripution is a Poisson distribution and
that {(n) mcteézs like ins The multiplicity distribution is in fact broader than a Poisson
distribution and roughly retains its shape with increasing energy when n is scaled by {n). The
increase of (n) with energy is found to be faster than lnf and is consistent with a ln2 sterm
included.®®

(ii) Limited p+. The average transverse momentum d{ pions is small ({(p;)> ~0.35 GeV)
and is independent of the total energy. In detail, as a function of the centre of mass
longitudinal momentum fraction x= pL/pw—Zp,_/\/— » {pr> shows a slight minimum at
x=0 (the seagull effect). As a function of the centre of mass rapidity y, however, {pr) is
rather constant with a maximum at y =0. For small p;, the pr dependence is consistent with
an exponential decrease with increasing m like exp (— 7). - )

(iii) Central region. In the central region (at fixed centre of mass rapidity y) the particle
density dn/dy is traditionally considered-tQ be a constant indeoendent of the energy available
\/; or of the centre of mass rapidity y. This is the central plateau. In detail, dn/dy i increases
slowly with total energy ./s.® The y dependence of dn/dy shows a peak at y=0 with a

distribution that broadens (like In \/— ) with increasing energy. At \/E ~60GeV,dn/dy~3in-
the central region. In terms of x, the central region appears approximately cxponcnual in |x{
with a peak at x=0.

(iv) - Leading particles. There are leading parncles in the beam and target fragmentation
regions which carry finite fractions x of the incident centre of mass longitudinal mpmentum
m hadronic collisions. These leading: partxcles may be considered as fragmcms of the



