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Abstract

The evolution of event topologies as a function of ZE* is investigated in pp 
collisions at Vs=630 Gev.

Using a pseudorapidity acceptance window of IT|I<1, spherical event 
configurations are observed for events with ZE  ̂ < 15 Gev, fully described by 
Longitudinal Phase Space. Two jet dominated states are observed for events with 
ZE  ̂> 100 Gev, in excellent agreement with the predictions of perturbative QCD. The 
transition region between 40 and 100 Gev in ZE* can not be accounted for, by either 
model.

A model for Multiple Parton Scattering processes is presented. It is shown that 
strong evidence exists supporting the claim that, a significant contibution from Multiple 
Parton Scattering processes exists in the transition region.

Using a suitably defined four jet event sub-sample, further evidence supporting 
such a claim is presented.
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CHAPTER 1

INTRODUCTION

1.1 A brief theoretical overview

1.1.1 The forces of nature

Particle physics has undergone many dramatic changes during the last few decades, 
with many new discoveries both in the experimental and the theoretical level contributing 
to our knowledge of how the world is made. A detailed account of the present status of 
high energy particle physics theory is, clearly, beyond the scope of this thesis and only 
a brief overview will be presented. More details on the theories discussed in this chapter 
can be found in a number of reviews [1].

It is presently believed that the basic constituents of matter are elementary spin-1/2 
particles (fermions). A list of the fermions accounting for all substantiated experimental 
evidence is presented in table 1, where the top quark has been included for 
completeness, although not yet observed. The forces of nature responsible for the 
dynamic interactions between these fermions are the electromagnetic force, the weak 
force, the strong force and the force of gravity. At the quantum level, the forces are 
described in terms of quantum field theories, and the interactions between particles occur 
via the exchange of virtual integer spin particles (bosons) (figure 1). A list of the four 
forces, the associated exchange bosons responsible for each and the quantum number on 
which they act appears in table 2.

The theory of electromagnetic interactions was formulated by Maxwell in the 1860’s 
and was quantised into what is now known as Quantum ElectroDynamics (QED) in the 
1940's. QED agrees remarkably well with experiment, the only experimental input being 
the dimensionless coupling constant of the force, 0^  and the lepton masses.
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LEPTONS QUARKS

^ \C h a r g e 0 1 +2/3 -1/3
F a rn ily \_

I c u (up) d (down)

2 M-' c (charm) s (strange)

3 T “ t (top) b (bottom)

Table 1 : The Elementary Fermions

Figure 1 : Low est order Feynman diagram
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Force Exchange
particle

Associated 
quantum number

Typical
coupling

strong gluon colour 1

electromagnetic photon charge 10-2

weak w ^ z 0 weak isospin 10'6

gravity graviton mass 00COb

Table 2 : The Forces o f  Nature

The behaviour of neutron (3-decay was parametrised at low energies by Fermi in 
the 1930's and was further developed in the late 1960’s [2] into what is now known as 
the electroweak theory, thus combining electromagnetism and the theory of weak 
interactions. The theory requires the existence of the Intermediate Vector Bosons (TVB's) 
which have been observed experimentally and at least one Higgs boson, yet to be found.

Strong interactions are responsible for most nuclear matter interactions. They were 
parametrised at the level of the nucleus in the 1930's. In the 1960's it was realised that, 
the existence of sub-structure beyond the hadron level (nucleons and mesons) could 
account for the static properties of hadrons and the Quark Model was proposed. In the 
1970's, the Parton Model emerged as an attempt to describe the dynamics of hadronic 
matter. Today, Quantum ChromoDynamics (QCD) is, by far, the best candidate for a 
theory of the strong interactions with the Parton Model being its asymptotic limit at very 
high interaction energies. QCD will be discussed in more detail in the following sections. 
Here it is sufficient to say that, although no major discrepancies between experiment and 
theory have been found, the QCD predictions lack the accuracy of those made by QED.

The force of gravity is mentioned for completeness only, its effects being 
negligible in experimental particle physics at present. At large distances, gravity can be 
described in terms of the general theory of relativity, but in contrast with the other three 
forces, a consistent quantum theory of gravity does not yet exist
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1.1.2 The Parton Model and the Colour Degrees of Freedom

The key idea behind our current understanding of hadronic matter phenomena is 
the existence of sub-structure beyond the hadron level. There exists concrete 
experimental evidence to support the belief that hadrons are made of point-like 
constituents called quarks. The existence of quarks was first proposed by Gell-Mann [3] 
and Zweig [4] in 1964, although at the time quarks were thought of only as mathematical 
entities used for classification purposes.

At low energies, hadron spectroscopy suggests that baryons are made of three 
valence quarks, while mesons are made of a quark-antiquark pair. At present, three 
quark generations are known, each one consisting of two quarks. Out of these, the top 
quark has not yet been experimentally observed, but there are strong theoretical 
arguments in favour of its existence.

In order to solve the A++ statistics problem, an additional quantum number was 
introduced for the quarks, namely colour. A++, the lowest lying baryon resonance, with 
spin Jz=3/2, is totally symmetric in both flavour and spin indices :

in contradiction with the fact that quarks, having spin Jz=l/2, should obey Fermi-Dirac 
statistics. This problem can be solved by assuming that each quark carries colour as an 
additional quantum number and allowing for three colour degrees of freedom: red, blue  
and green. The A++ wavefunction can then become antisymmetric as follows :

using the repeated index summation convention, the sums over i,j,k running over the 
three colours and €j being the totally antisymmetric tensor with € 123=1 •

Over the years, much more experimental and theoretical evidence has been 
accumulated, strongly supporting the idea of colour as a quantum number with three 
degrees of freedom. Two more examples are mentioned below :

1) One can measure the number of colour degrees of freedom through the 
decay. Using Partial Conservation of the Axial Current, the decay of TT°— > 2 y  

Can be related to the axial vector current coupling to two photons using the diagram 
shown in figure 2. The decay rate is given by :

where F7C~ 93  Mev, and Nc is the number of the colour degrees of freedom. The
measured value for _ 2 y  is 7.95 ± 0.55 ev, implying Nc=3.06±0.10.

0)
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Figure 2 : Triangle diagram fo r  n°->2 y  decay

2) Further evidence comes from the measurement of 
_ G (eV  -> hadrons) 

ee cr (e+e" ^  fJL |Jl") 
which in the quark picture is given by

ReV = NC - Z Qf <3>
i

where Q is the charge of the i*h quark, the sum in i running over all quark species that 
can be produced at the given e+e“ interaction energy. Re+e~ shown in figure 3, being 
consistent with Nc=3 and changing by the expected amount when crossing the charm 
production threshold.
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In this picture, hadron spectroscopy can be accounted for by the additional ad-hoc 
requirement that all observed particles must be "colourless" o. "white", hence 
"explaining" the absence of single quark or di-quark states. Th.' experimental 
non-observation of qqqqqq and qqqqq states can then only be accounted for by the fact 
that these states are, most probably, energetically unstable with respect to qqq + qqq and 
qqq + qq states respectively, and thus will decay rapidly.

1.1.3 QCD

QCD is the best candidate for a Quantum Field Theory of the strong interactions. 
The strong interaction force occurs via gluon exchange. The simplest Feynman diagram 
involving two quark scattering is shown in figure 4. Gluons are massless spin-1 
particles carrying one colour and one anti-colour index. There are eight orthogonal 
colour states for the gluons, namely:

rB, br, rg, gf, gE, bg, ( rf - bb ), (rf + bb - 2g g )
F  y ?

the ninth possible combination being a colour singlet state:
( rr + bE + gg)

F

It is the exchange of coloured gluons which is responsible for the strong interaction 
force.

Figure 4: Example o fq q —̂ qq scattering diagram

Since gluons are coloured objects, they can couple to themselves, unlike photons 
in QED which are electrically neutral. Three gluon vertices, as depicted in figure 5, are 
then possible in QCD, while three photon vertices do not exist. The self-coupling of the
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gluon is, in effect, the fundamental difference between QCD and QED, providing QCD 
with two unique properties, namely asymptotic freedom and quark confinement.

Figure 5  : Three gluon vertex

The strong interaction coupling constant characterising the strength of the 
force, is expected to vary with the momentum transfer Q2 of each process, according to

a (Q2) oc _ i _

r J .2A
where A is a mass scale characteristic of the interaction. As Q2 increases, Otg decreases 
and in the limit Q2—*oo, a s —>0. For very energetic collisions, quarks and gluons 
behave , essentially, as free particles.Such processes, can, then, be described by lowest 
order perturbative QCD calculations based on Feynman diagrams like those shown in 
figure 6. On the other hand, at low Q2 values, comparable to A 2 ( A  ~  200 Mev ) ctg 

becomes large and perturbative methods are not applicable any more. Thus, although 
QCD is meant to be a complete theory, in that it is assumed to be able to describe all 
strong interaction processes, only those processes for which the application of 
perturbation methods is meaningful can be calculated. For the non-pertrA ative regime, 
calculational schemes based on phenomenological models, rather than on a fundamental 
physical theory have been constructed and these will be discussed later on.
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Figure 6 : Examples o f  lowest order Feynman diagrams in QCD

1.1.4 Structure Functions

Visualising the proton as a composite object, its momentum can be considered to 
be the sum of the momenta of the constituent particles. The i-th parton, will then have 
momentum pj given by

Pj =  X; Pp (4)
with pp the momentum of the proton and Xj the fraction of Pp carried by the parton, with 
0<Xj<l. At high proton momentum, the transverse momentum of the partons with 
respect to the proton momentum is small compared with the longitudinal momentum and 
can be ignored.

A probability function F,(x) can then be defined, as the probability of finding the 
i-th parton with fraction x of the proton momentum. Fj(x) is referred to as the structure 
function, and has an overall normalisation 

l
^ J x E ( x ) d x = l  (5)
i 0

where the sum runs over all possible parton species inside the proton.
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Structure functions for quarks have been measured directly in deep inelastic lepton 
scattering experiments, where it was found that quarks can account for roughly one half 
of the proton momentum. The remaining momentum is then attributed to gluons, which 
do not participate in weak or electromagnetic interactions. Figure 7 shows the measured 
quark structure functions inside the proton, for different quark flavours. Using the 
Altarelli-Parisi equations [6], Eichten et al. [7] evolved these structure functions to the 
momentum transfer (Q^) region available at the collider. An approximation to these exact 
structure function formulas is shown in table 3.

3valence quarks Uv(x) <X (1-x)

dv(x) o c  (1-x)4

sea quarks u (x) = d (x) = s (x) oc i (1-x)8 
s s s x

gluons g(x) o c i ( l - x )5
X

Table 3 : Approximate structure functions fo r  the proton

(a) (b)
Figure 7 :  Quark content o f  the proton
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1.1.5 Parton-parton scattering

In high energy yp  collisions, the protons and the antiprotons can be considered as 
clouds of essentially free partons : scattering occurs between the individual partons of 
each hadron.

Having identified the partons which participate in the hard scatter, the 
cross-section for a pp interaction can be expressed as the sum of the cross-sections for 
the individual sub-processes, where partons i and j in the initial state interact to form 
final states k and 1 ( i+j—»k+l). Partons i and j carry fractions Xj and Xj of the hadrons 
momenta respectively, described by the structure functions Fp(x) and Fp(x).

The lowest order differential cross-sections for the processes i+j—>k+l have been 
calculated by Combridge et al. [8] and can be expressed as

da..ij- kl
dF (6)

with s and t two of the usual Mandelstam variables
As = X. X. s 1 J
t = - x iXks 
u = - x. x, s

s being the square of the proton-antiproton centre of mass energy. The coupling constant 
of the strong interactions is given by

.(Q2) - --------—a (7)
( 33 - 2 nf ) ln-

A
with nf the number of flavours available at this energy. Ajj_ki is the amplitude for the 
sub-process i+j—»k+l. The various possible QCD sub-processes and their amplitudes are 
listed in table 4.

The pp interaction cross-section can then be written as
'ida

“df =X J *i J dxj xi w  xj fp<xpij—>kl 0 0 S
A schematic of such a pp interaction is shown in figure 8.

^ l A . . J 2
a 2 U - kl (8)
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F p ( X j )

Figure 8 : Schematic o f  a pp  interaction

1.1.6 Fragmentation

The partons emerging from the interaction fragment and hadronise to appear as 
colourless hadrons in the final state. The fragmentation time scale is much larger than 
that of the hard scatter. The partons therefore, have time to separate before fragmentation 
takes place and the strong interaction coupling constant becomes large. Fragmentation 
is a process for which perturbation methods are not applicable.

Fragmentation is described in terms of a function (z) which is the probability of 
finding a hadron h carrying a fraction between z and z+dz of the linear momentum of its 
parent parton 1. Momentum conservation requires the normalisation condition 

l
J z dJ'(z) dz = 1 (9)
0

As a first approximation one can assume that the fragmentation function depends 
only on the ratio of hadronic to partonic momentum z. QCD however, will introduce 
scaling violations, which will be discussed later on.

The fragmentation function has been measured in electron-proton,

24



electron-positron and neutrino-proton scattering experiments where identification of the 
hadron h is made as well as measurement of the crost -section

X  a(D d J’(z) = (10)
1

where on the left-hand side (7(1) is the production cross-section of the parton 1, D ^ z) is 
the fragmentation function, the sum runs over all parton types and on the right-hand side 
(7(h) is the production cross-section of the hadron h.

The fragmentation properties of gluons are not well known and it is usually 
assumed that light quarks and gluons fragment in a similar way :

E^(Z)5D^(Z)53 ( 1 ' Z) (11)

For heavy quarks it has been shown [9] that a suitable parametrisation for (z) is
,2

tfQ(z) = z ( l - z)

(1  - (2 -0  z + Z2 ) ’
(12)

o 9where € is small and consistent with £=ms /mQ, with the mass of the strange quark 
and mg the mass of the quark under investigation.

Various fragmentation models have been proposed over the years, two of which 
have been used in this thesis. They are the Independent Fragmentation (IF) model of 
Feynman and Field [10] and the String model of Andersson et al. [11].

In the IF model the quark emerging from the interaction gives up some of its 
energy to produce a q ^  pair. The antiquark efr and the original quark are then combined 
to form a meson. The quark q| then plays the role of the original quark : a *s
formed out of the QCD vacuum surrounding q̂ , a meson q ^  is formed and the process 
continues with cq. Figure 9 shows such a cascade.

The basic assumptions in the IF model are that each fragmentation step is 
completely independent of the rest of the event and that all distributions scale so as to 
depend only on the fraction of hadron to quark momenta. As it stands, the IF model does 
not describe gluon fragmentation. Instead, it is assumed that gluons fragment in a way 
similar to that of light quarks.

There are two main theoretical inconsistencies in this model. IF fails to conserve 
flavour, since there is uncertainty about how to treat the last quark in the cascade. It also 
does not conserve energy. Energy conservation is imposed after the cascade has been 
completed, by scaling the momenta of the hadrons in the final state and recalculating their 
energy.

The starting point of the string model is the belief that QCD is a linearly confining
theory at large distances (greater than lfm). The QCD force field extending between
partons takes the form of a string or tube with constant energy density. The end points of
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Figure 9 : The fragmentation cascade according to the IF  model

the string are associated with quarks and antiquarks, diquarks and antidiquarks. As the 
quark (diquark) moves away from the antiquark (antidiquark), the string stretches and 
the energy stored in it increases. The string can then release part of the stored energy by 
breaking and forming a new qq pair, so that the system splits into two colour singlet 
subsystems. If the invariant mass of each subsystem is large enough, this process 
continues until only ordinary hadrons remain. In the string model, gluons correspond to 
energy and momentum carrying kinks on the string spanned by a qq pair. Figure 10 
shows a schematic view of the fragmentation according to the string model.

The two models have been extensively compared using data from 
electron-positron scattering experiments, where it was f . and that to a first approximation 
both models can adequately describe the data by fine tuning of parameters.
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Figure 10 : The string model fragm entation process

1.1.7 Gluon Bremsstrahlung and Higher Order QCD Corrections

As already mentioned, gluons play no dynamical role in the Parton Model. It is 
only in QCD that they attain their full significance as mediators of the strong force. QCD 
predictions depart from the Parton Model when next-to-lowest order corrections are 
implemented.

In QCD, coloured particles can radiate gluons, termed gluon bremsstrahlung in 
analogy with photon bremsstrahlung in QED. The coupling constant of the strong 
interactions is of the order of 0.2 at the Q2 ranges accessible by the current experiments, 
as compared to a value of 1/137 for the electromagnetic coupling constant, Q2 being the 
momentum transfer of the interaction. C-usequentiy, higher order diagrams involving 
gluon bremsstrahlung are more important than the corresponding ones in QED.

Next-to-lowest order diagrams ( ) in QCD involve gluon radiation. For a
pp collision in particular, partons can radiate gluons both before and after the hard 
scatter, termed initial and final state bremsstrahlung respectively (figure 11). The 
probability for a coloured particle to radiate a gluon is a function of logCQ2).

Evidence for gluon bremsstrahlung has been provided by the experimental
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Figure 11 : Examples o fO ( (X ^) diagrams in QCD

observation of scaling violations in both the structure and fragmentation functions at high 
energies. Moreover, hard gluon bremsstrahlung at large angles with respect to the parent 
parton direction leads to the production of an additional jet in the final state [12].

The cross-section for gluon bremsstrahlung diverges for soft gluon radiation at 
small angles with respect to the initial parton direction. Evidence for such behaviour is 
provided in pp collisions by the observation that the angular distributions for jets from 
initial state bremsstrahlung peak towards 1 in lcos0  I, 0  being the polar angle between 
the jet axis and the proton-antiproton beam axis.

Gluon radiation introduces a Q2 dependence into both the structure functions and 
the fragmentation function : initial state bremsstrahlung reduces the energy of the parent 
parton and the structure functions become Q2 dependent. Similarly, final state 
bremsstrahlung introduces a Q2 dependence into the fragmentation function.

Corrections of higher order than O(CL^) would involve diagrams like those shown 
in figure 12. The overall correction by which the lowest order calculation needs to be 
modified due to higher order diagrams in QCD is called the "k-factor". It has been
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Figure 12 : Examples o f  higher order correction diagrams

calculated for qfj scattering [13]. Estimates for other processes indicate that it is 
approximately the same for qq—»qq, qg—»qg and gg—»gg scattering. Usually, k is 
assumed to be close to 2, but it must be noted that there are theoretical uncertainties about 
its exact value.

1.2 QCD tests and the motivation of this thesis

1.2.1 How well does QCD agree with experiment?

Numerous experimental tests of QCD have been performed over the years. 
Striking examp?. are the hard gluon bremsstrahlung and the observation of 3-jet fmai 
states in e+e“ scattering experiments [14] and the observation of high-p  ̂jets in the SppS 
collider [15]. Most of these tests however, have been limited to the high-pt domain : to 
processes where a truly hard scatter takes place allowing perturbation expansion methods 
to be applied in the QCD calculations. For such cases the agreement between 
experimental observations and the QCD predictions is very good.

However, the region in which QCD has been rigorously compared with
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experiment, only covers a very small fraction of the total inelastic non-diffractive pp 
cross-section. The bulk of the total cToss-section corresponds to what experimentalists 
call "minimum bias" events, i.e. events with low activity ii the transverse plane with 
respect to the beam axis, indicating that no hard scatter has taken place or to put it in 
another way, that no scatter was hard enough to dominate over the rest of the event. 
Indeed, it is believed that in the low-p* region the dominant process is soft multi-gluon 
exchange between the proton and the antiproton. Such processes are not rigorously 
calculable in QCD since, in this region, perturbative methods are not applicable. Instead, 
phenomenological models have been used to describe the gross features of the low-p  ̂
events. Most of these models are based on a Longitudinal Phase Space (LPS) behaviour 
of the hadrons in the final state. Fine tuning of parameters gives a reasonable agreement 
between the experimental observations and the predictions of such models [16].

Being able to describe more or less reasonably the low and high-pi- regions does 
not necessarily mean that the QCD and LPS calculations can be extrapolated to describe 
the intermediate-pt region in a self consistent manner. In a qualitative manner, what 
seems to be lacking from both calculational schemes is a way to describe in a smooth 
way the emergence of two-jet dominance at high-p  ̂ from the soft multi-gluon exchange 
picture at low-p .̂

Indeed, the UA2 collaboration has recently reported on a study of the emergence 
of two-jet dominance in pp collisions in the collider [17]. At low event scalar transverse 
energies (ZE^) they observed spherical event configurations typical of soft collective 
interactions, while at high ZE*, final states dominated by two jets accounted for all the 
cross-section. They attempted to account for such a behaviour and describe the 
intermediate ZÊ  region in terms of a two component model with an essentially LPS-like 
behaviour at low ZE  ̂ and hard, constituent interactions at high ZE .̂ In fact, it appears 
that such a naive approach has failed; ihe same collaboration later reported the results of 
a more elaborate analysis [18]; using global energy flow measures instead of the jet 
formalism, they observed the same behaviour in their data as before. The two regions at 
the low and high ends of the ZE  ̂ spectrum were smoothly connected by what can only 
be described as a transition region. The evolution of the average values of sphericity, 
thrust complement and aplanarity as a function of ZE*- as reported by UA2 is reproduced 
in figure 13.

Attempts to describe the entire ZE*- spectrum and in particular the . nsition region 
in terms of the two component model have failed: in the transition region, the dominant 
processes are neither soft, collective interactions nor hard scatters between the 
constituent partons.

Although the transition region in the case of UA2 occurs in the ZE  ̂range between 
40 and 90 Gev, it should be noted that there is nothing fundamental associated with these 
two numbers. It is rather a reflection of the specific cuts used : in particular, the
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Figure 13 : UA2 m easurem ents on the evolution o f  the average value o f  sphericity (S), 
thrust complement (1-T) and aplanarity (A) as a function o f  ZE^ [ 18]
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Figure 14 : UA1 m easurement on the evolution o f  the average value o f  H2 
as a function  o f  Z E f [19]

pseudorapidity coverage of the detector, in this case being IT)I<1, with Tj being defined 
by

T] = -ln(tan-|.) (13)
0 being the polar angle with respect to the beam axis. Extending the acceptance window 
to larger values of pseudorapidity, will result in. a shift of the transition region to larger 
values of ZE*. In other words, if the existence of the transition region is indeed due to 
different dynamics between the constituent partus, it is the mere existence of it which is 
fundamental, the exact place where it happens depending on the specific cuts employed. 
In fact, the UA1 collaboration, using full calorimetry in the \T)\<3 range, observed a 
similar behaviour at around 160 Gev in ZÊ  [19] : the evolution of the average value of 
H2 defined by
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«2 =
't jetl + E t jet2 (14)

as a function of ZE*, where Ê  je^ and E* are the transverse energies of the two 
largest clusters (jets) in the event is reproduced in figure 14. H2 attains a plateau value 
above 190 Gev, while it drops1 monotonically below 190 Gev, indicating that as ZE  ̂
becomes smaller, a smaller fraction of the total transverse energy is contained in the 
cones of the two leading clusters. Unfortunately, this analysis was confined to events 
with ZEt;>200 Gev and no extensive Monte Carlo-studies were performed below that 
value.

1.2.2 The transition region and multiple parton scattering

What can be the origin of the transition region? What processes can lie between 
soft, multi-particle exchange processes and hard, individual scatters? I believe that any 
attempt to answer these questions should be based on the assumption that there is no 
sharp discontinuity : the two jet dominated region must be a smooth continuation of the 
processes at lower ZE  ̂values.

I shall now adopt an "experimentalist's point of view": having as starting point our 
experimental observations, I shall try to account for these by considering the 
fundamental processes that may be their origin.

In this context, the following scheme is envisaged :
At low event ZÊ - values, the prevailing processes are soft, multi-particle 

exchanges between the beam particles, the hadrons in the final state having a LPS-like 
behaviour. As ZE* increases, some of the initially soft scatters become harder and start 
to dominate over the rest of the event. In such a way, the event ZE  ̂ becomes an 
inversely proportional function of the number of the dominant hard scatters in the event 
and the passage from the multi-scatter to four, three, two and finally one hard scatter 
dominated region is smooth. Such a smooth evolution on the number of hard scatters 
could provide a possible explanation of the above mentioned experimental observations. 
Inherent in this approach is the following definition of a hard scatter : only those scatters 
are considered whose presence is manifested in the experimental observations. After 
all, even in the extreme case of the two jet dominated regime, soft gluon exchanges are 
still present among the remnants of the proton and the antiproton. These, however, 
having no interesting observable characteristics, do not obscure the dominant features of 
the events. They only appear through the hadrons in the final state which are outside the 
two leading clusters.

Experimental searches for multiple parton scattering processes are difficult,
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especially so in pp collisions. In addition to detector related problems there are large 
uncertaindes in the theoretical calculations. Two collaborations however, have performed 
dedicated s marches for the simplest case of multiple parton scattering, namely Double 
Parton Scattering (DPS).

The AFS collaboration at the ISR, searched for DPS processes in pp collisions at 
Vs = 63 Gev [20]. Using a 4-jet data sub-sample, they reported on a positive signal 
consistent with their DPS model predictions. The UA2 collaboration in the SppS collider 
also searched for DPS in their 4-jet data sample [21], but their result was a negative one.

Although at first glance the two results seem to contradict each other, it will now 
be argued that they are not incompatible, especially so in view of the discussion above 
on the transition region observed by UA2 :

The UA2 collaboration required the events in their 4-jet data sample to satisfy the 
following conditions : each event had to have only 4 jets each with transverse energy 
above 10 Gev, the axis of each jet being inside the pseudorapidity acceptance window 
\T)\ < 0.8 and the scalar transverse energy of the 4-jet system had to be above 70 Gev. 
Transforming such a selection procedure into a ZE  ̂ selection with the sum taken over 
lT)l < 1 (in order to compare with the results of the same collaboration on the evolution 
of event shapes mentioned above) it becomes evident that the ZEj; of these 4-jet events 
would be well above 90 Gev, taking also into account the contribution from the spectator 
system. In such a case, the UA2 4-jet data sample would lie entirely in the high ZEj- 
plateau region of the event shape distributions (cf. figure 13). In that region, QCD 
describes the data very well. Thus, it is no great surprise that no significant contribution 
from DPS processes is required to account for the observed distributions in the UA2 
data. It is only in the transition region, where the QCD predictions start to deviate 
significantly from the experimental observations, that a search for DPS processes is 
expected to give a conclusive answer.

For these reasons, the UA2 result is not necessarily contradictory to the AFS 
claim. Additional support for such a claim comes from cross-section considerations : the 
DPS processes cross-section versus ZE  ̂ falls much more steeply than the (2—>2) QCD 
cross-section and no significant DPS contribution in the UA2 4-jet data sample is 
expected. Such a discussion however, will be postponed until a specific model for 
multiple parton scattering has been presented and the relevant cross-sections calculated.

1.2.3 The context of this thesis

This thesis describes the work carried out by the author on a search for multiple 
parton scattering processes in the UA1 data and an investigation on the evolution of the 
observed event shapes.
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Data was selected using full calorimetry inside the pseudorapidity window \T\\<1, 
in order to be able to compare the results directly with those fro iU A 2. The selection 
procedure will be described in Chapter 3.

The tools used in this analysis will be presented in Chapter 4. It will be shown that 
using global energy flow measures the data exhibit the same characteristics. In particular, 
spherical event configurations are observed at low event ZE^, compatible with the 
predictions of the LPS model and two jet dominated states at the high end of the ZE* 
range, fully described by perturbative QCD. The transition region in between, cannot be 
accounted for by either Monte Carlo predictions or a combination of them.

A model for Double Parton scattering will be presented in Chapter 5, and will be 
argued that even though such processes do indeed produce events with properties closer 
to the data, than those of the single parton scattering events in the usual perturbative 
QCD calculations, an even more elaborate picture of hadronic reactions is needed in 
order to describe the trransition region. A generalisation of Double Parton scattering 
processes will be shown to give a better description of the data, within the theoretical 
uncertainties of the model.

Finally, in Chapter 6 it will be shown that an excess of four jet events exist in the 
data compared to the perturbative QCD predictions. The results obtained from the event 
shape analysis will be used directly to show that a full description of the data can be 
obtained by considering Multiple Parton Scattering processes.
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CHAPTER 2

THE UA1 APPARATUS

2.1  Introduction
The UA1 detector sits in one of the intersection regions of the Super Proton 

Antiproton Synchrotron (SppS) collider at CERN. The proton-antiproton collider 
project, first proposed in 1976 [22], has been operating successfully since 1981. By 
mid-1983, it had accomplished its primary goal, namely the experimental verification of 
the existence of the Intermediate Vector Bosons W1 [23] and Z° [24]. Until the end of 
1983, the collider was operating at Vs = 540 Gev. In the Autumn of 1984 the 
momentum of each beam was raised to 315 Gev, thus providing Vs = 630 Gev.

The UA1 detector complex was designed with the following general features in 
mind: as large as possible solid angle coverage ( ~4k  ); identification and measurement 
of the properties of electrons, photons, jets, neutrinos ( missing transverse energy ) and 
muons, through both calorimetry and magnetic spectrometry; efficient triggering system 
for electrons, jets and muons.

A cross-section of the detector in the XY plane is shown in figure 15 ( for a 
description of the coordinate system used in UA1 see Appendix A ).

The innermost element is the Central Detector ( CD ), a cylindrical drift chamber 
to track charged particles. It sits within a uniform horizontal dipole magnetic field, 
transverse to the beam direction, allowing particle momentum measurement by track 
curvature. Outside the CD are the electromagnetic calorimeters: the so called Gondolas in 
the central region around the CD and the Bouchons ( End Caps ) on each end of the CD. 
Outside the electromagnetic calorimeters are the coils of the dipole magnet and the 
magnet's iron return yoke, which is instrumented with scintillators to act as a hadronic 
calorimeter. Owing to their shape, the hadronic calorimeters in the central region are 
usually called the C's, while in the forward direction they are referred to as the I’s. On 
the outermost part of the detector am located the muon chambers. They consist of 8
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Figure 15 : Cross section through the centre o f  the UA1 detector in the vertical plane

planes of drift tubes, separated from the hadronic calorimeters by some additional iron 
shielding. There are additional calorimeters and drift chambers in the forward directions 
outside the dipole field magnet. They are used to measure the energy and position of 
particles emitted at small angles to the beam axis.

2.2  The Central Detector
The Central Detector (CD) is a cylindrical multi-wire drift chamber, immersed in a 

uniform horizontal magnetic field of 0.7 Tesla. A schematic view of the CD is shown in 
figure 16.

Six half-cylindrical chambers form a large cylinder 6m long with a diameter of 
2.2m. The two central chambers are further divided in two chambers each. The CD 
covers a solid angle of 3 .87c steradians around the bea... crossing point, corresponding to 
an angular coverage of

5° < 0 < 175°, 0° < <j)< 360° .
The wires are horizontally oriented, parallel to the magnetic field and are strung 

into planes that subdivide each chamber into 6 drift volumes, with a drift volume 
separation of 174mm. The separation between cathode wires is 5mm and they are 
operated at ~28kV. On the other side of a drift volume, the anode wire plane consists of
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Figure 16 : The UA1 Central Detector

Figure 1 7 :  The wiring configuration o f  the Central D etector
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two planes of alternating field wires and grounded anode sense wires (figure 17). This 
wiring configuration serves to separate two adjacent drift volumes preventing the 
electrons from crossing the wire plane and therefore removing left-right ambiguities. It is 
also used to compensate the electrostatic forces on the sense wires. The magnetic and 
electric fields are perpendicular to each other, thus causing the drift path to rotate by 
about 24° about the magnetic field direction.

The chambers are filled with a 40% argon and 60% ethane gas mixture at 
atmospheric pressure. The drift velocity is 5.3cm/|is, corresponding to a maximum drift 
time of 3.6(is, and thus less than the 3.8p.s bunch crossing time interval when the 
collider operates with a maximum of 6 proton and 6 antiproton bunches.

Charged particles passing through the CD ionize the gas, liberating electrons 
which drift to the anode wires avalanching in the strong electric field. Each anode sense 
wire is strobed after every 32ns and the charge collected is measured. Three readings are 
made at each end of the wire. Fast Analog to Digital Converters ( FADC) are used for 
two of these readings and a Time to Digital Converter ( TDC ) for the third. One of the 
FADC's has a linear response and is used to calculate the coordinate along the wire by 
charge division. The other has a logarithmic response and is used to measure the total 
charge deposited on the wire for a dE/dx calculation. The TDC measures the time of 
arrival of the charge within the 32ns interval.

The momentum of reconstructed tracks can later be calculated from the measured 
curvature according to

0.3 Q B RP = cosX (15)

where P is the momentum (Gev/c), Q the charge (units of electrostatic charge), B is the 
magnetic field (Tesla), R the radius of curvature (m) and X the angle of the track out of 
the plane perpendicular to the magnetic field. The resolution of the chamber is 
summarised in table 5. It should be noted that, for high momentum tracks, the resolution 
is dominated by the measurement error in the track sagitta. For lm track, this is 
approximately

AP/P = 0.005P, where P is in Gev/c.
Figure 18 shows the measured dE/dx distribution as a function of the measured particle 
momentum, showing a clear separation between different particle types at low momenta. 
One can also just see the relativistic rise of dE/dx after the minimum.
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0.1 - 0.3 mm along drift direction
20.0 mm along a wire

5.0 mm in the \ lanes of wires perpendicular
to the wire

Table 5 : Central Detector Resolution

Figure 18 : dE/dx versus track momentum in the Central Detector

2.3  The Electromagnetic Calorimeter
The electromagnetic calorimeter is used to identify electrons and photons and 

measure their energy and position. It is a sampling calorimeter, consisting of 
lead-scintillator sandwiches. Electrons and photons passing through the calorimeter, 
induce showers through bremmstrahlung and e+e” pair production. The number of 
secondary particles increases until the photon energy drops below the e+e“ pair
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production threshold. The photons are subsequently absorbed by the atomic 
photo-effect. The number of secondaries then drops with characteristic attenuation length 
corresponding to the mean free path of photons with energy comparable to the minimum 
absorption energy of the material. Particles passing through the scintillator sheets excite 
the atoms in the scintillator molecules. The energy deposited is subsequently released 
through photon emission. The light signal propagates inside the scintillator by internal 
reflection and is transformed into electric current by Photo-Multiplier tubes ( PM ). For 
the PM’s to operate properly, they have to sit outside the magnet, but due to space 
limitations, no conventional light guides could be used. Instead, wavelength shifter bars 
of acrylic doped with BBQ were used to take the light signal outside the magnet. They 
absorb light at a wavelength of X=420mm and re-emit it at \=480mm.

The electromagnetic calorimeter in the central region of the detector, also known as 
the G ondolas, cover the angular range 25* < 0 < 155°. The Gondolas consist of 48 
annular semi-cylindrical segments of lead-scintillator sandwich. Each gondola is 26.7 
radiation lengths deep and consists of 74 pairs of layers, each layer being a 2mm thick 
sheet of lead sandwiched with a 2mm thick sheet of Plexipop scintillator. Figure 19 
shows two gondolas on opposite sides of the CD. The scintillator signal is received by 4 
PM's, one on each side of the scintillator sheet. The four signals combined with the 
attenuation characteristics of the scintillator provide the necessary information on the 
energy and azimuthal position of the shower. The light signals are grouped in 4 
samplings in depths of 3.6, 6.6, 9.9 and 6.6 radiation lengths to provide information on 
the shower longitudinal profile.

The Bouchons sit at each end of the CD, 3m away from the beam crossing point, 
covering the angular ranges 5° < 0 < 25° and 155° < 0 < 175°. They are radially 
segmented into 32 petals, each petal having angular size A0xA<j) = 20#x l l .2* (figure 
20). The petals are 26.7 radiation lengths deep and consist of alternating layers of 4mm 
thick lead and 6mm thick Plexipop. Wavelength shifter bars of BBQ are used as with the 
gondolas.

The Bouchon scintillator signals are also grouped in four samplings in depths of 
3.6, 7.2, 8.7 and 7.2 radiation lengths. The bouchons are equipped with a position 
detector consisting of two planes of proportional tubes orthogonal to each other. These 
are situated between the second and the third sampling and serve to accurately measure 
the position of electromagnetic showers in the Bouchons.

The energy response of the Gondolas and the Bouchons was continuously 
monitored. Before and after each run, the energy response was calibrated using a test 
beam and irradiation with a 7 Curie Co60 source. During the run, the PM gains were 
monitored with laser light fed to the PM's through optical fibres and cross calibrated 
with an Am^41 source.
The energy resolution for the Gondolas was found to be
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Figure 19 : Two Gondolas on opposite sides o f  the CD

Figure 20 : The Bouchon electromagnetic calorimeter and position detector
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AE/E = 15%/VE ( E in Gev)
and for the Bouchons AE/E = 20%/VE ( E in Gev ).
For the Bouchon position detector, the energy resolution for the tubes is

AE/E = 170%/VE ( E in Gev ),
while the position resolution was measured in the test beam and was found to vary with 
incident particle energy, being 1 cm for a 5 Gev shower and 0.3 cm for a 92 Gev 
shower.

2 .4  The Hadron Calorimeter
Hadrons produced in the final state induce showers as they pass through the 

detector. Hadronic showers are more complex than electromagnetic showers and there is 
no simple analytical description of the hadronic cascade. The secondaries produced are 
mostly pions and nucleons the multiplicities of which are only weakly dependent on the 
energy. The characteristic stages of the hadronic cascade are hadron production, nuclear 
de-excitation and pion and muon decays. The energy measurement of hadronic showers 
is similar to that of electromagnetic showers, but the energy resolution is typically much 
worse. This can be attributed to the intrinsic properties of hadronic showers, namely the 
large fluctuations in the longitudinal shower developement. The energy response for 
most calorimeters is different for charged and neutral pions, usually being characterised 
by the, so called, e/TT ratio of the calorimeter. It is the ratio of the visible energy in the 
calorimeter for incident electrons (photons) to that for charged pions of the same energy. 
In hadronic showers the ratio of charged to neutral pions fluctuates and for a calorimeter 
with an e/TT ratio different from 1 the result will be the broadening of the measured 
shower energy, i.e. worse resolution. In addition, the energy used for nuclear excitation 
or break-up in the dense medium is not visible and is subject to large fluctuations.

The electromagnetic calorimeters present a total of 0.87 interaction lengths to 
normally incident particles, this number being greater for angled tracks. Thus, on 
average 60% of the energy of the hadronic showers will be deposited in them. The rest 
of the energy is deposited in the hadron calorimeter, which as mentioned above is the 
iron return yoke of the dipole magnet

The hadron calorimeter is a sampling detector, consisting of alternating layers ô  
lcm thick scintillator sheets and 5cm thick sheets of iron. The so called C's cover the 
central region corresponding to the polar angle range 25° < 0 < 155°. There are 16 C 
modules, 8 on each side of the beam axis. Each module is divided into 12 cells, the cell 
size being 0.9mx0.8m. The scintillator light is grouped into 2 samplings each 2.5 
interaction lengths deep. It is then fed through BBQ wavelength shifter bars to PM’s, 
each sampling being read out by 2 PM’s.
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The polar angle ranges 5’ < 9 < 25° and 155° < 0 <175° are covered by the 
l's , 6 on each side of the detector. The general construction of the Fs is similar to that of 
the C's with differences imposed by the different geometry. The Fs are divided into 
cells, the cell size being 0.9mx0.9m for the Fs at 0 > 15° and 0.5mx0.4m for those at 
0 < 15°. The different cell size results in a better position resolution for the hadrons 
emitted at small angles with respect to the beam axis where the flux of hadrons coming 
from the spectator system is greater. The light signals from the Fs are grouped into two 
equal samplings, each one 3.5 interaction lengths deep. The scintillator signal is read out 
in the same way as in the case of the Cs, although only one PM is used for each 
sampling.

Figure 21 shows a schematic of the two kinds of hadron calorimeter modules.

M R-GAP

RCN-GAP

38Q -5> «S

Figure 21 : The C and I  hadron calorimeter modules

The energy resolution of the combined electromagnetic and hadron calorimeters was 
measured to be

AE/E = 80%/E ( E is in Gev ).
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The cells of the hadron calorimeter were calibrated before installation in the experimental 
hall using beam muons and cosmic rays. Befo/e each run, the electronics chain was 
calibrated using a Ru106 radioactive source. During the run, the response of the PM 
gains was monitored using laser light from two nitrogen lasers. This was fed through 
optical fibres into the scintillator and compared to the signal obtained from reference 
scintillator sheets and PM's, which were also fed with laser light and were situated 
underneath the detector. Further details on the hadron calorimeter installation and 
monitoring can be found in [25].

2 .5  The Muon Chambers
The hadronic calorimeters are surrounded with an extra shielding of 60cm of iron. 

Outside the iron are located the muon chambers. They are large drift chambers consisting 
of 4 pairs of planes of tubes as shown in figure 22. There is a gap of 62cm between the 
two inner and the two outer pairs, enabling the reconstruction not only of the position 
but also the direction of charged tracks. In this way, the muon tracks can be extrapolated 
to the CD, where a momentum measurement is made. Although the position resolution 
of the muon chambers is ~ 300jim, the muon acceptance is relatively poor due to the 
limited solid angle coverage of the muon chambers. In the central region the coverage in 
azimuth is ~ 70%, while in the forward regions it is ~ 80%.

62C m m

Figure 22 : The M uon Chambers
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2 .6  The Forward Calorimeters
Additional calorimeters and proportional drift chambers cover the angular range 

0.2° < 9 < 5° ( figure 23 ).
The Forward Electromagnetic calorimeters are segmented radially into 8 cells, each 

cell consisting of alternating layers of 3 mm thick lead and 3 mm thick plastic scintillator 
sheets. The cells consist of 4 segments in depth, each segment being 7.5 radiation 
lenghts deep. BBQ wavelength shifter bars are also used to transmit the scintillator light 
to PM's. Behind the forward electromagnetic calorimeters, two magnets are located. 
They compensate for the effect of the UA1 dipole magnet on the proton and antiproton 
particle beams and are instrumented to act as hadronic calorimeters. They are segmented 
radially into 8 cells and consist of a 8mm thick scintillator and 40mm thick steel 
sandwich. The scintillator signals are grouped into 6 samplings in depth. In both the 
Forward and the Very Forward Electromagnetic Calorimeters a position detector exists, 
consisting of 4 proportional chambers. In both cases it is located between the first and 
the second sampling.

The angular region 0.2° < 9 < 0.5° is covered by the V ery  F o rw a rd  
Calorimeters, similar in construction to the Forward Calorimeters.

Figure 23 : The calorimeters in the forw ard region

2 .7  The Trigger
Efficient triggering is essential for the proper operation of the experiment. The pp 

interaction rate at a luminosity value of 1029 cm-2 sec-1 is ~5kHz. This has to be 
reduced by at least 3 orders of magnitude to less than 5Hz, this condition being imposed 
by the data transmission speed of the tape drives.
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The Pretrigger simply identifies a pp interaction imposing no requirements of the 
event topology. Sometimes it is also refered to as a m inim um  bias trigger, accepting 
more than 90% of the totti inelastic non-diffractive pp cross section. It uses an SPS 
signal to indicate the timing of the beam crossing and signals from hodoscopes located 
around the beam axis on both sides of the detector, requiring at least one hodoscope hit 
on any side of the detector strictly inside the beam crossing time window. Table 6 gives 
the positions of the pretrigger hodoscopes. The pretrigger hodoscopes are used to 
discriminate against beam-gas interactions, halo particles close to the beam line and 
cosmic rays. It is a neccessary requirement for any other trigger.

Name Distance from 
interaction point

Angular coverage 
in steradians

Bouchon 2.9 m 1.2 sr
SPS 6.2 m 0.015 sr
Calcom 6.3 m 0.042 sr
Very Forward 11.0 m 0.002 sr

Table 6 : The pretrigger hodoscopes

The Calorimeter Trigger Processor, serves to identify and select interesting events 
using the calorimeter signals. The 2440 calorimeter signals are grouped into 288 trigger 
channels and are digitised with 8-bit precision. The calorimeter trigger processor actually 
consists of two separate processors. The first one translates the calorimeter pulse height 
signals into energy, by subtracting pedestals and multiplying each number by a 
calibration constant. The second one weights the energy by sin0, 9 being the polar 
angle of the individual calorimeter module. In this way, the energy is transformed into 
transverse energy, which is often a more relevant quantity for trigger purposes. The 
various energies ( or transverse energies ) are then added together by the relevant 
processor and compared to given thn^.iolds. Each processor can accomodate up to 8 
different trigger configurations. Two examples especially relevant to our analysis are 
shown in figures 24 and 25 :

A total transverse energy trigger, accepting those events for which the scalar sum 
of the transverse energy of all the shaded calorimeter cells exceeds a previously defined 
threshold.

A je t  trigger requiring a localised energy deposition to exceed some threshold, the

47



sum being taken over 8 adjacent gondolas and the C-cells immediately behind them.
The Muon Trigger Processor serves to signal the presence of muons in the 'vents. 

It uses the muon chambers signal as well as the signal in the relevant C-cells whose 
signal must be comparable to a minimum ionizing particle signal. It rejects cases where 
the muon chamber signal is produced by cosmic rays, muons coming from k1 or K1 
decays and hadrons that have punched through the iron shielding.

Whether or not an event will be written on tape is decided by the F in a l L evel 
L ogic , which combines the decisions of all different processors and forms a trigger bit 
pattern for the event. This pattern is then compared with a list of previously set patterns, 
that describe the desired requirements for the events to be accepted.

In addition to the calorimeter and muon triggers, pion and cosmic rays triggers 
were also used for background calculations and calibration.

Figure 24 : The total transverse energy trigger

Figure 25 : The je t trigger

48



2.8 The Data Acquisition System and Data Processing Chain
The UA1 Data Acquisition System uses a NORD-lOO and a NORD-500 computer. 

The first one is used for the actual data acquisition and the second one for on-line 
monitoring of the UA1 apparatus complex. A set of 5 IBM 168 emulators are used to 
identify especially interesting events which are then written to a separate output stream.

The events written on tape pass through two processing stages off-line. The first 
one, a pre-processing stage, converts the data from raw digitizations (from the ADC's, 
TDC's, etc) to basic physical measurements (by performing pedestal subtraction, 
applying calibration constants, etc). The results are then written in a hierarchical dynamic 
data structure called HYDRA [26]. The second processing stage performs track and 
vertex finding in the CD, applies final calibration corrections and looks for correlations 
in the calorimeter signals. Examples of such correlations are jets and electrons.
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CHAPTER 3

DATA SELECTION

3.1 The Data sets
The data used in the present analysis was taken during 1984 and 1985 with the 

SppS collider running at Vs = 630 Gev. The instantaneous luminosity ranged from 
0.6 to 2.7 x 1029 cm-2 sec-1, with a bunch crossing every 7.6 microseconds ( 3 bunch 
operation).

In 1984, data corresponding to an integrated luminosity of 261 nb-1 were written 
on tape based on a pretrigger cross section of 37 mb, the pretrigger requiring an 
SppS-tight signal. The data relevant to this analysis are the so called high-2  E* data 
(Hi-Et), satisfying a hardware trigger based on the requirement of a scalar transverse 
energy ZlEtiCent > 80 Gev, where the sum runs over all calorimeter cells within the 
pseudorapidity interval lT|l < 1.5. After reconstruction a software filter was applied to 
these data, selecting events with X lEd^* > 100 Gev, in order to remove trigger biases. 
The total number of events satisfying this software filter requirement was 82376.

Out of the 1985 data, the minimum bias and the so called low and medium 
threshold jet data have been used. The minimum bias data were taken with only the 
pretrigger requirement just described. A total of 182482 events were written on tape. For 
the low threshold jet data, the hardware trigger required a jet in either the gondolas or the 
bouchons, ( covering the pseudorapidity interval IT] I < 3 ) with Ê  > 8 Gev. This trigger 
yielded a total of 263540 events corresponding to an integrated luminosity of 88 fib-1. 
For the medium threshold jet data, the hardware trigger required the jet to have Ê- > 15 
Gev. 138481 events were written on tape with this trigger, the total integrated luminosity 
being 570 jJLb”1.
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3.2 Non-physics backgrounds

3.2.1 Removing multiple collisions

Despite the fact that at instantaneous luminosity values typical of the SppS 
operation, say at L = 2.5 x 1029 cm-2 sec"1 with 3 bunch operation, the probability for 
an inelastic pp collision is only ~ 10 %, it is conceivable that some triggers are quite 
efficient in selecting events where more than one pp collision has occurred. Removing 
multiple collisions is particularly important in the context of a search for multiple parton 
scattering processes, where any residual multiple collisions in the single collision data 
sample could well fake multiple parton interactions.

In principle, double collisions are expected to have two primary vertices and twice 
the total energy (E^t) of a single pp collision. The standard way for removing multiple 
collisions in UA1 has been to reject all events with Et0t > 700 Gev and also those with a 
distinct second primary vertex, this being defined as a vertex having its x-coordinate 
within 45 cm of the origin and having at least 8 tracks associated with it. In the context 
of the analysis of the events with the highest scalar transverse energy, however, it was 
found that such a criterion not only accidentally removes single interactions, but also 
leaves a significant contamination of double interactions in the single interaction data 
sample.

A detailed study of the properties of the vertices found in the 1984 high-SE^ data 
sample, resulted in the formulation of a better criterion for the removal of double 
interactions. Using the new definition, all events having either E ^  > 650 Gev or a 
second primary vertex with at least 8 tracks fitted to it were rejected. The justification for 
such a definition is fully presented in Appendix B. Here, it is sufficient to quote the 
calculated losses and residual contaminations after the application of this selection : the 
number of multiple interactions remaining in the data sample after applying the new 
definition is less than 0.2% of the total number of events remaining, while the number of 
single interactions accidentally removed is equal to 0.8% of the of remaining events. It 
was also shown that these percentages are almost flat in HE  ̂ for events with 
ZEt > 100 Gev. Such small biases will be ignored from now on. For data samples 
taken with a higher trigger cross-section, the contamination from multiple collisions is 
expected to be even less. This is the case for the other 3 data samples which were used, 
namely minimum bias, and the low and medium threshold jet data.
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3.2.2 Energy reconstruction in the Gondolas

3.2.2.1 The Gondola-<j> problem

The central electromagnetic calorimeters of UA1 are well suited for detecting 
single high-pt particles. The energy reconstruction algorithm, however, can easily 
become confused when multiple hits occur in the same gondola.

Each of the gondola samplings is read out at all four comers and the position of 
the energy deposition is calculated to be the centre of gravity of the four pulse height 
readings after the attenuation properties of the scintillator have been taken into account If 
more than one hits occur in the same gondola, these will be reconstructed as one single 
energy deposition at some point between the individual hits. Such cases are known as 
gondola-< p  problems. If the two hits occur at opposite ends of the gondola, the 
reconstructed energy position will predominantly lie in the horizontal direction. Not only 
will the position be wrong, but so will the reconstructed energy : when the PM readings 
are corrected for the scintillator attenuation, the calculated energy deposition will be 
overestimated, since the attenuation correction for the scintillator is maximum in the 
horizontal. A schematic of a gondola-<j) problem is shown in figure 26. Gondola-<j) 
problems have to be dealt with in any analysis investigating event topologies.

Figure 26 : Schematic o f  a gondola-<p problem
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Th:' ucual way of eliminating events with severe gondola reconstruction problems is 
based on charged track information from the CD and the information on the longitudinal 
developement of the shower in the four gondola samplings.

Charged track validation can be used in two ways.: either by requiring the 
existence of charged tracks pointing to opposite ends of the gondola, away from the 
reconstructed energy deposition which has no tracks pointing to it, in which case the 
reconstructed gondola hit is more likely to be due to a gondola-cf) problem, i.e. negative 
validation, or by requiring the existence of charged tracks close to the gondola hit, i.e. 
positive validation. Both ways of treating the charged tracks suffer from CD 
inefficiencies in the horizontal direction : the absence of a track pointing to an energy 
deposition may be simply due to the fact that the particle escaped detection in the CD by 
passing through the horizontal gap.

The longitudinal development of the reconstructed shower can also be used to 
reject potential gondola-<j) problems : if two particles with different energies hit the same 
gondola, the longitudinal development of the two showers will not be the same, the 
shower maximum in each case occurring at a different depth. Combined with the

Figure 27 : Reconstructed <fi positions in the fo u r  gondola samplings fo r  a 
gondola -<p problem
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non-linear attenuation properties of the scintillator, thic will result in a different 
reconstructed <j> position for the energy deposited in each sampling. A schematic of such 
a case is :hown in figure 27.

The severity of the gondola reconstruction problems may well depend on the 
trigger conditions. In the context of the high-ZE^ data analysis, it was realised that the 
1984 high-ZE^ data suffered from gondola-<f) problems. An algorithm using both 
positive charged track validation and the shower longitudinal developement information 
was developed for removing "bad" events. This algorithm was applied to the 1984 
high-ZE^ data sample. Unfortunately, for the low and medium threshold jet data, the 
event information on the HDST tapes did not contain the energy deposition information 
for each separate gondola sampling and thus the algorithm could not be applied for these 
data sets.

It was realised however that even the application of such an algorithm would not 
completely eliminate all problems related to the energy reconstruction in the gondolas. In 
particular, any biases due to the trigger requirements would still remain. To illustrate this 
point, the transverse energy deposited in the gondolas as a function of the position in <j) 
of the reconstructed hit is plotted for minimum bias and high-ZE^ events which passed  
the above mentioned algorithm (figure 28). From symmetry considerations in the 
azimuthal plane, the average energy seen in the calorimeters is expected to be flat in (}> 
(■ baking intoaccoubf cf coiks> the holes in the detector). The minimum bias distribution is 
much flatter in <J>, as expected from events with no energy reconstruction problems (90° 
is "up" and 270“ is "down", where there exists a gap between opposite gondolas) and no 
trigger biases. The high-ZE^ distribution however, shows a more pronounced peak at 0° 
and 180°, suggesting that even after the removal of the most severe cases of gondola-<j) 
problems, there still exists an overall bias in favour of energy depositions reconstructed 
towards the horizontal. This can be attributed to trigger biases.

It is easy to understand how a ZE^ trigger can introduce such a bias by 
considering two events, for which the particles produced at the vertex carry the same 
total ZE*, the difference between them being that for one event the leading particles are 
emitted in the horizontal direction, while for the other they are emitted towards the 
vertical. For the second event, the particles either escaping detection through the vertical 
gaps or hitting the gondolas near the edge ( where the gondolas are inefficient) will, in 
general, carry a higuer ZE* than those in the first event. Therefore, the reconstructed 
ZEt for the second event will be less than that for the first. If the trigger ZE* threshold is 
high enough, the second event will not satisfy the trigger, while the first one will.

The possibility of developing an algorithm for removing gondola- 4> problems and 
at the same time, reducing any possible trigger biases of the kind mentioned above was 
investigated.
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Figure 28 : Transverse energy in the gondolas versus reconstructed <fi position

3.2.2.2 An algorithm for removing gondola-<j> problems

The algorithm, which as explained later was not implemented in the present 
analysis, relies exclusively on charged track validation and works in the following way :

For each event, the algorithm finds all gondola hits with reconstructed <\> positions 
within ±30° from the horizontal, since it is those that are most probably due to a 
gondola-<f) problem. If no such energy depositions are found, the event is considered as 
a "good” event. If such gondola hits do exist, then for each one of them, the <J)-angle 
separation between the energy deposition and the closest charged track that points to the 
same gondola is calculated. If no such track exists, that gondola hit is ignored, since 
such a case may be either due to CD inefficiencies or a result of a neutral particle 
crossing uie detector. For such a case, no definite statement can be mad With this 
procedure, for each potentially bad gondola hit in the event, we obtain a measure of the 
compatibility of the energy measurement with the CD information. The largest of these 
azimuthal angle separations in the event i.e. the worst case, is considered to be a 
measure of how good the event is.

The algorithm was tested using minimum bias and high-ZEt data. The A<J) 
distribution for minimum bias is plotted in figure 29, for high-ZE  ̂with no gondola-(j)
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A<p (degrees)
Figure 30  : A  (p distribution fo r  high-ZEf- with no gondola -<p problem s

Figure 31 : A (p distribution fo r  high-ZE^ with gondola -<p problem s
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problems (according to the algorithm mentioned in the previous section) in figure 30 and 
for high-ZEj- events identified by that algorithm to suffer from goHola-cj) problems in 
figure 31. Although the minimum bias distribution is markedly diffei *nt from the other 
two, the two high-ZE^ distributions do not show a clear separation, apart from the low 
A<j> tail. The reconstructed transverse energy in the gondolas as a function of the 
azimuthal angle position is shown for two A 4) ranges in the minimum bias data (figures 
32 and 33) and for high-ZE^ events (figures 34 and 35). It is evident that by applying a 
suitable Acj) cut, biases in favour of reconstructed energy depositions towards the 
horizontal direction can be reduced.

It was realised however, that such an approach would greatly reduce the size of 
the data samples used in the present analysis. For the case of medium threshold jet data, 
the percentage of events remaining after rejecting events with Ac)) > A4>cut as a function 
of Ac{>Cut is plotted in figure 36. It is evident that the application of this algorithm is 
worthwhile only if a very "clean" data sample, irrespective of statistics, is required. In 
the case of the present analysis, the final data samples are relatively small and therefore 
the application of such an algorithm is not justified.

It is conceivable however, that after further refinement and tuning, the algorithm 
can be successfully used in the future. For this analysis, an alternative approach was 
used in order to correct for the calorimeter reconstruction problems. This will be 
described in full detail in chapter 4.

3.2.3 Hot C-cells

In the context of previous analyses in UA1 (e.g. missing E* analysis), it was 
realised that the calibration of the Central Hadron Calorimeter had been set too high by 
22%. Detailed studies showed that part of the systematic shift (16%) could be accounted 
for by a change in the way the calibration constants were calculated [27], the remaining 
6% being attributed to faulty channels in the calorimeter.

Defects in either the light transmission sequence from the laser, used for 
calibration, to the hadron calorimeter cells (C-cells), or faults in the PM tube insulation 
resulted in setting the response of certain C-cells too low and thus the calibration 
constant for uiese were too high [28]. After event reconstruction, these cells appc . ed as 
having much more energy than expected (hot C-cells).

Each C-cell belongs to a group of 8 cells symmetrically placed around the centre of 
the detector (figure 37). From symmetry considerations in the azimuthal plane and in the 
forward and backwards directions, it is expected that all 8 cells in a group, should 
receive the same amount of energy when their signal is averaged over a statistically 
significant number of events.
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Figure 32 : Transverse energy in the gondolas vs reconstructed (p position fo r  
minimum bias w ith A  (p<30 °

Figure 33 : Transverse energy in the gondolas vs reconstructed (p position for
minimum bias with A  (p>90 °
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gure 34 : Transverse energy in the gondolas vs reconstructed <p position fo r  
high-Z E f with A (p< 30°

Figure 35 : Transverse energy in the gondolas vs reconstructed (p position for
high-ZEf with A(p>90 °
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Figure 36 : Percentage o f  medium threshold je t  data with A<p<A<pCUf- versus A<pcut

Hot C-cells can easily be identified after event reconstruction and in principle, 
corrected for, provided that the information from both PM tubes reading each sampling 
survive at the HDST tape level. Unfortunately, this was not the case for our data sets, 
where only the reconstructed energy for the whole cell was recorded on tape.

Figure 3 7 :  Symmetrically placed C-cells
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Nevertheless, using low and medium threshold jet data, it was possible to identify 
the more severe cas*s in the following way : for each group of 8 symmetrically placed 
cells (30 groups in all), the number of times each cell fired and the reconstructed energy 
deposition in it were found. For each group, the average and r.m.s. of each distribution 
were calculated. Any cell, that either fired or had energy more than 2.5 x r.m.s. above 
the average or less than 1.5 x r.m.s. below the average was considered to be a bad cell. 
All such cells were ignored, and the mean and r.m.s. were re-calculated using the 
remaining cells. This process was repeated until ail bad cells were identified. Lacking the 
information from the individual PM tubes for each sampling, it was not possible to 
correct each C-cell on an event-by-event basis. Instead, it was decided to discard all 
C-cells flagged as bad cells, in all the data sets. After that, for each event, all quantities 
depending on the Hadron Calorimeter energy depositions (e.g. total energy, transverse 
energy, jets, e.t.c.) were re-calculated. A final check was then made to ensure that the 
event still satisfied the trigger requirements. All bad C-cells identified by the above 
procedure are listed in table 7 ( a description of the numbering conventions for the 
calorimeters in UA1 can be found in [29]).

Logical cell numbers

13 72 89
108 129 132
175 176 219
220 224 225

Table 7 :  Problematic C-cells

3.2.4 Beam halo events

Beam halo interactions cosmic rays can induce showers in the detector that 
would accidentally fire the trigger. Such events would appear as having large missing 
transverse energy and thus do not constitute any significant background to this analysis. 
Indeed, a cut was imposed to the data, requiring the total missing transverse energy in 
the event, to be less than 7(7, (T being defined by (7= 0.7 VSE*, with being the total 
scalar transverse energy in the event. In addition, a cut was imposed on the x-position of 
the reconstructed primary vertex, requiring 1 xver êx I < 40 cm, thus guarding against
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events where a beam particle interacts with an upstream gas molecule inside the beam 
pipe producing a shower that would falsely trigger the detector.

3.3 The ZE* selection
As already mentioned at the end of chapter 1, the data events used in the present 

analysis were selected so as to cover the whole ZE* spectrum, the summation running 
over all calorimeter cells in the pseudorapidity range IT)I<1 ( ZE* q ^ ) ). Unfortunately, 
the UA1 collaboration has taken no data with a dedicated hardware ZE* q^ d trigger. It 
will be shown however, that it is possible to define a software "trigger'’ condition so as 
to obtain an unbiased data sample in ZE* q ^ )  using data taken with other trigger 
conditions. Each data set will be examined separately.

For the minimum bias data, the pretrigger condition required two hodoscope hits, 
one on each side of the detector, the hodoscopes situated behind the bouchons. It is 
evident that such a requirement does not introduce any bias as far as the energy 
depositions in the very central part of the calorimeter are concerned. The minimum bias 
trigger can effectively be considered as an unbiased ZE  ̂q̂ j) trigger (or for that matter, 
any other trigger) with the threshold being essentially zero. In order to avoid very low 
multiplicity events, however, only events with ZE^q^ q > 5 Gev were considered. The 
ZEt |) spectrum of the minimum bias data is shown in figure 38.
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Figure 38: EE^ j) spectrum fo r  minimum bias
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The high end of the ZE* q ^ ) spectrum was ''Jsn filled in a straightforward way using 
the 1984 high-ZE  ̂ data. In this case, after reconstruction, a software filter was applied 
requiring ZE* (^^1.5) ^ 100 Gev ( 20 Gev above the hardware trigger threshold). In 
order to obtain an unbiased sample based on a ZE* q̂ )  selection in the pseudorapidity 
range we are interested in, we had to require ZEt- q ^ ) > 100 Gev. Z E ^ j^ .5) versus 
ZEi- q^ 1) is shown in figure 39 and the ZÊ - q^ ]) spectrum in figure 40.
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Figure 39 : l E t L5) ' versus I E t j)fo r  h igh-E E t events

Having populated the low and high ends of the ZE* q̂ )  spectrum, the low and medium 
threshold jet data were used in order to fill the intermediate ZÊ . q ^ )  region with a 
statistically significant number of events. Here however, the situation was less 
straightforward.

The low threshold jet data were taken with a hardware trigger requiring at least one 
jet wiLi transverse energy (E*) above 8 Gev in the pseudorapidity range lT|l < 3. Using 
the minimum bias data, it was found that the trigger pattern of all events with 
ZEi-q^D > 25 Gev (1273 events) had the low threshold jet trigger bit ’on’, i.e. all these 
events would have satisfied the low threshold jet trigger. Moreover, 96% of these events 
had at least one reconstructed  jet with Ê- > 8 Gev. The jet multiplicity of these events is 
shown in figure 41, where only jets with E* > 8 Gev are considered. In figure 42, the 
fraction of minimum bias events having at least one reconstructed jets with Ê  above
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Figure 40 : ZE^ ̂  j) spectrum for high-ZEf events

N u m b e r  o f je ts
Figure 41 : Jet multiplicity for minimum bias with ZEj- (^j) >25 Gev
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Figure 42 : Fraction of minimum bias with at least one jet with E^>8 Gev 
as a function of Z E ;j

8 Gev as a function of ZE^ is plotted : all events with ZE^ > 30 Gev, not 
only would have satisfied the low threshold jet trigger requirement, but would also have 
a reconstructed jet above the trigger threshold. It has already been mentioned that the 
minimum bias trigger can effectively be considered as an unbiased ZEj- ;) trigger with 
zero, threshold. Since all the data taken with this trigger would also have satisfied the low 
threshold jet trigger, the argument can be reversed and can be claimed that all the events 
taken with the low threshold jet trigger can be considered as taken with a ZE* (ĵ ;) 
trigger provided that the event ZE^ is greater than 30 Gev. This is equivalent to 
saying that any event with ZE^ ^ above 30 Gev, is bound to have at least one jet with 
Ej- > 8 Gev. In pp collisions, jets are bound to appear as part of the event structure, 
provided the collision is hard enough. ZE* is simply a measure of the "hardness” 
of the event.

To be on the safe side, the low threshold jet data sample was selected by requiring 
ZEi- ]) > 40 Gev. The ZE^ \) spectrum for these events is shown in figure 43.

Similar considerations apply to the medium threshold jet data as well. Here 
however, in order to obtain the value of ZE* (j^) above which the medium threshold jet 
data sample can be considered as unbiased in ZE^ \), the low threshold jet data
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Figure 43 : ZEf /; spectrum for low threshold jets

instead of minimum bias events were used. The reason for this was simply the lack of 
enough statistics in the minimum bias sample. In this case, it was found that all low 
threshold jet data with ZE^ 1) ̂  46 Gev had the medium threshold jet trigger bit 'on'. 
The percentage of low threshold jet data having at least one reconstructed jet above 15 
Gev in Ê- is plotted in figure 44 : all the events with ZE^ (ĵ  ̂  > 50 Gev had at least one 
jet with reconstructed E* > 15 Gev. Using the same argument as before, it can be 
claimed that the medium threshold jet data can effectively be considered as an unbiased 
data sample subject to a ZE^ q^) selection, provided that ZE* > 50 Gev. The 
Z E ^ \ )  spectrum for these medium threshold events is shown in figure 45.

The results of the data selection are summarised in table 8. For each data sample, 
the number of events remaining after each step in the selection procedure is presented. 
Finally, in table 9, the number of events in the final data sample as a function of
2 E t(lnkOis Siven-
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Selection
step

Minimum
bias

Low
threshold

jets
Medium
threshold

jets
High-2 ^

initial sample 182482 263540 138481 82376

E tot> 650 Gev 701
(181781)

5520
(258020)

9752
(128729)

11910
(70466)

-rt no vertex 11822
(169958)

1575
(256445)

444
(128285)

2098
(68368)

I7!
g | 
S B lxvertex 1 >  0.45 m

3156
(166802)

1890
(254555)

755
(127530)

900
(67468)

w  CO
<u S> g  « £ 2nd vertex 6773

(160029)
35904

(218651)
22822

(104708)
433

(67035)

missing E t 98
(159931)

3
(218648)

93
(104615)

3408
(63627)

gondola (j) 2241
(61386)

HEj. selection 102231
(57700)

216579
(2069)

98318
(6297)

54641
(6745)

final sample 57700 2069 6297 6745

Table 8 : The selection steps
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Z E tChkO
range
(Gev)

Number of 
events

2 E tth.i)
range
(Gev)

Number of 
events

5-10 35475 120-130 923
1 0 -2 0 18895 130 - 140 527
20-30 2820 140 - 150 302
30-40 413 150 - 160 160
40-50 1786 160-170 95
50-60 5040 170-180 81
60-70 .1157 180-190 41
70-80 294 190 - 200 31
80-90 103 200 - 220 2 1

90-100 48 220 - 240 7
1 0 0 -1 1 0 3394 240 - 260 2

1 1 0 - 1 2 0 1725 260 - 280 1

Table 9: The final data sample

3.4 The ISAJET Monte Carlo event generator
The principal event generator used in this analysis was ISAJET [30] interfaced 

with the UA1 detector simulation and reconstruction programs. The L U N D  Monte Carlo 
has also been used and will be described in Chapter 5. The Monte Carlo program of 
Kunszt and Stirling [31], taking into account their four jet cross-section calculations was 
not used since, at the time of this analysis no interface with the UA1 reconstruction 
program was available and thus detector effects could not be properly accounted for.

ISAJET attempts to simulate several distinct types of physics processes occurring 
in high energy pp collisions, namely W/Z production, Drell-Yan, minimum bias, Q C D  
type and super symmetric processes. The Q C D  improved parton model is used through 
out (see chapter 1).

For the present analysis, two distinct classes of Monte Carlo samples were 
generated, namely minimum bias and Q C D  events.
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The Q C D  events in ISAJET are generated in a number of sequential steps as 
follows :

A  hard scatter is generated between two partons from the incoming 
proton-antiproton pair. All (2— >2) CKOg2) Q C D  sub-processes are incorporated in the 
hard scatter matrix elements. The three lighter quark masses are ignored, but the masses 
of charm and heavier quarks are included. There is a choice of different sets of structure 
functions and A qcd values, the default being solution 1 of Eichten, Hinchliffe, Lane and 
Quigg [7] and 0.2 Gev respectively.

After the hard scatter has been generated, Q C D  radiation is added to the incoming 
and outgoing partons. The Leading Log approximation of Fox and Wolfram [32] is used 
for the forward evolution, while the backwards evolution is done according to 
Sjostrand [33]. The forward evolution algorithm uses parton splitting functions to 
calculate the probability for a final state parton to radiate. The singularity for zero angle 
radiation is taken care of by introducing a Q 2 cut-off, which is by default set to 
(6 Gev)2. Increasing the cut-off value would result into lower jet multiplicities, while a 
low value would result into low multiplicities for high-E^ hadrons. The backwards 
evolution algorithm of Sjostrand uses the same set of parton splitting functions as the 
forward evolution algorithm. The probability for an incoming parton to radiate is 
calculated using the non-scaling structure functions. This method has the distinct 
advantage that the kinematics of the hard scatter can be fixed first according to the 
desired final state configurations and is therefore less CPU time intensive that other 
schemes.

After the evolution step, partons are fragmented into hadrons using the 
Independent Fragmentation model of Feynman and Field (see chapter 1). Baryon 
production is included in the model. The produced hadrons receive a random intrinsic 
transverse momentum (p̂ ) with respect to the parent parton, assuming a Gaussian 
distribution of p* with <Pt> = 0.35 Gev. The Petersson fragmentation function [9] is 
used for heavy quark fragmentation to allow for their masses. Energy and momentum 
conservation are imposed at the end of the fragmentation process by boosting all hadrons 
into the jet rest frame, rescaling*their 3-momenta and recalculating their energies.

Finally, the spectator system is added on top of the rest of the event. The cut 
pomeron model of Abramovskii, Kanchelli and Gribov U  '] is used. A  number of cut 
pomerons is chosen and the momentum of each beam is divided among the cut pomerons 
and a leading baryon generated from a flat distribution in x. Each cut pomeron is then 
hadronised in its own rest frame using a modified version of the Independent 
Fragmentation scheme, with parameters adjusted so as to fit the data. The overall energy 
and momentum of the spectator system is then adjusted so as to correspond to that left in 
the event after the hard scatter has taken place.

The minimum bias generator in ISAJET uses the above scheme to generate the
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spectator system which is then considered to be the whole event (i.e. no hard scatter is 
added to it).

All Monte Carlo event samples generated with ISAJET were passed through the 
standard UA1 detector simulation and reconstruction programs and applied to them the 
same technical cuts as for the data. More details on the generated Monte Carlo samples 
will be given in the following chapters.
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CHAPTER 4

EVENT SHAPE ANALYSIS

4.1 Global energy flow measures
During the last few years, hadronic final states in pp collisions have been, mostly, 

described in terms of Q C D  jets. The observation of 2 and 3 jet dominance constituted 
a crucial test of perturbative Q C D  calculations, under the, by now firmly established, 
assumption that high transverse energy jets are the experimental signature of hard 
collisions between two partons from the incoming hadrons.

However, one should realise that the identification of a jet is not always 
meaningful, the jet structure of an event being sensitive to the exact operational definition 
used for the jet. The choice of clustering algorithm, association cone size, initiator 
transverse energy threshold and minimum transverse energy for a particle to be 
associated with a jet affect the number of jets and their energies in an event. The 
sensitivity of the jet finding algorithm to these parameters increases with decreasing jet 
transverse energy. This is so because, for events with low transverse energies, the 
contribution from the spectator system becomes very important. In such a case, the 
origin of a jet is ambiguous: a jet may, indeed, come* from a hard collision between 
constituent partons or it may simply be due to a fluctuation of the underlying event. In 
addition, detector inefficiencies and imperfections may well produce a signal faking a jet. 
These problems will be addressed m  more detail later on.

An alternative way to examine hadronic final states is to look at global energy flow 
measures, thus becoming insensitive to any biases coming from the choice of the jet 
finding algorithm. Quantities of this kind have been successfully used in e+e“ 
experiments to determine event shapes and topologies [14]. Examples of such quantities 
are sphericity, aplanarity, thrust and the Fox-Wolfram moments.
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4.1 .1  S p h eric ity  and ap lan arity

In the center of mass frame, an event is described by the 3-momentum vectors 
Pi,..., Pfsf of the N  particles detected. If n is a 3-dimensional, arbitrary unit vector, one 
can define the components of the i-th particle momentum pj parallel (pj^ and 
transverse (pĵ ) to n :

P. = P, +P, (16)1 *11 *j_
where

p  ̂= ( p j. n ) n , Pi = Pi- ( P i. n ) n 
Sphericity S is then defined by [35] :

S = min S(n)n (17)

where

(18)

and the axis along n for which (17) is satisfied is called the sphericity axis.
Sphericity can also be defined in an alternative way, one which does not require an 

iterative procedure. The two definitions are entirely equivalent. In analogy to a moment 
of inertia tensor, one can form the normalised 3x3 tensor

(19)

where py. is the k-th component of the i-th particle momentum p; and the sum runs over 
the N  particles. Diagonalising TW will give normalised eigenvalues Xj, i=l,3 and unit 
eigenvectors ej, i=l,3, with :

(20)

and normalisation
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(21)
F=1

If the Xj's are ordered so that X^<A2 <X3, then X^ measures the flatness of the energy 
ellipsoid, X 2 is a measure of the width and X3 of the length. Sphericity can now be 
defined as i

s = i ( \ i  + \ 2 ) = l ( l - X 3 ) (22)
and the 63 eigenvector becomes the sphericity axis. Due to the normalisation condition 
(2 1 ) imposed on the eigenvalues, there is only one other linearly independent 
combination. Aplanarity A  can then be defined by :

A - | X j  (23)

Intuitively, one can understand the physical significance of sphericity and 
aplanarity in the following way : for each event, the quantity l/VS(n) describes an 
ellipsoid (figure 46), the "event energy" ellipsoid. The axis n satisfying (17) is the axis 
of the largest extension of the ellipsoid, and then the X3 eigenvalue is a measure of the 
length of this axis. Sphericity is proportional to I-X3 and thus, the more the ellipsoid 
differs from a sphere, the less the sphericity of the event. In such a case, the event can be 
described as "jetty", i.e. an event where the energy is carried in a well defined direction. 
On the other hand, large values of sphericity correspond to smaller lengths for the

z z

y

Figure 46 : Momentum vectors and the sphericity ellipsoid for an event [36]
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ellipsoid principal axis, the event uien being more spherical or isotropic.
In an analogous way, aplarprity can be considered as a measure of the event shape 

in the plane transverse to the sphericity axis. This plane is spanned by the and ̂ 2 

eigenvectors. The cross section of the event energy ellipsoid with this plane is an ellipse 
and aplangrity is a measure of the minor axis of the ellipse. A  small minor axis (small 
aplanarity ) will correspond, to a "jetty" event in that plane, i.e. a planar event. 
Conversely, an isotropic event in the ej, 02 plane will have large aplanarity.

In this analysis, only the central part of the UA1 calorimeters have been used, 
corresponding to the pseudorapidity range of - 1 < T) < 1 and the names sphericity and 
aplanarity will refer to this specific angular coverage. In some sense, a more realistic 
name for sphericity for instance, could have been cylindricity but, for simplicity's sake, 
it was decided to keep the standard names.

4.1.2 Thrust

Thrust T is another shape parameter that has been successfully used in the past to 
describe event shapes [37, 38]. It is defined as

T = max T(n) (24)
n

with
N

Tfn) = — ----------. ^  6 (p (. n ) . (j>r n ) (25)

I ' P , Ii=l
where pj is the momentum of the i-th particle, the sum in i runs over all the particles in 
the event and 9 is the usual step function :

rl, x>0 

6(x)= 1

 ̂0, x<0.
There is no alternative way to calculate thrust as is the case for sphericity and aplanarity. 
Thus, an iterative method has to be used, where n is varied in order to maximise T(n). 
The resulting value is the thrust value of the event. The axis for which (24) is 
satisfied, is the thrust axis of the event, i.e. the direction along which the projected 
energy flow is maximum. In order to define the thrust coordinate frame, the momentum 
vectors of all the particles are projected onto a plane perpendicular to nj. A  further 
maximisation on this plane determines a unit vector n2 , thus defining the major axis on 
this plane. The minor axis is defined by n3=n 1x112.
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4 .1 .3  F o x-W olfra m  m om ents

All three variables mentioned above involve in one way or another some 
minimisation procedure and are meant to describe the preferred emission direction of the 
particles in the final state. Since there is no natural axis in pp collisions, such variables

fake jet structure to emerge, one that will not reflect the actual physical situation, but 
rather an artefact of the minimisation. On the other hand, it is conceivable to use a set of 
variables which are independent of the coordinate system in which they are calculated. 
Such a set was proposed by Fox and Wolfram [39] and from now on, they will be 
referred to, as the Fox-Wolfram moments Hi.

They are defined as

where (Q ) are the usual spherical harmonics, pj the momentum of the i-th particle,
Et0t the total energy in the event and the sum in i runs over all the particles in the event 

Alternatively, can be defined as the normalised bilinear product of the particle 
momenta weighted by a Legendre polynomial as follows:

with P̂ (coscj)) the usual Legendre polynomials and <j)jj the angle between the momentum 
vectors of the i-th and j-th particle. Both sums in i and j run over all the particles in the 
event. Definitions (26) and (27) are entirely equivalent.

When the first definition is used, a particular set of axes must be chosen to 
evaluate the angles Q of the momenta of the particles in the final states, but the values of 
Hi will be independent of the specific choice. It turns out that the second expression (27) 
is easier to calculate and so it is the one which has been used.

Hi form a complete set of rotationally invariant shape variables. Energy and 
momentum conservation requires that H q = 1. For a completely spherical configuration, 
all moments Hi with 1>2 are zero. A  two jet configiiration with collinear and collimated 
jets will have Hi=l for even Land Hi=0 for odd L A  fully symmetric three jet 
configuration will have H 2=l/4 and H 3=5/8.

Further details on the Fox-Wolff am moments and their mathematical properties 
can be found in [40].

will tend to select axes reflecting the jet structure of the event. It is then possible for a

(26)

tot
(27)
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4.2 Delector effects
In UA1, topological variables can be calculated using either calorimeter energy 

deposits or C D  tracks.
For the calorimeter case, an energy vector is defined for each calorimeter cell 

above zero, pointing from the interaction vertex to the reconstructed hit, its magnitude 
being equal to the reconstructed energy deposition in that cell. All momentum vectors in 
the expressions used to calculate the shape variables mentioned above, are then 
substituted by these energy vectors. Multiple hits occuring in the same cell, will be 
reconstructed as one single hit and thus the shape variables calculations will be affected 
by the granularity of the calorimeter. In order to remove badly measured calorimeter 
cells, only those with transverse energy above 0.5 Gev were considered.

For the C D  case, a similar cut was imposed on charged tracks, where the 
transverse momentum of the track was required to be above 0.1 Gev.

The sensitivity of the sphericity calculations to these threshold values was 
investigated and it was found that sphericity is virtually insensitive even to 100%  
variations of the threshold values for events with ZE^ q^) > 40 Gev (the mean 
systematic shift being less than 4% in the most extreme case). For HE* q^) < 15 Gev, 
the sphericity calculations showed systematic shifts up to 30% for 100% variations in 
E^hr case °f the calorimeter sphericity. Figures 47-48 show the evolution of the 
average value of the ratio

S(0.5) - S(Etthr)
SC05)

as a function of E^ f°r events with ZE* (j^) < 15 Gev and ZE* q^i) > 40 Gev 
respectively, with S(x) the sphericity calculated using only those calorimeter cells with 
transverse energy above x. The dependence of the average value of 

S(0.1)-S(ptthr)
S(0.1)

on pt thr is plotted in figures 49-50 for the same two ZE* j) ranges as before, where 
S(x) is now the sphericity calculated using C D  tracks with transverse momentum greater 
than x.

The sensitivity of these calculations to the threshold values reflects the mean 
multiplicity and average transverse energy carried by the produced particles. At low 
transverse energies the mean multiplicity is low and the average energy carried by each 
particle is comparable to these threshold values. The average number of calorimeter hits 
per event as a function of their transverse energy is plotted in figures 51 and 52 for 
events with ZE* q^) < 15 Gev and ZE* q^) > 40 Gev respectively, and the average 
number of C D  tracks as a function of the transverse momentum for the same ZE^ q̂ d
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Etthr (G ev)

Figure 47 : Average value of(S(OJ)-S(Ef ̂ r))!S(05) as a function of Ef- ̂ r 
for events with Z E <15 Gev

0. 0 .2  0 .4  0 .6  0 .8

Etthr (Gev)
Figure 48 : Average value of (S(0.5)-S(E^ ^ r ))/S(05) as a function of Ef ^ r

for events with ZEf /; > 40 Gev
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Figure 49 : Average value of (S(0.1 fSfpt ̂ r))/S(0.1) as a function of ^r 
for events with ZEf (^j) < 15 Gev

Figure 50 : Average value of (S(0.1 )-S(pf ̂ r))/S(OJ) as a function of p̂  
for events with ZE{ j) > 40 Gev
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Figure 51: Average number of calorimeter hits per event as a function of Ej- cen 
for events with ZEj- j) < 15 Gev

Etê i (Gev)
Figure 52 : Average number of calorimeter hits per event as a function of Ej- ceu

for events with ZEj- /; > 40 Gev
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Pt track (Gev)
Figure 53 : Average number of CD tracks per event as a function of pt traok 

for events with ZEf /; < 15 Gev

• ■ P t track (Gev)
Figure 54 : Average number of CD tracks per event as a function of p t track

for events with ZEt (j^ /; > 40 Gev
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ranges in figures 53 and 54.
Unfortunately, neither the sphericity calculated using the calorimeter information, 

nor that using CD  tracks is free of problems. In the Central Detector we can only see 
charged particles. Since TT°'s and y's do not leave tracks in the CD, a significant 
fraction of the energy of the event is not detected. Moreover, the Central Detector 
efficiency for charged particle tracking close to the horizontal is low since the tracks are 
then parallel to the wires. In addition, the gap between the two semi-cylinders allows 
particles to escape without detection. On the other hand, the Central Detector offers 
excellent track resolution in the vertical direction, and very good momentum 
measurement especially for low momentum tracks.

The calorimeters can detect both charged and neutral particles and so offer more 
complete event information than the Central Detector does. The electromagnetic

CD sphericity
Figure 55 : Calorimeter sphericity versus CD sphericity
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calorimeters however, suffer from two severe problems: bad <j> “̂ construction especially 
for low en rgy particles and inefficiency for measurements in the vertical direction. In 
this sense th< y offer complementary measurements to those made in the Central Detector.

The fact that both the calorimeter and the central detector, each suffer from 
different kinds of problems can be easily seen in figure 55. Using a sub-sample of the 
medium threshold jet data, the sphericity calculated using calorimeter energy deposits is 
plotted versus the Central Detector sphericity. There is only a weak, if any, correlation 
between the two quantities. This suggests that either one or the other of these, or

1. ----------1----------1----------1----------1

calorimeter sphericity

Figure 56 : True (generated) sphericity versus calorimeter sphericity
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possibly both may not reflect the "true" sphericity of the event.
In order to resolve this problem a Monte Carlo generated d» ta sample was used. 

The events were generated with ISAJET and passed through complete detector 
simulation and reconstruction. The "true" (generated) sphericity of each event was 
calculated using the particle momenta at the Monte Carlo generation level, i.e. before 
detector simulation and compared to the sphericity calculated using calorimeter signals 
(figure 56). Although there is an evident correlation between them, there are two 
interesting points to note : low values of true sphericity tend to correspond to larger 
values for the calorimeter sphericity. The opposite holds true for events with large value 
of sphericity at the generation level, for which the calculated sphericity after 
reconstruction is systematically lower. The two effects become more evident in 
figures 57a-f, where the difference between true sphericity and calorimeter sphericity is 
plotted for bands of different true sphericities. A  compilation of these figures is shown in 
figures 58 and 59, where the mean systematic shift and the standard deviation assuming 
a gaussian profile are plotted respectively as a function of true sphericity.

The shift at low values of true sphericity can be attributed mainly to losses through 
the cracks of the UA1 detector: For a "jetty" event, most of the energy is carried by 
particles emitted in a well defined direction. Any losses, will tend to produce more 
isotropic events.

For events with a high value of sphericity, i.e. isotropic events, the energy is 
carried by more low energy particles. The finite granularity of the calorimeter will tend to 
bias the sphericity calculation towards lower values, especially so for high multiplicity 
events. Possible bad reconstruction of the azimuthal position for the low energy particles 
will introduce further errors.

In order to correct for these detector effects and since the calorimeters are most 
efficient in the direction where the C D  is not and vice versa, the calorimeter signals were 
combined with the Central Detector information in a single expression to form an 
energy/momentum tensor :

where the sum in i runs over all calorimeter cells, E ^  is the k-th component ot the i-th 
calorimeter cell energy vector Ej, the sum in j runs over the central detector tracks, pĵ  is 
the k-th component of the j-th particle momentum vector pj and both sums in i and j are 
taken over Ej's and pj's in the pseudorapidity interval IT) I < 1. Finally, F is a relative 
weighting factor between calorimeter hits and CD tracks.

For an ideal detector, F would simply be a measure of the ratio of the energy seen 
in the calorimeters over the momentum measured in the CD. Figure 60 shows the

M N
(28)

i=lir£l j=l
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x-axis : (true-calorimeter) sphericity

Figure 57a-f: (true-calorimeter) sphericity for different values of true sphericity 
a : all events; b : 0<true sphericity<02; c : 02<true sphericity<0.4; 
d : 0.4<true sphericity<0.6; e : 0.6<true sphericity<0.8; 
f ; 0.8<true sphericity<l.
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Figure 59 : Standard deviation of (true-caforLwdet) sphericity 
as a function of true sphericity
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Figure 60 : Distribution of the ratio of scalar transverse energy in the calorimeters 

to the scalariransverse momentum in the CD

distribution of the ratio of the scalar transverse energy in the calorimeters over the scalar 
transverse momentum in the CD, both quantities being calculated in the pseudorapidity 
interval IT|I<1. The data are a sub-sample of the medium threshold jet data. The mean of 
the distribution is 1.9, suggesting a value for F~2. The distribution is fairly wide due to 
event-to-event fluctuations of the particle losses through cracks either in the calorimeters 
or in the Central Detector.

•F can be used as a correction factor for possible bad energy measurements in the 
calorimeters, by choosing an appropriate value for it so as to minimise the difference 
between the true and the measured sphericity in an event. It was found that in order to 
get the smallest possible systematic shift and standard deviation in the sphericity 
calculation, F had to be 3. Figure 61 shows the true sphericity of the Monte Carlo 
events versus the combined sphericity using F=3 in equation (28). The overall picture 
shows much better correlation between the two quantities than that shown previously in 
figure 56. Figures 62a-f show the systematic shift as a fraction of ’’true” sphericity, for 
different sphericity values. The mean systematic shift and the standard deviation as a 
function of "true" sphericity are shown in figures 63 and 64 respectively. Finally, the
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Figure 61 : True sphericity versus combined sphericity
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x-axis : (true-combined) sphericity

Figure 62a-f: (true-combined) sphericity for different values of true sphericity 
a : all events; b : 0<true sphericity<02; c : 02<true sphericity<0.4; 
d : 0.4<true sphericity<0.6; e : 0.6<true sphericity<0.8; 
f : 0.8<true sphericity<1.
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Figure 63 : Average value of (true-combined) sphericity as a function of true sphericity
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Figure 64 : Standard deviation of (true-combined) sphericity 
as a function of true sphericity
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Figure 65 : Average value of (true-combined) sphericity as a function of true sphericity 
for different values ofF.

choice of F=3 is justified in figure 65, where the mean systematic shift as a function of 
true sphericity is plotted for different values of F. For F>4, the mean systematic shift 
remains practically constant.

Although only results for the sphericity calculation have been shown, all shape 
variables suffer from the same problems when calculated using calorimeter hits only. In 
everything that follows the shape variables have been calculated using the combined 
calorimeter and Central Detector information in an entirely analogous way as in the 
sphericity calculation.

4.3 The Monte Carlo simulation event samples
Monte Carlo Q C D  events were generated using ISAJET, with the activity of the 

spectator system tuned so as to reproduce the energy flow outside the jet cone [19]. In 
order to save on CPU time, 3 Monte Carlo generations with different p* ranges for the 
hard scatter were performed:
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In the first generation, the p* hard range was 8-100 Gev. At the generation level, a 
ZEj- i) threshold at 36 Gev was imposed. 306k events were generated, out of which 
12939 passed the Zr^ threshold. Using the total integrated cross-section as given 
by ISAJET with no k-factor correction, namely 283fJLb, this generation corresponded to 
a total integrated luminosity of l.lnb^. All 12939 events were passed through the UA1 
detector simulation and reconstruction programs and a further threshold at 40 Gev was 
imposed on the reconstructed ZE^ q^) . In addition, the events had to pass the same 
quality cuts as those used for the data, as far as total energy, number of vertices, missing 
energy, e.t.c. were concerned (see Chapter 3). 3729 out of the 12939 events satisfied all 
the selection criteria.

The reconstructed ZE^ q^ \) spectrum is shown in figure 66 and the pt spectrum 
of the hard scatter in figure 67. The sharp cutoff at 8 Gev suggests that events with 
Pt hard < 8 Gev could have passed the ZE* q^q threshold of 36 Gev imposed at the 
generation level.
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1

Figure 66 : Reconstructed ^  y spectrum for the first QCD Monte Carlo
event generation.
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Figure 67: Distribution ofpt hardfor ̂  first QCD Monte Carlo event generation.

In order to estimate the numbc± of events lost through the minimum cutoff, a 
further generation with p* hard = 4-8 Gev was made. 800k events were generated, 
corresponding to a total integrated luminosity of 0.24 nfcf1. Out of these, 240 passed the 
ZE* (|r̂ i) >36 Gev threshold. The ZÊ - u spectrum is shown in figure 68. None of 
these events had ZE* q^i) > 40 Gev. Normalising to a total luminosity of 1.1 nb-1, the 
total number of events lost due to the p* hard cutoff at 8 Gev was estimated to be 
1063 ± 20 events at the generation level. Out of these, it is expected that
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Figure 68 : Generated ZEj- specturmfor events generated with 4<pi; ̂ $ < 8  Gev

. ( 1063 ± 68 ) = 362 ± 20 events

would have passed the ZE^ q^ i) > 40 Gev threshold after detector simulation and 
reconstruction. Although this represents a 10% loss with respect to our total data sample, 
the lost events would not have populated the ZE* q^) spectrum uniformly. Using the 
3729 events that satisfied all the selection criteria after detector simulation and 
reconstruction, the ZE^ q^) at the generation level as a function of reconstructed 
ZEtq^ i) is plotted in figures 69-71 for 3 different reconstructed ZE*  ̂ranges. Out 
of the 3729 events, 351 had generated ZE* q^i) > 40 Gev. Of those, 349 ( 99.5% ) 
had reconstructed ZE* q^) between 40 and 50 Gev and the 2 remaining events 
( 0.5% ) had reconstructed Z E t (j^) between 50 and 60 Gev. It is therefore 
reasonable to assume that the 362 ± 20 events would have populated the 
40 < ZE^j^i^) < 50 Gev range after detector simulation and reconstruction, 
corresponding to a total loss of 14% with respect to the Monte Carlo event sample in that 
ZEt qn^) range. The losses above 50 Gev are less than 0.2% and thus negligible. The 
Monte Carlo sample for ZE^q^) > 50 Gev is totally unbiased as far as the ZEt q^ d 
selection is concerned.

For the second generation, the pt range for the hard scatter was 14-100 Gev. After 
generation, a ZE* q^) threshold at 63 Gev was imposed. 578246 events were generated 
in total, corresponding to an integrated luminosity of 21.9 nb-1, the total cross-section

94



N
u

m
b

e
r 

of
 e

ve
n

ts
 

N
u

m
b

e
r 

o
f 

e
ve

n
ts

Figure 69 : Spectrum of generated ZEf ̂  y for events with reconstructed 
ZEf (jqfe /; between 40 and 50 Gev.

Figure 70 : Spectrum of generated ZEf p for events with reconstructed 
ZEf j) between 50 and 60 Gev.

Figure 71 : Spectrum of generated ZEf (̂ j) for events with reconstructed 
ZEf- i) between 60 and 70 Gev.
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being 26.37 [Jib. Out of these, 10950 passed the 63 Gev threshold. These were passed 
through complete detector simulation and reconstruction, after which, a ZE* q ^ )  
threshold at 70 Gev was applied. As before, all events had to pass the same technical 
cuts as before. 2530 events passed all the cuts. The reconstructed ZE* q^  ̂ spectrum for 
these events is shown in figure 72 and the p̂  hard distribution in figure 73. It is evident 
that in this case no bias from our choice o f the p̂  hard range on the final sample is 
present.
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F igure 72 : R econstructed  ZEf ̂  j) spectrum  fo r  the second Q CD  M onte Carlo  

event generation.

Finally, for the third generation the p* hard range was 40 to 100 Gev and the 
threshold applied at the generation level was 130 Gev. 9310 events were 

generated, corresponding to an integrated luminocity of 87 nb“ 1 (the total jet 
cross-section being 107 nb). All events passed through detector simulation and 
reconstruction, after which an additional threshold on the reconstructed SE* was 
applied at 140 Gev. 474 events survived this selection. Their ZE* q ^ )  spectrum is
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shown in figure 74 and the pthard distribution in figure 75. Again no bia:, or. (hk 0  
from the choice for th' pthard range exists.

F igure 73 : D istribution  o f p t hardfo r  the second QCD M onte C arlo event generation .
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F igure 74 : R econstructed ZFtflqk I) spectrum  fo r  the third Q C D  M onte Carlo 

even t generation.

From now on,these three event samples will be referred to, as the Single Parton 
Scattering (SPS) samples, to emphasize the fact that they correspond to the predictions 
of a specific model (ISAJET) which attempts to reproduce the features of QCD and 
should not be considered as predictions of the complete theory.

Finally, the minimum bias event generator of ISAJET has been used to generate 
LPS-like events. Two generations were performed : for the first on^30000 events were 
generated with no ZE  ̂ threshold applied at the generation level. After detector 
simulation and reconstruction, only those events with reconstructed ZE  ̂ (^ ^ > 5 Gev 
were kept. In addition, the events had to satisfy all the requirements of the selection 
procedure as defined previously. 4327 events constituted the final data sample. Their 
ZEt spectrum is shown in figure 76. For the second generation, the lower limit of 
the range for the number of cut pomerons was increased from 1 to 1 0 , in order to get 
events with more activity in the transverse plane. At the generation level, a ZÊ  p
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F igure 75 : D istribution ofpj- hardfor ^  Q CD  M onte C arlo event generation.

threshold at 36 Gev was applied. 5326 events out of the 800000 generated events passed 
this threshold. After detector simulation and reconstruction, a reconstructed 2E* 
threshold at 40 Gev was applied. 1924 events satisfied this requirement. Their ZÊ - q 
spectrum is shown in figure 77. From now on, these two samples will be collectively 
referred to as the LPS samples.
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F igure 76 : R econstructed ZEf- spectrum  fo r  the f ir s t  LPS generation
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Figure 77 ; Reconstructed ZE  ̂^  /; spectrum for the second LPS generation

4 .4  Event shapes for the data and the Monte Carlo predictions

Results on the comparisons between the data and the Monte Carlo generated 
events using the above mentioned shape variables will be presented in this section.

The evolution of sphericity (S), aplanarity (A), thrust complement (1-T) and the 
two Fox-Wolfram moments H2  and H3  as a function of Z E t q^j) are shown in 
figures 78 to 82 respectively, with minimum bias, low and medium threshold jet trigger 
and high-ZEj- data shown together. The error bars correspond to one standard deviation 
statistical errors around the mean. The predictions of perturbative QCD and LPS 
calculations are superimposed on the data points.

At low values of ZEt q ^ )  all three variables start with large mean values, 
characteristic of isotropic events, i.e. events with almost spherical particle configurations 
in the final state. The small initial rise can be understood in the following way : at very 
low valu** of ZE  ̂w  |), the shape variables reflect the fact that the transver energy is 
carried by few particles. Very low multiplicity events may, in effect appear to have a 
"jetty" structure. In this ZEt q ^ )  region, all shape variable calculations become 
sensitive to sideways activity associated with the spectator system (beam jets). In this 
context, the initial rise reflects nothing more than the event average multiplicity 
dependence on ZE^-q^i). The initial rise (fall for H2  and H3 ) continues until a peak 
value is reached at about 40 Gev in ZE  ̂q^i)- The average values start to fall

100



1.

X E i(it? < 1) (G ev)
Figure 78 : Evolution of the average value of sphericity as a function of ZEf
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Figure 79 : Evolution of the average value of aplanarity as a function of IEt /;
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Figure 80 : Evolution of the average value of thrust complement 
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Figure 81 : Evolution of the average value ofH2 as a function of ZEt
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Figure 82 : Evolution of the average value of as a function of ZEf j)

monotonically in the range 40 < ZE  ̂ q^j) < 100 Gev, while for ZE  ̂ q ^ )  > 100 Gev 
there is little energy dependence, all five quantities attaining values characteristic of 
"jetty" events, i.e. events where the final state is dominated by two collimated jets.

Sphericity versus aplanarity is plotted in figures 83 and 84 for events with 
i) <15 Gev and ZE  ̂q^ i) >140 Gev. It is evident that in the latter case, even in 

the tail of the sphericity distribution the events appear to be planar, in contrast with the 
behaviour of the low ZE^ events.

Such a behaviour suggests the existence of two diffent regimes:
A soft regime at low values of ZE  ̂ q^i)* where the final state is dominated by 

isotropic events, with the transverse energy shared more or less democratically among 
the produced particles. These are, presumably, soft collisions, occurring mainly via soft 
multi-gluon exchange.

A hard regime at high values of ZE^ (|r î)> dominated by two jet final states 
suggesting that this region corresponds to hard collisions between the partons of the 
proton and the antiproton.

Perturbative QCD calculations agree very well with the data in the hard collision 
regime, namely at ZÊ - q ^ )  >100 Gev. They start to deviate though at smaller transverse 
energies, their difference from the experimentally observed values increasing with

103



s
Figure 83 : Aplanarity versus sphericity for events with ZEj- < 15 Gev.

S
Figure 84 : Aplanarity versus sphericity for events with ZEf- ^  ̂  >140 Gev.
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decreasing ZE* (|n($ 1)- 0 °  the other side of the ZE* q̂ )  spectrum, the LPS model 
predictions agree fairly well with the data at very low values of ZE* q but again fail 
to reproduce the observed average values above ~ 20 Gev.

The transition region between soft and hard regimes evident in the data is not 
reproduced by either SPS or LPS.

The normalised differential cross section distributions for S, A, (1-T), IT? and H3  
for 3 different ZE* j) regions are shown in figures 85a-c - 89a-c respectively. In both 
the soft and the hard regimes, the agreement between LPS and SPS respectively and the 
data is good. Both Monte Carlo predictions tend to reproduce fairly well not only the 
average values, but also the shapes of the distributions.

In the transition region however, both predictions fail to describe the observed 
normalised distributions. Not only that, but neither does any linear combination of these 
in the spirit of a two component model. To illustrate this last point, it was attempted to fit 
the normalised sphericity distribution ( figure 85b) using the form 

a  . SPS + (1 - a) . LPS
with a the only free parameter of the fit, SPS and LPS being the corresponding 
normalised distributions. The result is shown in figure 90. It is far from describing the 
data. I conclude that the dynamical origin of the transition region must be of some 
different nature, having a different ZEj- dependence.
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Figure 85a

Figure 85b

Figure 85c

F igures 85a-c : Sphericity norm alised distributions fo r  different Z E t ^  j) in tervals:

a ) Z E t (fnfci)<  15 G ev; b) 50  G ev < I F ,  ^  y < 70 G ev; c) Z E t q > 140  G ev
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F igures 86a-c : A planarity norm alised distributions fo r  different ZE^ j) intervals:

a ) Z E t (fafe jj < 15 G ev; b) 50  G ev <  Z E t ;; < 70 G ev; c) Z E t ;; > 140 G ev
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Figure 87c

F ig u res  8 7 a -c  : T hrust com plem ent n o rm a lised  d istr ibu tion s f o r  d ifferen t ZEj- y
intervals: a) ZEj- < 15 G ev; b) 5 0  G ev <  ZEj- ^  /; < 70 G ev;

c) l E t (M ,) > 140 G ev
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Figure 88c

F igures 88a-c : H2  norm alised distributions fo r  different Z E t /; intervals:

a) Z E t < 15 G ev; b) 5 0  G ev < Z E t /; < 70 G ev; c) Z E t q > 140 G ev
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Figure 89a

Figure 89b

Figure 89c

F igures 89a-c : / / j  norm alised distributions f o r  different ZEj- ^  ̂  intervals:

a ) Z E t < 15 G ev; b) 5 0  G ev <  Z E t /; < 70 G ev; c) Z E t y  > 140  G ev
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Figure 90 : Fit on sphericity mormalised distribution for events with 

50 Gev < ZEf ^  j) < 70 Gev
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CHAPTER 5

MULTIPLE PARTON SCATTERING 
PROCESSES

5.1 Double Parton Scattering

In the spirit of the discussion in chapter 1, it was attempted to account for the 
behaviour of the data in the transition region, by considering Multiple Parton Scattering 
processes. In this section Double Parton Scattering (DPS) will be discussed.

5.1.1 The perturbative calculation

In terms of a perturbative calculation, DPS occurs via diagrams like the one shown 
in figure 91, with two hard scatters occurring between partons of the proton and the 
antiproton. On a first approximation, these hard scatters are disconnected from each 
other, each one being described by the formalism used in the usual single parton 
scattering calculations in perturbative QCD.

The explicit expression for the differential cross-section for DPS processes has 
been calculated in [41]. It can effectively be written as :

where the sums in i and j are taken over all individual 2—>2 QCD processes with 
cross-sections 0] and CTj respectively, p^ and p^ 2  being the transverse momenta of the 
two hard scatters. Functions G are the parton double fractional momentum distributions

that the protons and antiprotons are considered as classical bunches of partons . More 
details on the formalism used to describe DPS processes and their possible experimental

da. da.__L__ 1 (29)

and R is a hadronic scale dimension. The factor of 2 is introduced to account for the fact
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signatures can be found in [42].

Figure 91: Double Parton Scattering

Such a scheme has been implemented in IS AJET : for each event two independent 
hard scatters were generated, each one of them being treated in the same way as in the 
usual QCD-type events. Assuming that partons 1 and 3 come from the proton and 
partons 2 and 4 from the antiproton, the following conditions had to be satisfied :

x 1 + x3  < 1 
and X2  + X4  < 1 .

Momentum and energy conservation was imposed after the addition of the underlying 
event.

Before discussing the limitations of such a model, I would like to explain why 
processes like DPS are expected to help resolve the observed discrepancy : in practical 
terms, the failure of perturbative QCD to account for the observed shape variables 
distributions in the transition region can be expressed by saying that the SPS Monte 
Carlo events appear to be more "jetty" than the data. DPS processes on the other hand, 
will have two pairs of parton jets, pairwise balanced at the generation level, which will 
therefore tend to populate the available phase space in a more uniform way than in the 
case of single parton scattering events. Thus, DPS events are expected to be more 
isotropic than the usual QCD events.
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5.1.2 Theoretical uncertainties and limitations of the DPS model

5.1.2.1 Structure Functions

As mentioned above, G(x^,X3 ) and G(x2 »X4 ) are the double parton structure 
functions of the proton and antiproton. In principle, these can be calculated using the 
Kuti-Weisskopf model [43], in which the probability of any arbitrary multiple parton 
configuration can be calculated. For this DPS generation, a simpler approach was 
adopted, namely to parametrise G(X|,X3 ) as :

G(xr x3) = G(x:) . G(x3) . 0 ( l-x 1-x3) (30)
with G(x|) the usual structure functions of the proton. Although such a parametrisation 
seems to be a reasonable choice at first sight, it is only a guess, since no experimental 
measurement on G(Xj,X3 ) has ever been made. Future experimental evidence may indeed 
show that weighting factors should also be included, like those suggested in [44], or 
even that different sets of structure functions are necessary.

There are no gluon interference effects included in the calculation, since the two 
hard scatters are treated independently of each other. No spin or colour correlations are 
included either. Recent work [45] seems to suggest that multiple parton scattering is 
sensitive to such correlations, with the colour correlations being quickly suppressed as 
Q2  increases and spin correlations decreasing more slowly.

5.1.2.3 The effective cross-section

There is large uncertainty in the exact value of R. Considering 7tR2  to be some 
kind of "total" pp cross-section Oj,

can be considered to be the probability function for a hard scatter to occur after a first one 
has already taken place. At first approximation, O j  is expected to be of the same 
magnitude as the total inelastic non-diriractive pp cross-section at Vs=630 Gev, i.e. 
around 40 mb. On the other hand, the proton and the antiproton can be considered as 
two classical lumps of partons, their collision having an impact parameter b (figure 92). 
In such a picture, not only the matter density of the incoming hadrons is not constant, 
but b can also vary: collisions with large impact parameter are in effect, soft collisions 
where the proton and the antiproton just graze past each other. Small impact parameters
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Figure 92 : Impact parameter picture of a pp collision

correspond to central collisions and the probability for a second hard scatter to happen in 
such cases is greater. If that is indeed true, <7y should, in effect, be smaller than the total 
inelastic pp cross-section. Such a viewpoint is supported by the recently published 
results o f the AFS collaboration [20], where they estimate (7t =5.0±1.5 mb, a value 
about 6  times smaller than the total inelastic non-difffactive cross-section at Vs=63 Gev. 
Whether such a behaviour is also valid at the SppS collider energy, is not known. The 
UA2 collaboration has not been able to extract a cross-section for DPS processes from 
their data, but only to put a lower limit on Cy at 10 mb for a 90% confidence level.

Realistic calculations of the DPS k-factor ( in analogy to the usual QCD k-factor) 
which would allow higher order QCD corrections to be taken into account on the 
cross-section calculation, do not yet exist

5.1.2.4 The ISAJET approach

There are also problems related to the specific choice o f the Monte Carlo event 
generator:

The procedure for momentum conservation is only one of several choices, all 
of them equally reasonable, in view of the large theoretical uncertainties involved in the 
model.

Moreover, for technical reasons, both hard scatters had to be generated in ISAJET 
in the same p̂  range. Using the same arguments as those presented in section 4.3, the 
necessary condition in order to obtain an unbiased event sample in the region 2 Et ^  \) > 
50 Gev now becomes

Ptl + Pt2  — 8  Gev ' (31)
where ptl and p^ are the transverse momenta of the two hard scatters. The p* range for 
both hard scatters was set to 4 - 100 Gev and thus cases where one of the hard scatters is 
below 4 Gev, while the other has large enough p* for the event to pass the 2Ê - 
threshold, were not included in the generation. The allowed p* region as expressed by 
(31) is region (A+B+C) in figure 93, with regions B and C excluded by the choice for
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the pt range for the two hard scatters.

Within the framework of IS AJET, no reliable estimate of the resulting bias could 
be made without actually generating these events. It will be shown later on, however, 
that qualitative arguments suggest that any possible contribution from processes like 
these is not expected to help describe the behaviour of the data in the transition region 
and thus, the observed discrepancies cannot be attributed to them. The choice of 4 Gev 
as the lower limit for the p* range was based entirely on CPU time considerations : a 
lower limit would have required much more CPU time than that available.

5.1.3 The data sample

Using the modified version of ISAJET, a total of 772352 events were generated, 
the pt range for both hard scatters being 4 - 100 Gev. A ZE* threshold was 
imposed at the generation level rejecting events with ZE  ̂  ̂ < 36 Gev. 21178 events 
survived this cut. These passed through complete detector simulation and reconstruction, 
after which a further ZE  ̂ threshold at 40 Gev was applied. In addition, the DPS
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events had to satisfy all our selection criteria, as described in chapter 4. The final DPS 
data sample consisted of 3202 events. The Z E ^ s p e c t r u m  of these events is shown 
in figure 94.
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Figure 94 : Reconstructed EEf j) spectrum for the DPS generation

5.1.4 Shapes of the DPS events

The evolution of the average values of S, A, (1-T), H2  and H3  as a function of 
ZE  ̂w  j) in the DPS Monte Carlo event sample was compared with that in the data and 
the SPS and LPS predictions for events with 40 Gev < ZÊ - <100 Gev. The results 
are shown in figures 95-99 respectively. The size of the statistical errors in the DPS 
sample is indicated in the region 50 Gev < ZE*- (j^ ) < 70 Gev. As expected, DPS 
processes produce more isotropic events than SPS, and thus lends to agree more with 
the obseved distributions. The normalised differential cross-section distributions in the 
Z E tq ^ ,) range between’50 and 70 Gev for all five quantities are shown in figures 
100 - 104 respectively. In all five cases, the predictions of the DPS model lie between 
the perturbative QCD pedictions and the data and thus seem to support the claim that 
multiple parton scattering processes may possibly account for the behaviour of the data 
in the transition region.
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Figure 95 : DPS model prediction on the evolution of the average value of sphericity
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Figure 96 : DPS model prediction on the evolution of the average value of aplanarity
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Figure 98 : DPS model prediction on the evolution of the average value of H2
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Figure 99: DPS model prediction on the evolution of the average value of H3

S
F igure 100 : D P S  prediction  fo r  the sphericity  norm alised distribution in the

region  5 0  G ev <  ZEj- /; < 70 G ev
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Figure 101 : DPS prediction for the aplanarity normalised distribution in the 
region 50 Gev < ZEt ^  p < 70 Gev

1 -T
Figure 102 : D P S  p red ic tio n fo r  the thrust com plem ent norm alised  distribution

in the reg ion  5 0  G ev <  ZE^ ;) <  70 G ev
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Figure 103 : DPS prediction for the H2  normalised distribution in the 
region 50 Gev < ZEf /; < 70 Gev

Figure 104 : D P S  prediction  fo r  the H3  norm alised distribution in the

reg ion  5 0  G ev < ZEf  /; < 7 0  Gev
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Although DPS processes cannot describe the data by themselves, it is, in 
principle, possible to extract an estimate of the size of the DPS contribution by fitting the 
observed distributions with lunctions of the form 

a.SPS + (3 .DPS + (l-a-(3).LPS
where a and (3 are the two free parameters of the fit, subject to the following constraints 

0<Ot < 1
0<( 3 < 1

and 0 < l-Ct-(3 < 1,
and SPS, DPS and LPS stand for the normalised distributions o f each model 
respectively.

Before showing the results, it is necessary to explain what such a fit means : for 
given values of a and (3, each of the three factors a, (3 and (l-Ct-(3) can be thought of as 
the probability of an event to appear as being of the type corresponding to each model. 
The SPS term is straightforward : the dominant feature in the event is the existence of a 
single hard scatter. For the DPS term, two hard scatters occur, each one with p̂  above 
4 Gev, with all other processes between the partons of the proton and the antiproton 
(e.g. soft gluon exchange) being described by the underlying event. If multiple parton 
scattering processes are indeed to account for the behaviour of the data in the transition 
region, then the LPS term must be thought of as representing all processes where more 
than two hard scatters have taken place. In other words, the implicit assumption behind 
such a fitting procedure is that three-or-more parton scattering processes are 
indistinguishable from pure Longitudinal Phase Space. The results of the fit, therefore, 
will also constitute a test of this assumption : if no satisfactory fit can be obtained with 
three components (SPS, DPS and LPS), it will be necessary to go back to the multiple 
parton scattering model, investigate the behaviour of three (or even more) parton 
scattering processes and compare these with the data.

A simultaneous fit on the normalised differential cross-section distributions for all 
five quantities was performed, i.e. keeping the same values for a and (3 in all five cases. 
The results from the best fit are shown in figures 105-109. It is evident that this cannot 
fully describe the data, and that the disagreement is more pronounced in the cases of 
sphericity and especially aplanarity. For the thrust complement and the two 
Fox-Wolfram moments, the three component predictions are not very far off from the 
observed distributions.

5.1.5 Are more-than two parton scattering processes neccesary ?

The results of the previous section seem to indicate that an even more elaborate 
picture than a three component model is required in order to get a complete description of
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S

Figure 105 : Three component (SPS+LPS+DPS) model fit to the 
sphericity normalised distribution

A
Figure 106 : Three component (SPS+LPS+DPS) model fit to the 

aplanarity normalised distribution
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Figure 107: Three component (SPS+LPS+DPS) model fit to the 
thrust complement normalised distribution
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Figure 108 : Three component (SPS+LPS+DPS) model fit to the
H2 normalised distribution
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Figure 109 : Three component (SPS+LPS+DPS) model fit to the 
Hj normalised distribution

the data in the transition region.
Before investigating the possibility of introducing multiple parton scattering 

processes, it is necessary to show that the observed discrepancies and in particular, the 
inability of the three component model to account for the observed behaviour in the 
transition region cannot be attributed to biases in the Monte Carlo generation : in 
particular to these processes in the DPS generation which have been omitted by the 
specific choice of the p̂  range for the two hard scatters.

Processes, in which one of the hard scatters is below 4 Gev in p*, while the other 
one is high enough for the event to pass the SE*  ̂ threshold, would produce events 
whose shape variables distributions lie between the SPS and the DPS predictions. After 
all, the single parton scattering Monte Carlo generation is nothing more than the limiting 
case of DPS processes where the p̂  of one hard scatter tends to zero. The data, on the 
other hand seem to have an excess of more isotropic events that the predictions of either 
model and thus any losses in the DPS generation cannot account for the observed 
discrepancies. It L Jierefore reasonable to assume that, provided that more-than-two 
parton scattering processes are indeed different from pure Longitudinal Phase Space, 
such processes must be included in the attempt to describe the transition region. The 
question of whether or not their contribution is large enough to be significant will be 
addressed later on.
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5.1.6 The LUND Model

Before pursuing this analysis further, I would like ti comment on another 
calculational model which also incorporates multiple parton scattering processes, namely 
the LUND Monte Carlo and in particular the program PYTHIA [46].

PYTHIA uses string fragmentation in contrast with the independent fragmentation 
scheme used in IS AJET. Although mainly written for the study of high p̂  phenomena in 
hadronic reactions, it also covers the low p̂ - domain as an integral part of the total pp 
cross-section. The cross-section for multiple parton scattering processes is calculated in 
essentially the same way as in equation (29). It allows however, for any number of hard 
scatters in the event. The lowest allowed value for the p* of the hard scatter, namely
1.6 Gev/c, has been used. The cross-section below 1.6 Gev/c is filled by the so called 
"low pt" events providing a natural continuation for the cross-section above 1.6 Gev/c. 
In a "low pt" event it is assumed that a very soft gg—► gg interaction takes place. The 
event then, consists of two coloured strings, each one stretched between a diquark from 
one hadron and a quark from the other. It should be noted that in PYTHIA, the so called 
"underlying event" (beam jets) is an integral part of the event generation, where colour 
flow strings are stretched between the partons participating in the hard scatter and the 
remnants of the hadrons. PYTHIA was used assuming a variable impact parameter for 
the pp collisions and a hadronic matter overlap consistent with a double gaussian matter
density distributions inside the proton and the antiproton, as expressed by

2r
,1 ^ -r2 - 1( l - f ) . e  + f .  — . e

D
i.e. a core with radius a fraction D of the hadron radius containing fraction f of the total 
hadronic matter. The default values for f and D, namely f=0.5 and D=0.2 have been 
used. Further details on the way multiple parton scattering processes are implemented in 
PYTHIA, the low-p^ generator and the variable impact parameter mode of operation can 
be found in [47]. It should be noted that this is the most complex operating mode of 
PYTHIA and the one recommended by its authors for studies of hadronic reactions in the 
low pj- regime. Using PYTHIA in this operating mode, the only user adjustable 
parameter's of the model are the specific set o f structure functions (the default of 
solution 1 of Eichten et al. was used) and the value for A qcd (the default being 
A qqq=0.2 Gev). In this sense, the PYTHIA results which are presented below can be 
considered as absolute predictions of the model.

In order to take into account detector effects an interface between PYTHIA and the 
UA1 detector simulation program was developed. All the generated events passed 
through complete detector simulation and reconstruction. The same selection procedure
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was applied as in the case of all the other Monte Carlo event samples. Since PYTHIA is 
meant to be able to describe both low and high p̂  events, only a global 
threshold at 5 Gev was imposed. Figure 110 shows the PYTHIA prediction for the 
evolution of the average value of sphericity superimposed on the data points. As in the 
case of ISAJET, the region ZE^ q^ )  > 100 Gev is very well described, but again the 
Monte Carlo shows a very different ZE* i) dependence at lower values. The failure of 
PYTHIA to describe the transition region can attributed mainly to the way beam jets are 
treated in the model. Evidence supporting such a claim comes from the fact that PYTHIA 
fails completely to describe the observed behaviour of the data in the range 
ZE^i^) <15 Gev, in contrast with the previously used LPS Monte Carlo.

I therefore believe, that these results do not contradict in any way the views on the 
existence of multiple parton scattering processes, but should rather be considered as a 
further test of PYTHIA.

1.
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Figure 110 : Prediction of PYTHIA on the average value of sphericity 

as a function of ZEj- ̂  jj
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5.2 Multiple Parton Scattering

5.2.1 Generalisation of DPS processes

Since no satisfactory agreement with the data could be obtained using the simple 
three component approach, it was necessary to test the hypothesis that a significant 
contribution from more-than-two parton scattering processes does indeed exist in the 
transition region.

The obvious generalisation of DPS processes to Triple Parton Scattering, at the 
B o m  approximation level, would then be to consider processes like the one shown 
schematically in figure 111, with 3 disconnected hard scatters. The cross-section for 
such processes can be written as

da i da. da. da,
2 2 T = 7t rr ^  ̂ Xl’ X3’ X5^^^X2» X4’X6̂* J 2~ TdPtl dPt2 dPt3 a Tra T2 i.j.k dPtl dpt2 dp^

in direct analogy with equation (29).

Figure 111: Triple Parton Scattering

D im en sio n a l argum ents can be u sed  to sh ow  that a j i  and O j 2 m ust have
d im e n s io n s  o f  cro ss-sec tio n . In analogy  w ith  a y  in equation (2 9 ), they  can  be
considered  as representing som e "total" cross-sections. In particular, a j j  can be thought
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of, as tĥ  Integrated cross-section for a second hard scatter to occur after the first one has 
already taken place. Similarly, Oj2 can be considered as the total cross-section for the 
third hard scatter. Writing their product as Oj\-Oj2 instead of (CTeff)2, allows a 
physical meaning to be attached to each quantity. A  calculation such as the one expressed 
by equation (32), will be subject to all the theoretical uncertainties inherent in the DPS 
model. In fact, it is expected that these will be even more significant. The greatest 
uncertainty comes from the specific choice for the values of Gj] and Gj2 , which need 
not be the same as the corresponding quantity in the case of DPS. Indeed, using the 
variable impact parameter picture of pp collisions, it can be argued that 0 ^ 2 should be 
less than Gj\, of for that matter, than G j  in equation (29). The triple parton structure 
functions are not known, but on a first approximation they can be parametrised as :

G(X], x3, x5) = G(x1).G(x3).G(x5).e(l-xrx3-X5) (33)
in analogy with G(xj, X3). The effects of gluon interference and spin and colour 
correlations are also not known.

5.2.2 A Multiple Parton Scattering calculational scheme

A  simple scheme to calculate Multiple Parton Scattering (MPS) processes 
including two and three hard scatters, was implemented in ISAJET : two hard scatters 
were generated in the same fashion as for the DPS generation (see section 5.1.1), each 
with pi- in the range 3-100 Gev. The probability of having an additional hard scatter 
above 3 Gev, P^ s , was calculated to be :

100 Gev

Ph,. = 2 - -  J X G (*3)-G(*6) - ^ d p 26 (34)
CTT2 3 Gev k dp‘

with G(x3) and G(x$) the usual structure functions of the proton and the antiproton, the 
sum in k running over all distinct 2—>2 Q C D  subprocesses with cross-section G and 
Oj2 the "total" cross-section for the hard scatter. The value of Oy2=20 mb was chosen, 
a value well above the lower limit on 0 y for DPS processes from UA2. The integrated 
cross-section for the hard scatter as calculated from ISAJET was 8.7 mb, giving a value 
for Ph.s. = 0.42. A  third hard scatter i n s a m e  p* range was then generated for 42% of 
the events. For events with three hard scatters, the fractional momenta of the six partons 
had to satisfy

x1 + x2 + x3 < 1 
and X4 + X5 + X5 < 1,

while for events with two hard scatters, the corresponding conditions were
Xj + x2 < 1

and X4 + X5 < 1.
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The hard scatters were then fragmented independently of each o*her and the underlying 
event added n the final stage of the generation.

This approach is very similar to the one used in PYTHIA to calculate the 
probability of multiple scatters.

5.2.3 The MPS Monte Carlo sample

Using the above scheme, 568280 events were generated with a suitably modified version 
of ISAJET. Again a ZE* q^) threshold at 36 Gev was imposed at the generation level, 
with 33352 events passing this cut. All 33352 events were passed through complete 
detector simulation and reconstruction. After reconstruction, only events with 
reconstructed ZE* q^;) > 40 Gev were kept. In addition, the events had to satisfy the 
same selection criteria as before. 4401 events constituted the final MPS Monte Carlo data 
sample. The reconstructed ZE* q^ ̂  spectrum is shown in figure 112.

£E,lfaK 1) (Gev)
Figure 112 : Reconstructed ZEf- /; spectrum for the MPS generation

131



5.2.4 Shapes of MPS events

The differential cross-section distributions for S, A, 1-T, H 2 ana H 3 for the MPS 
events with ZE^- in the range 50 to 70 Gev are shown in figures 113-117 
respectively, superimposed on the data and the SPS and LPS Monte Carlo predictions. 
The MPS distributions are quite close to the observed distributions.

s
Figure 113 : MPS prediction for the sphericity normalised distribution in the 

region 50 Gev < ZEf- j) < 70 Gev

A
Figure 114 : MPS prediction for the aplanarity normalised distribution in the 

region 50 Gev < ZEt j) < 70 Gev
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Figure 115 : MPS prediction for the thrust complement normalised distribution 
in the region 50 Gev < ZEt y <70 Gev

H2
Figure 116 : MPS prediction for the H 2 normalised distribution in the 

region 50 Gev < Z E ^  /j < 70 Gev
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Figure 117: MPS prediction for the Hj normalised distribution in the 
region 50 Gev < ZEj- ̂  p <70 Gev

It is now possible to extract an estimate of the relative contributions of each 
process by fitting the differential cross-section distributions with functions of the form 

a.SPS + (3 .MPS + (l-a-(3).LPS,
with a and (3 the two free parameters of the fit, and SPS, MPS and LPS the differential 
cross-section distributions for each respective model. As in the case of the previous 
similar fit, a and (3 are subject to the following constraints :

0 < a <  1 

0<(3 < 1
and 0 < l-a-(3 < 1.

As in section 5.1.4, the implicit assumption behind such a fit is that the LPS 
distributions describe all processes not included in the other two models. In this case, 
this means that more-than-three parton scattering processes are considered to be 
indistinguishable from pure Longitudinal Phase Space.

A  simultaneous fit on all five quantities was made and the results are shown in 
figures 118-122. The agreement of the best fit and the observed distributions is very 
good, especially so considering the uncertainties involved in the Multiple Parton 
Scattering calculation.
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Figure 118 : Three component (SPS+LPS+MPS) model fit to the 

sphericity normalised distribution

A
Figure 119 : Three component (SPS+LPS+MPS) model fit to the 

aplanarity normalised distribution
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Figure 120 : Three component (SPS+LPS+MPS) model fit to the 
thrust complement normalised distribution

H2
Figure 121 : Three component (SPS+LPS+MPS) model fit to the 

H 2 normalised distribution
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H3
Figure 122: Three component (SPS+LPS+MPS) model fit to the 

//j normalised distribution

The relative contributions for SPS, MPS and LPS extracted from the fit are listed 
below. The errors correspond to 90% confidence intervals : 

for SPS : a = 0.23 + 0.02 - 0.03
for MPS : (3 = 0.69 + 0.04 - 0.03

and for LPS : 1 - a - (3 = 0.08 + 0.02 - 0.01.

5.3 Multiple parton scattering cross-sections
In the analysis presented so far, no explicit reference to the cross-sections of the 

various processes has been made, since all comparisons between data and Monte Carlo 
have been made using normalised differential cross-section distributions. Although it 
would be desirable to be able to extract a value for the effective "total cross-section" used 
for normalisation purposes in the MPS calculation (c.f equation (32)), the approach used 
in the present analysis does not allow this. The problem arises from the fact that the 
IS A  JET Monte Carlo is not the "correct" model for searches of this kind, since the hard 
scatter is treated separately from the underlying event. This may be a good enough 
approximation for high-pt studies, where one single hard scatter is the dominant feature 
in the event, but not so in the case of low-p*, where the sharp lower cutoff value for the 
p-t- of the hard scatter introduces biases in the generated event sample. It has been 
mentioned that in both the DPS and the MPS event generations, some processes had to
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be excluded by the specific choice for the p* range of the hard scatter. Although it has 
been argued for the case of DPS that events in which one of the two hard scatters is 
below the minimum p̂  in the generation (4 Gev), while the other one is high enough for 
the event to pass the ZE* threshold, would not help explain the behaviour of the 
data in the transition region, these processes will still contribute to the total cross-section. 
In other words, although the ZE* q^) selection used in this analysis, allows hard 
scatters with a continuous p* spectrum from zero upwards to exist in the data, the Monte 
Carlo event samples do not include all of them. Even though the properties of the global 
energy flow can be described, no realistic calculation for the systematic errors introduced 
by the biases in the Monte Carlo sample could be made for the cross-section predictions.

Not being able to extract a definite statement for the value of the effective 
"cross-section" does not necessarily mean that more qualitative statements cannot be 
made : in figure 123, the total cross-section as a function of Zip- q^ i) is plotted for the 
data. The error bars include statistical errors and a 15% systematic error on the 
luminosity measurement. The solid line is the prediction of IS AJET for SPS processes, 
with a k-factor value of 2, constant in ZE* (frjkD* observed cross-section is well 
described by SPS for ZE^ (j^) > 90 Gev. Below that value however, the Monte Carlo 
prediction is systematical below the data.
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Figure 124 : MPS processes cross-section in the transition region

The discrepancy becomes more evident in figure 124, where the data points in the region 
40 Gev < ZE* d < 100 Gev are plotted. The SPS predictions are superimposed and 
the size of statistical errors is indicated for each ZE^-q^ q for the Monte Carlo sample. 
The observed cross-section is underestimated by a factor of ~  5 in the region between 50 
and 60 Gev in ZEj- i). An estimate for the MPS processes cross-section was obtained 
using equation (32). The value of Oj2 had been fixed at 20 mb at the generation level. 
For the MPS cross-section points shown in figure 124, a value of 20 mb was assumed 
for CTjj as well, and a k-factor value of 2, constant in ZE^ j). The error bars on the 
MPS points represent statistical errors only. No attempt was made to calculate systematic 
errors, in view of the large theoretical uncertainties. It can be argued that the MPS data 
points suggest a steeply falling cross-section with ZE^ q̂ j), but u.e size of the statistical 
errors in the last 2 ZÊ -  ̂bins weaken such a claim. With these values for Qj], Oj2 

and the k-factor, the integrated cross-section for MPS processes was calculated to be 3.3 
mb, in agreement with other estimates which favour values close to 10%  of the total pp 
cross-section.

These results can be summarised as follows : the cross-section predictions of 
ISAJET for SPS processes describe fully the data in the region ZE^ q^q > 90 Gev, but
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fail to account for the whole cross-section in the transition region. Although the 
systematic errors for rhi* MPS processes cross-section could not be calculated properly, 
it has been shown that reasonable assumptions for Oyj, (T72 and the k-factor result in a 
cross-section spectrum which is not excluded by the data.
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CHAPTER 6
THE JET ANALYSIS

Having identified a kinematic region where a significant contribution from 
Multiple Parton Scattering processes seems to exist, the jet formalism can be used in 
order to verify such a claim. It has already been mentioned that the identification of low 
energy jets is problematic : although jets have been largely considered to be the signature 
of hard scatters, at low jet transverse energies, it is not clear whether the jet indeed 
comes from the hadronisation of the scattered partons or if it is merely a random 
fluctuation of the particle density in phase space. The clustering algorithm can introduce 
further biases. Measurement problems in the detector can introduce further errors. The 
resolution of these issues is difficult and the answers not always satisfactory.

In view of these problems, jets and in particular low energy ones will be 
considered in a broader context than usual for this analysis : jets are first of all, a 
measure of the "lumpiness" in the event. On an event-by-event basis, it is not possible to 
say whether a jet indeed comes from a hard scatter or not. If however, a significant 
contribution of Multiple Parton scattering processes exists in the transition region, it is 
expected that statistically significant, additional evidence can be found supporting this 
claim by using a suitably defined four jet data sample. At the generation level, each hard 
scatter in MPS should produce one pair of jets, back-to-back in the transverse plane with 
respect to the beam axis. Detector effects will distort the measured jet directions and 
energies, but it is nevertheless expected, that the jet pairwise balancing will still be 
evident.

The physics background to such a four jet sample, will come from the usual single 
parton hard scattering processes, with double gluon bremsstrahlung either from the 
initial or the final state partons. Final state bremstrahlung will be the dominant 
contribution to this background, since initial state gluon radiation will tend to produce 
jets close to the beam axis. In these four jet events though, the jets need not be pairwise 
balanced. Moreover, the four jet cross section is expected to have different energy 
dependence for double bremstrahlung and multiple parton scattering arH thus the
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existence of MPS processes will also appear as an enhancement of 4 jet events in the data 
in the transition region.

It should be mentioned that a separate analysis using exclusively a four jet cata 
sample has recently been performed within the UA1 collaboration [48]. The question of 
how well the jet direction can be matched with that of the parton emerging from the hard 
scatter was addressed there, and will not be discussed here.

6.1 The UA1 jet finding algorithm
Jets, especially high transverse energy ones, have been studied extensively by the 

UA1 collaboration during the last few years.
In this analysis the standard UA1 jet finding algorithm has been used. The 

algorithm has been compared with an independent one [49], and has been found to work 
fairly well.

The algorithm works in the phase space spanned by <j), the azimuthal angle around 
the beam axis, and y the rapidity defined by:

where E is the energy of the particle and pn the component of the momentum along the 
beam axis. In the relativistic limit (massless particles), rapidity reduces to pseudorapidity 
T). Differences in T) and c() are invariant under Lorentz boosts along the beam axis. The 
use of (T|,c}>) space is justified by the fact that the distributions of tracks in T) and <|> are 
flat for minimum bias data in the central region, in contrast with those calculated in the 
Cartesian (x,y,z) space, which are not flat with respect to the polar angle. Using (T),cj)) 
space, any deviations from the flat background can be attributed to something else than 
phase space.

Jets can be identified in UA1 using either calorimeter hits or Central Detector 
tracks. The jet (cluster) finding algorithm in the calorimeters first orders the calorimeter 
cells in descending order of transverse energy (E* ceii). The cell with the highest 
transverse energy initiates a jet if E^ cen>2.5 Gev. Additional cells are included in the 
same cluster if they are at a ^stance R<1.0, where

with and AT| the difference in azimuthal angle and pseudorapidity respectively 
between the initiator and the cell. When no more calorimeter cells can be added to the 
cluster, a new one is initiated by the highest transverse eragj’cell of those remaining. The 
energy vectors of all cells in a cluster are added vectorially to form the energy vector of 
the jet.
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In this analysis the jet finding algorithm in the calorimeters has been used. For 
completeness however, it must be mentioned that the iet finding algorithm for the Central 
De ector tracks operates in a similar way, the only difference being the transverse 
momentum threshold for a track to initiate a jet, which in this case is 1.5 Gev/c.

6.2 The four jet event sample
The four jet data sample was defined in such a way as to get the best possible 

separation between the SPS and MPS Monte Carlo event samples.
It was found that the jet structure of the events is most sensitive on the association 

cone radius R  of the jet finding algorithm. The sensitivity of the jet structure of the 
Monte Carlo events was studied using 3 different cone sizes, namely R = 1.0, 0.7 and 
0.5. All comparisons were made using events with 50 Gev < < 70 Gev,
the region of the greatest discrepancy between the data and the SPS Monte Carlo 
predictions as presented in the event shape analysis. The reconstructed jet axis had to lie 
inside the pseudorapidity range -1 < T) < 1 and more than 20" away from the vertical 
direction in the azimuthal plane.

The best separation between MPS and SPS was obtained by defining a four jet 
event as consisting of two jets with E^ je  ̂> 10 Gev, plus another 2 jets with 
Et jet > 5 Gev, the association cone radius R  being 0.7. For the SPS event sample, out 
of the 1036 events with 50Gev < ZE^-q^ d <70Gev, 268 were identified as four jet 
events, corresponding to 25.9±1.6% of the data sample. For MPS, out of the 705 events 
in the same ZE^]^) range, 250 were identified as four jet events, i.e. 35.5±2.2%, the 
errors being statistical ones.

The reduction of the association cone size can be understood in the following 
way : in (T|-<j)) space the existence of 4 jets was required within AT|x A4>=9.76, each 
jet of size TTR2. For R=l, the total phase (T|-<j)) area covered by the 4 jets is larger than 
that available (the existence of 4 jet events in this case is not a contradiction, since the jet 
axis can be inside the phase space area considered, but not fully contained in it ). 
Reducing the value of R  to 0.7, allows more freedom to the jet finding algorithm and the 
probability of finding 4 jets inside the phase space area increases. Even lower values of 
R (e.g. R=0.5) will tend to split the jets, producing more fake jets and therefore are not 
suitable. The value of R=0.7 therefore, does not reflect any fundamental property of the 
jets, but is rather a result of the specific choice for the pseudorapidity interval.

The possibility of validating the observed jets using Central Detector tracks was 
investigated. The assumption behind C D  validation is that charged tracks must exist 
close to the jet axis, if indeed the jet is a real one and not an artifact of the calorimeter 
measurement (gondola-(j) problem). The existence of at least one charged track with
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pt>0.5 Gev was required within a cone of radius Ry from the jet axis, with Ry varying 
for different R values:

Rv = 0.7 for R = 1,
Rv = 0.5 for R = 0.7 

and Rv = 0.4 for R = 0.5.
It was found that the observed excess of four jet events in the MPS sample with respect 
to the SPS predictions was still evident, but the identified four jet event samples were 
smaller. This is so, because, the C D  is inefficient in the horizontal direction. Requiring 
the. existence of four jets within -1<T)<+1, one or possibly more of these jets may be 
reconstructed towards the horizontal direction. In such a case, the absence of a C D  track 
is not conclusive for the quality of the jet. Since, C D  validation did not seem to help 
much, all jets in the event were considered irrespective of whether they were validated 
ones or not.

Using high-ZE^ events, the event jet structure of the data was compared to that of 
the SPS Monte Carlo event sample for the reduced value for R  in the d region
above 140 Gev. The jet multiplicity distribution for the data and the Monte Carlo events 
is shown in figure 125. The dotted lines above and below the Monte Carlo histogram 
and the error bars on the data points indicate the size of the statistical errors in each case. 
The jet structure of the high-ZE^ events is well described by the Monte Carlo, even with 
the reduced association cone radius.

Using the four jet event definition mentioned above, it was found that 2252 out of 
the 6197 events in the data with 50 Gev < ZE^(^ j)< 70 Gev, i.e. 36%, were four
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Figure 125 : Jet multiplicity of events with > 140 Gev
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jet events. This has to be compared with 25.9% for the SPS event sample 25.5% for 
the MPS sample. The enhancement of four jet events in the data, provides additional 
support to the claim tha‘ a significant contribution from Multiple Parton scattering 
processes exists in the transition region. Four jet events were also found in the LPS 
event sample at a level just below 2%  and thus will be ignored.

6.3 Jet balancing
In view of the low jet E* threshold for the third and fourth jets in the definition of 

the four jet event sample, the enhancement of four jets in the data as compared to the 
SPS predictions may not, by itself, be particularly stong evidence in favour of the 
existence of MPS processes. Fortunately, however, jet balancing in the transverse plane 
can be used in order to get additional information.

Jet balancing was performed in the following way : the four jets in the event were 
boosted in the the rest frame of the four jet system. In such a way, any net transverse 
momentum due to initial state bremsstrahlung is cancelled. The jets were then grouped 
into two pairs, the first pair consisting of the two highest E* jets, the second pair 
consisting of the remaining two. Such a grouping is justified by the fact that the 
transverse plane is invariant under Lorentz boosts along the beam axis. If the four jets 
indeed come from two hard scatters, i.e. are pairwise balanced, then the jet balancing 
should still be evident irrespective of the fractional momentum carried by each initial state 
parton that participated in the hard scatter. Having defined the two jet pairs, a measure of 
their imbalance was then defined by :

* 4  imb =  ^   ̂ E T1 +  E T2 ^

where E jj and E 7 2 are the energy vectors of the two jets in the first pair in the 
transverse plane (figure 126). Small values of E j jm b  will correspond to events for 
which the two jets in each pair are almost back-to-back.

The E2-]- jm b distribution for the data was compared to that for the SPS and MPS 
Monte Carlo samples. To be on the safe side, the most conservative approach has been 
adopted and the E2 j jmb distribution for each data sample was normalised to the number 
of four jet events in that same sample. In such a way, the excess of four jet events in the 
data with respect to the SPS model predictions was factored out, the normalised E2j jmb 
distributions being dependent only on the qualitative features of the four jets in each 
sample. The distribution of (l/a).(da/dE2j imb) versus E2T jmb for the data and the two 
Monte Carlo samples is plotted in figure 127. An excess of more balanced jets in the data 
as compared to the SPS distribution is evident at low values of E2 j jmb and in particular, 
for the first two data points.
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Figure 126 : Jet balancing in the transverse plane
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Figure 127 : (l/G).(dGldE2jimb) distribution
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Normalising to the total number of events In each event sample, the absolute 
predictions of each model can be compared with the data. The two Monte Carlo curves 
t ave been scaled so as to agree on the total number of events in the data sample. The data 
points and the two Monte Carlo predictions are shown in figure 128. It is evident that the 
SPS prediction is very far from describing the observed distribution. Moreover, the data 
lie in between the two Monte Carlo curves, suggesting that both kinds of processes must 
be considered in any attempt to describe the observed behaviour.

1— T im b

Figure 128 : Absolute predictions of SPS and MPS models ono
the distribution of E j  imb

In order to check the validity of the results presented in the previous chapter, the 
central values for the relative contributions CC and (3 for the SPS and the MPS processes 
obtained ii. section 5.2.4, namely a= 0.23 and (3=0.69 were used to weight tiic two 
Monte Carlo distribution curves. The result is shown in figure 129. The agreement 
between the prediction of the combined (SPS+MPS) model and the observed distribution 
in the data is very good, supporting the claim made previously that MPS processes have 
to be considered in order to explain the behaviour of the data in the transition region. It 
has to be emphasized that no additional fitting was performed, since the results obtained 
from the event shape analysis were used directly.
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Figure 129 : Three component (SPS+LPS+MPS) model predictiono
on the £ 7- Imb distribution
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CHAPTER 7
SUMMARY AND CONCLUSIONS

The properties of global energy flow have been used in this analysis to study the 
evolution of event shapes as a function of scalar transverse energy. Restricting the 
pseudorapidity acceptance window to tT)l<l, spherical event configurations have been 
observed for events with ZE^j^), fully described by pure Longitudinal Phase Space 
and two jet dominated final states in excellent agreement with the predictions of 
perturbative QCD, as implemented in a specific calculational model (ISAJET). The 
behaviour of the data in the intermediate ZE^-fl^) range between 50 and 70 Gev, was 
investigated in detail. It was shown that the observed event shapes could not be 
accounted for by either model or even a combination of them.

A  model for Multiple Parton Scattering has been presented. It was shown that 
strong evidence exists, supporting the claim that a significant contribution from Multiple 
Parton Scattering processes exists in the transition region.

Using a suitably defined four jet sub-sample, it was shown that there is an excess 
of four jet events in the data compared to the ISAJET predictions. Using the Multiple 
Parton scattering model, it was shown that a very good agreement with the data could be 
obtained.

Further work is needed, in order to be able to make more quantitative statements 
on the existence of Multiple Parton scattering processes. It has been mentioned in 
Chapter 1, that no fundamental physics reason lies behind the specific choice for the 
pseudorapidity acceptance window used in this analysis. Extending the pseudorapidity 
range to larger values will provide additional information on the behaviour of the 
transition region. The proposed upgrade of the UA1 electromagnetic calorimeter will 
provide an excellent detector for low and intermediate ZEj- studies. Investigations on the 
existence of Multiple Parton Scattering processes using both global energy flow 
measures and jets will give more conclusive results, unrestrained from the problems 
inherent in the old detector (e.q. energy reconstruction problems, bad granularity,
e.t.c.).
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The lack of definite quantitative statements on the Multiple Parton scat^rirg 
cross-sections in this analyse, can be partly attributed to the present status of the 
theoretical understanding of tl.ese processes. Further work is necessary in order to 
understand the effects of soft gluon interference, spin and colour correlations and the 
contributions from higher order Q C D  diagrams and the implementation of these 
calculations in the existing Monte Carlo simulation programs.
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APPENDIX A

The UA1 Coordinate system

The Cartesian system used in UA1 for the description of the detector is defined as 
follows :

x-axis : points horizontally along the beam pipe, with positive x 
in the p direction 

y-axis : points vertically upwards
z-axis : points horizontally outwards from the centre of the SppS

The polar angle 9 is defined with respect to the positive x-axis and the azimuthal angle <\> 
is measured around the beam axis, with 0 along the positive z-axis.
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APPENDIX B

Removing Double Interactions 
UA1 TN 86-81
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U A 1 - T N  86-81

REM O VING D O U B LE  IN T E R A C T IO N S

C . Seez and C . M arkou

A b s tra c t

Im proved  c r ite r ia  fo r  rem oving double in te ra c t io n s  a re  ju s t if ie d  and re s id u a l 

contam ination in th e  1984 high IE-p  data estim ated .
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T h e  high X E y  data co n ta in s  many eve n ts  w h ere  th e re  has been more 

than  one p ro to n -an tip ro to n  in te ra c tio n  d u rin g  a s in g le  b u n c h -c ro s s in g . 

T h e  U K  high XE-p a n a ly s is  g roup  h ave  rem oved th ese  double in te rac tio n  

e ve n ts  b y  m aking a cu t on total e n e rg y  (£ ^ < 7 0 0  G e V ) and by exc lu d in g  

e ve n ts  w ith  a second p rim a ry  v e r t e x , w h ere  a second p rim a ry  v e r te x  is 

d e fined  as a seco n d a ry  v e r te x  h av in g  its x -co o rd in a te  w ith in  45 cm of the 

o rig in  and hav ing  at lea st 8 t ra c k s  asso c ia ted  w ith  it (N >8).

T h is  p roceedu re  has been adequate fo r  th e  g enera l in ve stig a t io n  of 

c ro s s-se c t io n  and e ve n t topo log ies u n d e rtaken  so fa r  [1 ] b u t it is p o ssib le  

to m ake a c le a re r  sep ara tio n  between double and s in g le  in te ra c tio n s  by 

ch an g in g  the c u ts .

T h e  removal of double in te ra c tio n s  is p a r t ic u la r ly  im portant in the co n 

te x t  of a search  fo r e v id e n ce  of m ultip le  parton  in te ra c t io n s , w here  re s id u a l 

double in te ra c tio n s  in the s in g le  in te rac tio n  data sample would fake  double 

parton  in te ra c t io n s . I f ,  e r r in g  on the s ide of s a fe ty , t ig h t cu ts  w ere a p 

p lied w h ich  also rem oved m any s in g le  in te ra c tio n s  th is  m ight co n st itu te  a 

b ias - th e re  m ight be a te n d e n cy  to p re fe re n t ia lly  rem ove m ultip le  parton 

in te ra c t io n s  (b ecau se  of h ig h e r t ra c k  m u lt ip lic it ie s , fo r  e xam p le ). Fo r the 

in ve s tig a t io n  of m u ltip le  p arton  in te ra c tio n s  it is im portant to be able to 

c a lc u la te  both the contam ination and th e  lo ss .

F ig  1 shows a p lot of to ta l en e rg y  fo r  eve n ts  found to have a seco n d a ry  

v e r te x  sa t is fy in g  th e  old c r ite r ia  (N  >8, 1 x | <45 c m ). T h e  peak at

= 500 G e V  can be in te rp re te d  as being due to s in g le  in te ra c tio n s  - u n d e r 

such  an in te rp re ta tio n  the  m ajo rity  of the  even ts  removed CEto t<?00) as
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h av in g  a second p rim a ry  v e r te x  a re , in t r u t h ,  s in g le  in te ra c t io n s . T h is  

in te rp re ta t io n  is  confirm ed by fig  2 w h ich  show s N / jL d t  v s  in stan tan eo u s 

lu m in o s ity  fo r  the  same sample of e v e n ts .

We may w r ite  N s in g |e =k1* J L d t ,  and Ndoub|e=k2* L * / L d t ,

w here  L is th e  in stan tan eo u s lu m in o s ity , 

hence  N / J L d t  = (N s jn g |e  * Nd ou b |e ) / / L d t  = k 1 ♦ k 2* L  

T h u s  the f la tn e s s  of fig  2 (a )  su g g e sts  th a t most of th e  even ts  a re  s in g le

in te ra c t io n s  ( c f  fig  2 ( b ) ,  w h ich  shows the c o rre sp o n d in g  plot fo r even ts

w ith  E  ̂ ^ 7 0 0  G e V ) . F u rth e rm o re  the num ber of t r a c k s  f it te d  to the 2 n<̂  

v e r te x  fo r  e v e n ts  w ith  £ ^ < 7 0 0  GeV d if fe rs  m a rk e d ly  from  th e  num ber f it -
_  J

ted to th e  p r im a ry  v e r te x  and from  th e  num ber fit te d  to th e  2 n v e r te x  of

e ve n ts  w ith  E^o^>700 GeV ( f ig  3 ) - in fa c t th e  small sh o u ld e r in fig  3 (b )

can be in te rp re te d  as due to fa k e  seco n d a ry  v e r t ic e s  ( ie  not second p rim a

ry  v e r t ic e s )  in the £ ^ > 7 0 0  G eV  sam ple.

F ig  4 show s th a t the num ber of t ra c k s  asso c ia ted  to the second v e r te x  

in the £ ,^ > 700  GeV sample is not v e ry  d if fe re n t  from  the num ber in th e  

E to t<700 G e V  sam ple . T h is  su g g ests  th a t ra th e r  than Ngss should  be

used as th e  c r ite r io n  fo r id e n t ify in g  second p r im a ry  v e r t ic e s . F ig  5 shows 

th e  num ber o f f it te d  t ra c k s  found in m inim um -bias even ts  h av in g  

(a )  XEy>30 G e V , and (b ) XE-p>40 G e V . It  can be se e n , fo r  exam ple , th a t 

( ig n o r in g  th e  e ffe c t the p re se n ce  of ano the r v e r te x  would h ave ) we should  

e xp e ct th e  v e r t ic e s  of o n ly  2.3° of second in te ra c tio n s  c o n tr ib u t in g  

XEy>40 G eV  to escape detection  if  we demanded N ^ > 8 .

Fig  6 show s the total e n e rg y  in even ts  w ith  a second v e r te x  w ith  

N ^ >  n . It can be seen th a t the peak at Ê .o t=500 (s in g le  in te ra c t io n s ) de-
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c re a se s  as n is in c re a se d , w h ile  the p eak  at £ ^ = 9 0 0  (do ub le  in te ra c t io n s ) 

ch a n g e s  v e ry  l it t le . Fig 7 show s a co rre sp o n d in g  se r ie s  of p lots fo r  

N / jL d t  v s  L . It seems c le a r th a t th e  b e s t w ay to e xc lu d e  double in te ra c 

tio ns is  to cu t eve n ts  with ^>650 G e V , and to clean the rem ain ing  e ve n ts

b y  e x c lu d in g  even ts  w ith a se co n d a ry  v e r t e x  hav ing  N^^>8.

T a b le  1 shows th e  estim ated re s id u a l contam ination of double in te ra c 

tio n s  in the s in g le  in te ractio n  sam ple d e fin e d  by th is  new p ro ceed u re  fo r  

v a r io u s  IEy lim its - th is  num ber is o b ta ined  by using  th e  o b se rved  e f f i 

c ie n c y  of detecting  a second v e r te x  in th e  E^Q^>700 sam ple. T h e  tab le  a lso  

show s an estim ate of the num ber of s in g le  in te ractio n  e ve n ts  a cc id e n ta lly  

rem oved from the s in g le  in te ra c tio n  sam ple as hav ing  a second p rim a ry  v e r 

t e x . T h is  num ber is estim ated in the  IEy>100 GeV data se t from fig  6 ,

and th e  num ber fo r  th e  fu r th e r  data se ts  is ca lcu lated  assum ing  a co n stan t 

a cc id e n ta l exc lu sio n  ra te . To  th is  num ber m ust be added the num ber of 

s in g le  in te ra c tio n s  removed from  th e  s in g le  in te ractio n  sample b y  th e

E . .<650 G eV  c u t , th e  rate fo r w h ich  is  estim ated  from fig  8 . tot

R e fe re n c e s

[1 ] see UA1 tech n ica l notes TN  8 6 -1 7 , TN  86-18 , TN  86-19 , and th e  

ta lk  p resen ted  by T .  Shah at X V I I  Sym posium  on m u lt i-p a rt ic le  d y 

nam ics, V ie n n a , Ju n e  86.
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Table  1

M m H V —4 O O I E t >150 Z E t >180 Z E t >200

(A )  T O T A L 74113 33997 12876 6675

( B )  E to t<650 61199 21662 3111 689

(C )  E to t>700 12116 11752 9596 5959

(D ) E tO£<650 and

2 nc  ̂ p rim a ry  v e r te x  (n ew  d e fin it io n )

464 253 38 8

(E )  E to t>700 and 
2nc  ̂ p r im a ry  v e r te x

8470 8385 7274 4758

(F )  e f f ic ie n c y  to fin d  a 

2n<̂  p r im a ry  v e r te x  = E/C

0 .7 0 0.71 0 .7 6 0 .8 0

(G ) re s id u a l double in te ra c tio n s  

in E tQt<650 sam ple 

= ( B - D )* (1  - F ) / F

156 89 10.4 1 . 75

S in g le  in te ra c tio n s  a cc id e n ta lly  

rem oved w ith 2n v e r te x  cu t

100 35 5 1

S in g le  in te ra c tio n s  a cc id e n ta lly  
rem oved by E^Q̂ <650 cu t

400 200 60 8

1984 h igh IEy data (a ll data considered  o n ly  a fte r  

h igh IEy a n a ly s is  g roup  q u a lity  c u ts )
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