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Chapter |

Introduction

The dynamics of strong interactions between hadrons have, over the last two decades, been
studied in a wide range of collision energy. Each new energy domain has revealed unex-
pected discoveries and brought new insights into the features of hadronic interactions. The
construction of the CERN pp-Collider, where protons and antiprotons with a c.m. energy
between 200 GeV and 900 GeV interact, has increased the previously available energy of
- the CERN ISR by about one order of magnitude.

Two large experiments, UA1 [UA1 78] and UA2 [UA2 78], installed at this facility are
primarily dedicated to the discovery of the intermediate vector bosons predicted by the
Salam-Weinberg theory of electro-weak interactions [RUB 84]. They were also equipped to
study special high transverse momentium feattures of pp-collisions, such as jet phenomena,
new flavors, etc. Among the several smaller experiments, UA4 and UAS have the purpose
to study the general features of pp-interactions. UA4 aims to extract the total cross section
and measure elastic scattering and diffraction dissociation [UA4 78].

The UAS5 experiment [UA5 78] is designed to give a fast overview on the main features of
low transverse momentum pp-interactions and to look for indications of exotic phenomena
predicted in cosmic ray experiments. It is therefore conceived as a simple visual detector
consisting of two large streamer chambers. One of its main advantages is the nearly 4=
overall geometrical acceptance and good tracking resolution which allows a reliable mea-
surement of charged particle multiplicities and production angles. The visnal recording of
the events aids the recognition of special event featnres (e.g. strange particle decays) and
allows great flexibility in the search for exotic and nnexpected event configurations.

Various results pertaining to the properties of low transverse momentum collisions at
c.m. energies from 200 GeV to 900 GeV have been published by the UAS5-Collaboration!,
such as :

o The properties and scaling behavior of the charged particle multiplicity distribution
and its moments, for the full phase space [UAS 81c,UAS 83a,UA5 84,UA5 85d,UA5 86a]
and for limited regions [UA5 85c].

e The psendorapidity? distribution and its scaling behavior [UAS5 81b,UAS 86d].

e Strange particle production [UA5 82¢,UAS 85a,UA5 85b,UAS5 87d,UAS5 88al.

1Data were also taken with the same detector at the CERN ISR at 53 GeV, the resuits are published in
[UA582b].

?pseudorapidity is related to rapidity and defined as 7 = — logtan ©/2, where & is the ¢.m. polar pro-
duction angle.
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» Photon production [UA5 82d,UA5 88b].

o Overall cross-sections for particle production and the study of diffractive processes
[UA5 86h,UA5 86e].

o Multiplicity correlations between forward and backward hemispheres [UA5 83h,UAS 87h].

These have provided insights into the production processes at Collider energies. In
particular, the study of correlations among the final state particles produced in the same
event gives information on the dynamics of the underlying production mechanism. Studies
of this type try to answer the following question : If one ohserves a particle in a given
region of phase space, where does one expect other particles in the same event to be found.
Correlation studies necessitate a large number of particles prodnced and a sufficiently broad
rapidity range available for study. They have been undertaken from c.m. energies of 5 GeV
[KO 72] on, but only since the operation of the CERN ISR [BEL 72,DIB 73] and the pro-
ton synchrotron at FNAL [COH 73] has abundant evidence for correlations among final
state particles become available. Since then correlations have also been studied in ete -
interactions [KOC 82,DER 86}, and cven in light ion collisions [BEL 84].

There are various possibilities for studying particle correlations, for example :

o Multiplicity correlations hetween different pseudorapidity regions; these are sensitive
to long-range phenomena. ' '

Rapidity correlations between two or more particles that measure short-range effects.

Correlations in rapidity and azimuth give information onr resonance production.

Correlations between different charge states, flavor and baryon number.

Bose-Einstein correlations hetween pions.

Only multiplicity and rapidity correlations, though, can be observed in this experiment.
Here the analysis of short-range two-body rapidity correlations will be described, comple-
menting the already published results on multiplicity correlations [UA5 82d,UA5 83h,UAS 87h].
In particular, the question whether the interpretation of lower energy data in terms of a
“cluster” model is still valid at Collider encrgies will he discnssed.

Another aim of the UA5-experiment was the search for exotic phenomena. Prompted
by unusual event structures seen in cosmic ray experiments [LAT 80,CHI 82], a search was
made for similar events [UA5 82d,UA5 86c]. In particular, the observation of events with
extremely large local particle densities in rapidity space [ALE 62,BUR 83] has suggested
a study of fluctnations in the psendorapidity distribution, in order to search for similar
events. Theoretical calculations imply a possible onset of a phase transition in matter at
very high energies (“quark gluon plasma™), where one signature could be large fluctnations
in the angular distribntion of an event. The analysis described here will try fo answer
the question, to what extent the observed rapidity fluctuations in the UAS data can be
expected from conventional low transverse momentum processes, and to what degree they
- are connected with particle correlations.

The subsequent chapters are organized as follows; chapter II describes the components
of the UAS5-detector and the experimental setup. Next, chapter III outlines the data taking




and primary analysis techriques to clean the data sample. The methods to calculate and
correct charged particle densities are given in chapter 1V. Here the distributions needed
for the discussion of rapidity correlations are given. The following chapter gives results of
the analysis of short-range rapidity correlations and interprets them in the light of certain
theoretical models. Chapter VI will treat local fluctnations in pseudorapidity density with
detailed comparisons with the UA5-Monte Carlo program. Finally, chapter VII briefly
summarizes the conclusions.




Chapter {1

The UAS Experiment

I1.1 The pp-Collider

The idea to convert the CERN SPS fixed target machine into a proton-antiproton Collider
was first suggested by C.Rubbia in 1976 [RUB 76]. The major problem of achieving a suffi-
ciently intense p heam was solved by nsing the method of stochastic cooling first proposed
by S.van der Meer [MEE 72].

Antiprotons are produced by collisions of protons on a target. Therefore, they have a
wide spread of longitndinal momenta and angles, i.e. their longitudinal and transverse phase
space density is very low. Rather than filtering out particles with too large a deviation from
the nominal momentum values, thus further decreasing the number of available antiprotons,
one compresses the phase space volnme by stochastic cooling [MOE 80].

This method acts on the statistical fluctuations in a small region of the beam phase
space. For transverse (betatron) cooling the average transverse position of the beam is
detected by a pickup. This signal is amplified and fed into a transverse kicker-magnet
which then applies the correct pulse to the same set of particles measured. Longitudinal
cooling is achieved by the “filter method” : Information on a particle’s momentnm is
obtained through its relationship with its revolution frequency. A filter introduced in the
feedback chain causes a longitudinal kicker magnet to accelerate particles with momentnm
less than the nominal momentum and to decelerate faster ones.

Because this cooling method averages over particles picked up in a small sample, only
a small amount of cooling can be achieved for each observation. It is, therefore, only
applicable to circulating beams which are cooled for a long time interval.

A layout of the CERN pp-project [HOF 81] is shown in fig. I.1. Every 2.4 seconds a
high intensity (10'* protons) pnlse of 26 GeV /c protons is ejected from the PS and focussed
on a tungsten target. Here they produce up to 2.5 x 107 antiprotons with a maximmmn yield
. at 3.5 GeV/c. These are injected into the AA (Antiproton Accumulator) where the cooling
and accumulation of the antiprotons takes place [KOZ 79).

The momentum spread of each injected pulse is reduced rapidly to 0.17% by a precooling
system using the filter method. The precooled pulse is then decelerated and deposited on
top of the antiproton stack. The stack itself is cooled continuonsly hoth longitndinally
and transversely. After 24 hours of stacking and cooling about 10!! antiprotons have been
accumulated. Up to 6 bunches of 10° antiprotons are then collected and ejected to the PS,
there they are accelerated to 26 GeV/c and- transferred to the SPS. Here, proton bunches
have already been stored as “coasting protons” and are now accelerated together with the
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Figure IL.1: Layout of the CERN pp-project.

antiprotons.

The maximnm beam momentum to be reached is restricted by the level of power dis-
sipation, that can be tolerated by the ring magnets, to about 273 GeV/c (equivalent to
/s = 546 GeV)!. In 1982 a scheme (“Pulsed Collider™) was proposed to reach even higher
energics [RUS 82]. The energy of the stored beams should be cycled hetween 450 GeV and
100 GeV, snch that the average power dissipation is reduced to an acceptable level (pro-
vided the time constant for heating of the magnets is long compared to the cycle length).
The cycle used is illustrated in fig. I11.2, consisting of a 4 sccond flat top at 450 GeV beam
energy and a total length of 21.6s. Details of the Pulsed Collider performance can be found
in [LAU 85RUS 85].

]

450 GeVk

|
1
100 GeV/c

I
<3—2-— ¢3§— . e

]
Cycle length | t (sec)

T -

Stiored beam
momentum

Figure IL2: Cyciic variation of the beam momentum.

"In 1984 a top beam energy of 315 GeV was reached after improvements in the magnet cooling system.
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I1.2 The UAS5 Detector

11.2.1 Introduction

The UA5 detector [UAS 81a] is designed to give a fast survey of the main features of pp-
interactions at /s = 546 GeV and to investigate unexpected or exotic topologics. There-
fore, the detector has to meet the following requirements :

o Because many hours are needed to acquire a sufficiently intense beam of antiprotons
only a very limited access to the detector is available during rmn periods. Good
reliability of the system was therefore a basic requirement.

e To record an event as complete as possible the geometrical acceptance should cover
essentially the whole solid angle.

e In order to cope with very high multiplicities of tracks (np to 100 primary and 100
secondary tracks) the two-track resolntion has to he excellent.

o The detection of nentral particles as well as strange particles shonld be possible.

As a detector best suited for these demands a large streamer chamber system (fig. I1.3)
was chosen, which possesses a nearly “100% track detection efficiency and a good two-

SCHEMATIC LAYOUT OF THE STREAMER CHAMBER SYSTEM

3

N

71 T 1)
o T 2

Figure I1.3: The UA5 detector.

track resolution of abont 2mm. The events are photographed on film. This allows a
fast evaluation of the data with well understood scanning, measuring, and reconstruction
procedures developed for bubble chamber analysis. The advantage of an optical detector
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made it easier to cope with bad beam conditions (high hackgronnd, asymmetric vertex
position, cf. sections I1.2.5 and IIL.6).

The experiment took its first data in the snmmer of 1980 at the CERN ISR with pp-
and pp-collisions of /3 =53 GeV [UAS 80]. This served mainly as a test for the apparatus
ander run conditions. Once installed in the Collider not much time was available for tests
before the actual data-taking. The first data at the SPS Collider at /s = 546 GeV were
taken in two periods in October and November 1981 [MEI 81]. With several modifications
to the detector another run took place in 1982 [WAR 83b]. In March 1985 a third run was
concluded [UA5 82a,RUS 85|, where the Collider was operated in a puised mode varying
the c.m. energy between 200 GeV and 900 GeV [RUS 82]. The emphasis here will be put
on the data taken in 1982 and 1985 and reference made to earlier runs only for the sake of
comparison.

The following sections are devoted to detailed descriptions of the various detector com-
ponents.

I11.2.2 Beam Pipe

The beam pipe has to meet two rather conflicting requirements. To hold the vacnum
~ 1 x 10~° Torr) it has to be mechanically stable enough. On the other hand, it should
be as thin as possible so that particles produced in an interaction see as little material
as possible when traversing it. In the 1981 run a 0.4 mm thick corrugated stainless steel
beam pipe was used?. The corrugation increases the effective path length of patticles
traversing the steel, whose conversion probability for photons is relatively high. Abundant
clectromagnetic showers are scen in the streamer chambers ohscuring parts of the event.
Though they impair the analysis of charged primary® particles, especially in events of high
multiplicity, electromagnetic showers provide a means of detecting and analyzing primary
photons [MUE 83,UA5 82d].

For the 1982 run it was decided to concentrate on the analysis of primary charged
particles and strange particle decays and to reduce the secondary interactions originating in
the beam pipe. The old vacuum chamber was replaced by an uncorrugated 2 mm beryllium
beam pipe of nearly elliptical diameter (55 mm X 147 mm). The heam pipe consists of 3
straight sections of beryllinm joined together by 20 cm long sections of almmininm 4.8 mm
thick. Althongh aluminium is just as unfavorable in producing electromagnetic secondaries
as steel is, the overall electromagnetic background was reduced by a factor of about 5. This
results in much clearer events in the chambers and simplifies the analysis significantly.

In order to repeat the analysis of photon production at 200 GeV and 900 GeV, a “Pho-
ton Converter” consisting of an aluminium box containing thin lead sheets with known
conversion probability was introduced for part of the 1985 run between the beryllium beam

pipe and the upper streamer chamber. A detailed description of the converter is found in
[PEL 85).

2the corrugation enhances the mechanical stability

3particles produced in the pp-collision as opposed to secondary particles produced in interactions in the
detector material :
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11.2.3 The Streamer Chamber System

The principle of streamer formation is described in [RIC 74]. Charged particles traversing
a medium in the presence of a strong clectric field produce secondary ionization which
results in the formation of avalanches. If the external field is applied only for a short time
interval (a few nsec), the development will be arrested before discharge occurs. During
the process of streamer formation light is also emitted in the visible spectrum and small
luminous streamers elongated in field direction are visible along the particle trajectory.

To achieve a good resolution the streamer length should be as short as possible. Longer
streamers, on the other hand, are more luminons and, therefore, casier to record on film.
Hence one has to compromise between two conflicting requirements. The UAS streamer
chambers are operated with a streamer length of about 1.5 cm which gnaranties a two-track
~ resolution of 3 mm [GAU 84]. The streamer density is 1.5 streamers/cm.

The system consists of 2 identical streamer chambers, each with a sensitive volume of
6 x 1.25 x 0.5 m®, 9 cm apart® above and below the beam pipe (fig. I1.4). Each chamber

- STREAMER CHAMBER _

—__LAYOUT _
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- Figure T1.4: The streamer chamber layout.

has 3 parallel electrodes 25 cm apart. They are made from a 0.5 X 5 mm? stainless wire
mesh which has a transparency of 90% and is 50 pm thick (equivalent to 1% of a radiation
length).

The introduction of the photon converter plate made it necessary to raise the upper streamer chamber
by about 1.5 cm {or part of the 1985 run.
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Originally the streamer chambers were equipped with 4 lead glass converter plates
16 mm thick (~ one radiation length) to enable the detection of photon conversions. Of
these all but one placed transversely 50 cm away {rom the end of the upper chamber, had
been taken out in 1982. For the 1985 run the remaining one was removed as well.

The chambers are flushed with a mixture of 90% Neon, 9.5% Helinm and 0.5% Isobutane
continuously with a flow of 61/min. The Isobutane is added to lower the voltage necessary
for a given streamer density [EGG 75a].

The streamer density falls exponentially with the delay time between the moment a
charged particle traverses the chamber and the actual application of the high voltage pulse.
The time constant of this curve is called “memory time”. If a new event occurs faster than
the streamers have decayed, old tracks from the previons event will still be visible in the
chamber. A small admixture of SFg (= 0.2 ppm) reduces the memory time to 1.5 ss. SFs
is an electronegative gas that rapidly absorbs photons. The amount of SFg in the chamber
is monitored with special ionization chambers. ’

A detailed description of the high voltage generation and measurement is found in
[GAU 84]. For each chamber a high voltage pulse of about 375 kV is supplied by a 16-step
Marx Generator. The length of this pulse is shortened by interference in a Blumlein line
to about 15 ns. The system is operated at about 1 Hz, thongh this repetition rate can be
increased up to 2.5 Hz. The peak voltage, which determines the length and brightness of
the streamers, can be controlled by the gap width and gas pressure in the Blumlein line.
The actnal voltage on the chamber is measured with 3 capacitive probes distributed along
the chamber and recorded for each event. Events with a pulse height less than 3% from
the optimal voltage are too faint to be analyzed and, therefore, rejected.

I1.2.4 Optics |

The entire sensitive volnme of each chamber is photographed by two main and one supple-
mentary camera (fig. I1.3). The main cameras each view 2 overlapping halves of a chamber
with a demagnification of 1/50. This configuration gives a good two-track resolntion of
abont 2 mm and allows an adequate reconstrnction of tracks transverse to the beam. The
supplementary camera views the whole chamber with a demagnification of 1 /80 at a poorer
resolution. It is used for fast scans and as back up in case a main camera malfunctions.
Each camera is equipped with a system of 4 mirrors that produce two stereo images of the
“chamber. These are necessary for a 3-dimensional reconstruction of the events.

The depth of field®, determined by the chamber size and the inclination of the mirror
system, limits the aperture of the cameras. On the other hand short streamers of low
luminosity yield a good two-track resolution. It was, therefore, necessary to use image
intensifier tubes to enhance the Inminosity. Each camera is equipped with a 90 mm diameter
two-stage image intensifier of the type ITT F-4093. Its overall gain is about = 2000 and
its resolution 55 line pairs/mm. Optical fiber plates transfer the image onto film. The
maximum rate at which pictures can be taken with this system is 2.3 Hz.

Each chamber is supplied with two sets of 10 fiducial marks. These are electrolnmines-
cent plates placed above and below the chambers just outside the fiducial volume. Their
exact position in space is known to 0.5 mm. They serve as reference points for the geomet-

$610 mm
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tical reconstruction (cf. section ITL.4). A calibration grid is nsed to determine the optical
distortions caused mainly by the image intensifiers.

I1.2.5 Trigger
Hodoscopes

The trigger supplies the streamer chamber system with the information whether an event
of the desired type has taken place. Because of the short memory time of the chambers
interactions have to be recognized and distinguished from background fast enough, before
the ionization in the chambers has died away. In order to give a high as possible trigger
efficiency for varying event types (cf. section IIL.1), the system has to be flexible. A high
" background rejection requires a good timing resolution. This is achieved by using a system
of 6 scintillator hodoscopes in modular arrays shown in fig. 1.3 :

e two arrays of 2.5 x 2.5 m? at each end of the streamer chambers containing 36 ho-
doscope modnles (H1 and H2) and two arrays of 1.5 x 1.0 m? size placed at 900
containing 10 modules (H3 and H4). In 1981 H3 and H4 were situated on opposite
sides of the chambers. From 1982 on H4 was replaced by a calorimeter (section I1.2.6)
and moved next to H3.

e two smaller hodoscopes consisting of 18 modules arranged in 3 concentric rings (F1
and F2). The inner ring fits closely around the beam pipe. They are placed behind
H1 and H2 to get a better coverage of small angles (cf. section IV.2).

Each modnle is a light-tight box where a photomnltiplier tube views a 35 x 35 x 2 cm?
sheet of scintillator directly. The time jitier is ahbout 1 ns, the variation of the amplitude
across the box is less than 30%. The forward hodoscopes F1 and F2 consist of a 1.9 mm
thick scintillator and show a similar performance [ASM 81].

6

In order to reduce accidental hits and background noise strip counters® are placed in

front of each hodoscope.

The pp-Beam

The circulating proton and antiproton beams are confined by the radio frequency system
of the SPS to buckets of 35 cm length. They are separated by at least 1/3 of the machine
citcumference. Therefore, the pp-interactions occur in a well defined region within a time
interval of 2 ns.

The number of interactions taking place is characterized by the luminosity of the beams.
The luminosity £ is defined as £ = R/o where R is the interaction rate and o the cross-
section. It can also be expressed as a function of beam parameters :

N, N;
e s 2

®long scintillation counters
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run period 21-22 Oct’81 | 4-10 Nov’81 || 16-21 Sept’82 || 16 Mar-4 Apr’85
beam 273 GeV 273 GeV 273 GeV 100 to 450 GeV
momentum

initial luminosity 1 x 10% 2 x 102 1 % 1077 3 x 10%
Jem ™25t

initial # p’s in 3 x 101° 5 x 1010 5 x 10t° 6 x 100
bunch

initial # P’s in 8 x 108 5 x 10° 4 x 10° 7 x 10°
bunch :

Table IL.1: Characteristics of the Collider beam during UAS data-taking runs from 1981 to 1985.

where f is the bunch crossing frequency, Ny, (Nj) the number of protons (antiprotons) per
bunch, and A.g the effective beam crossing area [RUS 80]. The luminosity and other run
conditions are summarized in table IL1.

The luminosity declines rapidly due to interactions of the beam particles with the rest
gas molecules and beam-beam interactions. New fills are necessary every few hours. For
different fills the bunches might occupy various radio frequency buckets. This causes a
displacement of the bunch crossing point; two adjacent RF buckets are separated by 0.75m,
corresponding to a time difference between the two buckets of 5 ns.

Apart from gennine proton antiproton interactions, background interactions are also
present. The predominant source of background are “halo” particles which have escaped
from the bunches. They can produce showers when interacting with the beam pipe or other
upstream material. Beam particles interacting with the molecules of the residnal gas in the
beam pipe produce background as well.

Trigger Logic

The signals coming from the trigger hodoscopes are processed and stored in CAMAC units.
They supply information on hit patterns and hit multiplicities [MUE 83,SCH 86].

A bunch crossing signal is provided by two upstream directional couplers at either side
of the interaction region that detect a passing particle bunch. A signal derived from the
beam crossing signal defines the average time at which interaction products should arrive
at the hodoscopes. A coincidence with hodoscope signals defines an “in-time” hit.

Halo particles are produced by beam particles interacting with material outside the
detector. They accompany the beam and reach the downstream hodoscopes at the same
time as the products of beam-beam interactions. They also cross the upstream hodoscopes,
however, and produce an early out-of-time hit. Any hit occurring in a 50 ns period before
the bunch crossing signal causes the trigger to be vetoed.

The trigger hodoscopes are combined to define a two-arm trigger (H1 and F1 form
arm 1 on the incoming proton side, H2 and F2 form arm 2 on the incoming antiproton
side, denoted Al and A2, respectively, fig. I1.3). Background particles caused by beam-gas
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interactions or halo interacting with the beam pipe tend to be strongly collimated in the
forward direction with most particles going in one direction and none in the other, hitting
only one hodoscope. These backgronnd events are suppressed by requiring at least one
hit in both arms (A1xA2)". This condition defines the least restrictive trigger, therefore,
called “minimum bias” trigger.

Single arm triggers of the type Al x A2 and Al x A2 (at least one hit in one arm and
none in the other) were also introduced to study special “non-minimum-bias” event types,
these will be described in section III.1.%

Background events still passing the trigger requirements and exposed onto film were
rejected by scanning the film (cf. section II1.2) or by applying offline cuts to the data (cf.
section IIL.6).

I11.2.86 Calorimeter

In addition to the detector components described in the previous chapters a calorimetry
device was added as new equipment in 1982. Its task is to detect neutral hadrons and to
allow a rough energy measurement of both charged and neutral hadrons and photons and
to aid the detection of “Centauro” events [RUS 79].

The calorimeter is shown in fig. II.5. It was placed about 2 m away from the inter-

Upper Streamer Chamber

becm pipe———- )

Lower Streamer Chamber

Figure ILI.5: The UAS5 calorimeter.

section point (fig. I1.3) and covered 8% of the azimuth and the range between +1 and -1

"In 1981 the luminosity was low and background dominated. The number of protons exceeded the
number-8f antiprotons by a factor of 50, so that background triggers were mainly due to proton halo or
proton-gas interactions producing particles in direction of arm 2. Therefore, the number of hits required in
arm 1 was two.

®In fact, in 1985 most of the running was performed with a trigger requiring only one hit in A1, which
includes both A1xA2 and A1xA2. The trigger A1xA2 was heavily contaminated by background and,
therefore, not used.
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of pseudorapidity. It is divided into 10 identical modules 1 m high and 40 cm wide each.
This reduces the masking in the case of several patticles hitting the calorimeter at the
same time. Each module contains a lead-scintillator sandwich section to detect photons
and an iron-scintillator sandwich section to detect and give a rough energy measurement
of hadrons. The first section contains 6 lead sheets alternating with 6 scintillator plates.
Each lead plate is 2.5 cm thick corresponding to over 25 radiation lengths. Essentially all
photons convert in this section. The second section consists of 10 iron sheets alternating -
with scintillator plates, each iron plate being 5 cm thick.

As readout system BBQ wavelength shifter bars are used in order to have a uniform
photomultiplier response of particles passing any point in the scintillator. The scintillators
in the sandwich sections are grouped for read-out. In the lead section the first scintillator is
read out alone, and the two following ones, as well as the last three, are read out together.
In the iron section each half is read out as one unit.

The calorimeter was calibrated in test heams, where it was exposed to various particle
beams (e,p,p,n) of momentum between 0.7 to 15 GeV/c [AND 84,FRO 85]. A detailed
description of the apparatus and data taking during the 1985 run can be found in [BUR 87].
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Data Acquisition and Analysis

II1.1 Introduction

The total pp-cross-section consists of the following contribntions :

o The elastic cross-section, that makes np about 23% of the total [UA4 84, UA4 87].
e The inelastic cross-section, which is again made up of the following components :

— “Single-diffractive” (SD) events, where only one of the colliding beam particles
is excited into a state of higher mass M and subsequently decays into final state
particles. The cross-section do/ dM? for this process is seen to decrease as 1/ M2,
and has a small 4-momentum transfer, implying that the decay products are
very close together in momentum space in the initial direction of the excited
beam particle. Therefore, these events are characterized by a very asymimetric
topology.

— “Donble-difftactive” (DD) events, where both beam particles are excited and
decay as in single-diffractive events.

- “Non-diffractive” (ND) events, which make up the bulk of the inelastic cross-
section.

The double diffractive component has a similar topology as the non-diffractive one.
Since they cannot easily be distinguished in this experiment, they are grouped to-
gether into one class of events, denoted as “non- single-diffractive” (NSD).

The data taken during the runs in 1982 and 1985! for different trigger conditions (cf.
section I1.2.5) are summarized in table IIL.1. Apart from the so-called “minimnm bias”
trigger, a certain number of pictures were also taken with a “diffractive” trigger that em-
hances the amount of single-diffractive events (cither diffractive dissociation of the proton
or the antiproton), depending on which trigger arm is vetoed. Fig. III.1 illustrates the
relationship between different trigger types and physical processes as derived from Monte
Carlo simulations (cf. section IIL.7).

The basic 2-arm trigger is highly cfficient for all non- single-diffractive events (~ 95%),
only about 5% give a single-arm trigger. Single diffractive events, on the other hand,
tend to be asymmetric, and, therefore, most of these give l-arm triggers (= 70%). The

'No detailed description of the 1931 data [MUE 83] is given here. A total of 16 K good events was
obtained in 1981, though with a significantly lower beam luminosity and worse background conditions (cf.
table II.1).




II1.1. Introduction : i5

trigger type trigger setup | # pictures V/3/GeV | fraction of pp-events
: in the data
| 1982" B
minimum bias Al x A2 28.6 K 546 91%
p-diffractive Al x A2 76 K 546 16%
p-diffractive Al x A2 74 K 546 2.5%
[ 1985° ]
minimum bias Al x A2 46.6 K 900 97%
15.7 K 800,540°
222 K 200 94%
p-diffractive Al x A2 78K | 900 27%
3K 800,540°
16.9 K 200 8%

160% of the events were recorded only with the two supplementary cameras, 40% with both main and
supplementary cameras (cf. section 11.2.4).

547% of the data was taken with the chambers “closed”, .17% with the chambers “open” and the photon
converter in place, and 36% “open” but without the converter (cf. section 11.2.3).

“The numbers represent averages of a range of energies.

Table IIL1: Data and trigger conditions taken during the 1982 [MAG 82b] and 1985 [SCH 86|

rans.

TOTAL
80" 20%
INELASTIC ELASTIC
30-85% ¢ 10-15%
NON SINGLE SINGLE
DIFFRACTIVE DIFFRACTIVE
FROM MC . 95y 5% 15% +70% 5%,
@ 900GeV
NO
2 - ARM 1~ ARM
TRIGGER TRIGGER TRIGGER
A1 A2 At A2, A1.A2

Figure IIL1: Relationship between physics processes and triggers at 900 GeV
[WAR 85a].




i6 Chapter III. Data Acquisition and Analysis

remainder either fails to trigger or give a 2-arm trigger. However, since single-diffractive
events constitute only 15% of the inclastic cross-section, almost all two-arm triggers (> 98%)
are, therefore, NSD events.

Small cvents sample were recorded under very special conditions :

o In the_1982 run :

— A small data sample (= 3 K events) was taken using the energy deposition in
the calorimeter as additional trigger requirement, i.e. a coincidence of 2 2-arm
trigger and a transverse energy of more than 3 GeV. The energy is defined as
the maximum energy deposition from combinations of 3 adjacent NHD modules.

— Furthermore, a sample of 3K events was taken with an extra 2ms delay between
the occurance of a trigger and the firing of the streamer chambers, giving a
reduced streamer density. A Monte Carlo study had indicated that particle
identification on the basis of ionization measurements could be possible in that
case.

e In the 1985 run :

— Another 4 K events were taken with a shifted interaction vertex position (ir an
adjacent RF bucket) to study asymmetric single-diffractive events.

Both the events on film and the electronic data are processed, their relevant informa-
tion extracted according to procednres that will be described in this chapter. A detailed
description of how the electronic data coming from the calorimeter (abont 500 K events
were recorded with only the trigger information and the calorimeter data) are analysed is
given in [BUR 87).

I11.2 Event Scan

The remaining fraction of background events, especially in the one-arm trigger data, re-
quired a preselection to measure only good events. The cvents were scanned; those satisfying
the following criteria were rejected as background :

o No tracks pointing to the expected vertex region.
o Tracks traversing the whole chamber. This indicates halo background.

e An upstream interaction outside the vertex region having 3 or more tracks pointing
towards the primary vertex in question and less away from it. Either the “primary”
interaction is produced by upstream interaction products, or it is a true primary
interaction contaminated by tracks coming from the secondary interaction.

e In 1982 the timing of the trigger was not as good as in the later run, highly asymmetric
events with at least 15 tracks more in one hemisphere than in the other, resulting
from beam-gas or halo-beam pipe interactions, had to be rejected.
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Rejecting good events that by chance fulfill these criteria because they were accompa-
nied by beam-gas interaction products would not introduce any bias, since the primary
interaction and background events are uncorrelated.

Due to fluctuations in the high voltage pulse applied to the streamer chamber, some
events showed very faint tracks that cannot be measured reliably. Events that had a high
voltage amplitude of less than 97% of the average were, therefore, rejected.

Special scans were also carried out to find strange particle decays (V0-decays and
“kinks” from K, A, E). These are described in detail in [UA5 82c,UA5 85a,UAS 85h,HOS 86].

111.3 Event Measurement

All tracks on the accepted events were measnred, even those coming from obvious secondary
interactions. Excluded were only the following special cases:

e Delta rays (electrons of a few MeV) undergo several changes of direction dune to
multiple Coulomb scattering and do not form straight tracks.

o Secondary interactions, usually due to showers in the beam pipe, create regions
densely populated with tracks and, therefore, very difficult to measure. These re-
gions were marked (Q-labels) and omitted in measurement.

o Tracks emerging behind the lead glass plate could be partially masked due to shad-
owing of the plate.?

The events werc measured by the collaborating laboratories on several different devises:
in CERN and Bonn the Erasme-system was used, as well as Sweepniks and a Spiral Reader
in other laboratories. Only the measnring procedure for the Erasme will be outlined shortly,
mote detailed information is found in [HOS 82,MEI 78].

The Erasme system is an interactive computer supported measnring system allowing
operator intervention. Both streamer chambers are measured independently and are re-
combined after the geometrical reconstruction (cf. section IIL.4). For cach chamber 4 sterco
views are measured if the two main cameras are ased. The start and end points of cach
track are first digitized manually, then intermediate points are interpolated automatically.
An online geometry program can be used to predict start and end points of the same track
on other views. These are then measured precisely. It also provides a check for badly
measnred tracks, that are then remeasuted.

III.4 Geometrical Reconstruction

In order to reconstruct a track in space it is necessary to remove the distortions in the optics
system, in particular those introduced by the image intensifiers. Various parameters are
used to describe the distortion effects of the optics system, these are called optical “titles”.
A detailed description of the optics titles and the geometrical reconstruction is found in
[BUR 82], [FIS 83]. The titles are determined independently for each camera from a survey,

2only for the 1982 run.
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giving the actual space positions of the grid intersections and fiducial marks, and a careful
measnrement of these on film by means of a fitting program.

Due to the fact that most surveyed marks are near the top plane of the chamber the
predicted optical titles give poor reconstructions of points away from this plane. Therefore,
a set of corzesponding points® was included as a further constraint on the titles. The bulk
of these points were chosen as start points of tracks. These are known to be close to the
entry plane of the chamber and, therefore, compensate for the lack of surveyed points on
this plane.

I1II.5 Vertex Reconstruction and Particle Identification

111.5.1 Introduction

A typical streamer chamber event at 546 GeV has about 40 charged particles visible in
the chambers, of these 23 originate in the primary interaction, 17 are secondary particles.
These can be distingnished according to their origin as electromagnetic showers (5 particles),
hadronic showers (7), weak decays (2), and §-rays (3). An example of an event, as scen on
film, is shown in fig. IIL.2.

For an analysis of events the location of the primary vertex has to be found, and
particles pointing to it to be distinguisked from those pointing to secondary interactions.
The following possibilities for tracks visible in the chambers have to be considered (fig. II1.3):

e Primaries (a) point to the primary vertex if they have not interacted in the detector
material before entering the chamber. Those entering beyond the lead glass plate (b)
are not considered.

e A clearly visible kink (c) in a primary track can come from a , K-decay, or Conlomb-
scattering on the middle electrode or chamber gas.

o “V0.decays” of K%, A in the chamber (d).

¢ Hadronic and electromagnetic showers or photon conversions in the beam pipe or
chamber hottom (e).

e Strange particle decays outside the chamber (f).
e Very close primaries in the forward regions (g).
o §-electrons (h).

e Tracks not pointing near any vertex (i).

1I1.5.2 Reconstruction Algorithm

The primary interaction vertex is, of course, located inside the beam pipe and is, therefore,
not visible in the chambers. But one can determine the exact position of the primary

3The image from a unique point in space is identified and measured on two views.

tonly for the 1932 run.
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Figure IIL2: Streamer chamber event at 900 GeV.
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Figure ITL.3: Tracks visible in the chambers (cf. text for explanation).

vertex from the beam dimensions and extrapolation of visible tracks backwards into the
beam pipe.

Knowledge of the vertex position can then be used to separate so-called “primary”
particles, i.e. those originating in the primary vertex, from “gecondary” particles coming
from secondary interactions in the beam pipe and chamber bottom.

The primary vertex is found by the following algorithm (VFIND) [WAR 80}:

The transverse dimensions of the proton and antiproton bunches are known quite ac-
curately to within 1 — 2mm. This defines a beam axis on which the collision point must
lie. Because the colliding particles are confined to RF buckets of length of about 35 cm and
geparation of about 75 cm, the longitndinal coordinate cannot be deduced from the bunch
crossing point.

Therefore, the measured tracks in the chambers are extrapolated backwards toward the
beam axis to find the point of closest approach. The average of these points (called the
pointing distance d,) is used as a first approximation for the cootdinates of the primary
vertex. Only tracks whose length traversed in the chamber is at least 10 cm are nsed. Very
short tracks cannot be measured accurately enongh and, therefore, do not point very well
to the vertex. Tracks with frequent changes of direction that have an RMS® of greater than
30 pm are disregarded.

In the next step secondary tracks are separated from those coming from the primary
interaction. Since most secondaries are produced in electromagnetic or hadronic showers,
or photon conversions, each will have neighbors close by, i.c. the distance to the nearest
neighbor d;; will be small; and they do not point very well to the primary vertex. For
primary tracks the opposite holds, they tend to be produced well separated and of course
point very well to the primary vertex.

A scatterplot of the distance to the nearest neighbor d;; verses the pointing distance dp;
(fig. T11.4) illustrates the cut that is used in the data to separate primaries and secondaries.
The actual location of the cut is chosen to minimize the losses of primaries assigned wrongly
as secondaries and balance those against the number of secondaries assigned as primaries.
The cut parameters, therefore, change slightly for different regions of pscudorapidity. With
a first separation of primaries from secondaries one finds a better estimate of the primary
vertex by using primary tracks only. The procedure is iterated until the position of the
primary vertex changes by less than 2 mm. After this is done, the secondary tracks are

5The RMS measures the deviation of the measured points on a track from the straight line fit through
thses points.
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10
dpt/cm

Figure ITL.4: Separation of primaries and secondaries in the data for a pseu-

dorapidity interval 2 < 7 < 3.

linked together to secondary vertices by associating groups of tracks with small values of

dij.

1i1.5.3 Reconstruction Efficiencies
The efficiency of the algorithm and the cuts used can be judged by applying these to Monte

Carlo simulated data (cf. section IIL.7). Fig. IIL5 shows the deviation of the VFIND-
primary vertex from its trne location. The average deviation is 2.2 mm, for 85% of the
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Figure IIL35: Deviation of VFIND-primary vertex from true vertex.

events the vertex position is determined to better than 5mm. Very low multiplicity cvents
give a less accurate estimate of the primary vertex, for events with an observed multiplicity
less than 5, the average deviation is about 5 mm.
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Fig. II1.6 illustrates the efficiency of the cuts on Monte Carlo data for primaries and
secondaries. The cuts work well for primaries, excluding secondary showers, though many
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Figure II1.8: VFIND cuts on Monte Carlo data.

secondaries coming from weak decays are accepted as primaries if the decay vertex lies inside
the beam pipe. The composition of VFIND-primaries and VFIND-secondaries is shown in
fig. ITIL.7 as a function of pseudorapidity 7. In the forward regions more particles originating
in secondary showers are assigned as primaries. This is becanse the solid angle decreases for
large rapidity values, tracks tend to be closer, and the nearest neighbor cut is less cffective.
It should be stressed that the algorithm is tuned to find as lazge and clean as possible a
sample of primary particles, with the effect that the identification of secondaries is less
good. In order to analyze strange particle decays or photon conversions other techniques
have to be used [MUE 83,HOS 86]. The overall composition of VFIND-primaries is shown
in table II1.2 for all events, and for high multiplicities separately. The absolute number of
secondaries confused as primaries increases with multiplicity. Therefore, the percentage of
“true” primaries in the VFIND-primary sample is fairly independent of multiplicity.

II1.6 Reduction of the Data Sample

After reconstruction the relevant data for each event obtained from the film analysis and
the electronic information recorded during the run is collected on a DST (Data Summary
Tape). Because the analysis described in the following chapters requires very clean data
with a good detector acceptance, the following refers only to the data samples taken nnder
the best conditions, i.e. for 546 GeV the events recorded on all main cameras®, and for

®Having only one camera per chamber, i.e. only two views available, decreases the accuracy of the
geometrical reconstruction.
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Figure IIL7: Composition of VFIND-primaries and VFIND-secondaries.

particle alln {n > 54
true primaries 20.77 | 57.13
hadronic secondaries 0.19 0.36
electromagnetic secondaries || 0.79 1.79
weak decays 1.44 4.14
§-electrons 0.01 0.01
Dalitz-electrons 0.17 0.53

Table II1.2: Composition of VFIND-primaries for all events and those with observed multiplicity
n>54 (illustrated for 546 GeV). 1
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200/900 GeV only data without the photon converter and the best geometrical acceptance
was taken. ‘ :

The final minimum bias DST of the 1982 run at 546 GeV contained 7904 events; the
1985 DST contained 3944 events at 200 GeV and 6595 events at 900 GeV.

The raw data collected on the DST has to be reduced further for the following reasons:

e On a few events no primary vertex could be found by the vertex finding algorithm.

e Background events can be missed in the scan, when only the 2-dimensional projections
on film are available and the position of the interaction vertex unknown.

e Some events have a primary vertex that is not centezed in the chambers.
The cuts applied are the following:

o Events with no primary tracks found are rejected.

e For most events the longitudinal position of the interaction vertex lies in the center
between the two chambers (for the 546 GeV data it is shifted about 35 cm longitn-
dinally from the chamber center), corresponding to the beam crossing point. Some
events, though, originate from beam particles-in. other radio frequency buckets; the
interaction is then not centered with respect to the chambers and a greal percentage
of particles are lost outside the chamber acceptance. Such events have to be rejected,
even though they are good pp-events, because corrections for the losses would be-
come too large. Therefore, only events deviating less than 35 cm from the average
longitudinal vertex position are accepted.

e Events whose transverse deviation from the nominal beam axis is more than 2'cm are
rejected.

e One-prong events (only one primary track was found) have to be treated separately.
Here of course the position of the primary vertex is unknown. It is assumed to be the
point of closest approach when extrapolating the track back to the beam axis. Then
the same longitudinal and radial cuts described above are applied. Furthermore, if
more than 3 upstream secondary tracks are present, the event is rejected as well. This
cut is illustrated in fig. II1.8.

e

s

a PRIMARY
b SECONDARIES

Figure ITL.8: Upsiream vertex cut for one-prong events.

In table IIL.3 the influence of the various cuts is summarized. A large portion of the
events is rejected because of vertex cuis. The comparatively large number of 0-prongs in
the 546 GeV data is due to the fact that the trigger timing was less good in the 1982 run.
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rv’E/GeV | 200 | 546 ‘ 900_]
minimum bias events | 3944 7904 | 6595
on DST
0-prongs 15 182 16
1-prongs 39 66 33
1-prongs accepted 21 29 15

events with more than | 3890 7656 | 6546
one primary track

passing vertex cuts 3856 | 7496 | 6514
total number of events | 3877 | 7525 6529
accepted

Table TIL.3: Number of events passing cuts (cf. text for explanation).
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Figure ITL.9: Primary multiplicity distribution of rejected events excluding 0-

and 1-prongs.
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Fig. I11.9 shows the primary multiplicity distribution of rejected events (excluding 0- and
1-prongs). The high multiplicity events are those whose vertex lies in the wrong RF bucket.
The enhancement at low multiplicities indicates the difficulty of determining the primary
vertex when few tracks are available for extrapolation.

An example of the longitudinal (x) vertex position for 1982 data is shown in fig. 1110
(the coordinate system is indicated in fig. I1.3). The bulk of the events show a nearly
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Figure II1.10: Longitudinal position of the primary vertices.

gaussian distribution centered around —35 cm. In addition a few events are shifted 75 cm
to both sides, corresponding to adjacent RF buckets. These were rejected. In the 1985
data all events were centered around (x) = 0. Fig. I11.11 shows the transverse (y,7) vertex
positions. The beam pipe diameter is indicated. Only few events lie ontside the RMS-cut
of 2 cm.

The location of secondary vertices reflects the amount of material tracks have to traverse.
The x-distribution of secondary vertices (fig. 111.12) peaks in the vicinity of the primary
vertex. Secondary interactions produced hy clamps holding the beam pipe are identified
by VFIND and show up as 4 conspicuous spikes in the figure. As illustrated by the (y-z)
distribution in fig. I11.13, the bulk of secondaries originates in the beam pipe and chamber
bottoms. Vertices found inside the beam pipe are faked either by wrongly assigned primaries
or electromagnetic showers (if tracks originating in a shower are very close together, they
cannot be extrapolated very accurately to find their common vertex).

The 1982 data was contaminated more with background events than the 1985 data. If
there would be any residual backgronnd, in particular beam-gas events in the 1982 data,
after the cuts have been applied, these would be expected to cause an asymmetry associated
with the more intense proton beam; i.e. the number of all tracks np to one side of the
primary vertex (in x-direction) would on the average not be equal to those np on the other
gide. The asymmetry

A=TE""™B _ 0008 + 0.0030
np +ng

was found to be negligible.
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Figure IIL.11: Transverse position of primary vertices (the diameter of the
beam pipe and the cut epplied to the data are indicated).
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Figure HOI.12: Longitudinal position of secondary vertices.
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Figure IIL13: Transverse position of secondary vertices (the diameter of the
beam pipe and the chamber bottoms are indicated).

II1.7 UAB-Monte Carlo Program

111.7.1 Introduction

The structure of events seen with the UA5-detector is biased in the sense that the particle
distributions are distorted by finite acceptances, mmeasnrement errors, cuts on data samples,
etc., and have to be cither corrected for or, if this is not possible, compatred to simulated
events subjected to the same distortions. The first method is discussed in the following
chapter, whereas the latter method will he nsed in chapter VL The complexity of high
energy particle collisions and of the experimental setup necessitate the use of Monte Carlo
simulation techniqnes, rather than analytic treatments.

The UA5-Monte Carlo program consists of two parts. The first,which is detector inde-
pendent, produces the final state particles of the pp-collision at a given c.m. energy. It is
tuned to reproduce the properties of low transverse momentum pp-interactions at Collider
energies. This event generator will be described in the following subsection.

The second part simulates how the detector and the analysis system would respond fo a
given event. This involves tracking each particle through the detector material (beam pipe,
streamer chambers, trigger hodoscopes, calorimeter, and interspersed material), where it
undergoes secondary interactions, is scattered, or decays. Standard program packages can
be used to follow the passage of a particle through material. After the response of the de-
tector, the analysis system has to be simnlated. This involves the measuring process, where
optical distortions and measurement errors have to be taken into account. The standard
geometrical reconstruction program (cf. section II1.4) and, finally, the vertex finding proce-
dure (cf. section IIL5) are then applied to the simulated data. A more complete description
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is giver in [WEI 82,UA5 87a).

111.7.2 The UA5-Event Generator

The event generator [WEI 82,UAS 87a] can simulate two different classes of pp-interactions,
namely non-diffractive events (“GENCL”) and diffractive events (“DIFFR”). The diffrac-
tive component is outlined in [SCH 86}, only the non-diffractive event simulation is de-
scribed here :

e First the charged particle multiplicity distribution is generated from a negative bino-

mial distribution [UA5 85d], the parameters of which are taken from energy dependent
fits to published data [UA5 86a].

The particle composition is determined using energy dependent parametrizations of
particle ratios [UA5 85a,UAS 85b]. Only nucleons, hyperons, E’s, Kaons, and Pions
are produced. :

The particles are grouped into clusters of different types :

— Two leading clusters consisting of a leading particle (nucleons or A’s) each.

— Central baryons and strange particles are produced in pairs to locally conserve
the baryon and strangeness quantum numbers.

~ Pions, that make up 80-90% of the total, are produced in clusters whose size is
determined from a Poisson distribution with an average of 2 charged pions per
cluster.

All clusters that contain more than one particle receive an additional “excitation”
energy in terms of extra mass.

The transverse momenta of these clusters are generated from an exponential or a
power-law distribution; the azimnthal direction is distribnted uniformly.

The longitudinal momenta are generated from a “pre-rapidity” distribution with a
flat top and Gaussian wings (the leading clusters are assigned the smallest and largest
values), such that energy and momentum conservation holds [JAD 72].

Finally, all clusters and short-lived particles decay isotropically.

Detailed comparisons of the event generator data with physics results have been made
[UA5 87a). The properties pertaining to the cluster formation and decay process will be
analyzed in chapters V and VL




Chapter IV

Charged Particle Pseudorapidity Densities

IV.1 Introduction

In general the interaction of two particles a and b is of the form :
at+b—cr+ecat-rten,

where ¢;,¢,...,¢, ate the n particles prodnced in the final state. In very high energy
experiments the number of particles produced in an inelastic interaction is on the average
so large that it is impractical, and in most cases impossible, to determine exclusively all
kinematical variables to completely describe the final state. One, therefore, resorts to the
study of the inclusive interaciion : )

a+b—citer+ten+X,

where only the m-particle prodnction characteristics are determined, regardless of the re-
maining (n-m)-particles (“X”).

The differential cross-section d*>c of the production of particles ¢y,...,c,,, where an
implicit sum is made over states with varions quantnm numbers which comprise X, is
usually denoted in the Lorentz invariant form as

3 = - ™ dp?
d'0'=f,:'{,'(P1,...,p,,,_;s)H?T, (41)
i=1 * )

where ;1,...,;m and (Ey,..., E,,) are the particle momenta and energies, respectively,
and s the square of the c.m. energy. The function f7F contains the integration over the phase
space of the (n-m) particles not measured. In general only inclusive one- or two-particle
final states are determined.

In the special case of one-particle inclusive reactions ¢ + b — ¢ + X, equation 4.1
simplifies to :

dp3
E,

ddo = f5,(P;9) (4.2)

The UAS5 detector can only detect charged particles, and, having no magnetic field,
cannot measure particle momenta (apart from special cases, e.g. VO.decays [UA5 82c)).
The properties of charged interaction products are, therefore, described in terms of their
angles and multiplicities. Given the good overall chamber acceptance and visual detection
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Ol

Figure IV.1: Definition of the polar and azimuthal production angles, $ and
©, respectively.

technique, these quantities can be determined very reliably. The definition of the c.n.
azimuthal and polar production angles (& and ©, respectively) are illustrated in fig. IV.1.

The polar angle © is usnally given in terms of the psendorapidity variable
7 = —log tan(©/2) .

The psendorapidity is related to the rapidity variable

3 log T N L - y (4.3)
—PL . yJPE+m?

where E is the particle energy, py, (pr) its longitudinal (transverse) momentum, and m the
particle mass.

When no particle momenta can be measured, the psendorapidity 7 is used instead of
the rapidity y; the following relation hetween y and 7 holds :

pr sinh g = \/pzT 4+ m2 sinhy . (4.4)

For m?/ pzT < 1 one obtains 7 & y; the relation is exact for massless particles. For produc-
tion at very small angles (pr<m < pr), ie. O = 0°, and in the central region (small pr
and pr ® m), i.c. O = 90° the approximation becomes worse.

Expressing the longitudinal momentum of equation 4.2 in terms of the rapidity variable,
and integrating over the transverse component, one obtains the rapidity density!

(y) nst. X do — 1 do
= const. X —— - —
p'(y iy s 4y’
which is normalized to the total cross-section. The inclusive charged particle psendorapidity
density is defined analogously :

1 do
o dn
L dnfn)
N dn
d{n(n))

= =5 (4.5)

pl(n) =

'The index (") is introduced in order to distinguish the one-particle density p! from the two-particle
density p'!, defined in section IV 3.
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where N is the total number of events, and n(n) the number of particles observed in dgn
(the brackets denote the average over all events). Hence, the integral

+00 [
(n) = / p'(n)dn
-~ 00
is equal to the average charged particle multiplicity.
Fig. IV.2 illustrates the difference between the charged particle distributions as a func-

tion of rapidity (p'(y)) or psendorapidity (p'(n)) obtained from Monte Carlo simulations
(cf. section II1.7). The pseudorapidity distribution underestimates the rapidity distribntion

Y: T] ybcﬂﬂ ybcnm

Figure IV.2: Comparison of the rapidity and the psendorapidity distributions
for 200 GeV and 900 GeV obtained with the Monte Carlo [UA5 87a].

at small values of 5,y (“dip” in the central region) and overestimates it at large 7,y.

For the inclusive two-body final state appropriate two-particle densities can be defined,
e.g. the two-particle psendorapidity density :
1 d%¢

11 - . )
P (1,m2) 5 Imdn

(4.6)

It is proportional to the probability of finding a combination of two particles with pseudora-
pidities 7, and 75 in the same event. However,when counting the number of combinations,
one has to distingnish between identical and non-identical particles. Here, only the pseudo-
rapidity value (or interval) of a particle is relevant for this distinction, i.e. whether n; = 72

or m FMy :

) Md_"lnll_)dl%n m # M
p () = d({n(n;) (n(n) - 1)) = , 0
m="mn2

dm 2
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where n(7;) is the number of charged particles observed in d;; the brackets denote the
average over all events. '

The integral of p'l is related to a moment of the charged particle multiplicity distribu-
tion :

+oo0 p+oo
/_ /_ (ny, 72) dmydma = (n(n — 1)) . (4.8)

Similarly, higher dimensional densities can be defined, though their experimental de-
termination is seldom possible. The integral of each of these n-body particle densities
determines an n* moment of the multiplicity distribution. Therefore, a complete set of
n-body particle densities determines all moments of the multiplicity distribution, i.e. the
distribution itself, and vice versa. The integral over a limited kinematical region determines
the multiplicity distribution in that region. In other words, the study of n-body particle
densities is equivalent to investigations of the multiplicity distribution of those particles.

“Semi-inclusive” particle densities refer to cross-sections for the production of a fixed
number n of particles in the final state; they can be correspondingly defined as, e.g.

. 1 do
I _ 1 don 4.9
) bl (4.9)
' and
T d%0,

Pl(n,m) = — (4.10)

: '
on  dmdny
A
where o, is the cross-section for producing n particles. The distributions are normalized as
follows :

+a0
[ hman =, (4.11)
and

+o0 p+4oo
/ / A, m)dmdns = n(n-1). (4.12)

The following sections describe, how the one- and two-particle charged psendorapidity
distributions are derived for the inclusive, as well as the “semi-inclusive” final state. Only
non single-diffractive events (cf. section III.1) are taken for the analysis.

IV.2 Corrections

There are various reasons for which particle distributions have to be corrected :

e The detector does not cover the full solid angle. There are losses in the gap between

the chambers at = 07 and ® = £180°. This could be easily corrected, if one assumes

- that the events are isotropic in azimuth. At very large rapidities (n > 5) the track

angle with respect to the beam axis is so shallow, that none of the tracks enter the

chamber. This cannot be corrected for directly, since no information on the forward

regions (7 > 5) can be gained from the data. One has to rely on the extrapolation of
Monte Carlo models.
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0,5

Figure IV.3: Acceptance of the trigger hodoscopes as a function of pseudora-
pidity.

o The hodoscopes have a limited acceptance in 7, shown in fig. IV.3. Hence a few
events, in particular low multiplicity ones, fail to produce a trigger.

e The primary tracks found by VFIND are contaminated with secondaries, some pri-
maries are assigned as secondaries. Since the algorithm is tuned to balance both
losses, the correction is very small.

s Very steep tracks (& ~ £90°) are difficult to measure precisely, they appear as bright,
thick tracks on film. Because of their bad RMS? they are usually rejected (cf. sec-
tion II1.4) and have to be corrected for.

All the above mentioned losses can be corrected by utilizing Monte Cartlo simulation. The
procedure will be discussed in detail below.

A few losses cannot be simulated, but their effect can be estimated :

e In the measnring process some tracks may be missed. One can estimate this loss
by remeasuring several events. The measnring cfficicncy turns out to be ¢,, = 0.98
[WAR 84], only 2% of the tracks are missed fairly independent of the event multiplic-
ity.

‘e Tracks inclined at shallow angles to the beam pipe (i.e. having large 7) have a high
probability of producing a secondary shower in the beam pipe or chamber bottom.
The secondaries entering the chamber and are visible on film as very dense showers.
In some cases they obscure part of the film, making that region unmeasurable. Two
tracks bounding the region are measured and labeled specially (Q-label). One can

afterwards estimate the area lost in terms of pseudorapidity and treat it like a loss in '

geometrical efficiency [MAG 82a]. Fig. IV.4 shows the efficiency loss €q as a function
of psendorapidity for three multiplicity regions. Only for multiplicities above 40
and 7 > 4.5 are the losses comparable to measurement losses and can in general be
neglected.?

The data are corrected by using the following algorithm shown in fig. IV.5 :

?Deviation of a track from a straight line.

3This was not the case for the 1981 data [MUE 83] where corrections tended to be a factor of 7 larger.
The steel beam pipe was the source of abundant electromagnetic showers.
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Figure IV.4: Q-lable losses for different multiplicity regions as a function of
pscudorapidity.
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Figure IV.5: Tllustration of the correction procedure.
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N €e
200 GeV | (91.5 +2.0)%
546 GeV | (96.6 £ 1.6)%
900 GeV | (97.0 £ 1.1)% |

Table IV.1: The trigger efficiency as a function of energy.

The primary interaction is generated by the UA5 event generator [WEI 82,UA5 87a]
(described in section II1.7). This program is tuned to describe the features of pp-interactions
at 200, 546, and 900 GeV phenomenologically. Since many of the particles created in the
- primary interaction undergo secondary interactions (scattering, showers, decays, etc.) in
the detector material, the event generator data have to be treated correspondingly. This is
done in the UA5 Monte Carlo [WEI 82,UA5 87a] (section II1.7), where each primary particle
produced is tracked through an appropriate simulation of the detector material. Finally,
the distortions introduced by the optics system and the measnrement process are generated.
In this stage the Monte Carlo data should correspond to real data after the geometrical
reconstruction. The vertex finding procedure is then applied to the simulated data, and
“background” events are rejected with the same cuts that were applied to the data. At this
stage, one can either compare the “observed” Monte Carlo data to the real data, or derive
geometrical, vertex-finding, and irigger efficiencies by comparing the “observed” Monte
Carlo with the original event generator. These efficiencies are used to correct the data
which, in turn, is used to tune the eventgenerator. As long as the corrections are small,
the procedure should converge. In total a sample of about 30 000 Monte Carlo events was
available at each energy.

In order to correct the observed psendorapidity distribution, for example, one does the
following :

The correction factor is determined by calculating the ratio of the event generator
distribution (EV) to the Monte Carlo distribution (MC) :

plev(n) L _ Nmc  dney/dy 1

Pmc(n) " em  Nev  demc/dn  em

S
€¢

1/€hee(n)

]

where €. .(7) is dominated by the geometrical efficiency, and also contains effects such
as bad angle measurements, losses caused by the primary-secondary assignment, and the
measurement efficiency. e, contains the trigger efficiency, losses due to background cuts,
and corrections for events where no primary vertex was found.

The trigger efficiency is given in table IV.1, the errors reflect the statistical uncertainties
only. The value derived is sensitive to the average transverse momentum, and to the shape
of the zp-distzribution! for leading baryons near zp ~ 1. The Monte Carlo assumes a
1 — |zp| distribution near |zp| ~ 1. If, instead, the leading baryon distribution were to be
flat in zp, the overall trigger efficiency wonld decrease by about 2% [UA5 87c].

‘xp =2-pL/\/s
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The rapidity dependent correction el . is shown in fig. IV.7(a). For pseudorapidity
values |g| < 2.5 the geometrical efficiency is greater than 90%. The systematic errors
are small (=~ 2%), they depend essentially on the quality of the simulation of secondary

_interactions in the chamber material.

The correction procedure applied to the data is only valid statistically, i.e. for distribu-
tions that average over a certain sample of events. It cannot be applied on an event-to-event
basis. Distributions of individual events or a very small event sample cannot be corrected
for losses. However, they can be compared directly to Monte Carlo distributions (after
the vertex finding procedure). This problem arises in the analysis of fluctuations in the
pseudorapidity distributions for individual events (cf. chapter VI).

IV.3 Corrected Charged Particle Pseudorapidity Distribution

A definition of the psendorapidity distribution was already given in equation 4.5. The raw
distribution has to be corrected following the procedure described in section IV.2.

1
p'(m) = 3 X € X plops(M)y (4.13)

€ace()

where the index “obs” refers to the raw, uncorrected distribution.

Fig. IV.6 shows the corrected charged particle psendorapidity distribution. Since 7 is

4r A
A 4 4 A
| Loa
P C)
L ] b - . 4
<1 -,
L o © * tee P * 'y
[y [ ]
2r ° . +
L] .
. 4
I ® 200 GeV
1 B 546 GeV ¢
A 900 GeV ¢
o ;1| 1 1 1 1
0 2 4
n

Figure IV.8: Charged particle psendorapidity distribution.

measured in the c.m. system, the distribution is expected to be symmetric around 7 =
0 from the charge conjugation symmetry of the final state. Therefore, the distribution
is shown folded around n = 0. The errors shown are statistical only, the origin of the
systematic errors was discussed above and would change the overall normalization by about
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Vs central density (M) |p1es
200 GeV 2.51 £ 0.04 20.66 + 0.05
546 GeV 3.08 £ 0.04 28.02 £ 0.04
900 GeV 3.68 £ 0.05 32.20 £ 0.05

Table IV.2: Central density and integral of the charged particle pseudorapidity distribution as a
function of c.m. energy.

2-3%. The depletion in the central region (751) is of kinematic origin, as explained in
section IV.1.

The distribution p'(n) increases both in width and in height with increasing energy.
The broadening is proportional to log s, since the available rapidity range increases as
Ybeam = log /3/m,, where m, is the proton mass. Table IV.2 shows the central density®

+0.

2
1 ~ — T
p(n~0)—/ , p(n)dn,

as well as the integral of the distribution

(M} mi<s = /_ :5 p(n)dn

which gives the average charged multiplicity in that region.

It was found in a comparison with lower cnergy data [UA5 85c], that the central density
rises linearly with log s.°

The raw two-particle pseudorapidity distribution is corrected similarly to the one-
particle distribution by calculating a geometrical accepiance el (n1,7m2) from the two-
particle distribution obtained from the Monte Cartlo data. Often this acceptance is assumed
to factorize [EGG 75b] :

11
Coceom) g (4.14)
eacc(nl) * Eacc("’?)

This assumption holds reasonably well for 7; # 72, it is not correct for 7 = 72, a8 shown in
fig. IV.7(b); mainly because we cannot directly distinguish primary and secondary tracks
in a given event, but have to use an algorithm (VFIND) to separate them (cf. section IIL.5).

The corrected charged particle pseudorapidity density P at /3 = 900 GeV is given in
fig. IV.8. It shows a similar dip as the one-particle density.

SNee, that the value obtained for the central density depends on the integration interval because of the
dip of the pseudorapidity distribution in the center. For practical reasons the interval |n| < 0.2 was chosen
here; qualitatively this choice does not influence the energy dependence of the central density.

%Since most of the low energy data published refers to the total inelastic cross-section (i.e. the combination
of single-diffraction and non single-diffraction), one las to compare the inelastic distributions not given here
[UAS 85c].
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Figure IV.7: (a) One-particle geometrical acceptance, el and € ..., as a
function of 7 for all multiplicities combined and for fixed intervals of multiplicity.
(b) Ratio of the two-particle and one-particle geometrical acceptances, el and

,, aces for all multiplicities combined and for fixed intervals of multiplicity.
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Figure IV.8: Two-particle charged pseudorapidity density at /3 = 900 GeV.

From p! one can extract information about the two-particle correlations; this is done in
the following chapter. Information on more than two-body final states [KAF 77,EGG 75b]
cannot be obtained in this experiment due to lack of statistics. '

IV.4 Semi-Inclusive Charged Particle Pseudorapidity Densiti‘es

Corrections of the observed pseudorapidity densitics at fixed charged multiplicity n are
carried out similarly to those described in the previous section.

The trigger efficiency €5, and the geometrical efficiencies eL'acc(n) and eﬁacc(m,nz)
are obtained from the ratios of the event generator distributions and the Monte Carlo
distributions (cf. equation 4.13) taken at fixed true charged multiplicity n. They are shown
in figs. IV.7 and IV.9. The efficiencies are subject to the same systematic uncertainties as
discussed in section IV.2.

10+ e

€t

05T

200 GeV 546 GeV 900 GeV

0570 20 30 0 10 20 30 O 10 20 éon4o

Figure IV.9: Trigger efficiency as a function of charged multiplicity.

For small multiplicities (n<20) the trigger efficiency drops to very low values, since the
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probability, that a particle hits one of the trigger hodoscopes, depends on the total number
of particles produced in that event. Because of the broadening of the rapidity distribution
with increasing c.m. energy, the chance of a particle producing ‘a trigger increases with
energy at fixed multiplicity. -

The significant difference between the calculation of inclusive and semi-inclusive densi-
ties lies in the fact that one does not know the trne multiplicity n of a given event (not all of
the charged particles are determined), but has to infer it from the multiplicity nops actually
observed in the detector. The Monte Carlo data gives access to the information of how,
for an event of given true multiplicity n, the multiplicities nops observed in the detector
are distributed; this is shown in fig. IV.10. In principle, one could use this distribution

120
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= 80F
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&
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0 20 40 60 80 100 120

TRUE MULTIPLICITY

Figure IV.10: Distribution of observed and true multiplicities in the Monte
Carlo data at /s = 546 GeV.

to determine the true multiplicities for the data; but this requires too large an amount
of Monte Carlo data, so one has to rely on additional assumptions on the shape of this

distribution. The probability P(n,ps, 1) for observing nobs particles in the chamber, given .

a true multiplicity n, can be taken to follow a bincmial distribution

P(nobs) n) = ( n~Ilb ) pnobs(l _ p)n—nobs ,
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LVl » | b l c |
fit to (nope)|ln=a+b-n+c-n’

200 || —0.92 £ 0.05 | 0.816 =+ 0.005 | (1.41 £0.10) x 10™°

546 || —1.33 +0.05 | 0.758 +0.004 | (1.19 £ 0.06) x 1073

900 || —1.84 £+ 0.06 | 0.732 £ 0.005 | (0.93 £ 0.05) X 1073

fit to 02(nops)|ln =a +b-n°

200 -0.8 +0.2 0.9 +0.1 0.69 + 0.03
546 -2.0+0.3 1.4+£0.2 0.65 + 0.02
900 -3.3+0.4 1.8 +0.2 0.65 + 0.02

Table IV.3: Parametrization of the first two moments of the P(n,ps,n) distribution.

if the losses are only due to the geometrical efficiency. Since secondary particles can be
confused with primaries, the probability distribution can have finite values for nops >n and
has to be slightly modified [GAU 84,HOL 86] :

+k _
P(nobsv n) = ( nn . ) pnobs(l _ p)n+k Nobs
oDs

( (nobs) ln)2 :

{Robs)|n = o2 (Dobs ) ’

with n + k

The moments (nops)|n and 02(nops)|n are the average and the variance, respectively, of the
distribution IV.10 at fixed n; they are shown in fig. IV.11 together with a least squares fit
to the following parametrization :

(Mobs)l, = ay +by-n+ep-n?

= a2+b2-n°’ .
n

Uz(nobs)
Table IV.3 gives the parameter values for 200, 546, and 900 GeV.

One can then use this to determine the probability matrix that an event of observed
charged multiplicity nops comes from a true multiplicity n, and hence the multiplicity dis-
tribution. How this probability matrix is determined, is described in [HOL 86,ASM 85].
Instead, for each event of observed multiplicity nops a “true” multiplicity n is randomly
chosen according to the probability distribution P(nops, 1) at fixed values of nop,, and the
appropriate particle densities are calculated as a function of this assigned multiplicity n.’

The corrected semi-inclusive charged particle pseudorapidity densities are shown for
various ranges of charged multiplicity in fig. IV.12. The density increases with multiplicity,
this is due, though, to the overall normalization (equation 4.12). If one compares the
densities, pl/n, normalized to unity (fig. IV.13), it is evident that for higher multiplicities
the distributions become narrower and increase in height only in the central region. The
central density

+0
-0

Anm0)= / .: pL(n)dn

"This simplified procedure is valid for calculating averages over the multiplicity distribution (e.g. rapidity
density distributions), and has the advantage of avoiding normalization problems when one determines higher
order density distributions.
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Figure IV.13: Normalized semi-inclusive pseudorapidity density for different
ranges of charged multiplicity.
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therefore, shows a stronger than linear increase with multiplicity (fig- IV.14). At fixed
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Figure IV.14: Central pseudorapidity density as a function of multiplicity and
c.m. energy.

multiplicity n, though, the central density decreases with the c.m. energy and the distribu-
tions become broader. Furthermore, it was found [UA5 86d] that the scaled central density
pL(0)/p'(0) cxpressed as a function of z = n/(n) is independent of s.

Higher order semi-inclusive rapidity densities are not given in this chapter. They are

very closely connected to the many-particle correlations in rapidity space, and will be
discussed in chapter V.




Chapter V

Two-Particle Pseudorapidity Correlations

V.1 Introduction

In order to understand the dynamics of multi-particle production in high energy collisions,
analyses of single-particle distributions alone are insufficient. Investigations of correlations
among final state particles are necessary in order to reveal further properties of the under-
lying production mechanism.

These studies involve the interaction
pp —mea+ea+X,

where ¢y, cq are the particles observed, and the rest of the produced particles contained
in “X” are either disregarded, or only specific features, such as the number of charged
particles, are noted. The corzelations between c; and ¢y can be investigated in terms of their
kinematic variables, e.g. rapidity, azimnth, and transverse momentum; as well as in terms
of the types of particles observed, e.g. charge, quantum numbers etc. The conservation of
energy and momentum produces trivial correlations among the final state particles; they
can be removed, for example, by restricting the analysis to certain regions of phase space.

One of the most accessible sonrces of information on particle correlations is the study
of two-body (psendo-)rapidity correlations. They can be separated into two types :

e Observing a particle in a certain region of phase space may give information on what
can be expected in adjacent regions; these correlations are termed “short-range”.

e On the other hand, the observation of a particle can yield information on the particles
produced in other regions further away or on the event as a whole. This is a “long-
range” effect.

First studies of correlations among final state particles emitted at various positions in ra-
pidity had been undertaken already at c.m. energies of 5 GeV [KO 72]. More extensive anal-

yses were made in pp-collisions at the FNAL (/s up to 27 GeV) [KAF 77], and at the CERN.

ISR (/3 up to 63 GeV)in pp, pp, ap, and ac collisions [EGG 75b,AME 76,DRI 79,BEL 84],
as well as in e*e~-collisions [KOC 82]. '

They have revealed a tendency for particles in the central region to be grouped in
clusters over a range of rapidity of about 1 to 2 units. These “short-range” correlations
have been interpreted in terms of cluster models [MOD)] in which the observed hadrons are
products of isotropic cluster decays with an average decay multiplicity of about 2 charged
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patticles per cluster. The increased number of final state particles and the large range of
about 6 units of the pseudorapidity plateau available at Collider energies should provide
an even better basis for the study of rapidity correlations and the separation of short-range
and long-range effects.

V.2 Inclusive Two-Particle Pseudorapidity Correlations

The charged particle psendorapidity densities ol and p!! were determined in the previous

chapter. In terms of these quantities one can define the two-body correlation function
[WIL 70,MUE 71] :

Cln, m2) = PN,y m2) — Pm) - p'(m2) - (5.1)

It determines, whether the probability for the joint production of a pair of particles at
m and 72 (in the same event), given by (1, m2)/(n(n — 1)}, differs from the probabil-
ity for independent production, p'(m)p‘(ng)/(n)z, of two particles with the same pair of

psendorapidity values. The integral of the correlation function is given by :

+o0 +00
/ / C(m, 72) dnydmng
-—00 -0

+ o0 +00
/_ /_ (P (n1,m2) = A(m) - P'(m2)) dmydma

(n(n - 1)) = (n)?
f2, ~ (5.2)

i

where f3 is the second Mueller moment of the multiplicity distribution, which is connected to
the width of the multiplicity distribution. In the case of independent particle production the
fo-moment and all higher f-moments would vanish [KNO 74}; the multiplicity distribution
would become a Poisson distribution. This is clearly not the case, thongh; the width of the
charged particle multiplicity distribution and the fo-moment show a sharp increase with
energy [THO 77,UA5 84](cf. fig. V.1).

400}
® ISR[THO 77]
fa + . UAS
300t
200+ +
100+ .
0™5% 50 100 500 1000

Vs

Figure V.1: The f;-moment for ISR-energies [THO 77] and Collider energies
[UA5 84,UA5 864}
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Figure V.2: The inclusive two-particle correlation function C(#y,7) projected
to illustrate the dependence on (a) 7 + 72 and (b) 7 — 2.




V.2. Inclusive Two-Particle Pscudorapidity Correlations 49

The inclusive correlation function is given in fig. V.2 for /s = 900 GeV. Rather than
illustrating the 7, 7 dependence, the correlation function is projected to give a better view
of the dependence on 7; + 75 and 7; — 72. In (a) the behavior for n; — 179 = const., e.g.
along the diagonal u; = 7, is illustrated. In the central region it is independent of 7, + 72.
(b) shows the same plot rotated by 90° to demonstrate the dependence on 7y — 72 (e.g.
along the diagonal 7; = —72). A sharp rise in the central region can be made out. In other
words, observing a particle in a given region of phase space makes it more likely that a
second particle is produced nearby. This confirms the observations made at lower energies
[KAF 77, that the shape of the corrclation function in the central region depends only on
the (pseudo-)rapidity difference |7y — 72| (“¢ranslational invariance”), and has its maximnm

value at 7y = 2 = 0.

The normalized correlation function
C(m,ﬂz)
A (m)e'(n2)
11
— /'7 (771,‘772) 1 (5.3)
p'(m)e(n2)

is introduced o avoid difficultics with cross-section normalizations and to cancel out un-
certainties in the acceptance correction [AME 74]. In scction IV.3 the corrections of the
geometrical efficiencies €L, and €l were discussed with the result, that the efficiency ra-
tio €l /(el,.. x €l .)—this ratio corrects the normalized correlation function R—can not
be taken as unity for all regions of psendorapidity. Therefore, the R-function offers no
advantages over the C-function for this experiment. Furthermore, the properties of the
C-function stated above are not so well reproduced by the ratio R, as can be seen from

fig. V.3. The dependence on |7y — 1| is less pronounced, and the plateaun at n; = 7 is not

R(n1,12)

WY
A
‘r\\

g(i

V0,
IR
A

>

Figure V.3: The normalized inclusive correlation function R{m,m)-

as flat. For these reasons only the correlation function C(n1,7%2) is taken for the following
analysis.
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The inclusive two-particle correlation function C(7y,72) at fixed 72 = 0 is'presented in
fig. V.4(a) for 200, 546, and 900 GeV. It shows a striking increase in height and width
compared to results obtained at lower energies (/s = 63 GeV) [AME 76,FOA 75]. This

® PSB 63 Gev O UAS 200 GeV O UAS 546 GeV A UA5 900 GeV
1 ‘l 1 1 I } | 1 I I 1 I | I 1
a) C(0.,n) + b) C(0,n) c) C(0.n)
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Figure V.4: The inclusive correlation function C(7n1,72) (a) is plotted for
fixed 7, = 0 versus 7, at 63 GeV [AME 76,FOA 75], 200, 546, and 900 GeV.
(b) shows the long-range and (c) the short-range contribution to C(m,m)-

is to be expected since the fy-moment has increased significantly from lower energies
[UA5 84,UA5 86a]. The errors shown are only statistical. They take into account the
fact that the single and two-particle densitics are not statistically independent quantities

and can be calcnlated from higher order densities [KEN 73].




V.3. Semi-Inclusive Two-Particle Psendorapidity Correlations 51

V.3 Semi-Inclusive Two-Particle Pseudorapidity Correlations

Apparent correlations can be generated by adding two uncorrelated mechanisms together.
This was first discussed in the framework of two-component models [PIR 73,BER 73b],
where the inclusive correlation function is expressed in terms of the intrinsic correlations
inside each component, and a cross term arising from the mixing of components. In anal-
ogy, mixing events with different charged multiplicities, which have different single particle
densities (cf. section IV.4), can cause strong apparent correlations. Therefore, the inclusive
correlation function C has to be decomposed into a semi-inclusive component (correlations
of events with a given multiplicity n), Cs, and a mixing term (events with different multiplic-
ities n), Cp. Therefore, the inclusive correlation function C is related to the semi-inclusive
function C, at fixed charged multiplicity n as [BIA 73 KAF 77} :

C(m,m2) = Cs(mym2) + Crlm,m), (5.4)
where
Cs(n,m) = D %Cn(m,m) (5.5)
E and
Cilnym) = ; 22 (o) = b)) - (o'(m2) - ph(m)) - (5.6)

Fig. V.4(b) shows the contribution of Cp(71,72) and fig. V.4(c) the contribution of Cs(%1,72)
to the inclusive corrclation function for n = 0.

The first term in equation 5.4 is the semi-inclusive correlation function Cn(m1,72) av-
craged over all multiplicities. For fixed charged mulliplicity n it is defined in analogy to
equation 5.1 as :

Cnl(miym2) = (11, m2) — PL(m) - pL(7m2)

with the following normalization :

+oo0 p+oo
/ / Cn(ﬂh ﬂz)dmdﬂz =—-n.

As shown in fig. V.4(c) and also fig. V.5, Cs(m1,72) is sharply peaked with a full width
of about two units in psendorapidity and is, therefore, called a “short-range” correlation
function. This peak structure, again, depends only on the (pscudo-)rapidity difference
[ny — 72l; for 9y = 72, Cg is nearly constant in the central region. It is almost energy
independent, the strong increase with energy seen in the inclusive correlation function C
has nearly disappeared.

The sccond term in equation 5.4 includes such effects as the different normalizations
of the semi-inclusive pseudorapidity densitics (cf. equation 4.12), and the change in shape
of pl with multiplicity (fig. IV.13). It is present even in the absence of true dynamical
correlations. It broadens the correlation function and is, therefore, somewhat misleadingly
called “long-range” correlation. The comparison of different energies shown in fig. V.4(b)
demonstrates how this term is responsible for the apparent increase of the inclusive corre-
lation function C(my,72) with energy. This illustrates the importance of the decomposition,
since a large value for the inclusive correlation function C does not necessarily imply that
the intrinsic correlations are strong as well. Fig. V.6 shows the broad plateau of Cp. For
M = 72 one expects Cp, to be constant in the central region, as are C and Cg. Trivially,
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Figure V.5: Short-range contribution to the inclusive two-particle correlation
function Cs(;,7;) projected to show the dependence on (a) 7, + 72 and (b)
m — n-
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Figure V.8: Long-range contribution to the inclusive two-particle correlation
fanction Cp(m, 72)-

this also holds for 7, = —7y because the symmetry of the pscudorapidity distribution,
p'(n) = p'(—n). implies Cy(n,7) = Cy(m, —n)-

If a mixture of different event types (e.g. single-diffractive and non-single-diffractive) is
present in the data, an additional “long-range” term similar to that in the above relation
would appear. A Monte Carlo study has shown that the possible contamination from single-
diffractive events is small, e.g. for the 900 GeV data =~ 2% [UAS5 86e]. This should affect
only low multiplicities and might show up in the correlation function C, at small values of
n. There is arguably a further separate contribution from a double diffractive component,
but this is likely to be small [UA5 86e].

It follows from equation 5.6 that for the correlation function C, at fixed multiplicity the
corresponding “long-range” or mixing term is obviously not present. This is not strictly
true if C, is calculated over a small but finite range of multiplicities. The “long-range”
contribution, though, was found to be negligible for fairly small multiplicity intervals. For
very low or high multiplicitiés, where the intervals had to be chosen larger for lack of
statistics, the mixing-term contribution was subtracted.

Fig. V.7 shows the semi-inclusive correlation function Cn(nf,ng) as a function of 72 at
various constant values of #{ for charged particle multiplicities 30 < n < 36 at 900 GeV. C,
peaks at 73 = 7* and has the same shape as the inclusive short-range correlation function
Cs. Moreover, one can see that at fixed multiplicity the value of C, for 7o = nf' stays
constant within errors for the central region, i.e. |71, 72| < 3.0

The multiplicity dependence of C, for 71 = 92 is shown for 200, 546, and 900 GeV in
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Figure V.7: The semi-inclusive correlation

function Cp(n{, n2) for charged

multiplicities 30 < n < 36 and fixed n,c at /s = 900 GeV for various ranges of
72. The curves (full lines) indicate fits as explained in the text.
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fig. V.8(a), where the quantity

_ +3.0 +3.0
o=/ Comman/ [ " an (5.7)

is plotted versus the variable z = n/(n). It rises with increasing normalized multiplicity.
This apparent increase, though, is caused by the different normalizations of the pseudora-
pidity densities (cf. equation 4.12). It turns out that the correlation function normalized
such that it compares probability densities :

[0 [ pllin ) Ph(A) Ah(m) +3.0
C"’(O)-/—a.o (n(n—l)— I - n )dn//-s.o dn (5.8)

is constant for multiplicities n20.5(n) (fig. V.8(b)). This was also found at lower energies
[KAF 77,EGG 75b]. Moreover, the data show no significant dependence on the c.m. energy
within the range of Collider energies.

V.4 Cluster Model Interpretation

The most successful models in explaining and predicting the observed behavior of short-
range correlations [COR] ate cluster models ((MOD], see also appendix B of [UA5 87b]).
They are simple models, that give an effective parametrization of the much more compli-
cated underlying process. Many predictions of cluster models can be obtained analytically.
The particles are produced in a two-step process :

o First, clusters are produced independently, assuming a flat cluster rapidity distribu-
tion in the central region.!

e Then, they decay isotropically in their rest frames to produce the final state parti-
cles;the decay parameters are taken to be independent of energy.

Under the assnmption that clusters are low mass objects (up to a few GeV) the cluster
decay distribution has the following form :
0.5

D c) = T T,
13e) = Cosk?(n - 0

where g, is the rapidity of the cluster. It can be shown [BER 75a] that this distribution is
well approximated by a Gaussian :

1 n- yc)2
D(n,'yc) = \/-2—’;5 exp (—(__557—) ’

where § is the decay width of the cluster in pseudorapidity.

- The two-particle pseudorapidity distribution then splits into two terms according to
whether both particles come from the decay of the same cluster or not, where the first term

! Taking a trapezoidal shape for this distribution does not alter the results but gives a better reproduction
of the final state pseudorapidity distribution [HOL 37].
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in equation 5.7 (a) and of the normalized correlation function C,/(0) defined in
equation 5.8 (b) as a function of z = n/(n) for 200, 546, and 900 GeV.
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gives rise to the short-range correlations. The semi-inclusive correlation function is then
predicted to be a Gaussian distribution plus a background term [UAS5 87b] :

— 2
_ p’n(m)npf\(nz) _ (1+ (ng,z,; 1)) ) , 59)

where k is the multiplicity of charged particles in a cluster and 6, the decay width in
pseudorapidity space of the clusters produced in events with charged multiplicity n. No
specific distribution for the cluster multiplicity has to be assumed for the derivation of
equation 5.9.

Throughout this chapter the moments of %, e.g. {«), are usually calculated without
considering clusters with k = 0, e.g. clusters containing only neutral particles, since neutral
particles can, in general, not be detected in this experiment. If clusters with k = 0 are

included, this is specifically indicated, e.g. (x),. The quantity -(ﬁ(-%:)—ln’ is equal to

gn!n—lnn i

=) , since the exclusion of the neutral decay mode of clusters affects only the
0 n

normalization of the moments.

Fig. V.7 shows the curves (full lines) obtained by fitting the correlation function C, (71, 7%2)
in the central region |n1,72| < 3 tothe cluster model predictions. The dashed lines are ex-
trapolations using equation 5.9 and the fitted values of the cluster model parameters. The
correlation functions are well described by the Gaussian fit.

Fig. V.9 gives the results for the two cluster model parameters iﬁ(%;—;—l)l and 6, as
n

a fanction of the variable z = n/(n) for 200, 546, and 900 GeV, compared to previously
published results at lower energies [AME 76,BEL 84]. As is shown in fig. V.9(a) the qnan-

tity ﬁﬁ(f(-'-;;—l)l increases from ISR to Collider energies, though from 200 to 900 GeV no
significant changne is seen. However, the two ISR results show quite a different behavior as
a function of 7, i.e. the 44 GeV data decreases with increasing z whereas the 63 GeV data
(obtained for a fixed value of §, = 0.6) increases. This might show the systematic uncer-
tainties in determining the cluster decay multiplicity moment for a small available range of
psendorapidity and/or small number of charged particles in the final state. For the cluster
decay width 8, (see fig. V.9(b)), our data show no significant multiplicity dependence, and
are consistent, on the average, with the values obtained at the ISR.2

The cluster model parameters obtained, however, are subject to systematic uncertain-
ties. The parameter values vary systematically with the size of the fit interval. This is
due to the fact that the approximation of the cluster decay distribution as a function of
pseudorapidity by a Gaussian is only good where the rapidity is well approximated by the
psendorapidity variable, i.e. in the central region, and causes the decay width ¢ to appear
rapidity dependent. Therefore, Monte Carlo studies were used to determine the systematic
errors caused by this effect. For too large an interval the parameters obtained from fits to
the Monte Carlo data turned out to be too large with respect to the input parameters of the
cluster model used to generate the Monte Carlo events. Too small a size for the fit interval
ensued uncertainties in the fits due to lack of data points, and because the background

*For an isotropically decaying cluster one expects § ~ 0.6 — 0.7.
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Figure V.9: In (a) the charged decay multiplicity moment
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| parameter | correlation function | 63 GeV | 200 GeV | 546 GeV

[ 900 GeV |
(k(x — 1)) inclusive 1'24t8ﬁ¥g 1557011 1834010 1'671-8:}8
(k) semi-inclusive 1.417912 1.45+310 146101
5 /inclusive 7 0.6725.05 0.7625,0¢ 0.72%5:03 0.66%0:04
semi-inclusive 0.75ig:gg 0.73f8:8§ 0-65j8:8§

Table V.1: The two cluster mode! parameters for 63 GeV [DRI 79] and Collider energies. For the

semi-inclusive correlation function the weighted average values of £ 'Z':; 1 and §, are quoted.

n

beneath the correlation peak can no longer be reliably determined. The chosen interval
|71, 72| < 3 proved to give the best reproduction of the values of the cluster decay multi-

plicity moment ﬁfl'zn_—)lll

and the decay width §,. The systematic errors are estimated
n

to be about 5%.

The short-range correlation function, Cs(71, 72), obtained by the subtraction C(ny,72)—
CL(n1, n2), can also be fitted to the same cluster model predictions [BER 75] :

Cs(m,n2) = {s(x —1)) I(’h + 72

(x) 2

where the shape of the background term depends on the cluster decay multiplicity chosen,
e.g. for a Poisson distribution it is proportional to the product p'(m)-p'(n2) [(BER 75]. This
was found to reproduce the background contribution in the data adequately. The results of
these fits, compared in table V.1 with lower energy data [DRI 79], agree with the weighted
average values obtained from the semi-inclusive distributions. There are small, systematic

differences in the values for the cluster decay moments, _(ﬂ_'i;—_ll)_, obtained from the

1 (m = m)’
) _\m =) .10
) W exp ( 15 + background , (5.10)

inclusive and the semi-inclusive measurement, caused by the difficulty of determining the
“long-range” term Cy, (equation 5.6). Since it consists of a sum with many contribntions
(multiplicities up to = 100), small systematic deviations, e.g. caused by the difficulties in
the acceptance correction for very small multiplicity intervals, can add up. The systematic
errors on the cluster decay parameters obtained from fits to the inclusive data are about
10%.

V.5 Cluster Decay Muliiplicity Distribution

For charged multiplicities (n210) the cluster decay multiplicity moment, which indicates
the width of the distribution, is independent of the overall multiplicity. Therefore, if the
multiplicity is increased, the clusters do not become larger, but instead more clusters are
produced.

Cluster models do not a priori assume a specific shape for the cluster decay multiplicity
distribution. But if this is done ([BER 75, and also appendix B of [UA5 87b]), then they
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cm.energy | & | k {£)o x*/NDF
200 GeV 21.6 | 4.6 || 1.49 £ 0.05 8.7/7
546 GeV 28.3 | 3.7 || 1.51 £0.03 | 21.1/10
900 GeV 35.1 { 3.2 || 1.524+0.02 | 11.6/11

Table V.2: The average charged cluster decay multiplicity for Collider energies obtained by fitting
equation 5.12 with parameters fi and k to the data.

can predict the dependence of (s(r = 1)) on multiplicity n. A é-function, for instance,
(&) |,

- where all clusters decay into a constant number of charged particles k¢, yields a multiplicity

independent behavior :
(s(x - 1))
(x)
For a Poisson distribution with an average of (x)o, however, one can derive a recutsive
relation depending on the average cluster decay size and the charged multiplicity distribu-

tion. The overall charged multiplicity distribution is well described by a negative binomial
distribution [UAS5 85d,UA5 86a] :

= K — 1. (5.11)

n

where k and fi are the two parameters of the negative binomial distribution for the full
phase space. One obtains for the charged cluster decay multiplicity moment :

(x(x ~ 1))

n—-1 i+k
(k)

n=n+k—1 it

(x)o - (5.12)

The relation 5.12 has a free parameter (k)o. Therefore, it was fitted to the 200, 546,
and 900 GeV data using for the two parameters of the negative binomial the values quoted
in [UAS5 86a]. The results of the least squares fits are given in table V.2 and are also shown
as curves in fig. V.10. It illustrates that equation 5.12 gives a satisfactory fit to the data.
The value (x)o turns out to be energy independent for Collider energies.

At low multiplicities equation 5.12 seems to reproduce the data better than a fixed
decay multiplicity. For multiplicities n > k equation 5.12 does not differ significantly from
a constant predicted by equation 5.11%. But, nevertheless, the data at high multiplicities
are sufficiently far away from possible values kg = 2 or 3 (which have to be an integer) to
exclude a constant decay maultiplicity.

A Poisson distribution with an average of (k)o = 1.5 leads to an observed mean value
after excluding decays into exclusively neutral particles (k) ~ 1.9. This value is in good
agreement with an ISR result [DRI 79,HOF 77] of (k) ~ 1.8.

A fit to the inclusive data could, in principle, also be used to discriminate between
different possibilities for the cluster decay multiplicity distribution, since the size of the

3 n > k and fi > k equation 5.12 tends to {x)o; i.e. a constant as predicted by equation 5.11, but one
unit larger. '
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Figure V.10: The charged decay multiplicity moment
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versus n for 200, 546, and 900 GeV. The curves show the results of the least
squares fit of equation 5.12 to the data. The horizontal lines represent two
examples of this moment for fixed cluster sizes, i.e. kc =2 and 3.




62 Chapter V. Two-Particle Pseudorapidity Correlations

background term in equation 5.10 depends on the type of distzibution chosen. Because
of the systematic errors attached to the determination of Cp(mi,72), this is not feasible,
though.

The previous section had shown that cluster models provide an adequate means of
describing the data on correlations. The question remains, how these “objects” are to be
interpreted. The obvious solution would be to identify clusters with low mass resonances (p,
w, K*,...), since a resonance decay clearly produces similar short-range correlations among
its fragments. However, this poses problems, since the average charged decay multiplicity
of resonances is expected to be lower. By extrapolation of the spectrum of resonances from

lower energy data (see appendix A of [UA5 87b] and [MUE 83]) one obtains values of (k) =~

1.4 to 1.5 and & ’ZK'_) 1 =~ 0.7. These values are clearly lower than those obtained from

the correlation analysis.

Thus additional short-range order effects are needed to explain the observed two-particle
correlations in hadronic interactions. These conld be caused by local quantum number con-
servation [WIL 63,KRZ 73,LEB 76] or by short chains fluctuating in their rapidity position
as in the Dual Parton Model [CAP 85]. No detailed model calculations exist, however,
based on either of the mentioned possibilities. A “cluster”, therefore, cannot be directly
identified with any physical object known sofar, but covers several different hadronic effects.

V.6 Comparisons with the UA5-Event Generator

The analysis of rapidity correlations is not the only means for providing information on
the average cluster size. Investigations of the multiplicity correlations between forward
(7 > 0) and the backward (7 < 0) hemispheres were also undertaken [UA5 83b,UA5 87b].
These studies are concerned with the following question : If one observes a certain number
of particles in the forward hemisphere (or part of it), what can one expect to see in the
backward hemisphere (or part of it). Evidently, these correlations are semsitive to long-
range effects, concerning the event as a whole. But apart from the observation of long-
range correlations it proved necessary to introduce the concept of “clusters”, decaying
on the average into 2 charged particles, in order to reproduce the data on muliiplicity
correlations.

The results on forward-backward multiplicity correlations prompted the introduction of
a cluster model into the UA5 event generator. A very brief description has already been
given in section ITL7, the points relating to the simulation of particle correlations will be
discussed in more detail below.

e Clusters of two different types are generated (disregarding the leading particles) :

— Central baryons and strange particles are produced in clusters of fixed size 2, en-
suring the local conservation of baryon and strangeness quantum numbers. The
actual number of baryon and strange clusters is randomly generated from Pois-
son distributions whose averages reproduce the observed particle ratios. Since
some of the decay particles are neutral, the charged cluster decay multiplicity

distribution is very narrow with (k) = 1.37 and gi(—'%;;—l)l = 0.08.
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(K)o 1.87
(%) 1.98
i ’ZN‘) 1) | 152

Table V.3: Moments of the charged cluster decay multiplicity distribution in the UAS5-event
generator for 900 GeV. -

— Charged Pions are produced in clusters with a Poisson decay multiplicity dis-
tribution of average (x), = 1.8, giving an average charged decay multiplicity

(k) = 2.16 and iﬂ—%—:)—l)l = 1.8. The Pion cluster multiplicity is determined by

the overall charged multiplicity of the event, where care is taken not to introduce
additional correlations through this constraint. The charge of each Pion is fixed
to ensure overall charge conservation in the event. Each of the Pion clusters is
given some number of neutral Pions (on the average 1.3 70 per cluster).

o The overall charged cluster decay multiplicity distribution (pairs + Pions) is not a
Poisson distribution, but is reasonably close. The parameters are given in table V.3 for
900 GeV. The values at 200 GeV and 546 GeV differ only insignificantly (at 200 GeV
they are ~ 3% higher) because the strange particle and baryon multiplicities increase
with energy.

o All clusters made up of more than one particle are given some excitation energy in
terms of additional mass according to an exponentially declining distribution, chosen
to represent the mass spectrum of known resonances, with an average value of about
2 GeV. The clusters decay isotropically in their rest frame with an average decay
width 6 = 0.68 independent of energy.

The moments of the cluster decay multiplicity distzribution, as well as the decay width,
reproduce the results obtained from the analysis of the correlation functions, given the
systematic uncertainties in determining the decay width. Another cross-check is the direct
comparison of the correlation functions in data and Monte Carlo. Fig. V.11 shows the semi-
inclusive correlation function C,(7,0) for charged multiplicities 30 < n < 36, (a), and the
overall average Cg(7,0), (b), compared to the distributions calculated from event gencrator
data for different average charged cluster sizes. C, and Cs were averaged over the central
region to reduce the statistical fluctuations. The standard value of (k) = 2 reproduces the
data well, whereas (k) = 1.7 and (k) = 2.3 are clearly excluded. The deviations in Cs
at large 7-values are caused by the difficulties in determining this quantity in the data,
discussed in section V.4. Both data and eventgenerator are consistent. This justifies the
corrections applied to the data (cf. chapter IV).
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Figure V.11: Semi-inclusive correlation function Cy(n,0) for charged multi-
plicities 30 < n < 36, (a), and the overall average Cs(7, 0), (b), compared to the
distributions calculated from event generator data for different average charged
cluster sizes at 900 GeV.




Chapter VI

Local Fluctuations in Pseudorapidity Density

V1.1 Introduction

Events with a large local concentration of particles in a very small rapidity window have
been studied in cosmic ray experiments for a long time [ALE 62). The JACEE group, in-
vestigating high cnergy interactions with balloon-horne emulsion chambers [VER 84}, have
reported several unusually high multiplicity events with a large concentration of tracks
in a small rapidity range, and consequently a very large energy density! (~ 4 GeV /im®)
[BUR 83]. Recently, high density events have been observed in hadron collisions at accel-
erators [RUS 84,ADA 86].

These so-called “spikes” are found to be associated with a random azimuthal distribu-
tion; not showing any jet-like features. Various possibilities have been suggested as to their
origin :

e A random superpositioning of particles and/or clusters of particles.

e Quarks traversing a quark-gluon medium could produce glnon radiation (Cerenkov-
gluons) in a similar manner to Cerenkov radiation produced by electrons whose ve-
locity exceeds the speed of light in the medinm they traverse. Each of the radiated
gluons prodnces hadrons which will be seen to be emitted in a cone around the inci-
dent particle direction. This coherent hadron production would show up as a large,
narrow peak in the (psendo-)rapidity distribution and have a uniform distribution in
azimuth [DRE 81].

o It has been suggested that at high matter densities (~ 1 -2 GeV/fm®) and/or suf-
ficiently large temperatures (T2150 MeV) a phase transition (“deconfinement tran-
sition”) from the hadron gas (composed of well separated hadrons) to a quark-gluon
plasma (quarks and glnons are no longer confined in hadrons) can take place [TAC 82).
Such a state of matter is assnmed to have predominated in the carly nniverse until
~ 10* sec after the big bang, and to be produced in heavy ion collisions. In pp-
collisions at c.m. energy of less than 1 TeV the energy density is normally insufficient
to indnce this phase transition, but the fluctuations in particle densities from event
to event can be rather large, so that some (high multiplicity) events can have a large
energy density.

The quark-gluon plasma hadronizes in the cooling-off phase and can therefore, not
be directly detected, but it is predicted to leave certain signatures. In pp-interactions

!The number of particles per (pseudo-)rapidity interval is a measure of the energy density.
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at the Collider it was found that the average transverse momentum as a function
of multiplicity levels off instead of increasing steadily [ARN 82]. This has been in-
terpreted as a possible indication of quark-gluon plasma formation [HAG 84]. In
Oxygen-Uranium-collisions at the CERN-SPS a suppression of J/¢-prodnction has
been found [GEI 87]. Another possible sign is an enhanced rapidity density fluctn-
ation connected with azimnthal symmetry caused by the explosive hadronization of
the quark-gluon plasma [GYU 83].

One source of local rapidity fluctuations fonnd in the data is evidently of pure statistical
“nature, caused by the finite multiplicity values analyzed. Normally, one avoids these fluc-
tuations by averaging quantitics over many events. But this would rednce fluctnations of
non-statistical nature as well. One has to do the analysis on an event by event basis. Several
methods for analyzing and interpreting local density fluctnations have been proposed :

e A study of the behavior of factorial moments of the rapidity distribution in a region
of size §y shows that the dependence on §y is different. if the fluctuations are of pure
statistical nature or if they arc of dynamical origin [BIA 86]. However, one requires
very high multiplicities in order to have enongh statistics in small §y intervals; so this
method is only applicable in very high energy cosmic ray events, or nnclear collisions.

» Fluctuations have been interpreted [DRE 87] as being caused by a Gaussiar random
field [CLI 68] (e.g. the isotropic decay of a cluster).

o The concept of intermittency, familiar in tnrbulence theory, can be used to generate
large fluctnations [DIA 87a]. In this picture partons, travelling through hadronic
matter, emit either many particles in chaotic bursts or only few particles regularly,
depending on the matter density. Predictions can then be made for finctnations on
an event by event basis [DIA 87b].

Analyses on the basis of a statistical theory have the drawback of requiring a large
amount of data and/or sufficient particle numbers. This is clearly not the case in this
experiment, if fluctuations in very small rapidity windows are analyzed. Thezefore, local
density fluctuations will in most cases be interpreted with respect to Monte Carlo data
provided by the UA5-Monte Carlo program (cf. section IIL.7). This procednre also has the
advantage that one can use uncorrected data.

Apart from possibly providing information on the properties and nature of density
fluctuations, these comparisons serve as a test of the Monte Carlo program, that has not
a priori been designed to reproduce the fecatures of density fluctuations. Conversely, the
distributions discussed in this chapter can provide a means for testing the predictions of
other theoretical models.

V1.2 Spike Multiplicity Distribution

Large fluctnations in psendorapidity are found by determining the maximum nnmber of
particles in each event inside a window of given size Azn. By sliding the window over the
full #-range and counting the multiplicity inside, for each position, the largest multiplic-
ity n, (“spike” multiplicity) is determined for each event; this is illustrated in fig. VL.1.
The spike multiplicity n, is, of course, larger than the average multiplicity, determined by
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“SPIKE”

Figure VL1: The algorithm for finding “spikes”.

plnobs(ns) - An), at the spike position 7g, for an event of a given observed multiplicity
Nobs and pseudorapidity density prIlobs 2 In fig. V1.2 plots of the azimuthal angle ¢ versus
the pscudorapidity 7 and its projection onto the psendorapidity axis for all charged tracks
found in events with very large spike multiplicities are shown (the location of the spike is
indicated). In these events about one third of all the particles are concentrated in a region
of 1/2 unit in pseundorapidity. Events generated with the UA5-Monte Carlo program show
similarly large fluctnations; one example is shown in the same figure (VI.2(d)).

It shounld be stressed that all values and figures shown in this chapter pertain to observed
quantities only, nnless otherwise stated. A correction of the data, analogous to that given
in chapter IV, cannot be made for quantities calculated on an event by event basis. They
are only possible for averages, such as rapidity densities. This should be kept in mind
when comparing data at different energies with different detector acceptances, or data
coming from completely different cxperiments. To judge the effect of a finite detector
acceptance in some distributions Monte Carlo simulated data after tracking through the
detector (“observed ") is compared to simulated event generator data (“trme”). The data
is restricted to events with observed multiplicity nops > 1.

In fig. VI3 the spike multiplicity distribution for a window size An = 0.5 is shown
separately for 200, 546, and 900 GeV. They are similar in shape to the charged multiplicity
distribution and show an exponential fall-off at high multiplicities. The location of the
maximum, though, appears to remain unchanged with energy. The width increases; this is
to be expected, since the spike multiplicity should reflect the increase of the psendorapidity
density with energy. The Monte Carlo shows very good agreement for all energies. A
comparison of Monte Carlo data and event generator data shows the effects of our finite
detector acceptance to be small and very similar for all energies.

The largest values for the spike multiplicity were found in 2 events at 900 GeV with

2To destinguish between observed (uncorected) and corrected quantities, the index “obs” is introduced,
whenever this could cause confusion.
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Figure VL.2: Examples of events with large fluctuations in pseudorapidity
density at 200, 546, and 900 GeV and for a Monte Carlo event (lower right
hand corner).
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An | 200 GeV [ 546 GeV | 900 GeV
DATA
0.1 | 2.36 £0.01 | 2.60 % 0.01 | 2.80 + 0.01
0.5 | 4.37 £0.03 | 5.01 £0.03 | 5.48 £0.03
1.0 | 6.16 £0.05 | 7.23 & 0.04 | 8.00 % 0.05
MONTE CARLO
0.1 | 2.39 £ 0.01 | 2.60 £0.01 | 2.72 £ 0.01
0.5 | 4.43 £0.02 | 4.97 £ 0.02 | 5.33 £0.02
1.0 | 6.35 £0.03 | 7.19 4 0.04 | 7.78 +0.04

Table VI.1: The average spike multiplicity for different c.m. energies and window sizes.

n, = 20 from a total of 6514 events at that energy.® The averages (n,) of all distributions
are given in table VL1, as well as those for window sizes An of 0.1 and 1.0. Again the
agreement with Monte Carlo data is good. The data show the expected increase with
energy and window size.

In the following studies the window size will be restricted to the interval Ay = 0.5,
unless a comparison is made with data of other experiments. By studying the location of
individual tracks inside the window, and the occurrence of multiple maxima of the same
size in a given event, a window size of An = 0.5 was found to be the most adequate for
analyzing local rapidity fiuctuations. For smaller windows the average distance between
particles is rather large compared to the window size, whereas with larger windows local
structures tend to be smeared ont.

In order to study the energy dependence of the spike multiplicity distribution, the vari-
able z, = n,/(n,) is introduced in analogy to the normalized charged multiplicity z = n/(n}.
The comparison in fig. VI.4(a) shows that the curves coincide, only at higher multiplicities
do they broaden by a small amount as the energy is increased. The integral distribution in
fig. VI.4(b), showing the sum

o0

S(z) = Y (n)P(2),

z=Zg

gives more precise information on the tail of the normalized spike multiplicity distribution.
It confirms the tendencies seen in fig. VI.4(a) and also the good agreement with the Monte
Carlo data. "

V1.3 Dependence of the spike multipiicity on the overall charged par-
ticle multiplicity

Since the height of the charged particle pseudorapidity distribution increases with multiplic-
ity, the spike multiplicity n, should show a similar dependence. This effect is illustrated in

31f the distribution of tracks along the psendorapidity axis were completely random the total sample would
be given by the number of windows examined, which is equal to the total number of particles observed,
i.e. the number of events (6514) times the average-observed multiplicity (26.4). Then the highest spike
multiplicities come from a sample of 2 in 6514*26.4 or 1:36 000.
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Figure VI.4: Normaﬁzed-spikc multiplicity distribution (a) and its integral
(b). The closed symbols represent data, the open symbols Monte Carlo.

fig. VI.5 for the 900 GeV data, where the frequency of events with a given overall observed
multiplicity nops and spike multiplicity ny is plotted (the area of the circles is proporfional
to the number of events). For comparison the average observed multiplicity in the interval
A7 taken in the central region, for events of a given multiplicity nops, i8 indicated.

Not only does the average spike multiplicity increase with the overall multiplicity, but
the width of the distribution as well. In fig. VL6 slices of fig. VL5 are shown for three
multiplicity intervals, normalized to the total number of events in the corresponding interval
for c.m. energies 200 GeV 546 GeV, and 900 GeV. The shift to larger values of n, with

increasing nps is obvious, also the broadening of the distribution. No energy dependence
is visible.

The average density in the spike is plotted in fig. VL7 as a function of the observed
overall multiplicity and shows an almost linear increase, though a linear fit to the data for
nob,Z,VIO was found not to be able to adequately reproduce the data. A good description
for all nop, is obtained with the following function :

<ns)/A77 = (a' + bnobs + cnobsz) (1 - dnobs) (‘6'1)
The last term (provided d < 1) reproduces the bend at small multiplicities and quickly
approaches the value 1 for larger nops. The quadratic term is necessary for the fit not to
" overestimate the data at larger multiplicities. The values of the fit parameters and the
x? values are shown in table VL.2 for all energies. Qualitatively, the quantity (ns)/An

‘1t should be noted that the fraction of events at high muitiplicities nops is very small compared to that
at low multiplicities.
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Figure VI.6: Spike multiplicity distribution for different intervals of charged
mulitiplicity at 200, 546, and 900 GeV.
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Figure VL7: Fit to the multiplicity dependence of the average spike multi-
plicity.

200 GeV 546 GeV 900 GeV
2.43 + 0.06 2.93 £ 0.04 2.92 £ 0.10
0.377 £ 0.004 0.328 £ 0.002 0.326 £ 0.007
—0.0012 -+ 0.0004 | —0.0006 &+ 0.0001 | —0.0006 & 0.0002
0.48 + 0.04 0.59 £ 0.02 0.57 £ 0.03
40.4/40 66.7/58 84.5/66

Table VI.2: Fit of the multiplicity dependence of average spike density to equation 6.1.
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shows the same behavior at all energies, the fits for the 546 GeV and the 900 GeV data are
identical within errors.

In fig. VI.8 all data are shown together; no difference is seen between 900 GeV and
546 GeV, though the 200 GeV points lie higher, if only by a small amount. This possible
decrease of the average spike density with energy is also suggested by a comparison with low
energy data [ADA 86] shown in the same figure. The significance of this energy dependence
is enhanced, however, if the effect of corrections is treated in more detail :

Since the UA5-data shown in fig. V1.8 are uncorrected, one has to consider systematic
effects caused by our finite detector acceptance. This is illustrated in fig. V1.9 for all three
energies separately. Here the data points are plotted along with fits—of the same type
as equation 6.1—to Monte Carlo simulated events and those obtained only with the cvent
generator. Since the “observed” Monte Catlo follows the data quite well, the dashed curve
should approximately represent the true location of the data points. With respect to the
energy dependence (fig. VI.8 and table VI.2) one can conclude the following :

e The linear term is reduced to about 83%, 79%, and 76% for 200, 546, and 900 GeV,
respectively. Therefore, the data points at the different energics are pushed further
apart and should not coincide any longer. The overlap of the distributions from 200 to
900 GeV, seems to be rather accidental, caused by the influence of our finite detector
acceptance.

e The guadratic term is no longer relevant, i.e. for nop, 210 a linear fit should be suffi-
cient. With respect to the data at 22 GeV one can say that all data start off at the

same point, but the low energy data soon lies systematically above the higher energy
data.

In reference [DIA 87b] a one-dimensional model of intermittency (cf. section VI1) is
used to predict a linear increase of the average density in the spike with the overall multi-
plicity. This model, though, implies an energy independent hehavior, which is likely to be
ruled out.

VI.4 Angular Distributions of Spikes

According to some models (cf. section VI.1), local density fluctuations should be enhanced
in certain regions of pseudorapidity and show a uniform distribution of tracks in azimuthal
angle & (as opposed to jet events). The examples of high density events shown in fig. VI.2
indeed show a uniform distribution of tracks in the spike.

In analogy to the sphericity variable introduced in jet-studies a “pseudosphericity” PS
is introduced [GEI 85] (as momenta can not be measured here) :

1-PS=— cos®; | + sin ®; (6.2)
where &; is the azimuth of each track in the spike. PS distingnishes between an isotropic
distzibution (1 — PS = 0) and a single, collimated jet (1 — PS = 1). Fig. VI.10 shows the
pseudosphericity distribution versus the spike multiplicity. The curves show the average
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values calculated from a random distribution of nstracks in azimuth (solid) curve and one
standard deviation (broken curves). The data are seen to be consistent with a random
distribution in azimuth and show no jet-like features.
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Figure VI.10: The distribution of psendosphericity and spike multiplicity for
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The location of the spike is taken to be the average of all psendorapidity valnes of the
tracks inside the spike
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The 755 distribntion of events for a given spike multiplicity and its projection are shown in
fig. VL.11 for 900 GeV. No preference of any pseudorapidity region is seen. The shape of
the spike psendorapidity distribution resembles the overall pseudorapidity distribution with
a slight dip in the center, and a broadening at small (spike-)multiplicity values. In other
words, spikes are, as expected, predominantly in those regions, where the pseudorapidity
density is largest.

VL5 Deviation of Density Fluctuations from Average Densities

The observation of a high density fluctuation raises the question of how much these fluctu-
ations deviate from the expected average values. In particular, to what extent a large spike
multiplicity is caused by the fact that the average density in an event is high.
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Figure VI.11: Pseudorapidity distribution of spike events (a) and the distri-
bution of spike multiplicity versus spike location (b) for 900 GeV.
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One possible measure of this is to determine the deviation of the spike density from
the density in the region adjacent to the spike, i.e. the quantity ng — ny, where ny, is the
multiplicity in the intervals of size Az on both sides of the spike, averaged, in the same
event. The distribution of n, plotted against n, for 900 GeV is shown in fig. VI.12. One sees
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Figure VI.12: Background multiplicity plotted against spike multiplicity for
900 GeV.

that both guantities are correlated; many of the high density fluctnations also have a large
number of neighboring tracks. This indicates that large spike multiplicities, in general, do
not deviate much from their surroundings, and only show a high multiplicity becanse they
are in a region where the track density is large anyway. No separate sample of events with
a large denisity fluctuation and low background can be discerned in fig. VI.12.

Another possibility for defining the deviation of a local finctuation from the expected
value is to determine the average multiplicity in the interval A7 for all events of a given
observed multiplicity n.p, as a function of pseudorapidity 7; given by the observed semi-
inclusive pseudorapidity distributions :

+An 1
Pnobs(n')dn' bl

(7, Nobs) = /n

n

where [n,7 + A7} is chosen to be the window that contains the spike. The deviation of the
spike multiplicity n, from the average quantity &(7, Nobs) can then be defined in terms of a
test stalistic, introduced in [EAD 71} :

Ny — i(ﬂs nobs)

tH(ngbs) = — = . . 6.3
(n > ) Vs + n(n)nobs) ( )
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The distzibution of the deviation t is shown in fig. VI.13 against the observed multiplicity
Dops for 900 GeV. The line indicates the mean values of t, that are almost independent
of multiplicity, as would be expected if the spike multiplicities are statistically distribunted.
There is no indication for a subset of events that show unusually lareg deviations. For very
low multiplicities (ny, S10) the prnobs densities cannot be reliably calculated, so the values
of t are very uncertain. At the high inultiplicity end there are too few events at a given
multiplicity to delermine a deviation from an average value.

. i 1 | 1 1
OO 20 40 60 30 100 120
Noss
900 GeV DATA
WINDOW SIZE 0.50

Figure VI.13: Deviation t of the spike multiplicity from the average pseudo-
rapidity density according to equation 6.3 for 900 GeV. The line indicates the

average values of t as a function of the observed multiplicity.

The variable t defined in equation 6.3 can be interpreted as a “standard deviation”,
ans one can, in general, determine the odds against exceeding t standard deviations, if
the multiplicities n, are large enongh to be normally distributed around #. Since one is
dealing with rather small numbers (n, < 20), this is not the case. Furthermore, the choice
of region selected for analysis (i.e. the spike location) is not made independently of the
data, but rather one is selecting the largest fluctuation in a given event and, therefore,
introducing a bias. One can use this variable t, though, for comparisons with the Monte
Carlo data. Shown in fig. VI.14 is the fraction of events in the region t> 3 as a function of
the multiplicity n,p, for data (open symbols) and Monte Carlo (closed symbols). The event
fraction decreases with multiplicity, but increases with energy, contrary to the behavior of
the central psendorapidity density (cf. section IV.4). The Monte Carlo agrees very well
with the data.
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Figure VI.14: The fraction of events with ¢ > 3, with t defined in

equation 6.3 for data (open symbols) and Monte Carlo (closed symbols) at
200, 546, and 900 GeV.




82 Chapter VI. Local Fluctnations in Pseudorapidity Density

VI.6 Correlations in Events with Large Local Density Fluctuations

The observation of high local densities in the data—as well as in the Monte Carlo—raises the
question of how these fluctnations are produced; whether just by random superpositioning
of tracks or clusters of tracks, or even an altogether different phenomena, such as the
formation of a quatk gluon plasma.

A possible signature of the formation of a quark gluon plasma could be a decrease of
short-range correlations; the gquarks and antiquarks in the plasma should recombine ran-
domly [GEI 87], not allowing for any short-range order effects. The cluster sizes determined
in the analysis of short-range correlations (e.g. fig. V.10) showed no decrease for high munl-
tiplicity events (where the possible formation of a quark gluon plasma is most likely to be
expected). This does not exclude, though, that a very small sample of events (e.g. those
with a large density filucination) shows a different behavior. Lack of statistics prevents an
analysis in terms of correlation functions.

If a large spike were to be caused by one or several heavy clusters (decaying into many
particles), then the occurrence of spike events shonld be sensitive to the cluster size used
in the event generator (cf. section V.6). Fig. VI.15(a)-(b) shows the fraction of events with
high spike multiplicity n, > 15 (a) and the average spike multiplicity (b) as a function
of the average charged cluster size for event generator data at 900 GeV.® The mean (n,)
clearly increases with (), though the effect is small; increasing (k) by a factor of 2 changes
(ns) only by about 2%. No eviderce for an increase in the high density events is seen. This
implies that the cluster decay multiplicity influences all events in a similar proportion, and
does not affect the large multiplicities to a higher degree. The average (n,) is statistically
better determined than the high multiplicity fraction and, therefore, shows the influence
more casily. The standard valne of (k) = 2 reproduces the data (table VL1), if one takes
the detector acceptance into account; whereas no clustering (i.e. (k) = 1) seems excluded.
Figs. VI.15(c)-(d) show the same quantities for the spike multiplicity with the backgronnd
subtracted (cf. section VI.4); here the same conclusions can be drawn.

The clustering mechanismie. (k) > 1, is, therefore, not a dominant effect for the
formation of high density fluciuations, but clustering does scem to be necded for a good
representation of the data. The properties of cluster size and decay (predominantly small
clusters of about 2 charged particles and a decay width § = 0.7 that is large compared to
the size of local density fluctuations, cf. chapter V) are such, that no obvious clustering
effect can be discerned in any given event.’

Long-range correlations deal with the question whether the fact that one observes a
certain multiplicity in some rapidity region affects the multiplicity in any other region in a
given event. Fig. VI.16 shows the distribution of the multiplicity n, of the largest spike and
the second largest spike n., in the same event.” Both multiplicities are correlated, there are
only few events, where n,., € n,. This suggests, as was already seen in section VI.4, that
a large spike multiplicity implies an overall large density. The distance in psendorapidity
between both spikes is plotted in fig. VI.17 for different intervals of n, (the histograms are

5Note, that these figures cannot be directly compared with the data, because they do not contain accep-
tance effects.

increasing the window size does not change the resnits.

"The second largest spike is determined by the same procedure described in section V1.2, excluding the
region of the largest spike.
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Figure V1.16: Multiplicity of second largest spike nn.x plotted against the
multiplicity of the largest spike n, in the same event for 900 GeV.

normalized to the same height). Most of the spikes are close together, only those with
very low spike multiplicities can be found far apart. This is explained by the fact that large
fluctuations are found preferentially in the central region (cf. fig. VI.11). Fig. VI.18 answers
the question, if large spikes are produced with opposing 7-values. Along the diagonal
Mg = —7nex DO enhancement of events is scen, the spikes nuniformly populate the central
region. This confirms the assumption that large fluctnations are cansed rather by random
effects, than any physical mechanism.




VI.6. Correlations in Events with Large Local Density Fluctuations

85

600+

5001

400

3001

2001

100

%

DISTANCE BETWEEN LARGEST AND SECOND SPIKE

900 GeV DATA

Figure VL17: Distance between the largest and the second largest spike for
different intervals of spike multiplicity. The histograms are normalized to the
same height.




86 Chapter VI. Local Fluctuations in Pseudorapidity Density

g
< 4
N
N
N ° °
= N ©c00000
2 o 00000 o
000000 0O
0000 000
0 Qoo(Os o Q00
o 00O ‘®8000
o ooQyoo o
O © o000 &0 o
—ob 0 000 O oo
OO0 o000 [<IEN
o} o N
) o \}
—4 RN
! i ] | J
-4 -2 0 2 4

Figure VI.18: The location of the second largest spike plotted against the
location of the largest spike for events with n + npex > 20. The diagonal with

78 = —7nex 18 indicated.




Chapter Vil

Conclusion

The data from two successive UA5 runs at /s =200 GeV, 546 GeV, and 900 GeV were
analyzed in terms of pseudorapidity densities and compared to simnlated data obtained with
the UA5-Monte Carlo program, which incorporates a clnster model. The analysis falls into
two parts, one on correlation functions, the other on local fluctnations in psendorapidity
density.

The determination of the two-body psendorapidity correlation function has given the
following results :

e The second Mucller moment of the multiplicity distribution, which is the integral of
the inclusive correlation function, shows a significant increase from ISR to Collider
energics, implying a corresponding increase in particle correlations.

o The inclusive correlation function itself has a similar shape to that observed at lower
energies, but the height has increased enormously. The bulk of this energy dependence
is due to the “long-range” term contained in the inclusive correlation function. The
“short-range” part shows only a slight increase with c.m. energy. The (semi-inclusive)
correlation functions at fixed mmnltiplicity are similar in shape to the “short-range”
part of the inclusive correlation fnnction. Both the encrgy and multiplicity depen-
dence of the semi-inclusive corrclation functions disappear when appropriately nor-
malized, i.e. by the overall multiplicity for those samples.

o Inclusive and semi-inclusive correlation functions have been successfully interpreted in
terms of cluster models. A fit to the cluster model predictions yielded for the charged

clnster decay multiplicity moment (p(e=1)) values around 1.45, fairly independent
. p o

in the range of Collider energies. These valucs are slightly higher than those obtained
in ISR experiments. The cluster decay width turned out to be consistent with ex-
pectations from an isotropic cluster decay and with measurements of this qnantity at
lower energies. '

o Assumptions on the shape of the cluster decay distribution gave predictions of the
s e (r(x = 1)) . s er
multiplicity dependence of =) . It was fonnd that a Poisson distribntion re-

produces the data very well, with an average charged decay multiplicity of abont 1.5
independent of c.m. energy. This gives for the charged cluster decay multiplicity,

~including clusters with no charged particles, a valne of (x), =~ 1.9 in good agreement
with other experiments.

e An interpretation of clusters as physical objects, such as resonances, cannot reproduce
* values of (k) as high, as those measured. Therefore, clusters must he thought of as a
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concept, comprising various hadronic effects, such as resonance decay, local quantum
number conservation, or short fluctuating chains.

o The UA5-Monte Carlo program, which incorporates a cluster model, was seen to
reproduce the data very well.

Summarizing, one can say that short-range correlations have not changed significantly
from lower energies; and the concepts introduced to explain the properties of those corre-
lations still provide a valid interpretation of the data at Collider energies.

Concerning fluctuations in psendorapidity density the following properties have been
observed :

o Several events have heen found in the data, that show a very high particle density in
a small region of psendorapidity, but with a uniform azimuthal distribution, unlike
jets.

o The average multiplicity in the spike increases with energy and with the size of the
window. The spike mnultiplicity distribution shows a similar behavior as the charged
multiplicity distribution. It falls off exponentially at high values and broadens if the
energy is increased. The normalized spike mmultiplicity distribution shows very little
change with energy. The multiplicity in the spike was found to be correlated with the
overall charged multiplicity of an event. There are indications that, for high enough
multiplicities, it rises linearly with the overall multiplicity and that the slope decreases
with increasing energy.

o All events with a high density fluctuation are consistent with a random distribution
in azimuth. The spikes are preferentially located in regions, where the average pat-
ticle density is high anyway. The deviation of the spike density from the average
psendorapidity density was scen to be of a statistical nature only.

o It turns ont, that the fluctnations are not extremely sensitive to clustering effects; the
spike phenomena itself may he reproduced without introducing short-range correla-
tions in terms of clusters, but for a quantitative correspondence they are necessary
to reproduce the data adequately. No abnormal corrclation is evident between the
spike and other parts of the event (ec.g. the second largest fluctnation); spikes ap-
pear in regions of high density independently of each other. All properties of density
fluctuations could be well reproduced by the UA5-Monte Carlo program.

Consequently, one would summarize that high density finctuations are produced by a
random superposition of clusters, i.e. a concept found to be useful for the description of
correlations, but need no other more exotic phenomenon for their explanation.

In final conclusion it tnrns out that two independent features of pseudorapidity dis-
tributions, namely correlations amongst the final state particles and density fluctuations,
both, are in accordance with the same working concept, that of cluster production — to
be contrasted to independent single particle emission.
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