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Abstract

This thesis is the result of three years of work in Lund University, as a

member of DELPHI group, at the Elementary Particle Physics Department.

The work concerns the study of Bose-Einstein correlations in electron-

positron collisions at LEP. Since the Jetset event generator and its im-

plementation of the Bose-Einstein correlation e�ect, LUBOEI, is the most

used tool in the particle physics community, a study of this simulator, its

performances and some limitations of its applicability area are presented in

the �rst part of the thesis.

In the second part, using DELPHI experiment data, the multidimen-

sional analysis of the two-particle Bose-Einstein correlations is performed,

testing the string model prediction that the transverse correlation length is

considerably smaller than the longitudinal one.

The dependence of the Bose-Einstein correlation function parameters on

the average transverse mass of the boson pair is discussed for both Jetset

hadronic events and DELPHI data.
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Chapter 1

Introduction

People were from antiquity wondering about the origin of the relative

diversity and unity of nature, explained always in the same way: everything

is just a combination of few \fundamental" elements. The concept of fun-

damental elements evolved from considering earth, �re, air, water, metal,

wood as fundamental substances to the constituents based on experimental

discoveries which are used to describe the world nowadays (see Figure 1.1):

a world made of leptons, quarks and force carriers [1].

Figure 1.1: A view inside the matter

But, did we discover the ultimate building blocks of the matter? This is still

an open question.
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4 CHAPTER 1. INTRODUCTION

We use the information carried by light waves to perceive the shapes.

Other animals, like dolphins and bats, emit and detect sound waves. In

fact, any kind of wave can be used to provide information about the sur-

roundings. Using waves to detect the physical world, the dimension of the

objects you can \see" is limited by their wavelength. How and where can

we �nd detectable waves with wavelength small enough to allow us to look

deep inside the matter?

In 1925, Louis de Broglie, starting from the theory of Einstein and Planck

according to which, radiation, wave-like, can act as an staccato of particles,

introduced the hypothesis that particles of matter can exhibit wave-like

characteristics and the associated wavelength is given by:

� �
1

p

where p denotes the particle momentum, (p = mv, v being particle velocity).

This strange marriage between classical ideas and wave ingredients gave rise

Figure 1.2: How do we see di�erent size objects?

to the modern quantum mechanics and provided physicists with a great

variety of waves that could be used to look inside the matter (Figure 1.2).
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As it was known since long time, energy can be converted from one form,

such as mechanic energy, chemical energy, heat energy, to another. Einstein

proved that a di�erent form of energy conversion can take place: energy can

be converted to mass and vice-versa. The amount of energy that is produced

as result of the conversion of a massm is given by Einstein's famous equation

E = mc2, where c denotes the speed of light, and, vice-versa, the energy

necessary to create, at rest, a particle having the mass, m, is given by the

same equation. De Broglie principle together with the Einstein equation

of creation and annihilation of particles opened the door to many physics

experiments.

Using these tools, in the last half of the 20-th century, a dramatic

progress of our understanding of the fundamental constituents of the matter

and the forces that are acting between them took place. This resulted in

what is called the Standard Model (SM) [1] of particle physics that provides

the microscopic base for almost all the known physics phenomena, except

gravity, explaining particle physics in terms of properties and interactions

of a small number of particles. According to the SM, our world is created

by a combination of three classes of particles: leptons, quarks and gauge

bosons (force carriers). There are six known leptons, that occur in pairs,

called families, which are written generally as doublets:

�
�e
e�

��
��
��

��
��
��

�
:

The three charged leptons are the well known electron and two other parti-

cles: muon and tauon. Associated with them there are three neutral leptons,

or neutrinos (�e; ��; �� ), which have very small masses, if any.

In addition to leptons there are six quarks. They also occur in pairs, or

families, denoted:

�
u

d

� �
c

s

��
t

b

�
:

Each family consists of a quark with electric charge 2
3
e (u; c or t called \up",

\charm" or \top") together with a quark with an electric charge �1
3
e ( d; s

or b called \down", \strange" or \bottom"). Here e is denoting the charge

of the electron.

The quarks and the leptons can interact by four fundamental interactions



6 CHAPTER 1. INTRODUCTION

by exchanging the gauge bosons mentioned below:

force acts on carrier

gravity all particles graviton(proposed)1

weak quarks and leptons W�; Z0

electromagnetic electric charge photon

strong quarks and gluons gluons

Each particle has a corresponding antiparticle. A particle and its an-

tiparticle have identical mass and spin but opposite quantum numbers2.

The antiparticle of an electron is a positron, that has exactly the same mass

as an electron but positive charge.

Whenever su�cient energy is available to provide the rest masses, a

particle and its matching antiparticle can be produced together. All the

conservation laws apply in these processes. When a particle collides with a

matching antiparticle, they may annihilate { which means they both disap-

pear. The energy of the annihilated particles appears in the form of funda-

mental bosons. The bosons decay afterwards producing other particles and

antiparticles.

In particle physics, high energies are needed both to create new and

unstable particles and to explore the structure of the subatomic particles.

Until the early 1950-ies the only sources of such high energy particles were

cosmic rays and studies of cosmic radiation led to notable discoveries. Today,

cosmic rays are used only for speci�c studies and the great majority of

experiments are conducted using beams of particles produced by machines

called accelerators.

Accelerators solve two problems for physicists. First physicists use accel-

erators to increase the particle momentum, thus decreasing its wavelength

enough to \look" inside atoms. Second, the energy of speedy particles is

used to create the massive particles that physicists want to study. The

beam, produced in an accelerator can be directed on a target at rest so that

particles in the beam are interacting with particles from the target (�xed

target experiment). The target can also be another beam of moving parti-

cles (colliding beam experiment). The advantage of the latter arrangement

is that both beams have signi�cant kinetic energy, therefore, a collision be-

tween produces a much higher energy and a higher mass particle than a

1The study of gravity is not object of SM.
2E.g. electric charge, color charge, 
avour, electron, muon, tau-lepton and baryon

numbers.
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�xed target interaction would do at the same beam energy.

When an electron and its antiparticle, the positron, annihilate in a col-

lider, in our case at the Large Electron Positron collider (LEP)3, a big

amount of energy is released. The energy is converted, via virtual photon or

Z0 e.g. into quarks and gluons. During strong interaction processes, called

fragmentation, the quarks and gluons are converted into the particles that

we can actually observe, mainly hadrons4. The rules of fragmentation are

not fully understood and the size of the region in which this process is taking

place is not clearly determined. The particle interferometry studies, as the

one presented in this thesis, are interesting since they can contribute to the

understanding of these phenomena for which we still have no appropriate

theory. The detailed studies of the two-particle interferometry allow to de-

termine the shape of the region in which the detected particles are produced

and to analyse its spatial and temporal characteristics.

3For extended information about LEP see next chapter.
4Particles made of two or three quarks.



Chapter 2

DELPHI experiment at LEP

2.1 LEP collider

The particle accelerators are nowadays the most important research tools

in nuclear and high-energy physics, providing physicists with multiple pos-

sibilities of studying the structure and properties of atomic nuclei and the

interactions of subatomic particles.

An e+e� collider is a type of particle accelerator that stores and then

accelerates counter rotating beams of electrons and positrons before bringing

them to collision. Since the total momentum of oppositely directed beams

is zero, the products can be created at rest, all the energy of the collision

being converted into the mass of the produced particles.

The basic element of such a collider is a synchrotron ring [2] that can

accommodate the two beams of particles travelling in opposite directions.

Bunches of each type of particles are injected into the synchrotron ring until

a su�ciently large intensity has been accumulated in each beam and then the

two beams are accelerated simultaneously. The accelerating system causes

the particles to circulate in bunches so that the collisions take place in only

few places in the ring, where the particle detectors are located. This small

number of intersections simpli�es the operation by minimising the disruption

of each beam caused by interactions with the other, allowing more intense

beams to be collected and used in the ring. Actual interactions between

particles are relatively rare and the beams can typically circulate for several

hours before they are \dumped" and the machine is \�lled" once again.

LEP (Large Electron Positron collider) is the largest accelerator yet built

with a circumference of 26.67 km. It is located at CERN on the border be-

tween Switzerland and France. Since the energy density released in the

8



2.1. LEP COLLIDER 9

annihilation of electrons and positrons is comparable with the one that ex-

isted in universe a fraction of a second after its creation, the studies that

can be done at LEP are a synthesis between cosmology and particle physics.

Figure 2.1: The scheme of LEP collider

Studies of the design of the LEP machine [3] started in 1976 at CERN

and the �rst practical design was published in 1978. LEP was projected to

be a large circular tunnel in which the machine was installed in stages cor-

responding to new physics events that were predicted by the uni�ed theory

of the weak and electromagnetic interactions [4].

In LEP there are four interaction regions surrounded by particle de-

tectors (ALEPH, DELPHI, L3, OPAL) that measure the properties of the
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secondary particles coming from the collisions. Each detector is optimised

di�erently to study various physics aspects of the interaction.

Other accelerators built earlier at CERN act as injectors to LEP in

a complex interlinked system [3] (see Figure 2.1). A purpose-built linear

accelerator produces bunches of electrons and positrons at 600 MeV and

feeds them into the 28 GeV Proton Synchrotron (PS) to be accelerated to

3.5 GeV and further transfered to the Super Proton Synchrotron (SPS). In

SPS they are accelerated to 20 GeV before injection into LEP. In the �nal

stage, LEP accelerates the counterrotating beams of electrons and positrons

to a maximum energy of 100 GeV.

The two important parameters that decide what kind of physics can

be performed at a particular collider are the beam energy, to allow the

observation of the required physics, and the integrated luminosity (that

will be de�ned further in this section), to allow such an observation at a

reasonable rate.

At LEP the energy was de�ned for the generation of Z0 and W� pair of

particles and resulted in a range of 40� 100 GeV per beam.

Once the energy was decided, the next problem was to optimise the

physical size of the collider in order to minimise the construction and running

costs. An important point in the de�nition of circumference is the in
uence

of synchrotron radiation. When the trajectories of the charged particles are

bent, as in the case of storage rings, they radiate a fraction of their energy

by emission of photons. The energy loss is proportional to (E=p)4, a large

value for high energy electrons. If this energy is not replenished, the particles

would rapidly decelerate in a spiral being lost inside of the vacuum chamber's

wall. The radio-frequency acceleration system (RF) replenishes the energy

lost by particles during each revolution. The RF voltage in the accelerating

gaps oscillates at high frequency and is synchronised to the harmonic of the

revolution frequency of the particles. Consequently, the bunches cross the

accelerating gaps at a constant phase relative to the voltage. In this way

all the particles gain energy crossing the accelerating cavities. The energy

gain per turn must compensate the energy loss per turn due to synchrotron

radiation

As was already mentioned, the second important parameter in the design

of colliders is the luminosity, L, de�ned for any physical process as:

L = �
dN

dt
(2.1)

with � being the cross section of the process and dN

dt
the rate at which the

events are produced. The luminosity at LEP is limited by the interplay



2.1. LEP COLLIDER 11

between beam-beam e�ects, background in the detectors, and the aperture,

as set by the collimator system [3]. To achieve high luminosity it is not

only important to store a large number of electrons but also to squeeze the

transverse beam size at the interaction point as much as possible.

During LEP �rst running period (LEP1), 1989 - 1995, the operation has

been a mixture of physics data taking around the Z0 energy (91 GeV) and

machine studies aiming at performance improvement, beam energy calibra-

tion and future upgrades.

Z bosons were produced copiously and it made possible to challenge

the validity of the Standard Model (SM) with an unprecedent degree of

precision. LEP has turned out to be a superb laboratory for the study of

quantum chromodynamics (QCD)[5] and ElectroWeak theory (EW)[4].

Very high precision measurements of the electroweak parameters of the

SM at the level of few per mill [6], including Z mass and width from the

very precise measurement of the beam energy, were performed. These stud-

ies severely constrainted the number of the light neutrino families excluding

any further fermion family beyond the three already known ones. Other

studies predicted the mass of the top quark and explored the lower mass

sector of whatever may exist beyond the Standard Model. The clean con-

ditions at LEP with almost no background favoured the studies of the the

fragmentation mechanism of quarks and gluons providing a splendid test of

QCD [6].

Examples of results from this �rst running period are: accurate and con-

sistent measurements of the strong coupling constant using several indepen-

dent methods, providing clear evidence for its energy dependence; searches

for new particles including Higgs bosons and supersymmetric partners of

the particles which are known today (so far none of these searches were

successful); studies of short-lived particles, tau-lepton and B hadrons, with

an important contribution to the knowledge of their life-times and decay

modes. The exploration of the B sector has been particularly successful

leading to the observation of the individual BS decays and the evidence for

B0 � �B0 oscillation at a con�dence level of 99 % [6].

Measurements done at the Z peak provided information on the axial

(gA) and vector (gV ) coupling constants of the weak neutral current. De-

termination of the partial width for decay in a lepton-antilepton pair, �ll,

forward-backward asymmetries AFB and � polarisation gives high precision

measurements for gA and gV and deep understanding of the SM. The SM

prediction for the value of the weak mixing angle, sin2�W , could agree with

the experimental data only if the top mass was very large, 175 GeV, an

energy at which CDF and D0 experiments actually discovered it [7].
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In the second running period, LEP2, higher and higher energy ranges

were explored with the aim of searching for new particles up to the masses

of the order of 100 GeV, testing the SM, studying the W+W� and Z0Z0

pairs and searching for new particles: Higgs boson and suppersymmetric

particles. If these searches fail, lower limits will be set for the mass of each

of them.

Despite the increase in energy and the consequent decrease of the cross-

section outside Z peak, LEP2 continues to contribute to the precision mea-

surements of the SM parameters through an accurate determination of the

mass of W's which are produced in pairs at energies above 160 GeV. Both

semileptonic events e+e� ! W+W� �! e�J1J2 and hadronic ones e+e� !
W+W� �! J1J2J3J4 are used to estimate W's mass (here Ji stands for

jet). The four-jet events must be handled with care since hadrons, con-

tained in the two jets coming from the decay of di�erent W 's, are subject to

Bose-Einstein correlations [8, 9], due to the fact that, at LEP2, the average

space-time separation between the two W's decay points is less than 0.1 fm

while the hadronization scale is 1 fm. A certain interest in the study of the

BEC in e+e� appeared following the issue of a theoretical result[10], which

suggested a signi�cant in
uence of BEC on the W mass determination. The

estimated values of this W mass shift are however strongly varying from

approach to approach [10, 11, 12] being dependent on the model used for

simulation. Also the study of Bose-Einstein correlation in W+W� is de-

pending on the tuning of the model parameters to the corresponding values

obtained at the Z peak and on the theoretical model used for comparison.

All these reasons enhanced the interests for studies of particle generators

and their BEC simulation. At the Z0 peak, detailed studies of BEC using

e+e� data can be performed with con�dence, due to the big amount of data

available. Such studies are presented here.

2.2 DELPHI detector

DELPHI (DEtector with Lepton, Photon and Hadron Identi�cation) [13, 14],

is a general purpose detector for e+e� physics, with special emphasis on

powerful particle identi�cation (leptons and hadrons) over most of the solid

angle, even in complex events. It o�ers three-dimensional information on

curvature and energy dissipation; high granularity over a 4� solid angle

and precise vertex determination. DELPHI has been operating at LEP

since 1989.

The detector consists of a cylindrical part, covering the central region,
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DELPHI
Vertex Detector

Inner Detector

Time Projection Chamber

Small Angle Tile Calorimeter

Very Small Angle Tagger

Beam Pipe

Quadrupole

Barrel RICH

Outer Detector

High Density Projection Chamber

Superconducting Coil

Scintillators

Barrel Hadron Calorimeter

Barrel Muon ChambersForward Chamber A

Forward RICH

Forward Chamber B

Forward EM Calorimeter

Forward Hadron Calorimeter

Forward Hodoscope

Forward Muon Chambers

Surround Muon Chambers

Figure 2.2: DELPHI detector

and two end-caps, covering the forward regions (see Figure 2.2). The end-

caps can be moved to allow access at the subdetectors. The overall length

and diameter are over 10 m each and the total weight is 3500 tons.

The superconducting solenoid, the largest so far built (7.4 m length and

5.2 m inner diameter), provides a highly uniform magnetic �eld of 1.23 T,

parallel to the beam pipe, throughout the central tracking volume, con-

taining the barrel tracking detectors: the Vertex Detector (VD), the Inner

detector (ID), the Time Projection Chamber (TPC) and the Outer Detector

(OD) and also the forward tracking chambers (Forward Chambers A and B).

Electron and photon identi�cation is provided primarily by the High den-

sity Projection Chamber (HPC), in the barrel region, and by the Forward

Electromagnetic Calorimeter (FEMC), in the end-caps. The smaller polar

angles, essential for detecting e+ and e� from 

 processes1 and for luminos-

ity measurement from e+e� ! e+e� events, are covered by the Small angle

1When electrons and positrons interact in LEP they radiate photons at small angles

relative to the beam axis. This is the source of two-photon collisions, producing a hadronic

state X . While for a given beam energy the kinematics of an annihilation process is �xed,

the continuous spectra of the photons will allow simultaneous measurements at di�erent
invariant masses and for di�erent momentum transfers
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Tile Calorimeter (STIC) (which replaced the Small Angle Tagger (SAT) in

April 1994), and the Very Small Angle Tagger (VSAT). In order to achieve

complete hermeticity for high energy photon detection, additional scintilla-

tors have been installed in the cable duct regions between the barrel and

each end-cap and in the small gaps between the HPC modules, not ade-

quately covered for this purpose by the Time Of Flight (TOF) scintillators.

The iron return yoke of the magnet is instrumented with limited streamer

mode detector to create a sampling gas calorimeter, the Hadron Calorime-

ter (HAC). Muon identi�cation is achieved by comparing the extrapolation

of the reconstructed tracks with the hits in the Barrel (MUB) and Forward

(MUF) muon drift chambers. A layer of Surrounding Muon Chamber (SMC)

based on limited streamer tubes, was installed to �ll the gap inbetween the

barrel and forward regions. The Ring Imaging Cherenkov (RICH) detec-

tors provide charged particle identi�cation in both the barrel (BRICH) and

forward (FRICH) regions.

In the standard DELPHI coordinates system, z axis is considered along

the electron direction, x axis points towards the centre of LEP, and y axis

points upwards. The polar angle to the z axis is called � and the azimuthal

angle around the z axis is called �, the radial coordinate is de�ned as

R =
p
x2 + y2.

2.2.1 Tracking detectors

The tracking detectors are devoted to precise measurement of tracks,

and hence to the precise determination of the directions and momenta of

the charged particles. I shall present the tracking detectors starting from

the closest to the interaction point to the farthest one.

Vertex Detector is an advanced silicon detector providing very precise

tracking, in order to detect short-lived particles by extrapolating the tracks

back, towards the interaction point. It consists of three coaxial cylindrical

layers of silicon strip detectors at average radii of 6.3, 9.0 and 10.9 cm.

Each layer covers the full azimuthal angle and is composed of 24 sectors,

with overlaps between adjacent sectors. For polar angles of 44� � � � 136�,

a particle crosses all the three layers of the VD.

The VD was initially designed as a two-layer silicon strip detector mea-

suring R� coordinates in the barrel region. In 1991, VD was upgraded by

adding the third layer of silicon strips and in 1994 was further upgraded by

adding a z readout to the external and closer layers. The polar angle cover-
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age of the closer layer was extended into the forward region down to 25�.

Inner Detector provides high redundancy for vertex reconstruction and

trigger information. Initially it was composed of an inner drift chamber with

jet chamber geometry, giving 24 R� points per track, and �ve cylindrical

MultiWire Proportional Chamber(MWPC) layers. The MWPC layers had

sense wires spaced by about 8 mm, providing fast trigger information and

solving the left-right ambiguities inherent to the jet chamber, and a circular

cathode strips giving Rz information.

Since the beginning of 1995 a new, longer, ID has been operational. The

inner drift chamber has exactly the same wire con�guration as the previous

one. The polar angle acceptance for tracks, giving a hit to the innermost

anode wires, is 15� � � � 165�. Surrounding the jet chamber there are

�ve cylindrical layers of straw tube detectors measuring R� and having the

same functionality as the old MWPC trigger layers. There is no longer any

z measurement.

Time Projection Chamber is the principal tracking device of DEL-

PHI. Pattern recognition starts from its information. The size of TPC being

limited (R = 120 cm, L = 2 x 150 cm), by the inclusion of RICH-es, other

track chambers were added (OD, FCA and FCB) to improve momentum res-

olution. Both end-plates of the TPC are divided into 6 azimuthal sectors,

each with 192 sense wires and 16 circular pad rows with constant spacing.

At least three such pad-rows are crossed down by a particle to polar angles

20� � � � 160�. The dead space between the pads of adjacent end-plate

sectors corresponds to 4% of the R� plane. Short cathode pads (in R),

totally 1680 pads per sectors, were chosen for better two-track separation.

The detector provides up to 16 points per particle tracks at radii between

40 and 110 and polar angles of 39� � � � 141�. Laser beams are used to

monitor the drift velocity continuously during data taking.

The identi�cation of charged hadrons in DELPHI relies on the speci�c

ionisation energy loss per unit length (dE=dX) in the TPC and on the

information provided by RICH-es.

Outer Detector consists of �ve layers of drift tubes located between

radii 197 cm and 206 cm. The active length of the detector corresponds to

polar angles from 42� to 138�. It provides a �nal, precise direction measure-

ment after the Barrel Ring Imaging Cherenkov detector, giving fast trigger

information in both R� and z and improving the momentum resolution by

a large factor. It is composed of 24 modules mounted on the BRICH, each

consisting of 145 drift tubes in �ve layers. The layers are staggered, the
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adjacent modules overlap, providing full azimuthal coverage. All layers pro-

vide R� information. Three layers provide, in addition, fast z information

by relative timing of signals from both ends.

Forward Chamber A provides powerful tracking and triggering infor-

mation. It is mounted on both ends of the TPC at an average z = 160 cm

from the interaction point. Each side consists of three chambers, each of

them with two staggered layers of drift tubes. The layers are split into half-

discs, with an outer radius of 103 cm. There is a rotation of 120� between

the wire orientation of the modules. The chamber covers polar angles from

11� to 32� and from 148� to 169�.

Forward Chamber B is a drift chamber situated at an average distance

of z = 275 cm from the interaction point. The sensitive area of the chamber

corresponds to polar angles from 11� to 36� and from 144� to 169�.

FCB provides a precise information for tracking, triggering, pattern

recognition and substantially improves momentum resolution in the forward

direction. The chamber consists of 12 read-out planes. Coordinates in each

of three directions, rotated by 120�, are de�ned by four planes. The high re-

dundancy provided by the 12 read-out planes o�ers the possibility to analyse

track elements in a high multiplicity and background environment

The FCA and FCB are supported independently on the yoke, between

the forward RICH and FEMC.

Very Forward Tracker, the very forward part of the Silicon Tracker,

is located on both ends of the barrel. It covers the polar angle from 10�

to 25� and from 155� to 170�. The detector was added to LEP2 since,

increasing the energy, many of the interesting physics channels, with large

cross section, peak in the forward region of the apparatus. The obtained

information is used to provide stand-alone tracking and pattern recognition.

The inner two layers are made of pixels and the outer two layers are made

of strips. The ministrip detector is made of four planes two on either ends

of the barrel. Each plane consists of twelve detector modules measuring two

orthogonal coordinates. The modules are mounted at an angle of 50� with

respect to the beam.

The Muon Chambers are the farthest from the collision point, since

muons are the only charged particles that can traverse the lead and iron

of both calorimeters essentially una�ected. Most muons of momenta above

2 GeV/c are expected to penetrate to the muon chambers. Muon identi�ca-

tion is achieved by comparing the extrapolations of the reconstructed tracks
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with the hits in the MUB that covers polar angles from 53.0� to 88.50� and

from 91.5� to 127.0� and MUF that covers polar angles from 20� to 42� and

from 138� to 160�. In 1994 a layer of SMC based on limited streamer tubes

was installed outside the end-caps to �ll the gap between the barrel and

forward regions.

In the barrel part of the detector, precise measurement of the tracks

varies from 5 � 10 �m in the Vertex Detector, to a fraction of a millimeter

in the TPC and to 1�3 mm in the Barrel Muon Chambers, after traversing

5 m of the detector.

2.2.2 Electromagnetic calorimeters and scintillator counters

High density Projection Chamber, barrel electromagnetic calorime-

ter, is situated outside OD, inside the solenoid. The polar angle coverage is

43� to 137�. It has the aim to measure the three-dimensional charge distri-

bution induced by electromagnetic showers and by hadrons, with very big

granularity, in all the coordinates, having an acceptable number of read-out

channels. It allows to detect electromagnetic showers and to separate them

from hadrons even in the complex topologies encountered at LEP. It con-

sists of 144 modules, arranged in 6 rings inside the magnetic �eld. Each ring

consists of 24 modules, coaxially arranged around the beam axis and has an

inner radius of 208 cm and an outer radius of 260 cm. Each HPC module

is a small TPC with layers of high density material (lead wires) in the gas

volume.

Forward ElectroMagnetic Calorimeter consists of two 5 m diam-

eter disks. The front faces are placed at jzj = 284 cm covering the polar

angles 8� � � � 35� and 145� � � � 172�. Good energy resolution and

granularity are the principal aims. The detector disks consist of arrays of

4532 Cherenkov lead glass blocks. The blocks are truncated pyramids with

inner (outer) face dimensions of 5x5 cm2 and depth of 40 cm, corresponding

to 20 radiation length. Each block is pointing to the interaction region. The

Cherenkov signal induced by the charged particles in the shower is read out

by a single stage photomultiplier.

In order to achieve complete hermeticity for high energy photon detec-

tion and to be sensitive to the possible new physics, whose experimental

signatures are based on missing energy and momentum of the event, scintil-

lators have been installed additionally between the barrel and each end-cap

and between the HPC modules, the Hermeticity detectors. In addition
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DELPHI has in the barrel part TOF and in the forward part the Horizontal

Flight tagger, HOF. The TOF counters are also used to provide informa-

tion about those particles (mainly photons) that go in the dead regions of

the innermost detector layers of DELPHI. The scintillator counters are fast

trigger for beam events and cosmic radiation. TOF are trigger and time of


ight information providers.

2.2.3 The hadron calorimeter

Hadron CALorimeter provides energy measurements of charged and

neutral hadrons. It gives a detailed picture of the hadronic showers, thus

good distinction between showers caused by neutral and charged hadrons

and correct muon identi�cation. The barrel part covers polar angles between

42:6� and 137:4� and the end-caps, polar angles in ranges 11:2� - 48:5� and

131:5� - 168:8�. The barrel is constructed of 24 sectors, with 20 layers of

limited streamer mode detectors inserted in 2 cm slots, between the 5 cm

iron plates, in each sector. The modularity of the end-caps is similar to the

barrel, 12 sectors each with a sample depth of 19 layers. The whole Hadron

Calorimeter covers almost the full solid angle 11� � � � 169�.

2.2.4 Charged hadron identi�cation

Charged particle identi�cation is provided mainly by liquid and gas Ring

Imaging Cherenkov Counters (RICH), both in barrel and forward region.

DELPHI RICH-es contain two radiators of di�erent refractive indices. The

liquid radiator is used for particle identi�cation in the momentum range

from 0.7 to 9 GeV/c and the gas radiator for the range 2.5 to 25 GeV/c.

The full solid angle coverage is provided by two independent detectors, one

in the end-cap regions (FRICH), and one in the the barrel regions (BRICH).

Barrel RICH is located between the Time Projection Chamber and

the Outer Detector. It is a 350 cm long cylinder with inner radius 123 cm

and outer 197 cm, divided into two halves by a central support wall, 6.4 cm

thick. Liquid radiator boxes with quartz windows on the outer surface are

mounted near the inner surface of the cylinder. UV photons are detected in

the drift tubes constructed entirely from quartz plates, which act as TPC-s

with readout chambers at the outer end. Cherenkov photons produced in

the outer gas volume are re
ected by parabolic mirrors and focused into ring

images in the same drift tubes. Each half contains 24 drift tubes and liquid
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radiators containers, in azimuth, grouped in pairs. C6 F14 is used as liquid

radiator and C5 F12 as gas radiator. BRICH covers polar angles between

40� and 140�.

Forward RICH is located between 1.7 m � jzj � 2.7 m and covers

polar angles between 15� and 35�. Each end-cap consists of two truncated

half-cones and is divided in azimuth in 12 modular sectors. Each such sector

contains one driftbox, two MWPC, three liquid radiator containers and �ve

mirrors. The vessel is built from carbon-epoxy laminate and contains heating

elements on the inside and cooling pipes on the outside. The two vessels

of one end-cap are supported by the iron yoke on a carbon-epoxy cylinder.

C6 F14, C5 F12 are used as liquid respective gas radiators.

2.2.5 Detectors used in luminosity measurement

Small Angle Tagger, a two arms detector, was optimised for lumi-

nosity measurements by counting Bhabha events2. Each arm consisted of

a calorimeter and a tracker in front. The calorimeter covering polar angles

from 2.46� to 7.73� consisted of alternating layers of lead sheets and plastic

scintillating �bres aligned parallel to the beam.

STIC (that replaced the SAT detector) is a sampling lead-scintillator

calorimeter formed by two cylindrical detectors, placed on either side of the

DELPHI interaction region, at a distance of 220 cm, and covers a wider

angular region between 1.66 � and 10.60� in polar angle (from 6.5 to 42 cm

in radius).

Very Small Angle Tagger consists of four calorimeter modules. The

detector modules contain tungsten absorbers, interspaced with silicon planes

for the energy measurement. The electromagnetic shower coordinates, in

the horizontal and vertical directions, are determined by the silicon strip

planes. It is located close to the beam, at 7.7 m from the interaction point,

and covers the angular region 0.3� to 0.4�. The physical processes being

monitored are Bhabha scattering and two photon collisions.

Most of the elements of DELPHI provide information directly in three-

dimensional form, which is being read out via some 200,000 electronic chan-

nels by 72 dedicated microprocessors. The data are then merged to form an

"event" (event building) and shipped to a central set of computers where

2Elastic scattering of electrons on positrons



20 CHAPTER 2. DELPHI EXPERIMENT AT LEP

they are logged onto mass storage for subsequent analysis. A typical event

contains 1 million bits of information. An optical data link sends the com-

pressed data to the main computer and control center.

Design and construction of the DELPHI detector took 7 years. Data have

been taken every year for the last 9 years, typically throughout the summer

and autumn. During the data-taking periods, LEP and the detectors are

operated around the clock. Winter and spring (when electric power is much

more expensive) are reserved for a long shutdown, used for maintenance and

modi�cations (including upgrading of LEP as well as of the detectors).



Chapter 3

Bose-Einstein correlations

In the beginning of 1920s, quantum statistics became an important tool

to describe ensembles of identical atoms and subatomic particles, that, ac-

cording to their properties, were classi�ed in two categories. The ones that

are characterised by asymmetric wave function and satisfy the exclusion

principle (eg: leptons and quarks) were called fermions and the Fermi-Dirac

statistics was developed to describe their behaviour. The others, with a

symmetric wave function and not restricted by the exclusion principle (eg.

photons, mesons, gluons, W and Z intermediate vector �elds), were called

bosons and described by the Bose-Einstein statistics.

During the 50-ies, in particle physics experiments and in the astronom-

ical observations, it was discovered that bosons emitted from the same

source show the tendency to have similar energy-momentum characteris-

tics [8, 9]. This phenomenon of increasing probability for the emission of

identical bosons from close regions of space and time is called Bose-Einstein

correlation (BEC). The Bose-Einstein e�ect originates in the quantum me-

chanical interference of the boson wave functions being a consequence of

their symmetry under particle exchange, that gives an e�ective clustering

of the particles in the phase space (opposite to the exclusion principle),

explaining their preference to occupy the same quantum states.

Presuming that only particles emitted from the same or very close sources

enhance the probability to produce particles with small relative momentum,

it is expected that, from the studies of BEC, one could obtain important

information about the space-time extension of the sources. This method to

estimate the source size proved to be a reliable tool in astronomy, where

the so-called HBT (after Hanbury-Brown and Twiss, - astronomers who

�rst reported of it [15]) e�ect is used to measure stellar sizes by analysing

21



22 CHAPTER 3. BOSE-EINSTEIN CORRELATIONS

correlations between detected photons. In particle physics, the hadron in-

terferometry was proven to ful�l a similar task of de�ning the size, the shape

and the evolution in time of a microscopic source of mesons.

High energy heavy ion collision experiments developed precise methods,

using boson interferometry studies, to obtain information about the space-

time development of the particle emitting source. This is an interesting

feature out of many because of the implications in Quark Gluon Plasma

(QGP) studies 1. Positive identi�cation of the QGP state in the relativistic

heavy-ions collisions is extremely di�cult, since if created, the QGP will

have a very transient existence [16]. Correlations measurements, using var-

ious particles, may be particularly helpful in understanding the dynamical

evolution of heavy-ions collisions. In the experimental search for QGP for-

mation, a suggested signature is the extended emission time of mesons from

a system undergoing a phase-change: this can be measured by components

of the two-particle correlation function [16, 17].

Analysis performed for the three components of the four-momentum dif-

ference of two identical bosons shows a dependence of radii on the mean

transverse mass of pairs, which can be described by hydrodynamical models

of the particle source expansion [18, 19]. A common dependence of radius

parameters on mt can indicate collective 
ow as the momentum-position

correlations caused by the 
ow increase with increasing pt [17]. Prelimi-

nary studies of BEC between like-charged bosons in e+e� annihilation at

the centre-of-mass energy of M(Z0) = 91:2 GeV, using the DELPHI ex-

periment data, see [20] and Appendix D, revealed also the existence of the

transverse mass dependence for the correlation radius components, similar

in some respects to the one found in heavy-ion experiments.

The study of BEC function for identical particles is very interesting since

the process of hadron production, or fragmentation, in high energy physics

is poorly comprehended. At this moment, no appropriate theory could de-

scribe it, only phenomenological models being available for the hadroniza-

tion process and the Bose-Einstein phenomenon in particular. Studies of

the space-time characteristics of a hadron source give important informa-

tion about the hadronization process as a whole and also provide tests of

fragmentation models.

Detailed studies of the two-particle interferometry in Z0 hadronic decays

in e+e� annihilation allow the determination of the shape of the source

1State of matter, in which, quarks and gluons, are not longer con�ned within the

dimensions of the nucleon but free to move around over a volume in which high enough
temperature and/or density prevails.
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of bosons, which gives the possibility to analyse the spatial and temporal

characteristics of the hadronization region. These studies are of considerable

interest partly due to the recent predictions of possible in
uence of BEC on

the measured value of the W boson mass in e+e� annihilation [10, 11].

Estimates of the strength of this e�ect have been made using the Monte

Carlo particle generator Jetset [21], involving a simple algorithm for the

two-particle BEC simulation which uses a correlation function in terms of the

invariant four-momentum di�erence of identical particles,Q. This algorithm

is known to reproduce well basic features of BEC in experimental data, like

the shape of the correlation function in terms of Q [22] and the shift of the

�0 mass [23], but it does not describe other related e�ects, like the higher

order correlations [24], neither does it reproduce its own input parameters in

a wide range, as it will be shown later in this work. More detailed tests are

necessary to establish the extent of applicability of the mentioned algorithm,

the reliability of its predictions and to further improve and develop it.

The investigation of BE correlations in e+e� annihilation is particularly

interesting since there are phenomenological models describing almost all

features of hadron production except for quantum mechanical e�ects. Un-

til recently, studies of the identical-boson correlations in e+e� annihilation

process at LEP energies have concentrated on the shape of the two-particle

correlation function in terms of Q [22]. At lower energies, several collabora-

tions have studied BEC using two-dimensional distributions of components

of Q [25]. Multidimensional analyses of the BEC are now being made by

the LEP experiments as well.

The string model [31] describes e+e� annihilation data with high ac-

curacy and provides an appropriate framework in which to consider the

Bose-Einstein enhancement. In the two-jet hadronic decays Z0 ! q�q, the

comparison between the transverse and longitudinal radii of the BEC (with

respect to the initial parton direction of motion) can test the string model

prediction [26] that the transverse correlation length is considerably smaller

than the longitudinal one.

Since fragmentation models are mostly of probabilistic nature, it is very

di�cult to incorporate the Bose-Einstein symmetrization into them. Thus

e�ects of BEC are often absent in event generators, which apparently does

not signi�cantly a�ect their performance. To account for and to describe it

properly in event generators, the Bose-Einstein phenomenon must be well

understood, therefore more profound interferometry studies are required.

The proper treatment of such e�ects is an interesting goal for the next

generation of hadronization models.
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3.1 The BEC correlation function

In order to study the enhanced probability for the emission of two iden-

tical bosons, it is useful to de�ne a correlation function. Considering the

production of two identical bosons with four-momenta p1 and p2, the corre-

lation function C2 of two identical bosons is de�ned as:

C2(p1; p2) =
P (p1; p2)

P (p1)P (p2)
; (3.1)

where P (p1; p2) is the probability density of two particles to be produced,

and P (p1) and P (p2) { the probability densities for a single particle to

be produced with four-momentum p1 or p2. From the experimental point

of view, P (p1; p2) is a double di�erential cross section. In practice, it is

di�cult to construct the product P (p1)P (p2), therefore it is often replaced

by P0(p1; p2), which is equal to P (p1)P (p2) in the absence of correlation.

One of the major problems in this kind of studies is to build P0(p1; p2),

usually called the \reference sample".
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Figure 3.1: Two particles �1 and �2, with four-momenta p1 and p2, are

emitted by the same source from the points rA, rB. They are detected at

points x1 and x2.

To calculate the above probabilities, let us discuss the emission of two

bosons. If a particle A is emitted from a point rA having a four-momentum
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p1 and another identical one B is emitted from the point rB having a four

momentum p2 and we assume that the particle with four-momentum p1
(p2) is detected with a detector x1 (x2), it will be impossible to decide if the

particle originates from the point rA or rB (see Figure 3.1). This is re
ected

in the wave function of the boson pair that has a symmetric expression. For

uncorrelated emission of particles we have:

 12 =
1p
2

( 1A 2B +  1B 2A) ; (3.2)

where  i� denotes the wave function for a boson produced at a point r� and

registered with momentum pi.

If we assume that the source of particles has a space-time distribution

given by �(r; t), the probability to detect a particle of four-momentum p1 at

x1 and the other one, of four-momentum p2, at x2 is given by the expression:

P (p1; p2) =

Z
j BE12 (x1x2; rArB)j�(rA)�(rB)d4rAd

4rB: (3.3)

Here,  BE12 (x1x2; rArB) is de�ned as the amplitude for a pion pair pro-

duced at rA, respective rB, to be registered at x1 and x2. Assuming that

bosons propagate as free particles after emission, one gets:

 BE12 (x1x2; rArB) =
1p
2

[eip1(x1�rA)eip2(x2�rB) + e(ip1(x1�rB)e(ip2(x2�rA)]:

(3.4)

On the other hand, if  REF corresponds to the case with no BEC, i.e.

where one can distinguish the di�erent particles, then the probabilities for

the alternative histories are added:

j REF12 j2 =
1

2
(jeip1(x1�rA)eip2(x2�rB)j

2
+ jeip1(x1�rB)eip2(x2�rA)j

2
): (3.5)

The correspondent probability is:

P0(p1; p2) =

Z
j REF12 (x1x2; rArB)j2�(rA)�(rB)d4rAd

4rB: (3.6)

Evaluating the above probabilities, one obtains for the correlation function

[30]:

C2(Q) = 1 + j~�(Q)j2; (3.7)

where Q = p1 � p2 and ~�(Q) is the Fourier transform of �(r) with respect

to Q:

~�(Q) =

Z
�(r)e�iQrdr: (3.8)
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Considering the source to be a sphere of emitters distributed according to

the Gaussian probability density and having a radius R:

�(r) =
1

4�2R2
e
�

r2

2R2 ; (3.9)

the corresponding Fourier transform will be:

~�(Q) = e�
Q
2
R
2

2 : (3.10)

To account for all the possible e�ects which reduce the strength of the

Bose-Einstein correlations, a parameter, denoted �, is used as a factor in

front of the enhancement term. The correlation function (3.1) can be pa-

rameterized as:

C2(Q) = 1 + �e�Q
2R2

; (3.11)

where � and R are free parameters. The interpretation of the � parameter

is that it is related to the fraction of identical bosons which do interfere. Pa-

rameter R is usually interpreted as the geometrical radius of the presumably

spherical boson emitting source.

The customary parameterization for the correlation function in case of

electron-positron annihilation is:

C2(Q) = N [1 + �e�Q
2R2

][1 + �Q] ; (3.12)

where N is the overall normalisation and the additional linear term [1 + �Q]

is used to describe the observed slopes in the correlation function at Q values

outside the BEC region.

3.2 BEC in the frame of the string model

In the framework of the perturbative QCD it is possible to obtain many

useful formulas but all the results are expressed in partonic language. In

order to be able to compare the hadronic distributions which are observed in

the experiments to the model, it is necessary to add a fragmentation process

to the perturbative results.

The experimental results on BEC in hadronic jets from e+e� annihila-

tion [22, 25] show clear evidence for a correlation e�ect of identical particles

of roughly the same momentum. This correlation e�ect, that was unex-

pected for a supposedly coherent process, has been explained within the

Lund string model [31] in the works of B. Andersson and W. Hofmann [32]

and further clari�ed by M. Bowler [33], B. Andersson and M. Ringn�er [26].
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To understand the string fragmentation model, I shall refer to the sim-

plest possible system. Consider a quark q and an antiquark �q going out,

back to back, in the overall center of mass frame, the typical situation in

a e+e� annihilation. The energy stored in the colour dipole �eld between

a charge and an anticharge increases linearly with the separation between

charges, if the Coulomb term is neglected. Because of the three-gluon cou-

pling (or vacuum pressure) [31], the color 
ux lines will not be spread over

all space as the electromagnetic �eld lines do, but rather constrained in a

thin tube-like region.

In the string model [31], the con�ning color �eld is approximated by a

massless relativistic string. The end-points of the string are identi�ed with

q and �q properties while the gluons are assumed to behave as transverse ex-

citation of the string. The string can break-up into smaller pieces producing

q�q pairs, the new end-points. Such a pair will immediately start to separate

because of the string tension, which, in the rest frame of a string segment

corresponds to a constant energy density � � 1 GeV/fm. Final states mesons

are formed from a q and �q from adjacent vertices (see Figure 3.2, where j is

denoting a meson).
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Figure 3.2: The decay of a Lund Model string.

The unique break-up rule results in the following probability for a string

to decay in to the hadrons, p1; p2; :::; pn, [26]2:

dP (p1; :::; pn) =

"Y
i

(Ndpi�(p
2
i �m2

i ))

#
�(
X
j

pj � Ptot) exp(�bA) (3.13)

2The arguments in this section are based on [26]
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where A is the area of the break-up region as indicated in Figure 3.2 and n

and b are parameters.

The similarity of the formula to Fermi's Golden rule for the probability

of a quantum mechanical transition, size of the �nal state phase space multi-

plied by the square of the matrix element jMj2 (expressed by the exponential

area suppression), provides a reasonable starting point to derive a quantum

mechanical process. A massless q�q pair without transverse momentum must

be classically produced at such a distance that the string energy between q

and �q can be used to ful�l energy-momentum conservation. If the transverse

momentum is conserved in the production process, i.e. the q�q, with masses

m, obtain �~k?, respectively, then the pair may appear, from the classical

point of view, at a distance �x = 2m?=�, where m? is the transverse massq
m2 + ~k2

?
.

There are at least two possible mechanisms [26] to derive the correspond-

ing matrix element, a quantum mechanical tunnelling process a la Schwinger

and (or) the possible relationship to the Wilson �eld operators in a gauge

�eld theory. It was proved [26] that they provide very similar answers to

the problem, giving rise to a matrix element as follows:

M = exp(i�� b=2)A (3.14)

which not only provides us with the Lund decay amplitude, but can also be

used in accordance, to provide a model for BEC among identical bosons.

If one considers a �nal state containing (among possibly a lot of other

hadrons) n identical bosons, there are n! ways to describe such a state,

each corresponding to a di�erent permutation of the particles. According to

quantum mechanics, the transition matrix element has to be symmetrised

with respect to exchange of identical bosons. This leads to the following

general expression for the production amplitude:

M =
X
P

MP ; (3.15)

where the sum goes over all possible permutations P of the identical bosons.

The cross section will then contain the square of the symmetrised ampli-

tude M:

jMj2 =
X
P

(jMPj2(1 +
X
P
0
6=P

2Re(MPM�

P 0)

jMPj2 + jMP
0j2

)): (3.16)

The phenomenological models used to describe the hadronization process are

formulated in a probabilistic language. This implies that the interference
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between di�erent ways to produce identical bosons is not included. In this

case the probability for producing this state is:

jMj2 =
X
P

jMPj2 (3.17)

instead of the probability from Eq (3.16). Comparing Eq (3.16) and Eq (3.17)

we can see that a particular con�guration leading to the �nal state P can

be produced according to a probabilistic scheme and that the quantum me-

chanical interference that appears during the production of identical bosons

can be incorporated by weighting the produced event with:

w = 1 +
X
P
0
6=P

2Re(MPM�

P
0)

jMPj2 + jMP 0j2
: (3.18)

In order to see the main feature of symmetrizing the hadron production

amplitude in the Lund Model, one can consider, see Figure 3.3, that two of

the produced hadrons, denoted (1; 2), are identical bosons and denote the

state between them I . There are two di�erent ways to produce the entire

state corresponding to the production con�gurations, (: : : ; 1; I; 2; : : :) and

(: : : ; 2; I; 1; : : :), i.e. exchanging the two identical bosons. The two produc-

tion con�gurations are shown in the Figure 3.3 and the main observation

is that they correspond, in general, to di�erent areas. The area di�erence,

�A, depends only on the energy momentum vectors p1; p2 and pI , but can,

in a dimensionless way, be written as:

�A

2�
= �p�x = QR (3.19)

where �p = p2 � p1 and �x = (�t; 0; 0; �z) are a reasonable estimate of the

space-time di�erence, along the surface area, between the production points

of the two identical bosons. After some careful calculations [26], the weight

in the Lund Model can be written as:

w = 1 +
X
P
0
6=P

cos �A
2�

cosh

 
b�A

2 +
�(
P
p2
?q

)

2�2p?

! (3.20)

where � denotes the di�erence with respect to the con�gurations P and P 0,

the sum of p2
?q

is performed over all vertices and �p? is the width of the

transverse momenta for the generated hadrons, (i.e. �2p? = 2�2).
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IA
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1

2
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Figure 3.3: The two possible ways to produce the entire state when two of

the bosons are identical

Using Eq (3.19) for a single pair exchange, one sees that the area dif-

ference is, for small �p, governed by the distance between the production

points and that �A increases quickly with this distance. �A vanishes with

the four-momentum di�erence and the contribution to the weight given by

a con�guration, P 0, vanishes fast with increasing area di�erence �A. From

these considerations it is obvious that only exchanges of pairs with a small

�p and a small �x will give a contribution to the weight.

In this approach [26], the BEC function Eq.(3.11), is de�ned as the

ratio between the two-particle probability density �2 with or without Bose-

Einstein weights:

C(Q) � R(p1; p2) =
�2w(p1; p2)

�2(p1; p2)
: (3.21)

3.3 Monte Carlo models of BEC

The Bose-Einstein e�ect between identical bosons produced in hadronic

interaction is not easy to include in the event generator programs for high-

energy physics. The event generators most frequently used for the Z0 decay,

HERWIG (based on the Marchesini-Weber parton cascades and ending by

cluster fragmentation) [34] and Jetset [21] (based on the Lund string model

dynamics) are built in accordance with classical stochastic processes. They

produce a probability weight for an event without taking into account the

quantum mechanical e�ects.

Torbj�orn Sj�ostrand introduced in Jetset a device that simulates the
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Bose-Einstein e�ect as an attraction between identical bosons. Starting

from a set of energy-momentum vectors of identical bosons, p1; p2; :::; pn,

generated without any Bose-Einstein e�ect, it is possible to reshu�e the

set into another set where, keeping the energy-momentum conservation for

the whole event, the particles of a pair are moved closer, to reproduce the

correlation. Bo Andersson and Markus Ringn�er developed a method to

provide the Lund model with a quantum mechanical interpretation using a

production matrix element with well de�ned phases (this model was already

described in Section 3.2). BEC is implemented, in this case, by weights

assigned to the events generated by Jetset. Several models [12, 35], were

developed following the same pattern, but the simulations based on the

weight methods are not yet usable alternatives for practical purposes, the

associated calculations being too time-consuming.

Since the Jetset program is the simulation program most commonly

used by the high energy experimental groups and being provided with the

only working procedure to simulate BEC, its performance, drawbacks and

the possible improvements have been studied often [36, 37].

Jetset is a simulation program able to generate hard processes, in par-

ticular, the electron-positron annihilation e+e� ! 
�=Z0 ! q�q (here '*' is

used to denote that the photon is o� mass shell). The quark q in the reaction

may have any 
avour, except of top. The 
avour in each event is picked at

random, according to the relative couplings evaluated at the hadronic center

of mass energy. Jetset is intimately connected with the string fragmen-

tation model in the form of Lund model [31]. The Jetset program has

a probabilistic and iterative nature, with the fragmentation process being

described in terms of one or few simple underlying branches, as, for exam-

ple, string ! hadron+ remainder string and so on. At each branching,

probabilistic rules are given for production of new 
avours and for sharing

of the energy and momentum between the products.

The procedure used to implement the BEC is rather simple. De�ning

Qij value, associated to a pair i; j, as:

Qij =

q
(pi + pj)2 � 4m2 ; (3.22)

where m is the common particle mass and pi; pj are particle momenta, a

shifted smallerQ0

ij is then to be found, such that the ratio C2(Q) of \shifted"

to the \unshifted" Q distribution is given by the requested parameteriza-

tion. The shape can be chosen to be either exponential or Gaussian, as in

Eq.( 3.11):

C2(Q) = 1 + �e�(QR)
r

; r = 1 or 2 : (3.23)
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If the inclusive distribution of the Qij values is assumed to be given just

by the simple, spherical phase space, Q0

ij can be found as a solution of the

equation: Z Qij

0

Q2dQp
Q2 + 4m2

=

Z Q0
ij

0

C2(Q)
Q2dQp
Q2 + 4m2

; (3.24)

that gives, indeed, as a new distribution, Q0

ij { the product of the old dis-

tribution and C2(Q):

Q0

ij = QijC2(Q) : (3.25)

The algorithm used to simulate the Bose-Einstein e�ect, implemented

in the LUBOEI subroutine, does not represent a true model and implies

very speci�c assumptions and choices. The fragmentation and the decays of

the short-lived particles like � are allowed to proceed independently of the

Bose-Einstein e�ect. Since the procedure is an imitation of the interference

e�ect, in the case of the assumed spherical shape of the distribution in Q,

it is not guaranteed that other features of the interference e�ect will be well

described. The Bose-Einstein e�ect is interpreted almost as a classical force,

acting on the �nal state particles, rather than being a quantum mechanical

phenomenon a�ecting the production amplitude. So far, this Bose-Einstein

algorithm should be used which caution and only as a �rst approximation to

what Bose-Einstein e�ect can mean. The astonishing fact is that this param-

eterization reproduces rather well the dependence of the correlation function

parameters on the average transverse mass of the pair, seen in experimental

data [20, 38]. It is di�cult to accept that this phenomenon is explained by

traditional hydrodynamical models, used in heavy-ion physics. However, the

fact that Jetset reproduces the e�ect quite satisfactory, implies that pro-

found studies using this particle generator ought to be performed in order

to explain the observed transverse mass dependence [20, 38].

In Jetset there are �ve parameters that decide the characteristics of

the BEC:

� MSTJ(51): r parameter Eq. (3.23), that can take the value 0, if no

Bose-Einstein symmetrization is included; 1, for an exponential form

of the BEC function and 2 for the Gaussian one. In what will follow

when I refer to the Eq.( 3.23) and I would refer only to its Gaussian

variant, r = 2.

� MSTJ(52): number of the particle species for which Bose-Einstein cor-

relation are to be included, taken in order along the chain �+; ��; �0; K+,

K�; K0
L
; K0

S
; �; �0.
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� PARJ(91): minimum particle width above which particle decays are

assumed to take place before the stage where BE e�ects are introduced.

The default value is 0.020 GeV. Particles with width broader than

PARJ(91) are assumed to have time to decay before Bose-Einstein

e�ects are to be considered.

� PARJ(92): nominal strength of Bose-Einstein e�ects � with default

value 1, � in Eq. (3.23).

� PARJ(93): size of the BE e�ect region in terms of the Q variable, R�1

in Eq. (3.23) (default value 0.2 GeV).

3.4 Reference sample

To prove that the production of bosons with similar space-time charac-

teristics is enhanced, it is necessary to compare the data with a reference

sample, free of BEC. Such kind of reference sample must contain all the fea-

tures which are present in the distributions constructed for identical pairs

in data (presence of correlations due to energy-momentum conservation,

presence of the correlations due to the jet structure of events) except the

Bose-Einstein symmetry and must not contain additional features (absence

of additional dynamical correlations).

During the years, several methods were developed to construct a refer-

ence sample for the study of BE correlations: combining pairs of tracks of

opposite sign, mixing tracks from di�erent events, generating Monte Carlo

samples which describe data without containing BEC simulation.

Since pions are the most copiously produced particles in hadronic decays,

the e�ects of the Bose-Einstein symmetry are studied traditionally among

the same sign pion pairs. An obvious reference set is, in this case, the

opposite-sign pions [37]. However some clear disadvantages for this kind

of reference sample were observed: Q distribution of the unlike sign pion

pairs includes peaks due to the neutral meson resonances and exhibits a

slow rise in Q, relative to the same sign pairs, arising from the di�erent

number of pairs (the number of the charge-like pairs is smaller than the

number of the di�erent charge-pairs, see Fig 3.4), and charge conservation;

it is a�ected by other dynamical e�ects including local charge ordering and

additional dynamical correlations. Giving these reasons it became clear [25]

that the construction of the uncorrelated reference sample by the unlike

pions combination gives large systematic errors. Also recent theoretical
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study of isospin symmetry implies that the unlike charge reference sample

should be avoided [39].

Another type of reference set can be derived from MC generators. This

relies on a correct simulation of the physics in a complete absence of any BE

symmetry and a correct simulation of the apparatus e�ect. The disadvantage

of this method is that the fragmentation process and BEC are strongly

related and it is possible that by removing BEC from the model, one removes

too much. In practice, it is more useful to use simulated data to correct both

the same sign sample and the reference data for the imperfections given by

the way in which the reference sample is constructed and for the detector

acceptance e�ect.

A better method to construct the reference sample is the track mixing.

For events with high center of mass energy, where two-jet topologies domi-

nate, particles from di�erent hemispheres can be combined by re
ecting the

particle momenta ~p ! �~p [37]. This approach is valid provided that the

masses of pairs in the reference sample are typically much greater than those

in
uenced by BE e�ect [37]. Some correlations are also lost because of the

additional gluon radiation that causes jets to be non-collinear.

Particles observed in one event can be combined with particles from

another event with similar topology and orientation. Here the problem is

that the energy-momentum conservation is not taken into account, but,

since this is a long range e�ect, it ought to be possible to extract the short

range e�ect of the interference without large systematic errors. The main

disadvantage of this approach is that some other kind of correlations are

also removed. An advantage of the use of the mixed reference sample is

that it is free of additional dynamic correlation or local energy-momentum

compensation. Also if the high-energy particles close to phase-space limits

are removed and if the detector e�ciency is isotropic, correlations due to

the jet structure of the event are also taken in to account.

Two kinds of �nal-state interactions may change the BEC pattern: the

Coulomb force between the two pions under study and between one of the

pions and the other hadrons; and the hadronic interaction. The latter is not

well known.

To correct the correlation function for the Coulomb e�ects means to

correct it for the wave function modi�cation at in�nity, when compared

with the wave functions to the origin. This correction is small unless the

relative velocity of those two pions in the �� rest frame is small, of the order

of MeV/c and can be taken into account by weighting the reference density

by the appropriate Gamow factor [25].

At smallQ, Coulomb repulsion (attraction) between like (unlike) charged
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a

b

Figure 3.4: Comparison between the Q distribution for Jetset simulated

events without Bose Einstein phenomenon included (full line) and (a) the

reference sample obtained by mixing procedure; (b) reference sample obtained

by using di�erent sign particles (dashed line). It is easy to observe that the

reference sample obtained using the mixing procedure is following better the

JETSET sample in the absence of BEC simulation. Another straightfor-

ward observation is that the number of di�erent-sign pions pairs is bigger

than the same-sign ones. A resonance peak can been easily seen on the pro�le

associated with the unlike-charge sample.
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pions moving away from the source is expected to modify the two-pion cross

section in the data by:

Gl(�) �
�

e� � 1
; Gu(�) �

�

1� e�
: (3.26)

where � = 2��m�=Q.

Since the net charge, �2e, of the remaining system is small and the two

pions of a like-sign pair are subject to similar Coulomb forces, the Coulomb

correction due to the forces between a pion and the remaining hadrons is

expected to be negligible [25].

Near Q = 0, the e�ect of Coulomb repulsion between two identical

charged bosons will lead to the suppression of the probability of �nding two

like-charged particles with small relative momentum. The e�ect is dominant

in case of pions for Q < 10 MeV. For Q > 50 MeV the Coulomb repulsion

is negligible, since it has only a small e�ect on the studied distributions.

In our work (present thesis and the articles in appendices) we used the

mixing procedure to construct the reference sample. We combined particles

from kinematically similar events, assuming that the selection criteria of

the two-jet events provide us with a proper set of events. The \mixing"

procedure can be described by following steps:

� After the determination of the thrust axis3, each event is rotated to a

new coordinate system, which has the z axis along the thrust axis.

� Tracks from each rotated event are stored in a reference bu�er. Events

in the bu�er are continuously updated to prevent any regularities in

the particle spectra.

� The reference sample is built pairing a real track with a randomly

picked track from the reference bu�er. First, a random event of the

stored ones is selected, then a track from this event is also randomly

picked up.

The mixing procedure does not conserve energy and momentum, and

destroys not only the Bose-Einstein correlation but even some other kinds

of correlations, making necessary some corrections.

3The quantity thrust T is de�ned by:

T = max
j~nj=1

P
i j~n � ~pijP
i j~pij

;

and the thrust axis ~v1 is given by the ~n vector for which maximum is attained. The

allowed range is 1=2 � T � 1, with a 2-jet event corresponding to T � 1 and an isotropic
event to T � 1=2.
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3.5 Correction procedure

To construct properly the correlation function, eliminating side e�ects

introduced by the mixing procedure, we accumulate four kinds of charge-like

pairs distribution, N , as a function of Q4:

� Bose-Einstein correlation e�ect turned on, but the mixing procedure

not performed: NBEon, see Figure 3.5a (closed circles).

� Bose-Einstein correlation e�ect turned on, and the mixing procedure

performed: NMIX
BEon, see Figure 3.5a (open circles).

� Bose-Einstein e�ect turned o�, and the mixing procedure performed:

NMIX
BEoff

, see Figure 3.5b (open circles).

� Bose-Einstein e�ect turned o�, and the mixing procedure not per-

formed: NBEoff, see Figure 3.5b (closed circles).

The corrected correlation function is given by:

C2(Q) =
NBEon(Q)=NMIX

BEon(Q)

NBEoff(Q)=NMIX
BEoff

(Q)
; (3.27)

The ratios NBEon(Q)=NMIX
BEon(Q) and NBEoff(Q)=NMIX

BEoff
(Q) are very sim-

ilar in shape, as Figure 3.6 a shows. Even in the NBEoff(Q)=NMIX
BEoff

(Q)

case, a small enhancement, that has approximately the same width, ap-

pears due to the other kinds of correlation. In Figure 3.6b, the ratio

NMIX
BEon(Q)=NMIX

BEoff
(Q) shows that the mixing procedure does not elimi-

nate correlations totally. To obtain a clear Bose-Einstein e�ect over the

C2(Q) = 1 level, one has to calculate the double ratio (3.27) obtaining

C2(Q) almost constant for Q > 1 GeV, as it is shown below (see Figure 3.7).

3.6 Longitudinal Center of Mass System

To analyse the correlation function in terms of Q components the so-

called Longitudinal Centre-of-Mass System [40] (LCMS) (see Figure 3.8)

is frequently used. The LCMS is de�ned for each pair of particles as the

system in which the sum of the two particle momenta is perpendicular to

4In all the examples presented in this section we used only q�q JETSET simulated
events
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Figure 3.5: The stored Q histograms (normalised to unit), for all charged

particles, 2 millions Jetset events: a) Bose-Einstein correlation e�ect in-

cluded b) Bose-Einstein e�ect not included. Closed circles: mixing procedure

not performed and open circles: the mixing procedure performed.
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Figure 3.6: a) The ratios NBEon(Q)=NMIX
BEon

(Q) (closed circles) and

NBEoff(Q)=NMIX
BEoff

(Q) (open circles); b) The ratios NBEon(Q)=NBEoff(Q)

(closed circles) and NMIX
BEon(Q)=NMIX

BEoff(Q) (open circles).
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Figure 3.7: The �nal corrected correlation function, as in Eq.(3.27).

a selected reference axis. The reference axis has to be a physical axis of

the process: for example, in e+e� annihilation it can be the direction of a

primary parton, or that of the corresponding jet. In this analysis, the thrust

axis was chosen as the reference. In such a system, ~Q is decomposed into:

Qlong, parallel to the thrust axis; Qt;out, collinear with the sum of the two

particles' momenta, and the complementary Qt;side, perpendicular to both

Qlong and Qt;out. The four-momentum di�erence is then:

Q2 = Q2
t;out + Q2

t;side + Q2
long ��E2 : (3.28)

This system is convenient for calculations and interpretations. The pro-

jection of the momentum sum of the two particles is non-zero only in the

\t; out" direction. The spatial dimensions of the source a�ect all components

of Q. However, the energy di�erence and hence the temporal dimension of

the source, couples only to the Qt;out component see Eq. (3.30). If the

string model is considered, the longitudinal direction of the LCMS has to be

aligned with the direction of motion of the initial partons, so that the system

itself will be the local rest frame of a string. Mixing procedure is simple to

apply in this kind of reference system. To calculate the particle momenta

in the frame of LCMS, one must �rst rotate them until the z (longitudinal)
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Figure 3.8: The LCMS reference system

axis coincides with the jet axis and next boost them with the longitudinal

velocity :

�z =
pz;1 + pz;2

E1 + E2

; (3.29)

where pz;1; pz;2 denote the z-axis projections of momenta and E1; E2 are

energies of the two particles. The energy di�erence in the longitudinal center

of mass system will be:

�E = �tQt;out ; (3.30)

where �t is the transverse velocity of the pair :

�t =
pt;1 + pt;2

E1 +E2

: (3.31)

Here pt;1 and pt;2 are transverse momenta of particles.

From Eq.(3.11), Eq.(3.28), Eq.(3.30) one obtains for the correlation func-

tion the following expression:

C2(Qt;out; Qt;side; Qlong) = 1 + �e�R
2Q2

t;out(1��
2

t )�R
2Q2

t;side
�R2Q2

long : (3.32)

Using the three components of the radius related to this reference system,

the correlation function can be parameterized as:

C2(Qt;out; Qt;side; Qlong) = 1+�e�R
2

t;outQ
2

t;out�R
2

t;side
Q2

t;side
�R2

long
Q2

long ; (3.33)
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where Rt;out; Rt;side; Rlong are the corresponding components of the radii,

with the following relations:

Rt;side � Rlong � Rt;out
 � R ; (3.34)

where 
 = 1=
p

1� �2t .

The two-dimensional projection of the LCMS is often used in analy-

sis, with longitudinal component Qk � Qlong and perpendicular component

Q? =
q
Q2
t;out + Q2

t;side
. The parameterization of C2 in the two-dimensional

case is chosen here as:

C2(Q?; Qk) = 1 + �e
�Q2

?
R2

?
�Q2

k
R2

k : (3.35)

In what will follow the two- and three-dimensional correlation functions

are obtained using normalised double, respective triple di�erential cross sec-

tion (following the same procedure as for the one-dimensional distributions).

3.7 mt dependence of BEC function parameters

Analysis of experimental data in the e+e� annihilation, at the center-

of-mass energy 91.2 GeV, using DELPHI data [20], Appendix D, showed a

dependence of the three-dimensional BEC parameters, Eq.( 3.33), on the

average transverse mass of the boson pair:

mt =
mt;1 + mt;2

2
=

q
m2

1 + p2
t;1 +

q
m2

2 + p2
t;2

2
(3.36)

A qualitative similar dependence was observed for Jetset generated events

with the DELPHI Jetset tuning5 [41], in particular: �=1, R=0.394 GeV

(see Figure 3.9).

The three-dimensional correlation function C2 � C2(Qt;out; Qt;side; Qlong)

was constructed in four mt intervals:

� 0:25 GeV � mt < 0:35 GeV,

� 0:35 GeV � mt < 0:45 GeV,

� 0:45 GeV � mt < 0:60 GeV,

5When referring here to DELPHI tuning for Jetset parameters, I refer to the tuning
of the main Jetset parameters including the BEC ones (if not speci�ed otherwise).
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� 0:6 GeV � mt < 1:5 GeV.

Fit of these distributions to Eq: (3.33) was used to show the dependence of

the correlation function parameters on mt.

In Figure 3.9 we present the results obtained using DELPHI data cor-

rected for detector e�ects and e�ects introduced by mixing and JETSET

generated events with DELPHI tuning. The � parameter grows with in-

creasing transverse mass, while Rt;out, Rt;side and Rlong exhibit a tendency

to decrease with di�erent slopes.

In heavy ion interactions at high energy, a mt dependence of the radii

has also been found, but the behaviour is in some respects di�erent to that

found here [17, 42]. In these reactions all the radii show a similar dependence

being proportional to 1=
p
mt. The � parameter does not depend on mt in

heavy ion experiments.

The increase of the � parameter with mt in e+e� annihilation is usu-

ally explained by the disappearance of the resonance decay products with

increasing mt. In the clean sample of the two-jet events, the � dependence

is considered a purely kinematic e�ect given by the resonance decays. A

popular explanation of the observed mt dependence of the radius is that it

is also due to the resonance decays. Resonances are propagating out of the

primary pion source and the pions produced in their decay have compara-

tively low momenta. The e�ective size of the source increases towards small

mt values. Final state interaction and resonance production can a�ect the

shape of the correlation function. The above explanation cannot possibly

be valid in case of Jetset since the resonance propagation is not included

in the generator.

The fact that this e�ect is reproduced qualitatively quite satisfactory

without any explicit input of the transverse mass dependence, opens the

interest for studies of the origin of this e�ect in Jetset generated events.
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Figure 3.9: Transverse mass dependence for the �t parameters of the corre-

lation function C2(Qt;out; Qt;side; Qlong) using Eq.(3.33). Closed circles rep-

resent the DELPHI data corrected for detector e�ects, while open circles {

Jetset with DELPHI tuning.



Chapter 4

Study of BEC in JETSET

The string model provides an appropriate framework, in which the Bose-

Einstein enhancement can be studied [31, 32, 33]. The associated calcula-

tions are quite complex and time-consuming, especially when more than

two particles are considered to be a�ected by Bose-Einstein symmetriza-

tion [26]. For this reason, it is convenient to use the simple semiclassical

model that is implemented in the Jetset generator [21]. In the current

standard algorithm, identical particles are pulled closer together to enhance

the two-particle correlation at small Q values (see Section 3.3). Several

shapes of the enhancement can be simulated. In particular, for the analysis

discussed here, the Gaussian shape of the correlation function was chosen,

(r = 2) (3.23), with the input values for the parameters � and R tuned to

the DELPHI data: � =1 and R = 0:394 GeV�1=0.5 fm [41] (for the other

parameters of Jetset we used the default ones).

We used Jetset in order to generate events at the center of mass en-

ergy of 91.2 GeV. The study of the Bose-Einstein e�ect was performed here

only for charged particles since the low e�ciency of the neutral particle

reconstruction in DELPHI experiment makes the comparison of simulated

data with the experimental results very di�cult, if neutral particles are also

included. To see how the BEC function parameters depend on the origin

of particles involved in the analysis, we studied samples that include all

charged particles, subsamples of charged pions, pions that were produced

directly from the hadronization of quarks and gluons (direct pions), pions

coming from resonance decays and separately pions that appeared in de-

cays of � mesons which were, in turn, produced in the hadronization of the

string (direct �'s). To study how the radius parameter provided as input is

a�ecting the shape of the output correlation function, di�erent values of the

45
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Jetset input radius, R, were used for our studies.

4.1 Event and track selection

In this study q�q events were generate using Jetset. To compare the

results with previous experimental results, the thrust value was required to

be bigger than 0.95 and the following cuts were introduced:

� The correlation function was constructed for particles having momen-

tum below 5 GeV/c to avoid the limits of phase space where dynamical

correlations are non-negligible.

� To reduce correlations due to the local transverse momentum com-

pensation, the pairs were rejected if their opening angle in transverse

plane exceeded 120�. This cut was introduced for the compatibility

with experimental data and reduces slightly the background at high

Q values.

Since the number of pairs of particles that accomplished all the cuts is

small (especially in the case of mixed samples for pions from resonances and

direct pions, where the multiplicity is low) it was necessary to analyse large

samples (see Table 4.1).

Number of events Average multiplicity

Charged particles 2 000 000 14

Pions 2 000 000 12

Direct pions 5 000 000 2

Pions from resonances1 5 000 000 6

Pions from direct � 50 000 000 3

Table 4.1: Number of events analysed. Samples of pions coming from di-

rect � were generated for �ve di�erent values of input radii in the Jetset

simulation.

1Resonances with width larger than 20 MeV
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4.2 Dependence on particle origin

Since the tentative explanations of the mt dependence of the three-

dimensional BEC parameters are related to the di�erent origin of the par-

ticles that are involved in BEC, the study of the dependence of the BEC

parameters on particle origin, using Jetset simulated events, seemed to be

useful for a better understanding of the phenomenon.

The results of the �t of the three-dimensional correlation functions (see

Section 3.6, constructed as it is described in the previous chapter using

Eq. (3.33), in di�erent mt intervals) for particles having di�erent origin are

presented in this section.

4.2.1 � dependence on mt

� represents a measure of the fraction of particles sensitive to the BEC

e�ect. Figure 4.1 and Table 4.2 show that � has a similar behaviour in case

of all the charged particles and all the pions (the vast majority of charged

particles in our case are pions). The values are lower if all the particles are

taken into account than in case only pions are analysed, since hadrons of

di�erent kind, that are not subject to Bose-Einstein symmetrization, can

be paired. In case of direct pions and pions from resonances, � is almost

< mt > a) b) c) d) e)

(GeV)

0.19 0.055�0.003 0.072�0.003 1.349�0.090 0.724�0.012 1.147�0.019

0.30 0.194�0.006 0.241�0.007 1.175�0.052 0.736�0.014 1.241�0.016

0.38 0.269�0.010 0.348�0.011 1.303�0.066 0.754�0.030 1.197�0.022

0.52 0.299�0.018 0.441�0.034 1.141�0.079 0.725�0.049 1.207�0.034

Table 4.2: Values of � for : a) all particles, b) all pions, c) direct pions,

d) pions from all resonances and e) pions from direct �.

constant as a function of mt, as one should expect, with a �20 % overshoot

that can be connected with the input-output discrepancy that will be dis-

cussed later on in this chapter. Studying the sample of pions coming from

the decay of all the resonances, one can observe that � is �40 % smaller

than in case of the pions coming from direct �'s, although it manifests a

similar behaviour. This could be explained by the fact that in the �rst case

one includes also pions coming from the decay of other resonances which

cannot interfere with the pions coming from direct �'s.
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Figure 4.1: Dependence of �. One represents with � the results for all

charged particles, with � the ones for all pions, for direct pions using N,

for pions coming from all the resonances decay with H and for pions coming

from the decays of direct � with �.

Since the direct pions and the pions coming from direct � are all subject

to Bose-Einstein correlation, as originating from the same source, � values

are almost constant for these samples. We can conclude that �'s dependence

on mt is given by that mixture of particles of di�erent origin that are subject

of BEC. This can be understood starting from the fact that � is assumed

to be related to the fraction of particles, that are subject of BEC. When

we restrict our study to particles that are coming from the string, or to

particles that appear in the decay of direct�'s, the percentage of the particles

that will be correlated will be close to 100%. In the case of mixture of

particles, we pair not only particles that are coming from the same source,

but also particles coming from di�erent sources that are not subject to BEC.

LUBOEI is introducing BEC for each pair of pions according with their

momenta irrespective if they have the same origin or not. The fact that �

is behaving di�erent for mixtures of particles and particles coming from the

same source is mainly the result of the fragmentation process.
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4.2.2 Radius components dependence on mt

In Eq. (3.33), the three radius components are de�ned in the LCMS ref-

erence system (see Section 3.6). Rt;out value, obtained as the result of the

�t of the three-dimensional correlation function to Eq. (3.33), behaves simi-

larly for all the samples, decreasing with increasing mt, although the values

change somewhat from sample to sample (see Figure 4.2 and Table 4.3).

This behaviour was expected since Rt;out � R=
 (see Eq. 3.34).

< mt > a) b) c) d) e)

(GeV)

0.19 0.803�0.051 0.717�0.046 0.621�0.048 0.664�0.017 0.720�0.015

0.30 0.788�0.021 0.775�0.020 0.544�0.025 0.659�0.012 0.670�0.008

0.38 0.562�0.023 0.554�0.018 0.476�0.029 0.545�0.021 0.560�0.011

0.52 0.415�0.038 0.423�0.039 0.288�0.057 0.365�0.050 0.463�0.011

Table 4.3: Values of Rt;out for : a) all particles, b) all pions, c) direct pions,

d) pions from all resonances and e) pions from direct �

Rt;side is decreasing withmt for mixtures of particles (if we ignore the �rst

bin of the histogram, where, the values obtained for the radius components

are less reliable due to the small values of �, obtained from the �t procedure)

and it is varying around a constant value for the pure samples see Figure 4.3

and Table 4.4.

< mt > a) b) c) d) e)

(GeV)

0.19 0.381�0.066 0.095�0.198 0.649�0.047 0.642�0.015 0.607�0.015

0.30 0.730�0.021 0.734�0.019 0.605�0.025 0.731�0.012 0.674�0.007

0.38 0.668�0.023 0.655�0.022 0.606�0.022 0.665�0.023 0.701�0.009

0.52 0.603�0.032 0.654�0.048 0.524�0.028 0.681�0.045 0.673�0.013

Table 4.4: Values of Rt;side for : a) all particles, b) all pions, c) direct pions,

d) pions from all resonances and e) pions from direct �.

The dependence ofRlong on mt (Figure 4.4 and Table 4.5) is not as strong

as the one for Rt;out (Figure 4.2 and Table 4.3), with the values being similar

for all the samples of particles. However Rlong is the most consistently

decreasing component. One observes a rather steep slope for Rt;out basically

due to the boost in
uence and a weaker one for Rlong (see Eq. 3.34). The

scatter of the values obtained from di�erent samples illustrates that the
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Figure 4.2: mt dependence of Rt;out. One represents with � the results for

all charged particles, with � the ones for all pions, for direct pions using N,

for pions coming from all the resonances decay with H and for pions coming

from the decays of direct � with �. On the same graph is represented, as

reference, 1=
 (*).

mt a) b) c) d) e)

(GeV)

0.19 0.532�0.031 0.554�0.032 0.538�0.033 0.618�0.012 0.661�0.011

0.30 0.535�0.016 0.517�0.015 0.490�0.021 0.508�0.010 0.538�0.007

0.38 0.460�0.023 0.473�0.017 0.457�0.021 0.443�0.021 0.460�0.008

0.52 0.398�0.023 0.443�0.040 0.430�0.043 0.404�0.038 0.424�0.011

Table 4.5: Values of Rlong for : a) all particles, b) all pions, c) direct pions,

d) pions from all resonances and e) pions from direct �.

BEC radius components depend on the origin of the particles implied in the

analysis. Starting from this observation, it was decided to study how the

one-dimensional BEC function integrated over mt will look like, in case of

di�erent origin of the particles that are involved in BEC.

The correlation function (3.27), obtained using the Jetset generated
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Figure 4.3: mt dependence of Rt;side. One represents with � the results for

all charged particles, with � the ones for all pions, for direct pions using N,

for pions coming from all the resonances decay with H and for pions coming

from the decays of direct � with �.

events, was �tted in the range of 0:05 GeV < Q < 1:5 GeV, using Eq. (3.12)

in order to �nd its parameters for di�erent sample composition (See Ap-

pendix A). The study showed that the simulated correlation functions are

not well described by a Gaussian (see Figure 4.5) and that the output values

of parameters are quite di�erent not only from the input values, but also

from case to case (as it was pointed out earlier, for example, in the article

of Fia lkowski and Wit [36]). Fitted values of the radii 3.23, which are 20%

to 40% higher than the input are obtained. The shape of the resulting cor-

relation function is not particularly close to a Gaussian for all the studied

cases (see Figure 4.5), even if the input correlation function was Gaussian,

hence the values of the �tted parameters are not very well determined and

should be discussed with great care. This is a consequence of the LUBOEI

algorithm, as will be explained below.
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Figure 4.4: mt dependence of Rlong. One represents with � the results for

all charged particles, with � the ones for all pions, for direct pions using N,

for pions coming from all the resonances decay with H and for pions coming

from the decays of direct � with �.

4.3 The dependence on input radius

One of the most puzzling inconsistencies in the Jetset simulation of

BEC is that the input parameters of (3.23) cannot be obtained with the same

parameters by �tting the resulting measured C2(Q) with formula (3.23).

This is mostly due to the improper phase space approximation in Eq.(3.23).

However, this approximation can still be valid for certain input boson source

size Rinp. To �nd out whether it is true, the C2(Q) for di�erent input

values of Rinp in formula (3.23) was studied. Only Jetset samples of pions

coming from the direct � decays were used since this sample is relatively pure,

reproduces satisfactorily the input � (see Appendix A) and the multiplicity

is higher than for direct pions. We observed (see Appendix A) that when

the input radius decreases, the shape of the output function is more and

more di�erent from the shape of the input function. Figure 4.6 represents

the radii Ro obtained through the �t by the Eq. (3.23), as a function of

the input radii Rinp for Jetset. One can observe that for the values of
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Figure 4.5: The shape of the correlation function in di�erent cases: all

charged particles (�), pions (�), direct pions (blacktriangle), pions coming
from all the resonances decay (H), pions from direct � (�).
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Figure 4.6: Fitted values of output radii Ro for di�erent input radii Rinp.

input radii less than 0.5 fm, the output �tted radii were found to be almost

constant around 0.6 fm. For input Rinp values bigger than 1 fm, the points

are lying very close to the diagonal, showing a good agreement between

input and output radii.

We observe the appearance of an arti�cial length scale of the resulting

radius, Ro � 0:6 fm, which is independent of input radius Rinp, for the re-

gion 0 < Rinp � 0:6 fm. This new scale is connected to the peak value of

the inclusive Q distribution. In the studied algorithm, Q is shifted to a

lower value Q0 to give an enhancement when we take the ratio of the Q0

distribution to the Q distribution. This works only for a monotonically in-

creasing function, like the spherical phase space distribution. The true Q

distribution, however, exhibits a peak around 0.5 GeV. For Rinp � 0:6 fm,

the shift of Q to a lower Q0 implies a depletion, not an enhancement in the

region to the right of the peak (Q > 0:5 GeV ), see Fig 4.7, possibly giving a

C2 < 1 for this region. For the Q distribution, the peak position constitutes

a limitation of the correlation width and gives rise to an arti�cial length

scale.

One of the reasons of this inconsistency is the inaccurate approximation

of Q spectrum by phase space. Distortions introduced by using a spherical
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Figure 4.7: Distribution of Q as a function of the input source radii Rinp.

The shaded area shows this distribution in absence of BEC.
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Experiment � R(fm)

OPAL 0:866� 0:032� 0:140 0:928� 0:019� 0:150

ALEPH 0:510� 0:040� 0:110 0:650� 0:040� 0:160

DELPHI 0:400� 0:030� 0:050 0:620� 0:040� 0:200

L3 0:252� 0:006� 0:044 0:764� 0:024� 0:153

Table 4.6: The values obtained by �tting the Bose-Einstein distributions

obtained by the four LEP1 experiment to eq. 3.23. The �rst errors are the

statistic ones and the second are the systematic ones.

shape of the source are negligible for sources large enough but are clearly

present for small sources.

Since the method used in Jetset is the only method extensively used

to compare the Monte Carlo results with data and since the values obtained

for the BEC function parameters at LEP are mainly in this particular range

(see Table 4.6 and [22]), further developments of it or of other approaches

are necessary.

One might hope that modifying the spherical shape of the source to

more complicated ones, introducing di�erent source shapes and sizes for

direct pions and pions from resonance decay products, one will improve the

agreement with data as well as the agreement between the input and output

values. So far the attempts to improve Jetset results by modifying the

spherical shape of the source have been unsuccessful [36, 37].

Knowing that Jetset does not distinguish between components of the

invariant momentum di�erence Q, we should expect similar behaviour of

radius parameters of two-, Eq. (3.35), and three-dimensional correlation

functions, Eq. (3.33). As one can see from Figure 4.8 and Figure 4.6, trans-

verse radii follow the same pattern as the radius of the one-dimensional

correlation function, being almost constant for values of Q less than 0.5 fm,

and then increasing with Rinp, while the longitudinal radius tends to repro-

duce the input value of Rinp not being a�ected by the arti�cial length scale

mechanism.

As it was showed above, the position of the peak in the non-correlated

dN=dQ distribution constitutes the limitation of the measured correlation

width R and can be interpreted as a new length scale. This conclusion is also

valid for dN=dQ? and the transverse correlation radii, R? (see Figure 4.9).

In the longitudinal direction, dN=dQ
k

peaks at a very smallQ
k

value due to

the LCMS properties, and thus the longitudinal component, R
k
, is virtually

insensitive to the mentioned length scale.
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Figure 4.8: Components of the correlation width as a function of the input

source radii Rinp : a) R
k
(�), R? (�) and b) Rt;out (N), Rt;side (�), Rlong

(�).
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Rinp; fm R?; fm Rk; fm Rt;out; fm Rt;side; fm Rlong ; fm

0.002 0:472� 0:002 0:193� 0:001 0:562 � 0:005 0:499 � 0:004 0:193� 0:002

0.250 0:459� 0:003 0:266� 0:002 0:544 � 0:004 0:511 � 0:004 0:307� 0:003

0.500 0:616� 0:005 0:497� 0:005 0:637 � 0:005 0:636 � 0:005 0:549� 0:004
1.000 0:873� 0:015 1:013� 0:021 0:814 � 0:011 0:940 � 0:012 0:986� 0:013

2.000 1:530� 0:070 2:000� 0:090 1:291 � 0:039 1:622 � 0:051 1:835� 0:065

Table 4.7: Components of the correlation width as a function of the input

source radii Rinp : a) Rk , R? and b) Rt;out, Rt;side, Rlong.
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Figure 4.9: Two-dimensional distribution d2N=dQ? dQk
in absence of BEC.

Since the mt dependence was observed in the region where the secondary

e�ects given by the length scale are strong, we study how this tendency is

varying with the input Jetset radius. Rt;out has a similar dependence on
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mt (GeV) Rinp = 0:25 fm Rinp = 0:5 fm Rinp = 1 fm Rinp = 2 fm

0.1 � mt < 0.25 0.616�0.020 0.720�0.015 0.896�0.029 1.391�0.089

0.25 � mt < 0.35 0.647�0.010 0.669�0.008 0.807�0.021 1.121�0.074

0.35 � mt < 0.45 0.637�0.008 0.560�0.011 0.740�0.024 0.986�0.079

0.45 � mt < 0.60 0.542�0.014 0.463�0.011 0.560�0.030 0.585�0.073

Table 4.8: Values of Rt;out for di�erent input radii.

mt (Figure 4.10 a and Table 4.8) for all the input radii, with the depen-

dence becoming weaker at small input values of radius. The dependence of

Rt;out on the input radius for di�erent mt ranges, is very weak, Rt;out slowly

increasing with the input radius in all the mt ranges.(Figure 4.10b).

Rt;side, as function of mt, is constant for all the input radii (Figure 4.11a

and Table 4.9). The dependence on the input radii in di�erent mt ranges

(Figure 4.11b) is following the same pattern as the one already seen for

the radius of the one-dimensional distribution (Figure 4.6), being almost

constant up to 0.5 fm and then increasing with the increase of the the input

radii.

mt (GeV) Rinp = 0:25 fm Rinp = 0:5 fm Rinp = 1 fm Rinp = 2 fm

0.1 � mt <0.25 0.602�0.019 0.607�0.015 0.906�0.029 1.492�0.101

0.25 � mt < 0.35 0.667�0.010 0.674�0.007 0.952�0.024 1.338�0.135

0.35 � mt < 0.45 0.674�0.017 0.701�0.009 0.966�0.033 1.662�0.172

0.45 � mt < 0.60 0.607�0.049 0.673�0.013 0.969�0.063 1.575�0.165

Table 4.9: Values of Rt;side for di�erent input radii.

Rlong is slowly decreasing withmt for all the input radii. The dependence

is stronger for larger input radii. Rlong as a function of Rinp in di�erent mt

is increasing with the input radii increasing.

mt (GeV) Rinp = 0:25 fm Rinp = 0:5 fm Rinp = 1 fm Rinp = 2 fm

0.1 � mt < 0.25 0.640�0.019 0.661�0.011 0.990�0.028 1.751�0.110

0.25 � mt < 0.35 0.540�0.010 0.538�0.007 0.916�0.026 1.650�0.125

0.35 � mt < 0.45 0.735�0.010 0.460�0.008 0.878�0.035 1.477�0.078

0.45 � mt < 0.6 0.607�0.013 0.424�0.011 0.734�0.044 1.066�0.171

Table 4.10: Values of Rlong for di�erent input radii.
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Figure 4.10: Rt;out dependence a) on mt for di�erent input radii: Rinp =2 fm

(circ), Rinp = 1fm (�), Rinp = 0:5fm (�), Rinp = 0:25fm (N); b) on

the input radius and di�erent ranges for mt: 0:1 GeV < mt < 0:25 GeV

(�), 0:25 GeV < mt < 0:35 GeV (�), 0:35 GeV < mt < 0:45 GeV (N),

0:45 GeV < mt < 0:6 GeV (H).
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Figure 4.11: Rt;side dependence a) on mt for di�erent input radii:

Rinp =2 fm (�), Rinp = 1fm (�), Rinp = 0:5fm (�), Rinp = 0:25fm

(N); b) on the input radius and di�erent ranges for mt: 0:1 GeV < mt <

0:25 GeV (�), 0:25 GeV < mt < 0:35 GeV (�), 0:35 GeV < mt < 0:45 GeV

(N), 0:45 GeV < mt < 0:6 GeV (H).
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The decrease of Rlong, best seen for large input values of radius, cannot

be given by the arti�cial length scale e�ect but by some intrinsic properties

of the string model in the way it is implemented in the Jetset generator.

4.4 Discussion

Using the speci�c correlation function parameterization in the Longitu-

dinal Center-of-Mass System it was shown that two-jet Jetset generated

events exhibit a similar behaviour to that indicated previously by experi-

mental DELPHI data (see Section 3.7). This similarity suggested that the

observed phenomenon can be explained in the framework of the string model,

and that Jetset generator provided su�cient information for corresponding

studies.

A detailed analysis of the Bose-Einstein correlation, implemented in the

Jetset particle generator, has been performed. Our main result is that an

arti�cial new length scale is introduced due to the way the generator is work-

ing. This scale is given by the peak position of the Q distribution. Appear-

ance of this arti�cial scale causes the previously unexplained phenomenon,

namely, the fact that Jetset, while reproducing well experimental data, is

self-inconsistent and fails to reproduce its own built-in Bose-Einstein corre-

lation function for input radii of around 0.5 fm. The radius is reproduced

for big sources, while for the small ones, the output value is almost constant

irrespective to the input radius. It should be stressed that the Bose-Einstein

parameters in Jetset for radius less than 1 fm should not be taken as phys-

ically meaningful parameters.

As a result, we should state that the built-in Jetsetmodel for simulating

BEC is fully applicable only for su�ciently big sizes of boson source. At the

same time, experimental data indicate that this size is around 0.5 fm (see

Table 4.6). This means that this kind of model has no predictive power

in this range. One should be very careful when using Jetset with this

model for calculation of detector corrections, because it can not produce an

adequate unfolding matrix.

The study of the mt dependence of the BEC function for samples of

particles of di�erent origin showed that the � dependence on mt is given

by the mixture of particles with di�erent origin. The dependence of the

three components of the radius on mt cannot be explained as an e�ect given

by the mixture of particle, resonance production or arti�cial length scale.

Yet this e�ect is reproduced by Jetset without any explicit input of the

transverse mass dependence (save the dependence of Rt;out that is partially
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given by boost). The results presented in this chapter are pointing to a

mechanism in the main Jetset block, in the string fragmentation imple-

mentation, LUBOEI not introducing the mt dependence, only preserving

some fragmentation features. We are currently working on this problem

looking, together with theorists, for new observables.

It has to be mentioned that nowadays some other models for simulation

of BEC are being developed [26, 12]. They use direct implementation of the

Bose-Einstein interference into the string model, being theoretically accu-

rate in this sense. At the moment they spend too much computing resources

to be used by high-energy physics experiments, but they do have predictive

power. One of the most interesting predictions is that the transverse com-

ponent of the boson source size, R?, must be signi�cantly smaller then the

longitudinal one, Rk, a subject that will be presented in the next chapter.

This must encourage further work towards developing and implementing

advanced models for the BEC simulation in particle generators.



Chapter 5

BEC at DELPHI

During LEP �rst running period (LEP1), 1989 - 1995, Z0 bosons were

produced in abundance. LEP turned out to be a very good environment for

QCD studies of the fragmentation and hadronization of quarks and gluons.

Using the 1992 - 1995 data, the study of BEC function for identical par-

ticles can be performed with a high precision due to the big amount of the

data accumulated1. This study is important since the process of hadron pro-

duction, or fragmentation, in high energy physics is poorly comprehended

and the space-time characteristics of a hadron source give important infor-

mation about the hadronization process as a whole and make possible tests

of fragmentation models.

Detailed studies of the two-particle BEC in Z0 hadronic decays in e+e�

annihilation allow the determination of the dimension and shape of the

source of bosons, making possible the comparison between the transverse

and longitudinal radii of the BEC (with respect to the initial parton direc-

tion of motion). This allows to test the string model prediction [26] that the

transverse correlation length is considerably smaller than the longitudinal

one.

5.1 Data selection

Data collected by the DELPHI detector [13, 14] in 1992-1995 at centre-

of-mass energies around
p
s = 91:2 GeV were used. Only charged particles

in hadronic events were considered in the analysis [14].

The following selection criteria were applied to select the charged tracks:

the tracks were taken into account if their impact parameter was below

1Above �ve millions hadronic events

65
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1 cm in the transverse plane and below 5 cm along the beam axis; the

measured track length was above 50 cm; the momentum p was in the range

of 0.1 GeV=c < p <50 GeV=c and the polar angle between 25� and 155�.

All the charged particles were assumed to be pions. This assumption is not

a�ecting in a signi�cant way the result of the analysis [22].

Hadronic events were selected by requiring that: (a) they contained at

least 5 charged particles with momentum above 0.2 GeV=c; (b) the total

energy of all charged particles exceeded 15 GeV; (c) each hemisphere with

respect to the sphericity axis2 contained a total energy of charged particles

larger than 3 GeV; (d) the polar angle of the sphericity axis was between

40� and 140�, so that the events are well contained inside the TPC.

In this analysis two-jet events were selected in order to compare the

result with the theoretical prediction [26]. These events are also convenient

because the procedures of preparing the reference sample and the de�nition

of LCMS (presented in Section 3.6) are easier to apply and to understand in

this case. Since the thrust axis of the two-jet events is well aligned with the

direction of motion of the initial partons, its direction can be selected as the

physical axis of the hadronization process, and the possible in
uence of hard

gluon radiation can be neglected. The two-jet event selection was done using

the LUCLUS [21] clustering algorithm (with parameter djoin = 8 GeV=c),

requiring the thrust value to be more than 0.95, and, the jet acollinearity

should not exceed 5�. A total of about 810 000 events satis�ed these criteria.

To purify the reference sample and to reduce the background, additional

selection criteria were applied for each pair of particles. To stay away from

the two-particle phase-space limits, where kinematic correlations are signif-

icant, a pair of tracks was selected for the analysis, if both particles had

momenta below 5 GeV/c. To exclude partially overlapping tracks which

can be poorly reconstructed, the angle between tracks (�) was required to

exceed 2�. To reduce the correlations caused by the local transverse mo-

mentum compensation, pairs were rejected if the angle between tracks in a

2The sphericity tensor is de�ned as:

S
��

=

P
i
p�i p

�
iP

i jpij
2
;

where �;� = 1; 2; 3 corresponds to x; y; z components. By standard diagonalisation of
S�� one may �nd three eigenvalues �1 � �2 � �3 with �1 + �2 + �3 = 1. The sphericity

of the event is then de�ned as:

S =
3

2
(�2 + �3):

Sphericity is a measure of the summed pt with respect to the event axis. A two-jet event
corresponds to S � 0 and an isotropic one to S � 1.
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plane, transverse to the thrust axis, (�trans), was more than 120�. In addi-

tion, to reduce the contribution from resonance decays and to eliminate the

region where the Coulomb correction is substantial, pairs were rejected if Q

was less than 0.06 GeV (as you shall see further, removal of this cut is not

a�ecting noticeable our results).

5.2 Correction procedure

Data used in the BEC analysis were corrected for detector e�ects. Since

the detector was modi�ed during the years (see chapter 2), the distribu-

tion were corrected year by year. The weighted mean of the obtained cor-

rected distributions was used in the analysis. Events generated with the

Jetset 7.3 PS model with DELPHI tuning [41] were used to estimate the

acceptance corrections and to account for e�ects arising from the limited

detector resolution. The selected events were passed through the DEL-

SIM [43] detector simulation and the same selection criteria were used as for

real data. Correction coe�cients c(Q) were calculated as the ratios of distri-

butions at the generation level (Jetset only) to those at the reconstruction

level (Jetset+DELSIM):

c(Q) =
(dN

��

dQ
)gen

(dN
��

dQ
)rec

; (5.1)

where indices \gen" and \rec" refer to the generation and reconstruction

level respectively. Looking to Figure 5.1b one can see that the correction

coe�cient is almost constant, being close to unity.

The mixed reference sample is prepared using the same set of hadronic

events as for the real data and a mixing procedure analogous with the one

presented previously. Within the applied selection criteria, the mixed sample

does not contain BEC and satis�es most of the basic requirements for the

reference sample (see Section 3.4).

To correct for the e�ects introduced by the mixing procedure, the mea-

sured two-particle correlation function C2(Q) is calculated as a double-ratio

(see Section 3.4):

C2(Q) =
rdata(Q)

rnoBE(Q)
; (5.2)

where

rdata(Q) =
(dN

��

dQ
)data

(dN
��

dQ
)data;mix

and rnoBE(Q) =
(dN

��

dQ
)noBE

(dN
��

dQ
)noBE;mix

: (5.3)
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Figure 5.1: a) correlation function not corrected for detector e�ects and

e�ects introduced by the mixing procedure, rdata; b) correction coe�cient, c;

c) correlation function corrected for detector e�ects, rdata � c; d) correlation
function corrected for the detector e�ects and e�ects introduced by the mixing

procedure, C2. The distributions are constructed using the 1995 data. For

simplicity, in this �gure, we present the results only for the one-dimensional

distribution

Here (dN��=dQ)data is the Q-distribution of the pion pairs with the same

charge in real data, while the subscript \data,mix" denotes the same quan-

tity but for pairs from the reference sample. The indices \noBE" and

\noBE,mix" refer to analogous quantities in absence of BEC obtained from
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the Jetset sample without BEC. The procedure, step by step, is presented

in Figure 5.1.

The reference sample (dN��=dQ)data;mix is corrected for the detector

e�ects using a correction coe�cient similar to (5.1):

cmix(Q) =
(dN

��

dQ
)gen;mix

(dN
��

dQ
)rec;mix

; (5.4)

where \mix" denotes the mixed samples. The �nal, corrected, correlation

function is then evaluated from Eq.(5.2) as:

C2(Q) =
rdata(Q)

rnoBE(Q)

c(Q)

cmix(Q)
: (5.5)

5.3 Two-dimensional BEC { systematic errors

The measurement of the correlation function in the two-dimensional

LCMS, requires accumulation of double-di�erential distributions

d2N��=dQ? dQk
, where N�� is the number of like-sign pairs and Q?, Q

k

are de�ned as in Section 3.6. The distributions are corrected for detector

e�ects and for the e�ects introduced by the mixing procedure

The correlation function (5.5) as measured from the DELPHI data is

shown in Figure 5.2. The quantitative evaluation of the two-dimensional

correlation function parameters was made by �tting the parameterization

(3.35) to the measured correlation function C2(Q?; Qk). The �t has been

performed in the enhancement region of 0 GeV < Q? < 0.6 GeV and

jQkj <0.8 GeV.

The following values were obtained for the correlation function parame-

ters:

� = 0:261� 0:007;

R? = 0:530� 0:020 fm;

R
k

= 0:850� 0:020 fm: (5.6)

The correlation strength is slightly correlated (about 30%) with the radii.

The ratio of the transverse and longitudinal radii is R?=Rk = 0:62� 0:02.

To study the systematic uncertainty of the analysis we varied the selected

�t region, the maximal value of jQkj in the range 0.6 GeV to 1.1 GeV, and

the one of Q? from 0.6 GeV to 1 GeV, see for results Table 5.1.

Another source of systematic errors are the selection criteria: the two-jet

selection and the selection of pairs of tracks used for the BEC analysis. To
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Figure 5.2: Two-dimensional correlation function, C2(Qk
; Q?) (a), as mea-

sured by DELPHI in hadronic decays of Z0. Its transverse (b) and longitu-

dinal (c) slices at the correlation function peak are shown together with the

�t to the Eq.(3.35).

estimate the variation of the BEC parameters when modifying the selection

criteria, �rst we performed a fast estimation, using only the sample of 1995

data, after, for the selection criteria that proved interesting for our analysis,
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error for R? error for Rk error for R?=Rk

(fm) (fm)

jQmax
k

j 2 [0.5,1.0] GeV
�0.03 �0.03 �0.04

Qmax
?

2 [0.5,1.0] GeV

Table 5.1: Contribution of the selected �t region to the systematic uncer-

tainty. The maximal value of jQkj was varied in the range 0.6 GeV to

1.1 GeV, and the one of Q? from 0.6 GeV to 1 GeV.

we calculate the systematic uncertainty using the full sample 1992-1995.

The study of the two-jet selection criteria proved to be very interesting from

the theoretical point of view, since modifying the two-jet structure of the

sample, the shape of the source would be also changed. The results of this

study are presented in Table 5.2.

cut R?(fm) Rk(fm) R?=Rk

djoin=6 GeV/c 0.58�0.05 0.80�0.07 0.72�0.07

djoin=10 GeV/c 0.44�0.03 0.78�0.04 0.57�0.04

no LUCLUS, T >0.95 0.42�0.02 0.76�0.04 0.55�0.03

Nr jets > 2 0.76�0.04 1.04�0.05 0.72�0.04

No T cut 0.63�0.04 0.87�0.06 0.71�0.06

T >0.89 0.64�0.05 0.76�0.07 0.84�0.08

T >0.91 0.65�0.05 0.79�0.07 0.83�0.08

T >0.93 0.58�0.04 0.88�0.06 0.67�0.06

T >0.97 0.39�0.04 0.69�0.05 0.56�0.06

acol < 7� 0.52�0.03 0.82�0.05 0.63�0.05

acol < 3� 0.46�0.04 0.72�0.06 0.64�0.07

no 2-jet selection 0.48�0.01 0.77�0.02 0.62�0.02

reference values 0.53�0.02 0.85�0.02 0.62�0.02

Table 5.2: Study of the systematic variation of results estimated in case of

the variation of the two-jet selection criteria; T stays for thrust, acol for

acollinearity. Only the 1995 data were used here.

The way in which the choice of djoin is in
uencing the shape of the source

is not straightforward to understand since the criteria used to select two-jet

events are strongly correlated. To justify this a�rmation, in Figure 5.3 are

represented, in the upper row of histograms, the distributions of the number
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of jets for di�erent djoin values and in the lower one the average number of

jets as a function of thrust. It is easy to observe that if the value of djoin
is large, almost all the events are considered two-jet events and the cut,

requiring the number of jets reported by LUCLUS procedure to be equal

with two, will not give a pure sample of two-jet events. The main role in

providing a good two-jet sample is played in this case by the minimal thrust

cut. At large values of djoin, we arrive to some kind of saturation, the value

of the ratio of radii being almost constant for a given value of the minimal

thrust cut, if djoin is varying. In the same way for small values of djoin, the

cut on the number of jets is mainly doing the selection of the two-jet events,

the thrust cut playing almost no role. In this region the choice of djoin is

strongly a�ecting our results and the variation of thrust cut is almost not

modifying them. The decrease of djoint to 2.73 gave a severe restriction of

the statistics. The variation of the acollinearity cut is a�ecting very little

our results.

However since in this analysis we are interested only in the two-jet events,

to estimate the systematic uncertainty, djoint = 8 was �xed and the minimal

thrust value was varied in the range from 0.93 and 0.97. The whole data

samples was used, 1992-1995 statistics. The results are presented in Fig 5.4.

As one can see, the source is getting less elongated if the purity of the two-

jet events is decreasing. The three-jet events in the sample are a�ecting the

longitudinal appearance of the source.

cut R? R
k

R?=Rk

no Q cut 0.48�0.04 0.79�0.06 0.61�0.05

�trans > 130� 0.48�0.04 0.77�0.05 0.62�0.05

�trans > 110� 0.47�0.04 0.76�0.06 0.62�0.05

no �trans cut 0.49�0.03 0.71�0.05 0.68�0.05

�� > 1� 0.47�0.04 0.75�0.06 0.63�0.06

�� > 3� 0.47�0.03 0.74�0.05 0.64�0.05

reference values 0.53�0.02 0.85�0.02 0.62�0.02

Table 5.3: BEC analysis with di�erent pair selection criteria. Only the 1995

data were used here to estimate systematic uncertainty.

In Table 5.3 the radius components values obtained when varying the

pair selection criteria are listed. The contribution to the systematic uncer-

32.7 GeV/c, is a standard DELPHI cut to select two- or three-jet events for QCD
studies (e.g for �s calculation).
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Figure 5.4: Dependence on the thrust-cut. The source is less elongated if the

purity of the two-jet sample is decreasing. Whole data sample, 1992-1995,

is used.

tainty is low for cut values around the basic ones. We also studied the way

in which the removal of the 120� cut for the transverse angle between tracks

is in
uencing the result, see Figure 5.5 and Table 5.3. When removing this

cut the transverse radius increases with 0.01 fm and the longitudinal one

decreases with 0.07 fm, see Table 5.3, con�rming the appearance of an addi-

tional correlation, not of BEC type. Since the removal of 120� cut introduces

additional correlations that a�ects the structure of the analysed event, it was

not used in estimating the �nal value of the systematic uncertainty.

The total systematic error was evaluated by adding all the contributions

in quadrature. The following values for the correlation radius components
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Figure 5.5: Transverse and longitudinal slices at the correlation function

peak: a) and b) in the absence of the transverse angle cut; c) and d) with the

transverse angle cut. It is easy to observe the background, at the distribution

tails. Also the peak is narrower for c) and d) projections.

were obtained:

� = 0:261� 0:007� 0:010 ;

R? = 0:530� 0:020� 0:070 fm ;

R
k

= 0:850� 0:020� 0:070 fm ; (5.7)

R?

R
k

= 0:620� 0:020� 0:050 ;
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where the �rst error is statistical, and the second is the systematic uncer-

tainty. The values obtained are in qualitative agreement with the theoretical

prediction of [26], according to which the longitudinal correlation length in

Z0 ! q�q hadronic decay has to be larger than the transverse one, if the

string fragmentation model is used.

In the Jetset generator, see Section 3.3, BEC is simulated by chang-

ing the �nal state particle momenta so that the Gaussian distribution of

Eq.(3.23) is reproduced. The procedure is performed in terms of Q, not

resolving it into components, hence R? and Rk are expected to be similar

when taking into account only the description of the LUBOEI procedure.

In the previous chapter it was shown that, since the arti�cial scale e�ect

is a�ecting in a di�erent way the components of radius, this is not true in

our region of interest. The two-dimensional �t to the correlation function

evaluated from the Jetset generated decays of Z0 gives a ratio of R?=Rk

between 0.9 and 1.2, for input values close to DELPHI tuning 4. This is very

di�erent from the ratio of (5.7) and re
ects the fact that the BEC implemen-

tation in Jetset is not appropriate for the multidimensional description of

the correlation.

5.4 Three-dimensional analysis

Three-dimensional DELPHI analysis of 1992-1995 data (preliminary) was

performed by �tting the correlation function, obtained in the same way as

in the two-dimensional case, to the parameterization:

C2(Qt;out; Qt;side; Qlong) = N(1 + �e
�Q2

t;outR
2

t;out�Q
2

t;side
R2

t;side
�Q2

long
R2

long)

(5.8)

The advantage of LCMS is that it allows the measurement of the two trans-

verse radius components, Rt;out and Rt;side, the former receiving contribution

from the di�erence in the emission time of bosons, and the latter being the

\true" transverse correlation length (see Section 3.6). The three-dimensional

analysis of the BEC using the �t of the formula (5.8) to the correspond-

ing correlation function, evaluated analogously to the two-dimensional case,

gives the following results:

� = 0:25� 0:01� 0:01 ;

Rt;out = 0:57� 0:01� 0:08 fm ;

Rt;side = 0:46� 0:01� 0:05 fm ;

4For all the main Jetset parameters.



5.5. LEP1 RESULTS COMPARISON 77

Rlong = 0:80� 0:01� 0:06 fm ; (5.9)

Rt;out=Rlong = 0:71� 0:01� 0:07 ;

Rt;side=Rlong = 0:57� 0:01� 0:04 :

This �t has been performed in the region of jQt;outj <0.6 GeV, jQt;sidej <0.6 GeV

and jQlongj <0.8 GeV. Ratios Rt;out=Rlong and Rt;side=Rlong were obtained

by �tting the distribution, using them as parameters. The value ofRt;side=Rlong

is smaller than that of R?=Rk in Eq.(5.7), and its uncertainty is somewhat

lower, indicating that Rt;side is a better estimator of the transverse corre-

lation length. Since the temporal \size" of the source contributes only to

Rt;out, Rt;side radius is smaller. The source is even more elongated if we take

into account just the \true" transverse size, Rt;side.

5.5 LEP1 results comparison

An elongation of the pion source was also observed by the L3 [27] and

OPAL [29] collaborations at LEP1.

The L3 collaboration used all the hadronic events in their analysis, with-

out applying additional selection criteria neither for two-jet events, nor for

pairs of tracks. As you have seen in section 5.3, if the selection of the two-jet

events is less tight, one also gets contribution from the correlations between

particles produced in gluon jets. The presence of this contribution is ex-

pected to lead to a more spherical source shape and to a bigger value of the

ratio of the transverse to longitudinal radius components, closer to unity.

This contribution together with the fact that the additional transverse cor-

relations are not eliminated in the L3 analysis can account for the di�erence

between DELPHI result and L3 one. The reported L3 result, obtained from

the three dimensional �t is:

Rt;side

Rlong

= 0:81� 0:02+0:03
�0:19 : (5.10)

The two-dimensional result, reported by L3, con�rmed the elongation ob-

served in the three-dimensional �ts. The di�erence between the Rlong values

reported by DELPHI and L3 can be a consequence of the �trans <120� cut

in DELPHI data.

The OPAL Collaboration used the unlike-charge reference sample in their

analysis of two-jet events. The selection of the two-jet events is done using

a di�erent clustering algorithm and a di�erent sample of particles is used to

determine the thrust axis direction. The correction procedure of the data
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Reference sample Rt;out(fm) Rt;side(fm) Rlong(fm)

DELPHI mixing 0.57�0.01 0.46�0.01 0.80�0.01

unlike-charge 0.55�0.02 0.70�0.02 0.87�0.02

L3 mixing 0.53�0.02 0.59�0.01 0.74�0.02

OPAL unlike 0.53�0.06 0.78�0.06 1.02�0.09

Table 5.4: The results obtained by the three LEP experiments. Only the

statistical errors are listed.

sample is also di�erent and the additional transverse correlations are not

eliminated. All these reasons make the comparison of the results di�cult.

The reported result is:

Rlong

Rt;side

= 1:222� 0:027+0:075
�0:012 : (5.11)

That corresponds to
Rt;side

Rlong
= 0:820�0:040+0:018

�0:111. Even if the result obtained

for the ratio is close to the L3 results (astonishing if taking into account the

fact that OPAL used for analysis only two-jet events) the value obtained for

Rt;side and Rlong are di�erent for OPAL and L3, see Table 5.4.

The values obtained by DELPHI using unlike-charge reference sample,

as OPAL does, are close to their results pointing to the conclusion that

the di�erence in the radius component values is mainly given by the use

of di�erent reference sample. This can be understood taking into account

the systematic uncertainties introduced by the use of unlike-charge reference

sample. To sustain the last a�rmation we present in Table 5.5 the results

obtained by the LEP experiments analysing the one-dimensional correlation

function [22, 44]: As you can see there is a systematic di�erence between the

Unlike-charge Mixing

Experiment R; fm R; fm

ALEPH 0:81� 0:04 0:51� 0:02

DELPHI 0:83� 0:03 0:47� 0:03

L3 0:94� 0:04 0:58� 0:05

OPAL 0:93� 0:02

Table 5.5: Results obtained by �tting the one dimensional correlation func-

tion

results obtained using the mixing procedure and the results obtained using
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the unlike-charge reference sample (the radius is bigger in case of unlike-

charge reference sample). The mixed reference sample gives more uniform

results being less a�ected by systematic uncertainty.

5.6 Discussion

This two-dimensional analysis of the Bose-Einstein e�ect using the 1992{

1995 DELPHI data con�rms the prediction that the longitudinal correlation

length, Rk, in Z0 ! q�q decay is bigger than the transverse one, R?, in agree-

ment with the picture that the bosons produced in the string fragmentation

are subject to Bose-Einstein correlations during the hadronization process.

The measured values are:

R? = 0:53� 0:08 fm ; R
k

= 0:85� 0:08 fm :

The measured ratio of the radii components is R?=Rk = 0:62�0:06, which is

consistent with qualitative predictions [26]. A cleaner measurement can be

made using Rt;side as an estimator of the transverse correlation length, giving

the ratio Rt;side=Rlong = 0:57 � 0:04. These results cannot be reproduced

by the Jetset generator.

The analysis presented here reproduced to a large extent the conditions

presented in the theoretical work, by performing a good selection of the

two-jet events, eliminating the additional correlations and using a cleaner

reference sample.

The measurement of the shape of the BEC presented here makes use

of the LCMS system to obtain a clear interpretation of the observed di�er-

ence between transverse and longitudinal correlation radii. Together with

analogous measurements done by other LEP experiments, it represents an

improvement in BEC studies compared to previous studies at lower ener-

gies [25], which used the laboratory system. While the TASSO and MARK-

II collaborations barely hinted at the possibility of the pion source in the

process e+e� ! hadrons being elliptical, this new result provides clear evi-

dence for the elongation of the source. The results have implications for the

modelling of hadronic �nal states performed by event generators.



Summary

A new interest for the study of Bose-Einstein correlation (BEC) in e+e�

annihilation at the Z0 peak arose recently due to a theoretical work which

suggested a signi�cant in
uence of BEC in W mass determination [10]. Esti-

mations of the strength of this e�ect are strongly a�ected by the model used

for simulation and by a set of model parameters conventionally optimised

at the Z0 peak. The interest for studies of the event generators and their

BEC simulation appeared in the same context.

A detailed analysis of the BEC implemented in Jetset particle gener-

ator is presented in this thesis. The main result is that an arti�cial length

scale is introduced due to the way the generator is working. This length

scale is given by the position of the peak of the invariant four-momentum

di�erence distribution. The radius, used as input of Jetset, is reproduced

for large sources, while for small ones, the output value for the radius is

almost constant irrespective of the input one.

Study of the transverse-mass (mt) dependence of the three-dimensional

BEC function parameters showed that the � parameter dependence on mt

is given by the mixture of particles of di�erent origin while the radius com-

ponents dependence is pointing to a mechanism in the main Jetset block

in the string fragmentation.

Some other models for BEC simulation have been developed using direct

implementation of BEC in the string model. They spend too much comput-

ing resources to be used by high-energy physics experiments, but they do

have predictive power. The two-dimensional analysis of BEC using DELPHI

data con�rmed one of these predictions, namely that the longitudinal cor-

relation length in the Z0 �! q�q decay is bigger than the transverse one, if

the bosons produced in the string fragmentation are subject to BEC during

the hadronization process.

The studies presented here contribute to a better understanding of BEC

and give some hints about the requirements to the next generation of particle

generators.
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Raluca Mureşana, Oxana Smirnovab, Bengt Lörstad

Department of Elementary Particle Physics, Lund University, Box 118, SE-22100 Lund, Sweden

Received: 13 November 1997 / Revised version: 5 September 1998 / Published online: 14 January 1999

Abstract. This work studies the algorithm which implements the Bose-Einstein correlation effect in the
JETSET 7.4 event generator. This algorithm attempts to reproduce an expected correlation function
with a given correlation radius and amplitude. The two-particle correlation function is studied in the
generated Z0 hadronic decays for different values of the built-in radius parameter. Samples consisting of
only charged particles are used, as well as subsamples of pions, pions coming from the string decay and
pions from the resonance decays. The Bose-Einstein correlation function, extracted from the generated
events, is parameterized analogously to the built-in JETSET correlation function and its parameters are
compared with the input ones. We found that the measured correlation function reproduces the built-in
one, if the input radius parameter is larger than 1 fm. For lower input radii an artificial new length scale
appears due to the way the Bose-Einstein correlation is implemented.

1 Introduction

The study of Bose-Einstein correlation function for iden-
tical particles is of particular interest, since the process
of hadron production, or fragmentation, in high energy
physics is poorly comprehended. At this moment, no ap-
propriate theory can describe it, only phenomenological
models being available for the hadronization process and
the Bose-Einstein phenomenon in particular. To account
for and to describe it properly in event generators, the
Bose-Einstein phenomenon must be well understood,
therefore, more profound studies are required. Recently it
was shown that the measurement of W mass at LEP2 is
likely to be affected by Bose-Einstein correlation between
pions from different W ’s [1–3]. Consequently, a significant
interest was shown for the study of Bose-Einstein correla-
tions in e+e− annihilation in the last years [4–7]. Compar-
ison of the LEP data with the analysis of the e+e− → Z0

events, generated with the JETSET [8] particle generator
with the built-in algorithm for the Bose-Einstein correla-
tion simulation, showed that the model reproduces exper-
imental data very well [6,9–11].

Since JETSET is the simulation program the most
commonly used by e+e− annihilation experimental
groups, the analysis of the built-in method of implement-

a On leave from the National Institute for Research and
Development in Nuclear Physics and Engineering “Horia Hu-
lubei” (IFIN-HH) RO-76 900 P.O. Box MG 6, Bucharest, Ro-
mania

b On leave from JINR, Dubna, Moscow district, 141980 Rus-
sia

ing the Bose-Einstein correlations1, its performance, its
drawbacks, and the possible improvements were studied in
several works [12,13]. Our aim is to clarify the dependence
of the correlation function on assumed input correlation
radius and the particle sample composition.

The paper is organised as follows: in Sect. 2 the theory
of the Bose-Einstein correlations is presented. Section 3
is dedicated to the description of the JETSET simulation
program and the way in which the Bose-Einstein algo-
rithm is implemented. Implementation issues and prac-
tical hints for our analysis are presented in Sect. 4. In
Sect. 5 the behaviour of the correlation function for par-
ticles with different origin is studied and in Sect. 6 its de-
pendence on the input correlation radius is investigated.
Finally, in Sect. 7 the reader finds the conclusions.

2 Bose-Einstein correlation

During the 50-ies, in particle physics experiments, it was
discovered that the produced bosons show a tendency to
have close energy-momentum characteristics [14]. This
phenomenon of increasing probability for emission of iden-
tical bosons from close regions of space and time is called
Bose-Einstein correlation (we will not discuss correlations
between fermions in this paper).

The Bose-Einstein effect originates in the quantum me-
chanical interference of the boson wave functions. It is a
consequence of their symmetry under particle exchange,
that influences the wave functions to yield an effective

1 JETSET is so far the only e+e− generator that contains a
built-in Bose-Einstein correlation algorithm
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clustering of the particles in the phase space, which ex-
plains their preference for occupying the same quantum
states. From the characteristics of the resulting interfer-
ence pattern it is possible, at least in principle, to deter-
mine the space-time dimensions of the source.

The string model describes e+e− annihilation data
with high accuracy and provides an appropriate frame-
work in which to consider the Bose-Einstein enhancement.
In spite of a few attempts to introduce the Bose-Einstein
symmetrization into the string model [15,16], the only
working method to introduce the interference effects in
Monte Carlo generators for e+e− annihilation, so far, is
the shifting of the final state momenta to reproduce the
assumed distribution of some variables [8]. This technique
is described in details in Sect. 3. It has to be stressed
that such a method has nothing to do with the quantum
mechanics and only simulates the expected effect.

2.1 The Bose-Einstein correlation function

Considering the production of two identical bosons with
four-momenta p1 and p2, denoting P (p1, p2) the proba-
bility density of two particles to be produced, and P (p1)
and P (p2) as the probability densities for a single particle
to be produced with momentum p1 or p2, the correlation
function C2 of two identical bosons is defined as [17]:

C2(p1, p2) =
P (p1, p2)

P (p1)P (p2)
. (1)

From the experimental point of view, P (p1, p2) is a double
differential cross section. In practice, it is difficult to con-
struct the product P (p1)P (p2) due to the phase space lim-
itations, therefore it is often replaced by P0(p1, p2), which
is equal to P (p1)P (p2) in the absence of correlation. One
of the major problems in these kinds of studies is how to
build P0(p1, p2), usually called the “reference sample”.

The correlation function (1) is often parameterized
as [17]:

C2(Q) = N(1 + λe−Q2R2
) , (2)

where Q = p1 − p2 is the invariant four-momenta dif-
ference, and N , λ, R are free parameters. N is a nor-
malisation constant. The interpretation of the λ parame-
ter is that it is related to the fraction of identical bosons
which do interfere, effectively representing the correlation
strength. Parameter R is usually interpreted as the geo-
metrical radius of a presumably spherical boson emitting
source, or simply as the correlation radius parameter.

Near Q = 0, the effect of Coulomb repulsion between
two identical charged bosons will lead to the suppression
of the probability of finding two like-charged particles with
small relative momentum. The effect is dominant in case
of pions for Q < 10 MeV. For Q > 50 MeV the Coulomb
repulsion is negligible. Since it has only a small effect on
the studied distributions in e+e− annihilation, it is not
discussed in the present article.

3 JETSET and Bose-Einstein correlation

JETSET is a simulation program able to generate hard
processes, in particular, the electron-positron annihilation
producing a boson, which decays into a quark-antiquark
pair: e+e− → γ∗/Z0 → qq̄ (here ’*’ is used to denote that
the photon is off-mass-shell). In what follows, events of
this kind will be referred to as “qq̄ events”. The quark
q in the reaction may have any flavour, picked at ran-
dom, according to the relative couplings evaluated at the
hadronic center of mass energy.

JETSET is intimately connected with the string frag-
mentation model in the form of the so-called Lund model.
The JETSET program has a probabilistic and iterative
nature, with the fragmentation process being described in
terms of one or few simple underlying branches, as, for ex-
ample, string → hadron + remainder string and so on.
At each branching probabilistic rules are given for pro-
duction of new flavours and for sharing of the energy and
momentum between the products.

To understand the fragmentation model, we can use
as an example the simplest possible system: a 2-jet colour
singlet qq̄ event, as produced in e+e− annihilation, where
we have a linear confinement picture. The energy stored in
the colour dipole field between a charge and an anticharge
increases linearly with the separation between charges, if
the Coulomb term is neglected. This assumption of the lin-
ear confinement provides the starting point for the string
model. As q and q̄ partons move apart from their common
production vertex, a colour flux tube or maybe a colour
vortex line is considered to be stretched between the qq̄.
The potential energy stored inside the string increases and
the string may break, producing a new q′q̄′ pair, so that
the system splits into two colour singlet systems q′q̄ and
qq̄′. If the invariant mass of these pairs is large enough,
further breaks may occur. The generator does not take
into account either the propagation of the resonances, or
the space-time picture of the particle creation. The string
break-up process is assumed to proceed until only the on-
mass-shell hadrons remain, each hadron corresponding to
a small piece of string with a quark at one end and an
antiquark at the other.

To simulate the Bose-Einstein effect, an algorithm,
which does not represent a true model, is used, for which
very specific assumptions and choices are made. In this
scheme the fragmentation is allowed to proceed indepen-
dently of Bose-Einstein effect. The four-momentum differ-
ence, Qij , associated to a pair of identical particles i, j is
defined as:

Qij =
√

(pi + pj)2 − 4m2 , (3)

where m is the common particle mass and pi, pj are par-
ticle momenta.

A shifted smaller Q′
ij is then sought, such that the ratio

of “shifted” to the “unshifted” Q distribution is given by
the requested parameterization C2(Q). The shape can be
chosen to be either exponential or Gaussian :

C2(Q) = 1 + λe−(QR)r

, r = 1 or 2 , (4)
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correlation effect included, but the mixing procedure not performed: closed circles, Bose-Einstein correlation effect included,
and the mixing procedure performed: open circles, b Bose-Einstein effect not included, and the mixing procedure performed:
open circles, Bose-Einstein effect not included, and the mixing procedure not performed: closed circles

where λ, R and r are input parameters of the algorithm
(we have used in this work only the Gaussian form, r = 2).

If the inclusive distribution of the Qij is assumed to
be given just by the simple, spherical phase space, Q′

ij can
be found as a solution of the equation:

∫ Qij

0

Q2dQ√
Q2 + 4m2

=
∫ Q′

ij

0
C2(Q)

Q2dQ√
Q2 + 4m2

. (5)

That gives as a new distribution Q′
ij – the product of

the old distribution Qij and C2(Q):

Q′
ij = QijC2(Q) . (6)

This procedure is performed for all the pairs of iden-
tical bosons (for resonances with a width above a certain
value - in our case 0.020GeV - the decays are assumed
to take place before the stage where Bose-Einstein effects
are introduced). The new values for Q are calculated and
a global shift of momenta for all the particles is performed
adding all the possible pair shifts. Finally, all the momenta
are rescaled by a common factor to restore the original
value of the total centre of mass energy. The obtained
invariant Q distribution is in this way shifted, see Fig. 1.
This algorithm is implemented in the LUBOEI subroutine,
a standard component of the JETSET generator. The as-
sumption of the simple spherical phase space is valid only
for the part of the true Q distribution to the left of the
peak, see Fig. 1. Instead of a monotonic increase, which
is given by the spherical phase space, the experimental Q
distribution has a maximum around 0.5 GeV , then falls
power-like for large Q. Fia lkowski and Wit [12] and Hay-
wood [13] proposed modified procedures using approxima-
tions of the experimental Q distributions to estimate the
Q shift. However, using these methods, the final shifted Q
distribution did not correspond to the input values of R
parameters as in (4), for R ≤ 1 fm.

4 Computational program: main assumptions

We used JETSET in order to generate qq̄ events at the
center of mass energy of 91.2 GeV. Due to the low effi-
ciency of neutral particle reconstruction in e+e− exper-
iments, the study of the Bose-Einstein effect was per-
formed only for charged particles and for subsamples of
charged pions, pions that were produced directly from the
hadronization of quarks and gluons, pions coming from
resonance decays and separately of pions that appeared
in decays of ρ mesons which were in turn produced in the
hadronization of the string (direct ρ’s). Different values of
the JETSET input radius R (see (4)) are used for studies.

4.1 The reference sample

In order to prepare the reference sample for a proper cor-
relation function (see Sect. 2.1), we have to find a sample
of particles which are not subject to Bose-Einstein corre-
lation, but do obey the same kinematics as a regular e+e−
event.

There are several procedures to prepare a reference
sample. For this study, as, for example, in [10,11], we
combined particles from different events, assuming that
the selection criteria of the two-jet events provide us with
a set of kinematically similar events. This so-called “mix-
ing” procedure can be described by following steps:
– After the thrust2 axis calculation, each event is rotated

to a new coordinate system, which has the z axis along
the thrust axis.

2 The quantity thrust T is defined by:

T = max
|n|=1

∑
i
|n · pi|∑
i
|pi| ,

and the thrust axis v1 is given by the n vector for which the
maximum is obtained. The allowed range is 1/2 ≤ T ≤ 1, with
a 2-jet event corresponding to T ≈ 1 and an isotropic event to
T ≈ 1/2
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– Tracks from each rotated event are stored in a reference
buffer. Events in the buffer are continuously updated
to prevent any regularities in the particles spectra.

– The reference sample is built using randomly picked
tracks from the reference buffer. First, a random event
of the stored ones is selected, then a track from this
event is also randomly picked out.

The mixing procedure does not conserve energy and
momentum, and destroys not only the Bose-Einstein cor-
relation but even some other kinds of correlations, making
necessary some corrections.

4.2 The correction procedure

To construct properly the correlation function, eliminat-
ing side effects introduced by the mixing procedure, we
accumulate four kinds of number of charge-like pairs N as
a function of Q:

– Bose-Einstein correlation effect turned on, but the
mixing procedure not performed: NBEon, see Fig. 1a
(closed circles).

– Bose-Einstein correlation effect turned on, and the
mixing procedure performed: NMIX

BEon, see Fig. 1a (open
circles).

– Bose-Einstein effect turned off, and the mixing proce-
dure performed: NMIX

BEoff , see Fig. 1b (open circles).
– Bose-Einstein effect turned off, and the mixing proce-

dure not performed: NBEoff , see Fig. 1b (closed cir-
cles).

The corrected correlation function is given by:

C2(Q) =
NBEon(Q)/NMIX

BEon(Q)
NBEoff (Q)/NMIX

BEoff (Q)
. (7)

In this way we get C2(Q) almost constant for Q > 1 GeV,
as we show below (see Fig. 3).

Figure 2a shows that the ratios NBEon(Q)/NMIX
BEon(Q)

and NBEoff (Q)/NMIX
BEoff (Q) are very similar in shape.
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Fig. 3. The final corrected correlation function, as in (7)

Even in the NBEoff (Q)/NMIX
BEoff (Q) case, a small en-

hancement, that has approximately the same width, ap-
pears due to the other kinds of correlation. In Fig. 2b, the
ratio NMIX

BEon(Q)/NMIX
BEoff (Q) shows that the mixing pro-

cedure does not eliminate correlations totally. This is why
we have to calculate the double ratio (7) to obtain a clear
Bose-Einstein effect over the C2(Q) = 1 level, see Fig. 3.

4.3 Event and track selection

To be able to test the string model and to compare with
the previous experimental data, we generate qq̄ events
only, requiring also the thrust value to be bigger than
0.95. In order to purify the data samples, to reduce the
background and to save computing resources, the follow-
ing cuts were introduced:

– The correlation function was constructed only for pairs
of particles belonging to the same jet , each having
momentum below 5 GeV/c to avoid the limits of phase
space, where dynamical correlations are strong.
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Table 1. Number of events analysed. Samples of pions coming
from direct ρ were collected for five different values of input
correlation function radii R

Sample Number Average
composition of events multiplicity
Charged particles 2 000 000 14
Pions 2 000 000 12
Direct pions 5 000 000 2
Pions from all resonances 5 000 000 6
Pions from direct ρ 50 000 000 3

Table 2. Results of the one-dimensional fit of C2(Q)

Sample
composition λ R (fm) χ2/ndf
Charged particles 0.106±0.005 0.531±0.018 26/25
Charged pions 0.132±0.005 0.534±0.008 37/25
Direct pions 0.950±0.039 0.602±0.018 39/25
Pions from all

resonances 0.656±0.010 0.651±0.008 111/25
Pions from direct ρ 1.090±0.010 0.665±0.005 160/25
Input values 1 0.5

– To reduce correlations due to the local transverse mo-
mentum compensation, the pairs were rejected if their
opening angle in transverse plane exceeded 120◦. This
cut was introduced for the compatibility with exper-
imental data and reduces slightly the background at
high Q values.

Since the number of pairs of particles that accom-
plished all our cuts is small (especially in the case of mixed
samples for pions from resonances and direct pions, where
the multiplicity is low) it was necessary to analyse large
samples (see Table 1).

5 The dependence on the particle origin

The correlation function (7), obtained with the help of
JETSET, was fitted in the interval of 0.05 GeV < Q
< 1.5 GeV, using formula (2) in order to find its param-
eters. These output fit parameters, λ and R, are given in
Table 2 for different sample composition.

Table 2 shows that the simulated correlation functions
are not always well described by a Gaussian. The output
values of parameters are quite different not only from the
input values, but also from case to case.

The λ parameter represents a measure of the fraction
of particles sensitive to the effect. In our case it is easy to
understand that for charged particles and for pions, where
the particles have different origins, λ has low values. The
value of this parameter in the case of pions coming from
all resonances is also far from the input value, even if it
is considerably higher compared to the one for charged
particles and charged pions. This is due to the fact that
there are some pions coming from long-lived resonances
and thus are not subject to Bose-Einstein symmetrization.
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Fig. 4. The shape of the correlation function in different cases:
all charged particles (closed circles), pions (squares), direct pi-
ons (up triangles), pions coming from all the resonances decay
(down triangles), pions from direct ρ (open circles)

In JETSET a corresponding mechanism is implemented
that allow to ignore them. In case of direct pions and
pions coming from ρ decay, where the pion source has a
high purity, the fitted values of λ are close to the input
value λ = 1. For the radii, we obtained fitted values which
are 20% to 40% higher than the input.

The correlation function C2(Q) at Q > 0.5 GeV even-
tually becomes smaller than one. The shape of the re-
sulting correlation function is not particularly close to a
Gaussian at very low Q, (see Fig. 4).

6 The dependence on input radius

Following the study of Fia lkowski and Wit [12], we stud-
ied how the correlation changes with the input JETSET
radius. The shape of the functions changes from the in-
put Gaussian due to the global shift of the momenta, the
adding of all the pair shifts and the poor approximation
of the phase space for input radius of ∼ 0.5fm .

For this study we used only samples of pions coming
from the direct ρ decays, since this sample is relatively
pure and the multiplicity is higher than for direct pions.
It is easy to observe, Fig. 5, that when the input radius
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Fig. 5. The shapes of the output correlation function (full curve) and the input correlation function (dashed curve) for different
input radii: a Rin =2 fm, b Rin =1 fm, c Rin =0.5 fm, d Rin =0.25 fm

decreases, the shape of the output function (full curve)
is more and more different from the shape of the input
function (dashed curve).

Figure 6 represents the radii Ro obtained through the
fit by (2), as a function of the input radii Rin for JET-
SET. One can observe that for the values of input radii
less than 0.5 fm, almost constant values of the output fit-
ted radii were found, around 0.6 fm. For input Rin values
bigger than 1 fm, the points are lying very close to the
diagonal, showing a good agreement between input and
output radii.

We observe the appearance of a new length scale of the
resulting radius, Ro ∼ 0.6 fm, which is independent of the
input radius Rin, for the region 0 < Rin ≤ 0.6 fm. This
new scale is connected to the peak value of the inclusive
Q distribution. In the studied algorithm, Q is shifted to
a lower value Q′ to give an enhancement when we take
the ratio of the Q′ distribution to the Q distribution. This
works only for a monotonically increasing function, such
as the spherical phase space distribution. The true Q dis-
tribution, however, exhibits a peak around 0.5 GeV (which
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Fig. 6. Fitted values of output radii Ro for different input
radii Rin

corresponds to 2.5 fm). For Rin ≤ 0.6 fm, the shift of Q
to a lower Q′ implies a depletion, not an enhancement in
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the region to the right of the peak (Q > 0.5 GeV ), see
Fig. 7, possibly giving a C2 < 1 for this region, as seen
in Fig. 5c and Fig. 5d. For the Q distribution, the peak
position constitutes a limitation of the correlation width
and gives rise to an artificial length scale.

To summarise, for the input radius values higher than
1 fm, the input correlation function seems to be well re-
produced by the constructed output correlations. For
lower input radii secondary effects, due to the way in
which the Bose-Einstein correlation is introduced, are im-
portant. This is consistent with earlier results from other
studies [12,13]. It is worth noting that experimental data
seems to be reproduced by this secondary effects simula-
tion using Rin = 0.5 fm [6,9–11].

7 Conclusions

An analysis of the Bose-Einstein correlation, implemented
in the JETSET particle generator, has been performed.
Our main result is that an artificial new length scale is in-
troduced due to the way the generator is working. This
scale is given by the peak position of the Q distribu-
tion. Appearance of this artificial scale causes the pre-
viously unexplained phenomenon; namely, the fact that
JETSET, while reproducing well experimental data, is
self-inconsistent and fails to reproduce its own built-in
Bose-Einstein correlation function for input radii of
around 0.5 fm. For radii larger than 1 fm we have not
seen any strong artificial scale effects.

Acknowledgements. We are grateful to T. Sjöstrand for valu-
able discussions and suggestions.
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8. T. Sjöstrand, Comp. Phys. Comm. 82, 74 (1994);
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Tests of the JETSET Bose-Einstein correlation model in the e+e�

annihilation process
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Studies of implementation of the simulation of the Bose-Einstein correlation e�ects
in the JETSET particle generator are performed. Analysis of dependance of the
one-dimensional correlation function parameters on the presumed boson source
size reveals appearance of the e�ective new length scale, which limits applicability
of the simple momentum-shifting mechanism, employed by JETSET to simulate
the Bose-Einstein correlation. Two- and three-dimensional correlation functions
are analysed as well and compared to the DELPHI data.

1 Introduction

Recent interest in profound studies of the Bose-Einstein correlations (BEC in

what follows) was sparked by reports on possible in
uence of this phenomenon

on the measured value of the W boson mass in e
+
e
� annihilation 1;2. Estima-

tions of the strength of this in
uence were done using the Monte Carlo particle

generator JETSET3, which includes a phenomenological model for two-particle

BEC simulation. JETSET (together with PYTHIA 3) is so far the only e
+
e
�

annihilation event generator which accounts for BEC. It is known to reproduce

well majority of experimental data, including some basic features connected

to BEC. However, more sophisticated studies reveal not only certain discrep-

ancies between experimental and model results, but also self-inconsistencies in

the model itself 4;5. Therefore, it is of particular importance to establish the

extent of applicability of this model and to have a full understanding of its

advantages and drawbacks.

This work is devoted to studies of the built-in JETSET algorithm which

is used to simulate BEC in hadronic decays of Z boson. The following section

describes the physical process and corresponding observables. Overview of the

studied model is presented in the next section. The last section contains results

and discussion.

2 Scope of the study and de�nitions

The goal of this analysis is to study methods and consequences of implementing

Bose-Einstein correlation models in the JETSET event generator, and to �nd



out eventually how can it a�ect data analysis. To accomplish this goal, Bose-

Einstein correlations between pions produced in hadronic decays of the Z boson

are investigated. These decays are generated by the JETSET event generator,

which uses the so-called Lund string model to simulate electron-positron anni-

hilation events at a given center of mass energy, in our case E
cm

= 91:2 GeV .

Only the correlations between pairs of particles are studied, whith the

two-particle correlation function is de�ned as

C2(p1; p2) =
P (p1; p2)

P (p1)P (p2)
; (1)

where p1 and p2 are four-momenta of two particles, P (p1; p2) { two-particle

probability density, and P (p1) and P (p2) denotes single-particle probability

densities.

De�ned as above C2 is parameterized in terms of the invariant four-momenta

di�erence Q =
p

(~p1 � ~p2)2 � (E1 � E2)2 as

C2(Q) = N (1 + �e
�R

2
Q
2

) : (2)

This parameterization is one of the most commonly used6, with the parameter

R giving the width (or source size) and � { the strength of the correlation.

In order to be able to compare our results with experimental data, only

charged pions were used in the analysis. Although prompt pions produced in

the string decay are the most clean sample, we selected only pions produced

in decays of prompt � mesons, due to the following advantages :

{ high sample uniformity: no admixture of particles which are not subject

to Bose-Einstein correlations;

{ su�cient average multiplicity of the sample: more pions are produced in

decays of � mesons then promptly from the string.

Studies were performed not only for the one-dimensional correlation func-

tion C2(Q), but also for two- and three-dimensional cases. To facilitate cal-

culations, the Longitudinal Centre-of-Mass System 7;8 (LCMS) was used to

measure four-momentum di�erence. This is the system in which the sum of

the two particles momenta is perpendicular to the jet axis, hence only two-jet

qq events were generated for further simplicity. In LCMS, Q is resolved into

Q
long

, parallel to the jet axis, Q
t;out

, collinear with the pair momentum sum,

and complementary Q
t;side

, perpendicular to both Q
long

and Q
t;out

. It is more

convenient in some cases to use only two-dimensional picture with longitudinal

Qk � Q
long

and perpendicular Q? =
q
Q2
t;out

+ Q2
t;side

. Parameterization of

C2 for these two- and three-dimensional cases was chosen correspondingly as

C2(Q?; Qk) = N (1 + �e
�Q

2

?R
2

?�Q
2

kR
2

k) ; (3)



C2(Qt;out
; Q

t;side
; Q

long
) = N (1 + �e

�Q
2

t;outR
2

t;out�Q
2

t;sideR
2

t;side�Q
2

longR
2

long ) :

(4)

In high-energy physics experiments involving detectors, it is di�cult to

construct the product P (p1)P (p2) from Eq.(1) due to the phase space limita-

tions. Therefore it is often replaced by P0(p1; p2), which is equal to P (p1)P (p2)

in a hypothetical case of absence of all the correlations. To make our results

comparable with experiment, we must construct a reference sample correspond-

ing to P0(p1; p2). Therefore, the measured two-particle correlation function is

calculated as the double-ratio, using the event mixing technique 8 :

r
BE

(Q) =
N
��

BE
(Q)

N
��

BE;mix

(Q)
; r

noBE
(Q) =

N
��

noBE
(Q)

N
��

noBE;mix

(Q)
; C2(Q) =

r
BE

(Q)

r
noBE

(Q)

(5)

Here N��

BE

(Q) is number of like charged pions as a function of the four-momenta

di�erence Q in presence of Bose-Einstein correlations. Subscript \BE;mix"

denotes same quantity but with pairs of pions picked from di�erent events. In-

dices \noBE" and \noBE;mix" correspond to analogous quantities in absence

of BEC (i.e., the simulation of BEC is not included into the event generation).

3 Model description

As it was already mentioned, JETSET is the only particle generator which al-

lows and actually includes an algorithm emulating Bose-Einstein correlations.

Recall that BEC is the quantum mechanical phenomenon, which has to appear

during the fragmentation stage. However, in the standard implementation of

BEC in JETSET, the fragmentation and decays of the short-lived particles like

� are allowed to proceed independently of the Bose-Einstein e�ect. The BEC

simulation algorithm is applied to the �nal state particles, for which the four-

momenta di�erence Q
i;j

is being calculated for each pair of identical bosons

i; j. A shifted smaller Q0

i;j
is then to be found, such that the ratio C2(Q) of

\shifted" to the original Q distribution is given by the requested parameteri-

zation (Gaussian or exponential). In our case, the Gaussian parameterization

identical to the form (2) was used :

C2(Q) = 1 + �e
�R

2

inp
Q
2

; (6)

where � and R
inp

are input parameters of the model. The input value of � is

often set to 1, as it was done in this analysis too. Values of R
inp

usually are

chosen to �t experimental results.

Further, under assumption of a spherical phase space, Q0 is the solution



of the equation :

Qi;jZ

0

Q
2
dQp

Q2 + 4m2
=

Q

0
i;jZ

0

C2(Q)
Q
2
dQp

Q2 + 4m2
: (7)

After applying corresponding four-momentum shift to each pair of con-

sidered bosons, all particle momenta are re-weighted to satisfy the energy-

momentum conservation. This built-in JETSET algorithm works only in terms

of the invariant four-momenta di�erence Q, i.e., it does not distinguish be-

tween di�erent Q components. This is yet another ambiguous assumption of

the model. Also, it does not include particle correlations of higher orders.

Evidently, this algorithm is absolutely phenomenological and is not based

on any fundamental theory. It solely changes the �nal state particles momenta

in order to resemble presence of the Bose-Einstein correlations. Moreover,

presumption of the spherical shape for the phase space in Eq.(7) is correct

only for the case of very low Q (see the following discussion).

In spite of all the ambiguities, JETSET reproduces fairly well experimen-

tal data, such as shift of the � mass and observed Bose-Einstein correlations in

terms of Q. It is widely used to calculate acceptance corrections for detectors

and for various estimations, like the W mass shift mentioned in the Introduc-

tion. To our mind, this peculiarity is worth investigating, if not in order to get

better understanding of the BEC in
uence in experimental data, then at least

in order to establish limits of applicability of such a simulation model.

4 Analysis and discussion

One of the most puzzling inconsistencies in the JETSET simulation of BEC

is that the input shape of (6) can not be obtained with the same parameters

by �tting the resulting measured C2(Q) with formula (2) (see, for example,

article by Fia lkowski and Wit 5). This is mostly due to the improper phase

space approximation in Eq.(7). However, this approximation can still be valid

for certain input boson source size R
inp

. To �nd out whether it is true, we

studied C2(Q) for di�erent input values of R
inp

in formula (6).

Measured as the double-ratio (5) two-particle correlation function gener-

ated with di�erent input source size R
inp

was �tted by the form (2). The �

parameter always was reproduced at values close to 1, due to the high purity of

the sample. The output source size R, however, behaved di�erently, see Fig. 1

and the corresponding table. Preliminary DELPHI results measured in 1991-

1995 on all the charged particles are shown in the same table for comparison.
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Figure 1: Width R of the measured in JET-
SET generated events correlation function
C2(Q) as a function of the input source radii
Rinp. Line represents the expected depen-

dence.

Rinp; fm R;fm

0.002 0:640� 0:005
0.250 0:545� 0:006
0.500 0:663� 0:005
1.000 1:046� 0:010
2.000 1:990� 0:042

DELPHI 0:489� 0:010
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Figure 2: Components of the correlation width as a function of the input source radii Rinp :
a) Rk , R? and b) Rt;out, Rt;side, Rlong.

Rinp; fm R?; fm Rk; fm Rt;out; fm Rt;side; fm Rlong ; fm

0.002 0:472� 0:002 0:193� 0:001 0:562� 0:005 0:499� 0:004 0:193� 0:002

0.250 0:459� 0:003 0:266� 0:002 0:544� 0:004 0:511� 0:004 0:307� 0:003
0.500 0:616� 0:005 0:497� 0:005 0:637� 0:005 0:636� 0:005 0:549� 0:004
1.000 0:873� 0:015 1:013� 0:021 0:814� 0:011 0:940� 0:012 0:986� 0:013
2.000 1:530� 0:070 2:000� 0:090 1:291� 0:039 1:622� 0:051 1:835� 0:065

DELPHI 0:300� 0:040 0:640� 0:020 0:364� 0:009 0:173� 0:019 0:628� 0:008

It is clearly seen that the measured R does not depend on the input R
inp

when the latter is below � 0:6 fm. For the higher values of R
inp

JETSET

basically reproduces the demanded correlation function.

Knowing that JETSET does not distinguish between components of in-

variant momentum di�erence Q, we should expect similar behaviour of radius

parameters of two- and three-dimensional correlation functions. Parameteriza-

tion of these functions is performed in a form of a multi-dimensional Gaussians

(3) and (4) correspondingly.

As one can see from Fig. 2 and in the corresponding table, transverse

radii follow the same pattern as the R, while the longitudinal radius tends to



reproduce the input value of R
inp

.

All these results show that there is a certain mechanism in the model,

which imposes lower limit of around 0:6 fm onto measured R and its trans-

verse components, and almost does not a�ect the longitudinal radius. The

explanation of this phenomenon is illustrated at Fig. 3 for the one-dimensional

case. It shows evolution of the dN=dQ distribution with input source radius

R
inp

in comparison with the original non-correlated distribution. It is clearly

seen that the expected Bose-Einstein enhancement appears only to the left of

the non-correlated distribution peak, Q < 0:3GeV . Since the model conserves

multiplicity, and because the assumption of the spherical phase space in Eq.(7)

is valid only for this region of the linearly increasing dN=dQ, a depletion ap-

pears for Q > 0:3GeV , which results in a non-Gaussian output correlation

function.

Q , GeV
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Figure 3: Distribution of Q as a function of the input source radii Rinp. Shaded area shows

this distribution in absence of BEC.

Therefore, the position of the peak in the non-correlated dN=dQ distribu-

tion constitutes the limitation of the measured correlation width R and can be

interpreted as a new length scale. This conclusion is also valid for transverse

correlation radii (see Fig. 4). In the longitudinal direction, dN=dQk has less

rapid fallo� and peaks at a very small Qk value due to the LCMS properties,

and thus is virtually insensitive to the mentioned length scale.

As a result, one should state that the built-in JETSET model for simu-

lating BEC is fully applicable only for su�ciently big sizes of boson source :
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Figure 4: Two-dimensional distribution d2N=dQ? dQk in absence of BEC.

above 1 fm. At the same time, experimental data indicate that this size is

around 0:5 fm at the Z peak 9. This means that, at �rst, this kind of model

has no predictive power. At second, one should be very careful when using

JETSET with this model for calculation of detector corrections, because it

can not produce an adequate unfolding matrix.

It has to be mentioned that nowadays some other models for simulation of

BEC are being developed 10;11. They use direct implementation of the Bose-

Einstein interference into the string model, being theoretically accurate in this

sense. At the moment they take too much computing resources to be used

by high-energy physics experiments, but they do have predictive power. One

of the most interesting predictions is that the transverse component of the

boson source size, R?, must be signi�cantly smaller then the longitudinal one,

Rk. As one can see, it is being con�rmed by the preliminary DELPHI results,

but it is not the case for the present JETSET version. This must encourage

further works towards developing and implementing advanced models for the

BEC simulation in particle generators.
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Abstract

The study of the directional dependence of two-particle correlations in the hadronic decays of the Z 0 boson is performed
using the data collected by the DELPHI experiment in the 1992–1995 running periods. The comparison between the
transverse, R , and longitudinal, R , correlation radii confirms the string model prediction that the transverse correlationH I
length is smaller than the longitudinal one, with the measured values of R s0.53"0.08 fm and R s0.85"0.08 fm, forH I

0selected Z ™qq events. q 2000 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Detailed studies of the two-particle Bose-Einstein
Ž . 0 q ycorrelations BEC in Z hadronic decays in e e

annihilation allow the determination of the shape of
the source of bosons, which gives the possibility to
analyse the spatial and temporal characteristics of the
hadronisation region. These studies are of consider-
able interest mainly due to the recent predictions of
possible influence of BEC on the measured value of

q y w xthe W boson mass in e e annihilation 1,2 . Esti-
mates of the strength of this effect have been made

w xusing the Monte Carlo particle generator JETSET 3 ,
involving a simple algorithm for the two-particle
BEC simulation which uses a correlation function in
terms of the invariant four-momentum difference of
identical partons, Q. This algorithm is known to
reproduce well basic features of BEC in experimen-
tal data, like the shape of the correlation function in

w x 0 w xterms of Q 4 and the shift of the r mass 5 , but it
does not describe other related effects, like the higher

w xorder correlations 6 , neither it reproduces its own
w xinput parameters in a wide range 7 . More detailed

tests are necessary in order to establish the extent of
applicability of the mentioned algorithm and the
reliability of its predictions.

0In the two-jet hadronic decays Z ™qq, the com-
parison between the transverse and longitudinal radii

Žof the BEC with respect to the initial parton direc-
.tion of motion can test the string model prediction

w x8 that the transverse correlation length is consider-
ably smaller than the longitudinal one.

Until recently, studies of the identical-boson cor-
relations in eqey annihilation process at LEP ener-
gies have concentrated on the shape of the two-par-

w xticle correlation function in terms of Q 4 . At lower
energies, several collaborations have studied Bose-
Einstein correlations using two-dimensional distribu-

w xtions of components of Q 9 . Multidimensional
analyses of the BEC are now being made by the LEP
experiments as well. Studies performed by the L3
w x10 experiment and preliminary results by DELPHI
w x w x11 and OPAL 12 at LEP1 energies indicate that
the transverse size of the boson source in eqey

annihilation is smaller than the longitudinal one.
Here, the two-dimensional analysis of BEC in Z 0

hadronic decays is presented, using DELPHI data
collected in the 1992–1995 running periods. Two-
particle correlations are studied in terms of different
components of the four-momentum difference. Re-
sults are compared to those obtained from the analy-
sis of events generated by JETSET.

2. Correlation function definition

The correlation function, C , of two identical2
w xbosons is defined as 13

P p , pŽ .1 2
C p , p s , 1Ž . Ž .2 1 2 P p P pŽ . Ž .1 2

where p and p are the four-momenta of the two1 2
Ž .particles, P p , p is the two-particle probability1 2



( )P. Abreu et al.rPhysics Letters B 471 2000 460–470 465

Ž . Ž .density and P p and P p represent single-par-1 2

ticle probability densities. The invariant four-
momentum difference Q is defined as

2 2(Qs E yE y p yp , 2Ž . Ž . Ž .1 2 1 2

where p and p are the momenta of the two1 2

particles, and E , E are their energies. As long as1 2

bosons, which are subject to BEC, have similar
momenta, one would expect to observe an enhanced
production of pairs with low values of Q as com-
pared to the non-correlated case.

w xThe most commonly used 13 parametrization of
C is:2

C Q sn 1qleyR 2 Q 2
, 3Ž . Ž .Ž .2

where the parameter l is interpreted as the strength
of the correlation, and R as the size of the source of
bosons, or the correlation radius. n is the overall
normalisation.

Ž .In expression 3 , R corresponds to an average
over the spatial and temporal source dimensions. To
probe the actual shape of a boson source, Bose-Ein-
stein correlations must be studied in terms of the
various components of the three-momentum differ-
ence Qsp yp in a chosen coordinate system.1 2

For this purpose, the Longitudinal Centre-of-Mass
w x Ž .System 8,14 LCMS is often used. The LCMS is

defined for each pair of particles as the system in
which the sum of the two particles’ momenta is

Žperpendicular to a selected reference axis see Fig.
.1 . The reference axis has to be a physical axis of the

process: for example, in eqey annihilation it can be
the direction of a primary parton, or of the corre-
sponding jet. In this analysis, the thrust axis was

Ž .chosen as the reference see Section 4 . In such a
system, Q is decomposed into the following compo-
nents: Q , parallel to the thrust axis; Q ,long t,out

collinear with the sum of the two particles’ mo-
menta, and the complementary Q , perpendiculart,side

to both Q and Q . This system is convenientlong t,out

for calculations and interpretations. The projection of
the momentum sum of the two particles is non-zero
only in the ‘t,out’ direction. The spatial dimensions
of the source effect all components of Q. However
the energy difference and hence the temporal dimen-
sion of the source, couples only to the Q compo-t,out

nent. If the string model is considered, the longitudi-

Fig. 1. The Longitudinal Centre-of-Mass System is defined, for
each pair of particles, as the system in which the sum of the two
particles’ momenta is perpendicular to a selected reference axis.
The reference axis has to be a physical axis of the process.

nal direction of the LCMS has to be aligned with the
direction of motion of the initial partons, so that the
system itself will be the local rest frame of a string.

Ž .By analogy with Eq. 3 , the three-dimensional
correlation function in LCMS can be parametrized
as:

C Q ,Q ,QŽ .2 t ,out t ,side long

sn 1qleyQ 2
t ,out R 2

t ,outyQ 2
t ,side R 2

t ,sideyQ 2
long R 2

long . 4Ž .Ž .
In this analysis, the two-dimensional projection of

the LCMS is used, with longitudinal component
Q ' Q and perpendicular component QI long H

2 2(s Q qQ . The parametrization of C in thet ,out t ,side 2

two-dimensional case is chosen here as:

C Q ,Q sn 1qleyQ 2
H R 2

HyQ 2
I R 2

I . 5Ž . Ž .Ž .2 H I

3. Data selection

w xData collected by the DELPHI detector 15 in
'1992–1995 at centre-of-mass energies around s s

91.2 GeV were used.
Only charged particles in hadronic events were

w xconsidered in the analysis 15 . The tracks were
taken into account if their impact parameter was
below 1 cm in the transverse plane and below 5 cm

Žalong the beam axis to reduce contributions from
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.long-living resonance decays , the measured track
length was above 50 cm, the momentum p was in
the range of 0.1 GeVrc-p-50 GeVrc and the
polar angle between 258 and 1558. All particles were
assumed to be pions.

Hadronic events were selected by requiring that:
Ž .a they contained at least 5 charged particles with

Ž .momentum above 0.2 GeVrc; b the total energy of
Ž .all charged particles exceeded 15 GeV; c each

hemisphere with respect to the sphericity axis con-
tained a total energy of charged particles larger than

Ž .3 GeV; d the polar angle of the sphericity axis was
between 408 and 1408, so that the events are well
contained inside the TPC.

In this analysis two-jet events were selected in
order to compare the result with the theoretical pre-

w xdiction 8 . These events are also convenient because
the procedures of preparing the reference sample
Ž .see Section 4 and the definition of LCMS are
easier to apply and to understand in this case. Since
the thrust axis of the two-jet events is well aligned
with the direction of motion of the initial partons, its
direction can be selected as the physical axis of the
hadronization process, and the possible influence of
hard gluon radiation can be neglected. The two-jet

w xevent selection was done using the LUCLUS 3
Žclustering algorithm with parameter d s 8join

.GeVrc , requiring that the thrust value be more than
0.95, and, that the jet acollinearity shall not exceed
58. A total of about 810 000 events satisfied these
criteria.

To purify the reference sample and to reduce the
background, additional selection criteria were ap-
plied for each pair of particles. To stay away from
the two-particle phase-space limits, where kinematic
correlations are significant, a pair of tracks was
selected for the analysis, if both particles had mo-
menta below 5 GeVrc. To exclude the partially
overlapping tracks which can be poorly recon-
structed, the angle between tracks was required to
exceed 28. To reduce the correlations caused by the
local transverse momentum compensation, pairs were
rejected if the angle between tracks in a plane,
transverse to the thrust axis, was more than 1208. In
addition, to reduce the contribution from resonance
decays and to eliminate the region where the
Coulomb correction is substantial, pairs were re-
jected if their Q was less than 0.06 GeV.

4. Correlation function measurement

Ž .The measurement of the correlation function 1
in the two-dimensional LCMS requires accumulation
of the double-differential distributions d2N ""r
dQ dQ , where N "" is the number of like-signH I
pairs. All the data were corrected for detector effects.
Events generated with the JETSET 7.3 PS model with

w xDELPHI tuning 16 were used to estimate the accep-
tance corrections and to account for effects arising
from the limited detector resolution. The selected

w xevents were passed through the DELSIM 17 detec-
tor simulation and the same selection criteria were

Žused as for real data. Correction coefficients c QH
.,Q were calculated as the ratios of distributions atI

Ž .the generation level JETSET only to those at the
Ž .reconstruction level JETSET qDELSIM :

d2N ""ž /dQ dQH I gen
c Q ,Q s , 6Ž . Ž .H I 2 ""d Nž /dQ dQH I rec

where indices ‘gen’ and ‘rec’ refer to the generation
and reconstruction level respectively.

The two-particle correlation function definition in
Ž .Eq. 1 requires the knowledge of the product of the

Ž . Ž .single-particle probability densities, P p P p .1 2

Due to the phase space limitations, it is difficult to
construct this product. Therefore it is often replaced

Ž . Ž . Ž .by P p , p , which is equal to P p P p in a0 1 2 1 2

hypothetical case of no correlations. Technically this
means that one has to construct an artificial reference
sample of particles which are not subject to Bose-
Einstein correlations, but obey the same kinematics
as a regular event. Several techniques for obtaining a
reference sample can be considered, like using the
unlike-sign particle combinations, Monte Carlo simu-
lated events without the BEC effect, or the event-

w xmixing technique. It has been established 9 that the
latter is the most reliable method. To construct the
mixed reference sample, all events are rotated to a
new coordinate system, which has the z axis along
the thrust axis. The sample is then obtained by
combining a particle from one event randomly with a
like-charge particle from another.
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The mixed reference sample is prepared using the
same set of hadronic events as for the real data.
Within the applied selection criteria, the mixed sam-
ple does not contain BEC and satisfies most of the

w xbasic requirements for the reference sample 9 . It
has no additional dynamical correlations, like those
coming from the K 0 and r 0 decays in the case of
unlike-charge reference sample. Since only two-jet
events are used, and the detector corrections are
applied, the mixed sample contains the correlation
due to the jet structure of events. Correlations due to
energy-momentum conservation are also included,
since the pairs close to the phase-space limits are

Ž .removed see Section 3 . However, the mixing pro-
cedure does not conserve energy and momentum in
general, affects the normalisation, and destroys not
only the Bose-Einstein correlation but some other
kinds of correlations, like those coming from the
local transverse momentum compensation. Fig. 2
shows the effect of the mixing on the original Q
distributions in detector-corrected DELPHI data,
which contain physical BEC, and JETSET generated
events without BEC simulation. Enhancement with
respect to the reference distribution in the region of
Q-0.25 GeV is readily seen in data, manifesting
the presence of BEC. In the case of the BEC-free

Ž Ž ..Monte Carlo events Fig. 2 b , no such enhance-
ment can be observed, with the original and the
reference distributions being identical at small Q
values. This illustrates the reliability of the mixing
technique.

Ž .From Fig. 2 b one can see the unwanted feature
of the mixing procedure at Q)0.25 GeV: the refer-
ence sample distribution deviates from the original
one. This difference however is not essential for the
analysis, since the region of genuine two-particle

w xBEC lies below that value 4 . To correct for this
effect, the measured two-particle correlation function

Ž .C Q is calculated as the double-ratio:2

r Q ,QŽ .data H I
C Q ,Q s , 7Ž . Ž .2 H I r Q ,QŽ .noBE H I

where

d2N ""ž /dQ dQH I datar Q ,Q sŽ .data H I 2 ""d Nž /dQ dQH I data ,mix

and

d2N ""ž /dQ dQH I noBEr Q ,Q s . 8Ž . Ž .noBE H I 2 ""d Nž /dQ dQH I noBE ,mix

Ž 2 "" .Here d N rdQ dQ is the Q-distribution ofH I data

the pion pairs with the same charge in real data,
while the subscript ‘data, mix’ denotes the same
quantity but for pairs from the reference sample. The
indices ‘noBE’ and ‘noBE, mix’ refer to analogous

Ž .Fig. 2. Comparison of the original Q distributions of like-charge particle pairs, and the reference ones obtained by the mixing procedure: a
Ž . Ž .in DELPHI data data points are connected with lines for clarity and b in JETSET generated events without BEC. All distributions are

normalized by the total number of selected events, N.
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Ž . Ž . 0 Ž .Fig. 3. Two-dimensional correlation function, C Q ,Q a , as measured by DELPHI in hadronic decays of Z . Its transverse b and2 I H
Ž . Ž .longitudinal c slices at the peak are shown together with the fit to the Eq. 5 .

quantities in absence of BEC obtained from the
JETSET sample without BEC.

Ž 2 "" .The reference sample d N rdQ is cor-data,mix

rected for the detector effects using a correction
Ž .coefficient similar to 6 :

d2N ""ž /dQ dQH I gen ,mix
c Q ,Q s , 9Ž . Ž .mix H I 2 ""d Nž /dQ dQH I rec ,mix

where ‘mix’ denotes the mixed samples. The final,
corrected, correlation function is then evaluated from

Ž .Eq. 7 as:

r Q ,Q c Q ,QŽ . Ž .data H I H I
C Q ,Q s .Ž .2 H I r Q ,Q c Q ,QŽ . Ž .noBE H I mix H I

10Ž .

5. Results and discussion

Ž .The correlation function 10 as measured from
the DELPHI data is shown in Fig. 3. BEC manifest

Ž .themselves as the enhancement of C Q ,Q at2 H I
low values of the Q components.

The quantitative evaluation of the two-dimen-
sional correlation function parameters was made by

Ž .fitting the parametrization 5 to the measured corre-
Ž .lation function C Q ,Q . The fit has been per-2 H I

< <formed in the enhancement region of Q -0.8I
GeV and 0 GeV-Q -0.6 GeV. Variation of theH
fit parameters as a function of the selected fit region
contributes to the systematic uncertainty of the anal-
ysis. To estimate this contribution, the maximal value

< <of Q was varied in the range from 0.6 GeV to 1.1I
GeV, and the one of Q – from 0.6 GeV to 1 GeV.H
Other sources of systematic uncertainties were evalu-
ated varying the selection criteria. The biggest uncer-
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tainty comes from varying the minimal thrust value
requirement in the range between 0.93 and 0.97. The
total systematic error was evaluated by adding all the
contributions in quadrature.

The following values for the correlation radius
components were obtained:

R s0.53"0.02"0.07 fm ,H

R s0.85"0.02"0.07 fm , 11Ž .I

where the first error is statistical, and the second is
the systematic uncertainty. The correlation strength
is found to be ls0.261"0.007"0.010, and it is

Ž .slightly correlated about 30% with the radii. The
x 2 of the fit is 96 for 92 degrees of freedom. The
ratio of the transverse and longitudinal radii from Eq.
Ž .11 is R rR s0.62"0.10. This ratio can beH I
obtained as the result of a direct fit, using R rRH I
as a parameter, and R as the complementary one.I
The correlation between the radii proves to be small
Ž .around 10% , and the fit leads to the value of RI

Ž .identical with that of 11 , and for the ratio

R rR s0.62"0.02"0.05 . 12Ž .H I

The values obtained are in qualitative agreement
w xwith the theoretical prediction of 8 , according to

0which the longitudinal correlation length in Z ™qq
hadronic decay has to be larger than the transverse
one, if the string fragmentation model is used.

In the JETSET generator, BEC is simulated by
changing the final state particle momenta so that the

Ž . w xGaussian distribution of Eq. 3 is reproduced 3 .
The procedure is performed in terms of Q, not
resolving it into components, hence R and RH I
ought to be similar in the JETSET generated events.
Indeed, the two-dimensional fit to the correlation
function evaluated from the JETSET generated decays
of Z 0 gives a ratio of R rR between 0.9 and 1.1,H I
depending on the generator tuning. This is very

Ž .different from the ratio of 12 and reflects the fact
that the BEC implementation in JETSET is not appro-
priate for the multidimensional description of the
correlation.

An elongation of the pion source was also ob-
w x w xserved by the L3 10 and OPAL 12 collaborations

at LEP1. L3 collaboration used all the hadronic
events in the analysis, without applying additional
selection criteria neither for two-jet events, nor for
pairs of tracks. The contribution from the correla-

tions between particles produced in gluon jets and
possibly between the two strings is expected to lead
to a more spherical source shape and to a bigger
value of the ratio of the radii, close to unity. The
ratio measured by L3 R rR s0.81"0.02q0 .03

t,side long y0.19

is bigger then the R rR reported in this work,H I
which confirms these expectations. The OPAL Col-
laboration used the unlike-charge reference sample
in their analysis of two-jet events, obtaining the ratio
of radii R rR s0.77"0.02"0.07.H I

The measurement of the shape of the BEC pre-
sented here makes use of the LCMS system to obtain
a clear interpretation of the observed difference be-
tween transverse and longitudinal correlation radii.
Together with analogous measurements done by other
LEP experiments, it represents an improvement in
BEC studies compared to previous studies at lower

w xenergies 9 , which used the laboratory system. While,
the TASSO and MARK-II collaborations, barely
hinted at the possibility of the pion source in the
process eqey™hadrons being elliptical, this new
result provides clear evidence for the elongation of
the source. The results have implications for the
modelling of hadronic final states performed by event
generators.

6. Summary

Two-dimensional analysis of the Bose-Einstein
effect using the 1992–1995 DELPHI data confirms
the prediction that the longitudinal correlation length,

0R , in Z ™qq decay is bigger than the transverseI
one, R , if the bosons produced in the string frag-H
mentation are subject to Bose-Einstein correlations
during the hadronization process. The measured val-
ues are:

R s0.53"0.08 fm , R s0.85"0.08 fm .H I

The measured ratio of the radii components is
R rR s 0.62 " 0.06, which is consistent withH I

w xqualitative predictions 8 . These results cannot be
reproduced by the JETSET generator because this
generator includes only a simplified algorithm for
the BEC simulation, which does not distinguish be-
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tween the directional components of the correlation
radius.
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MULTIDIMENSIONAL ANALYSIS OF THE BOSE-EINSTEIN
CORRELATIONS AT DELPHI
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Sweden.
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The study of the directional dependence of two-particle correlations in the hadronic
decay of the Z0 boson is performed using the data collected by DELPHI experiment
in 1992-1995 running periods. The comparison between the transverse R⊥ and
longitudinal R‖ correlation radii confirms the string model prediction that the
transverse size of the boson source is considerably smaller that the longitudinal
one with the measured values R⊥ = 0.53 ± 0.04 fm and R‖ = 0.85 ± 0.04 fm.

1 Introduction

Detailed studies of the two-particle Bose-Einstein correlations (BEC) in Z0

hadronic decays allow analysis of the spatial and the temporal characteristics
of the hadronization region. Multidimensional analysis of the BEC is applied
presently by the LEP experiments. Studies performed by the L3 1 experiment
and preliminary results by DELPHI 2 and OPAL 3 confirms the string model
prediction that the transverse size of the boson source in e+e− annihilation is
smaller than the longitudinal one.

The Monte Carlo particle generator JETSET 4 includes a simplified al-
gorithm to simulate BEC using the correlation function in terms of invariant
four-momentum difference of particles, Q. This algorithm reproduces some
basic features of BEC well but, given the simplicity of it, more tests are nec-
essary in order to establish the reliability of its predictions.

Here, the two-particle correlation function is studied in terms of different
Q components, using 1992-1995 DELPHI data, at

√
s = 91.2 GeV.

2 Implementation issues, data selection

In high-energy physics experiments the BEC function is measured as the ratio
between the Q-distribution of the charged-like pairs in data and the same
distribution using a ”reference” sample which obeys the same kinematics as
the regular e+e− events but which is not subject to BEC:

C2(Q) =
(dN

dQ )data

(dN
dQ )ref

, (1)
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where N is the number of charged-like pairs.
There are several procedures to construct the reference sample. We have

chosen the “mixing” since it was established 5 as the most reliable method.
The reference sample was constructed using tracks from different events. Each
event was rotated to a new coordinate system which has the z axis along the
thrust axis and a number of rotated events were stored in a continuously
updated buffer. The reference sample was built picking up a random event
from the reference buffer and a random track from this event. The sample,
built by mixing particles from different events, satisfies several requirements
for a reference sample, but does not conserve energy and momentum and
destroys not only the Bose-Einstein correlations but some other correlations
as well. To correct for this effects we used the ratio:

FnoBE(Q) =
(dN

dQ )noBE

(dN
dQ )noBE,mix

; (2)

where the indices “noBE′′ and “noBE, mix′′ refer to analogous quantities
in the absence of BEC, the corresponding distributions being obtained using
JETSET model without BEC included.

We performed our analysis in the Longitudinal Center of Mass System,
(LCMS) 6, defined for each pair of particles as the system in which the sum
of the two-particles momenta is perpendicular to the selected reference axis.
For e+e− this can be chosen as the direction of the primary parton or the
corresponding jet, see fig. 1.

This system is particularly convenient for calculations since the energy
difference and the temporal dimension of the source couple only to the t, out
component (along the momenta sum). If the string model is considered, the
longitudinal direction of the LCMS has to be aligned with the direction of
the motion of the initial partons so that the system itself will be the rest
frame of the string. Selection of the two-jet events gives a clean sample to
test the string model. For two-dimensional studies, the components of Q are
defined as Q‖ = Qlong and Q⊥ =

√
Q2

t,out +Q2
t,side, where Qlong, Qt,side,

Qt,out are Q projections on the LCMS axes. We used for our analysis charged
tracks from hadronic events, selecting a sample of two-jet events requiring the
thrust T > 0.95, jet misalignment not more than 5◦ and using the LUCLUS
clustering algorithm. For a two-jet sample of events, the procedures for mixed
reference sample and LCMS are easier to apply since the thrust axis is well
aligned with the initial parton direction of the motion. We impose some
other cuts as: ptrack < 5 GeV, to eliminate the tracks that do not contribute
to BEC; angle between tracks > 2◦ (detector resolution); angle between tracks
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Figure 1. The LCMS

in the transverse plane > 120◦, to reduce the contribution from the transverse
momentum compensation; Q > 0.06 GeV to eliminate the region where the
Coulomb correction is big.

To estimate the acceptance correction and to account for the effects given
by the detector resolution, we used JETSET generated events with DELPHI
tuning 7 and detector simulation (DELSIM) 8, the same selection as for data
being applied. The correction factors,F (Q) and Fmix(Q), were calculated as:

F (Q) =
(dN

dQ )gen

(dN
dQ )rec

; Fmix(Q) =
(dN

dQ )gen,mix

(dN
dQ )rec,mix

; (3)

where indices gen and rec refer to the generation (JETSET only) and re-
construction (JETSET +DELSIM) levels. Similar correction coefficients are
calculated for the two- and three-dimensional distributions respectively.

3 Study of the two-dimensional correlation function

The quantitative evaluation of the two-dimensional correlation function pa-
rameters was done by fitting the parameterization:

C2(Q⊥, Q‖) = N(1 + λe−Q2
⊥R2

⊥−Q2
‖R2

‖) (4)

to the measured correlation function obtained using the above method. The
fit was performed in the enhancement region see fig 2, |Q‖| < 0.8 GeV and
0 < Q⊥ < 0.6 GeV and the variation of the fit region was used to estimate the
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Figure 2. Two-dimensional correlation function and its projection at the peak.

systematic uncertainty of the analysis. The following values for the correlation
radius components were obtained:

R⊥ = 0.53± 0.02± 0.03 fm

R‖ = 0.85± 0.02± 0.03 fm
(5)

here the first error is statistical and the second is the estimated systematic
uncertainty. We got for the ratio of the transverse and longitudinal radius
components the value:

R⊥/R‖ = 0.62± 0.02± 0.04 (6)

The obtained values are in qualitative agreement with the theoretical pre-
diction 9 according with which the longitudinal size of the boson source, Z0,
must be considerably bigger than the transverse one if the string fragmenta-
tion model is used.
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The preliminary result reported by OPAL 3, using an unlike-
charge reference sample, is also confirming a source elongation with
R⊥/R‖ = 0.769± 0.014± 0.012. The ratio decreases when OPAL uses
“mixed” sample R⊥/R‖ = 0.709 ± 0.05 for the analysis or when the two-jet
sample is more clean. L3 1 collaboration obtained R⊥/R‖ = 0.81± 0.02+0.03

−0.19

where no selection of two-jet events was performed. The contribution from the
correlation between the particles produced in gluon jets and possibly between
two strings, leads to a more symmetric source shape and to a bigger value
of the ratio of the radii. L3 analysis was performed in the three-dimensional
case.

BEC in JETSET is simulated by changing final state particle momenta
so that the Gaussian BEC function is reproduced. Since the procedure is
written in terms of Q-invariant, R‖ and R⊥ must have similar values. In-
deed, the two-dimensional fit to the correlation function evaluated from the
JETSET generated decays of Z0 give a ratio of R⊥/R‖ between 0.9 and 1.1.
reflecting the fact that BEC implementation in JETSET is not proper for
multidimensional studies.

4 Further directions, preliminary results

Three-dimensional DELPHI analysis of 1992-1995 data (preliminary) was
performed by fitting the correspondent correlation function to the parameter-
ization:

C2(Qt,out, Qt,side, Qlong) = N(1 + λe−Q2
t,outR2

t,out−Q2
t,sideR2

t,side−Q2
longR2

long)
(7)

We obtained:

Rt,out = 0.594± 0.007 fm

Rt,side = 0.469± 0.006 fm

Rlong = 0.816± 0.008 fm

(8)

As we were expecting, since the temporal “size” of the source contributes only
to Rt,out, Rt,side radius is smaller. The source is even more elongated if we
take in to account just the “true” transverse size, Rt,side, as you can see from
the ratios:

Rt,out

Rlong
= 0.73± 0.01

Rt,side

Rlong
= 0.58± 0.01

(9)
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Further studies will be performed to estimate the systematic uncertainty of
these results and to investigate the dependence of the BEC function parame-
ters on the transverse mass of the pairs.

5 Conclusion

Two-dimensional analysis of BEC, using 1992-1995 DELPHI data confirms
the prediction that the longitudinal size of the boson source in Z0 decay has
to be bigger than the transverse one.

R⊥ = 0.53± 0.04 fm, R‖ = 0.85± 0.04 fm

R⊥/R‖ = 0.62± 0.04
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