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Abstract

In this thesis a fast and accurate method for the calculations of the energy loss spectrum is
presented. The algorithm, which is based on the Laplace transfonn method, differs from ear-
lier approaches in that it makes use of Fast Fourier Transfonn routines instead of numerical
integration or series expansion.

We present also a new type of jet classification, based on Artificial Neural Network tech-
nique. The classification is proved to be insensitive to the jet energy, i.e. it exploits only the
fragmentation differences between quarks and gluons. We apply this method in a measurement
of the triple-gluon vertex in four-jet events at LEP.
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Foreword

This report summarizes my more than four years long participation in the DELPHI collabora-
tion. Evidently only the successes are accounted for; the large number of side-tracks and novice
mistakes committed are omitted, as they usually have interest to nobody but possibly myself.
The search for anomalous charged particles presented in section 1.5 serves as an exception. My
part in that uncomplete analysis is limited to the writing and tuning of the tagging code and
accordingly that section should be regarded as a contribution to the DELPHI software rather
than a physics study. During the tests of the TPC in 1988 to 19891 took on a small part, mainly
writing software for testing the shapers, which I choose not to recount. This is partly because
a description of the various FASTBUS routines, addressing modes, registers etc. would be very
tedious for the reader.

The present thesis is based on five articles (or rather two articles, one conference contribution
and two internal DELPHI notes) [16, 23, 24, 25], which are enclosed in the appendices A to E.
The first paper [3] describes the DELPHI TPC, in which collaboration I have been a member
since 1987. The other four papers have I been personally responsible for. Chapter 2 concerns
a method for the calculation of ionization energy loss, which is presented in the article [16]
(appendix B). The DELPHI notes [24, 25] (appendices C, D), which describe a method for
identifying the parton origin of a hadronic jet, are reviewed in the section 3.2. Finally the
addendum [23] (appendix E) to a DELPHI measurement of the triple-gluon coupling presented
as a contribution at the 1992 Dallas conference [22] is discussed in section 3.3.2 and 3.3.3.

Throughout the text there are not many indications on what exactly I have done and what
have been done by others. This is in particular true for the last chapter. Whenever appropriate
I have tried to point out my own part by making citations to the five papers mentioned above.
However, trying to do this consequently would greatly disturb the text and for that reason I
wish here to make some clarifications. Since 19871 have been connected to the TPC subdetector
group of DELPHI where my main contribution is the software for the calculation of ionization
energy loss. My code is used in the particle identification but I am not responsible for that
part, although I have of course been working in close collaboration with the people concerned.
Further, though less important, I have prepared the simulation code for the upgrade to faster
wire electronics and been involved in the writing of the corresponding reconstruction code. As
already mentioned I have written the tagging code for the search of anomalous charged particles.
However, the tagging criterias were of course set up in collaboration with the physics team. For
the four-jet analysis presented in the last chapter my contribution was the application of a new
method for the identification of the jets. The method itself of measuring NC/CF and TR/Cp
was not mine and had, in fact, already been practiced in DELPHI. Hera again, I have of course
been working in close collaboration with the people in concern.
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Chapter 1

Apparatus

DELPHI, a DEtector with Lepton, Photon and Hadron Identification, is one of the four ex-
periments operating at LEP, the Large Electron Positron collider. This chapter is intended as
a brief introduction to LEP and the subdetectors of DELPHI that are relevant for the analysis
in the coming sections. Emphasis is put on describing the TPC, Time Projection Chamber,
the principal tracking device of DELPHI, since it is important for the verification of the ion-
ization energy loss calculations in chapter 2. The online data acquisition together with the
offline reconstruction software are discussed and in particular an interactive implementation of
data unpacking and analysis is proposed. Finally, as an example on offline data processing, the
tagging code for anomalous charged particles, e.g. free quarks, is described.

1.1 LEP, Large Electron Positron collider

LEP, an e+e~ collider ring with 27 kilometer circumference, was constructed in the years 1982 to
1989. It is resident in an underground tunnel outside Geneva at the border between Switzerland
and France. The machine was ready for physics in the summer 1989 and the pilot run took place
with start the 14th of August the same year.

After an acceleration phase in the PS and SPS the projectiles, the electrons and positrons,
are injected into LEP as four bunches of about 1011 particles each. In LEP the particles are
accelerated further from an energy of 20 GeV up to about 46 GeV where they are kept for several
hours. The bunches can be imagined as thin ribbons with 300 /zm width, 12 /im thickness and
1.5 cm length. The energy loss, due to synchrotron radiation, of about 120 MeV per completed
turn at 46 GeV, is compensated for in acceleration cavities situated at two straight sections of
LEP.

LEP was designed to profit from the increase in the e+e~ annihilation cross section due to
the presence of the electro-weak gauge boson, Z°, resonance (<r ~ 40 nb at y/s = 92 GeV). In a
second stage of operation, foreseen to the middle of the 1990's, the LEP machine will reach an
energy of about 200 GeV, thus being able to benefit from the W+W~ production resonance.

The nominal luminosity of 1.6 • l03lcm~2s~l, corresponding to 3 millions Z°s per detector
and year of 1500 hours running, has not been reached during the first 3 years of operation. The
number of detected Z° events in DELPHI during 1989, 1990 and 1991 were about 104, 1.3 • 105

and 3.8 • 105 respectively.
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Figure 1.1: Perspective view of the DELPHI detector. l=Micro-vertex Detector. 2=Inner De-
tector. 3=Time Projection Chamber. 4=Barrel Ring Imaging Cherenkov Counter. 5=0uter
Detector. 6=High density Projection Chamber. 7=Superconducting Solenoid. 8—time of
Flight Counters. 9=Hadron calorimeter. 10=Barrel Muon chambers. ll=Forward Chamber A.
12=Small Angle taggtr. 13=Forward Ring Imaging Cherenkov Counter. 14=Forward Cham-
ber B. 15=Forward Electromagnetic calorimeter. 16=Forward Muon Chambers. 17=Forward
Scintillator Hodoscope.

1.2 DELPHI
The DELPHI detector is depicted in Figure 1.1 In this section, the subdetectors for tracking of
charged particles, ED, TPC and OD and the electromagnetic calorimeters HPC and FEMC will
be described. For a more thorough treatment of all the submodules in DELPHI refer to [1] and
the references given therein.

1.2.1 The Inner Detec tor , ID

The ID [2] is the innermost multiwire detector around the beampipe. With the inner and outer
radii of 116 and 280 mm respectively, and a length along the beampipe of \z\ < 50 cm it covers
an angular region 17° < 0 < 163°. The detector consists of two concentric layers:

• a jet type chamber to measure accurately the trajectory of the outgoing particles in the
plane perpendicular to the primary beams
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active length
radius

volume
gas

electric field

2 x 134 cm
32.5 - 116 cm

~ 1 4 m s

80% argon +20% CK, at 1 atm.
150 V/cm

Table 1.1: Main characteristics of the DELPHI TPC.

• five layers of proportional chambers which measure the coordinate along the beam direction
via cathode strip readout.

The jet-chamber has 24 azimuthal sectors with 24 sens wires each, giving the ^^-coordinates
of the track. The gas and operating point where chosen to produce a drift velocity proportional
to the total drift distance to facilitate fast triggering; a time window of ~ 100 ns determines
the position and straightness to better than 1-2 mm for a radial track coming from the origin.
Provided a transverse momentum of more than 1.5 GeV/c the track bending and displacement
can be neglected in the 10 cm of track segment seen by the jet chamber.

The five cylindrical MWPC layers, 8 nun deep, have each 192 wires and 192 circular cathode
strips. The sens wires are spaced about 8 " " " apart and interleaved with field wires. They
provide fast trigger information and resolve left /right ambiguities from the jet section.

The resolution has been measured with cosmic ray and beam tests: single point resolution
am = 90/un in the jet-chamber and az < 1 mm for the outer layers. The trigger efficiency for
the jet-chamber is above 90% for jet events. The outer layers give > 95% trigger efficiency for
single tracks.

1.2.2 The Time Projection Chamber, TPC

The TPC [3] is the central tracking device of the DELPHI experiment. It was primary designed
for good tracking purpose, whereas for the particle identification DELPHI contains a dedicated
detector, the Ring Image CHerenkov (RICH) counter. However, a limited particle identification
by dE/dx, in particular e/ir separation below 8 GeV, was still foreseen. The main characteristics
of the TPC are listed in Table 1.1.

The detector consists essentially of two large drift volumes, separated by the central drift
anode, and the two end-caps. The central anode is set to -20 kV and the drift field is degraded
by a chain of 333 high precision 4 Mft resistors connected to Cu strips on the inner and outer
field cages. With a nominal drift field of 150 V/cm, the drift velocity is vD = 66.94 ± 0.07 mm//is
at T=22°C and the maximum drift time ~ 20 /is.

The circular end-caps are subdivided in 2 x 6 sectors equipped with multiwire proportional
chambers, MWPC's. Each chamber contains three wire planes: a gate grid, a cathode wire
plane and a sense + field wire plane. The base plate is coated with 70 fim copper on which are
engraved 16 circular rows of capacitive pads. A schematic view of a segment of the end-plate is
shown in Figure 1.2.

The cathode wire plane, which is connected to ground (0 V) voltage, defines the border
between the drift volume and the proportional gap. The wires have 75 /im diameter and the
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Figure 1.2: A segment of the end-plate showing the wire plane arrangement and the cathode
pads.

spacing is 1 mm.
The sense wire plane with 192 wires spaced 4 mm, constitute the anode of the proportional

chamber. The thin sens wires, 0= 20 /im, are set to a high voltage of 1385 V (1435 V from March
1991) so that the ionization electrons coming from the drift volume will induce an avalanche
which is proportional to the primary ionization. The amplification factor is about 20000. To
eliminate mutual electrostatic influence between neighbouring sens wires, they are interspersed
with field wires which hold a potential of 60 V. Thus, each sens wire can be regarded as an
independent proportional cell which is important for the measurement of ionization energy loss,
dE/dx, see Chapter 2.

The positive ions, mainly CH4, created in the avalanche, drift slowly (0.34 cm/ms) towards
the central anode. At high event rate an accumulated free positive charge in the drift volume
may cause serious distorsions to the drift field, which is the reason for the gating grid. The
gating grid, situated 6 mm out from the cathode wire plane, consists of 1 mm spaced wires.
In dynamic mode the gate is closed by applying a potential of ±150 V to consecutive wires.
The electric field induced between each wire pair will capture both the entering electrons and
exiting ions. During 3 fis after each beam crossing the gate is opened by setting all wires to
-150 V which allows electron transparency for a first level trigger decision. In case of a positive
response the gate is kept open during the full drift time (22 ^s) of the electrons, else it is closed
immediately.

With the low luminosities in 1989 and 1990 the gating grid was not needed and consequently
kept off. In 1991 it was put in a static mode with an fixed semi-transparent field induced by
biasing consecutive wires to -150 V ±20 V. This permitted a capture of positive ions without
distorting the drift field lines too much. On the other hand a small part of the electrons was
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also captured, which slightly affected the dE/dx resolution.

The chamber electronics provides the analog information from the in total 22 464 channels
of the TPC (12 x 1680 pads and 12 x 192 wires). Directly mounted on the end-plate backplane
are low noise hybridized MOSFET preamplifiers. The amplified signals are feed through 30 m of
twisted pair cables (18 pairs per cable) to the TPC control room. The pulses acquire Gaussian
shape through a two-stage active filter amplifier, the shaper, mounted in one slot wide FASTBUS
modules of 32 channels each. The shaping procedure, which retains the integrated amplitude,
is important for good charge measurement. The final analog pulses have about 180 ns width.
Sampling and digitization of the shaped pulses are accomplished by 8-bit Flash Analog to Digital
Converters (FADC) running at 13.5 MHz. The response function of the FADC has broken
characteristics: 6 mV steps up to the breaking point at channel 191 and 29.7 mV from 192 to
255. The three slots wide digitizer contains 48 daughterboards of two FADC's each. The same
FASTBUS unit houses a zero suppression (ZS) card; only time clusters with at least two adjacent
signals, that are bigger than a defined threshold, are recorded. At t he.current working frequence
both pad and wire signals are sampled with a pixel time of 73.82 ns but, in order to improve the
two-track separation, an upgrade to three times the frequence of the wire digitization is foreseen.

The remaining part of the data acquisition system, common to all the submodules in DEL-
PHI, will be described in section 1.3.

With the delayed installation of the RICH extensive efforts have been made to improve the
particle identification capabilities of the TPC. For argon at atmospheric pressure and > 4 mm
sampling one can expect a dE/dx resolution: <r(dE/dx) ~ 5.5% [4]. This is to be compared
to the 3.65% of the Berkeley TPC [5] which had the same sampling but 8.5 atm. pressure.
After correction of numerous effects, e.g. track angle, drift distance, track separation, sector
edge effects etc. the resolution is 6.2% for minimum ionizing particles and 5.7% for electrons.
The e/ir separation works efficiently up to 5 GeV/c momentum. Truncated mean (80% of the
lowest amplitudes are kept) is used as estimator though attempts have been made to use the
Kolmogorov distance between the measured ionization spectrum and the calculated distributions
of chapter 2, for the mass hypotheses e, /x, TT, K and p. Those latter attempts have so far failed
partly due to structures occuring in the calculated Landau spectra for small values on xP
(sample-length x pressure) which cannot be seen in data, see chapter 2.

The space point determination is done assuming Gaussian shape of the signals over adjacent
pads. For tracks with PT greater than 1.5 GeV/c the average resolution is found to be 230 /xm
in R$ and 900 /xm in z.

1.2.3 The Outer Detector , OD

The outermost tracking detector [6] in the barrel is situated in the radial region 1.97 to 2.08 m
from the beampipe. It consists of 3480 individual drift tubes arranged in 24 modules of five
staggered layers each, mounted on the B-RICH (Barrel Ring Image CHerenkov detector). An
overlap between adjacent modules ensures full azimuthal coverage. The drift tubes have an
active length of 4.5 m and a square cross section with the inner dimension 1.65 x 1.65 cm2 and
they are operating in limited streamer mode. In addition to the R$ information given by all the
layers, three of them also provides a fast z measurement by relative timing of signals from both
ends. Thus, the OD is essential to provide fast trigger information in both Ä§ and z.

The measured resolution OR* = 110 /xm and at = 4.4 cm is a significant improvement trom
the original specification of <rRi = 300 /xm and trt = 7 cm.
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Figure 1.3: Details of a module in the High density Projection Chamber (HPC).

1.2.4 The High-density Projection Chamber, HPC

Combining the time-projection principle with calorimetry enables good energy resolution to-
gether with a complete representation of the energy flow. The DELPHI HPC [7] is one of the
first large scale applications of this idea. The detector consists of 144 modules arranged as
24 sectors in azimuth of 6 modules each along z. The module, Figure 1.3, is separated in a
converter /drift part and a proportional wire chamber. The converter walls are made of thin
trapezoidal lead wires glued onto both sides of a flat fiberglass epoxy substrate. The 8 mm
spacings between the lead walls constitute the drift chambers, 40 in one module. The drift field
is provided by a voltage gradient between neighbouring lead wires in the converter wall. The
primary ionization from the showers drift along those narrow sampling slots to the proportional
wire chamber. The radial and azimuthal coordinates are sampled by pad readout of the pro-
portional chamber; nine-fold radial and 1° azimuthal sampling. A 4 mm granularity of the drift
coordinate z is obtained by 15 MHz 8-bit FADC's with bilinear conversion characteristics.

A study [8] has shown that for the 1990 data the energy resolution of the HPC was given
by aE/E = 25.Z%/y/E + 7% (E in GeV) where the second term is due to energy loss in the
material before the HPC, leakage, gas saturation, calibration fluctuations, instabilities etc. An
ageing of the readout chambers of the HPC has been observed as a degradation of the response
which is proportional to the gas gain. As a consequence it was decided in 1991 to lower the
readout voltage from 1300 V to 1200 V. After this change the data show better stabiLiy and no
further corrections to chamber response were needed [9].

1.2.5 The Forward Electromagnetic Calorimeter, FEMC

The FEMC [10] is a lead glass calorimeter with vacuum phototriode readout. A total of 9064
lead glass blocks in form of truncated pyramids are mounted in a "quasi-pointing" arrangement
on two 5 m diameter disks. The detector covers the angular regions 10° < 0 < 36.5° and
143.5° < 0 < 170°.

The front face dimension ~ 5 x 5 cm3 of the lead glass blocks corresponds to an angular
resolution of about 1° x 1°. The counters are 20 radiation lengths deep. The quasi-pointing
geometry ensures that electrons and photons cannot remain undetected due to passing through
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passive material between the counters.

At LEP the energy resolution for Bhabhas at 45 GeV has been measured to be 6%, using
calibration constants from test beam results. By using part of the data to correct the calibration
constants the energy resolution improved to 4%.

1.3 The Data Acquisition System, DAS

The DELPHI DAS is a well denned hierarchy of 6 - 7 (depending on the subdetector) levels
of data merging and processing; from the readout of the Front End Buffers of the individual
FASTBUS modules up to data monitoring and logging onto mass storage in the Data Acquisition
host computer. At all levels both the hardware and software elements are highly standardized.
An extensive treatment of the system may be found in [11], here follows a less detailed summary,

1.3.1 Hardware

The basic processor unit in the readout system is a specially designed Fastbus Intersegment
Processor, FEP. It is a two slots wide FASTBUS module containing a Motorola 68020 processor,
1.5 Mbytes of dynamic RAM and 256 kbytes static RAM. As from 1991 the FIP is equipped with
Ethemet-Cheapemet port allowing remote login for software development and maintenance. The
operating system, OS9, the communication packages and some development tools are stored in
1 Mbyte of EPROMs. DELPHI uses about 70 FLPs.

From the FASTBUS level and onwards the online cluster comprises thirteen /xVAX-II com-
puters and one of each VAX 8700, VAX 4000 and /JVAX 3500. In addition there is a growing
number of VAXstation 3100 for interactive activities of the individual detector groups. The local
area VAX clusters are running the VMS operating system. The data are collected from FAST-
BUS and entered into the /xVAXes or the central VAX 8700 by a CERN FASTBUS Interface
(CFI) or a CERN Host Interface (CHI).

1.3.2 Software

The Data Acquisition software is organized around a newly developed CERN written concept
called Model [12], which consists of several packages each dedicated for a specific task in a large
data acquisition system, e.g. buffer handling, error logging and reporting, human interface. The
control of the individual partitions and the central run control of the experiment are managed
by the State Managers [13] which run as independent processes. In its context the individual
components of the system, e.g. the CFI servers and the readout supervisors, are represented by
abstract final state machines called objects. A special language, the State Manager language, and
an associated compiler have been developed for specifying the interaction between the various
objects in a State Manager domain.

1.3.3 Da ta readout and flow

Due to obvious differences in measurement tasks the subdetectors need to use their own hardware
up to a certain level, e.g. for the shaping and digitization of the analog signals of the TPC
described in 1.2.2. The output from the digitization modules of each detector is put into the
Front End Buffers (FEB)1. From this point the DAS hardware is completely standardized.

'In some cases, for the detector with a large number of channels, a second level of buffering has been added
called Board Event Buffer (BEB).
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The Front End Buffers are read out by the Crate Processors (CP). The CP communicates

with the trigger control system in order to coordinate the readout with the LEP beam crossing.
It performs data formatting and some first processing, e.g. pedestal subtraction.

The Crate Processors are driven and supervised by the Local Event Supervisor (LES). The
LES receives the data from the CPs, merges it and performs a first formatting and linking
of the data to its final (ZEBRA-) structure. A decision is taken, according to user defined
criteria, whether the event is worth further processing. The subdetectors, or partitions in the
DAS formalism, run one LES each with a few exceptions e.g. the TPC which consists of two
partitions and thus runs two LESs.

The Global Event Supervisor (GES) controls the LESs. It makes a fast transfer of the data
from the LESs to its own buffer. The GES performs the final formatting of the diua, which
now is ready for logging onto mass storage by the main data acquisition host computer, the
VAX 8700.

Both the Crate Processors and the Local Event Supervisors run in FASTBUS Intersegment
Processors, see 1.3.1, and in some cases they share the same processor. Also the Global Event
Supervisor is running on a FEP.

In 1990 the trigger rate was of the order a few Hz with an average event size of about
50 kbytes and a peak size around 200 kbytes.

1.4 Offline Reconstruction and Simulation Software

As. DELPHI is a quite complicated detector containing 16 different subdetectors which are
dynamically improving for better performance, one cannot expect the offline software to be
perfectly structured and fully comprehensible. Many people are involved; each subdetector
group provides its own simulation an J reconstruction code, the physics teams write their specific
tagging code for the production of the Data Summary Tapes (DST). In addition there are a large
number of utility packages and stand alone programs. Unavoidably the continuos development
together with the necessity of backward compatibility render a top-down programming style
in particular for the subdetector dependent code. Non-experts entering into, for instance, the
TPC ANAlysis package, TPCANA, may have problems finding their way out again. In contrast
more or less static code like the steering skeletons of the standard DELPHI simulation and
reconstruction programs DELSIM and DELANA or the Track ANAlysis and GRAphical package
(TANAGRA) are very well organized and understandable. Those three will be described in the
following sections. An example on how the analysis of DELPHI data can be combined with the
powerful and very flexible CERN written program PAW (Physics Analysis Workstation) is given
in the last subsection.

1.4.1 The DELPHI simulation program, DELSIM

Contrary to the other LEP experiments, the DELPHI collaboration decided not to use the
GEANT simulation package but rather to develop its own simulation program, DELSIM [14].
The program consists of four main parts: the event generation, the detector description, the
detector simulation and the output routines. DELSIM is controlled by a large number of run
control cards specified by the user in a special control card file, which is read at initialization.

The event generation, being the physics part of the program, is maintained by a number
of built in standard e+e" generators. In addition there exist a single particle generator and
a facility to interface user supplied generators. The particular generator and decay channel
of interest are selected by run control cards. For each generated event DELSIM calls an user
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routine for a decision whether to reject the event or pass it to the time consuming detector
simulation.

The detector simulation is essentially the tracking of each generated particle through the
various materials in the detector. A number of secondary processes need to be simulated:
delta rays, bremsstrahlung, pair production, Compton scattering, decays, nuclear interactions,
positron annihilation and photoelectric effect. Particles produced in secondary processes are
followed in the same way as the generated particles. For hadronic showers DELPHI recently
adapted to the GEISHA simulation program. The detector description (geometry and calibration
constants) is kept on a structured data base which is continuously updated according to the
actual detector conditions. Since the data base contains the full history of the detector, the user
may freely select (through run control cards) the date and time in the past to be simulated.

In the full simulation of individual detector modules, space points or showers are determined
and converted to final electronic channel pulse heights with realistic noise and background signals
added. Each subdetector group prepares its own simulation code which DELS1M refers to
through five entry points:

• The beginning of the program execution, e.g. initialization of detector constants, histogram
booking.

• Preparation for new event, e.g. reserve temporary buffers to hold the track information.

• Full simulation for every track entering the module. Simulate electronic response, add
noue and background.

• End processing of the event, e.g. save simulated tracks to raw data file.

• End of execution. Print out statistics etc.

The output of DELSIM contains exactly the same raw data structure as the real data from
the detector. Optionally one may also choose to output the particle vectors so that later the
reconstruction of the raw data can be compared with the "truth".

1.4.2 The DELPHI reconstruction program, DELANA

DELANA [14] is by far the largest DELPHI offline program. Currently the executable image
occupies about 21 Mbytes of disk space on the CERN central VAX cluster. It takes as input the
raw data from the detector or DELSIM (see section 1.4.1) and performs a full reconstruction
of the events. The output normally does not need any further processing before being used in
physics analysis.

A schematic program flow chart is shown in Figure 1.4. At start of run the memory resident
data storages are initialized, I/O and data base files are opened. The Track ANAlysis and
Graphics package, TANAGRA [14], provides a well denned data structure for storing track and
vertex information. Since the main event loop essentially reflects the structure of TANAGRA
they will both be described in the syntax of the latter.

The standard DELPHI I/O package, UX, reads into the memory the raw data of a new
event. The subdetector modules compare the event date and time with those of the current
data base information and, if necessary, access the data base for retrieval of updated detector
constants. Then the raw data is calibrated and entered into the TANAGRA Detector data
(TD) banks, which are input to the local track search. The subdetector modules (not all modules
are involved) perform a pattern recognition among their TD information and put the resulting
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Figure 1.4: The processing stages of DELANA.
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Track Elements in TANAGRA (TE) banks. Observe that this process is strictly local; the
subdetector modules do not access the information of the others.

A global track search combines the TE informations from the different detector components
into candidate Track Strings (TS). The full track fit solves the ambiguities and contradictions
allowed at the TS level. The resulting tracks (TANAGRA TK banks), extrapolated through
the detector, give the impact points and track parameters at the entry of each subdetector as
input to the second stage processing. A new local pattern recognition starts for the tracking
chambers, using the TK information from the first level track fit. If the detector module finds
a new track element which belongs to an extrapolated track, this track is rebuilt and refitted.
All newly found tracks are added to the TE banks.

A vertex search Bundles the tracks into TANAGRA TB banks that are used by the global
vertex fit to build Vertex (TV) banks. The TV banks completes the TANAGRA hierarchy of
total six levels: TD, TE, TS, TK, TB and TV. Links between the different levels assure a full
recovery of the tracking; for a given TV one can always go back in the hierarchy and find out
which TDs it is made of and vice versa.

A special package, which may as well run in stand alone, builds up the Data Summary Tapes
(DSTs) that contains only the data which is normally relevant for the physicists, e.g. particle
vectors, some calorimetry information etc. The different physics teams (Z° line shape, particle
searches etc.) provide code to analyse the event; if certain criterias on for instance the event
topology, are fulfilled a special team flag is set in the event header to facilitate future analysis.

Finally the event is written to the output medium (disk or tape). Normally only the DST
is written. The Master DST (MDST), containing raw+TANAGRA+DST data, is usually only
written for low multiplicity events like leptonic candidates and for selected two prongs for align-
ment and calibration purposes.

In 1989 the DST data fitted into three 200 Mbyte IBM 3480 cassettes, in 1990 and 1991 the
number of cassettes were 38 and 146 respectively.

1.4.3 Interact ive da ta analysis

The Physics Analysis Workstation, PAW [15], is a CERN written system for interactive analysis
and presentation of data. It runs as a command driven stand alone program, where each
command is associated to a procedure entry point via a special Command Definition File at
creation time. Thus, it is a simple task to add new commands for specific applications such
as the reading and analysis of DELPHI data. Intrinsically PAW already contains a concept for
DST data analysis called Ntuple, which is basically a two dimensional array where one entry
corresponds to a specific event and the other to the data of that event, e.g. run/event number,
total multiplicity and energy, the 4-momentum of all particles, etc. A Ntuple can be regarded as
a micro-DST. There are two problems with this concept: firstly in order to be accessable from
PAW the Ntuple needs to be stored on a direct access file, which is limited by the available disk
space and working quotas. Secondly, it is difficult to logically structure the data on the Ntuple,
e.g. it would be preferable to have links between the particles belonging to the same vertex or
the same jet. For those reasons a small DELPHI extension to PAW was written in 1989 and has
since then been used by members of the Lund group in DELPHI. The data analysis presented
in Chapter 3 has been carried out solely using this tool.

In its simplest implementation two basic commands are needed: one for connecting to a
DELPHI data file and another for reading the data from the file into the program memory.
The actual data analysis takes place in user written FORTRAN routines which are interpreted
by the COMpilation and Interpretation System COMIS [15]. As interpretation, contrary to
re-compilation and linking, allows an online development of the code, this concept becomes
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quite powerful, for instance when tuning cuts. An important feature of the COMIS interpreter
is the possibility of a controled access to the data and program sections of the loaded image
(in this case PAW). In principle a COMIS interpreted routine can access any COMMON field,
subroutine or function linked to PAWJ, which is essentially the whole CERNLD3 and, in our
case, also most of the DELPHI offline libraries.

Evidently an interpreter becomes slow as the code grows in size. At a certain point, usually
when the user routines contains a couple of hundred lines, it is preferable to compile and lint-
to PAW the part of the code that can be regarded as stable. In this way, analysis programs of
arbitrary complexity can be built up with a minimal amount of effort. Once the user decides
the code to be finished he compiles and links it with a small steering program, which will run
the analysis in batch.

1.5 The tagging of anomalous charged particles

Confinement is an important but so far not proven feature of Quantum Chroma Dynamics, QCD.
The potential between two colour charges is believed to include a linear confinement term that
prohibit the existence of free partons (quarks and gluons). As this is a large distance phenomena
( o low energy, Q < 1 GeV) the running coupling constant, a,, becomes strong and perturbation
theory breaks down. Though so far no free quarks (or gluons) have been seen and most people
believe in confinement the search for such signals must continue. Consequently, a DELPHI
physics team for anomalous charged particle search was formed in late 1989. Unfortunately
the attendance at the group meetings has since then steadily decreased and the group is today
with its two members (the group leader and the author of this thesis) probably the smallest in
DELPHI.

1.5.1 Me thod

The problem with searching for a free quark is the difficulty to imagine its interaction with the
material in the detector. As a first attempt one may assume that the quark traverses the whole
detector, or at least the tracking chambers, without being absorbed. The quarks, carrying
an electric charge of either ±1/3 or ±2/3 of the electron charge, would in that case give an
anomalous ionization in the TPC. From the theory of ionization energy loss, see Chapter 2, it
follows that the probability for a collision of a given energy transfer from the incoming particle
to an electron in the gas is proportional to the square of the charge of the particle. Thus, a
2/3 charged quark in the TPC would induce an ionization of 4/9 times that of a unit charged
particle. The ionization from a 1/3 charged quark would probably be too low to be be seen at all
in the TPC. However, one can still expect a signal in the streamer tubes of the Outer Detector
(OD).

Another effect connected to the charge of the quarks is the mismeasured momentum. The
radius of the projection of the helix is proportional to \p\fq. Since unit charge is always assumed
by the track fit in DELANA the momentum of a 2/3 charged quark will be overestimated by
a factor 3/2. Knowing that a particle in DELPHI never can take more than the beam energy
(~ 46 GeV), all tracks with higher momentum must either be badly reconstructed (most likely)
or free quarks.

2 All external references must however be specially declared to COMIS at creation time.
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Figure 1.5: Mean energy-loss (80% truncation) versus momentum for the DELPHI TPC. The
distributions are normalized to one for a minimum ionizing unit charged particle. Marked as
shaded regions are the cuts discussed in the text. The dotted lines shows the expected signals
from the 2/3 charged quarks: up (u) and charm (c).

1.5.2 Implementation

The search for the specific effects discussed in section 1.5.1 has been implemented as three
separate tags in the tagging code of the anomalous charge team. In addition there is a fourth
tag based on an unusual event topology rather than any particular effect due to the anomalous
charge of the quarks. Both the TANAGRA and the DST data structures, see section 1.4.2, are
used.

Tag 1: Detecting 2 /3 charged quarks in the TPC. The track elements (TEs) of the
TPC coming from the primary vertex (Rimpact < 5 cm and Zimj>act < 10 cm) and with \p\ > 0.5
GeV/c are searched for anomalous ionization (dE/dx). The following criterias are defined:

(1.1)

(1.2)

— < (0.221og10p+ 0.76) x -—(min) if log10p > 0.4 or
dx dx

dE dE
— < 0.85 x -—{min)
dx dx

if log10p < 0.4

where pis the particle momentum in GeV/c and ^(min) is the minimum ionization (normalized
to one in the TPC TE data). Thjs tag also signals unusually high dE/dx corresponding to e.g.
exotic 4/3 charged mesons like |utt) or four quark baryons. The criteria is then:

(1.3)
dE dE
— > 1.83 x —(min) for p> 2.0 GeV/c
dx ax

Figure 1.5 shows a dE/dx plot from the TPC with the defined cuts marked as shaded regions.
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Tag 2: Particles with large measured momentum. This tag is quite straight forward:

an event is tagged if it contains at least one particle with more than 60 GeV/c momentum or
two particles with a momentum of at least 50 GeV/c each. The tracks are required to be in
barrel, 40° < 0 < 140°, for a reliable momentum measurement.

Tag 3: Search for 1/3 charged particles. This is the most involved of the four criterias;
looking for an Outer Detector (OD) TE that is unassociated to a TPC TE via track strings
(TS) or fitted tracks (TK). Remember from section 1.5.1 that a 1/3 charge particle will not be
seen in the TPC, whereas the OD, working in limited streamer mode rather than in proportional
mode as the TPC, would probably still react.

TAN AGRA (see section 1.4.2) stores the full tracking history, i.e. it keeps links between all
the information used to built up a track. For instance an OD TE has a link to the fitted track
it is used in (if it is used) and that track has in turn links back to its constituents, the OD TE
and may also be a TPC TE. The OD TE is associated to a TPC TE if they both belong to the
same track or track string.

In order to reduce the cosmic radiation background in the 2-region not covered by the TPC
(see Figure 1.1), the OD TE is rejected if ROD\ sin($Oz> - 4>OD)\ < 40 cm, where <f>OD is the
direction of the momentum vector and $Or> the direction of the point where the momentum
vector is defined (reference point of the OD TE). There is no cut on the impact in z since p, is
not always measured.

Possible fake-signals due to noise in the OD are reduced by requiring the candidate to be
accompanied by at most two tracks in the same z-hemisphere. The event must not be empty,
i.e. there should be at least one track or one back-to-back OD TE candidate in the opposite z-
hempispere. A typical signal would be an isolated OD TE candidate due to the free 1/3 charged
quark and a jet induced by nuclear interaction of the other quark with the detector material.

Tag 4 and 5: Search for free quarks in the bb and cc channels. We study the decays
sketched in Figure 1.6. The s/d and s/d are assumed to be free. The two weak decays (only
one for the cc) in one branch are assumed to be semi-leptonic. The other hemisphere may either
contain also a semi-leptonic decay or a hadronic decay with at least one jet. This results in a
quite unusual event topology, e.g. for 66 there should be two opposite signed leptons and at
most one other track from the free quark in one hemisphere and either a similar signal or at
least one jet in the other hemisphere.
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Figure 1.6: The two heavy quark decay channels to be tagged by tag 4 and 5. The s/d and s/d
are assumed to be free.
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Chapter 2

Ionization Energy Loss

This chapter is based on the work presented in reference [16]. Considering the brevity of that
paper the intention here is to give an introduction for non-experts.

Ionization energy loss, commonly refered to as dE/dx, is the process where an incoming
charged particle looses energy in electro-magnetic interaction with the bound atomic electrons
of the medium it traverses. An approximation used throughout the text is that the kinetic
energy, E, of the particle can be considered unchanged in the process, i.e. the energy-loss A is
much smaller than E. Only the atomic electrons are assumed to be responsible for the energy
loss; interactions with the nuclei are ignored. Those assumptions are valid for high energy
particles traversing a low density gaseous medium as is the case for the DELPHI TPC.

In the next section it will be shown how the theory of dE/dx may be separated into two parts:
calculation of the collision cross section differential in energy, da/dE, and the convolution. In
the following two sections each part will be treated separately. Finally, the calculations are
compared with data from the DELPHI TPC.

2.1 Basic theory

Consider a charged particle traversing a volume filled with, for instance, argon gas. The situation
is depicted in Figure 2.1. The moving charge interacts with the bound electrons in the gas
molecules. It may be head-on inelastic collisions involving relatively high energy transfers or
softer elastic collisions where the energy transfer is comparable with the atomic binding energy.
For each collision involving an energy transfer larger than the ionization potential of the medium,
at least one electron will leave the atom and an ion-pair is produced. This is called the primary
ionization. A secondary ionization is induced if the released electron has sufficient energy to
produce new ion-pairs through the same mechanism.

In total, the induced ionization in the volume can be expected to depend on the total
number of collisions and the energy transfer in each collision. Thus, in order to calculate the
total ionization, two operations are required. Firstly the probability of having a collision with a
given energy transfer must be determined. Secondly, the energy transfer in individual collisions
should be added up giving the total energy-loss in the volume.

The first points corresponds to calculating the single collision cross section differential in
energy. The second point corresponds to a convolution which becomes evident from the following
reasoning: let P(A)dA be the probp.'oility that a single collision involves an energy transfer
between A and A + dA. Then the probability of having two collisions within the same distance
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(P.E)

Figure 2.1: A particle with initial 4-momentum (p, E) travelling a distance x in a gas volume.

is given by:

(2.1) '2dA= f P(E)P(A-E)dEdA
Jo

The convolution integral sums over all possible combinations of two energy transfers adding up
to a total energy = A. Similarly the probability for n collisions with a total energy transfer in
[A, A + d A] is given by the n-fold convolution:

P(A)"\fA = / P{E)P{A - Ey^-V dE
Jo

where P(A)'° =

(2.2)

Finally, assuming successive collisions to be independent, the total number of collisions, n, over
a distance x is described by the Poisson distribution:

(2.3) j{n) = ^ - £ e - *

where N is the average number of collisions per unit distance. Combining (2.2) and (2.3) we
get the probability density for the energy-loss over a finite distance x,

(2.4)
n = 0

2.2 The single collision cross section, da/dE

As pointed out in the preceding section there are two categories of collisions: the short distance
Coulomb scattering where the energy transfer is much larger than the atomic binding energy
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r and the electron can be regarded as essentially free. Consequently one talks about the quasi-free
region. The second type, the resonance regime, is the long distance low energy transfer where
the particle interacts with the atom as a whole rather than individual electrons. The excitation
of the atom results in photon emission or ionization.

Clearly the second category is by far the most difficult to calculate. In the limit a complete
quantum mechanical description of the atom is required, which of course would only be possible
for the quite uninteresting case of atomic hydrogen. In the first quantum mechanical treatment
of the problem, Bethe and Bloch in the early 1930s used first order perturbation theory to
calculate the transition probabilities. The incident particle was approximated by a plane wave.
Their result for the average energy-loss of a heavy, spin 0 incident particle can be written

(2.5)

where De = ive*/(mcc
7) = 5.0989 x 10~2S MeVcm2, nt is the number of electrons per unit

volume and / is the mean ionization potential of the medium. Ze is the charge of the incident
particle and 0 - v/c its velocity (7 - 1/v/l - /3J). The formula (2.5) was later modified by Fermi
for the dielectric screening between the atoms at large distance collisions. This phenomenon,
known as the density effect, is the origin of the famous Fermi plateau.

Though the energy-loss is most naturally described in QED, it may as well to a large extent
be derived from a semi-classical treatment. In that approach, which will be outlined below, all
necessary information regarding the actual shell structure of the atoms etc. is contained in a
single function, the dielectricity function «. The determination of e would then be derived from
quantum mechanics and/or measurements of material properties of the medium.

The average energy-loss per unit distance (^) is simply the change in the particles' kinetic
energy due to its own electromagnetic field

where Fp(t) is the work of the electric field £ on the particle itself, which is situated at (r, t) —
(0ct, t). /3c and q are the particles' velocity and charge respectively. Unfortunately, knowing
(*j) is usually not sufficient. The wanted quantity is rather the full probability density function
f(x, A) describing the fluctuations of the energy loss A around the average value (A) = - (^f).
Note the sign convention: (^) is the energy change (< 0) of the particle whereas (A) is the
energy deposited (> 0) in the medium. As shown in the preceding section f(x,A) can be
calculated provided the single collision cross sectioii j ^ is known. The two quantities (—} and
£g are realted through

(2.7) ( —) = -(A) = -nt f E~^(E)dE

The idea is now to express the electric field in phase coordinates,

(2.8) f(r,t) =

and reinterpret it, as in semiclassical radiation theory, as an integral over energy-momentum
transfer, ft(k,w) = (p, E), i.e.,

,dE
ax y_o c 1 Ju*
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With certain symmetry considerations discussed below, the limits for the integration over E can
be changed to [0, oo[ as in (2.7) and da/dE can be identified by comparing the integrands.

It remains to determine the classical electric field £(r, t) (or rather its Fourier transform),
by solving Maxwell's equations in the medium.

Let $ and .4 be the electrostatic and magnetic vector potentials respectively. Choosing a
gauge where V A — 0 the Maxwell's equations are,

(2.10) A#(r ,«)=^- /»(r ,0

(2.11) (eoc
JA - €€0—)A{r, t) - ee0—V*(r, t) = - j ( r , t)

the moving charge represents a charge density ^(r,i) = qSs(r — /3ct) and a current density
j(r,t) = /3cp(r,t). Applying the Fourier transform( 2.8),

(2.12)

(2.13) (-e0c
2k2 + €eow

2)A(k,v)- C€Owkl(k,u;) = -p£-6{u -k(3c)

or

(2.14) S J

The electrostatic field €(r, t) is given by $ and .4 through Z — - V $ - dA/dt and hence:

(2.16) f ( r , 0 = *
(2x

Assuming the medium to be isotropic the dielectric function has only radial k-dependence,
e(k,u>) = e(k,u), and the angular integration in (2.16) can be performed. Further more general
symmetry properties of the real and imaginary parts of e are:

(2.17) *(«)

(2.18) 9(«)

and only the imaginary part of the integrand in (2.16) will survive1. After some algebra one
gets:

tu2-k2c1

where the lower limit of the Jb-integration is given by energy-momentum conservation in the soft
collision approximation, u> = ck • $ — ckp cos(k,/3) => k > u/(/3c).

'This is evident already from the presence of the factor "»" in (2.16) since (4f) must be a real quantity.
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r Finally, comparing (2.19) with (2.7) we identify | § . As already stated, all quantum me-
chanical complications are collected in the functicn ( which in turn is given by the generalized
oscillator strength density t?(k,u>),

(2.20)

(2.21)

2m,w

En — En

Za is the atomic number, and n runs through all possible quantum states. In the dipole approx-
imation, c*k Tj « 1 + k • r, i? is independent of k and the (^-dependence is given by the atomic
photoabsorption cross section cry(w). Performing the k integration in (2.19) we finally get

- R)
where c2 is is given by

(2.23) ~ TT-

and £i is uniquely determined from ^ through the Kramer-Kronig relation, a is the fine structure
constant x 1/137.

The photoabsorption cross section ay is a frequently measured function in spectroscopy. For
argon the tabulation from [17] is depicted in Figure 2.2.

2.3 The Convolution

The essence of the convolution has already been discussed in the introduction, section 2.1. It
remains to examine how the theory applies in practice, in particular as this is the subject of
reference [16]. To that extent an alternative formula to (2.4) for the energy-loss probability
density is needed

(2.24)
•i »ir+too f »oo J _

= ~ | ^ expj.A-arn.jf (1 - e~'E) — ds

The derivation of (2.24), which originates from Landau [18], can be found in many papers, e.g.
reference [16] and it will not be repeated here. Energy loss calculations with this formula are
often refered to as being based on the Laplace transform method. In this context it is useful to
note that there are actually two Laplace transforms. The term

(2.25) f°° -,E dcr

Jo C ~d~E

is a Laplace transform of J | with respect to E but in the derivation of (2.24) it originates from
a convolution of f(z, A) and | | ( A ) in the transport equation for f(x, A).

The two theoretical clarifications in reference [16] can be summarized as:
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Figure 2.2: The photoabsorption cross section in argon.

• the observation of the presence of the second Laplace transform

• replacing the Laplace transforms with Fourier transforms which makes the expression
suitable for numerical calculations.

Rearranging the terms in (2.24) a bit we get

(2.26) / (* , A) = CC;1 {exp \xn,CE

(2.27) C = exp ( -*n . ^°° ^(

N is the mean number of collisions per unit distance, see section 2.1. The variable substitution
s -* a + iy changes (2.26) into

(2.28) /(*, A) = D(A)/","1 jexp [xn^B {e~'B ^ ( E ) ) (y)] J (A)

D(A) = exp (<rA - xne J™ ^(E) dE^j = exp (aA - x(N)).

The small positive number <r, which defined the integration contour of the Laplace transform
can in practice be set equal to zero and hence Ö(A) = C =constant.

The connection to the formula (2.4) derived in section 2.1 becomes transparent by considering

(2.29)
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r where the last step follows, somewhat handwaving, from repeated use of the convolution theorem
for Fourier transforms

(2.30) x (g(y)9(y)) (*) = C </(* - »)«(») dy = g(x)'\
J-co

Observe that in equation (2.4) the P(A)*B functions are proper probability densities, i.e. nor-
malized to unity, whereas in (2.29) the ^(E)'n are cross sections. Equality can be established
by considering the conditional probability for a single collision; that is, given a collision what
is the probability that the energy transfer was in [A, A + <fA] ? The answer is given by the
probability density

(2.31) P(A) = nt g = n.

and similarly P(A)'2 = n\ 3§(A)*3/N2 etc. Thus, equation (2.29) can be written

,2.32)

whereby we have completely recovered equation (2.4).
The implementation of (2.28) with Fast Fourier Transform (FFT) routines in a computer

program is straight forward; a program flow chart is given in reference [16]. The formula (2.28)
provides a convenient way to smear the calculated energy-loss distribution since a convolution
reduces to a simple multiplication of Fourier transforms. There are then two levels where the
smearing can be introduced:

(2.33)

(2.34)

CT;1 {j(») exp \fE (xnc ^{E)j (y)] J (A)

or

, A) =
i f f ( d a

< exp \g(y)JrE I xnt TP;
I L \ dE

(A)

In (2.33) the energy-loss distribution itself is smeared with a function p(A). It could for instance
correspond to avalanche fluctuations or electronic noise. The second case is a smearing of the
single collision cross section ^ , which may be harder to relate to reality and therefore is of
limited use. If ff(A) is a Gaussian the calculation becomes particularly easy as its Fourier
transform is known analytically.

As with most numerical calculations there are certain limitations with the method outlined
in this section. Firstly, the exponential factor in (2.28) becomes big for small /? due to the
1/07 behaviour in ^ , see (2.22). For 0y < 0.3 the calculation breaks down on most machines.
Fortunately this region is usually not very interesting since such a high ionization would probably
saturate the readout electronics. Secondly, as the infinite continuous Fourier transforms are
approximated with finite discrete ones, peculiar edge effects may occur due to the periodic
behaviour of the finite Fourier transform. In this case it is usually sufficient to expand the energy
interval. A third problem, which is not connected to the method however, is the difficulty of
doing accurate calculations for very thin samples (small x). This will be discussed in the next
section.
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r 2.4 Energy-loss calculations versus reality

The equations (2.22,2.28) together with the cross section in Figure 2.2 have been put into a
computer program. The results from calculations with this program are shown in Figures 1
and 2 of reference [16]. Since then, the DELPHI TPC has been operating for more than three
years and the program has been used in simulation and reconstruction of the TPC data during
all that period. However, the reconstruction of the particle identity with 4jL has proven to be
a much more difficult task than foreseen. The initial attempt to use the full measured energy-
loss distribution and calculate the Kolmogorov distance to the theoretical curve, had to be
abandoned. One reason is the structures appearing in the calculated distributions in Figure 2
of reference [16] which are not be visible in the data. Though this in principle can be corrected
for by introducing a smearing as discussed in the end of section 2.3, there is still a need for
major corrections to the data before any adequate measurement at all can be done. Therefore
we decided, at least until all problems are understood, to use the simplest possible estimator, the
truncated mean; the long tail of the distribution is cut off and only 80% of the lowest amplitudes
are kept. For the remaining distribution, which can be roughly approximated by a Gaussian, the
arithmetic mean is taken and compared with the corresponding quantity from the theoretical
calculations.

A recent, quite extensive study [19] describes in detail all the corrections so far implemented
in the reconstruction of the TPC data. A subsample of the corrections are:

• Track isolation. In hadronic events there are a high probability of having two or several
tracks associated to the same wire clusters. Those clusters cannot be used in the dE/dx
measurement.

• Gain variations in the chamber as a function of the distance to the sector edges. The
response of a wire varies with the position on the wire where the avalanche took place.

• Gain variations with the gas pressure. A correction of more than 4% is needed for a 1%
variation in the pressure.

• Charge accumulation. In high multiplicity (hadronic) events the wire response for a given
cluster depends on the number of preceding clusters (the accumulated charge) on that
wire. This effect is due to a 1% undershoot in the response function of the shaper, i.e. for
each shaped pulse the zero level of the shaper becomes about 1% lower.

After all corrections the TPC gives a decent ^f measurement which can be used for particle
identification, though the efficiency is quite low; after the track isolation cut there remains only
about 30-50% of the tracks with p 6 [2,20] GeV/c. The Figures 2.3 and 2.4, which correspond
to 6.1 and 6.9 in [19], show a comparison between the corrected data and the simulation. It should
be stressed that the simulation contains more than just a simple smearing of the theoretical curve.
For instance, the diffusion is dependent on the drift distance, which varies over a track.

The problem of calculating accurate ^-distribution for thin layers is well known and is
widely discussed in the literature [20]. As xP, where P is the pressure, becomes smaller the
more important it is to have an adequate description of | | and hence of the dielectricity function
e(k,u»). Indeed, in the limit xP — 0 we are left with the single collision cross-section; keeping
only up to first order z-terms in equation (2.28) f(x, A) « <*(A)(1 - xN) + xnt |§(A). What
usually is refered to as a very thin gas layer, xP ~l-10 cm atm, should be compared with
the xP ~0.4-0.6 cm atm of the DELPHI TPC. It might then be justified to ask whether our
e(k,u>) is accurate enough. On the other hand, trying to improve e by going to higher orders is
not very appealing. An alternative solution, perfectly plausible and so far not totally excluded,
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Figure 2 3. The figure 6.1 in [19]. Truncated mean as function of the particle momentum. Only
tracks with moie than 135 samplings (wires) are used.
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would be to invert the problem: given a very clean ~ distribution extract e(u) by inverting the
equations (2.22,2.28). At LEP a clean energy-loss spectrum can be obtained from Z° —> n+n~
events. The most difficult step is to invert the equation (2.28), which turns out to be an
ill denned numerical problem. It must probably be done analytically by choosing a suitable
parametrization of the measured distribution. The inversion of (2.22) reduces to solving a first
order highly non-linear differential equation, which can probably be done with some standard
numerical method.
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Chapter 3

Jet Identification and The Triple
Gluon Vertex

The analysis presented in this chapter consists of two basically different parts: quark/gluon jet
classification based on fragmentation differences and the measurement of the triple-gluon vertex.
The latter, which is fully contained in the framework of [21, 22] apart from the jet identification,
was presented as an addendum [23] to the DELPHI contribution [22] at the Dallas conference
1992. The jet classification has been presented in two separate DELPHI internal notes [24, 25]
and it is used in [23].

The aim has been construct a jet identification, which, contrary to most other methods,
does not use the jet energy, i.e. it is only sensitive to the fragmentation of the partons. Within
this scope the non-perturbative phase of the jet evolution is used and the method is therefore
suitable for measurements of perturbative effects like e.g. angular correlations between the jets.
It should in this connection be emphasized that throughout this analysis the jet classification
is only applied to one jet at the time; we never use information from the whole event. We
decided to concentrate on angular correlations in four-jet events, primarily because one such
study already had been successfully worked out at DELPHI using another jet identification but
also because this is a domain where a better jet identification can highly improve the results.

After a short introduction to the physics, the jet identification method will be described.
Then follows a discussion on the four-jet analysis in general and in particular how my jet
identification is applied. Finally the preliminary results are presented together with a discussion
on possible error sources introduced by the jet classification method and how those can be
corrected for.

3.1 An Introduction to the Physics

The ruling theory in particle physics is suitably named the Standard Model. It emerges from
the general idea that the interactions can be deduced from the invariance of the theory under
a certain class of transformations, called local phase transformations. A gauge theory is a
theory, which exhibit this property and correspondingly such a theory is gauge invariant with
respect to the considered phase- or gauge transformation. The term gauge invariance stems
originally from H.Weyl (or rather in the English translation of his German manuscript) who
unsuccessfully tried to interpret the electromagnetic field as a consequence of invariance under
local scale transformations. Later, in 1927 it was realized, amongst others by Weyl himself, that
quantum electrodynamics (QED) is related to a symmetry in which the electron's wavefunction
undergoes a local phase change. Thus, Weyl's original idea of invariance under local scale
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r transformations had become invariance under local phase transformations but the word gauge
was retained. By local one means that the transformations are space-time dependent in contrary
to global transformations where the phases are constant, independent of the space-time.

Among the four known fundamental forces in nature, three have been successfully included
in the Standard Model. Those are, the weak, electromagnetic and strong interactions. So far
all attempts to encompass the fourth interaction, the gravitation, have failed. The analysis
described in the following sections is devoted to the measurement of two important parameters
concerning the strong interaction or, more specifically, the corresponding gauge theory, Quantum
CromoDynamics (QCD). In contrast to the gauge theory of the electromagnetic interaction,
QED, perturbation theory is generally not applicable in QCD. Only in the high energy limit,
where the quarks behave as essentially free, can the perturbative calculations be valid. In the
other limit, where the quarks are confined into hadrons, only semi-empirical models exists.

The concepts of perturbative and non-perturbative QCD will be shortly discussed in the
following two subsections. There is no pretension whatsoever that the presentation should be
a complete review of QCD. The theory is far too involved and in fact only its general concepts
are known to the author. Some salient aspects of QCD relevant for the forthcoming analysis
are given and if appropriate, followed by a brief motivation. The last subsection outlines the
theoretical incentive for analysing four-jet events.

3.1.1 Pe r tu rba t ive QCD

Principally one can distinguish between two fundamentally different perturbative approaches
in QCD. One being the ordinary power expansion in terms of the coupling constant, a,, char-
acteristic for the theory. Currently such matrix element calculations only exist up to second
order. The other method is a resummation of the power expansion taking only the leading and
possibly next to leading terms in each order. The former has the advantage of containing all
information in a given order. As we are interested in measuring angular correlations between
the jets in four-jet events, the assumption that jets originate from hard partons in the final
state of a Z° decay implies we should study four parton distributions. Thus, it appears suf-
ficient to consider only second order (a2,) terms in the power expansion corresponding to the
diagrams shown in Figure 3.1a. Unfortunately this argument does not hold in general due to
the soft gluon radiation, which necessarily gives contributions in between the different orders of
the power expansion. As the jet resolution parameter, y, decreases (finer resolution) soft gluons
give rise to large logarithmic terms in each order of the power expansion. Consequently the
truncated power expansion will suffer from large higher order corrections and the results will
not be reliable.

In the second perturbation method above the leading logarithms are summed over to all
orders whereas the subleading terms in each order are ignored. This is best picturized in the
Parton Shower scheme, see Figure 3.1b. The parton showers evolve by an iterative use of the
basic q — qg, g —• gg and g —> qq branchings determined by the Altarelli-Parisi equations. This
procedure corresponds to a leading-log approximation, although subleading coherence effects and
angular ordering usually are included in the existing implementations. Today, a main theoretical
concern is to include the next to leading term in the summation. For some global event variables
such calculations have already been successfully performed.

The dilemma of choosing perturbation method cannot generally be solved. It depends on
the type of measurement performed. As for the study of four-jet events the opinion seems to
be that the second order perturbation approach is the most appropriate [26]. One conclusion
in [22] states indeed that the data is better described by the second order matrix element
than the parton shower for the particular variables studied. Finally, an argument concerning

29



r
r

Figure 3.1: (a) The four parton final state in QCD. 1-2. Double bremsstrahlung, 3. Gluon
splitting into two quarks, 4. The triple gluon vertex, (b) A parton shower. At LEP energies
one can expect about 10 final partons.

the measurement of Ne/Cf and TR/Cf in section 3.3: an ambiguity may arise in the parton
shower when trying to classify a simulated event, e.g. Figure 3.1b, as one of the types shown
in Figure 3.1a. It should be emphasized here that those are very subtle arguments; the parton
shower method has been supremely successful in describing the data at LEP and lower energies,
whereas the second order matrix element failed already at PETRA/PEP energies.

3.1.2 Fragmentation models

As pointed out already in the introduction, the fragmentation of the partons into final observable
hadrons can] ot be treated by perturbation calculations. The running coupling constant a,
becomes large at the low energies in question and the perturbative expansion in powers of
a, will not converge. Although methods have been proposed and are being developed for non-
pert urbative calculations, we will probably need to continue to rely on phenomenological models
for a long while.

One particularly successful model is the Lund string fragmentation. Conceptually it is
founded on a few consistency requirements on a cascade model for fragmentation. Its basic
ingredient is that a massless relativistic string approximates the linear confining colour flux
tube expected in QCD (already mentioned in section 1.5). The string is stretched between a
quark and an antiquark which move apart with large energies. As the separation becomes large
the string breaks and a new 49-pair is created at the breaking point and this process continues it-
eratively as depicted in Figure 3.2a. Whenever a system breaks into two parts it is assumed that
these will further fragment independently. Because the breakpoints are causally disconnected
the time-ordering in the iterative procedure is Lorentz frame dependent with the consequence
that all breakpoints must be treated equally. It should not matter from which vertex the pro-
duction process is started. This "independence principle" puts an important constraint on the
model. In [27] the independence principle together with an assumption, which implies a central
rapidity plateau in the final meson spectrum, were sufficient to pinpoint the stochastic process
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Figure 3.2: (a) A qq pair moving apart in the Lund string picture. When the string tension
becomes too high the string breaks and two new qq systems are created, (b) The string arrange-
ment in a qqg event.

governing the cascade. For the simplified case, with only one quark flavour, one type of meson
and when the transverse dimension can be neglected, the model has only two free parameters.

The gluons are associated with energy and momentum carrying kinks on the string. Thus,
in a qqg configuration the string is stretched from the q via the g to the q (or vice versa), see
Figure 3.2b. With this arrangement there are string pieces qg and gq but none between the
quark and the antiquark. After hadronization there will then be an enhancement of particles in
the qg and gq regions compared to the qq region. This phen<" menon is commonly refered to as
the string effect

3.1.3 Motivation for s tudying four-jet events

An important difference between the gauge theories for the electromagnetic interaction (QED)
and the strong interaction (QCD) is that the former is Abelian whereas the latter is not. The
very meaning of a group not being Abelian is that its elements do not commute, i.e. in the binary
operation defined for the group the order of the elements is important. For instance, consider
the group of 2 x 2 matrices with the binary operation defined as ordinary matrix multiplication,
then in general AB ^ B A, where A and B are two elements in the group. In QCD the practical
consequence of this abstraction is that the gluon field couples to itself whereas the photon field
in QED does not; in addition to the "QED"-like graphs 1,2 and 3 in Figure 3.1a there exists
in QCD a fourth graph, 4, which is absent in QED. We call this vertex, where a gluon radiates
another gluon, the triple-gluon vertex. In addition there is a four gluon vertex, which does not
concern us here.

Although there are many indirect evidences for the gluon self coupling, a measurement of
its strength in the clean conditions of Z° multihadronic events constitutes an important test
of QCD. In e+e~ annihilation the triple-gluon vertex enters in second and higher orders of the
strong coupling constant. The four parton final state has been calculated in order a] by Ellis,
Ross and Terrano (ERT) [28]. Their result for qqg g falls into three classes:
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A planar doubie-bremsstrahlung graphs with group weight C%\

B non-planar doubie-bremsstrahlung graphs with group weight CF{CF — \Nc)\

C graphs involving the trjple-gluon vertex with group weight CpNc;

and similarly for the qqqq:

D planar graphs with group weight CFTR;

E non-planar graphs with group weight CF(CF — \NC);

F graphs with group weight CF5

Cp is the fermionic Casimir factor, Nc the number of colours and TR = ^rij where nf is the
number of quark flavours. In QCD their values are: CF = 4/3, Nc = 3 and TR = 5/2 (five
flavours). The class F gives no contribution in an experiment where the charge of the partons
is undetected [28].

Evidently it is the contribution of class C which distinguishes QCD from an Abelian theory
and by measuring its group weight we can prove the existence of the triple-gluon vertex.

3.2 Jet Identification

Traditionally, whenever the knowledge whether a jet is of quark or gluon origin has been required,
the jets in a multijet event have been classified according to their energy. A three jet event in an
e+e~ annihilation must contain two quark jets and one gluon jet. The gluon has been produced
through bremsstrahlung from one of the quarks and has therefore most probably the smallest
energy of the three jets. The QCD matrix element suppresses gluon jet production as 1/Egium.
Ordering the jets in energy gives a correct identification of the gluon and hence the whole
event, with about 67% probability in detector simulated events [25] if both neutral and charged
particles are used.

Methods have been proposed to improve the identification and in this section a new ap-
proach will be presented. It is based on a set of variables suggested in [29] but with the jet
energy dependence divided out. Thus, the method is essentially complementary to the jet-
energy classification.

The input to the method is a set of about ten variables and some means for pattern recog-
nition in this multivariable space is needed. One suitable technique, Artificial Neural Networks
(ANN), will be introduced in the first subsection. Then follows a presentation of the variables
and finally the performance of the method will be summarized. As most of the material is
already contained in [23, 24, 25] the presentation here will be kept quite short.

3.2.1 Feed Forward Artificial Neural Networks

The idea of using ANN for identifying jets in hadronic events was first raised by L.Lönnblad
et al. [30]. Hasically it constitutes a possible method for feature extraction in large variable
spaces. There are other such methods, e.g. statistical discrimination, but these often have con-
strains on the distribution of the input variables for optimal performance. The ANN technique
does not have any limitation in that sense; the input variables do not need to be Gaussian
distributed nor does it matter if they are strongly correlated. The price for this "liberty" is that
the user has no control over the process. The ANN detects correlations and anti-correlations
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Figure 3.3: A feed forward ANN with one layer of hidden units.

among the variables and their linear and nonlinear combinations. Consequently it is in general
impossible to reconstruct what the ANN actually does with the data - it works as a black box.

The feed forward ANN, which will be consider here, is a layered structure of interconnected
nodes as depicted in Figure 3.3- Note that there are only connectors between the layers; there
is no communication between the nodes in one layer. The information flow is unidirectional
from the input layer foward through the network to the output layer; there is no feedback from
higher (closer to output) to lower layers. The layers between the input and output layers are
called hidden. To the connectors are associated weights, u\ j t , which constitute the internal
representation of the input patterns, or, more popularly, the memory of the ANN. The function
of the nodes is to map nonlinearly the weighted total output from the preceding layer ( i - 1)
and feed it forward to the neurons in the next layer (ib + 1), formally:

(3.1)
t = I

where / is the nonlinear function, iVk_j is the number of nodes in layer k — 1 and x^ is the
output of node j in layer k.

The learning of a feed forward ANN is a minimization process, with respect to the weights,
of the distance between the network output, y ,̂ and the desired output, tj, for a given input
pattern, xi0. The back-propagation algorithm is probably the most commonly known learning
method. The distance measure is the error function,

(3.2)

(3-3) (v, = x,m)

where m refers to the output layer. The minimization is a recursive gradient descent starting
from the output nodes and propagating backward through the network to the input layer. For
more mathematical details refer to [31]

The implementation of a feed forward ANN with back-propagation learning does not require
too much effort. A set of totally six FORTRAN-77 subroutines was written and the code amounts
to a few hundred lines including the comments. The organization is according to the operations
expected on an ANN: initialization, feed forward, back-propagation, change of weights, writing
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and reading of the weight matrix to an external file. The weight matrix (w^i), the network state
matrix (xlk) and an auxiliary working field together with the entry addresses for the function
/ and its derivative (needed for the gradient descent) are all passed as actual arguments in
the call sequence. This seemingly awkward arrangement, which leads to quite long parameter
lists, has the advantage of allowing for any network size and layout without changing the six
basic routines. This would not had been the case if COMMON fields were used instead. The
subroutine package is linked to the DELPHI extended PAW version described in section 1.4.3.

3.2.2 Jet Classification Variables

In [24] the input to the Artificial Neural Network, ANN, was the four-momentum vectors of
the four leading charged particles in the jet. The fact that, among those rather raw and non-
organized variables, the ANN was able to do a hard selection on the fragmentation function (see
Figure 8 in the same reference) is a striding demonstration of its capabilities. The hard "cut"
not allowing any jet containing particles with z > 0.5 (z = PLJPjtt) to be identified as a gluon
jet, can hardly be explained from energy selection alone. The ANN must have calculated some
kind of jet-axis and projected the particles onto it. In one sense this subtle penetration of the
given information is discouraging: it would be difficult hide the fragmentation information from
the ANN. Therefore, all measurements of fragmentation effects like e.g. the string effect will be
biased. On the other hand, if it would be possible to eliminate the jet energy dependence, the
method is sensitive to the more intrinsic differences between quarks and gluons and not just the
trivial fact that the gluon happens to be created in a radiation process whereas the quark is not.

Note, however, that the method used in [24] exaggerates the effects; we classified all jets
within a certain distance from the two target values, 0 and 1, as being quark and gluon jets
respectively. All jets that happened not to fall into any of those two regions were "undefined"
and not used. Not surprisingly, such strong cuts on the ANN output show up as cuts on the
input information. Nevertheless the study served an instructive purpose. In practice, the fact
that exactly one of the jets in a three jet event has a gluon ancestor should be exploited by
ordering the jets in ANN response just as in the energy ordering of the jets.

There are two ways to eliminate the jet energy dependence of the method: using input
variables that can be proven to be independent of the jet energy or using a set of ANNs, each
allocated to a specific energy interval. The former approach will be discussed here. The starting
point is a set of moments suggested in [29]:

(3-4) Mnm(E3) = L{f.

where the sum is taken over all particles assigned to the jet. pt and TJ are the transverse
momentum and pseudorapidity of the particle with respect to the jet-axis. E} is the jet energy.
By construction these moments are expected to be sensitive to the the softer fragmentation,
higher multiplicity and broader transverse momentum of the gluon jets as compared to the
quark jets. From a study of the 7 x 7 first moments M10, M u , Mu, M i 5 , M16, M25, M28 and
Mn proved to give the best separation between quarks and gluons. The average jet energy (E-)
dependences of eight selected moments are shown in Figure 1 of [23, 25]. At least the first six
of them exhibit a non-negligible energy dependence. Since the quarks (gluons) are more likely
to populate the high (low) energy region in those moments we would still indirectly use the jet
energy as a classifier. However, the average energy dependence might be divided out because
the quark and gluon lines in each diagram are nearly parallel. Formally a new set of variables
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is defined:

(3.5)
-j-f . _ .

Mnm(Ej)
The mean value indicated in the denominator is taken over all the jets with energy Ej. As
expected the new variables Fnm show significantly less energy dependence than Mnm, see Figure 2
in [23, 25].

There is an appealing feature in the construction of Fnm; they measure only the relative
behaviour of quarks and gluons in the moments Mnm. The dependences on the absolute values
have been divided out by the normalization to Mnm. Intuitively one would expect such variables
to be less sensitive to systematic differences in the quantitative description of the fragmentation
as long as the qualitative features, e.g. the gluon jets have higher multiplicity etc., are retained.
Indeed, in [25] the jet classification proved to be rather insensitive to up to 50% variations in
some of the fragmentation parameters of the Lund string fragmentation model.

3.2.3 Performance of the Jet Identification

A thorough comparison of the method presented in this sectiou and the ordinary jet energy
ordering can be found in [25]. One important change has been made since then which slightly
disfavours the jet energy ordering; it is well known that angles of the jet-axis are in general better
measured than the jet energies. Thus, combining the measured jet angles with the constraint of
total four-momentum conservation ((p(ot,.E[O<) = (0,0,0, y/s)) a more reliable value on the jet
energy can be calculated. For four-jet events this works fine as long as the events are non-planar.
When all four jet-axes happen to be in the same plane only three of the four equations are linearly
independent and the system is undefined. Another possibility is a large missing momentum, e.g.
a fifth undetected jet in the extreme forward. In both those cases the constrained fit will give
unphysical jet energies and in [25] such events were skipped. In order to avoid a bias in the
four-jet event selection we do now use the measured jet energy instead.

In a four-jet qqgg event all four jets are correctly classified if, for instance, both the quark
jets are found. By randomly picking two of the jets there is about 17% probability for success
( | x 5 = e ~ 0-17). In detector simulated (see section 1.4.1) parton shower events the jet energy
ordering gives the correct assignment in ~ 37% of the cases whereas the corresponding number
for our best trained ANN is ~ 46%. The results are summarized in table 3.1. Note, that if the
neutral particles are not used, as is the case in [21, 22], the quoted value (37%) for the jet energy
ordering will presumably decrease significantly.

3.3 Four jet analysis

In this section the four-jet analysis in [23] will be presented. The necessary cuts on data and
Monte Carlo are listed in the first subsection. Then follows a description of the method and
how the jet classification from the previous section is applied. Finally the results from [23] are
given together with a discussion on the determination of the systematic errors.

3.3.1 Track and Event selection

Charged particle cuts. The accepted charged tracks have

• been detected in the TPC

• been extrapolated to within 5 cm from the beam axis
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?! and gs

Detector
ANN
80.6%
61.6%
64.1%
78.1%
45.9%

Ejct
72.5%
57.6%
60.1%
70.0%
37.1%

Generator
ANN
85.0%
62.8%
67.7%
80.0%
51.3%

Ejtt
77.1%
58.0%
61.9%
73.2%
41.3%

Table 3.1: Jet identification probabilities in four-jet events. qx and & are the most quark and
gluon like jets respectively. In addition to the detector simulated data the results on generator
level (no detector simulation) are shown. The number of simulated events were about 13000.

• been extrapolated to within 10 cm from the nominal crossing point in z

• a polar angle 25° < 0 < 155°

• a measured momentum 0.1 < p < 45 GeV/c

• a measured length > 50 cm

• 4f < 0.02 for p < 1 GeV/c and lf < 0.02 for p < 1 GeV/c.

In order to have reasonable statistics in the sum (3.4) the neutral particles are needed as well.
This is one of the major differences, apart from the jet identification, between the analysis
in [21, 22] and the one in [23]. For the neutral particles the momentum is required to be
0.5 < p < 45 GeV/c.

Hadronic event selection. An event is accepted as hadronic if

• there is > 3 GeV visible energy in each z-hemisphere

• there is > 15 GeV total visible energy

• there is more than four tracks with p > 0.2 GeV/c

• the polar angle of the sphericity axis is in [40°, 140°]

• the total momentum imbalance is below 20 GeV/c

Jets are defined with the LUCLUS algorithm [32]. The jet resolution parameter d,mn is fixed
to 4 GeV. The event must contain exactly four jets. After the clusterization an additional cut
requires the invariant mass of any jet pair to be greater than 9.1 GeV in order to comply with
the invariant mass cut-off in the matrix element Monte Carlo. This latter cut together with the
high djMn practically eliminates all the background to the four-jet events from fragmentation
fluctuations of three and two parton events. From simulation we estimate this background to
be less than one per mille.

Finally, each individual jet must have:

• a minimum multiplicity of four particles
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r • a measured energy of at least 7 GeV

Totally 6230 events in the DELPHI 1991 data sample were accepted. We did not include
the 1990 data since we found a discrepancy the data and the Monte Carlo in the reconstruction
of the neutrals. In principle one could of course use two different Monte Carlo samples for the
correction of the 1990 and 1991 data respectively but that would make the analysis significantly
more difficult.

3.3.2 Method

The following observation constitutes the foundation of the measurements in [21, 22, 23]: The
grouping of the 4-parton graphs into the classes A,B,C,D and E at the end of section 3.1.3 is done
in a gauge invariant way and hence one can determine the individual contribution from these
classes. Given an arbitrary observable, £, the second order QCD prediction of its distribution
reads:

(3.6) Theo(O = Norm x a] X [CFA{£) + CF(CF - \NC)B(0 + CFNCC{£) +

+ CFTRD(() + CF(CF - \N

where "Norm" is the overall normalization factor. Allowing the factors Norm, CF, Nc and
TR to vary freely one may fit the QCD prediction to the corresponding distribution for data
"Data(£)". The fitted value for Nc is then a direct measurement of the triple-gluon vertex
contribution. We eliminate one variable by substituting Xi = Norm x a] xCF, X2 = ^ and

(3.7) Theo(0 = X2C(!)

In [21, 22,23] "Theo" and "Data" are two-dimensional distributions in the variables | cos Q'NR\
and COSQ34. The (generalized) Nachmann-Reiter angle, Q'NR, is defined as the angle between
the vectors (pt - p2) and (p3 — p4) where (pi,pj) and (p3,p4) are the momentum vectors of
the primary qq and the secondary partons respectively. a34 is the angle between the secondary
partons. | cos0^R | is sensitive to the fraction of qqqq events but the triple-gluon vertex distri-
bution does not differ significantly from that of double bremsstrahlung in this variable, cos a34

is essentially complementary; it is sensitive to the difference between the triple-gluon vertex and
the double bremsstrahlung, whereas the qqqq distribution is similar to that of the triple-gluon
vertex.

The primary qq jets are identified as the two most "quark like" jets, i.e. the two most
energetic in [21, 22] and the two jets giving an ANN output closest to the quark target value
in [23]. This, together with the use of neutral particles, are the essential differences between the
two studies [21, 22] and [23].

To extract the distributions in | cos0J,A| and cosa34 for the different classes A-E we use the
Lund JETSET 7.3 matrix element Monte Carlo [32]. It is not possible to generate the classes
B and E separately since, for some values of the kinematical variables, their contribution to the
cross-section become negative. Only the class C and the combined distributions A,B and D,E
can be generated directly. With some "tricks" (changing the JETSET code slightly) it is also
possible to generate the classes A and D separately and hence one may extract E and E from
(A+B)-A and (D+E)-D respectively. A more "legal" way to obtain the classes B and E, used
in bi/h [21, 22] and [23], is to use the Abelian QCD toy-model, which exists as an option in
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r JETSET. This toy-model does not preserve the property of asymptotic freedom and therefore
never can be a realistic alternative to QCD, but the role is limited to confronting the QCD
predictions when comparing with data. The existence of such models is crucial for disentangling
trivial kinematical effects from dynamical ones. The fact that the model can be ruled out by
other measurements is in this connection irrelevant. The Abelian QCD model is designed to
reproduce the ordinary QCD results for the total e+e~ annihilation cross-section to hadrons as
well as for the 2- and 3-jet rates. The distributions A-E are the same as in QCD but the weights
are different: CpM = 1, N£M = 0 and T£be' - Znf. Thus, the classes A and B can be extracted
from the system:

where N,calt Ä 0.68 is a relative normalization factor which takes into account the different
total 4-parton cross-sections in the two theories together with possible differences in detection
acceptances. Its value (0.68) has been determined from large simulations with the JETSET 7.3
generator. The classes D and E are extracted from a similar system for uTheo%%D (Q'NR, a3A)'"
and "Theo^ ' (0^ ,034)" .

It was realised in [22] that low statistics in the distributions for the different classes A-E
introduces a bias in the final result. A study [33] showed that about 1.200.000 accepted (i.e.
passed all cuts in section 3.3.1) generated events are needed. That enormous amount of events,
corresponding to more than 10.000.000 before cuts, would never be feasible with full detector
simulation as one DELPHI simulated four-jet event requires about 2 CPU minutes on an IBM
3090. The alternative is then to do the simulation on generator level and correct the data for
detector effects before performing the fit. The number of detector simulated events needed for
the correction function is not too large. In [22] the available statistics of DELPHI detector
simulated parton-shower plus matrix-element events were used. However, for the analysis in [23]
we were forced to generate our own subsample of detector simulated events. The reason was that
for the neutral particles the available detector simulated data did not satisfactory describe the
latest reprocessing of the 1991 data. A total of ~ 55.000 parton-shower plus detector simulated
events were generated on two HP-9000/730 machines in Lund. The CPU time amounts to
about 38 CPU-days per machine plus some extra time for uncompleted jobs. Even though the
preselection on the generator level was optimized, only about 14.000 of the 55.000 events passed
the cuts defined in section 3.3.1. Tighter preselection would have introduced a bias. The final
correction function, which is relatively flat, is parametrized by a second order polynomial in
order to smooth out local fluctuations induced by the limited statistics. This procedure is in
complete accordance with [22].

Also for the reference distribution A-E a separate generation was needed in [23] because of
the same reason as for the detector simulated data. This was done on the Central Simulation
Facility (CSF) at CERN. CSF is a cluster of 26 HP-9000/720 machines intended as a platform
for running CPU intensive applications. About 20.000.000 events were generated to produce
2.000.000 and 1.200.000 accepted QCD and Abelian events respectively. The required ~ 600
CPU hours could in real time be reduced to a few days by running 10 jobs in parallel.

The distributions obtained for the data, the correction function and the classes A-E are
shown in Figure 3 and 4 in [23].
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Figure 3.4: Projection of cosa34 for | cos 0 ^ 1 < 0.5. The excess in the region cos 0:34 Ä 0.4 is
a direct consequence of the existence of the triple-gluon vertex.

3.3.3 Results

The results from the free fit (3.7) to the data are:

(3.8)

and

(3.9)

-£- = 2.53 ± 0.08(stat.) (QCD value: 2.25)
C

-2- = 1.62 ± 0Al{stat.)
CF

(QCD value: 1.875)

The statistical errors are small relative to the analysis [22], which reflects the fact that the jet
identification is better. In particular a structure in cos a3i, which originates from the triple-gluon
vertex, has become visible in the data see projection shown in Figure 3.4. The effect might be
argued from the fact that the in case of the triple-gluon vertex the bremsstrahlung spectrum
of daughter gluons in g — g + ... is governed by a 1/Eg pole for low energies. Thus, the two
gluons are likely to be close together. In the case of double bremsstrahlung (class A and B) the
gluons do not have any such reason to be close to each other. Note, that the effect is only visible
when the gluons are well separated from the quarks (| cos0J,fi| — 0), see Figure 3 (class c) in
reference [23]. When (IcosGj^l —• 1) the bremsstrahlung process q —>• qg, i.e. the production
of the first gluon, dominates and the effect is washed out. The decrease for cos Q34 > 0.5 is due
to the finite jet resolution; the gluons are too close to be resolved.

Evidently, as the jet identification is based on the feature of fragmentation the model depen-
dence must be estimated. As stated in section 3.2.2 the variables Fnm should by construction
be rather insensitive to fluctuations in a model. This was confirmed in [25] where up to 50%
variations in some of the fragmentations parameters in the Lund model did not significantly
change the ANN performance. In [23] we investigated the influence on the results NC/CF and
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r TR/CF using the following procedure: twenty ANNs are independently trained with data sam-
ples generated with JETSET 7.3 parton shower plus string fragmentation. Each data sample is
generated with an unique set of values on the three most important fragmentation parameters in
the JETSET model. The parameter values are picked randomly within ±10% from their default
values. All ANNs are subjected to the same matrix element QCD and Abelian generator data.
The classes A-E are extracted and fitted to the data for each ANN. Thus, we obtain 20 different
values on NC/CF and TR/CF which are shown in Figure 5 of reference [23]. The 10% variations
in the model parameters give about 5% fluctuations in NC/CF. Note, that we do only vary the
ANNs whereas the matrix element generator data is kept fixed. This ensures that only effects
arising from the jet classification are accounted for. The influence of fragmentation variations
in the matrix element data sample have already been studied and is quoted in [22] to give an
error of 0.1 on NC/CF.

The 5% fluctuations in NC/CF also include possible differences in the learning of the ANNs.
Such differences are unavoidable due to the random initialization of the ANN weights. No
extensive check of the individual ANNs were performed primarily because it is rather meaningless
to attempt to define a criteria for equal learning as the ANNs are all trained with different
input data. In any case, the variation in the learning of an ANN should also contribute as a
systematic error and there is no reason to try to disentangle this source from the fragmentation
model dependence.

The found variation of 5% cannot serve as a true systematic error and it was never claimed
to be one in [23]. The 10% variation in the fragmentation parameters was chosen arbitrarily.
In a more complete study the fragmentation parameters should be varied to give for instance
an one sigma change in a few important jet variable distributions like pt to jet axis, number of
particles in the jet, etc.. Obviously, such a study would be quite CPU time consuming especially
since all the three fragmentation parameters must be allowed to vary freely at the same time.
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