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ABSTRACT

During 1980 to 1984 experiments BC72/73 and BC75 were performed
at the Stanford Linear Accelerator Centre (SLAC) Hybrid Facility,
in which the hydrogen filled bubble chamber was exposed to a
linearly polarised 20 GeV photon beam. There was also an
experiment (BC76) using a 10 GeV beam. All stages of these
experiments were primarily interested in charmed particle
photoproduction, however during BC72/73 all hadronic data were
recorded to allow studies of photoproduction in general. This
thesis presents results on: the performance of the gas Cerenkov
counters, elastic and inelastic photoproduction of the ¢(1020)
vector meson (including cross sections), and single particle
inclusive distributions (pions and kaons) considered within the
framework of the Recombination (and Fragmentation) approaches to
soft processes. An unexpected charge asymmetry is understood in

terms of an extended Recombination model.
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Chapter 1

INTRODUCTION AND BACKGROUND

This thesis presents an analysis of data obtained by the SLAC
Hybrid Photon Collaboration at SLAC as outlined in the abstract.
High Energy Nuclear Physics is a very specialised and large
branch of 'pure' research. With the approach of higher energy
machines and in view of the recent successes at CERN, it is
worthwhile to describe where this thesis fits into the current

state of Particle Physics today.

1.1 PARTICLE PHYSICS BACKGROUND

Particle Physics is the study of the ultimate constituents of
matter and the nature of the interactions between them. Fifty
years ago only the proton and neutron, the electron and neutrino,
and the photon were known. Today an ever increasing wealth of
particles has been discoyered [1]. The electron with its partner
the electron-neutrino are now considered to form the lightest
doublet in a family of pointlike spin % (fermion) 'Leptons'. The
last decade has also seen the general acceptance of the Parton
Model as more than mathematically convenient. In this model,
pointlike ‘'partons' come in two kinds: fractionally charged
quarks with spin ¢ carrying properties such as isospin, flavour

and colour, and also neutral coloured gluons with spin 1

_10_



Chapter 1 Introduction

(see table 1). The familiar particles of nuclear physics such as
the proton, neutron, and the pion, are now considered as
composites of these quarks and gluons. However, despite huge
successes many problems still remain, such as confinement and the
apparent pattern of 'Xerox copies' of quark and lepton flavours.
Over the 1950s and 1960s the proliferation of particles was
grouped into 'multiplets' with the recognition of symmetries.
The mesons and baryons which  interact strongly  became

collectively known as ‘hadrons’'.

TABLE 1

Leptons, Partons and Forces

QUARKS LEPTONS

name |charge name charge FORCE QUANTUM/F IELD

up +5 electron -1 Gravity graviton
down -+ le-neutrino| O

Electro-weak

charm | +3 muon -1 -electromagnetic photon
strange| -{ |u-neutrino| O -weak W*,Z°bosons

top +2 tau -1 Strong gluon
bottom|{ -1 [z-neutrino| O

In 1935 Yukawa advanced the concept of forces by postulating the
‘meson' as the carrier of the nuclear force. Present understanding

is that the basic constituents interact wvia the exchange of various

- 11 -



Chapter 1 Introduction

fundamental bosons (integral spin) which are the carriers (or
quanta) of the four fundamental forces (or fiélds). On the scale of
the universe, gravity may be the most significant, but at energies
achievable today it has a very small role in experimental particle
physics. It is the Strong force which dominates at short distances
for which the theory of Quantum Chromodynamics (QCD) is the most
promising. The four forces are believed to be aspects of a Grand
Unified Force which would be evident at some very high energy, where
their strengths would approach a common value. This is encouraged
by the successful unification of the Weak force with
Electromagnetism (the theory of which, Quantum Electrodynamics
(QED), is the most successful theory we have). This unified
electroweak theory is a renormalisable gauge theory (part of the
'Standard Model' SU(3)xsSuU(2)xu(1) [2]) whose gauge bosons are the

three weak bosons W*,W-,Z° and of course the photon.

1.2 MOTIVATION AND SYNOPSIS

The data analysed in this thesis resulted from the interactions
between protons in a bubble chamber and a photon beam. Even
though the photon is the ppopagator of the electromagnetic force
it exhibits the remarkable property of interacting as if it had
two components: a weaker pointlike component and a dominant
hadronic component [3]. Crucial to an understanding of
photoproduction are the concepts underlying the hypothesis of
Vector Meson Dominance (VMD) [a]. During high energy

interactions the photon (with JP = 1-) can couple directly to a

- 12 -



Chapter 1 ' Introduction

vector meson (with JP = 1-) and then interact as that meson. The
hadronic component of the photon can then be regarded as a
mixture of vector mesons: P09 ...etC. The production of
heavier mesons, neutral strange particles, and the charmed mesons
in this experiment have already been reported and in general are
not discussed in this thesis.

¢ production is particularly interesting, not least because of
the almost pure strange quark content of the ¢, but also because
the proton contains no strange valence gquarks. Thus ¢
photoproduction must arise from the photon interacting as a
vector meson (¢,¢'), or from the proton sea, or less likely as a
decay product. Recently, renewed and intense interest has been
focussed on this familiar particle because of the possibility of
resonant ¢¢ states being a siénature for those exotic states of
nature dictated to exist by OQOCD - glueballs. Also the recently
found ¢n(1970) signal is Dbelieved to be the charmed F meson,
previously believed to have been at about 2020 MeV/c2. The
Cerenkov counters in this experiment which provided charged
particle identification presented a good opportunity to study the
¢ 'inclusively'.

Since the 1970s the investigation of particle interactions has
been dominated by the 'inclusive' approach arising from certain
practicalities. At high energies the final state is quite
complicated with many particles produced (typically 18 hadrons at
the ISR (CERN) ys=63GeV) some of which may miss any detectors set

up. The 'exclusive' approach of looking at specific final states

- 13 -



Chapter 1 Introduction

was therefore difficult and so a selective procedure was desired.
The convenient method proposed was to regard reactions as
A + B =-=-> C + X where C represents the observed particle(s) and X
represents everything else (not necessarily observed). This
'inclusive' approach can then be described using either the
variables: s, t, M2 , where s and t are the familiar Mandelstanm
variables, and M? the missing mass squared (figure 1l); or we may
use s, Xf, Pt, where Xf and Pt are Feynman-x and transverse

momentum.

A C

S = (+R)= (R+RT
L= (%R} = (P-RY
M= (P+R-R )

B X

Figure 1: Inclusive Approach

The major theoretical stimulus for the study of inclusive
reactions came from Feynman (1969)[5], who predicted that cross
sections would 'scale', i.e, become a function of Xf and Pt and
not of the energy vs directly. This scaling phenomenon is
equivalent to saying that the quarks appear pointlike (at present
energies). : ii is not'kﬁdﬁn4.wﬁé£her very mﬁch \hiéher energies
would reveal a substructure to the quarks (preons?) where another

level of scaling may set in. This would continue the progressive

_14_



Chapter 1 Introduction

levels of scaling witnessed from atomic physics down to
'elementary' particles as the distance scale probed has shortened
(ie, higher energy). It has become conventional to study single
particle inclusive distributions mainly in the variables
Feynman-xX and sometimes rapidity y.

With the success of the parton approach to high Pt (hard)
scattering processes, its possible applications to soft processes
(low Pt) at high energy prompts investigation. This area has
been traditionally the realm of Regge Theory where perturbative
QCD cannot be applied because of the low Q2 (ie, four-momentun
transferred squared =t). Tndugh this important realm of particle
physics is not much emphasised today, during the last few years
there has been a great deal of activity with 4interest
concentrating on explaining fast hadron distributions at low Pt.
However, the field is somewhat confusing owing to a variety of
very different dynamical models all claiming success. These
include: the quark fragmentation model (Andersson et al 1977),
the recombination/valon model (Das and Hwa 1977), the quark chain
model l(Cappella et al 1979), and the dual topological
unitarisation approach (Cohen-Tannoudji et al 1980) [6].
Particles with 1low transverse momentum (Pt<1.0 GeV/c) dominate
the final states in our experiment and thus puts this analysis
within the realm of soft processes.

The synopsis is now outlined. This chapter briefly describes
the material in this thesis and how it fits into the overall

picture of particle physics today. Chapter two details our

- 15 -



Chapter 1 : Introduction

experimental apparatus at the SLAC Hybrid Facility. The
processing of the enormous amount of data (both film and magnetic
tape) is the subject of chapter three. Chapter four concentrates
on the gas Cerenkov counters, which became my responsibility
during BC75. The theory relevant to photoproduction and the
results in the remaining chapters is presented and discussed in
chapter five, including the models of Fragmentation and
Recombination. Chapter six then concentrates on the production
characteristics and cross sections for elastic and inelastic
¢ photoproduction. Chapter seven describes studies of pion and
kaon inclusive distributions and in particular an unexpected
charge asymmetry is discussed in terms of an extended

recombination model.

1.3 SPECIAL CONSIDERATIONS FOR QUR EXPERIMENT
The BC72/73 experiment was performed at the SLAC Hybrid Facility
situated near Stanford 4in the San Francisco Bay area of
California (near to the San Andreas Fault!). Though it was
intended to study photoproduction in general, its main motivation
was the study of photoproduced charmed particles. BC75, the
extension and improvement of the experiment, was designed solely
to enlarge the charm sample already obtained.

A unique feature of our experiment was the use of a high
resolution camera which enabled the detection. of charged and
neutral charm decays. A beam energy of 20 GeV (considered 'low')

meant that event multiplicities were small and the forward cone

_16_



Chapter 1 Introduction

of charged particles wide so that the majority of decays seen
were topologically unambiguous.

The weak decays of heavy quarks have been studied extensively
in the last few years; an effort stimulated mainly by the work
done by the DELCO(1980) and the Mark II(198l1) collaborations [7].
They reported lifetimes for the charged and neutral D mesons
which were not equal - upsetting the early light quark Spectator
Model. It is now supposed that two types of mechanism dominate
the decays of D mesons [8] (see figure 2):

1. ¢the spectator picture, 4in which the charm quark decays

independently of any other quarks present, and

2. non-spectator diagrams in which the other quarks couple to

the decaying quark, for example annihilation.

At the Cabibbo-favoured level the spectator mechanism affects D°
and D* decays equally whereas the non-spectator mechanism only
applies to D° decays. Therefore, the deviation from unity of the
charged to neutral lifetimes ratio is a measure of the relative
contributions of the two mechanisms.

our experiment (BC72/73/75) measures lifetimes of
(8.6%£1.3%%2) x 10-*3s for the charged D and (6.1*0.9+0.3) xX10-3%3s
for the neutral D giving a ratio of 1.4x0.3%%% in 1line with the
spectator picture dominating.

During the autumn of 1983 the exXperiment also ran as BC76 with
a lower beam energy (10.6 GeV). This was to search for an

enhancement in the charm cross-section predicted by Rubinstein

and Stodolsky in 1978. More precisely this was to have been of

- 17 -



Chapter 1 Introduction

several microbarns for +op - charmed baryon + charmed meson
somewhere a few hundred MeV above threshold. (Note that our
measured charm cross-—-section at 20 GeV is only 62%i3nb). The
cross-section measured showed no such enhancement and this result

has now been published [9].

u
w? -
d
¢ S
+ O
DT, D
4,7 d,3
SPECTATOR
c S
DC) w*
T 3
EXCHANGE

Figure 2: Spectator and Non-Spectator Decays
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Chapter II

EXPERIMENTAL DETAILS OF THE SLAC HYBRID FACILITY

2.1 INTRODUCTION

Approximately 100 physicists from 18 institutions spread over
Israel, Japan, the United States and Great Britain formed the
SLAC Hybrid Photon Collaboration and performed the experiments
BC72/73 and BC75. The initial experiment completed data taking
in 1982 and has published results on charmed particle lifetimes,
cross-sections, and production mechanisms along with other
hadronic topics [10]. Results from BC75 have been combined with
the earlier results and submitted for final publication.

Briefly our experiment was arranged such that a 1linearly
polarized 20 GeV photon beam was incident on the SHF 1lm hydrogen
filled rapid cycling Dbubble chamber. This was both the target
and the main detector, and was equipped with a special higﬁ
resélution optics system (HRO). In front, or 'upstream' of the
bubble chamber, were the main beam monitors comprising of two
devices: a so-called quadrant detector and a pair spectrometer.
Downstream were several electronic detectors: four sets of
multi-wire proportional counters (PWCs), two Cerenkov counters,
and a lead glass electromagnetic calorimeter. The bubblé énamber
cameras were 'triggered' using information from the PWCs and/or
the Lead glass wall. The overall system was continually improved
during the four years of operation of BC72/73 and BC75.

- 19 -~



Chapter 2 Experimental Details

2.2 THE PHOTON BEAM

2.2.1 The SLAC Electron Beam

The Stanford Linear Accelerator (or LINAC) generated an electron
beam accelerated to 29.5 GeV by operating in what is known as its
'SLED 1 mode' [11]. Acceleration formed bunches (or pulses) of
electrons each lasting about 100ns and containing about
101 electrons (supplied to our experiment along beamline 27).
The electron beam was then aimed at the Dbubble chamber while
being steered towards an interaction region. Here it intersected
a laser beam head-on such that (Compton) backscattered photons
formed a beam incident on the bubble chamber. This was achieved
using a series of collimgtors, bending dipole magnets, and
focussing quadrupole magnets positioned along the beampipe (shown
schematically in figure 3). Some brief examples (precise details
are not given) of the various tasks performed by the components
are listed:
a) ¢1, D1, Q1, @2, sSL1, Q3, D2 (refer to figurE)i filtered
through electrons with the correct energy;
b) Al, A2 (orthogonal dipole magnets) steered the electron
beam so as to intersect the laser beam;
c) A3, B4, Q4, 05 also steered and focqssed the beam to ensure
the photon beam was incident on the bubble chamber;
d) A5, A6 helped to minimise the  bremsstrahlung and
synchrotron contamination to the photon beam;
e) and finally, a series of magnets (permanent magnets for

safety reasons) deflected and dumped the electron beam.
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Figure 3: Beamline 27

2.2.2 The Laser Beamnm

The initial source of photons (at 4.68 eV) was a neodymium doped
yttrium aluminium garnet (Nd:YAG) solid state pulsed 1laser
followed in series by two harmonic generating crystals
(See figure 4).

The laser, which was required to generate intense (~75mJ)
short pulses @o ensure an acceptable backscattered photon beam,
had its lasing action controlled by the 'Q-Switching' technique
with a system of +thin film polarizers. In this laser the
O-Switch igéelf was a Pockels Cell: an electro-optical crystal
which could polarize light depending on an apélied voltage. The
laser output was controlled by the orientation of the 4+ wave

plate resulting in ~75% vertical and ~25% horizontal polarized

light. The polarizer reflected (or ‘coupled out') only the
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Figure 4: Laser Optical Cavity and Harmonic Crystals

vertical component, and therefore, while pumping the ND:YAG laser
rod the horizontal component passing through was shifted to
vertical by the Pockels cell, and so prevented from returning and
stimulating further emission. This allowed the population
inversion to build up such that when the voltage on the cell was
removed lasing took place in a burst and a beam pulse emerged.
The output infrared light (A=1064nm) was first amplified and
then 'frequency doubled' to green (X=532nm) by passing through
the first crystal, and then frequency doubled again to
ultraviolet (A=266nm) by passing through the second crystal.
Each crystal converted about one third of the incident power into
the doubled frequency. 'Frequency doubling' can be understood as
an atom absorbing two incident photons before re-emitting the

excitation energy as a single photon.
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Chapter 2 Experimental Details

2.3.3 The Downstream Detectors

The downstream system served two very important functions.
Firstly, to provide data for an on-line decision to trigger the
bubble chamber cameras, and secondly, to provide extra
information on particles produced in an event in the Dbubble
chamber. All the detectors were made insensitive to the
background e*e- pairs in the central (vertical) region, (pair

production is about 200x more frequent than hadronic events).

ABSOREER
HODOSCOPE o
v \
CERENKOV COUNTERS TS COUNTER
PWC 8 SHOWER
8 POSITION
-, g KJ_-HODOSCOPE
o Pb-GLASS
o CONVERTER
///////’ Y axis Beam
Direction
| X axis
BUBBLE CHAMBER
Z axis

Figure 7: The SLAC Hybrid Facility
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Directly behind the Dbubble chamber were four multi-wire
proportional chambers. Each of the first three chambers (a,f,v)
contained three planes of wires (horizontal (z), vertical (y),
diagonal (u)) which formed a 3:4:5 triangle. The fourth
chamber & was a prototype and was removed before BC75. Hits in
the z planes (non-bend plane of the magnetic field) were used to
provide a trigger for the cameras. Offline the hit information
was used to improve the momentum measurements of tracks
extrapolated from the bubble chamber after film measurement. The
momentum resolution of these 'hybridised' tracks was determined
to be: -

o(p)/p = V( (0.008)2 + (0.00085p)2 ) (p in GeV/c) [15]
Following behind the PWCs were two atmospheric gas threshold ‘
Cerenkov counters. During BC72/73, Cl and C2 were filled with
Freon-12 and Nitrogen respectively. This allowed partial
particle identification above 3 GeV (see table 2). To lower the
pion threshold for BC75 both counters were filled with Freon-114.
The performance of the Cerenkov counters during BC72/73 and BC75
will be discussed in detail in chapter four.

Next, a 'Lead glass wall' built of: a filter hodoscope, a lead
shield,>an active converter, vertical and horizontal hodoscopes,
and an array of lead glass absorber blocks provided shower
detection and #° reconstruction[16] (see figure 8) and also a

fast trigger. .
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TABLE 2
Cerenkov Threshold Momenta
Cl (BC72/73) C2 (BC72/73) Cc2 (BC75)
(FREON-12) (NITROGEN) (FREON-114)
electron 0.011 GeV/c 0.021 GeV/c 0.0096 GeV/c
muon 2.3 4.3 1.997
pion 3.0 5.7 2.637
kaon 10.6 20.2 9.327
proton 20.2 38.3 17.726
] I ]
% i
(8}
S 1500
3
=
(@]
= 1000
N -
%)
b
& 500 -
>
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0 { | |
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Figure 8: <7 Mass Spectrum
2.4 THE TRIGGER
Bubble chamber experiments can be triggered by events

untriggered (ie, pictures taken whenever the beam pulse arrives).

Untriggered experiments should yield an unbiased sample of the

total cross-section. At 20 GeV the total hadronic cross—section

+

from photoproduction is 115 % 2 pbarns‘[l7] and therefore in our

bubble chamber fiducial volume of 75cm length the probability of
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a hadronic event is about 0.0003 (since in a hydrogen bubble
chamber 1 barn =28cm). Consequently, running at a typical flux
of 30 photons per pulse would yield 1 hadronic interaction every
100 pictures - very quickly an unmanageable amount of film!
Coupled with the nearly % second deadtime after each picture the
decision to trigger the cameras was an obvious one. In general
one hadronic event occurred about every four frames.

The hardware decision to trigger picture taking was made using
the results from two independent triggers OR-ed together: the
slower PWC trigger, and the faster Lead glass trigger. The major
constraint on the PWC trigger was the time available to make a
decision. This arose from the bubble growth rate and 'the
required HRO flash time for the necessary Dbubble size. In
contrast, +this presented no problem to the Lead glass trigger
since it used fast analogue electronics. Toc speed up the PWC
algorithm it was run on a set of IBM 168/E microprocessors [18].
The time available was reduced by about 30us for BC75 since 40um
bubbles were to be recorded. This fequired a dedicated hardware
line-processor (built at Imperial College [19]) to replace the
software algorithm (written at IC).

The PWC trigger condition was satisfied if a set of 3 z hits
(ie, in the non-bend plane of the magnetic field) was found to be
compatible with a track originating from within the fiducial
volume of the bubble chamber (see figure 9). This needed about
100us in contrast to the Lead glass trigger which was available

in 2us. The Lead glass required a signal corresponding to an
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Figure 9: PWC Trigger Strategy

energy deposition of more than 2 GeV in the total absorber blocks
or 0.8 GeV in the active converter. Both the PWCs and the Lead
glass wall were desensitised in their central vertical regions.
The width of this

'dead region' essentially controlled the

trigger rate. In addition, every fiftieth frame was taken
untriggered (ie, whether a trigger was requested or not). This
enabled the triggering efficiency to be calculated in an unbiased

manner; for instance, as a function of topology (table 3).

TABLE 3

Hadronic Trigger Efficiencies (BC72/73)

Prongs PWC Trigger Pb Trigger Combined Trigger
3 59+4% 89+3% 92£2%
5 T1+4% 90+3% 98*1%
T+ 76£6% 71+5% 95+3%

Overall 66+3% 8612% 95+1%
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Chapter III1

DATA PROCESSING AND DST PRODUCTION

3.1 INTRODUCTION

The raw data existed in two complementary forms. Firstly, bubble
chamber photographs consisting of the three normal views
(70mm £ilm) and the‘ high resolution views (35mm film), and
secondly, the NOVA magnetic tapes containing information from the
downstream detectors. BC72/73 had only one HRO view whereas BC75
had two. The film was developed at SLAC and then distributed
amongst the collaboration together with copies of the NOVA tapes.
The long and laborious processing chain necessary to transform
this raw data into a multi-volume Data Summary Tape (DST) for
physics analysis differed from laboratory to laboratory and also
during the lifetime of the experiment. The general procedures
will Dbe described with emphasis on those used at Imperial

College.

3.2  ORDINARY HADRONIC EVENTS (BC72/73)

All the 70mm film was scanned twice for hadronic interactions by
specially trained people. Based on the information as to whether
events were found on the first scan and/or the second scan the
combined scanning efficiency for finding multi-prong hadronic

interactions was found to be (99+1)%. These hadronic
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Chapter 3 DST Production

interactions were then scanned twice on the HRO film to find
charm candidate events. An event then followed one of two
processing chains depending on whether it was regarded as an
ordinary hadronic event or a possible charm event.

Until Spring 1982 Imperial College used a machine called a
Hough Powell Device [20] to measure events on the 70mm film. The
output from this machine and (later others) was transformed into
the format necessary for the deometry reconstruction program
HYDRA Geometry [21]. The output from HYDRA consisted of the
vertex co-ordinates and the mass dependent parameters momentum
(1/p), dip, and azimuthal angles (A,¢) for each track together
with errors and correlations.

In the next stage called ‘'hybridisation' bubble chamber
measurements were combined with the information from the
downstream detectors using the HYBRID program [22]. This
involved projecting or 'swimming' fast tracks through the
magnetic field out of +the Dbubble chamber and through the
downstream system. The hit information in the PWCs was then used
to increase the accuracy of the track parameters determined from
the bubble chamber measurements by means of a joint fit to both
measurements.

With the Dbest estimates of the various track parameters the
events were then run through a kinematic event fitting program
called GRIND [23]. This attempted possible permuta;ions of fits
to the event topology which conserved four-momentum and relevant

guantum numbers { eg, for 3 prongs qp * pr*w- and yp = pK*K- were
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always attempted). The data record now existed as an incomplete
DST and required only results from the Cerenkov counters, the
Lead glass wall and ionization information. The ionization for
low momentum tracks (<l.SGeV/c) was also predicted by GRIND for
e,n,K,p hypotheses. It was therefore possible to identify some
tracks by examining the HRO film and comparing their ionization
with that of a minimum 3ionizing track or even by counting
bubbles. However, dipping tracks, difficulties in estimating
track denéities, and a varying photographic quality made this
process arguably somewhat subjective and casts doubt on its
accuracy and consistency.

Finally, book-keeping was very important to ensure that events
did not go ‘'astray' during processing. To this end the
measurement status of each event was recorded on a 'masterlist’'.
From this re-measurement lists were drawn up for those events
which failed to Dbe reconstructed after measuring. At Imperial
College third re-measures were done on a semi-automatic machine
called SWEEPNIK [24]. These lists also made the calculation of

quantities such as scanning efficiencies easier.

3.2.1 Kinematic Event Fitting

Since fitted events are used 1later in this thesis it is
worthwhile to present here a brief qualitative description of the
fitting program GRIND which was originally written in the 1960s
at CERN specifically for bubble chambers. Given a geometrically

reconstructed event it had to search for possible final states
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consistent with explaining the event and to test each hypothesis
by ‘a statistical fit. The calculation of a X? probability
indicated the likelihood of a fit and had to pass a preset value
ﬁo be acceptable and included on the DST.

Obviously finding a suécessful fit would be most likely if
everything were known, ie,v the mass and momentum-vector of each
and >evéry particle. Unfortunately the measurement of ‘the
momentum-vectors may not be complete, for instance due to short
tracks, or not known at all due to missing neutrals. The masses
are not measured of course, but usually there is a limited number
of possible mass assignments to a track. Typical measurement
errors are shown in figure 10.

' The basis :Qf any complete description of an event has to be
the conservation of energy and momentum. ' In genefal however, the
raw measurements will not satisfy these constraints. The fitting
procedure, which uses a least squares technique, computes
corrections (if possible) which have to be applied to the
measured values for the event hypothesis to become physically
possible. ' These corrections, which have to be small to minimise
the x2,. are fdund by varying track parameters within their
respective errors. This is done not with the momentum components
PX,Py,Pz (which have to Dbe calculated) but with the measured
variables 1/p, X and ¢ since these have nearly gaussian errors.
At the level of 'fine tuning' the errors on the fitted quantities
are checked.and adjusted such that the 'Stretch' (or 'Pull')
distributions had the correct form, ie, gaussian, centred on zero

with unit standard deviation (See [25]).
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The resulting fits are of various grades depending on the
number of kinematic quantities assumed unknown. If everything is
known (ie, resultant E,1/p,A,¢) then we have a 'four constraint
fit': a 4C fit. If there are no missing neutrals and no
unmeasured tracks then since in our experiment the beam energy is
the only unknown (its direction is well known), we have a
'3C fit'. A '2C fit' is possible if, for instance, all
directions are measured but at 1least one track has no 1/p
meaéurement. If one particle is missing or unmeasured then all
the quantities' are unknown and the fit becomes a '0OC fit' or
unconstrained. In the roll range 300 to 2531, where all events
were recorded on the DST, 26198 3 prong events (22% of the
3 prong data) had successful 3C fits, and 10707 5 prong events
(11% of the 5 prong data). The analysis in this thesis uses

3C fits to: 9p 2 pw*w-, 7p * PK*K-, 7p 2 pPK*K-mw*7w-.
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3.4 CHARM EVENTS (BC75)

As already mentioned BC75 was interested solely in charm events
and so little ‘'ordinary' event processing occurred; indeed this
had been the case since the spring 1982 run of BC72/73. With the
improved high resolution camera the charm search technique was
modified: the charm box became a charm semi-circle. At Imperial
College [26] this had a radius of 30cm on the scanning table
where the space to table magnification was about Xx20. Charm
candidates were now measured on I.E.P machines (Instruments for
the Evaluation of Photographs, affectionately known as Bertha and
Willie). The event measurements were still run through the
programs HYDRA and HYBRID, after which cuts were made on decays
consistent with being strange, but no GRIND or ionization
processing was done at Imperial.

Experience gained during’ BC72/73 allowed the scanning
procedures to be updated. Only the HRO was scanned with two
independent scans followed by a third check scan. For BC75 as a
whole 35% of the film was scanned three times. The scanning
efficiency for finding decays was then calculated using a maximum
likelihood method (which had advantages over the method
previously used [27]).

At Imperial College appproximately 120 BC75 rolls were scanned
(62 from the spring run, 61 from the fall, with 850 pictures per
roll) resulting in 1210 candidates (651+559) all of which went
through a streamlined processing system [26] resulting in a DST,
of which 4 proved to be charm events. The combined charm sample

for the collaboration is 136 events after cuts [28].
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3.5 DATA SUMMARY

The data analysed in this thesis has been collected over seven
runs during 1980 to 1984 and constitutes the combined experiments
of BC72/73 and BC75 together with BC76, which were performed by
the SLAC Hybrid Photon Collaboration. A summary of the data
recorded is listed in table 4. The data were triggered using the
PWCs and/or the Lead glass wall resulting in the following
distribution of topologies: 1:3:5:7:9:11+ prongs occurring

4.4%:42.6%:34.4%:14.8%:3.5

o°

:0.35% of the time. The trigger
efficiencies are 1listed in table 3. Scanning efficencies were
typically 97%:98%:99% for 3:5:7+ prongs, with typically
98%:98%:97% measuring efficiencies (SLAC).

The bubble chamber with its 4o acceptance and high resolution
camera enabled the direct observation of charm decays. The PWCs
improved momentum measurements. Partial charged particle
identificatioﬁ came from the Cerenkov counters, ‘ with #° and
photon detection being provided by the Lead glass wall. The data
processing involved geometrical reconstruction, hybridisation,
and kinematical fitting. During analysis a fiducial volume cut
was imposed on the production (or primary) vertex where the
fiducial volume was that volume defined for measurement within
the chamber. The exXperimental Sensitivity has been estimated to
be 2.7 £ 0.1 * 0.2 events per nanobarn where the first error is
statistical and the second systematic [10.5, 16.2]).

As a final comment, I wrote and maintained a software package
in the interests of speed and convenience for the analysis of DST

subsets at Imperial College [29].
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Chapter 4 Cerenkov Counters

4.2 DESCRIPTION OF THE CERENKOV SYSTEM

I joined the SLAC Pho£on Collaboration in November 1982, after
the last data-taking run of BC72/73, but before the first run of
BC75, and 4inherited certain responsibities for the Cerenkovs.
The precise details of the design, construction and
implementation of the detector had already been reported [32],
but the main features of the system are summarised below.

Various design constraints were placed on the Cerenkov counter
system which had to provide charged particle identification over
a wide momentum range with high acceptance. Primarily it had to
be compact and the close proximity of the counters to the bubble
chamber magnet required the phototubes to be shielded from the
fringe field of about 40 Gauss. These considerations and others
resulted in the construction of two gas threshold counters using
a focusing mirror system (see figure 13). Both \counters were
operated at about atmospheric pressure which consequently avoided
the need for a complex and costly gas circulation system and
allowed the use of thin, low mass materials for the entrance and
exit windows (particularly important with the Pb—giass wall
behind). Inside each counter were two adjustable opadque blinds
positioned on either side and parallel to the beam path. These
were intended to confine the Cerenkov light produced by the large
electron pair background from beam 7 conversions.

In each counter there were 12 spherical mirrors stacked close
to the exit window. Theée reflected and focused the 1light

generated in the gas into the entrance aperture of cone-shaped
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of the line-of-flight of particles contained within the exit
windows. Table 5 summarises the material in the counters. The
optical layout of the counters was optimised by a Monte Carlo ray
tracing program [33]. Using this program I checked predictions

for the BC75 gas prior to the first run in April 13983.

COMPONENT POSITION
x_cm
Bubble Chamber Centre 0.0
Cerenkov C1 x/Xa
Entrance Window 310.0 COMPONENT MATERIAL THICiNESS (%)
Plane Mirror Centre 318.0
Spherical Mirror Centre 370.5 Entrance window | Melinex 120 um | 0.0
(Mirror size 37 x 50 cm*) Plane mirror Glass 2mm | 1.9
Cerenkav C2 Gas (BC72/73) fFreon-12 | 55 | 1]
Entrance Window 381.5 Gas (BC75/76) Freon-114 1.6
Spherical Mirror Centre 565.5 Spherical mirror| Glass 3 mm 2.8
(Mirror size 55 x 75 cm®) Mirrocr support Aluminium 3.2mm | 3.6
Exit Window 586.5 Gas (BC72/73) Freon-12 0.2
Gas (BC75/76) Freon-114 | ~12¢Sm| 0.3
GAS FREON-12 | NITROGEN | FREON-114 Window Melinex 120 um { 0.0
(CClsFa) (N2) (CaClaFy ) Gas (BC72/73) Nitrogen ~180 cf 0.6
2 . Gas (BC75/76) Freon-114 Ml o5
efractive Spherical mi 3 2.8
Index 1.00108 | 1.00030 | 1.00140 pherical mirror| Glass mm .
at S.T.P Mirror support A}umxnxum 3.2 mm 3.6
: Gas (BC72/73) Nitrogen 0.1
Maximum Gas (BC75/76) Frean-116¢| ~20 cm 0.6
Cerenkov 2.66° 1.409 3.03° Exit window Aluminium 0.8 mm 0.9
Angle
Radiation Plane mirrors occupy 30% of the entrance aperture.
Length 48m 300m 35m Mirror supports-cover 8% of the effective mirror area.
Xa
Normal
Boiling -30°C -196°C 4°C
Point
TABLE 5

Cerenkov Counter Vital Statistics

The gases sélected for BC72/73 were Freon-l1l2 and Nitrogen for
Cl and C2 respectively. However, this left a gap in particle
identification in the momentum interval ~1.5-3.0 GeV/c. To
maximise the range of particle identification Freon-114 was
chosen to fill both counters for BC75, which would lower the pion

threshold to 2.6 GeV/c (see table 2).
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4.3 HYBRIDISATION

Using information from the Cerenkovs depends entirely on
'‘hybridisation’. We recall that this process attempted to
identify charged tracks projected from the bubble chamber with
thits' 4in the PWC stations. All hybrid tracks were further
projected out to the mirror planes of each Cerenkov - allowing a
prediction of a hit position and consequently a predicted mirror
or 'cell'. Given a predicted cell, a test could then be made as
to whether or not the track produced light in that cell. A
minimum of 3 hits in different PWC stations was required to
define a hybrid track so that errors caused by track interactions
in the window, PWCs etc, were avoided. However, two further
criteria were required for Cerenkov tracks: at least one y hit,
and at least one hit in the PWC 4 station. In general 92% of
hybrid tracks had a <o hit rising to 97% for those above
3.0 GeV/c. (Each event with hybrid tracks had a 'Hybrid Block'
added to the DST data record.)

The close relationship between hybridisation and the PWCs
would seem to suggest an event with a hybrid block implies a PWC
trigger. However, this was not entirely true since 18% of
BC72/73 hadronic hybrid , events were not PWC triggers. For
example, a fast charged track could produce a lead glass trigger.
Also, the PWC dead region used for off-line  hybridisation was
narrower, in general, than that used by the on-line trigger.
This difference 4in dead region was possible since off-line

genuine tracks from hadronic interactions were Dbeing projected
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Chapter 4 : Cerenkov Counters

counters, which were movable transverse to the beamline on
stainless steel runners, were positioned centrally using a plumb
line and a marker line drawn on the floor of the experiment

building. Figure 14 shows the probability of light per cell per

hybrid event.

PROB(LIGHT) PER CELL PER HYBRID EVENT

35 |—

E 13 24

)

& REREIN

o — S 1 =
18 & |l e |22
| eoan—)
st 312 |a
1é 1c1 5 20

13 c2 19

0 4 8 12 16 20 24
CELL NUMBERS

Figure 14: Cell Light Distribution (BC72/73)

Immediately off-line it was possible, for instance, to examine
the raw pulse heights 4in each cell stored on the NOVA tapes.
Importance was given to locating the one photoelectron peak for
each cell (~ADC channel 50), primarily to ensure that the
phototube was functioning correctly, but also to determine a cut

to be placed between it and the pedestal so that a cell could be
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Chapter 4 Cerenkov Counters

TYPICAL PULSE HEIGHT SPECTRUM
100 —one photoelectron peak
5 a0 [ CELL 8 (C1)
2 (Signal — Pedestal)
e 6o for genuine tracks
40
20
. ] 1 l r | |
40 80 120 160 200 240
ADC Channel Number
~1000 -
’ ..
g 800 |-
si 800 1~
g «00 |
3
200 |~
1 S | 1
%o 10. 15, 20.
'  MOMENTUM GeV/C
Figure 15: Typical pulse height spectrum
Figure 16: Pulse Height v. Momentum
of momentum (figure 16). There is clearly a wide spread (a

consequence of Poisson statistics) and furthermore no. 'band!
structure is visible above the kaon threshold, illustrating that
pulse heights can only be used in a threshold manner.

The threshold region is very important in that it
indicates/confirms the presence of the gas and consequently

allows subsequent particle identification with confidence.
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Chapter 4 Cerenkov Counters
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Figure 19: Hybridisation rates

4.5.3 Pion Efficiency

The vast majority of final state hadrons passing through the
counters will be pions and therefore by plotting as a function of
momentum the fraction of hybridised tracks which reach the
Cerenkovs and give light a "pseudo-efficiency” curve for each
counter is obtained (see figure 20 for BC72/73 gases). A clear
rise at the pion threshold in the number of tracks producing
light, to ~80% above 4 GeV/c in Cl and to ~80% above 7 GeV/c in
C2, confirms that the majority of tracks were pions and that the
counters functioned correctly. However, some tracks below
threshold apparently gave light. The main reason for this was =°

decays producing photons, which with a ~30% probability of
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Chapter 4 Cerenkov Counters

converting between the production vertex. and the Cerenkovs would
produce ete- pairs above threshold. The distribution of light in
the ~celis in events without hybrid tracks suggests the
probability of background light from beam conversions is ~0.2%
per cell per hybrid event. A further rise in Cl of the number of
tracks giving 1light above 10.6 GeV/c (to ~90% above 12 GeV/c)
corresﬁonds "to the kaon‘ threshold and clearly indicates the
presence.of kaons. Dividing this Cl curve by acceptance suggests
that at high momenta the charged #:X ratio is 8:1 [35].

The probability of detecting light from pions as a function of
momentum is shown in figure 21 for each counter. Calculated
'using the fitted pions this represents the pion efficiency for
prodﬁéing detectable light. Examination of the plots shows that
Cl re#ches ~90% efficiency above «4 GeV/c and C2, slightly more
‘efficient, reaches ~93%' above ~7 GeV/c, in both cases ~1GeV/c
above tqfeshold. Both counters have a background rate of ~9%
below threshold. Combining the data from Cl and C2 by counting
whether the pions gave 1light correctly figure 22 shows the
combined pion efficiency for the Cerenkov system as a whole.
This is evérywnere >90% .except in the threshold regions of 3.0
and 5.7 GevV/c as expected and indicated . earlier. These
efficiencies can be_improved upon at some cost to the data sample

as can be seen in the following section.
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COMBINED PION EFFICIENCY
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Figure 22: Combined Pion Efficiency in Cerenkov System

4.5.4 Counter Characteristics and Mirror Effects

The lower than expected efficiency, as shown by the threshold
plots, results from the 1light collection not being equally
efficient over the entire mirror area as will be demonstrated.
Consequently a potential for track misidentification exists, with
a higher probability in Cl1 than in C2, as demonstrated by an
investigation of 'edge effects' near mirror boundaries. This was
achieved by examining the probability of light as a function of
the distance in y and z from the mirror boundary.

The 2z distribution at the mirror planes for hybrid tracks
above 3 GeV/c is shown in figure 23. The distribution peaks

towards the blinds, falling away Sharply on either side towards
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Chapter 4 Cerenkov Counters

adjacent cell (n=1 or 0). Using fitted pions these combinations
are plotted as a function of distance in y (3y) between the
predicted hit position and the nearest cell boundary (figure 27).
Both counters have similar characteristics:

a) (p=1,n=0) the probability of a track giving light in the
predicted cell only is ~85% until within ~5cm of the boundary and
falls to ~40% at the boundary. This is consistent with the light
cone now overlapping two cells.

b) (p=1,n=1) the interpretation above is further supported by
the behavior of the probability of 1light in both the predicted
cell and the nearest adjacent cell. It remains ~7% uﬁtil within
~5cm of the boundary where it rises to ~30%.

Neither (a) nor (b) lead to misidentification.

c) (p=0,n=1) the probability of finding no light in the
predicted cell but light in the adjacent cell is however a source
of misidentification. It 4is less than 1% throughout the cell,
which can be accredited to accidental occurrences, but rises to
~25% near the cell boundary. ‘This rise is understood as a
consequence of an uncertainty in the predicted hit position at
the mirror planes, for example, as a result of scattering leading
to an incorrect prediction of the true hit cell.

d) (p=0,n=0) the probability of finding no light in either cell
was approximately uniform at ~5% throughout the cells.

The plots suggest reasonable cuts of dy < 3.0cm in Cl1 and
dy <3.5cm in C2 (which encompasses ~15% of the data) consistent

with early results on a very small sample [36]. Ignoring tracks
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within the cuts meant that pions above threshold were -~97%

efficient (after cuts) at producing light.
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Figure 27: Light distributions in y near Mirror Boundaries

4.5.5 Kaon Efficiency

About 3100 events had 3C fits to yp?pK+K- of which 859 were the
best fit with x? probability >2%. However, light in Cl suggested
that some of these events were gp?pr*7- where measurement errors

had allowed the kaon fit. Therefore, to minimise pion

contamination 'unique' fits were selected (those events with only.

one fit above the cut) giving 589 events and ~800 'identified’

hybrid kaons. Using these fits the probability of detecting
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Chapter 4 Cerenkov Counters

Initially we can make some estimates of misidentification by
making the reasonable assumption that the n:K ratio of B8:1 is a
good approxXimation over the entire range. Then, ignoring

protons, we can write:

N(7) = a(#)N(true pions) + B(K)N(true kaons)

1}

N(K) a(K)N(true kaons) + B(7)N(true pions)
where a and f are efficiencies and inefficiencies and N(#),N(K)
the number flagged by the Cerenkovs. In the worst case, where
every pion with 4incorrect 1light is flagged as a kaon and
vice-versa, this suggeﬁts only a ~3% kaon contamination of the
pion sample, but ~50% pion contamination of the kaon sample!
However, examination of the 'light logic' for pions over the
entire momentum range (see figure 30) shows that following strict
light requirements the above estimates are far too pessimistic.
Averaging over the entire range pion inefficiencies lead to an
estimate of the contamination of the kaon sample of ~15% without
cuts and ~7% with cuts. Similar plots for kaons are consistent
with background rates and even without cuts suggests only ~1%
kaon contamination of the pion sample, with the main problems
arising predictably near thresholds. However, while improving
efficiency the mirror boundary cuts drastically lower accgptance.
With these considerations there are two possible strategies
for attacking particle identification:
Method CkID [37] considers only sensible light combinations and
flags ~B85% of tracks as consistent/hot consistent with #/K/p

above 3.5 GeV/c. There is an unsatisfactory loss of pions
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Chapter 4 Cerenkov Counters

program was written which recalculated most DST quantities). In
conclusion, evidence favours air entering Cl and creating a
freon/air mixture, though not necessarily through some unlocated

leak (for example, the expansion of C2 forcing gas out of Cl7?).

C It must Dbe 'emphasized that the Cl problem should not overshadow

the success of the main counter C2 which performed entirely as

.required.

INCHES OF WATER

CERENKOV PRESSURE DURING DAY (BC75)

- 1.6 - — - 1.6
e * & as
1.4 | 1.4 w, o
\ PSS * *s
C : -
12— } 2 b= .o o ces * ¢ alew .
. W * oo AR B}
: =] « e LR
t | Eﬂ 1 e . L] . . l. . . L '. ':..
é o . ., ® . .
= . .
3 o o ‘“o . ’ °* ;0.:.
08 p— LY . .« o 0.8 [weop o o e o . . L
b . o .
8 l*_.o ;.J“O-b“ .:}OOM :o f - ° . . : . .. 9
06 :r_‘!*. - n-: . * e . e, JeeTe :: oo o | c.':- . .
. . :o:nn . * . .
0.4 L * 0.4 e .
X3 .
¥ C2
.
92 = 02 |—
0 l | 0. | '
2 4 3 12 16 20 24 Q 4 8 12 6

1 20 %
HOUR HOUR

Figure 35: Gas Pressure Behaviour

- 79 -~




$ 4 . #$ . - $. #$ + . #. (% #

# o o*< 4 5. ' # $# ) | #< ) ## #
$% #$ . #( # + ! - # $ C (% # (
%$ ) $H#HW( $" C# L (% # $(S %S ( '# #
# $ ' " ( #-# L # # ' $ 4+
# 0 y# " B% >C. # '( + '& #
! ($ &% ( F# $+# . $8S ! HY
# %+, $ (% %S ( LS # #H # *
1)y < # $ # S# -# " # # % B% $$ + #
B # S5 & # #! . # $# % #% | &* #
# O# ( H*H# %- C# > %, - ( #*
# %-  #$ L (" #$

#. (% # ‘H W;"

9"/ : C , @

# > # # $ $( ( D ( $ ## -D
- $ (& - #. (%#HS" % 82$ I1$# I$# (
(-'$ + # &% . $$9" + $# . $$< DH
'# D<  $ # (. $# HOS #HE -+ #

(#. # $% # - ( # . "# . # #

+ $nu" $ (< DH '‘# D< $$° 5 # # #



-% 82= # > # # $ + # #
# o+ $## . # $ . ( &* -% " #
$$< . # C-% +%$ < $# H B% ) # + #
+ 3# C # . (% # L B
( #H% + # . # #$ + & +% #
(Y # #v ' #% :$ +-% 86;"
-% 86= ( # # % + # #
# + $# . 3% # .# T+ $#HS #S + $
B% >C #B% >C. ! # %- $+#-% 5 -3$ &% ( %.
+ '+ # < & ' - ++ # ) # '3 " $B% # *<

# . # # #S$ $ ) # ' $ ( % #$ + #

1/



Chapter 5 Concepts and Models

dominant mechanism for photon induced reactions at 1low Pt, and
anticipates the discussion on VMD later. In the second process,
the quark-antiquark pair interacts with the target before soft
gluon exchange has built a form factor. Here the photon has an
"anomalous" structure function which grows as 1n(Q2?) in contrast

to the VMD structure function which behaves as 1/1n(Q2) [40].

5.2 THEORETICAL INTEREST IN ¢ PHOTOPRODUCTION

Interest 4in vector meson photoproduction 4is connected with
fundamental theoretical problems such as photon-hadron coupling
and the diffractive scattering of hadrons (see [41]). It is well
established that elastic photoproduction conserves helicity 4in
the s-channel (SCHC) as observed in the diffractive process
¥prpop [42]. Indeed this may even be an essential feature of
diffractive processes [43]. Our experiment has a polarized beam
which consequently permits a test of SCHC, eg, using the ¢. Also
of interest are higher mass resonances such as ¢', predicted by
both Regge Theory and as radial excitations in the Quark Model.

Of more recent interest is the observation that F=¢n(1970).

5.2.1 Yector Mesop Dominance

The vector meson dominance model describes an equivalence between
the émplitude of the photon induced reaction gN-2VN, and that
caused by'a transversely polarized vector meson Vg N3VN ie:

A( YN =2 VN ) = Z ¥( a.1r'yv-2).A( VN 2 VN )
v
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Chapter 5 Concepts and Models

Assumptions within the AQM are used later to model an observed

charge assymetry in chapter 7.

5.2.2 Helicity Conservation

Photons carry spin 1 (helicity #1 for real photons) which must be
conserved in interactions. To determine how the spin properties
of the photon are conserved | in elastic vector meson
photoproduction three frames of reference are normally
considered: the Helicity frame (s-channel), the Gottfried-Jackson
frame (t-channel), and the Adair frame (qp cms). These are
defined in detail in Appendix B.

The decay angular distributions W(cosf,¢,®) of the ¢ meson (or
any vector meson) produced from polarized photons can be
described by nine independent spin-density matrix elements gq as
detailed in Appendix B. Further it can be shown that for
linearly polarized photons if the ¢ carries the same helicity and
polarization as the incident photon (ie, conserved 4in the
‘s-channel: SCHC) then in the Helicity frame (see figure-39) W
reduces to:.

sinz26( 1 + p(%,)cos(zw) )

!

W(cos8,y)

where 6,¢ polar ,azimuthal angle of K+ in the ¢ rest frame
$ = azimuthal angle of the photon electric field
vector projected onto the Helicty x-y plane,
Yy = ¢ - & (see figure 39)
P(7) linear polarization of the photon (0<P(+y)<1)

However, as outliined in Appendix B conclusive proof of SCHC
requires a calculation of all the pﬁ using each of the three

frames (which differ only in the <choice of the guantisation

axis z), but was prevented in our case due to limited statistics.
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Chapter 5 Concepts and Models

in two stages, which can be best illustrated by example. For
instance, the fragmentation mechanism would write the inclusive
cross—-section for pp?7*X as:

-
0-1 do/ax(prn+) = [} f;(y)Du(z) ay

Structure function. Valence quark carries momentum
fraction y of the proton, and

where f&(y)

Dg(z) = Fragmentation function. Quark fragments to hadron
carrying fraction x=zy.
However, Das and Hwa [6.2] have shown that this yields

predictions more than an order of magnitude below the data
whereas Recombination predictions agree quite well as shown in

figure 43.

STRULTURE FUNCT!ON FRﬂCMENTR‘I’ICN
Cmeson ] FUNCTION

(. | ——0-

}n‘.g

-

i(f)’v (‘—xgns-‘ -Dn(z) ~ (‘_z)2n,-|

Figure 42: Dimensional Counting Rules

The form of the structure and fragmentation functions may be
estimated by introducing Dimensional Counting Rules which count
spectator quarks. In the limit x-#1 it would appear that a single

parton would have to carry all the momentum of a hadron, but
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Chapter 5 Concepts and Models

since this is impossible the structure function f&(x) must
vanish. However, as x21 all other quarks (ie, spectator) must
have vanishing momentum requiring hard gluon exchange to transfer
their momenta to the fast valence quark (allowing some QCD
calculations). Thus, Brodsky et al [54] have shown that this
allowed them to develop a 'dimensional counting rule':
limit %01 £ (x) = (1-x)2-3

where ng is the minimum number of other partons whose momentum
must vanish as x21. Referring to figure 42; a valence quark in a
meson, for instance, is accompanied naively by one antiquark, and
sO0 ng= 1 with fx(x)z(l—x)l, for a sea quark ng= 3 with
f;(x)z(l-x)s, and for a gluon ng= 2 with f&(x):(l-x)a. Thus in
the example pp?7+X these rules predict f";,(y)~(l—y)3 and
ﬁg?z)~(l-z)1 giving: do/dx(p?7*) ~ (1-x)%, where experimental
results indicate a behaviour closer to (1-x)3. Indeed it was
this observation by Ochs [55] that has motivated the present
ﬁecombination ideas.

The problem with fragmentation is that momentum is lost in two
stages (xX=yz): first (to continue our example), a quark (or
antiquark) carries fraction y of the incident proton momentum,
which then 'fragments' into a 7+ together with other particles,
and therefore, must compete for a share z of the momentum. The
various models of fragmentation overcome ' this difficulty by
introducing & mechanism known as the 'quark held back' effect.
This assumes a valence quark is held back in the central region

(x=0) allowing the other quark to fragment as if it carried all

- 9] -






Chapter 5§ Concepts and Models

5.3.2 The Recombination Approach

The original idea for the quark recombination model (QRM) was
formulated by . Goldberg (1972) and revived by Ochs (1977) [55].
The basic idea, as already stated, is that a fast valence quark
(x,2%1) from the initial hadron 'recombines' with a slow
antiquark (x,~0) from the sea. Thus, the produced hadron has
X =X, + X, = X, and so, returning to the example pp?*nr+*X
do/ax(p?m+) ~ f;(x) ~ (1-x%)3
in reasonable agreement with eXperiment (see figure 43) and in
contrast to the original predictions of fragmentation. In fact
the present impetus for the popularity of the recombination model
comes from the observation by Ochs that the charged
particle/antiparticle ratio agreed with the following:
do/ax(pr+)  £p(x)
do/ax(pom) £ (x)

The model has evolved in time but in its general form it can be
expressed as:

o-! do/dax(H>*n) = [1 F(xi)R(gj,x)a(in—x)?d&

where F describes the probability of finding appropriate quarks
with %X, ,%X, if h is a meson, or Xx,,X,,X, a baryon,
R describes the probability that they recombine

into hadron h,
The form of F and R are theoretically arbitrary, for instance in
the standard approach of Das and Hwa F was chosen as:

F(Xy,%,) = £V(%,) £ (%,)0(%,,%,)

where this is for fast meson production and p(x,,X,) is a phase

space factor. Even this is arbitrary and they chose (ad hoc)

p = (1-x,-%X,) as xX,+x, 2 1. The arbitrariness has led to several
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Chapter 5 Concepts and Models

5.3.3 Considerations for the Fragmentation Regions

It is interesting to note that some authors [60] have made
calculations for a pointlike photon which would suggest that a
pointlike photon would give a (1-xX)°® behaviour in the limit x-1,
and so would be a source of high X quarks. However, resonance
production complicates the distribution since it can produce fast
decay products especially from diffractive events in
photoproduction. Figure 44 shows the effect of resonances on the

X distribution in our expériment?

CHARGED TRACKS

3 3, 3,
ST T 11110 N
o
N
ol
>

Z

g5 2
=z [}
S 3
Zo|_
xm

Figure 44: Resonance effects on X Distribution
The forward 'shoulder' is a result of resonance decay products.

It is of interest to end this discussion with the main idea
behind the 'quark fusion' models, which considered within the
recombination process are used in the interpretation of the
results in chapter 7. These consider the probability of finding

final state hadrons containing quarks from both colliding hadrons
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Chapter 5
Inclusive x*/x~ Ratio v. Feynman-x
(Buschbeck et al)
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® O pPp ...19 GeV/c ...Pe < 0.33 GéV/c
t ® pp ...10 GeV/c ...Pv = 0.55 GeV/c
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Figure 45: Beam effects on Target Fragmentation Region
These results are quoted from reference [61].

Bushbeck et al compared the inclusive #+/#- ratio in #p and Kp
reactions at different energies to that of pp reactions. They
reported a significant dependence on the beam quantum numbers for
this ratio in the target (proton) fragmentation region. Since
the naive recombination model cannot account for this effect they
suggested that valence quark annihilation with subsequent

recombination as an additional mechanism. :
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Chapter VI

ELASTIC AND INELASTIC ¢ PHOTOPRODUCTION

The photoproduction of ¢ mesons has been studied over a wide
range of photon energies (up to ~180 Gev)[e2]. The results
reported in this chapter are based on the analysis of K+*K- pairs
at 20 GeV with an invariant mass in the ¢(1020) mass region, and
was concerned with the following two reactions:
TP %> ¢p * K*K-p

which will be referred to as ‘'elastic ¢ photoproduction' (in the
VMD picture), and:

7P * ¢X » K*K-X where X # p

which will be referred to as 'inelastic ¢ photoproduction'.

6.1 ELASTIC ¢ PHOTOPRODUCTION

The total 3 prong sample consisted of ~118000 events before cuts.

All 3 prongs were run through the kinematic fitting program as

described in section 3.2.1 and so presented a natural way to

select the yp < pK+*K- events using the 3C fits. However, the‘
above reaction is kinematically similar to P * pwtw- SO

measurement errors may allow an event to have multiple successful

fit(s) to different reactions. Therefore, a second method was

also used, much simpler than the firét, being a set of simple

kinematic cuts, which would minimise any biases introduced. A
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Chapter 6 ¢ Photoproduction

major difference between the two approaches is that fit selection
would also select the non-resonant pK+K- events whereas the

alternative method will select only the ¢ events.

6.1.1  Acceptance

The estimation of the acceptance of the selection
procedure/detector is a vital step in the calculation of any
cross—section and is performed using the Monte-Carlo technique,
which necessarily involves assumptions about the process under
study. In this case (qyp = ¢p ) elastic ¢s were generated
randomly from an exponential momentum transfer (t) distribution
with a slope of 5.0 (as suggested by other experiments [62]), and
uniformly around the bean. The ¢ was then allowed to decay to
K+K- isotropically, but with the angular distributions weighted
according to SCHC with an average beam polarization of 50%. The
event was then tested for a trigger by ‘'swimming' the tracks
through the SHF and testing against random numbers. Events which
'triggered' were further weighted by +the mean scanning and
measuring efficiencies for 3 prongs. The results are shown in
figure 46 with the acceptance to exist on the DST estimated as

(66+4)%, remaining constant over the ¢ mass region.
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¢ Photoproduction

ELASTIC ¢ ACCEPTANCE F(t)
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Figure 46:

Acceptance of Elastic ¢ events
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Chapter 6 ¢ Photoproduction

6.1.2 Cross—Section Calculation {(by kinematic cuts)

The major advantage of selecting yp 2 ¢p events through the decay
channel ¢2K+*K- is that there are no neutrals to miss and all the
charged tracks should be seen on the bubble chamber photographs.
However, though proton recoils should be visible at ~75MeV/c
(even less on the HRO), a short proton track (range < lmm) may be
missed, and therefore the 2 prong sample was examined.

The 2150 2 prong events were shown to be mostly beanm
conversions by examining the e+e- mass plot, which shows a spike
at m(e*e-) ~ 30 MeV/c, and the total transverse momentum plot
which shows a spike along the beam axis. Eliminating these with
a cut at m(e+e-) < 100 MeV/c? leaves 471 events which potentially
could contain a é¢. The m(K+*K-) plot shows 21 events in the ¢

region allowing an upper estimate of < 4 events in this sample.
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Figure 47: Possible losses via slow proton
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Chapter 6 ¢ Photoproduction

The main data sample consists of ~114255 3 prong events in the
roll range 300-2531 passing vertexX cuts, of which 14792 were
flagged as containing a Ve. In this sample 5160 events were
rejected which contained at least one track with 1/p = 0.0 (ie
flagged as unmeasured, of which 25% were kink tracks). This gave
a loss of (4.5%0.1)% consistent with that expected from sécondary
interactions. In the remaining sample 708