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ABSTRACT

A Study of the Photoproduction of the
A} Charmed Baryon at v energies

of 40-160 GeV.

by
Carl J. Zorn

Evidence for the A} charmed baryon has been found in experiment E516 at the
Tagged Photon Spectrometer in Fermilab. The experiment studied high energy vp
interactions for photon energies in the range of 40-160 GeV by utilizing a large ac-
ceptance spectrometer system to study the forward reaction products and a unique,
sophisticated recoil chamber to study the target fragments.

The charm signal was detected in the decay channel A7 — An*. The mean
mass was measured as 227036 MeV /c? with a full width at half maximum of 36 +11
MeV/c?—a measure of the experimental resolution. The world average for the A,
mass is 2281.2 + 3.0 MeV/c2. A total of 51 & 14 events constitute the signal with a
statistical significance of 3.8 standard deviations.

The evidence indicates that the A} is produced in association with the charmed
D mesons by a non-diffractive mechanism:

(1) The antiparticle to the observed charmed particle, the A, baryon, was not
observed in the data.

(2) The probability for A¥ production peaks in the lower half of the photon beam
energy spectrum. This is consistent with observations from previous photopro-

duction experiments at lower photon beam energies.



_ii—
(3) Both the rapidity and Feynman z, distributions peak at negative values. This
is consistent with a theoretical model of the reaction yp — Aj’_D—{)X using
photon-gluon fusion and string fragmentation to generate the final state.
(4) Analysis of the target fragments in the recoil chamber supports the hypothesis
of a non-diffractive mechanism.

Finally, the results of this experiment are an extension of previous observations
in two ways. First, signal depletion of the charmed baryon signal is observed for
photon energies above 100 GeV. Secondly, the unique presence of the recoil de-
tector has allowed the observation of the non-diffractive nature of the production

mechanism.
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“I’ll make my report as 1f I told a story, for I was
taught as a child on my homeworld that Truth is a matter
of the imagination. The soundest fact may fail or prevail
m the style of its telling: like that singular organic jewel
of our seas, which grows brighter as one woman wears it
and, worn by another, dulls and goes to dust. Facts are no
more solid, coherent, round, and real than pearls are. But
both are sensitive.

The story 1s not all mine, nor told by me alone. Indeed
I am mnot sure whose story it 1s; you can judge better. But
1t 1s all one, and if at moments the facts seem to alter with
an altered voice, why then you can choose the fact you like

best; yet none of them are false, and it is all one story.”

Ursula K. LeGuin
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CHAPTER 1

INTRODUCTION and MOTIVATION

(1-1) What is the World Made of?

Physics is the study of matter and energy. Particle physics carries on this study at
its most fundamental level. The answer to the above question has changed many
‘times in many cultures down through the centuries and will no doubt continue to
do so. Nevertheless the present viewpoint offers a rich and varied tapestry of ideas
concerning the fundamental constituents and their interactions.

These constituents can be classified into two sets: one comprising the basic
building blocks of matter from which all other forms of matter are constructed, and
the other set contains those particles which mediate the interactions between mem-
bers of the first set. The first set is further divided into two subsets of fermions—
leptons and quarks. The lepton class is made up of the electron (e), muon (u) and
tau (7) along with their corresponding massless neutrinos (ve,v,,vr). Similarly
there are three generations of quark doublets (u, d), (¢, s), and (¢, b) from which the
spectrum of mesons and baryons can be constructed. No evidence for the existence
of the t quark is available as of this time. Table 1-1 displays some of the intrinsic
characteristics of these particles.

" In contrast, the particles that mediate the interactions among leptons and
quarks are spin 1 objects called gauge bosons. There are four types of interac-
tions, all of varying strengths: strong, electromagnetic, weak and gravitational.
The strong interaction is mediated by eight types of particles called gluons and
only occurs between quarks. In fact, it is thought that this force is strong enough
to maintain quark confinement such that we can only observe the compoéite me-
son and baryon states. The electromagnetic force, mediated by the photon, can be
exchanged among any of the electrically charged particles. Within the present ortho-

doxy, electromagnetism is interlinked with the weak force. This interaction is also
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possible among all the fundamental fermions. Unlike electromagnetism, which has
an infinite range (hence implying that the photon must be massless), the weak force
is short range (= 107!® m) and so is mediated by three massive bosons: W¥, Z°.
These vector bosons have recently been found [117]. Gravitational interactions are
of no importance within particle physics unless one is dealing with astrophysics
and cosmology. In any case, no successful quantum theory of gravity has been

formulated to date, although there are some promising ideas in development [118].

In mathematical terms, particle physics is described by Quantum Field Theory
(QFT). Within this context, the fermion constituents are described by field wave
functions whose modulus is proportional to the number density of particle states.
An appropriate combination of these fields plus their derivatives with respect to
space-time forms a Lagrangian from which the basic equations of motions can be
derived. Note that the bosonic interaction fields are missing at this point. It is
here that a crucial aspect of modern particle physics is displayed. By requiring that
the Lagrangian remain invariant under a group of local gauge transformations, it
is discovered that such a requirement forces the introduction of additional gauge

fields to be introduced into the Lagrangian.

This principle can be used to formulate the theories of Quantum Electrodynam-
ics (QED) and Quantum Chromodynamics (QCD). For the former, the Lagrangian
is invariant under U(1) while the latter is left invariant under SU(3). The number of

gauge fields equals the number of generators for the group. Hence electromagnetism

has one field while QCD has eight fields.

Some qualifying remarks should be made. Since these gauge fields are mass-
less, they are of no use in describing the weak interactions. At this point, the
second aspect of modern particle theory is brought out. Usually, the Lagrangian
will contain a term multiplied by a coeflicient that is associated with the squared
mass of the field. If we consider this just as a parameter, one finds some interesting

results when this quantity is allowed to vary over both positive and negative values.
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When positive, it is seen that the ground state corresponds to the usual vacuum
state expected. However, when the mass parameter passes into negative values, the
vacuum state becomes a local maximum and the actual ground state corresponds
to a set of non-zero values of the field. In this case, the Lagrangian will possess
a symmetry not shared by the ground state. Hence a symmetry transformation
which leaves the Lagrangian invariant will not leave the ground state invariant,
but instead, will transform it into one of the other degenerate ground states. It is
said that the system has a symmetry that is spontaneously broken. As a result of
spontaneous symmetry breaking (SSB), one obtains a new set of massless, scalar
fields called Goldstone bosons. When the SSB algorithm is applied to Lagrangians
that are invariant under local gauge transformations, one finds that these Goldstone
bosons are absorbed as new degrees of freedom by the gauge fields, resulting in the
transformation of massless gauge fields into massive gauge bosons. Finally, one of
the Goldstone bosons will also remain, but as a massive state. In this case, it is

called the Higgs boson.

Both the gauge principle and the SSB mechanism are applied in unifying the
weak and electromagnetic interactions. The resultant theory has come to be known
as the Standard Model or alternatively as the Weinberg-Glashow-Salam Theory.
The weak interaction part of the Lagrangian will transform under SU(2) while the
electromagnetic part is symmetric under U(1). Overall, the symmetry group is the
direct product group SU(2) ® U(1). The number of gauge fields corresponds to the
number of generators of the group. Hence, there are three fields for the weak and
one field for the electromagnetic interaction. A scalar doublet field is then added to
the Lagrangian and the principle of SSB applied. These four real fields are absorbed
by the gauge fields in such a way as to create three massive fields mediating the
weak force (W¥,Z%) and the massless photon (y) mediating electromagnetism.
As previously noted, one of the scalar fields remains, but is transformed into the

massive Higgs boson. No evidence for its existence has yet been compiled.



(1-2) Charm Physics

The original formulation of the quark model only included the up, down and strange
(u,d, s) quarks. The three quarks transformed under an approximate SU(3) strong
interaction symmetry (having nothing whatsoever to do with the exact SU(3)
colour symmetry) which was clearly broken by the differing quark masses. In
weak interactions, it was supposed that the u quark coupled to the combination
d' = dcos b, + ssinf. where . denoted the Cabibbo angle. Although this parame-
ter is not understood at a fundamental level, it does account for many features of
the AS = 1 and AS = 0 weak transitions. The point here is that with this man-
ner of coupling, one should be able to see strangeness changing neutral transitions
whereas the experimental facts show that this mode of decay is highly suppressed.
For example, the branching ratio for K¢ — u% u~ is (9.1+1.9) x 107?. The charm
quark hypothesis provides a way out of this dilemma.

In 1964, Bjorken and Glashow [111] proposed the existence of the charm quark
as providing for a more symmetrical situation between quarks and leptons. (This
symmetry is still adherred to in the present model.) But in 1970, Glashow, Iliopoulos
and Maiani (the GIM paper) [112] revived this idea and more importantly, showed
that the presence of this quark would eliminate the strangeness changing neutral
current. As the u couples to the d' state, so too does the charm quark ¢ couple to
the combination s’ = —dsin 8. + s cos §.. In the resultant expression for the neutral
current, one obtains only diagonal terms, that is, there are no terms in which the
quark flavour is changed. Strictly speaking, this result is only true at the first
order level. Fortunately, as the charm quark mass is much smaller than that the W

bosons, the statement holds at the second order level as well.

The spectrum of possible particle states using four quarks can be displayed by
making use of the approximate strong interaction symmetry among the quarks. In
this case, the four quarks (u,d, s, c) form the fundamental representation for the

group SU(4) (and the corresponding anti-quarks form the conjugate representa-
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tion). The meson states are (g1, G, ) pairs while the baryons contain three quarks
(¢1,92,93). Hence, in the language of group theory, the meson states will form the
basis for irreducible representations of the product of the fundamental and conju-
gate representations. Similarly, the baryons will involve the reduction of the triple
product of the fundamental representation into its irreducible representations. The
results are displayed in figure 1-1. Figures 1-1(a) and (b) display the J¥ = 0~ and
1~ mesons respectively. Similarly the %+ and %+ baryons are illustrated in figures
1-1(c) and (d). The majority of evidence concerning the existence and properties
of charmed states deals with the charmed mesons. In fact, the first sign of (hid-

den) charm was the famous simultaneous observation of the J/¢(3100) charmonium

system [109,110].

In contrast, relatively little evidence exists concerning the existence and pro-
duction dynamics of the charmed baryons. There is certainly sufficient and signif-
icant evidence for the lowest mass charmed baryon, the A.. As well, there is some
data suggesting the existence of the £.,=. and the Q.. Table 1-2 summarizes the
current information concerning the charmed baryons. Note that the A, has two
sets of mass values; one at about 2260 MeV/c? and the more recent value of 2280
MeV/c?. It has been suggested that this could indicate the existence a two-state
diquark-quark system [87,88]. At present, the consensus is that the higher mass
value is the most significant. Results published after the 1984 compilation do noth-
ing to clear up this mystery. Aleev et al. [35], has reported a significant signal
at 2268 = 6 MeV/c?. A similar value is reported in this thesis. In contrast, The
CLEO group reports a value of 2287 & 11 MeV/¢? [37] and the ARGUS collabora-
tion reports a similar value [40]. Preliminary results from the experiment E691, the
successor to the experiment reported in this thesis, indicate a very strong charm
signal with high statistics, although, as of this writing, no well defined charmed
baryon signal has been reported [130].

To find the charm particles, it is important to understand the dominant modes
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of decay. As noted above, the charm quark is coupled (weakly) to a linear combi-
nation of the strange and down quarks through the Cabibbo angle. Since §. ~ 13°,
the dominant amplitude will be a charm — strange transition with concomitant
radiation of a W+ boson. The latter can couple to the (u,Zﬁ) doublet where once
again consideration of the Cabibbo angle indicates that the dominant pair will be
(u,d). Alternatively, the vector boson couples to one of the lepton douplets. Figure
1-2(a) illustrates the various possibilities and their likelihoods. In association with
these diagrams, table 1-3 displays some characteristics of the decays in terms of
quantum number changes. All of these modes involve the non-participation of any
of the other quarks in the original particle state and is thus denoted as the spectator
model. One can also have a W+ exchanged between the charm quark and one of
the other valence quarks with the subsequent creation of a (g, q) pair of sea quarks
needed for the final hadronization of the decay. Figure 1-2(b) illustrates this pro-
cess. Reference [88] (& references therein) details the various final particle states
possible in each of the two cases and discusses the requirements for separating out
the contributions of the two processes. Experiment E691 may answer some of the
questions posed.

For the purposes of this thesis the basic statement about non-leptonic charm
decay is this: a charmed baryon will decay to a strange system containing one

baryon plus one or more mesons. Illustrative of this fact are the dominant decays

of the A7:

At 5K prt (2.2 £ 1.0%)
Ep (1.1 £ 0.7%)
Artat (< 3.1%)
Art (0.6 £ 0.5%)

(1-3) Photoproduction of the A,

Evidence for the existence of this charmed baryon has come mostly from fixed target

experiments using neutrino and hadron beams plus the e*e™ colliding beam exper-



.

iments. The vp experiments have been conducted at SLAC, CERN and Fermilab.
An argument can be made which suggests that an optimum search for and study of

charm can be performed by photoproduction experiments [95].

In both the ete™ and photoproduction experiments, the photon (virtual in the
ete™ case) couples to a c€ pair through the charm quark electric charge g.. The cross
sections are proportional to ¢2/s and ¢g?/m. in ete™ and 7p respectively (where
s is the center-of-mass energy and m, is the charm quark mass). It is estimated
that about 40% of the ete™ and 1% of the vp cross sections should contain charm.
In contrast, the relative charm component in hadroproduction should be an order
of magnitude smaller. Since the absolute production rate for photoproduction is
an order of magnitude higher than in e*e™ collisions, one expects optimal charm
production to occur in vp interactions. One has to qualify this statement as the
realities of experimental design and its implementation can change the subsequent
results. In fact, it is well known that the et e~ experiments have been very successful
as a whole for studying charm production. Nevertheless there are some indications
that this situation may change. As already noted, some preliminary results from
E691 [130], the successor to E516, show that a very strong and clear charm signal

is present in its data store.

Initially, charm photoproduction was interpreted in terms of the Vector Meson
Dominance theory (VDM) [90]. Figure 1-3(a) displays this model in diagrammatic
form. The photon, being a JF = 1~ state, couples to a virtual vector meson with
the same quantum numbers. Below the charm threshold, these would be the p,w, ¢
particles; above the threshold, we have the ¢ family. This vector meson subse-
quently interacts with the proton through a vacuum state known as the Pomeron
and produces the final state particles. Although this model has been successful in
predicting the overall charm cross section, it has been replaced in recent years by a

QCD-inspired model known as Photon-Gluon Fusion (PGF).

Figure 1-3(b) displays the first-order Feynman diagram in PGF for the inclusive
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reaction yp — c¢X. The second order processes are believed to have a negligible
contribution to the final state. Another possible contribution to charm production
concerns the intrinsic charm component of the proton. That is, there may be a
pair of ¢¢ sea quarks within the proton that scatter off the photon to produce some
charmed final states. Once again, it is believed to be insignificant relative to the
PGF process [84].

In the paper by Fontannaz et al.[84], the authors make use of the PGF model to
calculate the rapidity correlations between the final state charm particles. Following
the creation of the c¢ pair, hadronization is carried out through string fragmenta-
tion. That is, a colour flux tube is set up between the ¢ and a quark from the
target nucleon, and between ¢ and the remaining diquark of the target nucleon.
Hadronization takes place according to an assumed function which the authors
found compatible with ete~ data. Figure 1-4 displays the application of PGF to
the case study of reference [84]. The € quark interacts with a quark from the target
proton to become a D’ meson. The other charm quark interacts with the remaining
diquark to produce some non-charmed system X and either the charmed A} baryon
or the charmed D° meson.

The rapidity y is a useful parameter used in studying the production dynamics

of a reaction and is defined as

==ln{—=t), V .
Y72 n(E—Pu> (11)

The quantities £ and P are the energy and longitudinal momentum of the particle
respectively. Although this quantity is dependent upon the frame of reference, it can
be shown that the rapidities between two frames are related additively. Hence the
rapidity distribution retains its shape under Lorentz boosts along the longitudinal
momentum axis.
0RO +70 v

For the case of yp — DD X versus yp — A7D X in the overall vp center-of-

momentum frame (CM), it was found that the rapidity distribution of the A, was

peaked in the backward direction while the pair produced D meson was emitted
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predominantly in the forward direction. This result is displayed in figure 1-5 for
a photon energy of 100 GeV. Chapter 3 of this thesis contains a discussion of
the relationship between this theoretical deduction and the experimental evidence

presented therein.

(1-4) Experiment E516

Chapter 2 is a presentation of the experiment in its full glory. Nevertheless, this
section should provide a useful précis. Indeed, the reader is advised to read chapters
3 and 4 after this chapter and then to read those portions of chapter 2 that are of
interest and/or applicability.

Experiment E516 was designed to study charm events by triggering on high
mass forward states formed in yp collisions. It used the set of detectors known as
the Tagged Photon Spectrometer (TPS) located at the Fermilab accelerator facility.
A portion of the 400 GeV proton beam is used to create an electron beam with a
tunable energy. Data with both a 137 and 170 GeV electron beam was taken
although the results in this thesis are based on the latter 170 GeV data store.
The 170 GeV beam, with a typical flux of 4 x 10® electrons per one second pulse,
was directed against a 0.2 radiation length copper target. Within the target, the
electrons interacted with the copper nuclei through the bremsstrahlung process,
thereby producing a photon beam. By bending the electrons into a lead glass-
scintillator hodoscope system, the energy of the corresponding photon could be
measured (and hence tagged). The resultant photon energy spectrum covered a
range of 40 to 160 GeV with a mean energy of 105 GeV. The average flux was
7 x 10° photons per pulse.

This photon beam subsequently entered a liquid hydrogen target of 1.5 meters
length which was placed in the center of the recoil spectrometer. This detector
consisted of three concentric proportional wire chambers and four layers of scintil-
lator. Tracking, time-of-flight and dE /dz information from this detector was used

to measure the 4-momenta of the recoiling particles.
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The charged particles proceeding into the forward part of the spectrometer
were momentum analyzed by a system of two magnets and four assemblies of drift
chambers comprising a total of 29 planes. Two unpressurized segmented Cerenkov
counters were used to provide identification of the charged tracks. The upstream
counter was filled with N, while the second contained a 22:78 N;/He mixture. The
resultant thresholds allowed = versus (K or p) discrimination in the range 6-20

GeV/c and 7 versus K versus p in the 20-36 GeV/c range.

At the downstream end of the spectrometer are electromagnetic and hadronic
calorimeters for identifying electrons, neutral pions, neutrons and K?. A final wall

of scintillator following a meter of steel was used to identify muons.

The basic trigger required an hadronic interaction by the beam photons. This
involved vetoing pair production, non-interactions and requiring energy deposits
above a set threshold in the calorimeters. A high level, charm enhancing trigger
was provided by a fast ECL-CAMAC trigger processor. This selected hadronic
events consistent with having a single recoil proton at the production vertex and
a missing mass between 2 and 11 GeV/c?. In practice, the trigger was split into
two: Recoil 2 for the 2.0-5.5 GeV/c? mass region and Recoil 3 covers the high end
from 5.5-11.0 GeV/c?. In addition, a A, trigger (Recoil 4) was also instituted which

required at least three charged tracks in the recoil chamber.

A thousand 6250 bpi tapes were used to store the 25 million events recorded
over the period of November 1980 through June 1981. The ratio of 137 to 170 GeV
data was about 2:1. Reconstruction of the raw events proceeded through two passes.
The first pass involved the reconstruction of the forward charged tracks and their
3-momenta. In addition, charged and neutral track reconstruction for the recoil
chamber was carried out. The second stage made use of the Cerenkov, calorimetry
and muon wall data to identify the charged particles and reconstruct the neutral

particles in the forward spectrometer.

Event reconstruction was a computationally intensive process. The Cyber 175
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computers at Fermilab required about 1/2 second of CPU time per event for the
first stage (Pass 1). Consequently, the Pass 1 reconstruction was accomplished
by a set of widely dispersed computer systems: the Cyber 175’s of Fermilab, an
IBM 3033N at the National Research Council laboratories in Ottawa, Canada and
six IBM 370/168 emulator processors constructed at the University of Toronto.
Pass 2 was somewhat less CPU intensive (requiring only 1/6 of a Cyber 175 CPU
second) and so was carried out on the Cyber 175’s at Fermilab and on VAX 11/780
minicomputers at the University of California at Santa Barbara and the University
of Colorado at Boulder.

As a final step, selected information from each reconstructed event was packed
onto a set of data summary tapes (DST). In addition, preliminary analysis programs
were run to select events with desired characteristics, that is, events most likely to

contain charm particles (i.e., an identified kaon, proton, A, or K?).
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CHAPTER 2

EXPERIMENTAL APPARATUS
and

DATA RECONSTRUCTION

(2-1) Outline

We begin with a discussion of the accelerator itself. The basic components of
the accelerator are outlined along with their modes of operation. Further details
concerning the accelerator can be found in reference [114]. By following the path
of the proton beam, we are lead to the Tagged Photon beam line wherein the
creation and tagging of the photons is spelled out. Finally, we arrive at the bulk of
this chapter in which the various elements of the Tagged Photon Spectrometer are

discussed.

(2-2) The Proton Accelerator Facility

Fermilab is located on a 7000 acre site 35 miles west of Chicago, Illinois. Figure 2-1
provides a schematic layout of the facility. The acceleration of the protons follows a
four stage process starting with the Pre-accelerator. Further acceleration follows in
the Linac and the Booster up to an energy of 8 GeV whereupon the proton beam is
subsequently injected into the Main Ring for the final acceleration up to 400 GeV.
After reaching this final energy, the beam is extracted over a 1 second interval and
distributed into the three main experimental areas—Meson, Neutrino and Proton.
The whole process of acceleration plus extraction is repeated every ten seconds. A

more detailed exposition follows.

(2-2-1) Pre-accelerator

The proton beam begins as a stream of hydrogen gas from a pressurized cylinder.

An ion source strips off the electrons and channels the resultant proton beam into
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a 30 cm. long accelerating column within which the protons are accelerated up
to an energy of 750 keV by an electrostatic field produced by a Cockeroft-Walton
generator. The Linac receives the resultant beam which consists of 15 pulses of
protons per second (each pulse lasting 10 usec). Each pulse consists of 1.25 x 103
protons. All the equipment, including the gas bottle, ion source, power supplies
and instrumentation, are stored within a large metal dome maintained at a voltage

of 750 kV.

(2-2-2) Linac

In contrast to the Pre-accelerator, the Linac makes use of time varying electric
fields to accelerate the protons. The Linac itself consists of nine cylindrical cavities
each with a diameter of one meter and a length of sixteen meters. The interior is
evacuated (as are all the beam pipes) and contains a set of drift tubes equipped
with focusing quadrupole magnets. The protons travel down the centerline of the

cavities through the 2 cm. aperture in the drift tubes.

Acceleration proceeds in the following manner. As the cavities are tuned to
resonate at 201 MHz, a standing electric wave of this frequency is established within
the Linac. During one-half of the cycle, the field will accelerate the protons. To
prevent deceleration during the subsequent half cycle, the protons must be shielded
from the electric field. The interior of the drift tubes provide this function. Note
that the spacing and length of the drift tubes must increase in step with the ever
increasing speed of the protons.

At the completion of the process, one obtains 15 pulses of protons per second at
an energy of 200 MeV. Each pulse has a duration of 10 usec and consists of 6.0 x 1012
protons. Note the current loss in the process. These unavoidable losses continue on
through the whole multi-stage procedure. Both the Linac and Pre-accelerator are
pulsed at a 15 Hz rate in order to meet the requirements of the Booster acceleration

cycle.
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(2-2-3) Booster

Every 1/15 of a second, the Booster drives a cluster of protons from 200 MeV up
to 8 GeV. This machine is made up of 96 10-ft. long magnets arranged in a ring of
75 meters radius. Since this accelerator is an alternating gradient synchrotron, the
Booster magnets have both focussing as well as bending capabilities. The magnets
guide the protons through the circular path while the acceleration is provided by
18 distributed rf cavities. In a 33 usec interval, the protons accelerate from a speed
of B = 0.57 to B8 = 0.99. Consequently, to constrain the beam in its circular
path, the magnetic fields must increase from an initial value of 0.5 kG to 6.7 kG.
Furthermore, the driving rf fields suffer a frequency increase from 30 MHz to 53
MHz. Each Booster pulse consists of up to 2.5 x 10'2 protons which implies that the
Main Ring can receive up to 4 x 1012 protons per second, but due to inevitable losses,
the Main Ring actually holds only 2 x 103 protons for the ten second acceleration

cycle.

(2-2-4) Main Ring
The Pre-accelerator, Linac and Booster are collectively known as the Injector to
the Main Ring. The multi-stage process is necessary as each accelerator is limited
both in the high and low energy end; hence one requires a set of machines that
successively overlap in their energy ranges.

The Main Ring is a proton synchrotron comprising over 1000 magnets set into
a ring of 1 km. radius and buried six meters below ground level. It is divided into
six equal size circular sections that are connected by six straight sections labeled
A-0 through F-0. The magnet population is apportioned into 774 20-ft. long dipole
bending magnets, 192 7-ft. long quadrupole focussing magnets and 48 4-ft. long
quadrupoles to adjust the beam in the straight sections. The magnets are arranged
into cells of 8 bending (B) and 2 focussing (Q): QBBBBQBBBB; this pattern being
repeated 84 times around the ring (except in the straight sections). In addition,

there are other higher order magnets present for the fine tuning of the beam.
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After acceleration in the Booster, the protons are in the highly relativistic
region; hence acceleration in the Main Ring will not significantly affect the speed of
the protons. Consequently, the Main Ring operates at a fixed frequency of 53 MHz
(matching that of the Booster at the end of its acceleration cycle) with the result
that the protons are distributed into buckets spaced 19 nsec apart. Acceleration is
provided by 18 rf cavities housed in the straight section known as F-0. An energy
increase of 2.8 MeV /pass is provided implying that three full seconds are required

for the acceleration from 8 GeV to 400 GeV.

(2-2-5) Beam Extraction and Utilization

The final 400 GeV beam of protons is extracted over a one second interval in the
straight section A-0. The extraction is accomplished in two ways. In the first mode,
one utilizes a resonance property of the accelerator. At equilibrium, the machine
operates at a betatron frequency of 19.45 Hz; that is, the protons traverses 19.45
oscillations about the stable equilibrium orbit for each circumnavigation of the
Main Ring. However, there exist neighbouring destructive resonances at 19.33 Hz,
19.50 Hz, etc. To extract the beam, one adjusts the fields of the quadrupole magnets
so as shift the betatron frequency to a unstable value. Eventually, the protons are
shifted far enough from their stable orbits so as to enter the electrostatic field of
the first extractor. Other magnets further downstream direct the spilled beam into
the area known as the Switchyard.

The aforementioned method is used to shave off the proton beam over a one
second interval. This is necessary as most experiments cannot handle the otherwise
immense event rate of a short spill. In contrast, experiments utilizing neutrino
beams require a maximum event rate. For these experimenters, a 1 msec spill is
produced at the end of the 1 sec spill. In this case, pulsed magnets drive the required
proton beam directly out of the Main Ring and on into the Switchyard.

The Switchyard is a large area north of the accelerator in which are located

many bending and focussing magnets as well as electrostatic deflectors. This equip-
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ment is set up for the purpose of directing the extracted beam to the experimental
areas. The typical procedure runs as follows:

1. The beam is refocussed into an elliptical configuration transverse to the beam
direction.

2. The beam enters an electrostatic deflector in which one portion is in the positive
region while the other is in the negative region; hence there will be different
deflections for the two sections of the beam.

3. One portion encounters the field of a bending magnet and is given an even larger
deflection while the other portion is simply deflected back onto the center line.

4. The deflected portion enters other magnets which carry the beam on into the
appropriate experimental area. The undeflected beam cruises further ahead
into the Switchyard where appropriate routing takes place.

The experimental stations are grouped into three main areas—Meson, Neutrino
and Proton. The area known as Proton is itself divided into three stations—Proton
West, Proton Center and Proton East. The tagged photon and broad band photon

beam lines occupy Proton East.
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(2-3) Tagged Photon Beam Line

(2-3-1) Electron Beam Line

A schematic of the beam line is shown in figure 2-2. Protons are brought to bear
upon a 30 cm. long beryllium target (TEBY). A varied assortment of charged and
neutral particles are produced in the subsequent reactions. The charged secondaries
(and non-interacting protons) are swept out of the beam and into a beam dump
by vertical dumping magnets. An exception is the muons produced at the target;
they cannot be absorbed in the charged particle beam dump. As a result, these
muons plus others produced from pion and kaon decays further downstream form
a polluting cone of charged particles. A partial remedy is shown in the figure—
the beam line is bent away from the original proton beam direction to minimize the
muon flux in the experimental area. The residual muons are used for the calibration

of some of the detectors within the experiment.

The remaining neutral beam is comprised of 7%'s, K%'s and neutrons. The
7% component decays into two photons. These will subsequently convert into ete™
pairs within the 0.32 cm thick lead converter located 12 meters downstream of
TEBY. The other neutrals interact with the lead nuclei to produce a hadronic

contaminant of charged particles.

Positively charged secondaries are swept out of the beam line while a collection
of focussing and bending magnets (in conjunction with some collimators) steer and
focus the negative electron beam onto a pair of vertical and horizontal collimators
(CV423 and CH423 respectively). Just prior to the aforementioned, a horizontal
bending magnet (BH415) provides the desired momentum dispersion in the electron
beam. Adjustment of the current in this magnet will allow one to select the desired
momentum while the opening size in the horizontal collimator (CH423) defines the
momentum resolution (£2.5%).

Most of the #~ contamination is eliminated at this point in the beam line. At

the lead converter, pions are created with much larger transverse momenta than
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the electrons (i.e., 300 MeV /c versus 10 MeV/c respectively). Consequently, most
of the remaining pion contaminant is removed by the vertical collimator (CV423).

The momentum defined and purified electron beam is focussed and steered
downstream until it reaches a copper radiator of 0.2 radiation lengths in thickness.
Within this target, the electrons can interact electromagnetically with the copper
nuclei via the bremsstrahlung process. Ideally, the interaction with a nucleus pro-
duces a recoiling electron plus a photon. The photon continues on into the liquid
hydrogen target while the recoil electron is steered by a set of tagging magnets
(AN440) into the tagging hodoscope array (see figure 2-3).

In reality, one has some complications occuring within the radiator. First of all,
the radiator is thick enough so that the photon can actually convert to a ete™ pair.
This is known as a trident event as we have the triplet: ete~e™. A set of counters
A1-A10 exist in order to veto these events as well as electron-electron scattering
cases. This vetoing was done during the subsequent data analysis as these anti-
counter events were simply latched during data-taking time (i.e., a bit was set in
a latch module). A second major complication is that of double bremsstrahlung
whereby the recoil electron can interact a second time within the radiator. The
remedy for this is outlined in the next section.

This experiment used two electron beam energies—137 and 170 GeV. A plot
of the electron yield (per proton) as a function of electron energy is shown in figure
2-5. The reconstructed photon energy spectrum for the 170 GeV electron beam
data is presented in figure 2-6.

(2-3-2) Tagging System
This system is comprised of (i) a lead glass-plastic scintillator hodoscope array, (ii)
three tungsten-acrylic shower counters (C-counters) and (iii) the tagging system
electronics.

Figure 2-4 is a schematic of the hodoscope system. The first component is a set

of thirteen rectangular sheets of plastic scintillator (H1-H13). They are optically
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separated from each other and are individually attached to thirteen phototubes.
Just behind the scintillators is a set of thirteen shower counters (L1-L13). Adja-
cent pairs of scintillators overlap slightly over the central section of each shower
counter. Hence a valid tag requires the coincidence of an adjacent pair of scintil-
lators (H; @ H;+1) plus an appropriate energy deposit in the corresponding shower

counter ((H, eHiii)e L,').

The first two shower counters (L1-L2) are composed of 20 layers of 1/4" thick
lucite with 1/4" thick sheets of lead sandwiched between pairs of lucite. The next
six counters (L3-L8) are lead glass blocks (SF2) with dimensions: 2.5" x 2.5" x 23".
The remaining blocks are also lead glass (of type SF5) and have the dimensions:
5" x 8" x 20"”. In addition, the counter L13 is placed with its long side facing the
beam. These blocks have a larger cross section since they receive recoil electrons that
have passed through the non-uniform fringe fields of the tagging magnets; hence they
receive a greater dispersion than the other higher energy electrons. Being relatively
thin, counter L13 also has a 1/ 2" inch thick lead sheet placed on its upstream face
in order to ensure that the shower maximum occurs within the block. Each of the
shower counters has a 10-stage RCA 6342A photomultiplier tube attached to the
downstream end of the blocks, except for L13, for which the phototube juts out to
the side. The signal from the phototubes was delivered both to the tagging logic
electronics and to LeCroy 2249 ADC modules (for signal integration).

It is known that lead glass will darken with time under continuous bombard-
ment. However, this discolouration can be removed if the lead glass is periodically
exposed to ultra-violet radiation. Since the counters L3 to L8 suffered the great-
est flux of electrons (compared to L9-L13), they were collected together inside an
aluminum box. The top of this box could be removed, and the blocks would be
exposed to the ultra-violet radiation from a high intensity light source. This was
usually done at weekly intervals over a 24 hour period. In fact, L1 and L2 suffered

the greatest electron flux, but their lead-lucite construction does not suffer from



- 920 -

radiation damage. The only penalty is a loss in energy resolution compared to the
lead glass. It should be pointed out that L1 was actually used as a veto counter, as
the flux here was so large that the bulk of experimental event triggers would have
been due to low energy photons.

The light detected in the shower counters is actually due to Cerenkov radiation.
The energy deposited gives a measurement of the energy of the recoil electron. Since
the recoil angle is a function of momentum, a coincidence with the matching pair of
scintillators provides one with a geometrically determined momentum measurement
of the recoil electron. Note that this second measurement was only used to verify
the validity of the first one. Denoting the electron beam energy by E., the recoil
electron energy by E., and the photon energy by E., the tagged photon energy can

be expressed through the relation:
Erac = E'y =FE. - Ee,.' (21)

As noted previously, double bremsstrahlung events invalidate the above expres-
sion. Figure 2-7 is a schematic for the Tagged Photon Spectrometer. Three small
shower counters were placed at the upstream side of the SLIC at beam line level.
Each of these counters is a 20 radiation length thick tungsten-acrylic sandwich con-
nected to a phototube. The central counter (C-counter) measures the energy of
those photons that do not interact within the hydrogen target. In addition, the
double bremsstrahlung photon could also convert into a e*e™ pair within the tar-
get; the other two counters C-West and C-East would detect the pair event. Let
E¢ denote the energy measured by the C-counters. The above relation is modified
to read:

Erac =E,=E.—-E, — Ec. (2.2)
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(2-4) Tagged Photon Spectrometer
(2-4-1) Hydrogen Target

A schematic of the target flask may be found in figure 2-9. This is a double walled
cylindrical flask 150 cm. in length and 5" in diameter. The liquid hydrogen is
contained within an inner flask of the same length and 2" in diameter. The wall
of this container is constructed from a sheet of mylar 5 mils thick. Surrounding
this container is another cylindrical sheet of mylar which also has a 1/2" layer of
Rohacell foam attached to its inner surface. A vacuum exists between the two walls
of the flask.

Hydrogen was chosen as the target material for several reasons. First of all,
it is the simplest of atoms as it contains only one proton and with its low density
(p = 0.0708 g/ cms), the recoil protons stand a good chance of escaping the confines
of the target. The 2" of hydrogen represents 0.36 g/cm’ of matter and the flask
material presents 0.103 g/cm? to a recoil proton exiting radially from the target.
The 1.5 meters of hydrogen maximizes the event rate while also minimizing the
number of secondary interactions. This represents 0.17 of the radiation length and

0.25 of the nuclear collision length for liquid hydrogen.

(2-4-2) Recoil Spectrometer

Figure 2-10 is a schematic of this detector which was constructed at the University of
Toronto. A detailed discussion of the recoil detector may be found in reference [54].
The exposition that follows will highlight the important aspects of the detector.

The recoil spectrometer is a two component machine. First one has three
concentric cylindrical proportional wire chambers (PWCs). Surrounding them are
four layers of segmented scintillation counters of which the inner two layers are
plastic and the outer two contain liquid scintillator. The entire detector 1s concentric
about the hydrogen target.

This device was designed for the express purpose of detecting the recoil proton
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from the reaction yp — Xp. By ‘detect’, one means the following: (i) record the
recoil proton trajectory, (ii) reconstruct the 4-vector of the recoil proton and (iii)
identify the particle, that is, provide (w,p) discrimination. This information is
transmitted to the trigger processor and the data recording system. The trigger
processor will select on-line those events with a high missing mass and a recoil
proton. The missing mass Mx is derived from the relation:

M2% =2k [(T? — )1/ 2 cos§ — T| +¢,
3 =2k [(T* - 1) -

=2[k(pcosd — T) — mT)]

where
k = photon energy (40 < k < 160 GeV),

¢t = Mandelstam momentum transfer variable (GeV/c)?,
T = recoil proton kinetic energy = —t/2m, and
6 = recoil proton polar angle.
The recoil detector was expressly designed to facilitate the above tasks online by
having the following characteristics:
1. The scintillators and PWCs produce fast signals available for processing.
2. The cylindrical geometry and segmentation of the scintillator permit multi-
particle reconstruction and simplifies the corresponding calculations.
3. The low mass construction of the PWCs provides a good acceptance threshold
in t (see figure 2-11).
4. The energy resolution and (=, p) discrimination is extended to large |t| by use
of a thick outer layer of liquid scintillator. At the same time, the first two
layers of plastic scintillator are thin enough to minimize nuclear interactions

by the recoil particles.

Some characteristics of the spectrometer follow:
1. The acceptance in azimuthal angle ¢ is 331.5°. Polar angles 8 are required to

be greater than 20°.
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The momentum transfer ¢ can be computed for the range 0.06 < |t| < 1.4
(GeV/c)? with an energy resolution of 5-10%.
Reliable (7, p) discrimination is possible for |t| < 0.6 (GeV/c)?.

Particle reconstruction can be itemized into the following list:

1.

The polar angle 6 is determined from the PWC cathode wires as they form a
set of wire hoops concentric about the beam line.

The azimuthal angle @ is calculated from the set of hits recorded by the PWC
anode wires that run parallel to the beam line. Note that this information is
not required for triggering purposes.

Since other particles can be present, a cathode track must be matched with the
corresponding scintillator sector through EET (end-to-end timing) in the A-
layer (i.e., the innermost layer of plastic scintillator). The EET measurement
is obtained by using two PMTs (photomultiplier tubes), one placed at the
upstream end of the detector and the other at the downstream end. By using
the downstream signal as a timing reference for the upstream signal, a time
differential proportional to the position coordinate is obtained.

One can also time average the upstream and downstream signals with respect
to the tagging signal to produce a TOF (time-of-flight) measurement. If the
particle is of low enough energy to stop in the A-layer, then (7, p) discrimination
is possible purely on the basis of the TOF.

Otherwise, the particle will travel through at least two layers and hence there
will be at least two energy deposit measurements available. This is sufficient
to constrain the particle identification. The energy deposits are compared to
predicted Bethe-Bloch dE/dx energy losses for different particle identities. A
subsequent least-squares fit allows one to postulate the most probable identity

for the particle.
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(2-4-2a) Construction Aspects of the Recoil Detector
(2-4-2a(i)) Proportional Wire Chambers (PWCs)

At the anode planes, the three PWCs have radii of 18, 36, and 54 cm. They have
an active length of 200 cm. and a radial thickness of 0.12 g/cm®. The gap between
the anode and cathode for each PWC is 6.35 mm. A simplified, cutaway view of
the PWCs is shown in figure 2-12.

Each PWC is made up of two concentric cylinders; each made of a low mass
honey-comb structure (Rohacell) sandwiched between two sheets of mylar 8um in
thickness. Gold plated tungsten wires 20um in diameter are stretched between two
printed circuit boards attached to G-10 plastic hoops at each end of the PWC.
The inter-wire spacing is 4 mm. Lucite rings support the anode wires at three
equidistant points along the length of the wires. The mylar sheet below the wires is
coated with aluminum to form the non-readout cathode plane. The readout plane
consists of 1,312 flattened copper wires glued to the inner mylar surface of the outer
cylinder with a wire spacing of 1.524 mm.

For readout, pairs of cathode wires constitute single channels. In the case of the
anodes, each channel covers 2.5° of azimuthal arc because the anode wires are read
out in groups of 2, 4 and 6 for the inner, middle and outer chambers respectively.
Four meters of ribbon cables carry the signals out to the electronics rack which sits
adjacent to the recoil chamber.

Typically, a particle track will produce one hit on an anode channel and a
cluster of hits in the cathode channels. The electronics must identify the clusters,
and calculate their centroids and widths. Processing proceeds in parallel for all
chambers at an average rate of 300 ns/cluster. The resultant data is transmitted
both to the trigger processor and the data logging system.

The chambers used a gas mixture of 81% argon, 15% isobutane and 4% meth-
anol and were operated at voltages of 2.45 kV. Unfortunately, the inner chamber

suffered breakdown problems. Sixteen spots on the cathode plane were identified as
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potential breakdown points by use of a radioactive source. Small oval mylar patches
were glued onto these spots. By redefining the local electric field at these locales,
the breakdown problem was solved (although the chamber voltage had to be kept
50 volts lower than the other two).

(2-4-2a(1i)) Recoil Calorimeter

The calorimeter is divided into fifteen azimuthally defined sectors—each sector cov-
ering 22.1° of arc. In addition, each sector is comprised of four layers of scintillator—
the innermost two (A & B) being plastic (NE114) and the outer two layers (C &
D) liquid (NE235A). In figure 2-10(a), note that the bottom 22.5° of acceptance
is lost in order to allow room for the PWC support trolley and signal cables. An
additional 6° is lost to the walls separating the sectors.

Each sector of the A & B layers is constructed from sheets of NE114 plastic
scintillator 5 cm. in thickness and lengths of 240 cm. for the B layer and 215 cm.
for the A layer. The A layer is shortened in order to allow for the installation of
downstream PMTs (EET/TOF tubes). The radial edges of the sheets are tapered
so that a better fit between adjacent sectors is created. Each sheet is wrapped with
8um thick aluminum foil for the dual purpose of creating a light-tight seal and for
facilitating light transmission towards the PMTs.

The liquid scintillator is contained within three iron tanks, each spanning 110.5°
of arc. Fur'thermore, each tank is subdivided into ten sections— five each for the C
& D layers. Each compartment spans 22.1° of arc with the C layer being 16 cm. in
radial thickness and the D layer 10 cm. in thickness. The sections are separated by
40pm thick aluminum walls. The ends of the tanks were sealed with 1.9 cm. thick
plexiglass sheets.

Since the scintillator would have corroded the metal walls of the tank, a pro-
tective layer of transparent epoxy paint was applied to all the inner surfaces. Total
internal reflectivity for angles of incidence < 24° was achieved by covering the inte-

rior surfaces with 3um sheets of aluminized teflon with the index of refraction for
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teflon being 1.35 in contrast to 1.47 for the liquid scintillator.

A total of 220 PMTs were used for light detection. At the upstream end of
the calorimeter, the calorimetry tubes were apportioned as follows: (i) three 2"
PMTs per A counter, (ii) four 2" tubes per B counter, (iii) two 5" PMTs per C
counter and (iv) three 3" tubes per D counter. For EET/TOF measurments, each
A counter has two 2" fast timing PMTs—one each at the upstream and downstream
ends of the detector. The output signals were processed by an array of TDC and
ADC modules. A set of fast (1us) 8-bit TDCs and ADCs processed the signals
for subsequent transmission to the trigger processor. The same TDCs along with
slower 12-bit ADCs (LeCroy 2285) transmitted the processed signals to the online
data recording system. The voltages of the PMT's were controlled through a battery
of programmable high voltage supplies (LeCroy LRS4032).

Phototube gains were monitored through the use of a nitrogen gas laser. The
light was transmitted to the counters through a bundle of optical fibers optically

coupled to the downstream end of the detector.

(2-4-2b) Recoil Calibration
Recoil protons from the data were used for the calibration of the detector.

For EET calibration, events were chosen in which (1) at least one PWC track
was present, and (ii) the PWC track had to match up to a single active scintillator

sector. A straight line fit was made to the equation:
za=a+bxTDC, (2.4)

where
z4 = the predicted position within the A layer,

TDC = the EET-TDC measurement, and
a, b = the fitted parameters.

TOF calibration required both EET and ADC calibration as a prerequisite.
Events with the following characteristics were chosen: (i) ADC, EET-TDC and
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TOF-TDC information was available, (ii) cathode tracks had to be matched to a
sector in the calorimeter, and (iii) the event had to be reconstructed as either = or
p based on the ADC information. Once again, a straight line fit was made to the

equation:

Ty =a+b+xTDC. (2.5)

The quantity Ty is the time span predicted to occur between the tagging
reference signal and the entry of the particle into layer A. This requires a knowledge
of the particle trajectory and its energy reconstruction. Note that b is a fixed
parameter determined from the EET calibration—a is the fitted parameter.

For the ADC calibration, it was found that the energy deposit E4.p (MeV) could
be adequately related to the number of ADC counts E4pc through the following

relation:
_ (Eabpc — Eped)
ai (1 + age"aaz) ’

Eiep (2.6)

Egep is predicted from Bethe-Bloch energy loss curves. E,.q4 is the number of
pedestal counts from the ADC, that is, the number of counts when the input to
the ADC channel is zero. The gain coefficients are a;, a2 and a3. Finally, z is the
distance between the ionization point and the phototube cathode surface.

The form of this function agrees both with the results of an experimental
cosmic ray study and a Monte Carlo simulation. In the actual calibration, one uses
N events and all fifteen sectors with four layers (ABCD) per sector. The overall
minimization is done on the quantity:

N 4 J J —ald ]
2 _ aj(1 + age™%% ) EX(T;, 6;)
=33 ‘
=1 j=1

J
o;

(2.7)

J
g;

_ (Bapc - Eped))2
EJ(T.,6;) is the energy predicted by the Bethe-Bloch dE/dx energy loss relation
with T; as the initial kinetic energy of the particle, and 8; as the polar angle of the

particle trajectory. U,j is an error estimate based on (i) the ADC pedestal width,




- 98 —

(ii) photostatistical effects on the ADC width, (iii) the error in track path length
due to uncertainty in counter thickness, and (iv) another error in path length due
to the uncertainty in the polar angle ;.

The minimization of the above function requires an iterative procedure as the
quantities T; must be determined from some set of gain coefficients. Once the kinetic
energies are determined, one can proceed to find the three gain coefficients for each
of the sixty counters. These calibration constants were used in the subsequent offline
data analysis. The trigger processor is not capable of handling all these numbers,
so all fifteen counters in each layer used the same set of gain coefficients. Hence the
trigger processor only required the use of twelve numbers for its computations.

With time, the PMTs suffered changes in their gain characteristics and so a
periodic adjustment of their high voltages was necessary. The nitrogen laser system
was used as the light source for the process. Reference [54] provides an account of

this gain-matching program.

(2-4-2c) Recoil Data Reconstruction

Reconstruction implies the recreation of the event in terms useful for physics anal-
ysis. Specifically, one wishes to find the number of charged and neutral tracks
present in the detector, and their corresponding 4-momenta. The latter implies
the use of particle identification. Additionally, primary and secondary event ver-
tices must be determined. To carry out this program, one collects and analyses the
available data using combinatorial algorithms and statistical methods (i.e., least-
squares, maximum likelihood) in conjunction with the calibration parametrization
of the detector to finally produce a reasonable event description. Of course, error
analysis is always folded into the overall process. These not only include the usual
1o effects upon the various input, throughput and output pé.rameters, but also the
ambiguities inherent within the track candidate reconstruction algorithm. Least-
squares or maximum likelihood methods are vital to the eventual crystallization of

the event. Often, it is necessary to place limits on the complexity of acceptable



-929 -

events. All these varied aspects of the reconstruction process are present for this

detector system.

The E516 Spectrometer can be split into two parts defined by the event physics.
The basic photon-proton process can be written as v + p — R + X. Here R refers
to the recoil proton or its fragmentation products , while X represents the forward-
going reaction products. The former are detected by the Recoil detector while the

latter are reconstructed in the other detector systems.

Reconstruction of the recoil event begins with collection and checking of the
various sets of available data—PWC cathode and anode hits, end-to-end timing
(EET), time-of-flight (TOF), and ADC pulse heights from the calorimeter section.
Pedestals are subtracted from pulse heights, threshold cuts are applied, EET counts

are converted to z positions, and necessary bookkeeping is carried out.

The first major reconstruction effort involves the recreation of the charged
tracks present in the detector. The PWC cathode hit and EET data are utilized for
this purpose. First, a search is made for the best tracks, that is, those that leave
a cathode hit in each of the three chambers. One loops through the hits present
in the inner and outer chambers. It should be pointed out that each of these hits
is actually a cluster of hits as a given track will activate several cathode wires at
a time. The width of this cluster provides the position error for the track. For
each pair of inner and outer chamber hits, one creates an envelope defined by the
upstream and downstream edges of the two chosen clusters. In the region where
this envelope intersects the middle chamber, a search is made of the appropriate
hits to see if one is present in this region. If so, a 3-point cathode track candidate
is recorded and a x? calculated for this line. The resultant 3-point candidates are
compared to the available EET position data in order to match the calorimeter data
with the wire chamber results. For each track candidate, up to three EET matches

are allowed.

It should be noted that the x? estimate was not determined by the usual
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method of a least-squares line fit. In order to shorten the processing time, the x?
was estimated by using the deviation of the center of the middle chamber average
cluster widths of all three chambers. Although a proper fit would have given a lower
x?2, the number still produced a useful and reasonable result. This illustrates how
computational restrictions sometimes require the use of approximations to minimize

what is already a steadily increasing processing time.

To increase the track finding efficiency, a similar search is made of 2-point
cathode tracks where, for some reason or other, the third hit was not recorded.
In this stage of the algorithm, it is required that at least one of the hits must
not already have been used in the 3-point track candidate list. In addition, an
acceptable 2-point track must match up to an EET sector and a 3-point track must
intersect the target near the corresponding 2-point track intersection. Finally, a
search for kinked tracks is also performed. These are pairs of 2-point tracks (e.g.,

inner-middle and middle-outer) that match up to the same EET sector.

The next major stage involves the matchup of the cathode tracks with the
calorimeter sectors and the subsequent 4-momentum reconstruction of the track.
To reduce the ambiguity among the cathode track-EET matches, a search is made
for 3-point and 2-point anode tracks with EET matches. The algorithm is similar
to that used for the cathode tracks. In this case, both points in the 2-point tracks

must not have been used previously in the 3-point analysis.

The cathode tracks were ordered by increasing z position and each track was
subjected to a particle identification and energy recontruction program. First, the
track was assumed to be either a proton or pion that stopped in the innermost
A-layer of the calorimeter. If in fact, only the A-layer registered any light, then the
analysis would stop here. An appropriate kinetic energy would be reconstructed for
the track. This involved the least-squares minimization of an expression involving
the difference between the measured and expected energy deposits. The latter in-

volved using the mass hypothesis, stopper/penetrator hypothesis, light saturation
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and attentuation corrections as well as the Bethe-Bloch dE/dx calibrations. Mini-
mization took place with respect to the optimum expected kinetic energy for that
track. In addition, the A-layer stoppers made use of the TOF information (if avail-
able) for particle identification. This allowed one to label some stoppers as high
energy electrons (delta rays) recoiling from the hydrogen target. The results were
included in the overall x? of the track.

If more than just one layer in the sector recorded light, then the track was
classified as a penetrator and the proton/pion hypothesis attempted in this case. If
only the A and B layers were used, or an acceptable y? was determined, the analysis
was terminated. Otherwise, the process was repeated but with the outermost lit
layer deleted from the analysis. Once again, a x? cut or the presence of only the
two innermost layers would terminate the process. In the end, the two outer C and
D layers were useful for improving the energy resolution of some tracks.

The results of this stage were subjected to a set of constraints which required
that no track or sector could be used more than once, and as many tracks and
sectors must be used as possible. Ambiguities were settled with the use of the
kinematic reconstruction x? of the track-sector match. Unused sectors could be
labeled as possible neutrals within the detector. A search for the most upstream
hadronic track was made with a subsequent determination of the densest cluster
of tracks that lay within the vertex window defined by the hadronic track’s polar
angle. Finally, the various geometrical and kinematic results were léaded into a

FORTRAN common block for subsequent useage in physics analysis.

(2-4-3) Analyzing Magnets

Two magnets were used for bending the charged particle tracks in the xz plane of the
spectrometer coordinate system. The first magnet, M1, formed the low momentum
arm in conjunction with the drift chambers D1 and D2. Magnet M2 was needed to
bend the higher momentum tracks. Both magnets were run to produce an integrated

field of five kilogauss-meters. Magnet M1 had one coil and so had to be run at 1800
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amps while M2, with two coils, only required 900 amps.

The vector field of the magnets was measured using the Fermilab ‘Zip-Track’
system. The details of this device and its use are spelled out in reference [48].
An absolute measurement of the fields was made using a NMR probe. The fields
were parametrized by polynomials and the results used in the track reconstruction

programs.

(2-4-4) Drift Chambers
As shown in figure 2-13, there are four drift chambers D1,D2,D3,and D4 which are

used to record the trajectories of charged particles travelling through the forward
spectrometer. Used in conjunction with the two analyzing magnets M1 and M2,
the 3-momenta of the charged tracks can be reconstructed.

All the chambers share certain common features. They essentially consist of
sets of field and sense wire planes sandwiched between planes of high voltage wires
(see figure 2-14). The high voltage planes consist of wires stretched horizontally with
a interwire gap of about 3 mm. The exception is D4 where the plane is actually (i) a
ground plane, and (ii) a sheet of aluminum bonded to a hexcell backing for rigidity.
In the sense planes, one has field and sense wires alternating. Furthermore, these
wires are set in three different orientations; the X plane has the wires stretched
vertically while the U and V views are set +20.5° with respect to the vertical. D1
has an additional X' plane with the same orientation but offset horizontally with
respect to the X plane.

Figure 2-15 illustrates the need for at least three different views if one wishes to
measure the position coordinates of a track. Since D1 suffers from the highest rates,
as it is so close to the hydrogen target, the X' plane provides additional redundancy.
D1is made up of two assemblies of UVXX', D2 and D3 each have three assemblies
of UXV, and D4 has only one assembly of UXV. Hence a charged track can have
up to nine position measurements.

D1, D2 and D3 all have their sense wires set at ground and the field wires at a
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negative high voltage. The high voltage planes were set at typical voltages of about
2.3 kV while the field wires in the sense planes were set to voltages between 1.7
and 1.8 kV. Chamber D4 had the sense wires operated at a positive high voltage
and the field plane was grounded. The field wires in the sense plane could be set to
small positive or negative voltages in order to establish an appropriate electric field

configuration.

The sense wires were constructed of 25um gold-plated tungsten wire and the
field wires were 5 mil beryllium-copper. For D1 through D4 respectively, the X
plane cell sizes are 0.1875", 0.375", 0.625"” and 1.250”. The U and V plane cell sizes
are smaller by a factor cos20.5°. The chambers are filled with a 50-50 mixture of
argon and ethane. In addition, D1 and D2 were found to suffer from breakdown
problems due to the high rates experienced by these chambers. To remedy this
problem, a small amount of ethyl alcohol vapor was added to the D1-D2 gas system

for the express purpose of quenching disruptive ionizations.

How does a drift chamber work? Because of the high voltages set up in an
appropriate gas mixture, a charged track will create an ionization trail along its
path. If the field configuration is correct, the ionization electrons will drift at
a constant speed towards a sense wire. Hence the position of the track will be
linearly related to the drift time. This time of travel is measured in a somewhat
odd manner. The signal that reaches the sense wire is processed to form a logic
signal which is subsequently used as a START signal in a TDC module. A common
STOP signal is generated from low level logic. By delaying the STOP signal, one
buys the needed time for deciding whether or not to record the event (i.e., read out

the TDC modules).

In the case of this experiment, the sense wires are connected in groups of
sixteen to LeCroy DC201 amplifier-discriminator cards situated on the outside of
the chambers. Twisted pair cables transmit the logic signals to a set of LeCroy 2770

TDC modules. The digitized numbers are read out and recorded onto magnetic



_ 34—

tape.

(2-4-4a) Drift Chamber Calibration

There are basically five major steps in the calibration procedure: (i) calculate the
gain coeficient of each drift cell, (ii) measure the relative timing between the cells
that make up a single plane, (iii) establish an absolute timing reference, (iv) calcu-
late the drift velocity for each plane, and (v) determine the relative spatial position
of the drift chamber planes with respect to the spectrometer coordinate system.
The linear relation between the number of TDC counts and the time can be
written as:
t; =17 +g; %7 PC, (2.8)
where subscript 1 = the cell index,

t; = time in nanoseconds,
t7PC = number of TDC counts (0-255), and

gi = the gain coeflicient (ns/count).
By generating signals at fixed time intervals At;, the gain coefficients can be

calculated as
At;
If instead, one generates data at fixed times ¢; = tconstant, then a set of relative

time references can be calculated:
t?R = tconstant — g; * t’;-rDC. (210)

An electronic pulser system was designed, built and operated for the express
purpose of generating the calibration data used for determination of the aforemen-
tioned calibration constants. The details of the pulser construction and operation
are spelled out in reference [47]. The system is controlled by the online monitoring
software. To determine the TDC gains, a set of four different time delayed signals

is transmitted to the DC201 cards, that is, counts of 60, 120, 180, and 240 were
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used. The responses from the DC201s were used as the START signals—a common
STOP was also provided. As outlined above, the differences in delay times were
used to calculate the TDC gains. The process of cycling through the delay times
and each assembly required about two hours of running time (with ten events per

spill being recorded).

The data for determining the relative timing references was generated by low
voltage (= 5 volts) pulses transmitted to the high voltage planes of each assembly.
Output signals would be induced on the sense wires and subsequently used as the
START pulses. Once again, a common STOP pulse was provided. As the most
uniform pulsing response was found to occur for large TDC values, the modules

usually recorded times of about 220 counts.

With the relative timings now established, one can proceed to plot the overall
time distribution for each plane. The gains and offsets of each TDC module is used
to modify the centering and widths of the individual cell distributions. From the
overall distribution, one can establish both the absolute timing reference and the
drift velocity for the plane. The absolute timing reference is established by deter-
mining at what point the distribution starts rising. The drift velocity is calculated

by dividing the cell size by the width of the time distribution.

Finally, the orientation of the drift chambers with respect to the overall spec-
trometer coordinate system must be established. A set of special data was recorded
in which the regular beam was totally shut off by use of collimators and a trig-
ger set up which required a coincidence between the upstream and downstream
muon counters. (This is the ‘cone of muons’ mentioned previously in the electron
beam section.) The analyzing magnets were turned off for these runs. The resultant
straight line tracks are reconstructed in a straight forward manner. An examination

of measured — fitted quantities allows one to make the correct position orientation.

In reality, various corrections must be made to the calibration constants. The

reconstruction of tracks from actual photo-production data is used for this proce-
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dure. Plots of measured — fitted position coordinates allow one to unfold the required
corrections. The calibration constants are stored in run indexed disk files for use
in the offline reconstruction efforts. Finally, during the actual online data-taking
runs, the TDC responses are compared to benchmark values stored on disk files.
Significant deviations from the benchmarks resulted in a notice being submitted to
the online personnel who could proceed to respond in the appropriate manner to

the problem.

(2-4-4b) Charged Track Reconstruction

The algorithm is a multistage process, each stage consisting of the following steps:
(1) looping through the various planes and assemblies in order to find matching
sets of hits, (2) projecting these segments into other assemblies and/or chambers in
order to find other matching segments, (3) performing line fits to these segments,
and (4) selecting the best tracks from the set of candidates.

First, all TDC data is converted into position coordinates (mm) for each of
the U, X and V planes. The first stage begins in D3. Each of three assemblies is
cycled through in order to find matching sets of UXV triplets. The process involves
searching for overlapping wires and then checking that the predicted X position
(calculated from the U & V data) corresponds with the recorded value of the X
position. Upon completion, a search is then made for candidate track segments
within D3. One proceeds from the best to worst case scenario.

(i) A three triplet search is made in which pairs of assemblies are looped through
and a corresponding triplet in the third assembly is seeked. All three possible
combinations of assembly doublet plus singlet are used.

(ii) The search is repeated, but in his case, only a doublet of hits is required in the
assembly. For one reason or another, one of the planes has no recorded hits.

(iii) A final cycling of the chamber in which a plane in each of two assemblies has
no recorded hits. This time, one triplet plus two doublets of hits are chosen.

As can be seen, all the cases require a minimum of seven corresponding hits to
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Next, the D3 track segments are projected back into D2. As with D3, a cata-
logue of D2 triplets has already been found. First the D3 segments are projected
back into the target wherein the projected Y position must be within 20 cm. of the
target centre. As the tracks are bent on the X Z plane, no account of the magnetic
field need be taken. Hence the D3 segment can be projected back into the first as-
sembly of D2 in terms of the predicted Y position. A search is made of this assembly
for corresponding triplets. When a correspondence is made, an X position check is
made. Both the D3 and D2 segments are projected into the centre of the magnet
M2. Here their predicted X coordinates can be checked for equality (within cuts).
Furthermore, the bending angle in the X Z plane can now be calculated and used
in M1 (since the magnetic fields are almost equal) to project the D2 segment back
into the target and a X position cut made (again, +20 cm.). Given a D3-D2 match,
a search is carried out in the other six planes of D2 in order to find a minimum of
three other corresponding hits for a total minimum requirement of six hits in D2.
The entire process is repeated with the search beginning in each of the other two

planes of D2.

The accepted D3-D2 segments are then projected back yet again into D1. First
the X and X' planes in each of the two assemblies of D1 are cycled through in
order to find corresponding X X' doublets. These are used first in the search for
matching D1 segments. If no such doublets exists, then one reverts to individual
plane searches. One starts with the downstream D1B assembly and projects back
into the D1A assembly. The process is then repeated but with the initial search
starting in D1A. Similarly, the D3-D2 segments are projected into D4 and a search

of matching hits is made in the one assembly of this chamber.

With all D3-D2 segments (plus their extensions) finally catalogued, a filtering
process is carried out in which only the best track candidates are kept. The choice

depends upon the number of hits used, the x? of the track fit, the degree of matchup
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at the M2 centre, and the number of hits that a candidate shares with other tracks.

This final list is stored for future use. So ends the first stage.

The second stage proceeds in a manner very similar to that of the first. In
this case, the search begins in D2 with projections into D3, then D1 and finally
D4. These D2-D3 candidates also undergo the quality control process before being
stored for future use. One should note that care is taken to ensure there is no
overlap with the already existent D3-D2 tracks. Both of these groups are sorted
into various categories indicating which drift chambers the tracks passed through

(i.e., D1-D2-D3-D4, D2-D3-D4, D1-D2-D3).

The third stage involves searching for those tracks that only passed through the
first two chambers. Previously unused D2 segments (with at least seven hits) are
projected back into D1 and filters applied to select only the most likely candidates.
At this point, quality control is applied to all the tracks in order to flag the spurious
ones. The key filter involved checking the number of hits that a track shared
with other candidates. Too high a number resulted in that track being flagged as
spurious. It was found that 99% of all D1-D2 tracks were actually spurious.

Another track search is carried out in the fourth stage. In this case, the unused
segments of D3 are cycled through and projected into D4. The best of these are
selected and stored. In the fifth stage, a search for a primary event vertex is carried
out in which both the recoil and drift chamber tracks are used (excepting the D3-D4
tracks). This process involves using the recoil tracks to establish a vertex position
estimate. The drift chamber tracks are subsequently added in to establish the final
position. One requires the minimization of the sum of squares of the distance of
closest approach (to the vertex). To accomplish the vertexing properly, an iterative,
5-parameter fit was made to all tracks (excepting again the D3-D4 tracks) in order

to establish their trajectories and momenta (see reference [46]).

With this vertex established, a final search for D1-only tracks is performed.

D1 being the most upstream chamber, it usually contains many hits and so a wide
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angle requirement was added to the algorithm so as to avoid the busy central region.
Unused triplets of D1B were cycled through and projected into D1A. Besides the
angle cut, the candidates had to point back at the target and a minimum total of
five hits were demanded. The process would be repeated with the search starting
in the D1A assembly. The best tracks were added to the final drift chamber track
list.

(2-4-4c) Primary and Secondary Vertex Reconstruction

As a result of track reconstruction in the Recoil and Drift Chambers, one has
information on the charged track 3-momenta and positions. This is subsequently
used to define the primary vertex for the event and to reconstruct the set of possible
secondary vertices in which a neutral particle decays to two oppositely charged

particles. A list of the chosen decays follows:
K}t 4~
A->p+n~
A— D+ xt
y—et +e”

The first step is to find a primary vertex within the hydrogen target. One starts
by using the intersection of the recoil tracks with the beam line to define the first
approximation of the vertex coordinates. If no recoil tracks exist, then one must
proceed to use the drift chamber tracks. Assuming that the recoil tracks exist, the
number of vertices is reconstructed by making a cut on the weighted distance (in z)
between successive tracks. Hence the tracks will be collected together into bundles,
each of which represents one vertex. The primary vertex is defined by the most
upstream bundle. Note that within each bundle, the vertex is defined by the most
upstream recoil track.

One proceeds to add to the primary vertex bundle those drift chamber tracks

that pass within a weighted distance of the recoil vertex, and have a subsidiary
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vertex defined by the drift chamber and upstream recoil tracks which lies within

" the hydrogen target. A least-squares analysis is applied to this enlarged bundle in

order to find the optimum position. The algorithm involves the minimization of the

weighted sums of squares of the respective distances of the recoil and drift chamber

tracks from the primary vertex.

If the vertex passes a x2?/dof cut, then the analysis stops with no secondary

vertex search. Otherwise, it is assumed that such vertices exist and all drift chamber

tracks are cycled through in the subsequent search. Given a pair of tracks, they

must meet certain specifications in order to be defined as neutral decay candidates:

(1)

(2)

Neither track can be spurious and furthermore, both tracks must have passed
through at least the first two drift chambers. Otherwise, no momenta would
be defined for them. (This requirement is also used in the primary vertex
reconstruction.)

The pair must be oppositely charged.

At least one of the tracks must not belong to the primary vertex. This is
enforced through a cut on the weighted distance-of-closest-approach (DCA)
between the track and the primary vertex.

The DCA between the pair must be within 10 cm.

The neutral decay takes place before the centre of M1.

The DCA between the neutral particle (whose momentum vector is defined as
the vector sum of the track pair) and the primary vertex must be less than 10
cm.

The weighed distance between the primary and neutral vertices must exceed a
specified amount. In other words, the secondary event must be distinct from
that of the primary.

Finally, no other recoil or drift chamber track can pass near the secondary
vertex. Once again, the cut is enforced through a weighted DCA.

All secondary vertices must then be cycled through in order to ascertain their
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possible identities. First, pion masses are assumed for the decay tracks. If the
invariant mass lies between 475 and 525 MeV/c?, the neutral is flagged as a K?
candidate. For the A and A cases, kinematic analysis reveals that unless the neutral
has a 3-momentum under 300 MeV/c, then the proton will always have the larger
momentum. Using this fact and the appropriate mass hypotheses, it is required
that the invariant mass lie within the interval defined by 1100 and 1136 Mev/c?.
Finally, a converting photon is flagged if the invariant mass (assuming electron mass

hypotheses) is less than 250 MeV/c2.

(2-4-5) Cerenkov Counters

These provide the required particle identification of charged forward tracks in the
spectrometer. Table 2-1 displays some key characteristics of the detectors. These
detectors make use of the Cerenkov phenomenon—when a charged particle’s speed
exceeds that of light through a given medium, it is found that a cone of radiation
is emitted at a polar angle 6, with respect to the particle’s line of flight. If the
particle’s speed is denoted by B¢ (0 < 8 < 1;¢ = the speed of light in vacuum) and

the refractive index of the medium is n, then one can write the following relation:

1
o8 = 5. (2.11)
From this equation, one can conclude that the threshold speed is
Bene = = (2.12)
c=—. .
th n

The E516 Cerenkov counters operate as threshold counters; that is, the particle
identification is based on the fact that charged particles of different masses will have
differing Cerenkov thresholds depending on their momenta and the refractive index
of the medium. Discrimination is provided among (e*, u*,n*, K% p*), although
the primary identification is for (7, K, p).

Both counters are constructed from 1/4" aluminum sheets reinforced by alu-

minum [-beams for structural rigidity. However, the upstream half of C1 is con-
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structed from fiberglass as this portion of the detector is inserted within the mag-
netic field of M2. By using a non-conductive substance, one prevents the occurence
of eddy currents in the walls of the counter. These currents could lead to the collapse

of the counter walls if the magnetic field changed abruptly.

Each counter has its own access door and a set of circular portals encompassing
each detector (see figure 2-16)—28 for C1 and 32 for C2. Each counter only used
twenty of the available portals. These circular openings are where the Winston cones
and associated PMTs are attached to the detectors. The ends of the detectors are

sealed by 20 mil flexible, laminated sheets of aluminum and mylar.

The Cerenkov light is collected by a set of curved mirrors forming the primary
mirror plane at the downstream end of each detector. These planes are split into
20 cells (see figure 2-17) which are further subdivided into four quadrants with 5
cells per quadrant. (The dotted lines indicate that cells 3 & 5 of each quadrant are
actually made up of two mirrors each as single mirrors would have been too large
and cumbersome to handle.) Each mirror is manipulated by seven dacron lines. The
lines allow proper positioning of the mirrors without acting as high mass structures
in the beam flux. As well, a 3 cm. vertical gap exists between the upper and lower
halfs of the mirror plane to prevent contamination from v — ete™ conversions in

the hydrogen target.

In C2, the light is directly focussed into the Winston cones and PMTs. With
the upstream end of C1 set inside M2, the PMTs had to kept at a safe distance
from the fringe fields of M2. Thus the Winston cones and PMTs were set up to
face upstream. Hence a second non-focussing mirror plane was set up to bounce

the light into the phototubes. This setup is displayed in figure 2-18.

The mirrors are constructed from plexiglass sheets molded into the required
curvature on large spherical aluminum molds. The finished sheet had a thin layer

of aluminum applied to the concave surface. The resultant focal length is 6%'.

The Winston cones are formed from epoxy spun onto a metal mandrel so that
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the resultant structure forms a cross section of a ellipsoid with the large end measur-
ing 15" in diameter and the small end being 5" in diameter. Aluminum is evaporated
onto the inner surface to make it reflective. Due to the focussing properties of the
ellipsoid, any light entering the Winston cone will very likely be directed into the
phototube attached to the small end of the cone (5" RCA 8854).

Anode signals from the PMTs were transmitted to LeCroy 2249 ADC modules
for digitization and subsequent recording onto magnetic tape. The corresponding

dynode signals were used in the E516 trigger logic.

(2-4-5a) Cerenkov Calibration

1. Initially the refractive index of the chamber gases was monitored with the use
of a gas chromatograph. As well, the presence of contaminants, especially
O3, could be verified. However, the refractive index for C2 was particularly
sensitive to the amount of N, present and it was found that the chromatograph
was simply not accurate enough for the job at hand. So for this counter,
the refractive index was monitored by measuring the onset of threshold for
reconstructed ¥ tracks.

2. Mirror positions were surveyed by standard optical techniques. In addition, one
required knowledge of the effective mirror boundaries as defined by the cone of
light entering the phototubes. The data from a set of electron beam runs was
used for this purpose. Originally, the runs were for the purpose of calibrating
the SLIC detector. In these runs, a 5 GeV electron beam was swept across
the face of the mirror plane by a rotating magnet. The calibration procedure
involved the comparison of reconstructed track positions with the number of
photo-electrons detected in each of the Cerenkov cells.

3. Using incandescent and laser light sources, the mirror-Winston cone combina-
tions were aligned for maximum efficiency (see reference [46]).

4, The ADC gains were determined by using light from a N3 laser system (figure
2-19). Light is transmitted through a cluster of optical fibers with each fiber
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connected to one phototube. The intensity of the light can be controlled by
the choice of an appropriate neutral density filter mounted on a filter wheel.
If the correct filter is chosen, then a plot of the number of ADC counts will
reveal a distribution with two prominent peaks—one being the ADC pedestal
and the other being the single photo-electron peak. The gain is simply the
difference between these two values. The laser system was also used to monitor
the linearity of the ADC channels.

5. For reconstruction purposes, one needs to know the efficiency of each cell.
This is the product of several effects: (i) multiple reflections off the mirrors
and Winston cones, (ii) misalignment of mirrors and/or Winston cones, (iii)
absorption of Cerenkov light by contaminants (i.e., O;) and (iv) the overall
phototube efficiency. Using reconstructed track positions from photoproduc-
tion data, one can compare the observed number of photo-electrons with the
predicted number. The ratio of these two numbers is the overall efficiency of

each cell.

(2-4-5b) Cerenkov Reconstruction and Particle Identification

The eventual goal here is to provide some quantitative measure of a charged track’s
identity. This is given as a probability (properly normalized) of whether a track
fits a mass hypothesis given the observed light pattern within the two Cerenkov
counters.

The first step in the reconstruction process requires the conversion of the
recorded ADC counts into equivalent photo-electron counts making use of the ap-
propriate calibration constants. Next, the predicted number of photo-electrons is
calculated for each charged track that passes through one or more of the coun-
ters. As this involves integration over the path length of the track, the problem
is converted into a discrete process whereby the trajectory is divided into a dozen
segments in the first counter and ten in the second. Summation over the segments

yields the predicted light levels for each of the five (e, p, 7, K, p) possible mass hy-
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potheses. It should be noted that the light emitted by tracks passing through the
pair plane region of the downstream counter is excluded from the analysis as these
photons were not detected by the counter.

To help in the identification of electrons and muons, information from the
calorimetry analysis is utilized. First, the muon information (from the Hadrometer
and Muon Wall reconstruction) is analysed. If the muon probability is greater than
0.75, then the track is labeled as a muon. Otherwise, it is either flagged as a possible
muon (and an appropriate weighting made), or it is processed as a possible electron
(or positron). In the latter case, the track momentum as found by the SLIC and/or
Outriggers is compared with the Drift Chamber results. Given a match, the track
will be labelled as a possible electron.

Subsequent analysis uses the Cerenkov information. One loops through the
tracks and Cerenkov cells in order to create sets of correlated tracks and cells. In
these sets, it is possible for more than one track to emit light into the same cell,
although in fact, 85% of the sets consisted of single track sets. Since particles of
the lowest mass, namely electrons, create the widest cones of light, the algorithm
cycles from the lowest to highest mass hypotheses in order to eliminate impossible
configurations when the predicted light pattern is compared with the observed. Used
in conjunction with the aforementioned calorimetry data, one can set minimum and
maximum mass hypotheses for each track within each set.

Given the correlated sets of tracks, and given the possible mass configurations
within each set, one can proceed to calculate a likelihood function for each config-

uration. This function takes the form

n dnaba _
L= __p;eTe fpred (213)
obs-

That is, one is dealing with a Poisson distribution in which the probability of
obtaining nj, observed photo-electrons given a prediction of npreq photo-electrons.
The predicted light level is intimately correlated with the assumed mass hypoth-

esis. Some important qualifying remarks must be stated. First, it is the natural
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logarithm of the likelihood function that is actually used, and in order to decrease
computational time, a lookup table is used rather than the actual functional ex-
pression. Furthermore, both the predicted and observed light levels are actually
distributed in a Gaussian fashion; the smearing being the result of various effects
such as mirror non-uniformities, phototube efficiency, and ADC output variability.
Hence the simple Poisson expression is replaced by a double integration over the
two Gaussians convolved with the original Poisson. The resultant expression retains
a Poisson-like character.

The output of this stage supplies one with the probability of obtaining an
observed light level given a selected mass hypothesis. One wishes to obtain the
inverse of this: given the observed number of photo-electrons, what is the probability
of obtaining a selected mass hypothesis. This is a textbook case of applying Baye’s

Theorem:
P(B;|A:) * P(A)
i P(BjlA:) = P(Ai)

P(A|B) is the conditional probability (i.e., the probability of the occurrence of

P(A;|Bj) =

(2.14)

A given that B has already occurred) while P(A) is the apriori probability for the
occurrence of A. The apriori probabilities for five mass hypotheses were initially
assigned using the particle yield results of other experiments. An iterative procedure
i1s executed in which the successive apriori’s are calculated through an algebraic
rearrangement of the above formula. The final results of this calculation are 0.12,
0.08, 0.65, 0.11, and 0.04 for the apriori expectation of obtaining electron, muon,
pion, kaon and proton tracks respectively.

As a final step, the individual track probabilities (i.e., single track sets) were
calculated for each of the five mass hypotheses and recorded onto the final set of

data summary tapes.

(2-4-6) SLIC

SLIC is an acronym for Segmented Liquid Ionization Calorimeter [128]. Used
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in conjunction with the Outriggers, the detection, identification and 4-vector re-

s and photons that shower electromagnetically within the

construction of e, 7
detectors can be accomplished. Similarly, when the SLIC is used in conjunction
with the Hadrometer, one can reconstruct neutral hadrons (e.g., neutrons, K?)

that begin their hadronic showers within the confines of the SLIC.

Electromagnetic showers are the dramatic result of having the combined pro-
cesses of bremsstrahlung and pair production produce a geometrically increasing
cascade of electrons, positrons, and photons in a medium. A high energy electron
will interact with a nucleus to produce a photon which subsequently converts to
an ete~ pair. These leptons will in turn radiate photons which will pair produce
and so on. The number of particles will exponentiate with increasing traversal of
the material until enough energy has been expended to terminate the conversion
and radiative processes. Traditionally, shower counters are comprised of interleaved
layers of a dense material (e.g., lead) which initiates and develops the shower, and

scintillator material (+ PMT) which samples the shower energy periodically.

The SLIC is essentially a box 16’ wide x 8" high x 40" in depth. The electro-
magnetic (EM) showers develop in 1/16" sheets of lead that are separated by teflon
coated corrugated aluminum sheets of 16 mil thickness. Lead being a scintillator
poison, the lead sheets were sandwiched between 40 mil sheets of aluminum and
the ends sealed with epoxy. Figure 2-20 is a schematic of the SLIC. The square
wave corrugations, when filled with liquid scintillator, formed the counter channels.
Each of these channels are 141" in width and 1/2" in depth. Towards the center
of the detector, each channel counted as one counter while the outer channels are
doubled up. The teflon was used to create the necessary condition for total internal

reflection (i.e., angles of incidence greater than 70°).

As with the drift chambers, position determination is optimized by using three
different orientations of the channels (U, V and Y). The U & V counters are ori-

ented as in the drift chambers. The Y counters are oriented horizontally along the



— 48 -

spectrometer x-axis. In addition, these counters are split in the middle along the
y-axis by a doubly mirrored surface. There are 20 successive layers of the sequence
UVY to form a total counter thickness of 20 radiation lengths. Both the U & V
views have 109 counters each apportioned into 38 single width counters and 71 dou-
ble width counters. The Y view is comprised of 116 counters of which 80 are single
width and the remaining 36 are double width.

For any one orientation, the twenty successive channels are summed to form
one counter, the light being summed within a sheet of BBQ-doped wavebar. This
material absorbs the blue light emitted by the scintillator and re-emits the energy
as green light. The light is detected by a single PMT (per counter) angled steeply
with respect to the wavebar for maximum light collection efficiency. The single
channel counters used a 2"” RCA 4900 model while the double width counters used
3" RCA 4902 phototubes. The anode signals were digitized by LeCroy Model 2285
ADCs for subsequent transferal onto magnetic tape. The corresponding signals from
the dynodes were summed to form part of the hadronic trigger for the experiment

(except for those Y counters in the pair plane).

(2-4-6a) SLIC Calibration

As for the recoil calorimeter and Cerenkov counters, a N, gas laser + fiber optic
system was used to monitor the gains of the phototubes during the experimental
run. An online monitor program compares the laser results with benchmark val-
ues and warned the online personnel if any results exceeded acceptable deviations.
Furthermore, these numbers were written to tape for further offline analysis and for
the creation of run number indexed calibration files.

The PMT gains were originally calibrated using the data created during a 5
GeV electron beam run. A gymballed magnet was used to sweep the beam across
the face of the SLIC. Unfortunately, the results were somewhat unsatisfactory as
there were some difficulties in tuning the beam energy. Furthermore, the SLIC

phototubes,the 2285 ADC system and the laser pulser system were not completely



— 49 —

understood at that time.

In lieu of the electron beam run, most of the calibration was carried out later
using pair trigger data. This trigger consisted of the sum of the central six Y
counters in coincidence with either one of two paddle counters mounted at the
edges of the SLIC. These counters extended in from the edge for a distance of two
feet and were placed at beam line height. Reconstruction from the drift chamber
data allows one to compute the energies of the ete™ tracks (which are the result of
photon conversions within the hydrogen target). Hence the ADC pulse heights can
be correlated with the actual energies of these tracks. The pair runs were performed
about once per month.

The corner U & V counters, and most of the Y counters could not be calibrated
using this data due to their placements. For these counters, one triggered on the
background muon flux that streamed through the spectrometer. Originally, these
runs were designed for hadrometer calibration. The muons are minimum ionizing
and would deposit about 0.5 GeV in the SLIC. This data was also used to produce
a set of attenuation constants for each of the counters.

Further checks were made using the photoproduction data in order to fine tune
the SLIC calibration. Isolated electron showers would be used as their energies
could be obtained from drift chamber reconstruction and one could make use of
the additional requirement that all three views (i.e., U, V, Y) must agree with one
another. Another check on calibration was made by reconstructing photon pairs.
The resultant 7% mass peak provided an absolute energy scale for the detector.

In the end, the SLIC had a position resolution of 3 mm. and an energy resolu-

tion of og/E = 12%/VE.

(2-4-7) Outriggers

These counters were essentially upstream extensions of the SLIC in that they in-
creased the vertical acceptance for detection of electromagnetically showering par-

ticles. They were also known as the Outer Electromagnetic Counters, but as they
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were physically distinct from the SLIC and as they straddled the beam line, the

term Qutrigger became associated with them.

As can be seen in figure 2-21, the Outriggers consist of two aluminum-walled
boxes 57%" wide x 18%" high x 11%" deep. They lie in the space between D2 and
M2 and are mounted on two posts bolted to the floor. The two OQutriggers can be
positioned vertically along the posts. The counters are also slightly skewed at an
angle of i3%° with respect to the beam line. This matches the angle of the tracks
at the edge of the Outriggers.

Each Outrigger consists of sixteen 1/4" lead plates (clad with 25 mil aluminum
sheets) alternately interleaved with horizontally (Y) and vertically (X) oriented
slabs of scintillator. Hence eight layers of lead+scintillator comprise each of the
X & Y counters. There are a total of fifteen Y and twenty-three X counters per
Outrigger. The X counter slabs are 2%” wide X i” thick while the Y counter slabs
are 1;1-” wide x 1 cm. thick. Overall, the Outrigger has a depth of 18 radiation
lengths.

Light collection is different for each of the counter orientations. For the Y
counters, the eight successive layers actually extend an additional 3’ beyond the
vertical edges of the lead sheets. This additional material is bent appropriately
so that the scintillator light is channeled into a lucite mixing block attached to a
phototube (all PMTs for the Outriggers are 2 RCA Model 4900). The light from
the X counter layers are channeled into BBQ-doped wavebars. The re-emitted green
light is reflected off a mirror at the downstream end of the wavebar and up into a

light guide connected to a phototube. Figure 2-22 displays this setup.

Note that as the Outriggers are within the fringe field of M2, all X phototubes
were shielded with CO-NETIC+steel tubes. The CO-NETIC alloy has an especially
high permeability while the steel has a high saturation point. The combination of
the two materials (separated by an air gap) was found to provide adequate shielding

from the M2 field [48]. It was sufficient to shield the Y phototubes with a single
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layer of CO-NETIC.

A problem was noted (and corrected) for this setup of the X counters. It was
found that the light from the 7th and 8th layers suffered relatively little frequency
conversion within the wavebar and hence contributed an unusually high amount
of energy to the PMTs. During the interim period between the 137 and 170 GeV
runs, these layers were masked resulting in a 25% decrease in the output from the
seventh layer, and a 90% decrease from the eighth layer.

As with the SLIC, the PMT anode signals were digitized by the LeCroy Model
2285 ADC system and written onto tape. The dynode signals were summed into a
portion of the experimental hadronic trigger in addition to being used in a special
high-p, trigger.

Outrigger calibration was similar to that of the SLIC. Two 30 GeV electron
beam runs were made in which the Outriggers were lowered into the undeflected
beam. The data from these runs established the counter gains. Furthermore, the
data from the hadrometer muon runs was used to establish attenuation constants
and relative gains for the counters. The overall energy resolution was 20%/vE.

The laser pulser system of the SLIC also monitored the PMTs of the Outriggers.

(2-4-7a) Electromagnetic Calorimetry Reconstruction

Both the SLIC and Outrigger used similar reconstruction algorithms. The differ-
ences will be noted as the discussion progresses. The goals of the programs were
to (i) reconstruct photons (), (ii) take pairs of photons and reconstruct 7%s which
decay almost exclusively to v+ pairs, and (iii) discriminate between leptons and
hadrons by comparing the Drift Chamber momenta with those deduced from the
calorimetry information. The algorithm had to deal with several major and minor
problems. A major problem evolved from the fact that the wider hadronically in-
duced showers tended to create satellite showers that could masquerade as separate
particles. Muons left minimum ionizing 1/2 GeV deposits that created a nuisance

as (1) there were large variations in the actual energy deposit, (ii) most of the muons
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were not reconstructed by the Drift Chamber algorithms, and (iii) for the Outrig-
gers, an extra 3’ of protruding scintillator in the Y-counters led to spurious pulses.
As well, the detector resolution and calibration errors led to energy measurements

that did not always match between the three U, V, and Y views.

The reconstruction process begins by the collating of the pulse height counts
from the 2280 ADC modules. Pedestals are subtracted and the resultant counts
converted into energies (GeV) by use of gain constants obtained from the calibration
procedure. Each of the views are divided into cells, each cell being a contiguous
group of counters that exceed an energy threshold. Furthermore, it is possible to
subdivide a cell into sectors. A sector is a group of counters for which the central
counter contains significantly more energy than its two nearest neighbours. Usually
a sector corresponded to a single particle. An overall maximum of 80 sectors was
allowed for both the SLIC and Outriggers. Some subsidiary cuts were also used
in the formation of a sector. First, the central counter of a potential sector had
to pass an energy threshold cut that was reduced if a Drift Chamber track landed
within one counter width of the central one. If a track landed between two sectors,
then that charged track was associated with both sectors. Finally, a sector with
an energy deposit that was relatively small compared to the deposit of an adjacent
sector would be eliminated from the candidate list as these sectors were assumed

to be the satellite showers of a single large shower.

Once the sectors were established, the centre of gravity of each sector was
calculated. This position was adjusted according to the results of a fit made to
the known transverse shape of an electromagnetic shower. A stepwise regression fit
was used to find which of the candidate sectors were significant and how to divide
the total cell energy among the significant sectors. This technique will be discussed

briefly below. Complete details concerning the procedure can be found in reference

[58].

In the next step, the transverse energy distributions of the significant sectors
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were fitted to a linear combination of an electromagnetic and (wider) hadronic
shower shape. During this fit, the weight of a counter could be increased if (i) it
had more photo-electrons per unit energy, (ii) it had a small pedestal width, (iii)
the detector had better shower statistics, (iv) a charged track landed within one
counter width of the sector centre, or (v) the sector contained a relatively large
energy deposit. Following the fit, the error for the sector energies was calculated.
This quantity depended upon the shower and photo-electron statistics, whether the
incident particle was thought to be one that produced electromagnetic or hadronic

showers, and the total energy deposit.

Up to this point, the algorithm has been virtually identical for both the Outrig-
gers and the SLIC. Now, the reconstruction process diverges for the two detectors
simply because the SLIC represents a far more complex reconstruction problem at

this stage. We begin with the Outriggers.

First, the charged track information is used to remove sectors that would oth-
erwise be considered as photon candidates. Then all possible XY combinations are
looped through in order to find that set of XY views which contains the minimum
number of photons necessary to explain the presence of all sectors. In fact, one
rarely found more than two photons in the Outriggers. Hence the combinatorics

were never a problem.

The same could not be said for the SLIC. One begins with a candidate particle
list made up of all UVY triplets wherein the predicted U coordinate calculated from
the V and Y coordinates matched up with the recorded U coordinate. If it happened
that a charged track matched to all three views, then the required accuracy of the

predicted U coordinate was reduced.

Stepwise regression, a method based on a least squares fit, was used to find
the optimal set of particle candidates along with their fitted energies and energy
errors. Essentially one is trying to relate a particular choice of candidate particle

energies to the observed sector energies. By using the stepwise technique, one adds
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or deletes a candidate from the fit depending upon the effect of that candidate on
the fit. In this way, only one correlation matrix needs to be calculated and the
number of operations which must be performed on this matrix is minimized.

Once the process is complete, 7° reconstruction begins. First, photons are
identified as those particles that do not match up to charged tracks or to neutrals
in the Hadrometer. Energy cuts allowed one to almost eliminate untracked muons
and satellite showers. Valid photons were required to deposit at least 2 GeV in the
SLIC (or 1 GeV in the Outriggers). All pairs of valid photons were collected and
their corresponding invariant masses calculated. The deviation from the accepted

value of the #° mass was parametrized through the relation:
p g

(2.15)

2
2 _ (Mg'y - Mv?-O)
X = SM? :

8§M? is the error on the v+ invariant mass squared. It is dependent upon the
photon energy errors and the opening angle between the two particles. The latter
quantity is of consequence only for high energy m°%s. Further analysis (described in
reference [48]) was carried out in order to create a probability parametrization of

the 7° candidates. Figure 2-23 is a mass plot of some 7° candidates found in the

SLIC.

(2-4-8) Hadrometer

Positioned just downstream of the SLIC, this detector records the hadronic showers
created by neutral hadrons (i.e., neutrons, K?). Hadronic showers are fundamen-
tally different from the electromagnetic variety. The incident hadron will interact
inelastically with a nucleus producing a host of secondary hadrons. These will pro-
ceed to interact inelastically with other nuclei producing ever increasing numbers
of particles. Ultimately, only the ionizing component of the shower is actually de-
tected and about 30% of the total energy is lost in the breakup of nuclei, nuclear

excitation, and the nuclear emission of nucleons. The interaction scale is called the
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nuclear interaction length which is significantly larger than the material’s corre-
sponding radiation length. Hence the typical hadronic calorimeter is usually quite
large.

The E516 Hadrometer is no exception to this rule. It is 16’ wide x 9’ high x
4' in depth. Once again, this is an interleaved counter consisting of 36 layers, each of
which is a 1" thick steel sheet followed by 3/8" of acrylic scintillator. The scintillator
strips (each 5.7" wide) are collected together in groups of nine (depthwise) to form
one counter. Figure 2-24 displays the outlay of the counters. As can be seen from
the schematic, the Hadrometer is split into two modules each having one set of 33
X counters and two sets of Y counters (each set containing 19 counters). The light
from the scintillator strips is channeled into 5" EMI 9791KB phototubes.

The previously mentioned muon runs were used to establish attentuation con-
stants and relative gains among the counters. Data from a 7~ beam run was used to
establish an absolute energy calibration for the detector. The muon runs required
the coincidence of the upstream and downstream muon counters, and the Cerenkov
system.

The resultant energy resolution was determined to be 75%/VE. As a result,
the Hadrometer’s importance lay in its ability to identify rather than to provide
precise reconstruction. As mentioned previously, this was the only detector ca-
pable of identifying the passage of neutral hadrons through the spectrometer. It
could also supplement the drift chamber information with regard to the charged
hadrons. Additionally, this detector could positively identify neutral hadrons that
might otherwise have been reconstructed as photons by the SLIC. It’s most impor-
tant function was as a component of the E516 hadronic trigger [61]. It was also used
to discriminate between hadrons and those muons depositing a minimum ionizing

track.

(2-4-8a) Hadrometer Reconstruction

In order to find the neutral hadrons that shower in this detector, it is first necessary
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that those showers associated with charged tracks be accounted for. A search is
made through all the individual counters as well as the sums of the corresponding
upstream and downstream counters in order to find and catalogue those counters
(or their sums) that contain significantly more energy than their neighbours.

Having compiled the significant counters, an attempt is made to match Drift
Chamber tracks to the XY sets of significant counters. Given a successful match,
the transverse energy distribution is fit to an average hadronic shower shape in
order that this particle could be excluded in the subsequent neutral hadron search.
The calculated energy was provided by the Drift Chamber information minus that
energy deposited in the SLIC, and in addition, was constrained not to exceed the
energy deposit found in the Hadrometer.

After subtracting out those counters associated with charged tracks, the search
through the remaining significant counters was resumed. Corresponding X and Y
views were matched together (taking into account attentuation along the length of a
scintillator slab) and the neutral list compiled. Provision was made for a maximum

of two neutral hadrons on each side (west and east) of the Hadrometer.

(2-4-9) Muon Counters

The upstream muon wall consisted of eight large scintillator counters, four on each
side of the beam. These were located in slots between concrete shielding blocks
situated between the tagging system and the hydrogen target. As a whole, these
counters measured 5' vertically and 6’ horizontally. The signals from the PMTs
were discriminated and fed into the low level trigger logic. Their principal use was
as coincidence counters in the muon run trigger.

The downstream muon wall follows the one meter of steel that immediately
follows the Hadrometer. It is comprised of fifteen slabs of 1/2" thick acrylic scin-
tillator. Figure 2-25 show the layout of the counters. Twelve are 10’ high by 18"
wide. Of the remaining three, two measure 3%’ x 2" and the central counter is 2’ x 2'.

Lucite light guides connect the scintillator sheets to 5 EMI 9791KB phototubes.
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The steel of the Hadrometer plus that of the following wall is thick enough to
stop all particles except for those muons above a 5 GeV/c momentum threshold.
The resultant signals from these muons are (i) discriminated to set a latch bit, and
(ii) used as a TDC START signal. The latter information can be analyzed offline
to produce a vertical position for the muon track.

The downstream muon wall was used a component in the muon run trigger,

and most importantly, as a key component in the dimuon trigger. The latter was

used to find J/¢ — utp~ decays [47)].

(2-4-9a) Muon Identification

The results of this algorithm were provided in the form of a yes/no format. The
identification process was developed through a study of ¢ — utu~ decays. There
are sets of filters used depending on whether or not the tracks were reconstructed
by the Drift Chambers. Most of the untracked muons originated in the primary

proton target far upstream from the experiment. We start with the tracked muons.

Given a hit in one of the downstream muon counters, the y position deduced
from the TDC time must be consistent with the projected position of the track.
Next, from 1 to 5.5 GeV must be deposited in either of the X or Y views of the
Hadrometer. The widths of these deposits must be no more than 12" in the X
view and 10" in the Y view. Furthermore, if one calculates the ratio between the
upstream energy deposit and the total deposition, then this ratio must lie between
0.16 and 0.87 in either of the X or Y views.

The requirements for the untracked muons are similar. First, the total energy
deposition must be between 1.6 and 3.7 Gev. As well, at least two of the following

three conditions must be met:

(1) The aforementioned ratio of the upstream to total energy deposition must be

between 0.2 and 0.8 in the X view.

(2) Similarly for the Y view.
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(3) The particle must be located at least one meter east of the Hadrometer mid-

section. It is in this region where the extraneous muon flux peaks.

(2-4-10) Data Acquisition System

This includes both the hardware and software required to gather, monitor and
log the experimental data. All the hardware is controlled through the CAMAC
system. This is a system to standardize the method of transmission of data and
control signals between the instrumentation modules and some digital controller.
As a corollary, CAMAC also defines the precise mechanical format of both the
modules and the crate that contains them together with some signal and power
supply conventions. The most common type of controller is a computer of some
sort. E516 used a DEC PDP-11/55 minicomputer as the master controller over the
data acquisition system.

CAMAC can be used in several configurations. This experiment used the
branch configuration in which up to seven CAMAC crates can be linked together
with the computer through a common link called the branch highway. A device
known as the branch driver acts as the interface between the computer and the
CAMAC system. There were three such branch highways in E516, each branch
using a Jorway 411 branch driver. The individual crates can hold up to 23 modules.
Furthermore, each crate must contain a crate controller module which acts as the
interface between the computer I/O bus and the CAMAC dataway. (The dataway is
the interconnecting highway located at the back of every crate used for transmitting

data and control signals as well as for delivering power to the individual modules.)

(2-4-10a) Low Level Trigger Logic

NIM logic modules are used for the discrimination of the many signals from the
spectrometer. Subsequently, the resultant logic signals are utilized in the first level
of low level triggers used for event selection. A variety of triggers were employed

but the major one was TAG ¢ H.
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There are three basic occurences possible when a photon enters the hydrogen
target: (i) the photon proceeds through the target with no interaction taking place
until it is detected within the C-counter, (ii) the photon converts to an ete™ pair,
or (iii) the photon undergoes a hadronic interaction with a proton. Of the three,
the first is the most common, and the second has a cross section two hundred
times greater than the third. A further complication involves the fact that the
recorded hadronic data sample was to be enhanced with charmed events. This
latter requirement was handled by the trigger processor (the high level trigger).

TAGeH was set up in order to maximize the hadronic sample while minimizing
the pair rate. In the end, this trigger reduced the pair rate by 99.5% which implies
that the data sample was a 50-50 split between pair and hadronic interactions.
(Remember that the subsequent high level trigger will reduce this pair sample to a

very low level.) This trigger can be written as the logical relation:
TAGeH =TAGe ((H + Dip)eC). (2.16)

Dip refers to the dimuon trigger which involves the coincidence between the
second Cerenkov counter and the downstream muon wall (in addition to some scin-
tillator paddle counters). This trigger was used to detect J/1 — utu~ decays.
The full details of the trigger setup plus the analysis of the data collected with this
trigger are spelled out in reference [47]. The symbol C refers to the logic signal
obtained from the C-counter.

In coincidence with a veto from the C-counter, there must be a hadronic inter-

action H. This signal is based on the relation
Ep > 0.4 % (Epeam — Eor) =04 x E.,. (2.17)

E}, is the amount of hadronic energy determined from the sum of signals from the
Outriggers, SLIC and Hadrometer (with no signals taken from the SLIC pair plane).
The energy from the Hadrometer is weighted by a factor of 5 in order to boost the
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detected hadronic energy for those events on the low energy tail of the Hadrometer
resolution. Alternatively, one could say that with this weighting factor, the width

of the measured E; distribution is minimized.

Ew = Eopc + Esvic + 5 * EHaqd. (2.18)

Ebeam is the electron beam energy (all energies are in units of GeV), and E,,; is
the sum of the energies found in the tagging lead glass blocks. The threshold value
of 0.4 was determined experimentally. The details are spelled out in reference [46].

Finally, TAG is a complex coincidence among the following quantities:

too

TAG=TeZAeEL") « SCRe BEAM o (c"’:ﬁger). (2.19)

T is the fan-in of the tagging blocks. A is a coincidence between L1 (the first
tagging counter veto), and the pre- and post-isolate vetoes. These last two veto any
electrons from the prior and/or posterior beam buckets—recall that the 53M H =

accelerator frequency results in particle ‘buckets’ spaced 19ns apart. This measure
too

E(hiah)

ensures a more reasonable event rate. E,,?"/ is the upper limit on the fan-in of
tagging pulse heights. It vetoes on those beam events with more than one electron in

a bucket. SCR refers to the radio-frequency noise emitted from the beam magnets’

computer)

power supplies. BEAM is the time interval known as the beam gate, and ( busy

refers to that time interval when the PDP-11/55 is recording an event.

All event and calibration triggers were conveniently cataloged according to their
corresponding bit pattern in a 16b:t word. What follows is a listing of all of the
E516 triggers preceded by the octal representation of the bit pattern.

1 The dimuon trigger otherwise known as USER-1.

4 The high-p, trigger was also called USER-3. This required a coincidence be-
tween TAG e H, energy from the Outriggers, and energy from the east or
west sides of the SLIC. As its name suggests, the idea is to collect events with

unusually high transverse momentum in the forward system.
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TAG e H was highly prescaled in order to enhance the charm sample collected
by RECOIL-1 through RECOIL-4 triggers.

The PAIR trigger is described in the SLIC calibration section.

The v trigger is the coincidence TAG e C. As this was the most copious trigger,
it was heavily prescaled.

RECOIL-1.

RECOIL-2.

RECOIL-3.

RECOIL-4. (The RECOIL triggers will be discussed in the trigger processor
section.) ‘
TRIG-13 is a spare trigger used in the Outrigger, Drift Chamber and Hadrom-
eter muon calibration runs. In addition, it was used for the calibration runs
involving the e~ and =~ beams.

Trigger for upstream laser pulses used in the recoil calorimeter calibration and
monitoring.

Trigger for the downstream laser pulses transmitted to the Outriggers and the
Hadrometer phototubes.

The same downstream laser this time transmitting light pulses to the SLIC and
Cerenkov counter PMTs.

Trigger indicating that the pedestals of all ADCs have been sampled.

The Drift Chamber pulser events are recorded when this trigger bit pattern is
set. (Note that the ‘40000’ series of calibration and monitoring events are all

sampled between beam spills.)

(2-4-10b) Data Logging and Monitoring

As has been previously noted, computer control is through a PDP-11/55 computer.

Along with 248K of regular memory for user software, an additional 256 X" of bulk

memory was installed for buffering an event before it was finally written onto a
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6250bp: 9-track magnetic tape mounted on one of two STC tape drives. A user-
written program formatted the data before it was recorded on tape. The computer
used the DEC RSX-11M V3.2 operating system, the Fermilab MULTI data acqui-
sition software package plus user written software specific to the experiment.
Interfacing between the computer and the trigger logic was provided by a device
known as the Bison Box. This generated a computer interrupt for data retrieval
from the CAMAC crates whenever an event trigger was received. Furthermore, it

created timing signals that defined the limits of the beam spill, and it transmitted

a (computer

busy ) signal to the CAMAC system to prevent new data input during the

ongoing readout.

MULTI is a Fortran-based program written by J. F. Bartlett at Caltech and
modified for Fermilab use. It carries out the basic functions of acquiring data from
CAMAC-based hardware and writing it to tape, performing user defined analysis
of the input data, and displaying the results in a graphic mode. As well, MULTI
can monitor predefined quantities and compare them to benchmark values.

In E516, a separate monitor package (written by the experimenters) was used
to prompt and control the laser pulser, Drift Chamber pulser, and pedestal events.
Results were stored on tape and analyzed online for comparison with benchmark
values. Deviations beyond 3o resulted in a message being transmitted (both by
CRT and hardcopy) to the online personnel for their attention. Furthermore, the
various scalers (e.g., number of tags) were monitored and written to tape. Finally,
a host of high and low voltages were recorded using three 32-channel 12b:t LeCroy
Model 2232 ADC modules. Again, these numbers were monitored and written to

tape.

(2-4-11) Trigger Processor
The ECL-CAMAC Trigger Processor System is an example of the array of pro-
grammable, specialized, high speed digital systems that are quietly revolutionizing

the methodology of experimental (and theoretical) particle physics. For the ex-



—63 -

perimentalists, the problem has always been one of enhancing the recorded data
sample with events of the desired qualities. High speed NIM logic can reduce the
input rate of 108 /sec down to 10%, but the computerized data logging systems are
only capable of handling from 100 to 200 events per second. It is at this stage that
one requires a high speed system capable of accomplishing the complex (and oth-
erwise time consuming) computational tasks required for proper event triggering.
The E516 Trigger Processor accomplishes the required tasks within a 10usec inter-
val. In contrast, the same task on a CDC Cyber mainframe would require about

0.2 seconds of CPU time.

The processor is an extension of the NIM logic philosophy of having a modular,
high speed, and flexible system. The modules make extensive use of high speed
ECL logic and are packed into modified CAMAC crates. The crates have ECL
backplanes and a TTL-ECL converter module to allow for communication between
the NIM and ECL logic. Hence diagnostics and system simulation can be carried
out directly with the use of the online PDP11 computer. Programming is done by
interconnecting the modules at the front panels (as in NIM) but here one uses both
data and control lines. No master clock is used for the system. Rather the program
path is controlled through READY lines; each module begins processing when all
its input READYs are set, and sets the output READY lines when the processing
is finished. In this way, the high speed capabilities (< 50ns) of these modules is
optimally exploited.

The key module is the MLU (Memory Look Up). Each of them consists of
4096 16b:t high speed RAM memories. One precalculates functions of arbitrary
complexity on the PDP11 using all possible values for the input variables, and
the results are stored in a tabular form in the MLU memory. In this way, time

consuming calculations can actually be done within 50ns on a MLU unit.

Other modules include the following:

The Stack module is another memory unit comprising 32 16b:¢ RAM chips. It



— 64 —
is used to store input data and intermediate results.

A double index DO-LOOP INDEXER used in the track finding algorithm.

A Track Finder module for generating tracks and the parameters associated

with them.

A 3-fold General Logic Module capable of performing logical operations upon
control signals: (A+ B)xC)eG.

A Quad 4bit function module acting as a 40M H z scaler for counting desired

quantities such as the number of tracks in the recoil chamber.

A 3-fold FANOUT unit and the previously mentioned ECL to NIM level con-

verter.

The basic E516 trigger involves selecting those events most likely to have
diffractively produced charm particles. That is, the photon, in interacting with
the target proton, converts to a c¢ pair and the recoil proton is ejected into the
recoil chamber. By reconstructing the 4-momentum of the proton and photon, the
forward mass (i.e., ‘missing mass’) of the charmed system can be calculated and

triggered upon within the required 10usec period.

Figure 2-26 displays the Trigger Processor algorithms in a simplified form.
Step one requires the reconstruction of all possible charged tracks within the recoil
spectrometer. As seen in figure 2-27, the PWC chambers have the indices (I,J,K)
associated with them. The calorimeter ADC information is indexed by the sector
number (1-15) and the scintillator layer (A,B,C,D). Denote the ADC information
by (£4,£B,£c,£p) and the PWC z position data by (zr, 27, 2K).

The data sets {z1} and {zx} (ordered in terms of increasing z) are fed into two
stacks while {z s} is stored in terms of a hit array. Elements of this array are set to
0 or 1 depending on whether or not a hit was recorded in the appropriate z interval.
The DO-LOOP indexer loops through all I and K tracks and the projection onto the

J chamber is calculated using the (27, zx) combination. Since the PWC chambers
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are equally spaced in the radial direction, the required relation is

s = LK) (2.20)

Comparison with the hit array elements allows a track match to be made.
Given a track match, the projection to the target centre (24 ) and the track’s polar
angle () are calculated. Given the EET data, the projection into the A-layer can
be calculated (z4) for matching with a PWC track. If no match is possible, then
the track is classified as a NO MATCH. Given a track match, the ADC output
from the appropriate sector can be processed for energy reconstruction and particle
identification.

In terms of the processor hardware, the Stack modules are used to store the
{zr} hits, the {zx} hits, and the output track parameters zyiz, 0, and z4. The
hit array for the {z;} data is a component of the Track Finder module which also
computes zﬂmj , Zvtz, 8, and z4. The DO-LOOP indexer steps through all the zy
and zx hits. A MLU unit is used to make the match between a PWC track and a
calorimeter sector.

The calorimeter ADC information (£4,£p,£¢c,£p) is input into MLUs in
which the equivalent energy deposits (E4, Eg, Ec, Ep) are calculated. Along with
the sector number, 2,¢, and 6, these energies are input into another set of MLUs in
which the 4-momentum reconstruction can take place assuming pion and proton hy-
potheses. Note that the TOF information is used in this section for possible particle
identification. As well, note that the calorimeter data is also used in the reconstruc-
tion of possible neutral tracks (i.e., sectors for which there is no corresponding PWC
track).

Final triggering decisions involve the calculation of the missing mass in addition
to the comparison of several quantities. First of all, the most upstream vertex must
be found that has only one positively identified proton track. This statement unfolds
into the following: (i) based on x? cuts, the most upstream track is an acceptable

proton, (i1) there are no neutrals, (iii) there are no more than two NO MATCH or
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backward tracks, and (iv) the total number of charged tracks does not exceed eight.
Reconstruction of the photon energy allows for the calculation of the missing mass
Mx. Used in coincidence with the above requirements plus that of TAG ¢ H, one
forms the following two triggers:

RECOIL 2: 2.0 < Mx <5.5 GeV/c?,

RECOIL 3: 5.5 < Mx <11.0 GeV/c2.

The remaining triggers are somewhat more relaxed. RECOIL 1 asks that the
missing mass be between 0 and 25 GeV/c?. It was given a low weighting (1/33) as
this trigger would collect many events containing p, w and ¢ particles whereas we
wished to trigger predominantly on events containing charm. RECOIL 4 demands
that at least three charged tracks exist at the most upstream vertex in the Recoil
Chamber. It was believed that such events were more likely to contain the higher

mass charm baryon states, particularly the A}.

(2-4-12) The 168 Emulator System

A critical problem in modern experimental high energy physics has arisen due to
the increasingly large amount of raw data recorded over the lifetime of today’s
experiments. It is simply that enormous amounts of computing resources are needed
to process the raw data and output it into a form useful for analysis. This means
that both great quantities of time and money are consumed before the physics
analysis can proceed.

The 168 emulator system (168/E) is a response to this problem. It is a relatively
cheap (compared to mainframe computers) computer system that can be run in a
totally dedicated mode and hence is ideally suited to the task of running one set of
data processing programs upon tens or even hundreds of thousands of events. The
system constructed at the University of Toronto is based upon the original system
built at SLAC for the LASS experiment [64,65].

The emulators form a network of parallel processors that emulate the instruc-

tion set of an IBM 370/168 mainframe computer. All the peripheral aspects of a
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typical mainframe are absent so that data processing becomes the central task of
these processors. Each processor unit consists of integer and floating point CPU
chips in order to handle both single and double precision arithmetic. The integer
CPU units are based on the 2901 family of bit slice arithmetic and logic chips while
the floating point CPU was fabricated from discrete logic and read-only memory
controlled sequencers. Each of the 168/E units represents 1/3 to 1/2 of the CPU
capability of the 370/168 mainframe. Each processor also contains 128K bytes of
data memory plus 96K of program memory; the chips themselves being 55ns static

RAM.

In practice, the emulators were laid out as shown in figure 2-28. Four processors
were set up in parallel between two busses. Each bus is connected to a large bulk
memory unit—one for data and the other for programs. The program memory can
hold up to 384K bytes while the data bulk memory can store 512K bytes. Through
a UNIBUS, both of the processor busses are joined to a PDP 11/23 minicomputer.
Finally, a high speed communications link exists between the PDP 11/23 and a VAX
11/780 minicomputer through which the raw data events and processed events can

be exchanged.

Running a program on the emulators requires that the analysis package first be
split into segments called overlays as the emulator memory is of limited capacity.
Each overlay is compiled and debugged on a IBM mainframe with the resultant
object modules then being translated into 168/E machine code. The final code is
loaded onto the disk memory of the VAX before being downloaded into the program

bulk memory unit.

Raw data events are initially stored on magnetic tape. The VAX transfers the
data contained on one tape onto magnetic disk memory. Appropriately sized units
of this data can be transfered to the data bulk memory. It should be noted that
the data bulk memory must be apportioned among several types of data—program

constants, raw data and processed events.
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Data transfers in the 168/E system can occur on any of three bidirectional
ports collectively known as the Bermuda triangle. This name arose out of the early
diagnostic tests of the system when data was known to mysteriously disappear in
this network. Such problems no longer occured by the time the Toronto version was
constructed.

The PDP 11/23 acts as the overall controller of the system. It can send signals
to the VAX asking it to initiate a raw data transfer from disk to the data bulk
memory. Inversely, the PDP will also transfer the final processed events back to the
VAX and onto disk memory. After the contents of one tape have been processed,
the final results are transfered onto virgin tape. Additionally, the PDP handles
the transfer of raw data, processed data and specific overlays between particular
emulators and the bulk memory units. Finally, the diagnostic programs for the
system are run on the PDP 11/23. These check the integrity of the each processor
plus the bulk memory units as well as testing the Bermuda triangle circuits.

The essential features of the emulator system are summarized in Table 2-2.
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CHAPTER 3

DATA ANALYSIS
and

PHYSICS DISCUSSION

(3-1) Introduction

Because of its large mass, the A} has many weak interaction decay channels open to
it. Consequently, the branching ratio for any specific mode is small and a signal can
be easily overwhelmed by the combinatorial background. The three most prominent

decay modes plus their branching ratios are the following: [1]
Af »pK~xt (2.2+1.0)%
K’p (1.1+0.7)%
At (0.6 £0.5)%

The first channel offers the problem of proton and kaon identification as well
as a large three-body combinatorial background. Furthermore, the A, mass is at
the peak of the overall mass distribution and so the signal will be set against an
overwhelming background.

The second channel has half the branching ratio of the first but it does have
several advantages. First, it requires the identification of a neutral kaon which is
copiously produced, and can be separately identified and selected. Hence one is
effectively dealing with a pseudo two-body decay with reduced combinatorics. As
well, the charmed baryon mass will occur in a section of the mass plot where the
combinatorial background is considerably less than in the region where the phase
space peaks. However, there remains the problem of proton identification as well
as the following problem concerning the neutral kaon.

The neutral kaons exist in two states with different lifetimes and principal
decay modes, namely the K? (K-short) and K} (K-long). Although both states
are produced in a 50-50 ratio, the long lived state is difficult to detect as it usually
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decays far downstream of the production vertex. Hence, one normally searches for
the K2 — m+r~ case. The procedure for detecting secondary vertices is stated in
chapter 2 (section (2-4-4c)). Since one is dealing only with pions, minimal particle
identification is required at this stage. Note also that one is in fact searching for
the T{_(: which is indistinguishable from its counterpart as both decay to a n*=~
final state.

Reference [49] discusses the search for the decay AT — ng p- As in this thesis,
the study in reference [49] was based upon the 170 GeV data sample. However, the
search for charm production was carried out assuming diffractive photoproduction
of charm. That is, Recoil 2 & 3 triggers were required (the triggers are discussed
in sections 2-4-10 and 2-4-11), and a clean recoiling proton had to be seen in the
Recoil detector. This latter condition unfolds into the following: (i) one charged
track in the Recoil detector positively identified as a proton, and (ii) no neutrals
detected in the Recoil chamber. No discernible signal was seen. Instead, an upper
limit for the cross section (times branching ratio) was calculated. Hence for the
reaction yp — A}pX with the subsequent decays AY — 7{—2 p and T{",’ — 7tr~, an
upper limit of 43 nb (90% CL) was determined for the cross section times branching
ratio.

The third channel seems at first very unfavourable with its low branching ratio.
However, as with the second case, combinatorics are reduced by first searching for
A decays which are produced in fairly large numbers (although less so than the
neutral kaons). Note that the remaining particle is a charged pion. Hence, minimal
particle identification is required and so a distinct advantage can be seen over the

second decay mode. The A itself decays into two principal two-body channels:

A—pr” (64.2 £ 0.5)%
nw’ (35.8 £0.5)%

The second channel requires the identification of both a neutral baryon and

a neutral pion. This would result in a lower efficiency for finding this channel as
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both particles would have to be reconstructed from the calorimetry data. In any
case, it has a significantly smaller branching ratio. Hence the first channel is most
commonly used. Although the first case requires the identification of a proton, one
can make use of the kinematics of this decay to increase the detection efficiency. In
Appendix A it is shown that for momenta greater than 0.3 GeV/c (in the laboratory
frame of reference), the proton momentum will always be greater than that of the
pion. This makes for a good first approximation in proton identification. However,
there are many background conditions that can produce a particle pair that has the
invariant mass of a A. In the next section, a variety of information will be used to
eliminate as many of those possibilities as possible.
Searches for charmed baryons were made in various decay channels:

(p, K, 7, (xt 7)), (Ks,p, (7t 77)), and (A, 7, (x+77)). A signal was observed only
in the (A,n%) channel. Given this signal, an attempt was made to find =+ —

A} + nt. No discernible signal was seen.

(3-2) The A Filter

A preliminary search for a charmed baryon signal found no evidence whatsoever of
any signal in any of the channels listed above. The results indicated that a very
careful and thorough approach would be required so as to minimize the combina-
torial background. This idea was applied in the development of a A filter. Many
variables were examined to determine the sensitivity of the signal to imposed cuts,
and from this large set of cuts, a simplified set was compiled for use in the A}
search. This final set is discussed in this section.

Figure 3-1 displays the final A signal output by the filters imposed upon the
raw distribution. (Unless explicitly stated, the term A will refer to both the baryon
and its anti-particle.) A key variable controlling the ratio of signal to background
and the width of the signal is the track category; that is, the number of drift
chambers that the track traversed. The number of chambers traversed was coded

as a bit set in a 4-bit variable. Hence, a track traversing the first two chambersis a
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category 3 track, a three chamber track is category 7, and a track traversing all four
drift chambers is category 15. For momentum reconstruction, a track had to travel
through at least the first two chambers thereby implying that it was deflected out
of the spectrometer by the field of the first magnet. These tracks had the poorest
momentum resolution as reflected in figure 3-2(a) which shows the A signal when
both decay tracks are of this category. These will be classified as poor tracks.
Conversely, tracks traversing either three or four drift chambers display the best
momentum resolution and will be referred to as good tracks. The decrease in signal
width and background is illustrated in figure 3-2(b) which shows the A signal when
only good tracks are used.

In choosing a filter, the idea is to produce the maximum reduction of back-
ground and minimum loss of signal. One is trying to use the maximum amount of
information possible to identify and subsequently eliminate background processes
that simulate a A decay. A basic requirement for any decay is that the appropriate
tracks must originate from some common vertex. The initial cut used for the sec-
ondary vertices requires that the distance-of-closest-approach (DCA) in real space
for the track pair be no more than 10 cm. This turns out to be far too generous
and allows many unrelated tracks to be included in the A sample. An optimum cut

was found to be
poor pion: DCA(p,7) < 1.5 cm.
(3.1)
good pion: DCA(p,7) < 0.8 cm.

Figures 3-12(a) and 3-12(b) display the accepted signal and rejected background
respectively. A 59% reduction in background is affected by this filter —the best of
the entire set. Furthermore, there is no discernible signal loss as shown in figure
3-12(b). A sketch of the above DCA distributions (and the cuts used) is displayed
in figure 3-3(a) and 3-3(b).

In the original reconstruction, the track (correctly charged) with the larger
momentum was identified as the proton. This is not sufficient for a unique proton

identification: the Cerenkov identification probabilities (PROB) can provide further
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verification. These cuts are displayed in figures 3-4(a) and 3-4(b) and listed below:

poor proton: PROB(p) > 0.03
(3.2)
good proton: PROB(p) > 0.05

Figures 3-12(c) and 3-12(d) display the effects of this cut. One notes that there is
a small 9% signal loss in the background distribution. Considering the background
reduction of 48%, the loss is more than acceptable.

Track quality is reflected in the number of drift chamber hits used in the recon-
struction of the track. This is output as the number of degrees-of-freedom (DOF)
on the data summary tapes (less the five parameters used in the track fit). Con-
siderable background reduction can be acheived, especially for poor tracks. In this
case, it was found that cuts on both tracks were required. Furthermore, the good
tracks were split into category 7 and 15 subsets. The cuts are listed below and
displayed in figures 3-5 and 3-6.

category 3 pion: DOF(r)>6
category 7 pion: DOF(m) > 13 (3.3)
category 15 pion: DOF(xr) > 14
category 3 proton: DOF(p)> 6
category 7 proton: DOF(p) > 14 (3.4)
category 15 proton: DOF(p) > 15
These DOF cuts as well as all others to follow individually represent small rejections
of the background. The effect of all these remaining cuts is shown in figures 3-12(e)
and 3-12(f). Collectively, these filters reject 47% of the background remaining after
the proton probability cut.

Low momentum tracks were found to contribute some background. Hence the

following momentum (P) conditions were imposed:
poor pion: P(r) > 0.6 GeV/c
poor proton: P(p) > 2.0 GeV/c (3.5)
good proton: P(p) > 2.5 GeV/c
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Figures 3-7(a),(b), and (c) display the cuts.

Some background was found for those candidates whose distance-of-closest-
approach to the main vertex was too large. The cut is shown in figure 3-8 and is
listed below:

poor proton: DCA(A,vtz) < 6.0 cm. (3.6)

It is possible that the A is actually a K2 — 7 7~ decay. Figure 3-9(a) shows
these candidates when the pion mass is substituted in place of the proton mass.
To minimize this contribution, a two part cut was imposed. First, the Cerenkov
probability of the proton being a pion (PROB(p = 7)) had to exceed a value of
0.5. Second, the mass of the (7%, 7~) pair had to lie within the K? peak. The

following condition was used to reject this contamination.

good proton: PROB(p=m)20.5
(3.7)
and 484 < MASS(nt,77) < 512 MeV/c?

Figures 3-9(b) and (c¢) display the A mass distributions for those candidates rejected
and accepted by the cut respectively. Of the original overall signal, 2% is lost with
this cut.

One finds some background contributions from those candidates that decay
either too close or too far from the main vertex. This is reflected in the following

cut:

poor proton and pion: 0.3 < DKLIFE < 5.0 (3.8)

The number DK LIFE is the ratio between the measured decay length and mean

decay length expected for a A of that momentum. The latter is given by the formula:

P*CTO

(3.9)

Dmean =
m

where
P = momentum (GeV/c),

m = particle mass (GeV/c?),
¢ = speed of light (cm/sec), and

7o = mean particle lifetime (sec).
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For the A, the proper decay length is ¢tg = 7.89 cm. Figure 3-10 displays the
distribution of this ratio and the imposed cuts.

The downstream calorimetry detectors provide information that can be used to
label some charged tracks as electrons. This information is output as a probability

flag. Some background was removed using this quantity. The filter itself is

poor proton: PROB(p =¢) > 0.01
(3.10)
poor pion: PROB(m =e) > 0.01

+e~ conversions.

As well, some of the A candidates were also listed as v — ¢
No A signal was found in this small sample and hence they were all eliminated from
the final data set.

Finally, there is the question of track duplication. That is, there is a small but
not insignificant subset of the data (4%) in which two or more A candidates can
be found which share a track between them. This problem is much more prevalent
in the original raw sample and so most of these cases have been eliminated by the
other cuts. Since it is a small subset, one way of dealing with the problem is to
simply quote what percentage of the signal suffers from this problem. The other is
to find some way of choosing the so-called best candidate. Here again, as with all
the other filters, one has to check for any bias created by the selection procedure.
This procedure runs as follows:

One creates the product of the two Cerenkov probabilities for the proton and

pion tracks.

The maximal value for each such event corresponds to the best A candidate.

All others are considered as background.

Strictly speaking, this filter is not an unbiassed selector of true A events. How-
ever, as seen in figures 3-11(a) through 3-11(c), it does select more background than
signal and hence represents a valid cut with minimal bias. In quantitative terms,

relative to this particular subset of the data, 40% of the signal is lost, but with 70%

background rejection.
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The event count after each of the A cuts is shown in Table 3-1. The final sample
of A events for the 170 GeV data sample is displayed in figures 3-13(a) through 3-
13(c). As noted previously, the width of the mass distribution varies according to
the track category. Hence, correct fitting of the distribution to a Gaussian signal
plus linear background required that the sample be split into the three subsets
created by splitting the tracks into good and poor categories.

Table 3-2 displays the results of the fit. In total, there are (1.71 % 0.02) x 10*
A and (1.10 £ 0.02) x 10* A particles in the 170 GeV sample. Note that these
numbers are not corrected for the host of efficiencies and acceptances inherent in

the spectrometer system.

(3-3) The A, Search

A careful and systematic search was carried out for the (A, 71) and (X, 7~ ) decays
of the A, charmed baryon.

Figures 3-19(a) and 3-19(d) display the final results of this search. In the
(A, n%) channel, a signal is seen with 51 4- 14 events centered at a mass of 2270+ 6
MeV/c?, a full width at half maximum of 36 & 11 MeV/c? and a significance of
3.80.

As with the A sample, the mass plots were fitted to a smooth polynomial
background plus a Gaussian signal using the Maximum Likelihood Method [96].
A Poisson distribution is assumed for the likelihood function. Minimization of the
negative natural logarithm of this function produces the optimum parameters which
characterize the signal, namely, the mean mass, width, and size of the signal (as
well as the parameters that describe the background). The minimization procedure
is carried out by the MINUIT software package described in reference [119]. MI-
NUIT is a well-tested and popular package used throughout the high energy physics
community. In addition to providing the optimum estimates of the parameters, MI-
NUIT includes algorithms for determining the errors on those parameters. These

algorithms are based on well known statistical techniques described in references



- 77 -
[96] and [119].

The significance is defined as the estimated signal size divided by the uncer-
tainty in the signal population. By using a properly normalized Gaussian function,
the peak intensity parameter multiplying the Gaussian also becomes the number
of events constituting the signal. The error in this number is provided by the MI-
NUIT program and includes the uncertainties in both the signal and background
populations. Using the results of the fit, the significance is then 50.9/13.5 = 3.8.

For cuts involving the variable parameters, i.e., the decay distance and the
transverse momentum of the (A, 1) , the signal, background and significance were
determined for a wide range of parameter values in order to check that all three
quantities (signal, background and significance) varied smoothly and appropriately

as the cuts were changed.

The quoted error on the A mass is purely statistical and represents a 0.3%
uncertainty in the mass. Previous studies [48] have shown that the systematic errors
on our masses should be small. In reference [48], it is noted that the reconstructed
mass for for 1900 K? — nt 7~ events is 497.85 £ 0.29 MeV/c?. The world average
[1] is 497.72 £ 0.07 MeV/c?. Hence the E516 value deviates from the world average
by 0.03%. Similarly in this thesis, the mass of the A particle has been measured (see
Table 3-2). The world average [1] for the mass of the A is 1115.60 & 0.05 MeV /c2.
From Table 3-2, the poorest value is 1116.0 £ 0.6 MeV/c?, a deviation of 0.04%
from the world average. The best value is 1115.66 & 0.04 MeV/c? with a deviation
of 0.005%. Hence the systematic error on the measured AT mass is believed to be

negligible relative to the statistical error.

Returning to the mass plots of figures 3-19, no corresponding signal in the
anti-channel is seen as indicated in figure 3-19(d). Since the charmed baryon decays
through the weak interaction, the natural width would appear as a delta function
on the mass scale (10 MeV/c? per bin) used in the plots of figure 3-19. Hence the

quoted width is a measure of the experimental resolution. A Monte Carlo simulation
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(see section 3-5 for a description of the Monte Carlo program) of the observed A}
decay produced a width of 42 MeV /c?—a value that is consistent with the observed

width within the quoted uncertainty.

To check the background distribution, the (A,7~) and (A, 7%) distributions
were plotted (using the same cuts as for (A, n%) and (A, 7)) in figures 3-19(b)
and 3-19(c). The first is the wrong charge case for a A} state while the latter is
disallowed by baryon number conservation. The absence of a signal in these latter
plots shows that the mass peak of figure 3-19(a) is not due to some kinematic and/or
acceptance effect and hence are further evidence that there is a real signal in the

(A, ) case.

If the A} mean mass and width from figure 3-19(a) is used in figures 3-19(b)
through (d) to measure the amount of signal in these cases, one obtains the following
results: (i) 11 & 6 events for the (A, ™) channel, (ii) —2£ 5 events in (A,7t), and
(iii) 1 & 4 events in the (A, ) channel. The latter two are consistent with a null
signal result while the first would only have a statistical significance of ~ 1o and

hence is also consistent with a null result.

To take into account the possibility of more than one combination per event,
each (A,7) combination in figures 3-19 was weighted according to the number of
such cases in that event. It was found that such combinatorial contamination was,
in fact, minimal (< 6%), and so the final results were not changed by any significant
amount. Table 3-3 displays the number of (A, 7%) combinations after each of the
cuts to be discussed below. The final number of (A, 7%) combinations in figure

3-19(a) is 951 for an event count of 894.

Another possible source for the signal in this decay channel is the strong decay
of the strange particle £(2250) — Anr with a reported mass between 2210 and 2280
MeV/c?. However its published width is in the range of 60 to 150 MeV/c? which
is far larger than the 36 MeV/c? width of the above A7 signal. It is also not a well
established state [1].
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Another possibility is that the AT signal is a reflection from some other decay.
That is, one or more of the decay particles has been misidentified and in fact the
signal comes from the decay of some other meson or baryon. Mass plots were made
in which the particle identities were cycled through pion, kaon and proton identities.
No signal was discernible in any of the alternate mass hypotheses. We now proceed
to discuss the cuts used in the analysis to filter out the background, and which led

to the data sample displayed in figure 3-19(a).

(3-3-1) Distance of A} from Main Vertex

Since the A, charmed baryon has a small lifetime ((2.3%0:%) x 1072 sec [1]), it is
expected that it will decay to the (A, 7) state only a short distance downstream of
the production vertex. Even a very high energy A} with a lab momentum of 100
GeV/c would have a mean decay length of only 3 mm in the laboratory frame of
reference. Hence a cut on the decay distance is a powerful filter for discriminating
between strange and charm decays. By demanding that the radial distance (in
3-space) between the decay and main vertices be no more than 2 ¢cm, an optimal
signal was achieved. Figure 3-14 displays the decay distance distribution and the
cut imposed. Figure 3-18(b) is a mass plot of (A, 7) after imposition of the cut.
No demand was made that the (A, 7%) vertex be downstream of the main vertex as
the experimental resolution did not allow for such a cut. When such a requirement

was made, it was found that the signal was split into approximately two halves.

(3-3-2) Cut on the A Mass

In addition, one minimized the background from the A sample by cutting out the
wings of the mass distribution. Specifically, one demanded that the A mass be
within the interval 1115.6 & 6.0 MeV/c?. This cut keeps 96% of the A signal. The

resultant mass distribution is shown in figure 3-18(¢).

(3-3-3) Well-identified Recoil Proton
This experiment was outfitted with a recoil detector whose express purpose was to

identify events with a single recoiling proton. The presence of this device was a
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unique feature of this experiment as no other photoproduction experiment has had
a similar detection system with which to analyze the target fragments. The offline
analysis of the charged recoil tracks (see section (2-4-2c)) produces, as one of its
results, an identification flag for each of the reconstructed tracks. The values and
interpretations of this flag, called MFLAG, are displayed in Table 3-4. Only the
MFLAG=4 cases have been unambiguously identified as protons.

In that subset of the data where one (and only one) well-identified proton track
was emitted from the main production vertez into the recoil detector, no A} signal
was observed. Such events are classified as diffractive recoil proton events. Figure
3-15 displays the rejected events while figure 3-18(d) displays the accepted events.
A fit to the rejected sample indicates the presence of —1 3 3 events in the A} mass
region (2.22-2.32 GeV/c?); a result consistent with no signal being present in this
sample. This is direct evidence that the A} charmed baryon is being created by a
non-diffractive mechanism.

To illustrate, a diffracive mechanism of the type yp — (A;"K: )p would require
the observation of both a A_ signal and the recoiling proton. Neither the A_ nor
the recoil proton are observed in association with the observed A} signal.

Further studies of the charmed baryon signal and its relation to other variables
related to the recoil chamber (e.g., charged and neutral multiplicities, total neutral
energy deposition, polar and azimuthal angle of charged tracks) did not reveal any
other significant correlations. Nevertheless, this does not diminish the significance
of the primary observation as the recoil detector was designed specifically to detect

diffractive events with a single recoiling proton.

(3-3-4) Transverse Momentum of the AT

A non-diffractive production mechanism implies higher momentum transfers than
those of diffractive collisions and hence the reaction products can have higher trans-
verse momenta [115]. A cut on the transverse momentum of the (A, 7) combination

was found to significantly decrease background without affecting the signal. Specif-
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ically, it was required that Pr > 0.4 GeV/c be enforced. It is to be noted that the
typical (Pr) of charmed mesons in photoproduction has been found to be about 1
GeV/c [131]. Figure 3-17 displays those events rejected by this filter. The accepted
events are displayed in figure 3-18(e).

(3-3-5) One A per Event and Well-defined Beam Energy

Finally, a small reduction in background was possible by demanding a well defined
photon beam energy and asking for only one A per event. (In the latter case, one
demanded the anti-particle for the anti-channel.) Figure 3-18(f) (and 3-19(a)) is a
display of the final (A, 7*) mass distribution.

(3-3-6) Previous Observations of the Decay Mode AT — An™*
A survey of all previous observations for the decay AT — Anrt (see Table 1-2)
indicates a collective world sample of 19 events.

The first eight of these was observed by Baltay et al. [9] in an experiment
carried out at Fermilab. A broad band neutrino beam was incident upon a 15 ft
bubble chamber filled with a liquid neon-helium mixture. Eight decays of the £F+
were reconstructed with the heavy charmed baryon decaying to A}wr*. The A}
subsequently decays to Ar* (with A — pr~). The =+ was seen by plotting the
mass difference m(AF7") — m(ATF). A peak at 168 + 3 MeV/c? was observed. The
mass of the A} was measured as 2257 + 10 MeV/c2.

In a similar experiment, Kitagaki et al. [16] observed 9(£5) events of the decay
mode A} — Arnt. Combined with the 10(£6) events seen for A7 — ng, the
average mass of the charmed baryon was calculated to be 2275 4+ 10 MeV/c?.

A photoproduction experiment (Forino et al. [20]), using the Omega prime
spectrometer, was first to completely reconstruct an associated production event:
Yp — A;"_D_o A tagged photon beam with energies between 20 and 70 GeV was
incident upon an emulsion target. The charmed baryon decayed to Ar" and the
charmed meson decayed to K*r~ 7~ n*. The A} mass was measured as 2330 £ 50

MeV/c2.
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Finally, a group using the same spectrometer (Adamovich et al. [34]) as Forino
et al. [20] reconstructed three events, in one of which the AT decayed to the Ax*
mode. (The other two were pK ~ 7t and Artx®.) For the An™ event, the mass
was determined to be 2323 + 42 MeV/c?. Using all three events, the AT mass was
measured to be 2285 + 23 MeV/c?.

(3-4) Characteristics of the A} Signal

In order to measure some physical aspect of the signal, it is necessary to minimize
the effects of the background. The method employed in this thesis is a standard and
well known one. First, the AT mass distribution (figure 3-19(a)) is plotted on a two
dimensional scatter plot as a function of the physical quantity of interest. Let this
quantity be denoted by Z. The Z distribution is split into N appropriate intervals
(or “slices”). Using the Maximum Likelihood method, one measures the number
of AT charmed baryons present in each of these N resultant mass plots. Since the
statistics for the signal are not high, only four or five bins were used. For these fits,
the mean and width of the signal were kept fixed. Finally, the acceptance losses
generated by the spectrometer system were simulated by a Monte Carlo program
designed to account for the major losses and biases in the data. This program
is described in section (3-5) of this chapter. The effects of the spectrometer were
incorporated into the data distributions to produce the final physics distributions.
We proceed now to discuss the results of this process.

A table of trigger types is displayed in Table 3-5. (The triggers are defined and
discussed in sections 2-4-10 and 2-4-11.) This compares the trigger bit distribution
between the A} signal in figure 3-19(a) and those events rejected as having a well-
identified recoil proton (figure 3-15) with the additional constraint that only those
events in the A} mass interval of 2.22-2.32 GeV/c? were used. As expected, the
great majority of the recoil proton events are associated with the diffractive Recoil
2 and 3 triggers. For the A} events, the Recoil 2 and 3 component has been reduced

and redistributed into the Recoil 4 and High P, triggers. This is in keeping with



~ 83 —

the expectation of a higher momentum transfer process in charm production and

the concomitant fragmentation of the target proton.

No A, signal is seen in the (A, 7~) channel. This suggests that the A7 is pro-
duced in association with one of the charmed mesouns, e.g., the D~ or D’. Recon-
stuction of these states would be definite confirmation of this proposition. However,
the small sample size and low branching ratio for any one particular decay channel
do not allow one to confirm the hypothesis. However, as will be presently shown,
there are other indications that are comsistent with the hypothesis of associated

production.

Figure 3-20(a) displays the signal strength of the A7 as a function of the photon
beam energy for E516. Note that the predominant part of the signal is produced
below photon energies of 100 GeV. In reference [42], it is noted that associated
production of charm seems to be the dominant mode in the 40-70 GeV energy range
used in that experiment. Furthermore, the experiment of reference [38] records a
similar result. In this case, a 20 GeV photon beam, produced by backscattering of
laser light from a 30 GeV electron beam, is directed at a liquid hydrogen target.
From results concerning the asymmetry of D and D charm meson production, it is
estimated that (71 £ 11 £ 6)% of the total charm cross section at the experimental
beam energy of 20 GeV is due to associated production: yp — A} D X. The results
presented in this thesis are consistent with these claims. Furthermore, the 40-160
GeV range of photon beam energies available to E516 has lead to the observance
of a decreasing cross section for energies above 100 GeV. This is shown in figure

3-20(a).

In Chapter 1, it was pointed out that in reference [84], a calculation of the
rapidity distribution for the A} is carried out using a first order photon gluon fusion
model, assuming that the A} is produced in association with a D’ meson. The
resultant rapidity distribution for the charmed baryon was peaked in the negative

direction. Figure 3-21(a) displays the rapidity distribution for the A} signal found
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in this experiment. This is in concordance with the theoretical results found in
reference [84].

Furthermore, one can also verify the result using the Feynman variable, z,

which is defined as

zp = A (3.11)
Pr’:taz
Here, Pjf is the longitudinal momentum of the particle and P7,,; is its max-

imum possible momentum. As with the rapidity, the variables are defined in the
overall center-of-mass system of vp. Since both rapidity and z, are defined in terms
of the longitudinal momentum, it is to be expected that if the rapidity is peaked
for negative values, then likewise the Feynman variable. Figure 3-22(a) establishes
this fact. This is also consistent with a recent result found in another photopro-
duction experiment [41]. In this paper, the reconstruction of events with pairs of
charmed particles is reported. Here it was also found that for (AT, D) events, the
zp distribution for the charmed baryons is peaked at z, < 0.

Finally, a plot of the P2 distribution is shown in figure 3-23(a). The distribution
is consistent with an exponential form found in hadroproduction experiments [129].

That is, the P2 distribution should follow the form:

dN
dP2

= Ny exp(—bP2). (3.12)

A fit produces a slope parameter b = 2.0 £ 0.9 (GeV/c)™2. The results for the
hadroproduction of D mesons are consistent with a slope parameter of b = 1.0-1.1
(GeV/c)™? [129].

The line fit was made using the effective variance technique of reference [120].
This method takes account of the fact that both abscissa and ordinate values have
comparable errors. The usual least-squares method assumes errors only for the
ordinate values. In the effective variance method, both sets of errors are used and
an iterative method using the least-squares approach produces a set of slope and

intercept values which rapidly converge to the final results.
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(3-5) The E516 Monte Carlo

Originally it was expected that the Fermilab version of the Monte Carlo would
be used for simulating the effects of the spectrometer upon the data. For various
reasons, this turned out to be an impractical choice. As it was, a preliminary version
of a Monte Carlo simulation of the Tagged Photon Spectrometer already existed at
the University of Toronto. The Fermilab version was set up to produce a simulated
raw data tape which was subsequently passed through the E516 reconstruction code.
For the Toronto version, the various neutral and charged tracks would be generated
initially as a pure physical event. Subsequently, the detector layout, geometric
acceptances, track reconstruction efficiencies, and magnetic field structure would
be used to modify the event as seen by the spectrometer. To maintain consistency
with the Fermilab version, some aspects of the event generation from the Fermilab
version were incorporated into the Toronto package. A description of the Toronto
version follows.

The user prescribes the type of event to be studied. For the purposes of this

thesis, the event can be written as the following chain of reactions and/or decays:

Yy+p—X+R (3.13)
X > AF+Y (3.14)
AF 5 A+t (3.15)

Asp+n~ (3.16)

That is, an incident high energy photon interacts with a stationary proton to
produce a massive state X and a recoiling system R. The recoiling system was
assigned a proton mass. Although R is, strictly speaking, an unknown, the use
of the proton mass is not inconsistent with the data. Most of the A} signal is
associated with diffractive Recoil 2 and 3 triggers. These events should have been

rejected by the triggering system; instead the recoiling system must have simulated
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a proper event type to a sufficient degree so as to be allowed through the trigger
filters.

The X system is actually a A} particle plus the system Y which denotes the
spray of additional charged and neutral particles (i.e. protons, kaons, and pions)
accompanying the charmed baryon. Presumably, part of the ¥ system contains the
anti-charmed meson. As these could not be reconstructed from the data, only the
more common hadrons (i.e., the final decay products of a charmed particle decay)
are assumed to make up the system. To conserve baryon number and strangeness,
enough protons and neutral and/or charged kaons are included in the Y system to
compensate for the A} state and its decays. Finally the charmed baryon decays

into the (A, 7%) with subsequent decay of the A into the (p, ) pair.

The photon energy is generated according to a Monte Carlo simulation of the
experimental photon beam energy spectrum for E516. This package was taken from
the Fermilab Monte Carlo. The mass and multiplicity of the Y system are generated
in turn with the multiplicity simulated by the KNO distribution [125,126]. Thisis a
well established description of the multiplicity distributions found in hadronic reac-
tions. It is also identical to the one used in the Fermilab package. Using the mass of
the AT +Y as a lower bound and the center-of-mass energy (minus the proton mass)
as an upper bound, the mass Mx of the X system is generated from a distribution
taken from reference [121]. The diffractive portion varies as 1/Mx while the non-
diffractive part is proportional to M%. The diffractive portion was used initially.
This missing mass i1s subsequently used to generate the recoiling momentum of R.
The Mandelstam variable ¢ is generated according to the exponential distribution
exp(—bt) where the slope b=2 is set as this is consistent with the creation of high

mass states. (It is also the value used in the Fermilab version.)

The decay of the X system is allowed to proceed initially according to phase
space. The N-body phase space generator is a well established package taken from

a CERN library. The decays of the A} and A are allowed to proceed in the same
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fashion. The Y system is made to decay according to a software package taken, once
again, from the Fermilab version. All fixed target experiments display the common
feature of limited transverse phase space for the resultant hadronic products of
the initial state reaction. This feature is incorporated in a Monte Carlo package
described in reference [127]. The transverse momentum distribution is prescribed

according to the exponential form exp(—P2/R?) where R = 0.4 (GeV/c)™! .

The final products are tracked through the spectrometer. Geometric accep-
tances are imposed on the final states as well as various detection efficiencies. These
include the PWC and drift chamber reconstruction efficiences as well as the those
appropriate to the calorimeters. Charged tracks have their momentum and spatial
coordinates smeared according to previous studies of the data. This included the
effects of multiple scattering. In addition, studies of the track reconstruction [123]
indicated that some charged tracks pointing through the entire forward system were
reconstructed as short tracks that only traversed two or three drift chambers. This
aspect was included in the simulation. As well, the number of drift chamber planes
that a track traversed was also simulated according to data distributions. In this
study, the Cerenkov particle identification efficiencies were taken from the data.
Specifically, the 9% loss in the A signal due to the proton identification cut was

included in the simulation.

Furthermore, the reconstructed events were also run through the secondary
vertex package used on the data as this imposed the cuts used to establish the A
candidates. In particular, many of those secondary vertices that decay very close
to the main vertex are eliminated as they cannot be distinguished from the main

vertex.

Finally, the cuts used in sections (3-2) and (3-3) above were imposed. Those
cuts used to establish the A signal were replaced by efficiency cuts obtained from
the data. Overall, there was a 15% loss in signal with the principal contributors

being the proton identification and the K? cuts.
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As a check of the Monte Carlo, one compared various distributions with those
found in the data. These include particle multiplicities, mass distributions, and
momenta. In particular, the proper lifetime of the A was reconstructed using the
results of the simulation. Figure 3-24 displays the results. The upper data set shows
the generated proper lifetime of the A hyperon. From the Particle Data Book [1],
one finds that the accepted value is ¢ = 7.89 £0.06 cm. From the simulated data,
one obtains 7.8 + 0.6 cm. Below this is the lifetime distribution reconstructed from
the data using the acceptances and efficiencies found by the Monte Carlo simulation.
A fit produces a value of 8.4 + 1.0 cm. This is consistent with the accepted value.

As a further check, various alternative models of the missing mass and recoil
proton t distributions were used. Various models of the missing mass distribution
have been used in the Fermilab version. Principally, one used uniform distributions
in M% or M% /s as the data displayed (approximately) such behaviour. In reference
[46], it is shown that the recoil proton ¢ distribution has a variable slope depending
upon the missing mass with small slopes being associated with high missing masses.
This is the case for the particle reaction under study as 90% of the missing mass
distribution lies above 5.5 GeV/c? (the Recoil 3 threshold). Variable slopes ranging
from 1-10 were used. Finally, the non-diffractive component of the missing mass
formula was also implemented.

The results indicated that while overall efficiencies could vary by as much as
30% of the final value, the shapes of physical distributions were insensitive to the
changes imposed above. This is illustrated by the A lifetime results displayed in
figure 3-24.

(3-6) Estimate of the A} Cross Section

The purpose of the following discussion is to verify if an estimate of our observed
AY cross section is consistent with other experiments. It is not meant to be an
accurate determination of the actual cross section. Given the difficulty of estimating

our trigger efficiency, it is impossible to determine meaningful error bars on our
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cross section estimate. The fact that we select on non-recoil events in a trigger
environment based on recoil proton events is the major problem in estimating a
cross section for our A} data. Nevertheless the cross section estimate does provide
some measure of comparison.

The cross section for a process is defined by the following relation:

_ Nevts
- Nty'Ngc'B’e.

o (3.17)

where
Nevts = number of observed events,

N, = number of incident photons,
N, = number of scattering centers per unit area,
B = branching ratio for the observed process, and

€ = experimental detection efficiency.
This last quantity is itself the product of three factors: (i) the trigger efficiency,
(i) the geometrical acceptance, and (iii) the reconstruction efficiency.
The quantity N, - N, is also known as the luminosity £. The number of

scattering centers can be computed from the relation

LN
Nsc = p_'A_A, (3-18)

where
p = the density of liquid H, =0.0708 g cm™®

L = length of target = 150 cm
N4 = Avogadro’s number = 6.022045 x 1023 mol™?
A = gram-atomic weight of hydrogen = 1.00797 g mol™’.
Recall that N, is the number of photons that interact via the hadronic cross
section of 115ub. Two principal modifications must be made. First, a live-time
factor must be included to take into account the effect of dead time created by the

spectrometer electronics upon the event detection rate. From reference [47], the

number of live-time events is Ny = 9.94 x 10!° for the 170 GeV data sample.
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Secondly, there is attenuation of the photon beam due to the much larger (by
a factor of 200) pair production cross section o,. Over an infinitesimal distance dl

through the target, the loss due to pair production is given by

dN, = —N, 2PNa g (3.19)
Hence
N. = Ny exp [—9-9—?4&1]. (3.20)

In this case, N, is the number of photons that survive to a distance ! in the

target. Hence we require the average number of such photons:

JEN,Qdl

Nf di (3.21)

Nocop

(Ny) =

[1 — exp(—0pNec)] -

For energies above 1 GeV, the pair cross section can be written to a very good

approximation as [1]

op = 2
P T 9LRN,

The parameter Lpg is known as radiation length. It is defined as that path length

(3.22)

over which an electron will lose all but 1/e of its energy to bremsstrahlung on
average. For hydrogen, Lr = 61.28 g/cm?.
Finally, one obtains the result:

L = (Ny)Noc
(3.23)
= 590 nb~L.

This number has a 5% error associated with it [60].

We require the overall efficiency of detecting the A} in the Tagged Photon
Spectrometer. This was determined by use of the Monte Carlo simulation presented
in section (3-5). The final number is a product of three numbers:

(1) The overall geometric and reconstruction efficiency for the forward spectrom-

eter is 0.35 £ 0.09. This number is a reflection of three major effects: (i) the
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geometric acceptance of the forward system, especially the drift chambers, (ii)
the charged track reconstruction efficiencies for the drift chambers, and (iii)

the efficiency for reconstructing secondary neutral vertices (i.e., the A).

(2) For the recoil chamber, the overall efficiency was determined to be 0.47 + 0.06.
This reflects three major effects: (i) the geometric acceptance of the detector,
(i1) the efficiency of the three proportional wire chambers, and (iii) the efficiency

for reconstructing the recoil proton kinetic energy.

(3) The trigger efficiency is taken to be 0.48 as for Recoil 2 & 3 events [60]. (The
error in this number for diffractive production is estimated to be +0.04.) The
choosing of this value for the trigger efficiency requires some explanation as it

is by no means the natural choice.

As stated in the opening paragraph of this section, the trigger efficiency is
difficult, if not impossible to calculate with a proper degree of confidence. The
experiment was designed to trigger both on diffractively produced charm events

(Recoil 2 & 3) with an accompanying recoil proton, as well as non-diffractive events

(Recoil 4).

The identification of the recoiling proton was a crucial aspect of the Recoil 2 &
3 triggers. This implies a model dependent choice of trigger mechanism with respect
to charm production. As has been demonstrated, the A charmed baryon sample
presented in this thesis has been produced in an event category that should have
been excluded by the trigger. Thus a recoiling fragment from the charmed baryon
event emulated a recoil proton in the trigger system. Subsequent offline analysis
showed that the charged track was not consistent with being a proton. Hence a
proper determination of the trigger efficiency would require a model dependent
analysis of the recoil and trigger systems when such non-diffractive charm events
are generated in -yp interactions. It is important to emphasize that our goal is to
obtain some ‘ball-park’ estimate of the cross section with which to compare to other

photoproduction results. As will be seen shortly, the error on the branching ratio
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for the decay mode A} — An™ generates a very large error on any cross section
calculation even if the other numbers in the calculation are well determined. Given
that the majority of the signal was seen in the Recoil 2 & 3 triggers (see Table 3-5),
and that the event emulated a diffractive type of event at the trigger level, it was
decided that the trigger efficiency for Recoil 2 & 3 events with a recoiling proton
would, at the very least, provide a useful upper limit on the actual trigger efficiency.

The final efficiency is the product of the above numbers: 0.079+0.024. Finally,
two branching ratios must be included for the final calculation [1]. For the decay
A — p+ 7~ the branching ratio is 0.642 £+ 0.005. The branching ratio for the decay
of the charmed baryon A} — A+ =t is 0.006 £ 0.005. Note the large error for this
latter number.

Excluding the A} branching ratio, one determines the cross section (times
branching ratio) as

51+ 14
(590 + 30) - (0.079 £ 0.024) - (0.642 £ 0.005)
~ 1.7 + 0.6 nb.

oB =~

Given the aforementioned qualifications, one must bear in mind that the above
uncertainty could be larger if a realistic determination of the uncertainty in the
trigger efficiency was possible.

A previous result from E516 [49], which does not see a A, signal, gives an upper
limit of o B(AY — An™) < 9 nb. This was measured for a data sample of Recoil 2
& 3 events with a single well-identified recoil proton.

Inclusion of the charmed baryon branching ratio gives a cross section of 280 +
260 nb. We can compare this result with those of earlier photoproduction exper-
iments. In reference [41], the cross section for the associated production of DAY
is estimated to be 64 + 34 nb. Unfortunately, the reconstructed decay modes for
the A} are not specified in this preprint. Reference [38] gives an estimate for the
same production process as 44 £ 973! nb. This cross section was calculated on the

idea that any asymmetry in the relative numbers of D versus D was due to DAY
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production. No A} particles were actually reconstructed. The broad-band photo-
production experiment [52] estimated an upper limit to the decay mode observed
in E516:

oB(AY — Ar) < 0.9 nb.

This last experiment covered a similar photon beam energy range as E516, but did
not have the capability of reconstructing the individual photon energies.

Finally, one can point out an earlier E516 result [57] which indicated the pres-
ence of asymmetric D** and D™ production for those events recorded by the Recoil
4 trigger. Recall that this trigger was supposed to be sensitive to A, production.

An upper limit of 60 nb was calculated as a cross section for the inclusive process:
vp— D7 AT X. (3.24)

In conclusion, it seems that the cross section presented in this thesis is in accord
with other results, given the error associated with it. Unfortunately, this same error
disallows it from being considered as a reliable measurement. It is to be hoped that
future experiments such as E691 will produce a large sample of A. decays (in a
variety of channels) that will allow a set of precise and accurate measurements to

be made.
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CHAPTER 4

CONCLUSIONS

(4-1) Summary of Results

In a fixed target experiment utilizing high energy photons incident upon a liquid
hydrogen (proton) target, evidence for the charmed A} baryon decaying into the
(A, n*) channel has been gathered. The signal contains 51 + 14 events with a mean
mass of 2270+6 MeV /c?, a full width at half maximum (FWHM) of 36+11 MeV/c?,
and a statistical significance of 3.8 standard deviations.

Furthermore, there is evidence to indicate that the charmed baryon is being
produced in association with a charmed meson. First of all, no signal in the cor-
responding anti-channel A, — An~ is observed. Secondly, this experiment was
equipped with a recoil detector that allowed the unique opportunity of analyzing
the recoiling particles emitted from the vp interaction vertex. No part of the A}
signal was found in those events in which a single recoil proton was emitted from
the primary interaction vertex. This is indicative of a non-diffractive production
mechanism.

The rapidity and z, distributions for the A} in the yp center-of-mass frame are
consistent with the theoretically derived results of reference [84]. In this model, the
incident photon interacts with the target proton via a first order gluon exchange to
produce a pair of charm quarks which subsequently hadronize into a A} (or D?), the
D meson, and some unspecified (non-charmed) system of particles. The rapidity
distribution of the charmed meson will peak in the forward (positive) direction,
while in contrast, the A} will have its peak in the backward (negative) directon
(see figure 1-5).

Furthermore, as a function of the photon beam energy, the cross section for the
production of the A} is peaked for energies below 100 GeV. The experimental results

of the photoproduction experiment in reference [42] indicate the predominance of
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associated charm production (over pair production) in the energy range of 40-
70 GeV. Another photoproduction experiment [38] estimated that the associated
production cross section is (71+£11+6)% of the total charm cross section for 20 GeV
photons incident upon a proton (liquid hydrogen) target. The results presented in
this thesis are qualitatively in accord with these earlier results, and in addition,
indicate that the associated charm production process has a decreasing probability
at higher photon beam energies.

Finally, one notes a previous result found for experiment E516 [57]. Evidence
was found for the asymmetric production of D** and D" mesons in Recoil 4 (A
sensitive) triggers. (The Recoil triggers are defined and discussed in section 2-4-11.)

This asymmetry was assumed to be associated with the process
+ P -
vp — A7 + D 4+ anything.

Separate from these results, the P2 distribution of the AT was found to obey
an exponential law found applicable to the hadroproduction of charm [129]. A fit to
the data (corrected for acceptance losses) produced a value for the slope parameter

of ~2.04+ 0.9 (Gev/c)~2.

(4-2) Comments on Charmed Baryon Physics

Much remains to be done. The experience gained from studying the data produced
in E516 has led to upgrades in the Tagged Photon Spectrometer. These improve-
ments have been integrated into the E691 experiment (the successor to E516). In
this experiment, the recoil detector has been removed and replaced with a silicon
microstrip detector. Unfortunately, this means that the recoil system cannot be
studied. On the other hand, the trigger will no longer be biased against the A7
(and perhaps other higher mass charmed baryon states). More importantly, the new
vertex detector allows for precision vertex position resolution (=& 20um) that would
be simply impossible for E516 to duplicate with the recoil detector. As an added

aid to reconstructing charged forward tracks, additional drift chamber planes have
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been added to the spectrometer. Improved charged particle identification was im-
plemented by adding more mirrors to the Cerenkov counters as well as using newer,
more efficient mirrors. The early results of this upgraded spectrometer (based on
15% of the data sample) are highly successful. Very large charm signals on small
backgrounds are seen. In addition, several hundred events have been reconstructed
in which both of the charm particles are reconstructed [130].

An important goal will be to obtain relatively large A, signals in several decay
modes. Some possibilities are discussed in reference [88]. For example, some decays
such as AT — Z9K* or AT — ATTK~ are possible only through exchange graphs
(see figure 1-2(b)). Furthermore, if it is possible that the A, is actually a two state
system (with respect to mass) then decays such as the above can occur only for one
of those two states due to Cabibbo suppression of one of the two possible diquark
systems.

Last but certainly not least, most of the higher mass charm baryons have
yet to be seen in any significant quantity (if at all). Since many of the decays
produce strange baryons, it will be necessary to reconstruct these strange particles
in order to finally reconstruct the initial charm baryon states—an analogous process
to the one used in this thesis. Clearly, there is much spectroscopic work yet to be
done. With its inherent qualities of good signal to noise and particle production
rates, photoproduction experiments will continue to be a source of important data

concerning charmed baryon physics in the years to come.
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APPENDIX A

Some Kinematics of the A Decay

In the decay A — p+ 7, let the A be particle 1, p is particle 2, and the 7~ is
particle 3. Let the rest frame of the A be denoted by the superscript *. Four-vectors
will be in the form (E, P;, Py, P;). We will consider the A decay to take place in

the zy plane. Hence in the CM frame, we have
ki = (m4,0,0,0),
k3 = (&5, k" cos 0%, k" sin6*,0), (A.1)
k3 = (e3,—k" cos ™, —k* sin 6", 0),

where

[(m = (ma + ms)?) (m} — (mz = ma)?)]*

=
2m1

(4.2)

Transform back to the laboratory frame (moving with velocity —pg% with re-

spect to the CM frame) using the Lorentz transformations:

(IE;) 5 (77ﬂ Zrﬂ) (1E°.|> (4.3)
Sl (A.4)

One obtains
kl = (’le, 'Yﬂmla 01 0)

= (E17P17070)‘

(A.5)

Thus v = E;/m, and v = P, /m;. Substitution in the Lorentz formulae yields

the following results:
1
E; = —[E €5 + Pik* cos87],
my

1 * * *
PZ:: — ;n-:[Plég +E1k cos f ], (‘46)
sz —¥ sinG",

P2z=0a
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E; = i[Ele§ — Py k™ cos 6*],
mi
1
my
P, = —k*sin 6",

P3z = [P1€; — Elk* COS 9*],

Pay= 1.

Instead of showing that the proton must have a larger momentum than the
pion, we will investigate under what conditions the proton can actually have a
smaller momentum than that of the pion. Clearly, only the z components need
to be examined. Noting that €] = \/m—f , one obtains after some algebraic
rearrangement the following relation:

/P2 p 2 ¥ _ . /% p
M—l-cosﬂ* < AR mliis g (A.8)

b 2k*

Substitution of the Particle Data Book [1] values for the respective particle
masses yields the result:

E
=L cos6* < —3.86. (A.9)
P

First, this result requires that § < §* < 7. For §* = 7, one finds that P; < 300
MeV/c, and furthermore, this threshold momentum approaches zero as §* — 7.
Hence for A 3-momenta above 300 MeV/c, the proton will always have the greater

share of the final momentum.
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Table 1-1

THE FUNDAMENTAL PARTICLES

(I) Leptons

Name Mass Charge  Lepton Numbers
and Symbol (GeV/c?) Q Lo Ly L,
0.5110034 £
Electron, e (:E0.00000M) x 10 -1 1 0 0
Electron neutrino, v, 0(< 0.46 x 10™7) 0 1 8 0
0.105659 16
e +0.000000 30 it ol R
Muon neutrino, v, 0(< 0.25 x 1073) 0 0 1 0
Tau, 7 1.7842 + 0.0032 -1 0 0 1
Tau neutrino, v, 0(< 0.070) 0 0 o0 1
(II) Quarks
Quark u d s ¢ b t
flavour up down strange charm beauty truth
Baryon number 1/3 1/3 1/3 1/3 1/3 1/3
Spin 1% 1 1/2 1/2 12 12
Charge 2/3 -1/3 -1/3 2/3 -1/3 2/3
Isospin 1/2 1/2 0 0 0 0
I3 +1/2  -1/2 0 0 0 0
Strangeness 0 0 -1 0 0 0
Charm 0 0 0 1 0 0
Beauty 0 0 0 0 1 0
Truth 0 0 0 0 0 1
Quark Masses (GeV/c?) [116]
& (51x15)x10-* d (89%+26)x10"3 s 0.175+0.55
¢ 1.27 +0.05 b 4.25+0.10 t ?(> 15)
(I1I) Gauge Bosons
Name Mass
and Symbol (GeV/c?) Charge
Photon, v B(< 3% 10729 0
W bosons, W 81.8+1.5 +1
Z boson, Z° 92.6+1.7 0
Gluon, g 0 8 colour states
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Table 1-2

Charmed Baryon Production Results
(1975-1986)

Initial Charmed baryon Mass Number of
Ref. state decays (MeV/c?) Events
Cazzolix vp TH = Afat m(THt) = 2426 £ 12 1
(2] A} = Axtrta— m(A}) = 2260+ 20
m(SH) — m(A¥) = 166 % 15
Knappx +C A - Ar=x—nt m(A, ) = 2260 + 10 80
[3]e some A. from excited
states at 2.5 GeV/c?
Barishx vp it - Afat m(ZHt) = 2426 + 12 1
[5] AF = pr- 1K et, m(A}) > 2248
Angelini vp AY = pK— =t m(A}) = 2295+ 15 1
[7]
Cnops* v(p,n) At — pK*~(892)rt m(A}) = 2254 + 12 1
[8] K*~ = K'n~
Baltayx v(Ne-H>) TH — Afat m(A}) =2257T+ 10 8
[9] AY — Axt m(Zt)—m(AF)=168+3
Drijard pp Af - pK~—at m(A}) ~ 2260
(10]
Gibonix p AY - pK—nt m(A}) = 2262+ 10 30
[11]
Lockman P AY - pK—a* m(A}) ~ 2280-2290
[12] AY = Axtata-
Abramsx* ete~ A, = pK~ 7t +(c.c) m(A.) = 2285+ 6 39+8
(13]
Allasiax vp Af - pK~nt m(A}) = 2260 &+ 20 1
[14]
Calicchiox vp T > At 4+ 20 m(X}) = 2457+ 4 1
(15] AY - pK—=t m(AY) =2290+3

m(S}) — m(A}) = 168 + 3
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Table 1-2 (cont’d)

Charmed Baryon Production Results
(1975-1986)

Initial Charmed baryon Mass Number of
Ref. state decays (MeV/c?) Events
Kitagakix  vd AF — Art m(A+) = 2275 + 10 1947
[16] AY = Kp
Ushida (»,?) AY — Artrta- m(A}) = 2285 assumed 2
[17] emulsion A} — K- prta® 1
AY — prta- K 1
Basile pp A - pK—nt study of K° - K-+ and
(18] A** — prt contributions
Forino ¥ vp — AF + D’
[20]e  emulsion AY — Art m(A}) = 2330 £ 50 i
D’ — Ktra-at
Grassler vp A} - pK~ 7wt 2285+ 5 2
[22] 2280 + 3
Iriono pp Af - pK~w* 2262+ 10
(23] A, - pK+rn- 2245+ 10
Russellx  7C A —Kop+(c.c.) 2984 + 5 55+ 10
[24]e
-0 -
Aleev nC AY - pK,7t7 2259 + 20 76
25]
Bosettix vp TH — Afxt m(ZHt) =2454+5 11
[26] AF = pE=rt m(A+) = 2288 + 5
m(SH+) — m(AF) = 166 % 1
Kitagakix vd A} — Z0xt 2270+ 15 3
[27] 0 s Ay

Son vd
(28]

Vella ete~
(29]

B.R(Af > A+ X) = (2.0+0.74 +£0.65)%

B.R(Af - et X)=(45+1.7)%
B.R(A} —petX)=(18+£0.9%
B.R(A} — AetX)=(11£08)%
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Table 1-2 (cont’d)

Charmed Baryon Production Results
(1975-1986)

Initial Charmed baryon Mass Number of
Ref. state decays (MeV/c?) Events
Ushida (v, 7) AY — Axtrte- m(A}) = 2285 assumed 3
[31} emulsion AY — Fopw"‘w‘ weighted average 2
At — K=prta® is 2265 + 30 1
AF = Eg# 1
Biagi T-Be  Er(A*)— AK-7trt m(EF) = 2460 + 15 82 + 16
(32]
Abe ¥p o(DA} X)/o(charm) = (35 £ 20)%
[33]e
Adamovichx ¥ AY - pK-nt m(A}) = 2285 + 23 3
[34]e emulsion Af — Anta®
Aj' — Arxt
Aleevx nC AY = Kopnta- 2268 + 6§ 130 +18
[35] AY = Antrte- 57+ 14
Biagi T-Be  EX(A*)— AK-rtrt m(EF) = 2460 = 15 82 = 164
[36] Q(T®) — E-K-ntr+ m(Q0) = 2740 % 20 3
Z9(A% — AK -7t searched for, but not seen
Bowcock ete- Ae = Artata= + (cc.) 2287+ 11+5 108 + 28
(37]
Abeq yp o(DA} X)/o(charm) = (71 £ 11 £ 6)%
[38]e
Ushidad (v,7) AY — 4(?0p1r+1r‘) m(A}) = 2282 assumed 13
[39] emulsion Al = 3(Antrtr)
A}Y — 2(K-prt) weighted average
A =-TFp is 2266 + 134
A;" — X0t
AY — K-prta®
Af — Antx0
Seywerd  e*e~ A, —pK-wt+(cc) m(A.) =22835+£2.6+2.1 47957
[40] Ao — Axtata= 4 (ce)  m(A.) = 2277.3+55 121 + 35
Adamovich o DAF o(DA}) = 64 + 34 nb 7
[41]e emulsion D™ A} o(charm) = 230+ 57 nb 5
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Table 1-2 (cont’d)

Charmed Baryon Production Results
(1975-1986)

NOTES:
e photoproduction experiment.
* mass values used in Particle Data Group (1986) (1] average of m(A.) = 2281.2+ 3.0 MeV/c2.
* same event as Adamovich [21].
¢ marginal 30 A} and 20 A, signals.
t combined with earlier results of Grassler [22] to give m(A}) = 2283 £ 3 MeV /c?.
{ same sample as Biagi [32].
§ supersedes earlier results of Aleev [25].
9§ supersedes previous result of Abe [33].
& supersedes earlier result of Ushida [31].

# average for eight fully constrained events.
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Table 1-3

Selection Rules for Charm Decay

Amplitude dependence
on cosé, Selection rules

1. Leptonic or semi-leptonic modes

cos @, AS=AC=AQ=-1
Al; = |AI|=0
sind, AC=AQ =-1
AS=0

Aly = —1/2,|AI = 1/2

2. Hadronic modes

cos? 4, AS=AC = -1
Als = +1,|A1| =1
cosf. sinf, AS=0,AC=-1
Aly = +1/2,|AI|=1/2,3/2
sin? 4, AS=+1,AC=-1

Al =0,|AI=0,1

Table 1-4

Charm baryon notations

Charm Quark Gaillard et al. Aguilar-Benitez et al.
content [88] (1]
+2 (ced) X =
(ccu) XH EXT
(ces) X 0
+1 (cdd) C? 3.
(c(ud)s4) ct.Cs EfAr
(cuu) Crr 255
(c(sd)S4) 59,40 =39) =4
(C(SU)S’A) S+, At E;"(s), EZ-(A)

(css) ¢ i 20
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Table 2-1

Cerenkov Counter Characteristics

Quantity C1 C2
Gas mixture 100% N, 80% He, 20% N,
Length 3.7 m. 6.6 m.
Refractive index 1.000288 1.000084

expected for
76 cm-Hg, 20°C, A = 0.35um

Refractive index from 1.000299 1.000088
measured ¥ thresholds

Cerenkov angle 24 mrad 13 mrad
(v > o0,8—-1)
e* threshold 0.021 GeV/c 0.038 GeV/c
p* threshold 4.3 GeV/c 8.0 GeV/c
7% threshold 5.7 GeV/c 10.5 GeV/c
K#* threshold 20.2 GeV/c 37.1 GeV/c
p* threshold 38.3 GeV/c 70.6 GeV/c
Number of cells 20 20
Cell sizes 4x8 10 x 18
width x height 8x8 20 x 18
(inches) 38x8 65 x 18
12 x 16 30 x 32

38 x 16 65 x 32
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Table 2-2

University of Toronto 168/E

Specifications

PDP 11/23

Bulk Memory

168/E

Integer

Floating point

Interface

Memory boards

Benchmark Comparisons:

Integer

Floating Point

-RT-11 and FORTH
-acts as controller for entire system

-slow 500 nsec secondary memory
-512K bytes for data (32 bits/word)
-384K bytes for program (24 bits/word)

-TTL chip—mostly 74S

-200 nsec cycle time

-12 VAX size boards per 168/E
-emulates subset of IBM 370 instructions

-2901 LSI bit slice—8 layer PC

-32 or 48 bit arithmetic
-mantissa board—8 layer PC

-exponent board—8 layer PC
-1/2 speed of IBM 370/168

-addresses memory

-8 boards per 168/E

-55 nsec static RAM

-128K bytes data memory (32 bits/word)
-96K bytes program memory (24 bits/word)

six 168/E = 9 VAX 11/780
six 168/E = 2 CDC 1758
six 168/E = 1.2 IBM 3033

six 168/E = 0.75 CDC 175S
six 168/E = 0.60 IBM 3033
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Table 3-1

Number of A — pr~ candidates in the mass
interval 1100-1136 MeV /c? remaining after each
of the successive cuts discussed in section (3-2).

A A A+A
All candidates 259,206 241,345 500,551
DCA(p, ) 116,218 105,310 221,528
Proton probability 68,917 58,640 127,557
DOF(r) 61,614 52,123 113,737
DOF(p) 59,667 50,308 109,975
Pion momentum 52,704 44,175 96,879
Proton momentum 51,734 43,212 94,946
DCA(A, viz) 50,282 41,815 92,097
K? contamination 47,667 39,296 86,963
A lifetime 45,934 37,624 83,558
Electron probability 45,062 36,842 81,904
ete™ contamination 44,857 36,634 81,491
Track duplication 43,561 35,569 79,130
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Table 3-2

Results of Fits to the A/A
signals in Figure 3-13

Category A A
poor proton M 1115.8 + 0.3 1116.0 + 0.6
and pion c 4.0£0.3 5.1+0.8
S 2489 + 95 1479 + 85
poor proton 111594+ 0.1 1115.94+ 0.1
or pion 29+0.1 29402
6014 + 130 3745 + 120
good proton 1115.66 £+ 0.04 1115.70 + 0.06
and pion 2.16 £0.05 2.21 £ 0.06
8568 + 120 5725 £+ 105

M  Mean mass of signal (MeV/c?).

o  Width of signal (MeV/c?).

S Number of A/A above background.

World average [1] for M(A) = 1115.60 £ 0.05 MeV/c?.



=109 -

Table 3-3
A} Search
Number of (A, %) combinations remaining

after each of the successive cuts
discussed in section (3-3).

All candidates 15,357

(A, mt) vertex within 3,004
2 cm of main vertex

A mass within 6 MeV/c? 1,993
of mean value (1115.6 MeV /c?)

Diffractive recoil proton 1,319
events excluded

Transverse momentum of (A, 7 ™) 1,005
required to be greater than 0.4 GeV/c

One A per event 975

Photon beam energy between 951
40 and 160 GeV

Note: The final sample of 951 combinations corresponds
to a total of 894 events.
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Table 3-4

Charged Particle Identification Code
for the Recoil Detector (MFLAG)

MFLAG = 4 Proton identity most probable
3 Proton or Pion identity possible
2 Pion identity most probable
1 Pion or hard e* stopping in
the first (A) layer of scintillator
0 Unknown: x? too large or

not enough information

Table 3-5

Percentage of Triggers set in the
A} and Recoil Proton Data Samples
of Figures 3-19(a) and 3-15 respectively

Trigger type At Recoil p
Recoil 4 23+9 15 + 4%
Recoil 3 46 £12 64 + 8
Recoil 2 14+ 6 18%5
Recoil 1 0 11
High Pr 14+5 141

Dimuon 3+3 1+1
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(I) Mesons

(II) Baryons

Figure 1-1
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(a) Vector Meson Dominance
model for charm
photoproduction.

(b) Photon-Gluon Fusion model
(1st order).
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Figure 1-4 Application of first order photon-gluon fusion
as calculated in reference [84]. A € quark interacts with a

quark g from the target proton to produce a D° meson. The
other charm quark interacts with the remaining diquark of
the proton to produce a charmed meson (D°) or baryon (A7)
plus some non-charmed system of particles X.
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0.5

Rapidity Y

Figure 1-5 The rapidity distribution for either of the A} or
the D° produced at a photon beam energy of E, = 100 GeV.
The curves are taken from reference [84]. The associated

anti-charmed particle is assumed to be the D .
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Figure 2-5 The fractional electron yield per incident proton as a
function of the electron beam energy.
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Figure 2-8 The energy spectrum of the photon beam.
That portion above 75 GeV is the true bremsstrahlung
spectrum. Below it are those photons produced by mult-
iple bremsstrahlung within the copper radiator.



= 118 =

TAGGED PHOTON LABORATORY

r ACCESS TO LOWER
oM| LEVEL-BELOW
GROUND
glF“\:‘S'IDE APERTURE C-COUNTER
\ / OUTRIGGERS \
remsaten
= b,
RECOIL x M=\ Mzé,.l Os HAD.
>=— e =T, BEAM LINE
TAGGING Toz | —_—
SYSTEM i D0a” lsLic
! UPPER LEVEL-
LOWER LEVEL~ DETECTORS ﬂlﬂﬂf coum'mg ROOM

helyies

BEAM DIRECTION
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Figure 2-9 Schematic of the hydrogen target.
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Figure 2-10 Two views of the Recoil Detector. Part (a) presents
the front view while (b) displays a radial view.
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Afterword

Research Contribution

Experiments in high energy physics are impressive undertakings in which the com-
bined efforts of many engineers, technicians, and physicists are required to uncover
the subtle, secret messages sown within the very fabric of this universe, our home.
Hence this brief afterword has been written with the express purpose of enlightening
the concerned reader as to the specific contributions made by the author for the
collaboration.

The author joined the E516 collaboration in the fall of 1980 after the con-
struction of the detectors had already been completed. At the time, a preliminary
“shakedown” run of the spectrometer had been completed in the spring of that
year. The results gave indications of where helpful improvements could be made
to the spectrometer system. I was given the task of installing one of these helpful
additions.

It was realized that most of numerous high and low voltage power supplies used
to power the detectors could (and should) be monitored by the computerized data-
logging system. Hence the author was assigned the job of installing the hardware
required for this monitoring system. Most of the work entailed the stringing of
coaxial cables from the appropriate devices up to the counting room where the
data-logging electronics were situated. A total of 76 channels were fed into three
32-channel LeCroy Model 2232 ADC modules for subsequent digitization. This data
was both written to tape and monitored online so that the experimenters could react
immediately to any power failures.

After the end of the experimental run in June of 1981, the author became

involved with several projects concerned with the data reconstruction effort. The
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first project involved the calibration of the Outriggers using several muon runs. I
gathered a selection of events that had at least one well defined muon track passing
through one of the Outriggers. This data base was utilized by John Martin in his
calibration of this detector. In the second project, I helped in the development
and running of the 168E emulator system. This was entirely a local effort by the
University of Toronto portion of the E516 collaboration. Section 2-4-12 describes
this emulator system and its role in the data reconstruction effort. Thirdly, when
the Data Summary Tapes were finally being prepared, I took responsibility over the
data unpacking program which everyone would use in their analysis of the data.
Although the original version was written at Fermilab, it was suggested by Steve
Bracker that a structured version would be more useful over the long run for ease
of maintenance and modification. Thus I transformed the Toronto version of this
important program into the structured format of FORTRAN-77.

Finally, most of my efforts were directed to analyzing the E516 data sample in
order to find and study charmed baryons. Hence the work presented in Chapter 3 is
entirely my own effort. During the time of my analysis of the data, parallel efforts
were being made in California [60] and Colorado [49] in a similar direction to mine.
It must be understood that my analysis was and is completely independent of these
other projects. This is not meant to be in any way a comment on the quality of
these other analyses, but simply a statement of the uniqueness and individuality
of the author’s research effort. At the same time, this work could not have been
executed without the prior efforts of the other members of the E516 collaboration.

I wish to thank them once again.



