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Abstract

Photoproduction experiments have been an effective and efficient method for ex-
amining vector mesons. FERMILAB provided to E£687 a high energy bremsstrahlung
photon beam in order to perform this experiment. The primary purpose of EG87
was to study charm quarks, principally through D mesons. The amount of non-
charm production greatly exceeded that of charm (roughly 10~* charm events per
event). The 500 million triggered events written to tape by the detector provide
an ample source of data to investigate photoproduced light quark mesons.

The purpose of this work is to study the following production reactions:

YN — atx~ N’
AN — KYK~N
AN — 7r-+7r"7riN'
where N and N’ are nucleons appropriate for charge conservation.

The semi-inclusive dipion channel shows the skewed structure of a photopro-
duced p(770). Evidence is also found for the dipion decay of the p'(1600). The
K* K~ channel is used to verify the expected ratio of p(770)/#(1020) production.
The data also show a J/4(3097) (presumably through J/4(3097) — u*tpu~). The
light mesons found in these channels follow previous lower energy results. The
charge exchange processes containing three pions in the final state are examined
for their resonant substructure. The neutral dipion spectrum shows a p(770),
f2(1270) and a p3(1690). Evidence is found for the production of the a2(1320)
and the a3(2050). In addition, this channel presents the possibility of an isovector
meson with a mass of ~ 3600 MeV, decaying via J/¢(3097)r*.
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Chapter 1

Introduction to High Energy
Physics

Particle physics is the study of the fundamental constituents of matter and has its
origin in the 1930’s when several important discoveries changed our understanding
of the physical world. In 1932 the neutron was discovered by Chadwick[1], in 1933
the positron was identified by Anderson[2], in 1934 the first field theoretic model
of B decay was developed by Fermi[3], and in 1937 the g-mespn was found by
Neddermeyer and Anderson[4] and confirmed by Street and Stevenson[5]. These
discoveries showed that the atom itself could no longer be regarded as a fundamen-
tal constituent of matter but that it was composed of smaller elements. By the
late 1950’s many more pérticles had been recorded than could be explained by any
contemporary theories. Examination of these particles showed that they exhibited
interactions amongst themselves which scaled much stronger than the gravitational
and electromagnetic forces, as well as stronger than 8 decay (now known as the
weak interaction). These strongly interacting particles became known as hadrons.

As experimentation continued, a vast array of different particles were discov-

ered. In 1969 SLAC’s ep scattering experiments gave evidence for an underlying



Table 1: The naming convention for the light mesons based upon quark content
and observable quantum numbers. These states have no admixture of u or d with
strangeness or other heavy flavors. The J of the mesons are generally included as
a subscript, as with the f2(1270) or p3(1690).
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structure for the nucleon[ﬁ, 7]. This result was later corroborated by CERN neu-
trino experiments[8]. By the early 1970’s this nucleon substructure, originally
called partons, was realized to be essentially the same as contained in the quark
model, which had been introduced independently by Zweig and Gell-Mann?.

A principal feature of the quark model, as it has been developed over the years,
is that hadrons are composed of point-like fermions, with fractional charge and an
additional degree of freedom called color. A fundamental tenet of the quark model
is the existence of six quarks, or flavors, although the crucial observations required
to establish the existence of the top quark have not been made. Exploitation of
the symmetfies in the quark model yields qq states (mesons) with integer spin and
qqq states (baryons) with half integer spin. The naming scheme as presented by

the Particle Data Group|9] for most of the light mesons is given in Table 1.

1Gell-Mann gave the name quark in a now famous quote (at least in particle physics circles),
from James Joyce’s Finnegan’s Wake: “... another three quarks for Muster Mark.”

[S)
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Figure 1: The diagram on the left shows a schematic representation of OZI forbid-
den transitions while the right represents allowed transitions.

Quantum Chromodynamics (QCD), used to describe the dynamics of high en-
ergy hadronic systems, requires the presence of gluons to bind quarks together into
particles. The gluons interact not only with quarks, but also with each other. This
interaction is energy dependent, which provides an explanation of why free quarks
have not been directly observed.

Overall, the quark model is extremely successful at predicting experimentally
known states. Searches continue for mesonic states that exist outside the context
of the quark model. These searches include seeking mesons that have no place in
qq nonets or that have exotic quantum numbers[9, 10]. In addition, mixtures of
quarks and gluons (¢gg) and perhaps ¢ggq states may exist. The possible existence
of one such candidate state, J/yn*, will be examined in this work. Close and
Lipkin[11] have predicted the possibility of two ¢gqq states which decay into ¢n
and J/yw. The photoproduction of a ¢§ meson that decays via ¢x (made of an
s§ quark pair and a pion) or J/¥7r (made of a c¢ quark pair and a pion) cannot
occur unless an OZI (Okubo-Zweig-lizuka - see Close[12] for references) forbidden
transition occurs. The OZI rule essentially states that quark diagrams that have
continuous lines are heavily favored over quark diagrams that have disconnected
lines, as shown in Figure 1. If an OZI forbidden transition does occur, the J/¥=
combination would be a suppressed decay mode of a ¢g state. Other presumably
larger decay channels would be expected to exist and these should have been seen
by other experiments. Since no known isovector state exists in this mass region[9),

the state may be a ¢gqg state.



Chapter 2

Meson Production

This work examines peripheral photoproduction of various light quark mesons.
The light quark mesons that have been firmly established are shown in Figure
2[13].

2.1 The Vector Dominance Model (VDM)

The Vector Dominance Model (VDM) describes the interaction of the nucleon and
photon in the scattering process[14]. This model adds a hadronic component to the
bare electromagnetic photon which then interacts with the target. These hadronic
states must be neutral mesons which couple to the bare photon with the strong

coupling constant y/a. The wavefunction will take the form:

|7 >= /25 | Yoare > +Va | b > (1)

where /Z; is a Quantum Electrodynamic (QED) normalization constant and
| YBare > and | > are the bare electromagnetic and hadronic states. Since a strong
interaction is assumed, the reaction conserves Isospin and G-Parity. The hadronic
states are also required to maintain the helicity of the photon. These properties

illustrate one of the more salient features of photoproduction — namely that the
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Figure 2: The (u,d,s) mesons below 2.5 GeV in a Chew-Frautschi plot. The
mesons are ordered to show their relative angular momentum L versus their mass
squared.



final states reflect most of the properties of the photon. The scattering mecha-
nism is mediated by the exchange of a virtual particle, and diffractive scattering
is dominated by Pomeron® exchange (JFC = 0t+).

At high energies Pomeron exchange dominates one pion exchange (OPE) in pe-
ripheral photoproduction processes. In early photoproduction experiments OPE
was thought to be essentially nonexistent when E. was above 10 GeV[16]. Subse-
quent work at 20 GeV, however, has shown evidence for charge exchange processes
such as yp — A+*p~(770), At*a;(1320), and nad (1320)[17, 18, 19]. Some of the

more important features of Pomeron exchange versus OPE are listed below[20]:

e The total photoproduction cross-section is not dependent upon energy, or at
least is relatively constant over a large energy range. OPE predicts that it

2

should vary as s™* which is not seen experimentally.

e The absolute cross-section for yp — pp is predicted and measured to be of

the order of 10 ub, whereas the OPE prediction is several orders of magnitude

smaller than what is observed.

¢ Decay angular distributions of the final states of a 1~ meson adhere to a sin*§

distribution in the helicity frame, which Pomeron exchange does predict but
OPE does not.

e The mass distribution of the photoproduced p shows a distinct skewing to-
ward lower mass, which again OPE does not predict. This can be explained
in terms of p-wave dipion interference[21], which will be exploited later in

this analysis.

The Bethe-Heitler Dilepton Cross-Section

Aside from the photon’s hadronic coupling, it also couples to to the electromag-

netic field. The photon may produce dileptons (e*e™, p*u~, 7¥7~) inside the

1The Pomeron is modeled in QCD via a double gluonic exchange process[15].
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Figure 3: The Bethe-Heitler dimuon background.

experimental target via the exchange of a virtual photon provided by the large
coulombic fields near the target nuclei. S

For p*u~ pair production, which is of great interest here, the cross-section
derived from QED is:

_ 47 a? m?2
or(yy = ptu ) = (ln =L~ 1) (2)

2
L m,

2

where my,

= s is the overall center of mass energy, a is the fine structure constant
and m is the square of the muon mass. In this formula a large s approximation
has been used[22] to avoid logarithmic divergences. The form. of the Bethe-Heitler
background is shown in Figure 3 and is well fit by the sum of two decaying expo-

nentials when the dimuon mass exceeds 0.5 GeV.
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The VDM Prediction for the Photoproduction of Light Mesons

A more detailed look at the VDM shows predictions for the relative produc-
tion rates of vector mesons. At sufficiently high energies, the hadronic compo-
nent ‘will dominate the electromagnetic (or photonic) portion of the interaction,
and the interaction will proceed as a coherent mixture of neutral vector mesons

(p, w, ¢, J/, ...). To lowest order the interacting hadronic states will be[16]:

=

v m%,—{-Q?

where e/fy measures the strength of the photon-meson coupling and Q? is the
photon “mass” (E2— | k |?= Q2) so that the term in the square brackets accounts
for off-mass-shell photons. In peripheral photoproduction one assumes that the
photon is on shell, Q? = 0, so that the states |V > are summed with only the
photon-rrieson coupling. This leads to the basic premise that photons couple di-
rectly to vector mesons. With the assumption that little mixing occurs between
the vector mesons (the so-called diagonal approximation}, the following differential

cross-section may be found[19]:

do ~ admdo , :

where (YN — V N') is the differential cross-section for vector meson photopro-
duction from a nucleon, and (VN — VN’) is the cross-section for vector meson
scattering.

The optical theorem relates the imaginary part of the forward elastic scattering

amplitude to the total cross-section, giving:

do a 4x
gt-('rN — VN')|i=o = mﬁa?rom(VN)(l + %) (5)

where n¥ is the ratio of the real to imaginary part of the forward scattering ampli-
tude. Additionally, quark model predictions are used to relate the vector meson-

nucleon scattering to 7- and K-nucleon elastic scattering data. The photon-meson
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Table 2: Previous experimental results for the cross-section of various vector
mesons at different interaction energies.

Previous Experimental Cross-Sections

Particle | Experiment | Cross-Section (ub) [ v Energy (GeV)

p(770) LBL-SLAC 13.5+ 0.5 9.3 GeV

p(770) BCT72-73 11.1 £ 0.9 20 GeV

p(770) OMEGA 9.4 +0.1 20-70 GeV

#(1020) LBL-SLAC 0.55 £ 0.07 9.3 GeV

#(1020) E401 ~ 0.61 45-165 GeV
p'(1600) — =+x~ | BC72-73 0.15 £ 0.01 20 GeV
p'(1600) — n*7x~ | OMEGA 0.10 £ 0.02 20-70 GeV
£'(1600) — =+x~ | E400 0.07 £ 0.03 45-160 GeV

couplings fv may then be calculated. The couplings are proportional to the cross-
sections, and various production ratios may be found[16].

The cross-section for the diffractively photoproduced p(770) has been found to
be approximately flat over a large range, while the ¢(1020) cross-section is found to
increase (as shown in Figure 4 [23, 24, 25, 26, 27, 28, 29]). The cross-sections from
various experiments are given in Figure 4 and in Table 2 {23, 26, 30, 31, 32, 33].
The curves in Figure 4 represent a quark model prediction deduced from the p(770)
and ¢(1020) elastic cross-sections[16]. Based on the results of the quark model
predictions[28] presented in Figure 4, the ratio of the p(770) cross-section to the
#(1020) cross-section at an energy of 120 GeV is 1/16.

Interference effects from the 27 decay mode of the w(783) should be small, since
the decay w(783) — wm+x~ accounts for only about 2% of the total decays of the
w(783). The $(1020) — K+ K~ decay accounts for 49.1% of all ¢(1020) decays,
and direct comparison with the p(770) — #+7~ channel should produce a ratio of

one $(1020) for every thirty-three p(770)’s.
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A) B)

Figure 5: (A) The Breit-Wigner Resonance term for p(770) — nx. (B) The Drell
term for the Soding description of the photoproduced p(770).

Diffractive Dissociation and the Séding Model of p(770) Meson Photo-
production

To describe the effects of diffractive dissociation in p(770) production, the photon
is writtén in terms of a phenomenological Ansatz which includes “Drell” type
processes?, where a nonresonant p-wave background is formed via virtual pion
exchange with the nucleon (see Figure 5). The ordering ambiguity of the pions in
the Drell term introduces a third term.

The cross-section is determined by squaring the sum of the three matrix el-
ements and integrating over the energy. This yields three quadratic terms and
three cross terms. The three cross terms drop out after summing over polariza-
tions. The remaining contributions are illustrated in Figure 6, which shows the
functional contributions of the three terms in the cross-section, and the resulting
dipion spectrum generated for the p(770) meson by Monte Carlo techniques. The
first term in the cross-section is a Breit-Wigner type resonance with the relativistic

form:
Mon m,[,

¢ (E—miy i ©

OBreit—Wigner —

The second term represents the effect of the Drell background and the third term,

2This derivation follows the work of Séding[21].
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the Interference term, accounts for the pion ordering. These terms are[34]:

(e, —m})’

Dré'“(m) " (= m,) +male “
and (2 2)
_ Myr —M,

Interference(m) = (m? — m2,)2 + m2? (8)

where gis the pion momentum in the dipion center of mass and the modified width

T, is given by

o [2(ma)] 23(m,)
L=l [q(mp)] ¢*(max) + ¢*(m,) ©)

where m, and I'; are the PDG[9] p mass (m, = 768.1 MeV) and width (I'S = 151.2
MeV). It should be noted that these terms are relatively independent of the incident
photon energy.

2.2 Charge Exchange Scattering Versus Double

Regge Processes

Charge exchange processes occur when charge must be balanced across an interac-
tion vertex®. These rea.cfions can not be mediated by Pomeron exchange. The pion
has a small mass which means it may be involved over a large range of distances
(and be observable in a peripheral (small ¢) sample of events). The possibility of
pion exchange suggests the possible observation of charged mesons, such as the
a2(1320) from photoproduction reactions. The effects of pion exchange are energy
dependent and diminish with increasing interaction energy, as has been pre\}iously
reported(34]. The effect may still be observable in a high statistics experiment,
such as E687.

The double Regge process (or double peripheral mechanism) may be thought

of as an intermediate process between Pomeron and charge exchange. The process

3For example, the following process must have charge exchange: yp — p~(770)A*+,
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Figure 7: (A) The direct production process in charge exchange. (B) The double
Regge (or double peripheral) production process.

entails the exchange of a Pomeron coupled with the exchange of a charged particle,
as illustrated in Figure 7. Again the pion is the most likely contribution since it is
relatively light, and has a strong coupling to the NN’ vertex. .

Wolf[35] has calculated the interaction energy dependence of the cross-section
for double peripheral processes. He shows that the cross-section is relatively flat
and peaks at higher mass as the interaction energy increases. Extrapolation to
higher interaction energies indicates negligible contributions above an interaction
energy of 20 GeV. Thus any structure seen in the charge exchange process should be
indicative of resonance formation. In an early review article Bauer et al.[16] suggest
that charge exchange photoproduction processes become negligible for la.bhbra.tory
photon energies in excess of 10 GeV. However, at 20 GeV, subsequent work has
shown that substantial charge exchange cross-sections exist for the reactions yp —

p(770)~ A**, a7 (1320)A** and af (1320)n[17, 18, 19].

2.3 The Kinematics for Experimental Analysis

The experimental analysis makes use of the following kinematic variables:

14



1. The frame invariant Mandelstem variables built from the 4-momenta:

s = k(1) + Pu(p)] = m? (10)

and
e = [Bu(y) =PV = nm)] (11)
where k, is the 4-momentum of the photon, p, is the 4-momentum of the
proton and p) (V — n7) is the 4-momentum for the meson V which decays

into nw, where n is the number of pions (or Kaons, muons, etc.) that are

formed in the decay of the meson. We will often abbreviate t,..x as simply t.

2. The variable t! ., (¢!, = t') defined as:

Finm

t' = [t - tMin] Icu' (12)

A sample restricted to low values of #'-is comprised primarily of diffractive
or OPE events. Qualitatively, the t’ distribution for Pomeron exchange will
exhibit a sharp exponential decay, while OPE will be similar but with less of
an exponential slope. The exchange of heavier mesons (a2(1320), f2(1270),

etc.) have never been convincingly observed in peripheral photoproduction

processes.

The study of the photoproduction of light quark mesons is often enhanced by
investigation of their decay angular distributions. Thus, for example, both elastic
(7p — p°(770)p) and inelastic (yp — N*p°(770)) p°(770) photoproduction have
been found to conserve s-channel helicity[30, 34]. This has also been found to
be true for the reactions yp — w(783)p and ¢(1020)p, which suggest that vector
meson photoproduction conserves s-channel helicity and has led to the speculation
that all diffractive photoproduction reactions will conserve helicity in the s-channel
(s-channel helicity conservation, or SCHC). In the current experiment we shall
investigate the decay angular distributions for the reactions vp — p°(770)p and
7p — #(1020)p. For the other states we observe, large backgrounds prohibit
meaningful interpretations of these distributions.
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Figure 8: The helicity angles § and ¢ for the #*7~ decays where 7 is chosen as
the direction of the 7+ in the dipion rest frame.

The decay angular distributions for this analysis are best defined in the helicity
frame. For a description of the angles[36], see Figure 8. The z axis in the helicity
frame is defined as the direction of the final state particle (meson) in the vp center
of mass frame. The y axis is defined by the cross product of the directions taken
by the v and vector meson V, namely y = I-c‘., x V. The remaining direction z
is determined from the cross product of y x z. The spherical angles § and ¢ are
found by using an analyzing vector #. For the 27 decay modes, 7 is chosen as the
direction of the 7+ in the rest frame of the dipion system. The Gottfried-Jackson
frame, which is relevant to one pion exchange processes, is identical to the helicity
frame except that the z axis is taken to be the direction of the incident photon in

the rest system of the meson being studied.
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Chapter 3
Experimental Setup of E-687

The photon beam for E687 was generated from Fermilab’s proton accelerator, the
Tevatron, in a multi-stage process. The final interacting ¥ beam was produced
by the bremsstrahlung radiation of an electron beam. The initial energy of the
electron beam was measured with a spectrometer called the Tagging system. The
recoil energy of the electron after the bremsstrahlung was measured in the Recoil
Electron Shower Hodoscope (RESH) to deduce how much energy was released by
the electron in the bremsstrahlung process. With the measurement of any noninter-
acting photons in either the Beam Gamma Monitor (BGM) or Beam Calorimeter
(BCAL) the interacting photon energy could be ascertained.

The E687 detector was made of several separate components. The detector had
two large magnets (M1 and M2) with opposite polarities. This allowed the detec-
tor to operate as a large spectrometer which separated and measured the momenta
of oppositely charged particles (see Figure 9). A silicon strip microvertexing de-
tector (SSD) was used for event vertexing, while five proportional wire chambers
(PWC) interspersed throughout the detector provided tracking and momentum
measurements. Electromagnetic and hadronic calorimeters measured particle en-
ergies and Cerenkov detectors provided particle identification. Muon chambers
were also available for muon identification. Each subsystem will be examined in

greater detail in the following sections. Figure 10 gives an overview of the detector.
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Figure 9: The E687 magnets are shown with a e*e™ pair traced through the
detector. The first magnet opens up the pair in the vertical (bend) direction while
the second magnet (run with opposite polarity) closes the trajectories. The HxV
hodoscope (not shown) is located at the final focus.

3.1 Fermilab Supplied Beams

Protons extracted from the Tevatron (see Figure 11) were split into three sepa-
rate beam lines for the fixed-target experiments. They included the meson line,
the muon/neutrino line, and the proton line. The proton line consisted of several
separate lines, including Proton East (PE), at the end of which resided the Wide
Band Hall and E687. The process of generating the photon beam involved sev-
eral mechanisms that permitted the production of various particle beams: neutral
hadrons, electrons, rhuons and pions, as well as photons. This was consistent with
E687’s philosophy of a versatile multipurpose beam[37]. The electrons, muons and

pions were important options, as they were used to calibrate the detector.
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Figure 10: A plan view of the E687 detector and a 3D view. The target and SSD
have been removed in the 3D view for clarity.
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The v Beam Line

- The conversion of the proton beam into a photon beam employed standard beam
optics techniques and entailed three major steps. First, the proton impinged upon
a 46 cm beryllium target to generate an initial round of neutral particles (sce
Figure 11). The charged particles were swept away magnetically, leaving only a
neutral beam comprised of neutrons, neutral K’s, and photons (primarily from =»°
decays). The neutral beam was then passed through a lead converter where some
photons were converted into ete™ pairs. The electrons were then swept around
a beam dump, where any neutral and positively charged particles were absorbed.
The beam momentum was nominally tuned to 350 GeV. The final bremsstrahlung
beam was generated in front of the E687 spectrometer by allowing the electrons
to pass through a 20% radiation length lead radiator. ‘

Since the electron beam was passed through a relatively thick piece of material,
multiple bremsstrahlung photons could be produced[38], as well as Bethe-Heitler
ete™ pairs!. The energy and number of photons created via the bremsstrahlung
process were tracked with EGS[39], an electromagnetic shower simulation package.
The results[40] showed that the number of photons generated varied from zero
to six (see Figure 12). Any additional noninteracting photons that still passed
undetected (without converting into pairs) were measured at the downstream end
of the detector. .

The bremsstrahlung method produced a fairly clean beam with hadronic con-
tamination of the order of 10~° hadrons per photon. The principal source of
contamination was negative pions generated in the first stage of the creation of the
photon beam. These pions could have interacted in the lead radiator at the front
of E687 and produced neutral particles which were a source of contamination in
the detector. Similarly, negative muons could be produced in the initial stages of

the beam generation causing a beam “halo” (contamination) when they entered

IThese produced pairs are called “embedded pairs”, and occur when additional photons pair-
produce in the radiator or target during an event. The embedded pairs are distinguishable by
the fact that they have separate vertices.
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Figure 12: EGS result showing multiple v production.

the detector.

3.2 The Target

Although the photon beam was directed into one of several different interchange-
able targets, the principal target used in this experiment was a 4.41 cm beryllium
target. The physical shape of the target was a combination of rectangular paral-
lelopipeds. The “base” was made of two plates, each with a cross section of 2.54
“cm? and a thickness of 0.8128 cm. Three remaining plates were designed to physi-
cally match the target with the high resolution area of the silicon strip microvertex

detector (SSD) which was located further downstream.
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3.3 Detector

Since the E687 detector had many interacting Systems, the following subsections

will give an overview of the major systems of the detector.

The Electron Tagging System and the v Interaction Energy

A critical feature of nearly all high energy experiments is an accurate knowledge
of the parameters of the incident beam. In this experiment the v energy was not
measured directly. In order to accomplish this, the electron’s initial energy was
measured upstream of the radiator at the bend in the electron beam by the Tagging
system. After traversing the radiator, the electron was magnetically swept out of
the beam into the RESH, which measured the energy of the deflected electron.
The difference in these two energies was the amount of energy given up by the
electron to create photons. Any additional energy in the beam line, which was due
to noninteracting photons was measured at the downstream end of the experiment
with either the BGM or the BCAL2. This noninteracting energy was subtracted
off, leaving the interacting photon’s energy.

The Tagging system was essentially 2 magnetic spectrometer which utilized a
pair of dipole magnets that bent the electrons around the neutral dump. This
deflection was measured by five microstrip detectors, as shown in Figure 13. The
microstrips were large area detectors, measuring 7.7 cm x 5.7 cm and consisted of
256 strips, each with a 300 gm width. Two pairs of microsfrip detectors measured
the incident and outgoing angles, while the detector situated between the dipoles
was used to resolve track projections and to differentiate true hits from noise. This
was important for discriminating between two electrons in the same event and
differentiating spurious signals from true hits which would have given a poor fit to
the electron trajectory. The resolution of the tagging system was determined by

using a pion beam tuned to three different energies (60, 100 and 300 GeV). A single

2The BGM was used during the 1988-89 and part of the 1990 run, while the BCAL as part
of E683, was used after the inclusion of E683 during the 1991 run.
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Figure 13: The Beam Tagging detector planes, located between the two dipoles of
the double dog-leg for the electron beam.

pion was required to hit all five tagging planes and to generate a clean event in the
detector (a clean event had tracks that were linked between the PWC and the SSD
systems — more on this later in the Reconstruction section). The PWC system
was used to calibrate the pion’s momentum since the resolution and stability of the
tracking system was well known. The tagging system’s resolution slightly degraded
the overall resolution and was fitted accordingly. At low energies (60 and 100 GeV)
the resolution of the pion was dominated by the tagging system. The momentum
was then extrapolated into higher momentum regions where the PWC resolution
was dominant. The extrapolated resolution, ignoring multiple coulomb scattering

(MCS) effects, was fit with a 2-parameter function, namely[41, 42]:

% _p.. P 23GeV\? (pz.p )2
p =P (100GeV)\I1+( P T \100Gev/ ° (13)

where P; = 1.38%, P2 = 0.25%. Acceptance studies by the beam tagging group

indicated that the beam tagging system reconstructed the pion correctly in 81%
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Figure 14: Schematic of the Recoil Electron Shower Hodoscope {RESH). Once a -
tagged electron passed through the lead radiator, it was swept into the RESH,
which registered the hit in one of the ten fingers. '
of all triggers used for study. The remaining 19% were lost to either acceptance
limits, inefficiency, or both([42]. -
After the bremsstrahlung process the tagged electron’s recoil energy was mea-
sured in order to deduce the energy of the photon. The electron was swept into -
the RESH (see Figure 14), where its energy was measured. The RESH consisted
of ten lead-Lucite shower counters and was designed as a shower hodoscope. In

this experimental analysis the RESH was used to quantize the recoil energy of the
electron. Either one or two fingers of the RESH was required to fire in order to
select an event. The finger struck by the electron determined the electron’s recoil =
energy, which was taken as the energy required to strike the centroid of the finger.

At this stage of the process, the energy lost by the electron was assumed to go -
entirely into the production of the single interacting photon. Any extra neutral

energy was detected in the BGM/BCAL detector at the downstream end of the -

experiment. This energy consisted primarily of any noninteracting photons and
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any other neutral particles in the beam. In the earlier runs of E687, the BGM,
which consisted of 45 lead-Lucite layers (0.32 cm of lead), was employed for this
purpose[43]. In later runs the BCAL, which was part of E683, was used. Signals
from the latter device were tied into the E687 Data Acquisition System, and en-
ergies were recorded for it. The BCAL was designed to provide E683 with energy
and position measurements. It contained forty-six 3.81 cm scintillators spread over
10 radiation lengths comprised of ninety-two 0.5 inch steel plates. In addition, the
BCAL had ten PWC(C’s that performed spatial measurements for jet events in I2683.

The photon energy was determined on an event-by-event basis as follows:
€ (™) G
E'mr=E" mc - [E RESH T ZEBGMorBCAL]- (14)

Eh)IN,T was the photon energy given by the tagged energy of the electron, E (e_)TAGa
after subtraction of the RESH and BGM energies, E ’gsi and ¥ EpamorboaL.

In the event of pile-up or electronic overload, the BGM energy was not used?®.

Silicon Strip Microvertex Detector

The silicon strip microvertex detector (SSD) was used primarily to establish ver-
tices and to detect in-flight decays of heavier mesons and baryons, particularly
D’s, K,’s and A’s, which are sufficiently long-lived and decay within the detec-
tor. The SSD consisted of four sets of three planes (see Figure 15 and Table 3).
The leading set was placed 4.6 cm downstream from the target. One of the three
planes was oriented in the y (or vertical) direction, the other two were at angles
of £45° with respect to the y axis. The first set of microstrip planes had twice
the resolution of the other three sets. This increased the resolution of the tracks
and provided a more accurate determination of the vertex position. Each plane of
the SSD was further divided into inner and outer regions. The design of the SSD

ensured greater track resolution by incorporating twice as many detecting strips

3In the event that the energy measured by the PWC exceeded the determined v energy, then
the PWC energy was used for the photon energy.
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Table 3: Silicon Strip Detector Parameters.

A v

e X

Group | Number | Active Area | Central Region | Width (I/O) | =z | Depth
Channels (cm?) (cm?) (um) (cm) | (pm)
1 2064 3.5x2.5 35x1.0 25/50 4.6 300
2 2064 5.0 x 5.0 5.0x 2.0 50/100 10.6 | 300
3 2064 5.0 x 5.0 5.0 x 2.0 50/100 16.6 | 300
4 2064 5.0 x 5.0 5.0 x 2.0 50/100 28.6 | 300
Y

Figure 15: E687 Target and Silicon Strip Detectors. The first figure shows the
orientation of the target and SSD, while the second shows the projection onto the
z-y plane (z is coming out of the page).
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Figure 16: Typical SSD multiplicities. These are taken from various runs over the
1990 and 1991 run periods.

in the inner region, where there was a higher multiplicity of tracks, than in the
outer region. The detector was theoretically capable of attaining a resolution for
the vertex of about 10 microns in the z and y directions and 400-500 microns in
the z (beam) direction. .

Typical event topologies as seen by the SSD are shown in Figure 16, which
shows the multiplicity of tracks sampled throughout the 1990 and 1991 runs. The
microstrip detectors were found to be 96% efficient, with a 99% efficiency for
reconstructing tracks with momentum of more than 10 GeV. The resolutions in

the z and y directions of the SSD differed and were given by:

17.5GeV\?
25.0GeV')’
oy, =171.7um \ 1+ (m) , (16)

where Pcmcs indicates the momentum (roughly about 5 GeV) below which the
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Figure 17: Typical PWC multiplicities.

track would be significantly effected by multiple coulombic scattering[44]. Multiple
scattering effects were taken into account during the track fitting process. Detailed

descriptions of this procedure exist elsewhere[45, 46] and will not be included here.

Proportional Wire Chambers and Tracking

The Proportional Wire Chambers (PWC’s) were used to determine each particle’s
trajectory. Event multiplicities determined during the 1990-1991 runs by the PWC
are shown in Figure 174, The PWC’s detected charged particles, and the amount
of curvature that they exhibited revealed their momenta. The purpose of the
PWC system is to measure the momentum of the charged particles produced in
an interaction. Generally, the positions of charged particles passing through the
PWC system were recorded after which the trajectory of the particle could be

determined. This allowed a determination of the curvature of the charged particle

4These multiplicities correspond to the SSD multiplicities of Figure 16. If an event had more
than thirty reconstructed tracks then the multiplicity was truncated to thirty. The trigger cuts
out single charged tracks.
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in a known magnetic field and from these data the momentum could be calculated.
More specifically, the two large magnets, M1 and M2 (see Figure 10) had three
sets of PWC planes placed between them (PO, P1 and P2), and two sets placed
after them (P3, P4). These chambers, with their associated fitting algorithm, were
| ricapa/bile of a spatial resolution of between 1.4% and 3.4% for a charged track with a
momentum of 100 GeV. The resolution was dependent upon the nature of the track
itself: higher momentum particles traversed the entire spectrometer (a 5-chamber
track), while some lower momentum p&rticles received enough of a deflection from
M1 to leave the detector without entering into M2 (a 3-chamber track). Eacli of
the five PWC'’s consisted of 4 planes, with z, y, U and V directions, where U and
V were inclined at +11.6° with respect to y (see Figure 18)%. The size of the
PWC’s varied depending upon the location. P0 and P3, located just beyond each
magnet, had the same size as the opening aperture of the magnets. P1 and P2
were matched to the acceptance of the spectrometer, while P4, originally the same -
size as P1 and P2, was reduced in size after the 1988 fire. Table 4 gives more of
the specifications of the PWC’s. The resolution of the PWC’s was determined to

be
op _ P 23 GeV\’
= 1'4%(100Gev) \Il+ ( - ) . (17)

Particle Identification and Cerenkov Detectors

Partial particle identification was effected by the use of three Cerenkov detectors,
labeled C1, C2 and C3 in Figure 10. The first two, C1 and C2, were placed between
the two large magnets of the si)ectrometer while the third was placed after the sec-
ond magnet (see Figure 10). Cerenkov detectors operate on the principle that a
charged particle moving faster than the speed of light in a medium emits light
(Cerenkov radiation). The Cerenkov detectors used in this experiment were multi-

celled gas threshold devices, each of which contained a different gas. A particular

5Late in 1988 a fire erupted in Wideband, destroying much of the electromaghetic calorimeters,
as well as some of P4. When P4 was rebuilt, only the z, y and U planes were used.
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Figure 18: PWC Detectors, showing reconstructed tracks. The left shows a 3D
view, while the right shows a projection onto the z-y plane (the beam direction, z,
is coming out of the page). The solid straight lines in the second figure show the
PWC wires of one plane registering hits. The track projections from the figure on
the left are also shown in this figure.

Table 4: PWC configuration parameters. Note: P4 wires have an z separation of
2 mm , while y and U have 3 mm separations.

total number of-wircs

PWC(C | Aperture (cm®) | Wire Spacing |z |y |U [V | Total
PO 76.2 x 127.0 2 (mm) 376 | 640 | 640 | 640 | 2296
P1 152.4 x 228.6 3 (mm) 512 | 832 | 832 | 768 | 2944
P2 | 1524 x 2286 | 3 (mm) | 512 | 823 | 832 | 768 | 2944
P3 76.2 x 127.0 2 (mm) 376 | 640 | 640 | 640 | 2296
P4 101.6 x 152.4 2-3 (mm) 336 | 768 | 768.| — | 1872

———————
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Table 5: Cerenkov Particle Identification Information for reconstructed data.

ISTATP | Identification Momentum Range (GeV/c)
0 Ambiguous > 0.0
1 e definite 0.0-17.4
2 m definite 4.5-174
3 e, # ambiguous 4.5 - 61.7
4 K definite 16.0 - 44.5
6 7, I{ ambiguous 16.0 - 17.4
7 e, m, K ambiguous | 16.0 - 44.5, 61.7 - 117.4
8 p definite 16.0 - 44.5, 61.7 - 117.4
12 K, p ambiguous 4.5 - 61.7
14 7, I, p ambiguous | 0.0 - 17.4
15 total uncertainty | > 0.0

particle traversing the detectors would have a different momentum;dependent re-
sponse in each. This allowed differentiation of e’s, #’s, {’s and protons, although
a degree of ambiguity often remains. Figure 19 and Table 5 show the extent to
which the Cerenkov detectors employed in this experiment can distinguish between
e’s, ’s, I{’s and protons.

The Cerenkov information was processed off-line during the reconstruction pro-
cess. PWC track information was used to calculate the hypothesized Cerenkov
radiation from a specific track, and this projected light was compared to the ac-
tual light yield from each of the Cerenkov detectors. The particle identification is
described in Table 5 with the values of the descriptive variable ISTATP[44, 47).

The overall efficiencies for identifying I’s and 7’s were 85% and 98% respectively®.

SThese efficiencies are determined from SROGUE - see Chapter 5.
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Figure 19: Momentum distribution for different levels of Cerenkov particle identi-
fication. This plot shows = 50k events of all possible topologies. Refer to Table 4
for a description of ISTATP.
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Calorimeters

E687 had two sets of calorimeters, one to measure the energy of electrons and pho-
tons (the electromagnetic calorimeters) and one to measure the energy of hadrons
(the hadronic calorimeters). These devices measured the kinetic energy of each
particle and worked in concert with the PWC and Cerenkov systerns. In this anal-
ysis, the electromagnetic detectors were used primarily for eliminating spurious
photons and electrons generated in an event while the hadronic calorimeters were

used to remove neutral hadrons.

Electromagnetic Calorimeters (Inner and Outer)

There were two electromagnetic detectors. One was the large aperture Outer
Electromagnetic shower counter (OE) placed after P2, on the upstream side of M2
(see Figure 10). The other was the Inner Electromagnetic shower counter (IE),
placed downstream from P4 (see Figure 10). These detectors were used to identify
electrons and photons and to reconstruct #°’s from their two photon decay.

The purpose of the OE was to detect electromagnetic particles that were the

equivalent of 3-chamber tracks — namely those having low energy or wide produc-

‘tion angles. The OE was a lead-aluminium scintillator shower detector made of

18.4 radiation lengths and of 1.8 interaction lengths overall and had an active area
of 255cm x 205 cm with an internal aperture of 51 cm x 88 cm. It was divided
into 4 separate blocks in the z-y plane and had a square hole in the middle of
the detector to allow noninteracting photons, e*e™ pairs, and photons for E683
to pass through without interacting within the detector. The OE had an angular
acceptance of 28 to 142 mrad in z, and 49 to 114 mrad in y. The energy resolution
for an electron or a photon of energy 20 - 100 GeV was (AE/E)rwum = 23%/VE.

The IE was an electromagnetic “catch-all” for almost any remaining neutral
energy. As mentioned before, it was located behind P4. This allowed all other
electromagnetic particles, aside from those that go down the beam line, to be

measured. The IE had three sections, rather than the four of the OE. The active
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area of the IE was 229 cm x 137 cm. It was made of lead and scintillating fiber and
“was upgraded from the 1988-1989 runs. The detector had an angular acceptance

of 28 to 47 mrad. The energy resolution was = 15%/+v'E + 4%. The central beam
hole of the IE was 5.1 cm X 5.1 cm.

Hadronic Calorimeters, (HC and CHC)

There were two hadronic calorimeters, the main Hadronic Calorimeter (HC) and
the Central Hadronic Calorimeter (CHC). The purpose of these detectors was
two-fold: first to act as a trigger which ensured that a hadronic interaction had
occurred and secondly to reconstruct charged and neutral hadronic showers. These
detectors were placed after the IE and before the inner muon detectors and iron
shields. In addition to the total energy readout, the HC had a readout to find the
transverse energy[48], which was found by independently summing the energy in
each successive ring of the calorimeter. The energy in each ring was weighted by
a predetermined calibration value and thus a transverse energy was determined.

The HC was a sampling calorimeter, made of 28 layers of 4.45 cm iron plates
alternating with 28 layers of larocci tubes. The HC also had a hole in the middle
matching that in the OE/IE. The active area of the HC was 304.8 cm by 203.2
cm, with an angular acce}itance of 5 to about 30 mrad (see Figure 20).

The Central Hadronic Calorimeter (CHC) was also a sampling calorimeter
made of 26 alternating layers of 5.08 cm iron and a total of 50 sheets of scin-
tillating fibers[49]. It was modified from the 1988-89 run to accommodate the
beam transport incorporated into E683. The original CHC description may be
found in various E687 theses [45, 46, 50, 51]. The length of the detector was 128.0
cm and had a transverse area of 50.8 cm x 61.0 cm. The CHC was divided into
two sections, leaving a split in the y direction. Depleted uranium, sheafed by 0.24
cm steel and interleaved with 0.635 cm scintillator made up the 6.4 interaction
lengths.

The combined resolution of the HC/CHC = 144%/+/E[52]. For this reason it
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Figure 20: Schematic of Hadron Calorimeter, showing rings and segmentation of
detector.

was only used to aid in the determination of total energies seen by the hadronic

calorimeters and to differentiate hadronic from leptonic production.

Muon Detectors

The muon system was particularly important for the charm physics, especially for
the semi-leptonic decay modes of the D. The muon system contained both scintil-
lator planes and gas proportional tubes. The scintillator supplied a fast response
for triggering and the gas tubes provided high spatial (~ 0.9 cm) resolution. The
Outer Muon system was located directly behind M1, where the yoke of the magnet
pfovided 10 interaction lengths of steel. The Inner Muon system was located at
the end of the detector, behind additional layers of steel (121 cm and 60 cm). A

more detailed description of these detectors may be found elsewhere[45, 46].
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“  Figure 21: First Level (Master Gate) Trigger.

3.4 Triggers

Several triggering schemes were employed to maximize the number of events with fi-
nal state hadrons while, at the same time, minimizing the number without hadrons.
The First Level, or Master Gate Trigger, would only let data be processed if cer-
tain requirements from the systems with faster response times were satisfied. The
Master Gate decided when the primary detectors should be read out and provided
a period of time, or gate, in which to do this. During this interlude, such things
as obtaining the readouts of the PWC information, setting latches (essentially a
custom-built cache), and gating the ADC’s (Analog to Digital Converter) were
accomplished. The Master Gate sent the detector intb a dormant state while the
second level trigger made additional decisions about the event. The Master Gate
required predetermined hodoscopes to receive a hit in order to proceed (see Figure

21). The full logic is represented by:

MG = (TR1-TR2)[(H x V), - OH + (H x V),} (A0 + AM + TMI + TM2).
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The Master Gate consisted of two scintillators placed in the photon beam (AM
and A0), two scintillators outside the photon beam line to reject muon beam
halo (TM1 and TM2), and scintillators on either side of the SSD to make certain
that there were tracks inside the target region (TR1 and TR2). The logic of the
Master Gate required a charged track in the electron beam, no charged tracks in the
photon beam, no muons accompanying the beam, and charged particles emanating
from the target region. There was also a requirement that at least two charged
particles from an event had to exist in the spectrometer. This was accomplished by
requiring the inner hodoscope HxV to have either one charged particle when the
outer hodoscope (OH) had at least one, or to register at least two charged particles
with HxV. The HxV hodoscope, which was located just past P4, was a pair of
crossed scintillators. Half way through the 1991 run, a second V hodoscope, V',
was placed in the detector to improve the efficiency of the trigger. The OH was a
layer of scintillator in front of the OE. These hodoscopes were divided along the y
direction so as to avoid triggering on e*e™ pairs’.

The veto on unwanted events was enhanced roughly a factor of 20 by including
an additional Second Level Trigger. The Second Level Trigger utilized many slower
detectors (hence these were not in the Master Gate) and was accommodated by
the Master Gate, which extended the dead time an additional 2.4 us. The second
level trigger required that at least one hit occurred in PO outside the e*e™ pair
direction, that more than 35 GeV of energy was deposited inside the HC, and that
there was a valid RESH response. If the event was acceptable, the second level
trigger delayed the access of other events until the complete event data acquisition
took place - such as digitization of the ADC’s and transfer into and out of buffers.
If the event did not satisfy all the criteria, a fast clear of all segments occurred and
the inhibit on data taking was released. The second level trigger logic could be

changed to accommodate different “trigger sets”, and this was done for different

7The magnets deflected oppositely charged particles in the vertical direction and were not
spread much more than the size of the photon beam in the horizontal direction. A gap the size
of the photon beam was therefore placed in the OH in order not to trigger on ete~ events.
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runs in the experiment.

3.5 Data Acquisition

The E687 data acquisition system incorporated several hardware and software
systems. The output channels of pulse heights were temporarily stored in a large
buffering system and then written to tape. The readout from the PWC’s went
into LeCroy 4291B Camac TDC'’s, the calorimeter readouts went through LeCroy
1885 Fastbus ADC'’s, and the SSD readout went into a specially built University of
Milan MIDA ADC. In addition, latches were set up by Fermilab and the University
of Illinois to record trigger hits, data from muon counters, and busline logic signals.

During a spill the data acquisition system was clocked. If an event satisfied the
triggering criteria, a gated signal was initiated to allow time for the digitization
of the data from the spectrometer. This process required about 300 ns, and an
additional veto signal of about 1 us inhibited any other triggers from firing.

If the Master Gate was satisfied, the signals were stored locally in the buffers
of the electronics while the second level trigger output was examined. If no second
level trigger was forthcoming during the Master Gate veto, the event was cleared.
If the second level trigger was satisfactory, the data was read into and stored in
LeCroy 1892 Fastbus Multiple Record Buffer Memory modules and a University of -
Illinois memory module. Until all the data was flushed out, any subsequent data
taking was inhibited. The data was moved with “PANDA™, a specialized data
acquisitibn system run on a local DEC Vax. This system included automation of
the tape handling (2 GB Excabyte 8 mm Tapes), Camac controls of high voltage
settings, and geheration of pedestals (readouts with no radiative source to find a
“zero” value).

In addition, constant control of data quality was monitored with several pro-
grams that checked in real time the average operation of the detector. There were

also several programs that monitored specific detection systems. All of the on-line
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monitoring systems were accessible with a UNIX Hoist, so several Sun and DEC
workstations could also run the on-line software.

Finally, a simple database system kept account of ADC pedestal information
(recorded roughly once or twice a day), as well as any geometrical changes in the
detector subsystems. This information, along with a map of the magnetic fields
of the two magnets, was maintained in several data files available on whichever

computer system the analysis was run.

Data “Reduction”

Since the only data recorded were the raw hit information, it was necessary to
convert this into a usable form. This process involved a few members of the col-
laboration running computer “farms” continuously for several months using recon-
struction programs on the 1990 — 1991 data sets. The farms were fashioned from
several RISC based UNIX workstations running under CPS (Cooperative Processes
Software, an extension of APS, Advanced Computer Program, which were both
efforts developed at Fermilab[53]). The workstations were connected by a Local
Area Network (LAN) and provided single-code multiple-data (SCMD) architecture
on a large grained, loosely coupled parallel system. The event reconstruction ran
essentially as diagrammed in Figure 22. The farms were comprised of both SGI
and IBM 6000’s, as configured in Figure 23.

The reconstruction process employed (called Passl) converted the raw data
from the approximately 500 million triggered events into kinematic variables that
were subsequently used in the analysis. This process took approximately 4 months
for the 1990 data set (run primarily on 3 farms) and 6 months for the 1991 data
set (5 farms). Serial processing of the raw data would have taken an estimated 700
Vax 11/780 equivalent years. The 1990 data set incorporated a simple relational
database to track the progress of the reconstruction, while the 1991 data set used
ORACLE, a professional relational database.

The 1990 data set had 275,016,917 events read in, and 204,259,613 events
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written out. The corresponding numbers for the 1991 data set were 211,030,666
events read in and 160,628,066 events written out. Thus roughly 25% of the data
was lost in the reconstruction process. An additional skim process was carried out
to reduce the data sets onto fewer tapes and to write out smaller data records.
Three preliminary skims were run: the MOM skim, the QT skim, and the TINY
skim. The MOM skim wrote out most of the major records for each detector
system. The QT skim used a much smaller set of records, and the TINY skim
used only two. The QT and TINY skims also employed specific physics cuts. The
principal cut in the QT tapes that would effect this analysis was a ¢(1020) mass
cut (mg+x- < 1.1 GeV). A subskim was run with the QT skim in order to reduce

the number of events and is summarized in Tables 6 and 7.

Data Reconstruction

The track reconstruction programs treated the SSD and PWC tracks individually
and attempted to link them together. The tracks were then analyzed to see if they
shared a common vertex with any other tracks or if any “kinks” where present,
or whether any secondary vertices from either charged or neutral (vee) decays oc-
curred. Secondary vertices and “kinks” for the most part represented weak decays
of various elementary particles which would not be found in events of interest in
this analysis. This analysis used positive evidence for the presence of a kink or vee

as a veto.

SSD Reconstruction

The SSD track reconstruction was rather straightforward. Because there was no
magnetic field in this region of the detector, the individual hits in the SSD planes
were matched and fitted to a straight line. The SSD fitting algorithm employed
a means of discerning isolated hits from shared hits. Clusters of up to three
hits distributed across three cells were analyzed. If they were resolved as two

tracks the centroid of the hits was placed on the centerline between the strips. A
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Table 6: The various cuts used for the event selection. The table lists the number
of events in the 1990 and 1991 data runs.

Cut Description 1990 Data | 1991 Data | Combined %
(67 tapes) | (65 tapes) | (132 tapes)
Total Triggers Written 275,016,917 | 211,030,666 | 486,047,583 —
Survived Passl 204,259,613 | 160,628,066 | 364,887,679 —
1 QT Events Read 73,843,267 | 68,494,377 | 142,337,644 | 100.00
2 PWC: 2, 3 tracks 8,949,012 5,650,140 | 14,599,152 10.26
3 SSD: 2, 3 tracks 4,090,394 2,599,790 | 6,690,184 4.70
4 1 SSD or PWC Vertex 4,090,394 2,599,790 | 6,690,184 4.70
5 No Reconstructed “V” 3,891,663 2,371,994 | 6,263,657 4.40
6 No Reconstructed Kink 3,891,663 2,371,994 | 6,263,657 4.40
7 | Charge: 27 — 0, 37 — +1 3,464,731 2,121,301 | 5,586,032 3.92
8 z in Target 1,989,621 1,908,336 | 3,897,957 2.74
9 Tagged > 0.0 GeV 1,925,779 1,591,696 | 3,517,475 2.47
10 RESH > 40.0 GeV 692,645 738,359 | 1,431,004 1.01
11 E, > 0.0 GeV 538,012 640,167 | 1,178,179 0.83
12 HC+CHC > 5.0 GeV 262,591 391,694 654,285 0.46
14 Cerenkov not e~ 165,610 226,903 [ 392,513 0.28
15 All linked tracks 132,376 187,637 320,013 0.23
16 | No Doubly Linked Tracks 85,715 123,347 209,062 0.15

Table 7: Final data sample of skimmed events (the final entry of the previous
Table) for the p(770), ¢(1020), p’(1600) and the a2(1320), a3(2050) samples.

Combined Data

2 Track Data

3 Track Data

209,062

119,699

89,363
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pattern recognition search was then employed, which extended hits along the three
projected coordinates. The pattern required at least three of four projections, and
a x? fit was used to make a cut. Finally, the projections were formed into a three

dimensional spatial array.

PWC Reconstruction

The PWC tracks represented a special problem, not only because the trajectories of
the particles in this region were curved due to magnetic fields, but also because not
all the tracks traversed the entire detector. 5-chamber tracks, extending through
the entire length of the detector, may or may not have been linked to the SSD.
The same is true for tracks passing through only three chambers. Tracks may also
have extended from the target region to the first three sets of PWC planes but left
the detector without entering into the second half of the detector.

‘Linking Tracks

After the tracks were established with the SSD and PWC fitting procedures, they
were compared with each other to see if they matched. The PWC tracks were
projected onto the bend plane of M1 in order to compare them with SSD tracks.
A search was performed to match slopes and intercepts for every track in an event,
and those that were found to match within a certain tolerance were refit using all
SSD and PWC information. Three chamber hits from the PWC were excluded
because they did not present enough information to project through either side
of M1 or M2. If the global refit met a strict x? criterion, the new linked fit was
used. This method was useful in identifying e*e™ pairs, as they would likely have
a single SSD track matched to two PWC tracks.

Vertexing

The vertex of the event was determined by the SSD track projections into a single

point. If no SSD vertex could be found, the center of the target was used as the
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vertex. If only a single SSD vertex was found, it was employed as the primary
vertex. If several SSD vertices were found, the farthest upstream with at least
one linked track was used. Any further vertices were run through a “stand-alone
vertexing routine” to determine the type of vertex. This procedure was used to
find neutral strange and charm particle decays and had little impact on this work

(all multivertex events were excluded from this analysis).

Electromagnetic Showers

The neutral Electromagnetic shower reconstructions were crucial for finding 7°’s
and eliminating electrons from the pion spectrum. Shower reconstruction involved
looking at individual showers in the Inner and Outer Electromagnetic Calorime-
ters. First, showers were eliminated from PWC tracks using a proximity cut based
on track location and initial shower position. Isolated showers were then further
analyzed for possible 7°’s, while showers associated with tracks were used to de-
termine the type of track in the calorimeter, if possible. The IE code generated a
track hypothesis by finding the actual hit in the IE strips weighted by their energy
and corrected for the transverse profile of the shower. The transverse and longi-
tudinal energies were then passed to two separate discrimination functions which
distinguished noninteracting pions and electrons from interacting ones. The OE

determination worked in a similar way.
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Chapter 4

Data Analysis

4.1 The Beam and Its Characteristics

Figure 24 shows the characteristics of the tagged electron beam, the RESH energy
response!, the BGM/BCAL energy, and the interacting v energy. These events
are taken from the two- and three-track data sample and have an average energy
of 130.7 GeV2. If the total energy of the event as measured by the PWC system
exceeds that deduced from the Tagging system measurement, we adopt the former
for the interaction energy.

The “scalar” measurements depicted in Figure 24 suffice to determine the beam
energy. Many useful kinematic quantities, however, require knowledge of the beam
direction as well. In this experiment we determine only the average beam direction

which was found in the following way:

e The z and y projections of the charged tracks were recorded at two well
separated values of z in the detector. These projections were summed on an

event by event basis and averaged over the entire data set.

1These are “skimmed” events, and the cut of 40 GeV on the RESH energy removes a small
degree of pile-up in the 40 GeV bin. The digitization of the RESH is clearly evident.

2The interacting energy had an RMS (Root Mean Square) of 62.31 GeV, while a Gaussian fit
yielded an energy of 126.8 + 0.3 GeV with a width of 45.31 3 .15 GeV.
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Figure 25: The sum of the residuals from a run by run basis. The values of the
correction are 6, = 0.913 mrad and ¢, = 3.943 rad.

e The angular variables # and ¢ were calculated according to:

¢ = tan™? (%) (18)
and

6 = tan™! (y_—i—:c) . (19)

z

e The averaged 6 and ¢ were assumed to point back into the direction of the

incident interacting «.
e Only events from runs having more than 100 events were kept.

The averaged values for # and ¢ for each accepted run are shown in Figure 25. The
mean value of the averaged values is chosen as the mean direction of the photon

beam.
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4.2 Mass Errors

Errors in the calculation of the mass of the #*7~, K+ K~ or a7~ 7% systems arise
from the finite resolution of the detector. The method for ascertaining the mass
error is as follows. A 2x2 or 3 x3 covariant matrix is formed for each reconstructed
track. Since each track is found individually, no cross-terms are involved for the

errors on the tracks. An error matrix is created with the form:

E+ 0 0
Emass = 0 E.- 0 |[. (20)
0 0 E,z

The E, submatricies are 3 X 3 covariant matricies formed for each track. The
elements of the submatricies are the square of the errors on the slopes at the
target: Az = z', Ay = ¢/, and the momentum error. The SSD vertexing algorithm
is used to determine the slope errors, and the PWC’s were used for the momentum

measurements[45]. The E, matricies then assumed the form:

ol Oy KOy
Ty o, Koy,
E, = [o}ls chamber J (21)
Kogy Koyy or ‘
[I(’(agy.)]s Chamber

where the K is an additional term due to the poor resolution of 3-chamber tracks

(K = %), and is set to zero for 5-chamber tracks. The o}, term arises from

the extra kick the track receives from M1. The error on the mass is then

0¥ = DTED, (22)

where §E §E §°E
e (23)

§z2’ by?’ 6p?
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is the vector defined by the derivatives of the mass with respect to z’, y’, and

momentum.
The spread of the mass errors for the three channels may be seen in Figure 26.

The resolution of the #¥7~ channel is approximately 6 MeV, while the resolution in
the 7+~ x* channel is roughly 1.3 times as great. The resolution of the KT K~ (~
2 MeV) channel exceeds both of the pion channels since only positively identified

Cerenkov tracks are used.

4.3 Final Sample Selection

After the final skim had been performed on the data set, additional cuts were made

to increase the reliability of the sample®. These include:
1. Elimination of dﬁplicate events and any events from calibration runs.
2. Matching the number of PWC tracks to the number of SSD tracks.
3. Elimination of events with reconstructed neutral showers.
4. Partial or full identification of each track from Cerenkov information.

5. Imposition of an opening angle requirement such that this angle exceed 7.5

mrad.

6. Use of a t' cut (this criterion is not always applied but will be emphasized

when it is).

The results are summarized in Table 8. The opening angle cut is employed to
differentiate 7 ¥ 7~ pairs from ete~ pairs. The angle is formed by taking the dot
product of the laboratory track trajectories. The ete™ events have an extremely

small opening angle, so that within an opening angle of 7.5 mrad there is a large

3These cuts are performed during the analysis, and no distinction is made between #*7~
events and pt i~ events until mass plots are made.
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Figure 26: The mass errors in the x*x~, the K*K~ and n+x~n* channels from
the final event selection.



Table 8: Final cuts for the data sample.

" Final Data Samples
Selection ¥~ KYK-  ptu | xteoa*
Initial Number 127,641 127,641 127,641 | 86,392
No Duplicate Events | 119,022 119,022 119,022 | 30,694
PWC = SSD 82,402 82,402 82,402 | 30,694
No 7’s 65,5931 65,031 65,931 | 24,447
Cerenkov 50,244 4704 50,244 | 7981
0-.; > 7.5 mrad 46,670 — 46,670 6421
t/ 18,363 1229 9451 1856

amount of ete~ contamination. The eflect of the opening angle cut may be seen

in Figure 27, which shows the data sample before and after the opening angle cut.

4.4 The n#tn~ Channel

Mass and t’ Distributions

The dipion mass spectrum for the #* 7~ channel is shown in Figure 28 where only
events for which ¢ lies between 0.015 and 0.2 GeV? are included. The data which
are dominated by the p(770) are fit twice: once with a Breit-Wigner alone, and
once with a Breit-Wigner supplemented by the extra terms suggested by Soding
(the Drell and Interference terms, as mentioned in the second chapter) for a pho-
toproduced p. Both fits utilize a fifth order polynomial background. The latter
description of the data yields a mass of 767.5 £ 1.1 MeV and a width of 172.4£5.5
MeV. These values are in much better accord with the values given by the PDG[9]
than when the data are fit to only a Breit-Wigner. The pure Breit-Wigner fit
gives a p(770) mass of 719.3 MeV and width of 193.5 MeV which are quite in-

consistent with the known parameters of the p(770). The various terms of the fit

[$)]
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Figure 27: The mass spectrum of the YN — xt7x~ N (left) and n¥7~ 7% (right)
channels. The unhatched histograms show all the data, while the hatched his-
tograms show those events that satisfy the opening angle requirement.

in the Soding description are listed in Table 9. Both fits are hampered by the
presence of Bethe-Heitler dimuon pairs, which form a background to the p(770) in
the low mass region. The decay of the $(1020) — u*u~ can be seen between the
p(770) and p'(1600). The J/(3097) also appears in this plot, presumably through
the misidentification of muons as pions. The Bethe-Heitler dimuon background
decreases with increasing mass, essentially as a decaying exponential[54], and will
not effect the events above 1.5 GeV. ,

The polar decay angular distribution for the p(770) in its helicity frame is shown
in Figure 29. The raw data are shown in the left hand histogram while the right
hand histogram shows the spectrum after correction for the acceptance presented
by our experimental apparatus. This correction will be described in Chapter 5. The
events included in Figure 29 have the same selection criteria as those in Figure 28,
except their invariant mass is restricted to the p region (600 < M., < 900 MeV).

The events for Figure 29 have the same requirements as those in Figure 28, though
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Table 9: Fit results for the p(770). The lower table only shows the values of the
acceptance corrected data.

Soding p(770) Fit Parameters ]
)

wa fDreu fIllt Ma.SS (GeV) Width ((:ev
166.5 +1.66 | 75.69 £ 0.75 | 65.23 +1.27 | 0.7675 £ 0.0011 | 0.1724 £ 0.0053

Helicity Angle Fit (A + B(1 — cos? 0))
Constant (A) Quadratic (B)
3540.3 + 127.8 89840.1 +217.4

700 T T T 7T T T T T 1200 T T T T T T T T T

P S S S (N L1 I PR i TR PN | 2 1t

-1 ~08 —06-04-02 0 02 04 08 08 1 0 07 06 0+02 0 02 04 06 05
Cos(tia,) pONU'N Cos(Vneay) p>1'0"

Figure 29: The decay angular distribution for the p(770) in its helicity frame. The
left histogram contains uncorrected events while the histogram on the right shows
the same events corrected for detector acceptance. The smooth curve shows the
sin? @ distribution of a JFC = 17~ meson with relatively little background.
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the events are constrained to have an invariant mass between 600 and 900 MeV.
The fit is with a quadratic of the form (A + B(1 — cos?#)) using the values listed
in Table 9. The overall shape shows a sin® # distribution, which is indicative of the
decay of a particle with JP = 1~ which is polarized in the z direction (J, = £1).
Figure 30 shows the ¢’ distribution for the events in the p(770) mass region
which demonstrates the peripheral nature of the photoproduced p(770). The best
fit of this ¢’ distribution is with an exponential function e~**l with b = 9.18 +

0.14/GeV2. This value is reasonably consistent with previous results (a value of
t' = 7.5/GeV? was found at 20 GeV[30]).

The p'(1600) — 7+n~

The dipion mass spectrum for the mass region 1.0 < M,, < 2.0 GeV is shown in
Figure 31. The fit shown employs a Breit-Wigner resonance for the p’(1600) over
a double exponential background. The parameters from this fit for the mass and
width of the p’(1600) are 1.489 + 0.073 GeV and 0.195 3 0.004 GeV respectively.
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Figure 31: The yN — ntx~N channel, exhibiting the p’(1600) enhancement in
the 1.450-1.700 GeV range. The mass is 1.498 GeV with a width of 0.198 GeV.
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The mass is somewhat lower than the average given in the PDG[9], but consistent
with the analysis of Donnachie and Mirzaie[55]. The p’(1600) helicity polar angu-
lar distribution is shown in Figure 32. The fact that the p(770) has a relatively
large width and is produced copiously in photoproduction implies that the high
energy tail of the p(770) can distort the p’(1600) decay angular distribution. The
effect of this background in the p’(1600) region and the presence of Bethe-Heitler
dimuons together with the small p’(1600) signal makes interpretation of this angu-
lar distribution uncertain. For that reason, neither an acceptance correction nor a

fit is applied.



Table 10: Fit values for the ¢(1020).

$#(1020) — K* K~ Fit Parameters
Amplitude Mass (GeV) Width (GeV)
0.8507 £ 0.0474 | 1.0201 4 0.0002 | 0.0063 + 0.0003

4.5 The KTK~ Channel

As was mentioned in the third chapter, the so-called QT tapes used in this analysis
required the effective mass of any K+ K~ pair to be less than 1.1 GeV. Because
of the excellent resolution in this channel, we can still study the photoproduction
of ¢(1020) mesons in a bias free manner. In order to do this we impose the most
stringent Cerenkov identification criteria that is available for Kaons (ISTATP =
4, 12). The resulting mass spectrum is shown in Figure 33. The fit, represented
by the smooth curve in Figure 33, is a Breit-Wigner with a.quadratic background.
The parameters of the fit are listed in Table 10. The acceptance corrected polar
angular distribution in the $(1020) helicity frame (with the ¢(1020) defined as
1.0125 € Mgk < 1.0250 GeV) is presented in Figure 34. The smooth curve
represents a sin® § distribution which would be expected for s-channel conserving
#(1020) events. While the fit is not good, it would appear that most of the ¢(1020)
signal does have J = 1. The t’ distribution (Figure 35) for those events in the
#(1020) mass region shows the diffractive nature of ¢(1020) photoproduction. A fit
of this distribution to a decreasing exponential e~*I*l gives a value of b = 8.38+0.63
GeV~2.
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4.6 The ptu~ Distribution

In this section we shall investigate the utu~ mass spectrum. Muon tracks are
identified by requiring at least one track to register in either of the muon detec-
tors. The appearance of a strong J/¢¥(3097) signal in the “dipion” mass spectrum
indicates that there was some contamination in the dipion spectrum from utpu~
events and could not possibly account for the signal that is observed. This follows
since the J/4(3097) decay into 7*x~ is relatively weak (0.0147%)[9]. Figure 36
shows the invariant p*u~ mass. The full histogram indicates those events where
.the Muon Chambers identified at least one of the particles as a muon, while the
hatched area indicates events where both were identified as muons. Both sets of
events were required to have t' between 0.015 and 0.2 GeV?. The low mass (< 1.5
GeV) region of Figure 36 shows the presence of an enhancement in the p(770)
region when an event has ohly one positively identified muon, leaving the other
track identified as a pion. This peak is undoubtedly a p(770), as the p(770) rarely
decays into muons?. The form of the Bethe-Heitler background is evident in the
hatched histogram when both tracks are positively identified as muons, though the
requirement of a minimum opening angle has truncated the low mass region of the
Bethe-Heitler pairs. The J/4(3097) peak is relatively immune to the identification
requirements of having either one or two muons identified in the event. Those
events where it was determined that there was at least one muon are shown in
Figure 37. The data in this figure differ from the unhatched histogram of Figure
36 only by the bin widths. The smooth curve represents a fit to the data employing
a Gaussian distribution for the J/4(3097) together with a background composed
of a Bethe-Heitler dimuon pair term plus an exponential. The results of this fit

are given in Table 11.

4The p(770) — p*pu~ decay is only about 0.0046% of the total p(770) decay which in the
present data sample amounts to less than one event.
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Table 11: Fit values for J/¥(3097) — utpu-.

J/¥(3097) — utpu~ Fit Parameters
Particle Amplitude | Mass (GeV) | Width (GeV)
J/¢(3097) | 1.147 £0.116 | 3.095 £ 0.003 | 0.029 + 0.003

4.7 The 77~ 7% Channel

Because this experiment consists of > 108 events, there is a reasonable chance to
observe charge exchange processes even if the cross-section falls approximaitely as
E>1#, as has been found for reactions mediated by one pion exchange[17, 18, 19].
In Figure 38 we present the 77~ 7% spectrum for all of the 37 events satisfy-
ing the criteria of Table 8. The only clearly discernible resonance present in this
spectrum is the a2(1320). The smooth curve in Figure 38 represents a fit to a
Breit-Wigner for the a2(1320) over a polynomial background. The fit parameters
determined by this fit are given in Table 12 where it can be seen that there is tol-
erable agreement with the latest PDG value of 1.318 £0.001 GeV for the mass and
0.110 £ 0.005 GeV for the width. This a;(1320) mass does however compare well
with another photoproduction experiment which found the mass of the a,(1320)
to be 1.292 & 0.002 GeV[56]. While there are possible indications for the charge
exchange photoproduction of the 7,(1670) and a3(2050), the only signal exceeding
40 above background is that corresponding to the a,(1320).

We further attempt to quantify resonant production in this channel by plotting
the neutral dipion spectrum (both combinations) in Figure 39 (triangle plot) and

its projections in Figure 40. The dipion spectrum is shown again in Figure 41

’
~7;:3n

between 0.015 and 0.2 GeV2. The smooth curves shown in Figures 40 and 41 are
fits comprised of simple Breit-Wigners over polynomial backgrounds. The results
of these fits are listed in Table 13.

when ¢/ ;. between the interacting photon and the three pions is required to be
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Table 15: Fit results for the p3(1690)7* spectrum before (upper) and after (lower)

the £ 5, cut.

a3(2050) — p3(1690)7 Fit Parameters

Particle

Amplitude

Mass (GeV)

Width (GeV)

03(2050)
Y

12.37 £2.35
4.97 £ 1.55

2.029 +0.022
2.438 £+ 0.025

0.221 £ 0.009
0.198 + 0.005

a3(2050) — p3(1690)= Fit Parameters After The ¢ Cut

Particle

Amplitude

Mass (GeV)

Width (GeV)

03(2050)
Y

4.60 +1.13
2.22 £ 0.96

2.028 0.023
2.460 X 0.054

0.221 £ 0.003
0.220 £ 0.015

evidence for two resonances. The data is fit accordingly with two Breit-Wigners
superposed onto a polynomial background. The two resonances appear at masses
6f 2.029 £ 0.022 GeV and 2.438 £ 0.025 GeV with the former being reasonably
identified as the a3(2050) (Table 15). This is the only state with a p3(1690)7
decay mode that is listed in the PDG table[9].

The p(770)7, f2(1270)7 and p3(1690)7 masses are presented again in Figure
45 where each is required to have t/ , between 0.015 and 0.2 GeV?. The p(770)x
and p3(1690)7 spectra are fit as in Figures 42 and 44, and the results are given in
Tables 14 and 15. The masses and widths for the a;(1320), a3(2050) and the state
at 2.44 GeV remain consistent with those obtained from data not subjected to the

t' constraint.

The J/4(3097)r* Events

The appearance of the J/4(3097) in the neutral dipion spectrum of #* 7~ 7% events
was not expected. It is another example of the failure of our apparatus to resolve
the pion-muon ambiguity whereby dimuon events appear in a dipion mass spec-

trum. In Figure 46 we plot the J/¥(3097)n* spectrum. To do this, the #+x~
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combination with an invariant mass between 3.0 and 3.2 GeV is reconstructed as
a ptpu~ combination with the bachelor pion retaining the pion rest mass (in order
to conserve lepton number). The spectrum, though statistically weak, contains a
low mass enhancement at ~ 3.6 GeV. A Gaussian fit yields 3.558 £ 0.073 GeV
with a width of 0.270 £ 0.270 GeV. If these events were due to a double peripheral
production mechanism, the spectrum would be expected to be nearly flat in this
mass region. Monte Carlo calculations show that the background from J/+(3097)
events with an associated e e~ pair would be expected to produce at most 3 events
which simulate J/%(3097)7* whereas we observe 41 such events. Also, the shape
of this Monte Carlo spectra peaks at a slightly lower value than the real data. The
J/%(3097)x% events possibly represent a new resonance. The PDG tables have no

confirmed isovector states which decay into (J/4 + anything).



Chapter 5

Monte Carlo and Detector

Simulation

5.1 The ROGUE Monte Carlo

A detailed Monte Carlo program, Super Rogue (SROGUE), has been developed
by the E687 experimenters to analyze geometrical, triggering, and reconstruction
efficiencies. The initial electron beam and multibremsstrahlung photon production
from the lead radiator are treated in the code system called GENERIC. The inter-
acting photon and the particles of interest are generated in GENERIC. GENERIC
then passes the information on to another code system, ROGUE. ROGUE pro-
duces the final particle products and transports them through the detector. The
output from ROGUE is in the form of raw data, and adheres to the triggering
conditions of the various run periods. Finally, the reconstruction and user codes

are applied to the Monte Carlo data.

Event Generation and Decay

GENERIC simulates the incident electron beam before it passes through the lead

radiator. The energy of the beam is determined from real electron calibration
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runs for the BGM/BCAL and is parameterized to follow these distributions. The
bremsstrahlung photon is then passed through the lead radiator following a mean
free path. The electron is also allowed to multiple scatter in the radiator. The
produced photons (> 5 GeV) are then tested for conversion. The probability of
the photon generating an event inside the target is determined via a step function
over the target length, so that proper targeting is achieved. The recoil energy of
the electron is simulated in the RESH, and any additional energy in the BGM is
tracked and accumulated. Only a single photon produced from the initial electron
is used as an event generator.

Vector meson photoproduction is initiated with an e~1°*! distribution in the
center of mass frame!. The vector mesons are assumed to decay with a sin® @ dis-
tribution in their helicity frame. This corresponds to assuming the vector mesons

~are created with the helicity of the incident photon. The mass is generated either
to follow a nonrelativistic Breit-Wigner or the Soding description of the p(770)
discussed earlier in the Theory section. This uniquely determines the momentum
distribution of the meson and the recoil nucleon.

The efficiency of the detector for a particular variable, such as the resolu-
tion of an angular distribution, requires the variable to be generated without any
functional form. Thus the cosine of the helicity angle § is generated with a flat
distribution rather than the SCHC form [sin?# = 1 — cos? ] for a 1~ vector meson.
Likewise, the mass is generated with a flat distribution rather than a Breit-Wigner,
or with the Sading description of the photoproduced p(770).

GENERIC can include additional “embedded” pairs, which correspond to pair
production {from a bremsstrahlung photon not associated with the interaction.
This is generally considered to be about a 17% effect[50]. The vertex position
is randomized inside the target volume and limited by the spread of the photon

beam.

1This ¢’ distribution was chosen because it is reasonably consistent with much of the raw
experimental data in this work and because it is consistent with much of the previous experimental
data.
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ROGUE and the Detector

ROGUE traces each final state particle through the detector and examines specific
“natural” stopping points, such as detector apertures, wire hits in PWC’s, and
places where multiple scattering is expected to occur. The charged particles are
tracked throughout the detector based upon one of four magnetic configurations.
These essentially correspond to different mappings of the magnetic field. Neutral
particles are likewise followed, allowing interaction with various components of the
detector.

ROGUE transports each particle through the various devices in the detector
and generates an appropriate response as if the device were actually monitoring the
particle. In the SSD’s the simulation is rather straightforward. A hit is recorded
where the track intersects the microstrip. When a track bisects several cells, a
simple geometric model based upbn an jonization cloud is projected around the
track. This allows for charge sharing and emulates the silicon strip data. Extra
hits adhering to a Gaussian distribution are then added in to simulate noise.

The PWC simulation is somewhat similar to that of the SSD. A particle
trajectory close to a wire creates a hit in that wire. About 5% of the hits involve
an “adjacency” hit, where multiple wire hits are recorded. This simulates the
actual data. Smearing is applied to the trajectory according to the resolution of
the PWC’s. The efficiencies of the various PWC planes varied over the 1990-1991
runs and with each other, and hits were randomly removed in order to model this
distribution.

The Cerenkov counters were simulated in the reverse order of the data recon-
struction process. The charged tracks are followed through the detectors, and light
is emitted according to the particles’ mean free path. These light cones are then
allowed to transverse the Cerenkov detectors, and the light is reflected into photo-
multipliers. The inefficiences due to transparency of the Cerenkov counters, mirror
reflectivity, and photocathode efficiency were taken into account. No corrections

are made to simulate noise in the Cerenkov detectors.
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Triggering Efficiencies over Run Periods

Finally, the triggering setups of the 1990-1991 runs are simulated for the various run
periods. Either individual run periods or the entire run of E687 could be modeled,

and as such no special attention to individual trigger periods were needed.

5.2 ROGUE Results

The results of GENERIC for the beam generation are summarized in Figure 47.
This figure shows an arbitrary number of accepted Monte Carlo events. The Monte
Carlo data may be compared with the real data in Figure 24. The electron beam
is passed into a lead radiator to simulate the photon flux and then the fluxes for
the individual decay channels are determined with the BGM run as a scalar or
counter. Every time neutral energy greater than 133 GeV reaches the BGM, a
scalar is increased. This value, shown in Figure 48 is used to scale the photon
flux for the cross-section calculations. The ratio of Monte Carlo generated events
divided by the number of BGM scalars gives the ratio of interactions to the total
photon flux[46, 52].

7+t7~ Corrections from the Simulation

The acceptance curves for mass of the #*#~ channel are shown in Figure 49,
where the number of reconstructed events are divided by the number of Monte
Carlo generated events. This figure shows the efficiency after all cuts have been

used.

The ¢(1020) -+ K+K~ Channel

The mass acceptance for the K+~ channel is shown in Figure 50. The detection
efficiency of the K+ K~ channel is roughly twice that of the #*7~ channel. This is

expected, as the E687 triggers are generally selected to maximize the efficiency for
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detecting either charm particles (massive events) or large transverse momentum

events.

The J/$(3097) — pu*u~ Channel

The J/¢(3097) Monte Carlo presents some additional considerations. The cut
requiring 5 GeV of energy in the HC could eliminate several examples of the
J/$(3097) (u*p~) in our sample. The HC response was modeled in the Monte
Carlo, and the results along with the HC and CHC energies from real data are
shown in Figure 51. The deposited energy follows a Landau distribution, as ex-
pected for a Minimum Ionizing Particle (MIP). The 5 GeV hadron energy cut
corresponds to a 28.7% cut on the u tracks in the J/%(3097) mass region (3.0 to
3.2 GeV). It should be noted that because of the w-p ambiguity the data exhibit a
smeared distribution (some of these events contain n’s that have interacted in the
hadron calorimeter).

Examination of the data from the #*x~ mode shows a very large J/4(3097)
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peak, which must necessarily be due to u*u~ decays®. Eliminating any event with
one or more positively identified u leaves roughly 40% of the J/1(3097) sample.
Hence, x4 identification is about 60% efficient. In addition, the Cerenkov detectors
are used to select w-consistent tracks. This adds an additional 5% inefficiency due

to misidentification of muons as electrons, which are removed from the sample.

The Charge Exchange n*7~ 7% Channel

The charge exchange procésses of the reaction YN — (ntx~7¥) N’ were also mod-
eled with ROGUE. The results are shown in Figure 52. An interesting result from
the Monte Carlo shows that #¥#~7~ generated events reconstruct approximately
36.3% of the events as 7t7~ 7% events, and vice-versa. This result is presumably
due to one track being produced with a small enough curvature that the recon-

struction process cannot distinguish the sign of the charge.

2The #+#~ decay mode of the J/¥(3097) is 0.0147%, whereas the u* u— mode is 5.97%.
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The Charge Exchange J/4(3097)r* Channel

A source of background for the J/(3097)7* events becomes evident when the
Monte Carlo is run for diffractive J/1(3097) production. The J/4(3097)7* events
appear when the diffractive J/%(3097) is constructed with embedded e*e™ pairs®
and the detector reconstructs the electron pair as a single track. The results of
J/4(3097) Monte Carlo are shown in Figure 53 where the mass of the J/(3097)
is reconstructed for events with only two tracks. The small fraction of events that
have been reconstructed with 3 PWC tracks are also shown in Figure 53. There
exists some similarity in the shape of this J/%(3097)n spectra with the one pre-

sented previously in Figure 46. However, the Monte Carlo generated [J/p+(ete”)]
events peak at a lower mass than do the real data. Furthermore, the misidentified
J/$(3097)7* events generated from J/4(3097) production are completely removed
by the requirement that events have equal number of SSD and PWC linked tracks.

3Recall that these are the lepton pairs created in the coloumbic field of the target.
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Figure 53: The diffractive J/1(3097) (left) and J/%(3097)7* (right) events from

the Monte Carlo generation of diffractive J/4(3097) events with embedded electron
pairs.

Since this requirement is used in the analysis of the real data, it is unlikely that
the J/4(3097)7* data are due to “embedded pair” events.
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Chapter 6
Yields and Cross-Sections

Total cross-sections in E687 are determined primarily with the assistance of Monte
Carlo calculations. These Monte Carlo calculations are needed to determine the

-total photon flux. The cross-section is:

o = [ NMeson l |: 1 (24)
- N‘y : AChannel -BR NA(PB:/ABe) (fta.rget. ° d) TLive

Individual cross-sections are primarily dependent upon the first ratio, which in-
cludes the number of mesons created (Nmeson), the photon flux (N,), and the
acceptance of the detector for a given channel (A) times the branching ratio (BR)
into that channel. The second term of the equation gives the number of scattering

centers. The terms employed are:
e N4 = Avogadro’s Number = 6.022 x 10%3/mole;
e pp./ABe. = density of Be = (1.898 gm/cm?)/(9.01 gm/mole);

o €iarger - d = Effective target length = 0.4702 x 4.4014 cm (the targeting ef-
ficiency was determined from the Monte Carlo and is the ratio of accepted

events in the target / total accepted events);

e 7Li,e = Average live-time of the detector, taken as 71.5%][46, 52];

90



so that the cross-section becomes

N Meson

b. 25)
N'y ‘ AChannel -BR K ( )

o = 5.0835 x 10° [

The ratio NMeson/N. is calculated from a Monte Carlo procedure as mentioned
on the previous page. The cross-section calculations include the following system-

atic errors on the following quantities (Which add in quadrature):

e The FLUX of the photons is estimated to be uncertain by 5%.

e The PHOTON SPECTRUM is estimated to be known to within 5% in the Monte
Carlo calculations. The true photon spectrum is less well-known, as both
the direction of the photon and the RESH response to the radiated electron
are not accurately known. An additional 15% error is assumed. Errors in
the photon spectrum will have their greatest impact in the calculation of

momentum transfer (t').

e The RECONSTRUCTION PROCESS contributes an estimated additional 20%
error. This error also includes systematic errors from the Cerenkov detectors.
Errors in g identification contribute an additional 10-15% error, especially

in the lower mass region where the Bethe-Heitler background is significant.

e The overall systematic error obtained by adding the individual systematic

errors in quadrature is estimated to be 28.83%.

Additional corrections to the J/%(3097) — u*u~ events must also be applied.
The requirement that 5 GeV be deposited in the hadron calorimeter rejects 28.1%
of the real u events which must be taken into account. The Cerenkov misidentifi-
cation of the muon as an electron contributes another 5%.

The vector mesons are modeled in the Monte Carlo to be produced off the entire
beryllium nucleus. The conversion of the cross-section per nucleus to cross-section
per nucleon is given by the formula[45, 46, 52, 57]:

1 0.94
Onucleon = Onucleus (z; ) ( 26 )
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Table 16: Acceptance corrected yields and cross-sections for various mesons. The
upper table lists the yields while the lower shows cross-sections.

Acceptance Corrected Yields
Particle | Acceptance Yields Corrected Yields
p(770) 0.0035 12,296.8 +147.2 { 3,513,371.4 4-42,057.1
#(1020) 0.0058 4254 =+ 23.7 73,344.8 + 4,086.2
p'(1600) 0.0181 170.7 4+ 40.8 9,430.8 £+ 4,086.2
J/(3097) | 0.0124 120.7 4+ 14.4 9,733.8 + 1,161.3
| ¢2(1320) | 0072 | 1883 4 298] 261563 + 4139]

Cross-Sections per Nucleon
Particle N, o % statistical & systematic
p(770) 1.993 x 10" | 11.356 4 0.136 + 3.305 ub
$(1020) 1.379 x 10" |  0.698 £ 0.038 £ 0.203 ub
J/$(3097) | 1.017 x 10" | 10.31 & 1.23 + 3.04 nb

p'(1600) 1+ - — 30.48 £ 15.91 ub
a$(1320),,+ — 8.45+ 2.80 nb

where Apg. is the atomic number of beryllium.

Table 16 lists yields with the errors from the fits and the cross-sections per
nucleon with statistical and systematic errors. The listed cross-sections are inte-
grated over all energy and momenta. The cross-sections for the p'(1600) and the
a2(1320) are found from the ratio of acceptance corrected yields compared to the
acceptance corrected yield of the p(770) multiplied by the p(770) cross-section.

The cross-section of the a2(1320) provides a test of pion mediated cliarge ex-
change. The a3(1320) may be compared to previous a3(1320) photoproduction
cross-sections by examining the relationship between the interaction energy and
the cross-section. OPE predicts an energy dependence of EZ™, where n is between 1
and 2. The only other previous photoproduction measurements of direct a2(1320)

production come from Eisenberg et al.[58] who find ¢,, = 2.6 £ 0.6 ub at 4.8 GeV,
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and from Condo et al.[18] who find ¢,, = 0.29 £ 0.06 ub at 19.5 GeV. Compar-
ing these data gives n = 1.57 & 0.22[18]. For this experiment we are unable to
separate the reactions yp — naj (1320) from vp — A~aj(1320) so that the ap-
propriate cross-section comparisons involve the sum of af(1320) production with
either nucleon or A recoil. This results in an increase in the 19.5 GeV a3(1320)
cross-section to 0.6340.08 ub[17]. For this experiment, correction for unseen decay
modes increases the a2(1320) cross-éection t0 0.032+0.011 ub at 130.7 GeV. These
results give an n dependence of 1.56 & 0.26 which is quite consistent with an OPE

hypothesis.
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Chapter 7

Concluding Rélffnarks

S
T

Diffractive Photoproduction . '

We have studied the phbtoproduction’";f)f the neutral vector mesons p(770), p'(1600),
$(1020) and J/(3097) through their decays into two charged particles. Aside
from the p’(1600) which was obs’erveé as an ~ 3o effect, the p(770), $(1020) and
J/¥(3097) were all observed as > 100 signals. The latter states were all observed
with a mass and width consistent with the values presented by the Particle Data
Group. The mass of the p’(1600) was found to be marginally less than previous
determinations, albeit not sufﬁcientlyzso as to warrant discussion. The production
cross-sections were also found to be consistent with other measurements, although
the large systematic errors associated?with our detector do not permit great accu-

<

racy here.

Charge Exchange Photoproductibn

The 7+tr~ 7% spectrum contained eviflence,,at the 50 level, for the photoproduc-
tion of the a3(1320). The most intefesting feature of this channel is the neutral
‘dipion spectrum. The p(770), f2(12_j70) and p3(1690) all appear as at least 40
enhancements. Furthermore the da._t_‘;p in the p(770) region is well described by

a fit employing a Breit-Wigner supefimposed on a polynomial background. The
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fact that such a description is possible (without resort to the Soding production
mechanism) is a strong indication that these p(770) mesons are the decay product
of higher mass states. The presence of the f5(1270) is also suggestive of being the
decay product of a higher mass meson. The f5(1270) has never been observed as
a peripheral photoproduction product. Similarly, even though the p3(1690) could
be photoproduced either diflractively or by OPE, none of the previous high energy
experiments studying either of the reactions yp — pr*n~ or yp — prta~n*7~
has ever claimed an unequivocal p3(1690) signal. It is, therefore, likely that the
p(770), f2(1270) and p3(1690) seen in this channel are all the decay products of
more massive states. While no f,(1270)n* state could be clearly delineated, the
p(770)7% spectrum revealed the a2(1320), and the p3(1690)7* spectrum indicated
the photoproduction of a state at 2.03 GeV - presumably the state previously
named a3(2050). '

The dipion spectrum discussed above also contained evidence for J/(3097)
production. These events, which are really misidentified u*u~ decays of the
J/%(3097), cannot be explained by either a double peripheral process or by misiden-
tified events which simulate J/4(3097)r production. Close and Lipkin[11] have
predicted an exotic four quark state that would decay into J/4(3097)x. The pro-
duction of a g7 meson that decays into (J/4(3097) 4 7) requires the existence of
an OZI forbidden transition. From the fact that no independent evidence exists
for a ¢qq state in this mass region and the expectation that if there were such a
state, i1ts decay would be dominated by OZI allowed transitions, we conclude that
our data is strongly suggestive of the existence of a four quark state with a cc and

a (uu, dd) mixture.
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