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Abstract

An analysis of the reaction fp — #%7 7°w 18 presented. The annihilations took
place at rest in liquid hydrogen. This measurement finds that ata w w is produced
in 16.1 4+ 1.0% of such annibilations. A prominent signal of fip — ww is observed. The
rate for this process was measured using a technique which is practically background
free; the measured rate is BR{fp — ww) = 3.23 £ 0.25%. This rate is mportant
im ealeulations concerning fip annihilation dynamics. A partial wave analysis was
also performed. New results include possible observation of wrr decay modes for
the ai(1260), hi{1170) and a,(1700). These results need confirmation. Also, the b

decay mode of the ({1600} is found to be stronger than the wirw), decay mode:
BR{w(1600) — byw)/ BR{{1600) —» wirw),) = 1.6 £+ 0.2
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Chapter 1

Introduction

Throughout the history of physical science, people have endeavored to find the fun-
damental constituents of the universe: those indivisible, immutable objects of which
all matter is composed. Currently, this feld of study is known as particle physics,

The components of atoms, electrons and nucleons, are members of families of such
particles. The family of leptons includes the electron [¢), and two similar particles
called the muon (g) and the tau (7). They are similar to each other in the lundamental
ways in which they interact with other matter. The p and  are quite different from
the electron, though, in that they exist for a very short time after being created belore
decaying into other particles. Each of these has a partner particle called a neutring
(1%, 14, and v ). Each lepton has associated with it an antiparticle, which is identical
except that some of its attributes are of the opposite sign (see Table 1.1.) All of
the leptons have hall-integer spin. They participate in the electromagnetic and weak
interaction, but do not interact via the strong foree.

Attribute leptons antileptons

[ i, Mo by " T Fra i 7, g ey " T e
Electric charge [ -1 [ 0 [-1[ 0o [[-1] o [[«1] o [[+1] a0 [+1] 0
Helicity 1 1l 1 1 1 | F1

Table 1.1: The leptons and antileptons.

The proton and neutron are composed of quarks. The quark family, like the
leptons, has three generations. In the first generation are the constituents of the
proton and neutron and are called up (1) and down (d). The members of the other
two generations are called strange, charm, botlom, and top (s, e, b and £). Their
properties are shown in Table 1.2, As with the leptons, each guark has an associated
antiquark. The quarks also have hall-integer spin. They interact via the strong, weak
and electromagnetic forees.

A bizarre feature of quarks is that they seem to not exist in isolation; they always
ocour a8 constituents of other composite systems, such as protons and neutrons. This
is known as confinement.
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Tahble 1.2: The quarks.

Quantum feld theories, which have met with spectacular suceess in describing the
electromagnetic and weak interactions, model the forces of the fundamental interac-
tions as being carried by virtual gauge bosons: the photon (+) for the electromagnetic
force, W= and Z° particles for the weak force, and gluons (g) for the strong force. In
the electromagnetic interaction, a photon couples to particles with a strength deter-
mined by the particles’ eleclric charge; the photon itself does not possess an electric
charge. The strength of the strong force depends on a charge dubbed color. The glu-
ong do carry this kind of charge and can therefore interact directly with one another
via the strong force. This feature leads to an increase in the apparent strength of
the strong force with increasing separation of the interacting quarks. This gives rise
to the phenomenon of confinement, which prohibits quarks from existing in isolation;
they always occur as elements of composite systems called hadrons.

At the time of its proposal, the quark model required only three gquarks (up,
down and strange) to explain the known particle spectrum. The quark contents of
the proton and neutron are [wud) and (wdd). Such objects which are composed of
three quarks are called baryvons. Combinations of three quarks of various Havors in
different dynamical configurations leads to a spectrum baryons, many of which have
been ohserved. Examples include the A [uds), AY (uuu) and 2° (dds). Another
clags of particles, mesons, can be formed from the combination of a quark and an
antiquark. The peositively charged pion (%) is composed of an up and an anti-down
quark [u{f:l, for example. The meson spectrum consists of particles composed of gq
pairs in varipus combinations of favor, spin, isospin, orbital angular momentum, and
radial excitations (see Pilgure 2.1.)

The mathematical models which deseribe the interactions of the quarks and glu-
ong also allow for the existence of other types of hadrons. Among these are fybrid
mesons and baryons (gfg and gggg), dibaryons and pentaguarks (gygggg and gggdy)
and glueballs (gg). At this time, the existence of such objects is still in question.

Finding and characterizing mesons is known as meson spectroscopy. The frst true
mesons discovered were the pions. The charged pions decay via the weak interaction,
and have a lifetime of about 26ns, allowing them to be observed easily using electronic
methods. Most mesons, though, decay via the strong interaction and have lifetimes
of around 107** seconds. The Heisenberg uncertainty principle relating energy and
time, AEAL ~ ki, shows that such a short lived particle has an uncertainty in its
energy, or mass, on the onder of hundreds of Me V. That is, a given meson can exist
with a wide range of masses. This short lifetime also means that such mesons cannot



travel any appreciable distance before decaying, making them virtually impossible to
detect directly. Their presence is inferred from measurements of their decay products,
usually piens and photons. These mesons are referred to as resonanees rather than
particles. Other factors making detection of the resonances difficult are their relatively
large masses and the fact that they are not produced in the laboratory as copiously
a3 are pions. These mesons’ masses also lie rather close to one another, making it
difficult to determine which type of meson produced the detected decay products.
The first of the short lived mesons were discovered by examining the invariond
mass distributions of their decay products. The invariant mass of a particle is defined

by
=/ E? - g#,

Since energy (E) and momentum ({) muost be conserved in the decay of a meson, the
combination of its N decay products must have the same invariant mass:

N

N
m= || EP - (AR

iml

So by adding up the energies and momenta of three pions produced in high energy
collisions of pions and protons, for example, one may observe that many events pro-
duce invariant masses near 300 Mr:l’fr."!, indicating that § mesons had been produced.
The lowest lying mesons, such as the 5, w and ¢ produce invariant mass distributions
which span a relatively narrow range (< 20Me V) of energies. The angular distribu-
tion of the decay products relative to the direction of fight of the meson can indicate
some of its characteristics, such as its spin and intrinsic parity. This is a consequence
of conservation of angular momentum and parity.

Some mesons” mass distributions overlap to such a degree that the decay products’
energy and angular distributions are a quantum-mechanical mixture of these expected
for the individual mesons. In such cases, searching invariant mass distributions is not
an effective method for discovery and characterization of the decaying mesons. In
these regimes, one must accumulate many thousands of events and use sophisticated
analysis procedures in order to determine which mesong were produced and in what
gquantities. Such is the goal of the Crystal Barrel experiment.

This dissertation presents the results of an analysis of data collected by the Crystal
Barrel experiment in which a proton and an antiproton annihilate to produoce a final
state consisting of three pions and an omega meson (Y7 7%.) The conjecture is
that the annihilations first produce meson resonances which then decay into 7=, ww,
marm, and wrr. Many of the known resonances are expected to be observed, and the
pogsibility exists to observe previously unknown ones, such as a hybrid meson known
as j. Observation of new decay modes of known resonances is also expected.



1.1 Summary of the Analysis

In this section a briel summary of the measurement technique is presented. Details
of each aspect of the experiment are given in subsequent chapters.

The analysis involves study of an experiment in which protons and antiprotons
annihilated at rest to produce four mesons in the final state: fip — =4tr-7°w. The
analysis will determine what happened between the initial and final states. The maodel
supposes that the fp annihilation first produces meson resonances; these intermediate
states then decay to yield the four final state mesons. A spin parily analysis deter-
mines the spin and parity quantum numbers of the intermediate meson resonances.
Which resonances cccurred and in what quantities will be determined by the energy
and angular distributions of the final state mesons. Spin parity analysis is also known
as Partial Wave Analpsis (Pwa.) Motivations for study of these processes are given
in Chapter 2.

In order to observe gp annihilation at rest, a beam of low energy antiprotons is
used. Bach antiproton enters a liquid hydrogen target where it quickly loses energy
through ionization. When it has slowed sufficiently, the antiproton ejects the electron
from a hydrogen atom and is captured to form a fp atom. The atom is initially
formed in a high angular momentum state (L~ 20,) but due to strong Stark mixing
in liguid hydrogen, the atom rapidly cascades to an S-orbital (L=0) [2]. Because of
the large overlap of the wave functions of the proton and antiproton in the S-orbitals,
annihilation occurs. The entire process of slowing, capture, cascade and annihilation
takes place typically in less than 1ns.

Usually mesons decay, ultimately, into charged pilons (7%) and photons (+.) This
may occur in several steps, as shown here for the particular channel which is the
subject of this dissertation:

|—-F:"'T
fip — Resonances — e nw =" " &
Loy
I_"'T'T

These decays oceur with lifetimes of 107" to 107** seconds. The detector system
detects charged pions and photons. The charged pions are detected by a drift chamber
situated in a magnetic field; the direction and curvature of the measured track gives
a measurement of the momentum vector for the pion. The photons are detected
by oesium iodide scintillating crystals, vielding a measurement of the energy of the
photon and the direction in which it 18 emitted. A computer program reconstructs
photons into the 7% and «w's, 80 ultimately and measurement, of the energies and
momenta of the four final state mesons is derived. Details of the detector system are
presented in Chapter 3.

Chapter 10 discusses the measurement of the total rate of production of the final
state to be analyzed. It is found that ot7 7w is produced in 16.1 + L0% of gp



annihilations at rest. This is a large rate; for a sense of scale, consider that 7% 7 w
is produced in less than 2% of annihilations [3]. This high rate has implications for the
anticipated complexity of the PwA. For example, the process fip —» may(1320), with
the g decaying to wrr, accounts for about 0.3% of annihilations. This is known from
the analysis of other final states (with the a; in other decay modes) where Tay(1320)
production is clearly seen. This process results in 7 4 war 8o 7ax(1320) should be
one of the intermediate states present in the 7ta~ 7% final state, but only as a
small contribution ([0.3%)/(16.1%) =~ 1.8%.) This indicates that many intermediate
states may be needed to deseribe this final state. Also, the sensitivity of the analysis
to processes which occur with small rates will probably be weak, since the ftting
procedure and the availability of computing resources limit the PWA to about ten
[IOCESSEs.

Study of this particular final state was chosen because of the possibility of obsery-
ing a JPY = 17* hybrid meson {the ) decaying to by (1235)x:

fip =+ pm = WA
Laby (1235)m
e

The by decay mode for hybrids is favored in many theoretical models. Production
of exotic states such as the § is probably not a strong process, and such a process
would constitute a very small contribution to the =% 7~ 7%w final state. This analysis
was not able to draw any conclusions concerning the g

The large rate of production of 747~ 7% also fits in to a trend in Sp annihilation:
that w's are produced quite copiously (See Section 2.3.1.) w's are produced in at least
30% of fip annibilations at rest. The 7+7~ 7% final state is important in establishing
thig trend.

The technique for partial wave analysis is deseribed in detail in Chapter 11; a
brief summary is given here. The fitting function is determined by proposing that
a particular set of processes oceur, each with a given strength and phase. These
processes are the productions and decays of the meson resonances, such as fp —
maz(1320), az — wwrw. For each event, the probability that the proposed set of
processes would produce that event is computed; the probabilities for all of the events
are multiplied together to get the joint probability of producing the data set. The
strengths and phases of the processes are then varied to maximize the joint probability.
This method of fitting is known as the unbinned maximum likelihood method. One
could, in principle, bin the data, (ie. divide the function space into bing, and count the
number of events falling into each bin,) but this is not suitable in this analysis for the
following reasons: the function describing a four-particle final state is S-dimensional.
Even with only 10 bins per dimension, there would be 10°=100,000 bins, and with
only about 50,000 events in the data sample, there would be a very small number of
events per bin, making the interpretation of the fic quality diffieult.

The major assumptions made in the analysis model are those which are typical in
this type of analysis:



e The pp annibilations cccur when the Fp atom is an S-orbital (**'L; = '5; or
55,
. 'I.

s The annihilation and resonance decavs proceed via two-body modes. This is
the basic assumption in the “lsobar Model.” See Figure 1.1. Specifically, the
fp annihilation can oceur in three ways: production of an ww resonance plus a
o gystem, production of an w plus a 777 resonance, or production of a pion
plus an wrr resonance. Decays of #77 resonances are modeled as decays o
pr, with the p decaying to #x. The wrr resonances can decay to wp, wirrw),
or b ({12353)x. The (77), state is an empirical deseription of two plons in an
S-wave; its interpretation in terms of resonances i8 not well understood. The
bi(1235) is a well known wr resonance.

e Resonances’ mass distributions are described by Breit-Wigner functions. For
example, the probability that a 77 pair formed a p is given by a Breit-Wigner
function centered at TT0MeV with a width of ' = 150 Me V.

e The helicity formalism is used in computing angular distributions associated
with the annihilations and decays. The helicity formalism is based on conserva-
tion of angular momentum and transformation laws. The distributions depend
on the spin of the initial state, and the sping and orbital angular momentum of
the daughter particles.

e The intermediate states from cach of the two initial states ('Sy and *5)) in-
terfere with one another. The processes originating from 'Sy are added inco-
herently to those originating from *5;. That is, the two initial states do not
interfere.

As an initial hypothesis for the Pwa, a set of processes involving known resonances
in known decay modes was used. There were indications that some procoess was
missing from this ft; for example, some of the angular distributions were poorly
described. The addition to this initial hypothesis of one particular process resulted
in great improvement: fgp —+ by (1170)x, Ky = was. The k& (1170) is a well known
resonance, but has been reported only in its pr decay mode [1]; the wrr decay mode
has not been ruled out however. Addition of this process to the Pwa dramatically
improves the angular distributions.

Other processes were also added to the Pwa fit, with the hope of ohserving wen
decay modes of other resonances. Most were At as small contributions to the final
state, but twoe particular resonances produced an interesting result: the a,(1260)
and the a (1700). The a, (1260} is a well known resonance, and has been observed
primarily in the pr decay mode. The ai(1700) has only been reported in the last
couple of vears, also in the pr decay mode. No search for wrr decay modes has
been reported in the particle physics literature. When these resonances are included
individually in the Pwa fits (in wrw decay modes), they are fit as small (< 5%)

10
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Figure 1.1: The three modes of annihilation into two mesons which are modeled
in this analysis. The two body decay maodes of the resonances are also shown.

contributions to the final state. However, when beth are included, they are cach

Gt as larger (3-9%) contributions and a quantitative improvement to the fit results.
The wrr decay modes of the b (1170}, a,(1260) and a,(1700) are new results, and

certainly require confirmation. Suggestions on how to confirm that production of
these resonances occurs, and that they decay to wrr, are presented in Chapter 13.

Also among the interesting results of the partial wave analysis are:

e The by decay mode of the w({1600) resonance is 1.5 to 2 times stronger than
the wizw), mode.

e A large rate of production of w plus heavy pr resonances.
e A large rate of production of b {1235) .

The latter two of these, along with a some results from analyses of other final states,
sugeest a trend involving large rates of production of a vector meson plus a P-wave
meson [ P-wave mesons are composed a a gf pair in an L = 1 state; see Chapter 2.)
Thiz trend also is discussed in Chapter 13.

Unfortunately, the large production rate of the 77 7% final state has limited
the sensitivity of the analysis to processes which are not produced copicusly. There is
great interest in observation of certain resonances in wrm decay modes: the § hybrid
meson, the ay(1470), and #(1800) among them. As with other high-rate final states,

11



simultaneous analysis af several related final states will be needed in order to eonstrain
the Pwa of 717~ #%w. Suggestions for such further studies are made in Chapter 13.

12



Chapter 2

Meson Spectroscopy and pp
Annihilation

In this Chapter, results of calculations of mesons' properties and of fp annihila-
tions will be discussed, with particular emphasis on those aspects which analysis of
atrortw may be able to address. First, the quark model of mesons is discussed.
Caleulations of mesons’ properties (masses, widths, and decay modes) are presented.
Last, some calculations and observations concerning fip annihilations are discussed.

The #*#~ #7°w final state is of interest in meson spectroscopy because of the pos-
sibility of observing wrm decay modes of certain resonances. These modes can deter-
mine (in the context of some models) the structure of these resonances. This final
state i3 of interest in the study of fp annibilation dynamics for two reasons: 1) it
allows measurement of the rate for fp — ww, and 2} it helps to demonstrate that w
mesonsg are produced in a large fraction of fp annihilations.

2.1 The Quark Model of Mesons

As mentioned briefly in Chapter 1, mesons can be thought of as a quark and an anti-
quark bound by the strong foree into a compesite object. The various configurations
of the ¢f pairs give rise Lo a spectrum of mesons. Consider st the quark flavors, of
which there are six known. As this dissertation concerns the reaction fip — o7 7w,
which has a total energy of < 2GeV and no residual strangeness, the discussion can
be limited to those mesons composed of up (u) and down (d) quarks, and the lightest
25 mesons. (Mesons containing ¢, b and ¢ quarks are known to be too massive to be
of concern here.) The u and d quarks carry the isospin quantum number and may
couple to form mesons with sospin £ =0 or 1. The intrinsic sping of the gquarks can
combing into total spin & = 0 or 1. There may be orbital angular momentum, L, be-
tween the gf pair; this will combine with the spins to yvield total angular momentum
J of the meson. Finally, the prineipal (radial} quantum number, N takes on integral
values from N = 1 and up.

Given the intrinsic quantum numbers of the quarks and the characteristics of their

13



configurations (such as the parity associated with the orbital angular momentum),
the quantum numbers of the mesons can be determined: isospin (1), G-parity (G),
angular momentum (J}, parity [(FP), and charge conjugation parity (7). Figure 2.1
shows how the various gf configurations give rise to the meson spectrum. The g§
configurations are specified in spectroscopic notation: N **"'L; where L =0, 1, 2
and 3 are represented by S, P, D and F.

A collaboration known as the Particle Data Group (PDG) publishes biennially
a review a particle physics, including a compilation of experimental measurements
of hadrons' properties. In the following sections, where known or widely accepted
values are quoted, heavy rellance is made on the averages and estimates provided by
the PDG [1].

2.2 Calculations of Mesons’ Properties

In this section, some theoretical descriptions and predictions of mesons’ characteristics
are presentoed. These are valuable to experimental meson spectroscopy because they
can provide a description of mesons which are detected [that is radial excitations va.
orbital excitations vs. hybrid mesons), and that they can puide one’s expectations
for what mesons may be detected in particular decay modes.

As will be demaonstrated in the following sections, experimental measurements of
the masses and widehs of resonances, and ohserving and comparing their decay modes,
provides valuable information on the interpretation of the resonances in terms of their
structure. In particular, observation of wrr (=hr or wp) decay modes of certain
resonances can distinguish whether they are radial excitations, orbital excitations, or
hybrid mesons.

The current consensus is that quantum chromodynamics (QCD) is the theory
which describes the strong foree, which binds quarks into hadrons. QCD is a field
theory, and thus has the advantage that it is based on fundamental physical prinei-
pals. Field theories have been suceessful in describing other phenomena, most notably
guantum electrodynamics (QED), and in the unified deseription of QED and the weak
foree. The quark model of hadrons provided the basis for QUD: quarks are fermions
with a color quantum number, which are bound inte hadrons which are colorless.
Isospin and strangeness correspond to valence quarks in QCD, but the guark maodel
does not aceount for gluons and sea quarks, which arise naturally from the mathemat-
ies of QUD. As vet, the equations of QUD cannot be solved analytically to deseribe
physical phenomena, but its strocture can goide models and phenomenological de-
seriptions of the mesons. For instance, in the same way that knowledge of how a
magnetic dipole interacts with the magnetic field induced by a circulating electric
charge, a spin-orbit interaction arising from the strong force is also predicted by the
structure of QCD. Additionally, the possibility of the presence of valence gluons in
hadrons is expocted.
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Figure 2.1: The lowest lying light quark mesons predicted by the quark model.
For each combination of & and L, a table shows the names of the mesons.
Those in shaded boxes are states for which a candidate has been observed.
The quark configurations, N **' L, are shown along the left sides of the
tables, and the J7Y quantum numbers are shown along the right sides. Each
table has four columns: 1) the J = 1 nfi mesons, 2.3) the I = 0 nft and 53
mesons (assuming ideal mixing) and 4) the n# mesons. For each table, an
approximate mass scale of the mesons is shown, Ouonly the lightest states are
shown here; both & and L can inerease without boumd.
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2.2.1 DMass Spectrum

A paper by Godfrey and lsgur [3] presents a prediction of the meson mass spectrum.
The predictions are made using a quark model with phenomenological treatments
of confinement motivated by QCD. This model deseribes the masses and decays of
all mesons, from 7 to T, in a single consistent framework. The model is based on
constituent quarks in a Coulombic potential plus the linear confinement potential
expected from QUD. That is, the interactions of the valence gquarks are dominated
by one gluon exchange at short distances, and confinement is imposed by a flavor
independent Lorentz scalar interaction. Other interactions include the color spin-orbit
coupling and color hyperfine interaction. Relativistic effects are included in a unified,
physically motivated way, including quark smearing effects, relativistic kinematics,
and relativistic modifications of the potentials. The mass spectra for the sovector
and isogcalar mesonsg are shown in Figures 2.2 and 2.3,

Below are comments on the calculations concerning mesons which are germane to
the analysis of gp — = bW,

The caleulated masses of the well known isovector mesons, m, g, by [1235), a, (1260)
and ay(1320), agree well with the measured values. The 135, (0%*) state’s mass is
caleulated to be 1.09GeV. (This value was influenced by the data available at the
time.) Which resonance corresponds to this state i3 unclear, but the ay(1450) is
favored. Its mass, 1470425MeV [52] i8 in apparent conflict with the caleulation. The
agreement with the known states is good overall, so the predictions for the higher
states can provide guidance to experimenters: The 228, 4 states (o2 resonances)
are expected in the mass range 1.78 to 1.82Ge V. Recent observations of oy and az
resonances at masses of 1.70 and 166Gl indicate that the ay excitation may be
lighter than caleulated. The 11Dy (27%) state is predicted at 1L68Ge V; the e 1670)
resonance, detected primarily in 3= decay modes, probably corresponds to this state.

The calculated masses of the known isoscalar 5, o, w(7T82), ¢(1020) and f (1170)
mesons agree well with the measured values. The model also makes predictions on
their radial and orbital excitations: An additional by resonance (the 2'F state)
is predicted at 1.78GeV. An ky resonance was recently reported at a mass of
1542+ 13MeV [57]. This resonance has not been confirmed, and could be a hybrid
meson or a gf-hyvbrid mixture.

There 18 currently some uncertainty in regard to the orbital and radial excitations
of the w meson. The 235, state is predicted at a mass of 1.46Ge V. The w({1420),
with a mass of 1419231 Me V', is widely believed to correspond to this state. The
1300 54 states (ws3) resonances are expected in the mass range 1.66 to 1.70GeV.
The confirmed existence of the w({1600) and wa(1670) point to the probable existence
of an J9JPC = (-2 resonance near this mass.

Unfortunately, the analysis presented in this dissertation does not result in obser-
vation of new resonances, nor does it make improved measurements of the masses of
the known resonances. The predicted masses for some resonance were used, however,
in partial wave analyeis where altempts were made to observe new states. This model
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Figure 2.2: The predictions by Godirey and Isgur of the masses of isovector
mesons. Also shown are the experimental measurements, where such exist,
as shaded bars representing the uncertainties in the masses of the detected
states. The assignment of the ay{980) as the 1 *F, J7¢ = 0+ state is no
lomger widely accepted.
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Figure 2.3: The predictions by Godfrey and Isgur of the masses of isoscalar
mesons. Also shown are the experimental measurements, where such exist,
as shaded bars representing the uncertainties in the masses of the detected
states. The assignment [, states, particularly the f,(980), as pure ¢ mesons,
is controversial.
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also provided the input (Lo some extent) to the models for meson decays presented
in the following sections.

2.2.2 Decays
2.2.2.1 Decays by Flux Tube Breaking

Meson decays by flux tube breaking were calculated by Kokoski and Lsgur [7]. The Qux
tube model was developed by Isgpur and Paton [8]. This model is extracted from the
lattice formulation of QCD, but its basic degrees of freedom are quarks and Hux tubes,
rather than quarks and gluons. The fux tubes arise in the strong eoupling limit of
CHCD, where the gluonic degrees of freedom condense into string-like structures. A g
meson i8 then modeled as a gf pair at arbitrary lattice points connected by all allowed
configurations of chromoelectric Qux along the links connecting the lattice points.
The decays of these mesons are generated by an operator which creates a g pair on
a link. As a result of the symmetries involved, this gf pair is created with vacuum
quantum mambers [.IP':- = i '.} [Since the quark and antigquark have opposite
intrinsic parities, one unit of orbital angular momentum is needed in order to make
the overall parity positive. The spins of the gf pairs must couple to s = 1, in order to
couple with the orbital angular momentum to make a total angular momentum of zero.
So, for the g§ pair, 'Ly =7 Fy.) The decay products are mesons consisting of the
newly created quark paired with the original antiquark, and vice versa. To compute
the amplitudes for the decays, the wave functions of all of the mesons must be known
(in order to compute the overlap integrals.) In this work two different sets of wave
functions were used: 1) these from the work of Godirey and Isgur described above,
and 2) a set of harmonic oscillator wave functions. The lack of strong dependence on
the chosen set of wave functions leads to the conclusion that the main systematics of
the decays are due to the Qux tube breaking mechanism, and not on the wave lunctions
of the mesong, The main parameter in the model, the pair ereation constant, is fitted
to the decay p(T70) — m.

This model caleulates (with RMS deviation of less than 25%) nearly 100 well
known decay amplitudes. Results of the caleulations which are relevant to the analysis
of fip =+ w¥w~7°w are shown in Tables 2.1 and 2.2

Note that no wrw decay modes are given for az2's, a1's, hi's nor mp's. For we
decays, the ¢ is the 1*F, (J9J7¢ = 0*0++) state predicted by Godirey and Isgur at
a mass of 1.09GeV; it loosely corresponds o what is now referred to as (rr),.

In eomments concerning the vector mesons, the authors conclude that the 2 35,
and 1%, nonets are near 1.45 and 1.66 GeV, which is consistent with the currently
accepted experimental interpretations of the p(1450), w(1420), p(1630) and w{1600).
(At the time of this publication, only single broad states were believed to exist in this
mass region.) They expect these mesons to be quite broad (I' ~ 300Me V) and o
overlap and mix. The isoscalar states which have been detected in experiments, how-
ever, are rather narrow, with widths of about 170MeV [see Table 2.1.) Measurement
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Resonance Predicted Decay Widths (Me V) -

byw | we | g | (Mel)

[w(1460) 275, | 2.25 | .64 | 389, 225 | 174+50

w(lB60) 130 441 G4, B1 | 220435

wal 16700 1 2D5 | 16 () pes 38, 41 | 16810
A6 [T s

we(1700) 12Dy 25 100,144 (pr)re | 220435

by [1780) 2

1£:|

1.7.224 |:||'.I'TI' L

)
34.32 (pr)y
144 884 I:ll'!ﬂ':::,r_

[ S — -

Table 2.1: Predictions by Kokeski and Isgur of the partial decay widths, in
MeV, of some isoscalar mesons. Two sets of values are given, corresponding
to the two sets of wave functions used in the caleulations. Where only one
value is shown, the two results were equal.

Resonance Predicted Decay Widths (Me V) | R—
T w o i | (Mel)
w1670} 1 1Dy 0 O (wi) pwrsms | 42, 539 (p7) . - | 25818
4 T (wppwrser | 31, 31 (p7)rey

0 |:U-'.”']|.f. Jaml

1.1 |:H-'P'}|.f. dsml
7(1800) 3 'Sq 212437
apl 17807 2 *F, - | 6.8, 32 -
ay(1820) 2 * A, 4.8, 32 (p7) L -
ol 35 [Irm'}l.r_ a -
as(1820) 2 * P &%, 16 | 20, .01 -

Table 2.2: Predictions by Kokeski and Isgur of the partial decay widths, in
MeV, of some isovector mesons. The two setg of values shown correspond o
the two sets of wave functions used in the caleulations. Where only one value
is shown, the two sets were yielded equal resulis.
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of the masses and decay modes of these 1soscalar 177 resonances can provide infor-
mation which would be useful in determining the amount of mixing and on the quark
configurations of these states. In the analysis presented in this dissertation, evidence
for the by decay mode of the w(1600) is found; this supports its interpretation as
the 130, state.

Note that the isovector 2 P state is predicted to decay to (pr)poyupe mone
strongly than to (p7)g_wawe. LThis is consistent with a recent measurement of the
a; (1700} by E852 [6]. This model makes no prediction concerning wan decay maodes
of this state.

2.2,2.2 The *F; Model for Meson Decays

The BCPS collaboration published results of caleulations of partial widehs of radially
and orbitally excited mesons, based on the *F,; model [9). In this model, a gf pair is
created with vacuum guantum numbers (*F; = 0], which then combine with the
g and § of the decaying meson to form the decay products. (This is to say that the
g pair is not formed from a one-gluon vertex, since in that case the g pair would
have the 177 gquantum numbers of the gluon.) This model, in fact, is obtained in a
particular limit of the flux tube model deseribed above. The validity of the *Fy model
is established by caleulations of decay widths of ground state mesons, especially DS
ratics in & {1235) — wr and @ (1260) — pr [11]. The model is limited to decays
into 2 mesons; no direct wer modes are accounted for, for example. Also, decays into
X(mm), are not computed, nor are decays into two mesons the sum of whose central
masses is greater than the central mass of the decaying resonance. Specifically, for a
resonance of mass meg:

o mpe > 13T0MeV for the bir mode.
o mp > 1550MeV for the wp mode.

This excludes caleulation of wrr modes for a, (1260), &, (1170), #[1300) and a,(1320).
(Despite the fact that az{1320) — wrr has been observed.)

They use harmonic oscillator wave functions for the mesons, as these vield ana-
lytical results, and are known to give reasonable empirical approximations. Masses
of the states are taken as these determined experimentally, where known, or those of
other members of the same meson multiplet.

In several cases, the authors compare their predictions of decays of a gf meson to
predictions for decays of a hybrid meson with similar properties. The comparisons
are made against calculations based on the fux tube model, as implemented by two
of the anthors {Close and Page) of the BCPS paper; the details of their method of
caleulation are published in reference [10]. As has been typical in models of hybrid
decays, there is a selection rule against decays into two mesons both of which consist
of gf pairs in L = 0 states. In this model, though, the selection rule i3 weakened
by accounting for the different spatial wave functions of the two decay products,
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Resonance Caleulated Decay Widths (Mel) | -

by | p Total MelV
w(1420) 2 %5 1| 328 378 | 174459
w{1900) 3 25 | 14 292 -
wi1600) 1 20, 371 | 101 242 | 22035
wel TETO) 1300, 8 | 221 300 -
wy( 1670} 1 2Dy 7 a0 69 | 168410
By (1700) 21 P, 0| 173 202 | 36040
wi {15007 Hybrid 0| 20 ~2() -

Table 2.3: BCPS calculations of partial decay widths for some orbital and
radial excitations of isoscalar mesons. Decay widths are given in MeV. The
experimental values in the last column are taken from the PDG.

Resonance Calculated Decay Widths (Mel) -

hw | wp | pr | 1w Total Mel'
x(1800) 315, - T3 31 - 228 | 212437
Ta 16T0) 1 11y 0] 41 | 118 - 250 | 258+18
w[1800) Hybrid - 0] 30 - 241 -
72(1800) Hybrid | 15| 0| 8| - 80 -
ap(1700) 2°F  |165 | 46| - | 5 203 -
ay (17007 2 2P 41 | 1a | o8 - 248 -
iy (1700 2 *F, 28 [ 109 [ 104 | 23 336 -
@ (1700) Hybrid | 0| 0| 30| - e300 -

Table 2.4: BCPS calculations of partial decay widths for some orbital and
radial excitations of isovector mesons. Decay widths are given in MeV'. The
experimental values in the last column are taken from the PDG.
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asguming that they are not identical mesons. Another selection rule playe a role in
this model; it i3 called the singlet selection rule, and states that a hybrid whose g§
pair is in a spin singlet (5 = 0) state cannot decay to two mesons both of which
consist of gf pairs in spin singlet states.

Concerning the vector isoscalar mesons: The PDG masses are used in the caleula-
tions. The caleulated total widths are quite large, 378 and 542Mel for the w({1420)
and w([1600) respectively. The large partial wideh o byw for the w{1600) is interesting
because neither the 25, nor hybrid JP% = 17 state couples strongly to this chan-
nel. Thus, observation of a b7 decay mode for a 177 resonance in this mass region
would “tag” it as the likely 13D, state. Evidence for this decay mode is one of the
results of the partial wave analysis presented in Chapter 12, The authors comment
that the physical states are probably mixtures of the 295, 12D, and hybrid basis
states, due to their proximity in mass and their large widths, The observed widths of
about 170Me V for the w(1420) and w({1600) may be indicative of significant mixing.

For the as yet undiscovered 130 wy state, a mass of 16T0MeV is assumed, as
this is similar to that of the w(1600) and wy{1670) which are believed to be the 1*D,
and 170y states. The wy{1670) is caleulated to decay predominantly to gw, with a
small partial width for by,

For the 1 70y w2y (1670}, the caleulated total width is 69 Me V| apparently in conflict
with the observed width of 168MeV. The bx decay mode has a caleulated partial
width of TMe V.

For the 2'P, (k) state, whose mass is predicted to be 1.7GeV, the caleulated
width to by is zero; its dominant mode is predicted o be g,

The 7{1800) resonance has been reported in several decay modes, but is not seen
in pr [1]. The calculation for the 3'5y state at this mass vields a partial width of
31MeV for the pr decay mode. The authors diseuss the possibility that this resonance
is at least in part a hybrid meson. The wp decay mode can help to clarify this issue:
the ¢f state is predicted to have a sizable branching fraction into this mode [about
30%), but the hybrid is predicted to not decay into wp.

There are similar concerns about the a; (1700) resonance: is it the 2°F ¢ state or
a hybrid? Close and Page predict a width of 30 Me V for a hybrid with these quantum
numbers [9, 10]. BCPS predict a similar total width of 250MeV for the 2°F gg. The
gij state couples more strongly to 545 decay modes (545 meaning that the two decay
products are mesons both of which are ¢f pairs in S-waves.) Accurate determination
of the strengths of the pr and wrr decay modes would be interesting, as byx would
come exclusively from the quarkonium {because of the singlet selection rule), as would
wp. The DS ratio for the decay to pr should be very large for the ¢ state, but for
the hybrid S-wave ig caleulated to dominate. Recently, Brookhaven experiment E852
reported a dominantly D-wave pr decay mode for the a(1700) [6], supporting the
interpretation of this resonance as the 23F, gf state. The partial wave analysis in
Chapter 12 finds evidence for the wp decay mode, but not for the b7 mode. This is
not in perfect agreement with the prediction for the 2°F, ¢ state, but it does provide
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evidence against the interpretation of the o, (1700) as a hybrid meson.

For the 275, ay(1700), b7 is caleulated to be the strongest decay mode, with a
significant coupling to wp, too. These modes are predicted to be strong for the 235,
az(1700) as well.

For the w4 1670), presumably the "I, state, the caleulated width to wpis 41 Me V.
The total width is calculated to be 250MeV in good agreement with PDG value of
258418 Me V. The PDG, however, does not repart any information on possible wer
decay modes for this resonance.

Some experiments indicate a possible 72 signal at 18300MeV. BCPS compare a
11D, gq state to a hybrid 7 (1800). The calculated widihs for the wp decay mode are
69MeV and zero for the gf and hybrid states respectively; for b7 decays, widths are
0 and 15Me V. These two wrr modes can distinguish the nature of such a resonance.
Total widths are computed as 372 and 30Me V.

2,2.2.3 Summary

The wrr decay modes can help distinguish among the interpretations of observed
resonances. The analysis in this dissertation is able to provide some information
on the w(1600) and @, {1700) resonances. Most of the other resonances in question
were nol observed in wre modes. This is not to say that these modes do not exist;
it may be that they are not produced in quantities sufficient enough to allow their
observation. Additional information from other final states [where these resonances
decay in other modes) 18 neded in order to draw conclusions.

2.3 pp Annihilation

There are many theoretical models which strive to explain the dynamics of fp an-
nihilation. The treatments of the problem range from very detailed models of the
microscopic processes involved, to the completely phenomenological. Tests of these
models can be made by comparing their predictions for the rates of production of
various two-meson final states to the rates measured in experiments.

In Table 2.5, a comparison is made between the measured rates of several two-
body final states, and the predictions of four models. The four models represent four
different approaches to the problem. In model A [12], the calculations are based on
baryon exchange, as shown in Figure 2.4A. The caleulations in model B [13] are based
on the quark line rule model, as shown in Figure 2,48, where both the rearrangement
and annihilation diagrams are shown. The authors conclude that the rearrangement
contributions are more important than the annihilation eontributions. Maodel C [14]
uses a digquark model for the fp annihilation, as shown in Figure 2.4C. The proton
and antiproton are described as quark-diquark (g0 clusters, and two meson pro-
duction oecurs through the effective interaction DI = §g. Model D [15] is purely
phenomenological; it makes no attempt to model the processes involved, but rather
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characterizes the observations and extends the characterization to make predictions.
It is based on the observation that in fp annihilation, production of mass is preferred
over release of kinetic energy (le. there is a preference for production heavy par-
ticles.) MNone of the models shows complete agreement with the measurements. OF

Rates [%)
Reaction Measured Model Model Model Model
fp = A B C D
were 0.0693+0.0043  [34] 0.04946 - - -
wta 0.307 £0.013  [38] .39 (.36 .34 (.54
K'K 0.099 £0.005  [38] .21 0.08 - .11
o 0.0212+0.0012  [38] 0.014 - - -
wow 0.573 £0.047  [34] 218 1.40 0.45 -
=1 00123400013 [34] 0.014 - - -
11 0.0164E0.0010  [34] 0.015 - - -
T 1.51  £0.12 [38] 013 0.93 1.45 -
iy 0.02164£0.0025  [38] 0.042 - - -
ke 323 4025 [This work] 1.66 1.08 .46 4.4
wrf! 0.78 £0.08 [38] 011 - 0.75 -
s 012 £0.12 [19] LOT 1.1 0001 -
[ 092 +0.11 [58] - - - 0.7
S 0.67 4=0.09 [58] 0.25 - - -
wp” 007  £0.03 [20] 297 1.91 2.2 B.6

Table 2.5: Comparison of the caleulated rates for production of various 2-
meson final states in fip annihilation at rest, and the measured rates. The
madels are described in the text.

particular interest is the large measured rate for ww; all of the models except Model
D predict a rate much smaller than what s measured.

In addition to comparing measured to predicted rates, something can be learned
from the comparison of rates to one another. In a study of the quark line rule model,
Genz et al conclude that production rates for we and p®p" would be equal il the
annihilation diagram dominates over the rearrangement diagram (in Figure 2.4B.)

The measured rates are clearly not equal, implying that the annihilation diagram
does not dominate.

2.3.1 Production of .'s

Table 2.5 shows a trend concerning the production of w's in fp annihilation at rest:
the rate for fip — wX is always greater than the rates for #° X, n.X and o' X for all of
the two-body final states; there seems to be a preference for w production. Table 2.6
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Figure 2.4: These diagrams show the interactions which are used in the cal-
culations of rates for fp — MMy where M and My are mesons. Model A is
based on barvon exchanges. Model B is based on the quark line rule model

(both rearrangement and annihilation diagrams are shown.) Model C is based
on the diquark (D) model of the proton and antiproton.

lists production rates for several final states which involve w's. About than 30% of
fip annihilations at rest produce at least one w. The #t7 7% final state, analyzed

Channel Rate (o)  Reference
atr a’w 161 £1.0 [This work]
WR® 2.57 +0.17 [17]
wetw 6.6 +0.6 [4]
wlr2x 1.340.3 [18]
Wi 0.68 +0.05 [48]
wiw 3.23 +£0.25 [This work]
wr® (.573+0.047 [38]
wiy 1.51 +0.12 [38]
wry 0.78 +0.08 [38]

Table 2.6: Measured production rates of various final states from fip annihila-
Lion at rest.

in this dissertation, comprises about hall of this total. It will be interesting to see if
this trend is observed in the analysis of other final states, especially those involving
high pion multiplicities, as these have high rates of production, and 89% of w's decay
to e~ a® s0 they are mest easily observed in such final states.
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Chapter 3

The Crystal Barrel Detector

The Crystal Barrel detector is designed to measure the trajectories of charged par-
ticles and photons resulting from the annihilations of antiprotons with protons and

7 3 4 5 3 4 5

im
Figure 3.1: The Crystal Barrel detector system: 1) Magnet voke. 2} Mag-
net coils. 3) Barrel calorimeter. 4) Jet drift chamber. 5) Proportional wire
chamber. &) Liguid hydrogen target. 7) One half of the movable magnet yoke
end-plate.

neutrons. Experiments can be performed under different conditions {annihilations at
rest or in fight, in liguid or gasecus targets, ete.] and with different configurations of
some of the minor sub-detectors. The following discussion will focus on those aspects
of the experiment which apply to the particular data set which is the subject of this
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dissertation. A more general and more detailed description of the apparatus can be
found in reference [21].

3.1 Antiproton Beam, Target and Beam Defining
Detectors

The source of antiprotons is the Low Energy Antiproton Ring (LEAR) at CERN; it
delivers a beam of pure antiprotons with a momentum of 200MeV /e at an intensity
of about 10%g/s. The antiprotons exit the LEAR vacuum through a 100pm thick
berylinm window and pass through the first beam defining detector, a fast compact
multi-wire proportional chamber (Ke&.) The antiprotons then enter the target vacuum
via a S0pm thick mylar window. Alr at atmospheric conditions is between the two
vacuum volumes., Two silicon diode detectors are located 33mm and 28mm upstream
of the target. They are each 200pm thick. The downstream one is segmented into
gquadrants to aid in beam steering. These silicon detectors operate a abour —100°C
resulting in less noise than operation at room temperature. Their signals are used to
start the JDC drift time measurement; the uncertainty in trigger time, due to noise
and rise-time. 8 less than 0.5ns.

5 z& 72 33 g _ W
]
I N ___l —_—
! g
1 b ol
1 3 - 1 |
--__.- .. ] . IR [HEA ]
o o ligud Ho vuepel T3
_|I1 J_E-J . :
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Figure 3.2: The liquid hydrogen target and beam defining detectors. Dimen-
S10N8 Are in mm.

The liguid hydrogen target is 1Tmm in diameter and 44mm long, with a 10mm
diameter entrance window. It i3 made of mylar wrapped in Kevlar, The '8 stop
near the center of the target with a longitudinal spread (o) of 0.6mm. They then
eject and replace an electron from a hydrogen atom, initially with principal (radial)
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gquantum number of about 30, and orbital angular momentum of about 20. Due
to strong Stark mixing in the liquid hydrogen, the atom quickly cascades to lower
angular momentum states, and annihilates (usually) from the L = 0 state due to the
overlap of the proton and antiproton wave functions in this state. This process takes
place in less than Ins (23]

3.2 PWOC’s

Two concentric cylindrical multi-wire proportional chambers, with their axes along
the beam direction, surround the target. They are used in determining the multiplici-
ties of charged particles for triggering, and also give (r, ¢) coordinates near the tarpet
for charged tracks. There are W anode wires in the inner Pwe [Pwel), at a radins
of 25.5mm. The outer Pwo [PWC2), has 150 wires at a radius of 43.0mm. The wires
in both PWC's are 35cm long, amply covering the solid angle subtended by the JDC
and BC.. The cathodes are 22um thick aluminum foils. The thickness of material in
the PWC's traversed by a particle traveling perpendicular to the beam axis is 0.022
radiation lengths [Lg.) The PWC's have intrinsic efficiencies of greater than 99%. A
charged particle passing through the PwWo's produces a detected signal on an average
of 1.6 wires. The signals from the PWC's are collected and processed by the LeCroy
PCOS 111 system.

3.3 JDC

The main apparatus for tracking of charged particles is the Jet Drift Chamber (100).
Like the Pweo, the JDO's sense wires are oriented along the magnetic feld axis. The
23 layers of sense wires are spaced Smm apart, at radii of 63mm to 23%9mm, and are
3089mm long. The inner 5 lavers are divided into 15 azimuthal sectors, and layers 7
to 23 are divided into 30 azimuthal sectors. Layer 6 i8 not used. The sense wires
are staggered by £200pm azimuthally to allow resolution of the left /right ambiguity.
Field wires along the sector boundaries and between the sense wires provide a drift
Geld of 1000V fem. The gas used is a 90:10 mixture of 0% and isobutane. Under
normal operating conditions, the electron drift velocity is B.4pmns and the Lorentz
angle is 7.2°. The temperature, pressure and composition of the 1D gas are precisely
maintained and continuously monitored.

The charge collected on the sense wires is measured at both ends of the wire,
allowing one to infer where along the wire the lonization oceurred. These signals are
digitized at 100MHz, giving a time profile of the charge collected, allowing detection
of multiple charged particles passing near the same wire, The Hash ADC's are operated
in a nonlinear maode, to enhance the dynamic range and to improve resolution above
the pedestal.

Ag the JDC I8 gituated between the target and the photon detection apparatus,
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Figure 3.3: The Jpc. The staggering of the sense wires, shown in the expanded
drawing, is exaggerated for clarity.

it is designed to be small and of low mass. The inner cylinder, wires, gas and cuter
shell have a combined thickness of 0.0405Lg for radial trajectories. The end-plates,
including the electronics mounted there, each correspond to 0.20L g,

3.4 Electromagnetic Calorimeter

The Barrel Calorimeter (BC) provides high efficiency and good energy and spatial
resolution for detection of photons with energies from 10 to 2000Me V. It consisis
of 1380 modules in a vertex pointing peometry, covering the range of polar angles
from 12° to 168%. The 8¢ completely surrounds the target azimuthally. Each module
subtends 67 in both polar and azimuthal angles, exeept near the beam pipe (8 < 30°
and # = 150°), where each covers 12° in azimuth. 13 different module shapes are
reqquired, one for each pair of polar angles at which the modules are placed. The
seintillating material is thallium doped cesium iodide. Each Csl{T1) erystal is 300mm
long [16.1Lg), which keeps Huctuations in the energy leakage out the rear of the crys-
tals to less than 1%, The crystals and associated electronics are enclosed in 0.1mm
(0.0536Lg) thick titanium cans, for isolation and structural purposes. The support
structure also requires a Wmm (0.11Lg) thick aluminum inner wall. Collection of
the scintillation light by photomultiplier tubes is precluded becanse the BO is situated
in a strong magnetic field; thus photodiodes were chosen for this purpose. In order to
match the light emitting area of the crystal to the sensitive area of the photodiode,
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Figure 3.4: A BC module. 1) Titanium ean. 2) Wavelength shifter. 3) Photo-
digde [on the edge of the wavelength shifter.) 4) Preamplifier electronics. 5)
Optic fiber from the Bght-pulser. 6) Brass cover.

wavelength shifters (WLs) are used to collect and re-emit the light. These are 3mm
thick plastic tiles which absorb the scintillation light and emit it at a longer wave-
length. This longer wavelength is better matched to the sensitivity of the photodiode,
which is affixed to one of the lateral faces of the wis, The other lateral faces are
painted white to enhance the light collection efficiency. A light fiber is connected to
the WLs to allow the light-pulser to test and calibrate the response of the entire BC
electronies chain. A charge sensitive preamplifier is also contained in each module of
the Be. These preamplifiers have an integration time of 1us, to mateh the fast compo-
nent, of the Csl[T1) scintillation light. The preamplified signals are further processed
by pulse shapers, discriminators for triggering purposes, and two ADC systems. The
LeCroy 4300-B FERA ADC system gives fast readout (for software triggers requiring
measurement of PED energies] and a wide dynamic range [photons up to 2000Me V),
but with limited precision of about 1Me V. The LeCroy 2282 system provides better
precision (about 0.1Me V) over a limited range of photon energies (0 wo 400Me V) for
use in off-line analysis,

3.5 Magnet

The magnet is a conventional solenoid producing a magnetic field of 1.57T in the
volume in which the wire chambers BC are situated. The variation of the z-component
of the field is less than +£1.5% in the volume containing the joc. The radial component
is less than (.0147T.

3.6 Trigger

The electronics should, of course, only be read out alter a §p annibilation occurs, or,
equivalently, when an antiproton entersg the target. This condition is indicated by a

31



coincidence of signals from ®e, S, and Si_,. That is, all three of the detectors in
front of the target, through which an antiproton must pass before entering the target,
must fire. This is the only requirement for a mindmum bias trigger. For a 2-prong
trigger, data from the PWC's and JDC are required. Fast methods for determining the
number of charged particles in an event are needed from both the JDC and Pwo. A
single charged track may fire several PWC wires, so a way of counting these clusters
is required. The poos 11 system (which reads the Pwe) is designed for such wse;
its data are fed into majorily logic unils (MALU'S), which produce an analog signal
proportional to the number of of clusters in the Pwe's. This analog signal is digitized
by a fast apc, the output of which represents the number of charged tracks in the
Pw's. For the Jbe, analog signals from both ends of the wires in layers 2, 3, 4, 5, 19
and 20 are fed into discriminators, whose outputs are fed into MALUS. As with the
Pw's, the digitized output of the MALU s represents the number of charged tracks
in the 1pc. Exactly 2 clusters in the Pw, and exactly 2 hits in each trigger layer of
the JDC are required for the 2-prong trigger.

Other triggering schemes available to the experiment can be based on the number
of elusters in the BC or on software triggers which can be based on invariant masses
of combinations of clusters in the Bo. These features were not used in collecting the
data to be analyzed in this work.

3.7 Data Acquisition and Recording

The data from the IDC and BC are read into small vME-based computers called
local event builders (LEVE's), where simple operations such as pedestal subtraction,
zerg suppression, and data compression are performed. Data from the LEVB's, PWO's,
beam counters, and from the slow control system are assembled in another VME-based
computer known as the global event builder, which writes the data onto magnetic
tapes, It also sends a fraction of the data to other computers which are used for
online monitoring of the data

3.8 Calibration

3.8.1 JDC
The z-coordinate of a hit on a J0DC wire 18 determingd by
B A, — oA
=z IL—"‘I oA

where z; is the location of the center of the wire, zp is the wire length, o is the relative
gain of the electronics on the two ends of the wire, and Ay and A- are the amplitudes
of the [charge) signals on the two ends. Each wire has its own set of parameters, zg,
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zp and @. For determination of these calibration constants, several thousand events
with at least four charged tracks each are recorded with the magnetic Geld off. Using a
reasonable guess for the constants, each event's tracks are fit to straight lines pointing
to a single vertex. The fitted z-coordinates are used to derive an improved set of
calibration constants, and the procedure is iterated to find a stable set of calibration
constants. This procedure vields a =z resolution of Grmm per wire.

The (r,¢) coordinates corresponding to a hit on a IDC wire are determined from
the drift time. For calibration, several hundred collinear events, of the type jp —
ata” and fp —» KK~ are used; the pions have a momentum of 927 8MeV /e, and
the kaons 797.9MeV /e, and the two charged tracks form a single helix which spans
the diameter of the Jo¢. Using these reactions provides an absolute reference for
calibration. An electrostatic computer simulation program, GARFIELD [22], is used
to create drift time to coordinate translation tables for several different dreift, velocities,
since drift velocity can vary with gas temperature and pressure. The collinear events
are analyzed using a drift time table obtained by interpolating between the Garfield
tables, and varying the interpolation factor. The optimum drift time table is that
which minimizes the widths of the peaks in the momentum spectra of the charged
particles. The momentum resolution is 6% at p = 927.8MeV (e, The atmespheric
pressure I8 monitored by the slow control system, and the interpolation factor is
corrected run-by-run in the off-line analysis. A 4-prong calibration, uwsing gp —
ata=ata”, is used to check the resolution for momenta as low as 100MeV fe.

3.8.2 BC

The location of the 7° peak in vy invariant mass spectra provides an absolute reference
for calibration of the BC data. About 1 million events are collected using an all newutral
trigger, requiring no charged tracks. Histograms of < invariant masses are made for
each crystal, where one of the photons hits the given crystal, and is paired with each
other photon in the event. Often one of the pairs is from a #°, and hence contributes to
the peak, and the others fonm a combinatoric background. A new set of calibration
constants can then be computed, which will shift the peak cleser to the =% mass,
This procedure is iterated till the #° peak is at the correct mass for all crystals. The
original set of constants was derived from the position of the minimum lonizing peak
from charged pions traversing the erystals; for subsequent calibrations, the constants
from the previous calibration are used. This procedure is usually done once per run
pericd {the run periods last a few weeks.)

The response of the FERA and 2282 apc systems overlap for energy deposits up
to about 400Me V| allowing the FERA'S to be calibrated in terms of the 2282's. A
straight line is Atted o a plot of FERA vs 2282 values for each crystal, vielding the
FERA gain ratio. Corrections for the FERA nonlinearity for small signals are also
rradul .

Linearity of response and changes in gain during the experimental runs are moni-
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tored using the light-pulser system. This is a xenon lash lamp whose light is delivered

to each erystal's wiLs via optic fibers. The light is passed through Glter systems to
give many different intensities over a wide range. This calibration can be performed

in about 10 minutes and 18 typically done every several hours.
ADC pedestals are also measured every few hours by reading out the BC electronics

with no beam incident on the target.

Typical photon energy resolution is 2.5% /E"Y*, where E is the photon energy in
GeV. Deviations from the expected E-'V* dependence of the resolution is typical
for calorimeters using homogeneous crystals such as Nal and Csl [1, 24, 25], and
occur because of Huctuations in energy leakage and nonuniformity in light colleetion
efficiency. Angular resolution for photons is about 1.5%
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Chapter 4

Event Reconstruction

4.1 Crystal Data Reconstruction

The first step in the analysis of data from the Barrel Calorimeter is to convert the
ADC values (FERA and 2282) 1o energy deposited for each erystal. The pedestals are
subtracted from the recorded ADC values, then the corresponding energy deposit is
computed: B 0 = ADC value x slope(energy {ADC count) x (LP gain correction).
The coefficients for the conversion are taken from a database containing such quan-
tities for each run. Corrections for nonlinearities in detector response are made by
adjusting the pedestal subtracted ADC values in such a way that the linear energy
conversion formula is valid. A minimum amount of energy is required to have been
depesited in order for the crystal to be further considered in the analysis of the event.
In the computer program for the analysis, this minimum is determined by the value
of the variable EMINBC; for this analysis, its value was set to 1.OMeV. The 2282 data
ig used iF it is within the allowed Fan e [Emuﬂ minimum above pedestal, and less than
its overflow value). The FERA data is used if the 2232 data isn’t used (not available
or out of range), and if it is greater than some minimum above the pedestal. Recall
that the 2282's have greater resolution, but with a more limited energy range, than
the FERA'S.

Next, adjacent crystals in which energy was deposited are grouped into clusters.
All erystals in a cluster share at least one corner with another erystal in the cluster.
To be considered part of a cluster, each crystal must have deposited in it a minimum
of 1MeV, set by the variable EXTLBC. At least one erystal in the cluster must contain
ECLSBO=4.0Me 1, and the entire cluster must contain at least BCLUBC=4.0MeV of
ENETEY.

A cluster may contain the signals for multiple photons or charged particles. Each
cluster is searched for local maxima in its energy distribution. These maxima are
assumed at this point to correspond o the detected particles and are called PEDs
(Particle Energy Deposits.) Other mechanisms for producing local maxima are dis-
cussed in Section 4.1.1. Any secondary PEDS in a cluster are required to contain a
minimum of EPEDBC=10.0MeV. The crystal containing a local maximum of energy

33



is referred to as the central erystal. The energy in crystals where PEDs overlap is
shared among the PEDs; the splitting of the energy from a erystal among the N PEDs
im a cluster i8 determined by how much energy 18 in the central crvetal plus that in
ita eight neighboring crystals:

Eiy,

N v -
E_j 1 Loy
E juser 18 the total energy in the cluster. By is the sum of the energies in the central
crystal and its 8 neighbors; if a given crystal 18 a neighbor of more than one central

crystal, it contributes to the Ey's of the n PEDs according to the energies in the central
crystals:

EI'EIH: — Ed.unl.-u' x

By = By 4 Z E} * %.

edghbars, Ek 1 £y
E\y; is the energy in the central erystal of PED j. Given the energy deposited in the
crystals, an estimate of the energy of its photon can be made. Some of the photon's
energy can leak out of the detector or be absorbed by the titanium cans containing
the crystals, so correction factors are applied to the PED energy [26]. The correction
factor depends on the PED's energy and polar angle (the detector 18 symmetric in the
arimuthal angle). The position of the PED taken to be that of the centroid of the
energy distribution. From this, the direction of fight of the particle from the event
vertex is determined. This direction and the PED energy are then stored for later use.

4.1.1 Splitofis

The lateral distribution of the energy deposited by a photon in the Barrel Calorimeter,
being a stochastic process, is not always a monotonically decreasing function of the
distance from the point of impact. There may be local maxima; these are known as
electromagnetic splitoffs. In the analysis deseribed above, these will be interpreted as
individual PEDS, and therefore as photons.

Hadronie splitoffs are produced by secondary particles from the interactions of
hadrons with the detector, usually from a charged pion hitting the Barrel Calorimeter.
The rEDs produced may be well separated from the parent PED if the secondary
particle leaves the crystals and hits another part of the barrel.

4,1.1.1 Daolby-C

Dolby-C [27] is an analysis tool for recognition of electromagnetic splitoffs. It relies

on two of their characteristics for identification: They are usually 1} very near their

parents PED, and 2) of much lower energy than their parents. These are determined

gqualitatively by the apparent angle, ¢ between the lines of Hight of two PEDs, and

their energy asymmetry, A, defined as

B~ B,

A= -
Ey 4+ Ey
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The region of the space spanned by these two quantities corresponding to small angles
and large asymmetry defines splitoffs in this method.

The results of the Dolby-C analysis are ignored in the analysis of the data set
used in this dissertation.

4.1.1.2 CBDROP

CBDROP [28] is a set of algorithms for removal of hadronic splitoffs from events. 1t is
used after any PEDs corresponding to tracked charged particles have been removed.
It makes further cuts on PED energies and topologies to eliminate some PEDS. The
central crystal of each PED i3 required to contain at least ECENUS=13MeV. A out
on the minimum photon energy, EGAMUS, i8 set to aMe ', s0 1t is superseded by the
central erystal energy cut. A cut on the fraction of the photon energy in the central
crystal, B/ Ey, is made at BE1EDUS=0.96; hadronic splitofls are found to frequently
produce a signal with most of the energy in one crystal [29].

Next, CBDROP attempis an energy-momentum balance (4 constraint kinematic fit)
with various PEDS left out. Hadronie splitoffs will produce PEDS which will appear to
be photong which destroy the energy momentum balanee. In this analvsis, up to 2
PEDS are allowed to be dropped, allowing for one splitofl from each of the two charged
pions desired in the final state. The result which is used is that which produced the
best confidence level in the 4C kinematic fit, whether it had zero, one, or two PEDS
dropped. Any PEDs which were required to be dropped are not included in further
analysis.

4.2 Charged Particle Tracking

The set of computer code which performs the charged tracking is known as LO-
caTeR [30] [31].

The rcos data from the Pwo consist of lists of wires on which a signal was
present.  Using information on the orentation of the Pwe, these are converted to
z and y coordinates. As each track may produce signals on more than one wire {a
cluster), the coordinates are determined from the centers of the clusters.

The raw 1DC data are the Hash ADC values from the two ends of each DO sense
wire. These represent the charge collected at the end of the wire during suceessive
0ps time windows of the allowed drift time. These data traing are searched for
pulses, wentified by local maxima in the time profile of the collected charge. The
pulses on the two ends of a given wire are matched with each other to identify fits on
the wire, indicating the passage of a charged particle through the drift cell. Integrating
the pulses gives the amount of charge collected on each end of the wire; by comparing
the charge on the two ends of the wire for a given pulse, the position along the wire at
which the hit cccurred can be inferred. Thus ¢, g, and z coordinates for each hit can
be determined. The detector cannot determine on which side of the wire the charged
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particle passed (lefl-right ambiguity); thus two space points are penerated for each
hit.

To find tracks through the JDC, use i3 made of the Fuzzy Radon transform. The
Radon transform is essentially a line integral over a density funetion, i e the
sum of hits along the proposed track. The Puzzy Radon transform makes us of the
resolution information from the non-ideal detector system. The initial guesses for
track parameters are determined from circle fits to data within a Jpe sector. Though
it is quite effective for pattern recognition, nonlinearities resulting from the helix
parameterization make the Fuzzy Radon transform unsuitable for the actual Htting
of helixes to the hits. The fitting is done using a parameterization specifically designed
for this purpose, using a y* minimization scheme.

After the pattern recognition phase, the tracks found in the 1D are connected to
the hits in the Pwe. The tracks are then fitted in three dimensions to helixes. The
event vertex, the point from which the tracks originate, is then determined from the
point at which the helixes pass most closely.

After all fitting of tracks is done, cuts on the track qualities are imposed. Tracks’
frst hits must be on layer 3 or less, and the last hits must occur at or beyond layer
21. The tracks must have at least 15 hits on them, and the ¥* per degree of freedom
for the track fit must not be greater than 1.2, These conditions ensure that all tracks
are long and well measured.

4.3 Matching PEDs to Charged Tracks

Charged particles which are tracked through the 1be often produce a PED in the
Barrel Calorimeter (BC). These PEDS should be recognized a such, and should not be
mistaken ag photons. To accomplish this, a simple matching algorithm is employed.
The track is projected to the the face of the BC and a vector from the event vertex
to the point of intersection is formed. The angles between this vector and the vectors

for the various PEDs are examined. The cosine of the angle must be greater than (.98
to bz considersd a matched PED. The PED nearest the expected location 18 taken as
Lhe mateh.

4.4 Determination of Cuts and Corrections
Tahble 4.1 shows a summary of cuts imposed during the event reconstruction.
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Parameter | Value Deseription

EMINBC 1MelV | Minimum energy in a crystal

EXTLEC 1MeV | Minimum energy in a crystal to be considered part of a
cluster

ECLSBC 4MelV | Minimum energy in at least one cryvatal in a cluster

ECLUBC 4MeV | Minimum energy of a cluster

EPEDBC 10MeV | Minimum energy of a secondary PED in a cluster

ECENUS 13MeV | Minimum energy in the central crystal of a PED

EGAMUS aMeV | Minimum energy of a PED

ElE9uUs (.96 Maximum E, /Ey for a PED

Lyrlus 3 Maximum J0¢ layer for start of a track

LYRNUS 21 Minimum Jn¢ layer for end of a track

LONGUS 15 Minimum number of 102 hits on a track

CHOTUS 1.2 Maximum ¥*/npop [or the helix fit to a track

Table 4.1: Summary of cuts used in the event reconstruction.

4.4.1 Versions of Software Used

Software
CBOFF
LOCATER
BOTRAK
GTRACK
CCDBCH
CBDROP
CBEFIT

Yersion
1.29/02
2.00/05
2.04,/00
1.35/01
2.05,/00
1.11/00
3.09,/00

Description

Off-line analysis
Charged tracking
Crystal data reconst
Global tracking

ruction

Calibration database

Splitofl dropping
Kinematic fitting
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Chapter 5

The June 1994 Run

The data which were analyzed for this work were collected in June of 1994, One of
the primary goals of this run was to collect about 7 million 2-prong triggered events
with a liguid hydrogen target. The experiment and beam were configured for Fp
annihilations at rest. A summary of the numbers of events collected is shown in
Table 5.1.

Trigger Purpose BEvents

2-prong 2 long tracks 13.7 = 105

i*-prong BC calibration 1.1 = 10%

4-prong z-calibration 0.05 = 10%
Magnet off.

Caollinear r — ¢ calibration 0.01x10°

Minimum Bias Normalizations 1.6 = 10%

Table 5.1: Summary of events taken during the June 1994 liquid hydrogen
rum.

The minimum bias data were collected for about one hour during each day of
running. The §-prong and 0-prong data were collected near the beginning of the
run period. Huns with the collinear trigger were made throughout the run pericd at
several different atmospheric pressures.

The 2-prong data were collected during the 9 day period from June 4 to June
12. The beam rate was kept at about 150005/ see in the beam wire chamber Keo.
Approximately 60% of the § hitting K¢ also hit one of the silicon counters Siy_.
During 2-prong runs, the events were written to tapes at a rate of 50 to 75 Hz

Twao types of problems required rejection of certain runs. All runs on DST tapes
on which the problems are present are rejected.

1. An unplugged control cable resulted in the LP fashing during physics data
taking. In many events during particular runs, all the crystals in an entire half
of the B would fire. Because of the long component of the decay time of the
Csl erystal, even events without an obvicus LP flash probably have some extra
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energy in their real PEDS. This required rejection of DST's GE1819 through
GELIS3L, and GE1842 through GE1844.

2. Several crystals exhibited unstable pedestals and FERA 2282 ratios during some
rung.  This required rejection of DST's GEIRI4, GEIR36, GELIR42 through
GELE45, GEIBSL, GEL8S3 through GELS5S5, GELSE6, GEISES through GE1894.

Prom the DST's not rejected, 8.0 million 2-prong triggered events remain.
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Chapter 6

Detector Simulation and Efficiency
Studies

Ag in any modern particle physics experiment, detailed Monte Carle (Mc) simulations
of the Crystal Barrel experiment are necessary. These studies are used in evaluation of
detector and analysis efficiencies, as well as in determination of acceptance corrected
normalizations in the partial wave analysis (Pwa).

The computer program which performs the simulation is known as CBGEANT, and
is based on the GEANT 3.16 package developed at CERN. The sub-package FLUKA
was used for simulation of hadronie processes, as it was determined to simulate those
processes of concern in the Crystal Barrel detector more accurately than the other
available sub-packape, GHEISHA [32]. cBGEANT generates events of the desired type,
propagates the particles through the detector apparatus, simulates detector response,
applies experimental distortions, and records the data in a format compatible with
that for actual events. As particles are propagated, they undergo decays, energy
loss and straggling, scattering, and other electromagnetic and hadronic interactions.
Experimental distortions include efficiencies of detector components and electronic
noise. The output data are passed through the same analysis procedure as are the
actual events. The detector apparatus i8 reasonably well represented in the program,
including not only the active detector elements, but mechanical supports, cooling
equipment, electronics amd cables as well.

For background studies and branching fraction measurements, values for absolute
efficiencies are desired. These are defined as the number of MC events which are
successfully reconstructed and pass all of the cuts imposed on the actual events,
divided by the number of events generatid.

The versions of the software packages used in analysis of the MC are shown in
Table 6.1.
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CHBGEANT 5.05/00
cBEFIT  3.09/00
cepsos 2.05/01
ceDRoP 111702
LocaTER  2.01/09
CBOFF 1.30/04
BOTRAK  2.04/03
GTHAK 1.37/01

Table 6.1: Versions of the Crystal Barrel analysis soltware packages used in
analysis of the Monte Carlo data

6.1 Ewvents for pwa

For use in partial wave analysis, events of the type fip — 777 #"w are needed. These
events are distributed according to 4-body phase space. The BIGBANG event generator
produces 77" 7w with a total energy of Zmg; the w is forced to decay to 7%y, The
masses of the w's are randomly selected according to a Breit-Wigner distribution with
width of 8.43MeV [ e® between mge and 1564MeV fe®. The two 7°°s decay to 4y with
a branching fraction of 98.8020%; this factor must be accounted for in the efficiency
calculations.

Since the actual experimental data for Pwa were collected with a 2-prong trigger,
the analysis program accepted only those events which satisfied the 2-prong trigger
conditions: hits on exactly two wires on each of the two trigger layers of the 1be, and
exactly 2 clusters in the PWC.

Because of data storage limitations, the MO data were generated in nine separate
rung of 100,000 to 150,000 events apiece, with a different initial random number seed
for each run.

Table 6.2 summarizes the results of the analysis of these data.

6.2 Ewvents for Branching Fraction Calculations

For computations of branching fractions. one must know the f!fﬁﬂi:‘rm‘.y for reconstriact-
ing and counting events of the desired type. For this purpose, an Mo data set was
constructed which consisted of about 75% gp — =% % 7 w and 25% gp — wiws [(with
wy —» 7 7® and we —+ 7%y.) This was intended to mimic the actual data set. in
which about 25% of the events were fip — ww (see Figure 9.3.) This allowed deter-
mination of the efficiency for detecting wewr events in a data sample which eontained
a large fraction of non-ww events.

The actual experimental data used in the branching fraction measurements were
collected with the minimum bias trigeer, 8o the 2-prong trigegering part of the analysis
program was digabled while processing the corresponding MO data. Table 6.3 shows
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Events generated 1na7614

2-prong triggers 270679
CLint7"57) > 1% 109057 (40.3%)
CL{xtr-n7"y) > 1% 02785 (34.3%)
CL{iztr=n"w) > 1% 81578 (30.1%)
CL{rtr~w w) > 25% and Ry, = 1 22167  8.2%)

m]d Jnllldmp == ﬂ n.]'.l.d Ngby—goy — l.

Table 6.2: Summary of the analysis of the CBGEANT data which were used in
the partial wave analysis. The numbers of events generated, events resulting in
Z-promg triggers, and events passing confidence level cuts on kinematic fits are
shown. The number of events generated is actually the number of events read
into the analysis program from the data tape; corruption of the data recording
medinm resulted in the loss of many events on some tapes. Statistics for inter-
mediate kinematic fits are shown (as a percent of triggers) for comparison with
those for background channels in Table 6.4, [CL{X) refers to the confidence
level of a kinematic fit to the hypothesis fp — X. The Rye = 1 cut requires
consistency between the fits to gp — 7ta 7w and fp — 757 7°%%y in the
way that photons are paired into 7”8, The Ni+g-gew = 1 cutl requires that
there was only one way per event of combining photons to get a suceessful
kinematic fit to gp < *#tr 7w, See Section 8.1.3 for a complete deseription
of the cuts.)
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Diata sei wtrmlw el

Events penerated 140936 40873
CL{x*x~57) > 1% 22378 7053
CL{r*r-=°x"y) > 1% 18955 6010
CL{x*t7~ 7% = 1% 16673 5201

Table 6.3: Summary of the analysis (without trigger simulation) of the Mc
data sets which were used in determining efficiencies for the branching fraction

IMEASNrernenls.
Dlata set, O wrr®
Events generated 100000 Q9805
2-prong triggers 25643 23706
CLixta=57) = 1% 5444 (21.2%) 4483 (18.9%)
CL{xtx " w%x%) > 1% 4399 (17.2%) 3711 {15.6%)
CLirta~7"w) > 1% 418 (1.6%) 471 (2.0%)

CLirts %) > 25% and Ry, =1 28 (0.11%) 37 (0.16%)
and Narop = 0 and Nytp-pe, =1

Table 6.4: Summary of the analysis of the five plon background Monte Carlo

data sets. The numbers of events passing the kinematic fits are shown as a
percent of triggered events. See Table 6.2 for a description of the cuts.

a summary of the analysis of the data sets comprising this MC sample.

6.3 Events for Data Tuning and Background Stud-
ies

For data tuning {see Chapter T), events of the type fip — ora 777" were used.
For tuning of the M data, a set of about 100,000 such events were generated. These
events were analyzed by a program developed for analysis of such evenis.

This channel was recognized as a possible source of background for =ta~7%w;
it has six photons in the final state, but if a low energy photon were to escape
detection, it could mimic the five photon final state. This channel also has a large
branching fraction from fip at rest. For this reason, the =77 777" events were
submitted for analysis to the 747~ 7% analysis program. Also, because 24% of actual
fp = 77T rn® events proceed via gp —» wr®x®, about 50,000 events of this type
were also generated for background acceptance studies. Table 6.4 show a summary
of the processing of these background Mc events. In the data sample selected by a

given set of cuts, the numbers of each of the four type of events will be:

Nizts " %"w) = N BR(fp = vta 7"w)BR(w = 7°v) Aptg-rou
Niww) = N BR(fp — ww)2BR(w — 7°y)BR(w = 757 7" AL
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Cuts Acceptances (%) Blkg.
CL Royr Narep Nytg—gou |7 P ww TR oRTECT” wetrt (%)
# Generated: Toa7710 99733 LOI0ChEN DO805

1% - 2 - T.70 G849 0.418 0472 |24.841.9
15% 1 2 - .41 4.092 0.154 0.188 |15.0=:1.4
25% 1 2 - 460 4.18 0.102 0,134 (123413
0% 1 2 - 3.57 3.25 0057 0091 | 9.74+1.2
60% 1 2 - 235 2.18 0.028 0043 | T.3£1.1
1% - Ll - 3.92 3.65 0.110 0112 |14.241.5
1% 1 L - 2.78 2.66 0043 0058 | 8.041.32
25% 1 0 - 238 2.2V 0.029 0041 | T.241.1
0% 1 Ll - 1.85 1.81 0.018 0.0 | G0=k1.1
60% 1 0 - 1.24 1.20) 0.010 0,017 | 5.2£1.2
15% 1 L 1 246 2.36 0042 0053 | 9.51.3
25% 1 L 1 210 2.0 0.028 0037 | 7.¥£1.2
0% 1 0 1 1.63 1.59 0.018 0,025 | 6.5+£1.2
60% 1 L 1 1.08 1.04 0.0110 0014 | 5.51.3

Table 6.53: Summary of the acceptance and feed-through rates as functions of
the cuts applied, as computed by processing of CBGEANT data. The four cut
types are 1) the confidence level of the kinematic fit to gp = 77 7w, 2)
the rank [fllw.,] of the fit, 3) the number of photons allowed to be dropped
by cBDROP, and 4) the number of successful kinematic fits to the hypothesis
ata-atw. (These cuts are explained in detail in Section 8.1.3.) For each of the
four types of events, the numbers of events which survive the cuts are shown
as percentages of the original samples (the sizes of which are shown in the first
row.] The last column shows the fraction of the final data sample which would
consist of background from the #% 7 7% %" and wx"x" channels.
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Nirta*a"%z"2%) = N BR(pp = ar a5 2 1 1) At gopogs
Ni{ws®s®) = N BR(fp = wrn")BR{w — 7777 %%) A r05e

where Ny is the number of fp annihilations. The following formula was used to
determine the fraction of background in the data sample:

N(rta*x°n°r") + N{wn“=")

Nzt~ n"w) + Niww) + N(xtrtxoron®) + Nwe*x®)

Fhkﬁ: —

The branching fractions for the w decays are taken from the PDG [1]: BR(w —
ata-a®) = 888 £ 0.TH and BR{w — #°y) = 8.5 £ 0.5%. An analysis of Crystal
Barrel data by Curtis Mever vielded the following branching fractions: BR{jp —
u.lw':'?r':'} = 2,398 4 0.075% and HHI:['J,T.I y wtw w':'w':'rr“} =014 0.4%. The branching
fractions measured in Chapter 10.2 were used: BR{pp — s#to 7 "w) = 15.7 £ 1L.0%
and BR{fp — ww) = 315 £+ 0.25%. In computing N+ g geu, BR{fp — ww) was
subtracted from BR(fp — ata~w"w) since the former includes the latter, and would
otherwise double count ww events. Similarly, BR{fp — wr'n") was subtracted from
BR{fp — atx~w"x"7") in computing Nosiigogere. The acceptances for the four
channels [Adanna) are shown in Table 6.5, and were determined by applying the
various cuts to CBGEANT data samples of the four types of events. Values for Fy,
are also shown in Table 6.5. The cuts are described in detail in Section 8.1.3.
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Chapter 7

Data Tuning

Several of the data selection criteria consist of requiring a minimum confidence level
for kinematic fits. (Confidence level cuts are equivalent to cuts on the redueed yju.}l
The confidence level of a ft depends on the uncertainties of the individual mea-
surements. In order to treat each event fairly, these uncertainties must be accurate.
Estimated uncertainties are assigned to each measurement during the reconstruction
stage of analysis, but these typically need to be refined. The techniques used in doing
a0 are described in this chapter.

7.1 Tuning Method

In order to judge the quality of data used in kinematic fits, the distributions of two
quantities are useful:

o Pulls of the fit quantities, which should be normally distributed, that is, Gaus-
sian, centered at pp = 0, with a standard deviation ¢p = 1 [34]. [This assumes
a normal parent distribution.) The pull of each measurement is computed alter
an event has undergone a kinematic fit. It is defined as:

where x; and x,, are the fitted and measured values of the quantity. The esti-
mated uncertainty on the measurement is o, and oy 18 the improved error on
the measurement (which is smaller than o, because of the constraints imposed
in the fit.) The ¢y is derived from the covariance matrix from the ft.

o Confidence levels af the fits, which should have a fat distribution, possibly with
a sharp rise near zero for background events. The confidence level is a trans-
formation of the reduced ¥*; a true ¥° distribution produces a flat confidence
level distribution.
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Figure 7.1: A: 2-d histogram of pull versus confidence level for a typical kine-
matically fit quantity (64). The distribution is obviously narrower for larger
CL cuts. From this, one can fit pull distributions for events satisfying various
confidence level cuts. B: A plot of the width [ep) of the pull distribution
versug the confidence level cut applied to it. Note that the point for the 1%
cut ig quite far above the fitted line. The hollow circles indicate points which
were not included in the line fit. C: The distributions of confidence levels from
the kinematic fits.

A gystematic offset in a measured quantity will move the center of its pull distribution
away [rom zero. The accuracy of the estimated errors, oy, influences the widths of
the pull distributions. The process of tuning the data typically consists of modifying
the measurements and their errors in such a way that the confidence levels and pulls
are distributed as deseribed above.

One difficulty in using the procedure cutlined above arises from the fact that
background events (events whose topologies do not mateh that which is being Gtted)
tend to broaden the pull distributions. In order to avoid chis complication, one could
look at the pulls from only those events which yield a confidence level of at least some
minimum value. The problem with that technigque is that excluding the real events
of low confidence levels tends to make the pull distributions artificially narrow (see
Figure 7.1). These considerations and the hgure suggest a method of determining
the width of the desired distribution: Plot the width of the pull distribution versus
the confidence level cut applied to it, fit a line to the plot, and project the line to
a confidence level cut of zero to determine the nominal pull width o,. This method
was suggested by Crystal Barrel collaborator Curtis Meyer [33]. Such a procedure
was carried out in the tuning of both experimental and CBGEANT data; the results
follow.

7.2 Tuning the June 1994 2-prong Data

The channel of interest in this analysis is gp — @ Frorw, w — 7%, but concerns
about the possibility of including a large background in the data set selected for tuning
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prompted the use in the tuning procedure of a channel which had previously been
analyezed, and was known to be cleanly extractable. "The reaction gp —» o o
which has only one additional photon, was chosen, for the reasons already mentioned,
as well as for the fact that this channel might constitute a great deal of the background
in w¥w T w.

The data used for tuning were obtained from tape DST GDI18T0. The events were
retracked and kinematically fit with each set of tuning parameters. Pulls from nine
quantities, listed in Table 7.1, were histogramed for fits to ata~x%r%r". The distri-
butions of the pulls for the photon measurements (8, ¢ and 1.-@] are the combined
distributions for all of the photons in any given event. Figures 7.2 and 7.3 show the

Quantity Degeription |
(¥, 0t Curvature of the #* and 7~ tracks (o x i]
tan Ay, tan A, | Tangent of the dip angle of the =% and =~ trajectories
Y., o Initial azimuthal angle of the ®* and 7~ trajectories
£y Polar angle of a v trajectory
Azimuthal angle of a v trajectory
sz Square root of the energy of a v

Table 7.1: Quantities used by CBKFIT in ftting events.

pulls and op ve. CL plots for fits with no modification of the data nor errors. Note
that the pulls for 1/p; are not centered at zero and that the o,'s are not near 1.0.
The pull for V'{‘Er is not Gaussian, but this is expected since the parent distribution
for this quantity also is not Gaussian (the response of a crystal to a photon of a
given energy is approximately Gaussian with a long tail extending to low energies).
Figure 7.4 shows a comparison of the confidence level distributions before and alter
the tuning was applied. Before the tuning, the confidence levels are far from Hat.

Firat, the z-vertex position, z,, was varied until the width of the pull distribution
for 6y was minimized, at z==3.3mm.

The shift of pp for 1/p, indicates that the measured values are systematically
offset. Recent investigations [35] have shown that a modification of the form:

1 1 1

o } pr D
to the measured curvatures of charged tracks is effective in this regard. This type of
correction to the measured curvatures was first used in bubble chamber experiments;
1/D corresponds 10 a “minimum measurable curvature.” Such a modification was
applied in this tuning process. Additionally, the errors on the nine relevant measure-
ments were each scaled:
o — Hoj.

For the errors on the measurements of the charged tracks, the scaling factors for the
pogitive and negative tracks were equal.
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ata-a®nr®x® channel with no tuning applied. A 1% confidence level cut has
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V’E_.,} are combined distributions for all of the photons in each event.
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Figure 7.4: A, B.C: Confidence level (CL) distributions from kinematic fits of
the experimental otr 7 77 data, before the tuning was applied. A confi-
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after the tuning was applied.



Many values of the various tuning parameters, i and ), were tried until a suitable
set was found. The values of the parameters which were used in subsequent analysis
of this data set are shown in Table 7.2, and Table 7.3 shows a comparizson of the
widths and means of the pull distributions before and after the tuning was applied.
Note that in Figure 7.3 the op for the 1% confidence level cut is always greater than
ap. Tuning in such a way that opix is near 1.0 would quite possibly yield a different
set of tuning parameters, probably resulting in “overtuning "

| Tuning Parameter | Value |

Ra 1.08
Bygna, 1.23
By 0.89
fy, 1.18
Ry, 1.25
Rp 1.08
Za 0.33 o
1/ 2875 x 107" (Mel fe)

Table 7.2: Tuning parameters for the June 1994 2-prong data.

7.3 Tuning CBGEANT Data

For use in the partial wave analysis of #¥7 7%w, a set of CBGEANT events must be
produced. As with the real data, these data must also be tuned. Again, to reduce
the risk of bias, the # "=~ #"x"x" channel was used in the tuning process.

Data were generated using CBGEANT version 5.05. Figure 7.5 compares the con-
fdence level distributions from fits of the M data, before and after the tuning was
applied, and Table 7.4 compares the means and widths of the pull distributions. Be-
fore the tuning, the deviations from ideal behavior are not nearly as strong as in the
real data, but some improvement i3 realized with the tuning applied. The z-vertex
was not shifted, as the data were generated with the vertex at proper location. The
tuning parameters which were found to be suitable are shown in Table 7.5

A further check of the walidity of these tuning parameters was to look at the
confidence level distribution for fits to # 7 7°w in CBGEANT events of that type.
This is shown in Figure 7.6, The shape is quite good compared to the distributions
obtained with no tuning., This inspires confidence in this procedure and in the selected
values.
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Measurement || Before Tuning || After Tuning
fipull T pull fpall Tpall

, 0,180 [ 1.030 || 0.044 | 1.028
@ 0,197 | 1.090 | 0.003 | 1.011
tan A, -0.231 | 1.056 | 0.075 | 1.033
ban A -0.210 | 1.075 || 0.068 | 1.035
W, -0.071 | 0.997 | -0.132 | 0.984
o -0.067 | 0.980 | 0.022 | 0.064
XE, 0.010 | 1.075 | 0.031 | 1001

3 0,116 | 1.017 || 0.057 | 0.974
b 0.012 | 1013 |[ 0.012 | 0.963

Table 7.3: Comparisons of the means and widthe of the pull distributions
before and after the tuning was applied, for the experimental data.

Measurement || Before Tuning || After Tuning

Ppul | Opun || fpan | Gpan
@, -0.146 [ 0.946 | -0.061 | 0.950
P 0,092 | 0.959 | -0.012 | 0.961
tan A, 0,007 | 0.959 H 0.014 | 0.950
ban ) -0.017 | 0.963 | -0.024 | 0.965
W, 0.032 |0.917 “ 0.007 | 0.934
W 0.015 |0.917 || -0.042 | 0.034
XE, -0.014 | 1.049 | -0.007 | 1.029
3 0,012 | 1.000 “ 0.013 | 1.006
By -0.011 | 0.988 | -0.009 | 0.989

Table 7.4: Comparisons of the means and widthe of the pull distributions
before and after the tuning was applied, for the Mo data.
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termined from 7tr-x"7%r° applied. A: The CL{nt7~7"x%y) distribution for
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| Tuning Parameter | Value
| 1, 0.a7
ygmn, 1.00
iy 0.97
iy, 1.00
Ry, 1.00
e 1.10)
2o 0.00 (no correction)
1/0 L0 = 10-% MeV fe)™!

Table 7.5: Tuning parameters for CBGEANT data.



Chapter 8

Backgrounds and Cuts

8.1 Introduction

Before using the data to perform measurements, it is important to understand what
backgrounds are present and to find euts that can be applied in order to remove the
backgrounds. First, some terms will be defined. and the motivations for the various
cuts will be explained. Next, the possibility of background events will be discussed
for each level of the analysis. The background events can be 1) events of the desired
type which were reconstructed incorrectly, or 2) events of the wrong type which pass
the selection criteria. Most of the backgrounds are eliminated by applying cuts. The
backgrounds which remain are measured and discussed.

8.1.1 Photon Numbering Scheme

It will be useful to have a numbering scheme for the various photons under discussion:

fp — Tt Aw
Wb T
T o=t T
Ty = YaYs

8.1.2 Definitions of Terms

Kinematic fits of the data are made to several hypothesis, #47~7%7%y and st~ 7w
among them, For the 747~ 7w hypothesis, CBKFIT combines four of the five photons
into 78, A useful quantity is the rank of the #t7~7%2%y Ot for that particular
combination. If the photon combination vielding the best o*7 7w fit also yielded
the best w¥a~w®r®y fit, then the rank, R, i 1; if it yielded the second bese fit,
then Ry = 2, and so forth. For cases where that combination's fit to =
did not converge, fty, is defined as zero.

O
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8.1.3 DMotivation for the Cuts

The effort to remove events which are not actually of the type fip — 747~ 7" has been
driven by removal of gp — « Fa 7" events. This channel is produced copiously,
with a branching fraction of about 9%, and can easily mimic fip — #¥7 7" when
one of the six photons is of low energy. Accepting events of this type requires the
loss of one photon, so accepting events in which CBDROP has removed a photon (see
Section 4.1.1.2) seems likely to include many background events. Therefore, for use
in the PwA fits, events with dropped photons are excluded:

Nirop = 0.

Background events are also likely to have a lower confidence level from the kinematic
Ot to fp = wta 7w, s0 a cut on CL{x* 7~ 7"w) seems prudent. A reasonable com-
promise between accepting as large number of real events and eliminating background

events was found to be:
CL{z" 7" 7"w) > 25%.

(See Table 6.5.)

Combinatorie backgrounds arise when two or more particles must be combined
as the decay products of an intermediate state, such as pairing photons into 7°'s
for htting hypotheses involving the decay 7 — 4. For the two-step decay w —»
w7y, " =% v, the best combination of three photons into the w might not correspond
to the best combination of two photons into 7#%'s; selecting events where these best
combinations do correspond 8 desirable, 8o requiring

R =1

eliminates wrong 4 = 7° pairings.

For some events, there will be more than one way to combine the photons to make
an w and a #° which will satisfy the 1% CL cut imposed on the kinematie fit {at an
intermediate stage of analysis) to this channel. The w carries spin, so0 the direction
of the photon from its decay provides valuable information on the polarization of
the w in the Pwa fits. It is therefore necessary to ensure that the correct photon is
used in this determination. Requiring that only one combination of photons yielded
a sueeesaful fit to gp = # 7 7w eliminates events where some doubt exists as to
which photon is the one from the w decay:

;.'I"lrﬂ— =g — 1

8.1.4 Data Sample

The data used in the following discussions of backgrounds and cuts are a subset of
the complete data set which have passed a 1% confidence level cut on the 4-C fit,
and on a 6-C fit to either 7%% " 7°%%y or 7¥7~ 7%y, The data were processed by a
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Figure 8.1: A: Invariant mass distributions of photon pairs, with one photon
coming from 7] and the other from 7. The plot has superimposed on it the
distribution m{+;v:) to show the expected location and width of a o° peak.
B: The spectrum with Hye = 1.

program which selected for analysis here events for which at least one fit converged
for the channel #t7~ 7%, with OL = 1%. This set contained 29106 events. The
number of events which pass the cuts requiring CL{x = " 7°w) > 25% and My =1
and Ny = 018 B525. Hequiring, in addition, that there be only one auceesainl
kinematic fit to fp — 757 7w further reduces the number of events to 7291.

8.2 Reconstructing =7 yyvyy Events

8.2.1 DMis-matched Photons

In the 6-C fit to 7#ta~ 7%y, two pairs of photons are combined to form 7%'s. It
is possible that the combination which yields the highest confidence level is not the
correct combination. This could arise as a result of statistical Auctuations in the
measuremnents. One way to detect the occurrence of such effects is to look at invariant
maas distributions of pairs of photons which were not combined into 7', Consider
first a + from 77 paired with a + from 73, (Recall the distinction between 75 and
wy: g 18 the one which the kinematic fit preferred as resulting from the w decay,
w —+ w57 Hence, the two 7°'s have different energy spectra, and therefore so do
their decay products.) The invariant mass distribution for all such pairs is shown in
Figure 8.1 A. Note that a 7° peak would lie directly at the maximum of this spectrum.
Such a signal is weakly indicated by the polnted, as oppesed to rounded, structure
at the maximum. This feature is eliminated by requiring Ry, = 1, as shown in
Figure 8.1 B.

Next, consider pairs consisting of s and a v from 7). This spectrum is shown
im Figure 8.2 A, A mis-match signal is elearly present. Fitting the spectrum with a
Gaussian peak on a quadratic background, and then integrating the peak, leads o a
count of 4.6% of events having such a mis-match. Figure 8.2 B shows the effect of
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Figure 8.3: A: Invariant mass distribution of photon pairs, where 4, is paired
with the photons from 73, The plot has superimposed on it the distribution
m(;7a) to show the expected location and width of a 7% peak. B: m(yy7) vs.

i yats).

reqquiring fl.y, = 1. This cut removes the background, leaving a hole in the spectrum
i it8 place, demonstrating that this cut eliminates events with incorrect -y pairings.

The last photon pairing to consider is the combination of v, and a v from 7j.
This spectrum is shown in Figure 8.3 A. There is a distinet depletion at the 7° mass.
Figure 8.3 B shows mi{vavy) v mi{yays). Notice that as mi~y7,) nears the 7° mass,
the wideh of the ey, ) distribution becomes narrower, producing the “waist” shape.
That is, when m{vyv,) is near m(x°), m{ygvy) must have been even nearer in order
to have been chosen as the pair which constitutes the 7" [otherwise, -5 would have
been called “~y").

8.2.2 Other Channels Which Produce = a vy yyy

Tahle 8.1 lists channels which would result in a 77 vy final state, and could
therefore contaminate the data sample. Many of these channels involve an 5. Fig-
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fin =k 1 dy 7 = ata=y  (285%) Fig. 8.6

I o Wy (%) Fig. 8.6
w— 't (2%)
fin = 7' I = ata Ty (44%) Fig. 8.7
n—syr  (39%)
ip s fate 3y o~y (2%) Fig. 8.4
fin = 1 2y = wy (%) Fig. 8.8
o =t gt I:Rﬂ'ﬁ';]
=y (99%)
gp = ats™y o —wy (%) Fig. 8.5
(o} — Ty (&%)
=y (997%)
fp—surte=3y oy (39%) Fig. 89
fin = mdy o —swtxmy  [4.9%) Fig. 810
fp = qmtasy T = Ty (0.07%) Fig. 8.11
Ty (99%)
fp — g Ay pf = wteTy (1) Fig 812
fip = w 47 w =t wte Ty  (<.036%) Fig 812

Tahble 8.1: fp annihilation channels which would result in 7% %~ 5 final states.
Branching fractions for decays of the mesons arve also shown.
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Figure 8.4: Invariant mass distributions of various photon pairs, in the mass
range near mir} = 958MeV fe?. A: Combinations of one photon from =7 and
one photon from #3. B: Combinations of 4y with one photon from 7. The
mass spectra miva ) and mi{ves) extend only to about 300MeV, well below
mirf), and are therefore not shown.
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Figure 8.5 The 4+ invariant mass distributions, in the mass range near
mirf) = 958Mel fe?. A: All photons except one from =5, B: All photons
except one from =], C: All photons except .

ures 8.4, 8.5, 8.6, 8.7, and 8.8 show the various invariant mass spectra in which an
7 signal would be found if these background channels were present. None shows
evidence of this type of contamination.

Figures 8.9, 8.10 and 8.11 show -y and =%~ and vy mass spectra for masses
near that of the 1. No significant ¢ signal is evident.  Figure 8.12 shows wta=y
mass spectra near the w and p masses. No signal is evident for either, though a small
p contaimination would be difficult to see because of its wideh (I'p = 150MeV fe®.)
The broad peak in Figure 8.12 A is due to fip — wiws, with wy — 77777}, as shown
in Figure 8.12 B.
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Figure 8.6: Invariant mass distributions of #% 77+ combinations, in the mass
range near min') = 958 MeV /e?. A: Combinations of #+7~ with one photon
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Figure 8.7: Invariant mass distributions of #%x 4, in the mass range near
min') = 958 Me V fe®. A: Combinations of #*7~ with one photon from 77 and
one photon from 75, B: Combinations of 7%7~ with cne photon from 7] and
~s. C: Combinations of #% 7~ with one photon from 75 and .
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Figure 8.8: Invariant mass distributions of #% % 9y, in the mass range near
mirf) = 958MeV fe?. The mass spectrum for ota~ g1y = ot w, has
no entries for masses less than 1000MeV /e, and is therefore not shown. A:
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B: Combinations of 77 x~ with both photons from =7 and one photon from «j.
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Figure 8.9: Invariant mass distributions of various photon pairs, in the mass
range near m(y) = 548MeV /e®. A: Combinations of one photon from =% and
one photon from mf. B: Combinations of one photon from o) and v, C:
Combinations of one photon from 75 and .
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Figure 8.11: Invariant mass distributions of 4y combinations, in the mass
range near m(n) = 548MeV e, A: One photon from =3 is left our. B: - is
left out.

a THOOE - n, 1400 E
S 1900 = | Sra0of & -
1900 E_ _ g 1.:||:|.:|;_ ...............
— 10040 ;_ E_ = S|_'||:| :_ ......................
E g% F- 2 E F T3 o ] o O
% sonf - :_; 4060 A R
5 - E ... = 5 E-r_":l__ ...........................
200 E 8
5 {l - i | i 1 i | 1 5 |:| - 1 1 1 i
G000 BioQ G0 500
Al oy, o) (e et Pl ) (M et T, (MY ST

Figure 8.12: A C: Invariant mass distributions of 7+ 7=+ combinations, in the
mass range near miw). B: mi{xta "y ) va. mintr Ty ), demonstrating that
the peak in A is produced by w — 7tx %% < st vy (Le. by legitimate
events. )



8.3 Reconstructing 7'7 7°7°y Events

It is possible that some of the %%~ 7%y events did not procesd via the otr- 7w
channel. Listed in Table 8.2 are some channels which could result in a o#te- w25y
topology. Figure 8.13 shows mx* %~ x]); there are no signs of n's contaminating this

fp = o't o —— wtay (28BW) FigR.6

fip = gt o —wey (3%) Figké
W= T (2%%)

) Ill'rr" Ty — wy ['1%] Fig 8.8
w—s 7w 7 [(BDR)

:al

p— gt p—ratnTy (W) Fig.R.10
fp -+ nuty 0 —eatrory (24%W) FigB.13

fp —+ wrly  w—ratrTwl [(24%W) FigR.12

Table 8.2: fp annihilation channels which would result in a ot aiaty fnal
state. Branching fractions for the meson decays are shown,

spectrum, but an w signal is clearly present. Even when the final cuts are applied,
this background is present at a level of 3.0+ 0.2 of the data sample. There are two

possible sourees for this peak: 1) incorrect pairing of 7%y to form w's in the kinematic
Gtting, and 2) fp — wa®x®, with w = 77~ 7] and one missing v from the decay of
one of the 7%°s (see section 8.4.) There is no way to determine the relative amounts
from these two sources.

The other channels in Table 8.2 have been addressed in the searches for back-
grounds in the 747~ 9y channel.

8.4 Missing Photons

Of great concern is the possibility of contamination of the data sample by events of
the type fp — 7to~am " = 7rr () (T Ymissing)s Where Yoiming indicates
a photon which goes undetected or is of low energy and is therefore either cut by
the minimum photon energy cut or is dropped by CBDROP. For some events of this
type, the photon combinations into #°'s for the P~ awx% fit will be incorrect; these
events would result in unexpected =% peaks in 4y mass spectra. The removal of such
peaks by rank and confidence level cuts was demonstrated above, Some Jmissing €vents,
however, will have their photons matched correctly in the 7tx~#%x%y fit. For these,
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Figure 8.13: A: The o#t7~ ) invariant mass distribution. B: The spectrum
with the fue = 1, l':'.[.l:*.lrlrr rr°r...|] = 25%, Nargp = 0 and Nytg-g=u = 1
cuts applied. 217 events are in the peak (Atted with a Voigtian + background
function. The Voigtian is a Gaussian convoluted with a Breit-Wigner function.
[See Section 11.3.2.])

the Ymissing would combine with s to form a =" mass. One way to detect the presence
of such events is to use the fact that 24.0 & 0.6% of all =7~ 7%7%% events procecd
via wr'n®, with w — 7t7 7" [36). Monte Carlo studies of this process show that
in about 20% of such events, one of the photons from the w = 7t 7% < atr= sy
iz lost, and a peak 18 present which corresponds to w — ot “Venissling: {In the other
80%, the 7°'s from the w decay are correctly reconstructed, and are evenly distributed
among 77 and 75.) Figure 8.14 A shows the distribution m{xt 7" ,); there i3 a peak
just below the w mass, at about 750MeV /e®. Figure 8.14 B shows the spectrum for
events where CL{rtr w%x%n%) > 15% (to favor background events); the w peak is
somewhat enhanced. In Figure 8.14 C, the spectrum with the final cuts applied is
shown; perhaps small peak remains. An estimation of the background contribution
in the peak is difficult for two reasons: 1) the spectrum is not smooth enough to allow
a reliable fit, and 2) signal events of the type fp — ww also produce an enhancement
in the same region of this spectrum (as shown in Figure 8.14 D)

8.5 Summary

The only measurable background is present at a level of 3.0 £ 0.2% of the selected
data set. {This background is a combination of fp = wa7® events with one missing
photon, and fip — vt e %% events with the wrong photon paired with a #° to form
the w.) Monte Carlo studies indicate that fp — # %7~ 7"72"%" contaminates the data
at a level of 7.2 + 1.1% (see Section 6.3.) The former includes some of the latter, so
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one cannot simply add these two values to determine the total contamination level,
but it is certainly less than 109,
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Chapter 9

Data Overview

9.1 Summary of Data Selection

Table 9.1 shows a summary of the data selection eriteria and the mumbers of events
passing each. Figure 9.1 shows the confidence level distribution of the events used in
the PWA.

9.2 Invariant Mass Spectra

Figure 9.2 shows the 29 versus 3+ invariant masses for events passing the 4 — O
kinematic fits to the hypothesis 757" pyyvy. A strong signal for =77 7%w s clearly
visible.

Figure 9.3 shows comparisons of the invariant mass spectra of the experimen-
tal and Monte Carlo (Mc) data. The most striking features are the peaks in the
mix*a a") spectrum at the w and 1 masses, corresponding to fp —» ww and Jp — wy.
The published value of BR{fp — ww) is 3.32 + 0.34% [38], and this represents about
25% of the events in this data sample. Assuming detection efficiencies are similar
for detection of ww and other 777~ 7% events, this gives a rough estimate of the
branching fraction for fip annihilation into = %7~ 7w of greater than 13%.

Criteria # Events |
Events read from good tapes TO93TR2
CLirta=57) = 1% TEO456
CL{rta-x°n"y) > 1% 612038
[':-'Ll:frr| T rr':'r...l} = 132311
} o E — —

CLir"x " w"w) > 25% and rank=1 and Ny, = 0 and 29971
Nytg-qoe = 1

Table 9.1: Summary of the cuts made and the numbers of experimental data
events passing each, in selecting data for partial wave analysis.
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Figure 9.2: 2+ invariant mass versus 3v invariant mass for events satisfying the
kinernatic fit to atx"yypyy. There are 10 entries per event, corresponding
to all possible 4 pairs and triplets. The accumulation of events at m(+yy) =
135MeV fe? m(yyy) = TBOMeV [¢? corresponds to events of the type p —
ata-a®w. The momenta of the +'s have not been adjusted by the kinematic
fit.
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Many of the features in the other mass spectra in Figure 9.3 are due to the ww
events, s0 it is useful to remove them in order to see what other resonances are likely
to be present. Figure 9.4 shows the mass spectra for events with m{rtr~x%) =
B30MeV /e®. The experimental data show an excess of events with large = +a ™ n°
masses relative to the M data. This is possibly indicative of production, along with
an w, of a resonance decaying to 7777, with a mass greater than 1000MeV /c®.

The charged w7 masses show an excess at high masses, probably indicating the
production of g megons, either directly or in the decays of other resonances.

The wr masses are peaked near 1100MeV /e®, with a depletion at high masses for
the charged combinations, and at low masses for the neutral combination. There is
no known wr resonance at this mass. Such a peak could be an artifact of production
and decay of resonances in other decay modes which result in correlations among
the w's and ='s (known as a refleclion.) The only resonance expected in wr is the
B (1235); a peak at that mass is conspicuously absent.

The wrr spectra show peaks near 1500Me V' /e®, a bit higher for wata~. The
depletions for the charged combinations are at low masses, while the neutral combi-
nation's depletion is at high masses. Again, these could be reflections. At least one
isoscalar vector meson is known to decay to wrr [37]; the peak in the neutral spec-
trum could be a result of its production. Other possibilities include ay(1450) —» wirnr
and j —» wrm.

Many of the angular distributions also show discrepancies. Figure 9.5 shows nine
angular distributions which are representative of these diserepancies. In Figure 9.5C
the experimental and MC data are closely matched, but this distribution will be
discussed in Sections 12.4 and 12.5.1.

Figure 9.6 shows a 37 Dalitz plot for events with mi{zt7=7") > 1000MeV /=,
Bands in the 757" spectra are evident (though at masses just below that of the p),
but such a band in the xtx~ spectrum is weak or absent. This may indicate that
these events had a stronger contribution from p* than from p°. This behavior is
expected for 1 = 1 pr resonances, since they cannot decay to p°n°. A preponderance
of charged p's could also result from decays of wp resonances: many such resonances
are produced only from the 5, initial state, which must have I = 1, and thus cannot
produce a neutral wp resonance along with a «°.

9.3 Data and Simulation for fp — ww

The #t7~ 7" mass spectrum near the w mass is shown in Figure 0.7, The w — sta=a"
peak is fit with a Gaussian function with variance o, which is used in defining a peak
region (my, — 20 < m < my, + 2o) and two sidebands (my, — 8¢ < m < my, — 4o
and ey + 40 < m < my + 8a). The tails of the w peak seem to extend quite far
from the mean. This is due not only to its natural wideh of 8.43MeV /e® but also to
the fact that, during the kinematic fitting, the w decaying to 7%y has its mass fixed
to the nominal w mass. The momenta of the three pions are then adjusted to ft
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Figure 9.4: Invariant mass spectra, as in Figure 9.3, except that most of
the fip — ww events have been eliminated by requiring that mi{z*7"x%) >
830MeV /e*. The Mo histograms have been scaled up to have the same num-
bers of events as those for the experimental data. All of the histograms have

bin sizes of 20MeV /c®.
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Figure 9.6: Dalitz plot of #to~7° for events with m(ntx~—%%) > 1000MeV [c®.
That is, for each event with m(sts 7% > 1000MeV /¢¥ the square of the
invariant mass of the #*7° pair is plotted vs. the square of the invariant
mass of the = =" pair. Arrows indicate where p bands should appear; they
correspond to mr masses of TT0MeV /e®. The diagonal arrows are for #% %~
masses of TT0MeV fe®.

this constraint, thereby artificially broadening the w — %7 =" peak. Dalitz plots
for events in each of these regions are also shown. The Dalitz plot for the w peak
region shows the expected behavior for a J¥ = 17 meson: the density of events is
greatest near the center of the plot, and approaches zero near the boundary. From
the sidebands, this behavior 18 much less pronounced.

One way to see the dependence of the density of events as a function of distance
from the center of the Dalitz plot is to histogram the quantity

_ i g 4 i X g x|

A 77
Tlgmi, — mi)?

4

where g, g, and g refer to the momenta of the three pions. The denominator is the
maximum value of the expression in the numerator and forces A to be between 0 and 1;
Thpgy 18 the invariant mass of the three plon system, and my is the average of the three
plons' rest masses. Figure 9.8 shows histograms of A for the w peak and the sidebands.
The steep, linearly rising distribution for events from the peak is a sign that these
are truly w — 7tr %% events. (This distribution of A for a J© = 1~ resonance is
predicted by considerations of symmetries and transformation laws. This distribution
is how the spin and parity of the w were first determined [39].) The distributions of
A from the sidebands have much smaller slopes, indicating a smaller fraction of w
events.

The Dalitz plot and A are shown in Figure 9.9 for the same omega peak region in
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Figure 9.7: A: The miz*%"#°) spectrum for experimental data. The culs
defining the peak and sidebands are shown. B, C, D: The 777" Dalitz plot
for events from the w peak, sideband 1 and sideband 2, respectively.
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#tr " 7%w Monte Carlo data {(without the w — 7% % %" resonance). The A distribution
is nearly fat, resembling those from the sideband regions above.
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Chapter 10

Branching Fractions for
pp — 7T 1w and pp — ww

Accurate determination of the rate of production of we is important to the study of gp
annibilation dynamics. This rate, when compared to the rate for p°p® (0122 0.12%,)
can provide strong constraints on the relative contributions of quark rearrangement
and quark annihilation processes in the annihilations. (See Section 2.3.)

In a 1993 publication by the Crystal Barrel collaboration, the rate [3.3240.34% [19])
was found to be about twice as strong as had been previcusly measured (in bubble
chamber experiments.) and was much stronger than theorists had caleulated using a
wide variety of models. This measurement was made with both w's decaying to 7%,
and was performed by examining invariant mass spectra, and the lineshape used in
ftting the peak was an incomplete deseription (Gaussian.) The measurement needed
to be redone. In this chapter, the measurement will be made with the two w's in
two different decay modes, and will be performed such a manner as to be far less
susceptible to background contributions. The value obtained is consistent with the
pPrevious measuremsent.

Also presented 18 a measurement of the rate of produetion of # Y7 7w, This will
guide expectations of what will be seen in the Pwa and the unexpectedly large result
may also be of interest in the study of fp annihilation dynamics.

10.1 Data Samples

The branching fractions BR{fp — a#¥7 7"w) and BR{fp — ww) are determined from
the fractions of such events in the minimum bias data sample [see Section 3.6.) In
this way, one does not rely on trigger simulation in the determination of the detection
efficiency from Monte Carlo data, as one would when using triggered data. Table 10.1
shows a summary of the selection of the experimental minimum bias data for use in
the following caleulations of branching fractions. Because the branching fractions will
be determined by counting contents of peaks atop smooth backgrounds, the selection
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| Criterion Number of events
Events read from MB tapes 1652518
CLiz*n~5v) > 1% 23022
| ITL{W b *.IT"*.IT‘:"';.'}I = 18529

Table 10.1: Summary of the cuts made and the numbers of events passing each,
in selecting Minimum Bias data for measurements of branching fractions.

criteria need not be as stringent as those for selection of events for partial wave
analysis. Spectfically:

o BEvents for which cBDROP dropped PEDS were retained.

e Events for which there were more than one suceessful kinematic fit to fp —»
o= mw were retained.

The less stringent cuts allow greater numbers of events to be used, thereby reducing
the statistical errors oo the measurements.  These cuts were imposed to exclude
certain types of events in the PwWa; relaxing them does not contribute background to
the branching fraction measurements.

The efficiencies for event detection are determined by passing a known number of
Monte Carlo events through the same analysis procedure as the experimental data
The fraction of events which are detected is defined as the detection efficiency for
the given analysis method. The Monte Carlo data sample used in the efliciency
caleulations consists of two sets which were combined after detector simulation and
kinernatic fitting were done. The first set had 18955 events resulting from the analysis
of 149936 events of the type gp — ata 7w, w —» 7%y, The second set was 6010
events from 49873 events of the type fp —» winy, o) 2+ 777 77, wy =+ 7. The
generated events allowed the #°'s to decay to 4y with a branching fraction of 98.802%,
s0 the number of generated events should be multiplied by [D.98802)° to get the
number of generated events in the desired final state: 146365459 for ¥~ 7w, and
4868534 for ww. These data sets were combined to mimic the experimental data,
which had about 25% ww events.

The masses of the w’s in the Monte Carlo simulation are Breit-Wigner distributed
between (0 and Zmre,; they were not restricted to my, & 30 as in older versions of
CBGEANT.

10.2 BR(pp = 77 7°w)
The number of 717 7% events detected in the data sample is

Nitsgow = Nog fann BR(Pp = w¥ 0~ 0°w) BR(w = 7°9) (BR{7" = 97))" et gmmown
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BRED = T ) = N Fam BRG — 77) - (BR(E 5 1) - emros
Npps = 1632518 is the number of minimum bias triggers which resulted in events
being recorded. Some of these events, however, oceur with the antiproton still in
Hight. Studies [40] indicate that o, = 96 £ 1% of the minimum bias triggers result
in fp annihilation at rest. For BR{w — 7"} and BR{7" — ), the PDG [1] values
of 8.5 £ 0.5% and 98.798 + 0.032% are used. epsq-goy 18 the efficiency for detection
of the events.

The number of events of the type fp — ote 7% I8 determined by examining
the 7%y mass spectrum of events which satisly a kinematic fit to the hypothesis
fp = 77w 7 %%y, The cut on the confidence level of this fit iz varied to check for
its effect on the result. This cut should ensure that the events to be analyzed are
from the fat region of the confidence level (CL) distributions in order to eliminate
background events, which possibly have different effects in the Monte Carlo data than
in the experimental data, and thus effect the caleulated efficiency. Figure 10.1 shows
the CL distributions of the events under analysis. A oeut of L = .20 satishies the
stated requirement. A histogram of the invarant masses of bolk 7% pairs from each
event is shown in Figure 10.2. The peaks in the histograms are fit, and the numbers
of events in the peaks are determined from the integral of the funection deseribing the
peak. Because the measurement resolution is expected to be of similar magnitude to
the natural width of the distribution, the peaks in the experimental and Monte Carlo
data are fitted with a Voigtian function (see Section 11.3.2.) The Voigtian is a Breit-
Wigner function (the natural shape) convoluted with a Gaussian (representing the
resolution). In the fit, [, the natural width of the w. is fixed to 8.43MeV /c®, the PDG
value [1]. The Gaussian width, o is fit; the values obtained are 11.82 £ 056 Mel /e®
for experimental data and 11.14 = 0.14MeV /e® for Monte Carlo data.

Table 10.2 shows the results of the branching ratio caleulation with various CL
cuts. The result does not depend strongly on the cut. With a cut of CL > 0.20, the
result is:

BR(pp — mta aw) = 16.1 £ 1.0 £ 0.4% {J.u',h,mlm + & yasisticat |-

The statistical uncertainty i3 based on the number of events in the peak and on
the uncertainty in the efficiency (because it was computed by counting the number
of events in the peak for Monte Carlo data.) The systematic uncertainty includes
contributions from the uncertainty on figq, and the uncertainties on the branching
fractions for w — 7%y and 7" — . Any background in this signal would consist
of events where the 7%y constitutes an w, but the other particles in the event were
not 7ta 7" The background studies presented in Chapter 8 shows this to be of
negligible magnitude. In particular, events of the type fp — we®s® < rtr 7oron°
won't contribute, nor will fp — #Y7 7 75" events; these are the only channels
which were shown to contaminate the #47~ 7%w data set.
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Figure 10.1: A B: The Confidence Level {CL) distributions for fits to fip —
ata-an®y, lor Experimental and Monte Carlo data respectively. The mass
of one %y combination is required to lie within 50MelV/¢* of the w mass. The
CL distributions without this cut on the 7%y mass are shown inset. C.D: The
CL distributions for fits to fp — # Y7 7 w, requiring the rank of the fit to be
1, for Experimental and Monte Carlo data respectively.
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Figure 10.2: A: The 7°+ mass distribution (2 entries per event) in the region of
the w mass, for experimental data, with a 200 CL cut. B: The same histogram
for the Monte Carlo data.

CL cut | Nuge ste—sre | Exbr—mre Nipsg-gon | BR(p = 7#t7~7%)
1% 2083 17834 00078 2366 A526 4 0087
% 20002 A07T164 00074 2229 380 = 0099
10°% 1584 JETELLE 00071 2098 L6290 4 .0103
15% 17659 A90ad4 00068 1872 A3T1 = .0100
20 16347 A8IELE 00066 1779 A612 < .0103
25% 15173 ATTTE 00063 1666 A627 4 0104
0% 14101 AT2204 (00061 1545 624 = 0105
35% 13064 L6698 00059 1465 U662 4+ 0108

Table 10.2: Results of analysis of the 7%y mass spectra with various cuts on
CLir*x 7%r"y). The measured number of events in the MC data set, and
the efficiency determined from it are shown in the second and third columns.
The measured number of real events and the resulting branching fraction are
ghown in the last two columng.
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10.3 BR(pp — ww) from the ww Momentum Spec-
trum

The BR(pp —+ ww) can be determined by examining the momentum spectrum of
the decay products of the w's. For fp annihilation at rest, the w's will each have a
momentum of 318.5MeV /e, if both w's have masses of 781 96M eV /e*. Measurement
of the contents of such a signal allows one to count the number of fp — we events.

In arder to investigate the effects of the Breit-Wigner shape of the w mass spectra
on the momentum spectrum, a simple computer program was used to generate w's
with masses independently distributed according to a Breit-Wigner function with
wideh ' = H-.ilﬂMuL“}"f.'!. The momentum, g, that each pair would have (from gp
annibilation) is then caleulated. This program simulates kinematics only; no detector
response nor resolution effects are included. The g, spectrum is also deseribed well
by a Breit-Wigner function [see Figure 10.3 AL)

Table 10.3 lists momenta for other 2-body channels which could appear in the
ata=aa"y data sample; the ww peak should be well separated from the others.

Channel | Momentum |
p v ww | 5185 MeV fe
fip —» wrp | 664 MelV fe
fp = wrf | 350.5 MeV fe

Table 10.3: Momenta for fip annihilations into two mesons.

Note that only ww events will contribute to the peak in the momentum spectrom.
In contrast, the mass spectra of the decay products will show peaks at the w mass
regardless of whether the other final state particles constituted an w. This leads to
the expectation that this g, spectrum method will produce a more pure signal, and
will allow easy integration of the signal without requiring a background subtraction.

Because the natural shape of the peak in the momentum spectrum is a Breit-
Wigner function whose width is similar to the experimental resolution, the peaks are
Gt with Voigtian functions.

There are some practical limitations of this measuroment scheme, however. 1§ the
masas spectrum of one of the w's 18 restricted, the shape of the momentum spectrum
changes (see Figure 10.3 B.) Making CL cuts changes the mass distributions, but
not in a simple way, so determining the correct value for the natural width of the
momentum distribution is difficult. Leaving I'; as a free parameter in the fits results
in large Auctuations in its ftted value. Figure 10.4 shows the distribution of w — 7%y
masses, for a CL cut of 25%,. The distributions span a range of about 50MeV/e?, 50
in the Voigtian fits to the peaks, Iy is fixed o 10.0MeV Je (see Figure 10.1.)

The data used in this analysis were kinematically fit to gp — = Fa " 7%7%y with
CL>1%, and also had been successfully fit to gp — 7%7 7°w (but the kinematic
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Figure 10.3: A: Simulation of the distribution of momenta, g, of w's from
fp —r ww, where the w masses have a non-relativistic Breit-Wigner distribu-
tion. The simulation is of kinematics only; no detector response nor resolution
effects are included. The Gt to the g, distribution with a non-relativistic
Breit-Wigner function yields a width Iy = 12 6M eV /c*. These are displayved
on a logarithmic scale in order to show the quality of the fit in the tails of the
distribution. B: The Gtted width, 'y, of the g distribution, where the mass
of one of the w's is required to lie within a mass window Afmy) centered at
the central mass of the w, as a function of the width of the mass window.

variables were not adjusted to reflect the latter fit; using the ftted values creates an
artificially large signal.) The momentum spectra contain the momenta of the 4o~ 7)
aystem, where =7 is the =% which was not the w - 7%y decay product. Figure 10.5
shows the g spectra. The Voigtian fits, with fixed Iy = 10MeV /e, vield Gaussian
widths of 6.36 £ TTMeV /e and 5.65 £ 26MeV /¢ for the experimental and Monte
Carlo data.

The formula used in the caleulation is:

Now
Nt fann + BRww = wte-—moxey) - (BR(x® = )1 v

BR{fp —» ww) =

Here Hﬂf{w pow o *.ITD*.ITQ";.'}I =2 :H:EH[L..I i rr':"'r} :u: Hﬂl:u pow o ':ITD] = 15.040.9%,.
The factor of two accounts for the two combinations of of w decays which lead to the
degired final state (w, — 7t 77% wy = 7%y, and wy = 7777 7% W) = 7°9) The
values for the individual branching fractions of the w are taken from the PDG [1]: for

w o= w0y, 8.5 £ 0.5%: for w —» #F %" 0°, B85 + 0.TH.

Table 10.4 shows the results of this method. The CL cut for event selection was
varied to demonstrate that its value does not significantly affect the resule. A CL cut
of 25% selects events from the flat region of the CL distribution (see Figure 10.1.)
With these values, the result for the branching fraction is:

BR(pp = ww) = 3.23 £ 0.20 £ 0.15% [0 ,pmematic £ Tosatistical)-
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CL cut | Nueww | e Now | BR(fp = ww) |
5% 4366 | OB968 L 00136 | T200 | 0343 £ 0025
10% 3930 [ .08072 £ 00120 | 630 | 0344 £ 0024
15% o882 | 07358 4+ 00123 | 386 | 0341 + 0026
20% 3316 [ 06811 4 00118 | 5200 | 0327 £ 0025
25% 3069 | .06304 4 00114 | 476 | 0323 £+ 0025
0% 2818 | OSGTEE L 00109 [ 454 | 0335 £ 0026
8% 2558 [ .05254 4 00104 | 3894 | 0321 £+ 0026
40% 2391 | 04911 £ 00100 [ 354 | 0308 £ 0026
45% 2168 | 04453 4+ 00096 | 327 | 0314 £ 0027
50% 1969 | 04044 + 00091 | 302 | 0319 £ 0028

Table 10.4: Results of analysis of the w decay products’ momentum spectra

the numbers of detected events, detection efficiencies, and resulting branching
fractions are shown as a function of the CL cut.

This is compatible with the previous measurement by Crystal Barrel: 3.32 4 0.34%.
The statistical uncertainty is based on the number of events in the peak and on
the uncertainty in the efficiency (because it was computed by counting the number
of events in the peak for Monte Carlo data.] The systematic uncertainty includes
contributions from the uncertainty on figq, and the uncertainties on the branching
fractions for w — 7%, w = ot 7" and 7% — .

, UE Iy
LT |-| ., TR "L
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F
50 i f 1
Z50
i - h 1L'i-
n IFIIIIIIIIIIIIHI EI .r"IIIIIIIIIuI
40 ¥e0 Fa0 BOO &20 F40 FEO FEC 200 B2Q
AL ralntyy) CL{n ] =205 (Date) Bl i) CLO T a'y] > 20% (MC)

Figure 10.4: A: The distribution of =7+ masses for events where the fit to
fp —r wtar"w  w —» w5y had CL > 25% and a rank of 1, for experimental
data. B: The same histogram for Monte Carlo data.
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Figure 10.5: A: The distribution of momenta, ¢eqq, of the 7t %~ %7 system, for
events satisfving the bt 1o gp — 7Y7 7% ,w —» 737 with CL > 25% and a
rank of 1, for experimental data. The small peak near 650MeV /e is due o
fp —+ wr. B: The same histogram for Monte Carlo data.

10.4 Comparison with Previous CB Measurements

The BR{fp — ww) has previously been measured and published as 3.32 + 0.34% [38].
The method for this previous measurement differed from that presented here in three
significant ways:

1. Mass peaks, as opposed to momentum peaks, were ftted.

2. The peaks were fitted with Gaussian, instead of Voigtian, functions.

3. The version of cBGEANT used to generate the Monte Carlo events for the ef-
ficiency caleulation generated w's whose masses were within 317 of the central
mass of the w.

Both w's were seen in the 7%y decay mode. The reason for fitting mass peaks instead of
the momentum peaks was that the background under the momentum peak was poorly
defined. In the analysis presented here, the data which had been kinematically fit to
fp —» 7tr ®%x%y also had a poorly defined background, probably because of a large
contribution from events which were not of the desired type. Requiring a suceessful
kinematic fit to fip — 7Y% %"w was the erucial step in cleaning up the spectrum.
The data for the previous measurement had been fit to fp — 77", and probably
had a large level of contamination.

Measuring the contents of the w — %+ mass peak will include events where the
other set of final state particles were not from w decays; that is, events of the type
fip —+ Xw, where X is not necessarily and w. This would overestimate the number of
fp —+ ww events, causing the measured value of BR(fp — ww) 1o be too large.

Use of a Gaussian function underestimates the number of events in the peak,
because the tails fall of rapidly and thus do not include events in the much larger tails
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of the Breit-Wigner distribution. This would cause the measured value of BR(fp —
ww) 1o be too small.

The truncated mass distribution of the CBGEANT s make those w's more easily
identifiable than in the real data, since they lie close to the central mass [particularly
since the distribution is fitted with a Gauossian funetion.) This would make the effi-
ciency for detection seem higher, and therefore make the measured branching fraction
smaller than its true value.

These effects appear to offset each other in such a way as to not significantly effect
the final result for BR(fp — ww).

This rate is much larger than the rate measured for pp°, 0.124+0.12%. Recall that
in the quark line rule model of Genz ef al, the rates for ww and g°p® would be equal if
the annihilation diagram dominates over the rearrangement diagram (in Figure 2.48.)
These measurements offer evidence against dominance of the annihilation diagram.
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Chapter 11

Partial Wave Analysis Technique

The experimental data for the reaction fip = o7~ #°w indicate that the four final
state particles are not distributed according to four body phase space (see Figures 9.4
and 9.5. The purpose of the partial wave analysis (PWA) is to determine what pro-
cesses oeeurred to yvield the final state distribution.

In ¥* fitting, one proposes a distribution (the Gtting function) and examines the
quantity

+ _ 3 Ulla)) - i)Y
YEET aur

which is the weighted sum of squares of deviations of the data from the proposed
distribution. Here, {z} 18 the set of measurements which deseribe an event, y({zx})
is the value of the fitting function for {x}, f{{x;}) is the number of events measured
at {x;}, and o;(f) is the uncertainty in f({x;}). Usually, the data are binned: the
space spanned by {x} is divided into bins and f({x,}) is the number of events falling
into the bin centered at {x;}. The sum is over all bing. The optimum fitting funetion
is that which vields the minimum ¥*. This technique works well for 3-particle final
states, where {r} is two-dimensional, i.e. a Dalitz plot. For a 4-particle final state,
though, the measurement space is five dimensional, 8o even with only 10 bing per
dimension and fewer than 10* events, the number of events per bin would be small,
making statistical analysis difficult. The 4-particle final state is better handled by
unbinned fits, where one optimizes by maximizing the probability that the given
data set would result from the proposed distribution. This method is referred to as
unbinned likelibhood ftting.

The fitting function is a probability density function (PDF.) In order to allow for
interferences among the various processes in the i1, amplitude densities are computed,
added, and squared to get probability densities. An outline of the computation, in
the form of an example, follows,

One assumption made in the analysis model is that the gp annihilation eecurs when
the fip atom ig in its 15, or *5, state. The isobar model provides the framework for the
sequence of decays leading to the four particle final state; that is, all processes proceed
via two-body modes: Two mesons (resonances or final state particles) are produced in
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Figure 11.1: The three modes of annihilation into two mesons which are mod-
eled in this analysis. The two body decay modes of the resonances are also
shown.
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the annihilation; resonances further decay into 2 mesons, and so forth, until the final
state %%~ 7%w 18 reached. Figure 11.1 shows the ways that the 747~ %% final state
can be produced via two-body modes. A particular sequence of resonance productions
and decays 18 called a decay chain.

As an example, consider the following decay chain:

ﬁp{lﬂu} p B (1235)0°, b = wEt, p pata™,  w— w0y,
The amplitade is:

-’Il[f":.l'-"'a:] = Ha I:ﬁﬁw "i!"p-u By Bogs Oty Pty ':]"rn "i"*;u ::'
w  K(gp = Bp®) Klp = aha27) Kl = wr®),

where H s the helicity amplitude for the decay chain; it depends on the angles
im which the particles are emitted in the annihilation and in each decay, and on the
sping of all of the intermediate and fnal state mesons. Note that the angles deseribing
the direction of the photon from the w decay are included in the analysis. This is
computed using the helicity formalizm, which is discussed in Seetion 11.2. The .l:l:}
functions are kinematic amplitudes; for resonance decays, these are computed using
Breit-Wigner functions, which depend on the mass of the decaying resonance and the
invariant mass of the decay products. For example, the probability that a = Fa~ pair
came from a p is described by a Breit-Wigner function with a mass of 77T0MeV and
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a width of 150MeV. For the annihilation, the K{fp — B p°) lunction 18 a centrifugal
barrier function, which depends on the masses of the b and p, and on the orbital
angular momentum between them. Section 11.3 describes the kinematic amplitudes
in detail. (No kinematic amplitude is necessary for the w decay, since the 7%y mass
is fixed at the central mass of the w in the kinematic fit stage of analysis.)

Because there are plons of all three charges in this final state, all three charge
combinations of b p can be produced: bfp~, b]p°, and by p*. Amplitudes for each of
these processes are computed, and added to get the total amplitude:

1 1 1
A{]SD ybyp) = IJ;A{LSD :l-!illp ) J;.Ji[]ﬂu o J;AI:]SG iy IrJ-'}I.

The three amplitudes are added with fixed strengths and phases determined by the
Clebsch-Gordan coefficients coupling the isospin in the initial state (I = 0} to the
isovector &y and p resonances.

All processes originating from the 'Sy initial state are allowed to interfere with
one another by adding all of the amplitudes for such processes:

A(150) = by A1 Sg = by (1235) )€™ + by A1 Sy = B (11700 e 4 -

The b's and ¢'s are ftted parameters describing the strengths and phases of the
processes. The '5; and 75, amplitudes are added incoherently:

FDE = ¢ |af ].':.-'.;,] 4 E.'2|I-I-|:HS|}'|E.

where ¢; and ey are fitted parameters deseribing the relative amounts of the two initial
alates.

The values of the PDF for all of the events can be multiplied together to get the
joint probability density that the proposed set of processes would produce the data
sot. The proposed strengths and phases are varied to maximize the joint probability
density.

In the following sections, details on each aspect of the PWA are given.

11.1 Likelihood Fitting

The basis of likelihood fitting is caleulating the probability that a hypothesized prob-
ability distribution function (PDEF) would produce the data set under consideration.
If the probability density for the parent distribution to produce event {, characterized
by the measurements {x;}, is P{{zx,}], then the joint probability density for observing
the N events in the data sample is

N
L :J’[P{{;.}]-
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It is this function, with careful attention to the normalization, which is to be max-
imized by varving the parameters of the of the PDF. Since the value of the PDF is
less than one for each event, the produet above becomes a very small number guite
rapidly for large numbers of events, so the negative logarithm of £ is minimized in
the fitting procedure:

o
2n L = EZ]IL P{x})-
iml

Minimization i3 chosen because of the availability of computer programs for this
PUTHOSE.

The normalization condition for P({x;}) is that its integral over its domain must
not depend on the values of the fit parameters. Suppose g is the unnormalized PDF
for producing event 1. Then

3 I
P(in)) = o
where the integration is over the domain of p.

For the purpese of normalizing the PDF used in Atting the experimental ww Fa—n®
data set, several thousand Monte Carlo (M) events were generated. These events
had the four fnal state particles distributed according to four body phase space.
The events undergo a complete detector simulation and are passed through the same
analysis procedure as are the experimental data, and thus the distribution of the Mmc
events passing into the final stage of analysis containg the acceptance information.
The normalization integral is then computed as:

Nieer

fur.f!.-? ]-Zp.:-
fml

The sum of gy over the MC events approximates the weighted integral over the domain
of jy: the weighting is that of the density of states and of detection efficiency. The
density of states weighting is achieved by generating the Mo events with such a
distribution. Since the MC events are treated in the same way as are the experimental
events, detection ﬂmﬂiﬂ!lﬂ}' is unity for those events which survive the analysia cuts
and zero for these which do not.

11.1.1 The Fitting Algorithm

The main elements of the PDEF are the dynamical weight functions, W{{d, &}), de-
seribed in Section 11.2. They are the complex amplitude matrices for a proposed
decay chain to produce a given event, and are the products of the helicity and the
kineratic amplitudes. For a given set of proposed masses and widths of the reso-
nances involved in the decay chain, the dynamical weight funetion for a given event
is fixed. For this reason, the ftting algorithm consists of choosing a set of masses
and widths and allowing the computer program to find a set of weights and phases
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foor the decay chains. The masses and widths can then be scanned “by hand™ to firie
appropriate values,

11.1.1.1 Computed Once for a Given Set of Masses and Widths

First, a specified number, Np, of experimental data events are read from a file, and
..-'1;::" is computed for each event and each decay chain. It is the amplitude matrix for
event 1 in decay chain g. Similarly, .Jlfi is computed for each of the Ny Monte Carlo
events which are also read. The phase space weights, ¢ and @, for the events are
also read and stored. These always have a value of one in the analysis scheme used
on the data set considered here. The sums of these weights are ©7 and . After
all of the events have been read, the first normalization is prepared. For each decay
chain a, the sum of the weighted squared amplitudes is computed:
Ell"l"l; ‘ﬁf DM

kg = - = .
T aMlAME — A

Note that a,, ¢, &Y and A, will not depend on the values of the fit parameters.

11.1.1.2 FEach Iteration

O each iteration of the fit, the At parameters change, and a normalization for that
particular set of parameters is needed. The parameters to be fit consist of a strength
by and phase ¢, for each decay chain a:

!:,u. — -!iﬂr.'m".,

which are then normalized by the sum over phase space for that channel:

o b
Tt o} | AMP?

This makes for a more stable fit when vsing MINUIT, the minimization program. The
decay chains in the fit proceed from given initial states I (states of the fp atom which
annihilates.] All decay chains from any one initial state interfere with one another.
A coherent sum over phase space of the Ny amplitudes which are allowed to interfere
can then be computed for each initial state [:

& ﬁ&-va:b,n‘“-\l

2

M
W}‘:‘; = E -..,-'Ebﬂr:"" .J'lﬂ
aml

The sums of these weights over Monte Carlo events are computed and are used in

normalization:
tI:M

S = ——
e Wi
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The value of &§; depends on the At parameters b, and ¢,, and must therefore be
recomputed each time they are changed. Now the normalized probability density
funection, for each initial state, can be computed for the experimental data evenes:

2

M
Wﬂ = Z‘.-"E S;-!i,,r .-'*iD
aml |

Additional fitting parameters, dy, specify the relative abundances of the initial states.
The full probability density function includes all of the N initial states under con-

sideration:
N

ir;.::ZWﬁd: I:Zd.rzl}:
Fml

but to simplify the discussion, suppose only one initial state 1 is to be considersd.
Then wy = Wﬂ The guantity o be minimized is:

2nl = EZ]H{W{}I
im1
Ly b€ I M
= EZ]H E 5
v’i“?' 7 |2, dege 2|
N.l.'l :IJI'HI' f'lr.l E' .2
I glda |
~ EZ] (J'p.rd;;) where Mg = Z’ .4,,:,5

This is the sum over data points of the negative logarithm of the normalized PDE.
The integral of the PDF over phase space is @Y which is independent of the fit
parameters as reguired.

Now suppose that more than one initial state i allowed. For each initial state [
there 18 an unnormalized PDE pp ;. and

Np , ':E'M“I
2L = Egln (P{{=d)) = ﬂzl“ (Edr_rp;dﬂ)

and

. — "I"Hlf..l.j':, aff. — —
.r({m,}}_zf_‘mfmm, = f}[{;.}]_:::“?d;_:::”.

The normalization condition is satisfied. The parameters by, ¢,, and oy are varied
until a set i3 found which minimizes the value of =21In L.

11.2 Helicity Amplitudes

The helicity formalism [41, 42] is used in caleulating amplitudes concerning the an-
gular distributions of the final state particles. It is convenient because the helicity
operator A = & 7 is invariant under both rotations and Lorentz boosts along 7.
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Consider the decay of ayatemn o, with angular momentum Jf and projection M
onto the z-axis, into parcticles a and & with sping s, and s, helicities A, and Ay, and
relative orbital angular momentum L. In the center of mass the state vector of o is
|J, M}, and a and b have momenta 37 and —p3. The amplitude for the decay is

HorananelB7) = {82 = Bjs Aas o = —7, M|UJJ, M),

where U/ 18 the time evolution operator which propagates the initial state through the
decay. The final state wave function is written as a two parficle plane wane helicity
state, which is the direct produet of the one particle helicity states for o and b Since
the decay products are back-to-back with momentum [py|, the final state can be
written in terms of the direction, fi(f,, ¢,) of particle a:

H.:J.d:_:.,_],.u[ﬂm ‘i"t:] - {ﬂd: f;.'m -"1'11 Ablf-"llﬂ,u M}

where |p}| is suppressed since it is fixed.

Now define a set of two-particle states |7, m, Ay, Ay which have total angular mo-
mentum j with projection m along the decay axis fi(d,, ¢,). A complete set of states
can be ingerted into the expression for the amplitude:

Hila.h:l:-”[ﬂ“‘ o) = Z{ﬂ,,dﬁm Ags Aplad e, Ag, A (i, e, Ag, AU, M)

Jm
= Y (Oa, tba, Aa. Asd, 110, Aa, Ashdyrdm ae{Aa, Ab| M)
Jm
= {fa, Pas Aas Ap S, M, Ag, A T, g - (11.1)

Ty, 3 = (Aa. M| M} is written without M dependence since it must be rotationally
invariant. Now let A = Ay —Ay: it is the projection of the final state spin onto the decay
axis. The first factor in equation 111, {8, gy, Aq, Asl . M, Ay, Ag), 18 the amplitude
for & to have spin projection A along the decay axis. To determine this, consider
the state |7, m) written in terms of a set of basis vectors with quantization along the
z'-axis, in a ccordinate system which is rotated with respect the the original one by
Euler angles (e, 3, 7):

2941 2
i) = 3 Dyl 8,7), where D (0, 8,9) = €y (B ™,
-

and the d-function is given by the Wigner formula:

B+ m N = m W ( + m)f — m)!
nv:n,mnzmzz{{ 1)y + m)HG — m)(G + m)lj — m)

— | [ —m—n)l[j+m—n)lln+m-mn!

3 2j4m' —m=In A m—m'+n
x(f'ﬂ'ﬂ:z] F:“l]]2 .
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The amplitude for o to have spin projection A along the decay axis f4{0,, ¢,) is

af41 1
dr /2L 41

ar P Sy Ay Sy Ag = A @y i -

(00, has Aas Mal oy M, Ag, ) Dhil(ha, 0, 0)

The choice of zero for the third argument of the D-function is a matter of convention,
and has no physical meaning; it will be dropped from the notation. The amplitude
for the decay is then

. fai+v1 1 ..
H[-’-.,.’-,:I:M{ﬂ'ﬂ-‘ I!P,l}l = i T lﬂﬁfl[:ﬁlﬂ,ﬂﬂ]jhlh.

T, 3, 18 the coupling of the angular momentum in the final state to |J, A); this includes
the sping 8, and &, and Emg,, the relative orbital anpular momentum between a and
b, Sinee L = 7 x g is perpendicular to §, its projection onto the decay axis i3 zero.
Ty, 3, 18 expressed as the Clebsch-Gordan coefficients coupling 5, and & to total spin
Srab); and the eoupling of Sk andd Ed, to J-

Ty, 4= {BgAai Sahnls, A) (Lap, 0; 808, AlS, A).

The anpular probability distribution function for the decay axis, for the decay
from magnetic substate M, is the amplitude squared summed over the final state
helicities, ginee they are not observed:

W-'H’['ﬂm "i"t}' = E H(J.,,J.,:u:.u'[':]m "i"l:l.:]HEJ._IA“I.IM'::ﬂm ﬁ"a}-

':"ﬂl':"l-

If the population of the initial magnetic substates is described by the spin density
matrix p, then

W (b, a) = E E H[Ad,u],.w[ﬁm‘#ﬂ] Par Hfh:u]g[ﬂﬂ: Pa)-
Mo dao by

Now suppose that one of the decay products of o subsequently decays, a —» be,
with decay axis along f{f;, ¢.) in the rest frame of a. Then the full amplitude is the
product of the amplitudes for the individual decays, summed over the unobservable
helicity of a:

H[A,,L:ld}lm{ﬂm Pas ﬂm ‘;'r-::' = Z H[;::_j,ﬂ:.lj,d [ﬁ'.-_: m}ﬂih:*ﬁ]r“ [ﬂt, di-ﬂ:l.
da

Here, the z-axis in the rest frame of o is taken to be the line of fight of 4, so that
its spin projection s is its helicity Aa. Subsequent decays of b, ¢ or d are handled
similarly.

The initial state Fp atom is assumed to decay from either '8 or 5., but its
magnetic substate is not measured, and the atom is taken to be unpolarized. For 15,
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only M = 0 is allowed; for *5, the three states M = 1,0, 1 are equally populated
and the initial spin density matrix is 1/3 times the identity matrix:

p(*51) =

e e Bl o
] ol

==

The only spin in the final state is that of the photon from the w decay, with spin s = 1,
and only A = £1 are allowed so the total amplitude for a decay chain is specified by
Ho w ({0 0}). The angular probability distribution function is

W({0.6)) = 5 H ul10.6)) pry #5000 =+ T [ -
X My M

The computation of the directions of decay products in the rest frame of a decay-
ing resonance ¢, with its momentum in the direction ft(f, ¢), s as follows: the 4-
momentum of the resonance is determined from the sum of the &momenta of the
decay products: p, = pg + pp- A vector E can be formed: ,I'? = fo/Eqs, and the
familiar relativistic quantities are caleulated: 4 = || and v = (1 — %"V The
4-momenta of the decay products are then rotated and boosted into the rest frame of
(i

0 cosfleosg cosfising cosfsind O

=

P I 0o 0 .
14 I L 0 sin @ CO8 ¢ [ 0 Py
]':.E, oo s e ginfeoad sinflaing sindcosd 0 i
£ 00 —gy = 1] 0 ] 1 £

11.3 Kinematic Amplitudes
11.3.1 Breit-Wigners

The kinematic amplitudes K for resonances are described by a relativistic Breit-
Wigner funetion:

mol’a Friz)

g — m* — irmgl{m) Fr(z)

I.ﬂ
where ['(m) = L‘u@ ﬁ

plimy) Filzo)

[y and my are the width and central mass of the resonance, and m is the invariant
mass of the decay products. I(m) is the mass dependent width, and models the
variation in the coupling to the decay channel with the kinematic density of states,

plm), and the centrifugal barrier, Fr(z) (see below.) The quantity z 18 proportional
to the square of the momentum, ¢, of the decay products in the com:

BW, =

(* = [y o)) (m? = (my = m ")

= ¢ (m)= Am? .

i

99



where g and m, are the masses of the decay products. The value of pg is 197.3Me V /e,
corresponding to a size of 1fm for the decaying resonance.

For resonances which decay into other resonances, the sum of the masses of the
decay products can be greater than the central mass of the resonance. In this case,
g“(mg) is negative, which causes a problem for caleulating p(mg) and Fy(z). For
example, in the decay ay(14530) — wp, i the mass of the 77 pair comprising the
p 18 greater than ETHMEF,I’L'H, this 1ssue arises. For such resonances, where a —»
be, ¢ ¢ de, the value for my in the above equation for ¢*(m) 18 replaced by mg + m,.
Figure 11.2 shows comparisons of the relativistic and non-relativistic Breit-Wigner

o

a

Ao —rel il 814

arfpliiude

.
a
.
L

T

L |
Bag 1At 11a0 1200 1308 1400 1500
T e ) {hte e’

Figure 11.2: The squares of the non-relativistic and relativistic Breit-Wigner
functions for b{1235) = wr. The relativistic version i3 shown for L = 0 and
L =12 (L is the orbital angular momentum of the « and 7.) The asymmetry
of the relativistic functions is due to the phase space and centrifugal barrier
factors.

funetions. The non-relativistic function is:
2

ﬂujl'lg

rrig — o= il /2

|le'll' ‘ =

The asymmetry in the relativistic function reflects the variation in I'm).

11.3.1.1 Centrifugal Barriers

The functions Fr.(z) account for the centrifugal barrier present which depends on the
orbital angular momentum between the decay products and on their relative linear
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momentum. The dependence is correlated in a simple way with the semi-classical

imipect paroreter:
b=/ L{L +1}/yq.

The functions are those specified by von Hippel and CQuigg in reference [43]. The
model assumes that phase space and eentrifugal effects dominate the reaction for
particle separation r greater than a constant inferaction radivs, K. The dynamics of
the decay oceur for v < B Defining p = kr, the radial probability density for the
outgoing wave is

_— L it af®

Te(g)] ™ = o | ()]
times that at infinity. As such, Tr(g) can be regarded as the transmission coefficient
through the centrifugal barrier outside of &, Here, k" (p) is the spherical Hankel
funetion of the first kind. This transmission coefficient is multiplied by the nominal
decay width to correct for the centrifugal barrier. For this purpose, F7(z) = Tely),

and the function is divided by its value at g(rmg) in order to avoid scaling the value of
'y, thereby approximately maintaining its meaning as the full widech at half masimuam.

The formulas for the functions Fy(z) are:

= Ip
Fola) =1 o 2
2z

Fi(z) = —— 2 .

!'1[: ] 'T 1.3 _-'._.--:'-..-.--.-
slzl = f— . PR
‘ "l1 (z = 3)* + 9z f_:;__‘__.;

osf oo

B - | 27723 b |

ale) = "113{3 15)* 4+ 9(2z — 5)* Y0 02040608 1T 12141618 2

X
Figure 11.3 shows the behavior of the centrifugal barrier functions for selected decay
channels.

11.3.1.2 Phase Space Factors

The phase space factor, plm) = g/2m, is proportional to the kinematic density of
states, and is derived from the Lorentz invariant phase space integral for two-body
decay. This factor allows for a coupling to the decay channel which varies with the
density of states available. It is normalized by p{my) so that the value at the central
mass i unity. Figure 11.4 shows plm) for selected decay channels.

11.3.2 Voigtian

The w peak in the 757 %" mass spectrum requires special care when fitting; the
Breit-Wigner width of 8.43MeV /e is similar in magnitude to the resolution of the
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Figure 11.3: The centrifugal barrier factor, F7{q)/F7{gq), for several specific
resonance decays. The Breit-Wigner funetions for the decays are shown (scaled
down) to illustrate the variation of the centrifugal barrier functions over the
wideh of the resonance.

detector system (o ~ 10MeV /e®). The peak is fitted with a Voiglion function, which
is a non-relativistic Breit-Wigner convoluted with a Gaussian resolution function:

oo ]_2 I‘“ll.f_.;
Vim)= f"f Em;r (. — g — x)*) + ['2/4

de. (11.2)

C’ ig a scaling parameter and o is the variance of the Gaussian. This integral can be
evaluated analytically [46):

ﬁ..i'iw I a)] whare ey i I
wh U= mil @ = ——.
\.-"'_cr 22

w(z) is the complex error function, for which a computer algorithm is readily avail-
able [44, 45].

In the partial wave analysis, the kinematic amplitude Klw - 747772 for the
decay of the w into three pions is the square root of the Voigtian function.

To count the number of events in the peak, Equation 11.2 can be integrated over

Vim) =

me
ey =
f Vim)dm = C=I
a0 2

Figure 11.5 shows V(m) for a it to the w — # Y7~ 7" peak. Also shown are Gaussian
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Figure 11.4: The normalized phase space factors for several specific resonance
decays. The Breit-Wigner functions for the decays are shown (scaled down)
to illustrate the variation of the phase space [actors over the width of the
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Figure 11.5: Comparison of the Voigtian function to a Gaussian and a Breit-
Wigner function. Each was fitted to the w peak in the 7+ 7~ 7" mass spectrum
in the gip — wtr~ 7w data set.
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and Breit-Wigner functions which were also fit to the peak. The Voigtian includes
the long Breit-Wigner tails which are not well represented by the Gaussian., The fit

uging cnly a Breit-Wigner required a large value for Iy in order to account for the
broadening due to resclution.

11.3.3 a7 5 — wave Amplitudes

When two plons are produced in an [ = 0 Swave, as in w{1600) — wir7), for
example, the amplitude describing the breakup of the T systemmn is an empirical
parameterization derived from an analysis of 77 and KK data. This amplitude
depends only on the invariant mass of the w7 pair. The parameterization is valid for
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Figure 11.6: The (7)) parameterization which is used in the Pwa fits. Plot

A shows the square of the (ww), amplitude versus the invariant mass of the
o pair. Plot B shows the phase of the amplitude.

o masses in the range ETHMEFIJ'-EE to 1800Ae l-"}"r_", thiough the maximum 77 mass

in fp —» w¥w " a"w is about 960MeV /e, Figure 11.6 shows the behavior of the (a7,
armplitude.

11.4 Isospin Combinations

Many of the decay chaing to be considered can proceed via several isospin combina-
tiong; for example, fp annihilation into a,m can proceed via r.tJ w7, agw” and a, vt
When this reaction occurs from the 'Sy state of antiprotonium, the gyatem is in an

isospin I = 0 state (see Section 11.5); the as and 7 both have I = 1, so their coupling
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Loy the mmitial § =0 state 18

R IL 411, = 1) — 110,10+ 4/ 1, -151, 4
k3 lafa™) = T lan®) + /T lag oty

In the Atting procedure, an amplitude for each of these processes is computed, and
they are allowed to interfere with fixed relative strengths and phases by adding their
amplitudes weighted by the isospin coupling Clebsch-Gordan coefficients. To ensure
proper phases when computing {I[m"]],ff,mﬂ]|f':r": Ii['];f[l],f?"'}, particle 1 must the
particle whose angles are used in the D functions for the helicity amplitudes (see
Section 11.2.)

For subsequent decays, the iscspin vector coupling coefficients are multiplied by
those from the parent reactions. If the gy decays to by (both of which are iscapin 1),

|0, 0

laf) = /L [bFae) - /L g
a3) = +y/1bre) = /L brat)
laz) = /3 [y - L bya®).

So the six decay chaing and their coefficients are:

gpl'5a) = agm™, af = bint

=

P N .
mm%%hm
N

Y

go('Sa) = ag ™, af — Wt

apl 'Sp) —» ayn®, ay = b w

apl ' 5y) —» ayw®, af = byt » = |
fpl 'Sa) = agnt, ay = b [ o = 4
ﬁp[lﬂu}l ragmt, ap —brmt o2 4 * =

11.5 Allowed States and Decays

As stated before, in the model for Pwa Gtting, the quantum numbers I, G, J. P and
C are conserved in all resonance decays and in the fp annihilation; this restricts the
sot, of reactions which are allowed to ocour. Tables 11.1 and 11.2 list the gquantum
numbers of antiprotonium and of the mesons which are germane to this analysis.
GG-parity is a multiplicative quantum number. for the =47~ 7°w fnal state, & =
Gpt G- Gaelde = [=1) - (=1} - {=1} - (=1) = +]1. To have positive G-parity in the
initial statethe isospin for 'Sy must be J =0, and for 25, 1 =1 [see Table 11.1.)
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Table 11.1: Cuantum numbers of the ::: E :f|
5 and P states of antiprotonium. The by 1#17
I =3I = +; proton and the I = o BE
.—l, 1, = —l antiproton can couple to " =1+
total isospin of 0 or 1; the G-parity is 1 =3+
(=15 Both combinations of 1% are =
shown for each state of antiprotonium. Table 11.2: Quantum numbers of reso-
The 7t #°w final state has G = +1 nances germane to this analysis.

(see text).

The requirement is that G, = Gy - G.. S0, for the reaction Fp( 5] —» a(1320)=,
the G-parity of the final state is [(—1) . (~1) = +1, so the antiprotonium must be in
the I% = 1% state.

Consider the reaction a — be. For isospin (1) conservation, the triangular condi-
tion must be met: fp < Ip + L. For example @(1420}) # wp because { = 0 in the
initial state and J =1 in the final state. Additionally, the vector coupling (Clebsch-
Gordan) coefficients between the initial and final states govern the relative strengths
and phases among the decays to the various charge states of b and ¢, as demon-
strated in Section 11.4. For example, a)(1260) # p"#" because the Clebsch-Gordan
coeflicient coupling two I =1, I, = 0 mesons to an { = 1, 1, = 0 state is zero.

Total angular momentum J i3 composed of the spin of a in the initial state, and,
in the final state, the spins of b and ¢ and their relative orbital angular momentum L.
The triangular condition 18 then s =< s + 8. + L. The strengths and phases among
the various polarization states are determined by the Clebsch-Gordan coefficients and
are implemented in the T, coeflicients deseribed in Section 11.2.

The parity (F) in the initial state is the intrinsic parity of state a. In the final
state, it is the product of the intrinsic parities of b and ¢ and the parity of their
apatial wave function, (—1)*. For the decay b, (1235) —» wr, the parities are (+1) —»
(=1) (=1} [ 1::|'r', s orbital angular momenta of £ =0, 2 are permitted.

C-parity is a good quantum number only for neutral states, and therefore imposes
restrictions on all-neutral reactions. € I8 a multiplicative quantum number. For
exarmple, ﬁp[jﬂﬂl A+ agn” because the C-parity of the initial state is -1, but in the
final state £ is (+1} - (+1) = +1.
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11.6 Histogram Filling

After finding an optimum set of parameters (by's, ¢,'s and d;'s) for a proposed set of
decay chains, histograms of mass spectra and angular distributions are filled to allow
a visual comparison of the Gt to the experimental data. For the M data, each event
is entered into the histograms with a weighting factor corresponding to the value of
the PDF for that event.

,.I,,ﬂ Ny Ny “
weighting factor for Mo event § = oM g N dy E..,.fmﬂ,-'.‘j‘;bﬂn""‘ﬂﬂ .
iml aml

The first factor is to make the total contents of the Mo histogram equal to that of
the corresponding histogram for the experimental data. The Mc histograms will then
show the distributions of events which would result from the proposed set of decay
chains.

11.7 Calculating Branching Fractions

The branching fraction, B, of decay chain a in the data sample is the integral over
phase space [Le. the sum over the MO events) of the PDF for that decay chain:

2
Wity Sph, e "'lif.l . :;'I:'i.

N
A=3
iml

This is normalized by the integral of the total PDF over phase space:

Nu N
wt = E ( dy
el

im1

2
iy S;bdr:"’“.dﬁ| ) .

and secaled by the strength, dy, of the initial state from which the decay chain origi-
nates:

Ba=As- d”"u.IM.

This computation ignores the interferences among the decay chains, so the sum of
the B,'s will not be 100% (the interferences among the isospin combinations within
a decay are retained, though.) An additional normalization is performed in order to
make 3, B, = 100%:

Fy=di/ Y B, B, B, F.

where [ is the initial state from which decay chain a originates.
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11.8 How many events to use in the fits

Ultimately, one would like to use as many as possible of the experimental data and
Monte Carlo events. Limitations on computer time and memory, however, make it
advantageous to use smaller samples. Figure 11.7 shows the variation in the result

10000 - 10000 :
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5000 s0C0f, e 2EK
Sl A0 — 5 -—— _"___'-:"I:.:'r':
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2000 2000 e - . = wl Ok
1000 i i 1000 B - - - \ph”*
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+2In{L) vs. # Exp. events +2In{L) vs. £ MC events

Figure 11.7: The effect on the fit result of the numbers of events used in a
Gt. A: The value of 21n{L) versus the number of experimental events. The
expected linearity is observed. B: 2 In[ L) versus the number of MC events. The
different symbols indicate fits using different numbers of experimental events.
(The numbers of experimental data events are indicated to the right of each
line.) There is no strong variation in the result with the number of events.

of running the fitting program with various numbers of events. The fit included only
the decay chain gp — w(1420)7, with w(1420) — wiwzw), (L = 0,2), which at the
time appeared to be the most significant contribution to the data set. The Monte
Carlo events are used in computing normalizations only, so the value of In{L) should
not depend on the number of MO events used. Even with as few as 5000 MC events,
the result of the fit remains very stable. The value of In(L) is computed as a sum
over the experimental events, so it should vary linearly with the number of events.
This is the behavior which is exhibited in the figure. For most fits presented in the
following chapter, 20000 Mc and 20000 experimental events were used. This allowed
fits to be done in a timely manner, making efficient use of computing resources, with
confidence that statistical Auctuations would not significantly effect the results of the
fita.
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Chapter 12

The PWA Fits

In this chapter, the results of the partial wave analysis are presented. First, though,
some information on what processes 1o expect to be present will be given, including
what is known from previous measurements.

The process fip — ww required special care in the Pwa fits; the particulars of this
channel are discussed in Section 12.2.

The Pwa then beging with those processes which are most likely to contribute:
known resonances in known decay modes. Additional processes are then added to the
fits in order to improve the fits.

The 71+~ 7" final state is produced in 16.1 4 L0% of fp annihilations at rest, so
one should expect that many intermediate states will be needed in the fits. The com-
plexity of the ftting procedure [and limited computing resources,} limit the number
of processes which can be included in the fts, however, so only the large contributions
will be detected.

12.1 The Most Likely Contributions

As modeled, three types of resonance production can oceur: 1) a 717 7 resonance
produced along with an w; 2) a wrr resonance produced along with a m; 3) an wa
resonance produced along with a w7 system. The resonances expected in each of
these three scenarios are discussed in the following sections.

12.1.1 fp— wM, M — ata—n®

The energy available to meson M 18 mgy — ey, = 1094Me . Bvents with M = 5 and
M = w, requiring T82MeV and 54TMeV, are obvicus in the data. The $(1020) is
known to decay to #tr 7" with a branching fraction of about 15% [1]. A measurement
of fp —» ¢{1020)w was made in a bubble chamber experiment with the ¢ decaying o
KK [47]. These data (R{gp — we) = (0.63 £ 0.23) = 107%) indicate that ¢(1020)w
would be present in the #tx w%w data set at the level of < 0.1%, a very small
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contribution. This, combined with the lack of a narrow peak in the #¥7 7" mass
spectrum at 10200Me ¥V led to the exclusion of this channel in the Pwa fits.

The next lightest known 37 resonance i8 the f:][ll?ﬂ], wheose central mass ig
greater than the available energy. It could be produced, however, due to its large
wideh (" =~ 360MeV /e®). Other possibilities for M are shown in Table 12.1. OF

Resonance M | [ (MeV) | IJ7C | fp state |
Ty (1170) 360 -1t [ TS, (L=0)
ai[1260) 400 1717 [ %8 (L =10,2)
7 (1300] 200600 | 1-0-+ | 38, (L =1)
a5(1320) 107 1-2¥% | 3§, (L =0,2)
w(1420) 174 01 S, (L=1)

Table 12.1: Possible resonances in the #* %~ 7° channel. Shown for each reso-
nance are its width, guantum numbers, and the §p 5 states from which it can
be produced along with an w. L is the orbital angular momentum between
the resonance amnd the w.

these channels, only fip — way{1320) has been observed, with a branching fraction of
BR{fp — aaw) = (188 0.08+£0.21)% [48]. In 7" % #"w the az will be seen in its pr
decay mode, which has a branching fraction of BR{es(1320) — pr) = 0.1 £ 2.7% [1].
Using the measured BR(fp — wrt s %%) = 16.1 £ 1.0% (see Section 10.2), asw should
constitute 8.2 + 1.1% of the wrts~7° data set.

In keeping with the isobar model, these resonances decay o g or 7{am),. lsoapin
conservation determines whether or not these resonances can decay into gz an
I = 1 resonance cannot, because the Clebsch-Gordan coefficient for coupling two
|[£. 0 = |1,0) states to a |1,0} state is zero. Henee, J = 1 resonances, such as the
a;(1260), can decay only via the charged mode, but I = 0 resonances such as the
Fy (1170) can decay into p'r®. Figure 12.1 shows a 3r Dalitz plot for events with
mix*a~a") > 1000MeV /. Bands in the 75%" spectra are evident {though at
masses less than that of the p), but such a band in the atx” spectrum is weak or
absent. This may indicate that f = | resonances are the stronger contribution to the

ata a® spectrum.

12.1.2  pp — (wr)(rm)

The strongest candidates for this type of process are b p and b (77),. The latter
requires at least one unit of orbital angular moementum, and is therefore suppressed
by the centrifugal barrder. Regarding the former, the central masses of the b (1235)
and p add up to more than the total energy available in gp annihilation at rest, but
with both resonances having widths of I' ~ 150MeV fe* | this process is possible, but
would be suppressed by the restricted phase space available. It is no surprise therefore
that no peak near the &, (1235) mass is observed in the data.

1110



-
T

-l

'g aaf AfExperiment Datg :T.v: .:]_-g.E_ E;EEGEF'-NT Cato
3 onep o E 0.8fF i a
— OTE A
S: E oaeb
;E D-EET"-"?I ;__ D'EET&‘_
[= U.:i':_ E Cl.:lE_--:
0.4 F 0.4 i
n.zf a.3f
nzf o2k
D:..I...I..RI...I... ﬂ:...l..l..h...l...
a o2 04 08 08 1 ¢ 062 04 06 08 |
milrat] (Gav /et rrelm Ty [(Ga et
Figure 12.1: Dalitz plot of at7~ 7" for events with mizts-7"}) >

1000MeV fe*. That is, for each event with m{rts"7°) > 1000MeV [c® the
square of the nvariant mass of the 77 %° pair is plotted vs. the square of
the invariant mass of the 77" pair. Arrows indicate where p bands should
appear; they correspond to mr masses of T7T0MeV fe®. The diagonal arrows
are for w17~ masses of TTOMeV [/e?.

12.1.3 pgp— Mnm, M — wrr

The wrr decay of M can be modeled in three ways: wp, wirw),, and bx. The wp
system has [ = 1, w(mw), has I =10, but &7 couples to § =0, 1or2. Table 12.2 lists

the quantum numbers available to these wrr systems, and possible resonances and
their allowed decay modes.

L T i byw

o1 w (0,1, 2) % | agag e || 177 o
L0, 07 | hy [[(0---8) 7 | mupra || 10,1207 | aguag.aghy
2 | (1,2,3)7 |wews || (0 &)V | aoanae || (1,2,3)77 | wiepom
3| (2,3, 4 (1...5)"* i (2,3, 4)% iy

4 (3,4,5)7" | wy [[(2---6)Y | ay (3,4,5) " wy

Table 12.2: The J7¢ gquantum numbers available to three types of two-body
wan systems and the corresponding resonances, for several values of orbital
angular momenta between the two decay products.

Two measurements provide some information on the possibility of the reaction
fp — ap( 1450) 7, ay — wrw:

e BR(fp = apn”, ap — 1'n") = (117 £ .022) x 10~ [50]
o BR(pp = ayn®, ap —» nr) = (29 £ 11 x 107* [52]
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Measurement, B (as)[1] Fraction of 7t n 7w
BR(gp — af(1320)7°; ay — n7") BR{ay —» 5

= (1.97 £+ 0.00) x 107?[53] =145+ 1.2% 2.7+ 0.9%
BR(fp —» maz{1320))

= 1.55 £ 0.31%[51] 1.0 + 0.4%
BR(fp — aj(1320)7°, ag —» 7°7') BRay — %)

= (N.064 £+ 0.013) = 10 [50] =057+ 0.11% 2.3+ 0.9%
BR(gp( '5) — ap(1320)7; ay — KK

= (12.00 T35 x10-* [54] BR(ay —+ KK) 16207 % (18,)
BR(gp( 5} — ay(1320)%; ay — KK) 4.9+ 0.8%

= (2.85 = 0.88) x 10™* [54] 0.4+0.2% (*5)

Table 12.3: Crystal Barrel measurements of the rate of a(1320)7 produc-
tion, and the amount of a3{1320)7 in the 777 #"w Onal state implied by
the measurements. The middle column shows the branching fraction of the
u.:;lilﬂ-?ﬂ] in the decay mode of the measurement, The branching fraction for
az(1320) < wrx is 10.6 £ 3.2%. The ay branching fractions are taken from
the PDG [1].

Note that both of these measurements were made in the all nentral mode.  In

ata=a®w, all three charge states could be seen, so a factor of three is introduced
into the formula for the fraction of ey in ote =7 w:

3 x BR(pp —» apr" ) BR{ao — nx") BR{ag — wirrr)
BR(pp — =te ntw) BR{ag — n=")
BRay = wrr)
BR{ay —» pre)

So the branching fraction of ag(1450) into wrr will need to be 3 times larger than
it 7y in order for apw to be present at the 19 level in this analysis (~ 4 times larger
than o'r.)

The a,{1700) was reported, decaying into pr in reference [6). [ts mass and width
were measured as m = 17284 0MeV /e® and [' = 253 £ 22Me V /e, It was produced
in 7~ p* collisions, 80 no prediction as to its production in fp annihilation is possible.

Several measurements of the rate of production of a5(1320)r in Fp annihilation are
shown in Table 12.3, along with the predieted amount of this channel in the str~ 7w
data set. Again, the measurements made in all neutral final states give information
only on production from the 'S, initial state. Using the branching fractions for
the a;(1320) from the PDG, and the production rate of the st~ 7" final state
(16.1+1.0%), these lead to the expectation that ax(1320)7 will constitute of couple
of percent of the #ts~ %% final state.

The a1{1260) resonance has not been observed in wrr decay modes. It is quite
broad (' = 400MeV /c®), though, and would not produce a clear peak in invariant

Fo,

= 036 -
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masas spectra. 1ts mass is nominally below both the wp and byr thresholds, but wrs
decays may still oecur (as for the az(1320).)

Production of w{1600)7 has never been observed in fp annihilation. This is a well
established resonance, and has been observed in wrr decay modes [61]. w({1600)7
production can proceed with L = 0 and 2 from fip S-states.

Production of wy{1670)% must cccur with L = 4, and would be suppressed by
the centrifugal barrer; as only TOMel of excess energy is available for wy(1670)7
production, it 18 not likely to be present in great quantity in this data set.

The ky(1170) has been observed only in its pr decay maode; no effort to find it in
ww has been reported, however. Recently, an & (1540) resonance has been reported
(e = 1542+ 13MeV /e, [ = 285 £ 30Me V /c®), decaving to wr. Observation of by's
in the wes decay mode would be of great value.

An J9rP¢ = 1717¢ resonance, called m or g, has been reported decaying to
rr [55, 56), with a mass near 1400MeV /e® and width of 300 to 400MeV fe®. The
possibility exists of seeing such a state decaying to war.

The #(1300), 7:(1670) have not been observed in wrr decay modes [1].

Given the above considerations, the decay chains which seem most likely to con-
tribute to the final state under study are:

o fip b ww

o fp — (1170w, by — g
o fp o (1260w, a; — pr
o fp b ap( 1320w, ay —+ pr
e 70— b (1235)p

o jp - Iy (1235)(7%),

e fp — ax(1320)7, as — waw

o jp — w1600}, w1600} — wwn

These are known resonances decaying into known decay modes.

12.2 Fitting pp = ww

Evidence for the process fp — ww is clearly visible in the 7 %7~ 7°w data set as a large
peak in the 7o~ 7° mass spectrum. This process is included in the fits, but is modeled
as a combination of two processes in onder 1o adequately describe the data, (Some
preliminary investigations indicated that a description of the decay w — =#ta 7% in
terms of a two-body mode (w — pr) was inadequate.) The two processes which are
maodeled differ in the description of the process w — mta~ %" One way is to compute
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amplitudes for the two step process w — pm, p — mr. The other way is 1o compute
an amplitude for a direct three-body decay.

In both cases, the w lineshape (ie. the kinematic amplitude) is deseribed by a
Voigtian. The Voigtian does not have a phase variation across the w peak, but since
the o of the Voigiian is 8.5MeV, a o7 7" system whose mass was measured to
have been less than the central mass could actually have had a mass greater than the
central mass. Using a Breit-Wigner, the phase of which would vary rapidly over a
range of about 10Me V', may end up assigning the wrong phase to a great number of
the 77 7" combinations which are likely to have comprised the w's.

The two ways of computing amplitudes for this process are deseribed in the fol-
lowing two sections.

12.2.0.1 Amplitudes for w — pw

The decay w —+ o~ 7" can be modeled in the 2-body helicity formalism (see Sec-
tion 11.2) as a two step process: o —+ pm, g — 7% A relativistic Breit-Wigner
weighting for the g is included, though it varies by only a small amount over the
range of mirw) produced by w's. Amplitudes for the decay proceeding via all three
p charge states are computed and added coherently with the appropriate isosapin
weighting [see Section 11.4.)

12.2.0.2 Direct 3-Body decays

In order to model a direct 3-body decay of the w, a helicity amplitude involving two
factors was used: Hy o, (Ba, da. A) = Poaiae(A) Palfy, #y). The probability associated
with the position of the event on the Dalitz plot 18 Progg, (A). It is proportional to
the A parameter described in Section 9.3, and describes the probability that the 3=
aystem has quantum numbers JE =1, Fn[ﬂﬂ,-liin} aceounts for the probability of
producing the decay plane with a given orientation; this is a manifestation of angular
momentum conservation, and is computed using the 3-body helicity formalism [53].
This factor describes the probability that the 37 system resulted from the decay of
an o in a particular polarization state.

The function Mo, (Pa, ¢, A), which is the amplitude for the process w — 3n, is
multiplied by the amplitude for the combined process fip —» whws, wy = 7%y to form
the amplitude for the entire decay chain. (See Section 11.2.)

12.2.1 Fit Results

Figure 12.2 and Table 12.4 are comparisons of fitting with the two models of the
w decay described above, separately and together. Alse included in these fits were

the channels: g, b (7a)s, aa(1320)7, w(1600)7, fiw, aiw, asw and w1420}, The
parameters of the Voigtian lineshape for the w were determined by scanning their
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whid, w =b o | ww, w = e | Total ww | 2In(C) |
33.0 - 33.0 | 17669 |

- 29.8 29.7 | 16162 |

20.6 0.8 26.8 | 17957 |

Table 12.4: Comparison of results of fits including the Base fit, and fip — ww
modeled as either w — pr (w(2)), w — 77 (w(3)), and both. Shown are the
ftted branching fractions for each of the two channels, the branching fraction
of the coherent sum of the two channels, and the fit quality parameter, 2 In{C).

values for the fit with both types w decays included. The values used were my, =
TROLAMeV fc® and o, = BAMeV /%, [, was lxed at 843MeV /¥, the PDG value.

In the table, the total wo contribution to the #%% " 7°w final state 18 determined
as a cofierent sum of the two ww channels. The ww contributions are high compared
to the abundance as determined by the branching fraction caleulations because of
different. acceptances for ww events compared to other %7~ 7°w events, and because
of the interferences with other channels in the fits. (From the measured branching
fractions, one would expect ww to be 20 to 25% of the final state.) The sum of
the branching ratios indicates that there are destructive interferences among the two
amplitudes deseribing the ww production and decays. The pr mode 18 2.6 times
stronger than the direct w77 mode. The it with w — pgr i3 1507 better, in the
parameter 2In{L), than that with w — mor. With both w decay models included,
2In(L) improves by 288 over the At with w —» pr only. The A distribution appears
to be better it by the combined fit, as the fit is poor at the low end for the w — 7w
moddel and at the high end for the w < pr model.

The relative strengths of these two decay modes will be discussed further, in the
context of the final ft, in Section 12.7.

12.3 The D/S ratio for by — wn

The b;(1235) resonance can decay to wr with orbital angular momentum L = 0 and
L = 2 between the w and 7. The relative strengths of these two decays has been
measured in other experiments, and the average of these results, as reckoned by the
Particle Data Group, is /5 = 0.29 + 0.04 [1]. The D/8 ratio is defined as:

amplitude( L = 2)

bfs = armplitude( L = )

Because a factor of 1/4/2L + 1 was left out of the overall normalizations of the am-
plitudes, the ratio of the fitted coefficients must be divided by 5 to determine the
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Figure 12.2: Comparisons of fits including fp — ww modeled as either w — pw
(wl2)), w —+ wrr (w(3)), and both. The #¥a~ 7" mass spectrum, A distribu-
tion, and distribution of the normal to the decay plane are shown for each of
the three fits. Experimental data are shown as crosses, and the fitted Monte
Carlo data are in the shaded histograms.
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Figure 12.3: Results of fits where the D/ ratio for the decay b, (1235) —» wr
was varied. All other parameters were optimized by the minimization program.
The fits included all channels in the Base ft.

ﬂ'}"ﬂ ratio:

l !ij' 2
nig=—=
/ 5 by

In order see the variation in 2 In £ with the D/5 ratio, some Pwa fits were performed
with the ratio set to several values. The results are shown in Figure 12.3. The ht
optimizes for a D/5 ratio of about 0.22, somewhat less than the PDG value, but the
value of 2In £ changes by less than 20 with the D/S ratio set to 0.29. The fits for the
sean included those decay chains in the Base case (see the [ollowing section,) which
is probably an incomplete description of the data. The IS ratio might optimize at
a low value as a result of the inadequate Atting function. Another possible reason for
the low value is that much of the & ({1233) signal results from Fp — bp, where the
by's are biased toward low masses; it is possible that lower mass b's decay with a
lower I3/S ratio as a result of having less energy available to penetrate the centrifugal
barrier for L = 2 decays. The value of the /5 ratic will be discussed in the context
of more complete fits in the following sections.

12.4 Fitting the Most Likely Contributions

The fits presented in this section were performed under the following conditions:

o 20000 Monte Carlo events and 20000 experimental events have been used

e jp — wrevents have been eliminated by requiring all events to have m(rts" %) >
SROMeV [ e*

e The ww contribution is Atted with the w < pr and w — 7t7 7" methods,
as deseribed above, with my = TE0AMeV /e®, 'y = B43MeV /¢®, and ou =
B.oMeV /%,
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Table 12.5: Reactions and resonances used in the Base fies [(“A” of Table 12.6.)
Both L =0 and L = 2 are included for all by decays, whether they originate
in production or from resonance decays. The decay chaing listed under “Not
Included” are those which are allowed by the conservation of the I, G, J, P
and C gquantum numbers, but which are suppressed by the centrifugal barrier
effect. For decays of the by (1170}, a,{1260) and (1600} (those in boxes,) the
L =2 decays are allowed in fit “B” of Table 12.6.

e The D/S ratio for b decays was forced to be the same for all channels, but its
value was left to vary as a fit parameter.

For a Base fit, a set of decay chaing was chosen which includes known resonances in
knewn decay modes; the elements of the Base case are shown in Table 12.5. Except
for by —» wir, only the lowest orbital angular momenta were allowed in production and
decays. This keeps the number of fitting parameters reasonable, allowing fits to be
performed in a timely manner with the available computing resources. Table 12.6(A)
shows a summary of the Base fit. The contributions don’t total to 100% because
the ww contribution is quoted as the coherend sum of the pr and direct 37 decay
modes (see Table 12.4 and Section 11.7.) The contribution from a:(1320)7 is smaller
than expected (see Table 12.3.) The w(1600)7 channel is fit as a 17% contribution,
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252 (181 14|19 1448 LD - 123 120( 14| 4.5|17800 -167| 1
2.4 (162 AR2Y 4 Ed 1LE[ 24 -| 16.1| B&.6| H.1(17692 -6
M) 152 201 ) 08)LE NLE|  d.5) 314 -l B.2| A.0(17437 -h20| K
2h.6|H).1 220D 6 (5T k| Q) 12.H[ 124 -| LT|17847 -1 L
2.1 (184 2906 09|04 94| 27| 242 - - 201736 -622| M

Table 12.6: A summary of results from fits which included decay chains in
the the Hase fit. For each decay chain, the percent contribution to the total
ata=a®w final state is shown. Also shown are the percentage contribution from
the background term, the value of 2ln £ for the fit, and the change in 2o C
relative to the Base Gt A: Base fit. B: Base. with with higher L = 2 included
for decays of the Ry (1170), a,(1260) and w{1600). C: With a background
term, the eontribution of which was determined by the optimization program.
D: With background term at fixed 7.5% contribution level. E-M: Excluding
channels, and allowing a background term.

with the b decay mode of the w(1600) about twice as strong as the wiwr), mode,
consistent with previous observations. The channels which are nominally above phase
apace (b p, by, oyw, age and w(1420)w) comprise nearly 507 of the fit contributions.
This type of behavior has been observed in other channels, particularly where there
is production of a heavy resonance in conjunction with a g or w vector meson [48, 58).

The fit shown in Table 12.6{B) allowed for higher orbital angular momenta among
the decay products of the k (1170}, a,(1260) and w{1600) resonances. The value of
2ln £ improves by 345 as a result, a significant change. The total contribution from
hyw increases twolold, with L = 2 decays about five times stronger than L = 0 decays.
(This is quite inconsistent with previous measurements [60].) The aw contribution
increases by a factor of 1.5, with a /5 ratio of 0.16, compared to the PDG value of
0.09 £ 0.03, for the decay a,{1260) — gr. The contribution from w({1600)7 actually
falls to about 3/4 of its value in the Base fit, with L = 0 decays dominant by more
than a factor of 8, which seems quite reasonable. These L = 2 decays will be exeluded
from the fits which follow [in order to keep the number of it parameters reasonable),
but the results warrant further investigation when a final set of channels is decided
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A 4-body (# o 7 w) phase space background term was included in the fits shown
in Table 12.6(C,13). This might not be a good deseription of the backgrounds which
are present, but no better method was obwicus. In Table 12.6(C), the level of the
background was a fit parameter which optimized at 2.4%. The value of 2In £ in-
creased by only 8, a very small amount. In Table 12.6(D3), the amount of background
was fixed at 7.5%, approximately the level expected from feed-through studies of the
ata-a®n"n® channel. The Ot was worse than the Base fit by A2ln £ = 23. This
background channel seems to make a guite small difference in the fit quality and
in the contributions from the other channels; it will be excluded as the fits are ex-
panded to include additional channels. It 18 included, however, in the fits shown in
Table 12.6(E-M), where various channels are left out of the fit. In these fits, as one
might expect, large changes in 21n £ result when the channels which had been fit
as large contributions are excluded. This indicates that the Base fit is not finding
a shallow local minimum, with the contributions easily rearranged to yield a result
which 18 nearly as pood.

Figure 12.4 show mass spectra which result from the Base fit. Some of the Mc
histograms appear ragged; this is primarily due to the fact that the relatively small
number of events in the w — 7t~ =" peak receive a large weighting. Otherwise, the
gross features of the mass spectra are well described by this fit.

Nine angular distributions resulting from the Base fit are shown in Figure 12.5;
these are to be compared to Figure 9.5, (This 13 a small sample of the complete set
of angular distributions.) Several of these are well fit, but the Base fit has caused
a discrepancy in the angular distribution C. These fits to these distributions will be
improved as additional channels are added to the fit.

The masses and widths of the rescnances in the Base fit are scanned in Fig-
ures 12,6, 12.7, 12.8 and 12.9. Discussions of these scans [ollow.

12.4.1 Secan of b — wr

Figure 12.6 shows the results of scanning the mass and width of the & — wr reso-
nance. All b's are affected, both those in b p production and those from decays of
the a2(1320) and w(1600) resonances. The scan shows the expected behavior: a peak
in 2In £ for masses and widths near those which are widely accepted for the b {1235).
The optimum is at e = 1250, [' = 200, with the value of 21n £ 38 greater than at the
PDG values. The value of 2In £ falls by several hundred away from the peak. While
it doesn’t allow an accurate measurement of the mass and width of the b, [1235), this
result does indicate the presence of b's in this data.

12.4.2 BScans of the pr Resonances

Scans of the masses and widths of the pr resonances are shown in Figure 12.7. These
resonances all have masseg which are greater than the maximum energy available to
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Figure 12.4: Mass spectra from the Base fit, with the experimental data shown
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Monte Carlo histograms have been weighted according to the fit, and have been
sealed up to have the same numbers of events as those for the experimental
data. All of the histograms have bin sizes of 20MeV /.
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the by and winn), decay modes.

the pw combinations in the data; one would not expect a peak in 2In L at the true
mass of the resonances, but rather a platean at high masses, and a drop in 2In £
for masses less than 1100Me1l. This behavior 18 exhibited quite well in the scans,
particularly for the by and @, resonances. The w(1420) —» pr scan shows a weak peak
(A2In £ ~ 30) at 1100MeV for small widths. A rise at 1100MeV 18 also present
in the a; — pr scan, but is stronger, with A2In £ ~ 90 over the Base fit. These
peaks indicate a preference for having a rapidly changing phase near the end of the
g phase space. This preference s difficult to interpret, either as an interference or a
background effect; this effect will warrant some attention in fits which include a more
complete set of channels.

Recall that the ¢{1020) meson has the same quantum numbers as an w meson.
It is the primarily 55 counterpart of the w{782), and is known to decay to pr with a
branching fraction of 12.9 + 0.7% [1]. The w —» g scan was run with a rather small
width of I' = 20MeV in order to see a signal for ${1020) — prr, if it is present. There
ig no evidence for the ¢ in this scan.

12.4.3 Scan of the w(1600) —+ wrr Resonance

The scan of the mass and width of the w(1600) 18 shown in Figure 12.8A. The most
prominent feature in the plot is the peak ac 1250-1300Me V|, with the fits improving
with larger widths up to I' = 500Me V. At this peak, the value of 21n £ is about 500
greater than in the Base fit, and the contribution of the w(}r channel 18 greater than
30%. This mass seems too low for the w(1420), and large width is clearly preferred.
This feature may be indicative of the by (1170} which has the opposite parity, but a
lower mass and is broader than the w(1420). There is also a small bump in 2In C
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for smaller widths at masses near 1500MeV. There is no rise near 1649Mel (the
accepted mass of the w({1600) resonance.) In Figure 12818, the ratio of the fitted
strengths of the byr and w(rr), decay modes of the scanned resonance is shown; it
has a consistently small value [~ .25] for < 1400Me V', but rises sharply above this
mass. For I' = 2000e V (near that of the «{1600),) the ratio peaks at m = 1650MeV .
As the w({1600) is known to decay to by, this is taken as an indication of its presence
in this data.
The peak at 1250-1300Me V' will be investigated in Section 12.5.1.

12.4.4 Scan of the a;(1320) — wrr Resonance

A scan of the mass and width of the gy — wrr resonance is shown in Figure 12.9A.
(This is fip — a2(1320)x, az — www in the Base fit; the mass and width of the
a;(1320) decaying to pr were held fixed for this scan.) There is no peak at m =
1320Mel, a8 one might expect, but rather a minimum. Most striking is the peak
at 1450-1500Me V', where 21n £ is about 150 greater than in the Base fit. This mass
is conspicuously near the wp threshold; the computed kinematic amplitudes for wp
decays rise sharply around 1500Me V' due to the Breit-Wigner deseribing the p = ww
amplitudes. In order to see if this effect causes the peak, a similar scan was done, with
the only difference being that in the computed amplitudes for the decays ay — b7
and ay —» wp, the Breit-Wigner terms for the b and p were set to 1.0 [Le. they had
no dependence on the wr and w7 masses.) The results are shown in Figure 12.98.
The peak is still near 1450Mel. The values of 2In £ are smaller by 30-100. The
peak appears not to be an artifact of the computation of the mr and ww kinematic
amplitudes.
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Further investigation of this peak at 1450-1500M¢ V is discussed in Section 12.5.2

12.5 Adding wrr Resonances to the Base Fit

Of the three types of production schemes possible in the analysis model, two have been
exhausted in the Base fit: (wr)+ (o) by including by g and by (77), and w+ (wax) by
including wh, (1170), wa, (1260), was(1320) and ww(1420) in the Base fit. This leaves
production of = plus wrr resonances as explanations for deficiencies in the Base fit.

First, two anomalous results of the Base fit scans will be addressed: the peak
near 1300Mel for I = 0 wer resonances, and the peak near 1500Mel for [ = 1
ww T resonances. Next, resonances which are known or predicted and could decay in
war modes are explored. A satisfactory fit is found which includes three previously
ohserved resonances in new wrw decay modes.

12.5.1 I =0 wrr Resonances Near 1300MelV

To determine il the peak at m = 1300MeV in the w{1600) — wxtax™ scan is due
to the kinematic amplitude or the helicity amplitude in the fitting function, a scan
was performed over the mass and width of a pure Breit-Wigner (Le. kinematic only)
term. The amplitude depended only on the we Fo~ invariant mass, and the scanned
term was added coherently to the other 25, amplitudes. That is, this term was
similar to the gp — w(1600)%°, w{1600) — wr*n™ term, except that there was no
dependence on the angular distributions of the decay products; it corresponds to
a generic I = 0 wrr resonance. The results are shown in Figure 12.10A. A clear
peak arises at 1300Me V| as in the w() — wrts™ scan, but here, small widths are
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Add| T | contr | ww| bp|ba| as()r | w7 B (e oy (e |ae()w |jwe | 2In C[AZIn £
MeV | wo byw wo bywlwe b Base
w | 200 |16.7 41(26.9)10.4| LOJLS O.1(0.9 109 58 6.2 7.1| 3.0{18539 ol
hy | 200 | 5.5 0427001156 0.F(05 0.3)4.6 10.4| 26| 127 8.9 3.4|18645 fifH
w o | 400 (212 47269 4.7 LO(LT 0102 94 38| 565 6.5 2.8[1B5TH 621
hy [ ADD | 6.2 0T (26.7) 104 TG 0.3 (4.1 L2 233 13.2] L0 5.2 [18663 TG
hy | 200 | 41 U3 267|143 (0910 0.2)1.9 12,1 2.9 13.1| B.Y) 3.2|18725 TGS
Lt 2014
hy [ AD0 | 38 L1(26.4)10.2] 1|19 0.2(0.2 125 2.46( 123 9.1 2.5(18744 TEY
ot fi.d 2.1

Table 12.7: A summary of results of fits in which [ = 0 wew resonances were
added to the Base fit. Each resonance was given a mass of 1300Me V. and a
width of 200 and 400Me V. Each of these two channels adds 4 parameters to
the fit. The first three columns show the type of added resonance (fy or w),
its width, and its contribution as a percentage of the #7 % 7 w final state in
both of the allowed decay modes. Also shown are the value of 21n £ for the
fit, and the change in 2In £ relative to the Base fit.

preferred.  The value of 2In £ at the peak is only 30-T0 better than in the Base
fit. This peak probably indicates the presence of events at this mass which are not
correctly accounted for by the channels in the Base fie. This effect is quite possibly
due to the opening of the wirr); phase space near this mass.

To further investigate the peak in the w() = wr*s™ scan at m = 1300MeV,
some fits were run which included, in addition to the Base case, additional h; or
w resonances, or both. [Recall that the quantum numbers for the h; and w are
JEJPC — -1+ and 0-1 respectively; they differ only in parity.) For these fits,
the masses of the added resonances were set to 1300Me V', and widths of I' = 200 and
400Me V' were used. Hesults are summarized in Table 12.7. When added individuoally,
the fy consistently improves 21n £ more than the w does, though both improve it
by several hundred. The w resonance is fit as a large contribution (20-25%), and
draws away contributions from b p, aw, ape and from the wiws), decay mode of the
w(1600). The &, is fit as a 6-7% contribution and leaves the other channels relatively
undisturbed. When both by and w resonances are added, 2 In £ further improves, by
~ 200 as a result of adding the by and by ~ 100 by addition of the w. The ftted
contribution of the w falls to 4-8%; that of the k; falls to about 4%. For both types
of resonances, the w{mn)y decay mode is stronger than the v mode.

Two reascnable possibilities for an wrtn™ resonance in this mass region are the
Fy (1170) and the «{1420). Despite efforts to observe it, the «{1420) has not been
seen in the wrr decay mode [37]; theoretical models also predict this decay mode
to be very weak. For the &,y (1170), however, the wrr mode has not been ruled out.
Figure 12.11 shows scans of the masses and widths of kb and w resonances {produced
with a #° and decaying to wrta™) which were added to the Base fit. Both show

127



Frﬁ? ,3 1R700
£ 18600 ]
3 o 18830
T =
o, =
: 2 18500
o TEA0D :
| 400
18300
183030
18200
iaroof A @l i ol | 1E200E B F,-ﬂ scan - I
1200 1400 1600 1200 200 T .
WMase of REsanancs ::"-'l'_'-.-'_.".-_-":: Mass of Resanance (May/ef)

Figure 12.11: Scans of w() = wrr (A), by() = wrs (B), which were added 1o
the Base fit, in production along with a =°.

similar behavior, with the value of ~21n £ about 100 greater for the fy than for the
w. (Note that w(1600) —» wew 18 included in these fits.) The peaking of 2In L at
m = 13 MeV rather than at 11T0MeV is possibly due to 1) the absence of some
interfering channel in the Base fit, or 2) the opening of the w{rr), phase space, which
is inadequately modeled in the fits.

Another indication of the necessity of including an I = 0 wrr is shown in Fig-
ure 1212, where four angular distributions are plotted. These angular distributions
result from a fit which included the Base fit plus gp — b (1170)7, Ay < wrr (for the
Fy (1170), the PDG values of mass and width were used.) These are the four angular
distributions from Figure 12.5 which were not well described by the Base fit. The
agreement. between the fit and data is excellent. These distributions are nearly as
well fie when an w-type resonance is included instead of the hy (1170).

After discussion of the I = 1 was channels, gp — b (1170)7", ky < wrre will be
ineluded in fits.

12.5.2 I =1 wrr Resonances Near 1500Mel

The fits and scans in this section are motivated by a desire to explain the result of
the scan of the a2(1320) — wrr shown in Figure 12,9, in which the mass optimized
near 1500Me V. It will be demonstrated that all § = 1 wrr resonances optimize near
this mass (not just the az) and that the peak is probably not due to a resonance near
1500Mel’.

Figure 12.108 shows the results of scanning the mass and width of an wrr Breit-
Wigner term wilhoul any angular dependencies. That is, it corresponds to no particu-
lar resonance type. This term was based only on the wrtx® and wr™ 7" masses, with
a Breit-Wigner computed for each of the two combinations and added coherently.
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ag |6 |10.2 4.3(25.1 7.5(2.3)0.7 1.2[4.2 6.6) 28| 16| 105 5518142 1EG

® |2 80  -[256]121)25)0.3 1162 94| 36| 118 74| 4.7(182M4 247

w2 |6 | 47 012671061907 1.14.6 80| 28| 176 9.9 3.9/18230 .

g |10 5.9 6.0{24.5) 6003913 08|64 59 26| 117 12.0| 6.4|180494 147

Table 12.8: Results of fits in which various [ = | wrr resonances were added
to the Base fit. Each added resonance was given a mass of 1500Mel and a
width of 200Me V. The frst three columns show the type of resonance which
was added, the number of parameters (P) which were added to the fit, and
the contribution of the added channel as a percentage of the total #tr 7w
final state. Also shown are the value of 2In £ for the fit, and the change in
21n L relative to the Base fit.

The amplitudes for )L]. = =41 and m = =1,0,4]1 were all equal. These combined
amplitudes were then added coberently to the other 35, amplitudes. The peak is at
m = 1550Me V', with amall widths preferred, and an improvement to 2 In C of 10-60.
This indicates that the peak in the gy —» wrr scan ig driven in part by kinematics.

The only known [ = 1 resonance in the 1450-1500MeV mass range which could
decay to wrr is the ap(1470). Preliminary scans showed that an ag resonance will
show a peak near 1470Me ¥, but since the gz resonance also does, other resonances
should be included in the investigation of this mass region. Table 12.8 shows the
results of fits which included the Base case, plus each of six types of [ = 1 wen
resonances. The added resonances all had their masses set to 1500Me V' and widths of
0Me V| w0 allow comparison of the fgpe of resonance independent of the kinematic
parameters. All except the m-type resonance had both wp and b decay modes
allowed. (#{) — b7 is forbidden by angular momentum and parity conservation.)
The ay type resonance was fit as a rather large (~25%) contribution, and improved
2In £ more than the others. The a; resonance fared worst, improving 2 In £ by only
99, and being Ot as a very weak contribution. These results do not indicate that the
ag(1470) is absent, but the peak in the ay — www scan is probably not due to its
(EESRTLe,

Figure 12.13 shows the results of scanning the masses and widths of these six
types of resonances. For each scan, the fts included the Base case, along with jp —
ftr, B = wirr, where i 18 the scanned resonance. None shows a masimum which
corresponds o a known resonance.

All six scans show a rise in 21n £ for masses of 1400-15500Me1. This raises the
suspicion that the opening of the wp and b7 phase space is having an effect, and
that it is inadequately modeled in the amplitude calculation. Recall that the phase
space factor in the Breit-Wigner functions for wrsr resonances is Based on my, + m;
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Figure 12.13: Scans of possible isospin 1 wer resonances’ masses and widths:
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F:omyl) —+ wrr. In these fits, the scanned resonances were added to the Base
fit, in production along with a pion.
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and my (for by decays) or my + my oand my, (for wp and winr), decays] [See
Section 11.3.1.) This puts the rapidly rising part of the phase space factor at masses
near 10 Me V. In the physical data, however, the resonances are decaying to objects
which are heavier than the sum of the rest masses of the final state particles, and
the relativistic corrections to the Breit-Wigner width (I'[m)) are almoest certainly
guite important in the 1400-1550Me V' mass region (and at lower masses for winn),
resonances. ) A few suggestions have been made as to how to model this effect. Some
seemed physically unintuitive, others yvielded results which were difficult to interpret
and justify. In the end, it seemed better to have a known weakness in the model
than to have an elaborate, unfamiliar description which would produce gquestionable
resulis.

12.5.3 Known and Expected wrr Resonances

Table 1210 shows the results of fits which included the Base case plus known or
expected wrr resonances. (Table 12.9 shows the decay modes which were included
and the masses and widths of the resonances which were added.) In the first block,
single wrr resonances were added. The addition of the &, (1170)7 channel gives by far
the greatest improvement to 2ln £, This, plus the issues discussed in Section 12.5.1,
indicate that this process may be at work here, 80 it will be included in subsequent
Gts. The second block shows fits which ineluded the by (1170)x channel, along with
the Base ft, plus additional wrr resonances. Only the addition of A (1700) and
A(1400) cause further improvement of more than 100,

Next, both a{1260)x and a, {17007 (with a,’s < wwen) were added, with and
without the A (1170)7r channel, as preliminary fits had shown an interesting effect
when both a,’s were included: whereas individually they were fit as weak (< 5%)
channels, vogether each is fit as an 8-9% contribution. The value of 2ln £ also im-
proves by 286 over the it without the two ay’s. This effect will be investigated in
Section 12.5.5. but first some observations from Table 12.10 should be pointed out:

e Thely Ulﬂ? ratio usually optimizes at a value near the PG value of 0,294 0.04.
This is a strong indication of the presence of by 's in the data, probably from by p
production and from decays of the w{1600).

s byp is always strong (7-16% except when #1400)7 is included.) This is no
surprise, as gp annihilation seems to produce vector mesons (like the p) quite
copicusly. The contribution of this channel is somewhat unstable, though, which
may be due to the fact that it is “above phase space,” Le. the central masses of
the by (1235) and p{770) add up to more than the mass of the fp system. Only
the low-mass tails of the & and p are fitted in this channel; this may be causing

some ambiguity.

e bi(7w)s falls to less than 1% when K (1170)%, a:(1260)7 and a (17007 are
included. The more channels that are added, the weaker this one bevomes.
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| Resonance | Mass | Width [Included

| Not Included

ag( 1470} | 1470 270 'Sy~ aow L =10
g = wp L=M0s=10 g =rwpl =2 8=12
ag = L =1

ay (1260} | 1230 40045, < aw L =1) i =m»yrL=2
a =wpl=0hs=1 a < wpl=25=12
ap =+ L=1

ai (1700) [ 1700  250|°5) < aiw L =100 8y = mmw L=2
a —wpl=0ks=1 o —rwpl=28=172
a; =ty L =1

ay (1630} | 1650 25015, v aw L =2
19 bayw L =2
ay —rwp L =0s=2 iy 2 wpl=25=1012

ap = wp =4 5=12

ay =y L=1 iy =+ dyw L=213

{1300} | 1300 400(*8, < w(jw L =1

w(1800) |[1800| 210\ #() wwpl=1;5=1

ol 16TO) | 1670 5B, s mr L =1 L = mr L=3
m=twpl=1s=12 m=wpl=3s=12
iy = byw L. =2

Al1400) | 1400 onptsy wmL=1
8+ pr L=1
p=rwpl=1Ls=012p—2wpl=38=2
perbyr L=10 g=r g7 L =2

Ry (11700 (1170 3605, =y L =10 9, = hyr L=2
by bwlrr), L=1
g = bgw L. =1

By (17005 | 1700 20|45, s lyxr L =10 L =y L=2

Fy(1540) (1540 285 |k = wirw), L=1
by =y L=1

w(1420) | 1419 174?58, s w(jx L =1
wl) =+ wlew)s L=10 w() = wrr)s L=2
w() =+ by L=10 wi) =+ bym L=2

Table 12.%: For the wrr resonances which were added to the Base fit, this
table shows the allowed angular momenta in production and decays, and the
masses and widths of the resonances. The decay chains listed under “Not
Included™ are those which are allowed by the conservation of the I, G, J, P
and O quantum numbers, but which were not included in the fits shown in
Table 12.10. Those in the boxes are allowed in some of the fits discussed in
Section 12.5.5.
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Table 12.10: Results of fits in which decay chains inwolving warious known and expected wrr resonances were added
to the Base fit. Contributions are shown as percentage contributions to the total s%a~ 7w fnal state. A21n L is the
change in 21n L relative to the Base fit.
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Production of b (7w, appears to be too weak to be reliably detected in this
analysis.

Ra[1170)w is consistently fit as a contribution of about 2%. The width of the
R (1170) (" = 360Me V) makes this channel seem very reasonable (the by (1170)

is only 100Mel above phase space.)

ay (1260w is always strong (usually 11-15%). This is not too surprising, as
the a,{1260) is quite broad, and the low mass tail of its mass distribution falls
well within the available 3r mass range. This channel's contribution becomes
stronger when a, (1260)7 and a, {17007 are both included in the fit.

ax(1320)w is consistently strong, usually 5-11%. This is surprising, but consis-
tent with the previous measurement in wipr® (which indicated that as(1320)w
would be an 8.2 + 1.1% contribution here. )

ml:l*lzn}lu..' seems an unlikely intermediate state to produce, given the high mass
and small width of the w{1420), yet the it consistently attributes 1 to 5% of
the final state to this channel.

ay(1320)% is almost always weaker than predicted by CB measurements and
by the PDG values for the wrr branching fraction. [These predict a 1 wo 3%
contribution: see Tahble 12.3.] Addition of certain channels I:f = [} wriir d.mm:ltLﬁ}
strengthens its contribution: the strongest contribution comes when w({1420)7
i included; adding b, 's seems to strengthen it, too.

w(lB00)w: The total strength of this channel varies somewhat. It is weaker
as more channels are added (this is not true for all elements of the Base ft.)
Even in the last fit in the table, though, this intermediate state is it as a 7.6%
contribution. Decay of w(1600) to by« is always 1.5 to 2.0 times as strong as
to wirw), in the fits. A contribution by this channel of 7% would imply a
total rate of BR(fp — w({1600)7°, w{1600) — wrx) = L1%; compare this to
BR(pp —» w(T82)x") = 0.573 £ 0.047% [38].

ay (12607 and a, (1700} are weak, except when both are included, along with
Ry [1170); then they are both at about 9% (mostly in the wp, not the byr, decay
mdade.) Including both of these channels (with &, {1170)7) improves 2In C by
286 over the fit with neither, by 261 over the it without o (1700)7, and by
126 over the fit without a,(1260)7. This effect is not duplicated with other
resonances at these masses. (This will be demonstrated below.) From the
results of this PwA one would conclude that the product branching fractions
for production and subsequent wrr decays of these two resonances would be
about 1.0 to L5%W of all annihilations. This is suspicious, particularly for the
iy (1260) since its dominant decay mode is believed to be pr.
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e [y [1170)7 is consistently about 5%, mostly in wizw), as opposed o hr. lo-
cluding this channel improves 2In £ by several bundred, and is a necessary
ingredient in the afore mentioned effect involving the interference between the
ay (1260) and a, {1700).

Comments on the other wrr resonances will be presented below, in the discussion of
fits in which they were added to the last fit in Table 12.10.

The first block of Table 1211 shows fts with the Base case plus Ay {1170)=,
a;(1260)7 and a, (1700)x (e “B167), along with additional wes resonances. Only
the 4(1400)% channel yvields further improvement of more than 100.

Below are comments concerning the resonances which were added in the fits shown
in the first block of Table 12.11:

e Neither 7(1300)r nor w{18300)x gives a strong contribution, nor do they improve
2In £ much.

e 73[1670): There is no compelling evidence for observation of this resonance in
an wirm decay mode.

e Neither ag(1470) nor ag{1700) vields much improvement to 2InC; they are
both Gt as small [1-2%) contributions. This is consistent with expectations,
that ap{1470)7 would have a strength similar to that of a:(1320)7. There is
a great interest in the possible wrr decay mode of the ag(1470), but with its
production being weak in comparison to the very large total rate for o 7w,
this analysis is just not sensitive to it

e w(1420)7 improves 2In £ when included without by (1170)7, and is fitted as a
15% contribution. In this fit, the D/S ratio for by — wr drops to 0.19. The
wiww), decay mode is preferred for the w({1420)7 (in contrast to the w(1600).)
When hi{1170)x is included, it falls to a 7.5% contribution, and falls to a 1%
contribution when a,(1260)% and a, (1700} are also included. As a negative
result conecerning a search for w(1420) — wrr has been published, and the At
prefers other deseriptions, no elaim for observation of this channel is made here.
The strong effect of this channel in the incomplete fits (when a, (12607 and
ay (17007 are not included) demonstrates that one channel can mimic another,
and that a large change in 2 In £ and a large fitted contribution aren't necessarily
signs that a hypothesized description is eorrect.

e [iy[1540) and &y (1700} have effects similar to those of the w([1420); they are fit as
relatively strong contributions with good improverment to 2 In £ in Table 12.10,
but in the more complete fits in Table 12.11 they produce small changes.

Including the G(1400)% channel in the fits has the effect of reducing the contri-
bution of ww compared o other Ots, and also changes the contributions for other
decay chains, most notably by p, hw and w(1420)w. lts contribution is fic as about
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4-T% to this channel. It always improves 21n £ more than other resonances do, but it
also adds more parameters (10) than other channels do. This channel deserves some
consideration.

In the second block of Table 12,11, fits are shown which were performed to investi-
gate the strong improvement to 2 In £ that results by including the 5{1400)% channel.
These fits were run with @y, g, 7 and 7y type resonances with their masses and
widths set to those of the p(1400) (e = 1400MeV, I' = 300Me V) None produces
an improvement as large as that caused by including the 5(1400). This indicates that
it is not just kinematics (Le. the location and width of the resonance) driving the
results; there is a dependence on the JP€ of the resonance.

The production of fr can occur from both 'Sy and 35); for the three fts in
Tables 12.10 and 12.11 which involve the j{1400), the fitted ratics of production

rates ane:
BR( ' Sg—
it 'B'R'ETE}: i

Base + gx 41.3
Base + h(1170)x + = 6.5
Bl16 + pw a0

That is, production from 'Sy is fitted as being much stronger that from 35, This
pattern is in conflict with the other Crystal Barrel analyses in which the §(1400)7 is
observed [in its nw decay Jumi-r_'} [36]; production from 155 is seen to be very weak
compared to production from *8, and from P states.

Notice (see Table 12.9) that the g can decay to wp with s,, = 0,1,2 (which is
why 10 parameters are required for its description in the fits.) The interferences
among these spin states may allow for the high values of 21n £ which result when 5
is included in the fits. The relative strengths of these three states in the § decays are
not eonsistent among the three fits in which the 5(1400) is involved:

Fit BiR(s=10): BR(s=1): BR(s =12)
Base + gw 1: 282 :13.1
Base -+ hy (1170} + px 1:9.8:04
Bl16 + g= 1:18: 28

For a comparison with another resonance, note that when L = 2 18 allowed for wp
decays of the @, resonance, all three spin couplings of the wp system are allowed. In
these fts, even greater improvement is seen in 2ln £ (see Table 12.12.)

The internal instability and inconsistency with previous measurements do not
support a claim of the observation of this resonance.

For the fits shown in Table 12.11, there are many parameters, and it is difficult
to fnd true minimum. The minimum found by the minimization program depends
on initial values for the parameters, 8o each [t must be run several times, each with
different sets of initial values. The value of 21n £ varies by 10 to 70 among these
fits, with the contributions varving by up to 1 percentage point. To continue to add
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decay chains to the fits is not only expensive in terms of computing resources, but

the results are unreliable, in that the optimum set of parameters which is found may
be due to a local minimum, rather than the true best fit. For this reason, the set of

decay chains in fit B16 will be accepted as the major contributions to this final state,
but only after some verifications of the reliability of this solution are performed.

12.5.4 Scans of Resonances in the B16 Fit

Fit “Bl16" includes the Base fit plus gp — h{1170)7, gp — ai(1260)7 and fp —
a, (170 ). This is the fit shown in the last line of Table 12.10. To determine if
the masses and widths of the resonances involved in this Gt optimize at the values
obtained in other experiments, some scansg will again be performed. In order to reduce
by 4 the number of parameters in the fit, the b« decay mode for the a,(1260) and
a; (1700} is not included, as it was consistently fit as quite weak (< 19%.) Disallowing
the byx decay mode changes the value of 2Inl by cnly 2, to 18883, Figure 12.14
shows the results of scanning the masses and widths of the wrr resonances in the
B16 fit. The scan of a;(1260) — wrr peaks at m = 1300 w0 1350MeV for small
widths, but at e = 1250 and ' = 400, the value of 21n £ is lower by anly about 10
than at the peak. The value drops rapidly for masses greater than 1400Me V. The
results seem consistent with the presence of the ul{lEED}I in the wrr decay mode.

The scan of the higher-mass a, = wrr shows a rise and platean at masses greater
than 1700Me V', where the wre phase space cuts off. This behavior is consistent, with
the presence of the a; —» waw near the high mass end of phase space. For [' = 200
and 300Me ', there is a small dip in 21n £ centered at 16500Me V.

The ky — wrw scan shows a peak at 1300MeV, but 2In L is only greater by
about 50 there than at 1170MeV. Given the limitations of the analysis model in
regard to the wer phase space, this seems consistent with observation of gp —
By (1170) 70, Ry = .

The scan of @y — wrr still shows the disturbing trend of peaking at 1450
L500MeV ., with a minimum near 1320MeV (as it did in the scans in the Base ft.)
The lack of a peak at 1320MeV may indicate that BR{a2(1320) — wrr) is much
smaller than it is currently believed to be. The peak at 1450-1500Me} 18 probahbly
due to the opening of the wp phase space, as discussed in Section 12.5.2.

The scan of w1600} — wrw shows a rise is 2In L at 1650Me V', with a small
preference for large widths, This seems to indicate the presence of the process gp —
w(1600) 7", w({1600) — wrr in the data.

Because of the results shown in Figure 12.7C and D, the ay(1320) — pr and
w(1420) —» pw resonances were scanned in the B16 fie. The results, shown in Fig-
ure 12.15, are similar to the earlier scans. The w — g scan optimizes at 10508e
for small widths. The ft at the optimum is better than at the PDG values by only
about 20 in 21n £; this may not be a great concern. For the as scan, however, the
fit at the optimum is better by nearly 100 than at the PDG values. Leaving out the
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Figure 12.14: Seans of w{1600) —» wrr (A), By (1170) — wew (B), a,{1260) —
wp (C), a(1700) = wp (D) and ay = wrr (E). These are the wrr resonances
involved in the BIG fit (see text.)
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Figure 12.15: Scans of w(1420) — pr [A) and ay{1320) — pr (B) in fit B16.

azw channel results in a change of A2In £ = 323, however, indicating that this decay
chain plays an important role in the fit. It may be mimicking a background or an
waw resonance that 18 not included in the fits, but again, the level at which it is fit is
consistent with that obtained in the Crystal Barrel analysis of fip —» wna®. It is hard
to believe that this decay chain is mimicking the same process in the two data sets.

12.5.5 Further Investigations

To investigate some of the interesting features found in the fits in Table 12.10 and in
Figures 12.14 and 12.15, additional fits were run and are shown in Table 12.12.

Note that ai{1260)% and o (1700)7 contribute 3-9% each when they are both
included along with By (1170)7 in the fit. When any one of these three channels is
excluded, the a;x channels each contribute less than 5%. Perhaps any two types of
resonances at these masses would produce a similar result. In order to determine if this
is necessarily due to a -type resonances, some fits were run with ay and ay resonances
with their masses and widths set to those of the a’s {{m.I'} = {1230,400} and
{1700, 250}). (In the fits where two a,-like ay's were included, the a;(1320) = wrn
was replaced by the “a2(1230).7) Results are shown in the first block of Table 12,12,
Neither g nor as resonances produce the same effect as the a's; the i, 1 2T decay
chaing are consistently fit as weak contributions, with small improvements to 21n £.
Culy the inclusion of a,{1260)x and a, (1700)x produces the reinforcing effoct. This
test supports the claim for observation of the wew decay mode the these two a
Les0nANCES.

This is further investigated by including the ay(1260)% channel along with = {1800}
and w4 (1670) and also by including the a, (1700 )r along with 7{1300)7; see the second
block of Table 12.12. Again, none of these combinations produces the effect seen by
combining the o, {1260)x and a, (1700)7 channels.
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250| 75| 0.9*5.9/*19.5| 26| 4404 0QIFLE *62 35 11| 7.7 0.2 6.4 0.3*Higher L'z allowed | 19120 1172 244
234| 97| 0.5*6.7T*160.4| 20| 5004  QO0F23 *4.6*4.6 *0O5410.0 *0.1*11.1 *0] [*Higher L'z allowed | 19224 | 137 139
259 90|03 24*16.4| 21| 1703 0125 *4.4)*4.2 04T 9.5 04140 *00[*Higher L's allowed | 19150| 1193 it
A 4A[0.6] 44] 229] [ 465 03[ 25 400 47 LI[ &4 06] 9.6 0.1[Noamw 18512 5hh| 373
HGT) 93|04 29 159 6.4 -9 3| 26 29 49 0.8 94 0.1 97 0.0|Nowl43))w 18834 aTT -5l
255 65|08 47 237 - -06 01|26 33 45 09 &7 0.7 103 .01 |Noasw, wf1430)w 1544 3| 425
2500000 | 0us| 22 156 5[ 1,408 0226 3.5 446 08 w8 05 8T 0015% CL cut 15541 G524 L]
BO 98 0.5 21| 14.4) 52 27101 03025 4.2( 41 1.2 108 04| &4 01|20 CL cut 18754 Azl -1M
G0 93| 0.6 2.3 153( LhE| 2.5/0.4 0.2 28 4847 10| 89 0.1 22 002 CL cut 18845 o28 f]
263104 | 0.8 23 155 6.0 2.2/0.4 0227 51| 48 10| 68 0.1 &1 01305 CL cut 18457 16D T2
HGT) 91|05 24| 161 6.2 2.5/0.4 0224 44 55 0.8 67 01| 28 0.0[35% CL cut 19206 1333 A6
54| 4507 26| 159 6.0 3106 0.3 22 31| 64 1.5 &5 0.6 12.0 01405 CL cut 19530 ( 1573 G5
2R0( 7|06 3.1 174 T2 1005 04|25 28 62 0.3 T2 0.1 9.0 0.045% CL cut 19428 1471 543
21| 64| Ll 3.0 162 ¢9( 1.0)1.1 0525 27 61 09 75 0.1 9.6 0.0]M% CL cut 19652 1605 TGT

Table 12.12: Results of supplemental fts. Contributions are shown as percentage contributions to the total ata ™ a%w
final state. Also shown i8 the change in 21n £ relative to the Base fit and relative to fit B16. 1st Block: Replacing the
ay (1260) and a; (1700} wrr resonances with ag and ap type resonances with similar masses and widths, wo verify that a,'s
are needed, 2nd Blods: a, (1700} or a,(1260) with other known resonances. 3rd Block: Include higher L's in production
and decays. 4th Block: Excluding az(1320)w and w(1420)w production from the fits, th Block: Changing the CL cut,
and thus the amount of background., 6th Block: Try other types of I = 1 wor mesonances in place of the {1400} (but

with the mass and width of the 5(1400).)
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Recall that when L = 2 decays were included in the Base fit a significant improve-
ment resulted (see Table 12.6(B).) The & (1170) — g7, however, showed stronger
decaye with L = 2 than with L = (), which seemed physically unlikely and is incon-
sistent with previous measurements. This is further investigated by the fits shown in
the third block of Table 12,12, where, in addition to the Base case, the by (1170)x,
a1(12680)x and @ {1700)7 channels are included (as in fit B16.) Below, the D/S
ratics are shown for the processes in the three fits discussed here. For the decay
ay (1700) < wp, both D{s,, = 1)/5 and D{s,, = 2)/5 are shown.

Reaction D/S ratios
Bl6a Bl6b  BlGe
Ry (1170 — e A1 33 -
ay (1260} — pr 13 A3 08
w(1600) —» wimm), .18 A6 13
w(1600) — 7 A0 A3 A2
fip = hy (1170) - 19 A7
fip —» ay (1260} - ¥ A6
ay (1700} = wp - 7,06 17.05

In the first of these fts (Bl6a in the table above,) only those resonances in the Base
Ot had L = 2 decays allowed (to see if the previous anomalous result was due o
the exclusion of one of the additional channels.) The unphysical result is still found:
L = 2 decays are about 4 times stronger than L = 0 decays for i [1170) — pr. In
the 2nd of these fits (B16b,) a very reasonable set of higher angular momenta was
allowed: in production of the low mass wor regonances a I:lﬂﬁﬂ] andd h-:[ll?ﬂ], and in
decays of the higher mass wrm resonances a) (1700) and w(1600), and also in decays
of the pr resonances by (1170} and o, (1260). Still, for &, (1170) — pr, L = 2 decays
are about 40% stronger than L = 0 decays. Other process show quite reasonable
results. Because of the unlikely result involving &, (1170} = prr, its L = 2 decay was
disallowed for the next fit (B16e.) The value of 21n £ falls by 74, but the D/5 ratios
are still reasonable; that for a,(1260) — g falls to 0,08, which agrees well with the
PDG value of 0.09=0.03.

Notice that in the fits where L = 2 is allowed for the decay of the o (1700}, it
can decay to wp with all three spin couplings (8., = 0,1,2.) The interferences among
these spin states was put forth above as the reason for the good values of 2In L
obtained from fits which involved the §(1400). Allowing the three spin states for the
a; (1700} actually yields a better value for 2In £, thus supparting the proposition.

The scans of the w(1420) — pr and ay(1320) — pr resonances showed some
ingxplicable behavior, perhaps indicating that these decay chains are mimicking some
other process (see Figure 12.15.) Leaving these channels out of the Base fit had a
strong effect on the fit (see Table 12.6(K-M).) In the fourth block of Table 12,12, fits
are shown in which these two decay chains are excluded, separately and together.
In these fits, in addition to the Base case, the i (1170)7, ai(1260)% and o (1700)7
channels are included. The strong effects of dropping these two decay chains remain.
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In the Afth block of Table 12.12, the effect of background in the data is investigated
by varying the cut on the confidence level of the kinematic fie to fip — 7% % 7°w, and
thus varving the amount of background in the data sample. The values of these eight
Gt (in addition to others) were used in the derivation of the systematic uncertainties
on the measured contributions to the final state. (See Section 12.6.2.)

12.6 Error Analysis

In this section, the methods used in computing the uncertainties on the measured
contributions to the 74 %~ 7% final state ave presented. The systematic uncertainties
are based on fuctuations in the measurements resulting from two factors: 1) the
effect of backgrounds (evenis which are not o#tr x%w) in the data sample, and 2)
what processes are included in the Pwa fits. The statistical uncertainties on the
measurements are derived from the uncertainties in the parameters involved in the
computer fitting alporithm. These are discussed in the following subsections.

12.6.1 Statistical Errors

Recall that the parameters used in the fitting function are strengths and phases of the
various process, relative amounts of the two initial states ('S and *51), and others
such as those which determine the D/S ratio in the b — wr decays. The contri-
bution level of the production and decay processes are derived from the parameters
in a complicated way involving numerical integration of the individual amplitudes.
Additionally, the error matrix which is generated by MINUIT [62], the minimization
package used in the fits, i3 not positive definite and cannot be used in the conven-
tional way to ascertain the uncertainties. This non-positive definiteness is probably
the result of the strong correlations among the parameters and the formulation of
the ftting function in terms of strength coefficients and phase angles. These strong
correlations are due to the parameterization of the fitting funection; for example, the
amplitude for fp — w1600}, w(1600) — byr, b = wr (L = 2) is multiplied by a
function of 5 parametors:

byt . baedn . (1 = Fig ),

where by and ¢ are the strength and phase for production of w(1600)7, by and &,
are the strength and phase for by — wr L = 2 (relative to L = 0), and F.g is the
fraction of annihilations cccurring from the 'Sy initial state of the fp atom. This
type of formulation results in large correlation coefficients for the parameters, and
makes errors on the individual parameters difficult to interpret. A numerical scheme
is used to extract the uncertainties on the contribution levels (branching fractions)
which are derived from the fitted parameters.

The procedure for determining the statistical uncertainties on the branching frae-
tions is shown schematically in Figure 12.16. The 1o errors on the fit parameters are
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Figure 12.16: The procedure for determining the statistical uncertainties on
the branching fractions is shown schematically. The error, op, on fitting pa-
rameter P is determined by finding the change in the parameter which changes
the value of ~21n £ by 1.0. Many sets of parameters are then generated, with
each parameter distributed as a Gaussian with ¢ = ap. Using these sets of
parameters, branching fractions are computed. These branching fractions are
then histogramed, and the distributions are fit with Gaussian functions. The
width (o) of the fit function is taken as the statistical error on the branching
fraction.
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extracted from MINUIT as the change in each parameter which results in an increase
of 1.0 in =21n £ (see, for example, reference [62]).) Next, 1000 sets of it parameters
were generated in which each of the fitting parameters was set to a value determined
by a random number generator. These random numbers were distributed as Gaussian
functions, centered at the best fit value, with a standard deviation () corresponding
to that which changes —2In L by 1.0. The branching fraction for each process was
then caleulated with each of the 1000 sets of parameters, and these branching frac-
tions were histogramed. A Gaussian funetion was then fit to each of these histograms;
the standard deviations (o) of these fit Gaussians were then taken to be the statistical
uncertainties of the measured branching fractions.

This method almost certainly overestimates the statistical uncertainties. 'The
effects of correlations among the parameters are amplified by changing all of the
parameters simultanecusly, but this is preferable to the underestimation which would
oceur by ignoring the correlations. For most of the branching fractions, the systematic
uncertainties arg much larger than the statistical uncertainties.

The statistical uncertainties on the ratios U{w(1600) — by} /T [w{1600) <+ wirr),)
and ['[w(782) — pr) /['(w(782) = waw(direct)) were also computed using this method.

12.6.2 BSystematic Errors

The systematic uncertainties on the measured branching fractions are dominated by
1} Auctuations which cecur as a result of changing what processes are included in the
Pwa fits and 2) by the effects of background events in the data sample. The results of
several fits were used in determining standard deviations of the branching fractions of
the various processes. To address issue #1 above, the lollowing fits were considered:

« [it BIG.

e Pits which consisted of fit B16 with additional wrr resonances added (in block
1 of Table 12.11,) except the one with the 5(1400), as this fit gave a value of the
UI,FS' ratio for by = ww of 0.10, more than 4o from the PDG value of 0.2940.04.

e Fit BI16 with the addition of higher angular momenta allowed in productions
and decays (the last fit in block 3 of Table 12.12)

e Fit B16 with the fp — w(1420)w process eliminated [the second fit in block 4 of
Table 12.12)) There was some doubt concerning w({1420)w, because of the large
mass of this intermediate state relative to the initial state, and the relatively
small width of the w{1420).

To address issue #2, the effect of backgrounds, the cut on the confidence level of the
kinematic fit to gp — 7tr" 7w was varied. This was shown in Table 6.5 to vary the

level of the contamination by the #* %~ #"x%s" final state. These fits are shown in the
last block of Table 1212,
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A total of 19 fits are used in this determination of the systematic uncertainties.
The arithmetic mean of each branching fraction among these fits is quoted below as
the fraction of the w47~ 7"y final state that it constitutes. The standard deviation
of these values is quoted as the systematic uncertainty.

12.7 PWA Results

The complexity of the ftting procedure has limited the number of processes which
can be included the Pwa fits. Because of the large overall rate of production of the
ata a"w final state, some processes have almost certainly been unaccounted for in
this analysis, but the largest contributions have been found. In addition to gp — ww,

the following intermediate states are found to contribute to the ¥ x % w final state:

Produced State Fraction +osgsemasie & Faratisical
b (1235)p 8.6+ 2.0+ 0.3 %
b (1235) (77, 0.66=0.03+0.12 7%

B (1170w 2.4+ 0.1+ 0.2 %

1 (1260) 1564 0.7+ 0.6 %

5{ 1320 ) 5.7+ L1+ 0.4%

w(1420)w 214 0.6+ 0.2 %

(13207 0.77+0.0940.18 %

w1600} 6.8+ 0.0+ 0.4%

ha(1170)7° 5.9+ 0.6+ 0.3 %

a, [ 1260)7 8.7+ Li+ 0.5 %

a, (1700} 0.1+ 2.3+ 0.4%

The derivation of the statistical and systematic errors is explained above in Sec-
tion 12.6. The sum of the contributions is not 100% becawse of the interferences
between the two modeled decay modes of the w({T82) (see Section 12.2.)

The above branching fractions, determined from the Pwa combined with the
overall rate for production of the 7% %~ 7" final state as determined in Section 10.2
(BR(gp = ata-n"w) = 16.1 & LO%,) lead to the product rates for production and
decays into particular modes listed in Table 12.13. Here, three uncertaintios are listed:
T ayatematic A0 T o correspond to those discussed above for the determination of
the fractional contributions to the &% 7~ 77w final state. The opp i8 that which results
from the uncertainty in the measurement of the total rate for the #¥7 " 7w final state.

A rate for gp — b (1235) (77}, is not listed in Table 12.13. This process was fit
as a very small I:-l:: l'.'-.FE.} contribution to the 7+x~ 7w lnal state, and its contribution
decreased as more processes were added to the Pwa fits, so the evidence for the
presence of this process is not convineing., (Production of a,(1320)x is also fit as a
< 1% contribution, but this process has been observed in other final states, so there
is more confidence in this measurement. )
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Process Rate +0 yurematic - Foratinical + TR

BR(fip — bi(1235)p, by — wr) 14+ 0.3+ 0.1+ 0.1%
BR(fip — hy(1170)w, hy — pr) 0.39:£0.02+0.0340.02 %
BR(fp — a,(1260)w, a; — px) 25+ (.14 0.1+ 0.2 %
BR{fip — as(1320)w, ay —+ px) 0.92:£0.18=£0.06-£0.06 7
BR(fip — w(1420)w, w(1420) — px) 0.33:0.10£0.0340.02 %
BR(fip —+ ag(1320)7, au(1320) = wrr)  0.1240.0120.0320.01 %
BR(fip —» w(1600)7°, w(1600) — wrs) L1+ 0.1+ 0.1+ 0.1%
BR(fip — hy(1170)%°, by — wee) 09+ 0.1+ 0.1+ 0.1 %
BR{fip — a, (1260}, ay — wrn) Ld+ 0.2+ 0.1+ 0.1%
BR(fp = ar(1700)7, a1 — wrer) Lo+ 0.4+ 0.1+ 0.1%

Table 12.13: Produet branching fractions derived from the pwa fits. Each
measurement has three errors associated with it: systematic ervor, statistical
error, and the error associated with the uncertainty in the overall branching
fraction of gp — wta 7w (ogg.)

Mass spectra which result from fit B16 are shown in Figure 12.17. The ragged
appearance of some of the MO histograms is primarily due to the large weight applied
to the relatively small number of events in the w — at7 7" peak; mass spectra
with these events removed are shown in Figure 12,18, Nine representative angular
distributions are shown in Figure 12.19. All of these distributions are well fit, as are
all of the others which are not shown here.

For the decay b ({12353) — ww, both L = 0 and L = 2 were modeled in the Pwa
fits. (See Section 12.3.) The D/S ratio is found to be:

DS (5:(1235) = wr) =028 £ .01 £ .04 (10, urematic £ Fstatistical)-

This is in agreement with the PDG value for the world average: 0.29 £ 0.04 [1].

The wrw resonances each had two decay modes modeled in the fits: wp and by
for I' = 1 resonances, and winn), and b7 for J = 0 resonances. The contributions for
the two decay modes are added in the above table. The b x decay modes are weak
except for the w({1600) where it is consistently 0t as the stronger mode:

[(w (1600} — by )
[{w (1600) = w{mm),)

= ].-E J_ ﬂl J_ D-E [J-‘Ti-jl.lh'.'mﬂllnd J_ ‘Tﬂﬂh\!]mr}l-

The decay w(7T82) = %7 7" was modeled as a combination of w — pr (the
isobar type model,) and a direct w — 7w term. (See Section 12.2.) The ratio of the
strengths of these two modes is found to be:

['[w(T82) — prr)
— 238+ 0024018 (+ + .
[{w(782) — mrw(direct)) (0 systematic £ @ assicat)
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Figure 12.17: Mass spectra from fic B16, with the experimental data shown as
crosses and the Monte Carlo data shown as the shaded histograms. The Monte
Carlo histograms have been weighted according to the fit, and have been scaled
up to have the same numbers of evenis as those for the experimental data. All
of the histograms have bin sizes of 20MeV je®.
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Figure 12.18: Mass spectra from fie B16, with the experimental data shown as
crogses and the Monte Carlo data shown as the shaded histograms. The gp —
ww events have been eliminated by requiring that m{rts-x°) > 830MeV /c?,
The Monte Carlo histograms have been weighted according to the fit, and
have been scaled up to have the same numbers of events as those for the
experimental data. All of the histograms have bin sizes of 20MeV [c®.
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of angular distributions; all are it very well. The fip = we events have been
eliminated by requiring that m{zta-7°) > 830MeV /e?. The Mc histograms
have been weighted according to the Base fit, and have been scaled up to have
the same numbers of events as those for the experimental data.
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Chapter 13

Conclusions

An analysis of fip annihilation at rest in liquid hydrogen has been carried out. Direct
measurements were made of the total rate for this process, and of the ww intermediate

state. A determination of the other intermediate states which play a significant role
was made using a partial wave analysis.

Results of this analysis are summarized in the ﬁ:rll-:‘:wing aecbiong.  First, those
results which are particular to this analysis are discussed, including ways in which
the new results could be verified. Trends suggested by these results and by previous
analyses are then discussed. Finally, suggestions for Turther study are presented.

13.1 Production Rates for 7' 7 7"w and ww
The overall rate for production of 77~ 7% was measured to be:
BR(pp = 7ta 7)) = 16.1 £ 1.0 = 04% {0 sypstematic T Faratistical )-

This about one out of every six annihilations.

The rate for production of ww was measured in a way that is free from back-
prounds. The value obtained is

BR(pp = ww) = 3.23 £ 0.20 £ 0.15% (L0 ,pmmematic £ Tosatistical)-

This is in agreement with a result which was previously published by the Crystal
Barrel collaboration (3.32 £ 0.34%% [38]), and was made in a different final state, thus
providing confirmation of the measurement. This rate provides valuable information
on @p annihilation dynamics.

13.2 Resulis from the Partial Wave Analysis

The partial wave analysis provided the results shown in Table 13.1. With an overall
rate of production of the ata~ 7w final state of 16.1+1.0%, one would expect many
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Process Rate +0 yurematic - Faratinical + TR

BR(fip — bi(1235)p, by — wr) 14+ 0.3+ 0.1+ 0.1%
BR(fip — hy(1170)w, hy — pr) 0.39:£0.02+0.0340.02 %
BR(fp — a,(1260)w, a; — px) 25+ (.14 0.1+ 0.2 %
BR{fip — as(1320)w, ay —+ px) 0.92:£0.18=£0.06-£0.06 7
BR(fip —» w(1420)w, w(1420) — px) 0.33:0.10£0.0340.02 %
BR(fip —+ ap(1320)7, au(1320) = wrr)  0.12240.0120.0320.01 %
BR(fip —» w{1600)7°, w(1600) — wrs) L1+ 0.1+ 0.1+ 0.1%
BR(fip — hy(1170)%°, by — wee) 09+ 0.1+ 0.1+ 0.1 %
BR{fip — a, (1260}, ay — wrn) Ld+ 0.2+ 0.1+ 0.1%
BR(fp = ar(1700)7, @y — wen) Lo+ 0.4+ 0.1+ 0.1%

Table 13.1: The results of the partial wave analysis, in the form of product
branching [ractions for production and decays in the specified modes. Each
measurement has three errors associated with itz systematic error, statistical
error, and the error associated with the uncertainty in the overall branching
fraction of gp — s#ta~ 7w (opg.)

processes to contribute. The complexity of the fitting procedure, however, limits the
number of processes which can be ineluded in the fits. Some small processes have
almost cortainly been neglected in the Pwa. This analyvsis has determined what the
large contributions are.

The only result among these which can be compared to previous measurements is
that of @,(1320)7 production. Correcting for the 10,6 £ 3.2% [1] branching fraction
for aa(1320) =+ worr, this analysis finds a rate for fp — 03(1320)x of 1.1 £ 0.4%. This
can be compared to previous results. Other Crystal Barrel analyses have reported
rates for this process; using these and the PDG [1] values for the branching fractions
of the ay(1320) decays, the following rates for fp —+ a5(1320)7 production are found:
4.1 £ 0.4% [53], 1.55 £ 0.31% [51], 3.4 = 0.9% [50], 3.0+ 0.9% [54]. Only the smallest
of these is compatible (within 1o) with the result found here. This may be a result
of the Pwa fits having diﬂ?i‘:u]LJ.' in E.LLi.I.I.'E' this very small contribution {-:: 15{,] Lo Lhe
atr 7w final state. Also, some processes which have strong interference effects on
az7 may have been neglected in the fits (such as a{1470)7.) Additionally, the PDG
values for the ey branching fractions may be incorrect; this may also account for the
apparent discrepancies among the previous measurements.

For the decay b {1235) — ww, both L = 0 and L = 2 were modeled in the Pwa

Gts. (See Section 12.3.) The D/S ratio is found to be:
DfS (,(1235) = wr) =028+ 012 .04 (L0, puematic £ Tatatistionl)-

This is in agreement with the PDG value for the world average: .29 4 0.04 [1].
The decay w(T82) — %7 7" was modeled as a combination of w — px (the
isobar type model,) and a direct w — 7w term. (See Section 12.2.) The ratio of the

153



strengths of these two modes is found to be:

['[w(T82) —» prr)
['{w(782) — mwaidivect])

=238+ 002+ 018 (trmuematic & Fnasistical ).

13.3 Production of b p

The results of the PWA indicate that this channel i3 produced in 1.420.3% of all
annihilations. Presence of this channel is supported by the fitted value for the DS
ratio in by —» wr, 0.28 & 01 £+ .04, which is in good agreement with the PDG value of
0.29 £ 0.04. It is seen here in the dominant decay modes of both resonances; neither
the & nor the p has another decay mode with a branching fraction of 1% or more,
a0 observation of by p in another final state is very unlikely. Perhaps the only way to
confirm this result is in 7% 7~ %% with the w in its 37 decay mode [instead of the 7%y
maodde as is used here.)

13.4 Production of w(1600)7"

This channel iz At a8 a 6.8 4 1.0% contribution to the =+ta~ 7w final state, which
corresponds to a rate BR{fp —» w(1600)7") = 1.1 £ 0.2%. This is even stronger than
w(TR2)x" production (0.573=40.047% [38]), which is not so surprising, since production
of vector mesons is very strong in fp annihilation. This larger rate for the heavier
w(1600) than for the »(782) i3 also consistent with the phenomenological model of
Vandermeunlen [15], wherein mass rather than kinetic energy release is preferred in gp
annihilation. (The publication in which this model was presented shows no specific
prediction of a rate for w(1600)% production, though.)
The decay of the w{1600) into by is found to be stronger than into w{rr),:

w1600} = byx)
[{w(1600) = wimn),)

In *Fy model of meson decays discussed in Section 2.2.2, the by decay mode “tags
the 1*D, iscscalar state, so this result adds further weight to the interpretation of
the w1600} as the first orbital excitation of the w.

The production of w{1600)7° can be confirmed in the final states 757~ #%x" [with
w(1600) = g, a known decay mode,) or, better yet, in wr®r"r° (with w{1600) —
wa, also a known decay mode.)] The we®r"7® has the advantage that very few
intermediate states are available, so the signal would be rather unambiguous.

=16+0.1 £ 0.2 (EFmsematic £ Fnaisticar).

13.5 w(1420) — wnn

The process fip —» wi{1420)%°, w(1420) — wwn is not needed in the Pwa fts. This
means that 1) w(1420)x° is not produced, or 2} »(1420) does not decay to wrw. To
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check for the production of w(1420)7", analysis of fp — %7 7%°%° 8 needed, since
the dominant decay mode of the w(1420] is g [1]. Only after gaining some knowledge
of this production rate can one draw conclusions concerning the wrr decay mode.

This decay mode is predicted to be small or absent for the first radial excitation
of the w meson {L]:u: 294, ﬂLFﬁ.Lﬂ] in the meson decay models discussed in Sevbion 2.2.2,
(her experiments have found that this decay does not exist [37]. Confirmation of
this would be valuable in determining the structure of this resonance.

13.6 The wrm Decay Modes of h1(1170), a1(1260) and
a1 (1700)

The wew decay mode has never been reported for the &, (1170), the a,(1260) nor the
ay (1700}, The by (1170} and a,(1260) resonances are quite broad, however, with [ of
360 and 400Me V' respectively, and are quite cloge in mass. They would probably not
be detected by “bump-hunting” in wrr mass spectra, 50 it 18 not Loo surprising that
this decay maode has not been reported for these two resonances. Evidence for the
a1(1700) has only been observed in the last couple of years, and only as a result of
careful, modern analysis of large data sets collected for the purpose of detecting new
states; the analysis of the o, (170M) is in its infancy, and there 13 certainly no evidence
against an wrr decay mode for it.

Theoretical predictions for these decays are not available due 1o the masses of
the resonances being below the wp and bw thresholds, but for the a, (1700}, the
madels of meson decays discussed in Section 2.2.2 indicate that wan decay maodes
can distinguish between the 29P and hybrid states: it predicts decay widehs of 41
and 15MeV for the byr and wp decay modes for the 27 P, gf state, and no warr decay
maddes for the hybrid state. The Pwa finds that the wp decay mode dominates over
Byw, 50 the results are not completely consistent with the model, but the existence of
the wp decay mode seems to be incompatible with the hybrid interpretation.

For all three resonances, the known decay mode is gw; in order to verily that
a1 (1700 ), i (1260)7 and b {1170)7 production eccur in fp annihilation, analysis of
fip —+ wha " w®%x" must be done. Partial wave analyses of this channel are currently in
progress by members of the Crystal Barrel collaboration.

Confirmation of the wrr decay mode of the by (1170) can be accomplished in the
analysis of fip — wr®n®%® Crystal Barrel data. In fact, by production is one of very
few processes which can ocour in this channel, making it an excellent way to confirm
this result and to measure the production rate.

To confirm the wes decay mode of the a,(1260) and a,{1700) in Crystal Barrel
data is more difficult. It would require a final state involving wa Fr~ plus at least one
additional meson; perhaps an 1 would be a good choiee, as it would allow production
of only the neutral a; which would simplify the analysis somewhat. Final states
involving #'s, however, are usually produced at a much lower rate compared Lo similar

-
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channels involving #%°s. Also, with a mass of 548MeV | not much energy is left for
production of resonances with masses greater than 1400Me V. A search for this decay
mode i8 more readily carried out in a =p production experiment such as BE852 at
Brookhaven National Laboratory. In this experiment, production of a){1260) and
a; (1700} has been observed, in their pr decay mode, and an analyses of wrw systems
is in progress [63, 64].

13.7 Production of w + pr Resonances

About a third of the 7t 7~ =" final state is fitted as proceeding via w plus heavy pr
resonances: wh (1170), wa, [1260), way(1320) and ww(1420), with corresponding rates
of 0.33 to 2.5% of all annibilations. Only the low-mass tails of the pm resonances are
available to the %%~ 7" mass spectrum (which cuts off at < 1100Me V) so one may
suspect that these four decay chains in the Pwa are fitting decay chains which cocurred
but are not included in the it. The contributions of these channels are rather stable,
however, and the production of was(1320) is corroborated by a measurement in the
wrpr® final state. 1t seems unlikely that way(1320) would be measured consistently in
two different final states if it were mimicking some other process. This eorroboration
lends credibility to the measurement of the other three channels. The ki {1170) and
a;(1260) are quite broad, and their central masses lie within 1. ' of the maximum
3m mass available, but production of ww(1420) is harder to believe, as the w({1420)
lies far above the available phase space and is not very broad (M = 1419 + 31 MeV
and I' = 174 £ 60MeV [1].) However, production of w mesons is very strong in fp
annihilation (ww is the strongest measured two-body mode.)
This trend is discussed further in the following section.

13.8 Production of Vector + FP-wave Mesons

In the wa®r" final state, the process Jp —» w f5(1270) was found to contribute strongly,
with a measured rate BR(fp —» wf2(1270)) = 0.57 £ 0.07% [58]. This is also kine-
matically suppressed like those channels discussed above. The relatively strong rate
for these processes sugpests a trend: f5(1270), By (1170), a,(1260) and a,(1320) are
all thought to be P-wave mesons [mesons in which the ¢f pair are in an L = 1 state.)
(See Figure 2.1.) Perhaps production of @ <+ (97) p_ weve 18 favored in fp annihilation.
The strong rate for production of b p sugpests a generalization to (vector meson) -
Eqﬁ]P e -

There should also be ay and fy P-wave mesons, but which observed resonances
correspond to the (§§) p-wave states is unclear. Their decay modes should be the same
as those available to the ay(980) and fo(980), though. If a pattern is established
concerning the production of vector + P-wave mesons, the observed production rates
of vector + 0Y* resonances could add one more piece to the puzzle of determining
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what states are the 13F,; gf mesons.

The following sections discuss the final states in which vector + (gF) r-weve pro-
ductions can be observed.

13.8.1 w + {qﬁjﬁ—wme

Below, short discussions of the observations of gp — w + () p - pare Are presented.
including existing measurements, and other final states in which such observations
may be made.

e fow: In the wr"s" Onal state, the following measurement was made: BR{fp —»
wiww),) = 0.31 = 0.0TH. The interpretation of the [7x), system is unclear,
though, especially in how it relates to the 1*F, isoscalar gf state. Such pro-
duction may also be seen in the following final states: wrnrrr, won and wK K.
The latter two of these have very little phase space available to them, and are
therefore not likely to be studied soon.

e fiw: The f;(1285) has strong branching fractions into 4x and nrr, making
wrmmT and wipmw the best final atates for study of this channel.

e faw: Asstated above, this was seen in the wr®r® final state. Other final states
in which it may be seen and confirmed are wete™ wrrrr and WK K.

o gyw: Which observed resonance corresponds to the 1?F, isovector gf state is
not determined. Such a state could decay to nm, KK or wrr., Production
of way(980) was observed in the wnx® final state, with a rate of BR{fp —
wiaag(980)) = 0.354 4 011 £ .026%) [48]. The wryr® final state is currently being
analyzed again, in a data sample with a much greater number of events. This
will allow more precise measurements, and since the ag(1470) resonance was
discovered after the frst analysis in the nw decay mode, a search for fp —
ap( 1470w may be conducted.

e gy The a (1260} appears to the 19 meson. Production of we, (1260) was

consistently fit as a significant [~ 15%) fraction of the =7~ 7"w final state, or
2.540.2% of all annihilations.

o asu: The ax{1320) is widely regarded as the 17F meson. The production
rate of way(1320) was measured here as 1.440.2% (correcting for the branching
fraction of a; —+ pm,) in rough agreement with the previous measurement in
fp = wiw®s BR(pp — wae(1320)) = 1.88 4 0.227%.

o huw: Production of whi (1170) was consistently fit at a level of 2.5% of v o~ 7w,
corresponding to 0.3940.04% of all annihilations (with hy — pr.)
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e byw: This would be most readily observed in the final state wewrn®. In a prelim-
inary report on an analysis of this channel in the 8y mode, bw was not needed
for a satisfactory fit to the data [65).

In summary, the following table lists final states in which wi P-wave intermediate
states may be observed:

||.'1i.l:lElJ.S-LEI.Li'.‘ "{.I.u |{.I.:| |E-:z | fo |1,Ir|_ | I |-!i|_ | iy |

wipr®
WER X

X X

WRNTT X X x

L x

LG W X X

WP x

wit 3 x| % 5

1382 p + (q8)p-ume

The obvious generalization ol w Powave production i vector meson 4 P-wave pro-
duction. The p(T70) is the sospin 1 partner of the w(782). Its mass is similar to that
of the w, and has a width of I' =~ 150Me V| perhaps making it kinematically maore
attractive for production with the P-wave mesons (as smaller total masses are avail-
able.] The following table lists final states in which g+ P-wave intermediate states
may be observed:

Final state || ag (o [ae | fo || fa [ 80| f
atar-ntn * x

atx-mr x x

ate n e ¥ | x x
atr mre ¥ | x ¥
ata" KK x x| x

Of these final states, 7tr~ #°r%7%, 7t % #%=" and =% =~ %y are currently under study
by members of the Crystal Barrel collaboration.

13.9 Production of w in fp Annihilation

The large rate of production of 747~ 7% (16.1£1.0%) in gp annihilation at rest fremly
establishes a trend: that w mesons are produced copicusly. In fact, it is now known
that w's are produced in at least 30% of annihilations at rest (see Table 13.2.)

It will be interesting to see if this trend is observed in the analysis of other final
states, especially those involving high pion multiplicities, as these have high rates of
production, and the strongest decay mode for w's is #¥77 7%, s0 they are most easily
observed in such final states.

158



Channel Rate ()  Reference
L e 16.1 +1.0 [This work]

W 2,57 £0.17 [17]
wrtw 6.6 +0.6 [4]
W2rn 1.3:£0.3 [18]
win® 0.68 +0.05 [48]
Wi 3.23 +0.25 [This work]
wr® 0.573-0.047 [38]
wn 1.51 +0.12 [38]
wiy 0.78 £0.08 [38]

Table 13.2: Measured production rates of various final states which involve
w's, from fip annihilation at rest.

13.10 Suggestions for Further Study

The wtr~ 7" decay of the w meson gives complete information on its polarization.
(Because the plons have no spin, the polarization information is carried solely in the
orientation of the decay plane. In the 7y decay mode, information is lost because
the photon carries spin, and its polarization is not measured in the Crystal Barrel
apparatus.] Final states in which the w is observed in this decay mode would be
interesting for this reason. This final state i3 more difficult to extract cleanly, though,
because of the greater charged multiplicity and because of a larger combinatorical
background in some final states. A study of oo~ 7%, but with w — %77 7%, would
suffer from this increased combinatorical background. It is possible, though, that the
additional information on the w polarization would offset the increased difficulty in
extraction of the data set. This final state would result in four charged tracks and
four photons in the final state. Data from the Crystal Barrel experiment have been
collected with a 4-prong trigger, but analysis of these data is in an early stage, and
expertise in extracting data sets is not widespread in the collaboration.

To confirm production of the two-meson states observed here, to confirm a new
decay mode observed here, and 1o establish the vector + P-wave pattern, analysis of
the following final states would be useful:

o wr'r®r® This is an all neutral final state, so C-parity is a good guantum
number. This imposes restrictions on the decay chains which can occur. Addi-
ticnally, no intermediate states involving p mesons can occur, sinee p # 7777,
s0 production of by p is prohibited, as is production of states which decay to pw
and wp. Production of ai(1260) and 7(1300), along with an w is allowed, but
they would have to decay to w(rr),, which appears to be a very weak decay
mawde for both of these resonances [33]. This final state is likely to be dominated
by fp —» w(1600)%° and pp — hy(1170)x°. This would constrain the levels of

159



those processes in ot w~ %%, This state could be ohserved as 9y or as #ta~8;
the combinatorics actually favor the =7~ 7% decay mode of the w over the 7%
decay mode because of the smaller number of 7#%'s to form from + pairs.

mta-x®r® This final state has many possible decay chaing available. The pwa
for it is likely to contain many components, as in 7ta 7 w. However, in this
channel one can observe five types of resonances in their known e decay modes,
which may also be present in wes decay modes in 7t 7w

— ey (1170)m®, hy() = p
ay (1260, 17007, ay() = pr
a5 (1320, 165077, ay() — pm
— w(1600)x°, wi) = pm
— (16T, my —+ o

As these are established resonances, and prr is their known decay mode, this
channel can confirm or deny that they are produced with a 7 in fp annihilation.

wipr® The knowledge gained since the first analysis of this final state will
influence the re-analysis which is currently underway. In particular, a search
for production of way(1470) may be conducted. Additionally, produetion of
ay| 1320w intermediate state can be confirmed and measured more precisely.

wwrm: Recall that four heavy resonances (decaying to p) appear to be pro-

duced with an w in 777 7w, and are also seen to decay to wrr alter production
with a m: Ry (1170]), @y (1260), a.(1320) and w(1420). This channel could allow
production of these with an w in their wrw decay modes. The large final state
particle multiplicity and the presence of two w’'s could make this channel dif-
ficult to cleanly select, but the number of possible decay chaing should not be
large, as not very many light resonances are known to decay to wr and wow.
Unfortunately, there is not much phase space for this channel, as the sum of
the masses of the final state mesons is 1834Me V| and only 1876 MeV of energy
is available to fp annibilation at rest.

ata-arr® and #* o wtaoa": In these final states, one may observe produc-
tion of p mesons along with three P-wave mesons: ay, ay and A ; these can help
to establish a pattern concerning production of vector + P-wave mesons.

ata-a®n: Production of p plus ay or a; may be observed in this Onal state,
again establishing the pattern for production of vector + P-wave mesons.

wrtar ats” and wate 70" Again, p + P-wave mesons can be observed, but

here the P-wave mescons could be observed in their wrr decay modes. Such
a decay mode is well known for the a2(1320), and the analysis of =t 7"w
indicates that this mode may exist for a,(1260) and & (1170).
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e 7P KK: A KK mode has been observed for ag, as and Sy mesons. In this
final state, one may observe their production with @'s, helping to establish a
pattern concerning production of vector + P-wave mesons.

13.10.1 Possible Improvements on this Analysis
13.10.1.1 Phase Space Factor for wrr Decays

The problem with modeling the mass-dependent width of the Breit-Wigner function
for wrr resonances was discussed in Section 12.4. This 8 probably of great impor-
tance, and should be addressed again here.

The phase space factor, pm), in [{m) is computed using the rest masses of the
three decay products of the worr resonances. This results in p(m) rising rapidly around
1000 to 1100Me ¥, and rising slowly in the mass range in which most wrr resonances
are found. These resonances are actually decaying (in the model used) to heavier
objects, such as w(T82)p(770) and b (1235)7, the sums of whose central masses are
several hundred MeV greater that their decay products’. The significant effects on
['{m) probably oecur around 1500Me V', where there are obvious problems with the
PwaA. Several methods of accounting for this effect were considered: using weighted
average phase space factors and using a running normalization for p(m) among them,
but some of the methods were physically unintuitive, while others vielded results
which were difficult to interpret and justify. Even the way that the phase space factor
is to be included in the Breit-Wigner formula came under suspicion. In the end, it
seemed] better o have a known weakness in the model than to bave an elaborate,
unfamiliar deseription which would produce questionable results.

A better way of handling this effect may have strong effects on the conclusions of
the Pwa. A model which is based on physically sound fundamental principles may
soon be developed which will be acceptable for further analysis of the wrr system.

13.10.1.2 Many Small Contributions

One of the initial motivations for study of the #* 7 7 "w final state was the hope of
observing the exotic § meson decaying to byw. This decay mode was (and still is)
favored in many models for the lowest lying 1°% hybrid mesons. Assuming that the
overall rate for fip — ot ® 7% was small, a small rate of production for f= might
still comprise a significant proportion of the final state. The overall rate for gp —
ata=aw is not small, however (see Section 10.2), at 16.1 = 1.0% of all annihilations.
This makes all but the strongest of intermediate states difficult to detect for two
reasons: 1) Many parameters are required in the mathematical description of the
data. This requires a great deal of computing time, and it is therefore difficult and
time consuming to try a wide variety of combinations of decay chains. Some small
contributions are inevitably neglected in the analysis. 2) If a decay chain is fitted as
a 1% contribution to the final state, it's difficult to know if it's an actual signal, or
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if it"s mimicking a background or another small signal which has not been accounted
for in the fie.

Using information from other final states can constrain the fits to «hr 7w,
All imtermediate states seen in the wr®r"x® final state should also be present in
ataoatw, for example. The wr*r®r" final state is produced far less copiously than
is # T 7"w [66], and probably contains far fewer intermediate states. Analysis of
this final state can measure the rates for production and decays of the f; and w
resonances, The rates for those processes could then be Oxed in the more compli-
cated 7t7 7w analysis. Also, for resonances being observed in new decay modes
in 7% % 7w, observation of their production and decay into known decay modes can
allow for more confidence in observation. Suggestions for study of channels which can
constrain the analysis of 77~ 7% were made in Section 13.10.
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