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Abstract

The search for exotic resonances is one of the most active areas in light meson

spectroscopy at the present time. From a study of high energy photoproduction

on experiment E687 at Fermilab National Accelerator Laboratory, two candidates

for hybrid states are observed.

The �rst is a state of mass 1914�33 MeV and width 389�115 MeV, produced

with almost no background, which decays to �� and whose angular distributions

indicate JPC = 1��. Close and Page predict the existence of an exotic vector

meson that decays to ��. However their theoretical width is much less than our

experimental value.

The second is a state with a decay into f1(1285)� which has a mass of 1748�12

MeV and a width of 136� 30 MeV, whose decay angular distributions suggest the

patently exotic quantum numbers JPC = 1�+.
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Chapter 1

Introduction

One of the specialties of the University of Tennessee (UT) high energy physics

group is light meson spectroscopy. Since the light quark mesons have been studied

for decades, a great deal is known about them. However there is much about them

which is still unknown. One of the aspects in the light meson sector which needs

further elaboration is that of gluonic degrees of freedom.

There are several theories for bound states including gluons, and there are

several candidate states for them, but so far, their existence remains uncertain.

One particular class of these states, the so-called hybrid states, should be accessible

by experiment according to some models. Two possible hybrid states, one of which

decays into f1(1285)� and the other which decays into ��, will be analyzed at

length in this dissertation.
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Chapter 2

Theory

2.1 The Vector Meson Dominance Model

Meson photoproduction is the process whereby photons interact inelastically with

matter to produce mesons. The experimental observation, that these interactions

are dominated by the production of vector mesons, is incorporated into the vector

meson dominance (VMD) model. The underlying principle of VMD is that the

photon manifests itself as a virtual (o� the mass shell) vector meson, provided it

has su�cient energy to produce the vector meson [1]. Hence the photon can be

described as a superposition of a bare, or structureless, component and a hadronic

component. The photon wave function is given by:

ji �= p
Z3jbarei+ c

p
�jhi

where Z3 = 1� c2� assures the proper normalization, � is the �ne structure con-

stant, and c is a constant of O(1). It is assumed in VMD that the bare component

of the photon jBi cannot interact with hadrons. In its simplest formulation, VMD

asserts that the vector mesons �0, ! and � are the sole hadronic constituents of

the photon, based on the observation of their copious photoproduction [2]. These

vector mesons have the same quantum numbers as the photon, JPC = 1�� with

Q = S = 0. Here J is the total spin of the meson, P is the parity, C is the

2



charge conjugation, Q is its electric charge and S is the strangeness. Photoproduc-

tion of the vector mesons is predominantly due to di�ractive processes (Pomeron

exchange), which have been found to conserve s-channel helicity.

2.2 The Standard Model

The elementary particles are categorized in the standard model, which is the most

widely accepted theory of elementary particles at the present time. According to

the standard model, all matter is composed of fermions (spin 1

2
particles) called

quarks and leptons. Quarks and leptons also have antimatter counterparts 1 -

antiquarks and antileptons - which behave similarly but have opposite electric

charges and magnetic moments.

Leptons can be charged, such as the e, �, or � , or they can be neutral, such

as the neutrinos �e, ��, or �� , which have very little or no mass. Leptons exist

individually, but quarks must exist in groups called hadrons. There are six types or

\avors" of quarks, up, down, strange, charm, bottom and the recently discovered

top whose symbols are u, d, s, c, b and t respectively. Hadrons can be baryons

(antibaryons), which are composed of three quarks (antiquarks), or mesons, which

are composed of a quark and an antiquark. The masses of the quarks and leptons

are given in Table 1. Although values for the quark masses are listed, these are

somewhat uncertain due to the fact that they cannot be determined directly; they

must be determined by their inuence on hadronic properties.

The behavior of quarks and leptons is governed by force carriers called gauge

bosons (integer spin particles). A list of the fundamental forces and their cor-

responding gauge bosons is given in Table 2. The strong force, characteristic of

hadrons, is mediated by gluons. Photons are carriers of the electromagnetic force,

and the W and Z vector bosons are carriers of the weak force. The electromag-

netic and the weak force are uni�ed at very high energies and are often collectively

1Antiquarks and antineutrinos are denoted with a bar over them, such as �u and ���.

3



Table 1: Generations of quarks and leptons.

Generation Quarks Leptons
Mass (MeV) Charge Mass (MeV) Charge

I u 2 � 8 +2

3
e 0.511 �1

d 5 � 15 �1

3
�e 0 0

II s 100 � 300 �1

3
� 105.7 �1

c 1000 � 1600 +2

3
�� 0 0

III b 4100 � 4500 �1

3
� 1777 �1

t � 174000 +2

3
�� 0 0

Table 2: The fundamental forces and their corresponding gauge bosons.

Force Gauge Bosons

Strong Force g
Weak Force Z0, W�

Electromagnetic Force 
Gravity graviton

4



referred to as the electroweak force. The body of knowledge concerning the elec-

tromagnetic force is known as quantum electrodynamics (QED), while quantum

chromodynamics (QCD) describes phenomena involving the strong force. A spin 2

graviton is presumed to carry the gravitational force, but has not yet been observed

experimentally.

2.3 The Quark Model

The quark model, which is an attempt to reproduce experimental results, describes

the quark content of hadrons. Because this dissertation is devoted to meson pho-

toproduction, no further discussion of baryons will be given.

If the quark content of the light mesons is plotted with the strangeness, S

(related to the number of s quarks), on the y-axis and the isospin, I (related to

the number of u and d quarks), on the x-axis, a pattern emerges due to the SU(3)

avor symmetry. This pattern is shown in Figure 1. The quark model can be

expanded to SU(4), SU(5) and SU(6) symmetries with the addition of the c, b

and t quarks respectively. SU(3) is an approximate symmetry because the mass

of the s quark is slightly greater than that of the u and d quarks. If the heavier

quarks are included, the accuracy of the model is further degraded. However, the

SU(3) avor symmetry is appropriate for the light quark states since the e�ective

masses of the u, d and s are quite close. Hence for states composed of the light

quarks, the quark model gives an accurate description of them.

In SU(3) avor symmetry, the quark and the antiquark are 3 and �3-dimensional

objects respectively. The coupling of a quark (q) and an antiquark (�q) can be

expressed as the following:

3 
 �3 = 8� 1.

The result is an octet and a singlet, collectively referred to as a nonet, for each JPC.

The quark representations of the mesons with JPC = 0�+ and JPC = 1�� are listed

in Table 3 [3]. It should be noted that the quark content of the neutral states in the

5



K0 K+

π- π0 η  η’ π+

K- K0

J=0a)

Iz

S

-1 +1

+1

-1

K*0 K*+

ρ- ρ0 ω  φ ρ+

K*- K*0

J=1b)

Iz

S

-1 +1

+1

-1

Figure 1: (a) J = 0 nonet and (b) J = 1 nonet.
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Table 3: Quark representations of mesons.

J=0 J=1 Charge Quark Content

�+ �+ +1 u �d
�� �� �1 d�u
�0

�
�0

�0

!
�

9>=
>; 0

8><
>:
u�u
d �d
s�s

K+ K�+ +1 u�s
K0 K�0 0 d�s
K� K�� �1 s�u
K0 K�0 0 s �d

center of the nonets is not precisely delineated. Due to SU(3) symmetry breaking,

states with the same IJP and additive quantum numbers can mix. Therefore the

I = 0, or isoscalar, member of an octet can mix with the corresponding singlet.

The I = 1, or isovector, member cannot have any strange quark content since s

and �s have I = 0. The isovector can be expressed:

�0 = (d �d � u�u)=
p
2.

Physically only mixed states are observed for the isoscalars. Mixing is quite promi-

nent in the ground state nonet, where the physical states � and �0 are expressed

in terms of a mixing angle, �:

j�i = cos �jnsi � sin�js�si
j�0i = sin�jnsi + cos�js�si

where

jnsi = (u�u+ d �d)=
p
2:

7



In strong interactions isospin (I), parity (P ), charge conjugation (C) and G-

parity (G) are all conserved quantities. C is ambiguous for charged states, but

G-parity, which combines C and I, is a useful quantum number for both charged

and neutral states. G-parity can be expressed as G = Cn(�)I , where Cn is the

charge conjugation of the corresponding neutral state. In the quark model, par-

ity, P , and charge conjugation, C, for mesons are expressed as P = (�)L+1 and
C = (�)L+S respectively, where L is the orbital angular momentum between the

q�q pair, and S is their spin (either 0 or 1 for mesons). It is apparent that in the

quark model certain quantum numbers are forbidden. These forbidden quantum

numbers, JPC = 0��; 0+�; 1�+; 2+� and so on, are also referred to as exotic com-

binations of quantum numbers. A list of the allowed states using spectroscopic

notation (2S+1LJ ) is given in Table 4 [4].

2.4 Color and Con�nement

Both quarks and gluons possess an internal degree of freedom called color. Color is

an artifact whose introduction is required to avert violations of the Pauli Exclusion

Principle in the quark model. An elementary example of this is the �++ baryon

whose quark model assignment is (uuu). With three quarks of the same avor,

an additional degree of freedom (color) must be introduced to avoid conict with

the Pauli Principle. Color charge is somewhat analogous to electric charge, except

the gluon carries color charge while the photon does not carry electric charge.

Therefore, unlike photons, gluons can couple to themselves.

Three color charges form the members of the SU(3) symmetry group, indepen-

dent of the SU(3) avor symmetry of the light quarks. Quarks can have a color

charge of red (r), green (g), or blue (b), and similarly antiquarks can have color

charges of antired (�r), antigreen (�g) or antiblue (�b). Quarks and antiquarks are

3 and �3-dimensional objects respectively in the SU(3) color group. Only color

neutral states of hadrons can exist, such as q�q (consisting of a quark with some
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Table 4: Allowed q�q states.

PCn

J �+ +� �� ++

0 1S0
3P0

1 1P1
3S1;

3D1
3P1

2 1D2
3D2

3P2;
3F2

3 1F3
3D3;

3G3
3F3

4 1G4
3G4

3H4;
3F4

color charge and an antiquark with the corresponding anticolor charge) and qqq

(consisting of one quark of each color). States which cannot form a color singlet

such as qq�q, qq and q are forbidden. This phenomenon is often referred to as

con�nement in QCD.

The gluons form a color octet analogous to the avor octet of the light mesons.

Thus the gluons are 8-dimensional objects in the SU(3) color group. The gluonic

states can be written as the following [5]:

r�b; r�g; b�g; b�r; g�r; g�b;
r�r � b�bp

2
;
r�r + b�b� 2g�gp

6
:

A diagram of the color force being mediated between two quarks by the exchange

of a single gluon is shown in Figure 2. However because of gluon self-coupling, the

simple diagram in Figure 2 is probable for violent collisions involving high momen-

tum transfer, but unlikely for low momentum transfer (large distance) interactions.

The potential between two quarks can be written as

VS = �4

3

�s
r
+ kr:

The �rst term, which dominates at small r, is due to their Coulombic attraction
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Figure 2: The exchange of a single gluon between two quarks.

and is the contribution from single gluon exchange 2. The linear term is associated

with con�nement at large r.

This phenomenon is illustrated by the fact that as a quark and an antiquark are

separated, the force (and also the number of �eld lines) between them increases,

and they form a string or ux tube as pictured in Figure 3. If enough potential

energy is added, it becomes energetically favorable for the system to become two

mesons with short ux tubes rather than one meson with a long ux tube.

2.5 Exotics

At the present time, there has been no unambiguous proof of the existence of exotic

states 3. A compelling signature for the existence of one of these states would be

the observation of a state with forbidden, or exotic JPC quantum numbers. Two

groups of these predicted states are multiquark states and gluonic hadrons. States

with gluonic degrees of freedom are categorized as either glueballs or hybrids.

Glueballs are predicted to be composed of two gluons (gg) in some models [7]

and three gluons (ggg) in others [8]. In the SU(3) color symmetry group, both

2The coe�cient (�4

3
) is often quoted for the �rst term, but this coe�cient is actually model

dependent [6].
3States outside of the quark model are referred to as exotic. However, not all of the states

predicted outside of the quark model have exotic JPC quantum numbers; but if a state does have
exotic JPC quantum numbers, it must be outside of the quark model.
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q q

Figure 3: Mesonic structure including the ux tube.

8
8 and 8
8
8 contain singlets. A (gg) glueball must have the same quantum

numbers as a  state (I=0 and JPC = 0�+; 2�+; 3++; 4�+ : : :), none of which is

exotic. Both ordinary and exotic quantum numbers are allowed for ggg states, but

most models predict the exotic ggg states to have masses which are quite large.

Their decay widths are also quite uncertain.

Hybrids are q�q pairs combined with a gluonic excitation. From an experimental

point of view, a search for hybrids is more attractive than one for glueballs since

certain characteristic decays of hybrids are expected, and all hybrid models predict

some states with exotic quantum numbers. In particular, all hybrid models predict

a state with JPC = 1�+ [9]. Hybrid models include the MIT bag model [10, 11, 12],

models with QCD sum rules [13, 14], and models with constituent gluons [15, 16,

17]. Currently one of the most widely used models to study hybrids is the ux

tube model which will be discussed the the following section.

2.5.1 The Flux Tube Model

The ux tube model proposed by N. Isgur et. al. [18] predicts masses and widths of

a variety of hybrid mesons with exotic quantum numbers. Con�rming one of these

states would demonstrably prove the existence of states beyond the quark model.

The credence of the ux tube model is enhanced by the fact that it accurately

describes the well established mesons [19]. In this model a meson consists of a

q�q pair joined by the ux tube. The ux tube was �rst described as a cylindrical

11



bag of colored �elds, and later modeled as a string of mass points with a con�ning

potential between them [6]. The ux tube is in the ground state for conventional

mesons, and it is in an excited state for hybrid mesons. A glueball in this model

is delineated as a ux tube in a continuous loop. Diagrams of the creation and

decay of both an ordinary and hybrid meson are shown in Figure 4.

According to the ux tube model, �nal states consisting of two ground state

mesons, such as those of the � and � nonets, are highly suppressed because the

transverse vibrational energy of the excited string cannot be easily absorbed by

them. This model predicts that hybrid mesons preferentially decay into �nal

states with one orbitally excited meson, such as b1(1235)�, f1(1285)�, h1(1170)�

or a1(1260)�. Unfortunately many of these ux tube hybrids are predicted to have

widths which are far too wide to observe experimentally, or they are predicted to

decay to states whose widths are so large that their own identi�cation is usually

somewhat uncertain. However, a 1�+ state with a mass of about 1900 MeV and

a width of about 180 MeV is predicted by this model to decay into b1(1235)� and

f1(1285)�. The ux tube model is relevant to this work because a feature of this

model is that photoproduction appears to be an ideal source for the creation of

ux tube model hybrid mesons [18, 20]. Furthermore, the f1(1285)� is readily

available in this experiment.

2.5.2 Experimental Evidence for Flux Tube Model Pre-

dictions

The most recent published work in the search for this state is by J. H. Lee et.

al. at Brookhaven National Laboratory (BNL) [21] using the reaction �p !
KSK

+����p. This group has analyzed the f1(1285)� state where the f1(1285)

decays to a0(980)+�� and the a0(980)+ subsequently decays to KSK
+. They re-

port the existence of both a JPC = 1++ resonance at 1700 MeV and a JPC = 1�+

partial wave extending from 1600 to 2200 MeV in the f1(1285)� mass spectrum.

If this latter wave corresponds to resonance production, this experiment heralds
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(a) (b)

Figure 4: Feynman diagrams of the creation and decay of (a) an ordinary meson
and (b) a hybrid meson.

the experimental observation of a hybrid state. Because of the importance of this

result, it is highly desirable to verify its integrity by observing it in a di�erent reac-

tion. Although the production mechanism was expected to be b1(1235) exchange,

the actual data showed it to be either � or f2(1270) exchange. A diagram for this

process is located in Figure 5(a).

The f1(1285)� channel is analyzed in this work where the data are produced

via photoproduction instead of with a � beam. This process is diagrammed in

Figure 5(b). If VMD and one pion exchange (OPE) are assumed in these data,

the interaction vertex in E687 is identical to that in the experiment of Lee et. al.

The b1(1235)� �nal state has been analyzed in two previous photoproduction

experiments. T. Handler et. al. [22] report two primary mass enhancements in

the b1(1235)��� channel. The �rst, of mass 1672 � 8 MeV, is consistent with the

!3(1670) which is listed by the Particle Data Group as having !�� and possibly

b1(1235)� decay modes. The second enhancement with a mass of 1946 � 25 MeV,

occurrs in a region where a hybrid is expected. M. Atkinson et. al. [23] also

report the observation of the !3 in this channel, along with an additional mass

enhancement at 1880� 40 MeV. Although both experiments are highly suggestive

of the existence of a b1(1235)� state at � 1900 MeV, neither experiment contained

su�cient statistics to quantify its JPC.
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Figure 5: Production mechanism for f1(1285)� at (a) BNL and (b) FNAL.

F. E. Close and P. R. Page [24] predict that there may be a signi�cant con-

tribution from the �� channel to the decay of the proposed exotic states in the

ux tube model. A state at 1775 MeV with a large �� decay width has been ob-

served in a photoproduction bubble chamber experiment at SLAC [25]. The most

likely quantum number assignment for this state was JPC = 1�+, although certain

non-exotic combinations could not be excluded.

Close and Page [24] also extend predictions of the ux tube model to hybrid

states with non-exotic quantum numbers. Proof that states with non-exotic quan-

tum numbers correspond to hybrid states will be more di�cult to obtain. Two

such states have a substantial decay to the �� �nal state, which will be analyzed

in this dissertation. The �� decay modes, representing hybrid states, are predicted

to evolve from a JPC = 1+� resonance and a JPC = 1�� resonance. Because of the

similarity of the quantum numbers to those of the photon, di�ractive production

of this state is a distinct possibility. Both of these �� resonances are also predicted

to decay to ��0 and K�K. However these channels are not analyzed due to the

large amount of background from competing processes.

�� is an exciting channel from an experimental point of view. First of all,

previous investigations of the �� system have been quite limited. The Particle

Data Group reports �� to be one of the many decay modes of the J= , but it is

not listed as a decay mode for any of the light quark meson resonances. Secondly,
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the � and the � are both quite narrow and occur near their respective thresholds

in channels representing large decay fractions, which facilitates the analysis of the

�� system.
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Chapter 3

E687 Beamline and Spectrometer

The analyses in this work are based on data from the �xed target experiment E687

carried out at Fermi National Accelerator Laboratory (FNAL) in Batavia, Illinois.

A schematic of Fermilab [26] is given in Figure 6. The experiment ran periodically

between 1987 and 1992. Data for this analysis was accumulated between 1990

and 1992, during which time over 500 million triggered events were recorded. The

following chapter is a condensed description of the beamline and the spectrometer.

An unabridged version is available in references [27] and [28].

3.1 Beamline

3.1.1 Proton Beamline

The proton beam originates as negatively ionized hydrogen which is accelerated to

an energy of 0.75 MeV in the Cockcroft-Walton voltage multiplier, and then further

accelerated by the LINAC to an energy of 200 MeV where it also passes through

a carbon foil and the electrons are stripped o� [29]. From the LINAC, protons

are injected into the booster, which is a small proton synchrotron accelerator 75

meters in diameter. After being accelerated in the booster ring, the protons enter

the main ring, which is two kilometers in diameter and accelerates the protons to
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Figure 6: Schematic layout of Fermilab National Accelerator Laboratory.

energies of 150 GeV. Finally, from the main ring, the protons are injected into the

Tevatron, which is the superconducting accelerator located just below the main

ring. Here the protons are accelerated to their highest energy { 800 GeV.

Once this energy is reached the beam then goes to a switchyard where it is split

electrostatically for the �xed target experiments into three beamlines { the meson

line, the neutrino line, and the proton line. E687 is located in Wide Band Hall at

the end of the wide band photon beamline beyond P-East.

3.1.2 The Photon Beamline

At a proton accelerator, photons must be derived indirectly from strong interac-

tions. Two problems arise: �rst, the beam must be formed from particles produced

over a wide range of momenta and angles, and second, all unwanted particles pro-

duced with the photons must be removed. The wide band photon beam derived

here is called a tertiary beam because it emerges from three interactions and a
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decay. Although this somewhat degrades the �nal energy, it is an extremely pure

beam. (Neutral hadronic contamination is less than 10�5 per photon.)

A schematic of the derivation of the photon beam can be found in Figure 7.

The process was carried out in the following manner:

� The 800 GeV protons interact with the primary production target, which

consists of liquid deuterium. Dipole magnets subsequently sweep away the

charged particles into a mass of concrete which acts as a dump, and the

neutral particles, mainly neutrons, KL's and photons, continue downstream.

� The neutral particles then strike a lead converter with a thickness of 0.5

radiation lengths. This particular radiation length was chosen so that the

photons would be likely convert to e+e� pairs, but the other neutral particles

would be unlikely to interact hadronically.

� The electrons are bent away from the forward direction by a beam transport

system consisting of dipole and quadrupole magnets. Any remaining neutral

particles continue forward into a neutral dump. The electron momenta is

tagged with a silicon strip detector, and only electrons within �15% of a

nominal momentum of 350 GeV continue down the beamline.

� The electrons then strike a lead radiator of 0.2 radiation lengths where pho-

tons are produced by bremsstrahlung (e� + Z ! e� + Z + ). Afterwards

the electrons are swept aside by dipole magnets, and their momenta are de-

termined by the Recoil Electron Shower Calorimeter (RESH). The photons

continue forward to the experimental target.

3.1.3 Beam Tagging

The incident photon energy was determined on an event-by-event basis according

to the relation
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Figure 7: Schematic of formation of tertiary bremsstrahlung photon beam.
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E = Ebeam
e� � Erecoil

e� �E0 .

� Ebeam
e� is the electron energy determined by the silicon strip beam tagging

detector. This detector consists of �ve large area microstrip planes { one

in between the dipole magnets, two upstream from the dipole magnets and

two downstream. They were placed as far apart as possible to obtain the

best resolution of the bend angle. The middle plane was used to delineate

multiple beam tracks, spurious noise, and out of time hits. A schematic of

this detector planes is shown in Figure 8 [30].

� Erecoil
e� is the energy measured by the RESH. The RESH consists of 10

scintillator hodoscope counters transverse to the photon beam, as shown in

Figure 9 [31]. The particular counter struck determines the bend angle of the

electron which in turn determines its momentum. The electrons which do

not undergo bremsstrahlung in the radiator are deected 10.24 centimeters

from the beamline into a lead/steel dump.

� E0 is the energy due to non-interacting photons and the photons produced

in multiple bremsstrahlung processes. These photons were measured by the

Beam GammaMonitor (BGM) in the 1990 run and by the Beam Calorimeter

(BCAL) in the 1991 run. These electromagnetic calorimeters are located at

the end of the spectrometer. They are also sensitive to e+e� pairs.

3.2 The Spectrometer

The E687 spectrometer [28] is a highly e�cient, large acceptance, multiparticle

spectrometer capable of operating at high rates. Although it was primarily de-

signed for the detection of charm particles, it can yield information on many light

quark processes as well. A schematic of the spectrometer can be found in Figure

10, and a rendered drawing of the spectrometer can be found in Figure 11 [30].
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Figure 9: Con�guration for the Recoil Electron Shower Calorimeter (RESH).
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Figure 10: Schematic of the Spectrometer.
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Figure 11: The E687 Spectrometer.

3.2.1 The Target

Although several targets were used during the course of the experiment, the data

in this analysis were taken with a beryllium target in place. Because hadronic

cross sections are proportional to A (the atomic number of the material), and

e+e� cross sections are proportional to Z2 (the atomic mass squared), beryllium

was a preferred target since it has a small Z2=A ratio.

3.2.2 Silicon Microstrip Detectors

The silicon microstrip detector is located 7 cm downstream from the target. It

consists of 12 planes grouped into 4 stations of 3 detectors each, as shown in

Figure 12 [32]. The detectors at each station measure signals in the i, j and k

directions, which are oriented �135�, �45� and �90� to the horizontal x-axis of

the spectrometer reference frame respectively. The �rst station and the innermost

regions of the other stations have twice the resolution as the remaining parts. The

overall detection e�ciency is over 99% for each plane - even after accounting for

non-functional strips and defective electronic channels. High resolution tracking is

extremely important in this device for discerning heavy avor decay vertices from

the primary interaction vertex.
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3.3 Analyzing Magnets

Momenta of charged tracks are determined by means of two large aperture dipole

magnets, M1 and M2. A drawing of these magnets is shown in Figure 13 [30],

and their speci�cations are listed in Table 5. The ratio of the pt kicks of M1 and

M2 was chosen so that charged tracks return to their original undeected position

toward the downstream end of the spectrometer.

The arrangement of the magnets was primarily chosen to reduce the e+e�

background, which travels almost parallel to the beam. M1 separates the pair as

it travels through its aperture. Slower pairs usually strike either the pole tips of

M1 or the face or pole tips of M2. Pairs with enough forward momentum are

bent back toward the beam axis by M2. The beam pro�le is reconstructed at the

end of the spectrometer, where there is a small amount of imprecision due to the

energy loss from any bremsstrahlung which may occur. Most hadronic events will

have at least two particles outside the pair region at the downstream end of the

spectrometer.

3.3.1 Proportional Wire Chambers

Charged particle tracking is accomplished by means of the �ve proportional wire

chambers (PWC's). Three of them (P0 - P2) are located between M1 and M2, and

the other two (P3 and P4) are located after M2. This arrangement allows for two

independent momentum measurements for tracks which travel as far as P3.

Each chamber consisted of four planes of wire in four di�erent directions, X,

Y , U and V . X and Y measure the track position in the horizontal and vertical

directions, while U and V are oriented �11:3 degrees with the horizontal axis.

Although the X and Y planes alone would be su�cient, the U and V planes are key

to reducing track reconstruction ambiguity. A diagram of the wire orientations is

given in Figure 14. The chambers are �lled with a 65/35 argon-ethane gas mixture

bubbled through ethyl alcohol at 0 degrees Celsius and are operated at voltages
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Figure 13: The analyzing magnets.

Table 5: Speci�cations of Analyzing Magnets.

Magnet Current (A) pt (GeV)

M1 1020 0.400
M2 2000 0.850
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Figure 14: Schematic of wire arrangement.

between 2.8 and 3.5 kV.

3.3.2 �Cerenkov Counters

The purpose of the �Cerenkov counters is to identify charged particles. There are

three such counters in the spectrometer, C1, C2 and C3, each �lled with gas at

atmospheric pressure. These counters operate on the principle that a charged

particle traversing some medium will emit a conical wave front of photons if its

velocity exceeds the velocity of light in that medium. Thus, light is emitted in a

�Cerenkov counter if

� =
P

E
� 1

n
;

where n is the index of refraction of the gas in the counter. The threshold momen-

tum needed for a charged particle traversing a �Cerenkov counter to �re a cell can
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be expressed:

Pthreshold =
Mp
n2 � 1

:

The emitted light is focused via mirrors onto phototubes. The arrangement of the

mirrors inside C1 is shown in Figure 15 [33]. The gases were chosen so that there

is a wide range of momentum values in which pions, kaons, and protons could be

identi�ed. Particular momentum ranges for a given mass produce unique combina-

tions of the individual counters, and hence particle identi�cation is accomplished.

Speci�cations of the �Cerenkov counters are listed in Table 6.

3.3.3 Muon Detectors

Muon detection is accomplished by means of the Inner Muon detector (IM) and

the Outer Muon detector (OM). Both utilize planes of scintillator hodoscopes and

proportional tubes to detect minimum ionizing particles. See Table 7. The muon

system is described in greater detail in references [34] and [35].

The IM is located between M1 and M2. It consists of a 121 cm steel �lter (about

10 interaction lengths), two planes of proportional tubes, two planes of scintillating

hodoscopes, a 60 cm steel muon �lter, two more planes of proportional tubes, and

one more plane of hodoscopes.

The OM is located directly after M2. It is similar to the IM except it has a

hole through the center to match that of the M2, and the iron yoke of the M2

(approximately 10 interaction lengths) doubles as a muon �lter for the OM.

3.3.4 Hadron Calorimetry

Hadron calorimetry is implemented by means of two devices, the main Hadron

Calorimeter (HC) and the Central Hadron Calorimeter (CHC). These calorimeters

cover only the inner portion of the spectrometer. Their purpose is to select hadronic

events as part of the energy trigger by recording energy from the hadronic showers.

For approximately 34% of the run, events were selected when at least 40 GeV was
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Figure 15: Mirrors inside C1.
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Table 6: Speci�cations of �Cerenkov Counters.

Threshold Momentum (GeV) Number
Counter Gas pions kaons protons of Cells

C1 He and N2 6:7 23:3 44:3 90
C2 N2 4:5 16:2 30:9 110
C3 He 17:0 61:0 116:2 100

Table 7: Muon Detector Planes.

Detector Plane Function
IM IM1X Proportional tubes

IM1Y Proportional tubes
IM1H Scintillating Hodoscopes
IM1V Scintillating Hodoscopes
IM2X Proportional tubes
IM2Y Proportional tubes
IM2H Scintillating Hodoscopes

OM OMX Proportional tubes
OMY Proportional tubes
OMH Scintillating Hodoscopes
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deposited. For the remainder of the run this selection criterion was raised to 50

GeV [36]. This requirement e�ectively rejects purely electromagnetic interactions.

The HC is a steel/gas sampling calorimeter with a tower readout geometry. It

consists of 28 steel planes in alternation with 28 layers of sense planes. Each sense

plane consists of a concentric pattern of pads �lled with a 50/50 argon-ethane gas

mixture for detecting ionization from showering particles. The signal from each

tower is split by a fanout circuit. One line is fed to an ADC and integrated for 800

ns, while the other forms the hadronic energy trigger [37].

The CHC, which covered the hole in the HC during the 1990 part of the run,

is of importance because it recorded the hadronic energy deposited in the region

with the highest density of tracks. It was located between the HC and the �rst

muon �lter. Photons and e+e� pairs were absorbed in the BGM, so only hadrons

showered in the CHC. In 1991 the BGM and the CHC were replaced with a new

CHC with a hole through the center so that the photon beam could reach E683, a

new experiment directly downstream from E687. The new CHC allowed the beam

to pass but still measured the o�-axis hadronic energy [34].

3.3.5 Electromagnetic Calorimetry

Electromagnetic calorimetry is carried out in the Inner Electromagnetic Calorime-

ter (IE) and the Outer Electromagnetic Calorimeter (OE). Detailed descriptions

of the IE and OE are given in references [36] and [38]. These devices aid in distin-

guishing e�'s from ��'s and in reconstructing �0's.

The OE is located just before M2. It consists of �ve alternating layers of lead,

aluminum, and plastic scintillator. It has a large central aperture (51 cm � 88

cm), and a gap along the y-axis to keep e+e� pairs from beam photon conversions

from showering in the calorimeter.

The IE, located between P4 and the HC, consists of 100 sheets of lead in

alternation with 100 planes of circular scintillating �bers. An absorber was placed

in the IE for the second half of the 1991 run.
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Chapter 4

Data Acquisition and

Reconstruction

4.1 Triggering

Because of the large number of e+e� pairs produced in E687, a very e�cient

triggering system is required to prevent overwhelming the Data Acquisition System

(DAQ). (In E687, Be ! e+e� : Be ! hadrons is about 500:1 [36].) The

triggering system of E687 is a two level process consisting of the Master Gate and

the Second Level Trigger. Its aim is to reject purely electromagnetic events while

keeping hadronic events.

4.1.1 Master Gate

The �rst level trigger, called the Master Gate is the primary \�lter" for purely

electromagnetic events. It is designed to detect two or more charged tracks while

rejecting e+e� pairs. It also requires that the event be created by a photon in the

target rather than charged contaminant particles. The Master Gate is a logical

device which utilizes signals from several counters located in the beamline and the

spectrometer. Figure 16 illustrates a schematic of the Master Gate counters, which
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Figure 16: Schematic of the triggering system for the Mater Gate. (Not to scale.)

are described as follows:

� A0 and A1 are scintillator counters placed in the beamline and are located

approximately �ve meters and two meters upstream from the target respec-

tively. A signal in either of these indicate a charged particle in the beam.

� TM1 and TM2 are two counters located between A1 and the target. Their

purpose is to veto muons in the di�use muon halo which runs parallel to the

beam.

� TR1 and TR2 are scintillators located directly in front of the �rst station

of microstrip planes and directly behind the last station of microstrip planes.

These counters ensure that the photon successfully interacts in the target

by detecting only singly ionized charged particles exiting the target region.

Coincidence of TR1 and TR2 is required for the Master Gate trigger.
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� OH, H � V, and V0 together cover the entire acceptance region of the

spectrometer. The OH, located between P2 and the OE, detects wide angle

tracks that do not go through the aperture in M2. The H�V, located just

downstream from P4, detects the presence of one or more charged tracks

outside the pair region. V0 was added behind the IE during the 1991 run to

improve the e�ciency of the detector. Both inner-outer and outer-outer logic

is encorporated in the Master Gate. Inner-outer corresponded to coincidence

hits between OH and H�V and is denoted OH � (H � V )1body. Outer-outer

corresponds to two hits in the H � V and is denoted (H � V )2body.

Several Master Gates were used during the run. They are as follows [34].

MG = TR1 � TR2 � (H � V )2body � (A0 +A1)

and

MG = (TR1 � TR2) � f(H � V )2body +OH � (H � V )1bodyg � (A0 +A1)

were used in the 1990 run. These Master Gates were also used in the 1991 run in

addition to

MG = (TR1�TR2)�f(H�V )2body+OH �(H�V )1bodyg�(A0 +A1 + TM1 + TM2)

and

MG = (TR1 � TR2) � f(H � V 0)2body +OH � (H � V 0)1bodyg � (A0 �A1).

4.1.2 Second Level Trigger

If events are accepted by the Master Gate, they are then passed on to the Second

Level Trigger. The Master Gate has a dead time of about 2:4 �s, during which

the Second Level decisions are made. Information from the slower detectors is

latched by the Master Gate and used in the Second Level Trigger, where signals

from the detectors are combined logically and can be adjusted to speci�c desired

combinations. The Energy Trigger, which was used predominantly throughout the

experiment, logically combines the following requirements:
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� A minimum amount of hadronic energy.

� A minimum amount of RESH energy.

� At least one hit outside of the central pair region in P0.

If the Second Level Trigger is not satis�ed, a fast clear is issued and the DAQ is

reset and readied for a new Master Gate event [39].

4.2 Data Acquisition System

A diagram of the Data Acquisition System (DAQ) [39] is shown in Figure 17. The

DAQ incorporates the following steps:

� After the beam hits the target, a signal is sent from the spectrometer to the

counting room where most of the electronics reside.

� A Master Gate is then generated and the signals are recorded by ADC's,

TDC's and latches.

� The Second Level Trigger decides whether to keep the event. If the Second

Level Trigger is not generated, the event is cleared. If all is well, the data are

read out into four Fastbus bu�ers while further Master Gates are inhibited.

Once the signals are in the bu�ers, the electronics are cleared for the next

event.

� From the bu�ers, data are read out to tape by \PANDA", a specialized data

acquisition system, which concatenates and writes the data to 8 mm tapes

[40].

� Several Sun and DEC stations ran on-line software via a UNIX hoist. This

allows a veri�cation of the data in real time.
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Figure 17: Schematic of the Data Acquisition System.
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4.3 Reconstruction

After the data are taken, the raw data tapes are processed on IBM and SGI

computer farms at Fermilab where the data are reconstructed via the PASS1 algo-

rithms. The PASS1 reconstruction routines produce �Cerenkov particle information,

locate electromagnetic and hadronic showers in the calorimeters, and incorporate

TDC, ADC, and latch information to reconstruct charged tracks. Each reconstruc-

tion task is performed by separate algorithms described in this section. The blocks

of reconstructed data are then written to 8 mmmagnetic tapes. The reconstruction

algorithms are discussed in greater detail in reference [28].

4.3.1 Track Reconstruction

Pattern recognition algorithms are employed to deduce tracks. Tracks are recon-

structed in the SSD and the PWC's separately, and then a linking algorithm is

used to match the corresponding tracks. Tracks are put into four categories:

� \5-Chamber" tracks are those which go through M2. There is also a small

group of tracks that go through M2, but not the last PWC plane.

� \Stubs" or \3-chamber" tracks are either wide angle or low momentum

tracks which pass through P0 - P2.

� \Unlinked SSD Tracks" are either low momentumor wide angle tracks which

failed to traverse M1.

� \Tracks from decays downstream of P0" can be either kinks or vee's. Kinks

are due to a charged particle decaying to another charged particle and a

neutral particle, and vee's are due to a neutral particle decaying into two

charged particles.

The tracking is executed by the following algorithms:
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SSD Tracks

First, analyses of clusters of adjacent hits are implemented to ensure that the

number of crossing particles is consistent with the amount of charge released for

each cluster. Then the SSD tracks are derived by an algorithm which �ts the hits

in the di�erent SSD planes to a straight line via the least squares method in the

three separate views. The algorithm allows an angular alignment error of no more

than 6:0�10�5 radians between stations. The algorithm also requires a projection

to have at least three of the four possible hits per view. Tracks sharing one of

two projections are arbitrated on the basis of their �2 value. Hits not associated

with any reconstructed track are used to search for wide angle tracks and for single

segments of tracks caused by light multiple Coulomb scattering. The transverse

resolutions are given by

�x = 11�m

vuut1 +

 
17:5 GeV

p

!2

�y = 7:7�m

vuut1 +

 
25 GeV

p

!2

where 11�m and 7:7�m are the contributions due to granularity, and the expres-

sions in the radicals are due to multiple Coulomb scattering.

PWC Tracking

The algorithm used here considers projections in all four views of the PWC's: the

U , V , and Y views which are distorted by M1 and M2 and the X view which is

una�ected by the magnets. The algorithm initially uses the X view hits and a

seed generated by the SSD algorithm. Then, projections from all four views are

combined to form tracks. Further X projections are constructed from hits which

have not been already used. These are then matched with unused hits in the U , V ,

and Y projections to construct additional tracks. A �2 per degree of freedom cut
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is applied to each track. Tracks are required to have hits in P0 and in at least two

other PWC chambers. Tracks could have at most 4 missing hits and no more than

two missing hits in a single chamber. There is also additional arbitration between

tracks with shared projections and various magnetic corrections.

Ancillary routines accounted for low momentum or wide-angle tracks which are

often missed. In these routines the microstrip tracks are extended to predict hits

in P0, P1 and P2. These tracks are only considered valid if the deviation from

actual X hits is less than two wire spacings.

Linking

After the SSD and PWC tracks are established they need to be linked. The linking

algorithm compares the extrapolated positions of the SSD tracks and the PWC

tracks at the center of M1. If they match within a certain tolerance they are re�t

using all SSD and PWC information. A maximum of two PWC hits are allowed

to be linked to the same microstrip track. This would occur in the instance of an

e+e� pair which often appears as a single track in the SSD.

4.3.2 Neutral Vee Reconstruction

K0
s , �

0 and their respective antiparticles are commonly called the neutral vee

particles. For their reconstruction, pairs of oppositely charged tracks which have

a high probability of forming a vertex are sought. In the reconstruction of a K0
s ,

which decays to �+��, tracks are assigned � masses to form an invariant mass.

Similarly, in the case of the �0, tracks are assigned � and p masses to form an

invariant mass. The neutral vees can be divided into three categories: target

region vees, M1 region vees and reconstruction vees. Plots of the reconstructed

�+�� mass spectra are shown in Figures 18 and 19 [36].
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Figure 18: KS peaks reconstructed from �+�� pairs for (a) SSD vees and (b)
reconstruction vees.
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Figure 19: KS peaks reconstructed from �+�� pairs in the M1 region for (a)
\Track-Track" vees, (b) \Track-Stub" vees and (c) \Stub-Stub" vees.
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Target Region Vees

The target region vees are divided into two subcategories, SSD Vees, which de-

cay upstream of the microstrips, and MIC Vees, which decay in the microvertex

detector.

For the case of SSD vees, algorithms loop over all pairs of oppositely charged

microstrip tracks linked to PWC tracks and �t them to determine a vertex. Cuts

are employed to reduce the combinatorial background. The vee vertex is required

to be at least 20 �L from the primary vertex, where �L is the error on the distance

between the primary and vee vertices. The vee vector (the sum of the momentum

vectors of the daughter particles) is required to extrapolate within 1 mm of the

primary vertex in the transverse direction.

In the case of MIC Vees, an MIC algorithm extrapolates PWC tracks into

the fourth or most downstream microstrip station. \Triplets", are formed from

unused hits in the fourth station. If a triplet is found, the track parameters are

recalculated and the track is projected upstream to the next microstrip station,

where the search for triplets is continued. Arbitration among triplets is based on

the �2 global �t to all hits associated with a given track. All combinations of

oppositely charged tracks are tested for their distance of closest approach which

eliminates most of the spurious tracks. Finally a loose mass cut is applied to Ks

and � candidates.

M1 Region Vees

The M1 region, de�ned by the area between the last microstrip plane and P0, is the

most densely populated of the vee regions. All vees in this region are reconstructed

using PWC tracks. These vees fall into three categories.

� \Track-Track" vees are formed by two unlinked 5-chamber tracks

� \Track-Stub" vees are formed by one 5-chamber track and one 3-chamber

track.
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� \Stub-Stub" vees are formed by two 3-chamber tracks.

The algorithm consists of a routine that estimates the location of the vee vertex in

the xz plane followed by an iterative procedure which determines the y coordinate

of the vertex and the momentum of all of the non-5-chamber tracks. The vee is

required to point back to the primary vertex as in the case of the target region

vees.

Reconstruction Vees

Reconstruction vees are those which decay in the region between P0 and P2. Only

hits not used in the PWC tracks are used here. Since the reconstruction vee decay

region is �eld free, no magnetic trace is required to locate them. This algorithm

begins with a search for single track projections in the X view. Then track hits

are matched with the U , V , and Y to form track candidates. Single track �ts

are performed with a loose �2 cut on each. Tracks of opposite charge are paired

together, and those with an acceptable �t are sent to an arbitration algorithm

which ensures that no X-projection is used in more than one vee.

Vees which decay between P1 and P2 and those whose decay tracks exited

the spectrometer before passing through P4 have additional constraints. They are

required to originate at the primary vertex, and the transverse momenta of the

tracks about this direction is required to balance.

4.3.3 Kinks

A kink is a charged particle that decays into a charged particle and a neutral

particle which may go undetected. The kink algorithms are executed after all SSD

tracking routines, PWC tracking routines, linking routines and vee routines. The

tracks utilized are SSD tracks which do not link and do not point into the M1

aperture. Other requirements for kinks are that PWC tracks from a vee candidate

cannot be used, the parent and daughter tracks must have the same charge, and

the daughter track must have a smaller momentum than the parent.
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For 5-chamber PWC tracks, the z-intersection point is determined by the in-

tersection of the microstrip track and the PWC track in the non-bend view. For

3-chamber PWC tracks, the z-intersection point is determined in the non-bend

view, and the track is traced upstream to the parent y-position.

4.3.4 Vertexing

Vertexing in PASS1 is accomplished via an iterative procedure called the \Stand

Alone" vertexing algorithm. In this algorithm, all of the SSD tracks are �t to a

common vertex. The tracks are then removed one at a time beginning with the

one that contributes the most to the �2 until the �2 falls below some speci�ed

value. This forms the �rst vertex. The procedure is repeated with the remaining

tracks until all possible vertices with �2 values below the speci�ed cut have been

formed. Each time a new vertex is formed, the algorithm attempts to add tracks

to it which could have been erroneously discarded or assigned to another vertex.

If tracks are not assigned to any vertex they are not permitted to enter any mass

combinations.

4.3.5 Momentum Determination

Momentum determination is dependent on the type of track:

� 5-chamber tracks, identi�ed as those which pass through M2, are traced

through its magnetic �eld. Momentum is determined by means of upstream

parameters, downstream parameters, and magnetic �eld strengths (including

fringing e�ects). Then a least squares �t is performed and reiterated until

the track parameters are fairly constant between iterations.

� 3-chamber tracks (or 4-chamber tracks), have the same momentum determi-

nation as described above, except M1 is the bending magnet, the upstream

parameters come from the silicon strips, and the downstream parameters

come from the PWC's.
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� Unlinked 3-chamber tracks must �rst have their vertex determined. The

momentum determination through M1 optimizes the best extrapolation of

the track to the vertex. If the vertex is unknown, the center of the target is

used as a default.

The momentum resolutions are given by:

�p
p

= 3:4%
�

p

100 GeV

�vuut1 +

 
17 GeV

p

!2

�p
p

= 1:4%
�

p

100 GeV

�vuut1 +

 
23 GeV

p

!2

for M1 and M2 respectively, where the radical in each expression represents the

multiple Coulomb scattering term.

4.3.6 Charged Particle Identi�cation

�Cerenkov Identi�cation

The algorithm for the �Cerenkov identi�cation begins by observing each cell tra-

versed by a track and all those adjacent to it. If the ADC signals from a track

are above a certain pedestal, the track is considered on. If the total yield for all

cells associated with a given track is less than the predicted yield the track is o�.

The track was labeled confused if more than one track could have contributed a

signi�cant amount of light to a cell. Based on the particle's momentum and the

amount of �Cerenkov light emitted, its mass could be identi�ed. Each track was

given an ISTATP code based on its identi�cation, which are listed in Table 8.

Muon Reconstruction

The muon reconstruction algorithm starts with extrapolating PWC tracks into the

planes of the IM and the OM. Proportional tubes and scintillator counters which
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Table 8: ISTATP Codes.

ISTATP Code Particle

0 Inconsistent Information
1 e�

2 ��

3 e� or ��

4 K�

6 �� or K�

7 e�, �� or K�

8 p�

12 K� or p�

14 ��, K� or p�

15 e�, ��, K� or p�

would likely be hit by the hypothesized muon are analyzed for pulse heights, after

which a muon decision is made [34].

Electromagnetic Calorimetry

Information supplied by the IE and the OE is instrumental in di�erentiating elec-

trons from pions and reconstructing neutral showers [30]. Showers are eliminated

from PWC tracks using a proximity cut, which requires that no charged tracks

are within 5 cm of the centroid of the shower. Isolated showers are analyzed for

�0's, while showers associated with tracks are used to determine the type of track

in the calorimeter, if possible. Track hypotheses are formed by determining the

location of the actual hits in the strips of the calorimeters, weighing them by their

energy, and correcting for the transverse pro�le of the shower. The transverse and

longitudinal energies are passed to two separate discrimination functions which

distinguished non-interacting pions and electrons from interacting ones.
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4.4 Skims

4.4.1 Light Quark Skim

In order to create manageable data sets in the various analyses, the PASS1 data

are skimmed. That is, data are culled from the PASS1 data by imposing certain

restrictions. The data set used in this analysis is called the Light Quark Skim and

was prepared for the purpose of studying the light quark particles. The following

cuts are applied in the Light Quark Skim:

� Events are required to have only one SSD vertex. Events with more than

one SSD vertex are most likely charm decays.

� Events are required to have linked track multiplicities of 2 to 6. Ks's and

�'s are counted as single tracks and must point back to the primary vertex.

� Tracks are required to be singly linked to the primary vertex.

� Tracks with momentum greater than 350 GeV are rejected.

Although this skim was not designed to purposely select di�ractive events, the

resulting sample is rich in them.

4.4.2 Strange Particle Skim

To further reduce the size of the data set, a subskim of the light quark skim was

performed at the University of Tennessee. The following cuts are implemented in

this skim:

� Charged K's are required to have ISTATP=4 or 12.

� Events are required to have an even number of strange/antistrange tracks.

� Events with an even number of observed charged tracks are required to have

a net charge of zero.
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� Events with an odd number of observed charged tracks are required to have

a net charge of �1.

These skim cuts yield a sample of approximately 3 million events from the Light

Quark Skim with strange/antistrange tracks.
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Chapter 5

Analysis of f1(1285)�

5.1 Topologies

The f1(1285)� channel is of particular importance because it is one of the few

channels predicted to contain an experimentally accessible hybrid state. In this

analysis the f1(1285)� state, denoted here by X, is assumed to decay through the

following sequence:

X �! f1(1285)��

- a0(980)���

- KSK
�

The f1(1285) decays into a0(980)��� where the a0(980) subsequently decays into

KSK
�. This channel only accounts for approximately 10% of the f1(1285) decays,

but due to the nature of the UT strange quark skim, this is the only f1(1285)

decay channel which is available. However, because these events have lower multi-

plicities, the identi�cation of the tracks has a higher measure of uniqueness than

other possible f1(1285)� topologies, which results in a reduction of combinatorial

background and a cleaner sample.

The following topologies are studied in this analysis:
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N �! KSK
+�+��N 0

N �! KSK
��+��N 0

N �! KSK
+����N 0

N �! KSK
��+�+N 0.

KS represents either KS or KS 's which are indistinguishable, and the recoiling

nucleon, N 0, is not detected. Events where �0's can be reconstructed are removed

from the sample.

Other channels accessible in the UT skim where an f1(1285)� can be formed

are the following:

N �! KSK
����0N 0

N �! K+K����0N 0.

The experimental data in both of these reactions reveal evidence for the existence

of f1(1285), but large backgrounds preclude further analysis.

5.2 Mass Spectra

The KSK
��� mass spectrum is shown in Figure 20 where a clear enhancement in

the f1(1285) region is visible. The imposition of the requirement that the f1(1285)

must decay to a0(980)��� is made by excluding events for which the KSK
� mass

exceeds 1010 MeV. Although the Particle Data Group reports that the a0(980)

may be as wide as 300 MeV, this cut was chosen because the average value of the

widths listed for a0(980) is approximately 60 MeV. This cut eliminates some of the

f1(1285) events, but results in a good signal to background ratio in the a0(980)���

spectrum, while leaving enough events to construct a meaningful f1(1285)� spec-

trum and decay angular distributions. The a0(980)��� mass spectrum is shown

in Figure 21.

The utility of the a0(980) mass cut is best illustrated in Figures 22 and 23.

Figure 22 is a scatter plot of K� masses vs KK� masses. This plot is dominated
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Figure 20: KSK
��� mass spectrum.
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Figure 21: a0(980)��� mass spectrum.
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��� Mass vs K� Mass with a0(980) cut imposed.
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by a dark band of K� events whose inclusion would severely distort the f1(1285)�

data. Figure 23 results when the a0(980) cut is imposed. It should be noticed that

two concentrated areas of events remain at K� masses of �725 MeV and �900
MeV. The latter area could represent K� production or a resonance at a KK�

mass of �1500 MeV. The enhancements are more clearly delineated in the lego

plot in Figure 24.

A �t of the a0(980)� mass spectrum was carried out in the following manner.

First a background was constructed by plotting the invariant mass formed with

an a0(980) from one event and a � from another. This background was �t to the

following shape:

background = (A+Bx+ Cx2)(1�DeE�Fx)

A �t to the background is found in Figure 25, and the �tted background parameters

can be found in Table 9. This background shape is used, in conjunction with

two simple Breit-Wigner distributions, to construct the �t to the a0(980)� mass

spectrum in Figure 21. The parameters for the resulting Breit-Wigner distributions

are listed in Table 10.

The narrow peak is �t to a mass of 1282 � 2 MeV with a width of 23:2 � 0:7

MeV, both of which are quite consistent with the Particle Data Group's mass and

width for the f1(1285) of 1282 � 5 MeV and 24 � 3 MeV respectively.

The wide peak is �t by a simple Breit-Wigner of mass 1430�3 MeV and width

of 87:8 � 5:9 MeV. There are two known states in this mass region listed by the

Particle Data Group. The �rst one is the f1(1420) resonance which is reported to

have a mass of 1426:8 � 2:3 MeV and a width of 52 � 4 MeV. The second is the

�(1440) with a reported mass of 1420� 20 MeV and width of 60� 30 MeV. Both

resonances are reported to decay dominantly to KK�, with the states a0(980)�

and K�K listed as intermediate decay modes.

Since the E687 data reproduce the accepted mass and width of the f1(1285)

almost exactly, it is likely that the more massive enhancement is either the �(1440)

or a combination of it and the f1(1420). There could also be a contribution from
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Figure 24: Lego plot of KSK
��� mass vs K� mass with a0(980) cut imposed.
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Figure 25: Background constructed for a0(980)��� mass spectrum.

Table 9: Background �tting parameters for the a0(980)��� mass spectrum.

Parameter Value

A �9:450
B 11:37
C �2:601
D �4:925
E 8:040
F 4:331

scale factor 0:9188

57



Table 10: Resonance �tting parameters for a0(980)��� mass spectrum.

Mass (MeV) Width(MeV) Signi�cance(�) Number of Events

1282 � 2 23� 1 10:79 309 � 29
1430 � 3 88� 6 20:52 1063 � 52

direct K� production (Figures 23 and 24). As no further analysis of this enhance-

ment is pursued in this dissertation, no e�ort to further quantify this state is made.

These observations are quite similar to those of Lee et. al [21], at BNL, who stud-

ied the reaction ��p �! KSK
+����p. In this experiment, the KS and K+ are

assumed to be the decay products of an a0(980)
+, while the a0(980)

+ and a ��

are the results of f1(1285) decay. In particular, they observe a narrow f1(1285)

along with a higher mass enhancement in the a0(980)� mass spectrum. This lat-

ter enhancement has been �t at the University of Tennessee (UT) and found to

correspond to a mass of 1434� 4 MeV with a width of 92� 8 MeV. These values

are virtually identical to the UT observation in the E687 data.

In Chapter 2 it was observed that if VMD and OPE are assumed for the E687

data, and if the exchange mechanism is � exchange for the BNL data, then the me-

son interaction vertices in the two experiments are identical (��;X ! f1(1285)�).

(See Figure 26.) Because the f1(1285)� is a charged system, the production of this

state from photon interactions requires an isovector exchange mechanism, which

again suggests OPE. Because the photon predominantly manifests itself as a �

meson in VMD, OPE is likely if G-parity is to be conserved. Pion exchange has

been previously observed in photoproduction by G.T. Condo et. al. [41] in SLAC

hybrid bubble chamber data and by G.R. Blackett [30] in an analysis of 3� pho-

toproduction in E687.

The f1(1285)� mass spectrum is shown in Figure 27 with the requirement, 1260

MeV < Mass (a0(980)�) < 1310 MeV, for the f1(1285). The �tting parameters

from this mass spectra are listed in Table 11. A background is constructed by
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Figure 26: Diagrams of f1(1285)� production at (a) BNL and (b) E687 at FNAL.
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Figure 27: f1(1285)� mass spectrum.
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Table 11: Resonance �tting parameters for the f1(1285)� mass spectrum.

Parameter Value

Mass 1748 � 12 MeV
Width 136 � 30 MeV

Number of Events 134 � 18
Signi�cance 7:34�

creating an f1(1285)� invariant mass using an f1(1285) from one event with a

� from another, similar to the determination of the a0(980)� background. The

background is shown in Figure 28, and the background �tting parameters are listed

in Table 12. The f1(1285)� mass was �t using a scaled version of the background

�t and a single Breit-Wigner distribution. The mass and width of the resulting

Breit-Wigner distribution are 1748� 12 MeV and 136� 30 MeV respectively. The

data generally lie above the background for masses in excess of 2000 MeV which

could indicate the production of another (broad) resonance at mass of about 2300

MeV. However, the data are insu�cient to substantiate such a claim.

5.3 Angular Analysis

One of the tools available to determine the spin and parity assignments, JP , for an

unstable particle is the analysis of its decay angular distributions. Here the decay

of the f1(1285)� resonance, previously referred to as X, with unknown JP , decays

into a � of spin zero and an f1(1285) of spin 1, which subsequently decays into two

scalar particles, a0(980) and �, followed by the a0(980) decay into two more scalar

particles, K� and KS.

The analysis is particularly simple in the helicity frame of the f1(1285). This

is the rest frame of the f1(1285) with the z-axis taken to be the direction of the

f1(1285) in the rest frame of X. A pictorial de�nition of this reference frame is
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Figure 28: f1(1285)� background.

Table 12: Background �tting parameters for f1(1285)� spectrum.

Parameter Value

A �9:736
B 9:710
C �1:881
D �14:58
E 8:022
F 3:905

scale factor 0:1338
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given in Figure 29. The expected angular distributions of the helicity angle, �H,

are listed in Table 13 for all possible JPC assignments for X with J < 3 [42]. States

with negative charge conjugation will not occur if G-parity is conserved in the decay

of the X particle. A serendipitous feature of this angular distribution is that it

is independent of the polarization of the parent particle, X. Thus, although it

has been argued that OPE is the most likely production mechanism for the charge

exchange photoproduction of X, the decay angular distribution of the f1(1285), in

its helicity frame, is independent of this assumption.

The acceptance corrected �H polar distribution for the X region (1650 MeV

� Mass(X) � 1820 MeV) is shown in Figure 30. Of the distributions listed in

Table 13, the best �t occurs for the JPC = 1�+ hypothesis 1. While other angular

distributions are often used to determine JPC values they will not be used here.

The s-channel helicity frame is inappropriate because of the patently charge ex-

change nature of the production mechanism. If OPE is the production mechanism,

the relevant coordinate system is the Gottfried-Jackson frame which utilizes the

incoming beam direction in the rest frame of X as the z-axis. Since this is not

always a well-determined quantity in this experiment, the angular distributions

will contain unknown biases.

The observation of a resonance with JPC = 1�+ con�rms the existence of a

hybrid state. The BNL group reported a resonance at 1700 MeV with JPC = 1++

together with a JPC = 1�+ wave extending from 1600 MeV to 2200 MeV. The E687

data, while indicating the production of a relatively narrow resonance at �1750
MeV with JPC = 1�+, contain no evidence for the production of a JPC = 1++

state. The E687 data also contain, at most, marginal evidence for the production

of any resonance at masses in excess of 2000 MeV.

It is possible to �t the f1(1285)� mass spectrum to a two resonance param-

eterization with the additional resonance occurring at �1900 MeV. This �t has

1Although the JPC = 2++ possibility cannot be totally excluded, when the distribution was
�t to a function of the form A + B cos2 �, the value of the cos2 � coe�cient B was less that 2%
of the constant term A. This is clearly suggestive of a at distribution.
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f1

π

a0

θH

z = vf1

Figure 29: Schematic of the helicity reference frame.

Table 13: Helicity angular distributions for various JPC of resonance X.

JPC Angular Distribution

0++ cos2 �H
1++ sin2 �H
1�+ constant
2++ 3 + cos2 �H
2�+ sin2 �H
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Figure 30: Angular distribution in the helicity reference frame for the f1(1285)�
resonance.
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approximately the same �2 as the single resonance �t. However, since the decay

angular distribution of the additional events is consistent with that of the 1750

MeV mass region, there is no compelling reason for preferring the presence of a

second resonance in the data.

The hybrid candidate X(1775) (IGJPC = 1�?�+) [25], observed in lower energy

photoproduction, is listed by the Particle Data Group with a mass of 1776 � 13

MeV and a width of 155 � 40 MeV. Both of these values approximate those

observed for the X in the E687 data. This is of interest because �� is one of the

decay modes of X(1775) - hence the existence of a ��X(1775) vertex which is quite

similar to the ��(f1(1285)�) vertex in E687. Although the �� channel is expected

to be suppressed in most ux tube predictions, Close and Page [24] suggest that its

contribution is not negligible. They predict the �� partial widths of the suggested

JPC = 1�+ state to be approximately 5 � 20 MeV.

In conclusion, there is an enhancement, in the E687 data, in the f1(1285)�

mass spectrum at a mass of 1748�12 MeV with a width of 136�30. The f1(1285)

helicity angular distribution favors JPC = 1�+. This observation is consistent

with an earlier photoproduction experiment where evidence was presented for a

(primarily) �� state with a mass of 1776�13 and a width of 155�40 whose decay

angular distributions favored the assignment JPC = 1�+.
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Chapter 6

Analysis of ��

At the present time, the physics literature contains very little information regarding

the �� channel. The Particle Data Group reports a J= decay to �� with a very

small partial width, but does not report �� to be a decay mode for any light quark

meson resonance. It has been briey discussed by B. Delcourt et. al. [43] in an

analysis of p�p interactions, but their data were insu�cient to claim the observation

of a resonance.

In E687 �� is quite an accessible channel. Events were chosen from the topology

N �! K+K��+���0N 0. Both the � and the � are very narrow states, and

both occur close to threshold, in the decay channel investigated, which minimizes

the background under the resonances. If the �� resonance is denoted by Y , its

sequential decay can be expressed as:

Y �! ��

- �+���0

- K+K�

A diagram of this reaction is shown in Figure 31.
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Figure 31: Feynman diagram for the di�ractive photoproduction of a �� state.

6.1 �� Mass Spectra

The K+K� mass spectrum is shown in Figure 32(a). If an � cut is imposed such

that 530 MeV < Mass (�+���0) < 570 MeV, the � peak remains and is actually

enhanced relative to the background as shown in Figure 32(b). The �+���0 mass

spectrum, shown in Figure 32(c), displays prominent � and ! resonances. When a

� cut is imposed on theK+K� mass such that 1010 MeV< Mass (K+K�) < 1030

MeV, the mass spectrum in Figure 32(d) results. Both the � and ! resonances

remain signi�cant features of the spectrum with with very little background in the

� region. These spectra illustrate strongly associated �� photoproduction. This

association is also quite evident in the scatter plot shown in Figure 33 and the lego

plot shown in Figure 34. The mass spectra in Figures 32, 33 and 34 are restricted to

events with only two experimentally detected photons in the IE which reconstruct

to form the �0.

The �� mass spectrum is shown in Figure 35. This spectrum is dominated
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Figure 32: Mass spectra of (a) the K+K� mass, (b) the K+K� mass with an �
mass cut, (b) the �+���0 mass and (d) the �+���0 mass with a � cut.
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Figure 33: Scatter plot of the K+K� Mass vs the �+���0 Mass.
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Figure 35: �� mass spectrum.
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by an enhancement corresponding to a mass of 1914 � 33 MeV and a width of

389�115 MeV. The absence of any �� signal in the J= mass region is consistent

with its known cross sections and branching ratios.

Close and Page [24] predict the existence of two possible hybrid resonances in

this mass region which have partial decay widths to the �� �nal state. These states

have JPC = 1�� and JPC = 1+�; however, both of their widths are predicted to

be much less than the width observed in this analysis of nearly 400 MeV. Both

are also predicted to decay to ��0 and K�K, but these channels are essentially

unavailable for analysis in this experiment because of large backgrounds due to

competing processes. Because one of the states is a vector meson, and vector

meson production dominates photon interactions, its production may be enhanced

in this experiment. Although this analysis is limited by low statistics, the decay

angular distributions are employed to determine the JPC quantum numbers of the

resonance.

6.2 Angular Analysis

The decay angular distributions of the presumed �� state are studied in the three

reference frames illustrated in Figure 36. The �rst two, which are the helicity frame

of the main resonance and the canonical frame of the �, are appropriate systems

for di�ractively produced resonances (Pomeron exchange). The third frame is the

helicity frame of the �. This frame is advantageous since the angular distribution

is independent of the helicity of the decaying particle, and therefore independent of

the exchange mechanism involved in its production. The events used in the anal-

ysis were required to have a �� mass between 1750 and 2150 MeV. The expected

angular distributions for the JPC = 1�� state and the JPC = 1+� state are listed

in Table 14 [42]. The helicity angular distribution of the main resonance and the

canonical distribution of the � are calculated under the assumption that Pomeron
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Figure 36: Schematic diagrams of (a) the helicity angle in the rest frame of the
resonance (b) the canonical angle in the rest frame of the �, and (c) the helicity
angle in the rest frame of the �.
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Table 14: Angular distributions for the �� resonance.

JPC Helicity(Y) Canonical(�) Helicity(�)

1�� 1 + cos2 �H 1 + cos2 �C sin2 �H
1+� S wave constant sin2 �C constant

D wave 5 � 3 cos2 �H 6 + sin2 �C 1 + 3 cos2 �H

exchange is the production mechanism. The acceptance corrected angular distri-

butions are shown in Figure 37. The helicity distribution of the main resonance

and the canonical distribution of the � both appear to have a 1+cos2 � component,

which is consistent with the JPC = 1�� hypothesis and inconsistent with both the

S and D wave JPC = 1+� hypotheses. The helicity angular distribution of the �

clearly has a sin2 � component, which is again consistent with expectations for the

JPC = 1�� state and inconsistent for both the S and D waves of the JPC = 1+�

state.

The �� mass spectrum and the decay angular distributions are indicative of

the photoproduction of a vector meson with a mass of 1914 MeV, with a width of

approximately 389 MeV. Because of the ordinary vector meson quantum numbers

of this state, one cannot unambiguously classify it as a hybrid. However, because

of the strong correlation between theoretical predictions and experimental data,

and because no other state with mass < 3000 MeV has been found to decay to ��,

there is a possibility that a hybrid state has been observed in this analysis.
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Figure 37: Acceptance corrected angular distributions for (a) the helicity frame of
the �� resonance, (b) the canonical frame of the � and (c) the helicity frame of
the �.
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Chapter 7

Monte Carlo Analysis

SROGUE is a Monte Carlo program developed by the E687 collaboration to study

e�ciencies in the E687 data. SROGUE consists mainly of two packages of code.

The �rst, called GENERIC, generates an event, and the second, ROGUE, simu-

lates the decay particles traversing the E687 spectrometer. The output is called a

\faketape" and is identical in structure to the actual raw data tapes. This allows

the output to be processed with the same reconstruction and analysis routines as

the real data.

7.1 Description of SROGUE

7.1.1 GENERIC

The physics problem is de�ned for the GENERIC code in an interaction speci�ca-

tion �le called a CHAT �le. In the CHAT �le the user can adjust parameters and

de�ne a speci�c decay chain. Only one decay mode at a time can be speci�ed in a

CHAT �le.

Initially, GENERIC generates an electron beam which interacts in the lead

radiator. The tagged electron energy is adjusted to a spread around 350 GeV,

based on observations in the real data. Both the RESH and the BGM/BCAL are

77



set to operate in a pile-up mode. This allows for multiple electrons per event, as

in the real data. The probability of the photon generating an event inside the

target is determined by means of a step function over the target length. Multiple

bremsstrahlung is permitted but only a single photon is allowed to interact with the

target. Other photons produced in multiple bremsstrahlung processes are allowed

to produce so-called \embedded pairs" (e+e� pairs) in the target. This has been

determined to be about a 17% e�ect [44]. Any remaining non-interacting photons

are traced through to the BGM/BCAL.

Strong decays of resonances and production mechanisms are also performed

in GENERIC. One pion exchange and Pomeron exchange (beam di�raction) are

chosen as the production mechanisms for the f1(1285)� and �� events respectively.

Although the inclusion of jets is an option, they are not employed in this analysis.

The phase space distributions are calculated with another Monte Carlo package

called SAGE. All resonances are assumed to be Breit-Wigner distributions with

uniform phase space.

7.1.2 ROGUE

After the interaction is created in GENERIC, the ROGUE routines trace the

particles through the detector until they decay into stable particles (this analysis

allowed for in-ight decays), fail to pass through an aperture, or otherwise exit the

spectrometer. Natural stopping points (such as places where a particle may deposit

energy in a detector, places where a particle may multiple Coulomb scatter, and so

on) are analyzed to check the particle status and the probability for any physical

processes to occur. For each device in the spectrometer traversed by a particle,

ROGUE generates an appropriate response including noise and shared hits.

The user has the option of not imposing any triggers for geometric e�ciencies,

imposing just the Master Gate triggering, or imposing both the Master Gate and

Second Level triggering. Since several Master Gate and Second Level triggers were

used during the 90-91 run, events with these triggers are generated proportionately
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to those in the real data.

7.2 Application to Data

Since there were four topologies in the f1(1285)� channel, separate code was re-

quired for each of them. The �� code on the other hand had a single unique

topology. The e�ciencies in this analysis are determined by dividing the value of

each bin in the reconstructed spectra by the value of each bin in the generated

spectra.

7.2.1 Mass E�ciencies

The mass e�ciencies for the KSK�� channel and the K+K��+���0 channel

are shown in Figure 38. Both appear relatively constant in the mass regions

where possible hybrid states are expected in the data. The lower e�ciency in

the K+K��+���0 channel results from requiring that the �0's are reconstructed

from photons in the IE only. It is likely that this requirement also accounts for

the increasing e�ciency at higher mass in this channel. Because the �0's in the

higher mass states are more likely to be produced in the forward direction, the

probability of their detection should be enhanced.

7.2.2 Beam Characteristics

The parameters used to calculate the incident photon energy were generated and

reconstructed with the SROGUE package. These parameters, along with the cal-

culated incident photon energy are plotted in Figure 39 for the KSK�� channel.

Likewise the spectra of these parameters in the real data are presented in Figure 40.

For both the real and the Monte Carlo data, if the incident photon energy is less

than the energy of the outgoing tracks, the incident photon energy is taken to be

the energy of the outgoing tracks. The corresponding plots in the K+K����+�0
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Figure 38: Mass e�ciencies for the KSK�� channel and the K+K��+���0 chan-
nel.
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Figure 39: Beam characteristic plots of Monte Carlo data for the KSK�� channel:
(a) The momentum of the tagged electron. (b) Energy recorded in the RESH. (c)
Energy recorded in the BGM/BCAL. (d) Energy of interacting photon.
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Figure 40: Beam characteristic plots of real data for the KSK�� channel: (a) The
momentum of the tagged electron. (b) Energy recorded in the RESH. (c) Energy
recorded in the BGM/BCAL. (d) Energy of interacting photon.
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are almost identical to those in the KSK�� channel. The similarities between the

real and Monte Carlo data suggest that the data are consistent with expectations

for photoproduction, and are not due to contaminant particles in the beamline.

The RESH energy appears di�erent between the two sets of data because the RESH

counters in the real data are digitized.

7.2.3 Track Momenta

The momentum spectrum of representative tracks in the laboratory frame are nor-

malized and and plotted in Figure 41. The histograms represent Monte Carlo

reconstructed data, and the dots represent the real data. Although small di�er-

ences between the real and Monte Carlo data can be seen, the general tenor of

these plots is the same for both data sets, and indicate no unexpected e�ects.

7.2.4 Angular E�ciencies

The angular e�ciencies are determined in the helicity frame of the f1(1285) for the

KSK�� channel. For the KK��� channel, angular e�ciencies are determined in

the helicity frame of the �� resonance, the canonical frame of the � and the helicity

frame of the �. These reference frames are purposely chosen because they do not

directly depend of the direction of the beam, which is not always a well-known

quantity in this experiment.

Mass cuts are taken to correspond to those used for the real data. The re-

construction e�ciency is that determined with the inclusion of the Master Gate

and Second Level triggers. The geometrical e�ciency is the e�ciency of the de-

tector itself without the triggering system. The geometrical and reconstruction

e�ciencies are given in Figure 42 for the KSK�� channel and in Figure 43 for the

K+K��+���0 channel.
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Figure 41: Normalized track momenta in the laboratory frame for the following
tracks: (a) chargedK's, (b) charged �'s, (c)KS 's, and (d) �0's. The lines represent
the Monte Carlo data, and the dots represent the real data.
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Figure 42: E�ciencies for the f1(1285) helicity angle (a) Geometrical e�ciency
and (b) Reconstruction e�ciency.
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Figure 43: Angular e�ciencies for the �� resonance: (a) Geometrical e�ciency for
the helicity frame of the ��, (b) Reconstruction e�ciency for the helicity frame of
the ��, (c) Geometrical e�ciency for the canonical frame of the �, (d) Reconstruc-
tion e�ciency for the canonical frame of the �, (e) Geometrical e�ciency for the
helicity frame of the �, and (f) Reconstruction e�ciency for the helicity frame of
the �.
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7.2.5 Reconstruction of �0's

Unlike the KS 's, the �0's are not reconstructed in the light quark skim. The user

must reconstruct them from photon tracks in the IE. This is carried out in both

the real and the Monte Carlo data, and the  mass spectrum of each is shown

in Figure 44. The background in the real data is due to other processes involving

photons.
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Figure 44: Reconstructed �0's in (a) Monte Carlo data and (b) real data.
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Chapter 8

Conclusions

Evidence has been presented for the existence of two possible hybrid mesons which

have been predicted in the ux tube model. Since photoproduction has been

suggested to be an ideal source of ux tube hybrid mesons, E687 is a suitable

place to look for them.

In the f1(1285)� channel, which is one of the most experimentally accessible

channels in the search for hybrid mesons in ux tube model, there appears to be a

resonance at a mass of 1748� 12 MeV and a width of 136� 30 MeV. An angular

analysis reveals that this resonance is consistent with having JPC = 1�+. The

f1(1285)� mass spectrum can be �t with a second peak of mass of approximately

1900 MeV, but the angular distribution was indistinguishable from that in the

lower mass region, and hence was assumed to be part of the main resonance peak.

These �ndings are somewhat at variance with results reported by Lee et. al.

[21]. While both analyses are in agreement that there is a JPC = 1�+ state in the

mass region 1600-2200 GeV, the E687 data indicate a resonance with considerably

smaller width. Furthermore the decay of the state observed in E687, in its helicity

frame, contains no evidence for the presence of a state with JPC = 1++.

The �� channel is particularly interesting since this experiment represents the

largest sample of such events in the scienti�c literature except for J= decays. In

the E687 data there appears to be a clear �� enhancement with a mass of 1914�33
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MeV and a width of 389 � 115 MeV. A thorough angular analysis utilizing three

di�erent angles shows that the enhancement is consistent with only JPC = 1��.

There is, thus, evidence for a new vector meson, which occurs in a mass region

where Close and Page [24] have predicted the existence of a hybrid vector meson

which decays to ��. While it is tempting to assign the experimentally observed

vector meson hybrid status, it is important to note that the width of the predicted

hybrid is less than 10% of the experimental value.

Hybrid searches are continuing at UT. Currently E687 data are being analyzed

in the b1(1235)� channel and other f1(1285)� channels.
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