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ABSTRACT

We have performed a sequential decay analysis of the

reaction
- o
T p > W n

at 8.45 GeV/c in a counter - spark chamber experiment
conducted at the Argonne National Laboratory Zero Gradient
Synchrotron. The production and decay properties of the B°
meson are presented , along with the differential <cross
section for the reactipn T p > B°n. We present evidence for
the existence of the p'(1250) meson (IJPC = 1177). Our study
of the B° production indicates dominance of A2 exchange
(nucleon spin flip) . We have found significant amounts of
D-wave in the B° » wrn® decay. The production mechanisms for

p'(1250) are similar to those for p(770) production and are

dominated by m exchange.
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RESUME

Nous avons accomplis une analyze de désintégration en

séquence pour la réaction

- (o]
T p - WT n

4 une impulsion incidente de 8.45 GeV/c dans une expérience
exécutée au synchrotron du Argonne National Laboratory. Les
propriétés de production et de désintégration du méson :
sont présentées ainsi que la section efficace différentielle
pour la réaction T p - 8°n . Nous présentons de 1'évidence
sur la présence du méson p'(1l250) (IJPC = 117 7). Notre étude
sur la production du B° indique que 1l'échange de A2 domine
(changement d'orientation du spin de nucleon) . Nous avons
trouvé de quantité significatif d'onde L = 2 dans la
désintégration B > wr® . Les mécanismes de production pour

le méson ©'(1250) sont semblable & ceux du p(770) et ils

sont dominés par l'échange de méson T.
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INTRODUCTION

The purpose of this experiment was to search for the
neutral B(1235) and p'(1250) mesons via the wn system in the
reaction

T p > (meson)n

|+ Yy -
We study the production and decay mechanisms of these mesons.

The data for this study were taken at the Argonne
National Laboratory Zero Gradient Synchrotron in a high
statistics ( > 26 x 10° triggers) counter-spark chamber
experiment (E420 ~ E428) [1], using incident pions of
momentum 8.45 GeV/c.

Although it has become evident in recent yeérs that a
very successful classification of baryon states can be made
by considering them to be 3 quark states, attempts to extend
such analyses to the mesons, which are taken to be qq states,
have not been as successful-partly because the number of
observed résonances does not nearly account for the predicted
states.

In the following figure we show a tabulation of all
possible low-lying qq states. We adopt the conventional

28+1

spectroscopic notation N LJ, where N is the radial

> —
quantum number, L is the qq relative orbital angular momentum,
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Notation is discussed in text.
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§ = gq + ga is the total spin and 3 = f + § is the total
angular moﬁentum of the qq state.

Mesons marked with a check (V) mark such as the Pr are
considered to be unconfirmed candidates for those states.
Some states, markgd with a question mark, although well
established as resonances, may in fact be 4 éuark states or
possibly belong to multiplets other than thdse indicated.
Many states need to be confirmed and many more have no
observed candidates whatsoever.

THe theoretical motivation for studying the o’ system
lies in the fact thaf, in the quark model of mesons, only two
resonances are expected in this region;  the B® (LqE = 1)
IJPC = 11+_ and the p'(1250)‘(the first radial excitation of
the p(770), an = 0) IJPC = 117 . The charged B has been
observed and studied by several experiments [5,26,27], but
the neutrally charged B has never been observed. The
p'(1250) has yet to receive a one star rating as a resonance
by meson spectroscopists. It has never been studied in 7 p
interactiouns. The observation of these resonances (Bo and
p'(1250)) would be an important confirmation of the quark
model.

The.B meson may decay to the WwT system via S(1 = 0)
or D(1 = 2) waves. The world average of the ratio (D/S)?2
"measured for the charge B is .06 i .03 [38]. 1In studies of
the charged B, little consideration has been given to the

+
problem of possible JP = 1 Deck [46] background because the

o, . :
observed B~ is relatively narrow and, therefore, presumably
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not seriously affected by such.background effects. If such
effects were present, they could alter the measured (D/S)2
‘ratio from that expected for a two-quark B meson. We point
out that the Deck-~like backgrounds are expected to be signif-
icantly reduced in charge exchange processes because no
Pomeron coupling is allowed by the baryon vertex. A measure-
ment of the (D/S)? ratio for the B® consistent with the ratio
for Bi would then suggest that the Deck-like processes are
strongly suppressed in both the charged and neutral B eﬁperi-
ments, and the B is a clear candidate for the expected

L — =1, IJPC = 11+- quark model state.

.Note that ﬂ—p > (wﬂ)on is a very favourable reaction
with which to search for the p'(1250). As is the case for
ﬂ—p - pn, the b' is expected to be produced mainly through
T - exchange. Compared with T p > (wﬂ)—p, T ~ exchange
production of the p'(1250) in the process T p - (wﬂ)on is
inéreased by a factor of two and B production is réduced by
a factor of two (Bi can be produced by w and A2 exchange,
whereas B® can only be produced by A2 exchange).

It should also be noted'that, due to phase space
considerations, the wn® decay mode of the p'(1250) is heavily
favoured. This can be seen in e+e- annihilation data [42],
where mass plots of the decay products ﬂ+ﬂ—ﬂ+ﬂ_ show no

evidence for a p'(1250) resonance, whereas plots of ﬂ+ﬂ-ﬂ°ﬂo

show a clear signal in the 1.2 - 1.3 GeV region.
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A description of the experiment will be given in
Chapter 1. We discuss the details of the data collection and
énalysis in Chaﬁters 2 and 3. Chapters 4 and 5 present our
eiberimental resolution and the acceptance of our abparatus,
reséectively.‘The process to detefmine the final wm° samble
is discussed in Chabter 6, inefficiency corrections are cal-
culated in Chapter 7 and the differential cross section for
the reaction v—p > B%n is given in Chapter 8. The theory and

techniques used to determine the production and decay para-

meters of the B° and p'(1250) mesons are explained in Chapter

9. Finally, in Chapter 10, we present and discuss our

results and conclusions.

2,000



CHAPTER 1

APPARATUS

The sample of events from the process

- + =00
Tp>TT T T

i* YY

(5)

> YY
(hereafter referred to as 4y events) was obtained
simultaneously with the collection of data for study of the
reactions
mp + mm n’n
l* YY
and
- -
T p>TTnn
l* Yy -
In addition we had the 3 charged pion events
- + = 0O =-
Tp>TTMTTp
|* Yy .
An incident T beam of momentum 8.45 GeV/c was used at the
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0

(6)

ZGS in January, March and June, 1977.

A subset of the 4y events above is the process:

(1-1)

A1l the final B° decay products were detected and measured:
the <charged particles, using a conventional dipole magnet
forward spectrometer (ten spark chambers); and the gamma
rays, by means of an array of 56 lead glass blocks preceded
by three spark chambers. The neutron was not detected. The
experimental layout 1is shown in Figure 1 and discussed in

the following sections.

1.A. Beam

The pion beam (see Figure 2) was produced by directing
the 12 GeV/c extracted proton beam on a beryllium target.
Negative particles produced at 1.5 degrees were focused by a
two~stage beam transport system onto horizontal and vertical
beam veto scintillation counters, BV]1 and BV2, situated 120
inches downstream of the liquid hydrogen target.

The first stage produced a momentum dispersed focus at
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the position of the beam counter hodoscope BH - a set of
seven finger counters, each subtending a momentum bite of
.5% TFWB. The second stage recombined the momenta, focusing
the beam onto the BVl and BV2 counters, where all
non-interacting beam events were rejected. Beam particles
outside the one-inch radius hydrogen target were removed by
the hole anti-counter BHR + BHL. We averaged 60,000 beanm
particles per pulse, of which 85% passed within the hole.
The beam particle direction was determined by means of
four magnetostrictive readout spark chambers, spaced 36
inches apart wupstream of the hydrogen target; Late beam
particles were removed by means of a 10-finger hodoscope
(BH10) 1located immediately in front of beam chamber 1 and
rotated 45 degrees to the normal. The slope and intercept of
each trajectory were measured to within *.1 mrad and *.015
inches (FwaM), respectively. A summary of the beam

characteristics is given in Table 1.

1.B. Charged Particle Spectrometer

The momenta of the charged particles were measured by
means of a spectrometer located immediately downstream of
the hydrogen target. It <consisted of a set of £five
magnetostfictive readout §park chambers on either side of a
wide aperture magnet (SCM104), with a gap 40 inches high by

60 inches wide by 32 inches deep. The magnet current was set
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TABLE 1

E-397 BEAM CHARACTERISTICS

Momentum -

Beam Spill =

Final Focus Spot Size

Flux -

Production Angle -

Momentum Bite -

AP/P -

Beam Spark Chamber -

Beam Direction

Measurement

Focus -

Hydrogen Target -

8.45 GeV/e

600 msec (FWHM)

%n x %n

6 x 10" pions per pulse

.005

Spacing = 36"
Position resolution Ax = .02" FWHM
A6 = .0002

A = .,030"

xintercept

120" downstream of hydrogen target

2" diameter x 16" length
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to produce a central field of 5.9 kilogauss, with an
integrated field of 240 kg-in. The thinness of the magnet,
combined with the close positioning of the chambers to it,
permitted a good acceptance for wide angle tracks.

Details of the <charged particle detection equipment
and spark chamber dimensions are listed in Table 2. A 5 KV
pulse was applied to the chambers for each trigger. This was
done using thyratron-capacitor bank units. A potential of 75
VDC was maintained on all chambers to help clear away the
ionized debris from stray charged tracks. In addition to
this, a 1 KXY, 600 nsec pulse was applied after each trigger
to remove residual ionization from the sparks.

The gas in the chambers was a mixture of 90%Z neon and
10%Z helium. Ethyl alcohol was added to the gas to quench the
sparks. The entire gas system was recirculated and purified
through a liquid nitrogen cooling system [2] .

To eliminate the ambiguities which arise when multiple
sparks occur, two chambers wupstream and two chambers
downstream were rotated by 45 degrees and 15 degrees
respectively. Spark positions in the chambers were obtained
by magnetostrictive wire readouts, using a Science
Accessories Corporation (SAC) scaler system interfaced to
CAMAC. Each plane was instrumented to handle up to six

sparks.



TABLE 2

SPECTROMETER CHARACTERISTICS

—— - — . —— — — = " e - -

Spark Chambers -

Rotation Active Area Distance from Target
Upstream 1 0° 24" x 16" 19.00"
2 45° 28" x 18" 24.50"
3 0° 40" x 30" 29.75"
4 45° 42" x 36" 35.00"
5 0° 40" x 40" 40,50"
Downstream 1 15° 5' x 7' 91.50"
2 15° 5' x 7! 97.50"
3 0° 5' x 7! 103.50"
4 0° 5' x 7° 109.50"
5 0° 5' x 7! 115.50"
Magnet -
Type picture frame SCM-104
Nominal JB-+dl 240 kg-inches
Central Field 5.9 kgauss
Size 84" W x 40" H x 40" D
Center 63" from LH2 target

(12)

continued...



SPECTROMETER CHARACTERISTICS (continued)

Chamber High

Voltage -
Method
Capacitance
Pulse Height
Risetime
Delay
Clearing Field

Pulsed Field

Readout

Method

System

Resolution -~
Position

Momentum

TABLE 2

capacitor bank discharge
10 nfarads / 5' x 7' area
6.8 KV

150 nsec

550 nsec

75 vV DC

1 KV - 600 nsec

magnetostrictive

SAC Midas, 6 scalers/plane

.05" (FWHM)

4% (FWHM) at 2 GeV/c

(13)
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1.C. Photon Detector

The gamma rays were detected, and their energies
determined, wusing a system of lead glass Cerenkov counters
and magnetostrictive readout spark chambers.

The part of the detector which measured the position
of the shower origin consisted of alternate layers of
converter and spark chamber; first, .5" (2.07 radiation
lengths) of 1lead plus .1 radiation lengths of aluminium,
followed by a spark chamber and then by another .25" (1.14
radiation lengths) of lead plus .07 radiation lengths of
aluminium (this assembly implied a total conversion
probability of 89%Z). This was followed by two more spark
chambers. Two of the three chambers were rotated 12.5
degrees to resolve multi-track ambiguities. The whole
arrangement was tightly packed, with gaps of .25" between
converter and the next chamber. Thus, the tightly collimated
showers (rms angle per stage is approximately .2 degrees for
one GeV photons [3] ) resulted in a single large spark in
the following chamber. This spark was then taken as the
shower conversion center. The position resolution was
measured by following charged particles through the
spectrometer down to the gamma spark chambers, with the
result Ax = .35" (FWHM) holding for all energies from 400
MeV to 2.0 GeV. The second and third spark chambers supplied
information for showers which were missed by the first spark

chamber, and were also used to confirm and resolve shower
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"positions. To ensure high efficiency for multi-spark events,
each plane was instrumented to handle up to 12-16 sparks.
For these chambers, the spark digitization was performed by
Borer scalers interfaced to our CAMAC system.

- The energies were measured using a 56-elément lead
glass array placed immediately downstream of the gamma
chambers. The lead glass blocks were arranged in a symmetric
array with a small beam hole (Figure 3). Each block measured
7.5 inches by 7.5 inches by 12 inches (10 radiation lengths)
and was viewed by a S;inch photomultiplier attached to the
downstream face. The signal from each tube was digitized by
an Analog to Digital Converter (ADC) and the information
made available to the online computer via CAMAC. The ADC
reading, corrected for small geometrical losses, was then
proportional to the energy deposited in the block. The

measured energy resolution for a 1 GeV gamma shower was 25%

FWHM.

1.D. Anti-counter System

—— - ——— —— — o — -

Events accompanied by charged particles or gamma rays
that would go undetected by the apparatus were removed by an

anti-counter system.

To reject gamma rays and charged particles recoiling
at wide angles, the four 1lateral sides of the hydrogen

target were covered by four alternate layers of .125-inch
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scintillator and .25-inch lead sheets. This target
anti-counter (TA) setup is shown in detail in Figure 4.
Events were rejected if one or more counters detected a
particle. All target anti-counters were latched and recorded
with each event to allow the offline investigation of the
above TA veto constraint; in particular, to correct for the
loss resulting from good events being vetoed by recoil
neutrons.

In the forward direction, the two sets of counters,
AAl and AA2 (Figure 1), limited the allowed solid angle to
that covered by the spark chambers and the gamma ray
detector. Each set of counters was made sensitive to gamma
rays by <covering its upstream side with .25-inch lead
sheets. Events were rejected if one of these counters

detected a particle.

1.E. Fast Logic and Trigger System

A system of scintillatiom counters was set up to
detect, and 1isolate from unwanted background, all events
consisting of two or three charged piomns, two or more gamma
rays, and a slow recoil neutron. This triggering system
consisted also of a Proportional Wire Chamber (PWC) whose
wires were clustered -into‘ strips so that, in effect, it
served as a l6-element hodoscope. Table 3 1lists all

counters. Signals from all counters concerned were combined
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Name

S1
Bl
B2

BHR
BHL

PWC

AAl

AA2

H2

BV1
BV2

GHF
GHR

Target
anti-

counters

Si

TABLE 3
SCINTILLATION COUNTERS

ze Position

(Z downstrean,

Z=0 at LH2 target)

1//16" X 2n X l%"

1/8" x 3" x 3" -170.0"
1/16" x 2" x 2" - 36.0"
&n x 16" X 24!1’
- n
with 1" hole 25.0
18" x 13.5" + 14.0"
active area
opening 26" x 16" + 23.0"
opening 40" x 40" + 42.0"
30 counters, each +122.8"
1/8" x 4" x 42"
+124.0"
" 1" 13
B ox 4t x4 +129.0"
16 counters, each +140.0"
B ox 73" x 30" +143.5"

4 alternate layers of 1/8"

scintillator and %" lead

sheets placed each side of

target

(19)

Purpose

Detect beam

Anti beam halo

Charged particle

hodoscope

Anti particles out-

side fiducial volume

Charged particle

hodoscope

Veto non-

interacting beam

No

Yes gamma hodoscope

Veto particles at
wide angles from

the target
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in fast electronic logic modules to produce a trigger. The
trigger was then wused to initiate the firing of the spark
chambers, the gating of the gamma shower ADC's, and the
storing of the resulting CAMAC information.

The fast logic initiated an event trigger when a true

condition resulted for the expression

BEAM °* PWC * CHARGED °* GAMMA °* ANTI,

where each term 1is described below. A simplified trigger

diagram is shown in Figure 5.

1) BEAM = S1 * Bl » B2 - (BHR + BHL) * (BV1 + BV2)

A beam particle, indicated by a count in each of the
counters S1, Bl and B2 and none in the halo-counters BHR,
BHL, must have interacted in the target because no counts

occurred in the beam veto counters, BVl and BV2.

2) PWC

The PWC, located immediately downstream of the target,
demanded that only 2 or 3 charged particles be detected. In
this way, it supplemented the H2 hodoscope and avoided false
triggers caused by back-scatters from the lead converter.
The PWC was hardwired into 16 independent strips, whose
respective widths were chosen by Monte Carlo simulation to

maximize the trigger rate. The PWC is described in detail in
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Figure 6.

3) CHARGED = H2
We also demanded that only two or three elements of
the 30-element scintillator hodoscope H2, located downstream

of the last spectrometer chamber, be set off,

4) GAMMA = GHF °* GHR (22)

The gamma trigger was supplied by two identical
l6-element scintillator hodoscopes, GHF and GHR, on either
side of the spark chamber-lead converter "sandwich". A
shower was indicated by a count in an element of GHR with no
count in the corresponding element of GHF. At least two such
"no-yes" combinations were required to initiate a gamma

trigger.

5) ANTI = AAl + AA2 + TA (21)
There were to be no counts in any of the

anti-counters.
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CHARACTERISTICS:
Cathode Readout

Operational Voltage: 5.1 - 5.8 kV

Spatial Resolution: 1 wire/mm, 16 strips (see below)
Maximum Frequency: 5 MHz
Magic Gas: 0.572 freon-13 Bl (CF3Br)

24,57 isobutane (iso C4H10)

75.0Z argon

READOUT AND SUMMING CIRCUITRY:
TTL Logic
Input Voltage: 5 -~ 40 mV

Output Voltage: NIM

Clusters sizes @ 1 wire/mm

59 40 35 |30 |25]|20|15|10/10|15]|20|25]|30 | 35 40 59
wires wires

FIGURE 6 Proportional Wire Chamber
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CHAPTER 2

DATA COLLECTION AND RECONSTRUCTION ANALYSIS
In this chapter, we present a detailed history of our
analysis, from data collection to "Data Summary Tape". A

brief schematic is presented in Figure 7.

2.A, Online Data Collection and Analysis

Data acquisition and online analysis were performed on
a General Automation SPC 16/85 computer interfaced to the
experiment through a standard CAMAC network. The raw data
for each event was stored in an event buffer consisting of
328 16-bit words. The <collection system was capable of
recording up to forty events per 600 msec 2GS pulse. All raw
data were recorded on magnetic tape for later offline
analysis.

Approximately thirty percent of the recorded events
were analyzed online during the 4-second intervals between
ZGS pulses. This provided a valuable means of monitoring the
performance of the apparatus. All spark chamber
efficiencies, scintillation counter participation, and lead
glass block participation were readily available for a

continuous and rapid check of the equipment performance.
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Data Collection

,results used
Y'to monitor
apparatus

Online Analysis

307 of events analyzed

Offline Analysis

calibration
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Tuning Stage

fine tuning of data

using subset of events

Do we have stable solutionzj

no

yes

Apply solution to all event§J

"DST" or Data Summary Tapng

FIGURE 7 Analysis Schematic
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2.B., Calibration Data

a) Spectrometer Data

To -;;;;;;;;;_-;;;--exact spatial position of each
chamber, the spectrometer chambers were fired and data
recorded for a non-interacting beam event at the start of
each ZGS ©pulse. This information was used in the offline
analysis as a check on the surveyed positions of the spark
chambers,

Also, the distance between the rear and front
fiducials was monitored, thus allowing the distance per
scaler count to be updated for each magnetostrictive ribbon.

This updating corrected for the aging of the ribbons and any

temperature effects.

b) Lead Glass Blocks

The--;;;;;;—_;;;;;;;ed in each 1lead glass block was
proportional to the ADC digitization readings. However, the
proportionality <constant varied due to <changes 1in the
photomultiplier tube gain caused largely by shifts 1in
ambient temperature. To monitor the relative gain drifts
between tubes, the 1light output from a nitrogen laser was
piped to each block via fiber optics. Laser pulse height
data were recorded at the stért of each ZGS pulse, and then

used by the offline analysis program to update the gains on

a run-to~run basis. Twice daily, the laser pulse heights



(27)

were recorded and utilized by the online analysis program to
remove drifts.

An absolute calibration of each block was obtained by
comparing the known m° mass to the mass of all the m° decays
recorded during data~-taking. The dominant contribution to
the error in the 7° mass measurement came from the
uncertainty in the shower energies. The gain of each tube
was therefore corrected by the method outlined in Figure 8.
Briefly, for all two-gamma shower events, a digamma mass
distribution was formed for each block, with the histogram
of each block being incremented whenever it was the center
for one of the two showers. The ratio of the centroid of
each block’'s histogram to the actual 7° mass was then
calculated and used to correct the tube gains. This process

was done at the end of the month's run.

2.C. Offline Analysis

All recorded events were analyzed offline on the Ohio
State University Amdahl 470/V6 and on the University of
Toronto IBM 370/165 computers using essentially the same
software as the online program. However, the offline program
made much greater use of the calibration data mentioned in
section 2.B. A description of the software is given in the

next section.

An analyzed event buffer for all events with two or
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1) Formation of Histogram for Block #N

A)Calculate Di-Gamma Mass For All Block #N Events

Block #N
v ~.
Di-Gamma Mass
Y ”’,/”
\\\~\4\\‘~ Block #I

B)Sum Over All Blocks

56

2

I=1

C)Find Centroid Of Di-Gamma Mass Distribution And Compare

with True @ © Mass

Centroid
o
Z
Ho Mass
Di-Gamma Mass
Block #N

2) Correct Tube Gain For Block #N by Ratio

1/2
n° Masi/,///;entroid Mass

FIGURE 8 Method for Lead Glass Energy Calibration
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more charged particles was recorded on magnetic tape for
further analysis of specific interactions. A breakdown of
the recorded events is given in Table 4. About 417% had two
oppositely charged pions; of these, about two thirds had two

Oor more gamma showers.

2.D. Reconstruction Software

The reconstruction software, as mentioned above, was
essentially the same for online and offline analysis. The
sequence followed 1in the reconstruction of an event is
outlined in Figure 9. The event reconstruction program was
divided 1into three basic sections: the beam, the charged

particles and the gamma rays.

a) Beam Reconstruction

The_-;;;;;;;;ZG—;;;;;;ion and position of the incident
pion wupstream of the target were determined wusing the
information from the beam momentum hodoscope and the beam
spark chambers. Multiple beam track ambiguities were
resolved, 1f possible, with the wuse of the beam finger
hodoscope BH10., Approximately 502 of such events were
resolved; the rest were rejected and accounted for in the
effective beam calculation. If a beam particle fired more

than one beam hodoscope (BH) element, the event was taken as

having one counter set at the average position.



Type

TABLE

4

BREAKDOWN OF RECORDED EVENTS

Two charged events:

less than two gamma showers

two gamma showers
three gamma showers
four gamma showers

five gamma showers

Three charged events:

Four

less than two gamma showers

two gamma showers
three gamma showers
four gamma showers

five gamma showers

charged events:

less than two gamma showers

two gamma showers
three gamma showers
four gamma showers

five gamma showers

Percentage (7%)

73.97%
40.97
37.57%

16.67

24.07
50.37%
32.37%
13.67%
3.37%

.57

46.67%
34.67
14.67%

3.6%

.67

(30)
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Accumulate For
Off-line Use

Software Reconstruction Analysis
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b) Charged Particle Momentum Determination

The first step im determining the charged particle
momenta 1is the calculation of the particle trajectories. A
considerable amount of time was saved by demanding that in
each view the sparks for a track candidate fall within a
road defined by the charged particle hodoscope element
dimensions, an imaginary grid similar to the <charged
particle hodoscope at the magnet center, and the hydrogen
target dimensions. Tracks were first searched for in the
downstream Y view and then in the downstream X view. For the
rotated chambers, cross checks were done between the two
views to further constrain the track candidates. The entire
procedure was repeated for the upstream chambers. At this
point, the track candidates having common sparks were
pruned, and the tracks with the lowest chi-squared values
were kept. The upstream and downstream'tracks were next
matched at the magnet center. A common intersection point of
the two or more tracks with the beam track was also
demanded. Analysis was aborted for events which did not have
at least two such tracks. Before calculating the momentum of
each charged particle, the tracks were corrected for bending
outside the magnet, caused by the strong fringe field.
Figure 10 shows the reconstructed trajectories for a
three-pronged event,

The momenta of the surviving tracks were determined

using the known corrected trajectories, in conjunction with
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FIGURE 10 Example of a Reconstructed Three Prong Event
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a momentum function consisting of a fourteen-term
polynomial. This momentum function was developed [2] using
numerical integration of Monte Carlo-generated tracks. A

detailed magnetic field map was available for this purpose.

¢) Gamma Shower Energy and Position Reconstruction

Events with ome positive and onme negative charged
track were then checked for the presence of gamma showers.
The reconstruction software was identical for all events,
regardless of the number of gamma rays present. The
procedure followed in determining the energy and position of
each gamma ray shower 1is summarized in Figure 11. All
candidates for showers were first required to have deposited
an energy of at least 30 MeV in a single lead glass block.
Then the gamma chambers were checked to see 1if,
corresponding to that shower, there existed at least one X
and one Y spark in either of the first two chambers, and at
least one confirming spark in a subsequent chamber. The
shower center was then taken to be the position of the
leading X and Y sparks, or as the average position if more
than one leading spark was found. Ambiguities resulting from
the overlap of charged and gamma showers were eliminatd by
rejecting an event if any gamma shower was found to be
within 5.0 inches of an extrapolated charged particle
trajectory.

The shower energy was determined by adding any energy

deposited in surrounding blocks to that in the leading



CONVERT ADC
NG.'S TO ENERGY

!

NO

LOOP OVER BLOCKS

E> Eppreshold

|

FIGURE 11 Gamma Shower Reconstruction Flowchart

AT LEAST ONE X
AND ONE Y SPARK

IN FIRST TWO
CHAMBERS NEAR
THIS BLOCK

l YES

AT LEAST ONE
CONFIRMING

N

0

SPARK IN
OTHER CHAMBERS

T
GOoD S!HOWER

REMOVE
SHOWERS DUE
T0
CHARGED PIGNS

l

ADD
SURROUNDING
BLOCKS IF
NEEDED

T

APPLY ENERGY
CORRECTIONS

)

FIND
TWO SHOWERS

WITH CLOSEST #°
EFFECTIVE MASS

(35)



(36)

block, and then correcting for energy losses in the lead
converter, around the photomultiplier tube, and 1in tﬁe
junction between blocks. For all events with two or more
reconstructed showers (regardless of the actual number of
showers), the two showers forming an effective mass closest
to the 7° mass were found and put first and second into the
final analysed event buffer in decreasing order of energy.
The rest of the gammas were buffered 1into subsequent
positions in decreasing order of energy. In Figure 12, we

present the reconstruction of a two gamma shower event.

2.E. Calibration or "Tuning" Software

In the "tuning" stage of the analysis, we fine-tuned
the absolute positions of the spectrometer's spark éhambers
and the absolute and relative <calibration of the gamma
detector's lead glass blocks., Most of the software
development was performed on the McGill University Amdahl
470/V7. The actual "crunching" was done on the Ohio State
University Amdahl 470/Vé6.

The technique involved 1is described in detail in
Appendix A. Briefly, the process was as follows: we

parameterized the errors in charged particle positions as

_ _ V. c c
Ny = ¥3 = Py Pizgi T Py3Yy T PiaYy T PysYiYy
i

Ax, =
1

2 2..C 3 c,2
T PygYi Y Py7YiYy TPigY¥; t Pig¥i (v
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FIGURE 12 A Reconstructed 2y Event
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where y; = coordinate being fitted,
yi = coordinate conjugate to that being fitted,
z; = z-coordinate of chamber plane
and ny = fitted position, i=1,...,20 (=chamber plane),

and the error in gamma energies as

U U, 3 U, %
K K K T Pl f ProBr t Pra(ER) T ot Py (BT,

where E, = measured energy

®E R A

and E! = fitted energy, k = 1,...,56 (=lead glass block).
We then analyzed a sub-sample of data and fitted for the
parameters p.j (the motivation for our choice of parameters
is given in Appendix A). It was then possible to calculate
new y, and EE and repeat the process until convergence was
obtained. The final p.j were then applied to the whole

sample and the data re-analyzed.

In practice, a sample of 10,000

T p > wN

|+ mte~n®

events was used for this iterative process. The "tuning" of
the charged spectrometer and of the gamma spectrometer were
done 1independently. It was necessary to be very careful in
the fitting, for, with such a larée number of parameters,
there were a large number of solutions, some better than

others. In the spark chamber '"tuning" alone, there were
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20x9=180 parameters to be found, and they could not all be
determined at once. Some parameters were much more important

than others (e.g., the offset or surveyor's error,

Pi1
carried 100 times the weight of Pig ° the pincushion or
"ballooning" parameter), and were solved for first.

Unlike the first stage of the analysis, where the
charged particle trajectories were determined by Least
Squares fitting and the momentum by a table lookup, in this
final stage, we wused a quintic spline fit to determine
trajectories and momenta simultaneously. This improved the

resolution by 20%. The spline fitting technique is explained

in Appendix B.
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CHAPTER 3

KINEMATIC ANALYSIS

. - e L S TS G D WS WD AL A e N D S = S

All computer work in the "Data Summary Tape" stage of
the analysis was performed at McGill University on an Amdahl
470/v7 high speed computer. Of the total number of events
with two oppositely charged pions, 4.3% were found to have

four gamma shower candidates. All such events were extracted

and analyzed assuming the hypothesis (X = meson)
n—p -+ Xn
!+ wr®(2)
> Yy (3-1)
> n+ﬂ—w°(1)
'* Yy -«

We had 233,000 events, each with six possible
combinations, as there are six ways to form two m°'s out of
four gamma rays. Our convention for the numbering of these
combinations is summarized in Table 5. For each combination
we also present, 1in Table 5, the fraction of total events
for which this particular combination was the "best" fit to
the hypothesis (3-1) (the method for determining the "best"

combination 1is discussed in Chapter 6). Examining Table 5,
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TABLE 5

COMBINATION NUMBERING CONVENTION

Combination ﬂo(l) ﬂo(Z) "Best" Fraction

1 Yle Y3Y4 446

2 Y1Y3 Y2Y4 .016

3 Y1V, Y2Y3 .033

4 Y,Y3 Y1Y4 -016

> Ya¥y Y1Y3 .018

6 Y3Y, Y17, 471
NOTE: The subscript on the Y refers to its position in the

event buffer.
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one notices that 92% of the "best" combinations are either
combination 1 or 6. This is due to the internal ordering
introduced by the reconstruction program. The gamma ray pair
forming an effective mass closest to the 7° mass was stored
in the first two buffer positions. For this reason, in the
following we often plot effective masses using combination 1
only, or the sum of combinations 1 and 6. This.is done
simply for convenience and does not seriously bias the plots
as the contribution from the other combinations is small.

Our initial ﬂ+ﬂ_yyyy(4Y) data sample is presented in
Figure 13. This 1is the starting point of our analysis and
the only cuts applied on the vdata were done to avoid
reconstruction problems for low momentum particles and
inefficiencies of the detectors near their edges. These are
“ecuts 1, 2, 5 and 6 of Table 6. There is no indication of a
signal around the B(1.230) mass. Also given, in Figure 14,
is the yy effective mass from the same initial sample. This
plot represents the sum of combinations 1 and 6 of m°(1)
(or, equivalently, the sum of combinations 6 and 1 of
7°(2)).

This data sample was then subjected to the analysis
described in Figure 15, using the rest of the cuts given in
Table 6. Briefly, for a combination with both gamma pair
effective masses within 40 MeV of the T° mass, a "2C" fit
was applied. Both pairs were constrained to yield the m°
effective mass. Then the missing mass squared was calculated

and combinations satisfying a cut of .0 - 1.2 GeV were “3C"
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TABLE 6

GEOMETRIC AND KINEMATIC CUTS

Energy and Momentum Cuts

1) Charged particle momenta: > .4 GeV/c
2) Gamma ray energies: > .2 GeV/c
3) Two gamma rays forming ﬂo(l):
ratio slow gamma energy > 11
fast gamma energy
4) Two gamma rays forming 7°(2):
ratio slow gamma energy > .085
fast gamma energy
Geometry Cuts
5) All charged and gamma ray trajectories within the

6)

detectors by 1",

Gamma ray to charged particle distance at lead converter

> 5".
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FIGURE 15 Kinematic Analysis Flowchart
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fitted. The '"2C" missing mass squared is plotted in Figure
16. The "3C" fit again constrained the gamma pairs to yield
the 7° mass, and additionally imposed the constraint of
forcing the missing mass to the neutron mass. The three pion
(n+n_ﬂ°(1)) effective mass was then calculated and the
combination tested for the cut .740 = "3C" w 2 ,820. The
"3C" w effective mass is plotted in Figure 17. Again only
combinations 1 and 6 are used. Surviving combinatioms are
then "4C" fitted to hypothesis (3-1), yielding our final wm®
sample. After each fit (2C, 3C and 4C), events in the lowest
52 confidence level region were rejected.

It is important to point out that often (approximately
50%2 of events) more than one combination of an event passed
the above cuts, As already mentioned, the method of
determining the best combination will be ©presented in
Chapter 6. We have a total of 3123 events with at least one
combination surviving all cuts; their effective mass
spectrum is>shown in Figure 18.

Detailed analysis of the cuts applied in our kinematic
analysis, and of our final wm® sample, will be deferred to

Chapter 6.

3.B. Analysis of Five Gamma Events

Our sample of events with two oppositely charged pions

and two or more gamma showers also contained some 38,000
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events (.7%7) with five gamma rays. We suspected that a large
part of these events might actually be four gamma events
with the addition of an accidental gamma ray, which was
either due to the presence of an actual uncorrelated shower
or, more likely, "created" by the recomnstruction software.
The four gamma rays giving the best m° pairs were kept and
analysis proceeded exactly as explained above in 3.A.

Again detailed analysis will be deferred to Chapter 6.
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CHAPTER &

EXPERIMENTAL RESOLUTION
Detailed studies of the measurement errors were made
by a previous experiment [2] using the same apparatus. These
results, with minor modifications due to higher average
momenta, were also valid for this experiment., However, since
the gamma shower detector was modified (additional lead
converter was added), the paraméterization of the error in

the digamma mass was recalculated.

4.,A. Beanm

- s - -

From Table 1, the beam momentum error was

%P- = .005 (FWB) . (4-1)

The beam slope errors were very small with

AB(FWHM) = ((1.3 x 10" %)? + (.015/p)2t)% . (4-2)

where the first term represents the angle error due to
position measurement, and the second term is due to the
multiple scattering of the beam in the target (t = number of

radiation 1lengths of hydrogen seen by the beam and p is

given in GeV).
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4.B. Charged Particles

- - — - -

The charged particle momentum error was given by

%?(FWHM) = ((.028)2 + (.013p)2)% . (4-3)

The first term 1is due to multiple scattering of the
particles in traversing the spectrometer. The second term
was found by using non-interacting beam events. A momentum
error of 97 (FWHM) was calculated for beam particles,
corresponding to a position error of .04 inches (FWHM) for
each spark. Since typical two track events had an average
position error of .05 inches, the measurement error at other
momenta was then approximated by extrapolating the beam
measurements.

The error in the charged particle angle measurement

was

AB(FWHM) = ((.001l4)2 + (.036/p)2t)% . (4-4)

The second term dominates the <calculated error. It

represents the multiple scattering in the hydrogen target.

The first term was an estimate of the angle error in the

position measurement.
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4.C. Gamma Showers

—— - - - — - o o -

The fractional error in the digamma effective mass is

directly proportional to that of the measured gamma

energies:

2 _ = -
Mlz = 2(1 - cosG)ElE2 f(El,EZ) . (4-5)
Therefore, we can write
; 2 _ 1 (9f o2 2 of 2 2 B
and
AM aEi 2 aEZ 2 %
= = { Dy (H2 P (4-7)
" 5 Ea

Parameterizing our uncertainty in the gamma energy as

(%;)2 = a2 + 2b%/E
we obtain
AM o _ 2 2l . 1 » -
(bd) = a“ + b (E t g ) I (4 8)

1 2
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Plots were made of the digamma mass spectrum as a function
of total energy of the two gamma rays. For each energy, the
width of the peaks yielded the uncertainty in the energy. A
fit to the correlation between the energy and 1its

uncertainty gave

2
. (.217) }%

7 . (4-9)

%?(FWHM) = { (.130)2

The shower position error was found by considering
electrons transported through the apparatus. The positions
determined by the spectrometer were compared with the

positions found at the converter. The result was

Ax (FWHM) = .35" (4-10)

for all energies between 400 MeV and 2.0 GeV.

4.D. Resolution Functions

-t — - - ——— o —— —— - — - ——— —

An estimate of the error inm the various derived
quantities of a B®° meson event is then obtained using the
formulae (4-1) - (4-10) to smear the appropriate variables in
conjunction with a Monte Carlo simulation program. The
predicted experimental mass resolution functions for the wo,

)

w, B~ and neutron squared are given in Figure 19. The events

were simulated with a momentum transfer squared (t)
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distribution as predicted by the data and with Breit-Wigner
mass distribution widths of 10 and 128 MeV (FWHM),

respectively, for the w and B°.



(59)
CHAPTER 5

EXPERIMENTAL ACCEPTANCE

To find the acceptance of the apparatus for the wm®
reaction, we used a Monte Carlo simulation program described
in Appendix C. Randomly generated events were deleted if
they failed the geometric and kinematic cuts of Table 6. The
program also included the statistical removal of events due
to the charged pions decaying 1inmn flight, and the
interactions of the pions and gamma rays in the hydrogen
target, THe whole ©process was performed for seven t-bins,
with an average of 200,000 events generated for each bin.
The final acceptance curve for a JP =17 » or° decay is
plotted in Figure 20, and the acceptance for each t-bin is
listed in Table 7.

It is important to note that the acceptance does not
include an extra t-dependent correction due to our "tight"
trigger mode of data collection. The stringent demands of
the "tight" trigger caused losses of good events due to the
rejection of an event because of a single recoiling neutron
setting a TA counter. This <correction is calculated in

Chapter 7.

The average acceptance for our reaction is

.042 £ ,002 .

The major error contribution is not statistical (<.001).
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TABLE 7

-t Acceptance
.00 - .02 . 047
.02 - .05 . 045
.05 - .10 .044
.10 - .20 .040
.20 - .30 .035
.30 - .40 .031

.40 - .60 .025
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Rather, the error bound 1is a measure of how well we
understand our acceptance. Various tests of the Monte Carlo
program (see Appendix C) 1lead us to believe that the
relative error in the acceptance is 5%Z. This 1is a

conservative estimate.
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CHAPTER 6

SELECTION OF FINAL EVENT SAMPLE
In this chapter we will first discuss the reasons for
our various cuts and the loss of good events resulting from
those cuts on our data. We will then discuss the background

and how we contend with it.

6.A. Xinematic and Geometric Cuts

These cuts are summarized in Table 6. Briefly, cut 5
removed the possibility of biases due to the inefficiencies
of the detectors near their edges. Cut 6 removed events in
which the measured energy of a gamma shower might have been
augmented by the energy of a charged pion due to the
proximity of that charged pion to the gamma shower. Cuts 1,
2, 3 and 4 were applied on the data to avoid reconstruction
problems for 1low momentum particles. These cuts were
determined by gradually 1loosening their values until the
signal to noise ratio of no, w and B? effective mass plots
grew significantly worse.

The losses due to the aforementioned cuts are
corrected for in the Monte Carlo acceptance calculation

presented in Chapter 5.
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6.B. Neutral Pion Mass Cut

To isolate combinations with two T 's in the final
state, a cut of 95 MeV to 175 MeV was made on both (YY)
effective masses 1if they survived the previous cuts. The
effective mass spectrum for the sum of combinations 1 and 6
is given in Figure 14 with 1lines indicating the cutoff
region. The data was fitted ¢to a gaussian plus a fourth
order polynomial representing background [9]. We obtained a
width of 33.5 + .65 MeV (FWHM) for the m° peak. This is in
excellent agreement with the resolution function of Figure
19. The fractional 1loss of good events due to the 7° mass
cuts 1is thus < .5%Z whether one uses the resolution function
or the fit to the data. These fairly loose mass cuts were
ﬁsed as slightly tighter cuts did not significantly improve
the signal to background ratio of the B° in the final wm®
sample. Since we are dealing with low statistics we opted

for the larger data sample.

6.C. Missing Mass Cut

.. . o
The "2C" missing mass squared for events with two T 's
is given in Figure 16. There is a clear neutron signal on a

large background. We feel that some of the background comes
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. ) )
from the contamination of our (B n) data by A 's; e.g.,

np ~ B A9(1234)
(6-1)
(o]
> nm .

Results from various fits to the missing mass squared
data 1lend support to our claim. The data were first fitted
to a mass resolution function shape (for the neutromn) plus a
fourth order polynomial and then to neutron and A° mass
shapes plus background (represented again by a fourth order
polynomial). The latter was a 407 better fit, and produced

the following results:

.05 GevV?

.85

4

M(neutron) 2

l'(neutron) 950 + 15 MeV (FWHM)

M(A%) 2 1.51 * .05 GeV?

T(A%)

954 + 15 MeV (FWHM) .

We discuss the background further in 6.F.

In order to remove most of the above contamination and
other sources of background, we make a .0 - 1.2 GeV? cut on
the "2C" missing mass squared for all events. The fractional
loss of good events is estimated to be (21.0 + 1.3)%Z and the

fraction of A° contamination is (22.8 * 1.5)%.
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6.D. Omega Mass Cut

The "3c" three pion effective mass for those
combinations with two neutral pions and a "2C" recoil mass
satisfying the appropriate cuts 1is plotted in Figure 17,
There is a clear w(780) signal sitting on substantial
background (the background is approximately 407 in the
region defined as w). A mass cut of 740 - 820 MeV was made
to 1isolate <combinations with an W in their final state, As
was the case for the neutral pions, we chose these limits to
improve statistics. Tighter cuts did not significantly
improve the final B° signal.

The <calculation of the good event losses was done by
choosing the background regions shown in Figure 17 and
assuming a fourth order éolynomial fit to the background
between the two areas. The result was a 41.5 % 3.3 MeV
(FWHM) signal, implying a fractional loss of events of (2.5
+ ,2)%. To account for the experimental mass resolution in
the w mass region, the resonance shape was described by a
Breit-Wigner function with the mass resolution folded in:
the resulting fit is shown in Figure 17. The fitted values

for mass and width of the w are

i

M(w) 780 * 4 MeV

I'(w) 12.5 £ 3.0 MeV

1)
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in close agreement with the world average values [4] .
The decay matrix element squared or Dalitz plot

density

for the three pion events within the mass cut is shown in
Figure 21. The distribution 1is consistent with that of a

JP = 17 particle. Also plotted (Figure 22) are the dipion

~

effective mass (M _) and u =P * q, where P and § are as
T T
follows: the omega decay is analyzed in terms of a single

pion plus a dipion. Each pion of the dipion is assigned a
momentum q (in the dipion rest frame), and the remaining

pion is assigned a momentum p in the w rest frame. The

results are consistent with those expected for the w [7] .

6.E. Summary of Good Event Losses

-—— - o - —— - —— - —— — — ——— - — - -

Since we are calculating the <c¢ross section for
ﬂ-p - Bon
o
|+ W (6-2)
'+ all
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The top histogram includes all
events in signal region .740 - .820 GeV;
shaded histogram includes all events,
corrected for background with weight as
per Breit -~ Wigner plus fourth order
polynomial . It can be seen that the A
distribution after background subtrac-
tion is proportional to the distribution
before subtraction , as expected for a

pure w sample.
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we must correct for W decay modes not detected by our
apparatus. This correction factor is simply .898 * .005 [4].

The above factor and all mass cuts are listed in Table
8 along with the calculated event loss fractions. The net
correc;ion factor was calculated to be .43 * .04, This
factor will be wused in the differential «cross secfion

calculations.

6.F. Background

As already mentioned earlier, we feel that some of our

(Bon) data is actually

T p * B°A°
|* nyy
(6-3)

4 -
> TTYYYY .

The contamination 1is expected to be small because the A°
through 1its decay products pm  and nm® should be detected
by our target anti-counters and the trigger vetoed.
Contamination 1is possible as Monte Carlo simulations show
that the acceptance for T p 8°A° is approximately the
same as that for 7 p - B°n , if we assume that the A° is
not detected by the target anti-counters. The likelihood of
this occuring is not minimal as the A° is generally very low

in energy and 1its decay products, nm° y could avoid
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TABLE 8

MASS CUT CORRECTIONS

Correction Fraction Loss

Mass of (YY)1 = 135 * 40 MeV .005
Mass of (YY)2 = 135 * 40 MeV .005
Mass of (m m (1)) = 780 * 40 MeV .025 + .002
Mass of (wr®(2)) = 1.230 * .135 GeV .370 + .060
Mass (recoil)? between .0 and 1.2 GeV? .210 + .013
w unseen decays .102 + ,005

CORRECTION FACTOR = .43 t ,04
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2 ..

detection. A cut of 1.2 GeV on the missing mass squared
)

removes some of this background but a A fit to the missing

mass shows that 227 remains under the neutron peak, which

amounts to only 8% of the total signal. This is taken into

account by using a 3°4° type reflection as part of the

background of the "4C* wr® sample. That is, events were

2

simulated with a Ao mass distribution (mass? < 1.2 GeV? )

. . . o . . .
and then "4C" fitted to give the required wm distribution.

Another source of background <could be the reaction

T p + w’A®

"* n‘rro
s vy
(6-4)

However, our apparatus has no acceptance for this reaction,
the neutral pion (from the A° decay) being too "soft"., Our

. . o Q
data confirms this, as effective mass plots of n7

combinations show no signal at the A° mass.

We also considered the 38,000 5y events and the
possibility that these events, or some part thereof, might
actually be 4y events with the addition of a fictitious
gamma ray. Therefore, the 5y data was analyzed as detailed
in Chapter 3 and the results were as follows: only 196

. . o .
events survived all cuts and their wrm effective mass plot
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had no significant enhancement anywhere. Moreover, very few

C ot

neutron mass, implying a very poor fit to the hypothesis

these events had a missing mass within 100 MeV of the

T p > B'n + 1y (fictitious)
(6-5)

We believe, therefore, that almost none of the 5y events

were of the type (6-5).

6.G. The Final wrn® Sample

In Figure 23, the acceptance-corrected mass
distribution M(wm®) is given 'for the 3123 events with
M(r nTm%(1)) in the W region and both M(YY) in the m°
region. As explained in Chapter 3, there are six possible 8°
combinations for each event. Whenever two or more
combinations survived all cuts, the "best" B° combination
was chosen to be the one with the largest w decay matrix
_element. It is the effective mass of these B°'s that has
been plotted in Figure 23. The predominant feature is the
strong B° signal. We have some‘2000 events in the B° region,

defined as

M(wr®) = 1.095 - 1.365 GeV .



EVENTS (UNNORMALIZED) PER 10 MEV

4000.

3000.

.

sl 2
§ Q't1250] 7]
E BACKGROUND
S ] 11 ] L1 ] I L1 i I
o 0.8900 1.100 1.300 1.500

Y PION EFFECTIVE MASS (GEV)

FIGURE 23 Acceptance-corrected "4C" wr® Effective Mass

(74)



(75)

No anomaly in the w Dalitz plot is found [10] and the
B° signal appears strongly with w's located at the center as
well as at the periphery of the Dalitz plot.

As discussed in Chapter 10, where we present a
sequential decay analysis of B° + wr® and w -+ AR y We
have also observed a JP = 1~ signal under the B® . 24% of
non-background events in the full mass, full t' analysis
were found to be 1 . We feel that this is the p'(1250)
resonance (i.e., radial excitatiom of p(770)). A good fit
is obtained by assuming a linear combination of Breit-Wigner
resonance shapes for the B and p' mesons (with resolution at
the B mass folded in), reflection from the state 3°A° , and
the Monte Carlo generated phase space for wrn . The p' was

fixed with a center of 1.250 Gev and a width of 250 MeV

(FWHM) [11] . The resulting fit is shown in Figure 23. We

obtained
M(B°) = 1.236 + .010 GeV
T(8%) = 140 * 20 MeV
and X% (57 degrees of freedom) = 64 .

The fraction of p' was found to be .30 * .05, while the

fraction of good events lost due to the mass cuts was .37 *

.06.
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CHAPTER 7

INEFFICIENCY CORRECTIONS
In calculating our cross section we must correct for
inefficiencies of the apparatus and of the reconstruction
software., We discuss these corrections below and summarize

the information in Table 9.

7.A. Gamma Ray Conversions Upstream of the Lead Converter

- —— - - . —— - —— - . D P WD ) . D W S S AL TR W G D NS N AN R R S R S WS T NS S R W R - -

The loss of events due to gamma rays converting inside

the hydrogen target was 1included in the acceptance
calculation. That loss due to <conversion along the
trajectories towards the converter was calculated

independently. The 1loss was determined by calculating the
amount of material traversed by the gamma rays. The greatest
contributors to this effect are the spectrometer chambers
(aluminum and mylar sheets). From their known collision
lengths, the probability of conversion for 2Y events was
calculated to be (9.8 + .9)%Z [2]. Therefore, for 4Y events,

it is simply (18.7 + 1.1)Z%.

7.B. Event Rejections by Gamma Hodoscope Trigger

—— o - — - R D EP D A e VD -y SO S LGS s W N D S S Wt WS b W G

In Chapter 1, we saw that an event trigger occurred
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TABLE 9

INEFFICIENCY CORRECTIONS

Correction Fraction Loss

Gamma ray conversion upstream of lead con-

verter .187 £ ,011
Gamma hodoscope rejection of good event no losses
Conversion inefficiency of lead converter .381 £ ,063
Gamma software reconstruction failure .040 £ ,028
Digitization scaler runout no losses
Gamma partial chamber inefficiency .070 * .018
Beam contamination .026 * ,006
Charged pion interaction in detector .040 = .014
Counter inefficiency .032 £ ,008
Tight trigger losses | .224 * ,014

CORRECTION FACTOR .316 +* .035
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only if at least two "no-yes" combinations were found in the
paired gamma hodoscope. This requirement was a potential
source of bias because charged particles from the W decay
and backscatters from the lead glass were also seen by GHR.
We expected this effect to be quite small as we require four
"no-yes" combinations. We investigated this problem in a
previous experiment [12] where the same apparatus was used.
25%Z of the data was then taken with a weaker gamma trigger
requiring only one "no-yes" pair. We tightened the trigger
with a software cut and found that there were no losses

whatsoever.

7.C. Conversion Efficiency of Lead Converter

- — . - . - S . - . -y M . -y . - - - =

The gamma conversion efficiency is highly dependent on
the effective cutoff energy for observed secondary
electrons. However, this cutoff energy is very difficult to
measure since it 1is dependent on the ©position of the
conversion in the lead, and the energy and emission angle of
the electron. Therefore, the value for the single gamma
efficiency was taken as the average between an upper limit
based on pair production predictions, and a lower limit from
published Monte Carlo results.

The wupper limit was obtained by using the theoretical
pair production <cross section limiting value [13] of the

attenuation coefficient
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= l - .‘_).
Yo "9 73 °»
Y
where b = [18 1n(183z 3¥)1] and is equal to ~-.0069 for
lead and —.0224 for aluminium. The factor of b/3 can be

ignored as it is negligible in both cases and the conversion
efficiency is given by

~Hg (RL) -%(3.38)
1 - e = 1 - e = 92,87 .

The 1lower limit was obtained froﬁ published Monte
Carlo results for photon showers by Messel and Crawford
[14]; The secondary cutoff energy for our detector lies
somewhere below 10 MeV [2] . From the shower tables an
average value of 84.67 is predicted for our energy range. We
believe the parameters of our system lie between the two
extremes. Therefore the average was taken, (88.7 * 4.5)%,
with a systematic error covering the two limits. By raising
this reéult to the fourth power, we obtain the 4y

efficiency, (.619 = .063).

7.D. Gamma Software Reconstruction Failure

- - - — - - —— S T b s M ey Y —— — — A S i Sy S o —

" The software reconstruction inefficiency was measured
by hand-scanning 1000 2y events on a CRT display by means of

an interactive program that permitted operator determination
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of gamma showers. The result for the 2y events was an
inefficiency of (2 + 2)%Z. For 4y events, the inefficiency is

simply (4.0 £ 2.8)7%.

7.E. Digitization Scaler Runout

- - G . — T —— Y - DGR > D WD — am Gy - am

We studied the possibility of losing a real gamma
shower due to an insufficient number of scalers. We did not
expect the effect ¢to be substantial as the first X and Y
planes were instrumented with 12 scalers and all other
planes with 16 scalers. The method employed is quite simple.
The spark positions for each X and Y plane were read,
starting at the positive X and positive Y ends,
respectively. Therefore, a scaler runout would result in a
depletion of the negative X and Y positions, in contrast to
the expected symmetry about the origin in the normal 100%
efficient case. We studied only the Y plane, as the X plane
is not expected to be symmetric due to the 2.5 degree angle
between the spectrometer Z-axis and the target Z-axis. We
plotted the Y position of 100,000 showers and ﬁetermined
that there was no depletion of showers in the negative Y
region. Therefore, as expected, the <correction for this

effect is negligible.
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7.F. Partial Gamma Detector Inefficiency

This is a time dependent correction that was handled
by the reconstruction software. The participation of each
gamma chamber plane in each event was continuously monitored
and recorded. At the end of a rumn, the efficiency of each
chamber and the single gamma efficiency were calculated from
the 1individual participation ratios wusing the procedure
described in Appendix D. However, these figures were
calculated for 2y events only, since the largest fractiom of
our data was 2Y events.

For 4y events, the efficiency is expected to be lower
because the same <charge is distributed among more sparks.
Separate single gamma efficiencies for events with three or
more gammas were not calculated by the software. We studied
this problem and determined the efficiency for the final wr®
event sample of Figure 18 using the same method described in
Appendix D. The single gamma efficiency for these events was
.974 + .010. Therefore, the net efficiency for the wt®
events was .900 * ,018. The single gamma efficiency for all
2y events (.986 * ,002) is already taken into account in the
effective beam flux (a factor of .972 * .004 for two
gammas), and thus, the effective correction factor to be

used is .930 £+ .018.
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7.G. Partial Charged Spectrometer Inefficiency

Again this 1s a time dependent correction which was
handled by the reconstruction software. This factor was
taken into account by the "offline" software 1in the

calculation of the effective beam.

7.H. Beam Contamination

The muon content in the beam was found to be (2.0 *
.6)%Z at 8.45 GeV/c by measuring the amount of beam that
traversed three feet of steel. Kaon contamination was
estimated at .67 (published yield curves [16] ) and electron
contamination should be negligible (severe phase space

restrictions).

7.I. Charged Pion Interaction in Detector

- - — - —— — —— — —— " —— - —— T — T — - — - —

From the known cross sections of mylar, aluminum,
etc., an attenuation of (2 + 1)%Z is determined for an
incident pion. Thus, the probability of losing one or both

pions is (4.0 + 1.4)Z%.
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7.J. Event Rejections by Trigger

- —— — . - o -

As mentioned in Chapter 1, our trigger demanded that
two or three H2 scintillator elements be hit and no TA
elements be set. To permit offline investigation of the
effects of these <constraints, we collected, in a previous
experiment [12] wusing the same apparatus, aproximately 20%
of the data wunder a "loose" trigger which demanded H2 > 1
and allowed one TA to be set. Subsequent investigations with
software showed that our tight H2 coﬁstraints caused an (8.1
+ .5)%Z 1loss, and tightening our TA requirements caused a
further (15.6 £ 1.4)% loss. Investigation of other reactions
by members of our collaboration have shown the TA loss to be
t-dependent [17] . However, owing to our poor statistics, we
use a constant correction with systematic error covering all
t-dependent fluctuations.

The product of these two factors gives a correction of

.776 + .014.

7.K. Miscellaneous Corrections

Losses due to scintillation counter inefficiencies
(cracks, etc.) were calculated to be (3.2 * ,8)%Z. This was
determined by interactive scanning of 1000 events on a CRT.
The target was surrounded by a half-inch layer of

polyethylene to stop low energy particles, Therefore, we can
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ignore losses due to § ray creation inside the target.

7.L. Summary

The event loss fractions caused by the inefficiencies
described in this chapter are listed in Table 9. The final

overall correction factor is .316 * .035.
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CHAPTER 8

THE B~ -+ wﬂo DIFFERENTIAL CROSS SECTION
As already mentioned, Chapter 10 presents the results

of a sequential decay analysis in which we found that 247 of
P

our data consists of a J = 1 state. We feel that this is
the p'(1250) resonance. Since this analysis was performed
in only 2 t' bins (owing to poor statistics), we cannot

- + .

separate the 1 component from the 1 component 1in a

calculation of the differential cross section in finer bins.

Therefore, what we present here is the differential cross
. o o] . P -

section of B~ - wmw with the J =1 state treated as

background, and accordingly removed. Spin projected cross

. . P
sections, p do/dt , for each t' bin and both J states are

1]
given in Chapter 10 for the s-channel helicity frame.
The differential <c¢ross section was calculated using

the following expression:

do_ _ (') x 103°
dt’ B x N x g€ x Ag' x A(t")

ub/(GeV/c)? (8-1)

where Y(t') yield of good events in each t' bin,

B = total effective beam flux,
N = number of protons in hydrogen target / cmz,
£ = constant correction factor,

At' = t' interval (t' =t - t y where the

min
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average t . at our energy is ~,009 Gev?)
min

and A(t') = acceptance in each t' bin.

The constant correction factor (€) is the product of
the correction factor due to mass cuts (Table 8) and that
due to inefficiency <corrections (Table 9). We correct the
total beam flux for spectrometer and gamma chamber
inefficiencies, and for losses due to the presence of dual
beam tracks in certain events. The result is the effective
beam flux, and it is this number (B) we use in the do/dt’
calculations.

The differential cross section for reaction (6-2) 1is
presented in Figure 24 and listed in Table 10. The error
bars are only statistical errors and do not include an
overall normalization (systematic) error of 15%Z. The
integrated «cross section is 7.7 %+ 1.2 ub . The differential
distribution was obtained by fitting the wr® mass plots at
various t' slices. However mass and width for both the B°
and p'(1250) were fixed to the values obtained from the
total fit. The ©background subtractions for the smaller t
bins used for the differential cross section were obtained
by 1interpolating between these fitted poiﬁts. The fractions
of good events per t' bin, as determined by the above fits,
are summarized in Table.ll. The 1 fraction is corrected for
as determined in the 2 t' bin fit in Chapter 10 (i.e., 38%

for t' < .13 and 8% for .13 < t' < .,57),
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B
t' Bin At'
.00-.02 .02
.02-.05 .03
.05~-.10 .05
.10-.20 .10
.20-.30 .10
.30-.40 .10
.40-.60 .20
t' Range
.00-.,05
.05-.10
.10-.20
.20-.30
.30-.60

wm~ DIFFERENTIAL CROSS SECTION

95.3

124.5

174.9

317.9

243.2

162.8

137.7

TABLE

.047

.045

.044

0040

.035

.031

.025

TABLE

10

11

do/dt

(ub/Gev?)

22.6

20.5

17.7

17.6

15.4

GOOD EVENT PERCENTAGES

.098

.163

.152

.102

.135

+

I+

*

I+

(88)

Statistical
Error

Fraction of Good Events

.050

.050

.050

.050

.050
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CHAPTER 9

DETERMINATION OF THE PRODUCTION AND DECAY PARAMETERS ’

- ap e g e S s e M A . e . - i it Al o e = v S oy bk e mh At T - o —— o — o o

This chapter describes the technique wused in the
determination of the Density Matrix Elements (D.M.E.'s) of
the ‘(mn) system and of the D/S ratio for the B° decay -
We adopt the sequential decay method used by Chung [5] in a
spin and parity analysis of charged B data. The formalism is

described in Appendix E and is summarized here.

9.A. Angular Distributions

The decay amplitude of an WT resonance of spin J and
helicity A can be parameterized in terms of the W helicity

amplitudes FA(Xzo,il) as

% J% 1%
M « g FyDyy(9,0,0)Dy(4,6,0) (9-1)
with normalization
YoIE [P =1 | (9-2)
A

The polar and azimuthal angles of the w in the B® rest frame

are O and ®, respectively (see Figure 25). For the z-axis,
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we choose the momentum of the resonance (i.e., in our case,
the Bo ) in the overall C.M. system (i.e., s-channel
helicity frame). The y-axis 1s normal to the production
Plane, defined as (ﬁin X E0). The angles © aﬁd ¢ define the
direction of the normal to the ® decay plane and are
measured in the coordinate system obtained from the system
(x,5,2z) in the B® rest frame by a rotation with Euler angles

o =&, B =0 and v = 0, and a boost to the W rest frame.

From (9-1), the decay probability

th

dcosOdcos6d®d¢

follows directly (see Appendix E). We then obtain

4
d'N _ 3(23+1) AJ J_J*
dcosOdcos6dddy =~ 16m2 ’z ,(—1) Pane FAFA'
LAA : :
ANT
(9-3)
(J"“'A’J’A' |L’A'-A) (J,-)"J,A' IL’)\'_A)
¥ (2,0,0)d%, (8)al, (8)
A=A, A'=x""2" -A0 A'O ?
where L = 0,...,27,

A =iJ’i(J_1)’oo-,0

and A = 1,0,

All other symbols are defined in Appendix E.
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The ® width 1is neglected in (9-2); the piA. are the
density matrix elements of the resonance with spin J. Parity
conservation in the decay J > WT implies FA = EF—X’ where
£ = --n(-—l)J and N is parity of the resonance. Together with
the FA normalization condition (9-2), this yields the

following results:

a) JP - l+
Fy = F_, .
b) 35 = 17 (9-4)
FX = *F_x
. T _
and therefore, Fl = —F—l' and - |F11 = |F~112 = 3
and . FO =0

The relative amounts of D-wave (1=2) and S-wave (1=0)
in the B° » om decay can easily be related to the values of

the w helicity amplitudes, FK’ by use of the relation

1
2

21 + 1

AT g(zJ T IA[L0sA> g

>

where s = 1, where K, = S-wave and K, = D-wave.

Therefore, we get the following amplitudes:

o
"

V273 (-Fy + Fy)

and : S

V173 (FO + ZFl)
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The absence of any D-wave signal implies

F; = Fy = 1//3 . © (9-5)

The angular distribution of the products of the
t_- . .
sequential decay JP > wr, w> T 7 m°  is given by (9-3). We

+
have evaluated this expression for = (E-10) and

¥ = 17 (E-12) in Appendix E.

For JP =17 , we have five free parameters to be
determined. Due to’hermiticity, normalization, conservation
of parity and the choice of the helicity frame, we have only
three independent D.M.E. parameters (see Appendix E). They
ate poo, Py and Re[plO]. Equations (9-2) and (9-4) imply
that we need only one w helicity amplitude, FO (except for
the interference term Re[FOF;] ). We have found that it is
not necessary to 1include a phase between F0 and Fl $ no
significant improvement in the fit results from varying the
phase. Therefore, Re[FOF;] is set equal to FO{(l-FS)/Z}é.
The fifth and final parameter is'N(1+) y a normalizing
factor (which is in fact the unnormalized cross section for
the 17 wave).

In the <case of the 1 wave, there are only four

parameters since

F, = F_, = 1//2 . (9-4)

(:; These parameters are N(17), Poo> P1-1 and Relp g1,
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9.B. Acceptance Corrections to the Angular Distributions

- - - = - . > = - - > T - " " - -

Since our detector did not have 1007 acceptance, we
must correct the theoretical angular distributions before we
can fit them to the data. This was done as follows: rather
than fitting expression (9-3), we actually fitted the
angular distributions of a single angle (i.e., dN/dcosO,
dN/d® , etc.). These were determined by numerically
integrating (9-3) with respect to three of the four angles.
By folding our acceptance into the integral, we obtained the
acceptance-corrected distributions, dN/dcos@, dN/dcosf, etec.

Given that

4

d'N
( ) =f(@’®,6,¢) ]
dcosOdcosfdddo 100% acceptance
we have
2T 2w 1
dN
( ) = [ J [ A (2,0,4)
dcos® corrected 0 0 -1 ©
for acceptance (9-6)

£f(0,9,8,¢)dcosBdpdd

where Ae(®,6,¢) is the function denoting our acceptance for
a particular © bin as a function of the other three angles.

It is assumed that the cos® bins are small, so that

A@(®,6,¢) is not a function of Q.
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The numerical integrals were calculated by Monte Carlo
integration [25,31]. The technique is quite simple and is
summarized here.

Consider the integral of a function £f(x)

a
1= f(x)dx . (9-7)
b

The mean value of f(x) in the interval [a,b] is

-

(9-8)

If we choose n points, Xg i=1,...,0, at random in la,b]
and then sample the value of f(xi) at these points, the

average value 1is

" 1 &
f = - Z f(X.) .
n n . i
i=1
From (9-8), we expect
f =~ 1/(b - a)
n
and therefore, using (9-7),
I = b - a Z f(xi) .
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The cos® distribution (9-6) can now be rewritten as

dN _ 8w? %
dcosO ~ .Z f(O’Qi’ei’¢i) )
: i=1
The points Qi’ Si and ¢i are generated by our Monte Carlo

program for a fixed cos® bin. The event is only summed if 1t
p&sses our geometric acceptance. In this way, we can fold
our acceptance into the angular distributions.

The variance 1in the error of the calculation of the

integral I of the function f£f(x) in the interval [a,b] is

given by

, 1 b ) 1 b 2
o2 = ——— [ £7(0)ax -~ | g7/ [ f(0ax
a a

The Central Limit Theorem implies that the probability of

the error being less than A0//n 1is
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For one standard deviation (A = 1), there 1is a 68.3%
probability that the error is less than o//n. Note that for
a fixed 1level of confidence, one must quadruple the sample
in order to halve the error. We found that all integrals
converged to 2 or 3 decimal points after 10% events were
generated (this corresponds to an average of 40,000 events

passing our acceptance cuts).

9.C. Fitting the Data

—— - iy = —— - ———

Acceptance-corrected expressions  for dN/dcosO ,
dN/dcos® , dN/dd and dN/d¢ were célculated for both F o=t
and JP =1 . The l+, 1~ and a background wave were then
incoherently  added and fitted to the experimental

distributions. The background was simply a flat distribution
"modulated" by acceptance to account for ' incorrect
combinations. A1l four angular distributions were fit

simultaneously.

To summarize, we fitted the acceptance-~corrected

theoretical distributions

Z dN z dN z dN z dN
+ - dcos0’ + - dcosb’ 4o d¢’ o
1 1 BKGD 1 1 BKGD 1 1 BKGD 1 1 BKGD

do

to the experimental distributions

dN aN dN
expt, expt, expt, expt
dcos® dcos®B d¢ do
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+ 1t 17
to determine the parameters N(1 '), pg5s Py_yp> Re[ploj, Fo»
- 1" 17 1" :
N(1T), Pgor  Pro1v Re[p] ] and N(BKGD). Each one of the

distributions is divided into 12 bins. Note that the density
matrix must be positive definite. Accordingly, we must apply

the counstraints

a) 0 < o < 1

and b) | o

to the density matrix elements.

All fitting was done by means of the CERN/MINUIT [9]
program and the constraints were applied by constructing a
so-called barrier function which "penalizes" the fitting
algorithm by d;astically increasing the value of the
function to be optimized as the constraint boundaries are
approached.

The data was alternately divided into 2 mass and 2 t'
bins. The fitting procedure described above was applied to
each bin. The resulting fits are given in Figures 26 to 29.
The results are given and discussed in Chapter 10.

The use of wide mass and t' bins should cause large
incoherence effects. This, plus the fact that the angular
distributions (corrected for acceptance) do not exhibit
significant asymmetric effects , justifies the use of an

incoherent model.
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CHAPTER 10

EXPERIMENTAL RESULTS AND CONCLUSIONS

10.A. Results

The results of the fits detailed in Chapter 9 are
presented in Tables 12 and 13.

Charged B results [26, 27] have shown that natural
parity (NPE) dominates 1in 17 production. We do not expect
~any sizeable wunnatural-parity contributions, for 1t states
can only couple in helicity 1 to such an exchange. Our
results confirm this as Poo and 0 are significantly nonzero
for the 17 state, We therefore expect 8° to be predominantly
produced by A, exchange (A2 is the only candidate for NPE as
w is forbidden in charge exchange).

In Table 12, we see that for the 1 wave, Poo and p
are quite large, implying unnatural parity exchange (UPE).

As expected for UPE (mostly m - exchange), do/dt 1is

P00
strongly (t' = 0) peaked in the forward direction. The t'

structure strongly suggests the presence of a JP=1- p'

resonance, Such a resonance has been observed [42] in the

. + + - 0_o . .
reaction e e > T T T T and in photoproduction [43],

Yp > ﬂ+ﬁ_ﬁoﬂ°p, at a mass of 1.250 GeV/c.
The results of our mass bin analysis (Table 13) show

Q

that the B and p'(1250) density matrix elements vary

little as a function of mass. The values of |FO|2 (and hence



t'-BIN
t'-Bin (.00 -
l+:

2
¥yl .146
(D/S) 2 .052
Poo .175
o" .395
o~ .490
Re[plo] .056
N(1h) 14078
O= )

On poodo/dt 2464
o§=p"do/dt' 6898
cé=p+dc/dt' 5561

oINT=/§Re[p10]do/dt 1115

1
Poo .512
ot 132
o~ .498
Re[plo] -.037
N(17) 8268
0_
cU-poodo/dt‘ 4232
c§=p‘dc/dt' 4117
c§=p+do/dt' 1091

cINT=/§Re[p10]dc/dt -433

N (BKGD) 804

TABLE 12

ANALYSIS RESULTS

- - o o . e S WM e S . - A

I+

I+

i+

I+

I+

I+

+

I+

I+

i+

I+

+

1+

I+

I+

i+

+

i+

1+

1+

+

. 040

.015

.042

.051

.051

.024

729 (61.07%)
608

773

773

487

L041
.083

.083

.101

617 (35.57)
466

752

690

1181

310 (3.5%)

.085
.109
.310
.367
.313
.031
9840
3050
3080
3611

431

.412
.321
.282
.008
847
349
239
272

10

100

I+ I+ I+ 1+ I+ + 1+ I+ i+

I+

N S T = S & S F O * S

H
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- .57) GevV?

.023
.020
.019
.014
.014
.005
330 (91.0%)*
211
183
183

66

.519

.308

.308

.183

318 (8.0%)*
459

275

280

219

182 (1.0%)7

* Values are normalized to the first t'-bin.
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TABLE 13

MASS BIN ANALYSIS RESULTS

Mass Bin (1.08 - 1.23) GeV (1.23 - 1.38) GeV
l+:
[Fyl? .083 + .007 .107 + .008
(D/8)? .112 + .005 .084 + .005
+ +
oo .391 + ,005 .485 * ,004
of 443 £ .015 .319 + .021
o~ .171 + .015 .237 + .021
Re[ploj -.003 + .008 .043 + .010
1t fraction (74 + 3)% (77 + 3)%
-
+ +
oo .662 * ,240 .617 + .137
ot .239 + .221 .207 * .092
o~ .140 + .221 .202 + .092
Relp ] -.078 + .130 -.009 *+ .493
1~ fraction (24 £ 3)7 (21 = 2)7
Background fraction (2 = 2)7 (2 £ )7
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the values of the ratio D/S) are consistent (within error)
with those given for the t' bins.
The production mechanisms of the B® and p'(1250) are

discussed in detail in Section 10.C.

10.B. D/S Ratio

Decay of nonstrange 35 (an = 1) mesons [44] by pion
emission to 35 (an = 0) mesons are described [37] in an
su(6)W model of current and constituent quarks in terms of

two reduced matrix elements, A and B.

1 1
§f§A + IE/EB s

Fl(Al > o)

1
FO(A1 > pm) -/gB ,
- 1
F (B > wm) = -6/33
and Fo(B > wm) = -%/EA s

with |F0|2 + 2|F = 1.

|2
1
Furthermore, duality [38,39] predicts for the A that
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With the above normalization, we obtain |F0l2 = ,11 and

(p/sS)? = .08.

Our values for (D/S)? range from .05 % .02 to

.11 + .01, in good agreement with the above prediction.

In this section we present the s-channel spin

projected differential cross-sections for the processes

mp + B°n (10-1)
and Tp > p'(l250)n (10-2)

and discuss the production mechanisms that may contribute to

each of these.

The measured cross-sections for reaction (10-1) shown

in Figures 30 to 33 are defined as [41]

0 _ do _ 0 |2 2

cN - p00 dt - |N++| + 'N:_l s
1 - - do _

N T P NP e NiE o,
1 _ + do -

G T P T S LN R L

and o = Y2Relp 199 - Rern! NO* + N1 yo*3

INT 107dt ++ ++ == 2
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: mp > B(1235)n

FIGURE 31 °Ilq

: ™ p ~> B(1235)n

0
N

FIGURE 30
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I+

-4
L}

natural parity exchange in the t-channel

and U unnatural parity exchange in the t-channel.

The subscripts, ++ and +-, indicate the proton and neutron
helicities (Kp, A,)+ The superscripts are the meson (38%,0")
helicities (e.g., Ni_ is the amplitude for nﬁéleon
helicity-flip and a helicity zero meson).

For reaction (10-2) the cross sections (Figures 34 to

1

37) are defined as [33]

O S LI L UL L
o = T ST - qul 2 e ful_|®
A R L

and OINT © /ERe[Ololg—g = Re[U}r+Ui: + I'I_::__Ug_f] .

We have <chosen the combinations Dt of the density
matrix elements in order to isolate mnatural and unnatural
parity exchange to the t-channel. This enables us to
interpret the <cross-sections in terms of Regge poles [32]

(see Figure 38) and Regge cuts (see Figure 39) in the

t-channel,
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t-channel

T B ,p m B ,p
R R1 R2
P n P n
FIGURE 38 ' FIGURE 39
Exchange of a Regge A Regge cut may be
pole in the t-channel interpreted as the ex-

change of two Regge poles

The simplest production models for reactions similar
to (10-1) and (10-2) consider only Regge poles, but cuts are
often added as a convenient parameterization when the poles
provide an incomplete description of the data [33]. We will
show that this is the case for reactions (10-1) and (10-2).

The Regge pole amplitudes are written as [33]

A A A ,
Ry a By Ey g (eDg &g e
PN paR pn

The factor ER includes the Regge pole amplitude s dependence
iTTCX,R(t)
(ﬁi)aR(t), and a signature factor, (1i® >
0
. . J
particle exchange, this factor corresponds to (-1) EXCHANGE,

factor,

). For

aR(t) = oyt a't 1is the Regge trajectory or t dependence of

the Regge angular momentum. The factor f? A gives the
p'n
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dominant t-dependence of the Regge pole amplitude; it is
derived from consideration of angular momentum conservation
(see Appendix F). The factor B, the Regge residue, is then
the remaining coupling factor of the Regge pole to the meson
and nucleon vertices. In our discussion, we will be
primarily interested in the t-dependent factor fﬁpln .

If we consider conservation of parity and of g-parity
at the meson and nucleon verticies and the conservation of
angular momentum (Appendix F), then we can parameterize the
s-channel helicity amplitudes [34] for reaction (10-1) in

terms of A A, and A, Regge poles as follows:

1> 72 3
0 0 bAzt'
Nep © Ay, e EAZ , (10-3)
b, t'
0 - 40 IVRTS T V)
Ny = A, (-t')%e £A2 , (10-4)
b, t'
1 - a1l (_.iy3 A,
Ve = Bgp (mth)Te 72 gAz ’ (10-5)
. . bAzt'
= -t! -
N,_ = Ay, _(~the EAZ , (10-6)
b, t' b, t'
1 - a1 _a 3oy 1 _.y3 Aj
Upy = A1 (-t1)7e gAl t Ay (-tT) e gA3(10_7)
. . bAlt' : bA t!
= -t ! -t !
and U, = Aj _(-t")e EAl + Ay, _(-t)e 73 £A3 (10-8)
b, t'
* A
1 3
+ A3+_e éA .
3
Note that § (IGJPC = 1°0++) can also be exchanged. We shall

not consider § exchange, however, since its Regge trajectory
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lies lower than that of the A2.

0 for reaction (10-1) (Figure 30) shows some evidence

N

for a forward turnover (a dip near t'=0), and suggests that

our parameterization of Ni+ and Ni_ (equations (10-3) and

(10-4)) 1is sufficient. The distribution indicates dominance

of A, exchange in the nucleon spin flip amplitude over the

spin non-flip amplitude. The non-flip amplitude is certainly
not negligible as was indicated in the reactions T p > nn

and T p > n'n [35] .

1

N has a clear forward peak.

In Figure 31, we see that O
Since our Regge pole parameterization only includes
amplitudes (10-5) and (10-6) which vanish in the forward
direction, we are obliged to add Regge cuts to our helicity
amplitudes. From angular momentum conservation
considerations [32], it is expected that Regge cuts with a
net helicity f£lip of zero (n = |A+Xn—xp|) in the s-channel
should dominate over those with n # 0. Therefore, we

consider only the case of n = 0., For o we add the

1
N
appropriate cut (p-A,) to N!

P 2 4o

1 1 c
N+_ > N+_ + pA2+_e Ec . (10-9)

In Figure 32 we see that Oé also does not vanish in

the forward direction. This forward peak could be accounted
for by the nonvanishing A3 exchange term. If, however, the

WA3B° coupling is small, as may be indicated in T p - A.n

3

[36] , then this forward peak could be the result of a p—Al
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cut added to Ni_ . In fact, one would naively expect these
cuts to be present in both A = 1 amplitudes.
Qur Regge pole model for reaction (10-2) gives

(Appendix F and [341])

. ] bA t'
= 1l -
U++ Al++e EAl R (10-10)
b _t' b, t!

0 - o0 (_pinE T 0 ey B Ay -
u,_ T, (~t')%e é;ﬂ + A1+—( t') e gAl , (10-11)
b, t! b, t!

1 o Al (enyi. A1 1 1y 3, A3 -
U++ A1++( t')%e EAl + A3++( t') e EA3 s (10-12)

. . bA t! . bA t!

= -t ! 1l -t ! 3 -

U, A1+-( t'e EAl + A3+_( t')e €A3 (10-13)
b, t'
* A
+ A;+_e 3 EA s
3
b, t'

1 = 1 -t ! % AZ -

N++ A2++( t')"e EA2 (10-14)
bA t!
and Ny = Ay (-the T2 g, . (10-15)
2

0
U

very steep forward peak. In T p + p°n [33,34], where the

In Figure 34, we see that O for reaction (10-2) has a

production mechanisms are expected to be the same as for

reaction (10-2), Oﬁ has been shown to be dominated by the T

exchange contribution to Ui_. We suggest that this is also

the case for T p > p'n . Two additional amplitudes, Al

exchange and a D-A1 cut, can contribute in Ui+ to a

0

forward-peaked Oy These, however, are not strictly

required.

The only Regge pole -exchange which can cause the

1

forward peak in 9y (Figure 35) is Ay in spin flip. If the
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p'TA, coupling is small, then we may again add a P-A; cut to

3

Ui_ (net helicity = 0), so that

c c E

1 1
U+— ~ U+- * pA1+—e c

The situation in natural parity exchange (Figure 36)
suggests that we cannot avoid 1invoking a Regge cut to
describe the forward peak in Gé- In this case, we must add a

p—A2 cut,

Our study of the B° indicates dominance of A, exchange
in the nucleon spin flip amplitude over the spin non-flip

amplitude, We find that we must include a P-4, cut to

1

explain our oN

distribution. There is also a possibility of
Aq exchange and of a p-A; cut contribution.

We found the amount of D-wave in the B > aT decay to
be quite significant (approximately 8%) and in agreement
with theory [38, 391].

The production mechanisms for p'(1250) are similar to
those for p° production, and are dominated by T exchange. A

1

exchange may also contribute.
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10.E. Future Analysis

We have, from data taken 1in a previous experiment
(E397 at the 2GS), an additional sample of 117 1%71° events
equal to our present statistics. These events have somewhat
different resolution and geometric acceptance than our
present sample; nevertheless, the two samples could be
combined, and the statistics would then allow us to do a
finer bin analysis. This would result in a reduction of the
error bars on the production and decay parameters of the B°
and p'(1250) resonances.

In particular, a finer mass bin analysis could give
definite results on the resonant nature of the 1~ wave. More
JP states could be included in the fit and a coherent model
could also be'employed. We could search for the p'(1600)+mﬂ°

(3¢ = 177y, z » wr®(277) and g > wr®(3”7) decays (which are

all L - = 2 states).

qq ,

Another member of our collaboration [45] is currently
analyzing wn~ data (7T p - wWT p) collected concurrently with
the wnr® sample. Owing to better acceptance, the ww sample

is three times larger than our neutrally charged sample. We

hope to get a very accurate determination of the ratio D/S

for the B° meson. With the available statistics, we should
also be able to observe some of the an = 2 states mentioned
above.

Finally, we probably have enough events with the

combined neutral samples to perform a partial wave analysis
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on the data (this 1is certainly the case with the charged
sample). The detection of phase motion would positively
confirm the resonant behaviour of the B® and p'(1250)

mesons.
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APPENDIX A

CONSTRAINED PARAMETER FIT FORMULATION
This appendix deals with the constrained parameter
fitting techniques used in the '"tuning" part of the
analysis. The process is used to determine systematic errors
in the parameters that define the trajectories of the
charged particles and the measured energies of the gamma

rays.

A.A. Charged Particle Trajectories

First, consider a brief description of the charged
particle trajectory fit (as we wuse some of the results
obtained in this fit in the overall constrained parameter
fit that follows). As derived in Appendix B, we can

parameterize the trajectories as follows (see (B-3)):
1

+ =X(z,
p()

- 1
Yy ¥ Oy + 0z, pY(zi) s

where xj measured coordinate for ith x plane,
y:; = measured coordinate for ith y plane,

i=1’.l|’10,

Q
(]

1 X intercept at z=0,
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= x slope of trajectory,

2
a3 = y intercept at z=0,
o, = y slope of trajectory
and p = momentum of particle.
Adopting matrix notation, the above system can be rewritten
as
;’ = Aa > (A-l)
where §T = (X, yeeesX, 3V seses¥. ),
1 10771 10
-T
a = (al,az,l/p,a3,a4)
and A is the appropriate 20x5 matrix.
If n is a vector of fitted coordinates, then
n = Aa (A-2)
and the Chi-square [18] can be written as
-T - _ _ _ -
x2 =86 d=(7-NT6 (F-N
y y
- 5 =\ T = =
= (Ao - y) Gy(Aa -y) ., (A-3)

h G
where y

To solve

is the covariance matrix for position measurements.

for the optimal orbital parameters, & , we minimize

the X? with respect to G . Using

T
d[A cA] _ T
—aa " 2A ¢ (A=4)
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and setting 9x%/9a = 0 , we obtain
32 - 4Tc ad - 5) = 0
9d y @ =y = .

The solution is

QI
"

(A GyA) yy . (A-5)

Now the error in position for the ith chamber plane,

Ai , can be expressed as

where k 1is the number of parameters. Therefore, once the
parameters p . are determined, a new §N can be calculated as
follows:

J
To find the optimal parameters and thus reduce systematic

errors, we must minimize the y®> with respect to the p

ij’
Performing a Taylor series expansion about y2 y wWe
min
obtain
x? SNCRURN IS £-> GEENGSS I
(pl,l-o""’PZO,kzo) min Bpl 1 1,1 1,17
G S8 ) 4 . 0
3p, , P1,2 7 P1,2 see 9,0 1 Pr0,k ~ P20, !
E] ’
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+ .5 {%%%(pl,l pi,l)2+
* zgsijlapl 2(p1,1 -y, 0Py TRy e
* zgzzz’k_lapzo,k(on,k-l - 230,11 P20,k ~ P20,k
I G S B X I S (4-7)
350 % [20,k T P20,k

. 2 .
where pgj is the value of pij at X nin ° Since no pij have
yet been added to the y, we have X2 evaluated at pl,l =
Oyenny Pog .k = 0. Reverting to vector notation, (A-7) can be

b4

expressed as

2= 2=T=
2 . 2 3X“p 3X°p_p . -8
i tEE twTa t s B
where pij = —p;j. Demanding that X2 = X min gives
82)(26 32
i — = A~
35%35 T35 0 0 (4-9)

‘'where third and higher order terms in (A=-7) have been
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neglected.
:: The X2 expression actually minimized (for the charged

particle spectrometer) is

x%? = AG A + 2 + PGP, (A-10)
y Op Y
where A = A3 - § ,
AP = fitted momentum - unfitted momentum,
Gy = covariance matrix for position measurements
and Gp = covariance matrix for parameters.

The first term is the standard y? from the trajectory
fit (see (A-3)), while the next term takes some physics into
account. Ap is the difference between the momentum of a
charged particle before and after a missing mass
constraining fit (i.e., the missing mass is constrained to
equal the neutron mass). This second term prevents solutions
where the y? is at a good minimum but known particle masses
have slipped away from correct values.

The last term in the expression is the so-called
"non-slip" term which prevents parameter runaway [20] . It
allows each parameter to be individually weighted through
the covariance matrix, Gp . One of the problems to be
guarded against is that a solution in which all the offsets
(pil are the offsets; see (A-17)) are 2"; say, is perfectly
viable as far as the physics is concerned. This problem is

<:; eliminated by adding the "non-slip" term to the XZ and
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weighting all offsets very heavily against running away.

Using (A-4) and separating the "non~-slip" term out of

(A-8), we can write

2.,2=
g’{ag+37_( +G6p=0 . (A-11)

To get a statistically valid fit, solve for p , not from
one track, but from thousands of events. Thus, (A-11)

becomes

2,27 ' 2
) -3-52%%+Gpp+ ) %%—=o , (A-12)

events events

where we have pulled GDE out of the sum since its value

does not vary event by event. Finally, the solution is given

by
- 32y?2 -1 dx?
p = [ Z - ‘3_543—5 + Gp:l X 3% . (A=-13)
events events
Now, we need only evaluate the above derivatives to
determine the p_, y which, with the use of (A-6), gives a

i]
new estimate for y.

The derivatives can be <calculated from measured

quantities as follows (using (A-4)):



and

Therefore,

with

3(B) 2AP 3(AP)

2
93X~ . ,iT
2A Gy 55 + O; 35

Q|
Ol

3P 3a 3dy

, ) o
0 | 5T 2B, 20p 22 33 93
2076 ===+ Gz 33 33 39

Q
jell

3(AG_- )

3p © % " %o

Next, 9P/30 can be determined by writing

where K

q=
and SB =
Also, from

P «x Kq/eB ,

constant,

charge on particle

bend in trajectory due to field B

downstream slope - upstream slope.

(A-1), recall that
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(A-14)



al = intercept at z = 0
az = slope of trajectory
a = 1/p
a3 = intercept at z = 0
a4 = slope of trajectory
Given that the magnetic field B = |B|§, then

So finally,

where A is given

and

ax*
3P

25

o
/0,

= -1/p?

the first derivative equals

- 2xTq (ad% 3y _ 3y

2876, (A55 35 = 39
2AP 3P 3a 3y

oz 35 3y 8p

3a/3y can be obtained from (A-5)

dy/3p can be predetermined from (A-6), and is
the same for every event depending only
on the choice of fi

Using (A-14), the second derivative gives

J.(yi).

by our trajectory fit (A-3),
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(A-15)
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) . (A-16)

Equation (A-13) can now be solved for the parameters
Pyj and, wusing (A-6), a corrected measurement vector, §N ,
can be calculated. Then set y = §N and repeat the fit until
a stable solution is found.

In actual practice, the spectrometer chamber errors

were parameterized as follows:

- Y.
Yyg T Yy T Pyp T Pizzi * Py3¥y
1
C (o4 2
T PigYy *PysYy¥y T PygYy (4-17)

-+

2.C 3 7C2
Pi7Y3Y1 * Pyg¥y * Pyo¥i (v

where y, = coordinate being fitted (plane i),

yg = conjugate coordinate of that being fitted
(plane i)
and z; = z-position of plane i, i = 1,...,20.

Piy is the offset or "surveyor" error for chamber i, Pio is

the error in the 2z coordinate for chamber i, is the

Pi3
scaling error for chamber i (to take into account variation
in the propagation velocities of the magnetostrictive

wires), etc.

Generally, only one or two parameters (never more than
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four) per chamber were fitted at once (for a maximum of
eighty). Usually, the offset and the scale parameters were
determined first, then fixed at those values; higher order
parameters were then determined. Once all parameters were
minimized, the procedure was repeated until an iteratively
stable solution was found. The whole process was repeated

many times as many solutions were found to be nonsensical.

A.B. Gamma Ray Energies

- - - — - - - ——h - - - — - —

To determine the gamma ray detector systematics, the

errors are parameterized as follows:

- 3 3
Exe © Bt Pra t ProBr toPraBr t PPy o
where Ek = energy measured (in Pb glass block k)
and ENk = corrected energy (in Pb glass block k),

k=1,l..’56'
P, are the offsets, Py, are the scale errors and P 3 and
3
Py, correct for errors in the use of [21] AE = 1.8L2(E-150)%
for determination of energy loss in lead by gamma rays.
In minimizing the Y2 for Pics (A-10) cannot be used
=T

as it depends on A obtained from the charged particle

trajectory fit. Instead, use
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2 _ -
X© = BgGplp + PGP,
where AE = EF - EU,
EU = uynfitted energy,
EF = fitted energy
and GE = covariance matrix for energy measurements.

The EF's are determined by performing a constraining fit on
the gamma ray energies. The two gamma rays forming the T°
have their energies and positions varied in such a way as to
force the m° effective mass to be 135 MeV. Equations
(A-10) to (A-16) hold when the terms due to (AP)Z/OS in
(A-10) are removed.

The scale parameters were determined individually for

each block. It was found that there was no need to do this

for the other parameters.
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APPENDIX B

MOMENTUM DETERMINATION USING A QUINTIC SPLINE MODEL

—— e e T . WP =S T AR M M W M A P Gw Em M R AR G S MR SR AR W M G M Gae G M G e e S

In the "tuning" stage of the analysis, the quintic
spline technique of H. Wind [22] was used to determine the
momentum of the <charged particles. The method used in the
"offline" analysis required a trajectory fit first, as the
momentum could then be determined by using this trajectory
and comparing it to a table of Monte Carlo-generated
trajectories. The "tuning'"-stage method described here fits
each individual track, taking 1into account the magnetic
field at each measured coordinate. The momentum of the
charged particle 1is a parameter in the fit for the
trajectory.

The equations of motion of a charged particle in a

magnetic field B =(B_,B_,B ) are

y

»
"

(;yBz - Egy)/m

and z (5:3y - &Bx)/m ,

where m is the mass, and

d%x/dt? , etc.

"
1"

Using

I
"

i
[l
-
N
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dzx - "o se o » e s 3
oz = x" o= (xz - xz)/2
and IEI =ml|v| = mz(1 + x'% + y.z)% ’
we find that
px" = <1+x'2+y'2>5[Bzy'+Bxx,y'-By<1+x'2)J (3-1)
and, similarly,
py" = (l+xv2+yv2)%[_Bzxv_ByX'y'+Bx(1+y'2)] . (B=2)

Given an initial estimate of x' and y' and a map of
the field B, we <can calculate the right-hand-side of
equations (B-1) and (B-2) at the N chamber planes (zy,
i=1,N). It 1is therefore possible to derive cubic spline
interpolants A(z) for px" and C(z) for py" [22,23]. A cubic
spline is twice continuously differentiable; thus, its graph
approximates the position which a draftsman's spline (i.e.,
a thin flexible rod) would occupy if it were constrained to

pass through the points {Ai,zi}.

With the interpolations

px" = A(z) and py" = C(2) ,
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we can calculate (see the appendix of [22] ) the double

integrals

and, similarly, Y(zi).These functions are now expected to be
a good representation of the track as far as the second
derivative is concerned. The momentum p and the two
integration constants must still be determined. Note that
since a cubic spline is discontinuous 1in the third
derivative, X(zi) and Y(zi) are only discontinuous in the
fifth derivative.

We can now write the quintic splines

- 1 -
x; ¥ a; + ayz, + pX(zi) (B-3)
and y. = b, + bz, + l'Y(z ) (B-4)
~ i 1 2°1 P i )
This makes it apparent that the momentum p and the

9 bl and b2 can be determined

from a straightforward least squares fit.

integration constants a,, a

The trajectories determined by the "offline"-stage of
the analysis sequence were used for initial estimates of x'
and y'. If these first estimates were not acceptable, new

estimates of x' (and similarly y') can now be formed as
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follows:

We then iterate by reapplying eﬁuations (B-1)-(B-4) to get
new trajectories. We found that 80% of the trajectories
converged after two iterations, and all converged within
four iterations.

Notice that for the cubic spline fit to A(z), we can
call for the magnetic field at more points than have
actually been measured in the spark chambers. These extra
"imaginary" points are, of course, excluded in the least
squares fit to equations (B-3) and (B-4). The extra points
can be very useful for extrapolating the track (e.g., to the
vertex position) and also in accounting for a field region

where no detectors are present.
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APPENDIX C

ACCEPTANCE CALCULATION

The cross section had to be corrected for losses due

a) the geometry of the detection and triggering

apparatus,
b) the triggering constraints, and

c) the geometric and kinematic constraints of Table 6.

These corrections were done using a Monte Carlo simulation

program producing events of the form

ﬂ-p -+ Pn

- y7°

Each event was described by four kinematic quantities:
the beam momentum, the four-momentum transfer squared, the
(vr°) effective mass, and the (n 1 1°) effective mass. We
applied the program to our particular decay, P - B® and

V-+>w , and calculated the acceptance as a function of t.



(140)

The B° and w masses were generated randomly with

Breit-Wigner distributions of widths and masses as given in
[41].

The generation of events went as follows: the B° was
made to decay to wr® in the B° rest frame. A right-handed

coordinate system was chosen (Figure 25a) such that the

(o)

Zz-axis was along the B direction in the overall C.M.

system, i.e., Helicity frame; y was chosen normal to the

production plane, y = (Ein x B) . The B° mass uniquely

determines |P | = |p

and a choice of & and (cos®)
w w w

o
completely specify the four momenta of the w and m° .
For the purpose of the Monte Carlo studies we assumed
o, P + o . . .
that the B (J = 1) - ww decay 1is wuniquely S-wave in
generating the appropriate angular distributions in cos 0
P

and ¢ . For the case of J° = 1 , the decay is all P-wave.

The distributions for both cases are (Appendix E)

a) 1+
L B 1. LA R P PP P
dcos® 1 — 00
PR+ [R]7 % pgo@ = 31E ||
aw _ 2
35 - kz[ 1+ (1 3|F0| ) P11 cos2d ] s
where o are deﬁsity matrix elements

AA'
and the Fy, are w "helicity decay amplitudes'.
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However, 100%Z S-wave implies |F = 1/3 (see (9-5) of

2
ol
Chapter 9) and, therefore,

dcos® kl/3 and a0 k2
b) 1~
dw _ 2 2¢ P,(O) P, (9)
dcose_k3[|Fll + [F | {%—‘poo—ii——}]
daw _ : 2 2
15 - k, L |F1| + |F1| { py_, sin2Q P,
where |Fl|2 = 1/2 and P,(0) = 3cos?0 - 1 .

In the case of the B° , the assumption of 1002 S-wave
is not completély accurate as we and others [5,6] have found
that the intensity of the D-wave is 4-9% that of the S-wave.
This error was found to be approximately 5% and was taken
into account in the overall error calculation.

Next we <considered the w decay. There are five
independent kinematic variables (neglecting spin) needed to
describe the 3T decay of the w . Three variables are needed
to describe the orientation of the decay plane (®w rest

frame) in space. The kinematics in the decay plane are then
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parameterized by two more variables. We chose the dipion

effective mass, Mn*ﬂ" and p*q = cosa = MU :
y y
2 1°(5)
or Lo
T (q)
g b3
Y’M + - T
T

The distribution for these two variables in the decay

of a JP = 1° particle is given by [7,8]

dN

dM,

)R]

3
(FOM Mg oMo o) PXF (Mg oM, M

and

where

_x2 - 3+ ) (% - (v - 2)Y)

F(x’y,z) - 2x




(143)

We now consider the orientation of the 371 decay plane.

The W was made to decay in the w helicity rest-frame (Figure
25b); i.e., the w direction was chosen as the z-axis, and
the y-axis was chosen along z'xz in the B° rest frame (z'
refers to the B° helicity frame described earlier). The
necessary - distributions in polar angle cosf® and azimuthal

angle ¢ are (see Appendix E)

a) 17
aw , )
dcosd - ksl 1+ %(3|F0| - 1)(3cos?6 - 1) ]
o pe
ag - KL 1+ [Fl%Gpgg - 1) cos2¢ 1 .

Since we have |FO!2 =1/3 = ’Fllz ’

dw
dcosB ~ 5

%% = k[ 1+ 3(3p00 - 1) cos2¢ ] .

b) 1

dw _ 2
dcosf ~ k7Sin o

aw
15 - Ks |F1|2[1 + 3(3pyp = 1) cos2¢ ] .



(144)

After a complete event was generated, it was rotated
to an arbitrarily chosen production plane and transformed to
the laboratory frame. The production plane was then randomly
rotated about z (the beam direction) and the m°'s allowed to
decay uniformly in their respective rest frames. The
geometric and kinematic constraints of Table 6 were applied,
and events failing. the cuts were deleted. Then the two

following trigger constraints were checked:

a) a unique PWC strip was set for each charged

particle;

b) a wunique H2 hodoscope element was set for each

charged particle.

Events were also rejected statistically to account for
decays of the charged pions in flight, and interactions and

conversions of the particles in the hydrogen target:

a) Charged Pion Decay in Flight

The probability of decay is

(distance in inches from target to last chamber)
Bx(307.2) '
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The probability of interaction is

(path length in hydrogen target in inches)x.00325 ,

assuming an interaction cross-section of 30 mb.

¢) Conversion of Gammas in Target

The probability of conversion is

(path length in hydrogen in inches)x,00198 |,

assuming a scaling of the thickness by .69 radiation lengths,

The final acceptance was the fraction surviving all
the cuts and deletions. As a check on our understanding of
the acceptance, we plotted the magnitude of the momentum of
various particles; first, as ©predicted by Monte Carlo
simulation, and then as obtained from our data (see Figure
40 ). We have good agreement in all cases.

Our acceptance 1is tabulated ags a function of t', in

Table 7, and plotted in Figure 20.
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APPENDIX D

GAMMA SHOWER CHAMBER EFFICIENCY CALCULATION

In the gamma system there were two views - plan X and
elevation Y - each having three planes. We label the three X
planes 1, 2 and 3, and the three Y planes 4, 5 and 6. A
shower was accepted if one view had at least two planes
firing, and the other view had at least one plane firing.

We make the following definitions:
€., = efficiency of chamber plane i

= number of times the plane contained a spark ,
number of tracks through the chamber

P, = participation ratio of plane i for a found event

= number of times the plane fired in a found event .
number of found events

Then the ©probability P( > 2) of at least two of the

three planes in one view firing is given by

-

H

P(22) + €,€.€

k i7i k

eiej(l-ek) + ei(l-ej)sk + (l—si)eje

K - Zeiejek s (p-1)

(i,j,k) = (1,2,3) or (4,5,6) .
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Therefore the probability PY of finding a shower, when one

is present, can easily be found to be
P = P_(22) x P_(22 (D-2)
y = By(22) X B(22) | |

+ PX(ZZ) x (54(1'85)(1'€6) + ss(l-ea)(l-e6))

+ Py(zz) X (el(l-ez)(l-e3) + ez(l—el)(l-e3)) .

We can now write expressions for the participation
ratios, using the definition for P, and the expressions

(D-1) and (D-2). For the X view,

Ey(ZZ) + (€2+€3—€2€3) x (€4(1—€5)(l-€6) + 85(1—84)(1—86))

’-l

1 PY

(D-3)

Py(ZZ) + (el+e3-ele3) X (€4(1'€5)(1'€6) + 85(1-64)(1-86))

2 .
2 Py
(D-4)
3_3— - Py(ZZ) X (€1+€2—€1€2) (0-5)
€ P y -
3 Y

Identical expressions hold for the planes of the
second view under the exchange (1,2,3)«—(4,5,6).

To calculate the single shower efficiency P we

Y ’
needed the efficiencies €5 given the Pi from the recorded
data. This was done by solving for €, in (D=-2) - (D=-5) using

an iterative procedure. The starting values for €i on the
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right-hand-sides of (D-3) - (D-5) were taken as the Py - A
new set of €, were found and the process was repeated until
stable results were reached, wusually after only a few
iterations. The single shower efficiency was obtained by
substituting these final chamber efficiencies into (D-2),

and the four gamma shower efficiencies easily followed.
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APPENDIX E

SEQUENTIAL DECAY ANALYSIS
The purbose of this appendix 1is to . describe the
production and the sequential decay of the wr® system, and
to derive the expression for the angular distribution of its
decay products. We adopt the helicity formalism used by
Chung [24] and others [5,26,271].

We wish to describe the following chain of processes:

a+hb->c+J T +p>n + B°

or, more o

J>s + 7 B™ > w + T (E-1)
specifically,

s * s + w > 7 + T + T

+ - 0 ]

Note that W > W T T can be treated in the same way as the
o + - ] )

case of p > T T [24] by simply using the normal to the

decay plane of the w(cosGN,¢N) as the analyser instead of

the relative momentum of the s > s *t T, decay. The

following notation will be used:

J spin of resonance J

n parity of resonance J

A helicity of resonance J
w mass of resonance J

s spin of resonance s
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Ng parity of resonance s
A helicity of resonance s
v mass of resonance s
) spin of resonance s,
nl parity of resonance s1
Al helicity of resonance sl
wl mass of resonance sl
JRF rest frame of resonance J
SRF rest frame of resonance s
ps momentum of s in the JRF
Q(cosd,d) direction of s in the JRF
pl momentum of sl in the SRF
Ql(cose,¢) direction of s in the SRF

Since helicity frames of reference are used throughout
the analysis, we have the following convention: © and ¢ are
the polar and azimuthal angles, respectively, of the w (or
s) resonance in the B° (or J) rest frame. A right-handed
coordinate system is chosen so that the z-axis is along the

o . . . . .
B direction 1in the overall C.M. system; 1.e., B® helicity

frame. y is normal to the production plane, y = (ai X 3); 9
n

and ¢ are the polar and azimuthal angles, respectively, of

the normal to the w decay plane in the w(or s) rest frame,

measured in a system x', y', z', where z' =5 (or p ) and
’ Py PS

y' =12z x z' (in the JRF). This is the u helicity frame (see

Figure 25 ). Simply put, the ® helicity frame can be

o}

obtained from the B helicity frame by means of an Euler
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transformation with angles @ = 0, 8 = ® and vy = 0.
The overall invariant amplitude for the process (E-1)

can now be written as

Mo~ <@us A [M_[sh> <Qsh|M |Ih> <G A M|TGu) [B A N>

(E-2)

€
o
(]
"
[11]
ol

et
n

C.M. momentum of particle a,

Pe = C.M. momentum of particle c,

£
]

C.M. energy

[\
[=]
[
>
]

helicity of particle a, etc.

The first and second factors describe the s and J decay,
respectively, and the third factor 1is the production
amplitude for the J.

The differential cross—-section in the decay angles
Q= (0,9 and Ql = (0,9) may be expressed, after summing
over all other variables except Q and Ql as

do ~‘ ] 2 o 0
3aan; { k(w,w_) Z‘Mfi| dQ°dQ dwdw_ (E-3)

where Mfi is given by (E-2) and k(w,ws) is a factor which
includes all quantities dependent on w and W o such as the

phase space factors and the Breit-Wigner functions of the

resonances J and s.
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The amplitude describing the decay of spin J with

helicity A can be rewritten as
wod / |
éﬂ(;) <QsA|JAN> <JAA|MJ|JA>
_ J J*
= N FyD,, () . (E-4)

The "helicity decay amplitude™ F is given by

J 3

Fy = 4m(2)* <JAN|M_|IA>
P J

A
and is normalized so that ;IFi|2=1. p7(Q) is the standard
rotation matrix as given by Rose [28] . We adopt the
notation DY(R) = D07(4,6,0). Similarly, the amplitude of the

decay of the s resonance is given by
(E-5)

We now introduce the spin density matrix corresponding to

the resonance J:
J - -
Paar = S L BTG (B A A (E-6)

- . _ *
<pfACA'|r(wo)(pixaxb> d9°d9§

where the summation sign denotes the sum over Aa’ Ab and

Ac’ The Ppp are normalized so that % Pap 1
Inserting (E-4), (E-5) and (E-6) into (E-3), we obtain
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do 2,2 J _J* _J* J o s
~ N2n2 f T F) Fy, Dj.,.(Q) Dy,(Q) Fy F
deQl J s ATA pY ALY AT AN Xl xl
A
AA Al
s* s J

At this point, we introduce some simplifying assumptions.
First, demand that pXA' be independent of w over the width
of the resonance J (or over the width of the mass bin being
considered). This assumption makes the resulting formalism
much simpler. It can be shown that a more general formalism,
without this simplifying assumption, leads to identical
results £for the <case of the Bo(1235) meson (see Chung
[29]). Next, neglect the width of the s (or ®w ) resonance;
then, Fi can be considered constant and Fi can be factored

1
out of the dw integral. Hence, we can write

_ ,2J+1 2s+1 J J 2
1(2,2) = (55 (579 AE' Panr IF)I

\J
A Xl

(E-7)
g*

J* J s .
DAIA!(Q) DAA(Q) DA'xl(Ql) Dxxl(ﬂl) H

where I(Q,Ql) denotes the normalized angular distribution;

i.e.,
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f 1(,9) dade; =1

For the particular case of the process (E-1), we have

s =1, A, = 0. Therefore, (E-7) becomes

1(8,8)) 1672

J J J*
Wk PR (9,000
AN

J 1% 1
DAA(¢,@,0) Dy1(¢,6,0) on(¢’e’°) .

Since the angle ¢ is the same in both systems, its
dependence <can be shifted to the first D-function. This can

be seen from the definition of the D-functions given by Rose

[28] 1i.e.,

Di,m(a,s,y) = gmima di' (g) e~ imY

m

Using this and the relation [28]

(_1)111 - Dim' _m(a’BaY) ]

H

37 (a,8,)

we obtain
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_ 3(23+1) A

3 3 A=A
l6m2 A%, JYCEE RIS (-1
AL

I(Q,Ql)

J J 1 1
D_A’_A(©)®,¢) DA'A|(®,63¢) d_}\,o(e) d}\|’0(e)

Finally, the coupling rule for D-functions,

31 i,
D = ) GPRTOR DS IR E DTS
“1m1 uzmz j3u3m3 171-2%2 373

(3ymydamyligmy) Di3m ’
373
gives our angular distribution
I(Q’Ql) - dcos@éi?ied®d¢ (E-8)
2GR 1ot o o]

AN

(J,-A, T, A" |L,AT=A) (J,=A,T,A"|L,A"=})

L 1 1
Dyvparon(8:0,0) 41, (8) ay, (&)
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where L 0,...,27,
A= 23,:(J-1),...,0
and A = +1,0.

Out of a possible 81 terms, only 9 have nonzero
Clebsch-Gordan <coefficients for L=0. The L=1 factor has 36
nonzero terms and the L=2 factor consists of all 81 possible
terms. It is also possible to make use of symmetry relations

to reduce the complexity of the expansion of (E-8). Parity

conservation in the decay of the wr system leads to

and € = n(--l)J“l , (E-9)

where n = parity of resonance J.
The density matrix is hermitian by definition (see
(E-6)). This implies that = * and is
P pm,k pk,m pm,m

real-valued. The trace condition: Zp = 1 also holds.
m,m
m
Parity conservation in the process 77p - BON, together with
our choice of coordinate system (i.e., the helicity frame),
—m?!

implies [30] that p , = (-1)""p ,» The above three

m,m -m,-m
conditions (hermiticity, unit trace and parity conservation)
reduce the number of free parameters in the density matrix
to four; they are Poo? Pi-1° Re[plo] and Im[ploj. Note that
Im[ploj is related to the vector polarization of the
particle along the production normal and cannot be
determined in parity-~conserving decays [30].

We can now expand (E-8). For J =1 and pn = (+1), (E-9)

gives F, = +F

1 _1° Therefore,



1(2,9,)

= 1en2

9 [-l F?cos?6 + 1 F

370 3
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25in?%8 ]

1

(L = 0 contribution)

9 * .
t 75z Re[FOFl] sinfcosH

-l.

[-%5 sinBcosBOcos¢ - %5 p00 sinBcosOcosd

—-%? pl—l { cos(2% + ¢)(1 + cos@)sin®d

- cos(2% - ¢)(1 - cos@)sin@ }

+ Re[pld] { (1L - cos0)(2cos0 + 1)cos(® - ¢)

- (1 + cosB)(2cos® - 1)cos(d + ¢) } ]

9

W |Fllzsin26

1 246 _ _1
-[ e (3cosA@. vl) >

3 . 2
* Poo { 3 c032¢31p 0

+ pI—l{ cos2dsin?0 -

(E-10)

cos2¢sin?0

N

% (3cos?0 - 1) }

cos(20 + 2¢)(l + cos0)?
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cos(2® - 2¢)(1 - cos@)? }

N

+ Re[plol { 2/§vcos¢sin®cos@

+ V2 cos(d + 2¢)(1l + cos@)sin®

- VZ cos(® - 2¢)(1 - cosB)sin® } ]

9

2
1672 cos“H

+ |F

ol

p
[ -‘% (3cos?0 - 1) + _%Q (3cos?0 - 1)

- P (sin’0cos29) - 2V2 Re[plo] (sinOcosOcosd)] .

(L = 2 contribution)

We can integrate the above result to get the following

angular distributions:

aN 1 - 3|F

‘2
aN__ - 4 0
dcos® 1 4

(1 ) cos?0

- 3P0

+ % L1+ [Fyl® + pgq (1 - 3[Fy1%) 11}
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dN _ _ 2
e ky{ 1+ (1 - 3]|Fy|%) o) _; cos2o }
N sk { 1+ 3 GlFyl? - 1)(3cos0 - 1) | (E-11)
g—g = k4{ 1+ |Fl|2 (3p,, - 1) cos2¢ }.
For J = 1 and n = (~1), we have F1 = -F and F0 =0 .
Since ) |F>\|2 = 1, this implies Fil = 3. Therefore,
5 +
.9 1 2_4 2
1(2,0,) = 72— [ 3 |F [*sin®6 ]
(L = 0 contribution)
+ 3%}7 [Fllzsinzﬁ

[-% (3cos?0 - 1) + % cos2dsin?0

(E-12)

Poo
- = | (3cos?0 - 1) + 3cos2¢sin?0 }

L cos(2® - 2¢)(1 - cosB)?

2 —
+ pl-l { cos2dsin“0 + 5

v X cos(2d + 2¢)(1 + cos@)? }

2
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+ V2 Re[plol [ 2cos®sin@cos®

+ cos(® - 2¢)(1 -~ cos@)sin®
- cos(® + 2¢)(1 + cos@®)sin®d } ] .

(L = 2 contribution)

Again, we «can 1integrate to get specifiec angular

distributions

dN - 2 . 3 2
dcos® kS{ lFl' ) lFll
L 1 (3cos?0 - 1) - 1 0. (3cos?0 - 1) 1] }
6 2 700
dN
T k6{ |Fl(2 + |F1|2(p1_1sin2¢) }
(E-13)
dN - . 2
dcosf ~ k7 sin®0
4N

1
k8|Fl|2 [ 1+ 5 (3p00 ~ 1) cos2¢ }.
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APPENDIX F

ALLOWED EXCHANGES FOR 7 p - m m n°1%n

- . D D D D P G . S B S W S G G A S - ——

It can be shown from parity (nEX) and G-parity (gEX)
considerations at the meson and nucleon vertices [36], that
s-channel helicity amplitudes contributing to the production

of (47)° resonances are constrained in the following way:

a) for unnatural parity exchange (UPE) in the t-channel and

spin non-flip at the nucleon vertex (++),

8gxNEgx = ~1 (F-1)
b) for UPE spin flip (+-),
g8zxNgx -~ 1 3 (F-2)

c) for natural parity exchange (NPE) non-flip (++),

d) for NPE spin flip (+-),

8rx"Ex - +1 (F=4)

It can also be shown [36] that exchanges with
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JEX
(-1) is the signature, cannot

gEX = +1, where &

contribute to A

"Ex

£ ons with = +1.
meson 0 for mes w nmesongmeson

EXgEX = -1 cannot contribute to

= i = - A = helicity).
neson 0 for mesons with nmesongmeson 1 ( y) -

Likewise, exchanges with n

Now since the reaction T p * T 1% proceeds via
charge exchange (CEX), this implies that Ipy = 1.
Conservation of G-parity at the meson vertex implies that,
for 8 ..on - t1 (i.e., P, Bo,...,etc.), ggx - ~1 and

. _ I
Cpx = +1 (since g = C(-1)7).

Therefore, for NPE with Ngx = +l1, we are allowed the
exchange of states with gy Npy = (-1)(+1) = -1 (i.e., 6§,
A,). There are mno natural parity states with N = -1 and
IG = 17 allowed in the quark model and no such states have
been observed. For UPE we are allowed exchanges with gEXnEX=
(-1)(-1) = +1 (ﬂ,A3) and gpyNpy = (-1)(+1) = -1 (Al)'

We shall assume in our discussion that spin zero
exchanges such as & and T <contribute very 1little to
neson 0. A minimal t' dependence can be derived for
helicity amplitudes based on conservation of angular
momentum [36]. These t' dependencies are summarized in Table
14.

The fact that mno gpyNpy = +1 exchanges are allowed
implies that NPE will not contribute to nucleon spin flip
amplitudes at 1low t' (see (F-4)). This means that in NPE

. . 2 .
spin flip, only /-t terms will be allowed for Ameson =1

amplitudes, since these vanish a priori from conservation of

momentum and need not obey equation (10-5).
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at the model discussed

are summarized in Table

t' DEPENDENCIES FROM

+ +
+ -
- +

(169)

the above considerations in arriving
in Chapter 10. The allowed exchanges

15.

TABLE 14

CONSERVATION OF ANGULAR MOMENTUM



ALLOWED EXCHANGES FROM PARITY, G-PARITY AND

TABLE 15

0

ANGULAR MOMENTUM CONSERVATION (continued)

AMPLITUDE 4m MESON _|T-DEPENDENCE | gpyny REGGE EXCHANGES
A P FROM ANG. MOM.| G-PARITY| ng T: gn = +1 Ay: gn = -1 Aq: gn = +1
My o ng | J° | AlcoNsERVATION CONSERV. J |T-DEPEN.| n| J |T-DEPEN. J | T-DEPEN.
PAN
0 - ot 0o * 0
U +1 17,2 o] ¢ -1 -1 + 1 |e 2
++
- kikk
y! s (17,27 [1] ¢! -1 -1 +] 1 |¢? 2 ¢!
++
vl -1 |1%,27 o] ¢° -1 -1 | 1 [ 2 |*x
- xkkk
! -1t 27 1 ! -1 -1 +] 1 |¢e? 2 |¢t!
++
- kkkk
vt [ +1|1T,2 o & +1 -1 0o |t? +f 1 el 2 (¢!
- khkk
Ui_ 117,271 t%,¢2 +1 -1 + 1 [¢e? 2 [t°,¢?
O I B BAVP I I S +1 -1 0 |*x w1 [ e
- kikkk
Ui_ -1 {17,271 i +1 -1 +] 1 |e? 2 [t%,¢?
* A vV is to be understood over every coefficient.

*% Forbidden by parity conservation at meson vertex.

#*%%% Amplitude allowed because it vanishes

at t

0 for angular momentum conservation.

(oLT)




TABLE 15

ALLOWED EXCHANGES FROM PARITY, G-PARITY AND ANGULAR MOMENTUM CONSERVATION

AMPLITUDE| 4w MESON |T-DEPENDENCE | gpxNpx REGGE EXCHANGES
A o FROM ANG. MOM.| G-PARITY | n&[ 6,A,: gn = -1
Moy | M6| 9 |A|cONSERVATION | consERv. n| J |T-DEPEN.
NS, aaf1,2v ol e -1 +1[+1] 0,2{**
ND, +1 17,2 (1] e! -1 sl+1]| 2 je?
o 101,27 o] t° -1 +1|+1] 0,2]¢t?
NY -1{1%,27 1 ¢! -1 1]+1] 2 ¢!
N | +f1,2" o] ¢! +1 +1[+1[ 0,2]%*
Ni_ +1 1—,2+ 1 t“,t2 +1 +1]+1 2 |t? il
NS 1| 1t,27 o] ¢! ) «1]+1| 0,2[e? *F**
Nl -1 1T, 27 1] e0,e? +1 ala] 2 [e2 P
* A V" is to be understood over every coefficient.

Kk Forbidden by parity conservation at meson vertex.
*%%* Amplitude allowed because it vanishes at t = 0 for angular momentum
conservation.

continued...
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