
     

v
n
:
.

.
.
.
.
.
.
.
;

»
,
.
.

 
.

 
 

 
      

 

  
 

 

 

      
 

‘1
~
m
m

4
i
o

.

'
1
-
»

k
m
"

 
:
1
»

u
w
m
"
-

 

      
 

    

iatéon for tbs Begree9%? Pit. in

 
 

I

BE

   

            
  

      

"
“
‘
3
"
.
R
'
I
‘
A
V

\
‘
n
‘
"

     

i
‘

s
l
‘
“
"
u

I
~

\
s
1
.
.
_

.
‘
w
a
‘
u
.

e
f
fi
n
g
“

 
 

 
      

‘

    

 
\
|
:

s
.

 

 
 
 

 
 

 

>
h
.

“
.
"
:

m
.

:
3
»

,
.

 
 

me mums- eaeum: : ., 

m

 
 
 

 
 

-
.

m
.

w
.

.
.
.
.
_
,
.

v
.
7

t‘
‘
4
n

»
.

.

.
A

‘
~

.
I
-

I

.
-

~
.

.

n
.

v
H

‘
-

.
‘

A
v
.
:
.
r
‘
.
‘
.
.
.
'
.
'
.
,
,
,

“
n

H

 

u
“
,

.
*
I
‘
K
L
V
U



LIBRARY

Michigan time

University

thesis entitled~
A ‘ .

‘fig, ‘ ‘ .' .
1

Test of Pole Extrapolation Procedures * '7 i
I

inpp+A++NAt66<5cW 5/

presented by

 
  



'
L
m
‘
m

J .

ms. WI] .....———‘-‘

.— <
#4.

  

 

 

 



 

'
3

(
'
1

(
I
)

'
i

 



ABSTRACT

TEST OF POLE EXTRAPOLATION PROCEDURES

IN PP + A++ AT 6 GeV/C

BY

John Douglas Mountz

The experimental apparatus in this thesis is

designed to detect one pion production at a beam momentum

of 6 GeV/c resulting from proton-proton collisions. Eighty

percent of the events have the PNn+ final state. Thirty

percent of the events have the well known A++ (3,3)
1236

resonance-neutron final state. This resonance occurs at a

low M(Pn+) and momentum transfer square. Assuming a one-

pion exchange model, this resonance is produced in this

reaction with a virtual pion in the initial state and a on-

shell pion in the final state. The same resonance occurs

in n+P elastic scattering where the pion is on its mass

shell before and after the resonance is found. The goal of

this experiment is to test the accuracy of different models

and extrapolation polynomials which can be used to obtain

the on-shell cross section from the off-shell scattering

data. It is sufficient to use form factor models if one

wishes to extrapolate the total cross section. The models
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John Douglas Mountz

considered here are the Chew-Low model, the Durr Pilkuhn

model, and the Benecke Dfirr model.

It is useful to test the validity of the extra-

polation process in this case because the on-shell data is

known to high accuracy. If the method proves successful

here, it will add credibility to cross sections obtained by

extrapolating initial virtual states to the unphysical

on-shell value where the on-shell data is not available,

such as n—n and n-K scattering.

This experiment provides 14 thousand A++ events in

their raw form. The processing and corrections necessary

to obtain an unbiased high quality A++ sample necessary for

the extrapolation is the subject of much of this thesis.

Due to the large number of events and the good quality of

corrections, this thesis represents the most exacting test

to date of the extrapolation technique for the cross

section.

The results indicate that the Benecke Dfirr model

and the Dfirr Pilkuhn model are indistinguishable for the

mass and t range considered here. The results also show

that an At + Bt2 polynomial fit to the "to" values cal-

culated using either of the above mentioned models will

reproduce the on-shell value if the curve is extrapolated

to the pole. The good fit requires no scale factors. If

the same fit technique is done without requiring the curve

to pass through the origin, the extrapolated cross section

at t=0 is consistent with zero within the limits of the error.
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CHAPTER I

INTRODUCTION

In 1959, G. F. Chew and F. B. Low1 presented a.

scheme for extrapolating physical cross sections using the

virtual states existing in hadronic matter as targets.

Their paper draws a connection between scattering data off

physical targets, which are on the mass shell, and un-

physical virtual targets. Physical targets existing in the

lab are said to be on-shell because their mass is related

2 2 2
to their energy and momentum by M = E - P and this mass

is a characteristic of the target. Virtual targets are

thought to be associated with real particles or Regge

Trajectories and have a negative M2 as defined above. In

the scattering region, the mass of the exchange particle is

also the momentum transfer squared from the target proton to

2
the neutron, denoted by t. The extrapolation scheme

mentioned above proposes to extend the scattering cross

section, measured as a function of t in the physical

region, into the unphysical positive t region. This extra-

2
polated cross section can be evaluated at t = M , where M

is the mass of the exchange particle, to obtain the on-

shell cross section.3' 4
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The reaction considered in this thesis is PP+A++N.

++

11

Resonance

   Bean} P

   

  

7T

Target

Neutron

Figure 1.1. One pion exchange diagram.

The one pion exchange diagram for this reaction is shown in

Figure 1.1. The beam particle is a proton and the virtual

target is an off-shell pion residing in the pion "cloud" of

the target proton. The beam proton collides with the

virtual pion and imparts a momentum transfer t necessary to

place the virtual pion on its mass shell. The final on-

shell proton and pion are then detected in the lab. This

process has a high cross section at low t and (P, n+) mass

due to the presence of the A++1236 resonance.5

The pole extrapolation technique is not necessary

to obtain cross section data in the reaction described

above. Experiments using pion beams colliding with protons

have been done.6 The same resonance occurs in n+P

scattering where the pion is on its mass shell before and

after the resonance is formed. The on-shell cross section

has been measured to high accuracy.7 It is useful to do a

pole extrapolation experiment using off-shell n-P scattering

data in order to check the validity of the extrapolation



process against the known correct results. If the method

proves successful here, it will add credibility to cross

sections obtained by extrapolating initial virtual states

to the unphysical on-shell value where the on-shell data are

not available, such as n-n and n—K scattering.8

The experimental apparatus in this thesis was

designed to detect one pion production at a beam momentum

of 6 Gev/c resulting from pion-proton and proton-proton

collisions. The apparatus was built by the University of

Notre Dame in order to carry out pion-proton experiments.9

Subsequently, the experiment reported in this thesis on

proton-proton collisions was carried out as a University of

Notre Dame, Argonne National Laboratory, Michigan State

University collaboration. Wire spark chambers using

magnetostrictive wands were used to obtain the data.

Scintillators were positioned so that only data from a

certain event configuration would trigger the apparatus and

cause a spark. When a spark occurred, scalars automati-

cally digitized the location of the spark in the chamber

and a computer was used to write the scalar information

onto magnetic tape. The apparatus was triggered on events

having one beam track and two outgoing tracks. Typically

15 events were written on tape during each 400 m sec beam

burst. The experiment ran for 12 days at the Argonne

2.6.8. and 1.5 million triggers were recorded. The final

sample of 50,000 single pion production events were identi-

fied after reconstruction and event type fitting using
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the Michigan State University C.D.C. 6500 computer facility.

'Ehe.processing and corrections necessary to obtain the

unbiased high quality A++ sample used in the extrapolation

is the subject of much of this thesis. Eighty percent of

the final events have the PNn+ final state. Thirty percent

of the events have the well known A++1236(3,3) resonance-

neutron final state. These 14,000 A++ events occur at low

pion-proton mass and low momentum transfer. Due to the

large number of events and the good quality of the cor-

rections, this thesis represents the most exacting test to

date of the cross section extrapolation technique.

The t dependence of the cross section at a given

mass is complicated.10 The t distribution derives its

shape from a combined contribution of the PNn vertex, the

pion prOpagator,2 the PnA++ vertex11 and dynamical form

factors associated with the interaction. An accurate

extrapolation of the data cannot be done unless the t

distribution is linearized by normalizing the data with

different models. It is sufficient to use form factor

models if one wishes to extrapolate the total cross

section. The models considered here are the Chew-Low

12 13
model,1 the Dfirr-Pilkuhn model, and Bénecke-Dfirr model.

The Chew-Low model considers only the kinematics of the

one pion exchange where the Dfirr-Pilkuhn and Benecke-Dfirr

models introduce additional form factors to help linearize

the extrapolation curves.



CHAPTER II*

HARDWARE

The hardware for this experiment was constructed by

the University of Notre Dame and will not be described in

detail here.9

A proton beam of momentum 6 :_.5% Gev/c was focused

and directed at a 6 inch long hydrogen target. The 20%

pion beam component was identified by a Cerenkov counter.

The counters used to trigger the apparatus are shown in

Figure 2.1. A trigger was defined as E 3132 A(o>2) HiHj

where D>2 means two particles must hit the DE/DX counter

and HiHj means two separate hodoscopes must fire. The

DE/DX counter was 1/8" thick pilot F scintillator. The

hodoscope array, shown in Figure 2.2, was designed using

Monte Carlo events of the type n'P+n+n-N to have a high two

track acceptance. The gross features considered in the

Monte Carlo do not change when considering the reaction

PP+PNn+.

 

*I am indebted to the University of Notre Dame for

providing the apparatus and supplying the information used

in this chapter.
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The chambers were wound at the University of Notre

Dame and have 48 wires/inch crossing magnetrostrictive

wands. If 5 kilovolts was applied to these wires shortly

after a charged particle passed through the chamber, a

breakdown would occur resulting in current flow in the

chamber wires. The acoustical pulses resulting in the

magnetostrictive ribbon were used to turn off scalers

activated by a common fudicial pulse and counting at the

rate of 20 MHZ. The scalar data for a given plane were

proportional to the spark coordinate in one dimension. The

total data from the 20 planes were read onto tape by the

Varian 620/i mini-computer. Figure 2.3-b shows the chamber

construction. Unambigous spacial location determination

for a two track final states demanded that some chambers

have non-orthoginal wire orientation. This is shown in

Figure 2.3-a.
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CHAPTER III

EVENT PROCESSING AND SELECTION

The experiment is divided into a roughly equal

number of positive magnetic field and negative magnetic

field triggers. A trigger is defined in terms of the

apparatus described in Chapter II as: Trigger = BIBZC'A

G D H, which means the beam counters have to count a

charged particle, the Cerenkov counter does not fire, the

anti-counter does not fire, the event occurs during the

gate, the DE/DX sees two particles and two separate

hodoscopes fire. There are typically 15 triggers per beam

burst which are recorded on tape by a Varian 620/i mini-

computer over the time span of 400 m sec.

Table 3.1 lists the total number of recorded and

processed triggers obtained during the 12 day run at the

Argonne z.G.S.

Due to hardware problems discovered after the run,

460.95 K triggers were not analyzed. Also recorded are the

BIB C”: G E BAG count. The sum of available protons for
2

interaction from processed events is given in Table 3.2.

13
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Table 3.l.--Trigger Breakdown.

 

 

Positive Field Negative Field Total

Recorded 970 K 950 K 1929 K

Processed 509.25 K 958.80 K 1468.05K

 

One can calculate the ub/event by the relation ub/event =

1./(BAGpHNAL). This is also listed in Table 3.2.

Table 3.2.--BAG and ub/event.

 

 

Positive Field Negative Field Total

BAG 51.1 Meg 88.2 Meg 139.3 Meg

ub/event .03035 .01758 .01113

 

The 1468.05K good triggers were analyzed through

the filter program Crunch,l4 which attempts to find two

tracks and put out the X-Y-Z positions at the chambers for

the event. The Michigan State University C.D.C. 6500 com-

puter was used for all event processing and analysis.

There were two separate analyses of the events. The first

was done with events having 3 sparks per plane in planes

9-20 and the second pass included events which had 4 sparks

in these planes. This effectively eliminates the need for

further over-flow corrections. The Crunch results are

given in Table 3.3. The overall 17% survival rate of

triggers to Crunch out events is mostly due to the
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inability of Crunch to find two good final tracks. After

averaging several typical runs one can list the larger

failure classifications and their losses. This is given in

Appendix A.

Table 3.3.--Events Out of Crunch.

 

 

Positive Field Negative Field Total

Pass 1 84433 146018 230451

Pass 2 3962 1884 5846

 

Circe is a general multi-prong computer program

15’ 16 For thisdesigned for a non-uniform magnetic field.

experiment it was altered17 to take the X-Y-Z values and

errors in these quantities for the input beam track and two

out-going tracks and return a curvature, dip and azimuth

angle for each track as well as the vertex and a 12 x 12

correlated error matrix. The definitions of the coordinate

system used in Circe is shown in Figure 3.1. The beam is

along the x direction and the origin of the coordinate

system is the geometric center of the magnet. Table 3.4

summarizes the events out of Circe.

Only 32% of the input Circe events fail. These

failures are listed in Appendix A with the cause of

failure.
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A = Dip angle

¢ = Azimuth angle

K = l/P 

 

X 

Figure 3.1. Coordinate system used in Circe.

Table 3.4.--Circe Output Events.

 

 

Positive Field Negative Field Total

Pass 1 60010 98812 158822

Pass 2 3181 1484 4666

 

Teuta18 attempts to fit the kinematic data for the

three output tracks from Circe to event types given with

their mark number in Table 3.5.

Table 3.5.--Teuta Fit Reactions.

 

 

Reaction Number Mark Number Reaction

la 4 PP+PNn+

lb 104 PP+n+NP

2 2 PP+PPfl°

3 , PP+A++N

4 1 PP+PP



 

Reac

stricting u.

elastic scat

 geometry of 1

found- The 1

eat reaction
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Reaction type 3 is a sub-class of 1a and 1b re-

stricting t<0.3 Gev2 and 1.14<Mpfl+<l.42 Gev. Reaction 4 is

elastic scattering and can be shown to be impossible for the

geometry of this experiment. No fits of reaction 4 were

found. The confidence level distributions for the differ-

ent reactions is shown in Figure 8.1a-d.

If a reaction type fit has a confidence level less

than 10-5, the fit information is not recorded. Fits with

confidence levels between 10"5 and .03 are failures but are

recorded. All fit types greater than .03 are good fits and

the best confidence level of the good fits is taken as the

correct reaction type. It was found that nothing is gained

by requiring the usual factor of 2 or 3 between competing

event confidence levels so a simple best confidence level

selection rule is applied. The extent to which the best

confidence level does not correspond to the true reaction

type is the experimental ambiguity discussed in Chapter 8.4.

Appendix A summarizes the events which have no fit type

greater than 0.03 and are thus considered failures.

Teuta events with a confidence level >3% are con-

sidered good fits and are summarized in Table 3.6. The

events which survive the target cut, discussed in Appendix

.A" are listed in Table 3.7. The last section of Table 3.7

resolves ambiguities by a simple best selection rule

described earlier.



 

:as

Pas
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Table 3.6.--Teuta Fits CT>3%.

 

 

Positive Field Negative Field Total

Pass 1 18896 34105 53001

Pass 2 1180 621 1801

 

Table 3.7.--Good Teuta Events After Cuts.

 

 

 

 

Fit Mark Pass 1 Pass 2

2 5177 153

4 9859 277

2 + 4 2857 83

104 ‘8807 290

2 + 104 5731 132

4 + 104 15877 462

2 + 4 + 104 287 4

PNn+ 39325 11146

PPn° 9270 255

A++ 14283 402

Total 48595 1401



*7

In Chi
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In Chapter VIII it will be shown that a cleaner

sample of events can be obtained if one applies a Circe

standard deviation (S.D.) cut of 0.6 and scale up all Teuta

events by the same number to conserve events. The total

events before a S.D. cut, after a S.D. cut and with a S.D.

cut plus scaling are given in Table 3.8. The S.D. cut

correction factor is 1.29.

Table 3.8.--Fina1 Events.

 

 

No. Cut Sol Cut =.6 Sol Cut + Scaling

Total Events 49996 38738 49996

PNn+ 40471 31908 41180

PPn° 9525 6830 8815

A++ 14685 12271 15837

 

The weighting program described in Chapter V uses

a model hodoscope array to eliminate orbited orientations

for two tracks which hit the same hodoscope or miss the

hodoscope array. This cut was also applied to the experi-

mental data for consistancy. This cut reduces by 270

events the A++ sample. This gives 12001 A++ events in the

final sample.
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CHAPTER IV

ZERO VALUE AND BEAM MOMENTUM

4.1 Zero Value
 

The 20 spark chamber planes were surveyed into place

and the relative centers of the various planes were roughly

determined with respect to the beam tracks. The initial

values as determined by this survey are given in Table 4.1.

The zero value is the center to start distance in inches.

To determine the actual zero values for the 20

planes with respect to the beam, data runs were taken at

the beginning, middle, and end of the experiment with the

magnet off and the trigger set for single beam tracks.

The data used for zero value are processed through

the same spacial reconstruction routine as real event

triggers. Only straight through tracks with exactly one

spark per plane are examined. The Y and 2 views are

separately fitted to a straight line. The final zero value

is the average fitted beam position in the chambers and is

given in Table 4.1. The widths and displacements of the

fitted beam position with respect to the surveyed zero

'Values are shown for the 20 planes in Figure 4.1. These
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Table 4.1.--Initial and Final Zero Values.

 

 

Plane Initial Zero Value Final Zero Value

1 7.537 7.537

2 7.793 7.796

3 7.537 7.540

4 7.801 7.802

5 7.769 7.766

6 7.547 7.541

7 7.540 7.540

8 7.801 7.797

9 16.475 16.470

10 16.787 16.782

11 16.785 16.787

12 16.588 16.586

13 14.766 46.738

14 46.366 46.367

15 43.290 43.291

16 18.958 18.967

17 43.218 43.220

18 18.955 18.953

19 47.014 47.008

20 46.478 46.477
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distributions use the magnet-off data taken at the begin-

ning of the experiment. The other magnet-off data give

similar distributions.

4.2 Beam Momentum

The beam momentum was determined experimentally to

be 6.0 (i 0.5%) Gev/c using a dipole magnet and a momentum

analysing slit.9 As a consistency check on the magnet

field fit and the beam momentum determination, single beam

tracks with the magnet on were tracked through the magnet

and the momentum width and center was determined. Appendix

B details the fitting program used to fit the beam tracks.

.A Monte Carlo program was used to generate X-Y-Z values in

the 10 chambers to simulate beam tracks as a check of the

fitting program. The results of the fitting program are

listed along with the input values in Table 4.2.

Table 4.2.--Beam Fitting Program Test.

 

  

 

Input Track Output Track

P A ¢ P 1 ¢

Gev/c Rad Rad Gev/c Rad Rad

6.0 0. 0. 5.993 0.006 .000

6.0 .018 .024 6.010 .010 .020

2.0 -.03 -.08 1.999 .030 -.080

 

Only single perfect beam tracks were used when

fitting the data. Figure 4.2 shows a plot of the fitted
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beam momentum and angles. The beam momentum is seen to be

centered at 6 Gev/c with a width (FWHM) of 0.5 Gev/c.

This width is roughly consistant with error expected to

come from the wire spacing using planes 8 through 20.

These are the planes after the target.

As an additional check on chamber center values and

field-beam momentum values coupled with the possibility of

a chamber sag or rotation, the Y and z fitted minus

measured coordinates were plotted for magnet on beam tracks.

For all planes, these values are centered on zero and have

a width of 0.002 inches.



CHAPTER V

ACCEPTANCE

5.1 Geometrical Acceptance

The apparatus as described in Chapter II is designed

to have no uncorrectable acceptance losses for reaction

number 3. The degree to which this is not true is the

subject of section 5.2. The apparatus does have a limited

acceptance for reaction numbers 1 and 2. This limited

acceptance arises from the wider angle and slower momentum

data which comes from 2 and l as compared to 3. By

designing the spectrometer length and field to be unbiased

only for 3, better resolution for this reaction can be

achieved.

1 Not all events of type 3 can make a successful

trigger. Due to the rectangular shape of the magnet having

limits of :44 inches in Y and :13.5 inches in 2, not all

events in the x-z plans survive to the hodoscope. However,

the larger X-Y plane acceptance insures that wide angle

events are recorded in this orientation, and the losses

from the vertical orientation are related by a rotation

about the beam axis. A weighting program has been written

29
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to assign each event an acceptance weight equal to the

inverse of the probability of detecting the event.

The acceptance program assumes axial symmetry along

the X axis. Each of the two outgoing tracks is rotated

together about the X axis in 100 steps of 0.0628 radians

and the number of times both pass through the magnet and

hit the hodoscope is recorded. The acceptance is defined

as the hits divided by the total number of steps. The

magnet cuts made are Y = :44 inches and z = 113.5 inches.

The hodoscope is defined as Y = I.44 inches and Z = :18

inches. Also, since actual events require two or more

hodoscopes to fire, an event orientation is not counted as

a hit if both tracks hit the same hodosc0pe.

A typical event weighting process is pictured at

the hodoscope plane in Figure 5.1. The event shown has the

characteristics given in Table 5.1. The outer circle is

the pion and the inner the proton. The solid lines con-

necting the circles are various pion-proton relative

position on the circles.

Table 5.1.--Typical Event Weighting Process.

 

Gev/c
P Arad ¢rad

 

Pion 1.46 .0076 .1208

Proton 4.39 .0298 -.0470
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The total number of hits for the event shown is 84, giving

an acceptance of 0.84 and a weight of 1.19.

Only events of reaction 3 are weighted. Appendix C

defines the four independent variables used throughout this

analysis. These are the invariant mass of the pn+ system,

the moment transfer squared from the target proton to the

neutron, and two A++ decay angles, the Jackson and Treiman-

Yang angles. Figure 5.2a-d shows these four variables

before and after weighting. The average weight is 2.35.

5.2 Zero Acceptance

It has been found that at 6 Gev/c incident proton

momentum, the apparatus described in Chapter II will have

zero acceptance for some events of reaction type 3 regard—

less of their orientation. This loss cannot be corrected

back by the normal weighting procedure described in the

previous section.

In order to understand the nature of the zero

acceptance region with respect to M, t, 8 and ¢TY' a
Jac’

four dimensional grid of data can be generated covering the

possible range of these variables. The function used to

map M - t - 0 - ¢ points to proton and pion tracks is

described in Appendix C. The acceptance for each event

type can be calculated. This investigation reveals there

is a bias against low Treiman-Yang angle for low mass and

the bias gets larger with increasing mass. It shows there

is a bias against low JacksOn angle, especially at high
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mass. The bias gets larger at high mass, but does not have

a great dependence on momentum transfer. Appendix D

explains physically the cause of the zero acceptance

region. Figure 5.3a-b shows the three dimensional location

of the zero acceptance region as a function of 8, ¢ and

mass. The indentation in the lower right corner is where

the acceptance is zero. Figure 5.3a-b are at momentum

2 and 0.12 Gev2 respectively.transfer squares = 0.04 Gev

In order to correct for the zero acceptance exhibited

by the apparatus to certain data regions, Monte Carlo events

of the type PP+Pn+N were generated at 6 Gev/c. The Monte

Carlo program is described in Appendix E. The events in

the A++ region are tracked and weighted for acceptance as

described in section 1 of this chapter. Using a mass cut

of 1.36 Gev, 1580.7 tracked and weighted events are

obtained from an original Monto Carlo sample of 1756 events.

The zero acceptance correction in this mass range is 1.1109.

Events with the larger mass range up to 1.42 were also

investigated. Out of 2001 Monte Carlo events, 1752.3

tracked and weighted events result from the acceptance

correction. This gives a zero acceptance correction of

1.14. The zero acceptance correction is similar for data

with the mass cut-off at 1.36 and at 1.42 because, although

the higher mass does have a marked decrease in acceptance,

there are fewer events on which this has an effect. The

correction factor of 1.1109 was used for the pole extra-

polation analysis.
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The actual shape correction factors used were

derived in a manner which does not drastically depend on

the initial distribution. An efficiency curve was derived

as a function of the M, t, 6 and ¢TY variables in order
Jac'

to scale-up the distributions where it is necessary. The

Monte Carlo data were broken up into 10 bins of equal size

for the mass, t, 8 and ¢TY of the event and a four

parameter fit of the form A + BX + CX2 + DX3 was made to

Jac'

the ratios of the ten bins before and after track-weighting.

Figure 5.4a-d shows the effect of multiplying the

fitted curve by the actual experimental data. The shaded

curve is the original uncorrected data, and the unshaded

curve is the final data corrected for the zero acceptance.
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CHAPTER VI

PION DECAY AND SECONDARY SCATTERING

6.1 Pion Decay

Pions resulting from the reaction PP+Pn+N will _

travel approximately 116 inches before hitting the final '

hodoscope. A decay of the type n++u+v will produce a muon

which can usually traverse the apparatus, but its momentum

may be sufficiently different from the pion to cause it to

be rejected by the fitting programs. The correction for

the pion decays will then be the fraction of pions which

decay and make a wrong fit. This is written as:

Fraction of Pions lost . Decayed pions Bad fits (6-1J

due to decays Tracked events Decayed pions

A track decay program is written which uses Monte

Carlo PNn+ events as described in Appendix E. The pion is

tracked from the target to the hodoscope in approximately

four-inch steps. The probability for decay in each step

size ls is then

-ls - _
PDecay 1 exp( /Lm), where Lm - BC yTn (6 2)
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For a 2 Gev/c momentum pion, Lm is about 4400 inches. If

a random number generated between 0 and 1 is less then

PDecay' a muon is assumed to emerge isotropically in the

pion rest frame back to back with a neutrino, each with the

characteristic momentum of 30 Mev/c. The muon four momentum

is transformed back to the laboratory and allowed to con-

tinue tracking.

The various X-Y-z positions for the proton and

 

muon can be recorded at the chamber positions. The two

outgoing tracks are then reconstructed and fit for event

types by Circe and Teuta and a fitting efficiency is

determined. These severely altered tracks take approxi-

mately 20 seconds each for Circe processing alone, and the

statistics on this analysis are restricted by computer

time. Table 6.1 summarizes the events generated in this

analysis. The total events generated was 15290. It was

found that 4.03% of all tracked events decay, while if a

A++ cut is made 4.66% of the events decay. Thisqhigher

decay number results from the fact that the A++ cut

restricts the sample to only slow pions which have reduced

Y and pm. The final 12001 A++ events obtained from this

experiment can be tracked on the individual basis. This

gives an average decay probability of 4.56% for the pion

tracks.

Table 6.2 indicates the results of the Circe and

Teuta fitting program on the 100 tracked decayed events.
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Table 6.l.--Pion Decay Events.

 

Tracked Events

 

No A++ cut A++ cut

All Events 2508 1179

Decays 100 55

 

Of the 77 fits with a confidence level greater than 3%, 15

swap to Mark 2 and 21 swap to Mark 104. The combined pion

decay correction is (4.66) (10%) = 2.75%.

Table 6.2-~Pion Decay Track and Fit Results.

 

100 Decayed Events

97 Pass Circe

91 Pass Teuta (confidence level >10-5)

77 Pass Confidence level cut of 3%

41 Fit as PNn+

6.2 Electromagnetic Scattering

When a charged particle penetrates an absorber, it

may instantaneously experience electric fields as high as

1019
volts/mtr due to the nuclei of the atoms which make up

the absorber. For thick absorbers, the chances are good

that the charged particle will undergo a large number of

small-angle coulomb scatterings in a process called

"multiple scattering." In addition the particle may under-

go a single relatively large angle scatter with a
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probability given by the Rutherford scattering formula.

The transition region from multiple scattering to single

scattering is known as a plural scattering because the

number of collisions is larger than 1 but not very large.

A precise formulation for the electromagnetic scattering in

the three physical domains described above has been used to

obtain the scattering angular distributions for the second-

ary charged particles in this experiment.19' 20' 21

The matter seen by the secondary particle can be

divided into three regions. The first region includes the

target, DE/Dx and chambers 5 and 6 plus the associated air.

The second region includes chambers 7 and 8 plus air. The

last region only includes air. These regions and their

associated material are listed in Table 6.3. This material

can be summarized in Table 6.4. The x position of the

material is assumed to be concentrated at the weighted

average position of the material in the region.

The Monte Carlo program described in Appendix E is

used to generate good PNn+ events. The two outgoing tracks

are tracked through the apparatus and are allowed to

elastically scatter in each of the three regions of matter.

The two final outgoing tracks have up to three scatters

apiece as they traverse the system. The various Y and 2

values at the spark chamber planes are recorded and the

event is processed by Circe and Teuta. The results of the

analysis of 200 Monte Carlo events are given in Table 6.5.
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Table 6.3.--Break-down of Secondary Matter

 

 

 

 

Region X Inches Description

-74.56 Hydrogen target-~3" hydrogen

-73.06 Hydrogen target wall and vacuum

window--.02" CH2

-70.0 DE/DX--l/8" CH2

1 -70.0 50 mil tape with DE/DX

~66.4 Chamber Aclar--.03" CH2

-66.4 A1 wires--.0072" effective width

for 2 chambers

-60.0 Air--26" nitrogen

-34.9 Chamber Aclar--.03" CH2 for 2 chambers

2 -34.9 Al wires--.0072" effective width

for 2 chambers

-28. Air--45" Nitrogen

3 10. Air--45” Nitrogen

 

1
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Table 6.4.--Chemical Break-down of Material.

 

 

 

2

Region Average x Element 2 A g/cm2 nuclei Sm1023

H l l .659 3.95

1 -71” C 6 12 .45 .225

Al 13 27 .0495 .011

N 7 14 .079 .0339

H 1 l .01 .06

2 _ -32" C 6 12 .0602 .0301

Al 13 27 .0495 .011

N 7 14 .137 .0587

3 10. N 7 14 .137 .0587

 

Table 6.5.--Coulomb Scattering Event Analysis.

 

200 Scattered Events

199 Pass Circe

199 Pass Teuta (confidence level >10-5)

199 Pass 3% confidence level cut

186 Fit as PNfl+
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The thirteen lost events which pass Teuta consist

of 4 which fit as Mark 2 and 9 which fit as Mark 104. The

total events loss is 7%. It is known that the Monte Carlo

events with no modification will lead to a 4% ambiguity

swapping of events. The total loss due to the coulomb

scattering is taken to be the difference of 3%.

6.3 Strong Interaction Correction

Events of the type PP+Pn+N will be degraded due to

the strong interaction of the secondary proton or pion with

the nuclear matter present in the experimental apparatus

between the target and the final spark chamber. This

section will estimate the magnitude of the strong inter-

action loss using experimental results of proton and pion

scattering on hydrogen, carbon, aluminum, and nitrogen

nuclei.

The corrections which results from each of the

eight reactions above can be further divided into inelastic

and elastic contributions. Good events which produce

secondary inelastic strong interactions are entirely lost

in the target or charge cut in Circe or a missing mass

confidence level cut in Teuta. Elastic secondary strong

interactions are also lost due to the magnitude of the

scattering angle.

One can estimate the nuclear form factor by

-B|t|
F(A:t1=p , with B=R2/4h2. This is the small argument

exPansion of the form.factor expected for the diffraction
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by a spherical black body of radius R. The optical model

form is

2 2 J1 (Rm/'77:")

F black body= W (6-3)

Estimates of the B parameter were made using the experi-

mental data and using only the first diffraction peak. It

will be shown that the relatively low angle scatters in the

first peak are still too distorting on outgoing event

tracks to allow many events to be correctly fitted. P-P

elastic scattering at S gev is known to fall with a B

parameter of about 8.5' 22 The B parameter is about 90 for

carbon and 100 for a1uminum.23"26 For pions on carbon the

27 Elastic scatter events wereB parameter is about 60.

generated for protons and pions with a B of 10, 40, and 90

and the scattered events were processed by a Circe and

Teuta. Table 6.6 summarizes the results of this analysis.

Table 6.6.--Strong Elastic Scattering.

 

Conf.

Elast. Pass Pass Teuta lvl. Good

B Track Scat. Circe conf. lvl. >10"S >.03 PNn+

 

10 P 50 48 35 17 7

40 P 50 50 45 38 10

90 P 50 50 46 43 15

10 n 50 47 34 20 8

40 n 50 y 50 42 29 9

90 u 50 50 46 26 18
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Although the rate for elastically scattered events

gets larger for the larger 8 characteristic of heavy nuclei,

it never gets above 30% for protons and 36% for pions. The

ratio of good PNn+ to the total good Teuta fits is always

one-third. This is what one would expect by chance fitting

of events among the three fit types PNn+, n+NP, and PPno.

Also the actual good PNn+ fits must all be reduced by 4%

which is the ambiant loss level of Monte Carlo events

having no induced spark chamber error. Because of the

reasons above and because the elastic scattering is approxi-

mately one-third28 of the total cross section for proton

and pions on larger nuclei such as aluminum and carbon, it

will be assumed that all elastic scatters are lost.

One must now obtain the total cross sections for P

nucleus or n+ nucleus scattering where °T=°e1+°inel‘

Table 6.7 summarizes the data used to obtain the fits of

cross section to energy. The cross section reviews given

by reference 28 and 29 and data from reference 30 are used.

The probability for a strong interaction can then be

calculated on an event by event basis. The matter con-

sidered is summarized previously in Table 6.3 and 6.4. 0

tot

3/3 31

increases as A and one can infer from the data above

the total P-nitrogen and n-nitrogen cross sections.

Table 6.8 summarizes the strong interaction correction

results.
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Table 6.7.--Elastic and Total Cross Sections for Protons

and Pions on Carbon and Aluminum.

 

 

 

Reac. E Gev OT mb oel mb Reac. E Gev OT mb oel mb

P+C 1 37019 112115 .442 366133 128126

2.2 36718 1071fi n+C 1.0 316 82

3.0 390 1.2 351136 105122

10. 344 100 2.86 280112 66.61}

20.6 35517

P+Al 2.2 739124 236117 n+A1 .442 782146 379137

10.0 717 214 1.0 650 178

18.4 687110 2.86 588112215111

 

Table 6.8.-—Strong Interaction Correction Factors.

 

 

Track Strong Interaction Loss

Proton .0377

Pion .0322
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CHAPTER VII

SPARK CHAMBER EFFICIENCY AND DE/DX LOSSES

7.14§park Chamber Efficiency

The efficiency will be calculated for the three

sections of the apparatus separately and a total efficiency

will be derived from these three sub-efficiencies.

Figure 7.1 shows the beam, magnet, and hodoscope sections

consisting of 4, 4, and 2 chambers respectively.

 

(\
\\

7"

{41“

         
Chflmbfl I 2 34 78 9.10

Mumbor- ' ' 75 '

Figure 7.1. Spark chamber classification.

The filter program Crunch demands 3 or 4 chamber

firings per track for the beam and magnet sections and 1

or 2 chamber firings per track out of the possible 2

firings after the magnet. Appendix G details the spark

54
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chamber efficiency calculation. Table 7.1 gives the

results of the calculations for each section and the total

system.

Table 7.1.-~Spark Chamber Efficiency.

 

 

Chamber Section Efficiency

Beam .995

Magnet .932

Hodosc0pe .987

Total .915

 

7.2 QE/DX Efficiency

32 takes intoThe DE/Dx efficiency calculation

account the Landau energy fluctuation of energy loss by a

particle through the scintillator, scintillator efficiency

and photon production spectrum, the light pipe efficiency

and the photo tube efficiency.

The Landau energy fluctuation curve for charged

particles in matter is a statistical phenomenon because the

collisions which result in the energy loss are independent

of each other. The energy loss distribution is not

symmetric but has a tail due to the infrequent collisions

which result in large energy transfer. The half width at

half maximum A0 of the low side of the curve is given

by33, 34



. whe

is t1

in t1

Pr0t<



S6

_ 2 2
A0 — 2Cmec xb/B (7-1)

, where C is Euler's constant, m is the electron mass, x
e

is the material thickness in gm/cmz, and b and B are defined

in the references cited above. For a 6 Gev/c momentum

proton traversing 1/8" of the scintillator used in this

experiment the most probable energy loss is 0.48797 Mev with

A0 = .0411 Mev.

The pilot F scintillator used in this experiment

has a conversion efficiency of 2.72% for energy loss to

light. The light emitted peaks at 4000 A° and has a FWHM

of about 200 A°. This light will propagate through the

scintillator and light pipe resulting with 4% of the

initial light arriving on the first photocathode of the

photo-multiplier. On the average this means that of the

most probable 489.7 Kev of energy lost in the scintillator,

13.3 Kev are made into photons with an energy centered at

3.1 eV. With a light pipe-photo tube efficiency of 4%,

only 182 of the initial 4538 photons arrive at the photo-

cathode. The dispersion in this case due to photon sta-

tistics is 0.169 Mev.3S When one compares the width due

to photon statistics with the 0.084 Mev width due to energy

loss fluctuations in the scintillator, it is clear that the

actual experimental width of the single track events is due

almost entirely to the photo tube-light pipe efficiency.

In practice one knows the experimental width and the

Landau width and derives the photo tube—light pipe
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efficiency to be consistant with these numbers. Summarized

in Table 7.2 are various specifications for a 6 Gev/c proton

track.

Table 7.2--DE/Dx Counter Characteristics for 6 Gev/c Proton.

 

 

Hardware Data Physics Quantities I
,1

Average Wavelength 4225. A° Photon Energy 2.95 eV

Conversion Efficiency 0.0272 Number of Photons 4538. I

Probable Energy Loss 0.4897 Mev Landau Dispersion 0.0841

Landau Width 0.0411 Mev Photons at Cathode 182.

Scintillator-Light Photoelectrons 38.

Pipe Efficiency 0.04

Photo Tube Dispersion 0.1694

Photo Tube Quantum

Efficiency 0.21 Total Dispersion 0.1891

Applification Factor 0.49x106

Number of Stages 10

 

Figure 7.2 compares the differential experimental

discriminator curve, given by Table 7.3, to the calculation.

The experimental curve has a width of l.610.l disc units

and is centered at 2.95 disc units giving a ratio of width

to center of 0.54210.035. The width to center ratio for

the calculated curve is 0.48. The width discrepancy is

comparable to the error and does not significantly effect

the overlap of singles to doubles.

Using the efficiency determined above, one can

calculate the pulse shape expected for a 4.5 Gev/c momentum'



Figure 7.2.

58

The triangles mark differential discriminator

curve points. These points are obtained by

taking differences between successive values

of the experimentally measured fraction of beam

tracks given in Table 7.3. The solid curve is

calculated as described in this chapter.
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Table 7.3.--Experimental Discriminator Curve.

60

 

 

Disc Disc

Setting Fraction of Beam Tracks Setting Differential

1 99.8 1.25 0.1

1.5 99.7 1.75 2.5

2. 97.2 2.25 12.5

2.5 84.7 2.75 22.9

3. 61.8 3.25 21.8

3.5 40 3.75 13.4

4. 26.6 4.25 7.0

4.5 19.6 4.75 3.7

5. 15.9 5.25 3.0

5.5 12.9 5.75 2.2

6. 10.7 6.25 2.1

6.5 8.6 6.75 2.5

7. 6.1
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proton and a 1.5 Gev/c momentum pion as are typically seen

in the experiment. This calculation yields the results in

Table 7.4.

Table 7.4.--DE/DX Counter Characteristics for Real Event Triggers.

 

 

Hardware Physics Quantities

Average Wavelength 4225. A° Photon Energy 2.948 eV

Conversion Efficiency 0.0272 Mev Number of Photons 9116.

Probable Energy Loss 0.9836 Mev Landau Dispersion 0.0593

Landau Length 0.0583 Mev Protons at Cathode 365.

Scintillator-Light Photoelectrons 77.

Pipe Efficiency 0.04

Photo Tube Dispersion 0.1192

Photo Tube Quantum

Efficiency 0.21 Total Dispersion 0.133

Amplification Factor 0.49x106

Number of Stages 10

 

Figure 7.3 shows the results of the calculation

along with the singles energy spectrum. Real events had

the discriminator set so that 10% of the singles are

counted. Integration under the doubles curve indicates

that 6% of the real events are lost at this setting.
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CHAPTER VIII

RESOLUTION AND AMBIGUITIES

8.1 Missing Mass

Early in the experimental data analysis it was

noticed that the confidence level for Teuta fit events was

shifted to be too high around 1 indicating x2 was too small

and the errors were too large. It was found that the con-

fidence level was flat after multiplying x2 by a factor of

7.2 which indicates that the errors are too large by a

factor of 2.68. Figure 8.1a-d shows the confidence level

distributions of all events together, the PNn+, PPn°, and

A++ events after multiplying x2 by 7-2- Since b°th fits

were one constraint fits, it was possible to multiply the

error matrix as a whole by a common factor since one con-

straint fits have an error which can be written as a

functionof one variable only.

Figure 8.2a shows the 40471 neutron missing mass

fits using the CIRCE geometric fit and the track fit

information as provided by Teuta. A simple best selection

criteria is made to determine the proper fit. Figure 8.2b

64
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shows the 9525 neutral pion missing mass fits obtained in

this experiment .

Figure 8.3a shows the error in missing mass squared

distribution for all 40471 PNn+ fits where the Circe error

matrix is made to be consistant with a flat confidence level

as in Figure 8.1a-d. This error is calculated as described

in Appendix H. The pion-proton track ambiguity is resolved

using the Teuta confidence level criteria. Figure 8.3b

shows a Gaussian ideogram using these errors centered at

M: = 0.88 Gevz. The Gaussian ideogram width of 187 Mev

compares with the experimental neutron width of 197 Mev as

wi 11 be shown later.

Figure 8.4a shows the best Gaussian fit of the form

O'IMMI = (Norm) ”JPL‘ 1%)11 (8-1)

to the pion data with the mass constrained to be at the

9101! mass squared of M112 = 0.019 Gev2. The error bars are

Statistical errors only. Figure 8.4b shows the best

GanSsian fit to the neutron data, shown by the error bars.

The fit results are summarized in Table 8.1. The widths

are the l/e half widths.

8.2 Invariant Mass

The Breit-Wagner form used throughout this section

t° analyse the experimental invariant mass distribution

is given by

I
r
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Table 8.1.-—Results of Gaussian Fit to Missing Mass Plots.

 

 

 

 

Fit Type Variables M Fit-Gev F Fit-Mev

Neutron M, I 0.908 199.

Neutron F M: 186.

Pion M, P 0.0227 164.

Pion F M2 165.

-—j‘ “1E'

(rm) ‘ (M‘-m;‘)"+1‘A, KB“)

3

where r‘ = 14.211981. 18-3)
 

IT 1- \090‘]

Mo and Y are determined by fitting and R is the

A++ radius take as 4.0 Gev-1. Q is the momentum of the

proton in the A++ center of mass given by Q=R(Mp,Mn,M),

where M is the A++ mass, Mn is the pion mass, Mp is the pro-

ton mass and R is defined by equation (lo-21). An estimate

of the 81/2 wave background was determined using bubble cham-

ber data in a wider mass range. The 3-body phase space is

R3: d371013eu. 01373 = 4:?) R1: 8431,11 1‘3 \3_q)

25.15:.QE3 163 1E5 M

*where R2 is the two body phase space term.

This gives

 

192 ..-. I“ 9:1)113 113-5)
P3 16.3 M

‘where P3 is the A++ momentum in the over-all center of mass

rand E3 is the center of mass energy. P3 is given by
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P3=R(MN,M,E3), where MN is the neutron mass. The chain rule

gives

11R:
.__.. 1... __ (0-1.)

M 01193 01M.

H

g
.

:
3

U s
.

w

This leads to the Lorentz invariant phase space given by

dRa 1R1

61M £3 3 K8 1)

A fit of the form 0T (M) = o (M)+A (Phase Space)is

made to the bubble chamber data for 1.14 M<l.66 Gev and

t<.3 Gevz. The errors are assumed to be given by statistics

and a maximum likelyhood fit results in a XZ/point of

1.08. The best fit parameters for the width y, Mo and A

are given in Table 8.2.

Table 8.2--Bubble Chamber Background Estimates Fit Para-

meters.

 

Mo = 1.245 Gev

= 0.726 Gev

A = 1.115 mb

 

The S wave contamination is estimated for the mass range

1.14<M<1.42 Gev as the following:

Fractional Contribution = £_§éPhase SEacgldM (8-8)

I o (M)dM
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This leads to a 4% non-delta background. The fit para-

meters Mo and y are not sensitive to the addition of the

phase space term. When the mass range is restricted to

M<1.42 Gev, the entire phase space term is too small to

give a meaningful fit. Figure 8.5 shows the bubble chamber

data along with the phase space curve, the Breit-Wigner

curve, and the sum of these. The data peak at 1.228 Gev

has a F.W.H.M. of 0.111 Gev as mentioned earlier. The

lower Breit-Wigner curve peaks at 1.228 Gev and has a

F.W.H.M. of 0.128 Gev. A simple Breit-Wigner fit to the

data without a phase space curve peaks at 1.226 Gev and its

F.W.H.M. is 0.129 Gev. The conclusion from this analysis

is that the Sl/2 wave background has no appreciable effect

on the peak, width, or shape of the mass data.

The error in invariant mass can be calculated

similar to the missing mass. Appendix H contains the

details of the transformation AM(p,n+) = T(Ki, Aki, hi,

Ali, 0 A61) where Ki' 1.l, and 01 are the curvature, dipi'

angle, and azimuth angles for the beam, proton and pion

tracks, and AKi, Ali and A¢i are the errors in these

quantities. The precise behavior of this error in relation

to M(p,n+) is important in order to predict the ideal mass

curve from the experimental one. Appendix F describes how

the experimental mass distribution and the calculated

errors were used to obtain the corrected mass and width of

the resonance curve. Figure 8.6 shows the Breit-Wigner fit
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Figure 8.5. Breit-Wigner plus phase space fit to bubble

(chamber data.

a. Phase space curve.

b. Breit-Wigner curve.

c. Sum of phase space and Breit-Wigner curve

fit to date.
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Figure 8.6.

80

Breit-Wigner fit to experimental mass

distributions.
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to the actual data. The uncorrected and corrected mass

parameters are given in Table 8.3.

Table 8.3.--Mass Parameters for A++ (1236) Resonance.

 

 

F.W.H.M.-Gev Peak Position-Gev

Experimental 0.133 1 0.006 1.226 1 0.004 Gev

Corrected 0.126 1 0.006 1.266 1 0.004

 

For cross section purposes, one can get from the

experimental fit

Kin. Lim.

071011111 1.42 = 1.476 (8-9)

M'I‘hres.

0’ (M) an

1.14
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8.3 Momentum Transfer Sguared Resolution

The momentum transfer squared resolution can be

infered from the Teuta output errors. Appendix H outlines

the method of obtaining the momentum transfer squared

error from the Teuta output errors. Figure 8.7a-b shows a

plot of the error in t versus t where t is the negative

momentum transfer squared. Figure 8.7a has t bins pro-

{nortional to the experimental t distribution. Figure 8.7b

Iras the curve normalized so W(t,E) is constant, where

VV(t,E) is the probability of finding an error E at momentum

transfer squared t. To a good approximation, one can say

the error is 2% except at small t. This small error has an

insignificant effect on the shape of the momentum transfer

squared distribution .

8.4 Ambiguities

In order to simulate the experimental ambiguity

Problem, Monte Carlo events were generated as discribed in

Appendix E and are given a Gaussian error spread about their

central tracked values equal to the original input Circe

production errors. This choice for the error parameter

produces a x2 distribution for Monte Carlo events out of

Circe equal to the experimental event x2 distribution

centered at 0.6. If no error is applied, this Monte Carlo

2 .

X dlstribution is centered at 0.1.
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. The circe output events with the induced error were

processed by Teuta and the fit confidence levels were

examined. All input events were known to be Mark 4.

Because of the ambiguity resulting from simulated errors

in the spark position in the chambers, not all Teuta fits

are Mark 4 when a best confidence level selection rule is

applied. The Monte Carlo analysis yields 5424 Teuta

events with confidence level greater than 10-5, 4968

events with confidence level greater than 3% and 4296 '

events pass a standard deviation cut for Circe reconstruction

of 0.6. The drop from 5424 Teuta events to 4968 events after

a 3% confidence level cut represents an 8% lost. This is

believed to be due to the Monte Carlo accuracy and will not

be used to support the notion that an 8% confidence level

correction is to be applied.

Out of the 4296 original PNn+ events, there were

1977 A++ events if all were interpreted as Mark 4 fits.

If a best confidence level selection rule is applied, as

was done with the experimental data, only 1233 A++ events

are obtained. This loss of A++ events is due to miscalling

the Mark 4 fits as Mark 104 and Mark 2 fits. These results

are summarized in Table 8.4.

The 1233 A++ events from the 4 + 104 category

come from interpreting Mark 4 fits as 4 and Mark 104 fits

as 104. The 470 A++ events under the 104 category are how

many of the original 1977 A++ events with the correct 4

interpretation are in the 104 category. The 25% ambiguity
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Table 8.4--4296 Mark 4-Teuta Fit Breakdown.

 

 

Mark Number PN11+ A++

4 2485 1107

4 + 104 3552 1233

2 744 400

104 1067 470

 

level of this experiment will have an effect on both the

cross section and distributions of physical quantities.

The dominate process which can change distribution

Shapes is the ambiguity between Mark number 4 and 104. The

Shape changes occurring from ambiguities between Mark 4

Plus 104 and Mark 2 events were studied and found to be

minimal. The total ambiguity related shape changes on the

Pole extrapolation results were shown to be less than the

statistical error in the data. The effect of event

ambiguity on the Mprr+, t, eJac' ¢TY' proton momentum and

Pion momentum distributions is shown in Figure 8.8a-f.

Figure 8.8a shows the spark chamber data mass distribution

u“shaded and the simulated ambigious Monte Carlo distri-

l311tion shaded. Both distributions have a smaller A++ peak

and have more events at high mass as compared to the bubble

chamber data shown in Figure E.l-a.

The A++ peak was shown to be entirely due to fast

Protons and slow pions in the forward hemisphere. The
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ummodified Monte Carlo and bubble chamber data predict a

two to one dominance of fast protons to slow protons for

the entire PNn+ sample. The pions are predicted to have

the Opposite momentum distributions. The actual momentum

distributions from the ambigious data, shown unshaded in

Figure 8.8e-f, show a dominance of slow protons and fast

pions. The effect of the ambiguity is to swap protons and

pions. Since originally most protons were fast, they turn ‘1

into fast pions after being miscalled. When a mass plot is

made, these one time fast proton-low mass events are now

fast pion-high mass events. If a low mass A++ cut is made,

these events are eliminated from the sample. As mentioned

earlier, this swapping of protons and pions has almost no

' effect on shapes of interest in the A++ region, but has a

large effect on the over-all cross section.

The shape correction will be defined as

. _ Original Wei hted A++ Events

Correction Factor — Experimentally EeEermIneH Weigfitea

A++ Events

 

All original 1977 A++ events, plus the 104 new A++ events

from the Mark 4+Mark 104 swapping, were weighted for

acceptance to make sure that if the swapping has any strong

kinematic dependence, these could be incorporated into the

final correction factor. No strong dependence was found.

The average weight factor for the 2081 events is found to

be 2.38 giving 4748.9 weighted events. If a A++ cut is
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applied using the Teuta confidence level criteria one gets

2924.8 A++ events. The mass, t, and 8Jac and ¢TY plots are

divided into 10 bins and the ratio of original A++ to be

fitted A++ is calculated for the 10 bins. The errors are

assumed to be statistical only and a four-parameter fit is

made to the ratios. Figure 8.9a-d shows the uncorrected

and corrected mass, t, 0 and ¢TY distributions normalized
Jac

to have equal areas.

The correction factor for the cross section is the

ratio of actual A++ in the Monte Carlo sample divided by

the number of A++ as determined by the experimental data

analysis. The Monte Carlo events are known to have 1977

A++ in the initial sample of PNO+ because the correct name

of all these tracks is known from the generation process.

The events are made to simulate the actual spark chamber

events and are processed in the same manner, and one ends

up with only 1233 A++ events. The correction factor is

then 1977/1233.

The correction factor above considers only event

losses resulting from Mark 4 events being misinterpreted as

Mark 104 or Mark 2 events. Monte Carlo studies were made

using Mark 104 and Mark 2 events and the fractional event

misinterpretation due to the ambiguity was shown to be

symmetric for all fit types. This means for example that

the fraction of Mark 4 miscalled as Mark 104 is equal to

the fraction of Mark 104 miscalled as Mark 4. The cross



94

Figure 8.9. Distributions are plotted without ambiguity

correct efficiency (unshaded) and after

(shaded) the normalized correction is applied.

Figures 8.9a-d are the Mpn, t, 0 and 0

respectively. Jac TY
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section correction factor for Mark 2 miscalled as Mark 4 or

Mark 104 in the A++ region is 0.934. This will be discussed

more in Chapter IX.

 



CHAPTER IX

CROSS SECTION AND NORMALIZATION

The corrections from Chapters V—VIII can be

tabulated to give a cross section for the final sample.

The A++ cross section normalization factors are given in

Table 9.1.

Some of the errors derived above are purely sta-

tistical. Others have other factors folded in. The pion

decay error, for example, combines the 2% decay error with

a 16% Teuta fitting error. The strong interaction error

includes the error due to the posibility that for heavy

nuclei, all elastic scatters may not be lost in the

Proauotion programs and includes also an average error in

the exPerimental cross section.

The ambiguity over-correct correction is the best

estimate of how many events are corrected twice, once due

‘50 one of the first four items on the list and again in the

ambigI-Iity weight correction.

The two zero acceptance corrections are due to the

lower acceptance for high mass. In the pole extrapolation,

98
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Table 9.1.--A++ Cross Section Factors.

*—

 

Correction Factor

Strong Scattering Proton 1.0377 3'- 0.0018

Strong Scattering Pion 1.0322 1 0.0017

Coulomb Scattering 1.03 1 0.0012

Pion Decay 1.0275 1 0.005

DE/Dx Efficiency 1.06 i 0.005

Spark Chamber Efficiency 1.093

Forwards Backwards Symmetry 2.0

Confidence Level Cut 1.03 i 0.005

Acceptance = 0 M<1.36 Gev 1.11 _+_ 0.007

Acceptance = 0 M<1.42 Gev 1.14 i 0.007

Circe Standard Deviation Cut 1.29

Ambiguity Weight 1.62 i 0.032

PP11° Correction 0.934 1 0.01

Ambiguity Overcorrect 0.96 1'. 0.005
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the data are cut at Mp1r+<l.36 Gev and the zero acceptance

correction for this data is 1.11. For the A++ cross

section, the mass cut is Mp0+<1.42 Gev and so the larger

1. 14 zero acceptance weight is used here. The Circe

standard deviation weight comes from the ratio given by

 

R = _7 Total Teuta Fits (9_1)

Teuta with Stan. Dev. <0.3

TTLis; cut was applied to the total 49996 good Teuta fits and *

reduced it to 38738 as mentioned in Chapter III. The Mark 2

correction is obtained to account for the fraction of

PN1r+ events in the A++ region which fit as PP1T°. A

program using PP+PP0° data at 6.6 Gev/c36 similar to the

PNTT+ Monte Carlo program was written to generate fake PP0°

events. Errors were induced in these events and it was

found that the loss ratio for PP1r° is the same as PN‘M.

This fact can be used to estimate the PNTH- events gained

from PPn° which tend to decrease the effect of events going

the other way. This requires a knowledge of the acceptance

0“- PNTH- and PP1r° events by our apparatus and the cross

se“lions at P = 6 Gev/c. Table 9.2 list the acceptance for

PM” and PP11° as determined by comparing the actual bubble

chamber data orbited through the magnet and the Monte Carlo

fake events generated at PB = 6 Gev/c for each event class.

A130 liSted are the interpolated cross sections.5

Because of the simulated event ambiguity using

Monte Carlo events, 400 events out of 1977 good PN0+ are
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Table 9.2.--Acceptance for PN11+ and PP0°.

PN1H- PPTT°

 

Acceptance 0.0898 1 .006 0.047 1: .005

Cross Section

at 6 Gev/c 6.86 mb 2.8 mb

lost to PP1T°. Combining this with the data in Table 9.2,

one calculates that 88 PPO° events should swap back

decreasing the swapping correction by 0.934.

The combination of all factors in Table 9.1 is

5 - 83. As listed in Chapter III, this experiment yields

12001 A++ events at a mb/event of 0.01113. This combined

With the average geometry weight of 2.35 j; .11 gives the

A“"‘I- cross section of 1.83 3; 0.1 mb for t<0.3 Gev2 and 1.14<

M(1.42 Gev. Equation 8-9 gives the ratio of the Breit-

W:iugner fit events to the mass cut events as 1.476. This

J~eads to 0(A++) = 2.702 :- 0.15 mb (9-2). This cross

section can be seen plotted along with near by values in

I“igure 9.1.

The total PP+PN0+ cross section is presented here

only for completeness. The error is large because the

el'tperiment has no way of determining the acceptance for the

entire class of PN1r+ events. An attempt was made to get

the acceptance by orbiting the bubble chamger events

through the apparatus.22 Also Monte Carlo studies have

been made to determine the acceptance at 6.0 Gev/c. The
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Figure 9.1. A++ cross section at 6 Gev/c plotted with near

by values.
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PN11+ acceptance is given in Table 9.2. Other correction

factors that apply are identical to those in Table 9.1.

The changes are listed in Table 9.3.

Table 9.3--PN11+ Cross Section Factors.

 

 

Correction Factor

Swap Weight 1.209 1: 0.024

Mark 2 Correction 0.956 1 0.01

 

There are 31908 PN0+ after a Circe standard

deviation cut of 0.6 and 41180 after the correction factor

of 1.2906 is applied. This gives

“mm = 7.53 i 0.7 mb (9-3)

This cross section is plotted in Figure 9.2 along with near

by values.5 The line is a fit to the data of the form 0

22
a(|P1ab|)b. The fit values previously known with a =

45.9 and b = -1.06 are used.
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Figure 9.2. PN0+ cross section. This experiment at 6 Gev/c

along with other values.
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CHAPTER X

ONE PION EXCHANGE

10.1 Kinematics

In 1959 G. F. Chew and F. B. Low1 presented a scheme

for analyzing experiments so that elementary cross sections

of constituents of complex targets can be obtained. They

argue that residues of poles known to exist in field theory

are related to measurable quantities in physical regions of

scattering and the value of the residues can be found by

extrapolating off-shell scattering data into the unphysical

region to the pole. The diagram considered here is shown

in Figure 10.1.

 

 

P O t '/P

i \(1
I

'0

I
P b i, 3 N
 

Figure 10.1. One pion exchange (OPE) diagram for PP+Pn+N.
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The cross section 0 is the transition probability

per unit flux of incident particles where the flux is the

product of the particle densities, 4EaEb, and the relative

velocity v. One can write37

---'I.

0.. = BEE—‘1...—
“ A as PA

.-

igh’ii’a’i ”150.55" 1mm 3“(P *P. '7.. 7." 15.1%,, 00 I)

If the initial state is denoted by Ia>=|a,b> and

 

the final state is denoted by IB> = ll, 2, 3> then IMI is

Z EI<B|TI0>|2. In this calculation one needs to write the

2

cross section in terms of M12, eJac, ¢TY' S and t where

2 _ u u 2 _ u u 2 _ u _ u 2
M12_(P1+P2)'S—(Pa+Pb)’t-(P3 Pb)and

eJac and ¢TY are defined in Appendix C.

In this chapter, the four-vector P11 of a particle

is related to its three-vector 5 and energy E by P11

(E,i§). One can define Ku = Plu + P2u and note M1:

2u u- = 7 .
K K - K and also EaEbv MbIPaI. One can multiply the

integral of equation (10-1) times 1, where

- q

Mgs‘n195-fkfl4 K M15710...) an”, (\0-2.)

and substitute K“ = Pl“ + 92“ to get

a ' 1343?..400

0‘0. 514.134 U7“): 1933.93 2;: S k K‘A???‘ Pa“- Pb“) '

SI

 

 

\u)?

“91‘- K“) «1‘11 WWW-Mi)“: 0°73)
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One can define KO by K11 = (KO,iK) which implies K2 = K -

+2 .

K . One can write

Sis-Mfr.) = aunt—77.x...1n.-J=—-=~m..n 00-4)

G)

Also remembering 43dx 0 (ax) = 1/a, one obtains after

integrating over Ko

4’ -+ -+

- ‘ .— .13 P. .139 .13 9. W .. . ..

AO- - ““5 \¥“\1“): 8 1e. 1511.153 X \K“ "P‘z -Pa ‘PL ) O

 

W13)Ufi Pf-“
Id3KdM1i/Q1d

n‘mu) KID‘S.)

 

2

remaining 6 functions in this expression.

W

where Ko =JM12 + K2 is implicitely implied in the two

It is useful to consider now only the two body

phase space term

 

3‘9 .

0:: it” 3“)?0“”)? m“) (\0“ 9)

| 1

contained in equation (10-5).

The integral over d3P2 can easily be done, and the

remaining integral can be done by recalling

SVAWH'U)“ = in.” fun “0"")

where g(xo) = 0.

Equation 10-6 can now be integrated to give
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Clcill.a

0 Mn. N B)

‘where Q refers to the proton momentum in the A++ center of

mass. Equation (10-5) now becomes

3% 3

do. " ___\_‘___ L—Kd33‘5“)(Kit‘3“‘P:‘P‘“)‘MlAn‘ Q‘n \‘°“)

mam-w" 263 " ‘mu1‘73

‘where 2 + M12 has been replaced by EA“ The remaining

‘variables of integration in equation (10-9) can be evalu-

ated in the over-all center of mass. One can concentrate

on the two body phase space integral

of} 433:
153

S“)‘WMP3-Eta—PA) \\07\°) 

This integral has exactly the same form as equation (10-6)

except it is missing a factor of 2EA in the denominator.

Equation (lo-10) can be integrated to give

P 4.0.9 2 EA {1070)“ET??—

. + + C

where P is [31 + P2' or IP3I in the over-all center of mass

. r + 2 2 ‘
and EA is (31 + P2) + M12.

Combining equation (10-9) and (10-11) gives

 

 - ‘ ._ d .n. P —- '- _
dw-axm‘mu“)? ”114 ‘14-‘19 3!?“\M\ (\0 17.)
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One can expand t in the center of mass as given earlier in

this chapter as

t7 mZ+M?'.. -1e7.E. + 11909.1...” 1.0-43)

and it follows that

dt # {Hr-H)

LIPQ\ «icosa-

 

One can write37

 

\10—15)

Combining equations (10-12), (10-14), and (10-15),

and integrating (10-12) over all angles but cos 0 gives

«114.141: 118 km, P.) U“)

10.2 Vertex Contributions Without

Form Factors

If one considers for the moment the particles in

Figure 10.1 to have no spins, the invariant amplitude IMIZ

will be a function of five independent energies37 sij =

(P1 + Pj)2 (i, j = 1, 2, 3, 4, 5). When 1 and 2 are known

to produce a resonance, one can assume a plausable form

for T as
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G

T: To *T15a5,tb'5’m3q) 511‘M111. +'\V\n.. 1107\1)

To describes the background term which when integrated by

itself becomes the phase space term for the reaction. The

term is neglected here because in Chapter 8.2 the phase

space was observed to be 4%. The Breit—Wigner term and the

coupling constant G in equation (10-17) will be replaced by

the on-shell cross section.

When spins are taken into consideration, one gets

additional t dependence. The amplitude for pseudo-scalar

exchange for a spin 1/2 to spin 3/2 baryon is

117.119..) @9116. “(MW 00-18)

Where v is a vector required for the expression to be

Lorent z invariant. One can let v = Pa and one can write

77 38

the spin 3/2 vector U112 (P12) as

Mam.) 1’s 8"(00

.y
o

J2 M 1‘9“) X“ C} ‘91:.) ‘42; A? Pu.) 014 2‘ us“)

lukpn) = 4,
P A (\O‘H‘)

, «1

Euzkfid Yit‘kpu) *J-l—S‘ 1“?“qu t KPH)

u

M£19...) (‘1 $7 (711-)
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*

where E A(P12) is the spin 1 spinor and 11A (P12) is the

spin 1/2 spinor.

The vertex factor can be averaged over initial

spins and summed over final spins to give11

 

GAP“ ‘Qw'EKJ‘mQ’mnf‘t \10‘20)

APTr is the coupling constant for the p-TT-A vertex and is

related to the on-shell cross section 0(M) . Qt is the off-

Shell pion and proton momentum in the A++ center of mass.

One can define the function R(M1, M2, M) as

 

R 1 «1., m, m) = J00"-1m.+m1‘][m‘-m.-m‘T/Jn

{to 7 1‘)

R(M1, M M) is the momentum of the two particles of mass
2'

M1 and M in their center of mass with a center of mass
2

energy of M. Q in equation (10-20) can be written as

t

Qt: RKMq,t,M\z) Uo-z‘Z-I

In order to incorporate the resonance part of the

transition matrix properly, it is necessary to relate the

off-shell scattering to the on-shell scattering. Following

39 one can calculate the ratio of off-shell crossJackson

3'fiction to the on-shell cross section with a real pion in

the cross channel. This leads to a form factor
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do- _ (3;— :MafiMnJ‘L "t _\

.— _. L L ._ (to-13

016.? Q KMQ*M|L) ‘A J )

Q is defined using equation (10-22) as

Q: R \MQ,M)M|L) KID-1Q)

Notice that as t+112, the ratio is unity, but in the physical

scattering region, the ratio is greater than unity and

increases with increasing t.

The lower vertex of the amplitude in Figure 10.1

can be calculated using Feyman rules neglecting for now the

form factors. The helicity amplitudes associated with the

lower vertex can be calculated from

T —) (Sub t 1'. '-

P N“ ’ 53))b33 ”NMEKVaIXSM‘AgU’Q KIO‘J-S)

One can write the helicity amplitudes explicitely in the

center of mass for scattering along the x axis in the x-z

Plane. Equation (10-25) can be reduced to Tp+N71 = Gena.

 

J(M.b-M3)2-t. Neglecting the proton-neutron mass difference

giVes

TP—nnt = G'PunJ‘t‘ (”'26)
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GzpnN/4" is taken for the charged pion coupling as 29.2

One can combine the phase space factors, lower

vertex factors and upper vertex factors along with the

aPPrOpriate normalizations.2' 40' 41

d‘o' QM... Grill! L1. 071“) i g )2. I
:3 1.. Mat“ -

61124 Mn. 3.11“» P: H R “7‘01 ‘ (MW;“M ‘0 11)

Considering the 1-2 or proton-pion system to be the

to give

  

A++ resonance, Q is the on-shell momentum of the pion in

the A++ rest frame and Qt is the momentum when the pion is

off-shell. M13 and Ma are the proton mass and Pa is the lab

momentum of the beam. T is the momentum transfer square

for the target-neutron system and 0(M12) is the on-shell

cross section for n+-P elastic scattering. The expression

before the curly brackets is the Chew-Low1 pole expression

and the curly brackets come from the spin sum of the A++

production vertex.

10.3 Dfirr-Pilkuhn Corrections

Dfirr and Pilkuhn12 utilized a technique well known

to Nuclear Physics42 to arrive at a vertex correction which

takes into account the lack of the angular momentum barrier

for r<Ro, where r is the distance of the pion to the baryon

and Ro is the interactive radius of the baryon. One can

substitute for r<Ro a complex radial symmetric potential.

One can obtain the transmission coefficient as the ratio of

incident intensity to reflected intensity by equating the
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first derivatives of the inside and outside solution of the

nonrelativistic radial Schrodinger equation at r = R. The

transmission coefficient is

5L. kL #_ ‘10‘26)

*1 W ‘7 2. 2.
L igL-cL) .0531“

where AL and SL are the real and imaginary parts of the

logarithmic derivative of the outgoing spherical wave and

9L and hL are the real and imaginary parts of the logarith-

mic derivative of the total radial wave in the outside

region. The usual penetration factor can be given as

vL = SL(KR)/kR. (10-29)

The reaction cross section can be written as

0“,,» = L-I—Erkll-fl) tux) , (to-30)

If the energy is not high we have k<<K; then the derivatives

from the total radial solution are proportional to KR which

is larger than the kR from the outgoing wave derivative and

results in

S

_L/_ ..
tL(x) — KR — k/K V (10 31)L.

One can see that the penetration factor is proportional to

the reaction cross section for a given K and k. The

penetration factor for L = l is V1(x) = I—:—;5 .
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The form factors used by Dfirr and Pilkuhn for

_ \+ R‘ Q"

Fm - K 1+ 93' Q? (W31)

L = 1 are

 

The parameters R, Q, and Qt have the same meaning for

both the PnA++ and the PnN vertex. R is the radius of

the A++ or nucleon. Qt is the momentum of a pion of mass

square t in the A++ or neutron center of mass and Q is the

same quantity taken on-shell. The expression for Qt and

Q were taken for the A++ vertex in equation (10-22) and

(10-24) in terms of equation (10-21). If one is considering

the PnN vertex then the values for the on-shell momentum are

q = R(Mb,u,M3), where Mb is the proton mass, 0 is the pion

mass, M3 is the neutron mass and R is defined by equation

(10-21). g2 in this case is negative. One also gets

qt = R(Mb, t, M3). The radius are taken from Wolf3 as

RN 1
2.66 Gev-1 and RA = 4.0 Gev- .

10.4 Benecke and Dfirr Corrections

In 1967 Benecke and _Diirr13 (B.D.) derived form

factors which can be used for a resonance vertex to account

for finite extension of the strong interacting matter.

Consider the upper vertex of Figure 10.1 where the reaction

0 off + P+0 on + P occurs. Figure 10.2 illustrates the

exchange graph considered by Benecke and Dfirr.
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\P P/ \P y

= I“ + IUHII
z/QNHT 'N3;\~ a/GEMI 7Km>\

 

I

Figure 10.2. Exchange graph of scalar particle with mass X.

 

One can write the jth partial wave projection of

the Bethe-Salpeter equation with the above form as gj =

93.0 + Agj Kj, where gjO is the Born term and Kj is the jt

partial wave projection of the propagator for the loop

h

integral indicated by the arrow in Figure 10.2 One can see

the a schematic solution43 of the equation is g. = gjo/(l-

J

AKj) where if one considers this as describing a resonance

propagating in the S-channel then the vertex coupling is

that of the Born approximation type and the denominator can

be made to look like (Mj2 - i Mj rj - S).

In practice the form factors arise by obtaining

the imaginary part of the denominator of the approximated

solution. The penetration factor can be identified by

comparison of this width term to the non-relativistic width

to give vj(x) = 1/2x2 Qj(1 + 1/2x2), where Qj are the

Legendre functions of the second kind. For a p-wave

resonance, one obtains
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I 11:11 1 _

V‘U) = :71. “1X1 MI‘IX *0 q (Io-'33)

It will be noted that these penetration factors go to 0 as

x+m unlike the Durr Pilkuhn penetration factors which

approach 1 as x+W. Also the form above will give a complex

number when the argument of the log becomes negative. This

does occur for non-resonance decays like P+0 + N when the

pion is considered on-shell.

One can write the Benecke DUrr form factors for

the A++ vertex as

V‘ (Qt RA)
= 73%PM”. m Vuka R.) (10 )
 

where Qt and Q are the off and on-shell pion momentums in

the A++ center of mass given by equations (10-22) and

(10-24) and the RA is obtained from Wolf to be RA =

2.2 Gev—1.3

10.5 Corrected Cross Section and

Po e Extrapolation

 

 

The double differential cross section was written

(equation 10-27) in the Born approximation in the absence

of form factors as

-—--°w -L——r—~. Emn‘ U51— ‘ n" <33;me'3».
it)

WM“,

AFN-UM: 7'" 1'“ Mb Pa '1“ “”3? 3 u Q‘ \Mcbmitrwl‘ Q )

\10 ~35)
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gz(t) is an addition form factor fitted to the data. One

obtains for g(t) = (C - uz) / (C - t) a value for C of

2.3 Gevz.3 The M12 above is the mass of the resonance in

Gev and 0(M12) is the on-shell mass value at M12.

The Durr-Pilkuhn model modifies the vertex factors

to give

t—‘it ‘*RN°bl
,h 2. (lo—<56)

1+ RN (In:

and

 

'L 1.

2- 7- R Q
Qt 401 (31‘. \* ‘3, ,_ ..Q(___) crm) IQ) \+Rc Qt (1o 31)

The Benecke Durr cross section can be obtained for

the resonance vertex by the following substitution:

 

Z Z

(3:. (run a ‘3; ““9021 ..Q( Q 1 QK Q) V‘KQtRo) (10 ‘58)

where

1x‘+\

. a (W warm-1 )

The pole extrapolation can be illustrated by using

the pole equation and the various off-shell effects are

substituted as described above. At the pole, the cross

. 4

section becomes
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‘L

\ (5 [t 1

$11“. = m M; P7 :33 whim-Q Wm“) “°"“°’

and one can write for the quantity "to"

1 7- 3.1

.1“... = N]: m NP. “Kt-ML (10-1”)

Sam At M11 01 9".“

To evaluate "to" one can divide the experimental off-shell

scattering data into bins of mass and t. N is the number of

events in a particular bin and S is the ub/events in the

experiment; 5 = 0.00001113 mb/event as given in Chapter III.

The expression fdet is taken over the portion of

the M - t bin experimentally accessible after kinematical

restrictions like tmin effects are considered. The average

of the factors on the right hand side of equation (lo-41)

are used to represent "to" at the average t and M point of

the interval. The extrapolation form factors can be

incorporated into the above expression to give a smoother

off-shell dependence for the data. Various extrapolation

polynomials are used for the Chew-Low formula given above

or with the Dfirr Pilkuhn and Benecke Dfirr corrections.

Figures 10.3a-f shows the "to" points and fitted curve for

polynomials of the type at and at + bt2 for the Chew-Low,

Dfirr Pilkuhn and Benecke Durr off-shell correction factors.

Table 10.1 shows a summary of the x2 for these fits and

also for fits of the type at + bt2 + Ct3. The column marked

ZFac is a multiplication factor used to scale all experimental
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Table lO.1.--Chi-Square and Multiplier for at, at + bt2 and at + bt2 +

CT3 fits.

 

Fit Type 1 2 3 4 5 6 7 8 Fac x

 

DP - AT 10. 12. 26. 10. 9. 12. 25. 31. .98 60.

BD - AT 9. 8. l6. 5. 16. 21. 42. 45. 1.07 57.

 

CL - AT 83. 114. 189. 160. 89. 68. 65. 41. .68 241.

DP - AT + 8. 8. 15. 5. 8. 9. 15. 17. .999 15.

BT2

BD - AT + 8. 8. 15. 5. 8. 9. 15. 16. 1.002 13.

BT2

CL -'AT + 7. 7. 13. 7. 8. 6. 14. 15. .998 129.6

8T2

DP - AT + 2. 7. l4. 5. 8. 3. 15. 14. .95 25.

BT2 + CT3

30 - AT + 2. 7. 14. 5. 8. 3. 15. 14. .96 23.4

8T2 + CT3

CL - AT + 3. 6. 12. 6. 8. 3. 14. 14. .99 58.4

8T2 + CT3
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points equally. Because of the uncertainty on the total

cross section it was felt that a shape comparison using a

scale factor to minimize the x2 between the extrapolated

on-shell cross section and experimental on-shell cross

section would be most revealing. The factor listed is the

ratio of the actual scale factor to the known experimental

correction factor given in Chapter IX. If this number

deviates from 1 by no more than the 6% cross section error,

the fit results should be regarded as valid as they stand.

Only two sets of extrapolation curves have factors outside

this 6% error; the B.D. -at and the C.L. -at fits. This

would indicate that the linear extrapolation is not good

even for the Benecke Dfirr model. This table indicates that

2 and the B.D. -at + bt2 fit types are thethe D.P. -at + bt

best. Not only are their multiplicative scale factors

almost one, but their x2 are smallest for the extrapolated

on-shell cross section values. Figure 10.4a-f shows the

extrapolated on-shell values obtained from extending the

fitted curves to t = u2 plotted as error bars. The curve

is the on-shell data.7 Again one can see the excellent

agreement between the B.D. at + bt2 and D.P. at + bt2

extrapolation results and the on-shell cross section.

One can use the models to predict the off-shell

scattering when the on-shell results are known. Figure

10.5a-d show the Dfirr Pilkuhn curves (solid lines) with the

off-shell data (error bars). The four distributions a—d



131

are the mass of the P-n+ system, the momentum transfer

squared and the A++ decay angles 6 and ¢TY respectively.
Jac

The experimental mass and t curves are reproduced

fairly well by the off-shell t dependence given by the

Burr-Pilkuhn form factor model. The Durr Pilkuhn OPE

curves shown in Figures 10.5c-d do not follow the data

points. Form factor models which modify the individual

helicity amplitudes and density matrix elements can also be

used to predict the decay angular distributions.44-46 The

47 for example, gives predictions which

46

absorbtion model,

are in good agreement with experiment.

The three polynomial extrapolations terms used

above all require explicitely that the "to" curve is zero

at t = 0. Several schemes have been proposed to account for

the possible deviation of the D.P.E. differential cross

section from 0 at t = 0. It has been proposed that48

conspiracy could occur between the pion Regge pole and an

opposite parity pole. The idea is that in reactions

between particles with spins, kinematic constraints require

certain helicity amplitudes to vanish at t = 0. For a

single Regge pole in that t channel, these constraints

force some amplitudes to vanish when they are factorized.

Conspiracy is when a set of Regge poles conspire to satisfy

the constraints collectively instead of each being zero.

Conspiracy can give effects similar to damping corrections

in absorption models.

 



Figure 10.4.
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Chew Low extrapolated on-shell mass

cross section and on—shell data.

Durr Pilkuhn extrapolated and on-shell

mass data.

Benecke Durr extrapolated and on-

shell mass data.



133

(a)

 

1.28 1.34

MRSS (P,PI+]

18

 
 fi
g
,

O
'
O
O
Z

1

0
‘
0
9
1

r
1

O
'
O
Z
I

0
'
0
8

8
N

N
D
I
l
J
H
S

$
8
0
3
3



C
R
O
S
S

S
E
C
T
I
O
N

M
B

0
.
0

5
0
.
0

1
0
0
.
0

1
8
0
.
0

2
0
0
.
0

2
5
0
.
0

1

C. L. OPE

RT+BTXT FIT

  

(b)

134



C
R
O
S
S

S
E
C
T
I
O
N

M
B

0
.
0

9
0
.
0

8
0
.
0

1
2
0
.
0

1
8
0
.
0

2
0
0
.
0

1

18

135

1.28

MRSS (P.P1+)

1

 
 



0
.
0

1.10 1. 18

I

1.28

MRSS (P,PI+}

1 .3H

 

.42

5
0
.
0

L

C
R
O
S
S

S
E
C
T
I
O
N

M
B

1
0
0
.
0

1
0
0
.
0

2
0
0
.
0

RT+BTXT FIT

2
5
0
.
0

I

D. P. OPE

136



137

 
 
 1

0
.
0
0
m

i

0
.
0
0
H

_
_

0
.
0
m
fl

o
.
o
w

m
:
o
n
F
u
m
m

m
m
o
m
u

_

0
.
0
3



0
.
0

10 1 .18 1.28

MRSS (P.PI+}

1

1.3M

 

.U2

5
0
.
0

1

C
R
O
S
S

S
E
C
T
I
O
N

M
B

1
0
0
.
0

1
0
0
.
0

2
0
0
.
0

2
5
0
.
0

1
1
1
1

B. 0. OPE

RT+BTXT FIT

(f)

138



 

 



Figure 10.5.
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dO/dM experiment and Durr Pilkuhn

prediction.

dO/dt experiment and Durr Pilkuhn

prediction.

do/dcose
. .Jac

prediction.

experiment and Dfirr Pilkuhn

dO/d¢ experiment and Durr Pilkuhn

predic ion.
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It is found useful to eliminate the t in the

2
numerator which arises naturally in the limit t+u in the

Double-Regge-Pole model (D.R.P.).49 The diagram is shown

in Figure 10.6. One can define S = (P1 + P2)2 and

p 7* N

H/ a? I a‘n'\P2

p P

Figure 10.6. Double-Regge-Pole Model.

S pn+ = (q1 + q )2. The application of the D.R.P. model

assumes an explicate 3 body final state so quasi-two-body

states should be removed. It is necessary to have JSp0+1=

M(Pn+);2.0 Gev. One obtains good results by allowing

2 49
t+u . Even if one extends the analysis to low M(P0+)122

one can still get reasonable fits using appropriate modifi-

cations of the t factor from O.P.E. Reggeized pion exchange

give good results to decay curves for the P-0+ when the t

factor is modified as described above.44

The modifications necessary to have do/dt not pass

through 0 at t = 0 arise naturally from an absorption

mode1.45' 46

out.47 This model considers several spin states and applies

A general absorption model has been worked

absorbtive corrections on the angular momentum decomposi-

tion of the individual Born term helicity amplitudes in

the standard S-channel helicity frame.
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The absorption can be represented for the helicity

flip term as

 

  

 

 

- b bt' - ’-tt 2, a sor ion > {M11 1 A“.U+Bt$,«t)

" A“ " 1A“

and the non-flip term is

16.1!“ . V11?“

(‘3) 2. - absorbtion 9 1“) 2. Cksfifl where

t ' 14“ t 7 M“

n is the net helicity flip. This model provides a good

approximation to the decay distribution of the A++ in

46
PP+NA++. A simpler absorption model has been used to

extrapolate in t and obtain the on-shell 0-0 density matrix

elements.8' 50 The absorption corrections can be used to

account for the descrepancy between the data and O.P.E.

model curves.

As mentioned above, many models can account for

do/dt # 0 at t = 0. The absorption model predictions agree

fairly well with experiments at lower energies.51 Figure

10.7a-c shows the extrapolation curves for "to" for the

Chew Low, Durr Pilkuhn, and Benecke Durr models with a fit

parameterization of the a + bt + ct2 type.

The + sign in the lower left hand corner indicates

the position of the origin (t,"to") = (0,0). The results

of these fits are summarized in Table 10.2 along with

results from a linear fit. It is clear that the linear

fits not constrained to pass through the origin do not

reproduce the on-shell values with a good x2. Also the
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scale factors are not in good agreement with l, with the

exception of the Durr Pilkuhn model. The Chew-Low model

requires the data to be scaled up by a factor of 4.

 

Table lO.2.--Chi-Square and Multiplier for A + BT and A + BT + CT2

Fits.

Fit Type 1 2 3 4 s 6 7 8 Fac x2 F-‘

 

DP - A + ET 5. ll. 21. 9. 9. 5. 14. 23. .96 57.

 BD - A + ET 7. 8. l6. 5. 14. 5. 19. 31. 1.18 67. 1

CL - A + BT 3o. 64. 88. 74. 33. 42. 41. 25. .26 20.

DP - A + ET 5. 8. 15. 4. 7. 4. 13. 17. 1.034 10.5

+~CT2

BD - A + ET 5. 8. 16. 4. 7. 4. 13. 16. 1.03 10.8

1-CT2

CL - A + ET 5. 7. 12. 7. 6. 3. 14. 15. 1.005 13.6

+-CT2

 

In all three models if one allows the parabolic fit

for the extrapolation, a good x2 is achieved and the scale

factors are consistant with one within the limits of the

cross section error.

Figure 10.8a-c shows the extrapolated on-shell

cross sections as error bars using quadratic extrapolation

curves not constrained to pass through the origin. The

error bars are larger than those shown in Figure 10.4

because both ends of the extrapolation curve are free to

move. The smaller errors in Figure 10.4 are obtained

because the fit curve was constrained to pivot around the



Figure 10.8.

151

C.L. extrapolated cross section at t =

M02 and on-shell curve for a + bt + ct2

extrapolation curve.

D.P. extrapolated cross section using same

criteria as above.

B.D. extrapolated cross section using same

criteria as above.
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origin. The freedom of the extrapolated value was severaly

restricted because the origin is close to the pion mass

squared. The solid curve is the experimental on-shell cross

section. Figure 10.9a-c is the extrapolation cross sections

evaluated at t = 0 for the three models. The O.P.E. with

form factors would predict zero because the Spin amplitude

must go to zero in the forward direction. The quadratic

fit extrapolated to t = 0 gives a cross section that is

 

free from increasing or decreasing trends and is in general

consistant with zero. However, even the absorption model

predicts this cross section to differ only slightly from

zero at these energies.51



Figure 10.9. a.

156

C.L. extrapolated cross section at t

for a + bt + ct2 extrapolation curve.

The straight line at 0(t = 0) = O is

unmodified O.P.E. prediction.

D.P. extrapolated cross section at t

using same criteria as above.

B.D. extrapolated cross section at t

using same criteria as above.
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CHAPTER XI

SUMMARY AND CONCLUSIONS

This thesis reports on the analysis of one pion

production reactions resulting from proton-proton scattering

at 6.0 Gev/c. The final data sample includes 40,000 events

with the PNn+ final state and 10,000 events with the PPn°

final state. The PNn+ sample includes 14,000 events having

the A++1236(3,3) resonance-neutron final state. This

resonance is defined by restricting 1.l4<MPfl+<l.42 Gev and

simultaneously demanding that the target proton-neutron

momentum transfer be less than 0.3 Gevz.

The PNn+ sample has a neutron width of 186 Mev and

the PPn° has a pion width of 165 Mev. The mass resolution

for the P0: is 5 Mev in the peak and the momentum trans-

fer per cent resolution is 2%, except at small t. The

cross section for PP+PN0+ at 6 Gev/c is estimated to be

o(PNn+) = 7.58:0.7 mb.

The 14,000 A++ events were corrected for their

limited acceptance in the spectrometer. A Monte Carlo

program was written to correct for hardware-induced

160
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scattering and various hardware efficiency losses. The

A++ sample has a corrected F.W.H.M. of 126 :.4 Mev. The

cross section for PP+A++N is obtained using a Breit-Wigner

fit to the mass distribution and gives 0(PP+A++N) =

2.702 1 0.15 mb.

The one pion exchange model was used to interpret

the final data with the A++ neutron final state. The

exchange diagram for this process is shown in Figure 11.1.

P A” P

Tr

P N

Figure 11.1. One pion exchange diagram for PP+A++N.

The upper vertex in the figure was interpreted in this

experiment as n-P elastic scattering, where initially the

pion is off its mass shell, or virtual, and is a real pion

after the resonance decays. A pole extrapolation was

carried out for different mass bins using the scattering

data. The quantity to 1(M) was calculated using
on-shel

off-shell negative t value bins of the data, and the data

points thus obtained were fit and extrapolated as a

function of t to the positive unphysical t region. The

extrapolated value at the pion mass squared was compared to

the known on-shell cross sections.7

At a fixed mass, the actual scattering data are

complicated as a function of t. The extrapolation of t to
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positive values can be done reliable only if the data are

normalized using the expected pole cross section and off-

shell corrections. The pole term contains vertex factors

from the upper and lower vertex in Figure 11.1 and a

contribution from the pion propagator. The off-shell

corrections are due to spin effects of the A++(3,3)

resonance formation and dynamical form factors which result

from the finite spacial extension of the particles involved

in this process.

Three models are compared in this thesis. The

Chew-Low (C.L.) model1 is an unmodified one pion exchange

model without form factors. The Durr-Pilkuhn (D.P.) model12

and the Benecke-Dfirr (B.D.) modell3 introduce dynamical

form factors which consider the nucleon and A++ as having a

finite extension in space. The form factors damp out high

t or low partial waves in the cross section. The diffici-

ences of each model can be readily seen from the linear bt

fits to the calculted "to" values presented in Chapter x.

If the theory had the correct off-shell t dependence, the

"to" points calculated using the off-shell data normalized

by the theoretically calculated values should be a straight

line with the slope parameter b = OON(M). The Chew-Low

"to" points are seen to be fit poorly by a linear curve.

As is well known, the calculated cross section is too high

at higher t values. The Burr-Pilkuhn and Benecke-Dfirr

normalized points are nearly linear, but some deviation from
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linearity is evident at high t. The linear plots indicate

that the calculated cross section is under damped at high t

below the mass peak and over damped at high t above the

mass peak.

The pole extrapolation values of the on-shell

cross section as a function of mass is presented for

linear, quadratic and cubic curves fit to the normalized

off-shell data points. The non-linear fits are used to

obtain good fits throughout the t range and are used

because none of the three models assumed here fit the data

exactly, as was shown above. The quadratic curve fits to

data normalized by the Burr-Pilkuhn or Benecke-Dfirr model

have been extrapolated to the pion pole and the cross

section results are in good agreement with the experimental

on—shell values. No normalization factors are necessary to

obtain this good agreement.

The one pion exchange model demands that the cross

section as a function of t pass through 0 at t = O. This

is because the pseudo-scalar pion exchange vertex contri-

bution from the lower vertex in Figure 11.1 is non-zero

only for the spin flip amplitude. This spin flip amplitude

goes to O at t = 0. Regge pole models with conspiracy48

45 do not require the cross section toor absorption models

be zero at t = O.

The scattering data has been extrapolated to t = 0

in this analysis. Again, the normalization factors are
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calculated using the Chew-Low, Burr—Pilkuhn, and Benecke-

Dfirr models. The data normalized by the Dfirr-Pilkuhn and

Benecke-Burr model calculations give good fits using

quadratic curves of the A + Bt + Ct2 form. The extra-

polated cross sections at t = 0 are consistant with zero.

At this energy and with the statistics of this experiment,

one cannot differentiate between the absorption model and

the form factor models predictions at t = 0.51
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APPENDIX A

EVENT PROCESSING FAILURES

Table A.1 lists the cause and percentage of Crunch

failure events.

Table A.1.--Crunch Losses.

 

 

 

Failure Code Reason for Failure Percent of Input Ev.

1 Less than 2 Y tracks 26%

downstream

3 Less than 2 Z tracks 7.5%

downstream

8 Vertex too far from 6.2%

target; <2 useful

10 No potential U-V or Y-Z 6.2%

pair after magnet

15 No Y-Z or U-V pairs 3.6%

after 1 track removed

30 Event has same Y or Z 27%

view in chamber 7 and 8

Total = 76.5%
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The other 6.5% of losses are distributed among the

other failures codes, but can be related to the inability

of Crunch to find two good tracks. In order for a beam

track to fake a good event, it only needs to throw a second

particle into the DE/DX, which can occur in a variety of

ways, and then also hit two hodoscopes. Occurrences such

as "hodosc0pe splash" or slow electrons after the magnet

can cause two hodoscopes to trigger. A study of Crunch

loss indicates they are mostly just beam tracks.

The Circe failures are given in Table A.2.

As one can see 90% of the Circe failures have one

or two negative tracks. There are many reactions with high

cross sections at this energy which would cause these

triggers. Table A.3 lists three such reactions.5

Teuta failures are multi-pion events and have a low

confidence level when forced to fit one of the single pion

reactions. Table A.4 summarizes these failures. A study

revealed low momentum distributions for tracks 1 and 2

which would be consistant with the phase space production

predicted for the multi-pion events as suggested in

Table A.5.

Two cuts must be imposed on events which pass Teuta

to further limit contamination. First the pass 2 runs

which had hardware problems must be eliminated. Also a

target cut must be applied to the entire sample. The

target cut is taken to be the limits of the physical target

plus the half-width of the fitted errors in x and R =
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Table A.2.--Circe Failures.

 

Failure Code Reason for Failure Pass 1 Pass 2 Cut

 

2
0 x increases or needs 5011 58

>8 iterations

8 Both tracks negative 3874 27

10 One track positive, 60326 1070

other negative

91 >15" from target 1903 18

92 Momentum track 2< 42 0

50 Mev

93 Condition 91 + 92 6 0

94 Momentum track 3<50 243 6

Mev

95 Condition 94 + 91 24 l

96 Condition 94 + 92 3 0

97 Condition 91 + 92 + 94 6 0

99 Varied beam momentum 191 0

Total 71629 1180
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Table A.3.--Reactions Leading to 90% of Circe Failures.

 

 

Reaction Cross Section mb

PP+PNn+n+n- 3.1

PP+PPn+n-n° 2.4

 

Table A.4.--Teuta Events Confidence Level <.03.

 

Positive Field Negative Field Total Total

<10"5 10'5<c<.03 <10"s 10'5<c<.03 <1o'5 10'5<c<.03 <.03

   

 

 

Pass 1 33703 7411 53465 11242 87168 18653 105821

Pass 2 1606 396 666 197 2272 598 2865

 

Table A.5.--Teuta Failure Event Types.

 

 

Reaction Cross Section mb

PP+PNn+n° ~4 mb

PP+NNn+n+ ~ .5 mb

PP+PPn°fl° ~1 mb

PP+PNn+n°n° ~2 mb
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Y2 + 22. Figures A.1a-b show the event lost to the target

cut for x and R respectively. Notice the loss is almost

entirely from the x location of the vertex.
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APPENDIX B

BEAM MOMENTUM FITTING PROGRAM52

A typical view from above the experimental apparatus

is shown in Figure B.1a where the x represents measured

 

spark positions and the line signifies an orbited track.

(a)
(b)

 

-
4
n

(
1
!

  
 

   
Chanbor

Number 5'6 '

Figure 8.1. Experimental apparatus after target (a) and

coordinate system (b).

9.Io X

The track has three parameters, the curvature K E

%, A and ¢, shown in Figure B.1b. Denoting the deviations

of the measured and orbited track by di, the fit procedure

is to minimize x2 = 2612 by varying the three tracks

parameters K, A and ¢, denoted collectively as 8. One gets

\07

w) A°.

A; = A°. *- Z eke—5;) (3“)
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(ggi (0) will be denoted by Di The superscript (0)A.

refers to the quantity evaluated using the intitial estimate

for the three parameters K(O), 1(0), ¢(0) E BA(O) and A81 =

81 - BA(O) is to be solved for as the correction term that

will minimize x2. One can expand X2 above using the

Einstein summation notation.

X7. = click} = AfA: *- 109303301? Ibslpihhsgbifl (8‘1)

 

Now set

31‘ . .
"""" :: 02 103‘ A? TQDi‘thtfiA 18‘s)

)9!

Denote y¥= lbfid; KB-”

and GI): 101'! D1) A $) , 18‘s.)

We find

-\

= ':2%.G&j}{)9 (E3"C>)

One recalls for this 3 x 3 case

1143013.

Y= 113°‘(3—y)°’ (8-7)

L-:Z;IJ:°°( édb)(.fl

AIP

(031

  — .
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The sum is over all chamber y and z spark position.

Also one gets

F

U
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APPENDIX C

TRANSFORMATION FROM M, t, eJac, ¢TY {.

+ -> A

TO P AND 0 Fr;

.1

EV.-

 One must work in the over—all center of mass in I

order to relate the neutron and outgoing A++ to the initial

beam and target protons. The scattering kinematics are

outlined in Figure C.1.

lly' F)

90»

 P.
4’ X

2 F3.

Figure C.1. The reaction PP+A++N in over-all center of

mass.

The particle labels used above denote the 3-

momentum of the particle. Two assumptions must be made in

QOing from the four-variables M, t, 6 and ¢TY to the six
Jac
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variables P and E. These are a result of the symmetry of

the problem and can be added without loss of generality.

The first one is that the reaction has axial symmetry about

the beam axis and so all scatterings can be assumed in the

Z Z

X-Y plane leaving PN = PA = O. This means in the lab

one has PZ =-Rz. Also one can assume the beam is along the

x axis.

One can write Mpn+ and t in terms of the variables

defined in Figure C.1 as

 

MPTV' =f(?“+1\“)2" (C‘I)

and

t: (gaff: (pg—PCS)", (C-1)

Pu and flu above are defined as Pu = (EP, 13) and flu =

(E ii). Also one has PAu = (EA' iPA) and Pbu = (Eb,
1"!

u and P u. One canin) and similar definitions for PT N

expand t defined above to give

t= Mgmt ~19. E. + MPOHPQ c... 6‘ (c. -3>
m0

This expression can be solved to give the center of mass

scattering angle in terms of MA and t

to: 9m“; \t- nt-m‘pamg A219.“ Pu) . I 6.“ '-\)
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One can define

 

R (mumm)dim-m"-m‘.'.1[kmm.)"- MEI/m (95‘)

which can be used to get the beam momentum [Pb] and the

A++ momentum IPAI in the center of mass. If the total

energy in the center of mass is JS) then

\Pb\ = kab’Mf.J—$‘) \C_b)

and

”2‘ = R\MN,\V\P1\+,J?). )5‘7)

So far, the mass of the A++ and the momentum

transfer have served to determine the direction the

resonance will travel away from the origin in the over-all

center of mass. Now it is necessary to transform all center

of mass vectors into the A++ center of mass and make use of

the decay angle information.

In the A++ center of mass, Figure C.2 shows the

relevent decay quantities.
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Normal ¢ITY\

 Normal

/

Figure C.2. eJac and ¢TY defined in A++ center of mass.

One defines

CJ9519 = P .F’ QCL‘iB)

sm It" -.- $9. “(Bx-“fiurk-FB ‘3) (Cs-IO)

I?.x(FTxI.IIII’B .EI
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First one can make use of the Jackson angle. One

can find the component of the decay proton parallel to the

beam as shown in Figure C.3, given by

 

Figure C.3. Beam and decay proton in A++ center of mass.

R is the momentum of the proton and pion in A++ decay

center of mass given by

R= R 1MP)M1\,MP1\*) (Cs-H.)

and NB is the unit vector given by NB = PB/IPBI evaluated

in the A++ center of mass.
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The components of proton momentum perpendicular to

the beam involves the Treiman-Yang angle.

Figure C.4 shows Figure C.2 from above and illus-

trates the angle between the planes.

‘7?

R ‘3..- f R.

(R,

R 2

Figure C.4. Projected view of planes described in

Figure C.2.

 

\ V

The vectors shown above are defined in terms of

known vectors as below:

—.._, RxR
 (Cu-I3)

 
N ~ _

‘1"? “ PM

R :3 RB “R; (CV-‘5‘)

W a P. (our)
3 figs

3 axis. {Cs-(b)

I We rm
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By definition, the Treiman-Yang angle is the angle

between the two planes and is given in terms of the newly

defined vectors as

COS (bT‘ =K‘Ofit KC.‘ \W)

._.7

+

The vectors K and N1 form a perpendicular system

and one can find the perpendicular component of the decay

 

proton from Figure C.5,

 

Rl >4’R

Momentum of A++ decay products perpendicularFigure C.5.

to beam proton in A++ center of mass.

where

a,

PA. = R113“ 5\Y\ ¢TT “ICOS $11) \C ”1%)

r? -?

and so 3: P1 4- P“ .3

-7 -?

R \N\ SM¢71 "K £05 £111 1'33 c.0391“) {Cr-10)  
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and

“2" P kQ‘l‘)

Both the n“ and P“ four vectors can be transformed

into the lab to give the desired decay vectors.
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 APPENDIX D

eJac AND ¢TY BIASES

A typical event, as viewed in the A++ center of

mass, is shown below. The beam is along the x axis in the

 

  

lab.

T0798? ‘ XA C()TY Decay Proton

Proton ‘\

‘ I

\ I

\\ /

\ ,’

‘ /

\ JOC,’

\ I

‘ / Plane of Target

‘ ,’ Proton and Neutron

Y X . ,

< .
\

Beam \\

\\

Neutrafi‘ 2

Figure D.l. PP+PNn+ event in P—n+ center of mass.
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For simplification, one can consider the beam

direction as forward in the spectrometer, and the neutron

to be at a large angle or backwards in the lab. The pion

is the track which is most sensitive to acceptance and has

in most cases the widest angle and is the slowest. The

acceptance will be high if the pion is forward and fast,

and low if the pion is wide angled or slow. The forward

speed of the pion is smallest if the decay proton is in

line with the target proton. In order to get the decay

proton to the lab, one just does a Lorentz boost in the

direction opposite the target proton. By lining the decay

proton up in the A++ cm, one gets a fast proton in the lab.

This gives a slow wide angle pion. From this one can see

that if there are certain decay angles which have zero

acceptance, this effect will be larger for a high mass A++

than one of low mass. Typically in the A++ center of mass,

the proton and pion come off back to back with a momentum

of 200 Mev/c. At higher momentum, a backwards pion in the

A++ cm would correspond to a slower or wider angle pion in

the lab.

In the A++ center of mass, the beam proton, which

defines the zero for 6 and the target proton, which
Jac'

defines the way back to the lab, are in general not in

opposite directions. As momentum transfer increases, so

does this off-set angle. If the Jackson angle happens to

equal this off-set angle, the target and decay protons can

still be anti-parallel and a minimum acceptance will occur.
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This line-up will be precise only if the Treiman-Yang

angle is zero, as will be discussed later. For t close to

zero, where this beam proton and target proton are almost

opposite in the A++ cm, then BJac equal zero is the situ-

ation which makes the pion slowest. Also, for eJac close

to zero, a 360° rotation for ¢TY does little to disrupt the

alignment because it is just making a tight small circle

about the target proton. Monte Carlo studies show there

is a zero acceptance at 6 = 0 for all
Jac ¢TY‘

As t increases, and the angle between the target

proton and the beam proton becomes less anti-parallel, it

becomes necessary for the Jackson angle to become larger in

order that the pion comes off directly backwards in the

laboratory. This backwards pion condition requires a

coincidence between the planes of the target proton and the

neutron. This is the place where ¢TY = 0. Monte Carlo

studies reveal that as one goes to high momentum transfer,

the Jackson angle where the acceptance is zero increases

slowly, and the zero acceptance occurs only if ¢TY = 0.
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APPENDIX E

MONTE CARLO EVENT GENERATION

An event of the type PP+Pn+N can be completely

specified by four quantities. The most useful for this -~§

study are the mass of Pn+, momentum transfer squared from

the target proton to the neutron, and the outgoing scatter

angles of decay for the P or n+ in the Pn+ center of mass,

8 The bubble chamber data was
Jackson and ¢Treiman-Yang'

used to generate these distributions because it is thought

to have no strong biases. In fact, the bubble chamber data

agrees within statistics with the present experimental data

once a A++ cut is made.

The bubble chamber mass distribution is scaled down

from the 6.6 Gev/c beam momentum kinematic boundary to the

6.0 Gev/c boundary. The bubble chamber mass, t, eJac and

¢TY distributions are converted into event generation

probabilities by an integral transform.

If F(x) is any of the above distributions defined

between x and X events can be generated in accordance
L U'

with this distribution by first generating a number W such

189
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that W is a random number between 0 and IuF(x)dx. Then one

must generate an event of value x where :Lis the solution

to W(X) = IuF(x)dx.

Thzse events can be transformed first to the over-

all center of mass where the neutron and (P-n+) vectors are

found using M(Pn+) and t, then in the (P-n+) center of mass

where the pion and the proton vectors are found from

M(Pn+), eJac and ¢TY' It is known that only (P-n+) com-

binations associated with the beam projectile will trigger

the apparatus so only beam vertex P-fl+ events are produced.

Appendix C gives the details of the above transformation.

Once the four vectors for the event are back in the

laboratory, the two outgoing tracks are rotated randomly

about the beam axis in order to resupply the event with a

symmetric degree of freedom not obtainable from the basic

four variables which describe the event. Figure B.1a-d

shows the initial bubble chamber distribution shaded, and

final distributions derived from the Monte Carlo event

generation described above unshaded.
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APPENDIX F

RESONANCE MASS AND WIDTH CORRECTIONS DUE

TO EXPERIMENTAL ERRORS

Figure F.1a-b shows the invariant mass and the

 

calculated error in this quantity. Figure F.1-b has the

probability of finding the error E at mass M normalized so

that the area under the probability surface at fixed M is

constant.

In order to see the effects of the error on a given

mass distribution, one must first select the mass, then

look up the probability for a given error P(E,M) from the

mass-error distribution. One gets the new mass distri-

bution by a Gaussian smear of width E at the fixed M of

probability P(E,M). This can be expressed as

val-In“
OWN)"; HEMIM‘PT‘K s I) \F 0

subject to the restriction that fdM'a(M') = 1. The actual

error at the resonance peak of 1.230 Gev is 5 Mev. The

error at the half maximum points are 3 Mev at M = 1.176 Gev

194

 

 



F
i
g
u
r
e

F
.
l
.
a
-
b
.

 

T
h
r
e
e

d
i
m
e
n
s
i
o
n
a
l

p
l
o
t

o
f

e
r
r
o
r

i
n

m
a
s
s

v
e
r
s
u
s

m
a
s
s
.

195



  
 

 

 

 

196

 



197

and 6 Mev at M = 1.298 Gev resulting in a width error of

8 Mev. This is summarized in Table F.l. The column marked

data gets its peak and width directly from the data, and not

from the Breit-Wigner fit to the data. The fit does not

have precisely the right shape.

Table F.l. Peak and Width of M(P,n+) With Resolution

 

 

Errors.

Data Breit Wigner Fit

Peak (Mev) 1226. i 5. 1226. i|5.

Width (Mev) 122. i 8. 133. 1.8'

 

The average error increases from 1 to 6 Mev between the

masses of 1.14 to 1.26 Gev. Above 1.26 Gev the error is

approximately constant at 6 Mev.

In order to study the effect of the experimental

errors on the mass distribution, the events are smeared and

fit by a Breit-Wigner curve. The Breit-Wigner form used is

given by

r! g 3

0"m) "" $31493 1‘74 ”here P g Md“) [1' 1 F-2)

T \ + MRI]

M is the mass of the P-n+ system and Q is the proton

momentum in the P-n+ center of mass. R is the A++ radius

and Mo and Y are varied in the fit. The fit parameters are

summarized in Table F.2.
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Table F.2.--Breit-Wigner Fits to Unsmeared and Smeared Data.

 

 

 

F Peak(Gev) FWHM(Gev) 2 .

Fit 6 Mo Y (Mo) X /P01nt

(Gev) (Gev) (Gevz) Exp Fit Exp Fit

Unsmeared 1.246 .753 .179 1.226 1.226 .122 .133 2.

Smeared 1.247 .766 .182 1.227 1.226 .130 .135 1.5

 

As expected the peak is insensitive to the error

but the width is directly related to the errors. Table F.3

gives the corrected mass parameters after the effects of

experimental error have been removed. The row marked

fitted used smeared and unsmeared fitted parameters to

predict the correct mass parameters, while the row marked

experimental uses parameters obtained from the actual mass

distributions.

Table F.3.--Parameter for Predicted Fitted and Experimental

Mass and Distribution.

 

 

Mo Y FWHM Peak

(Gev) (Gev) (Gev) (Gev)

Fitted 1.245 .740 .131 1.225

Experimental 1.224 .700 .126 1.226

 

I
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APPENDIX G

SPARK CHAMBER EFFICIENCY

The spark chamber efficiency calculation will be

given in detail only for the magnet section chambers. The

rest are calculated similarly. Denote by aN where N is

5 - 8 the probability that chamber N misses 1 track and BN

the probability of missing both tracks. Let EN = “N + BN

be the probability that chamber N does not see either

th
track. The probability that the N chamber sees both

tracks is 1 - EN and the probability for a perfect event in

the magnet section, abbreviated by P4 _ 4, is then

P4 " TV URE'.) 19'“)
" L=S

and is symbolized bym . The probability of firing 4

chambers on one side and 3 on the other is symbolized by

I
g
t

    
  mo :1:      mutantII:I:+:II:I;+:IIII.:+:III:,      

I11
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200

and is denoted by P and is given by
3-4

8 8

R.-.= 2 °<1 T\ u-R-II. (av-2.)
3:5 J’s.

jfl

The probability P33 for both tracks to misfire in one

chamber is

_§, 8

F3.3\same chamber) =3 L 8. 1:1 “‘60 (6‘3)

i=5 If
J 1

and the combined probability for P4_3+P3._3 where the P33

case has one chamber miss for both tracks is

9 9

E16+P341 same chamber ) aiE;}§gk\-— Ej) \Cy"\-‘)

since Ei = oi + Bi' Another type of 3-3 event can occur

when different chambers miss a track as shown below.

P}3(different chambers)= in *jL—Jl: IflETHI'flL—‘an: .

The entire term can be expressed as

    
      

1 8 8

(different chambers)= V; :01; Z. 0(3 fighgkl (5'4)

I“ j‘i?‘ 3"

1611

The factor of 1/2 is necessary because the expression above

P3—3

includes events where<3ne track fires 4 chambers and the

other fires only 2 chambers, symbolized by
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         9.-.: .11-amp m;*jm*jW—E*jflh:

These types of events will not pass the filter program.

The total probability of getting an event is P4-4 I P4—3 +

(same chamber) + P (different chambers) =

P3-3 3—3

3 8

TI SWE") 1‘: E1 “11" )1’ 31):“ idj T151“ 6“)

13’s. 3;; '.5 an‘ Kgfi

5'5 15"“)

As one can see from the magnet chamber event

probability calculation care must be taken to be sure
I

certain event classes are not counted twice. With this

observation made and the notation established, the results

for the other sections will be summarized in Tables G.1 and

G.2.

Table G.l.--Beam Chambers.

 

Condition Abbreviation Symbol Probability

. 9

All 4 hit P4 -H—H— TAU—E

1 9

1 miss P3 ++++..... Z E; .IESI'Ej)

11‘ I I
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Table G.2.--Hodoscope Chambers.

.quw I r3~= 9.- - =2 _-
 

 

 

 
  
 

Condition Abbreviation Symbol Probability

ID

All fire P22 fl nc‘(\-e.‘)

I:

to To

One miss P21 jpd- flp-I-H :0“ I\ “‘53)

  

  

  

 

One side -= J53
I R 3"

10
Io

Two miss P + _ i 8' R (1‘55)

11 | .
Same chamber 33‘ J:‘

3#\

Iteration
 

If one knew ai and Bi for the chambers, one could

put them into the formulas above and get an efficiency.

The individual chamber efficiencies are coupled to the over

all efficiency and the solutions must be obtained simultane-

ously.

In the magnet section, the first approximation to

oi and B1 is just Ni(1)/N and Ni(2)/N respectively, where N

is the total number of firings for the chambers and Ni(l)

and Ni(2) are the single and double misfires respectively

in chamber 1. However, Bi estimated this way would be too

low because of the constraint that at least three firings

must occur per track in the magnet chamber region. In

reality, Bi estimated as above is the probability that one

chamber does not fire and all three others do fire. An

exact expression for Bi is the sum of the probability that
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chamber i miss two tracks and is seen plus the probability

that chamber i miss two tracks and is not seen. Similar

statements can be said for oi and Bi to give

N;‘°’/NT *P? N.S. (Gr-‘7)

on = Nam/N19 . 9‘. II... \6- 6)

31 = Ni /N1' * {n.5, (Gr- ‘1)

where P? N.S. is the probability for N sparks in chamber i

to be missing and the event not to be seen. Table G.3 will

summarize the probability of the 1th magnet chamber missing

4

two track and the event not be seen. The notation Z (l—Ek)

4 i-j

will be used to mean 2 (l-Ek).

k=1

k#i

ka‘j

Table G.3.--Probability for iEE-Magnet Chamber to Miss Two

Tracks of a Missing Event.

 

Symbol Term

:‘jE-I-H + :U:+-- B;:E5;::1“EKI

:1: j: BIZ—55...ZR. 13.30- E.)

i
+ 'T:—+fv"r-_:_- &‘§:133q§:IE‘I:§_:*L

 

  

 

5': a;
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The sum of the above terms is Pi N.S. which can be written

as BiF(aj,Bj) j#i. Similarly one could write out terms for

P: and Pi N.S. and obtain the efficiency by solving the four

simultaneous equations below.

Ema = PM \d'HBX) * qug Lda,Bg) * P34. \dafix) (5‘|0)

m U)

o<3 = N3 /N1 “ P1 N.S’\°‘J,Bj) (Cw-“0

. \1) 2.)

3| 3 N" /N1*F$\ u.s.\e<3,83) Ur‘u)

NT = NO/E—M“} (Cy-“3)

In practice it is possible to iterate the equations which

rapidly converge to give an efficiency. Similar equations

can be written down for the beam and hodoscope chambers and

the final apparatus efficiency is taken as the product

= E E E
EApp B Mag Hod'

The data No' Nio), Nil) and Niz) are obtained for

the most of the input data which makes Teuta fit confidence

levels greater than .03 and is present in the final summary

tape. The results of the counting of total firings, one

firing and no firings are listed for 42427 Teuta fit events

in Table G.4a-c respectively.
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Table G.4a.--Beam Chambers.

 

 

Chambers Sparks Misses a

1 41273 1154 .027

2 40787 1640 .039

3 42016 411 .0096

4 40859 1568 .037

 

Table G.4b.--Magnet Chambers.

 

 

 

Chamber 2 Sparks 1 Spark No Spark a B

5 32531 9322 574 .219 .014

6 36620 5682 125 .136 .0030

7 34027 8284 116 .195 .0027

8 40912 1504 11 .035 .00025

 

Table G.4c.--Hodoscope Chambers.

 

 

Chamber 2 Sparks 1 Spark No Spark a B

9 37271 5060 96 .119 .002

10 37021 5388 18 .127 .0004

 

The total efficiency is then the product of the three sub-

efficiencies.
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APPENDIX H

ERROR CALCULATION

Missing mass 3
 

We can calculate the error in the missing mass for

 
- 1

the reaction PP+Pn+N or PPn° as below. A diagram and a I

coordinate system for the reaction is given in Figure H.1.

 

 

 Missing Mass ) 4’ x

Figure H.1.--Notation and coordinate system used in this

appendix.

We can write

3
1. 1. °' . .. i

(M ”)1: KPBi'Pf‘Pf P3) : (E 8+E‘-EI-Es) - Z k P. 0131‘ IPI. ag)‘ U44)

Substitute

P“ 3 Peas) c950?

9h- PcosanQ (H4)

9": Pan)
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gives

1.(MM); : 3M1 4» m; +2EBE.t ~21. 58 E1 ~15,E‘3—-3 5‘ EI-E’*Ea*figs

*‘ ’- Pa 91.". (.03 lanes); £05103 4}.) ram), Sm 21.]

I 1&9: [(108)‘; (.05 )3 cos {QR-(b3) *' Sm'A-rSm'ls]

+ 29.9.LQ..A3 cos). (nos mb.-t.) *smlssm7m 1 \a-s)

If one defines Z(i) = (-l,l,l) and considers the beam as

track 1, one can write

AMM‘

A )i. 3 2“” Infilp; 81‘3““); “”03 g°$k¢i-¢j)’COSN8}Mfl

+ 2m in“) 2 9% film's“? (MM: “05 Uh 4%) “W‘A‘W‘X‘J

AMM‘ _
W A.)

W .. %\‘1)2=\j)2p;PSV—cosmcosn‘oskw- ¢3)]

+ a“) ‘tud )- 9'. PkLcosMcw‘An 3‘“1¢i‘¢x)]

kH-S)

Also define

@ij = LosMcOsAstosUh‘th-sm 3; Sm )3 “1-5)

Where i, j and k are defined cyclicly as l, 2, 3; 2, 3, 1;

or 3, 1 and 2. Using equation H-6 one can write

1.

3W“ .. 1.3:. \E, -E‘-e,)+19z@n+2?393 tun)

a P, Eb
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335‘: 1.3.1. k-E,-MP+E3)+1P® was (H-8)
8

\ ‘1 ‘3

3?; ‘-

I.

An“ = 2.33. \‘E\ ‘MP+51) ‘1P1®'_3 + 2R®|3 \H‘fl)

.1 P3 5‘

The error in missing mass squared can be written as

I .. , .

(Error) 2 Z; E‘IJ V‘ VJ (H '- ‘0)

MJ

where Eij is the symmetrized error matrix of Circe and

V: m‘.m‘,M‘.Mfmjmtmimnzm‘ (a-..)

AP‘ 9)| 311’. 3?; 3A). J¢t 3?} 333 J¢3

Invariant Mass

This error involves just two tracks. The notation

is shown in Figure H.2.

P

w Track 2

Track 3

7T

Figure H.2. Notation used in calculating invariant mass

' error.

Using the decay and coordinate system as shown above we get
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'z _ t x 5“ Y 1‘: b ‘1'

”mg “WE-2.153) 4?. +93) 49,393) -\P.+P,) UH!)

Px“ Ptoshcos‘P, P‘3Pc—osls'm0,9§= PM“) (H‘B)

gives

‘ L 1

M p“... = M P +M n+ 2E;E3 ‘27; 73 [cos X zoosXScosw‘n
gumA; 5.")3‘]

\H - H)

One can calculate the vector

V: 3n__P_L"u 3M”+.1'33Mgn* Na'mm: L—Mffi HHS)

3P ’3); 34., 6?; '3); 273—3

and get

(Error)2 = Z 8. (3 Vi VJ k“- \L)

where eij is the 6 x 6 error matrix for the 6 quantities

involved.

Momentum Transfer Squared

The errors in this are calculated similar to the

missing mass errors. The notation is defined in Figure H.3.

FE Proton

BeOfll F% /,//’E:/”

\Pion

Figure H.3. Notation used in calculating momentum transfer

squared error.

'
r
'
h
.

U
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All the results from the missing mass calculations apply

except for the following:

t ._. {Mm)zvm;‘2Mp\E\-EL‘EI) kH-n)

.§__ :: ELEQEE: - V‘ .Jfl (qu

9.1. = 9m" M 21.: -3P; 3?... + P Ez. {H H)

3.: .... 2.313 +M93_E1 {Pg-no)

 




