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ABS TRA CT. 4

r

We have studied the radiative decays of non'strange mesons into

. ¢ .
+ - . .
?ﬂ » and othhe or three gamma rays observed in the reaction

%

T + p --> Meson + n

at beam momentum 8.45 Gev/c 1n 3 Counter—-Spark chamber exper:men't

conducted at Argornne Nataional Laﬁor‘atorg Zero. Gradient Synchrotron.

4

We set a new "upjper limit on the branching ratio w —=> 1y

which is almost an order of magnitude smaller than the pre¢iously

-

set upper limit.

We present a high statistics 1nﬂependent measurement of the

i \

brapching ratio no-=> oy . ‘ \
L

We observed the decays pPC w ) —=> ny for the fairst time in
the reaction
n-p -=-> pCw Jn

and measured the decay rates T
. p(w) > ny
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Nous avons étudié les désintégrations radiatives des mésons’d'étrangeté
+ - P - # o/ Py
nulle en m w accompagnés d'un ou de trois rayons gamma. Ces désintégrations

o

furent observées lors de la réaction .

T p*> Mgson n ’
N 4

"§ une impulsion incidente de faisceau de 8,45 GeV/c dans q'ne expérience de

type compteur-chambr‘e\ a éticucelles au synchrotron 3 gr‘adifant nul du Argonne

1

- National Lab’orator‘y .

i

[

Nous é€tablissons une nouvelle borng supérieure du-taux relatif de

désintégration de w - 1T+TT_'Y. Cette borne est plus petite-de presqu'dn ordré.

hde grandeur qu'une autre établie prétédemment.\) oot

Nous présentons une mesure indé;;endente faite & grandes statistiques du

v

taux de désintégration de “ SR 7 Y
n' ey .. BN - B
Pour la gremidre fois lors de la réaction St o .
T op > plw)n : . ' .
nous avons observé Tes désintégrations “ :
' p(w) » ny « a : Cy .

o ’

ainsi que mesuré les taux de désintégration |

¢ R . ;

Tp(w) + ny

[N T
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' CHAPTER 1. INTRODUCTION //

"

We waht to study the radiative 'decays of honstrange
mesons ¢ n,0,w,n” 3 . produced - in the —reaction

., @ + p --> Meson + n

»

°

The hadrons ‘comprising baryons (p, n, etc.),
antibaryons (p, n, etc.), and mesons ( 7, n, p, w, N’ etc.)
are coamplex fn their structure, unlike the leptons

.
»

(electrons, muons., neutrinos, etc.). They have measurable
size, about 10 !° cm, there are hundreds of them, and all of
thenm, except for the protons .and an’t_iprotons.“ are unstable.

To he able to understand the hadrons wvarious ordering

principles were invented to classify them.

]
?

'First the hadrons were organized into small families
called charged multiplets consisting of particles with
apgroximatelg the same mass (e.g. protons and neutrons
formed A doubltt', pions formed a triplet etc.). In 1962 the

charged multiplets were organized into ’supermultiplets”

that explained relations b‘tt\nen par:ia‘clcs differing in

charge., huﬁerchanﬁe and mass.

-«

The grouping of the hadrons into supermultiplets
involues eight quantum numbers and was named |the “Eightfold

\
Way“. Its mathematical basis is A branch .of \group theory

N S

e,
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invented in the 19th century by the Norwegian mathematician
(ﬁ* quhus Lie. The broup that generites the cightfold( way is
called SU(3), which stands for- special unitary group of

matrices of size 3 X 3. The thecry requires that all

s
Bt hk G ok remtts “aan o o e e en

hadrons belong to families corresponding to representations

v

hd o

@ " of the group SU(3). The families can have one, three, Six,

N
eight, ten or more members. It was possible to classify all

known hadndns into families o? ocne, eight and ten, but no

t
:
{
1
3

families of three or six particles could be found.

In 1963 an explanation was proposed independently by

'JJGell—Hann gnd George Zweig who sbggested that all hadrons

7

n T T S e <

were constructed from more fundamental constituents cafled
N ‘ i
) quarks that belonged to the family of three. The three

simple rules of quark model were: ,

‘;1) mesons are made of one quark and one antiquark.

-

2) bargoﬁs are made of three quarks and antibaryons are - ,

made of three antiquarks.

»

: 3) no other combination of quarks will make a hadron. . A

u

The quarks have fractional charges unlike the hadrons

3 A AT I P e 0 M, e g

which all have integer multibles of electrons charge. The

~

spin of the quarks is 1/2. Two of the quarks (called "up' v )
and ‘“down") have strangenesslzzro;lisospin 1/2, and charges
273, —-1/3 and the third (called "sideways'') has stfangeness

-1, isospin-zero and charge -1-3,

@

.
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; ‘-
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/ ' . .- The family of eight psuedoscalar mesons (e.g.

; ('3 t,yn,N1",K ) consists of a quark and an antiquark with spins in

opposite directigns and the family of eight vector mJLons

e *
' (®.9g. p, w, 9, K ) consists of a quark and an antiquark with
, é&B
spins in the same direction. 4

) \
The radiative decays of mesons are due to quark spin/ }

flip\ via emission of a photon. Thus a vector meson decays

-]

' pr}dqminantlg into a pseudoscalar meson and a photon and a

pseudoscalar meson decays predominantly into a vector meson

T and a photon in so far as we consider radiative decays.

A S SRS W S

To study the radiative decays of mesons experimentally
~ 4 -
we will select the topologies in which a © , a 7 and a

dﬂoton/gy a T, a m and three photons were detected in
/ . 7.
° /}bn/'forward direction. These topologies will ¢ontain the
¢ Kl Qﬂ
following radiative decays:

B i

w— 1ty ¢ one .Y sample) ’

)/-/ ) -

[ n’— oy " ¢ one Y sample)

&

t

; o a

. p — ny - ( three Y sample)

: .

- rs .

: w.— Ny . ( three Y sample)

In 1974 the decay rate p==> 7y was measured by B.

Gobbi et al and the decay rate n —-->yy was measured by

. ﬂ.Béounaan et al (S51. These values were about two standard

- ~

deviations different from the values calculated fron‘the

= e e AT B

. ')
(J ) non-relativistic Quark Model and the Uector Meson Dominante

-

~
e
W

+ Y

. i

. o e
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mode ., where the photon can become a virtual vector meson

5

since it has almost identical quantum numbers as vector

mesons., : - )
L}

-

This motivated a large number «o{//theoreticians to
develop ijferent models 110 bring closer together thg
experimental and theoretical resultg, The Table in'ﬁppendi%
F “showus the values of different radiative decays predicted

by some of/ these models. These models can be divided into
L} -

three categories: A

‘ B
1) Different modifications of quark model., where

different methods are used to calclUlate the overlap in{egral

3 . %
v, o= [ a7y, ) .
V1 PyVs i
%

(where V, is the wave function of the wvector meson
i
and wP is thf wave function of the pseudoscalar meson) or

3

Ly

‘its value is left as a free parameter ‘to fit the data

[7:9;13' 18]'. .

2) Extagded Yector Mode! Dominance models which incilude

higher mass vector mesons [14,19,22,29).

v

3) Different SU(C3) symmetry breaking models. \ .

;!

Between 1974 and 1979 the theoretical wmodels greatly

outnumbered the experiments which observed these decays.

ﬁépcndix F also shows the existing few experimental

.measurements of these decay rates. We hope to reduce th

dispropartion between the number of expwriments observing

[y

“a
»
t

.
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- radiative deciys and theoretical models studying them and to -

Y

provide help to discriminate between the various models.

This will be Studied explicitly in Chapter 10.

To b? able to predict the spectra of different
obseru;hle kinematic vari;bles in oLr experament (particle
energies, momenta, invariant masses etc.) and té calculate
the acceptances of\di#ferent ra&éative-aegag:events by our

limited solid,angle apparatus we use Monte-Carlo simulation

. . e

programs. . .

The Monte-Carlo method is a numerical way of solving
different problems by the combined use of random numbers and

theoretical models describing the problem.

In High Energy Physics one cannot observe directly the

phenomena of interegt. The nature of matgpr on the

v

-

microscopic level is statistical, hence only probabilities

of ohserving different outcomes of an experiment can be

predicted in these models.

The number of independent wvariables necessary to
describe completely one high energy event with n 'outgoing
particles is 3n-4, when one insists on energy momentum
consrvation. It is a major computational problem to predict
observable distributions., using these independent wvariables

in a theoretical model.

ot ik
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If the result of a Monte-Carlo calcu\ation is a- number

,or a set of- numbers F (F = F(r ,ry...r )}, where

v

Arjsry ...r ) is a sequencewof random numbers between O and
i1, then from statistics it is known that this is the

estimate of the integral
11 1 . . .
1= U f FOX, 9% g0 e X 20X 10X, 400X
0 0

A Monte-Carlo simulation is a calculation involving

Y

series of n trials (or events), the outcome of each trial

being a function of _k random numbers. This calcuilation

,involves n x k random numbers and is equivalent to an

v

ihtegratxon over a k-dimentional space, where the estimate .

of the integral is the avenagéz%ver the n bbints.

& . '
We define as expectation of the function
Fz=Flrpor...nd as )
IS S L
E(F)= fJ f FOxy s X0 o X, 008% 0%, 0 odX
0 0

?

and variance of this function as

_Var(F) = E€F - E(F)}?

-

[e]

1f X i,s the vector xl.xz...xk. and xi is a random

~

vector corresponding to independent random X 2XpeaeX, o then
the law of large numbers says that if var(F) is finite, then
1

n . -
Climit { T ) Fex, > 1 = EC(F) ) .
v n i
n—o i=1

S s et

e Il b WAt by e = & = e
S

Ak, Wt S

T i e
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"This means that the Monte-Carlo estimate of the

'

integral of a function F &8 a consistent estimation 1¥

var(F) is finite.

A o 1

It can also be shown that the statistical error of the

-k . .

Monte-Carlo estimation decreases as N .

We m;nt t0o simulate the reaction:

» T p =-=> Meson + n ,
- +
M nty ('no) Y

‘ -> 1r+1r‘,( Tl'o)
I
I

- . > Yy

A Monte—Carlo simulation of this process can be

censtructed if we know the probability distribution
a4 , .

functions that govern each step. Uging these functions we

can imitate each step with numerical random variables,

construct the correct sequence of these ;teps, and measure

b
the statistics of observable variables.

The different distributions in thi1s process are: the

-~

meson production differential cross-section., the resonance
Breit-Wigner mass distributions, - parﬁxcle decay angular

distributions, particle decay matrix elements and the phase

space weight.

LR TN
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\
Random numbers X puwith desired distributions in %h}_
range (a,bl can be generated in the following way:

1° "

¥

R o . -
; - “f f(x)dx = R . °

F
a

\ [ v

where R is a randém number (0. {( R <'1.,), -f(x) is the

desired disinibution and F .is a normalization actor:

- ' © b
* F = J f(x)dx ’ .

o

b a
£ ¢
Forr each decay -step of the reaction the necessary

distrihutions are generated and the energy and momentum of

the produced particles are simulated which are constrained

by energy-momentum conservation laws.

When the 4-vectors of the reaction are simulated the

1 .
geometric., "kinematic and trigger constraints of the

experiment are being(applied on them. Then the charged pion

decay in flight and charged pion and photom‘tnteractions in

the target are simulated. /

H

a

~We can use the Monte-Carlo simulated spectra of

different Kkinematic variables to compare with corresponding

spectra obtained from our data to understand and +find cuts-

to reduce the number .of background events.

Y

In the one gamma topology Wwe study the decays

W == 7Y and N -=> oy .

<

%

-

v
W»Mu:w«.._ PORF IR SRS PRSP I

R

o e v ne
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. In the three gamma topology we study the decays

- + -
p C wl==> ny with" the subsequent n ——>7 1 n° decay. This

-

is“0f particular interest.to observe since there are no

prevfﬁuf experinents _that have seen these decays when the

' C( w) mesons were prdduced.in the T P interactions. In

these reactions the rho and omega production differential

. o
e, -

cross-sections are different in contrast with the® p(w )

i

photogroduction experiments where these (o ( w)-<>ny )

decays were previously observed. This will allow us to

separate the events due to rho decays from the events due 'to
’ kS '

omega decays and measure their decay rates separately, swhich

could not be done in"photoproduction experiments.
Sy . y

)
For the reaction:

- T 4+ p -=> Meson + n »

.

»

we wused the data collected at Argonne ' National

Laboratory Zero Gradient Synchrotron in high statfstgcs
© .
éounter experiments E397, E420 and E428, using an 8.45 Gev/c
its . , M (
momentum pion Dbeam. We now proceed 1o give a detailed

overview of the data sample we used.

T

)




' from experiment E(397) only, contains 45577 events. After

/ . . q

1:0 THE "ONE GAMMA'" DATA SAMPLE - AN OVERVIEMW.

In the data sample where two:-charged pions and only one

gamma \1'ay were détectéd, the final data summary tape (DST),

L _ -;
all ad xtiona\ cuts to\ reduce background\ the f% Y

invariant mass Alot (Fig S5-10) shoﬁs no 1ndacation of y ==
\ .
+ - . ‘
Ty events. ahd has a clear\ enhancement at n~- mass.

Using this data we can: ,

4
a) Set a new wupper ‘limit fo the branching ratjgo

Br(w =>gmny ), and

b) Get a new high statistics measurement of the

branching ratio n” -=> oy .

c) Check for the existence of the resonance M(953)

P

[43, 44,451,

<

+ -
al w—=>1 7 ydecay mode:’

S

In the mass range 0.6 < M < 0.8 Gevc there is a

peak coming from events w o == {hfno Wwith one gamma

v

missing. There may be some w —-->7'ny €vents too in this
. 4 .

peak, but the branchxng’pﬁtio Br((g——>7ﬁ}'Y ) is found to be
much smaller than the particle data book upper 1limit
[Br(w-=-> n'ny < S%I1. We come to this conclusion by
comparing the o mass region with the ; mass region (0.4 <

-

M < 0.6 Gev ) in Fig.5-10; .
oYy '

10
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o (i) The branching ratios forn meson are:

’

1

Br{n-->rny) = 4.98% .

» Br(n-—=>wnn ) = 23.6%
! - {
]

v

AN

acceptance

‘i) Tﬁé ‘ratio for é}a events - the
acceptance of n  -==> n+n_#) with one gamma missing evgnts
(peak 1) d?vided by ﬁhe 4acc§ptance of n ——>1ﬁﬁ_y
evenis(péak 2) is (table 5-3) . ‘ i

R‘:CC z 0.017 o.?as = 0.378 .
f ' 2

‘and the similar ratio” for omega events 1s

- R ’
R::CC = 0.027 7 0.071-= 0.380 ) ’
- (iii) The branching Fatio for w —> otiT® is 89.8%

+ -
(iv) The “n 1y mass resolution at omega mass is about

o3
25% largpr than at eta mass. The observed width of.eta ;

meson is I,, = 15.2 Mev, which is equal to-the resolution at

eta mass, since the true eta width can be ignored (TTn =

0.85 Kev). The observed omega width would be

- o

T - (r2 412 >%: 20.6 M
. ow - ' Re Tu = 20.6 Mev

' by
where,rzy = 1.25 Lo is the resolition at omega mass

and T, = 10.1 Mev i% the omega true width.

-
. N .

A + - .
(v) The mass resolution for n 1 1 . With onhe gamma

miss,ing events is about the same for n and u region.

o

©

P

N T
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There are about half as many ——>1ﬁ}“y events, as n

+ -0
-—> 7

-

Considering (1),(ii) and (ii1) 1f theé branching ratio
. _ .

Br( w==>7"n w1y ) 1S tlose to 5% there would be about six
. , + - + - o0 . -
~times fewer w =->7m 7wy events than ¢ -=>7 7 7 with one
gamma missing events. Consideraing (iv) most of these events

would be concentrated in two bins, In this case one would

expect to see a separate peak or at least a bump at » mass.
Details are given in Chapter 5.

L3

b) n© --> py decay mode

The n” meson has been observed by a number of
e}perimenis [311-042], but these experimenis had fewer
statistics (only Danbury et al (38] had data °'statistics
comparable to ours) than our experiment and most of them

‘%DSEI‘UQU the n~ 1n a different reaction:

4

K‘p — An~ A
K—p . Eon'

fAlso some earlier experimental measurements [35,36,37)

w

disagreed with later measurements [38-42] of the branching

‘ratio of n° —=> 1#}'Y . We were able to make an
~

independent high 'statistics measurement of this branching

ratio.

12

o events with one gamma missing in our sample.

[~
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c) M(953) meson -
v

L)
-

Some experiménts [36,37 and 43] observed a meson at

k3

0.953 Gev decagfng directly into fﬁfy. In our data sample

1n the mass range of 0.8 < M1T < 1.04 Gev, all the events
- Ty

1n the peak around 0.95 Gev were found to be coming from the

'

py decay of the - meson.

r

2.0 THE "THREE GAMMA" DATA SAMPLE - AN OVERVIEMN.

In the data sample where two charged pi1ens and three

“

o 4
gamma rays._were detected we will concentrate on the study of
¥
the decays p (w ) —-—> ny » Ssince the decay n" -=> wy was

studied » elsewhere [4). Experimentally these decays were

preuipuslgyobserved ith a p (w) photoproduction experament
téOJ and .two model dependent solutions were given. 1In
photoproduction experiments the production mechanisms of D
and w mesons are the same (Uector Model Dominance), but the

w production cross section is an order of magnitude smaller
’

than the p production cross section (the coupling of ,, and

gamma wa = 1/3 % fyp ). This makes 1t very difficult to

separate the.- o and w decays from each other. In our

experiment the “p and , production mechanisms are different

( m+A2 exchange for p », and B+  exchange for () leading to

a different momentum transfer dependence. At large

gae s



\

transverse momenta tll' | >

~

0.4£Gev/c)2 1 w production

' dominates making it possible tﬁ separate the and -=>
ny decays. He simultaneously fitted the ny mass

? specfrum for two | t’] ranges (.['t’]| < .4 (Gevsc) 2 and | t’ ] >

.4 (Geuzé)f\) and the whole mass spectrum for the final data

sample (Fig!7-20) to the theoretical model [6) discyssed in

\ .
nppend:;\\g*\sk:: obtajined two solutions one of which agrees
\

with most of ‘the predictions (71-{29] and one of the

solutions from ~the previous experiment {30]. We cannot.,

however, rule out \}he ‘second solution because of poor

statistics at prese k. ' N
&_ , )
_ 3.0 SUMMARY . .
o We used dﬁlg the data’ from experiment E(397) when

studying the decays into n+n‘y . We di1d not need the data -

from experiments E(420) and E(428) since there was aireadg a

large number of events of this type in EC397}, and the

=

experiments E(420), E(428) were designed to handle - larger .

number of gamma [ayé/whxch improved the detection rate of
o '

multi-gamma events but worsened the experimental’ resolution
for the gamma momentum vector. ¥

-
. 1In Chatper 2 we.describe experiment E(357). Chapter 3
cantainé the details of data collection and analysis.

Chapter 4 .presehts the experimen%al resolution of the

=24 -—

Chapter 5 gives the experimental

-

apparatus for, E(397).

acceptance of‘the apparatus and the sgﬁeéiiégiofo the final
sahple of the ;ﬁ?—y events. In chapter 6 our experxﬁthul
s
/‘ '

/’ 3
14
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results for the radiative dhcags into ﬁﬁfy are presented.

.

In Chapter 7 we discuss the d;f#erences in the

apparatus of experiments E(397), E(420) and E(428), the

°

eff;cts of these differences on the resolution and
reconstruction programs. In this chapter we also studg,the
data sample with two charged Pions and t;ree gamma rays
detected, ?nd the experin{ntal acceptance of the apparatus
of such events for the experiments E(420) and E(428). Thé

inefficiency corrections are calculated in Chapter 8 and

J
Chapter 9 presents our experimental results for jﬁe decays

p Cwd) ==> ny . - . '

In Chapter 10 we discuss our conclusions.

[}
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1.0 INTRODUCTION ' A

r

The experimental layout of our charged particle and
3 ("‘!

gamma ray spectrometer is shown in Fig.2-1,. It was set up

to study, among other processesﬂ the radiative decays of
-
—
different mesons in the data subsets where two charged pions

and an odd number of gamma rays (1 or 3) were detected in

<

the process;

and . ;

- + -0
TP>T UWT YN
> YY

sora

The beam consisted of . B8.45 Geusc negative pions -

3
produced at the Zero Gradient Synchrotron (ZGS) at Argonne

National "Laboratory. The experimental target was a 16 inch

long, one nch radius cylinder of liquid hydrogen. The

recoil neutron was not detected and the direction and the

momenta of charged particles and gamma rays were méasured in
\ > .
%he spectrometer as described in the following sections,

8

1
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2.0 BEAM . .

“ The beam in thig experiment was a secondarg‘ pion beam

produced 1n the Extracted Proton beam II area of the 2GS by

directinb 12 Gev/c protons at a beryllium taréet. Negative

parficlis produced at 1.5 degrees were focussed ané’brought
| .

to the experimental area by a two stage system of quadrupole

and bend:ing magnets shown on the Fig.2-2.

-

The first stage consisting of thelbending magnets SB1i.
SB2, quadrupole magnets Q@1, Q2, bending magnet Bl and a
brass collimator., produced a momentum dispersed focus at the
position of. the beam hodoscope BH. BH consisted of seveﬁ
scintilation counters that selected'an overall 2.5% momentum

-

bite from the particles focussed at this point.

The ss;mnd stage consisting of th; strong bendiﬁg
magﬁet B2 and four Qquadrupole magnets Q3, Q4, @5 and Q6
recombined the momenta and focussed the beam on anti
counters BU1 and BU2, located 120 inches downstream of the
ﬁgdrogen target, where all non—interacting be;m events were

rejected.

S

The beam particle direction and position were
determined by four magnetogtricti;e readout spark chambers
upstream of the hydrogen target. A pair of anti counters
BHR+BHL vetbed all beam particles outgide of the one inch
radius diameter hole at the target. On the average 85x  of

A

beam passed within the hole. . .

17
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The contamination of Bther negative particles
Ci.e. W » K , ¢ ) was found to be; 5.0 + 0.4% for p ., 3.2
+ 0.1% for K and an insignificant amount of e . Table

3

2~-1 gives the summary of the beam characteristics.

7

3.0 CHRARGED PARTICLE SPECTROMETER

The momenta and positions of the charged particles were

which

the charged partacle spectrometer

me asured by
consisted of a set of five spark chambers on either side of

a wide aperture magnet (SCM 104) and was located immediately

The summary of the

downstream of the hydrogen target.

charged particle spectrometer characteristics -is given in

Table 2-2. The narrow width of the magnet (40 1i1nches) and

L)
closeness of }Bg spark chambers to each other and the magnet

ensured a good acceptance for the large-angle tracks. Two

of the magnet were rotated by 45 degrees

chambers upstremv
4 .

and two chambers downstream of the magnet were rotated by 15

v

degrees to eliminate ambiguities which arise from multiple

tracks.

‘ 4
Spark positions in the chambers were read out by
magnetostrictive techniques and 'a SAC scaler system
interfaced to CAMAC. Each plane could handle up to six

?
sparks.

®

including the beam chambers

In all spark chambers and

the chambers used in the gamma ray detecting system., a

mixture of 90% neon and 10X helium was used with ethy!l

o
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alcohol added to quench the sparks. The gas was purified
and recirculated by a carbon and, liquid nitrogen trap (The

Berkely Gas Cart).

At the beginning of every 2GS pulse tﬁe spec;rometer
thambers were triggered on a non-interacting beam track.
These events were used to update the spectrometer chamber
spati1al positions and the distance per scaler count for each
magnetostrictive rx?bon. These ¢ould change because of the

aging of the spectrometer or short term temper ature effects.

4.0 PHOTON DETECTOR

'S

The energy of the photons was measured using a system
of S6&6 lead glass Cherenkov counters and thei}"position was
measured with a system of a 1.6 radiation length lead
converter and three magnetostrictive readout spark chambers
closely packed together. Two of the tﬁree ’chambers were
rotated 2.5 degrees to resolve multi-track ambiguities. §7z
of the photons coming into the detector showered in the lead

producing tightly collimated showers with rms angle

approximately 0.2 degrees Ffor 1 Gev photon, [11, [3].

-
A

. Closeness of the first spark chamber (174 inches away from

od
the lead) resulted in these showers being recorded as a

single spark “in this first chamber and thus the shower
* \

‘tenter was accurately determined. The second and third

spark chambers supplired information for showers which were

<

missed by the first chamber and were also used to confirm

and resolve shower positions. The momentum vector of the

y
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photon-was obtained by joining the shower origin to

interdction point in the target.

the

The spark digitization for these chambers wii,performed

-by a Borer scaler-CAMAC system. The +first chamber
instrumented to handle up tg eight sparks and the second

third spaFk chambers could handle up to twelve sparks.

As in the charged particled spectrometer chambers

non-interacting beam events were used to wupdate

was

and

2

the |

the

’

positions of the gamma chambers and the speed of their

magnetostrictive pulses.

The symmetrically stacked lead glass array (Fig.2-3)

was positioned imme&:atelg downstream, 5 i1nches away from

the shower chambers. Each block was 10 'radiation “lengths

LY

deep (approximately 12 inches) and 7.5 inches by 7.5 inches

L]
Sin cross-section. It was viewed by a S inch photomultiplier

tube attached 1to its downstream face. A small hole 1n

~

array allowed the beam to pass through unaffected.

the

The

signal ‘from each photomuigiplier was fed into an-analdg to

digatal converter (ADC) and the digitized information
made available to the online computer via CAMAC. The
reading, after small corrections for geometrical losses,

proportional to the energy deposited in the block.

proportionality constant was a function of

¢ . -
photomultiplier tube gains, whaich were sensitive

fluctuating temperature. Two

.

procedures to monitor

was

ADC

Wwas

The

the

to

the

relative gain drifts between the tubes were used.’/The light

s

.
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output from a nitrogen laser was piped to each block via
fiber optics. To correct the sho}t term drifts, laser pulse
height data were recorded at the start of each 2GS pulse.
The offline analysis prograﬁ used this data to up&ate the
tube gains on the run-}o—run basis. As a check against lang
term drifts, energy spect&u were recorded for each of the

blocks twice daily, using sewveral thousand laser pulses.

This data was used by the online analysis program.

o
Gamma rays from T decays were used as a standard for

absolute calibraiion. The method which was used to

calibrate a lead glass block 1s outlined in Fig.2-4. The
¢
errors in  the T mass measurement mainly cz@e from the

gamma %nergg determination uncertaainty. Therefore, for all

two gamma events, for the blockshﬁhxch contained a.shower
center. a digamma mass distribution, summed over all the
other blqcks, was plotted. The ratio of the centroid of the
haistogram for a block to the actual ° mass“ was used to

correct the tube gains for that block.

$.0 THE TRIGGER

A system of scintillation counters combined with fast
electronic logec modules was desaigned to indicate the
qresence of at least two charged tracks and at least {mo
gammas in the detector with no charged particles or gamma
rays recoi1ling at wide angles. Later in this paragraph we
discu;s How we obtained oﬁr one gammB data sample from these

events. Ty
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This system produced a trigger that was uged to
initiate the firing of the spark chambers, the 'gating of the
gamma shomer ADC’s and tﬁe stoplng of the reéultxng CAMAC
inforymation. A simplified trigger diagram 11s shown in
Fig.2-S. The triggering system consisted of the following
part§ designated as beam, charged, gamma and anti. Khen

requirements of all these parts were satisfied the fast

logic initiated an event trigger.

it
The beam part required an interaction in the target:;

S1 x Bl % B2 % (BHR * BHL) x (BU1 x By2)>

A count in Si1., Bt and B2 means there was a beam
particle. No count in BHR and BHL means 1t went into the

target and no count in beam veto counters BU1 and BUZ means

that the beam particle interacted. #

The charged part required at least two charged

particles to be present after the magnet with at least one
S

particle leavaing the target at an angle greater than 4°;

L]

HOCY 1) % H2(y 2)

[l

A count in HO means the charged particle bent outside
the 1.5 xn;nes diameter hole centered on the beam, which
means that 1t had an angle greater than 4°, and a count in
at ‘least 2 of the 30 element scintilation hodoscope H2

indicated the presence of two charged particles.

22
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¥ The gamma part required at  least two possible gamma

3

showers to be present,.

GHF * GHR () 2)

¢

L]
M hoddscopes before and after the 'lead converter respectively.

' No' cbunt in a GHF 2lemert and a count in the GHR element

U

directlyafter 1t means that a photon had passed through the
GHF element and produced-a shower i1n the conwverter which was
! /

detected by the GHR element. The gamma part of the trigger

required at least two such no-yes combinations in the GHF

&

and GHR.

e T M RN S b o R T
T

Often, after the off-1ine analysis of the data, one of
these two no-yes combinations was proved to be coming from
different background reasons such as a S-ray from a charged
". pion going in the neighbouring H2 paddlie or a cosmic ray or

! electronic noise in the GHR counters, ﬂhe on gamma data

IR, it o

sample consisted of these ewvents.

The ant: part of the trigger rejected gamma rays and

3y WY AR ATy 6

charged particles recoiling at wide angles or mi'ssing the

acceptance:;

1 | AAL + AA2 + TAC ) 1) "

f °

' The aperture-anti counters AALl and AA2 were located

‘

{
g upstream of the magnet and were used to veto the events with
! .
f decay particles that would gocjoutside th%( geometrical
| ” -
i - a
i ( A ) acceptance of charge particle and gamma detectors.

t \ -
j 23
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GHF and GHR are two 1dentical 16-element scintillation,
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The upstream sides of these counters were covered with

0.25 inches of lead sheets to make them sensitive to gamma

rays as well. The target anti counters (TA) were used ‘to

<

reject gamma rays or <charged particles recoci1ling at wide

angles. ' v

q“"‘ e

The TA system consisted of four alternate layers of

>

0.125 inches of scintilator and 0.25 inches of lead sheets

on each of the four lateral sides of the hydrogen target.

T Pt o A ot Uk A S ks S e
.

To'/sfop low energy particles such as 6 -rays the target was
1

o tmete ratd,

surrounded by a 0.5\inches thick polyethylene (CH;) (before

the TA counters). The ant: part of the trigger demanded

no counts in either AA1 or AARZ and no more than

1 count in the TA system. All the TA counters vwere

latched to allow studies of the evenpt for which one

Table 2-3 lists all the counters of the trigger system.
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CHAPTER 3. DATA COLLECTION AND ANALYSIS

1.0 DATA COLLECTION . o .

Data collection was performed on a General Agtomatioq
SPC 16/55 computer interfaced to the experiment through
CA&A&. Each event consisted oi 260 16-bit words and the
collection system was capable of recording up to forty

events in each 600 msec pulse. All the data was r%corded on

magnetic tapes far later off line.,analysis.

N
N

v

About 30% to 40% of £ﬁe events were analysed online
during the t:me' between the machine'pulses. The ontine
analysis program calculated all the splark chamber
efficiencies and plotted the scintillation counter
particxpatioQ and lead glass block participation rate., thus
providing us with a wvaluable means of monitoring the
equipment performance continuously. Also the three pion
effective mass and the missing mass were plotted to provide

A

us with information about the useful data yield.

2

“rne non—interacting beam events and the 1laser ﬁulse
lead glass <calibration data were not used by the online
program., but were recorded on ‘magnetic tapes for off line

Y

use,

e
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2.0 DATA ANALYSIS ' "
P

All the events recorded on tapes were reanalysed on the

IBM facilities at McGill University, Ohio ~State University

and Unaversity of Toronto.

The offline analysis program used the same trackfinding

and fi1tting software as the online program.[ This track

’

reconstruction software consists of three basic sections:

the beam, the charged particles and the gamma rays and will

[

¢

be described in detail’ later. The offline ?rogram
progressaively wupdated the spark chamber fiducial positions
and pulse speeds on the magnetostrictive wands using the

non-interacting beam events. It also wused the laser

. calibration information to update the lead glass phototube

/
gains. For each month’s data, an absolute calibration for

these gains was done using the events with a neutral pion.

This has significantly improved the resolution of the

apparatus.

[

After all events weré analysed a sample of well

understood w (783) events with two charged tra%ks and tuwo

gamma . rays was selected. This was used to refine the

v

chamber orientations and lead glass phototube gains. The

ad justments to the chamber positions and the phototube gains

were obtained by weight:ng them to get a good kinematic fit
for each event., These new adjustments were Jlater used to

reanalyse all the events to obtain so called “tuned" events.

-

ihese were stored on the data - summary tapes (DST), From

26
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these DST tapes different topologies were

<

L

selected to study

different interactions.

In about 40X% of all events with two oppositely charged

pions, the offline analysis program has found less than tuwc
Fe)

real gamma showers (one or more no-yes combinations in GHF

and GHR counters were found to be coming from different

i

background reasons). About 15% of the- events the tuwo

oppositely charged pions were accompanied by three rFeal

gamma showers.

3.0 RECONSTRUCTION SOF TWARE.

The reconstruction software consisted of three 'basag
- A\
;ections: beam, charged particles and gamma rays.

-

A}
i.Beam:

The beam line magnetic optics were tuned to have pions

of 8.45 Gevs/c momentum for all the runs. However for -each

“

event the more precise momentum of the beam track was
determined accordi;ng to which BH counter detected it, The

direction and position of the beam track was obtained from

the beam spark chambers - using the same trackfinding
routines that reconstructed the charged particle
trajectories. Events with more than one beam track were

discarded and if the beam track hit two of the BH counters

its momentum was averaged.

o

|
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2.Charged tracks.

‘(m ) The mfi;nta of the charged particles were calculated
using therr trajectories. The trajectories of the particles

were reconstructed by searching for tracks within corridors

in~ space defined by the HZ hodoscope element dimensions, an
i

.imaginary grid simlar 'to H2 at the magnet center and the

hydrogen target. This method saved a considerable amount of

"time. - In these corridors the tracks were f:rst‘seakéﬁed in

i e T T e N PR
— o PRSI

the downstream y-view, then in the dolnstream x-view. To

further constrain the track candidates these tracks were

-8 N
crosschecked 1in rotated chambers. In each view a track was
\\< accepted »f 1t contained two of three. x or y . plane

- coordinates and one of the two u or v plane coordinates.

The track candidates with common sparks were pruned and lthe'

o

tracﬂs with lowest chi-squared wvalues were kept. The
upstream and downstream sections of tracks were then matched
at the magnet center. A common intersection with the beam

o 1

tracxvfor“%yo or mdre of the charged tracks was demanded to

occur within the hydrogen targgt. fxducfgr—.uolume. The

s particle trajectories were also corrected for bending
outside of the mignet caus}d by the strong fringe field.

e Fig 3-1 shows thg reconstructed trajectories for a
\+ three-prong event. The momenta of the particles were
determined by comparing the final \trajectorne; with a

fourteen term momentum'fugction that was developed (1] using

numerical integration of Monte-Carlo created tracks. A

-

detailed magnetic field map was available for this purpose.
(.- \
13 ) . ) 28
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~ This method of calculataing the momentum circumvented the

necessity of doing point by point integration in the

magnetaic field.

3.Gamma rays.

Fig 3-2 shows the gamma shower reconstruction flowchart
and fig 3-3 shows an example of a reconstructed event with

two gamma showers.

L4 (4

The gamma rays were reconstructed by first looking for
‘ )

a lead glass block where more than 30 Mev energy was
deposited. For each such block., roadg! were constructed
within which the gamma shower sparks were :&pected to he.
For each shouwer Egndidate a code ﬁord ((’score’) was

constructed which indic ated which spark chamber
N .

‘participated. A minimum of one Xx ang one y spark was

required 1in the first or second shower chamber and at least
one x or-one Yy spark was required in the next chamber.

The shower center was determined by the sparks in TMe=first .,

-

two chambers. . -

To eliminate amﬁiguities resulting from‘an overlap of a

charged particlie and a gamma ray. evengs with a shower

v

candidate within 5 1nches of an Q;trapolatéd charged track

position 1n the lead glass were re%ected. Two showers Qith
\ L] A
/ s
different ’“scores”’” had to be mo;g-fhan 7.6 «inches apart. If

they were less than 7.6 inthes apart the shower with the
'4 1
smaller ’score’ value was rejected. The showers with ™ same

Al

’scores’ had to be more than 4.0 inches apart., otherwise

' 29
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{ . i .
their energy was combined and the position was averaged,

The shower energy was determined by adding the energy

‘deposited 1in the blocks surrounding the shower candidate.

If two showers were next to the same block,. the energy in
that block was shared knverseld proportional To the square
of the distances of the shower centers from the block. Then
the overall energy deposited for each shower candidate was
corrected for energy losses in the lead converter, - around
the photomultiplier tube and‘in the 0.04 inch thick magnetic
shields surrounding each block [1]1. For' all events with two
or more showers, the two showers forékng an invariant mass

0
closest to the T mass were selected and put first and

second in the final analysis event buffer, in decreasing

o

order of energy.

]

*»
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CHAPTER 4. EXPERIMENTAL RESOLUTION

The partacle mémentum and direction measurement errors
were studied in ?etail by a previpus experiment using the
same apparatus [1]. Their results with minor modific;tions
due to slightly higher beam- momentum were used in our

J

experiment.

1.0 BEAN
The beam momentum error is given in Table 2-1

Apsp = 0.00S (FWB)

{
The beam slope errors were given by the expression

.

A6 (FWHM) = [(1.3%107% ) + (0.015-p2 *t1% rad

where the first term is the angle error due to position
me asurement and the second term is the error due to multiple
scattering of the beam particles in the target. Here p is
the beam track momentumrgxuen in Geu/9 and t is the number
of radiation lengths of hydrogen seen by the beam <track.

Tgpicalg for 1 Gevurc pion traversing the target A = 0,01

rad.

41
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2.0 CHARGED PARTICLES
G

The charged particle momentum error consists of the
.+ multiple scattering error of 2.8x (FWHM) and a term that

comes from the position error in the spark chambers

) A psp (FWHM) =z [(€0.02832 + (,11%p/P 21 %
beam

. The second term was obtained by extrapolating to the
appropriate moment'a the position errors caltulated for the
non-interacting beam tracks. The momentum error, for a beam
track of 8.45 Gevs/c, was found to be 9% (FWHM) - this
corresponds to a spark chamber position error of 0.04 1nches
(FMWHM), For two track events the position error w;s found

to be approximately 0.05 1nches, which corresponds to

momentum error of 11% (for p=8.45 Gevs/c).

The error in the charged particle angle measurements

was given by

@

. , .
A0 (FWHM) = [(0.0014)2 + (0.036/p)2*t34 rad

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

position measurement and is wvery small compared to the

second term, that comes from the multiple scattering of the
charged tracks 1n the hydrogen target. Here t is the
radiation length of material travelled by the charged

particle in the target.
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3:0 GAMMA RAYS

( . The gamma ray energy error was calculated by observing
the, symmetric decays of the neutral pions in the topologies
with two or more gamma ragsyﬁ‘Thé di-gamma mass is given by

the expression

M2, = 2%(1 - cosg )*E *E , = kx*E %E ,

Thus the fractional error pn the di-gamma mass will be

X
2k M /M, = [C6 E7E)I2 + (SEy/E 2210

When E, = E,
S MM 5 = 1//2 =5 € /E;

Using this expression the gamma energy resolution was

calculated by measuring the °  width for different gamma

energy bins. The gamma energy resolution (i.e. /2 x 3

mass resolution) as a function of the gamma energy was

fitted to the following curve
§E /E  (FWHM) = 0.0S5 + 0.175/ /—E_Y’ .

B The shower position error was calculated by tracking
electrons of wvarious energies through the apparatus. 7hg
* ~position determined by the spectrometer was compared with

the pos:tioﬁ found at the converter. The position error was

found to be

Ax (FWHM) = 0.35 inches.
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CHAPTER-5. FINAL EVENT SELECTIDN

1.0 KINEMATICS

'fiiﬁfﬁhe final data summary tapes. events that have one
positive and one negative charged track and one gfmma shower
were selected for the study of radiative decay of résonances
to the final sta:! w+n_y . The gamma ray and the charged
tracks were constrained to lie inside a one inch border n
each detector to avoid any problems araising from detector
inefficiencies around the edges.‘ The charged pion momenta

were -required to be at least 400 HMev/c to avoid the
0
reconstruction prablems for soft particles.
In our data sample the gamma momentum was cut at 700
Meu/g.- Contrast this with a cut of 300 Mev/c applied to the
other topologieswwhere two or more gamma rays were present.,

(o]
and where two gammas come from a 7 decay (or from an'

decay). In these topologies it is easier to reconstruct the

gamma energy using the neutral pion or eta mass as a

constraint. Hence a higher gamma ray energy cut 1i1s not
Id

necessary. In our data sample where only one gamma ray was

detected there is a large fraction of events where a meson

was produced with a more common decay into 1ﬁﬁ—ﬁ) system but

one of gammas from the " ~->Yy decay is not detected.
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In order to reduce the number of such events and also
to remoue the small contamination of ',y N* events (where
N* -:3@ n 7° ) which survived 1n spite of the target
anti-coincidence system, we also instituted a cut "lmc < 1.5

Ge%: Less than 30% of all one gamma events survived after
ba)

this cut. 4

el +_
Fig.5-1 shows the = 7 v ass spectrum ‘"1my) for the

events left after all the cuts (geometric and kinematic)

discussed above. Table 5-~1 gives the summary of these cuts,

All the events were then fitted to the hypothesas n—p
-=> n+n—y n with the missing mass constrained at the neutron
ma8s value. This procedure should enhance the signhals 1n
Fig.5-1 that are due to events which agree with the
hypothesis. F19.5-2 shows the fitted Mnn§ spectrum for the

data sample shown i1n Fig.S-1.

{séThefe are four peaks xg"FTa.S-Z. The +first peak at
apprbxi;aéglg 8.500 Gev comes from the 7 o decay of the
n meson with onel gamma fraom the 19 -—2 ¥y decay not
detected. It is lower in mass than the eta meson mass (0.55
Gev) because of the missing gamma. The -sec;ﬁd peak 1in
Fig.5-2 has become considerably sharper than the
corresponding peitﬁin Fig.5~1. This peak is at eta meson
mass and is due to bonafide n'ny decays. The third peak

in Fig.5-2 comes from ——>n+{ﬁf with one gamma missaing

events. It is at about 0.750 Gev. The fourth peak in

Fig.5-2 has become much sharper because of fitting and is at -
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approximately ‘0.950 Gev. This peak is due to the n+ﬂ—y -

decay of n~ meson,
’ \

The background events as well as the n, o ==> 71inn

events (with one gamma missing) will be discussed in detail

-

later in this chapter.

2,0 EXPERIMENTAL ACCEPTANCE

4

In order to understandithe-Batkgrounds coming from

n+n-#L decays of mesons with one undetected gamma Tay from

4

the « and also to find the acceptances of the apparatus
for such events and for true rad:iative decay (n+n—y )
events, the Monte-Carlo simulation programs described an
Appendix R were used. These programs used specified d o -/dt
and decay angular distributions to generate momenta of

particles coming from the reaction

-

m p —-> Meson + n
. + -
and the subsequent decay of the meson into n 71y or
* 4
ﬁﬂfm°. Then interactions of the charged particles or

v

gammas with the hydrogen in the target, and the decay of a
charged pion were simulated by statistically rejecting
events, using the cross-sections of charged particles and

gamma rays in hydrogen, and the charged pion decay rates.

In the Monte-Carlo program for the true radiative
decays for the events where no interactions in the target~

have occured and no pions decayed while passing through the
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detector, the geometric and kinematic cuts of Table S-1 were
applied. 'The acceptance of events surviving these cuts was

calculated. and also the 4-vectors of these events were

stored on magnetic tape fior later processing.

A

In the Monte-Carlo program, where the meson decaged
into 71 %° , for all the events where the charged pions did
not decay while passing through the detector, or did_ not

interact in the target we proceeded as follows:

A

1. If only| one gamma interacted in the target, then

L4 [

.

the geometric nd the kinematic cut§ uwere applied for the

charged pions and the gamma that did not interact 1in the

target.

-

2. If neather of the gammas interacted i1n the target,

then the geometric and kinematic cuts were applied on the

charged pions and each gamma separately. I+ these cuts m@re.-

satisfied for both gammas, *loss’ of a gamma ray was

simulated.

The acceptance of the events where both charged ‘pions

and one gamma ray survived was calculated. and the 4-vectors

0f these particles were stored on magnetneftapes for later
processing. Such tapes were made for the reactaions

corresponding to all four peaks in Fig.5-2,

To be able to compare the spectra of different
variables calculatfd from the 4-vectors in these tapes with

R

the spectra of corresponding variables calculated frods’ the
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* 4=-vgctors 1n the data summary tapes. we smeared the momenta

and directions of the particles from the Monte-Carlo tapes

’ according to the experaimental resolution and then fitted to

- + -
hypothesis ® p ~-~> 77 yn with the missing mass constrained -

N |

‘ i

at the neutron mass value.

By comparing the different gistributions obtained from
the Mogte—Carlo generated d4-vector tapes 1i1n the way
described abouve with the corresponding experimental
distributions, we were able to'understand the backgrounds
better and to find new cuts (on momenta of charged pions.,
gamma ray energy and missing mass) to decrease the number of
backgrou;d events compared to the radiative decay saignail.
The det;:led study of these cuts will be made in a later
paragraph. The experimental acceptance will be the product
of <the acceptance for the events written on the Monte-Carlo
4-vector tapes with the fraction of events left after the

final Cuts. The acceptance,tjaq true radiative decay

Monte-Carlo’s have alsp to be corrected for the gamma ray

nhot being converted i1n —the lead converter. This 1s

necessary to be cconsisgent with a background simulating
Monte-Carlo program, where the conversion efficiency of the
Lead Converter 1s being taken into acco%nt. when simulating

the “loss” of a gamma ray. \

.
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3.0 CONVERSION EFFICIENCY OF LEAD CONVERTER

The gamma conversion efficiency is highly dependent on
the effective cutof+f energy for observed secondary
electrons. This cutoff energy is dependent on the position

of the conversion 1in the converter and the energy and
emission angle of electrons, and 1s wvery difficult to
measure. Therefore, tﬂ? value for the single gamma
efficiency was taken as %he‘aue::ge between an upper limit

based on pair productions, and a lower limit from published
&

Monte-Carlo results.

Using theoretical pair production cross section the
conversaion efficiency upper laimit 1s gaven by (55] ’
1 - exp{-uo(RL)} —

Y

where RL 1s the number of "radiation lengths of

converter and

‘

where b = €181nc183%z /371 : -0.0069 for lead and can

be ignored as i1t is negligible.

For 1.6 radiation lengths of lead converter the upper
limit forf conversion efficiency will be 71.2%. The lower
limit was obtained from published Monte-Carlo  results for

photon showers by Messel and Crawford [56]. The secondary

cutoff energy for our detector lies somewhere below 10 Mev

€11, From the shower tables a value of 62.9% is predicted

o [}
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for a 10 Mev cutoff. We Abelieve the parameters of our

;hstem lie between the two extremes, therefore the average

was taken (67.1 + 4.5)% with a systematic error covering the

W,

two liMmits,

4.0 STUDY OF THE BACKGROUNDS

o As already discussed 1n prejious paragraphs of this
- chapter, most of the background in our sample of the data

(with two charged pions and one gamma }ag detected) comes

from the 1 p --> 7 7 7 n events where one of the gamma rays
- from the ™ -->vyy -decay was not detected. A gamma ray

k]

’ would not be dgtected because of one or more of the

following reasons: ’ -

a) The gamma failed to be accepted because of the
geometrical acceptance of the experiment. These are mostly
soft gamma rays at large angle w{th respect to the o°

\

momentum vector.

~ b) The gamma ray did not get converted in the lead

converter.

: c) The two gamma rays went too close to each other and

were seen as one in the spark QHGMDEPS and in the lead glass
N~

arpay.
We have also i1nvestigated the possibxligg ‘of a gamma

ray from the > having less than a 5 inch distance from the

charged pion and being eliminated by out geometric
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(ﬁ ) found that Qhe'fraction of the gamma rays "killed"” because

-

cut - thus leaving us with a background One gamma event. We

¢

g of this particular cut is very close to the theoretically

calculated probability of a chafged pion producing a § -ray

in the

shower candidate that was less than 5 inches away

and got

v

)

5 asdm_ae

“Killed"

lead’’ converter.

- than five

eliminated.

ray from the ;°

decay events'mith a

inches away from

being near a charged pion.

/

About 75% of charged pions had a

from it

There 1s a 3% probability for a gamma

It is not

because of being near /' a charged pion).

- possible to separate this background from the true radiative
6-ray produced by a charged pion less

it (both have a shower candidate

Instead

this background as eas:l%/ taken into account in the

. + -9
- Monte-Carlo simulation of tH@ LI B ]

o .
T missing events. //

R,

; created

Fig.5-3

tut after thHe one constraint (1C) fit requiring

0.9396 ?gu.

amoun

decays

o8

reaction m p -->

/

P 3
by noise/ in the detectors., cosmic rays or

show

-

+ -

the 7 7y mass spectrum with EY

with one gammﬁ from the

Besides the backgrouhd coming from the reaction n"p -->
+ -
Frnn theré may /lsc be background:- coming from the -

T n accompanied by a spurious gamma

§ ~rays.

K These ,.events can be eliminated by a high gamma energy cut.

> 1.5 Gev

M H
rec

In this plot there is less background than in .,

the corresponding Fig.5-2, but’°there still is a considerable

+ -
of background that comes from 71+ events: These

can

¥
% events have to
i

be

A

be eliminated befqre the true

\

Py

radiative

'studied., This background comes mainly from
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- ¥ B .
n p=-~> (n Orw 3n o, ) €i) .
+ - 0
>7TTwTT - -
Ly ' -
. T p-=>A N CGii) -
| .+ 2+ ”
+ 0 % - -
R -
, > 7w . . -
‘ : s vy
- + o+ ° .
TR ==>p wN Ciii)
I, 5% o0 )
+ m
|+YY K
< [
p ==> .po 2 n .
. B Ca- ' '
i + -
\ s ”lr w
.- *
T p > &N Civy .
| o+ J ’
+ 71 n
¢ - 0 }
' [ - 7T 0 /
) I'*YY
— J * ° ‘»‘A
7 7 p-=>" N° )
' 3 |+~n r . -

i 4 s A

O

There may alsoc be background events with an n == yy
decay rather than a 1° --> |y decay as in _the reactions

w . .
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TR -=>n°n ‘ (V)

l->n 1r+11

In each case one of thg gamima rays will be -missed for,

> Yy . g , .

P

the reasons enumerated above,.

. ou
-

The first and third peaks in the Ty inuariané»wmass
plot come from the reaction (i) %Hd the "flat” background s
due to the rest of the reactions.The réa;tion (ii), where
the background is due to an A2 decay with dne undetected
gama ray, 1s mainly reSponsfble for the background at higher

masses (M > 1.Gewv.).
nmmy

-

In al! these reactions the gamma energy spectrum will
peak slightly lower than in the true radiative decay events
since one of the gamma rays that comes from the " decay
was not detected: Thus the gamma ray energy cut E& > 1.5

Gev has reduced the number of such events too.

i

In the. reaction (iv), since rho mesons are being

s

produced dominantiy by pion exchange, most of the background

of this type should disappear by making a low transwverse

.
H

momentum cut:

"’l = lt > 0.2 iGeu/c)Z' f PRI )

- !’min'

Also in all the reactions the energy of the gamma ray

|4
which failed to convert or failed to be within the
- geometrical acceptance of the apparatus will be added to the

neutron energy. So a high cut on'the Kinetic energy of the

44

. e ba A o

S e A 6 0T

PSR

P

CaniiNiok

2k,

A edarent ofE




PR BT T e

B

Y

g B

e
St

i

P e

Pt ®

5 . e e

a

(i

b

e -k e e A e s e

R ST -

*

missing mass TMM { 0.22 Gev ‘TMM is approximately equal to

|t'|/2m ) should also reduce the background coming from the

reactions (i-v). The walues at which the cuts were made ~ on

the | t’ | and T were found by comparing the true radiative

MM

decay Monte-Carlo., n+n_f) background Monte-Carlo and the
o

data spectra for |t'] and T for different peaks in Fig.5-3

MM
and also for all the data from Fig.5-3.

Fig.5-4 shows the 1C fitted M spectrum with the cuts

[t | » 0.2 (Geusc)r? and Ty € 0-22 Gev.

Now we compare the Maoante-Carlo single particle spectra

and data for the charged pions. Fig.5-5 and Fi1g.5-6 shoh»‘

the experimental and Monte—Carlo kinetic energy

distributions for the posaitive pion correspondingly for the

[

n=-> my decay. Fig.5—-7 and Fig.5-B8 show same

-

distributions for the n~ =-)mry decay. The Monte-Carlo
spectra are normalised to the pumber of ewvents of the

corresponding data spectra. The average Tcharged pion

i

kinetic energy in a background event 1s lower than in a

radiative decay event since a gamma ray was "lost". Also in

+
the reactions (iii) and (iv) where the 7 is produced at

the recoil wvertex (with small|[t”) it is expected to have

N

+
considerably lower kinetic energy 'than the = coming from a
radiative decay event. As expected in Fig.5-5, 5-6, 5-7 and

5-8 one can see disagreement between experimental and

.

o .
Monte-Carlo charged pion energy spectra for low energies

(T _+ <+1.6 Gev). Fig.5-11 shows the 1C fitted M

?
spectrum with cuts on ghe charged pion kinetic energy T _* >

my
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1.0 Gev. The comparison of the Fig.5-9 with the Fig.5-4

shows ‘that cuts on the chaﬁged pion kinetic energy have not
;nlg reduced the backgrounds in the n -->wny and n” ==> py
regions, but also reduced consaiderably the backgrounds n, w
- 171 with one gamma ray missing. As in the high gamma
energy cut, the cut on charged pion energy has reduced the
nudber of all backgrounds (1-v) because the charged pions in
these reactions (especially in reaction v) have lower

o

average energies than in the true radiative decay events,.

The last cut we made to reduce the backgrounds was to
demand that the x? probability of the 1C fit_ xgmb > 0.1
. .The %% probability is the measure of how close the

missing mass is to the neutron mass, i.e. how well the

events agree with the final data sample (with all the , cuts

discussed above).
’ As 1t can be seen from Fig.5-10 in the mass region "nny
< 1.05 Gev all background except the backgrounds of the type

o (nand o -->n+ﬁ;$ ) are reduced to negligible amounts.

e - -

In the mass region H1my > 1.05 Gev/c the background
comes mainly from the reaction (ii) and since the A, has‘a
large width ¢( rAzf 0.102 Gev) these background events cover
4 wide mass range. This ﬂakes it impossible to separate.
from the background coming from the reaction (ii)f possible

f -=> py radiative decay events [(9.10,461. Also since our

experimental acceptance decreases for high H“WY values we

< 1. 7/c .
will study only the mass region M Ty 1.0S5 G,v
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Tabile 5-2 shows the number of events on the original
DST tape (with the cuts from the table 5-1) and the number

of events left after each stage of the cuts. .

L

" after all the cuts, only about 10X of all events
have suivived. The peak to background ratio in the n’
‘rtgionvhas improved from 2.7 in the original DST events

(Fig.5-2) to 11 in the final data sample (Fig.5-10),

<

Table 5-3 gives the Monte—Carlo calcul ated acceptances
for the different backgrounds (n, w -—-> 717 #° with one
gamma missing) and different possible radiative decays (n.

ws 1’ ==> mmy > after all the cuts from Fig.5-10 were

P

+..
applied. The acceptances for the radiative (77 vy ) decays
after all the cuts are approximately 3 times better than the

+ -
o decay for the same mesons.

acceptances for
L

Different tests with Monte-Carlo simulation programs lead us
to believe that the error in the acceptance calculation is

7%. This includes the error for gamma ' conversion

efficiency.

Since we were not able to eliminate the nffﬁo ‘(with

one gamma missing) background, we will have to use

Monte-Carlo simulated background spectra in the fits to the

+ -
data 7T 7Y mass spectrum.

o

We now proceed to study this Monte—-Carlo simulated
background to get an estimate of its stability and

reliability.
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S.0 STUDY OF THE MONTE-CARLO SIMOLATED BACKGROUNDS

. o .-
In the Monte-Carlo simulation programs of the 7 n°

(with one gamma missing) background, in the sect}ons where
the generation of the d-vectors is done, the geometric,
kinematic and trigger constrains are applied, the charged
pion(decag in flight and the charged pion and gamma ray
interact:on in the target are simulated, the physics of the
reaction and experimental setup are explicitly taken into
account, In the part where the simulation of loss of a
gamma ray is done, when both gamma rays survive the
geometrical cuts, qne has to go degond the arguments used
there to estimate the correction factor made by the offline
analysis program. In these events the detectors have seen
only one gamma'' ray, but both gamma rays have deposited
energy in thé lead glass, The off-line analysis program
made a correction assuming that there was one high energy
gamma ray instead of two lower energy gamma rays in the lead
glass. We tried to estimate this correction factor used by
the off-line analysis program by fitting the data Wf{} mass

*
spectrunm and Monte—Carlo simulated mass spectra for

+ -0
NypWw ==> wmwm (with one gamma missing), where parameters

-

i

were used to calculate the fraction of energy deposited by a

gamma ray in the lead glass as described in the Appendix A,

Fig.5~11Ca-f) show the results of the fits where
different fractions of energy deposited by a gasma ray were

used in the Monte-Carlo program for each plot, when the tuwo

gamma rays were close enough to deposit their energy in one
48

A ——— b

e

5 5 GRS * 1oty vt 3 R LAY o




B T T S

S S

frx ) f

lead glass block. In all these plots the o —=>n 1 1°

(with one gamma missing) Monte~Carlo mass spectrum fits well
with the corresponding data sﬁectrum, but the more sensitive
n =-—> 1ﬁﬁ_n° (with one gamma missing) Monte-Carlo mass
spectrum peaks higher than the corresponding data spectrum,.

Therefore we try to estimate an overall gamma energy

correction factor for all ’‘detected’ gamma rays (even when(

the two gamma rays were not close enough)’ to obtain better
fits for thef‘n --> 172 7° (with one gamma missing) peak and
see how this affects the w mass peak. This overall gamma
energy correction factor is used in addition to the

parameters used to get the best one of the above fits

(Fig.S-11c).

This is shown in Fig.5-11(q-J;, where in each plot a
different overall correction factor was used. Again the
fits in the w mass region di not change significantly.,
while in the : n mass regio? the Monte-Carlo peak gets

av

shifted to the correct mass and beyond.

All this leads us believe that the o --> = n1° (with

one gamma missing) Monte-Carlo nmy mass spectrum is not
very sensitive to the gamma energy correction factors. All
physically meaningful gamma energy correction factors shift

the centre of this peak by less than S5 Mev (half channel

width).
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We decided to use the parameters which give the best
fits to the omega mass spectrum (i.e. parameters from Fig
5-1ic), since we were not interested in studying the eta

Mmass region, where other experiments have better statistics

and resolution,

In all the above fits gaussians were used for the
bonafide N -) "+fw radiative decay events and for possible
w=> fﬁfy decay events, and in all of them the number of
w =-> ﬁﬂfy events was found to be zer;. ”He want to be su;e

that this limit is not due to some calibration

uncertainties. We make the following observations:

+ -0 )
(i) We already saw that the w => 7 7T T (with one gamma
missing) background peak can have less than 5 Mev shift

(possibly towards higher masses) when we demand the correct

™%

¢

n mass location.

Cii) The fits to the n —> 77 Y peak give eta meson
mass identical to Particle Data Book value, but the fits to
the n”"~-> oy peak show that the eta prime nison mass in our
experiment is about 3 Mev less than the Particle Data Book
value. This means that the omega radiative decay peak could

‘b; shifted down by maximum 3 Mev because the "N~ and ® are

$0 near to each other in mass.

L]
(iii) There could be a worse case scenarios when the

+ -~
background and radiative T T Y pc?§fiff;:§ﬁ}¢tod relative to

i

each other.
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Fig.5-12a shows a fit where omega background peak is

shifted down by one channel (10 Mev). There are 106 omega °

radiative decay events in this fit, but the Xgmr of this fit
is 2.01, corresponding to confidence 1imit of less than

10" which is unacceptable. In fig 5-12b we have shifted
the omega radiative decay peak centre down by 10 Mev (the
background peak is not shifted). 1In this fit there are 16
radiative decay events and the x2 per degree of -freedom is
1.1, but. from (1) and (ii) we know that 10 Mev mass shift is
very unlikely. Therefore we argue a very high level of

- + -
confidence for the limits we quote. for the w =-> T TY

radiative decay. —
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CHAPTER 6. EXPERIMENTAL RESULTS

i S e e e e e e o e e

Using the number of events due to different reactions

’ in the final sample of events presented in Fig 5-10 a number

of quantities can be obtained for the radiative decay of
I

mesons.

We get the number of events due to different reactions

by fitting the spectrum of Fig 5~10 (MmIY < 1.045 Gev)

with;

1) The Monte-Carlo generated mass spectra for n -=>

4+ -0 + -0 . .
nrn and w —-—YwwTw with one gamma missing events,

2) A gaussian for the n —->n'1y events,

3) A gaussian for o --> 171 y events, "
.4) A gaussian for g -=> py events and

5) A parabolic background.

Fig 6-1 shows the results of this it in the region

M”Y < 1.045 Gev. According to this fit the number of

' events in each channel are:

N =
30 291

135
n*ny .
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N yp3y = 1271 8-1)
N ysrmy = o
NT]"*O'Y = 434 s

with a confidence limit (C.L.) of BO%. In this fit it
is possible to allow for a non-zero number of radiative

decays of omega meson as follous:

J
N yspqy = 25 With C.L. > 90x
N ysrgy = 50 With C.L. > 96%

Fig.6-2 and 6~-3 are fits of experimental gamma energy

. .
(E.> and 77 invariant mass (M1ﬁﬁ—) to the Monte-Carlo
generated spectra of E,Yand M #}— for different contributing

cthannels., scaled to the number of events (6-1) calculated

from the f£it to Mvjn—and a parabolic background. The good

agreement between the experimental and Monte-Carlo EY and.

M _+ - distributions gives us additional confidence that the

- backgrounds in our data are understood.
. T -~

Now we proceed to study the radiative decays of

different mesons separately.’

Since all the decay modes of the eta mesbn are very
well studied we will use the events coming from n —--> f}—y
decay (the second peak in Fig 5-10) as normalisation for all
the 7™ ry data sample. MWe can do this since the cuts

discussed in chapter 5 have left us with a data sample that

has close enough gamma energies and charged pion momenta for

. 53
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the n+n7y invariant m{sses of interest. We thus expect to
ignore the mass dependence of the experaimental corrections
1n the mass range of interest. For the n+n‘y data it is
difficult to estimate accurately these corrections since
most of this data was collected with a "two gamma" trigger
(demanding two no~yes pairs at the gamma hodoscope), one of

which was found to be spurious by the off-line analysis

program.
We will concentrate on two mass ranges:

1) In the mass range 0.6 < H"TrY <0.8 Gev., we study

w ==> mmy decay mode.

2) In the mass range 0.9 < M““Y < 1.0 Gev we will study

the decay n--->py . Also we will check for the existence

of the resonance M(953) [43,44.,45)]. 1

-

1.0 STUDY OF THE DECAY , ==> mmy

.
1 J—

The charge conjugation quantum number for the [, meson

1s Cz-1 which 1implies that the decay w -=> niny  is’

electromagnetically allowed [481. MWhile the decay u--> 1’y
proceeds as a .magnetic dipole (M1) transition, the lowest
config;ratxon for the 2 7y decay is realized by an electric
quadrupole (E2) transition with the two pions in a relative
S state. The magnetac d;pole transition with two pions in a

P state cannot occur in the decay w—->(2n+y because of the

following reasons:
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(i) If both pions are P-s{ate-

s, they cannot be in
uucause' two identical, spin O bosons (obeying Bose

stat:stics) have to have even space symmeiry (1:0.2,...)

o

(i1) When  ==> n+{} the charge conjugation quantum
numbers for . and 717 system are; CCy)z-1 " and
C( {ﬂf):P:(—l)L. Since C(w)z+~1, the charge conjugat:on
invariance of electromagnetic decays will allow only even |

°

+ - + -
values for the 7m 1 system to make C( 7 7 )z+1.

0
Also since w has isospin equal to zero (@U:O). in thas
decay the two pions are restricted to the isospin zero

state. This determines the following relation {501;
+ - 0 0
T'Ctw=~>7m1many ) 22T Cw=> 17 vy)

to

Different models are wused in ref. (48, 49,501
calculate the width T T( w->7ry ). All these models predict
an upper lamit for branching ratio Br(w->nmry ) which is
considerably smaller than the existing experimental upper
limit [Br( u=->nnyl < 5%1. All the models usi/ the width

PCp=->7y ) ta calculate the width of the w —-=> mry
radiative decay. The theoretical predictions for the width
Fcp=->mny ) «(ref. [7-29])) do not agreeqjy h each other and

also with the particle data book value for TCp =>17y ). A

recent experiment [51] has obtained a Vvalue for T (p=> 71y)

. 7

which 1s close to some of the tpépretical predictions.

Since the value of the width F(ﬁ/£> Ty ) is not certain, an

estimate of the width T ( w~> wry) using the models from ref

[48,49,50] cannot be made.

e i e

v Sentiote i
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Using our results (6-1) we will set a new upper 1limit
for the branching ratio(/ Br( w =)y ), Our result can be
compared with the models from ref. 48,49,50 when the wvalue

for the width T (p =>7y ) 15 more definite.

The upper limit for the branching ratio of the decay
. + - ‘ .
w==>1T Ty is found 1in the following way;

+ - 0
. N + - Accuw>»m wm. 7m )
+ - ¥ -

Br¢ w->m 1 y)=Br( a=>n 0 )L TY

+ —
+ - 0 [PV | B | B
wHT Mom Ace( Y )

and N + -~ 0

Using the number of events N + -
WwT Ty w>T T

‘o

obtained from the fit to the mass spectrum and the
acceptances Acc(uw - > 7 r° ) and Acc( w->nTmy ) from the

Table ?—3 we get;

-

-‘6_ 3

Br(w->nTmy) < 0.67% ¢ C.L. > 90%X)

~

“This value is almost an order of magnitpde sm;ller’than
the’ previous upper limit (5%5 for the branching ratio
Bri(y->nny). It is alse closer to the thecretical
predictions (49,501 1f we use the most recent experimental

value for the decay width p -->my .

2.0 STUDY OF THE DECAY n~ ==> py

The radiative decay n” =-> py Occurs via M1 photon
emission. The quark model theory of such decays . is
described in Appendix B. Different models predict different

values for rn,+pY ranging in wide Vimits between 10 Kev and

64% Kev [61-[29]1. The models that predict M1 decay rates of

' | SR
other mesons in close ag?ccnrht with experimgntal values
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tref. [ 7,8,9,10.16,24,28 J) predict a value between 77 Kev
and . 150 Kev, Experimentally this decay has been observed

many times (ref. [31-42]). Ref. ([31-40). have only been’

able to measure branching ratios of different decays of the -

-

n" meson. The particle data book value for n~ --> By

@ N
o Y

branghing ratio 15 29.8 * 1.6% . - )

a e e

. ]
This would maké the theoretically expected tgtal width

-

. Fn’ to be approximately 500 Kev, which is tog small

Gp

PR

[P S e

compared with experimental resclution of all the experiments

o

} M . .

in ref, {31-40].

D.M.Binnie et al [41) measured the total n~ width,

by observing threshold production of g mesons in the

react:on Tr~p -=>n"n. In this experiment the resolution 18 Do

small enough- to allow the extraction of the n” ‘£§on total

1

width from the observed width.

)

o l
G.S.Abrams et al, the JADE Collaboration and the CELLD

N t

Collaboration in DESY (421 observed 'n” mesons jn the two
A - <

photon reaction “~

+ - ‘ A}

4
ee -=dyy ee —~-=>" e e

#

Here the production cross section 4is proportional to

the n" ——>yr partial width and using the branching ratio

L.od

value they calculated the total widih. Our " experimental

i

N B L S oS AL oo AR s B e P i AT i A oA L VR Lot WA AR N P K e =

resolution is also not good enough to measure the'width Fn,.
but since it is a'hign statistics cguntcr experiment with
T . Y

very little background in n’ mass region (Fig 6~4), our
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experiment will provide é significant, indegendent
me asurement of the branching ratio Br(z--<> 5y ). Note
that there is a disagreement between the wvalue of this
br anching ratio calculated in the earlier experiments
(35,36,37] and the later experiments £38,391,and the only
calculation of the branching ratio with data statistics

compatible to ours is made by J.S.Danbury et al [38) by

observing mesons produced in the reaction K_p -=> 1A .

The branching ratio Brin“—>py )} is going to be
calculated by normalising it with the number of nq
: [ '

-—> {%'y events in the same sample of data. This is better

-

' ! + - ‘
than using n~ ==> nnan events from the two gamma data
. '
YY
sample of ‘our experiment, since the experimental corrections
for the event topology with one gamma and two gammas are

different. For n ~-=> n+n—y and n" ==> py these

‘corrections will cancel if we ignore the expected small mass

dependence of these corrections. - Thus o
+ - Ace(nn 1 y) N(n*) \otOt( ) !
Brin” =>py )=Br(n->n 17 y ) i X N ot n (6-2)

Acc(n”~+ py) ﬁ(n) o (n7)

6% ¢y > and o™ ,-), the total " and n” production
cross sections, are " obtained from our experiment as
described in r;? th?]a The acceptances (Acec( N ->n+n—y ) and
AccC1=> py ) are calculated by the Monte—Carlo programs
(table 5~3), and Br(n ->1ﬁW—Y) is taken from the particle
data book. Substituting all these values,into (6-2) we will

2

get:

v
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Br(n-=>py ) = 30.8 #4.9%

Dy

The error ‘includes the 7% error for the ot°t

) and

UtOt(n') from [47), acceptance error of 5% (ref. L471) and
' ]

statistical error for N 4+ - and N | . Our wvalue for
nnomy n-=+ py

the branching ratio Br(p-=>,y ) 15 in excellent agreement

with the particle data book wvalue aé well as with the values
obtained by Danbury et al [381 and Jacobs et al [39]. In
all calculations so far the umny peak at 0.955 Gev  was
considered to be due n”=--> py decay. Now we try to siudg

o

this further. '

P LS

No

'gs.o THE M(9S53) MESON

Fig 6-4 is the distribution of "nny for all events with

rd

M + - in the p-band, ,i.e. 0.65 ¢ M < 0.85 Geu. Fig 6-5
mTw -n+'n_

is the same d{étribution but with M;#w_ < 0.65 Gev. Fig 6-6

is the Monte-Carlo ™ ﬁﬂ; P-wave Breit-Wigner distribution

from n° -->py saimulation.

The ratio of number of events in the peak at 0.955

Gev in Fig 6-4 and 6-5 is consistent with the ratio in Fig
6-6 of the number of ewvents mjth 0.65 < M1ﬁﬁ— < 0.85 Gev .and

the number of ewvents witﬁ M"+“- < 0.65 Gewv,

This shows that almost ‘all events are accounted for. by

-

the decay mode 1n° =-=>py . We do not need to postulate a

-

particle M of mass 0.9%53 (as in ref. (36,37 and '431)

decaying directly into 7 1y . )
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CHAPTER 7. CHANGES IN THE APPARATUS AND

- T . S S . S G TS > s S S G Sy S S e G G G ALy G A G S ey S S ———

+ -
FINAL EVENT SELECTION FOR 7w m 3y TOPOLOGY

1.0 KINEMATICS

The radiative decays of mesons into wy and ny can be
studied using the sample of events where two charged pions
and three gamma rays were found. To select a sample of

events for this study we have applied the same geometric

cuts of Chapter 5 on all the detected particles. The

) kinematic cuts on the <charged pions and gamma ray not

associ1ated with the f were also the same as for the
selection of the WT;Y events (Table 5-1) for the reasons
discussed in chapter 5. The two gamma rays that come from

the =° decay do not need to have such a high energy cut

(0.700 Gev) as the bachelor gamma ray since their energy

—\

calibration can be checked by looking at the .m mass

spectrum. We applied a 0.400 Gev cut on these gamma r ays.
In this topology there <can be three types of background

events;

1. m p -=-> Meson + n

+ -0
> T T

) L vy i

accompanied. by a ‘s;uriousw gamma ray,

“y

é1
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2. ®7p --> Meson + n

- +-0 o0
’*TT‘IT‘HTIT

+ Yy
|*YY

with one gamma ray undetected.

- *0
3. mp ——> Meson + N o d
I+ o
~ 0
x -mT W I+ Yy
& > Yy

with one g¢gamma ray undetected.

fo decrease the number of events of the type (1) a
missing mass squared cut of Miec > 0 Gev? was applied., and
to decrease the number of events of the types (2,3) the cut
Miec < 1.6 GevZ was applied. Table 7=1 shows £he summary
of the cuts for this data sample.

Most of the events selected in this way were found to

be coming from the reaction

1« —=>n° n ]

+ -0 °
>mmw

oy
T

or a background associated with the o meson. This is
because our experimental acceptance of n+i39 invariant mass
is considerably larger in o meson mass region than in q
meson mass region. A detailed stydg of the n”-->wy decay

is done elsewhere (41. .

We want to separate events where the 1r+1|‘—‘rl'o form an q

@

meson to study the radiative decays of rho and omega mesons

into ny. Using data of experiment E397 in a preliminary
. —

]
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study of the events with n 7 1° invariant mass in the n
meson mass range only 6-7 events were found that could come

from plw) ““)rw decay.

To collect morelmulti-gamma events '+ (events with more
than two gamma rays) there were some changes made in our

experimental apparatus to increase the multi-gamma ray

detection efficiency, and two new experiments (E420, E428),

were conducted.

* -

~

We first study the chamges in the experimental
apparatus, corresponding changes in analysis programs. and

the effects of these changes on Epe~data.

2.0 EXPERIMENTS E420, E428
Lay Experimental apparatus.

As compared with the experiment E397 discussed above.,
the following changes were made to the beam, charged track

and gamma ray sections of the apparatus: .

1. Beam:

To remove the late beam particles, a 10 finger
hodoscope (BHiO) 1located immediately in Ffront of beam

chamber 1 and rotated 45 degrees to the normal was added.

2, Charged particle:

63
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The charged particle spectrometer was the same except
§ - that in the charged particle part of the triggering system

the HOscintillation counter was replaced by a Proportional

! Wire Chamber. In the previous experiments the HO counter
could not detect charged tracks leaving the target at an

angle less than 4 degrees. This was cutting out a fraction

of low transverse momentum events. .

The Proportional Waire Chamber (PWC) was hardwired into

16 independent strips, whose respective widths were chosen

by Monte-Carlo simulation to maximize the trigger rate for

F

ii

all transverse momenta. It served as a 16-element hodoscope ;

e AL
- e

and demanded that only 2 or 3 charged particles be detected.
The PWC helped avoid triggers caused by back-scattered
particles from the lead converter in the H2 hodoscope. The

. PWC is described in detail in Fig.7-1.
3. Gamma ray:

In the gamma ray detector more lead was added to ;

increase the conwversion probability of the gamma rays.

-

X allowing us to detect more multi-gamma events, In front of

T Y

the first gamma sSpark chamber the lead converter thickness

o

SRCSS

was increased from 1.6 radiatien lengths to 2.07 radiation

lengths (0.5 inches). In addition, an aluminum plate (used

o S e

as support for the lead) contributed 0.1 radiation lengths.

Also between the first and second gamma spark chambers there

1
d
i

_were added additional 1.14 radiation lengths of lead (0.2S

inches) and 0.07 radiation lengths of aluminum. The total
H < ‘v
! . LA
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conversion probability of this assembly.for one gamma ray
was B89%, instead of the 67% canversion probability of the
previous experiments. Also more Borer scalers Were added to
handle 12-16 sparks (insted of B8-12 as before) in each plane

t0o ensure high effaiciency for multi-spark events.

«

b) Data anaigsis

A larger event buffer (328 16-bit words) was necessary
for each event after the chénges 1in the trigger requirements
(2 or 3 charged trackg) and the apparatus for the gamma ray
detection system. Both online and .offline analysis programs
were modified to use the information in the new buffer, but

the event reconstruction techniques stayed the same.

) At the tuning stage a different method was used to
A
finetune the charged particle momenta and positions., A
quint{c spline fit, descraibed in detail in reference [3] was

used. This method improved the charged track resolution by

20%,
c3 Experimental Resolution

After the fine tuning of the data, the experimental

resolution of the beam and charged track momentum and

position were found to be the same [3]., but the gamma energy

]

resolution was changed. Because of the extra lead
. ¢

converter, more energy is lost in the converter and the

fluctuations in the 1lead glass are bigger. This made the

-

reconstruction of the gamma ray energy more difficult,

U e e e ——— A AL
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As in previous experiments the gamma ray energy error
was obtained wusing the di-gamma mass spectra for different

gamma egergg bins. The energy uncertainty as a function of

energy was fitted to the following form [31;
AE/E (FWHM) = 0.073 + 0.181/ /E

The gamma ray position error did not change, since at
the first shower spark chamber, where the shower position 1s
mainly determined, the showers are not spread wider than in

ors

previous experiments.

3.0 ANALYSIS OF THE REACTION 7 p =-> nyn

From the data collected in the experiments E420, E428 a

sample of events for the study of the reactions

Tr—p =~=>p Cwln
=+ ny
was selected using the kinematic and geometric cuts

from the Table 7-1 and the cut Mﬂ+f%p { 0.65 Gev to enrich
the sample of events where the n+f7€ came from the ' eta
decay. Fig.7-2 shows the nn 1  invariant mass spectrum for
these event; with one constraint +Fit requiring v vy

12

invariant mass to be equal to neutral pion mass (HY Y H
1'2

0.1349 Gev). After the 1C fit in Fig.7~-2 a sharp peak can
be seen at eta meson mass. Fig.7-3 shows the invariant mass
of 1’y (hereafter called M_.. - The shole spectrum in
Fig.7-3 peaks ground 0.8 Gev. However this cannot be taken

to be a significant indication of p ( w) signal. We first
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try to find additional cuts (to be described in the section
5.0) to reduce the background *low enough, to be able to
study radiative decays p (W) -->ny . As before ope of the
ways of finding cuts will be the comparison of Monte—-Carlo

simulated spectra to the corresponding data spectra. We

also did a three constraint (3C) fit to this data sample.

requiring;

o]
A. Y)Y, apvariant mass to be equal to ™ mass (M
12

©0.1349 Gev)

2. Missing mass to be equal to neutron mass (M =
rec |

0.38396 Gev)

[o]
3. nmonow invariant mass to be eQual to eta mass

(Mn+fnf = 0.5488 Gev)

This procedure sharpens the peaks that agree with the

fit hypothesis and does little to the background spectra.

It is important to remember thﬁ;%/; e réconstruction
programsh have ordered the gamma rays so that the first two
showers come (with higher probability) from the n with
energies’ in decreasing order (EY > EY ). We have also
found that invariant masses of Ylyz ;nd yzyj contain only
about 10% of all’no’gmfnd we will take this into account in

the end as an experimental correction.

L

3
= P
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4.0 EXPERIMENTAL ACCEPTANCE

For the study of the data sample where three gamma rays

were detected we modified the Monte-Carlo simulation
programs simulating radiative decays of mesons into ﬁhfy
(described in Appendix A) to simulate the interactions
f_p -=>p Ww)n
I* ny
l+ TI'+11—1TO ¢

And to take into account the changes in the apparatué
(i.e. the PHWC instead of the HO counter).

The 4-vectors were generated using the same routines

described in Appendix A. Then the interactions of the

charged pions and all three gamma rays with the hydrogen

target and the decay of charged pions in flight were
simulated. For the ewvents, wheré all the particlei//y/
survived, the dgeometric and Kkinematic cuts were applieq/

The 4-vectors of the remaining events were stored qy//a

magnetic tape and the acceptance of such even é: was

calculatedu™,
‘e — -
o f

The 4-vectors

from these tapes were meared wusing

experimental resolution and 3C fitte to obtain the

experimental resolution of inematic wvariables.

3

different

Also the spectra .of different variables at different fitting

steps were compared with corr:jgp ding spectra from the data

sample to bhelp us find ditional cuts to separate the

pCw) =-=> ny decay decay from the

raddtive

events
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We will discuss the additional cuts in the next

background,
'paragragﬁ{’ o

he experimental acceptance of the rem;ining
) -—>ny(ﬂradiative decay ewvents will be the prﬁduct of
the accgpignce of the events written on the MHMonte-Carlo
4-vector tapes with the fractjon o% events left after the

final cuts.

S.0 STUDY OF THE BACKGROUND .

As already mentioned, two major ‘tgpes of backgrounds

) +
are possible in the three gamma data sample (events with 7 ,°

m and three gamma rays detected);
\' 4

-

- + -0
1. m p -=> Tr'n'non

k ‘ l* YY
with one spurious gamma.ray (created by the noise in

the detectors or the analysis programs).

2. Tr—p - 1r+1r-1ro1ron
l*YY
-YY

e

with a gamma ray from one of the ™ ’s not detected.

The detailed discussion in Chapter S japplies to the

cr

threg. gamma data sample as well in.so far as gamma ray
. e " - T "'! o . | ,

detection is concerned. 1In the case of one gamma data we

made a .high gamma energy cut to eliminate background with a

Spuri1ous gamma ray and to reduce the number of ewvents with

one lost gamma ray. In the case of the three gamma data the
o
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gamma energy cuts cannot be so high, since the average gamma

5 U e aE T

energy is smaller innthxs data sample.
‘ . $

Figures 7-4, 7-5, 7-6 and  7-7 are the Monte-Carlo ~

simulated 3C fit gamma ray energies and 1° energy (EY ’ EY
’ 1 2

X

. » E v ' E .©) respectively for the reaction;
¢ '3 : . ,
' - E

T p -=>pn. ’ .

H

Figures 7-8, 7-9, 7-10, 7~-11 are the same distributions

S tad e

for the three gamma data sample. From the comparaison of ;
¥

these figures we can se%\that except for EY spectra (7-6

: <, 3
and 7-10) the data spegjra and corresponding Monte-Carlo

spectra look very similar. There are no obwvious cuts for

“

E_» E_ and E that can eliminate background without

B i W

losing many radiative decay events. L

o L e s 3

° From the study of one gamma events we already Kknow,

R

that one of the reasons for‘"losinq" a gaﬁﬁa ray is that it
L. went in the same lead glass block with a “seen'" gamma ray,
making its energy highfr. On the other hand if in ; k
background event one of t;e 1 ’s c;me from an N* decay and
the gamma ray from the other 7 was’ “lost” then we would

s

have an event with a low energy 7° and thus low energy vy . 3
1 ;

and vy . To minimize backgrqund with two gamma rays i1n the
2
same block we should make cuts\on high side of the Qspectra

‘ in Fig.7-8, 7-9, 7-10, 7-11 anld to minimize background with

— R —— e —_— —

——

] .
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an N we should make cuts on low side .of the spectra cin

s

these figures. . . -

s

For EY ’ EY and E{) we make wvery loose cuts;

1 2 Pig
. 0.6 ¢ E < 3.2 Gev _
. - .Yl - :
6.4 ¢ E_ < 2.0 Gev ( ’
o 'Y B I’
: 2 )
- " 1.0 < E < 4.5 GEv
Y Y ~

1 2 . . - -
5 .3

1
since they are so similar to Monte~Carlo spectra.

For E the comparaison of Fi1g.7-6 and 7-10 shows there . "
Y
3 ’ ..
is larger number of low energy ydfs.xn the data sample. .
* ¥
These Yy ’s could be coming from an N  whose décaying g

lost a gamma ray or they may be spurious. To discriminate

against these events we make the cut \\\\“
1.0 <:-E < 4.5 Gev "
Yj —
. In this data .sample there are only 1265 events ,
{F1g.7-3) and we have to make a compromise between a very
. .
tibht cut and statistics. We also have to make a‘cut arocund °
the n mass to reduce a large fraction of background, where
the n» 7 .1° do not come from an eta meson decay. i
M+ -0 1C < 0.60 Geu :
. Tw W
, v ¢ N
Fig.?7-12, 7-13, 7-14 and 7-15 are the M r M+ <0
. ‘ Y1Y2 TA W
M+ -0 1C and Mmes (the invariant mass of ntr 7°y ) spectra -

[ B L B 1§

respectaively after ali, 6 the above cuts. Fig.7—-16 is the M’
- mes

spectrum after the 3C fit with the same cuts. Fig.7?-15 has
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an enhancement around 0.8 Gev which after the 3C .fit
(Fig.7-16) has become a sharp p—w peak. In tﬁfs data sample

there still is a large number of background events.

&

From Fig.7-12 it 1s clear that we need to make the cut

0.105 < MY y < 0.165 Gev to isolate events with a wo in the

¢

12
fi1nal state, and from Fig.7-14 one can see that a taighter

-

M "+{HP 1C < 0.58 Gev cut can be made to reduce background
not associated with eta meson. Fig.7-17 is the Mnms 3C fit

spectrum after these cuts.

Fig.7-18 is the missing mass squared (Mrec? ) Speczrum

after these cuts and Fig7-1B8a 15 the Monte-Car.lo simul ated

[}

3C fit (Mrec? ) for the reaction

T p—>pn " o ' .
-

+ - 0
+TAw
. 0

<

Fig.7-19 is M recspectrum“onlg for the évents in the

plw) mass,region (0.72 < "mes < 0.88 Gev). For these evénts
H L4
one can 'see'" a separate nelutron mass squared peak. From

these plots it is clear that we can reduce most of the

background with the cut;

’

0.5 < M2 ¢ 1.2 Gev? )
rec N

-
v

VoL :
Fig.7-20 shows the "més 3C fit spectrum for the final

. v

data sample with all above cuts. 1In this sample there are

152 events with very little background around the p (w) mass

region. ‘

-
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Table 7-2 shows the number of events in the original
data sample (with the cuts from Table 7-1) and the number of

events left after each stage of the cuts.

To obtain the numbers for the p » w -=-> ny radiative

decays we calculated )

(1) the experimental abdgeptance, which after including

all the cuts discussed above is:;

0.0565 + 0.0004 (7% error)

i
0

(11i) correction factorsfor the event losses ‘uue' to
different factors like gamma conversion in the spectrometer.,
gamma failure to convert in the lead glass, chamber
inefficiencies, trigger losses, etc. . We will study these

factors in the next chapter.

-
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CHAPTER B. INEFFICIENCY CORRECTIONS

o 1 e . o e . o o St o S v o e T S e e s i it o e e o

&
kS

Table 8-1 summarizes the inefficiency corrections +for

. the apparatus and the reconstruction software for the 3y

data. This section discusess these correctibns.

i

1.0 GAMMA RAY CONVERSXON UPSTREAM OF THE LEAD CONVERTER

4
\ f

The loss of events due to gamma rays conuertiqg inside
the hgérogen target was included in the acceptance
calculation. The loss due to conversion along their

1

trajectories towards the, converter was determined Oby
calcu&ating the amount of material traversed by the
gammas.  The effect is due mo;tlg to the presence of the
spectrumete} chambers that coﬁtained aluminum and mylar
sheets. From the known collision lengths in aluminum and

aylar the probabilitg of conversion of two gammas was

‘calculated to be (9.8 x 0.9)% [11.

¢

—r

For three ganma‘euents‘it is simply (14.3 %= 0.32)%.

[

LY

2.0 EVENT REJECTION BY GAMMA HODOSCOPE

In Chapter 2 we saw that an event trigger was initiated
if at least two “no-yes" combinations were found in the

paired gamma hodoscope. A backscattered .electron from the
v 3

lead glass or a charged track near a gamma ray., seen by GHR,

Wwill cause a loss of a "no-yes'" pair. This problem was

’
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invéstigated by a previous experiment [1]) with a samplé of
2500 «° events taken with a weaker trigger requiring only
o;e "nog~-yes' pair. The efficiency of this trigger was
greater than 99%. With the traigger demanaing two "no-yes'"
pairs the loss of a good 2y event was experimentally found
to be (12.2 % 0.6)%. The loss ©0f a 3y event is much
smailer since to reject a good 3y event two of the three

“no-yes” combinations should be lost. We calculate the loss

of a 3y event in the following way:

Let P be the oprobabi1lity of losing one “"no-yes"”

I3

combination., Then 27vY ewvent will be rejected if one or both -

s

"no-yes" combinations were lost with probability;

o

Px(1-P) + Px(1-P) + PxP = 0.122 (measured)

. 0.122 = 2P -~ P
C . P = _ 0.063

To reject a good 3y event any two of three or all

.

three ''no-yes" pairs have to be lost. The probability of

E

this happening will be;

PxPx (1~P) + PxPx(1-P) + P*Pk(1-P) + PxPxpP

= 3P2 - 2P3 3> 0.012
, o &

Thus the loss of a 3y event due to the gamma hodoscope

trigger requirement is (1.2 # O.f?gf . .8

s
W
<t
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3.0 GAMMA SOFTWARE RECONSTRUCTION FAILURE

For 2y events 1000 events were handscanned on a CRT
display by means of, an interactive program that permited
operator determination of gamma showers. The softuware

reconstruction inefficiency for 2 y events was found to be

. (2% 2)%.For 3y events 1t will be (3 £ 2.4)%,

4.0 DIGITIZATION SCALER RUNOUT

The possib:lity of losing a gamma shower due to an

insufficient number of scalers in the experiments £420, E428

was studied using the 4y data [31. Thars was done by
ploting spark poesitions for the Y-plane. A scaler runout
would result|{ in depletion of negative y-position. The

y—~position for 100,000 showers was found to be symmetric

about the orig:n. Therefore the carrection for digitization

scaler runout .for 4y events was found to be negligible.

7

For 3y events this correctjon should be even smaller.

’

5.0 GAMMA PARTIAL CHAMBER INEFFICIENCY

i
*
~

This 1s a time dependent correction and since largest
fraction of our data had two gamma rays, the reconstruction
program calculated theleffnciencg of each chamber and the
gingle gamma .efficx;ncg for the 2y events at the end of
each run., usaing the procedure descraibed in Appendix C. The
single gamma efficiency for all 2y events was found to be

0.986 + 0.002 .

76
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For three gamma rays the efficiency is expected to be
smaller since the same charge is distributed among more
sparks. The single gamma efficiency for 3y events was

— .
calculated [4] using a sample of

n P -=>uwyn
.
events with the same method as described in Appendix C.
The single gamma efficiency for these events was found to be
0.98 = 0.02 . The net efficiency for the oy evénts 1S

¢

therefore é.941 + 0.04 . MWe use this number for the gamma

chamber efficiency for our sample of v events since these

events have saimilar gamma energy spectra and same number of

gamma rays as gy events.

6.0 CONUERSION EFFICIENCY OF LEAD CONVERTER ' ’ ,

P

The éamma conversion efficiency for ny data sample is
estimated the same w?g as it was estimated in Chapter S5 for
the one gamma data. In this experiment the converter is

3.38 radiation lengths. ' Using this number we get an upper

1imit of 92.8% and a lower limit of B4.6% for the conversion.

efficiency of this detector. Averaging these values we get

(88.7 £ 4.5)% conversion efficiency for one gamma ray. The

conversion efficiency for 3y 'is (0.698 = 0.061).
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7.0 BEAM CONTAMINATION

Y
- - \

At B8.45 Gevsc, (2.0 + 0.6)% muon contamination was
found in  the beam, by measuring the amount of beam that
trﬁuersed t;ree feet - of steel. Kaon contamination . was
estimated at 0.6% (publaished yield curves [57)) and electron

contamination was estimated to be negligible.

8.0 CHARGED PION INTERACTION IN DETECTOR

- Using the known cross sections of mylar, aluninum, etc.
with pi'ons, the probability of losing a pion is found to be

(2. + 1.)% [(3). Thus, the probability of losing one or both

pions 18 (4.0 + 1.4)% .

9.0 CHARGED SPECTROMETER INEFFICIENCY’ ° .

This is a time dependent correction which was handled
by the reconstruction software (Same way 3as the gamma rays).
This factor was taken into account by the "offline"” software

in the calculation gf the effective beam.

/

4

10.0 EVENT REJECTION BY TRIGGER

In this experyment the charged track part of the
1') -

trigger demanded that two or three H2 scintillator elements

be hit and the anti part of the trigger demanded that no TA
<

element be set. To study the effects of these constraints,
1N a previous experiment, 20% of the data was collected

using “loose” trigger requirements, demanding one or more H2
’
! 78
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counters to be hit and allowing one TA to be set. The
fraction of events lost ’due to different triggef
requirements was found by tightening the trigger
requnrementé rwith software. We used the numbers given in
the study of the 4y data ;f our experiment [3]. The 165s
caused by the HZ2 requirement was found to be (8.1 + 0.5)% .,
and the loss caused by the TA requirement was (15.6 + 0.14)%

. The systematic error in the fraction of events lost due

to TA requirement covers the t-dependent fluctuations of

»

that correction.

The overall loss of events caused by the trigger

requirements is

(24.4 = 1.4)% .

I

11.0 OTHER CORRECTIONS )
* — B

Losses due to scintilation counter inefficiencies
o
(cracks, etc.) were calculated to be (3.2 % 0.8)% by

interactive scanning of 1000 events on a CRT.

As mentioned in Chapter 7, (10 % 1)% of °'s are lost in

Yy and yy combinations.
13 23

”

We ignore losses due to S§-ray creation ‘inside the
target, since :‘there was a half-inch layer of polyethylen

surrounding the target to stop low energy particles going

into the*detectors.
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12.0 SUMMARY

2

s ) The final overall correction factor
calculated to be
- . o
n ¢(1—-C.)
i i
= 0.342 £ 0.050 .
-
&
_ ~
J
\
3

for the 3y data is

it

E)



T T ST Y R G v+ ) R A S p T o e A

O

o

differential cross section for the process

dHAPTER 9. EXPERIMENTAL RESULTS FOR THE WIDTHS I'C(p W)=->ny 1

-
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In this chapter we will the data .sampie
Fig.7-19 to calculate the widths T (o =>ny ) and
I' Cw ->ny ), o
1.0 THEORETICAL DISCUSSION.

The decays p (w) -=->ny are Mi transitions. The quark

is described in Appendix B.

model theory of M1 transitions

Appendix D has the calculation of the ratio R =

and ' the

using SuU(6)., Appendix E gives the

r s 7
p > ny w *ny
TP ~-=>nyh with

mass range, with narrow

the p(w)

ny invariant mass in

resonance approximation.

B

T,
Frwﬁr/(BB) and (D2) - the theoretical quark mode]

predictions are

—t

rw'*nY

H 2 2 H

= UZ = { L] and L1 N 0
T u 3

p~+ 0y ne

Many different models [7)-[29] predict values for T

between 16.7 Kev

between O.17 Kev and 32 Kev and for -

i r
and 138 Kew. Exper imentally I} - ny and w > Ny have been

measured from photoproduction of © and © mestns [301, where

two solutions were given;

from

e

a

w *ny

e

Qﬁwﬂuuﬁwmame

e e e i
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o

TCp =>ny ) = S0 £ 13 Kev
:,;,':&

and .

. 2.5 °
(o {ny} 3.0 _ 1.8 Kev

’ 2

assuming the G »p-) ==>rny relative decay phase is

~

near 2zero: or

rdp =>ny) = 76 £ 15 Kev ' o

|
s P \

and . .
(w =>ny > =29 ¢ 7  Kewv

assuming the decay phase is near 180 °

[

In photoproduction experiments it is very difficult to
separate the o --> nf decays from the p —->ny decays since
rho photoproduction dominates omega phofoproduction by an

order of magnitude and the t—dependcnce'of the production

cross section is the same,

¢
1

In the reaction r p --> npyn total , production still
dominates. However the t-dependence of the production cross

section is different for rho ( g%-m e?-5% , 1 + A exchange

d -
[53)) and omega ( E% n tme 65t » B + p exchange (11)

because of conservation of G-parity. Hence o production
1

bxceeds $ production for |t| > 0.4 (Geusc¥ .

(3

e etvdm s
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2.0 EXPERIMENTAL DETERMINATION OF T (p=>ny) AND TG =>ny)

ra
In order to ‘determine the values of T » T and
p >+ ny wrny .
the sign of M /unp » (E3) must be transformed to a form.,

where all quantities are experimentally measurable;

/dt

do /dt do /dt do
p W p-w

2
d‘tlgm=1-x-r+ + R2 + 2R
Y |w |2 |BW |2 |BW_|2]BW |2
P w o} w

X

; T
X r’(BSln(bp-w + Ccos¢>p_w)

where R = unw / uno - A, B, C —are terms “depending on

I3 ~

masses and width of p and w and ny Mmasses;

u m (m?___mZ) 3 - .

A = S LN | .n
m m(mz—mz)
PN m2 _4m2 3/2

- (m2_m2 .5 T 2_.2y.
B = (m mw)mpl‘p - W + (m mp) mI‘w (2)
2_12) (m2em2 m, [m*-4my 2
€= mem)mim) - Wl m T m7—4mn
dop w/dt and ¢p w are p—w interference cross section

and production phase respectively calculated from ref.(531,
where ‘these wvalues uwere me"asured in P - w interference
experiments by comparing the cross sections for the

- + - + -
reactions 7 p-=-=> 717 n and ¥ N ==> T p for beam momenta

a

of 3, 4 and 6 “Gevrc.

Within experimental errors, from reference [53] and

[S4]1,the interference cross section is;

do ‘/dc do
p-w 1/ _p
) dt dt dt

83
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and the phase is close to - 7-2° and does nat wvary.,

within statistics, with beam energy. This is good ' enough for

the accuracy we need.

-

The dop/dt‘was extrapolated to 8.45 Gev/c -beam momentum

< o?k " Pi§g25 [543) from the values given in ref (53] and

dow/dt was extrapolated from beam momentum 6 Gevrsc to 8,45

Gevrse ( o£°t'w %;§'38) from ref.[11. Since our experimental S

.mass resolution 1s larger thanm w width, to be able to fit,

J

the form (1) to experimental mass distribution, we smear (1) & 9

using a gaussian as a resolution function in the following !

>~

way; e

2

do (m) - do(m’) . 1 '
{dm dt} - I{ dmdt R T (3
exp theor .

where

s

1 e-(m—m')2/202 - i

Y2na

As integration limits we take + 30 ,» where ¢ is our

R(m - m’) =

experimental resolution. ]

Since we know that at small transverse momenta ¢|t’|)
most of the events in our sample come from p~=>ny decay
and for larger |t’] most of the events come from w --2 ny

decay we separated the data sample into two |[t’ | bins

0 <|t’|< 0.2 (Geusc) and 0.2 < [t’|< = (Gewrsc¥

54
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and fitted all the data and those in the two |t’| Dbins

'simultaneouslgi to the integrals of the function (3) over

T .

corresponding |t'| ranges. We left the fraction of

differential cross sections for p or production in

different [t’lfbxns as free parameters in the fit and since
A .
we knbw the value of these fractions theoretically we used

the }esults as one of the measures of reliability :of *the
fits. Statisti;gl limitations of our final data sample
forced us to conclude that a fit of the functions (3) and
N s .
a polynomal background to the data vy spectra for different
,t'{ bins s?multaneouslg was not wvery reliable and many
solutions for the parameters were po;51ble. We fixed the
polynomials in tn&se solutions and used the other parameters

.

as starting values in an event by event maximum likel ihood

fit. Ve used the obtained pa}ameters in ax?2 fit with free

polynomials again and iterated this process until the fits

agreed for both procedu}es. These proceduré; converged for

®

two different sets of parameters. Using the values of these
parameters, the acceptances and the experimental correctaion

factor of Table B-1 the. widths I and the ratio R

. T
Py wmy

=y were calculated to be;
o np i “

T = 50,73 t 15.80 Kev (31.1% error)
p =+ ny
(i) T = 14.63 1 8.25 Kev T (56.4% error)
w * ny N

R = 0.537 + 0.126 (23.5% error)’

.85
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15%. (’

‘ = °
or e
(75 py® 2473 £ 7.89 Kew. ¢31.9% error)
¢ii) Ty~ nys 10.74 = 6.49 Kev (60.4% error)
* R = -0.695 ¢ 0.169 (25.6% error)

The x° per degree of freedom in both solutions is less
than 1., In both sclutions the fractions for P and w
production differential cross sections were close to each
other and to tAQoretical cruss. sections, and also the

‘experimental resclution for our ny data mass spectrum (Hmesf‘

was found to be; o

OR = 49. + 8. ) N

The major part of the errors in our calculations of the
decay rate are due to correlations which are partly
reflected in bad ny mass resolution. If these
correlations were artificially set to Zero, then the final

error is due to our statistics only - this amounted to about

-~

\ A

The fits for the M ny"spcctrum for all the data (all

't’|’s) and foé the large |t Qin give a‘slightlg smaller
x> wvalue for the solution (i), than for the solution (i}),
but for the small |[t’]|’s the #fit to the spectrum has a
snall;r x2 value for the solution (%i). Since the spectrum

with all the data has‘approximatclg twice the statistics of

the ’pti}::§:°r<th' |t*| bins, the solution (i) seems toc be

~
rr
.
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preferable. The solution (i) within errors agrees with most
of the thcorctical/prcdictions from ref (71-[293, and also

agrees with SU(e). Solution (i) ;iso igrees with one of the

-two solutions from a previous ‘experiment C303. .

P~

However there are some models (ref.[22,27)) . in which

the sign of R is not discussed and within errors-both of the

v

solutions could agree with these models.
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CHAPTER 10. CONCLUSIONS L.
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LY In our study of radiative decays of nonstrange mesons

we obtained the following results: : .

1. We set a new upper limit for the branching ratio of

+ - .
the decay w =--> m Ty which is almost an order of

magnitide smaller than the present value in the Particle

+ -
Data Book (Br w — 7m 7 y< 5X)., .
3 . " &

This result cannot be compared with pre;!nt theoretical .
predictions, ([48,49,501 since all’ tneﬂmouélsluse as input
par:;c{er the decay rate P -~>TY for which there _is no
rtliabl;‘ experimental measurement. It, hﬁuoucr. the most

recent méasurqnent of the,decau rate P L-) wy [51] is used

-
[}

in models of references [49), (501, our upper limit for the
branching ratio of the decay uw --> fhf& falls within the

range predicted in these models.: This could be an
> !

indication that the recent value of the decay rate

L p ==>TY {511 is a reliable measurement. As an aside, it

gﬁould be noted that in _.almost —every theoretical model
- - - » . .

)

[7-29]1 the pr!dict}on for this branching ratio ¢ ==>7TY was
considcrablg.d%f&nrcnt tby about a factor of® two) from

previous experimental measurements (see Particle Data Book

* value). The recent measurement of this decay rate is, of

!

cource, considerably closer to these theoretical

if '
{ ) . 88
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.predictions.

. 8

' s 3

¢ ¥
] . k:
. X

2. He obtained an ‘independent high statistics ]

measurement for the branching ratio-Br( n-> oY ), which is
in excellent agreebent with more recent measurements [(38-42]

o:/this tiranching ratio. .
) - ®

3. MWe observed the the radiative decays o0 (w )==> ny

3
2

in the reaction

-, -
. 4

T p -—> p Cwdn ‘
—r ny
for the first time; and measured their rates. Bec ause
- of our poaor statistics the fits to the ny mass spljirum ,
‘converged for two different sets of decag rates. One of

"these solutions is very close -to most of the SU&S)

predictions, and to one of the model dependent solutions

-~

. obtained in a p ( w) photoproduction experiment [30].

VoA ¢

[

This result can be improved upon by a future high
statistics experiment, observing  the reaction
T p —=>p Cuwdn that has a high resolution '‘gamma ray

detector. In this connection it should be remarked -that our
. ™ ‘ )

earlier experimental! apparatus (before the addition of extra

lead) could, in principle, collect -enough statistics of .

p Cw)=~=>ny events in a long run. to obtain a meaningful .

o
.

selection between the two solutions presented in this

thesis. This is s0 besause the addition. of more lead

. _(;7 ) .o worsened the gamma energy resolution, The greater

: . . - - ‘ £9

9y
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statistics, hence the smaller statistical errors, gained by

LY

higher conversign probability,” were overpowered by the
errdgrs due to correlations'as refiécted in, sig. the bad

n} mass resolution. The trigger in an experiment ;f this
sort_shopld demand events with three possigke gamma rays and

twoe charged pions after the magnet. Me concludé by stating

e

.that if such an experiment leads to unique solution to the

p =2 ny and w =>ny ., that copfirms our first solution,

r

and if the decay rate for p==> Ty obtained by S.M.

Flatte et al [S511 is also confirmed by another experiment.

then it will] he possible'to state that all thé& radiative

decays of Tight quarks u and d agree - within (10-15%) -

' with the quark model as suggested 'bb N. Isgur (71, to

mention one - among many of the theoretical workers in the

field (see ref [B.9,10,16,24,281).
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‘ APPENDIY A. THE MONTE-CARLO SIMULATION OF THE DATA *
= , - :
. . ) 4
. N

9

'fo*ge able to calculate™ the branch%pg ratios of differ-— .
Ly

-

ent rad:ative decays the number‘qf such detected events have | p

'
~ a

to be corrected 'for losses due to the cuts and constraints - M

of Table 5-1, and the 4ddditional cuts discussed in Cnaptér‘ s
5. . . N . ' .

’~, ﬁonte—Carlo simulation prograﬁs were written to ‘calcu- 3
lgte these cérrect:ons for d;ffesent'radxatlve dec ays that - a
were poss:gie candidates 1n the s;mple of gdata with 71 and .é
a - éamma ragrdetected. Monie—Carlo simul ation program; w;re ' 3
writtén also for the possible background interac{xons wherg‘ . ]
. . ]

m 7 and .two gamma rays were produced but only one gamma,was

detected. These programs helped to understand and separate

such events from true radiative decay events. \j -,

'
s

All the Monte-Carlo simulation programs used as input .

masses generated for the produced meson Mmes( N, W, n’b) and

.

» Pl

‘ \ ,

Since nw and n“mesons have narrow widths their ~ masses

s -

were generated in the sidple Breat-Wigner form;

) ) \ (A1)

- -

o\
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-
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. : Then the decay of the particle with-the mass M __ 3 A
t ! ' v “ ! . c 4 1%
' '. r: - . \ °
A ‘ haadiend D+ - »
. ‘ A Y Mot My o (A2)

Wau

R R e e SR

[

equal to zero for the

W

was saimulated, where ﬂ3was ‘either
9

~

\

+ - ,
’ m Yy decay ‘of the meson, or equal to .the neutral pion flass . ~
‘a - . . + -5 R - . - '
,for the nm'm 7 decay. of the meson. The, M%+“-was generated .
- v :\ ~ + _'__
- + with phase- space distributiaon 1f 7 and 7 were in S-~state;
* :’- . . - " v -
, v F T and'n were in P-state’, the M+, was generated -as a
i o : . ' . L
, p meson with a P-wave Breit-Wigner form; ¥
* ! 3 ” : ' i
R . e L3 B A
I (m) , , :
. d(m) ~ 2 - 27 ‘ . (AY)
w | r (n"-n) +n%Bfm : . ‘

s

' » + - bt = -
. where in the case of o' ==>1m (f -=> 0 0 ) ,decay the

~

width T (m) has the following dependence on mass [583;

o V 4 - . .- .
' 3 o : R
remy = r’@d) = : (A4) .
qu m .

L °

where q i§ the momentum of a pion in thepo center of

R

mass system. B -

- - 1
' 1
o

-+ - . : ;
The generated m 7 invar:iant mass N“+{-was then weighed

. by the product of the decay hatrix element {59,601 (shown in

Table A-1 for different decays) and the phase spacge weight:

-~ a

PSz=phase space weight v pxq

g

K

<
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-3,
-
v

N

{'?‘r’!’,’%f#‘l«“ﬁ“-\}‘}’dl!l"ﬁ’"-ﬂ%‘r;u.e,’.*«xafb g kmn e * .- f N e e en _,,,_,,_“"» Y e n w_,_.,«,:, : r oy
b , . » , , : .
H - - y 4
. ¢ * ' , v
» ’ » 1 . N b
4 ; ‘ . , ‘ v ) g
‘ ° * ‘ .
l{ .ot (where p is the momenum of the gamma or :
" ) . “ i - “ * ! b
s (o] ' . .
. ' T (correspanding to M3in (A2)), "1n the decaying mespn center .
¢ i ' ‘ . . 1
. + - . i
of'masg system and q is the pion momentum in theT Tcenter of g i
- t s 5 " - N
2 ! ' E
or ! ' P
mass system). In table A1 the same-p.,q notation for\the mo- - j
1 [N , . ‘{ . :
menta 1s used. ' . . ) ' :
- coL < = !
‘ fs . / , i 4 i
£ ' The Moﬂte~€arld‘simulwtion progr ams for the radxaggue
i ) + - ' 3 ' | . : . e '
£ e . T 7y decgay qf the mesons consist -of three sections; \
;” . 2 \5 . - v . \\‘ ’
; , - E 3 ’ . ) . ) Vs /Tt‘
g .ok 1. Generation o6f 4-vectors Y )
o a < . ‘ . ‘ \ ;
¥ . _ - | \
": . ® ’ < ’ . \ [
e ' b 2. Geometric, Kinematic and trigger constraints of the \ g
'5“ , i r v ° & N N
¥ . experiment (Table 5-12 . : i , i
g o ) \ é’*‘““{@) - ¢ B . 5
: 3. Charged pion decag@iﬁ flight and charged pion and
3 ! - s» ]

gamma ray 1nteractions in the target, .

. - /\‘ L

2

P A 4+ -
The Monte-Carlo simulatioh programs for thern m n° decay

o\

" -

used the same sections as the radiative decay Monte-Carlo

programs, but in a different sequence. ' After section 1)

- for generating 4-vectors, section (3) of the radiative decay
A

Monte-Carlo program was called. If the charged particles
- ¢

did' not decay in flight .or interact in target and only one

gamma ray interacted in the target. section (2) was called

IRy

B

3

and 1f all the constraints of this section were satisfied
¢ 'S

the event was kept as a good backgroeund eveqt. If no gamma

C | t |
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o 1}

. rays interacted in target, section (2) was called requiring |

“
. " ~ ‘g
3

the constraints to satisfy only for the charged pions , and

Sl BTTEERTNR

e

- N O T "
. one of the gamma rays from the ™ —->yy decay. If both gamma 3

rays surwvived the constraint cuts of section (2), an addi-

& . A / .
y ' , . tional section (4) to simulate "loss" of a gamma ray was
i called. Then the section (2) constraints were applaed on
i o ) . . ) .-
E ' the surviuing gamma ray. .
.?. s ] 4
% \ . PR .
3 ©
1‘; We now proceed to describe the sections (1),(2),(3) and
rr{’ - >
% . © the “section to simulate “loss" of a gamma ray in more deta-
f{ - ‘ il. ' ] ,
: |
% . ! ’ ’ . ;
%‘: “ 1 - v {/\ i-
lr . . .
! . v N . ,
& (1) Generation of the 4-vectors . ' ‘hb
L] * ° @ ;
* | i f
In all different reactions studied the events were des-
3 - .
:' ! cribed by the'following kinema}ic quantaties: the beam mom-
y B ) . -~ '
] entum, the four momentum transfer squared (t) and the masses
) - - M and 1+ -,
mes T T ) i g
2 B : ! " ¢'
, @
’ - v d.
To generate the 4-vector we have used some of the rou-
tines (INITL, RY, GO, ORDR, RAZ2) of the bubble chamber pro-
gram SAGE [61] by J.Fraiedman. ‘We modifiéd the routine GO,
3 - * where the simul}ixon of the kinematics of the reaction 1s
done, 1n order to generate 4—vectors using different do~/dt
] . ‘ .
. ] © - - a 94 .
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. , - C )
distributions fBr different |t’7|z [t. -~ t | ranges, and to

c; ) i min A ;
- .

generate 4-vectors'in a certain |t’[bi%. ‘Before these mod-

. . f~ 1fi1cations the routine GO denerated events in all| t|range,

S~ } F

-

swith one given dg-dt distraibution. ‘ . !
LY ’ . D( * . 7
J a ‘ \ . - - ) . ')
; . Our experimental acceptance 15 t-dependent (becomes .
{

»

very small at largep t’ ). This t-dependent simulation with

exper imental do-dt distributions will decrease the errors of

) . ‘the acceptances determined for different interactions. Also

° i

we were able to increase the speed of the 4-vector genera-

"
L)

inon part of the Mdnte-Carlo simulation programs, by gener-

?

ating events i1n a limited |[t4 range ( |t’[< 1.5 (Geuisl:).

0

. ) e

B L

T
° -

¢ : .
. . For different reactions there were different main pro-

grams. calling the samé routines, for simulating the

v )
. o

' 4-vectors, using as input the nesessary do-dt and decay an-
% -

P AL BT e o et b e

_—
¢

¢

gular distributions for that interaction. .

v

~ —
¢ ' ¢ B}

.
°
s : 5
P

i " The radiative decay Monte-Carlossimulation program pro-
; -7 duced euvents of the form; . R
) v Ly . -t )
s ' ‘\ %Y
4 - y-
i , TP == +n° _ . ' ,
k meson .
i ! . 1 s
v / » -
s > + P + - + Y . - ..
- T .
| e S
> Tnw j

3 N 3

. . -
( |

e e o N
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events of the: form
n-\p\w-) P + *
' meson
+P + - + 7

T : .
' |
>

+
mm ~ Yy

For each decay siep‘the pair of routines RY and GO were

called, Wwhich used as input; . ~ ‘

a——-——

<

a) The mass/and the 4-vectors of the decaying particle

(or.the center of mass system of the decayed particles).
‘ .

[

b) The .dosdt distribution of the system (1 p) or cosine

)

of the -decay angle génerated according to"the theoretical
angular distributions, shown” in the Table A-1, where the

angle 6 1s the angle (p x Q). For each decﬁg step thé?xou—

.

tine RY uses the corresponding independent variables

(4-vectors, the mass and the direction of the decay product)

of -
to initializethe generation of the 4-vectdérs by the routine

.

‘GO- -

{(2) The dgeometraic, kinematic and tragger constraints.

v
s

After generating‘tne 4-vectors of an event the point bf

e -
RS ANy pnd

£ vk

T e

SR




(i. ’ - ' [ .

1nteractaion in the target was generated. This target point
ldxstrxbutxon:was taken to be randemly: distributed in the

forward direction with uniform distraibution i1n the area and

—

with a 1/R misir:butxon in the rad:al dxrec}:pn. Then the
poesitions of each pirt1c49 at different planes weEe calcu-
lated, whxéh were requ;rea to.satisfy the geometrac cohétra—
ins) of Table ,S-1. e

The 4-vectors were also required to-.satisfy the Kkaine-
mak:c cuts of the Table S-1 and the additional cuts of dis-
L£ussed 1n Chapter S. Then the trxggeﬁ constraint }demandxng
oniy one HzZ hodoscope element to be set for each cha#ged

particle was checked. -

|
4 |
(3> Charged pion decay 1n flighty charged \pion and

gamma ray interaction i1n hydrogen target

"o

BN .
1. The pg%babxlxtg of a charged pion decay in .flight

\
1S ¢

gd:stance —in inches from target to last Chamber)

B %(307.2) »

where B = u/c is the velocity of the charged pion,

2. The probability of .nt.a” interaction in target is:

v . 97
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s~

:“ d

Y (path length .hydrogen target in inches)*0.00325, - N

’ v
u' , &

[+

o N s
assuming an i1nteraction cross,sectﬂon of 30 mb. ,

N 3. The probability of conversion of a gamma ray is: ﬂ
L P
.

(path length in hydrogen :n inches)*0.00198,

4 N

- -
1Y

- ] ¢
assuming a scalihg of the thickness by ©0.69 radiation

length. :

"

Events were rejected stat;stxcallg using the above pro-

T . babilities to accaunt for event losses due to these reasons.

N ¢
’

(4) Simulation of "loss" of a gamma ray in 3x events

.

In 3n Monte—Carlo progr ams events were re jected if;

3
'

{. A charged pi1on did not satisfy the requirements of

&

sections (2) and (3). .

r

e

2. Both gamma rays satisfied the sections (2) and (3),
both gammas converted in the lead converter and were not too

close to be seen as one (their distance wais more than lead
7
: \
1

' . - ~a 1
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Tos e

glass array cell gidth of 7.5 inches).

- .
. ® ! -

¥ Yy

°

If only one Aammi ray did not satisfy  the geometric
cons;ﬁa:hts, or got converted in the target, 6r failed to
[}

convert in the lesd converter but. masw,farther~ than 7.5

»

inches from the other gamma ray, the event was treated like

& radiative decay event, after adding the energg of. the un-

'

detected gamma ray to the neutron energy to have energy con-

o

k.4
servatien in the reaction.

14
A

If both gamma r ays satisfied the geometric cuts and
| - .
both did not convert in the target, they could sometimes be

detected as one ifs . ’ .

1

i) The two gamma Eags converted less than 7.5 inches

-apart in-the lead converter. all the n° energy was deposited

an one lead glass.block and had to be treatpd as a high en-

ergy gamma ray. ' ’ B

(ii1) The gamma rays were less than 7,5 inches apart’ but

only one of them converted. ' ;
1y rd v -

-

Lod

v
”~

Such data events got‘a gamma ehergy correction assuming.

that there was one nigh”energg gamma., i1nstead of two lower
B N &

energy gammas. Hence the energy that escaped the lead glass

would\nprmallg be calgulated incorrectly. We remedied this

—
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. " as follows.' . ' ) R ,

. - \ ‘ »
. - + - : - » i
} We fit Monte-Carlo "n1ry pe ak tg data '%+rv peak in

--N and ¢ regions using energy dependent Fé%ftions;~

»
= a~-b xInCE )
e e e

m"

F = a-b xIntE ) .
Y Y Y . :

3
- < .

for fract:ions of energy deposited: by each gamma ‘ray

’ with a , b, a and b as parameters. 'F is used if the gamma
Y Y e e N e A

-

ray got converted with Ee: nya approximately. § 1S used if .

—

the gamma ray did not convert. The s{arting values for aep
be. aY. byare calculated from references [62,56] "and theg'
are changed to get good fits for nny mass spgctrum. We obta-

ined stable values for a, b . a - b at minimum ,2/degree of ,

e
freedom = 1.12, with a 2-3% change for. 2-3% parameter

.
| - y N

’ changes.

[P
o
-

Fig 6-1, 6-2 anhd 6-3 show the dood agreement of

. ' B
‘/ . Monte-Carlo M + - .~ E and M 4+ -spectra with the data.
LMy Y . T - ; .




# hamiltonian for_these transitions isj

. [
[

APPENDIX B. M1 RADIATIVE DECAYS IN QUARK MODE

’ .
- - —— T P b T R W T T e S S S S AR W IR SN D S G g S G SN G G B - -

- " )

» L

The electromagnetic transitions between two particles

ta -=> b +y ) corresponding toAj = O, +1 and no parity

'change can occur via 1=1 magnetic (M1) photonJE&ission. The

] . - -
~ «
Hpo = -0 B (B-1)
7 e 3

f where B is the vacuum electromagnetic ficl9, operator

.and I is the magnet:c dipole operator.

M .
{ ! EY

-
-

In the simple quark model the quark constituents aof the

-

particles a and b are in relative S state. Thus the magnet-

1¢ moment operator corresponding to a given particle will

be [6314 .
* 3 &q’a}-«** L]
: 0 = =y V88 2 (B-2)
LN z ﬁi quei‘i .
. ,/ .
where e 6i and uqare the éhargei the spin operator, and
. . .

[

the magnetic moment for the i-th quark respectively.

.

The interaction hamijtonian of the i-th quark and a

photon with polarization e, and momentum k will be [643:

O e i A Sl et it

P
5
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AR / ~

° A

The decay rate (a =--> b+y) is determined by the matrix

element [6ed41; > " . ©

. . ‘
-, / & ..

Dba = <y zn).‘znifq,(f»o ' (B~4)

-

and the matrix elements of the magnetic moment between

.

‘

- the partaicles a and b £631;

° -~ - . N .

-

Mo = <V (b)li,uihp a) (B~5)

.

where y (a) and y(b) are.wave functions of the particles ,

2 and b expressed by the wave functions of their quark con-

stituents. > /

> — .

The decays of thé vector mesons into a’ pseudoscalar
. .

a

meson and a photon (VU --> P+y) or pseudoscalar mesons into a

A

vector meson and a3 phaton (P -~—> U+ ) occur via M1 photon
emission saince the parities and spinsof vector and pseudos-
\ . g . .

- calar mesons are:

.

» L I H i T (B-6)
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" +

respectively. . -

s

)
-

¢ - The decay rates T(U=>P+ ) [or ST(P->Y+y )] are obta- \ -
ined by multiplying the squares fDPvlz (or ]DVPIZ ) of the

matrix elements for the transitions U -=> P+y (or P ==>

U+ y), summed over the polarization states of the final pho--

ton and averaged over the spin direction of the vector meson .
by [651:
‘ (2-mp-F/2kI%N . o (B=7)
Here 2mpe+f 13 the‘phése space factor,-which 1n its ,re~
~ )
¥ latavastic form 1s [(65]: * coN
i mk\ . ‘
2emoefz 2 mt— k2= (B-8) .
(2m) 3 MV ,
’ '
- S

s

where, kK 1s the energy of the photon.wk is the energy of

the pseudoscalar meson and Mvis the mass of the vector

meson.’ In (B-7) 172k 1s the ﬁhoton nordalization 'factor,

S and the factor N - M sw, 1s used to relate the relativistic

k

decay amplitude with the nonrelativistic case which does not
[a]

have tpe term w{ﬂ from (B-8). Thus the rate for M1 transi-

hY

tions 1s given by (61;

A

" 3
POV > By) =t kDpy |2 or TR > Vy) =7 k[Dy[?

— ] *

103,
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ATV
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Ll o i ha S S0 Sm e e m e S g s+ e -

(B-9)

} . ] 3'2 . v <1 3.2
- - _

IV~ Py) =57k ugy o rp - vy) =k Myp

3 5"’ 1%

. ‘where pPViS the magnetic dipole transition moment as 1in

o

(B~S) and k 15 the energy of the photon.

k = (M- M2)/72M » for U.-=> P+y
v P v
N 7
and i .
. ’ i ) .
. 5 K = (M- M2)/2M for P -=> U+
“: 2 g b’ v‘ ) .
¢ .
.8
, X
3 ~
» d ’ v
A
" -
o - @
. . _
- -
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5RPPENDI* C. GAMMA SHOWER CHAMBER EFFICIENCYLCQLCULATION ,
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0 3 . - .

In the: gamma detection sgsted there were two wiews -
1

b!ane "X and elevation Y - with‘tnreg planes each. We label’
the three X planes 1, 2, 3 and the three Y planes 4, 5, 6.

A shower....was accepted 1f one view had at least two planes

-, 4 v

frraing, and the other view had at least one plane fir;ng.
A .( . - Al

-

e deﬁxne

~

. . © 7 e, =z Efficaiency of Chamber.Plane i . -

i , h
[ . . Ll
iy . ) ) , R B , g
o .~ # of times the plane contained a spark
# of tracks through the chamber '
¥
/ X
and ‘ ) R '
- » P, = Participation Ratio of Plane i'for a Fouhd Event

» _ # of times the plane fired in a found event

' - Q@
i # of found events ) ‘
° The probabifaty P(>2) of at least two of the three
planes in one view firing 1s given by: .
. . ( .
P(>2) = (1- e )%, (L—=¢, ) e +(1-¢ ) ¥ g
- 2 Eisj SRALN 1 Ej € €y Ejek Eisjek ;
= [N
(? ' ) . )
) - . 105
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R P

BT R R g (T, T T gy P

T

) — N T o
. , o 3
_or . - N
: ‘ ————--.,.":‘n_ ) =,eiej + eisk.+. Ejek - Zeiej K- ‘(c-.-:l.)
. - I cef e . : )
¥ ’ _ ‘ |
v . where (1,j,k) = (1,2,3) or (4,5:6) :
\ r ] ‘ ... o . . | .

“ . o N ) ; ¢
- - s -

Therefork, the probability Ryof finding a shower when

{ ' )
) one is present.can be easily written: .
P 3 . M w
. ’ o
PY :Px()Z)*Py ()2)+Px( )2)*‘(64 (1.:—55 J(i-€6 )4-(-:5 (1--6:10 )(1*&:6 1)‘
o + Py()&lm(el (1~ 62)(1"!-:3) te, (,1-21)(1_‘:3“ (c-21
) o Mext, we ¢an write expressions for " the participation
- ° ) :
B : T ratioﬁ' using the definition for P and the expressions (C-1)
3 oo v . ¢ .
1]
- ‘[ andu (Cc-2). For ’
N . . »
‘o P‘ 4 L. 22 ‘
~ L - . - p - -~ N
‘ . pl/zlfrpy(>2)+(s2+eslﬁvcz%)m,‘ (1-e.) (4~¢()
Y : ] . .
, N - » %1 P s ) ’ ) ‘
‘ ) ) | " . X
”~ PZ/EZ'!:P)'( )21.4-(&:14»537 5153)*( 54(1-25) (1-26)
: j +e (1 el')'(i,.-eﬁ))?/PY ;
‘ P,;/E3:[-};' (>2)%(e; + €y~ zzlf:z):l/PY ,

Identical expressions hold for the planes of the second.

C} - ; )
B
N a
. . N . . - .

e e

i
J e
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P B e e X

¢ , o
B e Py 2

/ . . ) o .

F
I 4
view under the exchange (1.,2,3) <(--> (4,5.6).

, .
. .
N 0 1
/

“

To calculate the single shower efficiqggg__g we needed

2

) L
;7 9aven the Eifrom the recorded data.
a

a

I
This was done by solving forsi 1n (C-2) to (C-S) wusing- an

the efficiencies ¢

‘1terative preocedure. The starting values forei on the RHS

of (C-3,4,5) were takenﬁas the %'. A new set ofci were then

found and the proctess was repeated until stable results were .
L4 a &

reached, usually after only a few 1terations. The single

shower efficiency was obtained by substituting these final

chamber efficiencies i1nto (C~2), and the double and triple

shower efficiencies were easily deduced thereafter..

' @

w“
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'(’t APPENDIX D. o (w ) -->ny DECAYS'

‘ ~<@;\ . °
° . : " In the standard 3 quark model} the wave functions (y)

for the particles o .w andn are £651;

Yo = ,(1//2)(alal—a az)*{(r.) .
= . f ¥
Y = (2+22) 1/ 2¢a a +a 3.~ ) a_a Ixf(r -1)
VW 2+1, 4 3,13, 3,7 A 33 RE00) ¢b-1
: ) = + 2371/ ca n -a b )+ta b -a’D
v <o race; An 1Y al'bl -a b J+(a b, a2u2>
R : -y €a B.~-a b _)Ixf(r)
An 33 33 .
n\ J/ ’ N » \
where ‘i' biaré the spin functions (with spin wup and .

P

A . .l
! the cgrresponding spin functions for an antiquark.

= luves of the parameters ) and A, are model

[ :
\//// . According to the conventional 4, mixing probl

’

0, and

w consists of only nonstrange quarks-%):

pure pseudoscalar octet meson ( p-np°mixing

L ' | E

o

merits for the transitions, (,) -->,, will be [651:

3 . a

. 1 1
8

D 2=2k2 —— —— - 2

| wnl up 27 2+A£ (2+An)2 (x An)‘w)

[ .
:

( g h I ¢

vt ot el s s,
-

b

JoNp——
4
P

spin down-respectively) for a quark (i=1,2,3) and 3&.'5;ar¢

The

dependent.

em.

ifn

angle eP

//’/’////“

Using (B-4) and (D-1) the squares of the matrix ele-

where

is the .

va-- ’

= 0)
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(D=2)

where upis‘ the proton magnetic moment and k is the
M » N n ‘ -

quark momentum, ‘ - . .

Here we used u =zu_ which is easy to check by using
(B-S) to calculate protons static magnetic moment, ‘given by

the diagonal matrix. elements of the third component of 0 .

Also in (D-2), following SU(E),p »u have boeen assumed in

?

‘pure 5 ;state, and the space part of the wave function £(r)

has been assunéd to be the same for vector and psgudnscalar
Ay f
mesons. /

el

.

. . g
By substituting (D-2) in (B-9) we can  get the TI(p(w)

--% ny) decay rates as & function of parameters Am and

A, . : o
n. ’ v

. o

-

It is easy to notice that when A, = O (no strange quarks.

<
o

‘inuw) the ratio;

a . +

b | e Llrmy) - ly® ¢D-3

’

o T (pny)

and is independent of the value of the ,parameter

An(.»oasure of n-n"mixing).
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APPENDIX E. THE REACTIONS 7 p —->p (w)
- & .

“In the study of the reaction m p --> Un we will use the

»

% - ny ‘
narrow resonance approximation. When VU is the mes;l we
can do this, because w has narrow width. The reason why

this can be done for  the p’ meson as well is given in

o

ref.t61. : o

S

For the p meson, the only isospin invariant cdupling to

u . .
so the ter ropor
jkp’ﬁpuyk ‘ ms propo tno?al

.to p”ﬁ)}n the o meson propagator do not have any effect.

3

< ‘two pions has the form €

This means that for the two pion decay of the virtual p it

4 v H_V
is possible to make the replacement. g p /:% --> p'p’ #/m? in

the o propagator.

The differential cross section for the reattion 7 p -->

: n in the narrow resonance approximation i1s (6]’

2 -
2 ml’ (m<) _
d% o (¥ 9907 L v(m?)n) (E-1)

dtdm? nlBWv(m2)|2 dt

where for the, meson BWo(m ) is the relativistic P-wave

Breit-Higner amplitude:

- _ 110 -
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BW (m? )
p

o~ & rin T (E) G

and for thew meson BNN(J ) is:

where the mass dependence of [ was ignored

BW (nf)
/%] .

]

-

m~ m>» im T
w P

w

the narrow width of dmega meson.

m

m

—bhml
4m“ 3/2

i

Q.

because of

[y

Assuming that the amplitude for the process ™ p --> un

does not

depend on ‘mZuery much in the mass range of inter-

est, the differential cross section for this process can be

written in this form (813;

( 2
|p* (xv.xn,xp)l

<

(E-2)

&

and with the narrow resonance approximation the differ-

o

ential ¢

with ny 1nvariant mass in the p, y mass range is (61’

ross section for

T m (mz—m2
d20 _ Mpeny Dp b3 y
dtdm? m m(m2-m?)
P n y
YA LA P'(A LA LA ) |2
a y PP( v? n’aP) N Unw ( v’ p )
BW (m?) u BW (m2)
¢ [}
. Av, n Ap p ne

the overall process ﬂ-p -=>NY n

(E-3)
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APPENDIX F. TABLE OF THE CALCULATED VALUES OF THE DECAY RATES'

-

T
p+ny’

r ,
wrny

T
pry

and T .
n

Y
t ’ TABLE F-1 ‘
r - r r r
REFERENCE ooy Ty - oy n oy
7. N.Isgur (76) 46 4.9 7S 95
9, F.Gilman,I.Karlinger (74) 57 7 94 120
10. R.Torgerson (74) 56 6.2 94 92
11. D.Boal,R.Graham,J.Moffat(76) | 84,82 12,10 85,93 89,62
: 26 24 as 130
12. P.Hays,M.Ulehla (75) 37.4 5.4, - -
13. P.0’Donnell (76) 40 6 64 . 77
14. Etim~Etim,M.Greco (77) S5 7.3 93 118
15. A.Bohm,R.Tesse (77) 3.9.4.8| .18, .22 35 -
5.0 .23
16. R.Thews (76) 12,14.5 | -, - 3s 250, 31
I 47 4.7 98
. . "
17. E.Takasugi (76) 138 12. - -
18. T.Barnes (76) 45,15 5.9,1.9| 91,88 38,10
i »
19. G.Gounaris (76) 5$%.4,55 | 9.6,8.1 | 90,73 106,68
55.5 4.2 73 8s
2\
20. L.Broun,P.Singer (77) 6.7 W17 77 21
21. B.Edwards,A.Kamal (76) 76.5,127 16.8,11.4 | 80,107 112,138
24 1.9 28 43.8
22. G.Grunberg,F.Renard (76) 56,26.8 | $,13.01 | 90, - 8.5, -
23. N.Chase.,M.Vaughn (76) 37.3 4.8 82.6 109.9
(32.4) (4.17)

continued...
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TABLE F-1 (continyed)

’r“a
REFERENCE r r ro ro.
- , , PNy wrny p+ruy n“y
24, B.Edwirds,A.Kamal (77) 53, 42 10,32 81,49 160,120
s 30,45 .28,3.4 | 87,886 4.5,150
, ] J , ;
2%. C.Albright,R.0akes (77) 20 2.53 . 94.3 79.6,53, 4
. [ . 35‘.‘3)
26. [L.Maharana,P.Misra (78) “16.9 85 |- 36.6 55
) ‘:/_,,'/’ L3 é{'
27. L.Urruita (78) -| 39,30.8| 3.6,4.3( 98.4,82.3 152.1/68
) - L
28. . B.Edwards.,A.Kamal (79) 55,26 7.2,24 | 92,35 1207130
(_.- A
29. Riazuddin,Fayyazuddin (79) 59 7.3 92 111
C so +13 aff'g 35 + 10 8s : 27
EXPERIMENT o ) *
76 + 15[ 29 + 7 |67 + T)
‘ . - ) PY U
x) recent experiment by Berg et al., PRL 44, 706 (BO).
. ; ) ‘\l
v R 7)
N )
ol
Y o
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Fig.2-1
Fig.2-1
Fig.2-3
Fig.2-4
Fig.2-5S
Fig.2-6
Fig.3-1
Fig.3-2
Fig.3-3
Fig.s-l
Fi19.5-2
Fig.5-3
Fig.5-4
Fig.5-5
Fig.5-6
Fig.5-7

Fig.5-8

Fig.S5-9

Fig.5-10

FIGURE CAPTIONS .

- . - . G Wy g > GEe W -

Experimental Layout.
Beam Layqut.
Gamma Detector!£~ N

Method For Lead Glass Energy Calibration.

Simplified Trigger Diagram.

Target Anti-counter System.

Example of a Reconstructed Three Prong Event.
Gamma Shower Reconstruction Flowchart.

A Reconstructed 2 Gamma Event.

M(rTmy)  unfitted. All  DST  edents.

/

MCnimy )  AC DST events.

fit. All

MerTrTy ) 1C° Fit. E, > 1.5 Gev.

M(rta=y ) 1€ fit. E_> 1.5 Gew |tr] > .2 (Gevsc)2,

Ty € 22 Gev . 1Y
-+
TCwn ) for n mass region,
+ + -
T(m ) Monte-Carlo for n ==> 7 my decay.
+ .
T¢C wm ) for n’ wmass region. )
TC ) Monte-Carlo for n’ =-=> py .decay.
TMM < .22 Gev .
o+ -
M(g m™y) 1C. fit, E > 1.5 Gev; |.t’| > .2 (Geyre)2,
T > 1 Gev .
M(rtTY) 1€ fit, E > 1.5 Gev, ['t’] > .2 (Gewsc)2,
* » 2 ’ ) -
T'n" > 1 Gev . xprqbability > 0.1 # .
. 14
A -

AT
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Fig.s-iita—j) Fit of Monte Car)o background M(7wy ) spectra
( o) to data (__ the solid line), where different
energy correction factors were used in Monte Carlo.ﬁ
Fig.S-12(a,b) Fit of Monte Carlo background M( 71y ) spectrum

(<) to data (__). .

o

P >

3) Monte Carlo « background spectrum shifted down
by 10 Meu: u . ’ ‘
b) Gaussian, used for bonafide w ~—-)any decays,
shifted down by 10 Mev.
Fig.6-1  Fit of the data () M(T'1y ) to the sum of
the Monte-Carlo generated H(ﬂ+fW ) with one
gamma missing spectra for N and uw ., gaus;ians
for n”“ and n and a pdlynomial background ¢, ).
‘ %ig.s-z Fit ofa;data -EY (;_). to the sum of Honfﬁ—Carlo
[glncratcd FY spectra scalcé to the numbers
of svents obtained fro‘ the fit to the miss
spectrum M(7 7 y)» and a polynomial background ¢ o).
) FiQ.6-3 ' Fit of the data MC Tt () to the sum of
Monte-Carlo generated M( {h;) spectra scaled
to the number of evénts obtained from the
B it to the mass spectrum (M( 7 T Y)), and a
péfgnnnial background (¢ , ).
Fig.6-4 " mMer'rp with  all cuts  from Fig.5-10,
’ for the events with MC 771 in the »p maiss

range 0.6%5 < MCn'm ) < 0.85 Gev. -

i



G e

.

C‘i Fig.6-S . M( 1r+ﬂ'y) with all cuts #from Fig.5-10
. for the events with M(7 4 > ¢ 0.65 Gev.-

/Fig.s-—s P-wave Breit-Wigner for M( 1}"{) from
/ W --> py Monte-Carlo. ) .
' Fig.7-1 Proportional Wire Chamber,
[

Fig.7-2 MCx 7 7% 1C fit for the 3y data with cuts

-

from Table 7-1. .

Q

Fig,7-3 MCn'n 1% unfitted.

:

1

Fig.7-4  EC v;) . frem.p =-> ny Monte-cCarlo.

' ' Fig.7-S E( yz) fro‘m p —~> ny Monte-Carlo. | .
Fig.7-6 E(,,Y' \" from p --> ny Monte-Carlo. )
Fig.7-7 Ecyy) f‘rom p  ==>nYy Mwonte-Carlu. ’
Fi1g.7-8 E¢ Yl) for the 3y ::lata.
Fig.7-9 ’ Ef YZ) for the 3y data. .
) Fig.?-lo E¢ 73) . for the 3y qita.
¢ Fig.7~11 E¢ ylyz) for the 3y data. /\

’

Fig.7-12 M(Cyy) €for the 3y data and the cut

L)

1 2
mc 1’ ) < 0.60 Geu. -

Fig.7-13 . M(,‘[+w'n° ) with gamma ehergy cuts .

P Fig.7-14 MC nr 1) 1C with gamma energy cuts,
Fig.7-15 M(npy)  with gamma energy cuts and
T MCatr®) < 0.60 Gew. o,

Fig.7-16 MC py) 3C £fit with gamma energy cuts and

MCnrn°) <.0.60 Gews o ~

|

Migi
§
»

O |
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Fig.7-17

Fig.7-18a
Fig.7-18b
Fig.7519 -

L

Fig.7-20

M(Cny) ~ with gamma energy cuts and

MC T ) ¢ 0.58 Gew.

MCrec) - Monte-Carlo with gamma energy cuts and/ :
MCrTrr° ) ¢ 0.58 Gev.

M(rec)  with gamma energy cuts and

MC ot ) < 0.58 Geu.

M(rec) ‘with gamma energy cuts.,

M( gt ® ) < 0.58 Geu and 0.72 < M(ny) < 1.2 Gev.

M(hny M with gamma energy cuts.

M(C fﬁ'f13 < 0.58 Gev and 0.5 < M(rec) < 1.2 Gev.
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Focus -

Hydrogen Target -

’

i : °
¥ ’ 4
TABLE 21 . RPN
BEAM CHARACTERISTICS
Mo;entum - . 8.45 Geusc
Beam Spill - 600" msec (FWHM)
Final Focus Spot §ize - .5" x 5" ,
Flu:\k ’ 6 % 104 pion§ per pulse R "h
Production Angle - 1.5-degrees
Momentum Bite - ’ 2. 5% an ‘
" AP/P - ’ . 005 UL
Beam Spark Chamber:
Spacing - 36" .
Position Resolution - A-x = .02 (FWHM) .
Beam Direction: S
- Angle redolution - ¥ 46 = .00002 rad
Measuréement - i A xnﬁercqn .030"

120" douwnstream of Hydrogen target

2"'diameter * 16" length
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TABL E 2-2

CHARGED PARTICLE SPECTROMETER CHARACTERISTICS
A}

[y

1. Spark Chambers-

R?tation ACtive Area
Upstream 1 o° 24" *x 16"
2 ’ 45° ; 28" x ; "
- 3 o° . 40" *x 30%
< 4 450’ 42" * 36"
5 o ‘40" * 40"
Downstream 1 15° : 5’ % 7’
2 15° S’ x 7
7 3 0° S % 7
/
4 0° 57 % 7!
. 5 “0° S’ x 7’
2.Magnet-
Type aicture Frame

Nominal fB. a1
Central Field
Size

'Centgr Pos.ition

240 kGauss~inches

5.9 kGauss

84" W * 40" H »® 40" D

63" fram L
o L

2

target

Distance from Target
+ 19.00"
24.50"
é9.75" "
35.00'"
40. 50"
91.50"
97.50"
103.50"
109.50"

115.50"

SCM-104 )

continued...
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2 TABLE 2-2 ,
.CHARGED PARTICLE SPECTROMETER CHARACTERISTICS (continued) -
o .
y ©
C . 3. Chamber High Voltage~-
% Methad ‘ capacitor bank discharge )
- - ¢ i
g“ Capacitance =< 10 nfarads per 5’ x 7’ area of chamber
fg Pulse Hight 6.8 KV
# : ) !
& " Risetime 150 nsec )
o .
g Delay " 550 nsec , -
i Cilearing Field Sy .bC
E ‘ Pulsed Field 1_KVU - 600 nsec ) T
. \ 3 ‘
. 4. Readout-
f Method u}agnetostricxiue« .
system SAC Midas, 6 scalers per plane
;1 ! ) i
£ S. Resolution- )
. Position . 0.05" (FWHM) ; o
Eg Momentum 4% (FWHM) at 2 Gevsc ’
T ‘
- ) o &
] i S
- d . / | : ’

i -
. - o N N L
AP RREIBT RN N . [SUEI LN N

.
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A
e

TR

e

NAME,

wt

st
B1
B2
BHR C ight >
BHL Ceft)

HO .

A1

RA2

" H2

BU1

BU2

GHF (ront)
- GHRC(ear)
Target

Anti-
Counters

&

TABLE 2-3

o 1
SCI“TILLATIDN COUNTERS
SIZE ‘ POSITION
SZoat Ly 2 targ
Z downstrea

1,16!!* z.l *1.5l' Pru—————
1/8!' * 3“ * 3" - {33 _170..
1/16.., * 2“ * 2.' -3.60.‘
174" * 16" * 24" -25"
with 1" hole
178" = 17" 24" +14"
with 2" holg -
opening 26" x 16" +23"
Opening 40" x 40" +1z"
30 counjers +122.8"
Each 1/8"x4"x42"
1,40: * ,41- »n 4n lr ‘_12430

%

+129"

16 counters "+140*
Each 1/4"%7.5"%x30"

+143. 5"

L]

See Figure 2-6
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» . e
— [ e __’___,/ .
- i
e !
, y “ ‘
s / ‘»\b‘
L7 3
PURPOSE
et '
m) ' . .
, .
D!t.C‘F ¢
Beam )

\Rr_joct Beam

st o,

Halo o {

Signals a Charged
‘Particle at an Angle > 4°
to the Beam

Rejects Particles
N 3

Dutside Fiducial Volume

Charged Particle
Hodoscope

Reject Non-Interacting

Beam .

No

Gamma Hodoscope
.o Yes

Re ject Extra Particles
at Hide Angles from
Target .

13
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T A'BL E 5-1

Foa
1

KINEMATIC cuTs. -~

’

1. Charged particle momenta

i

\ PN 0 > 0.4 Gevsc
2. Gamma ray energy \ ‘ . > 0.7 Gev
3. Recoil particle mass o - ® "y 1.5 Gev

GEOMETRIC

cuTs. .
Ix i
1. All charged and gamma ray tr'ajbt_:&gries" - e
_are within the detector by 1 ;
2. Gamma ray to charged particle distance e
. at lead converter > 5"
v ‘ {
A ,
V . Yo ! d'“[w T
\ ~
He ’ \ ~
. } . oA
. - Q,‘ . ao!’" -’
> . U
: . \
. % .
. > ' 4
4

«
&

P
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| T-ABLE 5-2 R '
B OF EUVENTS . CuTS
45577 o . All DST Events
29661 ] E > 1.5 Gey’ .
8997 E, > 1.5 gev. [t | » 0.2 (Gewsc)?
6495 E, > 1.5 gevs, [t? | > 0.2 (Gewrsc)2,
Tyy € 0.22 Gev, T & > 1.0 Gev
. ™
4647 E, 1.5 gev, [t’ | > 0.2 (Gevrc)2,
= TMM < 0.22 Gew, Tnt > 1.0 Gewv.,
o 2 .
X prob> 0.1
~, ”
& . .
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TABLE 5-3

3

MONTE-CARLO .CALCULATED ACCEPTANCES

&
¢
+ - + -0 + - + -0 .
T T Y n+m m w wrT My wT W W, n -y,
Acc. 0.0446 0.0167 0.0709 0.0269 0.0565
Error 7% 7% 7% 7% 7%
' o
J
& : |
Ve |
W . -
—
S S |
! T v/ .
/""/// =

o

{
|
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TABLE 7-1

?

KINEMATIC CUTS.

1. Charged particle nonen{i

2. E and E_.
Yl "_Y2
(energy of gamma 3) .

(energy of gamma 1 and 2)

2. E
Y3 )
4. Recoil particle mass squared .

[R—
.

,

GEOMETRIC CUTS.

All charged and gamma ray trajectories
are within the detector by

‘Gamma ray to charged particle distance
at lead converter

[EUNE NS

2z

e e St L S i A

> 0.4 Gevrec
> 0.4 Gev
> 0.7 Gev

0¢< M2 < 1.6 Gev?
rec

100

> 5"

s 3




TABLE 7-2

2

CuUTsS

8 OF .
EVENTS (in"addition to the cuts from Table 7-1)
\ 1265 "’n+1r_1r° < 0.65 Gev
596 0.6 ¢ E < 3.2, 0.4 < E < 2.0, &. < FW < 4.5 Gewv
»( Yl YZ 3
1. < E Yle( 4.5, H""'""“O < 0.58 Gev
335 0.6 < & < 3.2, 0.4 < E < 2.0, 1. < E < 4,5 Gev
+ -
1. < EY1Y2< 4.5, 0.105 < "YI_Y2< 0.165, Hﬂ n ,“0 < 0.58 Gewv
152 0.6 < E < 3.2, 0.4 < E < 2.0, 1. < E < 4.5 Gev
5 Yl YZ 'Y3
. . . + - .
1. < EY1Y2< 4,5, 0.105 < M Y1Y2< 0.165, N" T “? < 0.58 Gewv
0.5 ¢ M2 ¢ 1.2 Gew?2 —
rec )
%
v \ 2
&
) A .

U e

e
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TABLE 8-1 : i
[ ] B B

3y EXPERIMENTAL CORRECTIONS

[ i

. ® ;
1. Gamma conversion upstream of Lead converter 0.143'+ 0.013 o
2. Gamma hodoscope rejection of good ;beq”ts 1 0.012 ¢ 0.901
3. Gamma software reconstruction failure 0.030 * 0.024
4. 'Digitization scaler runout 0. ’
S. Gamma partial chamber ineNici‘cncg . 0.0%59 + 0:040
6. Beam contamination . ] 0.0ésdt 0.006
7. Charged pion interaction in detector 0.040 + 0.014
B. Counter inefficiency ) 0.032 :+ 0.008 ;
. 9. Tight trigger losses - 0.244 * ’0.014 g
10. Gamma conversion inetficiency 0.302 =+ 0.061
11. ™ losses in Y.y, and’ ,;YzYa convertors ~ 0.10 * 0,01

Over'a,ll correction . . 0.342+ 0.050 o

'




“"TABL E. A~

e

DECAY MATRIX ELEMENTS AND ANGULAR DISTRIBUTIONS

"

z J 1+ - | m|2 dN-d 6
T T
L ] .
+ —-— -
' Ny o 1 p2 % q2 x Hﬁ+“— 1 - éoszq
+ _ or s ! '
n+n o 0 0 1 = (1+ a=xy)
=~1.07, Y=3T,k/0-1 1
> + - - A 2 ‘e
W oMoy 1 0 pc % Fl_"+“_ 1
- - 2
wen T ° 177 g p? = g2 1 - coso
- - 2
Nty o 1 p2 » q2 x nfr . 1" -~ coso

yp - momentum of a pionm in the Mﬂ+n— C.M.s.

q - momentum of the gamma (or no) in the meson C.M.S.

-3
1

kinetic energy
\
total energy

L
1

\

o s M
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SHOWER CHAMBER NO, 2
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SHOWER CHAMBER NO, 3

N7 7777777777777

LEAD GLASS

/ ARRAY

SHOWER SPARK CHAMBERS

L4

A

GAMMA ° LEAD
HODOSCOPE
INOH

1

CONVERTER

\ GAMMA

HODOSCOPE ,
YES

. ROTATED  AREA,
NO.1-NO  5°x5' 0,5"
NO.2-125% 5'x8' 1.5"
NO.3-125°

DISTANCE FROM
. CONVERTER

ACTIVE

5% © 25"

LEAD CONVERTER

1.5 R.L. x 60" x 60"
POSITION: & ©
140" 2DOWNSTREAM OF HYDROGEN TARGET

LEAD GLASS CERENKOV
COUNTER ARRAY

BEAM

Figure 2-3. Gamma Detector
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©~ 1) Formation of Histogram for Block #N

B

(,”’ v ] e
.

-~
]

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

v

Block #N

n° Di-Gamma Mass

- p N\ plock 41— | \

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

> '

with True I © Mass ’ .

Centroid o -
o
2z
-5
. 1° Mass
Di-Gamma Mass
Block #N

2) Correct Tube Gain For Block #N by Ratio

' 3 .
‘ . n° Mass/:entroid Mass .

[ A

;
Figure 2-4. Method For Lead Glass Energy Calibratibn
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Figure 3-2 Flow Chart of Gamma Shower Reconstruction
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