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ABSTRACT 1\ 

r 

We have studaed the radi'ative decays of non' strange mesons into 

tJ. + -ITI , TI 

,. 
and Otl e or three gamm a r ays observed in the reaction 

TI + P --- > Meson + n 

. 
at beam momentum 8.45 Gev/c ln cl Counter-Spark chamber experament 

conducted at AI gOflne National Lclboratory Zero ... Gradient S~nchrotron. 

We set a new upJper 1 ilnlt on the branching rat.'IO + -
w -- > TI TI Y 

l 
which is almost <'\n order of magnitude smaller than the preViously 

set upper 1 imit. 

We. present a high statastics lndependent 

branching ratio rj --) PY 

~ 

We observed the dec ays p' ( w ) --) ny 

the reaction 

TI P -- > p (w ) n 

and measured the decay rates r 
). p (w) -+ ny 

, \ 

1 
measuremenf 
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of the 

for the f l r 5 t t i me i n 
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SOMMAIRE 

~ 

Nous avons étudié les désintégrations radiatives des mésons"d'étrangeté 

+ -
null(e en TI TI accompagn~s d'un ou de, trois rayons garrrna. Ces désintégrations 

furent observées lors de 1 a réaction 

a une impulsion incidente de faisceau de 8,45 GeVJc dans une expérience_ de . ,-
\ 1 

type compteur-chambre à éticuC'elles au synchrotron à gradi,ant nul du Argonne 

. National Laboratory. , 

Nous établissons une nouvelle borne supérieure du ·tàUX re'latif de 

désintégration de + -
W-+TITTy • Cette borne est plus pet;'te -de presqu' ûn ordre. 

de grandeur qu'une autre' établ i~ pré'Cdderrunent.~ 
. 

Nous présentons une mesure indépendente faite à grandes statistiques du 

taux de dés i ntégr'at i on de 

n' -r py .. 

Pour la C)'emière fois lors de la réaction 

nous avons observé les-désintégrations 

p (w) -r ny 

ainsi que mesuré les taux de désintégration 

rp(w) -r ny 

j (. 
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CHAPTER 1. INTRODUCTION 

, , -----------------------­
" 

We want to study the- rad i at i VI' 

fftlfsons ( 
-~ n,p,w,n ) pr,oduced . in 

,j ,TI + P -- > Meson + n 

.' The hadrons 'comprising baryons 

of honstr ange 

th~ -N?-a-C-t+O n 

Cp, n, ~tc.), 

antibaryons (p, n, etc.), and mesons (' 71, n, P. w. Tl etc. ) 

are comp!ex ln their structure, uni ike the 1 èptons 

(electrons, muons, neutrinos, etc.). They have measurable 

size, about -10- 13 cm, the,..e are hundreds 0'" thelR, .and aIl of . 
thlfm, except for the protons. and U'i~iprotons", ar~ _unstable. 

To he able to understa-nd the hAdrons various ordering 

pri,nciples lUerlf inv,nted to CIAssify them. 

F"irst the hadrons lUere organized into small families 

called ch.trged multiplets consisting 0'" partiples with 

ap~roxi .. ahly the sallie mau (e.g. protons and neutrons 

forml!d " doublet, pions "'ormed a triplet etc.>. In 1962 the 

ch.trged mu 1 t i P lets lIIue organ i zed into "supermultiphts" 

'th.at explained re l.ttions betwnn part"J.c les d iffrr ing in 

charge, hypercha~{i~ and mass. 

Th~ group ino of the hadrons into su p ~ r MU 1t i pIt t 5 

involves eigh,t quantum numbtrs and Ulas nalfted Ithe "Eigh,tfold 
'-. \ 

Way",. Its lIathelllat iCll basis is J. branch -of \ group theory 

\ 
\ 

1 

" " 
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invented in ~he 19th century by the Norw.giln M~them~ticiln 
<' 

S~phU5 Li.. The group th at gener,ltes the a ightfo 1 d' II~Y is 

cAIled SU(3), !Uhich stands for l special unltary group of 

.... tric .. s of size' 3 X 3. The theory requires thAt III 

h .. drons belong to famLlies corresponding to representations 

of the group SU(3). The fami 1 ies can hlve one, three, 

.ight .. ten or 1II0re melllbtrs. It1lus posSible ta CliSSiT.Y,lll 
" , 

known hadr-ons into fami 1 ies of one, II' Ight and ten, but no 

"I.milies of "three or six particles could be Found. 

In 1963 an explanatlon WolS proposed i ndependent 1 y by, 

'.'..JGell-Mann ~nd George Zweig who suggested that aIl hadrons 

•• re constructed Trom more fund amenta 1 const 1 tuents c-afled 
Î • 

qUi.rkS that btlonged to the failli 1.., of' three. The thr!e 

silllple rules of qu .. rk model "'l'rI': 

, 
't. 1) lIIesol1s Ire IIIld' OT one qLilrk and one lnt i q1urk. 

, 
2) Laryons ira Illide of three quarks and intibiryons are· 

Madt of' three antiquarks. 

3) no other cOlilbinatJon oT quarks wi Il makI' a hldron • 
. ) 

The quarks have fractional charges unlike the hadrons 
.7 

_hich aIl have intege.,;: multiples oT electrons charge. The 

spin of' 'the qUArks is 1/2. Tllo of the quarks ~c .. l.hrd "up" 

2/3, -1/3 and th~ third (c~lled "sid •• uys··) hl5 strlngenu5 

-1; iso.pin· zero ~nd ch .. rg~ -1/3. 
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t ight !Msons (e. g. 

1t."n,Tl',K ) consists of • quark and ln antiquark lIIith spins in 

opposite directions and the fami lU of eigt:-t' vector ",lsons 
1-

'1< 
( •• g. p, w, ~, K ) consists of a qUlrk olnd an antiquark with 

C} 
spins in the sallie dirtction. 'J 

The radiative d.caus of .,e50ns are due ta quark spin 

'lip\ via tlllission of a photon. Thusol vector m.son decays 

photon and a predqminantly into a psrudofcuar mlson and a 

pseudoscalar m.son decalJs ~redominan't lU into a v.ctor meson. 

and a" phot'on in 50 -far as we considtr radia.tive decalJs. 

Ta study the radiative decays of mesons experullfntally 

•• • i 1 1 at 1 ect the topo 10gi.s 

Ptroton Of' 
+ 

i TI , a TI and 
'/ 

/, 
tn.- - for ward direction. 

-----" ,ollO.ing rad i at ive dvcays: 

+ -
W-r1T1Ty 

n"'-r py 

p -r ny 

w.-r ny 
" 

three 

The'se 

~} + 
in wh i cha 1T , a 1f , 

photons were d.tected in 

topo log les will éontain the 
e-, 

( one" y 5 &lIIP 1.) 

• 

( three Y sample) 

In ~14 th, dtc ay rat. p -- > ny .as .easured by B. 
~ 

Gobb i /.t al and th. d'Wcay rate Tl --) yy lUIS Ineolsured by 

A.8rown ... n ft al C53. Thesr Vol 1 ue. werr about tliO standard 

devi It i OtiS dif'tr.nt 'ro. the values calculated fro .. the 

non-rtlativistic Quark MOde. and th. O.ctar "'r50n 
l', 

DOMi n an'è'e 
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This lIlotivatvd a l.rg. number -;0f)theoretieians to 

dl'vl'lop diHerent models ta· bring eloser toget her the 
) " 

The Table in APpendi\ l'xpl'riml'ntal and theorliltical results. 
,..-,' 

r 'shows the values Of different radiative decays predieted 

by some oflthl'se models. These modlills can be dJvi~lIld into 

Di Ultren t of qUi.rk model, where 

J 3 * cl r 'I/Ip ljJv 
j i 

(where I/Iv il the wave funet ion of the vector meson 
i 

"na l/Ip 
j 

is thl' wavl' function of th. pseuaosealAr meson> or 
1 

'its value is left lS a frl'I' par-a.uter 'to fit the data 

(1,9,13.18] { 

2> Exte~aea VlIlctor Moael Do.inance .oae15 which incluae 

higher .ass vector mes ons [14,19,22,29]. 

outnu.bered 

'JppendiX r a150 shows the 

, 1 

existing 

di sproport i 0"" bl'tlll'.n the nu.ber of, .xp"r i .l'nts observ i no 
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rAdi~tiv. d.ciys ~nd theorttic~1 mod~ls studying th.m And to , 
provide heJp to discriMinlt. b.twe.n th~ various Models. 

This will be studied .xplicitly in"Chapter 10 • 

To be ab 1 e ta pred i ct the sp~ctr a 0 f different 

Observattle kinematic variables in our exper'lment (partiele 

~* entrgies, momenta, invariant fiAsses etc.) .. nd to ea"leulate 

", 

-the accept ~nces of di ,fferent r aà i at ive dec ay 'events by our 
\. "" ... 

liMlted solid.,ngle App .. rUus Ille use Monte-Carlo simulation 
, . 

prog,' ~ms. 
-. 

. 
~he Monte-Carlo method is A nUMericAl wAy of solving 

different problems by the cOMbined use of random numbers and 

theoretlcal models describing the problem. 

In High Energy PhyS1CS one cannot observe di,rectly tl'le 

ph~no~na of intere~t. The nature of matt!r on the 

",!croscopic lev.l i,s st.tistical, hene~ onllJ probabllities 

of ohse,"v i ng di flerent out cornes of Ân exper i ment c .. n be 

predicted in these models. 

The "nullber of i nd.pendent var i Ab 1 es neeess ary to 

d.scribe completely one high energy event with n 'outgoing 

insists on .nerglJ momentum 

eonsrv .. t ion. It is a m~jor co"putational problem to predict 
\ 

observ .. ble distributions, using these independent vlri .. bles 

in a ,th.oretical model. 

.. 
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If the result of ~ Monte-Carlo c~lcul~tion is ~' number 

or of' - . 
co 

,( rI' rZ ••• r n) i s a sequence of r andom numbers between 0 ~rid 

1, then from statistic~ it is knewn that this is the 

.stimate of' the integral 
l l 1 '. 

l = fI.... J r (Xl ~~x 2 ••• X n ) d x 1 d X2 ••• d x n 
o 0 

A Monte-Carlo simulation is a calcul~tion involving 

series of n \rialS (or events), the outcOme of eacn trial 

being a funetien of k random numbers. 

involves n x k random numbers and is equivalent to an 
" ' 
i~tegratlon over a k-dimentional spaee, where the estlMate 

of the 1 nt.gr al i s the aver,ag'~ver the n po i nts. , 
We define expectation of the functl0n 

and variance of this function as 

.. 
varCF') = ({F' - (CF'» 2 

o 

If' X i,s the vector x l' x2 •.. xk ' and )( i i 5 a r ando. 

vector corresponding to independent ~ando. x 1 ,x 2 ••• xk , then . 

the law of large numbers says that jf var(F') is finite. then 

\ 1 illit .. 
n-l-<X> , 

l n 
{ - L F'(X

i 
) 

n i=l 
: E(F') ). } 
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" Th i 5 me ans t ~ a t the Monte-Çarlo estimate of the 

intvgral of a function F' ~ a consistent estimation 11 ~, 

var(F') is finite. 

It can also be shown that the statlstlcal error of the 

Montv-Car'lo vstimation decreilse~ as N 

We wint to simulate the reaction: 

1T fl -- > Meson + n 

LM + - ( 0) + 1T 1T 1T 
y 

l ' 
-+ 

'"" 

A MOtltv-Cilrlo siMulation of this prbcess cari be 

construc tvd we know the probabliity distribution 
11 

fUfictions th.t govern eilch step. Using these functlons we 

cati imitate eilch s·tep wlth numerical random vilrlâbles, 

construct the correct sequence of the~e steps, and measure 

the statistics of observable variables. 

The different distributions in thlS process are: the 
..,:, 

•• son production differential cross-section, the resonance , 

•• 155 distributions,' parLcle 
\ 

decay angular 

distributions: particle decay lI1atrix elements and the phase 
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j 

î 

- - ----.".. --



( 

, 
; " 

. . 
( 

J 

\ 

R & n d 0 III nu Mfi. r 5 )( R w i t h des ire d dis tri but ion 5 , n t h ~. 
r~nge C •• bl can b~ generated in, the ~ollo.ing .~y: 

l' xR ' 
F J f(x)dx R 

1 • a 
1 

where R is a rand~m number (o. < R- < '1.), ·f(x> ÎS the 

desired dist~ibuti.n 'nd r.iS • nor.'liz.tio~.ctor: 
. b 

F = J ,f (x)dx 

.( a 
For' each decay 'step of the reaction the necess.1ry 

distrihutions are generated and the energy and momentum of 

the produced p~rtlcles ar~ simulated which are constrained 

by energy-momentum conservation laws. 

When the 4-vectors of the reaction are simulated the 1 

geometric., kinematic 4lnd trigger constraints of the 

ex,.er imeflt are be ingl app 1 i ed on them. Then the charged pion 

dec .. y i!1 flight and ch .. rged pion and photon, Interactions in 

the t ar 9 e t ar e s i mu 1 a t e d • 

We can use the Monte-Carlo simulated ~pectr& of 

di -ffer,nt k lnemat i c var i &b les ta comp are 1111 th correspond i ng ,~ 

spectr~ obtained from our data ta understand and -find cuts' 

to reduce the number .of background events. 

In the one gUaI"a topo logy ,we stUdy 

w -- > 7T1Ty and n~ --) py 

,decays 

-""-. 
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,~ In ttl~ thrte gimmi topologlij ... study th. deCi!;JS 
-, -

( III )--) 
+ - 0 

p n'Y with' the subsequent n -- > 11 1T TI dec~y • This 

i st;;Of par- t i cu 1 ar inier-est .to observe s ince there are no 

pr.vr~us experi~ents crthat 
1 

hive seen thes,. dee.ys when the 

'p ( w) m~son5 were prJduced. in ~~e 1T p in,teraet ions. In 

\ th~se reactions the rho and omega produ~~jon di~ferentlal 

\.. 

.. 

" 

. , 
cross·-section's are different in contrast ~ith 

photoproduetion exper Iments where the~e p III )_...!) ny 
\, 

decays were previously observed,. This will allow us to c, 

separate the events due to rho deeays from the events du.:to 
t ~~ , , 

oMega deeays .1nd '!Itasure their dlPeay rates slPparatelY~t,.PlllhiCh 

• ~ r 
could not be done in'photoproduction experlments. 

' .. 

F'or' the reaction: 

TI, + p --) Meson + n 
", 

we used the' data collected it Argonne' National 

Laboratory Zero Gradien~ Synchrotron in high stui'stics 
'0 

~ount~r exper i ments E397, E420 and E428, us 1 ng an 8.45 Gev/c 

mOMentum p~on belm. 

) 

• 

.1 

, 
We now proeeed ta give a detailed 

• 1 . , 

.. 
9 

.. 
, 

r ....... -~~ ... _- ""--- -

.. 

'1 

l''i: 

" • 

1 



( 

," 

" 

' .. 

\ 

" 

1 
"OHE GAMMA" DATA SAMPlE - AH OVERVIEW. 

the data sample where two'charged pions and only one 

,'ay were det,ectéd, the fin.l-d.ta summary tape (DST), 
, , 

from ex~eriment E(3~7) only, conta:ns 45577 ~~ent,s. 

ail ad~ltiona, cuts to\ reduce baCkground the 

inv.lriant mass ~Ilot CF'ig 5-10) Sh,OWS 
\ . 

--

+ -
lT' lT Y 

tJsîng thlS data we can:. 

no Indication of 

After 

+ -
lT lT Y 

w _ ... > 

a) Set a new upper '1 illllt fo 
011 

t~e branching rat~o 

Br( W -) JTlTy ), and 

~) Get a new high statisti s ~.asur ••• nt of the 

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

[43,44,45]. 

a) 

In the mass range 0.6 < H < 0.8 G~v/c 
1TlTy 

there i 5 a 

peak comlng + - 0 from events w --) 11 11' TI 

+ - , miss ing. There may be some w --} 11 lT Y events too ln thiS 
J 

,1 + - . 
peakl but the branchlng J.!atio Br( w, --) 11 TI Y ) is found to be 

much smaller than the particle dat~ book upper lillit 

[BrC w --) + -
11 11 Y < 5%'J. Iole come to 

comparing the w ma55 region Wi,:th the Il 

M < 0 • 6 Ge v ) i n F' i 9 • 5 -10; 
1T1Iy 

. . 

this conclusion by 

mass region (0.4 < 
., 

la 

. , 

? 

'j 
t 
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Ci) The branching r~tlos 'or n meson are: 

" 

. Ci Il The 

BrC + -
y) 4.98~ 1)--),11,11 = 

" . :\ ' ' 
BrC 0+ - 0 

23.6~ 1) -- > W TT TI ) = 

"­
acceptance 'ratio for eta 

1 

( . 
1 

events the 

accepta~c'e of 1) --) 
+ - a 

11 TT 11 with one gamma missing events 

-<peak 1) divided by t'he acceptance of 

events(p~ak 2) is (table 5-3) 

RAce 
1) 

= 0.017 / 0'145 = 0.378 , 
ana the simllar ratIo' for omeg;a events lS 

.... 
RAce 

w = 0.027 / 0.071-= 0.380 

Ciii) The branc~ing ratio for w ---} + - 0 
11 TI 11 

, 
+ -

--). 11 TI Y 

is 89.8" 

+ -( i v) The ~ 11 11 Y mass resolution at omeg~ mass is ,bout 
• • 

25" larg,r than at eta mass. The observed width of.eta 

meson"is ron = 15.2 Mev, whict'l is equal to-the resolution .1t 
, , , 

eta mass. 
-J 

since the true eta width can be ignorea (f
Tn = 

0.85 Kev). The observed ome~a width would be 

. ) 
r 

Ow 
+ rL 

Tw 
~ ) = 20.6 l'lev 

IIIhere ,r rdu: = 1.25 r 
01) 

~ry 
is the resolu~lon 

and r Tw = 10.1 Mev iS the omega true width. 

(v) The mass resolution for + - 0 
TT TI 11 

at 

with one 

miss~ng events is about the SUie for 1) and w t'Igion. 

" 
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1T 11 11 

o 
+ -

" --) 11 11 Y l'vents, as " 

l'vents with one gamm~ missing in our sample. 

Considering (l)~(ii) and Çiil) If thé branching ratio 

+ -
Br ( w -- > 11 11 Y ) 15 close to SY. there would br about six 

,times fewer + -w :.._) 11 11 Y l'vents than + - 0 w --) 1T 1T 7f with one 

gamma mlssing l'vents. Considerlng (iv) most of these l'vents 

would be concentrated ln two blns. In this case one would 

expect to sel' a separate peak or at least a bum~ at w mass. 

Oetu Is are .given ln Chapter 5. 

b),,'" --) py decay mode 

The " meson has been observed by a number of 
. . 

'exper i me'lt s [31]-[ 42], but these experiments h~d fewer 

statistlcs (only Oanbury et al [38'], had data 'statistics 

co"'paralJ le to 

l)bse,'ved the n 

with 

ratio of 

ours) than our experiment and most of the", 

ln a different reactlon: 

later Measurements [38-42J of the branching 

--} + -
11 7f Y We able to an 

independent high statistics .easureMent 0' this ~ra~ching 

ratio. 

\ 
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C) M(953) meson 

. 
Some experiments [36.37 and 43] observed a meson at 

+ 0.953 Ge'v decay~ng dlrectly into 11 TI y. In our data sample 

ln the mass range of 0.8 < M < 1.04 Gev. 4l1) the eve:J.s 
TIny 

ln the peak ~round 0.95 Gev, were found to be cOMlng from the 

py decay ~f ~he n meson. 

z,.0 THE "THREE GAMMA" DATA SAMPLE -. AN OVERVIEW. 

In the data sample where two charged plans and three 
, 

gamma rays,were detected we will concentrate on the stUdy of 

the decays p (w ) ,--) IlY , slnce the decay Il ~ --) ~y was 

studied ~ elsewhere [4J. txperimentally these decays were 

pre v i 0 us 1 Y 0 b 5 e r v El' d 1 n a p (w) ph 0 top r 0 duc t ion exp t' r 1 me n t 
" , 

(30] and ,two model dependt'nt so Lut ïons were 9 i ven. ln 

photoproductlon experiments the production mechanisms of p 

and w mesons are the same CUector Model Dominance), but the 

w production cross sec~ion is an order of magnitud! smaller 

than the p production cross section (the coup 1 ing of w and 

gamma f yw = 1/3 * fyp ) . This makes lt very difflCUlt to 

separate the· p and w decays from each other. In our 
v • 

experlment the p and w product ion mechanlsms are dl fferent 

n+A2 exchange for p • and B+ p exchange for w) lellding to 

a dlfferent momentum transfer dep~ndence. At 1 arge 

13 
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transverse mo~~nta [1 ~, ) O.4(G~w·c)2 ] w production 

dominates making it possible to separate the p and w --) 

ny decays. We simultaneously fitted the l')y mass 

spectrum for tlllO 1 t' 1 ranges (./'t' 1 < .4 CGev/c) 2 and j t~' 1 > 

.4 (Gev~è-'-\ ) and th; whol •• a55 spectrum for the final data 

sample (Fïg~,7-20' to the theoretical Model [6] diSC\lssed ln 

APpend~ We obtajned two'solutions one of 

with most Of~~ 'predictions [7]-[29] and . '\ , 
\ 

solutions 

.hich agrees 

one of th~ 

trom' -t..l:'e prt'vious 

however, ru le out ~he second solution bec .lust' of poor 
1 

stat ist ics at pres~n~ ~ 
:i 

\.0 SUMMARY 

We used ?n 1 Y data from experiment E(397) when 

We dld not need the data 

fro~ experlments ~(420) and E(428) Slnee there .as already a 
, 

large number of t'vents of this type in E(397), and the 

experiments E'(420), E(428) were designed ta handle, larg~r 

number Of gamma rayl W~lCh Improved -the dete~tion rate o 'ft 
_/ 

mutti-g.unma events but wors~nedthe exp~riment.ll' resolution 

for the gamm~ mom~ntum vector. j' 

In Chitper 2·we.de~crlbe experlment EC397J. Chapter 3 

contains the detalls of data collectIon and analysis. 

Ch'apter 4 .presents the experimental resolution of the 

appu~atus for:, E·(397). Ch apter 5 g ives the exp4rr ipulnt a 1 

Qceeptance of the a~pa~atus and the selection Of· the final 

J 

sample of the events .' In chapter 6 our experlme~t.l 
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results for .-the radiative d'ecays into + -
11- 11 Y are presented. 

In Chapter 7 we discu~s the differences in the 

apparatus o~ experiments ((397), E(420) and EC4Z8), the 

effects ~f these differenc~s on the resolution and 

reconstruction programs. In this ch~pter we also study the 
, .> 

data samplt witK two cherg.d pions ~nd thre. gamma rays 

detected, and 
1 

the exp.riMental acceptance of 

of such events for the experiments ((420) and 

the appar atus 

E( 42'). 
, 

The 

inefficiency ,correct ions calculated 
1 

in Ch apftr 8 and 

Ch apter 9 presents our ex~er i lient a 1 resu 1 ts for tft! dec ays 

p ( w) -- > ln 

In Chapter 10 we diSCUS5 our conclusions. / 
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CHAPTER 2. APPARATUS 
. ---------------------

(;) 

) 
.' 

, ' 

<, .. 

1.0 INTRODUCTION 

The experlmental layout of> our eharged partiele and 
f"'t 
'ot 

gamma ray spectromett'r is shown in Fïg.2-1. It WolS set up 

1 

~o 5 tudy, among other, proces ses, the rad i at i ve dec ays of ... 
r-

dif.f'erent mesons in the data SUbsets where two charged pions 

and 

+ - 0 
1T P -+ 1r 11 11 yn 

1-)- yy 

.. 
The be.lm eonsisted e.f', 8.45 Gev/c n.g.ltive pions 

~ 

produced at, the Zero Gradient Synçhrotron (ZGS) a~ Argonne 

Nat i ana 1 ·Lab.or atory. The experimental target was a 16 ineh 

. ".long, one Inch radius cylinder of 1 iqUid hydrogen. The 

receil neutron was ndt detected and the direction and the 

fIIo.rnta of eharged particles .lnd gamma' rays lIIere mêasur,ed in 
\ 

1 l' :',',he spect.rometer as described in the followin9 se,ctions. 
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2.0 BEAM 

. 
The beam in this experiment was a secondary' pion beam 

produced ln the Extracted Proton beam II area of the ZGS by 

directing 12 Gev/c protons at a beryIIium H,rget. Negative 

part"icle's produced at 1.5 degrees were foc~ssed and<' brought 

to the experlmental area by a two stage system of quadrupole 

and bend 1 ng' magnets shown on the Fï g. 2-2. 

The flrst stage consisting of the bending magnets S81. 

quadrupole magnets Ql, QZ, bending magnet Bl and a 

brass collimator, produced a momentum dlspersed focus at the 

position of the beam hodoscope BH. BH consisted of seven 

sClntdatlon counters that selected an overall 2.5~ momentum 

bite fram the partlclfs focuss,.ed at thlS P?int. 

The S!.9.ond stage consisting of the strong bendihg 

magnet B2 and four quadrupole magnets Q3, Q4, QS and Q6 

recomblned the momenta and focussed the beam on anti 

counters BV1 and BV2, located 120 Inches downstream of the 

hydrogen ~ arget, where a II non-l ntIPract i ng beam events were 

rejected. 

The beam particie direction were .. 
determlned by four magnetas,trictive readout spar<k Chambers 

.!Jpstream of the hydrogen target. A pair of anti counters 

BHR+BHL aIl beam particles outside 9f the one inch 

85" ,0" 

beam passed withln the hole. 
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The contam i n ati on of other part i.chs 

(i.e. j.J , K , e •• s found to be' 5.0 + O.M( "or j.J , 3.2 

+ 0.1" for K and in insignificant amount of e. Table 

2-1 gives the summary of the beam characteristics. 

3.0 CHARGED PARTICLE SPECTROMETER 

The momenta and positions of the charged par~icles were 

measured by the charged partlcle spectrometer whieh 

consisted of a set of flve spark chambers on elther side of 

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

-downstr e am of the hydrogen t arget. The summary of the 

charged partlcle spectrometer characteristlcs ·is glven in 

T.bl" 2-2. Tb..a.. n.rrow wldth of the magnet (40 lnches) and 

of \'h.e) sp ark ch amber s to e ach other and the magnet 

good a~Ptance for the 1 arge-ang 1 e tr acks. Two 

closeness 

ensured a 
1 

chambers upstreaml of the magnet were rotated' by 45 degrees 
6' J 

and two ch ambers downstre am of the magnet Ùlere rot attd by 15 

degrees to ellm,lnate ambiguities which arise from multiJa,le 

tr aekS. 

Spark positions in the ehambe!5 were re ad out by 

-
magnetostrictive teehn i ques and a SAC sealer system 

interfaced ta CAMAC. Eieh plane could handU up to six 

sparks. 

In ail spark chambers including the beam chambers and 

the ch ambers used in the galIIma ray detecting systell, cl 
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alcohol addvd ta quench the sparks. The gas was purifîed 

and recirculated by a carbon and",,) iqUid nitrogen trap (The 

Berkely Gas Cart>. 

At the beginning of every ZGS pulse the spectrometer 

chambers were triggered on a non-interacting beam tra'Ck. 

These t'vents were used ta update the spectrometer clumber 
~ 

spatial positions a'nd the distance per sealer coun~ for each 

magnetostrictive r!tlbon. These oould change because of the 
( 

a9 i 09 of the spectrome ter or short term temper ature effects. 

4.0 PHOTON DETECTOR 

The energy Of the photons was measured using a system 

of 56 lead glass Cherenkov counters and their'position .. as 

measured with a system of a 1.6 radiation length lead 

converter and three magnetostrict ive readout spark chambers 

closely packed together. Two of the \ three 

rotated 2.5 degrees to resolve multl-track ambiguities. 61); 

Of the photons comlng lnto the detector shawered ln the lead 

producing t 1 g'ht 1 Y collimated showers with rms angle 

approxlmately 0.2 degrees Tor 1 Gev photon, Cl1,' C3J. 

Clos.ness of the f lrst spark chamber (1/4 inches away Trom 

t'he lead) resulte,d in these showers be Ing recorded .5 a 

Single spa~k in- this f 1 r 5 t ch à mb e r and thus the shower 

'center was accurately det#rllined. The sec Cl n d an d th i rd 

spark chambllrrs Suppll'ed inTormation Tor showers which .. ere 
, 

missed by the" i.r'st ch amber and were a Iso used to confirm 

and ruo 1 ve shower pos i t ions". The lIomentum vector of the 
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photo'h>"was obtained by joining the sholler origin to the 

inter ~ct Ion po int in the tar:get. 

The spark digitlzation ~or these chambers wa~performed 

-bV a Borer scaler-CAMAC system. The first chamber was 

instrumE'nted ta handl'e up t~ ~ ight sparks and the second and 

. 
third spark chambers could handle up ta twelve sparks. 

·As in the cha.rged partie li spectrometer chambers the 

non- inter ac t 1 ng beam l'vents were used ta update the 

positions of the gamma chambers and the speed of their 

magnetostrictive pulses. 

The symmetrlcally stacked lead glass array (F"ïg.2-3) 
, 

was pas 1 t 10ned i mmed 1 a tel y downstream, 5 lnches away from-

the shower chambers. Each block was 10 radiation lengths 
, 

deE'p (approxlmately 12 inches) and 7.5 inches by 7.5 Inchl's 
\ 

Cin cross-sect ion. It was viewed by a 5 inch photomultipliet 

tube attached ta its downstream face. A small hoJ~ ln the 

array allowea the beam to pass through unaffected. The 

signal 'Tram each photomul\}plier was fed into an~arialôg to 

dig'ltal converter (AOC) ana the dlgitized Information was 

made avallable ta the online computer via. CAMAC. The ADC 

readlng, after 5/1)all corrections for geometrical lasses, WAS 

proport iona 1 to the energy deposited ln the block. The 

proport lonal ity const ant was a function Of the 
" -

1 
Ktubé ph 0 t 0 mu 1 t 1 pli Il' r .Qains, WhlCh were sens i t ive ta 

"'" ,-, -

f luctuat Ing temper ature. TUlo' procedures to mon i tor the 

re 1 at ive g a in dr i ft5 between the tu~es were used. / The 1 ight 
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output frol'll.. ~ nitrogen l~ser was p~ped to each block vIa 
\ 

fib,r optics. To correct the short term drifts, liSer pulse 

height daV were recorded at the start of each . ZGS pulse. 

The offhne analysis program used this data to update the 

tube gains o;n the run-~o-run)baSIS. As a check against long 

term dr ifts, energy speet}, were recorded lor eaeh of the 

blocks tWlce dally. uSlng several thousand laser pulses. 

Th 1 s d a t a w as use d b Y the 0 ri lin e a n a 1 ys i- S -:p r 0 gr am. 

Gamma rays from 
o 

TI decays were us~d as a standard for 

absolute calibration. The method wh lch was used ta 

calibrate a lead glass black 15 outl1ned 1 n f' i 9 . 2-4 . The 

erro,'s ln the 
o 

TI mass measurement malnly c~e from the 

f 
gamma energy determination uncertalnty. Therefore, for <lll 

two gamma events, for the blacks WhlCh contained a shower 

center, a digamma mass distribution, summed over aIl the 

other b locks, was plotted. The ratio of the ctntrold of the 

hlstogram for a block ta the actual o 
TI 

correct the tube gains for that block. 

5.0 THE TRIGGER 

mass 
~ 
w~s used ta 

A system of scintillation counters combined with fast 

e lectron ic log.c modules was deslgned ta indicate the 

presence of ~t Jeast two charged tr~cks and at hast two 

galIImas in the detector with no <:harged particles or gamma 

rays recolllng at widt anglu. LUer in this paragraph we 

~ 

di scuss Now we obt a i ned our one gamma dat a s alll.p 1 e from t~se 

ev.nts. 
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Th i s system produe ed a tr i gger th at was used to 

initilte the flring of' the spark chambers, the'gating of' the 

~ gamma shawer ADC's and the stor Ing of the ,resu 1 t lng CAMAC. 

i nfar .. mat Ion. A s impl if ied trigger dl agram IS shown in 

F'ig.Z-S. The trlggerlng system conslsted of the Tollowing ., 

parts deslgnated as beam, charged, gamma and anti. When 

requlrements of aIl these parts were satlsTII~d the f' ast 

logic inltiated ln event trigger. 

Q 
The beam part requlred an Interaction in the tirget.; 

S1 * B1 li! B2 * CBHR li! BHl..> * (BU1 * BU2> 

A eount in S1, B1 and B2 means there was a beam 

part ici e . No count in BHR and BHL means It went into the 

t arget and no count in be am veto count,ers BV1 and BUZ means 

that the beam partiele lnteracted. 

The charged part required at least two 

partlcles to be present af'ter the magnet with at leas't one 

'" particle Il?avlng the target at an angle greatl?r than 4°; 

HO (~ 1) * H2 (~ 2) 

A count in HO meins the charged partlcle dJent out.side 

the 1.5 InctJes diameter hole centered on the belm, which 

means that It had an angle grea1.er than 4°, and a count. in 

a1. least 2 of' the 30 element seintilation hodoscope HZ 

indicat~d th. prlsence of two eharged partiells. 
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The g~mma part required it leut tlilO poss i b le 9 ~mma 

showers to be present. 

GHF" * j3HR (~ 2) 

1 GHF" and GHR are tUiO Identical 16-Rlement scintillation 

hodoscopes before and af'ter the' l~ad converter respectivt! ly. 

Ho' ~unt in a GHF" ~lemet1t and a count in the GHR element 

di rect ly ~fter 1 t me ans th at a photon had p assed through the 
, 
GHF e lement and produced' a shower ln the converter wh lch was 

/ 

detected by the GHR' element. The gamm.1 part of the trlg.ge,(' 

required at least two such no-yes comblnations in the GHF" 

and GHR. 

Often. after the oH-l ine analYSlS of the data~ on. Of 

these two no-yes combinat ions was proved to be comlng ~rom 

different background reasons such as a o-ray from .1 charged 

pion going in the neighbouring HZ paddle or a cosmic ray or 

tlectronic noise in the GHR counters. T\he ~ gamma data 
\ 

samp le conslsted Of these events. 

The antl part of the trigger rejected gamma rays and 

charged partlcles recoiling at II/id. angles or mi'ssing 'th. 

acceptance i 

AAl + AA2 + TAC ~ 1) 

The aperture-ant i counters AAl and AA2 lIIere lo~ ated 

~ecay partlcles that would go"" outside tn, geometr ical . ,,; 

acceptance of charge partie le and gamma detectors. 

• 

-i-

" 

l 

, 

i --



, 
Il 

. \ 

<-

.. 

t \. 

" 

.. 

j 

The upstream. 5 i des of thest counters, were eovlPred wi th 

0.25 inches of lti.d sheet}; ta ma.kt them sensitive to gamm& 

r ays as we 1 1. The target anti counters (TA) wtre used to 

r e j ~ C t g a 1ft m a r cl ys 0 r .~ h a r 9 e d p cl r tic le s r Il coll 1 n 9 a t w ide 

ang 1 e$. 

\ 
Thf 'TA system 

.~ .... ' 

four alt~rnat~ of 

0.125 inches of seintllator and ·0.25 inches of lead sheets 

on eac~h. of the four lateral sides of the hydrogen target. 

'/ . 
Ta 5 top low energy cart ie 1 es such u 0 -rays the t arget Illas 

surrounded by a 0.5 inche~ thick poly~thyhne (CH2) (before 

the TA counters). l'he ant 1 part of the trigger demanded 

no counts in eJther AAl or AA2 and no more th an 

1 count in the TA system. Ali the TA counters lUe.re 

latched to allow studies of the evep,t for wh ich one 

counter fired. 

Ti\ble 2-3 list! aIl the counters 0" the triggtr systeM. 

. : 

,,* 
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CHA~TER 3. DATA COLLECTION AND ANALVSIS 
". 

----------------------.------~----------

1.0 DATA COLLECTION 

Data collection was ptriOrmed on Cl General Automation 

SPC 16/85 computllr i nterfaclld to the exptr imen~ through 

CAM"1.. E,llch 'event cons isted o~ 260 16-b 1 t words and th~ 
collectIon system was capable Qf rf?cording up to fort y 

events in each 600 msee pulse. Ali the d~ta was recorded on . ~ 

m4gneti-c tapes far later off line"anoillysls. 

About 30% to 40~ of the events were analysed online 
< 

durlng the tlme between the machine pUlses. The online 

the sp\ark 

SCintil1a~iDn 
ail calculated ch amber analys 1 5 program 

the plotted counter 

1 
puticlpation and lead glass block P:.articlpation rate, thus 

providing us wittl a valuable means of monItorIng the 

equipment performance contlnuously. Also the three pion 

effective /RaSS and the mlssing mass werll plotted to provide 

US W 1 t. h i n for mat ion ab 0 u t the use fuI d a t a y i e ] d • 

'!;'rhe non-interaCtlng beam events and the 1 ase'r pu 1 se 

lead glass calibration data were not used by the Or'lline 

progr am" but were recorded on 'magnet i c tapes for off 1 ine 

use. 

" .. ". 

.. ., 

1 

l-

I 
l 
l 

l 
t 
\ 
l' 
1 
i 
J 

1 
. j 

j 

-1 



2.0 DATA ANALYSIS - . 

~11 the events recorded on t~pes were rean,.lysed on th, 

IBM facl1itie~ at McGi11 University, Ohio '!?tate University 

and UnIversIty of Toronto. 

The off! ine ana1ysls program used the same trackfinding' 

.tnd flttlng software as the onl1ne progrollO. This trolck 

reconstructIon software conslsts of three baSIC sections: 

the beam. the charged partJcles and the gamma rays and wi Il 

< 

be descrlbed 

pr.ogress 1 ve ly 

Jn detail' later. frogram 

updated the spark chamber fi~ucial positions 

The Off 1 ine 

and pulse speeds on the magnetostrlctive wands using th, 

non-lnteractJng beam events. It also used the laser 

calibration Ini'ormatlon to update the leold glass phototube 
; 

gains. For each mon.th·s data, an ilbsolute calibration for 

these g.alns was done uSlng the events with a neutral pion. 

improved the r~solution of the 

apparatus. 

After aIl events were ana1ysed a sample of weil 

understood w (783) events wi th two chargeâ traeks and two 
a' 

g.imma.rays WolS selecteU. ThIS WolS used to refi~e the 

chamber orIentatIons and lead glass phototube gaIns. The 

~djustments to the chamber positions and the phototube gains 

were obtalned by weightlng them to get a good kinematic fit 

for each event .. These new oldjustments were 1 olter used to 

reanalyse aIl the\ events to obttlin 50 calleCl "tuned" events. 

These were stored on the dtlta' summary tapes (DST> • 
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... 
,. thesf DST tapes di fferent topo 1 Dg ifS werf se lected to studY 

di fferfnt inter act1ons. 

In about 40~ of ail events witll two oppositely chargea 

p.i 0 n 5 , the 0 f fil ne a n a 1 y SIS pro gr am h as fou n die s s th an t wo 
1} 

r~al ga.mma Showers (one or more-- no-yes combinations in GHF 

1, and GHR counters were found to be comi ng trom d lfferent 

background reasons). About 15~ of the" -avents the two 

oppositely charged pIons were 

gamma showers. 

3.0 RECOHST.UCTIOH SOFT~AR~ 

The reconstruct ion software cons i ste1i of three 'b~s le; 
\. - . '1 

Sl"ct ions: 
" 

beam .. charged partic1es and gamma t'ays. 

The be lm 1 i ne magnet i C opt i cs Ulere tuned' to h av' pions 

of 8.45 Gev/c momentum for a.l1 the runs. However for 'lPacll 

event the more precise momentum of the beam track was 

determined accordlng to WhlCh BH counter det.cted it. Tht 

direction and position of the beam track was obtalned fram 

the beam spark chambers using the same trackfinding 

rout 1 nes that reconstructed the ch arged part ic IR 

trajl"ctories. Events with more than one btam track .tr' 

discarded and j'f the beam track hit twa of the BH cQunters 
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2.Ch~rg~d tr.C~k~S~.·~,------------------------------~'~~-~"--------~--~--__ _ 

The mS':'ent a of the charged partlcles were c~lculated 
j 

US 1 n 9 't h e\ r t ra j e ct 0 rie s . 
• 

The traJectories o-f the p<\rtlcles 

were reconstructed by search ing for traë:ks wlthln corridors 

in" space deflned by the H2 hodoscope element dimensions, .n 

_ i mag 1 nary gr 1 d s Unll ar -to H2 olt the molQnet center and the 
,--

h.Ydrog-en t arget. This method saved a considerable amount af 

tlme. - In these corridors the tracks were flrst-seolrtÇhed in 
-~---~-~-
~~-~-.-

the downstream y'.::-~iew,_ tt'len in the d.Q-ù,,"stream x-view. To 

furt her constr a 1 n • the tr ack candidates the se tracks' were 

cr'os scheck ed 1 n rot at ed ch ambers . In each view a trolc_k was 

.ccepted If It contained t"wo of three_ x or y . plane 

çoord lnates and one o-f the two u or v plane coordinates. 

The track candidates with comman spark,s we'~e pruned and ,the 

tracks wlth lowest. chi-squared values were kept. The 

upstream and downstream sect ions of tracks were then matched 

at the magnet center. A comman intersection with the beam 

tr.cJ< for '/two or more' of the charged tracks was. demanded to 

o,!tcur within thE"" hydrogen tar'g'ft, flducial volume. The 

p .. r tic 1 e t r a J Il' cio rie s 
, 

were also corr e cted for bend i ng 

outside of the m~gnet caused by the strong fringe field. 

fig 3-1 shows th~ recons tructed tr aJector ies for a 

th r e e -p r 0 n_ 9 event. The mOMent a of the part ici es were 

. 
deter mi ned by compar ing the final ,trajtctorus with cl 

fourteen term momentum-fuoction that was developed Cl] using 

numer ica 1 integration of Monte-Carlo created tracks. , 

dUa i led mclgnet~c "ield m.p UliS availabl.e for this purpose. 
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1----·--------ThiS method of çalculatlf1g the momentum circumvented the 
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( 

necessity of dOlng point by point intl'gr~tion in the-

magn et 1 c fIe 1 d. 

3. Gamma rays. 

Fig 3-2 shows the gamma shower reco,nstruct ion fi owcha'rt 

and fig 3-3 shows an example of a reconstr'ucted event with 

two gamma shawers. 

The gamma r .lys wer e reconstruc.ted by fi rst look i ng for 

a lead glass black where more than 30 Me-v en~rgy was 

depas i ted. For e ach s uch black, raads Were constructed 

wlthln WhlCh the gamma shower sparks were è')(pected ta lie. 

For eaeh shower eand i date a code lita rd (' score' ) was 

construeted which lndicated which 
\ , 

chamber 

'particlpated. A minimum of one x and one y spark was 

require~ ln the of irst or second shower chamber and at least 

one x oro one y. spark was required in the next ch~mber. 

The shower center was qet~rmil1ed by the sparks in Uri"" 'first 

two chambers. 

Ta eliminate ambig·uitirs resulting from an overlap 0; a 

charged partiele and a gamma ray, events with cl shower , 

candidate within 5 lnches of' al'! ~)(trapolatèd' ch~rged trick 

posit ion ln the lead glass were rej1ected. 
, 1 

Two shower s ~i th . \ 

d ifferent ' scores' had 
/ / 

to be mor,fl·-t"han 7.6/dnches apart. If 
/ 

they were than 7.6 i nthes ap art the shower w i th the-, 
l , 

less 

smaller 'score' value was rejected. 
(;.-,) 

The shower.s with -tl same 

'scores' had to be more' th,an 4.0 inches apart, otherlllise 
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1 
the ~r energy lUS cOlllb ined And the pas i tian lUS Aver41ged ~ 

Th' shower energy WiS de 'termi ned by Add j ng the enfrgy 

,depas i 'ted ln the blocJ<s surrounding ,the show_er candidate. 

If 'two shOUlers were next to the same b lock,. the enerQY in 

thA't block was shared inversely proportional '10 the square , 
of ihe distances of, the shower cen'ters from the black. Then 

the averAll Mergy deposited for each shower candidate was 

corrected for energy lasses in the lead converter.· around 

J " the photomultipl ier tube and in the 0.04 inch thi.ck magnetic 

j .... 

shilHds surrounding each' black CU. for' a Il event s w i th t wo 

" 
or more showers, the two showers forming an invariant mass 

o 
closest to the 11 mass were s,lected and put first and 

second in the final 

arder of .nergy. 

1 
1 

analysis .vent buffer, in decr.uing 
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CHAPT~ 4. EXPERlf"IENTAL RESOLUTION 

-----------------------------------
The part 1 cIe momentum and di r.ct i on me tlsur.m.ent errors 

were studled in detail by a prrvious experlment using the 

same apparatus [1]. Thelr results with minor modifications 

due to slightly higher beam- momentum were used in our 

eoxper iment. f 

1.0 BEA'1 

The br am momentum error i 5 9 i ven in Tab Il 2-1 

: 0.005 (F"WB) 

The beam slope errors were given by the expression 

where the +',rst term is the angle t'rror due to positiorf 

measurement and the second term is the error due to mul~iple 

scattering of the beam particles ln the target. Here p is 

th. be am tr ack momentum 9 1 ven in GIV/C and t i 5 the numbtr 
.,-

of radiation lengths of hydrogen seen by the bltllll trtlck. 

Typicaly for 1 Gev/c pion traversing the ttarget lle = 0.01 

rad. 

'l' 

- .... 

( 
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2.0 CHARGED PARTICLES 

( the 

,multiple scattering error of 2.8" (F:WHM) and a term that 

cOMes from the position error in the spark chambers 

+ (. 11 *P/P ) 2 J 1 
beam 

The second term wu' obt a ined by extr apo J at i ng to the 

1 

êtppropr i ate moment'a the pos i t ion er r ors ca léu 1 ated for the 

non-interacting beam tracks. The momentum error, for a beam 

track of 8.45 Gev/c, was found to be 9" "(F"WHM) - this 

corresponds to a spark chamber positIon error of 0.04 anches 

(F"WHM) • For two track events the pos 1 tian error was found 

to be approx imate 1 y 0.05 1 nches. wh 1 ch corresponds ta 

momentum errar of 11'' (for p=8.45 Gev/c). 

The error in the charged partlele angle. measurements 

was given by 

,/ 
, j 

lia (F'WHM) = [(0.0014)2 + (0.036/P)2*tJ~ rad 

The f irst term is an est Imate of an ang 1. error in the 

position measurement and is very sm1111 compared to the 

5 e con d ter m. t h a t come 5 f rom the mu 1 t i P J e sc a t ter i n 9 of the i 
charged tricks ln the hydrogen target. Here t is the 

radiition length of materiiJ trivelled by the charged 

partiele in the target. 

-, . 

( 
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3 II. 0 GAMMA RAYS 

the. symmetrlc decays of the neutral pions in the topologies 

with two or more g41mma r41Ys.,..) Thé di-gamma mass is given by 

the express lon 

Thus the fractiona) fPrror pn the di-gamma mass wll) be 

When El = E 2 

Using thlS expression the gamma energy reso)ution was 

calculated by measuring width for different gamm~ 

energy bins. The gamma energy resolution (i.e. 

mass resolution) as a function of the gamma energy was 

1 i tted to the following curve 

<5 E/E ( rWHM ) = O. 055 + O. 175/ lE ' 
y y y 

The shower pOSition error was cal~ulat.d by tracking 

electrons of various energies through the apparatus. Th, 

~ 'position determined by the spectrometer was compared with 

the posItion found at the converter. The position error .as 

fou-nd to be 

6x (FWHM) 0.35 inches. 
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CHAPTER'5. rZNAL EVE~T SELECTION 

-----------~---------------------(~ 

1. 0 KINEMATICS 

~ -, 
-tram the final dat. summary tapes. IVlnts that have one 

Positive and one negative charged track and one gamma shower , 

wEtre se 1 ected for the study of rad i at i VI dIe ay of re,son ances 
G 

ta final stat' The gamma ray and the charged + -
1T 7T 1 the 

tracks were constralned ta lie inslde a one inch border ln 

each detector ta avoid any problems arlslng from detector 

inefficlenCles around the edges. The charged plon momenta 

were -requlred ta be at least 400 Mev/c ta avoid the 
o 

reconstruction prablems for soft particies. 

In our data sample the gamma momentum was cut at 700 

Contrest thlS with a cut of 300 Mev/c applied to the 

other topologies,~here two or more gamma rays Were present. 

and where two gammas come from a o 
1T dec ay (or from an ~n 

dlcay) . In t~ese topologies it is easier ta reconstruct the 

gamma energy uSlng the neutral pion or eta mass as a 

.constraint. Hence a higher gamma ray energy cut IS not 

J neclssary. In our dat a' 5 amp 1 e whlre 
, 

only one ~amma 

events wtjere a meson 

ray wu 

dltected there is a large fractIon Of 

was produced with a marI common decay lnto + - 0 
1T 1T 1T system but 

one Of gamm.s from the 
o 

7T --) 11 decay is not detected. 

( 
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to r,move the smill cont~mination of 
\ t-t --)" n 11° ) which survlved ln 

+ - '* 11 11 Y N 

spite of the target 

ant i -co i ne idenee system. we a 1 50 i nst i tuted a eut M < 1. 5 
rec 

Gev. Urss th an 30Y. of al 1 Ç/ne 9 .. mm .. ev,nts surv 1 v.d aft.r 
~ 

thls eut. 

,. 
"" ~ig.S-1 shows the + -

'Ir TI Y ~'55 speetrum CM ) 
1T1Ty 

for the 

events leU, aUer ail the cuts Cgeometrlc and klnematic) 

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

Al 1 the events were then fi tted to the hypothes 15 11 P 

--) + -
11 11 Y n with the missing mass constralned at the neutron 

",als value. ThiS procedure should enhance the sIgnais ln 

~ig.S-1 that are due to events WhlCh agree with the 

hypotheSls. ~lg.S-Z shows the fitted M spectrum for the 
1I1Iy 

data sample shown ln ~ig.5-1. 

'f'Th:re ire four ,peaks ln·f-~.5-Z. 

approximately 0.500 Gev comes from the 

The first peak at 

+ - 0 
11 7T 11 decay of the 

n .f50n with one gamma from the o 
7T -- > yy dec ay not 

deUcted. It is lOUfer in mus than the eta ",eson mass (0.55 

Gev) because of the miss ing gamma. The 'second pe ak 1 n 

~ig.5-Z has become considerably sharper th an the 

corre5pondlng peik in ~ig.5-1. This peak is at eta meson 

. . + -
mass and"----'i=--::s=--_ cJue to bonaflde TT 7T Y deeays. The th ird peak 

in ~ig.5-Z cames from + - 0 
w -- > 11 TT TT with one gamma misslng 

event5. It is at about 0.750 Gev. The fourth peak ln 
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Th is + -pe ak i 5 du. ta th. TT TT Y 

, 
The b~ckground events ~s we Il iS the n , w --) + - 0 

'J1' iT 'If 

events (with one gamma mlssing> will be discussed in detail 

later in this chapter. 

Z,O EXPERIMENTAL ACCEPTANCE 

In order to understand\th~kgrounds coming fro~ 
i 

+ - O. 
11 1T 11 decays of mesons wlth one undetected gammaray from 

the o 
11' ~nd also to find the acceptances of the apparatus 

for such events and for true radiative + -dee ay ('J1' 7T Y 

events. the Monte-Carlo simulation programs descrlbed ln 

AppendlX A were used. These programs used speeif.ed d cr/dt 

and decay angular distributIons to generate mOMenta of 

particles coming from the reaction 

-
11 P --) Meson + n 

e 
and the su~sequent dec~y Of tne 

+ - 0 
7T 11 31 • Then interactions of th" '. -. 

me.son + -into TT 11 Y or 

charged particles or 

gammas with the hydrogen in the target, and the decay al a 

ch arged pion were simulatéd by stati.ticall.., rejecting 

events. using the cross-s.ctlons of chargld particles and 

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

In the Monte-Carlo progra. for the true radlativ. 

dec~ys for the l'vents wharf no interactions in the target 

have occured and no pions decayed while passing through the 

31 
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l 

detector, the geometric agd kine.atic cuts of Table 5-1 were 

applied. The acceptance of events surviving these cuts was 

calculated, and also the 

storod on magnet.c tape ~or 
4-vectors of these events were 

later processlng. 

In the Monte-tarIo program, where the meson decayed 
, 

, 'for aIl the events where the charged pions did 

not .~ecay. whi 'le passing th-rough the detector, 

interact in the target we proceeded as follows: 

or did not 

'1. If OnlY\ one gamma interacted in th;" targe,t, then 

geometric ~nd the kl.ne~ati~ cuts' ~re applUd for the 

charged pions and the gamma that did not interact ln the 

target. 

2.' If nelther Of the g,ammas lnteracted ln the target, 

then the geometric and klnematic cuts were applied on the 

charged pions and each gamma separately. If these cuts w,re. 

satisfiéd for both gammas, '1055' of a gamma ray was 

simulated. 
, ' 

The acceptanci Qf the 'events where both charged 'p ions 

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

of these particles were stored on magneti~tapes for I~ter 
processlng. Such tapes were made for the re let 10n5 

corresponding to aIl four peaks in Fig.S-2. 

To be able to compare the spectra of 

the'spectra of corresponding variables calculated 'l'o.' the 
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And directions of the pArticles from the Mont~-CArlo tApes 

) According to the experlmental resolutlon and then fitted ta 

+ -hypothesls TI p --> 11 11 Y n wlth the missing mass constra\ined 

at the neutron mass v~lUe. 

By comparing the different d~stributions obtalned from 

the Mo~te-CArlo generated 4-vector tapes ln the w~y 

described above wi th the corresponding experimental 

we were able ta understand the backgrounds 

better and to flnd new cuts (on momenta of charged plans, 

gAmma ray energy and missing mass) to decrease the number of 

background events compared to the radiative decay signal. 

The detalled study of these cuts Will be made in a later 
".----

paragraph. The experlmental acceptance Will be the product 

of the acceptance for the events wrltten on the Monte-Carlo 

4-vector tapes wlth the fraction of events left after the 

The acceptance ~ true radiat ive decay 

Monte-Carlo's have als~ to be corrected for the gamma ray 

final cuts. 

not being converted Th i S IS 

necessary to be ·consistent with a background simulating 

Monte-Carlo program, where the conversion efflclency of the 

Lead 'Converter~ IS being takèn Into acco~nt, when simulolting 

the "1055" \ , 
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3.0 CONVERSION ErrICIENCY or LEAD CONUERTER 

The g~mma conversion efficiency is highly d.pendent on 

the effectlve cutoff energy for observed secondary 

electrons. This cutoff energy is dependent on the position 

of the converSlon ln the converter and the energy and 

emission angle of electrons# and IS very dlfficult io 

me ~sure. Therefore. t~ value for the single 

efficiency was taken as \he average between an upper 
~ 

gamma 

1 i mit 

based on pair productions. and a lower limit from published 
\)' 

Monte-Carlo results. 

USI~g theoretlcal pair production cross section the 

cOnVer$lOn efflclency upper llmlt IS glven by [55] 

1 - exp {- Il (RL») 
o 

where RL IS the number of ~r~di~tion lengths of 

converter and 

b 

3 

be ignored U lt is negligib,le. 

ror 1.6 radiation lengths of le~d converter the upper 

lilllit for conversion efficiency will be 71.2". The lOWlr 

limit was obtained from published Monte-C~rlo~ults for 

photon Showers by Messei ~nd Crawford [56]. The secondary 

cutoff energy for our detector lies sOMewherebelow 10 Mev 

o 
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for a 10 Mev cutoff. lit Y be l ,i eVI the p~r ameters of our 

AI 
5y5t~m ll~ between the two ~xtreme5. ther~for~ the .verage 

was taken (67.1 ± 4.5)1 wlth a system~tlc error coverrng the 

two 1 ii'tlits. 

4.0 STUDY OF THE BACKGROUNDS 

Ali a 1 rè~dy discussed ln pre~iOus paragraphs of this 

ch apter. most of the background ln our sample Of 
\ 

( ~ith two charged pions and one gamma ray detected) comes 

from the - + - 0 events where of 11 p --) TI 1T 11 n one the gamma rays 

--- ~ 

from the 0 --) n .decay was not detected. A gamma ray TI 

would not be d-etected bec ause of one or more of the 

followlng reasons: 

a) The gamma fa il ed to be accepted bee ause of the 

geometr i cal acceptance of the experiment. These are mostly 

soft gamma rays at 1 arge ang 1 e with 

.omentum vector. 

respect ta the a 
1T 

- b) The gamma r ~y d id not get converted in the Ir ad 

converter. 

( 
c) The two 9 Imma r ays .ent too close to e ach other and 

were seen as one 1 n- the sp ark c;:h ambers and in the 1 l'ad glaSS 

y. 

We have also lnvestigated the possibllity 'of a ga ... a 
~ 

froM the TIC!.. having l_~SS ~han a 5 Inch distance fro. the 

charged pion and being eliminatrd by out 
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eut - thus leaving us with a background one gamma event. We 

found th at ~~he 'fr aet i on of the gamma r ays "killed" bec ause 

of" this partlcular cut is very close ta th'e theoretically 

calculated ~robabllity of a charged pion producing \, 
in the lead" converter. About 75Y. of charged pions had a 

shower candidate that was less than 5 inche~ away from it 

and got ellmlnated. There 15 a 3Y. probabi 1 ity for a gamma 

ra~ fro~ the: belng near a charged plon. It is not 

possible to separate this background from the true radiative. 

decay events with a 6 -r ay produced by a ch arged pion less 

than flve lnches away from it (b~th have a shower candidate 

"k i lied" because Of be lng near / a charged pion). Instead 

this background IS eaSllo/ taken into account in the 

. / + - CjJ 
M:nte-CarIO SImulation of je TI TI 1[ with one gamma from the 

TI IftlSsing events. 1 
Besides the baf.kgr,ound' cOmlng from t~e reactlon 1[ p --) 

+ - 0 ( 
1T 1T 1T n there may also be background· coming from the-

reaction 1T p -~> 11T n accom,pan1ied by a ,spurious gamma 

cre ated by no 17 in the detectors. cos~i c r ays or 6 -r ays. 

These,eventiC n be ellmlnated by a high gamma energy cut. 

+ -
Fï g. 5-3 show the 1T 1T Y mass spectrum w i th E > 1. 5 Gev 

y 

eut after t e one constraint (1e> fit requiring M = 
/ rec 

0.9396 ,a/v. In th is plot there is less background than in r 

the cor esponding F'-i-g.5-2. but" there sti II is a considerable , 

ilmoun of background that cemes from + - 0 
1T TI TI ' events; These 

r, 

even s have te be eli~inated bef~e the true radiative 

de ays can be studied"16 This background comes Mainly from 
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There may also be bickground ev.nts lIIith ~n T) --). yy 

i d.cay rather t~an a 0 --) d4rC ~y as in. Uu. r4rict ipns t TT yy 
~ 

\ <;;;. 
\ , , 

( ! 

43 

"1 • 
" 

_ ..... _~ -
~- ~ -----~ .................... ~- ~" ..... -,,,. .......... ~ ... --

• • --~ 4.J. f' i' 



r--------,------------ ~~ 

t 
~ 
t' 
i 

1 
i 

J 
l 

'IT P --.> .Tl"' n 

'-+n 'IT+ 11 

1+ yy 

(v) 

, . 
In each case one of th,e g~mlna r&ys Wi Il bt 'missed for, 

the reasons enumer~ted above. 

The f irst and third peaks in the TI 71 Y i nv~r i anà '~ mass 

plot come from the reaction Ci> and the "fIat" 'background 15 

due to the res~ of the' reactions.The reaction (ii), where 

the background is due to an A2 decay Wl ~h one undetected 

gama ray, IS mainly responsible for the background at hight-r 

m~sse5 CM > 1. Gev. >. 
7I7Iy 

In aIl these reactlons the gam/lla energy spectrum uti Il 

peak slightly lower than in the true radiative deeay ev.nts 

since one of ~he gamma rays that cames from the 
o 

TI 

w~s not detected. Thus the gamma ray energy cut E > l.S 
y 

G.v has redueed the number Of such events too. 

In th-e-~ reaction (iv), since rhO mesons are being 

produced dominantly by pion exehange, most of the baCkground 

Of this type should ~isappear by making ~ low transverse 

mOM.entum eut: 

1 t' 1 - 1 t t 1 > o. Z ( Ge v/ c ) 2 ' / - - ,r min 

Also in ~1l the reaet ions the ,nergy 04 the g~lIIlI~ ray 

.ih ich fai Ilfd to convert or fa il ed tp be within the 

geometr i c .'1 ~cceptanee of the ~pparatus wall be a,dded to the 

neutron energy. 50 a high eut on' the k'i'net ie energy of the 
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missi~g m~ss T MM < 0.22 Gev 'CT
MM 

is ~pproxi .. ~tely equal to, 

It'" /21ft) $houltt also r~duc," the background cOllling from the 

react(ons Ci-v). The values at which the cuts were made'on 

the' 1 t",1 and T MM were found by ~omparing the true radiative 

+ - 0 
1T n 1T background Monte-Carlo and the 
~ 

data spectra for 1 t' 1 and T
MM 

for diff,erent peaks in Fïg.S-3 

and also for aIl the data from fig.S-3. 

Fïg.5-4 shows the IC fit.ted M 1T1Ty spectrum with the cuts 

It' 1 > 0.2 (Gev/c)2 and T
MM 

< 0.22 Gev. 

and 

Now we compare the Monte-Carlo single partiele spectra 

data for the charged pions. Fïg.5-5 and Flg.5-6 ShO~" 

the experilftental and Monte-Càr la energy 

distributions for the positive pion correspondlngly for the 

n -- > 1T1Ty dec ay. Fig.5-7 and Fig.S-8 Show same 

distributions for the n --)1Tny decay. The Monte-CarlO 

sp,"ctra are nor.mallsed to the number of events of ,the 

correspond i ng data spectra. The average ~harged pion 

kinetic energy jn a background event 15 Iower than in a 

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

the react i,ons (i i i) and (iv) where the + 
1T is produced at 

the recoil vertex (with smalll t1) it is expected to have 

considerably lower kinetic energy ,th'an the + 
1T coming from a 

As expt~ted in Fig.S-S" S-6, 5-1 and 

5-8 one can see disagreement between experimental and 

"t 
Mon~e-Car 10 charged pion energy spectra for ,Iow anergies 

(T ± < } 1. <5 
1T , Gev) . , Fig.S-ll shows the IC fltted 11 1Tny 

~pectrum with cuts 0[' fht charged pion kinetic energy T n± > ' 
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1.0 Gev. The compuison of the F''ig."S-g .ith the F'ïg.S-4 

shows that cuts on the charged pion kinetic ~nergy have not . . 
on Iy reduced the backgrounds in the n -- > 1T1Ty and Il'' -- > py 

reglons, but ~ISo reduced conslderably the baCkgrounds n , w 

+-'b 
- -) 1T 1T 1T W i th 0 n e g am ma r a y mis sin g . As i n the h i g h g am mi 

energy eut, the eut .on charged pion energy has redueed the 

number of ail backgrounds (l-V) beeause the eharged pions in 

these reactlons Cespecially in react'ion v) have lower 

average energles than in the true radiative decay events. 

The 1 ast cut we made ta reduce the backgrounds was to 

delund that the X2 probab Iii ty of the 1C fit 2 > 0.1 . Xprob 

.The x2 probabi 1 ity is the me asure of how Close the 

ln 155 i ng mass is to the neutron mass, i . e . how weIl the 

events agree with the final data sample Cwith aIl the euts 
,/ 

discussed above). 

AS,lt can be s~en ~rom ~ig.5-10 in the mass region M 
TTTTy 

< 1.05 Gev aIl background except the backgrounds of the type 

( ,) ( n and + .,!. 0 
W --}l TI TT 1T 

',~ 

j 

In the .us reg ion'" ) 1. OS Gev/c 
rrrry 

the background 
-

co •• s malnly fro. the reaetion (iD and sinee the A2 hu a 

luge width ( r = 0.102 Gev) thesil background events Cave,. 
A2 1 

a .ide mass range. This nakes "it iMpossible ta separdeJ' 

Ira. the background cOMing Ira. the reaction (ii), pOSSible 

1 --) py radiat ive decay events [9-.10,46]. Also since oor 

ex~eri.ental accept&nc~ decre&s~s 
> 

will s,tu .. " onl" tha .&S. r~gion 11 

) 

for h igh r1 
1T7ry 

< 1.05 ~v .... c 
1T7Ty -r 

values .e 
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DST ~ape Cwith the cuts froM the tab le 5-1) and the. nUMber .. 
1/ 

After ail the cuts, only about 10" of a Il events 

h a VI SUI vive d • The peak to background ratio in the n ' 

region' hn illlproved frolll 2.7 in the original DST .v.nts 

C Fï g. 5-2) t 0 11 in t hl fin al data 55 u'p 1 e (F'ï.g. 5-10) . 

Tab le 5-3 9 ives the Honte-Car 1 0 calcu 1 attd aceept ances 

th .. di.,f .. rlnt backgrounds (Tp W 
+ - 0 -- > 1T 1T TI with one 

w' n' --) + -
TI TI Y ) after III the. cuts "rom Fig.5-10 lIIere 

appl i .. d. 
..------ + -The .lcceptanc .. s for the radiative (1T Tf Y ) 

+ - 0 
TT TT TI dtcay for the same 

decays 

lIu!sons. 

Difflrent t .. sts with Monte-Carlo SiMulation programs lead us 

ta bilievi that the error in the acceptance calculation is 

This inc lud.s th' error for gamIn convers i o'n 

Silice we •• re not ab 1. to el illlinat. the 

.i.slng) bAckQround, ... III i 1 1 haVI ta use 

Honte-Carlo .i.ulated background splctra in th. fits to th. , 
+ -

data TI TI Y .as. sp.ctrull. 

w. flOW procl.d ta study th is 

b Ackgroutld to get ,n lit i Mati of its Itability and 
o 

r. 1 i ab i 1 i ty • 
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5.0 STUDY Or'THE MONTE-CARLO SIMGLATED BACKGROUNDS 

In the Monte-Carlo 5i~ulation programs . + - 0 of the 7T 7T TT 

(with one gaMma missing) background, ln the sections Ulhere 

kinelllatic and trigger constrains are appl ied, the charged 
1 

pion decay in flight and the charged pion and gamma ray 

interaction 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 1055 of a 

ga •• a ray i5 done, when both gamma rays survive the 

geo.etr i ca 1 cuts, Qne h as to go b'eyond the arèJ-uments used 

there ta estimate the correction factor made by the offline 

lnalysis program. 

only one ga",,,,~'~ay, but both gaMma rays have deposited 

,nergy in the hoad 9 l aS5. The Off-li ne an a 1!.l5 i 5 progr am 

MAde a correction assuming thlt there was one high energy 

gaama ray instead'of two IOUler energy gamma rays in the lead 

glass. We tried ta estimate this correction factor uSfd by 
+ -

the off-line analysis progralll by fitting the data if 7T Y .nass 
• 

mass spectra for 

+ - 0 11, w --) 7T TT if (with one ga .. ma fIIissing),. where paralIIeters 

_,re used to calculate th~ friction of energy depositrd by ~ 

rig.5-11Ca-f) show the reluits of the fits where 

different fractIons of energy deposited by a ga~Ma rly .ere 

used in the Honte-Carlo prograM for each plot. _h'n the tUlO 

ga •• a r~ys .ere clos. enough to deposit their energy in one 

48 

. --- \ 

~ 
~ 
~ 
\ 
1 



"ad gin. block. In ail the.e plot. the + - 0 w --) 1T 71, TT 

(.ith one ga •• a .i •• ing) Monte-Carlo lIIa55 spectruM fit5 Ille 1 1 

with th~ corresponding data spectrum, but the more sensitive 

+ - 0 
Tl -- > 71 TT TT (with one gaMma missing) Monte-Carlo mass 

spec tru .. pe aks hi gher th an the correspond lng data spectrulII. 

Th.refore Ille try to estimate an overall gamma energy 

correction factor for aIl 'detected' gamma rays (even when 

the tilla gamma rays lIIere not close enough)J to obtain bitter 

fi ts fOI' the + - 0 n --) .TT TT lT (with one g~mma miss ing) peak and 

see how this affects the w mass peak. This overall gamma 

en.rgy correction factor is used in addition to the 

para •• ters used to get the best one Of the above fits 

(Fig. 5-11c). 

This is shawn in ~ig.S-ll(Q-j), .here in each plot a 

dif'erent overall correction 'actor ••• u.ed~ Again the 

lits in the w mass region Cli~ not change significantly, 

while in th.: Tl lnss regio~ the Monte-Carlo peak gets 

shifted ta the correct .ass and be~ond. 

Ail th is leadl us bel jeve that the 

ont gamma missing) Montt-Carlo lTlTy 

w --) + - 0 
lT TI TI (IIi th . 

.ass spectrufI i s not 

v.rlJ Stns i t i v. to the g a •• u energlJ corrlrc tian 1 actars • Ail 

width ). 
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fits ta the omeg~ 1110&55 Spictruli (i ••• 

S-l1c ). 5 i nce Ille were not intltrestltd in study ing the et a 

IIISS reg ion" wherlP othltr explltr àll.nts hlve bet t.r st at i st i C5 

and resolution. 

In dl the .. bave fits gaus.ians were used for the 
+ -

n -) TI TI Y radi~ti,vlt dlcay Ivents Ind for po~sible 

+ -
w-) 7T TI Y decly events, and in aIl of the", thlt number of 

+ -w -) 7T TI Y events was found to be zero. 
. 

Iole II/ant to be sure 

thlt this 1 i mi t is not due to calibrition 

unCtrtainties. Iole make the fol1owing obs.rvltions: 

+ - 0 
(i) We already SUI tt'lat the w -) TI 1T TI Cwith on. gall .. a 

.. iSSing) background peak can have 1.55 than 5 M.v st'lift 

(poss i b 1 Y towards hi gher miSses) when Ille demlnd the correct 
~ 

n miSS location. 

+ -
( i i') The fi ts to the n -) 1T 1T Y 

" 
lIeson 

lIass idlntical to PArticle Data Book vllue, but the fits to 

n"-) DY peak sholl that the .ta pri.1t .,son mus in our 

i s about 3 M.v litS. th an th. Part ici e Dat a Book 

vilue. This IIIlans that the Ollutga radiative d.cay ptak could 

b. sh i fted dOllln by !Rax i mU!R 3 Mev bite ause the n and hl are 

50 n. ar to .ach oth.r in .ass. 

o 
(i i i) Th.r. cou Id be a lIors. cas. sc.nlr i os .h.n th. 

"ackg"D~nd and ,.adiaUv. /.-y ~_~&lft.d r.lativo tD 

.ach oth.r. 

50" 
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sh ift.d do.n by one ch~nnll (10 M.v). Th.rl ar. 106 o.eg~ . 

r~diltive dec~y .vents in this .fit, but the X~DF of this fit 

is 2.01, corresponding ta confidence limit o.f Jess thin 

10-4 which is un~ccllptabl •• In fig 5-12b UI. have shift.d 

th. omega radiitive decay peak centre dOUln by 10 Mev (the 

b ~ckground pe ak i 5 not sh i ft.d) • In th i s fit thltre are 16 

radiative decay .vents and thlr X2 per: aegre. 9f -freedom is 

1.1, but· from (1) and' (ii) Ille know that 10 Mev mass shift is 

Ther,fore III. lrgu. 1 very hi gh leve 1 of 
;- "-.-

conf i deuce for thlt 1 inti ts 1111 quotlr· for th. + -
w --> TT 11 Y 

r ~d i lt ive dec ay. 

o 

" r 

• < 

,; --~ 
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CHAPT ER 6. EXPERIMENTAL RESULTS 
,_lI. _____________________________ _ 

Us i ng the number of ev.n.ts due to d iffertnt 

in the final sample of events presented in Fig 5-10 " nUlllbtr 

of quant itles can be obt~ined for the .... adiativi decay of 

mesonUiiiLS~. _ 

We get the number of events due to differtnt rtlct ions 

by fitt ing the spectrum of Fig 5-10 (M < 1.045 GIV) 
1T1Ty 

with; 

1) The Monte-C .. rlo ge~erated mass sptctra for n --) 
-+ - 0 

TT 1T TT 
+ - 0 -- > TT 1T TT w i th one ga .. m~ miss ing tvents, 

• + -
2) A gausslan for the n --) TT Tf Y 

3) A gaussian for + -w --) TT 1T Y events. 

.4) A gauss i an for <11'--} py ,vents and-

5) A parabOl1c background. 

Fig 6-1 shows the results 0"' this fit in tne ""0 ion 

M < 
TT1Ty 

1.045 Gev. Ac cor d in 9 t 0 t n i 5 fit th.. nu nib e,. 0 f 

.vents in lach ch anne 1 are: 

= 291 

N = 135 

/ 52 
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N w-+3n = 1271 (6-1) 

N w-+nny = 0 

Nn~~Y = 434 
/ 

with ~ confIdence l1mit (C.L.) of 80". In this fit it 

is possible ta allow for a non-zero number of r~dil.tive 

dec~ys of omega meson as fol1ows: 

...J 

N = 2S lU i th C. L. > 90" w-+1I1ry 

N ~1T = 50 _ lU i the. L • ) 96" 
w~ 1Ty 

rig.6-2 and 6-3 are flts of experimental gamm~ tn~rgy 

invarIant mass 01 + -) to tne Monte-Car 10 n n 

grnerated spectra of E y and M 1T+n- for different contributing 

eh~nnels. scaled to the number of even:ts (6-1) calcul~ted 

agreement between the èxperimental ~nd Monte-Car 1 ci E 
Y 

. backgrounds in our data are understood. 

Now we proceed to s tudy the rad i at i ve d~c ays 

d iff erent mes ons sep ar ate 1 y •. 

Since ail the dec ay modes of the et,a mesbn ~re 

good 

~nd, 

the 

of 

very 

IIIt 1 1 stud i ed w i 1 1 the events coming frolll n --) + -we use 1T TI Y 

decay (the second peak in Fig 5-10) as normal iSl.tion for ~ 11 

the + -
TI TT Y data sample. We c~n do this sine. the cuts 

discussed in chapttr 5 have leU us with 1. d~ta salllple th~t 

hu close enough gamma enugies I.nd charged pion lIIo"u~nta Tor 
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TT 1T Y W. thus 

ln the mass range of interest. for the TI\T-Y 

to 

diffieult to estlmate accurately these corrections Slnce 

most OT this data WolS collected with a "two gamma" trigger 

(demanding two no-yes paIrs Olt the gamma hodoscope), one of 

which was found ta be spurious by the off-I ine analysis 

We will concentrate on two mass ranges: 

M <0.9 
1T1Ty 

III" 5tudy 

W -->.1TTIY decay mode. 

Z~ In the mass range a.9 < M < 1.0 Geu we will 5tud~ 
1TTTy 

th" dec ay n'" -- > py Also we will check for the existence 

oT the ruon an CL" M (953) [43,44, 45J • 

1.0 STl,JDY OF THE DE.cAY w --) TTTTY 

The Charge conjugation quantum number for the w meson 

15 C=-1 which lmplles that the decay + -w --) TI TI Y is 

electromagnetlca'lly allow"d [48}'. Wh i le the dec41y o 
w -- > TT Y 

pro cee d sas a, ma g net i e d i pol e ( M 1) t r ans i t ion, th It 1 0 we s t 

configurdlon for the Z TIy d"cay is real ized by .ln electric 

quadrupole CEZ) transition ... ith the tlllo pions in a relative 

S state. The magnetlc dipol. transition lIIith t.o pions in a 

P state cannot o.ccur in th. dltea", w-->(Zn}+ y bltcause of the 

followlng reasons; 
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two spin 0 bosons (ob&ying 

statfstics) have to have even space symmetry ():O,2, ..• ) 

( il) When --) + - the eh~rge conjugation qu antum W TI TI Y 

numbers 'or y and + -) 
7f 7f system ~rej C< y):-l ,; ind 

+- .t .' C( TI 11 ):P:(-l) • Slnee CCw)= .... l, the ch arge conjugatlon 

-
1 nvar i ance of electromagnetic dec ays wi) 1 a) 10w on ly even 

values for the 
+ -

11 Ir sy~.tem to make CC 
+ -

TI 1T )=+1-

Also s inee 
0 

w has isospin equal to zero (-t 
w 

=0) , ln thlS 

decay the two pions ~re restricted ta the isospin zero 

st ate. This determines the 'ollo.wing relation (50); 

+ - 0 0 
r Cw-) 7T7Iy'): 2r( w-) 1Tny) 

Different mode 15 are used in ref. [48,49, SOl to 

calculate the width r ( w-)7f7ly ). AlI these models p edict 

an upper llmit for br~nehing r~tio Br( W -)7f1rY) w ieh is 

considerably smaller than the existing experime tal upper 

limlt CBr( w-)1f1TY) < 5"1. AIl the models use/ the width 

r (p -) ny) to c~lculate the width of he w --) mTy 

radiatIve decay. The theoretica) prediction for the wiCith 

fC p -) TIy (ref. (1-29) other and 

ais 0 w i t h the par tiC 1 Il CI a t a b 0 0 k val u e f r f( p - > TIy ). A 

reeent experiment (Sil has obtained a /Galue for r (p -) 7fY) 

w~ich lS close to some of 

Sine, the valu~ of th. widt~ 

the t!,e,oretical predictions. 

r (pi) TTY) is not certain, an 
1 

estimate of the "'id'th r ( w-) 7TTT ) using the 1II0Clels from ref 
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using,Ou,. results (6-1) lIoIe lIil! set a nellol upper lilllit 

for' the br~nching ritiO) Br( W ->1T1ry ). Our t:'esult c~n b. 

compared wlth the models from ref. 48,49,50 when the v~lu. 

for. the width r (p -) TIY) 15 more dE'f inlte. 

The upper 11mit for the branchlng ratio o~ the decay 

: . + -
W -- > TI 1T Y 

\ 
is found ln the ~o119wlng wayi 

+ - + - 0 
N +-

) W-+1T TI y 
+ - 0 

Ac C (W-+1T 1T. TI ) 

BI' ( w - > TI 1T Y ) = Br ( III - > TI TI TI 

N + - 0 
W-+1T TI 1T 

+ -Ace (w-+TI 1T cy 

Using the number 
, 

Dt events N +­
W-+1T 1T y 

and H + - 0 
W+TI TI 1T 

obtained from th't fit to the m~ss spectpum and the 

+ - 0 aceeptanees Ace ( W - > TI TI 1T 

TablE' 5-3 we 
fi 

get; 

and Ace ( + -w- > 1T TI Y 

+ -Br (W - > TI 1T y) < O. 67~ ( C. L • ) 90") 

the 

) 

"This value, is almost ~n order oi' magnitude smaller 'than 

theO previous upper Ilmit (5~) for the branching ratt.o 

+ -Br ( w-) 7T 7T y). It is also closer ta the theoret ical 
. 

pred let ions (49,501 If we use the most reeent experillle~tai 

v~lue for the decay width p --) TIy 

'Z.O STUDY or THE DECAY n'" --) py " 

The radl at ive decay n'" -'-) py oecurs via Ml photon 

emission. The quark model theory of such decays , i 5 

described in A'ppendix B. Di Herent mode 15 pred ict d iHerent 

v~ lues for r... ranging in wide V'smits between 10 Kev ~nd 
n +PY 

64~ Kev C 6]-[ 291. The mode 15 th at p~ed i ct Ml Clec ay rates of' 
, 

other mesons in with e)(periment~I'-vaÎues 
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Crftf. ,[ 7,8,9, lOdS, 2"',28 l) prftd ict & valu .. bet ..... " 17 Kev 

And. 150 Ktv. Expftrillllnt~lly this deè~y ho1.s bIen observed 

man y times (ref. [31-42J). R~f. 

ab le to measure bl"anchi,ng ratios of d ifftrent dtc ... ys of tht 

-n~ .meson. The partiel. datA book v .. lue for n -- > 1i-r 

bran~hing ratio IS 29.8 ± 1.6X 

'-
Th i 5 WOU 1 d ~aké the theor,t i c a 11 y expfctlPd t~ .. l w i dth 

rn~ to be appr~ximateJy 500 K,v, !Uhich is tO? sM~ll 

compared with experimental resoll4,tion of, aIl the exp.riments 

in rel. [31-40J • 

D.M.Binnle et al [41J ... asur.d the tot". n .. idth. 

by observing threshold production of Il"" IIIt50ns in th. 

reactlon TT P --> n"" n. In thil txperitnent the r'lolution II 

small enough-

width from the observed wldth. 

~ 

G.5,Abrams et al, the :rADE Collabori.tion i.nd thè CELa.O 

Collaboration in 

photon reaction 

DESY [4ZJ 

+ -
t • 

+ ..!. 
--) yy • 1 

+­• e 

th. two 
>t: 

Here the product i on cross sect ion -i s proport i ona 1 to 

the n"" --) yy parti .. l width .. nd using the branching ri.tio 

value they calcu 1 ated the total .idth'. 

rltsolution 

but slnce it is ~ high stati"stics 

very little background in 11 

r ~, 
n 

with 
j 

"1.55 region (ng 6-4), our 
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lUi Il provid~ 

Ifte asurement of 

is a dis agreement 

(; ratio Br Cn' --) py 

between ~he value 

) . Note 

of this 

DranChing ratio calculated in the earl ier experiments 

[35,36,37] and the later experiments [38,39J,and the only 

calcuJat ion of the branching ratio with' data statist ics 

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

observing mesons produced in the reactjon K p --) n'A 

The branchlng ratio Br(l')~:->py) is gOing to be 

calculated by normal ising it with the number of n 
• 1 

+-
--} TI TI Y events in' the same sample of data. This is better 

, + -
than us ing n --) nrr TI events from the two gamma data 

I-+yy 
Simple of 'our experlment, sinee the experimental correct,ions 

for !he even t topo logy w i th one gamma and two 9 ammas are 

d.i fferent. for + -n --> TI 7T Y n --) py these and 

corrections wi Il cancel if we ignore the expected small MISS 

dependence of these correc't ions •. Thus 

+ - ) Acc(n-+7T+TI-Y) N{n"') atot(n) 
BrCn"'-)py>:BrCn-)1TTlY -- -

Acc(n~+ PY) N(n) atot(n') 
(6-2) 

(1tot (n ) and atot ( n'-), the total n and n'" production 

cross sect ions, are> obtained from our experiment as 

des cri b e d i n r e'f [ 47] \; 

» are calcul ated by the ,",onte-Carlo programs 

+ -(tabh 5-3), and Br( n -) TI 7T y) is taken from ttte particle 

data book. Substituting aIl these valu~s, into (6-2) Ile wi Il 
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The error' include5 the 7% error +'or the cr tot CTl ) and 

cr tot ( Tl~) from [47], accept ance error of S% (ref. [47]) and 

5tatistical error tor N + _ and N " 
Tl-+1I 7T Y Tl -+ P y 

Our value for 

the branchlng ratio Brcn .... ->py) IS in excellent agreement 

with the partlcle data boo.f( value as weIl as with the values 

obt a i ned by Dar}bury et al [3B] and .Jacobs et al [39], In 

aIl cUcu 1 ations so far the nny peak at 0.955 Gev was 

considered to be due T)" --) py decay. Now we try to study 

this further •. 

(?, 
03.0 THE,.. (953) MESON 

Fïg 6-4 is the di~tribution of M for ail events with 
lTTTy 

" 
M + - in the p -b and, ~i • lE! • 0.6S < t1 < 0.85 Gev. Fig 6-5 

11 'TT 1I+lT-
" 

is the Sime distribution but wi th M 
1I+lT- < 0.65 Gev. Fig 6-6 

is thli Monte-Carlo ,.. + - p-w.ve Breit-Wigner distribution 
lT 11 

from Tl~ -->py Simulation. 

The rat i 0 of number of events in the peak a t O. 955 

Glv in F'ig 6-4 and 6-5 i5 consistent with the ratio in F'ig 

6-6 Of the number Ot events au i th 0.65 < M + - < 0.85 Gev ,and 
lT 7T 

the number of events w i th M + - < 0.65 Gev. 
7T 1T 

Th Is shows thlt a l .. ost 'a II events are accountel;2 for· by 

the dee ay mode 1) --> py • Iole do not netd ta postu 1 ate a 

particle'" Of mass 0.953 (as in ref. [36',37 and '43]) 

dtcaying directly into + -
'Ir n y • 
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CHAPTER 7. CHANGES IN THE APPARATUS AND 

----------------------------------------
+ -rINAL EVENT SELECTION tOR 1T 1T 3y TOPOLOGY 

1.0 KI NEMATICS 

The radiative decays of mesons into, wyand ny can be 

studied uSlng 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 appl ied the same geometric 

cuts of Chapter 5 on a Il the detected part i c les. The 

kinematic cuts on the charged pions and gamMa ray not 

assoclated with the 
o 

TT were al 50 the 5 ame as for the 

+ -
selection of the TT TT Y l'vents (Table 5-1> for the reasons 

di scussed in chapter 5. The two gamma rays that come from 

the 
o 

TT decay do not need to have such a high energy eut 

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

calibration can be checked by looking miSS at the.i 

spectrum. Iole app 1 i ed a 0.400 Gev eut on these gamma r ays. 

~n this topology there can be three tYP,es of background 

Itvents; 

1. p --) Meson + n 

1 + - 0 
~ 1T 1T 1T 

1T 

1+ Y'Y 
:> 

Iccotlpan Ud. by a .;5pur i 0 us, c gamMa r ay, 

.... \ 
, . 
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M~son.+ n 

1 + - 0 0 
+7171'11" 'II" 

2. 'II" P --) 

1 1+ yy 
+yy 

with one gamma ray undeteeted, 

\ 
Ulith 

-3. 'II" P --) 

one gaMma 

Meson + N *0 

l '+ nTP 
+ - 0 1 +TT TT TT 

1+ yy + yy 

r ay undeteeted. 

fo deerease the number of events of the type tl) a . 
4IIissing mass squared eut of M2 > 0 Gev2 IIII.S I.pp 1 ied, I.nd rec 

to decrease the number of events of the types (Z,3) th~ eut 

< 1. 6 Gev2 WI.S app 1 i ed. 

of the cuts for thlS data sample. 

Most of the events selected in this lIIay lIIere found to 

be cOMing from the ~eaction 

n-:p --) n~ n 

1+ W y 
• 1 + - o' 

+ Tf Tf TT 

or a background assoc i ated w i th the w .eson. This is 

+ - 0 beclouse our experimentil aceeptl.nee of Tf 'II" 'II" invaril.nt .ass 

is considerably larger in w meson fIIass region than in n 

meson mass region. A detai led stUdy of the n' -->wy decay 
( 

is done elsewhere [4]. 

+ - 0 
'II" Tf 'II" We lIIant to sepl.rl.te events IIIhere the Ion 

.eson to stUdy t~e radiative decays of rho and o.egl. .esons 

into n'y. USing data of experi'ment E397 in 1. preli.inary 
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study 01 the events with + - 0 
1T 1T 1T invariant .ass in the n 

meson mass range only 6-7 events were found that could come 0 

from peU) --) ny decay. 

To co 1 1 ect more mu lt i -g amma ~ven~s ' (events wi th more 

than two gamma rays) there were some changes made in our 

experlmental apparatus to incr.ase the multl-gamma ray 

detection efficiency, and two new experiments ((420, E428), 

were conducted. 

We first study the cha«~es in the exper ilIIent a 1 

appar atus, corresponding changes in analysis programs, and 

the .fflcts of these changes on t~ data . 
../' 

2.0 E~PERIMENTS E420, E428 

• a) Ex'perimental apparatus. 

As compared with the experiment E397 discussed above, 

the lollowing changes were made to the beam, charged track 

and gamma ray sections of the apparatus: 

1. Be am: 

To re~ove the late beam particles, a 10 finger 

hodoscope CBH10) lo~ated immediately in front al beam 

cha.bar 1 and rotated 45 d.graes ta the norMal was added. 

2. ~harg.d partie le: 

c 
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thlt in th. charg.d partlc~e part Of the triggering system 

the HOscintillationcounter was replaced by a Proportional 

Wire Chu,ber. In the previous experlments the HO counter 

could not detect chargéd tracl<s leaving the target at an 

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

of low tr an~verse momentum l'vents. 

The Proport ional Wlre Chamber (PWC) lilaS hardwired into 

16 i ndependent str IPS, whose respect ive widths were chos.n 

Dy Monte-Carlo simulation to maximizIl' the trigger rate 
• 

for 

ail transverse momenta. It served as a 16-e lement hodoscope 

and demanded that only 2 or 3 charged particles be detected. 

The PWC helped avoid triggll'rs caused by back-scattered 

particles from the lead converter in the H2 hodoscope. The 

PWC is described in dl!tail in flg.7-1. 

3. G a mm a r a y : 

In the gamma r.ay deUctor morll' lead was added to 

increase the conversion probability of the ga/ll.a rays, 

allowing us to detect more multi-galIIma l'vents. In front of 

the first gamma spark chamber the lead converter thickness 
, 

was increased Tram 1.6 radiati(j)n lengths to 2.07 rad,iation 

hngths (0.5 inches >. In additIon, an aiuminum plate (used 

il support for the 1 l'ad) contr i buted 0.1 rad i&t ion 1 engths. 

Aiso betwIl'en the fi rst and second gamma spark chambers there 

wlre added additional 1.14 radiation lengths of lead (0.25 

inch.s) and 0.07 radiation length5 of alulllinum. The t,otal 
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conversion probability 0* this asse.bly-for one ga •• a ray , 
lias 89", instead of the 67" -cQn~ersion probabi 1 ity of the 

previous experiments. AIse more Borer scalers ~ere added tQ 

hindle 12-16 sparks (insted of 8-12 as before) in each plane 

to ensure high efflciency for multi-spark events. 

b) Data analysis 

" 

A larger event buffer (328 16-bit words) was necessary 

for each event after the changes ln the trigger requirements 
, 

02 or 3 ch arged tr acks) and the app ar atus for the gamma r ay 

detection system. Both onllne and .effline analysis programs 

Iller. mod'i fi ed to use the i nformat ion in the new buffer, but 

the event reconstruction techniques stayed the same. 

At the tunlng stage a d ifferent method was used to 
1:)) 
finetu~ the charged partiele momenta and positions. A 

quintic spline fit, descrlbed in detail in reference [31 was 

used. ThiS method improved the charged track resolution by 

20". 

cl Experimental Resolution 

After the fine tuning of the data, the exper imenta 1 

resolution of the beam and charged track momentum and 

position were 'found to be the same [3J, but the 9 11111111 energy 

resolution Illas changed. Because of the extra lead 
i ' 

v 
converter, morè energy is lost in the eonverter and the 

fluctuations in the lead glass are bigger. This made thé 

reconstruction of the gamma ray energy More di'ficult. 
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As in pr~vio~s .xp.~i •• nts th. ga •• l r~y en.rgy ,rror 

was obt~in.d using the di-g~ •• a .~ss sp.ctra for diff.r.nt 

g~ •• 1 energy bins. Th. energy uncert~inty as a function of 
J 

energy was fitted to the following form [3l; 

llE/E (fWHM) = 0.073 + 0.181/ lE 

The gamma ray position error did not change, sinee at 

the first shower spark chamber, wh.re the 5how.r position IS 

mainly determined, the showers are not spread wider than in 

previous experiments. 

3.0 A~ALYSIS Of THE REACTION 11 P --) nyn 

from the data coll.cted in the .xp.ri.ents E420, E428 a 

s~.ple of events for the study of the reactions 

11 P ... _) p (w) n 

LilY 
.as selected using the kin~.&tic and geo.etri~ cuts 

'ro. the Tab le 7-1 and the eut M + - 0 < 0.65 Gev to enrieh 
11 11 11 

+ - 0 th. safllp le, of .v.nts wh.re th. TI 11 1T ca.. frOM th., etl 

decay. fig.7-2 sh9WS the + - 0 
11 11 11 invariant Mass spectruM for 

th.s. events with one constr~jnt fit r.quiring y y 
l 2 

inv~riant mass to be equal to n.utral pion Mass (M : 
YIY2 

0.1349 Gev). After the 1C fit in fig.7-Z a sharp p.ak can 

be seen at eta Meson Mass. fig.7-a shOws t~e invariant Mass 

of + - 0 
11 11 11 Y (h.reafter called" ). mes Th~ .hol. spectruM in 

rig.7-a peaks around 0.8 G~v. Ho •• v.r this cannot b. tak.n ". 
to ~. a significant indi-cation of p ( w) signal. w. first 
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try to find ~dditional cuts (to be des~ibed in the section 

5.0) to reduce the background ~ow enough, to be able to 

study rad i ~t ive decays P (w) --) ny. As before qJ1e o~ the 

wa~5 of finding cuts WIll be the comparison of Monte-C~rlo 

s i mu 1 a te d s pee t rat 0 the cor r es p 0 n d i n 9 da tas p e ct ra. We 

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

requiring; 

.1. y y 
1 2 

"0.1349 Gev) 

o 
Invar i ant mass to be equal to n 

2. Missing mass ta be equal to neutron 

0.9396 Gev) 

3. 
+ - 0 

n 11 n invarIant mass 

(1'1 + - 0 = 0.5488 Gev) n TI 'IT 

to be 

mass 

t 

( M· y-y 
l 2 

: 

mass (M = 
rec 

to eta IUSS 

This procedure sharpens the peaks that agree with the 

fit hypothesis and does Ilttle to the background spectra. 

It is Import ant to remember th~;--t~e reconstruct ion 

programs have ordered the gamMa rays so that the first two 

showers come (wlth hlgher probability) from the nO Ulith 

.nerg ies' in decre~sing order CE ) E ). We have also 
YI Y 

2 
faund that invar i ant masses of y y and y y contain on ly 

l 2 2 3 

about 10>: of 
,0, a Il 'IT S and Ille wi 11 take this inta accaunt in 

ttle en~ as an Itxperillental correction. 
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4.0 EXPERIMENTAL ACCEPTANCE 

For the study of the data sample where three gamma rays 

wlPre detected we modified the Monte-Carlo simulation 

programs simulatlng radiative deeays of mesons into + -
11 11 Y 

( des cri b e d in Ap pen dix A) t 0 s 1 mu 1 a te the in ter ae t ion s 

-
11 P --) p <W)n 

I~ n y 

1 + - 0 r 
.... 11 TI 11 

And ta take lnto account the changes in the apparatus 

( i • e. the PWC 1 nste ad 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 ail three gamma rays with the hydrogen 

targe~ and thé decay of charged pions in flight were 

SI mu 1 ated. For the events # wheré' aIl the part i el es / 

survived, the geometric and kinematic cuts were apPlied/~ 
The 4-vectors of ~he rema ln i ng events were stored o~ a 

magnetic tape and the acceptance of such even s( was 
~ 

cal cul a t e ct'~"~:"', 
"':f.,J -, 

The 4-vectors from these tapes were Meared using 

experimental resolution and SC fitt~ to obtain the 

experim~nta~ resolution of d~fferent ~ne.atic variables. 

Also the spectra ,of different v~ria~s at different fitting 

steps we~e compared with correS~~ing spectra from the data 

saMple to help us find ~itlonal cuts to separate the 

p(w) --) ny decay rad 1 t ive decay events the 
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_ b ~CkgrOun/, 

paragra~. 

We .ill discuss the additional cut~ in the next 

" he ~~erlmental accept Ance of the remaining 

p( ) -- > n'Y r rad i at i VI' decay events w i 1 1 be the product of 
/ 

the a'c,c~p.t ance of the events written on the Monte-Carlo 

4-vector tapes with the fraètion of events left after the 

final cuts. 

5.0 STUDY Dt THE BACKGROUND 

As already mentioned, two major types of' backgrounds 

t 1 ( 'th + " are possible in the three gelmma da a samp e events Wl 11 # ? 

1T and three gamma r ays detected); 

1. 11 P --) + - 0' 
1T1T1In 

L yy 
with one spurious gamma. ray (created by the no~se in 

the detectors or the analysis programs). 

- Z. - + - 0 0 
if P --) 1T 7T if 11 n 

II-,y 
-+yy 

W i th a gamma r ay from one of the 
• 0 
7T ' 5 not detected. 

The deta lIed discussion in Ch apter 5 '~appl ies ta the 
0-

three., gamm,a data 5U'P 1 e as Ille Il in·5o far ~5 ga.ma ray , 
,,,," ~ 

detection \. 
IS concerned. In the case of one ga", •• data lUe 

m~de a ,high gamma energy cut to eliminate background with ~ 

spurlous gamma ray and to reduce the number of avents lUith 

one lost gamma raye In the c~se of the three gaMma data the 
i:> 

-------------

, . 

-------~~-, ,--

l' 
f 

1 

1 1 • 
1 

, ' 
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1 0 

ga.~~ energy cuts cannat be s~ high. sinee the ~verage gam.~ 

.nerg~y is smaller in thlS data sample. 

. 
FI gures 7-4, 7-5. 7-6 and' 7-7 are the !Monte-Car l,a 

simulated 3C fit gamma ray energies and 11° energy CE 
YI 

• E 
Y 

2 
, E y:

3
' E 110) respectively for the'reaction; 

, -, . 

• 
11 p --) P n, 

/ 1-+ 

Y Y 
1 2 

Figures 7-8, 7-9, 7-10, 7-11 are the same dIstributions 

for the three gamma data sample. From the comparlson of 
~ 

these fIgures we can see that except for E spectra (7-6 
1('; Y 3 

and 7-10) the data spe~:a and corresponding Monte-Carlo 

speetra look very similar'. There are no obviou~ cuts for 

that can ellminate background without E p E - and E 
:YI Y2 Y1Y 2 

losing many radiative decay events. 

Frbm the study of one gamma events we already know, 
J 

that one of the reasons for' "losing" a gamma ray IS that it 

\" iII.nt in the same lead glaSS block with a "seen" gamma ray~ 

mak 1 ng i ts energy hi gher. On the other hand i of in a 
~;-

background event one of the 1Io·s came from an N* decay and 

the gamma raY0 from the other 1T
O was" "Iost" then we would . 

- 0 have an event wlth a low en rgy 1T and thus low energy y 
l 

and Y 
2 

Ta minilllize backgr und with two gamma rays ln the 
, 

same black we should make cuts on hlgh side of the spectra 

in F"ig. 7-8. 7-9, 7-10, 7-11 and ta min 1 mize background wi th 
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* in N we should Mike cuts on ID~ Sid~ ~f the 5pectr~ ~n 

thes, figures. ';-' 

Sinc~ they 

F"or E the 
Y3 

.' 
and E 0 

TT 
we make very loose cuts; 

0.6 < E < 3.2 Gev 
YI 

--~ 

6.4 < E ( 2.0 Gev 
Y 

2 

1.0 (. E < 4.5 GEv 
Y y 

l 2 

are 50 similar to Monte-Car 10 spectr a . 

compar Ison of F"lg.7-6 and 7-10 shows 

';;-

there 

,)' 
1 

is 1 arger number of low energy 'Y -' ar, ln the data Silllp 1 e .. 
.:1 , 

* ° The5e y '5 cou Id be comlng from an N whose déc ay i ng TT t 

lost a gamma r ay or they may be spur 1 ous. To di scr i m i nate 

against these l'vents we make the cut 

1 • Q <, E < 4. 5 Ge v 
Y3 

In this data .sample there are only 1265 events , 

(F"lg.7-3) and we have to ~ake a compromise between a very 

tight cu~ and 5tatistics. We a1so have to make a1cut around 

the Il mass to reduce a large fraction of background, where 
" 

the + 0 
TT. TT,TT do not come from 0 an et a mesôn decay. 

M + - 0 1 C < O. 60 Ge v 
TT 11 TI 

F"lg.7-12. 7-13, 7-14 and 7-15 

M + - 0 1C and M (the i nva,r i ant 
TT 11 TI mes 

are 

mass 

respectlvely after ali,tfie above cuts. 

" the pt , 1'1 + - 0 , y y 11 1T 11 
1 2 

of TI+n-1To y ) spectr a 

Fig.7-16 is the M' 
mes 

spectrum after the 3C fit with the same cuts. F"ig.7-15 has 

, 
c' 

1 
.' i 'il '! 1 

, 

j 
j 



1 

.tn anhancement around o.a Gev whieh .tfter the 3C .f~t 
• 1 

CF'ïg.7-16) has become a sharp p-w peak. In this data sample 

there st i II is a l.trge number of background events. 

F'~om F'ig.7-12 it 1S clear that we need te make the cut 

0.105 < M < 0.165 Gev to isola.te events with a 
0 

'If in the 
y y 

1 2 
fi na 1 sta.te, and frem F'ig.7-14 one can see that a t 1 ghter 

11 + - 0 
lT lT lT 

1C < 0.58 Gev eut c an be 'made to reduce background 

not assoclated wlth eta meson. F'ig.7-17 is the Mmes 3C fit 

spectrum after these cuts. 

,. 
F' i g . 7 -18 i s the mis sin 9 mas 5 s qua r e d Üfr e c 2 ) spectrum 

after these cuts and Fig7-18a 15 the, Monte-Car .. lo si,.ulated 

::tC fit (Mrec 2 ) for the re act ion 

pn 

l-r TlY 

1-+ + '- 0 1T 'If' 1T 

F'ig.7-19 is M spectrum"only for the events in the rec , 
p(w) mas,s region (0.12 < 11 < 0 •. B8 Gev). For these evénts 

r mes , 
on. c an "see" a sep arat. ne~tro,,! mass squ.tred pe ak. F"rom 

" these plots it is clear that we can r.duce most of the 

b.tCkground with the eut; 

0.5 < 1'1 2 (1.2 Gev2 
rec \ 

1 

F"ig. 7-20 ~OIlS the 1'1 _ 
mes 

3C fit spectrull for the final 

,d.tta samp,le with 1.11 abovi cuts. In this sallple there I.ra 

152 events wi th very 1 i tt 1 e b .tckground aroll,nd the p (Ul) IIUS 

region. 

. . 
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Table 7-2 shows the number of events in the origin&1 

~~ta sample (with the cuts from Table 7-1) arid the number of , 

events left after each stage of the cuts. 

To obtaln the numbers for the p , w --) ny ra~i at ive 

decays we calculated 

(1) the experlmental a'è~eptance, which after i'1cluding 

ail the cuts dlscussed above iSi 

0.0565 ± 0.0004 (7% error) 

-
( 1 i ) corr ect ion f ac tors for the event. lasses due' to 

different factors like gamma conversion in the spectrometer, 

9 a mm a f ail ure to convert in the lead glass, chamber 

inefflClencles, trigger lasses. etc. wé will study these 

factors ln the next chapter. 
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CHAPTER 8. INE~~ICIEHCY CORRECTIONS 

------------------------------~-----

" , . 
Table 8-1 summa~izes the ine~ficiency corrections for 

the apparatus and the reconstruction software for the 3 y 
\ 

data. This sectIon discuses5 these correctibns. 

1. O' GAMMA RAY CONVERS ION UPSTREAI1 OF' THE lEAD CONVERTER 

The 1 055 o~ ~I)ents due ta gamma rays convert ing inside 
1 

the '1ydrogen tlrget lilas inc'l uded in th~ accept ance 

C.lcuiltion. The 10ss due to conversion .. long their 

traj eetor" i es tOlurds the eonverter .~s deUrllined by 

c.leJI U ing --the ... Iount of fII.terial tr lv.rs.d by th. 

g •••• 5 •. T'he e' fflet is due fIIost ly ta the pres.nce of the 

spectrometer ch a.ber"s thit contained aluminum and Illy 1 ar 

Ih~ets. From the kno.n collisio'n lengths in aluminulft .and 

"cUculned to be (9.8 :t: O.9)X [1]. 

, \ 

\ . 

Z.O EVENT REJECTIOH BV GAMMA HODOSCOPE 

In Chapter 2 we saw that an event triggllr was initiated 

if at least two "no-yes" con\binations were found in the 

paired gamma hOdoscope. A backscattered ·eUctron -From the 

had glass or a, charged tr aek near a gamm .. ray, seen" by GHR", 

lUi II cause a 1055 Of a "no-yes" pair. Th is prob 1 em was 
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. 
investigated by a previous experiMent [11 with ~ Simple of 

2500 WO l'vents taken wlth a weaker trigger requiring only 

one "no-yes" pair. The efficiency of this trigger wu 

greatl'r than 99~. With the tr Igger demandin.9 two "no-yes" 

paIrs the 1055 of a good 2r l'vent was experimentally found 

to Ile <12.2 ± 0.6>4. The loss Of a 3y event is much 

smaller sl,nce to reject a good 3y l'vent tlIIo of the three 

"no-yes" com,tllnations should be lost. Ue calcUlate the Joss 

of a 3y l'vent in the following way: 

Let P be the probabllity 0" losipg one "no-yes" 

combanat ion. Then 2 Y event wi Il be rl'jected if one or both 

"no-yes" combinations were lost with probolbil~ty; 

= P*( 1-P) + P*<.1-P) + PII!P : 0.122 (measured) 

0.122 = ZP - ~ 

• p = _ 0.063 

To r!ljl'ct a good 3y l'vent any tlIIO of three or U 1 

thru "no-yl's" pairs have to be lost. The probability of 

this happening WIll br; 

2p3 ;) 0.012 
,J 

---/" Thus the 10ss of a :3 y event _ due ~o the ga •• ~ hOdoscope 
k'" 

trigger requirement is (1.~ * o.-~~: (;j 
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3.0 GAMMA SOFTWARE RECONSTRUCTION FAILURE 

For 2 Y events 1000 events were h andsc anned on ci CRT 

display by means of v ci n 1 n ter a ct 1 ve pro gram th a t p e r mit e d 

operator determln~tlon of gamma showers. The software 

,...construct Ion lneff ic lency for 2 y events Wi.S found ta be 
J 

<2:t 2)~~. For 3y events lt Will be (3 ± 2.4)%. 

4.0 DLGITIZATION SCALER RUNOUT 

The pOS51blllty of losing a gamma shower due to an 

insufflClent number of scalers in t~e experiments E420. E428 

was studled uSlng the 4y data [3]. Thls was done by 

plotlng spark posItions for the Y-plane. A scaler runout 

would resultl ln depletlon of negatlve Y-PosItion. The 

Y-PosItion for 100,000 Showers waS found ta be symmetrlc 

about the orlgln. Therefore the correction for digitlzatlon 
,1 1 

sc aler runout, for ~ events was found to be negligible. 

For 3 Y events thlS correction should be even smaller. 

5.0 GAMMA PARTIAL CHAMBER INEF'FICIENCY 

ThiS IS i. tlme dependent correction and since largest 

fraction Of our data had two gamma rays, the reconstructIon 

program calculated the efflciency of each chamber anq the 

~ingle gamma efficlency for the 2y evernts at the end of 

each run, uSlng the procedure descrlbed ln Appendix C. The 

SIngle gamma efficlency for ail 2y events was found te be 

o • 986 :t o. 002 . 
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ror three gamm.t rays the efficiency is expected to be 

smaller Slnce the same Charge is dlstributed among more 

sparks. The single gamma efficiency for 3y events was 

-----c~lculated [4] uSlng a sample of 

1T P -- > w)' n 

events with the same method as described in Appendix C. 

The single gamma efficlency for these events was found ta be 

0.98 ± 0.02. The net efflciency for the wy evënts 15 

therefore ~.941 ± 0.04 • We use th i s number for the g amllltl 

ehamber efflciency for our sample Of ny events sinee these 

e vents .have sim il ar gamma energy spectr a and 5 ame number of 

ga,!,ma rays as w)' l'vents. 

6.0 CONVERSION ErrICIENCV or LEAD CONUERTER' 

The gamma conversion efficiency for Tl)' datol saillple is 
\ 

estimated the same w~y as it was estimated in Chapter 5 for 
~ 

the one gamma data. In this experiment the converter is 
, 

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

1 imit of 92.8X and a lower 1 imit of S4.6~ for the conversion, 

.ffieiency of' this deteetor. Averaging these values we get 

CS8.7 ± 4.5)~ conversion ef.ficiency for one gamma raye The 

conversion efficiency for 3y is (0.'698:t: 0.061-), 

\ 
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1.0 BEAM CONTAMINATION 

oI"l \ 

At 9.45 Gev/c, (Z.O * 0.6)~ muon cont~minition UliS ,. 

fOUhd i ,. thè beam, by meiSuring the amount of beam that 

tr~versed three feet of 5 tee 1. Kaon cant ami nat ion .was 

estlmated at O.6~ (publlShed yij?ld curves [57]) and electron 

contamInation was estimated te be negllgible. 

8.0 CHARGED PION INTERACTION IN DETECTOR 

, 
-il Using the known cross sections' of mylar. ~luminum • .rte. 

lIIith Pilons,' the probabillty of losing a pion is found to bl' 

C2. ± 1.)" [3J. Tnus, tne probability of 10sIng one or bath 

pions 15 (4.0 %. 1.4)'" • 

9.0 CHARGED SPECTROfotETER INE:F'F'ICIENCY' 

This is a time dependent correction which wu handled 

by the reconstruction software (same Wiy u th. gimma rays). 

Th 1 s factor WolS t aken i nto account by the "Off 1 ine" software 

in the calcul olt Ion ~f t~e effective beam. 

/ 
, 

10.0 EVENT REJECTION SY TRIGGER 

Il. th i s exper J men t the ch arged triCk part of thl' 
i ~) 

tr igger demanded th at tilla or three ti2 sc int i Il ~tor e Umvnts 

be hi t and the ant i par t Of the tr 1 gger de_anded that"9 T~ 
4 

element be set. Ta study the effects of these constraints. 

ln a rll'evious experllient. 26" of the dUa Ulas collected 

using "Ioos." triggl'r requireml'ntsl' dl'.~nding one or .. or. HZ 
r 

18 
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counters ta bt? h.i t and a llowing one TA ta be set. The 

fract ion of events lost due to di Herent tr i gger 

C· requirements was found by t ighten ing the tr i gg,r 

requlrements ~wlth software. We used the numbers 9 iven in 

the study of the 4 y data of our experiment [3L The lôss 

caused by the H2 requlrement was found to be (8.1 + O.5)~ , 

and the 10ss eaused by the TA requirement was (15.6 + O.14)~ 

The syst,emat ie error ln the fraction of events lost due 

to TA requ 1 rement eovers the t-dependent fluctuations of 

that correct ion. 

The overall 1055 of events caused by the tr igger 

requirements is 

( 24. 4 ::t: 1. .. ) ~ • 

11.0 OTHER CORRECTIONS 

Losses due to sc i nt il at ion counter inefficiencïes 

(cracks. etc.) wt?re calculated to be (3.2"::t: 0.9)" by 

interolctive scanning of 1000 events on a CRT. 

As mentioned in Chapt"r 7, <10 ~ 1>" OflTo,s are lost ln 

y r olnd y y combinatlons. 
1 3 2 3 

We ignor e lasses due ta ô -r ay creat ion -i ns ide the 

targ,t, since ·ther. WolS il hall-inch l .. ",.r of pOlyethyl,n 

Surround Ing the t arget to stop 10111 energy plrt i c les go ing 

i nto the'" detectors. 

(1 
" 
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12. 0 SUMMARY 

C' r The fin~l overall corr:ection factor for the 3y dat. is 

CAlcul~tlPd ta be 

=,0.342 :i: 0.050 . ... 

i 
F J 
! < f 

~ 
le ~ 
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CHAPTER 9. EXPERI"tNTAl RESUlTS FOR THE WIDTHS r [p Cw )-)n'Y ] 

In this chapter we wi Il use the data ,sa.ptt fre. 

F"ig.7-19 ta calculate the widths 
. 

r Cp - )n'Y ) 

r c w -> n'Y ). 

1.0 THEORETICAL DISCUSSION. 

The décays p (w) --> n'Y are M1 transitions. Th~ quark 

model theory of Mt transi,tions is described in AppendiX B. 

Appendix D has the calculation of the rat io R = 
r / r us'ng SU(6) and' the App~ndix [ gives thl p -+ Tl)' W -)- ny 1 , 

-,differential eross section .fior the proeess TI p --) n;)' n .. ith 

n'Y invar 1 Int mass in th.. p (w) mass rangl, wi th narro. 

resonance appr-ox i mat ion. 

--"., 

F"r~ (89) 

pred ict ions are 

r 
W -+ Tl)' 

r 
P -+ n)' 

and 138 Kev • 

and (02)· the 

3Z Klv 

thloretical 

).J 

and .~ > 0 
).Jnp 

., 

qu&rk Model . 

• ,asur::ed froll photoproduct i on of p and w ... s'Ons C30l, wh.re 

~.o solut i olis lIIerlt 9 ivenJ 
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r(p -) ny ) = 50 :!: 13 K.v 

'1.?9 
and 

r(w-)rrv ) 
, 

3.0 + 2.5 Kev 
1.8 

iSSU'" i ng the (w " p -) --) I1Y relative decay phase is , 

near zero; or 
" 

.. 
1 r (Ip -) ilr ) = 76 :t 15 Kev 

, 
"" 

and 

(w - > ny ) = 29 :t 7 Kev 

, assullling the decay phase is near 190 0. 

In'photoproduction experimtnts it is veru difficult ta 

rho photoproduct i on dom inates omeg a photoproduct ion by an 

order of .Dion i tude and the t-dependltnce of the product ion 

cross section is the same! 

In the rfactlon 1T p --) nyn total p production still 

dOMi n ates. However the t-dependence of the production cross 

sect ion i 5 d,j fferent for rho ( do '\, 
dt 

e-9 • 5 t , 1T + A 

da t -6. st 
- '" *e dt , B + P exchange [ll) 

because 0" conserv.tt ion Of G-par i t,y. Hence w product ion 

hc •• ds ~ product ion for 1 t 1 ) 0.4 CGltv/c'i. 

1 

, 
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2.0' EXPERIMENTAL DETERMINATION OF" r ( p- )-ny) AHD r Cul - > l'lY ) 

~ 
~ 

(~-l' 

, 
In orCIer to 'Cletermine the vUues of r , r And 

p -+ l'lY w-+ TlY 

. 
~ 

the si gn of 11J1l.l /l1
np 

, (E3) must be tr ~n5formed to ~ for .. " 

r wh.,re ail quantltaes are experimentally measurablt; , , 

\ 
d 2 a da /dt da /dt da /dt 
--- - A. r ( -,,-P_- + R2_-",w __ + 2R p-w ' x 
dt dm - p-+n y l 1 2 1 1 2 1 1 21 2 ,BW

p 
l3W

w 1 BW
p 

BW
w 

1 

1 

x .(Bsincp + Ccoscp ) J ,. p-w p_w 
1\> l 

1 
1 , 

wh e r e R = J.l / 11 
~ TlP 

A, B" C are terms depend i ng on 1 
masses and w i dth of p and w and ny masses; 

\ 
1 
! 

t 
J 
1 .0 

l , 
1 

(2) < 

da/dt and cp are p- Ci) interference cross section 
p-w p-w 

and production phase respectively calculated Irom ,..ef.[53l, 

" where ·these values were measured in p - w interferenclP 

~ experiments by comparing the cro~s sections for the 

+ - + + -reactions TI P ,--> TI TI n and TI n --> 1T 1T P for beam momenta 

Within experimental errors, from. referenee [S3] Ind 

[S4J,the intlPrference cross section is; 

, 
" 

da (da da 
p-w '" --P..~ 
dt dt dt 

'. 

( 
'. 
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\ 
,\ 

~nd the ph~se i sel Ost to - 1T /2' ~nd doits not vary_ 

lUithin statistics~ with beam energy. This is goodOenough for 

the ~ccuracy we need. 

The do/dt· was extrapolated to 8.45 Gev/c ,beam momentum 
p 

( t<5t cr '\, 
p 

Pi;b25 1:54]) -From the values given in reT [53J and 

dOw/dt was ex trapo 1 ated -From be am momentum 6 Gev/c to 8.45 

Gev/c ( cr ta t '\, P. - 2. 38) +' rom r e +' . [1] • 
w Lab Sinee our experlmental 

,mass resolution 1S larger than w width, to be ab le to Ti t, 

the form (1) to experimental mass qistribution. we smear (1) 

R(m - m') 1 -(m-m')2/2cr2 
= --e 

/2;0 

As integr~tion limit~ we take ± 30 • 

experimental resolution. 

Si nce we know that at small trans.verse IIIOllupnta (1 t·' ) 
most of the events in our sa",ple codlè from p -- > TJY decay 

and for 1 arger 1 t ' 1 most of the events come from w --) ny 

decay we separated the d,ata samp le, into two 1 t· 1 b1ns 

o < 1 t· 1 < O. Z ( Ge v/c Y. and 0.2 < 11.' 1 < 00 (Gev/c j 

( 
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.and fitted ail the d .ata .and those in the two 1 t' 1 bins 

s i mu 1 t .a n e 0 u s l '.:1 ta th~ inhgr .ah~ 0" the -funct ion (3) over -
---------- -

correspond i ng 1 t' 1 ranges-. We le"t the fraction of 

d ifftrentlal cross sect ions for p or w product.i 0 n in 

di-Herent It' kiuns as -free p,a.rameters in the -fit and si'nce 
~ 

we knlJw the value of these fractions theoretically we used 

the results as one of the measures 0" reliapility ,of 'the 

fi ts. Stat i st iC,,ll limitations of our final data s ample 

forced us to conclude that a fIt of' the functions (3) and 

a pOlynomial background ta the data ny spec'tra for dlfferent 

It'I bins simultaneously was nct very reliable and many 

solutions for the parameters lIIere pOSSible. We fixed the 

polynomlals in tttfse solutions and used the other paramet~rs 

as starting \Jalues in an tvltnt by event max imum 1 ike 1 i hood 

fit. "'e used the obtained parameters in a x2 fit with free 

po lyn0Jl' i aJ s __ ~aga i n an dit.e rat e d th i s pro ces sun t i 1 the f i ts 

.agreed +'or both procedures. Th.st prOctdure~ converglld for 

two dif~erent sets of parameters. Us ing the values of these 
1 , 

p.arameters, the acceptances and the experiment'al correctIon 

-f .actor Of Tab le 8-1 the. widths r , r 
P-+TlY w-+TlY 

and the rat io R 

we r e cal cul a te d t 0 b e ; 

r - 50.73 ± 15.80 Kev (S1.U error) 
P -+ TlY 

( i ) r - 14.63 i: 8.25 Klv 
W -+ TlY 

(,56. 4~ error) 

R = 0.537:1: 0.126 '(23.5~ error)P 
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~ 
or 

r- : 24-.73 t 7.89 Kev, 0 (31.9" error) 
P,+ n'Y 

(i il r n'Y : 10.74 * 6.:.a~ Kev (60.4" .1"1"01" ) w+ 

R : -0.695 i: 0.169 (25.6" .1"1"01") 

than 1. .. In bath 50 lut ions the fr.ct ions for p and w 

production differential cross sections w~rt close ta tich 

othar 'nCS _te thloretica! cross s.ctions, and also the 

-expariMental re.olution fo/" our n'Y data ",ass spact'ru. (M ),' 
mes 

the .ajor part of the .rrors in our calculations of tha .. 
decay rate are du. to correl.tions which ar. partly 

refl.cteCS in bad lIIass r.,solutjon. th.,se 

co,'relUions •• re artificially set to zero, then the final 

erraI" il due ta our Itatistic. only - this amounted ta about 
-~ 

(~ 15". 
\ 

Tht fits for tht M ny spactrult for aIl the data (ail 

1 t. ,. 1 ',) and for tht 1 arge 1 t' 1 bin give a 51 ightly sfuller 

x2, valut for tha solution (i), than for tht solution Cii)' 

but for the, s.aJl It"l's the fit to th. spectruM has a 

valu .. for the solution (i i). Sine. the sptctrull 
''\ 

.i\h ail the data hu approxilllUely tillic. tht statistics Of 

tha solution (i) stems to ba 
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pr.f,erAb le. Th, solution (i) w' th in error. Agr ••• .ith MO.t 
" 

~ a ~'I of the theoreticAI pred ict ion. froM re~ [71-[~9J , and &1"0 
Agr.es with SU(6) • Solut ion (1) .1.0 agr.e. ., th one of the 

. two' .01 ut ions froll A pre"" i OUI (explr i .• ent [30J. 
.-

'i, v 

Howlvlr 't ntr tp Irt .0"" Modtls C'rtf. [22,21]) . in which 

. "the sign of R is not diseussed and .ithin errars, both of the 

solutions could &9r e. with th~5. ".odels. 
l 
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CHAPTER 10. CONCLUSIONS 

-------~~-------~------- . 
~ . 

\. In Dur study of rad i ~t ive dec ays of nonstrang. mesons 

1. w. s.t 1 ne. upp.r 1illit for the branching rltio of 
+ -

the d.c.y W --) TT TT Y II/hich is ll.nast an order of 

",agnitid. 5",.11.r than the pres.nt Vilult in the Particl. 

+ -Da t 1. Bo 0 k (Br W --+ TT TT y' ( 5~ ) • 

b _ 

This reluit cannot be cOllpared II/ith present th.oretieU ' 

D, 
parallle~.,· th. decly r~te p -~) 'TIy 

a 

r.e.nt "'.asur •.•• nt of the deeay rite p --) TTy [51] i5 ustd 
~ . 

in Models of references [49], [SOl, our' upper 1 i mi t for. the 

b,.anching rUio 
+ - falls .ithin the of tn. decay !il -- > TI TT 'Y 

" . 
rang. rr:ed i c ted in th.se lIod.lI .• Th is cou Id b. ln 

1 

indielt ion that the reeent value of the d.c .. y rite 

,p -- > 1T'Y 

in .alllost ~ver.., theorttic... _od,l ,. 

-

. . ' 
[7-29l th. p,..diction for this branching ratio" P --)1Ty was 

. 
eonsiderlbly. di.:ff.r.nt Cby, .. bout a "Ictor of q t.o) "ro. 

courct, eonsidtrably clos.,. theoret iell ... 
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. ' 
. pred ict ions. 

2. 'w~ obtain~d an ·indep~ndent high 

•• Âsurt' .. ent for the branching ratio-'Br( n'-) py ), which is 

in .xc~ll~nt a~re~ment with ~ore rl'cent measurem.nts [38-4?J 

0jthiS hranching ratio. 

3. W. observed the the radi at ive decays. P (w )--) ny 

in the reaction 

1T P --) p 
\, 

for th~ -tirst tl'.el and Hasured their rates. B~eauSi 

o'f our poq~ statistics thl' fit5 to the 'lY IIUS speJtruli 

'converged for two different sets of decay r at~5. One of 

solutions is very close -to mo'st 
,~ 
of these 

prediciions, and to one of the Model deptndent solutions 

obtained in a p ( w) photoproduct ion experlllumt [30J. 

\ ~ 

This res~lt can be improved upon by a fu~re high 

• Itatistics experilllent, obsl'rving the reaction 

'Ir P -- > p ( w ) n that has a high resolutio~ 1 gaMma ray 

detector. In th i s connect ion i t shou 1 d be remarked "that our 
~ 

lrarUer eXJlerimental apparatus Cbefore the additIon of extra 

l.ad) could. . in principle, colll'ct enough statistics of 

P (w )--) ny t'vents in Il long run: to obtain a Meaningful 

5 e 1 e ct i 0" b e t UI~ e n the t 1U0 50 1 ut ion 5 pre 5 en te d i n th i 5 

thes i s. Th is is 50 besause the add i tian, of more leld 

the Th" gre ater 
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. 
• rrdr":s due to correlltions as reflected in, say, the bld 

I)t IUSS reso 1 ut ion. Thi trigger in an experiment of this 

sort should demand .vents with three possible gamma rays and 

, J 

two charged pions after the magnet. We conclude by stating 

. that if such ln 'ex~eriment leads to uniqufl ·soluti·on to th. 

p -) ny and w -)ny " thlt cOf}firlIIs our first solution, 

.. nd if the dec ay rate for p -- > 1Ty obtained by S.M. 

(" 
(' ,F'I4ltt. IPt .. 1 [511 is also confirlIIed by another 'experiment, 

th." it will he possible to state that aIl thèu radiative 

d.CI\lS of ï ight qUlrks u and d agree - wi,th in (10-15") -

lsgur [7], to 

.'flt ion on.' IIlong ".(ly of the theoret ici.l workers in the 
c 

filld (5 ... ref [8,9,10,16,24,28]). 
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APPENDIX A. THE MONTE-CARLO SIMULATION OF" THE DATA 

~-----------------~------~------------------------

, . 
";';', - " 1\ 

rO'fr!)e abl~ ta calculate- the branchhng ratios of dlffer­
~ 

l'nt radl a't Ive decays the ,",umber 0/ such detected t'vents have 

to be corrected ·for los ses' due ta the cuts and constraints 
. 
of Table' ~-1; ând the 

".. ,-
ôddltlonal' cuts dlscussed ln C~apterr 

5. " 

. 
Nonte-Carlo slmulati'on programs wt're wrltten to 'calcu-

late these correctIons for dlfferent r~dlatave decays that 
" 

were posSIble candIdates ln the sample of da;ta wlth , 
+ -

TI 11 and 

a . g a mm a r a y de tee t e d • Monte-CarlO SImulatIon programs were 
, 

written alsq for the possIble background interactions wher,e 

+ -
'Ir 1f and. two gamma l7ays were prOduced but only dne gamma, was 

- detected. These programs he 1 ped ta understand and separate 

.".. such l'vents from true radIative de 7ay l'vents. 

AlI the Monte-C~rlo SImulation programs used as input 

masses generated for the produced meson M (Tl, w, T)~ ",> and 
mes 

). 
Since 1)tw an~ Tl~mesons have narrow wldths thelr 

were generated ln the sidlple Brelt-Wlgnl'r form; 

<II Cm) 'V 

r 
o 

.' 

masses 

(AU 
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Then the decay 01 the partièle with·the 'UliS M ; ... 
~ 

mes 
l ' " •• 

~ 

Q 

11 mes --~ M + - + M3 (AZ) 
1T 1T 

. -
" , was S 1 mu'l ab~d, where '3 was 'e i ther ~qua 1 to zero for the 

+ , 
~ lT Y decay 'of the mj?son, or equ a 1 ta .the nl'utr al pion dfass 

, . • + - 0 
for the ,'J!' 1T 1T decay, of the meson. The, M .+ -was 

'IT n 9 e ne rat e di'" 

• wlth phase- spic'e dlstrlbutlon lf n+ and nt werl' in S-state; 

• + 
lf n and'n; were in P-state', the M + - wa's 

n,1T. 
o .' 

p meso'), 11.11 th a P-wave Bre i t-W i gner Tarm; 

r (m) 
~(m) 'V ----~.---­

(m2-m2 ) 2 + m2 p,2 Cm) 
o 0 

\ 

. 
gener ated 

o + - ... 
wh,ere in the' c,ase of p --) 11 11 (1 --) 0 0 ) . d,çay 

',' . 
width r (m) has the followlng dependence on mass [S8l; 

r (m) 
3 m = r ,(S, ) 0 

o qo m 

.. 

a 

(A3) 

the 

(A4) 

where q is the momentum of~ cl pion in 
o 

the p center of 

. + -
The g/enerated 1T n invariant mass M + -w.as then weighed 

TT TT 

by the pr'oduct of the decay 'lhatrix element [59,60l (shown in 

T,able A-l for' dlfferent deca.ys) and the ph~se spact weight: 

J 

PS:phase space WIiPlght 'V p*q 
d 
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o ,1T 
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.\ , 
( wher,~ p 

l', 
(correspqnd 1 n9 

" , 

is the momenum th, or 

(A2», "In the dec~ying mespn center 
+- , 

the pion momentum in the 1T lfc,.nter of 
" 

of.mass system an~ q is 
1 , 

mass ~ystem). ,In table Al the' same' p,q not~tion for\ihe mo-
, , 

menta IS used. 

(,.' ; 
The MO~lte.~car·ld- simu l'ation pro.grams 'for the 

" 
1T+lf Y dec:ay o\r the mesons consist'o'f thru sections; 

Ù 
\ 

\ 
\ . 

1. Generation ôf'4-vectors 
~..r­. \ . 

<t , \ 

'Ir 

2. GeOmetrIe, \ 
klnematic and trigger constraints DT tht \ 

\ , ~ \ 

experlment (Table 5-10 

"""\t' . 
3.' Charged plon decay~-6t flJght and chargtd pion and 

gamma ray Interactions in the targét. 
l', 

~ . + - 0 
The Monte-Carlo sImulatlo'h prpgram'S for the lf TT'1T decay 

.' , 

used the s'ame sections as the radiative decay Monte-Carlo 

pr09 r am s, but 1 nad 1 f fer en t se que n ce.' Af ter 5 e c'b 0 n ~ 1 ) 

for generatlng 4-vectors, section (3) of the radIative decay 
\ 

Monte-Ca'r 1 0 program. was c cl lied. If the charged particles 

did' not decay ln fllght ,or interact ln target jlnd only one 

gamma ray' Interacted in th,e target, section (2) was called 
, 

and 1 f aIl the constralnts oT this section were satlsfJed 
<> .. 

the event was kept as cl good' backgreund event. If no gamma 
'. 
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rlys interacted in target, sect ion '(2) wu cal J~d requirin.g 

the constr'alnts to satJsf'Y only for the charged pions, and 

'.k O· 
one of the gamma rays ft'om It.he TT --} YY ~ecay. If both gamma 

rays survlved the constralnt cuts of section (2), an add 1-

, 
tlanal sectIon (4 ) to slmulate "1055" of a gamma ray was 

ca.lled. Then the sectIon (2) constraints were appl~ed on 

the survJl..JJng g9mma ray, 

We now proceed to describe the s~ctions (1),(2).<3) and 

the - section to simulait> '''1055'' of a gamma, ra~ in more deta-

il. 

'. 

,> 
", 

(1) Gent>ratlon of the 4-v~ctor5 

In aIl dlffert>nt reactions'studitd the tvents were des­

'" crlbed by the'foll~wing kinemalic quantlties~ the be am mom-

entum, the four momentu'm transfer squared Ct) and the mass,es 
. ' 

. M,and 11 + -
mes ' TT TT 

. a-
To generate the 4-vector we have- used some of the rou-

. 
t Ines ( INI TL, RY, GO, ORDR, RA2) of the bubble chamber pro-

T.. 

gram SAGE [ 61J by J. Fr 1 edman . 'We modifiéd the rout i ne GO, 

• whrre the' simul.atlon of the klnematlcs of the reaction 15 

done. ln order to generate 4-vectors using dÎfferent- ctl /d't 
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~. -1' ,. 

o 
" 

distributions f'br dlfferent !t"~l= 11.· t ! r angl!s.. and 1.0 
min , " 

g'enerate 4-vectorS'ln a certain! t'!bt'fï. 'Before these mod-
. , 

;.; ... lflcatlons thE> routinE> GO generated events in a1l1 tlrange, 

Our exper 1 ment a 1 accep~ ance IS t-depen,dent (becomes 

ver y s mal 1 a t 1 a r 9 e ~ t ' 1 ). T h 1 S t - d e pen d e, n t s i mu 1 a t Ion W 1 t h 
tI .. f .. CI 

expE>rimental dc1/dt dlst.rJbut~ons wlll decrease the errors of 

the acceptances determlned for d1fferent in~eractlons. Alsq 
4. 

we were able to Increase th~ speed of the 4-vt>ctor genera-

tlon part 0-1 the Monte-Carlo simu'lation progl"ams, by gener-

a"tln-g evenj.s 

.. 

~. 

ln a Ilmlt~d It1 range ( It'I< 1.5 CGevtc)2). --.... 

gl"ams, c~lling the sam~ routanes, for slmulating the 
. '" 

4-vectors, using as Input the nesess~r~ do/dt and decay an-.. 
;~ular distrlbutlopS for that interaction. 

, 
The radiatlvl? decay Monte-Carlo.simulation program pro.-

duced event~ ~f the form; 

, , 

-
7T' f1 -- > p + 

meson 

L 
, n c, 

+ y 

\ 
1 

The ba~kground Monte-Car10 simulation p~ograms produced 

, . 
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events of the, form 

p 
meson 

+ n 

1+ p + -

/

Tl Tl 

+ -
+ Tl Tl 

J 

For' eayh decay step' the pair of routines RY and GO were 

called, 'whlch used as Input; -
a) The mass( and th e 4-vect ors of the decay lng par: t i~~_ 

(or,the cen~er of mass system of the decayed partlcles). . ' 

b) The .da/dt distribution of the system (11 p) or coslne 

of "dec ay angle g~nerated accordlng to"the theoretlcal 

angular chstributlons. shown' in the T ab 1 e A-l, wher e the 

angle 1 S the an 9 1 e (J3" * Aq). 
• ? 

each decay step the rou-e F.:,or 

tille RY uses the correspond ing lndepen·dent variables 

(4-vectors, the mass and the dlrect,lon of the decay,product> 
,/ 

to 1nitializethe generatton of the 4-vect6rs by the routine 

'GO-. 

(2) The 'geometrlc,f klnem~tïc' and trlgger construnts. 

After generating the 4-vector5 of in event the point of 
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. 
ln the target was generated. ThIS target point 

(-' 
, , 

.dlstrlbutlon was taken to be randomly., dlstrlbuted ln the 

forward direction wlth unl'form dlstrlbutlon ln the area and 

,wlth a l/R d.îstrlbutlon ln the radIal direction. Then the . . 
positions of each p'~rtlc~le at dlfferent planes were calcu-

lated, whlCh were requlred to .. satls,fy the geometrlc constra-

ins of Table .5-1. 

.. 
The 4-vE'ctors were also rE'qulr~d to 1satisf'y the klne-

matie cuts of" the T~ble 5-1 and the addltlonal cuts 0" dlS-

.,Cussed ln Chapter 5. Then the trlgger constralnt demand 1 n~ 

on ly one HZ hoaoscope element to be set for each charged 

partlcle was checked. 

(3) Charged pion decay ln f Il ~ h h C,h ar g e d \ P ion 

gamma ray- Interaction ln hydrogen target 

1. 
\~j 

The rrObablllty of a charged plon decay 

1 S : 

~dlstance - in frollt lut 

Ufhere f3 = v/c is th~ velocity Of the ch.lrged pion. 

+ Th. probab i 1 i ty of . 'Tf , 1T 

('" .' 
',! 
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-

1 

(pa.th length .hydrogen target in inches)*O.OOa25, 

, 
assuml\''lg an l,nteract io,n cross .sect,llon of 30 mb. 

3. T-he prab'abll ity of conversion of a gamma ray is.: .. 

(p ath J ength J n hydrogen 1 n Inches >*0.00198, 
'1 

, 
,,' 

v ~ 
assumlng a sc al ihg Of the thlckness by 0.69 radiation 

length. 

Events were reJected statlstlcally uSlng the above pro-
l , 

babJlI'tl.eS ta account for event lasses due to these reasons. 

(4) 51mt.lla:tion of "1055" Of a gamma ray in 3n l'vents 

In 3n Monte-Car l 0 pr_gr ar euents were rejected if,; 

1. A ch arged plon dld not satisfy the requ i rements of 

sect Ions (2 ) and (3) .' 

2. Bath gamma rays satisfied the sections (2) and (3), 

both gammas converted in the lrad convlPrter and were not too 

close ta be seen as one (thcnr distance w~s more than lead 

\ 

\ 

-

1 
\ 
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0, 

- "'-- -. , 

glass ~rr.y çel1 cjJidth of 7.5 inch.s) . 
~ 

\ 
. , . 

II only one ~i.~",a: ray did not s.tisfy ,tht geometr ic 
~ 

cons,tra 1 nts, or got converted in the -t ar:-g .ft , 0-" --., l il ed to , 
convert ln the le.~ converter but. lI!i.$N __ ' fartho.r than 7.5 

lnches from the other ga.mma. ray', the event was treated 1 ike 
, . 

1 radiatlye decay event, ~fter adding the .ner~y o~ ~h. un-
" 

detected gamina ray to th,e neutron energy to havI en-rrgy . . con'" 
l't 

servatl'Dn in the reaction. 

. 
If bath gamma rays satisfied the g,oMetric cuts a.nd 

f 

bath dld not convert in the target, they could $Ometimes be 

detected as one if': 

ù) The two gamma rlys conver,ted les5 than 7.5 inches 
• 0 

-apart in~ the lead converter. AlI th. 'Ir ener9\Î II!lS depositl~ .. -
·,n onl" le,ad gl ass. block and l'lad to be treat.d as a high en-

ergy gamma raye 

on l,Y one of them c'onverted. 
6' 

SuCh data .vents got • guula ener.gy correction a~5u"'ing. 
, 

that ther. wa~ one t:lign_ energy' gamma, anstead Of tllo 1011er, 
!il' 

.nergy gammas. Hence th,' e":",,g\l that escape'd t.h. 1.~d glass 

• would, n.orma 11 Y br c.~l~ulated incor"ectly. We remedied th',is 
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( 

as fa llows.' 

. 
'. 

&.lé fit Monte-C·ar"10 M'If+Tf-Y peak t,9 

-' Tl and w-r~ons us i ng energy dep~ndent 

• 
r = a - b *lnCE ) 
e e e e 

F' = a - b *lnCE ) 
y y y y 

, 
'" . 

, 
ct at a M + - pe ak, lT lI'y 

f~tions; . 

in 

for fract Ions of energy depos i ted' by each 9 amma ~ r ay 

wit.h a, b , Cl and b as parameters. F" is us~d if th-e gamma 
y y e e ~ ~ 

ray got converted with E : E /2 approxlI~lately. r IS used if 
e y y 

the gamma r,ay dl d not conv@rt. The starting values for a , 
e 

b , 
e 

\, byare cal cu 1 ated f,rom ref~renClt5 [62,56) . and they' 

1 are changed to get good fi ts ,;or TflTy mus speptrum. We obt a­

Ined stable values for a
e

, b
e
,' \, by&t minilllum x2/ct~~ree Of, 

freedom = 1.12.. w i th a 2-3" 

Monte-Car la M + - '"~ E 
71lTy Y 

, ..... 
, '-", 

and M + - spectr~ wHh the data. 
Tf 'If " 

b 

.i> 

) 
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APPENDIX B. ·/'11 RADIATIVE DEÇAYS IN QUARk- MODEl 

, . J _____________________________________________ _ 

The ,~l ectromagnet i c trans i t ions betw •• n two p art.ie t.ps 

(a _..:> b + y) cor-respond'ing ta 6. j = 0, +1 ind no ~ar (ty 

chang" can occur via l=ll11agn~tlc Ofl> photon~.",isSion. The 

: h.m .. toni?:~~t ~~;:s~t~on< iSJ 

. 
'"( 8-1 ) 

A 

wh.re Bis the vacuum e lqectromagnl't ie fiel cr op.rator 

- and il is the IIagnetlc d'ipole ,operatar. 

, 1 

ln th~ simple quark model the quark canstituents of the 

part'lcles a and b are in relative S 5tat.. Thus the Magnet-

le moment operator correspanding ta a given parti~l. will 

be , [63JoJ 

(8-2) 

/ 

t\ and I1q are the charge; the sp in,. operator, an~. 

-' the m-agnet Lc l!Ioment for the i -th qu .rk respect i ve ly. 

The interaction hamilton'ian 01 the i-th quark 

photon with palarization e and MomentuM k _ill be [64]: 
Q, Y' 
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- , / 
, e i " "". ikr 

Hi : 1.1 -0 0i(kxE)e i q e - y 
CB-3) 

The decay rate (a --) b+y) is determined by the 
1 

ma-trh 

e 1 t'ment [64]; '" . ~ 
/ R , 

~a : <1jJ (b) Il H i 11jI ( ~ » (8-4) 

and the ."atr i x el fments of the magnet i c moment between 
" 

the partlcies a and b 

( 8-5) 

umeretJi (a) and ljI(b) are·wave functions of the pl.rtfclts ,\ 

a and b expressed by the ~av. lunctions of their quark con-
. 

s'tituents. 1 

The decays 01 th' vector m~so"s into a pseUd45cllar 
j" 

mesan and a photon CV --> P+y) or pseudosealar mesons into a 

vector meson and a photon CP -- > V+y) oceur vi a Mi photon 

emlssion sance th~ paritles and spinsof v.ctor and pseudoi­
Î 

cala,' mesons are; 

'lrv ': -1 , .iv : 1 tB-6) 

ll'p : -1 , .ip : 0 

• 
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.. 

respectively. 

The decay rates r(v-)p+y ) [or n r(p->y+y)J are ob"t i- \ 

i ne d b Y mu lt 1 ply 1 n 9 1. h e s q u al" Il' S 1 D PV 12 ( 0 r 1 P VP 12 ) 0 f th. 

matrJx elements for the transitions U --) P+y (or P --) 

v+ y), summed over the polarizatlon states of the final pho-' 

ton and averaged over the spin direction of the vector meson 

by [6S]: 

(B-7) 

Here êlTp·f 'IS, t'he, ph~se space "actor.~wnich ln its .1", .. 
l~tlVlstlC form IS [65J: 

w' 
2·1fo·f = 21T~,k2...l Ca-el 

(2n)3 My 
k2 W

k .... 
1T Mv 

where. k 1 S the energy of the pho ton, wk i s the ,energy of 

the pseudoscalar meson and MviS the mass of the vector 

meson. In (B-7) 1/2k lS the photon nor"""l lz~tlon factor, 

- and the f a c t 0 r H = M.. /w k 1 5 use d tOI" e 1 a t eth e rel a t i vis tic 

decay amplltudè wlth the nonrelatlvlstic case WhlCh does not 
o 

h~ve t~e term w{M from (8-8), Thus t~e rate for Ml transi-
, 

tians lS glven by C6]; 

r (V -+- Py) ,=-.l. k 1 D 12 
, 2IT ·PV 

or 
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() 

" 

, , 

'1 3 2 
r(V + Py) -3nk ~PV pr 

(B-9) 

.. l 3 2 
r(p + V~) =;k ~~ 

. where lJ is the magn-etlc di"Pole.transition moment as ln p.v 
C9-5) and k 15 the energy of the photon. 

. 
t.' 

( 

k = (112 - M2 )/2M , for V ---> P+y 
V P V 

k : (Ml - M2 )/2M , for P --> V+y 
P V P 

.. . . 

" 
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~APPEHI)JX C. " . GAMMA SHOWER CHAMBER EF~ICIENCV C~~cu~~TioN 
-

'-----------------------.1:-~-----~---'"'è-----r--------------

I~ the, gamma d,etectlon system there were two 
. ' 

views 
1 

'plane X and el~vatlon Y - wlth 'th.re~ plan~s each. Iole label 
. 

the thre,: X planes 1, 2, 3 and the three Y ptanes 4, 5, 6. 

accepted If one view had at least two planes 
, . 

ft-rlng, <Jnd the other Vlew had at least one plane, firlng • 
.t 

o 

" :' Il "0{ tilDeS tRe plàne contained a spark 

Il of tracks through the chamber 

and 

, 
Pi; Par'tiClp'.ation Ratio Of Plane 'fOl" a round Event 

= Il of times the plane fired in a found event 

1/ of ~.ound even ts 

The ~robabl fIt Y P( >2). of at least two of the three 

planes in one Vlew firlng IS given by: 

~ ~ 

... 
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" 

=, EiEj + EiEk' +, EjEk - 2 EiEjEk" (C-1) 

-~! ---. 

( 
Tt1erefor~, the probab il i ty Po of f infJ ing a shower wh,n 

- y , 

one i s pre sen t • c a n Il e.. e as i 1 Y wr i t t en: 
........ 

. 
+ Py()~~*(El (1- e:

2
)(1-e: 3 ) +e: 2 (,l-E1 )(1-E 3 » (C-2) 

Next* we can write expressions for the participation 
~ 

ratio~, uSlng th~ definitlon *or P and the expressions CC-l) 
- " \ 

and (C-Z). ror '. 

,f-
0_ .. . 

Pl/sI =: [P;< >2)+ (E2 + e::r:- E2'E 3 )*tt4 (1- e:5 )( 1- &6 ) 
~'. 

'CC-:'3) , 
~ 

. 
/'oC 

CC-4) 

. ! 
.. 

1 

(C-5) 

\ 
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To calculate the single shower effici~~~y" P we needed r. "- ----~ 
~ 

the efflcienCles the p. 'rom the recorded d~ta. 
1 . 

Th'l s was do ne by so l VI n9 for Ei ln (C-2) to CC-S) 

'Iteratlve procedure. The startlng values forEi on the ~HS 

of (C-3,4,5) werE' taken as the Pi' A new set DfE:
i 

were th~n 

found and the process was repeated until stable results were 
(.9a 

reached., usually alter only a few Iterations •. The si ng le 

shower efflclency was obtained by substituting these fin,l 

chamber eff'lclencles Into (C-Z), and the double and triple 

shower efflclencles were easlly deduced thereafter:, 

Q 

, .' , . 
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". 
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APPENDIX D. p (w ) --}DY ~ECAYS 

-------------------------------
lta 

Q.. " 
.. , 

In the staRdard 3 quark modeJ the wave .functions (tjJ) 

'or th~ p~rticl~s ~ 'W indn ire t65J; 

. , 
(D-1) 

: [2(2+ >.2)l-1/2[ (il b -ï b H( 0\. il -a b ) 
. n' l, -; ~ 1 r "L 2 2 2 

-}, (a b - a- b )] *f (r ) 
n 3 3 3:3 

spin down~resp.,ctiv.,ly) for a quark Ci=1,Z,3) al'Jd a , Dar .. 
t i . , . 

the c9rresponding spin functions for an antiquark. The va--

lu~s of" the par ameters À and }, are 
W n 

Accor'ding to the conventlonal q,-w' mixing problelll wher .. 

w consists of only nonstringElj quarks}, = 0, and Hn iS th .. 
w 

pure pscrudoscalar octet meson (T) -n~niixing angle 

À = 2. 
D 

a = 0> p 

USing (8-4) and (D-1) the squares of th. Matrix .1.-

" •• ntl for "th. transitionsp (w) --) ny will bIP [6534 
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j. 

where ~ is the proton .agnetic .o.ent and k is th' 
, . p ~ 

quark 1II0lIIentulII. 

Here .e used'\J :lJ which is euy to check by using. 
q p 

(8-5) to calculate pr,otorls static lIagne'tic 1I0.ent. 'given by 

th. d~ago~al matri~ e1 •• ents of the third co.pone~t ~f 0 • . 
Also in (D-2). follollling SU(6). p .w· have been assulne'd in 

-pure ~lstate, and the space part of the lIIave ~ijDcti~n '(1") 

ha. been aS5ulled to be the sa •• 'or v.cto~ and ps~udo.calar 

. 
B~ SUbstitutin; ~D-2) in ~~-9) •• cano r(p(w)' 

-- > TlY) dec ay rates 

À • 
Tl 

-It is easy to not let that wh.n À 
w 

'il) w) the ,.. a t i 0; 

. ' 

fi-' = f (w-+-TlY) =' (t) 2 

f(p-+-TlY) 

\ 

. - , ~ 

: 0 (no strang. quarks. 

- \ 
(1)-3> 

1~2 _ . 

/ 
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APPEHDIX E. THE REACTIONS n p --) p (w)n 
(, 

------------~---------------f-------------

. 
the study 'of the re~ction n p --) Un we W 1 Il 

L n'Y 

use 

n~rrow reson ançe approx i lIIat ion. When U is the w lIIes~ 
can do ~his, because w has narrow width. The re ason 

this can be dorie for the p lIIe50n as we 11 is 9 Iven ' 

ref.CS]' 1ft-

the 

we 

why 

in 

F"or 'th. p meson, the only isospin invar4ant coupl ing ta 

o .t.o pions has the forlll E"kpl1n,P 'Il
k 

50 the terms proportional 
• 1J 1 Il' 

11 v-
,te p p in the p meson propagator do not have any effect. 

\ This means that fèlr the two pion dec~y of the virtualp it. 
• 

in 

The differential cross section for the reaction n-p --) 

r.n in the narrow resonance approximation lS [6J; 
+ny . 

(E-1) 

110 

1 
,J 
1 

, \ 
1 
1 

i 



( 

'. 

BU Cm2 ) 
p 

and for thew MIson BW (~) 15: 
w 

Biol (nt-) :: m 2_ m 4 i M r 
w w w w 

. 
u 

whe"e the mass depend,nce of r ... s i gnored bec luse O"f 
w 

Assuming that the amplitude for the process TI p --) Vn ( 

dOIS not depend on ~2very Much in th. M.55 r.nge of inter-

est. the dlfferentlal cross sectIon for thl5 proclss can bl 

written in thlS form C6]; 

b 

and wlth the narrow resorance approximation the ~i'fer-

o Intia! cross section for the ove,rall process 7f p --)ny n 

lIIith ny lnvarioant mOlSS in the p' w mass range is C6]; 

)( 

1· • 

mf 
p-+rn 

11 

l 
À v' À~. '\ 

"" P'o. ,À ,À ) 
~ v n E 

BW (m2) 
p 

~ P' (,l. 
+ ...1E. 

2 ,A ,A ) 
v n E 

llnp 
BW (m2) w, 

o 

(E-3) 

111 

; 

j, 
j 
1 
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( APPENDIX r. TABLE or THE CÂLCULATED VALUES or THE DECAY RATES' 

r r rand r .. 
p+ny' w+ny' p+rry n -+p y 

TABLE F'-1 

. 
REr E R E N C E r r r r .. 

p+ny • Uftny • p+rry n +py 

7. N.Isgur (76) 46 4.9 75 95 

9. r.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 35 130 

12. P.Hays,M.Ulehla (75) 37.4 5.4, - -
. -13. P.O'Donn.ll (76) 4'0 6 64 - 77 

14. Etim-Etim,M.Greco ~7in 55 7.3 93 118 

15. A.Bohm .. R.Tesse (77) 3.9,4.8 .18, .22 35 -
. 5.0 .23 

16. R.Thltws (76) 1Z,14.5 -, - 35 250,31 
1 

1 47 4.7 98 
" 

17. E.Takasugi (76) 138 12- - -
18. T.Barnes (76) 45,15 " 5.9,1.9 91,88 38,10 

" ô 

19. G.Gounaris (76) 55.4,55 9.6,8.1 90,73 106 .. 68 
55.5 4.2 f 73 85 

,\ 
20. L.Broun,P.Singer (77) 't 6 . 7 .17 77 21 

21. B.Edwards .. A.Kamal ( 76) 76.5;'127 6.8,11.4 80,107 112,135 
24 1.9 28 43.8 

22. G.GrUnbltrg,F'.Renard (76) 56,26.8 5,13'.01 90, - 88.5, -
.. 

23. N.Chase,M.Vaughn' (76) 37.3 4.8 82.6 109.9 
(32.4) (4.17) 

/ 

( continued ••. .. 
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1 Cf 
r 

i 
\ 

\ 

1 
! 

r 
1 
f 1 

• t ,1 
, 1 
r' 

1 

c) 

• -
R E F" E R ~ N C E 

24. 8.Ed •• r~S~A.K&.&1 , . 
25. C.Albright,R.Oak.s 

, 1 

2&. ;L.H.hlr.n",P. Misra 
1_-_--r .-

27. :L. Urru! t. (78)-
~ . 

28. ,..B~ EdIU~S" A. K ".a 1 

(77) 

(71) 

(78) 

( 709) 
.-

1 
1 

- \ 

, 

0 

29. Ri,,%uddin,.F&yy~zuddin (1'9) 

~. 

" . . 
E )( P E R 1 M E N' T 

.. 

"\ 

, . 
• _______ .,.. _ ....... .,.y...-. ......... ~""""-..'!\·_"'4~-t:$t'I.'~J\""'i~l"~_:~ 

.. 
, 

<' . 
r r r 

p~y 
r n ... ~y p+ny ~ny 

53,. 42 10,32" 81.049 160~ 120, 
30~45 .28,3.4 ,87~86 4.5,,15d 

0 
. / 

20 2.53 , 94.3 79.6,,5~,4 
~ 

3S~'3) , 
, 

16.9 .85 - 36.6 45.5j 
ç;.1 

39,. 30.8 3.6,4.3 '8.4,82.3 152, ~8 , 

55,.26 7.2,24 92,35 12'0-:130 
, 

59 7.3 92 111 
" 

3+ 2.5 50 ±"13 ,35 ± 10 89 ± 27 
- 1.8 , 

76 ± 15 
\ 

29 ± 7 * (67 ± 7) 
, 1 

• 

.. 

v' 

• ë 113 
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F'ig.2-1 

F'ig.2-1 

F'ig.2-3 

Fïg.2-4 

F'ig.2-S 

F"i g'. 2-6 

F"(g.3-1 

F"ig.3-2 
... 

F'ig.3-3 

F"i~.5-1 

F'lg.5-2 

f"ig.5-3 

F'ig.5-4 

Fig.5-5 

F'ig.S-6 

F'ig.5-7 

F'ig.S-e 

F'ig.5-9 

f"ig.5-10 

• 1 

F'IGURE CAPTIONS 

1 Be~ .. L~yout. J 
G~IRIIt~ Dt~lflctor.'-....., 
l1ethod For Leld Ghss Energy Cllibrltion. 

Simplified Tri9ger Dilgrllft. 

Tirget Anti-counter Syste •• 

Ex~lItple of 1 Reconstrùcted Three Prong Event. 

A Reconstructed 2 GIMMI Event. 

+ -
M(1Tny) 

+ - ( 
M(1Tny) 

+ _ 0 

,11 (1T 1T Y > 

unfitttd. Ali DST e~ents. 

1e fit. Ali DST events. 

le' fit. E > 1.5 Gev. y. 

t1 (1T+-ri-y ) 1e fit. E > 1.5 GlU" J t', ) .2 CGI'V/C)2" 
y 

TC n 
+ 

) f'o,. Tl 

TC + 
.1T ) J1onte-C Ir la for +-

Tl --> '11' 11" 'Y decly. 

TC +' 
1T ) f'or Tl JI MISS ,revion. 

TC 1T+ ) 

TMM 
( .22 Gev . ,- . 

+ -
l ,t' 1 (Oe"l/c) 2" 11<# 1T y) le. fit, E > 1. S Oev. > .2 

y 

T ± 
1T' 

) 1 Gev 

+ - 1.5 Gev, l 't" 1 .2 COev/c) 2" M(1T.1T y) le fit, E > ) 
y 

" 

X~rQbability > O. 1 
1 

" 

" , 

" 

f .. _."I;'~ 

! 

f 
1 

J 

t 
J 
1 
i 
1 
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, ('1 . ' 

F'ig.5-11<a-j) F'lt of Honte carto background MC 'IT'IT)' ) spectra 

Fï~ .6-1 

Fïq.6-3 

_ 1 

( a) to d.t. (_ the solid line), IIIhere diffe,..nt 

F' .. i t of 1'I0nte C.r 10 background HC mry) sp"ctrull 

Cc) ta 
" 

a) Monte Clr 10 

hy 10 Mev: 

b) Gaussiln, used for bonafide W --) 'Imy 

shifted do.n by 10 Mev. 

F'it + -of datl (_) MC 'If 'If Y ) to the su", of 

+ -tft. Monte-Clrlo gent,.lted M(:rr 'If y) lIIith one 

g.mMa missing .peetrl far n lnd w , gaussilns 

far n" .nd n and • a p~ 1 ynollh 1 background (0). 

rit of....,'dat. - E)' (_), to the SUII tOf Mant.-Carlo 

generated Fy speetra Icaltd to thl nUllbers 

of eve-nt. obt ai ned froll the fit to the lIass 

+ -sJltctru. M( lT 'IT Y h and & polynoMial background ( a ). 

+ -, F' it of the data HC lT lT') (_) to th. su. of 

+ -"ante-Carlo, gen.rated HC 'IT 11 ) spectra scaled 

ta the nUllbtr of ev.nts obtained 'ro. the 
+ -fit to th ••• 55 spectrull (MC 'If 'IT )'», and. 

po 1 yno. i al b aekground ( 0 ). 

+ -
HC lT Tf y) .ith ail cuts fro_ Fïg.5-10, 

0.65 ( 1'1 ( '1/ 'If -) ( O. 9S Gev. • 

• 

" 

~ 
. i 

1 
i 
! 
l' 

1 
! 

l' 
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F'ig.6-S 

(F'ig.6-6 

F'i.g.7-1 
c/. 

F'i g. 7-2 

F'ig.7-4 

F'ig.7-S 

F'ïg.7-6 

f"ig-.1-7 

f"lg.7-8 

f"ig.7-9 

F'ig.7-10 

F'ig.1-l1 

F'lg.7-1Z 

F'ïg.1-13 

fig .. 7:"14 

F"ig.7-1S 

F'ig .• 1-16 
! 

~ 

r 

,- "" 
+ -MC 'fT W y ) lUi th ~ll cuts "rolll Fïg.S-l0 

for the events lUith M( i lT- ) < 0.65 Gev." 

P-wavr Breil-Wigner for M( + -) 
'!T 'fT from 

n~ --) P'Y Montt-C~rlo. , 

Proportiona. Wire Ch~mber. , , , 

f'rom Table 7-1. 

+ - 0 M ( 'fT 11 lT 'Y) 

E ( YI) 

E ( 'Y ) 
2 

t( ~ l 

from . p -.-> ny MDnte-C~r la. 

from p --) ny MDnte-C~r la. 

from p --) n.., Monte-C~rlo. 
,,3 " 

Et .., 1'( 2) from P -->nr Monte-Carlo. 

EC y ) 
1 

f'Or the 3'Y d~ta. , 

EC .., ) 
2 

-for the 3.., .d at a. ,. 

E( .., ) 
3 

for the 3'Y data. 

E( .., y ) 
l 2 

for the 3'Y d ilt~ • /\ 
fll'" Ul. 3y dilt~ ~nd the cut 

.. 
MC .., Y ) 

1 2 

M( TT+1I-1IO ) < 0.60 Gev. 

+ - 0 M (,"" 11 11 ) 1111 th g~mlll~ en.rgy cuts. 

MC + -,0 
1f1l1l ) lC ..,.th 9 ~","a .nergy cuts. 

M< ny ) with gamm~ energy cuts ~nd 

M( + - 0 " < 0.60 GIV. 'fT 1111 ) ~ 

M( ny ) 
\ 

3C f. i t Uli th gall.~ ,nerg" cuts 

M( + ":' 0 ) 
1f 11 11 CO.60 Glvi 

and 

1 t 

1 

• 



.,.,.11 !id !b 

1- t' 

F"ig.7-17 1'1 ( ny .l with QU'." In.r;gy cuts and 

M( + - f 1T1T1I ) < 0.58 Gev. 

F"ig.7-18a MCrec) Monte-carlo' with 9 aM"''' .nlrg" cuts and 

. + - 0 M( 1T 'Ir 11 ) ( 0'.58 Gev, 

F",ig.7-18b M (ree) with gamma enlPrgy cuts .. ndo 

o ~ NC + - 0 ) ( 0.58 Gev. 11 'Ir TI' 

"li 
f''j,g.7-19 . M(rec) 'Illith gamma tnergy cuts" . ". 

M + - 0 ' ( ''Ir 'Ir 11 ., < 0.58 Gev and 0.72 < M ( TlY) < 1.2 Gev'. 

/ig.1-Z0 M( TlY 'l lIIi th gamm .. ~nergy cuts, 

MC :.-.o~ < Q.58 GlU ancs 0.5 < M(rtc) < 1.2 Gav. 

• 

. , 

1 ' 
1 . 
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• 

, ' .. --
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T A B '- E 2-1 

MOlllentum 

Belm Spi 11, 

F'in~ F'Oc~S Spot Size -

F'lux 'le 
Production Angle 

Momentum Bite -
o 

. 6P;"P 

Btam Spark Chamber: 

8.45 Gev;c 

600" ",sec (F'WHM) 

.5" * .5" 

$ ~ 104 piOns per pulse 

1.S-degrees 

2.5" 

• 005 

S.pac i ng - 36" 
, 

Position Resolution - !l'X:: .OZ" (F'WHM) 

Btam. Direct ion: 

Angle re~Qlution 119 = .00002 rad 

Measurement - !l x . 
intercept 

= .030" 

or 

• F'OCUIt - 120" downstrealll of Hydrogen t arget 

Hydrogen T ~rget 2"\ di ameter * 16" length 

\. 

. . 

1 
1 

), 

.'.J ' . .,..../-.......,..-;_: ~:.~~.~~._-~~ M-: ~,t : ~ ~~~;_~~~=~-~-~~~.~'~~_~~_ .. ~=~~~.~.~--.. -,-.-._.-! __ -.-.,-L-. _II"""-:;J' 
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T A 9 L E 2-2 

CHARGED PART!CLE SPECTROME~ER CHARACTERISTICS 

'.\ 

1. Spark Chambers-

Rotation Active Are .. Dist&nce 'ra .. TArget .. 
Upstream 1, 24" * r 19.00" 

28'.0 * 8" 24.50," 
if 

40" * 30" 29.75" ~ 

42" * 36" 3S.0Q'" 

5 0" 40" * 40" 40.50'· 

Downstream 1 15" 5' * 7' . 91. 50" 

5' * 7' 97.50" 

5' * 7' 103.50" 
1 

S' * 7' 109.50" 

S' * 7' 115.50" 

2.Magnet-

Type Pieture Frame SCI1-104 

NOMi n al Je. dl 240 kGauss-inches 

Central F'ield 5.9 k\Gauss 
, 

Size 84" .w * 40" H * 40" J) 

Cent~r PO$.i tian 63" frofn L H2 target 

>, 

,cont i nuad ••• 

.\ 
\ 

" 

.1 
) 

,-

'e 
• >, 
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T A B -< E 2-2 

.CHARGED PARTICLE SPECTROf'lETER CHARACTERISTICS (cant inu'ed) • 

" 3. Ch~mber High Uoltage-

f'lethod 

C~p ac i tance 

PU,Ise Hight 

Risetime 

De 1 ay 

.. .. 

CIe ar i ngO Fï el d 

Pulsed F'ieid 

4. Readout-

f'lethod 

System 

5: Resolution-

Position 
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T A'a L E 5-1 

KINEI"'IATlC CUTS. 
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1. C,h argl'd part i cIl' mornenta " ~ 

2. Gamma r ay energy \, 

3. Rec 0 11 partie le 'mass y ~ 

GEOMETRIe CUTS. 
1 1 

1. AlI charged and gamma ray traj'itc~ries 
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Ace. 0.0446 0.0167 0.0709 0.0269 0.0565 

Error 7~ 7~ 1" 7" 7" 

- i ---____ --6- -

o 



C 
.t 

'\ 

, , 

,'fi 
T A B L E 7-1 

KlNEt1ATlC CUTS. 

1- Ch.rged p.rticle .o •• nt. 

2. E .nd E (en.,rgy of 9 IUIIII. 1 .nd 2) 
YI " "'f , 2 

2. E <energy of 9.11'11. 3> ' 
'.---- Y3 

4. Reeo il p.rtiele "'.55 squ"red 
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1. < E Y Y ( 4..' # /'1 + - 0 ( O. 58 O. v 'lT 'II 'lT 
1 2 

0.6 < Er < 3.2, 0.4 
1 
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Y1 2 
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,T A S L E 8-1 
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3 y EXPER 1 MtNTAL CORRECT IONS 

. 
1. G~ •• l conv~rsion upstre •• of L~.d conv~rter 

, 
2. G~ •• ~ hodoscope r~jaction of good ~ve~t5 

, 
4. 'Digitization sc.l~r runout 

6. Sa •• conta.in.tion 

7. Chargad pion int~r~ction in datector 

8. Countar in~fficiancy 

,9. Tight ~riggar 10s~~s 

10. G~ •• ~ conversion inafficiency 

11. 
o 

11 loss~s in y y 
, 1 2 

I.nd' 'y y convertors 
2 3 
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Cl 

" -

- Q 

- --~ -_......-- ~ -, , , . 
___ ~~~_~ __ ~_~l-
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1 
1 

0.143' ± 0.013 

O.Ol,z± 0.001 
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o. 
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O. 032 ± O. OOB 

O. 302 ± 0 • 061 
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DECAV I1ATRIX ELEMENTS AND ANGULAR DISTRIBUTIONS 

p 
1 ~ 1 +- / "/ L 

• 'IT'IT 

+ - - p2 q2 11 2+ -n+1T 'IT y 0 1 * * 'Il 'Il 

. , 
+ - 0 0 -n+'Il 'Il 'Il 0 1 * (1+ A*V) 

• 
A:-l.07, V=3To /Q-l 

+ - - 'p2 11 2+ -W+'Il 1T y 1 0 * 1T 'Il 

. 
+ - 0 

W-+1T 'IT 'Il 1 l '1 p2 * q2 
-

+-
n"'+7t 1foY 

J _ 

0 1 p2 * q2 * 

p - momentum of a pion: in the ~ + - C.M. S. 
'IT 'Il 

. 

11 2 
. 1f 1T 

' .. 

q - momentum of 'the gamma (or 'Il
0

) in t~e meson C.M.S. 

T - kinetic energy 

Q - total energy 

dN/d e 
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1 - éoS8 

-
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