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DECAYS OF THE 3 ' ( 3 6 8 4 )  T O  OTHER CHARMONIUM STATES 

We r e p o r t   o n   a n   e x p e r i m e n t a l   s t u d y   o f   t h e   d e c a y s   o f   t h e  iP'(3684) t o  

o t h e r   c h a r m o n i u m   s t a t e s .   T h e   d e c a y s  o f  l o 6  +' (3684) 's  w e r e   o b s e r v e d  

with t h e  SLAC-LBL  Mark I 1  d e t e c t o r   a t   t h e  e'e- s t o r a g e   r i n g  SPEAR. 

B r a n c h i n g   r a t i o s   h a v e   b e e n   m e a s u r e d  f o r  q' (3684)  d e c a y s   t o  Y X  w h e r e   t h e  

x d e c a y s   t o  r $ ( 3 0 9 5 >  o r  t o  h a d r o n s .  An u p p e r  limit o f  0.13% i s  s e t   o n  

t h e   b r a n c h i n g   r a t i o  f o r  ~ ' ~ r x ( 3 4 5 5 ) ~ r r 3 ( 3 0 9 5 ) ;  t h i s  i s  a f a c t o r  o f  b 

l e s s   t h a n   t h e   b r a n c h i n g   r a t i o   m e a s u r e d   b y  a p r e v i o u s   l e s s   s e n s i t i v e  

e x p e r i m e n t .  W e  i n v e s t i g a t e   t h e   d e c a y  3 ' - + ~ 7 t ~ ,  n,+hadrons.  The  decay 

3'-+nu1?, w h i c h   v i o l a t e s   i s o s p i n   c o n s e r v a t i o n ,  i s  o b s e r v e d  w i t h  a b r a n c h -  

ing  r a t i o  o f  (0. l52O.06>%. 
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Chapter I 

INTRODUCTION 

Since  the  discovery  of  the $ particle  in 1974' several  other  related 

particles  have  been  found.  These  particles  are  called  charmonium  states 

since  the  most  successful  theory  explaining  them is the  charmonium 

model.  This  paper  gives  new  experimental  results  on  the  existence  and 

properties  of  these  states.  First we'll give  a  brief  review of the 

charmonium  system  (theory  and  experiment)  as  it  stood  prior to this 

experiment. 

The  charmonium  model  was  formed  in  analogy t o  the  positronium  system. 

A charmed  quark  and a charmed  anti-quark  are  bound in a potential  well. 

In  contrast to the u, d,  and s quarks,  the  charmed  quark is so massive 

that  nonrelativistic  approximations  can  be  successfully  used.  Figure 1 

shows  the  states  predicted by this  model.  The  masses o f  the  states  are 

determined by the  form  used  for  the  potential.  The  form  of  this  poten- 

tial as r-0 and as r-infinity is inspired by Quantum  Chromodynamics,  but 

the  potential in the  intermediate  region i s  adjusted t o  give  the  masses 

measured by experiments.  Each  state  in  the  diagram  has 3 labels.  The 

atomic  physics  label i s  in the  form N LJ; where s i s  the sum of the 

quark  spins ( 0  or 1); L (S,P,D,F+0,1,2,3) gives  the  relative  orbital 

2 6+1 

'J. E. Augustin et d., Phys.  Rev.  Lett. 3 3 ,  1453 (1974); J.  J. Aubert 
- et a., Phys. Rev.  Lett. 3 3 ,  1404 ( 1 9 7 4 ) .  
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a n g u l a r  momentum o f   t h e   t w o   q u a r k s ;  J i s  t h e  sum o f  L and 2, t h e   t o t a l  

s p i n ;   a n d  N g i v e s   t h e   r a d i a l   e x c i t a t i o n   o f  s y s t e m .  T h e   s e c o n d   l a b e l ,  

Jpc , g i v e s   t h e   t o t a l   s p i n ,   p a r i t y ,   a n d   c h a r g e   c o n j u g a t i o n   o f   t h e   s t a t e .  

The t h i r d   l a b e l   g i v e s   t h e   e x p e r i m e n t a l   m a s s   a n d  name o f   t h e   p a r t i c l e  

a s s o c i a t e d  wi th t h e   l e v e l .   T h e r e   a r e   s e v e r a l   e x c e l l e n t   r e v i e w   p a p e r s  

w h i c h   g i v e   d e t a i l s   o n   t h e   f o r m  o f  t h e   p o t e n t i a l   a n d   w h i c h   s u m m a r i z e   t h e  

p r e d i c t i o n s   o f   m a s s e s   a n d   b r a n c h i n g   r a t i o s . 2  

-z 

The e x p e r i m e n t a l   s t a t u s  o f  t h e   c h a r m o n i u m   s y s t e m  i n  1977 i s  a l s o  sum- 

m a r i z e d  i n  F i g u r e  1. The m o s t  d i s t i n c t i v e   e v i d e n c e   f o r   t h e   q ( 3 0 9 5 )   a n d  

q ’ ( 3 6 8 4 )   c o m e s   f r o m   t h e i r   p r o d u c t i o n  i n  e + e -   a n n i h i l a t i o n   w h e r e   t h e y  

show  up  as  huge  peaks i n  t h e   h a d r o n i c   c r o s s   s e c t i o n .  The o t h e r   c h a r m o -  

n i u m   s t a t e s   b e l o w   3 . 7  GeV/c2  have  the  wrong  quantum  numbers t o  b e   p r o d -  

u c e d   d i r e c t l y   i n   e + e -   a n n i h i l a t i o n .   T h e y   a r e   s e e n   i n   r a d i a t i v e   d e c a y s  

o f   t h e  + and 9 ‘ .  S e v e r a l   m e t h o d s   h a v e   b e e n   u s e d   t o   o b s e r v e   t h e s e   r a d i a -  

t i v e   d e c a y s .  

1. Peaks i n   t h e   i n c l u s i v e   e n e r g y   d i s t r i b u t i o n   o f   p h o t o n s   f r o m  4” 

d e c a y s   g i v e   s t r o n g   e v i d e n c e   f o r   t h e   d e c a y  $‘“Yx w i t h  X masses 

of   3.415,  3.510,  and  3.555  GeV/c2.3 

2. S t r o n g   e v i d e n c e   f o r   s t a t e s  wi th t h e s e  same  3 masses  comes  f rom 

o b s e r v a t i o n   o f   t h e   d e c a y  $ ‘ + Y x ,  w h a d r o n s .   T h e s e   h a d r o n i c  

d e c a y s   a l s o   p r o v i d e   i n f o r m a t i o n  on the quan tum  numbers   o f   t he  

2 E .  E i c h t e n  e t  a l . ,   Phys .   Rev .  m, 3090  (1978) ;  T .  A p p e l q u i s t  e t  a l . ,  
p r e p r i n t  SLAC-PUB-2100; V .  A.  N o v i k o v  a., P h y s .   R e p o r t s  41c (1978) ;  
M Krammer  and H. Krasemann, p r e p r i n t  DESY 79/20  (1979) .  

3C. J. B i d d i c k  e t  a l . ,   P h y s .   R e v .   L e t t .  3 8 ,  1324  (1977) .  
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Figure 1: Charmonium  level  diagram:  before. 
Solid  lines  indicate  things  confirmed by experiment.  Dashed  lines 
indicate  things  with a small  amount  of  experimental  evidence.  Dotted 
lines  indicate  things  predicted  by  the  Charmonium  model  for  which  there 
is n o  experimental  evidence. 
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3 .  The ~ ( 3 5 1 0 1   a n d  ~ ( 3 5 5 5 )  h a v e   a l s o   b e e n   o b s e r v e d  i n  t h e   c a s c a d e  

decay  $ ' + Y x ,  x + Y + . ~  I n  a d d i t i o n   t h e r e  i s  e v i d e n c e   f o r  a f o u r t h  

s t a t e ,   t h e   ~ ( 3 4 5 5 1 . ~  T h e   e v i d e n c e   c o n s i s t s  o f  4 e v e n t s   w h e r e  

l e s s   t h a n   o n e   e v e n t   b a c k g r o u n d  was  expected.  Th is  s t a t e   h a s  

n o t   b e e n   o b s e r v e d  w i t h  a n y   o f   t h e   o t h e r   m e t h o d s .  I t  i s  n o r -  

m a l l y   a s s o c i a t e d  wi th t h e  2'So c h a r m o n i u m   l e v e l ,   t h e  q C ' .  

This a s s o c i a t i o n   c a u s e s   t h e o r e t i c a l   d i f f i c u l t i e s   b e c a u s e   c a l -  

c u l a t i o n s   a n d   m e a s u r e m e n t s   o f  i t s  b r a n c h i n g   r a t i o s   d i f f e r   b y  

o v e r   a n   o r d e r   o f   m a g n i t u d e .  

4 .  E v i d e n c e   f o r   t h e   X ( 2 8 3 0 )  came f r o m   t h e   d e c a y  $+YX, X + Y Y ' . ~  I t  

has n o t   b e e n   o b s e r v e d  w i t h  a n y   o f   t h e   o t h e r   m e t h o d s .  It i s  

n o r m a l l y   a s s o c i a t e d  w i t h  t h e  l ' S o  c h a r m o n i u m   l e v e l ,   t h e  nc. 

L i k e   t h e   ~ ( 3 4 5 5 1 ,  t h i s  a s s o c i a t i o n   c a u s e s   t h e o r e t i c a l   d i f f i -  

c u l t i e s   b e c a u s e   c a l c u l a t i o n s   a n d   m e a s u r e m e n t s   o f  i t s  b r a n c h i n g  

r a t i o s   d i f f e r   b y   o v e r   a n   o r d e r   o f   m a g n i t u d e .  

T h e r e   a r e   s e v e r a l   e x c e l l e n t   r e v i e w   p a p e r s '  which s u m m a r i z e   t h e   e x p e r -  

i m e n t a l   s t a t u s  o f  t h e   c h a r m o n i u m   s y s t e m .   B r i e f l y ,   t h e   $ ( 3 0 9 5 ) ,  

3 ' ( 3 6 8 4 ) ,   ~ ( 3 4 1 5 1 ,   ~ ( 3 5 1 0 1 ,   a n d   ~ ( 3 5 5 5 )   s t a t e s   a r e   w e l l   e s t a b l i s h e d .  

Enough o f  t h e i r   q u a n t u m   n u m b e r s   h a v e   b e e n   m e a s u r e d  so  t h e r e  i s  a u n i q u e  

'W. Braunschwe ig  & a., P h y s .   L e t t .  578, 407  (1975) ;  W. Tanenbaum et 
- al. ,   Phys .   Rev .  m, 1731  (1978) .  

' W .  Tanenbaum et a,, Phys.  Rev. 0 1 7 ,  1731  (1978) .  

6 W .  B r a u n s c h w e i g   e t   a l . ,   P h y s   L e t t .  6 7 8 ,  243   (1977) .  

?B. H. Wiik and G .  Wol f ,  DESY 78/23   (1978) ;  H. Schopper,  DESY 77/79 
( 1 9 7 7 ) .  
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c o r r e s p o n d e n c e   t o   t h e   p r e d i c t e d   c h a r m o n i u m   l e v e l s .   E v i d e n c e  f o r  t h e  

X ( 2 8 3 0 )  and  x t 3 4 5 5 )  i s  m u c h   w e a k e r   a n d   c o n f i r m a t i o n  i s  needed.  

To l e a r n   m o r e   a b o u t   t h e   c h a r m o n i u m   s y s t e m   a n   e x p e r i m e n t   h a s   b e e n   d o n e  

w i t h  t h e  SLAC-LBL N a r k  I 1  m a g n e t i c   d e t e c t o r   a t   t h e   e ' e -   s t o r a g e  r i n g ,  

SPEAR. D u r i n g  6 w e e k s   o f   r u n n i n g ,   t h e   d e c a y s   o f  l o 6  #'(3684)'s h a v e  

b e e n   o b s e r v e d .   T h e   g e n e r a l   p u r p o s e   N a r k  I 1  d e t e c t o r   c o m b i n e d  wi th t h e  

h i g h   s t a t i s t i c s   d a t a   s a m p l e   p r o v i d e s   a n   e x c e l l e n t   o p p o r t u n i t y   t o   s t u d y  

t h e   c h a r m o n i u m   s y s t e m .  
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C h a p t e r  I 1  

T H E  DETECTOR 

The  Hark I 1  c o n s i s t s   o f  a s e r i e s   o f   c y l i n d r i c a l   d e t e c t o r s  

w i t h  t h e  SPEAR beam l i n e .   T h e r e   a r e   d r i f t   c h a m b e r s  i n  a magnet  

t o   m e a s u r e   d i r e c t i o n s   a n d   m o m e n t a   o f   c h a r g e d   p a r t i c l e s ,   s c i n t  

c o a x i a l  

i c   f i e l d  

i l l a t i o n  

c o u n t e r s   t o   m e a s u r e   t h e i r   v e l o c i t y ,   a n d   s h o w e r   c o u n t e r s   t o   d e t e c t   p h o -  

t o n s   a n d   i d e n t i f y   e l e c t r o n s .  An e n d   v i e w  o f  t h e   d e t e c t o r  i s  shown i n  

F i g u r e  2. 

A p a r t i c l e   l e a v i n g   t h e   i n t e r a c t i o n   r e g i o n   t r a v e l s   t h r o u g h   t h e   f o l l o w -  

i n g   p a r t s  o f  t h e   d e t e c t o r .  

1 .  The  beam p i p e  i s  a c y l i n d e r   o f   0 . 2 1  mm t h i c k   c o r r u g a t e d   s t a i n -  

l e s s   s t e e l .  

2.  The p i p e   c o u n t e r   c o n s i s t s  o f  t w o   c y l i n d r i c a l ,  0 . 6  cm t h i c k ,  

p l a s t i c   s c i n t i l l a t i o n   c o u n t e r s .   T h e y   a r e   8 1  cm l o n g  a t  r a d i i  

o f   1 1   a n d   1 2 . 5  cm. E a c h   c y l i n d e r  i s  d i v i d e d  i n  h a l f   a l o n g   t h e  

v e r t i c a l   p l a n e   t h r o u g h   t h e  beam l i n e .  

3. The  16 d r i f t  c h a m b e r   l a y e r s   a r e   a t   r a d i i   0 . 4 1 4  m t h r o u g h   1 . 4 4 8  

m w i t h  l e n g t h s   o f   1 . 9 8 4  m t h r o u g h   2 . 6 4 2  m. S i x   l a y e r s   h a v e  

a x i a l   w i r e s   ( p a r a l l e l   t o   t h e  beam l i n e )   a n d  10 l a y e r s   h a v e  

s t e r e o   a n g l e s   o f   t 3 O   t o   p r o v i d e   p o s i t i o n   m e a s u r e m e n t s  i n  t h e  

a x i a l   d i r e c t i o n .  The r e s o l u t i o n  i s  t y p i c a l l y   ~ ~ 0 . 2 2  mm. More 
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F i g u r e  2: S c h e m a t i c   v i e w   o f   t h e   M a r k  I 1  d e t e c t o r .  
( A )  vacuum  chamber, (B) p i p e   c o u n t e r ,  ( C )  d r i f t  chamber, (0) t i m e - o f -  
f l i g h t   c o u n t e r s ,  (E) s o l e n o , i d   c o i l ,  (F) l i q u i d   a r g o n   s h o w e r   c o u n t e r s ,  
( G I  i r o n   a b s o r b e r ,  ( H I  muon p r o p o r t i o n a l   t u b e s .  
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4 .  The 4 8  time-of-flight (TOF) counters  are  at  radius 1 . 5 2 4  m 

with  an  active  length  of 3 . 4 4 2  m. They  are  viewed  with XP2230 

phototubes  on  both  ends.  The  time-of-arrival  and  integrated 

charge  of  the  phototube  pulses  are  recorded. 

5 .  The  aluminum  coil  for  the  solenoid  magnet  contains  most o f  the 

1 . 6  radiation  lengths o f  material  which  lies  between  the  beam 

and  the  shower  counter.  The  field  was  mapped  with Hall and 

N M R  probes  before  insertion  of  the  drift  chambers. A polyno- 

mial  was  fit to this  field  map  with a maximum  error of 0.03%. 

This  fit is then  used by the  track  reconstruction  program. 

During  data  taking  the  magnetic  field i s  monitored  with  an NMR 

probe.  The  systematic  error  in  the  field  value is less  than 

0.2%. 

6. The  liquid  argon  shower  counters  form  an  octagon  around  the 

coil.  Their  active  area  subtends 0 . 6 4 . 4 ~ 1  steradians.  They 

contain 14 radiation  lengths of lead  and  liquid  argon.  The 

lead is divided  into  strips  with a width o f  3 . 8  cm.  These 

strips  run  parallel,  perpendicular  and  at 45O to the  beam 

direction to allow  reconstruction of the  shower  position. 

More  information  about  the  shower  counter is available  in  a 

*W. Davies-White et aJ., Nucl.  Instrum,  Methods my 2 2 7   ( 1 9 7 9 ) .  

9 G .  S ,  Abrams & &., I E E E  Transactions  on  Nuclear  Science NS-25,  309 
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7. The  muon  system  subtends 0 . 5 . 4 ~ 1  steradians. I t  consists of 

steel  hadron  filters  (which  double  as  the  magnetic  flux 

return)  followed by proportional  chamber  tubes. 

The  ends of the  cylinder  are  instrumented  with  shower  counters.  Each 

counter  subtends 0.07.4~1 str. 

The  trigger is described i n  minute  detail in Appendix A. A  brief 

description i s  given  here.  Both  layers of the  pipe  counter  must  fire 

within 26 ns of the  time  the  beams  cross.  This  provides  cosmic  ray 

rejection.  Then a track  finding  processor must find  at  least 2 tracks 

in the  drift  chambers,  one o f  which  must  fire a TOF  counter.  The  other 

need  only g o  through  the  inside 5 drift  chamber  layers.  All  events s a t -  

isfying  these  criteria  are  logged  on  tape. 

( 3 9 7 8 ) ;  G. S .  Abrams  et a]., to be  published in I E E E  Transactions  on 
Nuclear  Science (1979)  . 
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C h a p t e r  I 1 1  

E V E N T  RECONSTRUCTION 

The o r i g i n   o f   t h e   c o o r d i n a t e   s y s t e m   u s e d   f o r   t h e   a n a l y s i s  i s  a t  t h e  

n o m i n a l  beam c o l l i s i o n   p o i n t ,   t h e   c e n t e r   o f   t h e   d e t e c t o r .  The  x,  y,  and 

z a x e s   p o i n t   t o w a r d s   t h e   c e n t e r   o f  SPEAR, up, and i n  t h e   p o s i t r o n  beam 

d i r e c t i o n   r e s p e c t i v e l y .  The p o l a r   a n g l e ,  8 ,  i s  t h e   a n g l e   b e t w e e n  a v e c -  

t o r   a n d   t h e  + z  a x i s .   T h e   a z i m u t h a l   a n g l e ,  56, i s  t h e   a n g l e   b e t w e e n   t h e  x 

a x i s   a n d   t h e   p r o j e c t i o n   o f  a v e c t o r   o n   t h e   x - y   p l a n e   w h i l e  r i s  t h e  

l e n g t h   o f   t h e   p r o j e c t i o n   o f  a v e c t o r   o n   t h e   x - y   p l a n e .  The a c t u a l  beam 

c o l l i s i o n   p o i n t ,   t h e   i n t e r a c t i o n   r e g i o n ,   m o v e s  when t h e   c o n f i g u r a t i o n   o f  

SPEAR i s  changed. Th is  p o s i t i o n  i s  m e a s u r e d   u s i n g   B h a b h a   e v e n t s  

(e+e-+e+e- ) .  

The e v e n t   r e c o n s t r u c t i o n   s t a r t s  w i t h  c h a r g e d   p a r t i c l e   t r a c k i n g .  A 

p a t t e r n   r e c o g n i t i o n   p r o g r a m   l o o k s   f o r  h i t s  i n  t h e   d r i f t  chamber   wh ich  

l i e  on  a h e l i x .   S i n c e  a h e l i x   h a s  5 f r e e   p a r a m e t e r s ,   a t   l e a s t  5 meas- 

u r e m e n t s   a r e   n e e d e d   t o   d e t e r m i n e  i t .  To p r o v i d e   r e d u n d a n c y   a n d   a l l o w  

r e s o l u t i o n   o f   t h e   r i g h t - l e f t   a m b i g u i t y   t h e   t r a c k i n g   p r o g r a m   r e q u i r e s  7 

h i t s  on a t r a c k .  This a l l o w s   t r a c k s  w i t h  ( c o s  el<0.85 t o   b e   f o u n d .  The 

p a r a m e t e r s  o,f t h e   t r a c k   a r e   o b t a i n e d  w i t h  a l e a s t   s q u a r e s  f i t  t o   t h e  

measured d r i f t  t i m e s .   T h e   r e s o l u t i o n   o f   t h e s e   d r i f t   t i m e   m e a s u r e m e n t s  

was p r e v i o u s l y   d e t e r m i n e d i 0   a n d   p a r a m e t e r i z e d   a s  a f u n c t i o n   o f   a n g l e   a n d  

' O W .  D a v i e s - W h i t e  et aJ., N u c l .  I n s t .  and  Meth .  JJXl, 2 2 7  ( 1 9 7 9 ) .  
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p o s i t i o n  i n  t h e   d r i f t   c e l l .  The f i t  u s e s   t h e s e   r e s o l u t i o n s   a n d   t h e  

e r r o r s   c a u s e d   b y   m u l t i p l e   s c a t t e r i n g   t o   c a l c u l a t e  an e r r o r   m a t r i x   f o r  

t h e   t r a c k .  

E a c h   t r a c k  i s  p r o j e c t e d   t o   t h e   t i m e - o f - f l i g h t   c o u n t e r   r a d i u s .  The z 

p o s i t i o n   w h e r e   t h e   t r a c k  hit t h e   c o u n t e r   a n d   t h e   t i m e s   a n d   p u l s e h e i g h t s  

o f   t h e   t w o   p h o t o t u b e   p u l s e s   a r e   u s e d  t o  c a l c u l a t e  a f l i g h t  t i m e .  Th is  

t i m e   a n d   t h e   p a t h l e n g t h   o f   t h e   t r a c k   d e t e r m i n e   t h e   p a r t i c l e ' s   s p e e d .  

T h e   s p e e d   a n d   m o m e n t u m   c a n   t h e n   b e   u s e d   f o r   p a r t i c l e   i d e n t i f i c a t i o n .  

F i g u r e  3 s h o w s   t h e   d i s t r i b u t i o n   o f   t h e   e x p e c t e d   t i m e - o f - f l i g h t  minus t h e  

m e a s u r e d   t i m e - o f - f l i g h t   f o r  muons i n  t h e   d e c a y  ~ ' + T I ' T I - ~ ,  $ + W + W - .  The 

d i s t r i b u t i o n  i s  G a u s s i a n  w i t h  a s t a n d a r d   d e v i a t i o n  o f  0.313 ns.  This 

r e s o l u t i o n   p r o v i d e s  la  e - n ,   I T - K ,   K - p   s e p a r a t i o n   u p   t o  0.3, 1.35 ,  and 2 . 2  

GeV, r e s p e c t i v e l y .  

To a l l o w   i d e n t i f i c a t i o n   o f   e l e c t r o n s ,   t h e   e n e r g y   d e p o s i t e d  i n  t h e  

l i q u i d   a r g o n   c a l o r i m e t e r   b y   c h a r g e d   t r a c k s  i s  d e t e r m i n e d   b y   s u m m i n g   t h e  

c h a r g e   d e p o s i t e d   o n   s t r i p s   p a s s i n g   n e a r   t h e   p r o j e c t i o n   o f   t h e   t r a c k .  l 1  

The summed c h a r g e  i s  c o n v e r t e d   t o   d e p o s i t e d   e n e r g y   u s i n g  a c a l i b r a t i o n  

b a s e d   o n   e l e c t r o - m a g n e t i c   s h o w e r   M o n t e   C a r l o   c a l c u l a t i o n s , l z   a n d   o n  

m e a s u r e m e n t s   o f   B h a b h a s   a n d   o f   p h o t o n s   f r o m   t h e   d e c a y s  $ + I T ' ~ - T I ~  and 

2 ~ 1 ' 2 ~ r - 8 ~ .  P h o t o n s   a r e   d e t e c t e d  i n  t h e   c a l o r i m e t e r   b y   l o o k i n g   f o r   s p a -  

c i a l   c o i n c i d e n c e s   o f   s t r i p s  wi th d e p o s i t e d   c h a r g e .   S i n c e   l i q u i d   a r g o n  

s h o w e r   c o u n t e r s   h a v e   n o   g a s   m u l t i p l i c a t i o n ,   v e r y   s e n s i t i v e   a m p l i f i e r s  

" G .  S .  Abrams e t   a l . ,   t o   b e   p u b l i s h e d  i n  N u c l .  I n s t .  and  Meth .  

I z E G S  Code, R .  L .   Fo rd   and  W .  R .  Ne lson ,  SLAC R e p o r t  No. 2 1 0  (19781.  
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F i g u r e  3: T i m e - o f - f l i g h t   r e s o l u t i o n .  
Expected TOF minus  measured TOF f o r  muons i n   t h e   d e c a y  +"+IT+~T-+; 3+1~.+p-. 
The Gaussian f i t  has mean = -0.02 ns and  sigma = 0 . 3 1 3  n s .  
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( c a p a b l e   o f   d e t e c t i n g  10   femtocou lombs)  must b e   u s e d .   T h e r m a l   n o i s e  i n  

t h e  f i r s t  s t a g e   o f   t h e s e   a m p l i f i e r s   c a u s e s   p u l s e h e i g h t  t o  b e   r e c o r d e d  

f o r   s t r i p s   w h i c h   h a v e   n o   d e p o s i t e d   c h a r g e .  The p a t t e r n   r e c o g n i t i o n   p r o -  

g ram has p u l s e h e i g h t   c u t s   t o   h e l p   p r e v e n t  t h i s  n o i s e   f r o m   g e n e r a t i n g  

f a l s e   p h o t o n s .   T h e s e   c u t s   c a u s e   l o w   e f f i c i e n c y   f o r   l o w   e n e r g y   p h o t o n s .  

F i g u r e s  4 and 5 show t h e   e f f i c i e n c y   f o r   p h o t o n s   a n d   t h e   e n e r g y   s p e c t r u m  

o f   f a l s e   p h o t o n s .   T h e s e   p r o p e r t i e s   a r e   p a r t i c u l a r l y   i m p o r t a n t   f o r  t h i s  

a n a l y s i s .  The a n g u l a r   r e s o l u t i o n   o f   t h e   l i q u i d   a r g o n   s y s t e m   v a r i e s   f r o m  

4 m r a d   f o r   h i g h   e n e r g y   t r a c k s   t o  8 mrad f o r   l o w   e n e r g y   t r a c k s .  The 

e n e r g y   r e s o l u t i o n  i s  a=O. 13*&  (GeV). 

The n e x t   s t e p  i n  t h e   e v e n t   r e c o n s t r u c t i o n  i s  v e r t e x   r e c o n s t r u c t i o n .  

C h a r g e d   p a r t i c l e s   c a n   u s u a l l y   b e   i d e n t i f i e d  as IT'S, K's o r   p ' s   b y  T O F .  

The  decays K,-wtv- and A+,n-p a r e   d e t e c t e d  by  l o o k i n g   f o r   p a i r s   o f   t r a c k s  

c o n s i s t e n t  w i t h  s u c h   d e c a y s .   F i g u r e  6 s h o w s   t h e   m a s s   d i s t r i b u t i o n   f o r  

t h e   c a n d i d a t e  KS's. A f t e r   t h e   m a s s   c u t   i n d i c a t e d  i n  t h e   F i g u r e ,   s i g n a l -  

t o - n o i s e  i s  0 . 8 1 : l .   F o r  A's s i g n a l - t o - n o i s e  i s  5 .1 : l .  F r o m   t h e   r e m a i n -  

i n g   t r a c k s ,  a p r i m a r y   v e r t e x  i s  found .  I f  t h i s  h a s  R < 4  cm a n d   l z 1 < 1 5  

cm, a beam c o n s t r a i n e d  f i t  i s  d o n e .   U s i n g   t h e   p a r a m e t e r s   a n d   e r r o r  

m a t r i c e s   f r o m   t h e   s i n g l e   t r a c k  f i t s  a n d   t h e   p r e v i o u s l y   m e a s u r e d   p o s i t i o n  

a n d   s i z e   o f   t h e  beam, a v e r t e x   p o s i t i o n  i s  d e t e r m i n e d .  By c o n s t r a i n i n g  

t h e   t r a c k s   t o  g o  t h r o u g h  t h i s  v e r t e x ,   o n e   o b t a i n s  beam c o n s t r a i n e d  

m o m e n t a   a n d   e r r o r   m a t r i c e s .   T h e  beam c o n s t r a i n e d  f i t s  h a v e   b e t t e r   r e s o -  

l u t i o n   t h a n   t h e   s i n g l e   t r a c k  f i t s  b e c a u s e   t h e   p a t h l e n g t h   o v e r   w h i c h   t h e  

t r a c k  i s  measured i s  i n c r e a s e d  by >40%. The r e s u l t i n g  momentuln r e s o l u -  

t i o n  i s  0 2 / p 2  = .0152+ .0052p2 .  Th is  f o r m u l a  i s  c a l c u l a t e d   f r o m   t h e   s i z e  

o f   t h e  beam s p o t   a n d   t h e   d r i f t   c h a m b e r   r e s o l u t i o n   ( w h i c h   c a u s e s   t h e   s e c -  
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Figure 4: Photon  efficiency. 
The  curve  shows the  efficiency  found  with  the  shower  Monte  Carlo.  The 
points  show  the efficiency  measured  with $-+IT+IT-IT~ and + + ~ I T + ~ I T - I T O .  
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o n d   t e r m )   a n d   m u l t i p l e   s c a t t e r i n g   ( w h i c h   c a u s e s   t h e  f i r s t  te rm) .   The 

w i d t h s   o f   t h e  K 5  and Ip p e a k s   ( F i g u r e s  6 and 7)  a g r e e  w i t h  t h e   e x p e c t e d  

r e s o l u t i o n s .   T h e s e   d a t a   p r o v i d e   c h e c k s   o n   t h e   r e s o l u t i o n   b o t h  when i t  

i s  m u l t i p l e   s c a t t e r i n g   l i m i t e d   a n d  when i t  i s  l i m i t e d   b y   m e a s u r e m e n t  

e r r o r .  The p o s i t i o n   o f   t h e s e   p e a k s   p r o v i d e s  a c h e c k   o n   t h e   a b s o l u t e  

s c a l e   o f   t h e  momentum  measurements. Our K g  mass  measurement  o f  

498.1620.08 i s  0 . 4 6   M e V / c 2   f r o m   t h e   w o r l d   a v e r a g e .   T h e   s y s t e m a t i c   e r r o r  

o f  . 2 %   o n   t h e   m a g n e t i c   f i e l d   c a n   a c c o u n t   f o r  t h i s  d i f f e r e n c e .  The .I 

p e a k   c e n t e r s   a t   3 0 9 6 . 2  MeV/cz w h i c h  i s  1 . 2   M e V / c Z   a b o v e   t h e   v a l u e   d e t e r -  

m i n e d   b y   s c a n n i n g  SPEAR'S e n e r g y   o v e r   t h e   p e a k .  This d i f f e r e n c e  i s  con -  

s i s t e n t  w i t h  SPEAR'S e n e r g y   c a l i b r a t i o n   e r r o r  o f  0.13%. I n  summary, 

b o t h   t h e   r e s o l u t i o n   a n d   t h e   m a g n i t u d e   o f   t h e  momentum a r e   c o n s i s t e n t  

with e x p e c t e d   e r r o r s .  
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C h a p t e r  I V  

$’+nT+n-$, 3+R+R- 

The  decay 4”+ntn-3, $+RtR- ( R = l e p t o n )  i s  i n t e r e s t i n g   b o t h   f o r  i t s  

p h y s i c s   i m p l i c a t i o n s   a n d   f o r  i t s  u s e   a s  a t o o l  i n  u n d e r s t a n d i n g   t h e  

d e t e c t o r .  T h e   t w o   h i g h  momentum l e p t o n s   l e a v e   s u c h  a d i s t i n c t i v e   s i g n a -  

t u r e  i n  t h e   d e t e c t o r   t h a t   o n e   c a n   g e t  a n e a r l y   b a c k g r o u n d   f r e e   s a m p l e   o f  

e v e n t s  with v e r y   l o o s e   c u t s .  Th is  a l l o w s   c o m p a r i s o n   o f   t h e   d a t a   w i t h  

t h e   M o n t e   C a r l o   a l l o w i n g   c h e c k s   t h a t   t h e   r e s o l u t i o n   a n d   a c c e p t a n c e   o f  

t h e   d e t e c t o r   a r e   p r o p e r l y   m o d e l e d   b y   t h e   M o n t e   C a r l o .  The  number  of 

d e t e c t e d  n’n-3 e v e w t s   g i v e s   t h e   n u m b e r   o f   p r o d u c e d  3 ‘ (3684) ’s .  The n’n- 

mass d i s t r i b u t i o n   s h o w s   e f f e c t s   o f   t h e   d y n a m i c s   o f  t h i s  d e c a y .   F i n a l l y ,  

t h e   b r a n c h i n g   r a t i o   f o r  3’+7)$ c a n   b e   m e a s u r e d   f r o m   t h e   d e c a y s  7)+ntnr-no 

o r  n+n-r. 

4 . 1  THE  MONTE CARLO 

T h e   M o n t e   C a r l o   c o n s i s t s   o f   t w o   m a i n   p a r t s :   e v e n t   g e n e r a t i o n   a n d   p a r -  

t i c l e   d e t e c t i o n .  The e v e n t   g e n e r a t i o n  i s  done w i t h  a s i m p l e   p h a s e   s p a c e  

model .   The  decay  sequence must b e   s p e c i f i e d   a n d   t h e   3 - m o m e n t a   a r e   d i s -  

t r i b u t e d   a c c o r d i n g   t o   p h a s e   s p a c e .  I n  some c a s e s   t h e   p h a s e   s p a c e   d i s -  

t r i b u t i o n   h a s   b e e n   m o d i f i e d  t o  p u t  i n  a n g u l a r   d i s t r i b u t i o n s   c a u s e d   b y  

t h e   d y n a m i c s   o f   t h e   i n t e r a c t i o n .  Th is  i s  e x p l i c i t l y   m e n t i o n e d   w h e r e v e r  

i t  i s  done. 
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To  simulate  particle  detection,  the  generated  particles  are  tracked 

through  the  detector  and  raw  data  (drift  times,  pulseheights . . . I  are 

generated.  These  raw  data  are  then  analyzed by the  same  programs  used 

for  the  real  data.  The  following  effects  are  included  as  part of the 

raw  data  generati on. 

1. The  position  of  the  primary  vertex is distributed  according to 

the  known  size  of  the  beam. 

2. The  particles  lose  energy  and  undergo  multiple  coulomb  scat- 

tering as they  pass  through  material. 

3, Photons  can  convert  to  e+e-  pairs in the  material  through 

which  they  pass. 

4 .  Electrons  bremsstrahlung  photons  with  the  known  energy  spec- 

trum. 

5. Particles  interact  both  elastically  and  inelastically  with  the 

nuclei in the  material  through  which  they pass. Measured 

cross  sections  are  used. 

6. Particles  decay  with  their  known  lifetimes.  This is espe- 

cially  important  for  charged K’s, half  of  which  decay  before 

leaving  the  drift  chamber. 

7.  The  drift  times in the  drift  chamber  are  generated  with  the 

measured  resolution.  This  resolution  varies  with  the  position 

in the  cell  and  the  angle  of  the  track. 
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8. The d r i f t  chamber c e l l   e f f i c i e n c y  i s  95% t o   s i m u l a t e   t h e   d e a d  

c e l l s   i n   t h e   r e a l   d r i f t   c h a m b e r .  

9. 1 . 5 %  o f  the d r i f t   t i m e s   a r e   g e n e r a t e d   w i t h  a random t i m e  

be tween  0 a n d   t h e   e x p e c t e d   d r i f t   t i m e .  This s i m u l a t e s   a n  

e f f e c t  i n  t h e   r e a l   d a t a   a t t r i b u t e d   t o   d e l t a   r a y s .  

10. Two n e i g h b o r i n g   d r i f t   c h a m b e r   c e l l s   s o m e t i m e s  f i r e ,  a s  

o b s e r v e d   i n   t h e   r e a l   d a t a .  

1 1 .  F l i g h t   t i m e s   t o   t h e  TOF c o u n t e r s   a r e   g e n e r a t e d   w i t h   t h e   m e a s -  

u r e d   r e s o l u t i o n  o f  0 . 3 1 3  ns .  

1 2 .  Raw d a t a   a r e   n o t   g e n e r a t e d   f o r   t h e   l i q u i d   a r g o n   s y s t e m .  The 

m e a s u r e d   e f f i c i e n c y   a n d   r e s o l u t i o n   o f   t h e   l i q u i d   a r g o n   s y s t e m  

a r e   u s e d   d i r e c t l y   t o   g e n e r a t e   t h e   p a r a m e t e r s  o f  t h e   p h o t o n s  

w h i c h   a r e   f o u n d .  

4 . 2  C O M P A R I S O N  O F  D A T A  A N D  MONTE CARLO 

To compare   da ta   and   Mon te   Car lo ,  we u s e  $"+IT+IT-+ e v e n t s  where  one o f  t h e  

IT'S i s  a l l o w e d   t o   b e   m i s s i n g .  F r o m  t h e  3 m e a s u r e d   t r a c k s   a n d   c o n s e r v a -  

t i o n   o f  4-momentum, t h e  4-momentum o f   t h e   f o u r t h   t r a c k  i s  c a l c u l a t e d .  

C h e c k i n g   t o   s e e  i f  t h e   f o u r t h   t r a c k  was d e t e c t e d   g i v e s   t h e   t r a c k i n g  

e f f i c i e n c y   a s  a f u n c t i o n  o f  3-momentum. R e p e a t i n g   t h i s   f o r   t h e   d a t a   a n d  

the M o n t e   C a r l o  wi th v a r y i n g   c u t s   o n   t h e   f o u r t h   t r a c k   p r o v i d e s  a good  

c h e c k   o f   t h e   a c c u r a c y   w i t h   w h i c h   t h e   M o n t e   C a r l o   r e p r o d u c e s   t h e   d a t a .  

I t  a l s o   a l l o w s   o n e   t o   e s t i m a t e   t h e   s y s t e m a t i c   e r r o r s   o n   b r a n c h i n g   r a t i o s  

c a u s e d   b y   u n c e r t a i n t i e s   i n   t h e   a c c e p t a n c e   c a l c u l a t i o n .  The  Monte   Car lo  
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e v e n t s   u s e d   f o r  t h i s  c o m p a r i s o n   a r e   g e n e r a t e d  w i t h  t h e  11'1~- mass 

d i s t r i b u t i o n   o b s e r v e d  i n  t h e   d a t a   ( S e c t i o n  4.5.0 1 a n d   t h e   p o s i t i v e   l e p -  

t o n  i s  g i v e n  a 1 + c o s 2 8   d i s t r i b u t i o n .  

F i g u r e  8 shows a t y p i c a l   IT+^-+ e v e n t .   E v e n t s  with 3 o r  4 d e t e c t e d  

c h a r g e d   t r a c k s   a r e   u s e d .  Two o f   t h e s e  must b e   o f   o p p o s i t e   c h a r g e  w i t h  

i n v a r i a n t  mass wi th in  0 . 1  GeV o f  t h e  3 m a s s .   B o t h   o f   t h e s e   t r a c k s  must 

b e   i d e n t i f i e d   a s   m u o n s   b y   t h e  m u o n   s y s t e m   o r   a s   e l e c t r o n s   b y  t he  l i q u i d  

a r g o n   s y s t e m .  To r e d u c e   b a c k g r o u n d   f r o m   e v e n t s  wi th a + and  a c o n v e r t e d  

p h o t o n ,   e v e n t s   a r e   n o t   u s e d  i f  t h e r e  i s  a t r a c k  o f  momentum < 1 GeV/c 

t h a t  i s  i d e n t i f i e d   b y  TOF o r   l i q u i d   a r g o n   a s   a n   e l e c t r o n .  To r e d u c e  

p r o b l e m s   c a u s e d   b y   m i s m e a s u r e d   t r a c k s ,   e a c h  o f  t h e  3 t r a c k s   u s e d  i n  t h e  

f o l l o w i n g   a n a l y s i s  must h a v e  I z I  a t   p o i n t   o f   c l o s e s t   a p p r o a c h   t o   t h e  

o r i g i n   l e s s   t h a n  0.1 m a n d   r a d i a l   d i s t a n c e   o f   c l o s e s t   a p p r o a c h   t o   t h e  

i n t e r a c t i o n   r e g i o n   l e s s   t h a n   0 . 0 0 5 / p  (m/Gev). 

F o r   t h e s e   e v e n t s ,   t h e  sum o f   t h e   I - m o m e n t a  o f  t h e   t w o   l e p t o n s  i s  con -  

s t r a i n e d   t o   g i v e   t h e  + mass. This i m p r o v e s   t h e   r e s o l u t i o n .   F i g u r e  9 

s h o w s   t h e   d i s t r i b u t i o n   o f   t h e  mass s q u a r e d  ( M 2 1  r e c o i l i n g   a g a i n s t   t h e  

113. E v e n t s  wi th 211's s a t i s f y i n g   t h e   a b o v e   c u t s   a p p e a r   t w i c e  i n  t h i s  

h i s t o g r a m .   T h e   p e a k   c o m e s   f r o m  +'+r'a-'P. I t  will b e   s h o w n   b e l o w   t h a t  

t h e   s h o u l d e r   a t   h i g h   r e c o i l  mass comes  f rom +'+a+, ~ + T I + ~ ~ - I T O  o r  TT+IT-Y. 

To s e l e c t   t h e  v'a-4' e v e n t s  we r e q u i r e  0 . 0 < M 2 < 0 . 0 3 5 .  The f o l l o w i n g   a n a l -  

ysis h a s   a l s o   b e e n   d o n e  w i t h  much l o o s e r   c u t s ,   g i v i n g   c o n s i s t e n t  

r e s u l t s .  This, t o g e t h e r   w i t h   t h e   r e s u l t s   o f   s c a n n i n g   s e v e r a l   h u n d r e d  

e v e n t   p i c t u r e s ,   i n d i c a t e s  t h a t  l e s s   t h a n  1% o f   t h e   e v e n t s   a r e   b a c k -  

g r o u n d .  
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F i g u r e  8:  T y p i c a l  V'IT-$ e v e n t .  
The  numbers j u s t  o u t s i d e   t h e   o c t a g o n   a r e   l i q u i d   a r g o n   p u l s e h e i g h t s  i n  
GeV. The  numbers b y  t h e   s m a l l   r e c t a n g l e s   ( r e p r e s e n t i n g   t h e  TOF 
c o u n t e r s )   a r e   t h e   m e a s u r e d   f l i g h t   t i m e s  i n  ns. 
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For  each  set  of 3 tracks  which  satisfy  the  above  cuts,  the  3-momentum 

o f  the  fourth is calculated.  The  average  errors  on  this  prediction  are 

t7O in angle  and 20.021 GeV/c in  pt  (momentum  transverse  to  the  beam 

direction). Checking to see  how  often  the  fourth  track is found  and 

satisfies  various  quality  cuts  gives  the  efficiency  as a function of 

these  cuts.  The  variables  used  are  ro = r  at  point  of  closest  approach 

of the  track to the  origin; zo = l z l  at  point  of  closest  approach  to  the 

origin;  and  roo = radial  distance  from  the  track  to  the  interaction 

region.  Table 1 compares  the  efficiencies  obtained  from  the  data  and 

the  Monte  Carlo  with  various  cuts.  These  efficiencies  are  for  tracks 

with  predicted  lcos 81<0.5 and pt>O.l GeV/c. The  inefficiency is caused 

by particle  decays,  nuclear  interactions in the  pipe  counter,  and  pat- 

tern  recognition  problems.  Figure 10 compares  the  efficiencies as a 

function  of p t .  Note  that  these  curves  actually  show  the  true  effi- 

ciency  smeared  out by the  resolution of 0.021 GeV/c. Since  the  effi- 

ciency  drops  sharply  for pt<O.l GeV/c, such  tracks will not be used in 

later  analysis.  Similarly,  the  efficiency  drops  sharply  for  !cos 

9 1 > 0 . 7 6 ,  (the  Monte  Carlo  and  data  disagree by 0.02 on  the  location of 

this  drop) so such  tracks  will  not  be  used in later  analysis.  Figure 1 1  

compares  the r o  distributions.  The  non-Gaussian  tails  are  primarily  due 

to  particle  decays  and  nuclear  interactions.  Since  the  tails  differ 

slightly  between  data  and  Monte  Carlo,  the ro cut  used in later  analysis 

will be 0.OG m. This  minimizes  systematic  errors  due  to  the  different 

tails.  Similarly,  the  cut zo<0.15 m will be  used.  Table 1 shows  that 

for  these  cuts  the  Monte  Carlo  and  data  efficiencies  differ by 

(0.320.6)%. In  acceptance  calculations a systematic  error  of 1.0% times 
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t h e   n u m b e r   o f   c h a r g e d   t r a c k s  i s  u s e d   t o   a l l o w   f o r  t h i s  u n c e r t a i n t y  i n  

t h e   e f f i c i e n c y .  

T A B L E  1 

C o m p a r i s o n   o f   t r a c k i n g   e f f i c i e n c i e s  

Q u a l i t y   c u t s   D a t a   t l o n   t e   C a r  1 o 
E f f i c i e n c y  ( % I  E f f i c i e n c y  (%I  

none 95 .620 .3  94.220.3 
r o < O . O G  92.550.4 92 .320.4  
ro<0 .06 ,  zO<O. 15 90 .520.4  90 .250 .4  
roo<0 .015 ,  z0<0.15 81.920.6  8 0 . 2 r 0 . 5  

The  muons  from V + I T - $  e v e , n t s   a r e   u s e d   t o   c h e c k   t h e  TOF system.  The 

TOF r e s i d u a l s   a r e   s h o w n  i n  F i g u r e  3. T h e   m e a s u r e d   r e s o l u t i o n   o f   0 . 3 1 3  

ns i s  used  i n  t h e   M o n t e   C a r l o .   T h e   m e a s u r e d   e f f i c i e n c y   o f   9 8 . 8 %  i s  n o t  

i n  t h e   M o n t e   C a r l o ,   b u t  we c o r r e c t   f o r  i t  i n  l a t e r   a c c e p t a n c e   c a l c u l a -  

t i o n s .   S i m i l a r l y ,  we c o r r e c t   f o r   t h e   e f f e c t   o f   t h e   s m a l l   n o n - G a u s s i a n  

t a i l s  ( 1 . 6 %   o f   t h e   e v e n t s   a r e   o u t s i d e   2 . 6 ~   r a t h e r   t h a n   t h e   e x p e c t e d  1%). 

U n c e r t a i n t i e s   i n   t h e s e   c o r r e c t i o n s   c o n t r i b u t e  a s y s t e m a t i c   e r r o r   o f  1% 

t i m e s   t h e   n u m b e r   o f   t r a c k s   f o r   w h i c h  TOF i s  r e q u i r e d .  Th is  e r r o r   a n d  

t h a t  due t o   t h e   c h a r g e d   t r a c k   d e t e c t i o n   e f f i c i e n c y  will be  added i n  yua -  

d r a t u r e   t o   g i v e   t h e   s y s t e m a t i c   e r r o r  i n  l a t e r   a c c e p t a n c e   c a l c u l a t i o n s .  
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F o l l o w i n g   t h e   w e t h o d   u s e d   b y   t h e   N a r k  I group, i3  we now i n v e s t i g a t e  

#'+7)3. The c u t s   u s e d  i n  t h i s  a n a l y s i s   a r e   t h e  same a s   t h o s e  i n  t h e   p r e -  

v i o u s   s e c t i o n  up t o   t h e   c u t   o n   t h e  mass s q u a r e d   r e c o i l i n g   a g a i n s t   t h e  

IT#. The e v e n t s   w h e r e  t h i s  r e c o i l   m a s s  is l a r g e   ( F i g u r e  91 a r i s e   f r o m  

t h e   d e c a y  $'-.7).3. This i s  seen  i n   F i g u r e  1 2  w h e r e   t h e  Mz r e c o i l i n g  

a g a i n s t   t h e  3 i s  p l o t t e d   s e p a r a t e l y   f o r   e v e n t s  w i t h  M 2  r e c o i l i n g   a g a i n s t  

t h e  n.3 g r e a t e r   t h a n  0 .08  and   be tween  0.0 and 0 . 0 3 5  (GeV/cI2.   The f i r s t  

g r o u p   o f   e v e n t s   h a s  a p e a k   o f  251  e v e n t s   a t   t h e  7) mass wi th w i d t h   c o n -  

s i s t e n t  with o u r   r e s o l u t i o n .  T h e   s e c o n d   g r o u p   h a s  a much   b roader  mass 

spec t rum.   The   backg round   under   t he  71 p e a k   f r o m  $'-mtnTT-$ is c a l c u l a t e d  

i n  t w o   w a y s :   b y   M o n t e   C a r l o   a n d   b y   a s s u m i n g   t h e   p e a k  i n  F i g u r e  9 i s  

s y m m e t r i c   a b o u t   t h e  IT mass.  They g i v e  2 1  and 52 e v e n t s ,   r e s p e c t i v e l y ;  

t h e   a v e r a g e  i s  u s e d   f o r   t h e   b a c k g r o u n d   s u b t r a c t i o n .   T h e   M o n t e   C a r l o  

p r e d i c t s   n o   b a c k g r o u n d   f r o m  $'+rr3 o r  $ ' - . I T O V O ~  where  a Y c o n v e r t s .  The 

a c c e p t a n c e   f o r  3'+7)$ i s  a l s o   o b t a i n e d   b y   M o n t e   C a r l o   w h e r e   t h e  7)  i s  

p r o d u c e d  w i t h  a 1 + c o s 2 6   d i s t r i b u t i o n .   U s i n g   t h e   n u m b e r  o f  p r o d u c e d  

-+'(36&4)'s w h i c h  will b e   c a l c u l a t e d  i n  t h e   n e x t   s e c t i o n ,   t h e   b r a n c h i n g  

r a t i o   f o r  $'-.?I$ i s  (3.0+0.5)%. The e r r o r   i n c l u d e s   t h e   s t a t i s t i c a l   a n d  

s y s t e m a t i c   e r r o r  on t h e   n u m b e r   o f   p r o d u c e d  7)'s a n d   t h e   s y s t e m a t i c   e r r o r  

o n   t h e   n u m b e r   o f   p r o d u c e d  3 ' ( 3 6 8 4 ) ' s .  

1 3 W .  Tanenbaum d., Phys.  Rev L e t t .  3 6 ,  4 0 2   ( 1 9 7 6 ) .  
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By c o u n t i n g   t h e   n u m b e r   o f   d e t e c t e d  3 ‘ + n t ~ - 3 ,  IP+R+R- e v e n t s   a n d   u s i n g  

p r e v i o u s l y   m e a s u r e d   b r a n c h i n g   r a t i o s   f o r  3’-wtn-+ and  #I-.R+R-, t he   number  

o f  3‘(3684>’s p r o d u c e d  i n  t h i s  e x p e r i m e n t   c a n   b e   c a I c u l a t e d .  This num- 

b e r  will t h e n   b e   u s e d   t o   c a l c u l a t e   b r a n c h i n g   r a t i o s   f o r   o t h e r   r e a c t i o n s .  

To do t h i s  we will c o u n t   t h e   t o t a l   n u m b e r   o f  4 p r o n g   e v e n t s   w h i c h  

c o n t a i n  a 3 d e c a y   t o   l e p t o n s   a n d   s u b t r a c t   t h e   n u m b e r   o f   t h e s e   w h i c h  

r e s u l t   f r o m  $‘+qIP, 7)I-.n+n-no o r  TT+TI-Y.  E v e n t s   a r e   s e l e c t e d   b y   r e q u i r i n g  

e x a c t l y  4 c h a r g e d   t r a c k s   t o   p a s s  w i t h i n  r < 0 . 0 6  m and lz1<0.15 m f r o m   t h e  

o r i g i n .   T h e s e   f o u r   t r a c k s  must h a v e   l c o s  e l <  0.76  a n d   p t > O . l   G e V I c .  

The t o t a l   c h a r g e  must b e   z e r o .  To e l i m i n a t e   e v e n t s  w i th  c o n v e r t e d   p h o -  

t o n s ,   e v e n t s  with t w o   t r a c k s   o f   o p p o s i t e   c h a r g e  wi th c o s i n e   o f   t h e   a n g l e  

b e t w e e n   t h e m   g r e a t e r   t h a n  0.95 a r e   r e m o v e d .   F o r   t h e   r e m a i n i n g   e v e n t s  

F i g u r e  13 shows a h i s t o g r a m   o f   t h e   l a r g e s t   i n v a r i a n t  mass o f  a n e u t r a l  

p a r t i c l e   p a i r .   F o r  t h i s  p u r p o s e ,   t h e   e v e n t s   w e r e   d i v i d e d   i n t o  3 

c l a s s e s :   b o t h   p a r t i c l e s   o f   t h e   h i g h   m a s s   p a i r   a r e   i d e n t i f i e d   a s   e l e c -  

t r o n s   b y   t h e   l i q u i d   a r g o n   s y s t e m ,   b o t h   p a r t i c l e s   a r e   i d e n t i f i e d   a s   n o t  

b e i n g   e l e c t r o n s   b y   t h e   l i q u i d   a r g o n   s y s t e m ,   a n d   o t h e r   ( e . g .  a p a r t i c I e  

m i s s e d   t h e   a c t i v e   l i q u i d   a r g o n   v o l u m e ) .  All 3 c l a s s e s   a r e   u s e d  i n  coun-  

t i n g   t h e   t o t a l   n u m b e r  o f  e v e n t s ;   t h e   s e p a r a t i o n  i s  o n l y   u s e d   t o   c o m p a r e  

$+ete-  and 3-+wtw-. The  low  mass t a i l  i n  t h e  ”e’e-” s p e c t r u m  i s  p r i m a -  

r i l y  c a u s e d   b y   r a d i a t i o n  o f  t h e   e l e c t r o n s .  A check  o f  e v e n t s  i n  t h e   l o w  

mass t a i l   o f   t h e  ”p+w-” m a s s   s p e c t r u m   s h o w s   t h a t   h a l f  o f  t h e m   a r e   r e a l l y  

p+p- e v e n t s   ( i d e n t i f i e d  b y  t h e  m u o n   s y s t e m )   a n d   t h e   o t h e r   h a l f   a r e   n o t  

m u o n s   ( t h e y   a r e   p r o b a b l y  TI‘S or K’s). S i n c e   t h e  $ s i g n a l  i s  so c l e a n ,  
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t h e   l a s t   c u t   n e e d e d  i s  t o   r e q u i r e  t h i s  p a r t i c l e  p a i r  mass t o   b e   b e t w e e n  

t a i l   o f   t h e  "p'p-'' spect rum,  110250 o f  t h e s e   e v e n t s   d o   n o t   r e a l l y   c o n -  

t a i n  a .P decay .  An a d d i t i o n a l   s u b t r a c t i o n   o f   7 0 2 3 0   e v e n t s  i s  made t o  

r e m o v e   e v e n t s   o f   t h e   f o r m  +"++77n, n+rtn-no or +77+n+n-y. This  r e s u l t s  i n  

1 0 0 4 1 + 1 1 7   d e t e c t e d  .Ilr'-m+n-.Ilr, ++R+R- e v e n t s .  

The d e t e c t i o n   e f f i c i e n c y  i s  c a l c u l a t e d   b y   M o n t e   C a r l o .   P h a s e   s p a c e  

i s  m o d i f i e d   b y   t h r o w i n g   t h e  B+TI- m a s s   a c c o r d i n g   t o   t h e   d i s t r i b u t i o n  i n  

t h e   n e x t   s e c t i o n .  The p o s i t i v e   l e p t o n  i s  f o r c e d   t o   h a v e  a (l+cosz6) 

a n g u l a r   d i s t r i b u t i o n .   F i n a l l y ,   t h e   l e p t o n s   f r o m   t h e  Ip d e c a y   c a n   r a d i a t e  

i n t e r n a l l y   ( i m m e d i a t e l y   a f t e r   l e a v i n g   t h e   v e r t e x ) .   S i n c e  38% o f   t h e  

.P+ete- e v e n t s   a r e   l o s t   d u e   t o   r a d i a t i o n   c a u s i n g   t h e   e + e -   m a s s   t o   b e   l e s s  

than  2 .8   GeV/cz ,  i t  i s  i m p o r t a n t   t o   c h e c k   t h a t   t h e   M o n t e   C a r l o   p r o p e r l y  

m o d e l s  t h i s  r a d i a t i o n .   A s s u m i n g  t h a t  t h e   b r a n c h i n g   r a t i o s   f o r   3 + e t e -  

and ++w+p- a r e   e q u a l ,   t h e   d a t a   a n d   M o n t e   C a r l o   a g r e e   o n   t h e   f o l l o w i n g  

r a t i o s :   ( n u m b e r   o f   d e t e c t e d   p + p - ) / ( n u m b e r  o f  d e t e c t e d   e ' e - 1 ,   f r a c t i o n  

o f  t h e   t o t a l   e + e -   e v e n t s  i n  t h e   t a i l   b e t w e e n   2 . 8   a n d   2 . 9 7 5   G e V / c 2 ,   a n d  

f r a c t i o n  o f  t h e   t o t a l  ptp- e v e n t s  i n  t h e   t a i l   b e t w e e n   2 . 8   a n d   2 . 9 7 5  

G e v / c z .   S i n c e   t h e   r a d i a t i v e   t a i l s  seem t o   b e   p r o p e r l y   m o d e l e d ,   t h e  sys- 

t e m a t i c   e r r o r   o n   t h e   a c c e p t a n c e  i s  j u s t  4% a s   c a l c u l a t e d  i n  s e c t i o n  

4.2.0 . Thus t h e r e   a r e  47,15021900 $"+ntn-Ip, $+RtR- e v e n t s   p r o d u c e d .  

t h i s  exper imen t .   The  f i r s t  e r r o r  i s  f r o m   t h e   a c c e p t a n c e   c a l c u l a t i o n .  

I 4 P a r t i c l e   D a t a  Group ,   Phys .   Le t t .  758 (1978) .  
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I 

T h e   s e c o n d   e r r o r  i s  f r o m   t h e   e r r o r s   o n   t h e   p r e v i o u s l y   m e a s u r e d   b r a n c h i n g  

r a t i o s .  Th is  number o f   p r o d u c e d  # ' ( 3 6 8 4 ) ' s  will b e   u s e d   b e l o w   t o   c a l c u -  

l a t e   b r a n c h i n g   r a t i o s .  

4 . 5  DYNAMICS OF T H E  DECAY $ ' + I T ~ T T - ~ ,  # + R t R -  

The  decay ~ ' + F ' T T - ~  i s  a g o o d   p l a c e   t o   s t u d y   t h e  TT+IT- i n t e r a c t i o n .  

P h o t o p r o d u c t i o n   e x p e r i m e n t s t 5   i n d i c a t e   t h a t   t h e  3 n u c l e o n   i n t e r a c t i o n  i s  

much  weaker   than  the  TI n u c l e o n   i n t e r a c t i o n .  So t h e   d y n a m i c a l   s t r u c t u r e  

o f   t h e  $"+TT'IT-$ decay  i s  p r i m a r i l y   d e t e r m i n e d  by  t h e   f i n a l - s t a t e   i n t e r -  

a c t i o n  o f  t h e   o c l t g o i n g   p i o n s .   S i n c e   b o t h  JI and  3' h a v e   i s o s p i n   z e r o ,  

t h e   d i p i o n   s y s t e m  must a l s o   h a v e  I=O. P r e v i o u s   s t u d i e s  o f  a n g u l a r  

d i s t r i b u t i o n s I 6  show t h a t   t h e  TI+TT- u s u a l l y   h a v e   z e r o   r e l a t i v e   o r b i t a l  

a n g u l a r  momentum. S t u d i e s   o f   o u r   d a t a   ( t o   b e   p u b l i s h e d )   i n d i c a t e   t h a t  

t h e   0 - w a v e   a m p l i t u d e  i s  l e s s   t h a n  10%. 

To s t u d y  t h i s  s y s t e m  we u s e   t h o s e   e v e n t s   f r o m   t h e   p r e v i o u s   s e c t i o n  

wh ich   have  a mass r e c o i l i n g   a g a i n s t   t h e  TI+TT-  s y s t e m   b e t w e e n  3.06 and 

3.13 GeV/cz. This h e l p s   e n s u r e   t h a t   t h e  TI'S a r e   w e l l   m e a s u r e d .  The 

TI'TI- mass d i s t r i b u t i o n   o f   t h e  9248  r e m a i n i n g   e v e n t s  i s  shown i n  F i g u r e  

14a. F i g u r e  14b s h o w s   t h e   m a s s   d i s t r i b u t i o n   f o r   t h e   s - w a v e   p h a s e   s p a c e  

M o n t e   C a r l o .   T h e   d i f f e r e n t   f o r m s   o f   t h e s e   t w o   s p e c t r a  show t h a t  f i n a l  

s t a t e   i n t e r a c t i o n s   a r e   i m p o r t a n t .  T h e   s q u a r e   r o o t   o f   t h e   q u o t i e n t   o f  

t h e   t w o   a b o v e   d i s t r i b u t i o n s  i s  shown i n  F i g u r e  14c. 

l S U .  C a m e r i n i   e t   a l . ,   P h y s .   R e v .   L e t t .  3 8 ,  2 6 3  ( 1 9 7 7 ) .  

l 6 G .  S .  Abrams,   Proceed ings   o f   the   1975  Sympos ium  on   Lepton   and  Photon  
I n t e r a c t i o n s   a t   H i g h   E n e r g i e s ,  25.  
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S i n c e   t h e  ~ 1 ~ ~ 1 -  s y s t e m  i s  d o m i n a n t l y   s - w a v e ,   F i g u r e   1 4 c   g i v e s   t h e  

m a g n i t u d e   o f   t h e   s - w a v e   m a t r i x   e l e m e n t .  The  s h a p e   o f  t h i s  c u r v e   c a n   b e  

t h e o r e t i c a l   p r e d i c t i o n s .   N o t e   t h a t   t h e   n o r m a l i z a -  

a n d   t h u s   o n l y   t h e   s h a p e   h a s   a n y   p h y s i c a l   s i g n i f  i- 

d i r e c t l y   c o m p a r e d   t o  

t i o n  i s  a r b i t r a r y ,  

cance.  

The 4 p o i n t s   a t  

f e w   s i g n a l   e v e n t s  i n  

t a n t .  The 4 p o i n t s  

l o w e s t  mass s h o u l d   b e   i g n o r e d   b e c a u s e   t h e r e   a r e  so 

t h e s e   b i n s   t h a t   t h e   b a c k g r o u n d   e v e n t s  become  impor-  

a t   h i g h e s t  mass s h o u l d   b e   i g n o r e d   b e c a u s e  the phase 

s p a c e   f a c t o r   c h a n g e s   v e r y   r a p i d l y   t h e r e   a n d   t h e   M o n t e   C a r l o  may n o t  

p r o p e r l y   s i m u l a t e   t h e   d a t a  i n  t h i s  r e s p e c t .  

S i n c e   t h e   o r i g i n a l '   m e a s u r e m e n t  o f  t h e  T I ~ T I -  mass   spec t rum,   exp lana -  

t i o n s   h a v e   b e e n   p u b l i s h e d   i n   s e v e r a l   p a p e r s .   M e t h o d s   u s e d   i n c l u d e   a n  

i n t e r m e d i a t e  F r e s o n a n c e "   a n d   p a r t i a l l y   c o n s e r v e d   a x i a l - v e c t o r   c u r -  

r e n t s . ' *   B o t h   m e t h o d s   p r e d i c t  a s t r a i g h t   l i n e   f o r   t h e   m a t r i x   e l e m e n t ,  

bu t   more   work  i s  needed t o  p r o p e r l y   c a l c u l a t e   t h e   x - i n t e r c e p t   o f   t h e  

l i n e .  

1 7 R .  Decker   and M. Moreno, N U ~ .  C i m .  L e t t .  a, 407  (1975) ;  B. J .  Har -  
r i n g t o n ,  S .  Y .  Park ,   and A .  Y i l d i z ,  P h y s .  Rev. m, 2765 ( 1 9 7 5 ) .  

18L.  S .  Brown  and R.  N. Cahn,  Phys.  Rev. L e t t .  3 5 ,  1 (1975) ;  0. Morgan 
and M. R. P e n n i n g t o n ,  Phys. Rev. m, 1283 (1975) .  
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Chapter V 

$‘-+YY.P 

The decay $’+yy.P has been  observed b y  s e v e r a l   experiment^.'^ This  

f i n a l   s t a t e   c a n   r e s u l t  from  the  decays 

2 .  .P‘-+rx, X+Y$ 

The l a s t   d e c a y  mode v i o l a t e s   i s o s p i n   c o n s e r v a t i o n  and h a s  o n l y  r e c e n t l y  

been  observed. 

5 . 1  E V E N T  SELECTION 

A t y p i c a l   e v e n t  of the   topology we a re   l ook ing  for i s  shown in   F igu re  

15. We r e q u i r e   t h a t   a t   l e a s t  t w o  photons be d e t e c t e d  i n  t h e   b a r r e l   l i q -  

u id   a rgon   ca lo r ime te r .  P h o t o n s  d e t e c t e d   w i t h i n  0.3 m .  o f  a cha rged   t r ack  

a re   no t   u sed .  T h i s  h e l p s   e l i m i n a t e   f a l s e   p h o t o n s   c a u s e d  b y  energy 

d e p o s i t e d  b y  t he   cha rged   t r ack .  I t  a l s o   h e l p s   e l i m i n a t e   p h o t o n s   r a d i -  

a t e d  by  t he   ou tgo ing   e l ec t rons .   Even t s   w i th  more than two de tec ted   pho-  

t o n s  a r e   i n c l u d e d  i n  tf le  sample  because  noise  in the l iqu id   a rgon   pream-  

l9W. Tanenbaum et d., P h y s .  Rev. D x, 1731  (19781; W .  B a r t e l   e t   a l . ,  
P h y s .  L e t t .  798, 492 (1978);  R .  B r a n d e l i k   e t   a l . ,  DESY 79/31  (1979). 
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I 

p l i f i e r s  somet 

The   l osses ,  i f  

l a t e   p r e c i s e l y  

i m e s   c a u s e s   t h e   t r a c k i n g   p r o g r a m s   t o  f i n d  a f a l s e   p h o t o n .  

s u c h   e v e n t s   w e r e   e l i m i n a t e d ,   w o u l d   b e   d i f f i c u l t   t o   c a l c u -  

I n  t h o s e   e v e n t s  wi th a t   l e a s t   t w o   p h o t o n s ,   t h e  9 i s  d e t e c t e d   b y  i t s  

d e c a y   t o   t w o   l e p t o n s :   $ j e t e -   o r  3+w+p-. We r e q u i r e   t h a t   t h e r e   b e  

e x a c t l y   o n e   p o s i t i v e   a n d   o n e   n e g a t i v e   p a r t i c l e   c o m i n g   f r o m   t h e   i n t e r a c -  

t i o n   r e g i o n ,   t h a t  i s ,  t h e y  must have  r < 0 .06  m. and I z I  < 0 . 1 5  m. a t  

t h e i r   p o i n t   o f   c l o s e s t   a p p r o a c h   t o   t h e   o r i g i n .   F i g u r e   1 6   s h o w s   t h e  mass 

d i s t r i b u t i o n   o f   t h e s e   p a r t i c l e   p a i r s .  The  peak a t  3 .095 GeV/c2 i s  f r o m  

t h e   d e c a y  $+2 l e p t o n s .   T h e   s h a d e d   r e g i o n   s h o w s   o n l y   t h o s e   e v e n t s   w h e r e  

b o t h   p a r t i c l e s   a r e   i d e n t i f i e d  by  t h e   l i q u i d   a r g o n   s y s t e m   a s   n o t   b e i n g  

e l e c t r o n s .   T h e   l o w   m a s s  t a i l  o f   t h e   u n s h a d e d   r e g i o n  comes   f rom  We 'e -  

w h e r e   a n   e l e c t r o n   r a d i a t e s  a p h o t o n .   T h e   h i g h   m a s s  t a i l  comes  f rom 

e t e - + e t e -   w h e r e   a n   e l e c t r o n   r a d i a t e s .   T h e   s e l e c t i o n   o f   9 ( 3 0 9 5 ) ' s  i s  

made b y   r e q u i r i n g   t h e   d i l e p t o n   m a s s   t o   b e   b e t w e e n  2 . 8  and  3.4  GeV/c2. 

E v e n t s   s a t i s f y i n g   t h e s e   c u t s   a r e  f i t  t o   t h e   h y p o t h e s i s  $'+yy4', .P+R+.Q- 

w i t h  t h e   k i n e m a t i c   f i t t i n g   p r o g r a m  SQUAW. I n  e v e n t s  with m o r e   t h a n   t w o  

p h o t o n s ,  f i t s  a r e   a t t e m p t e d  wi th e a c h   p h o t o n   p a i r .   G e n e r a l l y   o n l y   o n e  

s u c h  f i t  succeeds .  This f i t  g r e a t l y   i m p r o v e s   t h e  mass r e s o l u t i o n   w h i c h  

o t h e r w i s e  i s  l i m i t e d   b y   t h e   e n e r g y   r e s o l u t i o n  of t h e   l i q u i d   a r g o n   c a l o -  

r i m e t e r .   F i g u r e   1 7   s h o w s   t h e  x 2  p r o b a b i l i t y   d i s t r i b u t i o n   f o r  t h i s  

5 - c o n s t r a i n t  f i t .  The  peak a t   l o w   p r o b a b i l i t y   i n d i c a t e s  a b a c k g r o u n d  

c o n t a m i n a t i o n .  T o  r e d u c e   b a c k g r o u n d ,   t h e  x 2  p r o b a b i l i t y  i s  r e q u i r e d   t o  

b e   m o r e   t h a n  0.08. M o s t   o f  t h i s  backg round   comes   f rom J I ' + T I O T I O + .  The 

s m o o t h   c u r v e  in t h e   f o l l o w i n g  mass p l o t s  i s  a M o n t e   C a r l o   c a l c u l a t i o n   o f  
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Figure 16:  Mass o f  p l u s - m i n u s   p a r t i c l e   p a i r .  
S h a d e d   r e g i o n   c o n t a i n s   e v e n t s   w h e r e   p a r t i c l e s   a r e   n o t   e l e c t r o n s .  

- 4 0  - 



11-  79 

I O 0  

80 

60 

40 

20 

0 
0 

1. 
- U 

0.2 0.4 0.6 

X2 PROBAB I LlTY 
0.8 I .o 

3711A18 

Figure 17: x 2  probability  distribution  for 5C fit $'+YY$, $+R+R-. 

- 4 1  - 



t h i s  background.   The  Monte   Car lo  Mas r u n  w i t h  t h e  same p a r a m e t e r s   u s e d  

f o r   g e n e r a t i n g  TI+TI- e v e n t s  i n  s e c t i o n  4.5.0 . 

F i g u r e  18 s h o w s   t h e  yy mass   spec t rum o f  t h e   r e m a i n i n g   e v e n t s .  The 

s h a r p   p e a k   a t  547.56t0.17 MeV/c2  comes f r o m  $'-*q3, ~+YY. The w i d t h   o f  

t h i s  peak i s  c o n s i s t e n t   w i t h   t h e   e x p e c t e d  mass r e s o l u t i o n   o f  5 1 . 7  

MeV/cz.  The e r r o r   g i v e n   f o r   t h e   c e n t r a l   v a l u e   o f   t h e   p e a k  i s  s t a t i s t i -  

c a l   o n l y .   T h e r e  i s  a n   a d d i t i o n a l   s y s t e m a t i c   e r r o r  of 0 . 0 0 0 8  GeV/c2  due 

t o  t h e   u n c e r t a i n t y   o f   t h e  $'-$ mass d i f f e r e n c e .  The c o n s i s t e n c y   o f   t h i s  

mass w i t h   t h e   a c c e p t e d   v a l u e   p r o v i d e s  a c h e c k   o n   t h e   s y s t e m a t i c   e r r o r s .  

The b a c k g r o u n d   i n   F i g u r e  18 comes f r o m   t w o   s o u r c e s :  $ ' w o n o $  and 

3'-).yx, X W 3 .  The  smooth   curve  i n  the F i g u r e  i s  t h e   M o n t e   C a r l o   c a l c u l a -  

t i o n   o f   t h e  f i r s t  s o u r c e .   N o t e   t h a t  i t  p e a k s   a t   h i g h   m a s s   a s   t h e  T+V- 

mass i n  ~'+TT+IT-$ d o e s   ( s e c t i o n  4.5.0 1. E s t i m a t i n g   t h e   b a c k g r o u n d   f r o m  

t h e  6 b i n s   o n   e a c h   s i d e   o f   t h e  q p e a k ,   t h e r e   a r e  166514 s i g n a l   e v e n t s .  

The a c c e p t a n c e   ( i n c l u d i n g   b r a n c h i n g   r a t i o s   f o r  q - v ~  and .P'+R+R-) i s  

(0.6650.13)%. The s y s t e m a t i c   e r r o r  i s  p r i m a r i l y   d u e   t o   u n c e r t a i n t y   i n  

the p h o t o n   d e t e c t i o n   e f f i c i e n c y .  The  number o f   p r o d u c e d  -4'(3684)'s f r o m  

s e c t i o n  4.4.0 t h e n   g i v e s   t h e   b r a n c h i n g   r a t i o  3'-*93 = (2.5?0.61%. 
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To  see ~ ‘ + Y x ,  X+Y+ we remove  the .tr+n3 events by cutting  out  events 

with 0.540 < Y Y  mass < 0 .556  GeV/c2. Since  each  event  has  two  photons, 

two ~3 masses  can  be  formed.  Figure 19 is a  scatter  plot  of  the  high 

mass  combination  versus  the low mass  combination.  The  known X states 

are  expected to appear in the h i g h  mass  projection. Tuo peaks  are  seen, 

along with  their  kinematic  reflections in the low mass  projection.  The 

solid  line is a fit to the  spectrum  using  two  peaks  whose  masses  and 

magnitudes  are  allowed to vary  but  whose  shapes  are  fixed  to  the  known 

resolution  function.  The  shape of the  background is fixed to that 

expected  from nono$? but its magnitude is allowed  to  vary  (the  number  of 

background  events  found in this way is 9% less  than  the  Monte  Carlo  pre- 

diction). The  dashed  line  in  the  high  mass  projection is the  background 

determined in this way. The  masses  and  branching  ratios  are  given in 

Table 2 .  Again,  the  acceptance is determined  with  the  Monte  Carlo  and 

the  main  source  of  systematic  error i s  the  photon  detection  efficiency. 

Two  errors  are  given  for  the  masses.  The  first is the  statistical 

error.  The  second  results  from  the 0.004 GeV/c2 uncertainty in the + 
and .t‘ masses.  The k i nemat i c  fit  actually  determines 

A = ( M  - M  l / ( F l + , - M  1 -  We  use 3.09500 and 3.68400 GeV/c2 for  the 9 and 9’ 

masses.  Different  values o f  the + and #‘ masses  make  our x mass  meas- 

urements  change  to  keep A constant.  The  statistical  errors  dominate 

other  systematic  errors. 

x +  X 

There i s  no  evidence in Figure 19 for  other  intermediate  states.  We 

are  insensitive  to  the  state at 3.60 Gev/c2 reported by the  DESY-Heidel- 
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TABLE 2 

B r a n c h i n g   r a t i o s   f o r   t h e   d e c a y  $P"yx+yy$ .  

T h e   b r a n c h i n g   r a t i o   f o r  x+y3 i s  o b t a i n e d   u s i n g   p r e v i o u s  
measurements  (7221% f o r   t h e   b r a n c h i n g   r a t i o  $'+Yx. 

mass  (GeV/cz)   events  (B .R .  $"+Yx)* (B.R. x+r$1 
( B . R .  x+r+) (%I  (2) 

3.410 < 40 <0.56 (90% C.L.) <8. 
3.455 < 1 1  <O. 13 (90% C.L.) 
3.508120.0006t0.0040 254531 2.420.6 34.513 
3.555f0.00120.004 69211 1.120.3 16.26 

b e r g   g r o u p z 0   b e c a u s e   o u r   e f f i c i e n c y   f o r  a 0 . 0 9 0  GeV p h o t o n  i s  v e r y   l o w .  

T a b l e  2 g i v e s   b r a n c h i n g   r a t i o  limits f o r   s t a t e s   a t  3.410 and 3.455 

GeV/cz.   The  former i s  w e l l   e s t a b l i s h e d   b y  i t s  h a d r o n i c   d e c a y   m o d e s   a n d  

b y  i t s  p r e s e n c e  i n  t h e   i n c l u s i v e   p h o t o n   s p e c t r u m .  

Only o n e   e x p e r i m e n t   h a s   p u b l i s h e d  a b r a n c h i n g   r a t i o   f o r  a ~(34551.~' 

O t h e r s   h a v e   h a d  a f e w   c a n d i d a t e   e v e n t s   t h e r e z 2   b u t   h a v e   n o t   p u b l i s h e d  

b r a n c h i n g   r a t i o s .  I n  t h e   w o r k  of  R e f .  21, t h e  ~(3455) was   obse rved  i n  

t h e   d e c a y  $'+yY$ w h e r e   o n e   o f   t h e   t w o   p h o t o n s   w a s   o b s e r v e d   b y  i t s  p a i r  

c o n v e r s i o n   w h i l e   d e t e c t i o n  of t h e   s e c o n d   p h o t o n  was n o t   r e q u i r e d .   T h e r e  

were 4 e v e n t s  i n  t h e   s i g n a l   w h e r e   o n e   b a c k g r o u n d   e v e n t  was e x p e c t e d  i n  

2 O W .  B a r t e l  et d., P h y s .   L e t t .  798, 492 (1978). 

2 1 W .  Tanenbaum & d., Phys.  Rev. 0 1 7 ,  1731 (19781. 

22B. H. Wiik and G. W o l f ,  DESY 78/23, 79  (19781. 
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the whole  scatterplot.  The  published  branching  ratio is a factor o f  6 

higher  than  our  limit.  Since  the  present  experiment  has  higher  statis- 

tics  and  a  good  understanding of the  backgrounds, it seems  probable  that 

the old  signal  was  an  unfortunate  statistical  fluctuation.  Note  that in 

contrast to the  other x states,  the ~ ( 3 4 5 5 )  has  not  been  observed  in 

hadron  decays  or  inclusively. 

The ~ ( 3 4 5 5 )  had  been  associated  with  the  expected 2'So state,  the 

nC'- With  this  assignment,  measured  branching  ratios  differed  from  the- 

oretical  predictions by an  order o f  magnitude.23  This  new  limit  means 

the ~ ( 3 4 5 5 )  is no  longer a candidate  for  the v C ' ,  removing  these  diffi- 

cul  ties. 

The  decay 3'+n03 violates  isospin  conservation  and  hence i s  expected 

to have  a  very  small  branching  ratio. To detect it, one  needs  good  res- 

olution  and low background.  With  the  5-constraint  fit,  the vo mass  res- 

olution is 50.004 GeV/cZ. Most  of  the  non-eta  events in Figure 18 come 

from +'+rx, x w 4 '  (the YY mass  distribution  from x events i s  roughly  pro- 

portional  to  the YY mass). These x events  are  removed by cutting  out 

all  events  with  high r3 mass greater  than 3 . 4 8 8  GeV/cZ. The  resulting 

YY mass  spectrum i s  shown  in  Figure 20a. There is a small  peak at the 

no mass. To reduce  the  background still further, 4 other  cuts  are 

applied.  First  we  require  the  measured  energy o f  both  photons to be 

z3Herwig  Schopper, DESY 77/79  (1977) .  
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F i g u r e  20: YY mass d i s t r i b u t i o n  wi th x ’ s  removed. 
The d i f f e r e n t   c u t s   u s e d   f o r  a, b ,  and  c a r e   e x p l a i n e d  i n  t h e   t e x t .   N o t e  
t h a t   t h e  n peak i s  s c a l e d  down  by a f a c t o r   o f  1 0 .  T h e   a r r o w   p o i n t s   t o  
t h e  no m a s s .   T h e   i n n e r   t i c k   m a r k s  show t h e   s i g n a l   r e g i o n .  The r e g i o n  
b e t w e e n   t h e   i n n e r   a n d   o u t e r   t i c k   m a r k s   i n d i c a t e s   t h e   r e g i o n   u s e d   t o  
e s t i m a t e   t h e   b a c k g r o u n d .  
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m o r e   t h a n  0 . 1 4  GeV. This r e d u c e s   b a c k g r o u n d   f r o m   f a l s e   p h o t o n s   w h i l e  

h a v i n g   l i t t l e   e f f e c t   o n   t h e  no  d e t e c t i o n   e f f i c i e n c y .   T h i s   c u t  was n o t  

u s e d   b e f o r e   b e c a u s e  i t  w o u l d   c u t   o u t   t h e   d e c a y   $ ‘ + r x ( 3 . 5 5 0 )   w h i c h   g i v e s  

a 0 .13  GeV p h o t o n .   S e c o n d ,   e v e n t s   w h e r e   t h e   d i f f e r e n c e  i n  a z i m u t h a l  

a n g l e   o f   t h e   t w o   l e p t o n s  i s  g r e a t e r   t h a n  178.5O a r e   c u t   o u t .  This 

r e d u c e s   b a c k g r o u n d   f r o m   e + e - + e + e -   w h e r e   t h e  i n i t i a l  o r  f i n a l   s t a t e   e l e c -  

t r o n s   r a d i a t e  a p h o t o n .  Th is  c u t  was n o t   u s e d   b e f o r e   b e c a u s e  i n  t h e  

decay, $’+?I$, t h e  3 i s  n e a r l y   a t   r e s t .   T h e r e f o r e   t h e   l e p t o n s   f r o m  i t s  

d e c a y   a r e   n e a r l y   b a c k - t o - b a c k   a n d   o f t e n  f a i l  t h i s  c u t .   T h i r d ,   p h o t o n s  

w h i c h   u s e  a s t r i p  i n  t h e   c a l o r i m e t e r   t h a t  i s  a l s o   u s e d   b y  a c h a r g e d  

t r a c k   a r e   c u t   o u t .  This i s  d o n e   b e c a u s e   t h e   p a t t e r n   r e c o g n i t i o n   p r o g r a m  

i s  m o r e   l i k e l y   t o   f i n d  a f a l s e   p h o t o n  when  one s t r i p   h a s   r e a l   p u l s e -  

h e i g h t   o n  i t .  F o u r t h ,   e v e n t s   w h i c h   h a v e  a p h o t o n  wi th e n e r g y  > 0.175 

GeV i n  a d d i t i o n   t o   t h e  2 p h o t o n s   u s e d  i n  t h e  f i t  a r e   c u t   o u t .  This 

h e l p s   r e d u c e   b a c k g r o u n d   f r o m  $“+nono-$. The  0.175 GeV r e q u i r e m e n t   h e l p s  

k e e p   f a l s e   p h o t o n s   ( s e e   F i g u r e  5 1 f r o m   c a u s i n g   r e a l  3‘+rr$ e v e n t s   f r o m  

b e i n g   l o s t .  The t h i r d   a n d   f o u r t h   c u t s   w e r e   n o t   u s e d   b e f o r e   b e c a u s e   o f  

t h e   d i f f i c u l t y   o f   e s t i m a t i n g   t h e   f r a c t i o n   o f   s i g n a l   e v e n t s   l o s t .   T h e s e  

c u t s   i n t r o d u c e   s y s t e m a t i c   e r r o r s  i n  t h e   b r a n c h i n g   r a t i o   m e a s u r e m e n t s .  

F o r   t h e   c a s e  $‘+no$, t h e   s t a t i s t i c a l   e r r o r s   a r e   l a r g e   e n o u g h  so t h a t  

t h i s  s y s t e m a t i c   e r r o r  is n o t   i m p o r t a n t .  A l s o ,  we m e a s u r e   t h e   f r a c t i o n  

o f   s i g n a l   e v e n t s   l o s t   b y   t h e s e   c u t s   b y   n o t i n g   t h e i r   e f f e c t   o n   t h e   s i g n a l  

+’+nth. 

F i g u r e   2 0 b   s h o w s   t h e   r e s u l t i n g  YY mass s p e c t r u m .   T a k i n g   t h e  26 

MeV/c2 r e g i o n   a r o u n d   t h e  no mass as t h e   s i g n a l   ( t h e   e x p e c t e d   r e s o l u t i o n  

i s  4 MeV/c2) ,   and  the 4 8  f l e V / c Z   r e g i o n   o n   e a c h   s i d e   a s   b a c k g r o u n d ,  7 
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I 

e v e n t s   a r e   o b s e r v e d   w h e r e   t h e   e x p e c t e d   b a c k g r o u n d  i s  1 . 1 .  The 

p r o b a b i l i t y   t h a t   t h i s   b a c k g r o u n d   c o u l d   f l u c t u a t e   u p w a r d s   t o  7 e v e n t s  i s  

1 . 5 * 1 0 - Q .   F u r t h e r   e v i d e n c e   t h a t   t h e s e  7 e v e n t s   a r e   n o t   b a c k g r o u n d  comes 

f r o m  t h e i r   f l a t  x 2  p r o b a b i l i t y   d i s t r i b u t i o n   ( F i g u r e  2 1  1. A s i g n a l  

s h o u l d   h a v e  a f l a t  x 2  p r o b a b i l i t y   d i s t r i b u t i o n   w h i l e ,   a s  shown i n   t h e  

f i g u r e ,   b a c k g r o u n d   t e n d s   t o   p e a k   a t  l o w  p r o b a b i l i t y .  

T h e   n a r r o w   w i d t h   o f   t h e   s i g n a l   h e l p s   e x c l u d e  the p o s s i b i l i t y   o f  a 

m i s s i n g   p a r t i c l e ,   f o r   e x a m p l e ,  3’-.rn03. A M o n t e   C a r l o   s t u d y   o f   t h i s  

p r o c e s s  shows t h a t  i f  a 0 . 0 2 5  GeV/c p h o t o n  i s  m i s s i n g ,   t h e   p e a k   s h i f t s  

t o  0.140 GeY/c2  which i s  i n c o n s i s t e n t  wi th t h e   d a t a .  A Plonte   Car lo  

s t u d y  o f  t h e  $’-mono$ b a c k g r o u n d   g i v e s   n o   e v e n t s   w i t h  mass l e s s   t h a n  

0 . 3 3 0   G e V / c 2 .   H e n c e   a n y   m i s s i n g   p a r t i c l e   m u s t   b e  a p h o t o n   o r   n e u t r i n o  

o f   l e s s   t h a n  0 . 0 2 5  GeV. 

I n   F i g u r e  20b t h e   r e m a i n i n g   e v e n t s   a t   l o w  Yr mass come f r o m   ~ ( 3 5 1 0 ) ’ s  

i n   t h e   n o n - G a u s s i a n   t a i l   o f   t h e   p e a k .   R e m o v i n g   a l l   e v e n t s   w i t h   h i g h  YlP 

mass > 3.448  GeV/c2 r e s u l t s  i n  F i g u r e  20c.  T h r e e   s i g n a l   e v e n t s   r e m a i n  

with e s s e n t i a l l y   n o   b a c k g r o u n d .  

A t t r i b u t i n g   t h e   s i g n a l   t o   t h e   r e a c t i o n  $“+no$, we c a l c u l a t e   t h e  

b r a n c h i n g   r a t i o .   T h e r e   a r e   5 . 9 2 2 . 6   s i g n a l   e v e n t s .  The a c c e p t a n c e  

( i n c l u d i n g  B ( - $ + R + R - ) )  c a l c u l a t e d  wi th t h e   M o n t e   C a r l o  i s  (0 .4320 .09 )%.  

An a d d i t i o n a l   f a c t o r   o f   0 . 9 0   c o m i n g   f r o m   c u t s  3 and 4 above i s  o b t a i n e d  

f r o m   n o t i n g   t h e   d e c r e a s e   i n   t h e  71 s i g n a l   c a u s e d   b y   t h e s e   c u t s .  The 

r e s u l t i n g   b r a n c h i n g   r a t i o  f o r  .P‘+rro.P i s  (0. l 5 t 0 . 0 6 ) % .  The r a t i o  

r($’+no$)/I‘($‘+q$) i s  o.06+0.02. 
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A n o t h e r  p o s s i b l e   s o u r c e   o f   t h e   s i g n a l  i s  t h e   n o n r e s o n a n t   d e c a y   o f   t h e  

v i r t u a l   p h o t o n   d i r e c t l y   t o  no+. A b o u t   7 %   o f   t h e   h a d r o n i c   e v e n t s   a t   t h e  

9’ e n e r g y  come f r o m   v i r t u a l   p h o t o n   d e c a y s .  I t  w o u l d   h a v e   t o   h a v e  a 

b r a n c h i n g   r a t i o   o f   0 . 1 5 / 0 . 0 7 = 2 . 1 %   t o   c a u s e   t h e   s i g n a l .   T y p i c a l   b r a n c h -  

ing r a t i o s   o f   e + e -   t o   a n   e x c l u s i v e   f i n a l  s t a t e  a r e   s m a l l   ( e . g .  

B(e+e-+p+p- )  < B(e te-+2n+2n-1  = 2%?-9 1 and   t he   decay   e te -+no3  i s  Zweig  

s u p p r e s s e d ,   w h i c h   t y p i c a l l y   s u p p r e s s e s   d e c a y s  by  a f a c t o r  o f  1000.  So a 

r e a s o n a b l e   e s t i m a t e   f o r   B ( e + e - + v o $ )  i s  l e s s  than 0.002%, a f a c t o r   o f  

1 0 0 0   b e l o w   t h e   o b s e r v e d   s i g n a l   s t r e n g t h .  

S e v e r a l   p a p e r s   h a v e   b e e n   p u b l i s h e d   p r e d i c t i n g   t h e  $‘+no3 b r a n c h i n g  

r a t i o . z 5  The c a l c u l a t i o n   i n v o l v e s   m i x i n g   o f   t h e   S U ( 3 )  symmet r ic  no, 7), 

and 8‘ s t a t e s   t o   f o r m   t h e   p h y s i c a l  no, 3 ,  and 8’ s t a t e s .   T h e s e   c a l c u l a -  

t i o n s  show t h a t  t h e  Q E D  c o n t r i b u t i o n   t o  t h i s  m i x i n g  i s  s m a l l ,   m a k i n g   t h e  

decay  3’+no3 a g o o d   p l a c e   t o   s t u d y   s t r o n g   i n t e r a c t i o n   v i o l a t i o n s   o f  

SU(2) ( i s o s p i n )   a n d  SU(3) s y m m e t r i e s .   B a s i c a l l y ,   t h e s e   v i o l a t i o n s   o c c u r  

b e c a u s e   t h e   m a s s e s   o f   t h e  u, d, and s q u a r k s  i n  t h e   s t r o n g   i n t e r a c t i o n  

H a m i l t o n i a n   a r e   n o t   e q u a l .   M o r e   r e c e n t   w o r k Z 6   w h e r e   e f f e c t s   o f   s y m m e t r y  

b r e a k i n g  i n  t h e   d e c a y   a m p l i t u d e   a r e   i n c l u d e d  i n  t h e   c a l c u l a t i o n   g i v e s  

I‘(+’+no+)/r($‘-vy#) = 0 . 0 4 + 0 . 0 1 0   c o n s i s t e n t  with t h i s  e x p e r i m e n t .  

?-‘B. J e a n - M a r i e  & d., p r e p r i n t  SLAC-PUB-1711. 

2 5 G .  Segre   and  J. Weyers, Phys. L e t t .  628, 91 (1976) ;  N .  Deshpande  and 
E.  Ma, P h y s .   L e t t .  m, 343   (1977) ;  H .  Genz,  Nuovo C i m .  L e t t .  21, 
270  (1978) ;  R .  Bhandar i   and   L .   Wo l fens te in ,   Phys .   Rev .  my 1852 
( 1 9 7 8 ) .  

26P- L a n g a c k e r ,   p r e p r i n t  SLAC-PUB-2434. 
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Chapter VI 

HADRONIC X DECAYS 

I t  is interesting  to  observe  decays  of  the  form 3 ’ w x ,  whadrons  for 

several  reasons.  The  three  established x states  can be observed in this 

decay,  allowing  studies of their  decay  modes  and  providing  information 

on  their  quantum  numbers.  It  may  also  be  possible to observe  the q c  or 

v c f  in this way. To  enhance  this  possibility  we  have  attempted  to  meas- 

ure  all  final  states  for  which  the  Nark I 1  detector  has a reasonable 

acceptance.  Information  on  the  quantum  numbers o f  the x’s can  be 

obtained by measuring  the  angular  distribution  of  the  photon  and by 

observing  decays  which  are  forbidden  for  particles  with  certain  quantum 

numbers. 

6 . 1  EVENT  SELECTION 

Figure 2 2  shows  a  typical  completely  detected  hadronic x decay.  The 

event  selection  criteria  are  similar  for  all  the  decay  modes, so the 

general  technique will be  described  without  reference  to  the  specific 

decay  modes.  There  must  be  the  proper  number  of  charged  tracks  passing 

within  r<O.OG  m  and I z l < O .  15 m o f  the  origin.  Detection  of  the  photon 

is not  required.  Events  where  any  of  these  tracks  have  p+<O.l GeV/c or 

lcos e l > 0 . 7 6  are  not  used. If there i s  no  good  TOF  information  for a 

track, it is assumed to be  a  pion.  For  tracks  with  good  TOF  information 

n, K or  proton  hypotheses  are  tried if the  measured  flight  time is 
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F i g u r e  2 2 :  P i c t u r e   o f  $'+rnc(2970),  n c - v r n - K * K S .  The K S  t r a v e l s   s e v e r a l  
c e n t i m e t e r s   b e f o r e   d e c a y i n g  t o  IT'IT-. 
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w i t h i n  0.78 n s  o f  the e x p e c t e d   f l i g h t   t i m e   ( t h i s   i s  a 2.60, 1% 

c o n f i d e n c e   l e v e l   c u t ) .   M u l t i p l e  m a s s   h y p o t h e s e s   a r e   a l l o w e d   f o r   p a r t i -  

c l e s .  F o r  e a c h   s e t   o f   p a r t i c l e   i d e n t i t i e s   t h a t   s a t i s f i e s   c o n s e r v a t i o n  

o f   c h a r g e ,   b a r y o n   n u m b e r ,   a n d   s t r a n g e n e s s ,  a r e c o i l  mass  squared i s  c a l -  

c u l a t e d .  I f  i t s  m a g n i t u d e  i s  l e s s   t h a n  0 . 1  ( G e v / c 2 I 2   ( a   v e r y   l o o s e   c u t )  

a 1 c o n s t r a i n t   k i n e m a t i c  (SQUAW) f i t  i s  d o n e   w h i c h   c o n s t r a i n s   t h e   r e c o i l  

mass t o  z e r o   ( t h e   p h o t o n   m a s s ) .  I f  an   even t   has   more   t han   one   success -  

f u l  f i t ,  the one wi th t h e   s m a l l e s t   t o t a l  x 2  (sum o f  SQUAN x 2  and TOF x 2 )  

i s  used.  I n  t h i s  way, t h e  p a r t i c l e   i d e n t i f i c a t i o n   a m b i g u i t i e s   a r e  

r e s o l v e d .   E v e n t s  with SQUAW x 2  p r o b a b i l i t y   l e s s   t h a n  0 . 1  a r e   r e j e c t e d .  

The r e m a i n i n g   c u t s   a r e   d e s i g n e d   t o   r e m o v e   s p e c i f i c   b a c k g r o u n d s .  The 

m o s t   s e r i o u s   b a c k g r o u n d s   f o r  2 p a r t i c l e   d e c a y s   o f   t h e  x ’s  are   e+e-+e+e-  

a n d   e t e - + p t p - .   T h e s e   b a c k g r o u n d s   a r e   r e d u c e d   b y   r e q u i r i n g   b o t h   p a r t i -  

c l e s   t o   b e   i d e n t i f i e d   b y   t h e  muon s y s t e m   a s   n o t   b e i n g   m u o n s   a n d   b y   t h e  

l i q u i d   a r g o n  s y s t e m  a s   n o t   b e i n g   e l e c t r o n s .   C a n d i d a t e s  f o r  x+pp a r e   n o t  

removed w i t h   t h e s e   c u t s  i f  o n e   o f   t h e   p a r t i c l e s  i s  u n a m b i g u o u s l y   l a b e l e d  

as a p r o t o n   b y  TOF (TOF > ( e x p e c t e d  TOF f o r  a k a o n ) + 0 . 7 8   n s ) .  A back -  

g r o u n d   t o  x-*ntn-ntn- o r  n + n - K + K -  i s   I  IT+^-+ o r  +-‘-.a+ where ++R+R-. 

T h i s   b a c k g r o u n d  i s  r e d u c e d   b y   r e m o v i n g   e v e n t s   w i t h  a mass r e c o i l i n g  

a g a i n s t   a n y  ntv- p a i r   t h a t  i s  g r e a t e r   t h a n  3.07 GeV/c2. F i n a l l y ,  a 

b a c k g r o u n d   t o   o t h e r   h a d r o n i c   d e c a y   m o d e s   f r o m  +‘+ntn-+, $+hadrons i s  

r e d u c e d   b y   r e m o v i n g   e v e n t s   t h a t   h a v e  a mass r e c o i l i n g   a g a i n s t   a n y  n+n- 

pa i r   be tween  3 .07   and  3 .11   GeV/c2 .  The  unshaded  h is tograms i n  F i g u r e   2 3  

show t h e   r e s u l t i n g   s p e c t r a   f o r   t h e   d e c a y  modes i n  w h i c h   s i g n a l s   a r e  

obse rved .  
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The s h a d e d   h i s t o g r a m s  i n  t h e   f i g u r e   a r e   t h e  r e s u l t  o f   a n   i d e n t i c a l   a n a l -  

y s i s  w h e r e   d e t e c t i o n   o f   t h e   p h o t o n  i s  r e q u i r e d   a n d  a  4 c o n s t r a i n t   k i n e -  

m a t i c  f i t  ( c o n s e r v a t i o n   o f   e n e r g y   a n d  momentum) i s  done.  These 4-C f i t s  

have l e s s  b a c k g r o u n d   a n d   b e t t e r   r e s o l u t i o n ,   b u t   s m a l l e r   a c c e p t a n c e   t h a n  

the 1 - C  f i t s .  

6.2 B R A N C H I N G  R A T I O S  

P e a k s   a r e   o b s e r v e d   a t  4 masses i n  t h e   a b o v e   s p e c t r a .   T h e   p e a k s   a t  

3.67 GeV/c2  come f r o m   d i r e c t  .P' decays  t o  had rons .  The SQUAW f i t  s h i f t s  

t h e  mass  down s l i g h t l y   f r o m   t h e  $' mass o f  3.654  GeV/ct. I n  m o s t   o f   t h e  

s p e c t r a   t h e r e   a r e   c l e a r   p e a k s   c o m i n g   f r o m   d e c a y s   o f   t h e   ~ ( 3 4 1 5 1 ,  

~ ( 3 5 1 0 1 ,   a n d   ~ ( 3 5 5 5 ) .  

To o b t a i n   b r a n c h i n g   r a t i o s   f r o m   t h e s e   s p e c t r a ,   t h e   M o n t e   C a r l o  i s  

u s e d   t o   d e t e r m i n e   t h e   a c c e p t a n c e .  A p h a s e   s p a c e   d i s t r i b u t i o n  i s  u s e d   t o  

m o d e l   t h e   x t 3 5 1 0 1 ,   ~ 1 3 5 5 5 1 ,   a n d   ~ ~ ( 2 9 7 0 )   d e c a y s .   F o r   t h e   ~ ( 3 4 1 5 )   t h e  

p h o t o n  i s  p roduced  wi th a 1 + c o s 2 8   a n g u l a r   d i s t r i b u t i o n .  To c h e c k   f o r  

mode l   dependence ,   t he   accep tance  f o r  x(3415)+n+n-p,  p-vr+n- was a l s o   c a l -  

c u l a t e d .  I t  d i f f e r s   f r o m   t h e   a c c e p t a n c e   f o r   x ( 3 4 1 5 ) + n t n - n + n -   b y  a f a c -  

t o r  o f  0 . 9 6 2 0 . 0 2 .   T h i s  4% d i f f e r e n c e  i s  added i n   q u a d r a t u r e   t o   t h e  SYS-  

t e m a t i c   e r r o r   c a l c u l a t e d  f r o m  s e c t i o n   4 . 2 . 0   t o   o b t a i n   t h e   t o t a l  

s y s t e m a t i c   e r r o r   o f   t h e   a c c e p t a n c e   c a l c u l a t i o n .   T h i s   t o t a l   s y s t e m a t i c  

e r r o r  i s  a l w a y s   l e s s   t h a n  0 .7  o f   t h e   s t a t i s t i c a l   e r r o r .  The  Monte  Car lo  

i s  a l s o   u s e d   t o   d e t e r m i n e   t h e   p r o b a b i l i t y   t h a t   e v e n t s   a r e   m i s c l a s s i f i e d  

(e .g .  a x+411 e v e n t  i s  p u t   i n t o   t h e  x+2n2k   h i s tog ram) .  The decays  X-WT'IT- 

and x+K+K-  a r e   c o n f u s e d  10% o f  the t i m e .   M i s i d e n t i f i c a t i o n   p r o b a b i l i -  
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t i e s   a r e   n e g l i g i b l e   f o r  a l l  o t h e r   d e c a y   m o d e s .   T h e   b r a n c h i n g   r a t i o s   a r e  

c o r r e c t e d   f o r  t h i s  m i s i d e n t i f i c a t i o n .  

The  number o f   d e t e c t e d   e v e n t s  i s  d e t e r m i n e d   b y   f i t t i n g   t h e   s p e c t r a  

between  3 .2  and 3.62 GeV/c2 t o  a l i n e a r   b a c k g r o u n d   p l u s   t h r e e   p e a k s .  

The  masses o f   t h e   ~ ( 3 5 1 0 )   a n d  ~ ( 3 5 5 5 1  a r e   f i x e d   t o  3 and 5 MeV/c2  below 

t h o s e   d e t e r m i n e d   f r o m   t h e   d e c a y  3'+rr3 ( T a b l e  2 ) .  T h e y   a r e   f i x e d   l o w e r  

t h a n   t h e   a c t u a l   m a s s e s   b e c a u s e   t h e  1 - C  SQUAW f i t s  s h i f t  t he   peaks   down-  

wards.  The  mass o f   t h e   ~ ( 3 4 1 5 )  i s  a l l o w e d   t o   v a r y  i n  each f i t .  The 

s h a p e s   o f   t h e   p e a k s   a r e   f i x e d   t o  the k n o w n   r e s o l u t i o n   f u n c t i o n   a n d   t h e  

x - i n t e r c e p t   o f   t h e   l i n e a r   b a c k g r o u n d  i s  f i x e d   t o   t h a t   d e t e r m i n e d   b y  a 

M o n t e   C a r l o   o f   t h e   p r i n c i p l e   b a c k g r o u n d :   3 ' - w 0 + c h a r g e d   h a d r o n s .  The 

r e s u l t i n g  f i t s  f o r   t w o   o f   t h e   d e c a y   m o d e s   a r e   s h o w n   i n   F i g u r e  24 .  The 

f i t t e d  masses f o r   t h e   ~ ( 3 4 1 5 )   a r e  shown i n  T a b l e  3. The e r r o r s   o n   t h e  

s e p a r a t e   m a s s   m e a s u r e m e n t s   a r e   s t a t i s t i c a l .  The f i r s t  e r r o r   o n   t h e  

average  mass i s  s t a t i s t i c a l   a n d   t h e   s e c o n d   e r r o r   r e s u l t s   f r o m   t h e  4 

flev/cZ u n c e r t a i n t y  i n  t h e  3' mass. Our ~ ( 3 4 1 5 )  mass  measurement i s  

d i r e c t l y   p r o p o r t i o n a l   t o   t h e  3' mass we use  (3.68400  GeV/c2).  
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TABLE 3 

Mass of the ~ ( 3 4 1 5 )  

mode  mass (MeV/cz> 

TrI+TI- 34   1522  
K ' K -  34   1422 
2n+2n-  341321 
Tr'n-K'K- 341251 
n+n-pp 34  1422 
2Ki 2K- 3 4   1 6 2 3  
3n I+ 3Tr- 341  122 
average 3 4 1 2 . 9 2 0 . 6 5 4 . 0  

Since  the  spectra  from  the  1-C fits have  higher  statistics  and 

smaller  systematic  errors  than  the 4-C spectra,  they  are  used to deter- 

mine  all  the x branching  ratios  except x+Fp (where  the l - C  fit shows  no 

significant  signal  above  the background). The n c  branching  ratios  and 

limits  are  obtained  from  the 4-C  spectra  since  they  have  a  smaller  back- 

ground  and  the  efficiency  for a 0.7 GeV  photon is near 1 .  The q c  limits 

are  calculated  at  a  mass  of 2 . 9 7 0  GeV/c2, t 

the  Crystal Ball experiment.27  The  limits 

within 0 . 2  GeV/c2 of this  mass.  The  result 

its  are  shown in Table 4 .  We  have  looked 

he  value  recently  measured by 

are  similar  for  all  masses 

ing branching  ratios  and  lim- 

for  many  other  decay  modes, 

Z7E. Bloom, to be  published in the  proceedings o f  the  Photon-Lepton  SYm- 
posium  at  Fermilab ( 1 9 7 9 ) .  
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i n c l u d i n g   d e c a y s   w i t h  a vo  o r   a n  3 ,  b u t   t h e   b r a n c h i n g   r a t i o  l i m i t s  a r e  

t o o   h i g h   t o   b e  o f  use .  

A l s o  shown i n  t h e   t a b l e   a r e   t h e   r e s u l t s  o f  a c a l c u l a t i o n   u s i n g   t h e  

s t a t i s t i c a l   m o d e l . z 8  This model  assumes a l l   a v a i l a b l e   i s o s p i n   s t a t e s   a r e  

p o p u l a t e d   w i t h   t h e i r   s t a t i s t i c a l   w e i g h t s   t o   r e l a t e   t h e   r a t e s   f o r   d e c a y s  

t o   d i f f e r e n t   c h a r g e   s t a t e s   o f  a g e n e r a l   d e c a y  mode. F o r  example i t  r e l -  

a t e s  B ( x + i ~ ~ ~ r ~ )  t o  B(x-w'v-1 b u t   d o e s   n o t   r e l a t e   t h e s e   t o  B t x - + K ' K - ) .  The 

l a s t   c o l u m n  i n  t h e   t a b l e   g i v e s  the r a t i o  o f  t h e   r a t e  ' f o r  t h e   o b s e r v e d  

decay mode t o  t h e   r a t e   f o r   t h e   g e n e r a l   d e c a y  mode. I t  a l s o   g i v e s   t h e  

b r a n c h i n g   r a t i o s  f o r  t h e   g e n e r a l   d e c a y  mode.  The b o t t o m   l i n e s   o f   t h e  

t a b l e   g i v e   t h e  sums o f   t h e   b r a n c h i n g   r a t i o s   t o  t h e  o b s e r v e d   g e n e r a l  

decay  modes.  Only 1 / 2  o f  t h e  x d e c a y s   h a v e   b e e n   o b s e r v e d .   T h e   r e l i a -  

b i l i t y  o f  t h i s   e s t i m a t e  i s  n o t   v e r y   g o o d   s i n c e   t h e   s t a t i s t i c a l   m o d e l   i s  

v e r y   s i m p l e   a n d   i s   c e r t a i n l y   n o t   c o m p l e t e l y   c o r r e c t .  

Some o f   t h e   a b o v e  x h a d r o n i c   d e c a y s   h a v e   b e e n   p r e v i o u s l y   o b s e r v e d . 2 9  

T h i s   i s   t h e  f i r s t  r e p o r t   o f   d e c a y s   t o  K S K B ,  r jp, 2 K t 2 K - ,  4 n t 4 v - ,  and 

v + K ? K S .  This l a s t   d e c a y  i s  i m p o r t a n t   b e c a u s e  a p a r t i c l e   w i t h  J =O' i s  

n o t   a l l o w e d  t o  d e c a y   t o  v + K + K S .  The  absence  o f  a peak f o r  t h e  ~ ( 3 4 1 5 )  

i s  f u r t h e r   s u p p o r t   f o r  i t s  quantum  number   ass ignment   o f  O+, w h i l e   t h e  

o b s e r v a t i o n  o f  t h e  ~ ( 3 5 1 0 )  d e c a y i n g  in t h i s  way shows t h a t  i t  i s  n o t  0'. 

This l a s t   f a c t  was a l r e a d y   k n o u n   f r o m   o b s e r v a t i o n s   o f   t h e   a n g u l a r   d i s -  

2 8 A .  Pais,   Ann.  Fhys. 2, 548 ( 1 9 6 0 ) .  

2 g W .  Tanenbaum et aJ., Phys.  Rev. 0 1 7 ,  1731 (1978) .  

3 0 u .  
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K'p'h + K - p i  
2970 <2.3  <6.2*10m4 
3415 (9. <1.2*10-3 
3510 <3.9 <5.3*10-' 
3555 <6.5 <8.9*10-' 

2nt2Tr- 
2970 (5 .  <4.8*10-5 
3415 504244  (2.120.2)*10-3 
3510 193222 (8.221.0)*10-4 
3555 313229 t1.320.1)*10-3 

~r+rr-K+K- 
2970 (3.3  <5.4*10-5 
3415  262228  (1.920.2)*10-3 
3510  60?12 (4.020.8)*10-4 
3555 126216 (8.221.1)*10-4 

sr+n-Fp 
2970 (4.3  <5.2*10'5 
3415  46210 (2.6?0.6)*10-4 
3510 1956 (l.120.3)b10-4 
3555 3628  (2-3tO.5) + 1 O-' 

2Kt2K- 
2970  <2.3 <8.7*10'5 
3415 28210 (4.421.6)+10-4 
3510 624  (8.5t5.7)*10-5 
3555 1426 (2.020.9)*10-4 

3n+ 3Tr- 
2970 <2.9 <8.7*10'5 
3415  136519 (1.820.3)*10-3 
3510 78213  (9.0+1.5)*10-" 
3555 132217 (1.720.3>*10-3 

2sr' 2lr-K'K- 
2970 <2.3  <2.2*10-4 
3415 <35.  <2.0410-3 
3510 (9.  <4.1 +lo-' 
3555 < 10. < 4 . 5 *  lo-' 

IT+T~-ZK+ZK- 
2970 <2.3  <2.5+10-3 
3415  <5.5  <3.1 
3510 <2.9  <1.6*10-3 
3555  <3.3  <1.8*10-3 

4nt4n- 
2970 <2.3 <4.0*10-' 
3415  724 (5 .  23. )*lO-Q 
3510 423 (3. +2. 1.10-4 
3555 925 (7. 24. 140-4 

lO"6 
3*10'$ 

10-17 

10-22 

1*10-'0 
1.10-3 

10-66 

10-81 
10-31 

<1.7*10-' 
< 1.7. l o v 2  
<7.6* 
<1.3*10-2 

116 
(2.5. 

(6. ?2. (3.8+1.4)*10-2 
(1.220.8)*10-3 (7. 25. 
(2.921.2)*10-3 (1.720.7)*10-2 

1011  17 

( 8 .  24. (9. 25. 

(1.0t0.6)*10-2 (12.27. )*10-2 

< l .  1*10-' 

(4. 23. 1-10-3 (5. 24. )*io-2 
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Sum o f   H a d r o n i c   B r a n c h i n g   R a t i o s   ( S t a t i s t i c a l   M o d e l )  
2970   (2 .8+1 .0 ) *10 - '  
341 5 ( 4 . 4 + 0 . 6 ) * 1 0 - '  
351 0 ( 1 . 9 ? 0 . 4 ) * 1 0 - '  
3 5 5 5   ( 3 . 6 + 0 . 7 ) * 1 0 - '  

Sum o f   H a d r o n i c   a n d  X+Y# b r a n c h i n g   r a t i o s  
2970 
3415 
351 0 
3555 

t r i b u t i o n s  i n  9 ' -c4 ,  X - W ~ . ~ O  W h i l e   t h e   d e c a y s  X+TI+TT- and x+K+K- have 

b e e n   p r e v i o u s l y   o b s e r v e d ,   t h e   p r e s e n t   s t a t i s t i c s   a r e  much b e t t e r   a n d  

c o n c l u s i v e l y  show t h a t   t h e   ~ ( 3 4 1 5 )   a n d   ~ ( 3 5 5 5 )   d e c a y  i n  t h i s  way w h i l e  

t h e r e  i s  n o   e v i d e n c e   f o r   d e c a y s   o f   t h e   x 1 3 5 1 0 1   t o   t h e s e   f i n a l   s t a t e s .  

2++ S i n c e   t h e   p o s s i b l e  J s t a t e s   f o r   t w o   p s e u d o s c a l a r s   a r e  O + + ,  1- - ,  
PC 

e t c . ,   t h e   x ( 3 4  

c o u r s e ,   a l l   t h e  

r e a c h e d   b y   r a d  

15)  and ~ ( 3 5 5 5 )  must have  these  quantum  numbers .  O f  

X'S must h a v e   p o s i t i v e   c h a r g e   c o n j u g a t i o n   s i n c e   t h e y   a r e  

i a t i v e   t r a n s i t i o n s   f r o m   t h e  #' w h i c h  i s  1-- .  So t h i s  

l e a v e s   o n l y  a + + ,  2'+, 4 + +   e t c .  as p o s s i b l e   q u a n t u m   n u m b e r s   f o r   t h e  

x 1 3 4 1 5 1   a n d   ~ ( 3 5 5 5 ) .   N o t e   t h a t   t h e  x ' s  q u a n t u m   n u m b e r s   p r o h i b i t   t h e i r  

d e c a y   t o  %K,, so t h e  K°Ko b r a n c h i n g   r a t i o  i s  t w i c e   t h e  K S K S  b r a n c h i n g  

r a t i o   g i v e n  i n  t h e   t a b l e .  

O n l y   t h e   ~ ( 3 4 1 5 )   a n d   ~ ( 3 5 5 5 )   h a v e   c l e a r   d e c a y s   t o   2 K t 2 K - .   F i g u r e   2 5  

s h o w s   t h e   d i s t r i b u t i o n   o f   t h e   l o w e s t  K+K' mass i n  t h e s e   e v e n t s .   T h e  

s m o o t h   c u r v e s   s h o w   t h e   p h a s e   s p a c e   d i s t r i b u t i o n .   T h e r e   a r e   c l e a r   p e a k s  

a t   t h e  . P ( 1 0 2 0 )   m a s s .   F o r   t h e   ~ ( 3 4 1 5 )   1 3   o f   2 8   e v e n t s   a r e  i n  t h e  + peak 

w h i l e   f o r   t h e   ~ ( 3 5 5 5 )  10  o f  1 5   e v e n t s   a r e   i n   t h e  + peak. O f  t h e  13 and 

10 e v e n t s  wi th %'s, i n  4 and 2 o f   t h e   e v e n t s   t h e   o t h e r  K + K -  p a i r   a l s o  

have  a Q mass. 
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Figure 25: Distribution o f  l owes t  K t K -  mass i n  X decays  t o  2 K t 2 K - :  ( a )  
~ ( 3 4 1 5 1 ,  ( b )  ~(3555). 

- 65 - 



S a v i n g   t h e   m o s t   i n t e r e s t i n g   r e s u l t   f o r   l a s t ,   t h e   p e a k  i n  t h e  4-C 

s p e c t r u m   f o r  $'+Yx, X - w ? K S K S  will now b e   d i s c u s s e d .   T h e r e   a r e  9 e v e n t s  

c e n t e r e d   a t  a mass o f  2 .9720.01 GeV/c2.  The width i s  c o n s i s t e n t  w i t h  

t h e   e x p e c t e d   r e s o l u t i o n   o f   t ~ 0 . 0 1 3  GeV/cZ.  There i s  v e r y   l i t t l e   b a c k -  

g r o u n d  i n  t h e   p l o t .   T h i s   p e a k   p r o v i d e s   s t r o n g   c o n f i r m a t i o n   f o r   t h e  

s t a t e   o b s e r v e d   a t   2 , 9 8 2 0 . 0 2  GeV/c2 by t h e   C r y s t a l   B a l l   g r o u p . 3 1   E v e n  

t h o u g h   v e r y   f e w   o f  i t s  p r o p e r t i e s   h a v e   b e e n   m e a s u r e d ,   w e ' l l   r e f e r  t o  

t h i s  s t a t e  as t h e  q c  because i t  i s  n e a r   t h e   m a s s   e x p e c t e d   f o r   t h e  qc. 

S i n c e  'I'+.yvC t h e  v c  h a s   p o s i t i v e   c h a r g e   c o n j u g a t i o n   a n d   s i n c e  q c + n - f K i K s  

i t  c a n n o t   b e  J =O+. U s i n g   t h e   C r y s t a l  Ball group ' s   measuremen t   o f  

B(3'+rnC) = (0.35+O.15)% we o b t a i n  B ( S ~ ~ ~ T ' K - K ~ ) + B ( ~ ~ + ~ - K + K S )  9.1%. 

Assuming i t  d e c a y s   t o  KL's a s   o f t e n   a s  K S ' s  a n d   u s i n g   i s o s p i n   ( a s s u m i n g  

t h e  q C  h a s   i s o s p i n = O )   t o   g e t  B ( q c + ~ ' K - K o )  = 2 * B ( q c + n 0 K ' K - )  = 

Z o B ( v c + n o K 0 K o )  o n e   o b t a i n s  B(v,+~rKK)=27%. This i s  a v e r y   l a r g e   b r a n c h -  

i n g   r a t i o .  None o f  t h e   o t h e r   d e c a y   m o d e s  we i n v e s t i g a t e d  show  much e v i -  

d e n c e   f o r   t h e  qC. T h e   s e c o n d   l a r g e s t   s i g n a l  i s  i n  t h e  4-C i j p   s p e c t r u m  

w h e r e   t h e r e   a r e  3 even ts   nea r   2 .97   GeV/c2 .  

PC 

3 1 E .  Bloom, t o   b e   p u b l i s h e d  i n  t h e   p r o c e e d i n g s   o f   t h e   P h o t o n - L e p t o n  Sym- 
p o s i u m   a t   F e r m i l a b  ( 1 9 7 9 ) .  
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Chapter V I 1  

SUMMARY 

The  experimental  status  of  the  charmonium  system  has  advanced  consid- 

erably  in  the  last 2 years. It’s current  status is summarized  in  Figure 

20. Our  mass  and  branching  ratio  measurements  are  summarized  in  tables 

5 and 6. The 3P states: ~ ( 3 4 1 5 1 ,   ~ ( 3 5 1 0 1 ,  and ~ ( 3 5 5 5 )  remain  firmly 

established.  The ~ ( 3 4 5 5 1  i s  effectively  dead.  Two  experiment^^^ in 

addition  to  our  own  have  set  limits  on  its  production in the  decay 

9 ‘ + Y X ,  x - V ~  which is the way  it was originally  observed.  For a short 

period  of  time  there  was  a  new  candidate  for  the ?lc’ at  a  mass of 3.591 

G ~ V / C ’ . ~ ~  I t  was  also  observed i n  $‘+Y?‘+. The  Crystal Ball experiment3!’ 

has  set  a  limit  well  below  the  originaI  measured  branching  ratio, e f f e c -  

tively  killing  this  state.  The X(2830) which  was  observed  in  the  decay 

9+3Y has  also  been  eliminated by the  Crystal  Ball  experiment.  In  its 

place as a candidate  for  the d c  there is a state  at 2.97020.01 GeV/c2 

observed in the  inclusive  photon  spectrum by the  Crystal  Ball  group  and 

exclusively  in  its  decay to v+KGKs by this  experiment. 

j2W. Bartel yJ d., Phys.  Lett. 2, 492 (1978) ;  E. Bloom, to be  pub- 
lished in the  proceedings o f  the  Photon-Lepton  Symposium,  Fermilab 
(1979) .  

3 3 W .  Bartel  et  al., Phys.  Lett. 798, 492  (1978).  

39E. Bloom, t o  be published in the  proceedings o f  the  Photon-Lepton  Sym- 
posium,  Fermilab ( 1 9 7 9 ) .  
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indicate  things  with a small  amount of experimental  evidence.  Dotted 
lines  indicate  things  predicted b y  the  Charmonium  model for which  there 
is no  experimental  evidence. 
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TABLE 5 

Masses o f   t h e   k n o w n   c h a r m o n i u m   s t a t e s .  

The .P and  9' m a s s e s   a r e   n o t   m e a s u r e m e n t s   f r o m  t h i s  e x p e r i m e n t ;   t h e y   a r e  
t h e   v a l u e s   u s e d  i n  t h e   k i n e m a t i c  f i t s  t o   o b t a i n   t h e   o t h e r   m a s s e s .   T h e  
e r r o r s  do n o t   i n c l u d e  an o v e r a l l   m a s s - s c a l e   u n c e r t a i n t y   o f  24 MeV/c2. 

S ta te   mass   (Mev/cZ 1 

~ ~ ( 2 9 7 0 1  2970. 210 
th(30951 3095.00 
~ ( 3 . 1 1 5 )  3412.920.6 
~ ( 3 5 1 0 )  3508.120.6 
x (3555)  3555.321.1 

1 3 ' (3684)  3084.00 

TABLE 6 

B r a n c h i n g   r a t i o s   f o r  $'+x$. 

The nn.P b r a n c h i n g   r a t i o s   a r e   t a k e n   f r o m   t h e   P a r t i c l e   D a t a   G r o u p ' s   R e v i e w  
o f   P a r t i c l e   P r o p e r t i e s   ( 1 9 7 8 ) .   S i n c e   t h e   n u m b e r   o f   d e t e c t e d  v'n-3 
e v e n t s  was u s e d   f o r   n o r m a l i z a t i o n ,   a l l   o t h e r   b r a n c h i n g   r a t i o s  i n  t h i s  
t a b l e   a r e   p r o p o r t i o n a l   t o  B(.P'+ntv-$l. The e r r o r s   g i v e n   i n c l u d e  t h i s  
u n c e r t a i n t y .  

Decay mode T o t a l   b r a n c h i n g   r a t i o  ( % I  f r o m   s e c t i o n  

n+n-?p 33. 23. 
nono3 17. 22. 
83 2 . 8  20.4 
~ ~ ( 3 4 1 5 1 ,   x ( 3 4 1 5 ) + ~ 9   < 0 . 5 6  
~ ~ ( 3 5 1 0 1 ,   x ( 3 5 1 0 1 + ~ 3  2.4  20.6 
rx (35551,   x (3555)+rJ I  1 . 1  2 0 . 3  
TO3 0.15+0.06 

4.3,  5.2 
5 .3  
5.3 
5 .3  
5 .4  

A t  t h i s  t i m e   t h e r e  i s  n o   c a n d i d a t e   s t a t e   f o r   t h e  v c ' .  We have  no  

e v i d e n c e   f o r  i t ,  b u t  i t  c o u l d   e a s i l y   h i d e   u n d e r   t h e   p e a k   f r o m   d i r e c t  4" 
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decays  or  under  the ~ ( 3 5 5 5 )  peak. Theorists  can  easily  adjust  the 

parameters of the  charmonium  potential to make  the vc' very  difficult to 

observe.  The 'P, state is also  unobserved.  This is not  surprising 

because  it  cannot  be  produced  directly i n  e'e- annihilation  or in radia- 

tive .3' decays. 

With  the  deaths  of  the X ( 2 8 3 0 )  and x ( 3 4 5 5 )  states,  the  charmonium 

model  now  agrees  fairly  well  with  the  experimental  data.  Work is now in 

progress  to  extend  the  model  to  the  upsilon  system. 

Studies  of .3' decays  are  interesting  not  only  to  gain  information 

about the charmonium  system,  but  also  as  a  clean  laboratory to study 

other  decays.  Particular  examples of this  are  the  study  of  the IT+IT- 

dynamics in the  decay $'+IT+IT-+ and  the  observation of the  decay $'+=sr0+ 

which  violates  isospin  conservation. 
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