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ABSTRACT 

2 A very narrow resonance with a mass of 3.105 G ~ V / C  is 

+ 
observed in the reaction -( + Be - p + p- + X -  me total 

cross s e c t i o n  fo r  t h i s  process, as well as its t distributio~, 

is g i v e n .  

FERMILAB-PUB-75-143-E



Recently, a -very n a r r o w  r e s o n a n c e  with a m a s s  of 3.105 

2 f -  
G ~ V / C  was o b s e r v e d  i n  n u c l e o n - n u c l e o n  c o l l i s i o n s 1  and e e 

c o l l i s i o n s .  2 , 3  Soon t h e r e a f t e r ,  a s e c o n d  narro-d r e s o n a n c e  

w i t h  a mass of 3.695 G ~ V / C  
2 4 a n d  a n  enhancement  a t  4 . 1 5  

2 5 + - 
G ~ V / C  were o b s e r v e d  i n  e e c o l l i s i o n s .  We r e p o r t  i n  t h i s  

l e t t e r  t h e  preliminary r e s u l t s  of a s e a r c h  f o r  t h e s e  s t a t e s  

4- - 
i n  t h e  r e a c t i o n  -! + Be - p + X. The e x p e r i m e n t  i s  k i n g  

c a r r i e d  o u t  i n  t h e  b r o a d  b a n d  p h o t o n  b2am a t  the Ferrni 

Sational A c c e l e z z t o r  L z l x ~ - a t o r y .  

The p h o t o n s  a r e  o b t a i n e d  f rom a 0 m r  n e u t r a l  bsair which 

is p r o d u c e d  by t h e  i n t e r a c t i o n s  of 300 G e V  p r o t o n s  i n  a 30.5 

c m  Be t a r g z t .  The y t o  n r a t i o  i s  i r q r o v e d  by a f a c t o r  o f  

r o u q h l y  tv?o h u n d r e d  above the y t o  n  r a t i o  a t  p r o d u c t i o n  Sir 

p a s s i n g  the beam t h r o u g h  34 meters of liquid D 
2 -  

Tne D is 2 

c o n t a i n e d  i n  two s m a l l  d i a m e t e r  c r y o s t a t s .  The upstrear 

c r y o s t a t  i s  11.8 m e t e r s  l o n g  a n d  t h e  downst ream c r y o s t a t  i s  

2 2 . 2  meters l o n g .  The n e u t r a l  beam is  c o l l i m a t e d  a t  t h e  u p s t r e a m  

e n d  of the 11.8 neter c r y o s t a t ,  b e t w e e n  t h e  11.8 meter crposta t  
+ - 

a n d  t h e  2 2 . 2  meter c r y o s t a t ,  a n d  f i n a l l y ,  d o w n s t r e a r  o f  the 

2 2 . 2  meter c r y o s t a t .  Each c r y o s t a t  i s  p l z c e d  b e t w e e n  t h e  

po le .  p i e c e s  o f  a se t  of r a g n e t s  which p r o v i d e  a n  a v e r a g e  field 

of 6 kG. 

r-I  he photon  s p n c t r a  a~ t h e  e x p s r i r n e n t a l  tzrcjet is s:?o-..:n 

i.n F i g .  I .  Typicz11y, th? p r o t o n  <ntens?: ty  i s  S e t ~ ~ c e n  2 4: LO 
11 

11 7,. 

a n d  G x 10 p r o t o n s  per  pulse. ~ n e  colli~ators a r e  a 6 j s s " Z  

so t h a t  t h e  kcez  envclopz is 5 . 0  c- v;Lde 2-6 5 . 0  c n  h i 5 5  zt 



t h e  photon t a rge t .  Eighty percent  of the data  presented 

were taken with a 7 . 6  c m  long B 3  t a r g e t ,  while the re~ainder 

was taken with a 15.2 c m  long Be t a r g e t .  

The de tec to r ,  which is  shown i n  F i g .  2 ,  c o n s i s t s  of a 

multiwire proport ional  chamber rragnetic spectrometer a n d  a 

par t ic l -e  identifier. The spzztroneter  nagnet H 2 ,  which has  

a f i e l d  i n t e g r a l  of 20  kG meters, b2nds charged pa r t i c l e s  

v e r t i c a l l y .  Tne Racjnet aper ture ,  which i s  61 c m  high and  

4 0 . 6  crn wide, d e t e r ~ . i n s d  the acccntance of t3e sgez t roneter .  

Each mu 1 tiwire proport ional  chambnr contains  th ree  planes t a ! i t z : ?  

t he  following w i r e  o r i en ta t ion :  The X wires a re  v e r t i c a l ,  t h e  

U and V wires a r e  a t  +11.3O and -11.3O fron the hor izon ta l .  

The wire s p a c i n g  is 2 rrr i n  a l l  p lanes ,  with the exception 

'At..., 2 3 zz. s p z i z -  of the X plane in P 4 ,  which  L--- 2 • 

Tne p a r t i c l e  i d e n t i f i e r  c o n s i s t s  of an e l e c t r o n  (and 

photon) ca lor imeter ,  a hadron ca lor imeter ,  and  a muon i d e n t i f i e r .  

The e lec t ron  calorimeter is  rrade up of a n  u p s t r e a m  and dov:nstream 

s h o ~ ~ e r  counter hodosco2e. Each hodoscope i s  s p l i t  i n t o  two 
?) - 

i d e n t i c a l  halves which a r e  separated hor i zon ta l ly  from each 

o the r  by 10 cm, i n  order t o  a l l o ; ~ ~  the Sszm a n 2  t h e  copiously 

+ - 
prozuced e e pairs t o  pass throxgh. Each upstreaxi hodoscc=z 

counter contains six l a y e r s  of lead an5 plastic, a n d  each 

co'clntcr of t h - 2  doL.;nstrsarn h o S o s c o ; ~ ~  coz ta i - s  sixteen l a y e r s  

of  ].?ad and n l a s t i c .  A I~ayer i s  corpoecd of a 4.8 TTX t h i c ? ~  

p l a s t i c  s c i n t i . l l a t o r  2x2 a  6 . 3  KJ-T th ic? :  Pb s h e e t .  

The  haZron  c a l o r l x e t e r  consists of tT.-:?nty-fo..jr 4 . 4 5  C? 

~tce! plate:. in';erlea!..ed ~ : ( ~ ~  6 .  ?, r n -  cf >!.ast-c ~ci+,t~~l-tt 



A 15  c m  square hole  allows the  beai~il t o  pass  through the  

c a l o r i n e t e r .  The muon i d e n t i f i e r  cons i s t s  of a s t ee l  s h i e l d  

which i s  120 cn; th ick ,  a 2 2  element hor i zon ta l  s c i n t i l l a t i o n  

counter hodosc~pe ,  a second s t e e l  sh ie ld  which i s  60 cm th ick ,  

and an 18 e lenent  v e r t i c a l  s c i n t i l l a t i o n  counter hodoscope. 

The photon bzam i n t e n s i t y  is  monitored continuously Sy 

6 
a 26  r ad ia t ion  length Wilson quantarnster. A t  regular i n t e r v a l s ,  

the photon s p e c t r ~ m  i s  d e t e r ~ i n e d  by measuring the  t o t a l  

f- - 
1 1 n - f - '  c o r e n t x i r  of e e  p a i r s  produced i n  a 0 .04  r a d i a t i o ?  -,., .J -.. 

lead t a r g e t .  The t a r g e t  i s  inse r t ed  i n  t h s  photon beam durin5 

the  c a l i b r a t i o n  runs, i n  f r o n t  o f  a ho r i zon ta l ly  b e n d i n g  di2ole  

+ - 
magnet b!l which opens the e  e pa i r s  so that their nomentun 

can be ~ 3 a s u r e d  i n  the multiwire proportio:?al cha~.S-?r spectro- 

meter. The e l ec t rons  a re  i d e n t i f i e d  by t h e i r  pu lse  heights 

i n  the  e l ec t ron  caloriri-eter.  

Events ~ ~ ~ h i c h  have two or  nore t racks  and which satisfy 

any of the follo-..~ing requirements a r e  recorsed on magnetic 

tape ;  two o r  more muons i n  the muon i d e n t i f i e r ,  two o r  more 

e lec t rons  i n  the  e l ec t ron  calorimeter, one e l e c t r o n  and one  

muon and, f ina l l -y ,  any event *dhich depos i t s  more than a 

preset a ~ o u n t  of energy i n  the hadron zalori~eter. T\%ils 

t h e  track reconstruction of a l l  t l r p e s  of eyients has b e e n  

pcrformcd, o n l y  t 2e  ana1ys i . s  of the d i x u o n  Gats w i l l  be 

presented. For eaeh e v s n t ,  a l l  possLSLe t r a c k s  are  rezonstructed 

frs? the r r .u lc l i . : i re  pro;3or.;ional cl-.a:?5r.r hi", . Zvents \chic?-: 

havz b e t v : s e n  t;.:o iind fi-.-c tracl-- ..s a r e  re ta ined  f o r  L-'t!rt!~er 

T .  a n c 7 I ~ : s i  5 .  ~ c ~ ' r ~  trkc:; ~s e ~ t ~ - ~ p ~ 3  z t z d  LC-:.: to cat- ?la:?c cf 



muon c o u n t e r s ,  and a  c ircle  with a r a d i u s  2 .5  t i n e s  the 

expected  d e v i a t i o n  due t o  m u l t i p l e  s c z t t e r i n g  i s  corpute2. 

Any muon c o u n t e r  with a h i t  which 01-srlaps this c i r c l e  i s  

cons ide red  t o  bz  c o r r e l a t e d  w i t h  t!lz track. A "muon" tr;ick 

i s  r e q u i r e d  t o  have c o r r e l a t e d  hits i n  b o t h  muon c o u n t e r  

p l a n e s .  Fron t h e  p r e v i o u s  szrnple, t 5 e  s u b s a r ? l e  of all 

e v e n t s  w i t h  two muon t r a c k s  i s  e x t r a c t e d .  

The two nuons i l r e  e x t r a p o l a t e 2  3ack t o  t h e  t a r g e t  ta 

d e t e r p i n s  i f  t 3 n  p a i r  cay? froin a  sF: ;~ le  p ~ i n t  t : i t > i n  t2-2 

t a r g e t .  Tie d i s t a n c e  o f  c l o s e s t  ap~roach, t h e  s h o r t e s t  l i n e  

segment connect ing  t h e  two t r a c k s  i n  f r o n t  o f  t h e  magnet,  i s  

r e q u i r e d  t o  be less than  2 . 5  mm. r?e verti?x of t h e  e v e ~ 2  i s  

d e f i n e d  t o  be t h e  r i d p o i n t  of t h i s  L F n s  secjicsnt. I t  m 1 J s 2  Le 

l o c a t e d  vith5.n 2 0  cm oc the k a r T p t  z l o n g  the Ssam d i r e c t i o n .  

The mornenturn of each track i s  csxputed  a s s u n i n g  t h z t  the 

magnet ic  f i e l d  i s  uniform. The rriorc.entum r e s o l u t i o n  i n  the  

l i m i t  of a uniform field i s  c a l c u l a t n d  t o  be kp/p = +O.C2 - 
[p ( i n  G ~ V / C )  /1001. The fo l lowing  k i n e m a t i c  v a r i a b l e s  a r e  

) - 
c a l c u l a t e d  from t h e  rrorenta o f  the tracks: M 

CLIL 
t h e  i n s - a r i a n t  

mass of  t h e  d i ruon  p a i r ;  P ,  t h e  t o t c l  momentun o f  t h e  dLxzon, 

and . ' t ,  t h e  square of t h e  f o u r  m o x e n t ; . ~  t r a n s f e r  t o  t h e  

dirnuon p a i r .  

The ra:c rriass spectrum f o r  a l l  ey;ei1ts w i t h  monenta ;zeater 

t han  80 ~ e ' i ' j c  i s  sho..:n ir, F i g .  3s.. ?ye tv:o principal f e ~ t s r e s  

- - 
of t h i s  <ata, which can hjz s e e n  rzzzlly, z r e  a prspondsrz:ze 



2 by the  B e t h e - H e i t l e r  mechanism, and a p e a k  a t  3.1 G~V/C . 
I t  s h o u l d  be p o i n t e d  o u t  t h a t  t h i s  szz2le \-;as n o t  res t r ic ted  

2 t o  two t r a c k  e v e n t s .  Tie p e a k  a t  3 . 1  G ~ V / C  c o n t a i n s  60 

8 e v e n t s ;  t h e  w i e t h  i s  c o n s i s t e n t  wit:? o u r  e x p z r i r r e n t a l  

r e s o l u t i o n .  W e  a s s o c i a t e  t h e  3 .1  ~ e ~ / c ~  peak w i t h  the 

-t - 
n a r r o w  r e s o n a n c e  which was s e e n  i n  e e a n n i h i l a t i o n s  a n d  

n u c l e o n - n u c l e o n  c o l l i s i o n s .  Hereaf te r ,  o n l y  the e v e n t s  i n  

t h e  mass i n t e r v a l  2 . 8  < Ir. < 3 . 4  ~ e ~ / c ~  w i l l  be d i s c u s s e d .  t: '$ 
- .  S i n c e  t k e  b n 3 3  is n o t  a p x r e  g:-s-~on bza:., i t  i s  

i m p o r t a n t  t o  d e t e r m i n e  w h a t  f r a c t i c x  o? t h e s e  e v e n t s  a r e  

p r o d u c e d  by h a d r o n s .  I n  a companio-  e x p e r i z e n t ,  w e  h a v e  

e l i m i n a t e d  t h e  p h o t o n s  i n  t h e  b e a ~ . w L t h  a l e a d  a b s o r 3 e r  a n 2  

sea rchcd  f o r  t h e  p r z d z c t i o n  o f  t h e  3 . 1  G ~ V / C  r e s o n a n c e  i n 3 u c e d  

by n e u t r o n s .  I n  t h a t  e x p e r i i ~ e n t ,  :(e not o n l y  o b s e r v e d  t h e  

p r o d u c t i o n  of t h e  3 . 1  G ~ V / C  resonants by n e u t r c n s  b u t  a l s o  

mzasured  t h e  p r o d u c t i o n  c r o s s  s e c t i o n  u s i n g  the sarre a p p a r a t u s .  

Our measured  c r o s s  s e c t i o n  i n  t h e  r i e z t r o n  e x p s r i m e n t ,  a n d  t h e  
- * -  

knok?n r a t i o  of p h o t o n s  t o  n e u t r o n s  2 2  the  beam a l l o w s  u s  t o  

d e t e r m i n e  t h e  number o f  e v e n t s  i n  t h i s  e x p e r i i z e n t  i n d u c e d  

b y  n e u t r o n s .  P7e expect  t h a t  f e w e r  t1:a.n 3 e v e n t s  i n  t h i s  

experirricnt o r i g i n a t e d  f r o x  n e u t r o n s  i n  t h e  b s z n .  

The t d i s t r i S - . t i c n  of t h e  r e s z r . z x c e  e v e n t s  i s  s5o1::n ir, 

F i g .  3S .  Five e v e n t s  !.;it:? e x t r z  trz:l<s ~ c ? ? . i c l ~  corr,e frorr t:?~ 

salve i n t ~ r a c t i o n  z r e  i n  this sampls zf 4 8  e v e n t s .  %ere  are 

1 2  c:.7ents :;.iikL -t y r e z t n r  than 0 . 7 .  >c a~ .~e rage  valz-2 o f  - t  

2 . .  for these eT:<>nis 1s 1 . 6  ( G ~ v ~ c )  , :.:-:le L a r q c s t  value of -t 



2 is  5.9 G ~ V / C  . The t d i s t r i b u t i o n  for  a sarple o f  one  

+ - 
t h o u s a n d  e v e n t s  i n  t h e  7 ~7 f i n a l  s t a t e  w i t h  a mass  of t h e  

p meson h a s  a l s o  been s t u d i e d .  The p d a t a  c a n  be f i t t e d  

very :,?ell w i t h  t h z  surn o f  t v o  e x p o n e n t i a l s ,  o n e  w i t h  a s l o 2 e  

of -- 40 ( G ~ v / c ) - ~ ,  w h i c h  is c h a r a c t e r i s t i c  o f  t h e  c o h e r e n t  

s c a t t e r i n g  frox t h e  BQ n u c l e u s ,  a n d  t h e  o t h e r  w i t h  a s l o p e  

of -- 1 0  ( ~ e v / c ) - ~ ,  which  i s  c h a r a c t e r i s t i c  o f  s c a t t e r i n g  from 

s i n g l e  n u c l e o n s  i n  Se. One c a n  a l s o  see t h e s e  sarz f e a t u r e s  

L i n  t h e  t d l s t r i b a t l o n  of t h e  3 . 1  GS~.T/,- r e s o n a n c e .  me 

c u r v e  shown ir! F i g .  3b i s  t h z  c a l c u l a t c ? d  t d i s t r i b u t i o n ,  

c o r r e c t e d  f o r  a c c e 2 t a n c e  a n d  r e s o l u t i o n ,  a s s u m i n g  ds/dt 

( y  + & - 3 . 1 )  i s  p r o p o r t i o n a l  t o  A e bt 
'Ot + A e w h e r e  

A i s  a n  a t o m i c  j~ur,:knr o f  Be  n u c l e u s .  Ice have r rzZe  no  atterr_nt 

- 2  t o  f i t  f o r  b,  b u t  we f i n 2  t h a t  t h e  v a l u e  of 4 ( G ~ v / c )  i s  

q u i t e  c o n s i s t e n t  w i t h  o u r  da t a .  We c o n c l u d z ,  t h e r e f o r e ,  that 

2 t h e  3 . 1  Gev/c r e s o n a n c e  i s  p h o t o p r o d u c e d  d i f f r a c t i v e l y  o n  

t h e  Ee n u c l e u s .  The s imples t  e x p l a n a t i o n  f o r  t h i s  b e h a v i o r  

2 
i s  t h z t  t h 2  3 . 1  G ~ V / C  r e s o n a n c e  c o u p l e s  d i r e c t l y  t o  t h e  * - 
p h o t o n  i n  t h e  s a F e  way a s  t h e  p ,  LU, a n d  $ do .  I n  F i g .  3 c ,  w e  

show t h e  total rr io~entum d i s t r i b u t i o n  o f  t h e  d i r u o n .  

- ' l C e  have  n o t  a t t c r r p t e d  a t  t h i s  t i m e  t o  e x c l u 2 e  t h e  ey:e?,ts 

which do n ~ t  c o r e   fro^ e i t h e r  c o h e r c n t  s c a t t e r i n g  fro:r 52 o r  

q u a s i - e l a s t i c  s c a t t e r i n g   fro^ a s i n g l e  nucl.eon. The c r o s s  

s e c t i o ?  is c a l c c l z t e d  2s follo:c:s: The total f l u x  o f  photons 

af-,ovc E 3  ~ e ~ , : / c  !.;as d e t e r ~ i n . z c ?  fron: t h e  t o t a l  e n e r g y  x ? h c ~ i ~ - 3 d  

by  t h z  q c a n i a m z t e r  azd tile p h o t o n  e n z r s y  s p ? c t r x x  shc-.cn F R  



F i g .  1. A c o r r e c t i o n  of 1 . 2  was made for e l e c t r o n i c s  d e a d t i ~ e .  

A f t e r  c o r r e c t i n g  t h e  g e o i ? . e t r i c  a c c e ? t a n c e ,  la:e o b t a i n  

0(')'+& - 3.1+~) = 1 6  - + 5 n b / n u c l e u s  . 
L p+,L- 

The q u o t e d  e r ror  i n c l u d e s  b o t h  t h e  s t a t i s t i c a l  error a n d  t h e  

u n c e r t a i n t i e s  i n  t h e  a b s o l u t e  f l u x  and the a c c e p t a n c e  c a l c u l a t i o ;  

I n  o r d e r  t o  d e t e r m i n e  t h e  t o t a l  cross s e c t i o n  fo r  t h e  

2 
3.1 G ~ V / C  r e s o z a n c e  o n  n u c l e o n s ,  t;z f i r s t  e x t r a c t  f r o m  o u r  

data t h s  d i f  ferzntial cross  s e c t i o n  

&(y+p , 3.1+P) I 
d t  t = O  

u s i n g  t h e  r e l a t i o n :  

By a s s u m i n g  V s c t o r  D o n i n a n c e  a n d  the O p t i c a l  Tneorem,  b y  l e t t i n g  

t h e  f o r w a r d  s c a t t e r i n g  a m p l i t u d e  be p u r e l y  i m a g i n a r y ,  and  by 

t a k i n g  t h e  w i d t h  of t h e  3 . 1  ~ e ~ / c ~  t o  be 6 k e V  a n d  t h e  

b r a n c h i n g  r a t i o  of t h e  d e c a y  t o  2 muons o v e r a l l  t o  be 0 . 0 7 ,  - * 
w e  o b t a i n :  

9 , l O  

S i n c e  t h e  i i i a y n i t u z e  of t h i s  cross s e c t i o n  i s  too l a r g z  . . 
fo r  a v;eal: i n t e r a c t i o n  o r  a n  electra:: ;agn-3ti-c p r o c e s s ,  wz 

2 
c o n c l u d c  t h z t  t h e  3 . 1  G ~ V / C  r e s o n a n c e  i s  a haGron.  

TJe s u m z a r i z e  o u r  c o r i c l u s i o n s  c o n c e r n i n g  t h e  3 . 1  G,~V/C  
2 



3 .  The f r a c t i o n  of e v e n t s  p roduced  with l a r g e  morrentun 

t r a n s f e r  is s u r p r i s i n g l y  l a r g e .  
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Evzn t s  w i t h  rsore t h a n  two t r a c k s  are  c a n d i d a t e s  f o r  the 

3.7 G e V  r e sonance .  Hov?ever, over 80% o f  o u r  events have  

only t ~ c  t r a c k s  a n d  i s  i d c n t i Z i z 2  ;:ith t hc  3 .2 .  G c T J  resczancs,  

3 
P r o f e s s o r  B. R i c h t e r  has  k i n d l y  p r o v i d e d  u s  w i t 1 1  t h e i r  

rev5-sed v a l u e s  of t h e  b r a n c h i n g  r a t i o .  

1 0  
While  t h e s e  assurr ,pt ions a r e  r e a s o n a b l e  f o r  o t h e r  p r o c e s s e s ,  . 

* w e  have  no e v i d e n c e  f o r  t h e i r  v a l i d i t y  i n  this r e a c t i o 3 .  



F i g u r e  Capt ions  

F i g .  1 Photon energy spectrum observed a t  photon target 

wi th  the cryostat filled with l i q u i d  D 
2' 

F i g .  2 Layout o f  d e t z c t o r s  i n  experircental  enclosure. 

Fig .  3a Dircuon i n v a r i a n t  m a s s  d i s t r i b u t i o n  observed aSove 

1.2 GeV.  

3b OSserved t d L s t r i b u t i o n  fo r  events i n  3.1 GeV 

peak o f  ( a ) .  

3c Ohser..red la>oratoory r.-,-,:,zntcx, s-,?ctrl;;;l of these 

events (b), shown wi th  t h e  photon energy spectrum 

super i~ .?osed .  














