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A B S T R A C T

R e s u lts  a r e  p r e s e n te d  fro m  a B E B C  beam  d u m p  e x p e r im e n t  c a r ­

r ie d  o u t  a t  C E R N  in  1 9 8 2 . T h e  4 0 0  G e V  p ro to n s  fro m  th e  s u p e r  

p ro to n  s y n c h r o t r o n  w e r e  b u r ie d  in  a m a s s iv e  d e n s e  t a r g e t  w h ic h  

a b s o rb e d  th e m  a lm o s t e n t i r e ly .  B y  m in im is in g  th e  d e c a y  p a th  o f  

t h e  s e c o n d a r ie s , t h e  n e u tr in o  f lu x e s  fro m  lo n g  l iv e d  p a r t ic le s

s u ch  as p io n s  a n d  kao n s  w e re  s t r o n g ly  s u p p re s s e d , h o w e v e r  f o r
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p a r t ic le s  w ith  life t im e s  less th a n  10 s , th e  d e c a y  le n g th  w as  

o f  th e  o r d e r  o f  o r  less th a n  th e  in te r a c t io n  le n g th  a n d  m ost o f  

th e s e  p a r t ic le s  h a d  t im e  to  d e c a y  g iv in g  r is e  to  t h e  so c a lle d  

p ro m p t n e u tr in o s .

T h e  c h a r a c te r is t ic s  o f  th e  p ro m p t n e u tr in o s  h a v e  b een  s tu d ie d  

a n d  t h e i r  f lu x  e s t im a te d . T h e  r a t io  o f  th e  p ro m p t e le c tro n  n e u ­

t r in o  f lu x  to  p ro m p t m uon n e u tr in o  f lu x  is e s t im a te d . A  c o m p a r­

ison is m ade w ith  th e  p re v io u s  r e p o r te d  v a lu e s  o f  th is  r a t io .  

T h e  r a t io  o b ta in e d  in  th is  e x p e r im e n t  is c o m p a tib le  w ith  th e  v a l ­

u e  o f u n i t y ,  e x p e c te d  fro m  e le c tro n -m u o n  u n iv e r s a l i t y .  A tte m p ts  

a r e  m ad e  to  lo o k  f o r  in te ra c t io n s  in d u c e d  b y  ta u  n e u tr in o s  u s in g  

s e v e ra l d i f f e r e n t  k in e m a tic a l m e th o d s . A n  e s tim a te  o f  th e  N e u ­

t r a l  C u r r e n t  (N C )  to  C h a rg e d  C u r r e n t  (C C )  r a t io  is m ade f o r  

e v e n ts  w ith  h a d ro n ic  e n e rg ie s  a b o v e  10 G e V . T h e  o b s e rv e d  r a ­

t io  is c o m p a tib le  w ith  th e  v a lu e s  o b s e rv e d  in  n o rm al n e u t r in o  e x ­

p e r im e n ts .
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T h e  h a d ro n ic  b a c k g r o u n d  f o r  e v e n ts  w ith  h a d ro n ic  e n e rg ie s  

b e lo w  10 G e V  is e s tim a te d  a n d  th e  N C  to  C C  ra t io  is o b ta in e d  a t  

th e s e  e n e r g ie s .  C o n t r a r y  to  p re v io u s  r e p o r ts  no e v id e n c e  f o r  

e x c e s s  o f N C  e v e n ts  b e lo w  h a d ro n ic  e n e r g y  10 G e V  is o b s e r v e d .  

No c le a r  e v id e n c e  f o r  ta u  n e u tr in o  in te r a c t io n  is o b s e rv e d  a n d  an  

u p p e r  lim it is s e t  f o r  th e  f r a c t io n  o f  th e  o b s e rv e d  e v e n ts  d u e  to  

ta u  n e u tr in o  in te r a c t io n s .  A s s u m in g  th e  p ro m p t n e u tr in o  p r o ­

d u c tio n  to  b e  d u e  to  c h a rm e d  p a r t ic le  d e c a y s , an e s tim a te  o f  th e  

c h a rm  p ro d u c t io n  c ro s s -s e c t io n  in h a d r o n -h a d r o n  c o llis io n s  is 

m a d e .
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C h a p te r  I 

IN T R O D U C T IO N

T h is  th e s is  is a b o u t a n e u t r in o  beam  d u m p  e x p e r im e n t  c a r r ie d  

o u t  a t  C E R N  in  1982 u s in g  T h e  B ig  E u ro p e a n  B u b b le  C h a m b e r  

(B E B C )  as th e  d e te c to r  [ 1 ] ,  T h e  beam  d u m p  e x p e r im e n ts  h a v e  

b e e n  a s u ita b le  w a y  to  s e a rc h  f o r  new  p h en o m en a  in  h a d r o n -h a ­

d ro n  c o llis io n s . T h e  te rm  'b eam  d u m p ' r e fe r s  to  th e  f a c t  t h a t  

th e  in c id e n t  beam  p a r t ic le s  a r e  b u r ie d  in  a m a s s iv e  d e n s e  t a r g e t  

w h ic h  a b s o rb s  th e m  a lm o st e n t i r e ly .  T h e  m ost l ik e ly  p e n e t r a t in g  

p a r t ic le s ,  u n h in d e r e d  b y  th e  t a r g e t ,  w ill  b e  th e  n e u tr in o s  com ing  

fro m  th e  d e c a y  o f  s e c o n d a r ie s . B y  m in im is in g  th e  d e c a y  p a th  o f  

th e s e  s e c o n d a r ie s , th e  n e u tr in o  f lu x e s  fro m  lo n g  l iv e d  p a r t ic le s

su ch  as p io n s  a n d  kao n s  a r e  s t r o n g ly  s u p p r e s ^ d , h o w e v e r  f o r
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p a r t ic le s  w ith  life t im e s  less th a n  10 s th e  d e c a y  p a th  le n g th  is 

o f th e  o r d e r  o f  o r  less th a n  in te r a c t io n  le n g th  a n d  m ost o f  th e s e  

p a r t ic le s  h a v e  t im e  to  d e c a y  b e fo r e  b e in g  a b s o rb e d .

B o th  c h a rg e d  a n d  n e u tr a l le p to n s  a r e  p ro d u c e d  in  th e  p u r e ly  

le p to n ic  a n d  s e m ile p to n ic  d e c a y  m odes o f th e  s h o r t  l iv e d  p a r t i ­

c le s . T h e  le p to n s  fro m  th e  d e c a y  o f  th e s e  s h o r t  l iv e d  p a r t ic le s  

a r e  r e fe r e d  to  as p ro m p t  w h ile  th e  ones fro m  th e  d e c a y  o f lo n -  

g liv e d  p a re n ts  a r e  c a lle d  c o n v e n t io n a l.  T h e  p ro m p t n e u tr in o s  

p ro d u c e d  can  b e  d e te c te d  a n d  g iv e  in fo rm a tio n  a b o u t v e r y  s h o r t

-  1 -



2

l iv e d  p a r t ic le s  p ro d u c e d  in h a d r o n -h a d r o n  c o llis io n s . N ew  p r o ­

cesses  w ith  v e r y  sm all c ro s s -s e c t io n s  w ill  in  th is  w a y  h a v e  a 

c h a n c e  to  sh o w  u p  a b o v e  th e  b a c k g r o u n d . N ew  ty p e s  o f  n e u t r i ­

nos p ro d u c e d  fro m  th e  d e c a y  o f  h e a v y  m esons o r  fro m  th e  d e c a y  

o f h e a v y  le p to n s  can b e  d e te c te d .  In  a d d it io n  s e a rc h  can b e  

d o n e  f o r  n ew  u n e x p e c te d  e f fe c ts ,  a x io n s , s u p e rs y m m e tr ic  p a r t i ­

c le s , e tc .

1 .1  P R E V IO U S  B E A M  D U M P  E X P E R IM E N T S

Beam  d u m p  e x p e r im e n ts  w e r e  f i r s t  s u g g e s te d  b y  P o n te c o rv o  as a

m e th o d  o f  s e a rc h in g  f o r  a l t e r n a t iv e  n e u tr in o  s o u rc e s  [ 2 ] .  T h e

f i r s t  C E R N  beam  d u m p  e x p e r im e n t  w as c a r r ie d  o u t  in  1971 u s in g

th e  2 6  G e V  PS p ro to n  beam  a n d  th e  G a rg a m e lle  b u b b le  c h a m b e r

as th e  d e te c to r  [ 3 ] .  T h is  e x p e r im e n t  s e t lim its  on th e  p r o d u c -

Y
t io n  o f  h e a v y  n e u tr a l  le p to n s , w ith o u t  o b s e v in g  a n y  p ro m p t s ig ­

n a l. I t  w as fo llo w e d  in  1977 b y  t h r e e  C E R N  beam  d u m p  e x p e r i ­

m en ts  m a k in g  u se  o f  th e  4 0 0  G e V  p ro to n  beam  fro m  th e  SPS  

[ 4 - 6 ] .  T h e  d e te c to rs  u sed  w e r e  th e  tw o  b u b b le  c h a m b e rs  B E B C  

a n d  G a rg a m e lle  a n d  th e  C D H S  c o u n te r  s e t - u p .  T h e s e  e x p e r i ­

m en ts  e s ta b lis h e d  th e  e x is te n c e  o f  a p ro m p t e le c tro n  n e u tr in o  

s ig n a l w h ic h  w as assu m ed  to  o r ig in a te  fro m  d e c a y s  o f  c h a rm e d  

p a r t ic le s ,  p ro d u c e d  w ith  a c ro s s -s e c t io n  a t  le a s t o n e  o r d e r  o f  

m a g n itu d e  la r g e r  th a n  p re v io u s  l im its .

In  1979 t h r e e  beam  d u m p  e x p e r im e n ts  w e re  p e r fo rm e d  a t  

C E R N  u s in g  B E B C  a n d  th e  C H A R M  a n d  C D H S  d e te c to rs  [ 7 - 9 ] .  

T h e  m ain re a s o n s  f o r  th e s e  e x p e r im e n ts  w e r e :
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1. To allow longer run periods, thus estimate of prompt 

rates with b ette r statistical accuracy;

2. To investigate the previous rate discrepancies and obtain 

the prompt rates by extrapolation using 2 dump densities;

3. To disprove K°'s as source of v source;
r  e

4. To measure the conventional f lu x .

These experim ents confirmed the prompt electron neutrino flu x , 

and a v signal was also found. The "v signal, on the other 

hand was seen by BEBC and CHARM only, in spite of the larger 

statistics of the CDHS group [9 ] ,  and therefore  needed confirma­

tion . On the o ther hand CHARM [8] reported an unexpected 

excess of low energy (< 20 GeV) events w ithout final state 

charged leptons. I f  real, this effect would be a clear indication 

of some new process. The question most obviously in need of 

clarification , however, was the observed ratio of prompt electron 

to muon neutrino interactions. Table 1 shows the value of this 

ratio fo r the th ree  experiments and fo r the two d iffe ren t back­

ground subtraction methods. Decays of charmed particles would 

give a unit ratio as a consequence of e-y  un iversa lity . If taken 

at face value, the results indicate a ratio less than un ity . It  is 

possible, however, th a t there  is some common systematic e rro r, 

since the th ree  detectors were in the same beam-line.

To settle the questions raised by the CERN 1979 results four 

d iffe ren t groups performed beam dump experiments at CERN and 

in Fermilab in 1981-1982. The major improvements fo r CERN ex­

periments over previous setups were:
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TABLE 1 |

Prompt e /y  ratios from the CERN 1979 beam dump experiments |

1 Experiment BEBC CDHS CHARM |

je /y  (e x tra p .) 0 .78±0.20±0.24, 0.49±0.21 |

|e /y  (s u b tr .)  0 .59+ 0 .35 -0 .21 ,
i

0 .56± 0 .07± 0 .19, 0 .48±0 .12±0 .10 |
i

i) Protons were transported through the vacuum all the  

way to the shielding and the dumps were installed  

th ere . As a result the source of prompt neutrinos was 

closer to detectors resulting in a solid angle acceptance 

about four times as large;

ii) There was more systematic monitoring of proton interac­

tions upstream of the dump by means of increasing the  

number of beam loss monitors from 8 to 24;

iii) Better knowledge of conventional flu x  from partic le pro­

duction measurements in proton-copper collisions in 

spectrometer experim ents.

In addition to improvements in the general layout, the following 

improvements were made to BEBC:

a) BEBC was equipped with a picket fence allowing better  

muon detection efficiency and association of neutral hadron 

induced events to neutrino interactions outside BEBC, thus  

reducing the background in the NC sample;
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b) The installation of a high resolution camera allowed de­

tailed vertex  studies in a subsample of events.

1 .2  T H E  F E A T U R E S  O F  B E A M  D U M P  E X P E R IM E N T S

Given the small production cross-section fo r the very  short lived 

partic les , and th e ir  leptonic and semileptonic branching ratios of 

few percent we expect:

1. A low event rate;

2. A substantial fraction of electron neutrino induced 

events;

3. A fin ite  chance to see tau neutrino interactions;

4. A chance to observe or put an upper limit on the produc­

tion of axions, susy particles and heavy neutrino decays.

Given the above facts , one can fin a lly  add that compared to the  

normal neutrino experiments the beam dump experiments have a 

d iffe ren t feature in that they look at the neutrino production 

and qualities of the neutrinos themselves, rather than using 

them as probes only.

1 .3  T H E  S C H E M E  O F  T H IS  T H E S IS

This thesis is organised in the following way: Chapter 2 de­

scribes the whole experimental setup with emphasis on the beam 

line, the targets , the muon flux  monitors, the bubble chamber 

and the electronic detectors associated with charged track  and 

muon identification. The content of this chapter is based upon
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m y  e x p e r ie n c e  o f  a t t e n d i n g  d a ta  t a k i n g  r u n s  t o g e t h e r  w i t h  i n f o r ­

m atio n  a v a i la b le  in v a r io u s  fo rm s  a b o u t  t h e  in d iv id u a l  d e t e c t o r s .  

W h e r e  a p p l ic a b le ,  r e l e v a n t  r e fe r e n c e s  a r e  g iv e n  in t h e  t e x t  f o r  

t h e  in t e r e s t e d  r e a d e r .

C h a p t e r  3 d ea ls  w i t h  t h e  t a s k  o f  s c a n n in g  an d  m e a s u r in g  t h e  ra w  

d a t a .  T h e  ru le s  g o v e r n i n g  t h e  s a n n in g  a n d  m e a s u r in g  w e r e  s e t  

b y  t h e  c o l la b o r a t io n  a n d  w e r e  a p p l ie d  in t h e  in d iv id u a l  l a b o r a t o r ­

ie s .  A g a in  I a c t i v e l y  to o k  p a r t  in s c a n n in g  a n d  c h e c k in g  t h e  

q u a l i t y  o f  m e a s u re m e n ts  in c lo se  c o l la b o ra t io n  w i th  m y o t h e r  c o l ­

le a g u e s  a n d  t h e  s c a n n in g  a n d  m e a s u r in g  s t a f f  in Im p e r ia l  C o l ­

le g e .

C h a p t e r  4 d ea ls  w i th  c o r r e c t io n s  r e q u i r e d  to  th e  d a ta  b e c a u s e  o f  

v a r io u s  in e f f ic ie n c ie s  a s s o c ia te d  w i th  t h e  d e t e c t o r s .  T h e  c o n t e n t  

o f  th is  c h a p t e r  is l a r g l y  b a s e d  upon  m y own w o r k ,  a l th o u g h  

w h e r e  a p p l ic a b le  a p p r o p r i a t e  r e fe r e n c e s  a r e  m ade a n d  o t h e r  i n ­

d e p e n d e n t  e s t im a te s  q u o t e d .

C h a p t e r  5 d is c u s s e s  t h e  c r i t e r i a  used  in s e le c t in g  t r a c k s  a n d  

e v e n t s  f o r  p h y s ic s  a n a ly s is .  T h e s e  s e le c t io n  c r i t e r i a  w e r e  

a d o p te d  b y  th e  w h o le  c o l la b o r a t io n  an d  ch o sen  as s t a n d a r d  c u ts  

a p p l ie d  to  t h e  d a t a .  T h i s  c h a p t e r  also c o n s id e rs  t h e  u s u a l  k i n e -  

m atica l  p a r a m e te r s  a s s o c ia te d  w i th  C C  e v e n ts  a n d  g iv e s  t h e i r  

c o r r e c t e d  ra te s  u s in g  e s t im a te d  e f f ic ie n c ie s  f ro m  c h a p t e r  4 .
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C h a p t e r  6 d e a ls  w i t h  t h e  p r o m p t  c h a r g e d  c u r r e n t  e v e n t  r a te s .  

B e c a u s e  o f  im p o r ta n c e  o f  th is  to p ic  m a n y  p e o p le  c o n t r i b u t e d  to  

v a r io u s  e s t im a te s  a n d  t h e  f in a l  r e s u l t s .  T h e  c o n v e n t io n a l  b a c k ­

g r o u n d  e s t im a te  f o r  t h e  s u b t r a c t io n  m eth o d  w as d o n e  b y  R u t h e r ­

f o r d  an d  C E R N  g r o u p s .  T h e  p r o m p t  ra te s  f ro m  t h e  s u b t r a c t io n  

a n d  e x t r a p o la t io n  m e th o d s  w e r e  a lso  e s t im a te d  b y  o t h e r  m em b ers  

o f  c o l la b o ra t io n  n a m e ly  C E R N ,  S to c k h o lm ,  Bonn a n d  O x f o r d  

g r o u p s .  T h e  ra te s  f o r  t h r o u g h - g o i n g  m uons w e r e  e s t im a te d  b y  

R u t h e r f o r d ,  C E R N  a n d  B onn g r o u p s  a n d  a r e  q u o te d  h e r e .  T h e  

g e n e r a l is e d  le a s t  s q u a r e s  f i t s  to  p r o m p t  ra te s  u s in g  a ll in fo r m a ­

t io n  in c lu d in g  th o s e  f r o m  t h r o u g h - g o i n g  m uons w e r e  o b ta in e d  b y  

S to c k h o lm  g r o u p  a n d  a r e  q u o te d  in th is  c h a p t e r .

C h a p t e r  7 c o v e r s  t h e  N C  s a m p le .  I t  g iv e s  an e s t im a te  o f  t h e  

h a d r o n ic  b a c k g r o u n d  in t h e  o b s e r v e d  N C  sam ple  f o r  v a r io u s  h a ­

d r o n  e n e r g y  c u t s .  I t  a lso  d is c u s s e s  v a r io u s  c o r r e c t io n s  n e e d e d  

in o r d e r  to  e s t im a te  t h e  n u m b e r  o f  m is id e n t i f ie d  C C  e v e n ts  in t h e  

o b s e r v e d  N C  sam p le  a n d  co m p a re s  t h e  r e s u l ts  w i th  v a lu e s  o b ­

t a in e d  f o r  t h e  N C  to  C C  r a t io  u s in g  k in e m a t ic a l  m e th o d s .  S im i la r  

e s t im a te s  w e r e  a lso  m ade b y  S to c k h o lm  a n d  O x f o r d  g r o u p s .  T h is  

c h a p t e r  a lso  d is c u s s e s  t h e  im p l ic a t io n  o f  t h e  N C  to  C C  r a t io  o b ­

t a in e d  a n d  c o m p a re s  t h e  r e s u l ts  f r o m  th is  e x p e r im e n t  w i th  s im i la r  

r e s u l ts  f r o m  c o n v e n t io n a l  n e u t r in o  e x p e r im e n t s .  I t  a lso  d is c u s s ­

es t h e  e x c e s s  o f  so c a l le d  low e n e r g y  N C  e v e n ts  r e p o r t e d  b y  

C H A R M  beam  d u m p  c o l la b o r a t io n .
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C h a p t e r  8 d e a ls  w i t h  an im p o r t a n t  a s p e c t  o f  beam  d u m p  e x p e r i ­

m e n ts  w h ic h  is s e a rc h  f o r  ta u  n e u t r i n o  in t e r a c t io n s .  I t  c o n s id ­

e r s  t h e  p o s s ib le  s o u rc e s  o f  v a n d  d is c u s s e s  th e  k in e m a t ic s  o f  vI T
i n t e r a c t io n s  in t h e  b u b b le  c h a m b e r .  T h i s  c h a p t e r  p r e s e n t s  a 

n e w  a n d  e f f i c i e n t  m e th o d  u s e d  to  e s t im a te  th e  n u m b e r  o f  v T
c h a r g e d  c u r r e n t  in te r a c t io n s  in t h e  b u b b le  c h a m b e r .  I t  co m ­

p a r e s  t h e  r e s u l ts  o b ta in e d  f r o m  t h is  m e th o d  w ith  o t h e r  m eth o d s  

u sed  to  e s t im a te  t h e  n u m b e r  o f  in t e r a c t i o n s .  I t  a lso p u ts  l im ­

its  on t h e  D / D  c r o s s -s e c t io n s  r a t io .  T h e  r e s u l ts  f r o m  th is  s

c h a p t e r  h a v e  s in c e  b een  p u b l is h e d .  T h e  m eth o d  u sed  w as  d e v e l ­

o p e d  in c lose  c o l la b o ra t io n  w i th  W i l b u r  V e n u s  a n d  Jon G u y  a t  

R u t h e r f o r  ,d la b o r a t o r y  w i th  c o n t r i b u t i o n s  f ro m  S to c k h o lm  a n d  

C E R N  g r o u p s .

F in a l ly  c h a p t e r  9 c o n c lu d e s  on t h e  r e s u l ts  o f  p r e v io u s  c h a p t e r s  

a n d  c o n s id e r s  t h e  im p o r ta n c e  o f  t h e  r e s u l ts  o b t a in e d .



E X P E R I M E N T A L  S E T U P

Chapter II

T h e  beam  in t h i s  e x p e r im e n t  w a s  t h e  4 0 0  G e V  P ro to n  beam  w h ic h  

w as  e je c te d  f r o m  t h e  C E R N  S u p e r  P ro to n  S y n c h r o t r o n  ( S P S ) .  

F i g u r e  1 show s t h e  t h e  n e u t r in o  beam  l in e  s e t  u p .  A f t e r  a 2 5 . 5  

m il l i r a d ia n  b e n d ,  t h e  p r o to n s  e n t e r e d  t h e  beam  l in e .  T h e  p r o ­

to n s  w e r e  d e l i v e r e d  p u ls e  b y  p u ls e  in s p i l ls  o f  23  m ic ro s e c o n d s ,

c o r r e s p o n d in g  to  o n e  r e v o lu t io n  o f  t h e  SPS in t e r n a l  p r o to n  beam

13
a lo n g  t h e  6 . 9 k m  c i r c u m f e r e n c e .  A b o u t  10 p r o to n s  w e r e  e x ­

t r a c t e d  in a s in g le  p u ls e .  T h e  p r o to n  beam  e x t r a c t e d  f ro m  t h e  

SPS w as t r a n s p o r t e d  t h r o u g h  t h e  s t a n d a r d  w id e  b a n d  m a g n e t ic  

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

T h e  p r o to n  t r a n s p o r t  beam  p ip e  w as  e q u ip p e d  w i th  24  io n is a ­

t io n  c h a m b e rs  w h ic h  m e a s u re d  t h e  io n is a t io n  c o m in g  f r o m  p o s s ib le  

in te r a c t io n  o f  t h e  p r o to n s  w i t h  t h e  beam  p ip e  ( t h e  so c a l le d  beam  

s c r a p i n g ) .  T h e s e  io n is a t io n  c h a m b e r s  ( s c r a p in g  m o n i to r s )  w e r e

c a l ib r a t e d  b y  p la c in g  A lu m in iu m  fo i ls  o f  70  m ic ro m e tre s  th ic k n e s s

- 5  - 3in to  t h e  beam  a n d  s im u la t in g  beam  losses o f  10 -  10 a t  d i f ­

f e r e n t  p o s i t io n s .  T h e  beam  i n t e n s i t y  w as  m e a s u re d  b y  t h r e e  i n ­

d e p e n d e n t  Beam C u r r e n t  T r a n s f o r m e r s  ( B C T )  a t  d i f f e r e n t  p o s i ­

t io n s  a lo n g  t h e  beam  l in e .  T h e  beam  p o s it io n  im m e d ia te ly  b e fo r e

2.1 BEAM LINE

-  9 -
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t h e  t a r g e t  w as  m o n ito re d  b y  tw o  p o s it io n  s e n s i t iv e  c o u n te r s  j u s t  

in f r o n t  o f  t h e  t a r g e t .  T h e  s ig n a ls  f r o m  all t h e  m o n ito rs  w e r e  

r e c o r d e d  f o r  each  beam  s p il l  a n d  w e r e  u s e d  la t e r  in t h e  d a ta  

a n a ly s is  s ta g e  in o r d e r  to  e x c lu d e  b a d  e v e n ts  a n d  r e d u c e  t h e  

b a c k g r o u n d  o f  f a k e  p r o m p t  e v e n ts  f ro m  p o s s ib le  b e a m -p ip e  i n t e r ­

a c t io n s .

2 . 2  T H E  T A R G E T

In  t h e  beam  d u m p  t h r e e  in te rc h a n g d tb le  t a r g e t s  o f  d i f f e r e n t  d e n ­

s i t ie s  w e r e  u s e d .  T h e s e  a r e  sh o w n  in f i g u r e  2 .  T h e  f u l l  d e n s i ­

t y  t a r g e t  w as  a 3m  long  so lid  c o p p e r  b lo c k  o f  d e n s i t y  9 . 0  g m /  

3
cm . T h e  h a l f  a n d  o n e  t h i r d  d e n s i t y  t a r g e t s  w e r e  o b ta in e d  b y

s p a c in g  c o p p e r  d is k s  o f  2 .5 c m  th ic k n e s s  w i th  2 .5 c m  a n d  5 .0 c m  o f
3

a i r  r e s p e c t i v e l y .  In  th is  w a y  e f f e c t i v e  d e n s i t ie s  o f  4 . 5  g m /c m  

3
a n d  3 . 0  g m /c m  w e r e  a c h ie v e d .  B e h in d  t h e  d u m p  a 3m lo n g  w a ­

t e r  coo led  so lid  c o p p e r  b lo c k  ( c a t c h e r )  w as in s ta l le d  to  a b s o r b  

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

U n l ik e  t h e  p r e v io u s  beam  d u m p  e x p e r im e n ts  a t  C E R N ,  in th is  

e x p e r im e n t  t h e  t a r g e t  a n d  t h e  c a t c h e r  w e r e  p la c e d  j u s t  in f r o n t  

o f  i ro n  s h ie ld in g .  T h i s  m e a n t  t h a t  t h e  p r o to n  beam  w as  t r a n s ­

p o r t e d  t h r o u g h  t h e  v a c u u m  all t h e  w a y  to  t h e  iro n  s h ie ld in g  r e ­

s u l t in g  in a l a r g e r  so lid  a n g le  f o r  t h e  d e t e c t o r .  T h e  f r o n t  o f  

t h e  d u m p  w as 4 0 5 .9 m  f r o m  t h e  c e n t r e  o f  t h e  B E B C  c o m p a re d  to  a 

d is ta n c e  o f  8 2 1 .2 m  in t h e  p r e v o iu s  B E B C  beam  d u m p  e x p e r im e n ts  

r e s u l t in g  in g a in  in  so lid  a n g le  o f  4 . 0 8 .



F i g u r e  2 : D u m p s  u s e d  in t h is  e x p e r i m e n t
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In s id e  t h e  i ro n  s h ie ld in g  t h e r e  w e r e  s ix  g a p s  h o u s in g  a s y s te m  

o f  so lid  s ta te  d e te c to r s  w h ic h  m e a s u re d  t h e  muon f l u x .

F o r  o u r  p u r p o s e ,  o n ly  t h e  f i r s t  f o u r  g a p s  w e r e  u s e d .  T h e  

s t a n d a r d  g e o m e t r y  o f  d e t e c t o r  p o s it io n s  in one g a p  is s h o w n  in 

f i g u r e  3 .  A s  can  b e  seen  f r o m  t h is  f i g u r e ,  th e  d e t e c t o r  b o x  a l ­

lows f u l l  d e t e c t o r  c i r c le s  a t  r a d i i  o f  150mm, 300m m , 450m m ,  

600mm a n d  750m m . O n l y  t h e  f i r s t  t h r e e  c irc le s  w e r e  u s e d .  R e -  

f e r i n g  to  f i g u r e  3 , t h e  p o s it io n s  a r e  n u m b e re d  'n m ' w h e r e  n is 

t h e  a n g le  in u n i ts  o f  tt/ 4  a n d  m is t h e  r a d iu s  in u n i ts  o f  150mm.

T h e r e  w e r e  tw o  m ain p ro b le m s  w i th  th e s e  d e te c to r s :

1 . T h e i r  p u ls e  h e ig h ts  w e r e  n o t  p r o p o r t io n a l  to  t h e  c h a r g e  

p a s s in g  t h r o u g h .

2 .  I t  w as  n o t  p o s s ib le  to  m a n u f a c t u r e  th e m  in su c h  a w a y  

t h a t  u n d e r  e q u a l  c o n d i t io n s ,  d i f f e r e n t  d e te c to r s  g a v e  

id e n t ic a l  s ig n a ls .

So each  d e t e c t o r  h a d  to  b e  c a l ib r a t e d  i n d i v i d u a l l y .  T h i s  w as  

d o n e  d u r i n g  w id e  b a n d  r u n n i n g  p r i o r  to  t h e  beam  d u m p  e x p e r i ­

m e n t .  T h e  e r r o r  on t h e  c a l ib r a t io n  w as  e s t im a te d  to  b e  6% [ 1 0 ] .  

T h e  a b s o lu te  c a l ib r a t io n  o f  th e s e  d e te c to r s  w as d o n e  b y  c o m p a r i ­

son o f  t h e i r  o u t p u t  p u ls e  h e ig h ts  w i th  t h e  n u m b e r  o f  muon  

t r a c k s  f o u n d  in n u c le a r  e m u ls io n ,  w h ic h  w as p la c e d  im m e d ia te ly  

u p s t r e a m  o f  t h e  c o u n t e r s  f o r  a f e w  beam  p u ls e s .

2.3 THE MUON DETECTORS



F i g u r e  3 :  T h e  s t a n d a r d  g e o m e t r y  o f  a d e t e c t o r
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B E B C  has b e e n  d e s c r ib e d  in m a n y  p u b l ic a t io n s ,  so its  d e s c r i p ­

t io n  w i l l  b e  b r i e f  a n d  m ain a t te n t io n  w il l  b e  p a id  to  t h e  c o n d it io n  

u n d e r  w h ic h  i t  w a s  o p e r a t in g  a t  t h e  t im e .  A  s k e tc h  o f  t h e  d e ­

t e c t o r  is s h o w n  in  f i g u r e  4 .  A s  can  be seen f r o m  t h is  f i g u r e ,  

B E B C  is a s ta in le s s  s tee l c y l i n d e r ,  3 .7 m  in d ia m e te r  a n d  4 . 0 m  in  

h e ig h t  w i th  a h e m is p h e r ic a l  c a p .  T h e  c h a m b e r  v o lu m e  is a p p r o x ­

im a te ly  32m ^ .

B E B C  w as  f i l l e d  w i th  a n e o n / h y d r o g e n  m i x t u r e  o f  74  mol-%
3

neon w i th  a m ean d e n s i t y  o f  0 . 6 9  g m /c m  a n d  r a d ia t io n  le n g th  o f  

4 3 c m . T h e  b u b b le  c h a m b e r  w as  s u r r o u n d e d  b y  tw o  s u p e r c o n ­

d u c t in g  co ils  p r o d u c in g  a m a g n e t ic  f i e ld  o f  3 5  KG w h ic h  a l lo w e d  

d e te r m in a t io n  o f  t h e  s ig n  o f  t h e  c h a r g e  a n d  t h e  m om entum  o f  

each  i n d iv id u a l  t r a c k .  In  t h e  h e m is p h e r ic a l  c a p ,  t h e r e  w e r e  5 

p o in t s ,  a r r a n g e d  in a r e g u l a r  p e n t a g o n ,  w h ic h  h o u s e d  t h e  w id e  

a n g le  le n s e s ,  f i s h  e y e  o p t ic s  a n d  f la s h  b u lb s .  F o r  o u r  p u r p o s e  

B E B C  w as e q u ip p e d  w i th  f o u r  s t a n d a r d  cam era s  a n d  o n e  w i th  

" h ig h  r e s o lu t io n "  o f  a b o u t  2 0 0  m ic r o m e t r e s .  T h e  f i e ld  o f  t h e  

h ig h  r e s o lu t io n  ca m e ra  w as  small a n d  as a r e s u l t  o n ly  10% o f  t h e  

o b s e r v e d  e v e n t s  w e r e  w i t h in  t h e  r a n g e  o f  th is  c a m e ra .  S in c e  

t h e  ca m e ra s  w e r e  n o t  a b le  to  g i v e  a c c u r a t e  p ic t u r e s  o f  t h e  w h o le

3
in s id e  o f  t h e  c h a m b e r ,  a f id u c ia l  v o lu m e  o f  1 6 .6 m  w as  ch o sen  

su c h  t h a t  t h e  e v e n t  r a te  a n d  t h e  m e a s u r a b i l i t y  o f  t h e  t r a c k s  w as  

o p t im is e d .  T h i s  f id u c ia l  v o lu m e  c o r r e s p o n d e d  to  a t a r g e t  m ass o f

1 1 . 5  t o n n e s .

2.4 THE NEUTRINO DETECTOR



R 7710 mm. 
R S O C O m m

F i g u r e  4 :  T h e  B ig  E u ro p e a n  B u b b le  C h a m b e r

2 . 5  T H E  E X T E R N A L  M U O N  I D E N T I F I E R

In  n e u t r i n o  p h y s ic s  i t  is im p o r t a n t  to  k n o w  w h e t h e r  o r  n o t  a 

m uon is p r o d u c e d  in an in t e r a c t io n  in o r d e r  to  c la s s i f y  t h e  e v e n t  

as a m uon c h a r g e d  c u r r e n t  e v e n t .

S in c e  f r o m  t h e  b u b b le  d e n s i t y  f a s t  m u o n s  can  n o t  b e  i d e n t i ­

f i e d  an a l t e r n a t i v e  d e te c t io n  m e th o d  m u s t  b e  e m p lo y e d .  In  f i g ­

u r e  ( 5 )  t h e  a r r a n g e m e n t  o f  t h e  E x t e r n a l  M u o n  I d e n t i f i e r  ( E M I )  

a n d  B E B C  is s h o w n  as i t  e x is t e d  in th is  e x p e r i m e n t .  A  d e ta i le d
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d e s c r ip t io n  o f  EMI can b e  fo u n d  in r e f e r e n c e  [ 1 1 ] ,  a s h o r t  d e ­

s c r ip t io n  is g iv e n  b e lo w .

2 . 5 . 1  A r r a n g e m e n t  o f  t h e  EM I

M u o n s  m ay  b e  id e n t i f i e d  b y  m eans o f  t h e i r  p e n e t r a t io n  o f  m a t t e r .  

A  b lo c k  o f  lead  w i th  a th ic k n e s s  o f  0 .5 m  j u s t  b e h in d  t h e  B E B C  

p lu s  t h e  i ro n  s h ie ld in g  e n la r g e d  w i th  some 150 to n n e s  o f  a d d i ­

t io n a l  i ro n  a b s o r b e d  h a d r o n s  b u t  w e r e  t r a n s p a r e n t  f o r  m uons  

w i t h  s u f f i c i e n t  m o m en tu m . T h e  s h a p e  o f  t h e  i ro n  s h ie ld in g  w as  

a s y m m e tr ic ;  in t h e  f o r w a r d  d i r e c t io n  o f  t h e  beam  w h e r e  t h e  m ost  

e n e r g e t i c  h a d r o n s  w e r e  e x p e c te d  t h e  t h ic k n e s s  w as 1 .7 m ,  a t  t h e  

c o r n e r s  o f  t h e  s h ie ld in g  t h e  th ic k n e s s  w as  0 .5 m .

M u o n s  w e r e  id e n t i f i e d  b y  tw o  p la n e s  o f  m u l t iw i r e  p r o p o r t io n a l  

c h a m b e rs  (M W P C ) s e t  u p  d o w n s tre a m  o f  t h e  B E B C .  T h e  in n e r  

p la n e  w as  s i t u a t e d  a t  a b o u t  4m f r o m  t h e  c e n t r e  o f  B E B C  a n d  in  

t h is  e x p e r im e n t  c o n s is te d  o f  8  m o d u les  c o v e r in g  an a re a  o f  2 4 m 2 

a n d  s u b t e n d in g  a so lid  a n g le  o f  - 3 4 °  to  +6 4 °  h o r i z o n t a l l y  a n d  

- 1 8 °  to  + 1 8 °  v e r t i c a l l y .  T h e  o u t e r  p la n e  a t  a b o u t  7 .6 m  f r o m  t h e  

B E B C  c e n t r e  h a d  tw o  row s o f  4 5  m o d u les  c o v e r in g  an a re a  o f  

138m 2 f r o m  - 6 6 °  to  +8 4 °  h o r i z o n t a l l y  a n d  f r o m  - 2 0 °  to  +2 0 °  v e r t i ­

c a l l y .  T h e  s e n s i t iv e  a re a  o f  each  o f  t h e  w i r e  c h a m b e rs  m e a s u re d  

r o u g h l y  3 x 1 m .  T w o  in d e p e n d e n t  w i r e  p la n e s  w e r e  p r o v id e d  a t  

± 3 0 °  w i th  r e s p e c t  to  t h e  s h o r t  s id e .  In  a d d i t io n ,  tw o  c a th o d e  

s t r i p  p la n e s  w e r e  fo r m e d  a t  9 0 °  a n d  0 °  w i t h  r e s p e c t  to  t h e  1m 

s id e .  Each m o d u le  p r o v id e d  t h r e e  h i t  c o o r d in a te s .  T w o  cam e
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f r o m  in d e p e n d e n t  s e n s e  w i r e  p la n e s .  T o  r e s o lv e  a m b ig u i t ie s  f ro m  

m u l t ip le  h i t s ,  in fo r m a t io n  f ro m  o n e  c a th o d  ( s t r i p s  a t  9 0 °  w i t h  r e ­

s p e c t  to  t h e  s h o r t  s id e )  w as  re a d  o u t  to o .

T h e  s p a t ia l  r e s o lu t io n  w as  d e te r m in e d  b y  t h e  g r o u p in g  o f  s e v ­

e r a l  w i r e s  in to  s in g le  e le c t r o n ic  c h a n n e ls .  T h e  i n n e r  p la n e  had  

a s p a t ia l  re s o lu t io n  o f  32mm (8  w i r e s  p e r  c h a n n e l ) .  T h e  s p a t ia l  

re s o lu t io n  o f  t h e  o u t e r  p la n e  w as  m ad e  to  v a r y  f ro m  8  mm (2  

w ir e s  p e r  c h a n n e l )  in t h e  c e n t r a l  re g io n  w h e r e  t h e  h ig h e s t  c o n ­

c e n t r a t io n  o f  b a c k g r o u n d  h its  o c c u r s ,  to  32mm ( 8  w i r e s  p e r  

c h a n n e l )  a t  la r g e  a n g le s .

T h e  s y s te m  o f  t h e  a r r a y  o f  m u l t iw i r e  p r o p o r t io n a l  c h a m b e rs  

a n d  t h e  iro n  s h ie ld in g  is c a l le d  t h e  E x t e r n a l  Muon I d e n t i f i e r

A  v e to  p la n e  c o n s is t in g  o f  6 low re s o lu t io n  EMI c h a m b e rs  w as  

in s ta l le d  in f r o n t  o f  t h e  B E B C .  T h e s e  c h a m b e rs  w e r e  u sed  in  

c o in c id e n c e  w i th  t h e  tw o  EMI p la n e s  to  o v e rc o m e  t h e  b a c k g r o u n d  

p ro b le m s  in t h e  EM I d u e  to  t h e  beam  a s s o c ia te d  m uons o r  m uons  

co m in g  f ro m  t h e  n e u t r i n o  in te r a c t io n s  u p s t r e a m  o f  t h e  B E B C .  

H its  f ro m  th e s e  m uo n s  in t h e  tw o  d o w n s tr e a m  p la n e s  o f  t h e  EMI  

c o u ld  b e  v e to e d  b y  th is  p la n e .



If

F i g u r e  5 : T h e  a r r a n g e m e n t  o f  t h e  B E B C  w i th  t h e  EM I
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2 .5 .2  Muon identification

For muon identification, each leaving track  from a neutrino event 

in the chamber is extrapolated towards the EMI chambers. The  

uncertainty in the determination of the interception point of the  

extrapolated track  and the EMI chamber is dependent on the mo­

mentum of the partic le , the multiple scattering and brem sstrah- 

lung on the path followed by the partic le  in the shielding. A 

chisquare is calculated fo r the correlation between the coordi­

nates of the interception point and the recorded hits at that 

plane. A second chisquare is determined fo r the correlation be­

tween the hit in the inner plane and in the outer plane. If  hits 

are found in both EMI planes w ithin a time resolution of ~ 300 ns 

( i .e .  w ithin the same time slot) which coincide with the extrapo­

lated tra c k , the muon mass is assigned to the tra ck .

2 .6  THE INTERNAL PICKET FENCE

The Internal Picket Fence (IP F ) [12a] is a proportional tube  

counter system mounted in the BEBC vaccum tank close to the  

liqu id . The IPF is a device g iving a timing signal fo r all events 

where a charged partic le leaves the chamber. The addition of 

IPF to BEBC was justified  by physics arguments, and provided  

valuable information in the following areas [12b]:

a) association of reinteracting neutrals (which would not be 

recognised otherw ise);
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b) vetoing of incident neutral hadrons (generated by neutrino  

interactions in the magnet coils or other material up­

stream) ;

c) use as an o ff-lin e  tr ig g e r;

d) improvement of the EMI efficiency fo r muons of low momen­

ta .

The time resolution of the pickets was 230 ns fu ll w id th , which 

fitte d  well to the resolution of the EMI electronics.

For this experim ent, however, because of unavailability of the  

necessary software and PAH files , the IPF was mainly used fo r  

improving the identification of low energy muons and as an o ff­

line event tr ig g e r  in conjunction with the EMI [1 ].



EXPERIMENTAL PROCEDURE

Chapter III

3.1 EXPOSURE AND ACCEPTANCE

In this experim ent a total of 300,000 pictures were taken corre- 

18sponding to 3x10 protons extracted from the SPS.

For a photo to be accepted, the following main criteria  had to 

be satisfied:

a) the last fo u r scraping monitors situated jus t in fro n t of 

the decay tunnel were required to have a reading of less 

than 150mV (th is  corresponded to a beam loss of less than 

10'5);

b) the vacuum in the decay tunnel required to be below 

3x10  ̂ to r r .

As a result of these and other conditions [1 3 ], a part of the  

data had to be rejected and the number of protons (9% of the to ­

tal ) corresponding to this data had to be excluded from the in ­

tegrated sum of the protons.

- 22 -
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3 .2  SCANNING

3 .2 .1  Scanning fo r neutrino events

The film was scanned twice, using views 2 and 4 fo r the f irs t  

and views 3 and 5 fo r the second scan respectively. On the  

f irs t  scan all the frame numbers were recorded including the  

very  f irs t  and the very  last frame on the film . All missing, dark  

or damaged frames on either of the views were also recorded.

A neutrino event candidate was defined by the following c r i­

teria  :

a) it should have at least one minimum ionising track  in the  

forw ard direction with a radius of curvature  greater than 

15cm on the low magnification view corresponding to a min­

imum momentum of 500 M eV/c in the chamber;

or

have a V ° or an electron pair in the forw ard direction  

where the sum of the momenta of both tracks was at least 

500 M eV/c;

b) the event originated in the chamber ( i .e .  it was not due 

to a charged track  entering the chamber and in te rac tin g ).

In addition to the neutrino candidates the following back­

ground events were also recorded:

i) type X  : These were interactions due to an incoming

track  where the track  was signed to be incoming be­

cause it had a d e lta -ray  showing its direction;
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ii) type Y : These were events thought to be due to an

incoming charged track but there  was no clear indica­

tion as to whether the track  was leaving or entering  

the chamber. In order to be classified as a 'Y* typ e , 

the event had to have a track  with a radius of cu rva­

tu re  g reater than 30cm, and backwards from the event 

vertex;

iii) type W (Wallon) : These were events where the event

vertex was not in the bubble chamber liquid but in or 

just before the wall of the chamber. The event con­

sisted of at least 3 tracks entering the chamber within  

a distance of a scotchlite panel (34cm) horizontally and 

vertica lly . At least one of these tracks had to be an 

identified hadron ( i .e .  interact, stop or decay);

iv ) type Z : When all tracks failed the criteria  fo r a neu­

trino  event, the event was classified as Z -ty p e ;

v ) associated Events : All neutrino candidates were
*

checked if they were possibly neutral stars ( n ) ,  due 

to neutral hadrons coming from an upstream interaction  

of any sort. The following possibilities were consid­

ered:

a) Events which could be associated with a neutrino in ­

teraction or an interaction of a track  from a neutrino  

interaction;
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b) Events which could be associated with a wallon or a 

secondary interaction of one of the tracks of the w al­

lon;

c) events associated with the interaction of an incoming 

track  ( i .e .  type X  and Y ) ,  or the interaction of a 

track  produced in such an interaction.

Using the results of the two scans an event check list con­

sisting of the frame number of all the possible neutrino and the  

ambiguous background events observed in e ither scan was p re ­

pared. From the event check lis t, each frame with an identified  

interaction was checked again with the aid of a physicist. A t 

this stage those events which had re latively  simple topologies 

( i .e .  events with no complicated close secondary interactions or 

electromagnetic showers) were drawn and the vertices and the  

tracks were labelled on a X18 magnification table. More compli­

cated events were le ft to be drawn at the measuring stage on a 

X50 magnification tab le . It should be noted here than the scan­

ning and measuring was done fo r a p art of the data at Imperial 

College. The other partic ipating laboratories [1] were also in ­

volved in scanning and measuring of the data and generally fo l­

lowed a procedure not necessarily the same but similar to the  

scheme adopted by Imperial College which was described above.



3 .2 .2  Scanning fo r electron tracks

In scanning fo r the neutrino events all tracks originating from  

the vertex  were specially checked fo r the "electron" signals.

This was important since in this experiment we were looking 

fo r electron charged curren t events. The use of heavy liquid  

with a radiation length of 43cm allowed us to identify  the poten­

tial electron tracks by means of th e ir  radiation loss in the liq ­

uid.

Since the electron is about 200 times lighter than the next 

heavier known partic le , according to the "Bethe Heiti er" form u­

la, its radiation loss due to collision with nuclei in the chamber 

is by a factor

( m /m  ) 2 = 42500 (3 .1 )y e

la rger than fo r the muon, and even larger when compared with 

hadrons. Thus an electron could be identified by its rapid loss 

of energy.

To be accepted as an electron the track  required to have at 

least two of the following identifiers:

1. Change of curvature  w ithout a visible kink (non-convert -

ed brem sstrah lung);
+ —

2. an e e pair pointing tangentially  to the track  (converted

brem sstrah lung);
+ _

3. an e e pa ir lying on the track  and carrying  more than 

10% of the track  energy;

26



4. a d e lta -ray  taking at least 25% of the prim ary energy.

An identified pair of electrons e e from the main vertex  ("D alitz  

p air") was not accepted as a signal fo r events.

3 .2 .3  Scanning of through-going muons

In fro n t of the fiducial volume of BEBC there  was about 50 tons 

of material in the form of the upstream p art of the superconduct­

ing magnet, the support structure  and the magnetic shielding. 

The muons produced in the neutrino interactions in this material 

could be detected as "through-going muons" inside BEBC.

Using the "EM I-IPF" System as an offline trig g e r it was pos­

sible to find  muons which came from interaction points between 

the EMI veto plane and the IPF upstream plane.

For this reason a special list was provided fo r those photos 

fo r which the EMI and the IPF signalled a leaving tra c k . The  

list was used in scanning fo r through-going muons.

In addition to scanning fo r through-going muons the list was 

also used as a cross check fo r those muon charged cu rren t 

events where the muon was identified by the EM I-IPF system. 

This helped to identify  those muon CC events which were missed 

in the scanning stage.

A through-going muon was defined by the following c rite ria :

1. a minimum ionizing track  with a radius of curvature  

greater than 15cm in the forw ard direction on the low 

magnification view corresponding to a minimum momentum 

of 500 M eV/c in the chamber;

27
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2. the track  had to be incoming by having its en try  point on 

the upstream wall of the chamber and not originating in 

the liquid (th is was fu rth e r  checked by means of delta- 

rays on the track  identify ing its direction of en try  into 

the cham ber);

3 . the en try  and ex it points of the track had to be visible  

on at least two views.

In order to facilitate the identification of the through-going  

muons each scanning table was provided with a drawing which 

identified the region of the bubble chamber walls corresponding 

to each IPF chamber. This enabled scanners to find the track  

between the correlated hits in the IPF chambers.

3 .2 .4  Events visible on the high resolution camera 

As mentioned earlie r (see 2 .4 )  the BEBC was equipped with a 

special "High Resolution Camera" (HRC) of resolution about 200 

micrometres. The purpose of this scan was prim arily to look for 

"tau" decays or kinks very  close to the prim ary vertex .

In order to predict those neutrino events with th e ir prim ary  

vertices w ithin the view of HRC a special routine was provided  

which took the co-ordinates of the event vertex and returned a 

one b it flag which indicated w hether or not the vertex was ex­

pected to be visible on the HRC.

Using the special HRC list all events were scanned on the  

HRC view and normal BEBC views. The prim ary vertices were
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recorded if they were visible and well focused on the HRC view. 

All tracks appeared to be originating from the prim ary vertex  

with a length less than 2cm on the low magnification view were 

recorded. In addition all tracks were followed from the end to 

see whether they extrapolated back to the prim ary ve rtex . All 

V °'s  w ithin 2cm of the prim ary vertex  were also recorded. The  

events were drawn and a photo was taken on the HRC view and 

on the best normal view if :

1. they had charged decays or interactions visible on the  

HRC view;

2. a track  appeared to miss the prim ary vertex but could 

not be matched or paired with other tracks by eye.

3 . 3  M E A S U R IN G

A t measuring stage all the events had to satisfy the following 

criteria  :

1. events were measured fu lly  if the event vertex was within 

the fiducial volume. This volume was defined in the  

"X -Y "  plane by a semicircle of radius 180cm in the up­

stream direction , and a semicircle of the same radius, but 

with its centre displaced 50cm upstream, in the down­

stream direction. In the Z direction the region was de­

fined by a cut at Z = ±125cm. If  the event was out of 

the fiducial volume then the corresponding prim ary vertex  

was recorded and no fu rth e r  measurements was made;
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2. if the selected frame contained a W, X or Y type event, 

then the corresponding neutrino event was not measured. 

The events passing the above criteria  were measured on the  

"best” th ree  views. For all accepted events, the following neu­

tra l secondaries were also measured:

i) all V ° ’s;

ii) n 's; downstream of the prim ary vertex (those with 

stopping protons were measured if the sum of the  

length of the tracks exceeded 2cm);

iii) evaporation protons from the prim ary vertex .

3 .3 .1  Measurements of through-going muons

The through-going muons were measured in a similar fashion to 

one prong neutrino events.

3 .3 .2  The labelling scheme

In order to simplify and facilita te  the measuring of events, a 

comprehensive v e rte x /tra c k  labelling scheme was employed in the  

drawing stage. The use of labelling scheme allows the identifica­

tion of d iffe ren t events fo r frames with more than one event on 

them, and fo r the association of gammas and V °'s  to vertices. It  

also helps the measurer in communication with the measuring con­

tro l program , specially in sorting out the complicated events.

The track  end -type labels are useful fo r the "Geometry" pro ­

gram fo r matching of tracks from secondary scatters. The track
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labels are also used to reduce the number of mass hypothesis a t­

tempted (eg no muon hypothesis is attempted on an interacting  

t ra c k ) . Finally since the track  end-type labels are produced on 

the final data summary tape (D S T ), they can be used fo r even­

tual physics analysis (fo r example in searching for all interacting  

tracks e tc ) .

The labelling scheme fo r the vertices in this experiment was 

as follows :

1. Primary vertices : AM the main vertices of potential

neutrino events. All associated events (see 3 .2 .1 )  were 

also included in this category;

2. Secondary vertices : All interaction points, kink

points,stopping points and decays;

3. V ° vertices : Charged decays of V ° ’s;
+ _  + _

4. Gamma vertices : Vertices of e or e or e e

pairs.

The track  end-type labels used were:

i) Leaving (L ) : Non interacting tracks which left

the chamber ( i .e .  intersected the chamber w all);

ii) Interacting ( ] )  : A non stopping track which in­

teracted and;

a) produced more than 1-p ro n g , or

b) disappeared in flig h t (usually a negative), or

c) produced 1-prong with a clear ionization an d /o r mo­

mentum change.
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iii) Stopping (5) : Any stopping track  whose charge

could be determined by curvature  and which was very  

heavy at the end. For these tracks all mass hypoth­

eses were tried  and the f it  was rejected if there  was a 

momentum-range incompatibility;

iv) Proton (P) 

track ;

: A heavy ionizing short stopping

v) Decay (D ) : Decay at rest of ir-y-e or y -e;

v i) Kink (K ) : A one prong interaction where

the outgoing track  scattered through a small angle;

v ii) Electron (E ) : Definite electron fo r which only

the electron mass hypotheses was tried  (eg at a gamma 

v e r te x ) ;

v iii)  Possible electron (PE) : A possible electron from a

prim ary vertex  or a kink fo r which other mass hypoth­

eses were also attempted.

3 .3 .3  Measurements procedure

Using the above v e rte x /tra c k  labelling scheme, the events were 

measured on a X25 and a X50 magnification measuring machines. 

The X50 machine was particu larly  useful fo r measuring complicat­

ed events with heavy gamma showers or poor track  v is ib ility  

near the ve rtex .

The measuring machines were connected via a PDP 8L mini­

computer to a V A X  11/780. Each machine was monitored by a 

measurement control program on the V A X .



The measurement control program enabled:

1. Steering of the measuring tables, positioning of the film , 

measurements of fiducial m arks, automatic track  following, 

test of electronics etc.

2. Communication between the operator on the measuring ma­

chine and the software on the main computer.

The events were measured by entering the roll and the frame 

number followed by a measurement of fiducial marks. The v e r­

tices and the corresponding tracks were measured on three views 

in tu rn  with th e ir appropriate lab e l/en d -typ e  code supplied. A t 

the completion of the measurement of any item, the control pro­

gram called fo r the "O n-line Geometry" which in tu rn  recon­

structed the vertices and the tracks using helix f its . If  the  

measurement was diagnosed bad (norm ally large chisquare or res­

iduals ), it was reported back to the measurer by the control 

program requesting a remeasurement of the item. For badly 

measured tracks the program allowed fo r the measurement to be 

repeated three times. If  at the end of the th ird  measurement no 

satisfactory result was obtained the last measurement was accept­

ed.

Once all or a good fraction of the events were measured they  

were processed by the Hydra "O ff-lin e  Geometry" program. The  

"O ff-lin e  Geometry " program transforms all the measurements on 

each view to a reference system defined by the expected posi­

tions of a set of fiducial marks in a plane parallel to the film .

33
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Knowing the camera positions in a common reference fram e, the  

spatial coordinates of a given point were determined from the  

measurement of its image on 3 views.

From a knowledge of the magnetic field map and the range- 

momentum relation of the chamber liquid , the track parameters 

were determined by fittin g  of the track  measurements to the ex­

pressions fo r the tra jec tory  of the partic le in a magnetic field  

taking into account the multiple scattering etc.

The "O ff-lin e  Geometry" program then attempted various mass 

hypotheses and performed kinematical reconstruction of measured 

V °'s  and gammas and attempted to associate them to the upstream  

prim ary and secondary vertices.

3 .3 .4  Measurements checking

The output from the "O ff-lin e  Geometry" program was processed 

by a checking program called "Quack". The "Quack" program  

attempted to identify  badly diagnosed events, vertices or tracks .

The outputs from the "o ff-line  Geometry" and the "Quack" 

programs were then used by physicists in conjunction with the  

original drawings of events (mainly to identify the individual 

vertices and tracks by th e ir  labe lling /end -type  codes), to check 

the event measurement quality  at the scan table.

In checking the measured events the following procedure was 

normally carried out:
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1. the vertices and tracks of an event were checked if they  

were labelled properly and had the right end-type code. 

If  the "Quack" signalled an am biguity due to an event; 

not completely measured or more than one prim ary vertex  

was associated with the event or the tracks carried wrong 

end-type codes, then the appropriate action was taken 

and the corresponding vertex or track  was identified and 

labelled properly . The redundant vertices or tracks were 

subsequently dropped from the geometry. The incomplete 

events were required to be remeasured completely.

2. all prim ary charged (non electron) tracks were required  

to have a momentum e rro r AP/P < 30%. They also re ­

quired to have residuals of less than 20micron.

3. in the case of prim ary tracks being too short to give an 

accurate momentum estimate, the secondaries from such 

primaries were required to be measured, in order to allow 

a minimum momentum estimate to be made fo r the prim ary  

tra ck . In addition, if the measured track length was cut 

by the measurement program , ( i .e .  part of the track  was 

re jected), then the reason was investigated and the track  

was carefu lly  checked fo r k inks, brems etc.

4. all events were checked fo r associated V °'s  and gammas in 

order to make sure that as much as possible of the prim a­

ry  neutral energy was measured. The ambiguous 

W g am m a vertices and the tracks from such vertices were
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also checked in order to identify  them positively and re ­

duce the number of V ° ’s ambiguous with gammas.

On the basis of these checks, the correct action was taken 

fo r diagnosed events and the procedure was repeated until satis­

factory measurement results were obtained for each event.

3 .4  PRODUCTION OF THE DATA SUMMARY TAPE (D S T)

Once satisfactory measurements fo r all events were obtained the 

measurements were sent to CERN w here, together with the rest 

of measurements from other labs they were processed by a series 

of analysis programs.

The basic function of these programs were as follows :

1. to merge the external detectors information with the ge- 

om etry/kinematics data. The output from the geometry 

program together with the raw EMI data were used as in­

put fo r the EMI analysis program. Leaving tracks were 

followed through the frin g e  field to the various detector 

planes encountered and the muon candidates were identi­

fied (see 2 .5 .2 )  [14];

2. to use the Neutrino Flux Monitor (NFM) data, in order to 

create a special beam dump bank with the relevant NFM 

information on it [15];

3 . to make final decisions on muon candidates, and in cases 

where the muon momentum was badly determ ined, an a t­

tempt was made to improve the e rro r by comparing the
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position of the extrapolated points to the EMI hit positions 

(program  D C ID );

4 . to flag the identified "electron" tracks and the corre­

sponding brems appropriate ly , and store d iffe ren t elec­

tron track  measurements and relevant information includ­

ing the leakage corrections [1] in the banks;

5. to select the best origins fo r the association of n s, 

gammas and V 0’s, and synthesise neutral track  connec-
•jjj

tions fo r n 's and V °'s  (program  S Y N T H ). The criteria  

at CERN fo r linking neutron stars was found not to be 

satisfactory, therefore a method had to be devised to 

iden tify  the potential unlinked n ’s (see chapter 4 ) .  In 

the case of V °'s  and gammas the best origins were d e te r­

mined from the results of 3c fits  to each ve rtex ;

6. to select the best mass f it  fo r each partic le using the  

routine BESTMF . If  kinematics fits  were available, then 

the one with the best kinematics hypothesis was chosen 

( i .e .  the one with highest number of degrees of freedom  

and highest f it  p ro b ab ility ), otherwise the geom etry/feed  

results were used to select the best mass f i t .  If  mass 

identification was not possible the pion mass was assigned 

to the tra c k .

Finally the program DSTOUT was used to generate fo r each 

prim ary vertex  a physics bank from the P F /T F /M F  banks (with  

mass selection specified in routine BESTM F). This program also



38

s to re d  th e  c o m p le te  H y d r a - s t r u c t u r e  in a m a g n e tic  ta p e ,  

c re a te d  d a ta  ta p e  w as u sed  as th e  b as is  f o r  p h y s ic s  a n a ly s is

T h e



E X P E R IM E N T A L  C O R R E C T IO N S

4 .1  S C A N N IN G  E F F IC IE N C Y

T h e  f ilm  w as s c a n n e d  tw ic e ,  u s in g  v ie w s  2  a n d  4  f o r  th e  f i r s t ,  

a n d  v ie w s  3  a n d  5  f o r  t h e  seco n d  scan  r e s p e c t iv e ly .  T h e  e s t i ­

m a ted  c o m b in e d  e f f ic ie n c y  o f th e s e  tw o  scan s is g iv e n  b y  :

P (1 U 2 )  = ( N 1 2 ( N 1 2 + N ^ N 2 ) )  /  ( N 1 2 +N 1 ) ( N 1 2 +N 2 ) ( 4 . 1 )

W h e re :

N ) 2  + N.j = n u m b e r  o f  e v e n ts  fo u n d  in th e  f i r s t  scan  

N i 2  + N 2  = n u m b e r  o f  e v e n ts  fo u n d  in th e  seco n d  scan  

^ 1 2  = e v e n * s f o u n d in  b o th  scans

In  a p p ly in g  th e  a b o v e  fo r m u la , o n e  assum es t h a t  a ll th e  

e v e n ts  h a v e  th e  sam e p r o b a b i l i t y  o f  b e in g  d e te c te d . S u ch  an  

a s s u m p tio n  is n o t s t r i c t l y  t r u e ,  s in c e  th e  p r o b a b i l i t y  o f  f in d in g  a 

m u lt ip ro n g  e v e n t  is h ig h e r  th a n  o n e  o r  tw o  p ro n g  e v e n ts  a n d  as 

a r e s u lt  o f  th is  th e  a b o v e  fo rm u la  w as u sed  to  o b ta in  th e  s c a n ­

n in g  e f f ic ie n c y  f o r  d i f f e r e n t  to p o lo g ie s  w ith  th e  fo llo w in g  r e s u lts :

C h a p te r IV

- 39 -
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1-----------

T A B L E  2

s c a n n in g  e f f ic ie n c y  f o r  d i f f e r e n t  to p o lo g ie s  .

1

T o p o lo g y S c a n n in g  e f f ic ie n c y

1  p ro n g 69 %

2  p r o n g 87 %

3  p ro n g 91 %

4  p ro n g 97 %

5 p ro n g 98  %

1______

> 5 p ro n g 1 0 0  %

i

T h e  s y s te m a tic  u n c e r ta in ty  in  th e  scan e f f ic ie n c y  w as e s t im a t­

ed  to  b e  3% [ 1 3 ] .

4 . 2  C O R R E C T IO N S  F O R  E L E C T R O N S

T h e  e le c tro n  t r a c k s  w e re  id e n t if ie d  b y  a t  le a s t  tw o  s ig n a tu r e s  as  

d e s c r ib e d  in 3 . 2 . 2 .

T h e  m ost s ig n if ic a n t  s o u rc e s  o f  b a c k g ro u n d  w h ic h  s im u la te d  

g e n u in e  e le c tro n s  fro m  th e  v e r t e x  w e re :

i)  a s y m m e tr ic  D a l i t z  p a irs  o r  C o m p to n  e le c tro n s  o r  asym m e­

t r i c  e le c tro n  p a ir s  a p p e a r in g  to  b e  a t ta c h e d  to  th e  p r i ­

m a ry  v e r t e x  b e c a u s e  th e  p re s e n c e  o f  o th e r  t r a c k s  c r e ­

a te d  a " c o n fu s io n "  re g io n .
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i i )  d e l t a - r a y s  e m itte d  w ith in  th e  c o n fu s io n  re g io n  b y  e n e r ­

g e t ic  p r im a r y  p a r t ic le s .

In  o r d e r  to  re d u c e  t h e  a b o v e  b a c k g ro u n d s  a m om entum  c u t  o f

0 . 8  G e V /c  w as a p p lie d  to  a ll e le c tro n  c a n d id a te s . T h e  d e te c t io n  

e f f ic ie n c y  f o r  e le c tro n s  w as d e te rm in e d  tw ic e ,  b y  a M o n te  C a r lo  

s tu d y  a n d  b y  an  a t te m p t to  e v a lu a te  th e  p r o b a b i l i t y  o f  f in d in g  

e le c tro n s  w ith  tw o  o r  m o re  id e n t i f ie r s  e x p e r im e n ta l ly  [ 1 ] .  T h e  

r e s u lts  o f  b o th  m eth o d  a g re e d  w e ll ,  y ie ld in g  an e le c tro n  d e te c ­

t io n  e f f ic ie n c y  o f  (9 6 + 2 -1 )% . T h e  p r o b a b i l i t y  o f  an e le c tro n  

t r a c k  n o t b e in g  id e n t i f ie d  d u e  to  " c o n fu s io n "  n e a r  th e  v e r t e x ,  

c a u s e d  b y  h a d ro n  t r a c k s  o r  an  e le c tro m a g n e tic  s h o w e r w as e s t i ­

m a te d  to  b e  o f  o r d e r  o f  1%. T h e  p r o b a b i l i t y  to  h a v e  a p r im a r y  

e le c tro n  fa k e d  b y  an a s y m m e tr ic  D a litz  p a i r ,  a C o m p to n  o r  a d e l ­

t a -e le c t r o n  n e a r  to  th e  v e r t e x  w as e s tim a te d  to  b e  less th a n  0 .5%  

o f th e  e le c tro n  c a n d id a te s  a n d  th u s  c o u ld  b e  n e g le c te d . In  

s u m m a ry , th e s e  p r o b a b il i t ie s  y ie ld e d  a to ta l p r o b a b i l i t y  o f  f in d in g  

an e le c tro n  in  an  e le c tro n  e v e n t  o f  (9 5 + 2 -1 )%  [ 1 ] .

4 . 3  C O R R E C T IO N S  F O R  M U O N S

A s m e n tio n e d  e a r l ie r ,  th e  m uons in  th is  e x p e r im e n t  w e re  id e n t i ­

f ie d  b y  th e  E x te r n a l  M uon Id e n t i f ie r .  G iv e n  th e  lim ite d  g e o m e try  

o f th e  EM I a n d  th e  so c a lle d  e le c tro n ic  in e f f ic ie n c y  a s s o c ia te d  

w ith  th is  t y p e  o f  d e te c to r ,  p o s s ib le  losses o f  m uons w e re  d u e  to :

1 . d e a d  w ire s  in  th e  EM I p la n e s .

2 .  th e  EM I c h a m b e rs  d o w n  f o r  p e r io d  o f  t im e .



3 .  c h a m b e rs  ta k e n  o u t  o f  t r i g g e r .

4 .  m uons s c a t te r in g  in  th e  s h ie ld in g .

5 .  loss o f  m uons d u e  to  lim ite d  g e o m e try  o f  th e  E M I.

T a k in g  th e  a b o v e  p o in ts  a n d  o th e r  c o n s id e ra t io n s , tw o  ty p e s  o f  

e f f ic ie n c ie s  a r e  g e n e r a l ly  a s s o c ia te d  w ith  th e  E M I:

a )  th e  'e le c t r o n ic  e f f ic ie n c y ' o f  th e  E M I;

b )  th e  'g e o m e tr ic a l e f f ic ie n c y ' o f  th e  E M I.

L o sses 1 to  3  a r e  a t t r ib u t e d  to  th e  e le c t r o n ic  in e f f ic ie n c y  o f  th e  

E M I,  w h e re a s  p o in ts  4  a n d  5 a r e  d e a lt  u n d e r  th e  o v e ra ll  g eo m e­

t r ic a l  a c c e p ta n c e  f o r  m u o n s .

C
4 . 3 . 1  E s tim a te  o f  th e  e le c t r o n ic  e f f ic ie n y  o f  th e  EM I

G ood m uons a r e  lo s t d u e  to  th e  e le c tr o n ic  in e f f ic ie n c y  o f  th e  

E M I. T h e  m ost im p o r ta n t  c o n tr ib u t io n  to  th is  in e f f ic ie n c y  is th e  

p o in t  1 m e n tio n e d  a b o v e ; th e  so c a lle d  d e a d  w ir e s .  T h is  a r is e s  

i f  a n y  a n o d e  w ir e  in  a n y  EM I c h a m b e rs  is e le c tr o n ic a lly  d e a d  so 

no s ig n a l c o u ld  b e  o b ta in e d  fro m  t h a t  p a r t ic u la r  w ir e .  A s  m e n -  

t in e d  e a r l ie r  (s e e  2 . 5 . 2 ) ,  th e  c h a m b e r  w ill  w r i t e  o u t  i f  h its  a r e  

fo u n d  in  b o th  a n o d e  1 (A 1 )  a n d  a n o d e  2  (A 2 )  in c o in c id e n c e .  

T h e  c a th o d e  1 r e a d in g  is a lso  re c o r d e d . I f  f o r  some re a s o n  e i ­

t h e r  A1 o r  A 2  is in a c t iv e ,  th e n  no h it  is re c o rd e d  a n d  th e  m uon  

w ill  b e  lo s t . T h e  lo s t m uon w ill  th e n  b e  id e n t i f ie d  as a le a v in g  

h a d ro n  a n d  w ill c o n ta m in a te  th e  h a d ro n  s h o w e r .

In  p r in c ip le  o n e  can  r e ly  on th e  d i f f e r e n t  c h a r a c te r is t ic  b e ­

h a v io u r  o f  m uons c o m p a re d  to  h a d ro n s  in  o r d e r  to  e s tim a te  th e

42
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c o n ta m in a tio n  o f h a d ro n  s h o w e r b y  u n id e n t i f ie d  m uons in  e v e n ts  

w ith  no o b s e rv e d  m uon o r  p r im a r y  e le c t r o n ,  th e  so c a lle d  N e u tr a l  

C u r r e n t  c a n d id a te s . T h e  m is id e n t if ie d  m u o n s w ill b e  la b e lle d  as 

le a v in g  h a d ro n s  a n d  w ill  b e  e x t r a p o la te d  th r o u g h  th e  f r in g e  f ie ld  

to  t h e  EM I p la n e s  b y  th e  EM I a n a ly s is  p ro g ra m s  E M I /D C ID  (s e e  

3 . 4 )  i f  t h e y  h a v e  s u f f ic ie n t  m o m en tu m . T h e  e x t r a p o la te d  h i t  c o ­

o r d in a te s  w ill  th e n  b e  re c o rd e d  in th e  a p p r o p r ia te  b a n k s  a n d  

k e p t  in  th e  H y d r a  s t r u c t u r e  f o r  f u t u r e  r e fe r e n c e .  N o te  t h a t  th e  

e x t r a p o la te d  t r a c k  is o n ly  id e n t if ie d  as m uon i f  a c tu a l h its  a re  

fo u n d  in  th e  EMI p la n e s , in  th e  sam e t im e  s lo t ,  w ith in  a fe w  m u l­

t ip le  s c a t te r in g  d is ta n c e s  o f  th e  e x t r a p o la te d  h it  p o in ts . I f  no  

a c tu a l h i t  p o in ts  a r e  re c o rd e d  f o r  e le c t r o n ic  re a s o n s , th e n  no  

m uon w ill b e  r e c o n s tr u c te d  a n d  th e  t r a c k  w il l  be  la b e lle d  as le a v ­

in g  h a d ro n  on th e  D S T . T h e s e  m is id e n t if ie d  le a v in g  h a d ro n s  w ill  

h a v e  k in e m a tic a l c h a r a c te r is t ic s  id e n t ic a l to  th e  EMI id e n t if ie d  

m uons a n d  can b e  id e n t if ie d  b y  th e s e  c h a r a c te r is t ic s .

In  o r d e r  to  e s tim a te  th e  e le c tr o n ic  e f f ic ie n c y  o f  th e  EM I a 

k in e m a tic a l m e th o d  w as u s e d . T h e  a n a ly s is  re lie d  on th e  d i f f e r ­

e n t  t r a n s v e r s e  m om entum  b e h a v io u r  o f  le p to n s  a n d  h a d ro n s  as 

e x p la in e d  b e lo w .

In  n e u tr in o -n u c le o n  s c a t te r in g ,  th e  m om enta  t r a n s v e r s e  to  th e  

n e u t r in o  d ir e c t io n  o f  b o th  th e  o u tg o in g  le p to n  a n d  th e  o u tg o in g  

o b s e r v e d  h a d ro n ic  s y s te m  a r e  in  g e n e r a l la r g e  a n d  in  o p p o s ite  

d ir e c t io n .  In  a d d it io n ,  b e c a u s e  o f  th e  lim ite d  t r a n s v e r s e  m om en­

tu m  o f  h a d ro n s  r e la t iv e  to  th e  d ir e c t io n  o f  th e  h a d ro n ic  s h o w e r ,
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th e  t r a n s v e r s e  m om entum  o f in d iv id u a l h a d ro n s  is m uch s m a lle r  

th a n  t h a t  o f  th e  to ta l h a d ro n ic  s y s te m , a n d  c o n s e q u e n t ly ,  th e  P-p 

s p e c tru m  o f le p to n s  w ill  b e  d i f f e r e n t  fro m  t h a t  o f h a d ro n s .

F o r  th is  a n a ly s is  th r e e  sam ples o f t r a c k s  w e re  d e f in e d  as f o l ­

low s :

1 . M u o n s : EM I id e n t if ie d  w ith  m om entum  a b o v e  3  G e V .

2 .  H a d ro n s  [cc)  : L e a v in g  c h a rg e d  h a d ro n s  w ith  m om entum  

a b o v e  3  G e V , fro m  th e  m uon c h a rg e d  c u r r e n t  s a m p le . 

T h e  t r a c k s  w e re  r e q u ir e d  to  e x t r a p o la te  to  b o th  p la n e s  o f  

th e  E M I.

3 .  H a d ro n s  [^o j  : L e a v in g  c h a rg e d  t r a c k s  w ith  m om entum

a b o v e  3  G e V , fro m  e v e n ts  w h ic h  d id  n o t h a v e  EM I id e n t i ­

f ie d  m uon o r  id e n t if ie d  p r im a r y  e le c t r o n . T h e  t r a c k s  

w e re  r e q u ir e d  to  e x t r a p o la te  as in  sam p le  2 .

F o r  th is  a n a ly s is  o n ly  a c c e p te d  e v e n ts  w ith  v is ib le  e n e r g y  

a b o v e  10 G e V  f o r  w h ic h  th e  EMI w as fu n c t io n in g  p r o p e r ly  w e re  

u s e d . In  a d d it io n  th e  s ta n d a r d  c u ts  w e r e  a lso  a p p lie d .

T h e  t r a n s v e r s e  m om entum  o f th e  t r a c k s  w ith  re s p e c t  to  th e  

beam  'P-p 'o f  sam p les  1 , 2 ,  an d  3  a r e  sh o w n  in f ig u r e  6 . A s  can  

b e  o b s e r v e d , sam p le  3  ( f i g .  6 a ) show s a h a r d e r  d is t r ib u t io n  th a n  

s a m p le  2  ( f i g .  6 b )  s u g g e s t in g  some c o n ta m in a tio n  fro m  sam p le  1  

( f i g .  6 c ) .

A s s u m in g  s a m p le  3  is a l in e a r  s u p e rp o s it io n  o f  2 a n d  1 , o n e  

can  p e r fo rm  l in e a r  f i t s  o f  th e  fo rm  :
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sam p le  3  = a (S a m p le  2 )  + 3 (S a m p le  1 ) ( 4 . 2 )

g iv in g  an e f f ic ie n c y  f o r  c o r r e c t  c la s s if ic a t io n :

e = 1 / ( 1 +3) ( 4 . 3 )

U s in g  th e  th r e e  s p e c tra  o n e  o b ta in s :

e  = (9 7 ± 4 )% ( 4 . 4 )

O f  c o u rs e  in  a p p ly in g  th e  f i t  w e  assu m ed  t h a t  t h e  P y  d is t r ib u ­

t io n  o f  g e n u in e  h a d ro n s  in  th e  N C  sam p le  w as th e  sam e as th o s e  

fro m  C C  e v e n ts .

In  o r d e r  to  c h e c k  f u r t h e r  th e  v a l id i t y  o f  th is  m e th o d , a n o th e r  

k in e m a tic a l v a r ia b le ,  n a m e ly  th e  t r a n s v e r s e  m om entum  o f  th e  

t r a c k  w ith  re s p e c t  to  th e  f in a l  s ta te  h a d ro n  v e c to r  'P * ' w as  

u s e d . T h is  u sed  th e  f a c t  t h a t  th e  d is t r ib u t io n  o f  th e  P* o f  o n e  

h a d ro n  c a lc u la te d  w ith  r e s p e c t  to  th e  v e c to r  sum  o f a ll h a d ro n  

m om enta is l im ite d . In  c o n t r a s t ,  th e  le p to n  has a la r g e  t r a n ­

s v e rs e  m om entum  r e la t iv e  to  th e  beam  d ire c t io n  a n d , b y  c o n s e r ­

v a t io n  o f  t r a n s v e r s e  m o m en tu m , has an  e v e n  la r g e r  t r a n s v e r s e  

m o m en tu m , r e la t iv e  to  t h e  to ta l h a d ro n  m o m en tu m , as sh o w n  in  

f ig u r e  7 .

In  o r d e r  to  b e  c o n s is te n t  in  d e f in in g  th e  r e s u lta n t  h a d ro n  

v e c to r  f o r  th e  3  sam p les  o f  t r a c k s  as d e f in e d  im m e d ia te ly  a b o v e ,  

th e  fo llo w in g  p r o c e d u r e  w as c a r r ie d  o u t :

1 . S am p le  1 : T h e  h a d ro n  d ir e c t io n  w as fo u n d  b y  e x ­

c lu d in g  th e  t r a c k  w ith  th e  la r g e s t  P y  ( w h e t h e r  i t  w as
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m uon o r  h a d r o n ) ,  a n d  su m m in g  th e  m om enta o f a ll re m a in ­

in g  c h a rg e d  h a d ro n s .

2 .  S am p le  2 : T h e  h a d ro n  d ir e c t io n  w as ta k e n  to  b e  th e

sum  o f a ll c h a rg e d  t r a c k s  e x c lu d in g  th e  m uon a n d  th e  h a ­

d ro n  w ith  th e  la r g e s t  P y .

3 .  S am p le  3  : T h e  h a d ro n  t r a c k  w as ta k e n  to  b e  th e

sum  o f a ll c h a rg e d  t r a c k s  e x c lu d in g  th e  t r a c k  w ith  th e  

la r g e s t  P y  w ith  re s p e c t  to  th e  b e a m .

T h e  P* d is t r ib u t io n  f o r  th e s e  sam p les  is show n in  f ig u r e  6 . 

A s can b e  seen  fro m  th is  f ig u r e ,  sam p le  3  ( f i g . .  6 d )  has a h a r d ­

e r  s p e c tru m  th a n  sam p le  2  ( f i g .  6 e ) ,  s u g g e s t in g  some c o n ta m in a ­

t io n  fro m  sam p le  1 ( f i g .  6 f ) .  U s in g  th e  sam e f i t  as b e fo re  w e  

g e t :

e = (9 7 .8 ± 2 .9 )%  ( 4 . 5 )

G e n e r a lly  o n e  n eed s  to  c o n s id e r :

a )  th e  so c a lle d  "e d g e  e f fe c t"

b )  th e  c o n ta m in a tio n  o f  sam p le  3  b y  e le c tro n s

4 . 3 . 1 . 1  E d g e  e f f e c t

M u o n s  w h ic h  a r e  g e n u in e ly  o u ts id e  th e  a c c e p ta n c e  m a y ^ b y  e r ­

r o r ,  be  e x t r a p o la te d  to  in s id e  g iv in g  c o n tr ib u t io n  to  sam ple  3 .  

O n e  n eed s  to  ta k e  a w a y  th is  c o n tr ib u t io n  fro m  th e  'e le c tr o n ic  in ­

e f f ic ie n c y ' b e c a u s e  i t  is g e o m e tr ic a l.
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F ig u r e  6 : T r a n s v e r s e  m o m entum  w r t  t h e  beam  f o r  le a v in g
h a d ro n s  fro m  N C  ( a ) ,  C C  ( b )  a n d  th e  t r a n s v e r s e  m o m en tu m  

o f  th e  m uon w r t  t h e  beam  ( c ) .  T r a n s v e r s e  m o m entum  w r t  th e  
f in a l  s ta te  h a d ro n  v e c to r  o f  le a v in g  h a d ro n s  in  N C  ( d ) ,

C C  ( e )  a n d  th e  m uon in  th e  C C  sam p le  ( f ) .
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F ig u r e  8  sh o w s th e  p r e d ic te d  'W ' c o o rd in a te s  v e r s u s  th e  a s s o ­

c ia te d  ’W' c o o rd in a te s  a t  th e  in n e r  p la n e . F ro m  s tu d ie s  o f  'e x ­

t r a p o la te d  W' c o o r d in a te s ,  i t  w as  o b s e rv e d  t h a t  o n ly  1 .3%  o f th e  

'e x t r a p o la te d ' t r a c k s  e x t r a p o la te  w ith in  2 0 cm o f t h e  c h a m b e r  e d g ­

es a n d  no t r a c k  w as a s s o c ia te d  w ith in  5cm  fro m  t h e  c h a m b e r  

e d g e s . T h is  d is ta n c e  im p lie s  e r r o r s  m uch  s m a lle r  th a n  th o s e  

fro m  m e a s u re m e n ts . So th e  e d g e  e f fe c t  w as  fo u n d  to  b e  n e g l ig i -

4 . 3 . 1 . 2  E le c tr o n  t r a c k s

A lth o u g h  a ll f la g g e d  e le c tro n  e v e n ts  w e re  e x c lu d e d  fro m  th e  

a n a ly s is ,  t h e  m is id e n t if ie d  e le c tro n  t r a c k s  c o u ld  c o n ta m in a te  sam ­

p le  3  p a r t ic u la r ly  a t  la r g e  Py, fo r c in g  th e  f i t  to  a d d  m o re  m uons
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Associated W
F ig u re  8: T he  p re d ic te d  W co o rd in a te s  v e rs u s  th e  associated W

co o rd in a te s  a t th e  in n e r  p lane .
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fro m  s a m p le  1 . A lth o u g h  th e  e le c tro n  d e te c t io n  e f f ic ie n c y  w as  

e s tim a te d  to  b e  ( 9 5 +2 -1 )% , i t  w as g e n e r a l ly  assu m ed  t h a t  th is  

b a c k g r o u n d  w as n e g lig ib le ,  s in c e  th e  p r o b a b i l i t y  o f  an e le c tro n  

t r a c k  h i t t in g  b o th  p la n e s  o f  th e  EM I w as v e r y  lo w .

I f  T  w e r e  th e  f r a c t io n  o f  e le c tro n  n e u t r in o  e v e n ts  in  th e  N C  

s a m p le , th e  e f f ic ie n c y  V  w o u ld  b e  re p la c e d  b y

e  =  e / ( 1 - f )  ( 4 . 6 )

4 . 3 . 1 . 3  C o m p a ris o n  w ith  o th e r  e s tim a te s

A n o th e r  e s tim a te  o f  th e  EM I e le c tr o n ic  e f f ic ie n c y  w as m ade u s in g  

t h r o u g h - g o in g  m uons [ 1 6 ] .  T h is  m e th o d  e s tim a te d  th e  e f f ic ie n c y  

to  b e  (9 7 ± 2 )% , in  good  a g re e m e n t w ith  th e  a b o v e  v a lu e s .

4 . 3 . 2  E s tim a te  o f  g e o m e tr ic a l e f f ic ie n c y  o f  th e  E M I

T h e  g e o m e tr ic a l e f f ic ie n c y  o f  th e  EM I w as e s tim a te d  b y

H .K r e u tz m a n n  [ 1 6 ] .

T a b le  3  g iv e s  th e  g lo b a l e s tim a te s  f o r  th e  g e o m e tr ic a l a c c e p ­

ta n c e  o f  th e  EMI f o r  n e u t r in o  e n e rg ie s  a b o v e  10 G e V  a n d  th e  

m uon m om entum  a b o v e  3  G e V /c ,  f o r  b o th  t y p e  o f  m u o n s . A  m o re  

a c c u r a te  e s tim a te  r e q u ir e d  c o r r e c t io n s ,  on an e v e n t  b y  e v e n t  b a ­

s is ,  t a k in g  in to  a c c o u n t th e  m o m en tu m , a n d  th e  t r a n s v e r s e  m o­

m en tu m  o f th e  m u o n , w ith  re s p e c t  to  th e  beam  d ir e c t io n .  T h is  

c o r r e c t io n  w as c a r r ie d  o u t  u s in g  ta b le s  fro m  [ 1 6 ] .
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T A B L E  3

G e o m e tr ic a l a c c e p ta n c e  f o r  B E B C  (E ^  > 10 G eV.)

+
V y

P > 5 G e V /c  
V

99.9% 99 .1%

P > 4  G e V /c 99.8% 98 .6 %
V

P > 3  G e V /c  
V

99.7% 97 .8%

4 . 3 . 3  E s tim a te  o f  th e  to ta l m uon loss

F o r  m uons w ith  m om entum  a b o v e  3  G e V /c  t h e r e  a re  losses d u e  to  

e le c t r o n ic  a n d  g e o m e tr ic a l in e f f ic ie n c ie s  o f  th e  E M I. T o  d e t e r ­

m in e  th is  loss a m e th o d  u s in g  in te r a c t in g  t r a c k s  fro m  a c tu a l  

e v e n ts  w as u s e d . T h e  lo s t m uons w ill g iv e  an  e x c e s s  o f  le a v in g  

t r a c k s  in th e  N C  s a m p le . T h e  N C  sam p le  w ill  g iv e  an  a p p a r e n t  

( f c / i ) ^  r a t io  w h ic h  w il l  b e  h ig h e r  th a n  th e  sam e ra t io  f o r  h a d ro n s  

in  th e  C C  s a m p le . B y  d e te rm in in g  th e  t r u e  n u m b e r  o f  le a v in g  

h a d ro n  t r a c k s  in  th e  N C  s a m p le , th e  n u m b e r  o f  e x c e s s  t r a c k s  

w ill  g iv e  t h e  n u m b e r  o f  lo s t m u o n s .

T h e  t r u e  n u m b e r  o f  le a v in g  h a d ro n s  a b o v e  th e  m om entum  c u t  

w as o b ta in e d  b y  w e ig h t in g  each  o f  th e  in te r a c t in g  t r a c k s ,  b y  th e  

p r o b a b i l i t y  t h a t  t h e y  s h o u ld  h a v e  le f t  th e  c h a m b e r  w ith o u t  i n t e r -

+ fc/i is th e  r a t io  o f  le a v in g  h a d ro n s  to  th e  in te r a c t in g  o n e s .
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a c t in g .

T h e  p r o b a b i l i t y  d e n s ity  fu n c t io n  f o r  in te r a c t in g  h a d ro n s  is 

g iv e n  b y :

f ( £ )  = [ e x p (  - £ / L  ) ] /  L ( 4 . 7 )

U s in g  th e  a b o v e  fo r m u la e , th e  p r o b a b i l i t y  o f in te r a c t io n  f o r  a 

h a d ro n  o f  le n g th  '£ ' w ill  b e :

/
P U )  = 1 / L [  /  f ( £ )  d e  ]  ( 4 . 8 )

Jp  •4'lviOr*'
P(£) = 1 /L  [ e x p (  - £ m jn / L  ) -  ( e x p (  - £ / L  ) ] ( 4 . 9 )

w h e r e :

i )  L = E f fe c t iv e  in te r a c t io n  le n g th  fo r  h a d ro n s  in th e

l iq u id .

i i )  £ . = T h e  m in im um  in te r a c t io n  le n g th .  I t  ta k e s  in tom in

a c c o u n t th e  c o n fu s io n  n e a r  th e  v e r t e x .  In  th is  a n a ly s is  

i t  w as s e t  to  1 cm .

i i i )  £ = T h e  t r a c k  le n g th ,  d e f in e d  fro m  th e  p r im a r y

v e r t e x ,  to  t h e  p o in t  w h e r e  th e  t r a c k  le f t  th e  c h a m b e r .

In  o r d e r  to  e s t im a te  th e  e f fe c t iv e  in te ra c t io n  le n g th  ’ L ' ,  o n e  

n e ed s  th e  s p e c tru m  o f  in te r a c t in g  t r a c k s .  F o r  th is  p u rp o s e  th e  

d a ta  fro m  a w id e  b a n d  n e u tr in o  e x p e r im e n t^  c a r r ie d  o u t  in  B E B C  

u n d e r  v e r y  s im ila r  c o n d it io n s  (s e e  b e lo w ) w as u s e d .

•fm a in ly  b e c a u s e  o f  b e t t e r  s ta t is t ic s
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4 .3 .3 .1  Estimate of the effective interaction length.

The effective interaction length fo r hadrons was estimated using 

the interacting hadrons from the CC events observed in the  

WA59 wide band neutrino experiment [1 7 ], where an almost iden­

tical ta rg et was used and the bubble chamber was operating in a 

v e ry  similar condition. The choice of this data allowed the de­

termination of the effective interaction length with a better sta­

tistical accuracy.

From equation (4 .8 )  one can obtain the d ifferentia l spectrum  

fo r the interacting hadrons given by:

dN (fc)/d£ = Nq exp ( -fc/L ) (4 .10 )

In order to observe this spectrum, CC events with visible ener­

gy above 10 GeV and muon momentum above 3 G eV/c were se­

lected. In addition, the interacting tracks were required to 

have momentum errors  below 30%. The distribution of track  

length fo r interacting hadrons is shown in fig u re  9. As can be 

observed from this fig u re  the d ifferen tia l spectrum has an ap­

proxim ately exponential ^hape as expected from equation (4 .1 0 ).

Since the probability  cf interaction was sensitive to the value 

of L, then it was important to obtain the most realistic value for  

th is factor. F u rth er, one could check the va lid ity  of the effec­

tive  interaction length obtained by estimating the tru e  number of 

leaving hadrons in the CC sample. Knowing the number of 

muons and the number of interacting and leaving hadrons in the
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CC sample, then one could use this as a fu rth e r  constraint to 

obtain L. For every  interacting hadron, the number of leaving 

ones will be given by:

Nleav = 1 /P U )  - 1 (4 .11 )

We define the x .

x2 = ^ {  [ (N (£ .)  - N0exp( - £ . / L ) ] /  /N U , )  }2 
6=1

subject to

(4 .12 )

NL - FL = 0 (4 .13 )

where
Vl

f l  = £ {  1/P. - 1) (4 .14 )

One can define a least squares function:

M (N 0 ,L ,X ) = i T {  [ N (£ j)-N 0 exp ( - £ . / L ) ] /  /N (£ .)  }2
6=1

x [ n l - f l  ] (4 .15 )

Where:

£. = The track  length from figu re  9 fo r interacting hadrons.

N. . =The total number of bins in fig u re  9. bins 3

N (£ .) = Number of entries fo r £..i i

Nq = Scaling coefficient

= The total number of leaving hadrons in the CC sample.
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N| = The total number of interacting hadrons in the CC sample.

= The estimated number of leaving hadrons in the CC sample.

P. = The probability  of interaction fo r the hadron j in the CC 

sample.

Using equation (4 .1 5 ) ,  we carry  out a least squares minimisation 

of

|9M /9N 0 | + |9M /9L | + | 9M/9X | (4 .16 )

in the M inuit [18] and reconstruct every interacting hadron in 

the CC sample. Using this method (see below), the effective in ­

teraction length 'L' in the ta rg et was estimated to be 164cm^, 

taking into account the small correction required fo r the density  

differences between the beam dump and the wide band exp eri­

ment.

4 .3 .3 .2  T rack  following in the bubble chamber 

The total number of hadrons was obtained by estimating the  

probability  of interaction fo r every  interacting hadron. The  

probability  of interaction was obtained by following the track  in 

the liquid until it left the chamber and estimating its total 

length. The interaction cross-section was assumed to be inde-

^This value was used fo r the whole data, although the liquid  
density varied s lightly  fo r d iffe ren t runs
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pendent of of the energy of the tra c k . This was supported by  

the fact th a t only tracks with momentum above 3 G eV/c were 

considered and at the energies above this cut the interaction  

cross-section of hadrons ( i .e .  pions,protons and kaons) with the  

nucleon remained fa ir ly  constant independent of the hadron en­

ergy  (fo r  example see reference 19 plots of cross-sections and 

related quantities , p 8 6 .) .

In o rder to reconstruct the charged interacting hadron tracks  

and estimate the total track  length in the bubble chamber, the  

tracks were followed in the liquid by making steps of adjustable 

size, taking into account the density and the field configuration. 

The momentum loss and multiple scattering were taken into ac­

count.

In o rder to check the va lid ity  of the method in estimating the  

total track  length, the identified muons were used. The muons 

were particu la rly  suitable, because the majority of the muon 

tracks were measured up to the end point, and as a result one 

could reconstruct the muon track  and compare the estimated ( 

reconstructed ) total track  length with the measured length. 

Figure (10) shows the estimated muon track  length versus the  

measured track  length. As can be seen from this f ig u re , a ve ry  

strong correlation exists between the corresponding lengths, and 

the procedure is satisfactory in estimating the tra ck  length of 

hadrons in the bubble chamber.
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4 .3 .3 .3  Results

Only accepted events with total visible energy above 10 GeV 

were used in the analysis. Table 4 summarises d iffe ren t types 

of hadrons observed in the NC sample.

TABLE 4

Hadron results obtained in the NC sample

Obseved number of interacting hadrons = 434±20.83 

Estimated number of leaving hadrons = 241.25±13.20  

Total number of leaving tracks = 306±17.49 

Estimated number of leptons lost = 64.8±21.9

Table 5 shows the number of leptons observed in the muon 

and electron CC samples. As can be seen from this table a total 

of 1216 leptons were observed g iving the number of leptons lost 

as a percentage of total leptons observed to be (5.3±1.8)% .

TABLE 5

Lepton tracks observed in the CC sample

Total number of muons observed = 1013 ± 31.83

Total number of electrons observed = 203 ± 14.25
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4 .4  CORRECTION FOR LEPTON MOMENTUM CUT  

Corrections are required fo r the 3 G eV/c and 0 .8  G eV/c cuts on 

muon and electron momenta respectively. The d ifferentia l 

cross-section fo r neutrino interaction in the scaling region is 

given by [19]:

where G is the Fermi coupling constant, M is the nucleon mass, 

E^ is the neutrino energy and F j(x ) are the neutrino production  

structu re  functions. Using the Callan-Gross relation [19 ]:

and ignoring the term  M xy/2E in (4 .1 7 ), the above equation re ­

duces to:

d2ov/d x d y  = (G2MEv/ tt) [  (1 -  y  -  M xy/2Ev )F 2 (x )  

+ Q y 2)2 x F 1(x ) + (y  -£ y 2)x F 3 (x )  ] (4 .1 7 )

F2 (x ) = 2xF1(x ) (4 .1 8 )

d2av/d x d y  = (G2MEv/ 2 tt) {  [F2 ( x) +x F3 ( x) ]  + 

[F 2 (x ) -x F 3 ( x ) ] ( 1 - y ) 2 >

(4 .1 9 )

In tegrating  (4 .1 9 ) over x gives

o

Using

o p

(4 .2 0 )
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one obtains:

Changing the cross-sectional dependence from y to we obtain:

d o /dE £ = -(G 2M /2 i i ) { /  F2 (x )d x [(1 + P ) (4 .22 )

CE* /  Ev )Z(1-(S)].

Requiring > EC(Ĵ  and in tegrating over the energy spectrum  

we obtain the ratio of the number of events lost due to lepton 

momentum cut to total number of events as:

R = Nlost

(E‘cut

/N total =t (1+(5>Ecut n O - M / 3 )  x 

/E 2v ) ]  /  Ev [(1*(S) ♦ (1 -B )/3 ] (4 .23 )

The 3 value used was 0 .8 , obtained from the best f i t  to the  

Gargamelle data on the y  d istribution [2 0 ]. For antineutrinos  

the 3 value should be replaced by -3 .

4 .5  ENERGY CORRECTIONS

The estimation of the hadronic energies by measurement of the  

tracks observed in the bubble chamber only represents a lower 

limit on the tru e  hadronic energy. This is because of neutral 

energy losses through unconverted gammas and undetected neu­

tra ls , and due to incompletely measured, complicated electromag­

netic showers and secondary scatters. In order to account fo r
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such energy losses, a global energy correction was applied. 

The hadronic energy was scaled up by 20% to account fo r unseen 

neutrals. This correction was based on the results obtained in a 

narrow band neutrino experiment [21] w ith BEBC running under 

v e ry  similar conditions, where the correction relied on the bal­

ance of the transverse momentum of the muon relative to the  

neutrino direction in a CC event, with the transverse momentum 

of the sum of obseved hadrons multiplied by the correction fac­

to r  to be determ ined. The value of the correction factor was 

observed to be independent of hadronic energy and a mean value 

of 1.20 was obtained fo r the correction factor.

4 .6  ASSO CIATIO N OF NEUTRON STARS

As mentioned earlie r (see section 3 .4 ) ,  at the production stage

of the Data Summary Tape, attempts were made to select the
*f

best origin fo r the association of n s.

Using the program SYNTH , the best vertex fo r the associa- 
*

tion of the n was selected as the one which gave the minimum

angle between the line of flighty obtained from the vertex under 
*

test^and the n ve rtex ; and the sum of the momenta of the out-

*going tracks from the n v e rte x , ( i .e .  the so called final state

hadron vec to r). I f  the transverse momentum of the final state

hadron vector re lative to the line of f lig h t was greater than 5
•k

G eV /c  the vertex  was rejected altogether otherwise the n was 

associated to th a t ve rtex .
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Although the above procedure was used in linking n 's, in

the data analysis stage many frames were noted to have more

than one event, with the downstream vertex having no identified

lepton associated to the event and appearing as a NC candidate.
*

These so called unlinked n s were a background to the low en­

ergy NC events and could distort the shape of NC spectrum.

In order to identify and associate the potential n s events, 

all frames with more than one event on the frame were checked. 

To determine whether two vertices were associated the following 

kinematical parameters were used:

| A B 1: the distance between two vertices;

0 : the angle between the beam direction and AB;

The transverse momentum of the final state hadron vector 

of the downstream vertex B relative to AB;

The transverse momentum of the component of the final 

state hadron vector of vertex B along AB, relative to the final 

state hadron vector of vertex A.

The definition of these parameters is given in figure (11).

In order to study the association of vertices on frames with 

more than one event, the observed vertices on frames with more 

than one event were catagorized as shown in table 6 

Column 3 of this table gives the sets of vertices observed in 

each category. As can be seen from this table, the observed
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1

TABLE 6

---------------- 1

Association of vertices

V ertex  A V ertex  B Total

CC CC 4

NC CC 3

CC NC 67

1_____

NC NC 78

_________ i

number of random C C -C C  and NC-CC sequences is almost the  

same whereas the observed sequences of CC-N C and NC-NC v e r ­

tices is v e ry  high indicating the existence of unlinked associated 

events.

In o rder to identify  the most effective param eter(s) in elimi­

nating the hadronic background, the following plots were made:

i) 8 versus | AB | ;

ii) 8 versus p tB ;

iii) |AB|  versus Pt ^ ;

iv ) Pt BA versus P*B,

fo r both the C C -C C and NC-CC sequences (assuming these were 

genuine neutrino eve n ts ), and CC-NC and NC-NC sequences. 

All plots were checked and efforts  were made to choose the best 

cuts on the kinematical parameters in o rder to eliminate the ha-
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Figure 11: The definition of the kinematical parameters.

dronic background. Figure 12 shows plots of |AB|  versus P*g 

fo r the neutrino (fig u re  12a) and the contaminated samples ( f ig ­

ure 12b). As can be seen from figu re  12b, the majority of the  

events in the contaminated sample are concentrated at low |AB|  

and whereas the neutrino events appear to have large |AB|

and P*g values.

Taking |AB|  and P*g as the best kinematical param eters, the fo l­

lowing linear cuts were made in this plane:



(G
eV
/c
) 

P,
 (

Ge
V/
c)

F ig u re  12: AB vs P B fo r  n e u tr in o  (a ) and m ixed sample ( b ) .
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from | A B 1 = 0, Pt g = 5 G eV/c To |AB|  = 280cm, Pt g = 0 

giving a linear cut fo r neutrino events:

Cut = Pt B + | A B |/5 6  - 5 > 0.

As a result of this cut all but one of CC-CC and N C -C C events

remained whereas 134 apparent NC events were identified as n

and subsequently dropped from C C -N C  and NC-NC sample.
*

The energy spectrum of the associated n is shown in figu re

13. Only two of the identified n s have hadron energies above
jy

5 G eV, the remaing ones have ve ry  low energies.
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Chapter V

E V E N T  S E L E C T I O N  A N D  C O R R E C T E D  C H A R G E D  
C U R R E N T  R A T E S

T h e  p h y s ic s  a n a ly s is  w as  c a r r ie d  o u t  u s in g  t h e  D a ta  S u m m a ry  

T a p e  w h ic h  c o n ta in e d  t h e  f u l l  m e a s u re m e n t  in fo rm a t io n  o f  all n e u ­

t r i n o  i n t e r a c t i o n s ,  a ll r e le v a n t  in fo rm a t io n  su ch  as t h e  s ta tu s  o f  

t h e  b e a m , t h e  e x t e r n a l  d e te c to r s  a n d  t h e  r e le v a n t  b i ts  c o r r e ­

s p o n d in g  to  t h e  lo ca t io n  o f  id e n t i f ie d  p r i m a r y  e le c t ro n s  ( t h e  C C  

e le c t r o n  t r a c k s  ) .  T h e s e  e n a b le d  t h e  u s e r  to  c h e c k  t h e  s ta tu s  

o f  t h e  e v e n t s ,  a p p l y  d i f f e r e n t  c u ts  to  in d iv id u a l  t r a c k s  o r  e v e n ts  

a n d  m a n ip u la te  t h e  d a ta  as r e q u i r e d  b y  t h e  p h y s ic s  a n a ly s is  u n ­

d e r  c o n s id e r a t io n .

5 . 1  T R A C K  S E L E C T IO N

A ll  t r a c k s  c o r r e s p o n d in g  to  an e v e n t  w e r e  c h e c k e d  f o r  q u a l i t y  o f  

t h e i r  m e a s u r e m e n ts .  T h e  main p ro b le m  cam e f ro m  t h e  u n a s s o c i ­

a te d  t r a c k s  w h ic h  w e r e  w r o n g l y  a s s ig n e d  to  t h e  e v e n t .  O n  t h e  

o t h e r  h a n d  b a d ly  m e a s u re d  t r a c k s  w i th  la r g e  m om entum  e r r o r s  

c o u ld  in t r o d u c e  c o n s id e r a b le  s m e a r in g  to  v a r io u s  k in e m a t ic a l  p a ­

r a m e te r s .

T h e  h a d r o n s  f r o m  h a d r o n ic  s h o w e r  a r e  n o rm a l ly  p r o d u c e d  

w ith  a l im ite d  t r a n s v e r s e  m om entum  r e la t iv e  to  t h e  f in a l  s ta te  h a ­

d r o n  v e c t o r  o r  t h e  beam  d i r e c t io n  in c o n t r a s t  to  u n a s s o c ia te d

- 70 -
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t r a c k s  w h ic h  h a v e  la r g e  t r a n s v e r s e  to  lo n g i tu d in a l  m o m e n tu m .  

T o  r e d u c e  th is  b a c k g r o u n d  t h e  t r a c k s  w e r e  re je c te d  i f

i )  E -  p x  > 2 . 0  G e V

w h e r e  E a n d  a r e  t h e  e n e r g y  a n d  t h e  lo n g i tu d in a l  m om entum  

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

t r a c k s  n o r m a l ly  a p p e a r  to  h a v e  u n r e a s o n a b ly  la r g e  m om enta  

(P t r a c k ^  anc* f r a c t i ° n a l e r r o r  on t h e  m om enta  ( A p / p ) .  In  o r d e r  

to  r e d u c e  th is  b a c k g r o u n d  t r a c k s  w e r e  r e je c te d  i f  one  o f  t h e  f o l ­

lo w in g  w as  s a t is f ie d :

'> p t r a c k  > 50 0  G e V / c :

i i )  A p /p  > 100%.

A n  i n s i g h t  in to  t h e  q u a l i t y  o f  t h e  t r a c k  m e a s u re m e n ts  is p r o ­

v id e d  b y  t h e  d i s t r i b u t i o n  o f  t h e  f r a c t io n a l  e r r o r  on t h e  m om en­

tu m  o f  i d e n t i f i e d  m u o n s ,  c h a r g e d  h a d r o n s ,  f la g g e d  e le c t r o n s  a n d  

m e a s u re d  p h o to n s  as sh o w n  in f i g u r e  14 . T h e  la r g e  t r a c k  le n g th  

o f  t h e  m uons ( a n d  m om en tu m  im p r o v e m e n t  o f  b a d ly  m e a s u re d  

ones u s in g  IP F  a n d  EMI d a t a )  g iv e s  a g o o d  e s t im a te  o f  i ts  mo­

m e n tu m  w i t h  < A p /p >  ~ 3%. T h e  c h a r g e d  h a d r o n  m om entum  is a lso  

w e ll  m e a s u re d  w i t h  < A p /p >  ~ 5%. T h e  f la g g e d  e le c t r o n s  h a v e  

< A p /p >  ~  30%. T h e  p h o to n s  l ik e w is e  g e n e r a l l y  h a v e  a p o o r  m eas ­

u r e m e n t  o f  t h e i r  m o m e n tu m . T h i s  is m a in ly  d u e  to  b r e m s s t r a h -  

lu n g  a n d  s u b s e q u e n t  s p i r a l l i n g  o f  e le c t r o n  fro m  c o n v e r t e d  g a m ­

mas p r o v i d i n g  a r e l a t i v e l y  s h o r t  le n g th  o f  e le c t r o n  t r a c k  f o r  

m om entum  e s t im a te .
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F ig u re  14: D is tr ib u t io n  o f m easurem ent e r ro rs  on t ra c k  ty p e s .
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5 . 2  E V E N T  S E L E C T IO N

T h e  m ain  b a c k g r o u n d  to  n e u t r in o  e v e n ts  w as f ro m  t h e  so c a l le d  

" f a k e  n e u t r a l  c u r r e n t "  e v e n ts  d u e  to  n e u t r a l  h a d r o n s  e i t h e r  com ­

in g  f r o m  t h e  in t e r a c t io n s  in f r o n t  a n d  on t h e  p e r i p h e r y  o f  B E B C

o r  f r o m  n e u t r in o  e v e n t s  in s id e  t h e  c h a m b e r  r e s u l t in g  in t h e  so 

*
c a l le d  n e v e n t s  (s e e  4 . 6 ) .  T h e s e  e v e n ts  w e r e  n o r m a l ly  c h a r a c ­

t e r i s e d  b y  t h e i r  low e n e r g ie s  a n d  t h e  e x p o n e n t ia l  fa l l  in t h e  

n u m b e r  o f  th e s e  e v e n t s  w i th  in c r e a s in g  d is ta n c e  in t h e  c h a m b e r  

( i . e .  t h e  d is ta n c e  c o v e r e d  b y  t h e  p a r t i c l e  in t h e  l iq u id  b e f o r e  its  

i n t e r a c t i o n ) .  B y  a p p l y i n g  a s u i ta b le  e n e r g y  c u t ,  o r  u s in g  k in e -  

m atica l  t e c h n iq u e s ,  i t  w as  p o s s ib le  to  e x c lu d e  m a jo r i t y  o f  th is  

b a c k g r o u n d .

T h e  e v e n ts  a s s o c ia te d  w i th  cosm ic  r a y  in te r a c t io n s  c o n s t i t u t e d  

a n o t h e r  b a c k g r o u n d  f o r  N C  e v e n t s .  C osm ic r a y  t r a c k s  e n t e r e d  

t h e  c h a m b e r  f r o m  a b o v e  in t h e  f i e ld  d i r e c t io n  a n d  in t e r a c t e d  in  

t h e  l iq u id  r e s u l t i n g  in e v e n ts  c h a r a c t e r is e d  b y  t h e i r  b a d ly  m eas ­

u r e d  t r a c k s  ( t h e  t r a c k s  m om enta  a n d  a n g le s  co u ld  n o t  b e  d e t e r ­

m in e d  p r o p e r l y  s in c e  t h e y  w e r e  g e n e r a t e d  in t h e  f i e ld  d i r e c t i o n ) ,  

a n d  la r g e  t r a n s v e r s e  to  lo n g i tu d in a l  m om entum  r a t io s .  In  o r d e r  

to  r e d u c e  th is  b a c k g r o u n d  t h e  e v e n ts  w e r e  r e je c te d  i f :

i )  Epx  < 0 . 3  G e V / c  o r

i i )  I p z / I p x  > 2

w h e r e  t h e  sum  w as t a k e n  o v e r  a ll go o d  t r a c k s  as d e f in e d  in t h e  

p r e v io u s  s e c t io n .
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A ll  e v e n ts  w e r e  r e q u i r e d  to  b e  in s id e  t h e  f id u c ia l  v o lu m e  (s e e  

2 . 4 ) .  T h e  e v e n ts  on tw o  ro l ls  w e r e  r e je c te d  b e c a u s e  B E B C  w as  

r u n n in g  u n d e r  h a l f  m a g n e t ic  f i e ld  a t  t h e  t im e .  T w o  m o re  ro lls  

w e r e  e x c lu d e d  f r o m  d a ta  a n a ly s is  b e c a u s e  t h e  EMI w as  n o t  f u n c ­

t io n in g  p r o p e r l y .  In  a d d i t io n  t h e  d a ta  o b ta in e d  in a s h o r t  t e s t  

r u n  w i th  1 / 2  d e n s i t y  t a r g e t  w e r e  e x c lu d e d  f r o m  a n y  a n a ly s is .  

T h e r e  w e r e  a d d i t io n a l  h a r d w a r e  c o n d i t io n s  r e q u i r e d  a t  t h e  d a ta  

t a k i n g  s ta g e  [1 3 ]  w h ic h  w e r e  a p p l ie d .

5 . 3  E V E N T  C L A S S I F I C A T I O N

T h e  n e u t r in o  e v e n t s  w e r e  c la s s i f ie d  as fo l lo w s :

a )  M uon  n e u t r i n o  e v e n ts  : A l l  e v e n ts  w i th  an EMI id e n t i f ie d  

m uon w i t h  m om entum  a b o v e  3  G e V / c  a n d  no e le c t r o n  c a n d i ­

d a te  w i th  a t r a n s v e r s e  m om entum  r e l a t i v e  to  t h e  beam  l a r g ­

e r  t h a n  t h e  m u o n ;

b )  E le c t r o n  n e u t r i n o  e v e n ts  : A l l  e v e n ts  w i th  an id e n t i f ie d  

e le c t r o n  w i t h  m om entum  a b o v e  0 . 8  G e V / c  a n d  no m uon c a n ­

d id a t e  w i t h  a t r a n s v e r s e  m om entum  r e la t iv e  to  t h e  beam  

l a r g e r  t h a n  t h e  e le c t r o n ;

c )  N e u t r a l  C u r r e n t  c a n d id a te s  : A l l  e v e n ts  w i th  no o b s e r v e d  

s e c o n d a r y  le p to n  c a n d id a te s .

U s in g  t h e  a b o v e  c r i t e r i a ,  a to ta l  o f  2391 e v e n ts  w e r e  s e le c te d  

f o r  p h y s ic s  a n a ly s is .  O f  t h e s e ,  1325 w e r e  id e n t i f i e d  as c h a r g e d  

c u r r r e n t  e v e n t s .  T h e  r e m a in in g  ones  w e r e  c la s s i f ie d  as n e u t r a l  

c u r r e n t  c a n d id a t e s .  T a b l e  7 show s t h e  c la s s i f ic a t io n  o f  t h e  f in a l
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d a ta  sam ples  o b ta in e d  in r u n s  c a r r i e d  o u t  w i th  f u l l  a n d  1 / 3  d e n ­

s i t y  d u m p s  w i th  no e n e r g y  c u t s .

T A B L E  7

R a w  n u m b e r  o f  e v e n ts  o b s e r v e d  w i th  no e n e r g y  c u t

D e n s i t y : Fu ll 1 / 3

M uon n e u t r in o 379 442

M uon  a n t i n e u t r i n o 122 151

E le c t r o n  n e u t r in o 105 70

E le c t r o n  a n t i n e u t r i n o 31 25

N e u t r a l  c u r r e n t 521 545

5 . 4  T H E  X  A N D  Y  D I S T R I B U T I O N  O F  C C  E V E N T S

i)  T h e  m uon C C  s am p le :  T h is  sam p le  c o n s is ts  o f  821

e v e n ts  w i t h  a y a t  t h e  f in a l  s ta te  a n d  273  e v e n ts  w i th
+ —

a y w h ic h  w e r e  i n t e r p r e t e d  as a n d  c h a r g e d  c u r ­

r e n t  i n t e r a c t io n s  r e s p e c t i v e l y .  T h e  m uons r e q u i r e d  to  

h a v e  a m o m en tu m  a b o v e  3  G e V / c .  F ig u r e s  15 a n d  16 

sh o w  t h e  x a n d  y  d is t r ib u t io n s  f o r  m uon e v e n ts  w i th  

b o th  d e n s i t y  d a ta  c o m b in e d .  T h e  d is t r i b u t i o n s  a g r e e  

w e ll  w i th  t h e  u s u a l  e x p e c ta t io n  f r o m  t h e  q u a r k - p a r t o n

m odel f o r  v a n d  v in te r a c t io n s  [2 2 1 .y y L J



i i )  T h e  e le c t r o n  C C  sam p le :  T h e r e  a r e  175 v a n d  56 "vr  e e

id e n t i f i e d  c h a r g e d  c u r r e n t  in te r a c t io n s  w i th  t h e  e le c t r o n  

m om entum  a b o v e  0 . 8  G e V / c .  T h e  x  a n d  y  d is t r ib u t io n s  

f o r  t h e  e le c t r o n  e v e n ts  a r e  sh o w n  in f i g u r e s  15 a n d  16 .  

T h e  e d a ta  show s an e x c e s s  a t  low  x < 0 . 1 ,  h o w e v e r ,  

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

m om enta  d u e  to  b r e m s s t r a h lu n g  e t c ,  th is  exces s  can  b e  

a t t r i b u t e d  to  m e a s u re m e n t  e r r o r s .
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F ig u re  15: The B jo rken  x d is tr ib u t io n  fo r  CC events
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F ig u re  16: The B jo rken  y  d is tr ib u t io n  fo r  CC events
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5 . 5  C O R R E C T E D  E V E N T  R A T E S

T a k i n g  in to  a c c o u n t  v a r io u s  e f f ic ie n c ie s  d e s c r ib e d  in t h e  p r e v i ­

ous c h a p t e r  t h e  o b s e r v e d  c h a r g e d  c u r r e n t  e v e n t  sam p le  w as  c o r ­

r e c te d  f o r  all t y p e  losses in c lu d in g  t h e  s y s te m a t ic  u n c e r t a in t ie s .  

T h e  c o r r e c t e d  a b s o lu te  a n d  n o rm a l is e d  v a lu e s  f o r  r u n s  w i th  t h e  

f u l l  a n d  1 / 3  d e n s i t y  d u m p s  a r e  g iv e n  f o r  tw o  d i f f e r e n t  e n e r g y  

c u ts  in ta b le s  8 ,  9 ,  10 a n d  11 .  T h e  f i r s t  ro w  g iv e s  t h e  o b ­

s e r v e d  n u m b e r  o f  e v e n t s .  T h e  sec o n d  ro w  g iv e s  t h e  c o r r e c t e d

n u m b e r  o f  e v e n ts  w i t h  s ta t is t ic a l  a n d  s y s te m a t ic  e r r o r s .  T h e

18
t h i r d  ro w  is t h e  e v e n t  r a t e  n o rm a l is e d  to  10 p r o to n s  a n d  1 to n  

o f  d e t e c t o r .

i------------------------------------------------------------------ 1

| T A B L E  8  |

I T h e  C C  e v e n t  r a t e  f o r  fu l l  d e n s i t y  d u m p  w i th  E^ > 10 G e V  |

+ _  +
V V e e

108 3 4 4 28 100

1 2 1 . 8 ± 1 1 . 8 ± 4 . 5 ,  4 1 4 ± 2 2 . 6 ± 1 0 . 3 , 3 0 . 3 ± 5 . 7 ± 1 . 0 , 1 0 9 . 3 ± 1 0 . 9 ± 3 . 7

5 . 5 ± 0 . 5 ± 0 . 2 , 1 8 . 9 ± 1 . 0 ± 0 . 5 , 1 . 4 ± 0 . 3 ± 0 . 1 , 5 . 0 ± 0 . 5 ± 0 . 2
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T A B L E  9

C C  e v e n t r a t e  f o r  fu l l d e n s i t y  d u m p  w ith E > 2 0  G e V
V

+ +
y V e e

81 282 22 96

8 9 .8 1 1 0 1 2 . 9 ,  3 2 5 . 4 i 1 9 . 5 i 8 . 0 ,  2 3 . 7 i 5 . U 0 . 8 ,  1 0 4 . 7 i 1 0 . 7 i 3 . 6  

4 . H O . 5 1 0 . 1 ,  1 4 . 8 i 0 . 9 i 0 . 4 ,  1 . 1 i 0 . 2 i 0 . 1 ,  4 . 8 i 0 . 5 i 0 . 2

T A B L E  10

T h e  C C  e v e n t  r a t e  f o r  1 /3  d e n s i t y  d u m p  w i th  E^ > 10 G e V

y y e e

134 410 24 67

H 13.7 1 5 .7 , 5 0 0 .2 i2 5 .1 H 2 .5 , 2 6 .3 i 5 .4 i 1 .0 , 74.2:

1 .5 1 0 .6 , 5 3 .7 i 2 .7 i 1 .3 , 2 . 8 i 0 . 6 i 0 . 1 , 8 .0 i

T h e  s y s te m a t ic  e r r o r s  w e r e  t a k e n  in to  a c c o u n t  b y  v a r y i n g  t h e  

i n p u t  p a r a m e te r s  a n d  c o m p a r in g  t h e  r e s u l t s .  F o r  t h e  a b s o lu te  

a n d  n o rm a l is e d  ra te s  t h e  s y s te m a t ic  e r r o r s  a r e  a d d e d  in q u a d r a -
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i

T A B L E  11 |

T h e  C C  e v e n t  r a te  f o r  1 /3  d e n s i t y  d u m p  w i th  > 2 0  G e V  |

V y e e |

101 331 2 0  60 |

1 1 5 . 9 ± 1 1 . 8 ± 3 . 7 ,  3 8 7 . 9 1 2 1 . 6 1 9 . 5 ,  2 1 . 8 i 4 . 9 i 0 . 8 ,  6 6 . 1 i 8 . 5 i 2 . 3  |

1 2 . 4 H . 3 1 0 . 4 ,  4 1 . 7 1 2 . 3 H . 0 ,  2 . 3 i 0 . 5 i 0 . 1 ,  7 . 1 i 0 . 9 i 0 . 2  |

________________________________________________________________ i

t u r e .  I t  can  be seen  t h a t  on t h e  w h o le  t h e s ta t is t ic a l  e r r o r s

d o m in a te . T h e m o re  im p o r ta n t in d iv id u a l  a b s o lu te  s y s te m a t ic

c o n t ib u t io n s f ro m d i f f e r e n t  s o u rc e s  a r e  g iv e n in ta b le s  12 , 1 3 ,

1 4 ,  15 , 16 , 1 7 , 18 an d  19 f o r b o th  d e n s i t ie s a n d  tw o  e n e r g y

c u t s .  T h e  q u o te d  n u m b e rs  a r e  a b s o lu te  v a lu e s .  T h e  n o ta t io n s  

u s e d  a r e :  S can  e f f i c  = Scan  e f f i c i e n c y ,  EMI e le c t  = EMI e l e c t r o n ­

ic e f f i c i e n c y ,  EMI g eo m t = EMI g e o m e tr ic a l  e f f i c i e n c y ,  E le c t ro n  

d e t  e f f i c ie n c y  = T h e  o v e r a l l  e le c t r o n  d e te c t io n  e f f i c i e n c y  a n d  3 

p a r a m e t e r  is d e f in e d  in ( 4 . 2 0 ) .
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T A B L E  12

T h e  s y s te m a t ic  c o r r e c t io n s  f o r  f u l l  d e n s i t y  m uon C C  e v e n ts
w i th  E > 10 G e V .  

v

Scan e f f i c . EMI e le c t . EMI g e o m t. 3

■f
V 1 . 9 2.6 1 . 3 2.8

V 2.6 8 . 7 4 . 4 2.1

Otabdul

T A B L E  13

T h e  s y s te m a t ic  c o r r e c t io n s  f o r  f u l l  d e n s i t y  e le c t r o n  C C  e v e n ts
w i t h  E > 10 G e V .  I

v 1

C tn/ixdic/
S can  e f f i c . E le c t ro n  d e t  e f f i c ie n c y 3 v a lu e

e + 0 . 3 1.0 0.2

e" 1 .1 3 . 6 0.1

i___________________________________________________________________i
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TABLE 14

The
with

systematic corrections for full 
E > 20 GeV.V

density muon CC events

Scan effic. EMI elect. EMI geomt. 3 va+tre

+
V 1.4 1.9 0.9 1.5

V 2.0 6.9 3 .4 1.1

TABLE 15

The systematic corrections for full density electron CC events
with E > 2 0  GeV. Iv

Scan effic. Electron det efficiency 3 vakre

+
e 0.2 0.8 0.1

e 1.1 3 .4 0.1
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TABLE 16

The systematic corrections for 1/3 density muon CC events
with E > 10 GeV.

V

Ctr\r*jd*cf
Scan effic. EMI elect. EMI geomt. 3 valuer

V 2 .5 3 .3  1.7 3 .5

y" 3.1 10.5 5.3 2.7

TABLE 17

The systematic corrections for 1/3 density electron CC events
with E > 10 GeV. v

ĉVulĉ J
Scan effic. Electron det efficiency 3 value

+
e 0.3 0.9 0.1

e 0.8 2.4 0.1
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TABLE 18

The systematic corrections for 1/3 
with E > 20 GeV.

V

density muon CC events j

Scan effic. EMI elect. EMI geomt.
1

3 va+tie |

CO

+

2 .4 1.3 1.8 |

y" 2 .4 8.2 4.1 1.3 |

i-------------------------------------------------------------------1

I TABLE 19 I

The systematic corrections for 1/3 density electron CC events
with E > 2 0  GeV. v

Scan effic. Electron det efficiency 3 vaftrtT

+
e 0.2 0.7 0.1

e 0.7 2.2 0.1



THE PROMPT CHARGED CURRENT SAMPLE

Chapter VI

One of the most important feature* of beam dump experiments is 

that other processes may in principle become recognizable above 

the suppressed conventional background. Of the most important 

of these processes are; the production and semileptonic decay of 

heavier hadrons with smaller production cross-section and much 

shorter lifetimes (eg. charmed hadrons) and the production in 

the decay of such hadrons of new neutrinos which could be de­

tected through their interactions or decays in the chamber. We 

refer to these neutrinos and their interactions as prompt neutri­

nos and prompt events respectively. This chapter considers the 

characteristics of prompt CC neutrinos.

The magnitude of a prompt flux component may be determined 

either by subtraction or extrapolation method. These methods 

will be discussed later, but, it should be mentioned here that 

both of these methods are more sensitive to a prompt electron 

neutrino flux than to a prompt muon neutrino flu x , because of 

much smaller conventional background for the electron neutrino 

events.

In order to understand the prompt rates we will consider the 

calculated conventional background in the run with the full den-

- 86 -
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sity dump and the contribution to each neutrino type from the 

conventional sources. It will be shown that that the observed 

CC event spectrum can not be explained by the flux of conven­

tionally produced neutrinos.

6.1 THE SOURCE OF CONVENTIONAL NEUTRINOS

The flux of conventional neutrinos from decays of pions, kaons

and hyprons during their flight path of about one absorption

length in the dump was calculated in [23] using the measured

hadron spectra from proton copper interactions at 400 GeV/c

[24]. The muon rates obtained in the solid state detectors in

the muon shielding (see 2 .3) were used to calibrate the Monte

Carlo which estimated the number of conventional events inside

BEBC. The neutrino and antineutrino cross-section slopes used

were 0.657x10 ^  cm^/GeV and 0.309x10 cm^/GeV respectively

[21]. The estimated systematic uncertainty was 6% for muon

neutrino, 9% for muon antineutrino and 12% for electron neutrino

(antineutrino) events [1] .  Table 20 lists the estimated conven-
18tional neutrino events in the full density data normalised to 10 

protons and 1 ton of detector. The bulk of conventional muon 

neutrinos is from the purely leptonic decays of pions and kaons 

with the following branching ratios

IT J1V
V

100% ( 6 .1 )

K -*■ yv
V

63.5% ( 6 .2 )
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TABLE 20

Estimated conventional event rates in the fu ll density dump 
18in units of 10 and 1 ton of detector.

V V
+

e e

E > 20 3 .10  13.80 0 .72  0.32

The electron neutrinos are produced in the semileptonic decays 

of hadrons. The number of electron neutrino events from v a r i­

ous conventional sources above 20 GeV neutrino energy is listed 

in table 21

TABLE 21

The contribution to the fu ll density electron neutrino  
sample from various conventional sources. The given

numbers are normalised to 1 0 ^  protons and 1 ton of 
detector.

+
Source K K K° K° A0 E

ve 0.31 0 .0 0.41 0 .0 0 .0 0 .0

0 .0 0.05 0 .0 0.10 0.08 0.09

V
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I t  can be seen from this table th a t charged and neutral kaons 

make up the source of prompt whereas the contribution to vg 

mainly comes from K 5, A0 and l ~.

6 .2  OBSERVED EVENTS AND THE EXPECTED CONVENTIO NAL  
BACKGROUND

Table 9 lists the raw and corrected number of CC events ob­

tained in the run with the fu ll density dump with E^ > 20 GeV. 

The in terest is: How many of each neutrino type  make the

prompt flux? and: at which energies do they occur ? The an­

swer to the f irs t  question is likely to put limits on the dynamics 

of the neutrino production process, while the spectrum of the  

prompt flu x  provides information about the kinematics involved.

We will consider the event rates from the muon neutrinos and 

electron neutrinos. The energy d istribution of observed events 

will be compared with the predicted energy distribution of con­

ventional ones fo r each neutrino typ e . In order to compare the  

observed and the predicted conventional rates, only the ob­

served event rates from the fu ll density run will be used.

6 .2 .1  The muon neutrino and antineutrino samples 

Figures 17 and 18 display the visible energy distributions of the  

fu ll density muon neutrino and muon antineutrino events respec­

tiv e ly , corrected fo r detection efficiencies and lepton momentum 

cuts. The mean energies are 64±3 GeV fo r muon neutrinos and 

53±4 GeV fo r muon antineutrinos fo r events with E > 2 0  GeV.
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The distributions are superimposed onto the predictions from the  

conventional sources integrated over the total protons on the  

ta rg e t and the mass of the detector. As can be seen from these 

fig u res , the observed number of events in both muon neutrino  

and muon antineutrino samples are compatible with the p re ­

dictions from the conventional background fo r energies below 60 

GeV. However fo r energies above 60 GeV the observed events 

appear to be higher than those expected from the conventional 

sources. This is specially tru e  in antineutrino sample fo r ener­

gies between 60 and 100 GeV.

6 .2 .2  The electron neutrino and antineutrino samples 

The energy distribution of electron neutrino and electron an ti­

neutrino events in fu ll density are shown in figures 19 and 20 

respectively together with the estimated conventional background  

in each sample. As can be seen from these fig u res , the ob­

served event rates are higher than what is expected from the  

conventional sources in all energy bins indicating the existence 

of other electron (an ti) neutrino sources.

The cleanest evidence fo r the existence of the prompt neu tri­

no source comes from the observed electron sample where a d if ­

ference of more than 4 standard deviations between the observed 

and the predicted conventional events is seen fo r neutrino ener­

gies between 30 and 100 GeV. The effect is less pronounced in 

the antielectron neutrino sample, although a difference of more
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than 2 .5  standard deviations can be seen in the th ird  bin. The  

mean energies are 69±5 GeV fo r electron neutrinos and 70±6 GeV  

fo r electron antineutrinos taking events with energies above 20 

GeV. From the above plots it can be seen that the observed  

electron events can not be explained by the estimated conven­

tional background. Indeed a simple calculation based upon the  

total number of events observed and the expected total conven­

tional background shows th at the estimated conventional back­

ground accounts only fo r about 20% of the total electron n eu tri­

nos and electron antineutrinos. The remaining events are  

assumed to be due to prompt electron neutrinos.
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6 .3  ESTIMATE OF THE PROMPT RATES

The prompt neutrino rates are estimated by two methods; these 

are:

1. The subtraction method where the expected neutrino flux  

from the conventional sources is predicted and the prompt 

rate is obtained by subtracting the conventional back­

ground from the observed event rates;

2. The extrapolation method where normalised event rates in 

the fu ll and 1/3 density dumps are plotted as a function  

of the inverse dump density and the prompt rate is esti­

mated by extrapolating the event rate to in fin ite  density.

Method 1 requires the knowledge of the conventional neutrino  

sources and measured conventional hadron spectra from proton 

copper interactions at 400 G eV /c . On the other hand method 2 

requires a test of linearity  of event rates with the inverse dump 

density. Both methods are described below.

6 .3 .1  The prompt rates from the subtraction method 

In tegrating  over the spectrum of the observed and the estimated 

conventional events in figures 17, 18, 19, and 20 and subtract­

ing the conventional background from the observed events the

18following prompt estimates are made in units of 1 ton and 10 

protons.



97

TABLE 23

Prompt charged c u rren t event rates fo r > 20 GeV in units

18of events per ton and 10 protons from the subtraction  
method.

+ _  + _
V e e

1 .010 .510 .3 , 1 .0 1 0 .9 i0 .9 ,  0 .8 i0 .2 i0 .1 ,  4 .1 i0 .5 i0 .2

6 .3 .2  The prompt rates from the extrapolation method 

Compared to the subtraction method, the extrapolation method 

has the advantage of being nearly independent of background  

calculations. The gain in systematics, however is traded off by  

a large increase in the statistical e rro r.

The extrapolation method relies on the fact that the prompt 

signal is independent of the density of the ta rg e t, while the  

conventional background flu x  is inversely proportional to the  

density of the ta rg e t. In other words, we expect to observe  

three times more background events in the run with the 1/3  

density dump compared to the fu ll density run . Using this sim­

plified assumption the prompt rate will be obtained from

nprompt x R, - 0 .5  x R, (6 .3 )

where and R^ are the observed number of neutrino events in 

fu ll and 1/3  density dumps respectively.
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The above equation is over sim plified, because other factors  

had to be taken into account in evaluating the prompt rates. 

These were:

a) The existence of faked prompt neutrinos due to the beam 

interactions with the material upstream of the dump;

b) The leakage of hadrons in the 1 /3  density dump.

Point (a ) arises from the fact th a t any beam interaction with the  

material upstream of the dump resulted in the background fo r  

the prompt neutrino flu x  since the hadrons produced in these in ­

teractions had decay paths much longer than the hadrons pro ­

duced in the dump. This background was independent of the  

density of the dump and therefore  simulated a prompt signal. 

This background was estimated to be (3 = 0.7±0.1)%  of the con­

ventional background in the fu ll density [1 ] .

The second point was due to the way the 1 /3  density dump 

was m anufactured. The 1/3 density dump had alternative 2.5cm  

copper, 5.0cm a ir gaps and as a result the effective copper 

length in 1/3 density dump was only 1m followed by the 3m long 

catcher. The end of nuclear cascade was absorbed in the catch­

e r . The effect of this leakage was th a t a small fraction of the  

conventional flux  appeared to be prompt or in other words the  

average density did not correspond to exactly 1/3 density. This  

effect was estimated by removing the catcher behind the dump 

allowing the leaking hadrons about 23 times longer decay length 

compared with the fu ll density dump. Comparing the muon flux
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fo r the two conditions, the effective inverse density was d e te r-
of' O /

mined to be (2 .92±0 .02 ) ^gm/crn / ra ther th a n (3 .0  (gm /cm y and the  

leakage was detemined to be [a = (4±1)%] of the conventional 

flux  from the full density dump [1 ] .

Accounting fo r the upstream interaction and the leakage cor­

rections in equation (6 .3 )  and introducing e  as the overall cor­

rection factor fo r effects described above [ e  = (4 .7 ±1 .0 )% ], we 

obtain the rates in the fu ll and 1/3 density data:

R1 = Rp + (1 +3 )R C

(3 + o + 3 + o3) x R^

r3 = Rp
1 + a

where Rp and R^ re fe r to prompt and conventional rates respec­

tiv e ly . These equations may be jo in tly  solved fo r Rp and R ^ . 

By redefining Rq  -*■ (1 +3 )R ^  and approximating a(S = 0 one can 

derive the conventional and the prompt rates as follows:

RC = *  x (R 3 " Rl )(1  + °

Rp = * x [ (3  ♦ e )R1 - (1 ♦ e )R3] (6 .3A )

Table 24 gives the estimated prompt rates in units of 1 ton and 

1018 protons.
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I

TABLE 24 |

Prompt charged cu rren t event rates fo r > 20 GeV in units |

18of events per ton and 10 protons from the extrapolation |
method. |

+ _ + _ 
y V e e I

-0 .3 ± 1 .0 ± 0 .1 , 0 .8 ± 1 .8 ± 0 .1 , 0 .4 ± 0 .5 ± 0 .0 , 3 .5±0 .9±0 .1  |

6 .4  THE THROUGH-GOING MUONS

As can be seen from tables 23 and 24, the small prompt muon 

signal is badly determined by the limited statistics available from  

muon neutrino interactions in BEBC. Using also through-going  

muons, however, increases the statistics by a factor of 14. Two 

d iffe ren t through-going muons were used;

i) " Faraway" muons from interactions in the CERN west 

area upstream of the veto plane, within ~ 50m from  

BEBC. These muons were detected as five -fo ld  coinci­

dences between all electronic detectors and th e ir  momen­

ta reconstructed to w ithin ~ 10% by using the data from
+

these detectors alone. The sample consists of 4065 y 

and 10257 y with momenta above 10 G eV /c . While the  

overall acceptance is not very  reliably known, the ra t­

ios of the d iffe ren t rates are well determ ined. Because 

of ranging out effects there  are corrections to account
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fo r the d iffe ren t energy spectra of prompt and conven­

tional f lu x , and fo r the d ifference in y -d is trib u tio n  be- 
_ +

tween y and y events. These corrections, based on a 

Monte Carlo calculation assuming charmed partic le decay 

as the prompt source, introduce systematic errors which 

can be kept small (~ 10%), since the momentum spectra 

of the through-going muons greatly  constrain the neu­

trin o  production models [1 ] .  Table 25 shows various 

ratios as obtained by extrapolating through-going muon 

data and the corresponding ratios corrected to apply to

event rates inside BEBC. Highly significant prompt
+

signals are obtained in both y and y data;

) "N earby” muons from between the veto plane and the  

upstream picket fence (fo u r-fo ld  coincidences) were 

found using the EM I-IPF system and were measured in ­

side BEBC. The statistics is comparable to the event
+

numbers inside BEBC (343 y and 1180 y with momenta 

above 10 G e V /c ). The corrections to event ratios are  

smaller than fo r the faraw ay muons since the in terac­

tions took place immediately upstream of BEBC. The  

statistical errors dominate and the nearby muons do not 

contribute very  strongly to the final resu lt. Table 25 

also gives the results fo r the nearby muons.
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T A B L E  25

R a t io s  o f  t h r o u g h - g o i n g  m uon ra te s

> 10 G e V / c ,  > 20  G e V ,  P = p r o m p t ,  C  = c o n v e n t io n a l  

S ta t is t ic a l  a n d  s y s te m a t ic  e r r o r s  a r e  a d d e d  in q u a d r a t u r e

F a r a w a y  m uons N e a r b y  m uons

y ratio event ratio y ratio event ratio

p"/c" 0.35±0.05 0.26±0.05 0 .14±0.11 0 .13±0.10

+ . + 
P /c 1 .16±0.15 0.69±0.12 0.62±0.33 0.70±0.38

c +/ c ' 0.28±0.02 0.21±0.03 0.23±0.04 0 .16±0.04

p+/p" 0.92±0 .12 0 .56±0.11 1.02±0.84 0.85±0.70

6 . 5  F I T T I N G  P R O M P T  R A T E S

I t  is p o s s ib le  to  o b ta in  a u n iq u e  s e t  o f  p r o m p t  ra te s  b y  f i t t i n g  

t h e  p r o m p t  e v e n t  ra te s  in s id e  B E B C  t o g e t h e r  w i th  t h e  c a lc u la te d  

c o n v e n t io n a l  b a c k g r o u n d  a n d  t h e  t h r o u g h - g o i n g  m uon ra te s  in a 

g e n e r a l is e d  le a s t  s q u a r e s  f i t  to  e q u a t io n s  ( 6 . 3 A ) .  A  d e ta i le d  d e ­

s c r ip t io n  o f  th is  f i t  is g iv e n  in r e f  1; a s h o r t  d e s c r ip t io n  a n d  

d is c u s s io n  o f  t h e  r e s u l ts  is g iv e n  b e lo w .  T h e  fo l lo w in g  in p u ts  

w e r e  u sed  f o r  th is  f i t :

i )  C o r r e c t e d  c h a r g e d  c u r r e n t  e v e n t  ra te s  in B E B C  f o r  f u l l  

a n d  1 / 3  d e n s i t y ;

i i )  T h e  ’M o n te  C a r lo  c a lc u la te d '  f o r  c o n v e n t io a n l  b a c k ­

g r o u n d  r a t e s ,  C ,  in each  b in ;



103

i i i )  T h e  e x t r a p o la t e d  p r o m p t  a n d  c o n v e n t io n a l  ra te s  o f  

t h r o u g h - g o i n g  m u o n s ,  c o r r e c t e d  to  a p p ly  in s id e  B E B C .  

T h e  o v e r a l l  n o rm a l is a t io n s  w e r e  c o n s id e r e d  u n k n o w n .  

T a b le  26  g iv e s  t h e  r e s u l ts  o f  t h e  f i t  to  d a ta  f o r  > 20  G e V .  

T h e  x 2 p e r  d e g r e e  o f  f r e e d o m  w as  1 5 . 1 / 1 0 .

!

T A B L E  2 6  |

P ro m p t  c h a r g e d  c u r r e n t  e v e n t  r a te s  f o r  E^ > 20  G e V  in u n i ts  j

18
o f  e v e n ts  p e r  to n  a n d  10 p r o to n s  f r o m  t h e  g e n e r a l is e d  le a s t  
s q u a r e s  ( g lo b a l )  f i t .  |

+ _ + _ 
u y e e |

1 .7 1 ± 0 .2 1  2 . 9 4 ± 0 . 4 7  0 . 9 6 ± 0 . 2 5  4 . 3 6 + 0 . 4 8  I

T h e  f i t  is t h e  b e s t  d e te r m in a t io n  o f  t h e  p r o m p t  r a t e s ,  as i t  com ­

b in e s  a ll a v a i la b le  in f o r m a t io n .  I t  does n o t ,  h o w e v e r ,  d i s t i n ­

g u is h  b e tw e e n  s ta t is t ic a l  a n d  s y s te m a t ic  e r r o r s .
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6.6 T H E  S O U R C E  O F  P R O M P T  N E U T R I N O S

T h e  p r o m p t  n e u t r in o s  a r e  g e n e r a l l y  a t t r i b u t e d  to  t h e  h a d r o p r o -  

d u c t io n  o f  c h a rm e d  h a d r o n s  t h r o u g h  t h e  re a c t io n  o f  t h e  t y p e

PP -> cc  -  X  ( 6 . 4 )

a n d  s u b s e q u e n t  le p to n ic  a n d  s e m ile p to n ic  d e c a y  o f  th e s e  h a d r o n s  

[ 7 - 9 ] .  In  t h e  a b o v e  e q u a t io n  c ( a n d  a lso  c ' )  s ta n d s  f o r  e i t h e r  a 

c h a r m e d  m eson o r  a c h a r m e d  h a d r o n .  T h i s  is in d e e d  p la u s ib le ,  

i f  o n e  ta k e s  in to  a c c o u n t  t h e  l i f e t im e  o f  c h a rm e d  p a r t ic le s .  T h e  

c h a rm  l i fe t im e  can b e  e s t im a te d  on t h e  b a s is  o f  t h e  s p e c t a t o r  d i ­

a g ra m  c o m p a re d  to  t h e  m uon d e c a y  d ia g r a m ,  a l th o u g h  t h e  s p e c ta ­

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

t io n  to  t h e  d e c a y  r a t e ,  b u t  i t  s u f f ic e s  f o r  a ro u g h  e s t im a te .  

C o m p a r is o n  o f  ( a )  a n d  ( b )  in f i g u r e  21 lead s  to  t h e  r a t io  o f  d e ­

c a y  r a te s :

x
c

r  / r  = 5( m /m  )
c y c y

= 1 /5  ( m /m  )** x x V c y
( 6 . 5 )

w h e r e  t h e  l i g h t  q u a r k  mass is n e g le c te d  a n d  t h e  f a c t o r  5 t a k e s

a c c o u n t  o f  t h e  3  c o lo rs  p lu s  2 le p to n  t y p e s  in to  w h ic h  t h e  W can

d e c a y  a n d  m is t h e  mass o f  t h e  c h a rm  q u a r k .  T a k i n g  
o
2

m -  1 . 5  G e V / c  ( r o u g h l y  h a l f  t h e  mass o f  JAj>) t h e  ty p ic a l  

c h a r m e d  s ta te  l i fe t im e  is e s t im a te d  a t :

xc
8x10"13 s (6 . 6)
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T h i s  a g r e e s  w e ll  w i t h  m e a s u re m e n ts  o f  c h a r m e d  p a r t i c l e  l i fe t im es  

l is te d  in [ 1 9 ] .

c

d y f

1/e

e♦

q q

(a)

H -

(b )

F ig u r e  2 1 :  C o m p a r is o n  o f  c h a r m  d e c a y  ( a )  a n d
m uon d e c a y  ( b )  d ia g r a m s .

A s a r e s u l t  t h e  e x p e c t e d  d e c a y  d is t a n c e  o f  h ig h  e n e r g y  

c h a r m e d  p a r t ic le s  a r e  v a s t l y  s h o r t e r  th a n  th o s e  o f  s t r a n g e  p a r t i ­

c les  an d  c h a rm e d  h a d r o n s  w il l  h a v e  an a lm o s t  100% c h a n c e  o f  d e ­
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c a y  b e f o r e  t h e y  a r e  a b s o r b e d  in t h e  t a r g e t .  O t h e r  p o s s ib le  

s o u rc e s  o f  p r o m p t  n e u t r in o s  a r e  t h e  h e a v y  le p to n  p r o d u c t io n  b y  

t h e  D r e l l - Y a n  t y p e  p ro c e s s  o r  a s s o c ia te d  b e a u t y  p a r t ic le s  b u t  

b e c a u s e  o f  t h e  la r g e  mass o f  h e a v y  le p to n s  an d  s m a lln ess  o f  t h e  

b e a u t y  p r o d u c t io n  c r o s s - s e c t io n s ,  t h e  c o n t r ib u t io n  f r o m  th e s e  

s o u rc e s  to  t h e  p r o m p t  n e u t r in o  e v e n ts  is e x p e c te d  to  b e  n e g l ig i ­

b le  [ 2 5 ] .

A s s u m in g  c h a rm e d  h a d r o n s  to  b e  t h e  s o u rc e  o f  p r o m p t  n e u t r i ­

n o s ,  th e n  t h e  s e m ile p to n ic  d e c a y s  o f  c h a rm e d  p a r t ic le s  can b e  

d e s c r ib e d  in te r m s  o f  s p e c ta to r  d ia g ra m s  as show n in f i g u r e  2 2 ,

w h e r e  t h e  a n t i q u a r k  q can  be  d ,  u o r  s r e s u l t in g  in fo rm a t io n  o f  

+ +
D , D °  a n d  D g ( p r e v i o u s l y  c a l le d  F )  m esons r e s p e c t i v e l y .  In

t h e  case  o f  c h a r m e d  b a r y o n s  t h e  l i g h t e s t  p o s s ib le  c a n d id a te  is 

+
Ac . H e a v i e r  c h a rm e d  h a d r o n s  c o u ld  b e  p r o d u c e d  in t h e  co ll is io n  

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

c a y  d ia g r a m  f o r  D , D °  a n d  D g can  b e  o b ta in e d  b y  r e p la c in g  c 

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

T h e  p u r e l y  le p to n ic  d e c a y  modes can  b e  o b ta in e d  f r o m  t h e  q u a r k

fu s io n  d ia g r a m s  as sh o w n  in f i g u r e  2 3 .  F ig u r e  2 3 ( a )  show s t h e

+
C a b b ib o  f a v o u r e d  W - a n n ih i l ia t io n  o f  D g d e c a y  a n d  f i g u r e  2 3 ( b )

+
show s t h e  C a b b ib o  s u p p r e s s e d  W - a n n ih i l ia t io n  D d e c a y .  A s s u m ­

in g  n e u t r in o s  h a v e  z e r o  m ass , t h e  d e c a y  ra te s  f o r  f i g u r e s  2 3 ( a )  

a n d  ( b )  a r e

r ( D s -*• fcv) = ( G 2 F D 2/ 4 i r ) m £2 mD ( 1 - m £2 / m D 2 ) 2 cos2 0 c ( 6 . 7 )
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C --------------------------

o°, d ;

f ----------------------

U -jV

I f

U / +

c

IL ( l

a ,  v

2 X

F i g u r e  2 2 :  S e m ile p to n ic  d e c a y  o f  c h a r m e d  h a d r o n s  in
t h e  s p e c t a t o r  q u a r k  m o d e l .

T ( D  -► ilv ) = ( G “ F D ^ /4 T T )m ^ m D ( l - m ^ / m D ^ ) ^ s i n ^ 0 c ( 6 . 8 )

Vvhere m is t h e  m ass o f  th e  c h a r g e d  le p to n  l .  0 is t h e  C a b b i -
JC 0

bo a n g le  f o r  t h e  c h a r m  to  s t r a n g e  t r a n s i t i o n  a n d  f n  a n d  f n  a re
US u

t h e  D m eson a n d  D meson w e a k  d e c a y  c o n s t a n t s .  B ecau se  
s

d u c t io n .  F o r  e x a m p le

m^ »  »  me , th e  above equations fa v o u r  h e a v ie r lepton p ro ­
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r(D~ -*■ e v ) /(D ~  ■ * y“v) = (m /m  ) 2 -  2 .3x10 ^ (6 .9 )s y

Comparing the Dg meson decay rates to yv and tv

9T(D -+ t v)/(D -*■ yv) =(m /m ) x s s  ̂ i y
[(m 2D -m2T) / (m 2D -m2vi) ] 2 ~ 9 .4  (6 .1 0 )

One can consider the contribution from the decay D ^ yv relative  

to the semileptonic decay of D ^ yvX. This ratio can be estimat­

ed by comparing D yv decay w idth with n -+ yv:

r(D" -*• y v ) / r (  tt“ -+ yv) = ( fn/ f  ) 2 xU TT

(mn /m  )(1 -m  2/m n 2) 2 (1-m  2/m  2)~2tan20 
u  it y u  y ir c

taking ( fp / f ^ ) 2 = 4 as given in [26] and sin0c=O.23 [1 9 ],

tain

( 6 . 11) 

we ob-

T (D “ ■ * y”v ) / r ( tt-  y”v) ~ 16. ( 6 . 12)

The width fo r r(iT -*■ yv) is well established. Using the measured 

D" lifetime [19]:

t d ± = (9 .2 + 1 .3 -1 .0 )x10~ 13 sec (6 .1 3 )

the branching ratio of D -*■ yv becomes:

BR = rxx ~ (6 .2x108)x (9 .2 x 1 0 " 13) = 5.7x10"4 (6 .14 )

+ +
The semileptonic branching fraction D" e“vX is measured at 

(18.2±1.7)%  [1 9 ], assuming an identical value fo r D* y*vX , one 

obtains
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Figure 23:. quark fusion diagrams fo r production of prompt 
leptons

H D *  ■+ u±v ) / r ( D ± ->• y±vX) ~ 3 x l0 '3 (6 .15)

and

r(D -> ev) /r (D  ■+ evX) ~ ( 2 .3 x l0 '5) ( 3 x l0 “3 ) =6X10‘ 8 . (6 .16)

using (6 .9 )  and (6 .1 5 ).
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From the above relations one can deduce that the contribution  
+ +

from the decay of D" *♦ e“v to the prompt electron neutrino flux

is practically  non existent. On the other hand with the estimat-

-4ed BR (D  -*■ yv) ~ 5 .7x10 , and the reported upper limit on this  

ratio < 2% [1 9 ], one expects a negligible contribution to the  

prompt muon neutrino flux  from this decay mode. Also the neu­

tra l D's do not have any purely leptonic decay modes.

With the above discussion, it is plausible to assume th at the  

semileptonic decay modes of charmed mesons overwhelm the pure­

ly leptonic modes. Moreover, the charmed hadrons semileptonic 

branching fractions presumably obey simple electron-muon uni­

versa lity . The test of this un iversality  is of great in terest and 

has profound impli cations on the assumptions made about the  

production mechanism of prompt neutrinos.

6 .7  ELECTRON-MUON U N IVER SA LITY

Following the discussion of previous section, the interpretation

of the prompt neutrino fluxes observed is to assume they come

from the semileptonic decays of charmed hadrons produced in

proton hadron collisions. In spectator quark  model in which the

c -q u ark  decays independently of the presence of other quarks
+

(fig  2 2 ), the resultant W" will have a total decay rate W -*• 

given in the rest frame of W [27]:

r w  = (GM3w/6 /h 0  ( l-m 2t /M 2w ) 2 (1*m 2e/2M 2w ) (6 .1 7 )

The measured mass of the W [19]:
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Mw = (81 .8±1 .5 ) G eV /c2

i.e .  where Z is e or ]i. Thus fo r e ither decay modes

the decay rate satisfies

r w ~ GM3w  /  6 ^ 2 n  ~  239 MeV (6 .1 8 )

The implication of this result is that the decay widths to evg

and yv are the same. In that case v and v fluxes should es- y e y -----------------------------

sentially be equal. In principle one can test the va lid ity  of this  

asssumptions by studying the asymmetry in the number of 

prompt and events. We define this asymmetry 'A * to be:

Aey ( N - N ) /  ( N + e y e N ) U (6 .19 )

where Ng and are the total prompt electron and prompt muon 

neutrino events respectively. The above parameter is prefered  

over the simple prompt electron to muon ratio 'R' since the e rro r  

is more symmetric. One should stress in here that the asymme­

t r y  parameter 'A ' is not a d irect measure of asymmetry in the

prompt v and v fluxes . Because the neutrino interaction  e y

cross-section is proportional to neutrino energy, the number of

prompt events estimated is proportional to neutrino energy times

the prompt f lu x . The parameter 'A ' provides asymmetry in theey

flu x  only if the energy dependence of the prompt electron (an ti) 

neutrino flux  is identical to that fo r prompt muon (an ti) n eu tri­

no. Equal neutrino and antineutrino fluxes would yield event 

rates in the ratio r = c (v ) /o (v )  = 0 .49±0.02 [21 ]. We define the  

asymmetry between neutrino and antineutrino events to be:



where £ refers to electrons or muons. The asymmetry between 

e and y is given by:

(6.21)

c + +
similar defintion applies fo r asymmetry between e and y .

6 .8  DISCUSSION OF THE PROMPT RATES

The 1979 experiments suggested th a t the prompt electron n eu tri­

no and prompt muon neutrino fluxes might be d iffe ren t. The

fo r neutrino energies above 20 GeV, using prompt rates from ta ­

ble 26 gives

|n good agreement with expectation and fu lly  consistent with e -y 

u n iversa lity . One has to bear in mind that for the correction of 

the through-going muon rates charm production models have 

been assumed which might hide new production mechanisms for  

prompt neutrinos (specially at the low end of the energy range) 

[1 ] ,  Omitting the faraway muons (the most model dependent

^T h e  1979 asym m etry was upda ted  us ing  the  new m easure­

ments o f conven tiona l backg ro u n d  [24 ] and p resen ted  in re fe r ­
ence 1.

asymmetry fo r the 1979 BEBC beam dump was^ [7 ]:

A = -0 .0 8 + 0 .4 4 -0 .2 7  ey (6.22)

A = 0.07±0.08  ey (6 .23 )
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p art of the analysis) yields [1 ]:

A = 0 .33+0.20-0 .16  ey (6 .24 )

using the event rates in BEBC (tables 23 and 2 4 ), For > 20 

GeV, the asymmetry from subtraction is:

A = 0.41±0.20+0.20 (6 .25 )ey

the asymmetry from extrapolation is:

A = 0 .78±0.65±0.05 (6 .26 )ey

and the combined asymmetry from (6 .2 5 ) and (6 .26 ) is:

For energies above 20 GeV, using global prompt rates, the  

asymmetry between neutrinos and antineutrinos (6 .2 0 ) fo r muon 

neutrinos and electron neutrinos combined is:

For muon neutrinos and electron neutrinos separately the asym­

metries are:

A = 0.47±0.19±0.05  ey (6 .27 )

A -  = 0.15+0.08vv (6 .28 )

Av -  = -0 .0 9 t0 .11 (6 .2 9 )
V V

and

Ae -  = 0 .3 8 ± 0 .14 (6 .3 0 )
V V

The asymmetries between leptons of same charge are:
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A = -0 .2 8 ± 0 .14 (6 .3 1 )ey

and

A “ = 0 . 19±0 .10 (6 .3 2 )ey

From the above results it can be seen that there is 2 .6  standard

6 lideviation difference between A and A — On the othervv vv
.  +

hand, comparing A and A , the  d ifference is unlikely to be

explained in terms of systematic e rro rs . While it is not possible
.  +

to explain any deviation from the expected A = A = 0 by 
7 r  ey ey 7

.  +
known physics, the data favour A > 0 > A . Although the  

effect is not strong enough to allow defin ite conclusion which

would require a radically d iffe re n t in terpretation  of the exp eri­

mental situation, involving new physics. Given th is , the in te r­

pretation in terms of statistical fluctuations appears more appro­

p ria te .

6 .9  COMPARISON WITH OTHER EXPERIMENTS

6 .9 .1  Comparison with 1979 rates from CERN beam dump 
experiments

Due to change in the position of the dump in the present setup,

the total rates from the 1979 CERN beam dump experiments [7 -9 ]

are not d irectly  comparable with the present ones. If there  are

no distance dependent effects , such as neutrino oscillations or

decays, and if the solid angle coverage is the same, the rates
_2

scale as (distance from dump) . Table 27 shows the ratios be-
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tween the present BEBC beam dump rates and that of 1979 CERN 

beam dump experiments fo r muon events. The f irs t  line gives 

the so called dilution factor from pure geometry. It  can be seen 

from this table th a t the fu ll density y rate in the present BEBC 

experiment appears low compared to 1979 y rates, despite of im­

proved muon detection in the present experim ent.

TABLE 27

Comparison of the present BEBC beam dump rates and 
that of 1979 CERN beam dump experiments fo r muon 
events with E > 2 0  GeV.

BEBC/BEBC79 BEBC/CDHS79 BEBC/CHARM79 |

| geo. factor 4 .08 4.81 5.03 |

1 v "  (1 /1 ) 2 .79±0.70 4 .5 U 0 .6 3 3.47±0.60 |

1 y" (1 /1 ) 2 .56+0.34 3.24+0.23 3.73±0.35 |

| y+ (1 /3 )  5 .69±2.00 4 .94±0.63 7.34+1.64

| y" (1 /3 )  3 .47±0 .55  3 .82±0 .26  4.42+0.41
i_________________________________________________________

6 .9 .2  Rates from the present CERN beam dump experiments 

Table 28 summarises the re lative ratios of the present BEBC 

beam dump rates to th a t of CDHS and CHARM [2 8 ], fo r muon 

neutrinos. The rates from CDHS and CHARM are prelim inary.
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The f irs t  line gives the dilution factors from pure geom etry. 

The second and th ird  lines re fe r to Monte Carlo calculation [28] 

of dilution factors fo r conventional and prompt fluxes respective­

ly , taking into account the event kinematics and the angular 

acceptences. Again it can be seen that the present BEBC y 

rate in the full density data is less than expected. This is also 

tru e  of the CHARM rate in 1/3 density, since the ratio  

BEBC/CHARM82 = 1.48±0.09 is h igher than expected. On the  

other hand, the charm fu ll density muon rate is higher than ex ­

pected (BEBC/CHARM 82 = 1 .1 1 ± 0 .0 7 ), which will show up in the  

prompt muon rates.
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TABLE 28

Comparison of the present BEBC beam dump muon rates with
those of CDHS and CHARM fo r events w ith E > 2 0  GeV.v

BEBC/CDHS82 BEBC/CHARM82

| geometrical factor 1.31 1.44

| conventional flux 1.33±0.013 1.34±0.019

| prompt flux 1.32±0.013 1.44±0.030

1 v+ (1 /1 ) 1.31±0.17

i i f  ( i / i ) 1.18±0.08

i /  + i f  ( i / i ) 1.20±0.07 1.11±0.07

1 /  (1 /3 ) 1.70±0.19

I i f  (1 /3 ) 1.30±0.08

I /  * i f  (1 /3 )
i______________________

1.38+0.07 1.48J0.09

6 .9 .3  Comaprison of the prompt rates

The prompt rates fo r the present CERN beam dump experiments
1 g

are given in table 29 fo r E^ > 20 GeV, per ton and 10 protons 

on ta rg e t scaled to the  BEBC position. For the BEBC the  

prompt rates from the global fits  (tab le 26) are g iven. The  

CDHS and CHARM rates are prelim inary extrapolation results 

[2 8 ]. One can observe a factor of two more prompt muons in
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the  CHARM compared to BEBC and CDHS reflecting the higher 

absolute rates in the fu ll density , and a lower absolute rates in 

the 1 /3  density data from this experim ent. The electron data 

agree despite of the d iffe re n t ways the data are obtained.

I TABLE 29

Comparison of the present BEBC beam dump prompt rates with
those of CDHS and CHARM fo r events with E > 2 0  GeV.v

BEBC82 CDHS82 CHARM82 |

+
1 V 1.71±0.21, 1 .25±0 .24±0 .11

1 u

+

2.94±0.47, 3 .36±0 .52±0 .44

1 y + y 4 .65±0 .51 , 4 .61±0 .57±0 .45 , 9 .94±1.10±0.80 |

e 0 .96±0 .25 , ----------  ----------

e" 4 .36±0 .48 , ----------  ----------

| e+ + e" 5 .32±0.54, 4 .05±0.32+0.59, 5 .07±0.37+0.25
i___________________________________________________________

+ — + 
Using the prompt y and y rates from CDHS and prompt e

and e rates from BEBC, the asymmetries for like sign leptons

become:

A + = - 0 . 13±0 .17 (6 .3 3 )ey

and
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A ' = 0 . 13±0.11 (6 .3 4 )
ey

in b e tte r agreement with the expected value of zero than the  

corresponding values from BEBC alone [compared with results  

(6 .3 1 ) and (6 .3 2 ) ] .

6 .9 .3 .1  Prompt vg-v^ asymmetry

Table 30 shows the prompt e-y  asymmetries fo r the CERN exp er­

iments and the Fermilab experim ent E613 [29] fo r E^ > 20 GeV. 

The results fo r CDHS and CHARM are prelim inary [2 8 ]. The  

values given are consistent with no asymmetry, with the excep­

tion of the CHARM extrapolation value. Excluding this value  

which clearly disagrees with other estimates, a least squares f it  

gives a global e -y  asymmetry of

A = -0.005±0.044 (6 .3 5 )ey

with x2/ d .o . f  of 0 .35  which is compatible with no asymmetry.
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I TABLE 30 I

vg-v^ asymmetries from CERN and Fermilab experiments 

fo r events with E > 2 0  GeV.

Method: extrapolation subtraction global fits

BEBC82 0.07±0.08

CDHS82 -0 .0 7 + 0 .1 2 -0 .1 1 , -0 .06+0.15

CHARM82 -0 .32±0 .08 -0 .02+0.13

E613 - 0 .027±0.064±0.04i__________________________________________________________________ i

6 .9 .3 .2  Prompt neutrino-antineutrino  asymmetry 

Table 31 shows the prompt v to v ratios fo r the two CERN exper­

iments; BEBC82 and CDHS82. The neutrino rates are weighted 

by factor r as given in (6 .2 0 ). The result from the Fermilab 

experiment E613 is also quoted [2 9 ]. It  can be seen from this  

table that the muon ratios are compatible with 1 whereas the  

BEBC electron rate is less than unity indicating an excess of 

prompt vg flu x , which can possibly reflect an asymmetric parent 

production process such as associated production of fast charmed 

baryons with slow charmed antimesons, in analogy to the associ­

ated production of strange particles leading to a large excess of 

conventional v over \T.
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TABLE 31 |

prompt v to v ratios fo r events with E > 2 0  GeVv 1

experim ent: BEBC82 CDHS82 E613 |

v /v  1 .19±0.24 0.76±0.22 1 .17±0.23±0.10 |

v / v 0 .4 5 ± 0 .13 ----------  --------  Ie e 1
_________________________________________________________________ i



THE NEUTRAL CURRENT SAMPLE

C h a p te r V II

The weak neutral cu rren t, a necessary component of the Wein- 

berg-Salam theory of electro-weak interactions [3 0 ], has been 

the subject of intense experimental investigation since its discov­

ery  in 1973 (3 1 ). In particu la r, the study of inclusive neutral- 

curren t scattering from the isoscalar ta rg ets , protons and neu­

trons can illuminate the s tructu re  of this weak curren t. 

Moreover, in a beam dump experim ent, the study of the charac­

teristics of the neutral currents and more im portantly an estimate 

of th e ir numbers through the usual neutral curren t to charged 

curren t cross-sections ratio is of particu lar interest since they  

can reveal the contamination of the NC sample by other types of 

interactions.

The neutral cu rren t reaction

v + N v + hadrons (7 .1 )

is d ifficu lt to study because the outgoing neutrino, which ty p i­

cally carries half the interaction energy, can not be detected, in 

contrast to the charged curren t reaction

v + N -*• l  + hadrons (7 .2 )
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in which the charged lepton is readily detected. The ' y '  dis­

tribu tion  of neutral cu rren t events is hard to measure d irectly  

since it requires knowledge of the incoming neutrino energy, 

which is only partia lly  possible with narrow -band beams and not 

available fo r w ide-band and beam dump experim ents.

A much easier task is the d irect comparison of neutral c u r­

ren t and charged curren t event d istributions by measuring the  

ratios:

N ( v  + N ** v + X )

RvN =

N ( v  ♦ N -*£" * X )

and

N ( v  + N \T + X )

RvN =

NCv + N l *  * X )

They follow d irectly  from event analysis and are essentially in ­

dependent of neutrino flux  uncertainties. The measurement re ­

quires a minimal hadron energy cut to establish a minimal energy  

fo r neutral c u rren t events. This complicates the interpretation  

of the experimental results and even th e ir d irect comparison be­

cause the hadron energy cut limits the accessible y  d istribution .

The observed neutral cu rren t sample is contaminated by v a r i­

ous backgrounds due to varie ty  of sources some of which are of 

great in terest in this experim ent. T rad itiona lly  in normal neu­

trino  experim ents, the observed NC sample is contaminated by  

two major backgrounds; these are:
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a) the ’neutral hadron' interactions in the liquid simulating 

neutral cu rren t events;

b) the unidentified charged cu rren t events where the outgo­

ing lepton is not identified .

In addition in a beam dump experim ent, the neutral cu rren t sam­

ple is expected to be enhanced by the following sources:

1. The CC tau neutrino interactions resulting in an outgoing 

t lepton which decayed ~ 65% of the time into a semilep- 

tonic final state within a few millimeters (0.056mm /  GeV) 

of the vertex  simulating a neutral cu rren t type event;

2. the decays or interactions of supersymmetric particles 

such as axions, gluinos or heavy neutrinos resulting in 

neutral cu rren t type events.

The search fo r these two types of events specially the search 

fo r tau neutrino interactions has been one of the main objectives 

of this beam dump experim ent and will be considered la ter. This  

chapter will discuss methods used fo r correcting the raw number 

of neutral currents and estimate of contamination in the NC sam­

ple due to sources mentioned in (a) and (b ) above.

7.1 ESTIMATE OF HADRONIC BACKGROUND IN THE NC 
SAMPLE

One of the major problems in estimating the number of genuine 

neutral currents is the existence of "fake neutral current"  

events due to neutral hadrons e ither coming from interactions in 

fro n t and on the periphery  of BEBC or from neutrino events in ­
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side the chamber resulting in the so called "neutron star" back­

ground. In general most of these hadronic events have low en­

ergies and by applying a suitable energy cut majority of them 

can be excluded from the analysis.

The problem arises when one tries to estimate the neutral ha­

dronic background below visible energy 10 GeV, because this is 

where most of these background events occur. One way of esti­

mating this background is to make use of the d iffe ren t character­

istic behaviour of neutrino and hadronic events as explained be­

low.

7 .1 .1  Method

We rely on the spatial d istribution  of hadronic interactions in o r­

der to distinguish them from genuine neutrino events.

In a bubble chamber experim ent filled with heavy liquid such 

as the one under consideration, the probability  of interaction fo r  

neutral hadrons (n * ’s, K 0^ etc) will be m arkedly d iffe ren t than  

th a t fo r neutrinos. Given the shape of the bubble chamber one 

can define two kinematical variables d irec tly  related to the spa­

tial d istribution  of the observed events in the fiducial volume. 

These are:

i) x : the distance from the beam entry  to the fiducial 

volume up to the interaction point;

ii) £ : the potential length ( i .e .  the distance in the beam 

direction from en try  into fiducial volume up to the exit 

from that volum e);
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iii) X  : the e ffective  interaction length in the liquid . 

These variables are shown in fig u re  24.

Figure 24: The definition of kinematical variables x and Z

In general the above variables depend on the direction in which 

the incoming beam (neutrino  or neutral hadrons) is defined. In 

order to be consistent in defining this d irection , all events were 

assumed to be orig inating  from the dump ( i .e .  parallel beam) and 

the distances fo r both x and Z were taken in the beam direction .
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Knowing the exact position of the dump with respect to the cen­

tre  of bubble chamber and the dump distance from this centre a 

unit vector in the beam direction could be determined as

r  = 6.914? ♦ 0.403? ♦ 0 .042k

A  /V A
where i, j and k are the unit vectors in the bubble chamber co­

ordinates. Note th a t this assumption is not necessarily tru e  fo r  

hadronic events, since the m ajority of neutral hadrons were com­

ing from interactions in fro n t of the chamber in d iffe ren t d irec­

tions and in general the potential length distributions fo r ha­

dronic events is d iffe ren t than th a t of neutrino events. 

However, this effect was investigated by defining the final state 

hadron vector as the beam direction (in general this direction is 

better defined fo r hadronic interactions since the final state ha­

dron vector is a fa ir  representation of the direction of incoming 

neutral hadron, on the other hand fo r neutrino events this d e fi­

nition is certainly biased since it ignores the direction of the  

outgoing lepton, given that in an ideal case the direction of the  

incoming neutrino is defined as the vector sum of all the final 

state particles including the detected charged lepton or the miss­

ing outgoing neutrino in a NC event) and comparing the poten­

tial length distribution of NC events with the corresponding dis­

trib u tio n , assuming the events originating from the dump. The  

potential length distributions fo r both definitions are shown in 

figures 25a and 25b respectively.
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Figure 25: The potential length d istribution  fo r NC candidates
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As can be seen from figu re  25b, taking the final state hadron 

vector as the beam direction flattens the spectrum and in troduc­

es a tail fo r Z > 300 Cm, but this effect is small and one can as­

sume that as long as the number of hadronic events is small, 

th e ir  potential length distribution will be similar to th a t fo r neu­

trino  events.

Given the above argum ent, we th ereafte r assume th a t all 

events are orig inating  from the dump in the direction defined by  

the unit vector above. We are now in a postion to consider the  

neutrino and hadronic interactions separately, and t r y  to work  

out a mechanism in order to estimate the hadronic background in 

the NC sample. Figure 26 shows the potential length d is trib u ­

tion fo r muon CC events. Note th a t these events are genuine 

neutrino events since the muon is identified by the EM I-IPF sys­

tem.

a) The neutrino interactions

We define the jo int probability  density function (PDF) fo r  

x and Z to be f (x ,fc ) . For v events, given the neutrino  

interaction cross-section, one can assume th at the effective  

interaction length X  -  This assumption implies that fo r  

a slab bubble chamber the spatial spread of the v events 

is expected to be uniform independent of x and Z. In 

other words we expect a fla t Z and x d istributions fo r  

neutrino events. Taking X  -  «», fo r a given £, we assume 

a fla t 'x ’ d istribution given by a constant a, i .e .
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f ( x ,£ )  = ap U ) 0 < x < £ (7 .3 )

where p(£) is the potential length distribution fo r neutrino  

events assumed to be the same fo r hadronic events. From 

(7 .3 )  one can obtain the projection in £

l  1
g U )  =J f i X ' D d x  = /a p (£ )d x  =«£p(£) (7 .4 )

O P
If  one introduces a new set of variables n = x /£  and £, 

then one requires to find the PDF fo r these variables g iv ­

en by

Y(ti,£) = f (x , fc ) . |J |  (7 .5 )

where 'J' is the jacobian determ inant of the transformation  

given by

| J |  = a ( x , £ ) / a ( n , £ )  = £ ( 7 . 6 )

so

Y ( n , £ )  = £ f ( x , £ )  ( 7 . 7 )

then the d istribution in ti and £ becomes

T ( ti, £ )  = a£p (£ )  ( 7 . 8 )

(in other words, a distribution f ( x ,£ )  independent of x 

leads to a distribution Y (n ,£) independent of ti) .  The pro­

jection in ti becomes

H ti) -J Y ( n , £ ) d £  =otJ  £ p ( £ ) d £  ( 7 . 9 )

0 0
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but

J  £p(£)d£

/

= < £ > (7 .10 )
o

so

§(ti) = a < £ > (7 .11 )

i .e .  a constant f la t d istribution  independent of ti fo r neu­

trin o  events.

Equation (7 .11 ) implies that fo r neutrino events the dis­

tribution  in ti is a constant and proportional to the mean 

potential length in the bubble chamber. As a result of 

this one expects a fla t $(ti) d istribution fo r neutrino  

events.

b) Hadronic interactions

The jo int probability  density function is

where X  is the effective interaction length fo r neutral ha­

drons. The exponential term above reflects the fall in the  

number of hadronic events as x increases, the projection 

in £ becomes

f ( x ,£ )  = 3 .e x p ( - x /X ) . p(£) (7 .12 )

= 3X (1 - e x p ( - £ /X ) )  . p(£) (7 .13 )



again if we introduce ti =x/£ , then the distribution in t\ 

and £ becomes

^Ct* , £) = £f(x,£) = £3.exp(-Ti£/X) . p(£) (7 .14 )

and the projection in ti becomes

£3.exp(-Ti£/X). p(£)d£ (7 .15 )
o 0

In o rder to evaluate (7 .1 5 ) one needs the potential length 

distribution fo r hadronic events. As mentioned earlier we 

assume that p(£) will be similar fo r hadronic and v events 

(th is remains approximately tru e , even if there  is evidence 

th a t the angular distribution of the hadronic events is d if ­

fe ren t from the v events, because of the rough spherical 

geometry of the chamber) and fo r this reason the potential 

length distribution fo r CC muon events was used. A 

polynomial of the form

was fitte d  to the d istribution of fig u re  26. The fitted  

curve obtained is also shown in fig u re  26. The f i t  corre­

sponds to a x2 of 47 with 23 degrees of freedom.

The effective interaction length X fo r neutral hadrons was

(7 .16 )
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—  -  cj( tt )
X = X  ---------------------  = 120 CmTT

o(P)

fo r neutrons using the estimated effective interaction length fo r

charged hadrons of 164cm (see 4 .3 .3 .1 ) ,  and the measured total
+ +

cross-section fo r tt"P and k“ P interactions [19 ].

The n distribution fo r hadronic events is evaluated from equa­

tion (7 .1 5 ) . Figures 27 and 28 show the shape of t\ spectra us­

ing X  = 120cm and 200cm respectively. Note that fo r neutrinos 

we expect a fla t n d istribu tion . We apply a least squares f it  of 

the form

A + p*ft(n) (7 .1 7 )

to the ti spectrum of apparent NC events, using equations (7 .1 1 )  

and (7 .1 5 ) ,  and from the f i t  one estimates the neutrino and ha­

dronic components fo r d iffe ren t hadronic energy in tervals . T a ­

ble 32 summarises the neutrino and hadronic components ob­

tained.

The ratio of hadronic events to total are given in column 4 of 

table 32. As can be seen from this column the backgound is 

highest below hadron energy 10 GeV. The background falls  

considerably above 10 GeV and is almost negligible above 20

GeV.
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TABLE 32

The neutrino and hadronic components in the NC sample

Eh /  GeV Neutrino
*

N N /to ta l

5-10 166±38 30.0±41 .0 0 . 15±0.21

10-20 175±18 20.0±11.0 0 . 10±0.06

20-40 174±14 5.5±3 .5 0.03±0.02

>10. 489±29 25.5±11.5 0.05+0.02

>20 308±18 5.5±3 .5 0.02±0.01



F ig u re  27: ti d is t r ib u t io n  fo r  h a d ro n ic  even ts  w ith  x = 120cm
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F ig u re  28: t\ d is t r ib u t io n  fo r  h a d ro n ic  even ts  w ith  x -  200cm
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7 .2  CORRECTION FOR M IS ID EN TIF IED  CHARGED CURRENT  
EVENTS

The sample of NC candidates is contaminated by several back­

grounds due to misidentified CC events. These are:

a) CC muon events with muons below 3 G eV/c;

b) CC electron events with electrons below 0 .8  G eV /c;

c) CC events with muon above 3 G eV/c where the muon was 

not identified by the EM I-IPF system;

d) CC electron events with electrons above 0 .8  G eV/c where 

the electron was not identified because of lack of clear 

signature.

In o rder to estimate the contamination of the NC sample due 

to above CC backgrounds, individual corrections described in 

chapter 4 and used in chapter 5 to correct the observed CC 

sample were applied to the NC sample fo r various hadronic ener­

gy cuts.

7 .3  THE NEUTRAL CURRENT TO CHARGED CURRENT RATIOS  

The uncertainties in the above mentioned corrections fo r hadron­

ic backgrounds and misidentified CC events are large; they can, 

however, be reduced drastically using the so called transverse  

momentum method [3 2 ]. This method relies on the fact that in 

neutrino-nucleon scattering , the momenta, transverse to the neu-
e

trin o  direction , of both the outgoing lepton P j  and the outgo-
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ing observed hadron system Py are in general large and in the  

opposite direction as seen in fig . 29a. Any CC event, which is
u

misidentified as NC will give an apparent Py which is on aver­

age small, as the lepton is included with the hadrons, and would 

be zero if all neutral particles were detected (fig . 29b .) In ad­

d ition , because of the limited transverse momenta of hadrons re l­

ative to the direction of the hadronic shower, the transverse  

momentum of individual hadrons is much smaller that that of the  

total hadronic system. Thus, events induced by neutral hadrons
u

inside the bubble chamber will also have small values of Py 

( f ig . 29c) (note th a t this does not apply to those neutral ha­

drons entering the bubble chamber from outside). Hence, a se- 

lection of events with Py above a suitable value will substan­

tia lly  reduce the contamination of the NC candidates. By
LI

measuring a ratio of the number of NC and CC events with Py 

above a given (P y mm) the CC background can be strongly re­

duced. At the same time the hadronic background is also re ­

duced.

In figures 30, 31, 32, and 33, the raw and the corrected va l­

ues of R ^  where R ^  = o (N C )/o (C C ) fo r vN and vN interactions 

are shown as a function of the Pymm cut  for hadron energies 

5 < E|_j < 10 GeV, > 10 GeV and E^ > 20 GeV respectively. 

I t  can be seen th a t the corrected ratios are constant w ithin e r ­

rors as functions of the P m,n Cut. We choose a value of R ..T  vN

corresponding to a certain Pymm such that at this Pym,n the
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Figure 29: (a ) The defintion of tra n sve rs e  momentum with
respect to neutrino  direction of lepton and the detected  

hadronic system in CC events , (b )  the  tran sverse  momentum 
of all tra c k s , including the  lepton in CC events , (c ) the  

tran sverse  momentum of neu tra l hadrons.
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observed flattens and a platau is observed, indicating a re ­

duction in systematic e rro rs . In addition any fu rth e r  cut above 

this p_j_mm wi|| not improve the systematics whereas it will in­

crease the statistical errors and the uncertainty on the cross- 

sections ratio. From these figures it can be seen th a t a cu t-o ff  

of p_j_mm > 1 G eV/c will satisfy the above crite ria .

The raw event numbers and the various corrections^ are  

summarised in tables 33, 34, 35, 36, 37 and 38 fo r all events 

with hadron energies between 5 and 10 GeV, fo r fu ll density  

events > 10 GeV, fo r 1 /3  density events > 10 GeV, fo r fu ll den­

s ity  events between 10 and 20 GeV, fo r 1/3 density events be­

tween 10 and 20 GeV and fo r all events above 20 GeV respective­

ly . The given errors in the corrected number of NC and CC 

events are statistical only. Note that because of correlation, 

only the overall statistical errors are quoted. The resulting  

values fo r the neutral to charged c u rren t cross-section ratios 

are given in table 39. The f irs t  e rro r is statistical and the sec­

ond systematic. It  can be seen th a t the limitation is on statis­

tics rather than systematics.

+See section 3 .2  fo r  d e fin it io n  o f XYW e ve n ts .
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TABLE 33

Raw numbers and corrections fo r events with 5 <E^< 10 GeV  

and p_j.m*n > 1 . 0  G eV/c using fu ll and 1 /3  density data.

Event type CC NC

| Event numbers before correction 148 60

| CC -events with P„ > P . 12.0 -0 .31 l  cut

I CC -events with P„ < P . 24 .2  -1 .5£ cut

I Hadron induced events —  -4 .0

| Events lost due to XYW cut 7 .0  3 .0

I Corrected event numbers 191 ±16 57±10
i________________________________________________________________
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TABLE 34 I

Raw numbers and corrections fo r events with Ej_| > 10 GeV 

and p^.m‘n > 1 . 0  G eV/c using fu ll density data only.

Event type  CC NC

1 Event numbers before correction 294 119 |

| CC -events with P„ > P . 15.9 -6 .5  |

| CC -events with P„ < P .1 £ cut 15.6 -7 .9  |

1 Hadron induced events — -4 .1  |

1 Events lost due to XYW cut 12.2 5 .0  |

1 Corrected event numbers 338±20 105±12 |
_______________ i
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I------------------------------------------------------------------
| TABLE 35

Raw numbers and corrections fo r events with Ej_| > 10 GeV  

and p_j_mm > 1 . 0  G eV/c using 1/3 density data only.

Event type  CC NC

| Event numbers before correction 314 137 |

1 CC -events with P. > P .1 £ cut 22.1 -6 .7  |

1 CC-events with P„ < P .1 £ cut 19.1 -1 2 .7  |

1 Hadron induced events — -4 .4  |

| Events lost due to XYW cut 17.0 7 .4  |

| Corrected event numbers
i

372±22 121±13 |
_______________ i
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TABLE 36 I

Raw numbers and corrections fo r events with 10 <Ej_j< 20 GeV 

and p_j.mm > 1 . 0  G eV/c using fu ll density data only.

Event type CC NC

1 Event numbers before correction 76 41 |

1 CC-events with P„ > P .1 l  cut 3 .3 -1 .2  |

1 CC-events with P„ < P .1 l  cut 5 .9 -2 .5  |

1 Hadron induced events — -3 .4  |

| Events lost due to XYW cut 3.1 1.7  |

| Corrected event numbers
i_______________________________________

88±10 35±7 |
______________ i
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I TABLE 37 I

Raw numbers and corrections fo r events with 10 <Ej_j< 20 GeV 

and p̂ _mm > 1 . 0  G eV/c using 1/3 density data only.

Event type CC NC

1 Event numbers before correction 111 45 |

1 CC-events with P„ > P .£ cut 6 .5 -1 .4  |

1 CC-events with P, < P .1 £ cut 10.4 -5 .9  |

j Hadron induced events — -5 .0  |

1 Events lost due to XYW cut 6 .0 2 .4  |

j Corrected event numbers
i_______________________________________

134±13 35±8 |
_____________ i
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TABLE 38

Raw numbers and corrections fo r events with E ^  > 20 GeV 

and p_j_m'n > 1 . 0  G eV /c  using fu ll and 1 /3  density data.

Event type CC NC

Event numbers before correction 421 170 |

CC -events with Pfl > P . 28.2  -1 0 .6  |
Z cut

CC-events with P • < P . 18.4 -1 2 .4  |
Z cut 1

Hadron induced events —  -1 .9  |

Events lost due to XYW cut 20 .0  8 .0  |

Corrected event numbers 488±24 153±14 |
___________________________________________________________________ i
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TABLE 39

Summary of NC to CC ratios with p^.m'n > 1 . 0  G eV/c

Energy cut /  GeV Data used R ^  = o (N C )/o (C C )

5 <Eh< 10

^  10

V  10

10 <Eh < 20 

10 <Eh < 20 

Eu > 20

ail

fu ll density  

1/3 density  

fu ll density  

1/3 density  

all

0.300 ± 0.058 ± 0.052  

0.312 ± 0.039 ± 0.017  

0.324 ± 0.039 ± 0.018  

0.396 ± 0.093 ± 0.076  

0.260 ± 0.060 ± 0.053  

0.315 ± 0.032 ± 0.021
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7 . 3 . 1  N C  to  C C  r a t io  f o r  e le c tro n  n e u tr in o s

G iv e n  th e  c o n s id e ra b le  n u m b e r  o f  e le c tro n  n e u tr in o  e v e n ts  in  o u r

sa m p le  a n d  th e  w e ll m e a s u re d  n e u tr a l  c u r r e n t  to  c h a rg e d  c u r r e n t

ra tio s  f o r  e v e n ts ,  i t  is p o s s ib le  to  m e a s u re  th e  N C /C C  r a t io

f o r  e le c tro n  n e u tr in o s  b y  s u b t r a c t in g  th e  in d u c e d  N C  e v e n ts

fro m  th e  to ta l n u m b e r  o f  n e u tr a l c u r r e n t  e v e n ts  a n d  th u s  o b ta in

th e  N C /C C  f o r  e le c tro n  n e u tr in o s .  T h e  m o st p re c is e  e s tim a te  o f

n e u t r a l  c u r r e n t  to  c h a rg e d  c u r r e n t  ra t io s  f o r  m uon n e u tr in o s  a re

0 .3 0 1 ± 0 .0 0 7  a n d  0 .3 6 3 ± 0 .0 1 5  f o r  a n d  "v r e s p e c t iv e ly  [3 3 ]  w ith

a m ean N C /C C  ra t io  o f  0 .3 1 2 ± 0 .0 0 8  f o r  o u r  v a n d  v" c o m b in e d .
y V

T a b le  4 0  s u m m arise s  th e  N C  to  C C  ra tio s  e s tim a te d  f o r  f o r  v in -
e

d u c e d  e v e n ts .

T A B L E  40

N C  to  C C  ra tio s  f o r  v e v e n ts  w ith  P m ‘ n > 1 . 0  G e V /c
e l

E n e r g y  c u t  /  G e V  D a ta  u s e d  = o ( N C ) / o ( C C )

E^j> 10 fu l l  d e n s ity  0 .3 1 2  ± 0 .1 5 4  ± 0 .1 2 1

E h > 10 1 /3  d e n s ity  0 .3 8 0  ± 0 .2 5 7  ± 0 .1 4 0
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The results are in good agreement with muon case, although cau­

tion should be taken since this procedure assumes that there are 

no contribution to the NC sample from v^, gluino or other neu­

tral induced events which have NC like interactions.

7 .3 .2  Comparison with conventional neutrino experiments

As can be seen the NC/CC ratios obtained are compatible with 

the observed values in normal neutrino experiments [34]. If 

there was a contamination of CC or NC samples due to other 

possible sources as mentioned above, then the obtained ratios 

would d iffer from the normal ratios.

7 .3 .3  Excess of low energy NC events

The CHARM collaboration reported an excess of 

54 ± 19 (statistical) ± 9 (systematic) prompt muonless events, 

with shower energy in the range from 2 to 20 GeV, in excess of 

electron and muon neutrino interactions expected from D and D 

meson decay, in the ir 1979 data [8 ]. If  true this excess should 

show up in our neutral current sample at hadron energies below 

20 GeV. Taking the corrected number of CC events for hadron 

energy in the range 5 to 10 GeV and 10 to 20 GeV from tables 

33 and 36, and using the mean ratio of NC/CC = 0.312±0.008, we 

estimate an excess of -3±11 NC type events for hadron energy 

between 5 and 10 GeV using both full and 1/3 density data^.

^Because of lack of statistics, data from both full and 1/3 densi­
ty  runs were used for this estimate (signal to noise ratio is



155

Sim ilarly fo r fu ll density events between hadron energy 10 and 

20 GeV, the excess corresponds to 7.5±8 NC type events. Thus 

from the above numbers it can be deduced that we are compati­

ble with no excess of leptonless events between hadron energies 

5 and 20 GeV.

th ree  times worse in 1/3 density d a ta ). Also because of severe 
background in the NC sample no reliable estimate could be made 
fo r excess of NC events below 5 GeV.



SEARCH FOR TAU NEUTRINO INTERAC TIO N S

The nature of the lepton spectrum constitutes an old and still 

outstanding puzzle in elementary partic le physics. In 1946 it

was found th a t the partic le  discovered in 1937 was not the long 

awaited pion, but ra ther a new kind of lepton. Since then, one 

of the greatest puzzles in partic le  physics is, why this new lep­

ton, called muon, exists. The generation puzzle, introduced  

with the discovery of the muon, remained one of the most in tr i ­

guing questions of physics and we have no clue of a solution 

yet.

Since the muon happens to exist in nature, it is natural to 

ask w hether there  are fu r th e r  heavy leptons. The f irs t  exp eri­

mental hint fo r such a new heavy lepton was the observation of
+ —

an anomalously high rate of e y events in e e collisions at 

SPEAR by Perl and collaborators [35] in 1975.

This observation was confirmed in 1976 by the results of an 

independent measurement by PLUTO at DORIS [3 6 ]. A final 

proof that these e y events were not due to charm decay was the  

observation of t  production below charm threshold at the rp’ re ­

sonance by the DASP collaboration [37 ]. The most natural way 

to explain those events was to assume pair production of a new 

heavy lepton.

Chapter V III

156 -
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Today the existence of the x as a new lepton is firm ly  

established and many of its properties have been measured accu­

rate ly  [1 9 ,3 9 ]. All measurements agree v e ry  well with the in - 

terpretaion of the x as a new sequential heavy lepton. In addi­

tion , there are strong experimental and theoretical reasons fo r  

supposing th a t there  exists an associated neutrino v^.

A t present however, there is no experimental evidence of the  

interactions of tau neutrinos. On the co n tra ry , upper limits 

have been set on the production of tau neutrinos and on oscilla­

tions of muon and electron neutrinos into tau neutrinos based on 

the absence of tau -neutrino  interactions in conventional neutrino  

beams [38] and in beam dump experiments [4 -9 ] .  This chapter 

is going to give an estimate of production in the pesent BEBC 

beam dump experim ent. It  will present a novel and efficient 

kinematical method fo r determining the number of interactions 

and compare the results obtained from this method with other 

cu rren tly  used methods.

8.1 POSSIBLE SOURCES OF TAU NEUTRINOS  

I t  is now widely believed th a t the most probable source of tau 

neutrinos in hadron-hadron collisions is the weak decays of 

charmed hadrons which are heavier than the tau . O ther possible 

sources such as d irect lepton production by D rell-Y an  type pro­

cesses or beauty decays are expected to have negligible con tri­

butions to production ( see section 6 .6 ) .
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The lightest possible candidate fo r v^ production in beam 

dump experiments is the decay of Dg mesons produced by in te r­

actions in the dump, fo r example:

P + C u - * D  + D + X  (8 .1 )s s

followed by:

D tv and t -*■ v + X (8 .2 )S T  T

The total cross-section fo r producing a v^ pair is given by

followed by

a = an BR (D  tv )
D C S T (8 .3 )

BR(D ■+ tv ) = T(D ■+ tv )T nS T  S T  U g

where T is the decay rate and t the lifetim e.

The decay mode Dg -*• tv  ̂ has not been observed but the decay

rate can be predicted from the ir-decay rate , assuming zero mass

fo r the v ,T

r(D ■> T v ) /r ( ir  -* yv) = ( f n / f  ) *  (m /m  ) 2 (mn /m  )
S Ug IT T y U g IT

x [ (1 - (m ^/m p)2) / ( l - (m^/m^)2) ] 2 ( 8 . 4 )

taking mn = 1970.5 MeV [1 9 ], m = 1784.2 MeV [1 9 ], 
U S  T

Tn = (3 .5 +0 .6 -0 .5 )x 1 0  ^  s [39] and assuming ( f n / f  ) 2 = 4 [26]Uj U g IT
and using

BR(D tv)/BR(tt ■> yv) = (x n /x  ) (rn/r )S TT Uj IT (8 .5 )
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we obtain:

BR(D -  tv ) =(3 .9±0.7)% .S T (8 . 6)

Theoretical estimates of the ratio o(PN D +X )/o (P N  -»• D+X )s
2 —vary  between 0.1 and (m ^/n ip ) [4 0 ]. For a D production

S

cross-section of 17yb per nucleon [1 ] , fo r example this gives a

Dg production cross-section estimates between 1 .7 -15  yb.

8 .2  SIM ULATIO N OF THE EXPECTED TAU NEUTRINO FLUX  

In o rder to estimate the interaction in BEBC,to study the ac­

ceptance of our detector fo r these neutrinos, and the energy d is­

tribu tion  of v^ flu x  using d iffe ren t production param eters, a 

Monte Carlo program simulating production in the ta rget with 

subsequent Dg decay into tv  ̂ and t -*• v^+X was developed.

From Eq. (8 .2 )  it can be seen that the v production due to Di  s

decay is a two stage process. The f irs t  v^ is produced d irectly  

in the Dg decay and another one from the subsequent t decay. 

We th e rea fte r re fer to these two neutrinos as prim ary and secon­

dary  neutrinos respectively.

The production of the Dg meson was assumed to be described 

by the phenomenological d ifferentia l cross-section:

d 3o /d 3p ~ (1 - | x | ) ne ‘"^t (8 .7 )

where p, x and p^ are the momentum, Feynman x and transverse  

momentum of the Dg meson respectively. In order to study the
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effect of various production assumptions on flu x , the parame­

te r  n was varied according to recent estimates of charm produc­

tion in hadron-hadron collisions (see la te r) . The cross-section  
+ _

fo r Dg and Dg was assumed to be identical. The decay of 

Dg -* tvt is isotropic. The branching ratios fo r x decays were 

taken from measurements [1 9 ], the values used were:

x -*■ e v v 17.4% (8 .8 )e x

x -*■ y v v y x 17.6% (8 .9 )

X 4  IT VX 10.8% (8 .1 0 )

X -*■ p V r X 23.7% (8 .1 1 )

+
X 4 IF X X VX 8.1% (8 .1 2 )

+ _ _
X TT TT TT TT°VX 5.3% (8 .1 3 )

X •* TT TT°TT°VX 11.0% (8 .1 4 )

X ** TT TT0TT°TT°VX 6.1% (8 .1 5 )

The decay of x + K v (0 .67±0 .17) % [19] was approximated by

(8 .1 1 ) . The non resonant decay of x -*• tt tt°v(c (0 .3±0.3)%  and

the decay x -+K tt°v t (1 .0±0.3)%  [19] were added to (8 .1 1 ). The

decay of x -*■ tt P°v t ( 5.4±1.7)%  [19] was added to (8 .1 4 ).

The expected angular distributions fo r x -*■ + X  are given

below assuming zero mass fo r v .x
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8 .2 .1  The decay of x -* e v v

The purely  leptonic decays of x can be estimated from the decay 

of y -* e v0v . The energy and angular distribution of the elec­

tron from an a rb itra r ily  polarized x is given in the rest frame 

of t as [41]:

d2r = (G2M5 / 3 x27u4) [3 -2 x -  (W .p  ) ( 2 x -1 ) ] x 2dxdn (8 .1 6 )x e e

where ’G ’ is the Fermi Coupling Constant, 'x ' is E/E of the
r  max

electron with E =1/2 M , ’W' is the polarization vector of the  max x
A

tau and Pe is the unit vector along the direction of the electron. 

dfte is the element of the solid angle given by dft = dcos0dij>, 

where 0 is the angle between the tau polarization vector and the
- ¥  A

electron momentum (W .pe = cos0) and $  is the azimuthal angle. 

Note that the mass of the electron is ignored in (8 .1 6 ). The po-
^  A

larization dependent term W .p0 is due to the parity  non conser-
+ +

vation. The decay of i  -+ e  v v can be obtained from (8 .1 6 )e x
A

by changing the sign in fro n t of (W .pe) term .

8 .2 .2  The decay of x -*• y

When the mass of the muon is not ignored, the energy-angle d is­

tribu tion  of the muon can be w ritten  as [41 ]:

d2r = (G2M5T/3 x 2 7it4 ) (8 /M 4 i ) ( p 2 ) [  3Mt  -  4E - 2M2 /E

♦ 3M2 /M  - (W .p ) (p /E )(4 E  -M -  3M2 /M  ) ]dpdQ (8 .1 7 )  y x ^y x y x J r  y
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where p and E are the momentum and energy of the muon re ­

spectively, and p^ is the unit vector along the direction of the
+

muon. Again the t decay can be obtained by changing the sign 
A

in fro n t of (W .p ) term .V

8 .2 .3  The decay of x it vt

This decay mode can be calculated from the knowledge of 

it -*■ y v^. The Feynman diagrams fo r the two decays are shown 

in fig u re  34. Lepton un iversality  implies that W coupling to yv^, 

evg, and have the same strength g given by g2/M 2^  = G/ / l .  

The coupling constant between W and it is given by g f cos0 ,IT C

where 0c is the Cabbibo angle. The angular distribution of tt 

from the decay of a polarised x can be computed from the  

Feynman diagram of f ig . 34 [41 ].

dr = (G 2f 2 cos2© /1 6 tt)M3 (1 -M 2 /M 2 ) 2xTT C T TT T

(1 - W .p )/4 n  dS2 (8 .1 8 )TT TT

where p^ is the unit vector in the direction of the pion. We no­

tice that the energy dependent terms are missing because in the  

two body decay the energy of each partic le is fixed in the rest 

frame of t : E = (M2 +M2 )/2M  and E = (M2 -M2 )/2M  . AgainTT T T T I  V T TT T

the invariance under CP implies that the angular distribution of
+ +in • .  

t 4 it can be obtained from that of t •* tt v by changing

the sign of W.
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Figure 34: The Feynman diagram  fo r decay of t 4  it

8 .2 .4  The decay of t 4 p

The in te rest in this decay is its high branching ratio of 21.8% 

plus a contribution of 0.3% from i  -*■ tt tt° (n o n -re s . ) v  ̂ decay. 

T h e angular d istribu tion  fo r th is  decay is complicated by the  

vector s tru c tu re  of the p meson. Two d iffe re n t am plitudes, w ith  

p's of helic ity  0 and -1 co n trib u te . The p angular d is tribu tio n  

follow ing Tsai calculation [41] is carried  out in [4 2 ]. T h e  p an­

g u la r d is tribu tio n  becomes

dr ~ (1 -  a cos0)dcos0 (8 .1 9 )

w here a is:

a = (M2 -2M 2 ) / (M 2 +2M2 ) = 0 .46i  p '  i  p
(8 .20)
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The angular d istribution of t 4 p can be obtained by chang­

ing the sign in fro n t of a.

8 .2 .5  Multipion final states

The angular d istribution  fo r the m ulti-pion states were approxi­

mated using the x a . ^  (a^ previously called A.j) decay mode. 

The angular d istribution  fo r this decay mode is given in [42] 

with a -  0 .14 in (8 .1 9 ) . The m ulti-body final states fo r decay 

modes (8 .1 2 ), (8 .1 3 ) ,  (8 .14 ) and (8 .1 5 ) were generated using 

the 'CERN program lib ra ry ’ m ulti-body phase space generator 

'GENBOD' [4 3 ], assuming zero mass fo r v^.

8 .2 .6  The energy d istribution of tau neutrino flu x

The values of n in the phenomenological d ifferentia l cross-section  

fo r Dg production (8 .7 )  was chosen according to estimates of 

charm production from this experiment [1 ] .  Assuming a symme­

tr ic  DD production only and using faraway prompt muons (see 

section 6 .4 ) ,  we obtain values of n = 4 .4 ± 1 .0  fo r D and 5 .3± 0 .5  

fo r D. This calculation assumes fo r the distribution of the cen­

tre  of mass momentum of the neutrino in D decay the one meas­

ured fo r electrons in [4 4 ]. If  the distribution is taken to be 

harder as in the free  quark model [4 5 ], larger n values (5 .2 ± 1 .0  

and 6 .3± 0 .5  respective ly) are obtained. Given the above as­

sumptions a value of n = 5 .7  was chosen. The effect of vary ing  

this choice on the flu x  spectra was taken into account by re ­

ducing the above value by 2 units to n = 3 .7 .
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The calculated energy spectra of the neutrinos reaching BEBC 

are shown in fig u re  35 fo r both values of n; each curve is nor­

malised to correspond to one v per produced Dg. The from

Dg decay has a much softer spectrum (< > = 13 GeV fo r

n = 5 .7  and < E > = 17 GeV fo r n = 3 .7 )  than the v from t v i

decay (< E > = 45 GeV fo r n = 5 .7  and < E > = 58 GeV forv v

n = 3 .7 ) .  As a resu lt, most tau neutrinos interacting in BEBC 

would come from i  decays.
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8 .3  THE TAU NEUTRINO CHARGED CURRENT CROSS- 
SECTION SUPPRESSION

The charged cu rren t interaction cross-section takes a more 

complicated form than that of because the heavier mass of 

the tau implies threshold effects. These are:

i) the accessible range of x and y is limited;

ii) the neu trino -quark  cross-section is reduced by

P(Ev ,x )  = (s -  mt 2 ) 2 /  s2 (8 .21 )

where /s  is the invariant mass of the v^q system i.e .  

s = 2xME^ with M being the nucleon mass;

iii) the sensitiv ity  of the cross-section to the neutrino pro­

duction s tructure  functions depends on the final state 

lepton mass.

A detailed calculation of i) and iii) is given in [4 6 ]. here, only 

the relevant formulae are quoted and applied to the special case 

of v N -*■ t  + X .T

The kinematical bounds fo r a CC tau neutrino interactions are 

given by:

m2/2M (E^ - m) < x < 1, (8 .2 2 )

and

A - B < y < A  + B, (8 .2 3 )

where:
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A = i (1  -  m2/2M Evx - m2/2E v2) /  (1 *xM /2Ey)

B = i [  (1 -m2/2M Evx ) 2 -(m /E v) 2 ] 1 /2  /  (1 *xM /2Ev)

Within these limits, the d ifferentia l cross-section fo r v in terac-T

tion is given by:

d^ov/d x d y  = P(Ev ,x )  (G^M E/tt) {  ( xy + m^/2ME )y F ^ (x )

+ [ (1 - y )  -  (M xy /2E  + m^/4E^) ]F 2 (x )

+ [ xy(1 - y /2 )  -  m^y/4ME ]F ^ (x )

♦ (m /M )2 [ (M xy /2E  ♦ m2/4 E 2)F 4 (x )  - (M /2 E )F 5 (x )  ] } (8 .2 4 )

where m is the tau mass, E^ is the energy of the neutrino and

F .(x )  re fer to neutrino production s tructu re  functions. The  

cross-section is obtained by changing sign in fro n t of F g (x ). 

Comparing (8 .24 ) with the d iffren tia l cross-section fo r in te r­

action (4 .1 7 ), it can be noticed the addition of two structure  

functions F^(x) and F^(x) because of heavier mass of the t com­

pared to muon. The equation (8 .2 4 ) can be simplified by using 

the Callan-Gross relation 2xF ^ (x ) = F2 M  (4 .1 8 ) , and the posi­

t iv ity  conditions fu rth e r  restrictiong F^(x) and F^(x) to [46]:

xF ^ (x ) = F2 M  and F^ (x) = 0 (8 .25 )

The x dependence of the s tructure  functions was parametrized  

by [19]:

F2( x ) = 3 .9 x° ' 55(1 - x )3' 2 * 1.1(1 - x )8 and
r-  f  x _ « e 0*55,-, x3*2xFg(x) = 3.6x (1 - x) (8 .26 )
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I t  can be observed from relations (8 .2 2 ) and (8 .23 ) that the  

kinematical suppresion of the cross-sction becomes less important 

at high energies allowing more kinematical regions for in terac­

tion .

can be calculated by integration of (4 .1 7 ) and (8 .2 4 ) , and eval­

uating the cross-sections ratio as a function of E^, taking into 

account the kinematical regions available fo r fo r a given neu-

antineutrinos as a function of E^. As can be seen the suppre­

sion is highest at low energies, decreasing with increasing 

energy and approaching a platau at high energies.

Using our flu x  spectra from fig  35, we obtain for tau neu­

trinos:

The phase space suppresion of relative to

o(v<t, to ta l)

Sps
o(v^ ,in  the scaling region)

< S > = 0.53 fo r n = 5 .7  ps (8 .2 7 )

< S > = 0 .57  fo r n = 3 .7  ps (8 .2 8 )

and fo r tau antineutrinos:

< S > = 0.64 fo r n = 5 .7  ps (8 .29 )

< S > = 0.67 fo r n = 3 .7  ps (8 .30 )



/  7 0

Figure 36: The tau neutrino phase space suppresion relative
to muon neutrino as a function of neutrino energy .
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8 .4  SIM ULATION OF v INTERACTIONS IN BEBC
T

Assuming lepton un iversa lity , the like and vg is expected

to have both CC and NC type interactions given by:

v + N -> t + X  (8 .3 1 )i

v + N -> v + X  (8 .32 )
T  T

JV
The measued CC muon events were used in order to simulate vi
interactions in BEBC in detail:

a) weights were applied to correct the spectrum to the  

simulated spectrum as seen in fig u re  35;

b) in each event the muon was replaced by a tau . There

were two possibilities: e ither we could take a tau 4 vector

with the same energy as the muon (th is does not conserve 

momentum) or we could choose the same 3 momentum and 

allow fo r energy non-conservation to order m^/Zs. Given 

a high event energy expected fo r v^, e ither choice did not 

significantly change the result. So the choice was made in 

favour of momentum conservation bearing in mind that one 

was generally relying on the kinematical properties of the  

tau decay products in o rder to isolate interactions. 

The energy was calculated using the tau mass;

c) the kinematical parameters x and y of the event were re ­

quired to be w ithin the limits given by (8 .22 ) and (8 .2 3 );
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d) fo r a given E^, x and y , the probability  of relative to

event was calculated using (8 .2 4 ) and (4 .1 7 );

e) the tau decay was simulated in jus t the same way as de­

scribed in the previous section on the flux  using the

branching ratios given in ( 8 .8 ) - ( 8 . 15). In order to get
_ +

suffic ient statistics each measured y and y event was

processed 50 times. To account fo r equal fluxes of and 
^  _ +
v , the y and y events were weighted accordingly, using

the corrected number of CC events (table 9) and the

measured v to v cross-section ratio [21 ].y y L J

8 .5  SIM ULATION OF THE TAU DECAY PRODUCTS 

The simulation of the tau decays included p *♦ it tt° and tt° -*■ ZZ 

decays in (8.11 ) - ( 8 . 15) . In order to incorporate our experim en­

tal resolution and detection efficiencies, the products from tau 

decays were subject to the following procedure:

i) the interaction probabilities fo r charged pions were cal­

culated from the knowledge of the decay position of the  

tau , and the pion's total path in the chamber, taking  

into account the energy loss and multiple scattering  

(see the track  following procedure in 4 .3 .3 ) ;

ii) our experimental resolutions on the momenta of charged 

hadrons and photons were taken into account by s tudy­

ing the distribution of errors on the momenta of mea­

s u re d  tracks from the data , as shown in fig u re  14. In
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order to account fo r possible dependency of measure­

ments errors  on the momenta of tracks , the measured 

tracks were divided in momentum groups 0 -5 , 5-10, 

10-20, 20-40 and > 40 G eV /c , and the fractional e rro r  

(A p /p ) distributions were plotted. Tables 41 and 42 

give <Ap/p> fo r charged hadrons and photons respec­

tiv e ly . The fractional errors fo r simulated tracks from  

tau decay were obtained by generating a random num­

ber (R q ) according to the distribution of Ap/p plots, 

depending on the momentum of the tra c k . The actual 

(smeared) momentum was obtained from:

o = x Rq (8 .3 3 )

p ’ = (1 + cc)p (8 .3 4 )

where Rq  in (8 .33 ) was a random number from a normal 

distribution  with zero mean and unit variance. The  

charged tracks from simulated tau decays were rejected  

if Ap/p > 30%. The photons were rejected if 

Ap/p > 100%;

) during the data analysis stage it was found th at the  

most poorly measured tracks , namely associated neutral 

stars , all interacting or kinking tracks of length below 

10cm and all charged interacting tracks whose momenta 

were obtained from the measurements of th e ir  secondar­

ies (the  so called synthesised tracks) were introducing
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large errors to some of the kinematical parameters used 

to isolate tau neutrino interactions. These tracks were 

excluded in the analysis stage. Table 41 shows the  

percentage of the charged hadrons which were lost in 

each momentum in te rva l. In o rder to be consistent, the  

corresponding fraction of pions were lost from simulated 

tau decays;

iv ) because of the fin ite  volume of the bubble chamber, the  

position of the vertex  and the momentum, some of the  

photons from tt° decays escaped detection. The photon 

detection efficiency fo r the type of ta rg et used in this  

experim ent was estimated to be between 50 and 80% 

[4 7 ]. For this reason a value of 65% for photon detec­

tion efficiency was assumed. This amounted to a loss 

of 35% of the photons from simulated tau decay prod­

ucts.
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TABLE 41

<Ap/p> and percentage of charged hadrons lost due to 
interaction, using measured hadrons in the data.

Momentum (G eV /c ) <Ap/p> (%) % lost

0 - 5 4 .8±0 .2 11.2

5 -  10 5 .8±0 .5 7 .9

10 - 20 5 .8±0 .7 8.1

20 - 40 7 .4 ± 1 .3 10.2

> 40 11.9±2.6 10.0

TABLE 42 |

<Ap/p> fo r measured photons in the data sample |

Momentum (G eV /c ) <Ap/p> (%)

0 - 5 17.0±0.2

5 - 10 22 .9±0 .7

10 - 20 25 .2±1 .2

20 - 40 3 4 .5±3.4

i____
> 40 36 .5±6 .0

_________ i



176

8 .6  SIMULATION OF THE EXPECTED BACKGROUND 
D IS TR IB U TIO N S

Backgrounds to the tau decay arise from the conventional muon 

and electron CC events fo r purely  leptonic decays of the tau 

( 8 .8 ) - ( 8 .9 ) ;  and from genuine NC, unidentified CC and neutral 

hadron induced events to the semileptonic decay modes of the  

tau ( 8 .1 0 ) - (8 .15). Because of the nature of analysis used in 

searching fo r a tau signal (see la te r) we will only describe the  

simulation of the expected background fo r semileptonic decay 

modes of the tau .

The NC background was simulated by ignoring the muon in 

CC events, together with any good inner bremsstrahling candi­

dates, i .e .  any photons collinear with the muon within ±30 mr in 

both dip and azimuth [4 8 ]. The CC background was simulated 

by treating  the muon as unidentified. In order to simulate the  

two backgrounds in the righ t proportion, appropriate weights 

were assigned to each sample. these weights were calculated 

from the number of unidentified CC events, estimated from the  

muon and electron identification inefficiencies, and from the cor­

responding number of genuine NC events using all events with 

E^ > 20 GeV as given in table 43. The appropriate weight fo r  

each sample is given in table 45. From ta b le '43, it can be seen 

th a t the estimated number of neutral hadron events above 

E|_j > 20 GeV in the observed fu ll density NC sample is very  

small, and in any case the secondary hadron showers from such 

events will be adequately approximated by the NC hadron show­

ers.
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1 TABLE 43 \

j The contribution to the NC sample from the background of |
I unidentified CC events and neutral hadron interactions fo r |
I events with > 20 GeV using fu ll and 1/3 density data. |

| Contribution from unidentified CC events in all = 123.3±5.8 |

*I Contribution from N events to fu ll density data = 2 .7 ± 1 .8  |

i * /I Contribution from N events to 1 /3  density data = 2 .8± 1 .7  |

I Corrected NC events in fu ll density data = 98.5±13.4 |

| Corrected NC events in 1/3 density data = 97.3±14.2 |

| Corrected CC events in fu ll density data = 298.6±18.6 |

| Corrected CC events in 1/3 density data = 294.8±19.1 |
i__________________________________________________________________ i

8 .7  SEARCH FOR A TAU NEUTRINO SIGNAL

Various methods have been suggested and used in o rder to iso­

late interactions from a large background of conventional neu­

trin o  events. They range from d irect observation of tau decays 

using high resolution techniques to statistical methods such as 

m ultivariate discrim inant analysis [5 0 ]. A review of these meth­

ods is given in [2 5 ].

Because of the nature of the tau decay two d istinct decay 

search possibilities are available. These are:

a) search fo r signal using tau leptonic decay modes;

b) search fo r v t signal using tau semileptonic decay modes.



178

The leptonic decay modes rely on the usually large missing tra n ­

sverse momentum in the final state due to two missing neutrinos. 

The semileptonic decay modes contribute more events in a smaller 

background. These events have the appearance of NC events 

( i .e .  they contain no identified y or e ) ,  unless there  is a detec­

table distance between the i  production and decay vertices. 

However the energy and transverse momentum carried off by the  

final state neutrino are much less in the v events.T
Most of these methods were tried  in the early stages of the  

analysis. Given our limited statistics and the resolution of the  

bubble chamber, m ajority of the methods were found not to be 

sensitive enough to a v signal. HeniEfeforth, we have developed 

a simple and effic ien t kinematical method in order to determine 

the number of CC interactions with semileptonic t  decays in a 

full sample of NC candidates. This sample contains genuine NC 

events, unidentified CC events and neutral hadron interactions. 

This method has been published in [5 1 ], The method used will 

be described and the results obtained will be presented. A 

comparison will be made with other cu rren tly  used techniques.

This analysis uses kinematical selection criteria  and a maxi­

mum likelihood f it  in o rder to separate the tau neutrino charged 

cu rren t interactions with subsequent semileptonic decay of the  

tau (8 .1 0 ) - (8 .1 5 )  from the large background of geniune NC and 

unidentified CC events. The crite ria  are designed to detect the  

semileptonic decay modes of the tau and rely on the transverse
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momentum of hadrons from tau decay having larger than usual 

transverse momenta relative to the normal hadron (q u ark ) je t. 

We apply this kinematical technique to find i  decays among the  

observed NC events from the run with the fu ll density dump^.

Tau neutrino events resulting in semileptonic decays will have
t

no prim ary muons or electrons. The combinaion of charged p ar­

ticles from t decay will have net charge ±1, invariant mass less 

than tau mass and usually a substantial fraction of the total en­

e rg y  of the event. The transverse momentum (re la tive  to the  

incident neutrino direction) of the secondaries from x decay will 

often be large and in the opposite direction to the transverse  

momentum of hadrons from the hadronic shower. In addition we 

exploit the fact the d istribution of the transverse momentum of 

one hadron calculated with respect to the vector sum of other 

hadron momenta from the same source is limited. In contrast the  

secondaries from i  decay have a large transverse momentum rela­

tiv e  to the neutrino direction (P-p) and, by conservation of tra n ­

sverse momentum, have an even larger transverse momentum re l­

ative to the final state hadron vector (P * ) .  These definitions 

are shown in fig u re  37.

In detail, the fu ll procedure was the following:

1. The NC candidates were required to have a corrected ha­

dron energy Epj above 20 GeV; this cut removes nearly  

all of the neutral hadron interactions.

^Given th a t the signal to noise ratio is three times worse in 1/3  
density data only fu ll density neutral cu rren t events were used.
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2. For each retained event the total final state hadron mo- 

mentum vector P|_j was constructed by summing the mo­

mentum vectors of all accepted tracks as defined in the  

previous section. Leptons in unidentified CC events may 

simulate hadrons from tau decay by v irtu e  of th e ir  large 

transverse momenta. Therefore the leaving track  ( if  any) 

with the largest transverse momentum with respect to Pj_j 

was also excluded from the sum; in addition, any photon 

collinear within ±30 mr in dip and ±100 mr in azimuth was 

also excluded [48] (to remove photons due to inner or 

outer brem sstrahling from unidentified leptons).

3. Of the remaining charged particles (now presumably all

hadrons), the one with the largest momentum component

P i transverse to P^ was selected f irs t . Then the one

with the largest momentum component P ^  transverse to 
-v ->
P|H ” ^1 was se êc^e<̂ * Then the photon with the largest 

momentum component P ^ transverse to Pj_j - - ?2 was

selected. If  the required particle was absent, the corre­

sponding P*. value was set to zero.

4. The distribution of P ^ , P ^  and P ^  were plotted and f i t ­

ted to the sum of the P*. distributions expected from tau 

decay and from background.

The selections P̂  ̂ and P ^  allow the detection of charged  

pions from the tau decay specially fo r the decay modes where 

more than a single charged pion is expected. P ^  is used to de-



F i g u r e  3 7 :  T h e  d e f in i t io n  o f  k in e m a t ic a l  p a r a m e te r s  in ta u  d e c a y

t e c t  n e u t r a l  p io n s  f r o m  t h e  ta u  d e c a y .  T h u s  th is  p r e s c r ip t io n  is 

a lm o st e q u a l ly  s e n s i t iv e  to  a ll o f  s e m ile p to n ic  ta u  d e c a y  m o d e s .  

S u b t r a c t i n g  t h e  P. f ro m  w as d o n e  to  a v o id  c o r r e la t io n s  b e ­

tw e e n  t h e  P*. v a lu e s .

F i g u r e  3 8  show s t h e  c o r r e c t e d  v is ib le  e n e r g y  d i s t r i b u t i o n  o f

e v e n t s  f o r  ta u  s e m i le p to n ic  d e c a y  m o d es . T h e  v is ib le  e n e r g y

E . does  n o t  a c c o u n t  f o r  t h e  u n s e e n  f in a l  s ta te  ta u  n e u t r in o  v is

w h ic h  ta k e s  a w a y  a f r a c t i o n  o f  t h e  to ta l  e n e r g y  o f  t h e  e v e n t .  

B e c a u s e  o f  2 0  G e V  c u t  on t h e  N C  e v e n t s ,  o n ly  C C  m uon e v e n ts  

w ith  > 2 0  G e V  w e r e  u s e d  to  s im u la te  t a u  s e m ile p to n ic  d e c a y

m o d e s . I t  can  b e  seen  f r o m  th is  f i g u r e  t h a t  b e c a u s e  o f  t h e  e n ­

e r g y  c a r r i e d  a w a y  b y  t h e  f ro m  t h e  x d e c a y ,  a f r a c t io n  o f  

c h a r g e d  c u r r e n t  e v e n ts  a r e  lo s t  b e lo w  2 0  G e V  c u t .  T h i s  loss  

a m o u n te d  to  12.4%  o f  c h a r g e d  c u r r e n t  e v e n t s  w i th  s u b s e q u e n t  

s e m ile p to n ic  d e c a y  o f  t h e  t a u ,  o r  an a c c e p ta n c e  o f  87 .6 %  f o r  

th e s e  e v e n t s .
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T h e  s e c o n d a r y  n e u t r in o  c a r r ie d  a w a y  an a v e r a g e  e n e r g y  o f  16 

G e V .  E x c lu d in g  e v e n t s  lo s t  b e lo w  20  G e V ,  t h e  m ean v is ib le  e n ­

e r g y  e x p e c te d  f r o m  all s e m ile p to n ic  t a u  d e c a y  m odes is

<E . > = 6 0  G e V .  T a b l e  44  g iv e s  t h e  m ean m om enta  < P - > ,  < P n> vi s ^ 1 2
a n d  <Pg> f o r  t h e  o b s e r v e d  N C ,  s im u la te d  ta u  d e c a y  a n d  s im u la t ­

ed  b a c k g r o u n d  e v e n t s .

T A B L E  4 4  |

T h e  m ean m om entum  d is t r ib u t io n  in G e V / c  o f  P .j, P2  a n d  P^

t r a c k s  f o r  t h e  o b s e r v e d  N C ,  s im u la te d  ta u  d e c a y  a n d  s im u la ­
t e d  b a c k g r o u n d  e v e n t s .

1 E v e n t  t y p e
< p i >

ACN
Q.V ACO
Q_V

j O b s e r v e d  N C 5 .1 3 . 7 3 . 0  |

1 S im u la te d  ta u  d e c a y 9 . 6 5 .1 5 . 7  |

| b a c k g r o u n d  
1

5 . 3 4 . 4 3 .1  |
_____________________ 1
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TABLE 45

The Mean Values and Weights of the Simulated v t Events, 
the Simulated Background Events 
and the Observed Event Sample

EventType Weight ?\  (CeV/c) ( f i r s t  charged partic le)
Pj (GeV/c) (second charged partic le)

P3 (GeV/c) 
(photon)

+  ♦ 
T “ +7T~Vt 0.108 0.911 0.393 0.218

+ + 0.237 0.798 0.412 0.444
TI °1T0 V T 0 . 1 1 0 0.788 0.431 0.534

T i ->TTi TI0 ^ 0 ^ ° V T 0.061 0.749 0.421 0.519
± ± + _ 1 -*>Tt 7T TT 0.081 1.038 0.647 0.250
± ± 4- —  n

T -m i  ttu v t 0.053 0.909 0.566 0.385

a l l  simulated vT events 0.650 0.850 0.459 0.403

simulated NC 0.62± 0.03 0 .518± 0.014 0.34310.010 0.26710.013
simulated unidentified CC 0 .38± 0.03 0 .486±0.010 0.30410.007 0.20510.007

a l l  simulated 
background

1 . 0 0 0.5061 0.011 0.32910.008 0.24410.010

observed UC 
candidates

0 .507± 0 .020 0.32510.015 0.22710.016
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8 . 8  E X P E R I M E N T A L  D I S T R I B U T I O N S

F ig u r e  39  show s t h e  d is t r ib u t io n s  f o r  t h e  o b s e r v e d  N C ,  s im u ­

la te d  ta u  d e c a y  a n d  s im u la te d  b a c k g r o u n d  e v e n t s .  T h e  mean  

v a lu e s  o f  P * . | ,  P ^  a n d  P ^  f o r  t h e  s im u la te d  ta u  d e c a y  ( i n d i v i d u ­

al d e c a y  m o d es ) a n d  t h e  e x p e c te d  b a c k g r o u n d  f r o m  N C  a n d  u n i ­

d e n t i f i e d  C C  e v e n ts  a r e  g iv e n  in t a b le  4 5 .  A s can b e  seen f ro m  

f i g u r e  39  a n d  t a b le  4 5 ,  T h e  P ^  2  3  d is t r i b u t i o n  o f  t h e  s im u la te d  

N C  a n d  u n id e n t i f i e d  C C  b a c k g r o u n d  e v e n ts  a r e  v e r y  s im i la r  b e ­

c a u s e  t h e  u n id e n t i f i e d  m uon w as  in d e e d  u s u a l ly  e x c lu d e d  f ro m  

t h e  in i t i a l l y  c o n s t r u c t e d  P ^ .  C o n s e q u e n t ly  t h e  r e s u l ts  g iv e n  b e ­

low a r e  in s e n s i t iv e  to  t h e  a s s ig n e d  w e ig h ts  f o r  t h e  b a c k g r o u n d  

s im u la t io n .  B e c a u s e  o f  t h e  w a y  t h e  P. v e c to r s  w e r e  d e f in e d  i t  

w as f o u n d  to  b e  u n n e c e s s a r y  to  s im u la te  s e p a r a t e ly  t h e  u n i d e n t i ­

f i e d  C C  e v e n ts  w i t h  le p to n s  b e lo w  t h e  m om entum  c u ts  ( t h is  w as  

in v e s t ig a t e d  b y  c o m p a r in g  t h e  P*. v a lu e s  f r o m  d i f f e r e n t  ru n s  u s ­

in g  s e le c te d  m uon m om entum  i n t e r v a l s .  T h e  mean P*. v a lu e s  w e r e  

f o u n d  to  b e  in s e n s i t iv e  to  t h e  m uon m o m e n tu m ) .  I t  can  b e  seen  

f r o m  t a b le  45  t h a t  t h e  mean P*j v a lu e s  f o r  t h e  b a c k g r o u n d  e v e n ts  

a r e  c o n s id e r a b ly  lo w e r  th a n  th e  c o r r e s p o n d in g  v a lu e s  f o r  ta u  d e ­

c a y  e v e n t s .
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8 . 9  R E S U L T S

T o  d e te r m in e  t h e  r e la t iv e  p r o p o r t io n  o f  ta u  d e c a y  a n d  b a c k ­

g r o u n d  e v e n ts  in t h e  o b s e r v e d  N C  s a m p le ,  t h e  d is t r i b u t i o n s  o f  

P * i '  ^ 2  an<  ̂ *^ 3  ^o r  o b s e r v e d  N C  sam p le  ( t h e  d a ta  p o in ts  in 

F i g . 39), w e r e  f i t t e d  as sums o f  t h e  c o r r e s p o n d in g  ta u  d e c a y  d i s ­

t r i b u t i o n s  ( f u l l  l in e s )  a n d  b a c k g r o u n d  d i s t r i b u t i o n s  (d a s h e d  

l in e s )  u s in g  t h e  m ax im u m  l ik e l ih o o d  m e th o d .  B e c a u s e  o f  t h e  l im ­

i te d  s ta t is t ic s  in t h e  b a c k g r o u n d  d i s t r i b u t i o n s ,  o n ly  o n e  b in  w as  

u s e d  f o r  P*.j > 1 G e V / c ,  o n e  f o r  > 0 . 8  G e V / c  a n d  o n e  f o r  

> 0 . 6  G e V / c .

T h e  f r a c t io n  o f  t h e  o b s e r v e d  N C  sam p le  t h a t  is d u e  to  ta u  

n e u t r i n o  C C  e v e n t s  w i th  s u b s e q u e n t  s e m ile p to n ic  d e c a y  o f  t h e  

t a u  w as t h u s  e s t im a te d  to  be

a = ( - 5 . 9  ± 4 .9 ) %  ( 8 . 3 5 )

T h e  a v a lu e s  o b ta in e d  f ro m  t h e  P^^, P ^  a n d  P ^  d is t r i b u t i o n s  

s e p a r a t e ly  w e r e  ( - 6 . 2 ± 6 . 4 ) % ,  ( - 2 . 9 ± 1 2 . 4 ) %  a n d  ( - 7 . 7 ± 9 . 9 ) %  r e ­

s p e c t i v e l y .

T h e r e  b e in g  138^  e v e n ts  w i th  c o r r e c t e d  h a d ro n  e n e r g y  a b o v e  

2 0  G e V  in th is  N C  s a m p le ,  E q .  ( 8 . 3 5 )  c o r r e s p o n d s  to  - 8 ± 7  su ch  

e v e n t s .  In  o r d e r  to  a c c o u n t  f o r  p u r e l y  le p to n ic  C C  e v e n ts  

o n e  n eed s  to  t a k e  in to  a c c o u n t  t h e  in d iv id u a l  b r a n c h i n g  r a t io s ,  

t h e  s u p p r e s io n  o f  c r o s s - s e c t io n ,  t h e  a n t i n e u t r i n o  to  n e u t r in o

^ T h e r e  w e r e  i n i t i a l l y  141 N C  c a n d id a te s .  T h r e e  w e r e  f o u n d  to  be  
w r o n g l y  id e n t i f i e d  a n d  s u b s e q u e n t ly  e x c lu d e d  f r o m  t h e  N C  sam ­
p le  as e x p la in e d  b e lo w .
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a n d  t h e  v N C  to  C C  c r o s s -s e c t io n  r a t io s .  T h e  b r a n c h in g  ra t io sT

a n d  t h e  c r o s s -s e c t io n  s u p p r e s io n  a r e  g iv e n  in ( 8 . 8 ) - ( 8 . 1 5 )  

a n d  ( 8 . 2 7 ) - ( 8 . 3 0 )  r e s p e c t i v e l y .  T h e  N C  to  C C  r a t io  a b o v e  a 

g iv e n  to ta l  e n e r g y  w as  e s t im a te d  f ro m  a M o n te  C a r lo  c a lc u la t io n  

b a s e d  up o n  t h e  o b s e r v e d  e v e n t  s p e c t r a  a n d  B u r a s  G&tftners 

s t r u c t u r e  f u n c t io n  p a r a m e t r is a t io n  [ 1 3 ] .  t h e  ra t io s  o b ta in e d  

w e r e :

R = 0 . 1 7 4  n e u t r in o s

R = 0 . 1 1 7  a n t in e u t r in o s  ( 8 . 3 6 )

T h e  w e i g h t  a s s o c ia te d  w i th  each  d e c a y  m ode w as c a lc u la te d  f r o m :

f .  = W j / IW j

w h e r e  Wj w as  d e f in e d  to  b e

W. = B R  x  S x r  
i ps

f o r  C C  e v e n t s ,  w h e r e  B R  is t h e  c o r r e s p o n d in g  b r a n c h i n g  r a ­

t io  f o r  t h e  i th  d e c a y  m o d e , S p g is t h e  c r o s s -s e c t io n  s u p p r e ­

s ion a n d  t h e  f a c t o r  r  w as  s e t  to  1 a n d  0 . 4 9  [2 1 ]  f o r  n e u t r in o  

a n d  a n t i n e u t r i n o  e v e n ts  r e s p e c t i v e l y .  F o r  N C  e v e n t s  t h e  W  

becom es:

W = R x r

S
w h e r e  t h e r e  is no p h a s e  s p a c e  s u p p r e s io n  f o r  v N C  i n t e r a c -  

t io n s .  T a b l e  4 6  s u m m a ris e s  t h e  w e ig h t  f a c t o r s  a s s o c ia te d  w i th

in te r a c t io n s
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I
TABLE 46

--------1

| The weight factors  

| interactions.
( f j) associated with v CC and NCT

| Decay product neutrino antineutrino

I v N - * i - * e  + X' T 0.080 0.047

| v N  + T - ^ y  + X1 T 0.091 0.053

v N -*■ t ■ * hadrons1 T + X 0.326 0.190

| v N + v + X1 T T 0.161 0.053

Including (a) 12.4% of the v events lost below 20 GeV cut andi
(b )  charged cu rren t events with purely  leptonic t decay from

table 46, the number of charged curren t interaction with

E > 2 0  GeV becomes: v

n S C = -14 ± 12 < 17 at 90% c . l .  (8 .3 7 )

The e rro r quoted includes the statistical errors of the simula­

tions due to the fin ite  number of CC muon events available. 

The upper limit quoted takes into account th a t a and Nr  cannot 

have been negative, the 90% c . l .  upper limit Cqq on a being de­

fined from

o
0 . 9 0  / l _ ( a ) d a (8 .3 8 )
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where L (a ) is the likelihood function th a t was maximised. The  

result is insensitive to the n value used in the production form u­

la fo r Dg mesons as given in Eq. (8 .7 ) .  Changing n from 5 .7  to

3 .7  changed a only to (-5 .4±4 .5 )% .

The events giving at least one high P*. are the most likely  

candidates. In o rder to check fo r any t signal all events with 

P*.j > 0 . 8  G eV/c or P ^  > 0 . 8  G eV/c or P ^  > 0 . 6  G eV/c were se­

lected. These amounted to 18 candidates. All th e ir photographs 

were therefore carefu lly  re-exam ined. None showed evidence of 

the presence of separate tau production and tau decay vertices  

[4 7 ,4 8 ,4 9 ]. Two events (985/2899 and 992/4982) were found to

be v CC events w rongly identified as NC candidates with the  e
t t

brems assosiated with the electron tracks giving high P  ̂ values.

These two events were subsequently excluded from the NC sam­

ple. Another event (964/4164) was found to have a leaving 

tra ck  labelled as interacting on the DST, consequently failing  

the leaving track  rejection criteria  as described in section 8 .7 . 

This event was also excluded from the NC sample resulting in 

the  selected number of NC candidates being 138 rather than 141.
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Figure 39: P*. d istribution  fo r NC candidates (data po in ts),

simulated tau decay events (fu ll lines) and simulated 
background events (dashed lines).
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8 .9 .1  Comparison with other methods

As explained in section 2 .4 , BEBC was equipped with a high 

resolution camera of spatial resolution ~ 200ym. About 10% of the  

observed events were w ithin the reduced volume seen by this 

camera and could therefore  be examined fo r tau decays or kinks 

very  close to the event v e rte x . No clear i  track  connecting dis­

tinct production and decay vertices was seen among this sub 

sample. This would give an upper limit of 23 CC v events (90%T
c . l . )  if the detection efficiency fo r x decays were 100%. In real-

-13ity , fo r 200ym resolution and a lifetime of 3 .3x10 s [19] cor­

responding to a decay length of 0.056m m /GeV, the efficiency is 

below 10% and the upper limit in excess of 230 events.

The kinematic method of Ballagh et al [38] looks for 
+

t -+ 3n + X semileptonic decays, amounting to 13.4% of all t de­

cays (table 4 5 ), with an efficiency of 31% in th e ir  experiment 

falling to 28% in ours because of softer spectrum. Seeing no

candidate would therefore  have given an upper limit of 61 

events: in fact there  was 1 candidate (event 976/321 in the full

density sample), g iving an upper limit of 102 events at 90% c. l .

The method of Poppe [52] uses the scaling variable
2

£ = Pj. /P  where P  ̂ and P  ̂ are the total transverse and longi­

tudinal momenta of the observed hadron system. The idea of the
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method relies on the fact that the transverse momentum of an 

event is affected in a d iffe ren t way than the longitudinal momen­

tum , if we replace a neutral c u rren t event by a charged curren t 

interaction of identical total energy and 4 momentum tran s fe r  

with semileptonic decay of the x ( f ig . 4 0 ). Since, in a plane 

normal to the incident neutrino d irection , the hadron shower 

from the tau decay points approxim ately opposite to the fra g ­

ments from the prim ary neutrino nucleon interaction, the overall 

transverse  momentum becomes smaller, w hile, simultaneously, the  

longitudinal momentum increases. To apply this method to our 

NC event sample, the £ d istributions expected fo r the tau signal 

and the background were simulated as before, and the £ plots 

fo r the observed sample (the data points) were fitted  as sums of 

the corresponding tau decay d istributions (fu ll curves) and 

background distributions ( dashed curves) as shown in figu re  

41, using a maximum likelihood f it .  The result was

a = (25.5±21)°o (8 .39 )

Correcting as fo r Eq. (8 .3 5 ) , this corresponds to

NCC = 61 ±50 (8 .40 )

Since most interactions (65%) appear as NC candidates, the  

apparent N C /C C  ratio , a fte r correcting fo r unidentified CC elec­

tron and CC muon events and neutral hadron interactions, meas­

ures the v rate if the tru e  N C /C C  ratio is assumed to be the  x
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Figure 40: Comparison of tru e  and fake neutral currents of
similar neutrino energy and 4 momentum tra n s fe r.

As fake neutral cu rren t produces smaller p^,

but la rg er p . than a geniune neutral c u rre n t.
X»
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same fo r electron and muon neutrinos. For hadron shower ener­

gies E^ above 20 GeV, the apparent N C /C C  ratio was measured 

to be 0.315±0.032±0.021 (tab le 3 9 ). The tru e  N C /C C  ratio ex ­

pected for the m ixture of v and v CC events in these data is 

0.312±0.008 (see subsection 7 .3 .1 ) .  The excess, 0.00310.039, 

corresponds to events from both semileptonic and purely  leptonic 

decays of the tau i . e .:

(N C )q  = (N C )t  + (N C )t + N (t + vT + X ) = (N C )t  + ANC 

(C C )Q = (C C )T  + N (t + £ + v£ + vT) = (C C )T  + ACC

where (N C )q  and (C C )q  are the observed number of NC and CC 

events which include conventional (N C )y  and (C C )y  plus con tri­

butions from tau . So the d ifference between the observed ratio  

(N C /C C )q  and the expected conventional ratio (N C /C C )y  be­

comes

A = [ (  (N C )t  + ANC ) / (  (C C )T  ♦ ACC ) ]  - ( (N C )T / ( C C ) T  ) 

A fte r a simple algebra the above equation reduces to:

with R y being the tru e  NC to CC ratio . The nominator on the  

rig h t hand side of the above equation becomes

A = (ANC - RyACC) /  (CC +ACC) (8 .4 1 )

ANC = ( W / W ) n £ C ♦ ( fNC CC; 7

ACC = ( f
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where f M~ , f  and f„ re fer to total weights from table 46 fo r v NC s i  ^  x

NC interactions, v t CC interactions with subsequent semileptonic 

decays of the tau and CC interactions with subsequent purely  

leptonic decays of the tau respectively and f ^  = f  + f^ . Us­

ing Eq. (8 .41 ) and correcting fo r the number of CC events 

lost below 20 GeV Ej_j cut we obtain

n £.C = 1.3116 (8 .42 )

Thus all these methods are less sensitive than our kinematic 

method.

Combining results (8 .3 7 ) , (8 .4 0 ) and (8 .4 2 ) would give

n £,C = -6±10 < 14 at 90% c . I .  
T

(8 .4 3 )

which is not significantly be tte r than (8 .3 7 ) alone.

8 .10  ESTIMATE OF THE Ds MESON PRODUCTION CROSS- 

SECTION

One can estimate the ratio of the Dg to D meson production

cross-sections from the ratio of v events to prompt v and v
t y e

events. To do this we assume the D meson to be the onlys

source of tau neutrinos (see sections 8 .1 ) and the D meson to be

the dominant source of prompt v and v . We simulate the Dy e

meson production according to (8 .7 )  with n = 5 .7  (same as Dg 

meson). The semileptonic decays of D was approximated by:

D + Keve 50% (8 .4 4 )
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D
*

K ev 50% (8.45)

and the expected vg flux was simulated in a similar way to that 

of v (see section 8 . 2 ) .  From table 26 our data contain 220±19T
prompt and vg CC events with > 20 GeV. Correcting Eq.

s
(8 .3 7 ) fo r the kinematic suppresion of the charged cu rren t v

K t

cross-section due to the large t mass (using results (8 .2 7 ) and 

(8 .2 9 ) combined) we obtain a weighted number

NCC _= -25±21 < 29 at 90% c .l (8 .46 )

which can be compared d irectly  with the number of and 

events. From the above results it can be seen than less than 

13% of the integral energy-w eighted prompt neutrino flux  above 

20 GeV through the detector is therefore due to v or v . Thus 

we can estimate an upper limit fo r Dg meson production cross- 

section in hadron-hadron collisions, i .e.

N (v x) /N (v y ,v e) = [o (PN -  Ds ♦ X ) . B R ( D s -  xvt ) . R ( v T)J

x [o(pN  -  D ♦ X ) . BR(D -* *v„ * X ) . R ( v  ,v ) ] _1 (8 .4 7 )y e

where the le ft hand side of the above equation is the ratio of

the integral energy weighted prompt to prompt and v0

fluxes . R(v ) and R(v ,v  ) are factors which take into account 
t y e

the acceptance of our bubble chamber to tau neutrino and 

prompt conventional neutrino fluxes and th e ir interaction prob­

abilities. These factors were obtained from the Monte Carlo sim­

ulations of Dg and D mesons as described above. Using the re ­

sults from the Monte Carlos we obtain fo r the ratio



R(v ) /R (v  ,v ) = 1.2  x y e
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(8 .48)

Assuming (a) a 3.9% branching ratio for xv^ (8 .6 )  and (b)

branching ratios for D into v or v of 12% each (about equal
V e

rate of charged and neutral D mesons), we obtain

o(pN Ds + X ) /o (p N  ■+ D + X )  < 0.65 at 90% c . l .  (8 .49)

For a D production cross-section of 17 yb per nucleon [1 ] ,  for  

example, this gives a Dg production cross-section below 11 yb. 

These limits would increase (decrease) by about a factor 1.7  

(1 .4 )  fo r  each unit of increase in the n value for Dg (D ) pro­

duction as given in Eq. (8 .7 ) .  They indicate only the degree to 

which this analysis is sensitive to the signal that might be ex­

pected .



Chapter IX  

CONCLUSIONS

The previous CERN beam dump experiments proved the existence 

of a prompt neutrino signal. The 1982 CERN beam dump experi­

ments were carried out in order to settle the question of whether  

there is a significant difference in fluxes of prompt electron and 

muon neutrinos. The resulting electron event sample is clean 

with the conventional background being small. The muon sample 

is more complicated because the expected conventional back­

ground is much larger than the electron sample. Given this 

there are two unexpecteVeffects:

a) the f irs t  one is the low y rate in the full density data, 

which differs appreciably from the rate expected from the 

1979 experiments or from the other two experiments in the  

1982 exposure. The ratio of the present y rate to that of 

1979 BEBC is 2.56±0.34 while one expects 3 .5± 0 .1 .  This 

low ratio is remarkable, since the muon identification in 

the present experiment is superior because of the addition 

of the Internal Picket Fence, which was used, in conjunc­

tion with the EMI, to find muons lost in the normal scan­

ning procedure. However, since the low y rate in the  

full density data is also apparent when comparing with the

199 -
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counter experiments, it is most likely due to a statistical 

f luctuation;
+

b) the second effect is the low ratio of e to e events. The  

prompt electron ratio accounted for v to v cross-sections 

ratio is less than unity whereas the prompt muon ratio 

corrected similarly is compatible with 1.

However, it has been possible to improve the muon rates by us­

ing the large number of through-going muons from neutrino in ­

teractions upstream of BEBC. This enabled measurements of 

muon rates with similar precision to those of electrons.

From the prompt rates of electron and muon events above 20

GeV an asymmetry A = ( N  - N ) / ( N  + N ) = 0 .07±0.087 7 ey e y e y

is derived in agreement with equal rates. The corresponding
+

asymmetries fo r the d iffe ren t charges are: A = -0 .28±0 .14

and A = 0 .19±0 .10 . The asymmetries between neutrino and ey 7

antineutrino fluxes are A -  = 0.15+0.08 for electrons and muonsvv

combined. For muon neutrinos and electron neutrinos separate­

ly, the asymmetries are Av -  = -0.09±0.11 and Ae — = 0 .38±0 .14 .  

The consequence of the above results is that, although the o ve r­

all e ,y  asymmetry is compatible with equal rates, the charge sep­

arated asymmetries are d ifferent by more than 2 .7  standard de­

viations. Such a difference, if tru e ,  would require a radically  

different interpretation of the experimental situation, involving  

previously unknown physics. In view of these fa r-reach ing  con­

sequences the interpretation in terms of statistical fluctuations  

appears more reasonable, albeit not wholly satisfactory.
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The neutral current to charge curren t ratios obtained are com­

patible with those observed in normal neutrino experiments. 

From the observed NC to CC ratio and the known value for muon 

neutrinos the NC /C C  ratio for electron neutrinos in the full den­

sity sample is found to be 0 .312±0.154±0.121. The corresponding 

value fo r 1/3 density data is 0 .380±0.257±0.140.

The excess of low energy neutral curren t events is -3± 11 for  

hadron energies between 5 and 10 GeV (using both full and 1/3  

density data) and 7.5±8 events for hadron energies between 10 

and 20 GeV using full density data only. These values indicate 

that we are compatible with no excess of low energy NC events.

Despite a substantial increase in the statistics in this experiment 

compared to previous BEBC beam dump experiments, no in te r ­

actions has been observed. Using a new kinematical method the

number of v CC interactions with E > 2 0  GeV in the full densi- 
t v

ty  data is estimated to be -14± 12 events. This number is con­

servatively interpreted as an upper limit of 17 events at 90% con­

fidence level. Other methods used before give weaker upper  

limits. Using this upper limit, the ratio of Dg meson (previously  

called F meson) to D meson production cross-sections is estimat­

ed to be below 0.65 at 90% confidence level.

Still, the search for remains a gamble. By fa r  the most 

promising develop .ment is the use of holography in the next 

generation of beam dump experiments such as the one proposed 

in Fermilab, if they ever materialise.
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