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sarcple of 106,000 chaiged c u r r e n t  n e u t r i n o  i n t e r a c t i o n s  i n  a heavy neon- 

e 1 5  f t .  bubble chamber a t  Fermilab.  - 
I 

2 
pracess  of (1.8 10.8) k E cm2, where E is  

d v V 

t h e  i n c i d e n t  i e u t r i n o  energy i n  u n i t s  of GeV.  T h i s  r e s u l t  i s  i n  good . 2 
agreement wi th  t h e  p r e d i c t i o n  of t h e  Weinberg-Salan model w i t h  s i n  e = 0.2 .  

W 



..* . -. 

The o b s e r v a t i o n  of n e u t r k l  c u r r e n t  induced n e u t r i n o  i n t e r a c t i o n s  gave 

s t r o n g  support  . t o  t h e  gauge t h e o r i e s  u n i f y i n g  weak and e lec t romagne t ic  

i n t e r a c t i o n s .  P r e s e n t l y  a l l  neutrino-hadron n e u t r a l  c u r r e n t  i n t e r a c t i o n s  

a r e  c o n s i s t e n t  w i t h  t h e  SU(2) x U(1) gauge model proposed by Weinberg (1) 

2 ?, and ~ a l a m ( * )  wi th  a  Weinberg a n g l e  s i n  8 1. 1/4 .  One of t h e  t h e o r e t i c a l l y  
W 

most s t r i n g e n t  t e s t s  of t h i s  theory  is provided by t h e  pure ly  l e ? t o n i c  

- 
p r o c e s s ,  v e  + v e- which can proceed on ly  v i a  t h e  weak n e u t r a l  c u r r e n t  

u u 
i n t e r a c t i o n ,  and t h e  theory can be  compared t o  exper imental  measurement 

wi thou t  u n c e r t a i n t i e s  in t roduced by u s i n g  hadronic  t a r g e t s .  Ear ly  exper i -  

mental' r e s u l t s  on t h i s  r e a c t i o n  a t  n 'eut r ino e n e r g i e s  of a  few G e V  ( 3 , 4 3 1  

a r e  c o n s i s t e n t  wi th  elie kre1nBerg-Salam model. , A  receuL resu lL  dr higher  

e n e r g i e s ( 6 )  i n d i c a t e s  a  s i g n i f i c a n t l y  h igher  c r o s s  s e c t i o n  f o r  t h i s  paper 

p r o c e s s  than  t h a t  expected from t h e  Weinberg-Salan model. I n  t h i s  

we r e p o r t  a  f o u r  t imes  more s e n s i t i v e  measurement of t h i s  c r o s s  s e c t i o n  

which i s  i n  good agreement w i t h  t h e  Weinberg-Salam model. 

The experiment was c a r r i e d  o u t  a t  t h e  Fermi Na t iona l  ~ c c e l e r a t o r  Lab- 

o r a t o r y  us ing  t h e  two-horn focused wideband n e u t r i n o  betm w i t h  an average 

of 1013 400 G e V  p ro tons  per  p u l s e  h i t t i n g  t h e  n e u t r i n o  t a r g e t .  The neu- 

t r i n o  spectrum extends  from a  few GeV t o  beyond 100 G e V ,  peaking near  

30 G e V .  The n e u t r i n o  d e t e c t o r  w a s  t h e  15 f t .  bubble chamber f i l l e d  w i t h  a  

64 atomic p e r c e n t  neon-hydr3gen mixture ,  a r a d i a t i o n  l e n g t h  of 40 cm 

and a  hadronic  i n t e r a c t i o n  l e n g t h  of 125 cm. The chamber magnetic f i e l d  
0 

was 30 kG. 

The e n t i r e  d a t a  sample of 134,000 photographs c o n t a i n i n g  106,000 

charged c u r r e n t  v i n t e r a c t i o n s  hzs  been 'subjected t o  a  ded ica ted  scan f o r  u 
i s o l a t e d  e lec t romagne t ic  showers; 93,000 of t h e  p i c t u r e s  have been double 

+ + - 
scanned. A l l  forward e n e r g e t i c  s i n g l e  e-, s i n g l e  e  , o r  y -t e  e  p a i r s  

wi th  no o t h e r  t r a c k s  o r i g i n a t i n g  a t  t h e  i n t e r a c t f o n  v e r t e x  were recorded.  

E lec t rons  of e i t h e r  s i g n  were i d e n t i f i e d  by a t  l e a s t  two of t h e  fol lowing 



s i g n a t u r e s :  bremmstrahlung convers ion o r  s p i r a l  a t  t h e  end of t h e  t r a c k .  

A l l  such even t s  were examined by a  p h y s i c i s t ,  measured, and g e o m e t r i c a l l y  

r e c o n s t r u c t e d  us ing  t h e  program, TVGP. .By us ing  t h e  93,000 double-scanned 

p i c t u r e s  t h e  scanning e f f i c i e n c y  w a s  determined(') t o  be (61 5 15)4  f o r  

a  s i n g l e  scan ,  g i v i n g  an  o v e r a l l  scan e f f i c i e n c y  of (.78 + 15)X. 

Events which had energy E - > 2 G e V  and a n g l e  0 - c 3' and which were no t  

a s s o c i a t e d  wi th  o t h e r  e v e n t s  were r e t a i n e d  f o r  f u r t h e r  c o n s i d e r a t i o n .  The 

subsequent procedures  adopted were guided by t h e  phi losophy of r e t a i n i n g  

s i n g l e  e l e c t r o n  e v e n t s  and r e j e c t i n g  y-ray convers ions .  An even t  w a s  

de f ined  t o  b e  a s i n g l e  e- i f  t h e r e  was no v i s i b l e  r a d i a t i o n  on a  n e g a t i v e  

t r a c k  b e f o r e  t h e r s  w a s  obse rvab le  c u r v a t u r e  so  t h c t  t h e  Event c l e a r l y  had 

a s i n g l e  t r a c k  a t  t h e  o r i g i n .  If  t h e r e  was e a r l y  r a d i a t i o n  w i t h i n  a  s h o r t  

d i s t a n c e  of t h e  o r i g i n  such t h a t  i t  was n o t  p o s s i b l e  t o  de te rmine  whether 

t h e  event  began a s  a s i n g l e  o r  double  t r a c k  . ( i n  a l l  ambiguous c a s e s  t h i s  

d i s t a n c e  was l e s s  than  10 cm), t h e n  t h e  .event was s t i l l  c l a s s i f i e d  a s  a  

s i n g l e  e' i f ,  a )  t h e  f a s t e s t  t r a c k  was n e g a t i v e ,  b) t h e  f a s t e s t  p o s i t r o n  

coming from t h e  confused r e g i o n  x a s  l e s s  than 25% of t h e  e l e c t r o n  energy 

(E-/E^ c 1 / 4 ) ,  and c )  t h e  energy o f  t h e  second fas:est  e l e c t r o n  was g r e a t e r  

. than 10% of t h e  p o s i t r o n  energy.  Cona i t i cn  (b) remcves f a s t  syinmetric 

p a i r s  whi le  c o n d i t i o n  (c )  o b v i a t e s  t h e  problem of low energy 6 r a y s  on 

.asymmstric p a i r s .  I n  most i n s t a n c e s  t h e  i d e n t i 2 i c a t i o n  was c l e a r  c u t ;  t h e  

s p a t i a l  r e s o l u t i o n  and l a c k  of confusion being s u f f i c i e n t  t o  c l e a r l y  d i s -  

t i n g u i s h  aiiong t h e  noted c a t e g o r i e s .  I n  t h r e e  c a s e s  i t  v a s  n o t  p o s s i b l e  t o  

- 
d i s t i a g u i s h  between a  s i n g l e  e  wi th  e a r l y  convers ion and t h e  p roduc t ion  of 

a  d e l t a  r a y  frcm z converted y p a i r  b e f o r e  c i e a r  s e ? a r a t i o n  of t h e  l e p t o n  

t r a c k s .  Adoption of t h e  above r u l e s  ~ e l e g a t e d  t h e s e  t h r e e  even t s  t o  t h e  

- - - 
ca tegory  (two of t h e  t h r e e  a r e  c o n s i s t e n t  wi th  e  +. e '  k i n e m a t i c s ) .  Cor- 

9 !J 

r e c t i o n s  ;re made f o r  r e a l  e- even ts  being c l a s s i f i e d  ns  by t h e s e  p r l -  

cedures .  The ? r o b a b i l i t y  of an  e- r a d i a t i n g  more thsn 114 of i t s  snergy 



i n  a  s i n g l e  r a d i a t i o n  w i t h i n  t h e  f i r s t  10 .cm s u f f i c i e n t l y  asymmetrical  

t o  b e ' c l a s s i f i e d  a s  a  Y by  our  c r i t e r i a ,  has  been c a l c u l a t e d  t o  be 3%. 

+ 
The f i n a l  sample c o n t a i n s  11 unambiguous e- even t s ,  5 unambiguous e  

+ 
e v e n t s ,  and 22 y p a i r s .  The number of s i n g l e  e  even t s  is q u i t e  c o n s i s t e n t  

- .+ - 
w i t h  what we-expec t  from t h e  r e a c t i o n  v p  -+ e .n induced by . the  smal l  v e  e  

contaminat ion i n  t h e  beam. The e n e r g i e s  and a n g l e s  of t h e  11 s i n g l e  

- 
e e v e n t s ,  l i s t e d  i n  Tab le  I, a r e  compared t o  t h e  kinemat ics  of v e- '+  u - 
v e  s c a t t e r i n g  on F ig .  1. The curves  show t h e  e ipec ted  c o r r e l a t i o n  be- 

?J 

tween E and 8 of t h e  e l e c t r o n s  i n  t h e  l a b  fralne f o r  E = 30 CeV, t h e  peak v 

of our  spectrum, and Ev = 10 and 100 GeV, which a r e  the a p p r o x i s a t e  l i m i t s  

of our  spectrum. Al.1 11 e- ever~Ls are consistent wi th  she k i n e m s t i c . ~  of 

+ 
t h i s  r e a c t i o n .  The s i n g l e  e  and t h e  y even ts  a r e .  n o t  s h a r p l y  peaked l i k e  

t .he 'e-  even t s  b u t  a r e  spread.  o u t  up t o  t h e  52 mrad a n g l e  c u t .  An appro- 

p r i a t e  v a r i a b l e  t o  i l l u s t r a t e  t h i s  d s f e r e n c e  is E % ~ ,  s i n c e  t h e  kinemat ic  

2  - 
l i m i t  i n  v e- + v e  s c a t t e r i n g ,  EB 2 2 me ( e l e c t r o n  mass) i s  independent 

?J P 

of t h e  i n c i d e n t  n e u t r i n o  o r  outgoing e l e c t r o n  e n e r g i e s .  The d i s t r i b u t i o n s  

- + 
i n  ~0~ f o r  t h e  e , e and y even is  a r e  shown i n  F ig .  2. The e- even ts  a r e  

+ 
peaked below t h e  2me (%1 MeV) kinemat ic  l i m i t ,  wh i le  t h e  e  and y e v e n t s  

a r e  much .more sp read  o u t .  

We have considered t h r e e  sources  of background t h a t  could produce 

s i n g l e  e l e c t r o n s  i n  t h i s  experiment:  

+ - 
a )  Photons which Compton s c a t t e r  o r  conver t  t o  e  e p a i r s  so asym- 

+ 
m e t r i c a l l y  t h a t  t h e  e  i s  n o t  seen  a r e  a  n e g l i g i b l e  background. Another 

+ - 
background comes from photons which conver t  i n t o  asymmetric e  e p a i r s  and 

have an  e a r l y  e n e r g e t i c  6 so  a s  t o  be  c l a s s i f i e d  as an  e- and not  a s  a  y 

by the c r i t e r i a  noted above. The p r o b a b i l i t y  f o r  t h i s  i s  c a l c u l a t e d  t o  be 

1 %  When'multiplied by t h e  t o t a l  number of uaassoc ia ted  y ' s  t h a t  a r e  

- . 3  
c o n s i s t e n t  w i t h  t h e  kinernatics of v e- + v e  (8 even t s  w i t h  E%- < 3 MeV) 

?J u 



. . 

t h i s  y i e l d s  .08 e v e n t s  which is  n e g l i b i b l e .  

- 0 
b)  The process  v n  + e-p and v n  + e  pn , where t h e  p ro ton  is  t o o  e e 

0 
low i n  energy t o . b e  seen ,  and t h e  y ' s  from t h e  i! . a r e  mixed i n  w i t h  t h e  

shower of t h e  e-. I n  t h i s  experiment,  we have a i s o  scanned f o r  and mea- 

sured e v e n t s  w i t h  an  e- and hadrons,") and f i n d  22 e v e n t s  v i t h  a n  e- and 

a pro ton  (wi th  a d d i t i o n a l  s t u b s  which could be  nuc lea r  fragments) and 

2 0 
p o s s i b l y  y ' s  from a n  . .  From t h e  expected. q .  d i s t r i b u t i o n s  f o r  t h e s e  

e v e n t s ,  we c a l ~ u l a t e ' ~ )  t h a t  31 of t h e s e  even t s  :~ould  h a r e  an i n v i s i b l e  

p ro ton  and an  e- a t  a smal l  enough a n g l e  t o  be c o n s i s t e n t  w i t h  t h e  kine- 

- 
n a t f c s  of v e- -t v  e  . We c a l c u l a t e  t h i s  background t o  be  0.7 e v e n t s  o r  

lJ P - 
( 6  z 6 ) %  of t h e  v  e- + v e  s i g n a l .  

!J !J - -  - -  - .  - -  - -  
C )  The r e a c t i o n s  v e  + v e  , wee , and v e  + v e  a r e  i n d i s t i n -  

!J u e  e  - 
g u i s h a b l e  from t h e  v  e- + v  e  r e a c t i o n .  However, s i n c e  t h e  r e l a t i v e  

!J IJ - 
f l u x e s  i n  our beam a r e  v  /: / v  /v = 100/3 /1 /0 .1 ,  t h e  c o n t r i b u t i o n  of t h e s e  

v ~ e e  

r e a c t i o n s  i n  any reasonab le  model i s  expected t o  be s n a l l  i n  t h i s  exper i -  

ment. 

- 
T7ie 11 v  e- + v  e  e v e n t s  and t h e  corresponding 106,000 charged 

!J !J 

c u r r z n t  .d i n t e r a c t i o n s  a r e  i n  a  voluine v i s i b l e  t o  a11 th ree  c m e t a s .  To 
1.1 

c a l c u l a t e  t h e  c r o s s  s e c t i o n  f o r  t h i s  p r o c e s s ,  we k -pose  a c o r e  r e s t r i c t e d  

f i d u c i a l  volume t o  i n s u r e  a  u n i f o r n  (and e s s e n t i a l l y  100%) d e t e c t i o n  

e i f i c i e n c y  f o r  h igh  energy electrons. We f i n 2  8 of the  11 v e- -+ 
!J - 

v  e  s v e n t s  and 79% of t h e  charged c u r r e n t  v I n t e r s c t i o n s  i n  t h i s  f i d u c i a l  
0 P !J - 

volune. We s u b t r a c t  (6  + 6)% f o r  t h e  v  n -+ e p bztkgrsund,  c o r r e c t  f o r  
e  

t h e  (78 2 15)% s c a n  e f f i c i s n c y ,  and c o r r e c t  f o r  t h e  fo l lowing  l o s s e s  of 

(ii) - 
s i n s 1 2  e l e c t r o n s :  iO;< f o r  t h e  2 GeV c u t  on E 3X f o r  l o s s  cf  e  

2' 

c l a s s i f i e d  a s  y ,  and 3% n i s c e l l e n o u s  l o s s e s  such  a s  a f a l s s  a s s o c i a t i o n  

v i t h  a n c t h e r  v  event  e t c .  t o  o b t s i n  t h e  r a t i o  '. 



- .- . 
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IJe can c a l c u l a t e  t h e  t o t a l  c r o s s  s e c t i o n  f o r  t h i s  p rocess  by us ing  t h e  

-38 2 
t o t a l  charged c u r r e n t  c r o s s  s e c t i o n  a = (0.67 4 0.06) x 1 0  , Ev cm / t o t  

nucleon measured i n  t h e  energy range of 20 t o . 6 0  G e V  i n  a BEBC experiment (12) 

and by n o t i n g  t h a t  t h e  e l e c t r o n  t o  t o t a l  nucleon r a t i o  i n  neon i s  112. .Our  

r e s u l t  is 

where E i s  t h e  i n c i d e n t  n e u t r i n o  energy i n  u n i t s  of GeV. 
V 

This r e s u l t  is i n  disagreemsnt  w i t h  a r e c e n t  measurement i n  t h e  

Gargamelle exper iment(6)  a t  t h e  CEXN SPS. On t h e  o t h e r  hand. our  r e s u l t  

is i n  good agreement w i t h  the Weinberg-Salm model. F igure  3a shows a 

comparison of our  r e s u l t s  wi th  t h e  p r e d i c t i o n  of t h e  model a s  a f u n c t i o n  

2 2 
of t h e  mixing a n g l e  s i n  3 . Our d a t a  r e s t r i c t  t h e  v a l u e  of s i n  3 t o  be 

W W 

+'07 t h e  former v a l u e  being i n  e x c e l l e n t  agreement wi th  : 0.20f : i i  o r  0.57-.17,, 

s e v e r a l  p rev ious  n e u t r a l  c u r r e n t  measurements. ( I3 )  F i g u r e  3b shows t h e  
. . - 

energy d i s t r i b u t i o n  of our 11 v e-' + v e even t s .  The c u r v e  on t h e  f i g u r e  
!J IJ 

7 
is t h e  p r e d i c t i o n  of t h e  Weinberg-Salam model wi th  s in-8  = .25 i n t e g r a t e d  

W 

over  our  i n c i d e n t  n e u t r i n o  energy spectrum. The agreement i s  q u i t e  good. 
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Ee- (GeV) 
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FIGURE CAPTIONS 

.Fig.  1 E l e c t r o n  a n g l e  v s .  energy of t h e  .ll observed s i n g l e  e l e c t r o n  

- 
even ts  compared t o  t h e  k inemat ics  of t h e  r e a c t i o n  v e- -+ v e  

lJ P 

f o r  v a r i o u s  n e u t r i n o  e n e r g i e s  E. 

2 
Fig.  2 D i s t r i b u t i o n  i n  t h e  v a r i a b l e  E3 f o r  a )  t h e  s i n g l e  e- e v e n t s ,  

+ + - 
b) t h e  s i n g l e  e  e v e n t s ,  and c )  t h e  s i n g l e  y + e  e  p a i r s .  

F ig .  3a ~ o m p a r i i o n  of t h e  p r e d i c t i o n  of t h e  Weinberg-Salam node1 wi th  

- 
t h e  measured c r o s s  s e c t i o n  f o r  v e- -t v e  . 

P !J - 
Fig.  3b D i s t r i b u t i o n  i n  t h e  e l e c t r o n  energy of t h e  11 v e- -+ v e  even t s .  

P lJ 

The c n r v e  i s  t h e  p r e d i c t r o n  of rhe  Weinberg-Salan model w i t h  

2 
s i n  6 = 11'4 i n t e g r a t e d  over  t h e  i n c i d e n t  n e u t r i n o  energy s.pectrum 

W 

of t h e  experiment.  
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