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ABSTRACT 

We have observed two e v e n t s  induced by h i ~ h  energy (>150 GeV) 

n e u t r i n o s  i n  which two h i g h l y  p e n e t r a t i n g  p a r t i c l e s  ( muons )of  o p p o s i t e  

s i g n  a r e  produced . Both e v e n t s  have a l a r g e  i n e l a s t i c i t y  and a massive 

u-hadron system. 
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We r e p o r t  t h e  o b s e r v a t i o n  of two e v e n t s  of t h e  type:  

+ 
v + nucleons  + p + p- + anyth ing .  
I! 

Neutr inos  a r e  produced by t h e  decays  of t h e  secondary p roduc t s  of the  300 

e n d  400 G e V  e x t e r n a l  p ro ton  beam c o l l i d i n g  w i t h  a n  aluminum t a r g e t .  Some 

f o c u s s i n g  of t h e  p o s i t i v e  p a r e n t  p a r t i c l e s  i s  achieved  w i t h  a pu l se3  l e n s  

(1) 
(horn).  The expe r imen ta l  a p p a r a t u s  (Fig.  1 )  c o n s i s t s  of a l a r g e  segmented 

c o n t a i n e r  of l i q u i d  s c i n t i l l a t o r  ( c a l o r i m e t e r )  fol lowed by a magnetized 

i r o n  spec t rometer  (muon d e t e c t o r ) .  Vide gap s p a r k  chambers between c a l o r i m e t e r  

modules and t h e  f o u r  independent  s e c t i o n s  of t h e  muon spec t rometer  de termine  

t h e  topology of t h e  even t s .  Large s c i n t i l l a t i o n  coun te r s  s i g n i f y  incoming 

charged p a r t i c l e s  (A) and p e n e t r a t i o n  a t  d i f f e r e n t  dep ths  of t h e  muon 

d e t e c t o r  (B,  C ,  D). Counters  A ,  B ,  D a r e  f u r t h e r  subdiv ided  i n t o  t h r e e  

e q u a l  11orizontal s e c t i o n s  which a r e  recorded s e p a r a t e l y .  S e n s i t i v e  t imes 

a r e  % 3 p s  f o r  t h e  spa rk  chambers and -150 n s  f o r  t h e  s c i n t i l l a t i o n  coun te r s .  

I n  a d d i t i o n  w e  r eco rd  t h e  p r e c i s e  t iming of each of t h e  c o u n t e r s  w i t h  

r e s p e c t  t o  t h e  t r i g g e r  p u l s e .  The p u l s e  h e i g h t s  and t iming in fo rma t ion  

a r e  recorded on magnetic tape .  An even t  i s  t r i g g e r e d  by a t  l e a s t  one 

p e n e t r a t i n g  p a r t i c l e  (muon) through t h e  e\,t;re muon spec t rometer  

o r  an energy d e p o s i t i o n  of a t  l e a s t  3 GeV i n  t h e  c a l o r i m e t e r .  The equipnent  

is a c t i v e  d u r i n g  a -2ms i n t e r v a l  cen te red  around t h e  b u r s t  of t h e  e j e c t e d  

pro tons  ($200 ps ) .  

The f i l m  h a s  been examined twice  (by p h y s i c i s t s  and by scanne r s ) .  I n  

t h e  p r e s e n t  s e a r c h  w e  r e t a i n  e v e n t s  provided:  

(a)  They o r i g i n a t e  i n  t h e  l i q u i d  of t h e  c a l o r i m e t e r  and 

(b) Two o r  more charged p a r t i c l e s  p e n e t r a t e  a t  l e a s t  t h e  f i r s t  

1.25m t h i c k  i r o n  bloik of t h e  muon d e t e c t o r .  



:, +he 400 Cikl' smp\e. 
F i f t e e n  e v e n t s  s a t i s f y  t h e s e  c r i t e r i a h  T h i r t e e n  a r e  immediately 

d i sca rded  s i n c e  (a)  they  d o  n o t  form a v e r t e x  ( i . e . ,  s e p a r a t i o n  >2 mete r s  ( 6 )  

o r  v e r t e x  e x t r a p o l a t e s  o u t s i d e  t h e  c a l o r i m e t e r  volume ( 2 ) )  o r  (b) one of t h e  

muons e n t e r s  from t h e  f r o n t  (1) o r  from t h e  s i d e  (e .g . ,  cosmic r a y s )  (4) .  

The two remaining e v e n t s  (Figs.  l a  and lb) need t o  be  examined i n  more 

d e t a i l .  Both e v e n t s  have no count  i n  t h e  an t i - co inc idence  A.  A cascade  

i n i t i a t e d  i n s i d e  t h e  c a l o r i m e t e r  i s  accompanied by two h i g h l y  p e n e t r a t i n g  

t r a c k s  of o p p o s i t e  s i g n  which t r a v e r s e  t h e  r e s t  of t h e  c a l o r i m e t e r  and t h e  

muon d e t e c t o r  wi thout  v i s i b l e  i n t e r a c t i o n .  The main k i n e m a t i c a l  

parameters  a r e  l i s t e d  i n  Table  1. 

The e v e n t s  have been examined a g a i n s t  a  number of p o s s i b l e  hypotheses  

(N i s  t h e  number of e v e n t s  expected w i t h i n  t h e  sample):  

(a) An a c e i d e n t a j  t ime and space  s u p e r p o s i t i o n  of independent  

n e u t r i n o  and a n t i n e u t r i n o  i n t e r a c t i o n s .  The v e r t e x  r e c o n s t r u c t e d  

from t h e  two muon t r a c k s  is  w i t h i n  1 0  cm of t h e  observed apex 

of t h e  hadronic  cascade .  The t iming o f ' t h e  two muon t r a c k s  

must be  wi th in150 n s ,  s i n c e  they  h i t  s e p a r a t e  s e c t i o n s  of t h e  

coun te r s  B and D.  The p r o b a b i l i t y  f o r  a n  a c c i d e n t a l  t ime 

coinc idence  is  S lo3 and f o r  an a c c i d e n t a l  s p a t i a l  co inc idence  

+ 
i s  5 The f r a c t i o n  of a n t i n e u t r i n o  even t s  (U ) i n  t h e  n e u t r i n o  

beam ~ ~ - Z C O / E C O .  The re fo re  t h e  r e s u l t a n t  p r o b a b i l i t y  f o r  an 

-7 
a c c i d e n t a l  s u p e r p o s i t i o n  i s  <2 x 10  . Since  w e  have observed 

*&Q e v e n t s ,  N<ZX~O-*. 

(b) An a c c i d ~ n t a l  t ime and space  s u p e r p o s i t i o n  of a  n e u t r i n o  o r  

a n t i n e u t r i n o  interaction and of a mum t r a c k  e n t e r i n g  from 

o u t s i d e  t h e  d e t e c t o r .  Both muon t r a c k c x t r a p o l a t c ?  through 



t h e  a n t i c o i n c i d e n c e  counter  A, u1:ich i n  both  e v e n t s  d i d  n o t  e w n t  

over  a  t ime window of 512 na stavC:q f@nr brfmthe e v e n t  t i h i l c  3 
Eepara te  B and C s e c t i o n s  i r e  t r i g g e r e d  by each  rnuon wi th  

t h e  c o r r e c t  t i n i n e  . The composite p r o b a b i l i t y  of a space  and 

-1 
rime s u p e r p o s i t i o n  and of counter  A t o  f a i l  (5 10 ) g i v e  

- I f .  s;nc:: the a\ b+ .,f t . ~ n l  v.~sS~CU,>I i s  5 ~ ; Q I P S  .N.510 , 
t h e  n ~ ~ , , \ ~ z r  c F  7 i  ifi.t;rart;~q ;*, l l ~ c  clcttdar, 

(c)  A neucr inu  induced e v e n t ,  v + IT -t u 3- hazrons ,  f o l loved bv a 

s t r a i g l ~ t  furward decay i r l t c  a muon of a hadronic  c o n s t i t u e n t  of 

t h e  ~ l lower .  The i n c i d e n t  n e u t r i n o  energy nust be  l a r g e r  than  t h e  
bcrou~e Acre.$ nuhtr;*no i i  s r , d d t c i ~ d ,  

t o t a l  v i s i b l e  energy of t h e  even th  re have observed 15  induced 

e v e n t s  and no ; of Ev > 130 C e V .  The n o s t  l i k e l y  a l t e r n a t i v e  u 
is a v i n d ~ c e d  evcnt  a s s o c i a t e d  w i t h  n sccundary p b s i t i v e  muon u 
t r a c k .  A ffante Car lo  c a l c u l a t i o n ( * )  t ak ing  i n t o  account  t h e  

complece developrr.cnt of t h e  c a s q d e  i n s i d e  t h e  c a l o r i m e t e r  g i v e s  

-3 -2 a p r o b a b i l i t y  s 10 , or  N 5 1.5  x 10  . We have v e r i f i e d  c h i s  

impor tant  r e s u l t  by d i r e c t  measurements i n  which a p ion  beam of 

v a r i a b l e  energy(i6,25, 35 ,  50, 75, 100,  125, and 150 GeV) is i n c i d e n t  

on the  c a l o r i m e t e r .  Out: of 3C03 p i o r s  w e  d i d  n o t  observe any 

cand ida te  wi th  t h e  ?rope: topology t o  s imula te  tt.e two even t s .  

T h i s  is  t o  be expected slcce t h e s e  c a l c u l a t i o n s  arc i n  good 

agreezlent wi th  many s p e c i f i c  experiments  on the  zuon ic  cumponent 

i n s i d e  s h i e l d i n g c 3 ) .  Kc have v e r i f i e d  t h a t  t h e  r e s u l t  X 5 1.5 x 

10-' remains v a l i d  f o r  any p o s s j b l e  combination of hadrons w i t h  

+ 
t o t a l  energy equa l  t o  t h e  sun of t h e  hadron and p e n e r g i e s ,  

i . c . ,  t h e  r e s u l t  i s  v a l i d  f o r  any p o s s i b l e  hadron j e t  conf igura t ion .  

t h a t  is conpacib le  wi th  o v e r - a l l  encrzy  conse rva t ion .  F i n a l l y  



arcongst t h e  bulk of ECC e v e n t s  wit11 visible energy 

c 130 GeV we have d e t e c t e d  one pic* d 4 t ~  whilst t h e  Monte a 
Corlo c a l c u l a t i o h  p r c d l c t s  s r e l o t l v e l y  modest v a r i a t i c n  

of t h e  muon yicld as a f u n c t i o n  of t o t a l  hadronic  energy.  

(d) Neutron o r  n e u t r a l  c u r r e n t  n e u t r i n o  i n i t i a t e d  hadronic  cascade  

w i t h  s imultanei .us muon decay of two hadrons. A muonlcss r a t e  

of s 0.20 of t h e  t o t a l  n e u t r i n o  rate h a s  been o b ~ e r v e d ' ~ ) ,  The 

p r o b a b i l i t y  of a double  decay i s  % There fo re  

-5 N , = 1 0 ~ ' ~ x 0 . 2 x 1 5 = 3 x l O  . 
The e x p e c t a t i o n  f o r  e v e n t s  o f  cohd*hI~a~e\ o r i g i n  is theref o r e  

N !L 1 . 5  x mainly Cue t o  process  ( e ) .  

Fuxther  evidence of t h e  unusual  n a t u r e  of t h t d e  eevcnts is d i s p l a y e d  

i n  Figure  3 ,  a s c a t t c r  p l o t  of Ev, t h e  t o t a l  v i s i b l e  energy,  and 15, t h e  in-  

v a r i a n t  mass of X ir. v + nuclcoz  -t p- + X. For t h e  dimuon events, X = 
u 

f 
hadrons I -1. v (lcpcon conservatiorl!) and  he r~ce  the c a l c u l a t e d  valiles of 

artd E axe only lower bounds. T h i s  choice  i s  t h e  most n a t u r a l  on- v 

s i n c e  t h e r e  a r e  e s s e n t i d l l y  no a n t i n e u l r j n n s  of energy s 130 GeV. (See F i g .  

2 ).  S;e r.~:anrk t t . 2 ~  diFdon c v s ~ ~ t s  d i s t i n g u i a h  then&s lves  k i n ~ m a t i c s l l y  
(sci fig.5) 

fraz  sL;',gle r.:uon product ion4 For ?f., > 7.5 ccv /c2  and E > 130 CcV, 
2. v 

we r c t a i n  an essent ia l ly  pure dimublc sair.?le. ilith t l rcse cutz the back- 

ground ( c )  i s  reduced , subs~hvttl'al[ 3 i l ~ c r e a a i n g  t h e  s t a l i s t i c + 1  

s i g n i f i c a n c e  of the even t s .  

The aaouilr of i n f o r n a t i o n  a v a i l a b l e  i s  i n s u f f i c i e n t  t o  d e f i n e  uniquely  

t h e  p h y s i c a l  o r i g i n  of 'the aJo  even t s .  The d i r e c t  prod.xction of a conven- 



t i o n a l  i n t e r m e d i a t e  boson W. is v e r y  probably  e x c l u d ~ d  Sir,Cc c0htrthf- 

frod~~tb., i s  expcrte( *O be lcu2in\  b*iti grtut<r, Likewise we can  

+ 
r u l e  o u t  s t anda rd  p rocesses  of type(6):  v + Z -+ Z + p + p- + v ,  because  of v 
t h e  i n e l a s t i c i t y  of t h e  p r o c e s s  and t h e  a p p r e c i a b l e  t r a n s v e r s e  momenta of 

t h e  obscrbed \eptcns . One p o s s i b i l i t y  i s  t h a t  t h e  p a r t i c l e  j e t  produced 

by v e r y  h igh  energy n e u t r i n o s  has  an anomalously l a r g e  p r o b a b i l i t y  t o  decay  

i n t o  a  ( p o s i t i v e )  muon. Models g e n e r e t i n g  t h i s  t ype  of  e f f e c t  due  t o  

t h e  p resence  of nove l  h a d r o c i c  quantum numbers (charm) have been r e c e n t l y  

suggested by Glashow, I l i o p o u l o s  and ~ z i a n i ( ' ) .  n\L produc t ion  of 

heavy l e p t o n s  cannot  be  excluded. 

F i n a l l y  w e  would l i k e  t o  s t r e s s  t h e  p r e l i m i n a r y  n a t u r e  of t h e  r e s u l t  

based on ly  on two even t s .  I n v e s t i g a t i o n s  

a r e  be ing  pursued t o  i n c r e a s e  cons ide rab ly  t h e  s i z e  of our  sample. 
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Figure  Captions 

F ig .  1 Schematic view of appa ra tu s .  For each of t h e  dimuon 

even t s ,  photographs o f  spark  chambers S C 1  t o  SC8 have 

been superimposed on t h e  diagram (one of t h r e e  s t e r e o -  

v i ews ) .  The t r i g g e r  coun te r s  o r  s e c t i o n s  which f i r e d  

a r e  cross-hatched.  The energy depos i t i on  i n  each o f  

t h e  16 ca lo r ime te r  modules i s  a l s o  l abe l ed  (0.1 G e V  

is t h e  energy depos i t ed  by one s i n g l e  i on i z ing  p a r t i -  

c le  t r ansve r s ing  one module).  Dark l i n e s  t r a c e  t h e  

b e s t  f i t  t r a j e c t o r y  of each muon . 
Fig .  2 To t a l  v i s i b l e  energy d i s t r i b u t i o n  of n e u t r l n o  even t s .  

F ig .  3 S c a t t e r  p l o t  o f  t h e  i n v a r i a n t  mass of X vs .  t h e t o t a l  
- 

v i s i b l e  energy f o r  a l l  even t s  of t h e  form V N -- w X 
U 

The two dimuon even t s  a r e  l a b e l e d .  The open c i r c l e  

denotes t h e  one pos s ib l e  pion decay i n  f l i g h t  candi- 

date .  



TABLE ' I 

+ - 
KINEIL4TICS 01.' THE U EVENTS 

Run Kumber 

Frame Number 253659 

Negative Eluon Track 

(a) Momentum 

(b) Angle r e s p e c t  v-beam 0 - 29 
)1 

(c) T o t a l  number of nuc lea r  
c o l l i s i o n  l e n g t h s  
t-raver sed  

P o s i t i v e  liuon Track - 

(a) Momentum P + 
u .  16.7 

(b) Angle r e s p e c t  t o  v-beam 
OP+ 

55 

(c) T o t a l  nunber of nucl.car 
c o l l i s i o n  l e n g t h s  
t r a v e r s e d  

(a)  T o t a l  energy E 
h Eh 23.7 

(b) Energy f r a c t i o n  continued 
i n s i d e  c a l o r i m e t e r  0.93 

T o t a l  V i s i b l e  Energy PP+ + P - + Eh 
P 

147. 

Dimuon I n v a r i a n t  >!ass M 3.1 
PU 

, P ,  of - -jbn 1 MX ' 7.9 

Event 2 

415 

254784 

36 - GeV/c 

33 mrad 

13.9 GeV/c 

4 5 mrad 

6 1 

104.7 GeV 

0.89 

155 GeV 
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