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P r e s e n t e d  a t  t h e  SLAC T o p i c a l  Con?. 7110-21/78 

Recent  R e s u l t s  from t h e  FNdL 1 5  Foot  Eubble Chaiber  

M.J. lvlurtagh ' 

P h y s i c s  Department, Brookhaven N a t i o n a l  Labora to ry  

I. I n t r o d u c t i o n  

Recent r e s u l t s  from t h e  Fermi lab  15 '  Bubble Chamber on c h a m  pro-  

d u c t i o n  by n e u t r i n o s  and a n t i n e u t r i n o s  and on t h e  neasuremsrl t  of t h e  

e l a s t i c  s c a t t e r i n g  of  muon n e u t r i n o s  on e l e c t r o n s  a r e  d i s c u s s e d .  A l l  

t h e  r e s u l t s  come from exposu res  of  t h e  charnber f i l l e d  w i t h  a heavy 

neon-hydrogen (64% a t .  neon) m i x t u r e .  I n  t h i s  l i q u i d  e l e c t r o n s  a r e  

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

l e n g t h  i s  o n l y  40 cms. With any r easonab ly  d e f i n e d  f i d u c i a i  volume 

and t h e  requi rement  t h a t  e l e c t r o n s  a r e  i d e n t i f i e d  hy a t  1 p a s t  t r ~ o  

s i g n a t u r e s ,  t h e  d e t e c t i o n  e f f i c i e n c y  f o r  e l e c t r o n s  i s  ";5%. The 

i n t e r a c t i o n  l e n g t h  f o r  hadrons  i s  125 ciiis, s o  t h a t  hadrons  t y p i c a l l y  

i n t e r a c t  w h i l e  muons l e a v e  t h e  chamber wi thou t  i n t e r a c t i n g  and can ,  

i n  g e n e r a l ;  be  i d e n t i f i e d  on  t h e  scan  t a b l e .  From t h e  coinparison of 

i n t e r a c t i n g  and n o n - i n t e r a c t i n g  t r a c k s  o f  bo th  s i g n s  t h e  background 

- 
of f a k e  9 from hadron punchthrough i s  e s t i m a t e d  t o  b e  abou t  10X. 

The n e u t r i n o  r e s u l t s  p r e s e n t e d  ( u n l e s s  o t h e r i ~ i s e  s t a t e d )  a r e  from 

t h e  Brookhaven N a t i o n a l  Laboratory-Columbia U n i v e r s i t y  esperirnenr 

(Exp. 53A). The t o t a l  e x p f s u r e  of  134,000 p i c t u r e s  c o n t a i n s  106,000 

- + 
charged 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 .  The p r e s e n t  d i l e p t o n  (p e ) 

sample rjhich i s  dcub le  t h e  pub l i shed  d a t a  f r o n  t h i s  exper iment  (2)  is 

c l e a r l y  c o n s i s t e n t  w i t h  t h e  GIN c h a r 3  model. I n  a d d i t i o n ,  t h e  non- l ep ton ic  



0 + - 0 charm decay K ir ir of the D has been observed. ( 3 )  The current 

status of the search for charmed baryons is presented.' 

- 
The cross-section for v - e elastic scattering has been 

IJ 

measured. (*) When analyzed in terms of the Weinberg-Salam model 

2 
this result yields a value of sin 8 = 0.2 which is consistent 

W 

with the value obtained from neutrino hadron scattering. This is 

(5)  in contrast to the recent GARGAPELLE results which gave a 

2 
Weinberg-Saiam angle sin 8 % 0.73. 

W 

4- - 
Recently two groups ( ' J ~ )  have reported on dilepton (u  e ) pro- 

duction by antineutrinos. While the ncz?ber.of events is still small, 

the results are clearly consistent with the expectations of the GIM 

model. 

Dilepton production by neutrinos was first reported almost 

four years ago. Since then many arguments hzve been advanccd as 

to why dilcpton events are n1.arllfestations of GIM charm production. (9) 

However, these counter experiments were unable  to investiqate one 
.- 

of the basic premises of the GIN sche...e; the strong correlation 

between charm and strangeness. This information is the province of 

buSble chmbers and the current situztion on the strange particle 

content of dilepton events will be emshasized in.the following 

discussion. 

a) By Neutrinos 

Charm particles (10) can be produced in charged current neutrino 

interactions either by interactios?s on i! quar!-rs or 09 s q~-larks in 



V u 

Valence : 

2 d(x) sin 9 d K 
C . 

1 S.P. per event 

'v 

Sea : 

2 
s (xlcos 8 

C 

2 S.P. per event s 

'+- - 
S 

+ 
When they decay semileptonically, e pzrticles zre produced. Thus, 

- + 
one expects to find p e events. Ir, charm production froa valence 

2 quarks, the total cham production rate is sin ? (591, where 9 
C C 

is the Cabi5L.o angle. Since charm couples preferentially to strange- 

ness, one expects one strange particle per event. In cham produc- 
- 2 tion from ss pairs in the sea, the production rate is %s(x) cos 3 

c 

where s(x) is the probability of finding an s park with fractional 

iiloinentum x. Here one expects % two strange particles per event (one 

- 
fron the decay of c, the other from the leftover s) . These tr~o .; 

mechanisms nay- have comparable rates. They can be distinguished by 

.their characteristic x- distributions. The production on s quarks 

is ex2ected to have a distribution peaked at snzll x, while produc- 

tion on a valence quark has a broader x distribution. In zddition, 

the total strang5 particle content should be between one and two 

strange r;ar.ticlc?s per e-J-2n.t denending - or. t>.e cii:.:ti;re of tf21,+nc2 



and sea production. 

b) By Antineutrinos 

Antineutrinos can produce only anti-charm particles(IO) either 

- 
by interactions on d or s quarks in the sea. 

- 
v ' '+ 

lJ 

Sea : 

2 
d(x) sin 8 

C 

1 S.?. per event d 

Sea : 

2 
s (x) c :  3 8 

C 

2 S. P. per event 

Since thc production i~ always from sea quarks, the p r o d ~ . ~ c t i n n  f r n m  

- 2 
s should dominate since its rate is proportional to cos 8 . Con- 

r: 
+ - 

sequently, one expects antineutrinos to give p e events with a 

characteristic "sea" x-distribution and approximately two strange 

particles per event. 

111. Dilepton Production 

a) By Neutrinos 

+ 
A total of 164 events with at least a p- and an e in the 

s= ~ i n a l  state have bean fsund in t h s  analysis of 139,223 pictures, 



corresponding t o  60,000 charged cur ren t  neutr ino in t e rac t ions .  The 

+ 
e is  required t o  have two s igna tures  and a momentum over 300 MeV/c. 

With these  cu t s ,  t h e  background from asynlnetric Dal i tz  p a i r s  is  a 

- 
few percent .  The p i s  i d e n t i f i e d  a s  t h e  f a s t e s t  negative leavi-ng 

t rack .  No momentum c u t  is made. From a comparison of i n t e r a c t i n g  

and noninteract ing t r acks  of both s igns ,  t he  background due t o  fake 

- 
' (hadron punchthrough) is dz temined  t o  be &out 10%. Af ter  tor- 

+ 
r ec t ing  f o r  these backgrounds, scan e f f ic iency  ( ~ 9 0 % )  , and e i den t i -  

f i c a t i o n  e f f ic iency  (Q85%), the  ca lcu la ted  dilepton r a t e  i s  

This r a t e  is  ca lcu la ted  f o r  half of t h e  events f o r  which there  is 

an accurst-e normalization. Figure 1 shows t h e  momentum d i s t r i bu -  

+ 
t i o n  of t he  e , the u- and the  t o t a l  v i s i b l e  energy. 

Various opening angles between se lec ted  p a r t i c l e s  as pro jec ted  

on the  plane perpendicular t o  the  bean d i r ec t ion  a r e  shov?n i n  Fig.  2 .  

0 
In  general ,  one expects these  angles t o  be s h i f t e d  toward 0 f o r  

0 p a r t i c l e s  corning from the  sane production vertex and 180 f o r  those 

p a r t i c l e s  emitted a= opsos i te  ve r t i c s s .  These r e s u l t s  a r e  coi1sisten-i 

4- 
with the  premise t h a t  the e is  associated with the  hadron r a t h e r  - 

than the  lepton vertex.  

- + + - 
The 164 p e events were exmined f o r  associated K -t . , s 

and I\ -t pn- decays. A t o t a l  of 33 s'uch vees (25 events with a 

s ing le  vee, 4 with a double vee) were found. After  resolving the  

0 
K /A an:Sicjuities (10 of the  33 vees :.:ere a~3l.i;-:ol.s) there  :.?re 2 3  

.-.:..? 73 ;. c;i_;!::-ys. 7;.i:is c,>rrLs!~:-.~-~:; t , ~ ,  2 , "  .; c.2 n.!-~~,~y.~. s . tL-?, .n<;+ :..,c ...... 
=r - - _I - 
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- 
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6 8 10 12 

i n  t h e  d i l e p t o n s a m p l e .  The shaded events aro  i 
t h e  background f r o a  hadron  punch through;  c) 

t h e  t o t a l  v i s i b l e  enerav 



N
U

M
B

E
R

 O
F

 E
V

E
N

T
S

 

F
ig

. 
2 

O
p

en
in

g
 

a
n

g
le

s 
a

s
 p

ro
je

c
te

d
 o

n
to

 t
h

e
 

p
la

n
e

 n
o

rm
al

 
t

o
 t

h
e

 v
 

be
am

 
d

ir
e

c
ti

o
n

. 
. 

. . 
. . 

- 
. .
 .
 . 

. .
 . -

 
.. 

.. 
. 1-

1. 



p a r t i c l e s  per  di lepton event. The v i s i b l e  ves production r a t e  i n  

normal charged current  i n t e r ac t i ons  is measured t o  be 6%. Therefore, 

one expects only 10 v e e s . i n  164 events,  whereas 33 a r e  observed. 

This excess of s t range p a r t i c l e s  i n  di lepton events is  a s  expected 

i n  t he  GIM charm model. Recently a  number of o ther  bubble chamber 

experinents have reported t he  observation of di lepton events i n  

neutr ino i n t e r ac t i ons  (Table I, Fig. 3 ) .  Both t h e  r a t e  f o r  di lep-  

ton production and the  number of neu t ra l  strange p a r t i c l e s  per  event 

a r e  cons i s ten t  with t he  r e s u l t s  of the Brookhaven National Laboratory- 

Columbia Universi ty experiment. 

- + 
The x d i s t r i b u t i o n  f o r  the  164 ?.I e events (Fig. 4 )  can be f i t  

t o  a  mixture.of the  x  d i s t r i b u t i o n s  measured a t  SLAC and GARG=lELLE 

f o r  valence and sea quarks. The bes t  f i t  ind ica tes  t h a t  charm 

production by neutr inos  i s . a b o u t  2/3 from valence and 1/3 from sea 

quarks. This r a t i o  between cham production on valence and sea  

quarks implies t h a t  t he  sea  s quark content is 3% of the  valence 

d  quark content i n  a neon t a rge t .  The number o f  strange par t ic les  

expected pe r  event i s ,  there fore ,  (2/3 x  1 strange p a r t i c l e )  + 

(1/3 x 2 s t range p a r t i c l e s )  = 1.33. On the  assuriiption t h a t  charged 

and neu t r a l  s t range p a r t i c l e s  a r e  equally l i k e l y  i n  chzrm decay, 

t h e  observed t o t a l  s t range p a r t i c l e  production r a t e  i s  Q1.2 s t range 

p a r t i c l e s  pe r  event. 
. . 

The c h a r a c t e r i s t i c s  of these  di lepton events s t rongly supports 

t h e  conjecture t h a t  they a r e  predominantly f r o 3  t he  decay of cha-rmed 

p a r t i c l e s .  

0 + - + 
Figure 5 shows the  K e  e f f e c t i v e  mass from the  19 LI e events 



TABSE I 
- . " + . . - - - . . . . . . . . . . . . '. .' . . .- .. "'. - 

u e From O t h ~ r  Exper imel~ts  

* 
E v e n t s  Vees 

Experiment  BeV Liqu Id Observed Observed R a t e  (%) .-- 

Gargamel le  (11) 
CERN PS 

-- 
Wisconsin-CEr\lU-Mal-~aii-Bcr!ccley (12) 

%30 21% Y e  1 7  c 11 0.8 -1. 0.3 - + 
Permi l ab  1 5  f o o t  B . C . ,  E28 

-.- 
Columbia-Uroolchavcn 

%30 64% Nc 1G4 l ~ - ~ ~ -  33 0.5 4 0.15 Ferrni lab 1 5  f o o t  B.C., E53 
-- 

~ e r l c e l e y ~ c o t t l e - ~ D ~ - 1 ~ n w a i i  (6) 
FermilaL 1.5 f o o t  13. C. , El72 $30 6ttX ~ c ? .  6 11-cf 1 0.34 4- 0,7:! - 0.13 

.- 
Fermilab-I,UL-klawaii (13) 

40 11-11' Fermi lnb  15  f o o t  B.C., E546 %30 50% Ye 5 0.43 i 0.1.6 

BEBC Nari-ow band (14) - + 
CERN SPS $ 75 GO% $e 11 lJ-11+ 6 0.7 2 0.3 

5 u e  2 -- 
BEDC Wide band (1.5) 
CERN SPS $30 602 Ne 2 1  p-e+ G 0.5 +_ 0.17 

GARGAMELLE Wid c band (16) 
CERM SPS 

%3 0 
Freon 
Propane 

46 p-pC 

3< - 
Vees s t a n d  f o r  K: + nC + n- o r  dG + p + n decays  



I I I 

I GARGAMELLE PS 

2 BEBC WB-SPS 

3 F N A L  W B - F N A L  

4 G A R G A M E L L E  W B - S P S  

5 F N A L ( E 1 7 2 )  W B - F N A L  

6 F N A L  ( E 4 6 0 )  QT * - F N A L  

7 BEBC N B - S P S  

8 BNL-COL a W B - F N A L  

- I 
- 

Fig. 3 V i s i b i e  VO content in various 
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F i g .  5 K e mass from dilepton smple. 



0 
with a  s ing le  K . The da t a  a r e  not  i n  good agreement with t h e  d i s t r i -  

0 + + 
bution expected from the  K e  v decay of a sp in  zero D meson a t  1868 

e  

NeV. The d i s t r i b u t i o n  i s  cons is ten t  with a  ca l cu la t ion  by Barger 

e t  a l .  (17) assuming a  KneV decay. However, 3-body decay modes a r e  

0 0 - + 
no t  excluded ( t h e  only 3-body-D decay mode D -t K e  .V can not  con- 

t r i b u t e  t o  t h e  p l o t ) .  

b) By Antinectr inos 

Recently two groups working a t  FMAL have presented r e s u l t s  on 

+ - 
di lep ton  production ( P  e  ) by ant ineut r inos .  ( 6 r 7 )  The s t a t i s t i c s  

i n  each case (Table .II) a r e  low but  t he  s i t u a t i o n  r e l a t i v e  t o  neu- 

t r i n o  produced d i lep tons  is  r a t h e r  c l e a r .  The s t range  p a r t i c l e  

+ - - 
content  is higher * 0 .5  (Ks + n  n  + 11O + p n) per  event wilish, 

xhen corrected f o r  missing n e u t r a l s  and with reasonable assumptions 

on the  r e l a t i v e  production of charg2d and neu t r a l  s t range  p a r t i c l e s ,  

y i e l d s  a2 s t range  p a r t i c l e s  per  event. ( 7 )  The x-d is t r ibu t ion  peaks 

a t  small  x-values cons is ten t  with prodnction from sea quarks. The 

r a t e  i s  probably lower than f o r  neutr ino production of d i lep tons .  

In a l l  cases  t he  r e s ~ ~ l t s  a r e  i n  accord with the  expectat ions of 

t he  G I M  charm modal. ~o t i eve r ,  it is  c l e a r  t h a t  i ~ r o v e d  s t a t i s t i c s  

w i l l  greatly- . f a c i l i t a t e  the  comparison with the  model. 

IV. Search f o r  Non Leptonic Cha,m Decays 

4- - 0. - 
A l l  events with poss ib le  vees (X -t sr .rr o r  /\ -t pT decays) 

6 

i n  about 80,000 p i c t u r e s ,  corres2onding t o  45,000 charged cur ren t  

events  with a  muon momentum over 2 GeV/c, were measured. Good 2 

+ - - 
or  3  cons t r a in t  f i t s  for 1815 i; -t 7 ir an2 1367 A -t ?a decays 

S 



TABLE I1 

+ - 
LI e E v e n t s  i n  A n t i n e u t r i n o  I n t e r a c t i o n s  

B e r k e l e y  Fermilab-IHEP 

+ - '+ 
Rate p e  /?J . . . 

' k o  + - - 
V s t a n d s  f o r  KO -t n n o r  + p7 decay  a s s o c i a t e d  

. S  

, .. w i t h  t h e  p r imary  . v e r t e x .  



were obtained. Correcting for branching ratios and detection effi- 

0 -0 ciencies,. this corresponds to a (K + K ) rate of (13.6 + 1.5)% of 

all charged current events, and a (hO + cO) rate of (5.0 + 0.5) %. 

0 -i o + -  Figures 6a and 6b show the K .rr- and the KIT sr . mass distribu- 
S S 

+ - tions, respectively. There is a pea!! in the. A n a distribution 

0 in the mass region of the charmed D .  meson seen at SPEUt. (18) The 

best fit of a polynomial background plus a Gaussian, shown by the 

curve on Fig. 7a gives the following parameters: 

M = 1850 + 15 MeV, o = 20 $ 8 NeV 

corresponding to 64 events above a background of 180, with a sta- 

tistical significance of four standard deviations. The width is 

consistent with the experimental mass resolution of 20 MeV. No 

corresponciing peak is apparent near the D mass in the events without 

- 
a p (Fig. 7b). This is consistent with the prediction of the GIM 

model that the charm charging neutral cuxrent interactions are . . 

* 
absent. If the peak were due to K production, then one night 

- 
expect it to be present in events with and without a p . 

Correcting for branching ratios and detection.efficiencies, 

the measured rate is 

+ 0 + 
There is no significant peak at the D mass in the K a mass 

distribution. Fitting to a Gaussian with the width of the mass 

+ 
resolution centered on the D mass gives a result of 11 2 8 D+ -+ 

+. 
h .rr events, which is clearly not a significant signal. Using 

the branching ratios measured at SPZAR (19 of 4 i 1.3% for 
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Fig. 6 K n T invariant mass distributions 
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0 O i -  + 0 + + 
D -t K n n and 1 . 5  2 0.6% f o r  D -+ % T , t h e  r a t i o  of D t o  DO 

+ 0 
production by neu t r inos  i s  D /D = 0.5  + 0.4. 

0 
The D r a t e  can b e  coinpared with t h e  previous ly  measured r a t e  

- + 
+ . + N e  + p 

- 
f o r v  + N e + p  + e  + . . . of (0 .5  2 0.151% 

(2) 

IJ 

It i s  not  p o s s i b l e  t o  o b t a i n  an exac t  va lue  f o r  t h e  r a t i o  of  semi- 

o + -  0 
l e p t o n i c  t o  K IT n decays of t h e  D s i n c e  it is n o t  known what 

- + 0 
.- f r a c t i o n  of  t h e  LJ e  events  come from D decays. If it i s  ass~uned 

- + 0 '  
t h a t  a l l  o f  t h e  LJ e events  a r e  due t o  semil.eptonic D decays,  . 

-I. + o + -  
DO + e + . . . , then t h e  r a t i o  R = (DO + e + . . . ) / ( D O  + K n 7 ) is  

- + 
K = 0.7 f 0.3. I f ,  on t h e  o t h e r  hand, on ly  a f r a c t i o n  of  t h e  p e 

0 
even t s  is due t o  D decays,  which i s  more reasonable  s i n c e  t h e r e  

+ 
i s  l i k e l y  t o  be  some D and charmed baryon decays c o n t r i b u t i n g  t o  

- + 
t h e  u e even t s ,  then  t h e  value  f o r  R i s  l e s s  than t h a t  given above. 

Recent measnrements a t  SPEAR y i e l d  t h e  branching r a t i o s  of  (4.0 2 

o + -  
1 . 3 ) b  f o r  DO -k K n ir , + 

(19) and (7.2 i 2 .8 )% f o r  D + e + .. ., (20) 

which correspcnd t o  a value of R = 1 . 8 - 2  0.9, assuning equal  semi- 

0 -+ 
l e p t o n i c  branching r a t i n s  f o r  t h e  D and thc D . The Drookhaver:- 

0 Columbia values ,  with any assunpt ion  &out t h e  D c o n t r i b u t i o n  t o  

- + 
. t h e  !J e even t s ,  a r e  lower than  t h e  SPEAR value  f o r  R. However, 

t h e  e r r o r s  $n a l l  of t h e s e  numbers a r e  r a t h e r  l a r g e  a t  th& presen t .  

V. Search f o r  Charmed Barvons 

There i s  an i n d i c a t i o n  of  charmed baryon production i n  t h e  

- + 
d i l e p t o n  sample. S ince  10 events  o f  t h e  type  v + N e  + )I + e 

lJ 
0 + h + ..:are observed vnere about f i v e  events  a r e  expected from 

. . 
4 

assoc ia ted  prodr?ction. These h O ' s  c a : ~  not core  fro.1 neso!? ?ecay 



+ 
nor from t h e  s quark l e f t  over when the  e  comes from charm produced 

on an s quark i n  the sea. 

The hadronic decays of charmed baryons i n t o  A ' s  were searched 

0 + o + + -  
for .  Figures 8a and 8b show the  A T and the  n  n a  mass d i s t r i -  

. . 
bution from events  of t he  type V .  + Ne + ll- + + hadrons. There 

P .  
+ + -  

is no enhancement i n  t h e  AT n  IT mass a t  2250 MeV. A s i n a l l  peak 

+ 
with 20 + '9 events i s  p r e s e n t i n  t h e  An mais a t  2250 MeV bu t  t h e  

* 
s igna l  is  not  present  i f  - a  c u t  i n  h e l i c i t y  angle ( r equ i r e  cose > 

-0.6) is made. This c u t  was chosen t o  remove a  background of events 

+ 
with a  slow and a f a s t  a  and should have enhanced the  A s i gna l  

C 

t o  background. Thus, t h i s  is  considered a t  t h i s  time t o  be a  sta- 

t i s t i c a l  f l uc tua t ion .  From these  r e s u l t s  t h e  90% confidence l e v e l  

+' + + -  + 
lh-it f o r  Ac t A n  n  n  is - < 0.2% while t h e  A n  s i g n a l ,  i f  r e a l ,  

t + 
l eads  t o  a r a t e  f o r  t he  A -t An mode of (.0.1 f 0.5) % . 

C 

'. / 

i - 
VT. v ' - . e  E l a s t i c  Sca t te r ing  u .' 

The'observation of neu t r a l  cur ren t  induced neutr ino in te rac-  

t i o n s  qave s t rong suppor t" to  t h e  gauge theo r i e s  unifying. weak and 

.. . 
~ e l e c t ~ o m a g n e t i c  in te rac t ions .  ,Present ly a l l  neutrind-hadron neu t r a l  

. . 

curren t  i n t e r ac t ions  a r e  cons is ten t  with the  SU(2) x ~(1). gauge : 

model, proposed by Wei.nberg 
(21) and,. Salam ( 2 2 )  

. . .. .. with a  Weinberg angle . . , 

2  
s i n  8 4  One of the theo re t i ca l ly  most s t r i ngen t  t e s t s  of 

W - 
t h i s  theory i s  provided by the  purely l ep ton ic  process ,  v e  -t 

IJ - 
v e  which can proceed only v i a  t h e  ~..ieak neu t r a1 , cu r r en t  i n t e r ac t ion ,  

lJ 





+ t -  
Fig. 8 b) An IT invariant mass distribu- 

tion from charged current events. 



and t h e  theory  can be compared t o  experimental  measurement wi thout  

u n c e r t a i n t i e s  in t roduced b y . u s i n g  hadronic t a r g e t s .  Ear-ly e x p r i -  

mental  r e s u l t s  on t h i s  r e a c t i o n  a t  neu t r ino  ene rg ies  of a  few 

GeV (23124t  25) a r e  c o n s i s t e n t  wi th  t h e  Weinberg-Salam model. A 

(5)  r e c e n t  r e s u l t  a t  h igher  energies i~ ld ica tes  a s i g n i f i c a n t l y  h i g h e r  

c r o s s  s e c t i o n  f o r  t h i s  process  than t h a t  expected from t h e  

Weinberg-Salarn model. The Brookhaven-Columbia experiment, which h a s  

four  t imes t h e  charged c u r r e n t  d a t a  s m ~ l e ,  i s  i n  good agreement w i t h  

t h e  Cdeinberg-Salam model. 

The erll ire data s m p l c  of .134,000 phnkoyraphs c o n t a i n i ~ l g  10G,000 

charged c u r r e n t  v i n t e r a c t i o n s  was subjected t o  a dedica ted  scan f o r  
lJ 

i s o l a t e d  e lec t romagnet ic  showers; 93,000 of t h e  p i c t u r e s  were docble  

- + ' +  - 
scaniied. 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 + e e 

p a i r s  with 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 i o n  v e r t e x  were 

recorded. .  E lec t rons  o f , 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 

s i g n a t u r e s .  All sllcll evtiits wcrc cxaninad 517 a physi-cis t . measured, 

and q e o n e t r i c a l l y  r econs t ruc ted  cs ing  t h e  program, TVGP. By using 

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 i i cy  was d e t e r -  

m i n r 1 3 ' ~ ~ )  to be (61  f 15) % f o r  a  s i n g l e  scan ,  g iv ing  an o v e r a l l  scaO 

e f f i c i e n c y  of (78 + 1 5 ) % .  

0 
Events which had energy E 2 2 GeV and angle  €! - < 3 and which 

were not  a s s o c i a t e d  with o t h e r  events  were r e t a i n e d  f o r  f u r t h e r  consid-  

e r a t i o n .  The silSsequent procedures adopted were guided b y  L l l e  pliilrss- 

ophy of r e t a i n i n g  s i n g l e  e l e c t r o n  events  and r e j e c t i n g  y-ray convers ions .  

An event  was def ined t o  be a s i n g l e  e  i f  t h e r e  o r a s  no v i s i b l e  r a d i a t i o n  

on a negat ive  t r a c k  be fo re  t h e r e  was observable cu rva tu re  s o  t h a t  t h e  



event c l e a r l y  had a  s ing le  t r ack  a t  t he  o r ig in .  I f  there  was 

e a r l y  r ad i a t ion  within a  sho r t  d i s tance  of t h e  o r i g i n  such t h a t  

i t  was not poss ib le  t o  determine whether t he  event began a s  a  

s i n g l e  o r  double t r ack  ( i n  a l l  ambiguous' cases  t h i s  d i s tance  w a s  

l e s s  than 10 cm), then the  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 he  f a s t e s t  t r ack  was negat ive,  bj the  f a s t e s t  pos i t ron  

coming from the  confused region was l e s s  than 25% of the  e l ec t ron  

+ - 
energy (E /E < 1/41 , and c) t.he energy of the sccand f a s L e s ~  

e lec t ron  was g rea t e r  than 10% of the  pos i t ron  energy. Condition 

(b) removes f a s t  s.ynunetric p a i r s  while condit ion (c )  obvia tes  t h e  

problem of low energy 6 rays on asymmetric p a i r s .  I n  most ins tances  

the  i d e n t i f i c a t i o n  was c l e a r  cu t ;  the  s p a t i a l  reso lu t ion  and lack 

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 ngu i sh  among t h e  

noted categories .  In  t h ree  cases  it was not p ~ ~ s i b l e  t o  dis t i .nquish 

- 
between a  s ing le  e  with ea r ly  conversion and the  production of a  

d e l t a  ray from a converted y ' p a i r  before c l e a r  separat ion of t h e  

lepton t racks .  'Adoption of the  above r u l e s  re lega ted  these  th ree  

events t o  t he  y. category (two of t he  th ree  a r e  cons is ten t  with 

- - 
v e -+ v e  kinematics) .  , -Correct ions a r e  made f o r  r e a l  e- events  

!J U Q 

being c l a s s i f i e d  a s  y ' s  by these  procedures. The p robab i l i t y  of 

- 
an e r ad i a t ing  more than 1/4 of i t s  energy i n  a  s i n g l e  r ad i a t ion  

within the  f i r s t  10 tin s u f f i c i e n t l y  a s p i n e t r i c a l  t o  be c l a s s i f i e d  

as a y has been ca lcu la ted  t o  be 3 % .  

- 
The I i n a l  sample contains 11 unanbiguous e  events ,  5 unam- 

+ +- 
bigtlous e  events ,  and 22 y p a i r s .  The number of s i n g l e  e  events  

- + 
is q u i t e  cons is ten t  with what we expect from the  reac t ion  v p  -+ e n 

e 



induced  by t h e  s m a l l  c o n t a r i n a t i o n  i n  t h e  beam. ( 2 7 )  The e n e r g i e s  
e 

and a n g l e s  o f  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  Table 111, a r e  corn- . 

- 
p a r e d  t o  t h e  k inemat ics  of  v e- + v e s c a t t e r i n g  on F ig .  9 .  The 

IJ IJ 

. curves .  show t h e  expected c o r r e l a t j o n  between E and 8 of  t h e  e l e c t r o n s  

i n  t h e  l a b  frame f o r  E = 30 GeV, t h e  peak of ou r  spectrum, and E v v 

= 10 and 100 GeV, which a r e  ' t h e  approximate l i m i t s  d f  o u r  spectrum. 

A l l  11 e- e v e n t s  a r e  c o n s i s t e n t  w i t h  t h e  k inema t i c s  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 e v e n t s  a r e  n o t  s h a r p l y  peaked l i k e  the e 

e v e n t s  b u t  a r e  sp read  o u t  up t o  t h e ,  52 mrad a n y l e  cut .  An appro- 

2 
p r i a t e  v a r i s b l e  t o  i l l u s t r a t e  this difference is EO , s i n c e  t h e  

- 
k inema t i c  l i m i t  i n  v e- + v e s c a t t e r i n g ,  E e 2  < 2 m ( e l e c t r o n  mass) 

51 lJ - e 

is independent  of  t h e  i n c i d e n t ! n e u t r i n o  o r  ou tgoing  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  E e 2  f o r  t h e  e  , e and y e v e n t s  a r e  shown i n  

F ig .  10 .  The e- e v e n t s  a r e  peaked below t h e  2 m (%1 MeV) k inema t i c  
e 

+ 
l i m i t ,  wh i l e  t he .  e a n d ' y  e v e n t s  a r e  much more sp read  o u t .  

Three s o u r c e s  of bacKgjCoUlld rha t  could prurluct! s i l l y l e  elcctror-IS 

i n  t h i s  e x s e r a e n t  were cons idered:  

+ - 
a) Photons which Compton .sca t te r  o r  conve r t  t o  e  e  p a i r s  s o  

+ 
a s y n m e t r i c a l l y  t h a t  t h e  e is n o t  seer1 a r e  a  n e g l i g i b l e  . . background. 

Another background comes from photons which conve r t  i n t o  asymmstr ic  

+ - 
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 s o  a s  t o  be  c l a s s i f i e d  a s  

- 
a n  e  and n o t  a s  a  y by t h e  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  %I%. Viien m u l t i p l i e d  by t h e  t o t a l  

number of unassoc ia t ed  y ' s  t h a t  a r e  c o n s i s t e n t  w i t h  t h e  k inema t i c s  

- 
of v e- + v e (8 e v e n t s  w i t h  E e 2  < 3 2!eV) t h i s  y i e l d s  .08 even t s  

P !J 

which is  n e g l i g i b l e .  3 



TABLE 111 

List of v .  + e - +  v + e- Events 
lJ lJ 

Event 
E - (GeV) 
e 

Be- (mrad) 

5( 
Event o u t  of fiducial volume used f o r  t h e  cross s e c t i o n  calculation. 





C )  SINGLE y 

& 
I I I I I 1 

- - 

- 8 .  3 r 2 2 .  lij D i s t r i . b u i _ i o n  13 tihr. .x,;;.riai.lz ~ 3 -  for  
- f z)  the single e svects; b) the single e 

f - events;'and c) the single y -t e e pairs. 
i 

- 

- - 

I I I 1 I 

- - 
b)  SINGLE e9 

I I - \- 
I 

- - 

- - 

I I I 



- 0 
b) The process ven -+ e q  and v n -+ e pn . where the proton i s  .' 

e 

too low i n  energy t o  be seen, and the ,Y ' s from the no a re  mixed i n  

with the  shower of the e-.. In t h i s  experiment, they a lso  scanned 

- 
f o r  and measured events with an e  and hadrons, (27)  

and found 22 

events with an e- and a proton (with addi t ional  stubs which could 

0 
be nuclear fragments) and possibly ' y ' s  from a . n  . From the  exp-ected 

q2 dis t r ibut ions  f o r  these events,  it was calculated (28) t h a t  38  

of these events would have an inv i s ib l e  proton and a n  e- a t  a srr~all 

a - 
enough angle t o  be consis tent  with the kinematics of u e  + U .e . u 1.I 

This background is calculated t o  be 0.7 events or  (6 + '6) % of t h e  

v e  -t v e  s ignal .  
IJ IJ : 

- -  - -  - - -  - -  
.c)  The reactions V e  + v e  , V e  , and V e  

1.1 IJ e e  
+ vee a r e  

- 
indistingu.ishable from the v e- -t v e  reaction. However, s ince 

lJ 51 

the r e l a t ive  fluxes i n  the beam a r e  v '/;'/V /; - 100/3/1/0.1, the 
~ u e e  

contribution of these reactions i n  zny reasonable model is expected 

t o  ,be small i n  t h i s  experiment. 

- - 
The 11 1.1 e + v e events a,nd the corresgondi,ng 106,000 charqed 

IJ IJ 

cur rent  v in te rac t ions  are  in  a  volume v i s i b l e  t o  a l l  three cameras. 
?J 

To calculate  the c ross . sec t ion  f o r  t ' n i ~ ~ p r o c e s s ,  one imposes a 

more r e s t r i c t ed  f iducia l  volume t o  insure a uniform (and essent ia l ly  

100%) detection efficiency f o r  high energy electrons.  (29) Then 8 

- 
of the  11 v e- -t v e  events and 79% of the charged current v i n t e r -  

P 1.1 l' 

act ions a re  i n  t h i s  f iduc ia l  voluqe. After subtracting ( 6  f 6 ) %  

- 
f o r  the v n  + e p background, correcting fo r  the (78 f 15)% scan 

e  

eff ic iency,  and fo r  the following losses of s ingle  electrons: 109 

(30) - f o r  the 2 GeV cut  on E , 3% f o r  loss  of e  c l a s s i f i ed  as  y ,  
e 



v even t  e t c . .  one o b t a i n s  t h e  r a t i o  

One 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  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  u = (0.67 2 0.06) 
t o t  

2 
x E cm /nuoleon measured i n  t h e  energy range of 20 t o  60 GeV v 

i n  a BEBC experiment (31) and by no t ing  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 is 1/2. The r e s u l t  i s  

- -4 2 
u(vP + e + v + e') = (1.8 t 0.8) x 10 E cm 

2 
!J v 

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  disagreement w i t h  a r e c e n t  measurement i n  

t h e  GARGNIELLE e : : g e r i n ~ e n t ( ~ )  a t  t h e  CEPlJ SPS. On t h e  o t h e r  hand. 

o u r  ri:. .:it i s  i n  good nl;reement wi th  t h e  Weinberg-Salam model. 

F igure  11s shows a .comparison o f  t h e  r e s u l t s  wi th  t h e  p r e d i c t i o n  

. 2  
of  t h e  n o d e l  a s  a f u n c t i o n  o f  t h e  mixing ang.le s i n  8 . The. d a t a  

W 

2 
r e s t r i c t  t h e  va lue  o f  s i n  8 t o  be  0.20 

W 
+-I6 or 0.57 
-.08 

t h e  former 
-.17' 

v a l u e  being i n  e x c e l l e n t  zigreement wi th  s e v e r a l  p rev ious  n e u t r a l  

c u z r e n t  measurements. (32)  F igure  3b shows t h e  energy d i s t r i b u t i o n  

- - 
- of  t h e  11 v e + v e events .  The curve on t h e ' f i g u r e  is t h e  pre-  

p IJ 
2 

d i c t i o n  o f  t h e  Weinberg-Salam model wi th  s i n  8 = . 25  i n t e g r a t e d  
W 

over  t h e  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. 

This resea rch  was supported by t h e  U.S. Department o f  Energy 

and t h e  Na t iona l  Science Foundation. 
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