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ABSTRACT 

Relative r a t e s  for  deep ine l a s t i c  neutrino and ant ineutr ino sca t te r ing  

without a f i n a l  s t a t e  muon have been measured. For neutrinos the r e s u l t  is 

gV - U(V + nucleon + v + hadrons)/g(v + nucleon + P- + hadrons) = 0.11 
P CI P 

+ 0.05. The corresponding r a t i o  for  ant ineutr inos  is R' = 0.32 f 0.09. 



We have reported 
the observation of deep ine l a s t i c  neutrino 

and antineutrino in te rac t ions  i n  which no muon appeared i n  the  f i n a l  s t a t e .  

rn those experiments a value of R, the  r a t i o  of the  number of events without 

to the number of events with a muon, was obtained u t i l i z i n g  mixed neutrino- 

antineutrino beams with d i f fe ren t  admixtures. The subject  of t h i s  paper is  - 
the determination of the  individual r a t i o s  RV and RV, appropriate t o  incident 

beams of pure neutrinos and pure ant ineutr inos ,  respectively.  

The experiments were carr ied out a t  the  National Accelerator Laboratory, 

where co l l i s ions  of 300 GeV protons with a target  produced secondary hadrons 

which decay t o  provide the various neutrino-antineutrino beams. Data for  the 

present study consis t  of three samples of neutrino- and antineutrino-induced 

ine l a s t i c  interactions obtained with the detector ,  and analyzed by the 

methods, described i n  reference 2. Each sample i s  characterized by a d i f f e r -  

ent value of a, where a measures the admixture of interact ing neutrinos and 

antineutrinos observed i n  those events with a muon i n  the f i n a l  s t a t e ;  a is 

the measured r a t i o  of events with negative muons t o  a l l  events with muons, 

corrected for  the d i f f e r en t  experimental detect ion e f f ic ienc ies  for  negative 

and posit ive muons. Each sample was analyzed t o  ex t rac t  the value of R, - 
which is rela ted t o  RV and R' by, - 

R = a~' + (1-0) R'. (1) 

For a pure neutrino or antineutrino beam, eq. (1) reduces t o  R = or  - 
v R R . respectively. 

One of the data samples is e s sen t i a l l y  the same a s  tha t  described ear-  

2 lier. It was obtained with a mixed neutrino-antineutrino beam which was 

made by focusing negative pions and kaons with a magnetic horn t o  enrich the 

ant ineutr ino component. Because the magnetic f i e l d  of the horn was pulsed 

on for  a period shorter than the duration of the beam s p i l l  and a l i t t l e  out 



of phase with it, the degree of focusing and hence the mixing parameter varied 

with time during each accelerator  pulse. The beam s p i l l  a s  a function of time 

is shown i n  Fig. la .  The var ia t ion  of a with time is shown i n  Fig. lb. D i -  

viding the data i n to  two subsamples, one with a large average value of a and 

one with a small average value of a, we obtain two r e l a t i ons  of the form of - 
equation (1) which can be solved for  R' and R'. 

The other two data samples were acquired using essen t ia l ly  pure beams of 

neutrinos and antineutrinos (a u 0.98 o r  (r J 0.12). These beams were produced 

by s ign se lec t ion  of the  charge of t he  secondary hadrons. 
3 

The analysis  of the  resu l t ing  four data s e t s  is sunrmarized i n  Table I. 

A s  described i n  reference 2 ,  three  i d e n t i f i e r s  of muons were used t o  provide 

d i f fe ren t  muon detect ion e f f i c i enc i e s  E and d i f fe ren t  p robabi l i t i es  < for  
P' P 

the  penetration by hadrons of t he  hadron absorber of a given muon iden t i f i e r .  

The three muon iden t i f i e r s ,  pl. p i  and %, serve t o  t e s t  the  in te rna l  con- 

sistency of our treatment of the  data. The la rges t  sol id  angle is achieved 

with pl, but for  p' the  measured values of ( a re  smaller than for  pl, and 1 P 

for  5 ,  which has the  smallest so l id  angle, the  value of c is zero. Further- 
P 

more, the  dependence of ( on the s p a t i a l  posi t ion of the event ver t ices  and v 
on the energy of the  hadron cascades of the v fi )-induced events is s ign i f i -  v !J 

cant ly  d i f f e r en t  for  the three muon iden t i f i e r s .  The values of the muon de- 

tec t ion  e f f ic ienc ies  given i n  Table I a r e  based on d i r ec t ly  measured muon 

angular d i s t r ibu t ions  using muon i d e n t i f i e r  p' fo r  each of the data samples. 4 
1 

Included a l so  i n  Table I a r e  the  numbers of events i n  each sample, the values 

of the mixing parameter (r, and the corrected r a t i o s  R. The mean t o t a l  energy 

of the events observed is about 45 GeV for  the horn beam and about 53 GeV for  

the sign-selected beams. 

Observe tha t  the two subsets of the mixed beam data (rows 1 and 2 )  have 

appreciably d i f fe ren t  admixtures of y and p, a s  indicated by the d i f f e r en t  



values of a. and tha t  the  data for  the  s ign selected beams (rows 3 and 4) .  

T 
with very small and very large values of CZ, yie ld  RV and R almost d i r ec t ly  

and separately. 

The maximum likelihood f i t  t o  the  four data s e t s  yie lds  RV = 0.124 f 0.04 - 
and RV = 0.32 f 0.08, where the e r ro r s  a r e  s t a t i s t i c a l  only. These values 

7 

include interact ions  of a small number of electron-neutrinos (ve) i n  the  

incident beams. Electromagnetic showers a r i s ing  from events with e lectrons 

i n  the f i n a l  s t a t e s  produced by wefie) in te rac t ions  a r e  not readi ly  d i s -  

tinguished i n  our detector from hadronic showers induced by y 6 ). Estimates 
CI CI 

of the r a t i o  o (v  + nucleon -, e- + h a d r ~ n s ) / ~ ( ~  + nucleon + P- + hadrons) and 
e CI 

of the same r a t i o  for  7 and 7 are  1.7% and 0.5%. respectively.  Subtracting e CI 

these contributions,  and folding i n  an addi t ional  uncertainty (a r i s ing  prima- 

r i l y  from the determination of the  muon detect ion eff ic iency)  of 0.03 i n  RV 

and 0.04 i n  R', we obtain f i n a l l y  

and 

These r e s u l t s  a r e  plotted i n  Fig. 2 a s  a r e  a l so  the separate f i t s  t o  the data 

taken with the sign-selected beams and the admixed beam. Results from the 

CERN Gargamelle experiment5 a t  much lower energy a re  a l so  included in Pig. 2. 
- 

It i s  c l ea r  from Fig. 2 t ha t  RV is larger than RV. This may perhaps 

r e f l e c t  the experimentally determined f ac t  tha t  the  charged weak current 

cross  sect ion for  neutrinos gV is about 3 times larger than the corresponding 
C 

Tl cross  section ty for  antineutrinos i n  the energy region of these experi- 
C 

~ n e n t s , ~ ' ~  presumably due t o  a pa r i t y  violat ing V-A interference term. I f  

then, for  example, the e f fec t ive  neut ra l  weak current cross  sections 4 and - 
V 
g that  give r i s e  t o  muonless events a r e  equal, one would expect R~ = 3RV. 

N 



The locus of the l a s t  equation is the l i n e  s t a r t i n g  a t  the  or ig in  i n  Fig. 2 ,  

which is seen t o  be consistent with the r e s u l t s  of t h i s  experiment. Equality 

-9 of gv and would imply the absence of a V-A interference term i n  those 
N 

cross  sections,  and, presumably, the absence of pa r i t y  v io la t ion  i n  those 

processes a s  well. 
8 

In Fig. 2 we show i n  addit ion a predict ion based on the weinberg-salam 

gauge model9 of the weak interact ions ,  i n  which neut ra l  weak currents  make 

a natural  appearance. The extension t o  semileptonic processes has been made 

10 
by various authors , who obtain the lower bound curve i n  Fig. 2. Our data 

a r e  about 2 standard deviations away from tha t  theore t ica l  l i m i t .  Within 
- 
U V experimental e r ro r ,  other in te rpre ta t ions  of the numerical value of R /R - v a r e  a l so  possible.'' Note tha t  R' and R may depend on energy, e i t he r  con- 

tinuously or  discontinuously through some threshold e f f e c t ,  which temporarily. 

at  l e a s t ,  a l so  contr ibutes  t o  the d i f f i c u l t y  of delineating the matrix element 

of the effect ive neutral  weak current .  

It is a pleasure t o  acknowledge the a id  and encouragement of the 

National Accelerator Laboratory s t a f f .  We thank D. Cheng and R. L. Piccioni 

for  t he i r  ear ly  contributions t o  t h i s  work. 



Table I. Summary of data for the four neutrino 

beam configurations. 

* 
The 3 muon identifiers p i  and 5 are defined in reference 2. 

- 
Data Sample 

Mixed Horn Off 

Beam 
Horn On 

b 

Sign-selected (x ,K)- 

+ 
Sign-Selected (x,K) . 

CY 

0.74 + 0.06 
0.45 * 0.06 
0.12 & 0.05 

0.98 * 0.01 

5 
R 

0.18 + 0.05 
0.22 f 0.05 

I 

0.34 * 0.12 
0.13 + 0.06 

Number of 
events 

255 

283 

100 

188 

Muon Detection 
* 

Efficiency 

p2 

.74 

.80 

.83 

.83 

, *I 
.86 

.89 

.93 

.93 

pi 
.77 

.81 

.87 

.87 
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Figure Captions 

Fig. 1. (a) Distribution of event occurrence times with respect t o  the  s t a r t  

of the master gate.  (b) Variation of the neutrino-antineutrino 

admixture a with event occurrence time, which r e f l e c t s  the 

on-time of the mgne t i c  horn. - 
Fig. 2. Results for  R' and R~ from t h i s  experiment. The dotted cross  repre- 

sen ts  r e s u l t s  from the sign-selected beams; the dashed cross  i s  - 
from the mixed neutrino-antineutrino beam, f o r  which R' and R V 

a r e  strongly correla ted,  as  indicated by the or ien ta t ion  of the 

e r ror  bars. The so l id  c i r c l e  with i t s  e r ro r  bars shows the 

r e su l t  of a  f i t  t o  a l l  the da ta ,  including systematic e r ro r s .  

All three  points a r e  the r e s u l t s  a f t e r  subtract ion of the ye 

contribution.  The open c i r c l e  point i s  from reference 5. The 

curve marked THEORY LIMIT is obtained from reference 11. 
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