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We report  a search f o r  t h e  W-boson v i a  t he  production process 

' +  + + v + Z +. W + p- + Z and decay process W + p + v . We have s e t  a 
FI !.I 

firm lower bound on the  mass of the  W-boson as  a function of  t he  brvlching 

f r ac t ion  in to  leptons ( B  = W + Q + v  
W + a l l  . For example, we have determined 

2 
t h a t  % > 4.6 GeV/c (90% confidence l i m i t )  fo r  B = 0.5. 
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It is well known that the ordinary four-fermion theory of the weak 

interaction predicts incorrect behavior at high energies. In particular, 

it is easily shown that the theory predicts a total neutrino cross section 

on point-like particles that grows linearly with laboratory energy 

2 
("Fermi .: G Elab). This rising cross section eventually violates the 

s-wave unitarity bound at E N lo5 CeV. 
lab 

One possible modification to this weak interaction theory is to intro- 

duce an intermediate spin 1 particle, the W-boson, which mediates the inter- 

action. (1) 2 2 Its propagator term G + ~/(1 + q /Mw ) serves to damp the cross 

section at large q2 (four-momentum transfers). This retains the correct 

low energy behavior, but now yields a total neutrino cross section that 
2M E 

asymptotically grows logarithmically (o = In a). n This does not com- 

MW-- 
pletely solve the theoretical difficulties, and more than just the addition 

of a single spin 1 boson is needed to obtain a finite theory of the weak 

interaction. 

Estimates of the W-boson mass are model dependent and vary widely. For 

example, the cutoff energies calculated from second order processes like the 

+ - 
s - K S  mass difference and the 5 + v + P .  rate -are 3-15 GeV,(2) while 

theories that unify the weak and electromagnetic interactions yield 

% z 37 GeV. ( 3 )  

Experimentally, W-bosons could be produced by hadrons, muons, or 

neutrinos. At present, there is no positive evidence for the existence of 

W-bosons, although there have been several searches. 



I n  hadron co l l i s ions ,  t he  process 

+ 
p + Z -+ W- + hadrons 

L , t + v  

was searched f o r  a t  t he  D1.ookhaven A .  G. S. (4 )  An upper l i m i t  

2 08' 2 6.10-~~ cm2 for  4 between 2.0 and 4.5 GeY/c was obtained for  t h i s  

process (B' = W -+ uv/W + a l l ) .  However, uncer ta in t ies  i n  t he  branching 

r a t i o  and production cross sect ion f o r  W-bosons make it d i f f i c u l t  t o  , 

conclude t h a t  a firm lower bound was s e t .  

Experiments attempting t o  d i r e c t l y  produce W-bosons with neutrino 

beams have been carr ied out both a t  Brookhaven and CERN. (5)  The production 

process, 

with decay nodes 

+ hadrons 

has been searched for .  In  t h i s  case,  production cross sect ions  and d i s t r i -  

butions of t he  f i n a l  products can be r e l i a b l y  calculated.  The W-boson 

decays promptly ( r  > 1018 sec-l) ,  but  there  is no r e l i a b l e  estimate of the  

leptonic  t o  hadronic branching r a t i o .  

, Neutrino experiments looking f o r  a l l  th ree  decay modes have been carr ied 



2 out ,  and f i r m  lower l i m i t s  of MW 3 2 GeV/c have been s e t .  (5)  

We report  here t h e  i n i t i a l  r e s u l t s  from a new neutrino experiment 

using much higher energy neutrinos. The experiment, which uses counter- 

spark chamber techniuqes, i s  s e t  up a t  the  National Accelerator Laboratory 

(NAL), Batavia, I l l i n o i s .  As a f i r s t  task,  we have searched fo r  d i r ec t ly  

+ + 
produced W-bosons which decay by t h e  mode W + p + v . Our experiment 

LJ 

d i f f e r s  from previous experiments i n  t h a t  we use a dichromatic ra ther  than 

a broad-band neutrino beam. 

The most important neutrinos f o r  .W-production have high energy,but a 

broad-band spectrum is  strongly peaked toward low energies. The narrow 

band beam has l i t t l e  low-energy neutrino and anti-neutrino background. This 

eliminates a po ten t ia l ly  serious problem when searching f o r  events where 

most of the f ina l - s ta te  energy cannot be observed o r  where pos i t ive ly  charged 

leptons a r e  expected t o  be produced. Both of these a re  t r u e  i n  W production: 

+ 
The p from W decay i s  one of the  unique signatures of t h e  event, and the  

f ina l - s ta te  neutrino typ ica l ly  ca r r i e s  away over half  of t h e  energf. Thus, 

the  narrow band beam combined with t h e  high energies avai lable  a t  NAL, 

gives us a considerable advantage over previous neutrino experiments. 

To produce the  neutrino beam, t h e  primary 300 GeV NAL proton beam 

w a s  targeted i n  the  Neutrino Hall ,  975 meters upstream of our detection 

apparatus. The secondary hadrons were momentum-selected a t  160 GeV with a 

momentum b i t e  of + 11%, focused i n t o  a p a r a l l e l  beam, and directed i n t o  a 

345 meter decay tunnel followed by 530 meters of ear th  and i ron  shielding. 



The neutrinos were produced through the  decays n -t pv and K + pv. 

Since t h i s  i s  a two-body decay, t he  energf of t he  neutrino was determined 

by i t s  angle i n  the  lab., with t he  highest  detected energies i n  t he  forward 

d i rec t ion  and the lowest a t  the  l a rges t  angle subtended by our apparatus. 

For t he  160 GeV hadron beam, the mean neutrino energies f o r  K-decay a r e  

145 GeV, and for  n-decay are  50 GeV. 

A schematic of our apparatus is  shown i n  Fig. 1. The relevant infor- 

mation f o r  analyzing an event i s  t h e  muon momentum and angle determined by 

the  spark chambers and magnet, and t h e  t o t a l  hadron energy measured by the  

calorimetry counters i n  the  t a rge t .  Summing the  muon and hadron energies 

gives a f i r s t  est imate of the incident neutrino energy, su f f i c i en t  t o  

separate n and K-decay neutrinos.  Time-of-flight measurements and f iduc i a l  

cuts on the in te rac t ion  poi:?% serve t o  eliminate cosmic rays and machine- 

associate;l s2~1nns wnich penetrzte t h e  shield .  These are  the  only po ten t ia l  

backgl:o;;nd souxces f o r  czuirino events i n  theexperiment .  

The pr inc ip le  neut- in^ in te rac t ion  which occurs i s  

v + N -+ p- + hadrons , 

which i s  the weak in te rac t ion  anal-og of electromagnetic deep-inelastic elec- 

t ron  sca t te r ing .  I f  a W ex i s t s ,  t h e  analogy i s  pa r t i cu l a r ly  c lose s ince the  

+ 
W replaces the  photon as t he  mediator of t he  in te rac t ion .  Scaling behavior 

a t  t he  hadron vertex,  demonstrated t o  e x i s t  i n  e-p sca t te r ing , (6)  i s  a l so  

expected here.  This, i n  f a c t ,  has been observed i n  t he  lower-energy CERN 



experiments, which show t h a t  t o  a  good approximation 2x Fl(x) = F (x)  
2  

2  and -x F (x)  = F (x), where the scal ing var iab le  i s  x = -q /2M v. (7 )  
3 2 P 

Here F2(x) = F eN(x), where ~ ~ ~ ~ ( x )  is  t h e  s t ruc ture  m c t i o n  measured 
5 2  

i n  e-d i n e l a s t i c  scat ter ing.  (8)  These a r e  t h e  same sca l ing  functions one 

obtains from sca t te r ing  off spin % partons with V-A coupling and no ant i -  

parton contributions.  We have used these i n  the  discussion of F(- produc- 

t i o n  below, but our r e su l t s  are  qu i t e  insens i t ive  t o  assumptions about the  

r e l a t i v e  s i ze s  of F 
1' 

F2, and F 
3' 

If a low-mass W ex is t s ,  it w i l l  manifest i t s e l f  i n  two ways: by being 

d i r e c t l y  produced through vN + F(-W+N (Fig. 2b),  and by reducing the  t o t a l  

cross sect ion through i t s  propagator (Fig. 2a).  We have combined both of 

these e f fec t s  by looking a t  the  r a t i o  of W-production t o  ordinary neutrino 

events, using the s t ructure  function assumptions s t a t ed  above. (8)  

The da ta  reported i n  t h i s  paper were taken i n  ~ a n u a r ~  1973, during a  

run of 2.7 1016 protons on t a rge t .  The secondary hadron beam was s e t  t o  

focus pos i t ive  160 GeV pa r t i c l e s .  The decays from t h i s  beam yielded two 

bands of neutrinos as described above. 

A s  a  r e s u l t  of t h i s  run, 167 neutr ino interactions '  have been ident i f ied  

This i s  a  clean sample, since background problems a re  negl igible .  I n  order 

t o  f a c i l i t a t e  t he  analysis,  we have applied geometric f i duc i a l  cu ts  t o  the  

data.  This reduced our data sample t o  145 events. Also, events t h a t  could 

not be completely reconstructed have been eliminated, fur ther  reducing our 

sample t o  112 "analyzableV events. The second c l a s s  of events eliminated 

were a l l  iden t i f iab le  as  ordinary neutrino in te rac t ions  (v + N + u- + hadrons) 
U 



Recall  t h a t  for  W-production, we expect a low energy u- produced 

+ 
along with t he  W-boson, and a higher energy p from W-decay. In  our 

apparatus, we then expect t o  observe and ident i fy  a p a i r  of muons. 

+ 
Typically, only the  p i s  energetic enough t o  t raverse  our t o ro ida l  

magnet and be sign selected.  

Analyzing our sample of 112 events, we f ind  no events with  a pa i r  of 

muons. I n  order t o  simplify t he  c r i t e r i a ,  we have a l so  searched our data  

+ 
f o r  "wrong sign" muons. We f ind t h a t  only 1 out of 112 events has a u , 

r a the r  than a p-. In  o ther  words, asking the  simplest possible  requirement 

( t he  presence of a pos i t ive  muon) gives only one po ten t i a l  W-candidate. A 

deta i led  examination of t h i s  event. shows v i s i b l e  hadron energy deposition 

i n  t he  calorimeter and no evidence fo r  an accompanying p-. This event 

appears t o  be due t o  an independently observed anti-neutrino contamination. 

We coriclucie t h a t  there  i s  ric evidence f o r  ::'-bnsons i n  our experiment. 

We a re  confidect i a  t h i s  conclusion, sincz w e  coul2 iden t i fy  t he  events as  

not belng C!-bosons so eas i ly .  

In  order t o  determir~e our s e n s i t i v i t y ,  we have calculated the event 

- + + + 
r a t e s  f o r  v + N + u- + hadrons e.nd v + Z -t p + b i  + Z with W -+ u + v 

i n  a Monte Carlo calculat ion which assumes the following: (1) t h e  scaling 

functions described above; (2 )  the  e f fec t s  of a W-propagator; ( 3 )  calculated 

W-production cross  section^'^); and the  calculated decay d i s t r i bu t ion  f o r  

+ 
W+ +p v.  Figures 2c shows the  expected f r ac t ion  of detected W-events i n  O u r  

apparatus as a function of E and Myl. 
V 



I n  our sample of 112 events, t he re  a r e  18 kaon neutrino and 94 pion 

neutrino interact ions .  From t h e  energy spectrum of these observed 112 

+ 
neutrino in te rac t ions ,  we have estimated the  expected number of W -+ !J v 

events for  our apparatus. This is  given f o r  various mass W-bosons i n  

Table I. Our 90% confidence bound as  a k c t i o n  of t h e  branching f rac t ion  

i s  shown on Fig. 3.  For comparison, t h e  previous CERN neutrino l i m i t  i s  

a l so  shown. 

I n  conclusion, we see no evidence for  W-bosons i n  t h i s  experiment. 

2 
A lower bound has been s e t  on the mass ( i . e . ,  % > 4.6 G ~ V / C  fo r  B = 0.5) 

which depends on the branching f r ac t ion  i n t o  leptons. This l i m i t  repre- 

sen ts  a s ign i f ican t  improvement over past  neutrino r e s u l t s .  
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Table Caption 

+ 
The number of expected W + u v events expected i n  our experiment. This 

has been estimated using the energy spectrum of t h e  sample of 112 ordinary 

v-events and the information from Fig. l c .  These r a t e s  a r e  given f o r  B = 1 

and should be scaled accordingly. 

Figure Captions 

Figure 1: The neutrino target-detector consis ts  of 80 l i q u i d  s c i n t i l l a t o r  

counters, each separated by 4" of s t e e l .  hrery fourth  counter is 

followed by a spark chamber with magnetostrict ive readout. A muon 

spectrometer, consist ing of an iron-core t o ro ida l  magnet and four 

more spark chambers follows the  170 ton target-detector.  

Figure 2: ( a )  Deep ine l a s t i c  neutrino sca t t e r ing ,  mediated by t h e  hypothet- 

i c a l  W. 

-k 
(b )  W production ( a  s imi la r  diagram with W - N in te rac t ion  has 

been omitted). 

( c )  The predicted r a t i o  of observed events of type (b )  t o  type ( a )  

as a function of neutrino energy and W mass. The detection 

+ 
efficiency of t he  apparatus, t he  W production cross  sect ion,  

and the u- production cross sect ion with W-propagator a r e  a l l  

included. 

Figure 3: The upper curve i s  t he  lower l i m i t  (90% CL) on W mass s e t  by t h i s  

experiment and presented a s  a function of t he  decay branching 

+ 
r a t i o  of the W in to  leptons.  Previous l i m i t s  a re  a l so  shown. 



TABLE I 

Expected Number 
of 

M & G ~ V / C  *) W-events 

3.0 42. 

4.0 8.4 

5.0 2.1- 

6.0 .8 



Figure 1 
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