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The r e s u l t  of  a s e n s i t i v e  search  f o r  p o s i t i v e l y  charged heavy l ep tons  

coupled t o  t h e  muon neu t r ino  i s  repor ted .  I n  a beam c o n s i s t i n g  l a r g e l y  of  

+ 
neut r inos ,  1522 events  with a U- secondary and 8 even t s  with a u secondary 

were found. These l a t t e r  events  a r e  c o n s i s t e n t  i n  number and kinematic  

p r o p e r t i e s  t o  those expected from beam contamination by < . This  experiment, 
U 

t he re fo re ,  sees  no evidence f o r  product ion  of  such heavy lep tons .  Assuming 

a coupling cons tant  equal  t o  t h e  un ive r sa l  Fermi c o n s t a n t a n d  branching r a t i o  

2 
t o  muons B = 0.3, our  90% confidence lower l i m i t  corresponds t o  - > 8.4 GeV/c . 
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1 
Recently, s eve ra l  experiments have been conducted t o  search f o r  new members 

o f  t h e  lep ton  fami l i e s .  Thus f a r ,  no evidence has  been found f o r  t h e i r  ex i s t ence  

2 
up t o  masses of about 2.5 ~ e V / c  . However, t h e r e  a r e  t h e o r e t i c a l  reasons t o  

pursue t h e  ques t ion  of whether such p o s i t i v e l y  charged heavy muons e x i s t ,  s ince  

2 
they may he lp  provide the  mechanism f o r  non-divergent behavior of t h e  weak i n t e r -  

a c t i o n s  a t  high energies.  I n  some gauge models us ing  heavy muons and e l ec t rons ,  

3 
c a l c u l a t i o n s  ind ica te  t h a t  t h e  p o s i t i v e l y  charged heavy muon must be l e s s  massive 

2 
than  about 7 GeV/c , i n  order  t o  be cons i s t en t  with p resen t  experimental measure- 

ments of t h e  muon magnetic moment. We repor t  h e r e  t h e  conclusions of an experiment 

2 
i n  t h e  mass range up t o  about 8 GeV/c . 

The experiment was performed i n  t h e  narrow-band neut r ino  beam a t  NAL during 

r- Ju ly  and August 1973. Extracted protons of energy 300 GeV bombarded the  production 

t a r g e t .  The secondary hadron beam was s e t  t o  t r ansmi t  p o s i t i v e  hadrons with average 

+ + 
energy o f  165 GeV, and A p / p  w 0.35. The Ir and K decays i n  t h e  345m decay p ipe  

provide a spectrum of neut r inos  with two peaks a t  E m 50 GeV and F 135 GeV, v 

re spec t ive ly .  We a l s o  expect,  a t  much smal ler  energies  (E < 25 GeV) a contamina- v - 
t i o n  of neu t r inos  and an t i -neu t r inos  from pion and kaon decays occurr ing  i n  the  

region  immediately downstream of t h e  production t a r g e t ,  p r i o r  t o  momentum and s ign  

s e l e c t i o n .  Because the  beam is  s ign  se lec ted ,  a l l  negat ive  hadrons a r e  removed 

b e f o r e  t h e  decay p ipe  region. The an t i -neu t r inos  from t h i s  source form t h e  major 

background i n  t h i s  experiment. 

The neut r ino  de tec t ion  a p p a r a t ~ s , ~  loca ted  500 m from t h e  end o f  the  hadron 

decay region,  c o n s i s t s  of 160 tons  of i r o n  in t e r spe r sed  with s c i n t i l l a t i o n  



counters and spark chambers, followed by an iron-core toroidal  magnet and addit ional 
4 

spark chambers. The ta rge t  i s  576" long and 60" x 60" i n  cross-section. Both f i n a l  

s t a t e  energies from the reaction 

V + N * P- + hadrons 
P 

(1) 

are  determined with t h i s  apparatus: the muon energy i s  measured by observation of 

the bend angle i n  the iron-core magnet, and the hadron energy i s  measured by calor i -  

d metry using the s c i n t i l l a t i o n  counters located inside the s t ee l  t a rge t .  The appara- 

t u s  was tr iggered whenever a p a r t i c l e  traversed trigger-counters located on both 

s i d e s o f t h e  spectrometer magnet, o r  when more than 10 GeV i n  hadron energy was 

dissipated i n  the  calorimeter. 

+ 5 
Posi t ively charged heavy muons (Y ) would be produced by a react ion analogous 

to  reaction (1):  

+ v + N Y + hadrons 
CI 

The heavy lepton would subsequently decay i n  the  mode 

-1 
with a calculable r a t e  r ( )  l o 3  e c  , and a branching r a t i o  

+ 
B = ( p  ) / r  ( a l l ) .  This r a t i o  w i l l  l i e  within the l imi t s  0 < B <  0.67, depending 

on the other possible modes of decay. The most l ike ly  decay mode to  compete with 

+ 5 
reaction (3) ,  would be Y - v  + hadrons. Current algebra r e l a t e s  B t o  the 

P + -  + -  
asymptotic r a t i o ,  K = U (e+ e- * hadrons) 10 (e e p ). For K = 2, 

2 
the'lcolored quark model", the r e su l t  i s  that  B Z 0.3 for  % _> 2 GeV/c . 

For t h i s  heavy muon search, the spectrometer po la r i ty  was s e t  to  focus 

posit ives,  and hence maximize the acceptance. Events with a s ing le  f i na l - s t a t e  

muon traversing the spectrometer magnet were selected from the tr iggered sample. 

I n  order t o  guarantee neutrino production, i t  was fur ther  required that  the l' 

production vertex was located well ins ide the ta rge t :  a t  l e a s t  three inches from 



t h e  t r ansve r se  edges of the  s t e e l ,  f o r t y  inches from t h e  upstream end, and 126 
f i  

inches from t h e  downstream end. There were 1530 events  s a t i s f y i n g  these  condit ions.  

Eight  of these  events  had a p o s i t i v e  muon i n  t h e  f i n a l  s t a t e ;  t h e  r e s t  were nega- 

t i v e l y  charged. Figure 1 shows t h e  d i s t r i b u t i o n  i n  t h e  t o t a l  observed energy f o r  

t h e  l a t t e r  1522 events .  This  shows t h e  c h a r a c t e r i s t i c  two peak spectrum expected 

from the  p ion  and kaon neut r inos .  

The primary s igna tu re  of heavy muonproduction i s  t h e  observat ion  of p o s i t i v e l y  

charged muons crea ted  from a beam cons i s t ing  of neu t r inos  with l i t t l e  contamination 

from an t ineu t r inos .  Such "wrong-sign muons" can a r i s e  from t h e  fol lowing sources:  

(a)  production by background an t i -neu t r inos  (< + N- u + + hadrons) ; (b) incor rec t  
)J 

determinat ion of t h e  muon charge with t h e  spectrometer magnet; (c) production and 

decay of heavy muons by r eac t ions  (2) and (3 ) ;  (d) produccion and decay of charged 

in termedia te  vec tor  bosons; (e) some o t h e r  "exotic" mechanism, such a s  v i o l a t i o n  

c of the  conservat ion of muon number. The production and decay of charged bosons 

(d) would provide a d d i t i o n a l  s igna tu res  and a r epor t  on t h e  search f o r  such 

anamolous e f f e c t s  w i l l  be t h e  sub jec t  of a  f u t u r e  paper. 

Processes (a) and (b) form t h e  s o l e  backgrounds f o r  t h i s  experiment. We 

es t imate  t h a t  we expect t o  mis iden t i fy  l e s s  than 0.9 events  out  of 1522 r i g h t -  

s ign  events  due t o  r e so lu t ion  and la rge-angle  s c a t t e r i n g  i n  t h e  magnet (b).  I n  

order  t o  c a l c u l a t e  the  number of wrong-sign events  from an t i -neu t r inos  ( a ) ,  we 

have determined our  energy-dependent acceptance i n  a  Monte-Carlo ca lcu la t ion ,  

which assumed t h e  usual  quark model s t r u c t u r e  funct ions .  This  c a l c u l a t i o n  repro- 

duced the  genera l  f e a t u r e s  of t h e  observed d i s t r i b u t i o n s  i n  neu t r ino  i n t e r a c t i o n  

vertex, muon p o s i t i o n  a t  severa l  counters  and t h e  magnet, and i n  t h e  sca l ing  

va r i ab les  (x,y) shown by the  1522 accepted u- events.  

The r e l a t i v e  number of background \? was ca lcula ted ,  with t h e  normalizat ion 

constrained by prel iminary ana lys i s  of hadron f l u x e s  i n  t h i s  beam. We es t ima te  

these  f luxes  a r e  known t o  wi th in  a  f a c t o r  of two. We c a l c u l a t e  an expected l e v e l  of 

+ 
(10.2 f 5.1) observedu events  from t h i s  source. As a check on t h i s  est imate.  we ran 



f o r  some per iod  with a p r i m a r i l y a n t i - n e u t r i n o  beam. Under those circumstances thewrong- 

s i g n  muons a r e  u-  from v i n t e r a c t i o n s ,  and form a r e l a t i v e l y  l a r g e r  f r a c t i o n  of t h e  4 
+ + 

t o t a l  observed events.  This  i s  due t o  t h e  l a r g e r  production of 'T , K r e l a t i v e  

t o  'IT-, K- and t h e  l a r g e r  c ross - sec t ion  f o r  V r e l a t i v e  t o  c. We es t ima te  

(6.1 f 3.0) v background events  f o r  t h i s  case,  r e l a t i v e  t o  60 observed c events  

wi th  a u+ i n  t h e  f i n a l  s t a t e .  There were s ix wrong-sign events  observed, i n  good 

+ 
agreement. We conclude t h a t  (11.1 + 5.1) wrong-sign events  with a f i n a l - s t a t e u  

a r e  t o  be expected from background sources (a) and (b) i n  t h e v  sample. The 

observed e i g h t  events  a r e  cons i s t en t  with t h i s  es t imate .  It should be noted t h a t  

even i f  t h e  observed wrong-sign muons were g t o  r ep resen t  s i g n a l ,  t he  decaying 

2 
heavy muon would have t o  be of o r d e r  8 ~ e V / c  i n  mass, f o r  usual  assumption of 

branching r a t i o  and coupling. 

+ 
Even though t h e  number of observed u i s  cons i s t en t  with background es t imates ,  

i t  i s  i n t e r e s t i n g  t o  examine t h e  cha rac te r  of these  events .  We have attempted t o  

e x p l o i t  t h e  kinematic  d i f f e rences  between heavy muon production (c)  and background, J 

pr imar i ly  process  ( a ) .  There a r e  two major d i f f e r e n c e s  t o  be expected. 

(1) Production and acceptance of heavy muons, e s p e c i a l l y  a t  l a r g e  mass, a r e  

dominated by t h e  h ighes t  energy kaon neut r inos ,  t y p i c a l l y  < E  > "  150 GeV. About v - 
h a l f  t h i s  energy goes i n t o  t h e  f i n a l  s t a t e  hadrons of r e a c t i o n  (2), and some 

f r a c t i o n  of t h e  remainder goes i n t o  t h e  f i n a l  u+ of t h e  decay (3). The t o t a l  

observed energy Emeas + E + i s  expected t o  be o f  order  < Emeas> r 80 GeV. 
='had u '  

Production of U+ by 'j, on t h e  o t h e r  hand, should r e f l e c t  a s t e e p l y - f a l l i n g  f l u x  

curve c h a r a c t e r i s t i c  of background <, and would peak a t  considerably lower energy. 

F igure  (2a) shows the  expected d i s t r i b u t i o n s  i n  Emeas = EU +EhadrOn f o r  events  

observed under these  two assumptions with t h e  d a t a  his togram superimposed. The 

d a t a  a r e  cons i s t en t  with t h e  expected background, and much l e s s  cons i s t en t  with 

production and decay of high mass leptons.  



(2) The d i s t r i b u t i o n  i n  t h e  observed i n e l a s t i c i t y  y - - /E 
meas Ehad meas i s  

A + 
expected t o  be s u b s t a n t i a l l y  d i f f e r e n t  f o r  Y decay and product ion.  The l o s s  

+ 
o f  energy through t h e  f i n a l  s t a t e  n e u t r i n o s  o f  Y decay r e s u l t s  i n  a r e l a t i v e l y  

l a r g e  f r a c t i o n  of t h e  t o t a l  v i s i b l e  energy i n  t h e  hadrons a t  t h e  product ion vertex.  

~ r o m c  product ion,  on t h e  o t h e r  hand, t h e  hadrons tend  t o  have only about 25% of t h e  

inc iden t  neu t r ino  energy. F igure  (2b) shows t h e  ymeas d i s t r i b u t i o n s  t o  be expected 

f o r  t h e  two mechanisms, with t h e  his togram of  t h e  d a t a  superimposed. The d a t a  l i e  

a t  small  values,  more cons i s t en t  with background than  with product ion of  heavy 

lep tons .  

We conclude t h a t  t h e  observed wrong-sign even t s  a r e  cons i s t en t  with expected 

backgrounds, both i n  abso lu te  numbers and i n  i n t e r n a l  d i s t r i b u t i o n s .  The d a t a  i s  

i n c o n s i s t e n t  with a range of  heavy lep ton  masses, depending on assumptions o f  

branching r a t i o  and coupling cons tant .  

The s e n s i t i v i t y  of  t h e  search f o r  heavy lep tons  a s  a func t ion  of i t s  
P 

mass, was obtained from t h e  same Monte-Carlo c a l c u l a t i o n  d iscussed  previously.  

I n  t h i s  c a l c u l a t i o n  t h e  d i f f e r e n t i a l  and t o t a l  c ros s - sec t ions  f o r  process ( 2 )  
5 

were determined by quark model p red ic t ions .  This  i s  expected t o  be a lower l i m i t  

on t h e  product ion of such p a r t i c l e s .  The p o l a r i z a t i o n  of  t h e  Y+ was ca l cu la t ed  
6 

f o r  each event ,  and t h e  subsequent decay d i s t r i b u t i o n  i n  accordance with usual  

7 
V-A assumptions. This  Monte-Carlo program was a l s o  used t o  o b t a i n  t h e  t h e o r e t i c a l  

curves f o r  y and Emeas d iscussed  previously.  meas 

I n  o r d e r  t o  e l imina te  t h e  need f o r  r e l i a n c e  on normalized background ca lcula-  

t i o n s  i n  s e t t i n g  a l i m i t  on heavy muon product ion,  we have chosen t o  apply a cu t  

t o  both t h e  d a t a  and t h e  Monte Carlo ca l cu la t ion .  For t h e  requirement y >0.5, 
meas 

+ 
a l l u  events  a r e  removed from t h e  d a t a  sample (see  f i g u r e  3b) ,  while  t h e  expected 

+ 
b a c k g r o u n d ~  i s  reduced t o  <0.6 events .  The number of  events  expected from heavy 

+ l ep ton  decay i s  reduced by roughly a f a c t o r  of  two, independent o f  Y mass, with 

t h i s  cu t .  



Figure (3) shows the resu l t ing  90% confidence l i m i t  a s  a function of heavy 

lepton mass and the product B G / G  
(5) * I f  we assume, f o r  example, B=0.3 and 

Y F '  
2  

G = G  we find % > 8 . 4  GeV/c . The theoret ical  estimate of the branching ra t io ,  Y Fa 

B, depends on usual current algebra assumptions and the asymptotic r a t i o  

+ - + -  + -  
( s - - )  : K  =O (e  e -hadrons)/o (e e .ru u ). The colored quark assumption,K=2,gives 

2 $ > 8.4 GeV/c with Gy = GF. Experimentally, values as  high as  K = 6 have been 
8 

measured. Our l i m i t  on the heavy muon mass i s  somewhat insens i t ive  t o  the actual  

asymptotic l i m i t .  Even for  K = 10, B=.12 i s  expected, and the l i m i t  i s  % >7.2 

2 
~ e V / c  . We conclude tha t  unless some pathological anomaly provides enormous coupling 

2 
to  hadrons fo r  7 GeV/c heavy muons, t h e i r  existence with equal coupling (G = G ) Y F  

i s  unlikely. 

For lower masses, the hadronic decay r a t e  calculations a r e  l e s s  dependent on 

extrapolation. In  t h i s  case, the  l i m i t  of f igure  (2b) represents a l i m i t  on the 

2 
r e l a t i ve  couplings of a heavy lepton. For example, a t  % = l  ~ e V / c  , we expect 

2 2 
B=0.3 and find ] G ~ \  < . 0 2 ] ~ ~ \  . 

I n  conclusion, we see no evidence for  a charged posi t ive  heavy muon (lepton 

number = +1) coupled to  muon neutrinos. It now appears, i n  contrast  t o  very 

simple gauge models, tha t  i f  such a heavy lepton e x i s t s  i t  i s  e i t he r  very massive 

o r  has a small e f fec t ive  coupling constant. 
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Figure  Captions 

1. Dis t r ibu t ion  i n  t o t a l  measured energy (GeV) f o r  1522 observed events  with 

negat ive  muon secondary. 

2. (a)  D i s t r i b u t i o n  i n  t o t a l  observed energy, E 
meas' i n  GeV f o r  8 u + events  and 

(b) d i s t r i b v t i o n  i n  observed i n e l a s t i c i t y  
Ymeas' 

The d a t a  a r e  

shown a s  histograms. Expected d i s t r i b u t i o n s  f o r  wide band 

2 
background (WB) from < i n t e r a c t i o n s  and 8 GeV/c heavy lepton  

production (HL) a r e  shown a s  s o l i d  curves. 

2 3. 90% confidence l i m i t  on heavy l ep ton  mass versus B(Gy/GF) . The 

t h e o r e t i c a l  branching r a t i o ,  B, i s  a l s o  shown f o r  two assumptions f o r  

+ - + -  + -  
t h e  asymptotic value of the  r a t i o ,  K = U  (e e - hadrons) /o  ( e  e - p  u ). 
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