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1. Introduction 

It is  c l e a r  t h a t  t h e  Z0 peak w i l l  be a  very important landmark i n  e'e- 

c o l l i s i o n s 1  2 ,  3 ,  5 ) .  It w i l l  be a  r i c h  cornucopia of a l l  conceivable p a r t i c l e s  

with masses .; mZ o r  mZ/2 .  I f  i t s  p rope r t i e s  resemble a t  a l l  t h e  p red ic t ions  of 

s impler  gauge models such a s  t he  Weinberg-Salam model6, i t  w i l l  produce about an 

event per  second f o r  a  LEP luminosi ty of t h e  order  of cmV2 sec-' . As f a r  as  

t he  weak in t e rac t ions  a r e  concerned, Z0 decays present  t h e  oppor tuni ty  t o  measure 

i n  d e t a i l  the  n e u t r a l  weak couplings of a l l  l ep ton  and quark f lavours  with masses 

i mz/2. As f o r  t h e  s t rong  i n t e r a c t i o n s ,  one can imagine experiments wi th  0(106 o r  

l o 7 )  hadronic events  a t  Q~ = 0 ( l o 4 )  G ~ v ~ ,  f o r  more than a r e  conceivable i n  any 

experiments a t  space-l ike Q~ 7 ) .  These events  w i l l  provide a unique window i n t o  

t h e  dynamics of quarks and gluons a t  sho r t  d is tances .  Strong i n t e r a c t i o n  s tud ie s  

wi th  LEP a r e  discussed l a t e r  i n  t h i s  repor t8)  : t h e  r e s t  of t h i s  s e c t i o n  w i l l  con- 

c e n t r a t e  on weak i n t e r a c t i o n  s t u d i e s  a t  t h e  Z0 po le9) .  Two main aspec ts  w i l l  be 

emphasized: the  f a c t  t h a t  h igh  s t a t i s t i c s  enable p rec i s ion  measurements which 

bear  on the  fundamental s t r u c t u r e  of t he  theory,  and t h e  p o s s i b i l i t y  t o  search f o r  

very r a r e  decay modes involving e x o t i c  p a r t i c l e s .  

2.  General Features of t h e  Z0 

We w i l l  be mainly concerned with t h e  couplings of t h e  Z0 t o  fundamental 

fermions (quarks, lep tons)  which we parametrize2,  5, i n  t h e  fol lowing form: 

f  z" (1)  

Constant f a c t o r s  have been removed t o  t h e  f r o n t  of equation (1)  so  t h a t  t he  re- 

duced couplings vf and af  a r e  expected t o  be  of order  u n i t y  i n  any un i f i ed  gauge 

model f o r  which t h e  coupling cons tant  would be of order  e .  As an  example, we can 

consider  t h e  s tandard SU(2) x U(1) Weinberg-Salam model6) i n  which 

- ve - vp = v = -1 + 4 s in20W 9 a = a,, = aT = -1 e 
4 

e 
- - vd - vs - vb = -1 + - s in20 

3 W 9 a d = a  s = % = - I  

v, = 1 a, = 1 
8 

vu = v = v = 1 - - s in20  3 W Y a u = a  = a  = 1  c t  c t  

Before d iscuss ing  t h e  s i z e  of t h e  ZO peak implied by t h e  couplings (1)  and ( 2 )  we 

need a s tandard r e fe rence  cross-sect ion,  which we take  t o  be: 



Rela t ive  t o  t h i s  cross-sect ion we de f ine ,  f o r  any f? f i n a l  s t a t e ,  

Also used o f t e n  w i l l  be t he  in t eg ra t ed  forward-backward asymmetries 

L 1  0 1 d (case) 
du do ( e ' e  -+ E )  -L d (case) d (case) (e'e- + f f )  

d(cos0) 
(5)  

Gauge theo r i e s  genera l ly  expect t h a t  t h e  mass of t he  ZO w i l l  be 

%0 = O(e/GF) =. O(100) GeV 

The s imples t  Weinberg-Salam model6) i n  f a c t  p r e d i c t s :  

37.4 GeV 
9 = / s ineW coseW = s ineW cose 

W 

Taking s in2eW 0.20 consis  t e n t  with the  l a t e s t  n e u t r a l  cur rent  experiments1 O), 

we f i n d  mz 1 94  GeV. I n  t h i s  energy region,  equat ion  (3)  t e l l s  us t h a t  

opt - cm2, corresponding t o  3.6 events/hour a t  a luminosity of 

1 0  e m 2  s e c  Elementary cons idera t ions  t e l l  us t h a t ,  neglec t ing  r a d i a t i v e  

co r rec t ions ,  t h e  cross-sect ions a t  t h e  peak of t h e  resonance a r e  given by: 

Taking t h r e e  generat ions of each type of fermion ( v ,  k - ,  charge -113 quark, charge 

213 quark) we a r e  l ed  t o  expect: 

In se r t ed  i n t o  equation (8)  t h i s  branching r a t i o  suggests  t h a t :  

u(e+e- + ZO + a l l )  - few thousand 
0 

Pt  

a t  t h e  resonance peak, corresponding t o  t h e  order  o f  t e n  thousand eventslhour . 
I n  f a c t ,  i n  t he  s imples t  Weinberg-Salam model6) wi th  s in2eW = 0.20, we f ind :  

u(e+e- -+ ZO -+ a l l )  
2 5100 

u 
P t  

i f  t h e r e  a r e  j u s t  t h ree  generat ions,  corresponding t o  about 5 events/second. 

Before continuing, a word should be s a i d  about the  r e l i a b i l i t y  of e s  ti- 

mates of t he  ZO mass. The predic t ion7)  of t he  Weinberg-Salam model depends on the  

SU(2) symnetry being spontaneously broken by an isodoublet  of Higgs f i e l d s l l )  . More 

complicated Higgs s e c t o r s  could a l t e r  t h e  p red ic t ion7) ,  but  they a r e  a l ready 

severe ly  cons t r a ined  by neu t r a l  cur rent  da ta .  S ince  the  couplings l ' 2 )  a r e  f ixed  



i n  t he  Weinberg-Salam model, we see  t h a t  t h e  neu t r a l  t o  charged current  cross- 

s e c t i o n  r a t i o  

The present  agreement of n e u t r a l  cur rent  cross-sect ions wi th  Weinberg-Salam con- 

s t r a i n s  the  Z mass w i t h i n  the  SU(2)L x U(1) frameworklo): 

I f  one goes beyond t h e  SU(2) x U(1) weak electromagnetic  gauge model the  r e s t r i c -  

t i o n  (13) i s  of course g r e a t l y  relaxed.  However, it can be argued t h a t  i n  a wide 

c l a s s  of models wi th  more than one ZO boson, B t  l e a s t  one of them must have a mass 

smaller  than  t h a t  predic ted  by Weinberg and salam12). 

For an a r b i t r a r y  ZO, t h e  formulae (1)  and (2) correspond t o  decay widths 

f o r  mf << m 
212 ' 

For the  favoured range of values of  % and v f ,  a f  of order  un i ty ,  

equation (14) implies  t h a t  r ( z O  -t £7) = O(100) MeV. Inc luding  3 generat ions of 

fermions one would t h e r e f o r e  expect a t o t a l  Z0 decay width 

r ( z 0  -t a l l )  = O(2 t o  3) GeV (15) 

which i s  much wider than  the  expected machine energy r e s o l u t i o n  0 ( 1 0 - ~ ) m ~  = O(100) 

MeV. I n  the  s imples t  Weinberg-Salam model ( s ince  one expects  decays i n t o  fermion- 

a n t i f e m i o n  p a i r s  t o  dominate) one f inds2 '  5, from equation (2)  t h a t  

r ( z O  -+ a l l )  = --- 8 
2Nv + ( 1  + ( 1  - - 

Ne- 24 421~ 
3 

I f  we take  sin2ow = 0.20 we f ind  t h a t  

r (zO -+ ~ 3 )  : r (zO -+ k+e-) : r ( zO -t uU) : r ( z O  -+ dd) 

= 2 : 1.04 : 3.63 : 4.67 

with the  decay r a t e  

~ ( z O  -+ e+e-) = 90 MeV 



Combining the  r e s u l t s  (17) and (18) we s e e  t h a t  i f  t h e r e  a r e  NG generat ions of 

fundamental f ermions 

T(ZO + a l l )  - 1.0 NG GeV 

and 

B(ZO -+ e+e-) - 1/11 NG 

r e s u l t i n g  i n  r(ZO -+ a l l )  - 3 GeV, B(ZO -+ e+e-) - 3% f o r  t he  minimal case  of 3 

genera t ions .  

3.  Determining t h e  Fermion Spectrum 

The above r e s u l t s  a r e  encouraging, i n  t he  sense  t h a t  t h e  Z0 peak i s  

l a r g e  and dramatic, a s  long a s  t h e r e  a r e  not  too many generat ions of fermions. 

Is i t  conceivable t h a t  t h e r e  might be s o  many fermions a s  t o  wash o u t  t h e  ZO peak? 

The "establ ished" fermions a r e  t h e  th ree  generat ions:  

and the  ques t ion  a r i s e s  whether we have any cons t r a in t s  on the  t o t a l  number of 

o t h e r  a s  y e t  undiscovered fermions . Neutrinos a r e  a p a r t i c u l a r  headache because 

they seem t o  have negl ig ib ly  small  masses, whi le  charged fermion masses inc rease  

s u f f i c i e n t l y  r ap id ly  t h a t  not too many of them can be reasonably expected t o  have 

masses < mz/2. 

What l i m i t s  do we have on t h e  number of unobserved neut r inos?  The b e s t  

l i m i t  from high energy physics a t  t h e  p re sen t  time may come5) from t h e  upper l i m i t  

on t h e  decay K + II v5 : 

which when compared with the  t h e o r e t i c a l  branching r a t i o  

suggests5)  t h a t  Nv < 6000 - not  a very s t r i n g e n t  l i m i t !  It has been proposed 

t h a t  one might e s t a b l i s h  a good l i m i t  on Nv from decays of  heavy quark-onia i n t o  

neut r inos  l 3 ,  . One f inds  5, t h a t  

2 = 0.2 x $ N~ f o r  e = - 
4 3 

(25) 

P u t t i n g  i n  V = J / $  : 5 - 3 GeV, and assuming an upper l i m i t  

r ( J /$  + V;) /~ ( J /$  -+ ete-) r 1, one f inds5 )  N < 5 x lo6 ,  an even l e s s  s t r i n g e n t  

l i m i t :  However, i f  t he re  happens t o  be toponium with a mass of 30 GeV, the  s t r o n g  



mass dependence i n  (25) would enable a  much more s t r i n g e n t  l i m i t  t o  be s e t  on Nv.  

The decay V -+ VTJ could be looked f o r  by looking f o r  events  of t he  type 
+ - e e -+ V '  -t V + T T ,  V + nothing v i s i b l e .  

There a r e  some l i m i t s  on neut r inos  and o the r  n e u t r a l ,  heavy lep tons  

which come from cosmology. The standard big-bang cosmology is  only cons i s t en t  

with t h e  present  a s t rophys i ca l  dens i ty  of Helium i f  t h e r e  a r e  a t  most 3 o r  4 

" l igh t "  neut r inos  wi th  masses i me14). For heavier  n e u t r a l  leptons,  t h e r e  a r e  no 

very s t rong  c o n s t r a i n t s  on uns table  spec i e s ,  but  s t a b l e  neu t r a l  leptons a r e  con- 

s t r a ined14)  by the  l a r g e  s c a l e  dynamics of t h e  universe  and of ga laxies  t o  have 

masses 2 10 GeV. 

To l i m i t  t he  number of uns table  massive n e u t r a l  leptons o r  neut r inos ,  

we f a l l  back on t h e  observat ion t h a t  genera l ly  mv << m f o r  any given 
C c '  (;:) 

doublet .  From the  r e s u l t s  of PLUTO and SPEAR, we be l i eve  t h a t  any new heavy lep- 

t on  must have a mass k 5 GeV. However, t h e  number of such heavy leptons i s  theo- 

r e t i c a l l y  cons t ra ined .  I n  the  s imples t  Weinberg-Salam model t he  r e s u l t  

m = mW/cosew which under l ies  equation ( 7 )  i s  subjec t15)  t o  r a d i a t i v e  cor rec t ions  z 
from a l l  doublets  containing massive fermions: 

The experimental cons t r a in t  (13) a l ready means t h a t  f o r  heavy leptons L with mas- 

se s  >> t h e i r  assoc ia ted  neutr inos 

Since present  experimental l i m i t s  t e l l  us t h a t  any such heavy lep ton  has % > 5 GeV, 

t h e  r e s t r i c t i o n  (27) means t h e r e  a r e  l e s s  than 0(104) such heavy lep tons ,  and so  

Nv < 0(104) .  PETRA can soon improve the  lower l i m i t  on mL t o  - 15 GeV, i n  which 

case  Nv would be < l o 3 .  LEP could eventua l ly  improve the  lower l i m i t  on % t o  

about 100 GeV, corresponding t o  Nv < O(25). It is  c l e a r  from equation (8) t h a t  

0(104) neut r inos  would be required i f  t he  Z0 were washed out  t o  t h e  extent  t h a t  

a ( e + e - + z O + X ) / a  = O(10). Therefore e i t h e r  PETRAandLEP f ind  vas t  numbers of 
P t  

heavy l ep tons ,  o r  t he  ZO w i l l  be a  l a r g e  peak16). 

Assuming t h a t  t he  Z0 peak i s  indeed b i g  and no t  very wide, one can then 

imagine a p rec i s ion  determination of t he  Z0 mass. A p rec i s ion  measurement of t h e  

W+W- th reshold  t o  ge t  t he  W mass, and d e t a i l e d  n e u t r a l  cur rent  measurements ( s e e  

p a r t  4 of t h i s  r e p o r t )  would then enable t h e  r a d i a t i v e  cor rec t ions  i n  equation (26) 

t o  be seve re ly  r e s t r i c t e d ,  s o  t h a t  t he  bound (27) could be improved. I n  t h i s  way, 

one could perhaps exclude t h e  poss ib l e  ex is tence  of any heavy lepton with 



mass > 100 GeV (and hence outs ide  the  mass range accessible t o  LEP), and of course 

de tec t  any heavy lepton with mass < 100 GeV. A check tha t  the  s tud ies  of fundamental 

f e m i o n  spectroscopy were indeed completed by LEP would be furnished by measuring 

r(ZO -+ vV) . Several ways of doing t h i s  come t o  mind. One p o s s i b i l i t y  i s  looking 

f o r  the  decay chain e+e- -+ V '  -+ V m ,  V -t v? mentioned e a r l i e r 5 , 1 3 ) .  Another i s  a 

precis ion measurement of the  Z0 width, which increases by O(5 t o  lo )% f o r  each 

neutrino i n  addi t ion t o  the  canonical three .  Another p o s s i b i l i t y  i s  t o  look f o r  

the  react ions  e+e- -+ v3 + y, where the only p a r t i c l e  v i s i b l e  i n  the f i n a l  s t a t e  

would be an energet ic  l a rge  angle y17).  The r a t e  fo r  t h i s  seems prohibi t ively  

small a t  PETRA energies, but  the experiment may be feasible1*) above the  Z0 mass, 

where the  dominant contr ibut ion t o  the  cross-section i s  the rad ia t ive  correct ion 

react ion e+e- -+ Z0 + y, Z0 -t vv. Depending of course on the t o t a l  number of neu- 

t r i n o s ,  t h i s  process may have18) a cross-section of the same order as a f o r  
Pt  

centre-of-mass energies between 120 and 200 GeV. 

4. Detailed Measurements Near the  ZO Peak 

We w i l l  now survey the  d i f f e r e n t  neutra l  current  measurements t h a t  can 

be made by observations a t  and near the  ZO peak. Radiative correct ions  w i l l  not 

be taken i n t o  account, because a complete ca lcula t ion of these  i s  only j u s t  be- 

coming available1 9), but we do not think they w i l l  make q u a l i t a t i v e  changes i n  

the  c lasses  and q u a l i t i e s  of measurements tha t  can be made. 

The Shape of the  Total Cross-Section 

I f  we consider an a r b i t r a r y  fermion-antifemion p a i r  (with the  exception 

of e+e-) then 

2s P Qf VeVf s2p2 (vz + a:) (v: + a:) 
Q : - -  

where p 5 ( G ~ I ~ J ~ V ~ ) .  (29) 

We not ice  t h a t  the t o t a l  cross-section shape i s  s e n s i t i v e  t o  the  products 

of vector (or  of a x i a l )  weak couplings. I f  we spec ia l i ze  t o  w+u-, assume 1-1-e uni- 

ve r sa l i ty :  v = v Z v 
e 1-1 

a = a  : a  
€2 1-I 

and neglect r we find 
Z '  



I n  genera l ,  k ' exh ib i t s  a  minimum a t  
1-I 

corresponding t o  4s = 29 GeV i f  we take  t h e  Weinberg-Salam model with 

sin2dw = 0.20. The value of R1, a t  i t s  minimum i s  

which is no t  very e x c i t i n g  i f  s in2@ = 0.20: 
W 

The general  shapes of R f o r  d i f f e r e n t  choices of v and a ,  and a ZO mass of 83 G e V ,  
1-I 

a r e  shown i n  Fig.  1. It is c l e a r  t h a t  i f  a  = 0,  which is  not  expected i n  t he  

Weinberg-Salam model and is  indeed disfavoured by experiments f inding  p a r i t y  v io la-  
min 

t i o n  i n  deep i n e l a s t i c  e l ec t ron  s c a t t e r i n g  and atoms, then R = 0 a t  4s - 0.85 mz 
P 

- r a t h e r  dramatic: 

Forward-Backward Asymmetry 

The angular d i s t r i b u t i o n s  f o r  t h e  processes e+e- -+ fF  (£7 # e+e-) have 

t h e  fol lowing form near  the  ZO peak: 

- 
(e'e- + f f )  = Q: ( 1  + cos2d) - 2Qfx (vevf (1 + cos26) + 2aeaf cosd) 

dcos 0 2s 

i f  we neglec t  t he  decayQidthTZ compared wi th  mZ. I f  we def ine  the  in t eg ra t ed  

forward-backward asymmetry 
r l  f 1 

lo & ~ ( c o s ~ )  - JO & d(cos0) 
Af - 

/I * dcosd (cosd) 

i t  i s  found from the  angular d i s t r i b u t i o n  (36) t o  be 

3 TX r-Qfaeaf + 2v a v a  x 
e e f f  1 

Since t h e  angular d i s t r i b u t i o n  i s  only quadra t i c  i n  cosd, t h e r e  is  a t r i v i a l  bound 

IhfI -5 314.  



Figure 1 : The r a t i o  R,, of (e+e- + p+p-) r e l a t i v e  t o  a ( 3 ) ,  p l o t t e d  f o r  d i f -  
P t  

f e r e n t  values of  t h e  vec to r  and a x i a l  couplings of t h e  e  and p .  



We s e e  from equations (36) and (38) t h a t  t h e  forward-backward asymmetry 

i s  non-zero i f  a and a P 0,  a s  expected i n  t he  Weinberg-Salam model. Notice 
e f 

however t h a t  i t  does not  permit a determination of t h e  r e l a t i v e  s igns  of v and a 

couplings ( a  l i m i t a t i o n  shared of course by the  t o t a l  cross-sect ion formula (28 ) ) .  

Even a t  low (PETRA-PEP) energies ,  t h e  asymmetry (38) can become q u i t e  l a r g e .  

When 4s << mZ, 

which a t  4s = 40 GeV is  a l ready 

-10% f o r  y+u-, T+T- 

-14% f o r  uc, cc, t F  

-28% f o r  day  SF, bb 

I n  t h e  p a r t i c u l a r  case  of e+e- -+ u+u- o r  - r+~- ,  and assuming charged l ep ton  univer- 

s a l i t y  a = a = a 5 a ,  ve = v = v E v,  we f ind  
e u ~  1.1 T 

which goes through a minimum a t  

(4s = 78 GeV f o r  s in20 = 0.20) . A t  t h i s  poin t  A takes the  va lue  
W 

min - -2 1 
A - 

+$) 
and i n  f a c t  a t t a i n s  t h e  kinematic  bound of -0.75 when v = 0 corresponding t o  

s i n 2 @  = 0.25, while  s in20 = 20 would y i e l d  A = -0.69. The asymmetry a l s o  goes 
W W 

through a maximum a t  

(4s = 118 GeV f o r  s in20 = 0.20) a t  which poin t  i t  takes  t h e  l i m i t i n g  va lue  
W 

= +0.75. A t  the  peak of t he  resonance, s in20 = 0.20 would imply an asymmetry 
W 

A z + O . 1 1  a t  4s = 94 GeV. General forms of t h e  asymmetry f o r  muons a r e  shown i n  

Fig.  2, corresponding t o  d i f f e r e n t  choices of t he  values of v and a .  

The above ana lys i s  does not  apply t o  e'e- -t e+e- because t h e r e  a r e  a l s o  

crossed-channel y and ZO exchange diagrams. The cross-sec t ion  formulae t h e r e f o r e  

become more c o m p l i c a t e d 2 ~ ) ,  and w i l l  not  be reproduced here .  We w i l l  j u s t  make 

t h e  q u a l i t a t i v e  observa t ion  t h a t  t h e  behaviour of t h e  forward-backward asymmetry 



Figure 2 : The forward-backward asymmetry A (37) for e+e- -t p'p-, plotted for 
different values of the vector and axial couplings of the e and p. 



parameter i s  very d i f fe ren t  i n  t h i s  case from the react ion e+e- -t p+p-. I n  the 

case of e+e- -t e+e- the re  i s  a large  posi t ive  asymmetry, of the order of 314 off  

resonance, which may be d r a s t i c a l l y  reduced on resonance - see  the  asymmetry i n  

a r e s t r i c t e d  angular range 300 < 8 < 150' p lo t ted  i n  Fig. 3. For 0 s u f f i c i e n t l y  

small the  well understood crossed channel y exchange w i l l  always be a t  low enough 

y2 to  dominate the cross-section and provide a r e l i a b l e  luminosity monitor even 

near the top of the ZO peak. 

Hel ic i ty  Measurements 

Another observable which i s  po ten t i a l ly  i n t e r e s t i n g  i n  the  react ion 
+ - e e -t f f  i s  the h e l i c i t y  of the outgoing fermion. I f  we spec ia l i ze  f o r  the  mo- 

+ - 
ment t o  the case of e+e-++p- or  T T , the  h e l i c i t y  i s  maximal i n  the forward 

d i r e c t  ion 

- -4xav (1 + X(a2  + v2))  
H' ( s ,  cos8 = +1) = 

1 + 2X(v2 + a2) + X2 [(a2 + ,212 + 4a2v2I 

so t h a t  on the resonance peak i t s e l f  

I f  sin2ew = 0.20, t h i s  value on the  peak i s  +0.13. The va r i a t ion  with s  i f  

s in2@ = 0.35 i s  shown i n  Fig. 4 .  We not ice  i n  (45) (46) t h a t  the  h e l i c i t y  i s  
W 

sens i t ive  t o  the  product of a and v, enabling t h e i r  r e l a t i v e  s i g n  t o  be measured, 

which was not poss ible  with the  cross-section and angular asymmetry measurements 

discussed e a r l i e r .  

So h e l i c i t i e s  a r e  i n t e r e s t i n g  and non-zero i n  general .  Can they be 

measured? An ea r ly  suggestion was t o  stop muons produced on resonance i n  a 

polarimeter, and determine t h e i r  polar iza t ion from observations of the  decay 

e lec t rons .  Such an experiment would be very cumbersome and d i f f i c u l t 2 ~ ) ,  and a 

b e t t e r  idea may be t o  use the  decays of the T + evv o r  nv as convenient polariza- 

t ion  analyzers. Ei ther  of these seems possible,  with T + .rrv measurements perhaps 

more sens i t ive  t o  HT 21 ) . Could one perform polar iza t ion measurements on quarks? 

I n  the  absence of e-fermion universa l i ty ,  the  numerator i n  (45) becomes 

4av(a2 + v2) + vfaf (a: + v:) (1  + cos28) + 2a f  (a; + v:) cose (47) e e 

and we have s e n s i t i v i t y  t o  a v as well as a v . The only problem i s  t o  f ind a 
f f e  e 

quark h e l i c i t y  analyzer. It has been suggested22) t o  look a t  corre la t ions  of the  

type gjet .(pI x p p )  , where p and p2 a r e  the  momenta of the  two f a s t e s t  p a r t i c l e s  
1 

i n  a quark j e t .  Unfortunately, neutrino data  suggest23) t h a t  any such corre la t ions  

a re  i n  f ac t  washed out .  A re la ted  suggestion i s  t o  look a t  the  polar iza t ion of 



Figure 3 : The corresponding asymmetry for e+e- -+ e+e- in the Weinberg-Salam model 
with different values of sin20,. 



Figure 4 : The h e l i c i t y  of a muon o r  T, f o r  d i f f e r e n t  values of the vector and 
a x i a l  couplings. 



* 
f i n a l  s t a t e  hadrons wi th  non-zero s p i n ,  such a s  p, K and A guaranteed 

quark po la r imeter  has  y e t  t o  emerge, b u t  we no t e  t h a t  i n  a sense  none i s  needed. 

Cross-sect ion and angular  asymmetry measurements enable  t h e  r e l a t i v e  s i g n s  of 

a l l  t h e  vf t o  be  determined, and a l s o  t hose  of a l l  t h e  a f .  The .r h e l i c i t y  exper i -  

ment would then  determine t h e  s i g n s  of t h e  a r e l a t i v e  t o  t h e  v and any f u r t h e r  f  f '  
in format ion  would i n  p r i n c i p l e  be redundant .  

Po l a r i zed  Beams 

These would enable  t h e  e x t r a c t i o n  of physics  s i m i l a r  t o  t h a t  ob t a inab l e  

from h e l i c i t y  measurements. I f  t h e  incoming e+ and e- have h e l i c i t i e s  h+, h- 

r e s p e c t i v e l y ,  then5)  

du - 
f f  do unpolar ized 

(h+, h-) = i ( l  - h+h-) - 
dcose dcos 9 

Equat ion (48) aga in  e x h i b i t s  s e n s i t i v i t y  t o  t h e  r e l a t i v e  s i g n s  of v and a coupl ings .  

I f  po l a r i zed  beams were f r e e l y  a v a i l a b l e  they would probably be  more powerful 

probes of t he se  s i gns  than  t h e  h e l i c i t y  measurements. Ce r t a in ly ,  t h e  prospec t  of 

be ing  a b l e  t o  t u r n  on, o r  o f f ,  an e+e- -+ f?  c ross -sec t ion  by a d j u s t i n g  t h e  beam 

p o l a r i z a t i o n s  seems very a t t r a c t i v e .  On t h e  o the r  hand, i t  should be emphasized 

t h a t  from a l o g i c a l  po in t  of view, w i t h i n  t h e  s tandard  gauge t h e o r e t i c a l  p o i n t  of 

view no new information is gained thereby .  It i s  not  c l e a r  how s e r i o u s l y  t h i s  

should be taken  i n t o  account when cons ide r ing  t h e  c o s t  of developing po l a r i zed  

beams. They would c e r t a i n l y  b e  i nva luab l e  ana lyzers  i f  t h e  s tandard  gauge p i c t u r e  

were wrong. 

ZO -t Heavy f f  

The ZO decays democra t ica l ly  i n t o  a l l  fermions w i th  e s s e n t i a l l y  equa l  

r a t e s  ( i f  m < mZ,2). I n  f a c t  t h e  event  r a t e s  may be  l a r g e r  than  t hose  c l o s e  t o  

t h e  a s soc i a t ed  th resholds .  I f  m << m then  f o r  equal  l uminos i t i e s  one f i nds  
4 Z '  

Rate (zO + f f )  

Rate ( t h r e sho ld  -t f f )  
= 1000 (2);  

which i s  promising f o r  s t u d i e s  of t f  and bb f i n a l  s t a t e s .  Measurements of  t he se  

f i n a l  s t a t e s  may be t he  on ly  way t o  determine heavy quark n e u t r a l  c u r r e n t  coupl ings .  

At presen t  we know i n  p r i n c i p l e  t h e  n e u t r a l  cu r r en t  couplings of u ,d , e , vp  and t o  

some ex t en t  ve. Those f o r  s , c , t , b , ~  and even a r e  s t i l l  e s s e n t i a l l y  unknown. 



The problem re s ides  i n  f i nd ing  ways t o  d e t e c t  heavy quark decays of  

t h e  Z O .  One might look f o r  

- events  wi th  many f i n a l  s t a t e  lep tons25)  (>  3 e' and uf + hadrons, o r  events  

wi th  2 i d e n t i c a l l y  charged lep tons  i n  t he  same j e t ) ;  

- f a t  j e t s 2 ,  5 ) ,  because one expec t s25 ,26 )  a heavy quark t o  decay i n t o  t h r e e  

l i g h t  quarks and ant iquarks : Q + qq< as  i n  F ig .  5. The t r ansve r se  momenta 

of t h e  a s soc i a t ed  hadrons would then probably be  q u i t e  l a r g e ;  

2 
Iptl = 1 l p t /  - 7 m g  

hadrons quarks 
- long-lived heavy mesons? I n  t h e  conventional  six-quark ex tens ion  of t h e  

Weinberg-Salam model, t h e  decay r a t e s  of heavy quarks i n t o  l i g h t  quarks a r e  

suppressed25) .  Careful  ana lys i s27 )  sugges ts  bounds on t h e  l i f e t i m e s  of 

bottom mesons: B0 E bd, B- : bu: 

s e c  > T > s e c  B (51) 

I f  t he  l i f e t i m e  i s  i n  t h e  upper h a l f  of t h i s  range ,  i t  might be  observable i n  

e+e- c o l l i s i o n s  a t  high enough energ ies  t o  g ive  a u se fu l  r e l a t i v i s t i c  d i l a t i o n  of 

t h e  decay t r a c k  length .  One might t h e r e f o r e  look f o r  "staggered" events  of t h e  

type  shown i n  Fig.  6, where t h e r e  is  a s e t  of produced i n  t h e  i n i t i a l  
+ - 

e e a n n i h i l a t i o n ,  and two o the r  s e t s  of t r acks  converging on s e p a r a t e  B and B 
decay p o i n t s .  

I n  t h i s  s e c t i o n  we have c h i e f l y  d iscussed  r e l a t i v e l y  common Z0 decays 

wi th  branching r a t i o s  >, The l a r g e  event  r a t e s  a v a i l a b l e  a t  t h e  ZO peak 

should enable d e t a i l e d  s t u d i e s  of t h e s e  channels .  It may be worth emphasizing 

aga in  t h e  i n t e r e s t  of such s t u d i e s .  For example, t h e r e  a r e  t heo r i e s  which purpor t  

t o  c a l c u l a t e  s in2dw with a p rec i s ion  b e t t e r  than  0 . 0 1 ~ ~ ) .  It would be n i c e  t o  

know i f  t he se  t heo r i e s  were c o r r e c t .  It would a l s o  be  n i c e  t o  reduce t h e  e r r o r s  

on t h e  combination 4/m$cos20 t o  s e e  how c l o s e  it i s  t o  1, and thereby ( r e c a l l 1 5 )  

equat ion  (26) )  ge t  a u se fu l  c o n s t r a i n t  on t h e  fermion mass spectrum. For t h i s  

purpose, d e t a i l e d  measurements a t  t h e  ZO peak must be  combined wi th  p r e c i s e  

measurements of t h e  ece- -+ W+V thresho ld .  

5. Decays Involving Higgs Bosons 

The previous s e c t i o n  d e a l t  wi th  t h e  r e l a t i v e l y  common decays of  t h e  ZO 

i n t o  fermion p a i r s .  What o the r  important  decays of t he  Z0 a r e  expected? Other 

members of t h e  elementary p a r t i c l e  zoo inc lude  t h e  wf and t h e  Higgs p a r t i c l e s .  

Decays i n t o  t he  W+ a r e  expected t o  be  very r a r e :  i n  t h e  Weinberg-Salam model w i th  

s in2ew = 0.35 so  t h a t  % = 62 GeV, mZ = 80 GeV, i t  was f ~ u n d ~ ~ ' ~ )  t h a t  

T(ZO -+ W-e+v) - 3 x GeV (52) 



Figure  5 : The expected dominant decay mode Q -+ qqq of  a heavy quark. 

Figure 6 : The p o s s i b l e  "staggered" event s t r u c t u r e  of a decay Z0 -+ Q$ i n t o  a 
heavy quark-antiquark p a i r  with lengthy l i f e t i m e s .  

Figure 7 : The dominant diagram f o r  ZO -t !d0l+l-. 



and the  present ly  prefer red  value of  s in20  = 0.20 would imply a s t i l l  sma l l e r  
W 

decay r a t e .  So we t u r n  t o  t h e  de t ec t ion  of  Higgs bosons. Their importance has  

been adequately s t r e s s e d  i n  the  l i t e r a t u r e 3 ~ ) .  Higgs bosons play t h e  e s s e n t i a l  

rGle i n  generat ing the  spontaneous symmetry breaking necessary t o  r e a l i s t i c  renor- 

mal izable  weak i n t e r a c t i o n  models. V e r i f i c a t i o n  of t h e i r  ex is tence  is  t h e r e f o r e  

a c r u c i a l  t e s t  of t he  e n t i r e  gauge theory approach t o  weak i n t e r a c t i o n s .  Other 

promising ways of  looking f o r  Higgs bosons have been proposed which involve e i t h e r  

lower e+e- centre-of-mass energ ies  (e.g. t h e  decay of a vector  meson V -t H + y31) 

o r  h igher  centre-of-mass energies (e .g.  t h e  r eac t ion  e+e- + Z0 + H ~ O ) .  What a r e  

t h e  p o s s i b i l i t i e s  i n  Z0 decays? 

ZO -+ H0 + u+u- o r  e+e- 

This decay would proceed v i a  t h e  diagram shown i n  Fig.  7. I n  terms of 

t h e  va r i ab le  x = 2E t h e  decay spectrum has been computed3) t o  be: 
H i  ggs 1% 

The r e s u l t i n g  t o t a l  branching r a t i o  is p l o t t e d  i n  Fig.  8. We s e e  t h a t  f o r  

m, < 40 GeV, t h e  branching r a t i o  B(ZO + HO a*-) is > 3 x low6. This may g ive  an 

acceptable  r a t e  i f  one can indeed do experiments with tens  of mi l l i ons  of Z0 

decays, though more thought about backgrounds i s  requi red .  The s i g n a t u r e  f o r  

Higgs decays is  i t s  propensi ty f o r  decaying i n t o  the  heav ie s t  fermions ava i l ab le :  

H -+ QQ, which should mean t h a t  i t s  f i n a l  s t a t e s  w i l l  conta in  an unusually h igh  

f r a c t i o n  of prompt decay l ep tons ,  and tend t o  have f a t t e r  j e t s  on average than  

i n  the  e+e- continuum. 

Z0  -+ H0 + y 

The branching r a t i o  f o r  t h i s  process has r ecen t ly  been c a l ~ u l a t e d ' ~ ) .  

It was found t h a t  

f o r  s in28 = 0.20. We t h e r e f o r e  s e e  t h a t  B(Z0 -+ H + y)  s B(ZO + H O  a+R-) f o r  
W 

% 5 0.6 mZ ( s ee  Fig. 8 ) ,  wi th  a t o t a l  branching r a t i o  B(Z' + H y )  - ( 1  t o  2)  x 10'~. 

The f i n a l  s t a t e  may be c l eane r  than i n  t h e  H ~ R * R -  case ,  which could be po l lu t ed  

by decays involving heavy quarks and t h e i r  subsequent semi leptonic  decays. On t h e  

o t h e r  hand, t h e  Hoy f i n a l  s t a t e  may be confused wi th  the  r a d i a t i v e  r eac t ion  



Figure 8 : The ratios r(zO -+ H'u+u-) /r(zO -t l .~+l.~-) and T(Z' -t HO~)/~(Z -+ u+p-) as 
functions of %/mZ f o r  sin28 = 0.20~~). 

W 



Z0 + qqy which occurs i n  lower order  i n  a than Z0 + qq R+R-. This background can 

be r e l i a b l y  computed i n  Q C D ~ ~ )  and should enable a r e l i a b l e  assessment of  t h e  

gravi ty  of t h i s  p o t e n t i a l  background. 

z0 -t H+H- 

The previous two r eac t ions  involved t h e  s i n g l e  n e u t r a l  Higgs boson found 

i n  t h e  minimal Weinberg-Salam model where symmetry breaking is obtained from j u s t  

one Higgs mul t ip l e t .  I f  t h e r e  a r e  more than one Higgs m u l t i p l e t ,  t h e r e  w i l l  be 

add i t i ona l  physical  charged Higgs bosons, as  we l l  a s  e x t r a  n e u t r a l  ones. The 

decay r a t e  

f o r  charged Higgs p a r t i c l e s  wi th  
<< % / z y  corresponding t o  a branching r a t i o  

a t  t he  percent l eve l .  One might guess t h a t  each charged Higgs p a r t i c l e  may l i k e  

t o  decay i n t o  p a i r s  of heavy quarks: H+ + QQ'? r e s u l t i n g  i n  d i s t i n c t i v e  f i n a l  

s t a t e s  which should be d e t e c t a b l e  i f  H+ e x i s t .  

Z0 + H?H2 

I f  t h e r e  i s  only one Higgs mul t ip l e t  and hence only one n e u t r a l  Higgs 

boson, t h e  decay ZO + H%O is  forbidden by Bose symmetry. On t h e  o t h e r  hand, i f  

t h e r e  i s  more than one Higgs m u l t i p l e t  and hence more than  one n e u t r a l  Higgs boson, 

decays l i k e  Z0 -t H%O become poss ib l e ,  and might have branching r a t i o s  up t o  t h e  
1 2  

percent l eve l .  As i n  t h e  case  of Z0 -t H+H-, decays i n t o  heavy quarks might pro- 

v ide  a usefu l  s i g n a t u r e  f o r  such f i n a l  s t a t e s .  

6 .  Sumnary 

Theore t ica l  s t u d i e s  of t he  Z0 peak i n  e'e- a n n i h i l a t i o n  sugges t  t he  

following conclusions : 

a )  Large event r a t e s  can be  expected near  t h e  Z0 peak, which should enable 

p rec i s ion  measurements of important fundamental parameters l i k e  5, rZ,  the  

neu t r a l  cu r r en t  couplings of fermions, sin28,, e t c .  

b)  One should a l s o  be a b l e  t o  search  f o r  r a r e  decay modes of  g rea t  i n t e r e s t ,  

such a s  t he  Higgs boson processes ZO + HOR+R-, Z0 + Hoy. 

c )  Combining Z0 width and mass measurements one should be a b l e  t o  determine the  

complete fermion spectrum: the  number of neut r inos ,  t h e  poss ib l e  ex is tence  

of massive fermions, copious decays i n t o  fermions wi th  masses < m 212 ' 

d) A t o p i c  not emphasized h e r e ,  but  discussed elsewhere8), i s  t h e  p o s s i b i l i t y  

of de t a i l ed  s t r o n g  i n t e r a c t i o n  s tud ie s  with t ens  of  m i l l i o n s  of  events a t  

Q2 - l o 4  Gev2 - a cornucopia not a v a i l a b l e  i n  any o t h e r  way. 



Of course we hope f o r  and expect s u r p r i s e s ,  but  even the  above minimal 

shopping l i s t  of p red ic t ab le  physics suggests  t h a t  t h e  "zO factory" aspect  of LEP 

should b e  a copious source of new physics.  
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