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TJS REACTION e'e- -+ ~+u-(oR T'T-) 

WITH TWO N%UTE(kL WEAK BOSONS 

AT LEP ENERGIES 

A t  t he  present  time, t h e  standard Salam-Weinberg model of  

weak and electromagnetic i n t e r a c t i c n s  is  i n  a g r e e ~ e n t  with almost a l l  the 
- 

experimental data .  The r a t e s  of neu t ra l  current-indaced V o r  .d r e a c ~ i o n s  

on nucleons a r e  now wel l  accounted f o r  with a Weinberg angle E! such 
W [:I t h a t  s in28 = 9 - 2 4  : 0.02 . Xecently; t h e  discovery of p a r i r y  v io la t ion  

W 
i n  react ions  of polar ized a l t c t r o n s  on ziicleons a t  Si&CiZ1 has provided 

- .  a rexarkabie ccn;;ra~;ion s f  t:-1s standard modal w i t h  s in2@ = (3.20 2 O.G3 . 
- - d 

In  t h e  react ions  v ( v  ) + e the re  is s t i l l  scne controversy i n  t h e  da ta  
!I1 

li u 
bu t  a l l  experiments s u f f e r  from low s t a t i s t i c s .  

The standard inodel is  a l s o  t h e  "minimal" model, and i ts  success 

a t  center-cf-mass ennrgies xx=h s-a l ler  than the mass of t he  -:::~k neu t ra l  

boson i s  understandable, even if the  s t r u c t w e  of n e u t r a l  c u r r e n t  is 

ac tua l ly  nore ccrnplicated. Scwever, s ince  we ax2 csncerned by t h e  2zergy 

range whlch should be covered by the  LEP machlne, lt is  p a r t l c u i a r l y  ln-  

t e r e s t i n g  t o  revlrw the  9red~ct:ons of ~ o d e l s  lzvolving l a r g e r  qac2s 

groups, thus nore than one neu t ra l  weaK boson 2 .  



I n  Sec t ion  1 ,  t h e  model independent formulae g iv ing  t h e  cross-  

s e c t i o n ,  t h e  charge asymmetry and t h e  l o n g i t u d i n a l  p o l a r i z a t i o n  o f  t h e  f i n a l  
+ -  + -  + - 

l ep tons  a r e  given f o r  e e + p p ( o r  -C r ) r eac t ion .  In  Sec t ion  2, t h e  

gene ra l  f e a t u r e s  of  models based on t h e  (SU ) @ (SUZ)R @ U, group a r e  2 L 
swmar ized .  The p red ic t ions  of two of them a r e  presented i n  Sec t ion  3 f o r  

t h e  r e a c t i o n  e+e- -+ p+w-(or T+T-) . 

1 - GENERAL MODEL-INDEPENDENT FORMULAE 

The genera l  formulae f o r  t h e  r e a c t i o n  e+e- -+ p+p- a r e  g iven  by a 

S t ra iqht forward  extens ion  of t h e  c a l c u l a t i o n s  o f  R. Sudny i3J , involving 

t h r e e  a n n i h i l a t i o n  graphs,  ( v i a  y, Z1 and Z ) .  I f  only  vec to r  and a x i a l  
2 

couplings a r e  p re sen t ,  t h e  d i f f e r e n t i a l  c ross-sec t ion  and t h e  lep ton  iona i tu -  

n a l  p o l a r i z a t i o n  a r e  given by 
141 

F4 (S! ( 1  + COS 0) 2 
+ 

(2; r (p+  o r  T = - q 

F (S) (1  + cos68) + 2 cos 8 F3 is) 
1 

i n  which F P3 and F a r e  func t ions  of t h e  c e n t e r  of  nass  enerqy scpared S, 
4 

and o f  t h e  boson masses, widths and coupling cons tants .  

In  t h i s  r e p o r t ,  we d e f i n e  t h e  coupling cons t an t s  g V1, qA1 ( f o r  2 , )  and 

Gv2r gA2 ( f o r  Z 2 )  i n  such a way t h a t  t h e  i n t e r a c t i o n  lagrangian 3e w r i t t e n  

as : 

r - 3 
(Ncte t h a t  i n  Ref. ~ 3 ]  , e- is  included i n  t h e  coupling cons t an t s )  



If iM , Tk, k = 1,2) a r e  recpecrively t h e  boson masses and widths, w s  
k 

define : 

Then, F1, F a r e  given by 
C53 - 

3 

and F4 i s  s i m i l a r l y  given by : 

12 
The terms i n  / x i ;  c l e a r l y  resol' f r c m  :he sqJzre oi the  Z .  r r p i i t u d e s ,  the  

1 

terms i n  (Re R . )  froiil t he  y -Z  in te r fe rence  , and f i n a l l y  the  term i n  
I 

1 i 
2 (Xe R 9 ) from t h e  

1 - 2  
Z1 - Z 2  in ter ference .  

Fo-mulae !I) ts ( 5 )  a l l ~ w  t o  c a l c u l a t e  event r a t e s ,  charge 

a s y m e t r y  and po la r i za t ion  r41  a s  fmct io r i s  of S. In  t h e  followirig, the  

de tec to r  i s  assumed t o  be Solenoidal ,  with f u l l  az inuthal  acceptance, 

and 30' < 0 < 150G , 0 being the  axgle with respect  t o  t h e  beam ax i s  ; 
32 E -2 -1 the  l ? ~ ~ i n c s i t y  of thc cachine i s  a s s m e 2  t o  be : ol/ = 10 (- ) c S . 

70 GeV 

The model dependent inputs a re  thus  the  coupling constants ,  

nasses and w i d k h s  G E  the  bosoas Z1 and Z 2 - 



- 
GENERAL FEATURES OF (SU2) @ (SUZ) @ U1 models -1 

The extension of t h e  usual  SU2 @ U1 gauge group had been i n i -  

t i a l l y  motivated Sy exserimeztal  r e s u l t s ,  n z m l y  : aricnalous triinuon pro- 

duction i n  v react ions  and absence of p a r i t y  v io la t ion  i n  bismuth atoms. 

A t  t h e  present  time, a l l  experimental d a t a  agree on trimuon r a t e s  compatible - 
with conventional processes and p a r i t y  v io la t ion  i n  e N reac t ions  is 

c l e a r l y  proved C2 1 

Howe~~er, the  E D C ? P ~ C  based t h e  f s r r  ."-2,L 1 a V f c r l  . - - 2 , R  a r ~  --nV-n y - u ~ r  

have an i n t e r e s t i n g  fea tu re ,  namely t h e  bas ic  l e f t - r i g h t  symmetry, p a r i t y  

being spontaneously broken v i a  the  Higgs mechanism. A complete review of 
- 1 

such models can be found i n  Ref. L5-i . Their  most important c h t r a c t e r i s t i c s  

a r e  summarized here : 

(a) The (SU,) , and (SU2) groups have t h e  same coupling constant  : 
1 . 1 1  

e g = -  e . ??le U1 csuplinq cocs tac t  is : g' = 
Sin OW 

-+ -+ 
(b) The generators of {SU,) (SU,) and Ul being denoted by T, , TR 

& L Y  IJ 

and Y respect ively ,  the  e l e c t r i c  charcje is  given by : 

Left-handed lsptons  a r e  c l a s s i f i e d  i n  (SU j uotmlets and (SU2jR s in -  
2 L 

g l e t s ,  whereas right-handed leptons  a r e  c l a s s i f i e d  i n  (SU ) s inq lecs  
2 L 

and (SU2IR doublets. 50th have Y = -1. 

2 -+ 
(c) There a r e  4 charged boson s t a t e s  W and W- =.d 3 neu t ra l  bcson 

L R 
s t a t e s  : 

W 3 ~  W3R acd B ,  ( B  corresponding t o  U ) .  The physical  
1 

bosons a r e  l i n e a r  combinations of such s t a t e s .  The Higgs f i e l d s  

a r e  chosen i n  such a way t o  give mass t o  charged bosons and t o  two 

neu t ra l  bosons, ( t h e  t h i r d  one being the  photon). 



1 1 
(d) Higgs bosons xL(TL = T , TR = 0 , /Y = -1) and xR(TL = 0 , TR = T , 

Y = -1) a r e  introduced with vacuum expectation values XL and Ax. 

They contribute t o  both neutral  and charged boson masses. Neutral 

current  v io la te  par i ty  only i f  XR f XL . 

(e) Higgs bosons GL(TL = 1 , TR = 0 , Y = 0)  and 6 (T = 0 , T = 1 , Y = 0) 
R L R 

a r e  introduced with vacuum expectation values b and b , contribu- 
L R 

t i n g  only t o  charged boson masses. 

? + 
( f )  An additional Higgs boson @ITL = T = 1 , Y = 0) mixes WL and W i  . 

It a l so  a f f ec t s  the masses of the  neutral  bosons, and has no e f f ec t  

on pa r i t y  violat ion i n  neutral  currents. 

In  order t c  swpress  right-handed chargsd cli~-zsnts a t  low ener- 
+ 

gfes, a very large mass has t o  be given t3  FIG. This za Sc achieved e i t h s r  

by taking bx >> bL , or  by taking o r  both. We s h a l l  only consider 
R 

here, a s  i l l u s t r a t i ons ,  the t ~ o  following extreme cases : 

-17,6,91 
1) Fritzcch - Minkowski - Mohapatra - Sidhu model. (Til.5) 

In t h i s  model, XL and a re  equal and b, s e t  equal t o  0,  R L 

whereas b i s  very large. There is no par i ry  ~ i o l a t i o i i  i n  neurral 
R 

currents since the l igh te r  neutral  Soson (Z ) is coupled to a 
A 

purely ax i a l  current and the  heavier one (Z ) t o  a purely vector v 
current. The predictions of t b i s  model fo r  neutrino reactions coin- 

.-, 
cide with those of the standard model with the  same value of ~ i r . ~ ~ . - .  

W 
However, the  recent SLAC experimentI2' now excludes t h i s  mo2el. 

2)- Rujula - Georgi - Glashow modei (DGG) 
I101 : 

In t h i s  model, 1 is s e t  equal t c  0 and cnly A. is used 
+ 'L R 

t o  give mass t o  W- Pari ty  i s  thus violated i n  neutral  current  
R' 

processes. The two physical neutral  bosons a r e  now l inear  combina- 

cions of Z (purely ax ia l )  and Z (purely vector) s ta tes .  The model 
A V 

t 5 1  parameters can be f i t t e d  t o  account for  neutrino data  and two 

solutions (denoted by DGG - and DGG+ respectively) a re  found. 

However, the EGG+ solution would imply a reduction of par i ty  via- 



l a t i n g  e f f e c t s  i n  eN react ions  r e l a t i v e l y  t o  the  standard model 
[ 21  and i s  excluded by t h e  recent  SLAC r e s u l t s  . 

TABLE 1 

3 

Table 1 shows t h e  range allowed f o r  s i n %  and f o r  t h e  n e u t r a l  
W 

boscn aasses  from the  f i t s  t o  neutr ino da ta  performed i n  Ref. [ 5 ] ,  r e s p e c ~ i -  

vely f o r  FMMS,  DGG* models and f o r  the  stacdard Salaro-We~nSerg model. I2 

the  f i r s t  th ree  models, the  mass of the  f i r s t  boscn is  exgected t o  be 

s l i g h t l y  smaller  than i n  t h e  standard model. The pass of t h e  heavier boson, 

however, is not l i k e l y  i n  t h e  enerwj range of LEP 7C lf FMMS and DGGt moceis 

a r e  discarded on i h s  bas i s  of SLhC , but the  present  10% eoerqy 

d a t a  a r e  s t i l l  compatible with a mass of a b o u t a 0 0  GeV r e s u l t i n 5  i n  obser- 

vable e f f e c t s  a t  70  GeV, especially I n  charge asymmetry. 

In a l l  models, the  n e u t r a l  boson widths have been ca lcu la ted  ca 

t h e  bas i s  of 3 quark and 3 lepton Soublets  EQ! . Ic the  DGGi mcdels, ad- 

d i t i o n s l  parameters have been f ixed as explaine.7 i n  Appendix i .  

1 

2 
Sin (3 

Figures 1 t o  4 compare t h e  FMMS model t o  =he standard model fox 

evsnt  r a t e s  and charge asymmetry. The e f f e c t  of the  heavier bcson i n  

charge 3synz9etrqr i s  the presence of a "dip" X ~ O S ?  width s t rongly  depeiias 

i 
+ 

FMMS 

0.26 + 0.07 

DGG+ 

W 

b 

K-G - I S - W  

0.29 ? 
0.05 1 

0.29 
+ 0.06 

n -36  ? 9 . ~ 3  
I 

85 ? 3 

I 

+ 8 33 I 222 
I 

m 
i 
i ! 

- 0.10 

-t 16 
8 0 -  6 

I 0.08 

72 ? 10 78 ? 
11 
6 



F i g u r e  1 : Event r a t e  p e r  hour  v e r s u s  beam energy ( s i n 2 8  w = 0.20) 

a )  FMMS model ( ) 

b) S t a n d a r d  model (--------) 



Figure 2 : Event rate per hour versus beam energy (sin28 = 0.30) 
W 

a) FMMS model ( 1 
b) Standard Model (-------- 1 



Figure 3 : Charge asymmetry versus beam energy (sin2gw = 0.20) 

a)  FMMS model with boson widths ca lcula ted  

(M(Z2) = 107.8 G ~ V / C ~ ,  I'(Z2) = 2.7 Gev/c2) ( 1 

b) FMMS model with I'(Z2) f ixed a t  1 Gev/c2 (-.-.-.-.-.- .) 
c) Standard model (------- 1 



Figure  4 : Charge a s y m e t r y  versus  beam energy (sin20, = 0.30) 

a )  FMMS model wi th  boson width ca l cu l a t ed  

( M ( Z ~ )  = 107.8 G ~ v / c ? ,  r(Z2) = 1.8 G~v /c ' )  ( ) 

b) FMMS model w i th  T(Z2) f i xed  a t  1 G ~ V / C ~  (-.-.-.- .-.) 
c )  Standard model (-------) 



on the  boson width. Of course,  the  FMEIS model p r e d i c t s  no f i n a i  lepton 

po la r i za t ion ,  s i n c e  p a r i t y  i s  conserved ; (gvl = 0 and gA2 = 0)  ; (see  

formula ( 5 )  1 .  

Figures 5  t o  7 compare DGG* models t o  t h e  standard model f o r  event 

r a t e s ,  charge asymmetry and lepton po la r i za t ion .  In  DGG? models the  d i p  

e f f e c t  i n  charge ssynmetry is not concentrated a t  the  heavy boson inass a s  

i n  t h e  FWlS model ; s i g n i f i c a n t  e f f e c t s  can be seen below t h e  resonance 

energy; they a r e  not s e n s i t i v e  t o  the  width of the  heavier  boson. 

A s  f a r  a s  po la r i za t ion  is  concerned, the  p red ic t ions  depend on t h e  devia t ion 
1 2 2 1 

from ;-of s i n  0-. ; ( f o r  s i n  0.- = T , a l l  t h e  ~ r e c e d i n a  models p r e d i c t  no 
.y W W 4 

e f f e c t ) .  Here a l s o ,  s i g n i f i c a n t  e f f e c t s  of the  heavier boson can be seen 

below the  resonance energy. 

The preceding featl lres of the  DGG- so lu t ion  a l l s : ~  for z l g n i f i c a ~ t  

devia t ions  from the  standard model a t  a  Seam energy of 70 GeV, even i f  the  

heavier boson i s  ou t  of the  range of LEP 70. 

A s  f a r  a s  t h e  cross-section is concerned, t h e  main e f f e c t  is  L5e s h i f t  of t h e  

l i g h t e r  boson peak r e l a t i v e l y  t o  the  p red ic t ion  o f  t h e  standard modei with 
2 

Sin = 0.24 + 0.02 namely M ( Z  ) = 87 t 3 ~ e ~ / c ? .  However, s i n L 8  
7 

being 
W 1 W 

e s s e n t i a l l y  known f r o 3  v - nucleon rehct ions ,  i t s  prosent value may be 

afzected by QCD e f f e c t s  so t h a t  the  discovery of t h e  Z .  peak a t  
-, 

e-g. M ( Z  ) = 7 9  ~ e ~ / c ~ w o u l d  not bs a ? e c i s i ~ i e  argument agains t  the S a l m -  
1 

Weinberg theory.  However, cnce t5e  Z c a s s  i s  Known, it is poss ib le  t o  
i 

compare t h e  standard model and a tvo-boson-aodei, both accounting f o r  t h e  
7 

same measured mass. A s  an example, we assume M ( Z  ) = 79 GeV/cU and compare 1 
the  DGG- models(" and the  standard nodel f o r  s f f e c t s  i n  the  charge a s - m e -  

try A. The v a r i a t i c n  of A with t h e  beam energv is shown i n  f igure  6 ,  both 

f o r  

On 

M ( Z Z )  = 214 ~ev i jc '  a n d  f o r  an i n f i n i t e  - ~ a l u e  of M ( Z Z )  (s tandard model) . 
2 

t h e  bas i s  of t h e  s t a t i s r i c a l  e r r o r  on ly  (?,D = A -- , N being the  mrmber 
N 

of observed events a t  70 GeV) , the nuxiher of hours of a 70 GeV run necessa- 

'l 

(XI The DCG nodels have 3 parameters, namely ~ i n - 3 ~  2nd the  angles c and 

defined i n  ~ e f . [ i o ] .  Here, Q has Seen f ixed t o  3 i n  order t o  agree 

..: ~h - t n c  A,,., s-, data r,n >;..olarizeZ s l ec t ron  s c a t t r r i ~ l g .  O n l y  a and 3 a r e  varied 
'I 

W 
i n  order t o  keep M ( Z  ) equal t o  79 sev/cL.  

1 



Figure 5 : Event rate per hour versus beam energy 

a) DGG - model ( 1 
b )  DGG + model (-.-.-.-.) 

c )  Standard model (sin2ow = 0.20) (-------) 

For the parameters of DGG 2 models, see appendix 1.  



Figure  6 : Charge asyrmnetry versus beam energy 

a )  DGG - model ( ) 

b)  DGG + model (-.-.-.-) 

c) Standard model (s in2ew = 0.20) (-------) 

For t h e  parameters of DGG 2 models, s e e  appendix 1. 



Figure 7 : Longitudinal polarization of the final lepton versus beam energy 

a) DGG - model ( ) 

b) DGG + model (- .- .- .-) 
c) Standard model (sin28 = 0.20) (-------) 

d) Standard model (sin28 = 0.30) (.......) 

For the parameters of DGG - models, see appendix 1. 



Figure 8 : Charge asymmetry versus beam energy, f o r  M(Z1) = 79 Gev/c2 

a)  DGG - model with M ( z ~ )  = 214 Gev/c2 ( ) 

b )  Standard model (-------) 



r y  t o  obta in  a 2 s.d. discrepancy with t h e  standard model i s  p l ~ t t e d  i n  

f igure  9 a s  a function of M(Z2).Assuming t h a t  the  LEP machine can be 

operated a t  !lo0 GeV with a luminosity 4 x lo3' c m 2  , t h e  number of 

hours of a 100 GeV rur: necessary to  cbserve t h e  same devia t ion is a l s o  

indicated i n  f igure  9 . Simi la r ly ,  t h e  90% confidence i n t e r v a l s  f o r  A 

obtained a t  70 GeV a r e  shown i n  f igure  10 a s  functions of  M ( Z  ) both 2 
f o r  a 200 h run an? f o r  a 1 0 0 0  h run. 

It can be concluded t h z t  i n d i r e c t  e f f e c t s  cf a seccnd bcsor! can 
2 be detected by LEP 70, only i f  M ( Z Z )  3 260 G e ~ / c  . 

CONCLUSI ON. c z l  
The presen t  d a t a  on v + nucleon and e- + nncleon s c a t t e r i n g  

(found t o  be i n  good agreement with t h e  Salam-Wsinberg 111ode1) impose 

severe cons t r+ in t s  t o  !SUZ) 9 ( S U 2 )  3 ?J1 ~ c d e l s ,  so  tbzC zo devia- 
+ - i - 

t i o n  from the  Salam-Weinberg modei is predicted i n  e e + reac t ions  

f o r  beam energies lower than about 50 GeV. However, i f  the re  e x i s t s  a 

second neu t ra l  boson Z 3 ,  i t s  e f f e c t s  i n  charge asymmztry can be detected 
d 

2 by LEP 7 0  provided i t s  ~ s s  is lower t h a ~  q, 260 GeV/c . 





Figure 10 : 90% confidence i n t e r v a l  i n  charge asymmetry, versus t h e  mass of 

heavier  boson. 

(DGG - model wi th  M(Z1) = 79 G ~ v / c ~ )  

a )  1000 h run  a t  70 GeV ( ) 

b)  200 h run a t  70 GeV (-------) 

The dot ted  l i n e  corresponds t o  the  p red ic t ion  of t he  DGG-model. 

t h e  



APPENDIX : 

2 
a) FMiilS aodei : Apart frcm s i n  CW, this model uses a parameter E 

defined i n  ~ e f .  [a] .  This 2arameter (which has no e f f e c t  on 

p a r i t y  conservation i n  t h e  model) has been taken equal t o  0. 

2 
b) DGG model : Apart from s i n  0 t h i s  model uses two angles 

W' 
a and 0 defined i n  Ref. [ l a ] .  The curves shown i n  f igures  5 t o  

L 
7 have been calcula ted  using s i n  O =0.30 and 

2 2 
W 

s i n  a = 0.16 I s i n  $ = 0 f o r  so lu t ion  DGC- ; 

2 2 
s i n  a = 0.40 , s i n  6 = 0.23 f o r  so lu t ion  DGG+ 

Those values a r e  c lose  t o  t h e  ones f i t t e d  i n  Ref. [ 5 ] ,  and thus  

agree with neutrino data.  

The curves shown i n  f igures  9 and 10 have been caicula ted  with 

0 = c! I an2 by v a r y i z ~  3 and 9 simultansocsly i n  o r6s r  tc Xsep 
W 

M(Z1) = 79 GeV/c2. The following t a b l e  shows t h e i r  corresponding 

va r ia t ions  together  with those  of M ( Z ? ] ,  of event r a t e s  pe r  - 
hour and ;o f  charge asymmetry a t  a bean energy of 70 GeV. 

-, Y(Z,) Charae 
2 sinLdW 

Sin - 

0 . 0  0.343 m 

(standard model) 
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