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The effects at LEP and HERA are calculated of the second neutral gauge boson appearing in phenomenological superstring 
models with an effective SU(3)c x SU(2)t. X U(1)yLX U(I)YR gauge group. Present phenomenological constraints leave open 
the possibility of a measurable shift in the first Z mass, and of observable modifications to the total e+e - cross section and 
forward-backward asymmetries at the Z peak and beyond. High energy ep scattering asymmetries may also differ 
significantly from the standard model predictions. 

Compac t i f i ca t ion  of  the supers t r ing [1] on a C a l a b i - Y a u  mani fo ld  [2] allows the E8 × E~ gauge group in 
the ten-d imens iona l  theory to be broken  by the Wilson  loop mechanism [3] down to some subgroup  
E 6 × E~ in four d imensions .  The  observable  four -d imens iona l  gauge subgroup of  E 6 must  have rank five 
or  more  [4], and the unique  min imal  rank-f ive poss ibi l i ty  SU(3) c x SU(2)L × U ( 1 ) r  L × U(1)y  R can only be 
real ized with a very specific choice of C a l a b i - Y a u  manifold .  The observable  gauge subgroup  is eventual ly  
b roken  spon taneous ly  by  the Higgs mechanism a round  the weak in terac t ion  scale row, and  there could in 
pr inc ip le  be an earl ier  stage of gauge symmet ry  break ing  at some scale in te rmedia te  between m w and the 
or iginal  E 6 b reak ing  scale rex.  However ,  the existence of an in te rmedia te  gauge symmet ry  b reak ing  scale 
canno t  be reconci led with a "no-sca le"  scenario for the dynamica l  genera t ion  of the weak in terac t ion  scale 
[5], and  has cosmological  p rob lems  [6]. Moreover ,  it is not  poss ible  to break  a rank-six subgroup  of E 6 all 
the way down to SU(3)c  × U(1)e m at the weak in terac t ion  scale alone [5]. This leaves us with the unique 
min imal  poss ib i l i ty  that  E 6 ~ SU(3)c  x SU(2) × U ( l ) y  L × U(I) rR at m x, and  that  SU(2)L × U(1)v  L × 
U(1) rR ~ U(1)em at mw. No-sca le  dynamica l  models  realizing this poss ibi l i ty  have been cons t ruc ted  [7,5]. 
In  this case, one expects  jus t  one extra  neutral  gauge boson  Z E with mass  O(100 GeV to 1 TeV), in 
add i t i on  to the convent iona l  Z °. The coupl ings  of this new neutral  gauge boson  are comple te ly  fixed, and  
its effects in low energy uN [7], ue [8] scat ter ing and e+e  [7] annihi la t ion,  on p r imord ia l  cosmologica l  
nucleosynthes is  [8] and  on the observed Z ° mass [51, have been s tudied previously.  In this pape r  we s tudy 
the effects of  the new neutra l  gauge boson  on high energy e+e  annihi la t ion,  e.g. at LEP or the SLC, and 
in high energy ep scattering,  e.g., at H E R A .  

In general ,  the new neutra l  gauge boson  Z E mixes [5] with the convent iona l  Z °, shif t ing its mass lower 
than  it would  have been in the s t andard  model  with the same value of  sin20w . We call the two eigenstates  
of  the (Z °, ZE) squared  mass matr ix  Z and Z ' .  It is poss ible  that  sin20w can be so well de te rmined  by 
o ther  e lect roweak measurements ,  such as low energy neutra l  currents  or m w, that  a s ignif icant  d i screpancy  
will be found between the value of  mz,, predic ted  in the s tandard  model  and  the observed value rn z. At  
the moment ,  the absence  of such a d iscrepancy is the most s tr ingent  cons t ra in t  on the pa ramete r s  of 
models  [5] with this new neutra l  gauge boson,  which are the vacuum expecta t ion  values of the three Higgs 
fields break ing  SU(2)L × U ( 1 ) r  L × U(1)y  R to U ( l ) e  m. It is also poss ible  that  these e lect roweak measure-  
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ments  will not  be sufficiently precise that such a discrepancy can be established in the foreseeable future. 
In this case one must  look for consistency between the standard model and the different measurements 
made at high energy e+e - and ep accelerators. A natural strategy is to "measure"  sin20,~ t by first 
measuring m z and using the s tandard model formula m z = 38.65 G e V / s i n  0~  f cos 0~ f. In principle, 
mixing with the extra gauge boson would mean that sin20,~f ~ s in20w---(38.65/mw) 2. This means that 
other observables, such as the total cross section o or the fo rward-backward  asymmetry  A on or above the 
Z peak in e+e annihilation [9], or parity and charge asymmetries in ep collisions [10], could have 
observable differences from the values predicted using the s tandard model with sin20~ f taken from the 
observed Z mass. 

In this paper  we first recapitulate [5] the effects of mixing on the Z °, and assess present and possible 
future bounds  on the model parameters f rom measurements  of  the Z mass [5,7,8]. Next we present 
cross-section formulae for e+e - ~ ~,*, Z °*, Z~ --, ff, where f is any fermion. Then we discuss numerically 
the possible differences in cross sections and in fo rward -backward  asymmetry  measurements at and above 
the resonance peak, between our two-boson model and the standard model with mz,  fixed to be the same 
as the lighter mass eigenstate in the neutral boson mass matrix. We find that these measurements could 
reveal discrepancies with the s tandard model, even though none have become apparent  in electroweak 
measurements  to date. Finally, we also make a similar analysis for high energy ep scattering, finding that, 
al though significant effects are possible, this is a less sensitive probe of the second neutral boson than 
precision measurements  at the first Z peak in e+e annihilation would be. 

The (mass) 2 matrix mixing the two neutral gauge bosons in our minimal superstring-inspired model is 
[5] 

Z ° ] 

wherernz~ = ( 1 / ¢ 2 ) ( g ~  + g'2)~/2(v2 + ~2)1/2 is the Z ° mass in the s tandard model with Higgs doublets H 
and H of hypercharge Y = _+ ½ with vacuum expectation values (VEVs) v and ~ respectively, and 

o~ = ~sin 0 4v----2--v-2 b=~sin20w 25x2+16v2+~2 
W U2 q- ~2 ' U2 q,_ ~2 ' (2a, b) 

where x is the VEV of the SU(3)c  × SU(2)L × U(1)v singlet field N. The matrix (1) gives two mass 
eigenstates Z and Z '  with mass 

m z , z , = m z o ( ½ { ( 1  + b ) T  [ ( 1 -  b) 2 + 4a2]1/2}) '/2. (3) 

Clearly m z --+ mzo and m z, --+ o0 as x / v  ~ oz for fixed J/v ,  and the best lower limit on x / v  and hence 
m z, comes from the agreement of  the observed neutral gauge boson mass m z with the value of rnz,, 
predicted in the s tandard model. This agreement can be quantified by compar ing 

sin20w _ (38 .65 /m w)2 (4a) 

and 

sin20w 1 2 2 (4b) =_ _ m w / m  z. 

We find [5] 

A _-- sinZ0w -- sin20w = 0.012 + 0.023. (5) 
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Fig. 1. Contours of A(S) and of rnz,, in the (x/v, o/v) plane. The present 1-o bound A < 0.035 is indicated by a dashed line. In this 
and subsequent figures we use sin20~ r = 0.22, but the results are not very sensitive to this assumed value. 

Tak ing  the 1-o l imit  A < 0.035, we find [5] the bounds  on x/v  and m z, for different  values of  ~/~, which 
are shown as a dashed  line in fig. 1. Representa t ive  examples  of  these results are 

x /v>3.2 ,  m z , > 2 1 0 G e V  for ~ / v = 0 . 6 ,  

x /c>3.8 ,  rn z , > 2 8 0 G e v  for ~ ; / v = 0 . 2 ,  (6) 

where  we have quoted  the bounds  for values of b/ t ;  in the range favoured by  our previous  dynamica l  
ca lcula t ions  [5] ,1. In this paper ,  we invest igate whether  future measurements  in high energy e+e  - 
(SLC, LEP [9]) and  ep ( H E R A  [10]) exper iments  can p robe  beyond  the bounds  (6). 

The  obvious place  to start  is the Z peak,  and  we want  to discover  whether  it is the Z ° of  the s t andard  
mode l  or the Z of  our  two-boson  model.  The  most  accura te ly  measured  weak in terac t ion  pa rame te r  will 
p re sumab ly  be the mass of  the observed Z, and  we expect  pr ior  low energy neutra l  current  measurements  
to be consis tent  with the s t anda rd  model  with sin20w def ined by 

• 2,~eff = GeV/(sin 0,% r 0,~f). s t a y  w :  m z 38.65 cos (7) 

We will then compare  the high energy pred ic t ions  Of our  ex tended  SU(2)L x U(1)y  L x U ( I ) y  model  to 
those of  the s t anda rd  model  with neutra l  currents  given by  (7), with sin=0 w --- (38.65 G e V / m  w ) ! =  g,=/(g22 
+ g,2) adjus ted  so that  mz0 = m z ,2. We  will make  compar i sons  in the cross sect ions and f o r w a r d - b a c k -  
ward  asymmetr ies  on the Z peak  and at high energies (v~ = 180 GeV) in e+e  - annihi la t ion,  and  in the 
difference charge and par i ty  asymmetr ies  in ep coll is ions (eL, R p--e~.Rp, e ~ p - e  ~ p). 

The  general  form of the dif ferent ia l  cross section for e+e  ~ ff via the pho ton  and two other  mas- 

:~1 W e  d o  n o t  u s e  h e r e  the  m o r e  m o d e l - d e p e n d e n t  l i m i t s  w h i c h  c o m e  f r o m  p r i m o r d i a l  n u c l e o s y n t h e s i s  [8]. 
:~2 T h i s  p r o c e d u r e  o n l y  m a k e s  s e n s e  (i.e.,  g ives  s i nE0w > 0)  if x / v  >1 2. 
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sive neutral gauge bosons is: 

do 1 
d cos 0 128~rs 

4e4Q~(1 + cos2O) 

S 2 
2 , 2 01 + (s_M2)2+C2M2[(g2L+g2e.)(g~, + gf2R)(1 + Cos2O)- 2 ( g ~ . -  , q ' e , ) ( ~ f "  I - -  g f R )  c O S  1 

S 2 

q._(s__M2,)2..}_I, Mz" ,2 ' '  ,2 ,2 cos20) 2(g'~ g:2l(gf,  grT~)cos 2 2 [(g:2 q _ g e R ] t ~ f c . . } _ g f R ) (  1 _~_ - -  - -  , 2 _ _  ,"  0 ]  

(s-M2)e2Qrs 2 
+2 s [(7---~2z2)57 F---~Mz 2] [(gel + g~)(g t~  + gf~)(1-}-COS20)- (ge ' -  geu)(~f'- gr")2 c°s el 

(S-- M2z,)egQfs2 
+ 2 s [ ( s - - M ~ z . ) 2 + ~ M ~ ]  [(g:L+ g:")(g~'+ + c o s 2 0 ) - ( g : , - g : R ) ( g ~  - g[.)2 cos O] 

+2 [(s-M2z)(s-M2")-C2MzMz']  s 2 
[(S-- m2)2-Jr I~2M2][(s-m2,)2+C2M2, l 

× [ (  . . . .  ge, + gORge. + g .SG)( 1 + COS20) 

- -  ( g e  L g e .  - -  g e a  g ; R  ) (  ~rft g ; ,  - -  g f R  g ; a  )2 cos O] (8) 

In our minimal superstring-inspired model [5] the couplings of the physical neutral gauge bosons Z and Z' 
to any fermion f are combinations of those of the unmixed Z ° and ZE: 

gf~  R = C O S  O N z o  z r  , , g r c R  + s i n  0 N ,  g f l  ,R '  g f c . R  = -- sin ON gZ~'R + COS ON gfZ~R, (9) 

where the neutral boson mixing angle O N is given by 

tan 20 N = 2a / (1  - b). (10) 

and the Z ° and Z E couplings to familiar fermions are listed in table 1. The general formula (8) can be used 

T a b l e  1 

Le f t  a n d  r i g h t  c o u p l i n g s  to  Z ° a n d  Z E. 

u( = c = t) d(  = s = b)  e( = U = r )  re(  = vl, = vT) 

i 2 . 2 i t - 2 I + s i n 2 0 w  i z"  ~ - ~ s m O  w - 2 + ~ s m O  w - 5  2 

g L  COS 0 w g2 COS 0 w g 2  COS 0 w g2 COS 0 w g2 

2 - 2 I • 2 
3 s m  # w  s i n 2 0 w  Z o 3s in  0 w 

g R  COS0 w g2 COS8 w g2 COS0 w g 2  0 

~/S ( - -  3 ) g E  V 6 g E  1 '~ s)  
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Fig. 2. Percentage changes  in o ( e + e  - ~ / l + ~ t  - )  from the stan- 
da rd  model  to the supers t r ing- inspi red  model  with the same 

value of m z ,  for ~s  = m z and for ~/s = 180 GeV. The dashed  
line cor responds  to a = 0.035. 
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Fig. 3. Changes in the forward-backward asymmetry A~, (11) 
from the standard model to the superstring-inspired model 
with the same values of rn z, for v/s =rn z and for ~s =180 

GeV. The dashed line corresponds to A = 0.035. 

to compute  total cross sections of = f t  t d(cos 0 )do (e+e  ~ f f ) / d  cos 0 and fo rward -backward  asymme- 
tries 

- . f+ld(c°s  0) d o ( e + e  ~ ft ;) /d cos 0 -  ._P]d(c°s 0)  d o ( e + e  --* f f ) / d  cos 0 

A f  - . (11) 
~o/+td(c°s 0) d o ( e + e  - ~ fl/)/d cos 0 +  J_f°d(c°s 0) d o ( e + e  ---, f ( ) / d  cos 0 

We will concentrate  on % and A,  since these are likely to be the most  precisely measured. 
Fig. 2 shows the percentage changes in the total e+e ~/.t+/~ - cross section at the Z peak, as we go 

from the s tandard model with sin20,~ f to the two-boson model with the same value of m z ,3. We see that 
the changes in o are quite significant, much larger than the purely statistical errors in measuring 
o(e+e  ---,/~+/~ ). [Recall that one can expect O(10 s) Z ~ + / ~  events in a LEP experiment, and not a 
small fraction of this number  at the SLC if it functions as hoped.] The largest errors in measuring 
o(e+e  --*/.t+/~ ) are likely to be systematic ones arising from uncertainties in the total luminosity, but  
these can surely be reduced to such a level that a measurement  of o(e+e  - --*/.t+/~ ) at the Z peak becomes 
a very sensitive probe of  the two-boson model. Fig. 2 also shows the corresponding percentage change in 
o (e+e  --*/~+/~-) at v~- = 180 GeV, chosen to be representative of  LEP II energies. The effects here are not 
very large, and the relatively low statistics available at high energies may not enable a very sensitive test of 
the two-boson model to be made. However, observable effects are possible if A ( S )  is close to its present 
experimental limit, and the Z '  mass is low. 

Fig. 3 shows the change in the fo rward -backward  asymmetry  A~, (11) on the Z peak as we go from the 
s tandard model with sin20~ f to the superstring model with the same value of  m z. The effect is large 

,3 We have fixed I ' z  = 2.8 GeV, as expected  in the s tandard  model,  in mak ing  this compar ison .  We have checked that  in in teres t ing 

ranges  of the pa ramete r s  x / v  and F / v  the wid th  F z in the two-boson model  differs from that  in the s t andard  mode by less than  
1%. 
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enough to be observed for a large range of values of x / v  and ~/v  which are compatible with the present 
constraint (5). The statistical error in A, is likely to be a few × 10 3, and the systematic errors in 
measuring o ( e + - ~  tz+/x ) largely cancel [9]. Fig. 3 also show the change in the forward-backward 
asymmetry A, at vrss = 180 GeV. We see that the effect is very small, largely because of an accidental zero 
in the change in A,, which traverses unkindly the interesting domain of our parameter space. This 
measurement at high energies will have very little sensitivity to our two-boson model, though it may be 
useful for testing other models which do not have the accidental zero appearing in fig. 3. 

We turn now to high energy ep scattering. The differential cross section d2o /dx  dy,  including y, Z and 
Z '  exchange is 

dZ° - dZ°r , s i j 
d x  d y  dx-d-y EGnG"P. . v [A'J(x)  + ~ n B i J ( x ) f ( Y ) ] '  (12) 

t , J  

where the G~' are the couplings of the ith neutral boson to the incoming lepton: the photon corresponds to 
, , + + while the correspondence of G 2 and G~ with the g ' s  of eq. (9) is i = l s o t h a t  G~= - 1  f o r c e  e~ eL ,eR,  

G 2 = ( 2 / g 2 ) g k , R  and G 3 = ( 2 / g 2 ) g [ ,  R L , R  L , R  • 

The pi  are the propagators (conveniently normalized) for the vector bosons i: 

p1 1 and pi  Q 2 / 4  sin2Ow(M 2 Q2 = = z, + ) for i > l ,  (13) 

where Q2 is the transferred momentum squared. In eq. (12), A'J(x)  and B~S(x) are products of couplings 
of the i and j bosons to the quarks and are given by 

1 
A'/(x) = 7 

i j Eq(GqGq + G q G ~ . ) [ q ( x ) + q ( x ) ]  

~,q eq2 [q(x)  + el(X)] 

j i j 1 Eq(OqSqL-- OqROqR) [q(X)-q(X)] 
B ° ( x )  = 2 Y~.qe 2 [q(x)  + El(X)] ' (14) 

where 8q is the charge of the quark q, q(x)  and 7~(x) are the distribution functions of the quarks and 
antiquarks in the proton and the GqL, are the couplings of the quarks to the boson i. The correspondence 
with the g of eq. (9) is as before, e.g., the coupling with the first Z, i = 2: 

G 2 = ( 2 / g 2 ) ( g q , R )  where q =  u, d, s, 
q L R  . . . .  

Finally, in eq. (12) 

f (  y ) = ( y  - y 2 / 2 ) / ( 1  - y + y 2 / 2 ) ,  (15a) 

and 

+ + (15b) ~ , = + 1  for n = e [ , % ,  ~ , = - 1  for n = e R , e  R. 

Moreover, we have used the usual variables for deep inelastic scattering defined by 

x =- Q 2 / Z m p v ,  y =- v / v  . . . .  Pma x = 2 E e E p / m p ,  v = ( p" q ) / m p  with q2 = _ Q2, (16) 

where (Ep, P)  are the energy and momentum of the proton and E e the energy of the electron. Although it 
may be possible to beat the systematic errors in measuring d 2 a / d x  d y  down sufficiently to test the 
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Fig. 4. (a) Changes in the parity asymmetries A~ and Ap, and (b) in the charge asymmetries A~_ and A~. All are calculated for 

{s = 314 GeV, x = 0.25 and y = 0.5. The dashed line corresponds to A = 0.035. 

two-boson model sensitively, we have chosen to focus on the asymmetries which are usually touted as 
sensitive tests of the s tandard model [11]. These are the parity asymmetries 

A -  +_= d 2 o ( e ~ ) / d x  d y -  d 2 o ( e ~ ) / d x  d y  

d 2 a ( e ~ ) / d x  d y  + d 2 a ( e ~ ) / d x  d y  
(17a) 

and the charge asymmetries 

d2O(eL,R)/dx dy - d2a(e~,R)/dx dy 
A~L'R=-- d2O(eL,R)/dx d y + d 2 o ( e ~ , R ) / d x  d y "  

(17b) 

We have plotted the changes 3A in these quantities as functions of  x/v  and [ / e  in fig. 4, choosing the 
following values of  the kinematic variables: V~- = 314 GeV corresponding to the H E R A  design, x = 0.25 
and y = 0.5 and using the quark and antiquark distributions of ref. [12]. Undoubted ly  the most  sensitive 
test of the two-boson model would involve a global fit of  data at all values of  x and y, but  the results in 
fig. 4 should be representative. Fig. 4a shows the changes in t hepa r i t y  asymmetries Ap ,  which is 0.30 in 
the s tandard model  for these values of the kinematic variables, and Ap ( - 0 . 3 2  in the s tandard model). 
We see that the present bound on A(S)  still allows changes in Ap of  several per cent, while the changes in 

+ 
A p are considerably smaller. We again see an accidental zero in the latter asymmetry.  Fig. 4b shows the 
changes in the charge asymmetries A t (0.56 in the s tandard model) and A~ ( - 0 . 0 0 5  in the s tandard 
model). The changes in A~t are also very small in the domain of interest while the changes in A~ are very 
large compared to A~ itself, though this is due to the accidentally small value of  this asymmetry at the 
specific value of x and y chosen ,4 

Compar ing  figs. 2 - 4  we see that while all show some observable deviations from the standard model, 
the most  sensitive measurements  will presumably be those of o(e+e  ~ ~+tL-) and A, on the Z peak, in 
part  because of the larger statistics to be expected there. As one would hope, measurements  at high 

,4 We thank F. Cornet and R. Ri~ckl for pointing out an error in the ep asymmetry curves in the preprint version of this paper. 
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energ ies  in e + e  - and  ep col l i s ions  can  p r o b e  the p a r a m e t e r s  of  ou r  t w o - b o s o n  m o d e l  insp i red  by the 
supers t r ing ,  b e y o n d  the l imits  es tab l i shed  by p resen t  m e a s u r e m e n t s  of  neu t ra l  cu r ren t  p a r a m e t e r s  and  of  

the  Z mass  in par t icu la r .  

W e  thank  D. L o u c a s  for  he lp  wi th  the graphs .  O n e  of  us (V.D.A. )  thanks  the Min i s t ry  of  N a t i o n a l  

E c o n o m y  of  G r e e c e  for f inanc ia l  suppor t .  
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