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We calculate the total cross sections and forward-backward asymmetries in e+e —+ ff processes
with all possible leptonic and hadronic channels in the ununified models for a wide range of center-
of-mass energy and then compare our results with those calculated in the standard model, taking
into consideration the Z —Z' mixing in the ununi6ed models. We show that both ununi6ed models
cannot be distinguished from the standard model through the measurment of the above parameters.
Interestingly, the mixing angles of these ununified models are severely constrained from the measured
CERN LEP data, which ultimately leads to a Z' mass of more than 1 TeV.

PACS number(s): 13.65.+i, 12.10.Dm, 12.60.Cn, 14.70.Pw

I. INTRODUCTION

The precision measurements at the CERN e+e col-
lider LEP [1] has stimulated the search for the non-
standard signature of Z', the extra Z boson originating in
the extensions of the standard model (SM) [2], such as the
left-right-symmetric (LRS) model [3] and the gauge mod-
els [rl, y, g, alternate LRS (ALRS)] emerging at low en-
ergies from the superstring-inspired Es model [4]. In the
presence of one extra Z, there are two mass eigenstates
ZL, and ZIt with masses Mz~ and Mz (Mz && Mz ),
which are related to the weak eigenstates Zz and Z2 by
a mixing angle P. The analysis [5] of the above models
has established the bounds on the Z' mass, the mixing
angle, and the contribution due to Z' to the p parameter
of the SM. It would, therefore, be interesting to make a
similar analysis for the ununified models [6, 7] which have
extended gauge sectors with extra Z bosons.

The partially ununified model (PUM) [6] based on the
gauge group SU(2)qx SU(2)i x U(1)y. ununifies partially
in the sense that the left-handed quarks and leptons
couple to different SU(2)-gauge groups and the right-
handed fermions tranform as singlets under both. The
other model [7] referred to as the fully ununified model
(FUM) is based on the gauge group Gql. x GtL„where
GqL, = SU(2)qL, x U(1)y and G~l, = SU(2)~l, x U(l)y;.
The quarks (leptons) transform under Gql, (G~l, ) ex-
actly in the same way as they do under the SM and
as a singlet under G~L, (Gql, ). Although both the PUM
and FUM have an identical number of charged gauge
bosons, the PUM has one extra Z boson (ZH) while the
FUM has two extra Z bosons (ZH and Zs). In the con-
text of the PUM some phenomenological studies have
already been carried out [8] to constrain the model pa-
rameters using the precision LEP data on the leptonic
and hadronic decay widths of the weak charged and neu-
tral gauge bosons and forward-backward (FB) asymme-
try in the e+e ~ p+p, bb processes. Recently, we
have calculated [9] the left-right and the charge asym-

metry parameters [A, B, CL„CR]in the e-p and e-d
deep-inelastic scattering processes at Q = 1 GeV /c
within the framework of the ununi6ed models and found
that these models cannot be discriminated from the SM,
except for the measurement of CR, which again is not
feasible at present. This has motivated us to look for the
signature of the extra Z boson in the PUM and FUM
using precision measurements at LEP.

In the present paper we have calculated the hadronic
and leptonic cross sections and angular FB asymmetries
in e+e ~ //, qq processes for the same set of model pa-
rameters [ratio of vacuum expectation values (VEV's) of
Higgs scalars and mixing angle] used in Ref. [9] and com-
pared these values with those in the SM. Furthermore, we
have also determined the bounds on the masses of the ex-
tra Z bosons, their mixing angles and their contributions
to the p parameter kom a Bt to the precision LEP data
on r, ~,"..„,B = —';, X', (M,'), W', (M,'), X;., (M,').

Our study shows that the PUM as well as the FUM
cannot be discriminated from the SM through the mea-
surement of total cross section in the unit of point cross
section and FB-asymmetry parameters with a c.m. en-
ergy ~s within the range 40 GeV & v s & 160 GeV
for e+e ~ //, qq processes. Moreover, a simultane-
ous fit of all the observables from both the leptonic and
hadronic channels severely constrains the mixing angles
and thereby leads to a lower bound of 1 TeV on the extra
Z mass.

The organization of this paper is as follows. In Sec.
II, we describe briefly the models. Section III contains
a brief discussion on the radiative corrections and the
formulas for the decay widths of Z, cross sections, and
the FB asymmetries for the e+e -+ ff processes. Our
results are presented in Sec. IV, and conclusions are given
in Sec. V.

II. THE MODEL

We mention here briefly the essential features of the
two ununified models. In the PUM the fermion couplings
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to the neutral gauge bosons in a convenient basis are
given by

(Ts, +Tsr —S~Q) Zi" +g
~

Ts, — &sr
~
Zz,g, „(Cd, Sd,

W &S4
'

Cd )

where g is the usual weak coupling constant) T3)(q) is the
third component of weak isospin for SU(2)r(~l group, Q
is the electric charge, 8~ is the Weinberg angle, and P is
the new additional mixing angle, with Sd, = sing, Cd, ——

cosP, Crv = cos8~, Srv = sin8yr . The symmetry break-
ing occurs when two scalar fields Z(2, 2,0) and P(l, 2, z)
acquire vacuum expectation values (VEV's):

The choice of the VEV's of the Higgs 6elds are

(H) =
I 0 „

I (~) =~

(4q) =
I I (4) = (0 «)(vq) '

The mass eigenstates of the neutral gauge bosons are
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ZH =

I
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0 1 0
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(C„r —S„r 0) ( Zr )x S„r C„r 0 Z„
0 0 1) (Zd

(2) where

2
The ratio x=~ and new mixing angle P are two pa-
rameters of the model. By the conventional orthogonal
transformation we diagonalize the Z1 -Z2" mass matrix
and assuming S&2 &( 1 the masses of the Z boson are
given by

( S~4~

2x)

M~ ~x 1+
Sd, Cd, ( 2x )

In the approximation ~& )& 1 the corresponding mass

eigenstates are given by

ZL, ~ Z1 + Z2 )
S4, Cp
&Cw

Sy C4,
ZH Z2 Z

xCw

In a difFerent paraxnetrization, instead of taking x and
P as two arbitrary parameters we can replace

q„qd —l„ld
tan0 d m2 + l2 + q2 ld2 —qd2

'

l&ld —
q&qd

tan0)d m2+ l2+ q2 l2 q2
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m2 + l2 + q2 —m2 —l2 —q
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The masses of the neutral gauge bosons are given by

2

M (Zs) - —(mr + lr + qr + bid+'4l)
2

M (Z~) - —(m„+l„+q„+h„d—h„r)
2
2

M (ZI, ) —(ld + qd
—brd —b„d)

where

and thereby we can treat p and Mz as two arbitrary
parameters also. Similarly in the FUM the corresponding
fermion coupling to the neutral gauge bosons are

gjjy (hajj Yj jjjYj) Zj + g (jg T jgTj ) Z

+gC~' (T„'—S~zg) Z„". (6)

Here Td ——T' + T&' with C, = cos8;; S; = sin0;; t;
tan8;; i = m, $, 8; P and 8 are the additional mixing an-
gles in this model. The minimal Higgs 6elds chosen in the
model are P~(2, z, 1, 0), pr(1, 0, 2, z), Z(l, s~, 1, —s), and
H(2, 0,2,0). H is the real field and is responsible for the
breaking of SU(2)~L, x SU(2)rL, to diagonal SU(2)L, . The
nonzero VEV of Z breaks U(1)y, x U(1)y; to U(1)y. Pz
and Pr are used to break the standard electroweak sym-
metry giving masses to quarks and leptons, respectively.

b„d (q„qd—l„ld) tan8„d,
~ld (llld qrqd) tan8ld

~„r- —(q„qr+ l„lr)tan8„r .

III. RADIATIVE CORRECTIONS
AND FORMULAS

The cross sections are usually calculated using the
Born approximation for processes in which either a pho-
ton or a Z is exchanged and a fermion pair is emitted.
The fermion f may be a charged lepton (e, p,~), a neu-
trino (v„v„,v ), or one of five quark fiavors (u, d, s, c or
b) The energ. y dependence of Z production is described
by a relativistic Breit-Wigner line shape and the cross
section near the Z pole is enhanced by a factor of order of

(
2

10 . This is quite prominent compared to ther&
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1 1 p2
sin 0~ ————

2 4 pyMz2(1 —An)
(12)

and also by replacing o. by its renormalized value at the
Z peak,

= 1.064o. ,

by inserting the factor py
——

~ & ~
in the relationship(i—aPf)

between M~ and Mz,

2
nonresonant Bhabha scattering of the order of
However, the Born approximation is not adequate for the
analysis of LEP experiments and it is essential to include
the higher-order radiative corrections for the SM [5]. In
general, the existence of a new heavy neutral vector boson
Z~ leads to modifications of the coupling of the physical
Z, to the fermions through the mixing angle P. Similar
modifications occur in the FUM through the mixing an-
gle P and 0 due to the presence of Z~ and Zs. In the
extended models we have neglected the loop efFects due
to heavy neutral gauge bosons in comparison with their
tree level effects under the assumption that the loop ef-
fects are dominated by the SM radiative corrections. The
SM radiative corrections normally include (i) QED cor-
rections from initial and final state photon radiation, (ii)
QCD corrections from final state gluon radiation, (iii)
weak corrections arising &om the vertex and propagators,
etc. The first correction is factored out &om experimen-
tal data. The other corrections are small and calculable
in the SM. However, they depend on the Higgs boson
and top-quark masses and the value of the strong cou-
pling constant o., which are not yet very well determined
experimentally. The dominant efFects of these corrections
can be summarized by replacing sin 0~ by an effective
mixing angle sin 0~,

p= pTpM .

It may be noted that the parameter ApM also gets a
contribution (b,psB) from the nonminimal Higgs struc-
ture, which is not taken into account separately in the
present analysis. The number of color C also gets modi-
fied with the inclusion of second-order corrections as

c
~

i+ —'+, '
~

-c(i+o.o4) .f n, 14n

Thus the major radiative correction for e+e -+ ff,
except bb processes, can be estimated. The latter process
requires an additional term that takes into account the
relatively large t-b amplitude in the vertex correction and
one has to make the substitution

Pb = Py(1 —ps'-{PT') ~

sin Hb = sin oiv (1 + s A PT ) .

The final replacement is made for the tree level constant
width pole structure (s —Mz + iMzl'z) in the Z2 —1

propagator with
—1

(20)

The decay width of a Z boson into a fermion-antifermion

(f,f;) pair .for the tree level diagram is given by

(2i)

where gv, and g~, are the vector and axial vector cou-
plings of the neutral bosons to the fermions f; The gv, .
and g~, are given for the two models in Ref. [9]. For one
generation of leptons and quarks the total decay width
is obtained. as

I'(Z ~ all) = I'(Z -+ e+e + v, v, + uu+ dd) . (22)

Mw = pycos 0~
Mz

em(Mz) = pyMzsln Oisvcos Ogr
2GF

vre~M2 ~' = (3728O)'
~~G

with Lpy = ApT where

Apl = 0.0026m, —0.0015ln
~

(m~ &

&Mw)

(i4)

(15)

B'= 0 e+e

Opt

) - (gv, .' + g~,.' ) (gv, " + g~,*' )
e4

The width for three generations of leptons and quarks
is obtained by multiplying each part of Eq. (22) by 3
except for the down quarks as the b quark contribution
is calculated separately and added linearly.

The spin-averaged cross section for e+e ~ f;f, in

units of the point cross-section o.pt
—— 3, in the im-

proved Born approximation is given by

Here py is the value of the p parameter after radiative
corrections when there is no extra Z. After Z~-Z2 mixing
sin 0~ has been further modified to

1 1 psin 0~ = ——
2 4 pMz2(1 —An) '

x~2S~sss —) 2 (
—*) ", '*Rs{2S)s+2.', {23)

where the Z~-Z2 interference term X is given by

2 ) (gV, e gV, e + gAse gAse ) (gV, i gV, i

where sin 0~ is the effective sin 0~ in the presence of
mixing and the p parameter has been modified to and

+gv, "gv, '')Re(X~XI ) (24)
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(25)

e; is the charge of the ith fermion and j is the index
for different Z of our models. Here s is the center-of-
mass energy squared. The expression for B; in terms of

the semiweak constant g, mixing angle P, and 0 (for the
second model) can be obtained by incorporating gA's and
g~'s for different Z's of a particular model.

For the annihilation of a longitudinally polarized elec-
tron of helicity zh and creation of a fermion of helicity

z
h' the differential cross section is

(h, 6')(e+e m f;f;) = o, C e,. 2
2 2 g~,. + g~, + 2 g~, ;g~+ Qv, ~ + gA ~ + 2tigv, egA, ~ 4 lXI s

8s e e4

(!1v,*'+ PA, ')(QV, + PA, ) -
2

)e e2 (26)

The symbol 8, stands for the scattering angle between the incoming electron and outgoing fermion. The angular
forward-backward (FB) asymmetry in e+e m f;f; is given by

dwarf (0,) —do f (7r —8, )
80 f (0~) + da'f (7C —08)

(27)

It is customary to define [8] AFH(s, o, ) at 0, = 0 and we have used this definition in the first part of the analysis.
From Eqs. (25) and (26) we obtain the contributions of all the neutral Z bosons in a particular model to the angular
FB asymmetry:

A»(&) = ).I

" '*
~

I

" '*
i

IX~I's' —)e ) ( e ) e ( e j

—1

e ( e2 ) (28)

The Z~-Z2 interference terms Xz and X2 are given by IV. RESULTS

Xi ——2) (gA, gA, "9A; gA;") Re(yiy2),

X2 ——2) (gv~ pv~"pv, gv;")Re(pl+2) (29)

FB s

This parameter at the Z peak can be expressed as

A f (M2) 3 gV, ePA, eQV, fgA, f
(~Ve + ~A, e)(~V f + ~A, f)

The 7-polarization asymmetry is defined. by

0(e e M 7L,7) —0(e e M 'r~'r)
0 (e+e M 'Tr, 7 ) + 0 (e+e w 'rR'r)

(32)

This asymmetry parameter at the Z peak is given by

(M2) gV, fgA, f
gV f gA, f

where j and k are indices for different Z bosons of the
model concerned. For the second part of the analysis we

have used the integrated version of the forward. -backward
asymmetry in

In view of our previous results [9] regarding the im-
possibility of distinguishing the ununified models from
the SM through the measurement of A, B, CL„and
the possibility of their discrimination only through the
measurement of CR, which, however, is not easily ac-
cessible to the experiment at present, we have adopted
two methodologies to address the question of distin-
guishability of these models. First we have calculated
at t )(e+e -+ ff) and AFH(s, o,)(e+e ~ ff) near the
Z resonance in the energy range 40 GeV( ~s ( 160
GeV in the PUM and FUM and compared these values
with those in the SM. The second part of our analysis is
based on a two-parameter and three-parameter fit within
the PUM to six precision LEP data: I'z, o &', A =

A~&8(Mz2), A~&H(Mz2), and A &(M&~) at the Z pole

(Mz = 91.187 GeV). This part of our analysis is similar
to that of Ref. [5].

In the first part of our analysis, we assume the mass
hierarchy of the Z bosons as Mz& ( Mz~ ( Mz~ so
that Mz corrosponds to the Z boson of the SM. Mz~
(& 500 GeV) in the PUM constrains P to be 5 and
Mz and Mz~ () 700 GeV) in the FUM results into
8 = 5' and P = 40 . In the PUM the other arbitrary
parameter is x(= "—,), the ratio of VEV's of the Higgs
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FIG. 1. The total cross section cr, for e+e ~ f,f, for
a partially ununified (1,3,5,7) as well as standard (2,4,6,8)
model as a function of c.m. energy.
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FIG. 3. The FB asymmetry vs c.m. energy for the par-
tially ununified (1,3,5,7) and standard (2,4,6,8) model in the
process e e ~ f,f,+

bosons in the model and similar parameters in the FUM
are xq ———"' and x2 ———". In the context of the PUM, we

have calculated the total cross sections and angular FB
asymmetry for the processes e+e ~ ff for a wide range
of c.m. energy 40 GeV & V s & 160 GeV with P = 5 and
x=1. Similar calculations have been performed in the
FUM with P = 40' and 0 = 5 . The ZL, -ZH interference
terms in Eq. (23b) and Eq. (28) are of the order of 10
for the above range of v s and hence neglected. We have
assumed the top and Higgs boson masses to be m, &

m, ~ ——100 GeV and thereby fixing
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in the PUM as a function of the
c.m. energy in the range of 40 GeV & v s & 160 GeV,
where the final ff channel refers to l+l, uu, dd, and bb
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FIG. 4. The FB asymmetry vs c.m. energy for the fully
ununified (1,3, 5,7) and standard (2,4,6,8) model in the pro-
cess e+e —+ f,f,

500

300—

200—

IOO

5, 6,7, 8

3,4
II
II
fl
I

1

I
't'

I
I'

1

fV

Oz0
O
Lal
V)

2—

I

I

I

t

I
I
l
I

I

I
/

/

0

—IOO ———

20 40 60
l I I

SO IO0 l20 I40 l60 I 80
BEAM ENERGY(GeV}

FIG. 2. The total cross section a, for e e ~ f,f, fora.
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FIG. 5. Plot of the lower mass bound of the second Z vs
top mass in PUM from the LEP data.
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TABLE I. Combined fit of LEP data for PUM with b.pM and P as two arbitrary free parameters.

mg(GeV)

100

135

155

170

m~ (GeV)
100
1000
100
1000
100
1000
100
1000

&pM
0.0027+ 0.0028
0.0110+ 0.0030
-0.0003+ 0.0028
0.0083+ 0.0031
-0.0019+ 0.0028
0.0064+ 0.0030
-0.0035+ 0.0030
0.0048+ 0.0035

&P(rad)
0.0301+ 0.025
0.0208+ 0.029
0.0325+ 0.025
0.0243+ 0.029
0.0339+ 0.026
0.0264+ 0.029
0.0353+ 0.024
0.0280+ 0.029

y /NnF
1.49/4
1.62/4
1.51/4
1.63/4
1.51/4
1.64/4
1.52/4
1.65/4

The values of the ratio in the PUM for these channels
(labeled as 1,3,5,7, respectively) are compared with the
same in the SM (labeled as 2,4,6,8) for the correspond-
ing channels. Similar comparison has been made in the
FUM and is displayed in Fig. 2. Figure 3 shows the plots
of AFB(s, 8, ), AFB(s, 8, ), AFB(s, 8,), and AFB(s, 8, ) (la-
beled as 1, 3, 5, 7, respectively) at 8, = 0. Figure 4 shows
the same plots in the FUM. These plots clearly demon-
strate that the PUM and FUM cannot be discriminated
from the SM through measurement of total cross sections
and angular FB asymmetries in e+e ~ ll, uu, dd, and
bb processes.

In the second part of our analysis we have used
six independent data [I'z, o'z', R = P, AFB (Mz),
AsFB(Mz2), A &(Mz)] for y analysis and made two-
parameter and three-parameter Gts using o., = 0.12, mq
in the range 100—170 GeV and m~ in the range 100—
1000 GeV. The Z mass is Gxed at the central value
Mz ——91.187 GeV. To obtain constraints on the fitted
parameters we construct a y2 function

Xth —XexPtx'=):
where X," is the theoretical expression of ith observable
in the PUM with the corresponding experimental results
X,"~ + 0, , 0., is the standard deviation on X,', and C
represents the matrix of correlation.

The results of the two-parameter and three-parameter
Gts to the LEP data in the PUM are presented in Ta-
bles I and II, respectively. Using x=1, mq ——mH ——100
GeV we have obtained &om the two-parameter Gt Lp~

= 0.0027 + 0.0028 and P(rad) = 0.0301+ 0.025. This
indicates that ApM and P are consistent with zero im-

plying the indistinguishability of the PUM &om the SM.
Interestingly, the central value of Lp~ is seen decreas-
ing with increasing mq and P is found to increase with
increase in mq. Keeping mq ——100 GeV and increasing
mH &om 100 to 1000 GeV, we obtain LpM ——0.0110+
0.0030 and P = 0.0208+ 0.0290. The values of b,pM and
P remains essentially the same within errors in the three-
parameter Gt but the Gtted value of x is 13.6 6 2.1,
which is surprisingly higher compared to unity leading
to rather high value of the lower bound of the extra Z
boson mass. This bound for mq ——m~ ——100 GeV turns
out to be Mz~ & 1.46 TeV. Figure 5 shows the variation
of MzH with the top mass mq and Higgs boson mass
mH. With mH = 100 GeV, Mz~ increases with increase
in mq. Furthermore, Mz decreases with increase in m~.
In particular, for mq ——100 GeV and m~ ——1000 GeV,
Mz~ & 988 GeV. The influence of the radiative correc-

tions is seen in the values of sin 0~ and sin 8~ which

turns out to be sin 0~ ——0.2323 and sin 0~ = 0.2311 for
m& ——m~ ——100 GeV. It may be noted that, for m~ ——

100 GeV and mq in the range between 100 and 170 GeV,

the change in sin 0~ and sin 0~ are about —0.0016 and
—0.0003 approximately. However, for m& ——100 GeV and
mH ranging from 100 GeV to 1000 GeV, the changes in

sin 0~ and sin g~ are ~ 0.0028 and ~ 0.0001. Similar
analysis in the &amework of the FUM is expected not
to yield any new interesting result other than the lower
bound of the second extra Z boson mass which is of the
order of several TeV.

TABLE II. Combined fit of LEP data for PUM with three arbitrary parameters ApM, Q (extra
mixing angle) and z (ratio of VEV's).

mg (GeV)

100

135

155

170

mH (GeV)
100
1000
100

1000
100

1000
100
1000

+pM
0.0029+ 0.0033
0.0112+ 0.0030
0.0002+ 0.0033
0.0085+ 0.0033
-0.0017+ 0.0033
0.0065+ 0.0032
-0.0038+ 0.0032
0.0050+ 0.0035

P (rad)
0.1113+0.122
0.0799+ 0.154
0.1215+ 0.122
0.0916+ 0.154
0.1279+ 0.122
0.0995+ 0.153
0.1305+ 0.121
0.1050+ 0.151

13.6+ 2.1
13.7+ 2.6
13.8+ 2.2
13.8+ 2.7
13.8+ 2.4
13.9 + 2.8
14.0+ 2.3
14.4+2.8

g'/NoF
1.50/3
1.62/3
1.51/3
1.63/3
1.51/3
1.64/3
1.52/3
1.65/4
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V. CONCLUSION

We have shown that the total cross section and
the forw'ard-backward asymmetry for e+e ~ ff
in the partially and fully ununified models are
comparable to those in the standard model for
c.m. energy from 40 GeV to 160 GeV. Further-
more, we have made two-and three-parameter fits
to the six precision LEP data I'z, oh', R

, AiFB(M&~), A~&&(M&), and A &(M&) with n, = 0.12.
The results of the two-parameter fit in terms of the ex-
tra mixing angle P and ApM (the tree level deviation in
the standard model p parameter from unity) are EpM =
0.0027+0.0028 and P(rad) = 0.0301+ 0.0250 with X
1.49 for 4 degrees of freedom. The three-parameter fit
including the parameter x, the ratio between the VEV's

of the Higgs boson yields ApM = 0.0028+ 0.0033, P(rad)
= 0.1113+0.1220, and x=13.6+ 2.1 with y2 = 1.50 for
3 degrees of freedom. The dependence of KpM and P on
the top and Higgs boson masses has also been studied.
For a given top mass there is a trend of increase in LpM
and decrease in P with increase in mH and the trend is
reversed with increase in top mass for a given Higgs bo-
son mass. However, our analysis shows that b,pM and P
are consistent with zero within two standard deviations
confirming again the indistinguishability of the ununified
models &om the standard model.
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