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Renormalizability and the model independent observables for the AbelianZ8 search

A. V. Gulov* and V. V. Skalozub†

Dniepropetrovsk State University, Dniepropetrovsk, 49625 Ukraine
~Received 12 July 1999; published 9 February 2000!

The observables that are useful for the model independent search for signals of the AbelianZ8 in the

processese1e2→ f̄ f are introduced. They are based on the renormalization group relations between theZ8
couplings to the standard model particles developed recently and extend the variables suggested by Osland,
Pankov, and Paver. The bounds on the values of the observables at the center-of-mass energyAs
5500 GeV are derived.

PACS number~s!: 14.70.2e, 12.60.Cn
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I. INTRODUCTION

The AbelianZ8 boson with a mass much larger than t
W-boson mass (mZ8@mW) is predicted by a number of ex
tensions of the standard model~SM! of elementary particles
@1#. At the current energies;mW theZ8 is decoupled. It can
be described by a model based on the effective gauge g
SU(2)L3U(1)Y3Ũ(1) which is assumed to be a low en
ergy remnant of some unknown underlying theory@the grand
unified theory~GUT!, for example#. However, theZ8 would
be light enough to give the first signal in future experimen

Because of the lower mass limit from the Fermilab Tev
tron,mZ8.O(500) GeV, only ‘‘indirect’’ Z8 manifestations
caused by virtual heavy states can be searched for at
energies of present day accelerators. In general, one is
able to estimate the magnitude of theZ8 signal because o
the unknown couplings and the mass. However, numer
strategies to evidence manifestations of theZ8 in experi-
ments at high energye1e2 and hadronic colliders have bee
developed. The analysis can be done with or without
sumptions on the specific underlying theory containing
Z8. Hence, there are model dependent and model inde
dent variables allowing the detection of theZ8.

One of the model independent approaches usefu
searching for theZ8 signal in the leptonic processese1e2

→ l 1l 2 has been proposed in Ref.@2#. The basic idea was to
replace the standard observables, the total cross sectiosT
and the forward-backward asymmetryAFB , by a new set of
variables defined as the differences of the cross section
tegrated over suitable ranges of the polar angleu:

s6[6E
7z8

1 ds

d cosu
d cosu7E

21

7z8 ds

d cosu
d cosu. ~1!

Because of the SM values of the leptonic charges and
kinematic properties of the fermionic currents, they ha
chosen the valuez8522/32150.5874 to make the leadin
order deviations from the SM predictionsDs6 dependent on
the combinationsvZ8

e vZ8
l

6aZ8
e aZ8

l , where vZ8
f and aZ8

f pa-

*Email address: gulov@ff.dsu.dp.ua
†Email address: skalozub@ff.dsu.dp.ua
0556-2821/2000/61~5!/055007~7!/$15.00 61 0550
up

.
-

he
ot

us

s-
e
n-

in

in-

e
e

rametrize the vector and the axial-vector coupling of theZ8
to the fermionf. Therefore, assuming the lepton universal
one obtains the sign definite observableDs1 .

Usually, the parameters describing at low energies theZ8
coupling to the SM fermions~like vZ8

f andaZ8
f ) are assumed

to be arbitrary numbers which must be fixed in experimen
However, this is not the case if the renormalizability of t
underlying theory is taken into account. In Refs.@3,4# it has
been shown that, if one uses the principles of the renorm
ization group~RG! and the decoupling theorem, the correl
tions between the parameters describing interactions of l
particles with heavy virtual states of new physics beyond
SM can be derived. It is most important that the relatio
obtained, being the consequence of the renormalizability
mulated in the framework of scattering in the external fie
are independent of the specific underlying~GUT! model.

In Ref. @4# the method was applied to find signals of th
heavy AbelianZ8 in the four-fermion scattering processes.
was found that the renormalizability of the theory results
the following constraints on theZ8 couplings to the SM fer-
mions:

vZ8
f 8 2aZ8

f 8 5vZ8
f

2aZ8
f , aZ8

f
5I 3

f Yf , ~2!

where f 8 denotes the isopartner off ( l 85n l , n l85 l , qd8
5qu , qu85qd , wherel 5e,m,t stands for leptons!, I 3

f is the
third component of the weak isospin, andYf is the hyper-
charge parametrizing theZ8 coupling to the SM scalar dou
blet. Since the parameters of various fermionic processes
pear to be correlated, one could expect that it is possibl
introduce specific observables sensitive to theZ8 manifesta-
tions. In the present paper we propose such observa
which generalize the variabless6 ~1!.

The content is as follows. In Sec. II the structure of ne
tral currents induced by theZ8 boson as well asZ-Z8 mixing
is briefly discussed. Employing the relations~2! between the
Z8 parameters the optimal observables for searching for
nals of the heavy AbelianZ8 are constructed in Sec. III. In
Sec. IV the experimental bounds on the observables are
dicted. The obtained results are summarized in Sec. V.
©2000 The American Physical Society07-1
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II. NEUTRAL CURRENTS AND VECTOR-BOSON MIXING

Considering the interactions of theZ8 with the SM par-
ticles, one has to conclude that at low energies,E!mZ8 , the
renormalizable interactions are to be dominant. Terms
nonrenormalizable type @for example, ;(]mZn8

2]nZm8 )c̄smnc#, being generated at the GUT~or some in-
termediateLGUT.L8.mZ8) mass scale, are suppressed
the factors 1/LGUT, 1/L8, and can be neglected. Thus, th
interaction of theZ8 boson with the fermionic currents ca
be specified by the effective Lagrangian

LNC5eAmJA
m1gZZmJZ

m1gZ8Zm8 JZ8
m , ~3!

where A, Z, and Z8 are the photon, theZ boson, andZ8
boson, respectively,e5A4pa, gZ5e/sinuW cosuW, and
gZ8 stands for the U˜ (1) coupling constant.uW denotes the
SM value of the Weinberg angle@ tanuW5g8/g, where the
chargesg,g8 correspond to the gauge groups SU(2)L ,
U(1)Y , respectively#. The neutral currents can be param
etrized as

JV
m5(

f
f̄ gm~vV

f 1aV
f g5! f , ~4!

with V[A,Z,Z8. The vector and the axial-vector coupling
of the vector bosons to the fermionf are

vA
f 5Qf , aA

f 50, ~5!

vZ
f 5S I 3

f

2
2Qf sin2uWD cosu01

gZ8
gZ

Yf
v sinu0 ,

aZ
f 52

I 3
f

2
cosu01

gZ8
gZ

Yf
a sinu0 , ~6!

vZ8
f

5Yf
v cosu02

gZ

gZ8
S I 3

f

2
2Qf sin2uWD sinu0 ,

aZ8
f

5Yf
a cosu01

gZ

gZ8

I 3
f

2
sinu0 , ~7!

whereQf is the fermion charge in the positron charge un
The constantsYf

v and Yf
a parametrize the vector and th

axial-vector coupling of the fermionf to the Ũ(1) symmetry
eigenstate, whereasu0 is the mixing angle relating the mas
eigenstatesZm ,Zm8 to the massive neutral components of t

SU(2)L3U(1)Y and the Ũ(1) gauge fields, respectively. It
value can be determined from the relation@5#

tan2u05
mW

2 /cos2uW2mZ
2

mZ8
2

2mW
2 /cos2uW

. ~8!

Because of the mixing between theZ andZ8 bosons, the
massmZ differs from the SM valuemW /cosuW by a small
quantity of ordermW

2 /mZ8
2 @4#,
05500
f

y

.

mZ
25

mW
2

cos2uW
S 12

4gZ8
2 Yf

2

g2

mW
2

mZ8
2

2mW
2 /cos2uW

D , ~9!

and, as a consequence, the parameterr[mW
2 /mZ

2 cos2uW

.1. Therefore, the mixing angleu0 is also small u0

.tanu0.sinu0;mW
2 /mZ8

2 .
The differencemZ

22mW
2 /cos2uW is negative and com-

pletely determined by theZ8 coupling to the scalar doublet
Thus, constraints on theZ8 interaction with the scalar field
can be obtained by experimental detecting this observab

gZ8
2 Yf

2

mZ8
2 5S 12

mZ
2 cos2uW

mW
2 D g2

4mW
2

1OS mW
4

mZ8
4 D . ~10!

As has been proved in Ref.@4#, the following relations
hold for the constantsYf

v andYf
a :

Yf 8
L

5Yf
L , Yf

a5I 3
f Yf , ~11!

where Yf
L[Yf

v2Yf
a , Yf

R[Yf
v1Yf

a , and Yf is the hyper-
charge parametrizing the coupling of the SM scalar doub
to the vector boson associated with the U˜ (1) symmetry. As
is noted in Sec. I, the notationf 8 stands for the isopartner o
f.

In fact, relations~11! mean that theZ8 couplings to the
SM axial-vector currents have the universal absolute valu
the single light scalar doublet exists. Among the four valu
Yf

v , Yf
a , Yf 8

v , Yf 8
a parametrizing the interaction of theZ8

boson with the SU~2! fermionic isodoublet only one is inde
pendent. The rest can be expressed through it and the hy
chargeYf of theZ8 coupling to the SM scalar doublet. If th
hypercharges are treated as unknown parameters, these
tions are to be taken into account in order to preserve
gauge symmetry@4#. Relations~11! also show that the fer-
mion and the scalar sectors of the new physics are stro
correlated. As a result, the couplings of theZ8 boson to the
SM axial-vector currents are completely determined by
interaction with the scalar fields. Therefore, one is able
predict theZ8 coupling to the SM axial-vector currents b
measuring ther parameter. When theZ8 does not interact
with the scalar doublet, theZ-boson mass is to be identical t
its SM value. In this case theZ8 couplings to the axial cur-
rents are produced by loops and to be suppressed by
additional small factorg2/16p2.

III. OBSERVABLES

In the present section we consider the electron-posit
annihilation into fermion pairs,e1e2→V* → f̄ f , for ener-
giesAs;500 GeV. In this case all the fermions except f
the t quark can be treated as massless particlesmf;0. The
Z8-boson existence causes the deviations (;mZ8

22) of the
cross section from its SM value:

D
ds

dV
5

ds

dV
2

dsSM

dV
5

Re@TSM* DT#

32ps
1OS s2

mZ8
4 D , ~12!
7-2
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with

TSM5TA1TZuu050 , DT5TZ81
dTZ

du0
U

u050

u0 , ~13!

whereTV denotes the Born amplitude of the processe1e2

→V* → f̄ f with the virtual V-boson (V5A,Z,Z8) state in
thes channel~the corresponding diagram is shown in Fig. 1!.

The quantityDds/dV can be calculated in the form

D
ds

dV
5

aI 3
f Nf

4p (
l,j

gZ8
2 zlj

e f

mZ8
2 $uQf u1x~s!~sgnl2«!

3@sgnj1uQf u~12«!21#%~z1sgnlj!2,

~14!

where Nf53 for quarks andNf51 for leptons,l,j5L,R
denotes the fermion state helicities, x(s)
5@16 sin2uW cos2uW(12mZ

2/s)#21, z[cosu ~where u is the
angle between the incoming electron and the outgoing
mion!, «[124 sin2 uW;0.08, and

zlj
e f [Ye

lYf
j2

mW
2 /cos2uW

s2mZ
2 @YfYf

j~2 sin2uW2dl,L!

12I 3
f YfYe

l~22uQf usin2uW1dj,L!#, ~15!

with dl,j51 whenl5j anddl,j50 otherwise.

FIG. 2. The leptonic functionsF0
l ~the solid curve!, F1

l ~the
long-dashed curve!, F2

l ~the dashed curve!, and F3
l ~the dotted

curve! at As5500 GeV.

FIG. 1. The amplitudeTV of the processe1e2→V* → f̄ f at the
Born level.
05500
r-

To discuss the consequences due to Eq.~11! we introduce
the functions(z) defined as the difference of cross sectio
integrated in a suitable range of cosu:

s~z![E
z

1ds

dz
dz2E

21

z ds

dz
dz. ~16!

The value ofzdiffers from that in Ref.@2# and will be chosen
later. Actually, this observable is the generalizeds1 of Ref.
@2# @s15s(2z8)#. The two conventionally used observ
ables, the total cross sectionsT and the forward-backward
asymmetryAFB , can be obtained by the special choice oz
@sT5s(21), AFB5s(0)/sT]. One can expresss(z) in
terms ofsT andAFB :

s~z!5sTS AFB~12z2!2
1

4
z~31z2! D . ~17!

FIG. 3. The quark functions (qu5u,c) F0
qu ~the solid curve!,

F1
qu ~the long-dashed curve!, F2

qu ~the dashed curve!, andF3
qu ~the

dotted curve! at As5500 GeV.

FIG. 4. The quark functions (qd5d,s,b) F0
qd ~the solid curve!,

F1
qd ~the long-dashed curve!, F2

qd ~the dashed curve!, andF3
qd ~the

dotted curve! at As5500 GeV.
7-3
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Then let us introduce the quantityDs(z)[s(z)
2sSM(z), which owing to the relations~11! can be written
in the form

Ds~z!5
aNf

8

gZ8
2

mZ8
2 @F0

f ~z,s!Yf
2 12F1

f ~z,s!I 3
f Yf

LYe
L

12F2
f ~z,s!I 3

f Yf
LYf1F3

f ~z,s!Ye
LYf#. ~18!

The factor functionsFi
f(z,s) depend on the fermion typ

through theuQf u, only. In Figs. 2-4 they are shown as th
functions ofz for As5500 GeV. The leading contribution
to Fi

f(z,s),

F0
f ~z,s!52

4

3
uQf uS 12z2z22

z3

3 D1OS «,
mZ

2

s D ,

F1
f ~z,s!5

4

3
@12z22uQf u~3z1z3!#1OS «,

mZ
2

s D ,

F2
f ~z,s!52

2

3
~12z2!1

2

9
~3z1z3!

3~4uQf u21!1OS «,
mZ

2

s D ,

F3
f ~z,s!5

2

3
uQf u~123z2z22z3!1OS «,

mZ
2

s D ,

~19!

are given by theZ8 exchange diagram@the first term of Eq.
~15!#, since the contribution of theZ exchange diagram to
DT @the second term of Eq.~15!# is suppressed by the facto
mZ

2/s.
From Eqs.~19! one can see that the leading contributio

to the leptonic factorsF1
l , F2

l , F3
l are found to be propor

tional to the same polynomial inz. This is the characteristic
feature of the leptonic functionsFi

l originating due to the
kinematic properties of fermionic currents and the spec
values of the SM leptonic charges. Therefore, it is possibl
choose the value ofz5z* which switches off three leptonic
factors F1

l , F2
l , F3

l simultaneously. Moreover, the quar
functionF3

q in the lower order is proportional to the lepton
one and therefore is switched off, too. As is seen from F
2–4, the appropriate value ofz* is about;0.3. By choosing
this value ofz* one can simplify Eq.~18!. It is also follows
from Eq. ~18! that neglecting the factorsF1

l , F2
l , F3

l one
obtains the sign definite quantityDs l(z* ).

Comparing the observableDs l(z* ) with Ds1

5Ds l~20.5874! or Ds252Ds l(0.5874) one has to con
clude that the sign of the variablesDs6 is completely unde-
termined in the case of arbitrary leptonic couplingsYl

L .
Therefore, in order to predict the sign of the observab
Ds6 one must assume an additional restriction such as
lepton universality.

Let the value ofz in Eq. ~16! be determined from the
relation
05500
c
to

s.

s
e

F1
l ~z* ,s!50. ~20!

The solutionz* (s) is shown in Fig. 5. As is seen,z* de-
creases from 0.3170 atAs5500 GeV to 0.3129 atAs
5700 GeV. Table I demonstrates the corresponding beh
ior of the functionsFi

f(z* ,s). SinceFi
f(z* ,s) depend on the

center-of-mass energy through the small quantitymZ
2/s, the

order of the shifts is about 3%. Therefore, in what follow
the value ofAs is taken to be 500 GeV.

AssumingYe
L;Yl

L;Yf;Yu
L;1, one can derive, for the

lepton and quark observables,

Ds l~z* !520.10
agZ8

2 Yf
2

mZ8
2 @11O~0.04!#,

Dsqu
~z* !51.98Ds l~z* !10.32

agZ8
2 Yf

2mZ8
2

3@~Ye
L/Yf20.6!Yqu

L 1O~0.07!#,

FIG. 5. z* as the function ofAs (GeV).

TABLE I. Energy dependence ofFi
f(z* ).

As (GeV) 500 600 700

z* 0.3170 0.3144 0.3129

F0
l (z* ) -0.8012 -0.7889 -0.7815

F2
l (z* ) 0.0346 0.0341 0.0338

F3
l (z* ) -0.0346 -0.0341 -0.0338

F0
qu(z* ) -0.5277 -0.5216 -0.5179

F1
qu(z* ) 0.4250 0.4215 0.4194

F2
qu(z* ) -0.2532 -0.2499 -0.2479

F3
qu(z* ) -0.0331 -0.0296 -0.0276

F0
qd(z* ) -0.2513 -0.2522 -0.2527

F1
qd(z* ) 0.8500 0.8430 0.8388

F2
qd(z* ) -0.5410 -0.5339 -0.5297

F3
qd(z* ) -0.0362 -0.0282 -0.0235
7-4
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Dsqd
~z* !50.94Ds l~z* !20.32

agZ8
2 Yf

mZ8
2

3@~Ye
L/Yf20.6!Yqu

L 1O~0.08!#. ~21!

Hence it is seen that the observableDs l(z* ) is negative.
Using Eq.~10! it can be written in terms of the parameterr:

Ds l~z* !.0.10
ag2~12r!

4mW
2 r

,0. ~22!

One also can introduce sign definite observables
quarks of the same generation:

Dsq~z* !5Dsqu
10.5Dsqd

. ~23!

As follows from Eq.~21!,

Dsq~z* !.2.45Ds l~z* !,0. ~24!

Hence, one can conclude that the values ofDsqu
(z* ) and

Dsqd
(z* ) in the Dsqu

(z* ) –Dsqd
(z* ) plane have to be a

the line crossing axes at the pointsDsqu
(z* )

52.45Ds l(z* ) andDsqd
(z* )54.9Ds l(z* ), respectively. It

also follows from Eq.~22! that the observableDsq(z* ) is
negative.

Thus, the dependences~2! between theZ8 couplings to
SM fermions allows one to construct three negative-valu
observables,Ds l(z* ), 12r, andDsq(z* ), which are cor-
related by Eqs.~22!–~24!. These observables are the mo
general model independent ones which can be introdu
without any assumptions about the specific form of theZ8
interaction with fermions~such as the lepton or quark un
versality!.

IV. EXPERIMENTAL CONSTRAINTS
ON THE OBSERVABLES

The present day experimental data constrain the ma
tude of the four-fermion contact interactions, allowing one
derive bounds on theZ8 coupling to the axial-vector current
and, consequently, on the observables introduced in the
vious section. Our analysis is based on the data present
Refs. @6# where a study of the experimental bounds on
lepton-quark four-fermion contact couplings has been p
formed. In general, the contributions of new physics beyo
the SM to the processes considered therein~the atomic parity
violation, the electron-nuclea, the muon-nuclea, and
nm-nuclea scattering! are described by 20 parameter
namely,

hlj
lq [2

gZ8
2 Yl

lYq
j

mZ8
2 , hLj

nmq
[2

gZ8
2 Ynm

L Yq
j

mZ8
2 , ~25!

wherel 5e,m, q5u,d, andl,j5L,R. In order to reduce the
number of independenthlj

lq one usually assumes SU(2)L in-
05500
r

d

t
ed

i-

re-
in

e
r-
d

e
,

variance and lepton universality. As a result, six variab
~for example,hLL

lu , hLR
lu , hLR

ld , hRL
lu , hRR

lu , hRR
ld ) can be cho-

sen as the basis.
However, the number of independenthlj

lq can be de-
creased by employing the correlations~2! instead of the as-
sumption of lepton universality. In this case it is convenie
to introduce the couplingshAA

lq , hLA
lq , hAL

lq parametrizing the
four-fermion interactions between the left-handed and
axial-vector currents. These couplings are the linear com
nations of the variables~25!:

hAA
lq [hRR

lq 2hRL
lq 2hLR

lq 1hLL
lq ,

hLA
lq [hLR

lq 2hLL
lq ,

hAL
lq [hRL

lq 2hLL
lq . ~26!

As follows from Eq.~2!, one has six independent paramete

hAA
eu 5

gZ8
2 Yf

2

4mZ8
2 , hLA

lu 52
gZ8

2 Yl
LYf

2mZ8
2 ,

hAL
eu5

gZ8
2 Yu

LYf

2mZ8
2 , hLL

lu 52
gZ8

2 Yl
LYu

L

mZ8
2 ,

~27!

which can be used as the basis.
The experiment constrains the specific linear combi

tions of the variableshlj
lq ~see Ref.@6#!. Introducing the nor-

malized couplings

DC1q
l 52

1

2A2GF

~hRR
lq 2hLR

lq 1hRL
lq 2hLL

lq !,

DC2q
l 52

1

2A2GF

~hRR
lq 1hLR

lq 2hRL
lq 2hLL

lq !,

DC3q
l 52

1

2A2GF

~hRR
lq 2hLR

lq 2hRL
lq 1hLL

lq !,

DqL52
1

2A2GF

hLL
nmq ,

DqR52
1

2A2GF

hLR
nmq , ~28!

where GF is the Fermi constant, one can write down t
experimental bounds as follows:

2DC1u
e 2DC1d

e 50.21760.26,

2DC2u
e 2DC2d

e 520.76561.23, ~29!

2DC3u
m 2DC3d

m 521.5164.9,
7-5
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2DC2u
m 2DC2d

m 51.7466.3, ~30!

DC1u
e 1DC1d

e 50.015260.033, ~31!

22.73DC1u
e 10.65DC1d

e 22.19DC2u
e 12.03DC2d

e

520.06560.19, ~32!

376DC1u
e 1422DC1d

e 50.9660.92,

572DC1u
e 1658DC1d

e 51.5864.2, ~33!

DuL520.003260.0169,

DuR520.008460.0251,

DdL50.00260.0136,

DdR520.010960.0631. ~34!

Equations ~29!–~34! represent the results of SLACe-D,
CERN m-C, Batese-C, Mainz e-Be, the atomic parity vio-
lation, and thenm-nucleon scattering experiments, respe
tively @6#. They determine the allowed region in the space
h parameters.

By employing Eqs.~26!, ~29!–~34! it is easy to obtain the
bounds on the quantities~27!:

0,hAA
eu ,0.114 TeV22,

20.018 TeV22,hAL
eu,0.006 TeV22,

20.437 TeV22,hLA
mu,0.661 TeV22,

20.667 TeV22,hLA
eu,0.238 TeV22,

20.423 TeV22,hLL
mu,0.358 TeV22. ~35!

The first of the relations~35! gives the possibility of deter
mining the allowed magnitude of the observablesDs l(z* )
andDsq(z* )

20.13 pb,Ds l~z* !,0,

20.32 pb,Dsq~z* !,0. ~36!

Thus, if the low energy physics is described by the minim
SM, the signals of the AbelianZ8 should respect the abov
relations.

It is instructive to compare the first of Eqs.~36! based on
the analysis of lepton-quark interactions with direct co
straints derived from experiments on thee1e2→ l 1l 2 scat-
tering. Introducing the normalizedZ8 coupling to the axial
leptonic current,

uAl u5AgZ8
2 Yl

a2mZ
2

4pmZ8
2 , ~37!

one can write down the bounds obtained from the proce
e1e2→ l 1l 2 as follows: uAl u,0.025 ~see Fig. 2.7 of Ref.
05500
-
f

l

-

es

@1#!. However, relations~36! lead to the constraintuAl u
,0.0087. Thus, the bounds~36! are about one order stronge
than ones derived from the analysis of pure leptonic inter
tions.

V. DISCUSSION

In the lack of reliable information on the model descri
ing physics beyond the SM and predictingZ8 boson it is of
great importance to find model independent variables
search for this particle. In this regard, it could be useful
employ the method of Ref.@4# which gives the possibility of
reducing the amount of unknown numbers parametrizing
fects of new heavy virtual particles.

In Ref. @2# observabless6 alternative to the familiarsT
and AFB and perspective in searching for the AbelianZ8
signal in the leptonic processese1e2→ l 1l 2 were proposed.
It was pointed out that the sign of thes1 deviation from the
SM value can be uniquely predicted when lepton universa
is assumed. The sign remains undetermined in the cas
arbitrary interactions ofZ8 with leptons.

The observables introduced in the present paper are
extension of that in Ref.@2# with the choice, specified above
of the boundary angle. The observableDs l(z* ) is the nega-
tive defined quantity even in the case when lepton univer
ity is not assumed. Moreover, the observableDsq(z* ) intro-
duced for quarks of the same generation is proportiona
the leptonic oneDs l(z* ) being negative, too.

As was mentioned in Sec. III, the magnitude of the le
tonic observableDs l(z* ) is expressed in terms of ther
parameter@Eq. ~22!#. Thus, theZ8 contributions to the quan
tities 12r512mW

2 /mZ
2 cos2uW, Ds l(z* ) and Dsq(z* )

have to be negative, allowing one to detect theZ8 signal.
Now let us discuss the most important properties of re

tions~2! and~11!. The key point in deriving the RG relation
is that the basis theory, being assumed to describe proce
at low energies, must be fixed. As the underlying theo
describing interactions at high energiesE@mW is concerned,
it is unknown and therefore not specified in our approach
Ref. @4# the minimal SM was chosen as the basis mod
However, a number of theories, based on the underlyingE6
group and predicting the AbelianZ8, are reduced at low
energies to the two-Higgs-doublet model~THDM!. In this
regard, let us note that RG relations~2! and~11! respect the
Ũ(1) gauge invariance of the Yukawa terms of the SM L
grangian. That is why one could expect that if the THDM
chosen as the basis theory, the same RG relations have
obtained for each of the scalar doublets. But, of course,
relations have to be quite different if we consider the no
Abelian Z8 boson~see for details@4#!.

It is interesting to check whether RG relations~2! and
~11! hold for theories which extend the SM at low energie
For definiteness, let us consider the E6 gauge theory@1,7#
with specific values of theZ8 couplings, generated in differ
ent scenarios of symmetry breaking. In Table II~see Ref.@1#!
we show theZ8 couplings to the SM fermions predicted b
the E6 theory ~notice that the sign of the axial couplings
Ref. @1# is opposite to the sign ofaZ8

f ). At first glance, one
7-6
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would find a discrepancy between the couplings in the Ta
II and the ones following from RG relations~2! or ~11!. This
requires to be discussed in more detail.

There are different symmetry breaking schemes in the6
group. One of them is

E6→SO~10!3U~1!c ,

SO~10!→SU~3!c3SU~2!L3SU~2!R3U~1!B2L .
~38!

It leads to the so-called left-right~LR! model. In this case the
values of theZ8 couplings to the charged leptons and qua
satisfy relations~2! and ~11!. The Z8 interactions with neu-
trinos will be discussed later. Another scheme,

E6→SO~10!3U~1!c→SU~5!3U~1!x3U~1!c , ~39!

predicts the AbelianZ8 which is the linear combination o
the neutral vector bosonsc andx:

Z85x cosb1c sinb. ~40!

The mixing of the statesx andc, naturally, influences theZ8
couplings. In our problem, two possibilities to chooseb are
of interest. First is if the mass of the fieldc is much heavier

TABLE II. The Z8 couplings to the SM fermions in the E6 and
LR models.

f E6: aZ8
f vZ8

f LR: aZ8
f vZ8

f

n
23

cosb

A40
2

sinb

A24
3

cosb

A40
1

sinb

A24
2

1
2a

1
2a

e
2

cosb

A10
2

sinb

A6
2

cosb

A10
2

a

2
1
a

2
a

2

u cosb

A10
2

sinb

A6

0 a

2
2

1
3a

1
a

2

d
2

cosb

A10
2

sinb

A6
22

cosb

A10
2

a

2
2

1
3a

2
a

2
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than that of thex field. As a consequence, the fieldc is
decoupled and the mixing angleb is small (b!1). In this
case RG relations~2! and ~11! hold in lower order inb for
theZ8 couplings to quarks and charged leptons. Second
the masses are of the same order. This case cannot be tr
straightforwardly on the basis of relations~2! and~11! since
the mixed states ofZ8 have to be included into consideratio
explicitly. Our approach is also applicable in this case. Ho
ever, it requires additional investigations which we w
present in a separate publication.

As is usually supposed in theories based on the E6 group,
the Yukawa terms responsible for the generation of the D
masses of neutrinos must be set to zero@7#. So there are no
RG relations for theZ8 interactions with the neutrino axial
vector currents. In this case the couplingsaZ8

n given in Table
II are not restricted by the RG relations. Moreover, the n
merical estimates~36! are completely independent of thes
parameters.

In general, one can consider the problem of searching
the AbelianZ8 when the basis low-energy theory is not th
minimal SM. In this case, the existence of new light fiel
~for instance, light scalar particles! must be allowed for.
These additional light fields will enter theb andg functions
calculated in the external field substituting the virtualZ8
state and in this way modify the RG relations@4#.

As a corollary of our analysis we note that the introduc
observables allow one to identify~or to discard! the Abelian
Z8 effects. They can usefully complement the conventio
analysis ofZ8 couplings based on the observablessT and
AFB .

If one wishes to find variables giving the possibility o
searching forZ8 ~or other heavy particles! and independen
of neither high-energy nor low-energy theory, then in o
approach it is necessary to derive a series of RG relations
different versions of the low-energy theory and the cor
sponding observables. Overlap of the variables will g
such desired model independent constraints.
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