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We analyze possible indirect signals of additional neutral gauge bosons at future collid-
ers, concentrating on SU(2) U(1) U(1) and SU(2) SU(2) U(1) e�ective the-
ories. We develop a simple formalism to describe these e�ects and make a careful study
of radiative corrections, in particular initial state radiation, which will be shown to have
important implications. To make realistic estimates of the sensitivity to the new gauge bo-
son e�ects, we use a model detector for annihilation at a center of mass energy of 500
GeV. Using a number of selected physical observables we then show that masses considerably
higher than the total energy [up to a factor of 6] can be probed and that distinction between
various theoretical models is possible.
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The Standard Model of strong and electroweak interactions [1], based on the gauge symme-
try SU(3) SU(2) U(1) , has achieved many successes in describing the experimental
data within the range of energies available today. In particular, it has been tested to the
level of its loop radiative corrections in the high precision LEP experiments. Nevertheless,
it is widely believed that it is not the ultimate truth. Indeed, besides the fact that it has too
many parameters which are merely incorporated by hand, it does not unify the electromag-
netic, weak and strong forces in a satisfactory way since the coupling constants of the three
gauge groups are di�erent and independent. Therefore, one would expect the existence of
a more fundamental theory in which the Standard Model is naturally embedded and which
reduces to it at present energies.

Among the candidates for this more fundamental picture, grand uni�ed theories are the
most appealing ones. Not only do they unify electroweak and strong interactions within the
context of a single gauge group but they also, when endowed with supersymmetry, lead to
a successful prediction for the coupling constants of these interactions at low energies [2].
In particular, the exceptional group E [3], which contains the popular subgroups SU(5) [4]
and SO(10) [5] and is the next simple anomaly free choice after SO(10), has received most
of the attention in recent years [6]. This is mainly due to the fact that superstring theories,
which attempt to unify all fundamental forces including gravity, suggest that this symmetry
is an acceptable four dimensional �eld theoretic limit after compacti�cation [7].

A general prediction of grand uni�ed theories [with the notable exception of the one based
on SU(5) symmetry] is the existence of additional gauge bosons [3, 5, 6]. Indeed, in the
breaking of these symmetries down to the Standard Model gauge group, it is possible that
some additional group factors survive at low energies, allowing for at least one extra neutral
gauge boson [to be generically called from now on] with a mass not far from the scale
of the electroweak symmetry breaking. This additional boson could then be light enough
to generate observable e�ects at the next generation of electron{positron or hadron colliders.

At hadron colliders, the direct production of new bosons has been extensively studied by sev-
eral groups [see ref.[6] for a compilation and references therein]. Depending on the assumed
luminosity of the machine, the nature of the as well as its decay branching fractions,
discovery limits range up to 3{5 TeV at the LHC [8] and up to 5{6 TeV at the SSC [9]. In
principle, it might also be possible to identify the physical origin of the [at least within
classes of models] using the leptonic forward{backward asymmetry. However, because of ex-
perimental di�culties this will not be possible for the entire discovery range and for instance
at the LHC, it would probably be limited to masses below 1 TeV [8].

At the next linear colliders, since their presently planned energies do not exceed
one TeV, the possibility of directly producing a new gauge boson is more limited than
at LHC/SSC. However, even if a new is too heavy to be produced as a resonance, it could
give rise to virtual e�ects which are measurable. As a matter of fact, due to the clean en-
vironment of annihilation, high precision measurements can be performed and masses
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considerably higher than the maximum center of mass energy can be probed. In addition,
because of the much larger number of experimental observables which can be measured with
a high accuracy, the possibility of identifying the model origin of the new gauge boson is not
as limited as in the case of hadron colliders. For instance if a with a mass of the order of
1{2 TeV is found at the LHC, a 500 GeV collider would give valuable contributions to
its detailed investigation, allowing the distinction between di�erent models and the determi-
nation of the model parameters. The study of the e�ects of the new gauge boson at hadron
and colliders would then be complementary.

In the present article, we shall study the possible e�ects of one extra neutral gauge boson at
high energy colliders, concentrating on two general e�ective theories: SU(2) U(1)
U(1) originating from the E model and left{right models [10] based on an SU(2) SU(2)
U(1) symmetry. We shall assume that the new boson will be heavier than the total energy

of the collider so that it can reveal its existence only through virtual e�ects which could
be measurable in a high precision experiment. Several preliminary studies of the subject
have been conducted in recent years [11, 12] and search \strategies" have been developed
to isolate the signals of the and to identify its model origin. However, there are some
important aspects of these indirect searches via high precision measurements which have not
been considered previously, and which we shall discuss in detail.

In previous analyses, the indirect e�ects of new bosons on physical observables were studied
in the Born approximation and radiative corrections have been generally ignored. How-
ever, since far below the production threshold the e�ects on measurable quantities are
expected to be rather small [and to have no special signature], one has to ensure that the
latter quantities are calculated with the requested accuracy and therefore to incorporate
both electroweak and QED radiative corrections. While the contributions of the weak loop
corrections will only change the overall normalization, the photonic corrections and in par-
ticular initial state radiation give very large contributions which depend on the experimental
conditions. Therefore, for a realistic analysis of indirect e�ects, these radiative corrections
and their dependence on the experimental set{up must be carefully taken into account.

Another important question that we want to address in this paper is related to the exper-
imental conditions under which the search of the virtual e�ects is made. The range of
masses and couplings which can be probed at an collider will directly depend on the ex-
perimental errors with which the physical observables are measured. Hence, one has to make
realistic estimates of these errors in order to be able to select those observables which are
the most sensitive to the new e�ects and best suited to probe higher masses and di�erentiate
between various models. In addition one has to carefully control the potential \backgrounds"
to the selected quantities by using suitable experimental cuts. These cuts have to be made in
conjunction with those needed to control initial state radiation and hence must be optimized.

We shall also present a very convenient formalism to parametrize the virtual e�ects of extra
neutral gauge bosons on various cross sections and [unpolarized as well as polarized] asym-
metries in the annihilation process of the initial electron{positron pair to fermion pairs. The
latter observables will be expressed with the help of generalized charges which are given in
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terms of helicity amplitudes. Exact and compact formulae, including the �nal fermion mass
e�ects which can be useful in the case of the third generation quarks, will be given.

Since some experimental conditions must be speci�ed in order to make quantitative predic-
tions, we will concentrate our analysis on the speci�c case of the Next Linear Collider (NLC)
with a center of mass energy of 500 GeV. To make the study as realistic as possible, we will
exploit the various studies which have been recently done on the potential of this machine
[13, 14]. However, our results can be easily translated to higher [or smaller as it is the case
for LEP200] energies by a proper reconsideration of the experimental situation. For the most
important features, examples for di�erent energies will be given.

The paper is organized as follows. The next section is devoted to the discussion of the main
features of the SU(2) U(1) U(1) and SU(2) SU(2) U(1) e�ectivemodels which
will be considered. We summarize the available information on the new parameters that are
introduced and show how they a�ect the various observables used in our analysis. In section
3, we discuss the rôle of pure electroweak and QED radiative corrections in the search for
indirect e�ects and show how the radiative tail of the boson can be controlled. In the
following section, we summarize the experimental situation of annihilation at a center
of mass energy of 500 GeV. Extrapolating from the present knowledge, we use a realistic
model detector to estimate the possible experimental accuracy on the observables that we
select for the search. Section 5 contains ours results. We exhibit the 95% con�dence level
range of masses and couplings that can be explored at the 500 GeV collider and study the
possibility of distinguishing between various models with and without beam polarization. In
the �nal section 6 we will summarize our main results and draw some conclusions. In the
Appendix we collect the compact expressions of all the observables which are used for this
search.

We will concentrate our attention on two of the most theoretically motivated e�ective theo-
ries which lead to an additional gauge boson : SU(2) U(1) U(1) originating from
the breaking of the exceptional group E and left{right (LR) models based on an SU(2)
SU(2) U(1) symmetry. In this section we discuss the main features of these two models,
give the formalism needed to describe the e�ects of the , and summarize the available
constraints on the new parameters.

In the breaking of the E group down to the Standard Model, two additional neutral gauge
bosons will appear but for simplicity we assume that only one of them is light enough to be
relevant. Its most general couplings can be conveniently parametrized in terms of the U(1)
and U(1) charges where the U(1) factors result from the breaking of E via the chain [we
follow the notations of [12]]

(10) (1) (5) (1) (1)
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Note that the model predicts also the existence of new fermions [to complete the representation of

dimension of the group] which can mix with the standard ones [6]. These new fermions and their mixing

will not be considered here.

E

27

The most general of this origin will be de�ned as

= cos + sin (1)

In this case the values = 0 and = 2 would correspond to pure and gauge bosons

respectively, while the choice = arctg( 3 5) would correspond to the model where
is directly broken to a rank{5 group at the uni�cation scale in superstrings theories. In the
presence of this additional gauge boson, the neutral current Lagrangian will be given [in the
weak eigenstate basis] by

= + + (2)

where = 4 = = [with = 1 sin ] are the gauge
coupling constants; we have assumed = . The currents are [the sum runs over fermions]

=
(1 )

2
+

(1 + )

2
(3)

with or and their reduced left{handed and right-handed couplings to the
fermions which are displayed in Table 1. In the case of the photon and boson, they are
simply given by [ is the electric charge in units of and is the third component of the
weak isospin]

= =

= = (4)

The physical [mass eigenstates] and are admixtures of the weak eigenstates of SU(2)
U(1) and of the additional U(1). The matrix describing this mixing is

=
cos sin
sin cos

where the angle is approximately given by the following expression [valid for su�-
ciently larger than ]

( )
= (5)

where are the vacuum expectation values of the (doublet) Higgs �elds involved in the
symmetry breaking and their charges with respect to the additional U(1). In most of the
models which have been considered so far in the literature the parameter is of the order
of unity. This mixing between the and the will induce a change in the couplings of
the two bosons to fermions from the values given in eq. (3); and can be straightforwardly
included by performing the following substitutions

cos + sin

1
sin + cos (6)
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However, this bound can be evaded in some models where is very small or exactly vanishing [as it

happens for instance in the case where tg = 3 5], therefore generating a \spontaneous decoupling" of

the boson [18] from LEP physics and allowing its mass to be relatively small.

We will not discuss the case of boson pair production since the cross section is suppressed by mixing

angle factors.

P

� =

Z

W

Because the couplings of the boson to ordinary fermions have been very accurately mea-
sured at LEP100 and have been found to be in a very good agreement with the Standard
Model expectations, the mixing angle is constrained to be rather small. Several analyses
of the LEP100 data have reached at the conclusion that should be smaller than a few
percent [15, 16]. This constraint will be more stringent in the future [17]. Hence, one can
safely neglect its e�ects in the present analysis.

Since there is a strong correlation between the mixing angle and the mass as
shown in eq. (5), the constraint on directly translates into a lower bound on , once
the Higgs structure of the model is speci�ed. Since in most of the theoretically well moti-
vated models the parameter is of the order of unity, one is led to a lower bound of several
hundred GeV on . In addition to these indirect limits, lower bounds on from direct

searches at present hadron colliders are also available. From the negative search of a
peak in the invariant mass spectrum of high energy pairs at the Tevatron, an area in
the plane and Br( ) has been excluded. Depending on the particular model
chosen, extra neutral bosons with masses less than 200 to 400 GeV are already ruled out
[15]. The accessible mass range will probably be pushed up to 500 GeV in the next runs.

In the case of left{right models, following the notation of ref.[19], the most general
boson will couple to the current

=
1

2
(7)

where is the current associated to the third component of the SU(2) group, and
are the baryon and lepton numbers respectively, and the model parameter is de�ned as

1 (8)

with = and being the SU(2) and SU(2) gauge coupling constants. The pa-

rameter will be restricted to lie in the range 2 3 2. The upper bound
corresponds to a left{right symmetric model = . When is equal to its lower bound,
the LR model becomes identical to the model of E . This is due to the fact that SU(2)
SU(2) U(1) can be generated by SO(10). From the existing analyses, mixing angles larger
than 1% and masses smaller than 300 GeV are already ruled out by the available data
[15, 16]. The experimental data on the charged current sector are much more constraining
[20] and this sector can be safely ignored in our analysis.

An additional would participate in the annihilation process fermions which
will be built{up by a superposition of gauge boson s{channel exchanges [in the case of �nal
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These two sets of corrections are simple adaptations of known formulae from the standard theory. For

a detailed discussion see ref.[22].

state electrons one also has {channel exchanges]. Thus, it will alter the reaction through
its propagator e�ects. For a heavy the and interferences should dominate over
the contribution. Furthermore the couplings of the photon to fermions are generally
larger than those of the so that the largest contribution will be due to the interference
term if the vectorial couplings of the are not suppressed. The most general form of the
di�erential cross section of the process � is given in the Appendix, assuming initial
[longitudinal or transverse] polarization of the beams and taking into account the masses of
the �nal particles. This form is very convenient for practical purposes. Compact analytic
expressions for the cross sections and for various observables which can be built{up in
collisions are also given in the Appendix.

Since the e�ects of heavy new gauge bosons [with masses far beyond the production thresh-
old] on physical observables are expected to be rather small, in order to isolate new signals
from standard e�ects one has to calculate the various contributions to these observables with
the maximum accuracy. Hence, one has to properly take into account QED, pure weak and
QCD radiative corrections. In particular, the QED bremsstrahlung corrections which de-
pend on the experimental conditions, can give very large contributions. This is illustrated in
Figure 1 where we display the total cross section for muon pair production in the presence of
a of mass = 700 GeV, as a function of the center of mass energy. The largest contri-
bution is due to initial state radiation, but our numerical results [21] also include �nal state
radiation and the interference between initial and �nal state bremsstrahlung. Because the
latter two corrections are numerically small we will not discuss them here . In the following,
we shall simply give the necessary formalism needed to include initial state bremsstrahlung
and make few comments on pure weak and QCD radiative corrections.

The initial state corrected cross sections and forward{backward asymmetries can be obtained
by using the following convolution formulae:

= ( ) ( ) (9)

=
1

( ) ( ) (10)

To �rst order in , improved by soft photon exponentiation, the two functions [23] and
[24] are given by the following expressions

( ) = (1 + ) + ( ) (11)

where = 2 (ln 1) and , ( ) are the soft and hard radiator parts

=
3

1

2
+
3

2
(ln 1)

6

t

Z 
Z ZZ

Z Z

Z 
Z

Z

e e ff

e e

Z M

� dk � s R k

A
�

dk � s R k

� R

R

R k S � k H k

� e s=m S H k

S
�

�
e

� s

m

!

�

� �

3 Radiative Corrections

Z
Z

" #



0 0 0

2
2

2

2
2

2 2 2

0

0
2 2

=0

+ +

0
2 2

=0

+ +

0 2
0

2
0

1 2 2 2
1

2
1

2

2 2 2
2

2
2

2

2 2

2 2 2 2 2 2

T e
e

e

FB e
e

e

e
T;FB

T

FB

T;FB

T
m;n

m;n
T L L

m;n
FB L L m n

FB
m;n

m;n
FB L L

m;n
T L L m n

L

W W
Z Z Z

W
Z Z Z

F W W
fV
L;R

T FB

m;n
T

em
L

en
L

em
R

en
R

fm
L

fn
L

fm
R

fn
R

m;n
FB

em
L

en
L

em
R

en
R

fm
L

fn
L

fm
R

fn
R

m n n m n m

0

0

� � 0 � 0

0

� � 0 � 0

0 �

� 0

0

0

0

0

0 � �

0 0

0 �

0

0

( ) =
1 + (1 )

ln 1 (12)

( ) =
1 + (1 ) 1

(1 2)
ln 1 ln

1

(1 2)

Soft photons are radiated isotropically and as a consequence, ( 0). Since at the
boson peak soft photon emission is dominating, the di�erence of the radiators for and
may be neglected at LEP100. This is no longer true for energies su�ciently above this

narrow resonance. In eqs.(9{10), are the Born cross sections taken at a reduced energy
= (1 ). In the massless fermion case [the exact expressions including mass e�ects are

given in the Appendix] they read

=
4

3
(1 ) + ( ) ( ) ( ) (13)

= (1 ) + ( ) ( ) ( ) (14)

where ( ) is the running electromagnetic constant, are the longitudinal polariza-
tions of and denote the three gauge bosons with propagators

( ) = with = 0 for

( ) = with = � for

( ) =
1

with = � for

Here = 2 1, is introduced to take into account additional electroweak
corrections which improve the Born approximation. In terms of the fermion charges
given in Table 1, and are

=
1

4
[ + ] +

=
1

4
[ ] (15)

The result of the integration of eqs.(9{10) are analytic functions depending on the exchanged
boson mass and couplings and the cut � on the photon energy. We have chosen a simple
parametrization of the photon phase space which nevertheless allows to exhibit the essential
features of a more realistic experimental set-up. We come now to the discussion of the
development of the radiative tail. The product of the propagators in eqs.(13-14) can be
written as

= (16)
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Note that in the case of { mixing [which we neglect here] the situation is more complicated but

allows at least some approximate solution [26].

Z Z

and in the case where = , one has for the �rst factor on the right{hand side

=
2 �

(17)

This imaginary number is a quantitative measure of the radiative tail. It gives real con-
tributions to the cross section if it is met by another imaginary quantity, which can arise
from the integration over the other [ {dependent] factors in eq. (16). After partial fraction
decomposition, one arrives at

2 �

1

(1 )
=

2 �
ln
� 1 +

1 +
(18)

If the real part of the argument of the logarithm is negative, this term becomes very large,
of the order of � , and a radiative tail arises. Further, two additional conditions must
be ful�lled:

and � = 1 (19)

The radiative tail has very important implications in the search for e�ects. It is known that
it enhances the Standard Model cross sections by a factor of 2{3, thus completely diluting
the small signals of a . Note that there are no tail e�ects from the at energies below the

peak which could enhance these signals. In order to remove the boson tail, a cut has
to be applied on the photon energy which guaranties that � = 1 .
This would be the case for

�(LEP200) 0 792 i e 79 2 GeV

�(NLC500) 0 967 i e 242 GeV (20)

After having applied this cut on the maximum photon energy, the ratio of the signal to
the boson e�ects remains of comparable size as it was in the Born approximation, although
its numerical value is completely di�erent. The main features of the present discussion are
illustrated in Figure 2 where we plot the ratio of the hadronic cross section for the �ve light

avors to the muonic cross section, in the presence of a of model [which coincides with

the LR model with = 2 3 as discussed previously] with a mass = 750 GeV. We
see that a cut on the photon energy strongly in
uences not only the cross section values, but
also the di�erence between observables with and without exchange.

Let us now brie
y discuss the case of the pure weak radiative corrections. Within the present
context, a correct treatment of these corrections is not too problematic. One simply has to
add to the available Standard Model programs a piece containing the cross section .
Higher order corrections generated by the boson [25] can be safely neglected if the mass
of the latter is su�ciently large as it is assumed here. We further neglect corrections due to
the enlarged Higgs sector. The Standard Model corrections are generally very small below
LEP100 energies since there, the photon exchange is dominating. At LEP100, they are also
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small if the top quark is relatively light. The situation is only slightly di�erent at energies
much larger than the weak boson masses, although the corrections rise as fast as ln( ).
This is illustrated in Table 2 where the contribution of the weak loop corrections is compared
to the photonic corrections and to the signal at di�erent energies. At 500 GeV
they lead to shifts of a few percent. Due to the substantial contributions of the and

box diagrams, they become dependent on the angular acceptance cut. Although being
much larger than at LEP100, their e�ect is small compared to the large in
uence of the
experimental cut conditions on bremsstrahlung and also to the signal which is nearly one
order of magnitude larger for the present parameter settings.

Finally in the case of hadronic �nal states, one has to take into account QCD radiative
corrections. These corrections will only change the overall normalization. In the massless
quark limit in which we are interested here, they can be included by simply multiplying the
Born expression of in eqs. (13,14) by a factor (1 + ) [27]. There are no QCD

corrections to in this limit.

In this section we want to consider a future linear collider (NLC) [28] which may
provide a center of mass energy of 500 GeV. We have given arguments that such an
collider is unlikely to become a factory. Therefore, we will concentrate on the propa-
gator e�ects which can be detected by an extension of the precision tests of the electroweak
theory performed today at LEP100 to higher energies.

To characterize the experimental situation, Table 3 gives a few typical cross-sections at
500 GeV. The hadronic cross-section is a factor 3000 smaller than at the peak at
LEP100. Therefore, harder cuts will have to be applied against two{photon events which
have a cross-section logarithmically rising with . In addition, the production is
comparable to production. Figure 3 shows the energy spectrum for the dominant pro-
cesses with �nal state hadrons. The distribution is displayed in the variable � = 1
introduced earlier, with calculated from the measured four vectors of the �nal state par-
ticles and derived from the nominal center of mass energy. The spectrum is obtained
from a simulation based on PYTHIA 5.5 [29] and a simple detector representation. In the
simulation, photons radiated in the initial state are taken into account but not the e�ects
of beamstrahlung, which di�er substantially for various machine designs. To suppress the
two{photon background, a cut � 0 9 is needed. In the previous section we have discussed
that such a cut is also needed in order not to dilute the signal by events from the ra-
diative return to the . An optimization of this cut, which also has to take into account
the beamstrahlung spectrum, has not been performed and we conservatively adopt the value
� 0.7. Typical event rates after this cut for an integrated luminosity of 20 fb , which we
will assume for all further studies, are given in Table 4.

Column 2 of Table 5 summarizes the 1990 experimental systematics of precision measure-
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ments at LEP100, which are expected to improve with statistics. Comparing these numbers
to the statistics in Table 4, it can be seen that it makes sense to aim at a similar precision at
NLC. The clean background situation at an collider allows to complement calorimetry
with high precision tracking devices which might well reach an accuracy � 0 5 10
GeV . Therefore, for the lepton detection, similar systematic errors as at LEP100 can be
achieved. For the process however, the situation is di�erent due to the high

background. Calorimetry in combination with high resolution tracking devices al-
lowing an easy tagging of events, we nonetheless attribute an accuracy of 1% to the
selection e�ciency for the process . The luminosity determination is complicated
by the presence of beamstrahlung, requiring a precise energy measurement for small angle
Bhabha pairs. It has been studied that this is feasible, allowing an absolute luminosity mea-
surement with an error of less than 1% [30]. Table 5, column 3 summarizes the expected
systematic errors at NLC which have been taken into account.

The estimates for statistics and systematic errors suggest to base our analysis on the following
variables

=

In our considerations the index 'lept' refers to the combination of all three lepton channels,
for electrons however we only consider the {channel. Other precision tests at LEP100
involve the � sector, which we do not consider here due to the small statistics o�-resonance
relative to the sum of lepton channels. For the same reason we also do not consider the
{polarization asymmetry. To study the bene�t of longitudinal polarization, we will also
indicate the e�ect of a precision measurement of

on the results obtained. These asymmetries are equal at the peak but o�{resonance, we
expect di�erent values for both observables, due to the , , ... contributions which are
no longer suppressed.

If at a c.m. energy of 500 GeV still all observations happen to be consistent with the Stan-
dard Model prediction, we can derive lower bounds on the mass of an additional by a
comparison of the measured observables with the prediction of various models. Standard
Model parameters like the top and Higgs masses and the strong coupling constant, which are
needed for the calculation of radiative corrections are assumed to be known. Since we neglect
the small mixing angle between and , we can concentrate on a study of the deviations
of , , R and from the Minimal Standard Model predictions as function of
and the parameters cos and , of E and LR models respectively.

Figure 4 shows for each individual observable considered, the mass limits up to which a
new motivated could be excluded at the 95% con�dence level, as a function of the

10

e e

p=p < :

e e qq

W W

W W

e e qq

� ; R
�

�
; A

s

bb

�

A ; A

Z



 
Z

Z

Z Z

� A A M

� �

E Z

�

!

!

Z5.1 mass limits

5 Results and discussion



0

0

0

had lept

6

6

1

+

+ +

+ +

+

+

6

LR

LR

LR

Z

Z

Z

LR

0

0

0

0

0

0

�

0

0

�

0 � 0 � 0

0 � �

0

0

�

0

0

0

�

0

model parameter cos . Figure 5 shows the analogous limits for left-right models as a func-
tion of . The derivation of mass limits includes the e�ects of QED corrections for
a cut � 0.7 and the e�ects of the systematic errors in Table 5. It can be seen that the
observables have a complementary behavior as a function of the model parameters cos
and . The strongest limits without longitudinal polarization can be obtained from a
measurement of = . Figure 6 shows the mass limits when combining all
observables. Without longitudinal polarization, mass limits up to 3 TeV can be reached for
a originating from and left-right models. From Figure 6 it can be seen that the gain
in sensitivity by the availability of longitudinal polarization is rather modest for models.
For left{right models, longitudinal polarization would allow to extend the mass limits
by up to 1.2 TeV for certain values. To demonstrate the e�ect of systematic errors
the mass limits calculated from statistics only are also indicated in Figure 6. In the limit of
vanishing systematics, mass limits could be pushed to 4 TeV for certain model parameters.

In Figure 7 we show how the exclusion limits would scale with the c.m. energy available,
keeping systematic errors as in Table 5 and a constant integrated luminosity of 20 fb .
Raising the c.m. energy to 1 TeV or even 2 TeV (c.f. the study performed in Ref. [31])
allows to extend the Z' mass limits up to 5 TeV or 8 TeV, respectively.

discovery limits in collisions at LHC range up to 5 TeV [32], depending on the lumi-
nosity assumed. The could be discovered in collisions as a peak in the invariant mass
spectrum of high energy pairs. Therefore discovery limits strongly depend on the
branching ratio of the into pairs Br( ). If no is found at LHC, this will
exclude an area in the plane of and Br( ). Exclusion limits obtained in
collisions are derived from the propagator e�ects and mainly from the interference, and
therefore have only a very weak dependence on the total decay width of the . Therefore
exclusion limits derived in and collisions would be complementary.

In this subsection we assume that the has been discovered in collisions, and we want
to discuss how to elucidate the origin of this new gauge boson.

In collisions the number of events in the invariant mass peak depends on the model
parameters of the and its branching ratio into electrons. Therefore further quantities are
needed to obtain a statement about model parameters. The only quantity accessible there is
the forward{backward asymmetry of leptons. The obvious experimental requirement for the
forward{backward asymmetry is charge identi�cation. This imposes severe requirements to
their tracking capabilities and probably will be limited to 1 TeV [33].

At a 500 GeV machine, we can use all observables which potentially provide mass
limits on the also for the identi�cation of its origin. Let us suppose that we know that

=1 TeV and the observations are consistent with the prediction for a certain value
of cos . Figure 7 shows as function of cos , which values of the model parameter in
left-right models can be excluded at the 95% con�dence level, separately for the observables
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, = and . In this �gure and subsequent ones, the range of values
which can be excluded at the 95% con�dence level is indicated as white areas. Contrary
the hatched areas show the regions of confusion. Combining all three observables, only the
tiny hatched area in Figure 9a remains. If longitudinal polarization could be made available
as well, even this tiny region of confusion would vanish for =1 TeV. Figure 9b{d show
the distinction between and left-right models for higher masses. In each �gure, the
hatched area corresponds to the region of confusion without longitudinal polarization, the
smaller cross-hatched area shows the gain of combining the statistical signi�cance of ,

= and with that of and . Irrespective of the availability of
longitudinal polarization, an excellent distinction between and left-right models can be
obtained in the mass range up to 1.5 TeV. Some discrimination can still be achieved for

masses up to 2 TeV. In all cases, longitudinal polarization is valuable and would allow
to extend the capability to distinguish between and left-right models up to masses of
about 2.5 TeV.

Having discussed the distinction between di�erent classes of models we now turn to the
determination of the model parameter itself, using as an example cos related to models.
Figure 10 displays the result of this study for masses from 1 to 3 TeV. For known,
and data being consistent with a certain central value of cos indicated on the abscissa,
the ordinate gives the 1 range for cos . Especially for higher masses, this 1 range
may separate into disconnected regions. As in Figure 11, the hatched area refers to the
combination of observables without longitudinal polarization, the smaller cross-hatched area
demonstrates the bene�t from including and . It can be seen that data could
restrict the model parameter cos up to masses of 3 TeV.

In this article, we have shown that a 500 GeV next generation linear collider provides an
interesting environment for precision tests of the Standard Model. We have performed a de-
tailed study of radiative corrections, and shown that they are responsible for e�ects, which
are even more pronounced than at the peak.

A heavy , even if its mass is substantially higher than the center of mass energy available
in collisions, would manifest itself at tree level by its propagator e�ects [and mainly
via its interference with the photon exchange diagram] producing sizeable e�ects on the
observables , R= , and . If all observables still con�rm the Minimal
Standard Model prediction at a center of mass energy of 500 GeV, a could be excluded at
the 95% con�dence level up to masses of 3 TeV without, and 3.5 TeV with the availability
of longitudinal polarization.

If a in the mass range up to 3 TeV were to be discovered in collisions, an col-
lider with a center of mass of mass energy of 500 GeV could give valuable contributions to
its detailed investigation: the distinction between di�erent classes of models and the deter-
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mination of model parameters. In this context also longitudinal polarization could be an
important tool.
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In this Appendix, we give the expression of the di�erential cross section for the process
( ) ( ) �, where are the longitudinal ( ) and transverse ( ) polar-

izations of the initial leptons, as well as the de�nition and the expressions of the various
observables which have been used in the analysis.

The di�erential cross section d /d
, with d
 =d(cos )d the polar and azimuthal angles
and specifying the direction of the fermion with respect to the incoming electron, can

be expressed in terms of generalized charges

1 d

d

=

3

8

1

2
(1 ) (1 + cos ) + (1 ) + 2 cos

+( ) (1 + cos ) + (1 ) + 2 cos + sin cos 2

( 1)

where is a color factor, = (1 4 ) the velocity of the fermion in the �nal state,
and the point{like QED cross section for muon pair production, = 4 3 . The
charges { are given by

=
1

4
+ + +

=
1

2
Re [ + ]

=
1

4
+

=
1

4
+

=
1

2
Re [ ]

=
1

4
+

=
1

2
Re [ ] ( 2)

For channel gauge boson exchange the helicity amplitudes with = are

= +
+ �

+
+ �

( 3)

are the reduced couplings of the left and right{handed fermions to the
gauge bosons and are displayed in Table 1a for the , in Table 1b for a of E origin
and in Table 1c for a LR . The inclusion of other gauge bosons is straightforward. For

there is a channel contribution and one has to add an extra piece to the
helicity amplitudes [ = (1 cos )]

+
+

+
+

( 4)
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We now give the expression for the total cross section as well as the de�nition of and the
expressions [ = ] for the various polarized and non polarized asymmetries. For the light
fermions it is more convenient to use the formulae in the limit of vanishing fermion masses
which are also given.

The production cross section normalized to :

=
( �)

=
3

4
(1 +

1

3
) + (1 )

for ( 5)

The unpolarized forward{backward asymmetry :

=
d d(cos )d d
(P = P = 0) d(cos )d d
(P = P = 0)

d d(cos )d d
(P = P = 0) + d(cos )d d
(P = P = 0)

=
(1 + ) + (1 )

3

4
( 6)

The left{right asymmetry for longitudinally polarized electron beams :

=
d
 d d
(P = 0 P = 1) d d
(P = 0 P = +1)

d
 d d
(P = 0 P = 1) + d d
(P = 0 P = +1)

=
(1 + ) + (1 )

(1 + ) + (1 )
( 7)

The polarized forward{backward asymmetry:

=
d d(cos )d d
(P = 1) d(cos )d d
(P = +1)

d d(cos )d d
(P = 1) + d(cos )d d
(P = +1)

=
(1 + ) + (1 )

3

4
( 8)

The azimuthal asymmetry for transversally polarized electron beams :

=
2 d
 d d
(P = P = 0) cos 2

d
 d d
(P = P = 0)

=
2

3 (1 + ) + (1 )

1

2
( 9)
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Table 1: Left{handed and right{handed couplings of Standard Model fermions to the gauge
bosons as de�ned in eq. (3):
a) couplings to the photon and the boson as de�ned in eq. (4).
b) couplings to the in E models as a function of the parameter cos .
c) couplings to the in left{right models as a function of the parameter .
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mix min
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+ +
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+

t

Z t H Z

t

qq

0

0 � �

�

� �

�

� �

� � �

�

� �

�

�� [pb] vs. [GeV] 91.18 200 500

brems. + run. 1487 8.198 1.342
with a cut 1190 2.627 0.3861
with a 1190 2.586 0.3376
with weak cor. 1185 2.592 0.3429
with = 200 GeV 1189 2.634 0.3487

Table 2: Cross section for muon pair production at di�erent c.m. energies. We use the
parameter values: = 91.18 GeV, = 90 GeV, =300 GeV, = 1 TeV and

= 0. We take = 0 3 and 150 30 . The di�erent contributions are
varied/included step by step.

process cross-section
[pb]

11.5
1.1

� ( = 120 GeV) 0.8

8.0
0.2
0.02

( 20 GeV) 33.5

Table 3: cross-sections at a c.m. energy of 500 GeV.
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�

process statistics

26 10
( {channel + + )

52 10
59 10
0 1 10

Table 4: Typical event statistic at a c.m. energy of 500 GeV based on an integrated lumi-
nosity of 20 pb . The statistics includes the e�ciency for a cut � 0 7.

systematics LEP 1990 NLC

event selection:

0.5% 0.5%

0.2 0.4% 1%

lepton FB-asymmetry negl. negl.
absolute luminosity 0.7 0.9% 1%
� 0.003 0.003

Table 5: Systematic errors for precision measurements at LEP100 and at NLC.
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Figure 1: The total cross section for muon pair production as a function of the c.m.
energy in the presence of a with a mass = 750 GeV. Shown are the Born approx-
imation (solid curve) and the QED corrected cross sections [without a cut on the photon
energy] (dashed curve).

Figure 2: The ratio of hadronic and muonic cross sections = as a function of
the c.m. energy with and without a with a mass = 750 GeV (dotted lines). Shown
are the Born approximation (solid curves), including QED corrections without a cut on the
photon energy (dashed curves) and with a cut (dotted curves).
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Figure 3: Final state energy spectrum for the dominant processes with �nal state hadrons
at an collider with a c.m. energy of 500 GeV. The �nal state energy is expressed in
the variable �=1-s'/s, with s' calculated from the measured four vectors of the �nal state
particles and s derived from the nominal center of mass energy. The spectrum is obtained
from a simulation based on PYTHIA 5.5 [29] and a simple detector representation. In the
simulation e�ects of initial state radiation are taken into account, but not the e�ects of
beamstrahlung.
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Figure 4: Z' mass limits in models as function of the parameter cos . Shown are 95%
con�dence limits based on an integrated luminosity of 20 fb at a c.m. energy of 500 GeV.
Radiative corrections, a cut on the �nal state fermion energy of � = 1 0 7 and
experimental systematics have been taken into account.
a) From the leptonic cross-section .
b) From the lepton forward backward asymmetry .
c) From the ratio of the hadronic and leptonic cross-sections R= .
d) From the polarisation asymmetry (solid curve) and (dashed curve).
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Figure 5: Z' mass limits in left-right models as function of the parameter . Shown are
95% con�dence limits based on an integrated luminosity of 20 fb at a c.m. energy of 500
GeV. Radiative corrections, a cut on the �nal state fermion energy of � = 1 0 7
and experimental systematics have been taken into account.
a) From the leptonic cross-section .
b) From the lepton forward backward asymmetry .
c) From the ratio of the hadronic and leptonic cross-sections R= .
d) From the polarisation asymmetry (solid curve) and (dashed curve).
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Figure 6: Z' mass limits in and left-right models as function of the parameters cos
and , respectively. Shown are 95% con�dence limits based on an integrated luminosity
of 20 fb at a c.m energy of 500 GeV. Radiative corrections, a cut on the �nal state
fermion energy of � = 1 0 7 and experimental systematics have been taken into
account. The thick solid curve results from combining the signi�cance of a measurement of

,R= and . The thick dotted curve assumes that longitudinal polarization
can be made available and includes the measurement of and . The corresponding
thin curves only include the e�ects of statistics.

Figure 7: Z' mass limits in and left-right models as function of the parameter cos and
, respectively. Shown are 95% con�dence limits for a c.m. energy of 0.5 TeV (solid lines),

1.0 TeV (dashed lines) and 2.0 TeV (dotted lines), respectively. Integrated luminosity and
experimental accuracies are the same as for Figures 4{6. The lower thick curves result from
combining the signi�cance of a measurement of ,R= and . The upper thin
curves include the measurement of and .
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Figure 8: Distinction between and left-right models for a Z' mass of 1 TeV. Integrated
luminosity, c.m. energy and experimental accuracies are the same as for Figures 4{6. Shown
is the range of the parameter in left-right models which can be excluded at the 95%
con�dence level, if the experimental observations are consistent with a certain value of cos .
The exclusion range is indicated as white area, the hatched area denotes the region of
confusion.
a) Distinction of models from the leptonic cross-section .
b) Distinction of models derived from the lepton forward backward asymmetry .
c) Distinction of models derived from the ratio R= .
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Figure 9: Distinction between and left-right models when combining the signi�cance of
, and R= for increasing Z' masses ( a) =1.5 TeV, b) =2 TeV and

c) =2.5 TeV ). Integrated luminosity, c.m. energy and experimental accuracies are the
same as for Figures 4{6. If all observations are consistent with the prediction for a certain
value of cos then the white areas indicate which values of the parameter in left-right
models can be excluded at the 95% con�dence level. The exclusion range is indicated as
white area, the hatched area denotes the region of confusion. The smaller cross-hatched area
shows the gain in sensitivity, if longitudinal polarization can be made available, providing in
addition a measurement of and .
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Figure 10: Determination of the model parameter cos for increasing Z' masses ( a)
=1 TeV, b) =2 TeV and c) =3 TeV ). Integrated luminosity, c.m. energy and

experimental accuracies are the same as for Figures 4{6. For known, and data being
consistent with the prediction for a certain central value of cos indicated on the abszissa,
the ordinate gives the 1- range for cos . As in Figure 9 the hatched area refers to the
combination of observables without longitudinal polarization, the smaller cross-hatched area
demonstrates the bene�t from includig and .
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