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Gauge symmetries with nonuniversal couplings can manifest themselves in eþe� collisions via

generation-dependent deviations of leptonic observables from the standard model predictions. We analyze

the deviations in terms of the lepton couplings to the extra neutral gauge boson and the polarizations of the

positron and electron beams. We show how the proper manipulation of both the nonuniversal couplings

and the applied beam polarization can result in considerable improvement in the differentiation of the

corresponding models and in the identification reach of the extra nonuniversal gauge boson.
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In spite of the impressive experimental confirmations of
the standard model (SM), there seems to be a general
consensus that it is not the ultimate theory of fundamental
interactions. Accordingly, new mechanisms of electroweak
symmetry breaking are introduced. Most of these theories
predict the existence of additional neutral gauge bosons,
Z0. It is believed that if an additional neutral gauge boson
exists, it should be observed through the Drell-Yan process
at the present high-energy hadronic colliders, if its mass is
in the few TeV range. The present Z0 discovery limits at the
Tevatron are �0:8–1 TeV [1]. On the other hand, as
the integrated luminosity at the LHC [2] reaches
�30–100 fb�1, the discovery limits are expected to ap-
proach the few TeV range. For masses above these limits, a
Z0 search at the LHC may be provided by indirect means
through deviations of cross sections from the SM predic-
tions. However, the identification may be difficult because
of limited statistics. Nevertheless, future eþe� linear col-
liders (LC) are considered necessary and proper to accom-
plish indirect searches for new Z0. LC are expected to make
high precision measurements of any additional gauge bo-
sons for their couplings and interactions with other parti-
cles. The need for high-energy LC is being addressed by
the proposed International Linear Collider (ILC) [3],
which is expected to operate with collision energies in
the range 0.5–1 TeV. The energy frontier next to ILC is
expected to be provided by the Compact Linear Collider
(CLIC) [4], which is designed to operate at collision en-
ergies in the range 1–5 TeV. The possibility of beam
polarization for both positrons and electrons in LC gives
another advantage to enhance the discovery limits of Z0.

We are interested here in studying characteristic signals
in eþe� collisions resulting from the presence of neutral
gauge bosons that occur in models beyond the SM. In
particular, we will consider family nonuniversal neutral
gauge bosons and, as a case study, we will regard gauge
bosons occurring in the minimal supersymmetric standard
model (MSSM) [5] and in the Spð6ÞL �Uð1ÞY model
(SPM) [6].

The general expression for the differential cross section

for the process eþe� ! �‘‘, ‘ ¼ �, � (‘ � e), when lon-
gitudinally polarized beams are employed and the helic-
ities of the final states measured, is given by [7]

d�pol

d�
¼ �2

4s
½Að1þ cos2#Þ þ 2B cos#�: (1)

The functions A and B are given by

A ¼ �1ðh1F1 þ h2F4Þ þ �2ðh1F3 þ h2F2Þ; (2)

B ¼ �1ðh1F2 þ h2F3Þ þ �2ðh1F4 þ h2F1Þ; (3)

where �1¼1��þ��, �2¼�þ���, h1¼ð1�hþh�Þ=4,
and h2 ¼ ðhþ � h�Þ=4. Here �þ and �� denote the hel-
icities of the incident positron and electron, while hþ and

h� denote the helicities of the final �‘ and ‘ leptons,
respectively. Measurements of the helicities of the final
state leptons, in particular, the tau leptons, are useful in
distinguishing family nonuniversal models [8]. However
we will be concerned here only with the helicities of the
initial state leptons. Let Z1 and Z2, with masses M1 and
M2, denote the mass eigenstate neutral gauge boson of the
SM and of the additional neutral boson of the model under
consideration, respectively. They represent mixtures of the
weak eigenstate bosons with a mixing angle ’. Z1 and Z2

couple to fermion f through vector and axial-vector cou-

plings ðvf
1 ; a

f
1Þ and ðvf

2 ; a
f
2Þ, respectively. The functions Fn,

n ¼ 1, 2, 3, 4, are given by

F1 ¼ 1þ 2
X2

j¼1

ve
jv

‘
j�j þ

X2

j;k¼1

ð�j�k þ �j�kÞ

� ðve
jv

e
k þ aeja

e
kÞðv‘

jv
‘
k þ a‘ja

‘
kÞ; (4)

F2 ¼ 2
X2

j¼1

aeja
‘
j�j þ

X2

j;k¼1

ð�j�k þ �j�kÞðve
ja

e
k þ aejv

e
kÞ

� ðv‘
ja

‘
k þ a‘jv

‘
kÞ; (5)

F3 ¼ 2
X2

j¼1

aejv
‘
j�j þ 2

X2

j;k¼1

ð�j�k þ �j�kÞ

� ve
ja

e
kðv‘

jv
‘
k þ a‘ja

‘
kÞ; (6)*bagneid@yahoo.com

PHYSICAL REVIEW D 83, 111301(R) (2011)

RAPID COMMUNICATIONS

1550-7998=2011=83(11)=111301(5) 111301-1 � 2011 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.83.111301


F4 ¼ F3ðe $ ‘Þ; (7)

where the functions �i and �i, i ¼ 1, 2, are given in [9].
In what follows we will examine three classes of ob-

servables as predicted by the models under consideration.
The first class, class (1), consists of the unpolarized cross

section �ð‘Þ � �ðeþe� ! �‘‘Þ, forward-backward asym-

metry AFBð‘Þ � AFBðeþe� ! �‘‘Þ, and the left-right asym-
metry with a partially polarized electron beam and an

unpolarized positron beam: AP
LRð‘Þ � AP

LRðeþe� ! �‘‘Þ,
where P is the longitudinal degree of polarization.

Class (2) observables, denoted by �polð‘Þ, Apol
FBð‘Þ, and

A
pol
LRð‘Þ, consist of the same observables as class (1) but

with the electron beam predominantly left-handed and the
positron beam predominantly right-handed. Class (3) ob-

servables, denoted by �rpolð‘Þ, Arpol
FB ð‘Þ, and Arpol

LR ð‘Þ, con-
sist of the same observables as class (2) but with the signs
of polarization of the positron and electron beams reversed.

Let us parametrize the functions Fn, n ¼ 1, 2, 3, 4, as
follows:

Fn ¼ �1;n þ
X2

i¼1

Kn
i ð‘Þ þ

X2

i;j¼1
j�i

Kn
ijð‘Þ; (8)

where the terms Kið‘Þ and Kijð‘Þ are given by

Kn
i ð‘Þ¼Cn

i ð‘Þ�i; Kn
ijð‘Þ¼Cn

ijð‘Þð�i�jþ�i�jÞ j� i:

(9)

The dominant contribution to the cross sections on and
within a few total widths of the Z2 resonance peak is
proportional to the parameter r ¼ R1ð‘ÞR2, where R1ð‘Þ ¼
C1
22ð‘Þ=ð�2Þ2 and R2 ¼ �1 þ ðALRð‘ÞÞp�2. Here, �2 is the

total width [10] of the Z2 boson and ðALRð‘ÞÞp is the left-

right asymmetry on the resonance peak. ðALRð‘ÞÞp ¼ Ae,

where for fermion f, Af ¼ 2½ðxf2Þ þ ðxf2Þ�1��1 with xfi ¼
vf
i =a

f
i , i ¼ 1, 2, and the subscript p refers to the peak value

on top of the Z2 resonance.
Let us now turn to our results. We start by investigating

the on-resonance leptonic cross sections. In Figs. 1(a)–1(c)
we present, respectively, the cross sections, �ð‘Þ, �polð‘Þ,
and �rpolð‘Þ, ‘ ¼ �, �, for the models considered here, as
functions of

ffiffiffi
s

p
. For the on-resonance calculations, we will

assume that M � M2 ¼ 1:5 TeV and ’ ¼ 0.
For class (2) observables we will take �þ ¼ þ60%
and �� ¼ �80%. Figure 1(a) shows that, at resonance,
½�SPMð�Þ�p=½�SPMð�Þ�p � 4 and ½�MSSMð�Þ�p=
½�MSSMð�Þ�p � 6:5. These results are in agreement with

the predicted values: ðR1ð�Þ=R1ð�ÞÞSPM ¼ 4 and
ðR1ð�Þ=R1ð�ÞÞMSSM ¼ 6:5. Figures 1(b) and 1(c) show
that the ratio ½�ð�Þ�p=½�ð�Þ�p is unaffected by beam po-

larization. This result is expected because the factor R2 is
independent of the couplings of the final state lepton ‘.
Comparison of Figs. 1(a) and 1(b) gives the ratios

f
pol
SPMð‘Þ � ½�pol

SPMð‘Þ=�SPMð‘Þ�p � 2:88 and f
pol
MSSMð‘Þ �

½�pol
MSSMð‘Þ=�MSSMð‘Þ�p � 0:08, ‘ ¼ �, �. These quite

different behaviors are consistent with the predicted val-

ues: f
pol
SPMð‘Þ ¼ ðR2ÞSPM ¼ �1 þ �2 and f

pol
MSSMð‘Þ ¼

ðR2ÞMSSM ¼ �1 � �2. As the signs of the polarization of
the positron and electron beams are reversed [Fig. 1(c)],

the sign of �2 is reversed. As a result we get f
rpol
SPMð‘Þ ¼

�1 þ �2 ¼ 0:08 and f
rpol
MSSMð‘Þ ¼ �1 � �2 ¼ 2:88, ‘ ¼ �,

�. These predictions are in agreement with Fig. 1(c).
The usual way for obtaining discovery limits for extra

gauge bosons in eþe� collisions relies on distinguishing
off-resonance values of observables as predicted by a given
model, from the corresponding SM predictions. We instead
suggest obtaining discovery limits by distinguishing pre-
dicted values of observables having a final dileptonic state
that belongs to one generation from the corresponding
values of the same observables but with a final dileptonic
state that belongs to a different generation. By doing that,
the discovery limits can significantly be improved depend-
ing on the splittings between the compared observables.
The magnitudes of such splittings depend, in turn, on the
signs and magnitudes of the deviations of the compared
observables from the SM predictions which are determined
through the functions F0

nð‘Þ ¼ Kn
2 ð‘Þ þ Kn

12ð‘Þ þ Kn
22ð‘Þ,

n ¼ 1, 2, 3, 4. At the limit M 	 ffiffiffi
s

p 	 M1, with " ¼
ðae1Þ2=xð1� xÞ and x ¼ sin2#W , the sign of the deviation
of �ð‘Þ from the SM predictions is that of the function

Sð‘Þ ¼ �ae2a
‘
2fxe2x‘2 þ "½1þ xe1x

e
2�½1þ xe1x

‘
2�g; (10)

except for the special cases in which ðxe2 ¼ 0; x‘2 ¼�ðxe1Þ�1Þ or ðx‘2 ¼ 0; xe2 ¼ �ðxe1Þ�1Þ, for which the devia-
tions are expected to be positive and very small.
Let us begin our off-resonance investigations by exam-

ining class (1) and class (2) observables in the energy range
M 	 ffiffiffi

s
p 	 M1. In Figs. 2 and 3 class (1) and class (2)

observables are presented, respectively, for the considered
models as functions of the gauge boson mass M, which is
taken as a free parameter, where we take

ffiffiffi
s

p ¼ 0:5 TeV.

FIG. 1. The cross sections �ð‘Þ [panel (a)], �polð‘Þ [panel (b)],
and �rpolð‘Þ [panel (c)], ‘ ¼ �, �, as functions of

ffiffiffi
s

p
, for

the MSSM, the SPM, and the SM. We take M ¼ 1:5 TeV and
’ ¼ 0.
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Figure 2(a) shows large positive deviations for ½�ð�Þ�SPM
from ½�ð�Þ�SM. These large deviations are almost tripled

after polarized beams are employed [Fig. 3(a)]: f
0pol
SPMð�Þ �

�
pol
SPM

ð�Þ��
pol
SM

ð�Þ
�SPMð�Þ��SMð�Þ � 2:88. On the other hand, there are rela-

tively smaller corresponding positive deviations for
½�ð�Þ�MSSM that diminish when polarized beams are em-

ployed: f
0pol
MSSMð�Þ � 0:08. Similar results, but with nega-

tive deviations, are found for f
0pol
SPMð�Þ and f0polMSSMð�Þ. Now,

for both models, the couplings are such that Sð�Þ> 0 and
Sð�Þ< 0. Therefore, for both models, the deviations of
�ð�Þ are positive and those of �ð�Þ are negative, as
Fig. 2(a) shows. Next, we wish to compare the magnitudes
of the deviations from the SM predictions, of cross sections
belonging to different classes. For the SPM we find that
F0

1ð�Þ ¼ F0
3ð�Þ> 0 and F0

1ð�Þ ¼ F0
3ð�Þ< 0. Similarly,

for the MSSM, the couplings are such that F0
1ð�Þ ¼

�F0
3ð�Þ> 0 and F0

1ð�Þ ¼ �F0
3ð�Þ< 0. When polarized

beams are employed [class (2)], we thus find the ratios

f
0pol
SPMð‘Þ ¼ �1 þ �2 and f

0pol
MSSMð‘Þ ¼ �1 � �2, ‘ ¼ �, �.

These predictions agree with the above stated observations
on Figs. 2(a) and 3(a).

Next we consider the forward-backward asymmetries at
the limit M 	 ffiffiffi

s
p 	 M1. For example, the couplings in

the SPM are such that F0
1ð�Þ ¼ F0

2ð�Þ> 0 and F0
1ð�Þ ¼

F0
2ð�Þ< 0. With 1> ½AFBð‘Þ�SM > 0 at the stated limit, it

thus turns out that ½AFBð�Þ�SPM > ½AFBð�Þ�SM and
½AFBð�Þ�SPM < ½AFBð�Þ�SM, as Fig. 2(b) shows. Trends
similar to those encountered in the deviations of the cross
sections from the SM predictions can be noticed for the
forward-backward asymmetries, where Figs. 2(b) and 3(b)
show that, by polarizing the beams [class (2)], the forward-
backward asymmetries become further departed from the
SM predictions for the SPM, and get closer to the SM
predictions for the MSSM. However, the explanation of the
deviation results in terms of the lepton couplings, and
the beam polarization is not as transparent as in the case
of the cross sections.

With the above given relations among F0
1ð‘Þ and F0

3ð‘Þ,
‘ ¼ �, �, and with 1> ½ALRð‘Þ�SM > 0 at the stated limit,
the deviations of the SPM left-right asymmetries from the
SM predictions are positive for ‘ ¼ � and negative for
‘ ¼ �. Similarly, for the MSSM, they are positive for
‘ ¼ � and negative for ‘ ¼ �. When compared with

AP
LRð‘Þ, we find that jApol

LRð‘Þj> jAP
LRð‘Þj, as Figs. 2(c)

and 3(c) show. This is expected since, with the given

beam polarization, Apol
LRð‘Þ=AP

LRð‘Þ ¼ Peff=P > 0, where

the effective polarization Peff ¼ �2=�1.
The above results show that the MSSM observables give

a low profile after the employment of polarized beams
[class (2) observables]. In order to improve the results for
the MSSM, we suggest employing class (3) observables.
We display our results for class (3) observables in Fig. 4.
Because of coupling considerations, the SPM observables
show lower predictions. Figures 2(a) and 4(a) show that

f0rpolMSSMð‘Þ � 2:88 and f0rpolSPMð‘Þ � 0:08, ‘ ¼ �, �. With �2

now negative, the above observations are consistent with

the predicted values: f0rpolMSSMð‘Þ ¼ �1 � �2 and f0rpolSPMð‘Þ ¼
�1 þ �2. An improvement can also be noticed in Fig. 4(b)

for ½Arpol
FB ð‘Þ�MSSM, as compared with the corresponding

class (1) observable. We note that the predictions for

A
rpol
LR ð‘Þ [Fig. 4(c)] are related to A

pol
LRð‘Þ by just a negative

sign.
In what follows, we will obtain two classes of identifi-

cation reaches for the gauge bosons Z2 ¼ ZMSSM and
Z2 ¼ ZSPM. We obtain discovery limitsMd by constructing
the �2 figure of merit that determines the Z2 masses up to

FIG. 3. Same as Fig. 2 but for the observables �polð‘Þ, Apol
FBð‘Þ,

and A
pol
LRð‘Þ, with �þ ¼ þ60% and �� ¼ �80%, The curve

notations are the same as in Fig. 1.

FIG. 2. The observables �ð‘Þ, AFBð‘Þ, and AP
LRð‘Þ, with

‘ ¼ �, �, and P ¼ 80% as predicted by the models considered
in the text, as functions of M for

ffiffiffi
s

p ¼ 500 GeV. The curve
notations are the same as in Fig. 1.
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which the observables considered here can statistically be
distinguished from the corresponding predictions of the
SM. We also obtain �� � distinguishability limits,
M���, by constructing the �2

��� figure of merit that de-

termines the Z2 masses up to which the observables that
have � pairs in their final states (the � observables) can
statistically be distinguished from the corresponding �
observables [9,11]. It is interesting to examine the contri-
butions to �2 due to different observables. As for ZSPM,
Fig. 5 shows significant improvement for �2 due to the
employment of polarized beams [class (2)]. Moreover, the
largest contributions to �2 come from the � observables, as

expected. For ZMSSM, Fig. 6 shows that the dominant
contributions to �2 come from �ð�Þ and ALRð�Þ for the
class (1) observables and from�rpolð�Þ and Arpol

LR ð�Þ for the
class (3) observables, in agreement with Figs. 2 and 4.
We calculated the 99% C.L. discovery limits Md and

M��� for ZSPM and ZMSSM, in future planned and proposed

eþe� colliders. The results are displayed in Figs. 7 and 8,
respectively. These figures show that, for both models, the
employment of polarized beams [class (2) for ZSPM and
class (3) for ZMSSM] improved the discovery limits Md by
almost �50%. Moreover, the discovery limits obtained on
the basis of distinguishing the � versus � observables,
M���, added �15% improvement for ZSPM with class

(2) observables and�5% for ZMSSM with class (3) observ-
ables. For example, at

ffiffiffi
s

p ¼ 0:5 TeV with luminosity
L ¼ 0:5 ab�1, the discovery limits for ZSPM jumped
from Md � 6:5 TeV for class (1) observables up to
M��� � 11 TeV for class (2) observables. Atffiffiffi
s

p ¼ 3 TeV and L ¼ 1 ab�1 Fig. 7 shows that the CLIC
is expected to be able to probe ZSPM masses up to
M��� � 32:3 TeV with class (2) observables. As for the

MSSM, Fig. 8 shows that the corresponding results, but
with class (3) observables replacing class (2) observables,
are Md � 4:1 TeV, M��� � 6:4 TeV, and M��� �
18:8 TeV. In the above calculations we considered only
statistical errors. It has been shown that the inclusion of the
systematic errors reduces the limits substantially [9].
Systematic errors will therefore have to be kept under
control.
In conclusion, we studied measurable observables in

eþe� collisions, having final state dileptons produced by
family nonuniversal neutral gauge bosons Z2 and the SM
gauge boson Z1. The observables were categorized into

FIG. 4. Same as Fig. 2 but for the observables �rpolð‘Þ, Arpol
FB ð‘Þ,

and A
rpol
LR ð‘Þ, with �þ ¼ �60% and �� ¼ þ80%. The curve

notations are the same as in Fig. 1.
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FIG. 5. The contributions to �2 from class (1) and class (2)
observables, for the SPM. These are based on

ffiffiffi
s

p ¼ 0:5 TeV and
M ¼ 2 TeV.
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FIG. 6. The contributions to �2 from class (1) and class (3)
observables, for the MSSM. These are based on
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s

p ¼ 0:5 TeV
and M ¼ 2 TeV.
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classes according to the polarizations of the positron and
electron beams. Because of the generation-dependent
couplings of leptons to Z2, relative enhancements are ex-
pected in the on-Z2 resonance unpolarized cross sections
for production of lepton pairs belonging to different gen-
erations. The polarization of the beams causes a shift in the
on-resonance leptonic cross sections. The sign and magni-
tude of this shift do not depend on the final dileptonic state,
but rather on the specific polarizations of the positron and

electron beams and on the electronic couplings to the extra
gauge boson. We studied the observables off and away
from the Z1 and Z2 resonances. The signs and relative
magnitudes of the deviations from the SM predictions, of
observables belonging to different classes, are determined
by examining the contributions in the expressions of these
observables due to the presence of Z2. We found that by the
proper utilization of the nonuniversal couplings and
the appropriate adjustment of the beam polarization, both
the identification and the discovery limits of Z2 can gain
considerable improvement.
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FIG. 7. Discovery limits for ZSPM at high-energy eþe� col-
liders. The limits are 99% C.L. obtained from a �2 based on
class (1) observables (open bars), distinguishing the � and �
observables of class (1) (hatched bars), class (2) observables
(shaded bars) and distinguishing the� and � observables of class
(2) (solid bars).

11 0

FIG. 8. Same as Fig. 7 but for ZMSSM with class (3) observ-
ables replacing class (2) observables.
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