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We discuss the prospects for setting limits on or discovering spin-1 Z0 bosons using early LHC data at

7 TeV. Our results are based on the narrow width approximation in which the leptonic Drell-Yan Z0 boson
production cross section only depends on the Z0 boson mass together with two parameters cu and cd. We

carefully discuss the experimental cuts that should be applied and tabulate the theoretical next-to-next-to-

leading order corrections which must be included. Using these results the approach then provides a safe,

convenient, and unbiased way of comparing experiment to theoretical models which avoids any built-in

model-dependent assumptions. We apply the method to three classes of perturbative Z0 boson benchmark

models: E6 models, left-right symmetric models, and sequential standard models. We generalize each

class of model in terms of mixing angles which continuously parametrize linear combinations of pairs of

generators and lead to distinctive orbits in the cu � cd plane. We also apply this method to the strongly

coupled four-site benchmark model in which two Z0 bosons are predicted. By comparing the experimental

limits or discovery bands to the theoretical predictions on the cu � cd plane, we show that the LHC at

7 TeV with integrated luminosity of 500 pb�1 will greatly improve on current Tevatron mass limits for the

benchmark models. If a Z0 is discovered our results show that measurement of the mass and cross section

will provide a powerful discriminator between the benchmark models using this approach.
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I. INTRODUCTION

The end of the first decade of the millennium is an
exciting time in particle physics, with the CERN LHC
enjoying an extended run at 7 TeV, and the Fermilab
Tevatron collecting unprecedented levels of integrated lu-
minosity, eventually up to perhaps 10 fb�1, in the race to
discover the first signs of new physics beyond the standard
model. Since spin-1 Z0 bosons are predicted by dozens of
such models, and are very easy to discover in the leptonic
Drell-Yan channel, this makes them good candidates for an
early discovery at the LHC. For a review see Refs. [1–3]
and references therein. Furthermore, high mass Z0 bosons
are more likely to be discovered at the LHC than at the
Tevatron [4], since energy is more important than luminos-
ity for the discovery of high mass states. This makes the
study of Z0 bosons both timely and promising and has led
to widespread recent interest in this subject (see for
example [5–21]).

Since one of the purposes of this paper is to facilitate the
connection between experiment and theory, it is worth
being clear at the outset precisely what we mean by a Z0
boson. To an experimentalist a Z0 is a resonance ‘‘bump’’

more massive than the Z of the standard model (SM) which
can be observed in Drell-Yan production followed by its
decay into lepton-antilepton pairs. To a phenomenologist a
Z0 boson is a new massive electrically neutral, colorless
boson (equal to its own antiparticle) which couples to SM
matter. To a theorist it is useful to classify the Z0 according
to its spin, even though actually measuring its spin will
require high statistics. For example, a spin-0 particle could
correspond to a sneutrino in R-parity violating supersym-
metric models. A spin-2 resonance could be identified as a
Kaluza-Klein (KK) excited graviton in Randall-Sundrum
models. However, a spin-1 Z0 is by far the most common
possibility usually considered, and this is what we shall
mean by a Z0 boson in this paper.
In this paper, then, we shall discuss electrically neutral

colorless spin-1 Z0 bosons, which are produced by the
Drell-Yan mechanism and decay into lepton-antilepton
pairs, yielding a resonance bump more massive than the
Z. We shall be particularly interested in the prospects for
discovering or setting limits on such Z0 bosons using early
LHC data. By early LHC data we mean the present 2010/
11 run at the LHC at 7 TeV, which is anticipated to yield an
integrated luminosity approximately of 1 fb�1. Since the
present LHC schedule involves a shutdown during 2012,
followed by a restart in 2013, the early LHC data will
provide the best information possible about Z0 bosons
over the next three years, so in this paper we shall focus
exclusively on what can be achieved using these data,
comparing the results with current Tevatron limits. In order
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to enable contact to be made between early LHC experi-
mental data and theoretical models, we advocate the nar-
row width approximation, in which the leptonic Drell-Yan
Z0 boson production cross section only depends on the Z0
boson mass together with two parameters cu and cd [4].
Properly defined experimental information on the Z0 boson
cross section may then be recast as limit or discovery
contours in the cu � cd plane, with a unique contour for
each value of Z0 boson mass. Such experimental contours
may then be confronted with the predictions of various
theoretical models in the cu � cd plane.

In order to illustrate how this formalism enables contact
to be made with theoretical models, we study three classes
of perturbative Z0 boson benchmark models: E6 models,
generalized left-right (GLR) symmetric models, and gen-
eralized sequential models (GSM). Such perturbative
benchmark gauge models are defined in terms of continu-
ous mixing angles, in analogy to the E6 class of models
expressed through the linear combinations of T� and Tc

generators associated with the extra Uð1Þ� and Uð1Þc
gauge groups parametrized by an angle �. This approach
is generalized to the left-right symmetric models described
by the gauge group SUð2ÞL � SUð2ÞR �Uð1ÞB�L. In this
case, the various left-right symmetric Z0 models are de-
scribed by linear combinations of T3R and TB�L generators
associated with the third component of SUð2ÞR and to
Uð1ÞB�L, respectively, (B and L labeling here the baryon
and lepton number) parametrized by an angle �.1

Similarly, we define a new class of SM-like Z0 (GSM)
models based on linear combinations of T3L and Q gen-
erators, associated to the third component of SUð2ÞL and
the QED group Uð1ÞQ respectively, with the precise linear

combination in each case parameterized by a separate
angle �. The strength of the parametrization we suggest
is that it allows to conveniently generalize existing popular
scenarios promoting them from the level of single model
benchmarks to the class of the infinite set of models. On the
other hand, it is important to stress that using the language
of cu-cd variables, the whole class of the above models as
well as any general model can be unambiguously presented
in the cu � cd plane as an orbit parametrized by the re-
spective angle. We have found that the different orbits turn
out to be nonoverlapping for the above mentioned three
classes of models which in the following we label as E6ð�Þ,
GLRð�Þ and GSMð�Þ, respectively. Although in principle
all these models may originate from some high energy

string inspired E6 theory, in practice we shall regard
them as independent low energy theories. In this analysis
we ignore the effect of the non-SM particles on the width
�Z0 . In addition we ignore the effects of Z� Z0 mixing
since this is model dependent. However, any such mixing
must be small due to the constraints from electroweak
precision measurements, and we refer to such constraints
on the mixing angle where possible. Working to next-to-
next-leading order (NNLO) we show that the LHC at
7 TeV with as little data as 500pb� 1 can either greatly
improve on current Tevatron mass limits, or discover a Z0,
with a measurement of the mass and cross section provid-
ing powerful resolving power between the benchmark
models using this approach. We also briefly discuss the
impact of the Z0 boson width on search strategies.
We also extend the method to strongly coupled models,

where in principle Z0 bosons could emerge from techni-rho
bound states in walking technicolor models, or a series of
strongly interacting resonances such as the KK excitations
of the Z boson. In particular, we shall consider the strongly
coupled four-site (4S) Higgsless model in which two Z0
bosons are predicted [13]. Our reasons for focusing on this
model are two-fold. First of all, it is representative of a
class of theories which has had a major evolution in the last
decade. In the past, they were described by the three-site or
BESS (breaking electroweak symmetry strongly) model
[22] predicting just one Z0 boson constrained to be highly
fermiophobic in order to satisfy both electroweak precision
test (EWPT) and unitarity bounds. If this were the case,
there would be no hope of evidence of these models in the
Drell-Yan channel. However, in the last decade, the land-
scape of strongly interacting Higgsless theories has
changed drastically. The new theoretical formulations,
which include among others the four-site model and the
minimal walking technicolor, are no longer fermiophobic.
Owing to the appearance of a second extra Z0 resonance,
the Z0 boson couplings to ordinary matter can be of the
same order of magnitude as the SM ones. This opens up the
possibility of revealing these particles in the favored Drell-
Yan channel, during the early stage of the LHC data taking,
a feature which has not been fully appreciated in the
literature or in search strategies. The four-site model is
therefore representative of the physics of a typical strongly
interacting Z0 model and by representing it for the first time
in the cu � cd plane, it is clearly seen that the associated Z

0
bosons may easily be distinguished from those of the
perturbative gauge models.
We emphasize that in our study we made a choice of

particular benchmark (classes of) models to represent dif-
ferent qualitative features of Z0 models, such as the fact
that perturbative models typically involve a single Z0 boson
with a relatively narrow width (which however can get
larger if non-SM particles are included in the decays in
addition to SM particles), while the strongly coupled
models typically involve multiple Z0 bosons with rather

1We remark that in [20] the authors focused on models
obtained by taking a linear combination of the TB�L generator
and the hypercharge generator Y ¼ T3R þ TB�L. What they do is
therefore related to the GLR models that we consider in this
paper. However, the choice of generator basis and parametriza-
tion is different. They did not use the mixing angle parametri-
zation that we propose here. Also note that in both approaches
only the Abelian gauged subgroup is considered which when
broken corresponds to a massive Z0.
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broad widths. It is worth pointing out that these typical
distinguishing features may become blurred in certain
limits. For example, as already mentioned, the low energy
E6ð�Þ,GLRð�Þ, andGSMð�Þ classes of models considered
here may all originate from some high energy string in-
spired E6 theory. Such string inspired E6 theories may also
lead to even more general classes of low energy theories
containing additional Z0 (and W 0) bosons [23].

II. BENCHMARK MODELS

A. Couplings

At collider energies, the gauge group of a typical model
predicting a single extra Z0 boson is

SUð3ÞC � SUð2ÞL �Uð1ÞY �U0ð1Þ; (2.1)

where the standard model is augmented by an additional
U0ð1Þ gauge group. The U0ð1Þ gauge group is broken near
the TeV scale giving rise to a massive Z0 gauge boson with
couplings to a SM fermion f given by

L NC ¼ g0Z0
�
�f��ð�fLPL þ �fRPRÞf; (2.2)

where PL;R ¼ ð1� �5Þ=2, and �fLð�fRÞ is the left (right)

coupling between the ordinary matter and the Z0 boson
with f ¼ u, d, e, �e.

Excluding the right-handed neutrinos (which we assume
to be heavier than the Z0) and assuming universality
amongst the three families, there are five independent
couplings �e¼�

L , �u¼d
L , �uR; �

d
R, �

e
R. In our study we prefer

to work in terms of gfV and gfA which are vector and axial
couplings, respectively, defined as

gfV;A ¼ �fL � �fR: (2.3)

In this notation LNC takes the form

L NC ¼ g0

2
Z0
�
�f��ðgfV � gfA�

5Þf: (2.4)

The values of gfV , g
f
A depend on the particular choice of

U0ð1Þ. Let us stress that these eight couplings are not all
independent—there are only five independent combina-
tions of them corresponding to a number of independent

�L, �
f
R couplings as discussed above. Together with g

0 these
coupling entirely encode any specific Z0 model. Through-
out, we follow the conventions of [1].

A slightly more complicated setup is needed to describe
the four-site model which, in this paper, has been chosen to
represent Higgsless multiple Z0-boson theories. The corre-
sponding framework will be given in Sec. .

Throughout the paper we shall ignore the couplings of
the Z0 to non-SM particles, which all together may increase
the width of the Z0 by up to about a factor of 5 [24] and
hence lower the branching ratio into leptons by the same
factor.

B. Perturbative gauge theories

1. E6 models

In these models one envisages that at the grand unified
theory (GUT) scale the gauge group is E6. The gauge group
E6 is broken at the GUT scale to SOð10Þ and a Uð1Þc
gauge group,

E6 ! SOð10Þ �Uð1Þc : (2.5)

The SOð10Þ is further broken at the GUT scale to SUð5Þ
and a Uð1Þ� gauge group,

SOð10Þ ! SUð5Þ �Uð1Þ�: (2.6)

Finally the SUð5Þ is broken at the GUT scale to the SM
gauge group,

SUð5Þ ! SUð3ÞC � SUð2ÞL �Uð1ÞY: (2.7)

All these breakings may occur at roughly the GUT scale.
The question that concerns us here is what happens to the
two Abelian gauge groups Uð1Þc and Uð1Þ� with corre-

sponding generators Tc and T�. Do they both get broken

also at the GUT scale, or may one or other of them survive
down to the TeV scale? In general it is possible for
some linear combination of the two to survive down to
the TeV scale,

Uð1Þ0 ¼ cos�Uð1Þ� þ sin�Uð1Þc ; (2.8)

where�	=2< � � 	=2. More correctly, the surviving E6

generator QE6
should be written as

QE6
¼ cos�T� þ sin�Tc : (2.9)

Some popular examples of suchUð1Þ0 are shown in Table I.
The resulting heavy Z0 couples as g0QE6

Z0. Note that in
E6 models it is reasonable to assume that the Z0 gauge
coupling g0 is equal to the GUT normalized Uð1ÞY gauge

coupling of the SM, g1ðMZÞ ¼ ðe=cWÞ
ffiffiffiffiffiffiffiffi
5=3

p � 0:462

where e ¼ 0:3122ð2Þ and cW ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� s2W

q
where the MS

value is s2W ¼ 0:2312. Thus, we take g0 � 0:46. GUT
normalization also implies that the Tc charges of the

fermions in the SOð10Þ 16 representation for the c case

are all equal to 1=
ffiffiffiffiffiffi
24

p
, while for the � case the T�

charges of the SUð5Þ representations ð10; �5; 1Þ are

ð�1=
ffiffiffiffiffiffi
40

p
; 3=

ffiffiffiffiffiffi
40

p
;�5=

ffiffiffiffiffiffi
40

p Þ. Recalling that gfV;A ¼
�fL � �fR, and Q, uc, ec 2 10 and L, dc 2 �5, and that uc,
dc, ec have opposite charges to uR, dR, eR, this results in

the values of the gfV;A charges for the Uð1Þc and Uð1Þ�
cases as shown in Table I. The general charges as a function
of � are then simply given as

gfV;Að�Þ ¼ cos�gfV;Að�Þ þ sin�gfV;Aðc Þ; (2.10)

where the numerical charges for the popular models quoted
in the literature are listed in Table I.
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2. Generalized left-right symmetric models

These models are motivated by the left-right (LR)
extensions of the SM gauge group with the symmetry
breaking,

SUð2ÞL � SUð2ÞR �Uð1ÞB�L ! SUð2ÞL �Uð1ÞY
(2.11)

which, from the point of view of Z0 models essentially
involves the symmetry breaking

Uð1ÞR �Uð1ÞB�L ! Uð1ÞY; (2.12)

where Uð1ÞR involves the generator T3R corresponding to
the third component of SUð2ÞR, while Uð1ÞB�L involves
the generator TB�L ¼ ðB� LÞ=2. The hypercharge gen-
erator is then just given by Y ¼ T3R þ TB�L. Assuming a
left-right symmetry, the resulting heavy Z0

LR couples as
g1QLRZ

0, where

QLR ¼
ffiffiffi
3

5

s �
�T3R � 1

�
TB�L

�
(2.13)

with � ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cot2�W � 1

p � 1:53 and g1 � 0:462 as
before [1].

The left-right symmetric models therefore motivate a
Uð1ÞLR which is a particular linear combination of Uð1ÞR
and Uð1ÞB�L with a specific gauge coupling. From this
perspective the special cases where the Z0 corresponds to a
pure Uð1ÞR or a pure Uð1ÞB�L are not well motivated.
Nevertheless these types of Z0 have been well studied in
the literature and so it is useful to propose a generalization
of the LR models which includes these special cases. To
this end we propose a GLR symmetric model in which the
Z0 corresponds to a general linear combination of the
generators of Uð1ÞR and Uð1ÞB�L,

QGLR ¼ cos�T3R þ sin�TB�L; (2.14)

where �	=2<� � 	=2. The gauge coupling g0 is fixed
so that for a particular value of� the Z0 of the GLR may be
identified with the Z0 of the LR symmetric model above. To
be precise, we identify, for a particular value of �:

g1QLR � g0QGLR; (2.15)

which implies tan� ¼ �1=�2 which corresponds to
� ¼ �0:128	 for � � 1:53 and we find g0 ¼ 0:595.
Keeping g0 ¼ 0:595 fixed, we are then free to vary �
over its range where � ¼ �0:128	 gives the LR model,
but other values of � define new models.
Clearly � ¼ 0 gives a Uð1ÞR model while � ¼ 	=2

gives a Uð1ÞB�L model. In the GLR model the value of
� ¼ 	=4 also defines a Z0 which couples to hypercharge
Y ¼ T3R þ TB�L (not to be confused with the sequential
SM Z0 which couples like the Z). The couplings of the Z0
for the special cases of the GLR models are give in Table I.
The general charges as a function of � are then simply
given as

gfV;Að�Þ ¼ cos�gfV;AðRÞ þ sin�gfV;AðB� LÞ; (2.16)

where the numerical charges for particular models are
shown in Table I.

3. Generalized sequential models

No study is complete without including the sequential
standard model (SSM) Z0

SSM which is defined to have

identical couplings as for the usual Z, namely, given by
g2
cW

QZZ
0
SSM and QZ ¼ T3L � s2WQ where s2W ¼ 0:2312

and �2ðMZÞ ¼ g22=ð4	Þ � 0:0338 imply that g2
cW

� 0:74.

Similar to the GLR models, it is useful to define a gener-
alized version of the SSM called GSM where the heavy

TABLE I. Benchmark model parameters and couplings. The angles �, �, and � are defined in the text.

Uð1Þ0 Parameter guV guA gdV gdA geV geA g�V g�A

E6 (g0 ¼ 0:462) �

Uð1Þ� 0 0 �0:316 �0:632 0.316 0.632 0.316 0.474 0.474

Uð1Þc 0:5	 0 0.408 0 0.408 0 0.408 0.204 0.204

Uð1Þ
 �0:29	 0 �0:516 �0:387 �0:129 0.387 �0:129 0.129 0.129

Uð1ÞS 0:129	 0 �0:129 �0:581 0.452 0.581 0.452 0.516 0.516

Uð1ÞI 0:21	 0 0 0.5 �0:5 �0:5 �0:5 �0:5 �0:5

Uð1ÞN 0:42	 0 0.316 �0:158 0.474 0.158 0.474 0.316 0.316

GLR (g0 ¼ 0:595) �

Uð1ÞR 0 0.5 �0:5 �0:5 0.5 �0:5 0.5 0 0

Uð1ÞB�L 0:5	 0.333 0 0.333 0 �1 0 �0:5 �0:5

Uð1ÞLR �0:128	 0.329 �0:46 �0:591 0.46 0.068 0.46 0.196 0.196

Uð1ÞY 0:25	 0.833 �0:5 �0:167 0.5 �0:5 0.5 �0:5 �0:5

GSM (g0 ¼ 0:760) �

Uð1ÞSM �0:072	 0.193 0.5 �0:347 �0:5 �0:0387 �0:5 0.5 0.5

Uð1ÞT3L
0 0.5 0.5 �0:5 �0:5 �0:5 �0:5 0.5 0.5

Uð1ÞQ 0:5	 1.333 0 �0:666 0 �2:0 0 0 0
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gauge boson Z0
GSM then couples as g0QGSMZ

0
GSM, where

QGSM corresponds to a general linear combination of the
generators of Uð1ÞT3L

and Uð1ÞQ,
QGSM ¼ cos�T3L þ sin�Q; (2.17)

and where �	=2<� � 	=2. The gauge coupling g0 is
fixed so that for a particular value of � the Z0

GSM of the

GSM may be identified with the Z0
SSM of the SSM above.

To be precise, we identify, for a particular value of �:

g2
cW

QZ � g0QGSM: (2.18)

This implies that the GSM reduces to the SSM case for

g0 ¼ g2
cW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ s4W

q
� 0:76 and tan� ¼ �0:23, which corre-

sponds to � ¼ �0:072	. Keeping g0 ¼ 0:76 fixed, we are
then free to vary � over its range where � ¼ �0:072	
gives the usual SSM, but other values of � define new
models. Clearly � ¼ 0 gives a Uð1ÞT3L

model while

� ¼ 	=2 gives a Uð1ÞQ model.

The couplings of the Z0 for the special cases of the
GLR models are give in Table I. The general charges as a
function of � are then simply given as

gfV;Að�Þ ¼ cos�gfV;AðLÞ þ sin�gfV;AðQÞ; (2.19)

where the numerical charges for particular models are
shown Table I.

C. Strongly coupled gauge theories

Strongly interacting gauge theories provide an alterna-
tive mechanism for the electroweak symmetry breaking.
The electroweak symmetry breaking is not driven by a light
Higgs boson anymore, but it happens in a dynamical way.
Such theories date back to decades. However, even if they
predict the existence of new gauge bosons in order to delay
at high energy the perturbative unitarity violation in vector-
boson scattering amplitudes, they are not considered when
performing searches of Z0 bosons in the dilepton Drell-Yan
channel. The reason is that historically the predicted new
resonances must be fermiophobic in order to evade the
EWPT constraints. However, in recent years, new models
have been proposed that are able to satisfy the EWPT
bounds without imposing such a strong condition. Both
the minimal walking technicolor [25,26] and the four-site
Higgsless model [13,27,28] predict extra Z0 bosons with
sizeable couplings to SM matter. Hence, they could be
tested in the favored Drell-Yan channel at the Tevatron
and during the early stage of the LHC.

The four-site Higgsless model

Higgsless models emerge naturally from local gauge
theories in five dimensions. Their major outcome is delay-
ing the unitarity violation of vector-boson scattering am-
plitudes to higher energies, compared to the SM without a
light Higgs, by the exchange of Kaluza-Klein excitations

[29]. Their common drawback is to reconcile unitarity with
EWPT bounds. Within this framework, and in the attempt
to solve this dichotomy, many models have been proposed
[30–38].
In this paper, we consider the four-site Higgsless model

[39] as representative of strongly coupled theories. This
model belongs to the class of the so-called deconstructed
theories [40–48], which come out from the discretization
of the fifth dimension on a lattice, and are described by
chiral Lagrangians with a number of gauge-group replicas
equal to the number of lattice sites. The simplest version
of this class of models is related to the old BESS model
[22,49], a lattice with only three sites and SUð2ÞL �
SUð2Þ �Uð1ÞY gauge symmetry (for it, sometimes called
three-site Higgsless model). In order to reconcile unitarity
and EWPT bounds, this minimal version predicts indeed
the new triplet of vector bosons to be almost fermiophobic.
Hence, only diboson production, vector-boson fusion and
triple gauge boson production processes can be used to test
these models. All these channels require high energy and
luminosity and will be proper for a future upgrade of the
LHC [50–52].
In the strongly coupled scenario, the four-site Higgsless

model represents a novelty in this respect [13,27,28]. Its
phenomenological consequences are quite similar to those
of the minimal walking technicolor [25,26]. The four-site
model, based on the

SUð2ÞL � SUð2Þ1 � SUð2Þ2 �Uð1ÞY (2.20)

gauge symmetry, predicts two neutral and four charged
extra gauge bosons, Z1;2, and W�

1;2, and is capable of

satisfying EWPT constraints without necessarily having
fermiophobic resonances. Within this framework, the
more promising Drell-Yan processes become particularly
relevant for the extra gauge boson search at the LHC. The
four-site Higgsless model is described by four free parame-
ters: ge1V , g

e
2V , MZ1, MZ2, that is the two vector couplings

between Z1;2 bosons and SM electrons and the two Z1;2

masses (charged and neutral gauge bosons are degenerate).
In terms of the mass eigenstates, the Lagrangian describ-

ing the neutral current interaction is given by2

L NC ¼ 1
2
�f��½ðgf1V � gf1A�5ÞZ1� þ ðgf2V � gf2A�5ÞZ2��f;

(2.21)

where gf1;2V , g
f
1;2A are the vector and axial couplings of the

extra Z1;2 gauge bosons to ordinary matter. These cou-

plings are all derived from the afore mentioned free pa-
rameters. In the above formula, we have included the g0

coupling in the definition of gf1;2V and gf1;2A.

The energy range, where the perturbative regime is still
valid, is plotted in the left panel of Fig. 1 for different
values of the ratio z ¼ MZ1=MZ2. Owing to the exchange

2For details see [13,27].
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of the extra gauge bosons, the perturbative unitarity
violation can be delayed up to an energy scale of aboutffiffiffi
s

p ’ 3 TeV. Hence, the mass spectrum of the new parti-
cles is constrained to be within a few TeV (see Ref. [27]
and references therein for details).

In the past, the only way to combine the need of rela-
tively low mass extra gauge bosons with EWPT was to
impose the new particles to be fermiophobic. In the four-
site Higgsless model, this strong assumption is not neces-
sary anymore. In the right panel of Fig. 1, we show the
bounds on the vector couplings of the Z1;2 bosons to SM

electrons coming from the EWPT expressed in terms
of the �1;3 parameters [53] (�2 is ineffective due to

SUð2Þ-custodial symmetry). The outcome is that �3 con-
straints the relation between the two couplings, while �1
limits their magnitude (see Ref. [27] and references therein
for details). As a result, one can reconcile unitarity and
EWPT bounds, leaving a calculable and not fine-tuned
parameter space, where the new gauge bosons are not
fermiophobic.

Using the linear relation shown in the right panel of
Fig. 1, we can express the Z1-boson vector coupling to SM
electrons as a function of the Z2-boson vector coupling to
SM electrons (by computing back the bare-parameters of
the Lagrangian, all other Z1;2-boson-fermion couplings can

be simultaneously derived). In this way, the number of
independent free parameters describing the four-site
Higgsless model gets reduced to three. We choose the
following physical observables: MZ2, g

e
2V , and z. In terms

of these new variables, the parameter space allowed by
EWPT and perturbative unitarity is shown in Fig. 2 for one
representative z value: z ¼ 0:8. The outcome is that one

can reconcile unitarity and EWPT bounds, leaving a cal-
culable and not fine-tuned parameter space, where the new
gauge bosons are not fermiophobic.
Compared to the popular extra U0ð1Þ theories summa-

rized in Table I, the four-site Higgsless model does not
predict fixed values for the couplings of the extra gauge
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FIG. 2 (color online). Parameter space in the plane ðge2V;MZ2Þ
where ge2V is the Z2-boson vector coupling to the SM electrons,

and MZ2 is the Z2-boson mass. The red solid lines restrict the
area allowed by EWPT and unitarity. One sample case has been
considered: z ¼ 0:8.
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FIG. 1 (color online). Left: Unitarity bound as a function of the energy scale for different z ¼ MZ1=MZ2 values. The perturbative
region is on the left of the contour plot. Right: 95% C.L. bounds on the vector couplings of the Z1;2 bosons to SM electrons from �1
(blue) and �3 (green). We consider the representative case: MZ1 ¼ 1 TeV, MZ2 ¼ 1:3 TeV.
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bosons to ordinary matter. One has indeed a parameter
space bounded but still large enough to accommodate
rather sizeable Z2-boson couplings to SM fermions. They
can range from zero to the order of SM couplings. We use
this framework in the next sections, when discussing four-
site model properties and limits.

III. MODEL-INDEPENDENTAPPROACH

A. Z0 production and decay in the
narrow width approximation

The Z0 contribution to the Drell-Yan production cross
section of fermion-antifermion pairs in a symmetric mass
window around the Z0 mass (jM�MZ0 j � �) may be
written as

�f �f ¼
Z ðMZ0þ�Þ2

ðMZ0��Þ2
d�

dM2
ðpp ! Z0 ! f �fXÞdM2: (3.1)

In the narrow width approximation (NWA), it becomes

�f �f �
�
1

3

X
q¼u;d

�
dLq �q

dM2
Z0

�
�̂ðq �q ! Z0Þ

�
� BrðZ0 ! f �fÞ;

(3.2)

where the parton luminosities are written as ðdLq �q

dM2

Z0
Þ, and

�̂ðq �q ! Z0Þ is the peak cross section given by

�̂ðq �q ! Z0Þ ¼ 	

12
g02½ðgqVÞ2 þ ðgqAÞ2�: (3.3)

The branching ratio of the Z0 boson into fermion-
antifermion pairs is

Br ðf �fÞ � BrðZ0 ! f �fÞ ¼ �ðZ0 ! f �fÞ
�Z0

; (3.4)

where �Z0 is the total Z0 width and the partial widths into a
particular fermion-antifermion pair ofNc colors is given by

�ðZ0 ! f �fÞ ¼ Nc

g02

48	
MZ0 ½ðgfVÞ2 þ ðgfAÞ2�: (3.5)

Assuming only SM fermions in the final state and neglect-
ing in first approximation their mass, one finds the total
width

�Z0 ¼ g02

48	
MZ0 ½9ðgu2V þ gu2A Þ þ 9ðgd2V þ gd2A Þ

þ 3ðge2V þ ge2A Þ þ 3ðg�2V þ g�2A Þ�: (3.6)

Including the top quark mass, the term 9ðgu2V þ gu2A Þ in
Eq. (3.6) would be replaced by 6ðgu2V þ gu2A Þ plus a phase
space suppressed term proportional to 3ðgu2V þ gu2A Þ.
However, for the Z0 masses of about 600 GeV or greater,
considered in this paper, the phase space suppression due
to the top quark mass only leads to a correction below 3%,
and the simple formula in Eq. (3.6) is sufficient.

Specializing to the charged lepton pair production cross
section relevant for the first runs at the LHC, Eq. (3.2) may
be written at the leading order (LO) as [4]

�LO
‘þ‘� ¼ 	

48s
½cuwuðs;M2

Z0 Þ þ cdwdðs;M2
Z0 Þ�; (3.7)

where the coefficients cu and cd are given by

cu ¼ g02

2
ðgu2V þ gu2A ÞBrð‘þ‘�Þ;

cd ¼ g02

2
ðgd2V þ gd2A ÞBrð‘þ‘�Þ;

(3.8)

and wuðs;M2
Z0 Þ and wdðs;M2

Z0 Þ are related to the parton

luminosities ðdLu �u

dM2

Z0
Þ and ðdLd �d

dM2

Z0
Þ and therefore only depend on

the collider energy and the Z0 mass. All the model depen-
dence of the cross section is therefore contained in the two
coefficients, cu and cd. These parameters can be calculated

from gfV , g
f
A, and g0, assuming only SM decays of the Z0

boson. The corresponding values for all considered bench-
mark models, which predict a single Z0 boson purely
decaying into SM fermions, are given in Table II.
A slight complication arises in Higgsless theories, which

in the present paper are represented by the four-site model.
Here in fact the two neutral extra gauge bosons, Z1;2, decay

preferably into diboson intermediate states. Their total
width gets therefore two contributions:

�Zi
¼ �f �f

Zi
þ �VV

Zi
; ði ¼ 1; 2Þ; (3.9)

where the two terms on the right-hand side represent the
fermionic and bosonic decay, respectively. In more detail,

�f �f
Zi

¼ 1

48	
MZi

½9ðgu2iV þ gu2iA Þ þ 9ðgd2iV þ gd2iA Þ
þ 3ðge2iV þ ge2iAÞ þ 3ðg�2iV þ g�2iA Þ�; (3.10)

�WW
Z1

¼ 1

3	

�
1

16

�
2 M3

Z1

M2
W

ð1� z4Þð1þ z2Þ; (3.11)

�W1W
Z2

¼ 1

3	

�
1

16

�
2M3

Z2

M2
W

z4ð1�z2Þ3½1þ10z2þz4�; (3.12)

with i ¼ 1, 2, where in this case we have included the g0

coupling in the definition of gf1;2V and gf1;2A. In the above

formulas, MZ1 and MZ2 are the masses of the two extra
gauge bosons, Z1;2, while z is their ratio, i.e. z ¼
MZ1=MZ2. The direct consequence of this peculiarity is
that the Z1;2 leptonic branching ratio acquires a nontrivial

dependence on the Z1;2 boson mass, which reflects in an

intrinsic mass dependence of the cu and cd coefficients. In
addition, there is an external source of variation with mass.
As all vector and axial couplings in the four-site model can
be expressed in terms of the three independent free pa-
rameters (ge2V , MZ2, z), cu and cd are completely specified

by these quantities as well: cu;d ¼ cu;dðge2V;MZ2; zÞ. This
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means that at fixed masses, MZ2 and z ¼ MZ1=MZ2, these
coefficients get constrained by the EWPT bounds acting on
ge2V . As these limits vary with mass (see Fig. 2), cu and cd
acquire this extraMZ2 dependence. The net result opens up
a parameter space in the cd � cu plane which will be
displayed at due time.

As emphasized in [4], the cd � cu plane parametrization
is a model-independent way to create a direct correspon-
dence between the experimental bounds on ppð �pÞ ! Z0 !
‘þ‘� cross sections and the parameters of the Lagrangian.
An experimental limit on �ðppð �pÞ ! Z0 ! ‘þ‘�Þ for a
given Z0 mass gives in fact a linear relation between cu
and cd,

cu ¼ a� bcd; (3.13)

where a, b can be regarded as known numbers given by

a ¼ 48s

	

�
exp

‘þ‘�

wu

; b ¼ wd

wu

; (3.14)

where �exp

‘þ‘� represents the 95% C.L. upper bound on the

experimental Drell-Yan cross section which can be derived
from observed data.

In practice, it is more convenient to use a log-log scale
resulting in the limits appearing as contours for a fixed Z0
mass in the cd � cu plane. We use this representation in the
next subsections.

B. Higher-order corrections

At higher-orders, the expression for the Z0 production
given by Eq. (3.7) strictly speaking is no longer valid.
However, as it was shown in Ref. [4], the additional terms
which are not proportional to cu and cd in Eq. (3.7) can be

neglected at NNLO. Therefore, Eq. (3.7) gives a quite
accurate description of the approach we are discussing
here even at NNLO.
In the following, we take into account QCD NNLO

effects as implemented in the WZPROD program [54–56]
as a correction to the total Z0 production cross section in the
NWA.3 We have adopted this package for simulating the Z0
production, and have linked it to an updated set of parton
density functions (PDF’s). This set includes, in particular,
the most recent versions of CTEQ6.6 [60,61] and
MSTW08 [62] PDF’s, which we use in our analysis. We
can provide the complete code upon request.
The QCD NNLO Z0 production cross sections are shown

in Fig. 3 where we present the total p �pðpÞ ! Z0 cross
section at the Tevatron and LHC at 7 TeV versus the Z0
mass (see also Tables III and IV in the Appendix) obtained
using CTEQ6.6 and MSTW08 PDFs are in quite a good
agreement. Their difference is up to about 5% for (MZ0 	
900 GeV) at the Tevatron and up to about 5% for the entire
mass range considered at the LHC (MZ0 � 2500 GeV).
The larger difference takes place at the Tevatron forMZ0 	
900 GeV reaching 15% for MZ0 ¼ 1500 GeV.
Here, we have taken as factorization scale the value

Q ¼ MZ0 . The further detailed analysis of the cross section
variation with the scale is outside of the scope of the
current paper.
It is also convenient to define customary NLO and

NNLO K factors which can be useful for experimentalists
in establishing Z0 exclusion limits:

TABLE II. Model predictions and current constraints. The direct limits above on the Z0 mass, MD
Z0 , are the result of the analysis

performed in this paper while the best indirect limits,MI
Z0 , come from either electroweak (e) fits or contact (c) interactions at LEP2 [2].

Note that in some cases, for example, in the sequential model, the indirect limits exceed the direct collider limits.

Uð1Þ0 Brðeþe�Þ cu cd cu=cd �Z0=MZ0 MD
Z0 ðGeVÞ MI

Z0 ðGeVÞ j�ZZ0 j
E6 (g0 ¼ 0:462)

Uð1Þ� 0.0606 6:46� 10�4 3:23� 10�3 0.2 0.0117 915 1141e 1:6� 10�3

Uð1Þc 0.0444 7:90� 10�4 7:90� 10�4 1 0.0053 915 481c 1:8� 10�3

Uð1Þ
 0.0371 1:05� 10�3 6:59� 10�4 1.6 0.00636 940 434c 4:7� 10�3

Uð1ÞS 0.0656 1:18� 10�4 3:79� 10�3 0.31 0.0117 847 1257e 1:3� 10�3

Uð1ÞI 0.0667 0 3:55� 10�3 0 0.0106 795 1204e 1:2� 10�3

Uð1ÞN 0.0555 5:94� 10�4 1:48� 10�3 0.40 0.00635 892 623e 1:5� 10�3

GLR (g0 ¼ 0:595)

Uð1ÞR 0.0476 4:21� 10�3 4:21� 10�3 1 0.0247 1065 442e -

Uð1ÞB�L 0.154 3:02� 10�3 3:02� 10�3 1 0.015 1035 - -

Uð1ÞLR 0.0246 1:39� 10�3 2:44� 10�3 0.57 0.0207 970 998e 1:3� 10�3

Uð1ÞY 0.125 1:04� 10�2 3:07� 10�3 3.4 0.0235 1135 - -

SM (g0 ¼ 0:760)

Uð1ÞSM 0.0308 2:43� 10�3 3:13� 10�3 0.776 0.0297 1020 1787c 9� 10�4

Uð1ÞT3L
0.0417 6:02� 10�3 6:02� 10�3 1.00 0.045 1095 - -

Uð1ÞQ 0.125 6:42� 10�2 1:60� 10�2 4.01 0.1225 1275 - -

3We would like to note, that study of NLO effects for kine-
matical distributions involving leptons from Z0 decay [57–59] is
beyond the scope of this paper.
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Ki ¼ �ðppð �pÞ ! Z0Þi
�ðppð �pÞ ! Z0Þ0;

; (3.15)

where the index i ¼ 1, 2 corresponds to NLO and NNLOK
factors, respectively. As an example, in Fig. 4 we present
the values of these Ki factors for standard model-like Z0
production at the Tevatron (left panel) and the LHC at
7 TeV (right panel) for CTEQ6.6 and MSTW08 PDF’s.

In contrast to the case of the NNLO Z0 production cross
section, where the agreement between CTEQ6.6 and
MSTW08 PDF predictions is within the estimated Oð5%Þ
PDF error bands for quark initiated processes (except the
high mass region at the Tevatron), there is a noticeable
difference in the KNLO and KNNLO factors as a function of
the Z0 mass for CTEQ6.6 as compared to the MSTW08
PDF’s. This difference is related to the way of fitting the
LO PDF’s of CTEQ and MSTW collaborations (see e.g.

[62,63]). Furthermore, both KMSTW08
NLO;NNLO and KCTEQ6

NLO;NNLO

factors display a strong dependence on the Z0 mass. As

an example, KCTEQ6
NNLO varies between 10–40% at the

Tevatron and 10–30% at the LHC at 7 TeV for potentially
accessible Z0 masses.
Applying a universal K factor can be highly misleading.

As shown above, the KNLO;NNLO factor has indeed a two-

fold source of dependence: PDF set and energy scale (i.e.
MZ0). A uniform setup must be fixed when comparing
experimental limits on different models.
Since Eq. (3.7) gives an accurate description even at

NNLO [4], and noting that QCD NNLO corrections are
universal for up- and down-quarks, one can effectively
apply the same KNNLO factor derived for SM-like Z0 to
generic Z0 models without loosing of generality. Owing to
the remarkable Z0 mass dependence of the KNNLO factor,
we first convolute the LO Z0 production cross section with
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FIG. 3 (color online). �ðp �pðpÞ ! Z0ÞNNLO for standard model-like Z0 production at the Tevatron (left panel) and the LHC at 7 TeV
(right panel) for CTEQ6.6 and MSTW08 PDF’s.
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FIG. 4 (color online). NNLO and NLO K factors defined by Eq. (3.15) for standard model-like Z0 production at the Tevatron (left
panel) and the LHC at 7 TeV (right panel).
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the respective LO PDF’s and then we multiply it by
KNNLOðMZ0 Þ.

For convenience and clarity, we provide the values of
KNNLO factors and cross sections for the SM-like Z0-boson
production process at the Tevatron and the LHC at 7 TeV:
p �pðpÞ ! Z0 þ X in Tables III and IV, shown in Appendix .
The first table contains the results obtained with MSTW08
PDF, the latter with CTEQ6.6 PDF. The quoted numbers
correspond to the curves visualized in Figs. 3 and 4.

In narrow width approximation, the two-fermion cross
section is the product of the production cross section and
the respective branching ratio. When considering the com-
plete Z0-boson production and decay in the Drell-Yan
channel, one has to keep in mind that QCD NNLO correc-
tions also affect the Z0 branching ratio even for purely
leptonic decays, BrðZ0 ! ‘þ‘�Þ, since the Z0 total decay
width will be corrected at NNLO. This reflects into an
higher order correction to the cu and cd coefficients,
through BrðZ0 ! ‘þ‘�Þwhich explicitly enters the expres-
sion for cu and cd given in Eq. (3.8). The NNLO Drell-Yan
cross section can be thus written as

�NNLO
‘þ‘� ¼ 	

48s
½cNNLOu wuðs;M2

Z0 ÞNNLOþcNNLOd wdðs;M2
Z0 ÞNNLO�

�KPDF
NNLOK

BR
NNLO

	

48s
½cuwuðs;M2

Z0 Þþcdwdðs;M2
Z0 Þ�

¼KPDF
NNLOK

BR
NNLO�

LO
‘þ‘� : (3.16)

The factorization KPDF
NNLOK

BR
NNLO in Eq. (3.16) is quite accu-

rate bearing in mind that the factor KBR
NNLO is equal to unity

to an accuracy of about 1–2% as discussed below. The
leading NLO QCD correction to the total Z0 width is
known to be �s=	 [64,65]. This gives an enhancement of
the order of 2–3% to the Z0 width forMZ0 in the range 500–
2000 GeV. The BrðZ0 ! ‘þ‘�Þ will thus decrease accord-
ingly by ð2–3%Þ � BrðZ0 ! hadronsÞ. The net result

corresponds to a 1–2% depletion of the leptonic branching
ratio within the SM-like Z0 model. An effect of the same
order is expected for the other classes of Z0 models under
consideration. In the current study, we neglect this effect
and use the following formula for establishing limits on Z0
models:

�NNLO
‘þ‘� ’ KPDF

NNLO�
LO
‘þ‘� : (3.17)

Hereafter we are using the NNLO cross sections that we
have calculated to estimate present and future collider
limits. The study of kinematic distributions, interference
effects as well as effects of invariant mass cuts which are
the subject of the next section is performed at LO level.
This level of approximation is quite sufficient either be-
cause the shape of invariant mass distribution is not visibly
affected by NNLO or because the NNLO effects are es-
sentially cancelled in the ratio of LO properties.

C. Finite width effects

So far we have discussed the Z0 boson production using
narrow width approximation. However, the experimental
search for an extra Z0 boson and the discrimination of the
SM backgrounds could strongly depend on the realistic Z0
width. Moreover the theoretical prediction of the Z0 pro-
duction cross section also depends on its width as we
discuss below.
We start this discussion with Fig. 5 where we present the

dilepton invariant mass distribution for the Z0 boson pro-
duction at LO within various models at the Tevatron (left
panel) and the LHC at 7 TeV (right panel).
We consider three representative models: the SM-like Z0

model (black line), the N-type E6 model defined in Table I
(red line), and the weakly coupled SM-like Z0 model where
theZ0 boson gauge coupling to SM fermions is reduced by a
factor of 10 (blue line). From top to bottom, the last two
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FIG. 5 (color online). Dilepton invariant mass distribution for the Z0 boson production at LO in various models at the Tevatron (left
panel) and LHC at 7 TeV (right panel). We consider the case: MZ0 ¼ 1000 GeV.
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distributions are normalized to the integral under the first
one.

We first consider the SM-like Z0 model distribution at
the Tevatron. It is important to stress that the total cross
section of p �p ! Z0 ! ‘þ‘� process integrated over the
entire M‘þ‘� range is almost as twice as large as the SM-
like Z0 in the narrow width approximation. The main
reason for this effect is the specific shape of the M‘þ‘�

distribution in the region of small M‘þ‘� far away from
MZ0 . This region is exhibited by a non-negligible tail due to
the steeply rising PDF in the region of low M‘þ‘� even
though the Z0 boson is extremely far off mass-shell in this
region. The integral over this region can even double the
cross section evaluated in the NWA in the case of Z0
production at the Tevatron.

This effect, which is related to the off shellness of the
extra gauge boson, varies according to the total Z0 width.
In the Z0

N model, it brings an additional 20% contribution
to the narrow width approximation cross section at the
Tevatron. In the weakly coupled SM-like Z0 model,
the far off-shellness effects are effectively negligible
(below 1%).

We can see that in general experimental limits would and
should strongly depend on the particular Z0 model predict-
ing a specific Z0 width. On the other hand, if one requires a
dilepton mass window cut around the Z0 mass, one can
establish a quasi model-independent experimental upper
limit on �ðp �p ! Z0 � BrðZ0 ! ‘þ‘�Þ versusMZ0 and ap-
ply this limit to constraint different classes of models.

In Fig. 6 we present the effect of a symmetric mass
window cut around MZ0 for the SM-like Z0 model and
two other representative models (see Table I) at the
Tevatron and the LHC at 7 TeV. We fix the Z0 mass to be
MZ0 ¼ 1 TeV. We show the relative difference between the
full cross section for the process ppð �pÞ ! Z0 ! ‘þ‘�

evaluated taking into account the finite Z0 width (�) and
the cross section computed in narrow width approximation
(�NWA). The relative difference is presented as a
function if the �M=MZ0 symmetric mass window cut
(jM‘þ‘� �MZ0 j<�M) applied to the full cross section
�. One can see that for the SM-like Z0 model at the
Tevatron, a �M=M cut in the 9–25% range brings the
agreement between � and �NWA down to the 5% level,
while �M=M ’ 15% exactly matches � and �NWA. At the
LHC, the corresponding range of the �M=M cut is
15–80%, and � and �NWA are matched for �M=M ’
45%. The c model Z0 has a narrower width, making the
choice of the cut more insensitive, while the Q model Z0
width is broader leading to a more sensitive choice of the
mass window cut to reproduce the narrow width approxi-
mation. Note that all lines cross the abscissa at about the
same value of �M=MZ0 , meaning that there will be an
optimal mass window cut consistent with all models.
Note that the c , SSM, and Q models in Fig. 6 represent
a wide range of values of cu and cd.
The choice of the mass window cut to gain agreement

with the narrow width approximation also depends onMZ0 .
This dependence is defined by proton parton densities and
is therefore model independent. The net effect is again to
make all the lines cross the abscissa at about the same value
of �M=MZ0 , where this point depends on MZ0 . Therefore,
for every given mass one can work out a quasi model-
independent mass window cut where the full cross section
matches the narrow width approximation. The additional
advantage of this choice is that in the selected mass win-
dow around the Z0 mass the model-dependent interference
effect between the Z0 signal and SM background is highly
suppressed.
The experimental limits would be quasi model indepen-

dent if one would apply this cut on the M‘þ‘� around the
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FIG. 6 (color online). Relative difference between the full cross section for ppð �pÞ ! Z0 ! ‘þ‘� evaluated taking into account the
finite Z0 width (�) and the cross section computed in narrow width approximation (�NWA). The relative difference is presented as a
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M0
Z: it brings into agreement the cross section calculated in

the narrow width approximation and in the finite width
approximation as well as removes the model-dependent
shape of the M‘þ‘� distributions in the region of low
M‘þ‘� , especially for the case of large Z0 width effects
as, for example, take place for SM-like Z0. Moreover, the
cut on M‘þ‘� around the M0

Z plays an important role in
reducing an effect of Z0 interference with Z=� down to the
few percent level, which again, allows to establish and use
experimental limits in model-independent way.

For example, in the case of SM-like Z0 production at
the Tevatron, the relative interference, which is defined as
Ri ¼ ½�ðp �p!Z0=Z=�! ‘þ‘�Þ��ðp �p!Z0 ! ‘þ‘�Þ�
�ðp �p!Z=�! ‘þ‘�Þ�=�ðp �p!Z0 ! ‘þ‘�Þ, is as large
as about �19 (meaning �1900% of interference) for
M‘þ‘� > 100 GeV cut but it drops down to �6% for the
jM‘þ‘� �MZ0 j< 0:15MZ0 cut, which matches NWA
and finite width cross sections. The effect of the mass
window cuts is also quite large for the case of SM-like Z0
production at the LHC, where interference is about�300%
for M‘þ‘� > 100 GeV cut and only about �2% for
jM‘þ‘� �MZ0 j< 0:15MZ0 cut.

We can see, that there is a strong motivation to use an
invariant mass window cut for conducting a model-
independent analysis. The size of this cut, if one aims to
match the NWA and finite width cross sections, is collider
dependent: it is about 15% of MZ0 for the Tevatron and
about 40% of MZ0 for the LHC at 7 TeV.

In this paperwe are using results of experimental analysis
which are based on the M‘þ‘� mass window cut similar to
what we are advocating. This would allow us to use precise
NNLO model predictions and perform a respective model-
independent interpretation of the experimental limits.

IV. APPLICATION OF THE MODEL-
INDEPENDENTAPPROACH TO THE

BENCHMARK MODELS

A. Current limits from Tevatron

As discussed above, collider limits on the Z0-boson mass
can be presented via contours in the cu � cd plane, with
every contour corresponding to a well-defined MZ0 .
Simultaneously, in the same plane, one can also show the
values of the cd;u couplings allowed by a specific Z

0 model.

As a result, one can immediately visualize and derive a
mass bound on the Z0 boson predicted by that particular
model. The results for the direct limits we obtain are
summarized in Table II, where other properties of particu-
lar benchmark models (such as the widths) are also
displayed.
We start by presenting our results at the Tevatron, which

is running at
ffiffiffi
s

p ¼ 1:96 TeV. We use the most recent
95% C.L. upper bound on �ðp �p ! Z0 ! ‘þ‘�Þ reported
at the ICHEP 2010 Conference by the D0 Collaboration for
the dielectron channel [66,67], where the �M=MZ0 ’ 15%
cut was used in the analysis. This limit is shown in Fig. 7
(left panel), together with its ‘‘translation’’ into the cu � cd
plane for different MZ0 masses as shown in Fig. 7 (right
panel). Note that D0 upper limit on the Z0 cross section has
been extrapolated to higher masses in the Fig. 7 (right
panel). Such an extrapolation is necessary since the
SM-like Z0 model (SSM) does not represent the benchmark
model for which the discovery/exclusion value of the Z0
mass is maximal. The extrapolation was done using the
fact that the expected background for large MZ0 is close to
zero, so the experimental limit on the signal rate becomes
independent of MZ0 and reaches a horizontal plateau.
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FIG. 7 (color online). Left: 95% C.L. upper bound on �ðp �p ! Z0 ! eþe�Þ obtained at the Tevatron with integrated luminosity
L ¼ 5:4 fb�1 by the D0 Collaboration [66,67]. Also shown, Z0 mass bounds within the extra Uð1Þ0 models displayed in the legend.
Right: same 95% C.L. upper bound on �ðp �p ! Z0 ! eþe�Þ as above, but translated in the cu � cd plane into contours corresponding
to different MZ0 masses. The low mass models refer to the Stueckelberg extensions of the SM discussed in [71,72].
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In the following, we use Fig. 7 (right panel) to interpret
the current limits from Tevatron, and to derive the mass
bounds on the Z0 boson predicted in the classes of models
described in the previous section. The results are shown in
Fig. 8. The top-left panel displays the contour representing
E6 models in the cu � cd plane, the top-right panel shows
the GLR, the bottom-left panel contains the GSM, and
finally the bottom-right one gives the 4S Higgsless model
In the first three mentioned panels, the color code corre-
sponds to four equidistant intervals for the mixing angle in
the ½�	=2; 	=2� range for the E6, GLR, and GSMmodels,
represented by continuous and closed contours. The black
dots on these contours denote the popular benchmark
models quoted in Table I. In the bottom-right panel, which

shows the parameter space of the four-site model, the color
indicates different mass values for MZ1

and MZ2
. The line

style distinguishes the Z1 mass (solid line) from the Z2

mass (dashed line). For the Z1 boson, the following mass
values have been chosen: MZ1 ¼ 480 (red), 800 (green),
and 1600 (blue) GeV. For the chosen sample of free pa-
rameters, z ¼ 0:8, the corresponding values for the Z2

bosons are: MZ2 ¼ 600, 1000 and 2000 GeV shown with
the same color coding.
Several comments are in order. The first remarkable fact

is that there is almost no overlap between contours for the
E6, GLR, and GSM models. This means that, if a Z0 boson
is discovered and its cross section is measured with rea-
sonable accuracy, these classes of Z0 models can be well
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FIG. 8 (color online). 95% C.L. limits onMZ0 in the cu � cd plane based on the 2010 analysis of the dielectron channel performed by
the D0 Collaboration at L ¼ 5:4 fb�1. The top-left, top-right, bottom-left, bottom-right panels present results for E6 Models, GLR),
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listed in Table I. For the 4S model, the color denotes different values for MZ1

and MZ2
. The line style distinguishes the Z1 mass (solid

line) from the Z2 mass (dashed line). For the Z1 boson, the following mass values have been chosen:MZ1 ¼ 480 (red), 800 (green) and
1600 (blue) GeV. For the chosen sample of free parameters, z ¼ 0:8, the corresponding values for the Z2 bosons areMZ2 ¼ 600, 1000
and 2000 GeV shown with the same color coding.
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distinguished using just this basic information. The second
remark concerns the experimental sensitivity (i.e. ability of
a given experiment to exclude or discover a Z0 for a given
model) to the Z0 production within different models.
Comparing the four plots, it is clear that the highest sensi-
tivity is to the GSM class of models. In particular, the Q
model can be excluded at the Tevatron up to massesMZ0 	
1260 GeV. Among the GLR models, which are second in
terms of the experimental sensitivity to a Z0 boson, the Y
model can be already excluded up to MZ0 	 1125 GeV
with the current Tevatron data. Interestingly, the lowest
experimental sensitivity is to the E6 class of models, which
represents one of the most popular classes of Z0 models.
Within this class, the strongest limit can be derived for
� 2 ½�	=4; 0� providing the mass bound MZ0 	 955, as
one can read from the red-colored part of the E6 contour.

The 4S class of Z0 models must be considered separately.
First of all, it predicts two Z0 bosons with two different
masses. Secondly, the parameter space of the 4S model is
described by more than just one parameter, so the model
would be represented by an area in the cu � cd plane rather
than by a contour. In order to interpret Fig. 8 (bottom-right
panel) and correctly following the analogous figures, a
clarification is needed. In the 4S model, the two extra
gauge bosons can decay into both SM fermion pairs and
boson pairs. While the contribution to the total width
coming from the decay into fermion pairs is linear in the
extra gauge boson mass, the contribution from the diboson
decay grows with the third power of the extra gauge boson
mass [see Eq. (3.5)]. As a consequence, and opposite to the
other perturbative gauge models, the Z1;2 boson branching

ratio into lepton pairs acquires a mass dependence (see
Sec. III A for details). This reflects into a mass dependence
of the cu and cd parameters which parametrize the 4S
model. So, Fig. 8 (bottom-right) should be interpreted as
the full parameter space of the four-site model projected
into the cu � cd plane. To simplify the visualization of this
area, we have varied the vector coupling between the Z2

boson and SM electrons, ge2V , within the allowed region of

Fig. 2 for the sample scenarios: z ¼ 0:8 and MZ2 ¼ 600,
1000 and 2000 GeV. This setup should give a full repre-
sentation of the parameter space, MZ2 ¼ 600 GeV being
the minimum allowed mass and MZ2 ¼ 2000 GeV being
close to the maximum value of the mass permitted by
unitarity. The parameter space for these values of MZ2

and the respective MZ1 ¼ 0:8�MZ2 is presented in
Fig. 8 (bottom-right) by colored lines (see caption).
Whenever the colored line describing a given MZ1;Z2 value

for the 4S model crosses the black contour corresponding
to the same mass value, that crossing point would give the
experimental sensitivity to a Z1;2 boson with that mass.

Here, by experimental sensitivity we mean the maximal
portion of the parameter space that could be probed at the
present Tevatron (or the minimal cd, cu couplings). More in
detail, the portion of the colored line beyond the afore-
mentioned crossing point would represent the excluded
region in the cu � cd parameter space. To clarify the
interpretation, let us consider the following examples.
For MZ2

¼ 1000 GeV and MZ1
¼ 800 GeV (green lines),

one can see that the parameter space for the Z1 boson (solid
green line) is greatly excluded in the region of the cu � cd
plane above the black contour line labeled by 800 GeV.
Only a small portion of the cu � cd parameter space is
instead excluded for the Z2 boson (dashed green line). The
cu;d couplings are indeed bounded to be cu;d � 10�3, as

one can see from the crossing point between the dashed
green line and the black contour labeled by 1000 GeV.
Since, the two extra gauge bosons would be simulta-
neously produced, from the discussed green lines one
should deduce that the most restrictive bound on the cu;d
couplings comes from the Z1 boson. If not observed, the
crossing point of the solid green line representing MZ1 ¼
800 GeV with the black contour at 800 GeV would give
the bound: cu;d � 210�4. Consider now a second scenario:

MZ2 ¼ 2000 GeV and MZ1 ¼ 1600 GeV. This is repre-
sented by blue lines. In this case, the Tevatron has no
sensitivity at all to the two extra gauge bosons. The solid
blue line representing MZ1 ¼ 1600 GeV, in fact, never
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FIG. 9 (color online). g2v fermion-boson coupling versus cu (left) or cd (right) in the four-site model.

ELENA ACCOMANDO et al. PHYSICAL REVIEW D 83, 075012 (2011)

075012-14



crosses the corresponding black contour line labeled by
1600 GeV. And the same is true for the dashed blue line
representing MZ2 ¼ 2000 GeV.

Even in more complicated multiresonance scenarios, as
in the 4S model, the cu;d representation allows one to

visualize directly via the black contour lines, up to what
mass value the experiment could be sensitive. If no signal
of new physics is observed, the bound on the mass can be
translated into limits on the cu;d coefficients. From there,

one can then trace back exactly the Lagrangian parameters
of the 4S model which are in turn excluded. In case of new
physics discovery, the cu;d approach allows one to uniquely
determine the cu;d values corresponding to that observed

mass. Since the cu;d coefficients are strictly related to the

new gauge boson couplings, this in turn enables one to
extract informations on their size. In the 4S model, the
coupling between the Z2 boson and SM electrons, ge2V ,
grows linearly with cu and cd as shown in Fig. 9. Any mass
measurement therefore translates into a coupling determi-
nation. Moreover, ge2V is one of the three free parameters of

the model. The measurement of the mass of the new gauge
bosons would therefore allow one to derive direct informa-
tions on the bare Lagrangian parameters.

B. Expected LHC potential at 7 TeV to probe Z0 models

We now explore the LHC at 7 TeV potential to test the
classes of Z0 models under consideration. We use
the projected limits from LHC. In particular, we rely on
the limits given by the CMS Exotica Group for 500 pb�1 of
integrated luminosity which hopefully will be available in
about one year from now. This limit is shown in Fig. 10
(left panel), which is taken from the public Web page of the
CMS Exotica Group [68]. The projected 500 pb�1 limit

from CMS is given as a ratio �Z0=�Z, where �Z is the
Z-boson production cross section in the 60<mee <
120 GeV window, and we have converted this limit into
the limit on the NNLO production cross section for the Z0
boson shown in terms of cu;d coefficients in cu � cd plane
for different Z0 masses given in the right panel of Fig. 10.
This representation is analogous to what has been done
before at the Tevatron. Comparing Figs. 7 and 10, one can
observe the strong gain in sensitivity one gets at the LHC at
7 TeV with 500 pb�1, compared to the Tevatron with
5:4 fb�1, at fixed cu;d value.

Now we can estimate the LHC at 7 TeV potential for
deriving bounds on Z0 models at 500 pb�1. The results are
shown in Fig. 11, where the legend scheme is the same as
in Fig. 8. From Figs. 8 and 11, one can see that for the
models with small-intermediate values of Z0 boson cou-
plings to SM fermions (that is E6 models, GLR models
partly, and some GSM models), the LHC at 7 TeV can
extend the limits onMZ0 by about 500 GeVwhen compared
to the Tevatron. For example, the limit on the SM-like Z0
boson could be extended from 1020 GeV to about
1520 GeV. On the other hand, the limits for larger cu;d
coefficients and, respectively, larger masses could be ex-
tended in the near future up to a 2 TeV scale, which is
unreachable at the Tevatron. For theQmodel, belonging to
the GSM class, the mass bound could be improved from
1210 GeV (current Tevatron) to 2250 GeV. Regarding the
4S model, one can see that the scenario characterized by
MZ1 ¼ 800 GeV and MZ2 ¼ 1000 GeV could be totally
excluded in the cu � cd plane shown in Fig. 11. The solid
green line, representing the Z1 boson parameter space, lies
in fact beyond the 800 GeV black contour line in the
displayed plane. Like the Tevatron, the LHC will not
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FIG. 10 (color online). Left: CMS limit on the Z0 boson production cross section in the dielectron channel, normalized to the SM Z
boson cross section, as a function of the Z0 mass. The limit is projected at 500 pb�1 [68]. Right: Limits in the cu � cd plane, based on
the projected LHC 500 pb�1 limit shown in the right panel. In the cu � cd representation, the limits appear as contour lines
corresponding to different MZ0 values.
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able to test the scenario withMZ1
¼ 1600 GeV andMZ2

¼
2000. The LHC at 7 TeV and 500 pb�1 will not have
sensitivity enough, as one can deduce from observing
that the blue lines never cross the black contour lines
labeled by their respective mass values. Exploring this
region of the 4S parameter space would require higher
integrated luminosity and preferably higher collider
energy.

We also use Fig. 10 to estimate the LHC at 7 TeV
discovery limits for 500 pb�1. In this analysis, we assume

that the significance grows as
ffiffiffiffi
L

p
, where L is the total

integrated luminosity and the signal over background ratio
is constant for the same selection cuts. The last assumption
is motivated by the fact that for a chosen di-lepton invariant
mass window the q �q parton densities are very similar for
signal and background processes and defined mainly by the
the

ffiffiffi
s

p
value.

The LHC discovery potential for various Z0 models is
shown in Fig. 12 in the cu � cd plane. The legend scheme
is the same as in Fig. 8. The upper (dashed) and lower

(dot-dashed) contours correspond to the uncertainty in
Fig. 10 (left) reflected in the width of the band. One can
see that discovery limits are typically 150–200 GeV lower
than exclusion ones.

V. IMPACT OF THE Z0 WIDTH
ON SEARCH STRATEGIES

Invariant mass distributions may be examined in a num-
ber of ways for evidence of resonant structures. The sensi-
tivity of any particular approach has a dependence on the
intrinsic width of any possible resonance. The simplest
approach is to bin the invariant mass distribution and
determine the compatibility of the number of events in
any bin with the standard model prediction. A p value
may be used to quantify this compatibility. In this approach
the width of the bins for optimal sensitivity depends
on the intrinsic width of possible resonances and the de-
tector resolution. In the case where the width of the reso-
nance is much smaller than the detector resolution this
parameter defines the optimal bin size. For intrinsic widths
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FIG. 11 (color online). Limits in cu � cd plane are based on projected CMS 500 pb�1 limit. 95% C.L. limits on MZ0 in the cu � cd
plane based on the projected CMS 500 pb�1 analysis of the dielectron channel. The legend scheme is the same as in Fig. 8.
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comparable to the detector resolution, the optimal width
depends on both of these parameters.

An alternative is to use a parameterization of the ex-
pected distribution in the two alternative hypotheses of, a
distribution resulting only from standard model physics
and one resulting from the addition of a new physics
process. A comparison of some measure of the quality of
the fit in both cases allows a determination of the proba-
bility of the presence of new physics. In this case the
functional form of the resonance structure is typically
taken to be some variant on a convolution of a Gaussian
and a Breit-Wigner. For a resonance where the width of the
Breit-Wigner is small in comparison to the width of
the Gaussian the sensitivity of the search is insensitive to
the width of the Breit-Wigner. Such circumstances result in
the greatest possible experimental sensitivity. For reso-
nances with large widths compared to the experimental
resolution then the Breit-Wigner width must be included as

a further parameter in any fits. In cases where the interfer-
ence effect is large this must be included in the functional
form used to fit to the invariant mass distribution. We show
here that in the mass regions which will provide the great-
est sensitivity for low integrated luminosities at the LHC
the interference effect is negligible and may be ignored
without compromising the search sensitivity.
The above descriptions of possible methods of searching

for a resonance in an invariant mass distribution illustrate
that a knowledge of the width of the resonances being
searched for has an impact on the search procedure used.
In order to obtain the best sensitivity, it is thus important to
have a knowledge of the magnitude of the widths from new
physics models. The results of such searches depend on the
assumptions made in the analysis and cannot be easily
interpreted in other circumstances.
Besides that, in the case of a discovery the Z0 boson

mass and decay width will be determined from fits to the
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reconstructed invariant mass distribution of dilepton
candidate events. In this section, we thus focus on the
prediction and the possible measurement of the total
decay width, comparing the various classes of models
under consideration.

All extra U0ð1Þ theories summarized in Table I make the
assumption, for the sake of simplicity, that the Z0 boson
decays purely into SM fermions. Under this approxima-
tion, the total decay width is given by Eq. (3.6), and its
value never exceeds a few percent of the corresponding
mass (�Z0=MZ0 � 3%), as shown in Table II. This property
has a direct implication on the possibility to measure the Z0
decay width at the LHC, being correlated to the experi-
mental dilepton mass resolution. If indeed �Z0 	 R, being
R the mass resolution, one can have direct access to the
decay width of the observed spin-1 particle. During the
early stage of the 7 TeV LHC, the expected dielectron mass
resolution is about RLHC ¼ 2%MZ0 [69,70]. As a conse-
quence, within the majority of models summarized in
Table II the total Z0 boson width is hardly measurable.
This is visualized in Fig. 13, where the ratio between Z0
width and mass is plotted as a function of the mixing angle
parametrizing the three classes of models listed in Table I:

E6, GLR, and GSM. All E6 inspired models predict a quite
narrow Z0 boson. For some benchmark models within the
GLR), the ratio becomes slightly bigger than the early
LHC resolution. The scenario changes when we consider
GSMs. Here, the width over mass ratio is well above the
early 2% resolution of the LHC. Another example of
measurable decay width is given by the four-site
Higgsless model. Here, in fact, in most of the parameter
space �Z1;2

=MZ1;2
	 2%. This property is shown in Fig. 14

for different values of the free z parameter. In this case, the
distinctive behavior is due to the fact that the Z1;2 bosons

predicted by the four-site model decay preferably into the
diboson channel: Z1 ! WW and Z2 ! W1W. Thus, their
width grows with the third power of the corresponding
mass, as shown in Eqs. (3.11) and (3.12), making it wider
compared to the other models. This feature is common to
all Higgsless and Technicolor models.
This discussion is appropriate when considering the Z0

boson production in the dielectron Drell-Yan channel. For
dimuon final states, the analysis would change drastically.
The estimated dimuon mass resolution during the early
stage of the 7 TeV LHC is in fact around R ’ 8%
[69,70]. Hence, only in a very restricted range of the
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FIG. 13 (color online). Z0 boson width over its mass as a function of the mixing angle parametrizing the E6, GLR, and GSM classes
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GSM mixing angle the Z0 width could be measurable. An
exception is given by the four-site Higgsless model, where
the Z2 boson width could be determined in a large portion
of the parameter space.

The discussed differences between classes of models
should be taken into account for improving search strat-
egies and possibly measurements.

VI. SUMMARYAND CONCLUSIONS

In this paper we have discussed the prospects for setting
limits on or discovering spin-1 Z0 bosons using early LHC
data at 7 TeV. In order to facilitate the connection between
experimental data and theoretical models, we have advo-
cated the narrow width approximation, in which the lep-
tonic Drell-Yan Z0 boson production cross section only
depends on the Z0 boson mass together with two parame-
ters, cu and cd. These variables provide a convenient way
of expressing the experimental limits or discovery infor-
mation about the mass and cross section, which enables a
direct comparison to be made with the predictions arising
from theoretical models. The experimental limits on the Z0
boson cross section may be expressed as contours in the
cu � cd plane, with a unique contour for each value of Z0
boson mass. If a discovery is made, then the measurement
of the mass and cross section would correspond to some
unique contour, or in practice a unique band including the
experimental uncertainty. Such contours may be compared
to the theoretical prediction of cu and cd arising from
particular models, enabling limits to be set on models or
a discovery to discriminate between particular models.
However, the application of this strategy requires the ex-
perimental cross sections to be properly defined and the
theoretical cross sections to be accurately calculated, as we
now discuss.

On the experimental side, we have seen that the use of
the narrow width approximation requires an appropriate
dilepton invariant mass window cut around the mass of the
Z0 boson. The effect of the cuts is rather subtle, since it
depends on both the width of the Z0 boson and the energy of
the collider, with higher widths and lower collider energies
leading to more prominent signal tails at low invariant
masses. Fortunately we have seen that at LHC energies
the suitable experimental cut is rather insensitive, espe-
cially for models with lower Z0 boson widths, and further-
more may be optimized at a unique value suitable for all
models, although there is some unavoidable dependence on
the Z0 mass. One important conclusion is that whatever cut
is chosen should involve invariant masses well above
100 GeV, otherwise interference effects will be dominant.
In summary, we have demonstrated that this cut plays
a crucial role: it diminishes a possibly huge model-
dependent interference effect, removes the model-
dependent shape of the M‘þ‘� distributions in the region
of lowM‘þ‘� , especially for the case of large Z

0 width, and
brings into agreement NWA and exact cross sections. On

the theoretical side, we have evaluated cross sections at
NNLO using the updated ZWPROD package. One should
stress thatKNNLO factors are depend on the Z0 mass, and we
have tabulated them for convenience for both the Tevatron
and LHC. Moreover, the KNNLO are very PDF dependent,
and one should specify which PDF is being used to apply a
respective KNNLO.
We have applied the approach above to two quite differ-

ent types of Z0 models: perturbative gauge models and
strongly coupled models. Among the perturbative gauge
models, we have studied three classes: E6 models, left-
right symmetric models, and sequential standard models.
Each class of model is defined in terms of a continuous
mixing angle variable. This enabled infinite classes of
benchmark models to be defined, rather than just a finite
number of models, where for each class of model, the
respective angles serve to parametrize different orbits in
the cu � cd plane. These orbits turn out to be nonoverlap-
ping for these three classes of models.
The set of perturbative models under study was re-

stricted for the sake of simplicity and does not include
examples with the effect of non-SM particles (and right-
handed neutrinos) on the width �Z0 . Assuming only SM
particles in the final state, we have calculated the widths of
the benchmark classes of models and seen that the pertur-
bative models generally involve relatively narrow widths
(which however can be increased if non-SM particles are
included in the decays), while the strongly coupled models
involve multiple Z0 bosons with rather broad widths. We
have also commented on the significance of the width on
search strategies, which if measured, would provide com-
plementary information for the discrimination of the
underlying Z0 model as well as allowing to test the non-
SM Z0 decays mentioned above. Another limitation of the
choice of models under study is that they do not include the
effects of Z� Z0 mixing, which is quite model dependent.
However, such effects must be small due to the constraints
from electroweak precision measurements, so such effects
will not have a major effect on the direct collider searches
considered here, although of course they will affect the
precise vector and axial couplings (see for example [6–8]
where the Uð1ÞN vector and axial vector couplings are
calculated including the mixing effects). Regarding
strongly coupled models, we only considered the four-
site Higgsless model which contains just two excitations
of the Z (and W) bosons. However, it is representative of
models of walking technicolor models and the KK excita-
tions of the Z (and W), which is considered for the first
time in the cu � cd plane. It is clearly seen that the asso-
ciated Z0 bosons may easily be distinguished from those of
the perturbative gauge models.
In conclusion, our results support the use of the narrow

width approximation in which the leptonic Drell-Yan Z0
boson production cross section only depends on the Z0
boson mass together with two parameters cu and cd.
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However, as discussed in this paper, care must be taken
concerning the experimental cuts, and the theoretical
KNNLO factors tabulated here must be included correctly.
Providing the experimental cross section is appropriately
defined, according to the method we provide in Fig. 6, and
the theoretical cross sections are properly calculated at
NNLO, we have shown that such a strategy is safe, conve-
nient and provides the most unbiased way of comparing
experiment to theoretical models which avoids any built-in
model-dependent assumptions. The experimental limits or
discovery bands may then be reliably confronted with the
theoretical predictions on the cu � cd plane as shown in
Figs. 8, 11, and 12, which represent the main results of our
study, leading to the new limits which we derive here for
the Tevatron and to the projected limits for the LHC. The
results show that the LHC at 7 TeV with as little data as

500 pb�1 can either greatly improve on current Tevatron
mass limits, or discover a Z0, with a measurement of the
mass and cross section providing a powerful discriminator
between the benchmark models using this approach.
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APPENDIX: KNNLO FACTORS AND CROSS SECTIONS FOR THE p �pðpÞ ! Z0 þ X PRODUCTION
PROCESS AT THE TEVATRON AND THE LHC AT 7 TEV

TABLE III. Values of KNNLO factors and cross sections for the p �pðpÞ ! Z0 þ X production process at the Tevatron and the LHC at
7 TeV, obtained with the ZWPROD package for MSTW08 PDF.

MZ0 (GeV) Tevatron LHC at 7 TeV

�LO (pb) �NNLO (pb) KNNLO �LO (pb) �NNLO (pb) KNNLO

100 3:96� 103 5:57� 103 1.41 1:63� 104 2:12� 104 1.29

150 1:08� 103 1:56� 103 1.44 4:45� 103 5:87� 103 1.32

200 4:15� 102 6:09� 102 1.47 1:70� 103 2:28� 103 1.34

250 1:90� 102 2:83� 102 1.49 7:89� 102 1:06� 103 1.35

300 9:67� 10 1:45� 102 1.50 4:14� 102 5:60� 102 1.35

350 5:25� 10 7:91� 10 1.51 2:37� 102 3:20� 102 1.35

400 2:96� 10 4:49� 10 1.51 1:44� 102 1:95� 102 1.35

450 1:72� 10 2:61� 10 1.52 9:20� 10 1:24� 102 1.35

500 1:02� 10 1:54� 10 1.52 6:10� 10 8:22� 10 1.35

550 6.05 9.20 1.52 4:16� 10 5:60� 10 1.34

600 3.62 5.51 1.52 2:92� 10 3:91� 10 1.34

650 2.17 3.30 1.52 2:08� 10 2:79� 10 1.34

700 1.29 1.97 1.52 1:52� 10 2:02� 10 1.33

750 7:68� 10�1 1.16 1.52 1:12� 10 1:49� 10 1.33

800 4:52� 10�1 6:83� 10�1 1.51 8.35 1:11� 10 1.32

850 2:63� 10�1 3:97� 10�1 1.51 6.30 8.32 1.32

900 1:51� 10�1 2:28� 10�1 1.51 4.80 6.32 1.32

950 8:52� 10�2 1:28� 10�1 1.50 3.69 4.84 1.31

1000 4:72� 10�2 7:11� 10�2 1.51 2.86 3.73 1.31

1050 2:56� 10�2 3:85� 10�2 1.50 2.23 2.90 1.30

1100 1:35� 10�2 2:03� 10�2 1.50 1.74 2.26 1.30

1150 6:95� 10�3 1:04� 10�2 1.50 1.37 1.78 1.29

1200 3:45� 10�3 5:20� 10�3 1.51 1.09 1.40 1.29

1250 1:65� 10�3 2:49� 10�3 1.51 8:63� 10�1 1.11 1.29

1300 7:52� 10�4 1:14� 10�3 1.52 6:88� 10�1 8:82� 10�1 1.28

1350 3:25� 10�4 4:95� 10�4 1.52 5:50� 10�1 7:03� 10�1 1.28

1400 1:32� 10�4 2:02� 10�4 1.53 4:41� 10�1 5:63� 10�1 1.28

ELENA ACCOMANDO et al. PHYSICAL REVIEW D 83, 075012 (2011)

075012-20



MZ0 (GeV) Tevatron LHC at 7 TeV

1450 4:97� 10�5 7:66� 10�5 1.54 3:55� 10�1 4:51� 10�1 1.27

1500 1:71� 10�5 2:65� 10�5 1.55 2:86� 10�1 3:63� 10�1 1.27

1550 2:31� 10�1 2:92� 10�1 1.27

1600 1:87� 10�1 2:36� 10�1 1.26

1650 1:52� 10�1 1:91� 10�1 1.26

1700 1:23� 10�1 1:55� 10�1 1.26

1750 1:00� 10�1 1:26� 10�1 1.25

1800 8:17� 10�2 1:02� 10�1 1.25

1850 6:67� 10�2 8:31� 10�2 1.25

1900 5:44� 10�2 6:78� 10�2 1.25

1950 4:45� 10�2 5:53� 10�2 1.24

2000 3:64� 10�2 4:51� 10�2 1.24

2050 2:98� 10�2 3:69� 10�2 1.24

2100 2:44� 10�2 3:02� 10�2 1.24

2150 2:00� 10�2 2:47� 10�2 1.23

2200 1:64� 10�2 2:02� 10�2 1.23

2250 1:34� 10�2 1:65� 10�2 1.23

2300 1:10� 10�2 1:35� 10�2 1.23

2350 9:04� 10�3 1:11� 10�2 1.23

2400 7:41� 10�3 9:08� 10�3 1.23

2450 6:08� 10�3 7:44� 10�3 1.22

2500 4:98� 10�3 6:09� 10�3 1.22

TABLE III. (Continued)

TABLE IV. Values of KNNLO factors and cross sections for the p �pðpÞ ! Z0 þ X production process at the Tevatron and the LHC at
7 TeV, obtained with the ZWPROD package for CTEQ6.6 PDF.

MZ0 (GeV)
Tevatron LHC at 7 TeV

�LO (pb) �NNLO (pb) KNNLO �LO (pb) �NNLO (pb) KNNLO

100 3:94� 103 5:40� 103 1.37 1:52� 104 1:95� 104 1.28

150 1:12� 103 1:54� 103 1.37 4:23� 103 5:46� 103 1.29

200 4:47� 102 6:08� 102 1.36 1:64� 103 2:13� 103 1.30

250 2:12� 102 2:85� 102 1.34 7:66� 102 1:00� 103 1.31

300 1:11� 10 1:47� 102 1.32 4:04� 102 5:29� 102 1.31

350 6:14� 10 8:03� 10 1.31 2:32� 102 3:04� 102 1.31

400 3:54� 10 4:57� 10 1.29 1:42� 102 1:85� 102 1.31

450 2:10� 10 2:67� 10 1.27 9:08� 10 1:18� 102 1.30

500 1:26� 10 1:58� 10 1.26 6:04� 10 7:85� 10 1.30

550 7.61 9.46 1.24 4:13� 10 5:35� 10 1.29

600 4.63 5.68 1.23 2:90� 10 3:74� 10 1.29

650 2.81 3.42 1.21 2:08� 10 2:67� 10 1.28

700 1.70 2.05 1.20 1:51� 10 1:94� 10 1.28

750 1:03� 10�1 1.22 1.19 1:12� 10 1:42� 10 1.27

800 6:12� 10�1 7:21� 10�1 1.18 8.38 1:06� 10 1.26

850 3:61� 10�1 4:22� 10�1 1.17 6.35 7.98 1.26

900 2:11� 10�1 2:44� 10�1 1.16 4.85 6.06 1.25

950 1:21� 10�2 1:39� 10�1 1.15 3.74 4.64 1.24

1000 6:80� 10�2 7:77� 10�2 1.14 2.90 3.59 1.24

1050 3:75� 10�2 4:26� 10�2 1.13 2.27 2.78 1.23

1100 2:02� 10�2 2:28� 10�2 1.13 1.78 2.18 1.22

1150 1:06� 10�3 1:19� 10�2 1.13 1.41 1.71 1.21

1200 5:36� 10�3 6:04� 10�3 1.13 1.12 1.35 1.21

1250 2:62� 10�3 2:96� 10�3 1.13 8:88� 10�1 1.07 1.20

1300 1:23� 10�3 1:39� 10�3 1.13 7:10� 10�1 8:48� 10�1 1.19

1350 5:49� 10�4 6:24� 10�4 1.14 5:70� 10�1 6:77� 10�1 1.19
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