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We study the Z0 phenomenology for two extensions of the electroweak standard model (SM) which

have an extra Uð1ÞB�L gauge factor. We show the capabilities of the LHC in distinguishing the signals

coming from these two extensions and both of them from the SM background. In order to compare the

behavior of these B� L models we consider the reaction pþ p ! �þ þ�� þ X and compute some

observables as the total cross sections, number of events, forward-backward asymmetry, final particle

distributions like rapidity, transverse momentum, and dimuon invariant mass, for two LHC regimes:ffiffiffi
s

p ðLÞ ¼ 7 TeV (1 fb�1) and 14 TeV (100 fb�1) for MZ0 ¼ 1000 GeV and 1500 GeV. We show that by

using appropriate kinematic cuts some of the observables considered here, we are able to extract different

properties of the Z0 boson, and hence to provide information about to which B� L model it belongs to.
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I. INTRODUCTION

The starting up of the large hadron collider (LHC)
operating in an energy range far above the electroweak
scale offers a possibility to reveal new phenomena and to
explore the phenomenology extracted from the expected
huge amount of experimental data. In this way, it is ex-
pected new physics manifestations throughout the appear-
ance of new degrees of freedom such as new charged and
neutral fermions, superpartners, new gauge bosons, and
Higgs scalar(s). To take into account these new possible
degrees of freedom we must go beyond the standard model
(SM). There are many ways to construct extensions of the
electroweak SM. However, if we are concerned with new
gauge bosons we must consider a larger gauge group.
Whatever the extension of the SM is, it must present the
same results of the SM at the electroweak energy scale in
order to be consistent with present data.

Although hadron colliders present a high background
(pile-up) compared to electron-positron colliders (beam-
strahlung), they seem to be more suitable for discovering
new degrees of freedom. Since high center-of-mass energy
and high precision cannot be achieved simultaneously in
the same experiment, both types of colliders are needed in
order to have a detailed description of a particular phe-
nomena. This is easily realized if we look to a recent past
when the synergy between hadron and lepton colliders
brought up complementary information for each other,
generating benefits to high energy physics. As examples,
we have the discovery of the Z boson, the gluon was

discovered in a electron-positron collider (Petra) [1], and
for the quark top [2] the data collected by LEP and SLC
were fundamentals to the physics program of p �p
(Tevatron). Because of the high precision in the measure-
ments, SLC and LEP gave the indirect prediction for top
mass, and as a consequence the discovery of the top quark
at Tevatron guided SLC and LEP to establish allowed mass
region for the Higgs boson. The discovery of the Z boson
occurred in a p �p collider (SPS) but its properties (decay
widths, couplings to fermions, asymmetries, mass, etc. . .)
were measured with high precision in lepton colliders
(SLC, LEP) [3]. In this way, the recent studies started at
LHC can direct the search for new physics in future linear
colliders (ILC/CLIC).
Among the main goals of any accelerator proposal we

find the physics of an extra neutral gauge boson Z0. This
new boson is predicted by many extensions of the SM like:
(i) The models from E6 group, also known as rank 5

models (ER5M) [4,5];
(ii) The left-right which are based in the group

SUð2ÞL � SUð2ÞR �Uð1ÞB�L [6];
(iii) The models with Z0 in little Higgs scenario [7];
(iv) The sequential standard models—SSM [8];
(v) The Kaluza Klein (KK) models, predicted by extra

dimensions [9];
(vi) The models with SUð3Þc � SUð3ÞL �Uð1ÞN gauge

symmetry, known as 3-3-1 models [10–12];
(vii) Models where a strong dynamic is involved in the

electroweak spontaneous symmetry breaking. We
can cite, for instance, topcolor and BESS (breaking
electroweak symmetry strongly) models [13].

Some models which have an extra Uð1Þ gauge group
[14,15] also deserve a detailed study in order to predict
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new physics behavior. The B� L models are very often
used in the literature. They can account for several aspects,
which are not well explained by the SM, by making use of
few free parameters if compared to other models which
have origin in larger gauge groups [16]. The extra Uð1Þ
group gives rise to the Z0 vector boson in addition to the
SM contents, which is related to the B� L gauge symme-
try and an extra singlet scalar. So, a vast phenomenology
can be explored with that additional contents and this will
lead to interesting and new signatures plausible to be ex-
plored in the LHC and in the next generation of colliders.
The B� Lmodels can accommodate several studies in low
scale and high scale of B� L symmetry, making these
models strong candidates for extensions of the SM. In low
scale, for example, the model based on the gauge group
SUð3ÞC � SUð2ÞL �Uð1ÞY �Uð1ÞB�L can be used to ex-
plain in a successful way the results for small neutrino
mass and large mixing [17]. This is because the scale of
B� L symmetry breaking is related to the mass of the
heavy right-handed neutrino. In this case, a type I seesaw
mechanism can be implemented and will produce very
successful explanations for the smallness of neutrino
mass. Besides that, a TeV scale of B� L can also accom-
modate another mechanism for generation of neutrino
mass, the inverse seesaw mechanism. A recent analysis
of this mechanism in the context of the B� L model
can be found in [18]. Besides the neutrino sector, many
new physics scenarios beyond the SM such as new Higgs
signals [19,20] and Z0 phenomenology [21–24] have been
explored in detail. Other important aspects of the B� L
symmetry and its scale of breaking lie in the connection to
the baryogenesis through leptogenesis via sphaleron inter-
actions, which conserve B� L [25]. In this paper, we focus
our studies in the Z0 phenomenology, trying to obtain
different kinds of information from different observables.
So, the cumulative study of different models, candidates to
describe the electroweak interaction, can guide the LHC
data analysis if in fact a Z0 is discovered. Following the
arguments here exposed, first we have considered the Z0
boson observables for electron-positron colliders [26], and
now we extend the analysis for hadron colliders.

In this paper, we study the phenomenology of the Z0
boson originated from two different extensions of the
electroweak SM having an extra Uð1Þ gauge factor. We
predict the possible signals of new physics in the process
pþ p ! ð�; Z; Z0Þ ! �þ þ�� þ X, at the tree level. We
compare several quantities as total cross sections, number
of events, and decay widths assuming that both Uð1Þ
factors correspond to the local B� L symmetry, and that
the breaking of this symmetry occurs at an energy scale
above the TeV scale.

In order to have a more realistic scenario, we choose the
parameters of the two different models to compare them at
the same Z0 boson mass. We use MZ0 ¼ 1500 GeV, but
we also show the results for MZ0 ¼ 1000 GeV, for two

center-of-mass energies:
ffiffiffi
s

p ¼ 7 and 14 TeV. Recently, the
detector Atlas at LHC had recently given results for high
dilepton resonances like the heavy neutral gauge bosons Z0
for some models and had established lower mass limits for
it [27]. Other recent Atlas publications that also set limits
on heavy dilepton resonances can be found in [28,29].
This article is organized in the following way. In Sec. II

we introduce the models. In Sec. III we present the results,
and in Sec. IV we present our conclusions.

II. THE MODELS

In this paper, we consider two extensions of the electro-
weak SM which have an extra Uð1Þ local factor, resulting
in the total gauge symmetry SUð2ÞL �Uð1Þ1 �Uð1Þ2.
More specifically, we are concerned with models which
are based on the gauge symmetries:
(i) SUð2ÞL �Uð1ÞY �Uð1Þz, called as secluded model

[14];
(ii) SUð2ÞL �Uð1ÞY0 �Uð1ÞB�L called as flipped model

[15].
In the secluded model, z is a new Uð1Þ charge, and Y is

the electroweak SM hypercharge. The focus of our study in
this paper is the special case of z ¼ B� L. In the Flipped
one, Y0 is a new extra Uð1Þ charge, and the B� L charge
assignments are those of the SM. In this last model, the SM
hypercharge is recovered after the first spontaneous sym-
metry breaking.
In the secluded model, the electric charge has no com-

ponent in the Uð1Þz and,, in particular, depending on the
value of this charge, several versions of this model can be
studied. As emphasized before, our analysis will be fo-
cused on comparing both models only when the z charge of
the secluded model coincides with B� L. Besides, in this
minimal version, considered here, both models have the
same scalar sector, composed by one doublet, H, with
hypercharge Y ¼ þ1, and a complex singlet with Y ¼ 0.
The number of right-handed neutrinos is three, in order to
be consistent with the anomaly cancellations. We have set
them to be heavy enough in order to have Z0 decay into
heavy right-handed neutrinos kinematically suppressed.
We find in Ref. [30] a study of possible signatures for
right-handed neutrinos in a TeV scale B� L extension of
the SM at the LHC.
This minimal version considered here is also absent of

exotic decay channels like heavy quarks or heavy-charged
leptons. So, our results of decay widths, branchings frac-
tions for these two particular Z0 models are related only to
standard model fermions. We will parameterize the neu-
tral currents in terms of the mass eigenstate fields as
follows:

LNC ¼ � g

2cW

X
i

�c i��½ðgiV � giA�5ÞZ�
1

þ ðfiV � fiA�5ÞZ�
2 �c i; (1)
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where giV , giA, fiV , and fiA are respectively Z and Z0
couplings to fermions presented in the Appendix and in
great detail in [26].

In this paper, we briefly present both models. The com-
plete details about both of them were subject of study in a
recent work [26]. Moreover, the scalar sector of this sort of
models, with the respective Feynman rules, is considered
in Ref. [31]. The charge operators for the secluded and the
flipped models, are, respectively, given by:

Q

e
¼ I3 þ 1

2
Y;

Q

e
¼ I3 þ 1

2
½Y0 þ ðB� LÞ�:

When the z charge of the secluded model is equal to
B� L it implies that the parameter zH (the z-charge of the
SM Higgs doublet), discussed in Refs. [14,15], is equal to
zero. In this case, there is no tree level mixing in the mass
matrix between the neutral gauge bosons B

�
z , W

�
3 and B

�
Y ,

and we have Z ¼ Z1 and Z
0 ¼ Z2, i.e. the mass eigenstates

and the symmetry eigenstates coincide. On the other hand,
for the flipped model there is a mixing between the two
Abelian gauge bosons in the mass term. We have worked in
the basis (W3, BY0 , BB�L) where the kinetic term at the tree
level is diagonal. The square mass matrix in this basis can
be expressed as

M2 ¼ g2u2
�v2=4 �t0 �v2=4 0

�t0 �v2=4 t02ð1þ �v2=4Þ �t0tB�L

0 �t0tB�L t2B�Ls

0
BB@

1
CCA;

with the following definitions: t0 ¼ g0=g, tB�L ¼ gB�L=g
and �v ¼ v=u, where u is the VEV of the scalar singlet
responsible by the first spontaneous symmetry breaking,
and v is the SM VEV. From this matrix we obtain the
masses M1 andM2 for eigenstates Z1 and Z2, respectively.

The complete expression forM1 andM2 can be found in
[26]. A general expression for M1;2 can be written as [32]:

M2
1;2 ¼

1

2

h
M2

Z þM2
Z0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

Z0 �M2
ZÞ2 þ 4ð�M2Þ2

q i
: (2)

Here, we will assume that the mixing between the two
neutral vector bosons (ð�M2Þ) is much smaller than
the mass difference. In this approximation Z � Z1 and
Z0 � Z2. This is a reasonable approximation since a mix-
ing will affect the � parameter, which is severely con-
strained by experimental data.

Bothmodels arewellmotivated since, in general, they can
be thought as an intermediate symmetry, remnant of a larger
(unknown) gauge symmetry, that was broken at a very large
energy scale. Moreover, they are simpler compared to other
class of models with an extra Z0 neutral vector boson:
simpler gauge groups and fewer free parameters.

III. RESULTS

We have first chosen MZ0 ¼ 1500 GeV in order to com-
pare the results coming from the two different models. For

the secluded model, this choice respects the bounds already
established on the Z0 boson mass and its coupling constants
by the direct search at the Tevatron [33], by the electro-
weak precision tests (EWPT) at LEP II, and by the low-
energy neutral current experiments [34–36], which are well
studied in the literature. On the other hand, the flipped
model has not received the same level of attention.
However, in a recent model-independent analysis [37],
limits on fR and fL for the Z0 couplings to fermions are
given, based on EWPT combined with LEP II results. We
verify that the choices we made for the free parameters of
the flipped model are in good agreement with the plots
presented in the Figure 2 of Ref. [37].
For the flipped model we use the following inputs:

gB�L ¼ 0:6132, g0 ¼ 0:4400, u ¼ 1987 GeV, v ¼
246 GeV, � ¼ 127:9, and s2W ¼ 0:23122 [38]. With
these parameters we obtain MZ0 ¼ 1500 GeV, �Z0 ¼
28:39 GeV, and the values of the neutral current coupling
constants shown in Table I. The Z couplings with SM
fermions remain the same so we emphasize only the new
contribution from the Z0 boson.
For the secluded model, since we are working with z ¼

B� L we have automatically zH ¼ 0, zq ¼ zu ¼ 1=3 and

we had set the other free parameters to be first: gz ¼ 0:2,
u ¼ 7500 GeV, and v ¼ 246 GeV. We also study the be-
havior for this model considering a bigger gz. So we will
have gz ¼ 0:6 and u ¼ 2500 GeV for this scenario. With
these parameters we obtain for the first scenario (gz ¼ 0:2,
u ¼ 7500 GeV) MZ0 ¼ 1500 GeV, �Z0 ¼ 4:04 GeV. For
the second scenario (gz ¼ 0:6, u ¼ 2500 GeV) we will
have MZ0 ¼ 1500 GeV and �Z0 ¼ 29:43 GeV. The values
of the neutral current coupling constants are shown in
Table II and III. Because of the model choice zH ¼ 0 in
the secluded model, the Z0 boson has only vector couplings
to fermions, and presents a leptofilic behavior around the
peak region. The leptofilic charactermeans that theZ0 boson
couples preferentially to leptons, and that the cross section
for lepton production presents a higher peak compared to
quark cross sections. This behavior can be seen with more
evidence in eþ þ e� ! lþ �l process, where l is a lepton.

TABLE I. Z0 coupling constants to the SM fermions for the
flipped model for MZ0 ¼ 1500 GeV.

Neutrinos Leptons u-quarks d-quarks

fV 0.8420 0.4977 �0:0511 �0:3955
fA �0:1732 0.1715 �0:1732 0.1732

TABLE II. Z0 coupling constants to the SM fermions for the
secluded model for MZ0 ¼ 1500 GeV and gz ¼ 0:2.

Neutrinos Leptons u-quarks d-quarks

fV 0.2690 0.2690 �0:0897 �0:0897
fA 0 0 0 0
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We can realize through the partial decay widths that, as
we said before, for the secluded model, Z0 couples prefer-
entially to leptons, as shown in Table IV. Because of this
character, and depending on the choice of the Z0 parame-
ters, the secluded model can give an explanation for the
positron excess in cosmic rays, as presented by the
PAMELA experiment [39].

We present in Fig. 1 the total Z0 decay width againstMZ0 ,
for both models. The respective expressions are linear
functions of MZ0 , as it should be, and hence they double
their values in the Z0 boson mass range showed in the
figure. For the secluded model, we show the evolution
of the decay width according to the parameters choice
gz ¼ 0:2, gz ¼ 0:4, gz ¼ 0:6, gz ¼ 0:8. The Z0 decay
width of the secluded model is comparable with the flipped
one when gz ¼ 0:6. In the flipped model the Z0 boson has
both axial and vector couplings, and in the secluded model
it has only the vector ones due to the choice zH ¼ 0.

The Z0 production can be achieved by the Drell-Yan
mechanism which implies in leptonic decay products ac-
companied by background, which contaminates the ob-
servables under consideration. This background can be
minimized applying some specific cuts. To perform our
calculations we use the package Comphep [40] with
Cteq6L1 parton distribution functions. For the first simu-
lations we have used the following cuts on the final leptons,
which we call as the first cut set: pt� > 20 GeV, j��j �
2:5 and �0:99< cos�q� < 0:99.

The first observable obtained, when the first cut set is used,
is the total cross section for pþ p ! ð�; Z; Z0Þ ! �þ þ
�� þ X. Considering MZ0 ¼ 1500 GeV we obtain for the
Flipped, Secluded (gz ¼ 0:2) and SM, 1:33� 103 pb,
1:01� 103 pb, and 0:6� 103 pb, respectively, for

ffiffiffi
s

p ¼
14 TeV, which implies considering the annual luminosity
L ¼ 100 fb�1 in a huge number of events: �108. We
present in Table V the number of events consideringMZ0 ¼
1500 and 1000 GeV for both models and also

ffiffiffi
s

p ¼ 14 and
7 TeV. The number of events will decrease when we apply
more restrictive cuts. In order to assign the correct quark
direction, as suggested in [41,42], we have selected dimuon
large rapidity events, jy��j> 0:8. The other cuts are pt� >

20 GeV, j��j � 2:5, 1450 GeV<M�� < 1550 GeV, and

�0:99< cos�q� < 0:99, and we call them as the second cut

set.
Besides the total cross section and decay width for

leptonic final state, we present: invariant mass, rapidity,
forward-backward asymmetry, transverse momentum and
angular distribution. In Figs. 2(a) and 2(b) we present the
dilepton invariant mass distribution. The flipped model
presents a distinct behavior with a higher peak far above
the SM one, and has very good changes to be separated
from the background. On the other, for the secluded model
with gz ¼ 0:2, the distribution in the region off–peak in
Fig. 2 (down panel) has a behavior similar to that of the
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FIG. 1 (color online). Evolution of total decay width with Z0
boson mass for flipped and secluded models considering
gz ¼ 0:2, gz ¼ 0:4, gz ¼ 0:6, and gz ¼ 0:8.

TABLE IV. The Z0 partial decay widths for fermions and
charged vector boson for both B� L models.

MZ0 ¼ 1500 GeV Flipped B� L Secluded B� L

Z0 ! P
i ��i�i 36% 37.5%

Z0 ! P
i
�lili 18.6% 37.5%

Z0 ! P
i �qiqi 42.6% 25%

Z0 ! WþW� 2.8% 0%

TABLE V. Number of events consideringMZ0 ¼ 1500 and 1000 GeV, and the first cut set. The
second and third columns are for

ffiffiffi
s

p ¼ 14 and L ¼ 100 fb�1, and the fourth column is forffiffiffi
s

p ¼ 7 TeV and L ¼ 1 fb�1. In the data related to MZ0 ¼ 1000 GeV we have also set M�� >

500 GeV.

Model MZ0 ¼ 1500 GeV MZ0 ¼ 1000 GeV MZ0 ¼ 1000 GeV

Flipped B� L 1:33� 108 8:48� 103 245

Secluded B� L 1:01� 108 7:18� 103 219

TABLE III. Z0 coupling constants to the SM fermions for the
secluded model for MZ0 ¼ 1500 GeV and gz ¼ 0:6.

Neutrinos Leptons u-quarks d-quarks

fV 0.8093 0.8093 �0:2697 �0:2697

fA 0 0 0 0
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SM, while the on–peak region is not so powerful to dis-
tinguish it from the SM. This difference has origin mainly
in the choice of zH ¼ 0 and in the smallness of gz for the
first scenario of the secluded model. The model choice
zH ¼ 0 leads to pure vector couplings of the Z0 boson to
fermions. A different choice for zH, say zH � 0, will
restore the axial couplings but, in this case, the z-charge
will not be equal to B� L. The case of zH � 0 is out of the
scope of the present work. The increasing of gz to 0.6 will
make possible to the secluded model to have a distinct
behavior, as already happened to the flipped one.

The rapidity distributions can also be used to disentangle
the B� Lmodels and we show the results in Figs. 3(a) and
3(b). The signal has been improved for both models con-
sidering the first cut set. The flipped model produces a
signal above the signal of the secluded one considering
gz ¼ 0:2 in Fig. 3(a). One intrinsic characteristic of the
flipped model is the increasing signal until it reaches the
region where the rapidity of each muon is jy�j ¼ 1:25.
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FIG. 2 (color online). The dilepton invariant mass distribution
for pþ p ! �þ þ�� þ X process for the flipped, secluded
and standard models considering MZ0 ¼ 1500 GeV at

ffiffiffi
s

p ¼
14 TeV. First cut set (up) and second cut set (down).
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FIG. 3 (color online). The muon rapidity distribution for the
process pþ p ! �þ þ�� þ X considering MZ0 ¼ 1500 GeV
for the flipped, secluded and standard models at

ffiffiffi
s

p ¼ 14 TeV.
Thevalence and sea quark contributions (up) using the first cut set.
The same rapidity distribution using the second cut set (down).
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FIG. 4 (color online). The forward-backward asymmetry for
the process pþ p ! �þ þ�� þ X as a function of the dilep-
ton invariant mass for both B� L models, considering MZ0 ¼
1500 GeV,

ffiffiffi
s

p ¼ 14 TeV, and applying the second cut set.
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Both, the secluded model and the SM do not have this
behavior. When we apply more severe cuts on rapidity, as
jy�j> 0:8, the resulting data reveal that the flipped, se-

cluded and SM have less possibilities to be disentangled.
So, for this observable, the first cut set is more efficient
than the more severe ones.

Another important observable, very sensitive to the new
physics contributions, is the forward-backward asymmetry
(A‘

FB). In eþe� colliders, A‘
FB is measured with high pre-

cision, due to the well-known initial beam direction.
However, the situation is quite different for hadron col-
liders where the original quark direction is completely
unknown. To solve this problem, the quark direction can
be approximated by the boost direction, which connects
the dimuon reference system with the original beam direc-
tion. In order to achieve this goal we have applied the
jy��j> 0:8 cut for the muon pair rapidity, following

the references [41,42]. In contrast with the flipped model,
the secluded one has no Z0 axial couplings to fermions and,
as a consequence of it, the forward-backward asymmetry,
even being a powerful tool to get information on the Z0
boson parameters, does not receive contributions from the
axial couplings on-peak. In Fig. 4 we show this observable
versusM��, and we see that the two B� L models can be

distinguished. We can also note a distinct behavior of the
secluded model considering both gz ¼ 0:2 and gz ¼ 0:6.
The forward-backward asymmetry presents higher values
considering the parameter gz ¼ 0:6 if compared to gz ¼
0:2. This is a consequence of the numerical change in the
Z0 couplings to fermions due to the choice gz ¼ 0:6 and
u ¼ 2500 GeV.

If we consider all the studied observables, after applying
the second cut set, we will realize that one particular
numerical cut can put in evidence one observable and
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FIG. 5 (color online). The muon transverse momentum distri-
bution for the process pþ p ! �þ þ�� þ X for the flipped,
secluded and standard models, considering MZ0 ¼ 1500 GeV,ffiffiffi
s

p ¼ 14 TeV, and applying the second cut set.

-1.0 -0.8 -0.6 -0.4 -0.2 -0.0 0.2 0.4 0.6 0.8 1.0

cosθqµ

101

102

103

104

d
σ/

d
co

s
θ q

µ 
(p

b
)

MZ’ = 1000 GeV

p + p → µ + + µ − + X

√ s = 14 TeV

B-L Flipped
B-L Secluded
SM

FIG. 6 (color online). The muon angular distribution for the
process pþ p ! �þ þ�� þ X for the flipped, secluded
and standard models, considering MZ0 ¼ 1000 GeV and

ffiffiffi
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p ¼
14 TeV.
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others not. The cut jy��j> 0:8 is not so helpful for rapidity

distributions, but it is necessary for forward-backward
asymmetries in order to guarantee that the quark direction
has more probability to be the correct one. It means that the
probability of obtaining more significant measurements
of forward-backward asymmetries increases for higher
rapidities.

We present in Fig. 5 our results for the muon transverse
momentum distribution. One of the characteristics of this
distribution is that the peak is located right at the position
pT ¼ MZ0=2, for both B� L models. We have adopted
more restricted cuts in the final dimuon mass, M�� >

500 GeV [43] in order to emphasize this behavior. The
flipped model has, once again, better chances to be sepa-
rated from the background, in opposition to the secluded
one with gz ¼ 0:2 which can be mistaken as SM
background. On the other hand, the secluded model
with gz ¼ 0:6 has a very good chance to be separated
from the background of SM due to its distinct peak around
MZ0=2.

The muon angular distribution is less sensitive to Z0
contributions, but can be used as a previous result before
the calculation of A‘

FB. From Fig. 6 we can realize that the
signals related to the SM are below the signals of the two
B� L models. We can see a small asymmetry when the
curves cross each other in the region �0:50< cos� <
�0:25, where � is the angle between the beam and the
muon directions.
For a illustrative example, we now consider a Z0 boson

which mass is 1000 GeVand
ffiffiffi
s

p ¼ 7 and 14 TeV in order to
extract more conclusions about the same observables pre-
sented above. The related graphs are presented in the
Figs. 7–10. The increase of the center of mass energy
from 7 to 14 TeV has as direct consequences the increase
of the cross sections and, hence, the number of events. The
invariant mass distribution shows also a small peak for the
secluded model with gz ¼ 0:2 if compared to the flipped
one, as we can see in Figs. 7(a) and 7(b). The muon rapidity
distributions presented in Figs. 8(a) and 8(b) show that for
MZ0 ¼ 1000 GeV both models can not be clearly
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FIG. 8 (color online). The muon rapidity distribution for the
process pþ p ! �þ þ�� þ X for both B� L models, con-
sidering MZ0 ¼ 1000 GeV,

ffiffiffi
s

p ¼ 7 TeV (up) and
ffiffiffi
s

p ¼ 14 TeV
(down) with the first cut set.
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p ¼ 7 TeV (up) and
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Z0
B�L PHENOMENOLOGYAT THE LHC PHYSICAL REVIEW D 84, 055004 (2011)

055004-7



distinguished from each other in this case. If we considerffiffiffi
s

p ¼ 14 TeV the muon rapidity distributions graphs are
separated, mainly in the region 0< y�� < 1, but this sepa-

ration is not so noticeable as the one for MZ0 ¼ 1500 GeV,
already presented in Fig. 3(a) for muon rapidity distribution.
The transverse momentum distributions, presented in the
Figs. 9(a) and 9(b), do not show a clear peak for MZ0=2
for the secluded model with gz ¼ 0:2, but the flipped one is
put in evidence once again with higher values for this
distribution on–peak. The muon angular distributions
present a better behavior for disentangling both models,
mainly if we consider

ffiffiffi
s

p ¼ 14 TeV, as can be seen from
Figs. 10(a) and 10(b).

IV. CONCLUSIONS

In order to explore the properties of a new neutral vector
boson belonging to models with B� L local symmetry,
we study the Drell-Yan channel with a muon pair produc-
tion, for two LHC proposed scenarios:

ffiffiffi
s

p ¼ 7 TeV
(L ¼ 1 fb�1) and

ffiffiffi
s

p ¼ 14 TeV (L ¼ 100 fb�1). Our

study is focused on two values of the Z0 boson mass,
1000 GeV and 1500 GeV.
First we can say that if such a heavy neutral gauge boson

exists, the search for it in the Drell-Yan channel has good
chances to happen at the LHC. In fact, the Atlas detector
has recently presented its first results for five searches for
new physics considering

ffiffiffi
s

p ¼ 7 TeV [27].
In order to perform Z0 studies in pp collisions, many

observables can be used. We can cite the total cross section
and also several asymmetries very well studied by eþe�
colliders. The measurement of some of these observables
is very difficult due to the signal, which needs to be
detected above the background of the hadronic experiment.
Thus, it is necessary to apply cuts taking into account
the detector acceptance for reducing the background
contribution.
The invariant mass distribution of the muon pair final

state is centered around the Z0 mass. This behavior allows
us to separate the signal from the background and to
measure the Z0 boson mass. Several cuts can be applied
to guarantee more precision on measurements. The signal
from the flipped model is above the one from the secluded
model with gz ¼ 0:2, and the corresponding difference can
be enhanced if more severe cuts are considered. On the
other hand, the SM background remains below the signals
of both B� L models, as shown in Fig. 2. The increasing
of gz for the secluded model will have as a consequence a
very distinct peak.
The muon transverse momentum distribution centered

around the half of Z0 boson mass is a helpful observable
for distinguishing the models. In this case, we have ob-
served a dominance of the flipped model over the secluded
model (gz ¼ 0:2), which has a behavior similar to the SM.
But, notice that the behavior of the secluded model
changes for larger gz. When we increase this parameter,
this model will also present a distinct peak and the chances
to be distinguished are comparable to the flipped one. See
Fig. 5.
The forward-backward charge asymmetry is another

powerful tool to provide some information about the Z0
couplings to quarks in pp collisions, when leptons are in
the final state, even being measured indirectly due to the
unknown of original quark direction. To guarantee the
correct direction of the initial parton, we applied a cut on
final muon pair jy��j> 0:8. The resulting AFB asymme-

tries, for both B� L models, present clear different be-
haviors, mainly for the muon pair invariant mass in the
range 1300–1500 GeV, as shown in Fig. 4. The changes in
the numerical couplings of Z0 to fermions will produce a
different forward-backward charge asymmetry for the se-
cluded model when gz ¼ 0:2 or gz ¼ 0:6.
In addition to AFB, the rapidity distributions are very

sensitive to the Z0 couplings to quarks. They are very useful
to disentangle the different models. Different cuts on it
should be analyzed to exploit different responses from the
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FIG. 10 (color online). The muon angular distribution for the
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ffiffiffi
s

p ¼ 7 TeV (up) and
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same experiment. The combination of the forward-
backward asymmetry and rapidity distribution generates
another interesting observable, AFBy1. If the LHC discovers

a Z0 boson, the AFBy1 can be used as a refinement to select

to which model the Z0 boson belongs to. This combined
observable in not under consideration in this work.

Besides the study for LHC operating in the high-energy
regime, we have performed an analysis at

ffiffiffi
s

p ¼ 7 TeV
for MZ0 ¼ 1000 GeV. The obtained results present a
clear signature for the Z0 boson production. The dimuon
invariant mass distribution shows a sharp peak around
the Z0 boson mass, above the SM background, as shown
in Fig. 7. We note that the transverse momentum distribu-
tion once again reveals a peak on pT ¼ MZ0=2. For these
two distributions, the ones of the flipped model are far
above those of the secluded model with gz ¼ 0:2.

In general, the presented models can be well exploited
by using the above observables at the LHC first energy
stage. Some of them are more suitable for distinguishing
the models. The choice of the applied cuts is also impor-
tant. For instance, the same cuts that we had used to the
forward-backward asymmetries are not appropriate to the
rapidity distributions. Therefore, a combined analysis and
different cuts should be applied to disentangle the models
and guarantee more realist theoretical prediction on the Z0
couplings to fermions. The LHC running at

ffiffiffi
s

p ¼ 7 TeV
already is a powerful tool for unraveling physics beyond
the SM.
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APPENDIX

We present in this section the coefficients giV;A and fiV;A
for B� L flipped and secluded models. The couplings of
Z1 with fermions are defined as gV ¼ ð1=2ÞðgL þ gRÞ and
gA ¼ ð1=2ÞðgL � gRÞ, where gL and gR are the dimension-
less coupling constants of the left-(right-) handed fermions.
Similar definitions exist for the fV , fA and fL, fR couplings
related to Z2. We denote v as the SM VEV and u as the
new VEV.

The flipped model is based in the following electroweak
gauge symmetry:

SUð2ÞL�Uð1ÞY�Uð1ÞB�L!SUð2ÞL�Uð1ÞY !Uð1Þem
(A1)

The couplings of Z and Z0 bosons to fermions are
presented below in the approximation �v2 	 1.For the
case of the neutrinos we have:

g�V � 1

2
þ t02ðt02 þ 2t2B�LÞ

8ðt02 þ t2B�LÞ2
�v2;

g�A � 1

2
� t04

8ðt02 þ t2B�LÞ2
�v2;

f�V � t02 þ 2t2B�L

2t0tB�L

sW � t03tB�L

8ðt02 þ t2B�LÞ2
1

sW
�v2;

f�A � � t0

2tB�L

sW � t03tB�L

8ðg02 þ t2B�LÞ2
1

sW
�v2:

(A2)

For the case of the charged leptons we have:

glV � � 1

2
þ 2s2W � t02ðt02 � 2t2B�LÞ

8ðt02 þ t2B�LÞ2
�v2;

glA � �g�A

flV � � 1

2

t02 � 2t2B�L

t0tB�L

sW þ t03tB�L

8ðt02 þ t2B�LÞ2
�
1� 4s2W

sW

�
�v2;

flA � t0

2tB�L

�
1þ t02t2B�L

4ðt02 þ t2B�LÞ2s2W
�v2

�
sW: (A3)

In the quark sector we obtain, for the u-like quarks

guV �
1

2
�4

3
s2Wþ t02ð3t02�2t2B�LÞ

24ðt02þ t2B�LÞ2
�v2;

guA��glA;

fuV �
3t02�2t2B�L

6t0tB�L

sWþ t0

24tB�L

�ð5t02t2B�L�3t2ðt02þ t2B�LÞÞsW �v2;

fuA�� t0

2tB�L

�
1þ t02t2B�L

4ðt02þ t2B�LÞ2s2W
�v2

�
sW;

(A4)

and, for the d-like quarks:

gdV � � 1

2
þ 2

3
s2W � t02ð3t02 þ 2t2B�LÞ

24ðt02 þ t2B�LÞ2
�v2;

gdA � glA;

fdV � � 3t02 þ 2t2B�L

6t0tB�L

sW þ t0

24ðt02 þ t2B�LÞ2tB�L

� ð�t02t2B�L þ 3t2ðt02 þ t2B�LÞÞsW �v2;

fdA � �fuA:

(A5)

Where, we have defined:

t0 ¼ g0

g
; tB�L ¼ gB�L

g
; �v ¼ v

u
; (A6)
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s2W ¼ t02t2B�L

t02ð1þ t2B�LÞ þ t2B�L

: (A7)

The secluded model is based on the gauge symmetry:

SUð2ÞL �Uð1ÞY �Uð1ÞZ ! SUð2ÞL �Uð1ÞY ! Uð1Þem
(A8)

So, for this model, the choice of z ¼ B� L automati-
cally leads to zH ¼ 0. In this case, the giV;A are exactly the

same of the SM at the tree level, fiA ¼ 0 and the fVs are
given by

f�V ¼ flV ¼ �3fuV ¼ �3fdV ¼ tzcW ¼ gz
cW
g

: (A9)

Where we have defined tz ¼ gz=g and cW ¼ cos�W .
Notice that the Z2 couples universally with all fermions
with strength gz.
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