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We propose a charged, electrically neutral, and flavor-changing Z0 model to conciliate the apparent

disagreement between the important excess found in the t�t Tevatron forward-backward asymmetry and the

null—compatible with negative—results found in the LHC charge asymmetry. We show that this model

contributes positively to the forward-backward asymmetry, whereas naturally a new cancellation is turned

on at the LHC, yielding a null, or even negative, charge asymmetry. We find the region in parameter space

that is simultaneously allowed by the stringent Tevatron and LHC observables. We show that the model is

safe to atomic parity violation constraints and propose a possible increase in the Z0 width to avoid

restrictions coming from tj=�tj resonance searches and t�tj cross section. We evaluate the constraints to the

model, as well as distinctive features in the forecoming experimental results.
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I. INTRODUCTION

The recent discovery of a new Higgs-like boson by the
ATLAS [1] and CMS [2] Collaborations at the LHC, with a
mass of approximately 125 GeV, is an exceptional step
towards the verification of the Standard Model (SM).
The SM has been tested by many experiments over the
past decades and has successfully described high-energy
particle interactions. However, the electroweak symmetry
breaking mechanism has not been yet understood. The
LHC will be extensively devoted to this subject and to
measuring the properties of the new particle in order to
explore the underlying theory from which it arises. The
understanding of this new particle interaction could be an
important probe of new physics (NP) in coming years.

Another particle sensitive to NP is the top quark [3], not
only because its mass is close to the electroweak symmetry
breaking scale but also because of its relatively little ex-
ploration. Experimental results that could give us hints of
NP effects in this sector have been reported [4,5], being the
p �p ! t�t forward-backward asymmetry (AFB) measure-
ment, probably one of the most remarkable ones. Both
the CDF and D0 Collaborations measured the t�t cross
section (�t�t) in good agreement with the SM [6]; however,
there exists a discrepancy in the AFB between the theory
and the experimental results. This asymmetry enables the
study of the top pair production mechanism, and it is
customary to define it as

AFB ¼ Nð�y > 0Þ � Nð�y < 0Þ
Nð�y > 0Þ þ Nð�y < 0Þ ; (1)

where �y ¼ yt � y�t is the difference in rapidity of top and
antitop quarks along the proton momentum direction.
While the SM prediction for AFB at next-to-leading

order (NLO) in QCD is 0:087� 0:01 [7], results from
CDF and D0 report excesses in their measured asymme-
tries already from the first published results [8] in 2008.
The most recent CDF results give an inclusive parton level
asymmetry of AFB ¼ 0:162� 0:047 [9] in agreement with
an independent D0 measurement of AFB ¼ 0:196� 0:065
[10]. The largest disagreement with the SM AFB prediction
was announced this year by CDF in the differential
measurements for AFBðMt�tÞ and AFBðjyt � y�tjÞ [9]. The
fitted results of these differential measurements have a
p-value statistical significance of p ¼ 0:006 and p ¼
0:008, respectively.
Many NP models [11] arose to account for the excess

measured in the AFB. If this excess is generated by new
physics, then these models could be tested at the LHC.
Since this machine is a symmetric pp collider, the top
quark forward-backward asymmetry vanishes. However,
an asymmetry in charge (AC) can be measured, and it is
defined by

AC ¼ Nð�jyj> 0Þ � Nð�jyj< 0Þ
Nð�jyj> 0Þ þ Nð�jyj< 0Þ : (2)

The current experimental values for AC are AC ¼
0:029� 0:018� 0:014 at ATLAS [12] and AC ¼ 0:004�
0:010� 0:011 at CMS [13], both consistent with the SM
prediction of 0:0115� 0:0006 [7]. Almost all the models
that tried to explain the large AFB also predicted a large
value for AC, and as a result most of them were excluded.
According to the nature of the new particle exchange,

these models fall mainly into two sets: those with
new s-channel processes and those with a new t-channel
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exchange mediator. Many of these models have already
been discarded not only due to AFB and AC but also to other
precision LHC measurements. For instance, dijet observ-
ables [14,15] have excluded many s-channel models, while
t-channel ones such as flavor-changing neutral current Z0
models [16–19] have been discarded by same-sign top pair
production [20,21]. In order to avoid this last constraint,
models with a charged Z0 and/or a W 01 arose [22–25]. An
example of this kind of model is a specific one [26] where a
horizontal gauge symmetry yields a flavor-changing and a
flavor-conserving neutral boson which has been discarded
by atomic parity violation (APV) observables [24].

In this paper [27], we study a phenomenological charged
Z0 model with flavor-violating couplings to u and t quarks.
We stress that the new boson is electrically neutral. This Z0
has a mass larger than the top mass and no other partner
coming from gauge invariance [24,26]. The reasons for
this phenomenological model come out to be twofold:
(i) constraints as flavor-changing neutral current top decays
and same-sign top production are avoided, whereas APV
constraints are largely relaxed; and (ii) it appears a
cancellation in AC which is not present in AFB, yielding
a possible explanation for the apparent disagreement
between these observables.

This model could solve the apparent disagreement
between AFB and AC in an innovative way. In most of the
models that try to account for the large AFB measured at the
Tevatron, the excess in this asymmetry also implies an
excess in AC, and the agreement is sought as an intermedi-
ate balance in which AC is not too large while AFB is not
too small. In the model presented in this paper, on the other
hand, the agreement in some part of the parameter space
has to be sought as making AFB large without making AC

too negative.
We study the Tevatron and LHC phenomenology of this

model and verify that the cancellation takes place, making
possible the simultaneous explanation not only of both AFB

and AC, but also of all CDF unfolded results, APV, and
LHC t�t cross section within the 95% C.L. However, the
model is sensitive to tj=�tj resonance searches and also
predicts an excess in the t�tj final state. To avoid this
difficulty, we explore the possibility of increasing the Z0
width, assuming that the Z0 decays to not-detectable parti-
cles a fraction of the times. Although it is not the purpose
of this paper to address the fate of the invisible decay, we
mention that these particles could be, for instance, dark
matter or sterile neutrinos. This new feature of the model
predicts single-top production with a particular topology,
which we also explore.

This paper is divided as follows. In the next section, we
present the model and its phenomenology and explain how
the cancellation in AC takes place at the LHC. In Sec. III,

we perform Monte Carlo simulations of the Tevatron and
LHC, and we find the region in parameter space compat-
ible with all the constraints. In Sec. IV, we discuss con-
straints and predictions for the model, and Sec. V contains
the conclusions.

II. PHENOMENOLOGY OF
A CHARGED Z0 MODEL

In this section we present the Lagrangian of a phenome-
nological Z0 model together with a description of its con-
tributions to the t�t forward-backward asymmetry at the
Tevatron and charge asymmetry at the LHC. We find the
expected constraints to the model, which are analyzed in
Sec. IV.

A. The model

We consider a model containing a charged, spin-one,
colorless particle with flavor-violating interactions which
we call Z0. We assume this particle couples only to right-
handed u and t quarks, since the left-handed coupling is
constrained by B physics [28,29]. We also assume that its
mass is larger than the top mass, avoiding a flavor-
changing top decay [30]. The interacting part of the phe-
nomenological NP Lagrangian is then given by

LNP ¼ fR �u�
�PRtZ

0
� þ fR �t�

�PRuZ
0y
� ; (3)

where PR ¼ ð1þ�5Þ
2 and fR is the right-handed coupling.

It is important to note that we are considering a charged
boson, so that Z0

� is not the same particle as its conjugate

partner Z0y
� . Under this condition, the production of same-

sign tops is forbidden. Models in which these two particles
are the same particle, i.e., models with neutral Z0 bosons,
allow the production of same-sign top pairs and, as a
consequence, are excluded [31].

B. Phenomenology for Tevatron and
LHC t �t asymmetries

The Feynman diagrams for pp, p �p ! t�tðuÞ involving a
Z0 boson in the model described previously are shown in
Fig. 1. We denote by t1 the diagram where this particle is
exchanged through a t channel and by s1 and s2 those
diagrams where the Z0 goes through an s channel. In the
former case, the Z0 contributes to a t�t final state, while in
the latter to t�tu production. Since Z0 � Z0y, s1 and s2 have
different conjugate diagrams, �s1 and �s2, which at the
Tevatron, due to the symmetry in p $ �p, have the same
strength as s1 and s2. On the contrary, at the LHC,
�ð �s1; �s2Þ � �ðs1; s2Þ.
The cornerstone of our analysis is the observation that at

the LHC there is a cancellation of the charge asymmetry
coming from the contributions of the t- and s-channel
processes, explaining the small and compatible with nega-
tive charge asymmetry measured by this experiment. This
cancellation is not present at the Tevatron, where as a

1Throughout this paper, Z0 refers to an electrically neutral
boson and W 0 to an electrically charged one.
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matter of fact a large AFB has been measured. We see in the
following paragraphs how the t-channel diagram contrib-
utes positively to the asymmetries, while at the LHC the
s-channel ones have a negative contribution.

To understand this cancellation, it is important to
clarify two points. First is the reason why the t channel
contributes positively to both the AC and the AFB asymme-
tries whereas the s-channel contribution is negative and
only noticeable at the LHC. Second is why the t-channel
process is privileged at the Tevatron while the s channel is
turned on at the LHC.

To study the first point, one should first realize that the s2
process is suppressed with respect to s1 and t1, since the up
quark propagator carries all the energy of the process. We
can then compare t1 and s1 (which is a t-channel diagram if
thought up to the tZ0 final state) by studying the general
dynamics of a t-channel process.

In a general t-channel 1, 2 ! 100, 2 process, where the
same number indicates a shared vertex, the relevant factor
coming from the propagator of an exchanged X particle is

1

ðp1 � p10 Þ2 �m2
X

¼ 1

m2
1 þm2

10 � 2E1E10 þ 2 ~p1: ~p10 �m2
X

:

(4)

In general, m1 can be neglected. For the case m10 <mX (t1
in Fig. 1), the events with the largest cross sections are
those where ~p1: ~p10 > 0. For the sake of brevity, we refer to
this condition as 1 and 1’ having the same direction and to
~p1: ~p10 < 0 as having opposite direction. If m10 >mX (s1 in
Fig. 1), the same holds unless E1 is too small, although it
can be seen in the center of mass system that this is
kinetically forbidden for this specific process. Note that,
although there will also be contributions coming from the
Lorentz structure of the vertices, the only analysis of the
dynamic in Eq. (4) already results in a good approach to
compare diagrams t1 and s1.

From this reasoning we see that, in the t-channel dia-
gram t1 of Fig. 1, the top quark is likely to have the same
direction as the incoming up quark, contributing to a
positive asymmetry.

Following the same logic, in the s-channel diagram s1 of
Fig. 1, the Z0 boson is the one that tends to have the same

direction as the incoming up quark and transmits it to its
decay products �t and u. This results in a negative contri-
bution to the asymmetry. At this point, it is interesting to
note that at the Tevatron s1 and its conjugate contribute the
same; however, at the LHC s1 dominates over �s1, and as a
result the net contribution from these two diagrams to the
charge asymmetry is negative and that is why the s channel
effectively contributes to the asymmetry only in this
experiment.
The second point to analyze involves two questions: why

the s channel is turned on at the LHC and why the
t-channel process dominates at the Tevatron. The first
one has to do with the energy of the accelerator: Since at
the LHC the phase space is larger than at the Tevatron, the s
channel, which has a Z0 on shell, is turned on in this
machine resulting in a cancellation of the charge asymme-
try when all the processes are considered. The second one
concerns the nature of the collisions at the Tevatron: The
t-channel process is privileged, because it involves anti-
quarks, present in the colliding antiprotons, so its positive
contribution is enhanced in the forward-backward asym-
metry measured in this accelerator.
In summary, let us remark once again that the s channel,

having a negative contribution to the asymmetry, is crucial
for the cancellation of the charge asymmetry and thus for
the simultaneous explanation of the forward-backward and
charge asymmetry measurements.

C. Expected constraints to the model

We refer in this subsection to the expected constraints to
the model in a qualitative way. We study all of them in
some depth in Secs. III and IV.
A direct constraint to the model comes from tj=�tj reso-

nance searches. Apart from our model, many other models
of NP [32–34] predict a resonance in the tj=�tj system of t�tj
final state. We analyze in Sec. IV the experimental con-
straints coming from these resonance searches and propose
new decays for the Z0 such as dark matter or sterile neu-
trinos in order to avoid this limit. These new decays imply
an increment of the Z0 width which affects only the
s-channel processes; the t1 process is not altered since
the fR coupling remains the same and Z0 is not on shell

FIG. 1. Feynman diagrams for pp, p �p ! t�tðuÞ involving a Z0: In t1 the Z
0 is exchanged through a t channel, and in s1 and s2 the Z

0
goes through an s channel. We show that s1 cancels the contribution to the charge asymmetry of t1 at the LHC.
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in this channel. Moreover, in this way one of the indirect
constraints to the model, which is the limit in t�tj produc-
tion, also gets relaxed because of the width increase.

Observe that the increment of the Z0 width caused by the
new invisible decays of this particle results in a particular
single-top production topology. In fact, when the Z0 decays
to undetectable particles, the final state will be a top,
missing energy, and with no b jets.

Another indirect constraint comes from APV. The Z0tu
vertex generates one-loop corrections to the Zuu effective
coupling that affect low-energy precision tests of parity-
violating observables [24,35]. The strongest constraints
come from APV measurements in cesium [36]. We inves-
tigate the parity-violating atomic transitions sensitive to
the nuclear weak charge within this model and show the
results in Secs. III and IV.

III. NUMERICAL RESULTS

The analysis of the previous section led us to the under-
standing of the charge asymmetry cancellation mechanism,
which makes possible the simultaneous explanation of the
forward-backward and charge asymmetry experimental
results at the Tevatron and the LHC, respectively. In this
section, we search numerically for this cancellation and
investigate the allowed parameter space of the model by
confronting it with many relevant observables and with the
major constraints discussed in the previous section. The
parameter space considered is delimited by 200 GeV<
MZ0 < 500 GeV and 0:5< fR < 1:2.

Using MADGRAPH5 [37] with the default tuning, includ-
ing variable factorization and renormalization scales, we
simulate t�tðuÞ production at the Tevatron and the LHC at
7 TeV within the Z0 model at parton level according to the
diagrams of Fig. 1 and their conjugates, in addition to the
SM LO t�t contribution. Since in the SM these processes do
not generate a charge asymmetry, the AC computed with
the simulated collisions contains NP contributions only.
Hence, in order to compute the model predictions, it is
necessary to include the SM at NLO contribution to AC.

If the NP contribution to the total cross section is small,
�SM � �NP (where �NP contains both SM-NP interfer-
ence and NP squared contributions), we can approximate
the asymmetry by [38]

AC � ANPþSM@LO
C þ ASM@NLO

C : (5)

We study the Z0 model in the parameter space previously
mentioned confronting it with the last differential measure-
ments of AFB [9] and �t�t [39] at the parton level from CDF
and �t�t [40] and AC [13] from CMS. We use CDF results
since their discrepancy with the SM has larger statistical
significance than those of D0 [10], and the main purpose of
this work is to present a model capable of reconciling two
measurements (AFB and AC) which may seem to be in
disagreement. On the other hand, we use CMS measure-
ments because they yield the most precise results. We

perform a �2 test with all the observables measured at
CDF and confront the model with all the other ones in a
separate way each. We analyze each of these constraints in
the following paragraphs.
The last measurement of AFB published by CDF [9]

shows AFB as a function of both the invariant mass Mt�t

and �y. The ranges for the bins used in that analysis,
and in our �2 test, are ½0� 450; 450� 550; 550� 650;
650�1� GeV for Mt�t and ½0� 0:5; 0:5� 1; 1� 1:5;
1:5�1� for �y. By requiring the p value to be greater
than 0.05, we select the points in parameter space which
are in agreement with CDF results at a 95% C.L. The MZ0

vs fR region consistent with Tevatron measurements is
delimited by the green dashed lines present in all the
figures that follow in this section.
To confront our model against the measurement of the

inclusive t�t cross section at the LHC, we do as follows. We
take as the experimental input for the inclusive LHC at
7 TeV t�t cross section the CMS combination, which is
165:8� 13:3 pb [40]; whereas for the theoretical input we
use the calculation made with HATHOR, which gives
164þ11

�16 pb [41]. Since their central values agree, and their

errors summed in quadrature represent a 13% of the cross
section, we test the cross section in the simulations of our
model against a similar simulation with only the SM and
we set the error to be the 13% of the cross section. It can be
shown that this procedure is equivalent to using a K factor.
Since our NP final state goes up to t�tj, we do the SM
corresponding simulation and use PYTHIA to account for
initial and final state radiation and the MLM (Mangano)
matching scheme [42] to avoid double counting.
We first analyze, separately, the positive and negative

contributions to the charge asymmetry discussed in the
previous section with the only purpose of explicitly observ-
ing each of them.
We define the t- and s-channel charge asymmetries, ACt

and ACs
,

ACt
¼ Nþðt; SMÞ � N�ðt;SMÞ

Nþðt;SMÞ þ N�ðt; SMÞ þ NþðsÞ þ N�ðsÞ ; (6)

ACs
¼ NþðsÞ � N�ðsÞ

Nþðt; SMÞ þ N�ðt;SMÞ þ NþðsÞ þ N�ðsÞ ; (7)

where Nþð�Þðt;SMÞ is the number of events with a positive
(negative) value of �jyj when the t-channel and the SM

processes at tree level are considered, while Nþð�ÞðsÞ
denotes the same quantity except that in this case only
the s-channel processes are taken into account. With these
definitions the charge asymmetry of NPþ SM@LO is
given by

ANPþSM@LO
C ¼ ACt

þ ACs
: (8)

We show in Figs. 2 and 3 the t- and s-channel contribu-
tions to the charge asymmetry, respectively. For an easier
visualization, the background colors in the plots indicate
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the sign of the contribution for every point in the parameter
space; red (blue) represents a positive (negative) sign.
The tone of the colors stands for the absolute value of
the contribution; the more intense the tone, the larger the
absolute value. Note that these plots clearly exhibit the
cancellation of the charge asymmetry in the region defined
by Tevatron limits. In Fig. 2 the NP contribution is mainly
positive while in Fig. 3 is mainly negative, which results in
the expected cancellation of the charge asymmetry dis-
cussed in the previous section.

We show in Fig. 4 the contributions of both ACt
and ACs

using the same convention of colors and tones as in the two
previous figures with the distinction that now in every cell
there are two numbers. The new number below is the
difference of the model prediction for the t�t inclusive cross
section to the measured value, in units of the error, as
previously explained. The area delimited by the triangle
contains the region consistent with Tevatron limits in
which these two observables differ by less than 2 from
their corresponding experimental values in units of the
experimental error. The dot-dashed lines limit the region
excluded by tj=�tj resonance searches by CDF, while the
region above the solid line corresponds to the same
searches by ATLAS. To avoid this last constraint, we

propose an increase in the Z0 width which is discussed
below. The parameter space above the thick dotted line
shows the APV excluded region. We discuss these con-
straints in the next section.
The results in Fig. 4 show that the Z0 width should be

increased to avoid constraints coming from tj=�tj resonance
searches. This increase would also be required to avoid
possible limits coming from the t�tj production cross sec-
tion. Since there are not available works on t�tj limits that
could be adapted to our model, we use in the next section
W 0td production results from Ref. [43] as a rough estima-
tion of the t�tj production at the LHC in our model.
We repeated the simulations for values of the Z0 width
increased by three different factors and searched again for
the allowed parameter space in these cases. We show in
Fig. 5 the allowed region for a Z0 width 3 (orange dotted
line), 5 (blue dot-dashed line), and 7 (magenta dashed line)
times its value when the decay is solely to u and �t, which
we denote by �0. We also show in this plot the yellow
(solid) triangle of Fig. 4 that corresponds to no change in
the Z0 width. We checked that the narrow width approxi-
mation holds for all the values of the Z0 width considered.
The first remark concerning Fig. 5 is that, as can be seen,

Tevatron results are not affected by the Z0 width modifica-
tion. The second one has to do with the width increment
effect on the allowed parameter space. Let us now analyze
this point and start by investigating why the allowed region
defined by the yellow (solid) triangle in Fig. 4 (also shown
in Fig. 5) gets excluded when larger values of the Z0 width
are considered.
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FIG. 3 (color online). The same as the previous figure but for
the s-channel contribution to the charge asymmetry. If this
contribution would be the only NP contribution to AC, then it
should be above �0:037 in order to be consistent at a 95% C.L.
with the experimental data [13] and the theory prediction [7].
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FIG. 2 (color online). t-channel contribution to the charge
asymmetry as a function of MZ0 and fR. If this contribution
would be the only NP contribution to AC, then it should be below
0.023 in order to be consistent at a 95% C.L. with the experi-
mental data [13] and the theory prediction [7]. In order to
visualize patterns, we plotted in red (blue) the positive (negative)
contributions. The tone of the color stands for the absolute value
of the contribution. As predicted, there is a predominance of
positive contributions which is usually above the 95% C.L.
allowance.
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When the Z0 width is increased, the allowed areas of the
parameter space appear displaced downward in Fig. 5, to
smaller values ofMZ0 and fR, relative to the yellow (solid)
triangle. This can be understood by looking at Fig. 4. The
numbers in the cells inside the triangle that correspond to
the larger values of MZ0 and fR are those in which the
predicted value for AC is closer to the 95% C.L. allowed
limit. These points are thus sensitive to getting excluded by
any change in the model that could cause an increment in
AC. In fact, this is the case: When the Z0 width becomes
larger, the proportion of processes in the s-channel
decreases, and, therefore, the negative contribution from
ACs

to AC becomes smaller in absolute value. This trans-

lates into an increment of AC that causes a deviation
beyond the 95% C.L. in the upper region of the triangle.
As a result, those points get excluded when the Z0 width
is increased.

With a similar argument, but this time concerning �t�t, it
can be explained why parts of the excluded region in Fig. 4
become allowed in Fig. 5. In this case, the sensitive observ-
able is �t�t, which decreases as the Z0 width increases. The
points inside the orange (dotted), blue (dot-dashed), and
magenta (dashed) triangles in Fig. 5 are those where the
difference of �t�t to the measured value in units of the
experimental error are larger than 2 in Fig. 4 and that is
why they are excluded in this figure. However, they
become allowed when the width is increased, since this
makes �t�t decrease.
Conclusively, in a given allowed region, in either

Figs. 4 or 5, AC is the most sensitive observable in the
sector of large MZ0 and fR, and �t�t in the sector of smaller
MZ0 and fR.
Finally, we see that the triangles in Fig. 5 become

smaller with larger values of the Z0 width suggesting that
it cannot be increased arbitrarily, because the effect of
this increment on either AC or �t�t (or both) eventually
becomes important enough so as to exclude most of the
parameter space.
In the next section, we discuss the major constraints to

the model, as well as its distinctive features.
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FIG. 4 (color online). t- and s-channel contributions to the
charge asymmetry. In each cell, the upper number is the total
NP contribution to the charge asymmetry, which should be
between �0:037 and 0.023 to be consistent at a 95% C.L.
with experiments [13] and theory [7]. The number below is
the difference in units of the standard deviation of �SMþNP

t�t to

the inclusive measured value of �t�t at the LHC, as discussed
in the text. The area delimited by the yellow (solid) triangle
contains the region consistent with Tevatron limits in which
these two observables differ by less than 2 standard deviations
from the model predicted values. Tevatron limits are defined by
the green (dashed) lines; APV excludes the region above the
white (thick dotted) line. The blue (dot-dashed) line limits the
region excluded by tj=�tj resonance searches by CDF, while
the region above the yellow (solid) line corresponds to the
same searches by ATLAS. Since this last constraint would reject
the allowed parameter space, we propose an increase in the Z0
width to solve it. These constraints are discussed in Sec. IV.
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FIG. 5 (color online). The plotted triangles indicate the regions
in parameter space compatible with all observables but the tj=�tj
resonance search, for different values of the Z0 width. The yellow
(solid) triangle corresponds to a Z0 with its original width (�0),
when the decay is solely to u and �t. The orange (dotted), blue
(dot-dashed), and magenta (dashed) triangles correspond to a Z0
with its width increased by a factor of 3, 5, and 7, respectively.
With the same style as for the allowed triangles, we plot the limit
lines above which the parameter space is discarded due to tj=�tj
resonance search results. We find that increasing the original
width by a factor of approximately 3 is enough to explain all
observables.
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IV. CONSTRAINTS AND PREDICTIONS
OF THE MODEL

We have studied a model that simultaneously explains
the apparently incompatible values of AFB and AC. In this
section, we discuss the constraints to the model, its pos-
sible issues, and its distinctive features in the forecoming
experimental results.

A. Direct constraint to the model

We study in the following paragraphs the direct
constraint to the model coming from tj=�tj resonance
searches in t�tj final states. Tevatron and LHC experiments
have looked for this resonance as a possible explanation
for the forward-backward asymmetry measurements at
the Tevatron.

The first direct search for a particle X that would give a
tj=�tj resonance in t�tj events was made by CDF in
Ref. [44]. In this work they set upper limits at 95% C.L.
on t�tj production via the new resonance particle X, as a
function of the resonance mass for couplings gL ¼ 0 and
gR ¼ 1. Figure 4 shows the region of the parameter space
excluded by this CDF search.

The CMS Collaboration also recently performed a
search for a W0 boson via the process dg ! tW 0, W 0 !
�td [45]. The data showed no significant deviation from the
standard model prediction and the W 0 model with gL ¼ 0
and gR ¼ 2 was excluded for aW 0 mass below 840 GeV in
the combined ej and �j channels.

A recent work from ATLAS [46] also presents a search
for a new W 0 produced in association with a t=�t quark,
leading to the resonance in question. They found the data to
be consistent with the SM expectation and excluded a
particle with mass below 350 GeV at 95% C.L, assuming
unit right-handed coupling and null left-handed one. We
have adapted their results to our model by assuming equal
acceptance and adjusting the production cross section of
the new particle and found relevant constraints to our
model. In Fig. 4, we show that this experimental work
discards the model if the Z0 width is not modified. If the
Z0 width is increased, then the resonant tj=�tj production
cross section decreases. This yields that the model is
allowed by all the studied observables if the width is
greater than approximately 3 times its original value
(see Fig. 5).

B. Indirect constraints to the model

Concerning the possible issues of the model, we have
already mentioned its indirect constraints such as APV, t�tj,
and single-top production. Let us analyze each of them in
the following paragraphs.

As is well known, the model presented in this paper may
come into conflict with APV observables. In Ref. [24]
the limits given by APV have been studied in a model
with a vector mediator coupled to uR and tR and a

flavor-conserving boson. When we adapt their constraints
to our model, we find the region compatible with APV
limits for our model. These limits are given by the thick
dotted line in Fig. 4 for a cutoff � ¼ 1000 GeV. There are
two main features of our model which, when contrasted to
Ref. [24], relax the APV constraints. The first one is that in
our model the Z0 mass is larger than the top mass, and the
second one is the fact that there is not a light flavor-
conserving boson in our model. In any case, it is worth to
mention at this point that the corrections to the calculation
of the parity nonconservation in cesium are currently under
discussion [35].
We have also already referred to the s-channel processes

that contribute to the t�tj production as a difficulty of the
model. To overcome it, we have proposed an increment in the
Z0 width arguing that the new particle has invisible decays
such as dark matter or sterile neutrinos. As there are not
available works on t�tj limits that could be adapted to our
model, we have usedW 0td production results from Ref. [43]
as a rough estimation of the t�tj production at the LHC in our
model. We have checked that the t�tj constraints in this work
with 0:7 fb�1 would not exclude our model if the Z0 width is
increased by a factor of 3.We have also noted that the 5 fb�1

projected constraints would not affect the model if the incre-
ment of the width is of a factor of 5. Since d quark parton
distribution functions are different from those of the u
quarks, the analysis made in Ref. [43] cannot be adapted to
our model straightforwardly and needs a new study.
The increment of the Z0 width brings with it an excess in

single-top production. Single-top quarks can be produced
through three different processes in the SM: a t channel of
the form qb ! qt via the exchange of aW-like boson [47],
a Wt associated production [48], and an s-channel process
[49]. The t-channel process is dominant at both the LHC
and the Tevatron. In our model, the single-top production
topology is given by one reconstructed top and missing
energy, with no extra b quark, different from that of the
three processes mentioned. However, although the final
state of the t-channel process and the Wt associated pro-
duction at LO do not have missing energy, they are the only
processes of the three that do not have an extra b quark.
Henceforth, although the search strategy is not the same as
that for the signature of our model, we may use these
processes as a reference to know how unlikely could be
the excess in single-top production predicted in our
model. We use then, as an estimated reference, the latest
measurements of the t channel and Wt associated single-
top production. The ATLAS Collaboration results for
both process cross sections summed yield �t ¼ 99:8�
20:8 pb [50,51], while those by CMS give �t ¼ 89:2�
10:9 pb [52,53]. In our model, for a Z0 width increased by
a factor of 3, the expected excess in the single-top pro-
duction cross section is�ð10–30Þ pb. In the case of the Z0
width increased by a factor of 5 (7) this excess reaches
�ð10–40Þ ½�ð15–40Þ� pb.
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The sum of the t channel and Wt associated single-top
production cross section measured not only are in agree-
ment with the predicted next-to-next-to-leading order sum
of t and �t cross sections for these processes, which is �t ¼
80:2� 2:1 pb [47,48], but also with our predictions for an
increased width in most of the parameter space at 95% C.L.
The best agreement takes place when the Z0 width is
increased by a factor of 3.

In order to perform a precise study of the single-top
production predicted in our model, one has to look for one
reconstructed top, missing energy, and no extra b quark
[54]. CDF [55] has reported a search of these character-
istics, but for masses below those that we find favorable in
this paper. A full search strategy for the single-top topology
predicted in this model for the LHC is required [56].

At last, we should mention that, since the t�t object is not
created through the Z0 in a resonant channel in any of the
NP diagrams, the model should not be constrained by the
usual t�t resonance searches. Moreover, this model predicts
a shape modification of the tail (Mt�t * 1–1:5 TeV) of the
spectrum, which is expected to be harder to measure than a
resonant effect [57].

C. Distinctive features of the model

The most important distinctive feature of the model, and
the cornerstone of this work, is the prediction of a large
AFB and a small or even negative AC consistent with the
experimental results from the Tevatron and the LHC in a
region of the parameter space of the model.

Let us now investigate some other specific features of
the model which could be exploited in order to test it. To do
so, it is interesting to study cuts on the charge asymmetry.

A first cut is in the transverse momentum of the t�t pair,
pTðt�tÞ. As is well known, in the SM one expects AC to
grow with low pT and vice versa [58]. In this model there is
a particularity in the dependence of AC with pTðt�tÞ caused
by the different s- and t-channel contributions to AC that
results in different contributions to the pTðt�tÞ. The
s-channel processes involve a jet in the final state that
provides the t�t pair with an extra source of pTðt�tÞ apart
from that of the initial state radiation (ISR). This is not the
case for the t-channel process, where the final state is t�t and
no additional sources of pT other than ISR exists. As a result,
one expects the s channel to be dominant for large values of
pTðt�tÞ. Since the s channel contributes negatively to AC, the
model then predicts an excessive negative contribution to
this observable when events with largepTðt�tÞ are considered.
On the contrary, for low values of pTðt�tÞ the t channel is
preferred, and one expects a smaller negative contribution
from ACs

to the charge asymmetry, i.e., an excess in the

positive contributions to AC coming from the t-channel
processes. The first measurement of the dependence of AC

with pTðt�tÞ for three bins in pTðt�tÞ is presented in Ref. [13].
An observation concerning the simulation of events with

ISR is that the ISR modeling in Monte Carlo simulations

has large uncertainties. These uncertainties are large for
AC in the low pTðt�tÞ region. On the contrary, for large
enough values of this variable, the charge asymmetry
becomes more independent of the ISR modeling, because
the events passing such cuts in pTðt�tÞ are dominated
by gluon fusion events, which do not generate charge
asymmetry. Only a tiny negative charge asymmetry is
predicted by the few quark fusion events passing large
cuts in pTðt�tÞ [7,59]. Henceforth, the prediction of a
negative excess in AC for large values of pTðt�tÞ is not
affected by large ISR modeling uncertainties. This is a
prediction of our model.
There is also another interesting cut on the charge

asymmetry that could improve a NP search strategy. In
this model the key channel is the s channel, which
involves a qg collision and a t�tj final state. In this kind
of processes, due to the presence of the jet, the t�t pair is
likely to have an extra source of pT apart from the already
important contribution from initial state radiation of the
incoming gluon. On the other hand, the incoming quark is
likely to have considerably more momentum than the
gluon so that the qg events are more likely to be boosted
in the z direction, which translates into the t�t pair having
a large pz as well. As a result, one could improve the
search strategy, in virtue of the proton PDFs, by request-
ing the t�t pair not only to have large pT but also large pz

simultaneously.
There are other variables that can contribute to the

discovery of NP models at the LHC similar to the
model studied in this work. For instance, Ref. [34] inves-
tigates models where new X mediators generate a charge-
asymmetric signal in tX production leading to observable
new charge-asymmetric variables in t�tj events. Among
these are AC as a function of the invariant mass and the
transverse mass of various final state objects.

V. CONCLUSIONS

We have studied a phenomenological model with a new
colorless, flavor-violating, electrically neutral Z0 boson
with right-handed couplings to u and t quarks. We assume
that the Z0 is charged so that it is not the same as its
conjugate partner. We also consider that this particle
mass is larger than the top mass.
The interaction term �utZ0 and its Hermitian conjugate

with Z0 � Z0y introduce three new processes at LO: one in
which the new particle is exchanged through a t channel
and the other two where it goes via an s channel. We have
observed that the t-channel process contributes positively
to both AFB and AC, and it is privileged at the Tevatron
while the dominant s-channel one has a negative contribu-
tion and is turned on and only noticeable at the LHC,
causing a cancellation of AC measured by this accelerator.
This cancellation is not present at the Tevatron, where
actually a large AFB has been measured. We have studied
the dynamics of the two processes involved in the
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cancellation in order to understand the mechanism through
which it arises. This model then predicts a large positive
AFB and a null or even negative AC.

We have studied the Tevatron and LHC phenomenology
of this model and searched numerically for the cancellation
mentioned. We investigated the allowed parameter space
of the model by confronting it with several relevant and
most stringent unfolded results from CDF and CMS at
95% C.L. and with its major constraints such as tj=�tj
resonance searches, atomic parity violation, and t�tj and
single-top production.

We found that constraints coming from atomic parity
violation are not in conflict with our model. On the other
hand, we found that existing results on tj=�tj resonance
searches and rough estimates of the t�tj production cross
section would discard the model unless the Z0 width is
increased. This assumes that the Z0 decays to not detectable
particles, such as dark matter or sterile neutrinos, a fraction
of the times. We found that if the width is increased from
its original value by a factor greater than 3, then the model
can explain all studied observables. We show that this
increment of the Z0 width predicts single-top production
with a particular topology not present in the SM single-top
production: one reconstructed top and missing energy, with
no extra b quark. As a result, in order to know how unlikely
could be the excess in single-top production predicted in
our model, we have used as a reference the two processes
through which single tops are produced at LO in the SM
that do not have a b quark in the final state. We found the
excess to be consistent with our predictions for an
increased width in most of the parameter space at
95% C.L. The best agreement takes place when the Z0
width is increased by a factor of 3. Let us mention that
t�tu constraints and single-top search strategy studies are in
progress. We expect that constraints coming from new

results on the t�tj cross section will be those that place
the tightest limits on our model.
At last, we have presented some distinctive features of

the model by studying cuts to the charge asymmetry. We
have noted that in this model the dependence of AC with
pTðt�tÞ is caused by the different s- and t-channel contribu-
tions to AC which give rise to different contributions to the
pTðt�tÞ. This results in a prediction of an excessive negative
contribution to AC when events with large pTðt�tÞ are con-
sidered and, on the contrary, an excess in the positive
contributions to AC for low values of pTðt�tÞ. We expect a
study in the large pTðt�tÞ region to be more Monte Carlo
independent than a study in the low pTðt�tÞ region. We
finally found that, because of the PDFs, one could improve
the search strategy by requesting the t�t pair to have not only
large pT but also, simultaneously, large pz.
We have shown that our model brings compatibility to

the apparent disagreement between t�t Tevatron forward-
backward asymmetry and LHC charge asymmetry. Let us
finally remark that all the analysis has been made confront-
ing our model with the Tevatron and LHC experimental
results that seem to be more incompatible. If results with a
smaller apparent discrepancy were to be used, the con-
straints to the Z0 model would be less restrictive.
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