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Aspects of a flavor-changing W 0 model with right-handed couplings are addressed in this paper in light

of Tevatron and LHC data. Our fit to the Tevatron top-quark forward-backward asymmetry and the t�t

inclusive cross section includes higher-order loop effects in the effective interaction. The higher-order

corrections change the best-fit value of the W 0 effective coupling strength as a function of the W0 mass.

The consistency of the model is checked against the shape of the t�t invariant mass distribution. We use

these updated W 0 parameters to compute the expected contributions from W 0t associated production and,

for the first time, W 0W0 pair production at the LHC. We do a full Monte Carlo simulation of the t�tX final

state, including interference between the tW0-induced t�tj process and the standard model t�tj process.

Interference effects are shown to be quantitatively important, particularly when the W0 mass is large.

The jet-multiplicity distribution in t�t jet production at 8 TeV constrains the W0 model severely.
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I. INTRODUCTION

Searches by the ATLAS and CMS Collaborations [1,2]
have placed significant limits on the possible masses and
coupling strengths of new charged vector currents that
couple to the third generation of quarks, generically called
W 0 bosons [3,4]. While these measurements have con-
strained a wide selection of models that go beyond the
standard model, there is a class of models that escapes the
limits by suppressing all flavor-changing couplings, except
between the first and third generation. This particular class,
in which a right-handedW 0 boson couples a down quark to
a top quark, has been proposed [5–27] as a possible expla-
nation for anomalous measurements of the forward-
backward asymmetry in t�t production (At�t

FB) by the CDF
[28] and D0 Collaborations [29]. In this paper we inves-
tigate whether the class of models with a W 0-t-d coupling
strength that is consistent with the Fermilab Tevatron
anomaly can also be consistent with data from the CERN
Large Hadron Collider (LHC).

In a previous publication [23] we considered the
leading-order (LO) correction to the forward-backward
asymmetry due to a new term in the Lagrangian of the form

L ¼ gffiffiffi
2

p V0
td
�d��PRtW

0
� þ H:c:; (1)

where g is numerically equal to the standard model SUð2ÞL
gauge interaction coupling constant, and V 0

td weights the

effective strength of the interaction. In that paper we used
the first 0:7 fb�1 of data collected at 7 TeV by the ATLAS

Collaboration [30] to conclude tW 0 production with a
decay to t�tj could be used to exclude much of the interest-
ing parameter space, and that with 5 fb�1 of data the entire
parameter space might be excluded. This conclusion was
subject to the caveat that the relevant parameter space was
only determined at leading order.
Both the ATLAS and CMS Collaborations reproduced

our initial analysis and published exclusion limits [31,32].
However, there are large interference effects between tW0
production and t�tj that were not considered in the experi-
mental analyses. The relevance of these effects is increased
by the large couplings necessary to explain the Tevatron
anomaly, geff ¼ gV 0

td � 1. Large coupling leads to a large

width of theW 0 boson and changes the observable signal at
the LHC.
In this paper we significantly improve our calculation of

the relevant parameter space for the class of models that
satisfies the t�t forward-backward asymmetry At�t

FB mea-
sured by the CDF Collaboration [28] and the t�t inclusive
cross section. In Sec. II A we derive the contribution to
At�t
FB at next-to-leading order (NLO) from W 0 bosons. In

Sec. II B we show that the range of effective couplings geff
changes from LO to NLO. In Sec. III we discuss the
contribution ofW 0 bosons to t�tþ nj at the LHC, including
full interference effects, as well as the contribution of
W 0W 0 production and decay. We show that a 20 fb�1

measurement of t�tþ nj by the CMS Collaboration at
8 TeV excludes the region of couplings geff consistent
with the Tevatron anomaly. We summarize our results in
Sec. IV. Within the mass range 200<mW 0 < 1100 GeV,
values of the coupling strength V 0

td large enough to accom-

modate At�t
FB observed at the Tevatron are incompatible

with a good fit to the multiplicity distribution at the LHC.
Before proceeding, we comment briefly on indirect con-

straints on this W 0 model from other than the collider
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observables we address here. A right-handed W 0 may be
constrained by the ratio of rare B decays at the 2� level
[15]. However, the reach in these measurements is limited
by theoretical uncertainty in the matrix elements for B
decays [33]. While additional constraints on low-mass
W 0 bosons may be derived from atomic parity violation
[34], the direct production limit we present from collider
data is needed to exclude this right-handed W 0 model.

II. TEVATRON PHYSICS

In this section, we consider the influence of the W 0
model on the t�t inclusive total cross section and on the t�t
forward-backward asymmetry At�t

FB at the Tevatron. We fit
data on the cross section and At�t

FB and determine the best-fit
region of the parameters ðmW0 ; gRÞ. Consistency with data
on the t�t invariant mass distribution is then checked.

A. Calculation of �t �t and At �t
FB

Previous work [23,26] shows that the best fits to the
Tevatron asymmetry At�t

FB and the inclusive cross section
yield generally large values of the effective coupling
strength gR, especially for heavy W 0 bosons which are
not excluded by direct observation. Thus theOð�RÞ (�R �
g2RV

02
td=ð4�Þ) effects might not be negligible. We discuss

two places whereOð�RÞ effects play a role. The first is the
loop correction to the QCD vertex q �qg, illustrated in
Fig. 1. We can express the renormalized QCD vertex as

�igsT
a
ij

�
��

�
1þ �R

4�
Ff
V

�
þ ���5

�R

4�
Gf

A

þ ð �p� pÞ�
2mq

�R

4�
Ff
M þ ð �pþ pÞ��5

�R

4�
Gf

E

�
; (2)

where p ( �p) is the momentum of the quark (antiquark), and
f is the flavor index. The coefficients are nonzero for f ¼
t, d. Analytic results for Ff

V , G
f
A and Ff

M can be found in

Ref. [35]. Corrections to the total cross section which are

proportional to Gf
E are all of order Oð�4

R�
2
SÞ and highly

suppressed. They do not contribute to �F � �B. Thus, we
will not consider them in this work.

The additional contribution to At�t
FB is

�F � �B ¼ �2
R�

2
S�

2ReðGd
AÞReðGt

AÞ
18�s

þOð�3
R�

2
SÞ; (3)

where � � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

t =s
p

. The contribution to At�t
FB from the

QCD vertex correction has been investigated in Ref. [36].
The decay width of theW 0 is another place whereOð�RÞ

effects are important for the LHC phenomenology of the
W 0 model. The width is

�W0 ¼ �RmW0

4
ð1� rÞ

�
1þ r

2

�
¼ �R��Oð�RÞ; (4)

where r � m2
t =m

2
W0 . A numerical evaluation is shown in

Fig. 2.
The standard model (SM) and new physics (NP) ampli-

tudes are

MSM � Mð0Þ
SM þ �RM

ð1Þ
SM

s
; (5)

and

MNP � �RM
ð1Þ
NP

t�m2
W0 þ i�W0mW0

: (6)

To Oð�2
RÞ in the numerator, the interference term is

2ReðMNPM�
SMÞ ¼

2�RM
ð1Þ
NPðt�m2

W 0 Þ
s½ðt�m2

W0 Þ2 þ �2
R�

2�
� ReðMð0Þ

SM þ �RM
ð1Þ
SMÞ: (7)

FIG. 1. (a) and (b) illustrate the W0 loop correction to the d �dg
vertex. (c) shows the t �d contribution to the W0 width.

 (GeV)W’m

200 400 600 800 1000 1200

W
’

/m
W

’
Γ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

NLO 1σ

SM
χ<χNLO

LO 1σ

SM
χ<χLO

FIG. 2 (color online). The ratio of the width and the mass of
the W0 boson determined from the parameters of our best fits at
the Tevatron. The values of �2 in the light-shaded (yellow)
region are not greater than 1. In the dark shaded (green) region
they are not greater than the standard model (SM) value of �2.
For comparison, we show LO results when the Oð�RÞ contribu-
tions are not included: Between the (red) dashed lines, �2 is not
greater than 1, and between the (red) dotted line �2 is not greater
than its SM value.
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For the new physics term M�
NPMNP, it suffices to

replace ðt�m2
W0 Þ with ðt�m2

W0 þ i�W 0mW0 Þ to include

the finite width effect.
After including the Oð�RÞ correction to the QCD

vertex, the nonzero helicity amplitudes can be written

as Mð�q; � �q; �t; ��tÞ ¼ 4��St
a
c3c4t

a
c2c1M

ð�q;� �q;�t;��tÞ
SM þ

4��R	c3c1	c4c2M
ð�q;� �q;�t;��tÞ
NP , where

Mðþ�þþÞ
SM ¼ �

�
1þ �R

4�

�
Ft
V þ Fq

V þGq
A þ �2Ft

M

1� �2

�

þ
�
�R

4�

�
2ðFq

V þGq
AÞ
�
Ft
V þ �2Ft

M

1� �2

��

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �2

q
sin 
; (8)

Mð�þþþÞ
SM ¼ �

�
1þ �R

4�

�
Ft
V þ Fq

V �Gq
A þ �2Ft

M

1� �2

�

þ
�
�R

4�

�
2ðFq

V �Gq
AÞ
�
Ft
V þ �2Ft

M

1� �2

��

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �2

q
sin
; (9)

Mðþ�þ�Þ
SM ¼�

�
1þ�R

4�
ðFt

V þFq
V þGq

A þ�Gt
AÞ

þ
�
�R

4�

�
2ðFq

V þGq
AÞðFt

V þ�Gt
AÞ
�
ð1þ cos
Þ;

(10)

Mð�þþ�Þ
SM ¼

�
1þ�R

4�
ðFt

V þFq
V �Gq

A þ�Gt
AÞ

þ
�
�R

4�

�
2ðFq

V �Gq
AÞðFt

V þ�Gt
AÞ
�
ð1� cos
Þ;

(11)

Mðþ��þÞ
SM ¼

�
1þ�R

4�
ðFt

V þFq
V þGq

A ��Gt
AÞ

þ
�
�R

4�

�
2ðFq

V þGq
AÞðFt

V ��Gt
AÞ
�
ð1� cos
Þ;

(12)

Mð�þ�þÞ
SM ¼�

�
1þ�R

4�
ðFt

V þFq
V �Gq

A ��Gt
AÞ

þ
�
�R

4�

�
2ðFq

V �Gq
AÞðFt

V ��Gt
AÞ
�
ð1þ cos
Þ;

(13)

Mðþ���Þ
SM ¼

�
1þ �R

4�

�
Ft
V þ Fq

V þGq
A þ �2Ft

M

1� �2

�

þ
�
�R

4�

�
2ðFq

V þGq
AÞ
�
Ft
V þ �2Ft

M

1� �2

��

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �2

q
sin 
; (14)

Mð�þ��Þ
SM ¼

�
1þ �R

4�

�
Ft
V þ Fq

V �Gq
A þ �2Ft

M

1� �2

�

þ
�
�R

4�

�
2ðFq

V �Gq
AÞ
�
Ft
V þ �2Ft

M

1� �2

��

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �2

q
sin 
: (15)

The symbol 
 denotes the angle between the three-
momentum of the initial state quark and the final state
top quark in the center-of-mass frame. Explicit expressions
for the new physics amplitudes are

Mðþ�þþÞ
NP ¼ ð1� �2 þ 8rW0 Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� �2
p

sin


8rW 0 ð1þ �2 � 2� cos 
þ 4rW0 Þ ; (16)

Mðþ�þ�Þ
NP ¼ ½ð1��Þ2 þ 8rW0 �ð1þ�Þ

8rW0 ð1þ �2 � 2� cos
þ 4rW0 Þ ð1þ cos
Þ;

(17)

Mðþ��þÞ
NP ¼� ½ð1þ�Þ2þ 8rW0 �ð1��Þ

8rW 0 ð1þ�2� 2�cos
þ 4rW0 Þ ð1� cos
Þ;

(18)

Mðþ���Þ
NP ¼ � ð1� �2 þ 8rW0 Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� �2
p

sin 


8rW 0 ð1þ �2 � 2� cos 
þ 4rW0 Þ ; (19)

where rW0 � m2
W0=s. After integration over the azimuthal

angle, the cross section can be written as

d�

d cos 

¼ �

32�s

�
1

2
� 1

2
� 1

3
� 1

3

�
jMj2: (20)

We evaluate �t�t and At�t
FB using our analytic results for

the squared amplitudes and the MSTW2008 parton distri-
bution functions [37]. To include the NLO QCD and
NNLO QCD contribution to �t�t in the SM, and the NLO
QCD SM contribution to At�t

FB, we remove the Oð�2
S�

0
RÞ

portion of our result and substitute the NNLO QCD SM
contribution for �t�t and the NLO QCD term for At�t

FB. A
complete NLO QCD calculation of this process is pre-
sented in [19].

B. Fit to the Tevatron asymmetry data

Among the top quark observables at the Tevatron
affected by the W 0 model contributions, we choose to
determine our parameters from data on the inclusive cross
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section �t�t and the asymmetry At�t
FB. We use the latest

measurement of �t�t at the Tevatron [38],

�t�t ¼ 7:65� 0:2ðstat:Þ � 0:36ðsyst:Þ pb: (21)

The corresponding (partial) NNLO SM QCD result is
7:24þ0:24

�0:27 pb, whereas our Oð�2
S�

0
RÞ result is 6.64 pb. The

latest measurement of the asymmetry from the CDF
Collaboration is At�t

FB ¼ ð16:4� 4:7Þ% [28], while the
SM prediction (QCD+EW) is ð8:7� 1:0Þ% [39]. For the
calculation of �2, we combine all these uncertainties,
treating them as uncorrelated.

We use the result for a 1000 GeV W0 as an example to
show the effect of the vertex correction most clearly. As
shown in Fig. 3(a), the vertex correction increases the
predicted total cross section, making the best-fit value of
V 0
td smaller than in the LO fits. The definition of At�t

FB,

At�t
FB ¼ �F � �B

�F þ �B

¼ ��

�tot

; (22)

shows that the corrections of �� and �tot both contribute
to the correction of At�t

FB. We have

At�t
FBðNLOÞ ¼

��þ 	��

�tot þ 	�tot

’ At�t
FB

�
1þ 	��

��

��
1� 	�tot

�tot

�
:

(23)

In theW 0 model, 	�� is ofOð�2
R�

2
SÞ which is tiny, and we

see that 	�tot is significant from Fig. 3(a). Thus the NLO
At�t
FB is smaller than the LO prediction [Fig. 3(b)].
The values of � from the combined fit to �t�t and At�t

FB

are shown in Fig. 3(c) for mW 0 ¼ 1TeV. Results for other
values of theW 0 mass are qualitatively similar. In Fig. 4(a)
we plot the allowed region V 0

td as a function of theW
0 mass.

C. The t �t mass distribution at the Tevatron

The distribution in the t�t invariant mass at the Tevatron
provides a potentially strong constraint on the W 0 model
because the prediction of theW 0 model at highmt�t (last few
bins of data) is much higher than the data [40]. However, in
Ref. [14], the authors argue that it is not accurate to
compare with the unfolded experimental result because
there is a non-negligible difference between the cut accep-
tance in the W 0 model and the SM. This difference can
reduce the tension between the W 0 model and data on the
mt�t distribution.
In this work, we examine the consistency of our expec-

tations with data on the distribution in mt�t. We consider
both the absolute cross section d�=dmt�t and the mass
distribution normalized by the integrated cross section.
This latter shape distribution is arguably more pertinent
because our parameters, determined from fits to data on the
integrated cross section, already include information on the
integrated cross section. We select two values of the W 0
mass and use the parameters from our best fit to compute
the mt�t distribution. One value is a light W 0 (mW0 ¼
500 GeV, gR ¼ 3:8), and the other is a heavy W 0 (mW0 ¼
1000 GeV, gR ¼ 7:0).
First, we compare the theoretical prediction with the

unfolded Tevatron data (Fig. 5). Values of chi squared
per degree of freedom for the absolute cross section
(�2=d:o:f:) and for the normalized distribution
(�2

N=d:o:f:) are shown in Table I. Compared with the un-
folded data, theW 0 model prediction in the high mt�t region
is not as good as the SM prediction, but the difference for a
heavy W 0 is not sufficient to exclude a heavy W 0 from
Tevatron data alone, �2=d:o:f: ¼ 2:1 in the W 0 case com-
pared with 1.6 in the SM. We note that a heavy W 0 boson
fits the shape of the distribution (normalized distribution)
better than it fits the absolute distribution, �2=d:o:f: ¼ 2:1

’tdV
0 1 2 3 4 5 6 7 8 9 10
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)
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FIG. 3 (color online). Results of our fit to (a) the inclusive total cross section �t�t and (b) the forward-backward asymmetry At�t
FB. In

(c) we show the values of � from our fit for a 1000 GeVW0 boson. The light-shading (yellow) shows the 1� region from our combined
fits. The dark-shading (green) shows the 2� region. The (black) solid line is the result with NLO vertex corrections included, while the
(red) dashed line is the result without the NLO vertex corrections. The horizontal (blue) dashed lines in (a) and (b) denote the central
values of the Tevatron data. The (blue) dotted line in (c) shows the value of � for the SM.
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vs �2=d:o:f: ¼ 3:6. Moreover, the W 0 vertex correction
relaxes the constraint from the shape of themt�t distribution,
�2=d:o:f: ¼ 2:1 vs �2=d:o:f: ¼ 2:7.

Before turning to constraints from LHC data, we con-
sider the role of the difference in cut acceptance between
the SM and the W 0 model [14]. This difference arises
partially because the angular distribution of the top quark
in the W 0 model behaves like ð1þ cos 
Þ2, whereas in the
SM it behaves like ð1þ cos 2
Þ. More top quarks are
expected in the large (positive) rapidity region in the W 0
case compared with the SM. The charged lepton from the
top-quark decay will have nearly the same rapidity for an
energetic top quark owing to the right-handed coupling of
the W 0 model [16,20,22,26]. On the other hand, these
events will be suppressed by the small charged-lepton
rapidity cut j�‘j< 1:0 at Tevatron.

A simple analytic analysis is helpful for understanding
the behavior of the cut acceptance. In the large mt�t region,
� ! 0, and the squared amplitude from the d �d initial state
behaves as

/ ð1þ cos 2
Þ � �Rs

2�Sm
2
W0

ð1þ cos 
Þ2
1þ s

2m2

W0
ð1� cos
Þ

þ 9

8

�
�Rs

2�Sm
2
W 0

�
2 ð1þ cos
Þ2
½1þ s

2m2

W0
ð1� cos 
Þ�2 : (24)

We show the W 0 mass dependence of �Rs=ð2�Sm
2
W0 Þ for

s ¼ 4m2
t in Fig. 4(b). Using parameters from our best fits,

we see that the coefficient is nearly independent of the
mass of the W 0. It depends primarily on the center mass
energy. Since the quadratic term gives a positive contribu-
tion which grows faster than the linear term, the contribu-
tion from the W 0 model is more significant in the large mt�t

region than in the small mt�t region (cf. Fig. 5).
To illustrate the effects of cut acceptance, we perform a

simple parton level simulation whose results are shown
Fig. 6. We use MADGRAPH5/MADEVENT [42] to generate
parton level t�t events and decay the (anti-) top quarks
respecting their helicity information. We include the fol-
lowing energy smearing effects for jets,

	E

E
¼ 0:1 � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ET=GeV
p ; (25)

and charged leptons,

	E

E
¼ 0:02 � 0:135ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ET=GeV
p : (26)

The b-tagging efficiency is taken from PGS4 [43] as a
function of the transverse energy and the rapidity of the
b quark. The difference between the cut acceptances of the
SM and theW 0 model partially protects theW 0 model from
the constraints of the mt�t distribution for a 500 GeV W 0.
However, the difference is not great for a heavy W 0. We
also checked the contribution from the t�tj final state and
found it to be negligibly small at the Tevatron as expected.
The message we draw is that while the shape of the

invariant mass distribution favors the pure SM relative to a
model that includes a W 0, this constraint is not decisive
with Tevatron data.

III. W 0 AND t �tj AT LHC

Having determined parameters of the W 0 model that are
consistent with Tevatron data, we turn to an examination of
the viability of the model at the LHC. We use data on the
multiplicity of jets in t�t events as our principal observable.
In the W 0 model, the associated production of a top quark
and a W 0, with W 0 ! d�t contributes to the jet multiplicity
along with SM QCD production of t�tþ nj. This contribu-
tion was proposed in [21,23,25] and studied in data at
7 TeV [31,32]. We pay particular attention to the region
of large W0 mass, where the coupling strength gR and W 0
width are large (cf. Fig. 2). Owing to the broad width,
interference between the amplitudes for tW0-associated
production and SM production of t�tþ j is not negligible
[23,25]. Interference has not yet been included in experi-
mental analyses [31,32]. In this paper, we also include for
the first time the contribution to the jet-multiplicity distri-
bution in t�tþ nj from W 0 pair production with, again,
W 0 ! d�t. It is important to include all of the contributions

TABLE I. Chi squared per degree of freedom for the mt�t

distribution at the Tevatron.

�2=d:o:f: �2
N=d:o:f:

SM 1.6 1.6

500 GeV W0 (LO) 3.7 2.8

500 GeV W0 (NLO) 3.8 2.6

1 TeV W 0 (LO) 3.4 2.7

1 TeV W 0 (NLO) 3.6 2.1
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FIG. 6 (color online). The cut acceptance for t�t events as a
function of mt�t. The solid (black) line is the SM value.
Acceptances in the W 0 model are shown for a 500 GeV W 0
dotted (red) line and a 1 TeV W 0 dashed (blue) line.
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from the W 0 model to achieve a good estimation of the jet
multiplicity. In particular, the t-channel W 0 exchange pro-
cess has a non-negligible influence on the t�tþ 0j cross
section.

A. Normalized jet multiplicity

The normalized jet-multiplicity distribution in t�tþ X
events is presented by the CMS Collaboration in Fig. 2
of Ref. [44]. Our first task is to verify the accuracy of our
simulation of SM t�tþ X production by comparing our
simulation with that of CMS. We generate parton level
t�tþ nj events to n ¼ 2 using MADGRAPH5/MADEVENT

[42]. The generated events are subsequently processed
with PYTHIA6.4 [45] for fragmentation and hadronization
using the MLM prescription [46] for matching of jets with
parton showers. We perform a detector simulation using
the PGS4 code [43].

Following the CMS cuts, muon candidates are required
to have a transverse momentum pT > 20 GeV within a
pseudorapidity region j�j< 2:4 and to be isolated with
Irel < 0:15. The quantity Irel is the sum of the transverse
momenta of all neutral and charged reconstructed objects,

except the muon itself, inside a cone of size �R �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
��2 þ��2

p
< 0:3, divided by the muon transverse mo-

mentum. Electron candidates are required to have a trans-
verse energy ET > 20 GeV within a pseudorapidity region
j�j< 2:4 and to be isolated with Irel < 0:15. Jets are
reconstructed using the anti-kT clustering algorithm with
R ¼ 0:5 and required to have a transverse momentumpT >
30 GeVwithin a pseudorapidity region j�j< 2:4. The PGS4

b-tagging [43] efficiency is reweighted to a maximum of
80% to mimic the b-tagging efficiency of CMS.

Signal events are required to have at least two isolated
leptons with opposite electric charge (electrons or muons),
and two jets, at least one of which is identified as a b jet.
Events with a lepton pair invariant mass smaller than
20 GeV are removed to suppress events from heavy flavor
decays. In the �þ�� and eþe� channels, the dilepton

invariant mass is required to be outside a Z-boson mass
window of 91� 15 GeV, and the missing transverse
energy 6ET is required to be larger than 40 GeV.
The results of our SM simulation are shown in Fig. 7 and

compared with the CMS simulation and data. Our simula-
tion agrees with the simulation by the CMS Collaboration,
and it agrees well with the data, except in the 6 jet bins at

pjet
T ¼ 30 and 60 GeV. We attribute this difference to the

fact that we generate only up to t�tþ 2j events at parton
level. Thus, there are at most four jets in our parton-level
events. To calculate the value of �2 of the SM simulation,
we estimate the theoretical uncertainty from the differ-
ences between predictions obtained with different event
generators and choices of hard scales [44]. Treating the
experimental and theoretical uncertainties as uncorrelated,
we obtain the values of the SM �2 from our simulation
shown in Table II. The comparison of �2 values shows that
our simulation is as good as the CMS simulation. (For the
samples with pT > 60 and pT > 100 GeV, our values of
�2 are in fact better.)
Having established the reliability of our simulation

code, we generate events from the W 0 model following
the same method used for the SM events. At the parton
level, we generate all t�tþ nj processes including the in-
terference between the SM t�tþ nj process and inclusive
tW0 associated production. We generate parton-level
events to n ¼ 2. Examples of some of the processes that
we compute are shown in Fig. 8. We remark that contribu-
tions from the W 0þW 0� channel are also included. We
examine the entire mass range 200<mW 0 < 1100 GeV,
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FIG. 7 (color online). Normalized cross section as a function of jet multiplicity for jets with (a) pT > 30, (b) pT > 60 and
(c) pT > 100 GeV. The data are from the CMS Collaboration [44]. The dashed (red) lines are the results of the simulation shown in the
CMS paper, whereas the solid (black) line is our simulation.

TABLE II. Standard model values of chi squared for the
normalized jet-multiplicity distribution in t�tþ X events at
8 TeV for different values of the jet transverse momentum cut.

pjet
T > 30 GeV pjet

T > 60 GeV pjet
T > 100 GeV

�2=d:o:f (ours) 0.6 0.06 0.2

�2=d:o:f (CMS) 0.2 1.6 4.5
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bearing in mind that a very light W 0 has been excluded in
prior studies of Tevatron [47] and 7 TeV LHC data [31,32].
We are also aware that an extremely heavy W 0 (heavier
than 1 TeV) is not consistent with the Tevatron t�t observ-
ables (cf. Fig. 4).

An examination of Fig. 9 shows qualitatively that theW 0
model agrees less well with the CMS normalized data than
with the SM. In order to make this conclusion more quan-
titative for W 0 boson masses in the range 200<mW0 <
1100 GeV, we perform fits in the space of V0

td vs mW 0 , and

compute the resulting values of �2=d:o:f: in each bin of the
normalized multiplicity distribution for each of the three

values of p
jet
T > 30, p

jet
T > 60 and p

jet
T > 100 GeV. In our

calculation of �2=d:o:f: for pjet
T > 60 GeV, we use only the

bins with jet number up to 5, but including the 6 jet bin
does not affect the final results. We use the set of �2 values
at each W 0 mass to determine the 95% confidence level
exclusion lines shown in Fig. 10. These results show that
the W 0 model is disfavored by more than 2� at the LHC if

we use the parameter space determined in our fits to the
Tevatron data and theW 0 boson is heavier than 300 GeV. In
addition (not shown) most points in the best-fit region
(light-shaded yellow region of Fig. 10) for explaining
At�t
FB at the Tevatron are excluded by 15–25�.
For light W 0 whose mass is �200 GeV, the normalized

jet multiplicity is not a good observable for testing the W 0
model. For such a light W 0 boson, the narrow width
approximation is good enough, and tj resonance searches
can be used at the LHC and the Tevatron [31,32,47].

B. Jet-multiplicity distribution: Effects of interference
and W 0W 0 pair production

Both interference and W 0W 0 pair production contribute
in each multiplicity bin. In order to isolate the effects from
the interference of tW0-associated production with SM t�tþ
X production, and the effects from W 0þW 0� pair produc-
tion, we show figures in which we focus separately on each
of these two contributions. We choose two values of mW0

FIG. 8. (a) Example of standard model production of t�td production in a dg interaction, (b) W 0 model production of t�td, (c) W 0
exchange contribution to production of t�td. Interference occurs between the processes (a) and (b), and between (a) and (c).
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EDMOND L. BERGER, ZACK SULLIVAN, AND HAO ZHANG PHYSICAL REVIEW D 88, 114026 (2013)

114026-8



with their associated values of V0
td. Our benchmark points

are mW0 ¼ 500 GeV, V0
td ¼ 4:195 and mW0 ¼ 1 TeV and

V 0
td ¼ 6:634, typical of a light W 0 and a heavy W 0, respec-

tively. The results for tW0-associated production without
W 0W 0 pair production are shown in Fig. 11.

To obtain results that represent the incoherent sum of
the SM and tW0 processes, we generate parton-level

tW0 þ nj events to n ¼ 1, and decay the W 0 and t (�t).
Contributions from t-channel W 0 exchange processes
are included when there is W 0 in the final state. After
showering, hadronization, and event selection, we then
add the SM t�tþ nj contribution to the tW0 þ nj result.
Our Fig. 11 shows that the difference between the inco-

herent SMþ tW0 result and the full W 0 model result is
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FIG. 13 (color online). Cross sections as a function of jet multiplicity for jets with pT > 30 (left panels), pT > 60 (middle panels),
pT > 100 GeV (right panels). Results in the upper row are for mW0 ¼ 500 GeV and V 0

td ¼ 4:195, whereas those in the lower row are

for mW0 ¼ 1 TeV and V0
td ¼ 6:634. The (blue) dotted lines represent the complete calculation. The (sky blue) shadowed region is the

contribution from the W 0W0 pair production process.
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significant. There are two reasons for this difference. First,
as mW 0 increases, the width of the W 0 increases, and
interference between the tW 0 and the SM t�tþ j processes
grows in importance. Second, the full result contains the
contribution from the t-channel W 0 exchange contribution
to the t�t production process, a contribution which is not
small at the LHC. In Fig. 11 we see the completeW 0 model
result is smaller than the incoherent SMþ tW0 result and
that it agrees better with the data. Therefore, the strength of
the signal may be overestimated if the incoherent sum of
SMþ tW0 is used as an approximation.

In Fig. 11 we present the normalized multiplicity distri-
bution in order to compare with the CMS data [44]. On the
other hand, the normalized distribution tends to obscure
some features of the W 0 contribution and the effects of
interference. In Fig. 12, we show instead the absolute cross
sections as a function of jet multiplicity for the SMþ tW 0
process. This figure shows that the incoherent sum of the
SMþ tW0 processes is usually smaller than the complete
calculation for njets < 3, but it is larger than the result of

the complete calculation for njets > 4. Thus, for a light W 0

boson which has a relatively narrow width, including the
interference effect in studies of data on tj resonance
searches will provide a stronger constraint on the W 0
model. For a heavy W 0 boson whose width is quite large,
ignoring interference in fits to the normalized jet-
multiplicity data in t�t process, will lead to a constraint on
the W 0 model that is too strong.

In Fig. 13, we show the absolute cross sections for the
W 0W 0 pair production process. This process is mediated by
top-quark exchange and is fed by the d �d parton luminosity.
Its contribution to the jet-multiplicity distribution is typi-
cally several orders of magnitude smaller than the SM
background, as seen in Fig. 13, becoming comparable

when njets > 5 for a light W 0 and large values of the pjet
T

cut. Overall, it is not an important component of the
complete contribution from the W 0 model in the regions
of parameter space explored in this paper.

IV. SUMMARYAND CONCLUSIONS

In this paper we investigate a model with right-handed
coupling of a W 0 boson to the first and third quark gen-
erations. We fit for values of the coupling constant V0

td

consistent with Tevatron data on the observed anomalously
large top-quark forward-backward asymmetry At�t

FB and t�t
cross section as a function of W 0 mass (cf. Fig. 3). Our
theoretical expressions include higher-order W 0 loop cor-
rections whose contributions diminish the required best-fit
value of the coupling strength compared to previous
LO fits.

Given the model and our determination of its parame-
ters, we then investigate the consequences at the LHC. For
masses of theW 0 below 400 GeV, our previous comparison
to early ATLAS data excluded all relevant values of V0

td

based on cross section rate [23]. For larger masses, the
predicted broader width of theW 0 requires other strategies,
and we focus on the multiplicity distribution of jets
accompanying a t�t pair in the full 8 TeV CMS data sample.
In theW 0 model, processes such as associated tW0 produc-
tion and W 0W 0 pair production, with W 0 ! �td, contribute
to the t�tþ nj final state along with standard model QCD
production of t�tþ nj.
We simulate all t�tþ nj processes including the interfer-

ence between the SM t�tþ nj process and inclusive
tW0-associated production, as well as contributions from
the W 0þW 0� channel. We examine the entire mass range
200<mW0 < 1100 GeV. Our simulation includes parton
fragmentation and hadronization from PYTHIA6.4 [45] and a
detector simulation using the PGS code [43]. We compare
our resulting jet-multiplicity distribution with data from
the CMS Collaboration [44]. We show that interference
plays a quantitatively significant role, altering the expected
cross sections and exclusion bounds.
The essential conclusions of our study are shown in

Fig. 10. Within the mass range 200<mW 0 < 1100 GeV,
values of V 0

td large enough to accommodate At�t
FB observed

at the Tevatron are incompatible with a good fit to the jet-
multiplicity distribution at the LHC.
There are other new physics models proposed for the

top-quark At�t
FB anomaly at Tevatron (for a more complete

list of the references, cf. Ref. [23]). Many of them are
disfavored or highly constrained by LHC data and other
direct or indirect experiments. The most studied of these
models are t-channel W 0 [5] and Z0 [48] and s-channel
axigluon models [49]. The W 0 model is disfavored by this
work. The simplest Z0 model is highly constrained by the
same-sign top-quark search at the LHC [50–52]. An up-
dated Z0 model in which the Z0 boson is not self-conjugate
[53], so that there is no same-sign top-quark signal at
colliders, would also be strongly constrained by t�tþ jets
data. A heavy axigluon is constrained by dijet and t�t
resonance searches at the LHC [26]. However, it is still
possible that a light axigluon (� 300 GeV) could explain
the At�t

FB anomaly [54]. Additional explanations involving

multiple Higgs doublets [55,56] that are either composite
[57] or involve color-triplet scalars remain open.
The difficulties encountered in constructing models of

new physics that can simultaneously accommodate the
Tevatron asymmetry and LHC observables motivate
inquiry into the standard model QCD expectations against
which the data are compared. We note that a simple change
of the renormalization scale brings the data and theory
within 1�. This scale choice is similar to one that is used
for the forward-backward asymmetry in e�eþ ! ���þ
[58]. We look forward to the next stage of fully differential
NNLO calculations of t�t production and decay that should
be incorporated into the understanding of experimental
acceptances and allow for a full NLO prediction of At�t

FB

after cuts.
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