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We study and constrain the parameter space of the vector color-octet model from the observed data at

the Tevatron by studying the top quark pair production and associated observables At�t
FB and spin

correlation. In particular we study the invariant mass and rapidity dependence of At�t
FB at the Tevatron.

In addition to the flavor conserving (FC) couplings we extend our study to include the flavor violating

(FV) coupling involving the first and third generation quarks for both these processes. In order to ensure

that we remain within the constraints imposed by the LHC data, we analyze the charge asymmetry, pT

spectrum and invariant mass in the t�t production data at the LHC. The constraints from the dijet resonance

searches performed by the LHC are also considered. We also explore the contribution of this model to the

single top quark production mediated by charged and neutral color-octet vector bosons. FV couplings

introduced then induce the same-sign top-pair production process which is analyzed for both the hadron

colliders. We have incorporated the effect of finite decay width of color octets on these processes. We find

that it is possible to explain the observed At�t
FB anomaly in the color-octet vector model without

transgressing the production cross sections of all these processes both through FC and FV couplings at

the Tevatron. We predict best point sets in the model parameter space for specific choices of color-octet

masses corresponding to �2
min evaluated using themt�t and j�yj spectrum of At�t

FB from the observed data set

of Run II of the Tevatron at the integrated luminosity 8:7 fb�1. We find that the single top quark

production is more sensitive to the FC and FV couplings in comparison to the top-pair production. We

provide 95% exclusion contours on the plane of FV chiral couplings from the recent data from Tevatron,

CMS and ATLAS corresponding to the nonobservability of large same-sign dilepton events. The four

observed point sets are consistent with the cross section, charge asymmetry and spin-correlation

measurements for t�t production and dijet searches at the LHC.
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I. INTRODUCTION

Top quark production at high luminosity achieved at the
recently shut down Tevatron has thrown tantalizing hints of
physics beyond the Standard Model (SM). The combined
analysis of the CDF and D0 collaborations has given
results for top quark mass mt ¼ 173:3� 1:1 GeV [1].
The current measured cross section from all channels
with 4:6 fb�1 data is �t�t¼7:5�0:31ðstatÞ�0:34ðsystÞ �
0:15ðZtheoryÞpb for mt ¼ 172:5 GeV [2]. For the
same top mass the D0 collaboration reported �t�t ¼
7:36þ0:90

�0:79ðstatþ systÞ pb using dilepton events [3]. The

leading order process for t�t production at the Tevatron
is q �q ! t�t. The top-pair production cross section with
the QCD corrections at the next-to-next-to-leading
order (NNLO) level is computed to be �ðt�tÞNNLOSM ¼
7:08þ0:00þ0:36

�0:24�0:27 pb formt ¼ 173 GeV [4]. These corrections

are not only significant but are also in agreement with the
experiment.

The CDF and D0 collaborations have reported top
quark forward-backward (FB) asymmetry At�t

FB for large t�t

invariant mass mt�t which shows a deviation of about
two sigma from the SM prediction [5,6]. Recently CDF
observed the parton level At�t

FB to be 0:296� :067 for

mt�t > 450 GeV based on the full Run II data set with
luminosity of 8:7 fb�1 [7]. In the SM, this asymmetry
arises only at the next to leading order through the inter-
ference between the Born term and higher order of QCD
terms and is found to be 0.1 [8] which is too small to fit the
data. In the literature the At�t

FB anomaly has been attributed

to new physics (NP) beyond SM [9–12]. In this article we
analyze the mt�t and j�yj distributions of At�t

FB induced by

the color-octet vector bosons and compare with the distri-
bution simulated from the observed data given in Ref. [7].
In light of the recent observations at the LHC, we constrain
the new physics model parameter space from the invariant
mass distribution of the t�t production cross section and the
measured associated charge asymmetry.
Single top quark production is an important process at

hadron colliders in providing an opportunity to probe the
electroweak (EW) interactions of the top quark. Although
in the SM, single top quark is produced at the EW scale,
it is noteworthy that the production cross section is com-
parable and only a little less than half of the t�t pair
production. The considerable background however makes
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the extraction of the signal quite challenging. Recent
analysis of the CDF collaboration uses 7:5 fb�1 of data
and measures the single top quark total cross section of
�sþt ¼ 3:04þ0:57

�0:53 pb [13]. Using 5:4 fb�1 of collected

data, D0 at the Fermilab Tevatron Collider measured the
combined single top quark production cross section
�sþt ¼ 3:43þ0:73

�0:74 pb [14]. The predicted next-to-next-to-

next-to-leading order (NNNLO) approximate calculation
for both the modes are �s ¼ 0:523þ0:001þ0:030

�0:005�0:028 pb and

�t¼1:04þ0:00
�0:02�0:06pb [4] for mt ¼ 173 GeV. Recently

the CMS collaboration reported the t-channel EW single
top quark cross section to be 83:6� 29:8ðstatþ systÞ �
3:3ðlumiÞ pb at

ffiffiffi
s

p ¼ 7 TeV at the LHC [15] correspond-
ing to integrated luminosity of 36 pb�1, which agrees with
the next-to-leading order (NLO) and resummation of col-
linear and soft-gluon corrections NNLO [4]. However the
involved experimental and theoretical uncertainties allow
us to explore the new physics consequences in the determi-
nation of the production cross section mediated by the new
exotic vector bosons. Therefore it is worthwhile to study the
effect of the couplings induced by the color-octet vector
model in the s and t channel single top quark production.

The production of same-sign top quark pair is a fasci-
nating process and would furnish unmistakable signature
of physics beyond the SM. In the SM this process is highly
suppressed and involves higher order flavor changing
neutral current (FCNC) interactions. The search for the
same-sign top quark pair involves searching for events
with same-sign isolated leptons accompanied by hadron
jets and missing transverse energy in the final sate. The
CDF collaboration has set a limit on same-sign top-pair
production at the Tevatron using a luminosity of 6:1 fb�1,
�ðttþ �t �tÞ � ½BRðW ! l�Þ�2 < 54 fb with a 95% confi-
dence level (CL) [16]. This limit puts severe constraints
on physics beyond the SM which allows for FCNC inter-
actions. The 7 TeV data from CMS also disfavors the
same-sign top-pair production at the LHC mediated
through Z0 in t and u channels which otherwise was the
potent model to explain the At�t

FB anomaly observed in t�t
production at the Tevatron [17,18]. We probe the effect of
the flavor violating couplings in the same-sign top-pair
production both at the Tevatron and the LHC. These
couplings are introduced to contest the At�t

FB anomaly.
In Sec. II, we introduce the 3 � �3 vector color-octet

model. In Sec. III we compute the t�t cross section and
associated top quark forward-backward asymmetry At�t

FB

and spin-correlation coefficient in this model. Single top
quark production is studied in Sec. IV and in Sec. V we
probe the same-sign top quark production through flavor
violating (FV) couplings. In Sec. VI we consider the con-
straints obtained by analyzing the LHC top quark data with
reference to the resonance searches in t�t production, dijet
resonance searches and from the charge asymmetry data.
Section VII is devoted to the discussion of the results and
conclusion.

II. 3 � �3 VECTOR COLOR OCTETS

The exotic bosonic states that can couple to a quark ðqÞ
and antiquark ð �qÞ pair in physics scenarios beyond the
Standard Model are the scalar/vector color singlets,
triplets, sextets and octets. Color singlet vector states are
the Z0s [19], W 0s [20], unparticles [9] and Kaluza-Klein
gravitonsGKK [21]. Grinstein et al. [22] considered various
scenarios of new physics models which contain scalars as
well as vector representation of SM quark flavor symmetry
group to study t�t forward-backward anomaly and D0
dimuon anomaly at the Tevatron. They also studied the
constraints on the flavor symmetric models and their
collider signatures at the LHC with exotic bosons having
masses around the electroweak scale.
Some of the colored exotic states are already present in

some of theoretical models beyond the SM, for example
R parity violating super-symmetric theories [23], excited
quarks in composite models [24,25], diquarks in E6 grand
unified theories [26], in theories of extra dimension [27],
color triplet and sextets [28] and in low scale string reso-
nances [29]. Color-octet scalars have been studied in
Ref. [30] while color-octet vector states coupled to q �q
are analyzed in Refs. [31,32] for axigluons and in
Refs. [33–35] for colorons. Some of these exotic states
have been involved in the literature to explain the top quark
forward-backward asymmetry and the CDF dijet reso-
nances. These particles if they exist can be produced at
the LHC with their masses and couplings constrained by
the measurement of the dijet cross section at the Tevatron
and the LHC. The ATLAS and CMS collaborations [36]
have reported stringent bounds on these colored states.
In this article, we investigate the contribution of color

neutral and charged vector states V0;�
8 and V�;�

8 on t�t
production, top-quark forward-backward asymmetry,
single top quark production and same-sign top-pair pro-

duction. The interaction of color-octet vector states V0;�;�
8

with quark is given by

Lq �q0V ¼gs½V0a�
8 �uiT

a��ðgULPLþgURPRÞuj
þV0a�

8
�diT

a��ðgDLPLþgDRPRÞdj
þðVþa�

8 �uiT
a��ðCLPLþCRPRÞdjþH:c:Þ�: (1)

Production of these color-octet resonants are studied in
[37] where significant bounds for these resonances based
on the preliminary CMS data have been obtained. We
estimate the production event rates at a given luminosity
for 200, 500, and 900 GeV vector color octets in Table I
corresponding to the center of mass energy of 7, 8, and
14 TeV, respectively. For all these subprocesses the cou-
pling constant of the octets with the light quarks along with
the branching ratio are set to unity.
The color-octet vectors can be detected either through

the resonant dijet and top-pair production. The measure-
ment of the dijet events at the Tevatron and the LHC
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restricts the coupling of these exotic colored states to the
light quark sector in the narrow resonance approximation
(in units of gs ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
4��s

p
). However, the coupling of these

states to the top quark sector essentially remains unex-
plored. It is to be noted that the t�t cross section depends
on the product of the couplings of V8 with light and top
quarks whereas the dijet cross section depends on the
coupling of these exotics with light quarks only. We
will revisit the resonant dijet production cross section
in Sec. VIC.

Since there exist stringent constraints from flavor phys-
ics on FCNC, we consider nonuniversal FCNC couplings
between the up quarks of the first and third generation only.
However, after a rotation from weak eigenstates to mass
eigenstates these FCNC interactions would contribute to
B0
q- �B

0
q and D0- �D0 mixing. Consequently, by making a

suitable choice of the left and right-handed mixing matri-
ces along with the relevant couplings, we can evade the
most restrictive constraint on these couplings from the low
energy B andD phenomenology [38]. It has been discussed
in the literature (see for example [39]) that in a scenario
involving nonuniversal flavor coupling, if the generic fla-
vor violation is confined to up quark sector and is so
aligned as to induce minimal flavor violation, the con-
straints on color-octet vector boson with axial coupling
of QCD strength from D-meson sector are rather weak,
MV0

8
> 0:22 TeV. The bounds on right-handed couplings

are even weaker. On the other hand generic flavor violation
in the down quark sector requiresMV0

8
with axial couplings

to be greater than several TeV from the neutral meson
mixing data. Thus by keeping the u-t coupling large and
simultaneously making c-t and u-c couplings small, we
will not get any strong bounds from flavor physics. This
reference also shows that the contribution to B0

q- �B
0
q mixing

from the charge current sector can be controlled whenever
the mixing matrices are aligned with the SM Cabibbo-
Kobayashi-Maskawa resulting in the couplings CL;R, gL;R
naturally to be of the order one. Assuming minimal
flavor violation breaking for a particular choice of flavor

symmetry subgroup, authors of Ref. [22] were able to
pinpoint the vector boson models consistent with FCNC
constraints from B0- �B0 mixing and at the same time able
to give right enhancement of At�t

FB for a benchmark point,

say MV0
8
¼ 300 GeV.

The couplings gL;R and CL;R are free parameters in our

model and taken to be diagonal. gs ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
4��s

p
is the QCD

coupling; i, j are flavor indices and a represents the color
index. We perform our calculations for top quark mass
mt ¼ 172:5 GeV and bottom quark mass mb ¼ 4:7 GeV
at the p �p center of mass energy

ffiffiffi
s

p ¼ 1:96 TeV, with fixed
QCD coupling �s ¼ 0:13 and using CTEQ6L1 parton
distribution functions keeping factorization and renormal-
ization scales �F ¼ �R ¼ mt. We have incorporated the
3 � �3 model in MadGraph/MadEvent V4 [40] and gener-
ated a total of 10000 events for all the processes. We do not
take into account the effects from parton showering,
hadronization and detector conditions in our studies.
The width of the new resonances are computed and

taken into consideration for all the phenomenological
observables presented in this study.

III. TOP-PAIR PRODUCTION

In this section we make a detailed study of t�t production
at the Tevatron to put bounds on the parameters of 3 � �3
model. The new physics contribution to t�t production in the
present model arises through the exchange of flavor con-
serving and flavor violating neutral current (NC) V0

8 as

shown in Figs. 1(a) and 1(b), respectively. Here we assume
that the flavor changing couplings are present only between
the first and third generation quarks. We examine the
sensitivity of both these couplings for the associated
observables namely the forward-backward asymmetry
and the spin-correlation coefficient along with the total
production cross section.
At the Tevatron the t�t pair is predominantly produced

through the quark pair annihilation q �q ! t�t, where the
quarks (antiquarks) are mainly moving along the proton

TABLE I. Production event rate of the charged and neutral color-octet vector bosons for three
different representative masses at three different collider energy and luminosity. To obtain these
events we have set the product of the coupling constant squared and the branching fraction to
unity.ffiffiffi
s

p
at LHC MV�;0

8
GeV Nðu �d ! Vþ

8 Þ Nðd �u ! V�
8 Þ Nðu �u ! V0

8 Þ Nðd �d ! V0
8 Þ

7 TeV 200 2:2� 108 1:2� 108 2:1� 108 1:3� 108

L ¼ 5 fb�1 500 8:1� 106 3:5� 106 7:0� 106 4:2� 106

900 6:9� 105 2:3� 105 5:3� 105 3:0� 105

8 TeV 200 1:0� 109 5:8� 108 9:6� 108 6:2� 108

L ¼ 20 fb�1 500 4:6� 107 1:8� 107 3:6� 107 2:1� 107

900 3:7� 106 1:3� 106 3:0� 106 1:7� 106

14 TeV 200 9:9� 109 6:0� 109 9:6� 109 6:3� 109

L ¼ 100 fb�1 500 4:6� 108 2:4� 108 4:3� 108 2:6� 108

900 5:4� 107 2:4� 107 4:8� 107 2:8� 107
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(antiproton) direction. The FB asymmetry can be
defined as

AFB ¼ Nð�y > 0Þ � Nð�y < 0Þ
Nð�y > 0Þ þ Nð�y < 0Þ ; (2)

where N is the number of events and �y ¼ yt � y�t is the
difference in rapidities of top and the antitop quarks along
the proton momentum direction in the lab frame. Recent
measurements from the CDF and D0 collaborations at
the Tevatron report positive asymmetries [5,6], ACDF

FB ¼
0:158� 0:075, AD0

FB ¼ 0:196� 0:065 at the subprocess/
parton level after correcting for backgrounds and detector
effects corresponding to integrated luminosity of 5.3 and
5:4 fb�1, respectively, whereas the SM prediction at NLO
QCD level is 0.051 [41]. A recent report from CDF, studied
FB asymmetry and its mass and rapidity dependence with
an integrated luminosity of 8:7 fb�1 at the Tevatron result-
ing in an inclusive parton level AFB ¼ 0:162� 0:047 [7].

Spin correlation of the top-antitop pair, in the ‘‘helicity
basis,’’ (i.e., choosing the direction of the top quark
momentum as our spin quantization axis) is described
by four independent helicity states �tLtR, �tRtL, �tLtL, �tRtR.
The spin-correlation parameter is defined as

Ct�t ¼ ½�ð�tRtLÞ þ �ð�tLtRÞ� � ½�ð�tRtRÞ þ �ð�tLtLÞ�
½�ð�tRtLÞ þ �ð�tLtRÞ� þ ½�ð�tRtRÞ þ �ð�tLtLÞ�

¼ NO � NS

NO þ NS

; (3)

where NS ¼ ** þ ++ and NO ¼*+ þ +* are the number
of top and antitop quarks with their spins parallel and
antiparallel, respectively. Recent studies have shown
strong spin correlation in the top quark pair production
which means that the top quark and antiquark have pref-
erential spin polarizations. At the Tevatron the dominant
parton level top-pair production is q �q ! t�t and its value for
the SM in the helicity basis is 0.299 [42]. CDF reported the
measurement of the spin-correlation coefficient Ct�t

helicity ¼
0:60� 0:50ðstatÞ � 0:16ðsystÞ [43] in the helicity basis and
0:042þ0:563

�0:562 [44] in the beam basis. Any deviation in the

measurement of Ct�t would give an indirect idea of the new
t�t production mechanism and also models of new physics
appeal to the spin correlation for signal identification and
discrimination [45–49].

A. Flavor conserving

The additional Feynman diagrams induced by the color-
octet vector bosons depicted in Fig. 1, interfere with the
SM tree annihilation process. We take the color-octet
vector boson couplings with the first two generations,
i.e., light quarks gqi (q ¼ u, d, s, c) to be typically an order
of magnitude smaller than the third generation heavy

quarks gt;bi with i, j ¼ L=R. This is consistent with the
dijet measurements at the Tevatron. The corresponding NP
matrix element is proportional to the product of light and
heavy quarks couplings. For convenience we choose the

product of two couplings
ffiffiffiffiffiffi
�ij

p ¼
ffiffiffiffiffiffiffiffiffiffi
gqi g

t
j

q
and the massMV0

8

as a parameter of our model in the FC case. Since the total
matrix element squared is left-right symmetric, we have
only three independent choices of the combinations of
couplings which includes the (a) vector, (b) axial-vector
and (c) right-chiral interactions. All three cases can be
explicitly expressed as

ðaÞVector: gqL¼gqR;g
t
L¼gtR;

)�LL¼�RR¼�RL¼�LR¼�VV

ðbÞAxial vector: gqL¼�gqR;g
t
L¼�gtR;

)�LL¼�RR¼��RL¼��LR¼�AA

or gqL¼�gqR;g
t
R¼�gtL

or gqR¼�gqL;g
t
L¼�gtR;

)��LL¼��RR¼�RL¼�LR¼�NA

ðcÞRight chiral: gqL¼gtL¼0;

)�LL¼�LR¼�RL¼0��RR:

These massive color octets are likely to decay to the
lighter quarks as well as to the heavier one if kinetically
allowed both through the flavor conserving as well as
flavor violating couplings. The nonzero decay width for
the heavy color octets can have appreciable effects not only
in the t�t cross section but also in the observables like At�t

FB

and Ct�t. The decay width of color-octet vector boson is
given by

�V8
¼ 1

6
�s

"
ðg2L þ g2RÞ

(
M2

V8

2
�m2

q þm2
q0

4
�

�m2
q �m2

q0

2MV8

�
2
)

þ 3mqmq0gLgR

#
�

1
2ðM2

V8
; m2

q;m
2
q0 Þ

M3
V8

; (4)

where �ðx;y;zÞ¼x2þy2þz2�2x �y�2y �z�2z �x. In
the flavor conserving case, for MV8

� 2mt, qð¼ q0Þ ¼ u,

d, s, c, b while for MV8
� 2mt top quarks also contribute.

The only flavor violating mode we have is V0
8 ! u�tþ �ut.

The decay of the charged color-octet vector boson V�
8 !

qq0 proceeds through the exotic charge current (CC) inter-
actions which are assumed to diagonal but with non-
universal coupling to the third generation quark sector.

FIG. 1 (color online). Diagrams for q �q ! t�t production
through V0

8 in (a) s-channel flavor conserving (FC) and

(b) t-channel FV cases.

SUKANTA DUTTA, ASHOK GOYAL, AND MUKESH KUMAR PHYSICAL REVIEW D 87, 094016 (2013)

094016-4



Throughout our analysis we have taken into account the effect of the finite decay width in evaluating the cross sections
and other associated observables.

The analytical expression of differential cross section in terms of �ij for q �q ! t�t with respect to the cosine of the top

quark polar angle 	 in the t�t center-of-mass (c.m.) frame is given as

d�̂

d cos 	
¼ �
�2

s

9ŝ

2
4fð	;
2Þ þ

8<
:
0
@1�M2

V0
8

ŝ

1
A2

þ
M2

V0
8

ŝ

�2
V0
8

ŝ

9=
;

�1
8<
:ð�2

LR þ �2
RL þ �2

LL þ �2
RRÞð2� sin 2	Þ


2

4

þ ðð�LL þ �LRÞ2 þ ð�RL þ �RRÞ2Þ 1� 
2

4
þ 1

2

0
@1�M2

V0
8

ŝ

1
Að�LL þ �RR þ �LR þ �RLÞfð	;
2Þ

þ
0
@
0
@1�M2

V0
8

ŝ

1
Að�LL þ �RR � �LR � �RLÞ þ 1

4
ð�2

LL þ �2
RR � �2

LR � �2
RLÞ

1
A
 cos 	

9=
;
3
5; (5)

where ŝ ¼ ðpq þ p �qÞ2 is the squared c.m. energy of the system,
 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

t =ŝ
p

is the top quark velocity and fð	;
2Þ ¼
ð2� 
2sin 2	Þ. The terms proportional to cos 	 in Eq. (5) are sensitive to the forward backward asymmetry. In Figs. 2–4 we

plot the variation of the cross section, the forward backward asymmetry At�t
FB and the spin correlation Ct�t, respectively, as

a function of coupling
ffiffiffiffiffiffi
�ij

p
.
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FIG. 2 (color online). Variation of the cross section �ðp �p ! t�tÞ with couplings
ffiffiffiffiffiffi
�ij

p
for flavor conserving vector color octets

corresponding to different values of MV0
8
. The upper black dotted line associated with a blue band depicts the cross section

7:50� 0:48 pb from CDF (all channels) [3], while the lower black dot-dashed line associated with a red band show theoretical
estimate 7:2� 0:37 pb at NNLO [4]. (a), (b), and (c) show the variation of � for vector, axial and right-handed cases, respectively,
[the cases (a), (b), and (c) as in the text].
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We look at three different regions based on the octet
masses and the threshold of top-pair production, region I
where MV0

8
	 2mt, region II MV0

8
� �V0

8
� 2mt �

MV0
8
þ �V0

8
and region III where MV0

8

 2mt, respec-

tively. Figure 2(a) corresponds to the case (a), which
implies pure vector interactions. For MV0

8
¼ 200 GeV

which lies in region I, the cross section grows with
coupling due to the positive interference in spite of the
s-channel suppression. For MV0

8
¼ 350–500 GeV which

lies in the resonant region II, we have a much sharper
rise in the cross section with the increasing coupling.
For higher octet masses we observe the effect of
negative interference with SM as long as the coupling
j�ijj � 1 and then it gradually grows with the couplings

due to the dominance of the new physics squared term.
However, pure vector interactions fail to generate
the At�t

FB.
Figure 2(b) corresponds to phenomenologically interest-

ing case (b), which is purely an axial interaction and thus

generates a large forward-backward asymmetry. Since the

interference terms contributing to the cross section vanish

in this case and only the squared term grows with coupling,

we observe that this generates an increasing At�t
FB without

enhancing the cross section for the couplings j�ijj � 1.

However for the higher masses in region III, the At�t
FB

becomes negative due to the negative interference with

SM as shown in Fig. 3(b).
The fair amount of At�t

FB can also be generated through

axial current for large masses by taking the negative prod-

uct of the axial couplings of the light quark and the top

quark, keeping the cross section the same as before. We

depict the At�t
FB contribution for the negative product of

axial couplings in Fig. 3(a).
The variation of the cross section for case (c) is given

in Fig. 2(c) which is similar to case (a). In this case we

get positive AFB for all the cases but it grows faster for

MV0
8
¼ 500 GeV with respect to

ffiffiffiffiffiffiffiffi
�RR

p
comparing to

other two masses of V0
8 as shown in Fig. 3(c).
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FIG. 3 (color online). Variation of the AFB � ASM
FB with couplings

ffiffiffiffiffiffi
�ij

p
for flavor conserving vector color octets corresponding to

different values of MV0
8
. (a), (b), and (c) correspond to the positive product of axial couplings, negative product of axial couplings and

purely right-handed cases (the first two corresponds to cases (b) and the third corresponds to case (c) in the text, respectively). TheAt�t
FB for

case (a) vanishes identically for all mass regions.
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The behavior of the variation of the spin-correlation coefficients can be understood by exhibiting the total
matrix element squared as a combination of the same and opposite helicity amplitudes. The differential cross sections
corresponding to the same and opposite helicity amplitudes are

d�̂FC
S

d cos	
¼ g4sð1� 
2Þsin 2	

2
48þ

2ŝðŝ�M2
V0
8

Þ
ðŝ�m2

V0
8

Þ2 þ �2
V0
8

M2
V0
8

ð�LL þ �RR þ �LR þ �RLÞ

þ ŝ2

ðŝ�M2
V0
8

Þ2 þ �2
V0
8

M2
V0
8

ð�2
LL þ �2

RR þ �2
LR þ �2

RL þ 2ð�LL�LR þ �RL�RRÞÞ
3
5; (6)

d�̂FC
O

dcos	
¼g4sð1þcos2	Þ

"
8þ

ŝðŝ�M2
V0
8

Þ
ðŝ�M2

V0
8

Þ2þ�2
V0
8

M2
V0
8

ð�LLþ�RRþ�LRþ�RLÞ

þ ŝ2

ðŝ�M2
V0
8

Þ2þ�2
V0
8

M2
V0
8

fð1þ
2Þð�2
LLþ�2

RRþ�2
LRþ�2

RLÞþ2ð1�
2Þð�LL�LRþ�RL�RRÞg
#

þg4sð2
cos	Þ
" ŝðŝ�M2

V0
8

Þ
ðŝ�M2

V0
8

Þ2þ�2
V0
8

M2
V0
8

ð�LLþ�RR��LR��RLÞþ ŝ2

ðŝ�M2
V0
8

Þ2þ�2
V0
8

M2
V0
8

2ð�2
LLþ�2

RR��2
LR��2

RLÞ
#
:

(7)
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FIG. 4 (color online). Variation of the spin-correlation coefficient Ct�t with couplings
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�ij

p
for flavor conserving vector color

octets corresponding to different values ofMV0
8
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Examining Eqs. (6) and (7), we find that for case (a),

the contribution from the
d�̂FC

S

d cos	 is suppressed by the factor

ð1� 
2Þsin 2	=ð1þ cos 2	Þ with respect to
d�̂FC

O

d cos	 , while

for the case (b), only new physics squared term from
d�̂FC

O

d cos 	 contributes to the spin-correlation coefficient. For

the right-chiral current case (c), we observe that for the
interference term the ratio is again suppressed by the same
factor as in case (a), while it is further suppressed by the

factor 1=ð1þ 
2Þ for the squared term. Therefore it is

evident that Ct�t is likely to increase with the increasing
coupling products.

A variation of spin-correlation coefficient Ct�t with

respect to
ffiffiffiffiffiffi
�ij

p
has almost similar behavior for all the cases

considered as shown in Figs. 4(a)–4(c). Here the Ct�t in
region I first decreases with couplings due to negative
interference and then increases due to the dominance of
the squared term. For the octet mass 350 GeV at the
region II the Ct�t registers the minimum value showing
that at threshold production it is likely to have an equal
number of parallel and antiparallel states. In axial

cases (b) and (c), since there is no interference, the Ct�t

increases with couplings for all mass regions which is
evident from Fig. 4(b).

B. Flavor violating

In the flavor violating case, apart from the usual SM
diagrams we have t-channel diagrams for u �u ! t�t with
V0
8 as shown in Fig. 1(b) which interfere with the corre-

sponding s-channel SM diagrams initiated with u and �u
partons. The flavor violating neutral coupling is considered
only among the first and third generation u and t quarks
guti (i ¼ L, R) with V0

8 . In contrast to the flavor conserv-

ing case, here we consider only two choices of coupling
combinations (a) gutL ¼ gutR or gutL ¼ �gutR and (b) gutL ¼ 0
or gutR ¼ 0 to study the three observables because corre-
sponding matrix element square is symmetric in both the
cases. The differential cross section in terms of flavor
violating neutral coupling guti for u �u ! t�t with QCD
s-channel and additional t-channel diagrams through V0

8

(NP) with respect to the cosine of the top quark polar angle
	 in the t�t c.m. frame is

d�̂

d cos	
¼ �
�2

s

9ŝ
ð2� 
2sin 2	Þ � �
�2

s

54ŝ2

ŝ2ðt̂�M2
V0
8

Þ
ðt̂�M2

V0
8

Þ2 þ �2
V0
8

M2
V0
8

ð1þ 
 cos 	Þ2ðgut2L þ gut2R Þ

þ �
�2
s

36ŝ

ŝ2

ðt̂�M2
V0
8

Þ2 þ �2
V0
8

M2
V0
8

½ðgut4L þ gut4R Þð1þ 
 cos	Þ2 þ 8gut2L gut2R ð1þ 
2Þ�; (8)

where t̂ ¼ ðpu � ptÞ2 ¼ ðp �u � p�tÞ2. Figure 5 shows the
variation of cross section as a function of coupling gutij ,
(i, j ¼ L or R) for both cases (a) and (b) for different MV0

8

same as in the FC case.

We observe the growth of the cross section with the
couplings due to the overall positive interference in
Eq. (8) generated from large negative value of t̂. It is
also observed that the variations are comparatively
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FIG. 5 (color online). Variation of the cross section �ðp �p ! t�tÞ with couplings gutij for flavor violating vector color octets
corresponding to different values of MV0

8
. The upper black dotted line associated with a blue band depicts the cross section 7:50�

0:48 pb from the CDF (all channels) [3], while the lower black dot-dashed line associated with a red band show theoretical estimate
7:2� 0:37 pb at NNLO [4]. (a) and (b) show the variation of � for axial-vector and right-handed cases [the cases (a) and (b) of the text,
respectively].
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flat with respect to the corresponding cases of the
flavor conserving scenarios due to the suppressed
t̂-channel propagator ðt̂�m2

V8
Þ2 þ �2

V0
8

M2
V0
8

in the inter-

ference term.
AFB as a function of couplings for both cases is plotted in

Fig. 6. We find that AFB is positive in both cases and

increases with coupling, the increase being more rapid
for lower mass.
The behavior of Ct�t can be studied by writing the matrix

element squared in terms of the same and opposite helicity
contributions as before. From Eqs. (A3)–(A5), we define
d�̂FV

S

d cos 	 and
d�̂FV

O

d cos 	 as

d�̂FV
S

d cos 	
¼ g4sð1� 
2Þsin 2	

2
48þ 2

3

ŝðt̂�M2
V0
8

Þ
ðt̂�M2

V0
8

Þ2 þ �2
V0
8

M2
V0
8

ðgut2L þ gut2R Þ þ ŝ2

ðt̂�M2
V0
8

Þ2 þ �2
V0
8

M2
V0
8

ðgut4L þ gut4R Þ
3
5

þ 8g4s
ŝ2

ðt̂�M2
V0
8

Þ2 þ �2
V0
8

M2
V0
8

gut2L gut2R ð1þ 
2Þ; (9)

d�̂FV
O

d cos 	
¼ g4sð1þ cos 2	Þ

2
48þ 2

3

ŝðt̂�M2
V0
8

Þ
ðt̂�M2

V0
8

Þ2 þ �2
V0
8

M2
V0
8

ðgut2L þ gut2R Þ þ ŝ2

ðt̂�M2
V0
8

Þ2 þ �2
V0
8

M2
V0
8

ðgut4L þ gut4R Þð1þ 
2Þ
3
5

þ g4sð2
 cos	Þ
2
42

3

ŝðt̂�M2
V0
8

Þ
ðt̂�M2

V0
8

Þ2 þ �2
V0
8

M2
V0
8

ðgut2L þ gut2R Þ þ 2ŝ2

ðt̂�M2
V0
8

Þ2 þ �2
V0
8

M2
V0
8

ðgut4L þ gut4R Þ
3
5: (10)

Analyzing the expression given in Eqs. (9) and (10) we find

that the contribution of
d�̂FV

S

d cos 	 in vector/axial-vector case

dominates over the
d�̂FV

O

d cos	 due to the presence of the cross

term proportional to ðgutL gutR Þ2 and hence spin correlation
decreases with the coupling as shown in the Fig. 7(a).
In contrast, this cross term vanishes for the pure right-

handed interactions and then the
d�̂FV

S

d cos 	 is suppressed by

ð1� 
2Þsin 2	=ð1þ 
2Þð1þ cos 2	Þ with respect to d�̂FV
O

d cos	 ,

rendering Ct�t to increase with the coupling as shown
in Fig. 7(b).

Our results are in broad agreement with the existing
results in the literature [31–34]. Their study was however

based on the earlier results from the Tevatron [5] with the
At�t
FB dependence on mt�t in two regions of � 450 GeV and

� 450 GeV, respectively.

C. �2 analysis

We have studied the production cross section and also

the model contribution to the observables. We further
analyze the one dimensional distribution plots and inves-

tigate the possibility to explain the observed At�t
FB anomaly.

Recently the CDF collaboration performed a detailed

seven bin analysis with invariant mass distribution of At�t
FB

from the reconstructed top pairs [7]. They observed that the

large forward-backward asymmetry comes from the higher
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FIG. 6 (color online). Variation of the AFB � ASM
FB with couplings gutij for flavor violating vector color octets corresponding to

different values of MV0
8
. (a) and (b) correspond to axial-vector and right-handed cases [the cases (a) and (b) of the text, respectively].
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invariant mass Mt�t bins of the top-antitop pair. The
forward-backward asymmetry as a function of Mt�t is
defined as

AFBðMt�tÞ ¼ NFðMt�tÞ � NBðMt�tÞ
NFðMt�tÞ þ NBðMt�tÞ ; (11)

where NF and NB are the events in the forward and back-
ward region, respectively. The analysis in Ref. [7] also
gives the four bin analysis of the At�t

FB with the top-antitop
rapidity difference distribution defined as

AFBðj�yjÞ ¼ Nð�y > 0Þ � Nð�y < 0Þ
Nð�y > 0Þ þ Nð�y < 0Þ ; (12)

where rapidity difference �y ¼ yt � y�t, Nð�y < 0Þ and
Nð�y > 0Þ are the number of events with positive and
negative rapidity difference, respectively.

We scan our model parameter space for a given mass of
the color-octet vector boson on the two dimensional plane
of two distinct product of couplings which can provide the
matched mt�t and �y distribution of At�t

FB with the observed
data. We perform �2 analysis for both FC and FV cases and
predict the set of best parameters which can possibly
explain the At�t

FB anomaly. To make this �2 study we take
into account the At�t

FB distribution over mt�t bins as well as
�y bins from the full Run II Tevatron data set [7]. We
define the combined �2 from the study of the mt�t and �y
distribution as For these analysis we use standard �2 fit,
defined as

�2 ¼ X
i

ðOth
i �Oexp

i Þ2
ð�OiÞ2

; (13)

where i is the mt�t or �y bin index, and Oith and Oexp
i are

model and experimental estimate of the At�t
FB in the ith bin,

respectively. The model estimate includes the both SM
and new physics contribution. �Oi is the experimental
error in the corresponding ith bin. We have considered

seven and four suggested bins for the mt�t and �y,
respectively. In addition we have also considered the total
cross section �ðp �p! t�tÞ¼7:5�0:31ðstatÞ�0:34ðsystÞ�
0:15ðZtheoryÞ pb [2] as one of the observed data. Therefore
we have used twelve observables to perform the analysis.
ForOith we have taken the total cross section for this study

as �tot¼K ��SMþ�NP, where K¼�NLO

�SM ¼1:046 and At�t
FB ¼

At�t
FB

SM NLO þ At�t
FB

NP.
The two dimensional parameter space [ð ffiffiffiffiffiffiffiffi

�LL

p
;

ffiffiffiffiffiffiffiffi
�RR

p Þ
for FC cases and (gutL ; g

ut
R ) for the FV case] with a given

fixed mass is scanned leading to the minimum value of the
�2 � �2

min . We plot histograms showing the mt�t spectrum

of At�t
FB at combined �2

min in Figs. 8(a), 8(c), and 8(e) for

flavor conserving cases and Figs. 9(a), 9(c), and 9(e) for
flavor violating cases, respectively. We have shown and
compared the slope of our best-fit line with that from the
experimental data in these figures and Tables II and IV.
Similarly Figs. 8(b), 8(d), and 8(f) for flavor conserving
cases and Figs. 9(b), 9(d), and 9(f) for flavor violating
cases exhibit the �y spectrum of At�t

FB at combined �2
min

along with the slope of the best fit line. These values
for the �y distribution of At�t

FB are also summarized in
Tables III and V.

IV. SINGLE TOP

In the SM, a single top quark production is studied
through three different channels with different final states,
respectively, which have their own distinct kinematics and
do not interfere with one another. The s-channel process
takes place through an off-shell time like W boson which
further decays into a top and bottom quark as shown in
Fig. 10(a). The t-channel process is the dominant one and
mediates through the exchange of a virtual W as shown in
Fig. 10(c). The t-channel process resembles deep inelastic
scattering while s-channel process resembles the Drell-Yan
process. The single top quark production cross section in

-0.2

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

C
t- t

gut
AA

200 GeV
350 GeV
500 GeV
700 GeV
900 GeV

Expt
 0.4

 0.45

 0.5

 0.55

 0.6

 0.65

 0.7

 0.75

 0.2  0.4  0.6  0.8  1  1.2  1.4

C
t- t

gut
RR

200 GeV
350 GeV
500 GeV
700 GeV
900 GeV

Expt

FIG. 7 (color online). Variation of the spin-correlation coefficient Ct�t with couplings gutij for flavor violating vector color octets
corresponding to different values ofMV0

8
. (a) and (b) correspond to axial-vector and right-handed cases [the cases (a) and (b) of the text,

respectively].
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these two modes have been estimated to be �NNNLO
t channel ¼

1:05� 0:11 pb, �NNNLO
s channel ¼ 0:52� 0:03 pb, respectively,

at the NNNLO approximation for mt ¼ 173 GeV [4].
Therefore the single top quark production in the t channel
is roughly twice of the s-channel production cross section

in the SM. The third channel for single top production is
the associated tW production as shown in Fig. 10(b) which
is estimated to be �NNNLO

Wt channel ¼ 0:11� 0:04 pb for mt ¼
173 GeV [4]. We do not consider this process for our
analysis. The single top quark production cross section in
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min for the three favorable point sets in parameter space at
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8
¼ 200, 500 and 900 GeV for flavor conserving case, shown in the shaded green histogram. The experimental data

point is shown with its error in black, while the SM (NLOþ QCD) with background subtracted are shown in the shaded pink
histogram. The black line in all graphs is the best-fit line with the experimental data while the green line depicts the best-fit line with
the model data.
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the t channel is thus expected to dominate over the
s-channel production both at the Tevatron and the LHC
while the cross section for tW production is very small at
the Tevatron but significant at the LHC. The three channels

discussed above are sensitive to quite different manifesta-
tions of physics beyond the SM, such as FCNC, existence

of color singlet/octet vector bosonsW 0�,H�, Z0, V�;0
8 etc.,

fourth generation quarks or detection of more general four
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TABLE II. The first three columns give the bin limits of the Mt�t, the observed At�t
FB with error

and the NLO (QCDþ EW) generated At�t
FB, respectively, [7]. The next three consecutive columns

provide the differential At�t
FB corresponding to the model parameters [given in Figs. 8(a), 8(c), and

8(e)] leading to �2
min at fixed coupling and MV0

8
in flavor conserving cases. The penultimate line

gives the �2
min for respective cases. The last line in the table gives the slope of the best fit line

with the simulated data.

Mt�t At�t
FB (� stat)

NLO

t�t-Bkg
200 GeVffiffiffiffiffiffiffiffi
�AA

p ¼ 0:30
900 GeVffiffiffiffiffiffiffiffiffiffiffi
�NAA

p ¼ 0:35
500 GeVffiffiffiffiffiffiffiffi
�RR

p ¼ 0:11

<400 GeV �0:012� 0:040 0.012 0.055 0.024 0.018

400–450 GeV 0:084� 0:050 0.031 0.101 0.074 0.005

450–500 GeV 0:158� 0:064 0.039 0.172 0.062 0.105

500–550 GeV 0:203� 0:083 0.060 0.135 0.118 0.254

550–600 GeV 0:143� 0:105 0.083 0.208 0.145 0.113

600–700 GeV 0:338� 0:128 0.077 0.172 0.230 0.142

� 700 GeV 0:377� 0:163 0.137 0.329 0.282 0.230

�2
min � � � � � � 6.05 5.27 7.43

Slope of

best-fit line

ð11:1� 2:9Þ � 10�4 3:0� 10�4 6:08� 10�4 7:04� 10�4 5:31� 10�4

TABLE III. The first three columns give the bin limits of the j�yj, the observed At�t
FB with error

and the NLO (QCDþ EW) generated At�t
FB, respectively, [7]. The next three consecutive columns

provide the differential At�t
FB corresponding to the model parameters [given in Figs. 8(b), 8(d), and

8(f)] leading to �2
min at fixed coupling and MV0

8
in flavor conserving cases. The penultimate line

gives the �2
min for respective cases. The last line in the table gives the slope of the best fit line

with the simulated data.

j�yj At�t
FB (� stat)

NLO

t�t-Bkg
200 GeVffiffiffiffiffiffiffiffi
�AA

p ¼ 0:30
900 GeVffiffiffiffiffiffiffiffiffiffiffi
�NAA

p ¼ 0:35
500 GeVffiffiffiffiffiffiffiffi
�RR

p ¼ 0:11

0.0–0.5 0:026� 0:035 0.009 0.046 0.018 0.015

0.5–1.0 0:065� 0:045 0.040 0.142 0.068 0.089

1.0–1.5 0:269� 0:066 0.074 0.209 0.184 0.133

� 1:5 0:299� 0:126 0.113 0.223 0.249 0.266

�2
min � � � � � � 4.41 1.87 4.73

Slope of

best-fit line

ð20:0� 5:9Þ � 10�2 6:7� 10�2 11:96� 10�2 16:18� 10�2 15:94� 10�2

TABLE IV. Same as Table I; first column gives the bin limits of the Mt�t and the next three
consecutive columns provide the differential At�t

FB corresponding to the model parameters [given

in Figs. 9(a), 9(c), and 9(e)] leading to �2
min in flavor violating cases.

Mt�t 200 GeV gutAA ¼ 0:26 500 GeV gutAA ¼ 0:53 900 GeV gutRR ¼ 1:26

<400 GeV 0.037 0.019 0.023

400–450 GeV 0.031 0.053 0.073

450–500 GeV 0.095 0.110 0.089

500–550 GeV 0.188 0.160 0.121

550–600 GeV 0.134 0.194 0.163

600–700 GeV 0.256 0.207 0.182

� 700 GeV 0.263 0.267 0.297

�2
min 4.92 4.14 4.93

Slope of best-fit line 6:85� 10�4 6:6� 10�4 6:74� 10�4
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fermion interactions. D0 reported the s-channel and
t-channel cross sections to be �s ¼ 0:68þ0:38

�0:35 pb and

�t ¼ 2:86þ0:69
�0:63 pb for mt¼172:5GeV, respectively, [14]

in agreement with the estimated cross sections in the
SM. However, very recently the CDF collaboration [13]
using 7:5 fb�1 of p �p collisions data collected in the Run II
experiment obtained�s¼1:81þ0:63

�0:58 pb and�t¼1:49þ0:47
�0:42 pb

where in the central values of s- and t-channel cross
sections are comparable. This is in conflict with the SM
NNNLO prediction. The total single top cross section
measured by this group �total ¼ 3:04þ0:57

�0:53 pb for mt ¼
172:5 GeV is however consistent with the total single top
production in the SM at the NNNLO approximation.

There are two alternative approaches available in the
literature to study t-channel single top quark production at
the LO and NLO. One of the approaches is based on the
2 ! 2 scattering process Fig. 10(c), where b quark is taken
to be present in the initial state. This is so called five flavor
(5F) scheme. In this scheme the presence of b jet and the
effect of b mass appears only at the NLO. In the second
approach the LO (Born process) is the 2 ! 3 scattering
process Fig. 10(d). In this four flavor (4F) scheme,

the b quark does not enter in the QCD evolution of the
parton distribution function. For details see [50,51]. The
approaches are shown to be equivalent and give the same
result at all orders in the perturbation expansion. In the
present work we treat the proton in the 5F scheme and study
the b-initiated 2 ! 2 process sincewe are only interested in
estimation of the total production cross section [52].
In this section we will study single top s-channel and

t-channel production in 3 � �3 model in flavor conserving
and flavor violating cases. Throughout our analysis we
assume jVtbj ¼ 1. In the flavor conserving case, the single
top production in the s channel and t channel proceeds
through the charge current interactions through V�

8 as

shown in Figs. 11(a) and 11(b), respectively. The flavor
violating mode mediates through flavor changing neutral
current via V0

8 as shown in Figs. 11(c) and 11(d), respec-

tively. The charged octet vector boson does not contribute
to the other processes in the top quark sector addressed
in our study. However, the contribution of the FCNC is
likely to provide the common global allowed parameter
space of the model from all the processes involving the top
quark sector.

FIG. 10 (color online). Leading order single top production channels in SM.

TABLE V. Same as Table II; first column gives the bin limits of the j�yj and the next three
consecutive columns provide the differential At�t

FB corresponding to the model parameters [given

in Figs. 9(b), 9(d), and 9(f)] leading to �2
min in flavor violating cases.

j�yj 200 GeV gutAA ¼ 0:26 500 GeV gutAA ¼ 0:53 900 GeV gutRR ¼ 1:26

0.0–0.5 0.031 0.022 0.035

0.5–1.0 0.072 0.101 0.077

1.0–1.5 0.139 0.149 0.149

� 1:5 0.317 0.260 0.235

�2
min 3.97 4.03 3.71

Slope of best-fit line 18:5� 10�2 15:24� 10�2 13:44� 10�2

FIG. 11 (color online). Leading order single top production channels mediated by the charged color-octet vector current are shown in
(a) and (b), and the flavor violating neutral color-octet vector current is shown in (d) and (e), respectively.
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A. Flavor conserving

The differential cross sections with respect to the
emerging angle of the single massive top quark cos 	t the
s-channel subprocess u �d ! t �b, and the t-channel sub-
process ub ! td are given as

d�u �d!t �b

d cos	t
¼ �
0�2

s

18ŝ

1

ðŝ�M2
V8
Þ2 þM2

V8
�2
V8

� ½Cþûðû�m2
t Þ þ C�t̂ðt̂�m2

t Þ�; (14)

d�ub!td

d cos 	t
¼ �
0�2

s

18ŝ

1

ðt̂�M2
V8
Þ2 þM2

V8
�2
V8

� ½Cþŝðŝ�m2
t Þ þ C� t̂ðt̂�m2

t Þ�; (15)

where

C� ¼ ðjCtb
L j2 þ jCtb

R j2ÞðjCud
L j2 þ jCud

R j2Þ
� ðjCtb

L j2 � jCtb
R j2ÞðjCud

L j2 � jCud
R j2Þ

and 
0 ¼ 1�m2
t

ŝ
: (16)

It is evident from Eq. (16) that the contribution for the
pure vector current and pure axial current is identical
which also holds true between the right and left chiral
contributions. We study the variation of the single top
quark production in the s channel with the couplings for
various vector octet masses which are shown in Figs. 12(a)
and 12(b) corresponding to the charged axial and right-
chiral current, respectively. We observe the sharp growth in
the cross sections even with the smaller couplings and later
flattens out with the increasing mass of the octet.
Figures 12(c) and 12(d) depict the variation in the

t-channel mode. It is evident that the plugging of decay
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FIG. 12 (color online). Variation of the cross section with flavor conserving couplings for various vector color-octet masses MV�
8
. In

the top panels in (a) and (b) the upper dotted black line and associated blue band depict the CDF central value and the one sigma band,
respectively, for s-channel cross section 1:81þ0:63

�0:58 pb [13], while the lower dot-dashed black line with a red band shows the theoretical

central value and the one sigma band, respectively, for 1:05� 0:07 pb at NNNLO [4]. Similarly in the lower panels (c) and (d) the
experimental central value is shown with the lower dotted black line and the associated 1-sigma green band and 2-sigma blue band
correspond to t-channel cross section 1:49þ0:47

�0:42 pb from CDF [13]. The upper dot-dashed black line associated with a red band shows

the theoretical central value and one sigma band for 2:10� 0:19 pb at NNNLO [4].
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width in the t-channel propagator flattens the variation of
the curve with respect to couplings. Since there is no
interference between the SM and color-octet model (for
both the channels), we find that the cross section grows
with the coupling and decreases with the mass of the color-
octet vector bosons.

B. Flavor violating

FCNC induces additional channels for single top quark
production. These additional Feynman diagrams are
shown in Figs. 11(c) and 11(d). This contribution is
realized through the flavor changing coupling gutL;R at

one of the vertices only but can be mediated through
both s and t channels. This then would make the life

uncomfortable for measuring s and t channels separately
as the final states for both the diagrams are the same.

For this we need to have a combined study of s and t
channels with one FV vertex from the new physics

sector. Thus the new physics contribution at the ampli-

tude level is proportional to the product of the flavor

conserving coupling gqL;R and flavor violating coupling

gutL;R. We define
ffiffiffiffiffiffiffiffiffi
fq;utij

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffi
gqi g

ut
j

q
for i � L, R, V, A. The

differential cross section with respect to cos	t for the

s-channel subprocess q �q ! t �uðq ¼ d; s; c; bÞ, sþ t chan-
nel subprocess u �u ! t �u and tþ u channel subprocess

uu ! tu assuming top quark mass mt and others to be

massless is given as

d�q �q!t �u

d cos	t
¼ �
0�2

s

18ŝ

1

ðŝ�M2
V0
8

Þ2 þM2
V8
�2
V0
8

½Vþûðû�m2
t Þ þV�t̂ðt̂�m2

t Þ� (17)

d�u �u!t �u

d cos	t
¼ �
0�2

s

18ŝ

8<
: 1

ðŝ�M2
V0
8

Þ2 þM2
V0
8

�2
V0
8

½Vþûðû�m2
t Þ þV�t̂ðt̂�m2

t Þ�

� 2

3

ðŝ�M2
V0
8

Þ
ðŝ�M2

V0
8

Þ2 þM2
V0
8

�2
V0
8

ðt̂�M2
V0
8

Þ
ðt̂�M2

V0
8

Þ2 þM2
V0
8

�2
V0
8

ûðû�m2
t Þ½ðguuL gutL Þ2 þ guuR gutR Þ2�

þ 1

ðt̂�M2
V0
8

Þ2 þM2
V0
8

�2
V0
8

½Vþŝðŝ�m2
t Þ þV�ûðû�m2

t Þ�
9=
;; (18)

d�uu!tu

d cos 	t
¼ �
0�2

s

18ŝ

8<
: 1

ðt̂�M2
V0
8

Þ2 þM2
V0
8

�2
V0
8

½Vþûðû�m2
t Þ þV�ŝðŝ�m2

t Þ�

þ
2ðt̂�M2

V0
8

Þðû�M2
V0
8

Þ
ððt̂�M2

V0
8

Þ2 þM2
V0
8

�2
V0
8

Þððû�M2
V0
8

Þ2 þM2
V0
8

�2
V0
8

Þ ŝðŝ�m2
t Þ½ðguuL gutL Þ2 þ guuR gutR Þ2�

þ 1

ðû�M2
V0
8

Þ2 þM2
V0
8

�2
V0
8

½Vþt̂ðt̂�m2
t Þ þV�ŝðŝ�m2

t Þ�
9=
;; (19)

where

V� ¼ ðjgutL j2 þ jgutR j2ÞðjgqqL j2 þ jgqqR j2Þ � ðjgutL j2 � jgutR j2ÞðjgqqL j2 � jgqqR j2Þ:

Since the amplitude is the quadratic symmetric function of
the left and right-handed couplings, the axial and vector
currents are identical and so is the case for right- and left-
handed currents. We have also taken into account the
additional decay channels contributing to the total decay
width of the color-octet neutral vector boson due to the
introduction of FV couplings. We exhibit the variation of

the single top quark production with the product of the

couplings
ffiffiffiffiffiffiffiffiffi
fq;utij

q
for different flavor violating color-octet

neutral vector boson masses in Figs. 13(a) and 13(b)

corresponding to the axial and right-chiral currents. We

observe that the couplings fi are quite sensitive to the

production cross section for the cases. It would then imply
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that for a given FC coupling the single top production can
constrain the FV coupling more severely than the top-pair
production.

V. SAME-SIGN TOP

Introduction of the flavor violating couplings involving
first and third generation for the top-pair production
also induces the new channel for same-sign top/antitop
pair production. The same-sign top production is highly

suppressed in SM because it involves higher order flavor
changing neutral current interactions.
In the present study the process uuð �u �uÞ ! ttð�t �tÞ pro-

ceeds through the exchange of neutral color-octet vector
boson V0

8 with flavor changing neutral current interactions

between the first and third generation only in the t channel
and the exchange diagram u channel as shown in Fig. 14.
The differential cross section for uuð �u �uÞ ! ttð�t �tÞ with

respect to the cosine of the top quark polar angle 	 in the tt
c.m. frame is

d�̂

dcos	
¼ �
�2

s

ðt̂�M2
V0
8

Þ2 þM2
V0
8

�2
V0
8

ŝ

18
½2ðgut4L þ gut4R Þ þ gut2L gut2R ð1þ 
cos	Þ2�

þ
2�
�2

sðt̂�m2
V0
8

Þðû�m2
V0
8

Þ
ððt̂�M2

V0
8

Þ2 þM2
V0
8

�2
V0
8

Þððû�M2
V0
8

Þ2 þM2
V0
8

�2
V0
8

Þ
ŝ

9

�
ðgut4L þ gut4R Þ � 2gut2L gut2R

m2
t

ŝ

�

þ �
�2
s

ðû�M2
V0
8

Þ2 þM2
V0
8

�2
V0
8

ŝ

18
½2ðgut4L þ gut4R Þ þ gut2L gut2R ð1� 
cos	Þ2�; (20)

where ŝ ¼ ðpu þ puÞ2 is the squared c.m. energy of the

system with top quark velocity 
 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

t =ŝ
p

.
We study the variation of the production cross section

�ðp �p ! ttþ �t �tÞ with respect to axial-vector and right-
chiral FCNC couplings, respectively. To compare with
the experimental results we allow these tops/antitops to decay
through leptonic channels only as shown in Figs. 15(a)
and 15(b). However, the nonobservability of same-sign
dilepton events at the hadronic colliders restricts the
parameter space of the model generating such events. In
Fig. 16(a) we depict the constrain on the left- and right-
chiral couplings from the observed cross section of
�ðp �p ! ttþ �t �tÞ � BR½W ! l��2 � 0:54 pb for the com-
bined signature of the same-sign top-pair and same-sign

antitop pair production and then decaying through the
respective leptonic channels [16]. CMS [17] and ATLAS
[18] data constrain the parameter space from �ðpp ! ttÞ
only with observed cross section � 17 pb and � 1:7 pb,
respectively. Figures 16(b) and 16(c) provide the

FIG. 14 (color online). Diagrams for same-sign top production
through V0

8 in (a) t and (b) u channels.
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FIG. 13 (color online). Variation of the combined cross section �ðp �p ! t �bþ �tbÞ and �ðp �p ! tjþ �tjÞ with couplings
p
fq;utij

corresponding to different values ofMV0
8
. In (a) and (b) the upper dotted black line and associated blue band depict the central value of

combined experimental sþ t channel cross section and one sigma allowed region of 3:04þ0:57
�0:53 pb from the CDF [13], while the lower

dot-dashed black line with a red band shows the theoretical estimate and its uncertainty 3:15� 0:26 pb at NNNLO [4].
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8
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The upper dotted line depicts the maximum allowed �ttþ�t �t � BRðW ! l�Þ2 ¼ 54 fb with a 95% confidence level [16].
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95% confidence level exclusion contours in the two dimen-
sional plane of flavor violating chiral couplings gutL and gutR
for a given color-octet mass corresponding to the observed
data from CMS and ATLAS, respectively.

We observe that these contours severely narrows the
allowed parameter space contributing to the top-antitop
pair production and generating the positive At�t

FB.

VI. CONSISTENCY WITH THE t �t
AND DIJET PRODUCTION AT LHC

In the previous section we investigated the parameter
region for color-octet vector bosons and found constraints
on the masses and couplings by taking total top quark pair
production at the Tevatron including single top quark
production and same-sign top quark production cross
sections. We then analyzed the exclusion region of the
parameters via same-sign top quark pair production at the
Tevatron as well as at the LHC. Additionally, fitted data for
At�t
FB at the Tevatron restricted the parameter space further

and gave some favorable parameters in the model consid-
ered in this article. Further investigations can then lead to
exclusion/acceptance of the parameters by studying trans-
verse momentum of the final states and invariant mass
differential distributions for top-pair and dijet production
cross sections. The other observables like S, T parameters
and the Z decay width effects further constraint the color-
octet vector boson model but these studies are beyond the
scope of this article; detailed studies can be found in [39].
In this section we investigate the consistency of the favor-
able parameters found at the Tevatron by studying the cross
section, charge asymmetry, spin correlation, invariant mass
differential distributions for top quark pair production and
dijets production data at the LHC.

A. t �t production and mt �t distribution

The color-octet vector bosons not only contribute to the
t�t production cross section both at the Tevatron and the
LHC but modify its shape as a function of invariant mass
mt�t as well. The t�t resonance searches will put constraints
on the resonance mass. For t�t production, the decay width
of the color-octet vector boson is relevant for MV8

> 2mt

so that the top pair can be produced at resonance. Earlier
studies incorporated rather large values of the decay width,
e.g., �V8

� 0:1–0:2MV8
. We have on the other hand used

the width calculated for the parameters employed in our
study of the cross sections.
We explore the subspace of the parameters of the color

octets which can explain the observed forward-backward
asymmetry at the Tevatron as discussed in Sec. III C and
thus attempt to examine the admissibility of these data
points with respect to the recently observed LHC data.
As a first step, we compare the cross section of the
Tevatron and the LHC for the t�t production corresponding
to the same values of the couplings with a given resonant
mass and the nature of the exchange current. This is shown
in Fig. 17(a) where the t�t cross section induced by the
flavor conserving couplings within the allowed experimen-
tal limits for the Tevatron and the LHC are depicted on the
x and y axes, respectively. To highlight the chosen data
points we mark the focus points in the figure along with
a prediction from the SM. The two vertical lines in the
figure corresponds to the 1-� boundaries of the maximum
allowed �t�t at the Tevatron [2,3]. It is clear from the figure
that the observed �t�t at the Tevatron completely lies
within the experimentally observed range of �t�t at the
LHC [53]. In Fig. 17(b) the same is plotted for the flavor
violation case.
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FIG. 17 (color online). The x and y coordinates on the curve depict the production cross sections �t�t at the Tevatron and the LHC,
respectively, corresponding to a fixed value of the coupling and the resonant mass for (a) flavor conserving and (b) flavor violating
cases. The highlighted colored data points correspond to the focus points mentioned in Tables II and IV. Vertical lines depict the 1-�
boundary for CDF [2] and D0 [3], respectively, as given in the text. The black point corresponds to the SM NNLO approximate value
of at the LHC (165.2 pb) and the Tevatron (7.2 pb) [4].
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Unlike the Tevatron, the LHC possess a rich potential for
the new physics resonant searches both for the threshold
and the boosted production of the unlike sign top pairs. The
differential cross sections for the t�t production are studied
in Ref. [54] along with Z0 and other new physics resonant
searches in Ref. [55]. No significant deviations from the
SM are observed. We investigated the one dimensional
distribution of the transverse momentum of the top and
the invariant mass of the top pairs. Any large deviation that
might occur due to the color-octet contribution in these
distributions will exclude the corresponding resonant mass
and the couplings. In Figs. 18(a) and 18(b) we show pT and
mt�t distribution at the LHC for the preferred values of
parameters required to obtain the experimentally observed
At�t
FB. The pT distribution as well as the t�t invariant mass

distribution for 7 TeV LHC data show a clear narrow
resonance for MV8

¼ 900 GeV on top of the SM back-

ground. Since ATLAS and CMS [54,55] have not yet
observed any kind of such resonance effect for the pT

and mt�t distribution, the octet vector boson model with
MV8

¼ 900 GeV can be excluded with the coupling con-

stant of 0.35.
In the flavor violation case t�t production proceeds

through V0
8 exchange in the t channel and therefore no

resonance effect is expected.

B. Charge asymmetry and spin correlation

We found that the t�t production data at the Tevatron
shows a relatively large At�t

FB; the LHC data on the other
hand exhibits a small ‘‘charge asymmetry’’ AC given by

AC ¼ Nð�jyj> 0Þ � Nð�jyj< 0Þ
Nð�jyj> 0Þ þ Nð�jyj< 0Þ ; (21)

where�jyj ¼ jytj � jy�tj is the difference between absolute
rapidities of the top and antitop quarks. In the SM both the
asymmetries At�t

FB and AC are generated at the NLO of
QCD. The most recent results from the CMS [56]

and ATLAS [57] collaborations at the LHC give
AATLAS
C ¼ �1:9� 2:8ðstatÞ � 2:4ðsystÞ% and ACMS

C ¼
�1:3� 2:8ðstatÞþ2:9

�3:1ðsystÞ%. These values are consistent

with the SM prediction, AC ¼ 1:15� 0:06% within the
experimental uncertainty [58].
Both the asymmetries depend on the coupling of color

vector bosons with light and top quarks, i.e., on the
q �q ! t�t process. We provide a scatter plots in Figs. 19(a)
and 19(b) in order to study the correlation between At�t

FB at
the Tevatron and AC at the LHC for three different vector
boson masses corresponding to FC and FV interactions.
In these figures x and y coordinates depict the At�t

FB in
the Tevatron and AC at the LHC, respectively, for a
fixed value of the resonant mass and the coupling. The
range of the couplings on the x axis is chosen such that it
generates the appropriate At�t

FB observed in the t�t production
at the Tevatron. The favorable points mentioned in
Tables II and IV are encircled in the figure. The inner and
outer pair of vertical lines corresponds to the 1- and 2-�
boundaries of the experimental forward-backward asym-
metry at the Tevatron [7] while horizontal line shows the
1-� boundary of the experimental charge asymmetry at the
LHC [56].
The LHC provides a unique platform to study the spin

and polarization distribution of top and antitop for both the
threshold and boosted events. We study and compare the
contribution of the color octets to the spin-correlation
coefficient Ct�t. To constrain the parameter space we plot
the curves in the Figs. 20(a) and 20(b) for the flavor
conserving and violating cases, respectively. Each point
ðx; yÞ on the curve estimates the contribution to Ct�t at the
Tevatron and the LHC, respectively, corresponding to a
fixed value of the resonant mass and the coupling.
The vertical and the horizontal lines depicts the experi-
mental central values of Ct�t at the Tevatron and the LHC,
respectively. We observe that our focus points which are
highlighted in the figure are in good agreement with the
experimental values within 1� error estimations.
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mentioned in Table II.

SUKANTA DUTTA, ASHOK GOYAL, AND MUKESH KUMAR PHYSICAL REVIEW D 87, 094016 (2013)

094016-20



C. Dijet resonance searches

Recent searches for dijet resonances in 7 TeV pp colli-
sions at ATLAS and CMS [36] provide exclusion limits for
axigluon/coloron masses. CMS data exclude axigluons and
colorons with mass less than 2.47 TeV at 95% confidence
level while ATLAS exclusion limits are between 0.60 and
2.10 TeV for the same resonances. The color-octet vector
bosons produced from the q �q initial state will give rise to
dijet events by decaying into the q �q states. The dijet cross
section thus depends on the same parameters namely MV8

,

�V8
, gqL and gqR as the other observables considered in the

study. Whereas the t�t cross section depends on the product
of the couplings of the color-octet vector bosons with light

and top quarks gqi gtjði; j ¼ L; RÞ, the dijet cross section

depends only on ðgqL=RÞ2 and therefore can provide a more

stringent bounds on these couplings from the direct reso-

nant searches. As discussed in the Introduction, the CMS

and ATLAS collaborations have performed a search of

narrow dijet resonances. The dijet resonance searches are

based on the narrow width approximation and therefore

they do not constraint vector bosons with large width.
We study the pT distribution of the jet with highest pT

and invariant mass distribution of the two highest pT jets in
the SM and then compare the distribution with the specific
choices of resonant mass along with their couplings as
mentioned in Table II for the flavor conserving case. It is
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to be noted that there is no contribution from flavor violat-
ing couplings involving the first and third generation
quarks.

We have imposed the standard acceptance cuts for these
distributions. The minimum dijet invariant mass mjj is

taken to be 200 GeV along with the required pseudorapid-
ity separation j��j � 1:3 and both jets satisfying j�j �
2:5. We show the pT distribution in Fig. 21(a) with the bin
width 10 GeVand the invariant mass distribution of the two
highest pT jets in Fig. 21(b) with bin width 50 GeV.

The d�=dmjj distribution are all in good agreement with

the SM QCD background within the experimental error
bars except for the case of MV8

¼ 900 GeV. Therefore the

MV8
¼ 900 GeV resonance can be excluded based on the

resonant searches not only from the t�t production but also
from the dijet searches as well.

VII. SUMMARYAND CONCLUSION

We have revisited and extended the analysis of the color-
octet vector boson model in the top sector at the Tevatron
and the LHC for FC and FV couplings. We have considered
the effect of decay width of the color-octet vector bosons
throughout our analysis and configured our study to con-
strain the parameter space of the model from the observed
differential distribution of the forward-backward asymme-
try with 8:7 fb�1 full data set of the CDF collaboration at
the Tevatron [7] and charge asymmetry data set from the
LHC at 7 TeV [56], which was missing in the literature
[22,31,32]. We have made an attempt to find a parameter
space which is also consistent with the spin-correlation
observation at the Tevatron [43,44], single top production
at the Tevatron [13], same-sign top production at the
Tevatron [16] and the LHC [17,18] and dijet invariant
mass distribution at the LHC [36]. The observed features
of our analysis for top quark physics at the Tevatron and the
LHC are enumerated as follows:

(1) We notice an appreciable contribution to At�t
FB and a

spin-correlation coefficient from the axial current
and the right-handed chiral current without trans-
gressing the production cross sections within the
experimentally allowed one sigma region.

(2) We scanned the parameter space of the model to
explain the anomaly observed in one dimensional
mt�t and j�yj distributions of At�t

FB. We predict
few focus points based on the �2 minimization at
�2
min which are likely to satisfy these constraints.

This is summarized in Tables II and III and in
Tables IVand V for the flavor conserving and flavor
changing neutral currents, respectively. mt�t distribu-
tion of At�t

FB corresponding to focus points are also
depicted in Figs. 8(a), 8(c), 8(e), 9(a), 9(c), and 9(e)
for FC and FV couplings, respectively. Similarly the
agreement with respect to j�yj distribution is shown
in Figs. 8(b), 8(d), 8(f), 9(b), 9(d), and 9(f) for flavor
conserving and violating cases, respectively.

(3) We verified that the top quark couplings correspond-
ing to these focus points evade the lower bounds on
the chiral couplings required to form top quark
condensates [35].

(4) Single top quark production through a massive color
charged vector boson is studied for the s and t
channels separately with distinguishable final states
as in the SM. We observe that a large parameter
region is allowed by the one and two sigma bands
corresponding to s and t channels, respectively,
from the CDF [13]. Since we have performed our
analysis with jVtbj2 ¼ 1, we need to be careful
about the interplay of new physics parameters and
allowed deviation for jVtbj from unity.

(5) The introduction of a flavor changing neutral current
for the t�t production also induces the single top
production in s and t channels with the same
final states. So, we compared our results with the
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p ¼ 7 TeV corresponding to the SM

and the focus points mentioned in Table II for flavor conserving case.
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observed combined cross sections from s and t
channels at the Tevatron. We find that the cross
section of the single top quark production is com-
paratively more sensitive to the new physics cou-
plings in comparison to the t�t model. We are able to
constrain the product of FC and FV couplings of the
neutral current from this process.
As discussed in Sec. II, the inclusion of nonuniversal
couplings in the up quark sector help the product of
flavor violating couplings to evade the low energy
stringent bounds from B and D physics. The bench-
mark points obtained by us are consistent with all
the observables discussed above and are in broad
agreement with those obtained in Ref. [22].

(6) Consistency of the color-octet vector boson model
with respect to focus points is examined in the light
of recent LHC data in Sec. VI. We probed the
admissibility of the constrained parameter space at
the LHC which explained the required At�t

FB at the

Tevatron as mentioned in Sec. III C. We observe that
the focus points do not transgress the cross section
of the top-pair production [53] as well as the mea-
sured charge asymmetry [56] and spin correlation
[59] at the LHC.
To have more insight on the implication of the new
physics parameter space we study the pT and mt�t

distributions of the top pair. We find that all our FC
focus points as mentioned in Table II except for the
higher resonance mass of 900 GeV are consistent
with the observations at the LHC.
The correlation study of the At�t

FB at the Tevatron and

AC at the LHC in Figs. 19(a) and 19(b) shows that
the large At�t

FB at the Tevatron can be accommodated

by the recent observations at the LHC within a 2-�
limit. The spin-correlation coefficient predicted
with constrained parameter space of the color ex-
cited states at the LHC are also found to lie within
the one-� limit of the experimental values [43,59].

(7) The ballpark estimate of the production cross sec-
tions of the color exotics involving the light quark
color-octet vector interactions are given in Table I.
Since the strongest bound for the light quark cou-
plings to the color exotics comes from the dijet
searches, we studied the transverse momentum and
invariant dijet mass distribution at the LHC corre-
sponding to the parameter space which generated a
large At�t

FB at the Tevatron. We observe an appre-

ciable deviation for the color octet at 900 GeV
similar to that observed for mt�t distribution.

(8) We also studied the production cross section of
same-sign top and antitop pairs via FV couplings
at the Tevatron. We imposed the constraints of non-
observability of large same-sign dilepton events at
the Tevatron and provided the 95% exclusion con-
tours in Fig. 16(a) on the plane of chiral couplings.

Exclusion contours at 95% are also computed
from recent results at CMS and ATLAS for the
same-sign top production only which are depicted
in Figs. 16(b) and 16(c), respectively. The con-
straints from the LHC restrict the allowed parameter
space of FV to a narrow allowed region. We observe
that all focus points except one (900 GeVwith gutR ¼
1:26) corresponding to FV couplings as shown in
Fig. 16(c) lies within this narrow allowed region.

Our analysis for the top quark physics in the vector color-
octet model based on the recent observations at the
Tevatron and the LHC has shrunk the allowed parameter
space to a great extent. We propose four focus data points
(two each from flavor conserving and violating couplings)
which can explain the At�t

FB anomaly at the Tevatron and are
also consistent with the t�t, same-sign top and dijet produc-
tion cross sections and associated observables at the LHC.
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APPENDIX: COMPUTATION OF
HELICITYAMPLITUDES

1. Helicity amplitudes for q �q ! t �t
via flavor conserving vector octets

All couplings are in units of gs. g
q
L¼gtL¼gqR¼gtR¼1

for SM,

M
V0
8þ��� ¼ F sg

q
RðgtL þ gtRÞ

ŝ

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 
2

q
sin 	

¼ MV8�þ

ðL $ R; R $ LÞ; (A1)

M
V0
8þ��
 ¼ F sg

q
R½ðgtL þ gtRÞ 
 
ðgtL � gtRÞ�

ŝ

2
ð1� cos 	Þ

¼ MV8�þ
�ðL $ R; R $ LÞ; (A2)

where

F s ¼ g2sT
aTa

ðŝ�M2
V0
8

Þ þ iMV0
8
�V0

8

;

and Ta are the SU(3) matrices.
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2. Helicity amplitudes for q �q ! t �t
via flavor violating vector octets

MV8þþ�� ¼ F tg
ut
R g

ut
L ŝð1� 
Þ

¼ MV8��

ðL $ R; R $ LÞ; (A3)

MV8þ��� ¼ F tg
ut2
R

ŝ

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 
2

q
sin 	

¼ MV8�þ��ðL $ R; R $ LÞ; (A4)

MV8þ��
 ¼ F tg
ut2
R

ŝ

2
ð1� 
Þð1� cos 	Þ

¼ MV8�þ
�ðL $ R; R $ LÞ; (A5)

where

F t ¼ g2sT
aTa

ðt̂�M2
V0
8

Þ þ iMV0
8
�V0

8
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