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Motivated by the recent unexpected large forward-backward asymmetry of the top-quark observed by

D0 and CDF at the Tevatron, we investigate a possible explanation for the anomaly within the framework

of diquark models. In the diquark models, the top-quark pair production is mediated by the u-channel

diagram. It is found that the color-triplet diquark can generate the forward-backward asymmetry of 20%

when the constraint from the cross section of the top-quark pair production is taken into account.

DOI: 10.1103/PhysRevD.82.034034 PACS numbers: 12.39.�x

Although most experimental data are consistent with the
standard model (SM) predictions, it is believed that the SM
is just an effective theory of a more fundamental one yet to
be discovered. For a correct understanding of the hierarchy
problem of the Higgs mass and Planck scale, neutrinos
masses, matter-antimatter asymmetry, dark matter, etc,
new physics beyond the SM should be included.
Theorists and experimentalists have put a lot of effort to
investigate the existence of new physics. If such new
physics exists, it can be probed either directly at a collider
or indirectly through precise measurements. Intriguingly,
the new measurements at Tevatron on the forward-
backward asymmetry (FBA) in the top-quark pair produc-
tion at

ffiffiffi
s

p ¼ 1:96 TeV may provide the clue for the ex-
istence of new physics.

When the D0 Collaboration published the first measure-
ment on the FBA in top-quark pair production in the p �p
laboratory frame with 0:9 fb�1 of data, an unexpected
large FBA of top-quark was found [1]. Subsequently,
CDF also observed the same phenomenon by using
1:9 fb�1 [2]. Furthermore, with an integrated luminosity
of 3:2 fb�1, the updated CDF’s result in the p �p laboratory
frame is given by [3]

At
FB ¼ 0:193� 0:065ðstatÞ � 0:024ðsystÞ: (1)

The indication of large FBA of the top-quark is not
smeared by statistic. In the SM, since the top-quark pair
production is dominated by the strong interaction QCD
contribution, due to C-parity invariance, a vanishing FBA
at the leading order is expected. However, a nonvanishing
FBA can be induced at the next-to-leading order [4] and is
given by At

FB ¼ 0:05� 0:015. Comparing the SM predic-
tion with the latest CDF’s measurement, although the
deviation of data from the SM result is less than 3�, the
difference could actually originate from new physics con-
tributions. Motivated by the recent measurements of D0
and CDF at Tevatron, several possible explanations to the
observed FBA have been proposed in several studies. [5–

11]. In this paper, we investigate the impact of colored
scalars ‘‘diquarks’’ on the FBA of the t�t production at
Tevatron, where the diquark will contribute to the t�t pro-
duction through a u-channel diagram.
It is known that the scalar sector of the SM has not been

tested directly by any experiments; it is plausible to assume
the existence of other possible scalars within SUð3Þc �
SUð2ÞL �Uð1ÞY gauge symmetry. Theoretically, exotic
color states are well motivated. For example, one can
find: color nonsinglet scalar fields for CP violation
[12,13], color scalar quarks in supersymmetry with
R-parity violation [14], a supersymmetric SUð2ÞL �
SUð2ÞR � SUð4Þc model that embeds the seesaw mecha-
nism for neutrino masses where a color-sextet Higgs fields
appears at TeV range [15]. Consequently, the general scalar
representations could be ð1; 2Þ1=2, ð8; 2Þ1=2, ð6; 3Þ1=3,
ð6; 1Þ4=3;1=3;�2=3, ð3; 3Þ�1=3, ð3; 1Þ2=3;�1=3;�4=3, where the

first (second) argument in the brackets denotes the repre-
sentation in color (weak isospin) space and the number in
the subscript corresponds to the hypercharge of Uð1ÞY
[12,13,16]. Besides the SM Higgs doublet, it has been
shown in Ref. [16] that when the hypothesis of minimal
flavor violation is imposed and if the scalar is flavor singlet
[17], only the representation ð8; 2Þ1=2 could avoid flavor

changing neural currents at the tree level. As a result, the
couplings of color octet to quarks are associated with the
quark masses. Therefore, the s-channel induced process
u �uðd �dÞ ! t�t in the color-octet model is negligible. In
addition, due to the suppression of the Cabibbo-
Kobayashi-Maskawa matrix element Vtd, the t channel
d �d ! t�t process induced by charged color octet turns out
to be rather small. In the following analysis, we will
concentrate on the situation of the color triplet and sextet.
For understanding what kind of colored scalars could

contribute to FBA of the top quark, we display various
possible scalar diquarks in Table I [18], where the second
column in the table denotes the representations of the
diquarks under SUð3Þc � SUð2ÞL �Uð1ÞY , the third col-
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umn gives the interactions of quarks and diquarks, and the
fourth column displays the relation of couplings in flavors.
The notations used in the Table are as follows: the indices
ði; jÞ and ð�;�Þ stand for the flavors and colors,Q and uðdÞ
denote the SUð2ÞL doublet and singlet quarks, ����H� and

H�� represent the color-triplet and sextet, respectively,
fc ¼ C �fT with C being the charge conjugation operator
and � ¼ i�2. The involved couplings are considered as free
parameters. From the table, we find that the t�t pair in p �p
collisions can be produced via d �d ! t�t and u �u ! t�t pro-
cesses, where the former is represented by models (1)–(5)
while the latter is dictated by models (6) and (7). To be
more specific, we sketch the associated Feynman diagrams
in Fig. 1. Owing to the diquarks being color triplet and
sextet in each diagram, for not showing the specific di-
quark, we have suppressed their color indices. In addition,
one can also easily find that the couplings of diquarks to
quarks are chiral, in other words, only left- or right-handed
quarks are involved in the diquark models. Because of the
chiral interactions, it is expected that a large FBA in t�t
production could be induced by the diquark contribution.

Since our purpose is to illustrate the impact of diquarks
on the FBA of top-quark production, we will not demon-
strate the results of all models shown in Table I. Instead, we
select the diquarks of ð3; 1;�4=3Þ and ð6; 1; 4=3Þ as repre-
sentative, where the t�t pair is produced through a u-channel
diagram with the diquark exchange as depicted in Fig. 1.
Accordingly, the interactions of color-triplet and sextet
diquarks with quarks are, respectively, written by

L 3 ¼ �f3ij �ui�PLu
c
j��

���Hy
3� þ H:c:;

L6 ¼ �f6ij �ui�PLu
c
j�H

��
6 þ H:c:;

(2)

where the indices i and j are the quark flavors, f3ij ¼ �f3ji,

f6ij ¼ f6ji, ð�;�; �Þ stand for the color indices, ���� is

antisymmetric tensor in color space, and PLðRÞ ¼
ð1� �5Þ=2 is the helicity projection. In terms of Eq. (2),
the process u �u ! t�t could proceed through the following
interactions:

L ¼ 2f3ut �u�PLt
c
��

���Hy
3� þ 2f6ut �u�PLt

c
�H

��
6 þ H:c:

(3)

Before presenting the amplitude of u �u ! t�tmediated by
the gluon and the diquarkH, let us first define a convenient
notation for the following calculations. The momenta of
the incoming up-quark and anti–up-quark, outgoing top
and outgoing anti-top quarks are denoted by pu, p �u, pt, and
p�t, respectively, such that pu þ p �u ¼ pt þ p�t. The mo-
mentum can be written as

pu; �u ¼
ffiffiffî
s

p
2
ð1; 0; 0;�1Þ

pt;�t ¼
ffiffiffî
s

p
2
ð1;�� sin�; 0;�� cos�Þ;

(4)

where �2 ¼ 1� 4m2
t =ŝ and � is the scattering angle in the

center-of-mass frame of the partons. Neglecting the up-
quark masses of the incoming partons, the Mandelstam
variables are defined as follows:

ŝ ¼ ðpu þ p �uÞ2 ¼ ðpt þ p�tÞ2;

t̂ ¼ ðpu � ptÞ2 ¼ ðp �u � p�tÞ2 ¼ m2
t � ŝ

2
ð1� � cos�Þ;

û ¼ ðpu � p�tÞ2 ¼ ðp �u � ptÞ2 ¼ m2
t � ŝ

2
ð1þ � cos�Þ:

(5)

By combining both the gluon SM contribution and the
diquark contribution at leading order, the amplitude can be
written as

MSMþHðu �u ! t�tÞ ¼ g2s
ŝ
½ �vuðp �uÞ��TauuðpuÞ�

� ½ �utðptÞ��T
avtðp�tÞ� � j2futj2

2ðû�m2
HÞ

� ½ �vuðp �uÞ��PRuðpuÞ �utðptÞ
� ��PRvtðp�tÞ þ �c �ut�ðptÞ
� ��PRv

�
t ðp�tÞ �vu�ðp �uÞ

� ��PRu
�
u ðpuÞ�; (6)

where �c ¼ �ðþÞ denotes the color triplet (sextet), Ta are
the generators of the SUð3Þc group, gs is the gauge cou-
pling constant. In addition, we have adopted the Fierz
transformation �q1PLq2 �q3PRq4 ¼ ð	=2Þ �q1��PRq4 �q3�
��PLq2 and �qc1��PLq

c
2 ¼ 	 �q2��PRq1 in which fqig are

the spinors and 	 ¼ þð�Þ when fqig are regarded as c
FIG. 1. Feynman diagrams for (a) d �d ! t�t generated by mod-
els (1)–(5) and (b) u �u ! t�t generated by models (6) and (7).

TABLE I. Various diquark models for the d �d ! t�t and u �u !
t�t.

Model H Interaction flavor symmetry

(1) ð3; 1;�1=3Þ fij �Q
c
i��Qj�"

���H� fij ¼ fji
(2) ð3; 1;�1=3Þ fij �di�u

c
j�"

���Hy
� � � �

(3) ð6; 1; 1=3Þ fij �Q
c
i��Qj�H

y�� fij ¼ �fji
(4) ð6; 1; 1=3Þ fij �di�u

c
j�H

�� � � �
(5) ð3; 3;�1=3Þ fij �Q

c
i��H�Qj�"

��� fij ¼ �fji
(6) ð3; 1;�4=3Þ fij �ui�u

c
j�"

���Hy
� fij ¼ �fji

(7) ð6; 1; 4=3Þ fij �ui�u
c
j�H

�� fij ¼ fji
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numbers (field operators). Then, the squared amplitude
takes the following form:

X jMSMþHj2 ¼ 4
2�2
s

N2
c

ðN2
c � 1Þ

�
1þ �2cos2�þ 4m2

t

ŝ

�

� 
�s

N2
c

�c

�
N2

c � 1

2

�
f02utŝ

û�m2
H

�
�
ð1þ � cos�Þ2 þ 4m2

t

ŝ

�

þ 1

8N2
c

NcðNc þ �cÞ f04utŝ2

ðû�m2
HÞ2

� ð1þ � cos�Þ2; (7)

where we have already summed over the final state color
and averaged over the initial spin and color, f0ut ¼ 2fut and
Nc ¼ 3. We note that since the propagator in the u-channel
diagram depends on the scattering angle �, the FBA may
arise not only from the cos� term in Eq. (7), but also from
the constant term and the cos2� term. The partonic differ-
ential cross section for the subprocess u �u ! t�t in the
parton rest frame is given by

d�̂

d cos�
¼ �

32
ŝ

X jMSMþHj2 : (8)

To obtain the hadronic cross section �, the partonic one is
then convoluted with the parton distribution functions. In
our study we have used PDF distribution CTEQ6 [19] at
the leading order and set the renormalization and factori-
zation scales to �F ¼ �R ¼ mt. Accordingly, the FBA in
top-quark pair production is defined by

At
FB ¼ �ð� � 0Þ � �ð� � 0Þ

�ð� � 0Þ þ �ð� � 0Þ ; (9)

where � denotes the rapidity of top quarks and is defined
by � ¼ 2tanh�1ð� cos�Þ.

Before presenting our numerical analysis, it is worth
discussing the strict constraints by other low energy pro-
cesses such as D0 � �D0 mixing. It has been studied in
Ref. [18] that the diquark of ð6; 1; 4=3Þ representation
could contribute to D0 � �D0 mixing by a tree diagram
while the diquark of the ð3; 1;�4=3Þ representation would
contribute through the box diagram. Nevertheless, since
the related parameter for the former is fuc while the latter is
futf

	
ct, by setting fct to be small enough, fut could escape

the direct constraint fromD0 � �D0 mixing. In other words,
fut could be taken as a free parameter and could be of the
order of unity in our study. The only involved free parame-
ters are the coupling fut and the diquark mass mH, which
could be constrained with the use of the experimental
measurement of t�t cross section �ðp �p ! t�tÞ from [20]

�ðp �p ! t�tÞexp ¼ 7:5� 0:31ðstatÞ � 0:34ðsystÞ
� 0:15ðthÞ pb; (10)

where the SM prediction is �ðp �p ! t�tÞSM ¼ 6:73þ0:71
�0:79 pb

[21]. In our numerical estimation, we usemt ¼ 172:5 GeV
with �s ¼ 0:1095 we take as input the experimental value
given by Eq. (10) with 1� errors. In addition, for matching
the cross section of p �p ! t�t up to the next-to-leading order
in the SM [21], a QCD K-factor of 1.3 has been multiplied
everywhere in our calculations.
With the above inputs, we are now ready to present our

numerical analysis for the contributions of color-triplet and
-sextet diquarks separately. In terms of Eqs. (7) and (8) and
with �c ¼ �1, the inclusive cross section for t�t production
mediated by gluons and the triplet diquark is displayed in
Fig. 2(a), where the solid, dashed, and dash-dotted lines
denote the influence of triplet diquark with mH ¼ 300,
500, and 800 GeV, respectively. The band shown in the
plot is the experimental measurement of the t�t cross section
with 1� errors. Clearly, �ðp �p ! t�tÞ is sensitive to the
diquark contribution. Moreover, by Eq. (9), we present
the FBA in top-quark pair production in Fig. 2(b). When
we contrast Fig. 2(a) with Fig. 2(b), it is clear that with the
same values of parameters, the triplet diquark can fit both
the FBA of (10–30)% as well as the t�t cross section
�ðp �p ! t�tÞexp simultaneously. As it can be seen from
Fig. 2, this could happen when f0ut is located in the range
(1.67,1.83), (2.22, 2.43), and (3.04, 3.39) for mH ¼ 300,
500, and 800 GeV, respectively.
Similarly, with �c ¼ þ1, the t�t cross section �ðp �p !

t�tÞ mediated by the sextet diquark as a function of f0ut is
illustrated in Fig. 3(a), in which the solid, dashed, and
dash-dotted lines represent the contributions from mH ¼
300, 500, and 800 GeV, respectively. In Fig. 2(a) and 3(a),
we can see that the behavior of the triplet and sextet
contribution in t�t production is quite different. In some
region of f0ut, the interference between triplet diquark and
SM-gluon contribution is destructive. In contract, the in-
terference between the sextet diquark and SM-gluon con-
tribution is all the time constructive. This different
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FIG. 2 (color online). (a) Cross section for inclusive top-quark
pair production and (b) FBA of the top quark in the triplet
diquark model, where the solid, dashed, and dash-dotted lines
denote mH ¼ 300, 500, and 800 GeV, respectively. The bands in
the plots denote the experimental data with 1� errors.
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behavior between triplet and sextet is mainly due to the
sign of the second term in Eq. (7) for which the triplet
diquark is negative while the sextet diquark is positive.
Furthermore, we show the associated At

FB defined by

Eq. (9) in Fig. 3(b). From Figs. 3(a) and 3(b), one can
easily see that the sextet diquark could not fit the current
data of At

FB and �ðp �p ! t�tÞexp simultaneously.
According to previous analysis, we have shown that the

color-triplet diquark plays an important role on the top-
quark FBA. To be more clear, we have shown how
�ðp �p ! t�tÞ and At

FB are affected by the free parameters

of the diquark models. For this purpose, we perform a
systematic scan over the parameters f0ut and mH of the
triplet diquark. In Fig. 4(a), we show the allowed values of
f0ut and mH that satisfy the measurement of �ðp �p ! t�tÞ
within 1� errors. Furthermore, with those allowed values,
we make a two-dimensional contour as a function of f0ut
and mH in Fig. 4(b), where the labels in the plot denote the
corresponding values of At

FB. From the contour plot, not

only can one easily see the influence of the triplet diquark

on the FBA of the top quark, but also one can understand
the correlation between f0ut and mH.
In the present analysis, we have shown the effects of

colored scalars on the FBA in top-quark production. If the
diquark particles with a mass of the orderOð100 GeVÞ exit
in the Universe, they could be produced at hadron colliders
such as Tevatron and LHC. Those diquarks can be pro-
duced through the annihilation of a pair of up quarks uu !
H6 [22,23] and in association with the top quark through
ug ! �tH3;6 [10]. The scalar diquark can also be produced

in a pair, such a production process proceeds through the
QCD couplings of the diquark. The general cross section of
scalar diquark pair production is given in the first reference
of [23] at the tree level. Here, we plot in Fig. 5, scalar
triplet pair production at the LHC with different energies.
The factorization scale has been set to �F ¼ mH3

. As we

can see, the total production cross section of the triplet
scalar can reach 17 fb, 78 fb, and 2.6 pb for 7, 10, and
14 TeV, respectively, for a diquark mass of 400 GeV. Note
that at the LHC with 14 TeV with low luminosity of 1 fb�1

would lead to 2600 raw events which could be enough to
extract a signal.
If kinematically allowed, the scalar diquark would then

decay into tttt in the case of pair production which would
lead to the same-sign dileptons signal. Single production of
a scalar diquark can lead to double top tt and single top tu,
tc plus jet production depending on its mass, coupling, and
the representation of the colored scalar. Note that some
decay channels of the diquark such as tt, which could lead
to same-sign dileptons plus multijets if both top-quarks
decay semileptonically, do not exist in the SM and would
be, in principle, easily distinguished from the SM back-
ground. At the Tevatron, the production rate of diquark is
rather small, whereas the production rate of diquark is
rather large at the LHC [23]. Hence, the LHC provides a
good environment to discover the diquarks and study their
properties. In summary, an unexpected large FBA of the
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FIG. 4 (color online). (a) The allowed range of f0ut and mH by fitting the measurement of �ðp �p ! t�tÞexp with 1� errors. (b) Contour
for FBA as a function of f0ut and mH, where the results in (a) have been applied.
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FIG. 3 (color online). Legend is the same as Fig. 2 but for the
sextet diquark model.

ABDESSLAM ARHRIB, RACHID BENBRIK, AND CHUAN-HUNG CHEN PHYSICAL REVIEW D 82, 034034 (2010)

034034-4



top quark has been observed by the CDF and D0
Collaborations [1–3]. To account for this anomaly, we
study the contribution of diquarks to the FBA in top-quark
production. We find that the parameters of diquark models
involved in u �u ! t�t can escape the strict limit imposed by
D0 � �D0 mixing, therefore the measured cross section of

top-pair production at the Tevatron is the main constraint.
We show that with the current data of �ðp �p ! t�tÞ within
1� errors, only the color-triplet diquark can give a large
and consistent FBAwith the updated measurement of CDF
[3], while the color-sextet representation can not fit simul-
taneously the At

FB and �ðp �p ! t�tÞexp.
We thank Dr. J. Shu and Dr. J. F. Kamenik for their

useful discussions on the color factor and the sign con-
vention in the interference between SM and diquark con-
tributions. A.A thanks LPTAUniversity Montpellier-II for
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KEK theory exchange program for physicists in Taiwan
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by the National Science Council of R.O.C under Grant
No. NSC-97-2112-M-006-001-MY3.
Note added.—While we were finishing the present work,

we received a paper [11] dealing with a similar subject.
Our result agrees with [11] in the case of the color-triplet
diquark. However, our results for triplet and sextet di-
quarks are consistent with paper [24].
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