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We consider the top-quark pair production at the upcoming LHC and investigate the contributions of the

new particles to the related observables within the framework of the littlest Higgs model with

T-parity(LHT). It is found that the LHT model can generate significant corrections to the t�t production

cross section and their spin correlations.
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I. INTRODUCTION

The top quark, first observed at Fermilab in 1995 [1,2],
is the heaviest fundamental fermion discovered to date. It
may play an important role in the mechanism of electro-
weak symmetry breaking (EWSB) [3], and especially new
physics connected to EWSB may be found through preci-
sion studies of top-quark observables. Compared with
lighter quarks, which are permanently confined in bound
states with other quarks or antiquarks, the lifetime of the
top quark is extremely short so that its properties are not
polluted by the hadronization process. Due to the V � A
interaction within the standard model (SM), top-quark spin
information can be transferred into its decay products [4].
In particular, phenomena associated with their spins are
reflected directly in the distributions and the corresponding
angular correlations of their decay products, eg., jet, w-
boson, or charged lepton. These distributions are deter-
mined by the t and �t polarizations and spin correlations
induced by the production mechanism(s). Hence spin-
polarization and spin-correlation phenomena can provide
valuable information about the interactions of top quarks.
An attempt to detect these spin correlations in a small t�t
dilepton sample collected at the Tevatron was recently
reported by the D0 collaboration [5]. Furthermore, it is
possible to measure the observables that depend on the top-
quark spin, providing a good probe for tests of the SM and
for searches for new physics beyond the SM.

At LHC, huge number events of top quarks will be
produced every year. It is possible to measure the top-quark
properties with high precision at this facility in order to
search for new physics beyond the SM. As far as theoreti-
cal predictions on top-quark pair production are concerned,
the cross sections for spin-averaged top-quark pair produc-
tion have been known at next-to-leading order (NLO) in
QCD [6–8]. As to top-quark spin phenomena at hadron
colliders there exists an extensive literature on theoretical
investigations within the SM [9–15] and beyond [16–23],
There are also several studies of effects of new physics
models on the top spin correlations [24–26].

For the existence of the large enhancement to the
Yukawa coupling in new physics models, studying the
Yukawa electroweak radiative corrections is specially in-
teresting. By far, a lot of works have appeared to study the
non-SM one-loop corrections to the top-quark pair produc-
tion at LHC in the context of new physics models, such as
minimal supersymmetric standard model [27–29] and two-
Higgs-doublet model [30]. In this paper, we focus on
studying the hadronic top-quark pair production and decay
at leading order LO under the framework of the littlest
Higgs model with T-parity(LHT) [31–34] by taking the
spin information of the top quarks into account.
The layout of the present paper is as follows: the essen-

tial features of the LHT model [31–34] related to our work
is briefly reviewed in Sec. II. The radiative corrections to
the top-quark pair production at LHC is investigated, and
the related numerical results for the total cross section, the
spin asymmetry, etc. are obtained in Sec. III. Finally the
conclusion and a short discussion are given.

II. THE ESSENTIAL FEATURES OF THE LHT
MODEL

The LHT model is based on a SUð5Þ=SOð5Þ global
symmetry breaking pattern. A subgroup ½SUð2Þ �
Uð1Þ�1 � ½SUð2Þ �Uð1Þ�2 of the SUð5Þ global symmetry
is gauged and at the scale f it is broken into the SM
electroweak symmetry SUð2ÞL � SUð1ÞY . Under
T-parity, particle fields are divided into T-even and
T-odd sectors. The T-even sector consists of the SM par-
ticles and a heavy top-quark Tþ, while the T-odd sector
contains heavy gauge bosons ðBH; ZH;W

�
H Þ, a scalar triplet

(�), and a copy of leptons and quarks.
We use the Goldstone-boson equivalence theorem (ET)

[35–39] to calculate the leading electroweak Yukawa con-
tributions to the anomalous gt�t coupling, and adopt the
notations as: h is the Higgs boson; �0, �� is eaten by SM
gauge bosons Z and W; �, !0, !� are eaten by the T-odd
heavy gauge bosons BH, ZH, W

�
H , respectively. In T-odd

sector, there are three heavy quarks t�, b�, and T� con-
tributing to gt�t coupling, which are T-parity partners of SM
top, bottom quarks and the heavy T-even Tþ quark.*jinyan_liu1987@163.com
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At the order of v2=f2, the masses of the T-odd set of the
SUð2Þ �Uð1Þ gauge bosons are given by:

MBH
¼ g0fffiffiffi

5
p

�
1� 5�2

8f2

�
;

MZH
� MWH

¼ gf

�
1� �2

8f2

�
:

(1)

Where � ¼ 246 GeV is the scale of the EWSB, g0 and g
are the SM Uð1ÞY and SUð2ÞL gauge coupling constants,
respectively. Because of the smallness of g0, the gauge
boson BH is the lightest T-odd particle, which is stable,
electrically neutral, and weakly interacting particle. Thus,
it can be seen as an attractive dark matter candidate [34].

Assuming there is flavor universal and diagonal Yukawa
coupling k, the T-odd quarks for different family will be
degenerate in mass, and the masses of the up- and down-
type T-odd fermions can be written as:

Mt� � ffiffiffi
2

p
kf

�
1� �2

8f2

�
; Mb� � ffiffiffi

2
p

kf: (2)

Being f � 500 GeV, it is clear from Eq. (2) that there is
Mt� � Mb� .

As for the heavy T-even Tþ quark and its partner T�,
their masses are given by [40]:

MTþ ¼ f

v

mtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XLð1� XLÞ

p
�
1þ v2

f2

�
1

3
� XLð1� XLÞ

��
;

(3)

MT� ¼ f

v

mtffiffiffiffiffiffi
XL

p
�
1þ v2

f2

�
1

3
� 1

2
XLð1� XLÞ

��
; (4)

where XL ¼ �2
1=ð�2

1 þ �2
2Þ is the mixing parameter be-

tween the SM top-quark t and the new top-quark Tþ, in
which �1 and �2 are the Yukawa coupling parameters.

In this paper we use the ’t Hooft-Feyman gauge, so the
Goldstone-Boson mass is the same as its corresponding
gauge boson, that is to say:

m!�;0 ¼ MWH
; m� ¼ MBH

: (5)

III. TOP-QUARK PAIR PRODUCTION AND
DECAYS OF THE POLARIZED TOP QUARK

AT LHC

At hadron colliders, top-quark pair t�t is produced pre-
dominantly by the strong interactions. At the LHC, their
production is mainly due to gluon gluon fusion, while q �q
annihilation contribute only a small part. In the context of
the LHT model, the Feynman diagrams for the processes
contributing to t�t pair production are depicted in Fig. 1.
Note that the black dot in Fig. 1. represents the effective gt�t
vertex induced by the new particles predicted in the LHT
model. The effective gt�t vertex receives the contributions
from the interactions like (h� t� Tþ), (�0 � t� Tþ),

(!0� t� t�), (�� t� t�), (!�� t�b�), and (�� t�
T�). The corresponding Feynman rules can be found in
[40]. Note that the interaction between the scalar triplet �
and top quark also exists, but its contribution is small and
can be neglected.
The invariant amplitudes for the processes gðp1Þ�

gðp2Þ! tðk1;stÞ�tðk2;s�tÞ and qðp0
1Þ �qðp0

2Þ ! tðk1; stÞ�tðk2; s�tÞ
can be written as follows:

Ma ¼ g2sT
afabcðp1 � p2Þ���ðp1Þ��ðp2Þ

g��

ðp1 þ p2Þ2
� �uðk1; stÞ½Aa�

� þ iBa�
�	ðp1 þ p2Þ	

þ Ca

�
�� � 2mt

ðp1 þ p2Þ2
ðp1 þ p2Þ�

��
�ðk2; s�tÞ; (6)

Mb ¼ �ig2sT
aTb �vðp0

1Þ��uðp0
2Þ

g��

ðp0
1 þ p0

2Þ2
�uðk1; stÞ

�
�
Aa�

� þ iBa�
�	ðp0

1 þ p0
2Þ	

þ Ca

�
�� � 2mt

ðp0
1 þ p0

2Þ
ðp0

1 þ p0
2Þ�

��
�ðk2; s�tÞ; (7)

FIG. 1. Feynman diagrams for t�t pair production contributed
from LHT.
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Mc ¼ �ig2sT
aTb��ðp1Þ��ðp2Þ �uðk1; stÞ

� ½Ac�� þ Bcðk1 � p1Þ�p6 1 þ Ccðk1 � p1Þ��5

þDcðk1 � p1Þ�p6 1�
5 þ Ecðk1 � p1Þ� þ Fc���

5

þGcp6 1�� þHcp6 1���
5� ðk6 1 � p6 1 þmtÞ
ðk1 � p1Þ2 �m2

t

� ���ðk2; s�tÞ; (8)

Me ¼ �ig2sT
aTb��ðp1Þ��ðp2Þ �uðk1; stÞ��

ðk6 1 � p6 1 þmtÞ
ðk1 � p1Þ2 �m2

t

� ½Ae�� þ Beðk1 � p1Þ�p6 2 þ Ceðk1 � p1Þ��5

þDeðk1 � p1Þ�p6 2�
5 þ Eeðk1 � p1Þ� þ Fe���

5

þGep6 2�� þHep6 2���
5��ðk2; s�tÞ; (9)

Mg ¼ g2sT
aTb��ðp1Þ��ðp2Þ �uðk1; stÞ��

k6 1 � p6 1 þmt

ðk1 � p1Þ2 �m2
t

� ½~�ðk6 1 � p6 1Þ þ ðk6 1 � p6 1Þð
ZV � 
ZA�5Þ

þmt
mt� k6 1 � p6 1 þmt

ðk1 � p1Þ2 �m2
t

���ðk2; s�tÞ: (10)

Where gs is the strong coupling strength, T is the color
generator, and fabc is the structure constant of SUcð3Þ. The
invariant amplitudes Md, Mf, Mh can be, respectively,

obtained from Mc, Me, Mg under the interchange

p1 $ p2. The form factors appearing in Ma and Mb can
be found in [41], and the others are listed in the
Appendix A 1 and A 2. We also list the counterterms

ZV , 
ZA etc. in Appendix A 3.

For the process

pp=ðp �pÞ ! t�t; (11)

the corresponding differential cross section can be written
as follows

d�tot

dX
¼ X

ab

Z
dx1dx2fa=pðx1; �FÞfb=pðx2; �FÞ d�̂ðŝÞdX

;

(12)

where X can be chosen to be the t�t invariant massMt�t or the
transverse momentum PT of top quark, etc. ŝ ¼ x1x2s is
the effective center-of-mass energy squared for the par-
tonic process. ab ¼ q �q or gg, and fa=pðx;�FÞ denotes the
parton distribution function (PDF) of parton a in hadron p.
In our numerical calculation, we use CTEQ6.1L [42] and
set the factorization scale �F ¼ mt ¼ 172:7 GeV.

In the LHT model, the total cross section �tot which
contains both the LHT and SM contributions depends on
the free parameters f, k, and XL. About the involved
parameters f, some constraints come from the electroweak
precision data [34], which, however, depend on the masses
of T-odd fermions and the parameter 
c (its value is related
to the details of the ultraviolet completion of the theory).

Hence, in our numerical calculations we relax the con-
straints on the parameters f, and let it vary in the range
500 GeV � f � 2000 GeV. For XL is the mixing parame-
ter between the SM top-quark t and the new top-quark Tþ,
which exact formula has been given in Sec. II and its value
in the range 0 � XL � 1. And k is a parameter at the order
of 1, which varies in the range 0:11 � k � 4:8 [43]. To
simply our calculation, we fix k ¼ 0:6 and take f and XL as
free parameters.
To illustrate the contributions of the LHT model to the

production cross section � of the process pp ! t�t, we
define the relative ratio as follows:

R1 ¼
��������
�tot � �SM

�SM

��������; (13)

where �SM include only the SM contributions. The nu-
merical results for R1 as a function of the scale parameter f
for three different XL values with

ffiffiffi
s

p ¼ 10ð14Þ TeV are
displayed in Fig. 2(a) and 2(b). One can find that the value
of R1 increases as the parameters XL increases and f
decreases. For XL ¼ 0:2 and 500 GeV � f � 2000 GeV,
the value of R1 is in the range of 0:2� 0:15. But for XL ¼
0:8, its value nearly increase to 1, which means that the
correction of the LHT model to the t�t production cross
section can reach 100%.
To see whether the observables can be measured in the

upcoming LHC, in Fig. 3 we plot �1, �2 by allowing f to
vary from 500 GeV to 2000 GeVand fixXL ¼ 0:4. Here we
also show the required cross sections �� for one t�t pair event
produced at the LHC with the integrated luminosity of
300�1 fb. The cross section �� is defined as follows:

�� ¼ 1 event

300 fb�1
: (14)

Note that �1;2 is the results for
ffiffiffi
s

p ¼ 10ð14Þ TeV, respec-
tively. One can find from our results that at the LHC, the
observable is under the LHC detect ability. So our results
can be detected in the LHC experiments.
The relative ratio R2ðPTÞ for the top-quark transverse

momentum distribution (PT) of the process (11) can be
defined as:

R2ðPTÞ ¼
��������
d�tot=dpT � d�SM=dpT

d�SM=dpT

��������: (15)

The results for R2ðPTÞ at LHC with
ffiffiffi
s

p ¼ 14 TeV are
shown in Fig. 4. For 300 GeV � PT � 2000 GeV,
R2ðPTÞ varies in the range 0:55� 0:2, 0:6� 0:4, 0:65�
0:5 for f ¼ 2000 GeV, 1000 GeV and 500 GeV,
respectively.
We can also define a similar observable R3ðMt�tÞ related

to the t�t invariant mass Mt�t distribution as follows

R3ðMt�tÞ ¼
��������
d�tot=dMt�t � d�SM=dMt�t

d�SM=dMt�t

��������: (16)

We show the results for R3 at LHC with
ffiffiffi
s

p ¼ 14 TeV for
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XL ¼ 0:6 and three f values in Fig. 5. One can find that R3

drop rapidly with mt�t increasing. For 500 GeV � mt�t �
2000 GeV, R3 is in the range of 0:29� 0:23, 0:28� 0:22
and 0:27� 0:21 for f ¼ 500 GeV, 1000 GeV and
2000 GeV, respectively. Obviously the relative corrections
to the top-quark transverse momentum and t�t invariant
mass distribution are significant and might be detected at
the upcoming LHC experiments.

Finally we consider the t�t spin correlations induced by
LHT. We consider the process

pp ! t�t ! ‘þ‘0� þ X: (17)

The double differential distribution can be defined as [15]:

1

�

d�2

d cos�‘þd cos�‘�
¼ 1

4
ð1þ B1 cos�‘þ þ B2 cos�‘�

� C cos�‘þ cos�‘�Þ; (18)

where �‘þ ð�‘�Þ denotes the angle of the charged lepton ‘þ
ð‘�Þ with respect to the chosen spin axis â (b̂) in the top-
quark (top antiquark) rest frame and � denotes the cross
section for the process (17). Here we choose the helicity
basis to analyze the top spin correlation at the LHC. In this
basis, the top (antitop) spin axis is regarded as the direction
of motion of the top (antitop) in the top-antitop center-of-
mass system. The coefficients B1 and B2 are associated
with a polarization of the top and antitop quarks, and C
reflects the strength of the t�t spin correlations. In the
following we focus on investigating C. Obviously, without

FIG. 3. The LHT model contributions to the production cross
section � as a function of the parameter f with

ffiffiffi
s

p ¼
10ð14Þ TeV. The horizontal solid line corresponds to the cross
section �� for one event at the LHC with the integrated lumi-
nosity of 300�1 fb.

FIG. 4. R2 as a function of the top-quark transverse momentum
PT for three values of f at the LHC with

ffiffiffi
s

p ¼ 14 TeV.

FIG. 2. R1 as a function of the scale parameter f for three different XL values at LHC with
ffiffiffi
s

p ¼ 10 TeV(a) and
ffiffiffi
s

p ¼ 14 TeV(b).
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the acceptance cuts, C can be expressed as

C ¼ 4
�ðþþÞ þ �ð��Þ � �ðþ�Þ � �ð�þÞ
�ðþþÞ þ �ð��Þ þ �ðþ�Þ þ �ð�þÞ ; (19)

where�ðþ�Þ denotes the cross section for cos�‘þ > 0 and
cos�‘� < 0, etc. We also define a relative ratio of the t�t spin
correlation as follows

R4 ¼
��������
Ctot � CSM

CSM

��������: (20)

In Fig. 6 we plot the relative correction parameter R4 as a
function of the scale parameter f and three values of the
mixing parameter XL at LHC with

ffiffiffi
s

p ¼ 14 TeV. One can
see from Fig. 6 the ratio R4 is sensitive to the parameter XL

and f. For 500 GeV< f <�2000 GeV, R4 varies in the
range [0.01, 0.001], [0.48, 0.05], and [1.18, 0.08] for XL ¼
0:4, 0.6 and 0.8, respectively. It is clear that in reasonable
ranges of the free parameters, the signals induced by LHT
may be detected at LHC.

IV. CONCLUSIONS AND DISCUSSIONS

The LHT model is one of the attractive little Higgs
models. It is not only consistent with electroweak precision
tests but also predicts the existence of the heavy new
particles, such as new heavy top-quark ðTþ; T�Þ, new
gauge bosons (BH, W

�
H , and ZH) and T-odd fermions.

These new particles might produce the observability sig-
natures in future high energy collider experiments. In
particular, these new particles can generate significant
corrections to the gt�t vertex and further contribute top-
antitop pair production. In this paper, we investigate the
relative corrections from LHT to the production cross
section �, the transverse top-momentum distribution
d�=dpT and the t�t invariant mass distribution d�=dmt�t,
etc. for the pp ! t�t process at LHC. Our numerical results
show that, in most of the parameter space, the LHT model
can give large contributions to these observables. The
possible signatures of the LHT model might be tested at
the upcoming LHC.
t�t spin-correlation phenomena can provide valuable in-

formation on top-quark production mechanism and its
decay dynamics, and can be used as good tool to search
for new physics beyond SM. Furthermore, the t�t spin-
correlation C can be measured at hadron colliders. As an
application of our results, we further consider the contri-
butions of the LHT model to t�t spin correlation. We find
that, with reasonable values of the free parameters, the
relative ratio of LHT to SM for t�t spin-correlation C can
be over 100%.
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APPENDIX

In this appendix, we give the form factors Ac �Hc

appearing in the vertex corrections. Here the vertex of
the St�t where S represents the scalar particle in LHT has
the general form iðgV þ gA�5Þ.
First we consider the irreducible triangle-loop correc-

tion, which is given in Fig. 7. Here q is the momentum of

FIG. 6. The ratio R4 as a function of f for three values of XL at
LHC with

ffiffiffi
S

p ¼ 14 TeV.

FIG. 5. The ratio R3 as a function ofMt�t for three values of f at
LHC with

ffiffiffi
s

p ¼ 14 TeV.

FIG. 7. Feynman diagram for the irreducible triangle-loop
correction.
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the gluon,tmomentum is on shell while �tmomentum is off
shell. Then the effective vertex can be written as follows:

�� ¼ �igsT
a�2�

Z ddl

ð2�Þd iðgV þ gA�
5Þ iðl6 þ q6 þmFÞ
ðlþ qÞ2 �m2

F

� ��

iðl6 þmFÞ
ðlÞ2 �m2

F

ið�gV þ gA�
5Þ 1

ðlþ q� p1Þ2 �m2
S

¼ gsT
a�2�

Z ddl

ð2�Þd

� N�

½ðlþ qÞ2 �m2
F�½ðlÞ2 �m2

F�½ðlþ q� p1Þ2 �m2
S�

(A1)

with

N� ¼ ðgV þ gA�
5Þðl6 þ q6 þmFÞ��ðl6 þmFÞð�gV þ gA�

5Þ
¼ ðgV þ gA�

5Þðl6 þ q6 Þ��l6 ðgV þ gA�
5Þ

þmFðgV þ gA�
5Þ��l6 ð�gV þ gA�

5Þ
þmFðgV þ gA�

5Þðl6 þ q6 Þ��ð�gV þ gA�
5Þ

þm2
FðgV þ gA�

5Þ��ðgV þ gA�
5Þ: (A2)

Then we can get:

�� ¼ igs
16�2

½A�� þ Bp1�q6 Bp1��5 þDp1�q6 �5 þ Ep1�

þ F���5 þGq6 �� þHq6 ���5�: (A3)

The form factors for the other diagrams can be obtained in
the same way. The factors in Mc and Me are listed bellow.

1. Form factors appearing in Mc

Ac ¼ 1

16�2

1

4ðp1 	 qÞ fðg
2
A þ g2VÞ½ðB0ð0; m2

F;m
2
FÞ

� B0ðp1p2s; m
2
F;m

2
SÞÞðm2

F �m2
S þm2

t Þ�
þ 2ðp1 	 qÞð�1þ B0ðp1p2s; m

2
F;m

2
SÞ

� 4C0ð0; m2
t ; p1p2s; m

2
F;m

2
F;m

2
SÞm2

FÞg � 
ZV

(A4)

Bc ¼ � 1

16�2

1

4½m2
t � 2ðp2 	 qÞ�ðp2 	 qÞ2

ðg2A þ g2VÞfðB0ð0; m2
F;m

2
FÞ � B0ðp1p2s; m

2
F;m

2
SÞÞðm2

F �m2
S þm2

t Þm2
t

� 2½2B0ðp1p2s; m
2
F;m

2
SÞm2

F � B0ðm2
t ; m

2
F;m

2
SÞm2

F � 2B0ðp1p2s; m
2
F;m

2
SÞm2

S þ 2B0ðm2
t ; m

2
F;m

2
SÞm2

S þm2
t

þ B0ðp1p2s; m
2
F;m

2
SÞm2

t � B0ðm2
t ; m

2
F;m

2
SÞm2

t � 2C0ð0; m2
t ; p1p2s; m

2
F;m

2
F;m

2
SÞm2

Fm
2
t þ A0ðm2

FÞ þ A0ðm2
SÞ�

� ðp1 	 qÞ þ 4ð1þ 2C0ð0; m2
t ; p1p2s; m

2
F;m

2
F;m

2
SÞm2

FÞðp2 	 qÞ2g (A5)

Cc ¼ 1

16�2

1

ðp1 	 qÞ½m2
t � 2ðp1 	 qÞ�mt

½gAgVðB0ðp1p2s; m
2
F;m

2
SÞ � B0ðm2

t ; m
2
F;m

2
SÞÞm2

t ðm2
F �m2

S þm2
t Þ

þ 2ðB0ðm2
t ; m

2
F;m

2
SÞm2

F � B0ðm2
t ; m

2
F;m

2
SÞm2

S � B0ðp1p2s; m
2
F;m

2
SÞm2

t þ B0ðm2
t ; m

2
F;m

2
SÞm2

t

� A0ðm2
FÞ þ A0ðm2

SÞðp1 	 qÞÞ� (A6)

Dc ¼ 1

16�2

�1

2½m2
t � 2ðp2 	 qÞ�ðp2 	 qÞ2

gAgV½ðB0ð0; m2
F;m

2
FÞ � B0ðp1p2s; m

2
F;m

2
SÞÞm2

t ðm2
F �m2

S þm2
t Þ

� 2ðB0ð0; m2
F;m

2
FÞm2

F � 2B0ðp1p2s; m
2
F;m

2
SÞm2

F � B0ð0; m2
F;m

2
FÞm2

S þ 2B0ðp1p2s; m
2
F;m

2
SÞm2

S �m2
t

þ B0ð0; m2
F;m

2
FÞm2

t � B0ðp1p2s; m
2
F;m

2
SÞm2

t � 2C0ð0; m2
t ; p1p2s; m

2
F;m

2
F;m

2
SÞm2

Fm
2
t þ A0ðm2

FÞ � A0ðm2
SÞ�ðp2 	 qÞ2

(A7)

Ec ¼ 1

16�2

�1

2ðp1 	 qÞ f�2ðB0ðp1p2s; m
2
F;m

2
SÞ � B0ðm2

t ; m
2
F;m

2
SÞÞðg2A � g2VÞmF þ 1

m3
t � 2mtðp1 	 qÞ

� ½ðg2A þ g2VÞððB0ðp1p2s; m
2
F;m

2
SÞ � B0ðm2

t ; m
2
F;m

2
SÞÞm2

t ðm2
F �m2

S þm2
t Þ þ 2ðB0ðm2

t ; m
2
F;m

2
SÞm2

F

� B0ðm2
t ; m

2
F;m

2
SÞm2

S � B0ðp1p2s; m
2
F;m

2
SÞm2

t � B0ðm2
t ; m

2
F;m

2
SÞm2

t � A0ðm2
FÞ þ A0ðm2

SÞÞ 	 ðp1 	 qÞÞÞ�g

(A8)

Fc ¼ 1

16�2

�1

2ðp1 	 qÞ fgAgV½ðB0ðp1p2s; m
2
F;m

2
SÞ � B0ðm2

t ; m
2
F;m

2
SÞÞðm2

F �m2
S þm2

t Þ þ 2ð�1þ B0ðp1p2s; m
2
F;m

2
SÞ

� 4C0ð0; m2
t ; p1p2s; m

2
F;m

2
F;m

2
SÞm2

FÞðp1 	 qÞ�g � 
ZA (A9)
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Gc ¼ 1

16�2

�
C0ð0; m2

t ; p1p2s; m
2
F;m

2
F;m

2
SÞðg2A � g2VÞmF � ðB0ð0; m2

F;m
2
FÞ � B0ðp1p2s; m

2
F;m

2
SÞÞðg2A þ g2VÞmt

2ðp1 	 qÞ
�

(A10)

Hc ¼ 1

16�2

1

ðp1 	 qÞ ½gAgVðB0ðp1p2s; m
2
F;m

2
SÞ � B0ðm2

t ; m
2
F;m

2
SÞÞmt�: (A11)

2. Form factors appearing in Me

Ae ¼ 1

16�2

�1

4ðp2 	 qÞ fðg
2
A þ g2VÞ½ðB0ðm2

t ; m
2
S; m

2
FÞ � B0ðp1p2s; m

2
S; m

2
FÞÞðm2

F �m2
S þm2

t Þ

þ 1

ðp2 	 qÞ ð2� 2B0ðp1p2s; m
2
S; m

2
FÞ þ 4C0ðm2

t ; 0; p1p2s; m
2
S; m

2
F;m

2
FÞðm2

F þm2
SÞÞ�g � 
ZV (A12)

Be ¼ 1

16�2

1

4½m2
t � 2ðp2 	 qÞ�ðp2 	 qÞ2

fðg2A þ g2VÞ½ðB0ðm2
t ; m

2
S; m

2
FÞ � B0ðp1p2s; m

2
S; m

2
FÞÞðm2

F �m2
S þm2

t Þm2
t

� 2ðB0ðm2
t ; m

2
S; m

2
FÞm2

F � B0ðp1p2s; m
2
S; m

2
FÞm2

F � B12
0 m2

S � B0ðp1p2s; m
2
S; m

2
FÞm2

S �m2
t þ B0ðm2

t ; m
2
S; m

2
FÞm2

t

� B0ðp1p2s; m
2
S; m

2
FÞm2

t � 2C0ðm2
t ; 0; p1p2s; m

2
S; m

2
F;m

2
FÞm2

Fm
2
t � A0ðm2

FÞ � A0ðm2
SÞÞðp2 	 qÞ

� 4ð1þ 2C0ðm2
t ; 0; p1p2s; m

2
S; m

2
F;m

2
FÞm2

FÞðp2 	 qÞ2�g
(A13)

Ce ¼ 1

16�2

�1

mt½m2
t � 2ðp2 	 qÞ�ðp2 	 qÞ

fgAgV½ðB0ðm2
t ; m

2
S; m

2
FÞ � B0ðp1p2s; m

2
S; m

2
FÞÞðm2

F �m2
S þm2

t Þm2
t

� 2ðB0ðm2
t ; m

2
S; m

2
FÞm2

F � B0ðm2
t ; m

2
S; m

2
FÞm2

S þ B0ðm2
t ; m

2
S; m

2
FÞm2

t � B0ðp1p2s; m
2
S; m

2
FÞm2

t

� A0ðm2
FÞ þ A0ðm2

SÞÞðp2 	 qÞ�g (A14)

De ¼ 1

16�2

�1

2½m2
t � 2ðp2 	 qÞ�ðp2 	 qÞ2

fgAgV½ðB0ðm2
t ; m

2
S; m

2
FÞ � B0ðp1p2s; m

2
S; m

2
FÞÞðm2

F �m2
S þm2

t Þm2
t

� 2ðB0ðm2
t ; m

2
S; m

2
FÞm2

F � B0ðp1p2s; m
2
S; m

2
FÞm2

F þ B0ðm2
t ; m

2
S;m

2
FÞm2

S þ B0ðp1p2s; m
2
S; m

2
FÞm2

S �m2
t

þ B0ðm2
t ; m

2
S; m

2
FÞm2

t � B0ðp1p2s; m
2
S; m

2
FÞm2

t � 2C0ðm2
t ; 0; p1p2s; m

2
S; m

2
F;m

2
FÞm2

Fm
2
t þ A0ðm2

FÞ � A0ðm2
SÞÞðp2 	 qÞ

� 4ð1þ 2C0ðm2
t ; 0; p1p2s; m

2
S; m

2
F;m

2
FÞm2

FÞðp2 	 qÞ2�g (A15)

Ee ¼ 1

16�2
2C0ðm2

t ; 0; p1p2s; m
2
S; m

2
F;m

2
FÞðg2Að�mF þmtÞ þ g2VðmF þmtÞÞ þ ½ðg2AðmF � 2mtÞ

� g2VðmF þ 2mtÞÞðB0ðm2
t ; m

2
S; m

2
FÞ � B0ðp1p2s; m

2
S; m

2
FÞ � 2C0ðm2

t ; 0; p1p2s; m
2
S; m

2
F;m

2
FÞðp2 	 qÞÞ�

þ 1

16�2

1

ðp2 	 qÞ
�
ðg2A þ g2VÞmt½B0ðm2

t ; m
2
S; m

2
FÞ � B0ðp1p2s; m

2
S; m

2
FÞ

þ B0ðm2
t ; m

2
S; m

2
FÞð�m2

F �m2
S þm2

t Þ þ A0ðm2
FÞ þ A0ðm2

SÞ
2m2

t

þ 2C0ðm2
t ; 0; p1p2s; m

2
S; m

2
F;m

2
FÞðp2 	 qÞ

þ �A0ðm2
FÞ þ A0ðm2

SÞ þ B0ðp1p2s; m
2
S; m

2
FÞðm2

F �m2
S �m2

t þ 2ðp2 	 qÞÞ
2½m2

t � 2ðp2 	 qÞ�
��

(A16)

Fe ¼ 1

16�2

1

2ðp2 	 qÞ fgAgV½ðB0ðm2
t ; m

2
S; m

2
FÞ � B0ðp1p2s; m

2
S; m

2
FÞÞðm2

F �m2
S þm2

t Þ þ ð2� 2B0ðp1p2s; m
2
S; m

2
FÞ

þ 4C0ðm2
t ; 0; p1p2s; m

2
S; m

2
F;m

2
FÞðm2

F þm2
SÞÞgðp2 	 qÞ� � 
ZA (A17)
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Ge ¼ 1

16�2

1

2ðp2 	 qÞmtðB0ðm2
t ; m

2
S; m

2
FÞ

� B0ðp1p2s; m
2
S; m

2
FÞÞðg2A þ g2VÞ

þ 2C0ðm2
t ; 0; p1p2s; m

2
S; m

2
F;m

2
FÞ

�mFðp2 	 qÞðg2A � g2VÞ (A18)

He ¼ 1

16�2

1

ðp2 	 qÞ2
gAgVmt½2ðB0ðm2

t ; m
2
S; m

2
FÞ

� B0ðp1p2s; m
2
S; m

2
FÞÞm2

t þ ðB0ðm2
t ; m

2
S; m

2
FÞ

þ B0ðp1p2s; m
2
S; m

2
FÞ � 2B0ð0; m2

F;m
2
FÞ

þ 2C0ðm2
t ; 0; p1p2s; m

2
S; m

2
F;m

2
FÞm2

F

� 2C0ðm2
t ; 0; p1p2s; m

2
S; m

2
F;m

2
FÞm2

SÞðp2 	 qÞ�;
(A19)

where A0, B0 and C0 are the well-known one-point, two-
point, and three-point scalar functions [44], which are
given in terms of the Passarino-Veltman scalar functions.
Here we use mF (mS) denote the mass of the fermion
(scalar), q is the momentum of the gluon, p1p2s ¼ mt �
2ðp1 	 qÞ is for �t momentum off shell and p1p2s ¼ mt �
2ðp2 	 qÞ is for t momentum is off shell.

3. Counter terms in Top-quark self-energy corrections

For the renormalization of the ultraviolet divergences
appearing in the evaluation of the vertex and fermion self-
energy corrections we use the counterterm method. The
wave function renormalization constants can be deter-
mined from the top-quark self-energy diagrams, which
can be decomposed in Fig. 8:

�ðp6 Þ ¼ p6 ½�Vðp2Þ þ�Aðp2Þ�5� þmt�Sðp2Þ; (A20)

Here:

�V ¼ �ðg2A þ g2VÞB1 (A21)

�A ¼ 2gAgVB1 (A22)

�S ¼ mF

mt

ðg2V � g2AÞB0 (A23)

With:

B1 ¼ 1

2p2
½A0ðm2

FÞ � A0ðm2
SÞ � ðm2

F �m2
S þ p2ÞB0�

(A24)

B0 ¼ B0ðp2; m2
F;m

2
SÞ: (A25)

In the on-shell scheme, the finite parts of the counter terms
are determined by the requirement that the residue of the
fermion propagator is equal to one, which fixes the wave
function renormalization constraints by


ZV ¼ ��Vðp2 ¼ m2
t Þ � 2m2

t

@

@p2
ð�V þ�SÞ jp2¼m2

t

(A26)


ZA ¼ ��Aðp2 ¼ m2
t Þ (A27)


mt ¼ �Sðm2
t Þ � 2m2

t

@

@p2
ð�V þ�SÞ jp2¼m2

t
(A28)

In the LHT model, they are given by


ZA ¼ 1

16�2

gAgV
m2

t

½A0ðm2
SÞ � A0ðm2

FÞ

þ ðm2
F � ðm2

SÞ þm2
t ÞB0� (A29)


ZV ¼ 1

16�2

g2A þ g2V
2m2

t

½A0ðm2
SÞ � A0ðm2

FÞ

þ ðm2
F �m2

S þm2
t Þ�B0ðm2

t Þ
þ 1

16�2
½ðg2A þ g2AÞð�m2

F þm2
S �m2

t Þ
� ðg2A � g2AÞ2mtmF�B0

0ðm2
t Þ; (A30)


mt ¼ � 1

16�2
½2ðg2A þ g2VÞmtmF þ ðg2A þ g2VÞ

� ðm2
F �m2

S þm2
t Þ�B0

0ðm2
t Þ þ 1

16�2

1

m2
t

� fðg2A þ g2VÞ½A0ðm2
SÞ � A0ðm2

FÞ�
þ ½ðg2A þ g2VÞðm2

F �m2
SÞ þ ðg2A � g2VÞmtmF�

� B0ðm2
t Þg; (A31)

with

B0ðm2
t Þ 
 B0ðm2

t ;m
2
S; m

2
FÞ;

B0
0ðm2

t Þ 
 @

@P2
B0ðm2

t ;m
2
S; m

2
FÞ jp2¼m2

t
:

(A32)

FIG. 8. Feynman diagram for top-quark self-energy correction.
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