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Abstract. We calculate the correction of the TC2 dynamics to the production cross section of the process
e+e− → tt in the top color-assisted multiscale technicolor model. Our results show that the corrections
mainly come from the effects of the top color gauge boson Z′ in the s-channel. The total corrections to
cross sections σL and σR are very large; this can be detected at NLC. The total corrections to the polarized
parameters P t

L and P t
R may be observed at NLC in most of the parameter space.

1 Introduction

The top quark is the heaviest particle yet found experi-
mentally. Its mass, mt = 173.8±5.0 GeV [1], is of the or-
der of the electroweak symmetry breaking (EWSB) scale
ν = 246 GeV. This means that top quark couples rather
strongly to the EWSB sector so that the effects from new
physics would be more apparent in processes with the top
quark than with any other light quarks. Experimentally, it
is possible to separately measure various production and
decay form factors of the top quark at the level of a few
percent [2]. Thus, theoretical calculations of various cor-
rections to the production and decay of the top quark are
of much interest for testing for new physics.

A top quark pair can be produced at various high-
energy colliders. At the Next Linear Collider (NLC), a
top quark pair can be produced in sufficient abundance.
The luminosity, which is expected to be on the order of
50–100 fb−1/yr, is sufficient to provide a yearly sample of
a few times 104 top quark pairs [3]. The event environment
in e+e− collisions is clean, so that precision measurements
are possible. Therefore, NLC is an ideal tool for studying
the properties of the top quark. The high degree of elec-
tron polarization attainable at NLC will be very useful
in probing the top quark couplings to the photon and Z
boson which come from new physics.

Technicolor [4] is an interesting idea for naturally
breaking electroweak gauge symmetry to give rise to the
electroweak gauge bosons masses. To generate ordinary
fermions masses, extended technicolor (ETC) models have
been proposed [5]. However, ETC models cannot explain
the large mass of the top quark without conflict with pre-
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cision electroweak measurements or unacceptable fine tun-
ing of parameters. On the other hand, models with EWSB
induced by strong top color interactions that are consis-
tent with precision electroweak measurements require top
color energy scales much higher than the electroweak scale
and, therefore, very severe fine tuning. These problems can
be solved in top color-assisted technicolor (TC2) theory
[6]. Thus TC2 theory is one of the important promising
candidates of the EWSB mechanism.

In TC2 theory, the majority of the W± and Z masses
come from the technifermion condensate; the ETC inter-
actions give contributions to all ordinary quark and lepton
masses, while the mass of top quark is mainly generated by
the top color interactions. The part of the mass of the top
quark generated by ETC interactions is m′

t = εmt with
0.03 ≤ ε ≤ 0.1 [6]. Thus, TC2 theory predicts two kinds
of gauge bosons, which are ETC gauge bosons (sideways,
diagonal) and top color gauge bosons (coloron BA, Z ′).
The coloron BA is a color octet and Z ′ is a color sin-
glet. The coloron BA only couples to ordinary quarks.
In order to cancel anomalies, the gauge boson Z ′ can
also couple to leptons. Thus, Z ′ can give a new contribu-
tion to the top quark production at NLC via the process
e+e− → Z ′∗ → tt. It is possible that these gauge bosons
can generate significant corrections to the Ztt couplings gt

L
and gt

R [7,8]. These imply that the TC2 dynamics would
generate significant corrections to the physical observables
such as the cross sections σL, σR, σL(−+) and σR(−+) of
the process e+e−−→tt. Here σL(σR) is the total cross sec-
tion of the process e+

Re−
L (e+

L e−
R)−→tLtR+tRtL. σL(R)(−+)

and σL(R)(+−) are the total cross sections of the process
e+
Re−

L (e+
L e−

R)−→tLtR and e+
Re−

L (e+
L e−

R)−→tRtL. In this pa-
per, we will first calculate the corrections of Z ′ to the cross
sections σL, σR in the s-channel. Second, we will calculate
the corrections of ETC and the top color gauge bosons to
σL, σR which arise from their radiative corrections to the
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Ztt̄ vertex, and compare these values with the values given
by Z ′ in the s-channel. Finally, we will further calculate
the total corrections of the TC2 dynamics to the polarized
parameters P t

L = (σL(−+)−σL(+−))/(σL(−+)+σL(+−))
and P t

R = (σR(−+)−σR(+−))/(σR(−+)+σR(+−)) which
can be measured with a high precision at the NLC exper-
iments. We expect that our results are useful in testing
TC2 theory at the future e+e− collider experiments.

This paper is organized as follows. In Sect. 2, we give
the new couplings which relate to the process e+e− → tt.
In Sect. 3, we calculate the corrections of ETC and the
top color gauge bosons to the cross sections σL, σR. The
total corrections of the TC2 dynamics to the polarized pa-
rameters P t

L, P t
R are calculated in Sect. 4. Our conclusions

are given in Sect. 5.

2 The new couplings related
to the process e+e− → tt

For simplicity, we consider top color-assisted multiscale
technicolor (TOPCMTC) model, in which the simple mul-
tiscale technicolor model studied in [9] is assisted with top
color interactions for the third generation. The top color
sector of this model is the same as in the usual TC2 theory.
In the TOPCMTC model, the dynamics at the ∧ ∼ 1 TeV
scale involves the following structure [6]:

SU(3)1SU(3)2U(1)y1U(1)y2SU(2)L
−→ SU(3)QCDU(1)EM , (1)

where SU(3)1 × U(1)y1(SU(3)2 × U(1)y2) generally cou-
ples preferentially to the third (first and second) gener-
ations. The U(1)y2 are just strongly rescaled versions of
electroweak U(1)Y . This breaking scenario leaves a resid-
ual global symmetry, SU(3)′ × U(1)′, implying a degen-
erate, massive color octet of colorons BA

µ and a singlet
heavy Z ′

µ. The couplings of the new heavy gauge bosons
Z ′ and BA to the ordinary fermions are given by

LZ′ =
√

4πk1Z
′ · JZ′ , LB =

√
4πkBA · JA

B . (2)

Here k1(k) are the Z ′ (coloron BA) coupling coefficients.
Considering the requirement of vacuum tilting and the
constraint from Z-pole physics and U(1) triviality, we
have the region of coupling constant parameter space k =
2, k1 ≤ 1 [10]. In our calculations, we will take k = 2
and k1 = 1. The currents JZ′ and JB in general involve
all three generations of fermions. For the first and third
generations, the currents can be written as

Jµ
Z′,1 = − tan2 θ′

×
(

1
6
uLγµuL +

1
6
dLγµdL +

2
3
uRγµuR − 1

3
dRγµdR

− 1
2
νeLγµνeL − 1

2
eLγµeL − eRγµeR

)
, (3)

Jµ
B,1 = − tan2 θ

(
uγµ λA

2
u + dγµ λA

2
d

)
, (4)

Jµ
Z′,3 =

1
6
tLγµtL +

1
6
bLγµbL

+
2
3
tRγµtR − 1

3
bRγµbR + · · · , (5)

Jµ
B,3 = tγµ λA

2
t + bγµ λA

2
b, (6)

where θ (θ′) is the mixing angle and λA is a Gell-Mann
matrix acting on the color indices. Thus, the new couplings
given by the top color interactions which for the process
e+e− → tt can be written as

ge,Z′
R = 2ge,Z′

L = 2 tan2 θ′√πk1,

gt,Z′
R = 4gt,Z′

L =
4
3

√
πk1. (7)

At low energy, the effects of the ETC gauge bosons can
be described by the effective four-fermion interactions. Us-
ing the effective Lagrangian approach, the technifermion
currents in the effective four-fermion interactions can be
replaced by the corresponding sigma currents [11]. Then
the new Ztt couplings gt,E

L and gt,E
R given by the ETC

dynamics can be written as [8]

gt,E
L =

−1
4

εmt

4πF

√
NTC

NC

(
2NC

NTC + 1
+ ξ2

L

)
, (8)

gt,E
R =

−1
4

εmt

4πF

√
NTC

NC

(
2NC

NTC + 1
− 1

)
ξ−2
L , (9)

where F is the decay constant of the technipions and NTC
is the technicolor index. In the TOPCMTC model, we
have F = 40 GeV and NTC = 6 [9]. From (8) and (9)
we can see that the new Ztt couplings are dependent on
the parameters ε and ξL. It has been pointed out that the
parameter ε is in the range of 0.03≤ε≤0.1 [6]. For the free
parameter ξL we will take the reasonable value ξL = 1 [8].

It has been shown [12] that ETC interactions cannot
give the new γtt coupling. Thus we have gγ,E = 0.

From (5) and (6) we can see that the coloron BA and
Z ′ can generate corrections to the Ztt couplings gt

L, gt
R.

Similar to the computation of [13], we can give the ra-
diative corrections to the Ztt vertex. Thus, the new Ztt
couplings gt,t

L , gt,t
R arising from the top color gauge bosons

can be written as

gt,t
L =

kCF m2
Z

6πM2
B

ln
(

M2
B

m2
Z

)
gt
L +

k1m
2
Z

6πM2
Z′

ln
(

M2
Z′

m2
Z

)
gt
L, (10)

gt,t
R =

kCF m2
Z

6πM2
B

ln
(

M2
B

m2
Z

)
gt
R +

k1m
2
Z

6πM2
Z′

ln
(

M2
Z′

m2
Z

)
gt
R, (11)

where MB (MZ′) is the coloron (Z ′) mass and CF is the
color factor with CF = 4/3. Y t

L and Y t
R are the hyper-

charges with Y t
L = 1/3, Y t

R = 4/3 [10].
TC2 theory predicts some technipions and three top pi-

ons. These new particles may generate significant one-loop
corrections to the Ztt vertex. However, these corrections
are “low-energy” contributions. In this paper, we only con-
sider “high-energy” contributions which come from the
TC2 dynamics. Thus, the total new Ztt couplings can be
written as

gt,R
L = gt,E

L + gt,t
L , gt,R

R = gt,E
R + gt,t

R . (12)
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3 The corrections of ETC and top color
gauge bosons to the cross sections σL, σR

At the NLC experiments, top quark pairs can be produced
in sufficient abundance. The main production mechanism
proceeds at the Born level by the s-channel annihilation
of an initial electron–positron pair into virtual photons or
neutral electroweak gauge bosons, and their subsequent
splitting into a top–antitop pair,

e+e− −→ γ∗, Z0∗ −→ tt. (13)

At lowest order the polarized cross sections σL, σR in the
SM can be written as [12]

σSM
L(R) =

βS

32π

{
16
9

(3 − β2)
(

e2

S

)2

+
(

e2

S2
WC2

W

)2

× (ge
L(R))

2[(3 + β2)[(gt
L)2 + (gt

R)2] + 6(1 − β2)gt
Lgt

R]

× 1
(S − m2

Z)2 + m2
ZΓ 2

Z

(14)

− 8
3
(3 − β2)

e4

S2
WC2

W

ge
L(R)

(gt
L + gt

R)(S − m2
Z)

S[(S − m2
Z)2 + m2

ZΓ 2
Z ]

}
.

In TC2 theory, the exchange of Z ′ can produce the top
quark pairs via the process e+e− → Z ′∗ → tt. Thus the
Z ′ has a contribution to the cross sections σL, σR in the
s-channel. The expressions produced by the Z ′ exchange
can be written as

δσtop color
L(R) =

βS

32π

{
(ge,Z′

L(R))
2[(3 + β2)

×[(gt,Z′
L )2 + (gt,Z′

R )2] + 6(1 − β2)gt,Z′
L gt,Z′

R ]

× 1
(S − M2

Z′)2 + M2
Z′Γ 2

Z′

−8
3
e2ge,Z′

L(R)(g
t,Z′
L + gt,Z′

R )
(3 − β2)(S − MZ′)

S[(S − M2
Z′)2 + M2

Z′Γ 2
Z′ ]

+
2e2

S2
WC2

W

ge,Z′

L(R)g
e
L(R)[(3 + β2)gt

Lgt,Z′
L + 3(1 − β2)gt

Rgt,Z′
R ]

× (S − m2
Z)(S − M2

Z′) + mZMZ′ΓZΓZ′

[(S − m2
Z)2 + m2

ZΓ 2
Z ][(S − M2

Z′)2 + M2
Z′Γ 2

Z′ ]

}
, (15)

where S1/2 is the center-of-mass energy, β =(1−4m2
t /S)1/2

and

ge
L = −1

2
+ S2

W, ge
R = S2

W, (16)

gt
L =

1
2

− 2
3
S2

W, gt
R = −2

3
S2

W, (17)

with S2
W = sinθ2

w; θw is the Weinberg angle. In (15),
δσtop color

L(R) also contains γ, Z ′ and Z, Z ′ interference terms.
In our calculations, we will take the reasonable value S2

W =
0.2315, mZ = 91.867 GeV [15] and MZ′ = 1 TeV [10].
ΓZ(ΓZ′) is the total decay width of Z(Z ′). From [15], we
know ΓZ = 2.4939 GeV. For the top color gauge boson Z ′,

the decay width is dominated by tt+bb for large cot θ′ [16]
and we have

ΓZ′ ≈ g2
1 cot2 θ′

12π
MZ′ =

k1

3
MZ′ . (18)

In our calculations, we will take k1 = 1. The choice k1 = 1
corresponds to tan2 θ′ = 0.01 [17]. From Sect. 2, we can
see that the TC2 dynamics can give the new Ztt couplings
gt,R
L , gt,R

R . This implies that the TC2 dynamics can gen-
erate corrections to σL and σR via one-loop corrections of
the ETC and top color gauge bosons to the Ztt vertex.
The formulas can be written as

δσR
L(R) =

βS

32π

{(
e2

S2
WC2

W

)2

(ge
L(R))

2

×
[
2(3 + β2)(gt

Lgt,R
L + gt

Rgt,R
R )

+ 6(1 − β2)(gt
Lgt,R

R + gt
Rgt,R

L )
]

× 1
(S − m2

Z)2 + m2
ZΓ 2

Z

− 8
3

e4

S2
WC2

W

ge
L(R)(g

t,R
L + gt,R

R )

× S − m2
Z

S[(S − m2
Z)2 + m2

ZΓ 2
Z ]

}
. (19)

In the above equation, we have neglected the high order
terms.

To compare the corrections of Z ′ in the s-channel to
σL, σR with the radiative corrections of the TC2 dynamics
to σL, σR, we plot the relative corrections δσtop color

L /δσR
L ,

δσtop color
R δσR

R versus S1/2 in Fig. 1 and Fig. 2, in which the
solid, dashed and dotted lines stand for ε = 0.05, 0.08 and
0.1, respectively. From Fig. 1 and Fig. 2, we can see that
the corrections of the TC2 dynamics to the cross sections
σL, σR mainly come from the effects of Z ′ in the s-channel.
The contributions of the new Ztt couplings can be safely
ignored in most of the range of the center-of-mass energy
S1/2 = 500–1500 GeV. The relative corrections are not
sensitive to the value of parameter ε. For simplicity, we will
take the fixed value ε = 0.08 in the following calculation.

To see the correction effects of the TC2 dynamics on
the cross sections σL, σR, we plot the relative corrections
δσtotal

L /σSM
L and δσtotal

R /σSM
R as functions of S1/2 in Fig. 3

and Fig. 4, respectively. The corrections of the TC2 dy-
namics to the cross section of the process e+e− → tt are
very large for 800 GeV ≤ S1/2 ≤ 1500 GeV. For S1/2 =
500 GeV, we have δσtotal

L /σSM
L = 18% and δσtotal

R /σSM
R =

95%. If it really exists, the future e+e− collision experi-
ments will certainly be able to detect the effect of the TC2
dynamics on the top quark production.
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Fig. 1. The relative corrections δσtop color
L /δσR

L versus S1/2 for
ε = 0.05, 0.08, 0.1

Fig. 2. The relative corrections δσtop color
R /δσR

R versus S1/2 for
ε = 0.05, 0.08, 0.1

4 The corrections of the TC2 dynamics
to the polarized parameters P t

L, P t
R

At the lowest order, the cross sections σL(R)(+−),
σL(R)(−+) predicted by the SM can be written as [14]

σSM
L(R)(+−) =

βS(3 + β2)
32π

[
4
9

(
e2

S

)2

+
(

e2

S2
WC2

W

)2

(ge
L(R))

2(gt
R)2

× 1
(S − m2

Z)2 + m2
ZΓ 2

Z

(20)

− 4
3

e4

S2
WC2

W

ge
L(R)g

t
R

S − m2
Z

S[(S − m2
Z)2 + m2

ZΓ 2
Z ]

]
,

σSM
L(R)(−+) =

βS(3 + β2)
32π

[
4
9

(
e2

S

)2

+
(

e2

S2
WC2

W

)2

(ge
L(R))

2(gt
L)2

Fig. 3. The relative correction δσtotal
L /σSM

L versus S1/2 for
ε = 0.08

Fig. 4. The relative correction δσtotal
R /σSM

R versus S1/2 for
ε = 0.08

× 1
(S − m2

Z)2 + m2
ZΓ 2

Z

(21)

− 4
3

e4

S2
WC2

W

ge
L(R)g

t
L

S − m2
Z

S[(S − m2
Z)2 + m2

ZΓ 2
Z ]

]
.

If we consider the corrections of the TC2 dynamics to
σL(R)(+−), σL(R)(−+), then the total cross sections can
be written as

σtotal
L(R)(−+) =

βS(3 + β2)
32π

[
4
9

(
e2

S

)2

+
(

e2

S2
WC2

W

)2

×(ge
L(R))

2(gt
L + gt,R

L )2
1

(S − m2
Z)2 + m2

ZΓ 2
Z

+(ge,Z′

L(R))
2(gt,Z′

L )2
1

(S − M2
Z′)2 + M2

Z′Γ 2
Z′

−ge,Z′

L(R)g
t,Z′
L

4e2(S − M2
Z′)

3S[(S − M2
Z′)2 + M2

Z′Γ 2
Z′ ]

−4
3

e4

S2
WC2

W

ge
L(R)(g

t
L + gt,R

L )
S − m2

Z

S[(S − m2
Z)2 + m2

ZΓ 2
Z ]

+2ge
L(R)g

e,Z′

L(R)g
t
Lgt,Z′

L
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Fig. 5. The relative correction δP t,total
L /P t,SM

L of the polarized
parameter P t

L versus S1/2 for ε = 0.08

Fig. 6. The relative correction δP t,total
R /P t,SM

R of the polarized
parameter P t

R versus S1/2 for ε = 0.08

× (S − m2
Z)(S − M2

Z′) + mZMZ′ΓZΓZ′

[(S − m2
Z)2 + m2

ZΓ 2
Z ][(S − m2

Z′)2 + m2
Z′Γ 2

Z′ ]

]
, (22)

σtotal
L(R)(+−) =

βS(3 + β2)
32π

[
4
9

(
e2

S

)2

+
(

e2

S2
WC2

W

)2

(ge
L(R))

2(gt
R + gt,R

R )2
1

(S − m2
Z)2 + m2

ZΓ 2
Z

+(ge,Z′

L(R))
2(gt,Z′

R )2
1

(S − M2
Z′)2 + M2

Z′Γ 2
Z′

−ge,Z′

L(R)g
t,Z′
R

4e2(S − M2
Z′)

3S[(S − M2
Z′)2 + M2

Z′Γ 2
Z′ ]

−4
3

e4

S2
WC2

W

ge
L(R)(g

t
R + gt,R

R )
S − m2

Z

S[(S − m2
Z)2 + m2

ZΓ 2
Z ]

+2ge
L(R)g

e,Z′

L(R)g
t
Rgt,Z′

R

× (S − m2
Z)(S − M2

Z′) + mZMZ′ΓZΓZ′

[(S − m2
Z)2 + m2

ZΓ 2
Z ][(S − m2

Z′)2 + m2
Z′Γ 2

Z′ ]

]
. (23)

Using the above equations, we can calculate the integrated
polarization asymmetry parameters P t

L = [σL(−+)

−σL(+−)]/[σL(−+) + σL(+−)] and P t
R = [σR(−+)

−σR(+−)]/[σR(−+)+σR(+−)]. The values of the involved
parameters are taken to be the same as that of Sect. 3.
To see whether the TC2 dynamics can produce signifi-
cant deviations from the SM predictions of P t

L and P t
R,

we plot the diagrams for P t,total
L /P t,SM

L and P t,total
R /P t,SM

R
as functions of the center-of- mass energy S1/2 in Fig. 5
and Fig. 6, respectively. From Fig. 5, we can see that
P t,total

L /P t,SM
L varies between −5% and −136% as S1/2

increases from 500 GeV to 1500 GeV, which can certainly
be measured at the future e+e− high-energy colliders.
The maximum value of |P t,total

L /P t,SM
L | occurs at S1/2 ≈

1100 GeV which is approximately equal to 136%. For S1/2

≤ 1000 GeV, |P t,total
R /P t,SM

R | is less than 5%, which can-
not be detected at the S1/2 = 500 GeV e+e− collider. The
correction effects of the TC2 dynamics on the polarized
parameter P t

R can be observed at the S1/2 = 1500 GeV
e+e− collider.

5 Conclusions

TC2 theory is the only scheme known in which there is an
explicit dynamical and natural mechanism for breaking
electroweak symmetry and generating the fermion masses
including mt ≈ 175 GeV. In TC2 theory, there are no el-
ementary scalar fields and there is no unnatural or ex-
cessive fine tuning of the parameters. TC2 theory pre-
dicts two kinds of new gauge bosons; these are the ETC
gauge bosons and the top color gauge bosons. These new
particles can couple to the ordinary fermions. Thus, they
may produce significant corrections to the physical ob-
servables. In this paper, we consider the contributions of
the TC2 dynamics, which come from ETC and top color
gauge bosons, to the produced cross section of the process
e+e− → tt in TOPCMTC model. Our calculation results
show that the contributions mainly are generated by the
top color gauge boson Z ′ in the s-channel. The total cor-
rections of the TC2 dynamics to σL and σR are very large,
which will be detected at the future NLC experiments.
The total corrections to the polarized parameters P t

L and
P t

R may be observed in most of the parameter space. We
hope that these results will be of help for testing TC2
theory in the future high-energy experiments.
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