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Rare top quark decayst\cV in the top-color-assisted technicolor model
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We consider the rare top quark decays in the framework of the top-color-assisted technicolor~TC2! model.
We find that the contributions of top-pions and top-Higgs-bosons predicted by the TC2 model can enhance the
SM branching ratios by as much as 6–9 orders of magnitude; i.e., in the extreme case, the orders of magnitude
of branching ratios areBr(t→cg);1025, Br(t→cZ);1025, Br(t→cg);1027. With reasonable values of
the parameters in the TC2 model, such rare top quark decays may be testable in future experiments. Therefore,
rare top quark decays provide a unique way to test the TC2 model.
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I. INTRODUCTION

It is widely believed that the top quark, with a mass of t
order of the electroweak scale, plays an important role
particle physics. Its unusually large mass makes it more s
sitive to certain types of flavor-changing~FC! interactions.

In the standard model~SM!, because of the Glashow
Iliopoulos-Maiani~GIM! mechanism, the rare top quark d
cays t→cV (V5Z,g,g) are very small@1#, far below the
feasible experimental possibilities at the future collide
Large Hadron Collider~LHC! or Linear Collider~LC! @2#. In
some new physics models beyond the SM, the decay wi
of the rare top quark decayst→cV may be significantly
enhanced because of the appearance of large flavor chan
couplings at the tree level. Various rare top quark dec
have been extensively studied in the SM@1#, multi-Higgs-
doublet model~MHDM ! @3–5#, technicolor model@6,11#,
minimal supersymmetric standard model~MSSM! @7–9#,
and other new physics models. They have shown that, w
reasonable values for the parameters, the branching r
Br(t→cV) could be within the observable threshold of f
ture experiments.

The top-color-assisted technicolor~TC2! model@10# con-
nects the top quark with electroweak symmetry break
~EWSB!. In this model, the top-color interactions mak
small contributions to the EWSB and give rise to the m
part of the top quark mass (12e)mt with a model dependen
parameter 0.03<e<0.1. The TC interactions play a mai
role in the breaking of the electroweak gauge symmetry. T
extend TC~ETC! interactions give rise to the masses of t
ordinary fermions including a very small portion of the to
quark massemt . This kind of model predicts three top-pion
(P t

0 ,P t
6) and one top-Higgs-boson (ht) with large Yukawa

couplings to the third generation. These new particles can
regarded as a typical feature of the TC2 model. Thus, stu
ing the possible signature of these particles and their co
butions to some processes at high energy colliders is a g
method of testing the TC2 model. There have been m
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publications related to this field@11–13#. Another feature of
the TC2 model is the existence of large flavor-changing c
plings. For TC2 models, top-color interactions are no
universal and therefore do not possess a GIM mechan
which results in a new flavor-changing coupling vertic
when one writes the interactions in the quark mass eigen
sis. Thus, the top-pions and top-Higgs-bosons predicted
this kind of models have large Yukawa couplings to the th
generation and can induce the new flavor-changing c
plings. Such flavor-changing couplings would give contrib
tions to the rare decayst→cV. Because the rare top quar
decayst→cV can hardly be detected in the SM, any obs
vation of rare top quark decays would be an unambigu
signal of new physics. So the study of rare top quark dec
within the framework of the TC2 model would be a feasib
method to test the TC2 model. Reference@11# has considered
the contributions of these particles to the rare top quark
cay t→cg. However, Ref.@11# only considered the contri
butions of neutral top-pionsP t

0 and did not consider the
contributions of the charged top-pionsP t

6 . In this paper, we
systematically calculate the contributions of the top-pio
(P t

0 ,P t
6) and top-Higgs-bosons (ht) to the rare top quark

decayst→cV in the TC2 model, and find that the TC
model can significantly enhanced the rare top quark dec
t→cV, and may approach the detectability threshold of
ture experiments.

II. RARE TOP QUARK DECAYS t\cV
IN THE TC2 MODEL

The TC2 model predicts that the existence of the to
pions P t

0 ,P t
6 , top-pions would give new flavor changin

couplings at the tree level. The relevant interactions of th
top-pions with theb, t andc quarks can be written as@10,12#

mt

A2Ft

Ayv
2 2Ft

2

yv
@ iK UR

tt KUL
tt* tLtRP t

01A2KUR
tt KDL

bb* bLtRP t
2

1 iK UR
tc KUL

tt* tLcRP t
01A2KUR

tc KDL
bb* bLcRP t

21H.c.#,

~1!
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whereyv5y/A2'174 GeV, andFt is the decay constant o
the top-pions.KUL

i j are the matrix elements of the unita
matrix KUL from which the Cabibbo-Kobayashi-Maskaw
~CKM! matrix can be derived asV5KUL

21KDL , andKUR
i j are

the matrix elements of the right-handed rotation matrixKUR .
Their values can be written as

KUL
tt 5KDL

bb 51, KUR
tt 512e, KUR

tc <A2e2e2. ~2!

In the following calculation, we takeKUR
tc 5A2e2e2 and

takee as a free parameter.
The TC2 model also predicts aCP-even scalarht , called

the top-Higgs-boson@12#, which is at̄ t bound and analogou
to thes particle in low energy QCD. Its couplings to quark
are similar to that of the neutral top-pion except that
neutral top-pion isCP odd. All the Feynman rules of top
pions and top-Higgs-bosons relevant tot→cV are shown in
Appendix A.

The above large Yukawa couplings will effect the rare t
quark decayst→cV. The relevant Feynman diagrams for th
ac

nu

os

pa

w

01500
e

contributions of the top-pions and top-Higgs-bosons to
rare top quark decayst→cV are shown in Fig. 1. Using Eq
~1! and other relevant Feynman rules, we obtain the rela
amplitudes of the rare top quark decayst→cV:

MV5ucL~FV1gm1FV2pt
m1FV3pc

m!ut«m~l!, ~3!

where L5(12g5)/2 is the left-handed projector. The ex
pressions ofFVi (V5Z,g,g, i 51,2,3) in Eq.~3! can be ob-
tained by straightforward calculations of the diagrams sho
in Fig. 1. Because ofmt@mc(mb), for the sake of simplicity,
we have neglected the terms proportional tomc ,mb in Eq.
~3!. It can be seen that each diagram actually contains u
violet divergences. Because there are no corresponding
level terms to absorb these divergences, all the ultravi
divergences cancel in the effective vertex. Then, the wid
of the rare top quark decays contributed by top-pions a
top-Higgs-bosons can be written as
G~ t→cZ!5
1

16pmt
S 12

MZ
2

mt
2 D 1

8MZ
2 @FZ1

2 ~4mt
2MZ

228MZ
414mt

4!1FZ2
2 ~23mt

4MZ
21mt

613mt
2MZ

42MZ
6!1FZ3

2 ~mt
22MZ

2!3

1~FZ1•FZ2* 1FZ2•FZ1* !~24mt
3MZ

212mt
512MZ

4mt!1~FZ2•FZ3* 1FZ3•FZ2* !

3~23mt
4MZ

21mt
613mt

2MZ
42MZ

6!12~FZ1•FZ3* 1FZ3•FZ1* !~mt
22MZ

2!2mt#, ~4!

G~ t→cg!5
1

16pmt
FFg1

2 mt
22

1

2
Fg2

2 mt
42

1

2
~Fg1Fg2* 1Fg2Fg1* !mt

32
1

4
~Fg2Fg3* 1Fg3Fg2* !mt

4G , ~5!

G~ t→cg!5
1

16pmt
FFg1

2 mt
22

1

2
Fg2

2 mt
42

1

2
~Fg1Fg2* 1Fg2Fg1* !mt

32
1

4
~Fg2Fg3* 1Fg3Fg2* !mt

4G , ~6!
e
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where mt and MZ denote the masses of top quark andZ
boson, respectively. The explicit expressions of the form f
tors Fg i ,FZi ,Fgi are given in Appendix B.

III. THE NUMERICAL RESULTS AND CONCLUSIONS

According to the above calculations, we can give the
merical results of the branching ratio oft→cV contributed
by P t and ht

0 . In this paper, we adopt the branching rati
Br(t→cV) defined as@1#

Br~ t→cV!5
G~ t→cV!

G~ t→W1b!
. ~7!

Before numerical calculations, we need to specify the
rameters involved. We take mt5175 GeV, MZ

591.18 GeV, sW
2 5sin2uW50.23, ae51/128.9, and as

50.118. Now, there are still four free parameterse, mP
t
0,

mP
t
6,mht

. Here e is a model dependent parameter and
-

-

-

e

take it in the range of 0.03–0.1;mP
t
0, mP

t
6,mht

denote the

masses of neural top-pionP t
0 , charged top-pionP t

6 , top-
Higgs-boson (ht

0), respectively. As a result of the split of th
mP

t
0 and mP

t
6 only coming from the electroweak interac

tions, the difference ofmP
t
0 andmP

t
6 is very small and can

be ignored. Here, we takemP
t
05mP

t
65mP t

. The mass of

top-pions is estimated in@10#; the results show that themP t

is allowed to be in the region of a few hundred GeV depe
ing on the models. Estimating the contributions of top-pio
to the rare top quark decayst→cV, we take the mass of the
top-pion to vary in the range of 200–500 GeV in this pap
The mass ofht can be estimated in the Nambu–Jona-Lasi
~NJL! model in the largeNc approximation and is found to
be of the order ofmht

'2mt @12,14#. This estimation is rather

crude and the masses well below thet̄ t threshold are quite
possible and occur in a variety of cases@15#. As the branch-
ing ratios are proportional to (2e2e2)(12e)2, to cancel the
influence ofe on the branching ratio, we summarized th
2-2
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final numerical results ofBr(t→cV)/(2e2e2)(12e)2 in
Figs. 2–4.

Figures 2–4 are plots ofBr(t→cV)/(2e2e2)(12e)2

versus mP t
(200–500 GeV) formht

5200 GeV, 250 GeV,
300 GeV, respectively. We can see that the branching rati

FIG. 1. The Feynman diagrams for the contributions of the t
pions (P t

0 ,P t
6) and top-Higgs-bosons (ht) to the rare top quark

decayst→cV.
01500
of

t→cg is two orders of magnitude smaller than that oft
→cZ andt→cg. TheBr(t→cg) decreases asmP t

increase

and mht
decreases for smallmP t

, but for largemP t
, it in-

creases withmP t
increasing andmht

decreasing. TheBr(t

→cZ) is very sensitive to the top-pion mass and decrea
with mP t

and mht
increasing. But for very largemP t

, the

branching ratio oft→cZ hardly changes with themht
. As for

t→cg, the branching ratio decreases very sharply asmP t

increases for smallmP t
. In most cases, the orders of magn

tude of the branching ratios areBr(t→cg);1025, Br(t
→cZ);1025, Br(t→cg);1027.

Comparing with the theoretical predictions in the oth
models, we list the maximum levels ofBr(t→cV) predicted
by the SM@1#, the MSSM@5# and the TC2 model in Table I

-

FIG. 2. The branching ratioBr(t→cg)/(2e2e2)(12e)2 as a
function of top-pion massmP t

for the mass of top-Higgs-boson
mht

5200 GeV ~solid line!, mht
5250 GeV ~dashed line!, mht

5300 GeV~dotted line!, respectively.

FIG. 3. The same as Fig. 2 but for the process oft→cZ.
2-3
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It is shown that the branching ratios oft→cV in the TC2
model are significantly larger than that in the SM a
MSSM. The contributions ofP t andht

0 can enhance the SM
branching ratios by as much as 6–9 orders of magnitude
the other hand,Br(t→cZ) predicted by the TC2 model i
about 3 orders of magnitude larger than that predicted
MSSM. So the mode oft→cZ is especially important for us
to distinguish the TC2 model from the MSSM.

To assess the discovery reach of the rare top quark de
in future high energy colliders, Ref.@16# has roughly esti-
mated the following sensitivities:

Run II ~ for 100 fb21 of integrated luminosity!:

Br„t→q~u,c!g…>8.431025,

Br„t→q~u,c!Z…>6.331024;

Run II ~ for 10 fb21 of integrated luminosity!:

Br„t→q~u,c!g…>431024,

Br„t→q~u,c!Z…>3.831023;

LHC ~ for 100 fb21 of integrated luminosity!:

Br„t→q~u,c!g…>1024~ATLAS!,

Br„t→q~u,c!g…>3.431025~MS!,

FIG. 4. The same as Fig. 2 but for the process oft→cg.

TABLE I. Theoretical predictions for branching ratios of th
rare top quark decayst→cV.

SM MSSM TC2

Br(t→cZ) O(10213) O(1027) O(1024)
Br(t→cg) O(10213) O(1027) O(1026)
Br(t→cg) O(10211) O(1024) O(1024)
01500
n

y

ys

Br„t→q~u,c!Z…>231024;

LC ~ for 100 fb21 of integrated luminosity!:

Br~ t→cV!>531024. ~8!

Comparing the theoretical predictions in the TC2 model w
the sensitivities of future high luminosity colliders~LHC,
LC, TEV33!, we can conclude that the TC2 model can e
hance the branching ratiosBr(t→cV) to be within the ob-
servable threshold of future experiments, especially fot
→cZ. LHC seems to be the most suitable collider where
test rare top quark decays. The LC is limited by statistics
in compensation every collected event is clear-cut. So
machine could eventually be of much help, especially
high luminosity.

In conclusion, we have calculated the rare top quark
cayst→cV in the TC2 model. We find that the contribution
arising fromP t and ht predicted by the TC2 model indee
significantly enhance the branching ratios of the rare
quark decays. The channelst→cZ and t→cg are found to
have the larger branching ratios, which can reach 1024 for
the favorable parameter values and may be detectable in
ture high energy colliders. Therefore, the rare top quark
cays provide us a unique way to test the TC2 model. Oth
wise,Br(t→cZ) predicted by the TC2 model is much larg
than that predicted by the MSSM. So we can distinguish
TC2 model from the MSSM via thet→cZ mode.
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APPENDIX A: THE FEYNMAN RULES NEEDED
IN THE CALCULATIONS

Based on the effective Yukawa couplings to ordinary f
mions of the top-pions and top-Higgs-bosons in the T
model, we can write down the relevant Feynman rules u
in this paper:

P t
0 t̄ t:2

mt

A2Ft

Ayv
2 2Ft

2

yv
~12e!g5 , ~A1!

P t
0 t̄ c:

mt

A2Ft

Ayv
2 2Ft

2

yv

12g5

2
A2e2e2, ~A2!

P t
1 t̄ b: iA2

mt

A2Ft

Ayv
2 2Ft

2

yv

11g5

2
~12e!, ~A3!
2-4
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P t
0b̄c: iA2

mt

A2Ft

Ayv
2 2Ft

2

yv

12g5

2
A2e2e2, ~A4!

ht
0 t̄ t:

imt

A2Ft

Ayv
2 2Ft

2

yv
~12e!, ~A5!

ht
0 t̄ c:

imt

A2Ft

Ayv
2 2Ft

2

yv

12g5

2
A2e2e2, ~A6!

Zht
0P t

0:
g

2cW
~p12p2!m , ~A7!

ZZht
0: i

Ft

yv

gMZ

cW
gmn . ~A8!

Hereg5e/2cW , andcW5cosuW is the Weinberg angle.

APPENDIX B: THE EXPLICIT EXPRESSIONS OF THE
FORM FACTORS F Vi

The explicit expressions of the form factorsFVi used in
Eqs.~3!–~6! can be written as

FZi5kZ (
a5a

i

FZi
a 1kZ8 (

b5 j

k

FZi
b , Fg i5kg (

a5a

i

Fg i
a ,

Fgi5kg (
a5a

i

Fgi
a . ~B1!

Here,a5a,b,c,d,e, f ,g,h,i and b5 j ,k denote each Feyn
man diagrams in Fig. 1.FVi

a (V5g,Z,gi51,2,3) are the con-
tributions arising from corresponding Feynman diagrams

FZ1
b 5

8

3
sW

2 ~B0
b1B1

b!, ~B2!

FZ1
c 52S 12

2

3
sW

2 D F2mt
2~C11

c 2C12
c 1C21

c 1C22
c 22C23

c !

1~mt
22MZ

2!~C22
c 2C23

c !22C24
c 1

1

2G , ~B3!

FZ2
c 524S 12

2

3
sW

2 Dmt~C22
c 2C23

c !, ~B4!

FZ3
c 54S 12

2

3
sW

2 Dmt~C11
c 2C12

c 1C21
c 1C22

c 22C23
c !, ~B5!

FZ1
d 54~122sW

2 !C24
d , ~B6!

FZ2
d 522~122sW

2 !mt~4C23
d 22C22

d 22C21
d 1C12

d 2C11
d !,

~B7!

FZ3
d 522~122sW

2 !mt~2C22
d 22C23

d 1C12
d 2C11

d !, ~B8!
01500
FZ1
e 5

4

3
sW

2 ~B0
e2B0*

e!, ~B9!

FZ1
f 5

4

3
sW

2 ~B1
f 1B1*

f12B0*
f !, ~B10!

FZ1
g 5S 12

4

3
sW

2 D @mt
2~C22

g 22C23
g 1C21

g

1C22*
g22C23*

g1C21*
g!1~2C24

g 12C24*
g21!#

2
4

3
sW

2 mt
2~C11

g 2C12
g 1C11*

g2C12*
g!

2S 12
4

3
sW

2 D ~mt
22MZ

2!~C22
g 2C23

g 1C22*
g2C23*

g!

1
8

3
sW

2 mt
2C0*

g , ~B11!

FZ2
g 522S 12

4

3
sW

2 Dmt~C21
g 1C22

g 22C23
g 1C21*

g1C22*
g

22C23*
g22C12*

g22C11*
g!, ~B12!

FZ3
g 522S 12

4

3
sW

2 Dmt~C23
g 2C22

g 1C23*
g2C22*

g!

2
8

3
sW

2 mt~C12
g 2C12*

g!, ~B13!

FZ1
h 522C24

h , ~B14!

FZ2
h 5mt~4C23

h 22C22
h 22C21

h 1C0
h2C12

h 1C11
h !, ~B15!

FZ3
h 5mt~2C22

h 22C23
h 13C12

h 2C11
h 1C0

h!, ~B16!

FZ1
i 522C24

i , ~B17!

FZ2
i 5mt~4C23

i 22C22
i 22C21

i 2C0
i 13C12

i 23C11
i !, ~B18!

FZ3
i 5mt~2C22

i 22C23
i 2C12

i 2C11
i 2C0

i !, ~B19!

FZ1
j 5

4

3
sW

2 mt~C12
j 2C11

j !, ~B20!

FZ3
j 52

8

3
sW

2 C12
j , ~B21!

FZ1
k 5mtF S 12

4

3
sW

2 D ~C12
k 2C11

k !1
4

3
sW

2 C0
kG , ~B22!

FZ2
k 522S 12

4

3
sW

2 D ~C12
k 2C11

k !, ~B23!
2-5
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Fg1
b 52

4

3
~B0

b1B1
b!, ~B24!

Fg1
c 5

2

3 F2mt
2~C11

c 2C12
c 1C21

c 2C23
c !22C24

c 1
1

2G , ~B25!

Fg2
c 5

4

3
mt~C11

c 2C12
c 1C21

c 1C22
c 22C23

c !, ~B26!

Fg3
c 52

4

3
mt~C22

c 2C23
c !, ~B27!

Fg1
d 54C24

d , ~B28!

Fg2
d 522mt~4C23

d 22C22
d 22C21

d 1C12
d 2C11

d !, ~B29!

Fg3
d 522mt~2C22

d 22C23
d 1C12

d 2C11
d !, ~B30!

Fg1
e 52

2

3
~B0

e2B0*
e!, ~B31!

Fg1
f 52

2

3
~B1

f 1B1*
f12B0*

f !, ~B32!

Fg1
g 52

2

3
@2mt

2~C21
g 2C23

g 1C11
g 2C12

g 1C21*
g2C23*

g1C11*
g

2C12*
g!1~22C24

g 22C24*
g11!#2

4

3
mt

2C0*
g , ~B33!

Fg2
g 52

4

3
mt~C21

g 1C22
g 22C23

g 12C11*
g1C22*

g22C23*
g

1C21*
g22C12*

g!, ~B34!

Fg3
g 52

4

3
mt@C23

g 2C22
g 2C12

g 1C23*
g2C22*

g1C12*
g#, ~B35!

Fg1
b 522~B0

b1B1
b!, ~B36!

Fg1
c 522F2mt

2~C11
c 2C12

c 1C21
c 2C23

c !22C24
c 1

1

2G ,
~B37!

Fg2
c 524mt~C11

c 2C12
c 1C21

c 1C22
c 22C23

c !, ~B38!

Fg3
c 54mt~C22

c 2C23
c !, ~B39!

Fg1
e 52~B0

e2B0*
e!, ~B40!

Fg1
f 52~B1

f 1B1*
f12B0*

f !, ~B41!

Fg1
g 5mt

2~C21
g 2C23

g 1C11
g 2C12

g 1C21*
g2C23*

g1C11*
g2C12*

g!

22C24
g 22C24*

g1122mt
2C0*

g , ~B42!
01500
Fg2
g 522mt~C21

g 1C22
g 22C23

g 12C11*
g1C22*

g22C23*
g1C21*

g

22C12*
g!, ~B43!

Fg3
g 522mt@C23

g 2C22
g 1C23*

g2C22*
g1C12

g 2C12*
g#,

~B44!

kZ52
i

16p2

mt
2

2Ft
2

yv
2 2Ft

2

yv
2

A2e2e2~12e!
g

2cW
,

kZ852
i

32p2

mtMZ

A2yv

Ayv
2 2Ft

2

yv

g2

cW
2

,

kg52
i

16p2

mt
2

2Ft
2

yv
2 2Ft

2

yv
2

A2e2e2~12e!e,

kg52
i

16p2

mt
2

2Ft
2

yv
2 2Ft

2

yv
2

A2e2e2~12e!gsT
a, ~B45!

Bi
b5Bi~2pt ,mP

t
6,mb!, Bi

e5Bn~2pc ,mP
t
0,mt!,

Bi*
e5Bi~2pc ,mht

,mt!, Bi
f5Bi~2pt ,mP

t
0,mt!,

Bi*
f5Bi~2pt ,mht

,mt!,

Ci j
c 5Ci j ~2pt ,pV ,mP

t
6,mb ,mb!,

Ci j
d 5Ci j ~2pt ,pV ,mb ,mP

t
6,mP

t
6!,

Ci j
g 5Ci j ~2pt ,pV ,mP

t
0,mt ,mt!,

Ci j*
g5Ci j ~2pt ,pV ,mht

,mt ,mt!,

Ci j
h 5Ci j ~2pt ,pV ,mt ,mht

,mP
t
0!,

Ci j
i 5Ci j ~2pt ,pV ,mt ,mP

t
0,mht

!,

Ci j
j 5Ci j ~2pt ,pV ,mt ,mht

,MZ!,

Ci j
k 5Ci j ~2pt ,pV ,mt ,MZ ,mht

!. ~B46!

Here gs5A4pas, Ta are the Gell-MannSU(3)c matrices.
Bi , Ci j are two-point and there-point scalar integrals.pV
represents the momenta ofZ, g, g, respectively.
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