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Production and decay of the neutral top pion in high energye¿eÀ colliders
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We study the production and decay of the neutral top pionp t
0 predicted by top-color-assisted technicolor

~TC2! theory. Our results show that, except the dominant decay modesbb̄, t̄ c, andgg, thep t
0 can also decay

into gg andZg modes. It can be significantly produced at high energye1e2 collider ~LC! experiments via the
processese1e2→p t

0g ande1e2→Zp t
0 . We further calculate the production cross sections of the processes

e1e2→gp t
0→g t̄ c and e1e2→Zp t

0→Z t̄c. We find that the signatures of the neutral top pionp t
0 can be

detected via these processes.

DOI: 10.1103/PhysRevD.63.115002 PACS number~s!: 12.60.Nz, 14.80.Mz
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I. INTRODUCTION

The cause of electroweak symmetry breaking~EWSB!
and the origin of fermion masses are important problems
current particle physics. The standard model~SM! accom-
modates fermion and weak gauge boson masses by inclu
a fundamental weak doublet of scalar Higgs bosons. H
ever, the SM cannot explain the dynamics responsible for
generation of mass. Furthermore, the scalar sector su
from the problems of triviality and unnaturalness. Thus
SM can only be an effective field theory valid below som
high energy scale. Top-color-assisted technicolor~TC2!
theory @1# is an attractive scheme in which there is an e
plicit dynamical mechanism for breaking electroweak sy
metry and generating the fermion masses including
heavy top quark mass. In TC2 theory, there are no elem
tary scalar fields and unnatural or excessive fine tuning
parameters. Thus TC2 theory is one of the important pro
ising candidates for the mechanism of EWSB.

In TC2 theory@1#, almost all of the top quark mass aris
from the top-color interactions. To maintain electrowe
symmetry between top and bottom quarks and yet not g
eratemb'mt , the top-color gauge group is usually taken
be a strongly coupled SU(3)̂U(1). The U~1! provides the
difference that causes only the top quark to condense
order that top-color interactions be natural, i.e., without
troducing large isospin violation, it is necessary that EW
is still mainly generated by technicolor~TC! interactions. In
TC2 theory, extended technicolor~ETC! interactions are still
needed to generate the masses of light quarks and contr
a few GeV tomt , i.e., «mt @2#. This means that the assoc
ated top pionsp t

0 , p t
6 are not the longitudinal bosonsW and

Z, but are separately physically observable objects. T
TC2 theory predicts a number of pseudo-Goldstone bos
~PGB’s! including the technipions in the TC sector and t
top pions in the topcolor sector. These new particles are m
directly related to the dynamical symmetry breaking mec
nism. Thus studying the production and decay of these n
particles at high energy colliders will be of special intere
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The production and decay of the technipions have b
extensively studied in Refs.@3# and@4#. The virtual effects of
the PGB’s~technipions and top pions! on the processes suc

asqq→t t̄ , gg→t t̄ , gg→t t̄ , t→cV, ande1g→tbn̄e have
been discussed in the literature, where the signatures
observability of these new particles were investigated in h
ronic colliders@5#, gg colliders @6#, andeg colliders @7#. In
this paper, we will study the production and decay of t
neutral top pion at high energye1e2 colliders ~LC! and
discuss the signatures and observability of the neutral
pion.

The neutral top pionp t
0 , as an isospin triplet, can coupl

to a pair of gauge bosons through the top quark triangle l
in an isospin violating way similar to the couplings of QC
pion p0 to a pair of gauge bosons. Our results indicate t
the main contributions to the production cross section of
neutral top pionp t

0 are expected to come from thee1e2

→p t
0g channel at the LC experiments. In this channel,

find that several hundred events ofp t
0 can be produced pe

year by assuming an intergrated luminosityL5100 fb21.
Possibly, a smallerp t

0 production may also be observed
the e1e2→p t

0Z channel.
For TC2 theory, the underlying interactions, top-color i

teractions, are nonuniversal and therefore do not posse
Glashow-Iliopoulos-Maiani~GIM! mechanism. This is an es
sential feature of this kind of model due to the need to sin
out the top quark for condensation. This nonuniversal ga
interactions result in flavor changing neutral current~FCNC!
vertices when one writes the interactions in the quark m
eigenbasis. Thus the top pions have large Yukawa coup
to the third family fermions and induce the new flav
changing scalar couplings including thet2c transitions for
the neutral top pionp t

0 . Within the SM, the flavor changing
processes are controlled by the scalar sector and the one
level FCNC’s are very small. Thus we can detect the neu
top pion via the processese1e2→p t

0g→ t̄ cg or e1e2

→p t
0Z→ t̄ cZ. Our results show that the production cro

sections are significantly large and may be observable in
future LC experiments.

In the rest of this paper we will give our results in deta
The couplings of the neutral top pionp t

0 to the ordinary
©2001 The American Physical Society02-1



f t
ca

y
ns
he
ac
g

e
-

tri
th
s

he

n
t,

ith
ce

o
-

-

-

d

e
ly

rk
the

d by

rk
of
he

ge

tors
by

e

YUE, XU, LIU, AND LI PHYSICAL REVIEW D 63 115002
particles are discussed in Sec. II, and the decay widths o
relative decay modes are also estimated. In Sec. III we
culate the production cross sections of the processese1e2

→p t
0g→ t̄ cg and e1e2→p t

0Z→ t̄ cZ. Our conclusions are
given in Sec. IV.

II. COUPLINGS OF THE NEUTRAL TOP PION
p t

0 TO THE ORDINARY PARTICLES

To solve the phenomenological difficulties of TC theor
TC2 theory@1# was proposed by combining TC interactio
with the top-color interactions for the third generation at t
energy scale of about 1 TeV. In TC2 theory, the TC inter
tions play a main role in breaking the electroweak gau
symmetry. The ETC interactions give rise to the masses
the ordinary fermions including a very small portion of th
top quark mass, namelyemt with a model dependent param
etere!1. The top-color interactions also make small con
butions to the EWSB, and give rise to the main part of
top quark mass, (12e)mt , similar to the constituent masse
of the light quarks in QCD. So, for TC2 theory, there is t
following relation:

np
2 1Ft

25nw
2 , ~1!

wherenp represents the contributions of the TC interactio
to the EWSB,Ft550 GeV is the top-pion decay constan
andnw5n/A25174 GeV.

For TC2 theory, it generally predicts three top pions w
large Yukawa couplings to the third generation. This indu
the new flavor changing scalar couplings. The couplings
the neutral top pionp t

0 to the ordinary fermions can be writ
ten as@1,8#

mt

A2Ft

Anw
2 2Ft

2

nw
@KUR

tt KUL
tt* t̄ LtRp t

01KUR
tc KUL

tt* t̄ LcRp t
01H.c.#,

~2!

where the factorAnw
2 2Ft

2/nw reflects the effect of the mix
ing betweenp t

0 and the would be Goldstone boson@9#. KUL
i j

is the matrix element of the unitary matrixKUL which the
Cabibbo-Kobayashi-Maskawa~CKM! matrix can be derived
asV5KUL

21KDL andKUR
i j is the matrix element of the right

handed relation matrixKUR . Reference@8# has shown that
their values can be taken as

KUL
tt 51, KUR

tt 512e, KUR
tc <A2e2e2. ~3!

If we assume that the part of the top quark mass generate
the top-color interactions makes up 99% ofmt , i.e., e
50.01, then we haveKUR

tc ,0.14. In the following calcula-
tion, we will takee50.01 andKUR

tc as a free parameter. Th
coupling of p t

0 to the bottom quark can be approximate
written as

mb2mb8

A2Ft

Anw
2 2Ft

2

nw
b̄g5bp t

0 , ~4!
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where mb8 is the ETC generated part of the bottom-qua
mass. According to the idea of TC2 theory, the masses of
first and second generation fermions are also generate
ETC interactions. We haveemt5(mc /ms)mb8 @10#. If we
take ms50.156 GeV, mc51.56 GeV, then we havemb8
50.13emt .

The couplings ofp t
0 to gauge bosons via the top qua

triangle loop are isospin violating similar to the couplings
QCD pion p0 to gauge bosons. The general form of t
effectivep t

02B12B2 coupling can be written as@5#

1

11dB1B2

aSp
t
0B1B2

pFt
p t

0emnab~]mB1
n!~]aB2

b!, ~5!

whereB1
n andB2

b represent the field operators of the gau
bosons. We definea to be the strong coupling constantas if
B1 andB2 are QCD gluons and equal toe2/4p if B1 andB2
are electroweak gauge bosons. The anomalous fac
Sp

t
0B1B2

are model dependent. They can be calculated

using the formulas in Ref.@11#. For the neutral top pionp t
0 ,

we have

Sp
t
0gagb

5
1

A2

Anw
2 2Ft

2

nw
KUR

tt JR , ~6!

Sp
t
0gg5

16

3A2

Anw
2 2Ft

2

nw
KUR

tt JR , ~7!

Sp
t
0Zg5

16

3A2

Anw
2 2Ft

2

nw
KUR

tt tanuwL~mp t
!, ~8!

with

L~mp t
!5E

0

1

dxE
0

1

dyF11S mp t

mt
D 2

x~x21!y2

1S mZ

mt
D 2

yx~y21!G21

, ~9!

J~Rp
t
0!5

1

Rp
t
0

2 E
0

1 dx

x~x21!
ln@12Rp

t
0

2
x~12x!#, ~10!

whereRp
t
05mp t

/mt , uw is the Weinberg angle. In the abov

formulas, we have ignored the coupling ofp t
0 to a pair of

gauge bosonsZ and takenSp
t
0ZZ'0.

If we assume that the mass ofp t
0 is in the range of

200<mp
t
0<350 GeV @9#, the possible decay modes ofp t

0

are t̄ c, bb̄, gg, gg, andZg. Then we have
2-2
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G total~p t
0!5G~p t

0→bb̄!1G~p t
0→ t̄ c!1G~p t

0→gg!

1G~p t
0→gg!1G~p t

0→Zg!. ~11!

Using Eqs.~2!–~9!, we can obtain

G~p t
0→bb̄!5

3

16p

nw
2 2Ft

2

nw
2

~mb20.1emt!
2

Ft
2

3mp tA12
4mb

2

mp
t
0

2 , ~12!

G~p t
0→ t̄ c!5

3~12e!2

16p

nw
2 2Ft

2

nw
2

mt
2mp t

Ft
2 ~KUR

tc !2

3A12
mt

2

mp
t
2
, ~13!

G~p t
0→gg!5

as
2~12e!2

64p3

mp t

3

Ft
2

nw
2 2Ft

2

nw
2

J2~Rp t
!,

~14!

G~p t
0→gg!5

ae
2~12e!2

18p3

nw
2 2Ft

2

nw
2

mp t

3

Ft
2

J2~Rp t
!,

~15!

G~p t
0→Zg!5

ae
2~12e!2

9p3

nw
2 2Ft

2

nw
2

mp t

3

Ft
2

tan2

3uwS 12
mt

2

mp t

2 D 2

L2~mp t
!. ~16!

Since thec̄LtR coupling is very small@1,8#, we have as-
sumed KUR

tc 'KU
tc5AuKUL

tc u21uKUR
tc u2 in Eq. ~13!. Using

above equations, we can estimate the branching ratios o
various decay modes of the neutral top pionp t

0 . In Fig. 1,

FIG. 1. The branching ratios of the neutral top pion as a funct
of its massmp t

.

11500
he

we plot the resulting branching ratios as a function ofmp t
for

KUR
tc 50.05. The branching ratios of anomalous chann

p t
0→gg andp t

0→Zg are very small, so we do not give th
values ofBr(gg) and Br(Zg) in Fig. 1. From Fig. 1, we
can see that the largest branching ratio is that of the de

channel p t
0→ t̄ c. The p t

0→ t̄ c branching ratio varies be
tween 46% and 65% for its mass in the range of 200–3
GeV. For large value of thep t

0 mass, a considerable ratio o
thep t

0 decay mode can also occur in the anomalous chan
p t

0→gg. For mp t
5300 GeV, we haveBr(gg).16%.

To see the effect of the parameterKUR
tc on the branching

ratio Br( t̄ c), we plot Br( t̄ c) versusKUR
tc in Fig. 2 for mp t

5300 GeV. From Fig. 2 we can see thatBr( t̄ c) is sensitive
to the value of parameterKUR

tc . For e.0.01, we have

Br( t̄ c)>99%.

III. p t
0 PRODUCTION AT HIGH ENERGY e¿eÀ

COLLIDERS

From the above discussion, we can see thatgg is one of
the dominant decay modes of the neutral top pionp t

0 . This

will make p t
0 observed in thet̄ c final state at a hadron col

lider very easy. Reference@8# has extensively studied th
signatures of thep t

0 at the hadron colliders. In this sectio
we will focus on thep t

0 production at the high energye1e2

colliders ~LC!. In the LC experiments, thep t
0 production

channels are represented by the processes

e1e2→p t
0g, e1e2→p t

0Z. ~17!

For the processes in Eq.~17!, the general form of the tota
cross section has been given in Ref.@12#. For the neutral top
pion p t

0 , we have assumed that its mass is in the range
200<mp t

<350 GeV andSp
t
0ZZ50. Thus the production

cross sections of the processes in Eq.~17! can be written as

n FIG. 2. The branching ratioBr(p t
0→ t̄ c) versus the free param

eterKUR
tc for the massmp t

5300 GeV.
2-3



v
-

o
e
ti

ti

w

of

al-
om

n-
e

a

eri-

rv-

w
et-

ew

top

we

YUE, XU, LIU, AND LI PHYSICAL REVIEW D 63 115002
s~e1e2→p t
0g!5

a3

24p2Ft
2 S 12

mp t

2

S
D 3

3S Sp
t
0gg

2
1

~124SW
2 18SW

4 !

8SW
2 CW

2

3

Sp
t
0gZ

2

S 12
mZ

2

S D 2 1
124SW

2

2SWCW

Sp
t
0ggSp

t
0gZ

12
mZ

2

S
D ,

~18!

s~e1e2→p t
0Z!5

a3

24p2Ft
2 S 12

mp t

2

S
2

mZ
2

S
D 3

Sp
t
0Zg

2
, ~19!

where AS is the center-of-mass energy. Using the abo
equations, we can calculate thep t

0 production cross sec
tions via the processese1e2→gp t

0 and e1e2→Zp t
0 . Our

results are shown in Fig. 3 as a function ofmp t
for AS

5500 GeV,e50.01. From Fig. 3, we can see that the pr
duction cross sections increase with decreasing the valu
mp t

in most of the parameter space and the cross sec

sgp
t
0 is larger than the cross sectionsZp

t
0. However, the

cross sectionsgp
t
0 increases with increasing the massmp t

for mp t
.320 GeV. The reason is that the factorSp

t
0gg in-

creases speedily asRp
t
05mp t

/mt goes toRp
t
052. For mp t

5300 GeV, the cross sections aresgp
t
052.5 fb andsZp

t
0

50.47 fb. To see the effects of the center-of-mass energyAS
on the production cross sections, we plot the cross sec
sp

t
0g(Z) versusAS in Fig. 4 for e50.01 andmp t

5300 GeV.

From Fig. 4, we can see that the cross sections increase
increasing the value ofAS. For the processe1e2→p t

0g, the
cross section increases from 2.5 fb to 7.1 fb asAS increases
from 500 to 1000 GeV.

FIG. 3. The production cross sectionssgp
t
0 and sZp

t
0 of the

neutral top pionp t
0 as a function of its mass forAS5500 GeV.
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We consider two futuree1e2 collider scenarios: a LC
with AS5500 GeV and a yearly intergrated luminosity
L550 fb21 and a LC with AS51000 GeV and L
5100 fb21. The yearly production events can be easily c
culated. Our numerical results are shown in Table I. Fr
Table I we can see that the neutral top pionp t

0 can be sig-
nificantly produced via thee1e2→p t

0g channel at the future
high energye1e2 colliders. For this channel, several hu
dred events ofp t

0 can be produced per year which would b
observed at the LC experiments,p t

0 can also be produced vi
the e1e2→p t

0Z channel. Several ten events ofp t
0 can be

produced per year which may be observed at the LC exp
ments withAS51000 GeV.

In the SM, t̄ c pair production cross sections are unobse
ably small due to the unitarity of CKM matrix@13#. Thus any
signal of sucht-c transitions will be a clear evidence of ne
physics beyond the SM. This fact has led to a lot of theor
ical activities involvingt-c transitions within some specific
popular models beyond the SM. For example,t̄ c production
has been studied in multi-Higgs doublets models@14#, in
supersymmetry withR-parity violation @15#, in models with
extra vectorlike quarks@16# and model independent@17#. For
TC2 models, we have discussed the contributions of the n
gauge bosons and the neutral top pionp t

0 to t̄ c production

@18#. From our discussion in Sec. II, we can see that thet̄ c
mode is one of the dominant decay modes of the neutral
pion p t

0 . Thus the new flavor changing scalar couplingp t
0 t̄ c

may have significant contributions to the processese1e2

→gp t
0→g t̄ c ande1e2→Zp t

0→Z t̄c. The neutral top pion
p t

0 may be detected by studying these processes. Since

FIG. 4. The production cross sectionssgp
t
0 andsZp

t
0 versus the

center-of-mass energyAS for mp t
5300 GeV.

TABLE I. The number ofp t
0 produced per year fromp t

0g and
p t

0Z at the LC experiments.

As mp t
5250 GeV mp t

5300 GeV mp t
5350 GeV

$p t
0g,p t

0Z% $p t
0g,p t

0Z% $p t
0g,p t

0Z%

500 GeV 150, 31 125, 23 163, 22
1000 GeV 582, 136 713, 153 1650, 269
2-4
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only consider the realp t
0 production, the cross sections o

the processese1e2→g t̄ c and e1e2→Z t̄c contributed by
p t

0 can be written as

sg t̄ c's~e1e2→gp t
0!3Br~ t̄ c!, ~20!

sZ t̄c's~e1e2→Zp t
0!3Br~ t̄ c!, ~21!

with

Br~p t
0→ t̄ c!5

G~p t
0→ t̄ c!

G total~p t
0!

, ~22!

whereG total(p t
0) is the total decay width of thep t

0 . In Fig.
5, we plot the cross sectionssg t̄ c andsZ t̄c as a function of
the massmp t

for AS5500 GeV, in which the solid and dot

ted lines stand for the final statesg t̄ c andZ t̄c, respectively.
From Fig. 5 we can see that, for 200<mp t

<350 GeV, the

cross sectionsg t̄ c varies from 1.29 fb to 2.05 fb andsZ t̄c

varies from 0.20 fb to 0.45 fb. Thus for a LC withAS
5500 GeV, TC2 models predict tens and up to one hund
of g t̄ c raw events, and only few ofZ t̄c raw events. Detect-
ing the neutral top pionp t

0 is very difficult via the process

e1e2→Zp t
0→Z t̄c. However, we can study the signatu

and observability ofp t
0 via the processe1e2→gp t

0→g t̄ c
and further test TC2 models. In Fig. 6 we show thesg t̄ c and
sZ t̄c as a function ofAS for mp t

5300 GeV. As in Fig. 5, the

solid and dotted lines stand for the final statesg t̄ c andZ t̄c,
respectively. From Fig. 6, we can see that the cross sect
increase with increasingAS. For a LC withAS51000 GeV
andL5100 fb21, there can be about 443g t̄ c raw events and
95 Z t̄c raw events formp t

5300 GeV. Thus the neutral to

pion p t
0 can also be detected via the processe1e2→Z t̄c at

a LC with AS51000 GeV.

FIG. 5. The cross sectionssg t̄ c and sZ t̄c versus the massmp t

for AS5500 GeV.
11500
d

ns

IV. SUMMARY

To avoid or solve the problems, such as triviality a
unnaturalness arising from the elementary Higgs field, v
ous kinds of dynamical electroweak symmetry break
models have been proposed, and among which TC2 theo
one of the important candidates. TC2 theory predicts the
istence of the top pions. These new particles are most
rectly related to the dynamical symmetry breaking mec
nism and can be seen as the characteristic feature of
theory. Thus it is of great importance to understand w
about the prospects for discovering the top pions a
whether we can study their properties to determine key f
tures and parameters of TC2 theory.

In this paper, we have studied the production and deca
the neutral top pionp t

0 at high-energye1e2 colliders. The
top pions have large Yukawa couplings to the third gene
tion fermions and induce the new flavor changing scalar c
plings including thep t

0 t̄ c coupling for the neutral top pion
p t

0 . The neutral top pionp t
0 , as an isospin triplet, can coupl

to a pair of gauge bosons through the top quark triangle l
in an isospin violating way similar to the couplings of QC
pion p0 to a pair of gauge bosons. Our results indicate t
the dominant decay modes aret̄ c andgg. Thus thep t

0 can
be significantly produced at hadronic colliders. The sign
tures and observability of the neutral top pionp t

0 can be
studied at the Tevatron. This is consistent with the results
Ref. @8#.

Except the decay modest̄ c andgg, thep t
0 can also decay

into gg andZg modes. Thus thep t
0 can be produced at th

LC experiments via the processese1e2→p t
0g and e1e2

→Zp t
0 . For AS51000 GeV, the production cross sectio

sp
t
0g andsp

t
0Z can reach 7.1 fb and 1.5 fb, respectively. It

expected that there will be several hundredgp t
0 and Zp t

0

events per year at the LC experiments withAS51000 GeV.
Thus the neutral top pionp t

0 will be observed at the high
energye1e2 colliders.

Since thet̄ c production cross sections are unobserva
small in the SM, any signal oft̄ c production will be a clear
evidence of new physics beyond the SM. The flavor cha

FIG. 6. The cross sectionssg t̄ c and sZ t̄c versusAS for mp t

5300 GeV.
2-5
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ing scalar couplingp t
0 t̄ c has significant contributions to th

processese1e2→gp t
0→g t̄ c and e1e2→Zp t

0→Z t̄c. The
neutral top pionp t

0 can be detected by studying these p
cesses. Furthermore, we can test TC2 models via these
cesses at the high energye1e2 colliders.
s.

,

ing

,

a

i,
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