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Abstract: We investigate the associated production of the neutral top-Higgs h? with a pair of top-quarks

in the context of the topcolor-assisted technicolor (TC2) model at the future e*e™ Linear Colliders (LC) i.e.

ete™ — tth). We calculate the production rate and present the distributions of the transverse momenta of

top-Higgs and top-quarks. The results show that the total cross section is typically of the order of 1.0-7.5 fb in
the energy range between 1000 GeV and 2000 GeV of the LC for the whole top-Higgs mass region of interest.
It should be distinctly possible that hundreds or even thousands of h{ signals can be produced per year at the

LC given the luminosity £ =500 fb~*.
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1 Introduction

The Higgs mechanism [1] plays a crucial role in the
establishment of the Standard Model (SM) [2], where
the SU(2);, Higgs doublet drives electroweak symme-
try breaking (EWSB), gives mass to vector bosons
W+ and Z via the kinematic terms of Higgs fields,
and gives mass to fermions via Yukawa coupling of
Higgs with fermions. In the SM with a single SU(2),
doublet, there is only one physical scalar Higgs bo-
son, the C'P-even Higgs boson hgy, remaining after
EWSB. Due to the remarkable success in explaining
the data from particle physics experiments, the SM
has been confirmed as the correct model to describe
electroweak phenomena at the current experimental
energy scale. However, the SM Higgs boson hgy; has
not yet been directly discovered experimentally to
date, except for the fact that the current lower limit
on the mass of hgy comes from LEP Higgs searches:
Mg, > 114 GeV at the 95% confidence level [3]. The
discovery of a Higgs boson and the elucidation of the
mechanism responsible for EWSB are some of the
most important tasks of present and future searches
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in particle physics.

Over the last two decades, various dynamical
EWSB theories have been developed; the topcolor-
assisted technicolor (TC2) [4-6] model is a most vi-
able one, and can reasonably give a dynamical elu-
cidation of EWSB and heavy top-quark mass. In
additon, the TC2 model can avoid the shortcomings
of triviality and unnaturalness arising from the el-
ementary Higgs field in the SM, and accommodate
precision tests of electroweak theory. In the TC2
model, EWSB is driven by a different strong inter-
action sector and the top-quark mass is taken as a
“constituent”. The topcolor interaction makes com-
paratively little contribution to EWSB but provides
for the large top-quark mass, (1—e)m,, (0.03 <e<0.1)
[6], while the technicolor (TC) [7] interaction with an
extended technicolor(ETC) interaction is responsible
for the bulk of EWSB and the masses of light fermions
including a very small portion of the top-quark mass
emy. After dynamical EWSB, corresponding to the
technicolor condensate and topcolor condensate there
are two groups of scalars denoted as @rc and Piopc,
respectively. Either of them can be arranged into a
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SU(2) doublet, and their roles in the TC2 model are
quite analogous to the Higgs fields in a two-Higgs
doublet model (2HDM) [8]. A linear combination of
this effective 2HDM will form the longitudinal degrees
of freedom of weak gauge bosons W* and Z, while
the orthogonal linear combinations represent genuine
physical states, top-pions 710, In the fermion bub-
ble approximation [4], the theory loosely predicts top-
pions to lie in the mass range of about 100-300 GeV.
Top-pions this light are disfavored by the data for Ry,
[9], but the contribution of new ETC gauge bosons
can help to relax the constraint on the top-pion mass
[10]. The two neutral C'P-even Higgs modes in this
effective 2HDM, labeled h? and hf., are known as
the “top-Higgs” and the “techni-Higgs”, respectively.
The masses can be estimated in the Nambu-Jona-
Lasinio (NJL) model in the large-N, approximation.
For the top-Higgs this is found to be on the order
of my,, ~ 2my; for the techni-Higgs it is much higher.
However, there is no reason to expect the NJL model
to be correct; it only serves as a rough indication of
where the top-Higgs mass could be; the masses of
the top- and techni-Higgs modes may in fact be very
small [11].

The presence of physical top-pions 7> ¥, top-Higgs
h?, and techni-Higgs h%, in the low-energy spectrum
is an essential ingredient of the TC2 model. These
typical particle couplings to third-generation quarks
and gauge bosons are to a large degree model depen-
dent. Therefore, a study of the production and/or
the decay process of these typical particles at present
or future high-energy colliders could be used to test
the TC2 model. Many signals of the TC2 model
have already been studied in the work environment
of linear colliders and hadron-hadron colliders [12—
14], but much of the attention was focused on the
three top-pions 7'%. Nevertheless, the study of the
top-Higgs production mechanism is also an important
aspect in the TC2 phenomenology which could help
us to search for top-Higgs at high energy colliders. In
this work, we consider the associated production of a
neutral top-Higgs with a top-quark pair in the TC2
model, i.e. ete™ — tth?, at future ete~ linear collid-
ers, namely the International Linear Collider (ILC)
with /s =1 TeV and the Compact Linear Collider
(CLIC) with /s=3 TeV.

The remainder of the paper is organized as fol-
lows. In Sec. 2 we briefly review the TC2 model and
in Sec. 3 we present the calculations for the produc-
tion process ete™ — tth? at the LC. Section 4 gives
the numerical results for the production process, and
a summary.

2 The topcolor assisted technicolor
model

In the TC2 model two strongly interacting sectors
are introduced. The topcolor interaction provides for
the large top-quark mass but makes comparatively
little contribution to EWSB, while the ETC is re-
sponsible for the bulk of EWSB but contributes al-
most nothing to m,. Details of the TC2 may be found
in Ref. [4]. Here, we briefly review the characteristics
of TC2 theory most relevant to the present discussion.

At low energy, we can introduce two SU(2) scalar
doublets, @1 and Py, corresponding to the techni-
color condensates and topcolor condensates, respec-
tively. The kinetic terms of @r¢ and P,pc are given
by

‘Ckinc - (D/,LSPTC)T (D‘L@TC)
+(D,u¢topC)T(DugmeC)? (1)

where the SU(2) doublets ¢ have the form

o <<UT+H%C+1H%C>N§>7 @
11+

gz)topc - Ht, (3)

_ < (fn+H?+iﬂf)/\/§>
where f, is the vacuum expectation value (vev) of the
top-quark pair condensate, vy is the vev of the tech-
nifermions condensate, and the covariant derivative
is
LTt Y

DH:8H+1gEWu+1gy§BM. (4)
The hypercharge of the doublets is Y = —1, g iS gweak,
and 7° (1 =1,2,3) are the Pauli matrices.

The Pagels-Stokar formula [15] gives the value of
the vev f. in terms of the number of topcolors, the
top-quark mass, and the scale at which the conden-
sation occurs:

N, A?
2= 167_[2mf [ln <m_f) +H] , (5)

where x is a constant of order 1. For condensation
around the EWSB scale of 1 TeV, f,~60 GeV, but it
should be understood that this is only a rough guide,

and f, may in fact be somewhat lower or higher, say
in the range 40-80 GeV. Allowing f. to vary over
this range does not qualitatively change our conclu-
sions and has only minimal impact on our quantita-
tive results. Therefore, we use the value f, =60 GeV
throughout our analysis as a convenient baseline.
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We can rotate the two doublets into such that

(1) = 5 and (&) =0,

&, = (cos BPrc +sin fPiopc)

_ ( (Vw +hie +iG%C)/\/§>

Gre o

Gy = (—sinfPrc +cos fPyopc)

<<h9+iws>/ﬁ )

Ty

(7)

where tan3 = f,/vr, G* and G° are the Goldstone
bosons whcich form the longitudinal degrees of free-
dom of W# and Z, the triplet of top-pions m""* be-
comes physical degrees of freedom which are analo-
gous to the neutral C P-odd and charged Higgs scalars
of 2HDM. h? and h9. are known as the “top-Higgs”
and “techni-Higgs” which are all C P-even.

The top-quark Yukawa term in the Lagrangian, ig-
noring mixing between the two Higgs modes, is writ-
ten as

(Y: fr+€vr)tt

Lyuey = —

= %‘»—t
[N}

—— (Y H? + e, H) )t

S

i _
_U—\/E(KUT'i_Eth)HStta (8)

where Y} is the topcolor Yukawa coupling, and e, is
a small ETC contribution. Once f, is fixed, vy is
uniquely determined by the EWSB requirement that
[24v2 =02 ~ (246 GeV)?. For f, =60 GeV, we must
have vt = 239 GeV. The measured top mass then

fixes Y; to be of order 2-3 for small ¢,. The maxi-
mal value of Y; is Y; max = 4.1 occurs when €, = 0.
In addition, one can immediately see from Eq. (8)
that the couplings of both the top-Higgs mode and
the top-pion to top-quarks are enhanced by a fac-
tor of several (Y,7¢/Y;™M ~3-5 for the top-Higgs and
(Y "Cur—e€, fr) /vy Y3M ~3-4 for the top-pion) relative
to the SM.
The top-quark mass is
= Lfntevr }“”T | (9)
2
As mentioned above, the top-quark mass is a combi-
nation of (1—€)m, generated by the topcolor dynamics
and emy, € < 1, generated by the ETC. Therefore Y,
and ¢, can be written as

\/ﬁ(l—e)mt _ NoT mt'

€
frr ’ ! Ut

my

Y, = (10)

3 tth? production at ete™ linear col-
liders

In the TC2 model, the tree-level Feynman di-
agrams of the process efe” — tth? are shown in
Fig. 1. There are two kinds of Feynman diagrams
to the ee~™ — tth? process at the tree-level. The first
kind includes diagrams with the Higgsstrahlung off
the top-quark line illustrated in Figs. 1(a) and 1(b).
The second kind consists of diagrams with a Higgs bo-
son emission off the virtual Z-boson line represented
by the diagram in Figs. 1(c) and 1(d). The TC2 tree-
level cross section of the process eTe™ — tth? becomes
practically proportional to Y;?, which makes the reac-
tion so sensitive to the top-Higgs Yukawa coupling.

e~(py) Wpy) e (p) t(ps)
* \h“(f’ } /hli}{p.‘)
s

¢'(p,) t(py)  e'(pl) W(py)
(a) (b)

e (p)), wps) e (py) t(p3)

z =,
(py) S (py)
,
~
N0 i

e'(p,) hips)  e(py) \h|(,D_;)

(c) (d)

Fig. 1.

The tree-level Feynman diagrams for the eTe™ — tth{ process in TC2 model.



LI Bing-Zhong et al: Searching for a neutral top-Higgs in

No. 10

association with top-quark pairs at an ete™ collider in the TC2 model 911

The Feynman rules related to the top-pions and
the top-Higgs are shown below [11]:

_ 1
hitt: ——= Y4,

V2

According to the Feynman diagrams in Fig. 1 and
the Feynman rules mentioned above, we can directly
write the explicit forms of the production ampli-
tudes for the process e~ (p1)e* (p2) — t(ps)t(pa)hy (ps),
which are shown as follows:

ngtt;%@zl—qi”)%, M = MY+ M?+ M) + M?+ M?+ M?, (12)
1 9 V2e2 (s + s +my)
M7 1O = MY = =X i, (py) 2 s T
7 tht . 2fﬂC0829W, a 3 t t(pS) (p3+p5)2—mf
ZuhO 0. _iU_T 9 Ko e . X (o - ’Dc Huc* ) 13
=5 o (Ph PR Vu t(p4)(p1+p2)2 +(P2)7" - (p1),  (13)
1 g> _ +pPs+m 4 .
M = ‘mmm*m)%% <PL‘ 35 9w> vilps)
w t
1 .
Xm@c+ (pg)’y“(PL—281n2 HW)Ucf (pl)u (14)
yA
2e?_ _ (Pa+ps —my) 1 _
M‘t}/ = Kut(pii)ﬁ)/u (p44+p5)2_1;1§v€(p4) (pl _i_p2)2ve+ (p2)'7#ue* (pl)a (15)
1 g° _ 4 (Pa+pps —my)
ME= ——9 y P — —sin®0, | P
¢ = s Y (R e, ) L )
1 .
Xm@c+ (pg)’YM(PL—2Sln2 HW)Ucf (pl)u (16)
Z
1 gt 4 . 1
ME=-f—9 P —=sin®0, ) ve(ps) ——————
c 4f cost 6, ut(p?))%t ( L 3 S )Ut(p4) (p3+p4)2_m%

1
X—
(p1+p2)? —mj
4+/2 V2 cos?,,

_ Y.t (ps)vsve(pa) (

Vet (p2)y* (PL —25in* 0y, )ue— (p1), (17)

1 1
P3+pa)2—m2 (p1+p2)?—m3

X(ps —ps _p4)u6e+ (p2)y" (PL— 2sin’ O ) e (p1), (18)

where 0,, is the Weinberg angle, Pp, r = %(1 T ) are | to vary in the range of 200-400 GeV [17]. The final

the left and right chirality projectors.

4 Numerical results and discussion

In our numerical evaluation, the independent in-
put parameters involved in the production amplitudes
are m; = 172.0 GeV, my = 91.188 GeV, ay(my) =
0.1184, and sin*6,, = 0.231 [16]. And there are also
four model-dependent parameters in our calculation
which are the top-pion decay constant vy, the pa-
rameter €, and the mass of the top-Higgs myo and
the neutral top-pions mgo. We take vy = 60 GeV,
€=0.06, m,o =300 GeV for convenience and let myo

numerical results are summarized in Figs. 2-3.

In Fig. 2(a), we plot the dependence of the cross
section of ete” — tth{ on the top-Higgs mass myo
for various values of the LC center of mass energy
Vs = 1000 GeV, 1500 GeV, and 2000 GeV, respec-
tively. In addition, to see the effect of 1/s on the pro-
duction cross section, in Fig. 2(b) we show the cross
section ¢ as a function of /s with myo =200 GeV,
300 GeV, and 400 GeV, respectively. From Fig. 2(a)
and 2(b), one can see that the dependence of the cross
section on my,o is quite obvious, and the cross section
decreases as my,o increases, which is because the phase
space is depressed by large my0. And the effect of /s
on the production cross section is more significant,
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nearly one order of magnitude change in going from
1000 GeV to 2000 GeV. Furthermore, the total cross
section is typically of the order of 1.0-7.5 fb in the
energy range between 1000 GeV and 2000 GeV of the
LC for the whole top-Higgs mass region of interest.
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Fig. 2. (a) The cross sections of eTe™ — tth{

production as a function of the top-Higgs mass
myo for various values of the LC center of mass
energy 1/s; (b) The cross sections as a function
of /s for various values of mpo.

In Fig. 3(a) and 3(b), we show the distributions
of the transverse momenta of the final states (p% and
pY) for the process eTe™ — tth! at the LC. Because
of C'P conservation, the distributions of the trans-
verse momentum of an anti-top-quark should be the
same as that of do/dPj shown in Fig. 3(b). From
Fig. 3(a) and 3(b), we can find that (i) when m,, =200
GeV, the signs of associated production tth® in the
regions around ph ~ 175 GeV and pf ~ 225 GeV
are more significant than in other regions, (ii) when
my, = 400 GeV, the significant regions of associ-
ated production tth? are around p% ~ 200 GeV and
pi ~ 175 GeV. are more significant than in other re-
gions.

Now, we will focus on considering how to detect h?
via the process ete™ — tth! and find the best channel
to detect h?. The possible decay modes of hY are tt

35
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Fig. 3. The distributions of the transverse mo-

menta of top-Higgs, pt (a), and top-quark,
p (b), for the process ete™ — tth{ with
mpo = 200 GeV and 400 GeV, respectively.

(for myo > 2my), tc, bb, WW, ZZ, and gg [12]. For
myo > 2my, the main decay mode is h? — tf. As
is known, the couplings of h? to the three families
of fermions are non-universal and therefore do not
posses a GIM mechanism; this non-universal feature
results in a large flavor changing coupling of neutral
top-Higgs to top and quark. Below the tt threshold
the dominant decay mode is the top-charm chan-
nel with typical branching ratios of about 70%. In
the SM, the cross section of the processes with tc
production should be very small because there is no
tree level flavor-changing neutral current in the SM.
Therefore, when myo < 2m,, ete™ — tthy — tttc is
the most ideal channel to detect neutral top-Higgs
with a clean background in the SM. The cross sec-
tion of efe™ — tth? — tttc is about 4.46 fb for
myo =260 GeV and /s = 1000 GeV. There are about
1500 signal events can be produced via t¢ channel
with annually integral luminosity of 500 fb=' at the
LC. Such sufficient signal events could be detected
with the clean background.

In summary, the discovery of a Higgs boson and
the elucidation of the mechanism responsible for
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EWSB are some of the most important tasks of the
next generation of high-energy physics collider exper-
iments. The TC2 model is an attractive model which
combines the technicolor mechanism with topcolor
condensation. The presence of physical top-pions
7%, top-Higgs h?, and techni-Higgs hd, in the low-
energy spectrum is an essential ingredient of the
TC2 model and these typical particle couplings to
third-generation quarks and gauge bosons are to a
large degree model dependent. Therefore, a study of
the production and/or decay process of these typical
particles can be used to test the topcolor idea. In
this work, we have studied the associated produc-
tion processes of the neutral top-Higgs with a pair of
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