PHYSICAL REVIEW D, VOLUME 63, 115002

Production and decay of the neutral top pion in high energyete™ colliders
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We study the production and decay of the neutral top p'rﬁr'predicted by top-color-assisted technicolor
(TC2) theory. Our results show that, except the dominant decay rrtnﬁegc, andgg, the 71-? can also decay
into yy andZy modes. It can be significantly produced at high enexgg ™ collider (LC) experiments via the
processee’e — 'y ande*e —Z#?. We further calculate the production cross sections of the processes
efe — yw?—> yt_c and e+e‘—>z7r?—>zﬂ:. We find that the signatures of the neutral top pimﬁ can be
detected via these processes.
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I. INTRODUCTION The production and decay of the technipions have been
extensively studied in Reff3] and[4]. The virtual effects of
The cause of electroweak symmetry breakiiyVSB)  the PGB’s(technipions and top pioh®n the processes such
and the origin of fermion masses are important problems ofsqq-—tt, gg—tt, yy—tt, t—cV, ande* y—tbw, have
current particle physics. The standard mo@®M) accom-  peen discussed in the literature, where the signatures and
modates fermion and weak gauge boson masses by includirghservability of these new particles were investigated in had-
a fundamental weak doublet of scalar Higgs bosons. Howronic colliders[5], yy colliders[6], andey colliders[7]. In
ever, the SM cannot explain the dynamics responsible for théhis paper, we will study the production and decay of the
generation of mass. Furthermore, the scalar sector suffergeutral top pion at high energg"e™ colliders (LC) and
from the problems of triviality and unnaturalness. Thus thediscuss the signatures and observability of the neutral top
SM can only be an effective field theory valid below somepion.
high energy scale. Top-color-assisted technicol®C?2) The neutral top pionr?, as an isospin triplet, can couple
theory[1] is an attractive scheme in which there is an ex-to a pair of gauge bosons through the top quark triangle loop
plicit dynamical mechanism for breaking electroweak sym-in an isospin violating way similar to the couplings of QCD
metry and generating the fermion masses including th@ion #° to a pair of gauge bosons. Our results indicate that
heavy top quark mass. In TC2 theory, there are no elemernhe main contributions to the production cross section of the
tary scalar fields and unnatural or excessive fine tuning oheutral top pionw? are expected to come from thee™
parameters. Thus TC2 theory is one of the important prom-_, 79, channel at the LC experiments. In this channel, we
ising candidates for the mechanism of EWSB. __find that several hundred events of can be produced per
In TC2 theory[1], almost all of the top quark mass arises year by assuming an intergrated luminoslty= 100 fb .

fsr;rwmteht%/ tggt'\;ce“:; tlgge;cotll%ﬁfor—;oq[lna?:z]sta;ﬂ de;/icttrnogrzaekPossibly, a smallew? production may also be observed in
i — 0
hee"e™— myZ channel.

eratemy,~m;, the top-color gauge group is usually taken to Lo . .
. For TC2 theory, the underlying interactions, top-color in-
be a strongly coupled SU(8)U(1). The U1) provides the teractions, are nonuniversal and therefore do not possess a

difference that causes only the top quark to condense. I&-Iashow-IIiopoqus—Maian@GIM) mechanism. This is an es-

order that top-color interactions be natural, i.e., without in- . o -
. . LT R sential feature of this kind of model due to the need to single
troducing large isospin violation, it is necessary that EWSB

is still mainly generated by technicol¢FC) interactions. In ﬁ]l':teEgstitgr?squézmtfi?] ' f(I:;\?odreghS;r?gizQTnhelit?SIngSrlyf:ﬁEl?llcg)Jauge

TC2 theory, extended technicol@@TC) interactions are still . ) . . .

needed to generate the masses of light quarks and contribu\{grt'ciS v_vhenhonehwrltes the 'mﬁ ractllons in thke quark m?ss

a few GeV tomy, i.e.,em; [2]. This means that the associ- clgenbasis. T us the top pions have large Yukawa coupling
ted t . e t'Lh lonaitudinal bosois and to the third family fermions and induce the new flavor

;ebu?%féors]:ga{r;teI?r;r?;sicatlelyoggbls:r\l/r;ile O(?t())jec?sn Thuchanging scalar couplings including the c transitions for

. e neutral top pionr. . Within the SM, the flavor changing
TC2 theory predicts a number of pseudo-Goldstone bosons ¢ '
(PGB'S inglupding the technipions irrj1 the TC sector and theProcesses are controlled by the scalar sector and the one-loop

. . : I?vel FCNC's are very small. Thus we can detect the neutral
top pions in the topcolor sector. These new particles are mos

directly related to the dynamical symmetry breaking mechalOP pion via the processes’e” —my—tcy or e'e
nism. Thus studying the production and decay of these new- m0Z—tcZ. Our results show that the production cross
particles at high energy colliders will be of special interest. sections are significantly large and may be observable in the
future LC experiments.
In the rest of this paper we will give our results in detail.
*Email address: cxyue@public.xxptt.ha.cn The couplings of the neutral top pion? to the ordinary
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particles are discussed in Sec. Il, and the decay widths of th@here m;, is the ETC generated part of the bottom-quark
relative decay modes are also estimated. In Sec. Ill we calmass. According to the idea of TC2 theory, the masses of the
culate thE production cross se(ﬁons of the processes first and second generation fermions are also generated by
*}W?’y*)tc’y and e+e_—>7T?Z~>tCZ. Our conclusions are ETC interactions. We havem,=(m./mg)m/ [10]. If we

given in Sec. IV. take mg=0.156 GeV,m.=1.56 GeV, then we haven]
=0.1X em.
Il. COUPLINGS OF THE NEUTRAL TOP PION The couplings ofr; to gauge bosons via the top quark
70 TO THE ORDINARY PARTICLES triangle loop are isospin violating similar to the couplings of

QCD pion #° to gauge bosons. The general form of the

To solve the phenomenological difficulties of TC theory, gffective 77?— B,— B, coupling can be written &)

TC2 theory[1] was proposed by combining TC interactions
with the top-color interactions for the third generation at the
energy scale of about 1 TeV. In TC2 theory, the TC interac- 1 aSnglgz
tions play a main role in breaking the electroweak gauge 11 o pr=
symmetry. The ETC interactions give rise to the masses of B1B; t
the ordinary fermions including a very small portion of the

top quark mass, namebm; with a model dependent param- \yere B2 and B represent the field operators of the gauge

etere<1. The top-color interactions also make small contri-p, <1« “\We define to be the strong coupling constasy if
butions to the EWSB, and give rise to the main part of theBl andB, are QCD gluons and equal &/4 if B; andB,
top quark mass, (¥ e)m;, similar to the constituent masses 5.0 gloctroweak gauge bosons. The anomalous factors

of the_light quf'irks in QCD. So, for TC2 theory, there is theSwoB 5 are model dependent. They can be calculated by
following relation: tP152

L€, 0p(9"BY)(9°BE), (5)

using the formulas in Refl1]. For the neutral top piom?,
v2+F2=12, (1) we have

wherev . represents the contributions of the TC interactions

to the EWSB,F;=50 GeV is the top-pion decay constant, So = i VW—_Ftht Jr (6)
and v, = v/\2=174 GeV. Tl oy, URR

For TC2 theory, it generally predicts three top pions with
large Yukawa couplings to the third generation. This induces
the new flavor changing scalar couplings. The couplings of 16 \/va—Ff "
the neutral top piom? to the ordinary fermions can be writ- oYy ﬁ Vi Kurr: @)
ten as[1,8]

m V= F — — 16 v5—F{

JEtFt VL—WI[KBRKB’[tLtRw?+ KISK bt crmrd+ H.cl, S35 VL—WtKﬁRtan fuL(m,), (8

)

where the factor/vZ —FZ/ v, reflects the effect of the mix- With

ing betweenw? and the would be Goldstone bosf@. K},

is the matrix element of the unitary matrk,, which the 1 1
Cabibbo-Kobayashi-Maskaw@€KM) matrix can be derived L(mz)= fo dxfo dy| 1+
asV= KlelKDL andK g is the matrix element of the right-

handed relation matriX r. Referencg8] has shown that

2
m
their values can be taken as +(f) yx(y—1)

Mo, 2 ,
Ft X(x—1)y

-1

, (€)

Kii=1, Kir=1l—€, K{z=V2e—¢€. (3

—_— — 2 —
If we assume that the part of the top quark mass generated by J(R”?)_ Rzofo X(x—1) In[1 ngx(l X1, (10

the top-color interactions makes up 99% ok, i.e., € t
=0.01, then we hav&(jz<0.14. In the following calcula-
tion, we will takee=0.01 andK{$; as a free parameter. The

coupling of 70 to the bottom quark can be approximately formulas, we have ignored the coupling #f to a pair of
written as gauge bosong and takerS,T?ZZ~0.

s If we assume that the mass af is in the range of
My— My \vy— th'ysb'n'o @ 200sm77?s350 GeV[9], the possible decay modes af
t

\/EFt Yw aretc, bb, g9, vy, andZvy. Then we have

whereRW?= mﬁt/mt , 6, is the Weinberg angle. In the above
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FIG. 1. The branching ratios of the neutral top pion as a function

of its massm, .
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T ot 7)) =T (72 —bb) + ' (70— tc)+ '(72—gg)

+T (70— yy)+ (70— Zy). (12)
Using Eqgs.(2)—(9), we can obtain
F(a0bD) 3 v2—FZ(my—0.1lem,)?
m—bb)= ——
167 2 F2
am?
Xmg 1-—, (12
n1wo
t
2
— 3(1-e)? vi—F2mim,
0 _ w 't trete 2
I'(m —tc) 167 Vﬁ, th (Kyr)
m;
X [1-—, (13)
m,,2
t
2 2 2 2
as(1—e)* Mo v —F;
NG = — JA(R,),
( t_ﬁgg) 64 3 F? V@ ( J
(14
2 2. 2 F2md
as(1—e€)” vy, —F; Mz,
| NE == — 2 R.),
( t yy) 18 3 y@ F? ( )
(19
) 2(1-e)? v}~ F7 My,
[(mi—Zy)= 3 > 5 ar?
9m 12 :
m2 | 2
xew<1—m—2‘) L2(m,,). (16)
Tt

Since thec, tg coupling is very smal[1,8], we have as-

sumed K{§z=~K{5=J|KE |?+|K$Rl? in Eq. (13). Using
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FIG. 2. The branching ratiBr(qr?—>R) versus the free param-
eterK{j for the massm,, =300 GeV.

we plot the resulting branching ratios as a functiomrq{ for

K{§r=0.05. The branching ratios of anomalous channels
m— yy and 70— Zy are very small, so we do not give the
values ofB,(yy) and B,(Zvy) in Fig. 1. From Fig. 1, we
can see that the largest branching ratio is that of the decay
channel 7’ —tc. The m—tc branching ratio varies be-
tween 46% and 65% for its mass in the range of 200—-350
GeV. For large value of the? mass, a considerable ratio of
the 70 decay mode can also occur in the anomalous channel
ml—gg. For m, =300 GeV, we have,(gg)=16%.

To see the effect of the parametéfS; on the branching
ratio B,(tc), we plotB,(tc) versusKfz in Fig. 2 for m,,

=300 GeV. From Fig. 2 we can see trmi(t_c) is sensitive
to the value of parameteK{’;. For €>0.01, we have

B,(tc)=99%.

lll. 70 PRODUCTION AT HIGH ENERGY ete”
COLLIDERS

From the above discussion, we can see gmis one of
the dominant decay modes of the neutral top pn?n This

will make 7 observed in thec final state at a hadron col-
lider very easy. Referenci8] has extensively studied the
signatures of ther? at the hadron colliders. In this section
we will focus on theqr? production at the high energy" e~
colliders (LC). In the LC experiments, ther’ production
channels are represented by the processes

ete —mly, ete —nlZ

17

For the processes in E(L7), the general form of the total
cross section has been given in Héf2]. For the neutral top
pion 77?, we have assumed that its mass is in the range of

above equations, we can estimate the branching ratios of trR00<m; <350 GeV andS;oz;=0. Thus the production

various decay modes of the neutral top pisf. In Fig. 1,

cross sections of the processes in Edg) can be written as
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FIG. 3. The production cross sections,;o and oz,0 of the FIG. 4. The production cross sections, ando,0 versus the
neutral top pior‘m-? as a function of its mass fofS=500 GeV. center-of-mass energyé for mwt:3oo GeV.

3 m2 \ 3 We consider two futuree™e™ collider scenarios: a LC
o(ete —mly)= @ (1_ _’T‘) with \/S=500 GeV and a yearly intergrated luminosity of
247%F? S L=50fb* and a LC with yS=1000 GeV and L
=100fb . The yearly production events can be easily cal-
2, (1-4S%,+8Sh) culated. Our numerical results are shown in Table I. From

X Oy 82 2 Table | we can see that the neutral top pimﬁ can be sig-
SwCiw nificantly produced via the™e™ — w?y channel at the future
high energye*e™ colliders. For this channel, several hun-
2, 2 S0 So dred events ofn? can be produced per year which would be
% T vZ n 1—4S)y OmyyomyZ observed at the LC experimenbs? can also be produced via
m2\2 "~ 2S,Cw m2 |’ thee"e —nYZ channel. Several ten events of can be
( - ?) g produced per year which may be observed at the LC experi-

ments with/S=1000 GeV.

In the SM,tc pair production cross sections are unobserv-
ably small due to the unitarity of CKM matr{4.3]. Thus any
o3 fT m2 8 signal of such-c transitions will be a clear evidence of new
olete —mlZ)= T( 1——— —Z) Sioz , (190  physics beyond the SM. This fact has led to a lot of theoret-
24wk S S [ ical activities involvingt-c transitions within some specific

popular models beyond the SM. For examp_le,production

where /S is the center-of-mass energy. Using the above'@s been studied in multi-Higgs doublets modglé], in

equations, we can calculate the? production cross sec- SuPersymmetry withR-parity V|olat|on[15], in models with

tions via the processes e — yx? ande*e”—Zx?. Our extra vectorlike quarkgl6] and model independefit7]. For
TC2 models, we have discussed the contributions of the new

results are shown in Fig. 3 as a function wf; for NS . — _
=500 GeV,e=0.01. From Fig. 3, we can see that the pro-9349€ bosons and the neutral top pigfito tc production

duction cross sections increase with decreasing the value 648]- From our discussion in Sec. II, we can see thattihe
m,. in most of the parameter space and the cross sectiofiode is one of the dominant decay modes of the neutral top
o..0 is larger than the cross sectian,o. However, the ~Pion . Thus the new flavor changing scalar couplinftc

t

& . . I . may have significant contributions to the processés™
cross sectionr,, ;0 increases with increasing the mass, 0 = L 0 o ,
t t —ym;—ytc ande"e” —Zm;—Ztc. The neutral top pion

for mﬂ't>320 gev. The reason is that the fac@;?w n- wto may be detected by studying these processes. Since we
creases speedily a%wgz m,Tt/mt goes toR,,?zz. Form,

(18

=300 GeV, the cross sections ase,,0=2.5 fb ando,0 TABLE I. The number of#? produced per year fromry and
t L 797 at the LC experiments.

=0.47 fb. To see the effects of the center-of-mass eng®jy
on the production cross sections, we plot the cross sectio _ _ -

P 1 Cre " plot the s m, =250 GeV m, =300 GeV m, =350 GeV
T0y2) versusyS in Fig. 4 for e=0.01 andm,, =300 GeV.

0 0 0 0 0 0

From Fig. 4, we can see that the cross sections increase with {miy,mZ} {miy,mZ} {miy,mZ}
increasing the value Ofg For the process® e_—>77t07, the 500 Gev 150, 31 125, 23 163, 22
cross section increases from 2.5 fb to 7.1 fby&sincreases 1000 Gev 582, 136 713, 153 1650, 269

from 500 to 1000 GeV.
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FIG. 5. The cross sections,;. and o versus the massn,.
for S=500 GeV.

only consider the reat? production, the cross sections of

the processes™e” — ytc andete”—Ztc contributed by
Y can be written as

O™ olete — yﬂ'?)XBr(t_C), (20
02R~0(8+9_HZ7T?)XBr(R), (21
with
—  T(7%=tc)
B, (m—tc)= ————, (22)
T iota( ()

whereT .. (1Y) is the total decay width of ther. In Fig.
5, we plot the cross sections,;. and o7 as a function of
the massn, for JS=500 GeV, in which the solid and dot-

ted lines stand for the final stat@&: andZtc, respectively.
From Fig. 5 we can see that, for Zfémwts 350 GeV, the

cross sectionr ;. varies from 1.29 fb to 2.05 fb and;
varies from 0.20 fb to 0.45 fb. Thus for a LC witklS
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IV. SUMMARY

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

In this paper, we have studied the production and decay of
the neutral top piorw? at high-energye* e~ colliders. The
top pions have large Yukawa couplings to the third genera-
tion fermions and induce the new flavor changing scalar cou-
plings including theqr?t_c coupling for the neutral top pion
Tr?. The neutral top pionr?, as an isospin triplet, can couple
to a pair of gauge bosons through the top quark triangle loop
in an isospin violating way similar to the couplings of QCD
pion 7° to a pair of gauge bosons. Our results indicate that
the dominant decay modes are andgg. Thus thew? can
be significantly produced at hadronic colliders. The sigha-

—500 GeV, TC2 models predict tens and up to one hundreétres and observability of the neutral top pie} can be

of yﬁ: raw events, and only few dtc raw events. Detect-
ing the neutral top pionr? is very difficult via the process

e*e*—>ZTr?—>Ztc. However, we can study the signature

and observability ofzr? via the process*e‘eyw?e ytc
and further test TC2 models. In Fig. 6 we show thg. and
o7 as a function of/S for m, =300 GeV. As in Fig. 5, the

solid and dotted lines stand for the final stajgs andZtc,

respectively. From Fig. 6, we can see that the cross sectio

increase with increasingS. For a LC with/S=1000 GeV
andL=100fb 1, there can be about 44&c raw events and
95 Ztc raw events form,,t=300 GeV. Thus the neutral top

pion w? can also be detected via the proce§e‘ﬂzﬂ: at
a LC with \/S=1000 GeV.

n

studied at the Tevatron. This is consistent with the results of
Ref.[8].

Except the decay modés andgg, the 77? can also decay
into yy andZy modes. Thus ther? can be produced at the
LC experiments via the processe$e” — 7’y ande’e”
—Zn?. For \/S=1000 GeV, the production cross sections
070y andawgz can reach 7.1 fb and 1.5 fb, respectively. It is
expected that there will be several hundred? and Z#?
&Vents per year at the LC experiments wif§= 1000 GeV.
Thus the neutral top piom? will be observed at the high
energye’ e colliders.

Since thetc production cross sections are unobservably

small in the SM, any signal afc production will be a clear
evidence of new physics beyond the SM. The flavor chang-
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