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Detecting the neutral top-pion at future muon colliders
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The signals of the neutral top-piom? at the first muon collideFMC) are discussed by calculating its
contributions to the pI’OCGSSQBJr,LbeE and ,u*,u’ﬂt_c. We find that the contributions to the process
,u*,u’abgare very small and the ratio of the signal over the square root of the backgrS/.N/E)(is smaller
than 0.2. However, in most of the parameter spacewﬁhean generate 36 and up to 649 observablevents
at the FMC. The signals of the neutral top-piefl may be detected via the process u~—tc at the FMC.
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[. INTRODUCTION and contribute a few GeV to top-quark mass: i), with
£<1 [8]. Thus, the presence of a number of pseudo Gold-
A muon collider is an excellent tool to study the proper- stone bosonéPGB's), including technipions in the TC sector
ties of a heavy scalar or pseudoscalg@]. It is thought that ~ and three top-pions; % in the top-color sector, in the
the first muon collider(FMC) can achieve the same inte- low-energy spectrum is an inevitable feature of these models.
grated luminosity and energy as a high-enezgg ™~ collider.  These new particles are most directly related to EWSB.
The FMC can explore all the same physics that is accessiblghus, studying the possible signatures of these new particles
at ane”e” collider of the same energy. Furthermore, it hasat present and future high-energy experiments would provide
been shown that a large number of Higgs boddi®r new  crucial information on EWSB and fermion flavor physics as
particles, such as technihadrons and technipi8r8, can be  well.
produced through as-channel resonance process and the The production and decay of the technipions and top-
flavor changing scalafFCS couplings[5] can be tested at pions have been extensively studied in several instances
the FMC. Thus, the FMC makes possible precise measurg9,10]. Combining resonance and nonresonance contribu-
ments of the total widths and masses of the various neutrdlons, the signals of technipions were recently studied at lep-
particles, which will open a window towards the new phys-ton colliders and hadron collidefd1]. Referencq12] has
ics. discussed the single production of the neutral top-pi(ﬁrat
Until a Higgs boson with large coupling to a gauge bosonhadron colliders and high-energy e~ colliders(LCs). The
pair is discovered, the possibility of electroweak symmetryobservability of the neutral top—pion? and the charged top-
broken by new strong interactions still exi§8J. The most pions 7, has been studied via considering single top pro-
commonly studied class of theories is technicdl®€) [7], duction at hadron colliders and linear collid¢is3,14.
which dynamically breaks the electroweak symmetry. Al- The effects of the top-pion on physical observables are
though TC models have many theoretical problems as weljoverned by its mass, , while the large couplings of top-
as conflicts with data, and broaq classes of these modgls hapgfons to quarks and to gauge bosons are to a large degree
been ruled out, there are still viable models worthy of inves qqe| independeritL5]. Thus, if the neutral top-pionr? is
tigation in light of the capgbllmes of t_he current collider giscovered at the CERN Large Hadron Collid&HC) or
experiments. Top-color-assisted technicol@C2) models  gther future collider experiments, it is needed to consider its
[8] are such a type of examples. _ resonance production at the FMC, which can make possible
_ The common feature of all TC2 models is that top-colorrecise measurements of the couplings and mass of the neu-
interactions generate the main part of large top-quark mass, top-pion W?_ In this paper, we consider thechannel

and only make small contributions to electroweak symmetry . o
breaking(EWSB). In order for top-color interactions to be resonance production of the neutral top pm?] at the FMC

natural—i.e., without introducing large isospin violation—it with a center-of-mass energys=200-500 GeV and ex-

is necessary that EWSB be still mainly generated by TC?I?re the potential of the FMC for detecting this new par-
interactions. For TC2 models, extended TETC) interac- Icle.

tions are still needed to generate the masses of light quarks Th_'s Paperis organized as follows: in _Sec. I, we give the
possible couplings of the neutral top-plerf to ordinary

particles. The resonance production cross seatifinb) of
*Email address: cxyue@Innu.edu.cn the proces&*,u*—>7r?—>bb and the ratio of the signal over
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the square root of the backgrounﬂ/(/ﬁ)_ are ca!culated in KtLjL: 1, KER: 1—¢, KbcRngg_g% 3
Sec. lll. For TC2 models, the top-color interactions are non-

universal, and the neutral top—picm? has large FCS cou- In the following calculation, we will takeKtLj:R=\/28—s2
pling 7tc. The possibility of detectingr? via the process and take the parameteras a free parameter.

w*u~—ad—1tc is studied in Sec. Ill. Our conclusions are 1€ couplings of the neutral top-piom; to first- and
given in Sec. IV. second-generation fermions and third-generation leptons can

be written as

Il. COUPLINGS OF THE NEUTRAL TOP-PION 77? TO m. FE._ m
f Tte sc 0_ e 5¢ 0
ORDINARY PARTICLES fy f'n't » fy 1°7Tt . (4)

V2F, vw
For TC2 modeld8], TC interactions play a main role in
breaking the electroweak symmetry. Top-color interactions The neutral top-piom?, as an isospin triplet, can couple
make small contributions to EWSB and give rise to the mairto a pair of gauge bosons through the top-quark triangle loop
part of the top-quark mass, {le)m;, with the parameter in an isospin violating way similar to the couplings of the

e<<1. Thus, there is the relation QCD pion 7° to a pair of gauge bosons. The relevant for-
mula of these couplings has been given in R&f)].
V2 +F2=18,, ) Referencg 8] has estimated the mass of the top-pion in

the fermion loop approximation and given 180 Gemw[

where v, represents the contributions of TC interactions to<240 GeV form;=175 GeV and 0.08 ¢<0.1. The limits
EWSB andvy= vI\2=174 GeV. HereF,=50 GeV is the on the mass of the top-pion may be obtained via studying its
physical top-pion decay constant, which can be estimateéffects on various experimental observables. For example,
from the Pagels-Stokar formula. This means that the masse®ef.[16] has shown that for the procelss-sy, B-B mixing

of the gauge boson®/ and Z are given by absorbing the 4,qp-D mixing demand that the top-pions are likely to be

linear combination of the top-pions and technipions. The Ofight, with masses of the order of a few hundred GeV. Since

thogonal combination of the top-pions and technipions re- . . . — .
mains unabsorbed and physical. However, the absorbeﬁ%ﬁonsga;g’f()::ggﬁglIg?rvrvicet'r?r:ﬁetczot?ei_(’)?]bisbLaen;\zlenrg the
Goldstone linear combination is mostly technipions while the b P-p '

o :
physical linear combination is mostly top-pions, which areCERN e’e coliider LEP or SLAC Large Detectd(SLD)

: . 0 : data ofR,, give rise to a certain lower bound on the top-pion
usua]ly called .phys.|cal top-pionsr(", ;). The existence of masq 15]. It was shown that the top-pion mass should not be
physical top-pions in the low-energy spectrum can be seen Ef%hter than the order of 1 TeV to make TC2 models consis-
characteristics of the top-color scenario, regardless of th?ent with the LEP-SLD dath17]. We restudied the problem

<[jly5r3am|cs responsible for EWSB and other quark masses oo [18] and found that the top-pion mass, is allowed

For TC2 models, the underlying interactions, top-colort® be in the range of a few hundred GeV depending on the
interactions, are nonuniversal and therefore do not possessPdels. Thus, the value of the top-pion masg, remains
Glashow-lliopoulos-Maian{GIM) mechanism. The nonuni- subject to a large uncertainfy]. Furthermore, Ref§13,14
versal gauge interactions result in new FC coupling vertice®ave shown that the top-pion mass, can be explored up to
\t/)vhgn onhe wri':]es the iptera;:]tionsI in the (?(uark massl_eigergoo_350 GeV via the processqﬂ_)ﬂﬂto*)t_c and pB

asits. Thus, t e top-pions have large Yukawa couplings to, m, X at the Tevatron and LHC. Thus, we will take, as
the third-generation quarks and can induce the new FCS co%l—free parameter and assume it to vary in the ranget of 200
plings. The couplings of the neutral top—pimrﬁ to the third- o . . —
generation quarks including thec transition can be written #00 OGeV in this paper. In this case, the possible decay modes
as[8,14] of 7, arebb,tc,ff (f is the first- or second-generation fer-

mions or the third-generation leptonst (if kinematically
/ allowed, gg, vy, andZvy. The total decay width ofr? can

m \vi—Fi KK Tpo0g o Moy o be written as
2F,  vw URRULILIRT m © Rt
B rﬁt:r(w?ﬁbH)Jrl“(w?—>t—c)+1“(w?—>ff_)
+ KUKt crm+H.c, 2
+T(mi—gQ)+ T (7= yy) +T(m{—Zy)
where m/, is the ETC-generated part of the bottom-quark + (=t (m,, =2m,). ®

mass. Similar to Ref10], we takem;=0.1em,. HereK{}
is the matrix element of the unitary matri,, from which

. . - IIl. SIGNALS OF THE NEUTRAL TOP-PION 0
the Cabibbo-Kobayashi-Maskaw@&@KM) matrix can be de- e

: —1 ij : AT THE FMC
rived asV=K Kp_ andKyr are the matrix elements of the

right-handed rotation matriK . Their values can be writ- From the above discussions, we can see that the neutral
ten as[14] top-pion 77? can be produced at the FMC, operating at a
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FIG. 1. The resonance production cross sectkﬁbH) versus

the top-pion massn,,. FIG. 2. The resonance production cross secitétc) as a func-

tion of m, for three values of the parameter

center-of-mass energys of up to 500 GeV. In spite of the
fact that the couplingm{u*u™, being proportional to To solve the phenomenological difficulties of the tradi-
m, /v, is very small, if the FMC runs onr] resonance tional TC models[7], TC2 models[8] were proposed by
(s= mﬂt), the w? may be produced at an appreciable rate.combining technicolor interactions with top-color interac-
tions for third-generation quarks. TC2 models predict a num-
gg. So, in this section, we will consider the possibility of ber of technipions in the T.C sector. Rgferen{:ﬁsl] haye

i 0 .. Lo 0 pointed out that the color-singlet technipi®? can be sig-
detecting m via the processesu”u —m—bb and nificantly produced in the channel. Thus, the backgrounds

Form, <2m;, the main decay modes af, aretc,bb, and

+ = (N —
p'p—m—tc at the FMC. of the processu® ™ — 7°—bb mainly come from the ex-
_ o = change of the gauge bosonsZ and of the color-singlet
A. Neutral top-pion ar and the processu™p™—bb technipion P in the s channel. We calculate the value of

Convoluted with the collider energy distribution, the S/\/B and find that it is smaller than 0.2 in the entire param-
s-channel resonance cross section for the production of ater space. So the neutral top-pisfi cannot be detected via
flna! statex generated by the neutral top—plmr? at the FMC the process;ﬁ,ufabgat the FMC.
is given by[1]

0 .+, - 0 —
4_77 Br(m—n u )B’Z( 717;2%)() (6) B. Neutral top-pion ) and the processu*u~—tc
2 8(os
=
t

Tt 1+—
o

The Gaussian spread in the beam enetyis given by + - T 0 .
o s=(R/\/2)\/s. The energy resolutioR of each beam is Thus, compared to the procegs' u~ —bb, ¢ can give
expected to be in the range of 0.003%-0.05% and we wilBignificant contributions to the procegs u™—tc via the
take R=0.03%. w0 exchange in the channel. Furthermore, it is well known

In Fig. 1, we plot the resonance production sectighb)  that there is no flavor changing neutral curréﬁttN(_:) atthe
versus the top-pion mass,. for ys=m,. and three values tree levelin the standard modéM). The production cross

‘ - — sections of the FCNC process are very small at the one-loop

piiihe parametere. Wwe can see from Fig. 1 that(bb) level due to the unitary of the CKM matrix. The FCNC pro-
decreases with the top-pion masg, and the parameter . coq can be used to search for new physics. Any observa-
increasing. The value af(bb) is in the range of 2.1—0.01 tion of the FC coupling deviated from that in the SM would
fb for 0.02<£=<0.08 and 200 Ge¥ mﬁt<350 GeV. Thus, unambiguously signal the presence of new physics. Thus, the

there may be 1—4®b events to be produced at the FMC Processu”u~— m— tc will give a signal which should be
with \/S=200-500 GeV and a yearly integrated luminosity €asy to identify. The neutral top-piom; may be easy de-

of L=20 fb~ . To see whether the neutral top-piarf can  tected via this process at the FMC. _ _
be detected via the proce$s*,u*—>b3 at the EMC, it is In Fig. 2 we show the resonance production cross section
need to further calculate the ratio of signal over square roo#(tc) as a function of the top-pion mass,, for ys=m,

of the backgrounds/ \/B. and three values of the parameterWe can see from Fig. 2

ag(X)=~

From Sec. Il we can see that the most dominant decay
mode of the neutral top-piom—? is tc for m, <350 GeV.
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35 We define the background-free observable cross section

cr(t_C) as the effective cross section includibgagging ef-
— m, =300GeV ficiency (ep) and top-quark reconstruction efficiency,:

t O'(R)=8b8t0'(ﬁ3). In order to estimate the number of ob-
servable events, we assumg=60% andes,=80% as done

in Ref. [19]. Then the yearly production observabte
events at the FMC can be easily estimated. The FMC with
Js=200-500 GeV and yearly integrated luminosity lof
=20 fb™! will generate 36 and up to 649 observaltle
events for 200 Ge¥m, <350 GeV and 0.02&<0.08.
Thus, it is easy to detect the neutral top-pimﬁ via the

o ok ok obs . oo processu*,u*—wr?—%_c. We can study the properties of the

€ neutral top—pionrr? via the procesa*,u*—n_c at the FMC.

o(tc) (i)

FIG. 3. The resonance production cross seat;'ro?t:) as a func-
tion of the \5: mm:300' IV. CONCLUSIONS

The top quark, with a mass of the order of the electroweak
_ ) ] scale, is singled out to play a key role in the dynamics of
that theo(tc) decreases witm, and the parametes in-  g\wsB and flavor symmetry breaking. There may be a com-
creasing. Fom, =2m;, the cross sectionr drops consider- mon origin for EWSB and top quark mass generation. Much
ably since thet channel opens up and the branching ratiotheoretical work has begn carrled out in connection to thg top
0o T . —. quark and EWSB. Various kinds of strong top dynamical
B,(m;—tc) drops substantially. The value of thetc) is dels have been or d, including TC2 modelk
larger than 3.7 fb for e<0.08 and 200 Ge¥m modeis have Heen proposed, Incitding
Tt flavor-universal TC2 modelf20], top seesaw model21],
<350 GeV. Thus, the FMC with/s=200-500 GeV and a and top-flavor seesaw modd22]. The common feature of
yearly integrated luminosity of. =20 fb~* will generate  such types of models is that top-color interactions generate
tens and up to a thousantt events for 200 Ge%mwt the main part of the top-quark mass and also make small
<350 GeV and 0.02 £<0.08. For example, it will generate Contributions to EWSB. EWSB is mainly generated by TC
280 Tc events per year fom_ =300 GeV ande=0.06. mtergcnons or oth_er interactions. Then, the presence .of
. t - physical top-pions in the low-energy spectrum is an inevi-
Thus, we can study the signals and obiervabmty of the N€Uaple feature of these models. Thus, studying the production
tral top-pionr; via the procesg ™~ —tc at the FMC. and decay of these new particles at present or future high-
The parametes of TC2 models represents the contribu- energy colliders is of special interest. It will be helpful to test
tions of ETC interactions or other interactions to the mass ofhe top-color scenario and understand EWSB mechanism.
the top quark and is in the range of 0.02—@81. The cur- In this paper, we have studied the possibility of detecting
rent constraints on the free parameterfrom low-energy the neutral top-pionw at the FMC via the processes

data(such asD-D andB-B mixing and theb—sy rate are ;.= 7% .bb and x*pu~— 70— tc. We find that the
rather weak. To sge the effects_of_the parameteln the resonance-produced cross SeCtidIh)H) is very small and in
resonance production cross sectigftc), we ploto(tc) as  the range of 10'-10° fb in most of the parameter space.
a function of the parameterfor s=m,, =300 GeVInFig.  pyrthermore, the backgrounds of the final stateare very
3. We can see from Fig. 3 that the cross seciifiic) is large; the value ofs/\/B is smaller than 0.2 in the entire
larger than 5.6 fb foe<0.08 and the number of yearly gen- parameter space. Thus, it is very difficult to detect the neutral
eratedtc events is larger than 110. top-pion rr? via this process. However, for the process
The possible observable final states of the FCNC proces,@ﬂu‘ﬂwgﬂt_c, this is not this case. As long as the neutral
pn'p”—tc arebcjj,, wherej, andj, are light jets com-  top-pion massm,, is below thett threshold, them can

ing fromt—bW" followed byW"* —ud or cs, andbcl v, generate 36 and up to 649 observatiteevents at the FMC

: . o
yhécfhng?g]titggr:; t; 't;tignlghy\:;h;f_ziéﬂag; 7-1./;hreessepecWim 5=200-500 GeV. Even if we take the parameter
wo fi ur wi i - 0

. . ' =0.08 andm_ =350 GeV, 7y also can generate 36 observ-
tively. The leading SM backgrounds of the FCNC process — _ t . g

w*u”—tc mainly come fromW pair production and from @ble tc events. Thus, the procegs u —m—tc might
W bremsstrahlung it 1~ — W+ 2-jets. The techniques for 91V€ & signal which should be easy to identify. The properties

. 0 . .
suppressing this kind of backgrounds were discussed in Reff the neutral top-pionm; can be studied via the process
[19]. u’pu”—tc at a future muon collider.
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