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Neutral top-pion and lepton flavor violating processes
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In the context of top-color-assisted techicol@C2) models, we study the contributions of the neutral
top-pion 77? to the lepton flavor violating processgs-1;y andl;—I;ll;. We find that the present experi-
mental bound onw— ey gives severe constraints on the free parameters of TC2 models. Taking into account
these constraints, we consider the proceses;l | generated by top-pion exchange at the tree level and the
one loop level, and obtain the branching ratio Brf3e)=2.87x10 4 1.1x10 ®<Br(r—3e)=Br(r
—2eu)<4.4x10715 3.1x10 ¥<Br(r—2ue)=Br(r—3ux)<1.5x 10 **in most of the parameter space.
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[. INTRODUCTION Le,L,, and L, are automatically conserved and the tree-
level lepton flavor violating(LFV) processes are absent in
The standard mode(SM) accommodates fermion and SM, due to unitary of the leptonic analog of Cabibbo-
weak gauge boson masses by including a fundamental Higgéobayashi-MaskawdCKM) mixing matrix and the mass-
scalarH. However, the SM cannot explain the dynamics re-lessness of the three neutrinos. However, the solar neutrino
sponsible for the generation of mass. Furthermore, the scalaxperimentg5] and the atmospheric neutrino experiments
sector suffers from the problems of triviality and unnatural-[6] confirmed by reactor and accelerator experimgntgro-
ness. Thus, the SM can only be an effective field theoryjide very strong evidence for mixing and oscillation of the
below some high-energy scale. New physics should exist &tavor neutrinos, which presently provide the only direct ob-
energy scales around TeV. ] servation of physics that cannot be accommodated within the
The cause of electroweak symmetry breaki®§VSB)  Sm and imply that the separated lepton numbers are not
and the origin of fermion masses are important problems ofonserved. Thus, the SM requires some modification to ac-
current particle physics. Given the large value of the t°pc?unt for the pattern of neutrino mixing, in which the LFV

guark mass and the sizable splitting between the masses ocesses such ds—l.v and l:—l.l.l, are allowed. The
the top and bottom quarks, it is natural to wonder whether p Y K :

. . bservation of these LFV processes would be a clear signa-
has a different origin from the masses of other quarks an$ure of new phvsics bevond the SM. The fact and the im-
leptons. There may be a common origin for EWSB and top phy Y '

qguark mass generation. Much theoretical work has been Cap_rovement of their experiment_al measurer_nents_ force one to
ried out in connection to the top quark and EWSB. Top_make more elaborat(_a.theorencal calculations in the frame-
color-assisted technicoldTC2) models[1], flavor-universal WOrk of some specific models beyond the SM and see
TC2 modelg 2], top see-saw mode[8], and top flavor see- whether the_ LFV effects can be tested in the future experi-
saw models[4] are four of such examples. The common men.ts. Eor mstancg, these LFV processes haye been widely
feature of these kinds of models is that top-color interactionStudied in a model independent way in Rgg], in the SM
are assumed to be chiral critically strong at the scale about With extended right-handed and left-handed neutrino sectors
TeV, and it is coupled preferentially to the third generation.[9): I supersymmetric model40J, in the general twdliggs
In TC2 models, EWSB is mainly generated by TC interac-doublet modet2HDM) type 11l [11], in the Zeemodel[12],
tions or other strong interactions. The top-color interactionéd in the top-color modelfsL3]. L
also make small contributions to EWSB and give rise to the "€ &im of thlsopaper. is to study the contributions of the
main part of the top quark mass. Then, the presence of thigéutral top pion, predicted by TC2 models to the LFV
physical top pions in the low-energy spectrum is an inevi-Processes—1;y andl;—1;l,l, and see whether; can give
table feature of these kinds of models. Thus, studying th&ignificant effects on these processes. The paper is organized
possible signatures of the top pions at present and futuras follows: in Sec. Il we give the flavor-diagondD) and
high- or low-energy colliders can help the collider experi-flavor-changing(FC) couplings of #{ to the three family
ments to search for top pions, test top-color scenario, antptons and calculate their contributions to the LFV process
further to probe EWSB mechanism. li—1;7y. Using the experimental upper limit of the LFV pro-
It is well known that the individual lepton numbers cessu—ey, we give the constraints on the flavor mixing
factors. The tree-level and one loop-level contributionsrdf
to the branching ratios Bf{(—1;l,l;) are calculated in Sec.
*Email address: cxyue@Innu.edu.cn Ill. The conclusions are given in Sec. IV.

0556-2821/2004/69)/0950036)/$22.50 69 095003-1 ©2004 The American Physical Society



YUE, YU, AND LIU PHYSICAL REVIEW D 69, 095003 (2004

Il. THE FLAVOR MIXING FACTORS OF 0 7 .
AND THE LFV PROCESSES li—ly 7 ™ 7 ™ 77

A. The couplings of the neutral top pion = to leptons g b lgrf b L "rg
7 7

For TC2 modeld1], TC interactions play a main role in
breaking the electroweak symmetry. Top-color interactions
make small contributions to EWSB, and give rise to the main FIG. 1. Feynman diagrams contribute to the LFV processes
part of the top quark mass, 618)mtl with the parameter —>|]’y due to the neutral top-piow? exchange in TC2 models.

e<<1. Thus, there is the following relation:
B. The LFV processed;—l;y

2 2_ .2
vat Fr=vw, (1) The observation of neutrino oscillatiofss,6] implies that

individual lepton numberk, , , are violated, suggesting the
where v, represents the contributions of TC interactions to@ppearance of the LFV processes, suchl;asl;y and |,
EWSB, »y=1v/\2=174 GeV. HereF,=50 GeV is the —lil;l;. The branching ratios of these processes are ex-
physical top-pion decay constant, which can be estimatefiémely small in the SM with right-handed neutrinos. For
from the Pagels-Stokar formula. This means that the masséxample, Ref[17] has showed By —ey)<10""". Such
of the gauge bosong/ and Z are given by absorbing the Small branching ratios are unobservable.
linear combination of the top pions and technipions. The The present experimental upper limits 4i]
orthogonal combination of the top pions and technipions re- 6
mains unabsorbed and physi¢a#|. However, the absorbed Br(7—py)<1.1x10°%,
Goldstone linear combination is mostly the technipions while
the physical linear combination is mostly the top pions,
which are usually called physical top pions{(,w?). The
existence of the physical top pions in the low-energy spec-
trum can be seen as characteristic of the top-color scenari

regardless of the dynamics responsible for EWSB and othe hese bpunds_ are expected to be |mprove_d by a few_orders
quark masses. of magnitude in the future. For example, in an experiment

The FD couplings of the neutral top piom? to leptons E\r/]i(tjer preparation at P$19], it is planned to reach a sensi-
can be written as y

Br(r—ey)<2.7x1078, (4

Br(u—ey)<1.1x10 %,

Br(u—ey)<1x10 4 (5)

m—
7|| Yl 77? ) (2)  Thus, these processes are ideal tools to search for new phys-
ics. The observation of any rate for one of these processes
would be a signal of new physics.
wherel =7, u, or e. For TC2 models, the underlying inter-  The relevant Feynman diagrams for the contributions of
actions, top-color interactions, are nonuniversal and therethe neutral top pionr? to the LFV processes —1;y are
fore do not posses GIM mechanism. The nonuniversal gaugshown in Fig. 1. The internal fermion lines may beu, or
interactions result in the new FC coupling vertices when one. However, the internal fermion propagator provides a term
writes the interactions in the mass eigenbasis. Thus, the tqﬂ'oportionm t()mf2 in the numerator, which is not cancelled
pions can induce the new FC scalar coupling vertid.  py them? in the denominator since the heax{ mass domi-
The FC couplings ofr! to leptons can be written as nates the denominator. Thus, we only take the internal fer-
mion line as ther fermion line.
Using Eq.(2), Eq. (3), and other relevant Feynman rules,

m, — : ;
—ky 0w, (3)  the decay widths of the LFV processgs-|;y can be writ-
v ten as
wherel; (i=1,2) is the first'second leptone (u), k,; is the k2 e
flavor mixing factor, which is the free parameter. [(r—omy)=_———|Fi{- §m3(':§+ FaF3)—m.FiF, |,
. . . 2048
Using the FD and FC couplings of the neutral top pn:{h (6)

to fermions, we have studied the FC procesé,u*—w_c
mediated by exchangd16]. We find that7? can generate wherem= u or e, F; are

several hundredc events and the signals ef’ might be

detected via the proceas*,u*—ﬂz in the first muon col-
lider. In the next subsection, we will study the contributions

F1=Bo+ mitco_ 2Cy4+m?(Cy;—Cyp)— B — B, (7)

of 7 to the LFV processes—|;y and see whether the Fo=2m.(—Cy—Cyt2Cyy), (8)
experimental upper limits of these processes can give signifi-
cant constraints on the flavor mixing factoy; . F3=2m_(C,,—C,3), 9
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40012 2
mym, K7, Kreae

IN'u—ey)=
(n—ey) 2048/ w4

[F’i—mMFiFg

1 2 ’2 re
— M3 FAFY |, (10)
with
Fi=m’(Cy1—Cyp) +m,(m,—m,)Co—2Cys+Bo+ metcO
L PO L TPV (12)
m, 0 m, 0 v

F2=2[(m,—m,)(Cy;—Cyp) —m,(Cp+Cy—Cpa)],
(12
F3=2[m,C1o+m,(Cy—Ca3]. (13

The standard Feynman integradls,, Co, and C;; can be
written as

Cij :Clj(_pl lp'yumwt!mrva);

CO:CO(_pI 'p}/’mﬂt’m’r’m’]’)’ (14)
BO:BO(pyrmramT)v BSZBO(_pmymﬂtamT):
B1=Bi(—pi.my,m,), (15)

where mwtis the mass of the top pion, the varialig, (m

= u or e) is the momentum of the find state leptdh,is the
momentum of the initial state lepton, ahd 7 or w, which
corresponds the leptondecayr—e(u)y and the leptoru
decayu— ey, respectively. In the above equations, we hav
assumed that the masses of the final state lepton equal
zero.

For TC2 models, the top-color interactions only contact@Ctork=Kz,
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——m =200GeV
m =300GeV
m_=400GeV

=y
4]

Br (> ey ) (10™)

4]

FIG. 2. The branching ratio Br{—ey) as a function of the
flavor mixing factork for three values of the top-pion mass; .

g L A P L
T—E€VeV,)= , —CVeV,)= )
T qe2p T 9000
(18
where the Fermi coupling constantGg=1.16637

X 10 % GeV 2 and the precision measured branching ratio
Bré*(r—ever,) =(17.83:0.06)%[18].

To obtain numerical results, we take the SM parameters as
ae(Myz) = 1355, M,=1.777 GeV,m,=0.105 GeV[18]. The
limits on the massn,, of the top pion may be obtained via
studying its effects on various experimental observal#6
It has been shown that, is allowed to be in the range of a

Sew hundred Gev depending on the models. As numerical

Ie%timation, we take the top-pion mass, and the mixing
=k, as free parameters.

with the third generation. The new particles, such as gauge W& Plot the branching ratios Br(-ey) and Br(u
bosonZ’ and top pionst®* , treat the fermions in the third —ey) asa functlon_ of t_he mixing factdefor three values of
generation differently from those in the first and second gentN€ tOP-pion mass in Figs. 2 and 3, respectively. To compare

erations and treat the fermions in the first generation th

dhe value of Briu—evy) given by 77? exchange with its cur-

same as those in the second generation. So, in our calculgnt experimental limit, we have used the horizontal solid

tion, we will assume that the mixing factkr,, is equal to the
mixing factork . In this case, we hav€(r— uy)=I'(7
—ey) for m,=0m.=0. The corresponding branching ra-
tios Br(li—1;y) can be written as

— TI'(r—ey)
Br(7— uy)=Br(r—ey)=Br¥*(r—evy,) ———,
I'(r—ever,)
(16)
I'(p—ey)
Br(u—ey)= —————, 17
P(p—ever,)
with

line to denote Brig—ey)=1.1x10 ' in Fig. 3. One can
see from Figs. 2 and 3 that the branching ratios of the LFV
processed;—l;y are Br(r— uy)=Br(r—ey)<2X 10710
and Br(u—ey)<1.4x10 ' in most of the parameter space
of TC2 models. The branching ratio Br&1vy) is at least
four orders of magnitude below the present experimental
bound onr—lvy, which is far from the reach of present or
next generation experiments. The branching ratio uBr(
—ey) can be above or below the present experimental
bound onu— ey, which depends on the value of the top-
pion massm, and the mixing factok. In most of the pa-
rameter space, the value of Br{~evy) is in the range of
2,510 *?to0 1.4x10° "

Using the present experimental bound on the LFV process
pL— €7y, we can give the constraints on the mixing fadtor
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FIG. 5. The tree-level and one-loop Feynman diagrams contrib-
ute to the LFV processds—1;l,l, induced byvr? exchange.

FIG. 3. The branching ratio Bi{—ey) as a function of the
flavor mixing factork for three values of the top-pion mass, .

for 150 GeV=m,_ <400 GeV. The numerical results are Let Ous first consider the contributiqns _of the neutral top
t to the LFV processels— |1l via Fig. 5a). For the

showed in Fig. 4. From Fig. 4 we can see that the mixingplon Tt - S
factor k increases asn, increases. If we demand that the decayu—3e, itis induced by the FC scalar COUP'“’@)/{G-

top-pion mass is smallér than 400 GeV. then there must bEOWever, the top-color interactions only contact with the

f g-\ird generation fermions. The flavor mixing between the

|

k=<0.21. Thus, the present experimental upper bound of th st and second generation fermions is very sz, In

LFV process ey gives severe constraints on the free . . ) ;
b n—ey g numerical estimation, we will assumk,.=0. So, the

arametersn_ andk of TC2 models. In the next section, we ) . .
p. it L branching ratio Briz— 3e) induced by exchange at the
will take the u— ey constraints into account and calculate tree-level is zero. The LFV process 2ue and 7

the branching ratios of the LFV procesdes:|;l,l, . —.2eu can only be generated via the FC couplinggfe
and w?m. The decay widths of the processes:|;l;l, are
lll. THE LFV PROCESSES |j—1;li, given by

In TC2 models, the LFV processés-|;l, |, can be gen-
erated at the tree level and also can be induced via photon m’/m? )

penguin diagrams at the one-loop level, as shown in Fig. 5. I'(r—3e)= —1042773m4 V4k , (19
For the diagrams Figs.(B),(c),(d), we have takerk=1. g
I'(r—3u) mym, k? (20)
T— =—F—FFK",
0.18 |- H 10427%1*m?
0.16 |-
I'(r—2ue) mZmi k? (21
[ T—2ue)= —————Kk?*,
0.14 | # 30727%m? »*
4
012 | m7m§ ,
[(7—2eu)= - k2, (22)
a 30727%m? 4
0.10 |-
wherem, (I=u, €, or 7) represents the lepton mass and
0.08 | =K, =Kre-
. ! i . ) i . Now we consider the one-loop contributions of the neutral
150 200 250 300 350 400 top pion 'n'? to the LFV processels—1;l,l, via the photonic
m_ penguin diagrams shown in Figgb,(c),(d). Same as Fig. 1,
' the internal fermion line of the photonic penguin diagrams
FIG. 4. The flavor mixing factor& as a function of top-pion only is ther fermion line. Comparing Fig. 5 with Fig. 1, one
massm, for Br(u—ey)=1.2x10""" can use the branching ratios Br(-l;y) to express the
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branching ratios Bi{—I;l,l;) [10]. The one-loop expres-
sions of the branching ratios Br{1;l,l;) can be written as:

Bri1ooP(7—3u)=Br°°P(7—3e) =Br'°°P(r—2ue)

=Bri'°°P(r—2eu)

ae[ m2 11 5
=3 nmi 7 |Br(r—ey),
(23
2
100 Pe T
Br p(,u—>3e):§(ln 27 Br(u—ey).
m
' (24

For the LFV processes—;l;l, we have assumenh,
=0, m,=0 and taken Brf—evy)=Br(7— uvy). The expres-
sions of the Brqf—evy) and Br(wu—evy) have been given in
Egs.(16) and(17), respectively.

Comparing the one-loop contributions otf? to the I;

—1jll, with the tree-level contributions, we find that the

branching ratios Brf—2eu), Br(7—3e), and Br{u— 3e)
given by the one-loop diagrams mediated bﬁ/ exchange

PHYSICAL REVIEW D 69, 095003 (2004

1aF Br
F —Br

10

Br(10™")

400

FIG. 6. The branching rations By(-1;l,l,) as functions of the
top-pion massm, . We have assumed BrBr(7—3e) and Bp
=Br(r—3u).

top pions have large Yukama couplings to the third family
fermions and can induce the FC scalar couplings, which

are larger than those generated by the tree-level diagrams &tght give significant contributions to the FC processes. The
least by four orders of magnitude. This is because the Frgffects of the top pion on these processes are governed by its

coupling w?ee is proportional tom./v, which can strongly

massm,, and the relevant flavor mixing factors.

suppress the values of these branching ratios. However, for In this paper we study the contributions of the neutral top

the processes—3u and r—2ue, two kinds of contribu-

pion 70 predicted by TC2 models on the LFV processes

tions are comparable. Thus, we will ignore the tree-level—1;y andl;—I;l,l,;. We find that the branching ratio Br(

contributions of Y exchange to the—3e, 7—2eu, and
pn—3e in the following numerical estimation.

—evy) is approximately equal to the branching ratio Br(
— ) and is smaller than 210 % in all parameter space

Taking into account the constraints of the current experi-of TC2 models. The present experimental bounduor ey

mental upper bound Br(—ey)<1.1x 10 ! on the free pa-
rametersm, and k, we find that the branching ratio Bu(

—3e) is approximately equal to 2.8710 4 which might

produces severe constraints on the top-pion n‘ra;;.and the

mixing factork. Based on these constraints on the free pa-
rameters of TC2 models, we further calculate the contribu-

be observable in the planned experiments of the next genertions of 77? to the LFV processeg—1;l,l, at the tree-level
tion. Combining the tree-level and one-loop contributions,and one-loop level. For the LFV processes-3e, 7— 3e,

we have Brg—3e)=Br(r—2eu) and Br(r—3u)=Br(r

and 7—2eu, the contributions coming from photonic pen-

—2ue) in TC2 models, which are shown in Fig. 6 as func- guin diagrams are larger than those from the tree-level top-

tions of the top-pion mass,, . In Fig. 6, we have used Br
and By, represent Brf—3e) and Br(r— 3u), respectively.

pion exchange at least by four orders of magnitude. While

two kinds of contributions are comparable for the processes

One can see from Fig. 6 that the branching ratios slowly”—3ux and 7—2ue. If we take the top-pion mase,

decrease asn,, increases. As long as, <400 GeV, we

have Brr—3e)=Br(r—2eu)=1.1x10"1° and Br(r
—3u)=Br(r—2ue)=3.1x10"'° Even if we takem,

t
=200 GeV, the branching ratio Br{~3u) can only reach

1.54x 10" 4, which is far below the experimental bound on

T_)liljlk (1076 or 1077) [18,2]}

IV. CONCLUSIONS

<400 GeV, we have Br—3e)=Br(r—2eu)=1.1
X 10" **and Br(r— 2u€)=Br(7—3ux)=>3.1x10"*° which

cannot be observable in the near future experiments. How-
ever, the branching ratio Bu(— 3e) is approximately equal

to 2.8<10 14 which may be observable in the planned ex-
periments of the next generation.
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