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Abstract. The littlest Higgs (LH) model predicts the existence of the doubly charged scalars @ii, which
generally have large flavor changing couplings to leptons. We calculate the contributions of &*E t0 the lep-
ton flavor violating (LFV) processes l; — ;v and l; — I;11), and we compare our numerical results with the
current experimental upper limits on these processes. We find that some of these processes can give severe
constraints on the coupling constant Y;; and the mass parameter Mg. Taking into account the constraints

on these free parameters, we further discuss the possible lepton flavor violating signals of PEE at high
energy linear e™e™ collider (ILC) experiments. Our numerical results show that the possible signals of ot
might be detected via the subprocesses eTe® = IF1* in future ILC experiments.

1 Introduction

It is well known that the individual lepton numbers L., L,,,
and L, are automatically conserved and tree level lepton
flavor violating (LFV) processes are absent in the stan-
dard model (SM). However, neutrino oscillation experi-
ments have made one believe that neutrinos are massive
and oscillate in flavor, which presently provides the only
experimental hints of new physics and implies that the sep-
arated lepton numbers are not conserved [1-3]. Thus, the
SM requires some modification to account for the pattern
of neutrino mixing, in which the LFV processes are al-
lowed. The observation of LF'V signals in present or future
high energy experiments would be a clear signature of new
physics beyond the SM.

Some of the popular specific models beyond the SM
generally predict the presence of new particles, such as
new gauge bosons and new scalars, which may naturally
lead to tree level LFV coupling. In general, these new par-
ticles could enhance the branching ratios for some LEV
processes and perhaps bring them past the observability
threshold of the present and next generations of collider
experiments. Furthermore, non-observability of these LEV
processes may lead to strong constraints on the free pa-
rameters of new physics. Thus, studying the possible LEV
signals of new physics in various high energy collider ex-
periments is very interesting and is much needed.

Little Higgs models [4, 5] (the former reference gives a
recent review) employ an extended set of global and gauge
symmetries in order to avoid one-loop quadratic diver-
gences and thus provide a new method to solve the hierar-
chy between the TeV scale of possible new physics and the
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electroweak scale v = 246 GeV = (\/ﬁGF)*%. In this kind
of models, the Higgs boson is a pseudo-Goldstone boson of
a global symmetry that is spontaneously broken at some
high scales. Electroweak symmetry breaking (EWSB) is
induced by radiative corrections leading to a Coleman—
Weinberg type of potential. Quadratic divergence cancela-
tion of radiative corrections to the mass of the Higgs boson
is due to contributions from new particles with the same
spin as the SM particles. This type of models can be re-
garded as one of the important candidates of new physics
beyond the SM.

The littlest Higgs model (LH) [6] is one of the simplest
and one of the phenomenologically viable models that re-
alizes the little Higgs idea. Recently, using the fact that
the LH model contains a complex triplet Higgs boson &
[7—10] we discussed the possibility of introducing lepton
number violating interactions and of generating a neutrino
mass in the little Higgs scenario. Reference [9] has shown
that the most satisfactory way of incorporating neutrino
masses is to include a lepton number violating interaction
between the triplet scalars and lepton doublets. The tree
level neutrino masses are mainly generated by the vacuum
expectation value (VEV) v/ of the complex triplet ¢, which
does not affect the cancelation of quadratic divergences in
the Higgs mass. The neutrino masses can be given by the
term Y;;2/, in which Y;; (4, j are generation indices) is the
Yukawa coupling constant. As long as the triplet VEV v/ is
restricted to be extremely small, the value of Yj; is of one of
a natural order of magnitude, i.e. Y;; ~ 1, which might pro-
duce large contributions to some of LF'V processes [10, 11].

The aim of this paper is to study the contributions of
the LFV couplings predicted by the LH model to the LFV
processes l; — l;y and I; — [;1xl; and compare our numeri-
cal results with the present experimental bounds on these
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LFYV processes, and the aim is to see whether constraints
on the free parameter Y;; can be obtained. We further cal-
culate the contributions of the LH model to the LFV pro-
cesses ete® — llilji and ete” — liilji(li or lj #e), and we
discuss the possibility of detecting the LFV signals of the
LH model via these processes in future high energy linear
ete” collider (ILC) experiments.

This paper is organized as follows. Section 2 contains
a short summary of the relevant LFV couplings of the
scalars (the doubly charged scalars ®**, the charged
scalars ®*, and the neutral scalar #°) to lepton doublets.
The contributions of these LFV couplings to the LFV
processes l; — l;y and I; — [;ll), are calculated in Sect. 3.
Using the current experimental upper limits on these
LFYV processes, we try to give constraints on the coupling
constant Y;; in this section. Section 4 is devoted to the
computation of the production cross sections of the LFV
processes efe® — lf[lji and ete” — liilji induced by the
doubly charged scalars $**. Some phenomenological ana-
lyses are also included in this section. Our conclusions are
given in Sect. 5.

2 The LFV couplings of the triplet scalars

The LH model [6] consists of a non-linear ¢ model with
a global SU(5) symmetry and a locally gauged symme-
try [SU(2) x U(1)]?. The global SU(5) symmetry is broken
down to its subgroup SO(5) at a scale f ~ TeV, which re-
sults in 14 Goldstone bosons (GBs). Four of these GBs are
eaten by the gauge bosons (Wﬁ, Zu, B), resulting from
the breaking of [SU(2) x U(1)]?, and giving them masses.
The Higgs boson remains as a light pseudo-Goldstone bo-
son, and the other GBs give masses to the SM gauge bosons
and form a scalar triplet é. The complex triplet @ offers
a chance to introduce lepton number violating interactions
in the theory.

In the context of the LH model, the lepton number vi-
olating interaction that is invariant under the full gauge
group can be written as [9, 11]

L= _%YM (Lf), ZisC! (L;f)ﬁ +h.c., (1)

where ¢ and j are generation indices, o and 8 (= 1,2) are
SU(5) indices, and LT = (Iz,vz) is a left handed lepton
doublet. Yj;; is the Yukawa coupling constant, and C'is the
charge-conjugation operator. Because of the non-linear na-
ture of 1 ;, this interaction can give rise to a mass matrix
for the neutrinos as follows:

M;; =Y <V/+§) . (2)

One can see from (2) that, if we would like to stabi-
lize the Higgs mass and at the same time ensure neutrino
masses consistent with the experimental data [12—14], the
coupling constant Y;; must be of the order of 107!, which
is unnaturally small. However, it has been shown [7—9] that
the lepton number violating interaction only involving the
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complex scalar triplet ¢ can give a neutrino mass matrix
M;; =Y;;v'. Considering the current bounds on the neu-
trino mass [12-14], we should have

Y ~1071% GeV . (3)

Thus, the coupling constant Y;; may naturally be of order
one or at least need not be unnaturally small, provided the
VEV v/ of the triplet scalar @ is restricted to be extremely
small.

In this scenario, the triplet scalar ¢ has LFV couplings
to the left handed lepton pairs, which can be written as [9]

Ly = Yij l%icille@JH»

1
+— (vL,C M + 1,0 ) &

V2

+Vgic_lVLj¢o +h.c. (4)

Considering these LFV couplings, [9] has investigated the
decays of the scalars #+* and #* and has found that the
most striking signature comes from the doubly charged
scalars $**. The constraints on the coupling constant Yi;
and the triplet scalar mass parameter Mg coming from the
muon anomalous magnetic moment a, and the LF'V pro-
cess u~ — ete~ e are studied in [11]. In the next section,
we will calculate the contributions of the charged scalars
&++ and &+ to the LFV processes l; — l;y and [; — I;li 1.

3 The charged scalars and the LFV processes
li — lj")’ and li — ljlk,lk,

The observation of neutrino oscillations [1-3] implies that
the individual lepton numbers L. , r are violated, suggest-
ing the appearance of LF'V processes, such as [; — [;y and
l; = Lilily. The branching ratios of these LE'V processes are
extremely small in the SM with right handed neutrinos.
For example, [15, 16] have shown that Br(u — ey) < 10747.
Such a small branching ratio is unobservable.

The present experimental upper limits on the branch-
ing ratios Br(u — ey) [17], Br(yu — 3e) [18], Br(r — ev)
[19], Br(t — py) [20], and Br(r — l;lxli) [21] are given
in Table 1. Future experiments with increased sensitivity
can reduce these current limits by a few orders of magni-
tude (see, e.g., [22]). In this section, we will use these data
to give the constraints on the free parameters Y;; and M.

The LFV couplings of the charged scalars =~ and &~
given in (4) may lead to the LE'V radiative decays [, — Ly
at the one-loop level mediated by the exchange of the
charged scalars @~ ~ and ¢, as shown in Fig. 1. For the
doubly charged scalar =~ the photon can be attached ei-
ther to the internal lepton line or to the scalar line. For the
charged scalar ¢, the photon can only be attached to the
scalar line [23, 24].
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Table 1. The current experimental upper limits on the branch-
ing ratios of some LFV processes and the corresponding upper
constraints on the free parameters

Decay Current limit Bound (GeV %)

process

©— ey 1.2x 1071 [17] -

ey 1.1x 1077 [19] -

T — 6.8 x 1078 [20] -

©— 3e 1.0x 1072 [18] | YueYes | /M3 <2.2x 10717

T —3e 2.0x1077 [21] | YreYeh |2 /Mp <24x10713

T—2ue  3.3x1077[21] | YreYi, |2 /ME<81x10713

T—2p  27x1077[21] | YwY =2 /Ms <6.6x10713

T — 3p 19x1077 [21] | YruVi |2 /M3 <23x10713
(D)

Fig. 1. Feynman diagrams
I : ; l;  contributing to the radiative
decay I, — 1;7 due to the

C

charged scalars &~

Using (4), the expression of the branching ratio Br(l; —
l;"v) can be written at leading order:

— — Qe * \2
Br(l; — 17 7) = 967TG%IC;L€(Y;-,€YM)
1l 1]
ki(j _
X Br(l; — eve7;) .
ey

(5)

Here «. is the fine structure constant, and G is the Fermi
constant. The factor 3dy;(;) means that, when the inter-
nal lepton is the same as one of the leptons /; and [;, the
contributions of #~~ to Br(l;” — [; ) are four times those
for k #¢ and j. Mg—— and Mg- are the masses of the
scalars =~ and @7, respectively. In the LH model, the
scalar mass is generated through the Coleman—Weinberg
mechanism, and the scalars $~~, &~ and ®° are degen-
erate at the lowest order [9]. Thus, we can assume that

Mg—— = Mg-— and write the branching ratio as
Br(l; — 1)
Qe
m . ;L (Y;fkykj) [36k:z + 2] Br(l — 61/81/1) .

(6)

In particular, for the decay process u~ — e ™y, we obtain the
following expression for the branching ratio Br(p~ — e~ ):

Br(p™ —e )

Ole * * *
= W [25(YueYee)2 + 25(Yﬂ#Yue)2 +4(Yere)2] .
(7)

From the above equations, we can see that the LF'V pro-
cess I; — l;y cannot be able to constrain Y;; independently.
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However, if we assume Y, =Y for i = k (Y is the flavor-
diagonal (FD) coupling constant) and Y, =Y’ for ¢ # k
(Y is the flavor-mixing (FX) coupling constant), then we
can obtain constraints on the combination of the free pa-
rameters Y, Y’ and Mg. In terms of observability, the most
stringent constraint should come from the current experi-
mental upper limits on the branching ratio Br(u — ev).
Thus, in Fig. 2, we have shown the FD coupling constant Y
as a function of the mass parameter Mg for Y’ =1 x 1072,
1x 1073 and 1 x 10~%. From Fig. 2, one can see the upper
limit on Y to strongly depend on the values of Mg and
Y'. For Mg < 2000GeV and Y/ > 1 x 10™%, we must have
Y <64.

In the LH model, the LFV processes I; — [;l1l; can be
generated at tree level through the exchange of the doubly
charged scalar #+*, as depicted in Fig. 3.

The expressions of the branching ratios for the pro-

cesses l; — lfl,;l; are given by [23—-25]:
- - | VieYer 2
Br(u~ —efe e )= 16G2M4 , (8)
Y‘reY* 2
Br(t~ —ete e”) = |16G2 M|4 Br(r — eve;), (9)
+ - - | YTM ee |2 —
Br(r~ = puteTeT) = WBrh—)eueyT), (10)
YTEY* 2
Br(t~ —etu pu )= |32G2 M‘|1 Br(r — eve7,), (11)
_ _ | VoY, P _
Br(t™ = putp pu)= 16G2 M4 —EBr(r = ev.7,). (12)

Certainly, up to one loop, the LE'V processes I; — l;lxlx
get additional contributions from the processes l; — [;y* —

140

120 -

~ Y =10t
Y'=10"
— Y'=107

100

80 -

0F

1 . 1 . 1
1500 2000 2500

M,(GeV)

1000 3000

Fig. 2. The FD coupling constant Y as a function of the scalar
mass Mg for different values of the FX coupling constant Y’
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Fig. 3. Tree level Feynman
diagram for the LFV pro-
cesses 17— 1T I, 1, mediated
by the doubfy charged scalar
o

ljlgly. Thus, the charged scalars ¥+ and ¢* have con-
tributions to the LEFV processes I; — [;ll; at one loop.
However, compared with the tree level contributions, they
are very small and can safely be neglected.

The LFV processes [; — l;lxl; also cannot give con-
straints on the coupling constants Y;; independently, but
they may be able to constrain the combination | Y;; Yk,C |2/
M. Our numerical results are given in Table 1.

In the following section, we will take into account these
constraints coming from the LFYV processes l; — l;y and
l; = ljlply; we estimate the contributions of the doubly
charged scalars #** to the processes etet — lj[li and
ete™ — liilji7 and we discuss the possibility of detecting
the signals for the doubly charged scalars $*+ at the ILC
experiments.

4 The doubly charged scalars $++

and the LFV processes ete® — lili

and ete” — l?:l;t

In general, the doubly charged scalars cannot couple to
quarks, and their couplings to leptons break the lepton
number by two units, leading to a distinct signature,
namely a pair of same-sign leptons. The discovery of a dou-
bly charged scalar would have important implications for
our understanding of the Higgs sector and, more impor-
tantly, of what lies beyond the SM. This fact has triggered
more elaborate theoretical calculations in the framework of
some specific models beyond the SM to see whether signa-
tures of this kind of new particles can be detected in future
high energy experiments. For example, the production and
decay of the doubly charged scalars and their possible sig-
nals at the ILC have been extensively studied in [26—32].
In this section, we will consider the contributions of the
doubly charged scalars $** predicted by the LH model to
the processes e*e® — [F1F and ete™ — lili (l; or l; #e).
The processes eTe™® — 1 I can be seen as subprocesses
of the processes eTe™ — llil]i. For example, the doubly
charged scalar &~ generates contributions to the pro-
cessete™ — ;71" through the subprocesse™e™ — 1,1, as
shown in Fig. 4.

Using (4), the expression for the cross section for the
subprocess e”e” — [, [, can easily be written

Y2Y? G

ee” ij

8r (§—M2)>2+M3iIz"

a(s) = (13)

Here /5 is the center-of-mass (C.M.) energy of the sub-
process e"e” — ;7. I'p is the total decay width of the

C.-X. Yue, S. Zhao: Lepton flavor violating signals of a little Higgs model at ILC

Fig. 4. Main Feynman diagram for the processes eTe™ — li_lj_
predicted by &~

doubly charged scalar $~~, which has been given by [9] in
the case of the triplet scalars (#*+, &+, and ¢°) becoming
degenerate at lowest order with a common mass Mg:

o= '@~ =) +T(@ =W W)

+ (S~ - Wy W,)

Ms .., o VEME gty
87 [3Y7+6Y"] + 2t AnMg’

where Y =Yj; (i = j) is the FD coupling constant, Y’ =Y;;
(i # j) is the FX coupling constant. In the above equa-
tion, the final-state masses have been neglected compared
to the mass parameter Mg. It has been shown that, for
v <1x107°, the main decay modes of &=~ are l; ;. Fur-
thermore, the FX coupling constant Y is subject to very
stringent bounds from the LF'V process p — eee. In this
case, the decay width I's can approximately be written as

(14)

3MzY?
8t

Considering the current bounds on the neutrino mass [12—
14], we should have

F@%

(15)

Vv ~1071° GeV, (16)
so vV < 1x107° leads to Yi; >1x 10~®, which does not
conflict with the most stringent constraint from the LFV
process u — eee. Thus, in our numerical calculation, we
will take (15) as the total decay width of ¢~ .

Using the method of the equivalent particle approxi-
mation [33—35], the effective cross section for the process
ete” —1; 1 can be approximately written as [30-32]

o(Bers)= [ doFE @ B5E). (1)

min

where 5= xs and Tmyin = (my, +my, )2/s. F€€+_ (x,E.+) is
the equivalent electron distribution ‘function of the initial
positron, which gives the probability that an electron with
energy B, =z FE_+ is emitted from a positron beam with
energy E, 1. The relevant expression can be written as [36]

2
— Ol2 E+ 2
€ E — € € _1
e+(:1?, e+) Sn2z n<me>
4 4
X [§+x—x2—§x3+2x(1+x)lnx} .
(18)
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1¢
—— M, =1000 GeV
- M_=1500 GeV
M_=2000 GeV
01k
3
)
0.01 3
1E3 |

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Y

Fig. 5. The cross section o(5) as a function of Y for three
values of the mass Mg

1:
—— M, =1000GeV
—————— M, =1500GeV
01k - M, =2000GeV
)
o
0.01f
1E-3f
C L 1 L | 1 L 1 L 1 L 1 L 1 L
04 02 03 04 05 06 07 08 09

Y
Fig. 6. Same as Fig. 5, but for o (s)

In Figs. 5 and 6, we plot the production cross sections
5(3) and o(s) for the processese"e™ — p~p~ and ete™ —
pu~p~ as a function of the FD coupling constant Y, re-
spectively. In these figures, we have assumed 0.15 <Y <
0.9 and we have taken /s = 500 GeV and Mg = 1.0 TeV,
1.5 TeV and 2.0 TeV. From Figs. 5 and 6 one can see that
the values of 5(5) and o(s) are strongly dependent on the
value of the FD coupling constant Y (Ye). For Y > 0.7 and
Mg < 1.5TeV, the values of the subprocess cross section
o(8) and the effective cross section o(s) are larger than
1.1 x 102 fb and 4.3 x 1072 fb, respectively.

The signal of the doubly charged scalar =~ given by
the process eTe™ — u~u~ is so distinctive and is so SM
background free that discovery would be signaled by even a
few events. In Fig. 7, we plot the discovery region in the Y-
Mg plane at 95% confidence level (C.L.) for seeing 5u~ p~

901

Observable

>~ 09

08 |
1T Non-observable
0.6 -

05

04! - ' - ' - '
1000 1500 2000 2500

M, (GeV)

3000

Fig. 7. Discovery region in the Y-Mg plane at 95% C.L. for
seeing by~ @~ events

events, in which we have assumed the future ILC to run
with C.M. energy /s = 500 GeV and a yearly integrated lu-
minosity of £ =500 fb=! [37-40]. From this figure, one can
see that, in a wide range of the parameter space, the signals
of @~ should be detected in future ILC experiments.

The doubly charged scalar ¢~ can also have contri-
butions to the LFV processes eTe™ — 7~ u~,7 ¢~, and
p~e”. However, the experimental upper limits on the
LFYV processes 7 — pee, 7 — eee and u — eee can give se-
vere constraints on the combination | Yin,:k |2 /M2, which
makes the production cross sections of these processes very
small. For example, even if we take Y = 1 and Mg < 2 TeV,
the production cross sections o(7u), o(re) and o(ue) are
smaller than 6.9 x 1072 fb, 2.1 x 10~3fb and 1.9 x 10~° fb,
respectively. Thus, it is very difficult to detect the signals
of =~ via the processesete™ — L (i # j) in future ILC
experiments.

Certainly, the doubly charged scalar $* gives contri-
butions to the processes etet — 1" and ete™ — [
Similar to the above calculation, we can give the values of
the production cross sections for these processes. We find
that the cross section o(I;1;") is equal to the cross sec-

tion o(l; (;). Thus, the conclusions for the doubly charged
scalar @~ also apply to the doubly charged scalar ®++.

5 Conclusions

To solve the so-called hierarchy or fine tuning problem of
the SM, the little Higgs theory was proposed as a kind
of model for EWSB, accomplished by a naturally light
Higgs boson. The LH model is one of the simplest and
one of the phenomenologically viable models. In the LH
model, neutrino masses and mixings may be generated by
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coupling the scalar triplet @ to the leptons in a AL = 2 in-
teraction whose magnitude is proportional to the triplet
VEV v/ multiplied by the Yukawa coupling constant Y;;,
without invoking a right handed neutrino. This scenario
predicts the existence of the doubly charged scalars $*+.
For smaller values of v/ i.e. v/ <1x107°, the doubly
charged scalars $** have a large flavor changing coupling
to leptons, which can generate significantly contributions
to some LFV processes and can give characteristic signa-
tures in future high energy experiments.

In this paper, we first consider the LFV processes [; —
ljy and l; = l;lxl) in the context of the LH model. For the
LFV process l; — l;7, it involves all of the FX coupling con-
stants Y;; (¢ # j), and we cannot give simple constraints on
the free parameters Y;; and Mg. Thus, for the fixed values
of the FX coupling constant Y’ =Y;; (i # j), we take into
account the current experimental upper limit of the LFV
p — ey and plot the FD coupling constant Y =Yj; (i = j)
as a function of the mass parameter Mg. Our numerical re-
sults show that the upper limit on Y is strongly dependent
on the free parameters Mg and Y.

Using the present experimental upper limits on the
branching ratios Br(l; — [;l;li), we obtain the constraints
on the combination | Y;; Y7 |? /Mz. We find that the most
stringent constraint comes from the LF'V process y — eee.
In all of the parameter space, we must have | Y, Y |2/
Mj <22x10719 GeV—.

The characteristic signals of the processes ete™ — lii
are same-sign dileptons or two same-sign different flavor
leptons, which are SM background free and offer excellent
potential for the discovery of the doubly charged scalar. To
see whether the doubly charged scalar @~ can be detected
in future ILC experiments, we discuss the contributions of
@~ to the processes e e~ — ;[ and ete” — ;717 We
find that the triplet scalar ~~ may give significantly con-
tributions to the processes ete™ — [ I; . In a wide range of
the parameter space of the LH model, the possible signals
of @~ might be observed in future ILC experiments. How-
ever, the production cross sections of the LFV processes
ete” — L (i # j) mediated by ¢~ are very small. The
contributions of the triplet scalar $TF to the processes
ete” — l;“lj“ are equal to those of &~ for the processes

ete” =1 l;”, Thus, our conclusions also apply to the dou-
bly charged scalar 7.

Some popular models beyond the SM predict the ex-
istence of doubly charged scalars, which generally have
lepton number and lepton flavor changing couplings to lep-
tons and might produce distinct experimental signatures
in current or future high energy experiments. Their obser-
vation would signal physics outside the current paradigm
and further test the new physics models. The search for
this kind of new particles has been one of the important
goals of the high energy experiments [41-45]. Thus, the
possibly signals of the doubly charged scalars #** pre-
dicted by little Higgs models should be further studied in
the future.
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