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Abstract. The littlest Higgs model with T-parity predicts the existence of the T-odd particles, which can
only be produced in pairs. We consider pair production of the T-odd leptons in a future high energy linear
eTe™ collider (ILC). Our numerical results show that, as long as the T-odd leptons are not too heavy, they
can be copiously produced and their possible signals might be detected via the processes eTe™ — fiLj in

future ILC experiments.

1 Introduction

Many popular specific models beyond the standard model
(SM) predict the existence of heavy leptons. It is well
known that, so far, a clear signal of such new fermions has
not been found at high energy collider experiments. How-
ever, the experimental lower bounds for the heavy lepton
mass were found to be 44 GeV by OPAL [1], 46 GeV by
HLEPH [2], and 90 GeV by H1 Collaborations [3]. This
means that, if this kind of new particles indeed exists, they
should be detected in future high energy collider experi-
ments. Any signal for such a kind of fermions in future high
energy experiments will play an important role in the dis-
covery of new physics beyond the SM.

Little Higgs theory [4] is proposed as an interesting so-
lution to the so called hierarchy problem of the SM and
can be regarded as one of the important candidates for new
physics beyond the SM. Among of the little Higgs models,
the littlest Higgs (LH) model [5] is one of the simplest and
phenomenologically viable models, which has all essential
features of the little Higgs models. However, the LH model
suffers from severe constraints from precision electroweak
measurements, which could only be satisfied by fine tuning
the model parameters [6—14]. To avoid this serious prob-
lem, a new discrete symmetry (called T-parity) has been
introduced, which forms the so called LHT model [15-17].
In this model, all dangerous tree level contributions to the
low energy electroweak observables are forbidden by T-
parity, and hence the corrections to the observables are
loop suppressed. The LHT model is one of the attractive
little Higgs models.

In order to implement T-parity in the fermion sec-
tor, one introduces three doublets of “mirror quarks” and
three doublets of “mirror leptons”, which have T-odd par-
ity, transform vectorially under SU(2);, and can be given
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a large mass. A first study of the collider phenomenology
of the LHT model was given in [18]. The possible signals
of the T-odd fermions (mirror fermions) have been studied
in [19-26]. In this paper, we will focus our attention on the
T-odd leptons and see whether the possible signals of the
LHT model can be detected in future high energy linear
ete™ collider (ILC) experiments via the production related
to the T-odd leptons.

Studying production and decay of the new charged lep-
tons at high energy collider experiments is of special inter-
est. It will be helpful to test the SM flavor structure and
new physics beyond the SM. This fact has lead to many
studies involving the new charged leptons at eTe™ collid-
ers [27—32], ep colliders [33—-37], and hadron colliders [38—
43]. Although there are lots of works on the new charged
leptons in the literature, there is need for further study in
the context of the LHT model. There are several motiva-
tions to perform this study. First, the LHT model is one
of the attractive little Higgs models that predicts the ex-
istence of the T-odd heavy charged leptons. However, in
previous works on studying the phenomenology of the LHT
model, studies of the heavy charged leptons are very few.
Second, a pair of T-odd leptons can be directly produced at
the CERN large hadron collider (LHC) through s-channel
exchange of the SM gauge bosons. However, its production
cross section is very small in most of the parameter space
of the LHT model [19, 25, 26]. So far, a complete study of
pair production of the T-odd charged leptons has not been
presented in the context of the LHT model. Third, study-
ing the possible signals of the heavy charged leptons in
future high energy colliders can help the collider experi-
ments to test little Higgs models and distinguish different
new physics models. Thus, in this paper we will concen-
trate our attention on pair production of the heavy charged
leptons (T-odd) in future ILC experiments.

In the present work, we study the dynamical properties
for production of the T-odd leptons and also for decay of
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the T-odd leptons into presently known particles. We also
discuss how the signals can be clearly separated from the
SM backgrounds with a great significance. After review-
ing the LHT model in Sect. 2, the production processes
and signatures of the T-odd leptons are studied in detail in
Sect. 3. Finally, our conclusions and a simple discussion are
given in Sect. 4.

2 The LHT model

In this section, we briefly review the essential features of
the LHT model studied in [15-17], which are related to
our calculation. Similar to the LH model, the LHT model
is based on an SU(5)/SO(5) global symmetry breaking
pattern. A subgroup [SU(2) x U(1)]; x [SU(2) x U(1)]2 of
the SU(5) global symmetry is gauged, and at the scale f
it is broken into the SM electroweak symmetry SU(2)y, x
U(1)y. T-parity is an automorphism that exchanges the
[SU(2) x U(1)]; and [SU(2) x U(1)]2 gauge symmetries.
The T-even combinations of the gauge fields are the SM
electroweak gauge bosons W and B),. The T-odd combi-
nations are T-parity partners of the SM electroweak gauge
bosons.

After taking into account electroweak symmetry break-
ing (EWSB), at the order of v? / f2, the masses of the T-odd
set of the SU(2) x U(1) gauge bosons are given by
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Here v =246 GeV is the electroweak scale and f is the
scale parameter of the gauge symmetry breaking of the
LHT model. ¢’ and g are the SM U(1)y and SU(2), gauge
coupling constants, respectively. Because of the smallness
of ¢’, the T-odd gauge boson By is the lightest T-odd
particle, which can be seen as an attractive dark matter
candidate [44-47].

To avoid severe constraints and simultaneously imple-
ment T-parity, one needs to double the SM fermion doublet
spectrum [15-18,48]. The T-even combination is associ-
ated with the SU(2)r, doublet, while the T-odd combi-
nation is its T-parity partner. The masses of the T-odd
fermions can be written in a unified manner as:

where k; are the eigenvalues of the mass matrix k, and their

values are generally dependent on the fermion species i.
The mirror fermions (T-odd quarks and T-odd lep-
tons) have new flavor violating interactions with the SM
fermions mediated by the new gauge bosons (Bp, Wf},
or Zg ), which are parameterized by four CKM-like unitary
mixing matrices, two for mirror quarks and two for mirror
leptons [24—26,49, 50]:
Viw, Vad, Vi,
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They satisfy

(4)

where the CKM matrix Voxw is defined through flavor
mixing in the down-type quark sector, while the PMNS
matrix Vpyng is defined through neutrino mixing. Similar
to [24], we will set the Majorana phases of Vpying to zero in
our following calculation. The matrix Vy; can give rise to
the lepton flavor violating processes.

The couplings of the T-odd leptons to other particles,
which are related to our analysis, are summarized as [24]

+ +
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Here Sw = sin 6w, Cw the cosine, and v is the Weinberg
angle. [; and L; represent the three family leptons e, u, or
7 and their T-odd partners, respectively. P, = (1 —5)/2 is
the left-handed projection operator.

From the above discussion, we can see that the LHT
model provides a new mechanism for lepton flavor viola-
tion (LFV), which comes from the flavor mixing in the
mirror lepton sector. Thus, the LHT model can give sig-
nificant contributions to some LFV processes, such as
li = vy, li = Lilply, 7 — pm ete. [51-53]. In the next sec-
tion, we will consider pair production of the T-odd leptons
in future ILC experiments and further discuss their LF'V
signatures.

3 Pair production of the T-odd leptons
at the ILC

In the LHT model [15-17], T-parity explicitly forbids the
tree level contributions coming from the new particles
to the observables involving only the SM particles and
forbids the interactions that induce triplet vacuum ex-
pectation value (VEV) contributions. The SM particles
are T-even, while the new particles are T-odd, except
for the T-parity partner of the top quark. As a conse-
quence, the electroweak precision measurement data al-
low for a relatively low value of the new particle mass
scale f ~ 500 GeV and the T-odd particles can only be
produced in pairs. Pair production of the T-odd par-
ticles has been studied via pp [19,25,26], ey and ep
collisions [54].

From the above discussion, we can see that pair pro-
duction of the T-odd leptons at ILC proceeds via the
s-channel and t-channel Feynman diagrams as shown in
Fig. 1. The invariant scattering amplitude for the process
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Fig. 1. Feynman diagrams for pair production of the T-odd
leptons at the ILC

et (P1)e™ (Py) — L;(P3)Lj(Py) can be written as
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From (8)—(10) we can see that, except for the SM in-
put parameters a. = 1/128.8, S, = 0.2315, and Mz =
91.187 GeV [55], the production cross sections o(L;L;) for
the processesete™ — L; L; are dependent on the model de-
pendent parameters f, k (or Mr,), (Vai)ei, and (V)e;-
The matrix elements (Vi;);; can be determined through
Vi = Vi, Veuns. To avoid any additional parameters in-
troduced and to simply our calculation, we take Vi =
Vpmns, which means that the T-odd leptons have no im-
pact on the flavor violating observables in the neutrino
sector. For the matrix Vpyng, we take the standard pa-
rameterization form with parameters given by the neutrino
experiments [56—60]. References [51-53] have shown that,
for Vig; = Vpuns, to make the p — ey and =~ — e~ eTe™
decay rates consistent with the present experimental up-
per bounds, the spectrum of the T-odd leptons must be
quasi-degenerate. Thus, in our numerical estimation, we
will assume My, = Mg, =M, =M and take the param-
eters f and M, as free parameters.

Our numerical results are shown in Figs. 2 and 3,
in which we plot the production cross sections o (L, L )
and o(L.L,) as functions of the scale parameter f for
the center- of mass value /s = 2 TeV and three values of
the T-odd lepton mass M. Since the value of the ma-
trix element (Vpuns)er is smaller than that of (Vemns)ep,
the production cross sections o(L,L.) and o(LeL.) [or

o(L,L;)] are smaller than o(L,L,) and o(L.L,), re-
spectively. Therefore, in Figs. 2 and 3 we have not given
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Fig. 2. The production cross section o(L, L) as a function of
the scale parameter f for /s =2 TeV and three values of the
T-odd lepton mass M7y,

160 ——M =400GeV
i M = 600GeV
140 M = 800GeV
120
= 100"
z A
© 80

60

40

1 " " 1 " " 7
1200 1400 1600 1800 2000

f (GeV)

600 800 1000

Fig. 3. Same as Fig. 2 but for the production cross section
4 (LeLu)

the curves for the production cross sections o(L,L,),
o(LeL;), and o(L,L,). Using the unitarity based PDG
parametrization and the available data from oscillation
experiments, [56—60] have constructed the PMNS ma-
trix Vpumns, in which the values of the matrix elements
(Veumns)ep and (Veuins)ee are given in the ranges of
0.4871 ~ 0.6193 and 0.7575 ~ 0.8819, respectively. To sim-
ply our calculation, we have taken the values of (Vpyns)e “
and (VeuMnNs)ee as 0.55 and 0.82 in Figs. 3 and 2, re-
spectively. From Figs. 2 and 3, we can see that the
values of the production cross sections increase as the
scale parameter f decreases and as the T-odd lepton
mass My decreases. For My = 400 GeV and 500 GeV
< f <2000 GeV, the values of o(L,L,) and o(L.L,) are
in the ranges of 93.1fb ~ 31 fb and 171.5fb ~ 33.5fb, re-
spectively, while for My = 800GeV and 500 GeV < f <
2000 GeV, their values are in the ranges of 37.7 fb ~ 24.3 fb
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and 55.2 fb ~ 25.8 fb, respectively. If we assume that the
ILC experiment with /s =2 TeV has a yearly integrated
luminosity of £ = 100 fb~! and if we assume M, < 900 GeV
and f <2TeV, then there will be several hundreds up to
thousands of L,L, or L.L, events to be generated per
year.

The new gauge boson By is the lightest T-odd particle,
which can be seen as an attractive dark matter candi-
date [44—47]. The T-odd lepton L; mainly decays to Byl;
(Il =e, p or 7) and we have Br(L; — Byl;) =~ 100% [19,
25,26,59,60]. In this case, the signature of the process
ete” — z/uLu is the opposite-sign same-flavor leptons
i plus large missing energy; i.e. gy + By Bp. The large
transverse missing energy can be used to distinguish the
signal events from the SM signal events generated by the
process eTe™ — v/Z — iy, which cannot be considered as
background. The intrinsic SM backgrounds come from the
processes eTe” — pjiZ — pivv and ete” - WITW ™ —
ppv,v,. However, at the ILC experiment with /s = 2 TeV,
the cross section of the former process is about 2 fb, while
the one of the latter process is about 11.2fb, which is
smaller than the cross section of the process et e~ — L, L,
in most of the parameter space of the LHT model. Thus,
the signal event fu+ By Bp should be easily separated
from the SM background with great significance. We ex-
pect that, as long as it is not too heavy, the T-odd lepton
should be detected via the process ete~ — L, L, in future
ILC experiments.

The LFV process ete™ — I_LGLM can give rise to the sig-
nal events with opposite-sign and different-flavor leptons
and large missing energy (eu+ Er), i.e. ete™ — L.L,, —
euBp By . Although the LFV signal is quite spectacular,
it is not free of the SM background. The leading SM back-
grounds of the signal event éu+ Fr mainly come from
the WW pair production process ete™ — WHW— —
euvev,. To see whether the LFV signals of the T-odd lep-
tons can be detected in future ILC experiments, we fur-

120
——M =400GeV
----- M =600GeV
I M = 800GeV
80 |
o
60 -
40
1 . 1 . 1 . 1 . 1 . P
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Fig. 4. The statistical significance R = S/\/E as a function
of the scale parameter f for three values of the T-odd lepton
mass M7,
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ther calculate the ratio of the signal over the square root
of the background R = S/v/B, which is called the sta-
tistical significance. Our numerical results are shown in
Fig. 4, in which we have taken the integrated luminos-
ity £=100fb~! for /s =2 TeV and the branching ratios
Br(W* — év.) = (10.66 £0.17)% and Br(W~ — up,) =
(10.60 £0.15)% [55]. From Fig. 4 one can see that, in most
of the parameter space of the LHT model, the value of
the statistical significance R is larger than 33. Further-
more, if we apply appropriate cuts on the SM backgrounds,
the value of the ratio R can be clearly improved. For ex-
ample, [61] has shown that appropriate kinematical cuts
can strongly reduce the WW background. Thus, the pos-
sible signals of the T-odd leptons should be easily de-
tected via the LFV process eTe™ — EELM in future ILC
experiments.

4 Conclusions and discussion

The LHT model is one of the attractive little Higgs models
that provides a possible dark mater candidate. To simul-
taneously implement T-parity, the LHT model introduces
new mirror fermions (T-odd quarks and T-odd leptons).
Flavor mixing in the mirror fermion sector gives rise to
a new source of flavor violation, which might generate sig-
nificant contributions to some flavor violation processes.

The T-odd leptons can only be produced through weak
processes and their production cross sections are generally
small at the LHC. So, in this paper we study pair pro-
duction of the T-odd lepton in future ILC experiments.
Our numerical results show that, as long as the T-odd lep-
tons are not too heavy, they can be copiously produced
in pairs. For example, for 500 GeV < f <2000 GeV and
My, = 600 GeV, the production cross section for the process
ete” — I_LMLH is in the range of 67.4fb ~ 29.3 fb. Further-
more, the pair production process ete™ — L, L, can gen-
erate the nice signal event pji+ Er, which might easily be
separated from the SM background with great significance.

The T-odd leptons can also be produced in pairs via
the LFV processes e"e™ — L; L; (i # j). Except the free pa-
rameters f and My, their production cross sections are
dependent on the PMNS matrix elements (Veymns)e; and
(VpMns)e;- Considering the bounds of the neutrino oscil-
lation experiment data on these matrix elements, we cal-
culate the production cross section of the LFV process
ete” — EELM. We find that its value can be significantly
large in most of the parameter space of the LHT model.
The SM backgrounds of this process mainly come from the
SM process ete™ — WTW ™. Even if no cuts are applied
and the electron beam and the position beam are not polar-
ized, the value of the ratio R can be larger than 33 in most
of the parameter space.

In conclusion, we have considered pair production of
the T-odd leptons, and we discussed the possibility of de-
tecting these new particles in future ILC experiments. We
find that, as long as the T-odd leptons are not too heavy,
they can be copiously produced in pairs via the processes
ete™ — L-Lj, and their signatures might be observed in
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future ILC experiments. Thus, we expect that the future
ILC experiments can be seen as an ideal tool to detect the
T-odd leptons predicted by the LHT model. Even if we
cannot observe the signals in future ILC experiments, at
least, we can obtain the bounds on the free parameters of
the LHT model.

The LHT model might give significant contributions to
some LF'V processes, such as l; — l;y, l; = [jlpl;, 7 — pm,
etc. The present experimental upper bounds of the branch-
ing ratios Br(u — ey) and Br(u~ — e ete™) can give
severe constraints on the free parameters of the LHT
model [51-53]. Considering these constraints, we have
assumed MLE = MLu = ML for VHl = VPMNS in our nu-
merical estimation. From our numerical results, we can see
that the values of the cross section o(L.L,) and o(L,L,,)
increase as the scale parameter f decreases, which is
similar to that for the branching ratios Br(u — ey) and
Br(u~ — e"eTe™). However, even for M, =400 GeV and
f <2000 GeV, the values of o(L,L,) and o(L.L,) are
larger than 31 fb and 33 fb, respectively. Thus, we can say
that the strong constraints on the LHT model that come
from the LFV processes u — ey and = — e~ eTe™ do not
strongly change our conclusions on the production of the
T-odd leptons in future ILC experiments.
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