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Abstract The signatures of heavy fermionic isotriplets (%)
are probed through their direct production and subsequent
decay at high energy electron—positron colliders. Unlike the
case of LHC, the production process has strong dependence
on the mixing of ¥ with electron (V,), making the leptonic
collider unique to fingerprint the presence of such mixing. We
establish that pair production considered at /s = 2 TeV can
be employed to study both the cases of V, = O and of V, # 0
with ~ 100 fb~! luminosity, while the single production can
probe the latter case with a few inverse femto barn luminosity
at /s = 1 TeV. Exploring the mass reach, both the single and
pair productions are capable of probing X of mass close to
the kinematic limits through selected channels. Investigating
simultaneous limits on the My — V, parameter space, we
identify suitable final states and their 30 reach on V, and
My at 300 (100) fb~! luminosity in the case of pair (single)
% production.

1 Introduction

The Standard Model (SM) of particle physics has established
itself firmly as the description of the dynamics of elementary
particles at the electroweak scale. All measurements at the
LHC conform to this, including the information on the Elec-
troweak Symmetry Breaking (EWSB). However, many fea-
tures, including the lack of a mechanism to generate masses
for neutrinos, absence of a candidate for dark matter, inabil-
ity to explain the baryon asymmetry of the universe, along
with other technical issues like the mechanism to stabilise
the Higgs boson mass against quantum corrections, force
us to look beyond the SM. It is expected that new physics
should show up in the TeV range of energies. Concerning
the mechanism to generate mass to the neutrinos, the seesaw

2e-mail: g.deepanjali @iitg.ernet.in

b e-mail: poulose @iitg.ernet.in

mechanism [1-7] has emerged as the most popular and per-
haps the most viable way of generating a tiny mass of the
observed light neutrinos of three different flavours. The see-
saw mechanism effectively exploits this idea by introducing
lepton number violating Majorana mass terms, either directly
or generated dynamically. The tininess of the neutrino mass
[8] in this case is achieved with the help of a large mass
scale present in the scenario, usually brought about as the
mass of a heavy partner. Generically, the seesaw mechanism
is categorised into three types. In the Type-I seesaw model
[1-6], a minimum of two gauge singlet right-handed neutrino
fields are introduced in addition to the SM fields. In this case,
the light neutrino mass is inversely proportional to the mass
of this new partner fermion, thus allowing it to be naturally
small in the presence of a heavy partner. In the Type-1I seesaw
model [9-15] SU (2) triplet scalar fields with hypercharge
Y = 2 are introduced. The vacuum expectation value (vev)
acquired by these triplet scalars induces a Majorana mass to
the neutrinos. In the Type-III seesaw model [16] fermionic
triplet fields with ¥ = 0 are introduced, having a Yukawa
term involving the SM lepton doublet and the SM Higgs field,
and with Majorana mass terms. This third scenario leaves
both charged as well as neutral heavy fermions in the spec-
trum. It is possible that such additional fermions have masses
in the range of TeV, and thus could possibly be searched for at
the LHC and at the proposed high energy leptonic colliders
like the International Linear Collider (ILC) [17-26] or the
Compact Linear Collider (CLIC) [27-30]. Generically, we
shall refer to these high energy leptonic collider facilities as
the Future Leptonic Colliders (FLCs). The phenomenology
of the Type-III seesaw model in the context of LHC has been
carried out in some detail by many authors [31-38]. Experi-
mental searches for the additional charged, as well as neutral
heavy fermions arising in this model are performed by both
CMS and ATLAS. Considering data from the /s = 13 TeV
run, CMS [39] has set a lower limit of 430 GeV on the triplet
mass. The ATLAS results [40,41] rule out masses in the range
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below 325-540 GeV under the specific scenarios considered.
The larger value corresponds to the assumption of decay of
the heavy neutral fermion exclusively to W¢, and the heavy
charged fermion to Wv. The Yukawa interaction term lead-
ing to the off-diagonal mass matrix for the neutral fermions
also causes mixing in the charged lepton sector. Simultane-
ous presence of the mixing with two flavours receive very
stringent constraints from Lepton Flavour Violating (LFV)
decays like u — ey, eee, and T — uy, ey. However, if
the mixing is restricted to a single flavour, it could be large
enough (constrained by the electroweak precision data) to
leave its effects at the colliders. The latter case is, however,
not possible to probe at the LHC, when one restricts one-
self to pair production of the heavy fermions, as the mixing
parameter cancels out in the branching fraction. The cross
section for single production of heavy fermion in association
with SM leptons has the potential to probe the mixing at the
production level. However, this cross section is too small to
investigate at the LHC. For example, pp — X 7e™ has a
cross section of 0.047 fb with a maximally allowed mixing
of V, = 0.05 and the most optimistic scenario of My = 500
GeV. On the other hand, at the leptonic colliders, the pro-
duction itself is sensitive to the mixing, as we shall describe
in detail later. Single production of the charged and neutral
heavy fermions in the electron—proton collider (LHeC) is
studied in Ref. [42]. While there are studies of the indirect
influence of the presence of triplet fermions in the context of
Higgs pair production at the ILC [43], the direct production
is not explored to the best of our knowledge. The advan-
tages of the leptonic colliders, being sensitive to the mixing
at the production level, as well as their clean environment,
are exploited in the present study in which we shall investi-
gate the possible reach of the high energy e~e™ collider in
searching for heavy fermions, and we discuss the sensitivity
to the mixing. Here we envisage a scenario with sufficiently
large mixing between the heavy leptons and the SM leptons.
However, the compatibility of a large mixing scenario will
be in conflict with generating small neutrino mass in pure
Type-III seesaw models. We shall anticipate extended ver-
sions of the seesaw mechanism, like for example the inverse
seesaw mechanism to invoke a small neutrino mass, at the
same time allowing for large Yukawa couplings, and con-
sequently large mixing. In such extended scenarios, the low
energy (TeV scale) spectrum is assumed to be that of the
simple Type-III seesaw mechanism, with all other particles
beyond the kinematic reach of the colliders being considered
here. From this point of view, although the study is made
in the context of the Type-III seesaw model, the conclusions
can be easily adapted to any model in which such triplet
fermions are present with sufficiently large mixing with the
SM leptons.

We focus our attention on the production of both charged
and neutral fermion triplets at the FLC and explore the identi-
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fication of these triplets over the SM backgrounds in different
channels. In particular, we shall discuss how the mixing can
be probed through the processes studied here. We may note
that, in a realistic seesaw model, we need at least two triplet
fields in order to accommodate the observed mass splittings
of the three neutrino flavours. However, in this study, for sim-
plicity, we shall consider a single family of triplet fermion
fields in addition to the SM fields. In a more realistic case,
this may be considered equivalent to the case when the other
fermions are much heavier, and therefore it would not be
relevant to the phenomenology at the energies considered.
We organise this article as follows. In Sect. 2 we shall
discuss some details of the Type-III seesaw model. In Sect. 3
we shall describe the processes under study, and discuss the
results. Finally, we shall summarise and conclude in Sect. 5.

2 Type-III seesaw model

In this section we shall describe the features of the Type-I11
seesaw model relevant to our discussion. We have used the
FeynRules implementation of the model as explained in Ref.
[44]. Therefore, for convenience, we shall follow the nota-
tions and conventions used in this reference. The Lagrangian
involving the SU (2), triplet fermion field, denoted here as
3, along with the SM part denoted by Lg,s, is given by
L= Lsy + Ly, with

Ls =Tr(Z D) — %ME Tr (22 + £°%)
~V2vs (¢'SL-Lx§). (M

where M is the mass parameter of the triplet and Yy is for
the Yukawa couplings corresponding to the lepton flavours
| = e, u, 1. The left-handed lepton doublets of the SM
are denoted by L = (v, )7, and the Higgs doublet by ¢ =
@, 9O = @, v+ H+in)/VDT, with ¢ = ity ¢*.
The fermion triplet X is explicitly given by
EO/ﬁ E+
> =< =" —2°/ﬁ> @

and its conjugate is denoted by ¢ = CXT, where C is the
charge conjugation operator.

The two-component charged spinors are combined into
the Dirac spinor ¥ = E;C + X, with Wp = X5, and
v, = E;{C, to conveniently express the mixing of the SM
charged leptons with the triplets, whereas the neutral com-
ponent, X9, is left as the two-component Majorana fermion.
The Lagrangian in the new set-up is given by

Ly =TidW +Spid sy —g W2 Uyrw
+g (W; SOyEPRY + W £y PLw + h.c.)
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— Mz — (EME PIPR I +h.c)
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An expanded form of the Lagrangian in the mass basis is
presented in Appendix A1, which provides various couplings
explicitly. Mixing between the heavy fermion, E and the SM
leptons (£ = e, p, 1) are denoted by V, = fM Ys¢. The
search for flavour changing rare decays, u — ey, 7 — uy
and T — ey, imposes stringent constraints on the couplings
with the latest limits given by [44-47]

VoVl < 17 x 1077, |V, Vo] <42 x 1074,
|V, Vel <49 x 107, 4)

However, these constraints will not be applicable if only one
type of mixing is assumed to be present. In that case, the sin-
gle parameter bounds obtained from electroweak precision
measurements are much weaker, with the latest limits given
by [47]

[Ve| < 0.055,

V.| <0.063, |V;| < 0.63. 5)

The presence of mixing allows the triplet fermions to decay
to the SM final states involving leptons, gauge bosons and the
Higgs boson, through the off-diagonal charged-current and

neutral current interactions. The decay widths of different
channels depend on the masses and mixings as given by [32]

3
|V ZME

2
MW

&

)

3

Table1 Branching ratio of the charged and neutral triplet fermion with
mass, My = 500 GeV, with only one of V, considered to be present,
setting the other two to zero

Decay &% Decay %° BR in %
>EF 5> wEy »0 > we 51
=+ - Ze*+ 20— Zv 26
s+ > HeE =0 > Hy 23
g2 3
I(2F > 52) = ———— |V, —=%
6471 cos? Oy M3
2
2 2
2 2
ME MZ
2
2 M3 M2
r(z* = FH)= S vP=2 (1- 212 | (6)
64 M%V M%

Here g is the SU(2); gauge coupling, Oy is the Wein-
berg mixing angle, and My, Mz and My are the masses
of the gauge bosons and the Higgs boson, respectively. The
individual decay widths, and thus the total width, has the
usual strong dependence on the mass of the decaying X.
However, this strong dependence cancels in the branching
ratio (BR), leaving it practically independent of the mass for
heavy fermions of mass beyond 500 GeV. This is especially
facilitated by the fact that the masses of the gauge bosons
and the Higgs boson are all approximately around 100 GeV.
From Eq. (6) it may also be noted that when only one mix-
ing is present we have F(EO Y (*WF) =zt —
Y oueWH), (20 - Y, wZ) = I'(EF — ¢*Z) and
reo - YeveH) = ret - ) v W), thus result-
ing in the same BRs to the respective channels in both the
cases, as presented in Table 1 for My = 500 GeV. This is
naturally expected, as all the decays are facilitated by the
same Yukawa interaction term inducing mixing between the
heavy fermions and the SM leptons, and the topology of the
two body decays keeps the phase space factor the same. Of
the charged (neutral) triplets, about 51% decay to Wv (W¥),
and 26% to Z{ (Zv), with 23% decaying to H¢ (Hv). For
the reasons mentioned above, these fractions remain the same
for masses above 500 GeV, assuming only one of the V; is
non-zero.

Direct production of X at the LHC goes through the sin-
gle production process, pp — £X%*, v 0% with s-channel
quark annihilation mediated by Z or W, and the pair produc-
tion, pp — L%+ 20~ mediated by the Z or y. The produc-
tion cross sections for the best case scenario of My = 500
GeV and V, = 0.05! is presented in Table 2 (right). While

1 Strictly within the framework of Type-III seesaw, for My ~ 1 TeV

lead to a Yukawa coupling of ~ 107°. This corresponds to a mixing
of the same order of the Yukawa in this model. However, we envisage

@ Springer



42 Page4of 16

Eur. Phys. J. C (2018) 78:42

Table 2 Cross sections for different production processes at 14 TeV
LHC and 2 TeV ete™ colliders. In the case of LHC, ¢ = e, u cor-
responding to the two combinations of (V, = 0.05, V, = 0) or
(V, = 0.05, V, = 0), respectively. The two above mixing scenar-
ios give identical results in the case of LHC processes with v in the
final state, whereas the pair production processes are independent of
the mixing. The mixing in the case of e*e™ collider is as explicitly
mentioned. The mass of the fermion is taken to be My = 500 GeV

Process Cross section (fb)
pp — 2T¥~ 17.9
pp — £0%0 4.57 x107°
pp — SFeE 0.1143
pp — 20¢E 0.1092
pp — 20 0.062
pp — T 0.2329
Process Cross section (fb)
V, = 0.05 V,=0 V, =
vV, =0 Vv, =0.05 vV, =0
ete > =Ty~ 428 55.67 55.81
ete” » x0x0 0.48 247 x 107 0
ete™ —> TFet 19.13 0 0
ete” —» =Fpu+ 0 0.054 0
ete™ — 20y 246.2 0.027 0

considering the present best case scenario, we are aware of
the LHC future run projections, where possibly regions up
to My ~ 1 TeV can be explored with moderate luminos-
ity of 300 fb~!, which can go even up to 1.5 TeV with its
high luminosity option [38]. However, these conclusions are
sensitive to the inherent uncertainties and assumptions that
require in the case of a hadronic machine like the LHC. In
this study, we shall go further to find the reach of high energy
electron—positron colliders on the mass, and find that it is
mostly limited by the kinematics, and thus its reach can get
close to My = ./s in the case of single production, and

%

My = 7‘ in the case of pair production. A similar reach on
the mixing parameter is also obtained. The pair production
mechanism being independent of the mixing, it is hard to
obtain information regarding the mixing parameters at LHC.
Firstly, the pair production mechanisms involve gauge cou-
plings of the triplets, and therefore the dependence on mixing
is not significant. The decay widths, on the other hand, have
a strong dependence on the mixings. However, in the total
cross section, which is a product of the production cross sec-
tion and branching ratio of the decay channel considered, this
dependence is cancelled, as long as the heavy flavour mixes
with one flavour of the SM leptons. The single production

Footnote 1 continued
an extended scenario with additional mechanisms to generate a small
neutrino mass, at the same time allowing large Yukawa coupling.

@ Springer

processes have a too small cross section to be of significance
even in the best case scenario.

The eTe™ colliders on the other hand have the advantage
that the production mechanism itself could depend on the
electron—triplet mixing parametrised by V,, directly through
the couplings of the form eXV, where V = W, Z, in the
case of both pair production as well as the single production
of the heavy fermions. To illustrate this the cross sections of
different processes are given in Table 2 (right), for the case
of My, = 500 GeV and different combinations of V;. Details
including the relevant Feynman diagrams are given in the
next section.

3 Direct production of the triplets

In this section we shall consider the details of the single as
well as pair production of both the neutral and charged triplet
fermions at the high energy eTe™ colliders.

3.1 Single production of £° and =%

The single productions of neutral and charged components
of the fermion triplet along with a neutrino or lepton, respec-
tively, are sensitive to the mixing of these heavy fermions
with the SM leptons at the production level. The Feynman
diagrams involve an s-channel exchange of gauge bosons. In
addition, when V, # 0 the process receives a t-channel con-
tribution, as shown in Fig. 1. The Higgs mediated diagram is
not included as the contributions from this are negligible in
the high energy lepton colliders, where the electrons can be
considered to be practically massless.

The expressions for cross sections of different cases are
given in Appendix A2. From the Feynman diagrams, it is
clear that the cross section is proportional to ), |V |2 in the
case of neutral triplet production, and to the individual | V|
in the case of charged triplet production. Itis expected that the
s-channel contribution falls off with increasing /s, and thus
become negligible at high energies considered here. On the
other hand, the 7-channel contribution and the interference
between the 7- and the s-channel give substantial contribu-

(29

Fig. 1 Feynman diagrams contributing to the process ete™ —
»*¢= (=%). Note that =% production does not have a photon medi-
ated s-channel contribution
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Fig. 2 Cross section for ete™ — £0», T*eF, TTT~ against the

centre-of-mass energy, with My = 500 GeV

tions when V, # 0. We consider two different cases of (i)
Ve #0, V, =0,and (ii)) V. =0, V, #0,with V; =0
in both cases. The first case leads to ete™ — T3+, 20
through both the s- and 7-channels, whereas the second case
leads to ete™ — pu¥x*, % through a purely s-channel
process. As quoted in Table 2 the cross sections for the lat-
ter case are very small, and we shall not consider this in
our further analysis. Figure 2 shows the cross section against
the centre-of-mass energy, with the cross section for X%
grows to a saturation of 250 fb at around 2 TeV, while e ¥ £+
production cross section saturates at 18 fb around 1 TeV
centre-of-mass energy. For our numerical analysis we fix the
centre-of-mass energy at 1 TeV, where the cross section for
neutral single production is sizeable, with 187 tb. While one
of the expected design centre-of-mass energies of CLIC is
1.5 TeV, we have not made a specific attempt to tune to this
energy. The analyses and the conclusions are expected to be
applicable at this energy as well.

The heavy fermions further decay as per Eq. (6), lead-
ing to Wlv, Zvv and Hvv final states in the case of >0,
and Wev, Z¢€ and H (¢ final states in the case of £ ¥ pro-

ductions. With further decay of W, Z and H, this leads to
the detector-level final states of 2j + E, 2b + K (arising
only from X° production), 2b + 2¢, 2j +2¢, 26T 420~
(arising only from £¥ production), and 2 4+ ¢ + K and
2¢ 4 K (arising from both £° and £* productions). The
lepton flavour depends on the scenarios (i) V., # 0 or (ii)
Vi« # 0 considered, as well as on the W decay channel. Sce-
nario (i) can lead to single flavour final states, having only
electrons present, listed in Table 3 with the cross sections
corresponding to these final states, along with the SM back-
grounds. The cross sections quoted are the fiducial cross sec-
tions including the respective branching fractions obtained
from Madgraph [48,49] with basic generation level cuts on
the transverse momenta of the jets and leptons, pr(j) < 20
GeV, pr(€) < 10 GeV, and a pseudo-rapidity of |n| < 2.5
employed. In addition, this scenario can lead to the mixed
flavour cases of ey B, eTe~ T~ H with cross sections
very close to those of the eTe™ H, 2e*2e™ H cases, respec-
tively. Scenario (ii) will also lead to mixed flavour case of
e H along with 1 2j Hand u™ ™ K final states. In the fol-
lowing we shall restrict ourselves to the single flavour case
with only electrons and jets appearing in the final state. Com-
ing to the backgrounds, the 2j + H coming from a neutral
triplet has a large continuum QCD background. Similarly,
the purely leptonic channel, 2¢*2¢~, has a small cross sec-
tion. We have therefore focussed on the other cases of purely
leptonic and semi-leptonic final states, as well as the bb + E,
where the b— quark pair arises from the H decay.

To analyse these selected final states, we generated 50 000
events in each case using Madgraph5 with the in-built Pythia6
[50] used for ISR, FSR, showering and hadronisation. The
basic generation level cuts are those quoted above, with
pr(j) > 20 GeV, pr(£) > 10 GeV, and || < 2.5 for
the jets as well as leptons. These events are then passed on to
Madanalysis5 [51] to analyse and optimise the final selection
criteria. Fastjet [52] is used for jet reconstruction with anti-k7
algorithm and jet radius of R = 0.4. For the detector simu-
lation, Delphes3 [53] with standard ILD card is used. Before

Table 3 Fiducial cross sections

. — +,F 0 i
of signal and SM backgrounds Final state Process (eTe™ — XFeT, V) ox BRin fb
corresponding to different final Signal Background
states arising from the process
e et — Ejﬁ and 2j+e +E Stem = Whe v 32.7 WWZ(0.5), WW(74.5),
ete” — 2V, with pr(j) > 20 0 + - ~ ..
GeV, pr(0) > 10 GeV, and ' % — WheTv tt(ul.68),ZZ(2.17), Zjj(2.77)
pseudo-rapidity |n| < 2.5 for 2j+e eT (ZTe™ +X7et) — Zete™ 4.2 eejj(34.5)
jets and leptons. Centre-of-mass e et +E (Tte + T ¢) > WheTv, Ze et 14.8 WW(14.09), WW Z(0.036)
energy of /s = 1 TeV and 20y 5> WEeFv, Zwv 77(0.35), 17(1.6)
My = 500 GeV are considered
with the assumed mixing of ¢~ +2et (Zte +X7et) > Zete™ 0.3 77(0.065), eeee(3.6)
Ve=0.05, V, =V, =0 bbete (ZTe™+X7et) > Hete™ 7.2 HZ(0.27), ZZ(0.78)

bb+ K 0% — H vy 37.6 HZ(2.1), ZZ(8.9)

2+E 20— Zw 22.3 qq(440.1)

@ Springer
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Table 4 The cut-flow and signal significance for different final states arising from the single production of £° and % at \/s = 1 TeV and 100
b1 luminosity for processes e " e — >*+¢F and ete” — =0, with My =500 GeV and V, = 0.05, Vi=V: =0

Final state Selection cuts

S S,
/5B sys

No. of events

(all figures, except N are in GeV) Signal Backgd Ve=005"V,=V: =0
2j+e + £ No cut 3273 8170

NG) =2, N(e7)=1,N(b)=0 2187 3871

p(e™) > 100, p(j1) < 300, p(j2) < 200 1681 285 37.9 17.5
2j+e et No cut 420 3450

N(eT)=1, N(e™)=1,N() =2 273 1500

ple), p(e™) > 140, M(eTe™) > 200 270 948

neet) < 1,ne) > —1 269 110 13.8 11.1
e"et+ I No cut 1489 1620

N(e*)=1,N(b) =0 1103 1036

AR(et,e7) <4 1014 479 26.2 14.9
bb+ete™ No cut 718 105

N(eT)=1,N(e7)=1,N(b) =2 180 14

M(eTe™) > 140 180 0 13.4 11.1
bb+ E No cut 3760 1100

N(et)=0,N(e7)=0,N(b) =2 1243 221

AR(b,b) > 0.6 1194 140 32.7 17.0

applying any selection cuts, proximity checks for the leptons
are done, with leptons closer than AR ;y = 0.4 ignored. Fur-
ther selection was based on the required number of final state
leptons and jets, and considering the distinguishability of the
kinematic distributions. In Table 4 the cut-flow chart is pre-
sented along with the final significance that is expected at an
integrated luminosity of 100 fb~!. We shall briefly discuss
the selection cuts of each of the final states below.

1.2j+e +E

The signal and background events after the basic genera-
tion level cuts are 3273 and 8170, respectively. After demand-
ing that the event should contain two jets and one electron,
and veto-ing the presence of b-jet, the number of events
reduces to 2187 and 3871 for the signal and background,
respectively. The b-jet veto is used to reduce the ¢f back-
ground events. This is followed by the selection of events
with 100 GeV < p(e™), p(j1) <300 GeV and p(jz) < 200
GeV which reduces the background events to about 7%, at the
same time keeping about 77% of the signal events. This leaves
285 background events against a signal of 1681. Overall,
about 51% of the original signal events are retained, against
about 3.5% of the background events.

Assuming only statistical uncertainty, the signal signif-
icance computed with the formula L, where § is the
number of signal events and B is the number of background
events, is 37.9 at the luminosity of 100 fb~! considered. In

@ Springer

order to accommodate the systematic uncertainties, we have
considered the following formula:

S
VS+B+a?B2+ 282

(N

Ssys =

where o and B are the systematic uncertainties in the back-
ground and signal events, respectively. Systematics at lep-
tonic colliders like ILC are expected to be well under con-
trol. Assuming a very conservative value of 5% uncertainty
in both the signal and background cases, we obtain a signif-
icance of 17.5 at the integrated luminosity of 100 fb!.

2. 2j+e"e™.

In this case, p(e™) > 140 GeV and p(e™) > 140 GeV,
and a selection of invariant mass of electron—positron pairs,
M,+.- > 200 GeV, apart from demanding that there be
one electron and one positron, and two jets are employed to
reduce the background from 3450 to its 27.5%, while retain-
ing 64.3 % of the signal events. The background is further
reduced to 110 events by a selection of the pseudo-rapidity
of the leptons, n(e*) < 1 and n(e™) > —1, leaving the
signal almost unaffected. A signal significance of 13.8 and
11.1 without and with assumed systematics as above could
be achieved in this case.

3.e et +H
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Table 5 Luminosity

. N _
requirement for signal Final state for TS5 S0 for Syys = 50
significance of 5o for different P P
final states of the processes f £ (in fb™7) 5 B f £ (in fo=7) 5 B
e"et — TFeT and .

2 1.7 29 5 1.9 31 5
ete” = 20vat /s =1TeV J_+e i
with My =500 GeV, for the case bb+ £ 23 28 3 2.5 30 4
of V. =0.05, vV, =V; =0, e"et+ K 3.6 37 17 39 40 19
along with the signal (S) and 2j+e et 13.1 35 14 14.1 38 16
background (B) events at the _

bb+ete 13.9 25 0 14.8 27 0

specified luminosities. Syy is

taken as defined in Eq. (7)

Here, electron—positron pairs are more back to back com-
pared to those in the signal events. Demanding lepton sep-
aration, AR(et,e”) < 4, reduces the background to 479
from 1620, while keeping 1014 signal events starting from
1489 events. This leads to a signal significance of about 26.2
without any systematics, which goes down to 14.9 with the
assumed systematic uncertainties.

4. bb+e  +et

A cut on the invariant mass of the lepton pair, M +,- >
140 GeV, apart from demanding two b-jets, one electron and
one positron, takes away all the backgrounds, leaving 180
signal events with signal significance of 13.4 without sys-
tematics uncertainty and 11.1 with systematic uncertainty.

5.bb+ H

In this case, AR(b, 15) > 0.6 reduces the background
events from 1100 to 140, while the signal is reduced from
3760 to 1194. The corresponding signal significance with-
out systematics is 32.7, which is reduced to 17.0 with the
assumed systematics.

Assuming that the kinematics of the background and sig-
nal events remains more or less the same, we can scale the
luminosity to the required value for signal significance of 5o
In Table 5 we present the projected requirement of luminosity
for this case assuming only statistical uncertainty, along with
the expected number of signal and background events after
the selection criteria adopted as in Table 4. The 2j + e~ + E
final state gives the best case scenario with less than 2 fb~!
luminosity leading to 5o sensitivity, whereas the 2b+ H chan-
nel can be probed at 5o level with a little more than 2 fb~!
luminosity. The purely leptonic channel of ete™ + K also
requires only less than 4 fb~! for this significance.

3.2 Pair production of X

We shall next consider the pair production of the triplet
fermions. The Feynman diagrams corresponding to the pro-
duction of charged fermion pairs are shown in Fig. 3. The

Fig. 3 Feynman diagrams contributing to the processe™e™ — LT~
in isotriplet—electron mixing scenario

neutral fermion pair production also goes through the same
channels, except the one with the photon exchange. Notice
that the 7-channel contribution to the cross section here is
proportional to the fourth power of the mixing parameter V.
Thus, it is expected that the s-channel dominates. Again, the
s-channel for £ pair production is proportional to the square
of the ZX%%Y vertex, which is proportional to |V, |2. Thus,
the cross section for neutral fermion pair production is very
small. On the other hand, the ZX T X~ vertex is proportional
to (|Vg|2 — 2 cos? QW) — |V¢|? 2, and therefore receives a
sizeable contribution even in the absence of mixing. In addi-
tion, the V, # 0 case has a ¢-channel contribution with the
initial electron (positron) converting to ¥~ (X 1). However,
non-zero values of V, ; do not lead to such a 7-channel con-
tribution. Thus the pair production process, while sensitive
to Ve, is not sensitive to V,, ;. In our analyses we shall con-
sider these two cases of (i) V, # 0 and (ii) V, = 0, with the
former resulting in a slightly smaller cross section than the
latter case, indicating destructive interference between the
s- and the ¢-channel processes. We reiterate that this advan-
tage of the FLC, where the production is sensitive to the
mixing is absent at the LHC. The pair production of neu-
tral fermions happens with very small cross section, and it
is therefore difficult to probe with the expected luminosi-
ties. Therefore in the following we shall consider only the
pair production of the charged fermions. The cross section
against the centre-of-mass energy for the two cases consid-
ered is given in Fig. 2. The cross section peaks at about 1.2
TeV centre-of-mass energy with values of 83 fb and 119 fb
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Table 6 Final state fiducial cross sections of the signal from e™e™ —
¥~ %*, and the corresponding SM background processes, with the
selection of pr(£) > 10 GeV, pseudo-rapidity of leptons |7¢| < 2.5 and

the selection of pr(j) > 20 GeV, |n;| < 2.5. Centre-of-mass energy of
/s =2 TeV, and My =500 GeV are considered. The lepton in the final
state £ is e or p for the cases of V, = 0.05 and V,, # 0, respectively

Final state Process ox BRin fb

(ete™ - 2T%7) Signal Background

V., =0.05 Ve #0

4+ E WTW~vv 1.3 2.0 WWZ (1.4), WWvv(16.6)
47 + ¢ 7700~ 0.3 0.4 WWZ(0.15), ZZjj(0.7)
4j+L+ K WtZe v 0.6 0.8 ti(1.4), WWjj(0.5)
2j +4¢ 7700~ 0.02 0.03 Z77(0.0002)
2j+3¢(+E WtZe v 0.04 0.05 WWZ(0.03)
2j+20+ K Z7ete, WHzev 0.4 0.5 WWZ(0.12),:7(0.44)
2j+ L+ E WHW-vv, WHZe—v 0.8 1.0 WWZ(0.27),WW(12.2), ti(1.4), ZZ(0.27)
20+ K WTW~vv 0.1 0.2 WW(3.4), t1(0.43), ££vv(181.7)
2b2b 4 2¢ HHe e~ 1.7 2.2 HHZ(0.004)

corresponding to the cases of V, = 0.05 and V, = 0, respec-
tively. At /s = 2 TeV, the cross section is reduced by a
factor of 2 with 43 fb and 55.7 fb for the two cases.

While the production is not sensitive to the presence
or absence of V,, of V;, the decay requires one of these
to be present for the second case considered above (viz.
V. = 0). Thus in our further analysis, we shall consider
the two cases as (i) V, = 0.05, V, = V; = 0 and (i)
Vi #0, V, =V, =0. We would like to remind our reader
that the mixing entering only through the decay, as in the
second case here, is not sensitive to the value of the mix-
ing as long as the mean life of the particle is such that it
decays within the detector. The dependence will cancel in
the BR when only one V; is non-zero. With the decay of £+
to Wy, Z¢ or H¢, and the subsequent decays of W, Z
and H considered, we have the purely hadronic final states
of 4 4+ H, semi-leptonic final states of 4j 4+ 2¢, 47 + € +
B, 2j+40, 2j+30+H, 2j+20+H, 2j+L+H, 4b+2¢
and the purely leptonic case of 2¢ 4 K. Here £ = e for the first
scenario and ¢ = pu for the second one. We have included
only the case of Higgs decay to a b-pair, as the other cases
come with a much smaller effective cross section. Again, Z
to b-pair decay is not included, and Z decaying to charged
leptons is not considered, as they have very small cross sec-
tion. In Table 6 the cross sections of these final states arising
from the signal for the two cases considered are given, along
with the corresponding SM background cross sections. The
cross sections are obtained from the MC simulation with
Madgraph5 with Pythia6 used for hadronisation and shower-
ing. We have included the generation level basic cuts on the
transverse momenta of jets and leptons of pr(j) > 20 GeV
and pr(£) > 10 GeV, and considered jets and leptons with
a pseudo-rapidity of || < 2.5. The final states with 2 4 4¢
and 2 j + 3£+ Hhave very small cross sections and, therefore,
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very large luminosities are required to probe these channels.
The purely leptonic final state of 2¢ + K comes with large
SM background of about three orders larger than the signal.
Thus, in our further analysis we do not consider these three
cases.

As in the case of single triplet production, the events gen-
erated are then passed on to Madanalysis5, using Fastjet for
jet reconstruction with anti-k7 algorithm and jet radius of
R = 0.4. Detector simulation was carried out with the help
of Delphes3 with standard ILD card. Before applying any
selection cuts, proximity checks for leptons were done with
leptons closer than AR, = 0.4 to the jets ignored. Further
selection was based on the required number of final state
leptons and jets, and considering the distinguishability of the
kinematic distributions. In the 4 j events, we considered two
different situations with (i) setting the number of jets exactly
equal to four, and (ii) demanding every event has three jets or
more. The second case lead to marginal improvement in the
significance, and about double the signal events in each case.
In Table 7 the cut-flow chart is presented along with the final
significance that is expected at an integrated luminosity of
300 fb~!. We shall briefly discuss the cuts used to optimise
the selection below.

1. 4j + H

With p(j1) > 100 GeV, the two cases of N(j) = 4 and
N(j) > 3 give significances of 3.4 and 5.4, respectively, for
the scenario with V, = 0.05 when only statistical errors are
assumed. This is reduced to 1.5 and 1.7, respectively, with
the assumed systematics of 5% on both the signal and back-
ground event determination. The scenario with V, = 0 has
the corresponding significances of 5 (2) and 7.5 (2.4) con-
sidering statistical (statistical plus systematic) uncertainty.
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Table 7 Number of surviving events, and signal significance for different final states arising from the pair production of E*XF at 300 5!
luminosity at /s =2 TeV, and My = 500 GeV. Ssys corresponds to the signal significance with assumed systematics according to Eq. (7)

Final state Selection cuts Ve = 0.05 Vi #0
(All dimensional quantities are in GeV) ~ Signal S Backd B JSSTB Sys  Signal B Backd B JSSTB Seys
4j+ K N(j) =4, p(j1) > 100 147 1679 34 15 243 2164 5
N(j) =3, p(j1) > 100 353 3914 5.4 17 503 3914 75 24
) N =1, N(j))=4, N(b)=0
+
4j +0F+ F (%) = 100, £ > 100 50 12 6.3 6 73 13 7.8 73
N(*) =1, N(j)=3, N(b) =0
p(E*) = 100, £ > 100 106 33 8.9 8.1 154 39 11.1 9.6
‘ - N(F) =1, N(j) =4,
+
4j+ete (%) = 100, ARE* ) > 2 29 0 53 5.2 74 0 8.6 7.9
N(*) =1, N(j) = 3,
D) = 100, AR+ ) > 2 56 0 7.4 7 140 0 11.8 10.1
. _ N@Et)y=1, N7) =1, N(j) =2,
+
24 HE Ny, ) > 100 47 12 6.1 5.8 54 15 6.5 6.1
N({*) =1, N(j) =2, N(b) =0,
2j+E+ K )] <1, p(£) < 900 87 365 4.0 3.0 121 10 10.5 93
p(j1) <600, p(j2) <300
_ NEty=1, N =1,
N
4b +0t¢ N(b) = 4, p(et) > 60 24 0 49 4.7 34 0 5.8 55
+\ — -\ —
NED =1, N =1, 114 0 10.6 94 163 0 12.7 10.8

N(b) =3, p(et) > 60

Notice that this channel is purely hadronic, and it does not
leave any trace of the type of mixing involved.

2. 4j+ 0T+ B

Here £ is an electron or a muon depending on the case
of V. # 0 or V, # 0. Unlike the case of 4 + K, here the
missing energy has a different topology in signal compared
to that of the background (refer to Table 6 for the list of major
backgrounds). Cuts of p(£) > 100 GeV and £ > 100 GeV
are used apart from demanding one lepton and N(j) = 4
or N(j) > 3, along with demanding N (b) = 0 to reduce
the ¢7 background. The significance for the case of electron
are 6.3 (6) and 8.9 (8.1) without (with) systematics assumed,
for the two cases of jet counting of (i) N(j) = 4 and (ii)
N(j) = 3, respectively. In the case of a muon, these are 7.9
(7.3) and 11.1 (9.6), respectively. Notice that the systematics
have a less pronounced effect here, as the events are small
in number. We assume the charge of the lepton is identified,
with the two cases giving similar results.

3. 4j + e

In this final state, the oppositely charged dileptons origi-
nate at the production in signal, whereas they come from the
decay of Z bosons in the case of the backgrounds. Therefore,
the leptons are expected to be more energetic in the case of
signal events. We employ a cut of p(¢%) > 100 GeV in both

the cases of N(j) = 4 and N(j) > 3. In addition, we have
assumed that the two leptons are separated with AR > 2, as
they are expected to be well separated in the case of signal
events, whereas in the case of background events they will be
more collimated as they originate from the Z boson in flight.
With these selection cuts, the background is practically elim-
inated. The significance for the four and three jet counting
is 5.3 and 7.5 for electrons, and 8.6 and 11.8, respectively,
for the case of muons. As the events are not very large, the
systematics do not have much effect here.

4.2j+20+H

Coming to the 2j + £ + H events, p({7) > 100 GeV
is employed after demanding exactly two jets and two oppo-
sitely charged same-flavour leptons, leading to a significance
of 6.1 and 6.5 for the case of electron and muon, respectively.
Here again, the systematics have only a small role to play.

5.2j+0F+H

The major background here is the WW production with
the semi-leptonic decay of the pair. The lepton coming from
the W is expected to be very energetic, unlike the case of the
signal. A cut on the energy of the lepton, p(£) < 900 GeV is
employed, along with a cut on the pseudo-rapidity of lepton
[n(@)| < 1, reduced the background considerably. Further
cuts on the momenta of jets p(j;) < 600 GeV and p(jz) <
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Fig. 4 Signal significance of different final states from pair production of £* against integrated luminosity at /s = 2 TeV. Mass of triplet fermion,
My = 500 GeV and mixing parameters of V, = 0.05 (left) and V,, # 0 (right) are considered with other mixings set to zero
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Fig. 5 Dependence of the cross section on the mass of fermions for pair and single production. Single production is considered at \/s = 1 TeV,
whereas /s = 2 TeV is considered for a pair production process. Mixing is considered as indicated, with V,, = V; = 0 in all cases

300 GeV are considered to reach an expected significance
of 4 (3) for electron without (with) systematics considered.
The case of muons presents a much better scenario with an
expected significance of 10.6 (9.3).

6. 4b +2¢

The background for the 4b events is quite suppressed.
We have considered identifying two oppositely charged lep-
tons, and the cases of N(b) = 4 and N (b) > 3, along with
demanding p(e*) > 60 GeV. The numbers of events surviv-
ing in the case of electron mixing are 24 and 114, respec-
tively, with vanishing backgrounds in both cases. In the case
of muon mixing, the significance is improved with the sur-
viving number of events of 34 and 163, respectively.

Summarising, 4j + 2¢ and 4b + 2¢ provide the best
case scenarios, where practically no background events are
present. Both of these cases could also distinguish the mixing
scenarios from the flavour of the leptons produced. The sin-
gle lepton events with missing energy accompanied by either
four jets or two jets also provide very promising scenarios.
Here the four jet case can distinguish the two mixing scenar-
ios with the flavour identification, whereas the two jet case
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has the leptons arising also from the W decay, and therefore,
it will give a mixed signal.

All the final states in both the cases with two different
mixing scenarios are used to indicate the projected luminosity
required for 50 significance in Fig. 4. A luminosity of less
than 300 fbh~! is sufficient to probe all the channels with
electron in the final state (except 2/ + ¢* + E) at 5o level.
On the other hand 4 + Eand 2j + ™ + Hrequire about
130 and 180 f p! luminosity, whereas all other channels
with u in the final state can be explored at 5o level with less
than 100 f5~! luminosity.

3.3 Dependence on the mass of X

So far in the analysis we had fixed the mass of the heavy
fermion to My = 500 GeV. This section will explore the
mass dependence for a specific choice of mixing at a given
centre-of-mass energy. The cross sections for single and pair
productions considered at the centre-of-mass energies of 1
and 2 TeV, respectively, are presented in Fig. 5 against M.
The near threshold behaviour of the pair production with
V. = 0 is distinctly different from the case with V, # 0.
This may be attributed to the fact that, while the former case
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Table8 The massreachat?2 TeV with integrated luminosity of 300 fb~!
from selected channels of pair production of charged fermions, giving
30 sensitivity. The corresponding production cross sections o (XX 7),

and the number of signal () and background (B) events after employing
the selection criteria are also given. Only a single flavour with £ = e, ©
is considered for the cases of V, = 0.05 and V|, # 0, respectively

Final state V, =0.05 Ve #0
S B o(ZtX7)infb My in GeV S B o(ZTE7)infb My in GeV
4b +2¢ 9 0 34 945 9 0 3.0 997
47 +2¢ 9 0 6.9 910 9.2 0.17 3.6 995
4j 4+t + 16 333 9.1 885 23.7 38.5 8.5 990
2]+ +E 62 365 30.7 660 15 9.7 6.9 992

Table 9 The mass reach at 1 TeV with integrated luminosity of 100
fb~! from selected channels of single production of charged and neu-
tral fermions, giving 3o sensitivity. The corresponding production cross

sections o (S%e¥), 0(Z%) and the number of signal (S) and back-
ground (B) events after employing the selection criteria are also given

Final state S B o(Zte7)intb My in GeV Final state S B o (=%) in fb My in GeV
2j4+eet 37 110 2.5 956 bb+ K 40.4 140.3 6.3 982
bb+e et 9 0 0.92 978

is a purely s-channel process, the latter has a contribution
from the 7-channel as well, facilitated by the presence of
Z¥e coupling. The single production cases are presented
only for V, # 0 case, as the X e production is not possible
with V, = 0, while v production is very small in the case
of V,, # 0. The mass dependence seems to follow the same
pattern in the two cases of neutral as well as the charged
fermion single production considered here. We shall now
demonstrate that with 300 fb~! integrated luminosity, the
reach of ILC is close to My = 1 TeV. Let us consider the
case of 4b+2¢ final state in the £ %~ pair production with a
cross section of 43 fb at /s = 2 TeV with an assumed mixing
of V, = 0.05 and a mass of My = 500 GeV. The selection
criteria considered in this study leave 114 signal events with
an integrated luminosity of 300 fb—!. This corresponds to an
effective cross section times branching ratio of 0.38 fb. The
selection cuts have eliminated the background, and thus the
number of signal events required for 3o signal significance
is about 9, corresponding to a cross section times branching
ratio of % = 0.03. Assuming that the selection cuts behave
the same way, the production cross section required to get
this significance is % x 0.03 = 3.39 fb. At /s = 2 TeV,
keeping V, = 0.05, this cross section corresponds to a mass
of My = 950 GeV. A similar study of the 4 + 2¢ and
4j + ¢ + E final states shows that about 3¢ significance is
reached with a pair production cross section of 6.9 and 9.1
fb, respectively. These correspond to mass reaches of about
910 and 885 GeV, respectively. Considering the p channels
with V, # 0 (as explained earlier, the results do not depend
on the value of V,,); the situation gets somewhat better with
the addition of 2j 4+ £ + K also enabling one to probe the
model with My very close to the kinematic limit of 1000

GeV. Table 8 summarises the mass reach at a 2 TeV ILC
with an integrated luminosity of 300 fb—!.

The mass reach estimated to be achieved through the
single production process at /s = 1 TeV with an inte-
grated luminosity of 100 fb~! for selected final states (arising
through single production channel) is given in Table 9. With
the two selected channels of 2j +e*e™ and 2b 4 e e aris-
ing from L *eT production, and the final state 2b + K arising
from X% could probe the model with My close to 1 TeV,
assuming V, = 0.05.

4 Dependence on the mixing

The limiting cross sections required for 3o significance listed
in Tables 8 and 9 are exploited to extract the two-parameter
contours in the V, — My, plane. As mentioned earlier, in the
case when only V), is non-zero, the process including the
decay rates does not depend on the value of the mixing. On
the other hand, both the single and pair productions are sensi-
tive to the value of V,. Table 8 lists the limiting cross sections
for 30 significance in the case of different final states aris-
ing from the pair production. It may be noted that the pair
production process has a large contribution from the gauge
coupling, and the presence of non-zero mixing results in
destructive interference, thus reducing the cross section from
its value when V, = 0. In Fig. 6 regions of the production
cross section, o > 30.7 fb are indicated in blue colour. The
My -V, two-parameter limits obtainable from the final state
2j + e+ H are indicated by the boundary of this blue region.
Similarly, the 3o limits of My—V, obtained from4j +e+ K
final state are indicated by the boundary between the green
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mo>307M
o 0(30.7 - 9.1) b
B 0(9.1- 6.9) b
[ 0(6.9- 3.4) b

B o<34

650 700 750 800 850 900 950
Ms in GeV

Fig. 6 Regions of Mx—-V, plane with different ranges of cross section
values for pair production at 2 TeV centre-of-mass energy as indicated.
The ranges of cross sections are the 3o limiting values given in Table 8

and red regions, and those from 4 + e*e™ and 4b + e*e™
are given by the boundaries of red and yellow regions, and
yellow and pink regions, respectively. The 2 j + e+ H channel
is capable of probing the entire range of presently allowed
values of V, for varying value of My. On the other hand, the
other channels, 4j +e+ H,4j +eTe™,and 4b + eTe™ will
not be able to probe below My ~ 850, 875, 925 GeV.

Coming to the single production of X, the cross section
vanishes in the absence of V. In Fig. 7 regions of different
cross section values corresponding to the limiting cases of
30 limits obtainable from different final states are indicated
in the M-V, plane. The case of Xe production is shown
in the left figure, with the boundary between blue and green
regions showing the two-parameter limits obtainable from
the 2 j +eTe™ channel, whereas the boundary between green
and orange regions indicating the limits from the 26 +eTe™
final state. In the figure on the right the two-parameter limits
from 2b + H resulting from v is indicated by the boundary
of the green and grey regions. The channels of 2b + e*e™
and 2b + K can probe V, to 0.04 to 0.01, depending on the
value of M, whereas the final state, 2j + ete™, is slightly
less sensitive.

B o0<092f

mo>25h

500 600 700 800 900
Ms in GeV

Fig. 7 Regions of the Mx—V, plane with different ranges of cross sec-
tion values for single production at 1 TeV centre-of-mass energy as
indicated. The figure on the left corresponds to ©*eT production, and
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5 Summary and conclusions

The Type-III seesaw mechanism proposed to generate a tiny
neutrino mass provides an example of physics beyond the
SM scenario with heavy leptons. We study the direct produc-
tion of heavy leptons at a high energy e*e™ collider through
possible final states arising from their subsequent decays.
Present direct searches at the LHC limit the masses of such
heavy fermions in the range of 500 GeV or above. While the
LHC is capable of discovering the presence of heavy lep-
tons in the TeV mass range, it is hard to probe the details of
the couplings involving mixing with the SM leptons. On the
other hand, high energy e™e™ colliders like the ILC or CLIC
with electrons in the initial state are suitable for this purpose,
where the production process itself is sensitive to the mix-
ing. While the simple Type-III seesaw models required small
Yukawa couplings, and consequently small mixing, we imag-
ine a broader scenario with additional mechanism to generate
a small neutrino mass despite the presence of large mixing,
and we explore the collider consequence that may follow.
Thus the conclusions drawn in this work are applicable to
any scenario where there exists a heavy lepton which mixes
with the SM leptons, as long as any additional spectrum aris-
ing in such scenario does not affect the decay branching ratio
of the heavy leptons, possibly because such resonances are
heavier, and thus beyond the reach of TeV energy colliders.

Investigating the single and pair production of the neutral
as well as charged leptons at e e~ collider at centre-of-mass
energies of 1 TeV and 2 TeV, respectively, this work per-
formed detailed detector-level analyses to identify interest-
ing final states, and the achievable significance for selected
parameter choices.

Single charged (neutral) triplet fermions are produced in
association with a charged (neutral) SM leptons or a neu-
trino. Consequently these processes are absent in the case
when X does not have any mixing with the SM leptons. In
order to avoid FCNC constraints, in our study we assume

0.05
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0.03

Ve

B 0<63fb

0.02
0 o>63fb

0.01

0.00
500 600 700 800 900
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that on the right corresponds to ©%v production. The ranges of the cross
sections are the 3o limiting values given in Table 9
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that the triplets mix with either electron (V,) or muon (V,,),
and not both. The case of mixing with the tau lepton in not
considered in this work as we focus on final states involving
only electrons, muons and jets. Study of ©*¢F and X°v pro-
duction shows that the cross section in the case of V,, # 0
is negligibly small. Focussing on the triplet—electron mix-
ing scenario, we first studied the most optimistic case of
V. = 0.05 and My = 500 GeV, fixing these parameters at
their present experimental limits. Performing a full detector
simulation, considering all the SM backgrounds for various
detector-level final states arising from Xe and v, we find
that2j + e~ + H,2b + Hand eTe™ + K could be probed at
5o significance (assuming only statistical uncertainty) with
2 to 4 fb~! luminosity. Among the other final states, the
2j 4+ eTe™ and 2b + eTe™ channels require about 14 to 15
fb~! luminosity for So significance. Extrapolating this result
to higher values of My, we found thata 1 TeV ete collider
with 100 fb~! luminosity could probe the mass very close
to the kinematic limit of about 950 to 980 GeV, assuming
Ve = 0.05.

Coming to the pair production, the cross section for %9
pair production turns out to be negligibly small. On the other
hand, the ¥* X~ production process is present even in the
absence of mixing, as the gauge coupling dictates the strength
of the ZX "X~ coupling, leading to pair production through
the s-channel process. The presence of mixing provides only
a very negligible addition to this in the s-channel. The pro-
duction is practically insensitive to the triplet mixing with a
muon or tau lepton. In the scenario with V, # 0 an additional
t-channel opens the avenue to discriminate this case with the
case of V, = 0. In the latter case, we have considered V,, # 0
so as to facilitate the decay of the triplet to the SM leptons.
However, the dependence on V,,, when present alone, is can-
celled in the BR. Thus we carried out our analysis in the two
scenarios of (i) V, =0, V, # 0 and (i) V., #0, V, = 0.
The analysis was performed with all possible detector-level
final states arising from the pair production and subsequent
decays. Cross sections of multi-lepton channels with more
than two leptons in the final state, and the purely leptonic
channel of 2¢ + K are very small, and therefore were not
considered in this analysis. Among the other channels, the
best case scenario is given by the 4b + 2¢ channels coming
from the H{ decay of ¥, requiring about 50 fb~! luminosity
for 5o significance in both the scenarios considered. In all
cases, the first scenario with triplet—-muon mixing provides
better sensitivity, mostly because of the larger cross section
available. The final states of 4j + u™u™, 4j + u + K and
2j+ p+ Hcan be probed at 50 level with luminosities of 50,
60and 70 fb~!, respectively, whereas their counterparts in the
Ve # 0 case replacing p with an electron require luminosi-
ties of 140, 100 and 460 fb—!, respectively. The difference

between the two scenarios can be attributed to the distinctions
in muon and electron identification and efficiencies, as well
as to the slightly different kinematic distributions in the two
cases. The 2 j + ¢£ + K final state, on the other hand, does not
seem to favour any scenario, requiring moderate luminosities
of about 200 fb~! in the case of V, # 0, and 175 fb~! in
the case of V), # 0. This may be due, again, to the fact that
the cross sections are almost the same in the two cases. The
purely hadronic case of 4 j + H has a much better background
compared to the other channels (except the 4b + 24 case),
but it suffers from efficiencies involved in the jet formation
and identification, thus requiring slightly larger luminosities
of 260 and 130 in the cases of V, # 0 and V,, # 0, respec-
tively. Coming to the reach of My through the pair produc-
tion, the two channels, 4b+e*e™ and 4 j +eTe™ could probe
beyond 900 GeV with 300 fb~! luminosity, whereas all the
channels with muonic final states could probe very close to
the kinematic reach, going above 990 GeV.

Probing the sensitivity to the mixing parameter, V,, we
obtained two-parameter limits achievable by different final
states from single and pair productions. The single produc-
tion channels are capable of probing low mass regions for
small mixing values, going up to 0.01 for the triplet—electron
mixing parameter in the case of masses close to 500 GeV with
2b+et e and 2b+ K arising from Ze and £, respectively.
The pair production, on the other hand can probe smaller
values of mixings for larger M — X values, where the best
suitable final state is 2j + ¢ + H.

The study has clearly demonstrated the potential of a high
energy eTe™ collider to probe the presence of heavy leptons,
and the details of their couplings with the SM particles, thus
supporting the case for such leptonic collider even with suc-
cessful running of the LHC. Considering the nature of the
process, in the presence of 7-channel production in some of
the mixing scenarios, we anticipate that beam polarisation
could be utilised to enhance the sensitivity. A study of the
effect of beam polarisation, as well as a detailed analysis to
understand the reach of the coupling, is deferred to a future
publication.
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6 Appendix

Al: The Lagrangian

The Lagrangian of the Type-III seesaw model in the mass
basis is given by

L= LxintLec+Lyc+Lyc+Ly+Ly+LoAL)+Ly-
3

where Lk, is the kinetic part and

ﬁcc=%(éw)yMW;(PLgL + Prg§ f)()
+h.c ©)

Ne = cosgew () y*z, (PL g ¢+ Pr ggc) (é)
(10)
he = saese (0 5%) v 2u (Prgl) (;6) . an
LYy =—(CO)H (PL gt 4 Py g,g”) (f’) , (12)
LVH=—(EEO)%(PLgL Ty )( ) (13)
ﬁﬁ:—(iw)in(Png’UrPRg < ) (14)
£y == (v5") T4 (Pu sl + Pesy <§o> (1)

Lo == @00 (Pual +Push ) (o) +hc

(16)

where the left and right projection operates are denoted
by PLr = %(1 F ¥s5). The couplings, g; are explicitly
given below in terms of the other parameters of the orig-
inal Lagrangian. Here, the fields and the couplings, g; are
given in block matrix form, with

e Ve
AN 7 v _ | v
(‘11) I and <Z> I T
v 0
_v yf
cC _ (1+ 2) Upmins T V2My Y): (17)
8L = 0 \/5(1—5/) )
2
0 —myyl
g[gc = v kTR Mze/* ’ (18)
T 2My YsUpuns 1= 5
1 2 v
NC _ j—cos Ow — € M5 19
8L ( et € —cosOy |’ (19
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8Rr mu}Y _ COS 9W (20)
Pyt
oNe = 1— PMNS € UpmNs fM Ul/’MNSYE , 1)
Yz UpmNs €
ny (1 me;
gt = o (22)
—e+ > e Ye Yy
g = ’”)T (23)
V2 mé »
gilv — - uml " UPMNSYE (24)
Vel =5 = DUpmns 755~ YsYs
gR’ =g/, (25)
—Mme(] 4 e) — eyl
gl = ) o (26)
Yz(l — € — ) Mz Y Yz‘
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en =—(s) . 27
gn =—(g")" (28)
g =g, (29)
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WYE UpmNs 0
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g¢’ 2 Upmns Yz 62 A:Inz
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€1y

Here, v E \/_ 2(¢") is the Vev of the doublet scalar
field, e = V2 Y Ys, € = 2M§ Zz 5, and Upmns is
the lepton m1x1ng matrix. The Yukawa coupling matrix
Ys = (Yze Ysu Ysc), where Yy are the Yukawa cou-
plings appearing in Eq. (1). The mixing of ¥ with the SM
leptons is denoted by V, = «/iljuz Ys¢, where £ = e, u, T

A2: Cross sections for single and pair productions of
fermions

The expressions of the invariant amplitudes for the pair
and single production of charged and neutral fermions are
given below, with the general expression of the cross section
given by

do 5 [M?
— = (4nw) .

dt 167 52

1. Process eTe™ — -2

The invariant amplitude for the pair production of charged
fermions can be written as

| My, |

2
M|” =
MP = =3
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1 | M, |? | M2
+ 4 4 252 + 252
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L M
cos* Oy sin* Oy \ (s —m2)(t — m%)

Yz yt
+ l Mlnt + Mlnl
cos2 Oy sin® Oy \s(s —m%) st —m%) )’

(32)

where
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nmy 242
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Uy mz mz
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Here, M; is the invariant amplitude for the #-channel pro-
cess, M, and Mj, are invariant amplitudes for s-channel
processes with Z boson and photon propagators, respectively
(seeFig.3). M ;Zt gives the interference of the #-channel with
the s-channel with the Z boson propagator. M, . and M
give the interference of the s-channel having a photon propa-
gator with the s-channel having a Z boson, and the 7-channel
processes, respectively. The factors g;; are the corresponding
elements of the coupling matrix given in Eq. (17)—(31), and
the boost variable 8 in the above expressions can be written

2
asﬁzy/l—%.

2. Process et (p1)e™ (p2) = Z0%(p3)ve(ps)

The invariant amplitude for the single production of neu-

tral fermions can be written (with # = (p; — p3)2) as
2 1 |M; |?
|M| = 4 . 4 2.2
cos® Ow sin™ Oy \ (1 —m7)
M 2 Mts
| 5|2 5 _|_ nt 5 (33)
(S_mz) (t_mz)(s_mz)
where
M, * = (( O+ &S D’
! 8R11 8R14 L1 8L14
x (B% (64s* — 32t5) + ,3 (1617 — 32ts))
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x (321582 —/3 (162 — 3215))

NC _NC
M, = <(5’R11 8R14) + (gr11 &r1a) >

x (6415 — 1285182 + (64t s — 321%)p%)).
Here again, M,, M are invariant amplitudes for the -
channel, s-channel with a Z boson propagator and M/}, is
the interference term involving the - and s-channel with the
Z boson propagator shown in Fig. 1. 8 in the above expres-
S—M)Z:
s+ME "
3. Process " (p1)e™ (p2) — E7(p3)e™ (pa)

The invariant amplitude for the single production of

sions can be written as 8 =

charged fermions can be written (with t = (p; — p3)2) as
s My 1 |M,|?
|M| = 2 . 4 2\2
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2 2 2
Mo =161 8* (81" = 29) ek + (&1D”)
2 2 2
+325 B2 (gND @5 = ) (&FD + 3256} D))

IM,, 1> = 4% (s> + 182t — 25)),

MY =32 8225 — B2 0 - 29) (855 855 8 21S)
w
MY =8 52— 29025 — 18%) (855, 955 + 655 855).

ME = B &) 87— 1619) (k6 + ]S

+6 g)iS (6415 (gRG — 8D +3258)).

Here, M;, My, M, are the invariant amplitudes with the prop-
agator of the W boson (¢z-channel), Z boson and photon,
respectively. Mflitw is the invariant amplitude of interference
terms of the s-channel with Z boson prog}agator and the 7-
channel with W boson propagator. antt is the invariant
amplitude of the interference term with the s-channel con-
taining the photon propagator and the 7-channel containing
the W boson propagator. Mﬁft is the invariant amplitude of
the interference term having the s-channel with the Z boson

and the photon propagator (see Fig. 1). 8 in the above expres-
s—M %
s+ML

sions is given by f =
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