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The type-lll see-saw model holding out a riveting rationale for the minuscule neutrino masses caters
for a well-to-do phenomenology at the Large Hadron Collider (LHC). Several searches targetting the
triplet fermions have been performed at the LHC. Not only are the signals for the leptonic final states
considered in these searches suppressed by the branching fractions of the Standard Model (SM) bosons,
but they are also beset with considerably large SM backgrounds. Thus, these searches are deemed not to
be sensitive enough in probing the triplet fermions much heavier than 1 TeV. To this end, we perform a
search for the triplet fermions in final states with multiple leptons and fat-jets that are cleaner than the
usual LHC searches and allow kinematic reconstruction of the triplets. After performing a systematic and
comprehensive analysis with seven distinct final states, we project the required luminosities for both 3o
and 50 discoveries of the triplet fermions as a function of their mass. The triplet fermions with mass
as large as 1265 (1380) and 1480 (1600) GeV could be discovered with 50 (30) significance at 500 and
3000 fb~! luminosities, respectively.
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1. Introduction

Despite being surpassingly successful, the Standard Model (SM)
falls short of proffering a natural and well-founded rationale for
the observed sub-eV neutrino masses. Diversely, the type-IIl see-
saw model, one of the three UV completions of the so-called Wein-
berg operator [1] at the tree-level [2], based on the annexation of
the SM by weak gauge triplet of fermion field [3] seems to explain
the minuteness of neutrino masses readily. Though the see-saw
anchors are naturally motivated to have very high scale masses,
if balanced with appropriate Yukawa couplings, nothing precludes
them from having mass at TeV scale, and thus a well-to-do phe-
nomenology at the Large Hadron Collider (LHC). Phenomenological
outcome of this model has been studied all-encompassingly in the
literature [4-19]. At the LHC, a number of collider searches look-
ing for the triplet fermions have been carried out [20-25], and
the observations being consistent with the SM expectations, these
searches have derived exclusion limits at 95% confidence level (CL)
on the mass of the triplet fermions. Assuming only one generation
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of them in the flavour-democratic scenario, the ATLAS collabora-
tion has put the most stringent limit of 910 GeV by combining
the recent multi-lepton search [25] with the already published
dilepton search [24]. This limit extends to 1140 GeV when three
mass-degenerate triplet fermions are assumed [18].!

Not only are the signals for the leptonic final states consid-
ered in the abovementioned LHC searches [20-25] suppressed by
the leptonic branching fractions of the SM bosons (W, Z, h), but
they are also beset with considerably large SM backgrounds. Con-
sequently, these searches are deemed not to be sensitive enough in
probing the triplet fermions much heavier than 1 TeV. Moreover,
these searches are not designed to reconstruct the triplet mass.
This behoves us to look for complementary final states, such as
multiple leptons and fat-jets resulting from the hadronically de-
caying SM bosons, which are not only clean and thus sensitive
enough in probing the TeV scale triplets but also allow kinematic
reconstruction of them. To this end, we perform a systematic and
comprehensive search for the triplet fermions in final states with
multiple leptons and fat-jets.

1 Three generations of triplet fermions are required to generate three non-
vanishing neutrino masses. Note that one (two) generation(s) of them would not
suffice to explain more than one (two) non-zero neutrino masses.
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The rest of this work is structured as follows. In Section 2, we
briefly discuss the productions and decays of the triplet fermions.
We perform a systematic and comprehensive collider analysis for
the triplet fermions in final states with multiple leptons and fat-
jets at the 13 TeV LHC in Section 3 followed by a summary in
Section 4.

2. The triplet fermions

The type-IIl see-saw model employs, in addition to the SM field
content, three generations of right-handed SU(2); triplet fermions
with vanishing hypercharge

z=<2?e/ﬁ > )
T, —x%/V2)

and the relevant triplet Yukawa and mass terms are given by
1 = .
—£5 5 (M) Tr( zizj) +V2 (Ys)ig HSile +hec.,

where i, j and « are the generation indices which run over 1,
2 and 3, My is the Majorana mass matrix for X, 3. denotes
charge-conjugation of %, ie. ¥ = cx" with € being the charge-
conjugation matrix, Yy is the Yukawa matrix, L = (v, ;)7 is
the left-handed SM lepton doublet, and H is the SM Higgs dou-
blet. For simplicity, we assume My = my13y3, i.e. all three gen-
erations of triplets are mass-degenerate. The above Lagrangian
leads to the so-called see-saw formula for the light neutrinos:
m, ~ —"TZY)T:M;YE. For a given My, the well-known Casas-
Ibarra parametrisation [26,27] enables one to find the most gen-
eral texture of Yy to reproduce the low-energy neutrino oscilla-
tion parameters [28] which we avert to discuss in this work, see
[16-18].

The triplet fermions are pair produced copiously at the LHC

by quark-antiquark annihilation via s-channel y/Z and W= ex-
changes
¢ > W*—> %% and qj— y*/Z2* > ztz".
They are also pair produced via photon-photon fusion processes’:
yy — ET X7, Their production at the LHC has been widely stud-
ied in the literature [4-19]. In our analysis, we evaluate the leading
order (LO) production cross-sections using the UFO modules gener-
ated from SARAH [29,30] in MadGraph [31,32] with the LUXqed17-
plus-PDF4LHC15-nnlo-100 parton distribution function [33-35]. The
total LO pair production cross-sections varies from 585 fb to 0.02
fb for 400 GeV to 2 TeV triplet mass [4-19]. Following Ref. [36],
we rglaively scale the LO cross-section by an overall K-factor of
1.30.

After being produced, the triplet fermions undergo two types of
decays — (i) the heavy state transitions due to the radiative mass-
splitting of Am = myg+ —myo ~ 167 MeV [37], and (ii) the two-
body decays into a SM boson (W, Z, h) and a lepton (¢, v). For the
Yukawa couplings (Yx);, not smaller than @(1078), the later de-
cay modes subjugate the former ones ensuring their prompt decays
into two SM particles [16-18]. The relevant partial decay widths
are given by

my mx
rEX® - XY =k — = 1(Y)ial*f [ = ),
64 my

2 They are also pair produced via vector-boson fusion processes with one or two
associated forward jets at the LHC. However, we do not consider these due to their
small contribution.

3 Ref. [36] has reported the leading QCD corrections to the production of triplet
fermions at hadron colliders. The resulting next-to-leading order (NLO) K-factors
varies from 1.24 to 1.37 over a triplet mass range of 1 TeV to 2 TeV.
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where XYy 3 hvy, Zvy, WEET, XY, 3 he, ZeE WHy,, f(r) =
A=r)2(14+«'1%), k(') =1,1,2(0,2,2) for X =h, Z, W=, respec-
tively. The branching fractions for the h,Z and W decay modes
are, respectively, 25%, 25% and 50%. For simplicity, all three gen-
erations of triplets are assumed to be mass-degenerate.* Further,
we assume identical branching fractions across all lepton flavours
(flavour-democratic scenario).> This is readily achieved by choosing
the triplet Yukawa couplings that are compatible with the existing
constraints [38-40] as well as the neutrino oscillation data [28],
see [16-18].

3. Collider phenomenology

At the LHC, the triplet fermions are pair produced aplenty fol-
lowed by their prompt decays to a SM lepton (¢, v) and a boson
(W, Z,h) leading to multifarious final state signatures. The char-
acteristic signature of TeV scale triplets® would be vastly boosted
final state lepton and boson which are likely to be largely sepa-
rated in the azimuth plane. The jets stemming from the sufficiently
highly boosted boson would be collimated. The hadronically de-
caying bosons, thus, are more likely to manifest as a single fat-jet
rather than two resolved jets. In what follows, we perform a sys-
tematic and comprehensive collider study for the triplet fermions
in the final states with multiple leptons and fat-jets. The processes
contributing to the final state signatures of our interest are sum-
marised in the following:

(i) One lepton and fat-jets: Both pair and associated production of
charged triplets contribute to this final state:

(@) ZEXF — (X Z/hvWF — Xv 70w,
(b) Tt > vWHvW— — vy Jy,
(€) =20 > 2 Z/hZ/h— v z/n ) z/n,
(d) 20 5 yWEEWTF - (Fv ]y Jw,

where Jw,z/; denotes a fat-jet emanating from W /Z/h. For pro-
cess (b), neutrinos result from both triplet fermions making kine-
matic reconstruction of the latter challenging. For all other pro-
cesses, one of the triplets decays to ¢* and W/Z/h, where the
latter manifests as Jw,z,n. The triplets being in the TeV regime,
¢* and Jwyz/n are deemed to be largely separated in the azimuth
plane. Therefore, my can be reconstructed from the invariant mass
distribution of the lepton and the farthest 7w,/ in the azimuth
plane.

(ii) Same-sign dilepton and fat-jets: Only the following process con-
tributes to this final state:

2ER0 > (EZ/MEWTF - 0 T 0w

The invariant mass distribution of Jw,z,, and the farthest lepton
in the azimuth plane would peak at my.

(iii) Opposite-sign dilepton and fat-jets: The processes contributing
to this final states are as follows:

4 While, a priori, nothing precludes the mass from varying across the generations,
including such a possibility only introduces additional parameters (and thus com-
plications) without adding anything qualitatively different to the discussion.

5 We accentuate that the flavour democratic scenario does not necessarily be an
ad-hoc assumption; rather, it could be a consequence of degenerate mass spectrum
for both the light and heavy neutrinos or could be a repercussion of the informa-
tion lost in integrating the heavy leptons out [18]. Also, this assumption facilitates
an easy comparison with existing search paradigms adopted by the ATLAS/CMS
collaborations. However, relaxation of this assumption may significantly alter the
phenomenology, and thus the exclusion limit, see [18].

6 The recent ATLAS multi-lepton search [25] has already excluded triplet fermions
with masses below 910 GeV assuming only one generation of them in the flavour-
democratic scenario. This limit extends to 1140 GeV when three mass-degenerate
triplets are considered [18].
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Table 1
The partonic level signal (mx = 1150 GeV) cross-sections (in fb) for the different final states.
One Same-sign Opposite-sign Trilepton Trilepton Tetralepton
lepton dilepton dilepton +no jet +jets
sty- 0.235 - 0.161 - 0.017 0.023
=+x0 0408 0.101 0.101 0.025 0.107 0.018

(@) TT2" > €Y Z/he=Z/h— e Jzm )z,
(b) ZEDT - (EZ/WWWTF — (EeFvv 7,
(€) T 5 XZ/WFW=E - 026F [ 1 Jw.

Similar to the above channel, the invariant mass distribution of
Jwyz/n and the farthest lepton in the azimuth plane would yield
my.

(iv) Trilepton without fat-jet: Both pair and associated production of
charged triplets contribute to this final state:

(@) =20 5 yWEEE@ WFD) 5 pEpFptppy,
(b) =20 5 yW*vZ/h — £Fet e,

Here, both the triplets lead to a neutrino in the final state, making
their kinematic reconstruction challenging.

(v) Trilepton and one fat-jet: Both pair and associated production of
charged triplets contribute to this final state:

(@) =EEF > (FZ/hvWF — =0t v Jw,
(b) 220 - ¢£Z/hvZ/h — (EeH v 7/,
(€) T (XZ/WEDWFTE) > 12e20Fv 7.

For processes (a) and (b), ©* decays to ¢* and Z/h which fur-
ther decays to £+¢~. For process (c), T decays to ¢* and Jz/h
Therefore, for the events with an on-Z lepton pair,’ the peak of
the invariant mass distribution of the trilepton system is expected
to yield my, whereas, for those with no on-Z lepton pair, my can
be reconstructed from the invariant mass distribution of Jz,, and
the farthest lepton in the azimuth plane.

(vi) Tetralepton with/without one fat-jet: Both pair and associated
production of charged triplets contribute to this final state:

(@) Tt~ > ¢*Z/he=Z/h — et e 7.
(b) =ESF - (FZ/hvWF — gEete(Fo.
(c) X0 5 (FZ/hEPWFD) 5 phptp—¢+® |

All the events necessarily contain an on-Z lepton pair. The in-
variant mass distribution of the on-Z lepton pair and the farthest
lepton between the ones which are not part of the on-Z lepton
pair would peak at my.

Table 1 displays the partonic level cross-sections (in fb) for the
different final states for the signal with my = 1150 GeV at the
13 TeV LHC. These numbers are a rough guide but suggest that
a handful of signal events would be obtained at the LHC for all
the final states discussed above. We next give a brief description
of reconstruction and selection of various physics objects, classifi-
cation of events into several mutually exclusive analysis channels
and event selection.

3.1. Object reconstruction and selection
We use Delphes [41] to reconstruct different objects, namely

photons, electrons, muons and jets. Constituents of the would-be
fat-jets are clustered using the anti-kt algorithm [42] with the

7 An opposite-sign same flavour lepton pair with an invariant mass within the
Z-boson mass window, i.e. mz =15 GeV is termed as “on-Z lepton pair”.

winner-take-all axis with the characteristic fat-jet radius R = 0.8
as implemented in FastJet [43]. We use the jet pruning algo-
rithm [44,45], setting the parameters to their default values, viz.
Zeyt = 0.1 and Reye = 0.5 [44], to remove the softer and wide-
angle QCD emissions from the fat-jets. Further, an inclusive jet
shape termed as N-subjettiness, ty, [46,47] is used to unfold the
multi-prong nature of the fat-jets. We choose the one-pass kr-axes
for the minimization procedure, and take the thrust parameter
B = 1. The reconstructed leptons (electrons and muons) and fat-
jets are required to have transverse momentum pr > 10 and 30
GeV, respectively, and they must lie within the tracking system
acceptance, pseudorapidity |n| < 2.5. The relative isolation® is re-
quired to be smaller than 12%(15%) for electrons (muons). Such
stringent lepton isolation requirements significantly suppress the
reducible backgrounds. The selected leptons and jets are ordered
by decreasing pr (£o, ¢1, ... and Jo, J1,...). Often, some of the jets
are misidentified as leptons. Following the Ref. [48], we take the
probability of 0.1-0.3% for a jet to be misidentified as a lepton.
Furthermore, bremsstrahlung interactions of electrons with the in-
ner detector material often lead to their charge misidentification.
We adopt the charge misidentification probability from Ref. [49]:
P(pr,n) =0o(pr) x f(n), where o (pr) and f(n) ranges from 0.02
to 0.1 and 0.03 to 1, respectively. Finally, the missing transverse
momentum vector p;™ (with magnitude ps*) is estimated us-
ing all the reconstructed particle-flow objects in an event.

3.2. SM backgrounds

We next briefly mention the SM processes which could resem-
ble the abovementioned final states. The relevant processes can
be classified into two classes — reducible and irreducible back-
grounds. The SM processes giving rise to one or more prompt
leptons, such as Drell-Yan processes, VV (V =W, Z/y*), VVV,
VVVV, tt, ttV, single top production (tb,tW,tj) and Higgs-
strahlung (Vh, VVh, tth) processes, constitute the irreducible back-
grounds in this analysis. On the contrary, the reducible back-
grounds are from the SM processes like Z/y*+jets and tt+jets,
where a jet is misidentified as lepton or additional leptons orig-
inate from heavy quark decays. The reducible backgrounds are
significantly suppressed by applying stringent lepton isolation re-
quirements. All the background samples are generated in associa-
tion with up to two jets using MadGraph [31,32] at the LO using
the 5 flavour scheme followed by MLM matching in PYTHIA [50].
The background samples are normalised at least to the NLO pre-
diction [51-73].

3.3. Event selection

After object selection, we make our identification of the
W /Z /h-fat-jets, denoted as Jw,zh, satisfying the conditions:

8 The relative isolation of a lepton is defined as the scalar pr sum, normalized
to the lepton pr, of photons and hadrons within a cone of AR = 0.5 around the
lepton.

9 The N-subjettiness, Ty, is a good measure of the number of subjets a jet is pre-
sumably composed of. The ratio Ty/Ty—1 is, thus, an useful discriminant between
the N- and (N — 1)-prong jets. Being two-prong in nature, the jets emanating from

the sufficiently highly boosted W /Z/h-bosons tend to have lower 1731 = % as com-
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Table 2

The preselection criteria for the considered analysis channels. All the selection cuts are in GeV. The

symbol “~” means no requirement is made.
Selection criteria 1L-1 1L-2) SSD-1] 0SD-1] 3L-0] 3L-1] 4L
ng =1 =1 =2 =2 =3 =3 =4
12 Qel =1 =1 =2 =0 - - -
Nw,zm =1 =2 >1 >1 =0 =1 >0
pr (o) > 200 > 200 > 400 > 400 > 300 > 300 > 400
pr 1) - - > 100 > 100 > 100 > 100 > 200
pmiss > 100 > 100 - - > 100 - -
Low m93SF veto - - > 12 >12 >12 >12 >12
Z-veto - - Yes Yes - - -

m(J) € [70, 140] GeV, pr(J) > 200 GeV and 751 < 0.7.

Based on the number of leptons and Jw z/ (¢ and njw/z/h) and
the absolute value of the sum of charges of the leptons (| > Qg|),
the events are categorised into seven distinct final states — 1L-
1], 1L-2], SSD-1], OSD-1], 3L-0], 3L-1] and 4L (see Table 2), while
the events not falling under these channels are thrown away. As
mentioned earlier, the leptons and bosons coming from the de-
cays of the TeV scale triplets would carry sufficiently high mo-
menta that stronger cuts on the leptons’ pr and/or prT“iSS would
be utile in curtailing the SM background while keeping the sig-
nal all but unharmed. The event selection proceeds in two steps:
the preselection and the channel-specific event selection. The
preselection requirements are primarily based on pr(£g), pr(£1)
and p‘T“iSS, see Table 2. Events containing an opposite-sign same-
flavour (OSSF) lepton pair with invariant mass below 12 GeV are
thrown away in all the channels to reduce background contri-
butions from low-mass resonances. Furthermore, to suppress the
overwhelming background contributions from the Drell-Yan pro-
cesses in the SSD-1] and OSD-2] channels, events containing an
opposite-sign same-flavour lepton pair with an invariant mass
within the nominal Z-boson mass window, i.e. mz & 15 GeV are
vetoed.'?

We next briefly discuss the channel-specific selection criteria,
which appreciably reduce the remaining SM backgrounds without
impinging much on the signal strength. We use various kinematic
distributions as guiding premises to choose the appropriate selec-
tion cuts.

We display different normalised kinematic distributions for the
1L-1] events in Fig. 1 for a benchmark point: my = 1150 GeV. In
the top panel, we show the pr(£o) (left) and pr“iss (right) dis-
tributions. The middle panel displays the Hrt (left) and meg =
Lt +Hr + p‘}‘iss (right) distributions, where L7 (Ht) is the scalar
sum of all the leptons’ (jets’) pr. In the bottom panel, the left
plot shows the distribution of the azimuthal separation between £g
and prT“iSS, |A¢ (Lo, pl}‘iss)\, whereas the right plot shows the pr(Jo)
distribution. As expected, the kinematic distributions for the signal
are much harder than those for the background, see Fig. 1. Conse-
quently, harder cuts on these kinematic variables are expected to
suppress the remaining background without impinging much on
the signal strength. On the other hand, |A¢ (¢o, prT“iSS)| turns out
to be efficient in discriminating the background (in particular, the
background from single W-boson) and signal. We impose the fol-
lowing selection cuts:

SI-1: p7(£o) > 400 GeV and prTniss > 400 GeV,

pared to the overwhelming one-prong QCD or top jets. The cut on 71 significantly
suppresses the background contributions from the QCD or top-jets.

10 Note that, in order to reduce the contributions originating from electron charge
misidentification, the Z-veto is also applied to the SSD-1J events.

SI-2: Hy > 500 GeV, mes > 1800 GeV and
pr(Jo) > 300 GeV,
SI-3: |A¢ (Lo, pS%)| > 0.5

Also displayed, in Fig. 2, is the normalised distribution of 721 (Jo)
for the 1L-1] events passing the S1-1, S1-2 and S1-3 cuts. As ex-
pected, an inordinately large fraction of the signal events has lower
721 as compared to the remaining background events. Therefore, to
further improve the signal-to-background ratio, we impose the fol-
lowing selection cut:

SI-4: 131(Jp) <0.5.

We display the effect of the selection cuts on the signal and
background strengths for the 1L-1] channel in Table 3. It shows
the progression of the number of expected background and signal
(my = 1150 GeV) events as the subsequent selection cuts are im-
posed for 1000 fb~! luminosity at the 13 TeV LHC. As we expected,
the preselection cuts and channel-specific selection cuts effectively
vanquish the SM backgrounds while keeping a large fraction of the
signal.

As for the other channels, the distributions (and, hence, the dis-
cussions) are very similar, and for brevity’s sake, we do not discuss
these in detail, instead summarise all the channel specific selection
cuts in Table 4. The variable Lt (shown in Fig. 3) along with the
others like Ht, megr and pr(Jo) turn out to be very useful in sup-
pressing the SM background over the signal for all the channels.
Table 4 also shows the number of expected background and signal
(my = 1150 GeV) events after all the selection cuts are imposed
for 1000 fb~! luminosity at the 13 TeV LHC.

In order to enhance the sensitivity of this search, the selected
events in each channel are divided into several independent search
bins using a primary kinematic discriminant between the signal
and background. The discriminants used in different channels are
as follows:

e 1L-1J: the invariant mass of the lepton and the fat-jet: my; =
Mg Jos

e 1L-2J: the invariant mass of the lepton and the farthest fat-jet
in the azimuth plane:

Mgy =My, g, if A (Lo, Jo) > Ad (Lo, J1)
=My, |, otherwise;

e SSD-1J and OSD-1J: (i) for events with exactly one Jw,z/: the
invariant mass of the fat-jet and the farthest lepton in the az-
imuth plane:

Mgy =My, if Ap (Lo, Jo) > A (L1, Jo)

=my, j, otherwise;
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Fig. 1. Normalised kinematic distributions for signal (msx = 1150 GeV) and background in the 1L-1J channel. Top panel: lepton pr (left) and p’T‘“SS (right); middle panel: Hr

(left) and meg (right); bottom panel: A¢ (¢, p‘T“iSS) (left) and W /Z /h-fat-jet pr (right).
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Fig. 2. Normalised distribution of 71 (Jo) after passing the S1-1, S1-2 and S1-3 cuts

for signal (myx = 1150 GeV) and background in the 1L-1J channel.

(ii) for events with more than one Jw,z/:

My =My, o if (Mg jo — Mey gy | < IMeg gy — My, g

=My, j, otherwise;

e 3L-0J: Missing neutrinos do not allow kinematic reconstruction
of the triplets in this channel, and, thus, we use Lt 4+ pT"** as
primary kinematic discriminant;

e 3L-1J: (i) for events with one on-Z lepton pair, the invariant
mass of the trilepton system: my¢,¢,;

(ii) for events with no on-Z lepton pair: the invariant mass of
the fat-jet and the farthest lepton in the azimuth plane;

e 4L: the invariant mass of the on-Z lepton pair and the farthest
lepton in the azimuth plane: mgy),.

For all the channels except the 3L-0J one, the distribution of the
primary discriminant peaks at the triplet mass and thus could be
used to reconstruct the same. We summarise the binning scheme
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Table 3

The number of expected background and signal (my = 1150 GeV) events in
the 1L-1J channel after passing various cuts for 1000 fb~! luminosity at the
13 TeV LHC.

1L-1J channel

Event sample Preselection SI-1 SI-2 SI-3 SI-4
Drell-Yan ~2.9x10° 5119 4057 221 98
tt ~1.7 x10° 291 190 44 20

~1.7 x10* 239 185 25 14
~4.8x10° 5649 4432 290 132

Other backgrounds
Total background

Signal 330 126 93 90 71
107
2oF L; distributions
E 1L-2J  [J3L-0J
2.0 SSD-1J | [3L-1J
1.8 0OSD-1J [J4L
1.6
o 1.4
©0 C
Z12F
£ 1.0
0.8
0.6
0.4F
0.2F
0.0F i A et =P B s == ==
0 500 1000 1500 2000 2500
L, [GeV]

Fig. 3. Normalised distribution of Lt for the signal (myx = 1150 GeV) in different
channels.

Table 4

Summary of the channel-specific selection cuts along with the number of expected
background and signal (my = 1150 GeV) events after all the selection cuts are im-
posed for 1000 fb~! luminosity at the 13 TeV LHC. All the dimensionful cuts are in
GeV.

Channel Selection cuts Background Signal

1L-2J Ppr (o) > 400, piP'ss > 300, 74 63
|A¢ (€o, pT™)| > 0.5

SSD-1j Lt > 600, Hr > 500, meg > 1600, 81 32
pr(Jo) > 300

0SD-1] Lt > 700, Hy > 500, megr > 2000, 131 46
pr(Jo) > 400, 721(Jo) <0.6

31-0] Lt > 600, meg > 1500, L /Hy > 1.0, 67 24
piniss/Hr > 0.4

3L-1] Lt > 700, meg > 1600, pr(Jo) > 300, 28 20
Ly/Hr > 1.0

4L Lt > 1000, meg > 1600 9 8

in Table 5, which yields a total of 50 statistically independent
search bins. The width of the bins is chosen to ensure smooth be-
haviour for the expected background and signal distributions. The
underflow (overflow) events are contained in the first (last) bin for
each channel.

Fig. 4 displays the distributions of the primary kinematic dis-
criminants for the signal (my = 1150 GeV) and background events
for all the channels. The events are weighted for 1000 fb~! lumi-
nosity at the 13 TeV LHC. As expected, these distributions (except
the one for 3L-0] channel) peak in 1000-1200 GeV bin, and thereby
reconstructing the triplet mass; a simple rebinning of these distri-
butions with smaller bin widths would make this mass reconstruc-
tion apparent.

Physics Letters B 825 (2022) 136889

Table 5
Binning scheme of different channels.

Channel Kinematic discriminant Range (GeV) Number of bins
1L-1] My Jo [600, 2000] 7
1L-2) My, j OF Mgy, [600, 2000] 7
SSD-1J Mgy o OF My, Jo [600, 2000] 7
0SD-1] Mgy e OF My, Jo [600, 2000] 7
3L-0] Lt + p?“ss [750, 2750] 8
3L—1] My, jo OF My, j, OF Mygeye, [600, 2000] 7
4L Moy, e [GOO, 2000] 7

3.4. Discovery reach

We next estimate the discovery reach of the present search for
the triplet fermions. To this end, we use a hypothesis tester named
Profile Likelihood Number Counting Combination which uses the li-
brary RooFit [74] in the ROOT [75] environment. This hypothesis
tester considers all the search bins as independent number count-
ing channels with uncorrelated systematic errors. The uncertainties
are included via the Profile Likelihood Ratio. For the sake of simplic-
ity, we assume an overall 20% total uncertainty on the estimated
background. Further, to avoid spurious exclusions/discoveries and
to ensure robustness in statistical interpretations, we replace the
less than one per-bin expected background yield at 3000 fb~! with
one background yield. This renders our estimated significances to
be a bit conservative. In Fig. 5, we project the required luminosi-
ties for 30 discovery of the triplet fermions in different analysis
channels as a function of their mass; for brevity, we display the
same for the most promising channels only. We see that the 1L-
2] channel is the most promising one with the discovery reach of
1480 GeV, while the rest of the channels have a similar discovery
reach of 1330-1350 GeV.!!

Since all the analysis channels considered in this search are
mutually exclusive, it is reasonable to combine them. For the com-
bined channels, we project the required luminosities for both 3o
and 50 discoveries of the triplet fermions as a function of their
mass in Fig. 6. The 50 (30) discovery reach of this search is about
1265 (1380) and 1480 (1600) GeV, respectively, at 500 and 3000
fb~! luminosities.

4. Summary

The CMS and ATLAS collaborations have performed several
searches targetting the triplet fermions in the type-Ill see-saw
model. However, the final states considered in these searches be-
ing beset with considerably large SM backgrounds are deemed not
sensitive enough to probe the triplet fermions much heavier than
1 TeV. To this end, we perform a search for the triplet fermions
in final states with multiple leptons and fat-jets that are cleaner
than the usual LHC searches and allow reconstruction of the triplet
mass. After performing a systematic and comprehensive search
with seven distinct analysis channels, we project the required lu-
minosities for both 30 and 50 discoveries of the triplet fermions
as a function of their mass. The triplet fermions with mass as large

1 Note that the 1L-channels are not suppressed by the leptonic branching frac-
tions of the SM bosons, and thus, yield a sufficient number of signal events even
for larger triplet mass. Moreover, not only does the requirement of two Jw,z/; in
the final state vanquish the background, but it also allows kinematic reconstruction
of the triplets without any ambiguity (see the top panel in Fig. 4). On the con-
trary, final states with higher lepton multiplicity (three or more) being suppressed
by the leptonic branching fractions of the SM bosons are less sensitive in prob-
ing triplets with higher masses. Note that the recent CMS/ATLAS searches [20-25]
targetting the triplet fermions in the type-IIl see-saw model rely on multi-lepton
final states only, and thus, are not sensitive enough in probing them with higher
masses.
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Fig. 6. Required Luminosity for 30 and 50 discovery of the triplet fermions in the
combined channels.

as 1265 (1380) and 1480 (1600) GeV could be discovered with
50 (30) significance at 500 and 3000 fb~! luminosities, respec-
tively.'? In closing, we mention that a search similar to the one
presented in this work is prophesied to carry through for a large
class of neutrino mass models containing new weak gauge multi-
plets. We undertake a detailed analysis for the same in a future
work [76].
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12 Thogh single production of the triplet fermions, in principle, in association with
a SM lepton is possible, such processes are extremely suppressed both at pp and
e~e' colliders on account of their small mixing with the SM leptons. In view of pair
production of the triplet fermions, in the most optimistic scenario, a high energy
e~et collider could probe them very close to its kinematic reach [13,15], i.e. 1500
GeV for a 3 TeV collider. Note that the 30 (50) reach of our search at 3000 fb~!
luminosity extends beyond (very close to) the kinematic reach of a 3 TeV e~e*
collider.
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