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Abstract We perform a collider search for fatjet signals
originating from boosted heavy neutral and charged lep-
tons with masses between a few hundred GeV to a TeV.
These heavy leptons originate from the decay of heavy gauge
bosons with masses above 4 TeV in a left-right symmetric
extension of the Standard Model (SM), which considers a
universal seesaw mechanism for the generation of all the
SM fermion masses. The fatjet signals arise naturally in this
model due to the presence of heavy seesaw partners of the
SM fermions which decay to SM gauge bosons carrying large
boosts. We employ substructure based variables lepton sub-
jet fraction (LSF) and lepton mass drop (LM D) together
with kinematic variables of fatjets to look for fatjet signals
associated with non-isolated leptons. These variables help in
reducing the SM backgrounds while retaining enough statis-
tics for signal events, which leads to a robust discovery poten-
tial at the high-luminosity Large Hadron Collider (HL-LHC).

1 Introduction

Non zero neutrino mass observed in experiments [1-5] is
one of the key hints to look for physics beyond the Stan-
dard Model (SM). Some other aspects unexplained in the
SM are dark matter, hierarchy of masses in the three known
fermion generations, gauge hierarchy problem, Baryogen-
esis, C P-violation, etc. Left-right symmetric extension of
the SM (LRSM) [6-9] is one of the well motivated mod-
els of new physics, which offers an explanation for some of
the experimental as well as theoretical limitations of the SM
mentioned above. Left-right symmetric models resolve the
issue of maximal parity violation in the weak sector and natu-
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rally accommodate right-handed neutrinos in the framework
which leads to the popular seesaw mechanism for neutrino
mass generation [10—13]. The seesaw framework gives rise
to Majorana masses to the neutrinos and the heavy neutri-
nos have lepton-number violating interactions. These heavy
states can decay via their CP-violating Yukawa interactions to
generate a lepton asymmetry. This lepton asymmetry is then
partially converted to a baryon asymmetry through the SM
sphaleron processes that can explain the matter—antimatter
asymmetry [14—17]. The LRSM models also account for C P-
violation and resolve the strong C P problem [18-23].

The minimal left-right models include scalar triplets and
a scalar bi-doublet along with right-handed SM fermions
arranged in the SU (2) g as doublets [24]. This leads to the SM
neutrinos getting their eventual mass via the seesaw mecha-
nism, while the rest of the SM fermions get mass through their
Yukawa interactions with the bidoublet scalar in the usual
manner. We adopt an LRSM framework that suggests that all
SM fermions, including the neutrinos, get their mass from a
seesaw mechanism similar to that of the neutrino [25]. This
can be achieved by modifying the scalar sector of LRSM with
four SU (2) doublet scalars, one each for the lepton and quark
doublets in the left sector as well as in the right sector [25,26].
A big advantage of generating the fermion masses in this
manner is to prevent a highly hierarchical Yukawa structure,
like in the SM. The fermion sector, however, also gets mod-
ified and heavy singlet charged fermions along with heavy
singlet Majorana neutrinos need to be included to achieve
a universal seesaw mechanism for the generation of all the
fermion masses. In such models, even the strong CP problem
is resolved without an axion if a discrete parity symmetry is
imposed [27].

This framework offers rich and interesting phenomenol-
ogy whose signals can be observed at current and future col-
liders. An interesting signal for the model will be the obser-
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vation of fatjet signatures of heavy neutrinos (v;) and exotic
heavy charged leptons (E;) with masses around a few hun-
dred GeV to TeV. This signal originates from the decay of
the heavy right-handed charged gauge boson (Wg) with mass
above a few TeV. We note that fatjet signatures of heavy neu-
trinos have been studied in the literature for LRSM models
with minimal scalar sector that generate seesaw masses for
neutrinos [28-30] at the Large Hadron Collider (LHC). How-
ever, in the universal seesaw model, the presence of heavy
charged fermions along with the heavy Majorana neutrinos'
lead to an even more interesting picture of final states with
multiple fatjets and different lepton charge multiplicities. The
signal originates from the production of the Wy via pp col-
lision, which then decays to a heavy neutrino and a heavy
charged lepton. The heavy lepton further decays to a heavy
neutrino and a pair of jets via an off-shell Wg. Each of the
heavy neutrinos (dominantly right-handed) further decay to
a lepton and a pair of jets through off-shell Wg. The heavy
neutrinos being much lighter than the Wy are produced with
a substantial boost, and their decay products (pair of jets
including a charged lepton) form boosted fatjets. The emerg-
ing signal becomes a topology of three fatjets where two
of them include a lepton and one is characterized by two
sub-jets. This three-fatjet signal results from the following
sub-process in the model,

pp — WR — El'l)j, Ei — UkW;é,

v = jjWRIE, Wi — jj. M
This LRSM framework also offers two-fatjet signals includ-
ing a lepton, originating from the decay of the heavy right-
handed neutral gauge boson (Zg):

pp —> Zr — vivj, v —> l;itjf )

Interestingly, a possibility of a more exotic signal including
four fatjets also exists because of the production of the heavy
charged leptons E; produced via

pp—)ZR—>El'Ej. 3)

A complete account of the possible signals is given in Sect. 4.
We note that the presence of leptons in the fatjet can be a cru-
cial identification since the leptons and jets produced from
the decay of the boosted heavy neutrinos are mostly non-
isolated, following the standard isolation criteria used by the
CMS and ATLAS [31,32] Collaborations. We, therefore, use
substructure-based variables employed by the experimental
collaborations called lepton sub-jet fraction (LS F) and lep-
ton mass drop (LM D) to distinguish our fatjet signal from

1 We shall refer to these heavy Majorana neutrinos as “heavy neutrinos”
in the remainder of the text.
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the non-reducible quantum chromodynamics (QCD) back-
ground [33]. These variables (LSF, LM D) will be defined
later in Sect. 4.

The rest of the paper is organized as follows. We give a
brief description of the LRSM model with a universal seesaw
mechanism in Sect. 2. In Sect. 3, we discuss the constraints
on the model parameters and phenomenologically allowed
benchmark points for our analysis. In Sect. 4, we present
our collider analysis and results using the variables LS F' and
LM D. We conclude with our findings in Sect. 5.

2 The Model

A brief description of the model [25] is given below. The
left-right symmetric model is based on the gauge group
SUB)c x SUQR2)L x SUR)r x U(1)p—r along with an
extra Z, symmetry to incorporate a lepton-specific scenario.
The charge of a particle is defined as

B—-L
Q=I3L+I3R+T- 4

The particle spectrum of the model along with their quantum
number and Z, charges are shown in Table 1. The matter
structure consists of three families of SU (2); and SU(2)r

quark and lepton doublets,
), (23)
3,1,2,
R 3

0e=(i),~ (3213) en=(;
1L=<:> ~(1,2,1, 1), IR_<:> ~(1,1,2, 1),
L R

where the numbers in the parentheses denote the quantum
numbers under SU(B)¢c x SUR)r x SUQR)g x U(l)p_L
gauge groups, respectively. For the generation of SM quark
and lepton masses through a universal seesaw, the model
includes heavy singlet quarks

&)

U(3114) U(3114)
L LR B ] 3 ’ R s Ly Ly 3 3

2 2
Dp(3,1,1, _5), Dr@3,1,1, _5);

singlet charged leptons
EL(la 15 17 _2)5 ER(la 15 17 _2);

and singlet heavy neutrinos

Np(1,1,1,0), Nr(1, 1, 1,0).
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Table 1 Particle spectrum along with their quantum numbers

Field SUB)c

SUQ)L

SUQ2)r Up-L Z

Orw = ( ;)L(R) 3 2()

V
=\ L(R)

UL, Ur
D, Dg
EpL, ER
N, Nr

H+
Hrryo = (HO )L(R)Q

H+
Hiry = ( HO ) 1
L(R)

—_

2(1)

_—— W W
—_— = =

—

2(1)

2(D

12) L N

12) 1 .

—_— = =

12) 1 +

12) 1 -

The Higgs sector consists of four SU (2) doublets:

HY H
Hrp(1,1,2,1) = H§Q , Hpp(1,2,1,1) = H%)Q ,
RO LQ

+ +
HR1<1,1,2,1>=(Z§I>, HL1(1,2,1,1)=(Z{5’). ©)
RI Ll

Under the Z, symmetry, the singlet leptons E;, Er, Np,
Ng, and the lepton specific scalar doublets Hy; and Hg;
are odd, while the rest are all even. The Z, charge assign-
ments allow the Hy ¢ and Hg to interact specifically with
quarks, while Hy; and Hg; only have leptonic interactions.
The neutral components of the two SU(2)g, Higgs dou-
blets acquire non-zero vacuum expectation values (VEV) to
break the LRSM symmetry down to U (1)qep. The VEVs are
given as

<H2Q> = URQ/«/E, <ngl> = le/«/z,
(Ho)=vio/v2. (HE)=vu/v2 %)

with the constraint viQ + v%l = U%W, where vpw = 246
GeV is the electroweak (EW) vacuum expectation value. The
hierarchy of the VEVs is arranged as

VRQ, VRl >> VL@ > VL. (®)

The VEVs of the SU (2) g scalar doublets, vgp and vg;, are
responsible for generating the mass of Wg and Zg gauge
bosons, while the VEVs to the SU (2), scalar doublets,vy ¢
and vy, break the EW symmetry and generate the SM gauge
boson (W and Z) masses.

The full Lagrangian of this model can be written as

Z = gkinetic + gY + V(H), (9)

where Zineric contains the kinetic terms for the gauge
boson, scalars and fermions in the model, while the Yukawa
Lagrangian, %y and the scalar potential, V(H) are given
later in Eqgs. (14) and (21), respectively.

The covariant derivatives appearing in Zkjneric €an be
written as,

.8L/R
D.0L/R = [au—l /

.8V
T-WL/R;,L — l?Vu:I QL/R7

8L/R .8V
/ T WL R —i-z?VM] IL/Rs

Dlisn = (8~

8L/R

. .8V
-@lLHL/R = [3#—1 t'WL/RlL_l?VM] Hpr, (10)

where V), is the U(1)p_1 gauge boson and gy its gauge
coupling, while W, Wg and g;,, g g are the gauge bosons and
gauge couplings corresponding to the SU(2);, and SU (2) g
gauge groups, respectively. The mass of the charged gauge
bosons Wg and W, are given by

1 1
My = 28k tvi). Mips = 781 0ig+eg)). (1)

The masses of the two neutral massive gauge bosons are
given by
402 2
1 gv(ULQ + le)
My, ~ - |:(g?e + g%/)(v%?Q + V) + — 5 |-
K 4 8r T 8v

1
M2 ~ Z(gi + 89 (i + Vi) (12)

in the limit vgw << vRg, vg;. Here, gy is the effective SM
U (1)y gauge coupling given as

8L8V

ar=—
81 + 8y

In this model, the Zp is always heavier than Wg, which
implies that a strong limit on Wg mass indirectly puts a

13)
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stronger bound on Zg mass. We discuss the generation of
masses for the fermions through the seesaw mechanism in
the the following subsection.

2.1 Seesaw and fermion masses

The quarks and leptons obtain their masses through a univer-
sal seesaw with the help of heavy singlet fermionic states.
The Lagrangian in this model contains the following gauge
invariant Yukawa terms:

Ly = (YuLaLﬁLQUR + YuRaRﬁRQUL + Y41, 0L HLoDR
+Y4rQrHRoDL + Yorlp HyNg + YorIg HRiNy,
+Yo Ll HLIER + YerIRHRIEL + MyU L Ug
+MpDy Dpg
+ MgELER + MyNNg + H.C.)
+M N Nf + MRNEN§. (14)

Here, Y;4’s are the Yukawa coupling matrices, and Myx’s
are the heavy singlet mass terms. The Hy /g is the conjugate
scalar defined as

ﬁL/R=iTZHZ/R- (15)

All the charged fermions, i.e., quarks and charged leptons,
acquire their masses by diagonalizing 6 x 6 matrices through a
universal seesaw mechanism. Three light eigenstates among
the six eigenstates are identified as the three SM states.

The up quarks acquire their masses from the following
mass matrix

YuR”RQ/ﬁ) (16)

M —< 0
“T YL ue/V2 My

in the (u, U) basis. This matrix is diagonalized by the fol-
lowing bi-unitary transformation:

MY = Uy, MU, (17)

where U, and U, g are 6 x 6 unitary matrices transforming
the left-handed and right-handed fermions from the gauge
basis to their mass basis. The down quarks also acquire
their masses through the seesaw mechanism, where the cor-
responding matrices are Uy and Ugg. For simplicity, we
choose the Y, 1 /r and Yy g to be diagonal and keep only Y,
to be off-diagonal so as to generate the correct
Cabibbo—Kobayashi—-Maskawa (CKM) mixing matrix for
the SM quarks. The 6 x 6 mixing matrix

UtkM — g, Ul (18)

contains the SM CKM matrix in the top-left (bottom-right)
3 x 3 block if mass eigenvalues are arranged in ascending

@ Springer

(descending) order. The mixing between the SM light quarks
and the heavy quarks is negligible except for the top quark
as it is heavy.

The charged leptons acquire their masses from the follow-
ing 6 X 6 mass matrix:

M, — ( 0 YeRvRI/ﬁ) . (19)
Yoo /V2 Mg

The Yukawa coupling matrices (Y.z,r) and the heavy lepton
mass matrix (M) are chosen diagonal to prevent any charged
lepton flavor violating interactions. The hierarchical structure
of the block matrices that give the correct masses to the SM
charged leptons (e, @, t) allow negligible mixing between
the SM charged leptons and heavy charged leptons.

The neutrinos obtain their masses from the following 12 x
12 mass matrix:

0 Yorvri/v2 0 0

YUTLULI/\/E Mpg 0 M/(/ (20)
0 0 0 YVTRUR]/\/E
0 My Yorvri/N2 My

formed in the basis (v}, Ng, vg, N}).

Similar to the quark sector, all the Yukawa couplings and
mass matrices are taken diagonal except Y, that generates
the Pontecorvo—-Maka—Nakagawa—Sakata (PMNS) mixing
matrix [4].

2.2 Scalar masses

The scalars obtain their masses by minimizing the following
gauge-invariant potential
4 4 .

V(H) =Y wiH Hi+ ) x,»jHiTHiH]f H;

i=1 i,j=1

i<j
+ [‘XIHZQHLIH};QHRI + aszQ Hp Hy Hro
+ 1w H] g Hur + 134 g Hr + H.C.] - 21)

where
Hy=Hpg, Hy=Hy, H3=Hgg, Hy=Hp;. (22)

The terms 1112 and 34 break the discrete Z, symmetry softly
and prevent the formation of domain walls which could oth-
erwise destabilize the model [34,35].

The Higgs boson spectrum consists of four C P-even
states, two C P-odd states, and two charged Higgs bosons.
A major distinctive feature from the more widely studied
minimal LRSM model which includes scalar triplets, is the
absence of a doubly charged Higgs boson in the particle spec-
trum of our model. Two charged goldstone bosons are eaten
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up by the Wy and Wx gauge bosons to give them mass, while
two neutral goldstone states provide mass to the Z and Zg.

3 Phenomenological benchmark points

We now highlight some of the constraints on the parame-
ter space in our model before discussing the choice of our
benchmark points for the collider analysis. We note that the
most relevant constraints arise from the experimental bound
on heavy gauge boson masses. We also mention a few theo-
retical constraints that affect our parameter choices.

3.1 Theoretical and phenomenological constraints

The theoretical constraints on some of the couplings in the
model come from the requirement of perturbativity and uni-
tarity. The perturbativity condition requires that at least at
the electroweak symmetry breaking (EWSB) scale, all quar-
tic couplings satisfy

CHHjH H < 4T, (23)

whereas the Yukawa and gauge couplings need to be less
than /47 [36]. Furthermore, tree-level unitarity in the scat-
tering of Higgs bosons and longitudinal components of EW
gauge bosons necessitates that the eigenvalues of the scatter-
ing matrices must be less than 167 [37,38].

Additional constraints appear as a result of electroweak
precision measurements, particularly the oblique parame-
ters [39]. The addition of extra Higgs doublets has little
effect on the oblique parameter in general, particularly the
T -parameter because the custodial SU (2) stays intact at the
tree level. It can be broken at the loop level by the effect of
other states. However, the additional states in our model pri-
marily belong to the right-handed sector and are rather heavy.
Although the mixing between the left and right sectors is tiny,
it cannot cause significant changes in the EW W or Z boson
masses. The consistency of our chosen benchmarks has been
checked against existing limits [40].

3.2 Experimental constraints

The non-observation of any direct signal at the LHC has put
stringent constraints on the mass of the heavy right-handed
gauge bosons Zg, Wg as well as the heavy Majorana neutri-
nos in LRSM. The different constraints leading to limits on
the model are briefly summarized below.

Searches for heavy resonances:

The search for heavy resonances decaying to di-lepton/di-
jet final state at the LHC put strong constraints on their pro-
duction cross section. The major experimental constraint in
our model comes from the W search in the /=N channel

(N represents the heavy right-handed neutrino) where the
final state is either one charged lepton and a fatjet contain-
ing a high Pr lepton [43] or two same-sign leptons and two
jets [44,45], depending on the mass difference of Wx and
N. The most recent CMS search [41] puts a lower limit on
Wpr which excludes its masses below 4.7 TeV and 5.0 TeV
for the electron (e*) and muon (u®) channels, respectively.
On the other hand, ATLAS [42] di-jet search puts a lower
bound of 4 TeV on Wg mass with SM-like couplings (i.e.,
50% branching in di-jet mode). These limits differ depending
on the branchings of Wy in the di-jet and the /* N channels.
These dependencies are summarized in Fig. 6 of Ref. [41] and
Fig. 4c of Ref. [42], and one can extract the bound on M,
depending on the value of production cross sections times the
branching ratios. Both the CMS [41] and ATLAS [43] col-
laborations have used the minimal LRSM (MLRSM) model
in their search for the heavy Wr boson, where the Wg — eN
decay branching ratio is about 10% for large values of the Wg
mass [46]. In our case, the branching ratio is relatively smaller
(< 5%) due to new modes of decay available for the Wg
boson into heavy leptons (seesaw partners) and heavy neu-
trinos, as shown in Table 4. As the decay branching ratio of
Wgr — eN is suppressed, limits on the W mass are relaxed
(see left-panel of Fig. 1) when compared to the CMS [41]
4.7 TeV bound in the electron channel. In the di-jet mode,
one notes that the branching for Wy is 66% in our model,
and thus the limit on Wx mass increases (see right-panel of
Fig. 1). We have a common limit of 4.3 TeV on Wxr mass
coming either from /[N or di-jet search for our parameter
choices.

The heavy neutral gauge boson (Zg) has a rather weak
limit from the direct di-jet search [47] excluding mz, < 2.9
TeV having SM-like gauge couplings with the SM fermions.
However, in LRSM the Zy is heavier than Wg, and thus a
strong limit on Wg mass indirectly puts a stronger limit on
Zr mass (see Egs. (11) and (12)). The 4.3 TeV lower limit
on W mass, as discussed above, puts a lower limit of 5 TeV
on Zr mass.

In addition, we have also considered heavy neutrino search
results from the LHC which put limits on m y [44,48,49], and
these are included in our benchmark selection.

Bounds from FCNC and Higgs searches: We avoid flavor-
violating interactions of charged leptons with neutral scalars
by choosing diagonal configurations for the corresponding
Yukawa matrices involving the SM and heavy exotic leptons.
There are no flavor-changing neutral Higgs (FCNH) interac-
tions in our model at the tree-level because of the diagonal
couplings for the neutral scalars. Heavy non-standard neutral
scalars, pseudoscalars and the charged Higgses have strong
bounds [50,51] from low energy flavour-changing neutral
current (FCNC) effects, especially from the K-meson and
B-meson mass mixing. These bounds have been studied for
the MLRSM in Ref. [52]. As the FCNH effects are absent,

@ Springer
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Fig. 1 Limit for the cross section times the branching ratio of Wg
as a function of its mass at 95% CL are shown from CMS heavy neu-
trino search [41] (left-panel) and ATLAS dijet search [42] (right-panel).
Theoretical expectations for the cross sections are also shown with the

these bounds do not apply on our neutral states. The W mass
limits coming from the meson mixings are much weaker than
the direct collider bounds.

The signal intensity measurements of the 125 GeV Higgs
in several final states, including ZZ, WW, bb, t7, and yy
final states [53,54], provide additional constraints, which
have been considered while choosing our benchmark points.
The gauge and Yukawa couplings of the 125 GeV scalar seem
to lie extremely close to their SM value, as suggested by the
experimental results. We thus limit our study to the align-
ment limit, i.e., |y,¥ | ~ 1, which is the modification factor
tothe hVV (V = W/Z) couplings due to new physics. The
parameter space of interest is further restricted by collider
searches for non-standard neutral scalar states and charged
scalar states. These searches are carried out at the LHC [55—
59] in a variety of SM final states limiting their masses in the
range of 1-2 TeV. As our non-standard neutral and charged
scalar states are considered to be very heavy they do not affect
our analysis.

3.3 Chosen parameter space

Motivated by the signal of fatjet searches arising from heavy
vector-like leptons and heavy neutrinos, we choose the heavy
charged lepton mass to be ~ 0.72-1 TeV while three
heavy neutrino masses in the range of ~ 180-700 GeV and
mw, ~ 4.5-5 TeV, which are consistent with all experi-
mental observations. The remaining BSM particles, includ-
ing heavy Higgs (charged and neutral), pseudoscalar, heavy
quarks, and the remaining six heavy neutrinos, are kept at
very high mass (> 5 TeV), which does not contribute to

@ Springer
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branching ratios used in the experimental search (10% in left-panel and
50% in right panel) and in our analysis (5% in left-panel and 66% in
right- panel). Please refer to the text for more details

the collider signatures considered in this article. We choose
three benchmark points (BP) having my, = 4.5in BP1 and
mw, = 5 TeV in BP2 and BP3. For BP3, we further sub-
divide the benchmark through one heavy charged mass. The
heavy charged leptons are kept around 1 TeV in BP1 and
BP2 (low boost), while they are kept around 0.72 TeV in
BP3 (high boost). The scalar and gauge boson masses are
shown in Table 2 for the three benchmark points. In Table 3,
we show fermion masses chosen for our phenomenological
study.

All the Yukawa matrices in Eq. (14) are chosen diagonal
except the Y7 and Y, to generate experimentally measured
CKM parameters and neutrino mixing matrix Up sy s as dis-
cussed before. The diagonal heavy singlet fermion (quark and
lepton) mass matrices are taken to be

My = Diag (30.0, 11.93, 6.6) x 10,

Mp = Diag (1.6, 2.0, 3.0) x 10*,

Mg = Diag (0.8, 1.0, 1.0) x 10,

Mg = M; = Diag (1.0, 1.0, 1.0) x 10%,

My = Diag (1.0, 1.0, 1.0) x 5 x 10° (24)
in units of GeV. These inputs for the singlets with appropriate
Yukawa coupling matrices produce the desired mass of SM

fermions together with the heavy fermion eigenstates shown
in Table 3. The Yukawa couplings are chosen as

11 11 11 ~ 102

Yu(L,R) ~ Yd(L,R) ~ Ye(L,R) ~ 1077,
22 22 22 ~ 10-1

Yu(L,R) ~Yig~ Ye(L,R) ~ 107,

33 33 33 o
Yo my ™~ Yar ~ Y3~ 1.0. (25)
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Table2 Gauge boson and scalar masses with the common input param-
eters f = —0.2, ap = 0.1, Ay = 0.1307, A1 = 0.8, A3 =
0.05, X4 = —0.1, dop = 0.5, A3 = 0.1, X4 = 0.1, X33 =
0.2, A34 = 0.1, Aag = 0.1, 43, = 2.5 x 104, u3, = —8.5 x 107,
vro/v2 = 173.4 GeV, v1;/~/2 = 14 GeV. The right handed VEVs
for BP1 are vgp = 10.6 and vg; = 8.4 TeV, and that for BP2 and BP3
are vgg = 12.48 TeV and vg; = 8.4 TeV

Particle Mass

BP1 BP2 and BP3
Wgr 4.5 TeV 5.0 TeV
Zg 5.33 TeV 5.93 TeV
H 125.8 GeV 126.0 GeV
H 6.38 TeV 7.4 TeV
Hj 7.51 TeV 8.15 TeV
H, 13.89 TeV 14.31 TeV
Ay 7.51 TeV 8.15 TeV
A 132 TeV 13.52 TeV
H 7.51 TeV 8.15 TeV
Hy 13.2 TeV 13.52 TeV

We require Y35 =~ 0.092(0.078) in BP1 (BP2 and BP3);
Y? ~0.146(0.132) in BP1 and BP2 (BP3) to keep the third
generation heavy fermion masses in few TeV range. We set
the off-diagonal elements in Y, matrix by fitting them to
get the experimentally measured CKM mixing matrix [60]
within 40 error, with Y ﬂ =Y 3% =Y ﬂ = 0. The values
of Y ;i, Y[}z, and Yﬁ are shown in Fig. 2 in left-panel for
different scanning configurations (horizontal axis) in BP1.
The values are |Y}7]| ~ 1073, Y3 | ~3x 1073, and | Y7} | ~
4 x 1072 for all scanning configuration. The values of Ydlﬁ,
Y}, and Y7} are of the same order of magnitude as above,
for all our benchmark points.

Similar to the quark sector Yukawa, we keep the Y, g diag-
onal while Y, is chosen non-diagonal in order to obtain
the neutrino mixing matrix Upyys. We choose Y,g =
Diag (0.2, 0.3,0.4) and scan the parameter space for Y.}
which is shown in Fig. 2 in the right-panel with differ-
ent scanned configurations (horizontal axis) which satisfy
6.82 x 107> eV? < Am3, < 8.04 x 107 eV?, 2.43 x
1073 eV? < Am%1 < 2.60 x 1073 eV? and Up s mixing

Table 3 The heavy quarks, charged and neutral lepton masses for the benchmark points with the input parameters shown in Egs. (24) and (25)

Up-type quark Down-type quark Charged lepton Neutrino
(TeV) (TeV) (TeV) (GeV) (TeV)
BP1, BP2, BP3 BP1, BP2, BP3 BP1, BP2 BP3 BP1, BP2, BP3
my = 11.94 mp = 16.0 mg, = 1.17 0.721 m,, = 186.0 m,, =5.14
mc = 11.96 ms =20.1 mgs =2.0 1.3 mys = 404.8 my, =5.30
mr = 30.0 mp = 30.0 mg, = 2.56 1.87 m,, = 689.7 myy, =5.50
my,, = 15.05
my, = 15.11
my, =15.19
12 13 23 11 13 23
Y7 (0.1) + Y7 (0.1) x Yi; = Yy, o+ Y,; = Y;; =
005 T T T T le x Y22 o] Y33
O 04 1 » . B L 3% 38 3 1 » vL vL vL
: 3 E 4 [ T T T T
0.03 ix xx X XX x x X % x [ m
0.02 E 3 3:_Eﬂnuﬂun“ -uuﬂuﬂ g e
0.01 B + + + + + O — - + + @ % o E
3 2 + t o4+ +
=3 0F 3 T e s .«
D~ ] S | PExan - x x AN Eacx
—0.01 E e S A S s 3 = fu x "xxlx . L LRI
. - = »
—0.02 £ ] 330 f ;
—0.03 F x X o ox X x x o ox X x 3 x -
0.04 LR R mar it ;
—VUTE w w N x F " x x T RE 4y
_005 3 1 1 1 1 2t 1 1 1 1
5 10 15 20 5 10 15 20

CKM satisfied coniguration

Upyns and Aml-zj satisfied configuration

Fig. 2 The CKM satisfied points for the Y7, and the Upyns and Amizj satisfied points for the Y, ; are shown in the left-panel and right-panel,

respectively for BP1
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elements within 3o error [4,5]. The relative values of Y&
are below 4 x 107> keeping the relative order intact among
themselves. We have chosen the first point in the scanned
configuration in our analysis.

4 Collider analysis

In this section, we study the collider signatures of our model
at the high luminosity run of the LHC with the chosen bench-
mark parameters discussed above. Even though the exotic
charged and neutral leptons are very heavy and have very
limited production rates through SM gauge bosons, they can
be resonantly produced through the heavy SU(2)r gauge
bosons with comparatively large rates. We therefore focus on
the production of heavy neutrinos and heavy charged leptons
through the s-channel processes mediated by the heavy right-
handed gauge bosons. Once produced, these heavy charged
leptons (E;’s) and neutrinos (v;, where i > 4) finally decay
to SM leptons and jets with almost 100% branching ratios, as
shown in Table 4 for BP1. The branching ratios for the other
benchmark points, viz. BP2 and BP3 are shown in Table 12
in the Appendix A. The decay of these heavy fermions (pro-
duced from the decay of very heavy SU (2) g gauge bosons)
leads to the interesting possibility of final states with boosted

Table 4 The relevant branching ratios are listed for the decay channel
of the heavy gauge bosons Wx and Zg, heavy leptons E;, and lightest
three heavy neutrinos v;, (i =4, 5, 6) in BP1

Decay Branching
Wi — jj 66.0%
Wg —th 10.2%
W;g — ety 5.03 %
Wi — putvs 1.58 %
Wk" — 1t 2.43 %
Wi — Efw 5.16 %
Wi — Efve 5.08 %
W;r — E;W 4.60 %
Zr — jj 47.5%
ZR —> V4v4 7.17%
ZR — VsV5 6.56%
Zr — E4E, 2.23%
Zr — EsEs 1.15%
E4 — va4jj 70.6%
Es — vgjj 8.68%
E¢ — vsjj 73.7%
E¢ — 1jj 3.65%
vy — et jj 100%
vs — utjj 94.5%
ve — T jj 87.3%

@ Springer

objects. What we finally observe are some clusters of highly
boosted and collinear particles, which can only be detected
as a large radius jet in the detector. The presence of these
fatjets play an important role in achieving good signal sig-
nificance over the estimated SM background. In addition, the
fatjet from the decay of heavy charged lepton also contains
a non-isolated SM charged lepton along with two sub-jets.
The fatjet originating from the heavy neutrino decay contains
two sub-jets, as shown in Eq. (1). In our work, we there-
fore look for fatjets containing charged leptons and analyze
these fatjets by studying their substructure. We consider sig-
nals with different fatjet multiplicities, that include inclusive
two, three, and four fatjets. Note that our primary production
channel involves particles (E; and v;) that carry a lepton num-
ber which leads to some of the fatjets having a non-isolated
charged lepton (e, i) within the fatjet radius. We use the
jet-substructure techniques [33] to identify the sub-jet asso-
ciated with these boosted charged leptons when they cannot
be isolated at the detector.

4.1 Signal and background

Here we describe the fatjet signals we are interested in, fol-
lowed by the possible SM background in detail. We have
generated events for all our signal and background processes
using MadGraph5_aMCE@NLO v2.7.3 [61] at leading order
(LO) in QCD with a dynamic choice of factorization scale
given by ) Ml.T /2, where M; is the transverse mass of final
state particles. We use nn23 101 [62] for the parton distribu-
tion functions (PDFs). Events are passed to PYTHIAS [63]
for showering and hadronization followed by a fast detector
simulation in Delphes v3.4.2 [64], with added pile-up
events embedded in Delphes v3.4.2 for the high lumi-
nosity LHC (HL-LHC). The final state hadrons with non-
isolated high Pr leptons are clustered using the Cambridge-
Aachen algorithm of FastJet [65,66] with a jet radius
Ro = 0.8 (AKS fatjet). We groom [67] the fatjets using soft-
drop method [68,69] to remove soft and wide angle radiations
after some pre-selection cuts. We use the soft radiation frac-
tion parameter z.,; = 0.1 and the angular exponent param-
eter B = 0 for the grooming [41]. The groomed AKS fatjets
are required to have a threshold on the soft-drop mass (mgsp)
asmgp > 40 GeV.

Toidentify the sub-jets associated with leptons and leading
hadrons we employ the N-subjettiness technique, where we
use ‘OnePass General ET General KT Axes’ with p = 0.6
(for kt and Cambridge-Aachen axis choice of p = 1 and
p = 0, respectively) [70,71]. To use this method for finding
sub-jets out of a fatjet, we use Fastjet Contrib [72].
The 17 background was estimated at next-to-next LO (NNLO)
using a k-factor of 1.6 [73].
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4.1.1 Fatjet signals

We consider three types of signals containing fatjets for our
analysis which are described below. Note that all the sig-
nal fatjets have Pr > 200 GeV before grooming. This pre-
selection cut on the reconstructed fatjets is imposed to sup-
press the SM background, especially the large QCD multijet
background. As we wish to study the signal which domi-
nantly comes from the production of the heavy SU (2) g gauge
bosons which have masses above 5 TeV, the fatjets originat-
ing from them are expected to have significantly large Pr.
This pre-selection helps in removing the background con-
tributions without compromising on the signal events. Two
fatjet inclusive searches In this signal topology, our final state
contains at least two high Py fatjets, with each containing one
high Pr lepton lying inside the fatjet radius. The five differ-
ent production channels that contribute to this final state in
our model are

i. Signal 1: pp — Wg, Wgr — Eqvs4, E4 — v4jj (both
the v4 then decay into e/p with additional two jets),
ii. Signal 2: pp — Wg, Wr — Egvs, E¢ — vs5jj (both
vs will then decay into e/p with additional two jets),
iii. Signal 3: pp — Wg, Wr — Egvs, E¢ — wujj (vs
then decays into e/u with additional two jets),
iv. Signal4: pp — Zg, Zr — (vav4)/(vsvs) (v4/vs then
decay into e and p with additional two jets),
v. Signal 5: pp — Zg, Zr — E4 E4, E4 — vajj (va
then decays into e/u with additional two jets).

Three-fatjet inclusive searches Here our final state contains
at least three high Pr fatjets, where the two leading (Pr-
ordered) fatjets must contain one high Pr lepton in them.
The three production channels that dominantly contribute to
this three-fatjet signal are given by

i. Signal 1: pp — Wpg, Wg — Eqvs, E4 — v4jj
(all vgq then decay into e/p with additional two jets),
a representative Feynman diagram for this channel is
shown in Fig. 3,

ii. Signal2: pp — Wg, Wr — Egvs, E¢ — vsjj (both
the vs then decay into e/u with additional two jets),

iii. Signal 3: pp — Zg, Zr — E4E4, E4 — v4jj (each
v4 then decays into e/u with additional two jets).

Four-fatjet inclusive searches In this signal, the final state
contains at least four high Pr fatjets with the leading two
fatjets inclusive of only one high Pr lepton within their jet
radius. For this case we find that only pp — Zg, Zp —
EiE4, Ex — w4 jJj contributes dominantly where v4 as
before decays intoe/u + jj.

Fig. 3 Representative Feynman diagram for three fatjet signal

All individual contributions in the respective final states
are summed together and identified as the signal.

4.1.2 Backgrounds

For the above signals, we consider the following SM back-
ground. QCD multi-jet: QCD multi-jet events will be a major
source of background due to its large production cross sec-
tion. We primarily focus on the 4-jet final state, which can
lead to our two, three, or four fatjet signals where some jet
could also fake a lepton as a part of the fatjet. We however find
that a large Pr cut on the fatjet and a cut on the jet invariant
mass helps to reduce the QCD background by a significant
amount. Top pair production (tt): The other dominant back-
ground for our signal comes from the SM production of 77
where the leptonic decay mode of ¢ can give us fatjets with
two high Pr lepton as part of the fatjets. On the other hand,
the semi-leptonic and fully hadronic decay mode of ¢f can
also be a dominant background where one or two hadrons
can fake as leptons or have leptonic decays in the detec-
tor. W/Z+jets and tW: The weakly produced ZW and tW
processes can also be possible sources of fatjet background.
However, the production cross section of both these processes
are very small compared to the QCD and 7 background. In
addition, for the tW case the probability of getting at least
two heavy and highly boosted fatjets is much smaller than ¢7
due to the lower mass of W. The other SM subprocesses that
can give fatjet signatures are W/Z+jets. Although the pro-
duction cross section for W/Z+jets is comparatively much
larger than W, it has less probability of giving at least two
high-energy leptons in two separate fatjets, when compared
to the ¢ leptonic decay case.

We therefore, neglect the above backgrounds in our anal-
ysis.

@ Springer
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4.2 Variables

To achieve good signal significance over the aforementioned
backgrounds, we identify some kinematic variables which
have characteristically different distributions for the signal
compared to the SM background.

After analyzing various distributions, we find the relevant
variables to be the Pr and invariant mass of the fatjets, Pr
of the sub-jets associated with leptons, and two interesting
substructure variables LSF and LM D.

The Pr-ordered jets and the jet-mass are denoted by Pr ,
and m j; wherei =1,2,3,4.

The invariant mass of any two, three, and four fatjets are
also important variables and are called m , . ;,. In addition,
we include two jet substructure variables that have been used
for fatjet analyses in CMS searches [41], viz. the lepton sub-
jet fraction (L S F') and lepton mass drop (L M D) of the sub-
jet associated with charged leptons [33].

To compute the variables LSF and LM D, we cluster
all final state particles in the event (including leptons) into
a fatjet. For each fatjet we then use jet-substructure (JSS)
algorithms to cluster its constituents in three sub-jets using
N-subjettiness techniques [72]. We then check for sub-jets
associated with all high Pr leptons. Thereafter we calculate
the lepton sub-jet fraction of each lepton (defined as the ratio
between the lepton Pr and Pr of the sub-jet associated with
it) which is given by

v (26)

where n = 1, 2. LSF} is associated with the leading lepton
while LS F; is for the sub-leading one. The lepton mass drop
parameter is constructed in a similar way and given by

2
M1,
2
me;

LMD, =

27)

where m,; represents the invariant mass of the sub-jet associ-
ated with the lepton and m,;_;, represents the invariant mass
of the same sub-jet with the n’" lepton subtracted out.

‘We now concentrate on the distributions of the aforemen-
tioned variables for two and three inclusive fatjet searches,
where the signal and dominant SM background contributions
are shown together to characterize the differences between
their distributions. The normalized distributions are shown
with events that have passed the following selection cuts:

|nfatjet| < 4.
(28)

PFPO" > 25GeV; P > 200 GeV;

In Figs. 4 and 5, we show the relevant distributions of the
selected kinematic variables in the two-fatjet inclusive search

@ Springer

for BP2. In the top-panel of Fig. 4, we have shown the Pr
distribution of the leading and subleading fatjet where a pre-
selection cut of Pr > 200 GeV (before grooming for two
leading fatjets) is in place. The distribution for the signal
events peak at higher values of Pr because of the large mass
gap between the decay products and their mother particles.
In contrast, the background events, say from the ¢7 produc-
tion where the jets come from the decay of SM W bosons
(including the b-jet), have relatively softer Pr beyond the
pre-selection cut. Note that for the top quarks to be highly
boosted, they would have to be produced at large V5 which
would lead to a smaller cross section for the ¢7 production.
The QCD multijet background also falls off rapidly for large
Pr. The middle-panel of Fig. 4 shows the jet mass (m ;) dis-
tributions of the two leading fatjets, while the bottom-panel
shows the distribution of the invariant mass of the two lead-
ing fatjets. For the signal events, one finds that the distri-
butions in both m, and m j, show two peaks that appear at
the mass values of the heavy neutrinos (especially v4 and
vs), whose highly boosted decay products correspond to the
reconstructed fatjets. The jet-mass variable therefore helps us
reconstruct the intermediate particles for the signal, which in
turn also helps us to reject a large part of the SM background,
where no such peak is observed at large values of m’s.
Figure 5 highlights the relevance of the substructure vari-
ables used in our analysis. The fop-panel shows the event
distribution of the signal and background as a function of
Pr of the sub-jets inclusive of the leading and sub-leading
charged lepton. As expected, the signal fatjets which carry
much larger Pr than the fatjets in the SM background events
also give larger Pr sub-jets within them, leading to the sub-
jets also getting a hard Pr distribution compared to the back-
ground. The middle- and bottom-panels of Fig. 5 display the
event distributions as a function of LS F' and L M D variables,
respectively. The LSF variables are found to sharply peak
around 1 for the signal and the ¢7 (leptonic and semileptonic)
background. This happens when the lepton is boosted enough
and becomes one of the hardest constituents in the fatjet. As
the signal and ¢7 (leptonic and semileptonic) channels are
most likely to give a fatjet with a non-isolated charged lep-
ton within, these modes are the only ones that show the peak
behavior around 1. Note that the peak has vanished in the
distribution of LSF; for the 7 (semileptonic), as only one
top decays in the leptonic channel. It is therefore less likely
to give a second charged lepton inclusive fatjet. In addition,
the charge leptons do not suffer from soft radiations into the
sub-jets, and we can reconstruct the energy of the lepton by
finding the sub-jet. In the case of the QCD-multijet and 77
hadronic background, most of the events correspond to some
jet faking a lepton. As they shower, they are surrounded by
soft collinear radiation, and when we get the sub-jet associ-
ated with it, additional soft radiation gets added up. Thus the
LSF in most of the cases has a smaller value than one. The
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Fig. 4 Normalized distributions of the signal and different SM back-
grounds as a function of the transverse momentum (Pr) of the two
leading fatjets (top-panel), the mass (m ;) of two leading fatjets (middle-

panel), and invariant mass (m , j,) of the two leading fatjets (bottom-
panel) in the two-fatjet inclusive searches for BP2
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lepton mass drop (L M D) variable displays similar properties
for the participating leptons within the fatjet. As the numera-
tor in LM D, given by Eq. (27) represents the invariant mass
of the sub-jet with the charged lepton removed, it peaks near
zero due to the unlikeliness of the absence of charged leptons
in the ¢ (leptonic and semileptonic) and the signal events,
whereas it gives non-zero values for QCD-multijet and 77
hadronic background where the leptons are conspicuous by
their absence.

The kinematic distributions in the same variables for the
three-fatjet inclusive analysis, show very similar features and
are collected in Appendix B as Figs. 6, 7 and 8 for reference.
The four-fatjet inclusive search is expected to be almost with-
out any SM background and we focus only on the event rates
for this final state.

4.3 Results

We now use the kinematic variables discussed in the previous
section and exploit their characteristic distributions for signal
and background to define the event selection cuts we use
to analyze the three different fatjet signals. We have used a
pre-selection criterion for signal and background in all our
subsequent analyses given by:

Pre-selection criteria: For the pre-selection of events, we
demand at least two charged leptons (e, u) with Pr > 25
GeV at the event generation level along with two fat jets
with radius R = 0.8 and minimum Py > 200 GeV which
must lie within the rapidity gap of || < 4 for the ungroomed
jet. As pointed out earlier, the strong pre-selection cut on the
fatjet Pr helps suppress the background events, dominantly
coming from the QCD multijet processes. As the QCD back-
ground has a huge cross section, it is quite challenging to
generate uniformly populated events in our simulations. The
pre-selection cuts at the generation level allow us to lower the
large QCD cross section to manageable numbers for event
generation. We have checked that the signal events are not
affected much by the pre-selection cuts used in our analysis.
Two-fatjet inclusive searches: The two-fatjet signal gives the
largest cross section among all the fatjet signals. The signal
and background distributions shown in Figs. 4 and 5 are used
to define the event selection criterion to help achieve a good
signal significance. We classify the kinematic selections for
the signal and background events into two categories, which
we call Cut-A and Cut-B.

Cut-A:

i. The leading groomed fatjet is required to have Pr; >
750 GeV, while the sub-leading groomed fatjet should
have Pr;, > 500 GeV.

ii. The jet mass of both the leading and sub-leading
groomed fatjet should have a minimum value of m j, >

125 GeV (i = 1, 2) while their invariant mass must sat-
isfy mij, j, > 1.5 TeV.

iii. The sub-jets associated with the leading charged lepton
must have PT;IJ > 400 GeV and sub-jets associated
with the sub-leading charged lepton are required to have
Pry) > 250 GeV.

iv. The variables LSF; and LS F> need to be > 0.9, while
LM D; and LM D; has an upper limit satisfying < 0.05
after applying the grooming method.

Cut-B:

i. The leading groomed fatjet is required to have Pr; >
750 GeV, while the sub-leading groomed fatjet must
have Pr;, > 500 GeV.

ii. The minimum value for the variables LS F| and LS F; is
> 0.9, while the maximum value for LM D{ and LM D,
is < 0.05 after applying grooming method.

A summary of all cuts mentioned here is also described in
Table 5.

Note that the main difference between Cut-A and Cut-B
is simply on the way the lepton inclusive fatjets are treated,
along with how we utilize the jet mass in the analysis which
carries a bias of the mass of the new exotics. We list the num-
ber of signal and background events expected with an inte-
grated luminosity of .Z = 3000 fb~! for BP1 in Table 6. We
also list the cross sections for different signal sub-processes
contributing to the two-fatjet inclusive search. The events
with Cut-A and Cut-B are shown in Tables 13 and 14 for
BP2, and BP3 in Appendix C.

As the signal events are peaked at very high Pr (Fig. 4) the
strong cut on their Pr removes all of the background events
coming from the QCD multijet and the hadronic decay of the
t£ production. In addition, the choice on the jet mass, invariant
mass of the di-fatjet system and the additional cuts on the jet
substructure variables are used to exploit the presence of the
highly boosted charged lepton and are helpful to remove the
background events coming from the leptonic decay modes of
the ¢f production (Fig. 5). For all the BPs, we conclude that
it is possible to remove the SM background with moderate
efficiency using the pre-selection cuts, which is significantly
improved after using Cut-A and Cut-B. We also note that
Cut-A is a much stronger selection criterion compared to
Cut-B as it requires an additional condition on the jet mass
and invariant mass of the fatjet pairs, which reduces the signal
events too. Therefore, Cut-A will yield better significance
where the production cross section of the signal is relatively
large, while Cut-B will perform better where the signal cross
section is small, and we do not want a signification reduction
in the event rates for the signal.
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Table 5 Cut summary for two-fatjet inclusive searches

Cut summary

Pre-selection cut Cut-A

Cut-B

e Number of leptons, N; > 2 with Pr > 25 GeV °
e Two fatjets with radius R = 0.8 °
e Rapidity gap of two ungroomed fatjet, |[An| <4 e

Prj, > 750 GeV, Prj, > 500 GeV
LSF; >09,LSF, > 0.9
LMD; <0.05, LMD, < 0.05

e Prj >750GeV, Prj, > 500 GeV
e LSF; >09,LSF;, >0.9
e LMD <0.05,LMD; < 0.05

o Pr) > 400GeV, Pr;/ > 250 GeV
o mj >125GeV(i=1,2;mjj, > 1.5TeV

Table 6 Signal and background events surviving after applying the pre-selection criteria as well as selection cuts at LHC with center-of-mass
energy, /s = 14 TeV and .# = 3000 fb~! in the inclusive two-fatjet analysis for BP1

Data sets Cross section (pb) Number of events
Parton-level Pre-selection cut Cut-A Cut-B
Wr — egvs, €6 — Wjj 0.021 x 107© 3 1 2
Wg — egvs, g — V5] 0.400 x 1073 269 77 150
Wg — E4v4 0.485 x 1073 660 51 225
Zr — (v4v4)/(v5V5) 0.110 x 1073 189 40 93
Zr — E4E4 0.012 x 1073 8 1 2
Total signal (s) 1129 170 472
QCD 4-jet 90387.504 1.52 x 107 0 0
t7 (hadronic) 229.603 2.65 x 10° 0 0
17 (semi-leptonic) 178.569 7.94 x 10° 0 0
t1 (leptonic) 34.854 7.43 x 10° 105 1.568 x 103
Total background (b) 1.7 x 107 105 1.568 x 103

We calculate the signal significance [74] using the formula

y:\/Z[(s+b)log<l+%)—s],

where s and b stand for the total number of signal and back-
ground events surviving after cuts and . is the integrated
luminosity. The signal significances for all the BPs in the
inclusive two-fatjet final state are summarized in Table 7,
with integrated luminosities of 3000 b=, 600 fb~! and 300
fb~! at the LHC with a center-of-mass energy /s = 14 TeV.
For BP1, we are able to achieve a significance of more than
50 at % = 600 fb~!, while for BP2, which represents a
point with a heavier Wg, we need 3000 fb~! luminosity to
achieve 5o significance. This is due to the large mass of Wr
and Zg in BP2 compared to BP1, which reduces the produc-
tion cross section of the contributing sub-processes for BP2,
although the cut efficiency for the signal events is better in
the case of BP2. In the case of BP3, the signal significance
is better compared to BP2 because of the larger production
cross section and higher boost for the heavy leptons. For BP3,
an integrated luminosity of 600 fb~! is required for a 5o dis-
covery. We note that Cut-A and Cut-B provide roughly the
same amount of significance for BP1. While for BP2 and

(29)
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Table 7 Signal significance for the two-fatjet signals for different cuts
at the LHC with a center-of-mass energy /s = 14 TeV with .Z = 3000
b1, ¥ =600 fb~! and ¥ =300 fb~!

After applying cut 3000 fb~! 600 fb~! 300 fb~!
Cut-A (BP1) 1377 o 6.16 o 4350
Cut-B (BP1) 11390 5090 3.60 0
Cut-A (BP2) 7360 3290 2330
Cut-B (Bp2) 5240 2340 1.66 o
Cut-A (BP3) 1.1l o 4970 3510
Cut-B (BP3) 7.64 0 34820 2420

BP3, Cut-A gives better significance as the jet mass and Pr
of sub-jets play an important role in reducing the background
further.

Three-fatjet inclusive searches: We have already discussed
the major signal contribution to three-fatjet inclusive searches
for our scenario in Sect.4.1.1. The distributions of various
variables are also shown in Figs. 7 and 8. To analyze the
three-fatjet final state events, we consider three different sets
of kinematic selections (Cut-A, Cut-B and Cut-C). A sum-
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Table 8 Cut summary for three-fatjet inclusive searches

Cut summary

Pre-selection cut Cut-A

Cut-B

Cut-C

e N; > 2 with Pp > 25 GeV
e Two fatjets with radius R = 0.8.

o mj >150GeV (i = 1,2),

o Prj( > 750(500) GeV
e LSF; >09,LSF, > 0.9

o mj >150GeV (i = 1,2),

mj, > 100 GeV, mj, j, > 800 GeV e LMD < 0.05, LMD; < 0.05mj; > 100 GeV, m, j, > 1000 GeV

e |An| < 4 of two ungroomed fatjet o PT;'{ > 100 GeV

o Pry >100GeV.

mary of all cuts mentioned below is also summarized in
Table 8.
Cut-A:

i. The leading groomed fatjet is required to have Pr; >
500 GeV, while the sub-leading groomed fatjet should
have Pr;, > 300 GeV.

ii. The jet mass of both the leading and sub-leading
groomed fatjet should have a minimum value of m j, >
150 GeV (i = 1,2), while their invariant mass must
satisfy m j, j, > 800 GeV. Additionally, the next-to-sub-
leading groomed fatjet has jet mass of m j; > 100 GeV.

iii. The sub-jets associated with leading charged lepton must
have PTZSIJ > 100 GeV.

Cut-B:

i. The leading groomed fatjet is required to have Pr; >
750 GeV, while the groomed sub-leading fatjet should
have Pr;, > 500 GeV.

ii. The variables LS F and LS F> have a minimum value of
0.9, while LM D| and L M D, are bounded from above
by < 0.05 after applying grooming techniques.

Cut-C:

i. The leading groomed fatjet is required to have Pr; >
750 GeV, while the sub-leading groomed fatjet should
have Pr;, > 500 GeV.

ii. The jet mass of both the leading and sub-leading
groomed fatjet should have a minimum value of m j, >
150 GeV (i = 1,2), while their invariant mass must
satisfy m j, ;, > 1000 GeV. Additionally, the next-to-
sub-leading groomed fatjet has jet mass of m j; > 100
GeV.

iii. The sub-jets associated with leading charged lepton must
have Py’ > 100 GeV.

Note that the role of the cuts exploiting the Pr, jet mass,
invariant mass of fatjet pairs, and the substructure variables,
LSF and LM D remain very similar to the two-fatjet anal-
ysis, albeit with differences in the threshold choices for the

Table 9 Signal significance for the three-fatjet signals for different cuts
at the LHC with a center-of-mass energy /s = 14 TeV with .Z = 3000
fb~!, % =600 fb~! and . = 300 fb~!

After applying cut 3000 fb~! 600 fb~! 300 fb~!
Cut-A (BP1) 3130 1.40 o 0.99 ¢
Cut-B (BP1) 15350 6.87 o 4850
Cut-C (BP1) 3.00 0 1340 0.95 o
Cut-A (BP2) 1.58 ¢ 0710 0.50 o
Cut-B (BP2) 7920 3540 250
Cut-C (BP2) 1540 0.69 o 0.49 o
Cut-A (BP3) 2.08 0 0.93 0 0.66 o
Cut-B (Bp3) 8310 3720 2630
Cut-C (BP3) 2040 0910 0.65 0

event selection. The effect of the three sets of cuts on our
signal and SM background is tabulated in Tables 15, 16,
and 17 in Appendix C for BP1, BP2, and BP3, respectively.
Here, Cut-C represents the strongest selection criteria for
the events as it includes the additional requirements on the
jet mass and a stronger cut on the di-fatjet invariant mass. We
note that Cut-B which is the only set that includes the cut on
the leptonic sub-jet variables, is useful in suppressing the the
SM background most and also retains the maximum signal
events. This is in agreement with our earlier observation in
the two-fatjet analysis where we found that the jet-mass and
invariant mass selections also suppress the signal events con-
siderably. The signal significances for all the BPs are shown
in Table 9 for .# = 3000 fb~!, ¥ = 600 b=, and 300
fb~!. We find that Cut-B that includes the LSF and LM D
substructure variables, gives the best signal significance as it
retains the maximum signal events for all the BPs. Cut-A and
Cut-C give similar but lower significance. In the three-fatjet
inclusive analysis, we require .2 = 600 fb~! for BP1 and
% = 3000 fb~! for BP2 and BP3 to achieve 5o discovery.
Four-fatjet inclusive searches: An interesting and more exotic
signal for the model would be in the form of four fatjets.
However, for such a final state, one can expect a very low
signal cross section for our benchmark choices as only the
pp — Zr — E4E, process contributes and is suppressed
due to the large Zr mass (already bounded from below due
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Table 10 Cut summary for

s . Cut summa
four-fatjet inclusive searches ry

Pre-selection cut

Cut-A

e N; >2with Py > 25 GeV

e Two fatjets with radius R = 0.8

e |An| < 4 of two ungroomed fatjet

e Prj >500GeV,Pr;, > 300 GeV

o mj, >150GeV (i =1,2),mj, > 120GeV (i =1,2)
o mj j, > 800 GeV, mj j,j, > 1000 GeV

o Prj’ >200GeV.

Table 11 Signal significance of the four-fatjet signals at the LHC with
a center-of-mass energy /s = 14 TeV with .2 = 3000 fb~! and
& =600 fb~!

After applying cut £ =3000 fb~! £ =600 tb~!
Cut-A (BP1) 0300 0.13 0
Cut-A (BP2) 0110 0.050
Cut-A (BP3) 0.16 o 0.07 0

to the Wx mass limits in an LRSM framework). A part of
the parameter space can be tuned to generate a conducive set
of masses to improve some decay branching fractions, but
we are still constrained by the luminosity reach of the LHC.
The SM background is expected to be quite negligible for
such a final state and this signal may prove useful to consider
at more high-energy machines such as the future 100 TeV
hadron collider [75]. As the LRSM gauge boson masses are
excluded to be heavier and go beyond the reach of the LHC,
the future hadron collider with /s = 100 TeV will be able
to produce them easily and will give significantly large cross
sections [76]. The large production rates will help study the
four-fatjet signal very easily. For the sake of comparison, we
go ahead and analyze our four-fatjet signal for the previously
considered benchmark points to show what sensitivity could
be expected at the LHC with a center-of-mass energy /s =
14 TeV.

Placing similar pre-selection criteria as in the previous
cases, we choose a single set of cuts to show our result:
Cut-A:

i. The Pr of leading fatjet, Prj, > 500.0 GeV and sub-
leading fatjet, Pr;, > 300.0 GeV.

ii. Jet mass of leading jet, m; > 150.0 GeV and sub-
leading jet, mj, > 120.0 GeV while invariant mass of
leading and subleading jet, m ;, j, > 800.0 GeV. Addi-
tionally, the invariant mass of all four fatjets, m j, j, j; ju >
1000.0 GeV.

iii. The Pr of sub jets associated with leading charged lep-
ton satisfies PTZ] > 200.0 GeV.

We summarize our cuts for four-fatjet inclusive searches in
Table 10.

@ Springer

As expected, we find that the four-fatjet analysis is not
feasible with the available cross section for the signal and,
therefore, will not be accessible at the LHC, even with ¥ =
3000 fb~! as shown in Table 11. This significance is further
diminished if the LSF and LM D variables are invoked in
our analysis.

5 Conclusion

In this work, we perform a collider study to look for fatjets
originating from boosted particles that come from the decay
of heavy resonances in a left-right symmetric extension of the
SM. The model contains heavy leptons, heavy quarks, and
heavy neutrinos, which play a fundamental role in achieving
a universal seesaw mechanism for the generation of all the
SM fermion masses. The fatjets, which include non-isolated
leptons, originate from heavy neutrinos (few 100 GeV) that
decay from a heavier (few TeV) right-handed gauge boson.
We employ substructure-based variables LSF and LM D,
together with hard kinematic cuts, to search for fatjets with
associated charged leptons, to reduce SM background while
keeping enough statistics for the signals.

We analyze a multi-fatjet signal topology that would be
typical in the model when the heavy fermionic states are
produced and finally decay to SM particles. We have focused
mainly on two-fatjet and three-fatjet final state searches while
commenting on the possibility of a four-fatjet scenario with
very limited signal sensitivity for our parameter choices. A
critical aspect of the analysis included the presence of a
charged lepton in the fatjets, helping us identify the signal
over the SM background by employing the variables LS F
and LM D.

In the two-fatjet final state, both jets include a charged
lepton, while for three-fatjet, two of them include a charged
lepton. We find that the two-fatjet signals, which also include
leptons, can be discovered at the LHC with a moderate lumi-
nosity of .Z =~ 600 fb~! for mp >~ 1 TeV, my, = 4.5 TeV
(BP1l)and mg >~ 0.72 TeV, mwy, = 5 TeV (BP3), while the
signal can be discovered with .Z ~ 3000 fb~! for mp ~ 1
TeV, mw, >~ 5TeV (BP2), as shown in Table 7. On the other
hand, a three-fatjet signal can be discovered with .Z >~ 600
fb—! (see Table 9) for my, = 4.5 TeV (BP1). In the case of
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my, =5 TeV (BP2 and BP3), we require .Z =~ 3000 fb~!
for a 5o discovery.

We finally conclude by noting that although these signals
of fatjet can have origins from an altogether different under-
lying theoretical framework compared to left-right symmetry
or a seesaw framework, their observation will be still crucial
in the search of new physics at LHC and will provide hints
on the presence of new heavy states beyond the SM.
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Appendix A: Decay branching ratios in BP2 and BP3

We present the relevant branching ratios (BR) for the decay
modes of the heavy SU(2)g gauge bosons Wg and Zp,
the heavy leptons E;, and three heavy neutrinos v; (with
i = 4,5, 6) for BP2 and BP3 in Table 12. The BRs of the
particles in BP1 and BP2 remain roughly the same due to the
identical mass of the heavy charged leptons. In contrast, there
are subtle changes on the BRs in BP3 due to the smaller mass
of the heavy charged leptons. Among the relevant BRs, the
di-jet BR of the heavy gauge bosons are reduced by approx-
imately 2-3%, BR(Wgr — evs) is reduced by roughly 2%,
while BR(Wg — E4v4) is increased by 2%. The other BRs
in BP3 are roughly the same as those in BP1.

Table 12 Decay branching ratios for Wg and Zg, heavy charged lep-
tons E;, and the lightest three heavy neutrinos v;, (i = 4,5, 6) for BP2
and BP3

Decay Branching
BP2 (%) BP3 (%)

Wi — jj 65.0 63.0
Wg —th 10.0 9.80
W;g — ety 4.96 3.20
Wi — uhvs 1.56 0.700
Wi — 1T 2.40 1.40
Wi — Efv 5.20 7.00
Wi — Efve 5.48 7.21
Wi — Efvs 5.30 7.31
Zr — jj 46.9 45.9
ZR —> V4v4 7.09 6.94
ZR — VsV5 6.52 6.38
Zr — E4E, 227 2.40
Zr — EsEs 1.41 2.28
E4 — va4jj 70.7 70.4
Es — vjj 5.88 0.712
E¢ — vsjj 73.7 77.9
E¢ — 1jj 3.66 2.18
vy — et jj 100 100
vs = uEjj 94.5 95.0
ve — T jj 87.4 88.6

Appendix B: Kinematical distributions for fatjets in
three-fatjet searches

The normalized distributions for the kinematic variables,
such as the Pr of the fatjets, Pr of the two leading lepton
subjects, invariant mass of the fatjets, the LSF and LM D in
the case of three-fatjet search are shown in Figs. 6, 7 and 8.

The distributions are similar to the distributions of two-
fatjet searches as described above in the main texts. In par-
ticular, the invariant mass constructed out of the three fatjets
shown in Fig. 6, is identified as a good observable to separate
signals from backgrounds.
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Normalized event

Normalized event

Normalized event

Fig. 6 Normalized distributions of the signal and different SM back-

grounds as a function of the transverse momentum (Pr) of the three

leading fatjets, the transverse momentum of the leptonic sub-jets (P.;;)
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Fig. 7 Normalized distributions of the signal and different SM backgrounds as a function of the mass (m j;) of three leading fatjets and the invariant
mass (mj, j,,a,b=1,2,3) in the three-fatjet inclusive searches for BP2
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Fig. 8 Normalized distributions of the signal and different SM backgrounds as a function of LS F and LM D in the three-fatjet inclusive searches

for BP2

Appendix C: Signal and background events surviving

after different cuts for different benchmark points

We list the number of signal events and background events
after applying the pre-selection cuts and different selection
cuts in Tables 13 and 14 for two-fatjet searches in BP2 and

BP3, respectively. For three-fatjet searches, the signal and
background events after different cuts are listed in Tables 15,
16, and 17 for BP1, BP2, and BP3, respectively.

Table 13 Signal and background events surviving after applying the pre-selection criteria as well as selection cuts at /s = 14 TeV and . = 3000

fb~! for two-fatjet searches in BP2. The individual contributions of SM subprocesses to the background are as shown in Table 6

Data sets Cross section (pb) Number of events
Parton-level Pre-selection cut Cut-A Cut-B
Wgr — Egvs, Eg — jj 0.009424 x 1073 4 1 1
Wg — Egvs, Eg — vsjj 0.18038 x 1073 146 46 83
Wg — E4quy 0.19974 x 1073 286 22 93
Zr — (v4v4)/(V5V5) 0.04861 x 1073 75 15 34
Zr — E4E, 0.004374 x 103 4 0 1
Total Signal (s) 515 84 212
Total Background (b) 1.7 x 107 105 1.568 x 103
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Table 14 Signal and background events surviving after applying the pre-selection criteria as well as selection cuts at /s = 14 TeV and .# = 3000
fb~! for two-fatjet searches in BP3. The individual contributions of SM subprocesses to the background are as shown in Table 6

Data sets Cross section (pb) Number of events
Parton-level Pre-selection cut Cut-A Cut-B
Wg — egvs, e6 — jijj 0.009 x 1073 2 1 1
Wgr — egvs, eq — vsjj 0.279 x 1073 271 83 152
Wg — Eqvy 0.295 x 1073 519 34 125
Zr — (vqv4)/(v5V5) 0.048 x 1073 73 14 33
Zr — E4E4 0.006 fb 7 1 1
Total Signal (s) 872 133 312
Total Background (b) 1.7 x 107 105 1.568 x 103

Table 15 Signal and background events surviving after applying the pre-selection criteria as well as selection cuts at /s = 14 TeV and . = 3000
fb~! for three-fatjet searches in BP1

Data sets Cross section (pb) Number of events

Parton-level Pre-selection cut Cut-A Cut-B Cut-C
Wgr — egvs 0.400 x 1073 378 51 88 49
Wgr — Esvg 0.485 x 1073 607 22 104 21
Zr — E4E4 0.012 x 1073 11 1 1 1
Total Signal (s) 996 74 193 114
QCD 4-jet 90387.504 7.59 x 100 0 0 0
tf (Hadronic) 229.603 2.89 x 10* 0 0 0
tf (Semi-leptonic) 178.569 1.01 x 10° 536 0 536
tt (Leptonic) 34.854 7.9 x 10* 0 105 0
Total Background (b) 7.8 x 10° 536 105 536

Table 16 Signal and background events surviving after applying the pre-selection criteria as well as selection cuts at /s = 14 TeV and .Z = 3000
fb~! for three-fatjet searches in BP2. The individual contributions of SM subprocesses to the background are as shown in Table 15

Data sets Cross section (pb) Number of events

Parton-level Pre-selection cut Cut-A Cut-B Cut-C
Wgr — E4qvq 0.199 x 1073 251 9 42 8
Wgr — Egvs 0.180 x 1073 207 28 49 28
Zr — EsE4 0.004 x 1073 4 0 0 0
Total Signal (s) 462 37 91 36
Total Background (b) 7.8 x 100 536 105 536

Table 17 Signal and background events surviving after applying the pre-selection criteria as well as selection cuts at /s = 14 TeV and .Z = 3000
fb~! for three-fatjet searches in BP3. The individual contributions of SM subprocesses to the background are as shown in Table 15

Data sets Cross section (pb) Number of events

Parton-level Pre-selection cut Cut-A Cut-B Cut-C
Wgr — egvs 0.279 x 1073 313 46 79 45
Wg — Eqvy 0.295 x 1073 162 3 17
Zr — EsE4 0.006 x 1073 2 0 0 0
Total Signal (s) 477 49 96 48
Total Background (b) 7.8 x 100 536 105 536
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