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In the left-right symmetric models, a heavy charged gauge boson W0 can decay to a lepton and a right-
handed neutrino (RHN). If the neutrino masses are generated through the standard type-I seesaw
mechanism, the Yukawa couplings controlling two-body decays of the RHN become very small. As a
result, the RHN decays to another lepton and a pair of jets via an off-shell W0. This is the basis of the
Keung-Senjanović (KS) process, which was originally proposed as a probe of lepton number violation
at the LHC. However, if a different mechanism like the inverse seesaw generates the neutrino masses, a
TeV-scale RHN can have large Yukawa couplings and hence dominantly decay to a lepton and aW boson,
leading to a kinematically different process from the KS one. We investigate the prospect of this unexplored
process as a probe of the inverse seesaw mechanism in the left-right symmetric models at the High
Luminosity LHC (HL-LHC). Our signal arises from the Drell-Yan production of a W0 and leads to two
high-pT same-flavour-opposite-sign leptons and a boosted W-like fatjet in the final state. We find that a
sequential W0 with mass up to ∼6 TeV along with a TeV-scale RHN can be discovered at the HL-LHC.
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I. INTRODUCTION

The neutrino oscillation data unambiguously establish
that neutrinos have tiny but nonzero masses, the explan-
ation of which calls for physics beyond the Standard Model
(SM). Among the various extensions of the SM, the left-
right symmetric models (LRSMs) [1–5] provide a natural
framework to embed the right-handed neutrinos (RHNs)
and generate the neutrino masses. In this framework, parity
violation is a low-energy feature; parity invariance is
restored at high energies. Hence, the SM gauge group is
extended to SUð3ÞC ⊗ SUð2ÞL ⊗ SUð2ÞR ⊗ Uð1ÞB−L in
the LRSM, and the left-right symmetry breaks at the TeV-
scale introducing two heavy gauge bosons, W0 and Z0, in
the spectrum.

A simple method to generate the small masses of the left-
handed neutrinos is the seesaw mechanism, where one
introduces a set of heavy SM-singlet Majorana fermions
breaking the (B − L) symmetry. However, the mechanism
relies on a very high-scale explicit breaking of the lepton
number symmetry in its simplest form (type-I seesaw
[6,7]). Hence, in this case, one requires the new physics
scale M to be of the order of 1014 GeV, i.e., much beyond
the reach of colliders, to arrive at the observed neutrino
mass scale v2=M ≲ 0.1 eV without fine tuning the Higgs
vacuum expectation value (VEV, v). From a collider
perspective, a very interesting possibility appears when
one considers the inverse seesaw mechanism (ISM) [8,9].
In the ISM, one obtains the sub-eV neutrinos by adding
three extra singlet Majorana fermions with mass μ ∼ keV
[10,11] with the three TeV-range RHNs.
In this paper, we investigate an interesting collider

signature of a minimal realization of the LRSM with the
ISM. We consider the pp → W0 process where W0 is a
heavy charged gauge boson which decays to a charged
lepton (l) and a RHN (NR). The heavy RHN then further
decays to a W boson and another charged lepton (of the
same flavor; in general, the charged leptons can have
different flavors, but we do not consider this possibility
here). For this decay, we needMNR

<MW0 , a mass ordering
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possible to obtain with the ISM. When the W, produced in
the decay of NR, decays hadronically, the process becomes
similar to the Keung-Senjanović (KS) process [12], which
was proposed as a direct probe of the Majorana nature of
the RHNs in the LRSM. The KS process also acts as a clean
probe of the heavy right-handed W0 and, thus, the TeV-
range breaking of the left-right symmetry. In the original
KS process, the mass of the RHN was taken to be lighter
than the mass of W0, i.e., MNR

<MW0 . In this process, a
RHN, produced along with a charged lepton through the
Drell-Yan production ofW0, decays to a charged lepton and
two jets through an off-shell W0, as shown in Fig. 1(a). If,
however, MW0 <MNR

, a similar final state would arise, but
in this case, NR would be produced through an off-shellW0
and decay through an on-shell W0, as shown in Fig. 1(b).
Either way, we would get the same lljj final state in both
cases [13–31].
Kinematically, our signature differs from the KS process

mainly in the fact that in our case the RHN decays to an on-
shell W [in particular, NR → lWh, where Wh denotes a
hadronically decayingW, see Fig. 1(c)] as opposed to aW0
(off shell or on shell). In a regular LRSMwith type-I seesaw,
the Yukawa couplings responsible for the two-body decays,
NR → lW, are extremely small for TeV-scale RHNs.
As a result, such decays become negligible compared to
off-shellW0-mediated three-body decay. However, with the
ISM, the Yukawa couplings that govern the NR → lW
decay can be sufficiently large such that the signature is
observable at the LHC. In the original KS process, the two
leptons in the final state have the same charge half of the time
because of the Majorana nature of the NR, whereas, as we
shall see, they always have opposite charges in our model.
Even if we ignore the charges of the lepton pair (as is often
done in the experimental searches), making the final state of
the process essentially the same as that of the KS one, the
kinematics of these two processes are very different. In our
signal, the jet pairs come from the decay of boostedW and
thus form a W-like fatjet. This feature is absent in the KS
process. Hence, the two processes complement each other

and can be used to probe different neutrino mass generation
mechanisms. Unlike the KS process, the NR → lWh sig-
nature has not been searched for at the LHC.
The LHC experiments are yet to search for the particular

signal we consider, but similar signatures were considered
earlier in some phenomenological studies. In Ref. [32], a
rare decay of NR to the left-handed leptons through a W
boson is considered as a probe for the heavy-light neutrino
mixing angles. Reference [20] looks at the opposite-
sign dilepton plus jets signature as a probe of the chiral
couplings ofW0. Limits on the heavy-light neutrino mixing,
lepton-flavor-violating processes, and their LHC prospects
have been studied using the lljj channel in Refs. [21,33].
The sensitivity of the future high-energy LHC to the Dirac
Yukawa coupling of the heavy neutrino in the LRSM
with the ISM is available in Ref. [34]. The lljj channel
considered in the above references forms an important
probe of the heavy-light neutrino mixing. It also acts as a
test of the existence of W0 and NR together. We investigate
the prospects of this important channel at the 14 TeV
High Luminosity LHC (HL-LHC) with the modern jet-
substructure technique.
The paper is organized as follows. In Sec. II, we discuss

the model and neutrino parameters. In Sec. III, we compare
our signature and the KS process in more detail. In Sec. IV,
we discuss the LHC bounds on W0. In Sec. V, we analyze
our signature. Finally, in Sec. VI, we conclude.

II. LEFT-RIGHT SYMMETRY WITH
INVERSE SEESAW

We consider a simple realization of the LRSM with the
following gauge structure:

GLRSM ¼ SUð3ÞC ⊗ SUð2ÞL ⊗ SUð2ÞR ⊗ Uð1ÞB−L: ð1Þ

In this model, the SUð2ÞR gauge coupling gR is a free
parameter, not the same as the SUð2ÞL gauge coupling gL.
The particle content and the gauge quantum numbers are
summarized in Table I. In addition to the SM fermions,

(a) (b) (c)

FIG. 1. Feynman diagrams for the KS Process: (a) forMW 0 > MNR
and (b) forMW0 <MNR

. Our signal process withMW 0 > MNR
and

the decay of NR through on-shell W is shown in (c).
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there are three right-handed neutrinos (Ni
R) and three

neutral fermions (Si) introduced for the three generations.
The RHNs are naturally present in the LRSM, whereas the
neutral fermions are required to realize the ISM. The RHNs
form the SUð2ÞR doublets with the right-handed charged
leptons, whereas the Si are all singlets under GLRSM. The
enlarged scalar sector consists of three multiplets, i.e., the
Higgs bidoublet Φ and two doublet scalars χL and χR,
which are doublets under SUð2ÞL and SUð2ÞR gauge
groups, respectively.

A. Symmetry breaking

The spontaneous breaking of the gauge symmetry
follows the pattern below:

SUð3ÞC ⊗ SUð2ÞL ⊗ SUð2ÞR ⊗ Uð1ÞB−L
↓hχRi

SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY
↓

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hΦi2 þ hχLi2

q
SUð3ÞC ⊗ Uð1ÞEM:

The doublet field χR is nontrivially charged under
SUð2ÞR ×Uð1ÞB−L. Hence, when it acquires a TeV-scale
VEV, the group breaks down to Uð1ÞY and gives masses
to the charged W0 and neutral Z0 bosons. The standard
electroweak symmetry breaking is then carried out by the
neutral scalar fields in χL and the bidoubletΦ satisfying the
relation

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðhχ0Li2 þ hϕ0

1i2 þ hϕ0
2i2Þ

q
∼ 246 GeV: ð2Þ

The electromagnetic charge can be expressed as

QEM ¼ I3L þ I3R þ B − L
2

: ð3Þ

Since here our motivation is to study the unexplored
signature as discussed in the Introduction, we make an
assumption that the W0 boson dominantly decays to the
SM fermions and RHNs. We make a further simplifying
assumption that two of the RHNs are heavier thanW0, so that
the vector boson can decay to only one generation of RHNs.
SinceW0 universally couples to right-handed fermions with
the strength gR, the branching ratio (BR) of the W0 → NRl
decay is about 10% in the MW0 ≫ MNR

limit, as seen in
Fig. 2. As the mass of the RHN goes close toMW0 , the BR of
the NRl mode falls due to phase-space reduction.

B. Inverse seesaw mechanism

In the original ISM, three TeV-scale RHNs and three
extra singlet neutral fermions SiL (where i ∈ f1; 2; 3g) are
added to the three active neutrinos νiL. The tiny neutrino
masses are generated from the mixing between the Ni

R and
SiL states,

L ¼ YL̄LH̃NR þMRðNRÞcScL þ 1

2
μSLðSLÞc þ H:c:; ð4Þ

where H̃ ¼ iσ2H�, the superscript c denotes charge con-
jugation, and we have suppressed the generation index.
In the left-right symmetric realization of the ISM, the

lepton masses are generated via a Yukawa Lagrangian,

LY ¼ −YL̄RΦ†LL − ỸL̄RΦ̃†LL − Y1S̄χ̃
†
LLL − Y1S̄cχ̃

†
RLR

−
1

2
μS̄cSþ H:c:; ð5Þ

where Y; Ỹ; Y1 are the 3 × 3 Yukawa couplings and μ is
the 3 × 3 Majorana mass matrix. In the above Lagrangian,

TABLE I. Particle content of left-right symmetric model based
on the gauge group SUð3ÞC ⊗ SUð2ÞL ⊗ SUð2ÞR ⊗ Uð1ÞB−L.
Particle SUð3ÞC SUð2ÞL SUð2ÞR Uð1ÞB−L
qiL ≡

�
uiL
diL

�
3 2 1 1

3

qiR ≡
�
uiR
diR

�
3 1 2 1

3

LL ≡
�

νiL
eiL

�
1 2 1 −1

LR ≡
�

Ni
R

eiR

�
1 1 2 −1

Si 1 1 1 0

Φ ¼
�

ϕ0
1 ϕþ

2

ϕ−
1 ϕ0

2

�
1 2 2 0

χL ¼
�
χþL
χ0L

�
1 2 1 1

χR ¼
�

χþR
χ0R

�
1 1 2 1

FIG. 2. Branching ratio of W0 → NRl as functions of MNR
for

different MW0 choices.
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χ̃ and Φ̃ represent the charge-conjugated fields. The
complete mass matrix in the basis ðνL; Nc

R; S
cÞ obtained

from Eq. (5) reads as

Mν ¼

0
B@

0 mT
D m0T

D

mT
D 0 MT

R

m0
D MR μ

1
CA; ð6Þ

where

mD ¼ 1ffiffiffi
2

p ðYhϕ0
1i þ Ỹhϕ0

2iÞ; m0
D ¼ 1ffiffiffi

2
p YLhχ0Li;

MR ¼ 1ffiffiffi
2

p YRhχ0Ri:

The light-neutrino mass can be found by a block
diagonalization of the mass matrix in the limit hϕ0

1i ≫
hϕ0

2i as

mν ∼
hχ0Li
hχ0Ri

ðmD þmT
DÞ −mDðMT

RÞ−1μM−1
R mT

D: ð7Þ

The first term is the linear seesaw contribution and a
consequence of the left-right symmetry. The experimen-
tally observed neutrino mass squared differences and
mixing angles predict this term to be subdominant,
hχ0Li=hχ0Ri≲ 10−12. Even if χ0L is generated radiatively at
one loop, it remains small and satisfies the above condition
for μ ∼Oð1Þ keV and hχRi ∼ 104 GeV [35].
The novelty of the ISM with a TeV scale RHN lies in the

double suppression by the mass scale associated with the
mass scale M. To have a sub-eV neutrino mass scale with
mD at the electroweak scale, one should haveM at the TeV
scale and μ at the keV scale. The tiny μ ensures the neutrino
mass to be small. As μ → 0, the lepton number symmetry is
restored, leading to mν → 0. The neutrino Yukawa cou-
plings can be obtained using the extended Casas-Ibarra
formalism derived in Ref. [36], based on the original
formalism [37],

Yν ¼
1

v
Um1=2

ν Rμ−1=2MT
R; ð8Þ

with the matrices mν ¼ diagðm1; m2; m3Þ and MR ¼
diagðMR1

;MR2
;MR3

Þ, carrying the light-neutrino mass
eigenvalues and the heavy Majorana neutrino masses,
respectively. Here, R is a complex orthogonal matrix in
general, and U is the Pontecorvo-Maki-Nakagawa-Sakata
matrix characterising the mixing among leptons.1

We numerically evaluate the Yukawa couplings using
Eq. (8). We use the best-fit central values of all the

oscillation parameters tabulated in Ref. [41]. A flavor-
symmetric realization of such a model based on the left-
right symmetry would restrict the neutrino oscillation
parameters [42,43]. We follow Ref. [37] for the para-
metrization of the rotational matrix (R). In general, R can
take any complex value for the mixing angles. However, we
assume that the three angles in the rotational matrix are real
for simplicity and choose them as x ¼ π=3, y ¼ π=4, and
z ¼ π=5 for a benchmark set of values. There is, however,
nothing special about this particular set of values as our
phenomenological analysis is mostly insensitive to the
choice of these parameters.
In Fig. 3, we show the dependence of the Yukawa

couplings on the heavy RHN mass scale MR (top row)
and the lepton-number-violating scale μ (bottom row).
We see that the Yukawa couplings increase with MR and
decrease with μ from this figure [and also Eq. (8)]. The
order of magnitude of μ has a very crucial role in
determining the degree of degeneracy among the RHN
mass eigenstates obtained in the ISM. The keV-scale μ
also plays an important role in resonant leptogenesis [44].
The number of the same-sign vs opposite-sign dilepton
events will be controlled by the μ parameter. In the limit
μ → 0, the heavy neutrino becomes purely Dirac type,
and the lepton number is conserved. In our case, a keV-
scale μ is too small to produce any significant amount of
same-sign events.
The BRs of the two-body decay modes of the RHNs,

namely, W�l, Zν, and Hν, are determined by the
Yukawa couplings shown in Fig. 3. There is also a
three-body decay mode of NR through an off-shell W0
present in the LRSM. As explained before, the three-
body decay is the dominant mode in the standard type-I
seesaw where the Yukawa couplings controlling the two-
body decays are very small. In that case, the KS process
topology becomes important. With the ISM, the Yukawa
couplings become large, and hence the two-body decays
of NR through on-shell W take over the three-body
decays. Usually, the BRs of NR to Wl, Zν and Hν
are in the proportion 2∶1∶1 when the mass of NR is
sufficiently above the kinematic threshold of these
decays. This proportion can alter a bit if we fit neutrino
data. In our collider analysis, we have taken the BRs of
NR in the 2∶1∶1 proportion for simplicity. However, the
plots in Fig. 3 have been obtained by fitting latest
neutrino data. The pair production of RHNs through
an s-channel Z0 is also possible in our model [some
discussion on the prospects of that channel can be found
in Refs. [45–48] in the context of Uð1Þ extended
models]. Other interesting signatures of the LRSM with
the ISM may appear in different sectors [49]. Our signal
is insensitive to the actual values of the Yukawa
couplings as it appears in the BRs of NR. This can
be probed with high-precision in an electron-positron
collider [50].

1For some recent implications of this kind of formalism,
readers may see Refs. [38–40].
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III. SIGNAL TOPOLOGY AND THE KS PROCESS

The KS process gives rise to the lljj final state. To be
specific, the leptons are same flavor and same sign in
nature. The same process ignoring the charges of leptons
has been searched for by both the ATLAS and the CMS
collaborations (see, e.g., Refs. [51,52]). WhenMW0 <MNR

,
the process is kinematically suppressed and, hence, difficult
to probe. The MW0 ≳MNR

region is accessible and can be
further categorized into two kinematic regions—resolved
and merged [31]:
(a) When the RHN is not much lighter than W0, i.e.,

0.1MW0 ≲MNR
<MW0 , the two jets from the W0�

decay can be resolved. This leads to two isolated
leptons and at least two high pT jets. This process is
fully reconstructible: the jj system along with one
lepton can be used to reconstruct the NR. The invariant
mass of the lljj system forms a peak around
W0 mass.

(b) In the merged topology, MNR
≲ 0.1MW0 . Here, the

RHN will be produced with a large boost in the
transverse plane. Therefore, the decay of the RHN
(i.e., NR → lW0� → ljj) will be highly collimated
and produce a fatjet that can be used for reconstructing
the NR wholly or at least, partially. This will give rise
to one lepton and a NR jet (JNR

). If the RHN is long
lived, it will lead to a displaced vertex signature; i.e.,
its decay length roughly would lie in the range
½10−3 − 1� m. In this case, the merged JNR

appears
at a distance visibly away from the primary vertex. If
NR decays outside the detector, it produces the
invisible signature.

As mentioned earlier, unlike the KS signal, our signal
wouldhave no same-sign leptonpair in the final state because
of the small keV-scale μ. However, our signal is also kine-
matically different from the KS signal even though we also
consider the MW0 > MNR

kinematic region since the RHN
decays through an on-shellW boson in our case [Fig. 1(c)].
More specifically, a W0 boson, produced from the pp
collision, decays into a μ− or a μþ and the second-generation
RHN, N2

R (we choose the second generation because muons
have better identification efficiency at theLHC than electrons
and taus.) Sincewe assume the other RHNs, i.e.,N1

R andN
3
R,

are heavier thanW0, it cannot decay to these RHNs. The N2
R

then decays to a charged lepton and a boosted W boson,
which then decays hadronically. Thus, the final-state par-
ticles include two opposite-sign leptons and a W-like fatjet.
The presenceof aW-like fatjet is then a distinguishing feature
of our signal. Beyond these, there are other distinguishing
features of our signal, as seen from the distributions shown in
Fig. 4. Even if one ignores the absence of the same-sign
lepton pair in the final state, these features can be used to
discriminate between these two topologies if the experiments
observe a significant number of lljj signal events.

IV. EXISTING W 0 SEARCHES AND BOUNDS

We briefly review here the recent LHC direct search
limits on W0. In experimental searches, decays of W0 to
different fermionic modes (lν, jj, tb, and Nl) and diboson
modes (WZ and WH) are considered; in our model, the
W ↔ W0 mixing suppresses theW0 → lν;WZ;WH mode,
whereas the other decay modes, controlled by gR, are not
mixing angle suppressed.

(a) (b) (c)

(d) (e) (f)

FIG. 3. The Yukawa couplings vs RHN mass (top row) and the lepton-number-violating scale μ (bottom row) in the inverse seesaw
scheme.
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A. Searches for the KS process

Recently, the CMS Collaboration has performed a
search for the KS process in the final states containing
a pair of same-flavor charged leptons (e or μ, with the

same or opposite electric charges) and two jets [52] atffiffiffi
s

p ¼ 13 TeV with 137 fb−1 integrated luminosity.
Assuming gL ¼ gR, the search excludes W0 with mass
up to ∼5 TeV with 95% confidence level (CL). Earlier,

(a) (b)

(c) (d)

FIG. 4. Comparison of various kinematic distributions of the KS process and our signal. These distributions are obtained for MW0 ¼
3 TeV and MNR

¼ 1 TeV benchmark masses with gR ¼ 0.1.

(a) (b)

FIG. 5. Exclusion regions in theMW0 − gR plane obtained by recasting the dijet and tb resonance search results by ATLAS and CMS.
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the ATLAS Collaboration searched for the resolved [51] and
merged [53] topologies and obtained similar exclusion
limits. Reference [54] puts a lower limit of 3.5 TeV on the
mass ofW0 (assuming the mass of the third-generation RHN
to be the half ofMW0) from the search for the KS process in
the ττjj final state. (A slightly different process where the
W0’s in the KS process are replaced byW’s is considered in
Ref. [55]. This process is sensitive to the Yukawa couplings
involved in theNR → lW decay. The same process can also
lead to displaced vertex signature if the decay width ofNR is
small [56,57].)

B. Searches for a dijet resonance

Both ATLAS and CMS have searched for a jj resonance
[58,59] at the 13 TeV LHC with 139 and 137 fb−1 of
integrated luminosities, respectively. The ATLAS search
rules out a sequentialW0 with MW0 ≲ 4 TeV, and the CMS
study rules out MW0 ≲ 3.6 TeV. We have recast the
observed limits from these two searches to obtain bounds
on gR, as shown in Figs. 5(a) and 5(b). In the ATLAS search
recast, we have appropriately factored in the variation of
detector acceptance (A) with MW0 . However, we have
assumed a flat A ¼ 0.5 for the CMS search recast.

C. Searches for a tb resonance

The ATLAS Collaboration has presented a combined
exclusion limit for the W0 decaying through the tb final
state, with hadronic [60] and leptonic [61] top decays with
36.1 fb−1 integrated luminosity at the 13 TeV LHC. For a
sequential W0 model, MW0 ≲ 3.15 TeV has been ruled out
at 95% CL. The CMS Collaboration also has performed the
search for a W0 decaying into a tb pair, in the all-hadronic
mode using the 13 TeV LHC data with 137 fb−1 of
integrated luminosity [62]. The CMS search excludes the
W0 masses below 3.4 TeV. We recast these limits as well
[see Figs. 5(a) and 5(b)].
We summarize the dijet and tb resonance limits obtained

after recasting the searches, under the assumption that only
one RHN decay mode is open, in Table II.

D. Other searches

There are other searches forW0 in various decay channels.
For example, the charged leptonþmissing transverse
energy channel [63–66], the WH channel [67–70], the

WZ channel [69–72], etc. However, all these decays occur
through W −W0 mixing, which is small in the LRSM.
Hence, these searches do not constrain the parameter space
of our model.
In principle, as demonstrated in Refs. [73–76], one can

also recast other searches in the lljj channel (e.g., the
leptoquark searches) to obtain bounds. Here, however, we
ignore such bounds onW0, as such limits are expected to be
weaker than the direct ones.

V. RHN DECAYS THROUGH A W BOSON

We implement the Lagrangian terms relevant for the
productions and decays of W0 and NR in FEYNRULES [77],
and obtain the Universal FeynRules Output [78] model
files. We use the NNPDF2.3 parton distribution functions to
generate signal and the SM background events in
MADGRAPH5 [79]. The generated events are passed through
PYTHIA8 [80] for showering and hadronization to DELPHES

[81] for detector simulation. We use the anti-kt jet cluster-
ing algorithm [82] in FASTJET [83] to cluster jets from the
tower objects. We use two types of jets in our analysis,
namely, AK4-jets with jet radius parameter R ¼ 0.4 and
AK8-fatjets with R ¼ 0.8 [84]. In this paper, we use the
symbol j for AK4-jets and J for AK8-fatjets. We tag b jets
from the AK4-jets.
The process of our interest is

pp → ðW0Þ� → NRl� → ðW�
h l

∓Þl�; ð9Þ

where, as mentioned before, W�
h denotes a hadronically

decayingW boson. Depending on the masses of theW0 and
NR, the Wh can be sufficiently boosted and form a two-
pronged fatjet. We employ jet-substructure techniques to
tag a boosted Wh with high efficiency. Because of the
pseudo-Dirac nature of the NR, we only have opposite-sign
dilepton accompanied by a boosted W jet in the final state
in our case. Leptons originating in the decays of a TeV-
scale W0 or NR will also have high transverse momenta
(pT). Therefore, the signature our signal would be two
high-pT same-flavour-opposite-sign leptons and a W-like
two-pronged fatjet. Since there is no missing energy, our
signal channel is fully reconstructible, in principle.
There is a possibility of the displaced vertex appearing if

the RHNs are long lived. This can happen if the decay
couplings of the RHNs are very small. In our model, the
Yukawa couplings (which control the decay of RHNs) are
in the range ∼0.01–0.1. We would not have a displaced
vertex for a TeV-scale particle for these values. Moreover,
for a heavy particle, its decay length would not be enhanced
due to the time dilation effect.

A. Background processes

The following SM processes with large cross sections
form the relevant background of our signal:

TABLE II. Summary of the 95% CL exclusion limits on W0
obtained from recasting the LHC experiments (assuming only
one RHN decay mode of W0 is open).

Experiment Luminosity (fb−1) Observed limit (TeV)

ATLAS dijet [58] 139 3.80
CMS dijet [59] 137 3.60
ATLAS tb [61] 36.1 3.45
CMS tb [62] 137 3.50
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(i) Z þ jets.—This process forms the dominant back-
ground. We generate it by simulating the pp →
Z=γ → ll process matched up to two extra partons.
Here, the two high-pT leptons can arise from the
leptonic decays of the Z boson, and the QCD jets can
be misidentified as the W-like fatjet. Since the
invariant mass of the two leptons peaks at the Z
mass, this background is controlled by a Z-mass veto.

(ii) ttþ jets.—The SM top pair production can also
provide us two high-pT leptons when both the tops
decay leptonically. Additionally, a W-like jet can
come from the QCD jets. The contribution of this
process in the background is significant in our case.
We generate the tt̄ events by matching the parton
showers (PSs) with up to two additional jets.

(iii) tW þ jets.—The SM pp → tW process contains
two leptons in the final state when both the top quark
and the W boson decay leptonically. This process
also contributes significantly to the background of
our signal. In this case as well, the W-like jet arises
from the QCD jets. We generate this process by jet-
PS matching up to two extra jets.

(iv) VV þ jets.—Here, V denotes a W or a Z boson.
There are four types of diboson processes, viz.,
WlWl, WhZl, ZlZh, and ZlHh (the subscripts l
and h represent leptonic and hadronic decay modes)
that can act as sources of two high-pT leptons. In
these cases, the W-like jet arises from the hadronic
decay of a V or QCD jets. Processes containing
leptonically decaying Z can be tamed by applying
the Z-mass veto on the invariant mass of the lepton
pair. Among all the diboson processes, the WlWl
process contributes maximally. We generate matched
event samples (including up to two extra jets) of these
processes. The total diboson contribution, however, is
negligible after all the cuts.

(v) ttV.—The SM processes producing a top pair and a
vector boson can act as backgrounds for our signal.
We consider four cases, viz., tltlZh, ththZl, tltlWh,
and tlthWl, depending on the decays of the tops and
vector boson. We generate these event samples with-
out adding extra jets in the final state. Just like the
diboson background, this background, too, contrib-
utes negligibly to the total background after the cuts.

(vi) W þ jets.—This process can contribute in the back-
ground when the W decays leptonically, and a jet is
misidentified as a lepton. It is one of the major
background sources for the same-sign dilepton sig-
nature. However, in the opposite-sign dilepton case,
its contribution to the total background is small since
the efficiency of jet faking as a lepton is very small,
∼10−4 [85]. Nevertheless, we consider the process
here since its cross section is quite large (∼105 pb).
We generate the process by jet-PS matching up to
three additional jets.

We generate all the background processes discussed
above at the leading order with MadGraph5. The relevant
background processes and their cross sections (at the
highest order in QCD available in the literature) are listed
in Table III. From the cross sections, we compute the K
factors to incorporate the higher-order effects in our
analysis. Before cuts, some of the background processes
are large. But since our signal belongs to a specific region
of the phase space, we generate all the background
processes with some strong generation level cuts to save
computation time. Technically, this might lead to a small
bias in the event samples. We, however, we ignore it for
simplicity. The generation level cuts which we use are:

(i) Transverse momentum ðpTÞ on the leptons:
pTðl1Þ, pTðl2Þ > 100 GeV.

(ii) Invariant mass of the lepton pair Mðl1;l2Þ >
120 GeV.

The leptons are ordered according to their pT. The cut on
Mðl1;l2Þ is applied to reduce the background involving
Z → ll decay (the Z-mass veto).

B. Signal selection

For the final selection, we have divided the signal into
low-mass (MW0 < 3 TeV) and high-mass (MW0 > 3 TeV)
regions. As explained before, we demand two opposite-
sign/same-flavor leptons and at least one W-like AK8-
fatjet. Additionally, we also demand there is no b-tagged
AK4 jet in the final state. The following selection cuts have
been used for the two regions:
Low-mass region (MW0 < 3 TeV):
(1) Transverse momentum on leptons, pTðl1Þ >

300 GeV, pTðl2Þ > 100 GeV.
(2) Invariant mass of the lepton pair, Mðl1;l2Þ >

200 GeV.
(3) Scalar sum of pT of all visible objects,

ST > 0.6 ×MW0 .

TABLE III. Total cross sections without any cut for the SM
background processes considered in our analysis. The higher-
order QCD cross sections are taken from the literature, and the
corresponding orders are shown in the last column. We use these
cross sections to compute the K factors, which we multiply with
the LO cross sections to include higher-order effects.

Background processes σ (pb) QCD order

Vþ jets [86,87] Zþ jets 6.33 × 104 NNLO

tt [88] ttþ jets 988.57 N3LO

Single t [89] tW 83.10 N2LO

VVþ jets [90] WWþ jets 124.31 NLO
WZþ jets 51.82 NLO
ZZþ jets 17.72 NLO

ttV [91] ttZ 1.05 NLOþ NNLL
ttW 0.65 NLOþ NNLL
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(4) Missing transverse energy, =ET < 100 GeV.
(5) Mass of the leading AK8-fatjet, jMðJ1Þ −MW j<

20 GeV.
(6) N-subjettiness ratio of the leading AK8-fatjet,

τ21ðJ1Þ< 0.35.
(7) Invariant mass on the leading AK8-fatjet and di-

lepton system, jMðJ1;l1;l2Þ −MW0 j< 200 GeV.
High-mass region (MW0 ≥ 3 TeV):
(1) Cut 1 and cut 2 of the low mass region.
(2) Scalar sum of the transverse pT of all visible objects,

ST > 1500 GeV
(3) Invariant mass on the leading fatjet and dilepton system

MðJ1;l1;l2Þ>0.8×MW0 (for MW0<5.5TeV) and
MðJ1;l1;l2Þ> 4400 GeV (for MW0 ≥ 5.5 TeV).

We show the effect of these cuts on the signal and
the background processes for the high-mass benchmark
point MW0 ¼ 3 TeV and MNR

¼ 1 TeV with gR ¼ 0.1 in
Table IV. We optimize the cuts so that about 50% signal

events are retained but the background is reduced by 4
orders of magnitude.
We follow a simple procedure to estimate the W þ jets

contribution to the background. To reduce the computation
time, we generate it by applying a cut, pTðlÞ > 250 GeV.
We assume the second lepton arises from a faking (AK4)
jet. When a jet is declared a lepton, we ensure it is separated
from the AK8-fatjet by ΔR > 0.8. All the other cuts remain
the same as above. With a jet-faking efficiency of 10−4 [85],
less than two events survive the cuts at the HL-LHC for the
benchmark point MW0 ¼ 3 TeV and MNR

¼ 1 TeV. Even
if we assume the efficiency to be one order higher for a
conservative estimate, only 10–12 events survive at the end,
making this background unimportant.

C. Signal significance

After applying the above cuts, let the number of surviving
signal and background events at a given luminosity be

TABLE IV. Number of signal and background events obtained after the selection cuts at the
ffiffiffi
s

p ¼ 14 TeV LHC
with L ¼ 3000 fb−1. The signal events are obtained for the benchmark parameters MW0 ¼ 3 TeV and MNR

¼
1 TeV with gR ¼ 0.1. For better statistics, we apply strong generation-level cuts (defined in the text) during event
generation.

Selection cut Signal Z þ jets ttþ jets tW þ jets WW þ jets ttW ttZ

Generation level (including K factors) 365 3.2 × 106 7.3 × 105 4.7 × 104 3.9 × 104 1128 403
Number of muons ¼ 2 (any charge) 256 2.5 × 106 4.6 × 105 3.3 × 104 3.0 × 104 673 240
Number of b jets ¼ 0 (AK4 jets) 254 2.5 × 106 3.3 × 105 3.3 × 104 3.0 × 104 468 167
pTðμ1Þ > 300 GeV, pTðμ2Þ > 100 GeV 253 1.0 × 105 1.3 × 104 2291 3988 53 19
Mðμ1; μ2Þ > 200 GeV 251 9.8 × 104 1.3 × 104 2274 3939 52 19
Number of fatjets ≥ 1 (AK8 jets) 243 3.7 × 104 9136 1432 1758 45 16
pTðJ1Þ > 200 GeV and jηðJ1Þj< 2.5 222 2.1 × 104 4124 584 1031 29 10
ST > 1500 GeV 207 3050 556 47 178 2 1
MðJ1; μ1; μ2Þ > 0.8 ×MW 0 199 431 53 6 23 <1 <1

(a) (b)

FIG. 6. The regions in the MW0 −MNR
plane that can be (a) discovered with 5σ significance and (b) excluded with 2σ significance at

the HL-LHC. The contours are for different gR values. In the left (right) plot, the regions with same color can be discovered (excluded)
with 5σ (2σ) significance or more.
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denoted byNS andNB, respectively. From these, one can get
an estimation of the statistical significance of the signal from
the formula below:

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðNS þ NBÞ ln

�
NS þ NB

NB

�
− 2NS

s
: ð10Þ

We estimate Z for the HL-LHC, i.e., for 3 ab−1 integrated
luminosity and

ffiffiffi
s

p ¼ 14 TeV. Figure 6 shows the pro-
jected discovery (5σ significance) and 2σ exclusion regions
in the MW0 −MNR

plane. Our signal process mainly
depends on three model parameters. Among them, MW0

and MNR
are kinematic in nature; i.e., they can affect the

signal distributions. The free gauge coupling gR, on the
other hand, is nonkinematic and only scales the distribu-
tions. (This is true as long as the narrow-width approxi-
mation is valid. Largewidth can affect various distributions
and can potentially change the reach. However, we ignore
the large width effects for simplicity). In Fig. 6, the
contours correspond to fixed gR values to achieve 5σ
discovery significance, i.e., a region with a particular color
will have signal significance 5σ or more for the corre-
sponding value of gR. There are two special regions in the
plot where the sensitivity is low. One is with MNR

≲MW0

where the BRðW0 → NRl) is phase-space suppressed. It
can be checked from Fig. 2. The other region is where
MNR

≲ 0.1 ×MW0 . This is the merged region for which a
different analysis strategy is required [27].

VI. SUMMARY AND CONCLUSIONS

In this paper, we have studied a hitherto experimentally
unexplored signature of the left-right symmetric models
with the inverse seesaw mechanism for neutrino mass
generation. In particular, we have considered a channel
where sequential decays of two TeV-scale new particles;
a heavy charged gauge boson, W0; and a pseudo-Dirac
right-handed neutrino, NR, lead to a final state with two
high-pT same-flavour-opposite-sign leptons and a W-like
fatjet.
A similar process involving a W0 and a Majorana NR,

known as the Keung-Senjanović process, has been
already searched for at the LHC as a test of lepton-
number violation. The final state of the KS process is a
same-sign lepton pair and a pair of jets. It originates from
Drell-Yan production of a W0. The W0 first decays to a
NRl pair, and then the NR undergoes through a three-
body decay, NR → ljj, via an off-shell W0. If the RHN is
completely Majorana type, both the same-sign and
opposite-sign dilepton final states will be present with
equal rate, but if it is pseudo-Dirac type, the same-sign
dilepton final state will be (almost) absent. There is a
possibility of two-body decays of NR → lW → ljj that

gives the same lljj final state but through an on-shell
W. However, in the standard type-I seesaw mechanism
with TeV-scale RHNs, the partial widths of the two-body
decay modes of NR are negligible due to the small
Yukawa couplings involved in the decays. In the LRSM,
a three-body decay of NR through off-shell W0 opens up,
which, despite the phase-space suppression, can over-
come the two-body decays to become the dominant
decay mode of NR. This leads to the KS process but
at the expense of small Yukawa couplings required in the
type-I seesaw mechanism to have a TeV-scale NR in the
spectrum.
We invoke the inverse seesaw mechanism to have a

natural TeV-scale NR with order-1 Yukawa couplings
controlling the two-body decays. Consequently, the two-
body decay BRs overcome the three-body one when the
NR is embedded in the LRSM. In this setup, we lose the
clean same-sign signature of the KS process, but a similar
opposite-sign dilepton signature arises whose kinematic
nature is very different from the KS process. In associ-
ation with the lepton pair, we also have a pair of jets
similar to the KS process in the final state. However, two
jets are collimated in our process as they come from the
decay of a boosted W boson. Therefore, our final state
contains two same-flavour-opposite-sign leptons and a
W-like fatjet. We design a set of selection cuts using the
jet-substructure variables to observe the signal over the
large background with a significance of more than 5σ at
the HL-LHC. We have found that a W0 with gR ≈ gL and
mass up to ∼6 TeV can be discovered at the HL-LHC
through this channel.
The large Yukawa couplings controlling the two-body

decays of NR can, in principle, lead to substantial lepton-
flavor violation [92,93]. Such violation can be sizable
in some regions of the parameter space in the neutrino
sector. It will be interesting to study the allowed parameter
space of our model by the lepton-flavor-violation data in
the future. On the other hand, if the decay couplings
involved in the RHN decay are very small, they can lead to
displaced vertex signature, another interesting direction to
investigate.
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APPENDIX: DISCRIMINATING SIGNALS—A
SIMPLE MULTIVARIATE ANALYSIS

As discussed earlier, the fat-jet mass distribution
is a very good discriminator of the two kinematically
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FIG. 7. Feynman diagrams for the KS process: (a) forMW0 > MNR
and (b) forMW0 <MNR

. Our signal process withMW0 > MNR
and

the decay of NR through on-shell W is shown in (c).

TABLE V. Input variables used in the multivariate analysis to separate the signal and the KS-like process and their
relative importance.

Variable Importance Variable Importance Variable Importance Variable Importance

pTðJ1Þ 1.0 × 10−1 MðJ1Þ 9.6 × 10−2 Mðμ1; μ2Þ 1.3 × 10−1 ΔRðJ1; μ1Þ 6.0 × 10−2

pTðμ1Þ 6.4 × 10−2 MðJ1; μ1Þ 6.4 × 10−2 MðJ1; μ1; μ2Þ 6.5 × 10−2 ΔRðJ1; μ2Þ 6.5 × 10−2

pTðμ2Þ 9.9 × 10−2 MðJ1; μ2Þ 1.2 × 10−1 τ21ðJ1Þ 8.4 × 10−2 ΔRðμ1; μ2Þ 5.3 × 10−2
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different topologies arising from the decay of RHN through
an on-shell W or an off-shell W0. We would expect a two-
prong W-like fatjet when the NR decays through an on-
shell W. Along with other kinematic distributions with
good discrimination power, this feature can be used in a
multivariate analysis (MVA) to distinguish these two
different kinematic regions.
To illustrate this point, we perform a simple but

indicative boosted decision tree (BDT-)based MVA.
In particular, we use the adaptive BDT algorithm in the
TMVA package [94]. In Fig. 7, we show the distributions of
12 variables used in the analysis. Their relative importance
are shown in Table V. From Fig. 8, we see that these
two processes are well separated in the BDT response
distribution. Roughly, a BDT cut around ≳0 is sufficient
to discriminate between the two processes at the
HL-LHC.
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