PHYSICAL REVIEW D 105, 115007 (2022)

Testing left-right symmetry with an inverse seesaw mechanism at the LHC

Mathew Thomas Arun®,"” Tanumoy Mandal®,"" Subhadip Mitra®,>* Ananya Mukherjee,**
Lakshmi Priya 4 and Adithya Sampath1

Undian Institute of Science Education and Research Thiruvananthapuram, Vithura, Kerala 695 551, India

Center for Computational Natural Sciences and Bioinformatics,
International Institute of Information Technology, Hyderabad 500 032, India
3Department of Physics, University of Calcutta,
92 Acharya Prafulla Chandra Road, Kolkata 700 009, India
*Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany

® (Received 24 September 2021; accepted 15 March 2022; published 3 June 2022)

In the left-right symmetric models, a heavy charged gauge boson W’ can decay to a lepton and a right-
handed neutrino (RHN). If the neutrino masses are generated through the standard type-lI 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 W’. This is the basis of the
Keung-Senjanovi¢ (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 a W 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 W’ and leads to two
high-p; same-flavour-opposite-sign leptons and a boosted W-like fatjet in the final state. We find that a
sequential W’ with mass up to ~6 TeV along with a TeV-scale RHN can be discovered at the HL-LHC.

DOI: 10.1103/PhysRevD.105.115007

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 SU(3) ® SU(2), ® SU(2), ® U(1)p_, in
the LRSM, and the left-right symmetry breaks at the TeV-
scale introducing two heavy gauge bosons, W’ and Z’, in
the spectrum.
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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 10'* GeV, i.e., much beyond
the reach of colliders, to arrive at the observed neutrino
mass scale v*/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 u ~ 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 — W’ process where W’ is a
heavy charged gauge boson which decays to a charged
lepton (£) and a RHN (Ny). 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 need M, < My, a mass ordering

Published by the American Physical Society
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FIG. 1.
the decay of Ny through on-shell W is shown in (c).

possible to obtain with the ISM. When the W, produced in
the decay of N, decays hadronically, the process becomes
similar to the Keung-Senjanovi¢ (KS) process [12], which
was proposed as a direct probe of the Majorana nature of
the RHN’s in the LRSM. The KS process also acts as a clean
probe of the heavy right-handed W’ 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 W/, ie., M Ny <My In this process, a
RHN, produced along with a charged lepton through the
Drell-Yan production of W/, decays to a charged lepton and
two jets through an off-shell W/, as shown in Fig. 1(a). If,
however, My, < My, , a similar final state would arise, but
in this case, N would be produced through an off-shell W’
and decay through an on-shell W/, as shown in Fig. 1(b).
Either way, we would get the same £7jj 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, N — £W,, where W, denotes a
hadronically decaying W, see Fig. 1(c)] as opposed to a W’
(off shell or on shell). In a regular LRSM with type-I seesaw,
the Yukawa couplings responsible for the two-body decays,
Nr — W, are extremely small for TeV-scale RHNs.
As a result, such decays become negligible compared to
off-shell W’-mediated three-body decay. However, with the
ISM, the Yukawa couplings that govern the N — W
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 N, 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 boosted W and
thus form a W-like fatjet. This feature is absent in the KS
process. Hence, the two processes complement each other

(b)

q £

Feynman diagrams for the KS Process: (a) for My, > My, and (b) for My, < M. Our signal process with My, > My, and

and can be used to probe different neutrino mass generation
mechanisms. Unlike the KS process, the N — £W, 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 Ny 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 of W’. Limits on the heavy-light neutrino mixing,
lepton-flavor-violating processes, and their LHC prospects
have been studied using the ££jj 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 £Zjj 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 W’ and Ny 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. 1V,
we discuss the LHC bounds on W’. 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:

OLrsm = SU(3)C ® SU(Z)L ® SU(Z)R ® U(l)B—L- (1)

In this model, the SU(2), gauge coupling g is a free
parameter, not the same as the SU(2), gauge coupling g; .
The particle content and the gauge quantum numbers are
summarized in Table I. In addition to the SM fermions,
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TABLE I. Particle content of left-right symmetric model based
on the gauge group SU(3), ® SU(2), @ SU(2)x ® U(1)4_,.
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there are three right-handed neutrinos (N%) and three
neutral fermions (S’) introduced for the three generations.
The RHNSs are naturally present in the LRSM, whereas the
neutral fermions are required to realize the ISM. The RHN’s
form the SU(2), doublets with the right-handed charged
leptons, whereas the S’ are all singlets under G, gsp. The
enlarged scalar sector consists of three multiplets, i.e., the
Higgs bidoublet ® and two doublet scalars y; and yp,
which are doublets under SU(2); and SU(2), gauge
groups, respectively.

A. Symmetry breaking

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

SUB)c ®SU(2), @ SUR)r @ U(l)p-,

Vg)
SU3)-®SU22), ® U(1)y

(@) + ()2

SU3)c ® U(1)py-

The doublet field yp is nontrivially charged under
SU(2)g x U(1)g_; . Hence, when it acquires a TeV-scale
VEV, the group breaks down to U(1), and gives masses
to the charged W and neutral Z’' bosons. The standard
electroweak symmetry breaking is then carried out by the
neutral scalar fields in y; and the bidoublet ® satisfying the
relation

010} '
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FIG. 2. Branching ratio of W' — N as functions of M, for
different My, choices.

\/ ()2 + ()2 + (#9)%) ~246 GeV.  (2)
The electromagnetic charge can be expressed as

B-L

Opm = I3p + I3 +T- (3)
Since here our motivation is to study the unexplored
signature as discussed in the Introduction, we make an
assumption that the W’ boson dominantly decays to the
SM fermions and RHNs. We make a further simplifying
assumption that two of the RHNs are heavier than W, so that
the vector boson can decay to only one generation of RHNS.
Since W’ universally couples to right-handed fermions with
the strength gp, the branching ratio (BR) of the W/ — Ny?
decay is about 10% in the My, > My, limit, as seen in
Fig. 2. As the mass of the RHN goes close to My, the BR of

the N2 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 S} (where i € {1,2,3}) are
added to the three active neutrinos v/ . The tiny neutrino
masses are generated from the mixing between the N and
Si states,

- . E— 1
EIYLLHNR +MR(NR)CS2+§/JSL(SL)L+HC, (4)

where H = io,H*, the superscript ¢ 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,

‘CY — —YERéTLL - ?I:R(bTLL - Y]S‘}?}:LL - YIS'L)?IIQLR
1 -
—y#5°S + He., (5)

where Y, Y, Y, are the 3 x 3 Yukawa couplings and u is
the 3 x 3 Majorana mass matrix. In the above Lagrangian,
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7 and @ represent the charge-conjugated fields. The
complete mass matrix in the basis (v, N%, S¢) obtained
from Eq. (5) reads as

0 mb, m'h
M, = | m} 0 ME 1, (6)
my, Mg H
where
1 - 1
mp =—=(Y{(#)) +Y($D)).  mp=—72Y.(x]).

V2
m=én%»

V2

The light-neutrino mass can be found by a block
diagonalization of the mass matrix in the limit (¢?) >

() as

0
my L (i) = mp (M) M . ()
(rr)

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,
Y/ (%) < 10712, Even if 4 is generated radiatively at
one loop, it remains small and satisfies the above condition
for u ~O(1) keV and (yz) ~ 10* 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
mp, at the electroweak scale, one should have M at the TeV
scale and y at the keV scale. The tiny p ensures the neutrino
mass to be small. As 4 — 0, the lepton number symmetry is
restored, leading to m, — 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],

1
Y, = Um/*Ru” M, (8)

with the matrices m, = diag(m,, m,,m3) and My =
diag(Mg, . Mg,. Mg,), 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.l

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

For some recent implications of this kind of formalism,
readers may see Refs. [38—40].

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 = z/3, y = z/4, and
z = n/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 My (top row)
and the lepton-number-violating scale u (bottom row).
We see that the Yukawa couplings increase with My and
decrease with u from this figure [and also Eq. (8)]. The
order of magnitude of x has a very crucial role in
determining the degree of degeneracy among the RHN
mass eigenstates obtained in the ISM. The keV-scale u
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 y parameter. In the limit
u — 0, the heavy neutrino becomes purely Dirac type,
and the lepton number is conserved. In our case, a keV-
scale u is too small to produce any significant amount of
same-sign events.

The BRs of the two-body decay modes of the RHN,
namely, W*#, Zv, and Hv, are determined by the
Yukawa couplings shown in Fig. 3. There is also a
three-body decay mode of Ny through an off-shell W’
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 Np through on-shell W take over the three-body
decays. Usually, the BRs of Np to W¢, Zv and Hv
are in the proportion 2:1:1 when the mass of Ny 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
Npg 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 Z’' 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 U(1) 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 Ng. This can
be probed with high-precision in an electron-positron
collider [50].
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FIG. 3. The Yukawa couplings vs RHN mass (top row) and the lepton-number-violating scale u (bottom row) in the inverse seesaw
scheme.

III. SIGNAL TOPOLOGY AND THE KS PROCESS

The KS process gives rise to the £ 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]). When My, <M Ngs
the process is kinematically suppressed and, hence, difficult
to probe. The My, 2 My, 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 W, i.e.,
0.IMy, S My, <My, the two jets from the W
decay can be resolved. This leads to two isolated
leptons and at least two high p; jets. This process is
fully reconstructible: the jj system along with one
lepton can be used to reconstruct the Ny. The invariant
mass of the £7jj system forms a peak around
W' mass.

In the merged topology, My, < 0.1My,. Here, the
RHN will be produced with a large boost in the
transverse plane. Therefore, the decay of the RHN
(i.e., Np » W™ — £jj) will be highly collimated
and produce a fatjet that can be used for reconstructing
the Ny wholly or at least, partially. This will give rise
to one lepton and a Ny jet (Jy,). 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
(1073 — 1] m. In this case, the merged Jy, appears
at a distance visibly away from the primary vertex. If
Ny decays outside the detector, it produces the
invisible signature.

(b)

As mentioned earlier, unlike the KS signal, our signal
would have no same-sign lepton pair in the final state because
of the small keV-scale p. However, our signal is also kine-
matically different from the KS signal even though we also
consider the My, > M, kinematic region since the RHN
decays through an on-shell W boson in our case [Fig. 1(c)].
More specifically, a W’ boson, produced from the pp
collision, decays into a ™~ ora u™ and the second-generation
RHN, N,ze (we choose the second generation because muons
have better identification efficiency at the LHC than electrons
and taus.) Since we assume the other RHNS, i.e., N,le and N%,
are heavier than W', it cannot decay to these RHNs. The N%
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 presence of a W-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 £7jj signal events.

IV. EXISTING W' SEARCHES AND BOUNDS

We briefly review here the recent LHC direct search
limits on W’. In experimental searches, decays of W’ to
different fermionic modes (#v, jj, th, and N£) and diboson
modes (WZ and WH) are considered; in our model, the
W <> W' mixing suppresses the W — £v, WZ, WH mode,
whereas the other decay modes, controlled by g, are not
mixing angle suppressed.
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FIG. 4. Comparison of various kinematic distributions of the KS process and our signal. These distributions are obtained for My, =

3 TeV and My, = 1 TeV benchmark masses with g = 0.1.

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 u, with the
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same or opposite electric charges) and two jets [52] at
Vs =13TeV with 137 fb~! integrated luminosity.
Assuming g; = gg, the search excludes W’ with mass
up to ~5 TeV with 95% confidence level (CL). Earlier,
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00 L |
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(b)

FIG. 5. Exclusion regions in the My — g plane obtained by recasting the dijet and #b 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 of W' (assuming the mass of the third-generation RHN
to be the half of My,) from the search for the KS process in
the z7jj final state. (A slightly different process where the
W”’s in the KS process are replaced by W’s is considered in
Ref. [55]. This process is sensitive to the Yukawa couplings
involved in the Ny — W decay. The same process can also
lead to displaced vertex signature if the decay width of N 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~! of
integrated luminosities, respectively. The ATLAS search
rules out a sequential W’ with My, < 4 TeV, and the CMS
study rules out My <3.6 TeV. We have recast the
observed limits from these two searches to obtain bounds
on gg, 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 My,. However, we have
assumed a flat A = 0.5 for the CMS search recast.

C. Searches for a tb resonance

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

We summarize the dijet and ¢b 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 for W’ in various decay channels.
For example, the charged lepton + missing transverse
energy channel [63—66], the WH channel [67-70], the

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

Experiment Luminosity (fb~!)  Observed limit (TeV)
ATLAS dijet [58] 139 3.80
CMS dijet [59] 137 3.60
ATLAS b [61] 36.1 3.45
CMS b [62] 137 3.50

WZ channel [69-72], etc. However, all these decays occur
through W — W’ 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 £7jj channel (e.g., the
leptoquark searches) to obtain bounds. Here, however, we
ignore such bounds on W’, 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 W’ and Ny 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
MADGRAPHS [79]. The generated events are passed through
PYTHIAS [80] for showering and hadronization to DELPHES
[81] for detector simulation. We use the anti-k, jet cluster-
ing algorithm [82] in FASTIET [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 = 0.4 and
AKS8-fatjets with R = 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 = (W)E = Nt — (WiEET) e, 9)

where, as mentioned before, W}f denotes a hadronically
decaying W boson. Depending on the masses of the W’ and
Ng, the W, can be sufficiently boosted and form a two-
pronged fatjet. We employ jet-substructure techniques to
tag a boosted W, with high efficiency. Because of the
pseudo-Dirac nature of the Ny, 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 W’ or Ny will also have high transverse momenta
(pr). Therefore, the signature our signal would be two
high-p; 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:
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(i)

(iif)

(iv)

™)

(vi)

Z + jets.—This process forms the dominant back-
ground. We generate it by simulating the pp —
Z/y — ¢¢ process matched up to two extra partons.
Here, the two high-p; 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.
tt + jets—The SM top pair production can also
provide us two high-p; 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 ff events by matching the parton
showers (PSs) with up to two additional jets.
tW + 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.

VV + jets—Here, V denotes a W or a Z boson.
There are four types of diboson processes, viz.,
W Wy, WiZp, 2,7y, and Z,H;, (the subscripts £
and & represent leptonic and hadronic decay modes)
that can act as sources of two high-p; 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 W,W,
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.

ttV.—The SM processes producing a top pair and a
vector boson can act as backgrounds for our signal.
We consider four cases, Viz., tyt,Zy, tytyZ s, tet; W,
and t,1, W, 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.
W + 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,
~107* [85]. Nevertheless, we consider the process
here since its cross section is quite large (~10° pb).
We generate the process by jet-PS matching up to
three additional jets.

TABLE 1III. 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 o (pb) QCD order
V+ jets [86,87] Z+ jets 6.33 x 10* NNLO
1t [88] t+ jets 088.57 N3’LO
Single ¢ [89] tW 83.10 N’LO
VV+ jets [90] WW+ jets 124.31 NLO
WZ+ jets 51.82 NLO
ZZ+ jets 17.72 NLO
1tV [91] 1tz 1.05 NLO + NNLL
1734 0.65 NLO + NNLL

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 (p7) on the leptons:

pr(¢1), pr(¢2) > 100 GeV.

(i) Invariant mass of the lepton pair M(¢,¢,) >

120 GeV.
The leptons are ordered according to their py. The cut on
M(Z,,¢,) is applied to reduce the background involving
Z — ¢¢ decay (the Z-mass veto).

B. Signal selection

For the final selection, we have divided the signal into
low-mass (My, <3 TeV) and high-mass (My, > 3 TeV)
regions. As explained before, we demand two opposite-
sign/same-flavor leptons and at least one W-like AKS-
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 (My, <3 TeV):

(1) Transverse momentum on

300 GeV, pr(£,) > 100 GeV.

(2) Invariant mass of the lepton pair, M(Z,,£,) >

200 GeV.
(3) Scalar sum of pr
S > 0.6 X My

leptons, pr(¢,) >

of all visible objects,
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TABLE IV. Number of signal and background events obtained after the selection cuts at the /s = 14 TeV LHC
with £ = 3000 fb~'. The signal events are obtained for the benchmark parameters My, =3 TeV and My, =
1 TeV with gz = 0.1. For better statistics, we apply strong generation-level cuts (defined in the text) during event

generation.

Selection cut Signal Z +jets tt+jets tW+jets WW +jets #W 1tZ
Generation level (including K factors) 365 32x10° 73x10° 47x10* 3.9x10* 1128 403
Number of muons = 2 (any charge) 256 25x10° 4.6x10° 33 x10* 3.0x10* 673 240
Number of b jets = 0 (AK4 jets) 254 25x10° 33x105 33x10* 3.0x10* 468 167
pr(u) > 300 GeV, pr(uy) > 100 GeV 253 1.0x10° 13x 104 2291 3988 53 19
M(py, pp) > 200 GeV 251 9.8x10* 1.3 x10* 2274 3939 52 19
Number of fatjets > 1 (AKS jets) 243 3.7 x 10 9136 1432 1758 45 16
pr(J1) > 200 GeV and |5(J,)| < 2.5 222 2.1x10* 4124 584 1031 29 10
Sy > 1500 GeV 207 3050 556 47 178 2 1
M(J\ .y pty) > 0.8 x My 199 431 53 6 23 <1 <l

(4) Missing transverse energy, £r < 100 GeV.
(5) Mass of the leading AKS8-fatjet, |M(J,) — My|<
20 GeV.
(6) N-subjettiness ratio of the leading AKS-fatjet,
721 (‘]l) < 0.35.
(7) Invariant mass on the leading AKS8-fatjet and di-
lepton system, |M(J,.£.¢5) — Mys| <200 GeV.
High-mass region (My, > 3 TeV):
(1) Cut 1 and cut 2 of the low mass region.
(2) Scalar sum of the transverse py of all visible objects,
Sy > 1500 GeV
(3) Invariant mass on the leading fatjet and dilepton system
M(J\,6,,6,)>0.8xMy, (for My, <5.5TeV) and
M(J,,¢1,¢,) > 4400 GeV (for My, > 5.5 TeV).
We show the effect of these cuts on the signal and
the background processes for the high-mass benchmark
point My, =3 TeV and My, =1 TeV with g = 0.1 in
Table IV. We optimize the cuts so that about 50% signal

6F
9r

1.4

s 1.2
)

= 1.0
@

3 0.8
S

0.6

0.4

0.2

My, (TeV)
()

events are retained but the background is reduced by 4
orders of magnitude.

We follow a simple procedure to estimate the W + jets
contribution to the background. To reduce the computation
time, we generate it by applying a cut, p7(¢) > 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 AR > 0.8. All the other cuts remain
the same as above. With a jet-faking efficiency of 107* [85],
less than two events survive the cuts at the HL-LHC for the
benchmark point My, =3 TeV and My, = 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

9r

1.6

< 1.2
(]

Ll 0.9
@

§ 0.7

0.5

0.3

My (TeV)
(b)

FIG. 6. The regions in the My — My, plane that can be (a) discovered with 5S¢ significance and (b) excluded with 26 significance at
the HL-LHC. The contours are for different gz values. In the left (right) plot, the regions with same color can be discovered (excluded)

with 56 (20) significance or more.
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denoted by Ng and N, respectively. From these, one can get
an estimation of the statistical significance of the signal from
the formula below:

Z = \/2(NS +NB)ln<w> —2Ns.  (10)

B

We estimate Z for the HL-LHC, i.e., for 3 ab~! integrated
luminosity and /s = 14 TeV. Figure 6 shows the pro-
jected discovery (5o significance) and 2¢ exclusion regions
in the My, — My, plane. Our signal process mainly
depends on three model parameters. Among them, My
and My, are kinematic in nature; i.e., they can affect the
signal distributions. The free gauge coupling gp, 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. Large width 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 So
discovery significance, i.e., a region with a particular color
will have signal significance 56 or more for the corre-
sponding value of gg. There are two special regions in the
plot where the sensitivity is low. One is with My, < My,
where the BR(W' — N£) is phase-space suppressed. It
can be checked from Fig. 2. The other region is where
My, < 0.1 X Myy. 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, W’; and a pseudo-Dirac
right-handed neutrino, N, lead to a final state with two
high-p; same-flavour-opposite-sign leptons and a W-like
fatjet.

A similar process involving a W' and a Majorana N,
known as the Keung-Senjanovi¢ 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 W’. The W’ first decays to a
Ng? pair, and then the N; undergoes through a three-
body decay, Ny — £jj, via an off-shell W’. 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 Ny — W — £jj that

gives the same £7jj 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 Ny are negligible due to the small
Yukawa couplings involved in the decays. In the LRSM,
a three-body decay of Ny through off-shell W’ opens up,
which, despite the phase-space suppression, can over-
come the two-body decays to become the dominant
decay mode of Ni. 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 Ny in the
spectrum.

We invoke the inverse seesaw mechanism to have a
natural TeV-scale Ny with order-1 Yukawa couplings
controlling the two-body decays. Consequently, the two-
body decay BRs overcome the three-body one when the
Ny 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 5o at
the HL-LHC. We have found that a W’ with gz ~ ¢; 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 Ny 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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the decay of Ny through on-shell W is shown in (c).
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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
pr(Jy) 1.0 x 107! M(J,) 9.6 x 1072 M(uy o) 13x107"  AR(Jy.p)  6.0x 1072
pr(u) 6.4x102 M pu) 64x10%2 M, pup) 65x102  AR(Ji,p)  6.5x1072
priws)  99x102 M)  12x107! Ien) 84x 1072 AR(uy.pp) 53 x1072
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FIG. 8. BDT response for our process (blue) and the KS-like
process (red) for the benchmark point My, = 3 TeV and My, =
1 TeV with gp = 0.1.

different topologies arising from the decay of RHN through
an on-shell W or an off-shell W’. We would expect a two-
prong W-like fatjet when the Ny 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 Z0 is sufficient
to discriminate between the two processes at the
HL-LHC.

[1] G.Senjanovic and R. N. Mohapatra, Exact left-right symmetry
and spontaneous violation of parity, Phys. Rev. D 12, 1502
(1975).

[2] R.N. Mohapatra and J. C. Pati, A natural left-right sym-
metry, Phys. Rev. D 11, 2558 (1975).

[3] R.N. Mohapatra and R. E. Marshak, Local B-L. Symmetry
of Electroweak Interactions, Majorana Neutrinos and
Neutron Oscillations, Phys. Rev. Lett. 44, 1316 (1980); 44,
1644(E) (1980).

[4] G. Senjanovic, Spontaneous breakdown of parity in a class
of gauge theories, Nucl. Phys. B153, 334 (1979).

[5] J. C. Pati and A. Salam, Lepton number as the fourth color,
Phys. Rev. D 10, 275 (1974); 11, 703(E) (1975).

[6] P. Minkowski, 4 — ey at a rate of one out of 10° muon
decays?, Phys. Lett. 67B, 421 (1977).

[7] R.N. Mohapatra and G. Senjanovic, Neutrino Mass and
Spontaneous Parity Nonconservation, Phys. Rev. Lett. 44,
912 (1980).

[8] R.N. Mohapatra, Mechanism for Understanding Small
Neutrino Mass in Superstring Theories, Phys. Rev. Lett.
56, 561 (1986).

[9] R.N. Mohapatra and J. W.F. Valle, Neutrino mass and
baryon number nonconservation in superstring models,
Phys. Rev. D 34, 1642 (1986).

[10] F. Bazzocchi, Minimal dynamical inverse seesaw mecha-
nism, Phys. Rev. D 83, 093009 (2011).

[11] A. G. Dias, C. A. de S. Pires, and P. S. R. da Silva, How the
inverse seesaw mechanism can reveal itself natural, canoni-
cal, and independent of the right-handed neutrino mass,
Phys. Rev. D 84, 053011 (2011).

[12] W.-Y. Keung and G. Senjanovic, Majorana Neutrinos and
the Production of the Right-handed Charged Gauge Boson,
Phys. Rev. Lett. 50, 1427 (1983).

[13] A. Ferrari, J. Collot, M.-L. Andrieux, B. Belhorma, P. de
Saintignon, J.-Y. Hostachy, Ph. Martin, and M. Wielers,
Sensitivity study for new gauge bosons and right-handed
Majorana neutrinos in pp collisions at /s = 14 TeV, Phys.
Rev. D 62, 013001 (2000).

[14] S.N. Gninenko, M.M. Kirsanov, N.V. Krasnikov,
and V. A. Matveev, Detection of heavy Majorana neu-
trinos and right-handed bosons, Phys. At. Nucl. 70, 441
(2007).

[15] A. Atre, T. Han, S. Pascoli, and B. Zhang, The search for
heavy Majorana neutrinos, J. High Energy Phys. 05 (2009)
030.

[16] M. Nemevsek, F. Nesti, G. Senjanovic, and Y. Zhang, Limits
on the left-right symmetry scale and heavy neutrinos from
early LHC data, Phys. Rev. D 83, 115014 (2011).

[17] C.-Y. Chen and P. S. B. Dev, Multilepton collider signatures
of heavy Dirac and Majorana neutrinos, Phys. Rev. D 85,
093018 (2012).

[18] J. Chakrabortty, J. Gluza, R. Sevillano, and R. Szafron, Left-
right symmetry at LHC and precise 1-loop low energy data,
J. High Energy Phys. 07 (2012) 038.

[19] J. A. Aguilar-Saavedra and F. R. Joaquim, Measuring heavy
neutrino couplings at the LHC, Phys. Rev. D 86, 073005
(2012).

[20] T. Han, I. Lewis, R. Ruiz, and Z.-g. Si, Lepton number
violation and W’ chiral couplings at the LHC, Phys. Rev. D
87, 035011 (2013); 87, 039906(E) (2013).

115007-12


https://doi.org/10.1103/PhysRevD.12.1502
https://doi.org/10.1103/PhysRevD.12.1502
https://doi.org/10.1103/PhysRevD.11.2558
https://doi.org/10.1103/PhysRevLett.44.1316
https://doi.org/10.1103/PhysRevLett.44.1644.2
https://doi.org/10.1103/PhysRevLett.44.1644.2
https://doi.org/10.1016/0550-3213(79)90604-7
https://doi.org/10.1103/PhysRevD.10.275
https://doi.org/10.1103/PhysRevD.11.703.2
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.56.561
https://doi.org/10.1103/PhysRevLett.56.561
https://doi.org/10.1103/PhysRevD.34.1642
https://doi.org/10.1103/PhysRevD.83.093009
https://doi.org/10.1103/PhysRevD.84.053011
https://doi.org/10.1103/PhysRevLett.50.1427
https://doi.org/10.1103/PhysRevD.62.013001
https://doi.org/10.1103/PhysRevD.62.013001
https://doi.org/10.1134/S1063778807030039
https://doi.org/10.1134/S1063778807030039
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1103/PhysRevD.83.115014
https://doi.org/10.1103/PhysRevD.85.093018
https://doi.org/10.1103/PhysRevD.85.093018
https://doi.org/10.1007/JHEP07(2012)038
https://doi.org/10.1103/PhysRevD.86.073005
https://doi.org/10.1103/PhysRevD.86.073005
https://doi.org/10.1103/PhysRevD.87.035011
https://doi.org/10.1103/PhysRevD.87.035011
https://doi.org/10.1103/PhysRevD.87.039906

TESTING LEFT-RIGHT SYMMETRY WITH AN INVERSE ...

PHYS. REV. D 105, 115007 (2022)

[21] C.-Y. Chen, P.S.B. Dev, and R.N. Mohapatra, Probing
heavy-light neutrino mixing in left-right seesaw models at
the LHC, Phys. Rev. D 88, 033014 (2013).

[22] T. G. Rizzo, Exploring new gauge bosons at a 100 TeV
collider, Phys. Rev. D 89, 095022 (2014).

[23] J. Gluza and T. Jelifiski, Heavy neutrinos and the pp — 1/jj
CMS data, Phys. Lett. B 748, 125 (2015).

[24] J.N. Ng, A. de la Puente, and B. W.-P. Pan, Search for
heavy right-handed neutrinos at the LHC and beyond in the
same-sign same-flavor leptons final state, J. High Energy
Phys. 12 (2015) 172.

[25] P.S. B. Dev, D. Kim, and R. N. Mohapatra, Disambiguating
seesaw models using invariant mass variables at hadron
colliders, J. High Energy Phys. 01 (2016) 118.

[26] A. Das, N. Nagata, and N. Okada, Testing the 2-TeV
resonance with trileptons, J. High Energy Phys. 03
(2016) 049.

[27] M. Mitra, R. Ruiz, D.J. Scott, and M. Spannowsky,
Neutrino jets from high-mass W gauge bosons in TeV-
scale left-right symmetric models, Phys. Rev. D 94, 095016
(2016).

[28] A. Roitgrund and G. Eilam, Search for like-sign dileptons
plus two jets signal in the framework of the manifest left-
right symmetric model, J. High Energy Phys. 01 (2021) 031.

[29] A.Das, P.S. B. Dev, and R. N. Mohapatra, Same sign versus
opposite sign dileptons as a probe of low scale seesaw
mechanisms, Phys. Rev. D 97, 015018 (2018).

[30] C. Arbelaéz, C. Dib, I. Schmidt, and J. C. Vasquez, Probing
the Dirac or Majorana nature of the heavy neutrinos in pure
leptonic decays at the LHC, Phys. Rev. D 97, 055011
(2018).

[31] M. Nemevsek, F. Nesti, and G. Popara, Keung-Senjanovi¢
process at the LHC: From lepton number violation to
displaced vertices to invisible decays, Phys. Rev. D 97,
115018 (2018).

[32] M. Nemevsek, G. Senjanovic, and V. Tello, Connecting
Dirac and Majorana Neutrino Mass Matrices in the Minimal
Left-Right Symmetric Model, Phys. Rev. Lett. 110, 151802
(2013).

[33] C.-H. Lee, P. S. Bhupal Dev, and R. N. Mohapatra, Natural
TeV-scale left-right seesaw mechanism for neutrinos and
experimental tests, Phys. Rev. D 88, 093010 (2013).

[34] J. C. Helo, H. Li, N. A. Neill, M. Ramsey-Musolf, and J. C.
Vasquez, Probing neutrino Dirac mass in left-right sym-
metric models at the LHC and next generation colliders,
Phys. Rev. D 99, 055042 (2019).

[35] V. Brdar and A. Y. Smirnov, Low scale left-right symmetry
and naturally small neutrino mass, J. High Energy Phys. 02
(2019) 045.

[36] M.J. Dolan, T.P. Dutka, and R.R. Volkas, Dirac-phase
thermal leptogenesis in the extended type-I seesaw model,
J. Cosmol. Astropart. Phys. 06 (2018) 012.

[37] J.A. Casas and A. Ibarra, Oscillating neutrinos and
u — e,y, Nucl. Phys. B618, 171 (2001).

[38] A. Mukherjee and N. Narendra, Realizing flavored lepto-
genesis: A reappraisal through special kinds of orthogonal
matrices, arXiv:2105.14593.

[39] P. Konar, A. Mukherjee, A. K. Saha, and S. Show, Linking
pseudo-Dirac dark matter to radiative neutrino masses in a
singlet-doublet scenario, Phys. Rev. D 102, 015024 (2020).

[40] P. Konar, A. Mukherjee, A. K. Saha, and S. Show, A dark
clue to seesaw and leptogenesis in a pseudo-Dirac singlet
doublet scenario with (non)standard cosmology, J. High
Energy Phys. 03 (2021) 044.

[41] P.E. de Salas, D. V. Forero, S. Gariazzo, P. Martinez-Miravé,
O. Mena, C. A. Ternes, M. Toértola, and J. W. F. Valle, 2020
global reassessment of the neutrino oscillation picture,
J. High Energy Phys. 02 (2021) 071.

[42] A.Mukherjee and M. K. Das, Neutrino phenomenology and
scalar dark matter with A, flavor symmetry in inverse and
type II seesaw, Nucl. Phys. B913, 643 (2016).

[43] A.Mukherjee, D. Borah, and M. K. Das, Common origin of
nonzero #3 and dark matter in an S, flavor symmetric
model with inverse seesaw mechanism, Phys. Rev. D 96,
015014 (2017).

[44] S. Blanchet, P.S.B. Dev, and R.N. Mohapatra, Lepto-
genesis with TeV-scale inverse seesaw in SO(10), Phys. Rev.
D 82, 115025 (2010).

[45] A.Das, N. Okada, and D. Raut, Enhanced pair production of
heavy Majorana neutrinos at the LHC, Phys. Rev. D 97,
115023 (2018).

[46] A. Das, N. Okada, and D. Raut, Heavy Majorana neutrino
pair productions at the LHC in minimal U(1) extended
Standard Model, Eur. Phys. J. C 78, 696 (2018).

[47] D. Choudhury, K. Deka, T. Mandal, and S. Sadhukhan,
Neutrino and Z’' phenomenology in an anomaly-free U(1)
extension: Role of higher-dimensional operators, J. High
Energy Phys. 06 (2020) 111.

[48] K. Deka, T. Mandal, A. Mukherjee, and S. Sadhukhan,
Leptogenesis in an anomaly-free U(1) extension with
higher-dimensional operators, arXiv:2105.15088.

[49] K. Ezzat, M. Ashry, and S. Khalil, Search for a heavy
neutral Higgs boson in a left-right model with an inverse
seesaw mechanism at the LHC, Phys. Rev. D 104, 015016
(2021).

[50] S. Banerjee, P.S.B. Dev, A. Ibarra, T. Mandal, and M.
Mitra, Prospects of heavy neutrino searches at future lepton
colliders, Phys. Rev. D 92, 075002 (2015).

[51] M. Aaboud et al. (ATLAS Collaboration), Search for heavy
Majorana or Dirac neutrinos and right-handed W gauge
bosons in final states with two charged leptons and two jets
at /s = 13 TeV with the ATLAS detector, J. High Energy
Phys. 01 (2019) 016.

[52] CMS Collaboration, Search for a right-handed W boson and
heavy neutrino in proton-proton collisions at /s = 13 TeV,
Report No. CMS-PAS-EXO0-20-002, 2021, https://arxiv.org/
abs/2112.03949.

[53] M. Aaboud et al. (ATLAS Collaboration), Search for a
right-handed gauge boson decaying into a high-momentum
heavy neutrino and a charged lepton in pp collisions with
the ATLAS detector at /s = 13 TeV, Phys. Lett. B 798,
134942 (2019).

[54] A.M. Sirunyan et al. (CMS Collaboration), Search for heavy
neutrinos and third-generation leptoquarks in hadronic states
of two 7 leptons and two jets in proton-proton collisions at
/s = 13 TeV, J. High Energy Phys. 03 (2019) 170.

[55] A.M. Sirunyan et al. (CMS Collaboration), Search for
heavy Majorana neutrinos in same-sign dilepton channels in
proton-proton collisions at /s = 13 TeV, J. High Energy
Phys. 01 (2019) 122.

115007-13


https://doi.org/10.1103/PhysRevD.88.033014
https://doi.org/10.1103/PhysRevD.89.095022
https://doi.org/10.1016/j.physletb.2015.06.077
https://doi.org/10.1007/JHEP12(2015)172
https://doi.org/10.1007/JHEP12(2015)172
https://doi.org/10.1007/JHEP01(2016)118
https://doi.org/10.1007/JHEP03(2016)049
https://doi.org/10.1007/JHEP03(2016)049
https://doi.org/10.1103/PhysRevD.94.095016
https://doi.org/10.1103/PhysRevD.94.095016
https://doi.org/10.1007/JHEP01(2021)031
https://doi.org/10.1103/PhysRevD.97.015018
https://doi.org/10.1103/PhysRevD.97.055011
https://doi.org/10.1103/PhysRevD.97.055011
https://doi.org/10.1103/PhysRevD.97.115018
https://doi.org/10.1103/PhysRevD.97.115018
https://doi.org/10.1103/PhysRevLett.110.151802
https://doi.org/10.1103/PhysRevLett.110.151802
https://doi.org/10.1103/PhysRevD.88.093010
https://doi.org/10.1103/PhysRevD.99.055042
https://doi.org/10.1007/JHEP02(2019)045
https://doi.org/10.1007/JHEP02(2019)045
https://doi.org/10.1088/1475-7516/2018/06/012
https://doi.org/10.1016/S0550-3213(01)00475-8
https://arXiv.org/abs/2105.14593
https://doi.org/10.1103/PhysRevD.102.015024
https://doi.org/10.1007/JHEP03(2021)044
https://doi.org/10.1007/JHEP03(2021)044
https://doi.org/10.1007/JHEP02(2021)071
https://doi.org/10.1016/j.nuclphysb.2016.10.008
https://doi.org/10.1103/PhysRevD.96.015014
https://doi.org/10.1103/PhysRevD.96.015014
https://doi.org/10.1103/PhysRevD.82.115025
https://doi.org/10.1103/PhysRevD.82.115025
https://doi.org/10.1103/PhysRevD.97.115023
https://doi.org/10.1103/PhysRevD.97.115023
https://doi.org/10.1140/epjc/s10052-018-6171-8
https://doi.org/10.1007/JHEP06(2020)111
https://doi.org/10.1007/JHEP06(2020)111
https://arXiv.org/abs/2105.15088
https://doi.org/10.1103/PhysRevD.104.015016
https://doi.org/10.1103/PhysRevD.104.015016
https://doi.org/10.1103/PhysRevD.92.075002
https://doi.org/10.1007/JHEP01(2019)016
https://doi.org/10.1007/JHEP01(2019)016
https://arxiv.org/abs/2112.03949
https://arxiv.org/abs/2112.03949
https://arxiv.org/abs/2112.03949
https://arxiv.org/abs/2112.03949
https://doi.org/10.1016/j.physletb.2019.134942
https://doi.org/10.1016/j.physletb.2019.134942
https://doi.org/10.1007/JHEP03(2019)170
https://doi.org/10.1007/JHEP01(2019)122
https://doi.org/10.1007/JHEP01(2019)122

MATHEW THOMAS ARUN et al.

PHYS. REV. D 105, 115007 (2022)

[56] G. Aad et al. (ATLAS Collaboration), Search for heavy
neutral leptons in decays of W bosons produced in 13 TeV
pp collisions using prompt and displaced signatures with
the ATLAS detector, J. High Energy Phys. 10 (2019) 265.

[57] CMS Collaboration, Search for long-lived heavy neutral
leptons with displaced vertices in pp collisions at /s =
13 TeV with the CMS detector, Report No. CMS-PAS-
EX0-20-009, 2021, https://arxiv.org/abs/2201.05578.

[58] G. Aad et al. (ATLAS Collaboration), Search for new
resonances in mass distributions of jet pairs using
139 tb=! of pp collisions at /s = 13 TeV with the ATLAS
detector, J. High Energy Phys. 03 (2020) 145.

[59] A.M. Sirunyan et al. (CMS Collaboration), Search for
high mass dijet resonances with a new background pre-
diction method in proton-proton collisions at /s = 13 TeV,
J. High Energy Phys. 05 (2020) 033.

[60] M. Aaboud et al. (ATLAS Collaboration), Search for
W' — tb decays in the hadronic final state using pp
collisions at y/s = 13 TeV with the ATLAS detector, Phys.
Lett. B 781, 327 (2018).

[61] M. Aaboud et al. (ATLAS Collaboration), Search for vector-
boson resonances decaying to a top quark and bottom quark
in the lepton plus jets final state in pp collisions at /s =
13 TeV with the ATLAS detector, Phys. Lett. B 788, 347
(2019).

[62] A.M. Sirunyan et al. (CMS Collaboration), Search for W’
bosons decaying to a top and a bottom quark at /s =
13 TeV in the hadronic final state, Phys. Lett. B 820,
136535 (2021).

[63] G. Aad et al. (ATLAS Collaboration), Search for a heavy
charged boson in events with a charged lepton and missing
transverse momentum from pp collisions at /s = 13 TeV
with the ATLAS detector, Phys. Rev. D 100, 052013 (2019).

[64] CMS Collaboration, Search for new physics in the lepton
plus missing transverse momentum final state in proton-
proton collisions at 13 TeV center-of-mass energy, Report
No. CMS-PAS-EXO-19-017, 2021, https://arxiv.org/abs/
2202.06075.

[65] M. Aaboud et al. (ATLAS Collaboration), Search for High-
Mass Resonances Decaying to zv in pp Collisions at /s =
13 TeV with the ATLAS Detector, Phys. Rev. Lett. 120,
161802 (2018).

[66] A.M. Sirunyan et al. (CMS Collaboration), Search for a W’
boson decaying to a r lepton and a neutrino in proton-proton
collisions at /s = 13 TeV, Phys. Lett. B 792, 107 (2019).

[67] ATLAS Collaboration, Search for heavy resonances

decaying into a W boson and a Higgs boson in final states

with leptons and b-jets in 139 fb~! of pp collisions at /s =

13 TeV with the ATLAS detector, Report No. ATLAS-

CONF-2021-026, 6, 2021.

G. Aad et al. (ATLAS Collaboration), Search for resonances

decaying into a weak vector boson and a Higgs boson in the

fully hadronic final state produced in proton — proton
collisions at y/s = 13 TeV with the ATLAS detector, Phys.

Rev. D 102, 112008 (2020).

CMS Collaboration, Search for heavy resonances decaying

to WW, WZ, or WH boson pairs in the lepton plus merged

jet final state at /s = 13 TeV, Report No. CMS-PAS-B2G-

19-002, 2021, https://arxiv.org/abs/2109.06055.

[68

—_—

[69

—

[70] A.M. Sirunyan et al. (CMS Collaboration), A multi-
dimensional search for new heavy resonances decaying to
boosted WW, WZ, or ZZ boson pairs in the dijet final state
at 13 TeV, Eur. Phys. J. C 80, 237 (2020).

[71] G. Aad et al. (ATLAS Collaboration), Search for diboson
resonances in hadronic final states in 139 fb~! of pp
collisions at /s = 13 TeV with the ATLAS detector,
J. High Energy Phys. 09 (2019) 091; 06 (2020) 042(E).

[72] G. Aad et al. (ATLAS Collaboration), Search for heavy
diboson resonances in semileptonic final states in pp
collisions at /s = 13 TeV with the ATLAS detector,
Eur. Phys. J. C 80, 1165 (2020).

[73] T. Mandal, S. Mitra, and S. Seth, Single productions of
colored particles at the LHC: An example with scalar
leptoquarks, J. High Energy Phys. 07 (2015) 028.

[74] T. Mandal, S. Mitra, and S. Seth, Probing compositeness
with the CMS eejj & eej data, Phys. Lett. B 758, 219
(2016).

[75] T. Mandal, S. Mitra, and S. Raz, R,. motivated S,
leptoquark scenarios: Impact of interference on the exclu-
sion limits from LHC data, Phys. Rev. D 99, 055028
(2019).

[76] A. Bhaskar, D. Das, T. Mandal, S. Mitra, and C. Neeraj,
Precise limits on the charge-2/3 U, vector leptoquark, Phys.
Rev. D 104, 035016 (2021).

[77] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr, and B.
Fuks, FeynRules2.0—A complete toolbox for tree-level phe-
nomenology, Comput. Phys. Commun. 185, 2250 (2014).

[78] C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O.
Mattelaer, and T. Reiter, UFO—The Universal FeynRules
Output, Comput. Phys. Commun. 183, 1201 (2012).

[79] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H.-S. Shao, T. Stelzer, P. Torrielli, and M. Zaro, The
automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower
simulations, J. High Energy Phys. 07 (2014) 079.

[80] T. Sjostrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai, P.
Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z. Skands,
An introduction to PYTHIA8.2, Comput. Phys. Commun. 191,
159 (2015).

[81] J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V.
Lemaitre, A. Mertens, and M. Selvaggi (DELPHES 3
Collaboration), DELPHES 3: A modular framework for
fast simulation of a generic collider experiment, J. High
Energy Phys. 02 (2014) 057.

[82] M. Cacciari, G.P. Salam, and G. Soyez, The anti-k, jet
clustering algorithm, J. High Energy Phys. 04 (2008) 063.

[83] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user manual,
Eur. Phys. J. C 72, 1896 (2012).

[84] A.Bhaskar, T. Mandal, S. Mitra, and M. Sharma, Improving
third-generation leptoquark searches with combined signals
and boosted top quarks, Phys. Rev. D 104, 075037 (2021).

[85] D. Curtin, J. Galloway, and J. G. Wacker, Measuring the #7h
coupling from same-sign dilepton +2b measurements,
Phys. Rev. D 88, 093006 (2013).

[86] S. Catani, L. Cieri, G. Ferrera, D. de Florian, and M. Grazzini,
Vector Boson Production at Hadron Colliders: A Fully
Exclusive QCD Calculation at Next-to-Next-to-Leading
Order, Phys. Rev. Lett. 103, 082001 (2009).

115007-14


https://doi.org/10.1007/JHEP10(2019)265
https://arxiv.org/abs/2201.05578
https://arxiv.org/abs/2201.05578
https://arxiv.org/abs/2201.05578
https://doi.org/10.1007/JHEP03(2020)145
https://doi.org/10.1007/JHEP05(2020)033
https://doi.org/10.1016/j.physletb.2018.03.036
https://doi.org/10.1016/j.physletb.2018.03.036
https://doi.org/10.1016/j.physletb.2018.11.032
https://doi.org/10.1016/j.physletb.2018.11.032
https://doi.org/10.1016/j.physletb.2021.136535
https://doi.org/10.1016/j.physletb.2021.136535
https://doi.org/10.1103/PhysRevD.100.052013
https://arxiv.org/abs/2202.06075
https://arxiv.org/abs/2202.06075
https://arxiv.org/abs/2202.06075
https://arxiv.org/abs/2202.06075
https://doi.org/10.1103/PhysRevLett.120.161802
https://doi.org/10.1103/PhysRevLett.120.161802
https://doi.org/10.1016/j.physletb.2019.01.069
https://doi.org/10.1103/PhysRevD.102.112008
https://doi.org/10.1103/PhysRevD.102.112008
https://arxiv.org/abs/2109.06055
https://arxiv.org/abs/2109.06055
https://arxiv.org/abs/2109.06055
https://doi.org/10.1140/epjc/s10052-020-7773-5
https://doi.org/10.1007/JHEP09(2019)091
https://doi.org/10.1140/epjc/s10052-020-08554-y
https://doi.org/10.1007/JHEP07(2015)028
https://doi.org/10.1016/j.physletb.2016.05.020
https://doi.org/10.1016/j.physletb.2016.05.020
https://doi.org/10.1103/PhysRevD.99.055028
https://doi.org/10.1103/PhysRevD.99.055028
https://doi.org/10.1103/PhysRevD.104.035016
https://doi.org/10.1103/PhysRevD.104.035016
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1016/j.cpc.2012.01.022
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1007/JHEP02(2014)057
https://doi.org/10.1007/JHEP02(2014)057
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1103/PhysRevD.104.075037
https://doi.org/10.1103/PhysRevD.88.093006
https://doi.org/10.1103/PhysRevLett.103.082001

TESTING LEFT-RIGHT SYMMETRY WITH AN INVERSE ...

PHYS. REV. D 105, 115007 (2022)

[87] G. Balossini, G. Montagna, C.M. Carloni Calame, M.
Moretti, O. Nicrosini, F. Piccinini, M. Treccani, and A.
Vicini, Combination of electroweak and QCD corrections to
single W production at the Fermilab Tevatron and the CERN
LHC, J. High Energy Phys. 01 (2010) 013.

[88] C.Muselli, M. Bonvini, S. Forte, S. Marzani, and G. Ridolfi,
Top quark pair production beyond NNLO, J. High Energy
Phys. 08 (2015) 076.

[89] N. Kidonakis, Theoretical results for electroweak-boson and
single-top production, Proc. Sci., DIS2015 (2015) 170.

[90] J. M. Campbell, R. K. Ellis, and C. Williams, Vector boson pair
production at the LHC, J. High Energy Phys. 07 (2011) 018.

[91] A. Kulesza, L. Motyka, D. Schwartlidnder, T. Stebel, and V.
Theeuwes, Associated production of a top quark pair with a
heavy electroweak gauge boson at NLO + NNLL accuracy,
Eur. Phys. J. C 79, 249 (2019).

[92] Y. Cai, T. Han, T. Li, and R. Ruiz, Lepton number violation:
Seesaw models and their collider tests, Front. Phys. 6, 40
(2018).

[93] P. Fileviez Perez and C. Murgui, Lepton flavour violation in
left-right theory, Phys. Rev. D 95, 075010 (2017).

[94] A. Hocker et al., TMVA—Toolkit for Multivariate Data
Analysis, arXiv:physics/0703039.

115007-15


https://doi.org/10.1007/JHEP01(2010)013
https://doi.org/10.1007/JHEP08(2015)076
https://doi.org/10.1007/JHEP08(2015)076
https://doi.org/10.22323/1.247.0170
https://doi.org/10.1007/JHEP07(2011)018
https://doi.org/10.1140/epjc/s10052-019-6746-z
https://doi.org/10.3389/fphy.2018.00040
https://doi.org/10.3389/fphy.2018.00040
https://doi.org/10.1103/PhysRevD.95.075010
https://arXiv.org/abs/physics/0703039

