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Right-handed lepton flavor mixing in the left-right symmetric model directly affects the production and
decay of heavy Majorana neutrinos NR, yet its impact on collider searches remains less explored. Using a
deep neural network, we analyze the Keung-Senjanović process pp → WR → lαNR → lαlβjj with
lα;β ¼ e, μ at LHC Run 2 and the HL-LHC, considering both same-sign and opposite-sign
dilepton channels. We adopt three benchmark mixing scenarios: unmixed, maximal mixing, and
Pontecorvo-Maki-Nakagawa-Sakata (PMNS)-like. In the unmixed scenario, the deep neural network
improves the expected significance over the cut-based analyses performed by ATLAS, leading to stronger
expected sensitivities. For the combined ll analysis, the HL-LHC is projected to reach mWR

and mNR

values up to 6.7 (6.3) and 4.4 (4.1) TeV, respectively, under maximal (PMNS-like) mixing. For
representative mass benchmarks, our analysis indicates that LHC Run 2 can test a significant portion
of the jVe1j-jVμ1j plane, and the HL-LHC could probe even smaller mixing values, including the
corresponding benchmark points for both the maximal and PMNS-like patterns. Finally, we investigate
complementarities with low-energy charged lepton flavor-violation processes, where future searches can
overlap with or exceed the LHC reach.
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I. INTRODUCTION

The origin of neutrino masses remains one of the most
compelling open questions in particle physics, motivating
extensive searches for neutrino-related new physics
beyond the Standard Model (SM). Among the proposed
frameworks, the left-right symmetric model (LRSM)
[1–4] provides an especially attractive explanation for
the smallness of neutrino masses. The model extends
the SM gauge group to SUð2ÞL × SUð2ÞR ×Uð1ÞB−L
[5,6], naturally introducing right-handed neutrinos.
The spontaneous breaking of SUð2ÞR subsequently gen-
erates the heavy Majorana masses. Compared to the
minimal type-I seesaw mechanism [7–11], the LRSM
establishes a more complete framework in which the
origin of neutrino masses is directly connected to gauge
symmetry breaking.

A key prediction of the LRSM is the existence of
heavy gauge bosons W�

R and ZR that couple with the
SM fields and heavy Majorana neutrinos NR. At the
Large Hadron Collider (LHC), the Keung-Senjanović
process [12] pp → WR → lNR → lljj via the media-
tion of WR serves as a smoking-gun signature for the
LRSM. This process not only enables direct searches
for WR boson and the right-handed neutrino NR, but
also offers a direct way to probe the Majorana nature of
NR through the observation of same-sign dilepton
events.
Searches at the LHC during Run 2, with a center-of-mass

energy
ffiffiffi
s

p ¼ 13 TeV and an integrated luminosity of
139 fb−1, have placed lower bounds on the masses of
WR and NR at the TeV scale [13,14]. For instance, the
ATLAS Collaboration excludes mWR

up to about 6.4 TeV
for mNR

¼ 1 TeV [13]. However, these limits are obtained
under the assumption of no lepton flavor mixing in the
right-handed sector. By contrast, the structure of right-
handed neutrino mixing matrix VR in the LRSM has drawn
increasing theoretical attention [15–24].
Notably, lepton flavor-mixing effects in heavy-neutrino

searches have been investigated experimentally in low-
scale type-I seesaw models by both ATLAS and CMS at
Run 2 [25–30]. Similar flavor-dependent searches in the
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context of the LRSM are lacking.1 In Ref. [35], prospects
for the 14 TeV LHC with an integrated luminosity of
30 fb−1 were investigated, including the effects of lepton
flavor mixing. The determination of VR at the LHC was
also discussed in Ref. [36] through ratios of flavor-
dependent final states, with all e, μ, and τ flavors taken
into account. Despite these phenomenological studies, a
dedicated and stand-alone same-sign dilepton analysis was
not performed, as it depends crucially on a proper treatment
of SM backgrounds from fake and charge-misidentified
leptons [31]. With the substantial improvement in exper-
imental techniques and the much larger Run 2 dataset now
available, it is timely and well motivated to derive updated
flavor-dependent LHC constraints in the LRSM.
In this work, we conduct a detailed collider study of the

Keung-Senjanović process at LHC Run 2 and the high-
luminosity LHC (HL-LHC) with

ffiffiffi
s

p ¼ 14 TeV and
L ¼ 3 ab−1, focusing on different e, μ flavor combinations
in the final state. Motivated by the rapid development and
widespread application of machine learning (ML) in high-
energy physics [37,38], we perform an ML analysis of WR
searches using a deep neural network [39–41]. Recent work
[42] has also explored ML analyses of this process
including lepton flavor-mixing effects. Our work differs
in several respects: Beyond using a different ML method,
we study the process within the minimal LRSM, while they
considered the LRSM with inverse seesaw. Moreover, we
include crucial SM backgrounds from fake and charge-
misidentified leptons in the same-sign dilepton channel,
which are essential for a realistic collider analysis.
The rest of this paper is organized as follows. In Sec. II,

we briefly introduce the minimal LRSM. Section III
discusses the Keung-Senjanović process with possible
flavor effects in the final state. The detailed collider
analyses, including background estimation and the ML
analysis, are presented in Sec. IV. In Sec. V, we derive
sensitivities to the masses of WR and NR as well as to the
right-handed lepton mixing at LHC Run 2 and the HL-
LHC. We also study the complementarity with low-energy
charged lepton flavor-violating (CLFV) processes in
Sec. VI. Finally, Sec. VII summarizes the results. More
details of ML analysis and CLFV searches are provided in
the Appendixes.

II. MINIMAL LEFT-RIGHT SYMMETRICAL
MODEL

The minimal LRSM [1–6] extends the electroweak gauge
symmetry of the SM to SUð2ÞL×SUð2ÞR×Uð1ÞB−L.

Each generation of quarks and leptons is assigned in
doublets:

QL;R ¼
�
u

d

�
L;R

; LL;R ¼
�
ν

l

�
L;R

: ð1Þ

The scalar sector includes a bidoublet and two triplet fields:

Φ ¼
�
ϕ0
1 ϕþ

2

ϕ−
1 ϕ0

2

�
; ð2Þ

ΔL;R ¼
 
Δþ

L;R=
ffiffiffi
2

p
Δþþ

L;R

Δ0
L;R −Δþ

L;R=
ffiffiffi
2

p
!
: ð3Þ

After the spontaneous symmetry breaking, they develop
vacuum expectation values as follows:

hΦi ¼
 
κ=

ffiffiffi
2

p
0

0 κ0eiα=
ffiffiffi
2

p
!
; ð4Þ

hΔLi ¼
�

0 0

vLeiθL=
ffiffiffi
2

p
0

�
; ð5Þ

hΔRi ¼
�

0 0

vR=
ffiffiffi
2

p
0

�
: ð6Þ

Here, α and θL are the spontaneous CP phases, which we
assume to vanish for simplicity throughout this work. For a
recent review of the model details, see Ref. [43].
The weak eigenstates of charged gauge bosons WL and

WR mix to form the mass eigenstates:

�
W1

W2

�
¼
�

cos ζ sin ζ

− sin ζ cos ζ

��
WL

WR

�
: ð7Þ

The left-right mixing parameter ζ is defined as

sin ζ ¼ λ sinð2βÞ; ð8Þ

with tan β≡ κ0=κ and λ ≃m2
W1
=m2

W2
. The experimental

constraints on λ give λ≲ 10−4 [44,45]. Thus, we can safely
neglect the left-right mixing2 and treat WL;R as W1;2,
respectively.
The charged-current interactions are described as

Ll
CC ¼ gffiffiffi

2
p

X
l¼e;μ;τ

X3
i¼1

h
lL =W−

LVLliνi

þ lR =W−
RVRliNi

i
þ H:c:; ð9Þ

1In the type-I seesaw searches cited above, the flavor depend-
ence is controlled by active-heavy neutrino mixing rather than by
the right-handed mixing matrix VR. In the latter LRSM, an early
ATLAS analysis at

ffiffiffi
s

p ¼ 7 TeV with 2.1 fb−1 of data did
consider lepton flavor mixing [31], but later searches omitted
such possibilities [13,32–34].

2For the nontrivial impact of ζ on low-energy observables, see
Refs. [46,47].
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Lq
CC ¼ gffiffiffi

2
p

X3
i;j¼1

½ūLi =Wþ
LV

q
LijdLj

þ ūRi =W
þ
RV

q
RijdRj� þ H:c:; ð10Þ

where we have assumed that the gauge couplings are equal,
gL ¼ gR ≡ g ≃ 0.65. In the above, νi and Ni (i ¼ 1, 2, 3)
denote the light and heavy neutrinos, respectively. They are
related to the left-handed neutrino νLα and right-handed
neutrino νRα in the flavor basis (α ¼ e, μ, τ) via lepton
flavor mixing3:

νLα ¼ VLαiνi; νRα ¼ VRαiNi; ð11Þ

where VL ¼ VPMNS with VPMNS being the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix and VR is
the right-handed counterpart of VL. Vq

L denotes the
Cabibbo-Kobayashi-Maskawa matrix describing flavor
mixing in the quark sector, while Vq

R is its right-handed
analog. For generalized parity, Vq

R ≃ Vq
L up to a small

correction [48], while for generalized charge conjugation
the two matrices are equal up to an overall phase [49].
The leptonic Yukawa Lagrangian is also relevant, as it

can lead to CLFV processes. The interactions are given by

−Ll
Y ¼ L̄c

LϵΔLfLLL þ L̄c
RϵΔRfRLR þ H:c:; ð12Þ

where fL and fR denote the general Yukawa coupling
matrices and ϵ≡ iτ2 with τ2 the second Pauli matrix.

III. FLAVORED KEUNG-SENJANOVIĆ PROCESS

At the LHC,WR boson can be produced via the charged-
current interactions and decay into a charged lepton and a
heavy neutrino. Owing to the Majorana nature of the heavy
neutrino, it subsequently decays into a second charged
lepton, which can carry either the same or opposite electric
charge as the first. This process is known as the Keung-
Senjanović process [12], as illustrated in Fig. 1.
We assume that N1 is the lightest heavy neutrino, which

we denote as NR, and that it is well separated in mass from
the other two heavy neutrinos N2;3 and lighter than the WR

boson. Thus, NR is taken to be on shell, with its production
and decay factorized in the narrow-width approximation,
and interference among different heavy neutrinos is
neglected. The parton-level cross section for the production
of NR via pp → l�

αNR, where lα denotes the charged
lepton of flavor α, is given by4 [50]

σ̂lNij ðŝÞ ¼ α2WπjVRα1j2jVq
Rijj2

72ŝ2

×
ðŝ −m2

NR
Þ2ð2ŝþm2

NR
Þ

ðŝ −m2
WR

Þ2 þm2
WR

Γ2
WR

; ð13Þ

where αW ¼ g2=ð4πÞ, ŝ denotes the squared partonic
center-of-mass energy, and ΓWR

is the decay width of WR.
The on-shell heavy neutrino NR decays via the three-

body process NR → l�
β jj

0, mediated by an off-shell WR

boson. The corresponding decay width is [36,51]

ΓðNR → l�
β jj

0Þ ¼ Nc
g4jVRβ1j2
768ð2πÞ3

m5
NR

m4
WR

X
jj0

jVq
Rjj0 j2; ð14Þ

where Nc is the number of colors and j and j0 denote light
quarks or antiquarks.5 From the expressions in Eqs. (13)
and (14), the signal depends on the first column of VR.
The total decay width sums over all lepton flavors. From

the unitarity condition

jVRe1j2 þ jVRμ1j2 þ jVRτ1j2 ¼ 1; ð15Þ

the total width does not depend on the individual mixing
entries. Consequently, the event rate for pp → lαlβjj0 is
proportional to jVRα1j2jVRβ1j2. Final states involving τ
leptons are not included in our analysis due to the
experimental challenges associated with τ reconstruction,
and VRτ1 enters only indirectly through the unitarity
condition in Eq. (15). Thus, for the signal process, the
flavor indices are restricted to α; β ¼ e, μ.
Recent experimental searches at the LHC have placed

stringent bounds on the masses of theWR boson and heavy
neutrino NR. Using both opposite-sign (OS) and same-sign
(SS) dilepton channels, the ATLAS Collaboration [13]
excludes mWR

≲ 5–6 TeV for mNR
¼ 1–3 TeV in the

FIG. 1. Feynman diagram of the Keung-Senjanović process at
the LHC, illustrating different flavor and electric charge combi-
nations of the charged leptons.

3We work in the charged-lepton mass basis, in which the
charged-lepton mass matrices are taken to be diagonal [35]. This
choice is without loss of generality in the minimal LRSM for both
generalized parity [19] and generalized charge conjugation [15].

4As in Ref. [50], we do not apply the narrow-width approxi-
mation to the intermediate WR and retain the full contribution
from WR exchange.

5A complementary LHC search targeting the heavy-flavor
topology pp → WR → lNR → lltb was proposed in Ref. [52],
together with a recast of the existing CMS search at LHC
Run 2 for the Keung-Senjanović process in the same-flavor
channels [14].
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resolved analysis. The OS dilepton channel achieves
sensitivity comparable to that of the SS channel in this
mass range, while the latter provides a distinctive signature
of lepton number violation.
However, most existing studies, including the experi-

mental analyses above, have focused exclusively on
same-flavor charged leptons (ee and μμ), neglecting the
possibility of lepton flavor violation induced by a nontrivial
right-handed lepton mixing matrix VR. In the presence of
flavor mixing, charged leptons of different flavors (eμ) also
appear in the final state, and the signal rates depend
sensitively on the flavor structure of VR. Moreover, flavor
effects significantly affect the experimental bounds onmWR

and mNR
even in the ee and μμ channels, since they alter

both the production cross section of NR and its decay
branching ratios.
The expected numbers of SS dilepton events for the

Keung-Senjanović process in the final states e�e�jj,
μ�μ�jj, and e�μ�jj are given by

Nðe�e�Þ ¼ L · ϵSSee · σSSee · jVe1j4; ð16aÞ

Nðμ�μ�Þ ¼ L · ϵSSμμ · σSSμμ · jVμ1j4; ð16bÞ

Nðe�μ�Þ ¼ L · ϵSSeμ · σSSee · 2 · jVe1j2 · jVμ1j2: ð16cÞ

Here, σSSee and σSSμμ are the inclusive cross sections, summed
over the two charge configurations, under the assumptions
jVe1j ¼ 1 and jVμ1j ¼ 1, respectively, which are equal
since the masses of e and μ are negligible. The quantities
ϵSSee , ϵSSμμ , and ϵSSeμ are the corresponding overall selection
efficiencies, and L is the integrated luminosity. For con-
venience, we denote the right-handed lepton mixing matrix
simply as V (i.e., VR → V). In Eq. (16c), the factor of 2
accounts for the two possible flavor sequences in which the
electron and muon can appear.
For expected numbers of signal events in the OS dilepton

channels eþe−, μþμ−, and e�μ∓, analogous expressions
hold [35]:

Nðeþe−Þ ¼ L · ϵOSee · σOSee · jVe1j4; ð17aÞ

Nðμþμ−Þ ¼ L · ϵOSμμ · σOSμμ · jVμ1j4; ð17bÞ

Nðe�μ∓Þ ¼ L · ϵOSeμ · σOSee · 2 · jVe1j2 · jVμ1j2; ð17cÞ

where the quantities carrying the superscript OS follow
definitions similar to their SS counterparts.

IV. COLLIDER ANALYSES

The FeynRules [53] implementation of the LRSM and the
corresponding UFO model are publicly available [43,54].
Signal and SM background events for both SS and OS
channels are generated with MadGraph5_aMC@NLO [55],

using the NNPDF3.0 parton distribution function set via
LHAPDF6 [56]. Within this setup, the decay widths of both
NR and WR are computed automatically. The following
basic cuts are applied at the generator level:

pTj
> 20 GeV; jηjj < 2.8;

pTl
> 20 GeV; jηlj < 2.5: ð18Þ

Here, pTj
and pTl

denote the transverse momenta of quarks
and leptons, respectively, while ηj and ηl are the corre-
sponding pseudorapidities. The parton-level events are
passed to Pythia8 [57] for hadronization and Delphes3 [58]
for fast detector simulation. In the SS (OS) dilepton
channels, the baseline selection requires events to contain
exactly two charged leptons with the same (opposite)
electric charges and at least two jets.

A. Simulation of SM backgrounds

In searches for the Keung-Senjanović process, modeling
of SM backgrounds is essential, particularly in the SS
dilepton channel, where such backgrounds are rare. The
backgrounds contributing to the SS dilepton final state fall
into three categories:

(i) prompt backgrounds arising from SM diboson
processes (W�W�, WZ, ZZ);

(ii) fake-lepton backgrounds originating from jets mis-
reconstructed as leptons or photon conversions (tt̄,
W þ jets); and

(iii) charge-flip (CF) backgrounds arising from SM
processes with OS leptons (tt̄, Z=γ� þ jets,
WþW−), where the electric charge of an electron
(e�) is misidentified.

The dominant processes for each category are indicated in
parentheses. These backgrounds have been considered in
earlier experimental searches [13,14,25,59,60] and phe-
nomenological studies of TeV-scale lepton number viola-
tion at colliders [61,62].
In the OS dilepton channels, prompt backgrounds are

dominant. Specifically, we account for backgrounds origi-
nating from diboson production (WþW−, WZ, ZZ),
top pair production (tt̄), and single boson production
(Z=γ� þ jets) [13,42]. While prompt backgrounds are
generated directly via Monte Carlo (MC) simulation, the
other backgrounds are modeled as described below.
Instead of the data-driven methods employed in exper-

imental analyses, Ref. [63] proposed a jet-fake approach to
estimate fake-lepton backgrounds, which we refer to as jet-
fake (JF) backgrounds. This method uses jet-enriched
samples to model the fake-lepton backgrounds via two
functions: the mistag efficiency and the transfer functions.
The mistag efficiency function is defined as

ϵj→lðpTj
Þ ¼ ϵ200

�
1 − ð1 − r10Þ

200 − pTj
=GeV

200 − 10

�
; ð19Þ
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where ϵj→lðpTj
Þ denotes the probability that a jet with

transverse momentum pTj
is mistagged as a prompt lepton.

The transfer function, which maps the transverse momen-
tum of the jet pTj

to the reconstructed transverse momen-
tum of the fake lepton pTl

, is parametrized by a truncated
Gaussian distribution as follows:

Tj→l ¼ 1

N
exp

�
−
ðα − μÞ2
2σ2

�
; ð20Þ

where N is the normalization factor and the parameter α≡
1 − pTl

=pTj
satisfies 0 < α < 1.

This jet-fake method has been widely used in the
literature [62,64–67]. In this work, we implement it as a
dedicated module in Delphes3 [62,65] and estimate the
dominant backgrounds tt̄ and W þ jets. The parameters
fϵ200; r10; μ; σg are then fitted by comparing the simulated
differential distributions with those reported by the ATLAS
or CMS Collaboration.
Because of bremsstrahlung effects, the electric charge

of electrons can be misidentified. Consequently, SM
backgrounds arising from charge misidentification of
electrons must be taken into account in SS dilepton
searches. In contrast, the charge misidentification rate
for muons is negligible and is, therefore, ignored.
Following the methodology in Refs. [60,68], the charge
misidentification probability for electron, PðpT; ηÞ, is
parametrized as

PðpT; ηÞ ¼ σðpTÞfðηÞ; ð21Þ

where σðpTÞ and fðηÞ encode the dependence on the
electron transverse momentum and pseudorapidity,
respectively. These functions are extracted from a like-
lihood fit to a dedicated Z → eþe− data sample [60].6

To verify the overall background modeling, we apply the
following selection criteria to events from all three back-
ground categories [13]:

pTl1
> 40 GeV; mll > 400 GeV;

ΔRðl1;l2Þ < 3.9; mjj > 110 GeV;

pTj1
> 100 GeV; pTj2

> 100 GeV;

HT ≡ pTj1
þ pTj2

þ pTl1
þ pTl2

> 400 GeV: ð22Þ

Here, pTl1
is the transverse momentum of the leading

lepton, while pTj1
and pTj2

are the transverse momenta of
the leading and subleading jets, respectively. Furthermore,
ΔRðl1;l2Þ denotes the angular separation between the two
leptons,mll (mjj) is the dilepton (dijet) invariant mass, and
HT is the scalar sum of the transverse momenta of the two
leading leptons and two leading jets.
Using Eq. (22) and including K factors for SM processes

[42], we compare the differential distributions of the SM
backgrounds in the e�e� and μ�μ� channels with those
reported by ATLAS. As shown in Fig. 2 for the e�e�
channel, the HT distributions7 for the three dominant
background categories are consistent with the ATLAS
results in both shape and normalization, using the
fitted parameters fϵ200; r10; μ; σg ¼ f10−3; 1.0; 0.8; 0.2g.
Similar consistencies are observed for the μ�μ� channel,
where we obtain the fitted parameters fϵ200; r10; μ; σg ¼
f4 × 10−5; 1.0; 0.8; 0.2g. The systematic uncertainty asso-
ciated with the modeling of fake-lepton backgrounds in the
JF method is moderate, as indicated by Ref. [63], which
found an Oð10%Þ variation when these parameters were
varied.
The validation of our modeling methods in the same-

flavor channels ðee; μμÞ corroborates the reliability of the
simulation across different flavors. Thus, it is straightfor-
ward to simulate SM backgrounds in the eμ channel.
Furthermore, instead of applying selection cuts sequentially
in the cut-based analysis [13], we will explore LHC
sensitivities to the masses of WR and NR and the right-
handed lepton flavor mixing using machine learning.
We emphasize that the SM backgrounds considered in

this work are those for the resolved analysis, where two
charged leptons are reconstructed. In the ATLAS analyses
[13], the boosted channel is also studied and is particularly
effective in the regime mWR

≫ mNR
. By contrast, for

mNR
≳ 2.5 TeV, the resolved analysis yields stronger

bounds than the boosted analysis. While lepton flavor
effects could, in principle, be incorporated into the boosted
channel, such an analysis would require a dedicated treat-
ment and lies beyond the scope of this work. Hence, both
the comparison with the ATLAS limits and our flavor-
dependent results, including the HL-LHC projected sensi-
tivities, are restricted to the resolved topology.

B. Machine-learning analysis

In high-energy experiments, conventional cut-based
analysis relies on sequential cuts applied to a limited set
of kinematic variables, which may overlook complex
correlations between observables. To more fully exploit
the information contained in collision events, we employ a

6As in Ref. [62], we validate this modeling by comparing the
ratio of SS to OS event yields from our simulated Z → eþe−
events with that from the ATLAS results and find overall good
agreement, with a relative difference of about 17%. This provides
an estimate of the associated systematic uncertainty, consistent
with the evaluation in Ref. [68], where deviations of up to about
20% in the charge-misidentification rate were found in some
pseudorapidity regions for the adopted parametrization.

7As additional checks on the background estimation, compar-
isons with the earlier experimental analyses [25,59,60] are
performed and also show consistency.
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deep neural network (DNN) [39–41] as a classifier to
distinguish rare signal events from SM background events.
A DNN is a class of artificial neural networks with

multiple hidden layers [39]. In collider analyses, it takes
kinematic observables as inputs and learns nonlinear
representations that serve as powerful discriminants
between signal and background. After training via back-
propagation, a selection on the output score yields a signal-
enriched sample. Owing to their ability to capture complex
correlations in high-dimensional phase space, DNNs out-
perform conventional cut-based approaches, as is well
established in the literature (see Refs. [40,41,69]).
We consider the following variables as training inputs

[13,42]:

pTj1
; pTj2

; pTl1
; mjj; mll; HT;ΔRðl1;l2Þ; ð23Þ

using the same notation as in Eq. (22). Their distributions,
shown in Fig. 7, demonstrate that signal events have harder
spectra and longer tails than backgrounds—particularly for
the heavier mass benchmark—providing a solid basis for
discrimination.

Given the wide range in ðmWR
;mNR

Þ, we divide the
parameter space into two regions: low-mass region
(mWR

≤ 3 TeV) and high-mass region (mWR
> 3 TeV).

We consider two representative benchmark points:
(i) BP1. mWR

¼ 2 TeV, mNR
¼ 0.5 TeV;

(ii) BP2. mWR
¼ 4 TeV, mNR

¼ 2 TeV.
Two separate DNN classifiers are trained for the low- and
high-mass regimes, using BP1 and BP2, respectively, with
an identical set of input variables. To incorporate flavor
effects, we adopt the benchmark VR ¼ Vθ¼π=4, where the
mixing matrix in the e-μ sector is defined as

Vθ ¼

0
B@

cos θ − sin θ 0

sin θ cos θ 0

0 0 1

1
CA: ð24Þ

Nevertheless, the same selection efficiencies apply to other
mixing patterns, as the selection criteria are determined by
the masses mWR

and mNR
. Details of the DNN implemen-

tation and validation are provided in Appendix B.

FIG. 2. Comparison of theHT distributions in the e�e� channel between the simulated backgrounds (red lines) and the ATLAS results
(blue lines) from Fig. 7 in Ref. [13]. The left panel shows the multiboson (i.e., prompt) backgrounds; the middle and right panels show
the jet-fake and charge-flip backgrounds, respectively. The error bars in each bin denote the statistical uncertainties

ffiffiffiffiffi
Ni

p
, where Ni is the

number of events in the ith bin. The fitted parameters are fϵ200; r10; μ; σg ¼ f10−3; 1.0; 0.8; 0.2g.

FIG. 3. Signal and background efficiencies for the SS dilepton searches as a function of the DNN score threshold. The left and right
panels correspond to the low-mass and high-mass benchmarks, respectively.
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Figure 3 shows the selection efficiencies as a function of
the DNN score threshold for the low-mass and high-mass
models in the SS dilepton searches. The jet-fake and
Z=γ� þ jets backgrounds are efficiently suppressed at
low thresholds due to their softer kinematics, while the
W�W�, WþW− (CF), and WZ backgrounds have harder
spectra and, therefore, larger surviving fractions. The signal
efficiency for the high-mass model decreases slowly up to a
threshold that is higher than for the low-mass model, while
background efficiencies drop rapidly, resulting in a clean
separation.
To establish the optimal selection criteria and derive

exclusion limits, the statistical significance Z is evaluated
using the asymptotic profile likelihood ratio test for the
signal hypothesis [70,71]

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

�
S − B ln

�
S þ B
B

��s
; ð25Þ

where S and B denote the number of signal and background
events remaining after the DNN selection, respectively. The
number of SS signal events in each channel after the
optimal DNN selection is given in Eq. (16). For the l�l�
channel, the significance is computed by combining the
events from the e�e�, μ�μ�, and e�μ� channels, with
S ¼ Ne�e� þ Nμ�μ� þ Ne�μ� , while B includes all SM
background contributions with a pair of SS charged
leptons [25].
By maximizing the expected significance Z, we obtain

optimal DNN score thresholds of 0.91 for the low-mass
model and 0.99 for the high-mass model in the SS dilepton
searches. Table I summarizes the cross sections for the
signal and SM backgrounds at different selection stages for
the low-mass model. The three stages are σbasic after

applying the basic cuts at the generator level [cf.,
Eq. (18)], σlljj after imposing the baseline selection,
and σDNN after requiring the optimal threshold of 0.91.
The signal cross section remains robust throughout the
selections, while the total background is suppressed by
nearly 4 orders of magnitude relative to the generator
level, leading to a significantly enhanced signal-to-back-
ground ratio.
To evaluate flavor-specific sensitivities, Table II provides

the event yields after the optimal DNN selection, which
correspond to an integrated luminosity of 139 fb−1 at LHC
Run 2. The last row lists the corresponding selection
efficiencies, i.e., the fraction of events that survive the
DNN selection: ϵμμ ¼ 56%, ϵeμ ¼ 44%, and ϵee ¼ 35%.
Thus, the μ�μ� channel has the highest efficiency, followed
by e�μ� and e�e�. This difference in efficiencies is
primarily attributed to the better reconstruction perfor-
mance of muons compared to electrons at the LHC. We
note that the jet-fake backgrounds in the e�μ� channel
arise primarily from j → e rather than from j → μ.

TABLE I. Cross sections for the SS dilepton signal and
background processes in the case of low-mass model. Values
are shown at three stages: after the basic cuts (σbasic), after the
baseline selection (σlljj), and after the optimal DNN score
selection (σDNN). The bottom rows provide the comparison of
the total background and signal cross sections.

Process σbasic (pb) σlljj (pb) σDNN (pb)

WZ 4.31 × 10−1 1.93 × 10−2 7.74 × 10−5

W�W� 1.17 × 10−2 2.59 × 10−3 3.54 × 10−5

ZZ 4.15 × 10−2 1.75 × 10−3 3.15 × 10−6

tt̄ (JF) 1.08 × 10−1 5.33 × 10−3 8.03 × 10−6

W þ jets (JF) 9.47 × 10−1 2.14 × 10−2 2.96 × 10−5

tt̄ (CF) 1.17 × 10−1 2.42 × 10−2 5.47 × 10−6

Z=γ� þ jets (CF) 2.71 × 10−1 1.27 × 10−1 1.39 × 10−5

WþW− (CF) 1.11 × 10−3 2.28 × 10−4 2.53 × 10−6

Total bkg 1.93 2.02 × 10−1 1.75 × 10−4

Signal 5.29 × 10−2 2.49 × 10−2 2.36 × 10−2

TABLE II. Event yields after the optimal DNN score selection
for the low-mass model. The backgrounds (individual categories
and total) and the SS dilepton signal for BP1 are shown for the
three SS dilepton channels. The ellipses indicate that the
corresponding background contribution is negligible. The last
row gives the signal efficiency in each channel.

Process e�μ� e�e� μ�μ�

Multiboson 6 4 6
Jet-fake 3 3 � � �
Charge-flip � � � 3 � � �
Total bkg 9 10 6
Signal 1615 641 1027
Eff [%] 44 35 56

TABLE III. The same as Table I but for the high-mass model
with the optimal DNN score threshold of 0.99. After the DNN
selection, only the WZ and W�W� backgrounds are non-
negligible; all other backgrounds are suppressed to ≲10−7 pb
or below.

Process σbasic (pb) σlljj (pb) σDNN (pb)

WZ 4.31 × 10−1 1.93 × 10−2 4.18 × 10−6

W�W� 1.17 × 10−2 2.59 × 10−3 6.64 × 10−6

ZZ 4.15 × 10−2 1.75 × 10−3 ≲10−7

tt̄ (JF) 1.08 × 10−1 5.33 × 10−3 ≲10−7

W þ jets (JF) 9.47 × 10−1 2.14 × 10−2 ≲10−7

tt̄ (CF) 1.17 × 10−1 2.42 × 10−2 ≲10−8

Z=γ� þ jets (CF) 2.71 × 10−1 1.27 × 10−1 ≲10−7

WþW− (CF) 1.11 × 10−3 2.28 × 10−4 ≲10−8

Total bkg 1.93 2.02 × 10−1 1.08 × 10−5

Signal 4.24 × 10−4 2.30 × 10−4 2.23 × 10−4
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Table III shows the cross sections at each stage for the
high-mass model in the SS dilepton channel. After the
DNN selection, only the WZ and W�W� backgrounds
have non-negligible cross sections; all other backgrounds
are suppressed to ≲10−7 pb or smaller. Table IV presents
the corresponding event yields in the three SS dilepton
channels. Compared to the low-mass case (cf., Table II), the
high-mass model yields significantly fewer background
events after the DNN selection.8

An analogous procedure is applied to the OS dilepton
channels, as detailed in Appendix A. Although the OS
channels are subject to significantly larger backgrounds at
the generator level, the DNN selection effectively sup-
presses these contributions, making them comparable to
those in the SS dilepton channels. Consequently, the
resulting signal significance in the lþl− channel for the
low-mass (high-mass) benchmarks is Z ¼ 77.3ð6.3Þ, which
is close to Z ¼ 79.5ð7.3Þ achieved in the SS dilepton
channels.
We perform a parameter scan over the mWR

-mNR
plane

for a given right-handed lepton mixing matrix VR, dividing
the analysis into low- and high-mass regimes. For the low-
mass regime, we use the low-mass model; for the high-
mass regime, we use a model optimized to exploit the
distinct kinematics of heavy WR and NR decays. For each
parameter point, we compute the SS and OS significances
using Eq. (25). The combined significance for the SS and
OS channels (denoted as SSþ OS) is then obtained by
taking the square root of the sum of the squares of the
individual significances [70]. Exclusion limits at 95% con-
fidence level (CL) for the SS, OS, and SSþ OS analyses
are derived by requiring the corresponding significance to
reach 1.96.

V. LHC SENSITIVITIES

In this section, we evaluate the sensitivity to the Keung-
Senjanović process at LHC Run 2, as well as the projected
reach at the HL-LHC. Both the sensitivities from SS
dilepton searches and their combination with OS dilepton
searches are investigated.

To assess the impact of flavor structure of the right-
handed lepton mixing matrix, we consider three benchmark
mixing scenarios:

(i) Unmixed. Ve1 ¼ 1 or Vμ1 ¼ 1, representing the case
of no lepton flavor mixing.

(ii) Maximal mixing. VR ¼ Vθ¼π=4, corresponding to
maximal mixing in the e-μ sector.

(iii) PMNS-like mixing. VR ¼ Vð�Þ
PMNS, as commonly

adopted in the minimal LRSM with generalized
parity and charge conjugation [44].

The signal event yields for the ee and μμ channels scale as
jVe1j4 and jVμ1j4, respectively. For maximal mixing,
jVe1j ¼ jVμ1j ¼ 0.707. For the PMNS-like pattern, the
latest global fits for normal mass ordering give jVe1j ¼
0.82 and jVμ1j ¼ 0.33 (central values) [72–74].
Consequently, while the scaling factors are symmetric
under maximal mixing, the PMNS-like pattern leads to a
significantly enhanced ee yield at the expense of a sup-
pressed μμ contribution.

A. Exclusion limits on WR and NR masses

The sensitivity of individual channels in both SS and OS
dilepton searches depends strongly on the mixing bench-
mark. In the ee and μμ channels, the signal cross sections
scale with jVe1j4 and jVμ1j4, respectively, yielding the
strongest limits in the unmixed scenario. For the maximal-
mixing scenario, the eμ channel has approximately twice
the event yield of the ee or μμ channels [cf., Eqs. (16) and
(17)], making it the most sensitive individual channel. In
contrast, for the PMNS-like scenario, the sensitivities
follow the order ee > eμ > μμ, given the mixing entries.
The combined 95% CL constraints from the SSþ OS

dilepton searches are shown in Fig. 4 (see Fig. 8 for those
from SS dilepton searches). The solid and dashed curves
show the LHC Run 2 results and the HL-LHC projections,
respectively. The orange curves correspond to the exclusion
limits reported by ATLAS in the resolved analysis of the
Run 2 data [13].9 For the unmixed ee and μμ channels, the
expected sensitivities from our DNN analysis (red curves)
are stronger than the corresponding ATLAS results, owing
to improved signal efficiency and background rejection in
the ML approach.
We further combine all flavor contributions in the

ll channel (l ¼ e, μ), where the total signal cross
section scales as ðjVe1j2 þ jVμ1j2Þ2. Thus, flavor mixing
mainly redistributes the signal among the different
dilepton final states. In the maximal-mixing scenario
(jVe1j ¼ jVμ1j ¼ 0.707), the total signal cross section

TABLE IV. The same as Table II but for the high-mass model
with the optimal DNN score threshold of 0.99.

Process e�μ� e�e� μ�μ�

Multiboson 0.67 0.49 0.34

Total bkg 0.67 0.49 0.34
Signal 15.37 6.44 9.17
Eff [%] 52.13 43.58 62.16

8For an integrated luminosity of 139 fb−1, some expected
event yields are below unity; we show all yields with two decimal
places for uniform precision.

9The ATLAS analysis derives upper limits by combining all
signal regions without distinguishing between the SS and OS
channels. Our limits are obtained using two-sided confidence
intervals and without a binned likelihood analysis, both of which
lead to a conservative estimate of the sensitivity of the DNN
analysis.
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coincides with that of either unmixed case (Ve1 ¼ 1 or
Vμ1 ¼ 1) before any selection cuts. However, the com-
bined ll channel receives background contributions from
all three flavor channels, leading to a larger total back-
ground yield than in any single-flavor channel.
Consequently, the resulting exclusion is weaker than in
the individual unmixed cases. In the PMNS-like scenario,
jVe1j2 þ jVμ1j2 < 1; thus, the signal rate is further sup-
pressed, yielding limits that are less stringent than those in
the maximal-mixing case.
Using the LHC Run 2 results as a reference, we project

the sensitivity at the HL-LHC. The increased luminosity
substantially extends the accessible mass range. Under
maximal (PMNS-like) mixing, the HL-LHC is expected to
probe mWR

up to 6.7 (6.3) TeV for mNR
¼ 2 TeV, and mNR

up to 4.4 (4.1) TeV for mWR
¼ 5.6 (5.4) TeV in the ll

channel. These reaches in mWR
and mNR

are parameter-
dependent projections of the sensitivity contours in the
ðmWR

;mNR
Þ plane rather than independent end points.

Similar improvements are observed in the individual ee,
μμ, and eμ channels, as shown in Fig. 4.

B. Bounds on right-handed lepton flavor mixing

We now investigate bounds on the mixing entries jVe1j
and jVμ1j at LHC Run 2 and the HL-LHC. The relations in

Eqs. (16) and (17) imply that the LHC bounds on jVe1j and
jVμ1j are independent of the assumption of Vτ1, and the
allowed region in the jVe1j-jVμ1j plane lies within a quarter
circle. Different reconstruction efficiencies of electrons and
muons slightly distort this boundary, giving a mild
asymmetry.
Figure 5 shows the constraints in the jVe1j-jVμ1j plane

for two benchmark points: ðmWR
;mNR

Þ ¼ ð5 TeV; 3 TeVÞ
at LHC Run 2 and ð6 TeV; 3 TeVÞ at the HL-LHC. For the
LHC Run 2 benchmark, the sensitivity contour is charac-

terized by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jVe1j2 þ jVμ1j2

q
∼ 0.8–0.85. For the HL-LHC

benchmark, the increased center-of-mass energy and
integrated luminosity compensate for the impact of the
largermWR

. Consequently, the sensitivity extends to smaller

values of jVe1j and jVμ1j, reaching
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jVe1j2 þ jVμ1j2

q
∼

0.7–0.8, thereby probing a larger portion of the flavor-
mixing plane. In particular, by combining the SS and OS
searches, our simulated analysis has the expected sensi-
tivity to exclude the maximal-mixing and PMNS-like
benchmark points for the chosen masses.

VI. COMPLEMENTARITIES WITH CLFV
SEARCHES

The CLFV processes μ → eγ, μ → eee and μ → e
conversion in nuclei are highly suppressed in the
SM. In the LRSM, these processes receive additional
contributions from right-handed charged currents as well
as from the Yukawa interactions between charged leptons

FIG. 4. 95% CL constraints on mWR
and mNR

from combined
SS and OS dilepton searches at LHC Run 2 (solid lines) and HL-
LHC (dashed lines). The panels correspond to the ee (upper left),
μμ (upper right), eμ (lower left), and combined ll (l ¼ e, μ)
(lower right) channels. The blue and purple contours represent the
maximal-mixing scenario (VR ¼ Vθ¼π=4) and the PMNS-like

scenario (VR ¼ Vð�Þ
PMNS), respectively. In the ee and μμ channels,

the red contours indicate the unmixed cases (Ve1 ¼ 1 or Vμ1 ¼ 1)
obtained with the DNN analysis, while the orange contours
indicate the ATLAS results. The gray dotted line in each panel
marks the kinematic threshold mWR

¼ mNR
.

FIG. 5. 95% CL constraints on jVe1j and jVμ1j for fixed mNR
¼

3 TeV in the combined SSþ OS dilepton channels. The red solid
contour shows the limit from LHC Run 2 for mWR

¼ 5 TeV,
while the blue dashed contour indicates the HL-LHC sensitivity
for mWR

¼ 6 TeV. The star and triangle mark the values of jVe1j
and jVμ1j for the maximal-mixing and PMNS-like scenarios,
respectively.
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and the right-handed triplet scalars [cf., Eq. (12)].
These contributions have been extensively studied in
Refs. [6,16,35,75–78]. Representative Feynman diagrams
are shown in Appendix C.
The current 90% CL upper limits on the branching ratios

are given by [79–81]

Brðμ → eγÞ < 1.5 × 10−13 ðMEG II Þ; ð26Þ

Brðμ → eeeÞ < 1.0 × 10−12 ðSINDRUM Þ; ð27Þ

RAuðμ → eÞ < 7.0 × 10−13 ðSINDRUMII Þ: ð28Þ

Future experiments are expected to significantly improve
these sensitivities. The projected reaches are [79,82,83]

Brðμ → eγÞ ≲ 6.0 × 10−14 ðMEG II Þ; ð29Þ

Brðμ → eeeÞ≲ 2.0 × 10−15 ðMu3e phase I Þ; ð30Þ

RAlðμ → eÞ ≲ 6.2 × 10−16 ðMu2e run I Þ: ð31Þ

In addition to WR and Ni, the charged scalars Δ��
L;R and

Δ�
L also contribute to the CLFV processes. Assuming the

charged scalar masses are degenerate with WR [75], the
branching ratios take the form given in Eqs. (C1), (C2),
and (C7).
If only one heavy neutrino contributes, the resulting

constraints are stringent. In contrast, when two or more
heavy neutrinos are nearly degenerate, large cancellation
can occur, significantly suppressing the CLFV branching
ratios compared to the individual contributions [35].
Accordingly, we assume maximal mixing and a relative
mass splitting ðmN2

−mN1
Þ=mN1

¼ 0.01 to facilitate a
direct comparison between the mass reaches of collider
searches and CLFVexperiments. Under these assumptions,
interference effects at the LHC can be neglected [35,84,85],
and the signal cross section for the Keung-Senjanović
process is approximately twice that for a single N1. Such an
enhancement is included in the blue LHC sensitivity curves
in Fig. 6. This near-degenerate heavy-neutrino spectrum
differs from that assumed in Secs. V and III, where N1 is
well separated from N2;3.
Using the current limits and projections of CLFV

experiments, we derive constraints on mWR
and mNR

≡
mN1

for the benchmark mΔ−−
L;R

¼ mΔ−
L
¼ mWR

, as illustrated
in Fig. 6. The existing CLFV bounds (red shaded regions)
predominantly constrain the domain mNR

> mWR
.10 In

combination with the LHC Run 2 exclusion limit obtained
from the SSþ OS searches in the eμþ jj channel (solid
blue curve), these constraints exclude most of the

parameter space with mWR
≲ 6 TeV, irrespective of the

value of mNR
. Projected sensitivities of future CLFV

experiments (red curves) are expected to cover a large
fraction of the region mWR

> mNR
. Notably, they may

surpass the HL-LHC reach (dashed blue curve), thereby
probing mWR

≳ 7 TeV.
Finally, we note that neutrinoless double beta (0νββ)

decay provides another probe of the LRSM. The short-
range contribution to the 0νββ decay amplitude scales as
∼mpðmW=mWR

Þ4PiðVeiÞ2=mNi
[16], where mp denotes

the nucleon mass. Because of the inverse dependence on
mNi

, this contribution is dominated by the lightest of the
three right-handed neutrinos. As shown in Refs. [46,88],
for TeV-scale WR and NR masses, the 0νββ-decay con-
straints from current and future tonne-scale experiments are
weaker than those from direct LHC searches for the Keung-
Senjanović process [50] and are, therefore, not included in
our combined analysis.

VII. CONCLUSION

In this work, we have performed a comprehensive study
of the Keung-Senjanović process pp → WR → lαNR →
lαlβjj with lα;β ¼ e, μ in the minimal LRSM at LHC Run
2 and the HL-LHC, with particular emphasis on the role of
right-handed lepton flavor mixing. To enhance signal
sensitivity, we employed a deep neural network optimized
for different mass regimes, achieving significantly
improved signal efficiency and background rejection over
conventional cut-based analyses.

FIG. 6. Comparison of LHC and CLFV constraints onmWR
and

mNR
≡mN1

in the maximal-mixing scenario, assuming mΔ−−
L;R

¼
mΔ−

L
¼ mWR

and ðmN2
−mN1

Þ=mN1
¼ 0.01. Blue solid and

dashed curves show 95% CL exclusion limits for the eμþ jj
channel at the LHC and HL-LHC, respectively. Current 90% CL
bounds from CLFVexperiments are shown as red shaded regions
with gray boundaries, while red curves indicate future projec-
tions. The gray dotted line corresponds to mWR

¼ mNR
.

10The vacuum stability and perturbativity bounds on the right-
handed Majorana neutrino masses in the LRSMwere investigated
in Refs. [86,87].
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The expected sensitivity depends strongly on the mixing
pattern. Compared to the unmixed case, flavor mixing
weakens the exclusion limits in the ee and μμ channels.
Under maximal mixing the eμ channel is the most sensitive
individual channel, while under PMNS-like mixing the ee
channel provides the strongest sensitivity. Combining all
dilepton channels further improves the reach, especially in
the maximal-mixing scenario.
At LHC Run 2, the combined ll channel already

provides significant constraints on the parameter space.
The HL-LHC, with its increased luminosity, substantially
extends the accessible mass range. Under maximal (PMNS-
like) mixing, the HL-LHC can exclude mWR

up to 6.7
(6.3) TeV for mNR

¼ 2 TeV and mNR
up to 4.4 (4.1) TeV

for mWR
¼ 5.6 (5.4) TeV. These limits are substantially

stronger than those obtained at Run 2.
We have also explored generic mixing configurations in

the jVe1j-jVμ1j plane. At the LHC Run 2 benchmark point
ðmWR

;mNR
Þ ¼ ð5 TeV; 3 TeVÞ, the expected sensitivity of

the ee, eμ, and μμ channels decreases as jVτ1j increases,
leading to an exclusion boundary approximately charac-

terized by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jVe1j2 þ jVμ1j2

q
∼ 0.8–0.85 for the SSþ OS

dilepton analysis. At the HL-LHC, the expected
sensitivity is significantly extended, probing down

to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jVe1j2 þ jVμ1j2

q
∼ 0.7–0.8 for heavier benchmark

masses.
Finally, we investigated complementary constraints

from low-energy CLFV observables. We consider a
benchmark scenario with degenerate charged scalars
(mΔ−−

L;R
¼ mΔ−

L
¼ mWR

) and a relative mass splitting
ðmN2

−mN1
Þ=mN1

¼ 0.01. Under these assumptions, cur-
rent CLFV bounds, when combined with LHC Run 2
searches, excludemWR

≲ 6 TeV for anymNR
. Future CLFV

experiments will extend this reach, probing mWR
≳ 7 TeV

and potentially exceeding the HL-LHC sensitivity. These
results demonstrate the strong complementarity between
direct collider searches and indirect CLFV probes in testing
the LRSM parameter space.
In summary, our results highlight the essential role of

right-handed lepton flavor mixing in interpreting collider
searches for right-handed gauge bosons and neutrinos. The
combination of machine learning techniques with an
explicit treatment of e, μ flavor effects provides an effective
strategy for probing TeV-scale new physics at current and
future experiments.
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APPENDIX A: MORE DETAILS OF ML
ANALYSIS

The normalized distributions of the input variables for
the SS dilepton signal and the corresponding SM back-
grounds are shown in Fig. 7. Signal events populate higher-
value regions of several observables compared to back-
grounds, a pattern that the DNN captures during training.
This is especially pronounced for the higher-mass bench-
mark, providing correlated information that enhances
discrimination.
The expected exclusion limits onmWR

andmNR
in the SS

dilepton searches at LHC Run 2 are shown in Fig. 8. The
sensitivity exhibits the same dependence on mixing sce-
narios as in the combined SSþ OS analysis, as discussed in
Sec. VA. Figure 9 shows the constraints in the jVe1j-jVμ1j
plane for the SS dilepton channel. The exclusion boundary

is characterized by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jVe1j2 þ jVμ1j2

q
∼ 0.85–0.9 at LHC

Run 2 and ∼0.75–0.8 at the HL-LHC. With only SS
searches, the maximal-mixing scenario is excluded at both
LHC Run 2 and the HL-LHC, whereas the PMNS-like
scenario is not excluded by Run 2 but would require HL-
LHC sensitivity. This differs from the combined SSþ OS
analysis (cf., Fig. 5).
The OS dilepton channel shares the same signal topology

and kinematic features as the SS channel, so the same set of
input variables [cf., Eq. (23)] is used for the DNN classifier.
As in the SS analysis, two benchmark models (BP1 and
BP2) are employed to ensure stable performance across the
parameter space. However, the background composition
differs: The tt̄ and Z=γ� þ jets processes contribute directly
in the OS channel, leading to a substantially larger number
of background events after the baseline selection.
Figure 10 shows the selection efficiencies as a function

of the DNN score threshold for the low-mass and high-
mass models in the OS dilepton searches. For the low-mass
benchmark, the DNN achieves strong background rejection
while maintaining high signal efficiency. A similar analysis
is performed for the high-mass benchmark.
By maximizing the expected significance Z, we obtain

optimal DNN score thresholds of 0.99 for both the low-
mass and high-mass models in the OS dilepton searches.
Table V presents the cross sections after each selection
stage for the OS dilepton channel. As in the SS channel,
signal efficiency remains high while backgrounds are
strongly suppressed. Despite larger contributions from tt̄
and Z=γ� þ jets, the DNN reduces the total background by
nearly 5 orders of magnitude, making the OS background
comparable to the SS after the selections.
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The event yields after the DNN selection, expected at
LHC Run 2, are summarized in Table VI. The correspond-
ing efficiencies are ϵeμ ¼ 44%, ϵee ¼ 34%, and
ϵμμ ¼ 54%. This pattern is consistent with the SS case,
where better muon reconstruction leads to higher efficiency
in the μþμ− channel.

From Tables VII and VIII for the high-mass model,
background suppression is more efficient than in the
low-mass model with the optimal DNN threshold of
0.99. Despite larger backgrounds than in the SS
channel, the DNN reduces the OS background to
a level comparable to the SS channel after the

FIG. 7. Normalized distributions for SS dilepton signals and SM backgrounds at the LHC with
ffiffiffi
s

p ¼ 13 TeV. Signals correspond to
ðmWR

;mNR
Þ ¼ ð2 TeV; 0.5 TeVÞ (blue solid line) and ð4 TeV; 2 TeVÞ (orange solid line). Left panels (top to bottom): pTj1

, pTl1
, mjj,

and ΔRðl1;l2Þ. Right panels (top to bottom): pTj2
, mll, and HT .
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selections. For an integrated luminosity of 139 fb−1,
some expected event yields are below unity. Following
the convention of Table IV in Sec. IV B, we show
all yields with two decimal places for uniform
precision.

FIG. 8. 95% CL constraints on mWR
and mNR

from SS dilepton
searches at LHC Run 2. The panels correspond to the e�e�

(upper left), μ�μ� (upper right), e�μ� (lower left), and combined
l�l� (l ¼ e, μ) (lower right) channels. The blue and purple
contours represent the maximal-mixing scenario (VR ¼ Vθ¼π=4)

and the PMNS-like scenario (VR ¼ Vð�Þ
PMNS), respectively. In the

e�e� and μ�μ� channels, the red contours denote the unmixed
cases (Ve1 ¼ 1 or Vμ1 ¼ 1). The gray dotted line in each panel
marks the kinematic threshold mWR

¼ mNR
.

FIG. 9. 95% CL constraints on jVe1j and jVμ1j with the
benchmark mNR

¼ 3 TeV in the SS dilepton channels. The red
solid contour shows the limit from LHC Run 2 formWR

¼ 5 TeV,
while the blue dashed contour indicates the HL-LHC sensitivity
for mWR

¼ 6 TeV. The star marks the maximal-mixing scenario,
and the triangle marks the PMNS-like scenario.

FIG. 10. The same as Fig. 3 but for the OS dilepton searches.
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APPENDIX B: DNN IMPLEMENTATION AND
VALIDATION

The DNN classifiers are implemented in PyTorch Lightning
[89] and take the kinematic variables defined in Eq. (23) as
inputs. The input variables are standardized using the
StandardScaler routine from SCIKIT-LEARN [90] before being
passed to the network. The network consists of two fully
connected hidden layers with 64 nodes each and ReLU
activation functions. The output layer contains two nodes,
corresponding to the background and signal classes. The
signal score is obtained from the softmax probability of
the signal class. Training is performed with the Adam
optimizer [91], with an initial learning rate of 10−3, a batch
size of 1024, and a cross-entropy loss. The network is trained
for 50 epochs. The simulated samples are split into training,
validation, and test samples with fractions of 80%, 10%, and
10%, respectively. No event weights are applied in the DNN
training loss; all simulated events entering the training
samples are treated with equal weight. The process cross
sections are not used during training but are applied after the
DNN selection to convert the signal and background effi-
ciencies into expected yields. The training and validation
lossandaccuracyaremonitored throughout the training.Both
the training and validation losses decrease steadily at the
beginning of the training and subsequently reach stable
plateaus,while the corresponding accuracies showconsistent
convergence. No increase of the validation loss after con-
vergence or divergence between the training and validation
performance is observed, indicating no evident sign of
overtraining.
To validate the performance of the DNN classifiers used

in the analysis, we show the receiver operating character-
istic (ROC) curves for the SS dilepton channel in Fig. 11.
Two independent DNN classifiers are trained using BP1
and BP2, corresponding to the low-mass and high-mass
models, respectively.
The ROC curves display the background efficiency

versus the signal efficiency, with the background efficiency
plotted on a logarithmic scale to highlight the rejection
power in the high-purity (tight DNN-score) regime targeted
by the final event selection. For both the low-mass and high-
mass classifiers, the resulting curves are clearly separated

TABLE V. Cross sections for the OS dilepton signal and
background processes for the low-mass model. Values are shown
at three stages: after the basic cuts (σbasic), after the baseline
selection (σlljj), and after the optimal DNN score selection
(σDNN). The bottom rows provide the comparison of the total
background and signal cross sections.

Process σbasic (pb) σlljj (pb) σDNN (pb)

WZ 4.31 × 10−1 4.49 × 10−2 3.59 × 10−5

WþW− 3.73 × 10−1 1.01 × 10−1 1.92 × 10−4

ZZ 4.15 × 10−2 4.34 × 10−3 8.68 × 10−7

tt̄ 1.81 × 101 4.99 1.75 × 10−5

Z=γ� þ jets 5.33 × 101 2.55 × 101 1.39 × 10−4

Total bkg 7.22 × 101 3.06 × 101 3.85 × 10−4

Signal 5.21 × 10−2 2.65 × 10−2 2.31 × 10−2

TABLE VI. Event yields after the optimal DNN score selection
for the low-mass model. The backgrounds (individual categories
and total) and the OS dilepton signal for BP1 are shown for the
three OS dilepton channels. The ellipses indicate that the
corresponding background contribution is negligible. The last
row gives the signal efficiency in each channel.

Process e�μ∓ eþe− μþμ−

Multiboson 10 12 10
tt̄ 1 � � � 1
Z=γ� þ jets � � � 10 10

Total bkg 11 22 21
Signal 1611 617 983
Eff [%] 44 34 54

TABLE VII. The same as Table V but for the high-mass model.

Process σbasic (pb) σlljj (pb) σDNN (pb)

WZ 4.31 × 10−1 4.49 × 10−2 5.23 × 10−6

WþW− 3.73 × 10−1 1.01 × 10−1 1.05 × 10−5

ZZ 4.15 × 10−2 4.34 × 10−3 ≲10−7

tt̄ 1.81 × 101 4.99 4.62 × 10−6

Z=γ� þ jets 5.33 × 101 2.55 × 101 2.09 × 10−5

Total bkg 7.22 × 101 3.06 × 101 4.13 × 10−5

Signal 4.16 × 10−4 2.27 × 10−4 2.20 × 10−4

TABLE VIII. The same as Table VI but for the high-mass
model.

Process e�μ� e�e� μ�μ�

Multiboson 0.89 0.67 0.62
tt̄ 0.23 0.16 0.25
Z=γ� þ jets � � � 1.36 1.55

Total bkg 1.12 2.19 2.42
Signal 14.84 6.52 9.24
Eff [%] 50.31 44.15 62.69

FIG. 11. ROC curves for the low-mass and high-mass DNN
classifiers used in the SS dilepton analysis, shown in the left and
right panels, respectively.

JIN-MAN CAI and GANG LI PHYS. REV. D 114, 055037 (2026)

055037-14



from the random-classifier baseline, demonstrating efficient
discrimination between signal and background.
The OS dilepton channel is treated analogously. As an

additional check of the DNN behavior in the high-score
region, Fig. 12 shows the normalized DNN-score distri-
butions in the tail region D > 0.99 for the high-mass
classifiers used in the SS and OS dilepton analyses. In
the SS channel, Oð106Þ unweighted simulated multiboson
events pass the baseline selection, with Oð102Þ–Oð103Þ
events remaining after the DNN selection. The JF and CF
samples contain Oð106Þ and Oð107Þ unweighted events
after the baseline selection, respectively, but are reduced to
only Oð10Þ–Oð103Þ events or fewer after the tight DNN
requirement, depending on the specific background.11

After rescaling to the expected cross sections, the JF and
CF contributions are at least one order of magnitude smaller
than the multiboson backgrounds (cf., Table III), even after
accounting for their modeling uncertainties, taken as 10%
and 17% [63,68], respectively. Therefore, the JF and CF
backgrounds are not shown in the DNN-score tail distri-
butions in Fig. 12 and are not included in Table IV. In
contrast, for the OS channel, the DNN-score tail distribu-
tions of the three dominant backgrounds are all shown in
Fig. 12. After the DNN selection, up toOð102Þ unweighted
events for each background component in our simulation
are retained, which keeps the MC statistical uncertainties in
the tail region under control. These validation checks
support the robustness of the DNN-based event selection.
For each signal region, the fixed trained DNN classifier

is applied to all scanned mass points using the same
preprocessing and DNN-score requirement. The signal
efficiency is evaluated separately at each mass point and
is then used to compute the expected yield and significance
and derive the expected exclusion limits.
To assess the applicability of the trained classifiers in

different regions, we examine the benchmark points

together with representative nontraining mass points
covering different values of mNR

=mWR
. Table IX shows the

corresponding DNN cut efficiencies, ϵDNN ≡ σDNN=σlljj.
Here, “low” and “high” indicate that the signal point is
evaluated using the low-mass and high-mass classifiers
trained using BP1 and BP2, respectively, as defined in
Sec. IV B. The asterisks indicate the training benchmark
points.
As shown in Table IX, the DNN cut efficiencies remain

high for both the benchmark points and the additional
nontraining mass points. The efficiencies remain stable over
the tested regions, with only an expected moderate decrease
at larger values of mNR

=mWR
, where the NR andWR masses

become closer. Nevertheless, the signal still retains character-
istic high-energy kinematic features, allowing it to be
effectively distinguished from the background.
This validation shows that the trained classifiers provide

stable signal selection away from the benchmark points.
While the exclusion contours could be further improved by
training classifiers at multiple values of mNR

=mWR
, the

stability check presented here suggests that such a finer
training strategy would not qualitatively change our
conclusions.

APPENDIX C: CLFV PROCESSES: ANALYTIC
EXPRESSIONS

The CLFV processes μ → eγ, μ → eee, and μ → e
conversion are depicted in Figs. 13–15, respectively. The

FIG. 12. Normalized DNN-score distributions in the high-score
region after applying D > 0.99 for the high-mass model. The left
and right panels show the SS and OS dilepton analyses,
respectively, including the signal and the corresponding SM
backgrounds.

TABLE IX. Validation of the trained DNN classifiers at
representative mass points. The asterisks indicate the training
benchmark points BP1 and BP2.

Region mWR
(TeV) mNR

(TeV) mNR
=mWR

ϵDNN (%)

Low� 2 0.5 0.250 94.8
Low 2 1.0 0.500 92.1
Low 2 1.5 0.750 78.7
High 4 0.5 0.125 92.3
High 4 1.0 0.250 95.4
High� 4 2.0 0.500 96.9
High 4 3.0 0.750 94.8
High 4 3.5 0.875 82.3

FIG. 13. Representative Feynman diagrams for μ → eγ. The
photon can be radiated from any charged external leg or internal
propagator.

11For the low-mass classifier, the multiboson, JF, and CF
backgrounds are comparable after the DNN selection (cf.,
Table I). At least Oð102Þ unweighted events remain for each
background component in our simulation, indicating that the MC
statistical uncertainty in the tail region is under control.
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decay branching ratios of the former two are given by
[16,75]

BRðμ → eγÞ ¼ 3αem
2π

ðjGγ
Lj2 þ jGγ

Rj2Þ; ðC1Þ

Brðμ → eeeÞ ¼ 1

2
jheμh�eej2

 
m4

WL

m4
Δ−−

R

þ m4
WL

m4
Δ−−

L

!
: ðC2Þ

Here, αem ¼ e2=ð4πÞ is the electromagnetic coupling con-
stant, the form factors Gγ

L and Gγ
R are expressed as

Gγ
L ¼

X
i

VμiV�
ei

 
m2

WL

m2
WR

Gγ
1ðyiÞ þ

2yi
3
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þ 1
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m2
WL

m2
Δ−
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!
; ðC4Þ

with xi ≡ ðmNi
=mWL

Þ2, yi ≡ ðmNi
=mWR

Þ2. The loop func-
tion Gγ

1ðyÞ is given as

Gγ
1ðyÞ ¼ −

2y3 þ 5y2 − y
4ð1 − yÞ3 −

3y3

2ð1 − yÞ4 ln y: ðC5Þ

The effective coupling is defined as

hαβ ¼
X
i

VαiVβi

�
mNi

mWR

�
; α; β ¼ e; μ: ðC6Þ

If the heavy particlesWR,Δ−−
L;R, andΔ−

L are degenerate in
mass, the μN → eN conversion branching ratio is approxi-
mated by [75]

RNðμ → eÞ ≃ XN × 10−7jgeμj2
�
1 TeV
mΔ−−

R

�
4

× αem

�
ln
m2

Δ−
R

m2
μ

�2

; ðC7Þ

where the factor XN depends on the nucleus, with
XðAl;Ti;AuÞ ≃ ð0.8; 1.3; 1.6Þ, and mμ denotes the mass of
muon. The effective coupling is defined as

geμ ¼
X
i

V�
eiVμi

�
mNi

mWR

�
2

: ðC8Þ

Notice that, in addition to the tree-level diagram shown in
Fig. 14, there exist additional one-loop contribution
arising from the effective μeγ� vertex, which is much
suppressed [75].
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