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In the context of the minimal left-right symmetric model, we study the interplay between current and
future neutrinoless double beta (0νββ) decay experiments, long-lived particle searches at the LHC main
detectors ATLAS/CMS, and the proposed far detector MATHUSLA. The heavy Majorana neutrino can be
produced in association with an electron from the decay of W boson for a nonzero left-right mixing and
subsequently decays into another electron with the same charge and jets. Owing to the suppression of large
right-handed charged gauge boson WR mass, the heavy neutrinos could be long-lived. We show that long-
lived particle (LLP) searches for heavy Majorana neutrinos in the same-sign dilepton channel at the LHC
can be used to extend WR boson mass reach relative to the reach of the Keung-Senjanovic (KS) process.
Finally, we show that sensitivities of LLP searches at the high-luminosity LHC with main detectors
ATLAS/CMS are competitive with those of future 0νββ decay searches.
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I. INTRODUCTION

Neutrinos are the sole Standard Model (SM) candidates
for elementary particles having a Majorana mass. The
corresponding Majorana mass term in the Lagrangian,
which changes lepton number by two units, is given by

LM ⊃ −yνlCHTHl=Λ, where l and H are the SM left-
handed doublet and Higgs doublet respectively, and Λ is an
a priori unknown mass scale. After electroweak symmetry
breaking, the neutral component of the Higgs doublet takes
the vacuum expectation value (VEV) v=

ffiffiffi
2

p
and gives the

Majorana mass term to neutrinos LM → −ðmν=2ÞνCν,
where mν ¼ yνv2=Λ. Choosing yν ∼Oð1Þ, the experimen-
tally observed scale of light neutrino masses points to a
high-energy scale (see-saw scale) of Λ≳ 1014 GeV,
which is hence not in the reach of collider experiments
in the high-energy frontier and other low-energy searches at
the intensity frontier.

The physics associated with Majorana neutrinos may
give rise to striking experimental signatures, such as the
observation of neutrinoless double beta (0νββ) decay [1].
This process can arise solely from the presence of three
light Majorana neutrinos, even if Λ, the scale of new lepton
number-violating physics, is too heavy to yield other
experimentally accessible signals. Indeed, for sufficiently
large Λ, the new physics contribution to the 0νββ-decay
amplitude is proportional to c=Λ5, where c is some Yukawa
or gauge coupling. The light neutrino contribution is
instead characterized by G2

Fmββ=p2, where GF is the
Fermi constant, mββ the effective Majorana mass, and
p ∼ 190 MeV. It is worth noticing that current 0νββ-decay
searches are sensitive to mββ ≃ 0.1 eV. For c ∼Oð1Þ and
mββ ≃ 0.1 eV, both the light neutrino and the new physics
contributions are comparable if Λ ∼ 4 TeV [2]. It thus
motivates us to consider new physics with lepton number
violation (LNV) at the TeV scale.
Ongoing 0νββ-decay experiments [3–7] place stringent

constraints on the parameter space of many extensions of
the SM featuring LNVat the TeV scale. Future 0νββ-decay
experiments with enhanced sensitivity are expected to
produce new results in the near future [8–13]. In addition,
if the new physics contribution with Λ ∼ 1 TeV is the
dominant source of the 0νββ-decay rate, it could render the
standard baryogenesis via leptogenesis mechanism at
higher scales ineffective [14–18] (due to an efficient
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washout of lepton number above the electroweak scale).
Thus, observation of LNV processes [19] at the Large
Hadron Collider (LHC) could falsify high-scale lepto-
genesis models.
In Ref. [20], the authors proposed a chiral perturbation

theory (χPT) framework for computing the 0νββ-decay
rate when the LNV interactions are associated with suffi-
ciently heavy-mass scales so that the new heavy states
could be reliably integrated out. For more recent develop-
ments see Refs. [21–23]. For a χPT formalism applicable
when the LNV mass states cannot be integrated out
(with new particle masses below or at the hadronic scale),
see Ref. [24]. From the symmetries of quark operators
arising from LNV physics at the TeV scale, this framework
allows a systematic classification of the corresponding
effective, hadronic operators relevant to processes at the
nuclear scale. These hadronic operators can then be
classified according to their chiral symmetry transforma-
tion properties and the order in which they appear in a
chiral expansion.
As an emblematic example of a well-motivated model of

LNVat the TeV scale, in Ref. [25], we studied the minimal
left-right symmetric model (mLRSM). In general, the left-
and right-handed charged gauge bosons (WL and WR,
respectively) may mix to form the mass eigenstates, W1;2,
with W1 being the experimentally observed W-boson. In
this context, we computed in the χPT framework the
leading order, “long-range” contribution to the 0νββ-decay
amplitude, proportional to the quantity sin ξ (defined
below) that governs WL-WR mixing. We showed that for
sin ξ ≠ 0, the long-range contribution might dominate the
0νββ-decay amplitude over the other contributions [26].
As emphasized in Ref. [25], without the long-range

contribution to the 0νββ decay rate, most of the mLRSM
parameter space would be inaccessible to ton-scale 0νββ-
decay experiments if cosmological data push the bound on
the sum of neutrino masses to

P
mν ∼ 0.1 eV. On the other

hand, even if future cosmological probes [27–30] when
combined with global fits [31,32] to neutrino oscillation
data would make the light neutrino contribution to the
0νββ-decay rate unobservable, there are still good pros-
pects of observing a 0νββ decay signal in the context of the
mLRSM with nonvanishing sin ξ.
The experimental observation of 0νββ decay would not

by itself give any information about the underlying new
physics model. Thus, it is essential to consider other
experimental handles to distinguish between different
models of LNV at the TeV scale. Previous work [26]
considered the interplay between the 0νββ decay and the
production of two same-sign leptons and two jets from
heavy neutrinos and one on shell right-handed WR boson
(KS process [19]).
In this work, we study instead the interplay between

the new leading 0νββ-decay contribution of Ref. [25]
(shown in Fig. 1(a) ) and the production of two same-sign

electrons1 and jets at the LHC (shown in Fig. 1(b) ). The
channel at the LHC proceeds via one on shellW boson and
an on shell heavy neutrino N as intermediate states. Both
the amplitudes for the processes in Figs. 1(a) and 1(b)
are proportional to sin ξ. The enhancement due to the on
shell production of the W boson in comparison with WR
production in the KS process compensates for the sin ξ
suppression. This enhancement makes the amplitude for the
process in Fig. 1(b) comparable to the amplitude for the KS
process [19]—for recent works, see Ref. [33,34].
Interestingly, the portion of the mLRSM parameter space

accessible to current and future 0νββ-decay searches has
significant overlap with the parameter space leading to the
production of heavy neutrinos at the LHC with macro-
scopic decay length. The region of interest corresponds
to heavy neutrino masses mN < MW , where MW is the
experimentally observed W-boson mass. In this case, the
signal would feature one prompt electron and one displaced
electron with displaced jets [35,36]. Since the heavy
neutrino is produced from the on shell W boson, the
electron coming from the decay of the heavy neutrino is
likely to have transverse momentum falling below the
lepton isolation and is thus undetected. With these con-
siderations in mind, we propose here two search strategies,
applicable for the following situations: (1) the final state
contains two same-sign electrons and at least one jet, and
hence the LNV is manifest; (2) the final state contains at
least one electron and one jet in the final state. Although the

FIG. 1. (a) The contribution to the 0νββ decay arising from the
left-right mixing (sin ξ). Additional contributions are included in
Eq. (18). (b) The signal process at the LHC with two same-sign
electrons and jets in the final state from the decay ofW1. Here, Ni
(i ¼ 1, 2, 3) denote the heavy Majorana neutrinos.

1In this work, electron denotes eþ or e−, thus same-sign
electrons can be eþeþ or e−e−.
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latter signal does not feature LNV, it can extend the mass
reach at the LHC.
We show that, after improvements on the current

experimental analysis [37] proposed in Ref. [38], long-
lived particle (LLP) searches at the high-luminosity LHC
(HL-LHC) with an integrated luminosity of 3 ab−1 can
compete with current (future) 0νββ decay searches in
probing the parameter space of the mLRSMwith an overall
selection efficiency of 4.88% (30%). For the maximal value
of the sin ξ and heavy neutrino masses below the electro-
weak scale, the new LNV search strategy enlarges the WR
boson mass reach at the HL-LHC up to ∼8 TeV—using
the efficiencies reported in Ref. [38]. This new search
significantly extends current experimental limits set by
the ATLAS Collaboration, which excludes the mass of
right-handed W boson below MWR

¼ 3.8–5 TeV and
heavy neutrino mass below mN ¼ 0.1–1.8 TeV, respec-
tively [39]. We also study the displaced-vertex signal at the
MATHUSLA detector [40] and find that both charged
lepton plus missing energy and 0νββ-decay searches rule
out the mLRSM model as a candidate for a LLP signal at
MATHUSLA.
Our discussion of this analysis and proposal is organized

as follows. In Sec. II we review the relevant interactions in
the mLRSM and the 0νββ-decay formalism used. Later, in
Sec. III, we first discuss some analytic formulas for the
production and displaced decay of heavy neutrinos at the
LHC main detectors ATLAS/CMS and MATHUSLA.
Then, we show our proposed displaced-vertex search
strategy at the LHC. In Sec. IV we present and discuss
the projected sensitivity at the HL-LHC, together with the
current and future 0νββ-decay constraints. Finally, in
Sec. V we give our conclusions.

II. THE MINIMAL LEFT-RIGHT
SYMMETRIC MODEL

A. The model

The minimal left-right symmetric model [41–43] extends
the SM gauge group to SUð3ÞC × SUð2ÞL × SUð2ÞR ×
Uð1ÞB−L, where B and L denote the SM Abelian baryon
and lepton quantum numbers. The Higgs sector is com-
posed of two scalar triplets ΔL ∈ ð1; 3; 2Þ, ΔR ∈ ð3; 1; 2Þ
and one bidoubletΦ ∈ ð2; 2; 0Þ with ðX; Y; ZÞ denoting the
representations under the SUð2ÞR;L and Uð1ÞB−L groups,
which are given by

Φ¼
�
ϕ0
1 ϕþ

2

ϕ−
1 ϕ0

2

�
; ΔL;R ¼

�
δþL;R=

ffiffiffi
2

p
δþþ
L;R

δ0L;R −δþL;R=
ffiffiffi
2

p
�
:

ð1Þ

After spontaneous symmetry breaking, the vacuum
expectation value (VEV) of the Higgs fields take the
form [44]

hΦi ¼
�
v1 0

0 v2eiα

�
; ð2Þ

hΔRi ¼
�

0 0

vR 0

�
; hΔLi ¼

�
0 0

vLeiθL 0

�
; ð3Þ

where α and θL are the spontaneous CP phase and vL ≪
v21 þ v22 ≪ v2R. All the physical effects due to θL can be
neglected, since this phase is always accompanied by the
small vL. The charged-current interactions are described as

LCC
quark ¼

gffiffiffi
2

p
X3
i;j¼1

½uLi=Wþ
LV

CKM
Lij dLj

þ ūRi=W
þ
RV

CKM
Rij dRj� þ H:c:; ð4Þ

LCC
lepton ¼

gffiffiffi
2

p
X

l¼e;μ;τ

X3
i¼1

½l̄L=W−
LVLliνiL

þ l̄R=W−
LVRliNi� þ H:c:; ð5Þ

where g is the SUð2ÞL;R gauge coupling, VCKM
L;R and VL;R ≡

VPMNS
L;R are the Cabibo-Kobayashi-Maskawa (CKM) and

Pontecorvo-Maki-Nakagawa-Sakata matrices and their
right-handed analogs, respectively, and “H.c.” denotes the
Hermitian conjugation. As studied in Refs. [45,46], VCKM

R is
close to VCKM

L up to a small correction, which can be
neglected here.
For a nonzero VEV v2, the SM WL boson mixes with its

heavier right-handed partner WR—the left-right mixing.
One can then express them in terms of the light and heavy
mass eigenstates, W1 and W2, respectively, such that

Wþμ
L ¼ cos ξWþμ

1 − sin ξe−iαWþμ
2 ; ð6Þ

Wþμ
R ¼ cos ξWþμ

2 þ sin ξeiαWþμ
1 : ð7Þ

The left-right mixing parameter ξ is defined as sin ξ ¼
λ sinð2βÞ with the ratio of VEVs tan β ¼ v2=v1 and the
ratio of masses λ ≃M2

W=M
2
WR

where MW ≡MW1
is the

mass of experimentally observed W-boson (W1), and
MWR

≃MW2
is the mass parameter of WR.

In this work we will study signals of the left-right mixing
in 0νββ-decay experiments and at the LHC as depicted in
Fig. 1. For the sake of illustration, we assume that the heavy
Majorana neutrino N ≡ N1, and VRe1 ¼ 1, and the other
two (N2 and N3) are heavy enough and decouple.
The search for WR decaying into a high-momentum

heavy neutrino and a charged lepton [39] can exclude WR
mass below 4.8 TeV in the electron channel,2 which implies

2It is noted that the lower limit is MWR
> 3.8 TeV if mN <

100 GeV in this process, while a stronger constraint comes from
the lepton plus missing energy search implying MWR

> 5 TeV
for mN < 40 GeV [34].
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that λ≲ 2.8 × 10−4. Note that we use the notation “WR”,
which is actually “W2”, for collider searches hereafter
in the usual fashion. The mass of WR and the left-right
mixing parameter can also be constrained indirectly in the
SM measurements. In this work, we revisit the constraint
from the electroweak precision tests. Following Refs. [47],
the ρ parameter in the mLRSM is expressed as ρ ¼ 1þ
½sin2ð2βÞ þ ð1 − tan2θWÞ2=2�λ [47]. Here, θW is the weak
mixing angle. The fitted value of ρ parameter is ρ ¼
1.00038� 0.00020 [48]. The excluded region at 2σ level
in the MWR

− tan β plane is shown in blue in Fig. 2. As we
can see, for MWR

¼ 5 TeV, tanβ≲ 0.32 and ξ≲ 1.5× 10−4.
For a heavier WR, a smaller ξ while a larger tan β are
allowed. The constraint from the super-allowed nuclear β
decays [48–51] is ξ cos α ≤ 1.25 × 10−3. Theoretically, the
heavy-doublet Yukawa coupling mt=½v cosð2βÞ� < π is
required in order to ensure the perturbativity, so that tan β ≲
0.8 [52,53]. We will assume that tan β ∈ ½0; 0.3� for the
mass region of MWR

considered in this work.

B. The effective and chiral Lagrangians

In this part we present the expressions needed to evaluate
the 0νββ decay rate within the mLRSM, which were
already obtained in Ref. [20]. The effective Lagrangian
describing the 0νββ decay in the mLRSM below the
electroweak scale is [20,25]

Leff ¼
G2

F

Λββ
½C3RðOþþ

3þ −Oþþ
3− Þðēec − ēγ5ecÞ

þ C3LðOþþ
3þ þOþþ

3− Þðēec − ēγ5ecÞ
þ C1O

þþ
1þ ðēec − ēγ5ecÞ

þ C0
1O

þþ0
1þ ðēec − ēγ5ecÞ� þ H:c:; ð8Þ

where GF is the Fermi constant, 1=Λββ ¼ 1=mN and mN is
the mass of the heavy Majorana neutrino N. The effective
operators in Eq. (8) are

Oþþ
3� ¼ ðq̄αLτþγμqαLÞðq̄βLτþγμqβLÞ

� ðq̄αRτþγμqαRÞðq̄βRτþγμqβRÞ;
Oþþ

1þ ¼ ðq̄αLτþγμqαLÞðq̄βRτþγμqβRÞ;
Oþþ0

1þ ¼ ðq̄αLτþγμqβLÞðq̄βRτþγμqαRÞ: ð9Þ

Here, α, β are the color indices, τ� ¼ ðσ1 � σ2Þ=2 with σ1

and σ2 being the Pauli matrices. The Wilson coefficients
C3R, C3L, C1 are obtained by integrating out W1, W2 and
Ni. The resulting renormalization group evolution (RGE)
of the Wilson coefficients proceeds in two steps; from the
scale μ ¼ MW2

to μ ¼ MW1
, and from μ ¼ MW1

to μ ¼ ΛH

with ΛH ≡ 2 GeV. Assuming MW2
¼ 7 TeV, we have

�
C1ðΛHÞ
C0
1ðΛHÞ

�
¼

�
0.90 0

0.48 2.32

��
C1ðMW1

Þ
C0
1ðMW1

Þ
�
; ð10aÞ

C3LðΛHÞ ¼ 0.81C3LðMW1
Þ; ð10bÞ

C3RðΛHÞ ¼ 0.71C3RðMW2
Þ; ð10cÞ

whereC0
1ðMW1

Þ¼0,C3LðMW1
Þ¼ ξ2 andC1ðMW1

Þ¼−4λξ,
and C3RðMW2

Þ ¼ −λ2ð1þ 2Λ2
ββ=M

2
ΔR
Þ. The second term,

which comes from the contribution of doubly charged scalar
Δþþ

R , is negligible when the left-right symmetry holds [26].3

From the effective Lagrangian in Eq. (8), the hadron-
lepton Lagrangian valid below the chiral symmetry break-
ing scale is of the form [20]

LχPT ¼ G2
FF

2
π

Λββ
fΛ2

χπ
−π−ēðβ1 þ β2γ

5Þec

þ ∂μπ
−
∂
μπ−ēðβ3 þ β4γ

5Þec
þ Λχ=FπN̄iγ5τþπ−Nēðζ5 þ ζ6γ

5Þec
þ 1=F2

πN̄τþNN̄τþNēðξ1 þ ξ4γ5Þec þ H:c:g; ð11Þ
with

β1 ¼ −β2 ¼ lππ
1 C1 þ lππ0

1 C0
1; ð12Þ

β3 ¼ −β4 ¼ lππ
3 ðC3L þ C3RÞ; ð13Þ

ζ5 ¼ −ζ6 ¼ lπN
3 ðC3L þ C3RÞ; ð14Þ

ξ1 ¼ −ξ4 ¼ lNN
1 C1 þ lNN0

1 C0
1 þ lNN

3 ðC3L þ C3RÞ: ð15Þ

Using the lattice calculation of π− → πþ amplitude [55],
the numerical values of the low-energy constants are
lππ
1 ¼ −ð0.71� 0.07Þ, lππ0

1 ¼ −ð2.98� 0.22Þ and lππ
3 ¼

0.60� 0.03 in the modified-minimal substraction (MS)

2 4 6 8 10 12 14 16
0.25

0.30

0.35

0.40

0.45

0.50

MWR [TeV]

ta
n

excluded region

at 2 level

FIG. 2. Region (blue) excluded at 2σ level in the MWR
− tan β

plane by the ρ parametermeasurementρ¼1.00038�0.00020 [48].

3When the left-right symmetry is broken, the severe constraint
from flavor number violating process μ → eγ gets relaxed and
this term is not negligible [54].
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scheme at μ ¼ 2 GeV [23]. The low-energy constants for
the N̄Nπēec and the N̄NN̄Nēec interactions are estimated
using naive dimensional analysis (NDA) [56] with lπN

3 ∼
Oð1Þ and lNN

1 ;lNN0
1 ;lNN

3 ∼Oð1Þ.4 The chiral symmetry
breaking scale Λχ ¼ 4πFπ and Fπ ¼ 91.2 MeV.

C. Neutrinoless double beta decay half-life

The inverse half-life of 0νββ decay is expressed as

ðT0ν
1=2Þ−1 ¼ G0ν ·M2

νjmee
νþN j2; ð16Þ

with jmee
νþN j2 ¼ jmee

ν j2 þ jmee
N j2. The effective Majorana

masses of the light and heavy neutrinos are given by

mee
ν ¼

X3
i¼1

V2
Leimið1þ lNN

ν δνNNÞ; ð17Þ

and

jmee
N j2 ¼ Λ4

χ

72Λ2
ββ

M2
0

M2
ν
× ½ðβ1 − ζ5δNπ − β3δππ þ ξ1δNNÞ2

þ ðβ2 − ζ6δNπ − β4δππ þ ξ4δNNÞ2�; ð18Þ
with

δππ ¼
2m2

π

Λ2
χ

M2

M0

; δNπ ¼
ffiffiffi
2

p
m2

π

gAΛχM
M1

M0

;

δνNN ¼ 2m2
π

g2AΛ2
χ

MNN

Mν
; δNN ¼ 12m2

π

g2AΛ2
χ

MNN

M0

: ð19Þ

Here, M is the nucleon mass, and gA ¼ 1.27. The 0νββ-
decay experiments in 136Xe are considered. The phase
space factor is G−1

0ν ¼ 7.11 × 1024 eV2 · yr [58,59]. We use
the nuclear matrix elements calculated in quasiparticle
random phase approximation (QRPA) [60] and shell model
[61,62] methods, which are tabulated Table I.
Notice the chiral suppression ∼m2

π=Λ2
χ ; m2

π=ðΛχMÞ in
Eq. (19). The contributions proportional to β1 and β2 in
Eq. (18) give the leading contribution to the 0νββ-decay
rate for tan β ≳ 0.1 [63]. To make the interplay of 0νββ-
decay and collider searches as transparent as possible, we
have assumed that only one heavy Majorana neutrino N
contributes. At the same time, the other two are heavy
enough and decouple. The general case with three heavy
neutrinos is a straightforward generalization of the afore-
mentioned simple case. If one (or more) of the other heavy
neutrinos, say N2, also gives a non-negligible contribution
to 0νββ decay, the heavy neutrino effective Majorana mass
mee

N ∝ V2
Re11=mN þ V2

Re21=mN2
. These two terms might

interfere destructively for specific VR. The cancellation
between contributions from the exchange of different heavy
neutrinos would possibly lead to a largely suppressed 0νββ-
decay rate, whose implication we will return to in Sec. V.

III. COLLIDER PROBES OF THE
LEFT-RIGHT MIXING

This section discusses the experimental setup and
explains our strategies for the LLP searches at the
LHC main detectors ATLAS/CMS and the far detector
MATHUSLA. As we shall see, depending on whether the
signal shown in Fig. 1(b) exhibits explicit LNV in the form
of two same-sign electrons or not, we propose two search
strategies at the LHC. One search strategy corresponds to
the LNV signal region, requiring two same-sign electrons
and at least one jet in the final state. The other search
strategy corresponds to the lepton-number-conserving
(LNC) signal region, requiring at least one electron and
one jet in the final state. We study and estimate the expected
mass reach for both signal regions at the HL-LHC.
In Fig. 3, we compare the cross sections of the processes

pp → Wþ
R → eþN and pp → Wþ → eþN at the LHC

with the center-of-mass energy
ffiffiffi
s

p ¼ 13 TeV, the latter
of which is shown in Fig. 1(b). The black curve cor-
responds to the cross section σðpp → Wþ

R → eþNÞ for
mN ¼ 20 GeV. As mN ≪ MWR

, σðpp → Wþ
R → eþNÞ is

TABLE I. Nuclear matrix elements in QRPA and shell model
methods.

Mν M0 M1 M2 MNN

QRPA [60] −2.85 −2.64 −5.58 −4.26 −1.53
Shell [61] −1.99 −1.11 −2.06 −1.50 −0.92
Shell [62] −2.31 −1.50 −2.91 −2.16 −1.28

FIG. 3. Cross sections for the processes pp → Wþ
R → eþN and

pp → Wþ → eþN at the 13 TeV LHC a function ofMWR
. For the

former process (black curve), the heavy neutrino mass mN ¼
20 GeV is assumed. For the latter process as shown in
Fig. 1(a) with tan β ¼ 0.25, the heavy neutrino mass is assumed
to be mN ¼ 20, 30, 40 GeV for green, blue and red curves,
respectively.

4The N̄NN̄Nēec interactions are prompted as the leading-order
counterterms in Ref. [57] with larger low-energy constants being
required.
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independent of mN to a very good approximation. The
green, blue and red curves correspond to the cross sections
σðpp → Wþ → lþNÞ for mN ¼ 20, 30, 40 GeV from
upper to lower, respectively, with the ratio of VEVs
tan β ¼ 0.25. From Fig. 3, we see that σðpp → Wþ →
eþNÞ is possibly larger than σðpp → Wþ

R → eþNÞ for
MWR

≳ 6.3 TeV. Hence, for a nonzero WL −WR mixing
and sufficiently large MWR

, the process pp → Wþ → eþN
becomes the dominant production channel for the produc-
tion of heavy neutrino N at the LHC. The main advantage
of this channel is that the WR is never produced as an on
shell particle, thus there is no phase-space suppression
whenWR is heavy. The reduction of σðpp → Wþ → eþNÞ
as MWR

increases comes from the dependence of the cross
section on the WL −WR mixing ξ shown in Eq. (7).

A. Long-lived heavy neutrinos at the LHC:
Analytical formulas

Here, we will present the collider study of the process
shown in Fig. 1(b), namely the on shell production of
experimentally observed W-boson and, via the left-right
mixing, its decay into an electron and a heavy neutrinoN in
the process pp → W� → e�N. The heavy neutrino N
subsequently decays into one electron and two jets.
As with the 0νββ-decay study, in this work, we assume

one heavy neutrino N1 ¼ N (the other two are considered
heavy, so they decouple) and the right-handed mixing
VRe1 ¼ 1. Then the heavy neutrino N mainly decays into
an additional electron and two jets. The final state can
therefore include two same-sign electrons and jets. For
heavy neutrino mass below the electroweak scale, its
decay products can have a macroscopic decay length,
such that the final signal features one prompt electron
and one displaced electron in association with displaced
jets. Below we will discuss the relevant portion of the
parameter space leading to displaced-vertex signals at the
LHC main detectors ATLAS/CMS and the MATHUSLA
[40] detector.
The cross section of the process pp → W� → e�N is

expressed as

σeN ¼ σðpp → W�ÞBrðW� → e�NÞ; ð20Þ

where σðpp → W�Þ is the W boson production cross
section at the LHC, and “Br” denotes the branching ratio.
The partial decay width of W� → e�N is given by

ΓðW� → e�NÞ ¼ ξ2g2
MW

48π

�
1 −

m2
N

M2
W

�
2
�
1þ 1

2

m2
N

M2
W

�
:

ð21Þ

In the mLRSM, the total width of the heavy neutrinoN is
dominated by the decay into two electrons and two jets
through an off shellWR boson or an off shellW boson if the

left-right mixing is allowed.5 The decay branching ratio of
N → eþjj or N → e−jj is expressed as

Brejj ¼
1

2

0.7½1þ sin2ð2βÞ�
0.7þ sin2ð2βÞ ; ð22Þ

which is equal to 0.45 for tan β ¼ 0.3.
The probability of N decaying inside a detector is

expressed as

Pdecayðd;L1; L2Þ ¼ e−L1=d − e−L2=d; ð23Þ

where d ¼ bcτ is the decay length of N in the lab frame
with the boost factor b ¼ MW=ð2mNÞ, and L1 and L2

ðL1 < L2Þ are the distances from the interaction point
where the LLP enters and exits the decay volume inside the
detector.
Following Ref. [63], we use the following analytical

formula to approximate the observed number of events
from a long-lived N at the LHC main detectors ATLAS/
CMS (marked with the superscript “LHC”),

NLHC
obs ¼ σeNBrejjLϵLHCLLP ϵ

LHC
promptPdecay; ð24Þ

where L1 ¼ 5 mm and L2 ¼ 300 mm [36] for the inner
detector are considered. L is the LHC integrated luminosity,
and ϵLHCprompt and ϵLHCLLP denote the efficiencies of the trigger/
identification of the prompt electron and selecting the long-
livedN at theLHCmaindetectorsATLAS/CMS, respectively.
At the far detector MATHUSLA (marked with the

superscript “MATH”), the following formula is proposed
in Ref. [40],

NMATH
obs ¼ σeNBrejjLϵMATH

LLP ϵgeometricPdecay: ð25Þ
where the geometric acceptance ϵgeometric ¼ 0.05 describing
the fraction of long-lived N traversing the MATHUSLA
detector, which has the size of L1 ¼ 200 m and L2 ¼
230 m [40],6 and ϵMATH

LLP is the efficiency of detecting the
long-lived N.
As we will show in Sec. V, the analytical formulas can

describe the sensitivities to long-lived N at the LHC well
compared to the detailed collider simulation in the follow-
ing subsection.

B. Detailed collider simulation

Since the heavy neutrino N is produced from the decay
of the on shellW boson as depicted in Fig. 1, the transverse
momentum distribution of N has the peak around
∼ð1 −m2

N=M
2
WÞMW=2. Thus the electron from the decay

of N is likely to have transverse momentum falling below

5We compute the decay width and agree with the total width
reported in Ref. [64].

6Recently, there was an upgrade for MATHUSLA [65], which
claims to give very similar LLP sensitivities.
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the lepton isolation requirement in standard searches by the
ATLAS and CMS Collaborations. Therefore, the electron
coming from N can go undetected. With this in mind, in
this subsection, we discuss two signal regions. The first one
requires two same-sign electrons and at least one jet, which
we call the LNV signal region. There is another region
featuring one prompt electron and a jet containing the
products of N decay, including the secondary electron. In
this region, the lepton number may or may not be
conserved. However, this region could be used with the
first one to extend the exclusion and mass reach, as we shall
discuss in detail in this subsection.
We use MadGraph5_aMC@NLO [66] to simulate signal

events, which are passed to PYTHIA8 [67] for hadronization
and DELPHES3 [68] for fast detector simulation. We use the
modified DELPHES module of Ref. [34] to parameterize the
displacement and smearing of transverse impact parameter
relative to the primary vertex. The MadAnalysis5 package [69]
is tuned to impose cuts on the transverse distance and
transverse impact parameter of final state particles. The two
signal regions we consider at the LHC main detectors
ATLAS/CMS consist of:

1. Lepton-number-violating signal region

In this signal region, we consider two same-sign elec-
trons, which are labeled as e1 and e2 sorted by transverse
momentum, and at least one jet (we veto the b-jets) together
with the following cuts.
(1) Missing energy =ET ≡ j=⃗pT j < 30 GeV.
(2) Transverse momentum of the leading electron

pTðe1Þ < 55 GeV.
(3) Transverse massMTðei; =ETÞ < 30 GeV for i ¼ 1, 2,

where MTðe; =ETÞ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pTðeÞ=ETð1 − cosΔϕÞp

with

Δϕ the azimuthal angle difference between the
electron transverse momentum and missing trans-
verse momentum.

(4) Invariant massMðe1;e2Þ<80GeV andMðei; =ETÞ <
60 GeV for i ¼ 1, 2. Here, Mðei; =ETÞ ¼
2½pTðeiÞ=ET coshΔy − p⃗TðeiÞ · =⃗pT � with Δy the
rapidity difference [48].

(5) Transverse distance relative to the primary vertex
[36] of the subleading electron lTðe2Þ > 0.5 mm
and transverse impact parameter [37] of the leading
electron dxyðe1Þ > 0.02 mm.

2. Lepton-number-conserving signal region

In this signal region we require at least one electron and
at least one jet (we veto the b-jets), in addition with the
following cuts.
(1) Missing energy =ET < 30 GeV.
(2) Transverse momentum of the electron pTðeÞ <

55 GeV.
(3) Transverse mass MTðe; =ETÞ < 30 GeV.
(4) Invariant mass Mðe; =ETÞ < 60 GeV.
(5) We require for the transverse impact parameter of the

electron dxyðeÞ > 0.1 mm.
A similar analysis was performed by the CMS collabora-
tion in Ref. [37] but without the displaced-vertex cut on the
transverse distance. The main backgrounds for the signal
regions under consideration are: WZj, ZZj, 4j, tt̄j, W3j,
Wj, Z3j, and tj. We validate our background samples
against the results reported in Ref. [37] and find good
agreements with the invariant mass and transverse momen-
tum distributions. In Table II, we show the cuts
we used for both the LNV and the LNC signal regions.

TABLE II. Selection criteria used to reduce the SM backgrounds at the LHC for both LNV and LNC
signal regions.

Cut flow in the LNV signal region

Selection cut Description

e�e�j, no b jets Signal selection. Reduces W3j, Z3j backgrounds

=ET ≡ j=⃗pT j < 30 GeV Reduces W3j, Wj backgrounds

pTðe1Þ < 55 GeV Reduces mostly tt̄ðjÞ background
MTðei; =ETÞ < 30 GeV Reduces mostly ZZðjÞ background
Mðe1; e2Þ < 80 GeV, Mðei; =ETÞ < 60 GeV Reduces WZj, ZZj, Z3j backgrounds
lTðe2Þ > 0.5 mm, dxyðe1Þ > 0.02 mm Reduces all backgrounds

Cut flow in the LNC signal region

Selection cut Description

e�j, no b jets Signal selection. Reduces backgrounds but mostly 4j

=ET ≡ j=⃗pT j < 30 GeV Reduces tt̄ðjÞ background
pTðe1Þ < 55 GeV Reduces mostly W3j background
MTðe; =ETÞ < 30 GeV Reduces mostly Z3j, W3j, 4j backgrounds
Mðe; =ETÞ < 60 GeV Reduces tt̄ðjÞ, Z3j, W3j backgrounds
dxyðeÞ > 0.1 mm Reduces all backgrounds
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We also give a brief description for each cut, highlighting
their main features.
In Table III, we show for several benchmark values of

MWR
and mN the signal efficiencies in both of the LNVand

the LNC signal regions after the set of cuts are applied.
Roughly, in the LNV signal region, we find that the signal
selection efficiencies are about (0.1%–1%), which provide
an improvement with respect to those reported in the CMS
analysis of Ref. [37] due to the displaced-vertex cut. In the
LNC signal region, we obtain signal selection efficiencies
between (0.7%–2%). In the Appendix, we provide in
Tables IV and V the selection efficiencies for the SM
backgrounds, which were entirely rejected after imposing
all of the cuts.

IV. RESULTS AND DISCUSSION

This section is focused on the interplay of 0νββ decay
and LLP searches in both LNV and LNC signal regions at
the HL-LHC. In Fig. 4(a), we show the sensitivities to right-
handed gauge boson mass MWR

and heavy neutrino mass
mN for the maximal value tan β ¼ 0.3. The dark green area
represents the reach—2σ exclusion—at the HL-LHC main
detectors ATLAS/CMS in the LNV signal region with
mN ∼ ð10–20Þ GeV and MWR

≲ 5 TeV. The light green
area represents the reach in the LNC signal region. In this
case, the relevant heavy neutrino mass range extends over
20 GeV–65 GeV, and the WR mass reach is ∼6.5 TeV.
The area on the left of the orange (purple) shaded band in

Fig 4(a) represents the excluded parameter space from current
(future) 0νββ-decay experiments at 90% confidence level
(CL), respectively. Current 0νββ-decay searches already
exclude a positive LNV signal in LLP searches at the HL-
LHC with ∼1% efficiencies assuming no cancellation
betweendifferent heavyneutrinocontributions to0νββ-decay
rate in the mLRSM. We estimate the uncertainties in NMEs
by evaluating the 0νββ-decay rate using the QRPA [60] and
shell model [61,62] methods, and find that the variations on
the exclusion curves arewithin 30% in themass rangeofMWR

and mN under consideration. The aforementioned uncertain-
ties are then shown in the exclusion orange and purple bands

of Fig 4(a) for the current and future ton-scale 0νββ-decay
experiments, respectively.
As discussed at the end of Sec. II, there could be a large

cancellation if two or more heavy neutrinos contribute to
the 0νββ-decay rate. Thus, even though in Fig. 4(a), most of
the parameter space accessible through an LLP search at the
HL-LHC main detectors ATLAS/CMS is excluded by
current 0νββ-decay experiments in the case of one heavy
neutrino, the LLP search that we propose provides a
complementary test of the same parameter space.
We also compare the HL-LHC reach shown in Fig. 4(a)

with the one obtained using the analytic formula shown in

TABLE III. Signal efficiencies (in unit of %) in the LNV and
LNC signal regions after all of the selection cuts are applied.

Signal efficiencies in %

LNC

LNV mN ¼ 20 GeV mN ¼ 30 GeV mN ¼ 40 GeV

MWR
¼ 7 TeV 1.9 1.8 1.8

0.77 0.83 0.14
MWR

¼ 9 TeV 2.1 1.9 2.1
1.0 1.0 0.66

MWR
¼ 10 TeV 1.9 1.8 2.2

0.72 1.1 0.83

FIG. 4. Panel (a) gives the mass reach of LLP searches at the
HL-LHC main detectors ATLAS/CMS and 0νββ decay in
the MWR

-mN plane. Dark (light) green region represents the
2σ exclusion at the HL-LHC in the LNV (LNC) signal region.
The area on the left of the orange (purple) band, which indicates
uncertainties in NMEs, is excluded by current (future)
0νββ-decay experiments at 90% confidence level (CL). Panel
(b) includes the HL-LHC reach (red shaded regions) estimated
using the analytical formula in Eq. (24) with ϵ≡ ϵLHCLLP ϵ

LHC
prompt ¼

ð1; 4.88; 30Þ%. The dashed gray lines correspond to the boosted
decay length of heavy neutrino. The “LNV window” denotes the
region in the MWR

-mN plane for which two same-sign leptons
plus jets signal would be observable at the LHC.
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Eq. (24) by considering three representative choices of the
overall efficiency ϵLHCLLP ϵ

LHC
prompt ¼ ð1; 4.88; 30Þ% with the 2σ

exclusion limit given by NLHC
obs ¼ 3 assuming zero back-

ground. We can roughly reproduce the reach from detailed
simulation (LNV signal region) with the one obtained using
the analytic formula for ϵLHCLLP ϵ

LHC
prompt ¼ 1%. In Ref. [38], a

proposal based on displaced vertices with associated
charged tracks claims the efficiency could be improved
to be ϵLHCLLP ϵ

LHC
prompt ¼ 4.88%. Armed with the analytical

formula in Eq. (24), we obtain the sensitivity of the
LLP search at the HL-LHC main detectors ATLAS/CMS
with the realistic improvement of efficiency proposed in
Ref. [38], which is illustrated in Fig. 4(b). We find that the
LLP search and current 0νββ-decay searches are comple-
mentary given the uncertainties in available NMEs for
136Xe evaluated using QRPA and shell-model methods and
can extend theWR mass reach ð∼8 TeVÞwith respect to the
standard KS searches—e.g., Ref. [34].
Moreover, there could be an improvement of the overall

efficiency in the mLRSM compared to ϵLHCLLP ϵ
LHC
prompt¼4.88%,

which was obtained from the analysis [38] in the context of
SM with an additional heavy Majorana neutrinos, due to a
larger decay length of the heavy neutrino. To understand it,
we compare the decay lengths dN;LR of the heavy neutrinos
in both scenarios [64]

dN ≃ 0.37b

�
10 GeV
mN

�
5
�
10−8

jVl4j2
�
½m�; ð26Þ

dLR ≃
1.2b

1þ sin2ð2βÞ
�
10 GeV
mN

�
5
�

MWR

10 TeV

�
4

½m�; ð27Þ

where b is the boost factor defined in Sec. IV. It is shown in
Ref. [38] that Vl4 ∼ 10−4–10−5 in the heavy neutrino mass
range mN ¼ 15 GeV–25 GeV can be probed at the HL-
LHC, where Vl4 is the mixing between the light and heavy
neutrinos. The decay length of heavy neutrino dLR in the
mLRSM forMWR

∼ 10 TeV and the samemass of the heavy
neutrino is typically larger than dN by a factor of 2–3. This
larger displaced decay length could be used in the analysis of
Ref. [38] to improve the efficiency of displaced-vertex cuts
and, therefore, the overall efficiency. The detailed analysis is
beyond the scope of this work. For purposes of illustration
and to set an optimistic potential future goal, we choose
ϵLHCLLP ϵ

LHC
prompt ¼ 30% as a benchmark value that one might

consider as an ultimate efficiency target. within themLRSM.
With this optimistic efficiency ϵLHCLLP ϵ

LHC
prompt ¼ 30%, a large

portion of parameter space in the reach of future ton-scale
0νββ-decay experiments can be probed in the LLP searches
at the HL-LHC main detectors ATLAS/CMS in case of only
one heavy neutrino as shown in Fig. 4(b). Besides, the reach
to MWR

mass can be extended to ∼13 TeV.
Until now, we only consider the maximal value for

tan β ¼ 0.3. It is also interesting to ask how the magnitude

of left-right mixing can affect the interplay of LLP searches
and 0νββ-decay searches. To see it, in Fig. 5 we show the
tan β dependence of (a) the reaches in the LLP searches at
the HL-LHC main detectors ATLAS/CMS with the overall
efficiency of 30% and (b) current 0νββ-decay searches.
Notice that the process we propose as shown in Fig. 1(b)
demands a nonzero tan β. But this is not necessary for 0νββ
decay. In the limit of tan β → 0, there are still nonvanishing
contributions to 0νββ-decay rate from the exchange of two
WR bosons and an intermediate N, as well as the exchange
of two WL bosons and intermediate light neutrinos, which
are included in Eq. (16). From Fig. 5, we find that with the
overall efficiency of 30%, the LLP searches at HL-LHC can
probe the region of MWR

and mN inaccessible to current
0νββ-decay searches when tan β ≳ 0.1.
Finally, in Fig. 6 we show the reaches at the HL-

LHC main detectors ATLAS/CMS and MATHUSLA,
together with the 0νββ-decay exclusion regions in the
ðMWR

;mNÞ plane for tan β ¼ 0.3. The 2σ exclusion limit at
MATHUSLA is obtained by requiring NMATH

obs ¼ 3 assum-
ing zero background and ϵMATH

LLP ¼ 1. We can see that the
search at the MATHUSLA detector could probe the region
of heavy neutrino masses between mN ¼ ð1; 4Þ GeV and
MWR

below about 5 TeV. Current 0νββ-decay searches rule
out this portion of the parameter space—assuming no
cancellations between different heavy neutrino contribu-
tions to the 0νββ-decay rate.

FIG. 5. Dependence on tan β of the sensitivities of the LLP
search at the HL-LHC main detectors ATLAS/CMS and current
0νββ-decay searches. Red shaded regions correspond to the HL-
LHC reach at main detectors for tβ ≡ tan β ¼ 0.1, 0.3 and the
efficiency ϵ≡ ϵLHCLLP ϵ

LHC
prompt ¼ 30%. The area on the left of the

orange band with solid (dashed) boundary is excluded by current
0νββ-decay experiments for tan β ¼ 0.1 (0.3). The dashed gray
lines correspond to the boosted decay length of heavy neutrino.
The green curve denotes the projected exclusion limit at the LHC
with 36.1 fb−1 from the e� þ =ET of W0 search by the ATLAS
Collaboration found in Ref. [34].
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V. CONCLUSIONS

In the context of the mLRSM with a nonzero WL −WR
mixing, we have studied the complementarity between
current and future ton-scale 0νββ-decay searches and long-
lived particle searches at the high-luminosity LHC main
detectors ATLAS/CMS and the proposed MATHUSLA
detector. In contrast to previous studies, we have shown that
the cross-section for heavy neutrino production channel
pp → W� → e�N may be larger than that for the pro-
duction pp → W�

R → e�N (KS process) for WR boson
mass above 5 TeV and heavy neutrino masses mN ≤ MW .
Our work motivates new experimental searches for heavy
Majorana neutrinos in the same-sign dilepton channel with

longer decay lengths with respect to the SM augmented by
three sterile heavy neutrinos. To compete with future ton-
scale 0νββ-decay mass reach, LHC analysis needs to be
improved with more delicate displaced-vertex cuts, such as
the one proposed in Ref. [38]. These improved LHC
searches can then be used to probe the WL −WR mixing
comparable to and even better than current capabilities and
to achieve higher mass reach relative to the standard KS
process. We emphasize that the LLP searches we propose
complement 0νββ decay searches.
We designed two search strategies at the LHC depending

on whether LNV in the final state is manifest or not. In the
first strategy corresponding to the LNV signal region, we
require two same-sign electrons and at least one jet. In the
second strategy, which does not feature LNV, we require at
least one electron and one jet. We also identified the primary
sources of background events for the same-sign dilepton
channel. For heavy neutrino masses below the electroweak
scale, the WR mass reach at the high-luminosity LHC main
detectors ATLAS/CMS may extend up to ∼13 TeV for
nonzero WL −WR mixing with tan β ¼ 0.3. Finally, we
show that current 0νββ-decay constraints already rule out the
portion of the parameter space that theMATHUSLAdetector
would probe—assuming no accidental cancellations in the
decay rate.
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APPENDIX: SELECTION EFFICIENCIES

In this Appendix, we present the tables of the back-
ground selection efficiencies after the cuts mentioned in
Sec. III.

FIG. 6. Comparison of the reaches in the LLP searches featuring
LNV at the HL-LHC main detectors ATLAS/CMS and MA-
THUSLA and 0νββ decay. The MATHUSLA reach is estimated
using Eq. (25), and it is represented in the dark blue region. The
dashed gray lines describe the boosted decay length of heavy
neutrino. The sensitivities of LLP searches at the HL-LHC main
detectors ATLAS/CMS and 0νββ decay are the same as Fig. 4.

TABLE IV. SM background processes at 13 TeV in the LNV signal region discussed in Sec. IV.

LNV Background efficienciesffiffiffi
s

p ¼ 13 TeV WZj ZZj 4j tt̄j W3j Wj Z3j tj

e�e�j (b-veto) 3 × 10−4 8 × 10−5 0.0 4 × 10−5 6 × 10−5 0.0 2 × 10−5 2 × 10−5

=ET 1 × 10−4 7 × 10−5 0.0 9 × 10−6 0.0 0.0 1 × 10−5 3 × 10−6

pTðe1Þ 5 × 10−5 4 × 10−5 0.0 2 × 10−6 0.0 0.0 8 × 10−6 1 × 10−6

MTðei; =ETÞ 5 × 10−5 3 × 10−5 0.0 2 × 10−6 0.0 0.0 8 × 10−6 1 × 10−6

Mðe1; e2Þ, Mðei; =ETÞ 3 × 10−5 3 × 10−5 0.0 2 × 10−6 0.0 0.0 7 × 10−6 1 × 10−6

lT , dxy 0 0 0 0 0 0 0 0
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