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We study the complementary tests of lepton number violation in 0νββ-decay experiments, long-
lived particle (LLP) searches at the LHC main detectors ATLAS/CMS, and a proposed far detector
MATHUSLA. In the context of a simplified model with a scalar doublet S and a Majorana fermion
F , we show that while the 0νββ-decay experiments can probe a larger portion of parameter space,
the LLP searches can uniquely probe the region of smaller couplings and masses if S is at TeV scale
while F is at or below the electroweak scale. We also investigate constraints on the parameter space
from the existing searches that are insensitive to lepton number violation.

I. INTRODUCTION

In the Standard Model of particle physics, total lepton
(L) and baryon (B) numbers are conserved at the classi-
cal (Lagrangian) level, while the B + L anomaly breaks
this conservation law through quantum corrections. It is
possible that physics beyond the Standard Model (BSM)
introduces B and/or L-violating interactions in the La-
grangian. The well-known seesaw mechanism [1–6] for
neutrino mass provides a strong motivation for the exis-
tence of low-energy lepton number violating (LNV) in-
teractions, such as the dimension-5 ∆L = 2 “Weinberg
operator” [7] that implies the existence of a light neutrino
Majorana mass.

If LNV interactions exist in Nature, exploring the pos-
sible associated mass scale(s) Λ is interesting. For Λ of or-
der the conventional seesaw scale ∼ 1012 GeV−1015 GeV,
direct observation of the responsible BSM particles and
interactions in laboratory or astrophysical signatures is
unlikely. Instead, the most experimentally accessible ef-
fects are associated with the non-renormalizable LNV ef-
fective operators involving only light degrees of freedom,
such as the Weinberg operator mentioned above.

It is entirely plausible, however, that Λ lies well be-
low the seesaw scale. In this work, we consider ex-
perimental signatures when Λ is of O(TeV) and be-
low, making it at least in principle possible to observe
the BSM degrees of freedom directly. Theoretically,
TeV scale lepton number violation arises in various well-
studied models, such as the R-parity violating supersym-
metry (SUSY) [8–10] and the minimal Left-Right Sym-
metric Model (mLRSM) [2, 11–15]. Experimentally, the
most promising signatures include the neutrinoless dou-
ble beta-decay (0νββ-decay) of atomic nuclei and LNV
processes in high-energy proton-proton collisions.

∗ ligang@umass.edu
† mjrm@sjtu.edu.cn, mjrm@physics.umass.edu
‡ shufang@arizona.edu
§ jvasquezcarm@umass.edu

Numerous studies have considered the implications of
TeV-scale lepton number violation for 0νββ-decay [16–
22] and the connection with searches at high-energy col-
liders [23–40]. In what follows, we focus on the interplay
of these two classes of signatures, with a particular em-
phasis on the possibility that one or more of the BSM
particles may be relatively long-lived. The search for
long-lived particles (LLPs) at the Large Hadron Collider
(LHC), as well as prospective future e+e− and pp col-
liders, has received considerable recent attention (for a
review of the LHC prospects, see Ref. [41]).

To investigate the possible complementarity between
0νββ-decay and LLP searches, we adopt a simplified
model framework that has been utilized previously to ex-
plore the 0νββ-decay/collider interplay [31]. The spirit of
adopting the simplified model in our work is to draw pos-
sible connections between LLP searches and 0νββ decay.
The choices of simplification in the model are intended to
highlight these connections in a way that has some degree
of generality. In this respect, it is useful to observe that
– for purposes of analyzing 0νββ-decay – one may map
different models onto a finite set of non-renormalizable
operators containing only Standard Model (SM) quark
and lepton fields. The chiral transformation proper-
ties of the corresponding hadronic components then de-
termine, at the level of Weinberg chiral power count-
ing, the expected importance of their contribution to
the 0νββ-decay rate [42–45]. The simplified model of
Ref. [31] induces the leading order (LO) long-range pion-
exchange 0νββ-decay amplitude that one nominally ex-
pects to induce the largest impact on the 0νββ-decay
rate. Only a subset of simplified models have this fea-
ture, see Refs. [42, 43] and references therein. Of these,
the model that we adopt here extends the SM with a min-
imal set of particles and interactions. We defer to future
work a treatment of the phenomenology of 0νββ-decay,
collider probes, and other experimental tests for simpli-
fied models that do not exhibit this LO chiral amplitude
and minimality.

In this context of our simplified model, one of the new
degrees of freedom may be long-lived when it is weakly
coupled and relatively light with its mass ∼ O(50 GeV).
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For the LLP searches at the LHC, we consider both
ATLAS and CMS capabilities, as well as the proposed
MATHUSLA detector [46]1. We find that 0νββ-decay,
the LHC main detectors, and MATHUSLA provide richly
complementary probes of the model parameter space.
Notably, since 0νββ-decay generally provides the widest
sensitivity to LNV interactions involving first-generation
SM fermions, its observation would provide no direct in-
formation about the underlying particle physics mecha-
nism or Λ. Uncovering both the mechanism and LNV
mass scale will require additional experimental handles.
Our following study illustrates the potential for LLP
searches to provide one such handle.

II. MODEL AND 0νββ-DECAY

We adopt a simplified model for our analyses, which
was introduced in Ref. [31]. Within this simplified frame-
work, the interplay between LHC searches with prompt
decaying particles and 0νββ-decay has been discussed in
Ref. [31], where it was concluded that ton-scale 0νββ-
decay experiments reach generally exceeds that of the
LHC with an integrated luminosity of 300 fb−1. However,
both ton-scale 0νββ-decay experiments and the searches
at the high-luminosity LHC (HL-LHC) are complemen-
tary for TeV scale masses.

In Ref. [31] and references therein, it has also been
pointed out that for TeV scale LNV interactions, one
needs to calculate the 0νββ-decay rate in the effective
field theory (EFT) approach, especially chiral pertur-
bation theory at low energy. As discussed in Ref. [42],
several quark-lepton effective operators can give rise to
leading-order (LO) ππee interactions in the chiral La-
grangian, which can hence dominate the 0νββ-decay
rate 2. Such effective operators can be obtained by inte-
grating out heavy fields in ultraviolet (UV) theories, such
as the RPV SUSY and the mLRSM. One possible min-
imal model that gives rise to the LO ππee interaction
includes a scalar SM SU(2) doublet S ∈ (1, 2)1/2 and
a Majorana fermion singlet F ∈ (1, 1)0, where (X,Y )Z
denotes transformation properties under the SM gauge
group [31]. The Lagrangian of this model can be written
as

L = (∂µS)†∂µS −m2
SS
†S +

1

2
F̄ c(i/∂ −mF )F

+ gQQ̄LSdR + gLL̄S̃F + h.c. , (1)

alongside with the SM interactions. Here, S̃ ≡ iτ2S∗,
τ i, i = 1, 2, 3 are the Pauli matrices, Q = (u, d)TL and
L = (ν, e)TL are the weak isospin doublets of the first-
generation left-handed quarks and leptons, and “h.c.”

1 We find that the FASER detector [47] would not exhibit sensitiv-
ity to the simplified model we consider without invoking strong
assumptions about the model flavor structure.

2 For recent EFT analyses, see, e.g. Refs. [43–45]

denotes the Hermitian conjugation. In the full theory
such as the RPV SUSY [9], S and F are identified as the
slepton and the lightest neutralino fields, respectively.
Without loss of generality, we will assume gL and gQ
are real and positive. Notice that other terms are pos-
sibly allowed, such as the term λHS(H†S)2 that induces
neutrino mass at one-loop level [39], the size of which is
proportional to the scalar coupling λHS . For simplicity,
we will omit such allowed terms and assume that S does
not develop a non-zero vacuum expectation value (VEV)
〈S〉. Note that if there is sizable S − H mixing or if S
develops a non-zero VEV that is not small, the size of gL
in Eq. (1) could be highly suppressed by the smallness
of neutrino mass. The phenomenology described in this
paper could be significantly changed or even disappear.
In our analyses below, we focus on the case when S is
inert and does not develop a sizable VEV.

In our work, we will consider an alternative scenario
with a light Majorana fermion F , that could potentially
lead to a LLP signature at colliders 3. If S is at the TeV
scale while F is much lighter, these fields are integrated
out separately when deriving the low-energy EFT 4. The
scalar S is firstly integrated out at the scale µ = mS

and the following dimension-6 (dim-6) lepton-number-
conserving effective Lagrangian is obtained [50]

L(6)
∆L=0 =

2GF√
2

[
C

(6)
SRRūLdRēLFR + h.c.

]
, (2)

where FR ≡ PRF , PR = (1 + γ5)/2, and GF is the
Fermi constant. The non-vanishing Wilson coefficient

C
(6)
SRR(mS) is given by C

(6)
SRR(mS) = gLgQv

2/m2
S with v =

246 GeV. The renormalization group equation (RGE) of

C
(6)
SRR under QCD running from mS to mF is described

as dC
(6)
SRR/d lnµ = −2αS/πC

(6)
SRR [50–52], where αS is

the running strong coupling. For mF = 30 GeV and

mS = 1 TeV, C
(6)
SRR(mF ) = 1.28 C

(6)
SRR(mS).

The Majorana fermion field F is integrated out at
µ = mF and the dim-6 effective Lagrangian in Eq. (2) is
matched to the following dim-9 Lagrangian [42, 45],

L(9)
∆L=2 ⊃

1

v5
C

(9)′
2L O′2ēLe

c
L + h.c. , (3)

where O′2 ≡ (O++
2+ −O++

2− )/2 and ecL ≡ (eL)c. Here, the

operators O++
2± were introduced in Ref. [42], which are

O++
2± = (q̄Rτ

+qL)(q̄Rτ
+qL)± (q̄Lτ

+qR)(q̄Lτ
+qR) , (4)

where qL,R = (u, d)TL,R are the left-handed and right-

handed quark isospin doublets, τ+ = (τ1 + iτ2)/2.

3 It is interesting to notice that a light F with the mass as low
as 500 MeV can satisfy all the cosmological constraints in the
context of RPV SUSY, see Refs. [48, 49] and reference therein.

4 We will assume mF ≥ 2 GeV. For mF < 2 GeV, F is not
integrated out in the effective field theory approach to 0νββ-
decay as studied in Ref. [50].
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The matching condition at µ = mF is:

C
(9)′
2L (mF ) =

v

2

(
C

(6)
SRR

)2

m−1
F . (5)

Below µ = mF , the operator O′2ēLe
c
L evolves under

QCD running and mix with the color-mixed operator
O′3ēLe

c
L, which is defined as [43, 45]

O′3 = (q̄αLτ
+qβR)(q̄αLτ

+qβR) (6)

with α, β being the color indices. The RGEs of the corre-

sponding Wilson coefficients C
(9)′
2L and C

(9)′
3L , which is de-

fined as L(9)
∆L=2 ⊃ 1/v5C

(9)′
3L O′3ēLe

c
L + h.c., are described

as [31, 45, 53]

d

d lnµ

(
C

(9)′
2L

C
(9)′
3L

)
=

3αs
16π

(
−7 4
1 8

)(
C

(9)′
2L

C
(9)′
3L

)
, (7)

For mF = 30 GeV, we obtain that C
(9)′
2L (m0) =

1.56 C
(9)′
2L (mF ) and C

(9)′
3L (m0) = −0.06 C

(9)′
2L (mF ) with

m0 = 2 GeV.

Below µ = Λχ with Λχ ∼ 1 GeV being the chi-
ral symmetry breaking scale, the quark-lepton operators
O′2,3ēLe

c
L are mapped onto the hadron-lepton operators

using chiral perturbation theory [42, 45], leading to

Lππ = − F
2
π

2v5
C

(9)
ππLπ

−π−ēLe
c
L + h.c. , (8)

where Fπ = 92.4 MeV is the pion decay constant and the
coefficient

C
(9)
ππL = gππ2 C

(9)′
2L + gππ3 C

(9)′
3L , (9)

with the low energy constants gππ2 = (2.0±0.2) GeV2 and
gππ3 = −(0.62 ± 0.06) GeV2 [45, 54]. In principle, there
are other contributions involving a one-pion exchange or
four-nucleon contact interactions, which are sub-leading
in chiral power counting, which we neglect here [42].

The inverse half-life of 0νββ-decay can be expressed
as [50] (

T 0ν
1/2

)−1

= g4
AG01|AL(mF )|2 , (10)

where gA = 1.271, the phase space factor G01 = 1.5 ×
10−14 year−1 for 136Xe [55, 56]. The amplitude

AL(mF ) = − 1

2mev
C

(9)
ππLMPS(mF ) , (11)

where me is the mass of the electron and MPS(mF ) is
the nuclear matrix element (NME) that depends on the
mass of mF . Using the interpolation formulae developed
in Refs. [50, 57, 58], we find that MPS(mF ≥ 2 GeV) =
−0.44 for 136Xe in the quasi-particle random phase ap-
proximation [59].

Figure 1 illustrates the sensitivity of 0νββ-decay to
gLgQ/m

2
S and mF . The red curve corresponds to the

current limit from the KamLAND-Zen experiment [60],
T 0ν

1/2 > 1.07 × 1026 year at 90% confidence level (C.L.).

The lower limit on the 0νββ-decay half-life is expected

to be improved by 2 orders of magnitude in a ton-scale
detector, reaching T 0ν

1/2 > 1028 year, as depicted in blue

color in Fig. 1. The regions between the blue and red
curves are in the reach of ton-scale experiments [61–
66]. We can see that future 0νββ-decay experiments can
probe the light mF region 2 GeV ≤ mF ≤ 50 GeV and
put a strong bound on the effective coupling gLgQ/m

2
S

5.

KamLAND-Zen
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Figure 1: 0νββ-decay and proper decay length in case
of light Majorana fermion F . The blue and red curves
corresponds to the current limits and expected limits
from KamLAND-Zen and ton-scale experiments. The
gray curves denote the proper decay lengths of F , which
ranges from 1 cm to 105 m.

III. COLLIDER SEARCHES FOR A
LONG-LIVED F

In this section, we discuss the LLP searches for the
light Majorana fermion F observed at the LHC with
the main detectors or far detectors, which is complemen-
tary to the work done in Ref. [31] for the prompt de-
caying fermion. For mF < mS , F can be produced from
S± → Fe±, and decay via an off-shell S± into e±qq̄′ with
qq̄′ being dū or ud̄. The Feynman diagram for the pro-
duction and decay of F are shown in Fig. 2. For a light
F and relatively small couplings, F could be long-lived,
which leads to the collider signature of a LLP with two
same-sign electrons in the final state. Given the Majo-
rana nature of F and the couplings of F to both S± and
S0, final states could include zero electron, one electron,
or two electrons with either the same sign or the oppo-
site signs. In this study, we will focus on the same-sign
dilepton process 6 as depicted in Fig. 2. The inclusion of

5 Note that in Ref. [31], the notation geff = gLgQ was introduced.
6 In Ref. [67], the ATLAS Collaboration has released a result

searching for the displaced lepton pairs with opposite electric
charges. If the charge identification of the electron from the de-
cay of F is feasible at the LHC main detector and far detectors,
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opposite-sign dilepton and single-lepton processes could
further enhance the sensitivity.

q′

q̄

S±

F

e±

S∓∗

e±

q

q̄′

Figure 2: The production and decay of Majorana
fermion F at the LHC with two same-sign electrons.
Here, (q, q′) = (d, u), (u, d). The scalar S± is off shell in
the decay of F for mF < mS .

Previous studies considering a long-lived heavy neu-
tral lepton N , which may be a Majorana fermion, have
focused on the processes: (a) pp → W±, W± → `±N
via a SM W boson, and (b) pp → W±R ,W

±
R → `±N

via a heavy WR, in the context of heavy-light neutrino
mixing [68] and left-right symmetric model [38, 69, 70],
respectively. Our paradigm is different in three aspects.
First, the production and decay of F depend on differ-
ent combinations of gL and gQ so that a sizable number
of signal events and a long decay length of F can be
achieved simultaneously. Second, F is produced in the
decay of a heavy resonance, yielding a much larger boost
factor than process (a). Third, the couplings gL and gQ
can be much smaller than the SM gauge couplings used
in the process (b), leading to a longer decay length of
F . The decay length of N in processes (a) and (b) is
typically less than O(1) m [38, 69], while in our case, the
decay length of F can be orders of magnitude larger.

The total cross section σeF of the processes pp→ e+F
and pp→ e−F can be expressed as

σeF =
∑
i,j

∫ (
dŝ

ŝ

)(
dLij
dŝ

)(
ŝσ̂ij

)
, (12)

where the differential parton-parton luminosity for par-
tons i and j [71, 72] is

dLij
dŝ

=
1

s

∫ 1

τ

dx

x

[
fi(x,

√
ŝ)fj(

τ

x
,
√
ŝ)

+ fi(x,
√
ŝ)fj(

τ

x
,
√
ŝ)
]

(13)

with τ = ŝ/s and fi,j(x,
√
ŝ) is the parton distribution

functions (PDFs) of partons i, j evaluated at the momen-

tum fraction x and fractorization scale
√
ŝ. The partonic

cross section σ̂ij is non-vanishing only for (i, j) = (u, d̄),

the LLP plus same sign dilepton signal could provide unambigu-
ous evidence for LNV interactions.

(d, ū),

σ̂ud̄ = σ̂dū = σ̂SBr(S → Fe) , (14)

σ̂S =
1

24ŝ

(
g2
Qm

2
S

)
(2π)δ(ŝ−m2

S) , (15)

where σ̂S and Br(S → Fe) denote the production cross
section of ud̄ → S+ and decay branching ratio of S+ →
Fe+, respectively. The convolution of parton distribu-
tion functions is evaluated using ManeParse package [72]
with the PDF set NNPDF3.0NLO [73]. We have checked
that the cross section agrees well with that obtained us-
ing MadGraph5 aMC@NLO [74].

Given the interactions in Eq. (1), a light F can only
decay to three-body final states via an off-shell S± or S0

if mF < mS :

F → e+ūd , e−d̄u , νedd̄ , ν̄edd̄ . (16)

Following Refs. [75, 76], the inclusive hadronic decay
width of F is given by

Γtot = (1 + ∆QCD) (Γeud + Γνdd) , (17)

where Γeud denotes the partial widths into e+ūd and
e−d̄u, and Γνdd is the sum of partial widths into νedd̄
and ν̄edd̄. For mF � mS , one has 7

Γeud = 2 Γνdd =
m5
F g

2
Lg

2
Q

1024π3m4
S

, (18)

∆QCD =
α̂S
π

+ 5.2

(
α̂S
π

)2

+ 26.4

(
α̂S
π

)3

(19)

with α̂S ≡ αS(mF ). The correction ∆QCD varies from
16% to 5% for 2 GeV ≤ mF ≤ 50 GeV. The de-
cay branching ratio of F → e+ūd and F → e−ud̄ via
an off-shell S± is Brejj ≡ Br(F → e+ūd) = Br(F →
e−ud̄) = 1/3 with j denoting inclusively the first-
generation quarks or antiquarks.

In Fig. 1 we also show the proper decay length of
F , cτ = }c/Γtot, which varies from 1 cm to 105 m for
2 GeV ≤ mF ≤ 50 GeV. The 0νββ-decay half-life for
3×10−4 TeV−2 ≤ gLgQ/m2

S ≤ 5×10−3 TeV−2 is within
the reach of future ton-scale experiments, enabling the
interplay of 0νββ-decay and LLP searches.

In the following, we will investigate sensitivities to a
long-lived particle F at the LHC main detectors AT-
LAS/CMS and a proposed far detector MATHUSLA [46]
for the signal process in Fig. 2. The observed number of
events Ndetector

obs from the decay of long-lived F can be
estimated with the following formula [77]

Ndetector
obs = σeF Brejj L εdetector

LLP εdetector
prompt Pdecay , (20)

7 Strictly speaking, the expression of ∆QCD in Eq. (19) is only
valid for the purely left-handed charged current interactions. We
will neglect this difference given the relative small size of ∆QCD.
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where

Pdecay ≡
1

σeF

∫
∆Ω

dΩ
dσeF
dΩ

∫ L2

L1

dL
1

d⊥
e−L/d⊥ . (21)

Here, σeF (dσeF /dΩ) denotes the total (differential) cross
section of pp → S±, S± → e±F in the lab frame, and
dΩ = d cos θdφ with φ (θ) being the azimuthal (po-
lar) angle of F with respect to the beam axis. ∆Ω is
the solid angle coverage of the LLP detector. L1 and
L2 (L1 < L2) are the distances of the LLP detector
from the LHC interaction point. The transverse de-
cay length d⊥ = d sin θ, where d is the boosted decay
length of F . Since F is produced from the decay of the
charged scalar S±, it is highly boosted with the boost
factor b = βγ = mS/(2mF ), and the boosted decay
length of F in the rest frame of S (effectively the lab
frame) is d = bcτ . In Eq. (20), “detector” = “LHC”,
“MATH” refer to the LHC main detectors ATLAS/CMS,
and MATHUSLA, respectively. εdetector

LLP is the efficiency
with LLP cuts, while εdetector

prompt denotes the efficiency of
prompt cuts. We consider the integrated luminosity
L = 3 ab−1 at the HL-LHC.

Given the distance of the MATHUSLA detector to the
interaction point and the relative small solid angle span
of the detector at the MATHUSLA, it is convenient to
approximate Eq. (20) as [46]:

NMATH
obs = σeF Brejj L εMATH

LLP εgeometric Pdecay , (22)

with the geometric acceptance εgeometric = 0.05 describ-
ing the fraction of LLPs traversing the MATHUSLA de-
tector. The probability for F decaying inside the detector
is

Pdecay(d;L1, L2) = e−L1/d − e−L2/d . (23)

For the MATHUSLA detector, L1 = 200 m, L2 = 230 m,
and the detection efficiency per decay εMATH

LLP of LLPs
within the detector volume is approximately equal to 1
for hadronic decays and 0.5 ∼ 1 for leptonic 2-body de-
cays [46]. Although the decay products of F could be
collimated, we have checked that their relative polar an-
gles ∆θ are always larger than 0.01 (a reference value
suggested in Ref. [46]) for the masses of S± and F of
interest in this study. Therefore, it is reasonable to as-
sume that the decay productions can be isolated and the
efficiency εMATH

LLP = 1.

At the LHC main detectors ATLAS/CMS, the stera-
dian coverage ∆Ω = 4π in the solid angle [78], we will
use the following expression to approximate Eq. (20), as-
suming isotropic angular distribution [79]:

NLHC
obs = σeF Brejj L εLHC

LLP εLHC
prompt Pdecay , (24)

where L1 = 2 cm and L2 = 1.1 m [67, 80–82] for the inner
detector of ATLAS/CMS. Note that reach could be en-
hanced if muon chamber is also used for LLP search [78].
We will assume that εLHC

LLP εLHC
prompt = 0.01 [69] to ap-

proximate the trigger, identification, and cut efficiency

of detecting LLPs at the LHC main detectors8. Fi-
nally, it is worthwhile to note that the approximate ex-
pression in Eq. (24) is valid under the assumption that
S decays isotropically and the decay length is used in
the decay probability function. Deviation from this as-
sumption might introduce another factor of 2 uncer-
tainty 9, which is incorporated into the assumption of
εLHC
LLP εLHC

prompt = 0.01.
Existing LHC searches also constrain the model pa-

rameter space. Ref. [84] performed a combination
searches for dijet resonances within the mass range
450 GeV to 5 TeV [85–88], in which the difference in
the acceptance for resonances of a different spin was
found to be small and can be neglected. We have ver-
ified it by comparing its constraint for a scalar against
the CMS Collaboration [88] for the scalar mass above
1.8 TeV, and find a good agreement. Hence, we will fol-
low the procedure in Ref. [84] to obtain the combined
constraints on the sum of σ(pp → S±) × Br(S± → jj)
and σ(pp → S0) × Br(S0 → jj) in the mass region of
450 GeV ≤ mS ≤ 5 TeV. We also investigated the cur-
rent searches [89] for Majorana neutrino with same-sign
dilepton signature. It is relevant if the lifetime of F in
our case is small and decays inside the detector, which
requires large couplings gL,Q and/or large mass mF . We
have checked that such constraint on the parameter space
that we are interested in is weak.

Besides, the missing energy searches can also constrain
the parameter space although they cannot test whether
the lepton number is violated or not. For Majorana
fermion F decaying outside of the LHC main detectors,
the result of searching for a tau slepton decaying into elec-
tron and missing energy [90] can be reinterpreted directly
to obtain an upper bound on σ(pp → S±) × Br(S± →
e±F ) exp(−L2/d) [91]. Here exp(−L2/d) characterizes
the probability of F decaying outside of the CMS detec-
tor with detector cross section radius of L2 = 7.5 m [92].

8 Note that as mentioned in Ref. [46], the typical value of εLHC
LLP

is about 0.1 for displaced vertex (DV) searches in ATLAS
tracker and 0.5 for displaced jet searches in tracker. The effi-
ciency is expected to be reduced if the decay products of light
F are collimated. In the search of heavy neutral lepton N
in the left-right symmetric model [69], it was found that the
εLHC
LLP εLHC

prompt = 6×10−4 using the ATLAS standard DV cuts [80]
for WR mass mWR

= 4 TeV and mN = 20 GeV. However, as
pointed out in Ref. [69], this efficiency could be improved to
εLHC
LLP εLHC

prompt = 0.026 by loosening the requirements of the DV
invariant mass and the number of tracks. We have checked that
the angular separation ∆R between any two objects in the de-
cay of N has the peak around 0.02 [83], while ∆R between any
two objects in the decay of F in our case tends to be 0.1 for
mS = 2 TeV and even larger for a smaller mS , which makes the
final states easier to be reconstructed. Instead of reanalyzing the
DV searches [80] as in Ref. [69], we will assume a medium value
εLHC
LLP εLHC

prompt = 0.01, which should be realistic for the LHC LLP
searches with ATLAS/CMS.

9 For instance, for mF = 50 GeV and geff = 10−3, the ratio
Pdecay/Pdecay is 1.19 and 0.67 for mS = 1 TeV and 2 TeV,
respectively.
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There also exist direct searches for pair production of
sleptons, which decay into the lighest neutralinos in the
context of R-parity conserving SUSY models at the LHC
with the integrated luminosity of 137 fb−1. It excludes
slepton mass below 700 GeV [93] combining the elec-
tron and muon decay channels and different chiralities
of sleptons. This might constrain our model via pp →
S+S−, S± → e±F with F decaying outside the detec-
tor. However, the constraint is expected to be relatively
weak and therefore not considered hereafter. Finally, we
consider one-loop contribution to the electron anomalous
magnetic moment, ∆ae = −g2

e/(16π2)m2
e/m

2
Sf(m2

F /m
2
S)

with the loop function f(x) ' 1/6 − x/3 for x � 1 [94].
We find that ∆ae is negative and its magnitude is below
2.8 × 10−16(1 TeV/mS)2 for ge ≤ 1, hence there is no
constraint from the experimental measurements of the
electron anomalous magnetic moment [95–97].
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Figure 3: The combined sensitivities in 0νββ-decay and
LLP searches for mF = 10, 30 GeV for mS = 2 TeV.
The shaded regions denote the exclusion limits by the
KamLAND-Zen (brown), future ton-scale (pink)
0νββ-decay experiments, and LLP searches at
ATLAS/CMS (magenta), and MATHUSLA (blue). The
current prompt searches for a resonance in the dijet
final state [87] (cyan), and the final state of electron
and missing energy [90, 98] (green) at the 13 TeV LHC
with the integrated luminosities of 139 fb−1 and
137 fb−1 respectively are also considered.

The 95% C.L. exclusion limits of ATLAS/CMS and
MATHUSLA at the HL-LHC are obtained by requiring
Nobs = 3 assuming zero background [99, 100], which are
shown in magenta and blue, respectively, in Fig. 3 −
Fig. 5. The current constraints from dijet search [88]
and electron and missing energy search [90, 98] at the
LHC are shown in cyan and green, respectively. The
KamLAND-Zen and future ton-scale 0νββ-decay exper-
iments set a lower bound on the half-life of 0νββ-decay,
which excludes the brown and pink regions, respectively.
In Fig. 3, the results are shown in the plane of the cou-
plings gL and gQ for mF = 10, 30 GeV. For light F in
the left panel, the LLP searches cannot compete with the
0νββ-decay searches since the decay length of F is too
long, as seen in Fig. 1. The decay probability inside the
detectors is highly suppressed, except in the large cou-
pling region of the upper-right corner of the left panel.

On the contrary, the electron and missing energy search
have excluded regions of gL,Q around 10−2 − 1, even ex-
tending beyond the reach of ton-scale experiments.

For larger mF in the right panel, the LLP searches
at ATLAS/CMS are complementary to the 0νββ-decay
searches in ton-scale experiments and can test the pa-
rameter space of gL or gQ larger than about 10−2, in
which region the electron and missing energy search lose
sensitivity due to short lifetime of F . There is no con-
tour giving three signal events for MATHUSLA in the
right panel since the sensitivity of LLP searches drops
dramatically with the increase of mF : Γtot ∝ m5

F .
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Figure 4: Sensitivities in 0νββ-decay and LLP searches
in the plane of mF and gLgQ for gQ = 10−2 and
mS = 1 TeV (left panel) or mS = 2 TeV (right panel).
The shaded regions are excluded by the KamLAND-Zen
(brown), future ton-scale (pink) 0νββ-decay
experiments, and LLP searches at ATLAS/CMS
(magenta), MATHUSLA (blue). The green region is
excluded by the electron and missing energy search [90]
(green). There is no constraint from the dijet
searches [85–88] with gQ = 10−2.
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Figure 5: Sensitivities in 0νββ-decay and LLP searches
in the plane of mS and gLgQ for gQ = 10−2 and
mF = 30 GeV (left panel) or mF = 100 GeV (right
panel). The shaded regions are excluded by the
KamLAND-Zen (brown), future ton-scale (pink)
0νββ-decay experiments, and LLP searches at
ATLAS/CMS (magenta), MATHUSLA (blue). The
green region is excluded by the electron and missing
energy search [90] (green). There is no constraint from
the dijet searches [85–88] with gQ = 10−2.
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From the discussions in Sec. II, the half-life of 0νββ-
decay is proportional to [g2

Lg
2
Q/(m

4
SmF )]−2, which im-

plies that the sensitivity of 0νββ-decay searches de-
creases for both larger mF and smaller gLgQ/m

2
S . On

the other hand, in the LLP searches the lifetime of
F becomes smaller for larger mF , but gets larger for
smaller gLgQ/m

2
S . Therefore, it is expected that the

LLP searches might uniquely probe the region of small
gLgQ/m

2
S . To see it more clearly, we plot the 95%

C.L. exclusion contours in the plane of mF and gLgQ
for gQ = 10−2 and mS = 1, 2 TeV in Fig. 4. In both
panels, the 0νββ-decay searches are more sensitive to
gLgQ & 10−2 for all values of mF < 300 GeV, while the
LLP search at ATLAS/CMS can probe smaller gLgQ for
mF < 200 GeV. The LLP search at MATHUSLA, on the
other hand, is only sensitive to light mF < 50 GeV for
mS = 1 TeV.

The collider reach also depends sensitively on mS since
the production of pp → S± decreases rapidly as mS

increases. For instance, the cross sections for mS =
0.5, 1, 2 TeV scale as 1 : 0.08 : 0.0036. In Fig. 5, we
show the sensitivities in the plane of mS and gLgQ for
gQ = 10−2 and mF = 30, 100 GeV. For mF = 30 GeV,
the LLP searches at ATLAS/CMS mostly overlap with
that of the 0νββ-decay experiments. The LLP searches
at MATHUSLA, however, could extensively probe the
region with mS . 1.8 TeV with smaller gLgQ. For
mF = 100 GeV, the LLP searches at ATLAS/CMS and
0νββ-decay are sensitive to different regions of gLgQ,
proving a complementary test of lepton number viola-
tion.

IV. CONCLUSION

This work has focused on the interplay between 0νββ-
decay and LLP searches as probes of TeV-scale lepton
number violation. We have utilized a simplified model
that generates the LO, long-range 0νββ-decay amplitude
and that adds to the Standard Model a minimal set of
new particles and interactions – a framework that one
expects to hold in complete theories such as the RPV
SUSY. In this context, our analysis demonstrates the
complementarity between 0νββ-decay and LLP searches
with ATLAS/CMS and the proposed MATHUSLA detec-
tor as probes of the parameter space of lepton number
violation. The LNV interactions may involve particles
below the electroweak scale, giving positive 0νββ-decay
signals and a long decay length.

These 0νββ-decay and LLP searches have different de-
pendence on the parameters, namely the couplings gL, gQ
and the masses mS and mF . The 0νββ-decay depends on
the combination g2

Lg
2
Q/(m

4
SmF ). For the LLP searches,

the production cross section of pp → S± → e±F gets
increased for larger gQ, smaller mS , and larger gL/gQ.
The probability of F traveling long enough and decaying
inside the LLP detectors is sensitive to the decay length
of F . Small gLgQ and small mF are typically needed to
have a long enough decay lifetime.

By comparing the reaches of the current and future
0νββ-decay experiments with the LLP searches at the
LHC main detectors and MATHUSLA, while taking into
account the relevant current LHC searches of prompt de-
cays, we found that the 0νββ-decay experiments can set
the upper limits on gLgQ, ranging from 10−4 to 10−1 de-
pending on the masses mS and mF . The LLP searches
at the LHC main detectors are sensitive to the regions
of mF . 200 GeV, mS . 2 TeV, and small gLgQ that
are beyond the 0νββ-decay reach. The MATHUSLA de-
tector can further test the region with smaller gLgQ and
mF .

Similar features as found in this work are expected
to appear in other models with low-scale lepton num-
ber violation that induce the LO, long-range 0νββ-decay
amplitude, although the sensitivities to the parameter
space could be quite different. With the upcoming run-
ning of the LHC and the proposed future experiment
MATHUSLA, a better understanding of the viable pa-
rameter space for LNV interactions can be achieved in
combination with the current and future 0νββ-decay ex-
periments.
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