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Model-independent upper limits on lepton number violating states from neutrino mass
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We propose a model-independent framework to classify and study neutrino mass models and their
phenomenology. The idea is to introduce one particle beyond the Standard Model which couples
to leptons and carries lepton number together with the lowest-dimensional operator which violates
lepton number by two units and contains this particle. The resulting contribution to neutrino masses
can be translated to a robust upper bound on the mass of the new particle. We compare it to the
stronger but less robust upper bounds from Higgs naturalness and discuss several lower bounds.

INTRODUCTION

Neutrino oscillation experiments established the need
for massive neutrinos and large mixings in the lepton
sector. At the same time tritium beta decay experi-
ments, cosmology and experiments searching for neutri-
noless double beta decay put strong constraints on the
absolute scale of neutrino mass. Despite tremendous
progress in neutrino physics in recent years, the origin
of neutrino mass remains a mystery. An elegant expla-
nation of small neutrino masses is by linking their small-
ness to the breaking of lepton number (L), the number
of leptons minus antileptons, at a high scale Λ.

This lead to a plethora of explicit models such as the
tree-level seesaw models [1–11] and models at loop level
(see Refs. [12–19] for the first one- and two-loop models
and recent reviews). There are also several systematic
studies of neutrino mass generation [20–31], in particular
studies of Majorana neutrino mass generation in terms
of effective operators that break lepton number by two
units (∆L = 2) [23–30], which provide an efficient way
to efficiently study neutrino mass generation, but do not
allow to study other phenomenology such as lepton flavor
violation or collider constraints.

Here we propose a hybrid approach in order to use the
best of both schemes and to allow for a simpler classifi-
cation. It is based on the following premises: (i) In any
model of Majorana neutrino masses there is at least one
new particle of massM which directly couples to leptons
and carries lepton number (and in some cases also baryon
number B). We assume that this is the lightest beyond
the Standard Model (SM) particle involved in the gen-
eration of neutrino masses. (ii) Following the common
lore in quantum field theory that everything not forbid-
den is mandatory, lepton number is violated by two units
(∆L = 2) via operators which contain the new particle.
(iii) Neutrino masses are generated from the ∆L = 2 in-
teractions of the new particle. We assume that this con-
tribution dominates and generates the scale of neutrino
mass, mν &

√
∆m2

atm ' 0.05 eV. The latter can be es-
timated [25] and recast into a conservative upper bound

on M .1 Whereas neutrino mass is based on a ∆L = 2
operator, other low-energy phenomenology is mainly de-
termined by the renormalizable ∆L = 0 interaction.

UPPER BOUNDS

For Majorana neutrinos the dominant contribution to
neutrino masses generally originates from the unique di-
mension 5 operator O1 ≡ LHLH, the so-called Weinberg
operator [23], where L (H) is the SM lepton (Higgs) dou-
blet. After electroweak symmetry breaking it leads to
mν ' c1 v

2/Λ, with 〈H〉 = (0, v)T , v ' 174 GeV and
c1/Λ the Wilson coefficient of O1. The smallness of neu-
trino mass is generally linked to the hierarchy v � Λ,
known as the seesaw mechanism [1–11]. For c1 ∼ O(1)
the scale Λ has to be sufficiently small, Λ . 6 × 1014

GeV, so that mν & 0.05 eV. Some models may fea-
ture an additional suppression of the parameter c. It
may be due an almost conserved L like in type-II see-
saw model (ε = µ/m∆) [6–10, 13], inverse seesaw sce-
narios (ε = µ/mR) [32, 33], or in the (Generalized) Sco-
togenic model (ε = λ5) [34–36]. In all these cases lep-
ton number is restored in the limit ε → 0. Similarly,
in models where the Weinberg operator is absent but
O′n1 ≡ LHLH(H†H)n is generated, neutrino masses are
suppressed by (v2/Λ2)n [37]. Finally neutrinos may be
massless at tree level and only be generated at loop level.
Hence, it is better to parameterize neutrino mass by

mν '
cRv

2

(16π2)`Λ
, with cR '

∏
i

gi × ε ×
(
v2

Λ2

)n
,

(1)
where i runs over the couplings gi and ` is the loop order
at which neutrino mass is generated. The couplings gi
are subject to perturbativity constraints, which naively
demands them to be at most order one. For low-scale

1 Similarly the upper bound on neutrino masses can be translated
in a lower limit on Λ (but not on M) which is of similar size.
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models rare processes typically constrain the couplings
to be even smaller, naively gi . O(0.1). The number of
couplings increases with the loop order. A conservative
estimate yields that there are at least 2` couplings in an
` loop diagram and thus Λ . 4×1010 (2×106) [200] GeV
for neutrino masses generated at one (two) [three] loop
order. Neutrino mass generation at higher loop order
is thus theoretically disfavored. These simple estimates
however do not allow to distinguish further between dif-
ferent models and thus it is desirable to go beyond.

As outlined in the introduction the generation of Ma-
jorana neutrino mass requires the introduction of at least
one new particle which couples to leptons and the exis-
tence of a ∆L = 2 operator. This allows to obtain a con-
servative upper limit for the mass of the lightest new par-
ticle by demanding that the atmospheric neutrino mass
scale eV is generated. In the estimate we use third gen-
eration SM Yukawa couplings and order one values for
the new unknown couplings. In the case of a model with
several new particles, our analysis applies to the light-
est particle of the model which typically generates the
largest contribution to neutrino mass.

In Tab. I we list all possible particles with lepton num-
ber (first column) which couple to leptons at the renor-
malizable level. We restrict ourselves to masses above the
electroweak scale for the consistency of the effective field
theory (EFT) approach. The first four particles induce
neutrino mass at tree level via the well-known see-saw
mechanisms (type-I [1–5], type-II [6–10, 13], type-III [11])
and a new one generated via the mixing mL̄1L of a new
vector-like lepton doublet L1 with the SM one. Notice
that there is no symmetry that allows the new Weinberg-
like operator L1HLH and forbids the usual one. How-
ever, this contribution may dominate for m/M . 1,
which induces large mixing with the SM leptons and is
therefore constrained by measurements in the charged
lepton sector. The remaining particles generate neutrino
masses radiatively.

The second column displays the renormalizable cou-
pling of the new particle and defines the lepton number
of the new particle. The third column shows the lowest-
dimensional and simplest ∆L = 2 operator. In case there
are multiple operators we choose the one which yields the
most conservative constraint (see below). In some sense,
our approach is technically equivalent to studying the
simplest models for each type of particle and deriving
their upper bound. The fourth column (named BL) lists
the odd-dimensional [29, 38] ∆L = 2 operator which is
generated after integrating out the new particle, as pro-
vided in Refs. [24, 25]. The loop order ` at which neutrino
masses are generated is given in the fifth column. The
sixth column provides an estimate for neutrino mass by
closing off loops of SM particles following Ref. [25]: Each
loop contributes (4π)−2, chirality-flips are proportional
to the SM Yukawa coupling, and W -bosons contribute
g2/2. The Weinberg operator is induced via matching at

loop-level, with neutrino masses generated in the form of
Eq. (1). As we are interested in conservative upper limits,
we neglect any additional suppression and set ε = 1. Gen-
erating the neutrino mass scale translates into an upper
bound on Λ and consequently onM , as the EFT requires
M ≤ Λ. This bound is conservative and shown in the last
column. We note that the upper limits derived are ap-
plicable to all models involving a particular particle, as
long it is the lightest one, which is phenomenologically
the most interesting possibility. In the cases where sev-
eral SU(2) contractions in the ∆L = 2 SM operators are
possible we select the ones that yield the most conserva-
tive upper limit.

The upper limits on the mass in Tab. I are robust,
model-independent and conservative within our assump-
tions, but not necessarily the strongest possible bounds
for a particular model, because there may be extra sup-
pressions as discussed above. The bounds span several
orders of magnitude, in the range [106, 1015] GeV. Lim-
its for dominant couplings to the first two families are
obtained by a simple rescaling. Relaxing the perturba-
tivity conditions on the couplings pushes all bounds up.
Clearly, the most promising particle to search for is a
doubly-charged scalar due to its low upper limit, and also
its large electric charge. The Zee-Babu model [15, 16, 39–
44] is the simplest model which contains it.
Higgs naturalness. Generally the new particles also

contribute to the Higgs mass mH . Thus the requirement
of a low fine-tuning of the Higgs mass translates into an
upper bound for the mass of the new particle as a func-
tion of its couplings. We define the theory at the scale
Λ and estimate the leading log-enhanced contribution for
each case.

Scalar particles with electroweak charges and mass
M contribute to the Higgs mass via their Higgs
portal coupling λ at one-loop order, δm2

H '
−λNwNcM2 ln(M2/Λ2)/(16π2), where Nc [Nw] de-
notes the dimension of the SU(3) [SU(2)] representa-
tion. Even if absent at tree level, λ is generated at
one-loop order by gauge boson loops, δλ ' 3(Y 2g′4 +
C2g

4) ln(M2/Λ2)/(32π2), with the SU(2) Casimir invari-
ant C2 and hypercharge Y . Thus naturalness poses a
limit on the scalar mass

M

∣∣∣∣ln MΛ
∣∣∣∣ . 16π2|δm2

H |
1/2
max√

6Nc(3Dg4 +NwY 2g′4)
, (2)

where D is the SU(2) Dynkin index and |δm2
H |

1/2
max is

the maximum correction to the Higgs mass that is con-
sidered natural. In the type-II seesaw model, the tri-
linear coupling µ also contributes to the Higgs mass,
δm2

H ' 12µ2 ln(M2/Λ2)/(16π2) [45, 46], which translates
into an upper bound µ| ln(M/Λ)|1/2 .

√
2/3π|δm2

H |
1/2
max.

A similar bound can be obtained in the Zee model [47].
New fermions with mass M and Yukawa coupling

y contribute to the Higgs mass at one-loop order,
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Particle ∆L = 0 |∆L| = 2 BL ` mν Upper bound

N̄ ∼ (1, 1, 0)−1,0
F y N̄HL M N̄N̄ O1 0 y2 v2

M
M . 1015 GeV

∆ ∼ (1, 3, 1)−2,0
S y L∆L µH∆†H O1 0 y µ v2

M2 M . 1015 GeV
Σ̄0 ∼ (1, 3, 0)−1,0

F y Σ̄0LH M Σ̄0Σ̄0 O1 0 y2 v2

M
M . 1015 GeV

L1 ∼ (1, 2,−1/2)1,0
F

mL̄1L
c
Λ
L1HLH O1 0 cm

M
v2

Λ
M . 1015 GeV

y H†eL1
c

Λ2 L̄1ūd̄
†L† O†8 2 c yyu yd yl

(4π)4
v2

Λ
M . 107 GeV

h ∼ (1, 1, 1)−2,0
S y LLh c

Λ
h†eLH O2 1 c y yl

(4π)2
v2

Λ
M . 1010 GeV

k ∼ (1, 1, 2)−2,0
S y ē†ē†k c

Λ3 k
†LLL†L† O†9 2 c y y2l

(4π)4
v2

Λ
M . 106 GeV

Ē ∼ (1, 1, 1)−1,0
F y ĒLH† c

Λ4LEHQ
†ū†H O6 2 c y yu

(4π)4
v2

Λ
M . 1010 GeV

Σ̄1 ∼ (1, 3, 1)−1,0
F y H†Σ̄1L

c
Λ2LHHΣ1H O′11 2 c y

(4π)4
v2

Λ
M . 1010 GeV

L2 ∼ (1, 2,−3/2)1,0
F y HeL2

c
Λ2 L̄2LLL O2 1 c y yl

(4π)2
v2

Λ
M . 1011 GeV

X2 ∼ (1, 2, 3/2)−2,0
V y ē†σ̄µLX2µ

c
Λ
ū†σ̄µd̄X†2µH O8 2 cy yuydye

(4π)4
v2

Λ
M . 107 GeV

R̃2 ∼ (3, 2, 1/6)−1,1
S y dLR̃2

c
Λ
R̃†2QLH O3b 1 c y yd

(4π)2
v2

Λ
M . 109 GeV

R2 ∼ (3, 2, 7/6)−1,1
S

y ē†Q†R2
c

Λ3R
†
2L
†LLd̄† O†10 2 c y yd yl

(4π)4
v2

Λ
M . 107 GeV

y ūLR2
c

Λ3R
†
2L
†LLd̄† O†15 3 c y yd yu g

2

2(4π)6
v2

Λ
M . 106 GeV

S1 ∼ (3, 1, 1/3)−1,−1
S

y LQS1
c
Λ
S†1LHd O3b 1 c y yd

(4π)2
v2

Λ
M . 1011 GeV

y ū†ē†S1
c
Λ
S†1LHd̄ O8 2 c y yl yu yd

(4π)4
v2

Λ
M . 107 GeV

S3 ∼ (3, 3, 1/3)−1,−1
S y LS3Q

c
Λ
dLS†3H O3b 1 c y yd

(4π)2
v2

Λ
M . 1011 GeV

S̃1 ∼ (3̄, 1, 4/3)−1,1
S y ē†d̄†S̃1

c
Λ3 S̃

†
1L
†L†L†Q† O†10 2 c y yd yl

(4π)4
v2

Λ
M . 107 GeV

V2 ∼ (3̄, 2, 5/6)−1,1
V

y d̄†σ̄µV2µL
c

Λ5Q
†σ̄µLV †2µHēLH O23 3 c y yd yl

(4π)6
v2

Λ
M . 104 GeV

y QσµV2µē
† c

Λ5Q
†σ̄µLV †2µHēLH O44a,b,d 3 c y g2

2(4π)6
v2

Λ
M . 107 GeV

Ṽ2 ∼ (3̄, 2,−1/6)−1,1
V y ū†σ̄µṼ2µL

c
Λ
Q†σ̄µLHṼ †2µ O4a 1 c y yu

(4π)2
v2

Λ
M . 1012 GeV

U1 ∼ (3, 1, 2/3)−1,1
V

y Q†σ̄µU1µL
c
Λ
ū†σ̄µLHU†1µ O4a 1 c y yu

(4π)2
v2

Λ
M . 1012 GeV

y d̄σµU1µē
† c

Λ
ū†σ̄µLHU†1µ O8 2 c y yu yd yl

(4π)4
v2

Λ
M . 107 GeV

U3 ∼ (3, 3, 2/3)−1,1
V y Q†σ̄µU3µL

c
Λ
ū†σ̄µLU†3µH O4a 1 c y yu

(4π)2
v2

Λ
M . 1012 GeV

Ũ1 ∼ (3, 1, 5/3)−1,1
V y ūσµē†Ũ1µ

c
Λ5 ū

†σ̄µLHŨ†1µēLH O46 3 c y g2

2(4π)6
v2

Λ
M . 107 GeV

TABLE I. Particles with quantum numbers (SU(3)c, SU(2)L,U(1)Y)L,3BN that couple to SM leptons at the renormalizable
level, where N = F, S, V denotes whether it is a fermion, scalar or vector. Fermions are 2-component Weyl fermions. The
corresponding Dirac partner is denoted by a bar on top of the same symbol. The interaction with leptons is shown in the second
column. We do not show the SU(2) contractions. The third column shows the lowest-dimensional ∆L = 2 operator. After
integrating out the particle, the operator in the fourth column is generated. The fifth column provides the lowest loop order
at which neutrino mass is generated and the sixth column shows an estimate for it following Ref. [25]. From perturbativity
considerations, c, y . O(1), and using couplings to the third family, this translates into an upper bound on M which is shown
in the last column. W -bosons in the loop lead to a further suppression by g2/2 ' 0.2.

δm2
H ' 4NcC|y|2M2 ln(M2/Λ2)/(16π2), with C = 2

for the electroweak triplets Σ̄i and C = 1 for the elec-
troweak doublet and singlet fermions in Tab. I. Par-
ticles with electroweak charges also contribute at two-
loop order to the Higgs mass, δm2

H ' 8κNc(3Dg
4 +

NwY
2g′4)M2 ln(M2/Λ2)/(16π2)2. For Dirac (Majorana)

fermions κ = 1 (1/2). Thus naturalness demands the

fermion masses to obey

M

∣∣∣∣ln MΛ
∣∣∣∣1/2 .

2π|δm2
H |

1/2
max

|y|
√

2NcC
, (3)

M

∣∣∣∣ln MΛ
∣∣∣∣1/2 .

4π2|δm2
H |

1/2
max√

κNc(3Dg4 +NwY 2g′4)
. (4)

Vector bosons. For models with vector bosons Higgs nat-
uralness is very model-dependent, because there are ad-
ditional contributions depending on how their mass is
generated.

In Fig. 1 we show the model-independent upper limits
from neutrino mass as blue bars and indicate the upper
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N̄ ∆ Σ̄0 L1 h k Ē Σ̄1 L2 X2 R̃2 R2 S1 S3 S̃1 V2 Ṽ2 U1 U3 Ũ1
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M
(G
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)

Upper bounds:
- Neutrino mass (blue bar)
- Higgs naturalness (black arrow)
Lower bounds from nucleon decays (hatched)

FIG. 1. Summary plot of the upper limits. The blue bars
illustrate the robust, model-independent and conservative up-
per limits from neutrino masses. The horizontal black lines
indicate the upper limits from Higgs naturalness. Hatching
indicates parameter space excluded by non-observation of B-
violating nucleon decays.

limits from Higgs naturalness by horizontal black lines.
The renormalization scale is set to the maximally-allowed
value of Λ from neutrino masses. The electroweak two-
loop contribution generally dominates if present. For N̄
there is only the one-loop contribution. In this case we
use the neutrino mass scale to fix the Yukawa coupling y.
The Higgs naturalness limits for the three seesaw models
are consistent with previous results [48–50] taking the
different choice of renormalization scale into account.

LOWER BOUNDS

Charged lepton flavor/universality violation. In
the type-I seesaw model charged lepton flavor viola-
tion is suppressed due to unitarity. The doubly-charged
scalars ∆++ and k induce tri-lepton decays at tree level
and pose a stringent constraint on the involved Yukawa
couplings y/M . (g/mW )[BRlim(l → l1l2 l̄3)/BR(l →
l′νν̄′)]1/4 in terms of the branching ratios BR and the
current limit BRlim. First-generation leptoquarks may
induce µ − e conversion at tree level and thus y/M .
(BRlim ωcapt/(4CN ))1/4 where ωcapt denotes the capture
rate and CN ∼ (0.01−0.1)m5

µ parameterizes the nuclear
physics. The contribution to radiative leptonic muon and
tau decays can be estimated by BR(l → l′γ)/BR(l →
l′νν̄′) ∼ 3αemy

4/(16πG2
FM

4), but may be further en-
hanced if the fermion in the loop is heavier than the de-
caying lepton.

Mixing with SM leptons leads to a non-unitary PMNS
matrix [51–56]. For the type-I and type-III seesaw mod-
els, it is generally small due to its relation to neu-
trino masses. However in extended models like the in-
verse seesaw model or in models with new fermions with

weak charges (Ē, Li), there may be large deviations (See
e.g. [56]).
Lepton number violation. In the early Universe

sphaleron processes together with processes mediated by
a ∆(B − L) = 2 operator may erase the baryon asym-
metry of the Universe [57]. This imposes lower bounds
on the scale Λ due to interactions mediated by either (i)
the BL operators (fourth column) or (ii) the ∆L = 2
operator (third column), if the new particle is relativis-
tic and the ∆L = 0 interaction (second column) rate
is faster than the Hubble rate. In particular, in or-
der for a B − L asymmetry generated at TB−L not to
be washed-out, for order one couplings the requirement
reads Λ & [Mp T

2d−9
B−L /(20PSn) ]1/(2d−8), where Mp is the

Planck scale, d is the dimension of the operator (third
and/or fourth column) and PSn denotes the n-particle
phase space factor. For example, for two massless final
state particles and TB−L = 106, 1010, 1013 GeV, this reads
Λ & 1011, 1013, 1014 GeV for the Weinberg operator and
roughly Λ & 107, 1010, 1013 GeV for other operators of
dimension d ≤ 11. Notice that a lower limit on M can
be derived for order one couplings from the upper limit
on Λ from neutrino masses, if the exact combination of
powers of Λ and M is known.

In addition, the new particles may generate new siz-
able contributions to neutrinoless double beta decay and
other low-scale probes of the violation of lepton number,
e.g. via mixing (type-I and III seesaws) or due to new
couplings like in the type-II seesaw.
Baryon number violation. There are stringent lim-

its on B-violating (B − L conserving) dimension-6 op-
erators with first generation quarks (See e.g. [58–63])
due to nucleon decays [23, 64, 65] such as p → e+π0,
p→ ν̄π+ and n→ ν̄π0, whose lower limit on the lifetime
is O(1033) y [66, 67]. Unless B-conservation is imposed,
the scalar leptoquarks S1, S3 and S̃1 have diquark cou-
plings like S1 d̄ū, S1,3Q

†Q†, S̃1 ūū and thus induce nu-
cleon decay. The vectors V2 and Ṽ2 also have diquark
couplings ūσ̄µV2µQ

† and d̄σµṼ2µQ
†, respectively, which

mediate nucleon decay together with the other couplings
shown in the table. For S̃1, the antisymmetry of the
coupling implies that the decay proceeds into three lep-
tons via W-exchange [61], suppressed by Vtd yt if cou-
pled to the top quark. The lower limits on the mass are
M & 1016 (1011) GeV for O(1) couplings for one lepton
(three leptons in the case of S̃1) in the final state, which
are in tension with the neutrino mass bounds.

There are also diquark couplings for R2, R̃2, gener-
ated by the B + L conserving dimension-5 operators,
R̃2QH

†Q/Λ′ and H†R2d̄
†d̄†/Λ′. Similarly, the vectors

U1, U3 also generate operators like d̄†σµH†QU
µ
1,3. There-

fore R̃2, U1, U3 induce nucleon decays such as n →
π+e− [68, 69] with decay width Γ(n → π+e−) '
y2Λ5

QCDv
2/(8πΛ′2M4), where ΛQCD ∼ 1 GeV. Using

Γ(n → π−e+)−1 & 5.3 × 1033y [70] and M ≤ Λ′, we ob-
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tain a lower limit Λ′ ≥ 1011 GeV for order one couplings,
in tension with the neutrino mass bound. Alternatively
the scale Λ′ can be taken to be the Planck scaleMp, which
leads to the lower bound M & 107 GeV [59, 71]. In the
case of R̃2, the antisymmetry makes it decay predomi-
nantly via the channel p→ K∗ν [63], and the bounds are
similar to those above.

Due to its large hypercharge Ũ1 will only mediate nu-
cleon decays at larger dimension than 5, involving mul-
tiple mesons and leptons, and thus currently it is not
constrained.
Direct searches. There are no competitive con-

straints for sterile neutrinos N̄ yet, but the constraints
on the particle masses of the other particles ranges from
M & 100 GeV from measurements at LEP to M >
1530 GeV [72] for leptoquarks coupling to muons and
light quarks.

CONCLUSIONS

We have derived general robust upper bounds on the
mass of new particles contributing to neutrino masses.
Our main results are summarized in Fig. 1. We have
also compared our limits with those from Higgs natural-
ness, which are much stronger, but less robust. The lower
bounds are generally model-dependent. Among these nu-
cleon decays provide the most stringent limits. If V2, Ṽ2,
or U1 correspond to SU(5)/SO(10) gauge bosons, they
can not be the dominant source of neutrino masses. The
most promising particles to search for are new doubly-
charged scalars which have masses below O(106) GeV, if
they contribute to neutrino masses.

This work is intended to serve not only as an indica-
tion of the most promising particles to directly search for
at colliders, but also as a simple way of organizing the
plethora of neutrino mass models.
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