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Harbinger of New Physics

[talks by M. C. Gonzalez-Garcia and I. Esteban]

Non-zero neutrino mass =⇒ physics beyond the Standard Model
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Perhaps something beyond the standard Higgs mechanism...

Can we probe the origin of neutrino mass in laboratory experiments?
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Neutrino Mass Models
[talk by M-C. Chen]

From pheno point of view, can broadly categorize into
Tree-level (seesaw) vs. loop-level (radiative)

Minimal (SM gauge group) vs. gauge-extended [e.g. U(1)B−L, Left-Right]

Non-supersymmetric vs. Supersymmetric

New fermions, gauge bosons, and/or scalars – messengers of neutrino mass.

Rich phenomenology. [Drewes (IJMPE’13); Deppisch, BD, Pilaftsis (NJP’15); Cai, Han, Li, Ruiz (Front. Phys.’18)]

For messenger scale . O(few TeV), accessible at either collider or low-energy
experiments.

Connection to other puzzles (e.g. baryogenesis, dark matter, anomalies, NSI).
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Outline

New fermions (right-handed neutrinos)

New gauge bosons (W ′, Z ′)

New scalars (SU(2)L singlet, (bi)doublet, triplet, quadruplet)
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SM-singlet Fermions
(aka sterile neutrinos/heavy neutrinos/heavy neutral leptons)
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Type-I Seesaw
[Minkowski (PLB ’77); Mohapatra, Senjanović (PRL ’80); Yanagida ’79; Gell-Mann, Ramond, Slansky ’79; Glashow ’80]
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Figure 1: Sketch of the landscape of sterile neutrino extensions of the
SM. EW scale neutrino models with a protective “lepton number”-
like symmetry, such as the used SPSS benchmark model [3], can have
sterile neutrino masses in the relevant range for particle collider ex-
periments, shown by the green area, with Yukawa couplings above the
näıve expectation, which is denoted by the blue lines.

well as updated sensitivity estimates. We summarize the es-
timated sensitivites for the FCC-ee, CEPC, HL-LHC, FCC-
hh/SppC, LHeC and FCC-eh and compare them for the
di↵erent collider types.

For the sensitivity estimates we consider low scale seesaw
scenarios with a protective “lepton number”-like symmetry,
using the Symmetry Protected Seesaw Scenario (SPSS) as
benchmark model (cf. section 2.1), where the masses of the
sterile states can be around the electroweak scale (cf. fig. 1).

2 Theoretical framework

Mass terms for SM neutrino masses can be introduced when
right-handed (i.e. sterile) neutrinos are added to the field
content of the SM. These sterile neutrinos are singlets under
the gauge symmetries of the SM, which means they can
have a direct (so-called Majorana) mass term, that involves
exclusively the sterile neutrinos, as well as Yukawa couplings
to the three active (SM) neutrinos contained in the SU(2)L-
lepton doublets and the Higgs doublet.

In the simplistic case of only one active and one sterile
neutrino, with a large mass M and a Yukawa coupling y
such that M � y⌫ vEW, where vEW denotes the vacuum ex-
pectation value (vev) of the neutral component of the Higgs
SU(2)L-doublet, the mass of the light neutrino m is given
by m ⇡ y2

⌫ v2
EW/M , while the heavy state has a mass ⇠ M .

The prospects for observing such a sterile neutrino at col-
liders are not very promising, since in order to explain the
small mass of the light neutrinos (below, say, 0.2 eV), the
mass of the heavy state would either have to be of the order
of the Grand Unification (GUT) scale, for a Yukawa cou-
pling of O(1), or the Yukawa coupling would have to be tiny
and the active-sterile mixing would be highly suppressed.

However, in the realistic case of three active neutrinos

and two1 or more sterile neutrinos, the simple relation from
above no longer holds and the possible values of the masses
of the sterile neutrinos and the Yukawa couplings have to
be reconsidered. In particular, if the theory comprises for
instance an approximate “lepton number”-like symmetry or
a suitable discrete symmetry, one finds that sterile neutrinos
with masses around the electroweak (EW) scale and unsup-
pressed (up to O(1)) Yukawa couplings are theoretically al-
lowed, and due to the protective “lepton number”-like sym-
metry the scenario is stable under radiative corrections.

This scenario has the attractive features that the new
physics scale lies not (much) above the EW scale – which
avoids an explicit hierarchy problem – and that no unmoti-
vated tiny couplings have to be introduced. Various models
of this type are known in the literature (see e.g. [4–9]). One
example is the so-called “inverse seesaw” [4,5], where the re-
lation between the masses of the light and sterile neutrinos
are schematically given by m ⇡ ✏ y2

⌫v
2
EW/M2, where ✏ is a

small quantity that parametrizes the breaking of the pro-
tective symmetry. As ✏ controls the magnitude of the light
neutrino masses, the coupling y⌫ can in principle be large
for any given M .

2.1 Sterile neutrinos with EW scale masses

The relevant features of seesaw models with such a protec-
tive “lepton number”-like symmetry were for instance dis-
cussed in refs. [4–9]), and may be represented by the bench-
mark model that was introduced in [3], referred to as the
Symmetry Protected Seesaw Scenario (SPSS) in the follow-
ing. The Lagrangian density of the SPSS, considering a pair
of sterile neutrinos N1

R and N2
R, is given in the symmetric

limit (✏ = 0) by

L = LSM � N1
RMN2 c

R � y⌫↵
N1

R
e�† L↵ + H.c. + . . . , (1)

where LSM contains the usual SM field content and with L↵,
(↵ = e, µ, ⌧), and � being the lepton and Higgs doublets, re-
spectively. The dots indicate possible terms for additional
sterile neutrinos, which we explicitly allow for provided that
their mixings with the other neutrinos are negligible, or that
their masses are very large, such that their e↵ects are irrel-
evant for collider searches. The y⌫↵

are the complex-valued
neutrino Yukawa couplings, and the mass M can be chosen
real without loss of generality.

As explained above, masses for the light neutrinos are gen-
erated when the protective symmetry gets broken. In this
rather general framework, the neutrino Yukawa couplings
y⌫↵ and the sterile neutrino mass scale M are essentially
free parameters, and M can well be around the EW scale.2

1With two mass di↵erences observed in oscillations of the light neu-
trinos, at least two sterile neutrinos are required to give mass to at least
two of the active neutrinos.

2In specific models there are correlations among the y⌫↵ . The strat-
egy of the SPSS is to study how to measure the y⌫↵ independently, in
order to test (not a priori assume) such correlations.

2

[Figure from Antusch, Cazzato, Fischer, 1612.02728 (IJMPA ’17)]

Each Ni corresponds to mνi 6= 0. Need at least two.
Naturalness of Higgs mass suggests MN . 107 GeV.
[Vissani (PRD ’98); Clarke, Foot, Volkas (PRD ’15); Bambhaniya, BD, Goswami, Khan, Rodejohann (PRD ’17)]

Interesting collider signatures for GeV . MN . TeV. [talk by R. Ruiz]

6



RHN Mass Scale

GeV TeVkeVeV

N
eutrino 

Physics

MeV 1014 GeV

C
osm

ology
H

igh Energy 
Physics

Origin of Matter
(“Leptogenesis”)

Explain Light Neutrino Masses
(“Seesaw Mechanism”)

Dark 
Matter

LS
N

D
 e

tc
D

ar
k

R
ad

ia
tio

n

Indirect Searches 

Direct Searches 

Right Handed Neutrino Mass Scale

[Slide from M. Drewes (PHENO ’17 plenary talk)] 7



Summary of Current Constraints
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[Bolton, Deppisch, BD, 1912.03058 (JHEP ’20)]

[Atre, Han, Pascoli, Zhang (JHEP ’09); Deppisch, BD, Pilaftsis (NJP ’15); de Gouvêa, Kobach (PRD ’16); Drewes, Garbrecht (NPB ’17)]
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Future Prospects
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Comment on 0νββ Constraint
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[Hernandez, Jones-Perez, Suarez-Navarro (EPJC ’19)] 10



(Pseudo-)Dirac vs. Majorana

(
Ne

Nµ

)
=
(

cos θ sin θe−iδ

− sin θeiδ cos θ

)(
N1

N2

)
. Define R`` =

∫∞
0

dt |ASS,``(t)|2∫∞
0

dt |AOS,``(t)|2
≡ NSS,``

NOS,``
.

[BD, Mohapatra (PRL ’15); Anamiati, Hirsch, Nardi (JHEP ’16)]
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Can be used as a model discriminator [Das, BD, Mohapatra, 1709.06553 (PRD ’17)] 11



New Gauge Bosons
(W ′,Z ′)
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U(1)X Extension

[Buchmüller, Greub (NPB ’91); Huitu, Khalil, Okada, Rai (PRL ’08); Basso, Belyaev, Moretti, Shepherd-Themistocleous (PRD ’09);

Fileviez Perez, Han, Li (PRD ’09); Deppisch, Desai, Valle (PRD ’14); Kang, Ko, Li (PRD ’15); BD, Mohapatra, Zhang (JHEP ’17);

Das, Okada, Raut (EPJC ’18); Cox, Han, Yanagida (JHEP ’18); Fileviez Perez, Plascencia (PRD ’20);...]2

within the standard minimal seesaw sector by choosing
specific flavour textures in the mass matrix of the type-I
seesaw, see for example [12–14].

For definiteness here we focus on LFV in the electron-
muon sector induced by the mixing between isodoublet
and isosinglet neutrinos, via the corresponding Yukawa
couplings. As a result, the heavy neutrinos couple to
charged leptons via their small isodoublet components
✓e,µ, which we treat as free parameters. It is convenient
to write these couplings in terms of an overall mixing
strength, ✓ ⌘

p
✓e✓µ and the ratio of mixing strengths,

reµ ⌘ ✓e/✓µ. These parameters are unrestricted by
the smallness of neutrino masses; however they are con-
strained by weak universality precision measurements to
be ✓e,µ . 10�2 [15]. We do not take into account possi-
ble constraints on ✓ from neutrinoless double beta decay
searches. Although highly stringent for a heavy Majo-
rana neutrino, they are avoided in the presence of can-
cellations, such as in the quasi-Dirac neutrino case.

Z0 MODELS

Various physics scenarios beyond the Standard Model
predict di↵erent types of TeV-scale Z 0 gauge bosons as-
sociated with an extra U(1) that could arise, say, from
unified SO(10) or E(6) extensions. An introduction and
extensive list of references can be found in Ref. [16]. Elec-
troweak precision measurements restrict the mass and
couplings of a Z 0 boson. For example, lepton universal-
ity at the Z peak places lower limits on the Z 0 boson
mass of the order O(1) TeV [17] depending on hyper-
charge assignments. From the same data, the mixing
angle between Z 0 and the SM Z is constrained to be
⇣Z < O(10�4). For a discussion of direct limits on Z 0

masses see [15]. Recent limits from searches at the LHC
will be discussed in more detail below.

In the following we work in a simplified U(1)0 scenario
with only a Z 0 and N present beyond the SM. For the
mechanism described here to work, it is crucial that there
are no other particles present through which the heavy
neutrino can decay unsuppressed. For definiteness we
assume two reference model cases: the SO(10) derived
U(1)0 coupling strength with the charge assignments of
the model described in [6], and a leptophobic variant
where the U(1)0 charges of SM leptons are set to zero.

Z
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FIG. 1: Feynman diagram for heavy Majorana neutrino pro-
duction through the Z0 portal at the LHC.

LOW ENERGY LEPTON FLAVOUR VIOLATION

In the scenario considered here, the LFV branching
ratio for the process µ ! e� can be expressed as [18]

Br(µ ! e�) = 3.6 ⇥ 10�3G2
�

✓
m2

N

m2
W

◆
⇥ ✓4, (3)

with G� = �2x3 + 5x2 � x

4(1 � x)3
� 3x3

2(1 � x)4
log(x),

where the loop function G�(x) is of order one with the
limits G� ! 1/8 for mN ! mW and G� ! 1/2 for
mN � mW . This prediction should be compared with
the current experimental limit [1],

BrMEG(µ ! e�) < 5.7 ⇥ 10�13 (90% C.L.), (4)

from the MEG experiment which aims at a final sensitiv-
ity of Br(µ ! e�) ⇡ 10�13. The expression (3) therefore
results in a current upper limit on the mixing parame-
ter ✓ . 0.5 ⇥ 10�2 for mN = 1 TeV. In contrast, the
mixing strength ✓ ⇡ 10�7 expected in the standard high-
scale type-I seesaw mechanism Eq. (1) would lead to an
unobservable LFV rate with Br(µ ! e�) ⇡ 10�31.

If the photonic dipole operator responsible for µ ! e�
and also contributing to µ ! eee and µ� e conversion in
nuclei is dominant, searches for the latter two processes
do not provide competitive bounds on the LFV scenario
at the moment. Depending on the breaking of the ad-
ditional U(1)0 symmetry, non-decoupling e↵ects may ap-
pear which can boost the e↵ective Z 0eµ vertex contribut-
ing to µ ! eee and µ � e conversion in nuclei [19].

HEAVY NEUTRINOS FROM THE Z0 PORTAL

The process under consideration is depicted in Fig-
ure 1. As shown, we will focus on the channel where the
heavy neutrinos decay into SM W bosons which in turn
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[Das, BD, Okada, 1906.04132 (PLB ’19)]
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Left-Right Symmetric Extension
[Keung, Senjanović (PRL ’83); Ferrari et al (PRD ’00); Nemevsek, Nesti, Senjanović, Zhang (PRD ’11); Das, Deppisch, Kittel, Valle

(PRD ’12); Chen, BD, Mohapatra (PRD ’13); BD, Kim, Mohapatra (JHEP ’16); Mitra, Ruiz, Scott, Spannowsky (PRD ’16);...]
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FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded
areas represent the LH sensitivity to the KS process at 300/fb, according to the present work. The rightmost reaching contour
represents the enhancement obtained by considering jet displacement.

discovering the RH gauge boson WR in connection with
the RH neutrino N is the so called Keung-Senjanović
(KS) process [16], pp ! WR ! `N ! ``jj. The con-
straints from direct searches [37, 38], from flavour chang-
ing processes [11, 14] and model perturbativity [12] point
to a scale of the new RH interaction which is now at the
fringe of the LHC reach, so the residual kinematically
accessible range will be probed in the next year of two.

In this work we reconsidered this process and addressed
the regime of light N (mN . 100 GeV) which leads [30]
to long lived RH neutrino and thus to displaced vertices
from its decay to a lepton and jets. This complements
previous studies and gives a comprehensive overview of
the collider reach covering the full parametric space.

To this aim, we classified the signatures resulting from
the KS process, depending on the RH neutrino mass, in
four regions: 1) a standard region where the final state
is ``jj, with half of the cases featuring same-sign lep-

tons, testifying the lepton number violation. 2) a merged
region, with lighter and more boosted N , in which its
decay products are typically merged in a single jet in-
cluding the secondary lepton, resulting in a lepton and
a so called neutrino jet `jN . 3) a displaced region, for
mN ⇠ 10 � 100 GeV, in which the merged jet jN is
originated from the N decay at some appreciable dis-
placement from the primary vertex, typically from mm
to 30 cm where the silicon tracking ends and detection
of displaced tracks becomes unfeasible. 4) an invisible
region, for mN . 40 GeV, in which N can decay outside
the tracking chambers of even the full detector, leading
thus to a signature of a lepton plus missing energy, `E/.

We assessed the reach in all these regions by scanning
the mN , MWR

parameter space, up to O(10) TeV. For
WR masses beyond ⇠ 5 TeV the process is dominated by
the off-shell W ⇤

R production, and we noted that, by this
mechanism, for mN . 500 GeV the final cross section

[Nemevsek, Nesti, Popara (PRD ’18)] 14



CP Violation in the RHN Sector(
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[BD, Mohapatra, Zhang, 1904.04787 (JHEP ’19)]

A direct test of TeV-scale thermal leptogenesis at colliders.
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New Scalars
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L-R Seesaw Higgs Sector

φ(2, 2, 0) =
(

φ0
1 φ+

2

φ−1 φ0
2

)
, δR(1, 3, 2) =

(
δ+

R√
2

δ++
R

δ0
R − δ+

R√
2

)
, δL(3, 1, 2) =

(
δ+

L√
2

δ++
L

δ0
L − δ+

L√
2

)

〈δ0
R〉 ≡ vR gives rise to RH Majorana neutrino masses, and hence, type-I seesaw.
〈δ0

L〉 ≡ vL gives rise to a type-II seesaw contribution.
14 physical Higgs bosons (compared to just 1 in the SM) – Rich phenomenology.
[Gunion, Grifols, Mendez, Kayser, Olness (PRD ’89); Akeroyd, Aoki (PRD ’05); Fileviez Perez, Han, Huang, Li, Wang (PRD

’08); Bambhaniya, Chakrabortty, Gluza, Kordiaczyńska, Szafron (JHEP ’14); Dutta, Eusebi, Gao, Ghosh, Kamon (PRD ’14);

Maiezza, Nemevsek, Nesti (PRL ’15); BD, Mohapatra, Zhang (JHEP ’16); Mitra, Niyogi, Spannowsky (PRD ’17); Babu, Jana

(PRD ’17); Gehrlein, Goncalves, Machado, Perez-Gonzalez (PRD ’18); BD, Ramsey-Musolf, Zhang (PRD ’18); BD, Zhang

(JHEP ’18); Du, Dunbrack, Ramsey-Musolf, Yu (JHEP ’19);...]

FCNC constraints require the bidoublet scalars (H0
1 , A0

1, H±1 ) to be very heavy & 15
TeV. No hope at the LHC. [An, Ji, Mohapatra, Zhang (NPB ’08); Bertolini, Maiezza, Nesti (PRD ’14; PRD ’20)]

C. Tree-Level FCNH Contribution and A Lower Bound on MH

In the LRSM, there is also a new contribution to the K0 − K
0

mixing mediated by the
FCNH. The FCNH boson is a complex field and can be expressed in terms of the two real
fields H0

1 and A0
1. The effective lagrangian follows from Eq. (48)

LFCNH =
GF√

2

⎡
⎣
(∑

i

λRL
i + λLR

i

2
mi

)2 [
(sd)2

m2
H0

1

− (sγ5d)2

m2
A0

1

]

−
(∑

i

λRL
i − λLR

i

2
mi

)2 [
(sd)2

m2
A0

1

− (sγ5d)2

m2
H0

1

]⎤
⎦ . (58)

The corresponding Feynman diagram is shown in Fig. 2. According to our previous discus-
sion, the two scalar fields H0

1 and A0
1 have the same masses, roughly corresponding to the

righthand scale, m2
H0

1
≃ m2

A0
1

≃ α3v
2
R. Therefore, it is convenient to rewrite Eq. (58) in a

more compact form
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FIG. 2: ∆S = 2 effective interaction induced by flavor-changing neutral Higgses.

It is easy to check that the FCNH and the box diagram contributions have the same sign
because 4(1+lnxc)+ln η < 0, and thus they cannot cancel each other, even allowing possible
freedom in choosing the quark mass sign. Therefore, the lower bound on the righthanded-W
boson mass remains. One can also derive a lower bound on the masses of H0

1 and A0
1 using

∆MK . A straightforward calculation shows that if demanding the FCNH contribution is
less than the experimental data,

MH0
1
, MA0

1
> 15 TeV . (60)

which is about twice as large as in [5]. One can obtain this value presumably by a large α3

parameter in the Higgs potential. However, one cannot make α3 arbitrarily large. As we
shall discuss later, large α3 not only causes naturalness problem, but also leads to a large
SM Higgs mass which threatens the perturbative unitarity [25].
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L-R Seesaw Higgs Sector
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〈δ0
R〉 ≡ vR gives rise to RH Majorana neutrino masses, and hence, type-I seesaw.
〈δ0

L〉 ≡ vL gives rise to a type-II seesaw contribution.
14 physical Higgs bosons (compared to just 1 in the SM) – Rich phenomenology.
[Gunion, Grifols, Mendez, Kayser, Olness (PRD ’89); Akeroyd, Aoki (PRD ’05); Fileviez Perez, Han, Huang, Li, Wang (PRD

’08); Bambhaniya, Chakrabortty, Gluza, Kordiaczyńska, Szafron (JHEP ’14); Dutta, Eusebi, Gao, Ghosh, Kamon (PRD ’14);

Maiezza, Nemevsek, Nesti (PRL ’15); BD, Mohapatra, Zhang (JHEP ’16); Mitra, Niyogi, Spannowsky (PRD ’17); Babu, Jana

(PRD ’17); Gehrlein, Goncalves, Machado, Perez-Gonzalez (PRD ’18); BD, Ramsey-Musolf, Zhang (PRD ’18); BD, Zhang

(JHEP ’18); Du, Dunbrack, Ramsey-Musolf, Yu (JHEP ’19);...]

FCNC constraints require the bidoublet scalars (H0
1 , A0

1, H±1 ) to be very heavy & 15
TeV. No hope at the LHC. [An, Ji, Mohapatra, Zhang (NPB ’08); Bertolini, Maiezza, Nesti (PRD ’14; PRD ’20)]

C. Tree-Level FCNH Contribution and A Lower Bound on MH
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Charged Triplet Sector
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Figure 9: Summary of expected and observed limits for each production mode and the com-
bined limit. The shaded region represents the excluded mass points and the thick solid line
represents the expected exclusion with the hashed region indicating the direction.

[CMS-PAS-HIG-16-036]
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Neutral Triplet Sector

Hadrophobic and allowed to be light (down to sub-GeV scale) by current
constraints.

Suppressed coupling to SM particles (either loop-level or small mixing).

Necessarily long-lived at the LHC, with displaced vertex signals.

Clean LFV signals at future lepton colliders.

0.01 0.05 0.10 0.50 1 5 10
10-14

10-11

10-8

10-5

10-2

mH3 [GeV]

si
n
θ
1

co
sm
ol
og
ic
al
lim
its

K
→

π
χ
χ

B
→
K
χ
χ

K
+ → π+νν

NA62

B → Kν ν
Belle II

CHARM [K]

DUNE [K]

CHARM [B]
SHiP [B]

K
0 mixing

Bd mix
ing

Bs mixing

LH
C
LL
P
se
ar
ch
es

M
A
T
H
U
S
LA

F
C
C
LL
P
se
ar
ch
es

F
C
C
fo
rw
ar
d
de
te
ct
or

3

10 100 1000
10-4

10-3

10-2

0.1

1

mH [GeV]

|h
eμ
|

muon
ium

oscil
lation

(g-2)e→(g-2)μ

ee → μμ

CEPC

ILC

10 100 1000
10-4

10-3

10-2

0.1

1

mH [GeV]

|h
eτ
|

(g-2)e⟶

ee → ττ

CEPC

ILC

10 100 1000
10-3

10-2

0.1

1

mH [GeV ]

|h
μτ
| (g-2

) μ
(g-2

) μ ex
clud

ed

CEPC

ILC

FIG. 3. Prospects of probing LFV couplings h↵� (↵ 6= �) from searches of e+e� ! `±
↵ `

⌥
� H at CEPC (red,

p
s = 240 GeV and

L = 5 ab�1) and ILC (blue, 1 TeV and 1 ab�1). Here we have assumed 10 LFV signal events and a BR of 1% (long-dashed)
10% (short-dashed) or 100% (solid) from H decay to be visible. In the left panel, the region shaded in orange, pink and purple
and respectively excluded by muonium oscillation, (g� 2)e and ee ! µµ data; in the middle panel, the pink and purple regions
are excluded by (g � 2)e and ee ! ⌧⌧ data; in the right panel the gray region is disfavored by the (g � 2)µ data at the 5�
confidence level. In the left and right panels, the brown line could fit the central value of �aµ, and the green and yellow bands
cover the 1� and 2� ranges of �aµ.

TABLE II. Benchmark configurations of future lepton collid-
ers CEPC and ILC and the expected total cross sections of
the on-shell and o↵-shell production of H, up to the LFV cou-
plings squared, in the light H limit. The values in parentheses
are for mH = 100 GeV.

collider CEPC ILCp
s 240 GeV 1 TeV

luminosity 5 ab�1 1 ab�1

cuts pT (`) > 10 GeV, |⌘(`)| < 2.5

�(eµ + H3)/|heµ|2 8.9 ⇥ 104 (390) fb 1.1 ⇥ 105 (2800) fb

�(e⌧ + H3)/|he⌧ |2 5.3 ⇥ 104 (650) fb 6.6 ⇥ 104 (1700) fb

�(µ⌧ + H3)/|hµ⌧ |2 2100 (5.0) fb 5700 (3.5) fb

�(e⌧)/|h†
eehe⌧ |2 4.8 ⇥ 105 fb 2.8 ⇥ 104 fb

�(µ⌧)/|h†
eehµ⌧ |2 1.6 ⇥ 105 fb 9300 fb

�(µ⌧)/|h†
eµhe⌧ |2 1.6 ⇥ 105 fb 9300 fb

easily distinguished from the backgrounds, as exemplified
in Fig. 2, with mH = 50 GeV and heµ = 0.003 at CEPC,
and with mH = 300 GeV and heµ = 0.01 at ILC. Re-
moving the Z-resonance peak, the LFV signal is almost
background free. Summing all the bins o↵ the Z-peak,
the signal (S) to background (B) significance S/

p
S + B

for the examples in Fig. 2 are respectively 55 and 61.

After being produced, H could decay back into the
charged lepton pairs or other SM particles. Reconstruct-
ing the H peak from the decay products could improve
further the significance of the LFV signals, which are
however rather model-dependent. To work in a model-
independent way, we consider three benchmark values,
where 1%, 10% or 100% of the decay products of H are
visible and can be reconstructed. The corresponding LFV
prospects are shown in the left panel of Fig. 3, where we
have assumed a minimum of 10 signal events at both
CEPC and ILC. It is clear from Fig. 3 that with a BR
of & 10%, a large region of mH and |heµ| can be probed
in future lepton colliders, which extends the limits well
beyond what is currently available.

e�⌧ coupling: Turning now to the coupling he⌧ , the
most stringent limit comes from the electron g�2, which
is similar to the case of heµ except for the enhancement
by the ⌧ mass [cf. Eq. (S13)], as shown by the pink
region in the middle panel of Fig. 3. The LEP e+e� !
⌧+⌧� limit is slightly stronger than the muon case [28],
as shown by the shaded purple region in Fig. 3. The
reconstruction of ⌧ lepton is more challenging than µ,
and thus the prospects of he⌧ are somewhat weaker than
heµ, but there is still ample parameter space to probe
at both CEPC and ILC, as long as the e↵ective BR is
& 10%.

µ � ⌧ coupling: Turning now to the coupling hµ⌧ ,
there are currently no experimental limits, except for the
muon g�2 discrepancy. This could be explained in pres-
ence of H when it couples to muon and tau, as shown
by the brown line and the green and yellow bands in the
right panel of Fig. 3, while the shaded region is excluded
by the current muon g � 2 data at the 5� level. As µ⌧
can only be produced in e+e� collider in the s-channel in
Fig. 1, the production cross section is smaller than those
of eµ and e⌧ . From Eq. (S13) (with the couplings and
lepton masses changed accordingly), the (g�2)µ anomaly
can be directly tested at CEPC up to a scalar mass of
' 100 GeV, as shown in Fig. 3, as long as there is a siz-
able BR of H into visible states. With a larger luminosity
being planned [17], FCC-ee could do even better.

O↵-shell (& resonant) LFV.– The LFV signals
could also be produced from an o↵-shell H, i.e. e+e� !
`±↵ `

⌥
� ,as shown in Fig. 1 (bottom panel). This could oc-

cur in both the s and t channels; in the s-channel H is
on-shell if the colliding energy

p
s ' mH (resonance).

Di↵erent from the on-shell case, the o↵-shell production
amplitudes have a quadratic dependence on the Yukawa
couplings (some of them might be flavor conserving), and
thus largely complementary to the on-shell LFV searches.

The amplitude e+e� ! e±µ⌥ is proportional to
h†

eeheµ. This is tightly constrained by the µ ! eee data
in Table I, leaving no hope to see any signal in this chan-

[BD, Mohapatra, Zhang (PRD ’17; NPB ’17)] [BD, Mohapatra, Zhang (PRL ’18; PRD ’18)]
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Radiative Models (One-loop)

[Ma (PRL ’98); Babu, Leung (NPB ’01); de Gouvêa, Jenkins (PRD ’08); Bonnet, Hirsch, Ota, Winter (JHEP ’12)]

20



Zee Model

[Zee (PLB ’80)] ⟨H0
1⟩

H+
2η+

να ℓγ ℓcγ νβ

Collider constraints on h± mass

Direct searches: One can put bounds on h+ mass by looking at
final states (leptons + missing energy)

Some supersymmetirc searches (like Stau, Selectron, ..) can be
used to set limits on h+ mass.
Dominant production mechanisms in LEP are:

e�

e+
h+

h�

Z/�

e�

e+

⌫e

h�

h+
e+

e�

W+

h�

10

[Babu, BD, Jana, Thapa, 1907.09498 (JHEP ’20)]
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NSI in Zee Model

ℓρL νβL

ναL ℓσL

η+

ℓρR
νβL

ναL ℓσR

H+
2

η+

H+
2

ℓρL νβL

ναL ℓσL

η+

H+
2

η+

ℓρR νβL

ναL ℓσR

H+
2

(small) (small)

εαβ ≡ ε(h+)
αβ + ε(H+)

αβ =
1

4
√

2GF
YαeY ?

βe

(
sin2 ϕ

m2
h+

+
cos2 ϕ

m2
H+

)
.

[Babu, BD, Jana, Thapa, 1907.09498 (JHEP ’20)]
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NSI in Zee Model
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Zee Burst at IceCube

[Babu, BD, Jana, Sui, 1908.02779 (PRL ’20)]
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Zee Burst at IceCube

[Babu, BD, Jana, Sui, 1908.02779 (PRL ’20)]
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Neutrino Mass Model for B-anomalies and (g − 2)µ

[Babu, BD, Jana, Thapa, 2009.01771]

? ] address neutrino masses and RK(?) . Similarly, Refs. [? ? ] explain radiative neutrino
masses, RD(?) and RK(?) , while Ref. [? ] explains neutrino masses and lepton g�2. In some
cases such explanations are disconnected from neutrino mass generation, in the sense that
removing certain particle from the model would still result in nonzero neutrino masses [? ?
]. Our approach here is similar in spirit to Ref. [? ], which address all three anomalies, viz.,
RD(?) , RK(?) and �aµ, in the context of radiative neutrino masses; but unlike Ref. [? ] we
do not introduce new vector-like fermions into the model. In the model proposed here there
is a close-knit connection between the RD(?) and RK(?) anomalies, �aµ and neutrino mass.
In particular, neutrino mass generation requires all particles that play a role in explaining
these anomalies. Removing any new particle from the model would render the neutrino to
be massless. For other models of radiative neutrino mass using LQ scalars, see Refs. [? ?
? ? ? ? ].

The rest of the paper is organized as follows. In Section ?? we present the basic
features of the model, including the Yukawa Lagrangian (cf. Section ??), scalar potential
(cf. Section ??), radiative neutrino mass generation mechanism (cf. Section ??) and a
desired texture for the Yukawa coupling matrices (cf. Section ??) consistent with flavor
constraints that can explain the flavor anomalies. In Section ?? we discuss how the LQ
scalars present in the model explain the RD(?) and RK(?) flavor anomalies. In Section ??
we show how the R2 LQ explains the �aµ anomaly. In this section, we also point out the
difficulty in simultaneously explaining the electron g � 2 (cf. Section ??), as well as the
model predictions for related processes, namely, Higgs decay to lepton pairs (cf. Section ??)
and muon electric dipole moment (cf. Section ??). Section ?? summarizes the low-energy
constraints on the LQ couplings and masses. Section ?? analyzes the LHC constraints on
the LQs. In Section ?? we present our numerical results for two benchmark fits to the
neutrino oscillation data that simultaneously explain RD(?) , RK(?) and (g � 2)µ anomalies,
while being consistent with all the low-energy and LHC constraints. Section ?? further
analyzes the collider phenomenology of the model relevant for the �++ scalar, and makes
testable predictions for HL-LHC and future hadron colliders. Our conclusions are given in
Section ??.

2 The Model

The model proposed here aims to explain the B-physics anomalies RD(?) and RK(?) , as well
as the muon (g � 2) anomaly �aµ, and at the same time induce small neutrino masses as
radiative corrections. To this end, we choose the gauge symmetry and the fermionic content
of the model to be identical to the SM, while the scalar sector is extended to include three
new states, apart from the SM Higgs doublet H:

R2 (3,2, 7/6) =
⇣
!5/3 !2/3

⌘T
, S3 (3̄,3, 1/3) =

⇣
⇢4/3 ⇢1/3 ⇢�2/3

⌘T
,

� (1,4, 3/2) =
⇣
�+++ �++ �+ �0

⌘T
, H (1,2, 1/2) =

⇣
H+ H0

⌘T
. (2.1)

Here the numbers within brackets represent the transformation properties under the SM
gauge group SU(3)c ⇥ SU(2)L ⇥ U(1)Y . The superscripts on various fields denote their

– 3 –
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? ] address neutrino masses and RK(?) . Similarly, Refs. [? ? ] explain radiative neutrino
masses, RD(?) and RK(?) , while Ref. [? ] explains neutrino masses and lepton g�2. In some
cases such explanations are disconnected from neutrino mass generation, in the sense that
removing certain particle from the model would still result in nonzero neutrino masses [? ?
]. Our approach here is similar in spirit to Ref. [? ], which address all three anomalies, viz.,
RD(?) , RK(?) and �aµ, in the context of radiative neutrino masses; but unlike Ref. [? ] we
do not introduce new vector-like fermions into the model. In the model proposed here there
is a close-knit connection between the RD(?) and RK(?) anomalies, �aµ and neutrino mass.
In particular, neutrino mass generation requires all particles that play a role in explaining
these anomalies. Removing any new particle from the model would render the neutrino to
be massless. For other models of radiative neutrino mass using LQ scalars, see Refs. [? ?
? ? ? ? ].

The rest of the paper is organized as follows. In Section ?? we present the basic
features of the model, including the Yukawa Lagrangian (cf. Section ??), scalar potential
(cf. Section ??), radiative neutrino mass generation mechanism (cf. Section ??) and a
desired texture for the Yukawa coupling matrices (cf. Section ??) consistent with flavor
constraints that can explain the flavor anomalies. In Section ?? we discuss how the LQ
scalars present in the model explain the RD(?) and RK(?) flavor anomalies. In Section ??
we show how the R2 LQ explains the �aµ anomaly. In this section, we also point out the
difficulty in simultaneously explaining the electron g � 2 (cf. Section ??), as well as the
model predictions for related processes, namely, Higgs decay to lepton pairs (cf. Section ??)
and muon electric dipole moment (cf. Section ??). Section ?? summarizes the low-energy
constraints on the LQ couplings and masses. Section ?? analyzes the LHC constraints on
the LQs. In Section ?? we present our numerical results for two benchmark fits to the
neutrino oscillation data that simultaneously explain RD(?) , RK(?) and (g � 2)µ anomalies,
while being consistent with all the low-energy and LHC constraints. Section ?? further
analyzes the collider phenomenology of the model relevant for the �++ scalar, and makes
testable predictions for HL-LHC and future hadron colliders. Our conclusions are given in
Section ??.

2 The Model

The model proposed here aims to explain the B-physics anomalies RD(?) and RK(?) , as well
as the muon (g � 2) anomaly �aµ, and at the same time induce small neutrino masses as
radiative corrections. To this end, we choose the gauge symmetry and the fermionic content
of the model to be identical to the SM, while the scalar sector is extended to include three
new states, apart from the SM Higgs doublet H:
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Here the numbers within brackets represent the transformation properties under the SM
gauge group SU(3)c ⇥ SU(2)L ⇥ U(1)Y . The superscripts on various fields denote their
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Conclusion

Understanding the neutrino mass mechanism will provide important insights into
the BSM world.

Current and future colliders provide a ripe testing ground for low-scale neutrino
mass models.

Can probe the messenger particles (new fermions/gauge bosons/scalars) in a
wide range of parameter space.

Healthy complementarity at the intensity frontier.

Potentially observable non-standard neutrino interactions.

Could shed light on other outstanding puzzles, such as the matter-antimatter
asymmetry and dark matter.
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