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This talk is built around the following questions

EM properties of 
neutrinos

Magnetic moment
 

Can we generate a naturally 
large  ?μν

Polarizability

Two-photon response! 
 

If neutrinos couple to two 
photons,

how do experiments see it?
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• Neutrinos are electrically neutral in the SM; they do not have direct couplings to photons. 

• Radiative (loop) corrections may induce electromagnetic properties — such as charge radius and 
magnetic moments — of neutrinos.

 Electromagnetic properties of neutrinos
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Physical processes with neutrino magnetic moments
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[see the review by Giunti, Studenikin, ’24]

Method Experiment Limit [µB] CL Year Ref.

Reactor ⌫̄e E⌫ES

Krasnoyarsk µ⌫e < 2.4⇥ 10�10 90% 1992 (49)

Rovno µ⌫e < 1.9⇥ 10�10 95% 1993 (50)

MUNU µ⌫e < 9⇥ 10�11 90% 2005 (51)

TEXONO µ⌫e < 7.4⇥ 10�11 90% 2006 (52)

GEMMA µ⌫e < 2.9⇥ 10�11 90% 2012 (53)

CONUS µ⌫e < 7.5⇥ 10�11 90% 2022 (54)

Accelerator ⌫e E⌫ES LAMPF µ⌫e < 1.1⇥ 10�9 90% 1992 (55)

Accelerator ⌫µ, ⌫̄µ E⌫ES

BNL-E734 µ⌫µ < 8.5⇥ 10�10 90% 1990 (56)

LAMPF µ⌫µ < 7.4⇥ 10�10 90% 1992 (55)

LSND µ⌫µ < 6.8⇥ 10�10 90% 2001 (57)

Accelerator ⌫⌧ , ⌫̄⌧ E⌫ES
BEBC (58) µ⌫⌧ < 5.4⇥ 10�7 90% 1991 (59)

DONUT µ⌫⌧ < 3.9⇥ 10�7 90% 2001 (60)

Accelerator ⌫e, ⌫µ, ⌫̄µ
CE⌫NS+E⌫ES

COHERENT (61, 62)
µ⌫e < 4.2⇥ 10�9

µ⌫µ < 1.8⇥ 10�9 90% 2022 (63, 64)

Reactor ⌫̄e CE⌫NS+E⌫ES Dresden-II (65)a µ⌫e < 2.1⇥ 10�10 90% 2022 (63, 64)

e+e� ! ⌫⌫̄� (Dirac ⌫)
ASP, MAC, CELLO, MARK-J µ⌫ < 4⇥ 10�6 90% 1988 (66)

TRISTAN µ⌫ < 8.0⇥ 10�6 90% 2000 (67)

aUsing the Fef quenching factor.

Table 1 Limits for the neutrino magnetic moments obtained in laboratory short-baseline experiments. µ⌫

indicates a generic neutrino flavor.

In the SM the neutrino flavor is conserved (`0 = `) and the E⌫ES cross section of a flavor neutrino ⌫` with an electron

bound in an atom A is given by

d�E⌫ES,SM
⌫`�A

dTe
(E⌫ , Te) = ZA

e↵(Te)
G2

Fme

2⇡

"
(g⌫`V + g⌫`A )2 + (g⌫`V � g⌫`A )2

✓
1�

Te

E⌫

◆2

�
�
(g⌫`V )2 � (g⌫`A )2

� meTe

E2
⌫

#
, 26.

where GF is the Fermi constant, me is the electron mass, E⌫ is the neutrino energy, and Te is the observable electron

recoil energy. The neutrino-electron couplings g⌫`V,A depend on the neutrino flavor (75):

g⌫eV = 2 sin2 #W + 1/2 + r.c. = 0.9521, g⌫eA = 1/2 + r.c. = 0.4938, 27.

g
⌫µ
V = 2 sin2 #W � 1/2 + r.c. = �0.0397, g

⌫µ
A = � 1/2 + r.c. = �0.5062, 28.

g⌫⌧V = 2 sin2 #W � 1/2 + r.c. = �0.0353, g⌫⌧A = � 1/2 + r.c. = �0.5062, 29.

where sin2 #W = 0.23873± 0.00005 (1) is the weak mixing angle and “r.c.” are radiative corrections. The coe�cient

ZA
e↵(Te) quantifies the e↵ective number of electrons which can be ionized at Te (101) (see also Refs.63, 64, 75, 102)5.

For antineutrinos the sign of g⌫`A must be changed.

Coherent neutrino-nucleus scattering is the process (see, e.g., the reviews 20, 104)

⌫` +
A
ZN ! ⌫`0 +

A
ZN , 30.

with a coherent interaction of the neutrino with the nucleus, such that the nucleus recoils as a whole, without

any change in its internal structure. This process was predicted theoretically in 1973 (105), but it was observed

5There are also other more complicated and probably more accurate methods for the description of the atomic ionization
e↵ect, as the equivalent photon approximation (EPA) and the multi-configuration relativistic random phase approximation
(MCRRPA) (see, e.g., Ref.103).
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Method Experiment Limit [µB] CL Year Ref.

Solar E⌫ES

Super-Kamiokande µHE
S < 1.1⇥ 10�10 90% 2004 (68)

Borexino
µLE
S < 2.8⇥ 10�11

µ⌫e < 3.9⇥ 10�11

µ⌫µ , µ⌫⌧ < 5.8⇥ 10�11
90% 2017 (69)

XMASS-I µLE
S < 1.8⇥ 10�10 90% 2020 (70)

XENONnT µLE
S < 6.4⇥ 10�12 90% 2022 (71)

LUX-ZEPLIN µLE
S < 1.36⇥ 10�11 90% 2023 (72)

PandaX-4T µLE
S < 2.2⇥ 10�11 90% 2024 (73)

LUX-ZEPLIN (74)

µLE
S < 1.1⇥ 10�11

µ⌫e < 1.5⇥ 10�11

µ⌫µ < 2.3⇥ 10�11

µ⌫⌧ < 2.1⇥ 10�11

90% 2022 (75)

XENONnT (71)

µLE
S < 6.3⇥ 10�12

µ⌫e < 8.5⇥ 10�12

µ⌫µ < 1.4⇥ 10�11

µ⌫⌧ < 1.2⇥ 10�11

90% 2022 (76)

XENONnT (71)
µ⌫e < 9.0⇥ 10�12

µ⌫µ < 1.5⇥ 10�11

µ⌫⌧ < 1.3⇥ 10�11
90% 2022 (77)

LUX-ZEPLIN (74) +
PandaX-4T (78) +
XENONnT (71)

µLE
S < 7.5⇥ 10�12

µ⌫e < 1.0⇥ 10�11

µ⌫µ , µ⌫⌧ < 1.6⇥ 10�11
90% 2023 (79)

Core-Collapse
Supernovae

µ⌫ . (2� 8)⇥ 10�12 1988 (80)
µ⌫ . (1� 4)⇥ 10�12 1998 (81, 82)

µ⌫ . (1.1� 2.7)⇥ 10�12 2009 (83)

Tip of the Red

Giant Branch

(TRGB)

µ⌫ . 3⇥ 10�12 1989 (84)
µ⌫ . 1⇥ 10�12 1993 (85)
µ⌫ < 4.5⇥ 10�12 95% 2013 (86)
µ⌫ . 2.6⇥ 10�12 2015 (87)
µ⌫ < 1.2⇥ 10�12 95% 2020 (88)

µ⌫ . (1� 5)⇥ 10�12 2020 (89)
µ⌫ . 6⇥ 10�12 2023 (90)

Solar Cooling µ⌫ . 4⇥ 10�10 1999 (91)

Cepheid Stars µ⌫ . 2⇥ 10�10 2020 (92)

White Dwarfs
µ⌫ . (7� 9)⇥ 10�12 2014 (93)

µ⌫ < 5⇥ 10�12 95% 2014 (94)

Big-Bang
Nucleosynthesis

(BBN)

µ⌫ . (1� 2)⇥ 10�11 1981 (95)
µ⌫ . 6.2⇥ 10�11 1997 (96)
µ⌫ . 4⇥ 10�12 2023 (97)

Cosmological Ne↵

µ⌫ < 2.7⇥ 10�12 95% 2022 (98)
µ⌫ < 2.6⇥ 10�12 95% 2022 (99)
µ⌫ < 5⇥ 10�12 68% 2023 (97)

Table 2 Astrophysical limits for the neutrino magnetic moments. µLE

S
and µHE

S
are the low-energy and

high-energy e↵ective magnetic moments in solar neutrino experiments (see Eqs.40–42). µ⌫ indicates a generic

neutrino flavor.

experimentally for the first time only in 2017 by the COHERENT experiment (100), because the only observable is

the recoil of the nucleus with an extremely small kinetic energy which can be measured only with recently-developed
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• The energy loss of the red giant branch in the globular cluster 
provides the most stringent limit of μastro < 4.5 × 10−12μB

Viaux ++, ‘13

Experimental limits on Neutrino Magnetic Moments

list is not exhaustive
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• Current experiments reach 
sensitivity of order 

• Generally any extension of SM: 
 

• Gap of 8 orders of magnitude

μν ∼ 10−11 μB

μν < 10−19μB

[see the review by Giunti, Studenikin, ’24]

Method Experiment Limit [µB] CL Year Ref.

Reactor ⌫̄e E⌫ES

Krasnoyarsk µ⌫e < 2.4⇥ 10�10 90% 1992 (49)

Rovno µ⌫e < 1.9⇥ 10�10 95% 1993 (50)

MUNU µ⌫e < 9⇥ 10�11 90% 2005 (51)

TEXONO µ⌫e < 7.4⇥ 10�11 90% 2006 (52)

GEMMA µ⌫e < 2.9⇥ 10�11 90% 2012 (53)

CONUS µ⌫e < 7.5⇥ 10�11 90% 2022 (54)

Accelerator ⌫e E⌫ES LAMPF µ⌫e < 1.1⇥ 10�9 90% 1992 (55)

Accelerator ⌫µ, ⌫̄µ E⌫ES

BNL-E734 µ⌫µ < 8.5⇥ 10�10 90% 1990 (56)

LAMPF µ⌫µ < 7.4⇥ 10�10 90% 1992 (55)

LSND µ⌫µ < 6.8⇥ 10�10 90% 2001 (57)

Accelerator ⌫⌧ , ⌫̄⌧ E⌫ES
BEBC (58) µ⌫⌧ < 5.4⇥ 10�7 90% 1991 (59)

DONUT µ⌫⌧ < 3.9⇥ 10�7 90% 2001 (60)

Accelerator ⌫e, ⌫µ, ⌫̄µ
CE⌫NS+E⌫ES

COHERENT (61, 62)
µ⌫e < 4.2⇥ 10�9

µ⌫µ < 1.8⇥ 10�9 90% 2022 (63, 64)

Reactor ⌫̄e CE⌫NS+E⌫ES Dresden-II (65)a µ⌫e < 2.1⇥ 10�10 90% 2022 (63, 64)

e+e� ! ⌫⌫̄� (Dirac ⌫)
ASP, MAC, CELLO, MARK-J µ⌫ < 4⇥ 10�6 90% 1988 (66)

TRISTAN µ⌫ < 8.0⇥ 10�6 90% 2000 (67)

aUsing the Fef quenching factor.

Table 1 Limits for the neutrino magnetic moments obtained in laboratory short-baseline experiments. µ⌫

indicates a generic neutrino flavor.

In the SM the neutrino flavor is conserved (`0 = `) and the E⌫ES cross section of a flavor neutrino ⌫` with an electron

bound in an atom A is given by

d�E⌫ES,SM
⌫`�A

dTe
(E⌫ , Te) = ZA

e↵(Te)
G2

Fme

2⇡

"
(g⌫`V + g⌫`A )2 + (g⌫`V � g⌫`A )2

✓
1�

Te

E⌫

◆2

�
�
(g⌫`V )2 � (g⌫`A )2

� meTe

E2
⌫

#
, 26.

where GF is the Fermi constant, me is the electron mass, E⌫ is the neutrino energy, and Te is the observable electron

recoil energy. The neutrino-electron couplings g⌫`V,A depend on the neutrino flavor (75):

g⌫eV = 2 sin2 #W + 1/2 + r.c. = 0.9521, g⌫eA = 1/2 + r.c. = 0.4938, 27.

g
⌫µ
V = 2 sin2 #W � 1/2 + r.c. = �0.0397, g

⌫µ
A = � 1/2 + r.c. = �0.5062, 28.

g⌫⌧V = 2 sin2 #W � 1/2 + r.c. = �0.0353, g⌫⌧A = � 1/2 + r.c. = �0.5062, 29.

where sin2 #W = 0.23873± 0.00005 (1) is the weak mixing angle and “r.c.” are radiative corrections. The coe�cient

ZA
e↵(Te) quantifies the e↵ective number of electrons which can be ionized at Te (101) (see also Refs.63, 64, 75, 102)5.

For antineutrinos the sign of g⌫`A must be changed.

Coherent neutrino-nucleus scattering is the process (see, e.g., the reviews 20, 104)

⌫` +
A
ZN ! ⌫`0 +

A
ZN , 30.

with a coherent interaction of the neutrino with the nucleus, such that the nucleus recoils as a whole, without

any change in its internal structure. This process was predicted theoretically in 1973 (105), but it was observed

5There are also other more complicated and probably more accurate methods for the description of the atomic ionization
e↵ect, as the equivalent photon approximation (EPA) and the multi-configuration relativistic random phase approximation
(MCRRPA) (see, e.g., Ref.103).
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µLE
S < 2.8⇥ 10�11

µ⌫e < 3.9⇥ 10�11

µ⌫µ , µ⌫⌧ < 5.8⇥ 10�11
90% 2017 (69)

XMASS-I µLE
S < 1.8⇥ 10�10 90% 2020 (70)

XENONnT µLE
S < 6.4⇥ 10�12 90% 2022 (71)

LUX-ZEPLIN µLE
S < 1.36⇥ 10�11 90% 2023 (72)

PandaX-4T µLE
S < 2.2⇥ 10�11 90% 2024 (73)

LUX-ZEPLIN (74)

µLE
S < 1.1⇥ 10�11

µ⌫e < 1.5⇥ 10�11

µ⌫µ < 2.3⇥ 10�11
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Core-Collapse
Supernovae

µ⌫ . (2� 8)⇥ 10�12 1988 (80)
µ⌫ . (1� 4)⇥ 10�12 1998 (81, 82)

µ⌫ . (1.1� 2.7)⇥ 10�12 2009 (83)

Tip of the Red

Giant Branch

(TRGB)

µ⌫ . 3⇥ 10�12 1989 (84)
µ⌫ . 1⇥ 10�12 1993 (85)
µ⌫ < 4.5⇥ 10�12 95% 2013 (86)
µ⌫ . 2.6⇥ 10�12 2015 (87)
µ⌫ < 1.2⇥ 10�12 95% 2020 (88)

µ⌫ . (1� 5)⇥ 10�12 2020 (89)
µ⌫ . 6⇥ 10�12 2023 (90)

Solar Cooling µ⌫ . 4⇥ 10�10 1999 (91)

Cepheid Stars µ⌫ . 2⇥ 10�10 2020 (92)

White Dwarfs
µ⌫ . (7� 9)⇥ 10�12 2014 (93)

µ⌫ < 5⇥ 10�12 95% 2014 (94)

Big-Bang
Nucleosynthesis

(BBN)

µ⌫ . (1� 2)⇥ 10�11 1981 (95)
µ⌫ . 6.2⇥ 10�11 1997 (96)
µ⌫ . 4⇥ 10�12 2023 (97)

Cosmological Ne↵

µ⌫ < 2.7⇥ 10�12 95% 2022 (98)
µ⌫ < 2.6⇥ 10�12 95% 2022 (99)
µ⌫ < 5⇥ 10�12 68% 2023 (97)

Table 2 Astrophysical limits for the neutrino magnetic moments. µLE
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and µHE

S
are the low-energy and

high-energy e↵ective magnetic moments in solar neutrino experiments (see Eqs.40–42). µ⌫ indicates a generic

neutrino flavor.

experimentally for the first time only in 2017 by the COHERENT experiment (100), because the only observable is

the recoil of the nucleus with an extremely small kinetic energy which can be measured only with recently-developed

9

Method Experiment Limit [µB] CL Year Ref.

Solar E⌫ES

Super-Kamiokande µHE
S < 1.1⇥ 10�10 90% 2004 (68)

Borexino
µLE
S < 2.8⇥ 10�11

µ⌫e < 3.9⇥ 10�11
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S < 6.4⇥ 10�12 90% 2022 (71)

LUX-ZEPLIN µLE
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µ⌫⌧ < 1.3⇥ 10�11
90% 2022 (77)

LUX-ZEPLIN (74) +
PandaX-4T (78) +
XENONnT (71)

µLE
S < 7.5⇥ 10�12

µ⌫e < 1.0⇥ 10�11

µ⌫µ , µ⌫⌧ < 1.6⇥ 10�11
90% 2023 (79)

Core-Collapse
Supernovae

µ⌫ . (2� 8)⇥ 10�12 1988 (80)
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• The energy loss of the red giant branch in the globular cluster 
provides the most stringent limit of μastro < 4.5 × 10−12μB

Viaux ++, ‘13

Experimental limits on Neutrino Magnetic Moments

list is not exhaustive
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• The neutrino magnetic operator and mass are both chirality-flipping operator

• The effective vertex that generates the dipole operator (neutrino magnetic moment) in any EFT in general 
give rise to neutrino masses once the photon line is removed.
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Standard Model extensions that generate neutrino masses predict magnetic moments far below
current experimental sensitivity, leaving ample room for new physics. The neutrino magnetic mo-
ments predicted by the extensions of the Standard Model incorporating neutrino masses are several
orders of magnitude below the current experimental sensitivity, strongly indicating the need for new
physics. To evade the naturalness bounds from the e↵ective vertices viewpoint, one must either ac-
cept fine-tuning or introduce new symmetries. Typically, theoretical approaches to enhance neutrino
magnetic moments induce large radiative corrections to the neutrino masses, often requiring severe
fine-tuning. In this letter, we propose a novel mechanism that generates large magnetic moments
for both Dirac and Majorana neutrinos. Due to the nature of the SU(2) representations entering
the loop, the leading contribution to the magnetic moment yields a vanishing contribution to the
neutrino mass. In this letter, we propose a novel mechanism that leads to large magnetic moments
of both Dirac as well as Majorana neutrinos. Due to the di↵erence in the SU(2) structures entering
the loop, the leading graph contributing to the magnetic moment yields a vanishing contribution to
the neutrino mass.

I. INTRODUCTION

The observational evidence of neutrino oscillations [1]
indicates that the Standard Model (SM) of particle
physics is incomplete, suggesting the need for physics be-
yond the Standard Model (BSM). In such BSM theories,
neutrinos may acquire electromagnetic properties- such
as electric charge, charge radius, and magnetic moment-
through quantum corrections. These properties thus o↵er
a sensitive and complementary avenue for probing BSM
physics (for a recent review, see Ref. [2]). Among them,
the neutrino magnetic moment (NMM) is particularly
interesting due to its connections with the origin of neu-
trino masses and CP properties [3–6]. It may also play
an important role in distinguishing whether neutrinos are
Dirac or Majorana particles [7]. Furthermore, neutri-
nos with large magnetic moments can lead to observable
consequences in terrestrial experiments and astrophysical
environments, such as in neutrino scattering [8–10], dark
matter direct detection experiments [11–13], astrophysi-
cal neutrino signals [14–19], stellar cooling rates [20–22],
and cosmological imprints [23–26].

Mention minimal SM extension before general EFT
consideration? One of the major theoretical challenges
is how to obtain a large magnetic moment in the BSM
theory while still being consistent with small neutrino
masses. The naive relationship between the magnetic
moment of the neutrino and its mass from the e↵ective
vertex viewpoint, claiming that any graph generting the
NMM will also contribute to the mass by removing the
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†
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FIG. 1. Generic BSM diagrams contributing to: (a) the neu-
trino magnetic moment and (b) the mass.

photon external leg (see Fig. 1) is

m⌫ ⇠
µ⌫

µB

⇤2

2me

, (1)

where ⇤ is the scale of the heavy particle(s) inside the
loop, µB ⌘ e/2me is the Bohr magneton, e is the elec-
tric charge, and me is the electron mass. Mention chi-
ral flip argument as in the muon case for Dirac neu-
trino. Since at least one heavy particle running in-
side the loop should be charged, and thus above 100
GeV to avoid direct searches, this would lead to µ⌫ .
10�17µB

�
�m⌫
0.1eV

� �
⇤

100GeV

��2
[27–31]. In contrast, the

current experimental limit is µ⌫ . 10�11µB [8–10, 32–
37], several orders of magnitude higher. See Ref. [38] for
a review on global fits including all experimental limits.
Additionally, the energy loss of the red giant branch in
the globular cluster provides the most stringent limit of
µ⌫ < 4.5⇥10�12µB [20]. Therefore, there exists a 107 gap
between values that can be investigated in experiments
and the naive e↵ective vertex prediction for the neutrino
magnetic moment. a severe fine-tuning of one part in
107 is required to reach values that can be investigated
in experiments.
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 is the new physics scale; mass of heavy particles running inside the loopΛ

 —  conundrum: general argumentμν mν
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• At least one new particle running inside the loop must be at the  GeV scale or above

        leads to the naturalness bound

𝒪 (100)

⟹ μν ≲ 10−19μB ( δmν

0.1 eV ) ( Λ
TeV )

−2

8 orders of magnitude smaller than current experimental reach 
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• Spin Symmetry 

• Voloshin Symmetry /  Horizontal Symmetry

• The proposed mechanism:  Invariance 

SU(2)H

SU(2)L

Barr, Freire, and Zee (1990) 
Babu, Chang, Keung, Phillips (1992)

Voloshin (1988)
Barbari and Mohapatra (1989) 
Babu and Mohapatra  (1990)
Leurer and Marcus (1990)

Pages, Thapa (2025)

Mechanisms to decouple mass and magnetic moment
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with values many orders of magnitude below current experimental sensitivity. Since it does not al-
low for fine-tuning, this model illustrates the generic problem in generating large NMMs. Therefore,
consistent models predicting large NMMs have to include a mechanism that avoids this connection
of neutrino mass and NMM. That is why in well-studied models without such a mechanism, like
the left-right symmetric model [21] and the supersymmetric model [22], the NMM predictions are
far from being detected in next-generation experiments. On the other hand, a recent parameter
study in the framework of the minimal supersymmetric model found room for large NMM [23], but
does not solve the fine-tuning problem.

5. NATURALLY LARGE NMM VIA SYMMETRIES

To generate a sizable NMM and to avoid fine-tuning by suppressing neutrino mass loop contri-
butions one should rely on some sort of a symmetry. There are two classes of symmetries. First one
could try to build a suppression mechanism using one of the quantum numbers of the photon. This
was proposed by Barr, Freire and Zee (BFZ) in Ref. [24–26] using the spin. For the other quantum
numbers, like the parity or charge conjugation we checked all one loop subdiagram possibilities
and found no such suppression mechanism. Second, there are models exploiting the symmetry
properties of the e↵ective NMM and mass operators. The following were already proposed in the
literature, namely: Voloshin-type symmetry [27, 28] (e.g. SU(2) with ⌫ $ ⌫C), SU(2) horizontal
symmetry [29, 30] and discrete symmetries [31–35].

5.1. BFZ model

In Ref. [24] BFZ proposed the spin-suppression mechanism. The idea is that the loop diagram
generating the NMM has a sub-diagram involving the scalar h+ and the vector W . The neutrino
mass contribution diagram has the same sub-diagram with the photon line removed, see Fig. 6.
In this case, because of the spin conservation, only the longitudinal degrees of freedom of the
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Figure 7: (a) Two-loop neutrino mass contribution in the BFZ model. The NMM can be computed by
attaching the photon line to any of the charged particles inside the loop. (b) A similar diagram for the
model with Dirac neutrinos.

The realization of spin suppression mechanism in [24] uses three scalar doublets �a, with the
neutral component of one of them, say �1, obtaining a non-zero vacuum expectation value. From
the antisymmetric interaction

L = M̃abh+(��
a �

0
b
� ��

b
�0
a) (28)

and the quartic term of the scalar potential

L = �abh�†
1i�ah�†

1i�b (29)

one obtains the diagram for the NMM, see Fig. 7(a).
In order to estimate if the model is still viable, one can derive the following relation between

the radiative neutrino mass �m⌫i⌫j and the NMM µ⌫i⌫j [24]:

�m⌫i⌫j =

 
m2

j
�m2

i

M2
W

!
·
✓
�M2

2 + �M2
3

2M2

◆
·
✓

M

TeV

◆2

·
✓

µ⌫i⌫j

10�12µB

◆
· 0.5 · 106 eV, (30)

where mi are the charged lepton masses, MW the W boson mass, M is the scalar mass, assuming
M ⌘ M2 ⇠ M3 and �M2, �M3 being the mass di↵erences of the charged and neutral components
of �2 and �3. New charged scalar particles like h+ and �+

2,3 would have been seen by the LHC if
considerably lighter than 1 TeV. See for example SUSY searches for slepton decays [36, 37]. In
the limit of massless neutralinos the bounds are of the same order of magnitude as for h+ due to
similar decay channels. Let us therefore assume the new particle masses at TeV scale, M ⇠ 1 TeV.
For µ⌫i⌫j ⇠ 10�12µB this yields

�m⌫e⌫µ =

✓
�M2

2 + �M2
3

2M2

◆
eV, (31)

�m⌫µ⌫⌧ , �m⌫⌧⌫e =

✓
�M2

2 + �M2
3

2M2

◆
· 2.5 · 102 eV. (32)

In order to satisfy the limit on the upper bound of neutrino masses from various cosmological

observations [9], one needs �m⌫i⌫j . m⌫i⌫j < 0.2 eV and therefore
�M

2
2+�M

2
3

2M2 < 0.8 · 10�3 with no
need for fine-tuning. This shows that even though this is a two-loop diagram, the mechanism still
gives sizable NMMs and is in agreement with current experimental bounds.

It is interesting to think about a modified version of this model in order to apply the idea to
Dirac neutrinos. We hence need a scalar connecting the right-handed neutrinos and the left-handed
charged leptons. Beside the Higgs doublet �1, one could introduce an additional scalar doublet
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Figure 7: (a) Two-loop neutrino mass contribution in the BFZ model. The NMM can be computed by
attaching the photon line to any of the charged particles inside the loop. (b) A similar diagram for the
model with Dirac neutrinos.

The realization of spin suppression mechanism in [24] uses three scalar doublets �a, with the
neutral component of one of them, say �1, obtaining a non-zero vacuum expectation value. From
the antisymmetric interaction

L = M̃abh+(��
a �

0
b
� ��

b
�0
a) (28)

and the quartic term of the scalar potential

L = �abh�†
1i�ah�†

1i�b (29)

one obtains the diagram for the NMM, see Fig. 7(a).
In order to estimate if the model is still viable, one can derive the following relation between

the radiative neutrino mass �m⌫i⌫j and the NMM µ⌫i⌫j [24]:

�m⌫i⌫j =

 
m2

j
�m2

i

M2
W

!
·
✓
�M2

2 + �M2
3

2M2

◆
·
✓

M

TeV

◆2

·
✓

µ⌫i⌫j

10�12µB

◆
· 0.5 · 106 eV, (30)

where mi are the charged lepton masses, MW the W boson mass, M is the scalar mass, assuming
M ⌘ M2 ⇠ M3 and �M2, �M3 being the mass di↵erences of the charged and neutral components
of �2 and �3. New charged scalar particles like h+ and �+

2,3 would have been seen by the LHC if
considerably lighter than 1 TeV. See for example SUSY searches for slepton decays [36, 37]. In
the limit of massless neutralinos the bounds are of the same order of magnitude as for h+ due to
similar decay channels. Let us therefore assume the new particle masses at TeV scale, M ⇠ 1 TeV.
For µ⌫i⌫j ⇠ 10�12µB this yields

�m⌫e⌫µ =

✓
�M2

2 + �M2
3

2M2

◆
eV, (31)

�m⌫µ⌫⌧ , �m⌫⌧⌫e =

✓
�M2

2 + �M2
3

2M2

◆
· 2.5 · 102 eV. (32)

In order to satisfy the limit on the upper bound of neutrino masses from various cosmological

observations [9], one needs �m⌫i⌫j . m⌫i⌫j < 0.2 eV and therefore
�M

2
2+�M

2
3

2M2 < 0.8 · 10�3 with no
need for fine-tuning. This shows that even though this is a two-loop diagram, the mechanism still
gives sizable NMMs and is in agreement with current experimental bounds.

It is interesting to think about a modified version of this model in order to apply the idea to
Dirac neutrinos. We hence need a scalar connecting the right-handed neutrinos and the left-handed
charged leptons. Beside the Higgs doublet �1, one could introduce an additional scalar doublet

L

• The original proposal uses a charged singlet  (1,1,1) and three scalar doublets  (1,2,1/2)h+ ϕa

δmνμντ
= 0.5 × 106 eV ( m2

τ

M2
W ) ( δM2

2 + δM2
3

2M2 ) ( M
TeV )

2

( μν

10−12μB )
Barr, Freire, and Zee (1990) 
Babu, Chang, Keung, Phillips (1992)
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Barbari and Mohapatra (1989)  

Horizontal Symmetry
• Voloshin  symmetry that transforms  as doublets with the transformation 

 such that magnetic moment is invariant while mass term is not. 
SU(2)ν (νC

R , νL)T

νL → νC
R , νR → − νC

L

νLνR → − νLνR

νLσμννRFμν → + νLσμννRFμν
Simplest realization in 
               

SU(3)L × U(1)X
⟹ μν ≲ 10−16μB
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Barbari and Mohapatra (1989)  
• Horizontal symmetry: Based on SU(3)C × SU(2)L × U(1)Y × SU(2)H
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tail. If the quarks are assumed to be neutral under SU(2)/ / , the model is automatically free from triangle anomalies 
without the need for any exotic fermions. 

The most general Yukawa coupling for our model is given by 

J C K - A I T K ^ L ^ / ? ) + A2¥3L0JT* - f A 3 ^ 3 L O / T 2 ^ + / r 7 T 2 ( ^ T 2 C ~ 1 ^ 3 L ) + / T r ( ^ L < D ) T / ? + H.C. (3) 

The Higgs potential, in addition to the usual terms [viz., Tr(OfO), $(f>s 
tains the following interlocking terms: 

WH^, 0a* 0a, and their quartic products] con-

+ {^40/VT2 <J)T7V cn+^i77<I>+/T20*+^2T7*T777-ori+iU3Tr(a)TrOt)-aiH-H.c.} . (4) 
We have imposed a o2—> —02 symmetry in the above. 
The potential is minimized by the following vacuum ex-
pectation values: 

W = (O 0 i ; , ] , <<j2>- (0 v2 o) , 

(d>> = 
0 0 

0 K < ^ > -

(5) 

Now, it would appear that in general both <0?> and <02> 
could be nonzero, but if we parametrize (</>])=*rcosO, 
<02)=rsin0, minimization of the potential [Eq. (4)] with 
respect to 0 yields 0 = 0 or nil. Similarly, among the 
second and third components of (02), only one can be 
nonzero.13 This is a welcome result, since in this case, 
the mixing between the generation-changing horizontal 
gauge boson V ± and the generation-diagonal V3 van-
ishes at the tree level. Such mixing, if present, would set 
a stringent lower limit on the scale of horizontal-sym-
metry beaking from 11—> 3e decay. We will choose v\,V2 
*3>K,KS, making the horizontal gauge bosons much 
heavier than the W and Z bosons. We shall see later 
that the present experimental constraints require my± to 
be in the TeV range. 

Note that Eqs. (3) and (4) taken together implies 
violation of lepton number,14 which is necessary for the 
generation of transition magnetic moments (as well as 
Majorana neutrino masses). The full Lagrangian, how-
ever, respects Le — LM before spontaneous symmetry 
breaking. Furthermore, in the absence of the A3 (or f) 
term in Eq. (3), the r lepton number Lx is also conserved 
separately. The vacuum expectation values (07}, (O), 
and (0^) leave Le^L^—Lx unbroken, while (0-2) breaks 
this symmetry.15 These considerations will turn out to 
imply that the neutrinos in our model are pseudo Dirac 
particles.16 

Before addressing the question of neutrino masses and 
magnetic moments, let us analyze the situation with the 
charged-lepton masses. We shall work in the limit h \ = 0 
from now on. (This can be achieved naturally by a 
discrete symmetry without changing the rest of the La-
grangian, e.g., VR—* — ¥/?, V3L-+tV3L, TR-+ITR, <*> 
—• —/O, r\—> —ir).) As a result, the electron is mass-
less at the tree level, but will pick up a radiative mass at 
the one-loop level. The r and jn have tree-level masses 
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The presence of a tree-level mass term 0JVP leads to the 
generation of electron mass at one loop: 
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Turning to the discussion of neutrino masses and mag-
netic moments, it is clear that the neutrinos are massless 
at the tree level. After electroweak-symmetry breaking 
triggered by ( 0 ^ ) = ^ , the ji\ term of Eq. (4) generates 
the following mixing between the Higgs bosons: 
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How-

This mixing will induce a mass connecting vL 
the one-loop level via the 77-0 exchange of Fig. 1 
ever, it follows from Eqs. (3) and (4) that as long as 771 
and 772 are degenerate as are <p\ and 02 [which is indeed 
the case in the SU(2)//-symmetric limit], the two dia-
grams cancel, leading to zero mass for the neutrino. On 
the other hand, to obtain the magnetic moment of the 
neutrino, we must insert a photon line, which due to 
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causes both the diagrams to add, leading to a nonzero 
HvevM given by 
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Babu and Mohapatra  (1990) 

Horizontal Symmetry
• Voloshin  symmetry that transforms  as doublets with the transformation 

 such that magnetic moment is invariant while mass term is not. 
SU(2)ν (νC

R , νL)T

νL → νC
R , νR → − νC

L

νLνR → − νLνR

νLσμννRFμν → + νLσμννRFμν
Simplest realization in 
               

SU(3)L × U(1)X
⟹ μν ≲ 10−16μB
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The proposed mechanism:  InvarianceSU(2)L

• The Dirac (Majorana) neutrino magnetic moment arises from dimension-6 (dimension-7) operators

                                                   

          

CνB g1 L̄ H̃ σμν νR Bμν + CνW g2 L̄ τa H̃ σμν νR Wa
μν ⟹ ν̄LσμννRFμν

CLHB g1 (L̄c ϵ H) σμν (HT ϵ L) Bμν + CLHW g2 (L̄c ϵ H) σμν (HT ϵ τi L) Wi
μν ⟹ ν̄c

LσμννLFμν



    Anil Thapa 9

The proposed mechanism:  InvarianceSU(2)L

• The Dirac (Majorana) neutrino magnetic moment arises from dimension-6 (dimension-7) operators

                                                   

          

CνB g1 L̄ H̃ σμν νR Bμν + CνW g2 L̄ τa H̃ σμν νR Wa
μν ⟹ ν̄LσμννRFμν

CLHB g1 (L̄c ϵ H) σμν (HT ϵ L) Bμν + CLHW g2 (L̄c ϵ H) σμν (HT ϵ τi L) Wi
μν ⟹ ν̄c

LσμννLFμν

• Both  and  transform as doublets under  :  ~ (1, 2,1/2) and  ~ (1,2 , 1/2)L H SU(2)L H L −

combine to form gauge-invariant operators with  and Bμ Wμ
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triplet   2 ⊗ 2 = 3 ⊕ 1
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• Both  and  transform as doublets under  :  ~ (1, 2,1/2) and  ~ (1,2 , 1/2)L H SU(2)L H L −

combine to form gauge-invariant operators with  and Bμ Wμ
singlet 

triplet   2 ⊗ 2 = 3 ⊕ 1

• Replace  with new Fermion transforming under different representation of  :  L SU(2)L R1,2

Search for effective vertices that contain an invariant in the product

but not in the product 

R1 ⊗ R2 ⊗ 3 ⊗ 2 ⊗ . . . . . ⊗ 2

R1 ⊗ R2 ⊗ 2 ⊗ . . . . ⊗ 2

 : 
 : 

3 Wi
μ

2 H
n

n
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Complete set of diagrams

• Dipole operator exists only for the  gauge bosons  but not for the  gauge boson 

• Neutrino mass without any gauge boson attached is group theoretically identical to the  graph
                                                                                          vanishes due to  gauge invariance

SU(2)L Wμ U(1)Y Bμ

Bμ
⟹ SU(2)L
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Complete set of diagrams

• Dipole operator exists only for the  gauge bosons  but not for the  gauge boson 

• Neutrino mass without any gauge boson attached is group theoretically identical to the  graph
                                                                                          vanishes due to  gauge invariance

SU(2)L Wμ U(1)Y Bμ

Bμ
⟹ SU(2)L

New Fermion acts as a bridge between effective vertex and SM 
fermions
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FIG. 1. (a) E↵ective vertex with n Higgses, two fermions and
a Wµ gauge boson with the corresponding SU(2)L represen-
tation (2,R1,R2,3). (b) E↵ective vertex to connect (R1 or
R2) to the SM lepton doublet with k = R1,2 � 2 Higgses. A
similar diagram exists with the right-handed singlet neutrino
⌫R and R1,2 by taking k = R1,2 � 1 Higgses.

the existing SU(2)L gauge symmetry of the SM such that
the e↵ective dipole operator exists only for the SU(2)L

gauge bosons Wµ (triplet of SU(2)L) but not for the
U(1)Y hypercharge gauge boson Bµ (singlet of SU(2)L),
since the photon field Aµ is a linear combination of the
neutral fields W 3

µ
and Bµ. The contribution to the neu-

trino mass without any gauge boson attached is group
theoretically identical to the Bµ graph and therefore also
vanishes due to gauge invariance, thus evading the cor-
relation of Eq. (1). We begin by providing a comprehen-
sive analysis of the e↵ective vertices involving only Wµ

bosons. We then open up such e↵ective vertices by intro-
ducing new heavy degrees of freedom and demonstrate
that several UV complete models allow for potentially
observable neutrino magnetic moments. We emphasize
that our aim is not to eliminate the RGE-induced contri-
butions [49–51] that are universal and unavoidable but
to construct a mechanism within the SMEFT framework
and then UV-complete it, where the matching at the UV
scale yields a sizable W -dipole contribution while main-
taining a vanishing mass contribution.

II. MECHANISM TO SUPPRESS NEUTRINO
MASS

In the ⌫SMEFT (the SMEFT augmented with SM sin-
glet right-handed neutrinos ⌫R) [52], the Dirac neutrino
magnetic moment arises from dimension-6 operators

C⌫Bg1L̄ eH�µ⌫⌫RBµ⌫ + C⌫W g2L̄⌧a eH�µ⌫⌫RW a

µ⌫
+ h.c. ,

(2)

where L is the SM lepton doublet, H̃ ⌘ i⌧2H⇤ is the
conjugate Higgs doublet, Bµ⌫ = @µB⌫ � @⌫Bµ and
W a

µ⌫
= @µW a

⌫
� @⌫W a

µ
� g2✏abcW b

µ
W c

⌫
, a = 1, 2, 3, are

the field strength tensors of U(1)Y and SU(2)L, respec-
tively, with associated couplings g1 and g2, and ⌧a are the
Pauli matrices. The e↵ective dimension-5 Dirac neutrino
magnetic moment operator below the electroweak scale
is µD

⌫
/2 ⌫̄L�µ⌫⌫RFµ⌫ + h.c., where Fµ⌫ = @µA⌫ � @⌫Aµ

is the photon field strength tensor. The dimension-4 and
dimension-6 operators contributing to the Dirac neutrino
masses are

YDirac L̄ eH⌫R + C⌫H(L̄ eH⌫R)(H†H). (3)

In contrast to the Dirac case, the magnetic moments for
Majorana neutrinos originate from lepton number violat-
ing dimension-7 operators in the SMEFT:

CLHB g1(L̄
c✏H)�µ⌫(HT ✏L)Bµ⌫

+ CLHW g2(L̄
c✏H)�µ⌫(HT ✏⌧ iL)W i

µ⌫
, (4)

where ✏ = i⌧2 is the antisymmetric SU(2)L tensor and
L̄c

⌘ LT C where C denotes the charge conjugation
matrix. After electroweak symmetry breaking, a lin-
ear combination of these two operators leads to the Ma-
jorana neutrino magnetic moment operator, defined as
µM

⌫
/4 (L̄c�µ⌫L)Fµ⌫ with an additional factor 1/2 to

avoid double counting. The dimension-5 and dimension-
7 Weinberg operators that generate Majorana neutrino
masses are

C5
LH

(L̄c eH⇤)( eH†L) + C7
LH

(L̄c eH⇤)( eH†L)(H†H). (5)

The Majorana neutrino transition magnetic moment
[µM

⌫
]↵� is antisymmetric2 in its flavor indices {↵, �},

whereas the mass terms are flavor symmetric.
Since both L and H transform as doublets under

SU(2)L, they can combine to form gauge-invariant op-
erators involving both the singlet gauge boson Bµ and
the triplet gauge boson Wµ, i.e., 2 ⌦ 2 = 3 � 1, as can
be seen from Eqs. (2) and (4). The corresponding mass
operators — obtained by removing the field strengths —
are also gauge invariant and lead to the usual correlation
between mass and magnetic moments written in Eq. (1).
The key idea of the proposed mechanism is to generate
the dipole operators Eqs. (2) and (4) via new mediator
fermion fields that transform under di↵erent (i.e. not
doublet) representation of SU(2)L, labeled R1,2. We
then search for e↵ective vertices that contain an invari-
ant in the product R1 ⌦ R2 ⌦ 3 ⌦ 2n, but not in the
product R1 ⌦R2 ⌦2n. Here, 3 and 2 correspond to the
SU(2)L representations of the gauge boson W i

µ
and the

Higgs H, respectively. We allow for multiple number of
Higgses. A representative diagram illustrating the mech-
anism is shown in Fig. 1 and the condition for realizing
the magnetic moment through the Wµ diagram, together
with a vanishing mass contribution, is given by

|R1 � R2| � n = 2 , (6)

2 The Wilson coe�cient CLHB is antisymmetric under the fla-
vor indices, while CLHW is neither symmetric nor antisym-
metric. However, it can be decomposed as [O±

LHW
]ab =

1/2([OLHW ]ab ± [OLHW ]ba). Only the antisymmetric part con-
tributes to the magnetic moment after electroweak symmetry
breaking. A fully antisymmetric flavor structure can be con-
structed as (L̄c✏⌧a�µ⌫L)(H✏⌧bH)Wµ⌫

d
"abd [50, 51].
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k = R1,2 − 2 to connect to L
k = R1,2 − 1 to connect to νR

Condition to realize magnetic moment through 
 together with vanishing mass contributionWμ

|R1 − R2 | − n = 2

• Dipole operator exists only for the  gauge bosons  but not for the  gauge boson 

• Neutrino mass without any gauge boson attached is group theoretically identical to the  graph
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vanishes due to gauge invariance, thus evading the cor-
relation of Eq. (1). We begin by providing a comprehen-
sive analysis of the e↵ective vertices involving only Wµ

bosons. We then open up such e↵ective vertices by intro-
ducing new heavy degrees of freedom and demonstrate
that several UV complete models allow for potentially
observable neutrino magnetic moments. We emphasize
that our aim is not to eliminate the RGE-induced contri-
butions [49–51] that are universal and unavoidable but
to construct a mechanism within the SMEFT framework
and then UV-complete it, where the matching at the UV
scale yields a sizable W -dipole contribution while main-
taining a vanishing mass contribution.

II. MECHANISM TO SUPPRESS NEUTRINO
MASS

In the ⌫SMEFT (the SMEFT augmented with SM sin-
glet right-handed neutrinos ⌫R) [52], the Dirac neutrino
magnetic moment arises from dimension-6 operators

C⌫Bg1L̄ eH�µ⌫⌫RBµ⌫ + C⌫W g2L̄⌧a eH�µ⌫⌫RW a

µ⌫
+ h.c. ,

(2)

where L is the SM lepton doublet, H̃ ⌘ i⌧2H⇤ is the
conjugate Higgs doublet, Bµ⌫ = @µB⌫ � @⌫Bµ and
W a

µ⌫
= @µW a

⌫
� @⌫W a

µ
� g2✏abcW b

µ
W c

⌫
, a = 1, 2, 3, are

the field strength tensors of U(1)Y and SU(2)L, respec-
tively, with associated couplings g1 and g2, and ⌧a are the
Pauli matrices. The e↵ective dimension-5 Dirac neutrino
magnetic moment operator below the electroweak scale
is µD

⌫
/2 ⌫̄L�µ⌫⌫RFµ⌫ + h.c., where Fµ⌫ = @µA⌫ � @⌫Aµ

is the photon field strength tensor. The dimension-4 and
dimension-6 operators contributing to the Dirac neutrino
masses are

YDirac L̄ eH⌫R + C⌫H(L̄ eH⌫R)(H†H). (3)

In contrast to the Dirac case, the magnetic moments for
Majorana neutrinos originate from lepton number violat-
ing dimension-7 operators in the SMEFT:

CLHB g1(L̄
c✏H)�µ⌫(HT ✏L)Bµ⌫

+ CLHW g2(L̄
c✏H)�µ⌫(HT ✏⌧ iL)W i

µ⌫
, (4)

where ✏ = i⌧2 is the antisymmetric SU(2)L tensor and
L̄c

⌘ LT C where C denotes the charge conjugation
matrix. After electroweak symmetry breaking, a lin-
ear combination of these two operators leads to the Ma-
jorana neutrino magnetic moment operator, defined as
µM

⌫
/4 (L̄c�µ⌫L)Fµ⌫ with an additional factor 1/2 to

avoid double counting. The dimension-5 and dimension-
7 Weinberg operators that generate Majorana neutrino
masses are

C5
LH

(L̄c eH⇤)( eH†L) + C7
LH

(L̄c eH⇤)( eH†L)(H†H). (5)

The Majorana neutrino transition magnetic moment
[µM

⌫
]↵� is antisymmetric2 in its flavor indices {↵, �},

whereas the mass terms are flavor symmetric.
Since both L and H transform as doublets under

SU(2)L, they can combine to form gauge-invariant op-
erators involving both the singlet gauge boson Bµ and
the triplet gauge boson Wµ, i.e., 2 ⌦ 2 = 3 � 1, as can
be seen from Eqs. (2) and (4). The corresponding mass
operators — obtained by removing the field strengths —
are also gauge invariant and lead to the usual correlation
between mass and magnetic moments written in Eq. (1).
The key idea of the proposed mechanism is to generate
the dipole operators Eqs. (2) and (4) via new mediator
fermion fields that transform under di↵erent (i.e. not
doublet) representation of SU(2)L, labeled R1,2. We
then search for e↵ective vertices that contain an invari-
ant in the product R1 ⌦ R2 ⌦ 3 ⌦ 2n, but not in the
product R1 ⌦R2 ⌦2n. Here, 3 and 2 correspond to the
SU(2)L representations of the gauge boson W i

µ
and the

Higgs H, respectively. We allow for multiple number of
Higgses. A representative diagram illustrating the mech-
anism is shown in Fig. 1 and the condition for realizing
the magnetic moment through the Wµ diagram, together
with a vanishing mass contribution, is given by

|R1 � R2| � n = 2 , (6)

2 The Wilson coe�cient CLHB is antisymmetric under the fla-
vor indices, while CLHW is neither symmetric nor antisym-
metric. However, it can be decomposed as [O±

LHW
]ab =

1/2([OLHW ]ab ± [OLHW ]ba). Only the antisymmetric part con-
tributes to the magnetic moment after electroweak symmetry
breaking. A fully antisymmetric flavor structure can be con-
structed as (L̄c✏⌧a�µ⌫L)(H✏⌧bH)Wµ⌫

d
"abd [50, 51].
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FIG. 1. (a) E↵ective vertex with n Higgses, two fermions and
a Wµ gauge boson with the corresponding SU(2)L represen-
tation (2,R1,R2,3). (b) E↵ective vertex to connect (R1 or
R2) to the SM lepton doublet with k = R1,2 � 2 Higgses. A
similar diagram exists with the right-handed singlet neutrino
⌫R and R1,2 by taking k = R1,2 � 1 Higgses.
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k = R1,2 − 2 to connect to L
k = R1,2 − 1 to connect to νR

Condition to realize magnetic moment through 
 together with vanishing mass contributionWμ

|R1 − R2 | − n = 2

• Dipole operator exists only for the  gauge bosons  but not for the  gauge boson 

• Neutrino mass without any gauge boson attached is group theoretically identical to the  graph
                                                                                          vanishes due to  gauge invariance
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Bμ
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Complete set of diagrams
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FIG. 1: One-loop topology for (a) Dirac and (b)
Majorana magnetic moment that leads to vanishing
neutrino masses. Black (red) lines represent SM (new)
particles. The gauge bosons (Bµ, W i

µ
) can be attached

to either scalar line S or fermion F . fix the alignment

out attaching any external gauge boson) exactly vanishes
provided the scalar S and the fermion F have the same
representations and the same hypercharge. In this case,
the two vertices in the loop can be written as

L � ỹT F̄ kT a

kl
 aSl + ỹ� �lk⌫̄RF kSl† + h.c. , (3)

where SU(3)c indices (if any) are implicit, and T a

kl
are the

SU(2)L generators in the corresponding representation.
Since SU(2)L generators are traceless (irrespective of the
representation) it is clear that the product of the two
vertices in Eq. (3) appearing in the loop is zero, i.e.

�lkT a

kl
= Tr[T a

j
] = 0. (4)

The dipole contribution is obtained by attaching a Bµ or
W 3

µ
to either the scalar of the fermion inside the loop. In

this mechanism, the Bµ contribution is exactly canceled
in the same way as the mass. On the other hand, the W 3

µ

vertex comes with the third SU(2)L generator yielding a
contribution proportional to

Tr[T a

R
T 3

R
] = T (R)�a3 (5)

where T (R) is the Dynkin index in the R representation,
i.e. T (R) = 1/2, 2, 5... for, respectively, the defining, the
adjoint, the quadruplet representations and so on. This
�a3 indicates that only the third, neutral, component of
 will contribute, as expected since the photon does not
carry charge.

We need to point out why other topologies don’t work?

II. DIRAC ⌫⌫⌫ MAGNETIC MOMENT

We augment the SM particle content with right-handed
neutrinos ⌫R and impose global lepton number sym-
metry such that only small Dirac mass is generated
through the Yukawa term YDiracL̄⌫RH, with the cor-
responding neutrino magnetic moment of order µ⌫ �

3 ⇥ 10�19[m⌫/1eV] µB [25]. The neutrino magnetic mo-
ment is generated via dimension-six operators through
the gauge fields Bµ and W i

µ
and read as

L � C⌫B g1L̄H̃�µ⌫⌫RBµ⌫ + C⌫W g2L̄⌧ iH̃�µ⌫⌫RW i

µ⌫
,

(6)

where H̃ = i⌧2H⇤, g1,2 are the couplings of U(1)Y

and SU(2)L gauge group, and Bµ⌫ = @µB⌫ � @⌫Bµ

and W i

µ⌫
= @µW i

⌫
� @⌫W i

µ
� g2✏ijkW j

µ
W k

⌫
are the field

strength tensors. It is straightforward to show that after
electroweak symmetry breaking, a linear combination of
these two operators lead to the usual magnetic moment
operator

µ⌫ ⌫̄�µ⌫⌫Fµ⌫ (7)

Here Fµ⌫ is the photon field strength tensor.
As discussed in sec XX, the topology of Fig 1 does

not lead to neutrino masses while significantly enhanc-
ing neutrino magnetic moments. There exists a class
of models depending on the choice of the scalar and
fermion field S, F ⇠ (a, j, q) under the gauge group
S(3)c⇥SU(2)L⇥U(1)Y of SM. Here we explicitly give the
minimal case with two new particles in addition to ⌫SM,
i.e., when one has vector-like leptons F ⌘  ⇠ (1, 3, 0)
and real scalar S ⇠ (1, 3, 0) triplet field, which decom-
poses into their SU(2)L components as

 ⇠
1

2

�
�0

2

p
2�+

1p
2��

3 ��0
2

�
, S ⇠

1

2

�
S0

p
2S+

p
2S�

�S0

�

(8)
The most general gauge-invariant Yukawa interaction of
the model is given by the Lagrangian

�L = M� ̄L R + YDiracL̄⌫RH† + Y  ̄L⌫RS

+ eY L̄ RH† + YS ̄L RS + h.c. (9)

need to write it properly in index form, then we don’t
need to give Eq. (6). Similarly, the most general renor-
malizable scalar potential involving the SM Higgs H and
real triplet S read as

V = �µ2
H

H†H + µ2
S
Tr[S2] + �1(H

†H)2 + �2Tr[S4]

+ �3(H
†H)Tr[S2] + µH†SH . (10)

The scalar potential has a global O(4)H ⇥ O(3)S sym-
metry in the limit of µ ! 0. Thus, it is natural to take
µ ⌧ 1 so that the induced VEV of �S0

� = vS is also small
of the O (GeV), required by electroweak precision data
[]. Here v2 + v2

S
= (246GeV)2, where �H0

� = v/
p

2. The
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in the same way as the mass. On the other hand, the W 3

µ

vertex comes with the third SU(2)L generator yielding a
contribution proportional to

Tr[T a

R
T 3

R
] = T (R)�a3 (5)

where T (R) is the Dynkin index in the R representation,
i.e. T (R) = 1/2, 2, 5... for, respectively, the defining, the
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neutrinos ⌫R and impose global lepton number sym-
metry such that only small Dirac mass is generated
through the Yukawa term YDiracL̄⌫RH, with the cor-
responding neutrino magnetic moment of order µ⌫ �
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and read as
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The most general gauge-invariant Yukawa interaction of
the model is given by the Lagrangian

�L = M� ̄L R + YDiracL̄⌫RH† + Y  ̄L⌫RS
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need to write it properly in index form, then we don’t
need to give Eq. (6). Similarly, the most general renor-
malizable scalar potential involving the SM Higgs H and
real triplet S read as
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H†H + µ2
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†H)Tr[S2] + µH†SH . (10)
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� = vS is also small
of the O (GeV), required by electroweak precision data
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FIG. 2. One-loop topology for (a) Dirac and (b) Majorana magnetic moment that leads to vanishing neutrino masses. Black
(red) lines represent SM (new) particles.  is a triplet of SU(2)L. The gauge bosons (Bµ, W

i

µ) can be attached to either scalar
line S or fermion line F .

where n is the number of Higgses attached to the ef-
fective vertex. The new fermion(s) acts as a bridge be-
tween the e↵ective vertex Fig. 1 (a) and the SM fermions.
In practice, to connect the fermion with representation
R1,2 ⌘ R1 or R2, to the SM lepton doublet L or the
singlet ⌫R, one can attach k Higgs fields as shown in
Fig. 1 (b). Here k = R1,2 � 2 to connect to L and
k = R1,2 � 1 for ⌫R. It is important to realize that in-
creasing the dimension of the representation R1,2 of the
new fermion will also increase the EFT order of the e↵ec-
tive operator (more SM Higgses), leading to suppressed
magnetic moment.

III. MINIMAL UV REALIZATION

We now open up the e↵ective vertex shown in Fig. 1
by constructing an explicit UV completion at the lead-
ing EFT order, i.e., dimension 6 (7) for the Dirac (Majo-
rana) magnetic moment, at one-loop order. The resulting
topology, shown in Fig. 2, is obtained by setting R1 = 3
with a new heavy vector-like fermion  ⇠ (1,3, 0) and
R2 = 1 with ⌫R or N ⇠ (1,1, 0), n = 0 and k = 1. The
relevant Yukawa interaction of the fields { , L, H} is

y L̄⌧a eH a + h.c. . (7)

Since  is heavy, the diagram in Fig. 2 is not one-light-
particle irreducible (1LPI)3, and thus match directly to
the dipole operator and/or the mass term after integrat-
ing out heavy degrees of freedom. To interact with the
SM singlet ⌫R, the scalar S and the fermion F in the loop
must have the same quantum numbers. In this case, the
Lagrangian terms for the two vertices in the loop (cf.
Fig. 2 (a)) can be written as

L � yT F̄k[T a]k
l
Sl a + y� �k

l
F̄kSl⌫R + h.c. , (8)

where SU(3)c indices (if present) are implicit, and T a

denote the SU(2)L generators in the representation of

3 The presence of these bridge topologies were highlighted in the
context of the muon anomalous magnetic moment [53–56].

S, F . For instance, if the fields (S, F ) are adjoints of
SU(2), then [T a

A
]k
l

= i✏akl, where ✏ is the fully antisym-
metric tensor. The chiral singlet field ⌫R ⇠ (1,1, 0) in
Eq. (8) may be replaced by a heavy vector-like singlet
N ⇠ (1,1, 0)) to construct the topology for the Majorana
case, shown in Fig. 2 (b)4. Since SU(2)L generators are
traceless (irrespective of the representation), it is clear
that the product of the two vertices in Eq. (8) appearing
in the loop is zero, i.e.,

�l

k
[T a]k

l
= Tr[T a] = 0. (9)

Consequently, the mass contribution from these topolo-
gies exactly vanishes. The contribution to the neutrino
magnetic moment from the U(1)Y gauge boson, Bµ, also
vanishes for the same reason. On the other hand, the W 3

µ

vertex comes with the third SU(2)L generator5 yielding
a non-vanishing contribution proportional to

[T a

R]k
l
[T 3

R]k
0

k
�l

k0 = Tr[T a

RT 3
R] = T (R) �a3 , (10)

where T (R) is the Dynkin index in the R representation,
i.e., T (R) = 1/2, 2, 5... for the fundamental, the adjoint,
the quadruplet representations and so on. The details
on the leading EFT order topologies including relevant
loop functions and model-dependent coe�cients are pro-
vided in the next section as well as in Appendix I. The
matching results were obtained using Matchete [57] and
the notebooks are provided as supplementary materials.

A. UV–completion of Dirac µ
D

⌫µ
D

⌫µ
D

⌫

To realize a Dirac neutrino magnetic moment, we start
by imposing a global lepton number symmetry, thereby
forbidding any Majorana mass term for ⌫R. Neutrinos
acquire a Dirac mass of order 0.1 eV through the Yukawa

4 There is an additional topology with fourplet fermion in the Ma-
jorana case, see Appendix I for details.

5 The Lagrangian of the fields (Bµ, Wµ, F ) read g1yF F̄�µFBµ +
g2[Ta]k

l
F̄k�µF lWa

µ , where yF is the hypercharge of F.
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FIG. 1: One-loop topology for (a) Dirac and (b)
Majorana magnetic moment that leads to vanishing
neutrino masses. Black (red) lines represent SM (new)
particles. The gauge bosons (Bµ, W i

µ
) can be attached

to either scalar line S or fermion F . fix the alignment

out attaching any external gauge boson) exactly vanishes
provided the scalar S and the fermion F have the same
representations and the same hypercharge. In this case,
the two vertices in the loop can be written as

L � ỹT F̄ kT a

kl
 aSl + ỹ� �lk⌫̄RF kSl† + h.c. , (3)

where SU(3)c indices (if any) are implicit, and T a

kl
are the

SU(2)L generators in the corresponding representation.
Since SU(2)L generators are traceless (irrespective of the
representation) it is clear that the product of the two
vertices in Eq. (3) appearing in the loop is zero, i.e.

�lkT a

kl
= Tr[T a

j
] = 0. (4)

The dipole contribution is obtained by attaching a Bµ or
W 3

µ
to either the scalar of the fermion inside the loop. In

this mechanism, the Bµ contribution is exactly canceled
in the same way as the mass. On the other hand, the W 3

µ

vertex comes with the third SU(2)L generator yielding a
contribution proportional to

Tr[T a

R
T 3

R
] = T (R)�a3 (5)

where T (R) is the Dynkin index in the R representation,
i.e. T (R) = 1/2, 2, 5... for, respectively, the defining, the
adjoint, the quadruplet representations and so on. This
�a3 indicates that only the third, neutral, component of
 will contribute, as expected since the photon does not
carry charge.

We need to point out why other topologies don’t work?

II. DIRAC ⌫⌫⌫ MAGNETIC MOMENT

We augment the SM particle content with right-handed
neutrinos ⌫R and impose global lepton number sym-
metry such that only small Dirac mass is generated
through the Yukawa term YDiracL̄⌫RH, with the cor-
responding neutrino magnetic moment of order µ⌫ �

3 ⇥ 10�19[m⌫/1eV] µB [25]. The neutrino magnetic mo-
ment is generated via dimension-six operators through
the gauge fields Bµ and W i

µ
and read as

L � C⌫B g1L̄H̃�µ⌫⌫RBµ⌫ + C⌫W g2L̄⌧ iH̃�µ⌫⌫RW i

µ⌫
,

(6)

where H̃ = i⌧2H⇤, g1,2 are the couplings of U(1)Y

and SU(2)L gauge group, and Bµ⌫ = @µB⌫ � @⌫Bµ

and W i

µ⌫
= @µW i

⌫
� @⌫W i

µ
� g2✏ijkW j

µ
W k

⌫
are the field

strength tensors. It is straightforward to show that after
electroweak symmetry breaking, a linear combination of
these two operators lead to the usual magnetic moment
operator

µ⌫ ⌫̄�µ⌫⌫Fµ⌫ (7)

Here Fµ⌫ is the photon field strength tensor.
As discussed in sec XX, the topology of Fig 1 does

not lead to neutrino masses while significantly enhanc-
ing neutrino magnetic moments. There exists a class
of models depending on the choice of the scalar and
fermion field S, F ⇠ (a, j, q) under the gauge group
S(3)c⇥SU(2)L⇥U(1)Y of SM. Here we explicitly give the
minimal case with two new particles in addition to ⌫SM,
i.e., when one has vector-like leptons F ⌘  ⇠ (1, 3, 0)
and real scalar S ⇠ (1, 3, 0) triplet field, which decom-
poses into their SU(2)L components as
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The most general gauge-invariant Yukawa interaction of
the model is given by the Lagrangian

�L = M� ̄L R + YDiracL̄⌫RH† + Y  ̄L⌫RS

+ eY L̄ RH† + YS ̄L RS + h.c. (9)

need to write it properly in index form, then we don’t
need to give Eq. (6). Similarly, the most general renor-
malizable scalar potential involving the SM Higgs H and
real triplet S read as

V = �µ2
H

H†H + µ2
S
Tr[S2] + �1(H

†H)2 + �2Tr[S4]

+ �3(H
†H)Tr[S2] + µH†SH . (10)

The scalar potential has a global O(4)H ⇥ O(3)S sym-
metry in the limit of µ ! 0. Thus, it is natural to take
µ ⌧ 1 so that the induced VEV of �S0

� = vS is also small
of the O (GeV), required by electroweak precision data
[]. Here v2 + v2

S
= (246GeV)2, where �H0

� = v/
p

2. The
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FIG. 1: One-loop topology for (a) Dirac and (b)
Majorana magnetic moment that leads to vanishing
neutrino masses. Black (red) lines represent SM (new)
particles. The gauge bosons (Bµ, W i

µ
) can be attached

to either scalar line S or fermion F . fix the alignment

out attaching any external gauge boson) exactly vanishes
provided the scalar S and the fermion F have the same
representations and the same hypercharge. In this case,
the two vertices in the loop can be written as

L � ỹT F̄ kT a

kl
 aSl + ỹ� �lk⌫̄RF kSl† + h.c. , (3)

where SU(3)c indices (if any) are implicit, and T a

kl
are the

SU(2)L generators in the corresponding representation.
Since SU(2)L generators are traceless (irrespective of the
representation) it is clear that the product of the two
vertices in Eq. (3) appearing in the loop is zero, i.e.

�lkT a

kl
= Tr[T a

j
] = 0. (4)

The dipole contribution is obtained by attaching a Bµ or
W 3

µ
to either the scalar of the fermion inside the loop. In

this mechanism, the Bµ contribution is exactly canceled
in the same way as the mass. On the other hand, the W 3

µ

vertex comes with the third SU(2)L generator yielding a
contribution proportional to

Tr[T a

R
T 3

R
] = T (R)�a3 (5)

where T (R) is the Dynkin index in the R representation,
i.e. T (R) = 1/2, 2, 5... for, respectively, the defining, the
adjoint, the quadruplet representations and so on. This
�a3 indicates that only the third, neutral, component of
 will contribute, as expected since the photon does not
carry charge.

We need to point out why other topologies don’t work?

II. DIRAC ⌫⌫⌫ MAGNETIC MOMENT

We augment the SM particle content with right-handed
neutrinos ⌫R and impose global lepton number sym-
metry such that only small Dirac mass is generated
through the Yukawa term YDiracL̄⌫RH, with the cor-
responding neutrino magnetic moment of order µ⌫ �

3 ⇥ 10�19[m⌫/1eV] µB [25]. The neutrino magnetic mo-
ment is generated via dimension-six operators through
the gauge fields Bµ and W i

µ
and read as

L � C⌫B g1L̄H̃�µ⌫⌫RBµ⌫ + C⌫W g2L̄⌧ iH̃�µ⌫⌫RW i

µ⌫
,

(6)

where H̃ = i⌧2H⇤, g1,2 are the couplings of U(1)Y

and SU(2)L gauge group, and Bµ⌫ = @µB⌫ � @⌫Bµ

and W i

µ⌫
= @µW i

⌫
� @⌫W i

µ
� g2✏ijkW j

µ
W k

⌫
are the field

strength tensors. It is straightforward to show that after
electroweak symmetry breaking, a linear combination of
these two operators lead to the usual magnetic moment
operator

µ⌫ ⌫̄�µ⌫⌫Fµ⌫ (7)

Here Fµ⌫ is the photon field strength tensor.
As discussed in sec XX, the topology of Fig 1 does

not lead to neutrino masses while significantly enhanc-
ing neutrino magnetic moments. There exists a class
of models depending on the choice of the scalar and
fermion field S, F ⇠ (a, j, q) under the gauge group
S(3)c⇥SU(2)L⇥U(1)Y of SM. Here we explicitly give the
minimal case with two new particles in addition to ⌫SM,
i.e., when one has vector-like leptons F ⌘  ⇠ (1, 3, 0)
and real scalar S ⇠ (1, 3, 0) triplet field, which decom-
poses into their SU(2)L components as
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The most general gauge-invariant Yukawa interaction of
the model is given by the Lagrangian

�L = M� ̄L R + YDiracL̄⌫RH† + Y  ̄L⌫RS

+ eY L̄ RH† + YS ̄L RS + h.c. (9)

need to write it properly in index form, then we don’t
need to give Eq. (6). Similarly, the most general renor-
malizable scalar potential involving the SM Higgs H and
real triplet S read as

V = �µ2
H

H†H + µ2
S
Tr[S2] + �1(H

†H)2 + �2Tr[S4]

+ �3(H
†H)Tr[S2] + µH†SH . (10)

The scalar potential has a global O(4)H ⇥ O(3)S sym-
metry in the limit of µ ! 0. Thus, it is natural to take
µ ⌧ 1 so that the induced VEV of �S0

� = vS is also small
of the O (GeV), required by electroweak precision data
[]. Here v2 + v2

S
= (246GeV)2, where �H0

� = v/
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FIG. 2. One-loop topology for (a) Dirac and (b) Majorana magnetic moment that leads to vanishing neutrino masses. Black
(red) lines represent SM (new) particles.  is a triplet of SU(2)L. The gauge bosons (Bµ, W

i

µ) can be attached to either scalar
line S or fermion line F .

where n is the number of Higgses attached to the ef-
fective vertex. The new fermion(s) acts as a bridge be-
tween the e↵ective vertex Fig. 1 (a) and the SM fermions.
In practice, to connect the fermion with representation
R1,2 ⌘ R1 or R2, to the SM lepton doublet L or the
singlet ⌫R, one can attach k Higgs fields as shown in
Fig. 1 (b). Here k = R1,2 � 2 to connect to L and
k = R1,2 � 1 for ⌫R. It is important to realize that in-
creasing the dimension of the representation R1,2 of the
new fermion will also increase the EFT order of the e↵ec-
tive operator (more SM Higgses), leading to suppressed
magnetic moment.

III. MINIMAL UV REALIZATION

We now open up the e↵ective vertex shown in Fig. 1
by constructing an explicit UV completion at the lead-
ing EFT order, i.e., dimension 6 (7) for the Dirac (Majo-
rana) magnetic moment, at one-loop order. The resulting
topology, shown in Fig. 2, is obtained by setting R1 = 3
with a new heavy vector-like fermion  ⇠ (1,3, 0) and
R2 = 1 with ⌫R or N ⇠ (1,1, 0), n = 0 and k = 1. The
relevant Yukawa interaction of the fields { , L, H} is

y L̄⌧a eH a + h.c. . (7)

Since  is heavy, the diagram in Fig. 2 is not one-light-
particle irreducible (1LPI)3, and thus match directly to
the dipole operator and/or the mass term after integrat-
ing out heavy degrees of freedom. To interact with the
SM singlet ⌫R, the scalar S and the fermion F in the loop
must have the same quantum numbers. In this case, the
Lagrangian terms for the two vertices in the loop (cf.
Fig. 2 (a)) can be written as

L � yT F̄k[T a]k
l
Sl a + y� �k

l
F̄kSl⌫R + h.c. , (8)

where SU(3)c indices (if present) are implicit, and T a

denote the SU(2)L generators in the representation of

3 The presence of these bridge topologies were highlighted in the
context of the muon anomalous magnetic moment [53–56].

S, F . For instance, if the fields (S, F ) are adjoints of
SU(2), then [T a

A
]k
l

= i✏akl, where ✏ is the fully antisym-
metric tensor. The chiral singlet field ⌫R ⇠ (1,1, 0) in
Eq. (8) may be replaced by a heavy vector-like singlet
N ⇠ (1,1, 0)) to construct the topology for the Majorana
case, shown in Fig. 2 (b)4. Since SU(2)L generators are
traceless (irrespective of the representation), it is clear
that the product of the two vertices in Eq. (8) appearing
in the loop is zero, i.e.,

�l

k
[T a]k

l
= Tr[T a] = 0. (9)

Consequently, the mass contribution from these topolo-
gies exactly vanishes. The contribution to the neutrino
magnetic moment from the U(1)Y gauge boson, Bµ, also
vanishes for the same reason. On the other hand, the W 3

µ

vertex comes with the third SU(2)L generator5 yielding
a non-vanishing contribution proportional to

[T a

R]k
l
[T 3

R]k
0

k
�l

k0 = Tr[T a

RT 3
R] = T (R) �a3 , (10)

where T (R) is the Dynkin index in the R representation,
i.e., T (R) = 1/2, 2, 5... for the fundamental, the adjoint,
the quadruplet representations and so on. The details
on the leading EFT order topologies including relevant
loop functions and model-dependent coe�cients are pro-
vided in the next section as well as in Appendix I. The
matching results were obtained using Matchete [57] and
the notebooks are provided as supplementary materials.

A. UV–completion of Dirac µ
D

⌫µ
D

⌫µ
D

⌫

To realize a Dirac neutrino magnetic moment, we start
by imposing a global lepton number symmetry, thereby
forbidding any Majorana mass term for ⌫R. Neutrinos
acquire a Dirac mass of order 0.1 eV through the Yukawa

4 There is an additional topology with fourplet fermion in the Ma-
jorana case, see Appendix I for details.

5 The Lagrangian of the fields (Bµ, Wµ, F ) read g1yF F̄�µFBµ +
g2[Ta]k

l
F̄k�µF lWa

µ , where yF is the hypercharge of F.
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RGE Induced Contribution: 
For Dirac Magnetic moment, it leads to the bound  !μD

ν ≲ 10−15μB

[Bell et al, hep-ph/0504134]

3

If the contribution to neutrino masses from the diagram in Fig. 1(b) is suppressed for some
reason, there are still contributions from higher-loop diagrams induced by the NMM operator like
the one in Fig. 2. In order to derive constraints on the NMM, Bell et al. [14, 15] and Davidson
et al. [16] performed e↵ective operator analyses for Dirac and Majorana neutrinos. Requiring the
naturalness condition �m⌫ . m⌫ to avoid the fine-tuning they found the model independent bound
for Dirac neutrinos of the order µ⌫ . 10�15µB, when taking the new physics scale ⇤ = 1 TeV and
�m⌫ . 0.2 eV [14].

A similar analysis for Majorana neutrinos [15, 16] shows more room for large NMMs. The reason
is that for Majorana neutrinos the NMM operator is flavour antisymmetric while the mass operator
is flavour symmetric. For ⇤ = 1 TeV and m⌫ . 0.3 eV, they obtain the model independent limits
µ⌫⌧⌫µ , µ⌫⌧⌫e . 10�9µB, µ⌫µ⌫e . 3 ·10�7µB [15], which are already worse than current experimental
constraints.

⇤⌫ ⌫

Figure 2: Higher-loop neutrino mass contribution induced by the presence of the NMM operator.

2.2. New physics below the electroweak scale

Now let us assume that the new physics is generated below the electroweak scale. For example
one could think of a hidden sector, containing light particles. In this case, the e↵ective NMM and
neutrino mass operators generated by the Feynman diagrams in Fig. 3 are of dimension five and
three respectively. The naive estimate

µ⌫ ⇠ QG

⇤
, �m⌫ ⇠ G⇤ (5)

leads to

�m⌫

0.1 eV
⇠ 1

✏

✓
µ⌫

10�13µB

◆✓
⇤

GeV

◆2

. (6)

⇤⌫ ⌫

�

(a)

⇤⌫ ⌫

(b)

Figure 3: The Feynman diagrams for the NMM and the radiative neutrino mass induced by new physics
below the electroweak scale.

Given the estimates of Eqs. (2) and (6) it seems that there are two possibilities for generating
large NMM. Either the masses of the new particles are high and one has to find a mechanism that
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FIG. 1: One-loop topology for (a) Dirac and (b)
Majorana magnetic moment that leads to vanishing
neutrino masses. Black (red) lines represent SM (new)
particles. The gauge bosons (Bµ, W i

µ
) can be attached

to either scalar line S or fermion F . fix the alignment

out attaching any external gauge boson) exactly vanishes
provided the scalar S and the fermion F have the same
representations and the same hypercharge. In this case,
the two vertices in the loop can be written as

L � ỹT F̄ kT a

kl
 aSl + ỹ� �lk⌫̄RF kSl† + h.c. , (3)

where SU(3)c indices (if any) are implicit, and T a

kl
are the

SU(2)L generators in the corresponding representation.
Since SU(2)L generators are traceless (irrespective of the
representation) it is clear that the product of the two
vertices in Eq. (3) appearing in the loop is zero, i.e.

�lkT a

kl
= Tr[T a

j
] = 0. (4)

The dipole contribution is obtained by attaching a Bµ or
W 3

µ
to either the scalar of the fermion inside the loop. In

this mechanism, the Bµ contribution is exactly canceled
in the same way as the mass. On the other hand, the W 3

µ

vertex comes with the third SU(2)L generator yielding a
contribution proportional to

Tr[T a

R
T 3

R
] = T (R)�a3 (5)

where T (R) is the Dynkin index in the R representation,
i.e. T (R) = 1/2, 2, 5... for, respectively, the defining, the
adjoint, the quadruplet representations and so on. This
�a3 indicates that only the third, neutral, component of
 will contribute, as expected since the photon does not
carry charge.

We need to point out why other topologies don’t work?

II. DIRAC ⌫⌫⌫ MAGNETIC MOMENT

We augment the SM particle content with right-handed
neutrinos ⌫R and impose global lepton number sym-
metry such that only small Dirac mass is generated
through the Yukawa term YDiracL̄⌫RH, with the cor-
responding neutrino magnetic moment of order µ⌫ �

3 ⇥ 10�19[m⌫/1eV] µB [25]. The neutrino magnetic mo-
ment is generated via dimension-six operators through
the gauge fields Bµ and W i

µ
and read as

L � C⌫B g1L̄H̃�µ⌫⌫RBµ⌫ + C⌫W g2L̄⌧ iH̃�µ⌫⌫RW i

µ⌫
,

(6)

where H̃ = i⌧2H⇤, g1,2 are the couplings of U(1)Y

and SU(2)L gauge group, and Bµ⌫ = @µB⌫ � @⌫Bµ

and W i

µ⌫
= @µW i

⌫
� @⌫W i

µ
� g2✏ijkW j

µ
W k

⌫
are the field

strength tensors. It is straightforward to show that after
electroweak symmetry breaking, a linear combination of
these two operators lead to the usual magnetic moment
operator

µ⌫ ⌫̄�µ⌫⌫Fµ⌫ (7)

Here Fµ⌫ is the photon field strength tensor.
As discussed in sec XX, the topology of Fig 1 does

not lead to neutrino masses while significantly enhanc-
ing neutrino magnetic moments. There exists a class
of models depending on the choice of the scalar and
fermion field S, F ⇠ (a, j, q) under the gauge group
S(3)c⇥SU(2)L⇥U(1)Y of SM. Here we explicitly give the
minimal case with two new particles in addition to ⌫SM,
i.e., when one has vector-like leptons F ⌘  ⇠ (1, 3, 0)
and real scalar S ⇠ (1, 3, 0) triplet field, which decom-
poses into their SU(2)L components as
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The most general gauge-invariant Yukawa interaction of
the model is given by the Lagrangian

�L = M� ̄L R + YDiracL̄⌫RH† + Y  ̄L⌫RS

+ eY L̄ RH† + YS ̄L RS + h.c. (9)

need to write it properly in index form, then we don’t
need to give Eq. (6). Similarly, the most general renor-
malizable scalar potential involving the SM Higgs H and
real triplet S read as

V = �µ2
H

H†H + µ2
S
Tr[S2] + �1(H

†H)2 + �2Tr[S4]

+ �3(H
†H)Tr[S2] + µH†SH . (10)

The scalar potential has a global O(4)H ⇥ O(3)S sym-
metry in the limit of µ ! 0. Thus, it is natural to take
µ ⌧ 1 so that the induced VEV of �S0

� = vS is also small
of the O (GeV), required by electroweak precision data
[]. Here v2 + v2

S
= (246GeV)2, where �H0
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Majorana magnetic moment that leads to vanishing
neutrino masses. Black (red) lines represent SM (new)
particles. The gauge bosons (Bµ, W i
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out attaching any external gauge boson) exactly vanishes
provided the scalar S and the fermion F have the same
representations and the same hypercharge. In this case,
the two vertices in the loop can be written as

L � ỹT F̄ kT a

kl
 aSl + ỹ� �lk⌫̄RF kSl† + h.c. , (3)

where SU(3)c indices (if any) are implicit, and T a

kl
are the

SU(2)L generators in the corresponding representation.
Since SU(2)L generators are traceless (irrespective of the
representation) it is clear that the product of the two
vertices in Eq. (3) appearing in the loop is zero, i.e.

�lkT a

kl
= Tr[T a

j
] = 0. (4)

The dipole contribution is obtained by attaching a Bµ or
W 3

µ
to either the scalar of the fermion inside the loop. In

this mechanism, the Bµ contribution is exactly canceled
in the same way as the mass. On the other hand, the W 3

µ

vertex comes with the third SU(2)L generator yielding a
contribution proportional to

Tr[T a

R
T 3

R
] = T (R)�a3 (5)

where T (R) is the Dynkin index in the R representation,
i.e. T (R) = 1/2, 2, 5... for, respectively, the defining, the
adjoint, the quadruplet representations and so on. This
�a3 indicates that only the third, neutral, component of
 will contribute, as expected since the photon does not
carry charge.

We need to point out why other topologies don’t work?

II. DIRAC ⌫⌫⌫ MAGNETIC MOMENT

We augment the SM particle content with right-handed
neutrinos ⌫R and impose global lepton number sym-
metry such that only small Dirac mass is generated
through the Yukawa term YDiracL̄⌫RH, with the cor-
responding neutrino magnetic moment of order µ⌫ �

3 ⇥ 10�19[m⌫/1eV] µB [25]. The neutrino magnetic mo-
ment is generated via dimension-six operators through
the gauge fields Bµ and W i

µ
and read as

L � C⌫B g1L̄H̃�µ⌫⌫RBµ⌫ + C⌫W g2L̄⌧ iH̃�µ⌫⌫RW i

µ⌫
,

(6)

where H̃ = i⌧2H⇤, g1,2 are the couplings of U(1)Y

and SU(2)L gauge group, and Bµ⌫ = @µB⌫ � @⌫Bµ

and W i

µ⌫
= @µW i

⌫
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� g2✏ijkW j

µ
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are the field

strength tensors. It is straightforward to show that after
electroweak symmetry breaking, a linear combination of
these two operators lead to the usual magnetic moment
operator

µ⌫ ⌫̄�µ⌫⌫Fµ⌫ (7)

Here Fµ⌫ is the photon field strength tensor.
As discussed in sec XX, the topology of Fig 1 does

not lead to neutrino masses while significantly enhanc-
ing neutrino magnetic moments. There exists a class
of models depending on the choice of the scalar and
fermion field S, F ⇠ (a, j, q) under the gauge group
S(3)c⇥SU(2)L⇥U(1)Y of SM. Here we explicitly give the
minimal case with two new particles in addition to ⌫SM,
i.e., when one has vector-like leptons F ⌘  ⇠ (1, 3, 0)
and real scalar S ⇠ (1, 3, 0) triplet field, which decom-
poses into their SU(2)L components as

 ⇠
1

2

�
�0

2

p
2�+

1p
2��

3 ��0
2

�
, S ⇠

1

2

�
S0

p
2S+

p
2S�

�S0

�

(8)
The most general gauge-invariant Yukawa interaction of
the model is given by the Lagrangian

�L = M� ̄L R + YDiracL̄⌫RH† + Y  ̄L⌫RS

+ eY L̄ RH† + YS ̄L RS + h.c. (9)

need to write it properly in index form, then we don’t
need to give Eq. (6). Similarly, the most general renor-
malizable scalar potential involving the SM Higgs H and
real triplet S read as

V = �µ2
H

H†H + µ2
S
Tr[S2] + �1(H

†H)2 + �2Tr[S4]

+ �3(H
†H)Tr[S2] + µH†SH . (10)

The scalar potential has a global O(4)H ⇥ O(3)S sym-
metry in the limit of µ ! 0. Thus, it is natural to take
µ ⌧ 1 so that the induced VEV of �S0

� = vS is also small
of the O (GeV), required by electroweak precision data
[]. Here v2 + v2

S
= (246GeV)2, where �H0

� = v/
p

2. The

(a) (b)

FIG. 2. One-loop topology for (a) Dirac and (b) Majorana magnetic moment that leads to vanishing neutrino masses. Black
(red) lines represent SM (new) particles.  is a triplet of SU(2)L. The gauge bosons (Bµ, W

i

µ) can be attached to either scalar
line S or fermion line F .

where n is the number of Higgses attached to the ef-
fective vertex. The new fermion(s) acts as a bridge be-
tween the e↵ective vertex Fig. 1 (a) and the SM fermions.
In practice, to connect the fermion with representation
R1,2 ⌘ R1 or R2, to the SM lepton doublet L or the
singlet ⌫R, one can attach k Higgs fields as shown in
Fig. 1 (b). Here k = R1,2 � 2 to connect to L and
k = R1,2 � 1 for ⌫R. It is important to realize that in-
creasing the dimension of the representation R1,2 of the
new fermion will also increase the EFT order of the e↵ec-
tive operator (more SM Higgses), leading to suppressed
magnetic moment.

III. MINIMAL UV REALIZATION

We now open up the e↵ective vertex shown in Fig. 1
by constructing an explicit UV completion at the lead-
ing EFT order, i.e., dimension 6 (7) for the Dirac (Majo-
rana) magnetic moment, at one-loop order. The resulting
topology, shown in Fig. 2, is obtained by setting R1 = 3
with a new heavy vector-like fermion  ⇠ (1,3, 0) and
R2 = 1 with ⌫R or N ⇠ (1,1, 0), n = 0 and k = 1. The
relevant Yukawa interaction of the fields { , L, H} is

y L̄⌧a eH a + h.c. . (7)

Since  is heavy, the diagram in Fig. 2 is not one-light-
particle irreducible (1LPI)3, and thus match directly to
the dipole operator and/or the mass term after integrat-
ing out heavy degrees of freedom. To interact with the
SM singlet ⌫R, the scalar S and the fermion F in the loop
must have the same quantum numbers. In this case, the
Lagrangian terms for the two vertices in the loop (cf.
Fig. 2 (a)) can be written as

L � yT F̄k[T a]k
l
Sl a + y� �k

l
F̄kSl⌫R + h.c. , (8)

where SU(3)c indices (if present) are implicit, and T a

denote the SU(2)L generators in the representation of

3 The presence of these bridge topologies were highlighted in the
context of the muon anomalous magnetic moment [53–56].

S, F . For instance, if the fields (S, F ) are adjoints of
SU(2), then [T a

A
]k
l

= i✏akl, where ✏ is the fully antisym-
metric tensor. The chiral singlet field ⌫R ⇠ (1,1, 0) in
Eq. (8) may be replaced by a heavy vector-like singlet
N ⇠ (1,1, 0)) to construct the topology for the Majorana
case, shown in Fig. 2 (b)4. Since SU(2)L generators are
traceless (irrespective of the representation), it is clear
that the product of the two vertices in Eq. (8) appearing
in the loop is zero, i.e.,

�l

k
[T a]k

l
= Tr[T a] = 0. (9)

Consequently, the mass contribution from these topolo-
gies exactly vanishes. The contribution to the neutrino
magnetic moment from the U(1)Y gauge boson, Bµ, also
vanishes for the same reason. On the other hand, the W 3

µ

vertex comes with the third SU(2)L generator5 yielding
a non-vanishing contribution proportional to

[T a

R]k
l
[T 3

R]k
0

k
�l

k0 = Tr[T a

RT 3
R] = T (R) �a3 , (10)

where T (R) is the Dynkin index in the R representation,
i.e., T (R) = 1/2, 2, 5... for the fundamental, the adjoint,
the quadruplet representations and so on. The details
on the leading EFT order topologies including relevant
loop functions and model-dependent coe�cients are pro-
vided in the next section as well as in Appendix I. The
matching results were obtained using Matchete [57] and
the notebooks are provided as supplementary materials.

A. UV–completion of Dirac µ
D

⌫µ
D

⌫µ
D

⌫

To realize a Dirac neutrino magnetic moment, we start
by imposing a global lepton number symmetry, thereby
forbidding any Majorana mass term for ⌫R. Neutrinos
acquire a Dirac mass of order 0.1 eV through the Yukawa

4 There is an additional topology with fourplet fermion in the Ma-
jorana case, see Appendix I for details.

5 The Lagrangian of the fields (Bµ, Wµ, F ) read g1yF F̄�µFBµ +
g2[Ta]k

l
F̄k�µF lWa

µ , where yF is the hypercharge of F.

Φ
Ψ

μ breaks the lepton number

μM
ν

μB
= 4 mev2CLHW

CLHW =
y*ΨyδyTy′￼NθΦH

16π2

m2
Ψ + m2

S (log (m2
S /m2

Ψ) − 1)
mN(m2

Ψ − m2
S)2

mloop
ν = −

μM
ν

μB

|yΨ |2 v2

8me

For  TeV,   GeVmΨ, mS ∼ 1 mN ∼ 100
yδ, yT, yN ∼ 1; yΨ ∼ 10−3

⟹ μM
ν ∼ 10−12μB

NL,R ∼ (1,1,0)

ΨL,R ∼ (1,3,0)

S ∼ (1,3,0)
Φ ∼ (1,2,1/2)
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Neutrino Polarizability

Effective operator view Experimental signatures?

Instead of one photon 
(dipole), the neutrino interacts 
with two photons 
(polarizability)

This is a higher dimensional 
interaction • BSM signature in neutrino 

experiments through 
monophoton events

• Connection to anomalies: 
monophoton-like events 
are relevant to excesses 
such as MiniBooNE

ℒEFT =
C7

Λ3
(ν̄PLν)FμνF̃μν

These operators are related to 
polarizability as                                     

FμνFμν = ⃗B 2 − ⃗E 2

Neutrino polarizability involving a sterile neutrino

Julia Gehrlein,1, ⇤ Anil Thapa,1, † and Adrian Thompson2, ‡

1Physics Department, Colorado State University, Fort Collins, CO 80523, USA
2Northwestern University, Evanston, IL 60208, USA

Electromagnetic probes of neutrinos can provide insights into physics beyond the Standard Model.

Among the possible electromagnetic interactions of neutrinos is the neutrino polarizability operator

which couples two neutrinos to two photons via a dimension-7 e↵ective operator. In this manuscript,

we study the realization of neutrino polarizability operator where one of the active neutrinos is

replaced by a sterile neutrino. The neutrino polarizability operator leads to a new contribution

to neutrino-nucleus scattering with a single photon in the final state which can be searched for a

neutrino experiments. Its realization via a light mediator can explain the MiniBooNE low-energy

excess while being in agreement with other experimental constraints. Finally, we also comment on

other model realizations of this higher-dimensional operator.

I. Introduction

Neutrinos could have interactions beyond the Stan-
dard Model (SM). To remain agnostic about under-
lying physics, these new interactions are commonly
parametrized via e↵ective operators. Indeed the well
studied case of new neutrino interactions with other SM
fermions is parametrized in the neutrino non-standard
interactions framework [1] which couple two neutrino
fields to two fermion fields, resulting in an e↵ective four-
fermion operator. E↵ective couplings of neutrinos to SM
gauge bosons are however less well studied, where so far
a focus is on neutrino-photon couplings.

The two-photon neutrino vertex, also referred to as the
neutrino polarizability, is one such e↵ective interaction
with neutrinos at mass dimension 7 between the pseu-
doscalar neutrino current and two photons. Originally
studied by Gell-Mann [2] and Levine [3], it was shown to
vanish except in the case of massive neutrinos. Calcu-
lations of this vertex under the electroweak theory were
performed [4–6], with many applications to astrophysi-
cal environments in mind. For example, the ⌫⌫�� vertex
could contribute as a stellar cooling mechanism, primar-
ily through �� ! ⌫⌫̄ annihilation in stellar cores [3, 7],
but also through induced photon decays � ! �⌫⌫̄ and fu-
sion �� ! ⌫⌫̄ in strong astrophysical magnetic fields [8–
11]. Laboratory physics with laser polarizability [12] and
birefringence [13] have also been considered, in addition
to related operators with one extra photon attached in
the context of astrophysical environments [14]. In most
of these contexts, the polarizability is very suppressed
and hard to observe. However, recent e↵orts have real-
ized specific models that enhance the polarizability [15–
17].

To generate these e↵ective operators in a UV complete
framework care of SU(2) invariance has to be taken, any

⇤ julia.gehrlein@colostate.edu; 0000-0002-1235-0505
† a.thapa@colostate.edu; 0000-0003-4471-2336
‡ a.thompson@northwestern.edu

interaction with active, left-handed neutrinos, is also ex-
pected to a↵ect the corresponding charged leptons due
to SU(2)L invariance which leads to strong constraints.
However, these constraints can be avoided below the
weak scale if one of the active neutrinos is replaced by
a sterile neutrino and the mediator is assumed to be
neutral. An e↵ective dimension-7 LEFT operator for
neutrino polarizability with active-sterile transition can
arise which is expressed as

Lpol =
Cij

⇤3
⌫R,j⌫L,iF

µ⌫ eFµ⌫ , (1)

where eFµ⌫ = 1
2✏µ⌫⇢�F

⇢� is the dual electromagnetic field
strength tensor, Cij is a Wilson coe�cient, and ⇤ is the
scale of new physics. A similar dimension-7 operator
also exists with F

µ⌫
Fµ⌫ . Before electroweak symmetry

is broken the operator of Eq. (1) arises from dimension-
8 operator of the type (⌫̄RiHLj) Bµ⌫B̃

µ⌫ . Analogous
operators with Wµ⌫ also exist. Here ⌫R is the sterile
state with the Majorana mass given by

Lmass =
1

2
mN ⌫

T
RC⌫R . (2)

The operator in Eq. 1 with a massive sterile state is
realized in Fig. 1.

⌫R ⌫L

��

FIG. 1. The polarizability e↵ective vertex.

This interaction leads to new contributions to neutral
current neutrino-nucleus scattering with a mono-photon
in the final state and new sterile neutrino decay chan-
nels into an active neutrinos and two photons. So far,
this operator has not been studied while constraints on
the operator with two active neutrinos exist. Compared
to the case with only active neutrinos the active-sterile

νβνα
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Coherent Incoherent DIS

• Power of monophoton signals at neutrino experiments to probe polarizability

• Three kinematic regimes based on momentum transfer in  process, 2 → 3 q2 = − (pout
𝒩 − pin

𝒩)2

q2 < 0.1 GeV2 0.1 GeV2 < q2 < 1.8 GeV2 q2 > 1.8 GeV2

Helm form factor Dipole form factor PDF of proton

• The same operator can be probed across different momentum-transfer regimes and experiments

Monophoton signals
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gϕγ

4
ϕFμνF̃μν +

1
2

cαβ
ν (ναPLνβ)ϕ

• MiniBooNE: Pure mineral-oil ( )

• Cannot distinguish an  (electron-like) signature 
from a single-photon events 

•  beam flux peaks around 0.5 GeV.

• POT:  ( ) and  ( )

• Energy threshold 

•  from cosmology

CH2

νe

νμ + ν̄μ

18.75 × 1020 ν 11.27 × 1020 ν̄
Eγ > 100 MeV

mϕ > 5 MeV

Constraint and sensitivity
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• NOMAD:  GeV with a total exposure 
of  POT.

• Used single-photon efficiency of .              
(arXiv: 1111.3713) 

• Photon-energy-angle cut 

Eν = [5,100]
5.1 × 1019

8 %

Eγ[1 − cos θ] ≤ 0.05

gϕγ

4
ϕFμνF̃μν +

1
2

cαβ
ν (ναPLνβ)ϕ

Constraint and sensitivity
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• MicroBooNE, T2K, and XENONnT place 
constraints on the model parameter space. 
However, these constraints are weaker than 
those from MiniBooNE and NOMAD 
constraints. 

gϕγ

4
ϕFμνF̃μν +

1
2

cαβ
ν (ναPLνβ)ϕ

Constraint and sensitivity



19 Gehrlein, Shoemaker, Thapa, ‘25

• SBND/ICARUS: Neither SBND nor ICARUS 
has performed a dedicated search for single-
photon. 

• We therefore treat both detectors in projected-
sensitivity mode with constant photon detection 
efficiency of 10 % .

gϕγ

4
ϕFμνF̃μν +

1
2

cαβ
ν (ναPLνβ)ϕ

Constraint and sensitivity
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• DUNE will have excellent energy reconstruction.

• Ability to distinguish photons from electrons. 

• An excellent probe of polarizability operators. 

gϕγ

4
ϕFμνF̃μν +

1
2

cαβ
ν (ναPLνβ)ϕ

Constraint and sensitivity
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TABLE II: The number of data events, background events, and excess events in neutrino mode for

di↵erent selection crteria. The errors include both statistical and systematic uncertainties. Also

shown is the significance of each event excess. R is the radius of the reconstructed event interaction

point.

Selection Data Background Excess Significance

200 < EQE
⌫ < 1250 MeV & R < 5m 2870 2309.4± 119.6 560.6± 119.6 4.7�

150 < EQE
⌫ < 1250 MeV & R < 5m 3172 2560.4± 131.5 611.6± 131.5 4.7�

200 < EQE
⌫ < 1250 MeV & R < 4m 1978 1519.4± 81.9 458.6± 81.9 5.6�

200 < EQE
⌫ < 1250 MeV & R < 3m 864 673.9± 41.2 190.1± 41.2 4.6�

200 400 600 800 1000 1200
Visible Energy [MeV]

0

100
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Ev

en
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Dirt

γ N→∆

 misid0π

0 from Keν

+/- from Keν

+/-µ from eν
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Data

FIG. 7: The MiniBooNE neutrino mode visible energy distributions, corresponding to the total

18.75 ⇥ 1020 POT data in the 200 < EQE
⌫ < 1250 MeV energy range, for ⌫e CCQE data (points

with statistical errors) and background (colored histogram). The dashed histogram shows the best

fit to the neutrino-mode data assuming two-neutrino oscillations.

1. There are a total of 3182 data events, 2568.8 background events and 613.2 excess events.

Fig. 14 shows the cos ✓ distribution of data and background events for the 20 di↵erent

energy bins, while Fig. 15 shows the cos ✓ distributions from 0.9 to 1 for 10 di↵erent visible

energy bins. Neutrino-electron elastic scattering events are shown as the hatched region in

the “Others” category.

Fig. 16 shows the number of data and background events as a function of cos ✓ for

cos ✓ > 0.9, where neutrino-electron elastic scattering events are shown as the hatched

region in the “Others” category and contribute to the cos ✓ > 0.98 bins. The neutrino-

11

Significance
  4.7σ

What about MiniBooNE anomaly?
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with statistical errors) and background (colored histogram). The dashed histogram shows the best

fit to the neutrino-mode data assuming two-neutrino oscillations.

1. There are a total of 3182 data events, 2568.8 background events and 613.2 excess events.

Fig. 14 shows the cos ✓ distribution of data and background events for the 20 di↵erent

energy bins, while Fig. 15 shows the cos ✓ distributions from 0.9 to 1 for 10 di↵erent visible

energy bins. Neutrino-electron elastic scattering events are shown as the hatched region in

the “Others” category.

Fig. 16 shows the number of data and background events as a function of cos ✓ for

cos ✓ > 0.9, where neutrino-electron elastic scattering events are shown as the hatched

region in the “Others” category and contribute to the cos ✓ > 0.98 bins. The neutrino-

11

Significance
  4.7σ

What about MiniBooNE anomaly?

Simple sterile-neutrino oscillation explanations are under strong pressure, motivating 
alternative photon-like interpretations
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Yes, with heavy sterile state! 

A heavy sterile state can fit both the photon-energy and angular distributions in MiniBooNE
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•  MeV excluded by beam dumps 
experiments and SN 1987A

• Solution prefers  lighter than 

• The allowed ranges that can provides 
best fit to MiniBooNE anomaly is 

 MeV 

   MeV

• Purple shaded region: Sterile state  
decays to  inside the 
detector, failing single-photon selection 
criteria. 

mϕ < 20

mϕ mN

mϕ = [20, 320]

mN = [180, 600]

N
N → νϕ → νγγ

Gehrlein, Thapa, Thompson, ‘25
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• Neutrino electromagnetic  properties provide a clean window into physics beyond the Standard Model. 

• A novel mechanism for generating neutrino magnetic moment, in which the associated mass 
contribution is forbidden by SM  invariance was proposed.

• Two-photon neutrino polarizability leads to monophoton signals, with concrete test at current and 
future experiments. A heavy sterile state can fit the MiniBooNE excess.  

SU(2)L

Thank you for listening 

Conclusion
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Backup Slides
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Dirac vs Majorana

Dirac neutrinos: 
   Introduce  to the SM ( ) allowing          νR SU(3)C × SU(2)L × U(1)Y ℒY : yν L̄ H νR + h . c .

•
•  conserved 
•  eV,   this means Yukawa coupling                                                                                                  
•  only couples to Higgs  difficult to measure

ν = νL + νR ≠ ν̄
U(1)L
mν = yν ⟨H⟩ ≈ 0.1 yν ∼ 10−12!!
νR ⟹

Majorana neutrinos:
•    
•  broken  neutrinoless double beta decay 
• Weinberg operator  generates Majorana masses                    

ν = νL + νc
L = ν̄

U(1)L ⟹ 0νββ
LLHH

• Oscillation experiments cannot distinguish Dirac neutrinos from Majorana neutrinos
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RGE-Induced Contribution

3

If the contribution to neutrino masses from the diagram in Fig. 1(b) is suppressed for some
reason, there are still contributions from higher-loop diagrams induced by the NMM operator like
the one in Fig. 2. In order to derive constraints on the NMM, Bell et al. [14, 15] and Davidson
et al. [16] performed e↵ective operator analyses for Dirac and Majorana neutrinos. Requiring the
naturalness condition �m⌫ . m⌫ to avoid the fine-tuning they found the model independent bound
for Dirac neutrinos of the order µ⌫ . 10�15µB, when taking the new physics scale ⇤ = 1 TeV and
�m⌫ . 0.2 eV [14].

A similar analysis for Majorana neutrinos [15, 16] shows more room for large NMMs. The reason
is that for Majorana neutrinos the NMM operator is flavour antisymmetric while the mass operator
is flavour symmetric. For ⇤ = 1 TeV and m⌫ . 0.3 eV, they obtain the model independent limits
µ⌫⌧⌫µ , µ⌫⌧⌫e . 10�9µB, µ⌫µ⌫e . 3 ·10�7µB [15], which are already worse than current experimental
constraints.

⇤⌫ ⌫

Figure 2: Higher-loop neutrino mass contribution induced by the presence of the NMM operator.

2.2. New physics below the electroweak scale

Now let us assume that the new physics is generated below the electroweak scale. For example
one could think of a hidden sector, containing light particles. In this case, the e↵ective NMM and
neutrino mass operators generated by the Feynman diagrams in Fig. 3 are of dimension five and
three respectively. The naive estimate

µ⌫ ⇠ QG

⇤
, �m⌫ ⇠ G⇤ (5)

leads to

�m⌫

0.1 eV
⇠ 1

✏

✓
µ⌫

10�13µB

◆✓
⇤

GeV

◆2

. (6)

⇤⌫ ⌫

�

(a)

⇤⌫ ⌫

(b)

Figure 3: The Feynman diagrams for the NMM and the radiative neutrino mass induced by new physics
below the electroweak scale.

Given the estimates of Eqs. (2) and (6) it seems that there are two possibilities for generating
large NMM. Either the masses of the new particles are high and one has to find a mechanism that

γij =
3π(α1 − 3α2 + 4αt) −18πα2 0

−6πα1 −3π(α1 − 3α2 − 4αt) 0
−3(4π)2α1(α1 + α2) 3(4π)2α2(α1 + 3α2) 12λ − 9π(α1 + 3α2 − 4αt)

• For Dirac Magnetic moment, it leads to the bound  .

•  Can do similar analysis for Majorana Magnetic moment which leads to the bound 
 .

μD
ν ≲ 10−15μB

μM
ν ≲ 10−10μB

• The one-loop -function coefficients in the momentum range β v < μ < Λ

The RGEs for the Wilson coefficients

μ
d

dμ
C6

i (μ) =
1

16π2 ∑
j

γijC6
j (μ)

CνB g1L̄H̃σμννRBμν

CνH(L̄H̃νR)(H†H)
CνW g2L̄τaH̃σμννRWa

μν

[Bell et al, hep-ph/0504134]

[Bell et al, hep-ph/0606248]
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6

Appendix I: Leading EFT order topologies

In this section we provide all the topologies for both
Dirac and Majorana magnetic moment at the leading
EFT order, i.e., we focus on dimension-6 operators for
Dirac and dimension-7 operators for Majorana neutrinos.

1. Dirac topologies

Fig. 3 shows all the relevant topologies contributing
to the Dirac neutrino mass at dimension-4 and/or to
the magnetic moment at dimension-6. Among them,
Fig. 3 (a) and (c) represent bridge topologies, where a
heavy vector-like fermion connects the loop to an exter-
nal neutrino line via a Higgs insertion.

L

2 1,3 1
⌫R

3
W

2

H

(a)

L

2 1
⌫R

3
W

2
H

(b)

L

2 2 1
⌫R

3
W

2

H

(c)

FIG. 3. All topologies potentially generating the Dirac mass
at dimension 4 and the magnetic moment at dimension 6 (by
attaching the Wµ leg) of the neutrinos. SU(2)L representa-
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TABLE II. SU(2)L tensor products of the representations in
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with the potential to generate the dipole without the mass.

As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.
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TABLE III. SU(2)L tensor products of the representations in
the topologies of Fig. 4. Highlighted in green are the topolo-
gies with the potential to generate the dipole without the
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As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.
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In this section we provide all the topologies for both
Dirac and Majorana magnetic moment at the leading
EFT order, i.e., we focus on dimension-6 operators for
Dirac and dimension-7 operators for Majorana neutrinos.

1. Dirac topologies

Fig. 3 shows all the relevant topologies contributing
to the Dirac neutrino mass at dimension-4 and/or to
the magnetic moment at dimension-6. Among them,
Fig. 3 (a) and (c) represent bridge topologies, where a
heavy vector-like fermion connects the loop to an exter-
nal neutrino line via a Higgs insertion.
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As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.

L

2 1,3 1,3 2

L

3

W

2

H

2

H

(a)

L

2 1,3 2

L

3
W

2

H

2

H

(b)

L

2

1,3

2,4 2

L

3
W

2

H

2

H

(c)

L 2

2

L

3
W

2

H

2

H

(d)

FIG. 4. All topologies potentially generating the Majorana
mass at dimension 5 and the magnetic moment at dimension
7 (by attaching the Wµ leg) of the neutrinos. SU(2)L repre-
sentations are shown in gray.

Topology Rep. in loop � 1 � 3

(a)

1 ⌦ 1 3 7

1 ⌦ 3 or 3 ⌦ 1 7 3

3 ⌦ 3 3 3

(b)
1 ⌦ 2 ⌦ 2 3 3

3 ⌦ 2 ⌦ 2 3 3

(c)
2 ⌦ 2 3 3

4 ⌦ 2 7 3

(d) 2 ⌦ 2 ⌦ 2 ⌦ 2 3 3
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As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.
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In this section we provide all the topologies for both
Dirac and Majorana magnetic moment at the leading
EFT order, i.e., we focus on dimension-6 operators for
Dirac and dimension-7 operators for Majorana neutrinos.

1. Dirac topologies

Fig. 3 shows all the relevant topologies contributing
to the Dirac neutrino mass at dimension-4 and/or to
the magnetic moment at dimension-6. Among them,
Fig. 3 (a) and (c) represent bridge topologies, where a
heavy vector-like fermion connects the loop to an exter-
nal neutrino line via a Higgs insertion.
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As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.
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As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.
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Fig. 3 shows all the relevant topologies contributing
to the Dirac neutrino mass at dimension-4 and/or to
the magnetic moment at dimension-6. Among them,
Fig. 3 (a) and (c) represent bridge topologies, where a
heavy vector-like fermion connects the loop to an exter-
nal neutrino line via a Higgs insertion.
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As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.
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As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.
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EFT order, i.e., we focus on dimension-6 operators for
Dirac and dimension-7 operators for Majorana neutrinos.

1. Dirac topologies

Fig. 3 shows all the relevant topologies contributing
to the Dirac neutrino mass at dimension-4 and/or to
the magnetic moment at dimension-6. Among them,
Fig. 3 (a) and (c) represent bridge topologies, where a
heavy vector-like fermion connects the loop to an exter-
nal neutrino line via a Higgs insertion.
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As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.
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TABLE III. SU(2)L tensor products of the representations in
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As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.
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In this section we provide all the topologies for both
Dirac and Majorana magnetic moment at the leading
EFT order, i.e., we focus on dimension-6 operators for
Dirac and dimension-7 operators for Majorana neutrinos.
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to the Dirac neutrino mass at dimension-4 and/or to
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As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.
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TABLE III. SU(2)L tensor products of the representations in
the topologies of Fig. 4. Highlighted in green are the topolo-
gies with the potential to generate the dipole without the
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As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.
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1. Dirac topologies

Fig. 3 shows all the relevant topologies contributing
to the Dirac neutrino mass at dimension-4 and/or to
the magnetic moment at dimension-6. Among them,
Fig. 3 (a) and (c) represent bridge topologies, where a
heavy vector-like fermion connects the loop to an exter-
nal neutrino line via a Higgs insertion.
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As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.
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As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.
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As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.
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FIG. 4. All topologies potentially generating the Majorana
mass at dimension 5 and the magnetic moment at dimension
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TABLE III. SU(2)L tensor products of the representations in
the topologies of Fig. 4. Highlighted in green are the topolo-
gies with the potential to generate the dipole without the
mass.

As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.

6

Appendix I: Leading EFT order topologies

In this section we provide all the topologies for both
Dirac and Majorana magnetic moment at the leading
EFT order, i.e., we focus on dimension-6 operators for
Dirac and dimension-7 operators for Majorana neutrinos.

1. Dirac topologies

Fig. 3 shows all the relevant topologies contributing
to the Dirac neutrino mass at dimension-4 and/or to
the magnetic moment at dimension-6. Among them,
Fig. 3 (a) and (c) represent bridge topologies, where a
heavy vector-like fermion connects the loop to an exter-
nal neutrino line via a Higgs insertion.

L

2 1,3 1
⌫R

3
W

2

H

(a)

L

2 1
⌫R

3
W

2
H

(b)

L

2 2 1
⌫R

3
W

2

H

(c)

FIG. 3. All topologies potentially generating the Dirac mass
at dimension 4 and the magnetic moment at dimension 6 (by
attaching the Wµ leg) of the neutrinos. SU(2)L representa-
tions are shown in gray.

Topology Rep. in loop � 1 � 3

(a)
1 ⌦ 1 3 7

3 ⌦ 1 7 3

(b) 2 ⌦ 2 ⌦ 1 3 3

(c) 2 ⌦ 2 3 3

TABLE II. SU(2)L tensor products of the representations in
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As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.
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TABLE III. SU(2)L tensor products of the representations in
the topologies of Fig. 4. Highlighted in green are the topolo-
gies with the potential to generate the dipole without the
mass.

As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.
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In this section we provide all the topologies for both
Dirac and Majorana magnetic moment at the leading
EFT order, i.e., we focus on dimension-6 operators for
Dirac and dimension-7 operators for Majorana neutrinos.

1. Dirac topologies

Fig. 3 shows all the relevant topologies contributing
to the Dirac neutrino mass at dimension-4 and/or to
the magnetic moment at dimension-6. Among them,
Fig. 3 (a) and (c) represent bridge topologies, where a
heavy vector-like fermion connects the loop to an exter-
nal neutrino line via a Higgs insertion.
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As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.
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TABLE III. SU(2)L tensor products of the representations in
the topologies of Fig. 4. Highlighted in green are the topolo-
gies with the potential to generate the dipole without the
mass.

As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.
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In this section we provide all the topologies for both
Dirac and Majorana magnetic moment at the leading
EFT order, i.e., we focus on dimension-6 operators for
Dirac and dimension-7 operators for Majorana neutrinos.

1. Dirac topologies

Fig. 3 shows all the relevant topologies contributing
to the Dirac neutrino mass at dimension-4 and/or to
the magnetic moment at dimension-6. Among them,
Fig. 3 (a) and (c) represent bridge topologies, where a
heavy vector-like fermion connects the loop to an exter-
nal neutrino line via a Higgs insertion.
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TABLE II. SU(2)L tensor products of the representations in
the topologies of Fig. 3. Highlighted in green is the topology
with the potential to generate the dipole without the mass.

As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.
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TABLE III. SU(2)L tensor products of the representations in
the topologies of Fig. 4. Highlighted in green are the topolo-
gies with the potential to generate the dipole without the
mass.

As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.
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In this section we provide all the topologies for both
Dirac and Majorana magnetic moment at the leading
EFT order, i.e., we focus on dimension-6 operators for
Dirac and dimension-7 operators for Majorana neutrinos.

1. Dirac topologies

Fig. 3 shows all the relevant topologies contributing
to the Dirac neutrino mass at dimension-4 and/or to
the magnetic moment at dimension-6. Among them,
Fig. 3 (a) and (c) represent bridge topologies, where a
heavy vector-like fermion connects the loop to an exter-
nal neutrino line via a Higgs insertion.
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As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.
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TABLE III. SU(2)L tensor products of the representations in
the topologies of Fig. 4. Highlighted in green are the topolo-
gies with the potential to generate the dipole without the
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As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.
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In this section we provide all the topologies for both
Dirac and Majorana magnetic moment at the leading
EFT order, i.e., we focus on dimension-6 operators for
Dirac and dimension-7 operators for Majorana neutrinos.

1. Dirac topologies

Fig. 3 shows all the relevant topologies contributing
to the Dirac neutrino mass at dimension-4 and/or to
the magnetic moment at dimension-6. Among them,
Fig. 3 (a) and (c) represent bridge topologies, where a
heavy vector-like fermion connects the loop to an exter-
nal neutrino line via a Higgs insertion.
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As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.
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TABLE III. SU(2)L tensor products of the representations in
the topologies of Fig. 4. Highlighted in green are the topolo-
gies with the potential to generate the dipole without the
mass.

As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.
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In this section we provide all the topologies for both
Dirac and Majorana magnetic moment at the leading
EFT order, i.e., we focus on dimension-6 operators for
Dirac and dimension-7 operators for Majorana neutrinos.

1. Dirac topologies

Fig. 3 shows all the relevant topologies contributing
to the Dirac neutrino mass at dimension-4 and/or to
the magnetic moment at dimension-6. Among them,
Fig. 3 (a) and (c) represent bridge topologies, where a
heavy vector-like fermion connects the loop to an exter-
nal neutrino line via a Higgs insertion.
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TABLE II. SU(2)L tensor products of the representations in
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with the potential to generate the dipole without the mass.

As can be seen from Table. II, topology 3 (a) with
SU(2)L triplet fermion only exists when the Wµ line is
connected, i.e., 3⌦3 � 1 allows the dipole diagram (with
Wµ), but not the mass diagram (without it). For topolo-
gies (b) and (c) of Fig. 3, invariant contractions exist re-
gardless of whether Wµ leg is attached, i.e., 2⌦2 = 3�1
allowing for both mass and dipole operators.

2. Majorana topologies

Fig. 4 displays all the topologies that contribute to the
Majorana neutrino mass at dimension-5 and/or to the
magnetic moment at dimension-7. Fig. 4 (a), (b) and (c)
corresponds to bridge topologies. Contrary to the Dirac
case, there is no distinction between the incoming and
outgoing fermion leg since it is the same particle `. As a
consequence each graph can be mirrored.
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FIG. 4. All topologies potentially generating the Majorana
mass at dimension 5 and the magnetic moment at dimension
7 (by attaching the Wµ leg) of the neutrinos. SU(2)L repre-
sentations are shown in gray.

Topology Rep. in loop � 1 � 3

(a)
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TABLE III. SU(2)L tensor products of the representations in
the topologies of Fig. 4. Highlighted in green are the topolo-
gies with the potential to generate the dipole without the
mass.

As summarized in Table. III, Fig. 4 (a) with one triplet
vector-like lepton and Fig. 4 (c) with a triplet and a four-
plet vector-like leptons only exist when the Wµ line is
connected. This implies that the corresponding Majo-
rana mass diagram — obtained by removing the photon
— does not exist, and the magnetic moment is generated
without inducing a mass.

Minimal UV Realization: Dirac Magnetic moment 
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 in BSM μν

SM +  with νR ΔL = 0

• Effective dimension-5 operator after electroweak symmetry for Dirac neutrinos (couples LH and 
RH neutrinos)  1

2
(μD

ν )αβ ν̄α
L σμν νβ

R Fμν

Electromagnetic field strength tensor

To forbid Majorana mass term for νR

ℒY : yν L̄ H νR + h . c .

• Dirac neutrinos with diagonal and off-diagonal (transition) magnetic moments

[Fujikawa, Shrock, ’80; Pal, Wolfenstein, ’82; Shrock, ’82]

I A mass insertion is needed to flip chirality:

U⇤
`k U`j mj⌫kL ` ⌫jL ⌫jR

W W
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kk '

3eGFmk
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"D
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I Diagonal magnetic moments: µD
kk ' 3.2⇥ 10�19µB
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Strongly suppressed by small neutrino masses!
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Strongly suppressed by small neutrino masses!

µB ⌘
e

2 me
' 6 ⇥ 10�15 MeV

Gauss
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μD
kj ≃

3eGF

16 2π2
(mk + mj) δij −

1
2 ∑

ℓ=e,μ,τ

U*ℓkUℓj
m2

ℓ

m2
W

Suppressed by neutrino mass

Dirac neutrinos:
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SM +  with νR ΔL = 0

• Effective dimension-5 operator after electroweak symmetry for Dirac neutrinos (couples LH and 
RH neutrinos)  1

2
(μD

ν )αβ ν̄α
L σμν νβ

R Fμν

Electromagnetic field strength tensor

To forbid Majorana mass term for νR

ℒY : yν L̄ H νR + h . c .

• Dirac neutrinos with diagonal and off-diagonal (transition) magnetic moments

[Fujikawa, Shrock, ’80; Pal, Wolfenstein, ’82; Shrock, ’82]
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μD
kj ≃

3eGF

16 2π2
(mk + mj) δij −

1
2 ∑

ℓ=e,μ,τ

U*ℓkUℓj
m2

ℓ

m2
W

Suppressed by neutrino mass

Dirac neutrinos:

Transition are GIM suppressed 




μν

μD
kk ≃ 3.2 × 10−19μB ( mk

eV )
μD

kj ≃ − 3.9 × 10−23μB ( mk + mj

eV ) ∑
ℓ=e,μ,τ

U*ℓkUℓj
m2

ℓ

m2
τk ≠ j
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 in BSM μν

Left-Right Symmetric Model:Left-Right Simmetric Models
I Right-handed interactions mediated by WR avoid the necessity of the

mass insertion to flip chirality:

U⇤
`k m` V`j

sin ⇠

⌫kL `L `R ⌫jR

WL
WL

WR

�

U⇤
`k

sin ⇠ V`j

m`

⌫kL WL WR ⌫jR

`L
`L

`R

�

I Problem: The same diagrams without the photon line contribute to the
neutrino masses:

U⇤
`k m` V`j

sin ⇠

⌫kL `L `R ⌫jR

WL WR

I General Problem: difficult to get large magnetic moments and small
masses.

I Common Solution: ad-hoc symmetries.
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• In LRSM ( based on gauge group  )  has gauge interaction 
with  and  mixing ( ) leads to magnetic moment of neutrinos

SU(2)L ⊗ SU(2)R ⊗ U(1)B−L νR
WR WL − WR sin ξ

μν ≃
eGFmℓ

4 2π2
sin 2ξ
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• In LRSM ( based on gauge group  )  has gauge interaction 
with  and  mixing ( ) leads to magnetic moment of neutrinos

SU(2)L ⊗ SU(2)R ⊗ U(1)B−L νR
WR WL − WR sin ξ

μν ≃
eGFmℓ

4 2π2
sin 2ξ

• Same diagram without photon leads to neutrino mass!

⟹ μν < 10−16μB
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 in BSM μν

Majorana neutrinos

• Effective dimension-5 operator after electroweak symmetry for Majorana neutrinos

1
4

(μM
ν )αβ ν̄C

αL σμν νβL Fμν
Antisymmetric in flavor indices

• The magnetic moment are suppressed as in Dirac case in the minimal extension of the 
SM with Majorana neutrino masses

μM
kj ≃ − 7.8 × 10−23μB ( mk + mj

eV ) ∑
ℓ=e,μ,τ

U*ℓkUℓj
m2

ℓ

m2
τ

Suppressed by neutrino mass [Shrock, ’82]
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Majorana neutrinos

Difficult to generate neutrino magnetic moment without its corresponding mass
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