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Motivation

Dark matter direct detection experiments

• Underground laboratories waiting from the 
dark matter hits

• Electronic & nuclear recoils  
prompt scintillation (S1) and delayed electroluminescence (S2)

• Challenge: Low background rate, large target 
mass, and low energy threshold 

• Quietest and darkest laboratory 
environments

XENON1T; adapted by APS/Alan Stonebraker

Enormous tank of purified liquid xenon 
surrounded by photomultiplier tubes.

http://alanstonebraker.com/
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Motivation

• XENON1T 3.3 sigma anomaly:
- Large e/γ ratio (S2/S1) = Electronic recoils

• Fluctuation, tritium, new physics?!

2006.09721

Dark matter direct detection experiments
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XENON1T, 2006.09721
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XENON1T, 2006.09721

Neutrino solution

- The source of incoming particles is 
known.

- However, the expected signal is 
tiny in the SM (the neutrino floor).

* Modifying neutrino properties

- How to lift up the neutrino floor?
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• Magnetic moments of active 
flavours ruled out by stellar 
cooling constraints

XENON1T, 2006.09721
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Neutrino physics

We wanted to fix the problem; ended up answering some interesting 
questions in 



• What dark matter direct detection experiments tell us about the 
electromagnetic properties of neutrinos?

• Is it possible to observe the signal in present/future experiments, given 
complementary constraints from astrophysics and cosmology?

• Is there a viable model which predicts the observable signal, while still 
constant with known neutrino masses and other phenomenology?
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Questions



• What dark matter direct detection experiments tell us about the 
electromagnetic properties of neutrinos?

• Is it possible to observe the signal in present/future experiments, given 
complementary constraints from astrophysics and cosmology?

• Is there a viable model which predicts the observable signal, while still 
constant with known neutrino masses and other phenomenology?
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Questions

• What dark matter direct detection experiments tell us about the 
electromagnetic properties of neutrinos?

• Is it possible to observe the signal in present/future experiments, given 
complementary constraints from astrophysics and cosmology?

• Is there a viable model which predicts the observable signal, while still 
consistent with known neutrino masses and other phenomenology?



Transition magnetic moment
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• Problem 
Magnetic moments of active flavours 
ruled out by stellar cooling constraints

• Idea  
New sterile neutrino  
1) Heavy enough to avoid cooling 
2) Light enough to be produced in 
up-scatering

!11



Transition magnetic moment

• Heavy sterile neutrino   with mass  NR MN
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[Recent studies include Magill et. al. 1803.03262, 
Shoemaker & Wyenberg 1811.12435]
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• Problem 
Magnetic moments of active flavours 
ruled out by stellar cooling constraints

• Idea  
New sterile neutrino  
1) Heavy enough to avoid cooling 
2) Light enough to be produced in 
up-scatering
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• Problem 
Magnetic moments of active flavours 
ruled out by stellar cooling constraints

• Idea  
New sterile neutrino  
1) Heavy enough to avoid cooling 
2) Light enough to be produced in 
up-scatering
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• Problem 
Magnetic moments of active flavours 
ruled out by stellar cooling constraints

• Idea  
New sterile neutrino  
1) Heavy enough to avoid cooling 
2) Light enough to be produced in 
the up-scatering
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Neutrino (up-)scattering in 
the detector
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We consider the entire measured range

DATA
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[Pospelov 1103.3261, Harnik et. al 1202.6073]

Electronic recoil signal
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• Scattering targets

• Solar neutrino flux

• Neutrino cross-sections 
and kinematics
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<latexit sha1_base64="gOFVsU9rl42H+Rr7YB8WfC06Bjg=">AAACBnicbVC7TsNAEFzzDOFloKSxiJBoiGwUiUcViYYySOQhxVF0vlySU8531t06SmSl5yNooaRDtPwGFb+CE9w4YarRzK52Z4JIcIOu+22trW9sbm0Xdoq7e/sHh/bRccOoWFNWp0oo3QqIYYJLVkeOgrUizUgYCNYMRvdzvzlm2nAln3AasU5IBpL3OSWYSl3b9pFNMDFKEH0582XctUtu2V3AWSVeRkqQoda1f/yeonHIJFJBjGl7boSdhGjkVLBZ0Y8NiwgdkQFLSGjMNAxmznlIcGiWvbn4n9eOsX/TSbiMYmSSpiOp14+Fg8qZh3J6XDOKYpoSQjVPLzt0SDShmEbPXZksKst/ZXgsOU7yYqDUCElgZsW0EW85/yppXJW9Svn2sVKq3mXdFOAUzuACPLiGKjxADepAYQwv8Apv1rP1bn1Yn3+ja1a2cwI5WF+/Noyahg==</latexit>

[Pospelov 1103.3261, Harnik et. al 1202.6073]

Electronic recoil signal
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Solar neutrino flux
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[Bahcall, Serenelli and Basu 2005]

[Comprehensive measurement of pp-chain solar neutrinos 
Borexino Collaboration 2018]
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Differential cross sections
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Kinematics:
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angle between outgoing 
electron and incoming neutrino
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Differential cross sections
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angle between outgoing 
electron and incoming neutrino

Kinematics:
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We did a binned likelihood fit to all data:
- Full recoil energy range 
- Systematics for the solar flux
- Reproduced Xenon1T and Borexino limits on the magnetic moment of active neutrinos



Admir Greljo | The Neutrino Magnetic Moment Portal: Cosmology, Astrophysics, and Direct Detection

10�2 10�1 100 101 102 103

Right-handed neutrino mass MN [MeV]

10�12

10�11

10�10

10�9

10�8

10�7

N
eu

tr
in

o
m

ag
n
et

ic
m

om
en

t
[µ

B
]

⌫µ coupling only

Xenon1T
excess

Borexino

Darwin

Xenon1T
electron recoil

(incl. tritium)

Xenon1T
nuclear recoil

MiniBooNE

Charm-II

Nomad

All limits at 90% CL

Results
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Astrophysics



• Plasmon decays in dense charged medium kinematically allowed
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where

• This additional energy loss mechanism affects stellar evolution — 
increased fuel burning rate!
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Plasmon width

Thomson 
scattering rate

Limit set via energy-loss comparison with the 
�  case where �MN = 0 μν < 2.2 × 10−12μB

[Arceo-Díaz et. al. 1910.10568]
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Stellar cooling
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Two branches:

Use following RG parameters !p = 18 keV, T� = 8.6 keV and ne = 3⇥ 1029 cm�3
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• �    on shell branchMN < ωp :

• �  MN > ωp : γ + e− → e− + N + ν
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Stellar cooling
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[Magill et. al. 1803.03262]
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Supernova constraints
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[Magill et. al. 1803.03262]

Constraints from SN cooling: 
- Proto-NS not the only source of time 

delayed �  

- Delayed � -mechanism simulations not 
yet able to reproduce SN1987 

- Alternative SN mechanism still possible 
- Is the SN remnant a BH?

ν
ν

[Bar et. al. 1907.05020, 
Page et. al. 2004.06078]
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Supernova constraints
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Cosmology
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Rates:

(Inverse) decays of �NR

Electron up-scattering �e + NR → e + νL

Standard model QED

Note: equilibrium densities for 
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can arise, for instance, from the type-I seesaw mecha-
nism [86–89]. In this case, the generic expectation for
the RH neutrino masses is MN ⇡ m

2
⌫N

/m⌫ , far above the
mass range of interest to dark matter experiments. Tun-
ing the tree-level Yukawa coupling LY � y⌫ L̄LH̃NR such
that the resulting tree-level contribution to the Dirac
mass, y⌫vH/

p
2, nearly cancels the loop-induced con-

tribution, the RH neutrino masses can be lowered to
the MeV scale while keeping the active neutrino masses
m⌫ ⌧ eV. As a side comment, note that the mag-
netic moment interaction also contributes to the Majo-
rana mass term of NR at one-loop, see Fig. 3 in ref. [63].
This contribution is of order µ2

⌫
⇤2

MN/(16⇡2), so for the
values of µ⌫ and MN that are of interest to XENON1T
and Borexino, and for ⇤ ⇠ TeV, it is negligible.

In the inverse seesaw mechanism [90–92], lepton num-
ber conservation makes active neutrinos (almost) mass-
less, while the sterile neutrino is a massive (pseudo) Dirac
fermion. Thus, two gauge singlet Weyl fermions, NL and
NR, are present. Gauge symmetry and lepton number
conservation allow the mass terms L � �m⌫N ⌫̄LNR �

mN N̄LNR + h.c.. The mixing tan ✓⌫N = m⌫N/mN ro-
tates gauge to mass eigenstates, predicting one massless
chiral fermion and one massive Dirac fermion with massp

m
2
⌫N

+m
2
N
. To obtain the observed non-zero masses

for the active neutrinos, a small violation of lepton num-
ber is needed on top of this. Thus, the inverse seesaw
mechanism can bring the sterile neutrino mass down to
the range interesting for dark matter experiments with-
out tuning, but at the expense of introducing a large
active–sterile mixing angle, ✓⌫N . The laboratory con-
straints on ✓⌫N from weak interactions depend on the
sterile neutrino mass and the active flavor it mixes with.
The limits are stronger for ⌫e than for ⌫µ and in partic-
ular ⌫⌧ , requiring m⌫N to be at least an order of mag-
nitude below mN for the relevant mass range [93–97].
Indeed, saturating the laboratory limits on the mixing
angle is possible without terrible tuning of m⌫N . How-
ever, keeping the mixing angle below cosmological limits
while retaining a large neutrino magnetic moment again
requires tuning of m⌫N .

A leptoquark model — As a particular class of UV-
complete theory featuring large µ⌫ at one loop, let us
consider models with TeV-scale leptoquark (LQs). We
assume the dominant LQ coupling is with the third
family of quarks, such that µ⌫ does not su↵er a large
Yukawa suppression from the quark running in the loop.
Another independent motivation to consider this setup
comes from flavor physics. In particular, third genera-
tion leptoquarks are prime candidates for addressing the
ongoing anomalies in B-meson decays [98–106]. A scalar
leptoquark S1 with SU(3)c ⇥ SU(2)L ⇥ U(1)Y quantum
number (3̄,1, 1/3) is a prominent successful model pro-
posed in ref. [107]. The relevant Lagrangian is

LS1 � y1 b
c

R
NR S1 + y2 Q

3
L
L

i c

L
S
†
1 + h.c. . (30)

where Q
3
L
, Li

L
, bR, and NR are a left-handed SM quark

doublet of the third generation, a left-handed lepton dou-

blet of flavor i, a right-handed bottom quark, and a right-
handed neutrino, respectively, while the superscript c

denotes a charge-conjugated field. Here, y1 and y2 are
dimensionless Yukawa couplings. It is implied that the
SU(2) (anti)doublets  and � are contracted with the
two-dimensional Levi-Civita tensor,  � ⌘  1�2 �  2�1.
The leading one-loop contribution to the ⌫i–NR transi-
tion neutrino magnetic moment is

µ⌫ ⇡
e y1y2

8⇡2m2
LQ

mb log
m

2
b

m
2
LQ

, (31)

where mb is the bottom mass, and mLQ is the mass of
the LQ. Thus, for y1y2 ⇡ 0.05 and mLQ ⇡ 1 TeV, one ob-
tains |µ⌫ | ⇡ 3⇥ 10�11

µB, which is indeed within reach
of XENON1T. Larger µ⌫ would require larger Yukawa
couplings; given the existing collider searches for lepto-
quarks at the LHC (discussed for instance in the recent
review [108]), choosing mLQ below a TeV is not an op-
tion.
In any case, as already pointed out, a sizeable contri-

bution to the Dirac mass term m⌫N is generated by the
diagrams in fig. 4 (with the photon line removed) and has
to be tuned against the tree-level neutrino mass term.
Muon g � 2 — Before we address this problem, let

us first make a comparison with the charged-lepton
magnetic moments, focusing on the muon case. The
leptoquark interaction in eq. (30) will induce a contri-
bution to the anomalous muon magnetic moment �aµ

suppressed by the muon mass. For mLQ ⇠ 1TeV and
y2 ⇠ 1, the contribution to�aµ is about an order of mag-
nitude smaller than the observed discrepancy between
the theoretical prediction and the measurement by the
E821 experiment at BNL [109]. In other words, in this
model, neutrino transition magnetic moments observable
in XENON1T are not in conflict with measurements
from the charged-lepton sector. In fact, the current
anomaly in muon g � 2 can be fully accommodated if
additional interactions are present. The S1 leptoquark
has another independent gauge invariant interaction,
L � y

0
1 t

c

R
e
i

R
S1, with the right-handed top quark and

a charged lepton. Even a small coupling, y
0
1 ⇠ 10�3

is enough to accommodated �aµ, owing to the chiral
enhancement from the top quark in the loop [110]. The
corresponding one-loop correction to the muon mass
in this case is below the tree-level one. In passing we
note that an alternative muon g � 2 explanation with
leptoquarks was studied in [111] (see also recent Ref.
[112]).

Voloshin mechanism with leptoquarks—We now
review a mechanism for breaking the relation eq. (29) be-
tween neutrino magnetic moments and neutrino masses,
and we implement this mechanism in the context of
TeV-scale leptoquarks. The basic observation is that,
due to the Lorentz structure of the defining operators,
the neutrino mass matrix is symmetric while the mag-
netic moment matrix is antisymmetric in flavor space.
This feature is exploited by the Voloshin mechanism for
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out tuning, but at the expense of introducing a large
active–sterile mixing angle, ✓⌫N . The laboratory con-
straints on ✓⌫N from weak interactions depend on the
sterile neutrino mass and the active flavor it mixes with.
The limits are stronger for ⌫e than for ⌫µ and in partic-
ular ⌫⌧ , requiring m⌫N to be at least an order of mag-
nitude below mN for the relevant mass range [93–97].
Indeed, saturating the laboratory limits on the mixing
angle is possible without terrible tuning of m⌫N . How-
ever, keeping the mixing angle below cosmological limits
while retaining a large neutrino magnetic moment again
requires tuning of m⌫N .

A leptoquark model — As a particular class of UV-
complete theory featuring large µ⌫ at one loop, let us
consider models with TeV-scale leptoquark (LQs). We
assume the dominant LQ coupling is with the third
family of quarks, such that µ⌫ does not su↵er a large
Yukawa suppression from the quark running in the loop.
Another independent motivation to consider this setup
comes from flavor physics. In particular, third genera-
tion leptoquarks are prime candidates for addressing the
ongoing anomalies in B-meson decays [98–106]. A scalar
leptoquark S1 with SU(3)c ⇥ SU(2)L ⇥ U(1)Y quantum
number (3̄,1, 1/3) is a prominent successful model pro-
posed in ref. [107]. The relevant Lagrangian is

LS1 � y1 b
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R
NR S1 + y2 Q
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†
1 + h.c. . (30)

where Q
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, Li

L
, bR, and NR are a left-handed SM quark

doublet of the third generation, a left-handed lepton dou-

blet of flavor i, a right-handed bottom quark, and a right-
handed neutrino, respectively, while the superscript c

denotes a charge-conjugated field. Here, y1 and y2 are
dimensionless Yukawa couplings. It is implied that the
SU(2) (anti)doublets  and � are contracted with the
two-dimensional Levi-Civita tensor,  � ⌘  1�2 �  2�1.
The leading one-loop contribution to the ⌫i–NR transi-
tion neutrino magnetic moment is
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, (31)

where mb is the bottom mass, and mLQ is the mass of
the LQ. Thus, for y1y2 ⇡ 0.05 and mLQ ⇡ 1 TeV, one ob-
tains |µ⌫ | ⇡ 3⇥ 10�11

µB, which is indeed within reach
of XENON1T. Larger µ⌫ would require larger Yukawa
couplings; given the existing collider searches for lepto-
quarks at the LHC (discussed for instance in the recent
review [108]), choosing mLQ below a TeV is not an op-
tion.
In any case, as already pointed out, a sizeable contri-

bution to the Dirac mass term m⌫N is generated by the
diagrams in fig. 4 (with the photon line removed) and has
to be tuned against the tree-level neutrino mass term.
Muon g � 2 — Before we address this problem, let

us first make a comparison with the charged-lepton
magnetic moments, focusing on the muon case. The
leptoquark interaction in eq. (30) will induce a contri-
bution to the anomalous muon magnetic moment �aµ

suppressed by the muon mass. For mLQ ⇠ 1TeV and
y2 ⇠ 1, the contribution to�aµ is about an order of mag-
nitude smaller than the observed discrepancy between
the theoretical prediction and the measurement by the
E821 experiment at BNL [109]. In other words, in this
model, neutrino transition magnetic moments observable
in XENON1T are not in conflict with measurements
from the charged-lepton sector. In fact, the current
anomaly in muon g � 2 can be fully accommodated if
additional interactions are present. The S1 leptoquark
has another independent gauge invariant interaction,
L � y

0
1 t

c

R
e
i

R
S1, with the right-handed top quark and

a charged lepton. Even a small coupling, y
0
1 ⇠ 10�3

is enough to accommodated �aµ, owing to the chiral
enhancement from the top quark in the loop [110]. The
corresponding one-loop correction to the muon mass
in this case is below the tree-level one. In passing we
note that an alternative muon g � 2 explanation with
leptoquarks was studied in [111] (see also recent Ref.
[112]).

Voloshin mechanism with leptoquarks—We now
review a mechanism for breaking the relation eq. (29) be-
tween neutrino magnetic moments and neutrino masses,
and we implement this mechanism in the context of
TeV-scale leptoquarks. The basic observation is that,
due to the Lorentz structure of the defining operators,
the neutrino mass matrix is symmetric while the mag-
netic moment matrix is antisymmetric in flavor space.
This feature is exploited by the Voloshin mechanism for
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can arise, for instance, from the type-I seesaw mecha-
nism [86–89]. In this case, the generic expectation for
the RH neutrino masses is MN ⇡ m
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/m⌫ , far above the
mass range of interest to dark matter experiments. Tun-
ing the tree-level Yukawa coupling LY � y⌫ L̄LH̃NR such
that the resulting tree-level contribution to the Dirac
mass, y⌫vH/

p
2, nearly cancels the loop-induced con-

tribution, the RH neutrino masses can be lowered to
the MeV scale while keeping the active neutrino masses
m⌫ ⌧ eV. As a side comment, note that the mag-
netic moment interaction also contributes to the Majo-
rana mass term of NR at one-loop, see Fig. 3 in ref. [63].
This contribution is of order µ2
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MN/(16⇡2), so for the
values of µ⌫ and MN that are of interest to XENON1T
and Borexino, and for ⇤ ⇠ TeV, it is negligible.

In the inverse seesaw mechanism [90–92], lepton num-
ber conservation makes active neutrinos (almost) mass-
less, while the sterile neutrino is a massive (pseudo) Dirac
fermion. Thus, two gauge singlet Weyl fermions, NL and
NR, are present. Gauge symmetry and lepton number
conservation allow the mass terms L � �m⌫N ⌫̄LNR �
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consider models with TeV-scale leptoquark (LQs). We
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µB, which is indeed within reach
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quarks at the LHC (discussed for instance in the recent
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diagrams in fig. 4 (with the photon line removed) and has
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in this case is below the tree-level one. In passing we
note that an alternative muon g � 2 explanation with
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Voloshin mechanism with leptoquarks—We now
review a mechanism for breaking the relation eq. (29) be-
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and we implement this mechanism in the context of
TeV-scale leptoquarks. The basic observation is that,
due to the Lorentz structure of the defining operators,
the neutrino mass matrix is symmetric while the mag-
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can arise, for instance, from the type-I seesaw mecha-
nism [86–89]. In this case, the generic expectation for
the RH neutrino masses is MN ⇡ m

2
⌫N

/m⌫ , far above the
mass range of interest to dark matter experiments. Tun-
ing the tree-level Yukawa coupling LY � y⌫ L̄LH̃NR such
that the resulting tree-level contribution to the Dirac
mass, y⌫vH/

p
2, nearly cancels the loop-induced con-

tribution, the RH neutrino masses can be lowered to
the MeV scale while keeping the active neutrino masses
m⌫ ⌧ eV. As a side comment, note that the mag-
netic moment interaction also contributes to the Majo-
rana mass term of NR at one-loop, see Fig. 3 in ref. [63].
This contribution is of order µ2

⌫
⇤2

MN/(16⇡2), so for the
values of µ⌫ and MN that are of interest to XENON1T
and Borexino, and for ⇤ ⇠ TeV, it is negligible.

In the inverse seesaw mechanism [90–92], lepton num-
ber conservation makes active neutrinos (almost) mass-
less, while the sterile neutrino is a massive (pseudo) Dirac
fermion. Thus, two gauge singlet Weyl fermions, NL and
NR, are present. Gauge symmetry and lepton number
conservation allow the mass terms L � �m⌫N ⌫̄LNR �

mN N̄LNR + h.c.. The mixing tan ✓⌫N = m⌫N/mN ro-
tates gauge to mass eigenstates, predicting one massless
chiral fermion and one massive Dirac fermion with massp

m
2
⌫N

+m
2
N
. To obtain the observed non-zero masses

for the active neutrinos, a small violation of lepton num-
ber is needed on top of this. Thus, the inverse seesaw
mechanism can bring the sterile neutrino mass down to
the range interesting for dark matter experiments with-
out tuning, but at the expense of introducing a large
active–sterile mixing angle, ✓⌫N . The laboratory con-
straints on ✓⌫N from weak interactions depend on the
sterile neutrino mass and the active flavor it mixes with.
The limits are stronger for ⌫e than for ⌫µ and in partic-
ular ⌫⌧ , requiring m⌫N to be at least an order of mag-
nitude below mN for the relevant mass range [93–97].
Indeed, saturating the laboratory limits on the mixing
angle is possible without terrible tuning of m⌫N . How-
ever, keeping the mixing angle below cosmological limits
while retaining a large neutrino magnetic moment again
requires tuning of m⌫N .

A leptoquark model — As a particular class of UV-
complete theory featuring large µ⌫ at one loop, let us
consider models with TeV-scale leptoquark (LQs). We
assume the dominant LQ coupling is with the third
family of quarks, such that µ⌫ does not su↵er a large
Yukawa suppression from the quark running in the loop.
Another independent motivation to consider this setup
comes from flavor physics. In particular, third genera-
tion leptoquarks are prime candidates for addressing the
ongoing anomalies in B-meson decays [98–106]. A scalar
leptoquark S1 with SU(3)c ⇥ SU(2)L ⇥ U(1)Y quantum
number (3̄,1, 1/3) is a prominent successful model pro-
posed in ref. [107]. The relevant Lagrangian is

LS1 � y1 b
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NR S1 + y2 Q
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where Q
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L
, bR, and NR are a left-handed SM quark

doublet of the third generation, a left-handed lepton dou-

blet of flavor i, a right-handed bottom quark, and a right-
handed neutrino, respectively, while the superscript c

denotes a charge-conjugated field. Here, y1 and y2 are
dimensionless Yukawa couplings. It is implied that the
SU(2) (anti)doublets  and � are contracted with the
two-dimensional Levi-Civita tensor,  � ⌘  1�2 �  2�1.
The leading one-loop contribution to the ⌫i–NR transi-
tion neutrino magnetic moment is
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where mb is the bottom mass, and mLQ is the mass of
the LQ. Thus, for y1y2 ⇡ 0.05 and mLQ ⇡ 1 TeV, one ob-
tains |µ⌫ | ⇡ 3⇥ 10�11

µB, which is indeed within reach
of XENON1T. Larger µ⌫ would require larger Yukawa
couplings; given the existing collider searches for lepto-
quarks at the LHC (discussed for instance in the recent
review [108]), choosing mLQ below a TeV is not an op-
tion.
In any case, as already pointed out, a sizeable contri-

bution to the Dirac mass term m⌫N is generated by the
diagrams in fig. 4 (with the photon line removed) and has
to be tuned against the tree-level neutrino mass term.
Muon g � 2 — Before we address this problem, let

us first make a comparison with the charged-lepton
magnetic moments, focusing on the muon case. The
leptoquark interaction in eq. (30) will induce a contri-
bution to the anomalous muon magnetic moment �aµ

suppressed by the muon mass. For mLQ ⇠ 1TeV and
y2 ⇠ 1, the contribution to�aµ is about an order of mag-
nitude smaller than the observed discrepancy between
the theoretical prediction and the measurement by the
E821 experiment at BNL [109]. In other words, in this
model, neutrino transition magnetic moments observable
in XENON1T are not in conflict with measurements
from the charged-lepton sector. In fact, the current
anomaly in muon g � 2 can be fully accommodated if
additional interactions are present. The S1 leptoquark
has another independent gauge invariant interaction,
L � y

0
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R
S1, with the right-handed top quark and

a charged lepton. Even a small coupling, y
0
1 ⇠ 10�3

is enough to accommodated �aµ, owing to the chiral
enhancement from the top quark in the loop [110]. The
corresponding one-loop correction to the muon mass
in this case is below the tree-level one. In passing we
note that an alternative muon g � 2 explanation with
leptoquarks was studied in [111] (see also recent Ref.
[112]).

Voloshin mechanism with leptoquarks—We now
review a mechanism for breaking the relation eq. (29) be-
tween neutrino magnetic moments and neutrino masses,
and we implement this mechanism in the context of
TeV-scale leptoquarks. The basic observation is that,
due to the Lorentz structure of the defining operators,
the neutrino mass matrix is symmetric while the mag-
netic moment matrix is antisymmetric in flavor space.
This feature is exploited by the Voloshin mechanism for
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out tuning, but at the expense of introducing a large
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requires tuning of m⌫N .
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complete theory featuring large µ⌫ at one loop, let us
consider models with TeV-scale leptoquark (LQs). We
assume the dominant LQ coupling is with the third
family of quarks, such that µ⌫ does not su↵er a large
Yukawa suppression from the quark running in the loop.
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comes from flavor physics. In particular, third genera-
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note that an alternative muon g � 2 explanation with
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due to the Lorentz structure of the defining operators,
the neutrino mass matrix is symmetric while the mag-
netic moment matrix is antisymmetric in flavor space.
This feature is exploited by the Voloshin mechanism for

12

can arise, for instance, from the type-I seesaw mecha-
nism [86–89]. In this case, the generic expectation for
the RH neutrino masses is MN ⇡ m

2
⌫N

/m⌫ , far above the
mass range of interest to dark matter experiments. Tun-
ing the tree-level Yukawa coupling LY � y⌫ L̄LH̃NR such
that the resulting tree-level contribution to the Dirac
mass, y⌫vH/

p
2, nearly cancels the loop-induced con-

tribution, the RH neutrino masses can be lowered to
the MeV scale while keeping the active neutrino masses
m⌫ ⌧ eV. As a side comment, note that the mag-
netic moment interaction also contributes to the Majo-
rana mass term of NR at one-loop, see Fig. 3 in ref. [63].
This contribution is of order µ2

⌫
⇤2

MN/(16⇡2), so for the
values of µ⌫ and MN that are of interest to XENON1T
and Borexino, and for ⇤ ⇠ TeV, it is negligible.

In the inverse seesaw mechanism [90–92], lepton num-
ber conservation makes active neutrinos (almost) mass-
less, while the sterile neutrino is a massive (pseudo) Dirac
fermion. Thus, two gauge singlet Weyl fermions, NL and
NR, are present. Gauge symmetry and lepton number
conservation allow the mass terms L � �m⌫N ⌫̄LNR �

mN N̄LNR + h.c.. The mixing tan ✓⌫N = m⌫N/mN ro-
tates gauge to mass eigenstates, predicting one massless
chiral fermion and one massive Dirac fermion with massp

m
2
⌫N

+m
2
N
. To obtain the observed non-zero masses

for the active neutrinos, a small violation of lepton num-
ber is needed on top of this. Thus, the inverse seesaw
mechanism can bring the sterile neutrino mass down to
the range interesting for dark matter experiments with-
out tuning, but at the expense of introducing a large
active–sterile mixing angle, ✓⌫N . The laboratory con-
straints on ✓⌫N from weak interactions depend on the
sterile neutrino mass and the active flavor it mixes with.
The limits are stronger for ⌫e than for ⌫µ and in partic-
ular ⌫⌧ , requiring m⌫N to be at least an order of mag-
nitude below mN for the relevant mass range [93–97].
Indeed, saturating the laboratory limits on the mixing
angle is possible without terrible tuning of m⌫N . How-
ever, keeping the mixing angle below cosmological limits
while retaining a large neutrino magnetic moment again
requires tuning of m⌫N .

A leptoquark model — As a particular class of UV-
complete theory featuring large µ⌫ at one loop, let us
consider models with TeV-scale leptoquark (LQs). We
assume the dominant LQ coupling is with the third
family of quarks, such that µ⌫ does not su↵er a large
Yukawa suppression from the quark running in the loop.
Another independent motivation to consider this setup
comes from flavor physics. In particular, third genera-
tion leptoquarks are prime candidates for addressing the
ongoing anomalies in B-meson decays [98–106]. A scalar
leptoquark S1 with SU(3)c ⇥ SU(2)L ⇥ U(1)Y quantum
number (3̄,1, 1/3) is a prominent successful model pro-
posed in ref. [107]. The relevant Lagrangian is

LS1 � y1 b
c

R
NR S1 + y2 Q

3
L
L

i c

L
S
†
1 + h.c. . (30)

where Q
3
L
, Li

L
, bR, and NR are a left-handed SM quark

doublet of the third generation, a left-handed lepton dou-

blet of flavor i, a right-handed bottom quark, and a right-
handed neutrino, respectively, while the superscript c

denotes a charge-conjugated field. Here, y1 and y2 are
dimensionless Yukawa couplings. It is implied that the
SU(2) (anti)doublets  and � are contracted with the
two-dimensional Levi-Civita tensor,  � ⌘  1�2 �  2�1.
The leading one-loop contribution to the ⌫i–NR transi-
tion neutrino magnetic moment is

µ⌫ ⇡
e y1y2

8⇡2m2
LQ

mb log
m

2
b

m
2
LQ

, (31)

where mb is the bottom mass, and mLQ is the mass of
the LQ. Thus, for y1y2 ⇡ 0.05 and mLQ ⇡ 1 TeV, one ob-
tains |µ⌫ | ⇡ 3⇥ 10�11

µB, which is indeed within reach
of XENON1T. Larger µ⌫ would require larger Yukawa
couplings; given the existing collider searches for lepto-
quarks at the LHC (discussed for instance in the recent
review [108]), choosing mLQ below a TeV is not an op-
tion.
In any case, as already pointed out, a sizeable contri-

bution to the Dirac mass term m⌫N is generated by the
diagrams in fig. 4 (with the photon line removed) and has
to be tuned against the tree-level neutrino mass term.
Muon g � 2 — Before we address this problem, let

us first make a comparison with the charged-lepton
magnetic moments, focusing on the muon case. The
leptoquark interaction in eq. (30) will induce a contri-
bution to the anomalous muon magnetic moment �aµ

suppressed by the muon mass. For mLQ ⇠ 1TeV and
y2 ⇠ 1, the contribution to�aµ is about an order of mag-
nitude smaller than the observed discrepancy between
the theoretical prediction and the measurement by the
E821 experiment at BNL [109]. In other words, in this
model, neutrino transition magnetic moments observable
in XENON1T are not in conflict with measurements
from the charged-lepton sector. In fact, the current
anomaly in muon g � 2 can be fully accommodated if
additional interactions are present. The S1 leptoquark
has another independent gauge invariant interaction,
L � y

0
1 t

c

R
e
i

R
S1, with the right-handed top quark and

a charged lepton. Even a small coupling, y
0
1 ⇠ 10�3

is enough to accommodated �aµ, owing to the chiral
enhancement from the top quark in the loop [110]. The
corresponding one-loop correction to the muon mass
in this case is below the tree-level one. In passing we
note that an alternative muon g � 2 explanation with
leptoquarks was studied in [111] (see also recent Ref.
[112]).

Voloshin mechanism with leptoquarks—We now
review a mechanism for breaking the relation eq. (29) be-
tween neutrino magnetic moments and neutrino masses,
and we implement this mechanism in the context of
TeV-scale leptoquarks. The basic observation is that,
due to the Lorentz structure of the defining operators,
the neutrino mass matrix is symmetric while the mag-
netic moment matrix is antisymmetric in flavor space.
This feature is exploited by the Voloshin mechanism for

(1 massless and 1 massive)
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- Interestingly large mixings are not excluded in terrestrial experiments 
for the MeV-mass sterile neutrino

- Still, we want the magnetic moment to dominate the phenomenology, 
not the mixing

Naive estimate of the relevant rates for cosmology*
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Introduce a single scalar leptoquark 
 S1 ∈ (3, 1,1/3)

S1/3
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RNR S1 + y2 Q3
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L S†

1 + h.c.
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Introduce a single scalar leptoquark 
 S1 ∈ (3, 1,1/3)
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• Contributions to both neutral ( ) and charged current 
transitions ( )

b → sℓℓ
b → cτν

Rich phenomenology:

• Contribution to   of the muong − 2

• Can also be embedded in RPV supersymmetry

• Unique collider signatures

Leptoquark model
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Additional approximate   symmetrySU(2)

(⌫cL, NR) 2 2
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Dirac mass 
exactly zero

bL,R

νL

[Voloshin 1988 — typically mechanism is 
implemented using additional neutral scalars]

Leptoquark model
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[Voloshin 1988 — typically mechanism is 
implemented using additional neutral scalars]

Dominant breaking through EW corrections (two-loop)
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Breaking from lepton Yukawa couplings is subdominant

γ

Leptoquark model
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• Active to sterile neutrino upscattering mediated by a 
transition magnetic moment in a neutrino or dark matter 
direct detection experiment. 

• Complementary constraints from astrophysics and 
cosmology scrutinize most of the relevant parameter 
space. 

• Model-building challenges arise in scenarios that feature 
large magnetic moments while keeping observed 
neutrino masses.


