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Now it is also a question of which forces act upon neutrons. For me, the most likely model for 
the neutron seems to be, for wave-mechanical reasons (the bearer of these lines knows 
more), that the neutron at rest is a magnetic dipole with a certain moment μ. The experiments 
seem to require that the ionizing effect of such a neutron can not be bigger than the one of a 
gamma-ray, and then μ is probably not allowed to be larger than e • (10-13cm). 

~0.01 μ
B
.
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Why?
● Neutrino masses & mixing = solid evidence for BSM.

● Implies other observables, such as (for Dirac ν) 

– Lepton flavor violation:

– Neutrino magnetic moment:

[Fujikawa, Shrock, ‘80]

[Petcov, ‘77; Cheng & Li, ‘77]

Observation = physics beyond m
ν
!
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Framework
● General interaction of ν mass eigenstates

with photon A:

● Hermitian form factor matrices f
X
 give moments f

X
(0):

● For Majorana ν = νc:

charge anapole magnetic electric

[Giunti, Studenikin, 1403.6344]



Solvay Workshop '17 Julian Heeck (ULB) - Magnetic moments 6

Framework
● General interaction of ν mass eigenstates

with photon A:

● Hermitian form factor matrices f
X
 give moments f

X
(0):

● For Majorana ν = νc:

magnetic

[Giunti, Studenikin, 1403.6344]
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μ
ν 
in cosmology and astrophysics

● γ has plasma mass

 ⇒ Plasmon decay: γ* →νν.

● New cooling channel for stars!

from red-giant branch in globular clusters.

● Big Bang Nucleosynthesis:

● For Dirac: e ν
L
→e ν

R
 (in SN1987):

[Bernstein+, ‘63; Raffelt, ‘90s; Viaux+, ‘13]

[Vassh+ ‘15]

[Morgan, ‘81; Fukugita, Yazaki, ‘87; Barbieri, Mohapatra, ‘88; Ayala+, ‘99; Kuznetsov, Mikheev, ‘07]
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Magnetic moment in lab
● Clean probe: elastic ν

α
 + e → ν

β
 + e.

● Observable recoil energy T
e
.

● Incoherent:

● μ
ν
 wins for [Engel, Vogel, ‘89]

Need low thresholds!
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Current limits
● GEMMA, ν

e
 from reactor: |μ

νe
| < 3x10^-11 μ

B
.

● LSND, ν
μ
,ν

μ
 from accelerator: |μ

νμ
| < 7x10^-10 μ

B
.

● DONUT, ν
τ
,ν

τ
 from accelerator: |μ

ντ
| < 4x10^-7 μ

B
.

● GEMMA-II will improve by factor 3, SHiP could test nu-tau.

● Far from neutrino-induced 10^-19 μ
B
.

● (Borexino, solar ν, 3x10^-11 μ
B
, see talk by Oleg Smirnov.)

But what are we measuring here?



Solvay Workshop '17 Julian Heeck (ULB) - Magnetic moments 11

Effective magnetic moment μ
να

● α neutrino produced:

● For Majorana: |μ
αα

| = 0.

● Majorana triangle:

● Special triangle:

e

ν
e,μ,τ

 unobserved

να
Source

σ  ∝ |μ
να

|2 ≡ |μ
αe

|2+|μ
αμ

|2+|μ
ατ

|2

[Frère, Heeck, Mollet, 1506.02964]
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Including neutrino mixing
● α neutrino produced:

● Oscillation length L between source and detector.

● Oscillation, then scattering into all mass eigenstates j:

● In above experiments: L/E → 0.

e

ν
j

να ν
k

Source

unobserved

[Grimus, Stockinger, ‘98]
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Triangle inequalities

● Short distance L/E→ 0:

● For Majorana ν: μ antisymmetric!

● For unitary U, same inequalities as before,

● If violated  Not 3 Majorana ⇒ ν!

● E.g. by SHiP measuring μ
ντ
.

● Implies Dirac or light sterile ν.

[Frère, Heeck, Mollet, 1506.02964]
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COHERENT
● Coherent elastic ν-nucleus scattering:

● Pion at rest: mixture of ν
e
 and ν

μ
.

● Improvement possible!

[K
os

m
as

, P
ap

ou
lia

s,
 1

71
1.

09
77

3]

[Dodd, Papageorgiu, Ranfone, ‘91; Kosmas+, ‘15]
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How to get large μ
ν
?

● Main problem: μ
ν 

 δm∝
ν
/Λ2.

● Light new physics?

→ μ
ν
/δm

ν
 = εe/4M2.

● Majorana ν can have 

μ
ν
 ~ 10^-12 μ

B
:

– Horizontal SU(2)
H
.

– Barr-Freire-Zee model.

● Dirac ν: need finetuning! 

[Voloshin, ‘88; Davidson+, ‘05; Bell+, ‘06]

[Barr, Freire, Zee, ‘90]

[Babu, Mohapatra, ‘89]

[Lindner, Radovčić, Welter, 1706.02555]
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Barr-Freire-Zee model
● Spin-suppression:

● Zee model: 
3 doublets φ

a
,

1 singlet h+:

● Majorana ν mass at loop level.

● Scalars @ TeV  still easily ⇒ μ
ν 
~ 10^-12 μ

B
.

[Barr, Freire, Zee, ‘90]

[Lindner, Radovčić, Welter, 1706.02555]
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Summary

● m
ν
 induced magnetic moment: μ

ν
 < 10^-19 μ

B
.

● Astrophysics reaches 10^-12 μ
B
, lab  10^-11 μ

B
.

● Improvement with GEMMA, COHERENT, SHiP,...

● Difficult to distinguish Majorana vs. Dirac.

● Model-building required for testable μ
ν
.

Neutrinos always good for a surprise!
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