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Neutrino Electromagnetic Interactions
I Effective Hamiltonian: H(ν)

em (x) = j(ν)µ (x)Aµ(x) =
∑

k,j=1
νk(x)Λkj

µ νj(x)Aµ(x)

I Effective electromagnetic vertex: νi(pi)

Λ

γ(q)

νf (pf )

〈νf (pf )|j(ν)µ (0)|νi(pi)〉 = uf (pf )Λ
fi
µ(q)ui(pi)

q = pi − pf

I Vertex function:
Λµ(q) =

(
γµ − qµ/q/q2) [FQ(q2) + FA(q2)q2γ5

]
− iσµνqν

[
FM(q2) + iFE (q2)γ5

]
form factors:

Lorentz-invariant
charge anapole

q2 = 0 =⇒ q a
chirality-conserving

magnetic electric

µ ε

chirality-flipping
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Electromagnetic Vertex Function
Λµ(q) =

(
γµ − qµ/q/q2) [FQ(q2) + FA(q2)q2γ5

]
− iσµνqν

[
FM(q2) + iFE (q2)γ5

]
form factors:

Lorentz-invariant
charge anapole magnetic electric

q2 = 0 =⇒ q a µ ε

I Hermitian form factors: FQ = F †
Q , FA = F †

A, FM = F †
M , FE = F †

E

I Majorana neutrinos: FQ = −F T
Q , FA = F T

A , FM = −F T
M , FE = −F T

E
no diagonal charges and electric and magnetic moments in the mass basis!

I Left-handed ultrarelativistic neutrinos: γ5 → −1:
I charge and anapole have similar phenomenology
I magnetic and electric moments have similar phenomenology:

dipole moments d = µ− iε

I Ultrarelativistic neutrinos: chirality ' helicity:
I the charge and anapole terms conserve helicity
I the magnetic and electric terms invert helicity
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Neutrino Electric Charges
I Neutrinos can be millicharged particles in BSM theories.

I There are strong experimental limits:

Limit Method Reference
|qνe | . 3× 10−21 e Neutrality of matter Raffelt (1999)
|qνe | . 3.7× 10−12 e Nuclear reactor Gninenko et al (2006)
|qνe | . 1.5× 10−12 e Nuclear reactor Studenikin (2013)
|qνµ
| . 3× 10−8 e COHERENT CEνNS Cadeddu et al (2020)

|qνµτ
| . 2× 10−8 e COHERENT CEνNS Cadeddu et al (2020)

|qνµ | . 3× 10−9 e LSND Das et al (2020)
|qντ | . 4× 10−6 e DONUT Das et al (2020)
|qντ | . 3× 10−4 e SLAC e− beam dump Davidson et al (1991)
|qντ
| . 4× 10−4 e BEBC beam dump Babu et al (1993)

|qν | . 6× 10−14 e Solar cooling (plasmon decay) Raffelt (1999)
|qν | . 2× 10−14 e Red giant cooling (plasmon decay) Raffelt (1999)
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Neutrino Charge Radius
I In the Standard Model neutrinos are neutral and there are no

electromagnetic interactions at the tree-level.

I Radiative corrections generate an effective electromagnetic interaction
vertex

Λµ(q) =
(
γµ − qµ/q/q2)F (q2)

W

ℓ ℓ

γ

ν ν
ℓ

W W

γ

ν ν

I F (q2) =���HHHF (0) + q2 dF (q2)

dq2

∣∣∣∣
q2=0

+ . . . = q2 〈r2〉
6 + . . .

I In the Standard Model: [Bernabeu et al, PRD 62 (2000) 113012, NPB 680 (2004) 450]

〈r2
ν`
〉SM = − GF

2
√

2π2

[
3− 2 log

(
m2

`

m2
W

)] 〈r2
νe
〉SM = −8.2× 10−33 cm2

〈r2
νµ
〉SM = −4.8× 10−33 cm2

〈r2
ντ
〉SM = −3.0× 10−33 cm2
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Experimental Bounds

Method Experiment Limit [cm2] CL Year

Reactor ν̄e e− Krasnoyarsk |〈r2
νe
〉| < 7.3× 10−32 90% 1992

TEXONO −4.2× 10−32 < 〈r2
νe
〉 < 6.6× 10−32 90% 2009

Accelerator νe e− LAMPF −7.12× 10−32 < 〈r2
νe
〉 < 10.88× 10−32 90% 1992

LSND −5.94× 10−32 < 〈r2
νe
〉 < 8.28× 10−32 90% 2001

Accelerator νµ e− BNL-E734 −5.7× 10−32 < 〈r2
νµ
〉 < 1.1× 10−32 90% 1990

CHARM-II |〈r2
νµ
〉| < 1.2× 10−32 90% 1994

[see the review CG, Studenikin, arXiv:1403.6344

and the update in Cadeddu, CG, Kouzakov, Y.F. Li, Studenikin, Y.Y. Zhang, arXiv:1810.05606]
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Neutrino Magnetic and Electric Moments
I Effective dimension-5 Lagrangian:

Lmag =
1
2

N∑
k,j=1

νLk σ
αβ

(
µkj + εkj γ5

)
NRj Fαβ + H.c.

I Note that the magnetic and electric moments (as the charge and
anapole) are well-defined in the mass basis.

I N = 3, NRj = νRj , and ∆L = 0 =⇒ Dirac neutrinos with diagonal
and off-diagonal (transition) magnetic and electric moments

I N = 3 and NRj = νc
Lj =⇒ Majorana neutrinos with transition

magnetic and electric moments only

I N > 3 =⇒ active + sterile Dirac (∆L = 0) or Majorana neutrinos

“neutrino dipole portal” or “neutrino magnetic moment portal”

C. Giunti − The Neutrino Magnetic Moment − IRN Neutrino Meeting − 10 June 2021 − 7/25



Dirac Neutrinos
[Fujikawa, Shrock, PRL 45 (1980) 963; Pal, Wolfenstein, PRD 25 (1982) 766; Shrock, NPB 206 (1982) 359;

Dvornikov, Studenikin, PRD 69 (2004) 073001, JETP 99 (2004) 254]

Simplest extension of the Standard Model with
three right-handed neutrinos and ∆L = 0

Lmag =
1
2

3∑
k,j=1

νLk σ
αβ

(
µkj + εkj γ5

)
νRj Fαβ + H.c.

µD
kj

iεD
kj

}
' 3eGF

16
√

2π2
(mk ±mj)

δkj −
1
2

∑
`=e,µ,τ

U∗
`kU`j

m2
`

m2
W


I The constraint ∆L = 0 is necessary to forbid a Majorana mass term for

the three right-handed neutrinos ν1R , ν2R , ν3R .
I The magnetic and electric moments are proportional to the neutrino

masses!
I This is because Standard Model interactions involve only ν1L, ν2L, ν3L.
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I A mass insertion is needed to flip chirality:

U∗
`k U`j mjνkL ` νjL νjR

W W

γ

U∗
`k U`j mjνkL W νjL νjR

` `

γ

I Diagonal magnetic and electric moments:

µD
kk '

3eGFmk

8
√

2π2

εD
kk = 0 ← No diagonal electric moments!

I Diagonal magnetic moments: µD
kk ' 3.2× 10−19µB

(mk
eV

)
Strongly suppressed by small neutrino masses!

µB ≡
e

2 me
' 6 × 10−15 MeV

Gauss
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I The transition magnetic and electric moments (k 6= j) are
GIM-suppressed:

µD
kj

iεD
kj

}
' −3.9× 10−23µB

(
mk ±mj

eV

) ∑
`=e,µ,τ

U∗
`kU`j

(
m`

mτ

)2

At least four orders of magnitude smaller than the diagonal ones!

Majorana Neutrinos
I Only GIM-suppressed transition magnetic and electric moments (k 6= j):

µM
kj ' −7.8× 10−23µBi (mk + mj)

∑
`=e,µ,τ

Im
[
U∗
`kU`j

] m2
`

m2
W

εM
kj ' 7.8× 10−23µBi (mk −mj)

∑
`=e,µ,τ

Re
[
U∗
`kU`j

] m2
`

m2
W

[Shrock, NPB 206 (1982) 359]

However, additional model-dependent contributions of the scalar sector
can enhance the Majorana transition magnetic and electric moments

[Pal, Wolfenstein, PRD 25 (1982) 766; Barr, Freire, Zee, PRL 65 (1990) 2626; Pal, PRD 44 (1991) 2261]
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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 ξ

νkL `L `R νjR

WL
WL

WR

γ

U∗
`k

sin ξ V`j

m`

νkL WL WR νjR

`L
`L

`R

γ

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

U∗
`k m` V`j

sin ξ

νkL `L `R νjR

WL WR

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

I Common Solution: ad-hoc symmetries.
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General argument:
I Contribution of a BSM diagram to the magnetic moment:

µν ∼
eG
Λ

G: coupling constants and loop factors
Λ: BSM energy scale

I The same diagram without photon line gives δmν ∼ GΛ

I Therefore: µν ∼ 10−18 µB

(
δmν

eV

)(
Λ

TeV

)−2

I A more quantitative analysis gives:

µD
ν . 3× 10−15 µB

(mν

eV

)(
Λ

TeV

)−2
[Bell et al, hep-ph/0504134]

µM
``′ . 4× 10−9 µB

(
MM

``′

eV

)(
Λ

TeV

)−2 ∣∣∣∣ m2
τ

m2
` −m2

`′

∣∣∣∣ [Bell et al, hep-ph/0606248]

I Majorana magnetic moments are less constrained by the smallness of the
neutrino masses because the diagram contribution to the mass is
Yukawa suppressed (additional Yukawa couplings are needed to convert the
antisymmetric magnetic moment operator into a symmetric mass operator).
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(
dσνe−

dTe

)
mag

=
πα2

m2
e

(
1

Te
− 1

Eν

)(
µν

µB

)2

[Balantekin, Vassh, arXiv:1312.6858]
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Method Experiment Limit [µB] CL Year

Reactor ν̄e e−

Krasnoyarsk µνe < 2.4× 10−10 90% 1992
Rovno µνe < 1.9× 10−10 95% 1993
MUNU µνe < 9× 10−11 90% 2005
TEXONO µνe < 7.4× 10−11 90% 2006
GEMMA µνe < 2.9× 10−11 90% 2012

Accelerator νe e− LAMPF µνe < 1.1× 10−9 90% 1992
Accelerator (νµ, ν̄µ) e− BNL-E734 µνµ < 8.5× 10−10 90% 1990

LAMPF µνµ < 7.4× 10−10 90% 1992
LSND µνµ < 6.8× 10−10 90% 2001

Accelerator (ντ , ν̄τ ) e− DONUT µντ < 3.9× 10−7 90% 2001

Solar νe e−
Super-Kamiokande µS(Eν & 5 MeV) < 1.1× 10−10 90% 2004
Borexino µS(Eν . 1 MeV) < 2.8× 10−11 90% 2017

[see the review CG, Studenikin, arXiv:1403.6344]

I Gap of about 8 orders of magnitude between the experimental limits and
the . 10−19 µB prediction of the minimal Standard Model extensions.

I µν � 10−19 µB discovery ⇒ non-minimal new physics beyond the SM.
I Neutrino spin-flavor precession in a magnetic field

[Lim, Marciano, PRD 37 (1988) 1368; Akhmedov, PLB 213 (1988) 64]
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Borexino
[arXiv:1707.09355]

the 85Kr counting rate. These two correlations in the fit
decrease the overall sensitivity to the magnetic moment.
The contribution from 85Kr could be constrained from an
independent measurement using a delayed coincidence, but
the combination of a very low branching ratio of 0.4%, low
tagging efficiency (∼18%), and a relatively low 85Kr rate
lead to very low statistics in the coincidence branch [21].
As a result, constraining 85Kr does not improve the
sensitivity. On the other hand, the correlation between
the magnetic moment and the pp-neutrino flux can be
constrained by applying the results from radiochemical
experiments, which are independent of the electromagnetic
properties of neutrinos, to the sum of the neutrino fluxes
detected in Borexino.
The radiochemical constraints are based on the results

from [28]. The measured neutrino signal in gallium experi-
ments expressed in solar neutrino units (SNU) is

R ¼
X
i

RGa
i ¼

X
i

Φi

Z
∞

Eth

s⊙i ðEÞPeeðEÞσðEÞdE

¼
X
i

Φihσ⊙i i ¼ 66.1� 3.1SNU; ð3Þ

where R is the total neutrino rate, Ri is the contribution of
the ith solar neutrino flux to the total rate,Φi is the neutrino
flux from ith reaction, s⊙i ðEÞ is the shape of the corre-
sponding neutrino spectrum in the Sun, PeeðEÞ is the
electron neutrino survival probability for neutrinos
with energy E, and σðEÞ is the total cross section of the
neutrino interaction with Ga which has a threshold of
Eth ¼ 233 keV.
If applied to Borexino the radiochemical constraint takes

the form

X
i

RBrx
i

RSSM
i

RGa
i ¼ ð66.1� 3.1� δR � δFVÞSNU ð4Þ

where the expected gallium rates RGa
i are estimated using

new survival probabilities of Pee based on values from [18]

(therefore giving a new estimate for hσ⊙i i), RBrx
i

RSSM
i

is the ratio

of the corresponding Borexino measured rate to its SSM
prediction within the MSW/LMA oscillation scenario. We
used the same SSM predictions for Borexino and the
gallium experiments to avoid rescaling the gallium
expected rates. The total deviation from the measured
value should naturally include the additional theoretical
error δR ≃ 4% from the uncertainty in estimating the single
rates contributing to the gallium experiments, and the
uncertainty of the Borexino FV selection δFV ≃ 1%.
Applying the radiochemical constraint (4) to the fit as an

additional penalty term, the analysis of the likelihood profile
gives a limit of μeffν < 2.6 × 10−11μB at 90% C.L. for the
effective magnetic moment of neutrinos using the standard
fit conditions (230 ns time window energy variable, syn-
thetic pileup, highmetallicity SSM).Without radiochemical
constraints the limit is weaker μeffν < 4.0 × 10−11μB at
90% C.L. and is not used in the present analysis. An
example of the spectral fit is presented in Fig. 1.

III. SYSTEMATICS STUDY

The systematics have been checked following the
approach developed for other Borexino data analyses
[25,29]. The main contributions to the systematics comes
from the difference in results depending on the choice of
energy estimator and the approach used for the pileup
modeling. The energy estimators used in the analysis are
the number of PMTs triggered within a time window of 230
and 400 ns. The pileup can be reproduced by either
convolving the model spectra with the data acquired from
the random trigger in the corresponding time window or by
constructing a synthetic spectral component as described in
[25]. Since the pep- and CNO-neutrino rates are fixed to
the SSM predictions, the different rates corresponding to
high/low metallicity models are also accounted for in the
systematics. Further study included varying the fixed
parameters within their expected errors.
The resulting likelihood profile is the weighted sum of

the individual profiles of each fit configuration. Initially,
the same weights are used for the pileup and SSM choice,
assuming equal probabilities for all four possibilities.
Further weights are assigned proportionally to the maxi-
mum likelihood of each profile, therefore taking into
account the quality of the realization of the model with
a given set of parameters. Accounting for the systematic
uncertainties the limit on the effective neutrino magnetic
moment reduces to μeffν < 2.8 × 10−11 μB at 90% C.L. The
corresponding likelihood profile is shown in Fig. 2.

1dt
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FIG. 1. Spectral fit with the neutrino effective moment fixed at
μeffν ¼ 2.8 × 10−11μB (note the scale is double logarithmic to
underline the contributions at lower energies). The fitting curves
for μeffν ¼2.8×10−11μB and μeffν ¼0 are visually indistinguishable.

M. AGOSTINI et al. PHYSICAL REVIEW D 96, 091103(R) (2017)
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eff
µ

C.L. = 90%

I
(

dσνe−

dTe

)
=

πα2

m2
e

(
1

Te
− 1

Eν

)(
µeff
µB

)2

I Taking into account neutrino oscillations:

µ2
eff =

3∑
k,j=1

Pνe→νk |µkj |2

I All the positive magnetic moment
contributions can be constrained.

I At 90% CL, in units of 10−11 µB:
|µ11| < 3.4 |µ12| < 2.8
|µ22| < 5.1 |µ13| < 3.4
|µ33| < 18.7 |µ23| < 5.0
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XENON1T
[arXiv:2006.09721]
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I µν ∈ (1.4, 2.9)× 10−11 µB (90% CL)
[arXiv:2006.09721]

I µν is the same of Borexino µeff:

µ2
ν =

3∑
k,j=1

Pνe→νk |µkj |2

I µν is not directly comparable to GEMMA µνe

µ2
νe =

∑
j

∣∣∣∣∣∑
k

U∗
ek
(
µjk − iεjk

)∣∣∣∣∣
2

[see CG, Studenikin, arXiv:1403.6344]

I Neglecting the electric moments, we have

µ2
νe =

∑
i,j

Uei µ
2
ij U∗

ej
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[Baobiao Yue, Jiajun Liao, Jiajie Ling, arXiv:2102.12259]

Jinping neutrino experiment
2400 m underground
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14C/12C = 0.2 · 10−17

14C/12C = 1.0 · 10−17

14C/12C = 5.0 · 10−17

[Z. Ye, F. Zhang, D. Xu, J. Liu, arXiv:2103.11771]

JUNO: 10 years, 12.7 kton f.m.
LENA: 3.3 years, 39 kton f.m.
0.7
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 × 10−11
µB for

 0.2
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5.0

 × 10−17
14C
12C

Borexino: 14C/12C = 0.27× 10−17
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Active-to-Sterile ν Transition Dipole Moment
[Shoemaker, Tsai, Wyenberg, arXiv:2007.05513]
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I Dipole moment: d = µ− i ε

I L ⊃ d ν̄L σ
µν NR Fµν + H.c.

I Upscattering νsolar + e → e + N
dσ
dER

= d2α

[
1

ER
− m2

4
2EνERme

(
1 − ER

2Eν
+

me

2Eν

)

− 1
Eν

+
m4

4(ER − me)

8E 2
νE 2

Rm2
e

]
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Active-to-Sterile ν Transition Dipole Moment
[Shoemaker, Tsai, Wyenberg, arXiv:2007.05513]
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I Dipole moment: d = µ− i ε

I L ⊃ d ν̄L σ
µν NR Fµν + H.c.

I Upscattering νsolar + e → e + N
dσ
dER

= d2α

[
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− m2
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2EνERme

(
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2Eν
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me

2Eν

)

− 1
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The Neutrino Magnetic Moment Portal
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[Brdar, Greljo, Kopp, Opferkuch, arXiv:2007.15563]
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Electron Anti-Neutrinos from the Sun
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I Majorana neutrinos: spin-flavor
precession generate active ν̄eR :

νeL → νeR = ν̄eR

I PνeL→ν̄eR < 3.6× 10−4 (90% CL)
[Super-Kamiokande, arXiv:2012.03807]

I 10 years 90% CL SK-Gd sensitivity:
5.5× 10−5 (0.02% Gd loading)
2.9× 10−5 (0.2% Gd loading)

I The interpretation of results in terms of a magnetic moment depends on
the unknown magnetic field in the Sun: [Akhmedov, Pulido, hep-ph/0209192]

PνeL→ν̄eR ' 1.8× 10−10 sin2 2ϑ12

(
µ12

10−12 µB

B⊥(0.05R�)

10 kG

)2
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Neutrino Magnetic Moments in CEνNS

I Neutrino magnetic (and electric) moment contributions to CEνNS
ν` +N →

∑
`′

ν`′ +N :

dσν`-N
dT (Eν ,T ) =

G2
FM
π

(
1− MT

2E2
ν

)[
gn

V NFN(|~q|2) + gp
V ZFZ (|~q|2)

]2

+
πα2

m2
e

(
1
T −

1
Eν

)
Z2F 2

Z (|~q|2)
∑
`′ 6=`

|µ``′ |2

µ2
B

gn
V = −1

2 gp
V =

1
2 − 2 sin2ϑW = 0.0227± 0.0002

I The magnetic moment interaction adds incoherently to the weak
interaction because it flips helicity.

I The me is due to the definition of the Bohr magneton: µB = e/2me .
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COHERENT Constraints on ν Magnetic Moments
[Cadeddu et al, arXiv:2005.01645]
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I The sensitivity to |µνe | is not
competitive with that of reactor
experiments:

|µνe | < 2.9× 10−11 µB (90% CL)
[GEMMA, AHEP 2012 (2012) 350150]

I The constraint on |µνµ | is not too
far from the best current
laboratory limit:

|µνµ | < 6.8× 10−10 µB (90% CL)
[LSND, PRD 63 (2001) 112001]
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Conclusions
I Neutrino Electromagnetic Interactions are expected in the Standard

Model (charge radii) and in BSM theories: dipole magnetic and electric
moments, non-standard charge radii, and millicharges

I The existence of neutrino magnetic moments is related to the existence
of neutrino masses through chirality flipping BSM operators.

I Current laboratory limits are at the level of 10−11 − 10−10 µB

I Conjectural theoretical expectations:

I µ . 10−14 µB for Dirac neutrinos.

I Maybe larger for Majorana neutrinos.

I Interesting XENON1T hint for µ ≈ 2× 10−11 µB.

I If there are BSM sterile neutrinos the active-sterile transition magnetic
moments may be a dipole portal to the Dark Sector.
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