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Massive neutrinos are guaranteed to have nonzero electromagnetic moments and, since
there are at least three neutrino species, these dipole moments define a matrix. Here, we
estimate the current upper bounds on all independent neutrino electromagnetic moments,
concentrating on Earth-bound experiments and measurements with solar neutrinos, includ-
ing the very recent results reported by XENONnT. We make no simplifying assumptions
and compare the hypotheses that neutrinos are Majorana fermions or Dirac fermions. In
particular, we fully explore constraints in the Dirac-neutrino parameter space. Majorana
and Dirac neutrinos are different; for example, the upper bounds on the magnitudes of the
elements of the dipole moment matrix are weaker for Dirac neutrinos, relative to Majorana
neutrinos. The potential physics reach of next-generation experiments also depends on the
nature of the neutrino. We find that a next-generation experiment two orders of magni-
tude more sensitive to the neutrino electromagnetic moments via νµ elastic scattering may
discover that the neutrino electromagnetic moments are nonzero if the neutrinos are Dirac
fermions. Instead, if the neutrinos are Majorana fermions, such a discovery is ruled out by
existing solar neutrino data, unless there are more than three light neutrinos.

I. INTRODUCTION

While the neutrino charge is zero, massive neutrinos are guaranteed to have a nonzero elec-
tromagnetic dipole moment. In the absence of new interactions, the neutrino magnetic dipole
moment is generated at the one loop level and is of order 10−20(mν/0.1 eV)µB [1–3], where µB
is the Bohr magneton. This is several orders of magnitude beyond the sensitivity of current and
near future experimental probes. The measurement of a nonzero neutrino electromagnetic dipole
moment would imply more new physics in the neutrino sector.

The nature of the neutrino dipole moment depends on whether neutrinos are Majorana fermions
or Dirac fermions. It is well known that diagonal dipole moments for Majorana fermions are
forbidden and hence these only have transition dipole moments. Dirac fermions, instead, are
allowed to have both diagonal and transition dipole moments. We review this carefully in Section II,
concentrating on the differences between Dirac and Majorana neutrinos. We also discuss how
Majorana neutrinos can “mimic” Dirac neutrinos in the presence of new light neutral fermions.

Nonzero neutrino electromagnetic dipole moments contribute to neutrino–matter scattering, as
we discuss in more detail in Section III. Precision measurements of neutrino scattering, therefore,
allow one to constrain their magnitudes. Experiments with reactor antineutrinos and solar neu-
trinos, for example, exclude effective dipole moments larger than a few times 10−11µB [4, 5]. In
Section IV we list the current laboratory constraints. In the near and intermediate future, better
laboratory sensitivity is expected (see, for example, [6–10]). There are also indirect constraints on
the neutrino electromagnetic dipole moments from astrophysical processes [11–14]. We comment
on those briefly in Section IV. Here, we concentrate on laboratory constraints, which we view as
complementary to the indirect astrophysical bounds.

Since there are at least three different neutrino flavors, a more careful examination of the ex-
perimental data is required. Different experiments constrain different combinations of the neutrino
dipole moments. This implies that (a) some combinations of dipole moments are less constrained
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and (b) one can obtain qualitatively different bounds on the neutrino dipole moments by combin-
ing information from different experiments. The interplay of the different data sets also depends
on whether neutrinos are Dirac or Majorana fermions. Here we estimate the current bounds on
all neutrino dipole moments, taking all possible correlations into account, for both Dirac neutri-
nos and Majorana neutrinos. We also discuss expectations for future experimental searches. We
find, in particular, that expectations depend strongly on whether neutrinos are Majorana or Dirac
fermions. These results are presented and discussed in Sec V.

The constraints reported by the experiments are in the form of upper limits on the magnitude
of some effective magnetic moment |µeff | (see Section III). These constraints can be translated into
the fundamental electromagnetic dipole moments. In recent years, there have been many efforts
connecting these constraints to the parameters of the Lagrangian (see, for example, [6, 7, 15–25]).
In most of these studies, special attention was dedicated to the Majorana-neutrino hypothesis. In
this case, relative to the Dirac-neutrino hypothesis, there are fewer parameters and the analysis
is computationally simpler. For the Dirac-neutrino hypothesis, it is often the case that only con-
straints on the diagonal magnetic moments are considered in the literature. Here, we present the
results of a comprehensive analysis, treating all the parameters as independent from one another.
We also discuss is some detail what information is, in principle, experimentally accessible. We make
use the experimental data of current solar, reactor and accelerator experiments, including the most
recent results from XENONnT [26] (also discussed, very recently, in [24, 25]), and speculate on
the impact of a future accelerator experiment capable of constraining the neutrino dipole moment
using a νµ “beam.” We find that such a future experiment has the potential to make a discov-
ery even when its sensitivity is significantly weaker than the current solar constraints. However,
this statement is only true, assuming there are no new light particles, if the neutrinos are Dirac
fermions.

The fact that electromagnetic dipole moments and masses are correlated – both require chirality
violation – also allows one to estimate how large the neutrino dipole moments could be. In a
nutshell, generic new physics that induces nonzero neutrino dipole moments will also contribute
to the neutrino masses. If one assumes the new-physics contribution to the neutrino masses is
not much larger than the known values, one can place mostly model-independent bounds on the
neutrino dipole moments [27, 28]. In [27], Bell and collaborators argued that, modulo fine-tuning
among different contributions to the neutrino masses, neutrino dipole moments are guaranteed to
be less than, roughly, 10−15(mν/0.1 eV)µB if the neutrinos are Dirac fermions. The equivalent
upper bound on Majorana neutrinos is a lot weaker. For example, if there is new physics at the
weak scale, it is possible to identify scenarios that saturate the current experimental constraints
(see, e.g., [28] and references therein and [29] for a more recent discussion). We return to these
issues in Section VI, where we also summarize our results and offer other concluding remarks.

II. THE ELECTRONMAGNETIC DIPOLE MOMENT MATRIX

Given two left-handed Weyl fermions χa and χb with zero electric charge, one can write down
the following gauge and Lorentz invariant dimension-five operator that couples the fermions to the
electromagnetic field strength Fµν :

O =
1

Λ
(χa)

β
[
(σµ)βα̇(σ̄ν)α̇α − (σν)βα̇(σ̄µ)α̇α

]
(χb)αF

µν , (II.1)

making use of the standard α, α̇ = 1, 2 notation for Weyl fermions, along with the εαβ = −εβα
metric for raising and lowering spinor indices (there is an equivalent metric for dotted indices), the
four-vector σµ, σ̄µ 2 × 2–matrices, while Λ denotes an arbitrary energy scale. It is easy to show
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that, now omitting spinor indices, χaσµσ̄νχb = χbσν σ̄µχa so Eq. (II.1) is antisymmetric upon the
exchange a↔ b. This means that Eq. (II.1) for a = b vanishes exactly.

If neutrinos are Majorana fermions, each neutrino mass eigenstate νi (with mass mi, i =
1, 2, . . . , N , and N is the number of neutrinos) can be represented as a two-component left-handed
Weyl fermion and the following Lagrangian describes the neutrino–photon interactions at dimen-
sion five:

LM =
1

2
µijνiσµννjF

µν +H.c., (II.2)

where 4σµν ≡ σµσ̄ν − σν σ̄µ. Here, µij = −µji are complex constants that define the neutrino
electromagnetic dipole moment matrix. There are (N 2 − N)/2 complex, independent µij . In
the case of three neutrinos, the dipole moment matrix is parameterized by 6 real parameters:
µij = |µij |eiξij , ij = 12, 13, 23.

If neutrinos are Dirac fermions, each neutrino mass eigenstate can be represented as a pair of
two-component left-handed Weyl fermions, νi, and νci . In our notation, νi have lepton number
+1 and are referred to as the left-handed neutrino fields while νci have lepton number −1 and
are referred to as the left-handed antineutrino fields. Note that while νi couples to weak gauge
bosons, νci does not. When it comes to writing down the electromagnetic dipole moments, terms
proportional to νiσµννj and νci σµνν

c
j violate lepton number and are hence forbidden. We are left

with

LD = µDijν
c
i σµννjF

µν +H.c.. (II.3)

Note that we do not include interactions of the type νiσµνν
c
j . These are accounted for since,

as already mentioned earlier, νiσµνν
c
j = −νcjσµννi. With this in mind, µDij define a generic,

N × N complex matrix, parameterized by N2 complex numbers. In the case of three neu-
trinos, the dipole moment matrix is parameterized by 18 real parameters, µDij = |µDij |eiξij ,
ij = 11, 12, 13, 21, 22, 23, 31, 32, 33.

There is a useful way to visually compare the Majorana and Dirac dipole moment matrices. In
the Majorana case,

LM =
1

2

(
ν1 ν2 . . . νN

)
σµν


0 µ12 . . . µ1N

−µ12 0 . . . µ2N
...

...
. . .

...
−µ1N −µ2N . . . 0



ν1

ν2
...
νN

Fµν +H.c., (II.4)

while in the Dirac case, making use of νiσµνν
c
j = −νcjσµννi, we can rewrite Eq. (II.3) in a more

“symmetric” way, so that it looks very much like the Majorana case:

LD =
1

2

(
νc1 . . . νcN ν1 . . . νN

)
σµν



0 . . . 0 µD11 . . . µD1N
...

. . .
...

...
. . .

...
0 . . . 0 µDN1 . . . µDNN
−µD11 . . . −µDN1 0 . . . 0

...
. . .

...
...

. . .
...

−µD1N . . . −µDNN 0 . . . 0





νc1
...
νcN
ν1
...
νN


Fµν +H.c..

(II.5)
For the same number of neutrino species N , the Dirac dipole moment matrix is bigger: (2N × 2N)
versus (N ×N). On the other hand, the Dirac dipole moment matrix has a larger fraction of zero
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entries; in fact, only 1/4 of the entries in the Dirac case are independent and nontrivial.
It is easy to see that if the number of neutrinos, here defined to be very light neutral fermions,

is three, the Dirac case has many more independent dipole moments (18 real parameters) than the
Majorana case (6 real parameters). Therefore, if the neutrinos are Majorana fermions, the dipole
moment matrix can be over-constrained after one obtains 7 independent bits of information. On the
other hand, 19 independent bits are required in order to over-constrain the dipole moment matrix
in the Dirac case.∗ In Section V, this will translate into the fact that the neutrino electromagnetic
dipole moments are less constrained if the neutrinos are Dirac fermions.

One is tempted to conclude that, by performing enough measurements of the neutrino dipole
moments, it is possible to establish the nature of the neutrinos, Majorana fermions versus Dirac
fermions. This is not necessarily the case. If the neutrinos are Majorana fermions, one can mimic
the Dirac case by adding more neutrino mass eigenstates. For example, by doubling the number of
mass eigenstates, the dimensions of the two dipole moment matrices can be made the same. In this
case, in fact, there are more independent dipole moments if the neutrinos are Majorana fermions.
Concretely, for six Majorana neutrinos, there are 15 complex dipole moments, compared to the
9 complex dipole moments for three Dirac neutrinos. Five Majorana neutrinos, as a matter of
fact, are a better “match” to three Dirac neutrinos: 10 versus 9 complex parameters. As an aside,
the number of independent dipole moments first coincides for 1 Dirac neutrino and 2 Majorana
neutrinos, followed by 6 Dirac neutrinos and 9 Majorana neutrinos. The next combinations are 35
Dirac neutrinos versus 50 Majorana neutrinos, followed by 204 Dirac neutrinos versus 289 Majorana
neutrinos. We did not find other pairings with less than 1000 Dirac neutrinos.

III. OBSERVING NEUTRINO ELECTROMAGNETIC DIPOLE MOMENTS

A non-zero neutrino electromagnetic dipole moment modifies elastic neutrino–electron,
neutrino–nucleon, and neutrino–nucleus scattering. For all processes of interest, the chirality-
flipping nature of the magnetic moment, combined with the chirality-conserving nature of the weak
interactions and the tiny neutrino masses implies that the contribution from photon-exchange be-
tween the neutrino and the charged-fermion of interest will add incoherently to the weak cross
section. For νi + e→ νj + e elastic scattering, the dipole-moment contribution to the cross section
is

dσij
dER

=
|µji|2
µ2
B

πα2

m2
e

[
1

ER
− 1

Eν

]
, (III.1)

where Eν is the energy of the incoming neutrino, ER is the electron recoil kinetic energy, α is the
fine-structure constant, me is the electron mass, and µB ≡ e/2me is the Bohr magneton. The
signature of the dipole moment in neutrino–electron scattering experiments is an excess of recoil
electrons that peaks at small recoil kinetic energies. For coherent elastic scattering on nuclei, the
cross section is given by Eq. (III.1) multiplied by Z2F 2(q2), where Z is the atomic number of the
target, F (q2) is the nuclear from factor, and q2 is the four-momentum transfer [30].

Since neutrino masses are negligibly small and the daughter neutrinos cannot, for all practical
purposes, be observed directly or indirectly, σij is not really an observable. Instead, upon detecting

∗ Whether these “bits of information” are accessible in principle or in practice will be further discussed in the next
sections.
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the recoil charged particle, one measures σi ≡
∑

j σij . For neutrino–electron scattering,

dσi
dER

=
|µeff
i |2
µ2
B

πα2

m2
e

[
1

ER
− 1

Eν

]
, (III.2)

where

|µeff
i |2 ≡

∑
j

|µji|2, (III.3)

is the magnitude squared of the effective magnetic moment associated to an incoming νi. The
effective magnetic moments µeff

i are directly constrained by solar neutrino experiments since these
are best described as incoherent mixtures of the neutrinos with well defined masses, ν1, ν2, ν3, etc.

Neutrinos that are both produced and detected on Earth are best described as coherent linear
superpositions of the neutrino mass eigenstates – the neutrino flavor eigenstates, να = Uαiνi,
α = e, µ, τ , where Uαi are the elements of the unitary lepton mixing matrix. It is simple to define
the neutrino electromagnetic moment matrix in the flavor-eigenstate basis. If the neutrinos are
Majorana fermions,

LM =
1

2
µijU

∗
αiνασµνU

∗
βjνβF

µν +H.c. =
1

2
µαβνασµννβF

µν +H.c., (III.4)

where

µαβ ≡ U∗αiU∗βjµij . (III.5)

Instead, if the neutrinos are Dirac fermions,

LD = µDijV
∗
αiν

c
ασµνU

∗
βjνβF

µν +H.c. = µDαβν
c
ασµννβF

µν +H.c. (III.6)

where we introduce a matrix V that relates the left-handed antineutrinos in the mass eigenstate
basis to those in the flavor-eigenstate basis. Since there are no weak interactions for the left-handed
antineutrinos, their flavor-eigenstate basis is undetermined and Vαi are not physical. We can take
advantage of this and choose Vαi = Uαi so, for Dirac neutrinos, the electromagnetic dipole moment
matrix in the flavor-eigenstate basis is also given by Eq. (III.5), with the addition of the superscript
D (for Dirac).

Similar to σij , the neutrino dipole contribution to the να + e → νβ + e cross section σαβ is
proportional to |µβα|2. Summing over the flavors of the final-state netrinos,

dσα
dER

=
|µeff
α |2
µ2
B

πα2

m2
e

[
1

ER
− 1

Eν

]
, (III.7)

where

|µeff
α |2 ≡

∑
β

|µβα|2. (III.8)

Note that one is not obliged to work in the flavor-eigenstate basis even when the incoming state
is a flavor eigenstate. In the mass-eigenstate basis, the incoming neutrino is a linear superposition
of mass eigenstates so the amplitude for να → νi is Aαi ∝ Uαjµij . Summing over all possible final-
states (assuming again these are impossible to measure or “tag” in either flavor or mass eigenstates)
σα ∝

∑
i |Uαjµij |2. It is easy to show that

∑
i |Uαjµij |2 =

∑
β |µβα|2 = |µeff

α |2.
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There remains the possibility of producing a neutrino flavor-eigenstate να and detecting it via
elastic scattering some distance L away from the neutrino source. In this case, the incoming
neutrino state is the “oscillated να,” a different linear superposition of mass-eigenstates (see, for
example, [15]). Given what is known about the neutrino mass-squared differences, oscillation effects
are irrelevant to all Earth-bound experimental constraints of interest.

IV. SUMMARY OF EXPERIMENTAL CONSTRAINTS

As discussed earlier, we will concentrate on bounds that come from the scattering of solar neu-
trinos or Earth-bound (anti)neutrinos.† In the case of Earth-bound neutrinos, different sources
have been used in order to search for a nonzero neutrino electromagnetic moment, including neu-
trinos from nuclear reactors and neutrinos from pion decay. In both cases, the strongest bounds are
obtained from precise analyses of neutrino–electron scattering so we will concentrate on those. In
the case of neutrinos from pion decay at rest, coherent elastic neutrino–nucleus scattering (CEvNS)
data has also been used to search for nonzero neutrino dipole moments. Current estimates, ob-
tained from data made available by the COHERENT Collaboration [31], are not yet competitive
(for recent analyses see [22, 23]). From the CEvNS measurement in CsI, constraints down to
few ×10−9 µB can be obtained with 90% C.L, while the future detector materials of the COHER-
ENT experiment, e.g. Ge, can generally perform better by a factor of a few [6–8].

There are also interesting results from the DONUT experiment, which obtains an upper bound
of |µeff

ντ | < 3.9×10−7 µB with 90% C.L. [32]. It makes use of neutrinos from meson decays in flight,
including a nonzero sample of ντ -initiated scattering events. We will comment on these bounds in
Sec. V.

One can also obtain constraints down to |µν | ∼ few× 10−12 µB from stellar cooling [12]. These
constraints are less robust and somewhat model dependent (for an earlier detailed discussion, see,
for example, [11]). It has also been argued that new physics can weaken such bounds significantly.
For example, in so-called “chameleon” models [33], these bounds are virtually absent. The obser-
vation of neutrinos from Supernova 1987A can also be used to constrain the neutrino magnetic
moment. Early estimates pointed to |µν | ∼ few × 10−13 µB [13, 14]. More recently, however,
these bounds were called into question [34], and it was argued that they may not be valid at all.
Henceforth, we do not consider indirect astrophysical bounds in our analyses.

Finally, unless otherwise noted, we assume henceforth there are only three light neutrino states.

A. Solar Experiments

Neutrinos from the Sun arrive at the Earth as incoherent mixtures of the mass eigenstates: ν1

with probability P1, ν2 with probability P2, ν3 with probability P3 (for a recent, detailed overview,
see, for example, [35]). Given what is currently known about neutrino-oscillation parameters‡, for
all solar neutrino energies, P3 = |Ue3|2 ∼ 0.02, while P1 and P2 depend on the neutrino energy.
Here we ignore the impact of the nonzero neutrino magnetic moments on the flavor evolution of
the neutrinos inside the Sun.

The measurement of solar neutrinos scattering on electrons, for a fixed neutrino energy, is

† We will, in general, use ‘neutrinos’ to refer to neutrinos or antineutrinos.
‡ In our analyses, we use the results presented in [36], NuFIT5.1 (2021). See also http://www.nu-fit.org. Con-

cretely, we use sin2 θ12 = 0.304, sin2 θ13 = 0.02220, sin2 θ23 = 0.573.

http://www.nu-fit.org
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sensitive to

|µ|2solar = P1|µeff
1 |2 + P2|µeff

2 |2 + P3|µeff
3 |2. (IV.1)

The best published solar neutrino constraints are from the Borexino experiment. Using solar
neutrino data taken in 1291.5 days during its second phase, Borexino set an upper bound of
|µ|solar < 2.8 × 10−11 µB at 90% C.L. for predominantly 7Be neutrinos (monochromatic, Eν =
862 keV). For 7Be neutrino energies, matter effects inside the Sun are small and P1 = |Ue1|2 ∼ 0.7
and P2 = |Ue2|2 ∼ 0.3 to a good approximation.

The XENON experiments, while searching for dark matter, are also sensitive to neutrinos from
the Sun. When it comes to nonzero magnetic moments, the dominant contribution is from pp solar
neutrinos (most abundant, lowest energy). For pp-solar neutrinos, matter effects inside the Sun are
negligible and P1 = |Ue1|2 ∼ 0.7 and P2 = |Ue2|2 ∼ 0.3 is an excellent approximation. The excess of
electron recoil events reported by the XENON1T collaboration [37] can be explained by a nonzero
neutrino electromagnetic moment (µν = 5.7 × 10−11 is the quoted best-fit value [38]). However,
the observed excess can also be interpreted as evidence for some unaccounted-for background, e.g.,
tritium decays [37]. Given all the uncertainty, we do not include the XENON1T results in our
analysis. Furthermore, very recently, first results on the low-energy electron-recoil data of the
XENONnT collaboration were made public [26]. The XENONnT collaboration reports an upper
bound of |µ|solar < 6.3× 10−12 µB (90% C.L.) that is almost five times stronger than the Borexino
upper bound. This bound supersedes the XENON1T hint by almost an order of magnitude and is
included in our analysis.

Future dark matter direct-detection experiments will also be sensitive to the pp solar neutrinos.
These should be sensitive to effective magnetic moments of order 10−12µB [10], almost an order of
magnitude smaller than the recently reported XENONnT bound.

There are also constraints from the scattering of 8B neutrinos on electrons [39]. 8B neutrinos
have energies between 5 MeV and 10 MeV and are strongly impacted by solar matter effects. For
8B neutrinos, P1 ∼ 0.1 and P2 ∼ 0.9, with some energy dependency. Dipole moment constraints
from 8B neutrinos are not competitive with those from Borexino or XENONnT and will not be
included in our results.

B. Reactor Experiments

Nuclear reactors are intense sources of electron antineutrinos. The GEMMA experiment [4]
sets the strongest bound on the neutrino electromagnetic moment among the reactor neutrino
experiments. Using a total of 22, 621 hours of data taking, they set the upper bound µeff

ē <
2.9 × 10−11 µB at 90% C.L. (the bar indicates an incoming ν̄e). The TEXONO collaboration
also measured elastic neutrino–electron scattering for electron antineutrinos coming from the Kuo-
Sheng Nuclear reactor [40] and constrained µeff

ē < 2.2 × 10−10 µB at 90% C.L.. This is an order
of magnitude weaker than the GEMMA bound and hence we ignore it here. More recently, the
CONUS collaboration, using candidate neutrino–electron scattering events, also reported a bound
on the the effective electron antineutrino magnetic moment, µeff

ē < 7.5 × 10−11 µB at 90% C.L.
[41]. Since it is two and half times weaker than the published GEMMA bounds, we do not include
the CONUS constraints in our analyses.
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C. Accelerator Experiments

The LSND experiment measured neutrino–electron scattering using neutrinos produced in π+

and µ+ decay at rest [42]. Pion decay produces mostly νµ while muon decay produces both νe and
ν̄µ. LSND data are analyzed and the collaboration reports a constraint on a mixture of |µeff

e |2 and
|µeff
µ |2: |µeff

e |2 + 2.4|µeff
µ |2 < 1.1× 10−18 µ2

B at 90% C.L. [42]. They assume |µeff
µ |2 = |µeff

µ̄ |2.

In the future, the DUNE experiment is expected to be sensitive to |µeff
µ | > 3.2 × 10−10 µB at

90% C.L. after seven years data taking in both the neutrino and antineutrino modes [9]. Because
of the GeV energy range of DUNE and the dependence of the electromagnetic cross section on the
inverse of the neutrino energy, DUNE is not the best place to get competitive constraint on µeff

µ ,
despite its unprecedented neutrino flux and large detector mass. The J-PARC Sterile Neutrino
Search at J-PARC Spallation Neutron Source (JSNS2) experiment [43], including its proposed
upgrade [44], might ultimately have better sensitivity since it makes use of neutrinos from meson
and muon decay at rest, similar to LSND. Finally, as already discussed, future measurements of
CEvNS and neutrino–electron scattering using neutrinos from pion decay at rest may ultimately
provide better sensitivity to |µeff

µ |.
To illustrate the impact a measurement of |µeff

µ | could have on the experimental landscape, in

Sec. V we will assume that results from a future experiment sensitive to |µeff
µ | > 2 × 10−11µB

are available. This sensitivity is comparable to that of Borexino and does not compete with
expectations from future solar experiments. Nonetheless, we will argue that the impact of such an
experiment may be, under the right circumstances, very significant.

D. Statistical Treatment of Experimental Constraints.

All experiments report upper bounds on some effective electromagnetic moment |µeff |exp (in
general a different effective magnetic moment for each experiment of interest). When computing
upper bounds on the different |µij |, presented and discussed in Sec. V, we treat these upper bounds
as quadratic χ2 functions of |µeff |2 and assume the best-fit values associate to all experimental
results are equal to zero:

χ2
exp =

(|µeff |2)2

σ2
exp

, (IV.2)

where σexp is extracted from the reported 90% C.L. upper bounds quoted by the different collab-
orations, µeff

90%:

σ2
exp =

(µeff
90%)4

2.7
. (IV.3)

The reason for this assumption is that the number of dipole-moment-mediated events at any
experiment is linearly proportional to |µeff |2 as can be seen, for example, in Eqs. (III.2) and (III.7).
Note that, traditionally, one quotes upper bounds on |µeff |. In order to combine results from
different experiments, we assume the total χ2 to be sum of all the relevant χ2

exp. While this may be
an oversimplification, as we are assuming the best fits to be null and neglecting correlations (e.g.
in solar neutrino fluxes), we find this approach to be suitable to make our point on the interplay
between magnetic moment measurements and the nature of neutrinos.
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V. RESULTS: PRESENT AND FUTURE

Here we present and discuss the current constraints on all |µij | for both Majorana and Dirac
neutrinos. We present all results in the neutrino mass-eigenstate basis; when convenient, we make
use of the flavor-eigenstate basis in order to discuss specific results. Our ultimate goal is to combine
all constraints from the different neutrino sources and experiments and discuss the impact of future
experimental efforts. We comment on individual constraints when it is illuminating. Comparisons
between Dirac neutrinos and Majorana neutrinos are presented in the ‘Dirac Neutrinos’ subsection.

All upper bounds and exclusion curves are quoted at 90% C.L., for the relevant number of
degrees of freedom.

A. Majorana Neutrinos

If neutrinos are Majorana fermions, assuming there are no new light fermions, there are three
independent complex neutrino electromagnetic dipole moments: µ12, µ13, µ23. We will concentrate
on the existing constraints on |µ12|, |µ13|, |µ23|, keeping in mind the complex phases in µ12, µ13, µ23

are unconstrained. Unless otherwise noted, when presenting constraints on |µ12|, |µ13|, |µ23|, we
marginalize over all unreported parameters.

As discussed in Sec. III, to a good approximation, the solar neutrino experiments of interest are
sensitive to

|µ|2solar = |Ue1|2
(
|µ12|2 + |µ13|2

)
+ |Ue2|2

(
|µ12|2 + |µ23|2

)
+ |Ue3|2

(
|µ13|2 + |µ23|2

)
, (V.1)

and hence insensitive to the relative phases among the different dipole moments. Constraints from
Borexino and XENONnT in the different |µij | × |µjk| planes (i, j, k = 1, 2, 3) are depicted in Fig. 1
(orange and grey lines, respectively). Since all terms in Eq. (V.1) are positive-definite, it is possible
to marginalize over all-but-one of the elements of the electromagnetic dipole matrix and constrain
each |µij | independently. The 90% C.L. upper bounds we obtain from the Borexino and XENONnT
bounds are listed in Table I. Throughout, we kept the neutrino oscillation parameters fixed at their
best-fit values, except for the CP-odd parameter δCP, which we allow to float in the fits. Note
that the CP-odd phase is irrelevant for the solar neutrino constraints. Had we allowed the mixing
angles to also float in the fits, we would have obtained slightly weaker bounds (roughly five to ten
percent), given the current uncertainties on the relevant mixing parameters.

Table I reveals that the constraints from solar data on |µ12|, |µ13|, |µ23| are relatively similar,
within less than a factor of two (a factor a little over three for |µij |2). The reason is that, for
Majorana neutrinos, µij = −µji. Even though |Ue3|2 � |U2

e1|, |Ue2|2, the coefficients behind the
different |µij |2 are relatively similar, ranging from |Ue2|2 + |Ue3|2 ∼ 0.3 to |Ue1|2 + |Ue2|2 ∼ 1.

The situation is different for experiments that constrain |µeff
α |2, α = e, µ, τ , including reactor

experiments. Constraints from GEMMA on |µeff
ē |2 translate into the green contours in Fig. 1 while

the sensitivity of a hypothetical future experiment that can see a nonzero |µeff
µ |2 if it is larger than

2×10−11µB is depicted in purple (dashed line). In both these cases, there is a clear “flat direction”
in the different |µij | × |µjk|-planes [7, 45]. This implies, for example, one cannot obtain bounds
on any of the |µij | that is independent from the other parameters that define the dipole moment
matrix.

The reason for the flat direction is easy to understand. In the flavor-eigenstate basis,

|µeff
e |2 = |µeµ|2 + |µeτ |2. (V.2)

It is easy to see that |µeff
e |2 depends only on the magnitudes of two out of the three µαβ (α, β =
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FIG. 1: Majorana neutrinos. 90% C.L. allowed regions in the |µ12| × |µ13|-plane (left), |µ12| × |µ23|-plane
(center), |µ13|×|µ23|-plane (right), extracted from different subsets of existing and hypothetical future data.
‘BOREXINO (Combined)’ stands for data from Borexino, GEMMA, and LSND. ‘XENONnT (Combined)’
stands for data from XENONnT, Borexino, GEMMA, and LSND. ‘|µeff

µ | < 2 × 10−11 µB ’ stands for data

from a future experiment that constraints |µeff
µ | < 2× 10−11 µB . See Section IV for details.

TABLE I: 90% C.L. upper bounds on the magnitudes of the different entries of the neutrino electromagnetic
moment matrix, for Majorana neutrinos, extracted from different subsets of existing and hypothetical
future data. ‘Future νµ’ stands for a future experiment capable of constraining |µeff

µ | < 2 × 10−11 µB . See
Section IV for details.

Experiment |µ12| (10−11µB) |µ13| (10−11µB) |µ23| (10−11µB)

LSND 90 84 79

Borexino 2.8 3.3 5.0

Borexino & LSND & GEMMA 2.4 3.0 4.4

XENONnT 0.64 0.75 1.1

All Combined 0.64 0.75 1.1

All Combined & Future νµ 0.64 0.75 1.1

e, µ, τ ); it does not depend on µµτ at all. Since the three µαβ (and µij) are, in general, independent,
there is a combination of |µij | – indeed, µµτ – that remains unconstrained. This translates into the
cuspy contours observed in Fig. 1. The same argument holds for |µeff

µ |2, |µeff
τ |2.

Flat directions are lifted if one combines constraints on different |µeff
α |2. Bounds from the LSND

experiments, depicted in brown in Fig. 1, illustrate this, since, as discussed in Section IV, LSND
constrains a weighted sum of |µeff

µ |2 and |µeff
e |2. For this reason, we can compute the LSND bounds

on the different |µij | after one marginalizes over all other dipole moment observables. These are
listed in Table I. The LSND bounds are much weaker than the solar bounds.

Combinations of solar data with reactor or accelerator data are also free from flat directions and
one can obtain constraints on all µij , marginalizing over all other dipole moment observables, from
all current experiments combined. These are listed in Table I and depicted in Fig. 1 (dot-dashed
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blue contour for Borexino combined with LSND and GEMMA, grey for XENONnT combined with
all other existing data). The bounds from solar experiments dominate those from Earth-bound
experiments. The XENONnT constraints are strong enough that the impact of combining them
with all other data is negligible. We also combine all existing constraints with a future experiment
that excludes, at the 90% C.L., |µeff

µ | < 2 × 10−11µB. These are listed in Table I. The impact of
the future experiment is negligible relative to that of XENONnT.

More generally, if the neutrinos are Majorana fermions and there are no extra neutrino degrees
of freedom, expectations are that next-generation experiment sensitive to |µeff

µ |2 > 2 × 10−11µB
will not see the effects of nonzero neutrino electromagnetic moments. The solar bounds preclude
it. This is depicted in Fig. 1. The sensitivity region of the future |µeff

µ |2 is well inside the region of
parameters space ruled out by the XENONnT experiment.

B. Dirac Neutrinos

If neutrinos are Dirac fermions, assuming there are no new light fermions, there are nine inde-
pendent complex neutrino electromagnetic dipole moments: µD11, µ

D
12, µ

D
13, µ

D
21, µ

D
22, µ

D
23, µ

D
31, µ

D
32, µ

D
33.

Like in the Majorana neutrino case, we will concentrate on the existing constraints on the magni-
tudes of the different electromagnetic moments |µDij | (i, j = 1, 2, 3), keeping in mind the complex

phases of the different µDij are unconstrained. Unless otherwise noted, when presenting constraints,
we marginalize over all unreported parameters.

As discussed in Sec. III, to a good approximation, the solar neutrino experiments of interest are
sensitive to

|µ|2solar = |Ue1|2|µeff
1 |2 + |Ue2|2|µeff

2 |2 + |Ue3|2|µeff
3 |2, (V.3)

= |Ue1|2
(
|µD11|2 + |µD21|2 + |µD31|2

)
+ |Ue2|2

(
|µD12|2 + |µD22|2 + |µD32|2

)
+

+|Ue3|2
(
|µD13|2 + |µD33|2 + |µD33|2

)
, (V.4)

and hence insensitive to the relative phases among the different dipole moments. While all nine
|µDij | are constrained by solar data, it is clear that the bounds are correlated. After marginalizing

over all other |µDij |, the bounds on, for example, |µD11| and |µD21| are identical. Hence, as far as solar

data are concerned, it is sufficient to extract bounds on |µeff
i |, i = 1, 2, 3, defined in Eq. (III.3); these

apply to all |µDij | (for fixed i, j = 1, 2, 3). 90% C.L. Constraints from Borexino and XENONnT in

the different |µeff
i |×|µeff

j | planes (i, j = 1, 2, 3) are depicted in Fig. 2 in orange and grey, respectively.
Since all terms in Eq. (V.3) are positive-definite, it is possible to marginalize over all-but-one of
the effective electromagnetic dipole moments and constrain each |µeff

i | independently. The 90%
C.L. upper bounds we obtain from the Borexino and XENONnT bounds are listed in Table II.
Throughout, we kept the neutrino oscillation parameters fixed at their best-fit values, except for
the CP-odd parameter δCP, which we allow to float in the fits. Note that the CP-odd phase is
irrelevant for the solar neutrino constraints. Had we allowed the mixing angles to also float in the
fits, we would have obtained slightly weaker bounds (roughly five to ten percent), given the current
uncertainties on the relevant mixing parameters.

Table II reveals that |µeff
3 | is significantly less constrained – one order of magnitude – by solar

data than |µeff
1,2|. The reason is that, for Dirac neutrinos, the different |µeff

i | are independent and

|Ue3|2 � |Ue1|2, |Ue2|2. This is to be contrasted to the Majorana case, where all independent |µij |
are similarly constrained by solar data. In the Dirac case, if |Ue3|2 were zero, the bound on |µeff

3 |
would disappear. In the Majorana case, the solar bounds presented in Table I would be almost
identical to what one would have obtained if |Ue3|2 were zero.
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FIG. 2: Dirac neutrinos. 90% C.L. allowed regions in the |µeff
1 | × |µeff

2 |-plane (left), |µeff
1 | × |µeff

3 |-plane
(center), |µeff

2 | × |µeff
3 |-plane (right), extracted from different subsets of existing and hypothetical future

data. ‘|µeff
µ | < 2×10−11 µB ’ stands for data from a future experiment that constraints |µeff

µ | < 2×10−11 µB .

See Section IV for details. In the case of the future experiment sensitive to |µeff
µ | (dashed, purple curves),

we assume only µD11, µ
D
22, µ

D
33 6= 0.

TABLE II: 90% C.L. upper bounds on the magnitudes of the different entries of the neutrino electromagnetic
moment matrix, for Dirac neutrinos, extracted from different subsets of existing and hypothetical future
data. ‘Future νµ’ stands for a future experiment capable of constraining |µeff

µ | < 2 × 10−11 µB . See
Section IV for details.

|µDij | (10−11µB)

Experiment ij = 11, 21, 31 ij = 12, 22, 32 ij = 13, 23, 33

Borexino 3.4 5.1 19

Borexino & GEMMA & LSND 3.2 4.8 18

XENONnT 0.76 1.2 4.2

All Combined 0.76 1.2 4.2

All Combined & Future νµ 0.76 1.2 2.8

Experimental results that translate into an upper bound on a single |µeff
α |, α = e, µ, τ , do not

translate into bounds on individual µDij , similar to the Majorana case. Also here, there are flat

directions, i.e., linear combinations of |µDij |2 that are unconstrained. In fact, in the Dirac case,
there are many more flat directions relative to the Majorana case. This is simplest to see in the
flavor-eigenstate basis. For example,

|µeff
e |2 = |µDee|2 + |µDµe|2 + |µDτe|2, (V.5)

clearly independent from six of the nine |µDαβ |, α, β = e, µ, τ .
Unlike the Majorana case, constraints from LSND are also plagued by flat directions in the

Dirac case. Using the flavor-eigenstate basis, the effective dipole moment constrained by LSND is
independent from |µeτ |2, |µµτ |2, |µττ |2. In the case of Dirac neutrinos, a collection of Earth-bound
experiments capable of fully constraining all independent |µDij | should also include a ντ -initiated
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scattering sample.∗ For example, data from GEMMA, LSND, and DONUT can constrain all µDij ,
independent from exact flat directions.

Combinations of solar data with those from Earth-bound experiments are not, of course, plagued
by flat directions. Furthermore, Earth-bound experiments provide information on the |µDij | beyond

|µeff
i |2. We return to these momentarily but, for now, it is enough to state that all such combi-

nations still translate into identical bounds on the elements of the “triplets” (|µD11|, |µD21|, |µD31|),
(|µD12|, |µD22|, |µD32|), or (|µD13|, |µD23|, |µD33|). In practice, given that constraints from Borexino and,
especially, XENONnT are stronger than those from nuclear reactor and accelerator neutrinos, the
consequences of adding, to the solar data, the Earth-bound data, are quantitatively quite small.
Combined results are listed in Table II. As in the Majorana case, the XENONnT constraints are
strong enough that the impact of combining them with all other data is negligible.

Future data could, in principle, lead to a less trivial picture and more information. Constraints
from an experiment that rules out, at the 90% C.L., |µeff

µ |2 > 2× 10−11µB, combined with current
XENONnT data, are also listed in Table II. While the impact on the |µi1| and |µi2| (i = 1, 2, 3)
elements is negligible, the impact on the |µi3| elements is quite significant. This is due to the
fact that |Ue3| � |Uµ3|. More important than placing more stringent bounds, if the neutrinos are
Dirac fermions, a future experiment more sensitive to |µeff

µ |2 than LSND may potentially observe
the effect of a nonzero neutrino electromagnetic even if there are no extra neutrino states. Fig. 2
depicts the sensitivity of a hypothetical future experiment that can see a nonzero |µeff

µ |2 if it is

larger than 2 × 10−11µB in purple (dashed), assuming only the diagonal µDij are nonzero.† The
figure reveals that the sensitivity of such an experiment reaches beyond current constraints on
|µeff

3 |. This is qualitatively different from what was observed in the Majorana case, Fig. 1. There,
an experiment sensitive to |µeff

µ |2 > 2 × 10−11µB is unable to make a discovery unless there are
light fermionic states other than the known neutrinos.

We now turn to the details of the experimental sensitivity of scattering experiments to |µDij |. In
the mass-eigenstate basis, reorganizing the terms in the summations, indicated here explicitly,

|µeff
α |2 =

∑
j,k

(∑
i

UαjU
∗
αkµ

D
ijµ

D∗
ik

)
≡
∑
j,k

AαjkSjk. (V.6)

Here, Aαjk ≡ UαjU
∗
αk depend only on the elements of the mixing matrix,‡ independent from the

values of the electromagnetic moments. Instead, Sjk ≡
∑

i µ
D
ijµ

D∗
ik depend only on (products of) the

electromagnetic dipole moments. Eq. (V.6) also holds for incoming neutrinos that are incoherent
superpositions of the mass eigenstates, like the solar neutrinos. In theses cases, Ajk = Pjδjk, where
Pj is the probability that an incoming νj “hits” the target of interest.

Any combination of measurements of |µeff
α |2 and |µeff

i |2 is capable of measuring, or constraining,
at most, the different Sjk, not necessarily the nine individual |µDij |. When it comes to information

on the different |µDij |, this has interesting consequences related to the fact that Sjk ≡
∑

i µ
D
ijµ

D∗
ik ,

for fixed j, k, is invariant under relabeling the “i” index. In other words, all permutations of the
“i” indices lead to the same Sjk and hence the same µeff

α for all α.
Some consequences of this symmetry are important for discussing upper bounds on the different

∗ Another option is an “oscillated” scattering sample, i.e, a well-defined flavor eigenstate detected via the electro-
magnetic dipole-moment interaction a long distance L away.
† The flat directions, discussed earlier, are the reason for restricting here the 18-dimensional parameter space to this

much smaller subspace. Otherwise, defining the sensitivity of the future νµ experiment would be both cumbersome
and opaque.
‡ This discussion can be trivially generalized to the “oscillated να.”
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µDij . For example, if one marginalizes any collection of upper bounds (expressed, for concreteness,

as a χ2-function) relative to all but one |µDij | one will obtain the same reduced χ2 for all values of

i and fixed value of j. Hence, the upper bounds one obtains for |µD1j |, |µD2j |, |µD3j | are the same for
each value of j. This is trivial to see in the solar data, as discussed earlier.

Generalizing, if the same collection of bounds is marginalized over all but a specific pair
|µDij |, |µDi′k|, the same reduced χ2 is expected for all pairs i, i′ related by different permutations
of the i, i′ indices. For i = i′, j = k, for example, we recover the result mentioned above, that the
bounds on |µD1j |, |µD2j |, |µD3j | are the same for each value of j. For i = i′, j 6= k, constraints in the

|µD1j | × |µD1k|, |µD2j | × |µD2k|, |µD3j | × |µD3k| planes are all the same. Finally, for i 6= i′and fixed j, k,

constraints in the |µD1j | × |µD2k|, |µD2j | × |µD1k|, |µD1j | × |µD3k|, |µD3j | × |µD1k|, |µD2j | × |µD3k|, |µD3j | × |µD2k|
planes are all the same. When j = k, only half of these are independent since, for example, the
|µD12| × |µD32| and |µD32| × |µD12| planes are the same.

Therefore, when it comes to depicting constraints in the planes defined by pairs of µDij , instead of
36 independent such constraints, all accessible information can be depicted in 9 independent planes.
Explicitely, these are (the ‘=’ signs here mean that, in all the “equal” planes the constraints are
identical.)

• |µDij | × |µDi′j |, j = 1, 2, 3:

|µD11| × |µD21| = |µD11| × |µD31| = |µD21| × |µD31|,
|µD12| × |µD22| = |µD12| × |µD32| = |µD22| × |µD32|,
|µD13| × |µD23| = |µD13| × |µD33| = |µD23| × |µD33|.

• |µDij | × |µDik|, j 6= k. The distinguishable {j, k} pairs are {1, 2}, {1, 3}, {2, 3}:

|µD11| × |µD12| = |µD21| × |µD22| = |µD31| × |µD32|,
|µD11| × |µD13| = |µD21| × |µD23| = |µD31| × |µD33|,
|µD12| × |µD13| = |µD22| × |µD23| = |µD32| × |µD33|.

• |µDij | × |µDi′k|, i 6= i′, j 6= k. The distinguishable (j, k) pairs are {1, 2}, {1, 3}, {2, 3}:

|µD11| × |µD22| = |µD11| × |µD32| = |µD21| × |µD12| = |µD21| × |µD32| = |µD31| × |µD12| = |µD31| × |µD22|,
|µD11| × |µD23| = |µD11| × |µD33| = |µD21| × |µD13| = |µD21| × |µD33| = |µD31| × |µD13| = |µD31| × |µD23|,
|µD12| × |µD23| = |µD12| × |µD33| = |µD22| × |µD13| = |µD22| × |µD33| = |µD32| × |µD13| = |µD32| × |µD23|.

Fig. 3 depicts the constraints on all distinguishable (in principle) pairs of |µDij |, |µDi′k|, in the

corresponding |µDij | × |µDi′k|-planes. The different curves correspond to the constraints imposed
by Borexino (orange contour), Borexino data combined with LSND and GEMMA (blue, dot-
dashed contour), and XENONnT combined with Borexino, LSND, and GEMMA (grey contour).
The dashed, purple line, corresponds to a hypothetical future bound, obtained by combining the
existing XENONnT data with a future experiment that constrains |µeff

µ | < 2 × 10−11 µB at the
90% C.L.

When it comes to existing constraints on |µDij |, |µDi′k| pairs, as expected, the constraints from
solar data also overwhelm those of all Earth-bound experiments, especially once one considers the
very recent results reported by XENONnT. The situation is different once one includes future
constraints from an experiment sensitive to |µeff

µ |2. The impact of these, already discussed in the
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FIG. 3: Dirac neutrinos. 90% C.L. allowed regions in all |µDij | × |µDi′k|-planes, extracted from different
subsets of existing and hypothetical future data. ‘BOREXINO (Combined)’ stands for data from Borexino,
GEMMA, and LSND. ‘XENONnT (Combined)’ stands for data from XENONnT, Borexino, GEMMA,
and LSND. ‘|µeff

µ | < 2 × 10−11 µB (Combined)’ stands for data from a future experiment that constraints

|µeff
µ | < 2 × 10−11 µB . See Section IV for details. In all panels, i, i′ = 1, 2, 3, along with the constraint in

the top right-hand corner.

context of upper bounds on individual |µDij | around Table II, can be clearly seen in Fig. 3, in the

planes that involve the |µDi3| elements.
In the far future, assuming experiments are restricted to measuring |µeff

α |2 and |µeff
i |2 (and

even different versions of the “oscillated” |µeff
α |2), data will still only depend on the µDij through

Sjk. This means that there are several µDij “subsets” that are indistinguishable from one another
and from the most general case. To explore this further, we define the complex 3-component
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vector ~vj = (µD1j , µ
D
2j , µ

D
3j), j = 1, 2, 3, so Sjk = ~vj · ~v∗k. All observables are proportional to the

dot-products of the three different vectors ~v and hence do not depend on rigid rotations in the
(complex) space defined by the ~vj . This rotational symmetry is the one we had been exploring
above. Taking advantage of this invariance, we can, for example, choose the 1-direction such
that ~v1 = (µD?11 , 0, 0) and the 2-direction such that ~v2 = (µD?12 , µ

D?
22 , 0).§ There is no freedom to

reduced the number of components of the third vector, ~v3 = (µD?13 , µ
D?
23 , µ

D?
33 ). The entire µDij

parameter space – 9 complex parameters – can be perfectly mimicked by a reduced parameter
space – 6 complex parameters – where µD21, µ

D
31, µ

D
32 vanish exactly. Hence, several (as many as

we can imagine) idealized measurements of |µeff
α |2 and |µeff

i |2 may well be able to establish that
neutrinos have a magnetic moment, but they cannot reveal whether, for example, some of them
vanish.

VI. CONCLUSIONS

Massive neutrinos are guaranteed to have nonzero electromagnetic moments. The sizes of these
dipole moments are functions of all neutrino interactions with known and unknown particles and
depend on the nature of the neutrino – Majorana fermion versus Dirac fermion.

Since there are at least three neutrino families, the neutrino dipole moments define a matrix.
The number of independent electromagnetic moments depends on the number of neutrino families
and the nature of the neutrinos. Here, we estimated the current upper bounds on all independent
neutrino electromagnetic moments, concentrating on Earth-bound experiments and measurements
with solar neutrinos. We considered the hypotheses that neutrinos are Majorana fermions or Dirac
fermions. Our results, obtained after marginalizing over all other dipole-moment observables (mag-
nitudes and phases), are listed in Tables I and II. We included the very recent results reported by
the XENONnT experiment, sensitive to pp-solar neutrinos. Right now, XENONnT data provide
the most stringent bounds on all elements of the neutrino electromagnetic moment matrix, inde-
pendent from the nature of the neutrinos. This was already true of published solar neutrino data
from the Borexino experiment, which makes use of the scattering of 7Be solar neutrinos.

For the same number of neutrino families, there are more independent neutrino electromag-
netic dipole moments if neutrinos are Dirac fermions. This translates into weaker bounds on the
magnitudes of the elements of the dipole moment matrix relative to those obtained if neutrinos
are Majorana fermions. As a concrete example, for Dirac neutrinos, if |Ue3|2 were zero, solar data
would be unable to constrain the magnitudes of three of the nine independent elements of the
electromagnetic moment matrix. The situation is very different for Majorana neutrinos. In this
case, the dependence on |Ue3|2 of existing solar bounds is almost negligible.

Another consequence of the Majorana fermion versus Dirac fermion distinction is that the
potential physics reach of next-generation experiments depends on the nature of the neutrino. Here,
we concentrated on a next-generation experiment that is sensitive to the neutrino electromagnetic
moments via νµ elastic scattering. An experiment sensitive to |µeff

µ | > 2 × 10−11µB may discover
that the neutrino electromagnetic moments are nonzero if neutrinos are Dirac fermions. Instead,
if neutrinos are Majorana fermions, such a discovery is ruled out by existing solar neutrino data,
unless there are more than three light neutrinos.

The Majorana fermion versus Dirac fermion distinction can be effectively erased if there are
more than three light neutrinos. For example, five Majorana neutrinos (e.g., three mostly active
and two mostly sterile) allow for ten complex electromagnetic dipole moments, a good match

§ The ? is mean to indicate that these are not entries of a generic matrix but one where some of the elements are
known to vanish.



17

(with one dipole moment to spare) to the nine complex electromagnetic dipole moments required
to describe the couplings of three Dirac neutrinos. It is not clear whether these two scenarios
can be disentangled, even if one assumes a large collection of very precise future experiments,
including measurements of |µeff

e,µ,τ |2 from the elastic scattering of all three flavor eigenstates along

with different linear combinations of |µeff
1,2,3,...|2 from the scattering of solar neutrinos of different

energies.
We explored in great detail what information can be acquired, in principle, on the neutrino

electromagnetic moments if neutrinos are Dirac fermions. Unlike the Majorana case, in the Dirac
case the parameter space is very large – 9 complex parameters. Nonetheless, if all future information
comes from measurements of |µeff

1,2,3,...|2 and |µeff
e,µ,τ |2, the amount of information one can extract is

much more limited than naively anticipated. For example, in the absence of a discovery, for a fixed
value of j = 1, 2, or 3, upper limits on |µDij | are identical for all i = 1, 2, 3. Similarly, excluded regions
in several µij × µi′k planes are also identical, and the argument persists for “higher-dimensional”
allowed regions in µij × . . . × µi′k spaces. In the case of the reduced two-dimensional µij × µi′k
spaces, we showed there are only nine independent excluded regions. All other 27 are related to
those nine.

The situation would be qualitatively different if the scattered neutrinos from the detection
process were also, somehow, measured. This requires experimental capabilities that are way out
of current reach. For example, one may consider the dipole-moment mediated process να + e− →
νβ + e−, α, β = e, µ, τ . Assuming a left-handed-helicity να and neutrino energies much larger than
the neutrino masses – guaranteed of all available neutrino beams – the outgoing νβ would have right-
handed helicity. If neutrinos are Dirac fermions, the observation of the right-handed-helicity νβ
requires chirality violation and is hence very efficiently suppressed by the neutrino masses squared
(in units of the neutrino energy). For all practical purposes, right-handed-helicity νβ are sterile
neutrinos. Instead, if neutrinos are Majorana fermions, the right-handed-helicity νβ would behave
as what is casually referred to as a ν̄β and, if measured via charged-current weak interactions, would
lead to the production of an `+β . In the latter scenario, not only would one be able to measure µαβ

(as opposed to µeff
α ), but one would also have discovered that lepton-number-symmetry is violated

and that neutrinos are Majorana fermions.
The fact that experimental constraints on the neutrino electromagnetic moments are weaker

(and the discovery potential, in some sense, stronger) if neutrinos are Dirac fermions is orthogonal
to theoretical expectations that point to a strong correlation between potentially large neutrino
electromagnetic moments and Majorana fermions [27, 28], highlighted in the Introduction. The
discovery of neutrino electromagnetic moments of order 10−11µB, coupled to knowledge that neu-
trinos are Dirac fermions, would indicate that the robust assumptions made in [27, 28] do not
apply and that the physics behind nonzero neutrino masses is more puzzling and subtle than the
community currently suspects.
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