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1 Introduction

Electromagnetic interactions of neutrinos serve as a primary venue for discovering new
physics interactions. It can be viewed as a qualitatively different pathway to uncover physics
beyond the standard model compared to the observation of neutrino masses two decades
ago [1]. For instance, if neutrinos are of the Majorana type, their masses do point to
a new physical scale, Λ, since in this case the neutrino masses are generated through a
non-renormalizable dimension-5 Weinberg operator, L ⊃ y′ij

(
L̄ciH

c†H†Lj
)
/Λ. However, it

is equally possible that neutrinos are of the Dirac type, in which case the neutrino masses
are due to the renormalizable Yukawa interactions, L ⊃ yij

(
ν̄RiH

†Lj
)
. To be certain that

the neutrino masses imply the existence of a new physics scale, ∆L = 2 neutrinoless double
β decay needs to be discovered first, see, e.g., [2–4].

In contrast, if neutrinos are found to couple directly to photons in the current or
immediately planned experiments, this would unambiguously point to the existence of a
new physical scale. The operators of the lowest dimension, invariant under SU(2)L×U(1)Y ,
that couple neutrinos to photons Fµν are the dipole operators, which for Dirac neutrinos
are of dimension 6,

(
ν̄Riσ

µνH†Lj
)
Bµν/Λ2, and the dimension 8 Rayleigh operators such

as
(
ν̄RiHLj

)
BµνB

µν/Λ4 (similar operators can be written for the weak isospin fields W a
µν

by direct substitutions of the weak hypercharge fields Bµν). After the Higgs obtains
a vev, H = (0, v)/

√
2, these operators lead to neutrino dipole moments, ν̄RiσµννLjFµν ,

and neutrino polarizability,1 ν̄RiνLjFµνFµν , respectively. The Dirac neutrino mass term,
mν ν̄LνR, as well as the neutrino dipole moments and the neutrino polarizability operators,
are all chirality flipping. The new physics that generates at some loop-level the neutrino
dipole moments and/or the neutrino polarizability is, therefore, expected to generate at
the same loop-level also the contributions to the neutrino masses. Unless there are large
cancellations between tree level and radiatively generated contributions to the neutrino
masses, the dipole moments and polarizability thus need to be tiny, effectively proportional
to the tiny neutrino masses, mν , and out of reach of the experiments. In this manuscript,
we show that this is not necessarily the case for Rayleigh operators, for which the mν

suppression can be parametrically compensated if the couplings to photons arise from
tree-level exchanges of light new physics.

Similar naive dimensional analysis arguments apply to Majorana neutrinos, though
with several important differences. First, if neutrinos are Majorana, the same operators: the
neutrino mass term, the dipole, and the Rayleigh operators, require an extra Higgs insertion
compared to Dirac neutrinos. That is, for Majorana neutrinos the mass term is of dimension
5, the dipole operators are of dimension 7,

(
L̄ciHσ

µνH†Lj
)
Bµν , while Rayleigh operators

are of dimension 9,
(
L̄ciH

c†H†Lj
)
BµνB

µν (and similarly for W a
µν). More importantly, these

operators violate the lepton number by ∆L = 2. This breaking is expected to be small,
explaining why the neutrino masses are small and implying that the neutrino magnetic
moment and neutrino polarizability will be small.

There are, however, exceptions to this general rule. First of all, for Majorana neutrinos,
the tensor and scalar neutrino currents have definite symmetry under the interchange of

1In the manuscript we use interchangeably neutrino polarizability and neutrino Rayleigh operators.
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the neutrinos (unlike in the case of Dirac neutrinos). Since ν̄ciLσµννjL = −ν̄cjLσµννiL is odd,
while ν̄ciLνjL = ν̄cjLνiL is even under the interchange of the two neutrinos, any new physics
that is odd under the same flavor exchange will only contribute to the neutrino magnetic
moments and not to the neutrino masses [5]. This has been used in refs. [6–9] to build
explicit models of enhanced neutrino magnetic moments.

No such symmetry distinguishes the neutrino mass operator from the Rayleigh operators
since the neutrino currents in both are exactly the same. Neutrino polarizability is thus
inevitably suppressed by the same small ∆L = 2 breaking spurion as neutrino masses. That
is, neutrino polarizability is model-independently proportional to tiny neutrino masses.
However, it can still be parametrically enhanced if generated by a tree-level exchange of a
light scalar or pseudo-scalar mediator. A prototypical example is a pseudo-Nambu-Goldstone
boson (pNGB) due to spontaneous breaking of the lepton number — the majoron, which
couples derivatively to the ∆L = 2 current, iν̄cLνL∂µφ/fφ → −imνν

c
LνLφ/fφ. Generically,

majoron also couples to photons through a higher dimension operator, φFF/Λγ . For the
minimal majoron, this operator is additionally suppressed by the majoron mass squared,
m2
φ, while this suppression is absent in non-minimal models. At energies below mφ this then

leads to the neutrino polarizability of the form ννFF × (mν/fφ)× 1/(m2
φΛγ). The small

majoron mass compensates for the mν suppression, leading to parametrically enhanced
neutrino polarizability within reach of astrophysical and terrestrial experiments. In this
manuscript, we perform the first phenomenological analysis of the existing constraints and
possible future probes of neutrino polarizability over a wide range of mediator masses, from
eV, i.e., comparable to the neutrino masses, up to the GeV scale.

The paper is organized as follows. In section 2, we introduce the neutrino dipole,
anapole, and polarizability operators within an EFT framework. The enhanced neutrino
polarizability via a light mediator exchange is detailed in section 2.3. In section 3, we explore
the consequences of this interaction for cosmological observables such as Cosmic Microwave
Background (CMB) and Big Bang Nucleosynthesis (BBN). In section 4, we analyze bounds
from anomalous star cooling rates due to the production of light φ particles. At higher
energy scales, the Rayleigh operator can be probed with neutrino scatterings in terrestrial
experiments, including the production of φ particles in colliders; these are discussed in
section 5. In section 6, we discuss UV complete models that lead to enhanced neutrino
polarizability, focusing on spontaneously broken U(1)L. Our conclusions are summarized
in section 7. Appendix A contains our notation and conventions, while appendix B
contains further details on the calculation of production rates of light (pseudo)scalars in
stellar cores. Appendix C contains further details on constraints from invisible decays of
heavy (pseudo)scalars.
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2 Neutrino couplings to photons

Neutrino couplings to photons arise from higher dimensional operators. Using the notation of
ref. [10] and restricting the discussion to low energies, well below the electroweak symmetry
breaking scale, the relevant operators are given by2 (see also appendix A),

LEFT ⊃
∑
i>j

C(5)
1,ij
Λ

e

8π2 (ν̄iσµνPLνj)Fµν (2.1)

+ 1
2
∑
i,j

C(7)
1,ij
Λ3

α

12π (ν̄iPLνj)FµνFµν +
C(7)

2,ij
Λ3

α

8π (ν̄iPLνj)FµνF̃µν
+ h.c.+ · · · ,

with ellipses denoting higher dimension terms. The indices i, j = e, µ, τ represent the SM
neutrino flavors, while Fµν is the electromagnetic field strength tensor, with F̃µν = 1

2εµνρσF
ρσ

its dual. Here, and in the rest of the paper, the neutrinos, νi, are assumed to be Majorana
fermions. Throughout the manuscript, we also use the four-component notation with the
conventions from ref. [11], so that ν = νc.

The dimension 5 operators in (2.1) encode the neutrino dipole moments. For Majorana
neutrinos the flavor conserving dipole moments vanish because the dipole is antisymmetric
in flavor indices, (ν̄iσµνPLνj) = −(ν̄jσµνPLνi). The dimension-7 Rayleigh operators, on
the other hand, are symmetric in flavor indices, C(7)

1,ij = C(7)
1,ji, and thus mediate also flavor

diagonal transitions. The definitions of the Wilson coefficients in (2.1) include the loop
factor, anticipating that in many models the operators would be generated at one loop,
while Λ is the mass scale associated with the masses of particles running in the loop (see
also the discussion below and in section 6).

Below we will also use a short hand notation, where Λ is absorbed in the definitions of
the Wilson coefficients that now become dimensionful,

Ĉ(7)
1(2),ij ≡ C

(7)
1(2),ij/Λ

3. (2.2)

Quite often we will also assume that the neutrino polarizability is flavor diagonal, so that
(no summation implied)

Ĉ(7)
1(2),ij = Ĉ(7)

1(2),iδij , (2.3)

and similarly for dimensionless Wilson coefficients, C(7)
1(2),ij . For flavor universal case we will

denote
Ĉ(7)

1(2),ij = Ĉ(7)
1(2)δij . (2.4)

Finally, we also define
ĈRe

1(2) =
∑
ij

2 Re
[
Ĉ(7)

1(2),ij

]
. (2.5)

In the remainder of this section we discuss in more detail the neutrino dipole mo-
ments (section 2.1), neutrino anapole moments (section 2.2), and neutrino polarizability
(section 2.3), including possible enhancements.

2The dimension six anapole moment operator induces a contact interaction and can be replaced through
the use of the equation of motion by the four fermion operators, a choice made in the construction of the
complete basis in ref. [10]. See section 2.2 for further details.
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2.1 Neutrino dipole moments

The neutrino dipole moments are tightly constrained from the searches for solar neutrino
scatterings on electrons by Borexino, which gives at 90%CL µeff

ν < 2.8 · 10−11µB [12], where
the µeff

ν is a linear combination of magnetic moments that depends on flavor composition
of neutrino flux on Earth, for details see refs. [12, 13], and also appendix A. Interperting
both measurements as bounds and taking C(5)

1,ij = 1, this translates to Λ & 106 GeV [10].
While the bound on Λ is impressive, it is useful to compare it with the typical sizes of
neutrino masses,

L ⊃ −1
2(mν)ij ν̄iPLνj + h.c.. (2.6)

For concreteness let us assume that the neutrino dipole moments are generated at one loop,
so that parametrically

(λν)ijµB ≡
C(5)

1,ij
Λ

e

4π2 ∼ e
yiyj
16π2

v2

M3 = 2.8× 10−11 µB
yiyj(

M/2.4 TeV
)3 , (2.7)

where M is the typical mass of new physics particles in the loop, yi their couplings to
neutrinos, and we included two insertions of the Higgs electroweak vev, v = 246GeV, as
required to project out only the neutrino part of the electroweak leptonic doublet. Sample
diagrams for the one loop radiative corrections are shown in figure 1 (top right). Generically,
the same loop, but without attached photon, figure 1 (top left), will also contribute to the
neutrino masses

mν ∼
yiyj
16π2

v2

M
= 0.05 eV yiyj(

M/7.7 · 109 TeV
) . (2.8)

In both (2.7) and (2.8) we assumed that the ∆L = 2 mass insertion, denoted with red cross
in figure 1, is of the same size as the typical mass M of the new particles. Comparing (2.7)
with the experimental bound, µeff

ν < 2.8 · 10−11µB [12], shows that the neutrino magnetic
moments can be large enough to be observed in the near future only if the related radiative
corrections to the neutrino masses are suppressed below the generic expectations given by
eq. (2.8).

Such a suppression of the neutrino masses is possible due to the Voloshin mechanism [5],
i.e., exploiting the fact that the operator ν̄ci σµνPLνj is antisymmetric, while ν̄ci νj is symmetric
under the exchange of flavor indices. An explicit realization are models with approximate
horizontal SU(2)H symmetry, in which (νe, νµ) form a doublet of SU(2)H , while ντ is a
singlet [8]. The SU(2)H allows a nonzero magnetic dipole term, ν̄iσµνPLνjεij , which is a
singlet under the horizontal symmetry. The neutrino mass terms vanish in the limit of
unbroken SU(2)H , ν̄iνjεij = 0, due to the symmetric nature of the mass term. The neutrino
masses are thus proportional to the charged lepton masses that break the SU(2)H , giving
rise to small enough neutrino masses without tuning, while neutrino magnetic moments can
be observably large [6–8, 14]. The Voloshin mechanism can be applied also to the transition
dipole moments to sterile neutrinos [15].
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Figure 1. Sample one loop contributions to the neutrino mass matrix (top left), dipole moments
(top right) and polarizability (bottom). The Higgs vev insertions are denoted with black cross, while
the ∆L = 2 mass insertion by a red cross.

2.2 Neutrino anapole moments

The anapole or toroidal moment of the neutrino is represented by a dimension 6 operator

LEFT =
∑
i,j

C(6)
F,ij

Λ2 ν̄iγ
µγ5νj∂

νFµν , (2.9)

which has no classical analogue in the mulitipole expansion. The operator breaks both
charge, C, and parity, P , but conserves the time-reversal symmetry T . This is immediately
apparent in the non-relativistic limit, where the interaction Hamiltonian is Ha ∼ ~σ · ~Jem.
The anapole moment was first proposed by Zeldovich in 1958 [16] and can be viewed as the
direct interaction between neutrino and the electromagnetic current

∂νFµν = Jem
µ =

∑
f

eQf f̄γµf. (2.10)

Here, the sum runs over the SM fermions with charges Qf and mass smaller then the scale
µ . 2GeV, at which we define the EFT. The anapole moment operator does not lead to
an emission of a propagating photon, but rather to a short range interaction described by
dimension 6 four fermion operators

LEFT =
∑
i,j,f

eQfC
(6)
F,ij

Λ2 ν̄iγ
µγ5νj f̄γµf. (2.11)

That is, the anapole operator can be replaced by the sum over four-fermion operators.
We refer the interested reader to ref. [10] for the discussion of the phenomenology of
non-standard neutrino interactions due to such point-like four-fermion interactions.

The anapole moment of the neutrino is related to the neutrino charge radius [17]. Defin-
ing the effective electromagnetic form factor of the neutrino by the relation 〈νi|Jem

µ |νj〉 =

– 5 –
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F1,ij(q2)ūiγµPLuj + . . ., where we do not display the F2 term, the neutrino charge is
F1(0) = 0, while its effective mean-square charge radius is

〈r2〉ij = 6∂F1,ij(q2)
∂q2

∣∣∣
q2=0

. (2.12)

Evaluating the single photon exchange contribution to the scattering of charged SM fermions
on neutrinos, the q2 factor in the F ′1(0)q2 term cancels the 1/q2 pole, and results in a
contact contribution of the form (2.11). The neutrino charge radius is therefore directly
proportional to the neutrino anapole moment

〈r2〉ij = 6
C(6)
F,ij

Λ2 . (2.13)

2.3 Light scalar mediator model for enhanced neutrino polarizability

In generic new physics models the neutrino polarizability will be highly suppressed. For
instance, if the dimension 7 Rayleigh operators in (2.1) result from heavy particles running
in a loop, figure 1 (bottom), and if we assume that the neutrino masses are dominated by a
similar loop without photons attached, figure 1 (top left), the NDA expectation is

C(7)
1(2),ij
Λ3 ∼ yiyj

v2

M5 ∼
mν

M4 , (2.14)

where in the last estimate we used the relation (2.8). The searches for new charged
particles at the LEP and LHC requires M & O(100 GeV). This gives an NDA estimate
for the neutrino polarizability that is orders of magnitudes below the present and future
experimental sensitivities, see table 1.

The crucial assumption in the NDA estimate (2.14) was that all the relevant new
physics is heavy. If this is not the case, the effective scale Λ can be significantly lower [18].
A simple example is a model with a light scalar mediator, φ, that couples to neutrinos, and,
through dimension 5 operators, also to photons,

Lint ⊃ −
α

12π
cγ
fφ
φFµνF

µν − α

8π
c′γ
fφ
φFµνF̃

µν + 1
2c

ij
ν (ν̄iPLνj)φ+ h.c.. (2.15)

Here, cγ , c′γ and cijν are dimensionless couplings, while fφ is the UV scale (for a pNGB φ the
fφ is related to the scale of spontaneous symmetry breaking, see section 6). In general UV
models we expect, cγ,γ′ ∼ O(1) and cν ∝ mν , the latter suppressed either by fφ or some
other dimensionful scale.

If the scalar mediator is heavy enough to be integrated out, the tree level exchange of
φ generates the Rayleigh operators in (2.1), cf. figure 2,

C(7)
1,ij
Λ3 = cijν cγ

1
m2
φfφ

,
C(7)

2,ij
Λ3 = cijν c

′
γ

1
m2
φfφ

. (2.16)

For light mediator the effective scale Λ is thus parametrically smaller then the UV scale fφ.
For instance, taking cijν = 10−3 and setting the other dimensionless couplings to 1, we have

– 6 –
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Figure 2. The tree-level φ exchange that leads to neutrino polarizability once φ is integrated out.

Process C(7)
2 /Λ3 (GeV−3) EFT thr. (GeV) Section

BBN — ∼ 10−3 3.2
ν decay 1.2× 1011 ∼ 10−10 3.3

ν self-interaction — ∼ 10−6 3.1
HB star 1.9× 106 ∼ 10−5 4.1
SN1987a — ∼ 10−1 4.2
Borexino 1.5× 103 ∼ 10−4 5.1
Xenon-nT 0.5× 103 ∼ 10−4 5.2
MiniBoone 4× 10−3 ∼ 1 5.3
BaBar 0.2 ∼ 10 5.4

π0 → γγ → νν 4.7× 103 ∼ 0.1 5.4
B0 → γγ → νν 3.7× 104 ∼ 5 5.4
h→ γγ → νν 1.2 ∼ 102 5.4

Table 1. Summary of bounds (2nd column) on the neutrino polarizability Wilson coefficient
C(7)

2 /Λ3, assuming flavor universality, eq. (2.3). The bounds from processes list in the 1st column
were obtained under the assumption that the EFT framework (2.1) applies, i.e., that the mediators
are heavier than the process dependent typical energy and momentum exchanges (3rd column).
Further details can be found in sections listed in the fourth column. For the h→ γγ → νν decay
(last row) the bound is on C(7)

1 /Λ3.

Λ = {1 GeV, 10 MeV, 100 keV} for mφ = {1 MeV, 1 keV, 1 eV} and fφ = 1TeV. Whether or
not the EFT description can be used for a particular process depends on the typical energy
and momentum exchange. These range from eV to GeV for the observables we take into
account in the phenomenological analysis, as listed in table 1.

In the remainder of the paper we discuss different probes of neutrino polarizability,
summarized in figure 3 and in tables 1, 2, 3. We derive bounds both assuming an EFT,
eq. (2.1), and assuming the scalar mediator model, eq. (2.15), for four mass benchmarks,
mφ = 1 eV, 1 keV, 1MeV, 1GeV. For easier comparison with the literature, we take in the
numerical analysis the couplings to neutrinos to be flavor universal,

cijν = icνδij , (2.17)

set cγ = 0, and keep c′γ 6= 0. For such purely pseudoscalar φ, we adopt the commonly used

– 7 –
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notation

gφγ ≡
α

2π
c′γ
fφ
. (2.18)

Most of the experimental probes we consider are not sensitive to photon polarization
and do not distinguish cγ from c′γ . In fact, most of the phenomenology is governed by the
partial decay widths for φ to photons or neutrinos,

Γ(φ→ γγ) =
(
α

8π

)2 m3
φ

4πf2
φ

[4
9(cγ)2 + (c′γ)2

]
, (2.19)

Γ(φ→ νν) = mφ

32π
∑
ij

∣∣cijν ∣∣2 . (2.20)

Numerically, the ratio of φ→ γγ and φ→ νν branching fractions is given by

B(φ→ γγ)
B(φ→ νν) = 6.7× 10−19 ×

(
mφ

MeV

)2(TeV
fφ

)2((2cγ/3)2 + c
′2
γ∣∣cijν ∣∣2
)
. (2.21)

For comparable values of cγ,γ′ and cν , with fφ in the TeV regime therefore φ predominantly
decays to neutrinos. This is, for instance, a typical situation for the enhanced neutrino
polarizability model in section 6.4, in which cν ∼ mν/f

′
φ with f ′φ � fφ. For the modified

majoron model in section 6.3, on the other hand, cν ∼ mν/fφ so that cν ∼ 10−13 for
fφ ∼ 1TeV, and thus the decays to photons dominate. In the phenomenological analysis in
sections 3 to 5.4 we treat c′γ and cν as free parameters (assuming flavor universal neutrino
couplings), and set cγ = 0 (except for bounds from Higgs decays, see below). For the
parameters used in the numerical analysis, eqs. (2.17), (2.18), the ratio of branching fractions
is given by

B(φ→ γγ)
B(φ→ νν) = 0.17×

(
mφ

MeV

)2 ( gφγ

10−4 GeV−1

)2
(

10−7

cν

)2

. (2.22)

3 Cosmological constraints

It is well known that the precision cosmological data impose some of the strongest constraints
on the light mediator models, such as ALPs and majoron models [19–22]. These constraints
come from a variety of cosmological measurements including those from the measurements
of the CMB and the abundances of heavier nuclei. In this section, we apply such constraints
to the case where a light mediator can couple to both photons and neutrinos, eq. (2.15).

The four most relevant processes that determine the evolution history of φ are pair
annihilation of neutrinos (νν → φφ), neutrino coalescence (νν → φ), Primakoff conversion
(γ → φ) and photon coalescence (γγ → φ). The pair annihilation processes are dominant at
early times when the number densities are large, whereas coalescence processes are dominant
at temperature T ∼ mφ.

– 8 –
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Figure 3. Summary of the bounds on the pseudoscalar mediator model for enhanced neutrino
polarizability, eq. (2.15), for four mass benchmarks, mφ = 1 eV, 1 keV, 1MeV, 1GeV, as indicated.
The green, blue and red regions indicate exclusion from cosmological (section 3), stellar cooling
(section 4), and terrestrial (section 5) constraints, respectively. The transition region between
neutrino dominated (above) to photon dominated (below) bounds is shown as hatched, with the
upper (lower) boundary corresponding to B(φ→ γγ) = 1% (B(φ→ νν) = 1%).
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Process mφ = eV mφ = keV Section
BBN cν . 4× 10−5 cν . 4.4× 10−6 3.2

ν self-interaction cν < 2.8× 10−7 cν < 2.8× 10−4 3.1
HB star gφγ ∈ [3.5× 10−3, 10−11] gφγ ∈ [3.3× 10−3, 10−11] 4.1

SN1987a
gφγ ∈ [10−2, 5× 10−6] gφγ ∈ [10−2, 5× 10−6]

4.2
cν ∈ [10−3, 1] cν ∈ [10−6, 10−2]

Borexino cνgφγ < 5.3× 10−8 cνgφγ < 5.3× 10−8 5.1
Xenon-nT cνgφγ < 2.5× 10−8 cνgφγ < 2.5× 10−8 5.2
MiniBoone cνgφγ < 4× 10−6 cνgφγ < 4× 10−6 5.3

M/τ rare dec. cν < 4× 10−3 cν < 4× 10−3 5.4
0ν2β cν < 8× 10−6 cν < 8× 10−6 5.4

Beam dump — gφγ < 10−2 5.4
e+e− → 3γ — — 5.4

π0 → γγ → νν cνgφγ < 2× 10−2 cνgφγ < 2× 10−2 5.4
B0 → γγ → νν cνgφγ < 180 cνgφγ < 180 5.4

BaBar gφγ < 1.5× 10−4 gφγ < 1.5× 10−4 5.4
h→ γγ → νν cνgφγ < 2.4 cνgφγ < 2.4 5.4

Table 2. The bounds on flavor universal pseudoscalar mediator couplings to neutrinos, cν , eq. (2.17),
and photons, gφγ (in GeV−1), eq. (2.18), or the product of the two, for various processes (1st column),
for two mass benchmarks, mφ = 1 eV, 1 keV (2nd and 3rd columns). Further details are given in
sections listed in the last column. The BBN bounds also require Γφ→γγ � Γφ→νν , while the quoted
SN bounds refer to the regions where one of the coupling dominates, either cν � gφγ or gφγ � cν
(for intermediate region see the main text). When the mass benchmark is in the EFT regime for the
corresponding process, we use eq. (2.16) for the matching.

3.1 Constraints from Planck

The decay of φ to photons and neutrinos can change the number of relativistic degrees of
freedom in the Universe, Neff . If the decay happens before photon-neutrino decoupling,
T ∼ 1 MeV, the φ energy and entropy are quickly distributed between the different species
present in the thermal bath; the standard cosmology scenario is thus preserved. However, if
φ decays after decoupling, there is no energy and entropy exchange between neutrinos and
photons. As a consequence, the value of Neff during recombination can be different from
the ΛCDM prediction, NSM

eff = 3.044 [23]. The effect can be two-fold: the φ→ νν decays
will increase Neff , whereas the φ→ γγ decays will decrease it. This happens because, as φ
decays to photons, the photon temperature increases, while the effective neutrino energy
density is diluted.

The Planck measurement of CMB observables limits the allowed range of relativistic
degrees of freedom to Neff = 2.99+0.34

−0.33 at 95% C.L. [24]. If φ decays only to neutrinos,
one finds Neff = 3.57 using conservation of entropy [25], while in the opposite regime, φ
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Process mφ = MeV mφ = GeV Section
BBN cν . 5× 10−9 — 3.2

ν self-interaction cν < 2.8× 10−1 cν < 2.8× 102 3.1
HB star — — 4.1

SN1987a
gφγ ∈ [10−2, 5× 10−6] —

4.2
cν ∈ [10−9, 10−5] —

Borexino cνgφγ < 2.5× 10−6 cνgφγ < 1.8 5.1
Xenon-nT cνgφγ < 9.2× 10−7 cνgφγ < 0.6 5.2
MiniBoone cνgφγ < 4× 10−6 cνgφγ < 1.2× 10−5 5.3

M/τ rare dec. cν < 4× 10−3 cν < 0.3 5.4
0ν2β cν < 2× 10−5 — 5.4

Beam dump gφγ < 10−5 — 5.4
e+e− → 3γ — gφγ < 10−2 5.4

π0 → γγ → νν cνgφγ < 2× 10−2 cνgφγ < 0.9 5.4
B0 → γγ → νν cνgφγ < 180 cνgφγ < 180 5.4

BaBar gφγ < 1.5× 10−4 gφγ < 1.5× 10−4 5.4
h→ γγ → νν cνgφγ < 2.4 cνgφγ < 2.4 5.4

Table 3. Same as table 2, but for mass benchmarks, mφ = 1MeV, 1GeV.

decaying only to photons, one finds Neff = 2.4 [19]. However, the latter case presents
additional complications. Firstly, the presence of extra photons can also shift the time of
matter-radiation equality. Secondly, if φ decays close to or after recombination, zrec ∼ 1089,
the standard assumptions of cosmology no longer hold. Lastly, additional complications
may occur when photons keep φ in equilibrium, but φ predominantly decays to neutrinos.
In these cases, the Planck bounds on Neff is not reliable and cannot be used. In this work
we do not attempt to compute bounds in parts of the parameter space which can lead to
these effects, and we only employ Planck’s Neff bounds when φ predominantly decays to
neutrinos or when φ only decays to photons much before recombination.

Another effect that can change Neff is the re-thermalization of φ. A light φ, mφ . MeV,
can thermalize again with photons (neutrinos) due to the inverse decay process, γγ → φ

(νν → φ). If this rethermalization occurs at T & mφ, the abundance of φ will increase to its
thermal equilibrium value. However, as the Universe cools down, φ becomes non-relativistic
at T ∼ mφ/3 and decays out of equilibrium to photons (neutrinos). As shown in [19], this
effect is subdominant for ALPs that only couple to photons, we expect the same for φ
as well.

In figure 4 (left), we show the constraints on φ coupling to photons (setting cν = 0)
as a function of φ mass that were obtained for ALPs using Planck data in ref. [21] (see
also ref. [20]). Note that we do not show any constraints for mφ < 1 keV: for these
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Figure 4. Left: Constraints on gφγ from Planck bounds on Neff (blue), setting cν = 0. Right:
Constraints on cν from BBN (red), νSI (green) and φ ↔ νν (brownish green) from Planck data,
setting gφγ = 0. Dotted lines correspond to constant values of cν (left) and gφγ (right) for which
Γ(φ→ γγ) = Γ(φ→ νν).

masses φ decays to photons close to the time of recombination. As mentioned above, we
do not attempt to compute bounds in this region. For masses larger than a few MeV,
φ decays before photon-neutrino decoupling and therefore only very small couplings are
constrained. The dotted gray lines in figure 4 (left) show constant values of cν for which
B(φ→ γγ) = B(φ→ νν). The couplings to neutrinos need to be below these values for the
Neff bounds to apply unchanged.

We next discuss the CMB bounds on φ couplings to neutrinos. The ν − φ coupling
suppresses the neutrino anisotropic stress energy tensor, which leads to distortions in the
CMB power spectrum. In the ΛCDM model, neutrinos are free-streaming particles and
this description agrees very well with the Planck measurements. The new coupling with
φ induces neutrino self-scattering (νSS), νν → νν. Self-scattering neutrinos behave like a
fluid, rather than free-streaming radiation, and thus leave their imprints in the CMB power
spectrum. The processes that define the latter spectrum happen at the typical temperature
T ∼ 100 eV, which defines two different mφ regimes.

For mφ � 100 eV, the flavor universal νSS mediated by φ is effectively described by a
dimension 6 scalar operator

LνSS ⊃
1
4
c2
ν

m2
φ

(ν̄iPLνi)(ν̄jPLνj) ≡ Gν(ν̄ν)(ν̄ν) , (3.1)

where we already assumed that the process is flavor-universal. Fits to cosmological data
find that log10(Gν ×MeV2) < −3.57 at 95% C.L. or log10(Gν ×MeV2) = −1.711± 0.099 at
68% C.L. [26]. Stronger neutrino self-interactions are ruled out by terrestrial experiments:
from meson decays, τ decays, and double beta decays [22]. We show these bounds in the
right panel of figure 4.

In the opposite regime, mφ � 100 eV, φ is a relativistic degree of freedom at the
CMB formation temperature and one needs to include ν − φ interactions in the Boltzmann
equation. Ref. [27] computed such constraints on light φ from the Planck 2018 data, which
we show as a green band in figure 5. The green horizontally hatched region indicates the
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Figure 5. Constraints from cosmology on pseudoscalar mediator couplings to neutrinos, cν , and
photons, gφγ , for three mass benchmarks, mφ = 1 eV, keV, MeV, as denoted (for the considered
parameter ranges there are no cosmological bounds on mφ = 1GeV). The red, blue and green
regions are excluded from BBN (from ν−φ coupling), from Plank measurement of Neff , and by CMB
bounds, respectively. The brown bands, labeled νν → νν, are excluded by neutrino self-scattering
bounds, derived in the EFT regime, mφ � 100 eV, see the text for details. The dotted lines show
iso-countours of φ lifetimes, while the hatched transition region is defined as in figure 3.
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parts of the parameter space in which φ and γ decouple around the time of recombination
and the standard assumptions of cosmology may not hold.

Finally, we comment on the effect of the ννγγ interaction due to Rayleigh operators,
i.e., for mφ induced interactions, but in the EFT regime, cf. eq. (2.16). The Rayleigh
operators can keep neutrinos and photons in thermal equilibrium and modify the CMB
power spectrum measured by Planck. As already mentioned, the relevant scale for CMB is
T ∼ 100 eV. Thus we need to estimate if thermal equilibrium can be achieved at T . 100 eV.
The scattering rate for the process can be approximated as

Γννγγ ∼
(
α

2π
C(7)

2
Λ3

)2

T 7. (3.2)

At the decoupling temperature Tfo, the scattering rate should satisfy the condition

Γννγγ
H

. 1 =⇒
(
α

2π
C(7)

2
Λ3

)2

T 5
foMPl . 1 , (3.3)

where H is the Hubble rate at decoupling. Setting Tfo = 100 eV leads to the following
bound on the neutrino polarizability operator

Λ3/C(7)
2 & (0.2MeV)3, (3.4)

or in terms of the φ mediator model,

c2
ν (gφγ ×GeV)2

(
keV
mφ

)4

. 10−7 . (3.5)

The bound in (3.4) is model independent as long as the mediators generating the Rayleigh
operator are heavier than about 100 eV. However, this EFT bound is also relatively
weak. For instance, if the neutrino polarizability is induced by the pseudoscalar mediator,
eq. (2.15), the other cosmological bounds for mφ > 100 eV are more stringent than eq. (3.5),
cf. figures 3, 4. The neutrino-photon interaction in this case therefore freezes-out much
before recombination and does not lead to any new constraint.

3.2 Constraints from BBN

In order to estimate the impact of φ on the abundances of primordial elements produced
during the BBN, we consider three parameter regimes. Below, we compute the BBN bounds
for the case when decays to neutrinos dominate, by considering the extreme case of no
coupling to photons, gφγ = 0. In the opposite regime, cν = 0, the bounds from Planck data
dominate and the effects on BBN can be neglected [21]. The constraints in the intermediate
regime, shown as the diagonally hatched regions in figures 3 and 5, are more involved
to estimate and go beyond the scope of this paper. The upper (lower) boundary of the
intermediate regime region are defined by requiring that the neutrino (photon) channel
accounts for 99% of the total width.

The BBN bounds on φ− ν coupling, in the limit of no couplings to photons, is shown
in red color in figure 5, indicated as “BBNν”, and is obtained as follows. The abundance of
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φ during BBN can increase Neff , which in turn modifies the expansion rate of the Universe
and thus the abundance of heavy elements. The two processes that can keep φ in thermal
equilibrium are the neutrino pair annihilation (νν → φφ) and the neutrino coalescence
(νν → φ). For very light φ, mφ � 1 MeV, the pair annihilation process dominates and
keeps φ in thermal equilibrium during BBN, whereas for mφ . 1 MeV, the inverse decay
dominates. The BBN bounds on φ− ν coupling can be written as [27]

cν <
1(

5× 10−9 MeV
mφ

)−1
+ (4× 10−5)−1

, (3.6)

where the two parts in the denominator come from the two aforementioned processes. The
above bound is shown as excluded red regions in figure 5.

Both contributions can be obtained by requiring that φ is not in thermal equilibrium at
the photon-neutrino decoupling temperature, TD ∼ 1 MeV, as this would otherwise result
in ∆Neff ∼ 0.5 at the time of BBN. We then require

Γνν→φφ(TD)
H(TD) . 1 =⇒ c4

ν .
TD
Mpl

∼ 10−5, for mφ � 1MeV , (3.7)

while for mφ . 1 MeV,

Γνν→φ(TD)
H(TD) ∼

c2
νm

2
φMpl

T 3
D

. 1 =⇒ cνmφ . 10−10 MeV. (3.8)

In the opposite limit (cν = 0), where φ behaves like an ALP coupling to photons,
ref. [21] found that the BBN constraints on ALPs are weaker than those from the Planck
data. Therefore, in the parameter regime where decays to photons dominate, we indicate in
figure 5 only the Planck constraints.

3.3 Neutrino decay

The Rayleigh operators can induce the decay of a neutrino into a lighter mass eigenstate,
along with two photons, νi → νjγγ, where mνi > mνj . The sum of the neutrinos masses is
bounded from CMB Planck data to be

∑
imνi < 0.12 eV (95% CL, Planck TT,TE,EE+lowE

+lensing+BAO [24]). Therefore, the photon energy spectrum will follow the typical 3-body
decay distribution, with a maximum energy . 0.1 eV. Depending on the time of their
injection, these photons may leave their imprints in the CMB power spectrum measured by
Planck [24] or the CMB blackbody spectrum measured by COBE/FIRAS [28, 29].

We assume for simplicity that the final state neutrino is massless, mνj = 0, and that
the mediator is heavy, mφ � mνi , which is true for all the mass benchmarks considered.
For our purposes it suffices to estimate the decay width using naive dimensional analysis,

Γνi→νjγγ ∼
1

8π

(
gφγc

ij
ν

4π

)2
m7
ν

m4
φ

, (3.9)

which corresponds to a lifetime

τνi ' 8× 1017
(

1
cν (gφγ ·GeV)

)2 (
mφ

keV

)4 (0.1 eV
mν

)7
years . (3.10)
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If the neutrino lifetime becomes comparable or smaller than the age of the Universe,
t0 ' 1.4× 1010 years, the emitted photon would affect the observed CMB spectrum. We
then require

cijν gφγ ≤ 8× 103 ×
(
mφ

keV

)2 (0.1 eV
mν

)7/2
GeV−1 . (3.11)

Numerically, taking mν = 0.1 eV, and mφ = 1 eV, this gives cijν gφγ . 8× 10−3 GeV−1, while
for mφ = 1GeV, the constraint is cijν gφγ . 8× 1015 GeV−1.

Note that the decay of φ after recombination can possibly be constrained from Lyman-α
or structure formation probes. These probe would constrain the parameter space associated
with mφ . 1 keV. However, this parameter space is already constrained by star cooling
bounds, considered in the next section. Therefore, we do not attempt to compute in detail
the Lyman-α or structure formation constraints.

4 Stellar cooling constraints

If stellar dynamics is able to produce light new physics states that efficiently escape from
its core, it can lead to excessively large stellar cooling rates. Requiring that the additional
cooling does not exceed the standard model one, typically leads to very stringent bounds on
light new physics sectors. In this section we evaluate the stellar cooling bounds for the light
scalar φ that couples to photons and neutrinos, eq. (2.15), with the results summarized in
figure 6. The stellar cooling rates are controlled by the φ production rates, as well as its
decay length and/or mean free path.

In the analysis we distinguish two cases. In the first category are the cooling rates
for Horizontal Branch stars (HB), Red Giants (RG) and White Dwarves (WD), for which
the core temperature is low, T ∼ few keV. In the second category are the Supernova (SN)
cooling constraints, for which the core of the proto-neutron star is much denser and hotter,
TSN ∼ 30MeV. The φ production mechanisms are the Primakoff conversion, γ → φ, the
photon coalescence, γγ → φ, and for SN also the neutrino coalescence, νν → φ. The rates
for these processes are given in appendix B.

The inverse reactions constitute the main decay channels: the decays to two neutrinos,
φ→ νν, eq. (2.19), the decays to two photons, φ→ γγ, eq. (2.19), and the inverse Primakoff
process, φ→ γ, eq. (B.5). The φ decays to photons, as well as the Primakoff process, reduce
the stellar cooling rates, since they reduce the number of φ particles that escape the interior
of the star. The same is true for φ→ νν decays, whenever these occur inside the SN, since
the neutrinos get trapped inside the proto-neutron star. The HB, RG and WD cooling
rates, on the other hand, are not affected by the φ→ νν decays, since the neutrinos escape
from these types of stars in the same way as the undecayed φ would have.

For processes that involve photons we need to take into account finite temperature
effects. To first approximation, the effect of a photon propagating in plasma instead of in
a free space can be taken into account by replacing the dispersion relation for a massless
photon with the one for a collective excitation — plasmon, i.e., a massive photon with the
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Figure 6. Stellar cooling bounds on pseudoscalar couplings to neutrinos, cν and photons, gφγ , for
three mass benchmarks, mφ = 1 eV, keV, MeV, while there are no bounds for mφ = 1GeV. The
cyan and purple regions show the bounds from HB stars and Supernovae, respectively. The dark
blue region in the upper left plot indicates possible bounds from scattering of neutrinos emitted
from SN1987a on CMB photons. The red region in the bottom plot shows bounds from the diffuse γ
ray spectrum of past SN. In the hatched regions the φ mean free path is comparable to the SN core
radius and thus our estimates of SN cooling rates do not apply, while in the cross-hatched regions
the increased neutrino scatterings may lead to delays in SN1987A neutrino signal.
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mass equal to the plasma frequency

ω2
P = 4παne

EF
, (4.1)

where ne is the electron number density in the core and EF the Fermi energy of the electron
gas. For rough numerical estimates we can use the non-relativistic Fermi gas expression for
the plasma frequency ωP ∼ 28.7 eV

[
ρ/(g/cm3)

]1/2.
The φ emissivity, i.e., the energy emitted in the production of the final state φ per unit

volume and time, is given by

Qφ = gI

∫
d3p

(2π)3 ΓI→φEφf(Eφ) =
∫ ∞
mφ

dEφEφ
d2Nφ

dEφdt
. (4.2)

Here, p is the φ momentum, ΓI→φ the φ production rate from initial state I, with gI
number of degrees of freedom (the number of polarization states) of the state I, and
f(Eφ) the thermal distribution of particles φ in the stellar core. The number of emitted
φ particles per unit of energy and time, d2Nφ/dEφdt is a sum of different φ production
mechanisms: Primakoff conversion, photon coalescence, and neutrino coalescence (for SN),
see appendix B.

4.1 Horizontal branch stars

For cold cores, i.e., for WD and HB stars, we can safely approximate the stellar core with a
homogeneous sphere of radius Rc. The total luminosity is then given by

Lφ = Vc

[
gI

∫
d3p

(2π)3 ΓI→φEφf(Eφ)S(Rc)
]
, (4.3)

where Vc = 4πR3
c/3 is the volume of the stellar core, and we used eq. (4.2) for the emissivity.

The factor S(Rc) takes into account the suppression of the φ luminosity due to decays of φ
into photons. Namely, if φ decays via φ → γγ while still inside the stellar core, then its
energy is reabsorbed by the plasma. If φ decays instead via the φ→ νν channel, its energy
is still carried away by the two neutrinos, thus contributing to the exotic cooling of the star.
The suppression factor S(Rc) is then given by

S(Rc) = 1− exp (−ΓνRc) + exp (−ΓtotRc) , (4.4)

where
Γν = 1

βφ

Γφ→νν
γφ

, Γtot = 1
βφ

(
Γφ→γγ + Γφ→νν

γφ
+ Γφ→γ

)
, (4.5)

with γφ = Eφ/mφ the Lorentz factor, and βφ the velocity of φ. In writing (4.4) we
approximated the suppression factor for φ originating from any given point inside the star
to be the same as when traversing distance Rc, i.e., the typical linear dimension. Beside
total luminosity, Lφ, the quantity often considered in the literature is the luminosity per
unit mass, εφ = Lφ/M , where M is the mass of the stellar core.

For cold cores the main energy-loss process, within the standard model, is the neutrino
emission via plasmon decay into two neutrinos [30]. The measurements of RG and HB cooling
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rates give a typical value for the observed luminosity per unit mass of |εν | ' 100 erg g−1 s−1,
with a ∼ 10% uncertainty. Requiring that the extra cooling due to emission of φ is smaller
than the experimental error on the measurement gives [31]

|εφ| ≤ 10 erg g−1 s−1 . (4.6)

The excluded regions in the cν − gφγ plane are shown in figure 6 as blue bands for two mass
benchmarks, mφ = 1 eV, 1 keV, while for mφ = 1MeV, 1GeV benchmarks φ is too heavy to
be produced in a cold stellar core. We only show the bounds obtained from HB stars, due
to their higher density and thus higher luminosity than RG stars. The benchmark values
are THB ∼ 108K ∼ 8.6 keV, ρHB ∼ 104g/cm3 and RHB ∼ 0.03R� for temperature, density
and helium-burning core radius respectively, where R� = 6.96× 105 km is the radius of the
Sun. The associated plasma frequency is ωHB ∼ 3 keV.

The lower boundary of excluded gφγ values in figure 6, gφγ ∼ 10−11 GeV−1, indicates
the value at which φ starts to be produced efficiently in the star, thus exceeding the bound
on exotic cooling, eq. (4.6). The upper boundary of gφγ exclusion, on the other hand,
indicates the onset of parameter region for which φ is trapped: the coupling to photon is
strong enough that φ always decays inside the stellar core. In the parameter space scanned
in this work, the trapping regime is never reached; the decays to neutrinos compensate the
exponential suppression from photon decay, eq. (4.4), and thus the production of φ still
contributes to stellar cooling. For very small values of couplings to neutrinos, below the
values shown in the figure, there are however regions where neutrino coupling is not able to
overcome the trapping.

In the EFT regime, where φ is too heavy to be produced on-shell, the cooling mechanism
is due to a Primakoff conversion γ∗γL → νν, where γ∗ is the plasmon and the transition
is induced by the longitudinal plasmon of the external electric field of the plasma, γL. In
the limit where the latter is taken as static, the transition can be approximated as the
two body decay [32], and the rate scales roughly as Γγ∗γL→νν ∼ ω7

HB/Λ6. Demanding that
the cooling is smaller than the error on the measured rates gives the lower bound on the
effective suppression scale of the Rayleigh operator

Λ3/C(7)
2 &

(
8MeV

)3
. (4.7)

4.2 Supernova cooling

There are several important differences between cooling rates deduced from HB stars and
the SN. Firstly, at proto-neutron star densities and temperatures the neutrinos produced
inside the core are efficiently trapped, leading to a thermal population of neutrinos with a
chemical potential µν ∼ 200MeV. The decays of a propagating φ into neutrinos, therefore
no longer lead to enhanced cooling rates. Secondly, the total luminosity is quite sensitive to
the exact radial profile of the SN core after the start of the explosion. The SM temperature
and density profiles as a function of the distance from the center, r, can be obtained via
numerical simulations, and depend both on the initial conditions of the progenitor star and
the explosion mechanism. In the numerical analysis we use the profile from ref. [33] at the
benchmark time t = 1 s after the start of the explosion.
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The production of φ is r dependent, since the production rates depend on T (r), ωP (r), . . .
After the production, φ propagates inside the core and contributes to the SN cooling, if it
escapes the neutrino-sphere of radius Rν ∼ 23 km, i.e., the region where neutrino production
rate is higher than the absorption. In the opposite case, the energy taken by the φ is
re-deposited into neutrinos. The probability that φ reaches a distance Rν is controlled by
the optical depth [34],

τφ (r, Eφ, Rν) =
∫ Rν

r
Γtot(r̃)dr̃ , (4.8)

with Γtot given in (4.5) now depends on the radial distance. Note that this definition of
the optical depth does not include the possible effect of φν → φν scatterings, which can
become important for large enough values of cν as we comment below. While the use of
optical depth to derive SN cooling bounds can lead to appreciable difference relative to a
more systematic treatment, see, e.g., ref. [35], the precision suffices for our purposes.

The total luminosity is then given by

Lφ = 4π
∫ Rν

0
dr r2

(
gI

∫ d3p

(2π)3 ΓI→φEφf(Eφ) exp [−τφ (r, Eφ, Rν)]
)
. (4.9)

The bounds on neutrino and photon couplings can be obtained by imposing that Lφ does
not exceed the measured neutrino luminosity,

Lφ . LνSN ∼ 3× 1052 erg s−1 , (4.10)

i.e., which is the usual rule of thumb prescription that translates the absence of large
cooling effects in the observed neutrino flux from SN1987a to a bound on the production of
light particles.

The resulting excluded region is shown as a purple band in figure 6. In contrast to HB
stars, the SN core is hot enough to produce new particles with masses up to mφ ∼ 100MeV.
In the parameter range we are interested in, the bound is affected both by φ couplings
to photon and neutrinos. The excluded region in figure 6 is a horizontal band when cν
dominates, and is a vertical band when gφγ is more important. The change from one regime
to the other can be roughly understood through eq. (2.21). The regions of cν values for
which φν → φν scatterings become important and lead to a mean free path for φ that is
comparable to the typical SN radius [36], are denoted with a hatching in figure 6. For
such large cν values our estimates of SN cooling rates would need to be modified (given
that such cν are excluded by other probes we do not attempt this). The cross hatching in
figure 6 denotes the cν regime for which the neutrino signal in SN1987A would have been
significantly delayed [37], assuming the burst-outflow scenario (if the neutrino outflow is
described by a steady-state wind instead, the impact on the expected neutrino signal is
less clear).

For φ heavier than mφ & 100MeV the φ particle is not produced on-shell in the proto-
neutron star, and thus does not contribute to cooling. The situation is different from HB
stars, where the Rayleigh operator created by integrating out a heavy φ can still enhance the
cooling rates via the production of neutrinos through the Primakoff transition, γ∗γL → νν.
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The neutrinos then escape and lead to enhanced stellar cooling rates. For SN, the neutrinos
are instead trapped inside the dense SN core. Increased coupling between photons and
neutrinos, due to a new off-shell degree of freedom, therefore has no visible effect.

So far we focused on constraints that arise from SN cooling (using optical depth
approximation, for a more detailed treatment see [38]). For the mφ = 1MeV benchmark,
the strongest SN constraint, however, is due to the absence of observed γ rays during the
SN1987a explosion [39], resulting in gφγ . 10−11 GeV−1 for φ coupling just to photons
and in a free-streaming regime. For our case this bound needs to be rescaled by the
neutrino branching ratio, eq. (5.11), to account for the additional φ→ νν decay channel.
We find that for all benchmarks this bound is then weaker or comparable to HB and SN
cooling bounds for lighter benchmarks, and thus we do not show it. Note that the SN γ

ray bound extends up to φ masses of ∼ 100− 200MeV. In the trapping regime, there is
an additional constraints from φ decaying to photons inside the proto-neutron star and
contributing to the diffuse γ ray background from the past SN. This gives an upper bound
gφγ . 5× 10−5 GeV−1 for φ masses in the ∼ 1− 100MeV range, shown as the red line in
the bottom panel in figure 6.

Finally, we comment on the possibility that the neutrinos produced in the SN1987a core
would interact with CMB photons and modify the observed CMB spectrum. The scattering
length is given by λνγ ∼ (nγσνγ)−1, where σνγ is the cross section for νγ → νγ scattering,
mediated by the s− and u-channel tree level φ exchange. Taking the neutrinos to have fixed
energy Eν ∼ 30MeV, and the CMB photon the typical energy Eγ ∼ TCMB ∼ 2× 10−13 GeV,
with the number density nγ ∼ 2.2× 108 m−3, we find

λνγ ∼ 1.2× 1053
(
mφ

GeV

)4
(

1
cν (gφγ ×GeV)

)2

m . (4.11)

The condition that the scattering length λνγ is less than the distance of SN1987a from
Earth, dSN ∼ 2× 1021 m, is achieved for

cν (gφγ ×GeV) & 2.5× 10−3
(
mφ

eV

)2
. (4.12)

This can exclude part of the parameter space we are intersted in for the mass benchmark
mφ = 1 eV. The bound is shown as a red region in figure 6. For mφ > O(eV) only relatively
large values of cν , gφγ are covered, which are already well excluded by cosmology and
laboratory searches, and thus do not appear in the plots.

5 Bounds from terrestrial experiments

Next we discuss the bounds on neutrino polarizability from terrestrial detectors. In neutrino
and dark matter experiments, the incoming neutrinos can scatter on electrons or nuclei in
the detector. The Rayleigh operators induce at 1-loop the νX → νX scattering, where
X = e,N is either an electron or a nucleon, and at tree level νX → νXγ, i.e., neutrino
scattering with an emission of an extra photon. The scatterings on nucleons, such as the
coherent neutrino nucleus scattering [40–44], leads to less stringent bounds than scattering
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Figure 7. Constraints on neutrino and photon couplings of pseudoscalar mediator from terrestrial
experiments: from Xenon-nT (purple), Borexino (red), MiniBoone (blue), BaBar monophoton
(orange), Belle II e+e− → 3γ (light red) and beam dump (light red) searches, for the four mass
benchmarks mφ = 1 eV, 1 keV, 1MeV, 1GeV. The dotted lines are iso-contours of φ lifetimes.

on electrons [10]. The resulting bounds from Borexino, Xenon-nT and MiniBoone are given
in sections 5.1, 5.2, and 5.3, respectively. In section 5.4 we discuss collider constraints.
Summary of the terrestrial constraints on the pseudoscalar coupling to neutrinos and
photons is given in figure 7, for the four mass benchmarks, mφ = 1 eV, 1 keV, 1MeV, 1GeV.

5.1 Bounds from Borexino

Borexino measured the scattering of solar neutrinos on electrons [12], where the detector
response does not distinguish between νe → νe and νe → νeγ scattering events, and
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thus the two need to be added when comparing with the measured rates. We calculate
the tree-level νe→ νeγ scattering numerically by implementing the Rayleigh operator in
MadGraph [45]. For the much smaller 1-loop induced νe→ νe scattering we use the NDA
estimate, σi '

(∣∣Ĉ(7)
1,i
∣∣2 + 3

∣∣Ĉ(7)
2,i
∣∣2/2)α4s2/(48π4), where s = m2

e + 2meEν is the center of
mass energy of the scattering process, and assume flavor diagonal couplings, cf. eq. (2.3).

The event rate per day per 100 tons of detector is given by

Ri(Ĉ(7)
1 , Ĉ(7)

2 ) = TNe

∫ Eν,max

Eν,min
dEν φi(Eν)

[
P ei σνee(Eν , Ĉ

(7)
1,e , Ĉ

(7)
2,e ) + Pµi σνµe(Eν , Ĉ

(7)
1,µ, Ĉ

(7)
2,µ)

]
,

(5.1)

with T = 1 day = 8.64 · 104 s the exposure time and Ne = 3.307 · 1031 the number of
target electrons in 100 tons of detector mass, while ` = e, µ are the incoming neutrino
flavors. The label i in (5.1) denotes the main components of the solar neutrino flux on
Earth, φi(Eν), ref. [46]; due to proton-proton fusion (i = pp), Berillium 7 electron capture
(i = 7Be), and proton electron capture (i = pep). The νe from pp have a continuous
energy spectrum with the maximal energy Eν,max = 0.423MeV, while 7Be and pep neutrinos
are monochromatic, with energies E7Be = 0.863MeV and Epep = 1.445MeV, respectively.
The minimal incoming neutrino energy that can still produce the threshold ∼ 50 keV
recoil in Borexino is Eν,min = 0.139MeV. The νe neutrinos produced in the Sun undergo
flavor oscillations while propagating to Earth. The νe survival probabilities are P ei =
{0.554 , 0.536 , 0.529 } for i = {pp,7 Be, pep}, once matter effects are taken into account [47],
while Pµi = (1− P ei )/2, assuming maximal θ23 for simplicity.

The bounds on Ĉ(7)
j,` are obtained using the following chi-squared function

χ2(~α, Ĉj,`) =
∑
i

[
Rmeas,i −Ri(Ĉ(7)

1,` , Ĉ
(7)
2,` )(1 + αi)

]2
σ2
i

+
(
αi
σαi

)2
, (5.2)

where the sum is over the three types of solar neutrino fluxes. The measured event rates
in Borexino phase-I and their statistical uncertainties are [47] Rmeas,i ± σi = {134 ±
10, 48.3± 1.1, 2.43± 0.36}, i = {pp,7 Be, pep}, to be compared with the SM rates Ri(0) =
{131.4, 48.1, 2.8}, where the theoretical errors on the predictions are accounted for by
marginalizing over the parameters αi, with σαi = {1.1%, 5.8%, 1.5%} [47]. The resulting 1σ
allowed ranges on Rayleigh operators are∣∣∣∣23 Ĉ(7)

1,` + Ĉ(7)
2,`

∣∣∣∣ ≤ {1.5, 5.7, 1.5} × 103 GeV−3 , for ` = {e, µ, univ.}, (5.3)

assuming photon couplings to either only νe or νµ or both (with universal couplings). In
table 1 we list the result for the universal couplings, assuming only the CP-odd Rayleigh
operator is nonzero.

For light mediators, with mass much lower than a typical momentum exchange in
Borexino, m2

φ � |q2|, where |q| ∼ 100 keV, the EFT framework no longer applies, and we
include the full φ propagator in the MadGraph calculation of the cross sections. Comparison
with the measurements then gives for light φ

cνgφγ ≤ {0.55, 1.91, 0.53} × 10−7 GeV−1 , for ` = {e, µ, univ.}. (5.4)
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Figure 8. Neutrino flux at the MiniBoone detector for each of the neutrino flavor components, as
denoted in the legend.

In table 2 and 3 we quote only the bound for the flavor universal case. The corresponding
bounds for the four benchmark masses are shown as excluded red regions in figure 7.

5.2 Bounds from dark matter detectors

Dark matter direct detection experiments are sensitive to enhanced νe→ νe scattering rates
from solar neutrinos, similar to the Borexino bounds discussed in the previous section, but
with a lower recoil energy threshold of ∼ 2 keV, which translates to a lower required minimal
energy of the incoming neutrinos, Eν,min ' 16 keV, in eq. (5.1). The strongest constraints
come from the recent measurement of electron recoil events by XENONnT [48] with exposure
of 1.16 tonne-years, with no excess observed over the background rate Rbg = (16.1±1.3, stat)
events/(t·y·keV) in the (1, 30) keV recoil energy search window (see also [49–52]). Saturating
the allowed nonstandard background rate with the neutrino polarizability induced scattering
on free electrons translates to the following constraints on Rayleigh operators∣∣∣∣23 Ĉ(7)

1,` + Ĉ(7)
2,`

∣∣∣∣ ≤ {0.6, 2.0, 0.5} × 103 GeV−3 , (5.5)

for mφ � q2, and
cνgφγ ≤ {2.6, 8.9, 2.5} × 10−8 GeV−1 , (5.6)

for mφ � q2. In tables 1, 2, and 3 we list only the constraint for the pseudoscalar case
with flavor universal couplings, with the corresponding excluded parameter regions for the
four mass benchmarks shown as blue regions in figure 7. Note that the use of free electron
approximation may be suspect for inner shell electrons, however, we expect the corrections
to be subleading due to the steeply rising spectrum, dominated by the largest values or
recoil energies.

In deriving the above bounds we included only νe→ νe scattering as the signal. Dark
matter detectors have in principle the possibility to probe also the subleading νe→ νeγ

process, by searching for an extra photon. It would be interesting to explore if this signature
can give enhanced sensitivity to neutrino polarizability.

– 24 –



J
H
E
P
0
5
(
2
0
2
3
)
1
4
2

5.3 Bounds from MiniBoone

MiniBoone is an electron neutrino appearance experiment in which νe are detected through
quasi-elastic charged current interaction, with a typical momentum exchange q2 ∼ −2 GeV2.
99.4% of the initial neutrino flux is made of νµ + ν̄µ and peaks at O(500 MeV), with
two modes of operation: neutrino and antineutrino modes. In figure 8 we show all the
components of the neutrino flux, in the neutrino mode, as function of the energy. For details
on neutrino fluxes we use refs. [53, 54]. The MiniBoone detector is filled with pure mineral
oil, CH2, which acts as both a target and a scintillator.

The signal of neutrino polarizability interactions is the Rayleigh operator induced
νA→ νXA + γ scattering, where A is the initial nucleus and XA denotes the final states
from either elastic or inelastic scattering. Experimentally, the signature is similar to the
radiative up-scattering [55–59] and thus the same type of analyses would also be sensitive to
neutrino scattering through polarizability operators. In the MiniBoone detector, however,
this signature is indistinguishable from the SM quasi-elastic charged current scattering of
electron neutrino, νeA→ eXA. The only difference is that the Rayleigh induced process
leads to a softer deposited energy spectrum due to the final state neutrino that escapes
the detector. For scattering on carbon we assume that it is dominated by quasi-elastic
scattering, i.e., by neutrino scattering on a single nucleon bound inside the carbon nucleus,
which then gets kicked out of the nucleus. In the calculation of the total scattering rates we
also include the scattering on hydrogen, νp → νp + γ, which constitutes a subdominant
component of the signal.

The photon spectrum is given by

dN

dEγ
= Np

∫
dEνε(Eγ)φtot(Eν) d2σ

dEγdEν
, (5.7)

where Np = 2.8 × 1032 is the total number of target protons in the detector, ε(Eγ) is
the acceptance as function of the photon energy and φtot(Eν) is the total neutrino flux
at the detector. The integration is performed over the initial neutrino energies interval,
Eν ∈ (0.05, 7)GeV, with ∼ 98% of the flux below Eν ≤ 2GeV. The differential cross section
d2σ/dEγdEν for a neutrino scattering on a single proton in the nucleus is calculated with
MadGraph. We use this simple approximation of scattering on single protons to evaluate
our bounds; a more refined calculation would involve modelling the nuclear responses of C
and H in the detector.

The bounds on neutrino polarizability is obtained using the chi-squared function

χ2(X) =
∑
i

(
NMB
i − (NMB

i,bg +NNP
i )

)2

σ2
i

, (5.8)

where the sum is over photon energy bins, with NMB
i the number of measured events

in bin i, NMB
i,bg the expected number of SM background events, and σi the experimental

uncertainty [60, 61]. The maximal allowed number of NP events, NNP
i , places the bounds

on the Rayleigh operator Wilson coefficients.∣∣∣23 Ĉ(7)
1 + Ĉ(7)

2

∣∣∣ . 4× 10−3 GeV−3. (5.9)
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Figure 9. The number of measured MiniBoone events (blue dots and error bars) in each photon/
electron energy bin [60], compared to the expected SM signal+background (black line). Red line
denotes the predicted signal from a Rayleigh operator setting the NP scale to Λ = 6.3GeV (and
dimensionless coupling to unity), multiplying it by a factor 10 for clarity.

In figure 9 we show the photon energy spectrum induced by the Rayleigh interaction with
the saturated bound and enlarged by a factor of 10 (red), compared to the expected SM
background (blue). The bound in (5.9) is dominated by the large photon energy “tail”,
since the photon spectrum from the Rayleigh interaction is broad and peaks at ∼ 500MeV.

For light mediator we keep the full φ propagator in the calculation of the scattering
cross sections, which then leads to the bounds

cνgφγ . 1.2× 10−5 , mφ = 1 GeV ; cνgφγ . 4× 10−6 , mφ = 1 MeV, keV, eV . (5.10)

For the 1GeV benchmark the φ mass is comparable to the typical momentum exchange,
while to the other three benchmarks the φ mass can be neglected in the propagator.

While an enhanced νA→ νXA + γ scattering rate is an intriguing possibility in view
of the longstanding MiniBoone anomaly [60, 61], we note in passing that for a massless
neutrino in the final state the photon spectrum does not match the observed low energy
anomaly, see figure 9. For νA → NXA + γ scattering, on the other hand, where N is
a heavier sterile neutrino, the final state photon would be softer and could potentially
match the MiniBoone measurements (for sample of other new physics explanations of the
MiniBoone anomaly, see, e.g., refs. [62–68]). We leave the full investigation of such a
possibility for future work.

5.4 Collider constraints

There are a number of constraints on neutrino polarizability from measurements of higher
energy processes, mostly from producing the φ mediator on-shell.

Rare meson and tau decays. Couplings of φ to neutrinos generate the three body
M → `νφ decays of mesons M = K,D,B, . . ., via the emission of φ from the neutrino
leg. The decay is kinematically allowed for mφ < mM −m`. For mφ = 1 eV, 1 keV, 1MeV
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benchmarks the most stringent constraint of this type comes from bounds on K+ → e+νeφ

decays, giving cν . 4 × 10−3, while for mφ = 1GeV the most stringent bound is from
τ → `νν̄φ decays, leading to cν . 0.3, see ref. [22] and references within. These constraints
are shown as dark gray shaded excluded regions in figure 7.

Neutrinoless double β decay. The neutrinoless double β decay (0ν2β) experiments
can be used to also search for 0ν2βφ transitions, where φ is emitted from one of the neutrino
lines. Present experimental bounds translate to a constraint cν . 10−5 [69] for mφ . 2MeV,
which we show as light gray shaded excluded region in figure 7.

Beam dump experiments. Light pseudoscalars coupling to photons can be produced in
electron and proton beam dump experiments via Primakoff process, and are then searched
for via their decays to two photons. In our case φ has an additional invisible decay channel
φ → νν, which dilutes the γγ signal, if the decays to neutrinos dominate. Rescaling the
bounds on ALP couplings to photons, gφγ(mφ), from ref. [70] with the diphotonic branching
ratio Br(φ→ γγ), eq. (2.21), gives the bound

gφγ(mφ) < gb.d.
φγ (mφ)/

√
Br(φ→ γγ) , (5.11)

where gb.d.
φγ (mφ) is the bound quoted in [70]. The constraint in (5.11) is shown in figure 7

as the dark red excluded regions. The exception to rescaling rule in (5.11) is the newer
NA64 analysis [71] that included both recoils due to invisible φ escaping the detector as
well as the φ → γγ events. Assuming φ only has photon couplings the NA64 analysis is
less sensitive than the other beam dump experiments for the four φ mass benchmarks we
consider. For this reason and because the NA64 result is difficult to recast for the more
general case of an arbitrary invisible branching ratio, we do not include it in figure 7.

Peripheral heavy ion collisions. The production of ALP with couplings to photons is
Z4 coherently enhanced in ultra-peripheral ion collisions [72]. The ALP was then searched
for in the two photon decay channel [73]. This leads to a significant bound only for heavy
ALPs, with mass mφ & 10GeV, thus we do not show it in figure 7.

Search for e+e− → 3γ. Belle II collaboration performed a search for ALPs decaying to
two photons, e+e− → γ(φ→ γγ) [74], and set stringent bounds on gφγ in the mass range
0.2 . mφ . 9.5GeV, assuming Br(φ→ γγ) = 100%. At the mass benchmark mφ = 1GeV,
the coupling to photons is constrained to be gφγ . 10−3 GeV−1 for values cν small enough
that Br(φ → νν) � Br(φ → γγ), while for larger cν we rescale the Belle II bound as
in (5.11). The excluded region is shown with red in the bottom right plot of figure 7.
Note that a similar bound on the mφ = 1GeV mass benchmark follows from searches for
anomalous 2γ and 3γ signal at LEP [75].

Invisible decays of spin-0 particles. The ννγγ interaction would induce S → γγ → νν

decays, i.e., the S → γγ transition leads at one loop to S → νν decays, where for the initial
spin-0 particle we consider S = π0, B0 and the Higgs boson, h, and assume that the EFT
limit for ννγγ interaction applies. The SM rates to S → νν are negligible [76]. If just one
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combination of Rayleigh Wilson coefficients, ĈRe
1 or ĈRe

2 in eq. (2.5), contributes, then (cf.
appendix C) ∣∣ĈRe

a

∣∣ ≤ ka 128π2

α

1
m3
S

√
Br(S → inv.)
Br(S → γγ) , (5.12)

where k1 = 3/2 and k2 = 1. This is the case for π0 and h, leading to

π0 :
∣∣ĈRe

2
∣∣ ≤ 4.7 · 103 GeV−3, h :

∣∣ĈRe
1
∣∣ ≤ 1.2 GeV−3, (5.13)

from experimental bounds Br(π0 → inv) ≤ 4.4 · 10−9, Br(h→ inv) ≤ 0.19 [77], along with
Br(π0 → γγ) ≈ 0.99 and the SM prediction BrSM(h→ γγ) = 2.3 · 10−3 [78], using the fact
that the Higgs properties are consistent with the SM. From Br(B0 → inv) ≤ 2.4 · 10−5 [77]
we obtain, on the other hand,

B0 :
∣∣2
3 Ĉ

Re
1 + ĈRe

2
∣∣ ≤ 3.7 · 104 GeV−3, (5.14)

assuming B0 → γγ is as predicted in the SM, see appendix C for details. The constraint
in (5.14) may therefore change, if new physics affects B0 → γγ decays. Note that at
present the above bounds are quite weak, and the use of EFT may be questioned. For
light mediator φ, with mS 6= mφ, the above results still apply, but with replacement
ĈRe

1(2) → 2
∑
ij Re cijν c

(′)
γ [fφ(m2

S −m2
φ)]−1 (the case mS ' mφ is more involved, and we do

not attempt it here).

Monophoton searches. Neutrino polarizability leads to a monophoton signature in
e+e− collisions. This is either due to e+e− → γ∗ → γ νν scattering, generated by Rayleigh
operators in the EFT limit, or by an on-shell production of the light φ mediator, e+e− →
γ∗ → γ φ, where φ then decays to two neutrinos or escapes the detector.

We recast the BaBar monophoton search [79] for the case of light mediator φ. The
results in [79] were interpreted in terms of the bounds on dark photon A′ mixing parameter,
ε. In appendix C.2 we give the e+e− → A′γ differential cross section, dσA′γ/d cos θ, where
θ is the emerging angle of the photon. The BaBar analysis restricted it to | cos θ| < 0.6. For
this range we can take the limit me/

√
s→ 0 without encountering a singularity at sin θ = 0.

We find
dσA′γ
d cos θ = 4πα2ε2

s2(s−m2
A′)

[
s2 +m4

A′

sin2 θ
− (s−m2

A′)2

2

]
. (5.15)

This result agrees with [80, 81] and the in the limit mA′ → 0, with the known e+e− → γγ

expression.
For each benchmark value of mφ we compare the above cross section, integrated over

cos θ ∈ [−0.6, 0.6] and take mA′ = mφ, with the e+e− → γφ cross section,

dσφγ
d cos θ = α3

256π2

∣∣∣∣∣23 cγfφ
∣∣∣∣∣
2

+
∣∣∣∣∣ c′γfφ

∣∣∣∣∣
2
(1−

m2
φ

s

)3

(3 + cos 2θ) , (5.16)

integrated over the same range cos θ ∈ [−0.6, 0.6]. Our expression is twice as large compared
to expressions in the literature [70, 82]. We give the details of the calculation appendix C.2
and encourage the community to reconsider constrains that rely on it.

– 28 –



J
H
E
P
0
5
(
2
0
2
3
)
1
4
2

Using the bound ε < 9.5× 10−4 from [79] valid for all four benchmark masses gives∣∣∣∣∣23 cγfφ
∣∣∣∣∣
2

+
∣∣∣∣∣ c′γfφ

∣∣∣∣∣
2
B(φ→ νν) ≤ 0.012 GeV−2 , (5.17)

with branching ratio to neutrinos given by eqs. (2.19), (2.20). The corresponding excluded
region is denoted with orange in figure 7.

In the EFT limit, neutrino polarizability induces the 2→ 3 scattering, e+e− → γνν, i.e.,
in a continuous photon spectrum. Unfortunately BaBar did not provide publicly available
measured monophoton rates as a function of the invisible mass. Instead, we use figure 1 in
ref. [79], which reports the best fit value of ε2 as a function of mA′ . We convert the best fit
ε2 values using eq. (5.15) (integrated over the angular acceptance) to the best fit values of
the allowed e+e− → γA′ cross section, σi, where i runs over all the mA′ bins (and the same
for the 1σ errors on ε2 that get translated to 1σ errors on the cross sections, δσi). From
this we can construct a χ2 function

χ2(Ĉ(7)
2 ) =

∑
i

(
σi −

∫
i dmνν dσ(γνν)/dmνν

δσi

)2
, (5.18)

where
∫
i dmνν dσ(γνν)/dmνν gives the rate in i-th mA′ = mνν bin from neutrino polariz-

ability induced e+e− → γνν scattering, and depends on Ĉ(7)
2 , see details in appendix C.2.

Requiring χ2(Ĉ(7)
2 ) ≤ 2.71, gives the 90% CL bound∣∣∣∣23 Ĉ(7)

1 + Ĉ(7)
2

∣∣∣∣ ≤ 0.2 GeV−3 . (5.19)

6 UV models of enhanced neutrino polarizability

Next, we discuss several UV models that lead to enhanced contributions to the neutrino
Rayleigh operators. In section 6.1 we first review the minimal singlet majoron model.
This does not predict large neutrino polarizability, but can be used as a useful benchmark.
The other models we consider below, the majoron as a QCD axion and the majoron
from non-minimal inverse see-saw models, discussed in sections 6.2–6.4, have enhanced
neutrino polarizabitily relative to the minimal majoron model. All of the models rely on
spontaneously broken global lepton number, U(1)L, and the associated Goldstone boson,
the majoron [83, 84], whose tree level exchanges lead to enhanced neutrino polarizability, in
the same way as for the simplified model in section 2.3.

6.1 Minimal singlet majoron

The minimal singlet majoron model assumes that the SM neutrinos, νi, are Majorana
fermions, and that their masses are suppressed as the result of the type I see-saw, with
spontaneously broken lepton number [83]. The SM is supplemented by three right-handed
neutrinos NR,i and a singlet scalar, S, that carries lepton number L = −2.3 The terms in

3We use a short-handed notation NR,i = PRNi, where Ni is the four component Majorana fermion field,
where as in the rest of the paper we use the notational conventions from ref. [11].
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the Lagrangian relevant for the neutrino masses are thus given by

L = −L̄yNRH −
1
2N̄

c
RλNRS + h.c., (6.1)

where y, λ are 3× 3 complex matrices. The lepton number is spontaneusly broken once S
obtains a vev, S = (fφ + σ + iφ)/

√
2. The radial mode σ is assumed to be heavy with mass

mσ ∼ O(fφ) and not relevant for our discussion. The majoron, φ, is the pNGB of the spon-
taneously broken lepton number. Its mass term, L ⊃ −m2

φφ
2/2, represents a (small) explicit

breaking of the shift symmetry, where mφ is taken as a free parameter [85, 86] (it could arise
from Planck scale physics since gravity is expected to break global symmetries [87–89]).

The SM neutrino masses induced by the interactions (6.1) are parametrically given
by mνi ∼ y2v2/λfφ so that for λfφ � v (the see-saw limit) the couplings y can be large,
which is one of the main motivations for contemplating the see-saw models. The couplings
of majoron to the SM fermions are given by [90]

Lφ ⊃
iφ

2fφ
mficfi f̄iγ5fi + · · · . (6.2)

The majoron-SM-fermion couplings are thus suppressed by the SM fermion masses, mfi ,
while the dimensionless coefficients are, in the see-saw limit,

cνi = 1, cdi = −cui = 1
16π2 Tr(yy†), c`i = 1

16π2
[
Tr(yy†)− (yy†)ii

]
, (6.3)

for the couplings to the SM neutrinos, down and up quarks, and the charged leptons,
respectively. The ellipses in (6.2) denote the flavor off-diagonal terms for charged leptons
that we do not display, but can be found in [90]. The majoron couplings to the SM neutrinos
are generated at tree level, while the couplings to quarks and charged leptons are generated
at one loop, cf. eq. (6.2). Still, the couplings to quarks and charged leptons can still be
larger if the Yukawa couplings y are sizable. That is, the couplings to quarks and charged
leptons are parametrically enhanced for fφ � v by ∼ λfφmfi/(4πv)2 compared to the φ
couplings to neutrinos.

Couplings of the majoron to photons and gluons are generated at two loops. In the limit
of a light majoron, mφ � m`i,ui,di , they match onto the dimension 7 operators

(
∂2φ

)
FµνF̃

µν

and
(
∂2φ

)
GaµνG̃

aµν and are thus suppressed both by the two loop factors αem/(16π2)2 and
αs/(16π2)2, respectively, as well as by the majoron mass, m2

φ/m
2
fi
, for a contribution from a

SM charged fermion fi running in the loop. For a heavier majoron the latter suppression is
lifted and in the corresponding transition amplitude m2

φ/m
2
fi

is replaced by an O(1) factor.

6.2 Majoron as a QCD axion

If the spontaneously broken U(1)L is anomalous under QCD, the majoron will act as the
QCD axion and solve the strong CP problem, with U(1)L identified as the Peccei-Quinn
symmetry [91–95]. Recent concrete realization of this idea can be found in [95], where the
SM was supplemented by a set of color octet fermions ΨA

R (with lepton number charge
L = 1, electroweak singlets), color octet scalars, ΦA (L = 0, doublets of SU(2)L), and an
electroweak and color singlet scalar S (L = 2). The lepton number is spontaneously broken
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once S obtains a vev, 〈S〉 = fφ/
√

2, giving Majorana mass contribution, MΨk = ykΨ〈S〉, to
the color octet fermion mass matrix as a result of the term L ⊃ −1

2y
i
ΨSΨ̄c

iRΨiR + h.c., in
the Lagrangian.

At one loop the breaking of U(1)L generates the Majorana mass matrix for the SM
neutrinos. In the limit of heavy color octet scalars, with almost degenerate mass M0 �
MΨk � v, the radiatively generated neutrino mass matrix is given by [95],

(
mν
)
ij

= 1
4π2

∑
k

hikΨh
jk
Ψ y

k
Ψ〈S〉

∆M2
0

M2
0
, (6.4)

where the summation is over color octet fermion, and ∆M2
0 = 2λ5v

2 is the mass splitting
between the CP-even and CP-odd components of the color octet scalar due to the term
L ⊃ −1

2λ5(H†ΦA)2 + h.c. in the scalar potential. Note that the neutrino masses are
proportional to the ∆L = 2 breaking vev, mν ∝ 〈S〉, to two insertions of electroweak vev,
mν ∝ v2, as well as to the Yukawa interactions between the SM lepton doublets and the
new color octet fields, L ⊃ hijΨ∗L̄iΨA

jRΦA† + h.c.. Taking fφ ∼ O(TeV) and all couplings to
be O(10−2) the observed neutrino masses are obtained for M0 ∼ O(10 TeV).

The majoron φ is part of the singlet, S(x) = 1√
2
(
fφ + σ(x)

)
exp

(
iφ(x)/fφ

)
, and has

interactions to neutrinos suppressed by the neutrino masses,

Lφ ⊃ −
i

2(mν)ij
(
ν̄iPLνj

) φ
fφ

+ h.c.. (6.5)

In the notation of eq. (2.15) the coupling of φ to neutrinos is thus given by

cijν = −i(mν)ij
fφ

. (6.6)

The triangle anomaly induces couplings of the majoron to gluons,

Lφ ⊃ −
3nΨαs

8π
φ

fφ
G̃AµνG

Aµν , (6.7)

where nΨ is the number of color octet fermions. The couplings to gluons are not suppressed
by the majoron mass, since they are generated from the QCD anomaly, unlike the minimal
singlet majoron case, section 6.1. At low energies, below QCD confinement, the above
interaction induces interactions of φ with nucleons and pions, and other hadronic states. It
also leads to the majoron mass, in the same way as for the standard QCD axion,

mφ ' 6 keV×
( 1 TeV
fφ/(3nΨ)

)
, (6.8)

as well as to the couplings to photons, eq. (2.15), with

c′γ ' 2.0× 3nΨ. (6.9)

At energies below mφ the majoron can be integrated out, giving rise to the neutrino
polarizability with

C(7)
2,ij
Λ3 = i

(mν)ijc′γ
f2
φm

2
φ

' i
( 1

81 GeV

)3
× 1
nΨ
× (mν)ij

0.1 eV . (6.10)
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Note that the dependence on fφ drops out, due to the relation between mφ and fφ, with
mφfφ ∼ mπfπ a constant that is fixed entirely by the QCD dynamics apart from the
nΨ ∼ O(1) factors that depends on the UV physics. The PQ breaking scale fφ thus
does not determine directly the effective suppression scale of the Rayleigh operator, Λ,
but rather just determines the range of the validity of the EFT, via the requirement
E, q � mφ ∝ 1/fφ. The effective scale Λ is given by a combination of QCD and neutrino
mass scales, Λ ∼

(
m2
πf

2
π/mν

)1/3, which accidentally turns out to be close to the weak scale.
While the majoron that is the QCD axion is an example of the model that leads to

enhanced neutrino polarizability, with the effective scale Λ much smaller than the UV scales
fφ and M0, it does not map straightforwardly onto the phenomenological analyses forming
the bulk of the present paper since QCD axion couples to gluons, eq. (6.7), which was not
taken into account in our analysis.

In the final two examples: the non-minimal majoron models in sections 6.3 and 6.4,
much lower effective scales Λ can be achieved compared to the ones encountered in the
minimal see-saw majoron and the majoron as the QCD axion model.

6.3 Majoron from inverse see-saw with extra triplet fermions

In this model both the neutrino mass generation sector is enlarged as is the sector that
leads to couplings of majoron to the photons.

6.3.1 The inverse see-saw sector

The sector relevant for the generation of the SM neutrino masses contains three generations
of left-handed and right-handed Weyl fermions, NR,i and NL,i, i = 1, 2, 3, singlets under the
SM gauge group, and carry a global lepton number L = +1. The interaction Lagrangian is
given by (suppressing generation indices)

− LY = yνL̄H̃
†NR + N̄LMNNR + λR

2 N̄ c
RSNR + λL

2 N̄LSN
c
L + h.c., (6.11)

where Li are the SM lepton doublets, and H is the SM Higgs doublet. The Yukawa coupling
yν and neutrino Dirac mass matrix MN are general 3× 3 complex matrices, while λL,R are
symmetric 3× 3 complex matrices.

The lepton number is spontaneusly broken once S obtains a vev,

S = (fφ + σ + iφ)/
√

2. (6.12)

This then gives the following neutrino mass matrix in the basis {νcL, NR, N
c
L}, see, e.g. [96],

M =

 0 MD 0
M>D µR M>N

0 MN µL

 , (6.13)

where we shortened the notation to MD = yνv/
√

2, µL,R = λL,Rfφ/
√

2. Without loss of
generality we can work in the basis, where MN is diagonal. We will assume the hierarchy
µR,L � MD � MN , to be understood as the hierarchy among all the eigenvalues of the
corresponding 3× 3 complex matrices.

– 32 –



J
H
E
P
0
5
(
2
0
2
3
)
1
4
2

We start the analysis with the one-generation case where the three parameters µL,MD,
and MN can be made real via phase redefinitions of νcL, NR, N

c
L, while µR is a complex

parameter. Up to corrections of higher order in µL,R/MN,D the lightest neutrino mass
eigenstate is given by

ν = cανL − sαNL, tα '
MD

MN
, (6.14)

where we abbreviated cα ≡ cosα, sα ≡ sinα, tα ≡ tanα. In order for ν to be predominantly
composed of the neutral component of the electroweak doublet with only a small admixture
of the sterile neutrino, we require MD �MN . The corresponding mass is

mν ' µLs2
α. (6.15)

The two heavy neutrinos are mass degenerate, with masses equal to
√
M2
N +M2

D, up to
µL,R suppressed corrections. Note that the SM neutrino masses are proportional to the
lepton number breaking parameter µL = λLfφ/

√
2, and vanish in the limit fφ → 0, as

expected. The neutrino masses can now be small either due to a small value of fφ, the
smallness of the mixing angle sα (i.e., MD/MN � 1), or a combination of the two.

These results extend trivially to the case of three generations. To linear order in
MD/MN the mass eigenstates, the left-handed fields ν,N1, N2, are expressed in terms of
the initial states as

νcL = νc +
(
M−1
N

)T
MD

1√
2
(
N c

1 +N c
2
)
, (6.16)

N c
L = −M−1

N MT
Dν

c + 1√
2
(
N c

1 +N c
2
)
, (6.17)

NR = 1√
2
(
N c

1 −N c
2
)
. (6.18)

The light neutrino mass terms are then given by

L ⊃ 1
2 ν̄MD

(
M−1
N

)T
µLM

−1
N MT

DPRν
c + h.c. (6.19)

and are proportional to µL lepton number violating parameter, while the dependence on
µR only enters at higher orders.

The interactions with the majoron can be obtained by replacing µL → iµLφ/fφ in the
mass terms, which then gives for the majoron couplings to neutrinos,

Lφ ⊃ −
i

2(mν)ij
(
ν̄iPLνj

) φ
fφ

+ h.c. . (6.20)

In the notation of eq. (2.15) the coupling of φ to neutrinos is thus given by

cijν = −i(mν)ij
fφ

. (6.21)

On the face of it, this is the same result as for the minimal majoron, cf. eqs. (6.5), (6.6).
However, there is a major difference between the two, namely that in the inverse see-saw
model the smallness of neutrino masses, mν , can be due to the smallness of fφ. In principle,
fφ can be as small as mν and thus cν as large as cν ∼ O(1). Numerically, the bounds on
self-interactions of neutrinos limit the value of cν to be well below 1, cf. section 3.
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6.3.2 Couplings to photons via heavy electroweak triplets

We assume that the field content of the theory contains a set of heavy SU(2)L triplet
fermions Ψa

R, charged under lepton number, L = −1. They obtain their masses through
interactions with the scalar S,

LΨR = −1
2yΨS

(
Ψa
R

)cΨa
R + h.c., (6.22)

after S obtains a vev, eq. (6.12), giving MΨ = yΨ〈S〉 = yΨfφ/
√

2. This generates a coupling
of PNGB φ with the SU(2)L gauge fields through anomaly,

Lφ ⊃ −
9α
64πnΨ

φ

fφ
W̃ a
µνW

aµν , (6.23)

where nΨ is the number of Ψa
R generations, and W a

µν is the SU(2)L field strength. This
gives couplings of φ to W±, Z0 and photons, where for the latter

Lφ ⊃ −
9α
64πnΨs

2
w

φ

fφ
F̃µνF

µν , (6.24)

where sw = sin θw, with θw the weak mixing angle.
Since Ψa

R carry electroweak charges they could be produced in e+e− collisions at LEP
or in pp collisions at the LHC. The bounds on their mass depends on the Ψa

R decay channels,
and is thus model dependent. In general, we expect the bound to be in the range of a few
100GeV. Taking this as the typical lower bound on fφ, this would then translate to the
following typical size of the Rayleigh operator,

C(7)
2,ij
Λ3 = i

(mν)ijc′γ
f2
φm

2
φ

= i
9
8

(mν)ijnΨs
2
w

f2
φm

2
φ

' i
( 1

7.3GeV

)3(100GeV
fφ

)2
×
(1 keV
mφ

)2
× nΨ ×

(mν)ij
0.1 eV .

(6.25)

That is, for majoron mass mφ ∼ O(keV) the effective suppression scale of the Rayleigh
operator is only Λ ∼ O(10GeV), and is parametrically smaller than the U(1)L breaking
scale, fφ. For mφ ∼ O(1 eV) the effective suppression scale would be Λ ∼ O(0.1GeV). The
majoron mass is an explicit U(1)L breaking term and is treated as a free parameter. On
general grounds one expects mφ � fφ so that the explicit breaking is smaller than the
spontaneous symmetry breaking, and thus U(1)L is a good approximate symmetry.

6.4 Enhanced neutrino polarizability from U(1)L ×U(1)′

In non-minimal versions of the above model one can obtain even larger parametric enhance-
ments of the neutrino polarizability. Let us consider an example of a model with two global
U(1) factors, U(1)L×U(1)′, a simple modification of the inverse see-saw model in section 6.3,
but with two different scalars in the inverse see-saw sector and the electroweak triplet sector.
That is, the model contains two scalar SM gauge singlets, S and S′, where the scalar S
carries a global charge L = 2 under U(1)L, while S′ carries a charge of +2 under U(1)′.
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Otherwise the field content is the same as in section 6.3. The SM is extended by three
generations of left-handed and right-handed sterile neutrinos, NR,i and NL,i, i = 1, 2, 3,
singlets under the SM gauge group, with global lepton number L = +1, and a set of nΨ
weak triplets that carry a charge −1 under U(1)′.

The U(1)L and U(1)′ are broken by S and S′ once these obtain vevs, S = (fφ+σ+iφ)/
√

2
and S′ = (f ′φ + σ′ + iφ′)/

√
2. In general, the two vevs can be very different, which can be

phenomenologically beneficial. In particular, it is possible to have fφ � f ′φ, which would
explain the smallness of neutrino masses.4 Such a hierarchy of vevs would then also lead to
an enhancement of Rayleigh operators.

More explicitly, the Lagrangian of the model is the same as in section 6.3, except that
in subsection 6.3.2 we should replace S → S′, φ→ φ′, fφ → f ′φ. The interactions of φ and
φ′ with the SM particles are thus given by

Lint ⊃ −
i

2(mν)ij
(
ν̄iPLνj

) φ
fφ

+ h.c., (6.26)

and
Lint ⊃ −

9α
64πnΨ

φ′

f ′φ
W̃ a
µνW

aµν → − 9α
64πnΨs

2
w

φ′

f ′φ
F̃µνF

µν . (6.27)

As in section 6.3, we assume that the dominant explicit breaking of the global symmetry
U(1)L ×U(1)′ is given by the masses of the two PNGBs. Completely generally, the mass
term is given

Lm = −1
2m

2
φφ

2 − 1
2m
′2
φ φ
′2 −m2

φφ′φφ
′, (6.28)

leading to two mass eigenstates, mφ1,φ2 , with φ1 = cθφ + sθφ
′, φ2 = −sθφ + cθφ

′, where
cθ = cos θ, sθ = sinθ, and θ the mixing angle. In principle, all the explicit symmetry
breaking terms in (6.28) can be of comparable size, and thus the mixing angle large.

It is instructive to calculate the νν → γγ amplitude due to tree level exchanges of φ1,2,

Mνν→γγ = i
9
8

(mν)ij
fφf

′
φ

nΨs
2
wcθsθ

( 1
q2 −m2

φ1

− 1
q2 −m2

φ2

)
, (6.29)

where qµ is the sum of the initial neutrino momenta. In the center of mass of the νν
collision it is given by qµ = (2Eν ,~0), where Eν is the neutrino energy. For high energy
collisions, q2 � m2

φ1,2
, the scattering amplitude scales as M ∝ m2

φ1,2
/q4, while for low

energy processes, q2 � m2
φ1,2

, it matches onto the neutrino polarizability operator, with

C(7)
2,ij
Λ3 = i

9
8

(mν)ij
fφf

′
φ

nΨs
2
wcθsθ

( 1
m2
φ2

− 1
m2
φ1

)
. (6.30)

Numerically, since fφ and f ′φ can take very different values, the Rayleigh operator can be
suppressed by a light effective scale. For instance, taking mφ1 � mφ2 for simplicity,∣∣C(7)

2,ij
∣∣

Λ3 '
( 1

16MeV

)3(100GeV
f ′φ

)(1 keV
fφ

)(1 keV
mφ1

)2
× nΨcθsθ ×

((mν)ij
0.1 eV

)
. (6.31)

4We set aside the question of a hierarchy problem in the scalar potential. In general one would need to
assume that some terms, such as S†SS′†S′ or S†SH†H, are suppressed by small couplings.
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Even lower effective scales than shown in the above numerical example can thus be obtained
if fφ and mφ1 are smaller. For instance, if they are comparable with the neutrino masses,
fφ ∼ mφ1 ∼ O(eV), the effective scale would be Λ ∼ O(keV).

Assuming mφ1 � mφ2 the above model matches onto the simplified model singlet
mediator models for enhanced neutrino polarizability, section 2.3, with φ1 playing the role
of the light mediator, φ,5 and

cijν = i
(mν)ij
fφ

cθ, gφγ = 9α
16π

nΨs
2
w

f ′φ
sθ, (6.32)

the nonzero coefficients in the Lagrangian (2.15) (we use the notation in eq. (2.18)). The
contributions from heavier φ2 state are suppressed. Note that φ = φ1 has both flavor
diagonal and off-diagonal couplings to neutrinos, and thus only approximately matches onto
the constraints shown in figure 3 in which flavor universal neutrino couplings were assumed,
cf. eq. (2.17). Nevertheless, the constraints on cν shown in figure 3 should approximate well
the constraints on cijν from eq. (6.32). Numerically,

∣∣cijν | = 10−4cθ

((mν)ij
0.1 eV

)(1 keV
fφ

)
, gφγ = 3× 10−9GeV−1

(100GeV
f ′φ

)(
sθnΨ
10−3

)
, (6.33)

and thus for mφ = 1 keV, 1MeV mass benchmarks the U(1)L × U(1)′ model can cover
the whole experimentally still available parameter space in figure 3, even when imposing
fφ > mφ. For the mφ = 1GeV mass benchmark the main constraint on couplings to
photons would be from searches for on-shell production of electroweak triplets, limiting
f ′φ to be above several 100GeV, and thus gφγ . 10−6 GeV−1 even for large mixing angles,
sin θ ∼ O(1). For couplings to the neutrinos the requirement fφ > mφ leads to

∣∣cijν | . 10−7.

7 Conclusions

In this paper, we examined the theory and phenomenology of New Physics sources of neutrino
polarizability, that is, the electromagnetic interaction of neutrinos with two photons. We
present the latter in an EFT framework, where these interactions are described by the
Rayleigh operators; see eq. (2.1). While naively one would expect these chirality-flipping
operators to be suppressed by the neutrino mass, we show that such a suppression can be
compensated if the interaction is mediated by a light scalar or pseudo-scalar particle.

Such models can have a wide variety of phenomenological consequences, depending
on the new particle’s mass. We fix four mass benchmarks, mφ = 1 eV, keV, MeV, GeV,
and explore the constraints in the parameter space defined by the coupling to photons,
gφγ , and neutrinos, cν . To provide results easily comparable with existing literature, we
limit ourselves to the case of a pseudoscalar mediator, with flavor-universal couplings to
neutrinos. The main results are summarized in tables 1, 2 and 3, and in figure 3.

The first three mass benchmarks, mφ = 1 eV, keV, MeV, are largely excluded by
cosmological and astrophysical observables. This is to be expected since CMB spectrum

5Note that φ from now on denotes the single mediator from section 2.3 and not the field from the
beginning of this subsection, eqs. (6.26)–(6.28).
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measurements strongly constrain the number of relativistic degrees of freedom in the
Universe, Neff , up to scales of order T ∼ 100 eV. Similarly, Neff affects the abundance of
primordial elements produced during BBN, which takes place when the Universe temperature
is T ∼ 1 − 2MeV. Finally, exotic emission of neutrino and light new particles can be
excluded by measurements of Horizontal Branch star cooling rates and neutrino fluxes from
SN1987a. The former has a typical temperature of THB ∼ 8 keV, while the latter can reach
TSN ∼ 30MeV in the inner core, largely setting the φ mass reach of the corresponding bounds.

We performed comprehensive analysis for coupling values in rather large ranges, cν ∈
[10−12, 1] and gφγ ∈ [10−12 GeV−1, 1GeV−1]. In this parameter space, the eV benchmark is
completely excluded. The heavier benchmarks, keV and MeV, allow for very small coupling
values, mainly due to the disappearance of CMB bounds. The former benchmark is not
excluded for cν . 10−6 and gφγ ·GeV . 10−11, while the latter is not excluded for cν . 10−9

and gφγ ·GeV . 10−9.
When the mediator mass is heavier than the typical scales of cosmological and as-

trophysical processes, we expect these bounds to disappear or become negligible. This is
evident for the last mass benchmark, mφ = 1GeV, where only terrestrial experiments are
able to probe parts of the parameter space. Rare τ lepton decays bound cν . 0.3, while
monophoton search in e+e− collision leads to gφγ ·GeV . 10−4.

We also discussed UV complete models that lead to enhanced neutrino polarizability,
all of which are based on the appearance of a pseudo-Nambu-Goldstone boson associated
with the spontaneous breaking of the global lepton number symmetry, U(1)L. Such a
pNGB, the majoron, automatically couples to neutrinos since it participates in neutrino
mass generation. In cases where majoron has enhanced couplings to photons, the tree-level
exchanges of the majoron result in a parametrically enhanced neutrino polarizability, large
enough to saturate the present experimental bounds. Such enhanced couplings to photons
are, for instance, generated if majoron couples to a separate sector of heavy charged states.
A concrete example of a model in which all such parametric enhancements are present is the
non-minimal inverse see-saw model discussed in detail in section 6.4, which has two global
symmetries, the lepton number U(1)L and the anomalous U ′(1). The neutrino polarizability
is then generated with very low effective scale suppression, despite being suppressed by the
neutrino masses.

There are several directions in which the study performed in the present manuscript
could be extended in future works. For one, the region of parameter space where light scalar
couplings to photons and neutrinos are equally important (the hashed bands in figure 3)
should be explored in more detail. The interplay between couplings to photons and neutrinos
would be particularly interesting to investigate for cosmological and SN constraints, where
simple scaling with branching ratios, which one can use for the collider constraints, does
not apply. In this paper we have also limited the discussion to the current constraints from
various experiments, and left projections from planned experiments for future studies. In
particular, it would be interesting if dedicated searches at dark matter and neutrino facilities
for neutrino polarizability signatures, such as a nuclear recoil accompanied by a single
photon (from νA→ νAγ), or by two resolved photons (from νA→ νAφ, φ→ γγ), could
lead to improved experimental reach. One may furthermore want to attempt an extension of
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our work where in addition to the light scalar couplings to photons and neutrinos, couplings
to gluons (or light quarks) are also taken into account. The motivation for this extension is
provided by the model of section 6.2, where Majoron acts as a QCD axion and thus couples
to neutrinos, photons and gluons. Finally, it would be interesting to investigate if inelastic
scattering in the neutrino sector, νA → NA, followed by a decay of the sterile neutrino,
N → φν, φ→ γγ, could explain the MiniBoone excess.
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A Notations and conventions

Throughout the manuscript we use the four-component notation following the conventions
of ref. [11]. For Majorana neutrinos we thus have,

ν = νc =
(
ξα
ξ†α̇

)
, ν̄ = ν̄c =

(
ξα, ξ

†α̇), (A.1)

where ξα is a two-component Weyl spinor, so that, for instance,

ν̄iPLνj = ξiξj . (A.2)

The normalization we use for the dimension 5 dipole operators and the dimension 7
operators in the EFT Lagrangian, eq. (2.1), is straightforwardly related to other notations
commonly used in the literature. The neutrino dipole moments are conventionally defined as

Leff ⊃
∑
i>j

1
2(λν)ij(ν̄iσµνPLνj)Fµν + h.c., (A.3)

where the antisymmetric 3× 3 matrix, λ = µ− id, decomposes into the magnetic (µ) and
electric (d) dipole moments, see, e.g., ref. [97]. In terms of the Wilson coefficients in (2.1)
we have

(λν)ijµB ≡
C(5)

1,ij
Λ

e

4π2 , (A.4)

where µB is the Bohr magneton.
For polarizabilities, we can follow the conventions used for nucleon polarizabilities, see,

e.g., ref. [98], and define for non-relativistic neutrinos

LNR = 2π
(
αE1,i ~E

2 + βM1,i ~B
2
)
⊗ 1νi . (A.5)

Here, αE1 is the electric, and βM1 the magnetic scalar polarizability, with Ei = F0i the
electric, and Bi = εijkFjk/2 the magnetic field, and 1νi the neutrino number operator for
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neutrinos of flavor i (the non-relativistic version of the ν̄iνi operator). At dimension 7 in
the EFT expansion in 1/Λ, eq. (2.1), we have

αE1,i = βM1,i = α

24π2Λ3C
(7)
1,ii. (A.6)

The relation (A.6) is broken by m2
ν/Λ2 suppressed contributions from higher-order operators,

for instance from (∂µν̄iPL∂τνj)FµνF τν . These can become important only if the effective
scale Λ is low, i.e., if there are light mediators with mass mφ comparable to the neutrino
mass that get integrated out in the construction of (A.6). In our numerical examples,
however, we always have mφ � mν .

B Further details on stellar cooling rate calculations

In this appendix we collect the φ production rates relevant for the stellar cooling bounds
discussed in section 4.

B.1 Primakoff conversion

The rate for the Primakoff conversion of a photon γ (more precisely, the transverse plasmon,
γT ) to a pseudoscalar φ in the field of the nucleus in a plasma, is given by [34, 99],

Γγ→φ =
(
c′γα

8πfφ

)2
Tκ2

2π
p

Eφ

[(
(k + p)2 + κ2) ((k − p)2 + κ2)

4k · p κ2 ln
(

(k + p)2 + κ2

(k − p)2 + κ2

)

−
(

(k2 − p2)2

4k · p κ2

)
ln
(

(k + p)2

(k − p)2

)
− 1

]
,

(B.1)

where k and p are the incoming photon and outgoing φ momenta, respectively, while κ is
the Debye screening length,

κ2 = 4πα
T

(
neff
e +

∑
j

Z2
j n

eff
j

)
. (B.2)

Here T is the temperature of the star at the radius where the Primakoff conversion occurs,
while neff

e and neff
j are the effective number densities of electrons and ions, the latter with

charge Zje.
The core of a HB star is a non-relativistic, non-degenerate gas of electrons and helium

ions, thus neff
X = nX for X = e,He. The electrons forms an ideal Fermi gas, so that the

number density is given by ne = p3
F /(3π2), where the Fermi momentum is pF = 88 keV [32].

The number density of Helium ions is nHe = ρ/(muAHe), where ρHB ∼ 104g/cm3 is the HB
star density, mu = 0.932GeV the atomic mass unit, and AHe = 4 the atomic number of
Helium. Combining the two terms in eq. (B.2), we get κHB ' 27 keV.

The electrons in the SN core form a highly degenerate relativistic gas and, as such, do
not contribute to the screening. The plasma is composed of a degenerate gas of protons; the
degeneracy reduces the effective number of proton targets in the Primakoff process, thus,
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more care is needed in calculating neff
p . The number density of degenerate non-relativistic

protons at a distance r from the SN core center is given by

np(r) = 2
∫ d3p

(2π)3 exp
[(

p2

2meff
p (r)T (r) − ηp(r)

)
+ 1

]−1

, (B.3)

where meff
p is the effective proton mass and ηp is the proton degeneracy parameter [100]:

protons are (non) degenerate for ηp > 1 (ηp < 1). Neglecting the proton recoil, the effect of
degeneracy on the number of targets can be calculated as [100] (see also eq. (D.26) in [32])

neff
p

np
= 2
np

∫ d3p

(2π)3 f̂p
(
1− f̂p

)
, (B.4)

where f̂p is the Fermi-Dirac distribution for protons.
The numerical inputs are functions of the SN core profile, i.e., how the temperature

and density change with the radial distance r from the center. For numerical results in
section 4.2 we use the SN core profile from [33] at the benchmark time t = 1 s after the
start of the explosion. For rough numerical estimates we can take r ∼ 10 km, T ∼ 30MeV,
ηp ∼ 1, meff

p ∼ 800MeV, which gives neff
p ∼ 0.6 np and κSN ∼ O(40MeV).

Inside dense stellar cores the dispersion relation for the transverse plasmon of energy ω
is well approximated by introducing an effective photon thermal mass, ωP , eq. (4.1), so that
k =

(
ω2 − ω2

P

)1/2. The rate for the inverse Primakoff conversion, φ→ γ, is then given by

Γφ→γ = 2βγ
βφ

Γγ→φ , (B.5)

where βi is the velocity of particle i, that is, βγ = (1− ω2
P /ω

2)1/2 for plasmon of energy ω
and βφ = (1−m2

φ/E
2
φ)1/2 for φ with energy Eφ. The factor of two in (B.5) is due to the

two possible polarizations of a transverse plasmon.

B.2 Photon and neutrino coalescence

The rates for photon coalescence, γγ → φ, and for neutrino coalescence, νν → φ, can be
calculated by first considering a generic φ production process a1 + · · · + an → φ, where
{a1, . . . , an} is a set of initial states, e.g., the two photons in photon coalescence. The phase
space production rate for the (pseudo)scalars φ can be extracted from the corresponding
Boltzmann equation for the phase space density f̂φ. In the limit f̂φ � 1 this gives, see, e.g.,
ref. [99],

∂f̂φ
∂t

= 1
2Eφ

∫ ∏
i→{a}

d3ki
(2π)32Ei

(2π)4δ(4) (p− ki) |M|2
∏

i→{a}
f̂i(Ei) , (B.6)

where p is the φ four-momentum and ki the momenta of the initial states,M is the spin
averaged matrix element for the process, while the integration is performed over phase
space of the initial states. In writing (B.6) we assumed that, once produced, the φ escapes
the SN, and thus we can take f̂φ ' 0 in the possible collision terms on the right and ignore
them. The number of φ produced is then given by

dNφ = f̂φ
d3p

(2π)3 ⇒ d2Nφ

dt dEφ
= ∂f̂φ

∂t
|~p |Eφ

dΩ
(2π)3 . (B.7)
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Photon coalescence. In the production of on-shell φ via annihilation of two photons,
γ(k1) + γ(k2) → φ(p), the two photon momenta need to satisfy (k1 + k2)2 = m2

φ. The
emissivity for the case when φ is a pseudoscalar, i.e., an ALP, is well known in the literature,
see for example ref. [34]. If φ is a scalar the amplitude squared changes to

|M|2 =
(

α

3
√

2π
cγ
fφ

)2

m4
φ

[(
1− 4ω2

P

m2
φ

)2

+ 6ω4
P

m4
φ

]
. (B.8)

The last term in the square brackets does not appear in the pseudoscalar case; the size
of it is, however, relevant only in proximity of the kinematical threshold, mφ = 2ωP , and
becomes quickly negligible for heavier mφ masses. Performing the integration over the
initial momenta in (B.6) gives

∂f̂φ
∂t

=
(

α

3
√

2π
cγ
fφ

)2
m4
φ

32πEφ

√√√√1− 4ω2
P

m2
φ

[(
1− 4ω2

P

m2
φ

)2
+ 6ω4

P

m4
φ

]
exp

(
−Eφ
T

)
, (B.9)

where we assumed that the initial photons follow the Maxwell-Boltzmann distribution, where,
from conservation of energy, the sum of the two photon energies satisfies E1 + E2 = Eφ.
The emissivity due to the photon coalescence is then given by

Qφ,γγ =
(

α

3
√

2π
cγ
fφ

)2 1
32π3

∫ ∞
mφ

dEφEφ|~p|m4
φ

×

√√√√1− 4ω2
P

m2
φ

[(
1− 4ω2

P

m2
φ

)2
+ 6ω4

P

m4
φ

]
exp

(
−Eφ
T

)
,

(B.10)

where |~p| =
√
E2
φ −m2

φ. The result for pseudoscalar φ is obtained by neglecting the second
term in the square bracket and by replacing cγ → 3/2 c′γ .

Neutrino coalescence. The amplitude squared for the φ production via scattering of
two neutrinos, ν(k1) + ν(k2)→ φ(p), is given by

|M̄|2 = c2
ν

2 (k1 · k2) =
c2
νm

2
φ

4 , (B.11)

where we used the momentum conservation and assumed massless neutrinos. The neutrinos
follow the Fermi-Dirac thermal distribution, f̂ν(E) = (exp[(E − µ)/T ] + 1), where µ is the
neutrino chemical potential.

The Boltzmann equation can be written as

∂f̂φ
∂t

= 1
2Eφ

∫ d3k1
2E1(2π)3

d3k2
2E2(2π)3 (2π)4δ(4) (p− k1 − k2)

c2
νm

2
φ

4 f̂ν(E1)f̂ν(E2)

=
c2
νm

2
φ

16Eφ(2π)2

∫ d3k1
E1

δ
(
(p− k1)2

)
f̂ν(E1)f̂ν(E2) ,

(B.12)

where in the second line we integrated over d4k2 using the on-shell condition. The delta
funtion can be written as

δ
(
(p− k1)2

)
= δ

(
m2
φ − 2p · k1

)
= 1

2|~p|E1
δ

(
cos θ −

(m2
φ − 2EφE1)
2|~p|E1

)
, (B.13)
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where θ is the angle between ~p and ~k1. Requiring that −1 < cos θ < 1 gives the integration
limits

E1,min =
Eφ −

√
E2
φ −m2

φ

2 , E1,max =
Eφ +

√
E2
φ −m2

φ

2 . (B.14)

Changing to spherical coordinates for the integration over d3k1 then gives,

∂f̂φ
∂t

=
c2
νm

2
φ

64πEφ

∫ E1,max

E1,min

dE1
|~p|

f̂ν(E1)f̂ν(Eφ − E1) . (B.15)

Using the above expression in φ production rate, eq. (B.7), and then in the general expression
for emissivity, eq. (4.2), gives the emissivity due to the neutrino coalescence,

Qφ,νν =
c2
νm

2
φ

16(2π)3

∫ ∞
mφ

dEφ
∫ E1,max

E1,min
dE1Eφf̂ν(E1)f̂ν(Eφ − E1) . (B.16)

C Rare decays of heavy (pseudo)scalars

In this appendix we provide further details on the derivation of the constraints on the ννγγ
effective interactions from S → γγ → νν decays that were given in section 5.4. Throughout,
we assume that we can use EFT to describe the neutrino-photon interactions, eq. (2.1).

C.1 Constraints from invisible decay widths

To construct the bound, one needs first to compute the discontinuity of the S → νν

amplitude. While many possible intermediate states can contribute to S → νν, only on-shell
intermediate states generate the absorptive part. The total amplitude can then be obtained
from a dispersion relation [101]. Selecting one intermediate state, γγ, one obtains a bound
on the parameters of the ννγγ interaction from the bounds on the invisible widths of the π
and B-mesons and the Higgs bosons (see also [76]).

To obtain the bound, one needs to parameterize the S → γγ decay amplitude, which
can be written as [102]

A(S → γγ) ≡ A+〈γ(q1, ε1)γ(q2, ε2)|FµνFµν |0〉+A−〈γ(q1, ε1)γ(q2, ε2)|F̃µνFµν |0〉 , (C.1)

where q1, q2 are the photon momenta and ε1, ε2 their polarizations. The matrix elements of
the operators FµνFµν and F̃µνFµν in eq. (C.1) are given by

〈γ(q1, ε1)γ(q2, ε2)|FµνFµν |0〉 = −4
(
q1 · q2g

αβ − qβ1 q
α
2
)
ε1αε2β ,

〈γ(q1, ε1)γ(q2, ε2)|F̃µνFµν |0〉 = 4εαβρσε1αε2βq1ρq2σ .
(C.2)

Note that the CP-even (CP-odd) matrix element is symmetric (anti-symmetric) in ε1 ↔ ε2
interchange.

The discontinuity of the S → γγ → νν amplitude reads

Disc A(S → γγ → νν) = i
m4
S

2π
[
A+

(
AR+

)∗
+A−

(
AR−

)∗]
, (C.3)
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where the contributions from the Rayleigh operators are encoded in (cf. eq. (2.5))

AR+ = 1
2

(
α

12π

)
ĈRe

1 , AR− = 1
2

(
α

8π

)
ĈRe

2 . (C.4)

Notice that while AR± are real since they arise from an effective Lagrangian, AS± are not
necessarily real, as they might receive contributions from other on-shell intermediate states.
In fact, please note that the discontinuity computed in eq. (C.3) assumes that the on-shell
transitions S → γγ and γγ → νν are dominated by local interactions, i.e. there are no
discontinuities generated by on-shell contributions in A(R)

± . This implies that one cannot
obtain a meaningful bound from the invisible decays of the D0, as D0 → γγ is dominated
by the non-local contributions [103].

Since |Im A(S → γγ → νν)| ≤ |A(S → γγ → νν)|, the decay rate calculated using
|Im A| is smaller or equal to the decay rate calculated using |A| which in turn is smaller
than |A(S → invisible)|. The rate calculated using |Disc A| is

ΓIm = |Im A|
2

16πmS
= m9

S

256π3
1
4

(
α

8π

)2 ∣∣∣∣23A+ĈRe∗
1 +A−ĈRe∗

2

∣∣∣∣2 ≤ Γ(S → inv). (C.5)

Note that summing over the neutrino spins gives a factor of m2
S in the rate. If only ĈRe

1 or
ĈRe

2 are nonzero, the above relation can be rewritten in the form of the bound in (5.12),
that was used to obtain bounds on Rayleigh operators from the bounds on invisible π0 and
Higgs decays.

For the B0 meson decays both A+ and A− are nonzero. At leading order in the 1/mb

expansion [102] they are given by

A+ = A− = GF√
2
α

3π
fB
2 V ∗tdVtbC7γ

mB0

λB
, (C.6)

where fB = 0.190GeV [104] is the B-meson decay constant, λB = 0.35GeV [102] is the
inverse of the first inverse moment of the B-meson light-cone distribution amplitude, while
C7γ = −0.38 [105] is the Wilson coefficient in the effective weak Hamiltonian. Higher order
corrections to the expansion are ∼ 10%, and we neglect them in the following. Using (C.5)
together with the total decay width, ΓB0 = 4.3× 10−13 GeV and Br(B0 → inv) ≤ 2.4 · 10−5

gives (5.14).

C.2 Recasting the monophoton search

In this subsection we give further details on recast in section 5.4 of the BaBar monophoton
search [79] in terms of a bound on the couplings of the φ mediator. The BaBar results in
ref. [79] are given in terms of bounds on the dark photon mixing parameter, ε, where the
differential cross section for e+e− → A′γ is given by

dσA′γ
dcosθ = 4πα2ε2

s2(s−m2
A′)

[
s2 +m4

A′

sin2 θ
− (s−m2

A′)2

2

]
1(

1+4m2
e cot2 θ /s

)2 1
(
√

1−4m2
e/s

+m2
e

16πα2ε2

s2(s−m2
A′)

s2 (s−2m2
A′−4m2

e

)
sin2 θ+(s−m2

A′)2(s−2m2
e) cos4 θ

sin2 θ
(
1+4m2

e cot2 θ /s
)2√1−4m2

e/s

, (C.7)
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where θ is the angle of photon momentum with respect to the electron axis. To avoid
forward scattering backgrounds BaBar limited the angular acceptance to | cos θ| < 0.6. In
this region one can safely neglect the electron mass, giving eq. (5.15) in the main text.
Note also, that for mA′ < 1GeV the cross section given above is for all practical purposes
independent of the dark photon mass.

The bound on the dark photon mixing parameter ε can then be recast as the bound on
the e+e− → γφ cross section, by equating the allowed e+e− → A′γ and e+e− → γφ cross
sections (after integration over cos θ ∈ [−0.6, 0.6]) and setting mA′ = mφ. The e+e− → γφ

cross section in (5.16) follows from the decay amplitude for e+e− → φγ, with momenta
p1, p2, p3, k, respectively

iM = (ie)
(
iαc′γ
8πfφ

)
(v̄1γµu2)

(−i
q2

)(
4εµβρηqρkη

)
ε∗β(k) , (C.8)

where q = p1 + p2 is the momentum exchange, and for simplicity we take φ to be a
pseudoscalar and set cγ = 0. Squaring and averaging over initial spins, and taking the
me → 0 limit gives

|M|2 = 4
(
eαc′γ
2πfφ

)2 (k · p1)(k · q)(p2 · q) + (k · p2)[(k · q)(q · p1)− q2(k · p1)]
q4 . (C.9)

Using q2 = s, p1 ·q = p2 ·q = s/2 and that in the center of mass frame k ·p1 = Eγ
√
s(1−cθ)/2,

k · p2 = Eγ
√
s(1 + cθ)/2 and k · q = Eγ

√
s, where Eγ is the photon energy, gives

|M|2 =
(
eαc′γ
2πfφ

)2

E2
γ(1 + cos2 θ) . (C.10)

In the center of mass frame 4E2
γ = s(1−m2

φ/s)2. We can also obtain a similar expression
for a scalar φ by replacing c′γ → 2cγ/3. There is no interference between the amplitudes for
FµνF

µν (scalar) and FµνF̃µν (pseudoscalar).
The differential cross section for the 2→ 2 process is then

dσφγ
d cos θ = α3

128π2

∣∣∣∣∣23 cγfφ
∣∣∣∣∣
2

+
∣∣∣∣∣ c′γfφ

∣∣∣∣∣
2
(1−

m2
φ

s

)3

(1 + cos2 θ)

= α3

256π2

∣∣∣∣∣23 cγfφ
∣∣∣∣∣
2

+
∣∣∣∣∣ c′γfφ

∣∣∣∣∣
2
(1−

m2
φ

s

)3

(3 + cos 2θ) ,

(C.11)

in agreement with (5.16).
In the EFT limit, mφ �

√
s, neutrino polarizability leads to a 2→ 3 scattering process,

e+e− → ννγ with momenta p1, p2, p3, p4, k, respectively. The amplitude is similar to
e+e− → φγ and given by

iM = (ie) (v̄1γµu2) (ū3PLv4)
(−i
q2

)
ε∗β(k)Tαβ± C± , (C.12)

where Tαβ+ = 4q · kgαβ − 4qβkα, Tαβ− = −4εαβρηqρkη, C+ = iĈ(7)
1 α/12π, C− = iĈ(7)

2 α/8π.
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The spin-averaged amplitude squared depends on the neutrinos only via the invariant
mass of the neutrino-antineutrino pair m2

νν = (q − k)2. The final state has the usual
three-body kinematics familiar from, e.g., muon decay. Using the kinematical relation after
eq. (C.9) the differential cross section is given by

dσ

d cos θ dEγ
=
(∣∣∣∣23 Ĉ1

∣∣∣∣2 +
∣∣∣Ĉ2

2

∣∣∣2)nν4π

(
α

8π

)3
E3
γ

(
1− 2Eγ√

s

)(
3 + cos 2θ

)
, (C.13)

where nν is the number of neutrino flavor. In our numerical analysis we take nν = 3.
Note that the photon energy is related to the invariant mass of the neutrino pair through
Eγ =

√
s/2−m2

νν/(2
√
s).
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