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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, A, since in this case the neutrino masses are generated through a
non-renormalizable dimension-5 Weinberg operator, £ D ygj (EfH tH TLj) /A. 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, £ O y;;(Zgr;HTL;). To be certain that
the neutrino masses imply the existence of a new physics scale, AL = 2 neutrinoless double
B 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)z x U(1)y,
that couple neutrinos to photons F),, are the dipole operators, which for Dirac neutrinos
are of dimension 6, (vr;o"” H TLj)BW /A%, and the dimension 8 Rayleigh operators such
as (VriHL;) B, B* /A* (similar operators can be written for the weak isospin fields Wi,
by direct substitutions of the weak hypercharge fields B,,). After the Higgs obtains
a vev, H = (0,v)/v/2, these operators lead to neutrino dipole moments, VRiOuw VL F*
and neutrino polarizability, ' VRivr; MY F,, respectively. The Dirac neutrino mass term,
my UL VR, 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, m,, 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 m,,
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, (EfH o H TLj)BW, while Rayleigh operators
are of dimension 9, (LSHTH'L;)B,,, B* (and similarly for W},). More importantly, these
operators violate the lepton number by AL = 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

In the manuscript we use interchangeably neutrino polarizability and neutrino Rayleigh operators.



the neutrinos (unlike in the case of Dirac neutrinos). Since U 0,1, = —DELJWV,- 1 is odd,
while vy vjr = v vir 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 AL = 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 AL = 2 current, ivfv,0,0/fy — —im,vivrd/ fo. Generically,
majoron also couples to photons through a higher dimension operator, ¢ F/A,. For the
minimal majoron, this operator is additionally suppressed by the majoron mass squared,
mi, while this suppression is absent in non-minimal models. At energies below m,, this then
leads to the neutrino polarizability of the form vvFF x (m,/fs) x 1/ (miAV). The small
majoron mass compensates for the m, 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 ¢ particles. At higher
energy scales, the Rayleigh operator can be probed with neutrino scatterings in terrestrial
experiments, including the production of ¢ 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)z. 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.



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 by? (see also appendix A),

c®
LErT D Z 1 U l/@O‘ PLV])F;W (2.1)
i>7
(7)
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with ellipses denoting higher dimension terms. The indices i,j = e, i, T represent the SM
neutrino flavors, while F),,, is the electromagnetic field strength tensor, with F/w = %GMW,UFPU
its dual. Here, and in the rest of the paper, the neutrinos, v;, are assumed to be Majorana
fermions. Throughout the manuscript, we also use the four-component notation with the
conventions from ref. [11], so that v = v°.

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, (v;0" Prvj) = —(vjo" Pry;). The dimension-7 Rayleigh operators, on

7
1 = Cigi

diagonal transitions. The definitions of the Wilson coefficients in (2.1) include the loop

the other hand, are symmetric in flavor indices, C and thus mediate also flavor
factor, anticipating that in many models the operators would be generated at one loop,
while A 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 A is absorbed in the definitions of

the Wilson coefficients that now become dimensionful,

57— () 3

Cl(2),ij = Cl(2),ij/A : (2.2)
Quite often we will also assume that the neutrino polarizability is flavor diagonal, so that
(no summation implied)

51 _ A
Cl(2),ij - C1(2),z‘5ija (2.3)
and similarly for dimensionless Wilson coefficients, CS%) e For flavor universal case we will
denote
A7) _ 50
Cl(Z),ij - C1(2)5ij' (2.4)

Finally, we also define

Rey = ZzRe[ il (2.5)

In the remainder of this section we dlscuss 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.



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 ,ule,ff < 2.8-10" 1 up [12], where
the u! 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 CEE’Z)] = 1, this translates to A > 106 GeV [10].
While the bound on A is impressive, it is useful to compare it with the typical sizes of

neutrino masses,

1
LD _i(my)ijDiPLVj + h.c.. (26)

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

Cf‘r’-). e vy v iy
Mg = =2 5 e T o810 pup—2
A (M/2.4 TeV)

472 1672 M3 (2.7)

where M is the typical mass of new physics particles in the loop, ; their couplings to
neutrinos, and we included two insertions of the Higgs electroweak vev, v = 246 GeV, 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

2
Yiy; v YilY;
~ BT 005 eV .
1672 M Y M/77 10 TeV)

my

(2.8)

In both (2.7) and (2.8) we assumed that the AL = 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)

eff
v

with the experimental bound, uf < 2.8 - 107!ty p [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 v{c"” Prv; is antisymmetric, while 7{v; is symmetric
under the exchange of flavor indices. An explicit realization are models with approximate
horizontal SU(2)y symmetry, in which (ve,v,) form a doublet of SU(2)g, while v, is a
singlet [8]. The SU(2)y allows a nonzero magnetic dipole term, ;0"* Prvj€", which is a
singlet under the horizontal symmetry. The neutrino mass terms vanish in the limit of
unbroken SU(2) g, v;vje” = 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)y, 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].



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 AL = 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
(6)
Cryj

F,
A2

Lepr =Y

,L'7j

Di’7M75VjayF,LWa (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 7'. This is immediately
apparent in the non-relativistic limit, where the interaction Hamiltonian is H, ~ & - J_.;m.
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

O Fuy = J™ = eQsfruf- (2.10)
f

Here, the sum runs over the SM fermions with charges @@y and mass smaller then the scale
u < 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

eQsCiy; z
Lerr =Y Tj viv s vy fyuf- (2.11)
i.5,f

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 (v;|J5™|v;) =



Fl’ij(q2)ﬁi’yuPLuj + ..., where we do not display the F, term, the neutrino charge is
F1(0) = 0, while its effective mean-square charge radius is

OF1ij(¢%)

(r?)ij = 6 BYe

. 2.12
e (2.12)
Evaluating the single photon exchange contribution to the scattering of charged SM fermions
on neutrinos, the ¢ factor in the FJ(0)g? term cancels the 1/¢? 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

o

Fij
A2J : (2.13)

2.3 Light scalar mediator model for enhanced neutrino polarizability

(r?)ij = 6

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

(7) 9

1(2),ij v my

A3 ~ yiyjﬁ ~ W’

(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 A can be significantly lower [18].
A simple example is a model with a light scalar mediator, ¢, that couples to neutrinos, and,
through dimension 5 operators, also to photons,

/

Lo o -2 Gpp v~ X p v L 5Py 64 b, (2.15)
127 f, 8w fp 27 !

Here, c,, c’v and ¢ are dimensionless couplings, while fs is the UV scale (for a pNGB ¢ the
[ is related to the scale of spontaneous symmetry breaking, see section 6). In general UV
models we expect, ¢, ~ O(1) and ¢, & m,, the latter suppressed either by f; or some
other dimensionful scale.

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

(7) (7)
€L =cic ! Coss =cid ! : (2.16)
A3 v 'yméfqg’ A3 YT mE fy

For light mediator the effective scale A is thus parametrically smaller then the UV scale fy.
For instance, taking ¢/ = 1072 and setting the other dimensionless couplings to 1, we have
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Figure 2. The tree-level ¢ exchange that leads to neutrino polarizability once ¢ is integrated out.

Process Cg) /A3 (GeV—3) EFT thr. (GeV) Section
BBN — ~ 1073 3.2
v decay 1.2 x 10! ~ 10710 3.3
v self-interaction — ~ 1076 3.1
HB star 1.9 x 106 ~107° 4.1
SN1987a — ~ 1071 4.2
Borexino 1.5 x 103 ~107% 5.1
Xenon-nT 0.5 x 103 ~ 1074 5.2
MiniBoone 4x1073 ~1 5.3
BaBar 0.2 ~ 10 5.4
70 = 4y = vy 4.7 x 103 ~ 0.1 5.4
BY = vy = vv 3.7 x 10* ~5 5.4
h — vy — vv 1.2 ~ 102 5.4

Table 1. Summary of bounds (2nd column) on the neutrino polarizability Wilson coefficient
(357) /A3, 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 — vy — vv decay
(last row) the bound is on C{™ /A3,

A = {1GeV,10MeV,100keV} for my = {1 MeV,1keV,1eV} and f, = 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,
mg = 1eV, 1keV, 1MeV, 1GeV. For easier comparison with the literature, we take in the
numerical analysis the couplings to neutrinos to be flavor universal,

i

Cl,j = icydij, (2'17)

set ¢y, = 0, and keep ci/ # 0. For such purely pseudoscalar ¢, we adopt the commonly used



notation
/
« C’Y

= —-—". 2.1

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

a\? m‘z 4 ,
L(p—9v) = <87r> Ffﬁ [9(07)2 + (07)2] : (2.19)
T(¢ — vv) = ;%Z S (2.20)
i

Numerically, the ratio of ¢ — vy and ¢ — vv branching fractions is given by

B(¢ =) _ 19 My 2 (Tev 2 (267/3)2+C/2
m-ﬁ.?xlo X(MeV) <f¢> ( P v, (2.21)

For comparable values of ¢, and c¢,, with f4 in the TeV regime therefore ¢ predominantly
decays to neutrinos. This is, for instance, a typical situation for the enhanced neutrino
polarizability model in section 6.4, in which ¢, ~m, /f; with fj < fe. For the modified
majoron model in section 6.3, on the other hand, ¢, ~ m,/fs so that ¢, ~ 10713 for
fe ~ 1TeV, and thus the decays to photons dominate. In the phenomenological analysis in
sections 3 to 5.4 we treat 0'7 and ¢, as free parameters (assuming flavor universal neutrino
couplings), and set ¢, = 0 (except for bounds from Higgs decays, see below). For the
parameters used in the numerical analysis, egs. (2.17), (2.18), the ratio of branching fractions
is given by

B(¢ = vv) _ me 2 9 2 (107 2
Blo—wm) X (viev) (o) (o) (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 ¢ are pair
annihilation of neutrinos (vv — ¢¢), neutrino coalescence (vv — ¢), Primakoff conversion
(v — ¢) and photon coalescence (yy — ¢). The pair annihilation processes are dominant at
early times when the number densities are large, whereas coalescence processes are dominant
at temperature T" ~ mg.
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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, mg = 1€V, 1keV, 1 MeV, 1 GeV, 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(¢ — vy) = 1% (B(¢ — vv) = 1%).
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Process mg =eV me = keV Section

BBN c, <4x107° c, <4.4%x1076 3.2
v self-interaction ¢, <28x1077 ¢, <2.8x1074 3.1
HB star 9oy € [3.5x 10731071 g4, € [3.3x 107,107 1] 4.1
SN1087a gy € [1072,5 x 1079] Jpy € [1072,5 x 107°] Lo

cy € [1073,1] cy € 10751077
Borexino Cuvgpy < 5.3 X 10-8 CuGpy < 9.3 X 1078 5.1
Xenon-nT Cvgsy < 2.5 x 1078 Cugsy < 2.5 x 1078 5.2
MiniBoone Cufpy < 4 x 1076 Cugpy <4 x 1076 5.3
M/t rare dec. ¢, <4x1073 ¢, <4x1073 5.4
0v2p ¢, <8x1076 c, <8x1076 5.4
Beam dump — 9oy < 1072 5.4
ete” — 3y — — 5.4
70— vy = v Cugpy < 2 X 1072 Cugpy < 2 X 1072 5.4
BY = vy = wv Cugpy < 180 Cugey < 180 5.4
BaBar goy < 1.5x 1074 Goy < 1.5x 1074 5.4
h—~y —=vv oy < 2.4 Cugpy < 2.4 5.4

Table 2. The bounds on flavor universal pseudoscalar mediator couplings to neutrinos, ¢,, eq. (2.17),
and photons, g4 (in GeV™!), eq. (2.18), or the product of the two, for various processes (1st column),
for two mass benchmarks, mg = 1€V, 1keV (2nd and 3rd columns). Further details are given in
sections listed in the last column. The BBN bounds also require I'¢_,,, << I'¢—,,, while the quoted
SN bounds refer to the regions where one of the coupling dominates, either ¢, > g¢y or goy > ¢,
(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 ¢ to photons and neutrinos can change the number of relativistic degrees of
freedom in the Universe, Neg. If the decay happens before photon-neutrino decoupling,
T ~ 1 MeV, the ¢ energy and entropy are quickly distributed between the different species
present in the thermal bath; the standard cosmology scenario is thus preserved. However, if
¢ decays after decoupling, there is no energy and entropy exchange between neutrinos and
photons. As a consequence, the value of Nog during recombination can be different from
the ACDM prediction, N3 = 3.044 [23]. The effect can be two-fold: the ¢ — vv decays
will increase Neg, whereas the ¢ — vy decays will decrease it. This happens because, as ¢
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 Neg = 2.99f8:§§ at 95% C.L. [24]. If ¢ decays only to neutrinos,

one finds Neg = 3.57 using conservation of entropy [25], while in the opposite regime, ¢

~10 -



Process mg = MeV my = GeV Section

BBN c, <5x107Y — 3.2
v self-interaction ¢, <2.8x 1071 ¢, < 2.8 x 102 3.1
HB star — — 4.1
SNigsza 9 €075 X107 - 4.2

c, € [1072,1077] —
Borexino Cugpy < 2.5 % 10=6 sy < 1.8 5.1
Xenon-nT gy < 9.2 x 1077 Cvggy < 0.6 5.2
MiniBoone sy <4x107% g4, <1.2x107° 53
M/t rare dec. ¢, <4x1073 ¢, < 0.3 5.4
0v23 ¢, <2x107° — 5.4
Beam dump oy < 107° — 5.4
ete™ — 3y — Gpy < 1072 5.4
70 = vy = vw Codpy < 2 X 1072 cvgpy < 0.9 5.4
B — vy — vv Cugpy < 180 Cugpy < 180 5.4
BaBar Joy < 1.5 x 1074 Joy < 1.5 x 1074 5.4
h—~yy—=vv 9oy < 2.4 oy < 2.4 5.4

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

decaying only to photons, one finds Neg = 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 ¢ decays close to or after recombination, zye. ~ 1089,
the standard assumptions of cosmology no longer hold. Lastly, additional complications
may occur when photons keep ¢ in equilibrium, but ¢ predominantly decays to neutrinos.
In these cases, the Planck bounds on Neg 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 Neg bounds when ¢ predominantly decays to
neutrinos or when ¢ only decays to photons much before recombination.

Another effect that can change Neg is the re-thermalization of ¢. A light ¢, mg < MeV,
can thermalize again with photons (neutrinos) due to the inverse decay process, vy — ¢
(vv — ¢). If this rethermalization occurs at T' 2 mg, the abundance of ¢ will increase to its
thermal equilibrium value. However, as the Universe cools down, ¢ becomes non-relativistic
at T'~ mg/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 ¢
as well.

In figure 4 (left), we show the constraints on ¢ coupling to photons (setting ¢, = 0)
as a function of ¢ 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 my < 1keV: for these
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Figure 4. Left: Constraints on gg, from Planck bounds on Neg (blue), setting ¢, = 0. Right:
Constraints on ¢, from BBN (red), vSI (green) and ¢ <> vv (brownish green) from Planck data,
setting g4y = 0. Dotted lines correspond to constant values of ¢, (left) and gy, (right) for which
I(¢ = 7)) =T(¢ = vv).

masses ¢ 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,
¢ 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 ¢, for which
B(¢ — ~v7v) = B(¢ — vv). The couplings to neutrinos need to be below these values for the
Neg bounds to apply unchanged.

We next discuss the CMB bounds on ¢ couplings to neutrinos. The v — ¢ coupling
suppresses the neutrino anisotropic stress energy tensor, which leads to distortions in the
CMB power spectrum. In the ACDM model, neutrinos are free-streaming particles and
this description agrees very well with the Planck measurements. The new coupling with
¢ induces neutrino self-scattering (vSS), vv — vv. 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 ~ 100eV, which defines two different m, regimes.

For mg > 100eV, the flavor universal vSS mediated by ¢ is effectively described by a
dimension 6 scalar operator

1¢2 _ B N
Lyss D Zm—i(yiPLVi)(l/jPLyj) =G,(vv)(vv), (3.1)
where we already assumed that the process is flavor-universal. Fits to cosmological data
find that log,o(G, x MeV?) < —3.57 at 95% C.L. or log;o(G, x MeV?) = —1.711 4 0.099 at
68% C.L. [26]. Stronger neutrino self-interactions are ruled out by terrestrial experiments:
from meson decays, T decays, and double beta decays [22]. We show these bounds in the
right panel of figure 4.

In the opposite regime, my, < 100eV, ¢ is a relativistic degree of freedom at the
CMB formation temperature and one needs to include v — ¢ interactions in the Boltzmann
equation. Ref. [27] computed such constraints on light ¢ 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, ¢,, and
photons, ge-, for three mass benchmarks, mgy = 1€V, keV, MeV, as denoted (for the considered
parameter ranges there are no cosmological bounds on mg = 1GeV). The red, blue and green
regions are excluded from BBN (from v — ¢ coupling), from Plank measurement of Neg, and by CMB
bounds, respectively. The brown bands, labeled vv — vv, are excluded by neutrino self-scattering
bounds, derived in the EFT regime, my > 100€V, see the text for details. The dotted lines show
iso-countours of ¢ lifetimes, while the hatched transition region is defined as in figure 3.
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parts of the parameter space in which ¢ and ~ decouple around the time of recombination
and the standard assumptions of cosmology may not hold.

Finally, we comment on the effect of the vvyy interaction due to Rayleigh operators,
i.e., for my 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 ~ 100eV. 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

M\ 2
a C
Tyy ~ (27?1@) 77 (3.2)

At the decoupling temperature T}, the scattering rate should satisfy the condition

2
L)y &
<] — (i‘rCQ> TP Mpy < 1

- (3.3)

where H is the Hubble rate at decoupling. Setting 73, = 100 eV leads to the following
bound on the neutrino polarizability operator

A3/cS7 > (0.2MeV)3, (3.4)

or in terms of the ¢ mediator model,

4
keV
2 (ggy X GeV)? (;;ﬁ) <1077, (3.5)

The bound in (3.4) is model independent as long as the mediators generating the Rayleigh
operator are heavier than about 100eV. 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 mg > 100 €V 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 ¢ 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, g4, = 0. In the opposite regime, ¢, = 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 ¢ — v coupling, in the limit of no couplings to photons, is shown
in red color in figure 5, indicated as “BBNv”, and is obtained as follows. The abundance of
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¢ during BBN can increase Neg, which in turn modifies the expansion rate of the Universe
and thus the abundance of heavy elements. The two processes that can keep ¢ in thermal
equilibrium are the neutrino pair annihilation (vv — ¢¢) and the neutrino coalescence
(vv — ¢). For very light ¢, my < 1 MeV, the pair annihilation process dominates and
keeps ¢ in thermal equilibrium during BBN, whereas for my < 1 MeV, the inverse decay
dominates. The BBN bounds on ¢ — v coupling can be written as [27]

1
¢y < , (3.6)

-1
(5% 10-9MY) 4 (4 x 10-5) !

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 ¢ is not in thermal equilibrium at
the photon-neutrino decoupling temperature, Tp ~ 1 MeV, as this would otherwise result
in AN.g ~ 0.5 at the time of BBN. We then require

r T T
Loososn) <y i< TD 105 g, < 1MeV, (3.7)
H(TD) pl
while for my <1 MeV,
2.2
M,
Lovso(Tp) | oM S1 = amy $1071° MeV. (3.8)

H(Tp) Th

In the opposite limit (¢, = 0), where ¢ 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, v; — v, where m,, > m,,;. The sum of the neutrinos masses is
bounded from CMB Planck data to be >, m,, < 0.12eV (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, m,, = 0, and that
the mediator is heavy, mg > m,,, which is true for all the mass benchmarks considered.
For our purposes it suffices to estimate the decay width using naive dimensional analysis,

)
1 ([ g4yc7 m?
Fui%l’j’w ~ g < 4W7TI/ ) mié? (39)

which corresponds to a lifetime

2
1 me \* /0.1 eV\”
Ty, ~ 8 x 10 (CV (G- GeV)) oV - years (3.10)
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If the neutrino lifetime becomes comparable or smaller than the age of the Universe,
to ~ 1.4 x 10'° years, the emitted photon would affect the observed CMB spectrum. We
then require

- 2 /01 7/2
U ggy < 8 x 10° x (12{‘}) (()me\/) Gev!. (3.11)

Numerically, taking m, = 0.1eV, and my = 1eV, this gives cfjjgm < 8x 1073 GeV™L, while
for mg = 1 GeV, the constraint is ¢/ g,, < 8 x 101° GeV 1.

Note that the decay of ¢ after recombination can possibly be constrained from Lyman-«
or structure formation probes. These probe would constrain the parameter space associated
with mg < 1keV. 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-« 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 ¢ that couples to photons and neutrinos, eq. (2.15), with the results summarized in
figure 6. The stellar cooling rates are controlled by the ¢ 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 ¢ production mechanisms are the Primakoff conversion, v — ¢, the
photon coalescence, vy — ¢, and for SN also the neutrino coalescence, vv — ¢. The rates
for these processes are given in appendix B.

The inverse reactions constitute the main decay channels: the decays to two neutrinos,
¢ — vv, eq. (2.19), the decays to two photons, ¢ — 77, eq. (2.19), and the inverse Primakoff
process, ¢ — 7, eq. (B.5). The ¢ decays to photons, as well as the Primakoff process, reduce
the stellar cooling rates, since they reduce the number of ¢ particles that escape the interior
of the star. The same is true for ¢ — vv 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 ¢ — vv decays, since the neutrinos escape
from these types of stars in the same way as the undecayed ¢ 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, ¢, and photons, g4~, for
three mass benchmarks, my = 1eV, keV, MeV, while there are no bounds for my = 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 ~
ray spectrum of past SN. In the hatched regions the ¢ 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

dmam,
Er ’

wh = (4.1)
where n. is the electron number density in the core and Er the Fermi energy of the electron
gas. For rough numerical estimates we can use the non-relativistic Fermi gas expression for
the plasma frequency wp ~ 28.7¢V[p/(g/cm?)] 2

The ¢ emissivity, i.e., the energy emitted in the production of the final state ¢ per unit
volume and time, is given by

d3p o0 d2N¢
= —= 150 Es f(Ey) = dEyE . 4.2

Here, p is the ¢ momentum, I';_,4 the ¢ production rate from initial state I, with g;
number of degrees of freedom (the number of polarization states) of the state I, and
f(Ey) the thermal distribution of particles ¢ in the stellar core. The number of emitted
¢ particles per unit of energy and time, d2N¢ /dEgdt is a sum of different ¢ 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 R.. The total luminosity is then given by

3
Ly=V, [gz/(;lﬁ,)FHqua‘)f(Eqs)S(Rc) ; (4.3)

where V. = 47 R2 /3 is the volume of the stellar core, and we used eq. (4.2) for the emissivity.
The factor S(R.) takes into account the suppression of the ¢ luminosity due to decays of ¢
into photons. Namely, if ¢ decays via ¢ — ~ while still inside the stellar core, then its
energy is reabsorbed by the plasma. If ¢ decays instead via the ¢ — vv channel, its energy
is still carried away by the two neutrinos, thus contributing to the exotic cooling of the star.
The suppression factor S(R,) is then given by

S(Re) =1—exp (T R.) +exp (—TiotRe) (4.4)
where
1 F¢>~>1/V 1 Fd)ﬁ'y'y + F¢~>1/V
FV - - 5 _- — + F 5 45
6(1) Yo tot IB¢> 6 =y (4.5)

with 74 = Es/mg the Lorentz factor, and S, the velocity of ¢. In writing (4.4) we
approximated the suppression factor for ¢ originating from any given point inside the star
to be the same as when traversing distance R., i.e., the typical linear dimension. Beside
total luminosity, Ly, the quantity often considered in the literature is the luminosity per
unit mass, €, = Ly /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 |e,| ~ 100 erg g~ s71,

with a ~ 10% uncertainty. Requiring that the extra cooling due to emission of ¢ is smaller
than the experimental error on the measurement gives [31]

legl <10 erg gt s7t. (4.6)

The excluded regions in the ¢, — g4 plane are shown in figure 6 as blue bands for two mass
benchmarks, my = 1eV, 1keV, while for my = 1 MeV, 1 GeV benchmarks ¢ 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 Ty ~ 103K ~ 8.6keV, pup ~ 104g / cm? and Rpp ~ 0.03Rg for temperature, density
and helium-burning core radius respectively, where R = 6.96 x 10° km is the radius of the
Sun. The associated plasma frequency is wpgp ~ 3keV.

The lower boundary of excluded g4, values in figure 6, g4, ~ 10~ GeV™!, indicates
the value at which ¢ starts to be produced efficiently in the star, thus exceeding the bound
on exotic cooling, eq. (4.6). The upper boundary of g4, exclusion, on the other hand,
indicates the onset of parameter region for which ¢ is trapped: the coupling to photon is
strong enough that ¢ 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 ¢ 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 ¢ is too heavy to be produced on-shell, the cooling mechanism
is due to a Primakoff conversion v*v; — vv, where v* is the plasmon and the transition
is induced by the longitudinal plasmon of the external electric field of the plasma, ~;. 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 T'yey, p ~ wiip/A®. 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

A3 > (8 MeV)®. (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 p, ~ 200 MeV. The decays of a propagating ¢ 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 ¢ = 1 s after the start of the explosion.
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The production of ¢ is r dependent, since the production rates depend on T'(r), wp(r), . ..
After the production, ¢ propagates inside the core and contributes to the SN cooling, if it
escapes the neutrino-sphere of radius R, ~ 23 km, i.e., the region where neutrino production
rate is higher than the absorption. In the opposite case, the energy taken by the ¢ is
re-deposited into neutrinos. The probability that ¢ reaches a distance R, is controlled by

the optical depth [34],
Ry
To (7“, E¢, Rl,) = Ftot (f)d’F 5 (4.8)

r
with Tyt 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 ¢v — ¢v scatterings, which can
become important for large enough values of ¢, 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

Ry d3
Lo=dr | = drr? (91 / ﬁFH¢E¢f(E¢) exp [—74 (r, By, Ryn) S (49)
The bounds on neutrino and photon couplings can be obtained by imposing that L4 does
not exceed the measured neutrino luminosity,

Ly S Ly ~3x10% erg s, (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 mg ~ 100 MeV.
In the parameter range we are interested in, the bound is affected both by ¢ couplings
to photon and neutrinos. The excluded region in figure 6 is a horizontal band when ¢,
dominates, and is a vertical band when g4, is more important. The change from one regime
to the other can be roughly understood through eq. (2.21). The regions of ¢, values for
which ¢v — ¢v scatterings become important and lead to a mean free path for ¢ that is
comparable to the typical SN radius [36], are denoted with a hatching in figure 6. For
such large ¢, values our estimates of SN cooling rates would need to be modified (given
that such ¢, are excluded by other probes we do not attempt this). The cross hatching in
figure 6 denotes the ¢, 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 ¢ heavier than mg 2 100 MeV the ¢ 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 ¢ can still enhance the
cooling rates via the production of neutrinos through the Primakoff transition, v*vy; — vv.
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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 mg = 1 MeV benchmark,
the strongest SN constraint, however, is due to the absence of observed ~ rays during the
SN1987a explosion [39], resulting in g4, < 10~ GeV~! for ¢ 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 ¢ — vv 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
ray bound extends up to ¢ masses of ~ 100 — 200 MeV. In the trapping regime, there is
an additional constraints from ¢ decaying to photons inside the proto-neutron star and
contributing to the diffuse v ray background from the past SN. This gives an upper bound
9oy S5 X 107° GeV~! for ¢ masses in the ~ 1 — 100 MeV 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 A,y ~ (n,0,,)" !, where 0, is the cross section for vy — vy scattering,
mediated by the s— and u-channel tree level ¢ exchange. Taking the neutrinos to have fixed
energy E, ~ 30MeV, and the CMB photon the typical energy E, ~ Tomp ~ 2 x 10712 GeV,
with the number density n, ~ 2.2 x 108 m~3, we find

m 4 1 2
Ay ~ 1.2 x 103 ( ¢ ) . 4.11
7 . GeV v (ggy % GeV) o (4-11)

The condition that the scattering length ., is less than the distance of SN1987a from
Earth, dsy ~ 2 x 102! m, is achieved for

2
¢y (goy % GeV) > 2.5 x 1073 ("{f) . (4.12)
e
This can exclude part of the parameter space we are intersted in for the mass benchmark
mg = 1eV. The bound is shown as a red region in figure 6. For mg > O(eV) only relatively
large values of c¢,, g4, 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 v X — v X scattering, where
X = e, N is either an electron or a nucleon, and at tree level v X — v X+, 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 IT eTe™ — 3~ (light red) and beam dump (light red) searches, for the four mass
benchmarks mg = 1€V, 1keV, 1 MeV, 1 GeV. The dotted lines are iso-contours of ¢ 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, mg = 1eV, 1keV, 1 MeV, 1 GeV.

5.1 Bounds from Borexino

Borexino measured the scattering of solar neutrinos on electrons [12], where the detector
response does not distinguish between ve — re and ve — vey scattering events, and

- 29 —



thus the two need to be added when comparing with the measured rates. We calculate

the tree-level ve — vevy scattering numerically by implementing the Rayleigh operator in

MadGraph [45]. For the much smaller 1-loop induced ve — ve scattering we use the NDA

estimate, o; ~ (|CA§7Z)|2 + 3|CA§?\2/2)a452/(487T4), where s = m2 + 2m.FE,, 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

~ ~ Eu,max A A A A
R C) = TN [ 4B, 61(B) [P v, (B G C0) + Pl (B, C0CED)]
Eu,min

with T = lday = 8.64 - 10*s the exposure time and N, = 3.307 - 103! the number of
target electrons in 100 tons of detector mass, while ¢ = e, are the incoming neutrino
flavors. The label 7 in (5.1) denotes the main components of the solar neutrino flux on
Earth, ¢;(E,), ref. [46]; due to proton-proton fusion (i = pp), Berillium 7 electron capture
(i = "Be), and proton electron capture (i = pep). The v, from pp have a continuous
energy spectrum with the maximal energy F, max = 0.423 MeV, while "Be and pep neutrinos
are monochromatic, with energies Erg, = 0.863 MeV and Epe, = 1.445 MeV, respectively.
The minimal incoming neutrino energy that can still produce the threshold ~ 50keV
recoil in Borexino is E, ymin = 0.139 MeV. The v, neutrinos produced in the Sun undergo
flavor oscillations while propagating to Earth. The v, survival probabilities are Pf =
{0.554,0.536,0.529 } for i = {pp,” Be, pep}, once matter effects are taken into account [47],
while P! = (1 — Pf)/2, assuming maximal 023 for simplicity.
The bounds on C}? are obtained using the following chi-squared function
2
9 A [Rmeas,i - Rz(éi,?a Aé?f))(l + O‘Z)} a; 2
(@60 = HESE

7

(5.2)

2
o; Ou;

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; £ 05 = {134 £
10,48.3 +1.1,2.43 + 0.36}, i = {pp,” Be, pep}, to be compared with the SM rates R;(0) =
{131.4,48.1,2.8}, where the theoretical errors on the predictions are accounted for by
marginalizing over the parameters o, with oo, = {1.1%, 5.8%, 1.5%} [47]. The resulting lo
allowed ranges on Rayleigh operators are

2 A ~
‘3cfg+ S| < {15, 5.7, 1.5} x 10° GeV ™3, for (= {e,puniv.},  (5.3)

assuming photon couplings to either only v, or v, 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, mg) < |¢?%|, where |g| ~ 100keV, the EFT framework no longer applies, and we
include the full ¢ propagator in the MadGraph calculation of the cross sections. Comparison
with the measurements then gives for light ¢

cvgsy < {0.55, 1.91, 0.53} x 1077 GeV™!, for (= {e,p,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 ve — ve scattering rates
from solar neutrinos, similar to the Borexino bounds discussed in the previous section, but
with a lower recoil energy threshold of ~ 2keV, which translates to a lower required minimal
energy of the incoming neutrinos, E, min =~ 16keV, 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 Ry = (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

2
‘36@ +C57)| < {06, 2.0, 0.5} x 10° GeV 2, (5.5)

for mg > ¢, and
Cgsy < {2.6, 8.9, 2.5} x 107 GeV !, (5.6)

for my < ¢>. 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 ve — ve scattering as the signal. Dark
matter detectors have in principle the possibility to probe also the subleading ve — vey
process, by searching for an extra photon. It would be interesting to explore if this signature
can give enhanced sensitivity to neutrino polarizability.
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5.3 Bounds from MiniBoone

MiniBoone is an electron neutrino appearance experiment in which v, are detected through
quasi-elastic charged current interaction, with a typical momentum exchange ¢ ~ —2 GeV2.
99.4% of the initial neutrino flux is made of v, + v, 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, CHs, which acts as both a target and a scintillator.

The signal of neutrino polarizability interactions is the Rayleigh operator induced
VA — v X 4 + v scattering, where A is the initial nucleus and X 4 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, v,A — eX 4. 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, vp — vp + v, which constitutes a subdominant
component of the signal.

The photon spectrum is given by
d’o

dE,dE,’ (5.7)

gy = Np/ dE,€(Ey)prot(Ey)
where N, = 2.8 x 1032 is the total number of target protons in the detector, e(E,) is
the acceptance as function of the photon energy and ¢iot(F,) is the total neutrino flux
at the detector. The integration is performed over the initial neutrino energies interval,
E, € (0.05,7) GeV, with ~ 98% of the flux below E, < 2GeV. The differential cross section
d*c/ dE.dE, 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

NP (NN 4 NNP))
x2<X>:Z( ( o ) , (5.8)

i i

where the sum is over photon energy bins, with NMB the number of measured events
in bin i, N%QB the expected number of SM background events, and o; the experimental
uncertainty [60, 61]. The maximal allowed number of NP events, NiNP, places the bounds

on the Rayleigh operator Wilson coefficients.

267 +E7 S 4% 107% Gev T, (5.9)

— 95—



A =63 GeV

5001 ' ' ' 1
i

400F
& 300F * MiniBoone
=
[}
> —
& 200- Background

— Rayleigh x 10
100F
0 1 1 1 1 1
0.2 0.4 0.6 0.8 1.0 1.2
E, (GeV)

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 A = 6.3 GeV (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 ~ 500 MeV.

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

vy S1.2x107°, my =1 GeV; oy SAx 1070 my=1MeV,keV,eV. (5.10)

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

While an enhanced vA — v X 4 + v 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 vA — NX 4 + 7 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 ¢ mediator on-shell.

Rare meson and tau decays. Couplings of ¢ to neutrinos generate the three body
M — lv¢ decays of mesons M = K, D, B, ..., via the emission of ¢ from the neutrino
leg. The decay is kinematically allowed for mgy < mp; — my. For my = 1eV,1keV, 1 MeV
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benchmarks the most stringent constraint of this type comes from bounds on K+ — etv ¢
decays, giving ¢, < 4 x 1073, while for m, = 1GeV the most stringent bound is from

~

T — Lvv¢ decays, leading to ¢, < 0.3, see ref. [22] and references within. These constraints

~

are shown as dark gray shaded excluded regions in figure 7.

Neutrinoless double 8 decay. The neutrinoless double § decay (0v2f3) experiments
can be used to also search for 0v25¢ transitions, where ¢ is emitted from one of the neutrino
lines. Present experimental bounds translate to a constraint ¢, < 107 [69] for mg < 2 MeV,
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 ¢ has an additional invisible decay channel
¢ — vv, which dilutes the v~ signal, if the decays to neutrinos dominate. Rescaling the
bounds on ALP couplings to photons, g4, (mg), from ref. [70] with the diphotonic branching
ratio Br(¢ — v7v), eq. (2.21), gives the bound

9o (mg) < gg5-(mg) /\/Br(¢ — 7). (5.11)

where gg'd'(m¢) is the bound quoted in [70]. The constraint in (5.11) is shown in figure 7

as the d;rk red excluded regions. The exception to rescaling rule in (5.11) is the newer
NAG64 analysis [71] that included both recoils due to invisible ¢ escaping the detector as
well as the ¢ — v events. Assuming ¢ only has photon couplings the NA64 analysis is
less sensitive than the other beam dump experiments for the four ¢ 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
Z* 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 my 2 10 GeV, thus we do not show it in figure 7.

Search for ete™ — 3v. Belle II collaboration performed a search for ALPs decaying to
two photons, eTe™ — v(¢ — ) [74], and set stringent bounds on g4, in the mass range
0.2 S my $9.5GeV, assuming Br(¢ — vy) = 100%. At the mass benchmark mgy = 1 GeV,
the coupling to photons is constrained to be g4y S 102 GeV~! for values ¢, small enough
that Br(¢ — vv) < Br(¢ — 7v), while for larger ¢, we rescale the Belle IT 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 mg = 1 GeV mass benchmark follows from searches for
anomalous 27y and 37 signal at LEP [75].

Invisible decays of spin-0 particles. The vvv+y interaction would induce S — vy — vv
decays, i.e., the S — v transition leads at one loop to S — vv decays, where for the initial
spin-0 particle we consider S = 7°, B and the Higgs boson, h, and assume that the EFT
limit for vvyy interaction applies. The SM rates to S — vv are negligible [76]. If just one
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combination of Rayleigh Wilson coefficients, CR® or CE® in eq. (2.5), contributes, then (cf.
appendix C)
1287° 1 [Br(S — inv.)

CRe| < k; _ 5.12
Ca] < ka a md\ Br(S—vy)’ (5.12)

where k; = 3/2 and ko = 1. This is the case for 7V and h, leading to
70 |CRel <4.7-10% GeV 73, he o |CRel <1.2 GeV 3, (5.13)

from experimental bounds Br(7" — inv) < 4.4 - 1079 Br(h — inv) < 0.19 [77], along with
Br(7® — ) ~ 0.99 and the SM prediction Brgy(h — vy) = 2.3 - 1073 [78], using the fact
that the Higgs properties are consistent with the SM. From Br(B% — inv) < 2.4-107° [77]
we obtain, on the other hand,

B : |2CF° 4 CR°| < 3.7-10* GeV 73, (5.14)

assuming B% — ~v is as predicted in the SM, see appendix C for details. The constraint
in (5.14) may therefore change, if new physics affects B — vy decays. Note that at
present the above bounds are quite weak, and the use of EFT may be questioned. For
light mediator ¢, with mg # mg, the above results still apply, but with replacement
C?(%) — 237;;Re c,i]'cg)[ﬁﬁ(m?g — mé)]*1 (the case mg ~ mgy is more involved, and we do
not attempt it here).

Monophoton searches. Neutrino polarizability leads to a monophoton signature in
ete™ collisions. This is either due to eTe™ — 4* — v vv scattering, generated by Rayleigh
operators in the EFT limit, or by an on-shell production of the light ¢ mediator, eTe™ —
v* — v ¢, where ¢ then decays to two neutrinos or escapes the detector.

We recast the BaBar monophoton search [79] for the case of light mediator ¢. The
results in [79] were interpreted in terms of the bounds on dark photon A’ mixing parameter,
e. In appendix C.2 we give the ete™ — A’y differential cross section, do 4r/d cos 6, where
0 is the emerging angle of the photon. The BaBar analysis restricted it to | cos @] < 0.6. For
this range we can take the limit m./y/s — 0 without encountering a singularity at sin 6 = 0.
We find

do ar- dra’e?

dcost  s2(s—m?,)

(5.15)

s tmly  (s—mb)?
sin2 2 ]
This result agrees with [80, 81] and the in the limit m 4 — 0, with the known ete™ — vy
expression.
For each benchmark value of mg4 we compare the above cross section, integrated over
cosf € [—0.6,0.6] and take mas = my, with the ete™ — ¢ cross section,

5 2 m2 3
s =g (37 () (%) oo e

dcos® 25672 gf?)
integrated over the same range cos 6 € [—0.6,0.6]. Our expression is twice as large compared

2 /

Sy

%

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.
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Using the bound € < 9.5 x 10~* from [79] valid for all four benchmark masses gives

/
Sy

fe

2
) B(¢ — vv) <0.012 GeV 2, (5.17)

with branching ratio to neutrinos given by eqgs. (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, eTe™ — yvv, 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 €2 as a function of m . We convert the best fit
€2 values using eq. (5.15) (integrated over the angular acceptance) to the best fit values of
the allowed eTe™ — yA’ cross section, o;, where i runs over all the m 4 bins (and the same
for the 1o errors on €2 that get translated to 1o errors on the cross sections, do;). From
this we can construct a x? function

;— [; dmy,, do(yvv) /dmy, \°
Xz(cy)):z(fh Jid ;Ui(’Y )/d ) 7 (5.18)

i

where [, dm,, do(yvv)/dm,, gives the rate in i-th my = m,, bin from neutrino polariz-
ability induced ete™ — v scattering, and depends on (?57), see details in appendix C.2.

Requiring X2(6§7)) < 2.71, gives the 90% CL bound

AN ~
‘Scf) +C7) <02 Gev3. (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)y, 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, v;, 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 Ng; and a singlet scalar, S, that carries lepton number L = —2.3 The terms in

3We use a short-handed notation N r,i = PrN;, where N; 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
_ 1._
L=—LyNrH — §N§ANRS + h.c., (6.1)

where y, A are 3 x 3 complex matrices. The lepton number is spontaneusly broken once S
obtains a vev, S = (fs + 0 +i¢)/v/2. The radial mode o is assumed to be heavy with mass
me ~ O(fy) and not relevant for our discussion. The majoron, ¢, is the pNGB of the spon-
taneously broken lepton number. Its mass term, £ D —méd)Q /2, represents a (small) explicit
breaking of the shift symmetry, where my 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 my, ~ y*v?/Afs so that for Af, > 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]

The majoron-SM-fermion couplings are thus suppressed by the SM fermion masses, my,,

£¢D

while the dimensionless coefficients are, in the see-saw limit,

Te(yyl), e, = —5 [Te(yh) - ()al,  (6.3)

ey =1, Cd;, = —Cuy P 1672

7

T

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 f, > v by ~ Afymy, /(47v)? compared to the ¢
couplings to neutrinos.

Couplings of the majoron to photons and gluons are generated at two loops. In the limit
of a light majoron, mg < my, 4, 4,, they match onto the dimension 7 operators (82¢) F WF Hy
and (0%¢) waé‘“‘” and are thus suppressed both by the two loop factors ciem/(167%)? and
as/(16m%)2, respectively, as well as by the majoron mass, mi / m?ci, for a contribution from a
SM charged fermion f; running in the loop. For a heavier majoron the latter suppression is
lifted and in the corresponding transition amplitude mi / m?fi is replaced by an O(1) factor.

6.2 Majoron as a QCD axion

If the spontaneously broken U(1), is anomalous under QCD, the majoron will act as the
QCD axion and solve the strong CP problem, with U(1);, 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 \Ilj% (with lepton number charge
L = 1, electroweak singlets), color octet scalars, ®4 (L = 0, doublets of SU(2)z), 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) = fs/v/2, giving Majorana mass contribution, My, = y%(S), to
the color octet fermion mass matrix as a result of the term £ D —%yfI,S\I/fR\I!Z-R + h.c., in
the Lagrangian.

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

L ik ik, kg oy AMG
(mz/)z-j = a2 zk: hy hy y‘P<S>T§’ (6.4)

where the summation is over color octet fermion, and AMZ = 2\5v? is the mass splitting
between the CP-even and CP-odd components of the color octet scalar due to the term
LD —%)\5(HT<I>A)2 + h.c. in the scalar potential. Note that the neutrino masses are
proportional to the AL = 2 breaking vev, m,,  (S), to two insertions of electroweak vev,
m, x v?, as well as to the Yukawa interactions between the SM lepton doublets and the
new color octet fields, £ D hfg*ii\llfRéAT + h.c.. Taking f, ~ O(TeV) and all couplings to
be O(1072) the observed neutrino masses are obtained for My ~ O(10 TeV).

The majoron ¢ is part of the singlet, S(z) = %(fqg + o(z)) exp (i¢(x)/ f5), and has
interactions to neutrinos suppressed by the neutrino masses,

i _

£¢ D) —*(my)z‘j (I/,‘PLI/j) ﬂ +h.c.. (65)

2 fs

In the notation of eq. (2.15) the coupling of ¢ to neutrinos is thus given by
cii = MW (6.6)
fs
The triangle anomaly induces couplings of the majoron to gluons,
3ngds ¢ =4 4

LoD — —G,,, G, 6.7
é 8w f, 0 (6.7)

where ny 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 ¢ 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,

1TeV
mg =~ 6keV X (), 6.8
¢ o/ o) (0%

as well as to the couplings to photons, eq. (2.15), with
¢, =~ 2.0 X 3ny. (6.9)

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

Cé?j (mw)ijc, 1 L (mw)sj
L= ~1q — . 1
N e Z(SlGeV) “ e 01ev (6.10)
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Note that the dependence on fy4 drops out, due to the relation between mg and fy, with
mefs ~ Mg fr a constant that is fixed entirely by the QCD dynamics apart from the
ny ~ O(1) factors that depends on the UV physics. The PQ breaking scale f, thus
does not determine directly the effective suppression scale of the Rayleigh operator, A,
but rather just determines the range of the validity of the EFT, via the requirement
E,q> mg x 1/fs. The effective scale A is given by a combination of QCD and neutrino
mass scales, A ~ (m2f2/ my)l/ 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 A much smaller than the UV scales
f¢ and My, 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 A 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, Ngr; and N, ;, ¢ = 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)

_ - . AR < AL o
— Ly =y, LH' N + NL.MyNg + 7RN§SNR + ?LNLSNE +h.c., (6.11)

where L; are the SM lepton doublets, and H is the SM Higgs doublet. The Yukawa coupling
Y, and neutrino Dirac mass matrix My are general 3 x 3 complex matrices, while A7, r are
symmetric 3 X 3 complex matrices.

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

S = (fy+0+ip)/V2. (6.12)

This then gives the following neutrino mass matrix in the basis {v§, Ng, Nf}, see, e.g. [96],
0 Mp O

=[5 ). (619
0 My pr

where we shortened the notation to Mp = yl,v/\/§7 HL.R = )\L7Rf¢,/\/§. Without loss of
generality we can work in the basis, where My is diagonal. We will assume the hierarchy
pr,, < Mp < My, to be understood as the hierarchy among all the eigenvalues of the
corresponding 3 X 3 complex matrices.
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We start the analysis with the one-generation case where the three parameters ur, Mp,
and My can be made real via phase redefinitions of v{, Nr, Nf, while ug is a complex
parameter. Up to corrections of higher order in py gr/My p the lightest neutrino mass

eigenstate is given by
Mp

~ —MN,
where we abbreviated ¢, = cos a, s, = sina, t, = tan a. In order for v to be predominantly

v =cqVL — SalNL, ta (6.14)

composed of the neutral component of the electroweak doublet with only a small admixture
of the sterile neutrino, we require Mp < Mpy. The corresponding mass is

my =~ ppse. (6.15)

The two heavy neutrinos are mass degenerate, with masses equal to \/MJZV + M3, up to
pr,r suppressed corrections. Note that the SM neutrino masses are proportional to the
lepton number breaking parameter pur = Az fy/ V2, and vanish in the limit fe — 0, as
expected. The neutrino masses can now be small either due to a small value of fy, the
smallness of the mixing angle s, (i.e., Mp/Mpy < 1), or a combination of the two.

These results extend trivially to the case of three generations. To linear order in
Mp/Mp the mass eigenstates, the left-handed fields v, Ny, No, are expressed in terms of
the initial states as

— 1 C (&
VS =1+ (MNl)TMDﬁ(Nl + N§), (6.16)
1
N§ = —My'MEve + —2(1\71c + NY), (6.17)
1
Ng = — (N{ — NS). (6.18)

V2

The light neutrino mass terms are then given by
1
£ ZvMp (MY My MEPry© + hc. (6.19)

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

The interactions with the majoron can be obtained by replacing pr, — ipr¢/ fg in the
mass terms, which then gives for the majoron couplings to neutrinos,

£¢ D _E(ml/)ij (Ijl‘PLI/j)E + h.c.. (6.20)
2 fo

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

¢ii = i mii. (6.21)
o
On the face of it, this is the same result as for the minimal majoron, cf. egs. (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, m,, can be due to the smallness of fg. In principle,
[ can be as small as m, and thus ¢, as large as ¢, ~ O(1). Numerically, the bounds on
self-interactions of neutrinos limit the value of ¢, 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)z triplet
fermions V%, charged under lepton number, L = —1. They obtain their masses through
interactions with the scalar .S,

1
Ly, = —§yq,5(\I/“R)C % +h.c., (6.22)
after S obtains a vev, eq. (6.12), giving My = yy(S) = y¢f¢/ﬂ. This generates a coupling
of PNGB ¢ with the SU(2);, gauge fields through anomaly,

9 ~
£¢ D ——nyg—W:? Wa;w’ (6.23)
s

where ny is the number of V% generations, and Wy, is the SU(2),, field strength. This
gives couplings of ¢ to W*, Z° and photons, where for the latter

F,, F*, (6.24)

where s,, = sin 6,,, with 8,, the weak mixing angle.

Since ¥4, carry electroweak charges they could be produced in ete™ collisions at LEP
or in pp collisions at the LHC. The bounds on their mass depends on the ¥¢, decay channels,
and is thus model dependent. In general, we expect the bound to be in the range of a few
100 GeV. Taking this as the typical lower bound on f, this would then translate to the
following typical size of the Rayleigh operator,

7
Cé’i)j _ i(my)ijcﬁy _ 19 (my)ijnws?,
AP fimG 8 fimg

(6.25)

~i( 1 )3<100Ge\/)2 y (1keV)2 e My
~ \7.3GeV fa Mg YT 01ev
That is, for majoron mass mg ~ O(keV) the effective suppression scale of the Rayleigh
operator is only A ~ O(10GeV), and is parametrically smaller than the U(1)y breaking
scale, fs. For mg ~ O(1eV) the effective suppression scale would be A ~ 0(0.1GeV). The
majoron mass is an explicit U(1)z breaking term and is treated as a free parameter. On

general grounds one expects my < fg so that the explicit breaking is smaller than the
spontaneous symmetry breaking, and thus U(1)y, is a good approximate symmetry.

6.4 Enhanced neutrino polarizability from U(1); x 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), x 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)y, 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, Ng; and N ;, 1 = 1,2,3,
singlets under the SM gauge group, with global lepton number L = 41, and a set of nyg
weak triplets that carry a charge —1 under U(1)’.

The U(1), and U(1)’ are broken by S and S once these obtain vevs, S = (fs+o+i¢)/v2
and 8" = (fy +o'+ i¢’)/+/2. In general, the two vevs can be very different, which can be
phenomenologically beneficial. In particular, it is possible to have f, < f(;, which would
explain the smallness of neutrino masses.* 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', ¢ — ¢, fs — f;. The interactions of ¢ and
¢' with the SM particles are thus given by

Lint DO —l(m,,)ij (DiPLVj)ﬁ + h.c., (626)
2 fo
and 0 . 0 o
i _2 @ v e 7Y 2 Y poopp 92
Lint D 61" fé)WWW = e S 7 w MY (6.27)

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

1 1
Lo = —5mge” = Smgd” = miyod, (6.28)
leading to two mass eigenstates, mg, ¢,, With ¢1 = cgp + s, 2 = —s9¢ + co¢’, where

cgp = cosB, sy = sing, and # 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 vv — v amplitude due to tree level exchanges of ¢1 2,

9 (my)i; 1 1
Moy sy = zg (f;f);:] n\IJS?UCGSQ (q2 — mil — 7o miQ ), (6.29)
where ¢* is the sum of the initial neutrino momenta. In the center of mass of the vv
collision it is given by ¢* = (2F,, 6), where FE), is the neutrino energy. For high energy
collisions, ¢? > mgﬁu’ the scattering amplitude scales as M milﬁz /q*, while for low
energy processes, ¢> < méw, it matches onto the neutrino polarizability operator, with

6577,)] 9(my)ij o 1 L
i _ 9 _ , 6.30
A3 '8 foll, n\pswqgse(mgb mil) (6.30)

Numerically, since f, and fé) can take very different values, the Rayleigh operator can be
suppressed by a light effective scale. For instance, taking mgy, < my, for simplicity,

legA 1 \*/100GeV\ /1keV /1keV > ()i
A73j ~ <16Me\/> < fé) > ( f¢ ) < Mg > X nycySy X <0 1e\;>. (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 ST55'TS" or STSHTH, 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 f, and mg, are smaller. For instance, if they are comparable with the neutrino masses,
fo ~ mg, ~ O(eV), the effective scale would be A ~ O(keV).

Assuming mg, < mg, the above model matches onto the simplified model singlet
mediator models for enhanced neutrino polarizability, section 2.3, with ¢, playing the role
of the light mediator, ¢, and

o (my)ij 9o nys?
C;L}] = v)1) cg, g(b,y = 16771. f(;w S0,

7, (6.32)
the nonzero coefficients in the Lagrangian (2.15) (we use the notation in eq. (2.18)). The
contributions from heavier ¢o state are suppressed. Note that ¢ = ¢; 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 ¢, shown in figure 3 should approximate well
the constraints on ¢/ from eq. (6.32). Numerically,

g V)i \ [ 1keV _ _1 (100 GeV

and thus for my = 1keV,1MeV mass benchmarks the U(1);, x U(1)’ model can cover
the whole experimentally still available parameter space in figure 3, even when imposing

fe > mg. For the my = 1GeV mass benchmark the main constraint on couplings to
photons would be from searches for on-shell production of electroweak triplets, limiting
f(; to be above several 100 GeV, and thus g4, S 1076 GeV~! even for large mixing angles,
sin# ~ O(1). For couplings to the neutrinos the requirement fs > m leads to |c/| < 1077,

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, mg = 1eV, keV, MeV, GeV,
and explore the constraints in the parameter space defined by the coupling to photons,
9, and neutrinos, c,. 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, mg = 1eV, keV, MeV, are largely excluded by
cosmological and astrophysical observables. This is to be expected since CMB spectrum

5Note that ¢ from now on denotes the single mediator from section 2.3 and not the field from the
beginning of this subsection, egs. (6.26)—(6.28).
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measurements strongly constrain the number of relativistic degrees of freedom in the
Universe, Neg, up to scales of order T' ~ 100eV. Similarly, N.g 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 Typ ~ 8keV, while the latter can reach
Tsn ~ 30 MeV in the inner core, largely setting the ¢ mass reach of the corresponding bounds.

We performed comprehensive analysis for coupling values in rather large ranges, ¢, €
[107'2,1] and g4, € [10712 GeV™!, 1GeVY. 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 ¢, <1075 and g4, - GeV < 1071, while the latter is not excluded for ¢, < 1079
and gs - GeV < 1077,

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, mg = 1 GeV, where only terrestrial experiments are
able to probe parts of the parameter space. Rare 7 lepton decays bound ¢, < 0.3, while
monophoton search in eTe™ collision leads to gg - GeV < 1074,

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)z. 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);, 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 vA — vAv), or by two resolved photons (from vA — vA¢p, ¢ — v7v), 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, vA — N A, followed by a decay of the sterile neutrino,
N — ¢v, ¢ — 7, 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,

l/:I/C: (50‘) s ]j:ﬂcz (é-a’de)’ (Al)
where &, is a two-component Weyl spinor, so that, for instance,

IjiPLVj = 515] (A2)

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

1
Leg D Z 5()\1,)2']‘(172'JMVPLV]’)FHV + h.c., (A?})
i>7

where the antisymmetric 3 x 3 matrix, A\ = u — id, decomposes into the magnetic (x) and
electric (d) dipole moments, see, e.g., ref. [97]. In terms of the Wilson coefficients in (2.1)
we have

el .
—_ )

v)ij == y 4
()i = 05 (A4)

where pup 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

Lxn =27 (ap i B2 + fan i B2) @ 1, (A.5)

Here, agy is the electric, and [j71 the magnetic scalar polarizability, with E; = Fy; the
electric, and B; = €;;,Fji/2 the magnetic field, and 1,, the neutrino number operator for
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neutrinos of flavor i (the non-relativistic version of the ;v; operator). At dimension 7 in
the EFT expansion in 1/A, eq. (2.1), we have

ap1; = Bmi,i = 24:72/@42- (A.6)
The relation (A.6) is broken by m?2/A? suppressed contributions from higher-order operators,
for instance from (0,v; Pr0-vj)F* F]. These can become important only if the effective
scale A is low, i.e., if there are light mediators with mass mg comparable to the neutrino
mass that get integrated out in the construction of (A.6). In our numerical examples,
however, we always have mg > m,,.

B Further details on stellar cooling rate calculations

In this appendix we collect the ¢ 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 « (more precisely, the transverse plasmon,
~r) to a pseudoscalar ¢ in the field of the nucleus in a plasma, is given by [34, 99],

87 fy 21 Ey 4k - p k2 (k —p)? + K2
(k> —p*)? (k +p)?
()

where k and p are the incoming photon and outgoing ¢ momenta, respectively, while x is

the Debye screening length,

K= MTO( (ngﬂ” + Z an?ﬂ) : (B.2)
J

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

while n¢ and n;fﬁ 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 n'j? = nx for X = e,He. The electrons forms an ideal Fermi gas, so that the
number density is given by n. = p3./(37%), where the Fermi momentum is pr = 88 keV [32].
The number density of Helium ions is nge = p/(myAne), where pup ~ 10%g/cm? is the HB
star density, m, = 0.932 GeV the atomic mass unit, and Ape = 4 the atomic number of
Helium. Combining the two terms in eq. (B.2), we get rkup ~ 27keV.

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 ngﬁ. The number density of degenerate non-relativistic
protons at a distance r from the SN core center is given by

d3 2
np(r) = 2/ (275))3 exp l(mgﬁiw - np(r)> +1

where mf,ﬂ is the effective proton mass and 7, is the proton degeneracy parameter [100]:

-1
: (B.3)

protons are (non) degenerate for 7, > 1 (1, < 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 92 d3p . .
TPP = nj, (27)31?1) (1 - fp) ) (B-4)

where fp 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 ¢ = 1s after the
start of the explosion. For rough numerical estimates we can take r ~ 10km, T" ~ 30 MeV,
p ~ 1, mET ~ 800 MeV, which gives nSf ~ 0.6 n, and kgy ~ O(40 MeV).

Inside dense stellar cores the dispersion relation for the transverse plasmon of energy w
is well approximated by introducing an effective photon thermal mass, wp, eq. (4.1), so that
k= (w?- w%;.)l/ ?. The rate for the inverse Primakoff conversion, ¢ — 7, is then given by

2p
Fd)—w = ﬁiq:r'y—mﬁa (B5)

where $3; is the velocity of particle i, that is, 8, = (1 — w% Jw?)1/2 for plasmon of energy w
and By = (1 — mi/Eg)l/Q for ¢ with energy Fy. 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, vy — ¢, and for neutrino coalescence, vv — ¢, can be
calculated by first considering a generic ¢ production process a; + --- + a, — ¢, where
{ai,...,a,} is a set of initial states, e.g., the two photons in photon coalescence. The phase
space production rate for the (pseudo)scalars ¢ can be extracted from the corresponding
Boltzmann equation for the phase space density f¢. In the limit f¢ <& 1 this gives, see, e.g.,
ref. [99],

ofs _ ki 1 2

ot 2E¢ / H (2m) (2m)32E; (2m) 5 (p = ki) [ M| 2_1:{[[1} fl Ok (B.6)
where p is the ¢ four-momentum and k; 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 ¢ escapes
the SN, and thus we can take f¢ ~ ( in the possible collision terms on the right and ignore
them. The number of ¢ produced is then given by

d3p d’Ny 0 f¢ . ds)

@nf =~ dds, o ey

Ny = fs (B.7)
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Photon coalescence. In the production of on-shell ¢ via annihilation of two photons,
(k1) + v(k2) — ¢(p), the two photon momenta need to satisfy (ki + ko)? = m?b The
emissivity for the case when ¢ is a pseudoscalar, i.e., an ALP, is well known in the literature,
see for example ref. [34]. If ¢ is a scalar the amplitude squared changes to

2 2
_— o c 42 6wt
|M? = (3\/%]%) my {(1 — mé}’) + mg] : (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, mg = 2wp, and
becomes quickly negligible for heavier mg masses. Performing the integration over the
initial momenta in (B.6) gives

A 2 4
N Y Mo 1y A} exp (_E¢) (B.9)
ot 3\/§7r f¢ 32w Ey mi T)’ ’

where we assumed that the initial photons follow the Maxwell-Boltzmann distribution, where,

402\? 6wl
<_P> 4 0w

2 4
Mg Mg

from conservation of energy, the sum of the two photon energies satisfies Ey + Fy = Ey.
The emissivity due to the photon coalescence is then given by

(6 Cy

2
1 00
(S [T ABElpm
Q¢>,'Y'Y <3ﬂﬂf¢> 3973 /m¢ (] ¢>|mm¢

5 L o \ (B.10)
4w 4w 6w E
1=k (1= ) e (-72)

Mg Mg My

where |p] = ,/E?b — mé The result for pseudoscalar ¢ is obtained by neglecting the second
term in the square bracket and by replacing ¢, — 3/2 cﬁy.

Neutrino coalescence. The amplitude squared for the ¢ production via scattering of
two neutrinos, v(k1) + v(k2) — ¢(p), is given by
2,2
Vm¢
, B.11
- (B.11)
where we used the momentum conservation and assumed massless neutrinos. The neutrinos

follow the Fermi-Dirac thermal distribution, f,(E) = (exp[(E — u)/T] + 1), where j is the
neutrino chemical potential.

C

2 Gy
IM|* = 5 (k1 - ko) =

The Boltzmann equation can be written as

fs _ 1 / d*ky &k czm;f

= 45(4) (0 1
ot = 25, ] 2E,2rp 2By (a7 0 Pk k) T

(E1)fo(E»)
(B.12)

2,2 3
Cumqj /d kl 2\ 7 A
= 0 —k E E
w6z, | 5 (0 k) BBV A,
where in the second line we integrated over d*ky using the on-shell condition. The delta
funtion can be written as

J ((p — kl)z) =0 (mi —2p- kl) =

2 _2E,E
cos ) — W) ) (B.13)

1 5(
2|5 B 2|5\ E:
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where 6 is the angle between p and ki Requiring that —1 < cos# < 1 gives the integration

E¢ + E2
V @5
El,min — ’ El,max — . (B14)

2 2

Changing to spherical coordinates for the integration over d3k; then gives,

limits
Ey— E2 ¢

87]6(;3 . Cgmi /El ,max dEl

o e DB B, (B.15)

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

2,2

W [ g [ B B (ED B, — B B.16
Qoo = 1oy o A5y SEEBAENAE =) (316

C Rare decays of heavy (pseudo)scalars

In this appendix we provide further details on the derivation of the constraints on the vv~vyy
effective interactions from S — vy — vv 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 — vv
amplitude. While many possible intermediate states can contribute to S — vv, 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, vy, one obtains a bound
on the parameters of the vvvy~ interaction from the bounds on the invisible widths of the
and B-mesons and the Higgs bosons (see also [76]).

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

A(S = v7) = A (v(qr, e1) (g2, €2) | F* Fu |0) + A (y(q1, €1)7(q2, €2)| F* Fli |0) ,  (C.1)

where q1, g2 are the photon momenta and €1, €5 their polarizations. The matrix elements of
the operators F'*"F),,, and F“”FW in eq. (C.1) are given by

(V(q1, €1)7(q2, €2)| F* F0) = —4(q1 - 429°° — 4745 e1a€25 ,

~ (C.2)
(v(q1, €1)7(q2, €2) [ F* Fu|0) = 4€“P77 €10€95G1 pG20 -

Note that the CP-even (CP-odd) matrix element is symmetric (anti-symmetric) in € <> €3
interchange.
The discontinuity of the S — vy — vv amplitude reads

4

Disc A(S — vy = vv) = z% [A+ (Af)* +A_ (.A]_?“) *} , (C.3)
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where the contributions from the Rayleigh operators are encoded in (cf. eq. (2.5))

Af:;<£;>@w AE:i(iJc&. (C.4)
Notice that while A% are real since they arise from an effective Lagrangian, Ai 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 — vy and 7y — vv are dominated by local interactions, i.e. there are no
discontinuities generated by on-shell contributions in AS_LR) . This implies that one cannot
obtain a meaningful bound from the invisible decays of the D, as D° — ~v~ is dominated
by the non-local contributions [103].
Since [Im A(S — vy — vv)| < |A(S — vy — vv)|, 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

p o I AP mg 1<a>2
m = J6rms 256734 \ 87

2 R N 2
¢¢W+A@%§m&ﬂm. (C.5)

Note that summing over the neutrino spins gives a factor of m% in the rate. If only éf”e or
CE{Q 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 7° and
Higgs decays.

For the B® meson decays both A, and A_ are nonzero. At leading order in the 1/my
expansion [102] they are given by

_Grals

V2 3m 2
where fp = 0.190 GeV [104] is the B-meson decay constant, A\g = 0.35GeV [102] is the
inverse of the first inverse moment of the B-meson light-cone distribution amplitude, while
C7, = —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, I'go = 4.3 x 10713 GeV and Br(B? — inv) < 2.4-107°
gives (5.14).

m
Ay = A ViaVinCoy =~ (C.6)

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 ¢ mediator. The BaBar results in
ref. [79] are given in terms of bounds on the dark photon mixing parameter, e, where the
differential cross section for eTe™ — A’y is given by

doa,  4Ama?e? | $24md,  (s—m%))? 1 1
dcos  s2(s—m?%,) | sin?6 2 (1+4mgcot20/5)2(\/1—4mg/s

(7
5 16ma?e?  s%(s—2m?, —4m?)sin? 0+ (s —m?,)?(s —2m?2) cos* 0 (€7)

“s2(s—m%) sin2 6 (144m2 cot26 /s)* \/1—4m2 /s

+m
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where 6 is the angle of photon momentum with respect to the electron axis. To avoid
forward scattering backgrounds BaBar limited the angular acceptance to |cosf| < 0.6. In
this region one can safely neglect the electron mass, giving eq. (5.15) in the main text.
Note also, that for m4 < 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 £ can then be recast as the bound on
the ete™ — ¢ cross section, by equating the allowed eTe™ — A’y and ete™ — ¢ cross
sections (after integration over cos@ € [—0.6,0.6]) and setting m 4 = mgy. The eTe™ — v¢
cross section in (5.16) follows from the decay amplitude for eTe™ — ¢, with momenta
p1, P2, P3, k, respectively

iac,

iM = (ie) ( o f;> (U17,u2) (;j) (46“5p"qpkn) e5(k) (C.8)

where ¢ = p; + p2 is the momentum exchange, and for simplicity we take ¢ to be a

pseudoscalar and set ¢y = 0. Squaring and averaging over initial spins, and taking the
me — 0 limit gives

eac. \? (k - . . . . o) — a2 (k -
‘M‘2:4<2ﬂf;> (k-p1)(k-q)(p2-q) + (k Zi)[(k Da-p) = ¢k-p)l )

Using ¢> = s, p1-q = p2-q = s/2 and that in the center of mass frame k-p; = E+/s5(1—cp)/2,
k-p2 = E,\/s(14cg)/2 and k- ¢ = E,\/s, where E, is the photon energy, gives

2
s eac, 5 5
|IM|?2 = (27rf¢ E5(1+ cos™0). (C.10)

In the center of mass frame 4Eg/ =s(1— mé /s)?. We can also obtain a similar expression
for a scalar ¢ by replacing C,v — 2¢,/3. There is no interference between the amplitudes for
F,, F* (scalar) and F),, F* (pseudoscalar).

The differential cross section for the 2 — 2 process is then
2 2\ 3
dogy o’ Mg 2
= 1—-— 1 0
dcosf 1282 s (14 cos™6)
a3 2 mi 3
= 2567‘(’2 ]. — ? (3 + cos 29) y

in agreement with (5.16).
In the EFT limit, my > /s, neutrino polarizability leads to a 2 — 3 scattering process,

2¢,f
3 fs

<
fe
(C.11)

ete™ — vvy with momenta p1, p2, p3, ps, k, respectively. The amplitude is similar to
ete”™ — ¢y and given by

iM = (i€) (t17uz) (iis Pog) (;j) (k) T2PCy (C.12)

where Tf_‘ﬁ = 4q - kg®? — 4¢Pk, T = —460"6"77qpkn, Cy = iCA§7)a/127T, C_ = ié§7)a/8ﬂ.
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The spin-averaged amplitude squared depends on the neutrinos only via the invariant
mass of the neutrino-antineutrino pair m2, = (¢ — k). 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

do 25 2 1\ (o sl 2B
ClC()SMEy_(‘361 +1C5 >47T(87r> E7<1—\/§>(3+C0829), (C.13)

where n, is the number of neutrino flavor. In our numerical analysis we take n, = 3.

Note that the photon energy is related to the invariant mass of the neutrino pair through
B, = \/5/2 = m2, /(2//5).
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