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Abstract

Massive sterile neutrinos, also known as heavy neutral leptons, can have a mixing with
active neutrinos, θ , as well as a dipole coupling to the photon, d. We study the interplay
between these two portals, considering the production from meson decays of sterile
neutrinos with mass 0.1 GeV ≲ MN ≲ 10 GeV, at beam-dump facilities such as NA62
and SHiP, and at the FASER2 experiment. These sterile neutrinos can be long-lived and
decay into a photon in a distant detector, via the dipole operator. We find that all these
experiments will be sensitive to values of d which are presently unconstrained. The
experimental reach varies strongly with the mass MN and the mixing θ , and one observes
specific correlations with the flavour of active neutrinos. The SHiP experiment will mark
a jump in sensitivity: (i) it will probe a sterile dipole as small as d ∼ 10−8 GeV−1, thus
testing new physics well above the electroweak scale; (ii) it may detect the active-sterile
dipole to the level predicted by electroweak loops, if θ is close to the present bound.
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1 Introduction

Among possible fermionic extensions of the Standard Model (SM), a special role is played by
gauge-singlet fermions, also known as sterile neutrinos N . Their mass scale MN is essentially
unconstrained: they can be as heavy as the quantum gravity scale MPlanck ∼ 1019 GeV, as
light as the electroweak scale MW ∼ 102 GeV, or even massless, as long as their couplings to
the SM are sufficiently suppressed. They may have Yukawa couplings to the SM operator H L,
made of a Higgs and a lepton doublet: in this case they mix with active neutrinos and they
contribute to their mass. Such contribution can be the dominant one in the window mν ∼ 0.1
eV ≲ MN ≲ 1015 GeV. When sterile neutrinos lie within the reach of collider experiments, say
for 0.1 GeV ≲ MN ≲ 104 GeV, they are often dubbed heavy neutral leptons (HNLs).

In this mass range, experimental limits on the mixing with active neutrinos are particularly
strong (see e.g. the reviews [1, 2] and the references therein) and higher-dimensional inter-
actions may be phenomenologically relevant.1 In particular, even though sterile neutrinos are
singlets with respect to the SM gauge group, they are allowed to couple to gauge bosons via
quantum corrections, but also through effective higher-dimensional operators. The most rel-
evant such operator is a dimension-five dipole coupling between N and the hypercharge field
strength Bµν, which would be generated in any ultraviolet (UV) theory where N couples to
heavy states carrying hypercharge. The sterile neutrino dipole operator was first introduced
in [4, 5]. This interaction may literally shed light on sterile neutrinos, as they could be pro-
duced and/or detected by their dipole coupling to the photon.

Since the phenomenology of GeV-scale sterile neutrinos is determined by two small param-
eters, the mixing and the dipole, they are expected to have a small decay width. Therefore,
experiments aiming at detecting long-lived particles may be particularly effective in probing
the parameter space, since they are designed to detect light, weakly-coupled new physics.
These experiments will be the main focus of our work. More in detail, we consider N produc-
tion from meson decays, which in turn are produced either in beam-dump experiments or in
proton-proton collisions [6–10], and we focus on the detection of the photon emitted in the
subsequent N decays, in a detector placed at a large distance from the interaction point.

The relevant mass region is 0.1 GeV ≲ MN ≲ 10 GeV: we will see that lighter sterile
neutrinos are subject to other constraints and, moreover, the sensitivity to the dipole tends to
decrease with the mass; on the other hand, the upper bound on the sterile mass comes from

1A similar reasoning has been used in the case of the dark photon in [3], where it was shown that the effect of
higher-dimensional operators can compete with a small kinetic mixing, and drastically change the phenomenology.
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the heaviest available mesons. For sterile neutrinos without a dipole, there is a vast literature
setting bounds in this mass window on the mixing with active neutrinos, see [1,2] for reviews.
In particular, intensity frontier experiments can put relevant bounds in the mass-mixing plane,
see e.g. [11–15]. On the other hand, the case of a sterile neutrino dipole has been considered,
in the limit of negligible active-sterile mixing, in a few papers [16–22].

Here we will analyse extensively the interplay between the dipole and the mixing, and
determine the sensitivity of upcoming experiments when both are taken into account. As we
will see, the dipole operator between two sterile neutrinos also generates a dipole between
active and sterile neutrinos, as a consequence of the mixing. Such dipole portal between SM
neutrinos and sterile neutrinos has been extensively studied in the literature [23–42].

The dipole portal is usually postulated, without connection to active-sterile mixing. In this
article, instead, we will carefully take into account the correlations between the two, which
will play an important role in the phenomenology. In addition, we point out that, as long
as sterile neutrinos have a non-vanishing mixing with active neutrinos, an irreducible active-
sterile dipole is induced by one-loop electroweak corrections [43, 44]. We will include this
contribution in our analysis, and show that it is important in some regions of parameter space,
where the photon signal can be observed even in the absence of higher-dimensional dipole
operators.

We start in section 2 with a careful analysis of the minimal model, involving two sterile
neutrinos N1,2. We study the symmetries controlling the relative size of the sterile mass, dipole,
and mass splitting. We then perform an explicit, analytic computation of the couplings of the
neutrino mass eigenstates. Finally, we generalise to the case of three lepton flavours and
review the flavour-dependent bounds on the active-sterile mixing.

We then move to the analysis of sterile neutrino production and detection in section 3.
We compute the number of steriles produced from meson decays in upcoming beam-dump
experiments (NA62, SHiP) and proton-proton collisions (FASER2), as well as the sterile decay
widths in all possible channels. This allows us to identify the regions where the dipole domi-
nates over the mixing, or vice versa. We then simulate events according to the various detector
geometries, to compute how many sterile neutrinos decay into a photon above threshold in
the detector. This leads us to determine the sensitivity of each experiment as a function of
the sterile neutrino masses and the size of the dipole coupling, taking into account the upper
bounds on the active-sterile mixing. Constraints from a variety of past experiments are also
presented.

We summarise our main results in section 4. Appendix A details the computation of the
dipole-induced N decay widths, and clarifies the limit in which N1 and N2 combine into one
Dirac neutrino. Appendix B provides the analytic expressions for the neutrino dipole induced
by electroweak loops. Appendix C collects the relevant formulas for meson and sterile-neutrino
decay widths in the various channels, and compares them quantitatively.

2 Model: Two sterile neutrinos with one dipole

Let us add to the Standard Model (SM) two Weyl fermions N ′1,2 neutral with respect to SM
gauge symmetries, i.e. two sterile neutrinos. The relevant Lagrangian is

LN = iN ′1
†
σ̄µ∂µN ′1 + iN ′2

†
σ̄µ∂µN ′2 −

�

MN ′1N ′2 +
µ1

2
N ′1N ′1 +

µ2

2
N ′2N ′2 + h.c.

�

−
�

H̃† L′
�

Y 1
N N ′1 + Y 2

N N ′2
�

+ h.c.
�

+
�

d N ′1σ
µνN ′2 Bµν + h.c.

�

,
(1)

where we use the two-component spinor notation, with the conventions of Ref. [45], and
we adopt a primed notation for the fermion fields, as we will reserve an unprimed notation
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for the mass eigenstates. Beside the N ′1,2 kinetic and mass terms, the Lagrangian contains
their Yukawa couplings to the SM Higgs doublet H and lepton doublet L′ (for the moment
we neglect different lepton flavours), as well as a dipole coupling to the hypercharge field
strength Bµν. The Wilson coefficient of the dimension-five dipole operator has dimension -1
and is complex in general: we parametrise it as d = |d|eiξ. Note that two is the minimum
number of sterile states to introduce a dipole interaction, since the latter is antisymmetric
under fermion exchange.

The Lagrangian in Eq. (1) contains all sterile-neutrino operators allowed by symmetries up
to dimension five, except for the operators N ′i N ′j H

†H = N ′i N ′j (v + h)2/2, where v ≃ 246 GeV
is the Higgs vacuum expectation value and h the physical Higgs boson. These operators shift
the sterile neutrino Majorana masses and may affect Higgs physics, but they are irrelevant for
our purposes and will be neglected in the following. Recall that the SM effective field theory
contains a single dimension-five, Weinberg operator, (H L′)(H L′): in general, SM neutrinos
may receive a mass both from the latter and from the mixing with N ′1,2, as discussed later. We
will neglect operators with dimension larger than five.

Since dipole operators can only be generated at loop level, we expect the Wilson coefficient
d to satisfy the following power counting:

d ≃
g ′

16π2

g2
⋆

m⋆
, (2)

where g ′ is the gauge coupling associated with hypercharge, g⋆ is a typical coupling between
N ′1,2 and the ultraviolet (UV) physics that generates the effective operator, while m⋆ repre-
sents a typical mass in the UV theory. In weakly coupled theories we expect g⋆ ≲ 1, while in
strongly coupled theories the coupling can be as large as g⋆ ∼ 4π, in such a way to (partially)
compensate the loop suppression.

2.1 Symmetries

It is interesting to analyse the symmetries of the Lagrangian. For two sterile neutrino
species N ′1,2, the kinetic term has a global symmetry SU(2)N × U(1)N , acting on the doublet
N ′ ≡ (N ′1 N ′2)

T as

SU(2)N : N ′→ VN N ′ , U(1)N : N ′→ eiαN N ′ . (3)

Let us observe that, because of the antisymmetry of the σµν spinor structure

N ′1σ
µνN ′2 =

1
2

�

N ′1σ
µνN ′2 − N ′2σ

µνN ′1
�

=
1
2

N ′aσ
µνεabN ′b , (4)

where the antisymmetric Levi-Civita tensor ε acts on the family index of the sterile neutrinos.
Therefore, the dipole operator breaks the U(1)N symmetry, but it preserves SU(2)N with N ′

transforming as a doublet.
In contrast, the sterile neutrino mass matrix

M =

�

µ1 M
M µ2

�

=

�

−m1 + im2 m3
m3 m1 + im2

�

, (5)

can break both U(1)N and SU(2)N . More precisely, the spurionM ab ≡
∑

A mA(σAε)ab trans-
forms in the triplet representation of SU(2)N . In the case of real mA, SU(2)N is broken to
a U(1)′N subgroup, and one can check that the two sterile mass eigenstates are degenerate,
with M1 = M2 = (

∑

A mAmA)1/2. This corresponds to a Dirac neutrino with a conserved U(1)′N
charge. Without loss of generality, one can take the real-triplet spurion in the third-component
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direction, m1 = m2 = 0 and m3 = M , which preserves the U(1)′N subgroup generated by σ3,
with charges q(N ′1) = +1 and q(N ′2) = −1.

In general, mA are complex and can break SU(2)N fully: in this case there are two non-
degenerate Majorana fermions, with masses

M2
1,2 =

∑

A

mAm∗A± 2
�

[Im(m1m∗2)]
2 + [Im(m2m∗3)]

2 + [Im(m3m∗1)]
2
�1/2

. (6)

It is technically natural to have a small mass difference ∆M ≡ M2−M1, as a U(1)′N symmetry
is restored in the limit ∆M → 0.

Let us now introduce the SM lepton doublet L′. As long as the Yukawa couplings Y 1,2
N

between L′ and the sterile neutrinos N ′1,2 are set to zero, there is no active-sterile mixing, and
the SM neutrino ν′ remains massless. However, there is an alternative, less trivial way to
keep a neutrino light while allowing for active-sterile mixing: it is sufficient to generalise the
U(1)′N symmetry introduced above, by assigning a charge q(L′) = +1. This symmetry can be
considered as a lepton number symmetry, U(1)L , and it is preserved for Y 1

N → 0 together with
µ1,2 → 0. In this limit the spectrum is formed by a massless, mostly active neutrino ν, and a
massive, mostly sterile Dirac fermion N . When U(1)L is explicitly broken by Y 1

N and/or µ1,2,
the spectrum is formed by three massive Majorana fermions: a light mass eigenstate, ν, and
two heavy ones, N1,2.

Given this pattern of symmetry breaking, we conclude that it is technically natural to take
the dipole coefficient d as large as allowed by perturbativity, while the sterile neutrino mass
scale M is kept small as desired, since a symmetry SU(2)N is recovered in the limit in which
it vanishes. In addition, for a given M , it is technically natural to have an even smaller sterile
mass difference ∆M as well as a tiny active neutrino mass mν, since U(1)L is recovered in the
limit in which they vanish. We note in passing that this mass splitting is a crucial parameter
to realise leptogenesis close to the GeV scale, see e.g. [46] for a recent analysis. Also, a small,
non-zero ∆M can be exploited to obtain evidence for lepton-number violation, see e.g. [47]
for a study with the SHiP experiment.

2.2 Mass diagonalisation

The primed neutrino fields can be expressed as a function of the mass eigenstate neutrinos via




ν′

N ′1
N ′2



= U





ν

N1
N2



 , (7)

where the unitary matrix U satisfies the condition U TMU =Mdiag , with Mdiag the diagonal
matrix of mass eigenvalues and

M=





0 Y 1
N v Y 2

N v
Y 1

N v µ1 M
Y 2

N v M µ2



=

�

0 mT
D

mD M

�

, (8)

where mT
D ≡ YN v is a 2-component row vector, the 2× 2 matrixM has been already defined

in Eq. (5), and we used 〈H〉= v ≃ 174 GeV for the Higgs vev. Using the unitarity of U , we can
write

U =





eiα
p

1− θ †θ θ †

−
eiαU θ
p

1− θ †θ
U



 , (9)
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where α is a real number, θ = (θ1 θ2)
T is a 2-component complex vector, representing the

mixing between the active and sterile neutrinos, and U is a 2× 2 matrix that satisfies

U†U = 1− θθ † = Vθ

�

1− θ †θ 0
0 1

�

V †
θ

, (10)

with Vθ the unitary matrix that diagonalises U†U . Eq. (10) fixes U as a function of θ , up to an
arbitrary unitary rotation V on the left,

U = V

� p
1− θ †θ 0

0 1

�

V †
θ

, Vθ =
1
p
θ †θ

�

θ1 −iθ ∗2
θ2 iθ ∗1

�

. (11)

The matrix V can be parameterised e.g. as V = diag(eiβ , eiγ)R3 diag(eiδ, e−iδ), with R3 a real
orthogonal rotation by an angle θ3. After a phase redefinition eiαθ → θ , the phases α,β ,γ
can be removed by a phase redefinition of the fields ν′, N ′1, N ′2, therefore we will drop them
in the following. In summary, the six physical parameters in the diagonalisation matrix U are
|θ1,2|, arg(θ1,2), θ3 and δ.

In terms of mass eigenstates, the dipole interaction term can be written as

Ldipole =
d
2

�

NT −
νθ T

p
1− θ †θ

�

U TσµνεU
�

N −
θν

p
1− θ †θ

�

Bµν + h.c. , (12)

where N ≡ (N1 N2)T . Since U T εU = detU · ε = eiφ
p

1− θ †θ · ε, the dipole interaction
becomes

Ldipole = d eiφ
�p

1− θ †θ N1σ
µνN2Bµν − θ2 N1σ

µννBµν + θ1 N2σ
µννBµν

�

+ h.c. (13)

Note that the active-active dipole remains exactly zero by antisymmetry. Since the active-
sterile mixing angles θi are small, we will sometime neglect terms of order θiθ j , i.e. drop the
square root in the coefficient of the N1 − N2 dipole.

The seesaw mass matrix of Eq. (8) can be block-diagonalised perturbatively in the matrix
ε≡M−1mD [48]. To leading order, we have

Uθ ≃M−1mD . (14)

As usual, the light (mostly active) neutrino mass is given by the seesaw formula,

mν ≃ −mT
DM

−1mD ≃ −θ TU TM Uθ , (15)

which shows that mν is suppressed by terms of order θiθ j with respect to the sterile neutrino
mass scale. The masses M1,2 of the heavy (mostly sterile) neutrinos are given by Eq. (6), up
to corrections of order θiθ j .

It is interesting to spell out the U(1)L conserving limit, where mD1 = µ1 = µ2 = 0. In
this case the diagonal mass matrix is Mdiag = diag(0, MD, MD), with a Dirac mass given by

MD =
q

m2
D2 +M2, and the active-sterile mixing parameters are equal to

θ =
1
p

2

�

is
s

�

, U = 1
p

2

�

−ic c
i 1

�

, (16)

with s ≡ mD2/
q

m2
D2 +M2 and c ≡ M/

q

m2
D2 +M2. Even though this mixing does not con-

tribute to mν, it does modify the ν couplings to the W and Z bosons: experimental bounds
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require roughly s2 ≲ 10−3 [49]. Introducing four-component spinors for the Dirac mass eigen-
state and the massless neutrino,

ND =

�

cN ′1 + sν′

N
′†
2

�

, νL =

�

−sN ′1 + cν′

0

�

, (17)

the dipole interaction reads

Ldipole = −
1
2

d c NDΣ
µνPLNDBµν +

1
2

d s NDΣ
µννLBµν + h.c. , (18)

where Σµν = i[γµ,γν]/2 [45].
Finally, let us consider one particular departure from the U(1)L limit, which amounts to

split ND into a pair of non-degenerate Majorana fermions, while keeping mν vanishing. To this
purpose, let us choose Mdiag ≡ diag(mν, M1, M2) = diag[0, Ms(1 − δ), Ms(1 + δ)]. In this
case M11 = 0 implies θ2

1 (1−δ) + θ
2
2 (1+δ) = 0, so for the mixing one can take

θ =
1
p

2

�

is
p

1+δ
s
p

1−δ

�

, U = 1
p

2

�

−ic
p

1+δ c
p

1−δ
i
p

1−δ
p

1+δ

�

, (19)

which generalises Eq. (16) with the same definition for s and c, and U was determined from θ
by using Eq. (11) and setting V to the identity. The sterile masses are related to the Dirac mass
by Ms = MD/

p
1−δ2. This particular scenario corresponds to the U(1)L-breaking parameter

µ2 = 2δMs, while keeping mD1 = µ1 = 0. This choice is neither generic nor justified by a
symmetry, rather it corresponds to a convenient slice of the allowed parameter space, which
is sufficient to study the phenomenology as a function of the sterile neutrino mass splitting δ,
defined by

δ ≡
M2 −M1

M2 +M1
. (20)

2.3 Other sources of the active-sterile dipole

Eq. (13) shows that an active-sterile dipole emerges from the dim-five dipole operator of the
sterile neutrinos, via the active-sterile mixing.

We observe that an active-sterile dipole may be generated, alternatively, by introducing a
dim-six operator, d6 Nσµν(LH)Bµν, with a Wilson coefficient d6 which, in general, is unrelated
to the active-sterile mixing. We assume that this contribution is negligible with respect to the
one that appears Eq. (13). The d6 contribution is actually subdominant in a large class of
UV theories of flavour (e.g. partial compositeness), where the size of d6 is related to the size
of d and θ ≃ YN v/M , as the associated operators involve the same fields. In these theories,
combining the estimate for d in Eq. (2) with analogous power-counting estimates for d6 and
YN , we find a ratio (d6 · v)/(d · θ ) ≃ M/m∗. Such ratio is smaller than one as long as sterile
neutrinos are lighter than the UV cutoff. We thus neglect d6 in the following.

Active-sterile dipoles are also generated by electroweak (EW) interactions at one loop. In
particular, a dipole coupling to the photon emerges from loops involving a charged lepton and
a W boson, as detailed in Appendix B. The result is

dEW
Nkν
≃ −

3eGF

8
p

2π2
Mkθ

∗
k , k = 1, 2 . (21)

In general, this coefficient should be added to the new physics (NP) contribution from Eq. (13),
dN P

N1ν
= −d eiφ θ2 cosθw and dN P

N2ν
= d eiφ θ1 cosθw, where θw is the weak mixing angle con-

necting hypercharge to electric charge. Inserting the NDA estimate for d given in Eq. (2), and
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assuming |θ1| ≃ |θ2|, the relative size of the two contributions can be written as

|dEW
Nkν
|

|dN P
Nkν
|
≃ 0.05

�

1
g∗

�2 � m∗
TeV

�

�

Mk

GeV

�

. (22)

Therefore, the EW contribution becomes relatively more important as Nk become heavier, and
as the NP states decouple from Nk. Whenever relevant for our analysis, we will take into
account the total electromagnetic dipole coefficient, d em ≡ dN P + dEW .

2.4 Some considerations on lepton flavour

Up to this point we neglected lepton flavour, assuming a single SM lepton doublet L = (ν e)T .
However, the experimental bounds on charged-lepton transitions, as well as the measured
neutrino-oscillation parameters, have a strong flavour dependence. Let us therefore introduce
the three different flavours of lepton doublets, Lα for α = e,µ,τ. Then, the active-sterile
mixing is promoted to a 2× 3 matrix with entries θiα.

Let us stick to the U(1)L conserving limit, which guarantees vanishingly small neutrino
masses. In this limit µ1,2 = 0 and Y 1α

N = 0, therefore the neutrino Dirac mass matrix mD and
the sterile mass matrixM , introduced in Eq. (8), read

mD =

�

0 0 0
m2e m2µ m2τ

�

, M =

�

0 M
M 0

�

, (23)

for m2α ≡ Y 2α
N v. The diagonalised mass matrix is Mdiag = diag(0, 0,0, MD, MD), with

MD =
Ç

m2
2e +m2

2µ +m2
2τ +M2, and the diagonalisation matrix U , defined by Eq. (7), takes

the form

U =











ce 0 0 se 0
−sesµ cµ 0 cesµ 0
−secµsτ −sµsτ cτ cecµsτ 0
−secµcτ −sµcτ −sτ cecµcτ 0

0 0 0 0 1























1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 −i/

p
2 1/

p
2

0 0 0 i/
p

2 1/
p

2













, (24)

where sα ≡ sinθα, cα ≡ cosθα, and

se ≡
m2e

Ç

m2
2e +m2

2µ +m2
2τ +M2

, sµ ≡
m2µ

Ç

m2
2µ +m2

2τ +M2
, sτ ≡

m2τ
q

m2
2τ +M2

. (25)

This corresponds to

θ =
1
p

2

�

ise icesµ icecµsτ
se cesµ cecµsτ

�

, U = 1
p

2

�

−icecµcτ cecµcτ
i 1

�

. (26)

It is easy to check that, in the limit where only one m2α is non-zero, one reduces to the single
flavour case of Eq. (16). Note that, since the three light neutrinos are massless in this U(1)L-
conserving limit, the matrix U is determined only up to a block-diagonal transformation from
the right-hand side, of the form Ṽ = diag(V ′,1), with V ′ an arbitrary 3×3 unitary matrix and
1 the 2× 2 identity matrix.

Let us discuss the constraints on the various flavour mixing parameters. To begin with,
consider sterile neutrinos with mass above the electroweak scale, which can be probed only
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indirectly via their contribution to SM higher-dimensional operators. In this case, lepton-
flavour conserving observables (mainly, corrections to Z and W couplings, and to the muon
decay) imply [49]

s2
e ≲ 10−3 , s2

µ ≲ 10−3 , s2
τ ≲ 3× 10−3 . (27)

In addition, lepton-flavour violating µ-to-e transitions imply more severe bounds, when both
mixing angles are non-vanishing [49],

if se ≃ sµ , then s2
e,µ ≲ 10−5 [10−7] , (28)

where the number in bracket indicates the sensitivity of the next generation experiments.
Current bounds on τ flavour-violating observables are not more constraining then Eq. (27),
but they might be in the near future. Note that most of these indirect constraints come from
low-energy observables, at the µ (τ) mass scale, therefore they apply also to sterile neutrinos
as light as a GeV (a few GeVs).

However, if sterile neutrinos are at the electroweak scale or below, direct searches may
imply additional constraints on the active-sterile mixing angles. A compilation of such con-
straints can be found e.g. in [1,2]. Assuming mixing with a single lepton family at a time, the
current bounds can be summarised, very roughly, as follows:

for 2 GeV ≲ MD ≲ 80 GeV , s2
e,µ ≲ 10−5 , s2

τ ≲ 10−5 ,
for 0.5 GeV ≲ MD ≲ 2 GeV , s2

e,µ ≲ 10−7 , s2
τ ≲ 10−6 ,

for 0.2 GeV ≲ MD ≲ 0.5 GeV , s2
e,µ ≲ 10−9 , s2

τ ≲ 10−5 .
(29)

We refer to [1,2] for more precise numbers and a detailed discussion of the various searches.
Note that these bounds are derived assuming sterile neutrinos with no dipole interactions: as
we will see, the dipole modifies the sterile neutrino production and decay channels, poten-
tially shifting these constraints on the mixing angles. Another potentially strong bound comes
from Big Bang Nucleosynthesis [1,2]: the lifetime of sterile neutrinos should be smaller than
about one second. This requirement, combined with the limits of Eq. (29), excludes all masses
MD ≲ 0.5 GeV (when s2

e,µ ̸= 0) or MD ≲ 0.1 GeV (s2
τ ̸= 0). Also this bound can be modified by

the presence of the dipole operator, as we will see in Sec. 3.2.
The sterile-neutrino dipole operator reads, in the mass basis,

Ldipole =−
1
2

d cecµcτ NDΣ
µνPLNDBµν

+
1
2

d NDΣ
µν
�

sτνLτ + cτsµνLµ + cτcµseνLe

�

Bµν + h.c. ,
(30)

where νLe,µ,τ are the three massless eigenstates in the flavour basis: their relation to neu-
trino mass eigenstates has yet to be determined, by the lepton-number-violating parameters
which generate their masses. Note that νLe,µ,τ have no dipole interaction among each other,
since those would violate lepton number by two units. Indeed, a departure from the U(1)L
limit could also induce transitional dipole moments among the three light Majorana neutrinos,
which are subject to strong experimental constraints [50].

Departures from the U(1)L-conserving limit are also constrained by the smallness of the
light neutrino Majorana mass matrix mν, whose entries should not exceed∼ 0.1 eV. By general-
ising what we showed for the one-flavour case at the end of section 2.2, one possible breaking
of lepton number amounts to take Mdiag = diag[0, 0,0, (1−δ)Ms, (1+δ)Ms], thus splitting
the two sterile masses while keeping mν = 0. The mixing matrix U is minimally modified with
respect to Eq. (24), by the replacement of the 2× 2 block in the second factor,

1
p

2

�

−i 1
i 1

�

⇒
1
p

2

�

−i
p

1+δ
p

1−δ
i
p

1−δ
p

1+δ

�

. (31)
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The corresponding modification to Eq. (23) amounts to a non-zero 22-entry inM , given by
µ2 = 2δMs, with Ms = MD/

p
1−δ2. Note that in this scenario one has

|θ2α|=

√

√1−δ
1+δ

|θ1α| , α= e,µ,τ . (32)

This particular U(1)L breaking has the additional advantage of not inducing transitional dipole
moments among the light neutrinos. Indeed, we started from dN ′1σ

µνN ′2Bµν, but N ′2 does not
contain any light neutrino component, because U5i = 0 for i = 1,2, 3. Explicitly,

Ldipole =− i d cecµcτ N1σ
µνN2Bµν

+
i
p

2
d
p

1−δN1σ
µν
�

sτντ + cτsµνµ + cτcµseνe

�

Bµν

+
1
p

2
d
p

1+δN2σ
µν
�

sτντ + cτsµνµ + cτcµseνe

�

Bµν + h.c.

(33)

A more general U(1)L breaking can contribute to the 3×3 light neutrino mass matrix mν.
Indeed, the mixing with the two sterile neutrinos N ′1,2 could be sufficient to fit all neutrino
oscillation data, which determine accurately the mass differences and mixing angles among
the three flavours of light neutrinos. In general, mν might receive additional contributions
from other UV sources, such as a Weinberg operator or additional, heavier sterile neutrinos.
However, if one insists that the N ′1,2 contribution dominates, then the active-sterile mixing can
be further constrained. Introducing the ‘relative’ mixing angles ŝ2

α ≡ s2
α/(
∑

β s2
β
), and requiring

to reproduce oscillation data with only two sterile neutrinos, one roughly finds [51],

normal ordering (m1 < m2 < m3) : ŝ2
e ≲ 0.1 , 0.25≲ ŝ2

µ ≲ 0.85 , ŝ2
τ ≃ 1− ŝ2

µ ,
inverted ordering (m3 < m1 < m2) : 0.05≲ ŝ2

e ≲ 0.95 , ŝ2
µ ≃ ŝ2

τ ≃ 0.5(1− ŝ2
e ) ,

(34)

where m1,2,3 are the light neutrino mass eigenvalues. In other words, the relative sizes of se,µ,τ
are no longer independent, therefore the upper bounds on each s2

α, listed earlier in this section,
now may translate into bounds on the other flavours, according to Eq. (34).

3 Phenomenology at the intensity frontier

3.1 Sterile neutrino production and decays

The decays N2 → N1γ and Nk → ναγ are central in our phenomenological analysis. The N2-
to-N1 radiative decay is driven by the dimension-five dipole coefficient, from the first line of
Eq. (33), d em

N2N1
≃ i d cosθw (the EW correction is negligible, being suppressed by two powers

of the active-sterile mixing). On the other hand, the Nk-to-να radiative decay is controlled
by d em

Nkνα
= dN P

Nkνα
+ dEW

Nkνα
, where the NP contribution can be read off the second and third

lines of Eq. (33), while the EW contribution is given by Eq. (21) with the obvious replacement
θk→ θkα.

At leading order in the mixing angles θkα, the decay widths are given by

Γ (N2→ N1γ) =
|d|2 cos2 θw

8π
M3

2

�

1−
M2

1

M2
2

�3

,

Γ (N2→ ναγ) =
1

8π

�

�

�

�

�

d cosθw

√

√1+δ
1−δ

−
3eGF

8
p

2π2
M2

�

�

�

�

�

2

|θ2α|2M3
2 ,

Γ (N1→ ναγ) =
1

8π

�

�

�

�

�

d cosθw

√

√1−δ
1+δ

+
3eGF

8
p

2π2
M1

�

�

�

�

�

2

|θ1α|2M3
1 .

(35)
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In numerical applications, for definiteness we will always take d purely imaginary. This choice
makes the interference between the NP and EW dipole vanish. Note that, no matter what the
phase of d is, the interference cannot be destructive at the same time for N1 and N2. The limit
in which δ→ 0 and the two Majorana fermions N1,2 combine to form a unique Dirac particle
is clarified in App. A.

In general, all these decay widths are expected to be small, i.e. both N1,2 are expected to
be long-lived. Various factors point to this conclusion. First, we expect |d|Mk ≪ 1 in order
to be inside the range of validity of the effective theory we are considering. Second, for GeV
scale sterile neutrinos, the EW contribution is suppressed by GF M2

k ≪ 1, and in addition it is
loop suppressed. Third, following our discussion of symmetries in Sec. 2.1, we expect M1 and
M2 to be relatively close in mass, since their mass splitting is due to explicit U(1)L breaking.
Finally, the mixing angles |θkα| are also small because of experimental limits, as discussed
in Sec. 2.4. Inspecting Eq. (35), we see that Γ (N2 → N1γ) is suppressed by the smallness
of the dipole coefficient and by the small mass splitting; the widths Γ (N1,2 → ναγ), on the
other hand, are suppressed by the smallness of the dipole coefficient, of the EW loops, and of
the mixing angles. This leads to the conclusion that, if produced in sufficient numbers, N1,2
decays can give interesting signals at experiments that may exploit their long-lived nature,
i.e. experiments at the intensity frontier.2

Once the kinematics (i.e. M1,2) is fixed, the phenomenology is completely determined by
the dipole coefficient d and by the mixing angles θkα. Different regions in parameter space
will have different phenomenology, depending on the relative size of dipole and mixing. For
instance, we can have the dipole (or the mixing) dominating both N1,2 production and decays,
while in other regions the dipole may dominate production and the mixing may dominate
decays, or viceversa. The shape and extension of these regions will depend not only on the
parameters d and θkα, but also on the experiment considered, since the number of sterile states
produced is experiment-dependent. To estimate the region in which the dipole dominates, we
will consider, as an example, three experiments at the intensity frontier, the same for which
we will later compute the sensitivities: SHiP [8], NA62 [9] and FASER2 [10]. All these
experiments consist in a proton beam colliding with either a target (NA62 and SHiP, that use
or will use the 400 GeV SPS proton beam at CERN) or protons (FASER2, which is expected to
be placed near the ATLAS interaction point). Sterile states N1,2 are produced mainly from the
decays of the mesons produced in these collisions (see Sec. 3.2) and they travel a macroscopic
distance until they reach the detector that can measure their decay products.

To estimate the regions in parameter space in which the dipole dominates production
and/or decay, we will focus on N2 (we will comment later on what happens for N1) and pro-
ceed as follows: concerning production, we will consider the number of N2 particles produced
in mesons decays due to either the dipole (Nd) or the mixing (Nθ ): the dipole dominates in the
region in which Nd > Nθ . The computation of Nd and Nθ can be done by taking the number
of mesons produced per collision at the experiments considered (see [22] and App. D) and
multiplying them by the meson branching ratio into N2: see App. C.2 for the explicit decay
widths of mesons into sterile states and App. C.3 for more details on the computation of the
number of events. As for decays, we again focus on N2 and consider the dipole to dominate
when Γd > Γθ , where Γd ≡ Γ (N2→ N1γ)+

∑

α Γ (N2→ ναγ), with the explicit expressions given
in Eq. (35), while Γθ is the sum of the decay widths for all the channels due to the mixing only,
whose explicit expressions can be found App. C.1, while more details on the behaviour of the
sterile decays can be found in App. C.3.

2We note in passing that the dimension-five dipole operator couples sterile neutrinos to the Z boson as well.
However, collider precision measurements of the Z properties do not set a significant bound on d [52], therefore
in this paper we focus only on neutrino couplings to the photon.
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Figure 1: Regions in which N2 production is dominated by the dipole, Nd > Nθ
(above the blue lines), and where N2 decays are dominated by the dipole, Γd > Γθ
(above the orange lines), for three different values of M1. The light blue/orange
colour shading corresponds to the case M1 = 1 GeV. In the wine (white) region, the
dipole (the mixing) dominates both N2 production and decays. We focused on the
SHiP case, fixing a mass splitting δ = 0 (0.1) in the upper (lower) panels, and non-
zero mixing with a single flavour, θiτ ̸= 0 (θiµ ̸= 0) in the left (right) panels. The
lower (upper) horizontal dashed gray line corresponds to a dipole generate by new
physics at scale m∗ = 1 TeV in a weak (strong) coupling regime, g∗ = 1 (g∗ = 4π).
The vertical dashed gray line is the maximal allowed mixing for M1 = 1 GeV (in the
mixing-only scenario).
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Figure 2: Same as in Fig. 1, but for different choices of parameters. In the upper
panels, we focus on the SHiP experiment and fix M1 = 1 GeV, while considering
three different values of δ (the shading corresponds to δ = 0). In the lower panels,
we fix M1 = 1 GeV and δ = 0.1, and compare the SHiP and FASER2 experiments (the
shading corresponds to SHiP). The curves for NA62 (not shown) basically coincide
with those for SHiP.
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Our results are shown in Figs. 1 and 2 for different choices of parameters. In both figures,
we have Nd > Nθ above the blue lines and Γd > Γθ above the orange lines. In the wine-shaded
region (where blue and orange shadings superimpose) the dipole dominates both production
and decays. The opposite situation occurs in the white region, where the mixing dominates
both production and decays. We also have blue-shaded regions, in which the dipole dominates
production but not decays, and orange-shaded regions, in which the dipole dominates decays
but not production. On the left (right) panels we turn on the mixing with the τ (µ) flavour
only. We have explicitly checked that for mixing with the e flavour the results are essentially the
same as for the µ flavour, so we do not show them. The two horizontal dashed gray lines show
two representative values for the dipole coefficient, obtained using the estimate in Eq. (2) and
fixing m⋆ = 1 TeV, with g⋆ = 1 for a weakly coupled UV completion, and g⋆ = 4π for a strongly
coupled UV completion. The vertical dashed gray line shows, instead, the approximate upper
limit on the mixing angles: θ1τ ≃ 10−3 and θ1µ ≃ 3 × 10−4. These are taken from [2] and
are the maximum allowed mixing for the representative value M1 = 1 GeV. We stress once
more that, strictly speaking, these limits have been computed assuming that only the mixing
is present and so they are valid only in the white regions. In the coloured regions, a dedicated
analysis would be necessary to determine the actual constraints in the presence of both dipole
and mixing: as already mentioned, such analysis goes beyond the scope of the paper.

In Fig. 1 we fix δ = 0 (upper panels) and δ = 0.1 (lower panels), use Eq. (32) to compute
θ2α as a function of θ1α, and consider what happens at the SHiP experiment for three different
values of the lightest sterile mass: M1 = 1 GeV (solid lines, for which we colour-shade the
regions in which Nd > Nθ and/or Γd > Γθ ), M1 = 0.3 GeV (dashed lines) and M1 = 3 GeV
(dot-dashed lines). The region in which the dipole dominates both production and decays
depends crucially on the choice of parameters. Concerning production (blue), we see that the
ordering of the continuous, dashed and dot-dashed lines is not always monotonous (i.e. there
are cases in which the M1 = 0.3 GeV and 3 GeV lines lie on different sides of the M1 = 1 GeV
line, while in other cases they lie on the same side). This is due to the fact that the ratio Nd/Nθ
is not a monotonic function of M1, because the dipole and mixing production channels have
different thresholds and different mass dependence, see App. C.3. For decays, the ratio Γd/Γθ
is a monotonic function of M1, and the ordering of the lines is always the same in the different
panels. We also notice that, when δ = 0, the orange lines are horizontal, while for δ ̸= 0
they are oblique. This is due to the fact that, in the former case, the decay channel N2→ N1γ

is kinematically closed, leaving only N2 → νγ open. This is proportional to |θ1α|2,3 so the
dependence on the mixing cancels when comparing with Γθ , which is also proportional to
|θ1α|2. This behaviour (horizontal orange lines) is the one we would observe in the analogous
plots for the N1 particle, since in this case the only open decay channel is N1 → νγ: for this
reason we decided to rather display plots for the N2 production and decays.

Turning to Fig. 2, in the upper panels we show a different slice of parameter space, in which
we fix M1 = 1 GeV and let δ take the values 0, 0.1 and 0.5. We again see the appearance of
horizontal orange lines for δ = 0, while the dot-dashed lines corresponding to δ = 0.5 are not
visible in the plot, as they lie in the bottom-right corner. The experiment considered is again
SHiP. In the lower panel we instead analyse what happens at different experiments, fixing
M1 = 1 GeV and δ = 0.1. The experiments considered are FASER2 and SHiP. Only production
changes between the two experiments, simply because the decay widths do not depend on the
experiment considered. We do not show the curve for NA62 because, like SHiP, it consists on
a 400 GeV proton beam scattering against a target and, despite the target being different in
the two experiments, the overall number of N2 particles produced is very similar.

3Although we are considering N2, one can use Eq. (32) to express θ2α as a function of θ1α.
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The main conclusion of our analysis is that, although it is possible to have the dipole
to dominate both production and decays, the extension of the region in which this happens
depends strongly on the parameters M1 and δ (or equivalently M2). Clearly, there is always
a limit θiα → 0 in which the dipole dominates: this is the case considered in Refs. [22, 52].
In the opposite limit, d → 0, one is left with the mixing and the EW dipole, but the latter is
typically subdominant because it is loop suppressed. In particular, all the bounds discussed in
Sec. 2.4 are expected to apply, as they are derived assuming mixing only.

3.2 Dipole signal at intensity frontier experiments

We now turn to the study of the limits and of the sensitivity on the parameter space due to
past and future experiments at the intensity frontier. Since we focus on sterile neutrinos with
mass below a few GeV, we will consider only N1,2 production via mesons decays: possible
contributions from parton interactions have been shown to be subdominant at fixed target
experiments [53], and are expected to be subdominant also at the LHC [54]. Since we are
interested in probing the dipole operator, we will consider as signal the production of a pho-
ton inside the detector. Clearly, this is meaningful only provided the experiment considered
will be able to (i) detect photons and (ii) distinguish the photon from the background. The
last condition is typically satisfied provided the photon energy is larger than an experimental
threshold Eγ, that varies according to the experiment. We will denote PX

Eγ
the probability to

pass this requirement, with X = N1, N2 the particle that produces the photon via its decay.
The computation of the number of events is more complicated with respect to the case

considered in Refs. [22,55], which focused on the zero-mixing limit, θiα = 0. This is because
θiα ̸= 0 induce additional production/decay modes for the sterile neutrinos, including the case
in which N1 particles are produced by the dipole via N2→ N1γ, and then decay via N1→ ναγ,
which depends on both the dipole and the mixing. Note also that, when the sterile mass
splitting vanishes, δ = 0, then the channel N2 → N1γ is kinematically close, and non-zero
mixing is necessary to produce a signal.

We start by introducing the probability for a particle X , produced at position x , to decay
between some y ≥ x and y + d y:

pX (x , y)d y =
e−(y−x)/LX

LX
d y , (36)

where LX = β cγτX is the decay length of the particle X in the lab frame, with τX the lifetime
in the particle rest frame, γ the boost factor from the particle rest frame to the lab frame, and
cβ the particle velocity in the lab frame.

In a generic point of parameter space, we can distinguish between five “populations” of
events, classified according to the decay that generates the signal and where the mother par-
ticle has been produced:

1. N2 is produced via mesons decays at the interaction point and decays via N2 → ναγ

inside the detector. The number of events is

N (1)events =
∑

M

NM BR(M → N2)〈PN2 inside〉 , (37)

where NM is the number of mesons of type M produced at the experiment considered,
BR(M → N2) the meson branching ratio into N2, and PN2 inside the probability for the
N2→ ναγ decay to happen inside the detector, with a photon above threshold,

PN2 inside =
�

e−Lin/LN2 − e−Lout/LN2
�

PN2
Eγ

∑

α

BR(N2→ ναγ) . (38)
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In this equation, the term inside brackets is the total probability for N2 to decay inside the
detector, i.e.

∫ Lout

Lin
d x pN2

(0, x), where Lin and Lout are the distances from the interaction
point at which N2 enters and exits the detector, respectively. The symbol 〈·〉 in Eq. (37)
denotes the average over all simulated momenta, necessary because the quantities LN2

and PN2
Eγ

depend on the momentum of the N2 particle considered.

2. N1 is produced via mesons decays at the interaction point and decays via N1 → ναγ

inside the detector. The number of events is

N (2)events =
∑

M

NM BR(M → N1)〈PN1 inside〉 , (39)

and can be obtained from Eqs. (37)-(38), simply substituting N2→ N1.

3. N2 is produced via mesons decays at the interaction point and decays via N2→ N1γ. We
now have three possible sources of signal:

(a) N2→ N1γ happens before the detector while N1→ ναγ happens inside the detector.
The total number of events is given by

N (3)events =
∑

M

NM BR(M → N2)〈PN2 before,N1 inside〉 , (40)

where the probability is

PN2 before,N1 inside =

∫ Lin

0

d x pN2
(0, x)

∫ Lout

Lin

d y pN1
(x , y) PN1

Eγ

× BR(N2→ N1γ)
∑

α

BR(N1→ ναγ) .
(41)

The average 〈·〉 is now taken over all N1 and N2 simulated momenta.

(b) N2→ N1γ happens inside the detector while N1→ ναγ happens outside the detec-
tor. The total number of events is

N (4)events =
∑

M

NM BR(M → N2)〈PN2 inside,N1 outside〉 , (42)

where the probability is

PN2 inside,N1 outside =

∫ Lout

Lin

d x pN2
(0, x)

∫ ∞

Lout

d y pN1
(x , y) PN2

Eγ
BR(N2→ N1γ) . (43)

(c) Both N2→ N1γ and N1→ ναγ happen inside the detector. The number of events is

N (5)events =
∑

M

NM BR(M → N2)2 〈PN2 inside,N1 inside〉, (44)

where the factor of 2 accounts for the two photons produced in each such event,
and the decay probability is

PN2 inside,N1 inside =

∫ Lout

Lin

d x pN2
(0, x)

∫ Lout

Lin

d y pN1
(x , y) PN2

Eγ
PN1

Eγ

× BR(N2→ N1γ)
∑

α

BR(N1→ ναγ) .
(45)
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We will consider in our analysis the past beam-dump experiments BEBC [6] and CHARM-
II [7], and the already-mentioned future experiments NA62 (in beam-dump mode), SHiP and
FASER2. Details on the experiments geometry, meson multiplicity and analysis follow those
used in [22] and can be found in App. D. We do not show the region excluded by NuCal
(considered in [22]) because it is typically subdominant with respect to the other exclusions.
We also do not show the bound coming from BaBar, which typically excludes d ≳ 8 × 10−4

GeV−1. For consistency of the effective field theory, in our plots we will focus on the region
with a dipole Wilson coefficient d < 10−3 GeV−1, without showing the BaBar limit.

For simplicity, in our simulations we will consider production of sterile neutrinos only from
the two-body mesons decays V 0→ N1N2, V 0→ Niνα, P0→ Niνα and P±→ Niℓ

±, where V and
P denote a vector and pseudoscalar meson, respectively, while ℓ is a charged lepton. Additional
three-body decays have been showed to give rather small contributions [22,53] and will not
be considered. We include V 0 = {ρ,ω,φ, J/ψ,Υ }, P0 =

�

π0,η,η′
	

, and P± =
�

D±, D±s , B±
	

.
The decay widths that enter in the computation of the number of events are those in Eq. (35)
and those listed in Apps. C.1-C.2.

Our final results are presented in Figs. 3-5, in which we show the present bounds (shaded
regions) and future sensitivities to the photon signal (solid lines) in the (M1, d) plane, for
various values of the sterile mass splitting δ and of the mixing angles θ1α. The lines shown
correspond to a sensitivity computed at 95% CL. For future experiments, this corresponds to
the 3-event line (since the assumption is of no background). For the past experiments, they
correspond to a 3-event (BEBC) and 145-event (CHARM-II) line. These numbers have been
computed using the prescription in App. B of [23], using as an input the estimations of the
background from the two collaborations.

In the cases with a non-zero mixing, one observes that some sensitivity regions extend
vertically down to arbitrarily small values of d, for a certain mass window around M1 ≃ 1 GeV.
This behaviour can be easily understood: photon production is controlled by d em = dN P+dEW ,
as shown in Eq. (35). Therefore, even when dN P → 0, the EW contribution can be enough to
produce a detectable number of events. This is precisely what happens in the vertical regions,
in which the dependence on d disappears, and the photons in the detector are produced solely
by the EW contribution.

In the upper panel of Fig. 3 we show the case of vanishing mixing, θiα = 0, fixing δ = 0.1.
For this choice, production happens via the decays of neutral vector mesons, V 0 → N1N2,
and the signal is generated by the channel N2 → N1γ. We observe that, for our choice of δ,
CHARM-II and BEBC do not exclude any region of the parameter space shown.4 One can see
that NA62 and FASER2 will be sensitive to the region between the two target values of the
dipole coefficient, corresponding to m∗ = 1 TeV and either strong or weak coupling, g∗ = 4π
or g∗ = 1, as long as M1 ≲ 0.3 GeV. On the other hand, SHiP will be able to explore significantly
smaller values for the dipole, down to d ≳ 2×10−7 GeV−1, for a sterile mass as large as M1 ∼ 1
GeV.

4Comparing with the upper left panel of Fig. 1 of [22], this may come as a surprise, since in that reference there
is a region excluded by CHARM-II and BEBC. The reason for the difference stems from the different definitions of
the parameter δ. Our δ = 0.1 corresponds to δ ≃ 0.23 of Ref. [22], a value sufficient to increase our decay width
by roughly a factor of 10, with respect to the upper left panel of Fig. 1 of the reference, justifying the different
behaviour of the excluded regions. This also explains the slightly different shape of the sensitivities shown in Fig. 3
with respect to the corresponding sensitivities in Fig. 1 of [22].
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Figure 3: Sensitivity to the photon signal of the future experiments FASER2, NA62
and SHiP (coloured lines) and regions excluded by the past experiments CHARM-II
and BEBC (coloured regions), fixing δ = 0.1 and either no mixing (upper panel)
or mixing with the τ flavour (middle panel). We also show the regions excluded by
limits from supernovæ (SN) and Big Bang Nucleosynthesis (BBN). The lower (upper)
horizontal dashed gray line corresponds to a dipole generate by new physics at scale
m∗ = 1 TeV in a weak (strong) coupling regime, g∗ = 1 (g∗ = 4π). The lower panel
shows the number of events generated by the EW dipole (limit d → 0), for the same
parameters as in the middle panel. When Nevents > 3 (dashed horizontal line), the
corresponding sensitivity extends to arbitrarily small values of d (vertical region in
the middle panel).
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Figure 4: Upper panel: Same as in the middle panel of Fig. 3, but choosing δ = 0
(instead of δ = 0.1). Middle panel: same as the upper panel, but mixing with the µ
flavour (instead of the τ flavour). Lower panel: number of events generated by the
EW dipole, for the same parameters as in the middle panel, but in the limit d → 0.
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Moving to the middle panel of Fig. 3, we keep δ = 0.1 but turn on a mixing with the
τ flavour, fixed to the maximum allowed value for a reference mass M1 = 1 GeV, that is
θ1τ = 10−3. This adds new mixing-induced production and decay channels to those already
considered in the upper panel. The shape of the sensitivity regions are completely different
with respect to the previous case and, in particular, there are now regions excluded by CHARM-
II and BEBC. A common feature of all the curves is the “jump” in sensitivity appearing at
M1 ≃ 0.2 GeV, where the channel D±s → Niτ

± closes. We can also see the effect of smaller
thresholds: for instance, the small feature around M1 ≃ 0.4 GeV is due to the dipole-induced
decays ρ → N1N2 and ω → N1N2 closing. The shape and extension of the curves depend
strongly on the experiment via its geometry and the number of sterile produced. In particular,
these affect the value of M1 at which the experimental sensitivity ceases to be effective, the
largest being M1 ∼ 3−4 GeV for SHiP. In this panel we also see a region excluded by supernovæ
(SN) (light orange) and by Big Bang Nucleosynthesis (BBN), which will be discussed in detail
in Sec. 3.3. These limits do not appear in the upper panel of Fig. 3: concerning BBN, the
excluded region lies below the range for d shown in the plot; concerning SN, to the best of
our knowledge, the limit has not been computed in this case (i.e. for sterile neutrinos coupled
only to the photon, without active-sterile mixing).

As already mentioned, in the case of SHiP, the vertical region that extends to arbitrarily
small values of d is due to the photon signal produced by the EW contribution to the dipole.
To illustrate this interpretation, in the lower panel of Fig. 3 we show the number of events
as a function of M1, for the same parameters as in the middle panel, but fixing d = 0. The
interval in M1 where we have more than three events precisely matches the vertical region in
the middle panel. For the remaining experiments, the EW contribution is too small to give a
measurable signal.

Coming to Fig. 4, the upper panel differs from the middle panel of Fig. 3 only for the value
of δ: we can see that only marginal differences appear, even though in the δ = 0.1 case there
is the additional decay channel N2 → N1γ, that may generate photons in the detector and
N1 particles that can themselves give a signal. In the terminology used above, the signal for
δ = 0 is generated by populations 1 and 2, while the signal for δ = 0.1 is generated by all 5
populations. Nevertheless, at least for δ = 0.1 we see that the effect of the populations 3–5 is
small in most of the M1− d plane. Indeed, as the mass splitting becomes smaller, the channel
N2 → N1γ progressively closes, and one must recover the δ = 0 result continuously. Also in
Fig. 4 we show the SN and BBN constraints, to be discussed later in Sec. 3.3.

In the middle panel of Fig. 4, we consider a mixing with the µ flavour, in contrast with
the τ flavour in the upper panel. One main difference between the two panels stems from
the different position of the meson thresholds. For the µ flavour, the channels D± → Niµ

±

and D±s → Niµ
± remain open all the way up to M1 ≃ 2 GeV. For the τ flavour, instead, the

analogous threshold appears at M1 ≃ 0.2 GeV, due to the D±s decay (the D± decay closes for
M1 ≲ 0.1 GeV and does not appear in our plot). For mixing with the µ flavour, only the SHiP
experiment has a sensitivity that extends beyond the D/Ds threshold.

A second important difference is that photon events from the EW dipole are much more
frequent in the case of µ flavour, and they peak at lower values of M1. This is illustrated in
the lower panel of Fig. 4, where we show the number of events obtained when the NP dipole
d is switched off, for SHiP and NA62. While the latter experiment is barely sensitive to the
photons produced by the EW contribution, for SHiP we expect up to O(104) events for M1 ∼ 2
GeV.

We now turn to Fig. 5, where we present the sensitivity of the SHiP experiment fixing a
mixing with the µ flavour and varying δ (upper panel), or fixing δ = 0 and varying the mixing
angles (lower panel). In the upper panel, the curves for δ = 0 (continuous) and δ = 0.1 (dot-
dashed) are pretty similar, a behaviour that was already seen for the τ mixing case (compare
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the lower panel of Fig. 3 and the upper panel of 4). The situation is significantly different
for δ = 0.9 (dashed line). This can be understood by observing that, for δ = 0.9, we have
M2 = M1(1+ δ)/(1− δ) = 19 M1. Therefore, as M1 grows, the heaviest sterile neutrino soon
becomes too heavy to be produced in meson decays. Since the signal is now produced by N1
in most of the parameter space, the total number of events is roughly half the one we have
for smaller δ, and the sensitivity curves shift to larger values of d. In the same plot we show
the SN bound, which has been derived only for a single sterile neutrino (of mass M1), and the
BBN bound, which depends on δ. For this reason, we display three shaded regions for BBN,
with a solid contour for δ = 0, a dot-dashed contour for δ = 0.1, and a dashed contour for
δ = 0.9.

In the lower panel of Fig. 5, we consider both mixing with individual flavours and, moti-
vated by our discussion on oscillation data in Sec. 2.4, cases in which θiµ = θiτ (dubbed µ+τ
in what follows), or θie = θiµ = θiτ (e+µ+τ). In such multi-flavour cases, the mixing is fixed
to the maximal allowed value for the most constrained flavour. Whenever the mixing includes
the e or µ flavours, the sensitivities are pretty similar. This is because both the electron and
the muon are sufficiently light that their mass difference does not play a crucial role in deter-
mining the sensitivity curve, except for a ∼ 100 MeV difference between the e and µ curves at
the D/Ds threshold, close to the end of the vertical region, around M1 ≃ 2 GeV, due precisely
to the e − µ mass difference (difference which is inherited by the e + µ+ τ and µ+ τ curves
as well). The sensitivity curve for mixing with the τ flavour instead has thresholds appearing
for significantly different M1, therefore it results to be very different with respect to the e and
µ curves. Comparing the µ case (blue) with the µ+ τ curve (purple), the more pronounced
differences arise in the regions M1 ≲ 0.2 GeV and 2 GeV ≲ M1 ≲ 3.5 GeV, precisely where the
sensitivity of the τ line (red) is many orders of magnitude better than the sensitivity of the
blue line. Nevertheless, even in these regions, the µ+ τ line does not reach the sensitivity of
the τ line, because the maximal allowed mixing angles are smaller. The regions excluded by
SN (BBN) are shown using the universal mixing case (mixing with electron only case): these
exclusion regions would shift for the other mixing cases.
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Figure 5: Sensitivity of the SHiP experiment to the dipole coefficient, as a function
of the lightest sterile mass. In the upper panel, we consider a mixing with the µ
flavour only, and vary the mass splitting δ. In the lower panel, we set δ to zero, and
consider a mixing with various combinations of lepton flavours. For definiteness, the
SN excluded region corresponds to the universal mixing case (black) and the BBN
excluded region to the electron mixing (green).
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3.3 Complementary constraints on the dipole portal

In addition to the limits coming from flavour observables (see Sec. 2.4) and those from
CHARM-II and BEBC discussed in the previous section, the parameter space can also be
bounded by looking at two other types of phenomena:

(i) the active-sterile dipole generated by the mixing, see Eq. (13), allows for neutrino beams
to be upscattered into sterile neutrinos, in such a way that limits can arise from neu-
trino experiments, if the detector is able to measure the photons coming from the decay
Ni → ναγ;

(ii) cosmological (BBN) and astrophysical (supernovæ) data can bound the sterile neutrino
total lifetime: in the former case, because sterile neutrino decays into SM states can alter
the 4He and deuterium yields; in the latter case, because the sterile neutrino production
and the following energy drain can alter the cooling rate of a supernova.

These limits have been comprehensively computed in Ref. [23] (and later refined in [24–42],
see also [22,55]) assuming directly a low energy active-sterile dipole operator, dαNσµνναFµν
with Fµν the photon field strength. This may arise from a dim-six operator Nσµν(LαH)Bµν
which is present independently from the active-sterile mixing. This is in contrast with our
scenario, where both the dim-five sterile-sterile operator and the EW loops induce an active-
sterile dipole proportional to the active-sterile mixing. Since these limits turn out to be relevant
only for very large d, or for small M1 ≃ a few 100 MeV, we will neglect dEW in the following.

Borrowing from Ref. [22], the active-sterile dipole coefficients are called dα, and translate
to the notation used in the present paper asdα = d θiα/2, i.e. in our case the active-sterile
dipole is mixing-suppressed. In the case of upscattering, this means that the amplitude of the
process is proportional to |d|2|θiα|2 (with one factor arising from the photon exchange with
the target necessary to convert the incoming active neutrino into a sterile neutrino, and the
other arising from the Ni → ναγ decay). As a consequence, the upscattering process is too
suppressed to give any relevant limit. More concretely, upscattering would limit the region
d ≳ 10−3 GeV−1, not shown in Figs. 3–5.

On the contrary, astrophysical and cosmological limits arising from supernovæ and BBN
may be complementary to accelerator experiments, since they typically exclude regions with
smaller dipole/mixing couplings. In the case of supernovæ (SN), the bound arises from the
study of the cooling efficiency [23,37]. In the limit of very small active-sterile dipole coupling,
just a few sterile neutrinos are produced, so the cooling is inefficient and no bound arises. For
very large coupling, sterile neutrinos may be trapped inside the SN and be reconverted into
active neutrinos, with no impact on cooling and hence, again, no bound. The region between
these two limiting cases is the one in which the SN bound is relevant, at least for sterile masses
sufficiently small to be produced inside the SN (Mi ≲ 0.6 GeV). We show these limits with a
light shaded orange colour in Figs. 3–5. The upper “lobe” of the bound is derived considering
cooling of SN of type IIP [39], while the lower “lobe” is derived using SN1987A [37]. In both
cases, the limit has been computed considering a single sterile neutrino with de = dµ = dτ,
and we replaced the single mixing declared in each figure into these three coefficients. We
stress once more that the limits shown have been computed in [37, 39] considering only a
direct active-sterile dipole and hence, strictly speaking, cannot be applied in our case, in which
both sterile-sterile dipole and active-sterile mixing are present. Given the complexity of the
computation, however, we will stick to this simple estimate.

Let us conclude this section discussing the limits coming from BBN. We follow the strategy
of Ref. [23] and require that max(τ1,τ2)< 1 s, where τi is the total lifetime of Ni . This bound
guarantees that, even if the sterile neutrinos thermalise in the primordial plasma, they decay
before the onset of BBN and do not spoil experimental predictions on the yields of primordial
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light nuclei. The regions excluded by this bound are marked by the label BBN in Figs. 3–5, and
they are limited to small dipole coefficients and masses M1 ≲ 0.15 GeV.

4 Conclusions

May photons provide an access to light new physics, below the collider scale? The charge of
new light particles is strongly constrained. On the other hand, even if neutral, such particles
may interact with photons via higher-dimensional operators, or via quantum corrections. In
the case of sterile neutrinos Ni , significant dipole interactions can be induced by a dimension-
five operator, as well as by EW loops. They provide an alternative portal to produce and detect
sterile neutrinos, beside the traditional portal offered by the mixing with SM active neutrinos.
In this article we investigated the interplay between these two possibilities to discover sterile
neutrinos, focusing on the mass range Mi ∼ 0.1− 10 GeV. In this window, mesons produced
in proton collisions can copiously decay into Ni , which are typically long-lived and can sub-
sequently decay in far detectors. We focused on dipole-driven decays, into a photon plus a
lighter neutrino, which could be efficiently detected in present and near future experiments.

We began (section 2) by estimating the size of the sterile neutrino dipole, and by showing
that its scale is naturally independent from the sterile mass scale. We carefully computed the
dipole couplings of the various neutrino mass eigenstates, induced by the mass mixing between
active and sterile states, taking into account direct and indirect bounds on the mixing angles,
for the various lepton flavours.

We then identified (section 3.1 and appendices) the region of parameters where Ni produc-
tion is dominated by the dipole or, alternatively, by the mixing with SM neutrinos of each given
flavour. An analogous analysis was conducted on the various Ni decay channels induced by
the dipole and by the mixing. In particular, we showed that there are regions where the dipole
dominates both production and decay, even for mixing angles as large as currently allowed.

The experimental sensitivities to the dipole were presented in section 3.2. In the zero-
mixing limit, the current NA62 data-taking and the future FASER2 experiments have similar
sensitivity, covering the region with sterile masses Mi ≲ 0.3 GeV and dim-five dipole coefficient
d ≳ 2 × 10−6 GeV−1, corresponding to new charged states close to the TeV scale. The SHiP
experiments will improve the sensitivity to Mi ≲ 1 GeV and d ≳ 10−7 GeV−1.

On the other hand, a non-zero mixing can greatly enhance Ni production, and thus strongly
increase the detector sensitivity, so that SHiP may reach sterile neutrinos as heavy as ≃ 5 GeV,
and a dipole coefficient as small as d ∼ 10−8 − 10−9 GeV−1, corresponding to new charged
states as heavy as ∼ 103 TeV. However, the mixing also induces an additional contribution
dEW to the electromagnetic dipole, from W/charged lepton loops, that may be sufficient to
generate a detectable photon signal in the window 0.3 GeV ≲ Mi ≲ 3 GeV, even in the limit
d → 0. On the one hand, this effect may overwrite part of the signal from the dim-five dipole;
on the other hand, it constitutes an irreducible signature of the active-sterile mixing.

In the absence of mixing, one needs a non-zero mass splitting δ between the sterile neutri-
nos, in order for the radiative decay of the heaviest into the lightest to happen. In the presence
of mixing, such mass splitting indicates a violation of lepton number, and it should be natu-
rally small. However, even in the natural, lepton-number conserving limit δ = 0, where the
two sterile neutrinos form a Dirac state, the mixing allows for the radiative decay of the heavy
state into SM neutrinos. Actually, the sensitivity to the dipole coefficient turns out to be slightly
better when the splitting is small, as both sterile states contribute to the signal.

We carefully compared the sensitivity for different lepton-flavour configurations. The ster-
ile mixing with the τ neutrino is allowed to be larger than with the µ and e flavours but, on the
other hand, the thresholds for charged-current production and decay of Ni are larger because
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of the heavier τ mass. As a consequence, whether the sensitivity to d is better in the τ case,
or not, depends on the specific value of Mi . We also analysed the case of equal mixing with
the different flavours, which is motivated by requiring a minimal two-sterile seesaw mech-
anism in order to accommodate neutrino oscillation data. If some experiment will catch a
sterile neutrino by the dipole, it will be possible to correlate the signal with the various flavour
constraints.

We collected (section 3.3) various complementary bounds on the dipole of sterile neutri-
nos. In the absence of mixing they are typically very weak. In the presence of mixing, they can
exclude sterile neutrinos only if they are lighter than ∼ 0.1− 0.2 GeV, almost independently
from the value of the dipole coefficient. Thus, a vast region of parameters is left open, where
the photon signal could allow for a discovery of GeV-scale sterile neutrinos, in near future data.

In the future, it could be interesting to extend our search for the sterile neutrino dipole
to other mass ranges, and/or to different experimental setups, such as neutrino detectors.
Analyses exist assuming the active-sterile mixing only, or other sorts of higher-dimensional
operators, see e.g. [56] for the T2K near detector, and [57] for the DUNE near detector (see
[58] for considerations on photon detection at DUNE).

Before concluding let us observe that, in the limit of vanishing active-sterile mixing,
θiα = 0, the lightest state N1 is stable, thanks to an unbroken sterile parity, Z2N : Ni → −Ni .
Therefore N1 becomes a potential dark matter candidate, that scatters on ordinary matter in-
elastically, converting into N2 via a photon exchange. The phenomenology of such an inelastic
dark matter candidate with a dipole interaction was explored in [41, 59]. Our results show
that there are large regions of parameter space where a dipole signal could be detected in
the θiα = 0 case but not in the θiα ̸= 0 case, and viceversa. Therefore, it may be possible to
distinguish the inelastic dark matter scenario from the active-sterile mixing scenario, provided
that a dipole detection happens in one of these regions.

Notice also that our results strictly apply to a minimal model with only two sterile neu-
trinos, and therefore a single dim-five dipole coefficient d. We expect that, extending the
analysis to the case of e.g. three sterile neutrinos, with three independent dipole coefficients
and general active-sterile mixing, the sensitivities should qualitatively remain the same, as (i)
we expect only an order one change in the total number of events and (ii) the upper bounds
on θia roughly apply to each sterile state separately. On the other hand, the increased number
of parameters would weaken the correlations that we illustrated, both between the dipole and
the mixing, and among the different lepton flavours.

Finally, we remark that traditional constraints on sterile neutrinos, presented as sensitivi-
ties in the mass-mixing plane (θiα versus Mi), might be modified by the presence of neutrino
electromagnetic dipoles. In particular, we point out that the irreducible contribution dEW

Niνα
,

coming from EW loops, is sharply predicted, and it should be taken into account for a consis-
tent analysis.
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A Dipole-induced neutrino decay and Dirac limit

Here we present in some detail the derivation of Eq. (35), where the initial and final state
neutrinos are Majorana fermions. We then clarify what happens when the initial state becomes
a Dirac fermion (i.e. the limit when the mass splitting between N1 and N2 vanishes, δ→ 0).

Consider two Weyl fermions, ψ1 and ψ2, with a dipole interaction

Ldipole = dψψ1σ
µνψ2Fµν + h.c.=

1
2
Ψ1Σ

µν
�

dψPL − d∗ψPR

�

Ψ2Fµν , (A.1)

where in the last step we introduced four-component Majorana fermions and the associated
antisymmetric tensor [45],

Ψi =

�

ψi

ψ†
i

�

, Σµν = 2

�

σµν 0
0 σ̄µν

�

.

From Eq. (A.1) we can immediately compute the amplitude for the ψ2→ψ1γ decay,

A= ψ2

Q
→

p
↗ ψ1

↘
q A

= qµūpΣ
µν(−Re dψγ

5 + iIm dψ)uQ εν(q) , (A.2)

and from this we obtain

Γ (ψ2→ψ1γ) =
|dψ|2

8π
m3

2

�

1−
m2

1

m2
2

�3

. (A.3)

In general, one can take into account possible loop corrections to the amplitude, that can be
effectively included in dψ = d t ree

ψ
+ d loop

ψ
: in the case of neutrinos, EW loops do generate

a relevant correction, studied in detail in appendix B. After the appropriate identification of
ψ1,2 with the neutrino mass eigenstates N1,2 and να, and of dψ with the corresponding dipole
coefficients, this result allows to reproduce the decay widths shown in Eq. (35).

Let us now focus on two sterile neutrinos where, with a little abuse of notation, we indicate
with N1,2 both the (left-handed) Weyl fermions and the corresponding (massive) Majorana
fermions. In the limit δ → 0, N1 and N2 become mass degenerate, i.e. they form one Dirac
fermion N (with Weyl components NL = N1 and NR = N †

2 ). The decay channel N2 → N1γ is
kinematically closed, and the remaining decay amplitudes rearrange in such a way that

Γ (N1→ νγ) = Γ (N2→ νγ) = Γ (N → νγ) = Γ (N̄ → νγ) . (A.4)

Therefore, the sum of the widths of the two Majorana components is equal to the sum of the
widths of the Dirac particle N and antiparticle N̄ , as it must be in order for the number of
produced photons to vary continuously, as one takes the limit δ→ 0.

A similar reasoning applies to all other decay channels involving N1,2, discussed in App. C.
In the expressions for the decay widths, we generally take the convention where the Majorana
particle N1,2 ≡ N̄1,2 includes both chiralities, and analogously ν≡ ν̄ stands for a light Majorana
neutrino (including both the left-handed neutrino and the right-handed antineutrino).

B Neutrino dipole from electroweak loops

Even in the absence of a higher-dimension dipole operator, neutrinos do acquire a dipole cou-
pling to the photon, via a loop involving a charged lepton and a W boson (the photon can be
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attached to either one or the other particle in the loop). Such EW effect induces an electro-
magnetic dipole amplitude, dEW

jk = −dEW
k j , between any pair of neutrino mass eigenstates ν j

and νk, as long as they have a non-zero mixing with the SM neutrinos να (α = e,µ,τ). This
allows for neutrino pair production from a photon, γ∗ → ν jνk, as well as neutrino radiative
decay, νk→ ν jγ (for mk > m j). In the presence of a higher-dimension NP operator, contribut-
ing to the neutrino electromagnetic dipole with coefficient dN P

jk , one must consider the sum of

the two effects, d em ≡ dN P + dEW . The radiative decay width Γ (νk → ν jγ), in particular, is
given by Eq. (A.3), with the obvious replacements m2→ mk, m1→ m j , and dψ→ d em

jk .

Let us provide the general expression for dEW . A neutrino flavour eigenstate can be written
as να =

∑n
j=1 Uα jν j , where the sum runs over all the neutrino mass eigenstates: n = 3+ ns

with ns the number of sterile neutrinos (in the rest of this paper ns = 2, with ν4,5 ≡ N1,2 and
m4,5 ≡ M1,2). The computation of the EW loops give [43,44]

dEW
jk =

eGF

4
p

2π2

∑

α=e,µ,τ

f

�

m2
α

m2
W

�

�

mkU∗α jUαk −m jUα jU
∗
αk

�

, (B.1)

where

f (x)≡
3
4

�

1+
1

1− x
−

2x
(1− x)2

−
2x2 log x
(1− x)3

�

=
3
2
−

3
4

x +O(x2) . (B.2)

Denoting the sterile neutrinos νsA
for A = 1, . . . , ns, the unitarity of the full neutrino mixing

matrix implies
∑

α=e,µ,τ

U∗α jUαk = δ jk −
ns
∑

A=1

U∗sA jUsAk . (B.3)

In the absence of sterile neutrinos, the right-hand side is just the identity, so that the con-
stant term 3/2 in f (x) gives a vanishing dEW

jk . Therefore, the EW contribution to the dipole

amplitude is suppressed by one power of m2
α/m

2
W .

In the presence of sterile neutrinos, instead, one avoids such chiral suppression. On the
other hand, dEW

jk is suppressed by the small active-sterile mixing parameters, given by Uαk for
k > 3. Using Eq. (B.3) one can check that, in the case of two light neutrinos ( j, k ≤ 3), the
dipole dEW

jk is suppressed by two powers of the active-sterile mixing. The same is true for two
heavy neutrinos ( j, k > 3). The most relevant case is the transition between one heavy νk and
one light ν j , as dEW

jk turns out to be suppressed by only one power of the active-sterile mixing.
In the limit of massless light neutrinos (m j = 0 for j = 1, 2,3), one can choose Uα j ≃ δα j and
obtain

dEW
jk ≃

3eGF

8
p

2π2
mk Uαk δα j (k > 3 , j ≤ 3) . (B.4)

It is interesting to compare dEW
jk with the contribution coming from the dimension-five

operator of Eq. (1). Moving to the basis of neutrino mass eigenstates and taking into account
Eq. (4), one obtains

dN P
jk = d cosθw(Us1 j Us2k − Us1k Us2 j) . (B.5)

In particular, choosing the explicit form of the mixing matrix U given by Eqs. (24) and (31),
the NP dipole between one heavy neutrino (k = 4 for N1 and k = 5 for N2) and one light
neutrino ( j = 1,2, 3) is given by

dN P
j4 ≃ d cosθw

�

−
i
p

2
sαδα j

p

1−δ
�

, dN P
j5 ≃ d cosθw

�

−
1
p

2
sαδα j

p

1+δ
�

. (B.6)

To compare with Eq. (B.4), notice that Uα4 ≃ −i sα
p

1+δ/
p

2 and Uα5 ≃ sα
p

1−δ/
p

2: the
same, small mixing angle θα enters in both the EW and NP components of d em

jk .
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C Expressions for the decay widths

Let us begin by introducing the various meson decay constants. For charged pseudoscalar (P)
and vector (V ) mesons, they are defined by

〈0|ūiγ
µγ5d j|P−(p)〉= i fP pµ , 〈0|ūiγ

µγ5d j|V−(p)〉= i fV mV ε
µ(p) , (C.1)

where ui and d j denote up and down-type quarks of flavour i and j, while mV and εµ(p)
are the vector meson mass and polarisation vector. Numerical values for fP,V can be found
in [53,60].

For neutral pseudoscalar and vector mesons, what matters are the matrix elements of the
Z boson current, defined as

JµZ =
∑

f

�

f̄ γµ(T3
L − 2Q sin2 θw) f − f̄ γµγ5T3

L f
�

, (C.2)

with T3
L the eigenvalue of the third SU(2)L generator, Q the electric charge and θw the weak

angle. The neutral decay constants are defined via

〈0|JµZ |P
0(p)〉= i

fPp
2

pµ , 〈0|JµZ |V
0(p)〉= i

κV fV mVp
2

εµ(p) . (C.3)

Numerical values of fP for the neutral pseudoscalar mesons, and of fV for the light vector
mesons ρ, ω and φ, can be found in Refs. [53,60]. Notice that, in these cases, our constants
fV are related to the constants gV defined in Ref. [53] by the expression fV = gV/mV . For the
quarkonia vector mesons J/ψ and Υ (respectively, a cc̄ and a bb̄ bound state), it is instead
convenient to express the decay constant fV in terms of the known decay width into electron-
positron pairs. Using the results of [61], we have

Γ (V(qq̄)→ e+e−) =
f 2
V e4 Q2

q

24πmV
, (C.4)

where the notation V(qq̄) means that the vector meson is composed by a qq̄ pair and Qq denotes
the q electric charge.

The factors κV appearing in Eq. (C.3) take into account that the current associated with
each vector-meson appears into the Z current JµZ with a specific coefficient. They are given
by5

κρ = 1− 2 sin2 θw ,

κω = −
2
3

sin2 θw ,

κφ = −
p

2
�

1
2
−

2
3

sin2 θw

�

,

κJ/ψ =
1
2
−

4
3

sin2 θw ,

κΥ = −
1
2
+

2
3

sin2 θw .

(C.5)

5Our expressions for κρ,ω,φ agree with those found in [60] and not with those of [53]. The expression for κJ/ψ

is not reported in [60] but it is shown in [53]. With respect to this reference, we find a value κJ/ψ a factor of 2
smaller. At last, κΥ is, to the best of our knowledge, considered here for the first time.
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C.1 Mixing-induced sterile neutrino decays

The sterile neutrino decay widths induced by the dipole operator were already presented in
Eq. (35). Here we report explicit expressions for the mixing-induced decay widths of heavy
sterile neutrinos into mesons and leptons. We combine the findings of Refs. [62], [53] and
[60], verifying independently the results where differences appear.

Before showing the expressions for the sterile neutrino decay widths, we define the kine-
matical functions6

λ(a, b, c) = a2 + b2 + c2 − 2ab− 2ac − 2bc ,

I1(x , y) = [(1+ x − y)(1+ x)− 4x]
Æ

λ(1, x , y) ,

I2(x , y) = [(1+ x − y)(1+ x + 2y)− 4x]
Æ

λ(1, x , y) ,

J1(x , y, z) = 12

∫ (1−z)2

(x+y)2

ds
s

�

s− x2 − y2
� �

1+ z2 − s
�
Æ

λ(s, x2, y2)
Æ

λ(1, s, z2) ,

J2(x , y, z) = 24 y z

∫ (1−x)2

(y+z)2

ds
s

�

1+ x2 − s
�
Æ

λ(s, y2, z2)
Æ

λ(1, s, x2) .

(C.6)

For the two-body sterile neutrino decays we have

Γ (Ni → ℓ−αP+) =
G2

F

16π
f 2
P

�

�Vquqd

�

�

2 |θiα|
2 M3

i I1

�

m2
ℓα

M2
i

,
m2

P

M2
i

�

,

Γ (Ni → ναP0) =
G2

F

16π
f 2
P |θiα|

2 M3
i I1

�

0,
m2

P

M2
i

�

,

Γ (Ni → ℓ−αV+) =
G2

F

16π
f 2
V

�

�Vquqd

�

�

2 |θiα|
2 M3

i I2

�

m2
ℓα

M2
i

,
m2

V

M2
i

�

,

Γ (Ni → ναV 0) =
G2

F

16π
κ2

V f 2
V |θiα|

2 M3
i I2

�

0,
m2

V

M2
i

�

,

(C.7)

where GF is the Fermi constant, while the subscripts in the CKM matrix element Vquqd
denote

the up-type quark qu and down-type antiquark q̄d composing the corresponding charged me-
son. The decay widths in Eq. (C.7) will be used in the non-perturbative regime of QCD, which
we will take to be Mi ≤ 1.6 GeV.

In order to write an expression for the total decay width into one lepton plus hadrons, for
masses Mi > 1.6 GeV, we follow Refs. [53,60] and write

Γ (Ni → lepton+hadrons)≃
�

1+∆QCD(Mi)
�

�

2Γ (Ni → ℓ−αud̄) + 2Γ (Ni → ℓ−αus̄) (C.8)

+ Γ (Ni → ναuū) + Γ (Ni → ναdd̄) +

√

√

√

1−
4m2

K0

M2
i

Γ (Ni → ναss̄)

�

,

where

∆QCD(x) =
αs(x)
π
+ 5.2

α2
s (x)

π2
+ 26.4

α3
s (x)

π3
, (C.9)

6To avoid confusion with the functions I1,2(x , y), we have renamed the functions called I1,2(x , y, z) in Ref. [62]
as J1,2(x , y, z).
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and the decay widths into quarks read

Γ (Ni → ℓ−αquq̄d) =
G2

F

192π3
|Vquqd
|2 |θiα|

2 M5
i J1

�mℓα
Mi

,
mqu

Mi
,

mqd

Mi

�

, (C.10)

Γ (Ni → ναqq̄) =
G2

F

96π3
|θiα|

2 M5
i

�

�

gq
L gq

R

�

J2

�

0,
mq

Mi
,

mq

Mi

�

�

(gq
L)

2 + (gq
R)

2
�

J1

�

0,
mq

Mi
,

mq

Mi

��

,

with

gqu
L =

1
2
−

2
3

sin2 θw , gqu
R = −

2
3

sin2 θw ,

gqd
L = −

1
2
+

1
3

sin2 θw , gqd
R =

1
3

sin2 θw .
(C.11)

In Eq. (C.8), the factors of 2 take into account the decay into charge conjugate states, while the
square root in the last term is introduced to effectively take into account the strange-mesons
mass threshold. In Eq. (C.8) we also neglect heavy quark contributions, because they are phase
space (and, in some cases, CKM) suppressed.

Turning to three-body decays into leptons, we have

Γ (Ni → ℓ−αℓ
+
βνβ) =

G2
F

192π3
|θiα|

2 M5
i J1

�

0,
mℓα
Mi

,
mℓβ
Mi

�

,

Γ (Ni → ναℓ+βℓ
−
β ) =

G2
F

96π3
|θiα|

2 M5
i

�

�

gℓL gℓR +δαβ gℓR
�

J2

�

0,
mℓβ
Mi

,
mℓβ
Mi

�

×
�

(gℓL)
2 + (gℓR)

2 +δαβ(1+ 2gℓL)
�

J1

�

0,
mℓβ
Mi

,
mℓβ
Mi

��

,

Γ (Ni → νανν̄) =
G2

F

96π3
|θiα|

2 M5
i ,

(C.12)

where, in the first decay rate, α ̸= β (the case α = β is included in the second decay rate),
while the couplings of the leptons to the Z boson are given by

gℓL = −
1
2
+ sin2 θw , gℓR = sin2 θw . (C.13)

C.2 Mesons decays

In order to compute the number of sterile neutrino events in the various experiments, it is
necessary to know the decay widths of mesons into N1,2. As already explained in Sec. 3, we
consider only two-body decays, which are dominant.

The dipole-induced process V 0→ N1N2, with V 0 a vector meson, has decay width

Γ (V 0→ N1N2) =

�

|d| cosθw Qq e fV

�2

24π
mV

√

√

√

λ

�

1,
M2

1

m2
V

,
M2

2

m2
V

�

×

 

1+
M2

1 +M2
2 + 6M1M2 cos(2ξ)

m2
V

− 2

�

M2
2 −M2

1

�2

m4
V

!

,

(C.14)

where mV is the vector meson mass, Qq is the charge of the constituent quarks, e the electric
charge, and we wrote the dipole coefficient as d = |d|eiξ. The ξ dependence arises from the
interference between the ‘vector and axial’ parts of the dipole coupling. Note that the decays
V 0→ N1N1 and V 0→ N2N2 are forbidden because a Majorana-fermion vector current is anti-
symmetric. The decays P0 → NiN j are also forbidden, because the amplitude is proportional
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to qµP0qνP0σµν = 0, where one momentum comes from the first matrix element in Eq. (C.3),
and the other momentum comes from the derivative in the Z field strength. Finally, we neglect
the decays V 0→ ναNi induced by the dipole, because they are additionally suppressed by the
active-sterile mixing.

Coming to meson decays induced by the active-sterile mixing, the decay widths are

Γ (P−→ ℓ−αNi) =
G2

F f 2
P m3

P

�

�Vquqd

�

�

2 |θiα|
2

8π





M2
i

m2
P

+
m2
ℓ

m2
P

−
�

M2
i

m2
P

−
m2
ℓ

m2
P

�2




√

√

√

λ

�

1,
M2

i

m2
P

,
m2
ℓ

m2
P

�

,

Γ (P0→ ναNi) =
G2

F f 2
P m3

P |θiα|2

32π

M2
i

m2
P

λ

�

1, 0,
M2

i

m2
P

�

, (C.15)

Γ (V 0→ ναNi) =
G2

F κ
2
V f 2

V m3
V |θiα|2

96π

�

2−
M2

i

m2
V

−
M4

i

m4
V

�

√

√

√

λ

�

1,0,
M2

i

m2
V

�

,

where the decay widths of the neutral mesons are defined to include the contributions from
both the SM neutrino and antineutrino. The charged pseudoscalar decay width has been also
presented in [53,60], and we agree with the expression reported in those papers.

C.3 Comparison between dipole- and mixing-induced processes

We compare in Fig. 6 the relative contribution of the dipole and of the active-sterile mixing to
the production and decay of sterile neutrinos, as a function of the sterile mass. Concerning
production, we focus on the SHiP experiment for definiteness. This comparison is useful to
understand the behaviour of the blue and orange lines shown in Figs. 1–2. In Fig. 6 we take a
sterile mass splitting δ = 0.1 and a dipole coefficient d = 2.3× 10−6 GeV−1, that corresponds
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Figure 6: Left panel: number of N2 particles produced at the SHiP experiment gener-
ated by the dipole, for d = 2.3·10−6 GeV, and by the mixing, for the maximal allowed
value of θiα (with two choices of flavour, see main text). The dipole (mixing) curve
scales as |d|2 (|θ2α|2). Right panel: decay width of the N2 particle generated by the
dipole and by the mixing (again, with two choices of flavour). The mixing curve
scales as |θ2α|2, while the behaviour of the dipole curve is more involved, given the
contribution of terms that scale as |d|2 (N2→ N1γ), |d|2|θ2α|2 (NP part of N2→ ναγ)
and |θ2α|2 (EW part of N2→ ναγ).
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to the parameterisation of Eq. (2) with the choice g⋆ = 1 and m⋆ = 1 TeV. Moreover, we
consider a mixing with either theµ or the τ flavours, fixing the mixing angles to their maximum
allowed value at the reference point M1 = 1 GeV, as in Sec. 3: θ1µ = 3×10−4 and θ1τ = 10−3,
respectively. We again focus on the production and decay of the sterile neutrino N2.

The left panel shows the total number of events generated by the dipole (continuous line)
and the mixing (dashed line for mixing with the τ flavour, dotted line for the mixing with the
µ flavour) at the SHiP experiment, defined as

Nx =
∑

j

NM j
BRx(M j → N2 + . . . ) . (C.16)

In the expression above, NM j
is the number of mesons produced at the SHiP experiment (see

Eq. (D.3)), while BRx(M j → N2+ . . . ) denotes, schematically, the branching ratio of the meson
M j into N2, for x equal to θ (dipole) or m (mixing). More concretely, when x = θ we consider
the processes in Eq. (C.14), while for x = m we consider the processes listed in Eq. (C.15). As
can be seen, the number of events produced in the two cases have very different dependence on
the sterile mass. This can be easily understood remembering that different mesons contribute
in the two cases, with thresholds that appear for different values of M1. We also observe that
the behaviour of Nθ depends strongly on the flavour to which the sterile neutrino couples to.
We remark that, in order to compute Nd and Nθ for other values of the dipole and mixing
parameters, it is sufficient to rescale Nd by |d|27 and Nθ by |θiα|2. This translates into the
behaviour of the blue curves in Figs. 1-2.

Turning to the right panel of Fig. 6, we show the dipole and mixing-induced decays widths,
where Γd is given by the sum of the first two lines of Eq. (35), while Γθ is given by the sum
of the decay widths listed in App. C.1. The dipole-induced decay width Γd scales as M3

1 . The
same happens for Γθ at low masses, where the two-body decays of Eq. (C.7) dominate.8 On
the contrary, for M1 ≳ 2 GeV, the mixing-induced decay widths scale with M5

1 , which is the
dependence observed in the three-body decays of Eqs. (C.8) and (C.12). For our choice of
parameters, the dipole always dominates over the mixing, but of course this will change if
smaller values of the dipole coefficient are considered. The curves for Γθ for different values
of θiα can be obtained by simply rescaling with |θiα|2. The scaling of Γd is more involved,
since there are terms that scale as |d|2 (due to the N2 → N1γ contribution), |d|2|θ2α|2 (NP
contribution to N2 → ναγ) and |θ2α|2 (EW contribution to N2 → ναγ), so that an explicit
computation is required. This translates into the behaviour of the orange curves in Figs. 1-2.

D Experiments geometry and analysis

We describe here the characteristics of the experiments considered that are important for our
simulations. We start from the past experiments and then turn to the future proposals:

• CHARM-II was a proton beam dump experiment in which a 450 GeV proton beam was
dumped on a beryllium target. The calorimeter that allowed for photon identification
was placed at a distance of 780 m from the Interaction Point (IP) and had a transverse
area of (3.7× 3.7)m2 and a length of 35.6 m [7]. In our simulation, we require photon
production inside the calorimeter. During its run, CHARM-II collected a total number of
Protons On Target (POT) equal to NPOT = 4.5× 1019.

7This is true as long as d is sufficiently small that the total decay width of the meson is dominated by the SM
contribution. If this is the case, the branching ratio in Eq. (C.16) inherits the |d|2 from the decay width that appears
in the numerator.

8This is true in the limit of massless final-state particles, but in practice the thresholds can be important, see
right panel of Fig. 6.
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• BEBC was a bubble chamber experiment in which a 400 GeV proton beam was dumped
on a copper target [6]. The detector was placed at 404 m from the IP, with transverse area
(3.57× 2.52)m2 and a length of 1.85 m. The experiment collected NPOT = 2.72× 1018.

• NA62 is a currently running experiment at CERN, devised to study kaon physics. What
concerns us is the planned beam-dump-mode, in which a 400 GeV proton beam will
be dumped on a copper target. We take the geometry from [9] and assume that the
decay volume will be a 1 m radius cylinder, aligned with the beam axis, placed at 79
m from the IP. At a distance of 138 m from the beginning of the decay volume is to be
placed a cylindrical electromagnetic calorimeter of radius 1.2 m. In our simulation, we
require the photons to be produced inside the decay volume with a trajectory that has
a maximum angle θmax = 5.5 × 10−3 with respect to the beam axis. This guarantees
that the photons produced will intersect the calorimeter, even when they are produced
at the beginning of the decay volume, thus leading to a very conservative estimate of
the sensitivity. We consider a dataset of NPOT = 1018.

• SHiP will be a beam dump placed at CERN, in which a 400 GeV proton beam will collide
with a molybdenum/tungsten target. Following [8], the SHiP decay volume will have
a squared-base pyramid shape, that for simplicity we approximate to a truncated cone
of angle θmax = 2.8 × 10−2. The vertex of the cone is taken at the IP, while the decay
volume starts at a distance of 33 m and has a length of 50 m. We assume that the total
number of POT collected at the end of the run will be NPOT = 6× 1020.

• FASER 2 is the proposed upgrade of the currently running FASER. If approved, it will be
placed in a cavern near the ATLAS IP at the LHC, surrounded by rock and dirt that will
shield the detector. For the geometry, we follow [10] and take the decay volume to be
a cylinder of 1 m radius and 10 m length, to be placed at 620 m from the IP. The decay
volume will be followed by a 10 m long tracking system, after which a calorimeter will be
placed. In our analysis, we consider photons produced from the beginning of the decay
volume up to the beginning of the calorimeter, and require the maximum angle between
the photon momentum and the experiment axis to be θmax = 1.6 × 10−3 in order for
the calorimeter to be intercepted. FASER 2 is expected to collect a total luminosity of 3
ab−1.

The total number of mesons of type M , NM , that enters in Eqs. (37)–(44), can be computed
in terms of the multiplicity of mesons produced per proton interaction, fM , as

NM ≡ NPOT fM (beam dump experiments), (D.1)

or
NM ≡ σinelastic L fM (FASER 2), (D.2)

where σinelastic = 79.5 mb is the inelastic cross section for proton-proton collisions at a center-
of-mass energy

p
s = 13 TeV and L = 3ab−1 is the expected total luminosity. For the beam

dump experiments, the mesons multiplicity and spectra have been simulated using PYTHIA
8 [63,64], as described in [22]. We obtain

fπ0 = 4.3 , fη = 0.49 , fη′ = 0.055 ,

fρ = 0.58 , fω = 0.57 , fφ = 0.021 ,

fD± = 4.3× 10−4 , fDs
= 1.8× 10−4 , fB± = 6.0× 10−8 ,

fJ/ψ = 4.7× 10−6 , fΥ = 2.2× 10−9 .

(D.3)
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We neglect the small differences between the 400 GeV proton beam (CHARM-II, SHiP, NA62)
and the 450 GeV proton beam (BEBC). We checked that they are indeed small. For FASER 2,
we instead take the mesons spectra and multiplicity from the FORESEE package [65].

Meson spectra are important because they allow to produce spectra for N1,2 and the pho-
tons produced in the decay. In practice, we proceed as follows: we simulate N1,2 4-momenta
in the meson center-of-mass frame and then use the information about the meson spectra to
boost these 4-momenta in the laboratory frame. We apply the same procedure also to simu-
late the photon spectra: we first create a list of photon 4-momenta in the N1,2 center-of-mass
frame, and then use the N1,2 spectra to boost to the laboratory frame. The photon spectra are
used to compute the probability PX

Eγ
introduced in Sec. 3.2.

Finally, let us comment on the photon threshold required to produce a signal. For the
past beam dump experiments CHARM-II and BEBC, we take Eγ ∈ [3, 24]GeV [66] and
Eγ > 1 GeV [6], respectively. For the future experiments, we follow Refs. [59, 67, 68] and
require Eγ > 1GeV.
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