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Abstract

Massive sterile neutrinos, also known as heavy neutral leptons, can have a mixing with
active neutrinos, 0, 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 < My < 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 My and the mixing 0, 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 ~ 108 GeV~!, 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 6 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 My is essentially
unconstrained: they can be as heavy as the quantum gravity scale Mp;q,.x ~ 10*° GeV, as
light as the electroweak scale My, ~ 10? GeV, or even massless, as long as their couplings to
the SM are sufficiently suppressed. They may have Yukawa couplings to the SM operator HL,
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 m, ~ 0.1
eV My S 10'> GeV. When sterile neutrinos lie within the reach of collider experiments, say
for 0.1 GeV S My < 10% 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.! 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 B,,,, 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 S My < 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

!A 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 N; ,. 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 N; and N, 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 Nl’ , neutral with respect to SM
gauge symmetries, i.e. two sterile neutrinos. The relevant Lagrangian is
Ly = iNJ 68,N] + Ny &4 3,N; — ( MN]N; + ELNIN] + E2NjNg + he.) o
—[ATL (Yy N+ YZN;) +hc.]+(dN/o""N;B,, +h.c.),
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 N1/,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 B,,. The Wilson coefficient of the dimension-five dipole operator has dimension -1
and is complex in general: we parametrise it as d = |d|e!>. 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 Nl.’ N J’H H = Ni’ Nj’ (v + h)?/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, (HL')(HL’): in general, SM neutrinos
may receive a mass both from the latter and from the mixing with N1/,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:

g &

& )
1672 m,

(2)

where g’ is the gauge coupling associated with hypercharge, g, is a typical coupling between
Nl’,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, ~ 47, 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 ,, the kinetic term has a global symmetry SU(2)y x U(1)y, acting on the doublet

N’=(N/N,)" as
SUR2)y: N — VN, U(l)y: N —e™N’. 3)

Let us observe that, because of the antisymmetry of the o*” spinor structure

1 1
I UvAr! — = (N AUV N MY — g MY ab g/
N;o""N, = 2(N10 N, —N,o"’N;) = SNao" €Ny, 4
where the antisymmetric Levi-Civita tensor € acts on the family index of the sterile neutrinos.
Therefore, the dipole operator breaks the U(1)y symmetry, but it preserves SU(2)y with N’
transforming as a doublet.

In contrast, the sterile neutrino mass matrix

_ U1 M _ —my + imz msg
M= (M ,uz) n ( ms m; + im2) ’ )
can break both U(1)y and SU(2)y. More precisely, the spurion .4 = ZAmA(er)ab trans-
forms in the triplet representation of SU(2)y. In the case of real m,, SU(2)y is broken to
a U(1),, subgroup, and one can check that the two sterile mass eigenstates are degenerate,

with M; =My = (D, m,m,4)'/2. This corresponds to a Dirac neutrino with a conserved U(l)y
charge. Without loss of generality, one can take the real-triplet spurion in the third-component

4
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direction, m; = m, = 0 and m3 = M, which preserves the U(1)}, subgroup generated by o,
with charges q(N;) = +1 and q(N,) = —1.

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

)1/2

M2, =" mum; + 2 ([Im(mym3) 2 + [Im(mym3)12 + [Im(mgm?) (6)
A

It is technically natural to have a small mass difference AM = M, —M;, as a U(1),, symmetry
is restored in the limit AM — 0.

Let us now introduce the SM lepton doublet L’. As long as the Yukawa couplings Yl\}’z
between L’ and the sterile neutrinos N1/,2 are set to zero, there is no active-sterile mixing, and
the SM neutrino v 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), symmetry introduced above, by assigning a charge q(L’) = +1. This symmetry can be
considered as a lepton number symmetry, U(1);, and it is preserved for YA} — 0 together with
U712 — 0. In this limit the spectrum is formed by a massless, mostly active neutrino v, and a
massive, mostly sterile Dirac fermion N. When U(1); is explicitly broken by YA} and/or u 5,
the spectrum is formed by three massive Majorana fermions: a light mass eigenstate, v, and
two heavy ones, Nj 5.

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)y 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 AM as well as a tiny active neutrino mass m,, since U(1); 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 AM 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

/

4 4
Ny |=U[DN [, (7)
N, N,

where the unitary matrix U satisfies the condition UT MU = Mgiqg, with My, the diagonal
matrix of mass eigenvalues and

0 YA} v Yﬁv 0 | m?
M=|Yiv w M |= ( L ) , (8)
Yz M mp -/fl
NV U2

where mg = YyV is a 2-component row vector, the 2 x 2 matrix .# 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 .
e®/1—-070 0
U= _ e 0 Y , 9
Vv1—-070
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where a is a real number, 8 = (6, 0,)" is a 2-component complex vector, representing the
mixing between the active and sterile neutrinos, and I/ is a 2 x 2 matrix that satisfies

1-670 0
T/ —q T i
UU=1-00 vg( 0 1)v0, (10)
with V, the unitary matrix that diagonalises 2/7i{. Eq. (10) fixes I/ as a function of , up to an
arbitrary unitary rotation V on the left,

u=v( V17600 vy, Vo= ——[ & 70 ) (11)
0 1 Joto \ 02 i6]

The matrix V can be parameterised e.g. as V = diag(e'?, e")Rydiag(e'?,e™®), with R; a real
orthogonal rotation by an angle 6;. After a phase redefinition e*@ — 6, the phases a, 3,y
can be removed by a phase redefinition of the fields v/,N;,N,, therefore we will drop them
in the following. In summary, the six physical parameters in the diagonalisation matrix U are
61,2, arg(6y2), 63 and 6.

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

d 0T 0v
: =— [Nl - —— Tgh» (N——)B h.c., 12
Edlpole 2 ( 1_0140)1/{ o™eld 1-070 .W’+ c ( )

where N = (N;N,)T. Since UT eld = detld - € = ¢?V/1—070 - ¢, the dipole interaction
becomes

Lapote = d ' (V1070 Nyo#*N;B,,, — 0, N0 vB,, + 0, Npo#*vB,,, ) +he.  (13)

Note that the active-active dipole remains exactly zero by antisymmetry. Since the active-
sterile mixing angles 6; are small, we will sometime neglect terms of order 6;6;, i.e. drop the
square root in the coefficient of the N; — N, dipole.

The seesaw mass matrix of Eq. (8) can be block-diagonalised perturbatively in the matrix
€ = #'my, [48]. To leading order, we have

U@’:.//l_lmD. (14)
As usual, the light (mostly active) neutrino mass is given by the seesaw formula,
m,~—ml M my, ~—0"UT.HUB, (15)

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

It is interesting to spell out the U(1); conserving limit, where mp; = u; = uy = 0. In
this case the diagonal mass matrix is My;,, = diag(0, Mp, Mp), with a Dirac mass given by

Mp =4/ m%z + M2, and the active-sterile mixing parameters are equal to

1 is 1 —ic ¢
0 =— ) U=— . , 16
ﬁ() ﬁ( i 1) (10)

with s = mp,/4/m%, + M2 and ¢ = M/4/m?, + M2. Even though this mixing does not con-

tribute to m,, it does modify the v couplings to the W and Z bosons: experimental bounds
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require roughly s? < 1072 [49]. Introducing four-component spinors for the Dirac mass eigen-
state and the massless neutrino,

cN! +sv —sN/ +¢cv/
Np = ( ?V/"L ) ) VL = ( 10 ) 17)

2

the dipole interaction reads
1 uy 1 uy
Lapote == d cNpZ"PLNpBy, + - dsNpX v, By, +hic., (18)

where Z*” = i[y*,y”]/2 [45].

Finally, let us consider one particular departure from the U(1); limit, which amounts to
split N, into a pair of non-degenerate Majorana fermions, while keeping m,, vanishing. To this
purpose, let us choose My;,, = diag(m,, My, M;) = diag[0, M;(1—6),M(1 + 6)]. In this
case M; = 0 implies 912(1 —0)+ 922(1 +6) =0, so for the mixing one can take

1 [ isvV1+6 1 ( —icV/1+6 cvV1-6
B_E( sV1—5 ) u_ﬁ( ivi—=§ J1+6 ) (19)

which generalises Eq. (16) with the same definition for s and ¢, and I/ was determined from 0
by using Eq. (11) and setting V to the identity. The sterile masses are related to the Dirac mass
by M, = Mp/+'1— 62. This particular scenario corresponds to the U(1);-breaking parameter
Wy = 26 M, while keeping mp; = u; = 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 9,
defined by

My — M,

o6=——.
M, + M,

(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, dg No*”(LH)B,,,, with a Wilson coefficient dg 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 dg contribution is actually subdominant in a large class of
UV theories of flavour (e.g. partial compositeness), where the size of dg is related to the size
of d and 6 ~ Yyv/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 dg and
Yy, we find a ratio (dg - v)/(d - 0) ~ M /m,. Such ratio is smaller than one as long as sterile
neutrinos are lighter than the UV cutoff. We thus neglect d¢ 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

EW o 3€GF %
Nkv_ 8\/271:2 k k>

In general, this coefficient should be added to the new physics (NP) contribution from Eq. (13),
dﬁﬁ) = —de'? 6, cos 6, and dﬁ; = de'? 0, cos B,,, where 6, is the weak mixing angle con-
necting hypercharge to electric charge. Inserting the NDA estimate for d given in Eq. (2), and

k=1,2. (21)
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assuming |6;| ~ |6,|, the relative size of the two contributions can be written as

|d[€:‘:/| 1 2 m, Mk
20.05(—) ( )(—) 22)
dy", g.) \Tev/\Gev

Therefore, the EW contribution becomes relatively more important as Nj become heavier, and
as the NP states decouple from N,. Whenever relevant for our analysis, we will take into
account the total electromagnetic dipole coefficient, d*™ = dN? + dfV.

2.4 Some considerations on lepton flavour

Up to this point we neglected lepton flavour, assuming a single SM lepton doublet L = (v 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, L, for @ = e,u, 7. Then, the active-sterile
mixing is promoted to a 2 x 3 matrix with entries 6;,,.

Let us stick to the U(1); conserving limit, which guarantees vanishingly small neutrino
masses. In this limit u; , = 0 and Yl\l,“ = 0, therefore the neutrino Dirac mass matrix mj and
the sterile mass matrix ., introduced in Eq. (8), read

0 0 0 0 M
mp = R M= , 23
b ( My, mz‘u Mo, ) ( M O ) ( )

for my, = Yﬁav. The diagonalised mass matrix is My;,, = diag(0,0,0,Mp, Mp), with
Mp = \/ m% .t m%u + m%T + M2, and the diagonalisation matrix U, defined by Eq. (7), takes
the form

Ce 0 0 Se 0 1 00 0 0
—SeSy Cy 0 CSy O 010 0 0
U=] —SeCuSt —SuSt  Cr  CCysy O 0 01 0 0 , 24
—5,CuCx  —SuC; —S; CeCyCy O 0 0 0 —i/vV2 1/¥2
0 0 0 0 1 0 0 0 i/V2 1/4/2
where s, =sin6,, ¢, = cos 0,, and
m m m
Se = - - 2 - s Sy = - 2“2 , S = + (25)
\/m26+m2M+m2T+M2 \/m2H+mZT+M2 \/m5, + M2
This corresponds to
1 1S, 1C.S, 1C,CyusS 1 —1C,CyCr  CoCyC
0 =— e eu eur), Z/[:—( e ptT eufr). (26)
‘/j( Se  CeSy CeCySz V2 i 1

It is easy to check that, in the limit where only one m,, 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);-
conserving limit, the matrix U is determined only up to a block-diagonal transformation from
the right-hand side, of the form V = diag(V’, 1), with V' an arbitrary 3 x 3 unitary matrix and
1 the 2 x 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]

s55107°,  s25107°, s2$3x1070. (27)

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

then s> $107°[1077], (28)

if Se Sy, ou S

where the number in bracket indicates the sensitivity of the next generation experiments.
Current bounds on 7 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 u (T) 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 S Mp <580 GeV, s7,S107°, s25107°,
for 0.5 GeV S Mp S2GevV, 2,107, s2510°°, (29)
for 0.2 GeV S Mp $0.5GeV, 55, S1077, s25107°.

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
Mp < 0.5 GeV (when s2 s, 7é 0) or M, S 0.1 GeV (s # 0). Also this bound can be modified by
the presence of the d1pole operator, as we will see in Sec. 3.2.
The sterile-neutrino dipole operator reads, in the mass basis,

1 —
ﬁdipole =- 5 d CeCulr NDZ"WPLNDBW)
2 (30)
+ > d Nz (sT Ve €8 Vi + CoCyuSe vLe)BW +h.c.,

where v, , . 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 v;, , » have no dipole interaction among each other,
since those would violate lepton number by two units. Indeed, a departure from the U(1);
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);-conserving limit are also constrained by the smallness of the
light neutrino Majorana mass matrix m,,, whose entries should not exceed ~ 0.1 €V. 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 M;,, = diag[0,0,0,(1—6)M;, (1 + 6)M;], thus splitting
the two sterile masses while keeping m, = 0. The mixing matrix U is minimally modified with
respect to Eq. (24), by the replacement of the 2 x 2 block in the second factor,

1 (=1 . L —iV1+6 V1-6
VAR V2 iv1=6 V146 )’

(31

9
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The corresponding modification to Eq. (23) amounts to a non-zero 22-entry in .#, given by
Uy = 20 M, with M, = M, /+/'1— 2. Note that in this scenario one has

1—6
|02 =\ 1+—5|91a|, a=-e,u,T. (32)

This particular U(1); breaking has the additional advantage of not inducing transitional dipole

moments among the light neutrinos. Indeed, we started from dN. O'WNZBW, but N, does not

contain any light neutrino component, because Us; = 0 for i = 1,2, 3. Explicitly,

— s v
Lgipole =—1d c.c,,cc Nyo""N,B,,,,

i
+ 7 dV1—86No" (s, v, + CoSpVy + CoCySe ve)BW

(33)
1
+ 7 dV1+68N,o" (syv, + CoSyVy + CoCySe ve)B‘W +h.c.

A more general U(1); breaking can contribute to the 3 x 3 light neutrino mass matrix m,,
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, m, might receive additional contributions
from other UV sources, such as a Weinberg operator or additional, heavier sterile neutrinos.
However, if one insists that the Nl’ , contribution dominates, then the active-sterile mixing can

be further constrained. Introducing the ‘relative’ mixing angles §2 8%, 52 5/ D B 32) and requiring
to reproduce oscillation data with only two sterile neutrinos, one roughly ﬁnds [51],
normal ordering (m; < my < ms): §2501, 0255 §2 5085, §2~1 _Su’ 34
inverted ordering (m3 <m; <my):  0.05$$250.95, sﬁ ~§2 ~ Q. 5(1 $), (34

where m, , 5 are the light neutrino mass eigenvalues. In other words, the relative sizes of s, ,
are no longer independent, therefore the upper bounds on each si, 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 N, — N;y and N, — v,y are central in our phenomenological analysis. The N,-
to-N; radiative decay is driven by the dimension-five dipole coefficient, from the first line of
Eq. (33), dﬁ,mN ~ id cos0,, (the EW correction is negligible, being suppressed by two powers
of the active-sterile mixing). On the other hand, the N;-to-v, radiative decay is controlled

by d", = dgf; + df,v'; , 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
Ok — Oka.

At leading order in the mixing angles 6;,, the decay widths are given by

3
d2 29 M?2
F(Nz _’NlY) — wMg (1__1 ,

87 2
o 3eG ’
_ 1 1+ . eGp 29 73
F(NZ - Va’)/) = 8_7'C d cos QW\ m 8\/57-[2 |92a| M2 5 (35)
2
1 1-6 3eGp 9.3
T(N; = vuy) = e d cos@w\ 175 + W [014]"M7 .
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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 N; and N,. The limit
in which 6 — 0 and the two Majorana fermions N; , 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 N; , are expected to
be long-lived. Various factors point to this conclusion. First, we expect |d|M; < 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 GFM,f < 1, and in addition it is
loop suppressed. Third, following our discussion of symmetries in Sec. 2.1, we expect M; and
M, to be relatively close in mass, since their mass splitting is due to explicit U(1); breaking.
Finally, the mixing angles |6;,| are also small because of experimental limits, as discussed
in Sec.2.4. Inspecting Eq. (35), we see that I'(N, — N;y) is suppressed by the smallness
of the dipole coefficient and by the small mass splitting; the widths T'(N; ;, — v,7), 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, N ,
decays can give interesting signals at experiments that may exploit their long-lived nature,
i.e. experiments at the intensity frontier.?

Once the kinematics (i.e. M ,) is fixed, the phenomenology is completely determined by
the dipole coefficient d and by the mixing angles 0,,. 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 N; 5, 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 6, 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 N; , 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 N, (we will comment later on what happens for N;) and pro-
ceed as follows: concerning production, we will consider the number of N, particles produced
in mesons decays due to either the dipole (N;) or the mixing (Ng): the dipole dominates in the
region in which N; > Ng. The computation of N; and Ny 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 N,: 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 N, and consider the dipole to dominate
when Ty > Iy, where Iy = T(N, — Nyy)+,, T(Ny — v,7), with the explicit expressions given
in Eq. (35), while Ty 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 N, production is dominated by the dipole, N; > Ny
(above the blue lines), and where N, decays are dominated by the dipole, [;; > Ty
(above the orange lines), for three different values of M;. The light blue/orange
colour shading corresponds to the case M; = 1 GeV. In the wine (white) region, the
dipole (the mixing) dominates both N, production and decays. We focused on the
SHIP case, fixing a mass splitting 6 = 0 (0.1) in the upper (lower) panels, and non-
zero mixing with a single flavour, ;. # 0 (91'“ # 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, = 4m).
The vertical dashed gray line is the maximal allowed mixing for M; = 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 M; = 1 GeV, while considering
three different values of 6 (the shading corresponds to 6 = 0). In the lower panels,
we fix M; =1 GeV and 6 = 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 N; > Ny above the blue lines and I; > T}y 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 7 (u) flavour
only. We have explicitly checked that for mixing with the e flavour the results are essentially the
same as for the u 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, = 4 for a strongly
coupled UV completion. The vertical dashed gray line shows, instead, the approximate upper
limit on the mixing angles: 6;, ~ 10~ and 01, =~ 3 x 10™*. These are taken from [2] and
are the maximum allowed mixing for the representative value M; = 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 6 = 0 (upper panels) and 6 = 0.1 (lower panels), use Eq. (32) to compute
60, as a function of 6,,, and consider what happens at the SHiP experiment for three different
values of the lightest sterile mass: M; = 1 GeV (solid lines, for which we colour-shade the
regions in which N; > Ny and/or T; > I}), M; = 0.3 GeV (dashed lines) and M; = 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 M; = 0.3 GeV and 3 GeV lines lie on different sides of the M; =1 GeV
line, while in other cases they lie on the same side). This is due to the fact that the ratio N; /Ny
is not a monotonic function of M;, because the dipole and mixing production channels have
different thresholds and different mass dependence, see App. C.3. For decays, the ratio I}; /Ty
is a monotonic function of M;, and the ordering of the lines is always the same in the different
panels. We also notice that, when § = 0, the orange lines are horizontal, while for 6 # 0
they are oblique. This is due to the fact that, in the former case, the decay channel N, — N;y
is kinematically closed, leaving only N, — vy open. This is proportional to |0;,/%,° so the
dependence on the mixing cancels when comparing with Ty, which is also proportional to
|6;,|%. This behaviour (horizontal orange lines) is the one we would observe in the analogous
plots for the N; particle, since in this case the only open decay channel is N; — vy: for this
reason we decided to rather display plots for the N, production and decays.

Turning to Fig. 2, in the upper panels we show a different slice of parameter space, in which
we fix M; = 1 GeV and let 6 take the values 0, 0.1 and 0.5. We again see the appearance of
horizontal orange lines for & = 0, while the dot-dashed lines corresponding to & = 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
M; =1 GeVand 6 =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 SHiB 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 N, particles produced is very similar.

3Although we are considering N,, one can use Eq. (32) to express 0,, as a function of 6,,,.
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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 M; and 6 (or equivalently M,). Clearly, there is always
a limit 6;, — 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 N; , 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 E,, that varies according to the experiment. We will denote Pi‘i the probability to
pass this requirement, with X = N;, N, 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, 6;, = 0. This is because
0;, # 0 induce additional production/decay modes for the sterile neutrinos, including the case
in which N; particles are produced by the dipole via N, — N;v, and then decay via N; — v, 7,
which depends on both the dipole and the mixing. Note also that, when the sterile mass
splitting vanishes, & = 0, then the channel N, — Njy 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 +dy:

e~ (r—=x)/Lx
px(x,y)dy = ————dy, (36)
Lx
where Ly = BcyTy is the decay length of the particle X in the lab frame, with Ty the lifetime
in the particle rest frame, y the boost factor from the particle rest frame to the lab frame, and
cf3 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. N, is produced via mesons decays at the interaction point and decays via N, — v,y
inside the detector. The number of events is

1
Ne(ve)nts = ZNM BR(M - NZ)(PNZ inside) > (37)
M

where N, is the number of mesons of type M produced at the experiment considered,
BR(M — N,) the meson branching ratio into N, and Py, insge the probability for the
N, — v,y decay to happen inside the detector, with a photon above threshold,

PNZ inside — (e_Lin/LNz - e_Lout/LNz)Pfgvz E BR(NZ - vaY) . (38)
Y
a
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In this equation, the term inside brackets is the total probability for N, to decay inside the

. L . . .
detector, i.e. f . dx py,(0,x), where L;, and L, are the distances from the interaction
mn

point at which N, enters and exits the detector, respectively. The symbol (-) in Eq. (37)
denotes the average over all simulated momenta, necessary because the quantities Ly,

and Pg *> depend on the momentum of the N, particle considered.
Y

2. Nj is produced via mesons decays at the interaction point and decays via N; — v,y
inside the detector. The number of events is

2
Ne(vgnts = ZNM BR(M - N1)<PN1 inside) s (39)
M

and can be obtained from Egs. (37)-(38), simply substituting N, — Nj.

3. N, is produced via mesons decays at the interaction point and decays via N, — N;y. We
now have three possible sources of signal:

(a) N, — N;y happens before the detector while N; — v,y happens inside the detector.
The total number of events is given by

3
Néve?nts = ZNM BR(M - N2)<PN2 before,N; inside) ’ (40)
M
where the probability is
Lin Lout

N

PNZ before,N; inside — J dx pNz(O: X) J dy Pn, (X: .Y) PEYI
0 Li (41)

x BR(N; = Nyv) > BR(N; = 7).
a

The average (-) is now taken over all N; and N, simulated momenta.

(b) N, — N;y happens inside the detector while N; — v,y happens outside the detec-
tor. The total number of events is

4
Negvgnts = ZNM BR(M - NZ)(PNZ inside,N; outside) 5 (42)
M

where the probability is

Laut S
N.
PN2 inside,N; outside = J dx Pn, (O) X) f dy Pn, (X, y) PE: BR(NZ — N Y) . (43)
L

Lin out

(c) Both N, — N;y and N; — v,y happen inside the detector. The number of events is

5
Névgnts = ZNM BR(M - N2)2 <pN2 inside,N; inside): (44)
M

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

L LDU[

dx py, (0, x) f dy pn,(x,¥) PZZPE’?
Lin Lin (45)

x BR(N; = Ni7) D | BR(Ny = %7).
a

out

P N, inside,N; inside — J
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We will consider in our analysis the past beam-dump experiments BEBC [6] and CHARM-
IT [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 x 10~
GeV~!. For consistency of the effective field theory, in our plots we will focus on the region
with a dipole Wilson coefficient d < 10~2 GeV~!, 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° — N;N,, VO — N;v,, P° — N;»v, and P* — N;{*, where V and
P denote a vector and pseudoscalar meson, respectively, while £ 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° = {p, w, ¢,J /¢, T}, P° = {n° n, 7'}, and P* = {D*,DF,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 (M,,d) plane, for
various values of the sterile mass splitting 6 and of the mixing angles 0,,. 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 M; ~ 1 GeV.
This behaviour can be easily understood: photon production is controlled by d*™ = dN? +dfVW,
as shown in Eq. (35). Therefore, even when dNP — 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, 6;, = 0, fixing 6 = 0.1.
For this choice, production happens via the decays of neutral vector mesons, V° — N;N,,
and the signal is generated by the channel N, — N;y. We observe that, for our choice of &,
CHARM-II and BEBC do not exclude any region of the parameter space shown.* 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, = 41
or g, = 1, aslong as M; < 0.3 GeV. On the other hand, SHiP will be able to explore significantly
smaller values for the dipole, down to d 2 2x 1077 GeV ™}, for a sterile mass as large as M; ~ 1
GeV.

“Comparing 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 §. Our 6 = 0.1 corresponds to & ~ 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 6 = 0.1 and either no mixing (upper panel)
or mixing with the 7 flavour (middle panel). We also show the regions excluded by
limits from supernove (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, = 4mn). 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 N,,..;s > 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 6 = 0
(instead of 6 = 0.1). Middle panel: same as the upper panel, but mixing with the u
flavour (instead of the 7 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 § = 0.1 but turn on a mixing with the
7 flavour, fixed to the maximum allowed value for a reference mass M; = 1 GeV, that is
0,, = 1073. 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-
IT and BEBC. A common feature of all the curves is the “jump” in sensitivity appearing at
M; ~ 0.2 GeV, where the channel Dsi — N;7* closes. We can also see the effect of smaller
thresholds: for instance, the small feature around M; ~ 0.4 GeV is due to the dipole-induced
decays p — N;N, and w — N;N, 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 M; at which the experimental sensitivity ceases to be effective, the
largest being M; ~ 3—4 GeV for SHiP. In this panel we also see a region excluded by supernova
(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 SHiB 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 M, for the same parameters as in the middle panel, but fixing d = 0. The
interval in M; 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 6: we can see that only marginal differences appear, even though in the 6 = 0.1 case there
is the additional decay channel N, — N;v, that may generate photons in the detector and
Nj particles that can themselves give a signal. In the terminology used above, the signal for
6 = 0 is generated by populations 1 and 2, while the signal for 6 = 0.1 is generated by all 5
populations. Nevertheless, at least for & = 0.1 we see that the effect of the populations 3-5 is
small in most of the M; —d plane. Indeed, as the mass splitting becomes smaller, the channel
N, — Nyy progressively closes, and one must recover the 6 = 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 u flavour, in contrast with
the 7 flavour in the upper panel. One main difference between the two panels stems from
the different position of the meson thresholds. For the u flavour, the channels D* — N;u*
and D" — N;u* remain open all the way up to M; ~ 2 GeV. For the 7 flavour, instead, the
analogous threshold appears at M; ~ 0.2 GeV] due to the Dsi decay (the D* decay closes for
M; 5 0.1 GeV and does not appear in our plot). For mixing with the u flavour, only the SHiP
experiment has a sensitivity that extends beyond the D/D; threshold.

A second important difference is that photon events from the EW dipole are much more
frequent in the case of u flavour, and they peak at lower values of M;. 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(10*) events for M; ~ 2
GeV.

We now turn to Fig.5, where we present the sensitivity of the SHiP experiment fixing a
mixing with the u flavour and varying 6 (upper panel), or fixing 6 = 0 and varying the mixing
angles (lower panel). In the upper panel, the curves for & = 0 (continuous) and § = 0.1 (dot-
dashed) are pretty similar, a behaviour that was already seen for the T 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 6 = 0.9 (dashed line). This can be understood by observing that, for 6 = 0.9, we have
M, =M;(1+6)/(1—8) =19 M,. Therefore, as M; grows, the heaviest sterile neutrino soon
becomes too heavy to be produced in meson decays. Since the signal is now produced by N;
in most of the parameter space, the total number of events is roughly half the one we have
for smaller 6, 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 M;), and the
BBN bound, which depends on 6. For this reason, we display three shaded regions for BBN,
with a solid contour for § = 0, a dot-dashed contour for 6 = 0.1, and a dashed contour for
6=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 6;, = 6;; (dubbed u+ 7
in what follows), or 6;, = 6;, = 6;; (e+u+ 7). 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 u 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 u curves at
the D /D, threshold, close to the end of the vertical region, around M; ~ 2 GeV, due precisely
to the e — u mass difference (difference which is inherited by the e + u + 7 and u + 7 curves
as well). The sensitivity curve for mixing with the 7 flavour instead has thresholds appearing
for significantly different M;, therefore it results to be very different with respect to the e and
u curves. Comparing the u case (blue) with the u + 7 curve (purple), the more pronounced
differences arise in the regions M; < 0.2 GeV and 2 GeV < M; S 3.5 GeV, precisely where the
sensitivity of the 7 line (red) is many orders of magnitude better than the sensitivity of the
blue line. Nevertheless, even in these regions, the u + 7 line does not reach the sensitivity of
the 7 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.

16, =3x 1078 TR
16;:=10"°

6;,1=16;,1=3x 10
161el=16,1=16; |=2.4 x 107

05 1 05 1

M, [GeV] M, [GeV]

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 u
flavour only, and vary the mass splitting 6. In the lower panel, we set § 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
N; = vq7;

(ii) cosmological (BBN) and astrophysical (supernova) data can bound the sterile neutrino
total lifetime: in the former case, because sterile neutrino decays into SM states can alter
the “He 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, d,No""v,F,,
with F,,, the photon field strength. This may arise from a dim-six operator No*”(L,H)B,,,
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 M; ~ a few 100 MeV, we will neglect d£" in the following.

Borrowing from Ref. [22], the active-sterile dipole coefficients are called d,, and translate
to the notation used in the present paper asd, = d 6;,/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|?|6;,|?> (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 N; — v,y decay). As a consequence, the upscattering process is too
suppressed to give any relevant limit. More concretely, upscattering would limit the region
d = 1072 GeV !, not shown in Figs. 3-5.

On the contrary, astrophysical and cosmological limits arising from supernove and BBN
may be complementary to accelerator experiments, since they typically exclude regions with
smaller dipole/mixing couplings. In the case of supernova (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 (M; < 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 d, = d, = d_,
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(7,, T5) < 1 s, where 7; is the total lifetime of N;. 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 M; < 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 Nj, 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 M; ~ 0.1 — 10 GeV. In this window, mesons produced
in proton collisions can copiously decay into N;, 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 N; 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 N; 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 M; < 0.3 GeV and dim-five dipole coefficient
d 2 2 x107° GeV!, corresponding to new charged states close to the TeV scale. The SHiP
experiments will improve the sensitivity to M; $1 GeVand d 2 1077 GeV 1.

On the other hand, a non-zero mixing can greatly enhance N; 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 ~ 1078 — 107 GeV !, corresponding to new charged
states as heavy as ~ 10° 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 S M; < 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 & 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 & = 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 7 neutrino is allowed to be larger than with the u and e flavours but, on the
other hand, the thresholds for charged-current production and decay of N; are larger because
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of the heavier T mass. As a consequence, whether the sensitivity to d is better in the 7 case,
or not, depends on the specific value of M;. 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,
0,, = 0, the lightest state N; is stable, thanks to an unbroken sterile parity, Z,y : N; = —N;.
Therefore N; becomes a potential dark matter candidate, that scatters on ordinary matter in-
elastically, converting into N, 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 6,, = 0 case but not in the 6;, # 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 6;, 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 (6;, versus M;), might be modified by the presence of neutrino
electromagnetic dipoles. In particular, we point out that the irreducible contribution dﬁ"z ,
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 N; and N, vanishes, 6 — 0).
Consider two Weyl fermions, 1, and ),, with a dipole interaction

(A1)

1
Laipote = dyth10""PoFy +hic. = ZTy 7 (dpr _ d:‘pPR) WyF,,,

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

. 'l/)l' wy _ ot 0
\IJl' —_— (’l/)li ) 2 - 2 0 6.,1” :

From Eq. (A.1) we can immediately compute the amplitude for the 1, — 1),y decay,

p
2) / Yy

A= Y2 = q,i,2""(—Re dw}fs +ilmdy)uq €,(q), (A.2)

N

q A
and from this we obtain
|d |2 m2 3
MGy = i) = 5m3 (1= — | . (A3)
n 2

In general, one can take into account possible loop corrections to the amplitude, that can be
effectively included in d, = df[“ + df;‘)p : in the case of neutrinos, EW loops do generate
a relevant correction, studied in detail in appendix B. After the appropriate identification of
11, with the neutrino mass eigenstates N , and v,, and of d,, 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 Nj , both the (left-handed) Weyl fermions and the corresponding (massive) Majorana
fermions. In the limit & — 0, N; and N, become mass degenerate, i.e. they form one Dirac
fermion N (with Weyl components N; = N; and Ny = NZT). The decay channel N, — Njv is
kinematically closed, and the remaining decay amplitudes rearrange in such a way that

T'(N; = vy) =T(Ny = vy) =T(N = vy) =T(N — »y). (A4

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 N, as it must be in order for the number of
produced photons to vary continuously, as one takes the limit 6 — 0.

A similar reasoning applies to all other decay channels involving N; ,, discussed in App. C.
In the expressions for the decay widths, we generally take the convention where the Majorana
particle N; 5, = N1,2 includes both chiralities, and analogously v = ¥ 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, dfkw = —d,fJW, between any pair of neutrino mass eigenstates v;
and vy, as long as they have a non-zero mixing with the SM neutrinos v, (¢ = e, u, 7). This
allows for neutrino pair production from a photon, y* — v; v, as well as neutrino radiative
decay, v, — v;y (for my > m;). In the presence of a higher-dimension NP operator, contribut-
ing to the neutrino electromagnetic dipole with coefficient df’ P one must consider the sum of

the two effects, d*™ = d"? + d*". The radiative decay width (v — v;y), in particular, is
given by Eq. (A.3), with the obvious replacements m, — my, m; — m;, and d, — d]e]i"

Let us provide the general expression for d2". A neutrino flavour eigenstate can be written
as v, = Z;l:] Uqjvj, where the sum runs over all the neutrino mass eigenstates: n = 3 + n
with ng the number of sterile neutrinos (in the rest of this paper n; = 2, with v, 5 = N; , and

my s = M, 5). The computation of the EW loops give [43,44]

eG m>

iV = —F E f(—“) mU* .Uy —m Uy U* (B.1)

k k ak jraj¥ak ) >

J 442712 Ny m%V ( aj a )

where )
3 2x 2x“logx 3 3 9

=21 — — ==_2 . B.2
@) 4[ T1ox 002 (1—x)3] 2 4% TON) (®-2)

Denoting the sterile neutrinos v,, for A =1,...,n,, the unitarity of the full neutrino mixing
matrix implies

nS
D ULUu=6— Y UL Ugy. (B.3)
a=e,u,T A=1

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 dﬁ(w. Therefore, the EW contribution to the dipole

amplitude is suppressed by one power of mi / m%v.

In the presence of sterile neutrinos, instead, one avoids such chiral suppression. On the
other hand, dfkw is suppressed by the small active-sterile mixing parameters, given by U, for
k > 3. Using Eq. (B.3) one can check that, in the case of two light neutrinos (j,k < 3), the
dipole dﬁ{w 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 v, and
one light v}, as d%{w turns out to be suppressed by only one power of the active-sterile mixing.
In the limit of massless light neutrinos (m; = 0 for j = 1,2, 3), one can choose U,; ~ &,; and

obtain
Ew ., _3¢Gp

ik 8+/2m2
It is interesting to compare dﬁ(w 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

my Uak5aj (k>3,j<3). (B.4)

dj_\ZJ{P =d cos GW(USU- U,k — Ug i USZJ-). (B.5)

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

i 1
dﬁrp ~d cos 6, (—Esa 04iV1 —5) s djzxgp ~d cos 6, (—Esa 04iV1+ 6) . (B.6)

To compare with Eq. (B.4), notice that U,, ~ —is,v1+6/v2 and U,s ~s5,v/1—5/+/2: the
same, small mixing angle 8, enters in both the EW and NP components of d;,i"
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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

(Olii;y"ysd;|1P~(p)) =i fpp*, (Ol y*ysd;lV™(p)) =i fy my €*(p), (C.1

where u; and d; denote up and down-type quarks of flavour i and j, while my and €"(p)
are the vector meson mass and polarisation vector. Numerical values for fpy 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

Jh = > "[Fri(T? —2Qsin® 0,)f — frtysTof ], (C.2)
7

with TL3 the eigenvalue of the third SU(2); generator, Q the electric charge and 6,, the weak
angle. The neutral decay constants are defined via

K m
(0I5 1P°(p)) =i %p“, (Ol Vo)) =i %

Numerical values of fp for the neutral pseudoscalar mesons, and of f, for the light vector
mesons p, w and ¢, can be found in Refs. [53,60]. Notice that, in these cases, our constants
fy are related to the constants g, defined in Ref. [53] by the expression fi; = gy /my . For the
quarkonia vector mesons J /1 and T (respectively, a c¢ and a bb bound state), it is instead
convenient to express the decay constant fy, in terms of the known decay width into electron-
positron pairs. Using the results of [61], we have

e(p). (C.3)

2 042

[(Vigg) = €'e)= —2: - m‘f ; (C.4)
where the notation V,5) means that the vector meson is composed by a qq pair and Q, denotes
the g electric charge.

The factors x, appearing in Eq. (C.3) take into account that the current associated with
each vector-meson appears into the Z current J g with a specific coefficient. They are given
by®

Ky = 1—2sin6,,,

2
Ko="73 sin®0,,,
1 2 .,
K¢:—v2(§—§sm GW), (C.5)
1 4
Kj/w=5—§sm29w,

1 2
KT=—£+§SII‘129W.

>Our expressions for k o.0,¢ agree with those found in [60] and not with those of [53]. The expression for x/y,
is not reported in [60] but it is shown in [53]. With respect to this reference, we find a value «;,,, a factor of 2
smaller. At last, k- 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
Eqg. (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 functions®

AMa, b,c) =a®+ b? +c?—2ab —2ac —2bc,
Il(xﬁy): [(1+x_.y)(1+x)_4x] V A’(lnx:y)>
IZ(X)y): [(1+X—J’)(1+X+2.)’)—4X] V A(LXJ’):

(1-=)* 4 (C.6)
Jl(xa.y:z) = 12[ — (S _xz _yZ) (1 +22 _S) \/A(s,xz,yz)\/l(l,s,zz),
Gty S
(1—x)? ds
Jo(x,y,2) = 24sz . (1 + x?2 —s) \/A(s,y2,22)\/7t(1,s,x2).
(y+2)?

For the two-body sterile neutrino decays we have

T(N; - (P") = f V0|16 |2M311(m?“ m_)
i P | "quq a 27 2
a d Ml Ml
G2 2
P
T(N; = v.P%) = 7= f7 10ial” M%( —2)
G2 2 (C.7)
— _ 3 \%
F(Ni_)eav+) fV { quqd| |91a| M IZ(MZ:MZ)

G2 m2
0 3
F(N Va 14 ) 6 va|91a| M 12(0 M_l)a
where Gy is the Fermi constant, while the subscripts in the CKM matrix element V , denote
the up-type quark q, and down-type antiquark q; 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 M; < 1.6 GeV.
In order to write an expression for the total decay width into one lepton plus hadrons, for
masses M; > 1.6 GeV, we follow Refs. [53,60] and write

T'(N; — lepton-+hadrons) ~ [ 1+ Aqgcp(M;) ] [21“(Ni — L ud) + 2T (N; > £, us) (C.8)

2
KO I'(N; — vass')],

i

+T'(N; = v uit) + T(N; — vad&) +

where

o? o3
AQCD(X):an_EX) ( ) 264 ( )

(C.9)

To avoid confusion with the functions I 12(x, y), we have renamed the functions called I, ,(x, y,z) in Ref. [62]
as J1,2(x: }',Z)
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and the decay widths into quarks read

2
T(N; = £,9,q4) =

q
1216;,* M5J1( M") , (C.10)

F
19273 lVflqu
2

"M
T(N; = v,q93) = 9: ——16,° M [(gi’gﬁ)b( ;— ;—)((gL)ZHgR)Z)Jl( v Mq)]
with

1 2 2
gzu = E — §sin2 QW, ggu = —§ Sil’l2 QW,
(C.11D)

1 1 1
gl = —3 + 3 sin®0,,, gl = 3 sin26,,.

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

—p+ 2 5 méa mzﬁ
F(Niﬁfaéﬁvﬁ)— 192 3 |91a| M; Jl(O YRR ),
1 1
+p— F 5 ¢ Mep Mg
F(Ni_)vagﬁzﬁ)_96 3|9wz| M (ngR+5aﬁgR)J2 O:M; M.
t t C.12
0N2 | (o032 ¢ My My, (€12
X ((gL) +(gg) +5a/5(1+28L))J1 O’V’V ,
1 1
2
T(N; = 74 ¥9) = 5 —16,1> M7,

where, in the first decay rate, a # 8 (the case a = f3 is included in the second decay rate),
while the couplings of the leptons to the Z boson are given by

1 . .
gl = 5t sin® 0, gl =sin%6,. (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 N; ;. As already explained in Sec. 3, we
consider only two-body decays, which are dominant.

The dipole-induced process V® — N;N,, with V° a vector meson, has decay width

2
d| cos 6 e M2 M2
T(V? - NiN,) = (1] cos 00 @y ) '“V\])“(l’—1 _2)

241
(C.19)

2 4

2
M? + M?2? + 6M; M, cos(2£) M2 —M?
o1 MM, 1M, cos(2§ _2( ;—M7) ’
my, my,

where my is the vector meson mass, Q, is the charge of the constituent quarks, e the electric
charge, and we wrote the dipole coefficient as d = |d|e!*. The & dependence arises from the
interference between the ‘vector and axial’ parts of the dipole coupling. Note that the decays
V% — N;N; and V° — N;,N, are forbidden because a Majorana-fermion vector current is anti-
symmetric. The decays P° — N;N; are also forbidden, because the amplitude is proportional
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to qgoqzoam = 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° — v,N; 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

2 2
G2 f2ms |v, 10;,1% | M2 m?2 M?%  m? M? m?
oy Bl [ 0 ) [
P

2 2 N
8m m my  my >

G2 f2m30;,]> M? M?
I'(P° — v,N;) = % —’2/1(1,0, ;), (C.15)
T mp mp
G2 k2 f2m3 |0,/ M2 M} M2
(VO - v,N;) = £ Vfg6 v 19l (2——;——2) 1(1,0,—;),
T mV mV mV

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 § = 0.1 and a dipole coefficient d = 2.3 x 107® GeV~!, that corresponds

10"2E 1071k

SHiP, 6= 0.1 i
101 o d=23x10" Gev' 1077
E....Ne 12
- 10

1070
: 107
oL B 3
10 LN 1071%

@ 7L
g 10 %
5 o 107"
= 10°% - 10—18
10% 10-1
104 10720
1072
10° 2[
107 5=01
2L E
10 : 10-23% d=23x10"° Gev"'
10, e R W N BT e ‘ ‘
10~ 1 10 10~ 1 10
M, [GeV] M, [GeV]

Figure 6: Left panel: number of N, particles produced at the SHiP experiment gener-
ated by the dipole, for d = 2.3-107° GeV, and by the mixing, for the maximal allowed
value of 0,, (with two choices of flavour, see main text). The dipole (mixing) curve
scales as |d|? (|654/%). Right panel: decay width of the N, particle generated by the
dipole and by the mixing (again, with two choices of flavour). The mixing curve
scales as |0,,|?, while the behaviour of the dipole curve is more involved, given the
contribution of terms that scale as |d|?> (N, — N;7), |d|?|0,,]*> (NP part of Ny — v,7)
and |0,,|? (EW part of Ny — v,7).
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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 the u or the 7 flavours, fixing the mixing angles to their maximum
allowed value at the reference point M; =1 GeV] as in Sec. 3: 6;, =3 x 107*and 0, = 1073,
respectively. We again focus on the production and decay of the sterile neutrino Nj.

The left panel shows the total number of events generated by the dipole (continuous line)
and the mixing (dashed line for mixing with the 7 flavour, dotted line for the mixing with the
u flavour) at the SHiP experiment, defined as

Ny = > Ny BR.(M; >Ny +...). (C.16)
]

In the expression above, Ny, is the number of mesons produced at the SHiP experiment (see
Eq. (D.3)), while BR,(M; — N, +...) denotes, schematically, the branching ratio of the meson
M; into N,, for x equal to 6 (dipole) or m (mixing). More concretely, when x = 6 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 M;. We also observe that
the behaviour of Ny depends strongly on the flavour to which the sterile neutrino couples to.
We remark that, in order to compute N; and Ny for other values of the dipole and mixing
parameters, it is sufficient to rescale N; by |d|?” and Ny by |6,,|>. 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 T} is given by the sum of the first two lines of Eq. (35), while Iy is given by the sum
of the decay widths listed in App. C.1. The dipole-induced decay width T scales as Mf. The
same happens for Iy at low masses, where the two-body decays of Eq. (C.7) dominate.® On
the contrary, for M; 2 2 GeV, the mixing-induced decay widths scale with M?>, which is the
dependence observed in the three-body decays of Egs. (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 Iy for different values
of 6,, can be obtained by simply rescaling with |6,,|>. The scaling of I; is more involved,
since there are terms that scale as |d|? (due to the N, — N;y contribution), |d|?|0,,|*> (NP
contribution to N, — v,y) and |60,,]*> (EW contribution to N, — v,y), 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 x 3.7)m? 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 Npgp = 4.5 x 101°.

"This 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|? 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 IB with transverse area
(3.57 x 2.52)m? and a length of 1.85 m. The experiment collected Npyr = 2.72 x 1018,

* NAG62 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 0., = 5.5 x 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 Npgp = 108,

* 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 6,,,, = 2.8 x 1072, The vertex of the cone is taken at the IR 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 Npgr = 6 x 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 6,,,, = 1.6 x 1072 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, Ny, that enters in Egs. (37)-(44), can be computed
in terms of the multiplicity of mesons produced per proton interaction, f;;, as

Ny =Nporfu  (beam dump experiments), (D.1)

or
Ny = Cinelasiic £ fuy~ (FASER 2), (D.2)

where Ojpeastic = 79.5 mb is the inelastic cross section for proton-proton collisions at a center-
of-mass energy 4/s = 13 TeV and £ = 3ab™! 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

fro=4.3, fn=0.49, foy =0.055,

f, =0.58, f, =0.57, fp=0.021,
fp+=43x10"%,  f, =18x107%,  fp=6.0x10"°,
frppy =47x107°,  fr=22x10"°.

(D.3)
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We neglect the small differences between the 400 GeV proton beam (CHARM-II, SHiB 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 N; 5, and the pho-
tons produced in the decay. In practice, we proceed as follows: we simulate N; 5 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 N; , center-of-mass
frame, and then use the N; , spectra to boost to the laboratory frame. The photon spectra are
used to compute the probability ng 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 E, € [3,24]GeV [66] and
E, > 1GeV [6], respectively. For the future experiments, we follow Refs. [59, 67, 68] and
require E, > 1GeV.
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