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We discuss the parameter space reach of future experiments searching for heavy neutral leptons (HNLs).
We consider the GeV seesaw model with three HNL generations and focus on two classes of models:
generic assumptions (such as random mass matrices or the Casas-Ibarra parametrization) and flavor
symmetry-generated models. We demonstrate that the generic approaches lead to comparable parameter
space predictions, which tend to be at least partially within the reach of future experiments. On the other
hand, specific flavor symmetry models yield more refined predictions, and some of these can be more
clearly excluded. We also highlight the importance of measuring the flavor-dependent couplings of the
HNLs as a model discriminator, and we clarify the impact of assumptions frequently used in the literature to
show the parameter space reach for the active-sterile mixings.
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I. INTRODUCTION

The discovery of massive neutrinos through neutrino
oscillations implies evidence for physics beyond the
Standard Model (SM). Theoretical challenges include
(i) an understanding of the smallness of neutrino masses
and (ii) describing the vastly different pattern of mixing
among neutrinos from the quarks. For example, a key
question is whether it is possible to reconcile the large
neutrino mixing with small quark mixing in theories
beyond the SM such as theories of Grand Unification. A
natural explanation for the smallness of neutrino masses is
the so-called seesaw mechanism [1–5], where the inter-
action with a heavy partner suppresses the neutrino mass
scale. The energy scale associated with the heavy partner
can range from the sub-eV scale to the Grand Unified
Theory (GUT) scale [6]. The main scenarios studied in the
literature associate right-handed neutrinos with the eV,
GeV, TeV, or GUT scale. For example, the reactor and the
liquid scintillator neutrino detector anomalies in the neu-
trino oscillation data [7,8] point toward the existence of one
(or multiple) sterile neutrinos with a mass around 1 eV
[9,10]. If the right-handed neutrinos have masses at the
GeV scale, the baryon asymmetry can be described
together with neutrino masses and mixings. TeV-scale
sterile neutrinos can be found by current or future collider
experiments [11–17]. Grand Unified Theories usually
predict right-handed neutrinos which makes them able to
explain the baryon asymmetry via leptogenesis [18,19].
Additionally, heavy neutral leptons (HNLs) have also been
studied as a dark matter candidate with a mass in the keVor
PeV range [20–25]. For a full review concerning right-
handed neutrinos at energy scales mentioned above and
their consequence, see Refs. [26,27].

The possible mixing between the left-handed and
right-handed neutrinos can be studied experimentally.
Accelerator-based experiments probe the mass range
MeV–TeV depending on the center-of-mass energy avail-
able and the process investigated [28–32], just to mention
some examples. Additionally, global analyses have inves-
tigated the parameter space of the active-sterile mixing in
the GeV–TeV range by the use of electroweak (EW)
precision observables [33–38].
On the theory side, several studies in the literature have

investigated the parameter space of the seesaw mechanism.
Besides explaining small neutrino masses, other phenom-
ena can be realized with the right-handed neutrinos, such as
baryon asymmetry and dark matter [39–43]. An interesting
scenario is the so-called neutrino Minimal Standard Model
(νMSM) [44,45], for which the parameter space of the
active-sterile mixing is constrained by the following
requirements. One sterile neutrino is a dark matter candi-
date with mass MI ∼ keV and total active-sterile mixing
jUIj2 ≲ 10−8. Two other sterile neutrinos are degenerate
with a mass at the GeV scale to describe both neutrino
masses and baryon asymmetry. They can be searched for by
future experiments. Recently, different authors have inves-
tigated neutrino mixings, neutrinoless double beta decay,
and baryon asymmetry in the context of future experiments
being able to probe the νMSM or the scenario with three
sterile neutrinos at the GeV scale [46–52]. Note that three
sterile neutrinos at the GeV scale (compared to two
neutrinos in the νMSM) imply that no fine-tuning of the
sterile neutrino mass is needed to describe the baryon
asymmetry [53] and that a much larger parameter space is
allowed. A dark matter candidate can be easily added as
another generation without consequence if it is weakly
mixing. An alternative model to the νMSM is presented in
Ref. [42], which also explains neutrino mixing, dark matter,
and baryon asymmetry by introducing nonstandard inter-
actions among the sterile neutrinos in the model.
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In order to obtain predictions for the neutrino mass and
mixings from fundamental principles, flavor symmetries
have been proposed; see e.g. Ref. [54] for a review.
Various models have been shown to describe the neutrino
oscillation parameters within their 3σ range [55–60] using a
variety of flavor symmetries such asA5 [61–65], S4 [66–70],
A4 [71–77], and Δ-groups such as Δð27Þ, Δð48Þ, Δð54Þ,
Δð6n2Þ andΔð3n2Þ for n ∈ N [78–87]. Additional phenom-
ena, such as leptogenesis, can be also be explained [88–92] in
suchmodels. Fromadifferent perspective, the structure of the
mass matrices and their consequences without considering
the origin in terms of a flavor symmetry have been consid-
ered; see e.g. Refs. [93–97]. Many models give a prediction
of the unknown observables, such as CP-violating phases,
the absolute neutrinomass scale, neutrinomass ordering, the
nature of neutrinos (Dirac orMajorana particles), and active-
sterile mixing. This means that they can be distinguished and
possibly excluded by future experiments measuring the
observables. We will use flavor symmetries to predict the
structure of the heavy neutrino mass matrix and the Yukawa
couplings [98], which will have consequences for the active-
sterile mixings.
In this work, we study if it is possible to distinguish

among different theoretical predictions for the active-sterile
mixing when introducingN ¼ 3 sterile neutrinos in a low-
scale (GeV) seesaw model (in comparison to the usual
choice of a GUT seesaw model). We study the total and
flavor-dependent mixings of the sterile neutrinos, both in
the model-independent and the flavor symmetry contexts.
We also discuss the corresponding exclusion bounds of the
parameter space. We consider normal ordering only, since
the flavor models in this study were produced under this
assumption.

II. HEAVY NEUTRAL LEPTONS IN
THEORY AND EXPERIMENT

In this section, we sketch the seesaw mechanism with
HNLs including the physical observables, we discuss the
experimental signatures, and we introduce the planned
future experiments which are the main focus of this study.

A. Theoretical framework

The basic idea of the seesaw (type I) mechanism is to
minimally extend the SM by heavy right-handed neutrinos
in order to describe the smallness of neutrino mass.
Integrating out the heavy fields leads to light Majorana
neutrino masses after electroweak symmetry breaking
(EWSB). The mass term Lagrangian in the seesaw mecha-
nism is, below the EWSB scale, given by [26]

−Lmass ¼
1

2
Nc

RMRNRþνLMDNRþH:c:

¼ 1

2
ðνL Nc

R Þ
�

0 MD

MT
D MR

��
νcL
NR

�
þH:c:; ð1Þ

where νL ðNRÞ is the left-handed (right-handed) neutrino
andMD ðMRÞ is the Dirac (Majorana) mass matrix with the
overall mass scale mD ðmRÞ. By block diagonalizing
the mass matrix in Eq. (1), the effective mass matrices
for the light and heavy neutrinos are obtained. This
introduces the mixing angle θ ¼ MDM−1

R which has to
satisfy θ ≪ 1 such that the diagonalizing matrix is unitary
[up to Oðθ4Þ] [26]. The effective neutrino mass matrices of
the light and heavy neutrinos are

mν ¼ −MDM−1
R MT

D and MN ¼ MR; ð2Þ

neglecting higher order terms. This is the famous seesaw
formula where the suppression from the Majorana mass
matrix describes the smallness of the neutrino masses. The
mass matrices can be diagonalized by the unitary matrices
Uν and UN according to

U†
νmνU�

ν ¼ diagðm1; m2; m3Þ ð3Þ

and

U†
NMNU�

N ¼ diagðM1;M2;M3Þ; ð4Þ

where mi ðMIÞ are the masses of the light (heavy)
neutrinos. The mixing matrix describing the mixing in
the charged current is then given by V ≡U†

lð1 − 1
2
θθ†ÞUν,

where Ul comes from diagonalizing the charged lepton
Yukawa couplings Yl (or mass matrix). For our purposes,
the term 1

2
θθ† is negligible as θ ≪ 1, implying that the

mixing matrix becomes the unitary Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix, i.e., V ¼ UPMNS ≡
U†

lUν. We adopt the standard parametrization for UPMNS

[99]. Other observables in the seesaw context describe the
active-sterile mixing [26,47]

jUαIj2 ¼ jðU†
lθUNÞαIj2 and jUIj2 ¼

X
α

jUαIj2; ð5Þ

where jUαIj2 represents the individual mixing element of a
sterile neutrino I ¼ f1; 2; 3g with a particular flavor
α ¼ fe; μ; τg, whereas jUIj2 is the total mixing for the
sterile neutrino I.

B. Experimental signatures

The active-sterile mixings enter physical observables
such as the decay rates [40,100]
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where X is a charged hadron with massMX,Gf is the Fermi
coupling constant, and MI ðMlÞ is the mass of the sterile
neutrino (charged lepton). The Cabibbo-Kobayashi-
Maskawa matrix element VX and the decay constant fX of
the charged hadron are also present in the equation. A pion as
the charged hadron means jVXj2 ¼ jVudj2 ≡ 0.949 and
fX ¼ fπ ≡ 130.0 MeV, whereas jVXj2 ¼ jVusj2 ≡ 0.051
and fX ¼ fK ≡ 159.8 MeV for a kaon in the final state
[99], just to mention some examples. There are other
experimental signatures of sterile neutrinos besides those
already mentioned. The active-sterile mixing can modify the
EW precision observables such as the Z invisible decay
width, the Fermi constant GF, and other EW parameters in
the SM and lead to lepton number/flavor violation (LFV)
[101–109]. Therefore, deviations from the SM values of
these observables might suggest the existence of sterile
neutrinos. The sterile neutrinos also contribute to the
neutrinoless double beta decay amplitude; the parameter
space of the effective massmββ is larger than in the standard
3ν case. This can be used to probe the existence of a sterile
neutrino, but it does not guarantee an observablemββ due to
possible cancellations [110,111].1 Besides the decay in
Eq. (7), the sterile neutrino can also decay into heavier
particles such as charmed mesons, b-mesons, gauge bosons,
and Higgs bosons if kinematically allowed [112]. If the
sterile neutrino is lighter, peak searches in meson decays
can be preformed [113]. Different types of experiments can
study the production and decay of the sterile neutrinos.
Beam-dump experiments are able to probe the mass range
0.1–2 GeV, whereas B-factories can probe heavier sterile
neutrino masses 2–5 GeV. Beyond this range, hadron or
lepton colliders can search for sterile neutrinos by

investigating displaced vertices involving gauge bosons
and Higgs bosons in the range 5 GeV–3 TeV [112,114].
Additionally, all the experiments can investigate lepton
flavor/number violating processes, such as Kþ → lþlþN
with l ¼ fe; μg [113]. Current experiments searching for
sterile neutrinos across a wide range of energies (MeV–TeV)
are, e.g., BABAR, Belle, LHCb, ATLAS, and CMS [112].
Some of the proposed experiments capable of searching for
sterile neutrinos in the future in the same energy range are
Search for Hidden Particles (SHiP), NA62, ILC, CepC, and
Future Circular Collider (FCC) [112].

C. Future experiments

In this work, we consider the SHiP [27,115], FCC [116],
and Deep Underground Neutrino Experiment (DUNE,
formerly LBNE) [117,118] experiments, which are sensitive
to the active-sterile mixing in the GeV range. These are
representative cases for the different proposed experiments
which might be built in the future. SHiP is a proposed beam-
dump experiment which is supposed to be situated at the
super proton synchrotron accelerator at CERN. This experi-
ment is dedicated to search for hidden particles such as sterile
neutrinos, dark photons, and supersymmetric particles. The
final state decays investigated by the SHiP Collaboration are
listed in Table 5.3 in Ref. [115]. From these decays, we can
deduce the observables: the two-body decay NI → μπ is
sensitive to jUμIj2 since the flavor of the charged lepton
implies that the sterile neutrinomust havemixed into amuon
neutrino leading to the considered final decay (a similar
argument holds for the decay NI → eπ, which is sensitive to
jUeIj2). The decay NI → ην → πþπ−π0 þ pmiss is sensitive
to the total mixing jUIj2 because SHiP considers the light
neutrino as missing energy, meaning that the flavor is not
measured. Therefore, the SHiP experiment can, in principle,
measure the individualmixing elements jUeIj2 and jUμIj2 and
the total mixing jUIj2. Since we are, however, not aware of
any sensitivity study for the totalmixingyetwithout assuming
a ratio among the individual mixing elements, we will not
display any direct bounds for the total mixing. Note that a
bound for the total mixing could be derived from the bounds
of the individual mixings if the decay with tau leptons in the
final state were measured.
DUNE is a proposed long-baseline neutrino experiment

at Fermilab with a baseline of 1300 km, where the far
detector is located at the Sanford Research Facility Lab in
South Dakota. Its primary goal is to measure the neutrino
mass ordering and the leptonic CP-violating phase δ. With
the near detector, it will have sensitivity to the active-sterile
mixing. The DUNE Collaboration has not yet reported the
search modes it is investigating, but the experiment is
sensitive to a mass range similar to that of SHiP. As the
proton energy is lower than for SHiP2, we do not expect

1In the future, better limits from mββ and LFV may potentially
constrain the active-sterile mixing even further. However, note
that these are only indirect constraints. Take the double beta mass
as an example, which can be written as [47]

mββ ¼
����X

i

ðUPMNSÞ2eimi þ
X
I

U2
eIM

2
AFA=MI

����; ð7Þ

where the first sum is the usual part from the 3ν paradigm and the
second sum involves the sterile neutrinos. Due to the large
dimensionality (the extra freedom from each sterile neutrino), it is
difficult to obtain direct constraints on the active-sterile mixings.
We still apply the limits from mββ and LFV; however, we will
focus on direct limits when comparing to our results.

2It is expected to be 80–120 GeV compared to 400 GeVat the
SHiP experiment [117,118].
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significant sensitivity in searches involving tau leptons, and
we assume that the same final states as for SHiP will be
studied, specifically jUeIj2 and jUμIj2 (and jUIj2, for which
we do not show any direct sensitivity curve).
The FCC experiment is a proposed successor of the

LHC experiments with an accelerator circumference of
80–100 km. As a first step in the physics program of the
FCC, colliding leptons with a c.m. energy of 90–350 GeV
are considered [116], before colliding hadrons with c.m.
energies up to 100 TeV. The FCC’s main goal is study the
Higgs boson’s couplings at the percent level. However, it
can also investigate the parameter space of active-sterile
mixing in the GeV range. Specifically, one can measure
the Z-boson partial decay width

ΓZ→νNI
¼ 3ΓSM

Z→ννjUIj2ð1 − ðMI=MZÞ2Þ2ð1þ ðMI=MZÞ2Þ;
ð8Þ

whereΓSM
Z→νν is the SMdecay rate of a Z-boson into two light

neutrinos andMI is themass of the sterile neutrino. It can be
seen from Eq. (9) that the FCC experiment is only sensitive
to the total mixing jUIj2 at the Z-pole.3 There are different
experimental channels to be investigated at lepton colliders;
here, wemention the twomost promising ones. The channel
e−eþ → Nð→ l∓W�Þνl leads to one lepton, two jets, and
missing energy, where the hadronic activity from the jets
can be controlled by kinematical cuts. Another channel
e−eþ → Nð→ l0∓W�Þl∓W� leads to two leptons and four
jets. Again, kinematical cuts and selecting two leptons with
the same electric charge can reduce the background. Since
the two outgoing leptons have the same sign, the process is
lepton number violating and sensitive to the Majorana
nature of the neutrinos [112,119].
The sensitivity to the active-sterile mixing of the

experiments has been studied under different assumptions
for the ratios among the flavor-dependent mixings which
makes it possible for the SHiP and DUNE collaborations
to translate a bound on the individual mixing element into
a bound on the total mixing. The FCC Collaboration only
considers the total mixing; therefore, no assumption of
that kind is needed in their study. The SHiP Collabora-
tion obtained their sensitivity to the total active-
sterile mixing for five different scenarios with these
assumptions [115]:

Case 1 : jUeIj2∶jUμIj2∶jUτIj2 ∼ 52∶1∶1; IO

Case 2 : jUeIj2∶jUμIj2∶jUτIj2 ∼ 1∶16∶3.8;NO

Case 3 : jUeIj2∶jUμIj2∶jUτIj2 ∼ 0.061∶1∶4.3;NO

Case 4 : jUeIj2∶jUμIj2∶jUτIj2 ∼ 48∶1∶1; IO

Case 5 : jUeIj2∶jUμIj2∶jUτIj2 ∼ 1∶11∶11;NO ð9Þ

where NO (IO) means normal (inverted) ordering of the
light neutrinos. The first three scenarios imply that the
sterile neutrinos predominantly mix with one flavor
(electron, muon, or tau) [100], whereas the last two
scenarios are interesting to generate a sufficient amount
of baryon asymmetry [120]. Case 2 is SHiP’s benchmark
scenario, which means that the sensitivity to the total
active-sterile mixing is calculated for this case only,
whereas the sensitivity for the other cases has been
obtained by extrapolating the sensitivity from case 2 by
using the ratio among the individual mixing elements. The
conclusions are derived from the decay NI → μπ. Note,
however, that the SHiP Collaboration has also investigated
the processes NI → μμν and NI → eeν individually.
The DUNE Collaboration estimated their sensitivity

curve [117] for the total mixing by scaling experimental
parameters, such as protons on target, number of produced
charm mesons, detector length, and detector area with the
CHARM [121] and the PS191 [122] experiments. This
means that the sensitivity curve is extrapolated to the
DUNE experiment. However, CHARM and PS191 have
only reported sensitivity bounds of the individual mixing
elements jUeIj2 and jUμIj2, which means that DUNE’s
sensitivity curve is only valid when these individual mixing
elements dominate the total mixing. Therefore, the under-
lying assumption in terms of flavor observables are similar
to the SHiP experiment.
Several sensitivity bounds have been reported by each of

the future experiments for changing the experiment param-
eters, such as detector length, running time, and decay
length. We use the more optimistic bounds presented by the
experimental collaborations, i.e., the ones for a detector
length of 30 m [117] and 1013 Z-bosons/decay length
0.01–500 mm [116] for the DUNE and FCC experiments,
respectively. We only consider the normal ordering, which
means that, consequently, we use the active-sterile mixing
in case 2 [Eq. (9)] for the SHiP experiment, whenever
applicable.

III. MODEL-INDEPENDENT VIEW
OF THE PARAMETER SPACE

Here, two procedures are discussed which produce
viable candidates for Yl, MD, and MR leading to neutrino
physics observables in the allowed parameter ranges. The
first procedure relies on the Casas-Ibarra parametrization
starting from the observables as an input and parametrizing
the degrees of freedom. In the second procedure, we vary

3FCC and other proposed lepton colliders [Internation Linear
Collider (ILC) and Circular Electron Positron Collider (CepC)]
can also measure the individual mixing element jUeI j2 if the
center-of-mass energy is increased to 200–500 GeV. However,
these measurements are less sensitive than FCC on the total
mixing. We therefore disregard them since the individual
mixing elements cannot violate the bound on the total mixing
[13,112].
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the mass matrix entries randomly to generate neutrino
oscillation parameters within their 3σ range. Then, we
discuss the result obtained from these procedures and
compare them to the sensitivity bound from the future
experiments.

A. Method

The Dirac mass matrix can be constructed using the
Casas-Ibarra parametrization [123]

MD ¼ UPMNS

ffiffiffiffiffiffiffiffiffiffi
mdiag

ν

q
RT

ffiffiffiffiffiffiffi
MR

p
ð10Þ

separating the physical observablesUPMNS and the neutrino
masses mdiag

ν ¼ diagðm1; m2; m3Þ from the degrees of free-
dom not directly accessible MR ¼ diagðM1;M2;M3Þ and
R (see below). Here, it is assumed that the charged lepton
mass and heavy neutrino mass matrices are diagonal, which
means that UPMNS ≡Uν directly diagonalizes the light
neutrino mass matrix. Note that these assumptions do not
impose any restrictions with respect to the physical
observables, but an underlying flavor symmetry may not
be visible in that basis anymore. On the other hand, using
Eq. (10) for the generation of MD, the neutrino masses and
mixings automatically match the predictions (as they are
used as an input).
In order to generate possible models with GeV HNL

masses, the neutrino oscillation parameters (θij and Δm2
ij)

are chosen randomly from their 3σ ranges [124]. The Dirac
and Majorana phases in the PMNS mixing matrix are
chosen from the interval δ;αi ∈ ½0; 2π�. The lightest neu-
trino mass is chosen within the intervalmmin ∈ ½0; 0.23� eV
to satisfy the upper bound on the sum of the neutrino
masses

P
mν < 0.72 eV from cosmology [125]. The

matrix R satisfies the constraint RTR ¼ 1, which means
that it can be parametrized as [123]

R¼

0
B@

c12c13 s12c13 s13
−s12c23−c12s23s13 c12c23−s12s23s13 s23c13
s12s23−c12c23s13 −c12s23−s12c23s13 c23c13

1
CA;

ð11Þ

where cij ¼ cosðωijÞ and sij ¼ sinðωijÞ with ωij being a
complex angle for which we choose ReðωijÞ ∈ ½0; 2π� and
ImðωijÞ ∈ ½−8; 8�. The dependence of the parameter
ReðωijÞ is periodic [47], whereas ImðωijÞ has no limit in
general. Both statements can be verified by writing the sine
and cosine in terms of the real and imaginary parts of the
complex angle. We have constrained ImðωijÞ, as a broader
range is without consequence. Additionally, there are
different sign conventions in the R matrix; however, this
has no impact on the discussed observables such as the
active-sterile mixing. We only consider the normal order-
ing, which affects the entries inmdiag

ν . A normal hierarchical

spectrum implies that m1 ≃ 0, m2 ≃
ffiffiffiffiffiffiffiffiffiffiffi
Δm2

21

p
and

m3 ≃
ffiffiffiffiffiffiffiffiffiffiffi
Δm2

32

p
, whereas a degenerate spectrum with normal

ordering implies that mdiag
ν ¼ mmindiagð1; 1; 1Þ with

Δm2
32=mmin ≪ 1. The masses of the sterile neutrinos are

chosen from the interval MI ∈ ½0.1; 80� GeV with the
requirement M1 < M2 < M3. We therefore will show the
parameter space for the lightest (M1) and heaviest (M3)
sterile neutrino separately, which means that our figures
satisfy the paradigm “one model, one dot.”
The Dirac mass matrix is obtained using Eq. (10).

Thereafter, experimental constraints on the physical
observables are checked, such as the effective mass of
neutrinoless double beta decay mββ, the decay rate of the
lepton flavor violating process μ → eγ, the active-sterile
mixing, and the lifetime of the sterile neutrino τN . If the
experimental constraints are satisfied, we keep the set of
mass matrices (Yl, MD and MR); otherwise, we discard
them. The method of calculating these observables and the
experimental limits of them are taken from Ref. [47]. The
constraints from direct searches and big bang nucleosyn-
thesis (BBN) are especially important since these exclude
parts of the parameter space of the active-sterile mixing;
more detailed explanations will follow later.
Besides the Casas-Ibarra parametrization, we also gen-

erate random mass matrices

MD ¼mD

0
B@

c1 c2 c3
c4 c5 c6
c7 c8 c9

1
CA; MR ¼

0
B@

M1 0 0

0 M2 0

0 0 M3

1
CA;

ð12Þ

where the charged lepton Yukawa matrix is diagonal, MI
are the masses of the sterile neutrinos, mD controls the
overall scale of the Dirac mass matrix, and cj are (inde-
pendent) order 1 complex numbers with jcjj ¼ kj and
argðcjÞ ¼ ϕj for j ¼ f1;…; 9g. We have chosen this
structure of the mass matrices similar to the Casas-Ibarra
parametrization. However, note that other possibilities with
nondiagonal MR and Yl yield a similar result because the
physical observables do not depend on the basis. We call
this method the “random case” since the neutrino oscil-
lation parameters are generated from the set of mass
matrices randomly chosen in the flavor symmetry basis.
This concept is similar in motivation but somewhat differ-
ent in implementation from anarchy, which postulates the
independence of the measure [126,127].
For this scenario with these mass matrices, we use the

“generate-and-tune” method to find viable realizations—
similar to the method in Ref. [128]4: we choose kj ∈ ½ϵ; 1ϵ�
and MI ∈ ½0.1; 80� GeV randomly with the requirement
M1 < M2 < M3 and ϵ ¼ 0.2 (the motivation for this

4Without such an approach, the hit rate for a viable realization
would be very low.
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quantity will be described below). Then, the phases ϕj and
mD are picked to (locally) minimize the χ2-function,

χ2 ¼
�
θ12 − θbf12

σθ12

�
2

þ
�
θ13 − θbf13

σθ13

�
2

þ
�
θ23 − θbf23

σθ23

�
2

þ
�
Δm2

21 − ðΔm2
21Þbf

σΔm2
21

�
2

þ
�
Δm2

32 − ðΔm2
32Þbf

σΔm2
32

�
2

;

ð13Þ

where we use the best-fit values ðθbfij , ðΔm2
ijÞbfÞ and 1σ

errors ðσθij ; σΔm2
ij
Þ of the neutrino oscillation parameters

from Ref. [124], respectively. The minimization is per-
formed with Brent’s [129] and Powell’s methods [130].
Brent’s method requires initial values for the ϕjs andmD to
perform the minimization. We choose 0 and 2π for the ϕjs
and 10 keV and 300 keV for mD.

5 If the final value of
χ2 < 9,

P
mν < 0.72 eV and the experimental constraints

from Ref. [47] are satisfied, we keep the realization;
otherwise, we discard it.

B. Parameter space predictions versus
experimental sensitivity

The realizations of the Casas-Ibarra parametrization and
random case, which satisfy all experimental bounds, are
shown in Fig. 1, where the predictions for the total active-
sterile mixing are plotted for the lightest and heaviest sterile
neutrinos as a function of their mass.6 In that figure, we
compare the predictions obtained with the method outlined
above with the sensitivity of future experiments. Since there
is not yet any information on the sensitivities from SHiP and
DUNEon the totalmixing in the absence of any assumptions,
we do not show the corresponding bounds.7 The FCC
experiment can directly measure the total mixing, as
explained above.
As it can be read off from the figure, both the random and

Casas-Ibarra cases tend to predict values in the same
parameter space region. With the chosen procedure (vary-
ing the fundamental input parameters at random), the
preferred parameter space is at the lower end of the allowed
region, whereas FCC tests the upper section in terms of the

mixing. Note, however, that in principle the whole shown
(allowed) parameter space (cf. Ref. [47]) can be reached,
but larger total mixings require some fine-tuning. This can
be shown using the Casas-Ibarra parametrization where the
total mixing can be calculated analytically [131],

jUIj2 ¼
1

MI

X3
j¼1

mjjRjIj2; ð14Þ

whereMI is the mass of the sterile neutrino I,mj is the mass
of the light neutrino, and RjI is the matrix element in
Eq. (11). TheRmatrix depends on one complex angleωij in
the case withN ¼ 2 sterile neutrinos, and it has been shown
that the matrix element RjI ∝ ejImðωijÞj when jImðωijÞj > 1

FIG. 1. Total active-sterile mixing predictions for the lightest
(a) and heaviest (b) sterile neutrino for the Casas-Ibarra para-
metrization (red points) and random case (blue points), where one
dot represents one model. “Assumption: None” means that no
assumption has been imposed on the ratio of mixings with the
individual flavors. As a consequence, no information on SHiP
and DUNE sensitivities can be given based on present informa-
tion (which would either require sensitivity to mixing with the tau
flavor or direct sensitivity to the total mixing). We have taken the
(optimistic) sensitivity bound expected from the FCC experiment
[116], which is directly sensitive to the total mixing. For the
discussion of the bounds, see the main text; there is no seesaw
bound because it does not apply to three generations of sterile
neutrinos at the GeV scale.

5These are the minimal and maximal values of mD correspond-
ing to the sterile neutrinomassesMI ∈ ½0.1; 80� GeV implying the
scaling mD ∼

ffiffiffiffiffiffi
MI

p
from the seesaw mechanism.

6Throughout the article, we omit our findings for the second-
heaviest sterile neutrino since the parameter space of this particle is
between the parameter space of the two other neutrinos becausewe
enforce the requirement M1<M2<M3.

7The information from jUeI j2 and jUμI j2 can be, in principle,
translated into the total mixing if it is known how much jUτIj2
contributes. In the absence of any assumption, there is no
sensitivity from these elements as jUτI j2 is not measured. Direct
information on the total mixing could come from processes such
as NI → ην → πþπ−π0 þ pmiss but may be weaker than the
bounds frequently shown in the literature.
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[27,40,47]. Therefore, having jImðωijÞj ≫ 1 leads, in gen-
eral, to a large total mixing. In our case with N ¼ 3 sterile
neutrinos, the matrix elements behave similarly even though
they depend on more than one complex angle. However, too
large jImðωijÞj (either one or multiple angles) means that the
mixing would violate the upper experimental bound.
Therefore, they cannot be arbitrarily large and require some
fine-tuning to probe the upper area of the parameter space at
least within the method/parametrization chosen.
Let us now discuss the bounds shown in Fig. 1, as it is very

important to compare sensitivities and bounds derived under
similar assumptions. The lower bound comes fromBBN; the
observed abundances of light nuclei imply that the sterile
neutrinosmust have decayed long beforeBBN. This gives an
upper bound on the lifetime of about 0.1 s and, consequently,
a lower bound on the total mixing from the relationship
τN ∼ Γ−1

N ∝ jUIj−2. Note that frequently a lower bound from
the seesaw mechanism is shown. The scenario of N ¼ 2
sterile neutrinos fixes this lower bound to [27]

jUIj2 ≳matm

MN

( m⊙
matm

NO

1
2

IO
ð15Þ

where m3 ≃
ffiffiffiffiffiffiffiffiffiffiffi
Δm2

31

p
> m2 ≃

ffiffiffiffiffiffiffiffiffiffiffi
Δm2

21

p
> m1 ≃ 0 for NO,

m2 ≃m1 ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jΔm2

31j
p

> m3 ≃ 0 for IO, and MN is the
overall scale of the sterile neutrino masses. Considering
N ¼ 3 sterile neutrinos, a lower bound can be derived using
the Casas-Ibarra parametrization [131]

jUIj2 ≥
mmin

MI
; ð16Þ

wheremmin is the mass of the lightest active neutrino. Since
mmin can be as low as zero, the seesaw bound is, in general,
weaker than the BBN bound; therefore, we omit the seesaw
bound. The upper bound comes from direct search experi-
ments which constrain the active-sterile mixing by inves-
tigating different processes involving a sterile neutrino. A
review can be found in Ref. [47], where the experimental
upper limit on each individual mixing element is presented.
The upper bounds on the individual mixing elements jUeIj2
and jUμIj2 are well constrained in the mass range
0.1–2 GeV with decreasing sensitivity for increasing mass,
whereafter they reach a plateau at about 2–100 GeV. This is
the exclusion limit reported by the DELPHI Collaboration
[132] which was sensitive to this mass range. The mixing
element jUτIj2 is best constrained in the mass range
2–100 GeV by the same plateau mentioned before, whereas
it is less constrained below 2 GeV because of the tau
production threshold. Therefore, a different method of
identifying the flavor of the light neutrino has to be used
below 2 GeV (which is usually done by identifying the
associated lepton). As a consequence, the constraint on the
total mixing in Fig. 1 is typically limited by the sensitivity
to jUτIj2.

Better constraints from the experiments can be typically
obtained if one assumes specific relationships among the
jUαIj2. In that case, the sensitivity to the total mixing is not
necessarily constrained by jUτIj2 if the mixing with the tau
element is small enough. For illustration, we use the
assumption of case 2 [Eq. (9)] in the following, which
means that the sensitivity to the total mixing will dominated
by jUμIj2.8

FIG. 2. Same as Fig. 1 with the lightest (a) and heaviest (b)
sterile neutrino, where the experimental bounds are shown for the
assumption jUeI j2∶jUμIj2∶jUτIj2 ¼ 1∶16∶3.8 [this is indicated
by the statement “Assumption: Case 2” Eq. (9)]. We have taken
the optimistic sensitivity bounds from FCC [116] and DUNE
[117], whereas we have taken the case 2 [Eq. (9)] scenario as a
sensitivity bound for the SHiP experiment [115].

8The contribution from each flavor to the upper bound on the
total mixing is calculable by using the ratio in case 2 [Eq. (9)],

jUeI j2
jUI j2

∶
jUμIj2
jUI j2

∶
jUτI j2
jUI j2

¼ 0.05∶0.77∶0.18: ð17Þ

Since the electron and muon flavors are constrained much better
than the tau flavor, they will typically dominate when translating
the individual bounds to the bound on the total mixing even if the
sterile neutrino mixes substantially with the tau flavor. Only if the
sterile neutrino mixes only with the tau flavor, the upper bound
will come directly from the upper bound on the tau mixing
element.
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We show in Fig. 2 the bounds using this assumption in
relationship to the predictions for the active-sterile mixings.
Note that our predictions generally follow the trend of the
upper bound (because the models are constrained by the
individual mixings implied there), but they are not produced
using this ratio of the active-sterile mixings and can therefore
violate it. Most importantly, bounds from the SHiP and
DUNE experiments can be included now, as the individual
mixing sensitivities can be translated into the total mixing
sensitivity. The upper bound and the bounds of these experi-
ments have been derived using the same method; the
sensitivities of the future experiments should be interpreted
with respect to these bounds. For example, SHiP can improve
the current bound on the total mixing by about 2 orders of
magnitude in the energy range M ≲ 2 GeV. Note that the
lower (BBN) bound does not depend on the assumptions for
the active-sterile mixing ratios, because the sterile neutrino
lifetime depends on the total mixing only; see above.

IV. PARAMETER SPACE FROM
FLAVOR MODELS

Here, we assume that the structure of the mass matrices
comes from a flavor symmetry, and we discuss the
implications of that assumption.

A. Method and flavor symmetry model

In order to illustrate the impact of flavor symmetrymodels,
we start off from sets of textures shown in Table I from
Refs. [98,133], which can be obtained from the discrete
product flavor symmetry groups shown in the last column.9

These textures represent the leading order structure of the
mass matrix elements, normalized such that the largest
element is order unity. The original motivation to derive
these textures has been to describe all masses and mixings
with a single parameter ϵ≃ θC ≃ 0.2, which may be a
remnant of a grand unified theory—which is a concept
introduced as “extended quark-lepton complementarity.” For
example, it is well known that the quark masses and mixings
can be approximated by powers of ϵ, such as the famous
Wolfenstein parametrization [134] or the quark and charged
lepton massesmu∶mc∶mt∼ϵ6∶ϵ4∶1,md∶ms∶mb∼ϵ4∶ϵ2∶1,
and me∶mμ∶mτ∼ϵ4∶ϵ2∶1. Similarly, the neutrinos can, for
the normal hierarchy, be described bym1∶m2∶m3 ∼ ϵ2∶ϵ∶1.
Assuming that the lepton mixings can be described by
powers of ϵ or maximal mixings (which could come from
an additional symmetry) as well, one can list the set of
textures which can describe two large lepton mixing angles
and a small θ13; see Ref. [135] for details of the method.
The texture of each mass matrix is obtained by assigning

charges to the leptons under the flavor symmetry
GF ¼ Zn1 × Zn2 × � � � × Znm [98], namely

ðeRÞi ∼ ðpi
1; p

i
2;…; pi

mÞ ¼ pi; ð18Þ

li ∼ ðqi1; qi2;…; qimÞ ¼ qi; ð19Þ

ðNRÞi ∼ ðri1; ri2;…; rimÞ ¼ ri ð20Þ

for the right-handed lepton ðeRÞi, the lepton doublet li, and
the right-handed neutrino ðNRÞi, respectively. The jth entry
in each row vector denotes the Znj charge of the particle,
i ¼ 1, 2, 3 is the generation index, m is the number of Zn
factors, and nkðk ¼ 1; 2;…; mÞ may be different.
In the Froggatt-Nielsen framework [136], there exists a

scalar flavon field fnk for each of the Znk factors. Each
flavon is only charged under its associated Znk factor,
whereas it is a singlet under the SM flavor symmetries and
all other Znj with j ≠ k. Each flavon acquires a nonzero
universal vacuum expectation value hfnki≃ vf that spon-
taneously breaks the Znk factor. Additionally, beside
coupling to the SM Higgs, the leptons also couple to
superheavy fermions with universal mass MF, and inte-
grating them out leads to the hierarchical structure in the
Yukawa/mass matrices with ϵ≃ vf=MF ≃ 0.2 being the
same order as the Cabibbo angle. Therefore, the lepton
mass terms in the FN framework becomes

LY ¼ −ðΠm
k¼1ϵ

αkijÞxijH�liðeRÞj
− ðΠm

k¼1ϵ
βkijÞyij ~HliðNRÞj

−
1

2
mRðΠm

k¼1ϵ
γkijÞzijðNRÞiðNc

RÞj þ H:c:;

where x, y, and z are independent order unity complex
numbers and ~H ¼ iσ2H. This leads to effective SM
lepton masses that are suppressed by ϵ where the
exponent is determined by the quantum numbers of the
leptons [98],

TABLE I. Selected examples for texture sets Yl, MD, and MR
from flavor models [98], where the numbering of each texture
set is kept from the original article. The last column
shows the flavor symmetry extension of the SM symmetry,
i.e., GSM × GF ¼ SUð3Þ × SUð2Þ × Uð1Þ × GF, that will realize
the structure of the matrices.

# Yl ¼ Ml=v MD=mD MR=mR GF

15  ϵ4 ϵ4 ϵ2

ϵ3 ϵ4 1

ϵ3 ϵ2 1

!  
ϵ2 ϵ ϵ3

ϵ2 ϵ ϵ2

ϵ ϵ2 1

!  
ϵ2 ϵ2 ϵ
ϵ2 ϵ ϵ2

ϵ ϵ2 1

! Z5 × Z7

19  ϵ4 ϵ4 ϵ2

ϵ2 ϵ2 ϵ2

ϵ4 ϵ2 1

!  
ϵ ϵ2 ϵ
ϵ 1 ϵ
ϵ 1 ϵ

!  
ϵ ϵ2 ϵ5

ϵ2 1 ϵ3

ϵ5 ϵ3 1

! Z5 × Z6

22  ϵ4 ϵ3 ϵ2

ϵ2 ϵ2 ϵ3

ϵ5 ϵ 1

!  
ϵ2 ϵ ϵ2

1 ϵ 1

1 ϵ3 1

!  
1 ϵ3 1

ϵ3 ϵ ϵ3

1 ϵ3 1

! Z3 × Z9

9Note that we have in fact checked all examples from Ref. [98]
but only show a few examples here for illustration.
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αkij ¼ min½ðpk
i þ qkjÞ mod nk; ð−pk

i − qkjÞ mod nk�;
βkij ¼ min½ðqki þ rkjÞ mod nk; ð−qki − rkjÞ mod nk�;
γkij ¼ min½ðrki þ rkjÞ mod nk; ð−rki − rkjÞ mod nk�:

Therefore, the texture arise as the leading order products
of ϵ for a certain Yukawa coupling or mass matrix. The
lepton mass matrix elements are therefore the given by

ðMlÞij ≈ vΠm
k¼1ϵ

αkijxij; ðMDÞij ≈mDΠm
k¼1ϵ

βkijyij;

ðMRÞij ≈mRΠm
k¼1ϵ

γkijzij;

where v is the Higgs vacuum expectation value and mD
ðmRÞ is the overall scale of the Dirac (Majorana) mass
matrix.
Here, we reinterpret the textures from Ref. [133]

obtained for the seesaw mechanism, which can be
described by flavor symmetries [98], in terms of the FN
framework [136]. Note that the original textures were
produced using θ13 ≡ 0, whereas more recent experimental
data show θ13 ≠ 0 [137–139]. Here, we apply the FN
mechanism literally, which means that each entry in the
mass matrices can be modified by an independent order 1
complex number cij with jcijj ¼ kij and argðcijÞ ¼ ϕij

(before we used x, y, and z as complex numbers). We need
24 order 1 complex numbers when studying the texture
sets; the charged lepton Yukawa matrix and the Dirac mass
matrix needs nine order 1 complex numbers each (one for
each element), whereas the Majorana mass matrix only
needs six since some of the matrix elements are not
independent due to the constraint MR ¼ MT

R. The
Majorana mass matrix has to obey this requirement because
of the symmetric mass term in Eq. (1). As a consequence,
some realizations of the texture sets will satisfy observa-
tions with a nonzero value of θ13. The correspondingly
predicted parameter space for the HNLs will then be a
direct consequence of the flavor symmetry.
We use the generate-and-tune method introduced in the

previous section to generate viable realizations, where we
choose the overall scale of the Majorana mass matrix mR ∈
½0.1; 100� GeV and the absolute value of the order 1 complex
number kj ∈ ½ϵ; 1ϵ� and fix ϵ ¼ 0.2. The initial values for the
ϕjs are the same as they were previously. However, we
cannot easily normalize the overall scale of the Dirac mass
matrix mD to the mass of the sterile neutrino due to the
nondiagonal Majorana mass matrix MR. Therefore, we
choose the starting values of the minimizer 0.5

ffiffiffiffiffiffiffi
mR

p
and

1.5
ffiffiffiffiffiffiffi
mR

p
, where the coefficients give more freedom to the

minimization compared to fixing mD ¼ ffiffiffiffiffiffiffi
mR

p
. Since we

cannot guarantee the masses of the sterile neutrinos to be in
the intervalMI ∈ ½0.1; 80� GeV,which is of interest to us,we
can use the rescaling

MR → zMR and MD →
ffiffiffi
z

p
MD ð21Þ

for a real number z if one (or multiple) masses are outside the
interval MI ∈ ½0.1; 80� GeV.

B. Parameter space predictions
versus experimental sensitivity

A comparison among the parameter space predictions for
the total mixings from different texture sets is shown in
Fig. 3. One can read off from that figure that the flavor
symmetry controls the size of the total mixing with the
sterile neutrinos in some (not all) cases. For example,
texture 19 produces small mixings beyond the reach of
future experiments, whereas texture 22 produces larger
mixings which tend to be in the reach of SHiP. Texture 15
occupies a large parameter space, where the predictions
tend to contain many models with large mixings. As a
consequence, future measurements of HNL can be used as
a model discriminator. However, certain textures cannot be
distinguished based on the total mixing only, e.g., textures
15 and 22, as seen in Fig. 3. We therefore study the flavor-
dependent measurements in the next subsection.

FIG. 3. Figure similar to Fig. 2 for the predictions of the total
active-sterile mixing of the lightest (a) and heaviest (b) sterile
neutrino from different texture sets (color); see the figure legend.
The assumption jUeI j2∶jUμI j2∶jUτI j2 ¼ 1∶16∶3.8 has been in-
cluded for sensitivities and experimental bounds.
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Each model predicts N ¼ 3 sterile neutrinos at the GeV
scale which can be sought experimentally. Each experiment
has the potential to discover either of them; however, they
are also complementary to each other when probing the
parameter space and excluding model predictions. We use
texture 15 when investigating the complementary among
the experiments—however, it can be done for every texture
set. The model predictions for the lightest sterile neutrino
within reach of the DUNE experiment are shown as red
points in Fig. 4(a), whereas the blue points are not within
reach by DUNE. This leads to two subsets of the model
predictions for texture 15. In comparison to the lightest
sterile neutrino, we also show the heaviest sterile neutrino
for the two subsets in Fig. 4(b). The coloring of these points
depends on whether or not the total mixing of the lightest
sterile neutrino in the model is within reach of the DUNE
experiment. The red (blue) points mean the lightest sterile
neutrino can(not) be probed by the DUNE experiment.

Some of the red points in Fig. 4(b) are already within
reach of the other experiments; however, others are not.
Therefore, DUNE is complementary in excluding model
predictions of the heaviest sterile neutrino by investigating
the parameter space of the lightest sterile neutrino.
Including additional parts of the parameter space probed
by the other experiments means a larger fraction of the blue
points would become red. Note that we have not considered
the second-lightest sterile neutrino in this context; adding
that would simply exclude more model predictions. A
similar discussion could also be done for the model
predictions probed by FCC or SHiP and the different
sterile neutrinos. Combining all bounds from DUNE,
SHiP, and FCC gives the strongest upper bound; however,
there are still cases which cannot be excluded even in this
situation. To probe these, an experiment with the produc-
tion of the sterile neutrinos from b-mesons is needed [112].

V. FLAVOR-DEPENDENT MEASUREMENTS

Here, we investigate the model predictions vs exper-
imental bounds for the individual mixing elements jUeIj2
and jUμIj2 that the future experiments SHiP and DUNE are
primarily sensitive to.10

Our results for the random and Casas-Ibarra cases are
shown in Fig. 5. Let us discuss the current and future
experimental bounds first. The upper bound comes from
direct search experiments, which, as we have discussed
earlier, are directly sensitive to the depicted mixing
elements, as are the future experiments SHiP and
DUNE. There is no lower bound since one mixing element
can be very small if another is large to ensure the lifetime
constraint on the sterile neutrino τN < 0.1 s. While the
FCC experiment is insensitive to the individual mixings,
the individual mixings have to satisfy the constraint on the
total mixing; therefore, the FCC bound applies here. In
summary, no assumptions on the ratios of the active-sterile
mixings have been included in the exclusion bounds
indicated by the statement “Assumption: None” in the
top of the figure.
Regarding the model predictions, the Casas-Ibarra para-

metrization occupies more of the parameter space than the
random case because the neutrino oscillation parameters
are used as input rather than as a constraint, whereas the
random model requires some fine-tuning to obtain large
mixings. Note, however, that the Casas-Ibarra parametri-
zation does not represent any model prediction and that the

FIG. 4. Similar to Fig. 3 for texture 15onlywherewe focus on the
complementary among the different experiments. The red (blue)
points are the model predictions with the mixing jU1j2 (not)
reachable by the DUNE experiment, as is obvious from subfigure
(a). In subfigure (b), the correspondingmixing for the heaviest state
is shown for the same models; some of the red points are within
reach of other experiments, but others are not. This means that
DUNE can exclude model predictions for the heaviest sterile
neutrino which are out of reach by FCC and vice versa.

10The tau mixing element jUτIj2 is not shown since the main
source of sterile neutrinos for the SHiP and DUNE experiments
are from charmed hadrons which have a similar mass of the
tau-lepton—meaning jUτI j2 may only contribute to production
(via decays of tau-leptons from Ds-mesons) because of the mass
difference between the charm meson and the tau-lepton. There-
fore, it is considered irrelevant for subsequent sterile neutrino
decays [140,141].
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Casas-Ibarra and random cases can in principle reproduce
the same region of the parameter space. Comparing with
the sensitivities from SHiP and DUNE, large fractions of
the parameter space can be probed, where jUμIj2 tends to
have a better sensitivity. It is noteworthy that in spite of a
missing lower bound extremely small mixings are rarely
predicted as well. Extremely small mixings might require
some fine-tuning such as cancellations among the different
terms in the active-sterile mixing matrix Eq. (5). The FCC
experiment can constrain a small part of the realizations
here—however, FCC is intended to search for heavier
sterile neutrinos (we show these plots only for M1). The
FCC bound is weaker in constraining the individual mixing
elements compared to constraining the total mixing since
jUIj2 ≥ jUαIj2. Note that here no realizations are above the
upper bound, since it directly applies here (without
assumptions, the models may not satisfy).
In Fig. 6, the individual mixing elements jUeIj2 and

jUμIj2 are shown for the texture sets. It is interesting to

observe that the flavor-dependent predictions from the
different texture models can be very different. For example,
texture 22 produces large mixings in jUμ1j2, small mixings
in jUe1j2, and large total mixings. On the other hand,
texture 15 tends to produce larger mixings in both channels.
This example demonstrates that the information from
different channels can be used as a model discriminator.

VI. SUMMARY AND CONCLUSIONS

In this work, we have studied the current experimental
bounds and future experimental sensitivities to the GeV
seesaw models with three sterile neutrinos, which have the
advantage that no fine-tuning of the masses is needed for
successful leptogenesis. Compared to models with two
neutrinos, such models allow for more parameter space
freedom as, for instance, the seesaw bound does not apply.
Consequently, the parameter space reach of future experi-
ments will be more limited, although we find that models
with extremely small mixings seem to require some
fine-tuning.
As far as the predictions from theory are concerned, we

have first of all studied the Casas-Ibarra and random matrix
cases, which can in principle reproduce the same parameter

FIG. 5. The individual mixing elements jUeI j2 (a) and jUμIj2
(b) for the lightest sterile neutrino for the Casas-Ibarra para-
metrization and random cases. The upper bound from direct
search experiments is shown as well, whereas no lower bound
exists for three generations of sterile neutrinos (since one mixing
element can be very small if another is large to ensure the lifetime
bound of the sterile neutrino relevant for BBN). The bounds have
been translated from Refs. [115–117].

FIG. 6. Similar to Fig. 5 with the individual mixing elements
jUe1j2 (a) and jUμ1j2 (b) for the lightest sterile neutrino, but
showing the predictions for the different texture models.
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space. However, note that the Casas-Ibarra parametrization
uses the observed lepton mixing angles and neutrino
masses as an input, which means that it automatically
satisfies these constraints. Since especially the parameter
space for large mixings seems to require some fine-tuning
in the mixing matrix entries, the random case tends to favor
smaller (but not extremely small) mixings.
As another example, we have studied the predictions

from flavor symmetry models—with interesting observa-
tions. First of all, the flavor symmetry can be used to
control if larger or smaller mixings with the sterile
neutrinos are produced. Maybe even more interesting,
we have shown that different channels sensitive to jUeIj2
and jUμIj2 provide complementary information, which can
be used as a model discriminator. We therefore encourage
the experimental collaborations to study the sensitivities to
different channels in order to have independent information
on the individual mixings and the total mixing with the
sterile neutrinos. We have also demonstrated that different
experiments are complementary, in the sense that, for
example, FCC can test the heaviest HNL mass in many
models in which the lightest HNL mass cannot be accessed
in DUNE or SHiP and vice versa.
Regarding current and future bounds, we have encoun-

tered subtleties in their interpretation, and we have high-
lighted the importance to compare them under equal
assumptions. For example, often the sensitivity to the total
mixing with the sterile neutrinos jUIj2 is shown, which can,
for the leading channels in SHiP and DUNE, only be
derived under certain assumptions for the ratios of the

flavor-dependent active-sterile mixings. These assumptions
have to be applied to both the bounds and sensitivities in the
sameway to assess the future parameter space reach. Amore
appropriate representation for these experiments might be to
show the sensitivity to the individual mixings jUeIj2 and
jUμIj2, whereas FCC is directly sensitive to jUIj2.
In this study, we only considered normal neutrino mass

ordering, but we expect that similar arguments apply to the
inverted ordering. We have chosen three generations of
sterile neutrinos at the GeV scale, motivated by symmetry
to the active ones and by avoiding fine-tuning of the masses
to allow for successful leptogenesis. Note, however, that
two generations of sterile neutrinos are sufficient to explain
the two mass square differences observed in the neutrino
oscillation data, and, in fact, the parameter space will be
more strongly constrained. On the other hand, the pre-
dictive power of three generation models at the GeV scale
has been limited in generic approaches, while flavor
symmetries have been shown to reduce this freedom and
increase the predictability of the parameters. There is no
dark matter candidate in our models; but the models could
be extended by adding a fourth weakly coupled neutrino at
the keV scale. The mixing with the active neutrinos must be
small such that its lifetime is long enough on cosmological
scales to match the observed dark matter abundance.

ACKNOWLEDGMENTS

We appreciate discussions and comments with Heiko
Lacker and Heinrich Päs.

[1] P. Minkowski, Phys. Lett. 67B, 421 (1977).
[2] M. Gell-Mann, P. Ramond, and R. Slansky, Conf. Proc.

C790927, 315 (1979).
[3] T. Yanagida, Prog. Theor. Phys. 64, 1103 (1980).
[4] R. N. Mohapatra and G. Senjanovi, Phys. Rev. Lett. 44,

912 (1980).
[5] J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227

(1980).
[6] K. N. Abazajian et al. (2012), arXiv:1204.5379.
[7] C. Athanassopoulos et al. (LSND Collaboration), Nucl.

Instrum. Methods Phys. Res., Sect. A 388, 149 (1997).
[8] G. Mention, M. Fechner, T. Lasserre, T. A. Mueller, D.

Lhuillier, M. Cribier, and A. Letourneau, Phys. Rev. D 83,
073006 (2011).

[9] K. S. Babu, D.W. McKay, I. Mocioiu, and S. Pakvasa,
Phys. Rev. D 93, 113019 (2016).

[10] C. Giunti, Nucl. Phys. B908, 336 (2016).
[11] T. Asaka and T. Tsuyuki, Phys. Rev. D 92, 094012 (2015).
[12] S. Banerjee, P. S. B. Dev, A. Ibarra, T. Mandal, and M.

Mitra, Phys. Rev. D 92, 075002 (2015).
[13] S. Antusch, E. Cazzato, and O. Fischer, arXiv:1604.02420.

[14] G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 72,
2056 (2012).

[15] V. Khachatryan et al. (CMS Collaboration), Eur. Phys. J. C
74, 3149 (2014).

[16] A. Das and N. Okada, Phys. Rev. D 88, 113001 (2013).
[17] A. Das, P. S. Bhupal Dev, and N. Okada, Phys. Lett. B 735,

364 (2014).
[18] T. Ishihara, N. Maekawa, M. Takegawa, and M.

Yamanaka, J. High Energy Phys. 02 (2016) 108.
[19] M. Bando, S. Kaneko, M. Obara, and M. Tanimoto, Prog.

Theor. Phys. 112, 533 (2004).
[20] M. D. Campos and W. Rodejohann, arXiv:1605.02918.
[21] P. S. B. Dev, D. Kazanas, R. N. Mohapatra, V. L. Teplitz,

and Y. Zhang, J. Cosmol. Astropart. Phys. 08 (2016) 034.
[22] Y. Daikoku and H. Okada, Phys. Rev. D 91, 075009

(2015).
[23] R. Adhikari et al., arXiv:1602.04816.
[24] A. Merle, Int. J. Mod. Phys. D 22, 1330020 (2013).
[25] L. Heurtier and D. Teresi, arXiv:1607.01798.
[26] M. Drewes, Int. J. Mod. Phys. E 22, 1330019 (2013).
[27] S. Alekhin et al., arXiv:1504.04855.

RASMUS W. RASMUSSEN and WALTER WINTER PHYSICAL REVIEW D 94, 073004 (2016)

073004-12

http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://dx.doi.org/10.1143/PTP.64.1103
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://arXiv.org/abs/1204.5379
http://dx.doi.org/10.1016/S0168-9002(96)01155-2
http://dx.doi.org/10.1016/S0168-9002(96)01155-2
http://dx.doi.org/10.1103/PhysRevD.83.073006
http://dx.doi.org/10.1103/PhysRevD.83.073006
http://dx.doi.org/10.1103/PhysRevD.93.113019
http://dx.doi.org/10.1016/j.nuclphysb.2016.01.013
http://dx.doi.org/10.1103/PhysRevD.92.094012
http://dx.doi.org/10.1103/PhysRevD.92.075002
http://arXiv.org/abs/1604.02420
http://dx.doi.org/10.1140/epjc/s10052-012-2056-4
http://dx.doi.org/10.1140/epjc/s10052-012-2056-4
http://dx.doi.org/10.1140/epjc/s10052-014-3149-z
http://dx.doi.org/10.1140/epjc/s10052-014-3149-z
http://dx.doi.org/10.1103/PhysRevD.88.113001
http://dx.doi.org/10.1016/j.physletb.2014.06.058
http://dx.doi.org/10.1016/j.physletb.2014.06.058
http://dx.doi.org/10.1007/JHEP02(2016)108
http://dx.doi.org/10.1143/PTP.112.533
http://dx.doi.org/10.1143/PTP.112.533
http://arXiv.org/abs/1605.02918
http://dx.doi.org/10.1088/1475-7516/2016/08/034
http://dx.doi.org/10.1103/PhysRevD.91.075009
http://dx.doi.org/10.1103/PhysRevD.91.075009
http://arXiv.org/abs/1602.04816
http://dx.doi.org/10.1142/S0218271813300206
http://arXiv.org/abs/1607.01798
http://dx.doi.org/10.1142/S0218301313300191
http://arXiv.org/abs/1504.04855


[28] A. Vaitaitis et al. (NuTeVand E815 Collaborations), Phys.
Rev. Lett. 83, 4943 (1999).

[29] A. V. Artamonov et al. (E949 Collaboration), Phys. Rev. D
91, 059903 (2015).

[30] P. V. Vilain et al., Phys. Lett. B 351, 387 (1995).
[31] A. Das and N. Okada, Phys. Rev. D 93, 033003 (2016).
[32] A. Das, N. Nagata, and N. Okada, J. High Energy Phys. 03

(2016) 049.
[33] R. N. Mohapatra, Nucl. Phys. B908, 423 (2016).
[34] A. de Gouvêa and A. Kobach, Phys. Rev. D 93, 033005

(2016).
[35] E. Akhmedov, A. Kartavtsev, M. Lindner, L. Michaels, and

J. Smirnov, J. High Energy Phys. 05 (2013) 081.
[36] A. Ibarra, E. Molinaro, and S. T. Petcov, Phys. Rev. D 84,

013005 (2011).
[37] A. Ibarra, E. Molinaro, and S. T. Petcov, J. High Energy

Phys. 09 (2010) 108.
[38] E. Fernandez-Martinez, J. Hernandez-Garcia, and J.

Lopez-Pavon, arXiv:1605.08774.
[39] E. K. Akhmedov, V. A. Rubakov, and A. Yu. Smirnov,

Phys. Rev. Lett. 81, 1359 (1998).
[40] L. Canetti, M. Drewes, T. Frossard, and M. Shaposhnikov,

Phys. Rev. D 87, 093006 (2013).
[41] M. Escudero, N. Rius, and V. Sanz, arXiv:1606.01258.
[42] P. Di Bari, P. O. Ludl, and S. Palomares-Ruiz,

arXiv:1606.06238.
[43] M. K. Parida and B. P. Nayak, arXiv:1607.07236.
[44] T. Asaka, S. Blanchet, and M. Shaposhnikov, Phys. Lett. B

631, 151 (2005).
[45] T. Asaka and M. Shaposhnikov, Phys. Lett. B 620, 17

(2005).
[46] L. Canetti, M. Drewes, and B. Garbrecht, Phys. Rev. D 90,

125005 (2014).
[47] M. Drewes and B. Garbrecht, arXiv:1502.00477.
[48] T. Hambye and D. Teresi, Phys. Rev. Lett. 117, 091801

(2016).
[49] M. Drewes and S. Eijima, arXiv:1606.06221.
[50] T. Asaka, S. Eijima, and H. Ishida, arXiv:1606.06686.
[51] M. Drewes, B. Garbrecht, D. Gueter, and J. Klaric,

arXiv:1606.06690.
[52] P. Hernández, M. Kekic, J. López-Pavón, J. Racker, and J.

Salvado, J. High Energy Phys. 08 (2013) 157.
[53] M. Drewes and B. Garbrecht, J. High Energy Phys. 03

(2013) 096.
[54] S. F. King and C. Luhn, Rep. Prog. Phys. 76, 056201

(2013).
[55] S. F. King and P. O. Ludl, J. High Energy Phys. 06 (2016)

147.
[56] S. Kanemura, K. Sakurai, and H. Sugiyama, Phys. Lett. B

758, 465 (2016).
[57] R. M. Fonseca and W. Grimus, in Proceedings, 37th

International Conference on High Energy Physics (ICHEP
2014), Valencia, Spain, 2016 (unpublished).

[58] T. Neder, J. Phys. Conf. Ser. 631, 012019 (2015).
[59] C.-Y. Yao and G.-J. Ding, Phys. Rev. D 92, 096010 (2015).
[60] K. M. Parattu and A. Wingerter, Phys. Rev. D 84, 013011

(2011).
[61] C.-C. Li and G.-J. Ding, J. High Energy Phys. 05 (2015)

100.

[62] P. Ballett, S. Pascoli, and J. Turner, Phys. Rev. D 92,
093008 (2015).

[63] A. Di Iura, C. Hagedorn, and D. Meloni, J. High Energy
Phys. 08 (2015) 037.

[64] J. Turner, Phys. Rev. D 92, 116007 (2015).
[65] A. S. Joshipura and N. Nath, Phys. Rev. D 94, 036008

(2016)..
[66] F. Bazzocchi and L. Merlo, Fortschr. Phys. 61, 571 (2013).
[67] R. Krishnan, P. F. Harrison, and W. G. Scott, J. High

Energy Phys. 04 (2013) 087.
[68] C. Luhn, Nucl. Phys. B875, 80 (2013).
[69] V. V. Vien, Int. J. Mod. Phys. A 31, 1650039 (2016).
[70] S. F. King and C. Luhn, J. High Energy Phys. 09 (2016)

023..
[71] D. N. Dinh, N. A. Ky, P. Q. Văn, and N. T. H. Vân, J. Phys.

Conf. Ser. 627, 012003 (2015).
[72] S. Pramanick and A. Raychaudhuri, Phys. Rev. D 93,

033007 (2016).
[73] S. Morisi, D. V. Forero, J. C. Romão, and J. W. F. Valle,

Phys. Rev. D 88, 016003 (2013).
[74] R. Gonzalez Felipe, H. Serodio, and J. P. Silva, Phys. Rev.

D 88, 015015 (2013).
[75] S. Amitai, arXiv:1212.5165.
[76] A. E. Cárcamo Hernández and R. Martinez, Nucl. Phys.

B905, 337 (2016).
[77] S. F. King and C. Luhn, J. High Energy Phys. 09 (2011)

042.
[78] S. F. King and T. Neder, Phys. Lett. B 736, 308 (2014).
[79] V. V. Vien, A. E. C. Hernández, and H. N. Long, arXiv:

1601.03300.
[80] G.-J. Ding, S. F. King, and T. Neder, J. High Energy Phys.

12 (2014) 007.
[81] C. Hagedorn, A. Meroni, and E. Molinaro, Nucl. Phys.

B891, 499 (2015).
[82] G.-J. Ding and Y.-L. Zhou, J. High Energy Phys. 06 (2014)

023.
[83] A. E. C. Hernández, H. N. Long, and V. V. Vien, Eur. Phys.

J. C 76, 242 (2016).
[84] M. Abbas, S. Khalil, A. Rashed, and A. Sil, Phys. Rev. D

93, 013018 (2016).
[85] I. de Medeiros Varzielas, J. High Energy Phys. 08 (2015)

157.
[86] S. C. Chuliá, R. Srivastava, and J. W. F. Valle, Phys. Lett. B

761, 431 (2016).
[87] B. Carballo-Perez, E. Peinado, and S. Ramos-Sanchez,

arXiv:1607.06812.
[88] M. Lucente, A. Abada, G. Arcadi, and V. Domcke, in 51st

Rencontres de Moriond on EW Interactions and Unified
Theories, La Thuile, Italy, 2016 (unpublished).

[89] P.-H. Gu and X.-G. He, arXiv:1511.03835.
[90] J. M. Cline, A. Diaz-Furlong, and J. Ren, Phys. Rev. D 93,

036009 (2016).
[91] B. Karmakar and A. Sil, Phys. Rev. D 93, 013006 (2016).
[92] A. Abada, G. Arcadi, V. Domcke, and M. Lucente, J.

Cosmol. Astropart. Phys. 11 (2015) 041.
[93] H. Fritzsch, Mod. Phys. Lett. A 30, 1550138 (2015).
[94] L. Lavoura, J. Phys. G 42, 105004 (2015).
[95] M. Singh, G. Ahuja, and M. Gupta, arXiv:1603.08083.
[96] T. Kitabayashi and M. Yasuè, arXiv:1606.01008.

PERSPECTIVES FOR TESTS OF NEUTRINO MASS … PHYSICAL REVIEW D 94, 073004 (2016)

073004-13

http://dx.doi.org/10.1103/PhysRevLett.83.4943
http://dx.doi.org/10.1103/PhysRevLett.83.4943
http://dx.doi.org/10.1103/PhysRevD.91.059903
http://dx.doi.org/10.1103/PhysRevD.91.059903
http://dx.doi.org/10.1016/0370-2693(94)00440-I
http://dx.doi.org/10.1103/PhysRevD.93.033003
http://dx.doi.org/10.1007/JHEP03(2016)049
http://dx.doi.org/10.1007/JHEP03(2016)049
http://dx.doi.org/10.1016/j.nuclphysb.2016.03.006
http://dx.doi.org/10.1103/PhysRevD.93.033005
http://dx.doi.org/10.1103/PhysRevD.93.033005
http://dx.doi.org/10.1007/JHEP05(2013)081
http://dx.doi.org/10.1103/PhysRevD.84.013005
http://dx.doi.org/10.1103/PhysRevD.84.013005
http://dx.doi.org/10.1007/JHEP09(2010)108
http://dx.doi.org/10.1007/JHEP09(2010)108
http://arXiv.org/abs/1605.08774
http://dx.doi.org/10.1103/PhysRevLett.81.1359
http://dx.doi.org/10.1103/PhysRevD.87.093006
http://arXiv.org/abs/1606.01258
http://arXiv.org/abs/1606.06238
http://arXiv.org/abs/1607.07236
http://dx.doi.org/10.1016/j.physletb.2005.09.070
http://dx.doi.org/10.1016/j.physletb.2005.09.070
http://dx.doi.org/10.1016/j.physletb.2005.06.020
http://dx.doi.org/10.1016/j.physletb.2005.06.020
http://dx.doi.org/10.1103/PhysRevD.90.125005
http://dx.doi.org/10.1103/PhysRevD.90.125005
http://arXiv.org/abs/1502.00477
http://dx.doi.org/10.1103/PhysRevLett.117.091801
http://dx.doi.org/10.1103/PhysRevLett.117.091801
http://arXiv.org/abs/1606.06221
http://arXiv.org/abs/1606.06686
http://arXiv.org/abs/1606.06690
http://dx.doi.org/10.1007/JHEP08(2016)157
http://dx.doi.org/10.1007/JHEP03(2013)096
http://dx.doi.org/10.1007/JHEP03(2013)096
http://dx.doi.org/10.1088/0034-4885/76/5/056201
http://dx.doi.org/10.1088/0034-4885/76/5/056201
http://dx.doi.org/10.1007/JHEP06(2016)147
http://dx.doi.org/10.1007/JHEP06(2016)147
http://dx.doi.org/10.1016/j.physletb.2016.05.046
http://dx.doi.org/10.1016/j.physletb.2016.05.046
http://dx.doi.org/10.1088/1742-6596/631/1/012019
http://dx.doi.org/10.1103/PhysRevD.92.096010
http://dx.doi.org/10.1103/PhysRevD.84.013011
http://dx.doi.org/10.1103/PhysRevD.84.013011
http://dx.doi.org/10.1007/JHEP05(2015)100
http://dx.doi.org/10.1007/JHEP05(2015)100
http://dx.doi.org/10.1103/PhysRevD.92.093008
http://dx.doi.org/10.1103/PhysRevD.92.093008
http://dx.doi.org/10.1007/JHEP08(2015)037
http://dx.doi.org/10.1007/JHEP08(2015)037
http://dx.doi.org/10.1103/PhysRevD.92.116007
http://dx.doi.org/10.1103/PhysRevD.94.036008
http://dx.doi.org/10.1103/PhysRevD.94.036008
http://dx.doi.org/10.1002/prop.201200123
http://dx.doi.org/10.1007/JHEP04(2013)087
http://dx.doi.org/10.1007/JHEP04(2013)087
http://dx.doi.org/10.1016/j.nuclphysb.2013.07.003
http://dx.doi.org/10.1142/S0217751X16500391
http://dx.doi.org/10.1007/JHEP09(2016)023
http://dx.doi.org/10.1007/JHEP09(2016)023
http://dx.doi.org/10.1088/1742-6596/627/1/012003
http://dx.doi.org/10.1088/1742-6596/627/1/012003
http://dx.doi.org/10.1103/PhysRevD.93.033007
http://dx.doi.org/10.1103/PhysRevD.93.033007
http://dx.doi.org/10.1103/PhysRevD.88.016003
http://dx.doi.org/10.1103/PhysRevD.88.015015
http://dx.doi.org/10.1103/PhysRevD.88.015015
http://arXiv.org/abs/1212.5165
http://dx.doi.org/10.1016/j.nuclphysb.2016.02.025
http://dx.doi.org/10.1016/j.nuclphysb.2016.02.025
http://dx.doi.org/10.1007/JHEP09(2011)042
http://dx.doi.org/10.1007/JHEP09(2011)042
http://dx.doi.org/10.1016/j.physletb.2014.07.043
http://arXiv.org/abs/1601.03300
http://arXiv.org/abs/1601.03300
http://dx.doi.org/10.1007/JHEP12(2014)007
http://dx.doi.org/10.1007/JHEP12(2014)007
http://dx.doi.org/10.1016/j.nuclphysb.2014.12.013
http://dx.doi.org/10.1016/j.nuclphysb.2014.12.013
http://dx.doi.org/10.1007/JHEP06(2014)023
http://dx.doi.org/10.1007/JHEP06(2014)023
http://dx.doi.org/10.1140/epjc/s10052-016-4074-0
http://dx.doi.org/10.1140/epjc/s10052-016-4074-0
http://dx.doi.org/10.1103/PhysRevD.93.013018
http://dx.doi.org/10.1103/PhysRevD.93.013018
http://dx.doi.org/10.1007/JHEP08(2015)157
http://dx.doi.org/10.1007/JHEP08(2015)157
http://dx.doi.org/10.1016/j.physletb.2016.08.028
http://dx.doi.org/10.1016/j.physletb.2016.08.028
http://arXiv.org/abs/1607.06812
http://arXiv.org/abs/1511.03835
http://dx.doi.org/10.1103/PhysRevD.93.036009
http://dx.doi.org/10.1103/PhysRevD.93.036009
http://dx.doi.org/10.1103/PhysRevD.93.013006
http://dx.doi.org/10.1088/1475-7516/2015/11/041
http://dx.doi.org/10.1088/1475-7516/2015/11/041
http://dx.doi.org/10.1142/S0217732315501382
http://dx.doi.org/10.1088/0954-3899/42/10/105004
http://arXiv.org/abs/1603.08083
http://arXiv.org/abs/1606.01008


[97] D. Borah, M. Ghosh, S. Gupta, S. Prakash, and S. K. Raut,
arXiv:1606.02076.

[98] F. Plentinger, G. Seidl, and W. Winter, J. High Energy
Phys. 04 (2008) 077.

[99] K. A. Olive et al. (Particle Data Group), Chin. Phys. C 38,
090001 (2014).

[100] D. Gorbunov and M. Shaposhnikov, J. High Energy Phys.
10 (2007) 015 11 (2013) 101(E).

[101] S. Antusch and O. Fischer, J. High Energy Phys. 10 (2014)
094.

[102] S. Antusch, C. Biggio, E. Fernandez-Martinez, M. B.
Gavela, and J. Lopez-Pavon, J. High Energy Phys. 10
(2006) 084.

[103] A. Abada, C. Biggio, F. Bonnet, M. B. Gavela, and T.
Hambye, J. High Energy Phys. 12 (2007) 061.

[104] E. Nardi, E. Roulet, and D. Tommasini, Phys. Lett. B 327,
319 (1994).

[105] E. Nardi, E. Roulet, and D. Tommasini, Phys. Lett. B 344,
225 (1995).

[106] S. Bergmann and A. Kagan, Nucl. Phys. B538, 368
(1999).

[107] A. Abada, D. Das, A. M. Teixeira, A. Vicente, and C.
Weiland, J. High Energy Phys. 02 (2013) 048.

[108] A. Abada, A. M. Teixeira, A. Vicente, and C. Weiland, J.
High Energy Phys. 02 (2014) 091.

[109] T. Asaka, S. Eijima, and K. Takeda, Phys. Lett. B 742, 303
(2015).

[110] S. Pascoli, M. Mitra, and S. Wong, Phys. Rev. D 90,
093005 (2014).

[111] J. C. Helo, M. Hirsch, T. Ota, and F. A. Pereira dos Santos,
J. High Energy Phys. 05 (2015) 092.

[112] R. Jacobsson, in XXVII International Conference on
Neutrino Physics and Astrophysics, London, England,
2016 (unpublished).

[113] F. F. Deppisch, P. S. Bhupal Dev, and A. Pilaftsis, New J.
Phys. 17, 075019 (2015).

[114] J. C. Helo, M. Hirsch, and S. Kovalenko, Phys. Rev. D 89,
073005 (2014) 93, 099902(E) (2016)].

[115] M. Anelli et al. (SHiP Collaboration), arXiv:1504.04956.
[116] A. Blondel, E. Graverini, N. Serra, and M. Shaposhnikov

(FCC-ee Study Team Collaboration), arXiv:1411.5230.
[117] C. Adams et al. (LBNE Collaboration), arXiv:1307.7335.

[118] R. Acciarri et al. (DUNE Collaboration), arXiv:
1512.06148.

[119] A. Das, P. Konar, and S. Majhi, J. High Energy Phys. 06
(2016) 019.

[120] L. Canetti and M. Shaposhnikov, J. Cosmol. Astropart.
Phys. 09 (2010) 001.

[121] J. Dorenbosch et al., Phys. Lett. 166B, 473 (1986).
[122] G. Bernardi et al., Phys. Lett. B 203, 332 (1988).
[123] J. A. Casas and A. Ibarra, Nucl. Phys. B618, 171 (2001).
[124] M. C. Gonzalez-Garcia, M. Maltoni, and T. Schwetz, J.

High Energy Phys. 11 (2014) 052.
[125] P. A. R. Ade et al. (Planck Collaboration), Astron. As-

trophys. 594, A13 (2016).
[126] V. Brdar, M. König, and J. Kopp, Phys. Rev. D 93, 093010

(2016).
[127] N. Haba and H. Murayama, Phys. Rev. D 63, 053010

(2001).
[128] W. Rodejohann and X.-J. Xu, Nucl. Phys. B899, 463

(2015).
[129] R. P. Brent An algorithm with guaranteed convergence for

finding a zero of a function, in Algorithms for Minimiza-
tion without Derivatives (Prentice-Hall, Englewood Cliffs,
1973).

[130] M. J. D. Powell, Comp. J. 7, 155 (1964).
[131] T. Asaka and T. Tsuyuki, Phys. Lett. B 753, 147

(2016).
[132] DELPHI Collaboration, Z. Phys. C 74, 57 (1997).
[133] F. Plentinger, G. Seidl, and W. Winter, Phys. Rev. D 76,

113003 (2007).
[134] L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983).
[135] F. Plentinger, G. Seidl, and W. Winter, Nucl. Phys. B791,

60 (2008).
[136] C. Froggatt and H. Nielsen, Nucl. Phys. B147, 277 (1979).
[137] Y. Abe et al. (Double Chooz Collaboration), Phys. Lett. B

723, 66 (2013).
[138] F. P. An et al. (Daya Bay Collaboration), Phys. Rev. Lett.

108, 171803 (2012).
[139] J. K. Ahn et al. (RENO Collaboration), Phys. Rev. Lett.

108, 191802 (2012).
[140] D. Gorbunov and A. Panin, Phys. Rev. D 89, 017302

(2014).
[141] H. Lacker (private communication).

RASMUS W. RASMUSSEN and WALTER WINTER PHYSICAL REVIEW D 94, 073004 (2016)

073004-14

http://arXiv.org/abs/1606.02076
http://dx.doi.org/10.1088/1126-6708/2008/04/077
http://dx.doi.org/10.1088/1126-6708/2008/04/077
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1126-6708/2007/10/015
http://dx.doi.org/10.1088/1126-6708/2007/10/015
http://dx.doi.org/10.1007/JHEP11(2013)101
http://dx.doi.org/10.1007/JHEP10(2014)094
http://dx.doi.org/10.1007/JHEP10(2014)094
http://dx.doi.org/10.1088/1126-6708/2006/10/084
http://dx.doi.org/10.1088/1126-6708/2006/10/084
http://dx.doi.org/10.1088/1126-6708/2007/12/061
http://dx.doi.org/10.1016/0370-2693(94)90736-6
http://dx.doi.org/10.1016/0370-2693(94)90736-6
http://dx.doi.org/10.1016/0370-2693(95)91542-M
http://dx.doi.org/10.1016/0370-2693(95)91542-M
http://dx.doi.org/10.1016/S0550-3213(98)00686-5
http://dx.doi.org/10.1016/S0550-3213(98)00686-5
http://dx.doi.org/10.1007/JHEP02(2013)048
http://dx.doi.org/10.1007/JHEP02(2014)091
http://dx.doi.org/10.1007/JHEP02(2014)091
http://dx.doi.org/10.1016/j.physletb.2015.01.049
http://dx.doi.org/10.1016/j.physletb.2015.01.049
http://dx.doi.org/10.1103/PhysRevD.90.093005
http://dx.doi.org/10.1103/PhysRevD.90.093005
http://dx.doi.org/10.1007/JHEP05(2015)092
http://dx.doi.org/10.1088/1367-2630/17/7/075019
http://dx.doi.org/10.1088/1367-2630/17/7/075019
http://dx.doi.org/10.1103/PhysRevD.89.073005
http://dx.doi.org/10.1103/PhysRevD.89.073005
http://dx.doi.org/10.1103/PhysRevD.93.099902
http://arXiv.org/abs/1504.04956
http://arXiv.org/abs/1411.5230
http://arXiv.org/abs/1307.7335
http://arXiv.org/abs/1512.06148
http://arXiv.org/abs/1512.06148
http://dx.doi.org/10.1007/JHEP06(2016)019
http://dx.doi.org/10.1007/JHEP06(2016)019
http://dx.doi.org/10.1088/1475-7516/2010/09/001
http://dx.doi.org/10.1088/1475-7516/2010/09/001
http://dx.doi.org/10.1016/0370-2693(86)91601-1
http://dx.doi.org/10.1016/0370-2693(88)90563-1
http://dx.doi.org/10.1016/S0550-3213(01)00475-8
http://dx.doi.org/10.1007/JHEP11(2014)052
http://dx.doi.org/10.1007/JHEP11(2014)052
http://dx.doi.org/10.1051/0004-6361/201525830
http://dx.doi.org/10.1051/0004-6361/201525830
http://dx.doi.org/10.1103/PhysRevD.93.093010
http://dx.doi.org/10.1103/PhysRevD.93.093010
http://dx.doi.org/10.1103/PhysRevD.63.053010
http://dx.doi.org/10.1103/PhysRevD.63.053010
http://dx.doi.org/10.1016/j.nuclphysb.2015.08.014
http://dx.doi.org/10.1016/j.nuclphysb.2015.08.014
http://dx.doi.org/10.1093/comjnl/7.2.155
http://dx.doi.org/10.1016/j.physletb.2015.12.013
http://dx.doi.org/10.1016/j.physletb.2015.12.013
http://dx.doi.org/10.1007/s002880050370
http://dx.doi.org/10.1103/PhysRevD.76.113003
http://dx.doi.org/10.1103/PhysRevD.76.113003
http://dx.doi.org/10.1103/PhysRevLett.51.1945
http://dx.doi.org/10.1016/j.nuclphysb.2007.09.016
http://dx.doi.org/10.1016/j.nuclphysb.2007.09.016
http://dx.doi.org/10.1016/0550-3213(79)90316-X
http://dx.doi.org/10.1016/j.physletb.2013.04.050
http://dx.doi.org/10.1016/j.physletb.2013.04.050
http://dx.doi.org/10.1103/PhysRevLett.108.171803
http://dx.doi.org/10.1103/PhysRevLett.108.171803
http://dx.doi.org/10.1103/PhysRevLett.108.191802
http://dx.doi.org/10.1103/PhysRevLett.108.191802
http://dx.doi.org/10.1103/PhysRevD.89.017302
http://dx.doi.org/10.1103/PhysRevD.89.017302

