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mService de Physique Théorique, Université Libre de Bruxelles, Boulevard du Triomphe, CP225, B-1050 Brussels, Belgium

nDepartment of Physics, University of Cincinnati, Cincinnati, OH 45221, USA
oInstitute for Nuclear Research of the Russian Academy of Sciences, INR RAS, 60-letiya Oktyabrya prospekt 7a, Moscow 117312, Russia

pPRISMA Cluster of Excellence, Johannes Gutenberg University, 55128 Mainz, Germany
qInstitute of Physics, NAWI Graz, University of Graz,Universitätsplatz 5, A-8010 Graz, Austria
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wDipartimento di Fisica e Astronomia, Università di Bologna e INFN, Sezione di Bologna, via Irnerio 46, I-40126 Bologna, Italy
xDepartment of Physics and Astronomy, University of Kentucky, Lexington, KY 40506, USA

yUniversiteit Antwerpen, Prinsstraat 13, 2000 Antwerpen, Belgium
zNiels Bohr Institute, University of Copenhagen, Blegdamsvej 17, DK-2010, Copenhagen, Denmark

aaInstitute of Nuclear Physics, Polish Academy of Sciences, ul. Radzikowskiego, Kracow 31-342, Poland
abInstitute of Physics Laboratory of Particle Physics and Cosmology École Polytechnique Fédérale de Lausanne (EPFL) CH-1015, Lausanne,
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Abstract

The existence of non-zero neutrino masses points to the likely existence of multiple SM neutral fermions. When such
states are heavy enough that they cannot be produced in oscillations, they are referred to as Heavy Neutral Leptons
(HNLs). In this white paper we discuss the present experimental status of HNLs including colliders, beta decay,
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accelerators, as well as astrophysical and cosmological impacts. We discuss the importance of continuing to search
for HNLs, and its potential impact on our understanding on key fundamental questions, and additionally we outline
the future prospects for next-generation future experiments or upcoming accelerator run scenarios.
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1. Introduction

Neutrinos have proven valuable in elucidating the structure of the Standard Model (SM) of particle physics.
Though the SM provides the framework describing how neutrinos interact with leptons and quarks through weak
interactions, the SM does not answer fundamental questions about neutrinos. For many years, neutrinos were thought
to be massless, and this property is built into the Standard Model. The earliest evidence for neutrino masses appeared
in the observed deficit of solar neutrinos in the Davis radiochemical neutrino experiment [1]. The solar neutrino
deficit was confirmed by the SAGE [2] and GALLEX [3] gallium experiments and the Kamiokande water Cherenkov
experiment [4]. Compelling evidence of neutrino oscillations was obtained by the Super-Kamiokande experiment
in 1998 [5], followed by the evidence for transmutation of neutrino flavors by the SNO experiment [6]. Together,
these experimental results have produced a very far-reaching transformation in our understanding of particle physics,
demonstrating the existence of neutrino masses and lepton mixing. This is the first confirmed physics beyond the
original Standard Model in the laboratory. Further knowledge has been gained by several generations of accelerator
and reactor experiments, as well as further data from deep underground detectors. We now have reasonably accurate
measurements of ∆m2

21 and |∆m2
32|, where ∆m2

i j = m2
νi
−m2

ν j
, and the three Euler angles parametrizing the PMNS lepton
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mixing matrix, θ23, θ12, and θ13. Current data yield preferred regions for the CP phase δCP. However, there are many
fundamental questions concerning neutrinos that are still unanswered. Perhaps most basic is the question of why their
masses, while nonzero, are so small. An appealing possible explanation for this is the seesaw mechanism [7–11],
which posits the existence of a number of electroweak-singlet (“sterile”) neutrino interaction eigenstates. However,
this mechanism does not specify the number of electroweak-singlet neutrinos and, importantly, both high-scale and
low-scale seesaw mechanisms are viable. In the latter case, there can be additional neutrino mass eigenstates that
might be observed in current and near future experiments. Searches for these additional neutrinos thus probe one of
the most fundamental and important questions in particle physics. Indeed, neutrinos provide not only the first direct
evidence for physics beyond the Standard Model, but also a pathway to search for new physics.

HNLs with masses in the MeV to GeV scale are a compelling present and future target of opportunity. In [12, 13]
it was proposed to search for emission of HNLs via the signature of kinks in the Kurie plots in nuclear beta decays and
via anomalous peaks in the energy spectra of charged leptons in two-body leptonic decays of pseudoscalar mesons.
These HNLs would also lead to an apparent deviation of the ratio BR(π+ → e+νe)/BR(π+ → µ+νµ) and the analogous
ratio for K+ from their SM values, as well as an apparent deviation of the spectral parameters in µ and leptonic τ
decay from their SM values. In [12–14] analyses were carried out retroactively on existing data to probe for these
effects and set upper bounds on HNL emission. Early peak search experiments were carried out at SIN/PSI [15–17],
TRIUMF [18–20], and KEK [21, 22]. Recent peak search experiments have been conducted by the E949 experiment
at BNL [23], the PIENU experiment at TRIUMF [24, 25], and the NA62 experiment at CERN [26–29]. Other
accelerator experiments searching for HNLs include PS-191 [30, 31], CHARM [32, 33], NuTEV [34], DELPHI [35],
T2K [36], and a recent reinterpretation of BOREXINO data [37]. The peak search experiments looking for anomalous
monochromatic peaks in the charged lepton spectra of decaying π+ and K+ appear to place more stringent upper
bounds on mixing angles of HNLs than any other terrestrial experiments over a large range of HNL masses from ∼ 40
MeV to ∼ 2 GeV. In the range from a few MeV to 40 MeV, the agreement of the ratio BR(π+ → e+νe)/BR(π+ → µ+νµ)
with the SM prediction also places stringent upper bounds on |Ue4|

2 [38, 39].

2. Theory of Heavy Neutral Leptons

2.1. Neutrinos masses: evidence of new physics beyond the Standard Model

The discovery of neutrino oscillations just over 20 years ago has established that neutrino have masses and mix.
A wide experimental programme has measured with precision most of the oscillation parameters. Two mass-squared
differences have been determined, one controlling atmospheric, short-baseline-reactor, and accelerator-neutrino oscil-
lations, and one long-baseline-reactor and solar-neutrino experiments. The ∆m2

21 mass-squared splitting is positive
and is measured with very good accuracy to be 7.42 × 10−5 eV2 with a 3σ range of 6.82–8.04 × 10−5 eV2 [40].
∆m2

31 is known slightly less precisely and its sign is not yet known. The measured values are ∆m2
31 = 2.515 (2.431–

2.599) × 10−3 eV2, for the best fit (3σ range), which prefers the normal mass ordering (NO) and similarly for the
inverted mass ordering (IO) ∆m2

32 = −2.498 (−2.584–−2.413) × 10−3 eV2 [40].
There are three mixing angles and they control the flavour content of the three mass eigenstates, |Uαi|

2. Their
values are given by [40]:

θ12 = 33.44 (31.27 − −35.86) for both mass orderings, (1)
θ23 = 49.2 (39.5 − −52.0) (NO) θ23 = 49.5 (39.8 − −52.1) (IO), (2)
θ13 = 8.57 (8.20 − 8.97) (NO) θ13 = 8.60 (8.24 − 8.98) (IO), (3)

in degrees. Differently from the quark sector, all three angles are sizable and θ23 could even be maximal (45◦). The
first hints of CP-violation, with δ close to −90◦, had been reported but recent data has pushed the preferred value
towards CP-conservation at δ ∼ 180◦. In the coming years, data from the long baseline experiments T2K and NOvA
will provide further information, and later DUNE and T2HK will be able to discover leptonic CP violation if δ is not
very close to 0 or 180◦.

The measurement of two mass-squared differences implies that there are (at least) two massive neutrinos. They
can be ordered in two ways:

4



• normal ordering (NO): m1 < m2 < m3, i.e. ∆m2
31 > 0,

• inverted ordering (IO): m3 < m1 < m2, i.e. ∆m2
32 < 0.

The three neutrino masses can be expressed in term of just one unknown parameter, the lightest neutrino mass, mMIN ,
and the ordering, as

m1 = mMIN , m2 =

√
m2

MIN
+ ∆m2

21, m3 =

√
m2

MIN
+ ∆m2

31, for NO; (4)

m3 = mMIN , m1 =

√
m2

MIN
+ |∆m2

32| − ∆m2
21, m2 =

√
m2

MIN
+ |∆m2

32|, for IO. (5)

Given these relations and the measured values of ∆m2
21 and ∆m2

31, the sum of the neutrinos can be constrained to be
above

3∑
j=1

m j & 60 meV, (NO), (6)

& 100 meV, (IO). (7)

These provide useful benchmarks for cosmological and laboratory searches for the absolute scale of neutrino masses,
to which oscillation experiments are not sensitive.

Presently, these searches for the absolute scale of neutrino masses can only place upper limits. The most stringent

laboratory search to date, coming from KATRIN, constrains the quantity mβ ≡

√∑
j=1,2,3

∣∣∣Ue j

∣∣∣2 m2
j < 0.8 eV [41],

where Ue j are elements of the neutrino mixing matrix (the electron row is well-measured by oscillation experiments).
In contrast, cosmological searches constrain

∑
j=1,2,3 m j < 0.12 eV [42, 43].

Despite the wealth of information obtained so far, key open questions remain open:

• What is the nature of neutrinos? Are neutrinos Dirac or Majorana particles?

• What are the absolute values of the masses? In order to answer this question it is necessary to establish the mass
ordering and the overall mass scale.

• Is there leptonic CP violation? And if so, what is the precise value of the δ phase?

• What are the precise values of the mixing angles? Do they point towards an underlying flavour principle?

• Is the standard three-neutrino picture correct or are there other effects, such as sterile neutrinos, non-standard
interactions or even more exotic ones, e.g. Lorentz-violation?

A wide programme of experiments running and under construction will address these questions and we can expect
to have a complete picture in the next decade. This information is crucial in order to hunt for the origin of neutrino
masses and leptonic mixing.

2.2. General neutrino mass models and HNLs

Neutrino masses constitute so far the only particle physics evidence that the SM is incomplete. Not only are they
nonzero, they are also much smaller than those of all other fermions and leptonic mixing presents a very different
structure compared to that of the quarks. All these fact seem to point towards a different origin of neutrino masses
whose unveiling will play a key part in extending the SM to a full theory of particles and interactions. In many cases,
a key ingredient to explain neutrino masses are right handed neutrinos, which, for masses � eV we will refer to as
HNLs. They enter in Yukawa couplings with the leptonic doublet and the Higgs field, they are predicted in left-right
SU(2) gauge models and their embedding in GUT theories, such as SO(10). Their presence is also instrumental in
explaining the baryon asymmetry of the Universe via leptogenesis [44].
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2.2.1. Dirac and Majorana mass terms
As neutrinos are neutral, they can be of two different types, Dirac or Majorana particles, corresponding to the

conservation or not of the leptonic number symmetry. Differently from the case of Dirac particles, common to all
other SM fermions, Majorana neutrinos satisfy the Majorana condition

ν = νc ≡ Cν̄T , (8)

where C is the charge-conjugation matrix and νc is the charge-conjugate of ν. Effectively neutrinos and antineutrinos
are not distinguishable. Neutrino masses can be of different types, leading to Dirac or Majorana neutrinos.

A Dirac mass term, νmDν = νLmDνR + h.c., requires the introduction of νR and is analogous to that of all the SM
charged fermions. This term conserves lepton number: giving both chiral components the same lepton number so that
under a U(1)L transformation νL,R → eiηνL,R, the mass term remains invariant.

Majorana masses require only one Weyl spinor νL as −LMa jorana = 1
2ν

cmMν = − 1
2ν

T
LC†mMνL + h.c. This term

breaks lepton number by two units. Notice that analogously it is also possible to have Majorana masses for νR. If the
theory contains also νR, it is possible to have Dirac mass term and both Majorana ones for νL and νR. In this case, the
resulting massive neutrinos are of Majorana type, as can be understood by the fact that overall the Lagrangian does
not conserve lepton number. In a full theory with 3 νL and N νR, there will be 3 light Majorana neutrinos and a number
N of massive neutrinos that we will denote as HNLs, in the case in which that their masses are much larger than the
eV scale. Typically, the latter will be nearly-sterile as only a small admixture of active neutrinos is allowed.

2.2.2. Neutrino masses beyond the SM
The mass terms discussed above are forbidden in the SM as there are no right-handed neutrinos and a Majorana

mass term using only the νL fields violates the SM gauge invariance. Consequently, the SM, in its minimal form, does
not allow for neutrino masses. How can one extend the SM in order to account for neutrino masses in a consistent
framework? A vast number of models have been proposed and most them require sterile neutrinos and the corre-
sponding HNL. We briefly review the key features and we discuss more in detail the Seesaw type I mechanism and
HNLs in Sec. 2.3.

The SM simplest extension can be constructed by adding SM gauge singlets νR, typically called sterile neutrinos.
The SM gauge group allows for the Yukawa interaction between νR, the leptonic doublet L ≡ (νT

L , `
T )T and the Higgs

doublet H:
− Ly = LF · Φ̃N + h.c. , (9)

where Φ̃ = iσ2Φ∗. After electroweak symmetry breaking, 〈H̃〉 = (vH/
√

2, 0)T , a Dirac mass term emerges

− Ly
〈H̃〉,0
−−−−→ −LDirac =

vH
√

2
νLyννR + h.c. (10)

This Yukawa interaction and the resulting Dirac mass conserve lepton number. Indeed, a Majorana mass term for νR

is not forbidden by gauge invariance and its absence must be imposed by requiring lepton number conservation. In
this case, this symmetry goes from being an accidental symmetry of the SM to a fundamental ingredient of the theory
of particle interactions. In this sense, this is a major departure from the Standard Model.

Although a viable explanation for neutrino masses, alternatives have been sought as this has several shortcomings:
apart from the issue of lepton number discussed above, the Yukawa coupling needs to be exceedingly small, many
orders of magnitude smaller than the charged-lepton ones, and moreover one would expect the masses and mixing
angles to have a similar hierarchy as the quark ones, a fact that is contradicted by experimental results.

Going beyond dimension-four operators, the SM admits a dimension-five one which is gauge invariant. The
so-called Weinberg operator [45]

LM,BS M =
c[5]

Λ
LT · H̃∗C†H̃† · L + h.c. . (11)

indeed leads to Majorana masses

LM,BS M
〈H̃〉,0
−−−−→

c[5]v2
H

2Λ
νT

LC†νL + h.c. . (12)
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NR
<latexit sha1_base64="8W87N0Gx3Dr5b1ofJJmNA9jMP8I=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BL54kPvKAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+Hrqt5+o0iySjyaNqS/wULKQEWys9HDbv++XK27VnQGtEi8nFcjR6Jd/eoOIJIJKQzjWuuu5sfEzrAwjnE5KvUTTGJMxHtKupRILqv1sduoEnVllgMJI2ZIGzdS/ExkWWqcisJ0Cm5Fe9qbif143MWHNz5iME0MlmS8KE45MhKZ/owFTlBieWoKJYvZWREZYYWJsOgtbQppKEU9sLt5yCqukdVH13Kp3d1mp1/KEinACp3AOHlxBHW6gAU0gMIQXeIU359l5dz6cz3lrwclnjmEBztcvm+eV+w==</latexit><latexit sha1_base64="8W87N0Gx3Dr5b1ofJJmNA9jMP8I=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BL54kPvKAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+Hrqt5+o0iySjyaNqS/wULKQEWys9HDbv++XK27VnQGtEi8nFcjR6Jd/eoOIJIJKQzjWuuu5sfEzrAwjnE5KvUTTGJMxHtKupRILqv1sduoEnVllgMJI2ZIGzdS/ExkWWqcisJ0Cm5Fe9qbif143MWHNz5iME0MlmS8KE45MhKZ/owFTlBieWoKJYvZWREZYYWJsOgtbQppKEU9sLt5yCqukdVH13Kp3d1mp1/KEinACp3AOHlxBHW6gAU0gMIQXeIU359l5dz6cz3lrwclnjmEBztcvm+eV+w==</latexit><latexit sha1_base64="8W87N0Gx3Dr5b1ofJJmNA9jMP8I=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BL54kPvKAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+Hrqt5+o0iySjyaNqS/wULKQEWys9HDbv++XK27VnQGtEi8nFcjR6Jd/eoOIJIJKQzjWuuu5sfEzrAwjnE5KvUTTGJMxHtKupRILqv1sduoEnVllgMJI2ZIGzdS/ExkWWqcisJ0Cm5Fe9qbif143MWHNz5iME0MlmS8KE45MhKZ/owFTlBieWoKJYvZWREZYYWJsOgtbQppKEU9sLt5yCqukdVH13Kp3d1mp1/KEinACp3AOHlxBHW6gAU0gMIQXeIU359l5dz6cz3lrwclnjmEBztcvm+eV+w==</latexit><latexit sha1_base64="8W87N0Gx3Dr5b1ofJJmNA9jMP8I=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BL54kPvKAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+Hrqt5+o0iySjyaNqS/wULKQEWys9HDbv++XK27VnQGtEi8nFcjR6Jd/eoOIJIJKQzjWuuu5sfEzrAwjnE5KvUTTGJMxHtKupRILqv1sduoEnVllgMJI2ZIGzdS/ExkWWqcisJ0Cm5Fe9qbif143MWHNz5iME0MlmS8KE45MhKZ/owFTlBieWoKJYvZWREZYYWJsOgtbQppKEU9sLt5yCqukdVH13Kp3d1mp1/KEinACp3AOHlxBHW6gAU0gMIQXeIU359l5dz6cz3lrwclnjmEBztcvm+eV+w==</latexit>

⌫L<latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit><latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit><latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit><latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit>

⌫L<latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit><latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit><latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit><latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit>

hHi
<latexit sha1_base64="76FLUUtHZBMU2ToweB/+U2VI8BQ=">AAACDXicbZDLSsNAFIYn9VbrLdWlm8EiuCqJCHZZcNNlBXuBNpTJ9KQdOpmEmYkSQp/BJ3CrT+BO3PoMPoDv4TTNwrb+cODjP+dwDr8fc6a043xbpa3tnd298n7l4PDo+MSunnZVlEgKHRrxSPZ9ooAzAR3NNId+LIGEPoeeP7tb9HuPIBWLxINOY/BCMhEsYJRoY43s6pATMeGAW3gocxrZNafu5MKb4BZQQ4XaI/tnOI5oEoLQlBOlBq4Tay8jUjPKYV4ZJgpiQmdkAgODgoSgvCx/fY4vjTPGQSRNCY1z9+9GRkKl0tA3kyHRU7XeW5j/9QaJDhpexkScaBB0eShIONYRXuSAx0wC1Tw1QKhk5ldMp0QSqk1aK1cCSEUYz00u7noKm9C9rrtO3b2/qTUbRUJldI4u0BVy0S1qohZqow6i6Am9oFf0Zj1b79aH9bkcLVnFzhlakfX1C4fYm+U=</latexit><latexit sha1_base64="76FLUUtHZBMU2ToweB/+U2VI8BQ=">AAACDXicbZDLSsNAFIYn9VbrLdWlm8EiuCqJCHZZcNNlBXuBNpTJ9KQdOpmEmYkSQp/BJ3CrT+BO3PoMPoDv4TTNwrb+cODjP+dwDr8fc6a043xbpa3tnd298n7l4PDo+MSunnZVlEgKHRrxSPZ9ooAzAR3NNId+LIGEPoeeP7tb9HuPIBWLxINOY/BCMhEsYJRoY43s6pATMeGAW3gocxrZNafu5MKb4BZQQ4XaI/tnOI5oEoLQlBOlBq4Tay8jUjPKYV4ZJgpiQmdkAgODgoSgvCx/fY4vjTPGQSRNCY1z9+9GRkKl0tA3kyHRU7XeW5j/9QaJDhpexkScaBB0eShIONYRXuSAx0wC1Tw1QKhk5ldMp0QSqk1aK1cCSEUYz00u7noKm9C9rrtO3b2/qTUbRUJldI4u0BVy0S1qohZqow6i6Am9oFf0Zj1b79aH9bkcLVnFzhlakfX1C4fYm+U=</latexit><latexit sha1_base64="76FLUUtHZBMU2ToweB/+U2VI8BQ=">AAACDXicbZDLSsNAFIYn9VbrLdWlm8EiuCqJCHZZcNNlBXuBNpTJ9KQdOpmEmYkSQp/BJ3CrT+BO3PoMPoDv4TTNwrb+cODjP+dwDr8fc6a043xbpa3tnd298n7l4PDo+MSunnZVlEgKHRrxSPZ9ooAzAR3NNId+LIGEPoeeP7tb9HuPIBWLxINOY/BCMhEsYJRoY43s6pATMeGAW3gocxrZNafu5MKb4BZQQ4XaI/tnOI5oEoLQlBOlBq4Tay8jUjPKYV4ZJgpiQmdkAgODgoSgvCx/fY4vjTPGQSRNCY1z9+9GRkKl0tA3kyHRU7XeW5j/9QaJDhpexkScaBB0eShIONYRXuSAx0wC1Tw1QKhk5ldMp0QSqk1aK1cCSEUYz00u7noKm9C9rrtO3b2/qTUbRUJldI4u0BVy0S1qohZqow6i6Am9oFf0Zj1b79aH9bkcLVnFzhlakfX1C4fYm+U=</latexit><latexit sha1_base64="76FLUUtHZBMU2ToweB/+U2VI8BQ=">AAACDXicbZDLSsNAFIYn9VbrLdWlm8EiuCqJCHZZcNNlBXuBNpTJ9KQdOpmEmYkSQp/BJ3CrT+BO3PoMPoDv4TTNwrb+cODjP+dwDr8fc6a043xbpa3tnd298n7l4PDo+MSunnZVlEgKHRrxSPZ9ooAzAR3NNId+LIGEPoeeP7tb9HuPIBWLxINOY/BCMhEsYJRoY43s6pATMeGAW3gocxrZNafu5MKb4BZQQ4XaI/tnOI5oEoLQlBOlBq4Tay8jUjPKYV4ZJgpiQmdkAgODgoSgvCx/fY4vjTPGQSRNCY1z9+9GRkKl0tA3kyHRU7XeW5j/9QaJDhpexkScaBB0eShIONYRXuSAx0wC1Tw1QKhk5ldMp0QSqk1aK1cCSEUYz00u7noKm9C9rrtO3b2/qTUbRUJldI4u0BVy0S1qohZqow6i6Am9oFf0Zj1b79aH9bkcLVnFzhlakfX1C4fYm+U=</latexit>

hHi
<latexit sha1_base64="76FLUUtHZBMU2ToweB/+U2VI8BQ=">AAACDXicbZDLSsNAFIYn9VbrLdWlm8EiuCqJCHZZcNNlBXuBNpTJ9KQdOpmEmYkSQp/BJ3CrT+BO3PoMPoDv4TTNwrb+cODjP+dwDr8fc6a043xbpa3tnd298n7l4PDo+MSunnZVlEgKHRrxSPZ9ooAzAR3NNId+LIGEPoeeP7tb9HuPIBWLxINOY/BCMhEsYJRoY43s6pATMeGAW3gocxrZNafu5MKb4BZQQ4XaI/tnOI5oEoLQlBOlBq4Tay8jUjPKYV4ZJgpiQmdkAgODgoSgvCx/fY4vjTPGQSRNCY1z9+9GRkKl0tA3kyHRU7XeW5j/9QaJDhpexkScaBB0eShIONYRXuSAx0wC1Tw1QKhk5ldMp0QSqk1aK1cCSEUYz00u7noKm9C9rrtO3b2/qTUbRUJldI4u0BVy0S1qohZqow6i6Am9oFf0Zj1b79aH9bkcLVnFzhlakfX1C4fYm+U=</latexit><latexit sha1_base64="76FLUUtHZBMU2ToweB/+U2VI8BQ=">AAACDXicbZDLSsNAFIYn9VbrLdWlm8EiuCqJCHZZcNNlBXuBNpTJ9KQdOpmEmYkSQp/BJ3CrT+BO3PoMPoDv4TTNwrb+cODjP+dwDr8fc6a043xbpa3tnd298n7l4PDo+MSunnZVlEgKHRrxSPZ9ooAzAR3NNId+LIGEPoeeP7tb9HuPIBWLxINOY/BCMhEsYJRoY43s6pATMeGAW3gocxrZNafu5MKb4BZQQ4XaI/tnOI5oEoLQlBOlBq4Tay8jUjPKYV4ZJgpiQmdkAgODgoSgvCx/fY4vjTPGQSRNCY1z9+9GRkKl0tA3kyHRU7XeW5j/9QaJDhpexkScaBB0eShIONYRXuSAx0wC1Tw1QKhk5ldMp0QSqk1aK1cCSEUYz00u7noKm9C9rrtO3b2/qTUbRUJldI4u0BVy0S1qohZqow6i6Am9oFf0Zj1b79aH9bkcLVnFzhlakfX1C4fYm+U=</latexit><latexit sha1_base64="76FLUUtHZBMU2ToweB/+U2VI8BQ=">AAACDXicbZDLSsNAFIYn9VbrLdWlm8EiuCqJCHZZcNNlBXuBNpTJ9KQdOpmEmYkSQp/BJ3CrT+BO3PoMPoDv4TTNwrb+cODjP+dwDr8fc6a043xbpa3tnd298n7l4PDo+MSunnZVlEgKHRrxSPZ9ooAzAR3NNId+LIGEPoeeP7tb9HuPIBWLxINOY/BCMhEsYJRoY43s6pATMeGAW3gocxrZNafu5MKb4BZQQ4XaI/tnOI5oEoLQlBOlBq4Tay8jUjPKYV4ZJgpiQmdkAgODgoSgvCx/fY4vjTPGQSRNCY1z9+9GRkKl0tA3kyHRU7XeW5j/9QaJDhpexkScaBB0eShIONYRXuSAx0wC1Tw1QKhk5ldMp0QSqk1aK1cCSEUYz00u7noKm9C9rrtO3b2/qTUbRUJldI4u0BVy0S1qohZqow6i6Am9oFf0Zj1b79aH9bkcLVnFzhlakfX1C4fYm+U=</latexit><latexit sha1_base64="76FLUUtHZBMU2ToweB/+U2VI8BQ=">AAACDXicbZDLSsNAFIYn9VbrLdWlm8EiuCqJCHZZcNNlBXuBNpTJ9KQdOpmEmYkSQp/BJ3CrT+BO3PoMPoDv4TTNwrb+cODjP+dwDr8fc6a043xbpa3tnd298n7l4PDo+MSunnZVlEgKHRrxSPZ9ooAzAR3NNId+LIGEPoeeP7tb9HuPIBWLxINOY/BCMhEsYJRoY43s6pATMeGAW3gocxrZNafu5MKb4BZQQ4XaI/tnOI5oEoLQlBOlBq4Tay8jUjPKYV4ZJgpiQmdkAgODgoSgvCx/fY4vjTPGQSRNCY1z9+9GRkKl0tA3kyHRU7XeW5j/9QaJDhpexkScaBB0eShIONYRXuSAx0wC1Tw1QKhk5ldMp0QSqk1aK1cCSEUYz00u7noKm9C9rrtO3b2/qTUbRUJldI4u0BVy0S1qohZqow6i6Am9oFf0Zj1b79aH9bkcLVnFzhlakfX1C4fYm+U=</latexit>

⌫L<latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit><latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit><latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit><latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit>

⌃R
<latexit sha1_base64="o2Wek4L8McLOjxNoNPQAZYC5I8I=">AAACAnicbVDLSgNBEOz1GeMr6tHLYhA8hV0RzDHgxWN85AFJCLOT3mTIzOwyMyssS25+gVf9Am/i1R/xA/wPJ8keTGJBQ1HVTXdXEHOmjed9O2vrG5tb24Wd4u7e/sFh6ei4qaNEUWzQiEeqHRCNnElsGGY4tmOFRAQcW8H4Zuq3nlBpFslHk8bYE2QoWcgoMVZqdx/YUJD+fb9U9ireDO4q8XNShhz1fumnO4hoIlAayonWHd+LTS8jyjDKcVLsJhpjQsdkiB1LJRGoe9ns3ol7bpWBG0bKljTuTP07kRGhdSoC2ymIGellbyr+53USE1Z7GZNxYlDS+aIw4a6J3Onz7oAppIanlhCqmL3VpSOiCDU2ooUtIaZSxBObi7+cwippXlZ8r+LfXZVr1TyhApzCGVyAD9dQg1uoQwMocHiBV3hznp1358P5nLeuOfnMCSzA+foFixOYLA==</latexit><latexit sha1_base64="o2Wek4L8McLOjxNoNPQAZYC5I8I=">AAACAnicbVDLSgNBEOz1GeMr6tHLYhA8hV0RzDHgxWN85AFJCLOT3mTIzOwyMyssS25+gVf9Am/i1R/xA/wPJ8keTGJBQ1HVTXdXEHOmjed9O2vrG5tb24Wd4u7e/sFh6ei4qaNEUWzQiEeqHRCNnElsGGY4tmOFRAQcW8H4Zuq3nlBpFslHk8bYE2QoWcgoMVZqdx/YUJD+fb9U9ireDO4q8XNShhz1fumnO4hoIlAayonWHd+LTS8jyjDKcVLsJhpjQsdkiB1LJRGoe9ns3ol7bpWBG0bKljTuTP07kRGhdSoC2ymIGellbyr+53USE1Z7GZNxYlDS+aIw4a6J3Onz7oAppIanlhCqmL3VpSOiCDU2ooUtIaZSxBObi7+cwippXlZ8r+LfXZVr1TyhApzCGVyAD9dQg1uoQwMocHiBV3hznp1358P5nLeuOfnMCSzA+foFixOYLA==</latexit><latexit sha1_base64="o2Wek4L8McLOjxNoNPQAZYC5I8I=">AAACAnicbVDLSgNBEOz1GeMr6tHLYhA8hV0RzDHgxWN85AFJCLOT3mTIzOwyMyssS25+gVf9Am/i1R/xA/wPJ8keTGJBQ1HVTXdXEHOmjed9O2vrG5tb24Wd4u7e/sFh6ei4qaNEUWzQiEeqHRCNnElsGGY4tmOFRAQcW8H4Zuq3nlBpFslHk8bYE2QoWcgoMVZqdx/YUJD+fb9U9ireDO4q8XNShhz1fumnO4hoIlAayonWHd+LTS8jyjDKcVLsJhpjQsdkiB1LJRGoe9ns3ol7bpWBG0bKljTuTP07kRGhdSoC2ymIGellbyr+53USE1Z7GZNxYlDS+aIw4a6J3Onz7oAppIanlhCqmL3VpSOiCDU2ooUtIaZSxBObi7+cwippXlZ8r+LfXZVr1TyhApzCGVyAD9dQg1uoQwMocHiBV3hznp1358P5nLeuOfnMCSzA+foFixOYLA==</latexit><latexit sha1_base64="o2Wek4L8McLOjxNoNPQAZYC5I8I=">AAACAnicbVDLSgNBEOz1GeMr6tHLYhA8hV0RzDHgxWN85AFJCLOT3mTIzOwyMyssS25+gVf9Am/i1R/xA/wPJ8keTGJBQ1HVTXdXEHOmjed9O2vrG5tb24Wd4u7e/sFh6ei4qaNEUWzQiEeqHRCNnElsGGY4tmOFRAQcW8H4Zuq3nlBpFslHk8bYE2QoWcgoMVZqdx/YUJD+fb9U9ireDO4q8XNShhz1fumnO4hoIlAayonWHd+LTS8jyjDKcVLsJhpjQsdkiB1LJRGoe9ns3ol7bpWBG0bKljTuTP07kRGhdSoC2ymIGellbyr+53USE1Z7GZNxYlDS+aIw4a6J3Onz7oAppIanlhCqmL3VpSOiCDU2ooUtIaZSxBObi7+cwippXlZ8r+LfXZVr1TyhApzCGVyAD9dQg1uoQwMocHiBV3hznp1358P5nLeuOfnMCSzA+foFixOYLA==</latexit>

⌃R
<latexit sha1_base64="o2Wek4L8McLOjxNoNPQAZYC5I8I=">AAACAnicbVDLSgNBEOz1GeMr6tHLYhA8hV0RzDHgxWN85AFJCLOT3mTIzOwyMyssS25+gVf9Am/i1R/xA/wPJ8keTGJBQ1HVTXdXEHOmjed9O2vrG5tb24Wd4u7e/sFh6ei4qaNEUWzQiEeqHRCNnElsGGY4tmOFRAQcW8H4Zuq3nlBpFslHk8bYE2QoWcgoMVZqdx/YUJD+fb9U9ireDO4q8XNShhz1fumnO4hoIlAayonWHd+LTS8jyjDKcVLsJhpjQsdkiB1LJRGoe9ns3ol7bpWBG0bKljTuTP07kRGhdSoC2ymIGellbyr+53USE1Z7GZNxYlDS+aIw4a6J3Onz7oAppIanlhCqmL3VpSOiCDU2ooUtIaZSxBObi7+cwippXlZ8r+LfXZVr1TyhApzCGVyAD9dQg1uoQwMocHiBV3hznp1358P5nLeuOfnMCSzA+foFixOYLA==</latexit><latexit sha1_base64="o2Wek4L8McLOjxNoNPQAZYC5I8I=">AAACAnicbVDLSgNBEOz1GeMr6tHLYhA8hV0RzDHgxWN85AFJCLOT3mTIzOwyMyssS25+gVf9Am/i1R/xA/wPJ8keTGJBQ1HVTXdXEHOmjed9O2vrG5tb24Wd4u7e/sFh6ei4qaNEUWzQiEeqHRCNnElsGGY4tmOFRAQcW8H4Zuq3nlBpFslHk8bYE2QoWcgoMVZqdx/YUJD+fb9U9ireDO4q8XNShhz1fumnO4hoIlAayonWHd+LTS8jyjDKcVLsJhpjQsdkiB1LJRGoe9ns3ol7bpWBG0bKljTuTP07kRGhdSoC2ymIGellbyr+53USE1Z7GZNxYlDS+aIw4a6J3Onz7oAppIanlhCqmL3VpSOiCDU2ooUtIaZSxBObi7+cwippXlZ8r+LfXZVr1TyhApzCGVyAD9dQg1uoQwMocHiBV3hznp1358P5nLeuOfnMCSzA+foFixOYLA==</latexit><latexit sha1_base64="o2Wek4L8McLOjxNoNPQAZYC5I8I=">AAACAnicbVDLSgNBEOz1GeMr6tHLYhA8hV0RzDHgxWN85AFJCLOT3mTIzOwyMyssS25+gVf9Am/i1R/xA/wPJ8keTGJBQ1HVTXdXEHOmjed9O2vrG5tb24Wd4u7e/sFh6ei4qaNEUWzQiEeqHRCNnElsGGY4tmOFRAQcW8H4Zuq3nlBpFslHk8bYE2QoWcgoMVZqdx/YUJD+fb9U9ireDO4q8XNShhz1fumnO4hoIlAayonWHd+LTS8jyjDKcVLsJhpjQsdkiB1LJRGoe9ns3ol7bpWBG0bKljTuTP07kRGhdSoC2ymIGellbyr+53USE1Z7GZNxYlDS+aIw4a6J3Onz7oAppIanlhCqmL3VpSOiCDU2ooUtIaZSxBObi7+cwippXlZ8r+LfXZVr1TyhApzCGVyAD9dQg1uoQwMocHiBV3hznp1358P5nLeuOfnMCSzA+foFixOYLA==</latexit><latexit sha1_base64="o2Wek4L8McLOjxNoNPQAZYC5I8I=">AAACAnicbVDLSgNBEOz1GeMr6tHLYhA8hV0RzDHgxWN85AFJCLOT3mTIzOwyMyssS25+gVf9Am/i1R/xA/wPJ8keTGJBQ1HVTXdXEHOmjed9O2vrG5tb24Wd4u7e/sFh6ei4qaNEUWzQiEeqHRCNnElsGGY4tmOFRAQcW8H4Zuq3nlBpFslHk8bYE2QoWcgoMVZqdx/YUJD+fb9U9ireDO4q8XNShhz1fumnO4hoIlAayonWHd+LTS8jyjDKcVLsJhpjQsdkiB1LJRGoe9ns3ol7bpWBG0bKljTuTP07kRGhdSoC2ymIGellbyr+53USE1Z7GZNxYlDS+aIw4a6J3Onz7oAppIanlhCqmL3VpSOiCDU2ooUtIaZSxBObi7+cwippXlZ8r+LfXZVr1TyhApzCGVyAD9dQg1uoQwMocHiBV3hznp1358P5nLeuOfnMCSzA+foFixOYLA==</latexit>

M⌃
<latexit sha1_base64="aphbe2fhAvL6/VOH2B6TyjH7acQ=">AAACAnicbVDLSgNBEOz1GeMr6tHLYhA8hV0RzDHgxYsQ0TwgCWF20psMmZldZmaFZcnNL/CqX+BNvPojfoD/4STZg0ksaCiquunuCmLOtPG8b2dtfWNza7uwU9zd2z84LB0dN3WUKIoNGvFItQOikTOJDcMMx3askIiAYysY30z91hMqzSL5aNIYe4IMJQsZJcZK7bt+94ENBemXyl7Fm8FdJX5OypCj3i/9dAcRTQRKQznRuuN7sellRBlGOU6K3URjTOiYDLFjqSQCdS+b3Ttxz60ycMNI2ZLGnal/JzIitE5FYDsFMSO97E3F/7xOYsJqL2MyTgxKOl8UJtw1kTt93h0whdTw1BJCFbO3unREFKHGRrSwJcRUinhic/GXU1glzcuK71X8+6tyrZonVIBTOIML8OEaanALdWgABQ4v8ApvzrPz7nw4n/PWNSefOYEFOF+/gnyYJw==</latexit><latexit sha1_base64="aphbe2fhAvL6/VOH2B6TyjH7acQ=">AAACAnicbVDLSgNBEOz1GeMr6tHLYhA8hV0RzDHgxYsQ0TwgCWF20psMmZldZmaFZcnNL/CqX+BNvPojfoD/4STZg0ksaCiquunuCmLOtPG8b2dtfWNza7uwU9zd2z84LB0dN3WUKIoNGvFItQOikTOJDcMMx3askIiAYysY30z91hMqzSL5aNIYe4IMJQsZJcZK7bt+94ENBemXyl7Fm8FdJX5OypCj3i/9dAcRTQRKQznRuuN7sellRBlGOU6K3URjTOiYDLFjqSQCdS+b3Ttxz60ycMNI2ZLGnal/JzIitE5FYDsFMSO97E3F/7xOYsJqL2MyTgxKOl8UJtw1kTt93h0whdTw1BJCFbO3unREFKHGRrSwJcRUinhic/GXU1glzcuK71X8+6tyrZonVIBTOIML8OEaanALdWgABQ4v8ApvzrPz7nw4n/PWNSefOYEFOF+/gnyYJw==</latexit><latexit sha1_base64="aphbe2fhAvL6/VOH2B6TyjH7acQ=">AAACAnicbVDLSgNBEOz1GeMr6tHLYhA8hV0RzDHgxYsQ0TwgCWF20psMmZldZmaFZcnNL/CqX+BNvPojfoD/4STZg0ksaCiquunuCmLOtPG8b2dtfWNza7uwU9zd2z84LB0dN3WUKIoNGvFItQOikTOJDcMMx3askIiAYysY30z91hMqzSL5aNIYe4IMJQsZJcZK7bt+94ENBemXyl7Fm8FdJX5OypCj3i/9dAcRTQRKQznRuuN7sellRBlGOU6K3URjTOiYDLFjqSQCdS+b3Ttxz60ycMNI2ZLGnal/JzIitE5FYDsFMSO97E3F/7xOYsJqL2MyTgxKOl8UJtw1kTt93h0whdTw1BJCFbO3unREFKHGRrSwJcRUinhic/GXU1glzcuK71X8+6tyrZonVIBTOIML8OEaanALdWgABQ4v8ApvzrPz7nw4n/PWNSefOYEFOF+/gnyYJw==</latexit><latexit sha1_base64="aphbe2fhAvL6/VOH2B6TyjH7acQ=">AAACAnicbVDLSgNBEOz1GeMr6tHLYhA8hV0RzDHgxYsQ0TwgCWF20psMmZldZmaFZcnNL/CqX+BNvPojfoD/4STZg0ksaCiquunuCmLOtPG8b2dtfWNza7uwU9zd2z84LB0dN3WUKIoNGvFItQOikTOJDcMMx3askIiAYysY30z91hMqzSL5aNIYe4IMJQsZJcZK7bt+94ENBemXyl7Fm8FdJX5OypCj3i/9dAcRTQRKQznRuuN7sellRBlGOU6K3URjTOiYDLFjqSQCdS+b3Ttxz60ycMNI2ZLGnal/JzIitE5FYDsFMSO97E3F/7xOYsJqL2MyTgxKOl8UJtw1kTt93h0whdTw1BJCFbO3unREFKHGRrSwJcRUinhic/GXU1glzcuK71X8+6tyrZonVIBTOIML8OEaanALdWgABQ4v8ApvzrPz7nw4n/PWNSefOYEFOF+/gnyYJw==</latexit>

⌫L<latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit><latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit><latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit><latexit sha1_base64="ZWx49JqN7OzctjNYuSaUQMcBOAg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjQsXFUxbaEOZTCft0JlJmJkIIXThF7jVL3Anbv0UP8D/cNpmYVsPXDiccy/33hMmnGnjut9OaWNza3unvFvZ2z84PKoen7R1nCpCfRLzWHVDrClnkvqGGU67iaJYhJx2wsntzO88UaVZLB9NltBA4JFkESPYWMnvy3RwP6jW3Lo7B1onXkFqUKA1qP70hzFJBZWGcKx1z3MTE+RYGUY4nVb6qaYJJhM8oj1LJRZUB/n82Cm6sMoQRbGyJQ2aq38nciy0zkRoOwU2Y73qzcT/vF5qokaQM5mkhkqyWBSlHJkYzT5HQ6YoMTyzBBPF7K2IjLHCxNh8lrZENJMimdpcvNUU1kn7qu65de/hutZsFAmV4QzO4RI8uIEm3EELfCDA4AVe4c15dt6dD+dz0VpyiplTWILz9Qteopb6</latexit>
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See-saw type I See-saw type II See-saw type III

Figure 1: Diagrams contributing to neutrino masses in the three Seesaw scenarios at tree-level. 〈H〉 indicates the vev of the neutral component of
the Higgs field. ∆ is a scalar triplet and Σ is the neutral component of a fermion triplet, with mass MΣ.

after electroweak symmetry breaking. It violates lepton number by two units and consequently the massive neutrinos
are of Majorana type. This operator suggests the existence of a new theory at a scale Λ. The hunt for the new particles
and interactions involved is at the centre of much of current research in theoretical neutrino physics.

As the Weinberg operator is a low-energy effective term, the key question concerns the full theory which is
completed above Λ, including new particles with mass M ≈ Λ. Conserving Lorentz and gauge symmetries, at tree
level, there are three possible options for the origin of this operator:

• Seesaw type I [7–11] for a singlet fermion;

• Seesaw type II [11, 46] using heavy triplet scalars;

• Seesaw type III [47, 48] for triplet fermions,

as schematically shown in Fig. 1. These operators can be further embedded in a full theory such as GUT models, in
which right-handed neutrinos emerge as a completion of the fermionic representations. These terms are not the only
way to generate neutrino masses. Models in which they emerge at loop-level have been extensively studied [49–58].

A typical, albeit by no means ubiquitous, feature of most models behind neutrino masses is the presence of some
new neutral fermionic states. Unless a new symmetry forbids a Yukawa interaction between these fermions and the
leptonic doublet, generically mixing will arise with the active neutrinos, and potentially other neutral fermions as well.
For mass scales in the MeV to multi-TeV, these states will be characterised as HNL with a distinct phenomenology
and potentially the possibility to test them.

2.2.3. The scale of new physics and HNLs
The smallness of neutrino masses relates to the scale of the new physics but can be ascribed to different approaches

(for broad reviews and summaries, see [59–65]):

• Large Λ. From the Weinberg operator, we see that neutrino masses are suppressed (relative to the charged-
fermion ones) by v/Λ. In many extensions, Λ is taken to be very large, even close to the Grand Unification
scale, ∼ 1014 GeV. In this case, couplings are not required to be small and the suppression of neutrino masses
is achieved thanks to the heavy masses of the mediator. In this formulation, the Seesaw mechanisms can be
embedded in GUT theories: for instance SO(10) models include right handed neutrinos required to implement
a Seesaw type I mechanism. Leptogenesis can be also be realised in this framework to explain the baryon
asymmetry of the Universe [66–72]. Despite these many advantages, a significant drawback is that these models
cannot be directly tested. Some indirect hints could be present in the case of GUT models, such as proton decay
and a possible link to gravitational waves due to cosmic strings [73–76]. Moreover, if a stabilising mechanism
for the electroweak symmetry breaking scale, e.g. supersymmetry, is absent, the Higgs mass receives corrections
which are too large unless Λ < 107 GeV [77–80] for Seesaw type I or smaller than the TeV scale for Seesaw
type II models.

• Small couplings. This approach advocates c[5] � 1. Although generically the naive expectation is for couplings
to be of order 1, the SM itself presents many examples of small Yukawa couplings, as small as 10−6. It is
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therefore possible that the couplings entering in c[5] make it a small parameter, and the scale Λ is much lower.
The advantage is that the new particles are in principle accessible directly at experiments as far as they couple
sufficiently strongly to the SM. A lot of interest has been devoted recently to the TeV model as a prime target
for searches at the LHC searches. For instance, TeV HNL would induce same-sign dileptons plus jets with
no missing energy and lepton flavour violating signals, e.g. [63, 81–84], see Sec. 3. The fermion mass scale
can be lowered even further for smaller couplings, with HNL with GeV, MeV and even eV masses. These low
energy Seesaw models have distinct signatures which depend on their mass and flavour mixing, as discussed in
the other sections. Key signatures are energy peaks in meson decays, decays into visible SM particles, kinks
and possible contributions to neutrinoless double beta decays and other lepton number violating processes, e.g.
Refs. [12], as we will discuss in Sec. 4 and 5. The baryon asymmetry of the Universe could be explained also in
this context via the ARS mechanism and resonant leptogenesis at low scales, see Sec. 7 and references therein
including Refs. [85–92].

• Quasi-conserved symmetries. As discussed earlier, if a lepton symmetry is preserved, Majorana neutrino masses
are zero. Therefore, a small breaking of such symmetries would explain the smallness of masses. This is the
principle the inverse [93–96] and linear [97, 98], as well as extended, Seesaws. This approach is considered
“natural” as setting the small parameters to zero restores the lepton symmetry. The smallness of neutrino masses
derives from the partial cancellation of the contributions of multiple HNL to it. As the lepton number violating
parameters are small, the heavy neutral lepton states are pseudo-Dirac, i.e. are Majorana particles with nearly
degenerate masses and opposite CP-parity [99, 100]. They can have low scales, including the MeV-TeV one,
and large mixing, making them accessible to collider and other terrestrial experiments. As the lepton symmetry
is midly broken, lepton number violating processes in this type of framework are typically suppressed for
Majorana masses above the electroweak scale while they remain potentially observable for long lives particles.

As neutrino experiments do not provide any indication of the scale of the new physics and theoretical considera-
tions do not provide a unique preference for a given scale, both high energy, Λ � TeV, and low energy Λ < multi TeV
models can be considered. Above we discussed the advantages of high scale Seesaw models, mainly their simple ex-
planation of the smallness of neutrino masses, their possible embedding in GUT theories and successful leptogenesis,
but at the same time their drawbacks, namely their untestability and the possible destabilisation of the Higgs mass.

Low scale Seesaw models, and consequently the existence of HNLs, have strong support from various points of
view (for an in-depth discussion see [64]). First of all, they are directly testable at experiments and therefore should
be a prime choice for experimental searches in order to unveil the origin of neutrino masses. Secondly, in certain
mass ranges, they also offer a framework to explain the baryon asymmetry and they can have connections with dark
sectors, such as dark photons, dark matter, dark scalars, as discussed in Section 2.5. In the minimal formulation of
the νMSM, they can even explain evidence beyond the Standard Model, namely neutrino masses, dark matter and the
baryon asymmetry, with a very small number of new particles and parameters. They are technically natural, meaning
that small parameters are justified if the symmetry of the system is augmented by setting them to zero. In this sense,
both options of low Λ and quasi-preserved symmetries are natural as they related to the small breaking of a lepton
symmetry. Finally, it is non trivial that the SM might be valid up to the Planck scale [101]. In this scenario, there is
no intermediate scale above the electroweak one and neutrino masses must be generated by a low-energy mechanism,
calling for Λ below the electroweak scale. The current lack of hints of new physics at the LHC might provide hints in
this direction [63, 83].

2.3. Type I Seesaw

In this section we review the Type I Seesaw mechanism [7–11] in greater detail. The Lagrangian of the model
reads

L = LS M + iN̄Iγ
µ∂µNI − FαI L̄αΦ̃NI −

MIJ

2
N̄c

I NJ + h.c., (13)

where LS M is the Lagrangian of the SM, NI are right-handed (RH) neutrinos labelled with the generation indices
I, J = 1, 2, 3, FαI is the matrix of Yukawa couplings, Lα are the left-handed lepton doublets labelled with the flavour
index α = e, µ, τ and Φ̃ = iσ2Φ∗, Φ is the Higgs doublet. The Majorana mass term introduces a New Physics (NP)
scale, given by the mass of the new particles, which is related to the light neutrino masses via the Seesaw mechanism
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mν ∼ F2v2/M. It is intriguing that this naive Seesaw scaling leads to neutrino masses in the right ball park for
F = O(1) and a NP scale of the order of a Grand Unified scale, 1015 GeV. This is, however, far beyond the reach of
our present and future colliders. Alternatively, the NP scale could very well be close to the electroweak scale and at
the reach of our near future experiments. Indeed, for these low scales, the light neutrino masses can be explained, in a
technically natural way, with the additional suppression from an approximated symmetry [102, 103] as in the inverse
and linear Seesaw realizations [93–96, 104, 105]. Moreover, the RH neutrino Majorana mass term violates lepton
number. This source of lepton number violation could seed the excess of matter over antimatter in the Universe via
Leptogenesis [66], as we will see in the next subsection and Sec. 7.2.1.

After the electroweak symmetry breaking, a Majorana mass term is generated for the active neutrinos via the
Seesaw mechanism:

mν =
v2

2
FM−1FT = θMθT = UmUT , (14)

where θ = vF
√

2
M−1 is the mixing among active neutrinos and heavy mass eigenstates (the so called HNLs), m are

the light neutrino masses and U is the PMNS matrix. Notice that the matrix θ is essential for the type I Seesaw
phenomenology since it connects the HNLs to the visible sector. In order to derive the above equation, we are only
assuming the Seesaw hypothesis Fv � M. Upon diagonalization of the complete Majorana mass matrix, that includes
active and N components, a spectrum of HNLs (composed mainly by N with a small active neutrino contribution) and
light neutrinos (a superposition of active neutrinos with a small component of N) is obtained.

Symmetry protected scenarios. Naively, the Seesaw relation (14) implies mixing angles too small to allow direct
detection of the HNLs |θ|2 ∼ mν/Mh. Large mixing angles are instead naturally realized in so-called symmetry
protected scenarios, which are associated to the approximate conservation of a generalized lepton number [96, 102,
103, 106]. To illustrate how small light neutrino masses are realized in such a scenario, let us consider the case with
an even number of HNLs, in which the full mass matrix of the neutrino sector then takes the form: 0 vY vεY ′

vYT µ1M M
εvY ′T M µ2M

 . (15)

The matrices Y and Y ′ are Yukawa couplings, M is a matrix that determines the scale of the HNL masses, and µi and
ε are small lepton number breaking parameters. The size of the light neutrino masses is directly proportional to these
symmetry breaking parameters:

mν = v2ε
(
Y ′M−1YT + Y M−1Y ′T

)
− v2Yµ2M−1YT , (16)

with the limiting cases: i) µ2 , 0 and µ1 = ε = 0, which correspond to the inverse Seesaw [93–95, 107, 108]
(ISS) and ii) for ε , 0 and µ1 = µ2 = 0 corresponding to the linear Seesaw [96–98, 105, 109] (LSS)-like scenarios.
The suppression with µi and ε allows to generate light neutrino masses compatible with large Yukawa couplings Y .
Thus, in this scenarios, the active-heavy neutrino mixing can be much larger than the naive Seesaw scaling since is
it not suppressed by the small lepton number breaking parameters, θ ∼ YvM−1. Another important feature of these
scenarios is that the same parameters responsible for the smallness of the light neutrino masses can also suppress LNV
observables [103, 106, 110]. This parametric suppression might not be sufficient to prevent observable LNV effects
in HNL decays: if HNL oscillations are fast compared to their lifetime, LNV is generally no longer suppressed -
therefore the ratio of the physical mass splitting to their decay width is the decisive parameter for LNV [61, 103, 111–
113] (also see [112, 114–122] for examples of such processes at specific experiments). In the minimal scenario with
two HNLs, the measured light neutrino masses impose a lower bound on the LNV parameters, and therefore indirectly
on the physical mass splitting between the two HNLs, which implies that LNV effects are expected to be generically
observable for long-lived HNLs (with 100 MeV . Mh . 10 GeV) in the absence of fine tuning [123].

Connection between the HNL and light neutrino sectors: complementary among different observables. The gener-
ation of the light neutrino masses and mixing measured in neutrino oscillation experiments establishes the a link
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between the HNL and active sectors through the Seesaw formula (14). This is translated into the following constraint
on the mixing between active neutrinos and HNLs [124]

θ ' iUm1/2R†M−1/2, (17)

where R is a 3 × n complex orthogonal matrix associated to the HNL sector and n is the number of N states. Thus, in
addition to the dependence on the parameters associated to the RH neutrino sector (encoded in R and M), the mixing
θ depends crucially on the active neutrino parameters: the mixing angles and CP phases included in the PMNS matrix
U and the light neutrino masses present in m. As a consequence, a very interesting complementarity among different
observables arises in the context of this model.

As a paradigmatic example, let us start considering the most minimal model in which the number of RH neutrinos
is n = 2. This is the simplest model since it comprises the minimum number of extra degrees of freedom required to
accommodate the two squared mass differences observed in neutrino oscillations. In this model the lightest neutrino
mass, for which we currently have only upper bounds from the experiments, is zero and, consequently, the PMNS
matrix contains only one Majorana phase (in addition to the Dirac phase δ).

In the left panel of Fig. 2 we show the allowed flavor structure of the HNLs mixing θ as dictated by current
neutrino oscillation data extracted from [40]. The results shown in the figure apply to the large mixing regime |θαh|

2 >
O (mν/Mh), which corresponds to the region of the parameter space that can be experimentally probed in the near future
for scales in theO (0.1 − 100 GeV) range. Remarkably, this large mixing regime is automatically realized in symmetry
protected scenarios as the linear or inverse Seesaws. The current allowed regions for the θ flavor structure will be
further reduced thanks to neutrino oscillation measurements in experiments as DUNE [125] or T2HK [126, 127].
Particularly relevant will be the information about the Dirac CP phase δ and the precise measurement of θ23 (the
mixing angle that currently holds the largest uncertainty). This is illustrated in the right panel of Fig. 2 where we
show the future projection from DUNE assuming maximal CP violation for the Dirac CP phase (δ = −π/2, pointing
to the direction of current hints) and two true values for θ23 at the extremes of its current allowed region.

Furthermore, it should be remarked that future neutrino oscillation data will surely provide the measurement of
the light neutrino ordering (NO or IO in Fig. 2) further improving the predictivity of the minimal model. Fig. 2 clearly
shows the potential of direct HNL searches to falsify this minimal neutrino mass mechanism. A measurement falling
inside the colored regions would be a strong indication that the discovered new particles are involved in the light
neutrino mass generation. Moreover, since |θα|/|θβ| depends mainly on the CP phases of the PMNS matrix, a precise
experimental determination of the HNL mixing with the different flavors would also allow to indirectly determine
the leptonic CP phases [87, 128, 129], including the Majorana phase whose measurement is extremely challenging.
This would allow for a complete determination of the PMNS matrix U. However, to fully test this minimal model
we would also need to measure all the remaining parameters encoded in R and M. While the measurement of all the
mixing matrix elements |θαI |

2 can in principle allow for a full reconstruction of the parameters [129], this is extremely
challenging in practice for the CP phase associated to R, which would require a experimental precision ∆θ2 . mν/Mh.
Sensitivity to this CP phase can be potentially obtained via the effective interference between the active and HNL
contributions to the neutrinoless double beta decay rate [87]. Complementary information on the value of the HNLs
mass splitting can be provided by LNV observables, such as the CP properties of the HNLs [114, 130], the correlations
among their decay products [115–118], or even through direct measurements of coherent HNL oscillations [111, 112,
119–122].

The flavor structure of the HNL mixing θ is less constrained for the n = 3 scenario since the number of free
parameters is larger than in the n = 2 case. However, the predicitivity of the model is deeply linked to the magnitude
of the lightest neutrino mass (see Fig. 11 from [135]), another observable that can be probed in the near future by
CMB observations [136], galaxy surveys such as DESI [137] or Euclid [138] or laboratory experiments such as
KATRIN [139] and Project 8 [140]. Cosmological observables as CMB and BBN also provide crucial information
regarding the scale of the HNLs [141–145]. For instance, in [146] it was found that: (i) masses below 100 MeV are
excluded for the three HNLs as long as mlightest & 10−3 eV; (ii) if mlightest . 10−3 eV, the same constraint still applies
for two of the heavy states but the third HNL can still have a mass lighter than 100 MeV (depending on the value of
its corresponding mixing). A more detailed discussion regarding the cosmological bounds can be found in Sec. 7.

The information from cosmology is highly complementary to that from neutrinoless double beta decay (0νββ)
and neutrino oscillation searches. First of all, the latter leads to a prediction for the magnitude of the active neutrino
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Figure 2: Ternary diagrams for the normalized flavour mixings |θαh |
2/θ̄2 (in the large mixing regime) with θ̄2 ≡

∑
α |θαh |

2. Left panel: The range of
normalized flavour mixings consistent with the current neutrino oscillation data in the n = 2 case (see e.g. [129, 131–133]). The different contours
correspond to the allowed ∆χ2 range from [40] for the case of NH (red) and IH (blue). Right panel: The projected 90% CL for the mixing ratios
in the case of n = 2, assuming 14 years of neutrino oscillation measurements at DUNE [125]. For the projection we assume maximal CP violation
δ = −π/2 and two benchmark values of the PMNS angle θ23, used in the DUNE TDR [134], indicated in the legend.

contribution to the 0νββ decay rate. Additionally, the HNLs can also mediate this lepton number violating process.
A sizable contribution (analogous to the long range active neutrino one) is expected for HNL masses lighter than
the typical momentum exchange of the process (. 100 MeV), a region that is however subject to stringent constraints
from cosmology. There is still room for a HNL contribution comparable or larger to the active neutrino one for masses
in the range 100 MeV . Mj . 10 GeV, and even for heavier scales if a fine tuned cancellation between the tree and 1
loop induced contributions to the light neutrino masses takes place [57, 147–149].

In summary, the light neutrino mass generation mechanism introduces a connection between the HNL and active
neutrino sectors that can be considered as guidance regarding the experimental searches. Complementarity among
different observables is a key issue. The physics reach of the combination of all complementary cosmological and
particle physics data is significantly higher than the compilation of independent results. A good example is that, in the
minimal Seesaw model, future measurements from neutrino oscillations, 0νββ decay and direct search experiments,
can provide sufficient information to severely constrain the HNL parameters and falsify [91, 129, 132, 150–159] or
even directly test [87, 129] the hypothesis that the matter-antimatter asymmetry of the universe has been generated
via low scale leptogenesis, see 7.2.1.

2.4. Neutrino Minimal Standard Model (νMSM)

It is not only neutrino masses that the SM fails to address. The well established empirical signs of particle
physics beyond the Standard Model include the baryon asymmetry of the universe (BAU), and Dark Matter (DM). It
is intriguing that all above-mentioned problems can be solved by the Neutrino Minimal Standard Model (νMSM) [86,
160]. The νMSM extends the particle content of the SM by three right-handed neutrinos N1,2,3. Two heavier particles
N2,3 generate the masses of active neutrinos via the type I Seesaw mechanism (see section 2.3). The same two
right-handed neutrinos are also responsible for generating the BAU provided that their masses are close to each
other [85, 86]. The lightest sterile neutrino N1 is the DM candidate [161–165]. The requirement to be a viable DM
candidate forces the Yukawa couplings of N1 to be tiny, leaving the lightest active neutrino almost massless [160,
166].1 Interestingly, the mass degeneracy of N2, 3 along with the tiny couplings of N1 can be a consequence of a
slightly broken global symmetry [94, 102–104, 107, 108]. The measured values of the Higgs and top quark masses

1This prediction can potentially be tested by the Euclid space mission [138] or by directly measuring the mass of the lightest neutrino in an
experiment like KATRIN [139].
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are such that the νMSM is a consistent effective theory to very high scales, possibly all the way up to the Planck
scale [101, 167–169].

Leptogenesis in the νMSM. In the νMSM, the baryon asymmetry is generated through combined action of anomalous
processes with fermion number non-conservation [170] and lepton number and flavor violating reactions involving
heavy neutrinos. This mechanism is known as low-scale leptogenesis, where “low” refers to the mass scale of N2,3
which is much lower than ∼ 109 GeV.2 . Depending on the parameters, the majority of the asymmetry can be produced
during freeze-in or freeze-out of HNLs [91, 159]. Leptogenesis via neutrino oscillations [85, 86] is usually associated
with freeze-in, while resonant leptogenesis [69, 71, 72, 172–179] is typically freeze-out dominated. In the recent years
these last scenarios have received significant attention, see e.g. [87, 88, 91, 102, 129, 132, 150–159, 180–189, 189–
211]). The parameter space of the model has been thoroughly studied (see section 7.2.1). Existing studies of the
parameter space still contain O(1) uncertainties and a precision study of the full parameter space is highly desirable.

Sterile neutrino dark matter production. Assuming vanishing initial abundance after inflation [212], DM production
in the νMSM can only occur through mixing with active neutrinos [161–165, 213].3 The production is efficient in
the presence of large lepton asymmetry at temperatures O(200) MeV [162, 163, 165, 196, 198, 217–219]. Such an
asymmetry is generated in the νMSM provided that the mass splitting between N2, 3 is tiny [180]. The requirement of
successful DM production in the νMSM is the most limiting one [151, 152, 196, 220] and a comprehensive study of
the parameter space accounting for the recent theoretical progress is necessary.

2.5. Beyond minimal HNL models

HNL can be considered in isolation, as in minimal extensions of the SM discussed in the previous sections, or
they could be part of an extended hidden sector, with new particles and interactions. Indeed, the latter extensions are
necessary to explain the origin of their masses via new Yukawa interactions. Hidden sectors could have new gauge
symmetries, as in dark sectors, in which a secluded U(1)X extends the SM gauge group, or in Left-Right models in
which parity is restored via a S U(2)L × S U(2)R symmetry at high energies.

Historically, the introduction of right handed neutrinos and the consequent Seesaw mechanism was developed in
the context of larger gauge groups, driven by general principles, such as grand unified theories (GUTs) of S U(5) [221],
S O(10) [8], family symmetries [222] and parity restoration [7, 9]. In the case of GUTs, perhaps the most appealing
might be S O(10), where the entire generation of the SM fermions and the heavy RH Majorana neutrino reside in
the spinorial 16F representation. Despite its mathematical appeal in the matter sector, the Higgs sector of minimal
renormalizable models is rather complicated and the scale of mN typically is high, from 1010 − 1014 GeV, due to
proton decay constraints. This is certainly out of reach of colliders and other direct searches. Partial unification, such
as Pati-Salam [223] group S U(4)c × S U(2)L × S U(2)R are also subject to flavor constraints and are inaccessible to
present day colliders. However, parity restoration and Left-Right symmetric models, discussed below, may be within
reach of the LHC and the upcoming near-future experiments. Here, we focus on mass scales for the HNL below the
multi-TeV one, leaving aside the discussion of GUT-inspired models.

2.5.1. Left-right models
The minimal Left-Right (LR) symmetric model based on the S U(3)c × S U(2)L × S U(2)R × U(1)B−L gauge

group [224] may explain parity violation of weak interaction by restoring it and high energy scales and breaking
S U(2)R × U(1)B−L to U(1)Y spontaneously [225]. In the minimal model [7, 9] with scalar triplets ∆LR, the masses of
Majorana neutrinos N is tied to the LR breaking scale. Moreover, one has two sources of neutrino mass

Mν = −MT
DM−1

N MD +
vL

vR
MN , (18)

2The scale ∼ 109 GeV is known as the Davidson-Ibarra bound [171]. Above this scale the usual “vanilla” leptogenesis [66] with hierarchical
HNL mass spectrum is possible.

3In the νMSM augmented with Higgs inflation [214] HNLs can be produced from higher-dimensional operators [215]. N1 can also be produced
by a universal four-fermion interaction which is inevitably present in the Einstein-Cartan formulation of gravity [216].
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where the first term is usually referred to as type I and the second as type II contribution [226]. In contrast to the
mostly sterile HNLs in type I Seesaw, the HNLs now also carry gauge interactions, mediated by heavy WR,ZLR gauge
bosons. The Majorana masses mN and LNV originate from a Yukawa interaction with the triplet Higgses, and thus
N’s may also couple to the SM sector via such interactions and scalar mixing. This leads to couplings such as hNN
and gg∆R, which makes it possible to produce Ns at colliders in the Higgs sector as well.

The desire to restore parity leads to imposition of near-hermiticity or symmetricity on all the Yukawa matrices,
effectively leading to VR = VL = Vckm. With charged gauge currents flavor structure fixed, flavor constraints coming
from K and B meson mixing come about. Early studies [227] had the lower limit MWR > 2 TeV, which has been
revisited [228, 229] and updated to the current lower limit of about a few TeV, depending on the choice of LR
parity [230], see [231] for recent reappraisal. While the early bound did not motivate the WR searches at the Tevatron,
the LHC has indeed surpassed the flavor constraints and is in the position to search for Ns even in the minimal LR
model, as discussed in section 3 below. Finally, the Dirac mass matrices MD are not arbitrary in the LR model, once
parity is imposed. This in contrast to the type I Seesaw, where there is significant freedom, encoded in the Casas-Ibarra
parametrization [124], in the couplings that control the ν − N mixing angle. This connection between Majorana and
Dirac mass matrices is particularly clean in the case of C-parity [232] and a bit more involved in the case of P [233].

Apart from the collider signatures, low scale LR symmetry with MWR ∼ TeV can manifest itself in many other
phenomenological observables, related to lepton number and flavor violation. To focus on the most fundamental
question of lepton number violation, one should point out the interplay between the LHC and neutrinoless double beta
decay searches [63, 229, 234]. As pointed out time ago [226], LNV can manifest itself also in 0ν2β not only through
the exchange of light neutrinos, but also via parity inverted diagrams, where WL, νL are swapped for their right-handed
counterparts. This interplay was exemplified in the case of type II dominance [234] and in the presence of additional
interactions [235]. The upcoming 0ν2β decay searches will thus complement the LNV searches at the LHC, as seen
on the left of Fig. 14.

2.6. Dark sector models

Dark sector models advocate new particles and interactions at scales below the electroweak one and have gathered
much interest in recent years. The key idea is that they contain new particles with feeble couplings to the SM, hence
the name of “dark”, “hidden” or “secluded” sectors. They can include different type of extensions, with a new gauge
sector, new scalar and/or fermions, or a combination of them, as in three-portal models [41]. Each of these option
comes with its own connection to the SM, named vector, scalar and neutrino portals, respectively. Their popularity
stems from their ability to induce new properties for neutrinos, to embed dark matter beyond the WIMP paradigm,
to explain several low energy anomalies and to a blooming programme of searches with a variety of experimental
strategies. HNLs have been considered in the context of dark sector models, specifically in fermionic extensions, and
can connect to the SM via mixing between sterile neutrinos, dark fermions charged under the new interactions and the
standard neutrinos.

Studies have considered new interactions based on gauging lepton number, such as B− L, Lµ − Lτ, and other com-
binations, or a completely secluded new gauge symmetry under which no SM fields are charged [236–242]. Models
of this type have been invoked to generate large neutrino nonstandard interactions [65, 243–245], generate new sig-
natures in DM experiments [241, 246–249], weaken cosmological and terrestrial bounds on eV-scale sterile neutrinos
for short-baseline neutrino anomalies [250–257], and as a potential novel explanation of the MiniBooNE [258–263]
and/or LSND [264, 265] anomalies exploiting new degrees of freedom at the MeV/GeV scale [266–271]. A strong
connection can also be present with dark matter, especially in the case of non-WIMP candidates. Dark matter may in-
teract with the SM through several kinds of neutrino portals, with a host of novel cosmological and phenomenological
implications [272–293].

Due to the new interactions and multiple portals to the SM, such an extension can leave imprints not just in neutrino
experiments but also in e.g. dark photon and dark scalar searches. Interestingly, they have been advocated to explain
current anomalies, specifically the long-standing gµ − 2 anomaly [294–296], as a positive contribution to ∆aµ can
emerge via the existence of a kinetically-mixed dark vector boson, the Z′. Bounds, such as those from e+e− colliders
and beam dumps can be avoided in some cases due to the rapid, semi-visible decays of the HNLs [297]. Indeed,
the phenomenology of these models can be significantly different and requires a careful reevaluation of existing
limits [271, 289].
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Figure 3: HNL production and decay inside the MiniBooNE detector.

2.6.1. Dark sector HNL phenomenology
In minimal models, the HNL production and decay are controlled by SM interactions and the mixing between

HNLs and the active neutrino and typically result in relatively long lifetimes if the masses are in the MeV-GeV range.
This is the basis of searches, e.g. at colliders and beam dump experiments. In models with additional interactions,
HNL have new sources of production and decay channels. In the dark sector, interactions can even be strong and lead
to enhanced scattering cross sections and fast decays, changing radically the HNL phenomenology. For instance, fast
decays into neutrinos or other “invisible” particles can weaken collider and beam dump limits, as the HNL would
have not reached the detector or their signals are suppressed by the branching ratio into visible channels. Moreover,
new signatures can emerge and have been advocated to explain the low-energy excess of electron-like (LEE) events
at the MiniBooNE experiment [258–263], see Fig. 3.

In this picture, HNLs, produced in the neutrino beam [298, 299] or directly inside the MiniBooNE detector via
scattering [269, 271, 289, 300–305], subsequently decay to missing energy and an e+e− pair, e.g. νh → νh′ e+e−. If
the e+e− pair is sufficiently collinear or the energy of one of the particles falls below the detector energy threshold,
the electromagnetic (EM) shower is reconstructed as a single electron or photon. In view of the recent results from
the MicroBooNE experiment showing that the leading SM explanation of the excess is strongly disfavoured [306],
and the tension of the most popular BSM explanation of the excess, 3 + 1 neutrino oscillations, with other oscillation
searches and cosmology [43, 307–312], models of e+e− have become all the more intriguing.

New opportunities for their search are being offered by neutrino facilities and in particular by short-baseline ac-
celerator neutrino experiments and the near detector complex of long baseline ones, such T2HK and DUNE. A host
of new generation liquid argon (LAr) experiments within the Fermilab Short-baseline Neutrino (SBN) program [313],
including the MicroBooNE experiment [314] and the currently running ICARUS one [], are ideally suited for these
searches. The hodoscopic nature of LAr detectors allows for unprecedented calorimetric and spatial resolution, po-
tentially distinguishing the e−, e+e−, γ, γγ EM final states, as well as final state hadron multiplicity. For models in
which the HNLs are produced in scattering, typical signatures include a primary neutrino interaction and a HNL decay
vertex that can be displaced from it due to the finite HNL lifetimes, and EM showers, in some cases reconstructed as
two separate electrons, that do not point back to the original vertex, due to missing energy. For incoherent scattering,
there is also a proton track at the initial vertex. There are four distinct topologies in LAr that can be searched for - see
Fig. 4.

Beyond the short-baseline neutrino facilities, these models can leave signatures at e+e− colliders, e.g. BaBar [315,
316], Belle [317], and the next generation experiments Belle II [318, 319] and BESIII [320]. In particular, monophoton
searches at these experiments can test the semi-visible dark photon explanation of the muon gµ − 2 []. Fixed-target
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Figure 4: The four main topologies of e+e− LEE models at MicroBooNE: coherent and incoherent scattering with well-separated or overlapping
e+e− pairs.

experiments are another testbed for these models. HNLs can be produced in kaon decays at NA62 [321], leading
to cascade decays with displaced vertices. Searches for inelastic dark matter produced in electron bremsstrahlung at
NA64 are also sensitive to models of this kind [322–324].

3. Collider Searches

3.1. ATLAS, CMS, and LHCb

The LHC, the world’s most powerful proton-proton collider, presently has nine approved experiments around the
ring, distributed over four interaction points. The most general experiments that hunt for new physics are the ATLAS
and CMS experiments, both of which are nearly hermetic detectors around the interaction point, and are able to deal
with the high proton-proton collision rate produced by the LHC. These collisions have been produced so far at center
of mass energies of

√
s = 7, 8, and 13 TeV, but for future runs, the first one starting in 2022, it is expected that the

energy will be slightly higher, namely 13.6 TeV.
The ATLAS and CMS experiments have a huge search program for physics beyond the Standard Model, covering,

e.g., searches for supersymmetry as well as for other exotic new particles and interactions, including searches for
heavy neutral leptons (or heavy neutrinos). In the case of heavy neutrinos, the different detector experiments at the
LHC possess a broad coverage of the possible scenarios [61, 63, 81, 82, 84, 234], and complements searches at other
frontiers [60, 61, 63–65]. Being general-purpose experiments, these detectors can explore a wide range of different
signatures, but they are not particularly tailored to the cover the full spectrum of possibilities that needs be covered
for a completely comprehensive long lived particle (LLP) search.

A different experimental set-up at the LHC is the LHCb experiment that is designed to search in particular for
new physics in decays of heavy-flavor hadrons. LHCb does not provide hermetic detector coverage like ATLAS and
CMS but looks instead at the emerging particles from the interaction region in a particular (forward) region with
respect to the incoming beams. Tantalizing hints for possible Flavor Non-Universality have been reported by this
experiment [325, 326]. These observations, however, need to be confirmed and established with stronger significance
with more data, and preferably also with independent measurements.

The ATLAS, CMS and LHCb experiments have been searching for HNLs in the data samples recorded so far in
complementary regions of mass, active-sterile neutrino mixing, and lifetimes. This includes searches for HNL in both
minimal and non-minimal scenarios. The status of these searches is now summarized.

3.1.1. Current ATLAS and CMS Results
Phenomenological Type I Seesaw. At the LHC, HNLs can be produced in the GeV mass range through the decays

of heavy meson, τ leptons, W bosons, H bosons, and even top quarks. If new interactions or gauge symmetries exist
in nature, or if masses are above the electro-weak (EW) scale, then HNLs can be produced in many more ways.
For the minimal model, high-mass channels include the Drell-Yan process [328, 329], gluon fusion [330–332], Wγ
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Figure 5: Observed 95% confidence level (CL) exclusion by the ATLAS experiment in |Uµ4 |
2 (top) and |Ue4 |

2 (bottom), labeled |Uµ |
2 and |Ue |

2

respectively, versus the HNL mass mN for the prompt signature (the region above the black line is excluded) and the displaced signature (the
region enclosed by the red line is excluded). The solid lines show limits assuming lepton number violation (LNV) for 50% of the decays and the
long-dashed line shows the limit in the case of lepton number conservation (LNC). The dotted lines show expected limits and the bands indicate
the ranges of expected limits obtained within 1σ and 2σ of the median limit, reflecting uncertainties in signal and background yields [327].

fusion [83, 333–335], and same-sign WW fusion [336, 337]. In the case that HNLs are Majorana particles, decays
are allowed into both lepton number conserving and lepton number violating channels; if they are Dirac, only lepton
number conserving processes are allowed. Both can mediate lepton flavor violating processes. Moreover, depending
on the HNL’s mass and mixing angle, the decays may be either prompt (short lifetime) or displaced (large lifetime)
from the production vertex.

We start with current results from ATLAS and CMS with the case for displaced and prompt decays of HNLs in the
minimal extension of the SM. Results that have been released so far at 13 TeV include an ATLAS displaced signature
search, that sets constraints for mixing with muon-neutrinos at the level |Uµ4|

2 ∼ 10−6 for HNL masses between 4-10
GeV based on a data sample of 33-36 fb−1 [327]. The results are shown in Fig. 5. Reinterpretation of these results in
terms of models with more than one HNL was performed by Ref. [338]. Similarly, CMS has a search with 35.9 fb−1

of integrated luminosity at 13 TeV, which obtained the first direct bounds on HNLs up to and above 500 GeV, and
giving |Ue4|

2, |Uµ4|
2 < 1 up to TeV HNL masses [339]. The results are shown in Fig. 6.

A newly released CMS result of a low mass HNL search [340] uses the full data set of Run 2 corresponding to
138 fb−1, using the final state where the HNL decays in opposite charged leptons and a neutrino, hence the final state
signature is three charged leptons of which two are displaced. The results are shown in Fig. 7. Both the Majorana
(top) and Dirac (bottom) HNL decay channels are probed, using the fact that the HNL production cross section is the
same but the HNL lifetime is twice as large for a Dirac HNL due to the missing LNV decay channels. The results of
this study set constraints for mixing with muon-neutrinos at the level |Uµ4|

2 ∼ 4 · 10−7 for HNL masses between 8-14
GeV. The sensitivity in the electron-neutrino channels is around |Ue4|

2 ∼ 10−6 for HNL masses in the same region.
Both ATLAS and CMS have reported results at lower center-of-mass energies [341–344].

Extended gauge symmetries and effective field theories. HNLs may arise from an extended gauge symmetry, such as
U(1)B−L, which promotes baryon and lepton number conservation to a gauge symmetry, or Left-Right (LR) symmetric
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Figure 6: HNL exclusion region at 95% CL by the CMS experiment in the |VeN |
2 vs. mN (left) and |VµN |

2 vs. mN (right) planes. The dashed black
curve is the expected upper limit, with one and two standard-deviation bands shown in dark green and light yellow, respectively. The solid black
curve is the observed upper limit, while the dotted black curve is the observed limit in the approximation of prompt N decays [339]. Also shown
are the best upper limits at 95% CL from other collider searches in L3, DELPHI, ATLAS (8 TeV), and CMS (8 TeV).

theories, which restore parity at high-energy scales. For details on the construction of such models, see Sec. 2.5. In
contrast to HNLs in minimal Type I models, heavy Majorana neutrinos N in extended gauge scenarios couple directly
to new gauge bosons. Gauge bosons may have couplings that are naturally un-suppressed, as in LR and B−L theories,
or masses that are naturally light, as in B − L theories. In these cases, HNLs can be produced copiously at the LHC,
as long as the mediators are not too heavy and couplings are not too small.

The paradigmatic example of HNL production through new gauge bosons is the Keung-Senjanović process [328]
within the minimal LR model, where a right-handed (RH) WR can be produced in the s-channel and decays into a
heavy Majorana N and a RH charged lepton of various flavors. The N, in turn, decays into another charged lepton and
two partons (quarks and antiquarks). Depending on the relative sizes of the WR and N masses, one can obtain four
qualitatively distinct signatures: (i) When MWR & mN , all final state particles are well separated and one can search for
the classic collider signature pp → WR → `i` j j j [328]. The leptons `i and ` j may have the same or different electric
charges and flavors, and all partons typically have momenta that scale like MWR . (ii) When MWR � mN , N is boosted
and its decay products are collimated. The resulting signature is pp → WR → `iJ, where J is a multi-prong jet and
can be identified as the boosted N [345–347]. The momentum of ` and J are comparable to MWR . Importantly, J can
be displaced [348]. (iii) When mN is within the LHC’s kinematic reach but MWR is not, then the signature pp→ `i` j j j
is still possible through a far off-shell WR [349]. In this case, the kinematics of final-state particles are comparable to
mN and strongly resemble the minimal Type I scenario but result in different angular distributions [348, 349]. This
limit also has connections to the so-called νSMEFT framework [350–352]. (iv) When mN & WR, the kinematics
and search methodology are analogous to a high-mass version of searches for HNLs in the minimal HNL scenario.
The production HNLs through ZR gauge bosons can similarly be categorized. Due to the heaviness of right-handed
gauge bosons, vector boson fusion and associated production channels typically feature cross sections too small to be
produced at the LHC.

Beyond production mechanisms through gauge bosons, HNLs in extended gauge theories can also be produced
via Higgs sector couplings and Yukawa interactions. For example: the SM-like Higgs state at 125 GeV can mix with
another scalar that breaks the extended gauge symmetry and is the source of heavy neutrino mass origin (such as
the neutral component of an SU(2)R triplet ∆0

R in the minimal LR model). In the mass basis one then has an exotic
Higgs decay h → NN [353] that again results in two same sign leptons and four jets, all possibly displaced if mN

is low enough. Likewise, one can produce the extra scalar resonance ∆0
R through gluon fusion or associated W/Z

production [354], which leads to an even larger potential signal, as long as the WW,ZZ final states are suppressed,
say for m∆ . 160 GeV. The final states are again LNV with soft `±`± and additional jets and may be displaced, thus
forming one or more displaced vertices. It is also possible for h→ ∆0

R∆0
R to occur, which would subsequently produce

4 Ns and a striking ∆L = 4 final state with essentially zero background. It is important to stress that the production of
NN pairs via a Seesaw Higgs occurs not only in LR scenarios but also in pure U(1)B−L [355–357].

For HNLs with MWR > mN > O(100) GeV, the final state products can be resolved and one gets a ∆L = 2
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Figure 7: The 95% CL limits by the CMS experiment on |VeN |
2 (left) and |VµN |

2 (right) as functions of mass mN for a Majorana (top) and Dirac
(bottom) HNL. The area inside the red (black) curve indicates the observed (expected) exclusion region [340]. Previous results from the DELPHI
and the CMS Collaborations (2016) are shown for reference.

final state with `±`± j j. Current results at 13 TeV in the resolved channel exclude WR masses up to about MWR ≈

5 TeV [358, 359, 361]. The precise bound depends on the amount of data recorded, with limits using 138 fb−1

summarized by the green line in Fig. 8 (left). Weaker limits are reported by the two experiments at lower center-
of-mass energies [344, 362–364]. For the boosted channel, experimental searches by CMS [358] and ATLAS [360]
are more sensitive to the parameter space mN . 100 GeV and MWR & 1 TeV, and exclude MWR < 5.3 TeV. This
is illustrated in the blue line in Fig. 8 (left) for CMS and Fig. 8 (right) for ATLAS. For even lighter masses with
mN . 50 GeV, a significant number of N’s decay outside of the detector and one can recast [348] the prompt search
for W ′ → ` + MET [365] (superseded by [366]), which results in a stringent bound of about 5-6 TeV in the electron
and muon channels, as shown in the orange contour on the right of Fig. 8. Using a reinterpretation of Run 1 data,
searches for N via far off-shell WR only exclude MWR < 1 TeV for mN < 500 GeV [349].

Type III Seesaw. It may be the case that HNLs exist but that they are not singlets of the SM’s gauge symmetries.
In particular, they may appear as the neutral component of a fermionic EW triplet. In this case, not only do HNLs
exist but also electrically charged partners E±. (These states are sometimes also labeled T 0,T±, Σ0,Σ±, or L0, L±.)
Furthermore, N and E± carry SU(2)L gauge charges, which allows them to be produced in pairs without active-
sterile mixing suppression. At the LHC, NE± pairs can be produced through the Drell-Yan and vector boson fusion
processes. E+E− and E±`∓ pairs can be produced through the Drell-Yan, photon fusion, gluon fusion, and vector
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and mN in the e − e channel (boosted); similar bounds apply to the muon channel

boson fusion; the channels have a non-trivial interplay between mixing, PDF enhancements, and coupling enhance-
ment/suppression [63, 331, 367]. Decays of heavy, vector leptons typically proceed to EW gauge bosons. In principle,
N and E± have the same masses due to gauge symmetry (they belong to the same multiplet). However, small, QED-
included mass splittings between E± and N open the E± → Nπ± decay mode [368]. Notably, production of NE±

and E+E− pairs can result in final states with multiple leptons and high-pT jets as well as final states with only many
lepton [81, 368–370]. In these cases, all high-pT objects carry momentum comparable to the masses of N and E±.
For particularly heavy triplets, one also anticipates final-states with boosted topologies [371].
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channel [372]. Right: The same but for the multilepton and MET channel [373]. Similar bounds have been reached by the CMS [374, 375]

Presently, searches by the ATLAS and CMS experiments for NE± pairs in few- and many-lepton final states
stringently constrain Type III leptons. More specifically, with 139 fb−1, the ATLAS experiment has excluded masses
below mL < 790 GeV at 95% CL in the same- and opposite-sign dilepton, MET, and jets configuration [372]. The
experiment has also excluded cross sections larger than σ = 22 (7.5) fb for representative benchmarks mL = 400 (700)
GeV in multilepton channels [373, 376]. These results are summarized in Fig. 9. In events with at least three charged
leptons, the CMS experiment has excluded NE± with masses below mL = 880 GeV with 137 fb−1 at 13 TeV under
specific mixing assumptions [374, 375]. At 13 TeV with 36 fb−1 of data, CMS has excluded triplet leptons with
masses in the range mL = 370 − 900 GeV in the multi-lepton final state under various mixing and branching rate
assumptions, including the contribution from τ leptons [377]. At 8 TeV with 20 fb−1 of data, ATLAS has excluded
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Figure 10: Original (black lines) and reinterpreted (colored lines) 95% exclusion limits on the total mixing angle U2
tot =

∑
α=e,µ,τ

∑
I=1,2 |ΘαI |

2 for
the normal (left) and inverted (right) mass orderings, for Majorana HNLs. The black lines are limits obtained under the single-flavor assumption.
The solid colored lines denote those obtained for various benchmark points (defined in fig. 2 from Ref. [338]) spanning the allowed regions shown
in figure 2. When scanning over all ratios of mixing angles allowed by neutrino oscillation data, the exclusion limits span the blue (green) shaded
regions. Correspondingly, the gray filled area is excluded at CL > 95% for all possible ratios of mixing angles, and thus constitutes an exclusion
limit independent of the specific choice of mixing angles, valid as long as we consider the two HNL model explaining neutrino oscillations.

NE± pairs with masses below mL . 100− 468 GeV in the 3- and 4-lepton channels [378]. Less constraining results at
7 TeV have also been reported [379]. The precise bound depends on the specific lepton flavor configuration assumed.
It is important to stress that while some of these searches have included signal processes with τ leptons, the flavor
category remains understudied.

Reinterpretation of LHC results. Experiments searching for HNLs typically report their results within simplified
models consisting of a single HNL coupled to a single lepton flavor, as in figures 5 and 6. However, the Type I
seesaw—which aims to describe neutrino oscillations—necessarily features at least two HNLs coupled to several
flavors (cf. section 2.3). Ref. [338] has performed a detailed reinterpretation of the latest ATLAS search [327] for
prompt HNLs in W decays within a minimal Type I seesaw with two HNLs. It has shown that the exclusion limits can
differ by several orders of magnitude from the limits obtained under the single HNL assumption. Hence comparing
the mixing angles from a realistic model to the reported limits could lead to wrongly excluding large regions of the
parameter space. Some results of [338] are shown in figure 10. The colored regions contain all the possible exclusion
limits when scanning over the allowed combinations of mixing angles (cf. figure 2). As one can see, many allowed
parameter sets lead to exclusion limits that are much weaker than the single-flavor ones. This drastic change in the
experimental sensitivity is related to the opening of new channels (to which the search may not be sensitive) if more
than one mixing angle is allowed.

To facilitate reinterpretation, Ref. [338] proposed a reweighting method which allows—using only a handful of
constants that can be easily computed and published by experiments—to exactly extrapolate the expected signal to any
combination of mixing angles. This method is applicable to other models of feebly interacting particles. In order to
perform an accurate reinterpretation, modeling the background and the systematic uncertainties is also critical. To this
end, Ref. [338] recommends that experiments release (preferably) their likelihood or (at least) the covariance matrix
between the background counts in all bins from all channels. This suggestion is in line with the recommendations
from the LHC Reinterpretation Forum [380].

3.1.2. Expected future ATLAS and CMS Results
Phenomenological Type I Seesaw. New results will be released by both collaborations in 2022 based on the full
Run 2 data and including more final states, for example the final states where the HNL decays in a charged lepton
and hadrons. These final states have larger branching ratios than the full leptonic ones, but tougher background
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Figure 11: Exclusion reach of ATLAS, CMS with 3 ab−1 and LHCb with 380 fb−1 for the HL-LHC under ideal conditions for pure electron, muon
and tau mixing in panel (a), (b), and (c), respectively [381].

conditions to fight. Nevertheless with the help machine learning techniques one expects that the resulting limits can
be competitive with, potentially even by-pass, those from the 3-lepton final states analyses. Combining the overall
ATLAS+CMS results one can anticipate to probe the coupling region down to |UµN |

2 ∼ 10−7 for HNL masses in the
range of 5-15 GeV in the muon channel, which is the most sensitive channel.

Other channels that could be explored include ultra light HNLs from decays of bottom and charm mesons, as
already searched for in the LHCb experiment. The large heavy meson decay samples that can potentially be collected
at the experiments, e.g., via so-called “data parking” techniques as exercised by the ATLAS and CMS experiments in
2018, may allow for additional sensitivity in the mass range below 5 GeV. CMS demonstrated in Run 2 that B meson
enriched data samples containing more than 1010 B hadrons per year can be collected, leading to a potentially large
source of neutrinos from leptonic B decays.

In 2022 the LHC will start a new run, called Run 3, which will continue till the end of 2025, and should more
than double the luminosity accumulated so far, allowing to accumulate a total data sample of as much as perhaps
400-450 fb−1. The increase in statistics will in particular allow to probe a mass range towards about 20 GeV for small
couplings. The next phase will be the High-Luminosity LHC option, i.e., the HL-LHC. For this era, machine and
detector upgrades have been designed and are being constructed. These will replace present detector components that
will retire after Run 3. The HL-LHC operation should start before the end of this decade, and collect a total data
sample corresponding to about 3 ab−1 per experiment in the following O(10) years. A simple scaling of the present
results to the higher luminosity sample compared to the present one, and assuming the experimental upgrades will
allow LHC central detectors to collect data samples of the same quality as the present ones despite higher pile-up
levels, these data could allow ATLAS and CMS to probe the parameter space region towards mixing of |V`N |

2 ≈ 10−8

in the mass range of 10-20 GeV, i.e., complementing to the sensitivity by fixed target beam-dump (and neutrino)
experiments in a higher mass range. For lower masses, the increasing lifetime of the HNLs that is associated with
smaller mixing reduces the potential gain with the present central detectors due to the reduced acceptance for the HNL
decays in the detectors. To have more firm predictions of the future potential sensitivity of ATLAS and CMS, the full
Run 2 analyses need to be completed first, and detailed simulation studies are required by the experimental groups to
map the sensitivity contours for the HL-LHC’s full potential. We strongly encourage such studies to be conducted in
the forthcoming years.

In addition one can further certainly envisage that the future data selection efficiency can be enhanced by tools that
are now being explored, but are still in an early phase, such as advanced Machine Learning (ML) techniques or any
new generation of such advanced analysis algorithms that may become available in some years from now, resulting
from the present ongoing wave of new developments. Early studies on applying ML techniques to HNL searches
appear encouraging [382]. Furthermore an important improvement of the new upgraded detectors that will become
available as an additional handle for long lived particle analyses is the more global precise timing capabilities of the
detectors, with an aimed precision of 30 pico-seconds. Hence, the hunt for HNL signals at ATLAS and CMS will
certainly continue to improve over the lifetime of the operation of the LHC and should increasingly cover the mass
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region above O(1) GeV.
Several phenomenological studies have been conducted for HNL searches at the LHC. Focusing first on light

HNLs, in Ref. [381] a phenomenological study was presented on the potential sensitivity to low-mass HNLs at the
HL-LHC. The aim of that work was to investigate what HNL parameter space could be in reach in principle, based on
present detectors without significant modifications to detector coverage but assuming optimizations to obtain similar to
present reconstruction efficiencies, understanding of backgrounds etc. Specifically it was assumed: to have a minimal
displacement 5 mm to reduce B meson background; have a displaced vertex invariant mass of 2 GeV to suppress
backgrounds from interactions with the material; a displaced vertex has to have at least two tracks with ∆R ≥ 0.1; a
primary vertex lepton pT (e, µ, τ ) = 30, 25, 140 GeV for ATLAS and CMS; a primary vertex lepton pT (e, µ, τ ) =

10, 15, 50 GeV for LHCb; all spatial momenta |p| > 5 GeV to make it out of the magnetic field; muon chambers at
CMS can be used for displaced vertex reconstruction. SM backgrounds were included in the study. These, somewhat
optimistic, results shown in Fig.11 give a clear target for the experiments for the parameter phase space that could in
principle be covered under ideal conditions by future LHC data.

As mentioned before, dedicated analyses at even lower masses based on searches in charm and bottom decays is
also an interesting channel to pursue for these experiments. Such searches will be discussed in the next section for
LHCb; for ATLAS and CMS no results have to date been released that allow to evaluate the power of these analyses
for the future.

For masses above a 100 GeV, the prospect of discovering HNLs is enhanced by the opening of several production
mechanisms with competitive cross sections, as shown for example in Fig. 12. Some of these production channels
involve vector boson fusion, which enhance sensitivity to HNL parameter space and to new models [84, 334, 337,
383, 384]. With such large masses, HNLs can decay to on-shell EW bosons that are potentially boosted. In addition to
ML techniques [382], the development of novel jet-veto techniques show promise to greatly improve signal-to-noise
ratio in searches for heavy HNLs [84, 385]. As shown in Fig. 13, the multi-lepton and MET channel, active-sterile
mixing as small as |V`N |

2 ∼ 10−5 − 10−2 in the electron, muon, and tau sectors can be probed at 95% CL for heavy
Dirac neutrinos masses in the range mN = 200− 1200 GeV with 3 ab−1 of data at

√
s = 14 TeV [84, 385]. Results are

shown for the Dirac channel but comparable sensitivity is expected for the Majorana channel [84, 385].

Extended gauge symmetries and effective field theories. Due to the significantly larger data sets, upgraded detec-
tor experiments, and improved Monte Carlo capabilities, the sensitivity to HNLs in extended-gauge models is very
promising at the HL-LHC. As shown in Fig. 14 (left), direct searches for HNLs and WR in the standard and displaced
channels are sensitive to MWR well above 5-6 TeV with the full Run 3 data set [348, 386]. Higher masses can be

22



310 410
Heavy Neutrino Mass [GeV]     

5−10

4−10

3−10

2−10

1−10

2 | 4τ
 =

 |V
2 |

e4
|V

µe / 2e / 3Xelhτ →95% Sensitivity - pp 

 [1802.02965]-113 TeV, 35.9 fb

2|
e4

CMS upper limit on |V

=02|4µ|V

-1

LHC 14, 300 fb

-1

LHC 14, 3 ab

-1

LHC 27, 3 ab

-1

LHC 27, 15 ab
-1

LHC 100, 15 ab

-1

LHC 100, 30 ab

| [1605.08774]
*
4τVe4on |V

Indirect upper limit

 > 5%
Nm
NΓ

310 410
Heavy Neutrino Mass [GeV]     

5−10

4−10

3−10

2−10

1−10

2 | 4τ
 =

 |V
2 | 4

µ
|V

eµ / 2µ / 3
X

lµhτ → NX →95% Sensitivity - pp 

 [1802.02965]-113 TeV, 35.9 fb

2|
4µ

CMS upper limit on |V

=02|e4|V

-1

LHC 14, 300 fb

-1

LHC 14, 3 ab

-1

LHC 27, 3 ab

-1

LHC 27, 15 ab

-1

LHC 100, 15 ab

-1

LHC 100, 30 ab

| [1605.08774]
*
4τV4µon |V

Indirect upper limit

 < 5%
Nm
NΓ
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.

probed with the full HL-LHC data set [346, 387, 388]. Searches for N via far-off shell WR can probe MWR ∼ O(10)
TeV for mN < 1 TeV with 1 ab−1 of data [349]. More generally, searches for short- and long-lived HNLs with masses
mN > 100 GeV via dimension six operators show that EFT scales as large as Λ ∼ O(10) TeV can be probed [349, 389].
For smaller masses, active-sterile mixing below |V`N |

2 ∼ 10−10 can be probed for a fixed Λ = O(10) TeV [390–392].
As for the Higgs-mediated channels, in the case of gg→ ∆0

R → NN production, the LHC is able to probe significantly
higher LR scales with MWR ∼ O(10 TeV), depending on the size of the Higgs-triplet mixing. With such high MWR ,
the N decay rates are further suppressed and final states may feature pairs of significantly displaced NN vertices. For
further details, see Fig. 8 in Ref. [354].

Finally, in minimal U(1)B−L models, the LHC detector experiments with O(100) fb−1 of data are sensitive to Z′

bosons as heavy as 4-5 TeV for effective B−L couplings of gB−L = 0.05 [393, 394]. With more data, larger masses and
smaller couplings can be probed. Due to its contribution to the Drell-Yan continuum, it is also possible to constrain
very heavy Z′ from B − L models in precision measurements of low-pT dilepton pairs; the precise sensitivity at Run
3 and the HL-LHC depends on the Z′ mass and coupling [356, 395, 396]. A particular novelty of U(1)B−L models is
that NN pair production is possible through coupling to the ZB−L gauge boson and B− L Higgs mixing. Among other
channels, this implies the potential production of displaced, long-lived NN pairs [354, 357, 397].

Type III Seesaw. If HNLs are the neutral components of a leptonic, EW triplet, as in the Type III Seesaw, then the
HL-LHC will greatly improve present sensitivity. In particular, the increase in integrated luminosity will increase
sensitivity to heavy lepton pairs up to mL = 1.8 − 2 TeV with 3 ab−1 of data [63, 367]. This assumes the baseline
analysis of Ref. [370], and varies depending on specific flavor-mixing assumptions. Such sensitivity also holds for
many-lepton final states as well as mult-lepton finale states with fat jets, i.e., boosted, hadronically decay W/Z/H
bosons [371, 398]. However, further studies are needed to investigate the ultimate sensitivity achievable when fully
leptonic, semi-leptonic, and fully hadronic channels are combined.

3.1.3. Current LHCb Results
The current LHCb results involving HNLs cover a wide mass region. The mass region can be divided into a low

mass (mN < mW ) region and a high mass region (mN > mW ). In the low mass region LHCb can be competitive with
other experiments. For the high mass region this is more challenging.

In the low mass region, the published result by LHCb so far covers the B+ → µ+N → (π+µ−) channel [399] via
off-shell W decays and is shown on the left hand side of Fig. 15. The published LHCb result was later corrected due
to the initial use of incorrect decay rates for B± and N [400]. In the high mass region the published result covers the
W+ → µ+µ±jet channel via on-shell W decays and is shown on the right hand side of Fig. 15 [401]. The searches via
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off-shell W decays suffer from a stringent cut on the B+ meson invariant mass. This cut has been removed for future
studies where contributions from B0 and B0

c will also play a central role.

3.1.4. Expected future LHCb Results
New results will be released in 2022 based on the full Run 2 data. The new results will cover both on- and off-shell

W productions of HNLs. The first results to be published will most likely be with HNLs decaying in πµ final states. For
off-shell W productions of HNLs the decay chain will therefore include, but not be limited to B+ → µ+N → (π+µ−).
Further extensions, especially using Bc initial states should be expected. The increase of the delivered luminosity
during Run 3 will also be accompanied by an essentially new detector [402]. For LHCb this translates to a total
integrated luminosity of recorded data for Run 3 of about 50 fb−1. Crucially, the yield for leptonic channels will be
increased by a factor 10 and for hadronic channels by a factor 20. This is due not only to the increase in luminosity
but also to a full detector readout at 30 MHz. This, together with the removal of the hardware trigger stage will allow
for an output of 2 to 5 GB/s to storage. The LHCb experiment during Run 1 and 2 was able to cover low region of
phase space thanks to its low pT reach. This will increase even further for Run 3 thanks to a new tracker which will
allow good efficiency down to particles with a pT of about 0.5 GeV. The greater pT resolution will be accompanied
by a drastic reduction in ghost rate and a large gain in reconstruction time.

Further development should be expected with the increased in luminosity due to the HL-LHC conditions. A
second upgrade has been already proposed and is currently under consideration by the funding agencies [403]. The
upgrade, labeled Upgrade II, will potentially make LHCb the only general purpose flavor physics facility in the world
on this timescale and a general purpose experiment in the forward direction. This will be crucial for exploring HNLs
coupling to leptons in all generations. Nevertheless LHCb was not built to work under HL-LHC conditions and
therefore some of its key elements will have to be replaced. For example the whole tracking apparatus and some the
particle identification. If this will happen, LHCb will be able to explore parameter space in regions which will remain
unexplored at the LHC. This will be particularly true for the semi-displaced regions just above the charm threshold.
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Figure 1: Upper limit on |Vµ4|2 at 95% confidence level from the LHCb experiment. The
dashed line shows the limit from [1]. The solid line shows the limit that would be extracted
using the decay width formulae in this paper. For comparison, the lower dotted line shows
the recently revised limit from Belle [8,9]. All three limit curves are constructed with the
assumption Ve4 = V⌧4 = 0.

evaluate (3), we use the same values as LHCb to facilitate comparison: fB = 0.19
GeV, f⇡ = 0.131 GeV, |Vub| = 0.004, |Vud| = 0.9738, MB = 5.279 GeV, ⌧B = 1.671
ps. The uncertainties in these quantities have only a small e↵ect on the quoted limits.

The e↵ect of the updated analysis, shown in Fig. 1, is substantial. To understand
this, first note that BR(N ! ⇡+µ�) includes the factor ��1

N and so is linearly pro-
portional to ⌧N . With this in mind, the di↵erences between our result and that of
[1] come from two e↵ects: At low values of mN (below 2 GeV), the change in eq. (3)
leads to a substantially smaller event rate at low values of mN (below 2 GeV). In this
region, the limit on the mixing angle is largely insensitive to the lifetime ⌧N . The
reason for this is that the decay length is su�ciently long that the decay acceptance
is inversely proportional to ⌧N , cancelling the factor of ⌧N from BR(N ! µ+⇡�). At
high values of mN (above 3 GeV), the updated ⌧N is significantly larger than before,
leading to a larger BR(N ! µ+⇡�). In this region, most N decays occur inside the
detector and so this change is mainly reflected in a larger signal rate predicted by
theory and, consequently, a stronger limit.

We look forward to a substantial improvement in the limits on |Vµ4|2 from LHCb
using the large data sets that will be available from the LHC Run 2 and beyond.

5

Figure 6: Observed upper limit on the mixing parameter |VµN |2 between a heavy neutrino and
a muon neutrino in the mass range 5 � 50 GeV/c2 for same-sign and opposite-sign muons in the
final states with and without lifetime correction.

B(N ! µ jet) = 0.51, computed as described in Section 1 assuming |VeN |2 = |V⌧N |2 = 0.
For the 5GeV/c2 heavy-neutrino mass hypothesis, at the limit set, the heavy neutrino is
expected to be long-lived with a lifetime of 3.8 ps and 1.1 ps for same- and opposite-sign
muons in the final states, respectively. Since this search targets prompt heavy neutrinos,
the acceptance is corrected accordingly. The constraints on the coupling as a function of
mass for the opposite- and same-sign muons final state, with and without the acceptance
correction factor applied, are illustrated in Fig. 6.

5 Conclusion

A search for a prompt heavy neutrino in the decay N ! µ jet is performed using data
from proton-proton collisions recorded by the LHCb experiment, corresponding to a
total integrated luminosity of 3 fb�1. No evidence for heavy neutrinos is observed and
limits of the order of 10�4 and 10�3 are set as a function of heavy-neutrino mass for
lepton-number-conserving and lepton-number-violating decays, respectively. An upwards
fluctuation is present in the lepton-number-violating case, which is likely ascribable to an
imperfectly modelled component of the background. These represent the first limits on the
coupling to a heavy neutrino in the mass range 5-50 GeV/c2 at LHCb. For the first time the
signature of two muons and a low mass jet has been probed for heavy neutrinos with mass
lower than 20GeV/c2. Furthermore, this is the first limit on lepton-number-conserving
decays of a prompt heavy neutrino in the mass range of interest. The observed limits on
lepton-number-violating decays are not yet competitive with the existing limits [4, 18, 19].
With an integrated luminosity of 50 fb�1, a better sensitivity than the current most
stringent limit could be reached for the same-sign muons channel. While this analysis
targets prompt heavy-neutrino decays, better sensitivity for low heavy-neutrino masses
can be achieved by including long-lived signatures.

11

Figure 15: Current LHCb reach for the HNL that mixes only with the muon neutrino νµ. Off shell (left) limits are shown here with the theoretically
revised reach [400]. On shell results (right) are shown for the lepton number violating and conserving cases [401].

3.2. Future LHC Experiments: New experiments for Run 3 and proposals for the HL-LHC era
Given that until now no conclusive signatures for new physics have been discovered at the LHC, it is legitimate

to ask the question whether we have been looking so far at the right place and to make sure that no stone is left
unturned in searching for it while the LHC will be operated. A systematic study of ideas for searches for LLPs, that
has culminated in the last years, is a result of this self-assessment in the community. A Community Paper for LLP
searches with its findings and suggestions has been produced [404] and sets the direction for future experiments and
measurements. Searches for HNLs feature prominently in this review.

As a result of increasing interest for searches for LLPs in the last five years, many proposals have surfaced for pos-
sible new experiments at the LHC. One of the key benchmark processes used as a metric in comparing the capabilities
for these new experimental proposals is the sensitivity to searches for long lived HNLs. These searches have been a
key benchmark process for the Physics Beyond Colliders study [405], and hence the new proposals often included a
study for the sensitivity of these particles.

The new proposals include two kind of experiments, so called central/transverse and forward experiments. The
latter are located generally downstream along the beam-pipe/accelerator direction of central detectors, and are typi-
cally several tens up to hundreds of meters away from the interaction point. Experiments relevant for HNL searches
include FASER, SND@LHC, FACET, and the proposed Forward Physics Facility (FPF) [406], a new underground
facility for which several potential experiments are being discussed

The central or transverse detectors search for new particles at central values of pseudo-rapidity (η) in the pp
collision system, and the key experiments that are or have been discussed in this category with relevance to possible
HNL measurements are MATHUSLA, CODEX-b, ANUBIS, AL3X, and MAPP. It is worth noting that among these
proposed new experiments FASER and SND@LHC have been approved already, are fully funded and have been
installed at the LHC during 2020 and 2021, ready to take data during Run 3. In the following we give a short
description of these experiments and discuss the reach for searches for HNLs.

In the following a few selected example figures are shown to give an indication of the sensitivities for searches
to HNLs, taken from public results as reported by the various studies for these new detector ideas. The figures aim
to show the reach for all detector proposals, sometimes within specific models used for the study. Also one should
go to the original papers of these studies to appreciate the level of detail for e.g. the detector response or level of
background estimates that have been assumed, which may somewhat differs for the various studies.

3.2.1. FASER
The FASER experiment was proposed to be installed in the very forward region. FASER, which stands for For-

wArd Search ExpeRiment will be in an excellent position to search for low mass and extremely weakly interacting
particles at the LHC [407]. FASER uses the same interaction region as ATLAS and is located in the line-of-sight,
behind 100m of rock shielding, 480 m downstream from the ATLAS interaction point, in the unused service tunnel
TI12. The LHC magnets sweep away charged particle backgrounds hence the experimental area experiences low ra-
diation and low beam backgrounds. The FASER experiment (Phase1) has been approved on March 5th 2019. FASER
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Figure 7. Signal rate contours of SND@LHC to (top left) dark scalars, (top right) dark

photons, and HNLs that mix with (bottom left) ⌫µ and (bottom right) ⌫⌧ . Blue (green)

contours correspond to 1 and 10 events in the (upgraded) SND@LHC target. The actual

sensitivity of SND@LHC can be derived taking into account the signal identification e�-

ciency and background level, which are subjects of detailed studies that go beyond the scope

of this paper, see Sec. 3.2. Sensitivities of previous experiments and of the FASER/FASER2

experiment are reproduced from [14, 68].

Detector lmin, m ldet, m ✓min, mrad ✓max, mrad ⌦ · 107, sr L, fb�1

SND@LHC

480

0.5 0.3 1.5 6.9

150FASER 1.5 0. 0.2 1.4

FASER⌫ 1. 0. 0.4 2.7

SND@LHC upgr. 1.25 0.3 1.5 6.9
3000

FASER2 5 0. 2.1 138

Table 2. Parameters of SND@LHC and FASER experiments: the distance to the decay

volume, the length of the decay volume, the polar coverage, covered solid angle, total

integrated luminosity.

energy reconstruction accuracy for neutrino events (see also [69]). For muons, the

situation is much better, as they, being produced in FASER⌫, may penetrate it and

enter FASER, which allows timing and momentum measurements. This option is

unavailable, however, for other particles (hadrons, electrons), as they are e↵ectively

absorbed in the detector. On the contrary, SND@LHC provides timing measurements

by the use of the SciFi technology and the energy reconstruction accuracy of 22%

for electrons. For both experiments, timing is needed for rejecting the background

– 17 –

Figure 16: FASER and SND@LHC’s reach for the HNL that mixes only with the muon neutrino νµ (left) and only with the tau neutrino ντ (right).
The gray shaded regions are excluded by current limits. Solid blue (green) contours correspond to 1 and 10 events in the (upgraded) SND@LHC
target. FASER and FASER2 results are also reproduced. Figure taken from [411]

consists of a tracker system, veto layers, electromagnetic calorimeter modules, a decay volume, and a permanent
magnet. The detector is about 5 m long; the decay volume has a diameter of 20 cm and a length of 1.5 m. It makes
use of spare ATLAS silicon tracking modules and LHCb electromagnetic calorimeter modules. FASER is ready to
take data in 2022. An extension of the experimental equipment for neutrino detection based on emulsion technology
is the FASERν experiment[408].

FASER will be able to place constraints on GeV-scale HNLs for all flavors of mixing, |UeN |
2, |UµN |

2, |UτN |
2 [409].

The sensitivity reach for FASER for HNLs is shown in Fig.16 and Fig. 17, compared to other experiments. New
leading results can be produced on |UτN |

2 as seen from the figure. An upgraded version of FASER, called FASER2
will also be able to produce leading results on the other HNL couplings as well. FASER2, not yet approved, is a
larger acceptance version of FASER and proposed for the HL-LHC operation of the LHC. Recently FASER2 has been
included in the FPF facility discussed below.

3.2.2. SND@LHC
The Scattering and Neutrino Detector at the LHC (SND@LHC) experiment is first and foremost a high efficiency

neutrino type identification experiment [410]. It is installed in the TI18 tunnel at the distance of 480 m from the
ATLAS interaction (on the opposite site of ATLAS compared to FASER) with a pseudorapidity range coverage of
7.2 < η < 8.6. The installation happens in a symmetrically and opposite location with respect to FASER and therefore
SND@LHC will also benefit from the same rock shielding and LHC sweeping magnets.

The target region of the detector is equipped with both offline and online subdetectors. The offline detection con-
sists of emulsion cloud chambers. These chambers are stacked with scintillating fibers; a muon identification system
is placed downstream. Different particle identification techniques are used to identify different charged particles. Mi-
crometric resolutions of the vertexes in combination with a timing resolution of around 100 ps make this target an
ideal place to study displaced particles.

The SND@LHC collaboration has outlined different techniques that will be used to search for physics beyond
the SM. Light dark matter can be searched for using scattering off protons with both elastic and NC/CC (inelastic)
signatures. When displaced particles decay to a pair of charged particles inside the target region, SND@LHC can
also be sensitive to portals, among which HNLs play an important role. In the case of HNLs mixing with a ντ the
calorimeter property of the target are used to reconstruct the decay N → π0ν. Fig. 16 [411] shows what was previously
reported in the literature. It can be seen that during Run 3 SND@LHC can explore a new parameter space region if
HNLs mix exclusively with ντ. The explorable mass region sits below 1 GeV and that should close the existing gap
between the CHARM and the DELPHI experiments. For a potential future upgrade SND@LHC will also be able to
probe unexplored parameter space regions if HNLs mix exclusively with νµ.
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3.2.3. MATHUSLA
The MATHUSLA project [412] proposes a very large surface detector based on an affordable technology to de-

tect decays of ultra long-lived neutral weakly interacting particles, with proper cτ lifetimes up to 107 − 108 meter.
This would allow coverage of lifetimes that range from the start of the early Universe to the Big Bang Nucleosyn-
thesis (BBN) epoch. The presence of remaining heavy long-lived particles in that era could significantly disturb the
abundance of the elements, which have strong constraints from data. Hence it means that early Universe long-lived
particles should not have lived significantly beyond the start of the BBN phase. MATHUSLA is positioned physically
at a significant distance from the LHC detectors interaction point, i.e. more than 100 m, and needs to be huge in
size in order to have a sufficient acceptance for observing these centrally produced particles. The proposed size is
a detector of 100x100x30m, build up from individual smaller modules so that a phased installation over years will
be possible. Decays of LLP neutral particles will be detected in multiple planes of extruded scintillator, and perhaps
complemented with Resistive Plate Chambers.

MATHUSLA will be sensitive down to 10−9 for mixing matrix elements involving the e and µ flavors, and down to
10−8 for τ flavored mixing [412]. The sensitivity curves for MATHUSLA for HNLs are shown in Fig.17 and Fig.18(a).

3.2.4. CODEX-b
CODEX-b has similar new particle search goals as MATHUSLA but it proposes a detector at a shorter distance to

the interaction point, needing a smaller detector volume to detect the decays. CODEX-b is proposed to be installed
in the LHCb cavern, about 20 meters away from the interaction point in a 10x10x10 m3 area to the side of the LHCb
experiment. A lead shield is added between the interaction point and the new detector, in order to stop hadronic
activity coming from the interaction point. The detector volume will consist of multi-layered planes of Resistive
Plate Chambers, detecting the decays of neutral weakly interacting long-lived particles. Initial test measurements in
the anticipated future CODEX-b area have been performed and it was found that the backgrounds were indeed as
anticipated. CODEX-b can be sensitive down to 10−8 for mixing matrix elements involving the e and µ flavors, and
down to 10−6 for τ flavored mixing [413]. The expected sensitivity is shown in Fig. 17 and Fig. 18(a).

3.2.5. AL3X
The AL3X [414] project, an idea which is mentioned for completeness, proposes to use large parts of the present

ALICE detector and turn it into a long-lived particle experiment, based on a similar strategy as for CODEX-b. The
idea is to move the interaction point from the center of ALICE to some 10 meter upstream, put a thick shield with
an active veto between the collision point and AL3X, and re-use much of the present ALICE inner tracker, and the
original L3 magnet that comes with the cavern, as a new long-lived particle detector. It would require some revision
and rebuilding of accelerator components, and potentially also a more optimized tracking detector for the physics, so
this proposal would in any case not be a cheap endeavor. Obviously the ALICE collaboration has ideas and plans
of its own for the experiment. No follow up activity on the study of this experimental opportunity has been reported
during the last few years. The sensitivity to HNLs has been studied for AL3X in [415] and is shown in Fig. 18(a).

3.2.6. ANUBIS
Recently in [416] ANUBIS (AN Underground Belayed In-Shaft experiment) was proposed, an auxiliary detector

to be installed in one of the access shafts above the ATLAS or CMS interaction point, as a tool to search for long-lived
particles. ANUBIS is proposed to have four (removable) Tracking Stations (TS) spaced 18.5 m apart from each other,
providing a uniform coverage of the detector volume. This setup results in a cross-sectional area of 230 m2 per TS.
The tracking stations will be based on Resistive Plate Chamber technology. A demonstrator test with a module of
2x1x1m3 is proposed to be installed in the ATLAS shaft during Run 3. In [417] the sensitivity of this proposal is
discussed for long-lived heavy neutral leptons (HNLs) in both minimal and extended scenarios. Both the minimal
HNL model where both production and decay of the HNLs are mediated by active-sterile neutrino mixing, and the
case of right-handed neutrinos in a left-right symmetric model are studied.

Next a U(1)B−L extension of the Standard Model (SM) is considered. In this model HNLs are produced from
decays of mostly SM-like Higgs boson, via mixing in the scalar sector of the theory. In all cases, ANUBIS is shown to
have a sensitivity reach comparable to the proposed MATHUSLA detector. For the minimal HNL scenario, the con-
tributions from Ws decaying to HNLs are more important at ANUBIS than at MATHUSLA, extending the sensitivity
to slightly larger HNL masses for ANUBIS. The sensitivity curves for ANUBIS for HNLs are shown in Fig.18(a).
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Figure 17: Projected sensitivity of CODEX-b/MATHUSLA/FASER2 to Dirac heavy neutral leptons. Comparison are shown with current con-
straints (gray) and other proposed experiments, for pure electron, muon and tau mixing scenarios. Figures are taken from [413].

3.2.7. MAPP
MAPP stands for the MoEDAL Apparatus for Penetrating Particles [422]. The MoEDAL collaboration is propos-

ing MAPP, an upgrade detector program for long lived particles in a gallery near IP8 shielded from cosmic rays by
an overburden of approximately 100 m of limestone. A first-stage new detector of MAPP, consisting of scintillator
bars and slabs to hunt for milli-charged particles has recently been approved and will be installed for taking data
during LHC Run 3. The next stage of the proposal, labeled MAPP-LLP, targets to deploy later three nested boxes
of scintillator hodoscope detectors, in a ‘Russian doll’ configuration, following as far as possible the contours of the
cavern. It is designed to be sensitive to long-lived neutral particles from new physics scenarios via their interaction or
decay in flight in a decay zone of size approximately 5 m (wide) × 10 m (deep) × 3 m (high).

In [423] the pair production of right-handed neutrinos from the decay of an additional neutral Z′ boson in the
gauged B − L model is investigated. For this study the sensitivity for an extended version of the MAPP detector
proposal covering the whole available tunnel cavern area was used. The reachable sensitivity is shown in Fig. 19.

3.2.8. The Forward Physics Facility
The Forward Physics Facility (FPF) [406] is a proposal to create a new experimental cavern with the space and

infrastructure to support a suite of far-forward experiments at the Large Hadron Collider during the High Luminosity
era. Located along the beam collision axis and shielded from the interaction point by at least 100 m of concrete and
rock, the FPF will house several experiments that will detect particles outside the acceptance of the existing large LHC
experiments around the interaction points, and will observe rare and exotic processes in an extremely low-background
environment. Experiments include a larger acceptance version of FASER, labelled FASER2, a Liquid Argon TPC, and
an extended version of SND@LHC named AdvSND all of which can be used for HNL hunting. A recent discussion
on the status of this project, experiments considered and initial physics potential studies can be found in [419].

28



(a) (b)

Figure 18: (left) ANUBIS/AL3X/MATHUSLA reach compared to other future experiments in the context of the minimal HNL scenario, with
one generation of N mixing with either νe or νµ but not both i.e. α = e/µ. Figure take from [417]. (right) Sensitivities for a HNL mixing with
the tau neutrino in the (mass, coupling) plane. The sensitivity reaches of FASER2 are shown as solid red lines alongside existing constraints (dark
gray-shaded regions) and projected sensitivities of other proposed searches and experiments (colorful dashed lines), as obtained in Refs. [418] [4,
31, 50, 91] and references therein. Figure taken from [405, 419–421]. The and bottom panels show the LLP’s branching fractions

FASER2 will have larger dimensions than FASER, namely a magnet aperture of 2 m diameter which will in
particular open the acceptance for decays from D and B mesons, and a decay length volume of 10 m. For the sensitivity
studies shown in this document a decay volume with a length of 5 is used, which corresponds to the original FASER2
proposal in pre-FPF study days. The an angular acceptance of neutral pions will increases from 0.6% in FASER to
10% in FASER2. There is a significant improvement in sensitivities to LLPs produced in decays of heavy mesons,
due to the additional acceptance of B-meson production. The larger decay volume also improves sensitivity to larger
LLP masses and longer LLP lifetimes. The combined effect of all these factors, as well as the increased luminosity
expected for the HL-LHC over LHC Run 3, is an improvement in reach of several orders of magnitude for certain new
physics scenarios and will constitute a major step forward in sensitivity.

Likewise the Advanced SND project is meant to extend the physics case of the SND@LHC experiment [424].
It will consist of two detectors of which the one placed in the η region i.e. 7.2 < η < 8.4 can be placed in the FPF
cavern. The detectors consist of three elements. Upstream is the target region for the vertex reconstruction and the
electromagnetic calorimetric energy measurement. The target will be made of thin sensitive layers interleaved with
tungsten plates, for a total mass of ∼ 5 tons. Next are a hadronic calorimeter and a muon identification detector. The
final most downstream element will be a magnet for measurements of the muon charge and momentum, allowing
for neutrino/anti-neutrino separation for muon neutrinos and for tau neutrinos in the muonic decay channel of the τ
lepton.

FLArE is a LArTPC with transverse dimensions of 1.5x1.5 m2 and a lenght of 7 m. The total LAr mass is 50
tonnes, the fiducial mass will be 10-20 tonnes. New ideas are being studied to base this detector on liquid krypton. In
any case the active material will be dense which means that it will not be very favorable for the signal to background
ratio for searches for rare decays. However in Ref. [425] it is shown that an interesting sensitivity region can be
covered to the search for neutrino magnetic moments via upscattering of a neutrino to a new sterile neutrino state, for
heavy neutrino masses below 1 GeV.

At the FPF, HNL decays to hadrons and/or charged leptons will be visible in FASER2. LHC production of
HNLs mixing with all three neutrino flavors have been studied in Refs. [406, 409, 418, 426, 427]. Although a HNL
giving neutrino masses through the type I seesaw would decay to all flavors, given the mixing angles required by
neutrino oscillations, in less minimal models, such as the linear seesaw or inverse seesaw, there is more freedom
to fit the neutrino data. In particular, scenarios can be built where the decay of the HNL is predominantly to taus.
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This benchmark was considered in Fig.18(b) showing the expected FASER2 reach. Because the ντ has significant
production from heavy meson decays, the large rates for forward D and B production at the LHC benefit the FPF,
allowing for sensitivity to HNL masses up to several GeV. In AdvSND the same scattering technique as discussed for
SND@LHC can be used for HNL detection.

3.2.9. FACET
FACET [428] is a proposal to add a set of very forward detectors to CMS, integrated within a new purposely-built

wide beam-pipe, and proposed to be deployed during the high-luminosity era of the Large Hadron Collider (LHC) in
order to search for beyond the standard model(BSM) long-lived particles (LLPs), such as dark photons, dark Higgs,
axion-like particles, as well as heavy neutral leptons. FACET stands for Forward-Aperture CMS ExTension, and will
be sensitive to LLPs that can penetrate up to 50 m of magnetised iron and decay in an 18 m long, 1 m diameter wide
vacuum pipe. The decay products will be measured in tracking and calorimeter detectors using identical technologies
as for the the planned upgrades of CMS for the high-luminosity LHC running.

FACET is not proposed to become a new stand alone experiment, but rather as a new subsystem or extension of
the CMS experiment that, while overlapping in the parameter space with other searches, will cover a different and
unique region for LLPs. FACET will be sensitive to particles produced with polar angle 1 < θ < 4 mrad (7.6 > η >
6.2). It is closer to the interaction region (IP5) than e.g. FASER2 at IP1; it has an long decay volume spanning from
101 < z < 119 m from the IP; it is followed by an 8 m long region instrumented with various particle detectors.
FACET covers a range of (unboosted) lifetimes cτ from 0.1 to 100 m. A unique feature among the proposed new
LHC experiments is that the decay volume is at LHC vacuum quality, thus virtually eliminating any background from
secondary interactions with e.g. air in the decay volume.

The reach for HNLs within the U(1)B−L model with FACET has been studied[423]. In particular decays of Z′

bosons to muon flavored neutrinos were studied. The Z′ can be light (e.g. 20 GeV) and yet have escaped detection
in earlier experiments due to the smallness of the coupling to SM particles. In this scenario, FACET has a unique
sensitivity at high HNL masses, above about 10 GeV for lifetimes between 10 cm and 100 m. Fig.19 shows the
coverage in the coupling |VµN | − M(N) plane in the model, taken from Ref.[428].

3.3. FCC

The Future Circular Collider (FCC) integrated program [429] is proposed as a two-stage project, using one 100 km
circular tunnel at CERN. In the first stage, an electron-positron collider (FCC-ee) [430] is proposed as a frontier
Higgs, Top, Electroweak, and Flavor factory, as the first step towards ≥ 100 TeV proton-proton collisions in the same
infrastructure (FCC-hh) [431], with heavy ions and lepton-hadron (FCC-eh) options. The FCC program is one of the
main options for a future particle collider that follow from the recommendations of the Updated European Strategy
for Particle Physics in 2020 [432]. In terms of HNLs, the FCC, in its different, complementary stages, can probe very
large areas of the parameter space, that are not constrained by astrophysics or cosmology, and complementary to beam
dump and neutrino facilities [63].

3.3.1. FCC-ee
At the electron-positron stage of the FCC, high-precision measurements will be performed; but FCC-ee also offers

powerful opportunities for the discovery of new phenomena. Direct and indirect evidence for BSM physics, can be
obtained via a combination of high precision measurements and direct searches. Among the later, searches for HNLs
will have an extraordinary potential at the high-luminosity Z pole run [433, 434].

The main production mode will then be Z → νN, with subsequent decays of the N into off-shell W or Z bosons.
The FCC-ee will have good sensitivity above the charm mass all the way up to the W boson mass for different values
of the mixing angle with the existing neutrinos. Sensitivity down to heavy-light mixing of |V`N |

2 ∼ 10−8 − 10−12 was
obtained in Refs. [435, 436], covering a large parameter space for heavy neutrino masses between 5 and 80 GeV. This
sensitivity includes the regime where Z → N decays result in boosted HNLs [436].

For low values of the neutrino mixing angles, the decay length of the HNLs can be significant, leading to long-
lived signatures [120, 434, 437]. At the FCC-ee, HNLs could be detected for decays up to about 1 m away from
the collision point, generating a secondary vertex in the middle of the tracking system. These searches will suffer
from very low backgrounds. In case of an observation and with enough luminosity it could even be possible to study
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Figure 19: (Left) FACET reach compared to other future experiments in the context of the U(1)B−L HNL scenario, with one generation of N
mixing. Figure take from Ref. [428]. (Right) Comparison of the sensitivities for nine signal events that can be achieved at the FCC-ee with 2.5·1012

Z bosons (red) or CEPC with 3.5·1011 Z bosons (blue). The faint solid curves show the main detector sensitivity (l0 = 5mm, l1 = 1.22 m). The
faint dash-dotted curve indicates the additional gain if the muon chambers are used at the FCC-ee (l0 = 1.22 m, l1 = 4 m). The thick curves show
the sensitivity of HECATE with l0 = 4 m, l1 = 15 m (solid) and l0 = 4 m, l1 = 25 m (dashed), respectively. Finally, the faint dashed red line shows
the FCC-ee main detector sensitivity with 5·1012 Z bosons, corresponding to the luminosity at two IPs. For comparison we indicate the expected
sensitivity of selected other experiments with the different green curves as indicated in the plot [8–10, 45, 48]. The gray areas in the upper part
of the plot show the region excluded by past experiments, the gray areas at the bottom mark the regions that are disfavored by BBN and neutrino
oscillation data in the νMSM.

kinematic properties that differ between Dirac and Majorana neutrinos [434, 438] using asymmetry observables as
defined in Refs. [111, 120, 130, 439]. For illustration, Fig. 20 shows an updated estimation of different sensitivities
for current and proposed detectors including FCC-ee displaced vertex analysis [434].

Following the plans and ideas to add additional LLP experiments at the HL-LHC it is possible to also envision
a similar concept at new future colliders. This is the motivation behind e.g. HECATE [440], a long-lived particle
detector concept for the FCC-ee or CEPC facility. The civil engineering of the FCC-ee will have much bigger detector
caverns than needed for a lepton collider experiments since they are intended to be used later for a hadron collider
facility, which requires larger volumes. This would allow to install extra instrumentation on the large cavern walls to
further boost the sensitivity for HNLs. Studies for long-lived particles with detectors at displaced locations w.r.t the
central detector for future lepton colliders have also been reported in [450]. Fig.19 (right) shows a phenomenological
study on the reach for HNLs at the FCC-ee (and CEPC) and compare the results for a standard detector (ie central
tracker and outer muon system) with detector scenarios where the additional space in the large cavern is equipped
with muon detector layers. The quantities l0 and l1 denote the minimal and maximal distance from the interaction
point where the cavern is instrumented to detect an HNL decay into charged particles. The study shown is made for
the channels with HNLs decaying to muon final states.

Indirect constrains from precision SM measurements are also sensitive to HNLs: the potential sensitivity of the
FCC-ee for the HNL reach has been discussed in [433]. Leptonic colliders are also well suited to look for light
mN ∼ 10 GeV produced in the Higgs sector of extended gauge theories, LR and U(1)B−L. These may be produced in
the associated Z∆0

R or W∆0
R or via WW fusion. In both cases, ee colliders have the advantage of reduced fake rates

and absence of triggers and can thus access lighter (and displaced) mN .
If any HNLs with masses at or below the EW scale are discovered, FCC-ee would provide an powerful tool to

falsify or support the hypothesis that they are responsible for the neutrino masses and/or baryon asymmetry of the
universe, cf. Sec. 7.2.1. FCC-ee could measure the flavoru mixing pattern displayed in Fig. 2 at the percent level
[132]. Leptogenesis imposes further constraints on the flavour mixing pattern in addition to the experimental fits
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Figure 20: Bold green line: Sensitivity of displaced vertex searches at FCC-ee with 5 × 1012 Z bosons corresponding to 4 observed HNL
decays, assuming no background and 75% reconstructed HNL decays with a displacement between 400µm and 1.22m. For comparison, we show
what CEPC can achieve with 4.2 × 1012 Z bosons for the same parameters. Bold turquoise line: Gain in sensitivity if the maximal observable
displacement is increased to 5m with a HECATE-like detector [440]. Dark gray: Lower bound on the total HNL mixing from the requirement to
explain the light neutrino oscillation data [40]. Medium gray: Constraints on the mixing |Vµi |

2 of HNLs from past experiments [15, 23, 31, 34,
35, 327, 339, 340, 441–443], obtained under the assumption |V`N |2 = δ`µU2

µ . Light gray: Lower bound on U2
µ from BBN [444, 445]. Hashed

orange and violet lines: Regions in which the observed baryon asymmetry of the universe can be explained with two [91, 159] or three [92]
HNL flavours and different initial conditions, as explained in the legend. Other colourful lines: Estimated sensitivities of the LHC main detectors
(taken from [84, 381, 446]) and NA62 [133] as well as the sensitivities of selected planned or proposed experiments (DUNE [447],FASER2 [418],
SHiP [448, 449], MATHUSLA [412], Codex-b [413]) as well as FCC-hh [437]. Figure from [434].

shown in Fig. 2, which can be tested by comparing flavoured branching ratios in displaced decays. Finally, determing
the angular distribution of decay products can help address the question whether HNLs are Dirac or Majorana or the
potential existence of additional intermediate states [349, 388, 434, 438, 439, 451], cf. Sec. 2.3, while its dependence
on the displacement is sensitive to the HNL mass splitting [132], a crucial parameter for leptogenesis.

3.3.2. FCC-hh
The FCC-hh is the second stage of the FCC and will be sensitive to higher masses and smaller mixing than

accessible at the LHC for both prompt and displaced searches. In 100 TeV hadron collision, HNLs can be produced
in a variety of channels just as they can be at the LHC. Notably, the gigantic increase in the gluon parton distribution
function has a significant impact on production cross section [84, 335], particularly production channels involving
intermediate the Z and Higgs bosons [84, 332]. The signatures and backgrounds at 100 TeV are largely the same as
at 13-14 TeV. However, at 100 TeV, the hadronic environment is significantly more energetic and (fake) background
rates categorically grow much faster than HNL signal rates [84]. This means analysis strategies designed for 14 TeV
must be adapted for a qualitatively different environment.

In this stage, the environment would be much more complex than FCC-ee, and pile-up, backgrounds character-
ization, and triggers would be all crucial elements in the success of these searches. As shown in Fig. 13, assuming
a comparable acceptance to the ATLAS and CMS detectors, it could be possible to test heavy, Dirac-like neutrinos
with masses up to 10 TeV (100 GeV) to the level of |V`N |

2 ∼ 10−3 (10−4) in the trilepton and MET channel involving
final-state τ leptons (in their leptonic and hadronic decay modes) [84]. Comparable sensitivity holds for the Majorana
case in the trilepton channel. Much smaller mixing can potentially be probed at lower masses and with lighter lepton
flavors [84, 437]. It is possible that even higher mass HNL scales can be probed indirectly with the same-sign W±W±

scattering channel [337, 452]. Finally, it is important to stress that the FCC-hh conditions also allow for characteriza-
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tion both in flavor and charge of the produced neutrino, thus information of the flavor-sensitive mixing angles and a
test of the fermion violating nature of the intermediate (Majorana) particle.

Recently, a study was reported on HNL production in the U(1)B−L model discussed earlier, showing a potential
sensitivity reach at the FCC-hh [453]. The study, which considered final states with muons, shows couplings can be
probed down to |V`N |

2 ∼ (10−11) for high HNL mass values around 1 TeV. Decays of a heavy Z’ boson resulting in
boosted decays of light HNLs in µ j j final states, boosted fatjet topologies or track bases can be used. While this is
difficult for HL-LHC, for FCC-hh searches involving at least one displaced fatjet in the inner detector or displaced
tracks in muon system can probe seesaw region for light neutrino mass as low as 30 GeV [397]

The FCC-hh program would also greatly improve sensitivity to non-minimal HNL models. In LR models for
instance, direct searches for WR and N are sensitive to MWR ∼ 35 − 40 TeV with 10 ab−1 of data [346]. Indirect
searches can readily exceed this benchmark [349]. For HNLs in the Type III Seesaw, masses up to 8 TeV can be
probed via E±N0 and E+E− pair production and decay with 3 ab−1 of data [63, 367]. However, these analyses can be
improved in light of new techniques, e.g., machine learning, that have been developed over recent years.

3.3.3. FCC-eh
The clean environment and low pileup at ep colliders makes it also an excellent place to search for long-lived

particles (LLP) using the long lifetime and displaced vertex signature [454]. Electron-proton colliders can be used to
search for heavy neutrinos, N, e.g. in the process ep → N j; Nl j j [437]. In particular, in low-scale see-saw models
with two sterile neutrinos, as discussed before the mixing with SM neutrinos is expected to be very weak, leading to a
displaced vertex from the decay of the heavy neutrino. Searches [455] for ep → µ + 3 j based on BDT optimization,
assuming a tracking resolution of 8 µm and a sensitivity of 40 µm for the displacement of the vertex, shows that the
constraint on the mixing angles down to a few times 10−9 can be reached for an HNL mass between approximately 10
and 60 GeV.

3.4. Other Future Projects
The FCC is one of the proposed future high energy colliders projects. The CEPC project [456], which is studied

as a possible high energy collider for China, has a similar proposed circular set-up as for the FCC-ee. Other projects
concern linear colliders, which include the ILC [457], for CM energies up to 1 TeV, and CLIC [458] for CM energies
up to 3 TeV scale. In [459] the producton of HNLs with displaced vertices is discussed. It shows that sensitivities down
to |V`N |

2 ∼ (10−6 − 10−7) can be reached up to the kinematical limits for the HNL mass for the different ILC energy
versions and down to |V`N |

2 ∼ (10−5) for CLIC for masses up to a few TeV. The authors further note that it might be
very interesting to perform a similar study at high-energy muon colliders, which due to its higher anticipated energy
of 10 TeV or even beyond could reach much higher neutrino masses. The smaller dilution due to beamstrahlung will
also improve the signal-to- background ratio, and given to the incident muon flavor different flavor mixing structures
will be probed.

3.5. Monte Carlo developments for studies at the LHC and beyond
Monte Carlo event generator programs are an important component of the sensitivity studies. In recent years, an

immense effort has gone into modernizing the Monte Carlo tools that are used to simulate minimal and non-minmal
neutrino mass models at the LHC experiments [63]. While theory predictions for Run 1 analyses were successfully
derived at leading order (LO) with parton shower accuracy using the ALPGEN [460] or PYTHIA [461] frameworks, this
was restricted to only a handful of processes. In conjunction with other advancements, fully differential predictions up
to next-to-leading order (NLO) in QCD with parton shower matching for arbitrary partonic processes are now available
using a tool chain combining FeynRules [462], MadGraph5 aMC@NLO [463, 464], and mainstream parton showers. In
particular, a number of so-called Universal FeynRules Output (UFO) libraries [465, 466], which encode the Feynman
rules of a model, have been published containing the ultraviolet counter terms needed [467, 468] for numerical, NLO-
accurate computations. The ability to compute NLO-accurate matrix elements depends on the generator. That said,
“NLO” UFOs can still be imported into popular event generators to support LO computations.

A number of NLO UFOs are already publicly available from the FeynRules database4. These include:
HeavyN NLO [334, 335] and HeavyN Dirac NLO [84, 335], which implement the Phenomenological Type I See-

4Available from the URL: https://feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage.

33

https://feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage


saw for Majorana and Dirac-like HNLs, respectively, as well as a variant that includes dimension d = 6 oper-
ators [335, 469]; VPrime NLO [470], which implements generic W ′ and Z′ bosons that couple to all fermions;
EffLRSM NLO [346, 347], which implements a description of WR, ZR, and Majorana HNLs from the Left-Right
Symmetryic Model; TypeIISeesaw [471], which implements the full Type II Seesaw for the normal and inverse
ordering of neutrino masses; and SMWeinbergNLO [452], which implements the dimension d = 5 Weinberg operator.
Also available is a full description of the LRSM at LO [348, 354] as well as a description of the Type III Seesaw
at LO [472]. A publicly available implementation of the U(1)B−L is also given in [357]. The treatment of helicity
propagation and spin correlation of HNLs in LNV and LNC processes in some of these implementations has been
checked (and verified) explicitly [439].

Low-mass HNL decays, and HNL production from heavy-flavor decays, have been implemented in a preliminary
version of Pythia, which after sufficient validation will be incorporated into the official Pythia release5. This code
does not provide relevant branching fractions for either the HNLs or heavy-flavor mesons, as there are a number of
publicly available codes which can already perform these calculations [473]. Instead, the focus here is to provide a
more accurate description of the relevant decay kinematics, both for the production of the HNL from the heavy-flavor
meson, as well as the decay of the HNL itself. However, incorporating such codes in the future might provide a more
unified and convenient package for HNL production and decay.

For the production of HNLs from heavy-flavor decays, a detailed study [474] has been performed which indicates
that the parton-level matrix element already available in Pythia for weak decays provides a sufficient approximation
for most HNL heavy-flavor production studies. Note that the usage of this matrix element differs from the standard us-
age for semi-leptonic decays within Pythia. Here, the spin of the decaying heavy-flavor state determines the ordering
of the charged lepton and HNL, as passed to the matrix element. A configuration script is available, which given the
mass of the HNL and its lepton mixing angles, provides a Pythia decay table configuration of all possible heavy-flavor
decays that can produce the specified HNL. The output of this configuration script can be read by Pythia, or directly
used to configure Pythia through its Python interface, and ensures the correct ordering of the decay products, as well
as the correct matrix element code.

The decays of the HNLs in Pythia include full spin effects and are performed using the full helicity decay frame-
work originally developed to perform τ decays [475].The matrix elements typically used for τ decays have been
generalized to also handle the decays of HNLs. Again, the configuration script can be used to produce a Pythia read-
able decay table which provides all possible decay channels for an HNL, given its mass and lepton mixing angles.
These channels can then be individually selected by the user. Using the Python interface to Pythia, a simple example
generation script is provided which produces the full HNL production and decay chain from a heavy-flavor meson
particle gun. The user simply needs to provide the HNL mass, lepton mixing angles, selected HNL parent particle,
selected production channel, and selected decay channel. Generation and decays of HNLs are also possible through
the standard mechanisms available in Pythia, using the text output of the configuraiton script.

This current HNL framework in Pythia is a prototype, and suffers from a number of shortcomings. A full hellicity
treatment of the heavy-flavor mesons has not yet been included. Recursive helicity decay structure is not yet available;
consequently neither correlated τ decays produced from HNLs, or the full helicity structure for HNLs produced from
charged lepton decays are modeled. Additionally, the interference between the neutral and charged current HNL
decays into ``ν final states has not yet been included, as well as a number of neutral currents. Finally, while some
validation of the code has been performed, further testing is required before full-scale production is recommended.

In preparation for the HL-LHC program, Monte Carlo tools for neutrino mass models can be improved in several
ways. For instance: there are several UFO libraries that are only accurate at LO. For many models, no UFO has ever
been made publicly available. Improving support for Effective Field Theories is also of interest to several communi-
ties. Finally, developing new or extending existing tools to more fully support activities at LHCb, beam dumps, and
forward detector experiments is highly desired.

3.6. Summary
The LHC and future high energy colliders will offer excellent opportunities to search for heavy neutral leptons.

With the full high luminosity event statistics the CMS and ATLAS experiments can potentially reach values of cou-
plings in the minimal HNL model on |VeN |

2 and |VµN |
2 down to or below 10−7 − 10−8, in the mass region mN of 5-20

5Available from the URL: https://gitlab.com/hnls/pythia.
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GeV. LHCb will extend the range for lower mass values. One of the issues hindering the reach to smaller couplings
at small mass hypotheses is the decreasing acceptance of the central detectors due to the correspondingly increasing
HNL lifetimes. Proposed solutions to overcome this deficiency are the new ideas for experiments at the LHC, with
typically reduced space angle acceptance, but positioned at locations further away from the HNL production point.

Current proposals are grouped in transverse and forward type of detectors. The transverse detector ideas en-
compass MATHUSLA, CODEX-b, AL3X, ANIBUS and MAPP-LLP experiments. These are typically experiments
optimized for searches for observing new weakly interacting neutral particle decays, and placed at distances of tens
to more than a hundred meters away from the new particle production point. Forward detectors, such as FASER,
SND@LHC, the forward physics facility and FACET, are located along the direction of the LHC beam line and are
mostly sensitive to the production of new neutral particles originating in decays of mesons.

These additional detectors will cover an important part of the HNL parameter space, mostly for masses mN less
than 5 GeV, and will be complementary to planned or proposed experiments at high intensity fixed target experiments.
The sensitivity will be reaching values of |VeN |

2 and |VµN |
2 roughly down to 10−8 − 10−9, maybe even below, in a

mass region between 100 MeV and 5 GeV. This constitutes a large newly covered region in so far unexplored HNL
parameter space.

As is clear from e.g. Fig. 18(a) the coverage can be reached via different experimental set-ups. Eg for the
HNL search the sensitivities of ANUBIS and MATHUSLA are very similar, obtained with similar method but rather
different detector set-ups (and different budget requirements). Clearly while experimental coverage provided by these
central/transverse detectors will be a large gain for long-lived particle physics studies and HNL searches in particular,
it will be necessary to evaluate and compare on par these different proposals on their performance and HNL parameter
space coverage. Such comparison should of course not just consider the potential for HNL searches but look at
complete picture of the full spectrum of capabilities. It will be equally important include in that discussion the
capabilities of these detectors to measure properties of these putative newly found particles when observed, e.g., the
Majorana versus Dirac character in case of new neutrinos, and what can we learn from the new physics related to
these particles. The ”Physics Beyond Collider” [476] initiative and related working groups, can offer an opportune
forum for conducting these discussions.

In a more distant future a facility like the FCC project could be realized. Such a facility, based on a circular
ring collider, could host and e+e− precision physics facility as well as in a later stage a hadron-hadron (and electron-
hadron), high-energy-frontier collider. In terms of searches for HNLs, the FCC in its different complementary stages,
can probe very large areas of the parameter space towards in the tens of GeV mass region, that are not constrained by
astrophysics or cosmology, and are complementary to beam dump and neutrino facilities. Heavy new neutrinos with
masses larger than 10 TeV can be searched for at the high energy frontier at the FCC-hh.

For many if the future options and proposal given in this section - both for the near and more distant future - first
estimates on the sensitivity for HNL discoveries have been made, and demonstrate the potential HNL parameter space
coverage. Certainly further studies e.g on detector optimization are strongly desirable and needed for this important
physics target. Such studies need to go in future also beyond the simplest version of the HNL models, covering
non-minimal scenarios.

4. Nuclear Decay Searches

A novel approach to searching for heavy neutral leptons involves exploiting energy-momentum conservation in
nuclear reactions in which an electron neutrino or electron antineutrino is involved. If a heavy neutral lepton (such
as a keV-scale sterile neutrino) mixes with the electron neutrino/antineutrino, by reconstructing the kinematics of
the nuclear decay products and looking for irregularities, one can obtain sensitivity to the existence of heavy neutral
leptons, setting upper limits on |Ue4|

2 as a function of m4 in the event of a null result. In this section, two different
categories of nuclear decays (beta decay and electron capture) are discussed, emphasizing proposed experiments to
probe these decays in the next decade in order to search for heavy neutral leptons. For more comprehensive discussion
of previous measurements and global limits, see [149, 477, 478].

Finally, at the end of this section we remind on some opportunities at reactors for detectors measuring the inverse
beta decay event rates.
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Figure 21: Projected upper limits (95% C.L.) for sin2 θ = |Ue4 |
2 as a function of heavy neutral lepton mass mheavy = m4 for KATRIN/TRISTAN

(left) [480] and DUNE (right). In the case of KATRIN/TRISTAN, the dashed red line represents a measurement with 6 × 1011 electrons, the solid
red line represents a measurement with 1 × 1016 electrons, and the dotted black line represents the statistical limit with full 3H source strength
(1 × 1018 electrons); an energy resolution of 0.3 keV (FWHM) is assumed for all calculations. In the case of DUNE, “DUNE-ALL” refers to a
limiting dataset containing every single 39Ar beta decay occurring during detector operations (2 × 1016 electrons), while “DUNE-EXT” refers to a
baseline dataset obtained using external triggers and full detector readout without special localized triggering for low-energy activity in the detector
(1 × 1013 electrons). All upper limits shown are purely statistical (no theoretical/experimental systematic uncertainties included) and assume zero
background.

4.1. Beta Decay Searches

One type of heavy neutral lepton search involving nuclear decays requires detecting “kinks” in beta decay electron
energy spectra, providing a handle on |Ue4|

2 [12]. These features are normally present in beta decay electron energy
spectra due to mixing between the three Standard Model neutrinos, but primarily lead to spectral distortions very close
to the end point (the Q value of the beta decay). The existence of a heavy neutral lepton mixing with the electron
neutrino or electron antineutrino would lead to a “kink” at Q − m4c2, much further from the end point for large m4.
The impact to the energy spectrum of the final-state electron is broad, not being restricted to the localized “kink”
signature, such that it can be probed experimentally with detectors of even modest energy resolution. The values of
m4 probed in this search method are limited on the high side from the Q value of the beta decay, as well as the detector
energy threshold/resolution, and on the low side strictly from the detector energy resolution.

Beta decays of tritium (3H) provides access to m4 values below the end point of Q = 18.6 keV. Given that it is
a superallowed beta decay, theoretical uncertainties are especially small for this isotope, enabling sensitive searches
for heavy neutral leptons when coupled with a spectrometer of significant precision. The availability of intense 3H
sources [139, 479] allows for sensitive probes of even small values of |Ue4|

2 in the relevant range of m4 values.
A heavy neutral lepton search using 3H is planned by KATRIN [139, 479] and follow-up experiment TRIS-

TAN [480], which can look for heavy neutral leptons in the 1 keV to 18 keV mass range by making use of an enriched
source of 3H and a MAC-E filter. Figure 21 (left) shows projected statistical upper limits (95% C.L.) for sin2 θ = |Ue4|

2

at KATRIN/TRISTAN as a function of heavy neutral lepton mass mheavy = m4. By minimizing theoretical and exper-
imental systematic uncertainties, |Ue4|

2 values as low as 10−7 can be probed, with a TRISTAN design goal of 10−6.
Reaching these levels of sensitivity will require upgrading the detector and readout to handle the high event rates that
are expected when probing beta decays further from the 3H end point. The TRISTAN upgrade is planned to take place
after the completion of the Standard Model absolute neutrino mass measurement of KATRIN, prospectively in 2025.
Another planned 3H beta decay experiment, Project 8 [140], is designed to measure the absolute neutrino mass using
cyclotron radiation emission spectroscopy (CRES) [481] and may also have the capability to search for heavy neutral
leptons in the same mass range [482].

Large liquid argon detectors making use of atmospheric argon, associated with 39Ar beta decay activity of roughly
1 Bq/kg [483], will enable the probing of m4 values below the 39Ar beta decay end point of Q = 565 keV. By
utilizing very large detectors with large volumes of liquid argon, a substantial amount of beta decays can be detected
as to enable sensitive measurements of |Ue4|

2 at larger m4 values than for 3H. Given that liquid argon detectors (such
as liquid argon time projection chambers, or LArTPCs) function as total absorption calorimeters, the liquid argon
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provides both the source and the detector for such measurements, in contrast to measurements using 3H.
The Deep Underground Neutrino Experiment (DUNE) [134] at the Long-Baseline Neutrino Facility will use mas-

sive LArTPCs to study accelerator neutrinos (∼1 GeV) undergoing flavor oscillations over a long baseline (∼1300 km)
in order to probe leptonic CP violation. A search for heavy neutral leptons can also be carried out using ionization
charge measurements of 39Ar beta decays in the DUNE far detector, enabling sensitivity to |Ue4|

2 in the 20 keV to
450 keV mass range. Figure 21 (right) shows projected statistical upper limits (95% C.L.) for |Ue4|

2 at DUNE as a
function of m4. Recording the full DUNE 39Ar beta decay dataset toward maximum sensitivity to |Ue4|

2 (better than
10−6) requires substantial development of the trigger system at DUNE, including selectively recording low-energy ac-
tivity within “regions of interest” inside of the detector; this capability is currently under development. Reconstruction
of 39Ar beta decays has been previously carried out at MicroBooNE [484], a LArTPC neutrino experiment at Fermilab,
demonstrating that low thresholds (roughly 100 keV) and good energy resolution from low TPC noise levels (roughly
50 keV) are achievable in large LArTPC detectors [485]; more comprehensive studies at ProtoDUNE-SP [486, 487]
are currently in progress. Further studies on the impact of 39Ar beta decay spectrum theoretical uncertainties [488],
experimental systematic uncertainties, and radiological backgrounds in the DUNE far detector are also in progress.
While these additional considerations may lower the sensitivity to |Ue4|

2 considerably, given the current global limits
on |Ue4|

2 of 10−2 to 10−4 in the relevant range of m4 values [149, 477, 478], significant improvement is expected.

4.2. Electron Capture Searches

The second type of heavy neutral lepton search involving nuclear decays requires involves total energy-momentum
reconstruction of the non-neutrino final-state particles in electron capture events [489]. Electron capture provides a
pure two-body final state that consists of the recoiling daughter atom and the emitted electron neutrino, both of
which (in principle) are mono-energetic. By making a precision measurement of the low-energy recoiling atom and
associated activity from de-excitation of the nucleus (e.g. X-rays, Auger electrons), information on energy-momentum
conservation with the neutrino can be directly probed. More specifically, this is done by seeking a separated nonzero
missing-mass peak due to the existence of a heavy neutral lepton mixing with the electron neutrino/antineutrino.

The proposed HUNTER experiment [489, 490] will search for heavy neutral leptons in the 20 keV to 300 keV
mass range by fully reconstructing K-capture decays from 131Cs using magneto-optical trapping and recoil-ion mo-
mentum spectroscopy (RIMS). HUNTER will perform event-by-event reconstruction of the decays, detecting the
recoil 131Xe, the atomic X-ray, and one or more Auger electrons. 131Cs is commercially available at reasonable cost
as a brachytherapy source, and decays 100% of the time by electron capture, making it an ideal source for this type
of heavy neutral lepton search. HUNTER expects to significantly improve upper limits on |Ue4|

2 in the relevant mass
range.

Another experiment using electron capture decays to search for heavy neutral leptons is the BeEST experi-
ment [491], which is searching for heavy neutral leptons in the 100 keV to 850 keV mass range using superconducting
quantum sensors embedded with 7Be. The measurement is carried out by implanting intense beams of unstable 7Be
atoms created at the TRIUMF-ISAC rare-isotope beam facility into high-rate superconducting tunnel junction (STJ)
quantum sensors, which are used to perform low-energy calorimetry of the decay products following 7Be electron
capture. The pure electron-capture-decaying nucleus of 7Be is an excellent source for neutrino studies via energy-
momentum reconstruction due to its large Q value (862 keV), relatively high recoil energy (∼50 eV), and simple
atomic and nuclear structure. Previous results from BeEST [492] achieve upper limits on |Ue4|

2 as low as 10−4 in
the relevant range of m4 values, with projected upper limits on |Ue4|

2 as low as 10−7 after future upgrades to the
experiment.

4.3. Reactor Searches

In this subsection we discuss the opportunity for a search of HNL particles with a mass in the MeV range in short
baseline reactor experiments. Nuclear reactors are a widely used source of electron antineutrinos in the intermediate
energy range up to 12 MeV. If the mixing between electron antineutrinos and a heavy neutral counterpart exist,
they can produce a measurable rate of HNLs in the mass range up to 12 MeV. Up to date, no dedicated reactor
experiment exists to search for HNLs in this mass range, but there exists, however a variety of short and long baseline
reactor neutrino oscillation experiments worldwide, operating at various distances from either commercial nuclear
power plants or research reactors. For HNL masses and couplings relevant to the current best exclusion limits for
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a decay in flight measurement, the decay probability at distances ranging from meters to kilometers away from the
production source can be considered as uniform. Therefore, the total detectable HNL flux for increasing reactor-
detector distance can be compensated with a larger detector volume, and especially a larger solid angle coverage of
the sensitive detectors. The HNL production rate will scale linearly with reactor power, together with the reactor
induced gamma and/or neutron background, thus favoring experiments at high power reactors. Backgrounds can be
further reduced by an appropriate detector location providing natural shielding or by the use of dedicated active or
passive shielding.

In this mass range the visible decay channel are N → νe+e− and radiative modes N → νγ, νγγ leading to two
electromagnetic signature activities in the detector. In the energy range of the reactor neutrinos the dominant decay
into visible particles is the e+e− mode. A pioneering analysis in this field is Ref. [493], reporting limits down to a few
times |VeN |

2 ∼ 10−4 in the mass range of 2 to 7 MeV.
Very short baseline neutrino experiments combine interesting features of being located at very close proximity to

either power or research reactors, and capable of background reduction via pulse shape discrimination and/or detector
segmentation. The detection technologies are typically based on liquid and plastic/composite scintillators. A number
of experiments is installed at a distance roughly between 5-25m away from intense reactor cores, at O(100) MW
research or O(1) GW commercial reactors, and with 1 to 5 m3 volume detectors. These are currently taking data or
have recorded a large amount of data in the last few years. An overview of examples of short baseline detectors of this
type is reported in [494]. While the design of these experiments are optimized to address the long standing reactor
anomalies through the precise measurements of the inverse beta decay process, ie the measurement of a prompt
positron and a delayed thermalised neutron that is captured, most can likely probe the decay in flight to electron
positron pairs induced by HNL decays.

The experiments often use a trigger scheme designed to detect the captured delayed neutron, which is a signature
that is absent in HNL decays. However, most of the short baseline detectors already have an electromagnetic energy
threshold trigger in place, used to either calibrate or monitor the detector stability. Such a trigger scheme is likely
suitable to detect the stopped electromagnetic decay products of an HNL in the mass range between 1 and 12 MeV.
The key challenges for such a study are the control of the large anticipated backgrounds from photons of the reactor,
the intrinsic radioactivity in the detector muon and neutron backgrounds which need to be mastered, and depend on the
detailed capabilities of the experiments. An exploratory study was recently presented in [495]. There could however
be an opportunity to improve on direct experimental limits in this mass range with dedicated analyses on present and
possible future reactor experiments, and we strongly encourage to explore that.

4.4. Neutrinoless Double Beta Decay Searches

The most sensitive probe of the Majorana nature of the light active neutrinos is neutrinoless double beta (0νββ)
decay, see Ref. [496] for a recent review. Observing this rare nuclear decay in select isotopes such as 76Ge →
76Se+e−e−, only allowed if total electron number is violated, would require that the light active neutrinos are Majorana
fermions [497, 498], though, possibly, of a quasi-Dirac nature. In addition, 0νββ decay is sensitive to other BSM
sources of lepton number violation, typically at or below the O(10) TeV scale [499–503]. Such scenarios involving
HNLs were discussed in Sec. 2, with the exchange of a sterile neutrino N coupling through a SM charged-current
interaction as the most prominent example.

As 0νββ decay involves a virtual HNL, it should be considered an indirect probe, and it is not the focus of this
white paper. Taken in isolation, 0νββ decay is highly sensitive to heavy Majorana neutrinos, with the decay half-life
T 0ν

1/2 approximately given by

1028 yr
T 0ν

1/2

≈

(
|UeN |

2

10−9 ·
1 GeV

mN

)2

, (19)

for mN & 100 MeV and

1028 yr
T 0ν

1/2
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(
|UeN |

2

10−9 ·
mN

15 MeV

)2

, (20)
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for mN . 100 MeV, using a nuclear matrix element for the isotope 76Ge calculated in Ref. [503]. The behaviour
changes at around mN ≈ 100 MeV as this is the nuclear scale of 0νββ decay, and at the crossover the momentum
dependence must be carefully accounted for [504, 505]. Current best limits on the 0νββ decay half life are set by
KamLAND-Zen, T 0ν

1/2(136Xe) > 1.1 × 1026 yr [506] and GERDA, T 0ν
1/2(76Ge) > 1.8 × 1026 yr [507], at 90% CL. There

is a host of proposed experiments [496] with projected sensitivities reaching T 0ν
1/2(76Ge) ≈ 1028 yr (LEGEND-1000,

[508]), driven by the goal to probe the full light neutrino parameter space for an inverted mass ordering. Thus, future
0νββ experiments can reach sensitivities |UeN |

2 ≈ 2 × 10−10 to 10−9, in the regime 10 MeV . mN . 1 GeV. This
is close to the value expected in a seesaw scenario of light neutrino mass generation around mN = 100 MeV, and
also comparable to future direct searches in this mass window. For much heavier masses, the nominal sensitivity to
Majorana HNLs are still strong, but as detailed in Sec. 2.3, the successful generation of light neutrino masses requires
the HNLs to become quasi-Dirac states with an associated small mass splitting that suppresses 0νββ decay as an
LNV process. For example, with a pair of quasi-Dirac HNL states with average mass mN and relative mass splitting
δN = ∆mN/mN , Eq. (19) is modified as

1028 yr
T 0ν

1/2

≈

(
δN

0.01
·
|UeN |

2

10−7 ·
1 GeV

mN

)2

. (21)

Larger masses mN & 10 GeV and splittings are in principle possible but require a fine-tuned cancellation of the
induced loop contributions to the light neutrino masses [57, 147–149]. Direct searches that do not rely on an LNV
signal do not suffer from such issues and can probe even Dirac HNLs.

The above limits assume that the HNL contribution saturates the 0νββ decay sensitivity, but other contributions
may be present. Most importantly, the light active neutrinos (if Majorana) will induce the so called standard mass
mechanism which will coherently interfere with any HNL contribution. This makes a model-independent interpreta-
tion difficult. Moreover, it is worthwhile to reiterate that 0νββ decay only probes HNLs coupling to electron flavour via
the active-sterile mixing UeN . It does not set model-independent constraints on UµN and UτN . The differences to other
searches make 0νββ decay highly complementary, and its experimental discovery will have profound consequences
for neutrino physics.

5. Searches at Extracted Beamlines

5.1. Introduction

Heavy neutral leptons with masses between 1 MeV and 5 GeV can emerge from the decay of charged pions,
kaons, and heavy-quark hadrons produced in the interactions of protons with a target or a dump. Since their couplings
to SM particles are very suppressed leading to expected production rates of 10−10 or less, high-intensity proton beams
are required to improve over the current results [64]. Moreover since the charm and beauty cross-sections steeply
increase with the energy of the proton beam [509, 510], high-energy proton beam lines are preferred with respect to
low-energy ones for producing HNLs with masses above the kaon mass.

The smallness of the HNL couplings implies that the HNLs are also very long-lived (up to ∼ 0.1 s) compared to the
bulk of the SM particles. Therefore the HNL decays to SM particles can optimally be detected only using experiments
with decay volumes tens of meters long followed by spectrometers with particle identification capabilities. The typical
expected signature is a displaced vertex in the decay volume and nothing else. Depending on which mixing angle is
nonzero, decay channels in this HNL mass region include N → `απ, N → ν`+

α`
−
β , N → νπ0 (and other neutral mesons),

etc. In addition to peak searches, it is also valuable to search for specific decays of HNLs [511]. Simultaneous searches
for different final states can allow for enhanced prospects for HNL discovery and potentially distinguishing this new
physics from other similar signatures in experiments at extracted beam lines, such as those from Vector, Pseudo-scalar
or Higgs-Portals.

In the past experiments at extracted beam lines have pioneered the field: After the original proposal to search for
HNL emission in two-body leptonic decays of charged pseudoscalar mesons [12, 13], dedicated peak search experi-
ments have been carried out at SIN/PSI, TRIUMF, J-PARC, BNL, and CERN, as noted in the introduction. In 1984
the PS191 [30, 31] experiment at CERN appears to have been the earliest beam dump to report HNL bounds from the
direct production and decay. Other bounds from past experiments at extracted beam lines come from CHARM [512]
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and NOMAD [513], although these latter limits have now been superseded by a new generation of experiments.
CHARM results have been also recently reinterpreted [33] and their reach extended to include also the coupling to the
third lepton generation.

Today, a lively activity to search for HNLs (and in general for feebly-interacting particles) is going on in all lead-
ing worldwide laboratories provided of extracted beam lines. Among the most stringent bounds for the decays of
heavy neutrinos at extracted beams are recent searches performed at PIENU [24, 25], NA62 [28, 29], T2K [36, 514],
MicroBooNE [515, 516], and ArgoNeuT [517] experiments, whose details are reported in Sections 5.2.1, 5.3.1, 5.3.5,
and 5.3.2, respectively. An even more lively activity is foreseen for the short to long term timescale: Future opportu-
nities at CERN, J-PARC, FNAL, and PSI are discussed in Sections 5.2, 5.3, and 5.5.

Despite the fact that sometimes searches have focused on a variety of model scenarios (e.g. different nonzero
mixing angles with different weights), in presenting the results, we will consider only one nonzero mixing angle at a
time, |Ue4|

2, |Uµ4|
2, or |Uτ4|

2, as it has become the current standard in the community. In the event of a discovery of
an HNL, more thorough, multi-parameter analyses could consider multiple non-zero mixing angles simultaneously.
Beyond this, considering additional interactions among the N and the SM allow for stronger probes in fixed-target
experiments [514] without violating constraints from, for instance, Big Bang Nucleosynthesis (BBN). Moreover,
when considering some extended scenarios, predictive phenomenology can connect constraints/observations in these
experiments with those from other sectors, allowing for additional handles on discovering or constraining a particular
model scenario [271, 289].

After discussing current and future prospects, in Section 5.6 we discuss further prospects in the event of a HNL
discovery. This includes determining whether the HNL is a Dirac or Majorana fermion, and measuring parameters
associated with HNL mixing when they are responsible for the observed light neutrino masses from oscillation exper-
iments. Finally, we will conclude by providing in Section 5.7 the reader with a summary of what could be the status
of the field in 10 and 20 year timescales.

5.2. Opportunities at CERN: NA62, SHADOWS, and SHiP

Leveraging on a long tradition of successful experiments at extracted beam lines (including CHARM, PS191,
NA31, NA48, NA62), the CERN North Area offers compelling opportunities in the future for searching for HNLs in a
region of parameters compatible with the origin of neutrino masses and successful leptogenesis (see Section 2). This
can be done using 400 GeV/c primary protons beam lines slowly extracted from the CERN Super-Proton-Synchrotron
(SPS). In the near to medium term future, the NA62 experiment [321], the NA62-upgrade [518], and the SHADOWS
project [519], both served by the P42/K12 beamline and hosted in the same experimental area ECN3, can search for
HNLs from leptonic and semileptonic decays of either kaons (NA62-upgrade) or charm and beauty hadrons (NA62-
upgrade and SHADOWS) produced by the interaction of a high-intensity proton beam with a dump. The NA62-
upgrade and SHADOWS experiments, running the P42/K12 beam line up to a factor of six higher the current intensity,
are aiming to collect each up to 5× 1019 protons-on-target (pot) in dump-mode (NA62-upgrade and SHADOWS) and
5×1019 pot in kaon mode (NA62-upgrade only) by the end of the High Luminosity LHC era (∼2040 or so). The SHiP
experiment [520] proposed at the Beam Dump Facility (BDF) [521] with a dataset of 2 × 1020 pot can further expand
the physics reach for HNLs between the kaon and beauty masses, pushing the sensitivity further down to the seesaw
bound. In the following three subsections we discuss the opportunities at NA62, SHADOWS, and SHiP.

5.2.1. NA62 at CERN
The NA62 experiment at CERN [321] is focused on the measurement of the K+ → π+νν̄ decay rate to a 10%

precision using the decay in flight technique, and pursues a wide rare kaon decay program. The experiment is served
by the P42/K12 beamline from the SPS. Slowly extracted 400 GeV protons, delivered in 4.8-second spills at a nominal
intensity of 3.3×1012 protons per pulse (ppp), impinge over a 400 mm long beryllium target to obtain a monochromatic
(75 GeV) secondary mixed π+, K+ and p beam. The NA62 Run 1 dataset collected in 2016–2018, corresponding to
2.2×1018 protons on target (pot), has led to the first observation of the K+ → π+νν̄ decay based on 20 candidates [522].
NA62 Run 2 started in 2021, and is approved until the CERN Long Shutdown 3 (LS3). In the longer term, a plan for
a high-intensity K+ decay experiment (NA62-upgrade) to be performed at CERN between possibly LS3 and LS4 is
taking shape [518]. The primary beam intensity in the high-intensity experiment is expected to be four times that of
NA62, and collection of about 5 × 1019 pot is expected by 2038 or so.
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The NA62 experiment has conducted a search for HNL production in the K+ → e+N and K+ → µ+N decays
with the Run 1 dataset [28, 29]. The former search uses the main trigger line designed for the K+ → π+νν̄ decay,
while the latter search is based on the control trigger downscaled by a factor of 400. The analysis represents a peak
search in the reconstructed squared missing mass, m2

miss = (PK − P`)2, where PK and P` are the measured kaon and
lepton 4-momenta. The HNL mass ranges covered are 144–462 MeV in the electron case (complementing PIENU
results for mN < 135 MeV, see Section 5.5), and 200–384 MeV in the muon case (complementing the K+ → µ+N
peak search in the 178–300 MeV range with stopped kaons at BNL E949 [23]). No HNL signals have been observed
in either decay mode, and the corresponding upper limits of the decay branching fractions and the mixing parameters
|U`4|

2 have been established. The sensitivity is limited by backgrounds in both cases; in particular, the K+ → µ+ν
decay followed by the µ+ → e+νν̄ decay in flight represents an irreducible background to the K+ → e+N process.
The exclusion limits at 90% CL obtained with NA62 Run 1 data are shown in Figs. 26 and 27 for electron and muon
couplings, respectively. The NA62 bounds on HNL production are comparable to those obtained from HNL decay
searches at T2K with almost its full dataset [36].

The sensitivity to the mixing parameters |U`4|
2 is expected to improve in future as the inverse square root of the

integrated kaon flux. The projected sensitivities of the K+ → `+N searches at NA62-upgrade [518] are displayed in
Figs. 26 and 27. A search for π+ → e+N decay of the beam pions at NA62-upgrade is expected to improve the PIENU
limits on |Ue4|

2 [24] in the range mN < mπ; the corresponding sensitivity is yet to be evaluated and is not shown.
In the electron case, the gap at mN ≈ mπ between searches in π+ and K+ decays can be covered by the search for
K+ → π0e+N decay, although with a limited sensitivity [523].

The P42/K12 beamline can also be operated in beam dump mode. A switch to beam dump mode is performed by
removing the Beryllium target from the proton beamline. The primary proton beam is then dumped into a pair of 1.6 m
thick movable Cu-Fe collimators (TAX) placed between two pairs of bending dipole magnets. During the standard
data taking in kaon mode, these bending magnets are used to select the momentum of the secondary beam passing
through suitably aligned holes. In beam dump operation, the TAX collimator is used as hadron absorber, while the
pair of magnets downstream the TAX is used to provide sweeping of the secondary muons produced in the TAX. A
sample of 1.5 × 1017 pot was collected by NA62 in beam dump mode during a 1-week long run in November 2021 at
a typical beam intensity of 6 × 1012 ppp, using trigger streams for decays of exotic particles into charged and neutral
particles. NA62 operation in beam dump mode with the goal of accumulating 1018 pot by LS3 has been approved by
the CERN scientific committees [524]; the corresponding sensitivity curves assuming electron, muon, and tau flavor
dominance are displayed in Figs. 26, 27, 28. In the longer term, a collection of 1019 pot in beam dump mode by LS4,
and of additional 4 × 1019 pot after LS4, is foreseen [519]. However the exact schedule and beam sharing between
kaon and dump mode will be a matter of scientific policy, which is why the end-date for collecting the required data
samples varies between 2032 and 2038 in Table 1.

5.2.2. SHADOWS at CERN
A novel experiment, SHADOWS (Search for Hidden And Dark Objects With the SPS), has been recently proposed

within the Physics Beyond Colliders CERN study group6 and the Expression of Interest submitted to the CERN PS
and SPS Committee [519]. SHADOWS aims to use the 400 GeV primary proton beam (P42/K12 beamline) extracted
from the CERN SPS currently serving the NA62 experiment, and will be located in the same experimental hall (ECN3)
in the CERN North Area. SHADOWS will take data off-axis concurrently with NA62-upgrade when the beamline
is operated in the dump mode. In fact HNLs (and in general feebly interacting particles) emerging from the decays
of charmed and beauty hadrons have a non-negligible transverse momentum and therefore can be detected by an
experiment placed off-axis with respect to the direction of the impinging beam on the dump.

The off-axis position allows SHADOWS to be placed very close to the dump, at about 10 m with respect to the
proton interaction point, with the twofold advantage of: i) maximizing the signal acceptance due to the larger flux
intercepted by the relatively small transverse dimensions; ii) minimizing the background that is mostly concentrated
in the forward direction. The SHADOWS current plan, synchronized with that of the NA62-upgrade (Section 5.2.1),
involves running at 4–6 times the nominal P42/K12 intensity (at 2 × 1013 pot per pulse), and collection of 1019 pot
in a year of data taking between LS3 and LS4, and additional 4 × 1019 pot in 3–4 years of data taking after LS4.

6https://pbc.web.cern.ch/
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However, as in the NA62 case, the exact schedule and beam sharing between kaon and dump mode is still to be
defined. Therefore in Table 1 the end-date for collecting the required data sample (∼ 5 · 1019 pot) varies also in this
case between 2032 and 2038.

The current detector baseline consists of a standard spectrometer of 2.5 × 2.5 m2 transverse dimensions with a
∼20 m long, in-vacuum decay volume placed about 1 m off-axis with respect to the beam. The spectrometer comprises
a tracking system with a dipole magnet of 1 Tm bending power, a timing detector, an electromagnetic and (possibly)
a hadron calorimeter, and a muon detector. The upstream face of the decay vessel is instrumented with an active veto.
A second spectrometer of 3 × 4 m2 transverse dimensions and 30 m long decay volume following the first one is still
compatible with the NA62-upgrade operation, and is being envisaged for a future upgrade.

The proton interactions with the dump, along with feebly-interacting particles, give rise to a copious direct produc-
tion of short-lived resonances, pions and kaons. While the dump thickness (22 λI) is sufficient to absorb the hadrons
and the electromagnetic radiation produced in the proton interactions, the decays of pions, kaons and short-lived res-
onances result in a large flux of muons and neutrinos. Muons and neutrinos from the dump are the two major sources
of background for FIP searches. For an off-axis detector, however, the background originated by neutrino interactions
with the residual air in the in-vacuum decay volume or the detector material is negligible as the large majority (those
emerging from the decays of pions and kaons) is intrinsically produced in the forward direction. The most relevant
backgrounds for SHADOWS are those originated by the beam-induced muon flux. Leveraging on the fact that off-axis
muons have a much lower momentum than those on-axis (typically below 15 GeV for off-axis muons against up to
400 GeV for on-axis muons), a magnetized iron block placed in front of the SHADOWS decay vessel should be able
to reduce this background to a manageable level. Preliminary studies are very promising.

The projections for the 90% CL exclusion limits on HNL couplings corresponding to 5 × 1019 pot assuming
electron, muon and tau flavor dominance are shown in Figs. 26, 27, 28. The addition of a second spectrometer is
equivalent to the increase of the proton intensity by a factor 2–5, depending on the value and type of coupling and
the considered mass range. These results do not include trigger, reconstruction, and selection efficiencies. However,
realistic estimates obtained in a similar spectrometer as NA62 show that the inclusion of such efficiencies would
reduce the available dataset by at most a factor of two.

SHADOWS is currently under review by the SPS Committee at CERN. It aims to be installed during the LS3
(2026–2028) and take data in Run 4. It is fully compatible with the NA62-upgrade operation, and is complementary
to NA62 in the HNL physics reach: NA62 is mostly sensitive below the kaon mass, while SHADOWS is sensitive
mainly between the kaon and the beauty masses. The relatively small dimensions and the use of existing beamline,
experimental area and related infrastructure make SHADOWS a relatively cheap, compelling, and competitive project
for HNL searches in this decade.

5.2.3. SHiP at CERN
The Search for Hidden Particles (SHiP) [525] is an experiment that would be placed at a proposed general-

purpose intensity-frontier facility, called the Beam Dump Facility (BDF). SHiP is designed to probe a variety of new
physics models containing long-lived particles with masses in O(10 GeV) range and has unique potential for the HNL
searches.

SHiP will be served by the SPS accelerator, exploiting the additional 4 × 1019 protons at 400 GeV per year that
is not exploited by any experiment since the decommissioning of the CNGS facility. The experiment consists of a
large density target [526–528], followed by a hadron stopper, and an active muon shield based on the magnetic deflec-
tion [529]. Downstream the muon shield, there is the Scattering and Neutrino Detector (SND), designed for studying
scatterings of neutrinos and dark sector particles. Next to the SND there is the Hidden sector decay volume, which is
a pyramidal frustum with a length of 50 m and upstream dimensions of 2.2 × 4.5 m2 located on-axis approximately
45 meters downstream the center of the target. The decay volume ends by the Hidden Sector Decay Spectrometer
(HSDS), consisting of straw trackers, spectrometer magnet, timing detector, EM calorimeter and the muon system.
HSDS allows studying decays of hidden sector particles. It reconstructs the decay vertex of hidden sector particles,
measures their invariant mass, and identifies decay products.

The background for decays, including the muon combinatorial background, muons and neutrinos DIS events in the
detector material, is efficiently suppressed by the combination of the target configuration, the hadron stopper, the muon
shield, HSDS surrounding background tagger, and HSDS timing detector. Full Monte Carlo numeric simulations
performed with the help of the full MC suite called FairShip (based on the FairRoot software framework [530]),
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supplemented by the measurements done in test beam on the detector prototypes have shown that the background
yield expected during the working time of the SHiP experiment is < 0.1 for fully reconstructed signals and 6.8 for
partially reconstructed signals. The latter may be easily eliminated by requiring the invariant mass of the reconstructed
tracks to exceed 100 MeV [525].

The SHiP experiment has a perfect potential to probe HNLs with masses above the kaon mass, being complemen-
tary to the experiments optimized to search for HNLs produced in decays of long-lived kaons, such as DUNE and
NA62 in the kaon mode. Indeed, first, kaons produced at SHiP would get mostly absorbed by the hadron stopper (see
however [449] discussing the sensitivity of SHiP to HNLs from kaons). This allows for background-free searches
for partially reconstructed signals from decays of HNLs. Second, the main production channels of HNLs in the mass
range mK < mN < mB are decays of D and B mesons. Due to the large intensity of the protons at SHiP, around
3 × 1017 of D mesons and 5 × 1013 of B mesons would be produced [531]. Their angular distribution is peaked in the
far-forward region, and hence most of them fly within the geometrical acceptance of HSDS, providing the maximal
geometric acceptance for HNLs.

The analysis of the SHiP sensitivity to HNLs has been performed in [448]. The signal, decays of HNLs into at
least two charged particles, has been modeled by full MC simulations with the help of FairShip, with the detector
response simulated by GEANT4 [532]. The 90% CL sensitivity regions for the setup with 2 × 1020 pot for the case of
the pure e, µ, τ mixings are shown in Figs. 26, 27 and 28. The sensitivity to the HNLs with arbitrary mixing pattern
may be calculated using a script [533]. To summarize, SHiP may probe the HNL mixing angles down to U2 ∼ 10−10

in the region mN < mDs , and U2 ∼ 10−8 in the region mDs < mN < mB.

5.3. Opportunities at FNAL and J-PARC: Neutrino-Beam Experiments
Many neutrino experiments, both those currently operating and those in the planning stages, have demonstrated

powerful sensitivity to HNLs with masses between 1 MeV and 2 GeV. This comes about from the intense proton beams
that are used to produce intense neutrino beams. The neutrino beams are the byproduct of the decays of charged SM
mesons, including π±, K±, D±(s), etc (the exact makeup of which mesons are produced depends strongly on the energy
of the incident proton beam). For HNLs with small mixing, there is the possibility that one can be produced in rare
meson decays, e.g., K+ → µ+N with a decay width proportional to |Uµ4|

2, in lieu of the process K+ → µ+νµ.
Accelerator neutrino experiments are (typically) equipped with near detectors that are used to monitor the neutrino

flux and measure neutrino cross section properties, which are then used for extraction of information when combined
with far detector measurements. However, these near detectors, typically located within a few hundred meters of the
proton-beam target, can be used for searches for displaced decays of the metastable HNLs.

The main backgrounds to these searches come from SM neutrino–nucleon scattering events in which the hadronic
activity at the vertex is below threshold, see e.g. [447]. Charged-current quasi-elastic events with pion emission from
resonances are background to the semi-leptonic decay channels. Moreover, mis-identification of long pion tracks
as muons can constitute a background to three-body leptonic decays. Neutral pions are often emitted in neutrino
scattering events and can be a challenging background for HNL decays that include a neutral meson or channels with
electrons in the final state. However, the possibility of using gaseous detectors, e.g., the one proposed for the DUNE
Near Detector complex [534], has been explored as well [535]. The signal rate of HNL decays scales like the volume
of the detector, whereas neutrino-scattering backgrounds scale with its mass – this implies that for similar-volume
gaseous detectors, the signal-to-background ratio will scale inversely with the density. Finally, neutrino-nucleus
scattering backgrounds can also be suppressed using timing information.

HNL searches with the current generation of neutrino experiments are led by T2K ND280 at J-PARC and Ar-
goNeuT at Fermilab, and the results are discussed in Sections 5.3.1 and 5.3.2, respectively. Upcoming experiments
have great sensitivity in searches for neutrino-portal particles, much in the same way that the existing searches have
operated. These next-generation experiments additionally offer excellent particle identification capabilities, allowing
for searches of a variety of final states of N decays simultaneously. Recent sensitivity studies have been carried out
for T2K-II/HyperK near detectors at J-PARC, the Fermilab SBN detectors [536] and DUNE Near Detector com-
plex [447, 535, 537–539]. They are detailed in Sections 5.3.4, 5.3.5 and 5.3.6, respectively.

5.3.1. T2K at J-PARC
T2K (Tokai-to-Kamioka) [540] is a long-baseline neutrino experiment located in Japan with the primary goal of

measuring muon (anti-)neutrino oscillations using Super-Kamiokande as its far detector. The T2K neutrino beam is
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produced at the J-PARC center (Tokai, Ibaraki) by colliding 30 GeV protons on a graphite target. The produced pions
and kaons are focused and selected by charge with magnetic horns and subsequently decay in flight to neutrinos.
Depending on the polarity of the current in the horns, the experiment can be run either in neutrino or anti-neutrino
mode. The near detector ND280, located 280 meters from the proton target, is composed of several sub-detectors, in
particular three time projection chambers (TPCs) filled with Argon gas [541] and two scintillator-based fine-grained
detectors, surrounded by an electromagnetic calorimeter and a 0.2 T magnet.

The HNL search was performed by considering their production from kaon parents (K± → `±αN, α = e, µ) and
subsequent decay in ND280 [36]. T2K data from November 2010 to May 2017 were considered for a total of 1.86 ×
1021 pot (∼2:1 of neutrino to anti-neutrino mode). All the possible decay modes N → `±π∓ and N → `±`∓ν were
considered, including the neutral current decay modes N → e+e−ντ and N → µ+µ−ντ that are directly sensitive to the
mixing element U2

τ . Production and decay branching ratios were extracted from [542], and effects related to heavy
neutrino polarization [543] and delayed arrival time (with respect to light neutrinos) are also taken into account.

In order to significantly improve the signal to background ratio, only events occurring in the TPC gas volume
are considered for this analysis. Events are selected by identifying two tracks of opposite charge originating from a
vertex in a TPC, and kinematic cuts are applied. Upstream detector activity is also vetoed. Five signal channels are
then identified based on particle identification (obtained from TPC energy loss): µ±π∓, e−π+, e+π−, e+e−, µ+µ−. The
remaining background events are mainly originating from neutrino-induced coherent pion production on argon nuclei
in the TPC gas, as well as misreconstructed interactions outside the gas e.g., photon conversion.

No events are observed in the defined signal regions, which is consistent with the background-only hypothesis.
Several approaches are applied to obtain final limits on the Uα mixing elements. On the one hand, each produc-
tion/decay mode is considered independently and the corresponding analysis channel is used to put limits on the
associated mixing elements. On the other hand, a combined method has been developed to fit simultaneously all the
heavy neutrino production and decay modes and the ten different analysis/signal channels (five for each beam mode).
The Bayesian framework is using a Markov Chain Monte Carlo to marginalize over nuisance parameters and flat
priors on the mixing elements U2

α are assumed. The limits on U2
e and U2

µ obtained with profiling (setting U2
µ = U2

τ = 0
and U2

e = U2
τ = 0, respectively) are shown in Figs. 26 and 27, while Ref. [36] presents as well marginalized limits

(including on U2
τ ) and constraints in the plane U2

e − U2
µ.

These limits have been recently reinterpreted to extend to lower masses (20 . mN . 200 MeV) in Ref. [514] by
considering N → e+e−νµ decays. The T2K group is currently performing the corresponding analysis including as
well using pion production of heavy neutrinos, and searching for other decay modes, as well as taking benefit of the
increased statistics (a total of 3.8 × 1021 POT has been collected as for February 2022).

5.3.2. ArgoNeuT at FNAL
ArgoNeuT was a LArTPC that operated in the Neutrinos from the Main Injector (NuMI) beam at Fermilab. The

NuMI beam is produced colliding 120 GeV protons on a graphite target, producing mesons that are focused by a
two-horn system and allowed to decay over a 675 m long decay pipe. ArgoNeuT collected data between 2009–2010,
during which time the NuMI beam was operating in antineutrino mode for a total exposure of 1.25 × 1020 POT. The
detector had a target mass of 0.24 ton and an active volume of 40 × 47 × 90 cm3. It was situated a distance of 1033
m downstream of the proton target and 318 m from the NuMI absorber. Finally, it was located immediately upstream
of the MINOS near detector. The MINOS near detector, being significantly larger and also magnetized, can act as a
muon spectrometer (and a muon/pion separator) for particles that exit the ArgoNeuT LArTPC before stopping.

The ArgoNeuT collaboration [517] carried out a search for heavy neutral leptons with nonzero |Uτ4|
2 where the N

are produced in a chain of D meson decays – D±(s) → τ±ντ, τ± → NX± (where X± is one or more SM particles). These
are produced in the NuMI beam and absorber, and then can decay either inside or in front of the ArgoNeuT detector
via N → ντµ

+µ−. With no observed signal, Ref. [517] places a constraint improving on existing searches in this mass
range for tau-coupled N from CHARM [512] and DELPHI [544]. However, in the time since, Ref. [33] demonstrated
that CHARM has sensitivity beyond the reach of Ref. [512], yielding a more stringent constraint than ArgoNeuT.

5.3.3. NOvA at FNAL
The NOνA Near Detector at FNAL has a potential for HNL studies and is briefly assessed here. There have been

comparative studies, before 2018, of the sensitivity to HNL detection with the Near Detector (ND) of the NOνA
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experiment hosted by Fermilab and falling under the general concept of Lightweight Dark Matter [545] The 990 m
distance of the ND to the NuMI target could provide a search for micro-second HNL lifetimes. The acceptance
efficiency into the 300-ton NOνA ND has been estimated to be on the order of 10−4. The main mass range for
the HNL that can be produced by the Fermilab’s NuMI beam extends primarily to 500 MeV from the decay of the
light mesons that make up the secondary beam of NOνA. There is also a possibility for accessing masses up to 2
GeV from the decay of heavier mesons, like the charmed meson Ds, which is produced with 1 µb within the NuMI
beam [546, 547].

The preliminary studies with NOνA ND focused on the first few 1020 POT of exposure and the di-lepton decay
channel for the HNL. The advantage of NOνA ND to leptons is based on its segmented design, the low-Z plastic, and
the advanced PID efficiency used for measuring the NC neutrino interaction signatures. The current upper limit of the
mixing between the electron-neutrino and the HNL in the mass range 100–500 MeV to the SM is no more than 10−7

for an expected HNL yield of O(100) events [548–550]. There are much stronger HNL hadronic and semi-leptonic
decays, still unexplored, within the NOνA existing data set. There can be e-showers surrounded by pion-showers or
purely multi-pion signatures, or combinations of a muon track of high energy with an e-shower. In particular, a muon
with a jet combination is believed to be the strongest channel yet. However, the preliminary NOνA ND studies, before
2018, did no show any competitive sensitivity for these channels. This is mainly due to the lack of magnetic field in
the fiducial volume which compromises any high energy reconstruction efficiency. Also, to a lesser degree, it was due
to the hadronic PID analysis still being in the early development stage.

At the time of Snowmass 2021, though, the NOνA analysis-production of training samples for PID has been
substantially increased and extended. The experience with the use of neural networks along with the maturity of
analysis selections, the understanding of the reconstruction resolution and selections, has matured sufficiently to
warrant a new investment in the sensitivity studies of HNL detection in the NOνA ND. The non-magnetic fiducial
region may still restrict the resolution at high energy signatures, but this is somewhat compensated by the already
existing large data set of detected events, several years ahead of any new detector developments. Analysis of the
existing data set of NOνA can improve the understanding of backgrounds to HNL, further constrain model rates
about the coupling to SM, and strengthen the case for such exotic studies of New Physics studies within the neutrino
experiments.

5.3.4. T2K-II and Hyper-Kamiokande
The reported T2K results [36] are still statistically limited. The experiment will continue taking data up to 2026

(T2K-II phase), with an upgrade of the near detector ND280 [551] complex as well as an increase of the accelerator
beam power, with the aim to collect additional 10 × 1021 POT. The new ND280 detector will in particular embed two
additional TPCs, that will approximately double the active volume available for HNL search. The operation will then
continue in the context of the Hyper-Kamiokande (Hyper-K) experiment [552].

Ten years of Hyper-K operation with a usage of (upgraded) ND280 as a near detector, correspond to statistics
enhanced by a factor of ∼ 30 with respect to current T2K results on HNLs. Scaling the latter based on this factor, we
obtain a sensitivity shown in Figs. 26 and 27. This is assuming the measurement would still be limited by the collected
statistics, which is reasonable given the very low background levels reported in Ref. [36]. Furthermore, additional data
will also allow one to better constrain the backgrounds by using more populated control regions, and improvements
in event reconstruction are also expected that can potentially lead to an increase in the HNL signal selection efficiency
and purity.

5.3.5. The Short-Baseline Neutrino experiments: SBND, MicroBooNE and ICARUS at FNAL
The Short-Baseline Neutrino Program at Fermilab consists of three liquid argon time projection chamber detectors

situated along the Booster Neutrino Beam (BNB), a neutrino beam produced colliding 8 GeV protons on a Be target,
resulting in predominantly pions and kaons that are subsequently focused using a single horn and allowed to decay
over a 50 m decay pipe. The Short-Baseline Near Detector (SBND) is located at 110 m from the neutrino beam origin
and has 112 ton of active mass. The SBND detector is currently being installed, with beam data taking expected
in 2023. MicroBooNE is placed at 463 m downstream the neutrino beam origin and has 85 ton of active mass.
MicroBooNE started beam data taking on October 2015 and finished on October 2021 after accumulating ∼ 1021

POT. ICARUS is located at 600 m from the neutrino beam origin and has 476 ton of active mass, and is finalizing
commissioning.
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The MicroBooNE collaboration published its first results from searching for kaon-decay production of N and its
subsequent decay into a charged pion/muon pair in Ref. [515]. Due to large backgrounds from neutrino scattering
(CC1µ1π), the time structure of the neutrino beam was leveraged to reduce backgrounds and optimize signal searches.
This (null) result leads to a constraint which is relatively weak compared to T2K and other existing constraints. In
addition, MicroBooNE is exposed to the off-axis component of the NuMI beam. MicroBooNE is located at 680 m
and 8◦ from the NuMI target and 100 m and 120◦ from the NuMI absorber. MicroBooNE has also searched for
Higgs-Portal Scalars [553] where the new-physics particle is produced in the absorber of the NuMI neutrino beam.
Ref. [516] reinterpreted this result in the neutrino-portal context and found that it improves on existing constraints in
the 30–150 MeV region, comparable to the results demonstrated for T2K in Ref. [514].

The ICARUS collaboration has recently started to study the physics case and technical feasibility for a dedicated
HNL search using the NuMI beam. The ICARUS detector is located off-axis to the NuMI beamline with an angle of
5.7◦, about 800 m from the NuMI target. The production of HNL mostly comes from charged mesons (i. e. pion/kaon)
decay, with contributions from both decay-at-rest and decay-in-flight. It is expected that the HNL flux will peak at
off-axis angles (due to the mass of the HNLs), whereas the SM neutrino flux drops off significantly at these angles.
This allows for HNL searches to benefit from an increased signal-to-background ratio.

The SBND collaboration is carrying out a sensitivity study for HNLs in the BNB beam. Due to the closer location
of SBND to the beam origin (compared to both MicroBooNE and ICARUS), a search using a delayed trigger window
exploiting the longer time of flight of the HNL, as employed by MicroBooNE [515], is expected to be less effective.
Different strategies must be applied to search for HNL signatures and reduce the neutrino-scattering background, like
the double ionization signature used by ArgoNeuT for dimuon searches [517] or exploit the internal structure of the
proton beam as MiniBooNE did [554]. In order to obtain a realistic estimation of the signal efficiency and back-
ground rejection, SBND is using a full-detector simulation to include the reconstruction effects. SBND is projected
to accumulate between 10 × 1020 and 16 × 1020 POT during its run.

5.3.6. DUNE near detectors at FNAL
The DUNE (Deep Underground Neutrino Experiment) is a long-baseline neutrino experiment using the neutrino

beam delivered by the new LNBF accelerator facility under design and construction at FNAL. This facility will use
120 GeV protons and provide 1.1×1021 POT per year, delivering a neutrino beam with 1.2 MW of beam power. After
a running period of approximately 6 years an upgrade of the beam facility power to 2.4 MW is planned, doubling
the number of POT/year. Both neutrino and antineutrino beams will be provided roughly with equal running times.
The neutrinos are sent to a 40 kton fiducial volume far detector located 1.5 km underground, based in the Sanford
Underground Research Facility in South Dakota, located 1300 km northwest from FNAL.

Closer to the neutrino source will be a Near Detector (ND) complex which, among many other tasks, will monitor
the neutrino flux produced by the facility. Apart from being a neutrino source, the high-intensity beam interactions
with the target constitute also a potential source of HNLs and other new exotic particles, which are produced in par-
ticular in decays of light mesons. With the LBNF beam energy and intensity, the DUNE ND will cover an interesting
and novel search region for decay-in-flight HNL particles with masses up to 2 GeV.

The dominant decay channels into visible final states for HNLs in the low-mass region are: HNL →
eπ, νeµ, νee, νµµ, νπ0, and µπ. The mass range for HNLs up to 2 GeV can be explored in all flavor-mixing chan-
nels. Decay channels for masses above 500 MeV include channels containing heavier mesons and tau leptons (see,
e.g., Table 1 in [447]).

The expected main background to this search comes from SM neutrino-–nucleon scattering events in which the
hadronic activity at the vertex is below threshold, see e.g. [447, 539]. Charged-current quasi-elastic events with pion
emission from resonances are background to the semi-leptonic decay channels. Moreover, misidentification of long
pion tracks as muons can constitute a background to three-body leptonic decays. Neutral pions are often emitted
in neutrino scattering events and can be a challenging background for HNL decays that include a neutral meson or
channels with electrons in the final state.

The DUNE ND [534] will be built in a shallow underground hall located 574 m downstream from the neutrino
beam origin. Currently, it is expected that it will consist of three different components: a 150-tonne LArTPC (ND-
LAr); a magnetized, gaseous argon time-projection chamber surrounded by an electromagnetic calorimeter (ND-
GAr); and a smaller magnetized beam monitor consisting of straw tube chambers and an electromagnetic calorimeter
(SAND). They will serve important individual and overlapping functions in the primary mission of the ND: the precise
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characterization of the neutrino beam energy and composition, as well as vastly improving knowledge of cross sections
and particle yields for neutrino scattering processes in the few-GeV energy region. The two argon TPCs (ND-LAr and
ND-GAr) will be moved laterally off the beam axis for some of the running, as to sample the beam at off-axis angles
to better constrain flux uncertainties. Details on this DUNE-PRISM project are given in [534].
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Figure 22: DUNE sensitivity to Heavy Neutral Leptons with exclusive couplings to the first, second and third lepton
generation and flavor-universal mixing |Ue4|

2 = |Uµ4|
2 = |Uτ4|

2 = |U |2 in the bottom right panel. Sensitivities are
shown for a total of 6.6 × 1021 POT in the first 6 years with the ND-LAr near detector alone (blue lines), and when
another 6 years are added with 1.4 × 1022 POT and having both ND-LAr and ND-GAr present (orange lines). The
detectors are assumed to be 50% of the time on axis and 50% of axis (see text). Solid lines show the sensitivity for
signal plus background estimates, while dotted lines include only signal.

The optimal detector component in this Near Detector complex for HNL studies is the ND-GAr as it has a larger
(decay) volume than SAND and has a gaseous rather than liquid argon medium. [535, 539]. For detectors with a
dense medium a much larger background from neutrino interactions with a similar topology as the signal decays is
expected, reducing its discovery potential. The studies indicate that one can expect about a factor two better sensitivity
for HNLs searches in the gas-based TPC. The LBNF and ND facility are expected to become operational at the start
of the next decade.

Several studies have recently examined the sensitivity for a DUNE-like experimental set-up, all showing the in-
teresting potential for HNL searches below the kaon mass limit, where the anticipated high intensity proton beams
may outmatch those of high-energy beam dump experiments [447, 534, 535, 537–539]. In Ref. [537] only the signal
is studied, based on meson decays generated by PYTHIA. It creates its own neutrino flux from pp collisions. All

47



the other studies make use of officially released neutrino fluxes delivered by the FNAL machine-experiment interface
group [555] – albeit for different versions, as the proton accelerator and neutrino beam-line have been still further op-
timized during the last few years. These flux files have been modified in [535, 538, 539] to replace the quasi-massless
SM neutrinos by massive HNL and change correspondingly the kinematics of these new particles. In Ref. [538] effec-
tive Lagrangians are obtained for both the Dirac and Majorana scenarios, and made available as FeynRules models,
so that fully differential event distributions can be easily simulated.

Ref. [535] highlighted the prospects of ND-GAr for such a study, given both the lower detector density (higher
signal-to-background ratio) and the magnetization, allowing for charge-identification of the HNL decay products.
If an HNL is discovered in a channel where it decays fully visibly, e.g. N → µ±π∓, then measurements of the
respective rates of these two charges, µ+π− and µ−π+ can allow for discrimination between Majorana- and Dirac-
fermion hypotheses for the HNLs and SM neutrinos. With the magnetized ND-GAr and a relatively pure neutrino
beam from LBNF, such discrimination is possible for many HNL masses in ten years of data collection [535].

For the sensitivity studies in this document we follow [539], which includes background estimates and a simple
parametrized detector simulation. The studies have been performed for different scenarios of the total amount of
protons on target (POT), implementation of the background, and selection of the near detectors (ND-LAr + ND-GAr
or ND-LAr only). Compared to the original study in [539] an improved background rejection method has been used.
The study in Ref [539] also includes the effect of the DUNE-PRISM running scheme, and shows that during the
off-axis operation the experiment still has excellent prospects for discovering HNLs. For that study the detectors were
kept on axis for 50% of the time and the rest of the time the detectors were moved laterally and with equal exposure
at 5 different positions: 6 m, 12 m, 18 m, 24 m, 30 m. Fig. 22 shows the sensitivity for a scenario of 6 years of
LBNF with 1.2 MW followed by 6 years with 2.4 MW, corresponding to a total of 2 × 1022 POT for ND-GAr and
1.4 × 1022 POT for ND-GAr, which should have been collected by approximately ∼2040, with the ND-GAr staging
scenario. The results show that DUNE will be very competitive for masses in the region of a few 100 MeV, and can
provide interesting limits also in the higher mass region.

For the summary figures Fig. 26, Fig. 27 and Fig. 28, the scenario of 12 years operation, and including signal plus
background, was chosen, corresponding to the orange solid line in Fig. 22.

A new DUNE study is forthcoming, using the most recent neutrino flux calculations, including the flux corrections
and decays as implemented in Ref. [538], for the signal and backgrounds, and including a parameterized response of
the detectors for smearing of the kinematical variables and particle detection efficiency. Also the neutrino–nucleus
background could possibly be further suppressed exploiting the timing difference between SM neutrinos and HNLs,
if e.g. very fast timing detectors can be included. The use of Machine Learning is another direction which can be
explored, utilizing the very detailed event information recorded by the detectors to select HNL decays. To quantify
these background levels, a detailed simulation study is required to estimate the impact on the detector requirements.

At sufficiently small mixing angles, HNLs will be essentially stable on detector length scales, making their direct
experimental observation difficult. However a recent proposal [556] suggests looking for a deficit in the muon or
electron neutrino charged current events in a neutrino detector near the production point. This method may in principle
allow one to probe mixing angles as low as O(10−5) for low masses (MeV region), it relies on a precise knowledge of
the active neutrino flux coming from the target which has not yet been demonstrated.

5.4. Opportunities at FNAL: DarkQuest

The DarkQuest proton beam dump experiment, a proposed upgrade of the existing SeaQuest/SpinQuest experiment at
Fermilab, has excellent prospects to search for light, long-lived exotic particles [557–560], including HNLs [561]. The
SeaQuest/SpinQuest experiment utilizes part of the Fermilab 120 GeV Main Injector proton beam. The beam impacts
a 5m iron dump, which is immediately followed by a ∼ 20 m spectrometer capable of detecting and precisely measur-
ing µ+µ− final states [562]. The proposed DarkQuest upgrade will install an electromagnetic calorimeter, expanding
its capability to detect additional visible signatures, including electron, pions, and photons [563]. In comparison to
other proton-fixed target experiments, one novelty of the DarkQuest setup is its compact detector geometry and shorter
baseline. Especially for light BSM states with moderate lifetimes, this results in a larger geometric acceptance and ac-
cess to otherwise challenging regions of parameter space. The 5m beam dump dramatically reduces the potential SM
backgrounds, while the remaining SM backgrounds from penetrating neutral SM particles can be further mitigated
by several means, such as additional shielding, vertexing, and topological and kinematical handles. The DarkQuest
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experiment can produce HNLs through meson or tau lepton decay, and detect their visible decay modes over a wide
range of masses below the B meson mass. In Figs. 27 and 28 we display the DarkQuest sensitivity corresponding to 10
HNL signal events for the muon and tau flavor dominance hypotheses, respectively [561]. The reach on the electron
dominance scenario is very similar to the reach for the muon dominance case. These estimates assume the detection
of all HNL decays to visible final states. In each case, two sensitivity lines are presented corresponding to a Phase
I run scenario for 1018 POT and 5m-6m fiducial decay region (solid), which can be achieved on the few years time
scale, and a Phase II run scenario of 1020 POT and 7m-12m fiducial decay region (dashed), which is feasible on the
5–10 year time scale. As argued in [561], it is anticipated that SM backgrounds can be brought down to manageable
levels for both phases of running, provided additional shielding is installed between 5-7 m for Phase II. As we can
see from the figures, particular with a 1020 POT run, DarkQuest has the potential to extend the reach beyond previous
experiments.

5.5. Opportunities at PSI: PIONEER

The PIONEER experiment [564, 565] will carry out a peak search and plans to measure the ratio R(π)
e/µ = B(π+ →

e+νe)/B(π+ → µ+νµ) to an order of magnitude higher precision than the current most accurate measurement, which
is from the PIENU experiment at TRIUMF [566]. In this context, it is important to recall that even if an HNL is too
heavy to be emitted in π+

e2 decay, it will, in general, cause a deviation the ratio R(π)
e/µ from its SM value [12, 13]. Indeed,

the agreement of R(π)
e/µ with the SM prediction has been used to obtain a stringent upper bound on |Ue4|

2 in the HNL
mass range from a few MeV to about 60 MeV [38, 39]. The PIENU and PSI PEN7 collaborations expect to make
further improvements on Rπ

e/µ. The new measurement of R(π)
e/µ planned by the PIONEER experiment at PSI [565] will

yield not only an improved constraint on HNL effects, but also a higher-precision test of e–µ universality [567].
Limits on HNL mixing parameter |Ue4|

2 from the PIENU pion decay experiment (a predecessor of PIONEER),
including results from π+ → e+N peak search in the 62–135 MeV range [24] and a constraint imposed by the R(π)

e/µ
measurement at lower mN values [38, 39, 566], are displayed in Fig. 26, along with projections based on proposed
PIONEER sensitivities.

5.6. Post-Discovery Potential

In the event of discovery of a new neutrino-portal particle, the next step will be to understand its properties and
address a large number of questions – does it have interactions beyond those of mixing with the SM neutrinos, is it
connected to the origin of light neutrino masses, do its interactions preserve or violate Lepton Number? Depending
on the context in which such a particle is discovered, we may approach these questions in qualitatively different ways.

Neutrino-Beam Discovery: In neutrino-beam environments, it is possible to study the possibility of Lepton-
Number Violation (LNV) and whether N is a Dirac or Majorana fermion. This is attainable by measuring the relative
rate of fully-visible decays in a detector, e.g., N → µ+π− and N → µ−π+. If N is a Majorana fermion, then these will
occur with equal probability, whereas if N is a Dirac fermion, only one process can occur (depending on the polarity
of the beam, which must be pure to perform this separation). Ref. [535] demonstrated that for large parts of parameter
space, DUNE ND-GAr (thanks to the magnetization of the detector) can not only discover a new particle N but also
determine, via its decay rates, whether it is a Dirac or Majorana fermion. If N decays in a partially-invisible channel,
then decay kinematics can be used to perform this separation [117, 568–570].

Beam-Dump Discovery: In a complementary way, several well-motivated models may be explored in detail if
the new particle is discovered in a beam-dump scenario. As a specific example, Ref. [122] explored the possibility
of examining a two-quasi-mass-degenerate HNL scenario at SHiP. This could be studied at other beam-dump experi-
ments as well if they are provided by a tracking system that guarantees good momentum and vertex resolutions. This
is the case for example for NA62 in dump mode, SHADOWS, and DarkQuest. Studies at this point in time assume
perfect performance of reconstruction, in identifying decay products and momentum/vertex resolution.

The mass splitting δM in the model of two quasi-degenerate HNLs determines the oscillation length between the
two particles and therefore controls the ratio of lepton number conserving (LNC) and violating (LNV) decays. These
processes may be distinguished thanks to different angular distribution of final particles in decay due to the correlation

7See D. Počanić et al. (PEN), http://pen.phys.virginia.edu/ (2006).
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between the helicity of the HNL and the charge of the initial lepton produced together with the HNL [122]. The
required number of events to differentiate between two extreme cases of Dirac-like (only LNC decays observed) and
Majorana-like (equal fractions of LNV and LNC) HNLs is shown in Fig. 23 for the SHiP case. In addition, SHiP
may offer a unique opportunity to probe the mass splitting in the intermediate regime, when the oscillation between
the two HNLs may be observed explicitly on the scale of the experiment, which corresponds to δM ≈ 10−6/τ with τ
being the proper time of the HNL before decay. The oscillation pattern in a simulated data is shown in Fig. 24.
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Figure 23: SHiP sensitivity to lepton number violation for HNLs with pure electron (a) or muon (b) mixing. Thick dashed line is the required number
of events to differentiate between the models of Dirac and Majorana-like HNLs. Gray dashed lines represent the number of fully reconstructable
events at SHiP for given mass and mixing angle. The figure is taken from [122].

Additionally, beam-dump experiments may measure the various mixing parameters (i.e. the ratio U2
e : U2

µ : U2
τ ),

specifically in the case where multiple (possibly quasi-degenerate) HNLs exist. This allows for testing whether the
HNL is consistent with being responsible for light neutrino masses as measured by oscillation experiments and could
distinguish between the (NH) and inverted hierarchy (IH) of neutrino masses. The SHiP sensitivities at 1σ and 2σ CL
in the (xe, xµ) plane (with xα = U2

α/U
2) for a simulated data corresponding to the average 100 or 1000 HNL decays

are shown in Fig. 25, together with the regions consistent with NH and IH from Ref. [571]. Here, the two HNLs are
assumed to have mixing angles that differ negligibly, which requires them to have the total mixing angle sufficiently
larger than the seesaw bound. This is correct for the assumed number of events at the SHiP experiment. Detection
efficiencies of all decay modes are assumed to be equal.

Kaon-Decay Discovery: Finally, if a new particle N is discovered by studying kaon decays, e.g., K+ → µ+N
using the missing-mass technique, there is the possibility that N is relatively short-lived and its properties can be
studied by the same detector. If N can decay via LNV physics, it could subsequently decay into another positively-
charged muon and other particle(s). Identifying signatures in the detector such as K+ → π−`+`+ [572–575], which
represent a clear pattern of LNV, allows for not only the discovery of the HNL but also the determination of the nature
of the neutrino mass.

5.7. Conclusions
This section has focused on the prospects of discovering HNLs in the coming one or two decades in fixed-target

environments. This broad category includes many currently-operating and next-generation experiments, each with
various approaches and physics goals (many of which are orthogonal to these beyond-the-Standard-Model searches).
We have broadly categorized these searches based on their experimental apparatuses, divided into searches from rare
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Figure 24: The oscillation pattern observed in simulated data for the model of two HNLs with average mass MN = 1 GeV, mass splitting
δM = 4 · 10−7 eV and pure muon mixing with the mixing angle U2

µ = 2 · 10−8. The figure is taken from [122].

Xe=0.33
Xμ=0.33

N=100
x
e

b=0.3

xμ
b=0.42

0.1 0.3 0.5 0.7 0.9

0.1

0.3

0.5

0.7

0.9

U
e

2/U2

U
μ2
/U
2

Nobs =73

n
b=91.5

1σ
2σ

NH IH

Xe=0.33
Xμ=0.33

N=1000
x
e

b=0.34

xμ
b=0.34

0.1 0.3 0.5 0.7 0.9

0.1

0.3

0.5

0.7

0.9

U
e

2/U2

U
μ2
/U
2

Nobs =811

n
b=982.42

1σ
2σ

NH IH

Figure 25: 1σ (blue) and 2σ (orange) confidence regions in (U2
e /U

2,U2
µ/U

2) plane computed using simulated data for an HNL with mass MN =

1 GeV, ratio U2
e : U2

µ : U2
τ = 1 : 1 : 1 (red point), and expected 100 (left) or 1000 (right) events with HNLs. Green point represents the best-fit

ratio for the simulated data. Nobs is the number of detected events (excluding invisible N → 3ν) and n̄b is the best-fit value for the total number of
events.

kaon decays, beam-dump setups, and searches in neutrino-beam environments. Figs. 26, 27, and 28 summarizes the
capabilities of these searches for the different coupling scenarios (electron, muon, and tau coupling dominance) in the
next two decades. Here we observe not only complementarity amongst the different fixed-target probes, but also when
comparing with the other types of searches discussed throughout this work. Fixed-target searches offer some of the
most promising sensitivity to discovering HNLs in the near future.

Fixed-target searches additionally have more to offer – in the hopeful event of an HNL discovery, there is the
potential to study the HNL’s (or HNLs’) properties. This includes, but is not limited to, studying the mixing pattern(s)
of the HNL(s) to determine if there is a connection to the observed light neutrino masses, as well as determining
whether Lepton Number is conserved or violated, or equivalently, whether neutrinos and HNLs are Dirac or Majorana
fermions. Either of these observations would revolutionize particle physics, and fixed-target environments are capable
of carrying out these studies, as we discussed in Section 5.6.

Finally, we conclude this section by including Table 1, a summary of the searches considered here with com-
parisons of the technologies, dimensions, and plans of operation. In the “MicroBooNE” row, we give two sets of
numbers for the distance from the protons-on-target to the detector and the number of protons-on-target collected,
corresponding to the BNB and NuMI-Dump searches discussed above in Section 5.3.5. The figures provided for the
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different searches allow one to compare future prospects of HNL discovery and potential follow-up studies. We note
the variety of beam energies, worldwide locations, and detector technologies – in the event of a discovery of HNLs in
one experiment, confirmation in others will bolster this new-physics case.
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Figure 26: Heavy Neutral Leptons with coupling to the first lepton generation. Filled areas are existing bounds from:
PS191 [31], CHARM [576], PIENU (peak searches [24] and bounds at low masses [38, 39, 566]), NA62 (KeN) [28],
T2K [36], Belle [577]; DELPHI [544], ATLAS [327] and CMS [340]. Colored curves are projections from: NA62-
dump [405], NA62 K+ decays (extrapolation obtained by the Collaboration based on [28]), PIONEER [565], SHAD-
OWS [519], DarkQuest [561], SHiP [448], DUNE near detector (projections based on methods developed in [539]),
and Hyper-K (projections based on [36]). The BBN bounds are from [445] and heavily depend on the model assump-
tions (hence they should be considered indicative). The seesaw bound is computed under the hypothesis of two HNLs
mixing with active neutrinos.
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Figure 27: Heavy Neutral Leptons with coupling to the second lepton generation. Filled areas are existing bounds from:
PS191 [31], CHARM [576], NA62 (KµN) [29], T2K [36], E949 [23], Belle [577]; DELPHI [544], and CMS [340].
The “low mass bounds” label refers to a set of results obtained from π and K decays, as detailed in Ref. [39], namely
a PIENU result [25] and Kµ2 results at KEK [22, 578]. Colored curves are projections from: NA62-dump [405],
NA62 K+ decays (projections obtained by the Collaboration based on [29]), SHADOWS [519], DarkQuest [561],
PIONEER [565], SHiP [448], DUNE near detector (projections based on methods developed in [539]), Hyper-K
(projections based on [36]), T2K low mass [514]. The BBN bounds are from [445] and heavily depend on the model
assumptions (hence should be considered only indicative). The seesaw bounds are computed under the hypothesis of
two HNLs mixing with active neutrinos.
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Figure 28: Heavy Neutral Leptons with coupling to the third lepton generation. Filled areas are existing bounds
from: CHARM [576] (recasted in [33]); Belle [577]; DELPHI [544]. Colored curves are projections from: NA62-
dump [405], SHADOWS [519], DUNE (projections based on methods developed in [539]), DarkQuest [561], and
SHiP [448]. The BBN bounds are from [445] and heavily depend on the model assumptions (hence should be con-
sidered only indicative). The seesaw bounds are computed under the hypothesis of two HNLs mixing with active
neutrinos.
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6. Atmospheric and Solar Searches

Solar and atmospheric neutrinos are ever-present natural sources of neutrinos that extend up to ∼ 20 MeV and
∼100s of GeV respectively. The Sun represents the most intense source of neutrinos outside the laboratory by far, and
supplies a mutli-flavored flux of neutrinos at the Earth’s location due to the MSW effect and neutrino oscillations. In
the case of atmospherics, the flux is roughly flat for Eν . 1 GeV, and then falls like a power law. Atmospheric neutrino
oscillations result in a highly “flavor mixed” flux, much like solar neutrinos, albeit one with substantial energy-flavor
correlations. Both of these natural neutrino sources are therefore an incredibly powerful resource with which to search
for e-coupled, µ-coupled, and τ-coupled HNLs. Combined with their naturally abundant fluxes, this makes both solar
and atomspheric neutrinos a powerful resource with which to search for HNLs.

The relevant phenomenology is conveniently organized by the HNL’s decay length. Taken together, solar and
atmospheric neutrino searches are capable of probing HNLs whose decay length can vary over orders of magnitude
ranging from 108 km to 10′s of meters or less. This remarkable variability in length scales stems from the fact that:
i) the solar neutrino flux is sufficiently well measured that indirect recoil measurements are possible; ii) the Sun is
∼ 1.5 × 108 km from the Earth; iii) decay lengths satisfying R� � λ & R⊕ can be efficiently probed by taking
advantage of upscattering inside the Earth; and iv) decay lengths that are sub-detector scale, i.e. . 10 m, can leave
so-called “double bang” signatures inside detectors which have low backgrounds. Combining all of these techniques
allows one to probe a wide region of parameter space.

In what follows we work from the longest decay lengths to the shortest ones, emphasizing mass ranges which
are best probed by solar and atmospheric neutrinos. Phenomenology differs considerably when one contrasts a mass-
mixing vs. dipole portal both because the decay length’s dependence on the HNL mass is parametrically different,
and because scattering cross sections have different behaviors in the two cases. Since both atmospherics and solar
neutrinos have sub-GeV energy scales, the dipole portal is “relevant” despite being a dimension-5 operator because
it competes with the Weak interaction which is a dimension-6 contact operator at low energies. For this section
we therefore treat the conventional mass-mixing portal, and the less conventional dipole portal on equal footing.
This also serves as a useful guide that facilitates an understanding of how model dependent details can affect the
phenomenology.

6.1. Modified Recoil spectrum:

Independent of the HNL decay length one can search for HNLs by searching for deviations from the expected
recoil signatures in νXSM scattering, where XSM is some convenient SM target. The relevant experiments can be
classified as those with XSM = e (electron recoil) and those with XSM some nucleus (nuclear recoil). Electron recoils
have Te ∼ Eν whereas nuclear recoils have TA ∼ E2

ν/(2MA) where T is the kinetic energy. Electrons are therefore the
natural choice for low-mass HNL searches with Borexino, and its unparalleled ability to map out the solar neutrino
flux, serving as the flagship experiment. Low threshold dark matter direct detection datasets can also be repurposed
to set constraints on νA→ NA scattering.

Famously, this kind of signature sets the neutrino floor for dark matter direct detection experiments. An observa-
tion of coherent elastic neutrino nucleus scattering (CEvNS) has not yet been achieved using solar neutrinos, and so
mass-mixing portals cannot be probed with nuclear recoil data. As we will discuss below, the electron recoil spectra
have been successfully leveraged for dipole portal interactions, and supply leading constraints at low masses.

To the best of our knowledge, the first proposal of this type was made in [579] where a neutrino dipole portal was
investigated in the context of the XENON dark matter experiment. The authors of [579] discussed possible nuclear-
recoil signatures and found sensitivity at lower masses that was competitive with accelerator based experiments. Later
it was realized that direct electron scattering, rather than nuclear recoil spectra, could yield more stringent results
[580].

It may be possible to constrain e.g. τ-flavored HNL mixing with solar neutrino observation. Constraints based on
spectral shapes may be derived by performing a binned log-likelihood fit to a detector’s binned detector spectrum. It is
interesting to note that in addition to τ-flavored HNL mixing, solar neutrinos may also provide competitive constraints
on µ-flavored mixing for mN ≤ 2me because below this threshold N → νe+e− becomes kinematically forbidden. This
interesting line of inquiry requires further study.
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6.2. HNLs decaying en route from the Sun:

Indirect searches for HNLs make no assumptions about the lifetimes or decay products of an HNL and so corre-
spond to the infinite lifetime limit in our discussion. We now turn to the largest, but finite, lifetimes of interest which
is set by the distance between the Earth and the Sun. If HNLs are produced in the solar interior then they may exit the
Sun, and decay in the intervening distance between the Sun and the Earth. Alternatively, they may be so long lived
as to have an O(1) survival probability to reach Earth and their decays may be searched for inside the volume of a
neutrino detector.

This idea was first sketched in Ref. [581], in which the HNLs are produced in the Sun and then decay to e+e−ν
outside the Sun where they can exceed the limit on the inter-planetary positron flux. More recently, Borexino has set
limits on HNL mixing with electron neutrinos by searching for e+e− pairs in their detector [582]. Their null results
set leading constraints on UeN in the few-MeV regime. More recently Hostert & Pospelov have derived constraints on
HNL mixing using KAMLAND and Super-Kamiokande data searching for anti-neutrinos via. inverse β decay [583].
It is important to emphasize that in contrast to the solar neutrino flux at Earth, HNLs produced in the Sun’s interior
arrise only via UeN mixing, and so cannot probe UµN or UτN . No analgous such search strategy has been developed
for dipole portal interactions, however work is ongoing to research this possible signatures [584].

6.3. Upscatter in earth:

The next relevant length scale is the radius of the Earth itself, R⊕ = 6563 km. When HNL decay lengths are
long relative to the dimensions of an experiment, it is rare for an HNL to decay within a fiducial volume. If HNLs
are produced via upscattering inside the Earth, however, a long decay length also supplies a large volume of material
on which a solar or atmospheric neutrino can upscatter. The large column density of scatters n⊥ ∼ nλ and the small
probability of decay `/λ (with n an average density, λ the decay length, and ` a detector length), cancel against one
another making the rate of energy deposition inside detectors roughly independent of the decay length.

This idea was first pursued in [37, 585] where limits on HNLs with masses less than 18 MeV were derived for
both dipole and mass-mixing portals. In the mass mixing case decay lengths were so long, λ ∼ 106 km, that only the
τ-coupled HNLs were probed in new regions of parameter space. For the dipole portal, solar neutrinos were found to
provide leading limits for e-coupled, µ-coupled, and τ-coupled portals. The bounds in [37, 585] rely on a semi-analytic
approach that is tailored to solar neutrinos, and a conservative rate-only estimate of experimental sensitivities. The
constraints on the dipole portal from solar neutrino upscattering, followed by decays at Borexino is plotted in Fig. 29.

In [586] this idea was extended to atmospheric neutrinos, whose analysis is considerably more involved and
demands a numerical treatment owing to the broad band nature of the atmospheric neutrino flux and the necessity
to model neutrino oscillations. A full Monte Carlo implementation has been developed, and new constraints on both
dipole and mass-mixing portals derived. The qualitative features mirror the solar neutrino analysis but extend to higher
masses.

6.4. Production in atmospheric showers:

The upscattering mechanism of the previous section is highly efficient if decay lengths are hundreds, or thousands
of kilometers. For decay lengths satisifying λ . 5km, direct production in the upper atmosphere can serve as a useful
tool with which to search for HNLs. The same cosmic-ray collisions with the Earth’s atmosphere which sources the
atmospheric neutrino flux, may itself be a site of HNL production [33, 587–589]. Predictions are complicated by the
fact that the atmosphere is thick and diffuse such that HNLs are produced at varying heights, and for decay lengths
that are commensurate with the thickness of the atmosphere may decay prior to reaching underground detectors.

6.5. Double bang:

Finally, at decay lengths which are smaller than a detector, one may observe both production and decay of an HNL
within the same detector volume. Ultra-high energy tau neutrinos produce similar phenomenology, dubbed “double-
bang” events at the IceCube experiment. In [590] it was proposed that a low-energy class of double-bang events could
be produced by HNLs.

At the time it appeared that tau-mixing could be better probed via double-bang events at IceCube than any ter-
restrial search for GeV-scale HNLs. However since then old CHARM data was found to provide strong bounds on
tau-mixing [33] at the GeV-scale.
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FIG. 3: Expected potential to constrain magnetic moments leading to the transitions ⌫⌧ �N (left panel) and ⌫µ �N (right panel) at IceCube.
In the region enclosed by the solid contours, at least one DB event would be expected at IceCube, for a data taking period of six years. The
shaded regions are disfavored by previous experiments, see text for details.

section1, using as “typical” values of E⌫ and Er the ones in
Table I. For NOMAD [26] we use the results from Ref. [27], in
which the rate of Primakoff conversion ⌫µ+X ! ⌫s+X(+�)
(where X is a nucleus) was used to constrain the transition
magnetic moment.

The ALEPH constraint on the branching ratio BR(Z !
⌫N ! ⌫⌫�) < 2.7 ⇥ 10�5 [30] translates into the bound
|U↵4|2(µtr/µB)2 < 1.9 ⇥ 10�16 [31], for mN below the Z
boson mass and ↵ ⌘ e, µ, ⌧ . It can be evaded by requiring a
very small mixing with the active neutrinos; however, saturat-
ing the bound from direct searches on the mixing |U⌧4|2 gives
the strongest possible constraint from ALEPH data, which is
competitive in the mass region mN & 5 � 10 GeV.

Additional bounds on µtr can also be derived from cosmol-
ogy. In the SM, neutrino decoupling takes places at temper-
atures T ⇠ 2 MeV. However, the additional interaction be-

Measurement Flavor E⌫ Er mN,max ��exp

Borexino-pp [28] all 420 keV 230 keV 150 keV 0.1

Borexino-7B [28] all 862 keV 600 keV 230 keV 0.1

CHARM-II [29] ⌫µ 24 GeV 5 GeV 140 MeV 0.44

DONUT [24] ⌫⌧ 100 GeV 20 GeV 300 MeV Ref. [24]

TABLE I: Set of past experiments that provide competitive con-
straints on NTMM through measurements of ⌫ � e scattering. For
reference, we list the neutrino flavor and the typical values of E⌫ and
Er used in each experiment, together with the maximum heavy neu-
trino mass allowed by kinematics (given by Eq. (7)) and the reported
precision on the cross section measurement.

1 Neutrino–nucleus scattering would in principle be sensitive to NTMM as
well. However, the approximate bounds derived are not as competitive.
For example, using NuTeV data [25] we find an approximate bound µtr .
10�4µB .

tween photons and neutrinos induced by a magnetic moment
may lead to a delayed neutrino decoupling. This imposes an
upper bound on µtr (see e.g. [32] for analogous active limits).

Our results for the NTMM scenario are shown in Fig. 3.
The shaded regions are disfavored by past experiments as
outlined above, while the contours correspond to the regions
where more than one DB event would be expected at Ice-
Cube, for six years of data taking. The left panel shows the
results for a NTMM between N and ⌫⌧ . Our results indi-
cate that IceCube has the potential to improve more than two
orders of magnitude over current constraints for NTMM, for
mN ⇠ 1 MeV � 1 GeV. The right panel, on the other hand,
shows the results for a NTMM between N and ⌫µ. The com-
putation of the number of events is identical as for ⌫⌧ � N
transitions, replacing the oscillation probability Pµ⌧ by Pµµ

in Eq. (2). Even though current constraints are stronger in this
case, we also find that IceCube could significantly improve
over present bounds.

As a final remark, it is known that operators that generate
large NTMM may also induce large corrections to neutrino
masses, leading to a fine-tuning problem [33]. Nevertheless,
in simple scenarios like the Zee model [34] it is possible to
obtain µtr ⇠ O(10�10µB) between active neutrinos without
any tuning [35]. Moreover, the NTMM operator in Eq. (3)
will contribute to the Dirac ⌫L � NR mass, which is allowed
to be much larger than m⌫ in Seesaw scenarios, for instance.

Conclusions. In this letter, we have studied the potential
of the IceCube detector to look for new physics using low-
energy DB events. The collaboration has already performed
searches for events with this topology at ultra-high energies,
which are expected in the SM from the CC interactions of PeV
tau neutrinos. In this work we have shown how very simple
new physics scenarios with GeV-scale right-handed neutrinos
would lead to a similar topology, with two low-energy cas-
cades that could be spatially resolved in the detector. We find
that IceCube may be able to improve by orders of magnitude
the current constraints on the two scenarios considered here.

Acknowledgements. We warmly thank Tyce de Young

2

particles [22]. Such an indirect production mechanism
costs an extra two powers of the coupling constant, such
that for a neutrino dipole-portal the flux itself scales as
� ⇠ d2 leading to an event rate that scales as R ⇠ d4.
These indirect fluxes are therefore expected to provide
meaningful sensitivity to new physics only at moderately
small couplings.

A seemingly innocuous twist on this latter scenario
is to consider an indirect flux of new particles that de-
cay within a detector rather than scattering against its
constituents. Consider a detector with a characteristic
length scale `, and a particle with a decay length, �, that
satisfied � � `. A long-lived particle is unlikely to decay
inside a finite sized detector, since the probabilitty of de-
cay within a distance ` is, Pdec = 1 � exp[�`/�] and for
� � ` this scales as Pdec ⇡ `/� ⇠ d2. Naively, therefore,
the signal rate in this scenario scales as R ⇠ d4.

The parametric dependence of the signal changes dra-
matically, however, if the indirect flux is sourced by up-
scattering inside the Earth and the decay length satisfies
� ⌧ R� with R� the radius of the Earth. In this case,
the upscattered flux that arrives at the detector is pro-
portional to � such that �⇥ Pdec is independent of � at
leading order in `/�. This can be understood as the ef-
fective column density of targets growing with � in such
a way as to precisely cancel the 1/� penalty arising from
the rarity of decays within the detector. This effect per-
sists until it is saturated by the boundaries of the Earth
after which, rather than being suppressed by a factor that
is O(`/�) the rate is instead suppressed by a factor that
is O(R�/�).

We can make our discussion more concrete by con-
sidering a flux of incident particles on a thick slab of
material of length Lslab which terminates in a detec-
tor as depicted in Fig. 1. If we consider an infinitesi-
mally thin slice of the slab (thickness dz) then the flux
of long-lived particles, N , arriving at the front detector
is d�N = �⌫�nA�⌫!Ne�z/�dz, where z is the distance
from the slice to the detector, nA is the number density of
upscattering targets and �⌫!N is the upscattering cross
section for ⌫A ! NA. Integrating over z we find the flux
at the detector is given by

�N = �⌫�nA�⌫!N

Z Lslab

0

e�z/�dz

= �⌫�[nA�]�⌫!N (1 � e�Lslab/�) ,

(2)

where the quantity in the square braces can be inter-
preted as the effective column density of scatterers along
the line of sight. The rate of decays within the detector
will be proportional to the product of this flux, the area
of the detector, and the probability of decaying within it

Rdec = �NAdet(1 � e�`/�)

⇡ �⌫�VdetnA�⌫A!NA ,
(3)

where we have assumed Lslab � � � `. This can be
compared to the rate of quasi-elastic scattering ⌫X !
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Constraints were obtained by multiplying the solar neutrino
flux by Peµ(E⌫) [28–30].

X⌫ signal events from the direct flux of neutrinos

Rel = �⌫�VdetnX�⌫X!NX . (4)

We have included the label X, because for scattering
events to be visible inside the detector, their energy depo-
sition must be observable as X-recoil energy. Low-energy
nuclear recoils are difficult to observe as compared to
electron recoils, which means that ⌫e ! Ne scattering
often provides better sensitivity. Upscattering off of elec-
trons, however, has a much smaller cross section than
⌫A ! NA. In upscatter-decay scenarios, the nuclear
recoil of a target inside the Earth does not need to be
detected, and so ⌫A ! NA scattering is an ever-present
production mechanism which dominates over ⌫e ! Ne.

Therefore, despite the upscattered flux being indirect
(i.e. sourced by scattering) the event rate is paramet-
rically identical to direct detection (scaling as R ⇠ d2

rather than R ⇠ d4). Furthermore, one can clearly see
a number of avenues via which event rates from upscat-
tered long-lived particles can supersede those of direct
elastic recoil:

1. While both event rates are proportional to the vol-
ume of the detector, Rdec scales with the density
of upscattering targets inside the Earth. The inte-
rior of the Earth tends to be 3-12 times more dense
than detector material.

2. The cross sections entering the two expressions are
different, and the upscattering cross section may
be much larger. For example ⌫e ! Ne (detection)
has a much smaller cross section than ⌫A ! NA
(upscattering).

Figure 29: (Left) Constraints on HNLs with a dipole portal coupling to tau neutrinos. The green curve arises from
the non-observation of low-energy double-bang events at IceCube [590]. (Right) Constraints on HNLs with a dipole
portal coupling to muon neutrinos.The green region is excluded from solar neutrinos which up-scatter to an HNL
inside of the Earth, before decaying at Borexino [37].

However, it turns out that the double bang event topology can also be used to place strong constraints on non-
minimal HNLs [590]. For example, transition dipole moments between active neutrinos and HNLs with a tau-
dominant coupling can be much better probed at IceCube than terrestrial experiments. In Fig. 29 we reproduce
these constraints. A related study has also examined the sensitivity of Super-Kamiokande, Hyper-Kamiokande, and
DUNE to double bang events [591].

The naturally occurring neutrino fluxes from the Sun and atmosphere offer novel sensitivity to HNLs. On the one
hand, the kinetic energy from these neutrinos can be partially converted in HNL rest mass in so-called “up-scattering”
processes in which an incoming SM neutrino inelastically scatters to an outgoing HNL [37, 585, 590, 591]. On the
other hand, the production source of atmospheric neutrinos itself offers additional HNL sensitivity.

7. Cosmological and Astrophysical Searches

Depending on their mass M, HNLs can affect cosmology and astrophysics in various different ways, cf. e.g. [592].
Qualitatively one can distinguish constraints that HNLs must necessarily respect if they exist (Sec. 7.1) and additional
requirements that they would need to fulfill to solve open problems in cosmology (Sec. 7.2).

7.1. Constraints from observations

HNLs may be produced at very high temperatures of the Early Universe and then decay away as the Universe
cools and expands. Sufficiently light HNLs can directly affect the expansion of the Universe by contributing directly
to the radiation density, or by adding radiation via their decay products.

7.1.1. Big Bang Nucleosynthesis and HNLs
The dense and hot early universe provides a natural avenue for HNL production and possible decay. However,

these decays may also negatively impact the successes of standard big bang nucleosynthesis (BBN) [142, 444, 445,
593, 594].

In this context, let us first discuss the case of HNLs that are heavy enough to decay into long-lived mesons such as
π± and K0,± (depending on the mixing pattern, the threshold for π production ranges from mN = mπ + me to mN = mη).

For small lifetimes of these particles, τN ∼ (10−2 − 10) s, the main effect on BBN is the modification of the p↔ n
conversion processes via the inclusion of additional meson-mediated reactions like π−+p+ ↔ n+π0/γ. Since the cross-
sections of these additional reactions are large compared to the weak p ↔ n conversion processes of the SM, even a
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small fraction of mesons that gets injected into the plasma can keep the neutron-to-proton ratio (n/p) close to unity
(n/p) ' 1, which then also influences the subsequently produced helium-4 abundance Yp ' 2(n/p)TBBN/[1+ (n/p)TBBN ]
at some characteristic BBN temperature TBBN. Hence, if the neutron-to-proton ratio gets modified by the decay but
cannot relax back to its SM value of (n/p) ≈ 1/7 once the HNL decay has concluded – and before the weak reactions
freeze out –, meson injection will lead to an overproduction of helium-4 and other light elements, and thus to conflicts
with observations for lifetimes already as small as τN = 0.02 s [445]. For larger lifetimes, HNLs survive until the
onset of nuclear synthesis reactions, and the injected mesons also start to induce hadrodisintegration reactions like
π− + 4He → p + 3n (see e.g. [595, 596] for more general bounds from hadrodisintegration). However, together with
destroying nuclei, mesons still keep (n/p) ' 1. Therefore, as long as HNLs disappear before the decoupling of nuclear
synthesis reactions, i.e. for τN . 104 s, these sizable amounts of free protons and neutrons get bounded in nuclei, thus
still increasing the nuclear abundances compared to their SM values [571, 597].

The BBN constraints on O(GeV) HNLs in models with negligible lepton asymmetry8 in the neutrino sector,
i.e. ην � 1, are summarized in Fig. 30.
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Figure 30: BBN bounds (blue) on GeV scale HNLs for the cases of the pure e (left figure), µ (central figure), and τ mixing (right figure) from [445,
597]. Zero lepton asymmetry in the neutrino sector is assumed. The black dashed line corresponds to the seesaw bound U2

seesaw = 5 · 10−11 1 GeV
mN

.
The lower bound of the blue domain, τN = 104 s, is given by the applicability of the analysis, indicating the time scale at which nuclear reactions
go out of equilibrium. The figures are given from [597]. The light gray region corresponds to the parameter space in which HNLs are produced via
the freeze-in mechanism.

Lighter HNLs that cannot decay into mesons, mainly affect BBN via their decay into high-energy neutrinos or
electromagnetic states and different effects can be dominant, namely (i) an altered n ↔ p conversion rates due to
the presence of additional neutrinos (if the neutrinos are injected after neutrino decoupling), (ii) a modification of the
expansion dynamics of the Universe due to modifications to the Hubble rate or the time-temperature relation, and/or
(iii) the late-time modification of the light-element abundances after BBN via the process of photodisintegration [199,
598–600]. The first two effects can cause an increase in the deuterium and helium-4 abundances for the whole range
of lifetimes from τN & 0.05 s − O(1) s, with a dependence on the HNL mass mN & 10 MeV [444, 597]. The latter
effect instead concerns HNLs with lifetimes > 104 s, and mainly leads to deuterium underproduction and helium-3
overproduction via the dissociation of deuterium (γ + D→ n + p) and helium-4 (γ + 4He→ D + D, . . . ), respectively.
Regarding photodisintegration, the corresponding bounds can be obtained via the public code ACROPOLIS [600–602],
which can be used to model the process of photodisintegration for a wide range of scenarios. The corresponding BBN
constraints for the type-I seesaw model with three right-handed neutrinos and Majorana masses below the pion mass,
are summarized in Fig. 31.

7.1.2. Cosmic Microwave Background
Similarly to BBN, HNLs may affect CMB if surviving until temperatures T ' few MeV. The impact of HNLs

with masses mN & O(1 MeV) and lifetimes below the seesaw bound is indirect – via a change of the helium abundance
and the effective number of ultrarelativistic degrees of freedom Neff. The effect of these parameters on CMB that
cannot be mimicked by a change of ΛCDM parameters within their error bars is the impact on the damping tail of the
CMB spectrum [607].

8Effects from heavy sterile neutrinos on BBN could be modified in the presence of non-negligible lepton asymmetry [594].
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Figure 31: Constraints on the mixing of sterile neutrinos with SM neutrinos. Here, the orange region is excluded by photodisintegration constraints,
which complement the remaining bounds from laboratory constraints (grey), as well as cosmological constraints from [603] (pink), [604] (blue),
and [605] (cyan). This figure has been taken from [199], but the upper bound of the pink region has been recalculated with the lifetime bound
from [606] applied to all mixing patterns.

The impact of short-lived HNLs on Neff has been recently studied in several works [608, 609], where it has been
argued that HNLs with masses mN & 50 − 70 MeV and lifetimes τN . 1 s decrease Neff even if decaying mostly into
neutrinos (see Fig. 32).

The current CMB constraints on HNLs with the pure τmixing from [608] are shown in Fig. 32 (see also [603]); the
case of the pure e, µ mixings is qualitatively similar. They are weaker than the current BBN bounds for masses mN &
30 MeV. Nevertheless, a number of upcoming and proposed CMB missions, such as the Simons Observatory [610]
and CMB-S4 [136], could provide a determination of Neff around the percent-level, which will improve the CMB
bounds.

More broadly, it has long been known HNLs produced in the Early Universe can lead to an overabundance of
matter, directly affecting the expansion rate [611, 612]. For sufficiently long-lived (lifetime & teq) HNLs with a relic
abundance larger than the observed dark matter abundance, this can directly affect the measured value of the Hubble
parameter H0. This is illustrated as a green region in Fig. 33. If these HNLs are abundantly produced but decay before
matter-radiation equality, they do not leave an imprint on H0. However, they may lead to an early period of matter
domination. This can alter the sound horizon at recombination, affecting the location of the CMB peaks, as well as
the BAO peak as observed in the large scale matter power spectrum [603]. Such scenarios can be ruled out be CMB
and LSS data, as shown in in the purple region of Fig. 33.

Finally, heavier HNLs decaying into charged final states after recombination can lead to extra ionization and
heating [613] during the dark ages. Rescattered CMB photons lead to a suppression of the angular power spectrum at
high multipoles, as well as increased correlation in the EE power spectrum for lower `. Including data from Planck and
Lyman-α limits on heating on the intergalactic medium, this leads to a lifetime bound of τ & 1026 s [605]. Translated
to a mixing angle, for HNLs heavier than twice the electron mass, this yields [603]:

sin2 θ & ×10−5

√
192π3

be

(
GeV−2

GF

)2 (
eV
mN

)7

, (22)

where be is the fraction of decays into e+e− pairs. Eq. (22) is valid for lifetimes longer than ∼ 300,000 years,
corresponding to the time of recombination.

Such exotic energy constraints are close to cosmic-variance limited and could be marginally improved by future
CMB experiments such as CORE. However, a precise measurement of the baryon temperature at redshifts 20-25 to
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Figure 32: Parameter space of HNLs with the pure τ mixing. Left panel: the value of ∆Neff = Neff − Neff,SBBN as a function of the HNL mass and
lifetime. Right panel: the current CMB bounds on HNLs.

(δTb ∼ 5 − 10 mK) may reliably improve such constraints by around an order of magnitude [604].Energy injection
before recombination could also lead to µ-type distortions of the CMB spectrum. A future spectral distortion mission
such as PIXIE [614] could help set leading constraints on lifetimes between 106 and 1013 s [604].

7.1.3. HNLs in Astrophysical Settings
In addition, HNLs can be produced in a variety of astrophysical environments, e.g. supernovae [615–617].
Supernovae (SN) may be efficient O(keV) HNL factories. This is thanks to matter-driven enhancement of mixing

angle [618], allowing it even to reach the resonant value θres = π/4 inside particular regions of the SN. Leaving the
resonance region, the produced HNLs freely escape SN, providing an additional mechanism of its cooling which may
lead to shortening of the duration of the active neutrino burst (the main cooling stage). Comparing the results of
observations and theoretical predictions, this might be used to impose constraints for HNL parameters.

The only supernova event occurred sufficiently close to observe the neutrino flux was the explosion of SN1987A.
Three neutrino detectors have reported simultaneous detection of a series of events with electron anti-neutrinos:
IMB [619], Kamiokande II [620] and Baksan scintillator telescope [621]. They have shown that the emission du-
ration was ∆t ∼ 10 s, with characteristic neutrino energy Eν ∼ 10 MeV. This data allows to make an estimate on the
total energy emitted by neutrinos as Eν̄e tot ∼ 3 · 1053 erg, assuming the neutrino flavour equipartition [622]. It fits
the estimate of the gravitational energy of a neutron star as a potential remnant of SN1987a, which defines the total
energy budget of the explosion.

Considering this data, in order to maintain the observed duration of the active neutrino emission, the energy loss
driven by HNLs even during short period of time must not exceed9

EN . 1053 erg/s. (23)

The constraint was numerically justified for SN explosion in models with axions [623] and may be applied to the case
of HNLs, although there are differences of their production mechanism.

The HNL production inside the SN has been studied in the works [617, 624–634]. However, any possible con-
straints are subject of either theoretical uncertainties related to the SN explosion model or lack of experimental data:

9Due to cooling, this emission will be dependent on time and this limit corresponds to the start of it.
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Figure 33: Cosmological HNL constraints based on production via oscillation in the Early Universe. Light green region: excluded due to effects on
the current expansion rate. Purple region: Exclusions based on the effects of an early matter component that affects the sound horizon as observed
in BAO and the CMB. Particles that decay before BBN (hashed region) cannot be constrained with this method. Red and orange lines respectively
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– SN neutrinos observation did not provide the information about the temperature of the SN withing the neutrino-
sphere, where neutrinos are trapped, while HNLs are mostly produced there, see [631].

– There was no direct observation of the SN1987a remnant yet [635, 636].10 Despite the neutron star is com-
monly believed to be the one, there is a probability to have a different remnant which may appear in a different
explosion model [638].

– Most models are either built on toy models of SN explosion or used the results of SM-based numeric simulations
(Core-collapse supernovae model [639, 640]) where the back-reaction from the HNL production on the SN
explosion is either omitted or simplified [641].

– Assuming non-typical supernovae explosion with a various neutrino spectra, limits for total emitted energy
might be extended (see [642]), spoiling the energy-loss argument.

To summarize, the SN explosion data does not allow to set robust bound on HNL parameters from study of SN
explosion at the current status of the problem.

7.2. Solving open problems in cosmology
7.2.1. Leptogenesis and the origin of ordinary (baryonic) matter

As already mentioned in Section 2, the observed baryon asymmetry of the Universe (BAU) is one of the strongest
hints pointing at existence of physics beyond the Standard Model (SM), cf. [643]. Leptogenesis is an attractive solution
to the question of the origin of matter as it connects the observed BAU with the origin of the light neutrino masses. In
this mechanism the same HNLs that are responsible for the origin of the light neutrino masses, can produce the matter-
antimatter asymmetry via their CP violating decays in the early Universe [66]. Among the different realizations,
leptogenesis in the type-I seesaw is by far the most studied one [644], where the SM only needs to be extended by two
or more HNLs. Leptogenesis can also be realised with scalar [645] or fermionic [646] triplets, cf. [647] for a review.

While initial calculations suggested that the mass scale of HNLs needed for leptogenesis is quite high—M ∼ 109

GeV [171], it was soon realized that the mass of HNLs can be as low as the TeV scale in resonant leptogenesis [178],

10However, there is a rising possibility though that it is indeed the neutron star [637].
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or even at the GeV scale in the case of leptogenesis via oscillations [85, 86]. While developed independently, these
mechanisms rely on a similar enhancement, and can be described by the same equations (see e.g. [648]). Together
they are often known by the term low-scale leptogenesis.

Due to the discovery potential associated with such light HNLs, this mechanism has received significant atten-
tion in the past decade. Below we discuss the constraints on the HNL properties of the imposed by the baryoge-
nesis. In the case with two HNLs, their masses should be nearly degenerate, and we denote the common mass
as M. Phenomenologically, one is interested in the maximal size of the HNL mixing angles U2 as a function of
M [87, 91, 129, 132, 152, 155, 158, 159, 180, 649]. The most recent results [91, 92, 159], accounting for the signifi-
cant theoretical progress [186, 188, 191, 194, 195] (cf. also [648, 650]), are shown in Fig. 34.
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Figure 34: Comparison of the ranges of the total mixing angle U2 consistent with both the seesaw mechanism and leptogenesis as a function of HNL
mass M for leptogenesis with two [91, 159] or three [92] HNL flavours in the case of normal neutrino mass ordering (NO). For both vanishing and
thermal initial HNL abundances. The shaded region indicates the region excluded by past experiments [15, 23, 31, 34, 35, 327, 339, 340, 441–443]
(gray), complemented by the updated BBN bounds (light gray) from [444, 445] and the lower bound from the seesaw mechanism (darker gray).
See [91, 92, 159] for details. The various colored lines indicate existing [84, 133, 381, 446, 651] and future [132, 412, 413, 418, 434, 437, 447–449]
experiments that will be able to probe the low-scale leptogenesis parameter space.

In addition to the total mixing angles U2 and masses M various properties of the HNLs (e.g. their mass splittings,
mixing with individual SM flavours, and the amount of LNV) can be probed in direct searches (cf. Sec. 3 and 5) or
indirect probes (cf. e.g. [135]) to constrain the viable parameter space. In particular in the minimal model with two
HNLs the dimensionality of the parameter space is small enough that the combined information from direct search
experiments, neutrino oscillation data, and neutrinoless double β-decay provides a powerful probe of leptogenesis [87,
129, 132, 156, 158, 571], allowing for a full testability at least in part of the parameter space [87, 129], cf. Section 2.3.
Future energy and intensity frontier experiments hence have the potential to unveil the common origin of neutrino
masses and matter in the universe.
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7.2.2. Dark matter
Cosmological and astrophysical measurements indicate that about 25% of the total energy budget of the Universe

does not interact with known particles or emit any light. This phenomenon is known as dark matter [652]. The nature
of dark matter remains an unsolved puzzle. The central hypothesis of today is that dark matter (DM for short) is made
of particles. The only SM particles that could play role of DM are neutrinos. This would require the sum of neutrino
masses to be

∑
i mi ∼ 11.5 eV [653] (clearly violating laboratory [41] and cosmological [654] constraints). Moreover,

the neutrinos would be relativistic during cosmic structure formation, leading to clustering properties inconsistent with
observation [655]. Finally, neutrino DM would violate the ’Tremaine-Gunn bound’ [656] on the phase space density
of DM. Summarizing drawback of neutrino dark matter, one can say that they are “too light” and “too abundant”.
HNLs cure all of these drawbacks, see e.g. [657] for a review, and provide a testable dark matter candidate with reach
astrophysical phenomenology.

HNL DM production models. First, the HNLs’ feeble interactions imply a smaller abundance than SM neutrinos.
This is true for DM produced via mixing with neutrinos [86, 160–164, 658, 659] in the minimal models like νMSM
(Sec. 2.4). Another production mechanism that does not require the introduction of new particles is provided by
Einstein-Cartan theory [216]. Einstein-Cartan theory is a description of gravity which is obtained by gauging the
Poincaré group [660], see e.g., [661] for a review. This theory is equivalent to general relativity augmented by a
universal four-fermion interaction. Dark matter N is produced via the annihilation of the SM particles X + X̄ → N + N̄
at very high temperatures. The momentum distribution of DM produced in this way has a unique form and differs from
both non-resonantly and resonantly produced sterile neutrinos. In this mechanism, the mixing of sterile neutrinos is
not related to their abundance. Moreover, the mass of N can vary in a wide range of values, not being limited by the
keV range and thus avoiding many of the structure formation constraints (see below).

Beyond the minimal HNL models, the particle content of the theory is broader, and thus more production mech-
anisms exist. HNL DM can be produced in decays of heavier particles: neutral scalars [662–665], charged scalars
[666, 667], an additional Higgs doublet [667, 668], vector bosons [669] or fermions [670]. HNLs can also be charged
with respect to new gauge interactions (as in left-right symmetric models) [107, 223, 225, 671], see [672] for the recent
summary. In these cases, the abundance is generically “too high”. However, owing to the presence of extra species,
these models can produce extra relativistic species (“generate entropy”) thus bringing the total HNL abundance to the
dark matter level [673–677].

Probing HNL DM. HNL DM particles can be constrained in a number of ways. Although none of them are
specific for HNL DM, their combination and cross-correlation with the results of ground-based searches may provide
a convincing argument for the detection of the HNL DM.

The phase-space density analysis (similar to that of [656]) leads a lower limit on the HNL DM mass (as on any
other fermionic DM). There are model-independent and model-dependent bounds (see [678] for a general discussion).
The recent updates, based on the improved Jeans analysis of dwarf galaxies can be found in [679].

Structure formation constraints. HNL DM is produced relativistic both in the minimal and non-minimal models.
Therefore, it free-streams out of overdense regions, erasers (or at least modifies) the power spectrum of primordial
inhomogeneities beyond the free-streaming horizon scale [680] and affects the formation of small-scale structures.
Observables in which this can be visible include the Lyman-α forest, weak lensing constraints on the matter power
spectrum, see e.g. [681] or [682] for the recent results, cosmic void properties[683–685], the number of high-redshift
galaxies [686–691], counts of various objects on comparably small scales (galaxy halos, Milky Way satellites) [686,
692–697].

The widely used tool is the Lyman-α data [680, 698–709]. The most crucial result of this analysis is that at
small scales the data show a cut-off as predicted by realistic DM models [701, 702, 710, 711]. However, current
data do not allow to identify the nature of this signal. Indeed, astrophysical effects can strongly intervene at scales of
interest [701, 702, 711]. Most prominently, gas pressure prevents small lines from forming and thermal broadening
also smooths lines [712, 713]. To derive conclusions about the nature of DM this degeneracy must be resolved [702,
711]. Significant improvement in the data quality, better modeling of intergalactic media physics at higher numerical
resolution and the use of novel statistical observables [714] will allow to detect this effect, remove the degeneracy and
obtain a definite result about the nature of DM.

Gravitational lensing (and microlensing) is a promising way to probe the presence of substructures directly
(c.f. [715–727]). The detection of low mass halos within the main lensing halo [see e.g. 728] or along the line-
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of-sight [see e.g. 729] relies on the detailed information contained within the multiple lensed images. A large sample
of lenses together with a robust way to predict the average distribution of sub-halos is required in order to make a
statistically robust prediction.

A promising way to the detection of dark substructures relies on gaps in the stellar streams. Stellar streams are thin
bands of stars lying on trajectories of dissolved dwarf galaxies or globular clusters in the Milky Way halo [730, 731].
Dark subhalos can perturb these streams, leading to the gaps and other features in the streams. Several works have
attempted to use these gaps to infer the number of dark satellites (and thus, constrain DM) [732–736]. However,
gaps can also be created by many astrophysical reasons, including time-varying bar potential or giant molecular
clouds [737–742] making robust constrains challenging. The ambiguity will somewhat be reduced for distant streams,
potentially observable with the next generation of photometric surveys.

Future potentially interesting observations include 21cm [see e.g. 743, 744]. The recent EDGES result demon-
strated a lot of potential power in these observables for the structure formation constraints [745, 746] as well as
uncertainties, associated with unknown reionization history.

The wealth of new cosmological data expected in the coming years as well as methodological breakthroughs will
eventually allow to distinguish “nuisance” astrophysical processes from (potential) effects of DM free-streaming and
thus to infer the nature of DM from cosmological observations. Joint analyses [see e.g. 734, 736, 747] will help to
reduce systematic uncertainties of improper astrophysical modeling in each specific

DM decay line. Weak-like interactions of HNLs together with their mass allow them to decay [473]. The most
interesting channel from a point of view of DM detection is the loop mediated radiative process N → νγ [748, 749],
which predicts a sharp photon emission line from DM regions [659, 750, 751]. The phase-space constraints limit
HNL DM mass to be above O(0.1) keV which means that this line can be detected in X-ray or γ-ray telescopes [752].
The searches for DM decay lines have been extensively done in the last 20 years, with a generic bound for the lifetime
being 1027 − 1028 seconds, see [752] for review.

In 2014 an unidentified feature at 3.5 keV in the X-ray spectra of galaxy clusters [753, 754] as well as An-
dromeda [754] and the Milky Way galaxies [755] was reported. The DM interpretation of this signal has been the
subject of an active discussion within the community ever since, see [657] for a summary. The central point of the dis-
cussion is related to the background modelling [756–759] and statistical interpretation of the data [760, 761]. Similar
uncertainties exist in observations with the NuStar [762–764], for which the 3.5 keV lies at the edge of the sensitiv-
ity interval, making a quantitative estimate of the errors difficult. The preliminary analysis with Hitomi data [765]
demonstrates the power of high-resolution X-ray instruments. It has also excluded astrophysical origin of the 3.5 keV
line [766–769]. Depending on cosmology and theoretical model, the presumed 3.5 keV X-ray signal could correspond
to a sterile neutrino with a mixing testable in upcoming laboratory experiments [770, 771]. The final word in this dis-
cussion will be put by the XRISM instrument [772] that will either detect the line. Additionally, microcalorimeters on
sounding rockets [773] looking into the direction of Galactic Centre may confirm the origin of the line.

In summary: models with HNLs can accommodate dark matter particles in a number of ways. The range of masses
of HNL DM is from sub-keV range to MeV or even GeV (depending on the model/production mechanism). These
models have many observational signatures that allow to probe them with existing and forthcoming astronomical and
cosmological data.

7.2.3. Hubble Parameter
Measurement of the Hubble constant H0, which describes the expansion rate of the Universe, supplies vital infor-

mation about cosmology as well as potential insights about new physics [774]. Discrepancy between the measure-
ments of Hubble constant in the local universe (e.g. Cepheids, Type-Ia supernovae) of H0 = 74.03 ± 1.42 km s−1

Mpc−1 [775] and Planck satellite measurements of CMB and BAO data of H0 = 67.66± 0.42 km s−1 Mpc−1 [43] is at
the ∼ 5σ level [776].

Consider a minimal scenario with a heavy sterile neutrino that primarily couples to the Standard Model through
a mixing sin θ with an active neutrino νa (a = e, µ, τ). Ref. [632] demonstrated that such sterile neutrino with mass
ms ' O(30) MeV decaying just before BBN, predominantly into active neutrinos, can increase the effective number
of relativistic neutrino species ∆Neff and thus alleviate the H0 discrepancy. Intriguingly, the necessary masses and
couplings of the sterile neutrino, assuming it mixes primarily with ντ and/or νµ neutrinos, are within reach of the Super-
Kamiokande as well as upcoming laboratory experiments such as NA62 and DUNE. More so, improved upcoming
measurements of ∆Neff by CMB-S4 [777] will further explore this scenario. As demonstrated by Ref. [594], in the
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presence of non-negligible lepton asymmetry, decays of even heavier sterile neutrinos with mass ms ' 150−450 MeV
can assist with alleviating the Hubble tension.
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8. Executive Summary

Heavy Neutral Leptons are right-handed neutrino partners to the Standard Model active neutrinos. Their existence
can provide elegant solutions to present open questions in fundamental physics such as the origin of neutrino masses,
the nature of dark matter and the observed matter antimatter asymmetry in the Universe. These HNLs, named as such
because they are significantly heavier than the Standard Model active neutrinos, are (quasi) sterile and are produced
through mixing with the active neutrinos. The allowed mass range for these for putative particles is unknown and
spans any value between a fraction of an eV up to the GUT scale. Hence HNLs are searched for with a large number
of complementary experimental approaches, from nuclear decays to the high energy frontier experiments. In this
report we give a survey of existing and new opportunities for the hunt for HNLs in the coming decades, covering the
keV to TeV mass ranges. Moreover, in addition to examining HNLs which only interact via neutrino mass mixing, we
have also surveyed the phenomenological consequences of non-minimal HNLs which have additional interactions.

A novel approach to searching for HNLs involves exploiting energy-momentum conservation in nuclear reactions
in which an electron neutrino or electron antineutrino is involved, such as beta decay and electron capture processes.
Proposed new experiments to probe these processes in the next decade will provide valuable handles to make a
direct search for heavy neutral leptons in the full keV HNL mass range, with coupling sensitivities that will improve
the present experimental reach by several orders of magnitude, in particular when including the envisaged potential
upgrades of these experiments.

Present or future planned or upgraded short baseline experiments have a window to improve the sensitivity for
HNL searches in the mass region of 1-10 MeV. The challenge for these experiments will be to have good handles
on the background control, and ensure dedicated triggers for HNL decays in flight, which would allow to cover a
substantial extension of the present search region in that mass range. We strongly recommend the reactor experiment
community to study and invest in this particular opportunity.

The prospects for discovering HNLs in the coming one or two decades in fixed-target experiment environments
have been examined. This broad category includes many currently-operating and next-generation experiments, each
with various approaches and physics goals (many of which are orthogonal to these beyond-the-Standard-Model
searches). These can be broadly categorized based on their experimental equipment deployed, and can be used to
divide these into searches from rare kaon decays, beam-dump setups, and searches in neutrino-beam environments.
Up to date summary figures show the capabilities of these searches for the different coupling scenarios (electron,
muon, and tau coupling dominance) in the next two decades. Complementarity among the different fixed-target
probes is evident, but also when comparing with the other types of searches discussed e.g. for colliders as discussed
below. Fixed-target searches offer some of the most promising sensitivity to discovering HNLs in the tens of MeV to
few GeV range in the near future.

The LHC and possible future high energy colliders will offer excellent opportunities to search for heavy neutral
leptons. With the full high luminosity event statistics the CMS and ATLAS experiments can potentially reach values
of couplings in the minimal HNL model on |VeN |

2 and |VµN |
2 down to or below 10−7 − 10−8, in the mass region mN

of 5-20 GeV. LHCb will extend the range for lower mass values. One of the issues hindering the reach to smaller
couplings at small mass hypotheses is the decreasing acceptance of the central detectors due to the correspondingly
increasing HNL lifetimes. Current proposals for new experiments at the LHC, made to overcome this limitation, are
grouped in transverse and forward type of detectors. The transverse detector proposals encompass the MATHUSLA,
CODEX-b, AL3X, ANIBUS and MAPP-LLP experiments. These are typically experiments optimized for searches
for observing new weakly interacting neutral particle decays, and placed at distances of tens to more than a hundred
meters away from the new particle production point. Forward detectors, such as FASER, SND@LHC, the Forward
Physics Facility and FACET, are located along the direction of the LHC beam line and are mostly sensitive to the
production of new neutral particles originating in decays of mesons.

These additional detectors will cover an important part of the HNL parameter space, mostly for masses mN less
than 5 GeV, and will be complementary to experiments at high intensity fixed target experiments. The sensitivities
will be reaching values of |VeN |

2 and |VµN |
2 roughly down to 10−8 − 10−9, possibly even lower values, in a mass region

between 100 MeV and 5 GeV. This constitutes a large newly explored region of the HNL parameter space.
In a more distant future a facility like the FCC project could be realized. In terms of searches for HNLs, the

FCC in its different complementary stages, can probe very large areas of the parameter space towards in the tens
of GeV mass region, due to the copiously produced heavy bosons (Z’s at the FCC-ee Z-factory and W’s at a high
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luminosity FCC-hh hadron collider) that are large sources of neutrinos, and covering regions that are not constrained
by astrophysics or cosmology, and are complementary to beam dump and neutrino facilities. Heavy new neutrinos
with masses larger than 10 TeV can be searched for at the high energy frontier at the FCC-hh.

In the event of an HNL discovery, it will be important to study the HNL’s (or HNLs’) properties. This includes,
but is not limited to, studying the mixing pattern(s) and flavor structure of the HNL(s) to determine if there is a
connection to the observed light neutrino masses, as well as determining whether Lepton Number is conserved or
violated, or equivalently, whether neutrinos and HNLs are Dirac or Majorana fermions. Either of these observations
would revolutionize particle physics. In particular fixed target experiments would be in excellent position for such
measurements if the HNLs happen to live in their covered parameter space, but present and future collider detectors
will prepare for this too.

In addition to the terrestrial bounds discussed above, this report also surveyed the landscape of constraints arising
from solar, atmospheric, astrophysical, and cosmological considerations. The solar and atmospheric neutrino fluxes
are large sources of naturally occurring neutrinos which can be utilized for HNL searches. At present, solar neu-
trino up-scattering searches provide strong constraints on minimal HNLs, while atmospheric neutrino up-scattering
provides novel sensitivity to non-minimal HNLs (such as those interacting with a transition magnetic moment). Like-
wise, the presence of HNLs in the early universe can be strongly constrained given that they can disrupt the success
of big bang nucleosynthesis. These cosmological constraints provide complementary sensitivity to HNLs, reach-
ing lower mixing angles than any existing terrestrial constraint. At the same time, to the extent that terrestrial and
cosmological sensitivities overlap, there is the possibility of detecting HNLs which could require modifications to
cosmology.

For most of the future options and proposal given in this report - both for the near and more distant future - first
estimates on the sensitivity for HNL discoveries have been made, and demonstrate the potential HNL parameter space
coverage. Certainly further studies e.g on detector optimization are strongly desirable and needed for this important
physics target. Such studies are encouraged to go beyond the simplest version of the HNL models, covering non-
minimal scenarios.

We make the following recommendations:
Recommendation 1: We very strongly encourage the present experimental developing program to pursue new

ideas and make proposals for HNL sensitive experiments at the current existing accelerator facilities, as well as
continue to explore the hunt for HNLs with already existing detectors and/or upgrades. Some facilities were perhaps
not designed for BSM particle hunt studies per se, but thanks to their high intensity proton source and the newly
planned near detectors that will have excellent resolutions and efficiencies, these will become very competitive and
one should exploit this superb opportunity to “upgrade” the searches for such new particles to become a key part of
these experiment’s baseline physics program.

Recommendation 2: We very strongly recommend that future collider facilities take into account from the start
the strong interest and need for searches for long lived particles in their infrastructure plans. Detector designs should
from the start take searches for HNLs and LLPs in general in their baseline physics targets.

Recommendation 3: In order to facilitate apples-to-apples comparisons, and for simplicity, we encourage exper-
imental analyses to examine sensitivity to the electron-, muon-, and tau-HNL mixing angles separately one at a time.
Of course many other flavor assumptions are possible, and possibly even more realistic. We encourage analyses to
examine scenarios beyond single flavor dominance. For example, a discussion of such new benchmarks is ongoing in
the context of the FIPS workshop series [64].

Recommendation 4: The keV mass scale can be covered using nuclear process and the proposed experiments
are very important to be conducted. We should also make sure to capitalize on the existing and planned (upgraded)
reactor experiments to cover the low MeV mass range.

Recommendation 5: In the aftermath of HNL discovery, the most immediate question will be the experimental
determination of HNL properties. One would like to extract the data-preferred mixing angles and HNL mass, deter-
mine the nature of the quantum statistical nature of the new particles and perhaps stress-test the assumption that the
detection is consistent with minimal HNL couplings.
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[514] C. A. Argüelles, N. Foppiani, and M. Hostert (2021), 2109.03831.
[515] P. Abratenko et al. (MicroBooNE), Phys. Rev. D 101, 052001 (2020), 1911.10545.
[516] K. J. Kelly and P. A. N. Machado, Phys. Rev. D 104, 055015 (2021), 2106.06548.
[517] R. Acciarri et al. (ArgoNeuT), Phys. Rev. Lett. 127, 121801 (2021), 2106.13684.
[518] NA62/KLEVER (2020), 2009.10941.
[519] W. Baldini et al. (2021), 2110.08025.
[520] M. Anelli et al. (SHiP) (2015), 1504.04956.
[521] C. C. Ahdida et al., SPS Beam Dump Facility - Comprehensive Design Study, vol. 2/2020 of CERN Yellow Reports: Monographs (2020),

ISBN 978-92-9083-558-5, 978-92-9083-557-8, 1912.06356.
[522] E. Cortina Gil et al. (NA62), JHEP 06, 093 (2021), 2103.15389.
[523] J.-L. Tastet, E. Goudzovski, I. Timiryasov, and O. Ruchayskiy, Phys. Rev. D 104, 055005 (2021), 2008.11654.
[524] N. Collaboration (NA62 Collaboration), Tech. Rep. CERN-SPSC-2019-039, SPSC-P-326-ADD-1, CERN, Geneva (2019), URL https:

//cds.cern.ch/record/2691873.
[525] C. Ahdida et al. (SHIP) (2021), 2112.01487.
[526] E. Lopez Sola et al., Phys. Rev. Accel. Beams 22, 123001 (2019), 1909.07094.
[527] E. Lopez Sola et al., Phys. Rev. Accel. Beams 22, 113001 (2019), 1904.03074.
[528] K. Kershaw et al., JINST 13, P10011 (2018), 1806.05920.
[529] A. Akmete et al. (SHiP), JINST 12, P05011 (2017), 1703.03612.
[530] M. Al-Turany, D. Bertini, R. Karabowicz, D. Kresan, P. Malzacher, T. Stockmanns, and F. Uhlig, J. Phys. Conf. Ser. 396, 022001 (2012).
[531] E. Van Herwijnen, H. Dijkstra, M. Ferro-Luzzi, and T. Ruf (SHiP), Simulation and pattern recognition for the SHiP Spectrometer Tracker

(2015), cERN-SHiP-NOTE-2015-002, URL https://cds.cern.ch/record/2005715.
[532] S. Agostinelli et al. (GEANT4), Nucl. Instrum. Meth. A 506, 250 (2003).
[533] SHiP collaboration, HNL sensitivity of SHiP experiment, data is available at this URL: https://zenodo.org/record/1472071 at Zenodo

platform.
[534] A. Abed Abud et al. (DUNE), Instruments 5, 31 (2021), 2103.13910.
[535] J. M. Berryman, A. de Gouvea, P. J. Fox, B. J. Kayser, K. J. Kelly, and J. L. Raaf, JHEP 02, 174 (2020), 1912.07622.
[536] P. Ballett et al., JHEP 04, 102 (2017), 1610.08512.
[537] I. Krasnov, Phys. Rev. D 100, 075023 (2019), 1902.06099.
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