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sterile neutrino 
Noun, plural “sterile neutrinos” 

1. Gauge singlet fermions which mass mix 
with one or more of the active neutrinos. 



sterile neutrino 
Noun, plural “sterile neutrinos” 

1. [Archaic] Gauge singlet fermions which 
mass mix with one or more of the active 
neutrinos.  

2. [Modern] A dark sector fermion with a 
“neutrino portal” interaction.
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Neutrino masses and light sterile neutrinos

Discovery of neutrino masses implies a plausible existence of right-handed (sterile) neutrinos.
Most models of neutrino masses introduce sterile states

{νe, νµ, ντ ,νs,1, νs,2, ..., νs,N}

and consider the following Lagrangian:

L = LSM + ν̄s,a

(

i∂µγ
µ) νs,a − yαaH L̄ανs,a −

Mab

2
ν̄c
s,aνs,b + h.c. ,

where H is the Higgs boson and Lα (α = e, µ, τ ) are the lepton doublets. The mass
matrix:

M =

(

0 D3×N

DT
N×3 MN×N

)

What is the natural scale of M?
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Mass Matrix: 

Sterile Neutrinos

• Unlike SM fermions, their # is not constrained by anomaly cancellation.
• Don’t know the number of steriles! 
• Need at least two of them for atm/sol mass splittings N =2.
• If N=3, can accommodate oscillations and DM if one is at the keV scale. 
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SM gauge singlets

How can we find them? 

→Produce them via inherited EW interaction 

→Decay them via inherited EW interaction 
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bCentro de Investigaciones Energéticas, Medioambientales y Tecnológicas (CIEMAT), Madrid E-28040, Spain

cEuropean Organization for Nuclear Research (CERN), 1211 Geneva 23, Switzerland
dCentre for Cosmology, Particle Physics and Phenomenology - CP3 Université catholique de Louvain 2, Chemin du Cyclotron - Box L7.01.05
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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,
accelerators, as well as astrophysical and cosmological impacts. We discuss the importance for to continuing search
for HNLs, and its potential impact on our understanding on key fundamental questions, and addition 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 had a very far-reaching transformation in our understanding of particle physics, demon-
strating the existence of neutrino masses and lepton mixing. This is the first confirmed physics beyond the original
Standard Model. 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

⌫i � m2
⌫ j

, and the three Euler angles parametrizing the PMNS lepton mixing matrix, ✓23,
✓12, and ✓13. Current data yield preferred regions for the CP phase �CP. However, there are many fundamental ques-
tions 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 also would also lead to an apparent deviation of the ratio BR(⇡+ ! e+⌫e)/BR(⇡+ ! µ+⌫µ) and the
analogous ratio for K+ from their SM values, as well as an apparent deviation of the spectral parameters in µ and
leptonic ⌧ decay from their SM values. In [12–14] analyses were carried out retroactively on existing data to probe
for these e↵ects 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 ⇡+ and K+ appear to place more stringent

3

5 Atmospheric and Solar Searches [Plestid and Shoemaker] 39

5.1 Modified Recoil spectrum: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.2 HNLs decaying enroute from the Sun: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.3 Upscatter in earth: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.4 Production in atmospheric showers: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.5 Double bang: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

6 Cosmological and Astrophysical Searches [Boyarsky, Drewes] 41

6.1 Constraints from observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.1.1 Big Bang Nucleosynthesis and HNLs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.1.2 Cosmic Microwave Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.1.3 HNLs in Astrophysical Settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

6.2 Solving open problems in cosmology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
6.2.1 Leptogenesis and the origin of ordinary (baryonic) matter . . . . . . . . . . . . . . . . . . . 44
6.2.2 Dark Matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

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 had a very far-reaching transformation in our understanding of particle physics, demon-
strating the existence of neutrino masses and lepton mixing. This is the first confirmed physics beyond the original
Standard Model. 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

⌫i � m2
⌫ j

, and the three Euler angles parametrizing the PMNS lepton mixing matrix, ✓23,
✓12, and ✓13. Current data yield preferred regions for the CP phase �CP. However, there are many fundamental ques-
tions 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 also would also lead to an apparent deviation of the ratio BR(⇡+ ! e+⌫e)/BR(⇡+ ! µ+⌫µ) and the
analogous ratio for K+ from their SM values, as well as an apparent deviation of the spectral parameters in µ and
leptonic ⌧ decay from their SM values. In [12–14] analyses were carried out retroactively on existing data to probe
for these e↵ects 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 ⇡+ and K+ appear to place more stringent

3



Some 
Examples

Collider Searches



TADEJ NOVAK ∙ NEUTRINO MASS MODELS AT ATLAS ∙ NUFACT 2021 SEPTEMBER 9, 2021

• Type-I seesaw introduces a right-handed Majorana 
neutrino N, also called Heavy Neutral Lepton (HNL), 
Prog. Theor. Phys. 64 (1980) 1103. 

• Depending on the mixing and mass parameters, 
the HNL may decay promptly or be long-lived. 
• Mass range explored: 1.4 < mN < 50 GeV 
• Displaced vertices up to 300 mm in the transverse 

plane have been investigated. 
• Both lepton number conserving (LNC) and lepton 

number violating (LNV) final states possible. 
• Signatures 

• prompt:  &  

• displaced: prompt μ, displaced vertex with opposite 
charge eμ or μμ

W± → e±e±μ∓νμ W± → μ±μ±e∓νe

4

TYPE-I SEESAW HEAVY NEUTRAL LEPTONS (1)
ATLAS-EXOT-2017-26  36 fb-1 

JHEP 10 (2019) 265 

TAKE HOME:  
ATLAS and CMS continues to 
place leading HNL constraints. 
Many run-2 analyses yet to 
come, and run-3 around the 
corner. 

Tests of neutrino mass models at ATLAS and CMS

TADEJ NOVAK ∙ NEUTRINO MASS MODELS AT ATLAS ∙ NUFACT 2021 SEPTEMBER 9, 2021

Prompt signature limits 
• Cover the mass range 

5–50 GeV. 
• |Uμ|2 and |Ue|2 above 

1.4×10−5 are excluded 
in for masses 20–30 GeV. 

Displaced signature limits 
• Cover the mass range 

4.5–10 GeV. 
• |Uμ|2 excluded above 

2.0×10−6 (1.5×10−6) 
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Future collider probes

Figure 11: Projected sensitivity of CODEX-b to Dirac heavy neutral leptons. Left: Contributions from the individual decay channels with the net
result (orange). Right: Comparison with current constraints (gray) and other proposed experiments/

3.3.1. ANUBIS
Recently [245] proposed ANUBIS, an auxiliary detector to be installed in one of the shafts above the ATLAS or

CMS interaction point, as a tool to search for long-lived particles. with four 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 RPC technology. In [246] sensitivity of this proposal
for long-lived heavy neutral leptons (HNLs) in both minimal and extended scenarios. We start with the minimal HNL
model where both production and decay of the HNLs are mediated by active-sterile neutrino mixing, before studying
the case of right-handed neutrinos in a left-right symmetric model. We then consider a U(1)BL extension of the
Standard Model (SM). In this model HNLs are produced from the decays of the mostly SM-like Higgs boson, via
mixing in the scalar sector of the theory. In all cases, we find that ANUBIS has sensitivity reach comparable to the
proposed MATHUSLA detector. For the minimal HNL scenario, the contributions from Ws decaying to HNLs are
more important at ANUBIS than at MATHUSLA, extending the sensitivity to slightly larger HNL masses at ANUBIS.
The sensitivity curves for ANUBIS for HNLs are shown in Fig.12(a).
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• New proposals to search for LLPs: central/transverse experiments (e.g. MATHUSLA, CODEX-b), and forward experiments 
(e.g. FASER, SND@LHC). 

• Note: SND@LHC and FASER fully funded & installed, ready for data in Run 3.  

Electron-flavor mixing
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Extracted Beamlines
• Missing energy in meson decay. 

• Decay in flight @ beam dump & neutrino experiments. 
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Table 1: Summary of the fixed-target searches for Heavy Neutral Leptons considered throughout Section 4.

experiment/ lab beam type detector detector detector decay distance Npot timescale
proposal technology transverse volume from

dimensions length dump

NA62-K CERN p, 400 GeV spectrometer A = ⇡r2, r = 1 m ⇠ 80 m ⇠100 m 5 · 1019 by (2032–2040)
NA62-dump CERN p, 400 GeV spectrometer A = ⇡r2, r = 1 m ⇠ 80 m ⇠100 m 5 · 1019 by (2032–2040)
SHADOWS CERN p, 400 GeV spectrometer 2.5⇥2.5 m2

⇠ 20 m ⇠ 10 m 5 · 1019 by (2032–2040)
SHiP CERN p, 400 GeV spectrometer 5⇥10 m2

T2K J-PARC p, 30 GeV composite w/ GArTPC ⇠ 3.3 m2
⇠ 1.7 m 280 m 3.8 · 1021 2010–2021

T2K-II J-PARC p, 30 GeV composite w/ GArTPC ⇠ 3.3 m2
⇠ 3.6 m 280 m +10 · 1021 2022–2026

Hyper-K J-PARC p, 30 GeV composite w/ GArTPC ⇠ 3.3 m2
⇠ 3.6 m 280 m 2.70 · 1022 by 2038

SBND FNAL p, 8 GeV LArTPC
ICARUS FNAL p, 8/120 GeV LArTPC

MicroBooNE FNAL p, 8/120 GeV LArTPC
ArgoNeuT FNAL p, 120 GeV LArTPC 0.2 m2 0.9 m 318 m 1.25 · 1020 2009-2010
DUNE ND FNAL p, 120 GeV LAr/GAr TPC ⇠12 m2

⇠5 m 574 m & 1.47 · 1022
⇠2030-2040

DarkQuest FNAL p, 120 GeV spectrometer
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• Same 400 GeV primary proton beam serving NA62.
• SHADOWS is a new off-axis experiment in the ECN3/TCC8 experimental 

cavern currently hosting the NA62 experiment to search for feebly-interacting 
particles (FIPs) emerging from charm and beauty decays. 

• SHADOWS can take data when the beam line is operated in beam-dump mode.

• SHADOWS [Search for Hidden And Dark Objects With the SPS]

Future probes

• The Search for Hidden Particles (SHiP) experiment is a new general purpose fixed 
target facility proposed at the CERN Super Proton Synchrotron (SPS) accelerator 
to search for long-lived exotic particles with masses between few hundred MeV 
and few GeV.

• SHiP [Search for Hidden Particles]  
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Figure 18: Heavy Neutral Leptons with coupling to the first lepton generation. Filled areas are existing bounds from:
PS191 [31], CHARM [340], PIENU (peak searches [24] and bounds at low masses [39, 291]), NA62 (KeN) [28],
T2K [36] , Belle [341]; DELPHI [316], ATLAS [194] and CMS [196]. Coloured curves are projections from: NA62-
dump [235], NA62-K decays (extrapolation obtained by the Collaboration based on [28]), SHADOWS [287], Dark-
Quest [330], SHiP [302], DUNE near detector [311], and Hyper-K (projections based on [36]). The BBN bounds are
from [342] and heavily depend on the model assumptions (hence should be considered only indicative). The seesaw
bound is computed under the hypothesis of two HNLs mixing with active neutrinos.
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PS191 [31], CHARM [340], NA62 (KµN) [29], T2K [36], Belle [341]; DELPHI [316], and CMS [196]. The ”low-
mass bounds” label refers to a set of results obtained from ⇡ and K-decays, as detailed in Ref. [39]. Coloured curves
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Natural Neutrino Fluxes
• Solar and atmospheric fluxes offer free source of all neutrino flavors. 


• Produce HNLs directly from CR collisions in atmosphere, then they decay in 
terrestrial detectors (Argüelles, Coloma, Hernández, Muñoz [1910.12839]). 


• Produce HNLs within the Earth via neutrino “up-scattering,” then decay in 
terrestrial detectors (Plestid [2010.04193, 2010.09523]). 


• Produce them inside detector, and either leave modified recoil spectrum or 
low-background “double-bang” events (Coloma, Machado, Martinez-Soler, 
Shoemaker[1707.08573], Atkinson, Coloma, Martinez-Soler, Rocco, 
Shoemaker[2105.09357]). 


• Many of these are excellent probes of non-minimal HNLs. 
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FIG. 5: Iso-contours indicating the region of parameter space where more than one DB event is expected, for

the transition magnetic moment between ⌫⌧ and N . Results are shown for DUNE (left), Super-K (center),

and Hyper-K (right). Same plotting conventions as in Fig. 4. The shaded gray areas indicate the regions

currently disfavored by Borexino [46], DONUT [47], and ALEPH [48, 49] data. The shaded purple area

indicates the region leading to delayed neutrino-photon decoupling in the early universe [16].

Lastly, in Fig. 6 we show that DUNE’s LAr near detector can also be sensitive to DB events. In

this case, the large ⌫µ flux at the near detector can allow for ⌫µ �N transition moments to be very

well probed, and in fact push into new parameter space which is currently unconstrained. We note

that MiniBooNE [17] also constrains a small window of parameter space between the CHARM-II

and NOMAD bounds in Fig. 6. Based on the sensitivity we find in Fig. 6, we note that the DUNE

near detector appears capable of testing a dipole interpretation of the MiniBooNE excess [22].

VII. CONCLUSIONS

In this work we have studied the potential of present and future neutrino oscillation experi-

ments, namely, SK, HK and DUNE, to observe double-bang events at low energies, which are

characteristic signals of HNL production and decay within the detector. We have considered both

atmospheric neutrinos and neutrino beams from meson decays as possible sources for the events,

and computed the number of events that would be obtained for the signal in two different scenar-

ios: HNL that mixes with ⌫⌧ , and a dipole portal involving a transition magnetic moment between

the light neutrinos and the HNL. Our results include a detailed calculation of the QE cross section

15

Dipole Portal Constraints 
from Natural Neutrino Fluxes
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FIG. 2: The neutrino dipole portal LNDP � d (⌫̄L�µ⌫F
µ⌫N) al-

lows for a neutrino to up-scatter off a nucleus to a heavy neutral lep-
ton state N . This produces a distinctive recoil spectrum, while the
newly produced heavy neutral lepton decays outside the detector.

The remainder of this paper is organized as follows. In
Sec. II we compute a realistic spectrum of nuclear recoil
events at XENON1T from solar neutrinos mediated by the
NDP interaction. We find there that the new state will typi-
cally decay outside the detector after it is produced and that an

incoming neutrino is unlikely to undergo much up-scattering
in the Earth prior to arrival at the detector. In Sec. III we look
at what improvements can come in the near term, focusing
on a future run of SuperCDMS. Then in Sec. IV we discuss
the nature of models giving rise to the NDP, along with po-
tential ways in which future work could refine and extend the
analysis carried out here.

II. NEUTRINO TRANSITION MAGNETIC MOMENT
RATES

A. Mechanism

Incoming solar neutrinos may up-scatter to a heavy state
N through the NDP operator via the process shown in Fig. 2.
The coherent cross section for neutrino-nucleus scattering via
a NDP reads

d�⌫n!Nn

dER
= d

2
↵Z

2
F

2(ER)

"
1

ER
� m

2
4

2E⌫ERmN

 
1 � ER

2E⌫
+

mN

2E⌫

!
� 1

E⌫
+

m
4
4(ER � mN )

8E2
⌫E

2
Rm

2
N

#
(3)

where Z is the atomic number, ER is the nuclear recoil en-
ergy, E⌫ is the incident neutrino energy, mN is the mass of
the target nucleus, m4 is the mass of the heavy sterile neu-
trino, and F (ER) is the nuclear form factor.

B. Event Rates in Xenon1T Detector

Neutrino scattering at dark matter direct detection experi-
ments has been widely studied [16, 24–33] and depending on
the range of energies may include contributions from solar,
atmospheric and the diffuse supernova background. In fact,
the original DM direct detection proposal from Goodman and
Witten [34] was an extension of the detection method for so-
lar and reactor neutrinos via neutral currents by Drukier and
Stodolsky [35].

The nuclear recoil spectrum of neutrino induced scattering
events can be computed via:

dR
↵

dER
= MT ⇥

Z

Emin
⌫

d�↵
⌫

dE⌫

d�
↵
⌫n!Nn

dER
(E⌫ , ER

�
dE⌫ , (4)

where ↵=e, µ, ⌧ indexes the neutrino flavor, MT is the expo-
sure of the XENON1T experiment (equal to 1.3 Tonne⇥278.8
days), and �⌫ is the solar neutrino flux. The function
E

min
⌫ (ER) is the minimum energy of the incident neutrino to

up-scatter to the state of mass m4 while producing a nuclear

recoil ER:

E
min
⌫ (ER) =

m
2
4 + 2mNER

2
hp

ER(ER + 2mN ) � ER

i . (5)

The solar neutrino 8
B flux provides the dominant contri-

bution to NDP nuclear scattering in the XENON1T exper-
iment. We normalize the 8

B spectrum to the flux �8B =
5.1 ⇥ 106 cm2 s�1 [36]. For illustration, in Fig. 3 we plot the
expected recoil spectrum for a range of possible ⌫4 masses.
As one would expect, at low masses there is little dependence
on the recoil spectrum, while at masses around ⇠ 10 MeV
the rate starts to get very suppressed.

A detected nuclear recoil event will create a signal of n

photoelectrons (PEs) given by a poisson distribution with ex-
pectation value n, given by:

n = ERLy

�
ER

�
g1. (6)

Ly

�
ER

�
is the light yield as a function of ER as shown

in [37], and detector photon gain is g1 = 0.144 ± 0.007 [38].
The event rate is then given by:

dR
↵

dn
=

Z
Eff
⇥
ER

⇤ dR
↵

dER
⇥ Poiss(n|n) dER, (7)

where Eff
⇥
ER

⇤
, the efficiency as a function of nuclear recoil

energy, is given in Fig. 1 of Ref. [10]. Finally, we model the
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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
� ⇠ d

2 leading to an event rate that scales as R ⇠ d
4.

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 ⇡ `/� ⇠ d

2. Naively, therefore,
the signal rate in this scenario scales as R ⇠ d

4.
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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FIG. 2. Constraints on a muon-only dipole coupling dµ, from
cosmology (BBN and CMB) [9], SN-1987A [8], Borexino e⌫

scattering data [9, 23, 24], CHARM-II e⌫ scattering data
[12, 25], MiniBooNE [8, 26], and NOMAD [13, 27]; the last
viable parameter space [9] to explain the XENON1T excess
is indicated with a star. This work (⌫� ! N ! ⌫�) is shown
in green with a solid (dashed) line for ↵ = �1 ((↵ = 0) corre-
sponding to a maximally CP-violating Dirac (Majorana) N .
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 ⇠ d

2

rather than R ⇠ d
4). 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).

Terrestrial up-scattering of solar neutrinos
→ photons @ Borexino

Plestid [2010.04193 ] 
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Astrophysics & Cosmology

• BBN bounds are a complementary probe 
of HNLs, eating into low-mass low mixing 
angle terrain. 


• Must lie in a range of mixing 
angles to be probed: efficient 
production in early universe 
(mixing can’t be too small) & 
decay after BBN (mixing can’t be 
too large). 

6. Cosmological and Astrophysical Searches [Boyarsky, Drewes]

In the very high temperatures of the Early Universe, HNLs may be thermally produced, and gradually decay
away as the Universe cools and expands. Su�ciently light HNLs can directly a↵ect the expansion of the Universe by
contributing directly to the radiation density, or by adding radiation via their decay products.

6.1. Constraints from observations
6.1.1. 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) [79, 342, 358,
359].

HNLs may a↵ect primordial nuclear abundances if surviving until temperatures around T ' few MeV, when weak
reactions are no longer in perfect equilibrium. If HNLs are heavy enough to decay into long-lived mesons such as
⇡±,K0/± (in dependence on the mixing pattern, the ⇡� threshold ranges from mN = m⇡ + me to mN = m⌘), then their
main e↵ect on BBN is the meson-driven p $ n conversion, which keeps the n/p ratio close to the unit value as long
as mesons are present in the plasma. This e↵ect would lead to a significant increase of the helium and deuterium
abundances if HNLs have lifetimes ranging from ⌧N > 0.02 s and at least up to the seesaw scale [337, 359, 360].

Lighter HNLs a↵ect BBN mostly via their decays into high-energy neutrinos and EM particles, which changes the
weak p$ n conversion rates and the dynamics of the expansion of the Universe. These e↵ects lead to observable in-
crease of the Helium and deuterium abundances for the whole lifetime range from ⌧N & 0.05 s�O(1 s), in dependence
on the HNL mass mN & 10 MeV [342, 360].

The BBN constraints on HNLs in the models with negligible lepton asymmetry in the neutrino sector ⌘⌫ ⌧ 1 are
summarized in Fig. 21 (see [361] for the discussion of the case of non-zero asymmetry).

Previous searches

Seesaw line
SHiP

Excluded by BBN

DUNE

Produced out of equilibrium
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Figure 21: BBN bounds (in blue) on GeV scale HNLs for the cases of the pure e (the left figure), µ (the central figure), and ⌧ mixing (the
right figure) from [359, 360]. 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, ⌧N = 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 [360]. The light gray region corresponds to the parameter space in which
HNLs are produced via the freeze-in mechanism.

6.1.2. Cosmic Microwave Background
Similarly to BBN, HNLs may a↵ect 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 e↵ective number of ultrarelativistic degrees of freedom Ne↵. The e↵ect of these parameters on CMB that
cannot be mimicked by a change of ⇤CDM parameters within their error bars is the impact on the damping tail of the
CMB spectrum [362].

The impact of short-lived HNLs on Ne↵ has been recently studied in several works [363, 364], where it has been
argued that HNLs with masses mN & 50 � 70 MeV and lifetimes ⌧N . 1 s decrease Ne↵ even if decaying mostly into
neutrinos (see Fig. 22).

The current CMB constraints on HNLs with the pure ⌧mixing from [363] are shown in Fig. 22 (see also [365]); 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 [366]
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Timeline

• Looking good: ~44 pages, 406 references, 25 figures. 


• Section drafts already due Feb. 4


• “Final draft” circulated Feb. 21.  

• Post to arXiv March 4th.  

• Submit to journal (J. Phys. G)? ~March 15th. 



Summary & Recommendations
• Summary: An array of up-coming experimental probes (e.g. FASER, MATHUSLA, SHiP, DUNE ND, 

NA62, SHADOWS, ...) offer critical complementarity in the hunt for HNLs across a wide range of 
mass scales, mixing angles, and flavor structures. 


• Recommendation 1:  In order to facilitate apples-to-apples comparisons, and for simplicity, we 
encourage experimental 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 such scenarios if time allows. 


• Are there well-motivated benchmarks that deviate from the one-at-a-time assumption? 


• Recommendation 2: Whenever possible, we urge analyses to keep an open mind regarding the 
possible nature of HNLs, and take non-minimal HNL scenarios seriously. 


• Explicitly this consideration may take the form of examining how a given analysis may be 
modified if HNLs undergo non-minimal production and/or decay. 



Summary & Recommendations
(Comments welcome!)

• Recommendation 3: Consider experimental determination of HNL 
properties in post-discovery environment.  


• For example, how well can one simultaneously constrain e-, mu-, and 
tau-mixing angles if there is a positive HNL signal? How about the HNL 
mass?



Back-ups



Example of Rec. 2
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Figure 15. Limits on HNL of mV = 1GeV from IceCube (thick lines) and SuperKamiokande (thin
lines) on the BR(P ! N) ⇥ BR(N ! CC-e like) vs c⌧ plane including production from the parent
particles P = D (solid) , Ds (dashed) and ⌧ (dash-dotted).

In the case of the HNL (Fig 15), the solid red, dashed blue, and dot-dashed green

lines show our results assuming that the LLP is mainly produced from D, Ds or ⌧ decays.

Although our results are shown for mN = 1GeV, the regions do not change significantly

for other values of mN between 0.5 and 1.5 GeV. As can be seen from this figure, the

limits obtained for the two experiments are very similar, although slightly better for SK.

However, in both cases the limits cannot probe the allowed regions of parameter space once

we take into account the correlation between production and decay, as shown in Figs. 6.

Therefore we conclude that, in the minimal scenario described in Sec. 4.1, these limits are

not competitive (although this may not be the case in non-minimal BSM scenarios where

the production and decay may be uncorrelated).

The exclusion limits for the dark photon scenario (Sec. 4.2) are shown in Fig. 16.

In this case our results include all production mechanisms kinematically available for the

production of the dark photon: ⇡
0 decays, ⌘ decays, and p bremsstrahlung. The solid

red, dashed green and dotted blue lines indicate the results obtained for three di↵erent

values of the dark photon mass, as indicated in the legend. Again in this case, as for the

HNL scenario, we find that this search cannot probe the region of parameter space shown

in Fig. 9 for correlated production and decay rates. However, the limits might be useful

in the context of more complex models where production and decay are uncorrelated. In

particular, it is noticeable that the limits for SK are three orders of magnitude better than

for IC. This is because, in the case of light mesons and protons, the flux follows a harder

power law than for D(s) mesons and taus, and therefore reducing the energy of the events

detected leads to huge enhancement in the expected number of events.

– 24 –

Carlos Argüelles, Pilar Coloma, Pilar Hernández, Víctor Muñoz [1910.12839] 

Pheno motivated 
exclusion plot



TAKE HOME: Upper limits improved by 2(1) 
order of magnitude on electron(muon) HNL 
mixing parameter |U_l4|^2 with full NA62 Run1 
data with respect to previous best world limits.  

Search for K+ decays to a lepton and invisible particles
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Fixed target Kaon experiment at CERN SPS



• Same 400 GeV primary proton beam serving NA62.
• SHADOWS is a new off-axis experiment in the ECN3/TCC8 experimental 

cavern currently hosting the NA62 experiment to search for feebly-interacting 
particles (FIPs) emerging from charm and beauty decays. 

• SHADOWS can take data when the beam line is operated in beam-dump mode.

• SHADOWS [Search for Hidden And Dark Objects With the SPS]

Future probes

• The Search for Hidden Particles (SHiP) experiment is a new general purpose fixed 
target facility proposed at the CERN Super Proton Synchrotron (SPS) accelerator 
to search for long-lived exotic particles with masses between few hundred MeV 
and few GeV.

• SHiP [Search for Hidden Particles]  



Expression of Interest for the CODEX-b Detector

https://arxiv.org/pdf/1911.00481.pdf

Future collider probes



Martino Borsato - Heidelberg U.

HNL in B decays

๏ Strategy for future B→HNL searches:
• Include  and  

• Include partially reconstructed  decays
• Include  decays downstream of the 

Vertex Locator (10x longer decay time)
• Search in all lepton flavours (also ?)
• Search both LNC and LNV decays

Bc → ℓN Bq → XℓN
N

N

τ

16

Future 
Prosp

ect
s

Unofficial prospects based  
on  arXiv:1902.04535

 ℓ±

 ℓ+
Bq

N

(X)

Xh−, νℓ−

PV

TAKE HOME:
The LHCb experiment can contribute to testing 
neutrino mass models using the world-largest 
sample of beauty and charm hadron decays. It 
provides stringent tests of models with neutral 
leptons in the GeV mass range.

Upcoming upgrade (2022) to run at 5x luminosity 

Tests of neutrino mass models at LHCb


