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The Big Picture

Progress in neutrino physics is driven by experimental anomalies

Novel detectors and unique signatures are essential to resolve anomalies

This talk: a new perspective on an old anomaly
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Continuous electron energy
spectrum in beta decays

Neary 1940

N. Kamp UCLouvain CP3 Seminar | 27 January 2025 3


https://royalsocietypublishing.org/doi/10.1098/rspa.1940.0044

A Brief History of Neutrino Anomalies

Experimental Anomaly Theoretical Resolution Experimental Validation

Continuous electron energy
spectrum in beta decays

A new neutral particle

Physikalisches Institut
der Eidg. Technischen Hochachule Zirich, L. Des. 1930
Zirich Cloriastrasse

Iiebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
ansuhbren bitte, Ihnen des n&heren auseinandersetsen wird, bin ich
angesichts der "falaschen" Statistik der Ne und Li-6 Kerne, sowie
des kontimuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselgats™ (1) der Statistik und den Energiesats
su retten. MNhimlich die Moglichkeit, es k¥nnten elektrisch neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘"heh von lichtquanten wusserdem noch dadurch unterscheiden, dass sie
z.nit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben (rossenordmung wie die Elektronenmasse sein und

s nicht grosser als 0,01 Protonenmasse.- Das kontimuierliche

Spektrum wire dann verstindlich unter der Annahme, dass beinm
boba-Zerfall mit dem Llektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.

N(E)

0 1 2 3 1 5 6 71 8 9 10 11 12
energy (10% eV)

Ficure 3. Energy distribution curve for Ra E.

Neary 1940 Pauli 1930
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A Brief History of Neutrino Anomalies

Experimental Anomaly Theoretical Resolution Experimental Validation

Detection of a neutrino from a

Continuous electron energy

, A new neutral particle
spectrum in beta decays

ﬂxyaikalisohea Institut
der Eidg. Technischen Hochachule
Zirich Cloriastrasse

Iiebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
ansuhbren bitte, Ihnen des niheren auseinsndersetsen wird, bin ich
angesichts der "falaschen" Statistik der Ne und Li-6 Kerne, sowie
des kontimuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselgats™ (1) der Statistik und den Energiesats
su retten. MNhimlich die Moglichkeit, es k¥nnten elektrisch neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘"heh von lichtquanten wusserdem noch dadurch unterscheiden, dass sie
z. mit lLichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben fossenordmung wie die Elektronermasse sein und

s nicht grosser als 0,00 Protonenmasse.- Das kontimuierliche

Spektrum wire dann verstindlich unter der Annahme, dass beinm

boba-Zerfall mit dem Llektron jeweils noch ein Neutron emittiert

N(E)

end pfmt Mird, derart, dass die Summe der Energien von Neutron und klektron
— . konstant ist.
0 1 2 3 1 5 6 I 8 9 10 11 12
energy (10% eV)
Ficure 3. Energy distribution curve for Ra E.

Neary 1940 Pauli 1930
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Mﬁch, ho Des. m”

nuclear reactor

Detection of the Free Neutrino*

F. ReEiNEs AND C. L. CowaNn, Jr.

Los Alamos Scientific Laboratory, University of California,
Los Alamos, New Mexico

(Received July 9, 1953; revised manuscript received September 14, 1953)

N experiment! has been performed to detect the free neu-

trino. It appears probable that this aim has been accom-

plished although further confirmatory work is in progress. The
cross section for the reaction employed,

v_+p—n+67, (1)

has been calculated??® from beta-decay theory to be given by the

expression, 1 ‘
a_(z ) (mc) (mc) (v/c) (2)

where o=cross section in barns; p, m, v=momentum, mass, and
velocity of emitted positron (cgs units); c=velocity of light
(cm/sec); 2wh=Planck’s constant (cgs units); and G?*=dimen-
sionless lumped B-coupling constant (=355 from measurements of
neutron and tritium B decay).* An estimate of the fission frag-

Reines, Cowan 195
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Experimental Anomaly Theoretical Resolution Experimental Validation

Observed deficits of solar and
atmospheric neutrinos
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A Brief History of Neutrino Anomalies

Experimental Anomaly Theoretical Resolution Experimental Validation

Observed deficits of solar and Oscillations® from mixing
atmospheric neutrinos between mass and flavor states
67+5 : 69+5 ye Ue 1 Uez Ue3 Ul
256i020341ii I IppI . DM p— U//ll U//tz Ull/t3 Vz
SAGE ... D V
I SSSSS K . aNo IS,I)LO g UT 1 UTQ, UT3 3

s5 m cNvo Bachall 2004

U @ |y T ®
T [ R ~ sin? 26 sin’ Am2L>
: + MHM* y P(v, — vp) ~ sin”20sin ( AR
+

o + + ‘H“H”H ;

Kamiokande 1988 |
o 5
i 0 V4 17 1 *and matter effects

cos®
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A Brief History of Neutrino Anomalies

Experimental Anomaly Theoretical Resolution Experimental Validation
New measurements of solar,

Observed deficits of solar and Oscillations* from mixing ,
. . atmospheric, and reactor
atmospheric neutrinos between mass and flavor states ,
neutrinos
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Experimental Anomaly Theoretical Resolution Experimental Validation

Excesses of v, and U, events in

short baseline neutrino experiments
;75| LND 2001, ..

Beam Excess
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! [ | |
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| ° Datla (stat err.)|
] v, from p*"
] v, fromK”
7 v, from K°

Events/MeV
T |||||_|+|_||

— N W » ) () ~
|
|
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A Brief History of Neutrino Anomalies

Experimental Anomaly Theoretical Resolution

Excesses of v, and U, events in

. , | ,
short baseline neutrino experiments Unresolved!
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Experimental Anomaly Theoretical Resolution
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A Brief History of Neutrino Anomalies

Experimental Anomaly Theoretical Resolution
Excesses of v, and U, events in

. . . |
short baseline neutrino experiments Unresolved!
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Outline

MiniBooNE: A long-standing neutrino anomaly

—
[ J

Heavy neutrinos in plastic: constraints on a promising MiniBooNE solution

Heavy neutrinos in ice and water: searches at neutrino telescopes

> W

Heavy neutrinos (and more) in water and rock: new detectors for collider neutrinos

Ice Water
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Outline

1. MiniBooNE: A long-standing neutrino anomaly
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_ Signal
Region Veto

The MiniBooNE Experiment

e 800-ton CH, Cherenkov detector

e Situated along Fermilab’s Booster Neutrino Beam

~540 m from the beryllium target

e Observes mostly Uy and v, from charged pion decays

-

e o — C. !
TR -

I!K‘!:r.'-

b -----
/ 1

/- o

A A F——'-\‘ _—-
th? -

0 T

oscillatyons?

Detector

40 ft . /I Overflow Tank

Vault

= 4~_'__Y" >0l - -‘- ¥

FNALTbooster target and horn

174 kA decay region _
(8 GeV protons) ( ) (50 m) dirt
(~500 m)
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The MiniBooNE Anomaly

Electrons:
“fuzzy” rings from multiple scattering

4.8c0 excess of electron-like events

> B 1 | I I 1 I | | | I | | I I 1 | I | 1 | | 1 | I 1 1 I .
Q - e Data (stat err.) -
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% 7—_* " MiniBooNE 2021 ve from p* e
S = v, from K =
o F v, from K’ 7
6f—-- n° misid 7
C 1 4 A — Ny .
il S N dirt _
S other —
o * ——— Constr. Syst. Error ~
I e Best Fit -
4 . —
o E
B = u
c e aa —
Ty :
1 | et E
' _

8.2 0.4 0.6 0.8 1 1.2 1.4 3.0
E," (GeV)
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e Electrons/photons indistinguishable ’
2
e No hadronic information 1
The excess could be... 82 04 06 08 1 1.0 1.4 .
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Recall P(v, — 1,) & sin“(Am“L/4E)
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What could it be? ‘|

7
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— 1
I
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Events/MeV

CT T A B
-} MiniBooNE 2021

Cherenkov limitations: j +
e Electrons/photons indistinguishable . Hile
e No hadronic information 21
The excess could be... Bz~ 04 06 08

N. Kamp

Recall P(v, — 1,) & sin“(Am“L/4E)
Amy, ~2x 107 eV?, E, ~500MeV = L . ~ 200km
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Recall P(v, — 1,) & sin“(Am“L/4E)
Amy, ~2x 107 eV?, E, ~500MeV = L . ~ 200km

Lyig ~ 500 m, much too short for v, — v, oscillations via Amy,|
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e No hadronic information 21
The excess could be... 82
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What about extra intrinsic
electron neutrinos in the BNB?
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LA LA B
MiniBooNE 2021

What could it be? ‘.,
Cherenkov limitations: j + """" ookt :
e Electrons/photons indistinguishable ’ " + _
e No hadronic information 21 :

The excess could be...

i PRL 128, 241 801 MicroBooNE Observed

Non-v. background
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What about extra intrinsic
electron neutrinos in the BNB?
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MicroBooNE data disfavor this
hypothesis at the 30 confidence level

Events Observed / Predicted (no eLEE)
o
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O
o

lelp CCQE leNpOm 1eOpOmn leX
[200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV]
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What could it be? ‘.
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2. Mis-modeled photon background?
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What could it be?

Cherenkov limitations:

e Electrons/photons indistinguishable

e No hadronic information

The excess could be...

1. True electron neutrinos?x

2. Mis-modeled photon background?

7V misidentification

background constrained
iIn-situ and disfavored by
the radial distribution
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What could it be?
Cherenkov limitations: j
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e No hadronic information i
The excess could be... 82
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2. Mis-modeled photon background?
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A hint for a two component solution
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A hint for a two Component solution

A broad angle
component at
lower energies
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Outline

2. Heavy neutrinos in plastic: constraints on a promising MiniBooNE solution
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Can we find a two component
solution for MiniBooNE?

[1] Hardin+ 2211.02610 [2] Vergani, NK+ PRD 104, 095005 [3] NK+ PRD 107, 055009
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Can we find a two component
solution for MiniBooNE?

1) An eV-scale sterile neutrino

Subdominant contribution to the MiniBooNE
excess while still explaining other short baseline
neutrino anomalies [1,2]

[1] Hardin+ 2211.02610 [2] Vergani, NK+ PRD 104, 095005 [3] NK+ PRD 107, 055009
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Can we find a two component
solution for MiniBooNE?

1) An eV-scale sterile neutrino 2) A dipole-portal heavy neutral lepton (HNL

FF N p+h.c.

geff D da/lfy_a

O,

V,u N v U,T
N
y
A A Y

Upscattering Decay

Subdominant contribution to the MiniBooNE
excess while still explaining other short baseline
neutrino anomalies [1,2]

These new interactions explain the bulk of
the MiniBooNE excess, relieving tension in

sterile neutrino global fits (4.80 — 2.30) [2,3]

[1] Hardin+ 2211.02610 [2] Vergani, NK+ PRD 104, 095005 [3] NK+ PRD 107, 055009
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Can we find a two component
solution for MiniBooNE?

2) A dipole-portal heavy neutral lepton (HNL

g@ff:) da/’/V_aUﬂyF’uy/VR‘l‘h.C.

1) An eV-scale sterile neutrino

Explaining the MiniBooNE excess through a mixed model of
neutrino oscillation and decay

S. Vergani, N. W. Kamp, A. Diaz, C. A. Arguelles, J. M. Conrad, M. H. Shaevitz, and M. A. Uchida
Phys. Rev. D 104, 095005 — Published 8 November 2021

Dipole-coupled heavy-neutral-lepton explanations of the
MiniBooNE excess including constraints from MINERVA data

N. W. Kamp, M. Hostert, A. Schneider, S. Vergani, C. A. Arguelles, J. M. Conrad, M. H. Shaevitz, and M. A. Uchida
Phys. Rev. D 107, 055009 — Published 9 March 2023

[1] Hardin+ 2211.02610 [2] Vergani, NK+ PRD 104, 095005
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Mixed Model Fit Strategy

MiniBooNE detector

Signal region

1. Perform a global sterile neutrino fit without o B Veto region
MiniBooNE to fix the sterile neutrino parameters [1] L

2. Simulate HNL upscattering and decay in MiniBooNE Lok
using the open source SIREN simulation package [2] (1

3. Fit the remaining excess for the preferred HNL mass ' E
and dipole coupling \ /

[1] Vergani, NK+ PRD 104, 095005 [2] A. Schneider, NK, A. Wen. 2024 1 * | =l

SECONDARY INTERACTION

B PRIMARY INTERACTION '
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Dipole-portal HNLs @ MiniBooNE
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HNLs in Plastic @ MINERVA

e Single showers from dipole-portal HNL minlitise
decays would show up in MINERVA neutrino- : 10 A
electron elastic scattering measurements [1] 3 Al U
e We simulate upscattering and decay in a T
realistic MINERVA detector using SIREN . o

Tracking Modules
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HNLs in Plastic @ MINERVA

e We use the high dE/dx sideband region to set constraints on dipole-portal HNLs [

e Most stringent MINERVA constraints do not rule out the MiniBooNE-preferred
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HNLs in Plastic @ ND280O(+)

SMRD

UA1 Magnet Yoke

e ND280’s gaseous time projection chambers
(TPCs) have low single shower backgrounds

beam

o T2K leveraged this to search for eTe™ pairs from >3
mass-mixed HNL decays [1]

e We repurpose their results to set constraints on
dipole-portal HNLs

arXiv:2412.15051

Constraints and Sensitivities for Dipole-Portal Heavy Neutral Leptons from ND280
and ND280+4

M-S. Liu,"*| N.-W. Kamp,?|f| and C.A. Argiielles®}|

! Cavendish Laboratory, University of Cambridge, Cambridge, CB3 0HE, UK
2 Department of Physics and Laboratory for Particle Physics and Cosmology,
Harvard University, Cambridge, MA 02138, USA

[1] T2K 2019

M. Lamoureux thesis
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HNLs in Plastic @ ND280(+)

3D rendering of our SIREN-based implementation 2 |
of the nominal and upgraded ND280 detector

ND280 ND280+

e

P

—

_—

M-S Liu, NK, C. Arglelles 2024



https://arxiv.org/abs/2412.15051

it

HNLs in Plastic @ ND280(+)
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The 2019 T2K search observes zero

ete™ pairs in the ND280 gas TPCs,

constraining the region of parameter
space preferred by MiniBooNE

The addition of three years of
ND280 upgrade data will further
improve the sensitivity

Caveat: these constraints assume the

same efficiency for tagging mass-
mixed and dipole-portal HNL decays

M-S Liu, NK, C. Arguelles 2024
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explanation of the MiniBooNE excess,
though they face constraints from
MINERVA and ND280 data
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280 gas TPCs,
n of parameter
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improve the sensitivity
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Outline

3. Heavy neutrinos in ice and water: searches at neutrino telescopes




The IceCube Detector
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lceCube Event Categories
Yy  >’“ “Through-going track”

~ v, charged-current DIS outside the

Hadrons | .| active volume
g i Il/t T - 9y
v, IS Starting track
................ Passsannnsansunnsa \Or y,u Charged_current DIS |nS|de the
{-Hadrons active volume
“Cascade”
” e, T,U,
a g P 4 v, . charged-current DIS or v,
XHMS neutral-current DIS inside the active
g / volume
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HNLs in Ice @ IceCube
e We look for two
Isolated cascades from
the HNL upscattering v
- y’ -

and decay

* This Is a smoking gun
sighature of dipole-
portal HNLs!

V
P
-
-

e First proposed In

Coloma+ (2017) Q O Q

South Pole Ice
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https://arxiv.org/abs/1707.08573

HNLs in Ice @ IceCube

X Gamma (250.9 GeV) X Gamma (1575.9 GeV)
® U pscatterl ng P2 nd X Hadron (250.7 GeV) x  Hadron (333.1 GeV)
decay of HNLs
SimU|ated USing . 1400 = 1400
200 1200
SIREN | 3 % g
e Photon ° ., 00 ' : F200
: Nt} =400 e o L
propagation and ; 400

detector response ay, 200
simulated using 600

. —200
internal IceCube 12, 200 -
400 -
600 .
software lceCube Work in Progress
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First Hit Time [ns] First Hit Time [ns]

N. Kamp UCLouvain CP3 Seminar | 27 January 2025 33



Atmospheric Neutrino Flux

Cosmic ray

e Atmospheric neutrinos are

— = daemonflux

HKKMS 2015
—— Bartol 2014 |
— DDM
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o
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T
%
V)]
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o ﬂ/K ; 10—4 ' 1
produce dipole-portal HNLs 3
o o esl 10—6 _&
e Flux prediction from p x t superk 2015 :
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https://www.hindawi.com/journals/ahep/2012/504715/
https://arxiv.org/abs/2303.00022

HNLs in Ice @ IceCube [

Number of double
cascade from dipole-
portal HNLs per year:

107°

1. Passing lceCube’s
data filtration system
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~o s’
~o _
———————
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events
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HNLs in Ice @ IceCube [
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The longer photon
scattering length of
water v.s. ice is

advantageous for event
il T reconstruction
7 Mton detector

Reproduced from
Joao Coelho, Neutrino 2024
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https://agenda.infn.it/event/37867/contributions/233917/

HNLs in Water @ KM3NeT

e We begin with a SIREN-based simulation of dipole-portal HNL

double cascades in ORCA

e Graph neural networks appear to have strong separation capability
between double cascade signals and single cascade backgrounds

Distance Reconstruction
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HNLs in Water @ KM3NeT

e We begin with a SIREN-based simulation of dipole-portal HNL
double cascades in ORCA
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searches for the “smoking-gun” double
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Outline

4. Heavy neutrinos (and more) in water and rock: new detectors for collider neutrinos
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The Dawn of Collider Neutrino Physics

Unique sensitivity to TeV neutrinos and long-lived
particles produced in the forward direction at the LHC
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https://arxiv.org/pdf/2403.12520

LHC Neutrinos pass through Lake Geneva
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| HC Neutrinos pass through Lake Geneva

46.8

75 ATLAS IP &= Beam line FRANCE SWITZERLAND ThiS enables the
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Lake- and Surface-Based Detectors for Forward Neutrino Physics
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SINE: Surface-based Integrated Neutrino Experiment

46.8

LHCb IP  $4 Surface Exit ocation
46.6 1

JURA MOUNTAIN
RANGE

46-51Surfaceldetector.

46.4

Latitude [deq]

46.3

<5
% ' *

46'2 GENEVA

] =

6.25
Longitude [deg]

46.1

46.0

Signal definition: up-going
muons from neutrino interactions

iN bedrock
NK+ 2025

Elevation w.r.t. Lake [m]

<*>ATLASIP “—— Beamline FRANCE/J e Y iTZERLAND
78 & Gveip P Lake Intersection — Llake detector

Shipping Container

40'x 8 x &

Front Scintillator
Back Scintillator
Panel

500
400 Hl Land ~— Beam from CMS
-f' Bl |ake Geneva
300 \E!Hﬁ@ e &> CMS Interaction Point —= FASER Envelope
x3 .
200
100 ,
-100

-30000 -20000 -10000 0 10000 20000

Distance from CMS Interaction Point [m]



https://arxiv.org/abs/2501.08278

UNDINE: UNDerwater Integrated Neutrino Experiment
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https://arxiv.org/abs/2401.11728
https://arxiv.org/abs/2501.08278

We use github.com/makelat/forward-nu-flux-fit for

| HC Forward Neutrino Flux

Transverse Distance from Beamline at SINE [m]
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https://arxiv.org/abs/2501.08278

Fvent Rates

e We simulate DIS neutrino interactions along
the LHCb and CMS beam using SIREN

e Cherenkov detectors enable flavor
identification in UNDINE

These detectors offer a cost-effective

opportunity to collect large samples of

collider neutrino interactions
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What can we do with
~a million collider
neutrinos?



Neutrino Cross Sections

o FASER recently reported

101_ Ostat © Osys |
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Forward Charm Production in p-p Collisions

e Increasing forward charm production rates
corresponds to...

1. More high-energy muon neutrinos
2. More electron and tau neutrinos

e Ratio measurements can distinguish between
charm production models after 1 year

e Important implications for intrinsic charm
content of the proton [1] and the prompt
atmospheric neutrino flux [2]

[1] Maciula+ 2022 [2] Jeong+ 2023
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https://arxiv.org/pdf/2308.02808
https://arxiv.org/abs/2210.08890
https://arxiv.org/abs/2501.08278

1] Albrecht+ 2021
2] Anchordoqgui+ 2022

COSmiC MUOn PUZZle 3] Kling+ 2023

e Excess of muons observed in cosmic ray air showers [1]

« Hypothesis: swapping probability f; between pions and kaons in hadronic showers [2]

e SINE and UNDINE have complementary sensitivity to future FPF experiments [3]
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HNLs in Rock and Water

e Mass-mixed HNLs: minimal extension of the
Standard Model with HNLs

£
=

e Famously appear in the See-saw mechanism
for neutrino mass generation

e Each neutrino flavor state a couples to the MR
HNL by a small mixing U , ——————>
’ VT, NR NR U

Can we look for them in SINE and UNDINE?

See-saw type |

My,

L — LSM + l.N['}/'ua’uN] — Falza&)N] >

Abudllahi+ 2022
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https://arxiv.org/abs/2203.08039

HNLs in Rock and Water u

e Two ideas to look for mass-mixed HNLs in SINE
and UNDINE

UNDINE SINE




HNLs in Rock and Water

e Two ideas to look for mass-mixed HNLs in SINE

and UNDINE

10-1 - E, =100.0 GeV
— Lgec=10"m —-=- At=10%ns
103 - — Ldeczlolm ——- At=10!ns
1. m, < 10GeV:Delayed muons with respect \ — lwcm10?m  -- =10t
107> 1 —103 -=- At=107ns
[ J [ ] [ ] d ~ - Ldec—lo m
to the beam trigger from HNL time-of-flight SR NN
< 7 \\\ S \\\
bi 10-2 - \\\\:\\::\\:\ N
— \\\\ \\\ \\\
N So ~ N\
10-11 - \\\\::\:::\\ \\\\
10713 ~ \\\\\ \
\\\ 3\
10-15 —
109

UNDINE

N. Kamp UCLouvain CP3 Seminar | 27 January 2025 51



HNLs in Rock and Water

e Two ideas to look for mass-mixed HNLs in SINE

and UNDINE 10° ———————
102L Atre+ 2009

1. m, S 10GeV:Delayed muons with respect

to the beam trigger from HNL time-of-flight 10
N_‘f 10-1 ......
2. m, > 10GeV:Di-muons from i S R
S 1o il A o A

N = u(W* >y yor /- u(ZH - pp) o

107

UNDINE
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https://arxiv.org/abs/0901.3589

HNLs in Rock and Water

e Two ideas to look for mass-mixed HNLs in SINE

and UNDINE 10° —
102 Atre+ 2009

1. m, S 10GeV:Delayed muons with respect

S

to the beam trigger from HNL time-of-flight e 1
T 10" S
~T A

2. m, > 10GeV:Di-muons from o 10

=" 10° o

N = u(W* = v yor N = (Z% = pp) o

Sensitivity studies in progress 10

UNDINE
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Surface Detector Background

Shipping Container

Signal

Background

*Water overburden reduces cosmic backgrounds in lake detector

ain CP3 Seminar | 27 January 2025
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Surface Detector Background

Shipping Container
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We use EcoMug to generate cosmic muons in a
cylinder surrounding one of the shipping containers

UCLouvain CP3 Seminar | 27 January 2025

55


https://www.sciencedirect.com/science/article/abs/pii/S0168900221007178

Four Strategies for Background Rejection

1. Timing with respect to proton collision 2. Time difference between scintillator panels
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Surface Background Summary

103 - —— Neutrino Signal
—— Cosmic Background

Rate [HZ]
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Takeaway:

SINE and UNDINE are cost-effective
experiments that can:
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(1) collect large samples of collider
neutrino interactions, and
(2) potentially set strong constraints on
mass-mixed HNLs
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Conclusion

The 4.80 excess of electron-like events in MiniBooNE remains unexplained

Dipole-portal HNLs offer a promising explanation for the bulk of the excess
MINERVA and ND280 data constrain dipole-portal HNLs

lceCube and KM3NeT are performing complimentary searches for the “smoking-gun”
double cascade signature of dipole-portal HNLs

SINE and UNDINE can collect large samples of collider neutrino interactions,
constraining Standard Model neutrino physics and potentially HNLs
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Thank you!
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