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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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A Brief History of Neutrino Anomalies

Continuous electron energy 
spectrum in beta decays

Neary 1940 Pauli 1930

A new neutral particle Detection of a neutrino from a 
nuclear reactor 

Reines, Cowan 1953

Experimental Anomaly Theoretical Resolution Experimental Validation

https://royalsocietypublishing.org/doi/10.1098/rspa.1940.0044
https://royalsocietypublishing.org/doi/10.1098/rspa.1940.0044
https://journals.aps.org/pr/abstract/10.1103/PhysRev.92.830


N. Kamp UGent EPPGA Seminar | 4 February 2025 4

A Brief History of Neutrino Anomalies
Experimental Anomaly Theoretical Resolution Experimental Validation



N. Kamp UGent EPPGA Seminar | 4 February 2025 4

Kamiokande 1988

Bachall 2004

νμ

Observed deficits of solar and 
atmospheric neutrinos

νe
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https://arxiv.org/abs/hep-ph/0412068
https://www.sciencedirect.com/science/article/abs/pii/0370269388916905


N. Kamp UGent EPPGA Seminar | 4 February 2025 4

Kamiokande 1988

Bachall 2004

νμ

Observed deficits of solar and 
atmospheric neutrinos

νe

A Brief History of Neutrino Anomalies

Oscillations* from mixing 
between mass and flavor states

P(να → νβ) ≈ sin2 2θ sin2( Δm2L
4E )

*and matter effects

νe
νμ
ντ

=
Ue1 Ue2 Ue3
Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

ν1
ν2
ν3
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Kamiokande 1988

Bachall 2004

νμ

Observed deficits of solar and 
atmospheric neutrinos

νe

New measurements of solar, 
atmospheric, and reactor 

neutrinos
SNO 2001

KamLAND 2008

A Brief History of Neutrino Anomalies

Oscillations* from mixing 
between mass and flavor states

P(να → νβ) ≈ sin2 2θ sin2( Δm2L
4E )

*and matter effects

νe
νμ
ντ

=
Ue1 Ue2 Ue3
Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

ν1
ν2
ν3

Experimental Anomaly Theoretical Resolution Experimental Validation

https://arxiv.org/abs/hep-ph/0412068
https://www.sciencedirect.com/science/article/abs/pii/0370269388916905
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.011301
https://arxiv.org/abs/0801.4589
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 MiniBooNE 2021

Excesses of  and  events in 
short baseline neutrino experiments

νe νe

LSND 2001

Experimental Anomaly Theoretical Resolution Experimental Validation

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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Unresolved!

Unknown systematic 
uncertainties? 

eV-scale sterile neutrinos? 

GeV-scale heavy neutrinos? ?
This talk!

 MiniBooNE 2021

Excesses of  and  events in 
short baseline neutrino experiments

νe νe

LSND 2001

Experimental Anomaly Theoretical Resolution Experimental Validation

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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Outline
1. MiniBooNE: A long-standing neutrino anomaly 

2. Heavy neutrinos in plastic: constraints on a promising MiniBooNE solution 

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

4. Heavy neutrinos (and more) in water and rock: new detectors for collider neutrinos
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3. Heavy neutrinos in ice and water: searches at neutrino telescopes 
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The MiniBooNE Experiment
• 800-ton  Cherenkov detector 

• Situated along Fermilab’s Booster Neutrino Beam  

• ~540 m from the beryllium target 

• Observes mostly  and  from charged pion decays

CH2

νμ νμ

8
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The MiniBooNE Anomaly
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4.8𝝈 excess of electron-like eventsElectrons:  
“fuzzy” rings from multiple scattering

MiniBooNE 2021

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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What could it be?
Cherenkov limitations: 

• Electrons/photons indistinguishable 

• No hadronic information 

The excess could be…

MiniBooNE 2021
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Δm2
23 ∼ 2 × 10−3 eV2, Eν ∼ 500 MeV ⟹ Losc ∼ 200 km

Recall  P(νμ → νe) ∝ sin2(Δm2L/4E)

, much too short for  oscillations via !LMB ∼ 500 m νμ → νe Δm2
23
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MicroBooNE data disfavor this 
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MiniBooNE 2021

 misidentification 
background constrained 
in-situ and disfavored by 

the radial distribution

π0

MiniBooNE 2021

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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Cherenkov limitations: 

• Electrons/photons indistinguishable 

• No hadronic information 

The excess could be… 

1. True electron neutrinos? 

2. Mis-modeled photon background?

What could it be?

14

MiniBooNE 2021

Rare  decays to single 
photons are not 

constrained in situ by 
MiniBooNE

Δ

PRL 128, 111801

MicroBooNE data also 
disfavor a MiniBooNE-like 

excess of  events at 
the 95% confidence level

Δ → Nγ

(See also Brdar, Kopp 2021) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801
https://arxiv.org/abs/2109.08157
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E ν1

ν2

ν3m2
3

m2
2

m2
1

m2

νe νμ ντ νs

ν4m2
4

Δm2
41 ∼ 1 eV2

+

An eV-scale sterile neutrino can induce 
 oscillations at short baselinesνμ → νe

MiniBooNE 2021

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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Cherenkov limitations: 

• Electrons/photons indistinguishable 
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2. Mis-modeled photon background? 

3. New physics?

 appearance
νe

 disappearanceνμ  disappearanceνe

Hardin+ 2022

What could it be?

16

MiniBooNE 2021

So why haven’t we declared victory?
Significant internal tension 

in sterile neutrino global fits

No positive 
evidence for  

disappearance, up 
to a persistent ~2  
hint from IceCube 
PRL 133, 201804 

(2024) 

νμ

σ

https://arxiv.org/abs/2211.02610
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.201804
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So why haven’t we declared victory?
Significant internal tension 

in sterile neutrino global fits

No positive 
evidence for  

disappearance, up 
to a persistent ~2  
hint from IceCube 
PRL 133, 201804 

(2024) 

νμ

σ

None of our leading Standard 
Model or BSM hypotheses for 

the excess seem to work… 
We need a new model

https://arxiv.org/abs/2211.02610
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.201804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.201804
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Excess over background

MiniBooNE 2021

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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A hint for a two component solution

17

A broad angle 
component at 

lower energies

Excess over background
A forward 

component 
that extends 

to higher 
energies

MiniBooNE 2021

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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Outline

18

1. MiniBooNE: A long-standing neutrino anomaly 

2. Heavy neutrinos in plastic: constraints on a promising MiniBooNE solution 

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

4. Heavy neutrinos (and more) in water and rock: new detectors for collider neutrinos
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Can we find a two component 
solution for MiniBooNE?
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[1] Hardin+ 2211.02610    [2] Vergani, NK+ PRD 104, 095005   [3] NK+ PRD 107, 055009

https://arxiv.org/abs/2211.02610
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.095005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.055009
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(1) An eV-scale sterile neutrino

νμ νeν4

E ν1

ν2

ν3m2
3

m2
2

m2
1

m2

νe νμ ντ νs

ν4m2
4

Δm2
41 ∼ 1 eV2

+

Subdominant contribution to the MiniBooNE 
excess while still explaining other short baseline 

neutrino anomalies [1,2]

https://arxiv.org/abs/2211.02610
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.095005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.055009


N. Kamp UGent EPPGA Seminar | 4 February 2025

Can we find a two component 
solution for MiniBooNE?

19

[1] Hardin+ 2211.02610    [2] Vergani, NK+ PRD 104, 095005   [3] NK+ PRD 107, 055009

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

sterile neutrino global fits ( ) [2,3]4.8σ → 2.3σ

⨁
ℒeff ⊃ dα𝒩νασμνFμν𝒩R + h . c .

A
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(2) A dipole-portal heavy neutral lepton (HNL)
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Can we find a two component 
solution for MiniBooNE?
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Figure 4: Orientation of the nuclear target region along the beamline axis. The thinner targets are located

downstream and the thicker targets are located upstream.

with an 85 cm apothem, and a 2.5 cm cut on each side of the boundary between materials.

The z-location of the center of each target and the fiducial mass of each material for each

target is given in Table 4. The estimated uncertainty on the fiducial masses due to density

and thickness variations is less than 1%.

2.4. Water Target

A water target is positioned between solid targets 3 and 4, with a mean position of

530.8 cm. It consists of a circular steel frame with a diameter slightly larger than the MIN-

ERvA inner detector size, and Kevlar® (polymerized C14H10N2O2) sheets stretched across

the frame as shown in Fig. 5. The shape of the water target is not as well known as that

of the solid targets. When the target is filled the lower part expands more than the upper
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Figure 1: Schematic views of the MINERvA detector. Left: front view of a single detector module. Right:

side view of the complete detector showing the nuclear target, the fully-active tracking region and the

surrounding calorimeter regions.

cryogenic vessel filled with liquid helium, described below, is placed between the veto

wall and the main detector.

The main MINERvA detector is segmented transversely into: the inner detector (ID),

with planes of solid scintillator strips mixed with the nuclear targets; a region of pure

scintillator; downstream electromagnetic calorimetry (ECAL) and hadronic calorimetry

(HCAL); and an outer detector (OD) composed of a frame of steel with imbedded scintil-

lator, which also serves as the supporting structure. Both the ID and OD are in the shape

of a regular hexagon. For construction and convenience of handling, a single unit of MIN-

ERvA incorporates both the scintillator and outer frame. Up to two planes of scintillator

are mounted in one frame, called a “module”. Figure 1 (left) shows a view of a tracking

module. There are three orientations of strips in the tracking planes, offset by 60� from

each other, which enable a three-dimensional reconstruction of tracks. The 60� offset fits

naturally with the hexagonal transverse cross section of the detector.

The MINERvA coordinate system is defined such that the z axis is horizontal and

points downstream along the central axis of the detector, the y axis points upward, and
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Mixed Model Fit Strategy

20

1. Perform a global sterile neutrino fit without 
MiniBooNE to fix the sterile neutrino parameters [1] 

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

3. Fit the remaining excess for the preferred HNL mass 
and dipole coupling

Figure 1: Event generation diagram
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Dipole-portal HNLs @ MiniBooNE
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Figure 4: Orientation of the nuclear target region along the beamline axis. The thinner targets are located

downstream and the thicker targets are located upstream.

with an 85 cm apothem, and a 2.5 cm cut on each side of the boundary between materials.

The z-location of the center of each target and the fiducial mass of each material for each

target is given in Table 4. The estimated uncertainty on the fiducial masses due to density

and thickness variations is less than 1%.

2.4. Water Target

A water target is positioned between solid targets 3 and 4, with a mean position of

530.8 cm. It consists of a circular steel frame with a diameter slightly larger than the MIN-

ERvA inner detector size, and Kevlar® (polymerized C14H10N2O2) sheets stretched across

the frame as shown in Fig. 5. The shape of the water target is not as well known as that

of the solid targets. When the target is filled the lower part expands more than the upper
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Figure 1: Schematic views of the MINERvA detector. Left: front view of a single detector module. Right:

side view of the complete detector showing the nuclear target, the fully-active tracking region and the

surrounding calorimeter regions.

cryogenic vessel filled with liquid helium, described below, is placed between the veto

wall and the main detector.

The main MINERvA detector is segmented transversely into: the inner detector (ID),

with planes of solid scintillator strips mixed with the nuclear targets; a region of pure

scintillator; downstream electromagnetic calorimetry (ECAL) and hadronic calorimetry

(HCAL); and an outer detector (OD) composed of a frame of steel with imbedded scintil-

lator, which also serves as the supporting structure. Both the ID and OD are in the shape

of a regular hexagon. For construction and convenience of handling, a single unit of MIN-

ERvA incorporates both the scintillator and outer frame. Up to two planes of scintillator

are mounted in one frame, called a “module”. Figure 1 (left) shows a view of a tracking

module. There are three orientations of strips in the tracking planes, offset by 60� from

each other, which enable a three-dimensional reconstruction of tracks. The 60� offset fits

naturally with the hexagonal transverse cross section of the detector.

The MINERvA coordinate system is defined such that the z axis is horizontal and

points downstream along the central axis of the detector, the y axis points upward, and
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• Single showers from dipole-portal HNL 

decays would show up in MINERvA neutrino-
electron elastic scattering measurements [1] 

• We simulate upscattering and decay in a 
realistic MINERvA detector using SIREN  

22
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[1] MINERvA 2019 Kamp+ PRD 107, 055009

 HNLs in Plastic @ MINERvA
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• We use the high dE/dx sideband region to set constraints on dipole-portal HNLs 

• Most stringent MINERvA constraints do not rule out the MiniBooNE-preferred 
region at the 95% CL
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• We use the high dE/dx sideband region to set constraints on dipole-portal HNLs 

• Most stringent MINERvA constraints do not rule out the MiniBooNE-preferred 
region at the 95% CL
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able to make a strong statement here!
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• ND280’s gaseous time projection chambers 
(TPCs) have low single shower backgrounds 

• T2K leveraged this to search for  pairs from 
mass-mixed HNL decays [1] 

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

e+e−

[1] T2K 2019

arXiv:2412.15051

M-S. Liu

 HNLs in Plastic @ ND280(+)

M. Lamoureux thesis 

https://arxiv.org/pdf/1902.07598
https://arxiv.org/abs/2412.15051
https://inspirehep.net/literature/1764878
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M-S Liu, NK, C. Argüelles 2024

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

ND280 ND280+

 HNLs in Plastic @ ND280(+)

https://arxiv.org/abs/2412.15051
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Γ𝒩→νγ ∝ m3
𝒩

 HNLs in Plastic @ ND280(+)

M-S Liu, NK, C. Argüelles 2024

https://arxiv.org/abs/2412.15051
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The 2019 T2K search observes zero 
 pairs in the ND280 gas TPCs, 

constraining the region of parameter 
space preferred by MiniBooNE

e+e−

The addition of three years of 
ND280 upgrade data will further 

improve the sensitivity

 HNLs in Plastic @ ND280(+)

M-S Liu, NK, C. Argüelles 2024

Caveat: these constraints assume the 
same efficiency for tagging mass-

mixed and dipole-portal HNL decays
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e+e−

The addition of three years of 
ND280 upgrade data will further 

improve the sensitivity

 HNLs in Plastic @ ND280(+)Takeaway: 
Dipole-portal HNLs are a promising 

explanation of the MiniBooNE excess, 
though they face constraints from 

MINERvA and ND280 data

M-S Liu, NK, C. Argüelles 2024

Caveat: these constraints assume the 
same efficiency for tagging mass-

mixed and dipole-portal HNL decays

However: 
Single showers in MINERvA and ND280 

are not “smoking-gun” evidence for 
dipole-portal HNLs. Can we make a 
more compelling search elsewhere?

https://arxiv.org/abs/2412.15051
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Outline

28

1. MiniBooNE: A long-standing neutrino anomaly 

2. Heavy neutrinos in plastic: constraints on a promising MiniBooNE solution 

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

4. Heavy neutrinos (and more) in water and rock: new detectors for collider neutrinos
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Quanta 2023

The IceCube Detector

https://www.quantamagazine.org/sparse-neural-networks-point-physicists-to-useful-data-20230608/
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IceCube Event Categories

30

νμ
μ

Hadrons

νμ
μ

Hadrons

να
e, τ, να

Hadrons

“Through-going track” 
 charged-current DIS outside the 

active volume
νμ

“Starting track” 
 charged-current DIS inside the 

active volume
νμ

“Cascade” 
 charged-current DIS or  

neutral-current DIS inside the active 
volume

νe,τ να
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νμ

Hadrons

μ
νμ

μ

Hadrons

να
e, τ, να

Hadrons

Through-going track Starting track Cascade

Earliest photons Latest photons

Kilometer-scale events!

IceCube Event Categories
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A

γ

νμ

A

νμ,τ

γ

ν

γ
32

A

γ

νμ

A

νμ,τ

γX

ν
γ

South Pole Ice

• We look for two 
isolated cascades from 
the HNL upscattering 
and decay


• This is a smoking gun 
signature* of dipole-
portal HNLs!


• First proposed in 
Coloma+ (2017)

HNLs in Ice @ IceCube

*Double cascades are also a 
signature of  interactions at much 

higher energies [IceCube 2020] 
ντ

https://arxiv.org/abs/1707.08573
https://link.springer.com/article/10.1140/epjc/s10052-022-10795-y


N. Kamp UGent EPPGA Seminar | 4 February 2025 33

• Upscattering and 
decay of HNLs 
simulated using 
SIREN 

• Photon 
propagation and 
detector response 
simulated using 
internal IceCube 
software IceCube Work in Progress

HNLs in Ice @ IceCube
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Kajita 2012

• Atmospheric neutrinos are 
our main  source to 
produce dipole-portal HNLs 

• Flux prediction from 
DAEMONFLUX [1] 

νμ/νμ

34

π/K π/K

Atmospheric Neutrino Flux

[1] Yañez+ 2023

https://www.hindawi.com/journals/ahep/2012/504715/
https://arxiv.org/abs/2303.00022
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IceCube Work in Progress

Number of double 
cascade from dipole-
portal HNLs per year: 
1.  Passing IceCube’s 

data filtration system 
2. With cascade 

separation > 5 m

HNLs in Ice @ IceCube
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IceCube Work in Progress

Number of double 
cascade from dipole-
portal HNLs per year: 
1.  Passing IceCube’s 

data filtration system 
2. With cascade 

separation > 5 m

HNLs in Ice @ IceCube

Background studies in progress
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Reproduced from 
Joao Coelho, Neutrino 2024

We can also 
search for HNLs 

in KM3NeT

The longer photon 
scattering length of 

water v.s. ice is 
advantageous for event 

reconstruction

https://agenda.infn.it/event/37867/contributions/233917/
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• We begin with a SIREN-based simulation of dipole-portal HNL 
double cascades in ORCA 

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

Sensitivity studies underway

37

J. Prado

HNLs in Water @ KM3NeT

KM3NeT Work in Progress

Single 
cascades

Double 
cascades
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• We begin with a SIREN-based simulation of dipole-portal HNL 
double cascades in ORCA 

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

Sensitivity studies underway

37

J. Prado

HNLs in Water @ KM3NeT

KM3NeT Work in Progress

Single 
cascades

Double 
cascades

Takeaway: 
IceCube and KM3NeT are performing 

searches for the “smoking-gun” double 
cascade signature of dipole-portal HNLs
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Outline

38

1. MiniBooNE: A long-standing neutrino anomaly 

2. Heavy neutrinos in plastic: constraints on a promising MiniBooNE solution 

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

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

39

FASER Collab. 2023 FASER Collab. 2024

Unique sensitivity to TeV neutrinos and long-lived 
particles produced in the forward direction at the LHC

https://arxiv.org/abs/2303.14185
https://arxiv.org/pdf/2403.12520


N. Kamp UGent EPPGA Seminar | 4 February 2025

46.8

46.7

46.6

46.5

46.4

46.3

46.2

46.1

46.0
5.25 5.75 6.00 6.25

Longitude [deg]

La
tit

ud
e 

[d
eg

]

ATLAS IP
ALICE IP
CMS IP

Beam line

Lake Intersection

Surface detector
location

Surface detector
location

GEN EVAG EN EVA

F R A N C EF R A N C E S W I T Z E R L A N DS W I T Z E R L A N D

J U R A  M O U N TA I N
 R A N G E

J U R A  M O U N TA I N
 R A N G E

Lake detector
location
Lake detector
locationSurface ExitLHCb IP

6.50 6.75 7.00 7.255.50

Distance from LHCb Interaction Point [m]

El
ev

at
io

n 
w

.r.
t. 

La
ke

 [m
]

-150

-100

100

150

-50

50

0

0 10000 20000 30000 40000 50000

Distance from CMS Interaction Point [m]

El
ev

at
io

n 
w

.r.
t. 

La
ke

 [m
]

-100

0

400

500

100

300

200

-30000 -20000 -10000 0 10000 20000

Land
Lake Geneva
CMS Interaction Point

Beam from CMS

FASER Envelope

Land
Lake Geneva
LHCb Interaction Point

Beam from LHCb

FASER Envelope

x5x5

x5x5

x3x3

x3x3

46.8

46.7

46.6

46.5

46.4

46.3

46.2

46.1

46.0
5.25 5.75 6.00 6.25

Longitude [deg]

La
tit

ud
e 

[d
eg

]

ATLAS IP
ALICE IP
CMS IP

Beam line

Lake Intersection

Surface detector
location

Surface detector
location

GEN EVAG EN EVA

F R A N C EF R A N C E S W I T Z E R L A N DS W I T Z E R L A N D

J U R A  M O U N TA I N
 R A N G E

J U R A  M O U N TA I N
 R A N G E

Lake detector
location
Lake detector
locationSurface ExitLHCb IP

6.50 6.75 7.00 7.255.50

Distance from LHCb Interaction Point [m]

El
ev

at
io

n 
w

.r.
t. 

La
ke

 [m
]

-150

-100

100

150

-50

50

0

0 10000 20000 30000 40000 50000

Distance from CMS Interaction Point [m]

El
ev

at
io

n 
w

.r.
t. 

La
ke

 [m
]

-100

0

400

500

100

300

200

-30000 -20000 -10000 0 10000 20000

Land
Lake Geneva
CMS Interaction Point

Beam from CMS

FASER Envelope

Land
Lake Geneva
LHCb Interaction Point

Beam from LHCb

FASER Envelope

x5x5

x5x5

x3x3

x3x3

LHC Neutrinos pass through Lake Geneva

40

This enables the 
construction of 

large-scale lake-and-
surface-based 

detectors that evade 
muon backgrounds 

from the p-p collision
Thanks to Benjamin Weyer and 
Albert De Roeck for discussions 

on the beam geometry

46.8

46.7

46.6

46.5

46.4

46.3

46.2

46.1

46.0
5.25 5.75 6.00 6.25

Longitude [deg]

La
tit

ud
e 

[d
eg

]

ATLAS IP
ALICE IP
CMS IP

Beam line

Lake Intersection

Surface detector
location

Surface detector
location

GEN EVAG EN EVA

F R A N C EF R A N C E S W I T Z E R L A N DS W I T Z E R L A N D

J U R A  M O U N TA I N
 R A N G E

J U R A  M O U N TA I N
 R A N G E

Lake detector
location
Lake detector
locationSurface ExitLHCb IP

6.50 6.75 7.00 7.255.50

Distance from LHCb Interaction Point [m]

El
ev

at
io

n 
w

.r.
t. 

La
ke

 [m
]

-150

-100

100

150

-50

50

0

0 10000 20000 30000 40000 50000

Distance from CMS Interaction Point [m]

El
ev

at
io

n 
w

.r.
t. 

La
ke

 [m
]

-100

0

400

500

100

300

200

-30000 -20000 -10000 0 10000 20000

Land
Lake Geneva
CMS Interaction Point

Beam from CMS

FASER Envelope

Land
Lake Geneva
LHCb Interaction Point

Beam from LHCb

FASER Envelope

x5x5

x5x5

x3x3

x3x3

Illus. Jackapan Pairin 
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This enables the 
construction of 

large-scale lake-and-
surface-based 

detectors that evade 
muon backgrounds 

from the p-p collision
Thanks to Benjamin Weyer and 
Albert De Roeck for discussions 

on the beam geometry
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J. Thomas A. Karle C. Argüelles T. Yuan

arXiv:2501.08278Illus. Jackapan Pairin 

https://arxiv.org/abs/2501.08278
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Signal definition: up-going 
muons from neutrino interactions 
in bedrock

Shipping Container

Fr
on

t S
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nt
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Pa
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24.4 m

7.
9 

m

2.6 m

μ

SINE: Surface-based Integrated Neutrino Experiment

NK+ 2025

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

42

CHIPS Collab. 2024
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NK+ 2025

12
.5

 m

D. Delgado

https://arxiv.org/abs/2401.11728
https://arxiv.org/abs/2501.08278
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LHC Forward Neutrino Flux

43

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

Significant uncertainties on 
charm hadron production in 

p-p collisions

NK+ 2025

https://github.com/makelat/forward-nu-flux-fit
https://arxiv.org/abs/2501.08278
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Event Rates
• We simulate DIS neutrino interactions along 

the LHCb and CMS beam using SIREN 

• Cherenkov detectors enable flavor 
identification in UNDINE 

These detectors offer a cost-effective 
opportunity to collect large samples of 
collider neutrino interactions

44

NK+ 2025

https://arxiv.org/abs/2501.08278
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What can we do with  
~a million collider 

neutrinos?

45
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Neutrino Cross Sections
• FASER recently reported 

first measurements of the 
total neutrino cross section 
at TeV energies [1,2] 

• SINE and UNDINE can make 
complimentary 
measurements 

• Few-percent-level 
uncertainties with full 
dataset 

• Comparable to theoretical 
uncertainty [3]

46

[1] FASER Collab. 2024 [3] Weigel+ 2024[2] FASER Collab. 2024 NK+ 2025

https://arxiv.org/pdf/2403.12520
https://arxiv.org/abs/2408.05866
https://arxiv.org/pdf/2403.12520
https://arxiv.org/abs/2501.08278
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Forward Charm Production in p-p Collisions

• Increasing forward charm production rates 
corresponds to… 

1. More high-energy muon neutrinos  

2. More electron and tau neutrinos 

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

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

47

[2] Jeong+ 2023[1] Maciula+ 2022 NK+ 2025

https://arxiv.org/pdf/2308.02808
https://arxiv.org/abs/2210.08890
https://arxiv.org/abs/2501.08278
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Cosmic Muon Puzzle
• Excess of muons observed in cosmic ray air showers [1] 

• Hypothesis: swapping probability   between pions and kaons in hadronic showers [2] 

• SINE and UNDINE have complementary sensitivity to future FPF experiments [3]

fs

48

[1] Albrecht+ 2021 

[2] Anchordoqui+ 2022  
[3] Kling+ 2023

NK+ 2025

https://arxiv.org/abs/2105.06148
https://arxiv.org/abs/2202.03095
https://arxiv.org/abs/2309.10417
https://arxiv.org/abs/2501.08278
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HNLs in Rock and Water
• Mass-mixed HNLs: minimal extension of the 

Standard Model with HNLs 

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

• Each neutrino flavor state  couples to the 
HNL by a small mixing  

Can we look for them in SINE and UNDINE?

α
Uα4

Abudllahi+ 2022

https://arxiv.org/abs/2203.08039
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SINEUNDINE

HNLs in Rock and Water
• Two ideas to look for mass-mixed HNLs in SINE 

and UNDINE
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SINEUNDINE

HNLs in Rock and Water

ν, π, K, D 𝒩Upscattering/Decay Decay μ−

β < 1

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

1. : Delayed muons with respect 
to the beam trigger from HNL time-of-flight
m𝒩 ≲ 10 GeV
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• Two ideas to look for mass-mixed HNLs in SINE 
and UNDINE 

1. : Delayed muons with respect 
to the beam trigger from HNL time-of-flight 

2. : Di-muons from 

 or 

m𝒩 ≲ 10 GeV

m𝒩 > 10 GeV
𝒩 → μ(W(⋆) → μνμ) 𝒩 → ν(Z(⋆) → μμ)
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ν, π, K, D 𝒩Upscattering/Decay Decay μ−

β < 1
ν

𝒩
Upscattering Decay

μ−
μ+

Atre+ 2009

SINEUNDINE

HNLs in Rock and Water

https://arxiv.org/abs/0901.3589
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• Two ideas to look for mass-mixed HNLs in SINE 
and UNDINE 

1. : Delayed muons with respect 
to the beam trigger from HNL time-of-flight 

2. : Di-muons from 

 or 
Sensitivity studies in progress

m𝒩 ≲ 10 GeV

m𝒩 > 10 GeV
𝒩 → μ(W(⋆) → μνμ) 𝒩 → ν(Z(⋆) → μμ)
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SINEUNDINE

HNLs in Rock and Water

https://arxiv.org/abs/0901.3589
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Background 
• True coincidence from a single cosmic muon 
• Accidental coincidence from two cosmic muons

Signal 
• True coincidence from a -induced muon 

~11 mHz per surface detector during HL-LHC
ν

νμ

Shipping Container

Pa
ne

l 1

Pa
ne

l 2

μ

*Water overburden reduces cosmic backgrounds in lake detector

SINE Cosmic Backgrounds
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We use EcoMug to generate cosmic muons in a 
cylinder surrounding one of the shipping containers

νμ

Shipping Container

Pa
ne

l 1

Pa
ne

l 2

μ

Cosmic muon true coincidence rate: 1.67 kHz 
Cosmic muon single panel rate: 1.62 kHz

Pagano+ 2021

SINE Cosmic Backgrounds

https://www.sciencedirect.com/science/article/abs/pii/S0168900221007178
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Four Strategies for Background Rejection

56

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

3a. Up-going spatial information 3b. Two-dimensional spatial information

p p
νμ μ

t1 t2

μ

Δt
νμ

μ Δyνμ

Front Panel Back Panel

μ exit

y1

x1

y2

x2μ enter
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SINE Background Summary
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Prototype SINE Detector

Shipping Container
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What can we do here with one 
shipping crate detector?

lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm

https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm
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What can we do here with one 
shipping crate detector?

lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm

Takeaway: 
SINE and UNDINE are cost-effective 

experiments that can: 
 (1) collect large samples of collider 

neutrino interactions, and 
(2) potentially set strong constraints on 

mass-mixed HNLs

https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm
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Conclusion
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Conclusion
The 4.8  excess of electron-like events in MiniBooNE remains unexplainedσ

Dipole-portal HNLs offer a promising explanation for the bulk of the excess

MINERvA and ND280 data constrain dipole-portal HNLs

IceCube 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!

60



N. Kamp UGent EPPGA Seminar | 4 February 2025

Backups
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