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Neutrinos From Many Sources
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Nuclear Reactor 
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https://arxiv.org/pdf/1606.07538.pdf
https://arxiv.org/pdf/0801.4589.pdf
https://arxiv.org/pdf/1707.07081.pdf
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Neutrinos Oscillating From Many Sources

Solar Neutrinos
Atmospheric 

Neutrinos
Nuclear Reactor 

Neutrinos
Accelerator 
Neutrinos

Super-Kamiokande
KamLAND

IceCube 

https://arxiv.org/pdf/1606.07538.pdf
https://arxiv.org/pdf/0801.4589.pdf
https://arxiv.org/pdf/1707.07081.pdf
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Accelerator 
T2K
NOvA

Atmospheric 
   SuperK
   IceCUBE

“Atmospheric Mixing Sector”

90% CL

Normal ordering

   Stitches together in a surprisingly coherent way! 
1. Introduction
3𝜈 Paradigm
.
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Accelerator 
T2K
NOvA

Atmospheric 
   SuperK
   IceCUBE

Solar 
Super-K
SNO

Reactor 
KamLAND
 

“Atmospheric Mixing Sector” “Solar Mixing Sector”

90% CL 2𝜎 CL

Normal ordering Normal ordering

   Stitches together in a surprisingly coherent way! 
1. Introduction
3𝜈 Paradigm
.
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      Global  three neutrino paradigm 
Neutrino Mixing Matrix

cij = cos(𝜃ij)
sij = sin(𝜃ij)

1. Introduction
3𝜈 Paradigm
.
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Neutrino Mixing Matrix

cij = cos(𝜃ij)
sij = sin(𝜃ij)

Reactor 
Double ChooZ
RENO
Daya Bay
 

      Global  three neutrino paradigm 
1. Introduction
3𝜈 Paradigm
.
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What’s the octant of  of 𝛳23? 
Measured with sin2(2𝛳23)

Neutrino Mixing Matrix

cij = cos(𝜃ij)
sij = sin(𝜃ij)

        Some remaining questions? Of course

Is there CP violation in neutrino sector
(do neutrinos and antineutrinos
behave differently?)

What’s the sign of 𝚫m2
32 ?

The “Mass Ordering” problem

1. Introduction
3𝜈 Paradigm
.
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What’s the octant of  of 𝛳23? 
Measured with sin2(2𝛳23)

Neutrino Mixing Matrix

cij = cos(𝜃ij)
sij = sin(𝜃ij)

        Some remaining questions? .. we have plans!

Is there CP violation in neutrino sector
(do neutrinos and antineutrinos
behave differently?)

What’s the sign of 𝚫m2
32 ?

The “Mass Ordering” problem

Many more! 

Upgrade

1. Introduction
3𝜈 Paradigm
.
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What’s the octant of  of 𝛳23? 
Measured with sin2(2𝛳23)

Neutrino Mixing Matrix

cij = cos(𝜃ij)
sij = sin(𝜃ij)

        Three Neutrino Paradigm! Success!

Is there CP violation in neutrino sector
(do neutrinos and antineutrinos
behave differently?)

What’s the sign of 𝚫m2
32 ?

The “Mass Ordering” problem

Many more! 

Upgrade

1. Introduction
3𝜈 Paradigm
.



M. Ross-Lonergan     
Oct  24th 2025

Anomalies : Backbone of Neutrino Physics 

1930

1930→1956
Hypothetical Era

12

Missing Energy Anomaly in 𝛃 decay

1. Introduction
3𝜈 Paradigm
How we got here
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Anomalies : Backbone of Neutrino Physics 

1930

Pauli predicts 
“neutrinos”

1930→1956
Hypothetical Era “Dear Radioactive Ladies and Gentlemen,” 

13
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Anomalies : Backbone of Neutrino Physics 

1930

Pauli predicts 
“neutrinos”

1930→1956
Hypothetical Era “Dear Radioactive Ladies and Gentlemen,” 

14

1. Introduction
3𝜈 Paradigm
How we got here

● Neutrinos played a pivotal role in first century of Quantum Physics 
and will continue to do so in the second!

● Lets get planning for 2030, a Century of Neutrino Physics! 
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1930

Pauli predicts 
“neutrinos”

1956

Reines and 
Cowan
Discover 𝝂e
“Project
Poltergeist”

1930→1956
Hypothetical Era “Dear Radioactive Ladies and Gentlemen,” 

Anomalies : Backbone of Neutrino Physics 

1. Introduction
3𝜈 Paradigm
How we got here
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1930

Pauli predicts 
“neutrinos”

1956

Reines and 
Cowan
Discover 𝝂e
“Project
Poltergeist”

1930→1956
Hypothetical Era

“We are happy to 
inform you we have 
definitely detected 
neutrinos”

Reines & Cowan

“Everything comes to 
him who knows how 
to wait”

Pauli

Anomalies : Backbone of Neutrino Physics 

1. Introduction
3𝜈 Paradigm
How we got here
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1930

Pauli predicts 
“neutrinos”

Lederman, 
Schwartz & 
Steinberger 
discover  𝝂𝝁

19621956

Reines and 
Cowan
Discover 𝝂e
“Project
Poltergeist”

1930→1956
Hypothetical Era

1956→2002
Discovery Era

Anomalies : Backbone of Neutrino Physics 

1. Introduction
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1930

Pauli predicts 
“neutrinos”

Lederman, 
Schwartz & 
Steinberger 
discover  𝝂𝝁

1962 1968

First hints of 
anomaly in 
atmospheric 
neutrinos

1988

Solar neutrinos 
discovered by Davis

1956

Reines and 
Cowan
Discover 𝝂e
“Project
Poltergeist”

1930→1956
Hypothetical Era

1956→2002
Discovery Era

Anomalies : Backbone of Neutrino Physics 

Atmospheric 
Neutrino 
Anomaly 

Solar Neutrino Anomaly 
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1930

Pauli predicts 
“neutrinos”

Lederman, 
Schwartz & 
Steinberger 
discover  𝝂𝝁

1962 1968
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anomaly in 
atmospheric 
neutrinos

1988

Solar neutrinos 
discovered by Davis

1956

Reines and 
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Anomalies : Backbone of Neutrino Physics 
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1998 2000 2002
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1930

Pauli predicts 
“neutrinos”

Lederman, 
Schwartz & 
Steinberger 
discover  𝝂𝝁

1962 1968

Evidence for 
atmospheric neutrino 
oscillation at 
Super-Kamiokande

𝝂𝜏 discovered at 
DONUT

1998 2000

Solar neutrinos 
discovered by Davis
→ MSW effect

2002

Evidence for solar 
neutrino oscillation at 
SNO

1956

Reines and 
Cowan
Discover 𝝂e
“Project
Poltergeist”

1930→1956
Hypothetical Era

1956→2002
Discovery Era
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1930

Pauli predicts 
“neutrinos”

1956

Reines and 
Cowan
Discover 𝝂e
“Project
Poltergeist”

Lederman, 
Schwartz & 
Steinberger 
discover  𝝂𝝁

1962 1968

Evidence for 
atmospheric neutrino 
oscillation at 
Super-Kamiokande

𝝂𝜏 discovered at 
DONUT

1998 2000 2002

Evidence for solar 
neutrino oscillation at 
SNO

1930→1956
Hypothetical Era

1956→2002
Discovery Era

2002→now
3𝝂 Oscillation Era

   Or the Precision Era!

KamLAND
(Anti-Neutrino osc)

OPERA
(𝝂𝝁 →𝝂𝜏

 osc)

Daya-Bay
(Measured 𝜽13)

T2K (Japan) & 
NOvA (US)
(Long 
Baseline Osc)

Solar neutrinos 
discovered by Davis
→ MSW effect

Anomalies : Backbone of Neutrino Physics 

1. Introduction
3𝜈 Paradigm
How we got here
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1930
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Short Baselines: 
Anomalies in 
Abundance
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   The Short Baseline Anomalies

LSND Anomaly
DAR Anomaly (LSND)

Pion decay-at-restLSND Anomaly
Decay-at-rest

MiniBooNE Anomaly
Decay-in-flight

Gallium Anomaly
Radioactive Source

24

1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
.



M. Ross-Lonergan     
Oct  24th 2025

   The Short Baseline Anomalies

LSND Anomaly
DAR Anomaly (LSND)

Pion decay-at-restLSND Anomaly
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MiniBooNE Anomaly
Decay-in-flight

Gallium Anomaly
Radioactive Source
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1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
.

Reactor (RAA) 
Anomaly

Nuclear Reactors

No longer an 
anomaly with 
modern flux 
calculations!

Won’t mention again.
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   The Short Baseline Anomalies

LSND Anomaly
DAR Anomaly (LSND)

Pion decay-at-restLSND Anomaly
Decay-at-rest

MiniBooNE Anomaly
Decay-in-flight

Gallium Anomaly
Radioactive Source

26
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 The LSND Anomaly

LSND AnomalyLSND Anomaly
Decay-at-rest

Observed a 3.8𝞂 significance excess

Background 𝜈e 
contamination was at 
the level of 0.078%

LSND used a beam of       , from muon decay-at-rest, to 
search for                    appearance oscillations

27

1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
.

νμ νe
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MiniBooNE Anomaly
Decay-in-flight

Observed a 4.8𝞂 
significance excess

MiniBooNE was an 800 ton 
Cherenkov detector

𝝂𝜇 → 𝝂e appearance 
oscillations using neutrinos 
from meson decay-in-flight 
at the Booster Neutrino 
Beam (BNB) at Fermilab

    The MiniBooNE Anomaly

28

1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
.

νμ νe
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DAR Anomaly (LSND)
Pion decay-at-restGallium Anomaly

Radioactive Source

Looking for neutrinos from radioactive 51Cr and 
37Ar sources in two experiments SAGE and 
GALLEX circa 1999.

Recently replicated by the BEST experiment 
(PhysRevLett.128.232501 (2022))

Sensitive to                      disappearance 
oscillations 

Observed a ~2.5𝞂 
significance deficit

The Gallium Anomaly

29

1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
.

νe νe

https://doi.org/10.1103/PhysRevLett.128.232501
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DAR Anomaly (LSND)
Pion decay-at-restGallium Anomaly

Radioactive Source

Looking for neutrinos from radioactive 51Cr and 
37Ar sources in two experiments SAGE and 
GALLEX circa 1999.

Recently replicated by the BEST experiment 
(PhysRevLett.128.232501 (2022))

Sensitive to                      disappearance 
oscillations 

Observed a ~4.0𝞂 
significance deficit

The Gallium Anomaly

30

1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
.

νe νe

https://doi.org/10.1103/PhysRevLett.128.232501
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LSND Anomaly
DAR Anomaly (LSND)

Pion decay-at-restLSND Anomaly
Decay-at-rest

MiniBooNE Anomaly
Decay-in-flight

Gallium Anomaly
Radioactive Source

~4.0𝞂~3.8𝞂 ~4.8𝞂

The Short- Baseline Anomalies

31
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3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
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LSND Anomaly
DAR Anomaly (LSND)

Pion decay-at-restLSND Anomaly
Decay-at-rest

MiniBooNE Anomaly
Decay-in-flight

Gallium Anomaly
Radioactive Source

~3.8𝞂

All individually consistent with neutrino oscillations 
with a mass difference 𝚫m2 ~ O(1 eV2)

~4.0𝞂~3.8𝞂 ~4.8𝞂

The Short- Baseline Anomalies, discovery of a New Neutrino?

32
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Mass difference 𝚫m2 ~ O(1 eV2)

This does not line up with the 
global ”3 neutrino paradigm”  
picture and LEP electroweak 
precision data

𝜈1

𝜈2

𝜈3

𝜈4 Need a 4th “sterile” 
neutrino

3 Neutrino Paradigm
…

33

A Sterile Neutrino?

“e+e-   → hadron” cross-section at LEP

Phys.Rept.427:257-454,2006

1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
Sterile Neutrinos
.

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physrep.2005.12.006&v=a52d2d2b


M. Ross-Lonergan     
Oct  24th 2025

            Sterile Neutrinos: a generic addition to the SM

● Any SM-singlet fermions carrying no standard model 
charge can be called a “sterile neutrino”

Sterile Neutrino
Known alias:
Heavy Neutral Lepton (HNL) 
Neutral Heavy Fermion 
Inert Neutrino
SM Singlet Fermion
Right-handed neutrino
Right-handed neutral fermion
Dark Neutrino
Isosinglet Neutrino + …

𝛎

● Extremely generic extension. Any new 
theory that contains a fermion that has no 
SM charge can mix with our SM neutrinos

○ Gives neutrino sector a unique probe 
into the unknown

34

1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
Sterile Neutrinos
.

Inspire HEP 
abstract mentions

9,450 papers
362,292 citations 

Number 
of papers

1972   1980              1990                  2000              2010                  2020     2025
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Massless?

~ active 
Neutrinos?
O(0.01) eV

O(keV) warm 
dark matter 
candidate?

O(TeV) help with 
leptogenesis?

GUT scale (1016 GeV) 
helps with neutrino 
mass generation?

            Sterile  Neutrino Masses

Lots of theories and applications, 
a priori no clear mass scale

35
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Massless?

~ active 
Neutrinos?
O(0.01) eV

O(keV) warm 
dark matter 
candidate?

O(TeV) help with 
leptogenesis?

GUT scale (1016 GeV) 
helps with neutrino 
mass generation?

            Sterile  Neutrino Masses

Light, ~eV scale, sterile neutrinos
(SBL-anomaly motivated)

Lots of theories and applications, 
a priori no clear mass scale

36

1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
Sterile Neutrinos
.
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LSND Anomaly
DAR Anomaly (LSND)

Pion decay-at-restLSND Anomaly
Decay-at-rest

MiniBooNE Anomaly
Decay-in-flight

Gallium Anomaly
Radioactive Source

~3.8𝞂

Multiple independent anomalous signals consistent 
with a 4th eV scale neutrino.. 

Why is there still debate? Where’s the         ? 

~4.0𝞂~3.8𝞂 ~4.8𝞂

37
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3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
Sterile Neutrinos
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LSND Anomaly
DAR Anomaly (LSND)

Pion decay-at-restLSND Anomaly
Decay-at-rest

MiniBooNE Anomaly
Decay-in-flight

Gallium Anomaly
Radioactive Source

~3.8𝞂

All individually consistent with neutrino oscillations 
with a mass difference 𝚫m2 ~ O(1 eV2)

~4.0𝞂~3.8𝞂 ~4.8𝞂

The Short- Baseline Anomalies, discovery of a Sterile Neutrino?

38
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What have we 
learned and 
where do we 
stand on eV 

scale steriles?
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νμ → νe

Positive Hints
● LSND
● MiniBooNE

Positive Hints
● Gallium 

40

1. Introduction
3𝜈 Paradigm
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Anomalies
Sterile Neutrinos

3. Where We Stand
𝜈𝜇→ 𝜈e Results

νe → νe
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Positive Hints
● LSND
● MiniBooNE

Null 𝜇→e

Null Results
● KARMEN
● CCFR
● NuTeV
● NOMAD

● CCFR [1984] @ Fermilab
○ PhysRevLett.52.10.1103, 1984

● KARMEN [2002] @ RAL (UK)
○  Phys.Rev.D65:112001,2002

● NuTeV [2002] @ Fermilab
○ Phys.Rev.Lett.89:011804,2002

● NOMAD [2003] @ CERN
○ Phys.Lett.B570:19-31,2003
○ “This result excludes the LSND allowed 

region of oscillation parameters with 𝚫 
m2 > 10 eV2”

41

1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
Sterile Neutrinos

3. Where We Stand
𝜈𝜇→ 𝜈e Results

νμ → νe

https://doi.org/10.1103/PhysRevLett.52.1384
https://arxiv.org/abs/hep-ex/0203021
https://doi.org/10.1103/PhysRevLett.89.011804
https://doi.org/10.1016/j.physletb.2003.07.029
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Positive Hints
● LSND
● MiniBooNE

Null 𝜇→e

Null Results
● KARMEN
● CCFR
● NuTeV
● NOMAD
● OPERA
● MicroBooNE

● OPERA [2019] @  Gran Sasso
○ Phys. Rev. D 100, 051301 (2019)

○ Very long baseline, 730 km, oscillations 
average out for LSND/MiniBooNE 
regions

● MicroBooNE [2023] @ Fermilab
○ Phys. Rev. Lett. 130, 011801 (2023)

○ Same beamline as MiniBooNE!

42

Mild deficit 
observed 
actually

1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
Sterile Neutrinos

3. Where We Stand
𝜈𝜇→ 𝜈e Results

νμ → νe

https://doi.org/10.1103/PhysRevD.100.051301
https://doi.org/10.1103/PhysRevLett.130.011801
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Null ResultsPositive Hints
● LSND
● MiniBooNE

Positive Hints
● Gallium

Null Results
● KARMEN
● CCFR
● NuTeV
● NOMAD
● OPERA
● MicroBooNE

Null e→e

43
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3. Where We Stand
𝜈𝜇→ 𝜈e Results
𝜈e Disappearance

νμ → νe νe → νe
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Positive Hints
● Gallium

Null e→e

Null Results

Three strategies to see short-baseline 
reactor oscillations:

44
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Positive Hints
● Gallium

Null e→e

Null Results

Three strategies to see short-baseline 
reactor oscillations:

● Move the whole detector to various 
average baselines 

Move

7m   

12m   

45
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Positive Hints
● Gallium

Null e→e

Null Results

Three strategies to see short-baseline 
reactor oscillations:

● Move the whole detector to various 
average baselines 

● Segment a single detector to measure 
𝜈e rate at different average baseline.

Segment

Move

7m     10m      12m

7m   

12m   

46
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Positive Hints
● Gallium

Null e→e

Null Results

Three strategies to see short-baseline 
reactor oscillations:

● Move the whole detector to various 
average baselines 

● Segment a single detector to measure 
𝜈e rate at different average baseline.

● Calculate relative between near and 
far detector so absolue flux and reactor 
modelling isn’t important

Segment

Move

7m     10m      12m

7m   

12m   

near

Far

Relative

47
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● Commercial reactor, 100 MWth in Russia

● 334 days reactor on data

Positive Hints
● Gallium
● Neutrino 4?

 Neutrino-4

Null Results

Move

6m   

12m   

Best-Fit oscillation 
𝚫m2 = 7.3 eV2 ,  sin22𝜃 = 

0.36  @ 2.9𝝈 
significance

Neutrino4: PhysRevD.104.03200348

Neutrino-4
Positive Signal?

1. Introduction
3𝜈 Paradigm
How we got here
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𝜈𝜇→ 𝜈e Results
𝜈e Disappearance

νe → νe

https://doi.org/10.1103/PhysRevD.104.032003
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Positive Hints
● Gallium
● Neutrino 4?

Null Results

Move

6m   

12m   

Best-Fit oscillation 
𝚫m2 = 7.3 eV2 ,  sin22𝜃 = 

0.36  @ 2.9𝝈 
significance

Neutrino-4
Positive Signal?

Neutrino4: PhysRevD.104.032003

Several questions have been raised by community 
so far, including the effects of the statistical 
approach used, and impact of systematics and 
expected backgrounds 

● H. Almazán et al, arXiv:2006.13147
● C. Giunti et al j.physletb.2021.136214

“Therefore, we conclude that the claimed 
Neutrino-4 indication in favor of 
short-baseline neutrino oscillations with 
very large mixing is rather doubtful.”
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 Neutrino-4
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Positive Hints
● Gallium
● Neutrino 4

           Null Reactor Results

Null Results
● DANSS
● NEOS+RENO

near Far
Relative

Movable

11m   13m   

DANSS, Movable detector in Russia,  
Phys.Lett.B 787(2018)56-63

Detector position changed frequently, 2-3 
times a week, in order to reduce systematic 
effects. 

NEOS+RENO, relative 419 m RENO and 24m 
NEOS detectors in Korea
Phys. Rev. D 105, L111101 (2022)

2,509 days and 180 days of data taken in the 
RENO and NEOS, respectively

Need to get closer to reactors!
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Positive Hints
● Gallium
● Neutrino 4

           Null Reactor Results

Null Results
● DANSS
● NEOS+RENO
● STEREO
● PROSPECT-I

Segmented

STEREO (ILL, Grenoble, France)
● Nature 613, 257–261 (2023)
● 334 days reactor on data, 58.3 MWth
● 9.4 to 11.1 m Baselines

PROSPECT (Oak Ridge National Lab, USA)
● arXiv:2406.10408 [hep-ex] (2024)
● 96 days reactor on data, 85 MWth
● 7-9 m Baselines
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Positive Hints
● Gallium
● Neutrino 4

     KATRIN Attacking from different angle 

Null Results
● DANSS
● NEOS+RENO
● STEREO
● PROSPECT-I
● KATRIN

KATRIN in Karlsruhe Germany 
Designed to determine the neutrino mass from 
kinematic measurements of the β-decay of  
tritium PhysRevD.105.072004 (2022)

Unique! KATRIN is the only ongoing laboratory 
experiment to be sensitive to relevant solutions 
at large 𝚫m2 values!
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Positive Hints
● LSND
● MiniBooNE

Null Results
● KARMEN
● CCFR
● NuTeV
● NOMAD
● OPERA
● MicroBooNE

Null e→e

Positive Hints
● Gallium
● Neutrino 4

Null Results
● DANSS
● NEOS+RENO
● STEREO
● PROSPECT-I
● KATRIN
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Consistent  3+1?
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Consistent  3+1?
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  Null 𝜇→𝜇
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Positive Hints Null Results
● CCFR
● CDHS
● MiniBooNE

● CCFR [1984] @ Fermilab
○ PhysRevLett.52.10.1103, 1984

● CDHS [1984] @ CERN
○ PhysRevLett.52.10.1103, 1984

● MiniBooNE & SciBooNE 
[2011] @ Fermilab

○ Phys. Rev. D 85, 032007 (2012)
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  Null 𝜇→𝜇
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Positive Hints Null Results
● CCFR
● CDHS
● MiniBooNE
● Super-K
● T2K

● NOvA
● MINOS

● Super-Kamiokande
○ Phys. Rev. D 91, 052019

● T2K [2019]
○ Phys. Rev. D 99, 071103 

● NOvA [2024]
○ arXiv 2409.04553

● MINOS/MINOS+
○ Phys. Rev. Lett. 122, 091803

Atmos 
𝛎

Off-axis
LBL

On-Axis 
LBL

“No muon disappearance ever observed 
from huge variety of experiments! 
Contradiction to MiniBooNE & LSND!”

    Me, early 2024
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     IceCube  Positive Signature?

… But it is the first ever hint in the muon 
sector
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Recent IceCube atmospheric 
result has closed contour at the 
95% C.L  arXiv:2405.08070 [hep-ex] 

“This probability, corresponding to a 
significance of 2.2σ, does not 
constitute evidence for the existence 
of an eV scale sterile neutrino.”
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     IceCube  Positive Signature?

… But it is the first ever hint in the muon 
sector
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“This probability, corresponding to a 
significance of 2.2σ, does not 
constitute evidence for the existence 
of an eV scale sterile neutrino.”

Positive Hints
● IceCube

Null Results
● CCFR
● CDHS
● MiniBooNE
● Super-K
● T2K

● NOvA
● MINOS
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  Where we Stand?

Positive Hints
● LSND
● MiniBooNE

Null Results
● Karmen
● NuTeV
● CCFR
● NOMAD
● OPERA
● MicroBooNE

Positive Hints
● Gallium 
● Neutrino-4

Null Results
● NEOS+RENO
● DANSS
● PROSPECT
● STEREO
● KATRIN

Positive Hints
● IceCube

Null Results
● MiniBooNE
● CDHS
● CCFR
● T2K
● NoVA
● MINOS
● Super-K
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     The  Elephant in the Room…
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     The  Elephant in the Room… Cosmological Bounds

HUGE tension 
between 
cosmological 
bounds and vanilla 
3+1 short-baseline 
steriles
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S. Hagstotz et al, PhysRevD.104.123524
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     The  Elephant in the Room… Cosmological Bounds

Energy density of Relativistic Neutrinos

Energy density of Photons

HUGE tension 
between 
cosmological 
bounds and vanilla 
3+1 short-baseline 
steriles

63

Neff = 2.99 ± 0.17 (CMB+lens+BAO) Plank2018

S. Hagstotz et al, PhysRevD.104.123524

Can this be avoided? Is this 
dependent on specific models 

of 𝚲CDM?

Possibly, but you have to add 
more new physics! It's no longer a 

simple vanilla “3+1” model
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Where We Stand

● There is EXTREME tension in global data for a “vanilla 3+1 sterile neutrino”
○ It’s been that way for a long time, and is NOT getting better
○ Gets much worse with cosmology included

● Vanilla 3+1 sterile neutrino has not been a viable solution for a long time. 

● While we need to close the box on eV sterile explanation, we also need to 
look outside the box..
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If not eV2 scale sterile neutrinos, then what? 

LSND Anomaly
Decay-at-rest

MiniBooNE Anomaly
Decay-in-flight

Gallium Anomaly
Radioactive Source

~4.0𝞂~3.8𝞂 ~4.8𝞂

If a model fails to explain the data 
throw out the model, not the data.

Where  We’re Going
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    New Ideas from New Physics
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Additions/Modifications 
to light sterile neutrino oscillations*

I.e 3+1 + something else

● 3+2 and 3+3 (more light steriles)
○ C. Giunti et al Phys.Rev.D 84 (2011) 9, 073008

● 3+1+Non-Standard interactions (NSI)
○ J. Liao et al Phys.Rev.D 99 (2019) 1, 015016

● 3+1+Decay
○ Z.Moss et al Phys.Rev.D 97, (2018) 055017 

● 3+1+Decoherence
○ C.A. Argüelles et al C.Phys. Rev. D 107 (2023), 

036004
● 3+1+Resonance Matter Effects

○ D.Alves et al JHEP08 (2022) 034

*Just a few references, many many more

Lots of effort in this 
direction, to keep the core 
3+1 light oscillating sterile 
neutrino model and modify 

slightly to help reduce 
global tension 
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LSND Anomaly
Decay-at-rest

MiniBooNE Anomaly
Decay-in-flight

Gallium Anomaly
Radioactive Source

~4.0𝞂~3.8𝞂 ~4.8𝞂

Sub percent level effects 20% disappearance 
effect! HUGE

If they are not all related, very little evidence for oscillations 

      Decouple Anomalies 
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LSND Anomaly
Decay-at-rest

MiniBooNE Anomaly
Decay-in-flight

Gallium Anomaly
Radioactive Source

~4.0𝞂~3.8𝞂 ~4.8𝞂

Sub percent level effects 20% disappearance 
effect! HUGE

If they are not all related, very little evidence for oscillations 

      Decouple Anomalies 

MiniBooNE Anomaly
Decay-in-flight

Gallium Anomaly
Radioactive Source

~4.0𝞂~4.8𝞂

Sub percent level effects 20% disappearance 
effect! HUGE

LSND Anomaly
Decay-at-rest

~3.8𝞂
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            JSNS2  and JSNS2-II (J-PARC Sterile Neutrino Search at the J-PARC Spallation Neutron Source)

● JSNS2 provides a direct test of LSND 

● Uses the same neutrino source (pion 
decay-at-rest) , same target, and same 
detection principle (Inverse-beta-decay) as 
LSND. 

1st Phase: JSNS2  [1310.1347]

● Single Detector. Commissioned 2020,
● Physics run 2021-2024 with 4.85 × 1022 POT 

collected [2412.18509]  

2nd Phase: JSNS2-II [2012.10807[

Upgrade to two detectors, Second, far detector being 
constructed

● Near@24m (17 tons, 120 10’’ PMTs
● Far @ 28m  (32 tons, 220 10’’ PMTs) 

5-year

3-year
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      Decouple Anomalies 
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LSND Anomaly
Decay-at-rest

MiniBooNE Anomaly
Decay-in-flight

~3.8𝞂 ~4.8𝞂

Sub percent level effects 20% disappearance 
effect! HUGE

Gallium Anomaly
Radioactive Source

~4.0𝞂
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                 The Gallium Anomaly
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● BEST was the new testing ground for this 
decades old anomaly

● BEST result is extremely compelling, the 
anomaly is confirmed but sterile origin is 
NOT confirmed 

BEST designed as a 
two-distance oscillation 
experiment from the 
start Inner and Outer 
volumes
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                 The Gallium Anomaly
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● BEST was the new testing ground for this 
decades old anomaly

● BEST result is extremely compelling, the 
anomaly is confirmed but sterile origin is 
NOT confirmed

○ Might be the most robust neutrino 
anomaly right now 

If it is indeed due to new physics its very hard to 
explain a ~20% effect in the electron sector 
while remaining consistent with global 
experiments 

BEST designed as a 
two-distance oscillation 
experiment from the 
start Inner and Outer 
volumes
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20% disappearance 
effect! HUGE

LSND Anomaly
Decay-at-rest

Gallium Anomaly
Radioactive Source

~4.0𝞂~3.8𝞂

Sub percent level effects

MiniBooNE Anomaly
Decay-in-flight

~4.8𝞂

      Decouple Anomalies 

73

1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
Sterile Neutrinos

3. Where We Stand
𝜈𝜇→ 𝜈e Results
𝜈e Disappearance
𝜈𝜇 Disappearance
Cosmology
New Ideas



M. Ross-Lonergan     
Oct  24th 2025

Be

Protons

𝜋-K
+

𝜋+

Booster 
Accelerator 

~8 GeV

   MiniBooNE 
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500m

MiniBooNE
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Be

Protons

𝜋-K
+

𝜋+

Booster 
Accelerator 

~8 GeV

110m 470m 600m

110 ton 90 ton 476 ton
        The SBN Program
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500m

MiniBooNE
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Cherenkov ring event 
in MiniBooNE

e-

MiniBooNE could’t separate 
electrons from 

Motivation from MiniBooNE: Electrons
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Cherenkov ring event 
in MiniBooNE

e-

→e+e–𝛾
pair-productionMiniBooNE could’t separate 

electrons from photons

Motivation from MiniBooNE: Electrons, Photons ….
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Cherenkov ring event 
in MiniBooNE

e-

→e+e–𝛾
pair-productionMiniBooNE could’t separate 

electrons from photons

Motivation from MiniBooNE: Electrons, Photons or e+e- pairs

?→e+e–

e-e+
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The Dark 
Sector
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  Quick Note  on MiniBooNE/Anomaly “motivation” of BSM/Dark Sector Physics
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  Quick Note  on MiniBooNE/Anomaly “motivation” of BSM/Dark Sector Physics
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4. The Dark Sector

ν4

χ

φ
Physicist A

Physicist B

“I’m tired of hearing about 

short-baseline anomalies” “I don’t believe the 
MiniBooNE excess is real..”
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The Dark 
Sector
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                  The Dark Sector

83

The 
Standard 

Model

“Dark Matter”

● Plethora of particles

● Three forces 

● Forms complex composite 
structures, hadrons, mesons..etc..

● Forms complex atoms & molecules 
(chemistry)
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● Plethora of particles

● Three forces 

● Forms complex composite 
structures, hadrons, mesons..etc..

● Forms complex atoms & molecules 
(chemistry)

                  The Dark Sector
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● Rich particle content
○ Dark matter candidate(s)
○ Sterile Neutrinos
○ Axions
○ New Scalar Bosons
○ + …. 

● New Forces and Interactions
○ New dark gauge bosons

Rich & Complex 
phenomenology   

● Plethora of particles

● Three forces 

● Forms complex composite 
structures, hadrons, mesons..etc..

● Forms complex atoms & molecules 
(chemistry)
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axions to SM 
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           Where to look?
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           Where to look?

High 
Energy 

Colliders
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ATLAS: JHEP 03 (2021) 243 
CMS: arXiv:2405.13778 (2024) 
FASER: arXiv:2410.10363 (2025)
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N. Sabti et al JCAP11(2020)056
A. Caputo et al
Phys. Rev. D 104 (2021) 095029
A. Boyarsky et al
Phys. Rev. D 104, 023517 (2021)
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  Dark Sector sector searches with Accelerator Neutrinos

Natural place to search

1. Impressive increase in neutrino beam intensity over past decades
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  Dark Sector sector searches with Accelerator Neutrinos

R.Ainsworth et al 
Phys.Rev.Accel.Beams 23 12, 121002

From 240 kW (2013) to successful 1.018 MW (2024) tests in just over a decade

E.g NuMI beam at Fermilab
2024

Natural place to search

1. Impressive increase in neutrino beam intensity over past decades
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  Dark Sector sector searches with Accelerator Neutrinos

Future beam upgrades of 1.3MW for Hyper-K 

DUNE (Phase 1) to start with a 1.2MW beam with upgrade paths for Phase II including

● ACE-MIRT (Main Injector Ramp and Targetry upgrade):  Beam power to 2.0MW

● ACE-BR (Booster Replacement): Beam power to 2.4MW

Natural place to search

1. Impressive increase in neutrino beam intensity over past decades
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Further upgrade paths as 
high as 4.0MW have been 
investigated  

R. Ainsworth et al.An Upgrade 
Path for the Fermilab 
Accelerator Complex

J. Eldred et al. Design 
Considerations for Fermilab 
Multi-MW Proton Facility in 
the DUNE/LBNF era 

https://arxiv.org/pdf/2106.02133
https://arxiv.org/pdf/2106.02133
https://arxiv.org/pdf/2106.02133
https://lss.fnal.gov/archive/test-fn/1000/fermilab-fn-1146-ad.pdf
https://lss.fnal.gov/archive/test-fn/1000/fermilab-fn-1146-ad.pdf
https://lss.fnal.gov/archive/test-fn/1000/fermilab-fn-1146-ad.pdf
https://lss.fnal.gov/archive/test-fn/1000/fermilab-fn-1146-ad.pdf
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  Dark Sector sector searches with Accelerator Neutrinos

Natural place to search

1. Impressive increase in neutrino beam intensity over past decades

2. High precision, multi purpose neutrino detector technology being 
employed
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Eg, The Liquid Argon Time 
Projection Chamber (LArTPC) 
detector technology
used at the Short-Baseline  
Neutrino Program at Fermilab
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Be

Protons

𝜋-K
+

𝜋+

Booster 
Accelerator 

~8 GeV

110m 470m 600m

110 ton 90 ton 476 ton
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Be
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𝜋-K
+

𝜋+

Booster 
Accelerator 

~8 GeV

Main Injector
~120 GeV 
Protons 𝜋+ 𝜋-

K+

NuMI @ MicroBooNE
8.0o off-axis

680m

470m

90 ton
   Dual Beam Experiments

NuMI Beam

NuMI @ ICARUS
5.7o off-axis

800m 

600m

476 ton
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  Accelerator Neutrinos 

𝜋+

K+
𝜋0

Proton 
Accelerator 

Protons
Target

𝜋-
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  Accelerator Neutrinos 
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  Accelerator Neutrinos 

𝜋+

K+
𝜋0

Protons

𝜋-

𝛎𝜇

𝜇+

𝛎e

e+

𝜋0

 … O(100) m … 

𝛎e
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Detector

𝜇-
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  Dark Sector Production in the beam
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  Dark Sector Production in the beam
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  Dark Sector Production in the beam
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  Dark Sector Production in the beam

𝜋+

K+

𝜋0
Protons

𝛎𝜇

𝜇+

Neutrino Portal𝛎

NHNL

Target

  Vector Portal𝜸

𝜸

𝜸 ADark

𝜙   Scalar Portal

𝜙HPS𝜋+

𝜋-

All neutrino 
beams are Dark 
Sector particle 
beams, for free
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      Detection of Dark Sector Particles

NHNL
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      Detection of Dark Sector Particles: Decays

NHNL
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Neutrino Portal𝛎
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MicroBooNE Collaboration 
arXiv:2501.08052 [hep-ex] 2025
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   Scalar Portal

      Detection of Dark Sector Particles: Decays

NHNL
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Neutrino Portal𝛎
Neutrino Detector
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B. Batell et al 
Phys. Rev. D 100, 115039

Higgs Portal Scalar Branching Ratio
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   Scalar Portal

      Detection of Dark Sector Particles: Decays

NHNL
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   Scalar Portal

      Detection of Dark Sector Particles: Decays

NHNL
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   Scalar Portal

      Detection of Dark Sector Particles: Scattering

NHNL
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This dark matter candidate, 𝜒, is stable 
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Powerful Dark Sector Probes
Neutrino Portal𝛎

MicroBooNE collaboration
Phys. Rev. Lett. 132, 041801 2024

NHNL

𝛎𝜇

𝜋0
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Powerful Dark Sector Probes: not just neutrino portals
Neutrino Portal𝛎    Scalar Portal𝜙

MicroBooNE collaboration
Phys. Rev. Lett. 132, 041801 2024

NHNL

𝛎𝜇

𝜋0

𝜙HPS
𝜇+

𝜇-

ICARUS collaboration
arXiv:2411.02727 [hep-ex] 2024

MicroBooNE Collaboration
arXiv:2501.08052 [hep-ex] 2025117
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Powerful Dark Sector Probes: not just neutrino portals
Neutrino Portal𝛎   Vector Portal 

+ Scalar Dark Matter
𝜸   Scalar Portal𝜙

MicroBooNE collaboration
Phys. Rev. Lett. 132, 041801 2024

NHNL

𝛎𝜇

𝜋0

MicroBooNE Collaboration
Phys. Rev. Lett. 132, 241801 2024
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ICARUS collaboration
arXiv:2411.02727 [hep-ex] 2024

MicroBooNE Collaboration
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Powerful Dark Sector Probes: not just neutrino portals
Neutrino Portal𝛎   Vector Portal 

+ Scalar Dark Matter
𝜸   Scalar Portal𝜙

MicroBooNE collaboration
Phys. Rev. Lett. 132, 041801 2024

NHNL

𝛎𝜇

𝜋0

MicroBooNE Collaboration
Phys. Rev. Lett. 132, 241801 2024

𝜒
ADark

𝜒
ADark

e+

e-

𝜙HPS
𝜇+

𝜇-

ICARUS collaboration
arXiv:2411.02727 [hep-ex] 2024

MicroBooNE Collaboration
arXiv:2501.08052 [hep-ex] 2025119

Any sign of MiniBooNE-like 
anomaly in these broad 
classes of BSM models?
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       MicroBooNE’s extensive suite of searches: Summary
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e-

MicroBooNE 
Phys.Rev.Lett. 135 (2025) 
8, 081802

MicroBooNE  Phys.Rev.D 105 (2022) 11, 112003

MicroBooNE Phys. Rev. Lett. 130, 011801 (2023)

No evidence 
for electron 
excess

https://doi.org/10.1103/PhysRevLett.130.011801
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e-

e
+

e-

MicroBooNE 
Phys.Rev.Lett. 135 (2025) 
8, 081802

MicroBooNE  Phys.Rev.D 105 (2022) 11, 112003

MicroBooNE Phys. Rev. Lett. 130, 011801 (2023)

MicroBooNE 
Phys. Rev. Lett. 132
(2024) 4, 041801

MicroBooNE arXiv:2502.10900 [hep-ex] (2025)

No evidence 
for electron 
excess

No 
evidence 
for excess 
of e+e- 
pairs 

https://doi.org/10.1103/PhysRevLett.130.011801
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e-

e
+

e-

MicroBooNE 
Phys.Rev.Lett. 135 (2025) 
8, 081802

MicroBooNE  Phys.Rev.D 105 (2022) 11, 112003

MicroBooNE Phys. Rev. Lett. 130, 011801 (2023)

MicroBooNE 
Phys. Rev. Lett. 132
(2024) 4, 041801

MicroBooNE arXiv:2502.10900 [hep-ex] (2025)

γ MicroBooNE Phys. Rev. Lett. 128, 11180,  arXiv:2502.05750 [hep-ex] MicroBooNE arXiv:2502.06091 [hep-ex]

No evidence 
for electron 
excess

No 
evidence 
for excess 
of e+e- 
pairs 

Little 
evidence 
for excess 
of photons

https://doi.org/10.1103/PhysRevLett.130.011801
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       MicroBooNE’s Inclusive Single-Photon Measuremnt
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γ A broad search aiming to capture all possible single-photons, 
of both SM and BSM origin

MicroBooNE arXiv:2502.06064 [hep-ex] (2025) 

Mild, 2𝛔 excess observed in 
single-photons with no 
associated protons

https://arxiv.org/abs/2502.06064
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γ A broad search aiming to capture all possible single-photons, 
of both SM and BSM origin

MicroBooNE arXiv:2502.06064 [hep-ex] (2025) 

Mild, 2𝛔 excess observed in 
single-photons with no 
associated protons

Extremely difficult channel, large 
backgrounds from NC 𝜋0 !
Further investigations underway

 Run 9640 Subrun 49 event 2483

https://arxiv.org/abs/2502.06064
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Discovery of the Positron by Carl 
Anderson at Caltech , August 2nd, 1932
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Discovery of the Positron by Carl 
Anderson at Caltech , August 2nd, 1932

Discovery of the Higgs at CERN July 
4th 2012

ATLAS Phys.Lett. B 716 (2012) 1-29 
CMS Phys. Lett. B 716 (2012) 30
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Nano Second 
Timing

MicroBooNE 
Phys.Rev.D 108 (2023) 5, 05201
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Nano Second 
Timing

MicroBooNE 
Phys.Rev.D 108 (2023) 5, 05201

Slow moving HNLs 
arrive in between the 
neutrino buckets
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Nano Second 
Timing

See Nguyen Vu Chi Lan’s 
talk on Wednesday for 
SBND’s already impressive 
performance Talk 
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https://indico.bnl.gov/event/26369/contributions/114944/attachments/65637/112757/Nguyen_BF2025.pdf
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Timing

Angular 
Resolution

e-e+

Ar

ν4

νμ

νμ

Z’

Z’
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“Upscattering”



M. Ross-Lonergan     
Oct  24th 2025

  Towards ”Background Free” Dark Sector Searches

132
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e-e+

Ar

ν4

νμ

νμ

Z’

Z’

Phys. Rev. Lett. 121, 241801 

Phys. Rev. D 99, 071701 
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“Upscattering”
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Nano Second 
Timing

e-

e-

e-

e-

e-

e-

𝛾

e-
e+

𝛾
𝛾

e-
e+

𝛾
𝛾

𝛾

𝛾
𝛾 e-

e+e-
e+

e-

𝛾

Table from Snowmass White Paper on Light Sterile Neutrino 
Searches and Related Phenomenology

Explosion of Dark Sector models!Angular 
Resolution
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https://inspirehep.net/literature/2051352
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Nano Second 
Timing

Angular 
Resolution

e-e+

Ar

ν4

νμ

νμ

Z’

Z’

e+e- opening angle 17.5o 
e+e- energy  1237 MeV

For on-shell two-body Z’ decays 
the Invariant mass of the e+e- 
pair proves a powerful tool
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Current reconstruction struggles 
on  e+e- opening angles < ~ 10o
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Nano Second 
Timing

Angular 
Resolution

e-e+

Ar

ν4

νμ

νμ

Z’

Z’

e+e- opening angle 17.5o 
e+e- energy  1237 MeV

e+e- opening angle 5.6o 
e+e- energy  617 MeV
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For overlapping e+e- angular resolution 
still plays a huge role.
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Nano Second 
Timing

Angular 
Resolution

e-e+

Ar

ν4

νμ

νμ

Z’

Z’

e+e- opening angle 17.5o 
e+e- energy  1237 MeV

e+e- opening angle 5.6o 
e+e- energy  617 MeV
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For overlapping e+e- angular resolution 
still plays a huge role.

CC 𝝂𝜇MicroBooNE arXiv:2504.17758 [hep-ex]
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Nano Second 
Timing

Angular 
Resolution

Vertex & MeV 
Scale Activity

NHNL

𝛎𝜇

𝜋0

BSM
Decay
Process
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Nano Second 
Timing

Angular 
Resolution

Vertex & MeV 
Scale Activity

NHNL

𝛎𝜇

𝜋0

BSM
Decay
Process

𝛎𝜇
𝛎𝜇

𝜋0

SM NC 1π0 

scattering 
background

1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
Sterile Neutrinos

3. Where We Stand
𝜈𝜇→ 𝜈e Results
𝜈e Disappearance
𝜈𝜇 Disappearance
Cosmology
New Ideas

4. The Dark Sector
Minimal Portals
Accelerator Probes
MicroBooNE

5. Future 
Towards Bkg Free



M. Ross-Lonergan     
Oct  24th 2025

  Towards ”Background Free” Dark Sector Searches

139
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Timing
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Vertex & MeV 
Scale Activity
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BSM Decay Neutrino Scattering 
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Timing
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Resolution

Vertex & MeV 
Scale Activity

γ1

γ2
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γ1
γ2

BSM Decay Neutrino Scattering 

Scattering often 
results in visible 
protons at vertex

Never any visible hadronic 
components at decay “vertex”

𝛎𝜇

Not just decays, any coherent scattering
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Scale Activity

γ1

γ2
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γ1
γ2

BSM Decay Neutrino Scattering 

Scattering often 
results in visible 
protons at vertex

Never any visible hadronic 
components at decay “vertex”

γ1

γ2
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Scale Activity

γ1

γ2
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γ1
γ2

BSM Decay Neutrino Scattering 

Scattering often 
results in visible 
protons at vertex

Never any visible hadronic 
components at decay “vertex”

γ1

γ2

Even slightest evidence of 
low energy proton enough to 
reject as BSM decay 
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Nano Second 
Timing

Angular 
Resolution

Vertex & MeV 
Scale Activity

“Demonstration of new MeV-scale capabilities in large 
neutrino LArTPCs using ambient radiogenic and 
cosmogenic activity in MicroBooNE” 
Phys. Rev. D 111, 032005 (2025)
MicroBooNE Phys. Rev. D 109, 052007 (2024)
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Nano Second 
Timing

Angular 
Resolution

Vertex & MeV 
Scale Activity

MicroBooNE, arXiv:2502.06091 [hep-ex]

Rejecting events with low energy 
proton “blips” below 20 MeV at 
~60% efficiencity 

“First Search for Neutral Current Coherent 
Single-Photon Production in MicroBooNE”
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Nano Second 
Timing

Angular 
Resolution

Vertex & MeV 
Scale Activity

Isolated 
Shower

Shower + 
proton 
kinematics

Shower + MeV 
scale proton 
“blip”

Shower + 
neutron 
evidence

Shower + 
evidence of 
BSM particle

γ γ γ γ γ

γ
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Nano Second 
Timing

Angular 
Resolution

Vertex & MeV 
Scale Activity

Isolated 
Shower

Shower + 
proton 
kinematics

Shower + MeV 
scale proton 
“blip”

Shower + 
neutron 
evidence

Shower + 
evidence of 
BSM particle

Nγ γ γ γ γ

γ
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“Smoking Gun”
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Nano Second 
Timing

Angular 
Resolution

Vertex & MeV 
Scale Activity

Isolated 
Shower

Shower + 
proton 
kinematics

Shower + MeV 
scale proton 
“blip”

Shower + 
neutron 
evidence

Shower + 
evidence of 
BSM particle

Nγ γ γ γ γ
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LArTPC capability to probe detailed hadronic kinematics and 
MeV scale vertex activity gives us a powerful handle to 
distinguish between various SM and BSM signals
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Nano Second 
Timing

Angular 
Resolution

Vertex & MeV 
Scale Activity PRISM effect

DUNE arXiv:2509.07664 [hep-ex] SBND arXiv:2508.20239 [hep-ex]

DUNE-PRISM SBND-PRISM
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Nano Second 
Timing

Angular 
Resolution

Vertex & MeV 
Scale Activity PRISM effect

DUNE arXiv:2509.07664 [hep-ex] SBND arXiv:2508.20239 [hep-ex]

DUNE-PRISM SBND-PRISM
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Conceived as a way to greatly improve understanding of your 
flux and systematics
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Timing
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Vertex & MeV 
Scale Activity PRISM effect

DUNE-PRISM
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V. De Romeri, K. Kelly, P.A.N. Machado Phys. Rev. D 100, 095010 (2019)

Almost an order of magnitude 
increase in sensitivity using 
PRISM for scalar light dark 
matter models
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  Towards ”Background Free” Dark Sector Searches
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Nano Second 
Timing

Angular 
Resolution

Vertex & MeV 
Scale Activity PRISM effect

Is this as clean as “single-event” positron discovery? Of course not! 

But by leveraging and combining multiple aspects of modern 
LArTPC design short-baseline LArTPC’s are an excellent probe of a 
wide array of dark sector and BSM searches
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Now→ Future
+ “Portal Era”

● Access to 
increasingly high 
precision neutrino 
data 

● Neutrinos as a tool, 
or a probe, to 
unlock  new 
physics 

The 
“Dark” 
Sector

𝜈
𝜈𝜈

Conclusions  I
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● As it stands, three-neutrino paradigm remains king. 

○ The light oscillating 3+1 sterile neutrino interpretation of the anomalies 
is very much in trouble with global evidence against it extremely strong

○ Next generation MicroBooNE and SBN program will be capable of 
putting nail in the coffin
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○ The light oscillating 3+1 sterile neutrino interpretation of the anomalies 
is very much in trouble with global evidence against it extremely strong

○ Next generation MicroBooNE and SBN program will be capable of 
putting nail in the coffin

● Regardless of your belief in an eV scale sterile neutrino, the 
Short-Baseline anomalies have so far survived scrutiny and remain 
unexplained!

○ For MiniBooNE anomaly, single-photon with zero-protons remains one 
of the last plausible hiding places   
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● As it stands, three-neutrino paradigm remains king. 

○ The light oscillating 3+1 sterile neutrino interpretation of the anomalies 
is very much in trouble with global evidence against it extremely strong

○ Next generation MicroBooNE and SBN program will be capable of 
putting nail in the coffin

● Regardless of your belief in an eV scale sterile neutrino, the 
Short-Baseline anomalies have so far survived scrutiny and remain 
unexplained!

○ For MiniBooNE anomaly, single-photon with zero-protons remains one 
of the last plausible hiding places   
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● Recent results have highlighted the capability and 
feasibility of current and next generation neutrino 
experiments to begin to probe into the dark sector, 
an exciting and rapidly growing direction in neutrino 
physics
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Thank 
You!
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 Argon

MiniBooNE 
818 Tonnes

     Features  of the Dark Neutrino Signal 
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1. Introduction
MicroBooNE…
..and MiniBooNE
What we know

2. The Dark Sector
Minimal Portals
Dark Neutrinos
Our e+e- Signal

This analysis focuses entirely on coherent (zero proton) scattering 

MicroBooNE 
85 Tonnes  

~9.6 times less 
active mass

Single Dark 
Neutrino
𝚫 >> 1

Light Z’

Dual Dark 
Neutrino
𝚫 <  1

Heavy Z’

A C

B D

 

ZC = 6

ZAr = 18
 Argon

Carbon

Z’ Coherent 
scattering naively 
scales as atomic 
number squared:

1. Wide distributions of e+e- opening angles

2. Events are very forward with respect to the 
neutrino beam

3. Total energy deposited can be quite varied

4. Both coherent and incoherently produced
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Opening Angle 5.6o 
Esum

  617 MeV
1. Introduction
MicroBooNE…
..and MiniBooNE
What we know

2. The Dark Sector
Minimal Portals
Dark Neutrinos
Our e+e- Signal

3. e+e- Selection
Reject Background

Cryostat
TPC

   The many ways to mimic a single-photon or e+e- pair

Background: 

(2) 𝜋0  events from neutrino interactions 
outside of the TPC whose daughter 
photons scatter inside

𝛾

𝛾

𝜋0𝛎𝜇

Due to the long thin shape of 
MicroBooNE TPC 2.56 x 2.32 x 10.36 m

Most of this enters from the 
long-edges

Harder for this background to 
coincidently look like very forward 
going showers (also the main 
phase space of our signal)

As such, the BDT preferentially 
select this very forward events

How BDT Aims to Reject: 

𝛾 𝛾

𝛾
Signal
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Opening Angle 5.6o 
Esum

  617 MeV
1. Introduction
MicroBooNE…
..and MiniBooNE
What we know

2. The Dark Sector
Minimal Portals
Dark Neutrinos
Our e+e- Signal

3. e+e- Selection
Reject Background

Cryostat
TPC

   The many ways to mimic a single-photon or e+e- pair

Background: 

(3) NC 𝜋0 from neutrino interactions inside 
of the TPC where one daughter photon 
leaves detector before pair converting

𝛎𝜇
𝛾

𝛾

𝜋0

How BDT Aims to Reject: 

Both this and last similar. 
Fiducialize? 

116 
cm

Average distance to TPC 
boundary is 38 cm

Average event is less than 2𝜆 from TPC 
boundary. Very difficult

𝜆~25cm   
@ 100 MeV

𝛾

𝛾

𝜋0𝛎𝜇
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 MicroBooNE’s Recent Dark Sector e+e- result

MicroBooNE Collaboration arXiv:2502.10900 [hep-ex] (2025)

Bkg  Prediction :  69.7 ± 17.3 events

Observed Data :   95 events

No evidence was observed for an 
e+e- signal consistent with 
MiniBooNE. 

At 95% C.L. excluded the majority of 
the model phase space motivated by 
MB anomaly
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𝜈𝜇→ 𝜈e Results
𝜈e Disappearance
𝜈𝜇 Disappearance
Cosmology
New Ideas

4. The Dark Sector
Minimal Portals
Accelerator Probes
Solving Anomalies? Broad class of models tested, with 

varied dark gauge boson mass, as well 
as scenarios with both single and dual 

dark neutrinos 
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    The Future of 3+1 Light Sterile Oscillation 
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𝜈𝜇→ 𝜈e
𝜈𝜇→ 𝜈𝜇

The SBN program, alongside experiments like JSNS2-II, will close the discussion on 
oscillating 3+1 sterile interpretation one way or another. 

If a positive signal is indeed found, the difficulty is then the extreme tension between 
global experiments. Most likely require more new physics: 3+1+”something”
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Inclusive 𝜸

Coherent 𝜸

𝚫 Radiative 𝜸

𝚫 Radiative 𝜸
Improved search with almost 
double efficiency of first-gen 
analysis by combining 
reconstruction paradigms

Coherent 𝜸
Search for coherent 𝜸, an even 
rarer SM process than 𝚫 
Radiative. 

Inclusive 𝜸
A broad search aiming to 
capture all possible 
single-photons, of both SM and 
BSM origin
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● Confirmed no anomalous NC 𝚫 
Radiative excess. 

● Rejected hypothesis at 94.4% CL, 
consistent with 2021 analysis.

● Wire-Cell and Pandora reconstruction 
show great agreement

𝚫 Radiative 𝜸
Improved search with almost 
double efficiency of first-gen 
analysis by combining 
reconstruction paradigms

Coherent 𝜸
Search for coherent 𝜸, an even 
rarer SM process than 𝚫 
Radiative. 

Inclusive 𝜸
A broad search aiming to 
capture all possible 
single-photons, of both SM and 
BSM origin

arXiv:2502.05750 [hep-ex] (2025)

               New Single-Photon Results from MicroBooNE

https://arxiv.org/abs/2502.05750
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● First ever search for this process. 
Developed tools to veto protons 
below 35 MeV Kinetic Energy

● Observes no excess

● Places an upper limit on the cross 
section of this process of 1.49×10−41

 
cm2 at 90% CL

𝚫 Radiative 𝜸
Improved search with almost 
double efficiency of first-gen 
analysis by combining 
reconstruction paradigms

Coherent 𝜸
Search for coherent 𝜸, an even 
rarer SM process than 𝚫 
Radiative. 

Inclusive 𝜸
A broad search aiming to 
capture all possible 
single-photons, of both SM and 
BSM origin

arXiv:2502.06091 [hep-ex] (2025)

https://arxiv.org/abs/2502.06091


M. Ross-Lonergan     
Oct  24th 2025

● Total sample is consistent with 
background prediction to within 1.6𝜎

𝚫 Radiative 𝜸
Improved search with almost 
double efficiency of first-gen 
analysis by combining 
reconstruction paradigms

Coherent 𝜸
Search for coherent 𝜸, an even 
rarer SM process than 𝚫 
Radiative. 

Inclusive 𝜸
A broad search aiming to 
capture all possible 
single-photons, of both SM and 
BSM origin

arXiv:2502.06064 [hep-ex] (2025) 

https://arxiv.org/abs/2502.06064
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𝚫 Radiative 𝜸
Improved search with almost 
double efficiency of first-gen 
analysis by combining 
reconstruction paradigms

Coherent 𝜸
Search for coherent 𝜸, an even 
rarer SM process than 𝚫 
Radiative. 

Inclusive 𝜸
A broad search aiming to 
capture all possible 
single-photons, of both SM and 
BSM origin

● Total sample is consistent with 
background prediction to within 1.6𝜎

● In the zero-proton sample we observed 
a 2𝜎 excess below 600 MeV shower 
energies

arXiv:2502.06064 [hep-ex] (2025) 

https://arxiv.org/abs/2502.06064
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                 The Gallium Anomaly

169

Lots of scrutiny: E.g  A larger value of the half-life of 71Ge used to compute the 
neutrino cross sections on 71Ga could explain the difference 

○ E.B. Norman el. 

“With this experiment, the potential explanation of the 
Gallium Anomaly being due to an unexpectedly long 
71Ge half-life has been ruled out, leaving the 
anomaly’s origin as an open question”

E.B Norman et al,  PhysRevC.109.055501 (2024)

● BEST was the new testing ground for this 
decades old anomaly

● BEST result is extremely compelling, the 
anomaly is confirmed but sterile origin is 
NOT confirmed 

○
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https://doi.org/10.1103/PhysRevC.109.055501
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𝜈e→ 𝜈e

Positive Hints
● Gallium
● Neutrino 4

    Reactor (RAA) Global Anomaly? 

Null Results
● DANSS
● NEOS+RENO
● STEREO
● PROSPECT-I
● KATRIN
● Global Reactors?

We have several valid models of reactor 
fluxes that have no anomaly.

C.Giunti et al Physics Letters B Volume 829, 10 June 2022, 
137054

In fact, global fits of reactors essentially 
exclude the BEST and Neutrino-4 allowed 
regions. E.g the  Estienne-Fallot (EF) 
reactor flux model  
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https://doi.org/10.1016/j.physletb.2022.137054
https://doi.org/10.1016/j.physletb.2022.137054
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       95% C.L. Data Exclusion  Regions
Single Dark Neutrino            Dual Dark Neutrino (𝚫=1)

The world’s first direct limits on these dark sector models and, at the 95% 
confidence level, excludes the majority of the parameter space viable as 
a solution to the MiniBooNE anomaly (especially for light Z’ boson masses)

MicroBooNE Collaboration arXiv:2502.10900 [hep-ex] (2025)
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Opening Angle 16.7o 
Esum

  310 MeV
Opening Angle 5.6o 
Esum

  617 MeV

Opening Angle
e+e-

MicroBooNE Collaboration arXiv:2502.10900 [hep-ex] (2025)



M. Ross-Lonergan     
Oct  24th 2025 173

LSND first results came out in 
1996 there was No mention of 
“sterile” neutrino whatsoever. 

At this point, while there was 
compelling evidence building 
for solar and atmospheric 
oscillations, the 3𝜈 paradigm 
was by no means taken for 
granted by entire HEP 
community

LSND Historical Context

1. Introduction
3𝜈 Paradigm
How we got here

2. Short-Baselines
Anomalies
Sterile Neutrinos
.
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LSND Historical Context

“..we would like to finish this section 
by emphasizing the importance of 
the results obtained in the LSND 
experiment for neutrino physics.”

“ ..taken together with the 
indications in favour of solar and 
atmospheric neutrino oscillations 
require the existence of at least 
one sterile neutrino”

Three years later, after Super-K’s 
atmospheric results, the picture as 
we know it started to form
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